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Experimental toolbox with CMS

v 4 colliding systems at LHC: p-p, p-Pb, Pb-Pb and Xe-Xe
v Wide range of center of mass energy available for different colliding species
v' Large rapidity coverage in CMS

CMS

v" Using the full experimental toolbox to probe heavy-ion collisions in CMS
o colourless probes and photon processes for nuclear PDF's
o heavy quark dynamics from small to large systems
o medium modifications and medium response - cold vs. hot nuclear matter effects

o charge particle correlations and fluctuations
o new probes made accessible by high luminosity data samples



Outline — the probes
J Early dynamics and nPDFs

o E/W bosons
o J/y, dijets, Vn (UPC)

U Heavy quarks and quarkonia
o Jy,P(2S), DY, A,
o B (— D", B, B.", Y(ns)

1 Medium modifications
o dijet and b jet shapes
o dyet v,

1 Correlations & Fluctuations

o 1intra jet correlation, v, — [pr], v,{2k}
o net-charge fluctuations

1 Run 3 and beyond



Early time dynamics and nPDFs




Z./y* production in p-Pb and Pb-Pb
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O HG-PYTHIA grasps evolution with centrality — 1nitial geometry & centrality bias in 40-80%
O Forward-backward ratios Rgg = 1in the absence of nuclear effects
O W bosons, dijets, top quarks sensitive to gluons at different x



https://link.springer.com/article/10.1007/JHEP05(2021)182
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.122301
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Coherent J/y in Pb-Pb UPC

arxXiv:2303.16984 Submitted to PRL
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https://arxiv.org/abs/2303.16984

Coherent J/y in Pb-Pb UPC

arxXiv:2303.16984 Submitted to PRL
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O Flattening of coherent J/y at
Bjorken x ~ 102 - 103

O Rapid decrease towards small x region
o Not described by the models

O LHC data seem to consistently point to a
common x evolution


https://arxiv.org/abs/2303.16984

Angular correlations in excl. dijet and yp
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O Average cos(2®) for exclusive dijets not well described by MC tuned ep N,

o sensitive to primordial asymmetry due to the linearly polarized gluons

O Bridging large with exceedingly small systems


https://arxiv.org/abs/2204.13486
https://arxiv.org/abs/2205.00045

Heavy quarks and quarkonia




Charm and beauty tlow in Pb-Pb
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O First v, ; measurement for y(2S) — indicating recombination at later stage?
O First v, for b (— DY); b quark and D° meson p well correlated

o v, of charm >b (— DV); whereas Y'(1S), Y(2S) v, =0

o Evidence for b (— D) v; > 0 at intermediate p



https://arxiv.org/pdf/1608.02173.pdf
https://www.sciencedirect.com/science/article/pii/S0370269321003257?via%3Dihub
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-008/index.html
https://arxiv.org/abs/2212.01636

Y (1S) flow in high-multiplicity p-Pb
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O First v, measurement of Y (1S) state in p-Pb
o v, = 0up to 30 GeV/c (!), similar to a model with final-state interactions only

O Bridging HF flow measurement in large and small systems
o clear mass ordering — heavier particles flow less

o do open/closed b hadrons flow in p-Pb?



https://cds.cern.ch/record/2806156/files/HIN-21-001-pas.pdf
https://arxiv.org/abs/2209.12303

Charm energy loss in Pb-Pb
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» Fluctuations of initial geometry + parton energy loss
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Charm quark hadronization in p-p and Pb-Pb
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» PYTHIAZ+CR2 describes A" to D ratio in pp collisions

» Ratio consistent in pp and Pb-Pb — no significant contribution from coalescence



Charm quark hadronization in p-Pb and Pb-Pb
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» First measurement of the AC+/ DY vs Ny, in p-Pb collisions
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» p-Pb and MB Pb-Pb consistent at intermediate py



Beauty hadronization in Pb-Pb
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» Indication of enhanced B,'/B* (with large uncertainty) in Pb-Pb compared to pp at low py

» Flavor dependent R, , — recombination of c and b



Y (nS) suppression in p-Pb and Pb-Pb

PLB 835 (2022) 1373P9gpb oPb. pp
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Large effect from

» Y states are suppressed sequentially: Y'(3S) — Y(25) — Y'(1S) hot nuclear effect

» Suppression observed for both Pb-Pb and p-Pb collisions

o Suppression magnitude in p-Pb is much smaller compared to Pb-Pb
» p-Pb vs Pb-Pb: helps disentangle cold nuclear effects and hot nuclear effects


https://arxiv.org/abs/2303.17026
https://doi.org/10.1016/j.physletb.2022.137397

Medium modifications




How does energy loss distributed ?
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o Small Ar depletion — sensitive to dead
cone effects
o Large Ar enhancement — medium response

to b quark D)

o Dijets: In-medium path length for leading
jets is larger when x; = 1



Dijet v, in Pb-Pb
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Leading jet-hadron correlation

LR(An,A¢) (A.U.)

