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

ü Using the full experimental toolbox to probe heavy-ion collisions in CMS
o colourless probes and photon processes for nuclear PDFs
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

Experimental toolbox with CMS
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Outline – the probes
q Early dynamics and nPDFs

q Heavy quarks and quarkonia

q Medium modifications

q Correlations & Fluctuations

q Run 3 and beyond 

o E/W bosons
o J/ψ, dijets, Vn (UPC)

o J/ѱ,Ψ(2S), D0, Λc
o B (→ D0), Bs

0, Bc
+, Y(ns)

o dijet and b jet shapes
o dijet vn

o intra jet correlation, vn – [pT], vn{2k} 
o net-charge fluctuations
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Early time dynamics and nPDFs
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JHEP05(2021)182
PRL 128 (2022) 122301

o  HG-PYTHIA grasps evolution with centrality → initial geometry & centrality bias in 40-80%
o  Forward-backward ratios RFB ≡ 1in the absence of nuclear effects
o  W bosons, dijets, top quarks sensitive to gluons at different x

Proton PDF

Z/ɣ* production in p-Pb and Pb-Pb 

Z/ɣ*

ℓ+

ℓ-

Z/ɣ* in pPb

15

Measurement of dimuon 
mass, pT, rapidity, and for the 

first time in heavy-ion, φ*

μ

μPb
p

14

uncertainties, accounting for correlations described in the previous section. In particular, for
60 < mµµ < 120 GeV and at large |yCM|, an indication for a forward-backward ratio smaller
than unity is found, consistent with the expectation from the combination of shadowing and
anti-shadowing effects.
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Figure 5: Forward-backward ratios for 15 < mµµ < 60 GeV (left) and 60 < mµµ < 120 GeV
(right). The error bars on the data represent the quadratic sum of the statistical and systematic
uncertainties. The theory predictions from the POWHEG NLO generator are also provided,
using CT14 (blue) or CT14+EPPS16 (red). The boxes show the 68% confidence level (n)PDF
uncertainty on this prediction. The ratio of the predictions to the data is shown in the bottom
panels, where the data and nPDF uncertainties are given separately, respectively as error bars
around one and coloured boxes.

4 Summary

Differential cross section measurements of the Drell–Yan process in the dimuon channel in
proton-lead collisions at ps

NN
= 8.16 TeV have been reported, including the pT and rapidity

dependencies in the Z boson mass region (60 < mµµ < 120 GeV). For the first time in heavy
ion collisions, the pT and rapidity dependence for smaller masses 15 < mµµ < 60 GeV, the f⇤

dependence for both 15 < mµµ < 60 GeV and 60 < mµµ < 120 GeV, and the mass dependence
from 15 to 600 GeV are measured. In addition, forward-backward ratios have been built from
the rapidity-dependent cross sections, highlighting the presence of nuclear effects in the parton
distribution functions. These new results may help constrain the quark and antiquark nuclear
parton distribution functions, but also point to an imperfect modelling of the process in the
POWHEG event generator, especially at low dimuon masses.

References

[1] R. Hamberg, W. L. van Neerven, and T. Matsuura, “A complete calculation of the order
a2

s correction to the Drell–Yan K-factor”, Nucl. Phys. B 359 (1991) 343,
doi:10.1016/0550-3213(91)90064-5. [Erratum:
doi:10.1016/S0550-3213(02)00814-3].

RFB =
dσ/dy |y>0

dσ/dy |y<0

Forward-backward ratio

Prediction from nPDF matches 
better than free proton PDF

A. Baty, Jan. 14 CMS-HIN-PAS-18-003

Forward-backward ratio

https://link.springer.com/article/10.1007/JHEP05(2021)182
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.122301
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-17-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-16-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-19-001/index.html
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Coherent J/ψ in Pb-Pb UPC

o First measurement of exclusive coherent J/ѱ 
    cross section in photon-nucleus frame

o CMS measurement up to W ~ 400 GeV

o No significant change in the range
40 < W < 400 GeV => evidence for 
strong gluon saturation or indication of
other new physics?

o Probing small-x ∿ 10-4 – 10-5 gluons in 
nuclei

arXiv:2303.16984 Submitted to PRL

W!"
#$ → photon–nucleus C.O.M. energy per nucleon

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

o Flattening of coherent J/ψ at 
Bjorken x ∿ 10-2 -  10-3 

o Rapid decrease towards small x region

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

o Not described by the models

Rg
A =

 
�exp
�A!J A

�IA
�A!J A

!1/2

<latexit sha1_base64="rduqthESS84Hpk36jjUOpxewffw="></latexit><latexit sha1_base64="rduqthESS84Hpk36jjUOpxewffw="></latexit><latexit sha1_base64="rduqthESS84Hpk36jjUOpxewffw="></latexit><latexit sha1_base64="rduqthESS84Hpk36jjUOpxewffw="></latexit>

nuclear gluon suppression factor: 

Coherent J/ψ in Pb-Pb UPC

https://arxiv.org/abs/2303.16984
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𝛾p

arXiv:2204.13486
ep MC

arXiv:2205.00045
(accepted by PRL)

o  Average cos(2Φ) for exclusive dijets not well described by MC tuned ep

o  Bridging large with exceedingly small systems 
o sensitive to primordial asymmetry due to the linearly polarized gluons

Angular correlations in excl. dijet and 𝛾p 

ɸ

→
!!

