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Outline:

Objectives: Chiral symmetry and temperature of QCD matter
Method: Thermal dielectron production with ALICE at the CERN-LHC
Accomplished: Understand your background

Future: Expected performance with ALICE and next-generation particle detectors




The origin of mass ®

ALICE

Nucleon mass: 1% from quark mass (Higgs mechanism) — 99% from the strong interaction (QCD)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.036020
https://physics.aps.org/articles/v11/118

The origin of mass ®
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Nucleon mass: 1% from quark mass (Higgs mechanism) — 99% from the strong interaction (QCD)

left-handed right-handed
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Strong interaction is blind to chirality, BUT...
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ALICE

Nucleon mass: 1% from quark mass (Higgs mechanism) — 99% from the strong interaction (QCD)
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Strong interaction is blind to chirality, BUT
! the ground state is NOT.
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Spontaneously broken: chiral symmetry
e Hadrons with different parity
do not have same mass
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Unique test of fundamental QCD property:

Spontaneously broken: chiral symmetry e Change order parameter — change temperature
e Hadrons with different parity

do not have same mass
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) Unique test of fundamental QCD property:

Spontaneously prokgn: chiral §ymmetry e Change order parameter — change temperature

e Hadrons with different parity e Symmetry restoration at high temperatures

do not have same mass
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) Unique test of fundamental QCD property:

Spontaneously broken: chiral symmetry e Change order parameter — change temperature

e Hadrons with different parity e Symmetry restoration at high temperatures

do not have same mass e Experimental proof

o  Measure hadron properties (spectral functions)
o  Measure temperature of QCD matter


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.036020
https://physics.aps.org/articles/v11/118
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.036020

Putting into context

Phase transition in early universe
(quarks—hadrons)

Unique test of fundamental QCD property:
e Change order parameter — change temperature
e Symmetry restoration at high temperatures
e Experimental proof
o  Measure hadron properties (spectral functions)
o  Measure temperature of QCD matter
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Phase transition in early universe
(quarks—hadrons)

Unique test of fundamental QCD property:
e Change order parameter — change temperature
e Symmetry restoration at high temperatures
e Experimental proof
o  Measure hadron properties (spectral functions)
o  Measure temperature of QCD matter



https://www.annualreviews.org/doi/pdf/10.1146/annurev.nucl.56.080805.140539
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141301

Heavy-ion collisions and dileptons &,

4@

Quark—gluon .
plasma Hadronic
matter
Degrees of freedom: quarks, gluons hadrons
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https://www.nature.com/articles/s41567-019-0614-5

Heavy-ion collisions and dileptons

ALICE
e
h

g
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Quark—gluon
olasma Hadronlc
matter
Degrees of freedom: quarks, gluons hadrons

Strategy: measure dileptons (e*e” or p*u pairs)
e Couple to EM current throughout the full collision history
e \ery low interaction with QCD medium (no strong interaction)


https://www.nature.com/articles/s41567-019-0614-5

Heavy-ion collisions and dileptons

ALICE

i
)
Quark—gluon _
olasma Hadronic
matter
Degrees of freedom: quarks, gluons hadrons

Strategy: measure dileptons (e*e” or p*u pairs)
e Couple to EM current throughout the full collision history
e \ery low interaction with QCD medium (no strong interaction)
e Virtual photons: invariant mass, no blue-shift of rapidly expanding system
e Bonus: Also sensitive to BSM particle decays (dark photons)



https://www.nature.com/articles/s41567-019-0614-5

Thermal dilepton production

ALICE

Thermal dilepton emission rate:
Electromagnetic spectral function

F2(qo; T)|ImIMgm(M, q; up, T

dNy _aguL(M)
d*xd*q mIM?

Quark—gluon
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Thermal dilepton production ®

ALICE

Landolt-Bornstein 23 (2010) 134

Thermal dilepton emission rate: 102 I T T
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e Vacuum: EM spectral function well known from the e*e™ annihilation cross section into hadrons / p*y-

R = — 12 Imllgy



http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_6
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Thermal dilepton production

Landolt-Bornstein 23 (2010) 134
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e Vacuum: EM spectral function well known from the e*e™ annihilation cross section into hadrons / p*y-
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Medium:
Below 1.5 GeV/c?*: measure in-medium rho spectral function
Above 1.5 GeV/c?: extraction of temperature (and space-time evolution of thermal source)

o

o


http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_6

Relevant temperatures in heavy-ion collisions

Why important?

