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QCD Phenomenology
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Precision era of Electroweak and Higgs physics demand a new level of QCD understanding
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QCD program at future pp, ep DIS, e+e- would be highly beneficial
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Quark Gluon Plasma
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QCD High-temperature can be experimentally

accessed In the lab:
Quark-Gluon Plasma
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Quark Gluon Plasma
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Quark Gluon Plasma

QCD High-temperature can be experimentally
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Quark Gluon Plasma
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Quark Gluon Plasma
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Quark Gluon Plasma
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Future experimentation with nuclear beams:

Experimentally test how equilibrium properties arise
in a non-Abelian QFT
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Opportunities and Challenges
@ LHC

Proposed Run Schedule

all to be read as +1 year

Year Systems, time, L;, Total per Run (3 and 4)
R [2021 (4 weeks) Pb-Pb 5.5 TeV, 3 weeks Pb-Pb: 6.2/nb ALICE/ATLAS/CMS, 1/nb LHCb
U pp 5.5 TeV, 1 week p-Pb: 0.6/pb ATLAS/CMS, 0.3/pb ALICE/LHCb
N 12022 (6weeks) | p-O +0-0 7 TeV, 1 week (after EYETS?) PP 5.5: 300/pb ATLAS/CMS, 25/pb LHCb, 3/pb ALICE
3 pp 8.8: 100/pb ATLAS/CMS/LHCb, 1.5/pb ALICE

Pb-Pb 5.5 TeV, 5 weeks

2023 (4 weeks)

pp 8.8 TeV, few days
p-Pb 8.8 TeV, 3.x weeks

ATLAS/CMS upgrades, ALICE: ITS3? FoCal?

0-0: 500/pb
p-0: 200/pb

R | 2027 (4 weeks) Pb-Pb 5.5 TeV, 3 weeks Pb-Pb: 6.8/nb, ALICE/ATLAS/CMS, 1/nb LHCb
U pp 5.5 TeV, 1 week p-Pb: 0.6/pb ATLAS/CMS, 0.3/pb ALICE/LHCb
N |5028 (6 weeks) Pb-Pb 5.5 TeV, 2 weeks pp 5.5: 300/pb ATLAS/CMS, 25/pb LHCb, 3/pb ALICE
4 0-Pb 8.8 TeV, 3.x weeks pp 8.8: 100/pb ATLAS/CMS/LHCb, 1.5/pb ALICE
pp 8.8 TeV, few days
2029 (4 weeks) Pb-Pb 5.5 TeV, 4 weeks
LS4
RUNS Intermediate A-A, 11 weeks E.g. Ar-Ar 3-9/pb (optimal species to be defined)
pp reference, 1 week

This is a proposal agreed in WG5S and reflects the physics discussed in the YR. The final run schedule is decided by the LHCC upon discussion with the experiments.
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[Adamova et al:1902.01211]

Detector Upgrade [an example] =

e Compact, next-generation multi-purpose detector at the LHC as a follow-up to the present ALICE

experiment

Designed for .

Shower Pixel Detector (SPD)

- pp, PA and AA collisions

- Luminosities 20 to 50 higher than ALICE A
detector (upgraded for LS2 and LS3)

<+«— Time Of Flight
(TOF)

~100cm

_ insert-able
conversion layer

CMS and ATLAS with similar efforts
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[Adamova et al:1902.01211]

Detector Upgrade [an example] =

e Compact, next-generation multi-purpose detector at the LHC as a follow-up to the present ALICE

experiment

Designed for :

Shower Pixel Detector (SPD)

- pp, PA and AA collisions

- Luminosities 20 to 50 higher than ALICE A
detector (upgraded for LS2 and LS3)

<+«— Time Of Flight
(TOF)

~100cm

\ conversion layer

Rich physics program:

- Heavy flavour and quarkonia

- Low-mass dileptons (0 < m < 3 GeV)
- Chiral Symmetry Restoration
- Soft and ultra-soft photons (1 < pt < 100 MeV)

CMS and ATLAS with similar efforts
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[WG5 on HL/HE-LHC: 1902.01211]

