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Studies with heavy ion collisions @ HL-LHC
Physics Goals

Experimental tools

Controlling initial conditions

pA (lighter AA), nPDF fits, small-x processes

Equilibrium properties of QCD matter

Flow and fluctuations

Understanding hydro-like behavior in
smaller and smaller systems (pp, pA, γA, …)

Multiparticle and heavy flavor flow

Microscropic structure of QCD matter

Jet substructure, heavy flavor transport

QCD matter properties with hard
probes

Quarkonia, RAA, photons, new probes

Precision QED and BSM searches

Photon-induced processes

With input from
Workshop on the physics of HL-LHC (2017)

Nonexhaustive list

Nuclear gluon PDFs: constraints scarce so far
Stringent constraints with dijet production

Enhanced suppression at forward y
Significant reduction in EPPS16 uncertainties after reweighting already with Run 2 data (left plot)
Improved constraints with HL-LHC data (right plot)
Complementarity with W bosons and top quarks, and exclusive vector meson photoproduction

Phys. Rev. Lett. 121 (2018) 062002
EPJC 79 (2019) 511

Run 2 dijet data
3

Nuclear gluon PDFs: constraints scarce so far
Stringent constraints with dijet production
Enhanced suppression at forward y
Significant reduction in EPPS16 uncertainties after reweighting already with Run 2 data (left plot)
Improved constraints with HL-LHC data (right plot)
Complementarity with W bosons and top quarks, and exclusive vector meson photoproduction

Top quark decay product
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In preparation of EIC, pPb @ HL-LHC provides the best input to nPDFs

More elaborate flow observables in all systems
Improvement in the symmetric cumulants SC(𝑚, 𝑛): flow cross talk
sensitive to the initial state and its subnucleon fluctuations
Flow decorrelation: rapidity dependence of the factorization breaking
input to 3D modeling of initial conditions and QGP
Further improvements on higher-order cumulants, fwd-bkg multiplicity correlations, femptoscopy, etc

Nonflow
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Taking advantage from increased tracking coverage

Measuring HF particle flow in all systems
There is charm anisotropy... everywhere
apparent ordering: v2 (PbPb) > v2 (pPb) > v2 (pp)
For open bottom hadrons: v2 (PbPb) > 0 but v2 (pPb) ~ v2 (pp) ~ 0
do we hit some threshold (large mass, small recombination) between charm & beauty processes?
Novel input to the description of heavy-quark transport and energy loss in small systems
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When does energy loss set in?
Energy of partons is redistributed (‘quenched’) inside QGP
Experimentally seen as RAA modifications
increases for pT>10 GeV; independent of flavor(?)
Significantly better precision with HL-LHC (jet shapes, fragmentation, etc, cf backup)
Phys. Rev. Lett. 123 (2019) 022001
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Boosting hard probes with lighter ions
1 month of ArAr > PbPb data set in Runs 3–4
coverage of a much broader range in Z pT → jet-energy differential studies of quenching
case study: ratio of the jet to Z pT in ArAr and PbPb collisions (right plot)
Increased luminosity provides differential access to
Jet tagging, jet substructure, wider pT-reach, HF (including top quarks) at high pT

JEWEL

Light-by-light scattering
Challenging to measure owing to tiny cross section O (α4)
Optimized trigger and EGM reconstruction for ET < 10 GeV
clean BSM signals over falling SM bkg
Limits on couplings of axion-like particles
Heavy ions: best exclusion limits over ma =5−100 GeV
Source: IFJ PAN

For ALICE/LHCb see EF07 contributions
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Precision QED studies
Exclusive production of dimuon pairs will be precision-like in HL-LHC
di-muon mass > 100 GeV, calibration of photon flux, constrain predictions for dielectrons, ditaus
Ditau observation: the first step towards the (g−2)τ measurement at HL-LHC
potentially surpassing constraints from past lepton-lepton colliders
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Outlook: General goals in HL-LHC & beyond
Parton densities in broad kinematic range and search for saturation

Macroscopic long-wavelength QGP properties with unprecedented precision
Collectivity across colliding systems
Microscopic parton dynamics underlying QGP properties

Precision QED and BSM physics

To shape the long-term plan
LHC Run 5 HI
not a simple extension
EIC cold QCD program

Decade ahead of us
Data from 6−7 facilities
Up to ×100 higher rates
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Throwing a bullet through an apple... Why?
Luminosity in AA

pA runs

QGP onset
Long-wavelength (ideal fluid) behavior
Short-wavelength ("quenching") behavior
Degrees of freedom / microscopic structure
Nonperturbative QCD

pp
comparison

?