System temperature > critical temperature?
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https://www.sciencedirect.com/science/article/pii/S0370269319303223?via%3Dihub
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What to expect at the LHC

Ralf Rapp. arXiv:1304.2309 [hep-ph]
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Experimental setup: ALICE at the CERN-LHC &,

ALICE
ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044
ALICE, JINST. 3 (2008), S08002

Detector:
Length: 26 meters e St
Height: 16 meters
Weight: 10,000 ton

Time Projection Chamber ==F

N

Inner Tracking System
VO, TO

Central barrel:
Event characterization,
Vertex, Tracking, PID
In| <0.9

— Dielectrons

Muon Spectrometer:
Trigger and Tracking
-25>n>-4

— Dimuons

(not in this talk)


https://www.worldscientific.com/doi/abs/10.1142/S0217751X14300440
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002/meta

Experimental approach and challenges @

ALICE

Method: dielectrons with ALICE at the LHC
e Identify electrons/positrons
o  Minimize hadron contamination
e  Pair electrons and positrons in one event
o  Major contribution from photon conversion in detector material
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ALICE

Apply/ng Mach/ne Learn/ng techn/ques (BDTs, Neural Networks):
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o  Minimize hadron contamination
e  Pair electrons and positrons in one event
o  Major contribution from photon conversion in detector material

Improve electron efficiency


http://cds.cern.ch/record/2705740?ln=en
https://cds.cern.ch/record/2315615?ln=en
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Apply/ng Mach/ne Learn/ng techn/ques (BDTs, Neural Networks):
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Experimental approach and challenges

Method: dielectrons with ALICE at the LHC
Identify electrons/positrons

O

Minimize hadron contamination

Pair electrons and positrons in one event

O

Major contribution from photon conversion in detector material

Subtract combinatorial background B
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Experimental approach and challenges

ALICE
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Method: dielectrons with ALICE at the LHC
e Identify electrons/positrons
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o Minimize hadron contamination 05 1 15 > 55 3 !
e  Pair electrons and positrons in one event 2
P Mg (GeV/c?)
o Major contribution from photon conversion in detector material uaTSmLT0Es o
K+
e  Subtract combinatorial background B Do //‘Q
S/B ~ 107 in Pb-Pb collisions ?-—/’ T
@) 6/7\ Vi
c

e  Subtract “known” long-lived light- and heavy-flavour sources (“cocktail”)
o  Step 1: Reference systems — pp and p-Pb collisions

Semileptonic decays of
charm/beauty hadrons (ct ~ O(100um))
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Method: dielectrons with ALICE at the LHC
Identify electrons/positrons

O

Minimize hadron contamination

Pair electrons and positrons in one event

O

Major contribution from photon conversion in detector material

Subtract combinatorial background B

(@]

Subtract “known” long-lived light- and heavy-flavour sources (“cocktail”) as well QED dielectron production
Step 1: Reference systems — pp and p-Pb collisions
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S/B ~ 102 in Pb-Pb collisions

Step 2: Peripheral Pb-Pb collisions
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Understanding “hadronic sources”

ALICE, arXiv:2005.11995 [nucl-ex] ALICE
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e Understand production and decay of light and heavy flavour hadrons
e Understand modifications not related to hot QCD matter
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e Thermal radiation in small systems?
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Understanding “QED sources” &,

ALICE
Pb Pb




Understanding “QED sources”
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Understanding “QED sources”

arXiv:1909.02508 [nucl-ex] ALICE
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Anomalous’ dileptons in pp collisions %’E

CERN ISR - AFS (1987):
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‘Anomalous’ dileptons in pp collisions

ALICE
CERN ISR - AFS (1987):
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Soft dielectrons in pp collisions at the LHC  ......00 152 e ®
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e n contribution dominating source of the cocktail uncertainties

o ALICE measurement only down to p, < 0.4 GeV/c

o m_scaling overshoots n at low p.

— CERES/TAPS measurement used to constrain low p..