Light lons

Ar, ?7?
A =40, ?7?
Pb
A =206

4 Volume and Lifetime
4 Temperature

© Multiplicity
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[WG5 or.1 HL/.’HE-LHC: 1902.01211]
Light lons
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QGP effects experimentally confirmed
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[WGS5 on HL/HE-LHC: 1902.01211]

Light lons
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QGP effects experimentally confirmed

Particle Physics for the Future of Europe



[WGS5 on HL/HE-LHC: 1902.01211]

Light lons

U) | | | | L | | | | | L | | | |
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ke = . ¢ XXX =
s ! & h -
Ar, ?7? O t 1 . * ¥ -
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@) - + ok e * Kk . R =
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= g 104 E_ L ® _E
- < Background: higher precision/ = = 1
4 Volume and Lifetime =R . -
accuracy < - 0+0, Ys,=7.0TeV, 1 month -
o Temperature 10° Ar+Ar, \s,=6.3 TeV, 1 month _
= . : - _ = Kr+Kr, {s,=6.0 TeV, 1 month =
4 Luminosity (Production Rate): = e PbePb, |5 5.5 TeV, 3 months, 10 nb”" -
© Multiplicity unlock rare probes (Z+jet, ttbar,...) - *  P+Pb, Vs,=88TeV, 3months, 2pb”, .

10 10°
<Npart>
>

LN = [8;25] x LK

~ order of magnitude increase in number of hard processes
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System size dependence

Pb

Pb

Pb

L. Apolinario

Studies of System Size dependence

v,{2PC} ratio

1.5

0.5

[WGS5 on HL/HE-LHC: 1902.01211]

Flow Coefficients based on
strong variation of spatial
eccentricity of nuclear overlap

1 1 1 I I 1 1 I | l

O -.-.-.-.»h:“:. .

1
o XeXe/PbPb: ATLAS Data -
0 XeXe/PbPb: Theory, Giacalone et al -
& ArAr/PbPb: Theory, Giacalone et al -
# OO/PbPb: Theory, Giacalone etal |
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System size dependence

Pb
A =200

Ar, ?7?
A =40, ?7?

Xe
A =129
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Better control on initial condition to collectivity studies

Studies of System Size dependence
(always fixing geometry - [0-10]%)

v,{2PC} ratio

1.5

0.5

[WGS5 on HL/HE-LHC: 1902.01211]

Fixing centrality and varying
overall size allows for
disentanglement of event-
averaged eccentricity from its
event-by-event fluctuations

1 1 1 I I 1 1 I | I

1
o XeXe/PbPb: ATLAS Data -
0 XeXe/PbPb: Theory, Giacalone et al -
¢ ArAr/PbPb: Theory, Giacalone et al -
# OO/PbPb: Theory, Giacalone etal |
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Future Opportunities and
Challenges

?

L
* Towards a Future hadronic collider



[CERN-ACC-2018-0045]
"+ [W. Bizon et al (18)]

QCD Precision studies

0045 T T T T T T T T T T T
‘ NNLO
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0035 K2 NSLL+NNLO B
> \
8 003Ff :
< + - — RadISH, 13 TeV. my = 125 GeV
Accessible at et+e-, p+p, p+h,... = 0025 | e
Q T PDF4LHC15 (NNLO)
% 0.02 | uncertainties with pg, ug, Q variations (x 3/2) |
Té 0.015 Fixed order from PRL 115 (2015) 082003
QCD Coupling constant: a,(Q?) " oo |f
0.005 -
Least-known coupling of the SM with a large impact: e
10 20 30 40 50 60 70 80 90 100 110 120
Collinear factorisation (PDFs, FF, Hadronisation), Lattice calculations, pQCD at NnLO,... o, [GeV]
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[CERN-ACC-2018-0045]
" . [W. Bizon et al (18)]