A-dependence*
(O, Ar, Xe, …)
Beyond improvements from detector upgrades and increased luminosity, the YR and
Snowmass efforts document the HL-LHC (&beyond) scientific program for understanding
high-density QCD
With input from
Workshop on the physics of HL-LHC (2017)

HL-LHC operational scenarios for pPb and PbPb

pPb (Run 2)

PbPb (Run 2)

Included in the YR and more recently refined (CERN-ACC-2020-0011, EPJ.Plus 136 (2021) 7)
scenarios are based on benchmarked models (agree remarkably well with Run 2 LHC data)
≈five one-month runs would be needed to reach 13 /nb of PbPb
≈two one-month runs would be needed to reach 1.2 /pb of pPb
projections could be improved, e.g., due to operational efficiency (>50%), etc

HL-LHC starts at Run 3 for heavy ions

Key characteristics of the nPDF global fits
With input from Annu. Rev. Nucl. Part. Sci. 70 (2020)
arXiv: 2006.14629

nPDFs from several groups but
less available data sets compared to the free-nucleon cases
different data sets (e.g., pPb LHC data), theoretical assumptions, and methodological settings

not well understood aspects for bound nucleons, e.g.,
the nuclear modifications of the gluon distribution
Measurements at small-x test non-linear QCD evolution at small-x (“parton saturation”)

In preparation of EIC, pPb @ HL-LHC provides the best input to nPDFs

When does energy loss set in?
Crucial to understand the minimum requirement(s) for jet quenching
Final state effect in high multiplicity pPb
No suppression observed in pPb collisions
Use smaller systems (e.g., γA) or lighter ions
RAA simply scales with initial ‘geometry’ (Npart)?

OO collisions could provide a key guide for jet quenching in lighter systems
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Jet shapes and fragmentation with γ+jet events
Initial parton energy better constrained by γ pT (quark-enriched jets)
Jet shape
Jets are wider in PbPb than pp
Jet fragmentation function
Measuring with precision medium-induced modifications

Phys. Rev. Lett. 122 (2019) 152001
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Jet shapes and fragmentation with γ+jet events
Initial parton energy better constrained by γ pT (quark-enriched jets)
Jet shape
Jets are wider in PbPb than pp
Jet fragmentation function
Measuring with precision medium-induced modifications
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Extending the LHC HI program & Phase 2 upgrades
Runs 3+4: main goal of >10/nb PbPb
focus on rare triggers
even larger minimum-bias event sample
> 6 kHz at HLT in Run 3, goal to increase for Run 4
Major Phase-2 upgrades for HL-LHC (2026+)
Extension of tracker (muon systems) acceptance from |η|<2.5 to < 4.0 (3.0), etc.
ATLAS 2.5 < | η | < 5

Precise timing detectors for pileup rejection
byproduct TOF PID
Radiation-hard zero degree calorimeter (2021+)
Can also be used in collisions with lighter ions, e.g., pO/OO

CERN-LHCC-2017-027

Fourier decomposition of the projected ∆φ
Azimuthal correlations of particle pairs are decomposed via Fourier expansion:

single-particle azimuthal anisotropy Fourier coefficients measured as vn=√vnΔ (n≥1)
In hydrodynamic models v2 and v3 referred to as “elliptic” and “triangular” flow and related to the
Initial collision geometry and its fluctuations

A fluid that retains its QCD asymptotic freedom character!

JHEP 07 (2011) 076
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Evidence of tt̄ cross section in PbPb
First experimental evidence (4σ level) of the top quark in nucleus-nucleus collisions
using leptons only and leptons+b jets

It establishes a new tool for probing nPDFs as well as the QGP properties

Phys. Rev. Lett. 125 (2020) 222001

A nice heuristic idea for a yocto-chronometer !
L. Apolinário et al. 4th HIN Jet WKSH (2016)

ΔE/E = [(τ-t)/τ] * 0.1

Delay time

Delay time
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BSM searches with heavy ion collisions at the LHC
Submitted as input to the update of the European Particle Physics Strategy (EPPS)
arXiv: 1812.07688
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