Eur.Phys.J.C 4 (1998) 249-257
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Soft dielectrons in pp collisions at the LHC  ......00 152 e ®
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Soft dielectrons in pp collisions at the LHC  ......00 152 e ®
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Status: thermal radiation in Pb-Pb collisions at LHC %
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Status: thermal radiation in Pb-Pb collisions at LHC

ALICE
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e Central Pb-Pb collisions (2015 data only)
e  Still large uncertainties (analysis of 2018 data with ~10 times larger sample ongoing)



Status: thermal radiation in Pb-Pb collisions at LHC %
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The next decade %
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Major ALICE upgrade

Continuous (triggerless) data taking

TPC readout: MWPC -> GEM

New inner tracking system (ITS2)

New event characterization detectors (FIT)
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The next decade

®

ALICE

BN 2019 BN 2020 BN 2021 W 2022 N 2023 W 2024 EE 2025 EE 2026 EN 2027 N 2028 M 2029 M 2030 mmm 2040 mmm 2050}

Major ALICE upgrade

dileptons

Continuous (triggerless) data taking

TPC readout: MWPC -> GEM

New inner tracking system (ITS2)

New event characterization detectors (FIT)

Improved pointing resolution (x3)

Reduced material budget (less photon conversions)
More statistics (up to x100)

Dedicated low B field run(s): improved efficiency at low
p;, better conversion rejection
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Physics performance with ITS2 Hl-LHE WGS yellow sport
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Physics performance with ITS2 Hl-LHE WGS yellow sport
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— first measurement of p spectral shape
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The next decade %

ALICE
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Major ALICE upgrade

Continuous (triggerless) data taking

TPC readout: MWPC -> GEM

New inner tracking system (ITS2)

New event characterization detectors (FIT)

FoCal and ITS3

Inner Tracking System 3

Forward Calorimeter

Ny, FoCal-H
§\\ ... FoCal-E

e

e e e -

Replace 3 innermost layers
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Towards a massless detector %

ALICE
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Towards a massless detector %
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Towards a massless detector

Cylindrical
Structural Shell

—

Half Barrels

e Exchange inner 3 ITS layers with truly cylindrical Si-pixel layers based on
ultra-thin, curved sensors (based on ALPIDE developed for ITS2):
o Reduce material budget from 0.35% X/X to = 0.05% X/X|
and remove its inhomogeneities
e Move layers closer to the primary vertex, innermost layerat R=1.8 cm
(new beam-bipe with inner radius R = 1.6 cm)
o Improves pointing resolution by a factor ~3
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Physics performance with ITS2 Hl-LHE WGS yellow sport
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— first measurement of p spectral shape
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Physics performance with ITS3
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Excess spectrum
— Improved measurement of p spectral shape
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Physics performance with ITS3 %E
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Excess spectrum

— Improved measurement of p spectral shape

— Improved temperature measurement

— Differential measurements (p,, flow, polarization)
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Putting into the big picture &,
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Heavy-ion physics after 2030:
e  Construct the ultimate soft dilepton and photon detector (based on ITS3 technology): p ~ /R ~ 10 MeV/c
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Heavy-ion physics after 2030:

ALICE

Key properties
ultra-low material budget

for low prtracking
* X/Xo~ 0.05 % / layer

fast to sample large luminosity
* 50 - 100x Run 3/4

large acceptance
* |yl <4 = An = 8 (total)
* |yl < ~ 1.4 (central barrel)

excellent spatial resolution
for tracking and vertexing

* innermost layers: 0 < 3 pm

* outer layers: 6 ~ 5 pm
precise time measurement
for particle identification

e 0~20ps

e  Construct the ultimate soft dilepton and photon detector (based on ITS3 technology): p ~ /R ~ 10 MeV/c

Nucleus

e Precision measurement of EM radiation multi-differentially and down to lowest momenta, e.g. electric conductivity

e BSM physics
— Letter of Intent planned for end 2021
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e Objectives: Chiral symmetry and temperature of QCD matter

e Method: Thermal dilepton production with ALICE at the CERN-LHC

e Accomplished: Understand your background (+ excess at low transverse momenta in pp)
e Future: Expected performance with ALICE and next-generation particle detectors
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