0.045 1 I T 1 1 I | 1

QCD Precision studies

NNLO [
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0.03 ]
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0.005
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° o0 o0 ° 1E+11
e Highly-boosted dijets, multyjets, pentaquarks and other exotic et
hadron structures,... 1E+09
2 1E+08
@ mLHC
Q
. . . w 1E+07 W HL-LHC
e non-pQCD (color reconnection, hadronisation,...) - iy
g 1E+06 ® FCC-hh
“  1E+05
1E+04
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QGP Bulk properties

“. . [FCC-CDR Vol1]

Future hadronic accelerator will bring a larger/denser/hotter and long-lived medium:

Quantity Pb-Pb 5.5TeV  Pb-Pb 10.6 TeV Pb-Pb 39 TeV
dNg, /dnatn =0 2000 2400 3600
dEr/dnatn = 0 2.3-2.6 TeV 3.1-34TeV  5.2-5.8TeV
Homogeneity volume 6200 fm? 7400 fm? 11000 fm?
Decoupling time 11 fm/c 11.5 fm/c 13 fm/c
eatT = 1fm/c 1617 GeV/fm®  22-24 GeV/fm® 35-40 GeV/fm?

~ X2 W.rt
LHC

Expected impact on medium bulk proprerties:

- Denser medium = longer expansion and larger volume (before freeze-out)

- Higher Initial energy = larger temperature and smaller thermalisation time

L. Apolinario
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“. . [FCC-CDR Vol1]

QGP Bulk properties

Future hadronic accelerator will bring a larger/denser/hotter and long-lived medium:

Quantity Pb-Pb5.5TeV  Pb-Pb 10.6 TeV Pb-Pb 39 TeV r [fm/c] Bh-Ph 39 TeV
dNg,/dnatn =0 2000 2400 3600 D) - e
dEr/dnatn =0 2.3-2.6 TeV 3.1-34TeV  5.2-5.8 TeV ~ X 2 W.I.t 150 4+ 4 :
Homogeneity volume 6200 fm? 7400 fm? 11000 fm? LHC
Decoupling time 11 fm/c 11.5 fm/c 13 fm/c 1o, Pb-Pb 5.5 TeV '
eatT = 1fm/c 16-17 GeV/fm®  22-24 GeV/fm® 35-40 GeV/fm® | ;
. . _ 5
Expected impact on medium bulk proprerties: | 7
- Denser medium = longer expansion and larger volume (before freeze-out) N I '-’ et fm]

- Higher Initial energy = larger temperature and smaller thermalisation time

Novel Qualitative features: Unlock Novel probes of the QGP:
- Thermal charm production - W/Z + jet, ttbar events
- Dependence of the QCD EoS with quark masses (larger d.o.f) - Novel features on J/P and Y states
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[Liu et al (09), Zhao et al (11), Andronic et al, 11]
"+ . . " [FCC-CDRVol1]

Quarkonia

T 1/(r)
RO MV | s :” \ Quarkonia production in the QGP:
% (1P) ? - Sequential melting (can be used as a thermometer)
240 Mev (Ml T/y(15)

lllustration: A.Rothkopf

200 MeV %(1P) 1=0 0<T<T, gl
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Quarkonia

T

450 MeV

240 MeV

200 MeV

L. Apolinario

[Liu et al (09), Zhao et al (11), Andronic et al, 11]
"+ . . " [FCC-CDRVol1]

1/{r)

o :” M Quarkonia production in the QGP:

% (1P) ? - Sequential melting (can be used as a thermometer)
J/y(1S) - Recombination with QGP thermal quarks

lllustration: A.Rothkopf
%(1P) = 0<T<T, Te<T
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Quarkonia

¥ 1/{r)
Y(1S) J

Xb(lp) : a

J/(1S)

450 MeV

240 MeV

200 MeV %(1P) 1=0

Striking evidence of cc recombination

s | ] 7
1.2 Prompt J/¥ mid-rapidity -
« Al Pb+Pb @ b=0 fm ]
1 N I G e -
< 08— — 39 TeV at FCC _
PNy 55TeVatLHC |
CN : i
c 0.6 \ -
- \'\\ —— 2.76 TeV at LHC :
0.4 N .
: u“'\ :
0.2 —
0.0O 5 s S
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[Liu et al (09), Zhao et al (11), Andronic et al, 11]
"+ . . " [FCC-CDRVol1]