→
!"

2�⃗�𝑇

�⃗�𝑇

𝑄𝑇 = 𝑘1 	+ 𝑘2	

𝑃𝑇 =
1
2 𝑘1 	− 𝑘2

Vector sum of 2 jets:

Vector difference of 2 jets:

https://arxiv.org/abs/2204.13486
https://arxiv.org/abs/2205.00045
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Heavy quarks and quarkonia
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o  First v2,3 measurement for ψ(2S) → indicating recombination at later stage?
o First v2 for b (→ D0); b quark and D0 meson pT well correlated

Ψ(2S)

Prompt J/Ѱ

b (→ D0) 

D0

o v2 of charm  > b (→ D0); whereas ϒ(1S), ϒ(2S) v2 ≈ 0 
o Evidence for b (→ D0) v3 > 0 at intermediate pT

CMS-PAS-HIN-21-008 arXiv:2212.01636

C
C

-
J/ψ

u
C

-
D0

Charm and beauty flow in Pb-Pb 

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
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o First v2 measurement of ϒ (1S) state in p-Pb

o Bridging HF flow measurement in large and small systems

CMS-PAS-HIN-21-001

o v2 ≈ 0 up to 30 GeV/c (!), similar to a model with final-state interactions only

o clear mass ordering → heavier particles flow less
o do open/closed b hadrons flow in p-Pb?

ϒ (1S) flow in high-multiplicity p-Pb 

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


ØV2{4} <  V2{2} for prompt D0   →  large flow fluctuations
ØFluctuations of initial geometry + parton energy loss
ØLarge suppression of Λc in most central (0-10%) Pb-Pb collisions
o Trend consistent with other HF hadrons with min pT RAA different
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CMS-PAS-HIN-21-004
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Charm energy loss in Pb-Pb 
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Charm quark hadronization in p-p and Pb-Pb 
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ØPYTHIA8+CR2 describes Λc
+  to D0 ratio in pp collisions

ØRatio consistent in pp and Pb-Pb → no significant contribution from coalescence 

CMS-PAS-HIN-21-004
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Charm quark hadronization in p-Pb and Pb-Pb 

Ø First measurement of the Λc
+  D0  vs Ntrk in p-Pb collisions 

Øp-Pb and MB Pb-Pb consistent at intermediate pT   
CMS-PAS-HIN-21-004
CMS-PAS-HIN-21-016
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Beauty hadronization in Pb-Pb 

Ø Indication of enhanced Bs
0/B+ (with large uncertainty) in Pb-Pb compared to pp at low pT

Ø Flavor dependent RAA → recombination of c and b

Phys. Lett. B 829 (2022) 137062

Phys. Rev. Lett. 128 (2022) 252301



Øϒ states are suppressed sequentially: ϒ(3S) → ϒ(2S) → ϒ(1S)
ØSuppression observed for both Pb-Pb and p-Pb collisions

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

Large effect from 
hot nuclear effect

15

arXiv:2303.17026

PLB 835 (2022) 137397

ϒ (nS) suppression in p-Pb and Pb-Pb 

Ordering in p-Pb:
suggests some 
final state effects

https://arxiv.org/abs/2303.17026
https://doi.org/10.1016/j.physletb.2022.137397
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Medium modifications
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How does energy loss distributed ? 
How energy loss is distributed?
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● Jet shape: radial profile of particles in dijets, b jets 
○ in-medium path length for leading jets is larger when xJ≈1 (vice versa for subleading)

○ for b jets 

■ small-Δr depletion: sensitive to dead-cone effect 

■ large-Δr enhancement: enhanced medium response to b quarks 

JHEP 05 (2021) 116
arXiv:2210.08547 
(accepted by PLB)

Momentum balanced

b jets

Momentum imbalanced

L. Kalipoliti: Wed 12.10 pm

o Dijets: In-medium path length for leading 
jets is larger when xj ≈ 1

o Small ∆r depletion → sensitive to dead 
cone effects

o Large ∆r enhancement → medium response
to b quark

arXiv:2210.08547
(accepted by  PLB)
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Dijet vn in Pb-Pb 

ØPath-length dependent energy loss and it’s fluctuations

o dijet v2 > 0 with expected centrality dependence → consistent with high-pT hadron v2
o dijet v3, v4 ≈ 0 → need to reduce uncertainty to be sensitive to initial state or 

                            energy loss fluctuations 

(accepted by  JHEP)
arXiv:2210.08325
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Correlation & Fluctuations



ØCollectivity:  V2 {2} ≈ V2 {4} ≈ V2 {6}
o Similar trend with different magnitude in all 3 systems
o Initial state fluctuations play important role

What is the underlying mechanism driving collectivity?