Subleading jet-hadron correlation

S(An,A) (A.U.)

&
: arXiv:2210.08325
(accepted by JHEP)

CMS Supplementary

PbPb |'s,, = 5.02 TeV, 1.69 nb™’

0.08

—0.02

et

~0.04

» Path-length dependent energy loss and it’s fluctuations

energy loss fluctuations
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o dijet v, > 0 with expected centrality dependence — consistent with high-p; hadron v,
o dijet v; v,= 0 — need to reduce uncertainty to be sensitive to initial state or



Correlation & Fluctuations




Onset of collectivity from large to small systems

0.10

0.05

trk

» Collectivity: V, {2} =V, {4} =V, {6}
o Similar trend with different magnitude in all 3 systems
o Initial state fluctuations play important role
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Phys. Lett. B 765 (2017) 193

What is the underlying mechanism driving collectivity?



Strongly interacting QGP-like state can be formed by system initiated by

single quark or gluon propagating through QCD vacuum.
arxiv.org/abs/2104.11735
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https://arxiv.org/abs/2104.11735

Intra-jet correlation in p-p collisions
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CMS preliminary 138 fb” (pp 13 TeV)
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O In-jet v, w.r.t. the jet axis increases
in data

O Models show different trend
compared to data at higher N,

O Data indicates collectivity in single
parton jets during fragmentation

O Is collectivity an intrinsic nature
of nonperturbative QCD?



Cumulant - [py] correlations

p(c,{2}, [p])

p(c {2}, [p;])

O No sign change with wider nj gap
in smaller (pp, pA) collisions
O V, sensitive to non-flow
o vz confirms initial geometry
fluctuation

_ v; correlation qualitatively
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initial fireball 1n p-Pb
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https://cds.cern.ch/record/2805932/files/HIN-21-012-pas.pdf

Higher-order cumulants v,{2k} in Pb-Pb collisions

» E-by-E fluctuations in anisotropic flow — early state l/\ l /\ ‘A
dynamics of the collisions | | |
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1
Balance function = 5 [C2<—|—, —) 4+ Ca(—,+) — Ca(+,+) — Ca(—, —)]
sensitive to hadronization time & system evolution

CMS PbPb 0.607 nb™* (5.02 TeV)
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.. LCC & radial flow effect
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O Narrowing of balance function with increasing multiplicity both in p-Pb and Pb-Pb

o Consistent with the delayed hadronization mechanism and radial flow

effect in high multiplicity than low multiplicity events
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Net-charge fluctuation in Pb-Pb collisions
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O Net-charge fluctuations differ between QGP and hadron gas phase
o The less [v4y,| 18, the more + and — charges are equilibrated — signature of QGP
O Dilution in rapidity during system evolution (hadronization to kinetic freeze-out) — diluting fluctuation
O Both data and MC approach to Poissonian limit for smaller acceptance
O Charge conservation and resonance contribution coupled with radial flow and/or any other effects?

Q27>



Run 3 and beyond in CMS




CMS Run 3 improvement

Chosen examples

Improvement in tracking efficiency for Run3 CMS-DP-2023-011
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» Expected better tracking performance & lower fake rate for Run 3!
o Online: increased MB trigger efficiency 1n peripheral events with ZDC

o Offline: improved low-py tracking with the innermost pixel layer

» Expected CMS to record 25kHz of MB Pb-Pb events in Run3
o An increase of ~3 times that of 2018



CMS phase-II upgrades (HIN related) 9
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» CMS major upgrades for Run 4 p [GeV

o A unique hermetic particle identification detector — MTD
o Unprecedent time resolution (30-40 ps)



Summary

CMS has provided a wealth of very interesting measurements with Run 2--
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1 Improved Run 3 and excellent prospects for Run 4
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