Quarkonia production in the QGP:
- Sequential melting (can be used as a thermometer)

- Recombination with QGP thermal quarks
lllustration: A.Rothkopf

Te<T
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Quarkonia
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[Liu et al (09), Zhao et al (11), Andronic et al, 11]
" *. .* " [FCC-CDR Vol1]

Quarkonia production in the QGP:
- Sequential melting (can be used as a thermometer)

- Recombination with QGP thermal quarks
lllustration: A.Rothkopf
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[LA, Milhano, Salam and Salgado (18)]
" * . .* " [FCC-CDR Vol1]

Jet quenching

ding QGP

w@msw unquenched =@ 1,=1.0fm/c = © Tm=5‘fm/c-'-'
mm#mm quenched — mmmmwm T.,,=2.5fm/c =me=m 1.=10 fm/c

Smaller mw
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3 85 _ T 1 1 : N 1 —— — 1
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Will depend on the energy that is lost Ptiop (DI average) [GeV/c]

(medium length that jet is able to “see”)
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Jet quenching

®W unquenched =
s quenched

e T =25 fm/c e

[LA, Milhano, Salam and Salgado (18)]
" * . .* " [FCC-CDR Vol1]

o 1,=5fmfc .
Tm= 10 fm/c

Tm= 1.0 fm/c

EXpanding QGP  Smaller mw
o ﬁ g (Tyopy (UNquenched) [fm/c]
o “ 06 07 09 1.1 14 06 0911 14 1.9 2.3
8— , 85 _ 1 1 1 : 1 1 1 1 —
& — qbar | HE-]1_HC Vs - 11 TeV FC(:1§x/sNN = 391TeV ;
3 B Higher mw oo [ 00 PRIOTOTEORD g} 2107 e, SOmbT P
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2 | Q % - e L S [ S B
“a. ‘ O) /5 F : ; : B ; ;
'8 ' \/\ O'—' - : : : -
) | - 3 |
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< | b p
O ﬁ 70 F St RS’ ol uF &
I j |
Time (fm/c) 65 '.... ' _.........i...........i..........1.?."/.o.q..uen.?hi.ng._'
Reconstructed W mass: mw O 100 200 300 400 O 200 400 600 800
Will depend on the energy that is lost Ptiop (DI average) [GeV/c]
(medium length that jet is able to “see”) First QGP tomographic analysis
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Summary

Very successtul data taking for HIC at LHC was completed (5.02 TeV PbPb, 8.15 TeV pPb).

Next years will have a rich physics program (HL-LHC: Run3 and Run4) that will bring a significant

advance 1n the field for the next decade

Rare challenging observables (e.g: photons, di-leptons, jets,...) together with lighter 1ons, will

provide new 1nsight and precise characterisation of the QGP
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Summary

Very successtul data taking for HIC at LHC was completed (5.02 TeV PbPb, 8.15 TeV pPb).

Next years will have a rich physics program (HL-LHC: Run3 and Run4) that will bring a significant

advance 1n the field for the next decade

Rare challenging observables (e.g: photons, di-leptons, jets,...) together with lighter 1ons, will

provide new 1nsight and precise characterisation of the QGP

Future leptonic collider: crucial step to increase QCD precision studies (input particle physics) and

preparation for the hadronic collider

Future high-energy AA/pA/pp collider: research 1s unique and provides essential science at the frontline

towards a profound understanding of Hot and Dense QCD matter

HI collisions open exploration of uncharted QCD phase space (hot and dense) allowing numerous stringent tests to the SM

Thank you!
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Light lons
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[WGS5 on HL/HE-LHC: 1902.01211]
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d'Enterria et'al (17) Knapen et al (17)

y-Y Collisions

Effective yy luminosity: FCC-hh largest yy luminosity
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d'Enterria et'al (17) Knapen et al (17)

Y-y Collisions

Light-by-light scattering measurement:

e Effective yy luminosity: FCC-hh largest yy luminosity _ Sensitivity to BSM physics (e.g: new
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