Phys. Lett. B 765 (2017) 193

20

p-p
P-Pb

Pb-Pb

Onset of collectivity from large to small systems 
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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

How small of a system can partonic collectivity emerge? 

https://arxiv.org/abs/2104.11735
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oLong range Δη correlation → collectivity → initial stage 

CMS-PAS-HIN-21-013
Highest multiplicity jets

Intra-jet correlation in p-p collisions
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o In-jet v2 w.r.t. the jet axis increases 
in data

oModels show different trend 
compared to data at higher Nch

oData indicates collectivity in single
parton jets during fragmentation

o Is collectivity an intrinsic nature 
of nonperturbative QCD? 

CMS-PAS-HIN-21-013

Intra-jet correlation in highest multiplicity p-p collisions
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o No sign change with wider η gap
in smaller (pp, pA) collisions
o v2 sensitive to non-flow
o v3 confirms initial geometry

fluctuation

v3 correlation qualitatively 
better described by the smaller 
initial fireball in p-Pb

CMS-PAS-HIN-21-012

Cumulant - [pT] correlations 

https://cds.cern.ch/record/2805932/files/HIN-21-012-pas.pdf


ØE-by-E fluctuations in anisotropic flow → early state 
dynamics of the collisions

ØFine splitting observed with higher-order cumulants 
o Indication of non-Gaussian behavior of the fluctuations
o Non-zero values for skewness, kurtosis, and superskewness

CMS-PAS-HIN-21-010
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Higher-order cumulants v2{2k} in Pb-Pb collisions 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-010/index.html


Balance function =
1

2

h
C2(+,�) + C2(�,+)� C2(+,+)� C2(�,�)

i

<latexit sha1_base64="IYPl0Ko3vO5IIAEEUh2GQ7gymps="></latexit><latexit sha1_base64="IYPl0Ko3vO5IIAEEUh2GQ7gymps="></latexit><latexit sha1_base64="IYPl0Ko3vO5IIAEEUh2GQ7gymps="></latexit><latexit sha1_base64="IYPl0Ko3vO5IIAEEUh2GQ7gymps="></latexit>

sensitive to hadronization time & system evolution

o Narrowing of balance function with increasing multiplicity both in p-Pb and Pb-Pb 

LCC & radial flow effect

o Consistent with the delayed hadronization mechanism and radial flow
effect in high multiplicity than low multiplicity events

CMS-PAS-HIN-21-017

26

Pb-Pb
p-Pb

Charge balance function in p-Pb and Pb-Pb collisions 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-017/index.html


o Net-charge fluctuations differ between QGP and hadron gas phase

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? 

o The less |νdyn| is, the more + and – charges are equilibrated → signature of QGP

CMS-PAS-HIN-22-005

Hadron Gas:  q = ±1, q2 = 1

QGP:  q = ±   ;   ,  q2 =     ;

27

Net-charge fluctuation in Pb-Pb collisions 
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Run 3 and beyond in CMS



Level-1 trigger efficiency

With ZDC

2018

2022

2018

2022

ØExpected better tracking performance & lower fake rate for Run 3!

ØExpected CMS to record 25kHz of MB Pb-Pb events in Run3 

o Online: increased MB trigger efficiency in peripheral events with ZDC
o Offline: improved low-pT tracking with the innermost pixel layer

o An increase of ~3 times that of 2018

Chosen examples CMS-DP-2023-011Improvement in tracking efficiency for Run3

29

CMS Run 3 improvement  



PID: 𝛑, K, pCMS-DP-2021-037 ; CERN-CMS-DP-2021-037

ØCMS major upgrades for Run 4
o A unique hermetic particle identification detector – MTD
o Unprecedent time resolution (30-40 ps)

30

CMS phase-II upgrades (HIN related)  
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CMS has provided a wealth of very interesting measurements with Run 2
q  E/W bosons, dijets, top quarks sensitive to nPDFs at

different (x, Q2)

q  Very low-x gluon regime probed by J/ѱ in UPC Pb-Pb

q  Charm and beauty quarks collectivity in small to large systems

q  Bottomonium collectivity in p-Pb and Pb-Pb

q  Jet shapes with dijets and b jets input for more precise energy loss

q  Path-length dependent energy loss and it’s fluctuations with dijet vn

q  Nature of collectivity in highest multiplicity p-p collisions

q  Probes fluctuations of initial density profile

q  Hadronization mechanism with balance function

q  QCD phase transition with net-charge fluctuations

q  Improved Run 3 and excellent prospects for Run 4

Summary  



STAY TUNE FOR MORE COMING NEXT!!!

Thank you 🙏
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