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Outline 50

Heavy-ion collisions: Little Bangs

g - Experimental program at the LHC, ALICE

Global characteristics

Bulk particle production

Quark-gluon plasma tomography with hard probes

4 1

Research plans for near and further future
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Outline

e Historical view: experimental opportunities, first theoretical ideas ol
e Thermodynamics of strongly interacting matter and phase diagram
e QCD matter under extreme conditions in nature and in the lab
e Global characteristics: centrality, energy density, multiplicities

e Bulk (soft) particle production
e Thermal model, particle yields and chemical freeze-out
e Hydrodynamics, flow and correlations
e Small systems

TODAY

e Hard probes: jets, heavy quarks and quarkonia
e Tomography of the medium, parton energy loss
e Nuclear modification factor R, ,

e Open heavy flavors, J/y
e Future, near and far
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Bulk particle production 50

initial state

hadronic phase

QGPand and freeze-out
hydrodynamic expansion .

pre-equilibrium

-

Particles emerging from the medium
Low momenta (0 to ~3 GeV/c)
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Bulk particle production 50

hadronic phase

QGP and and freeze-out

initial state hydrodynamic expansion

pre-equilibrium hadronization
- .

Particles emerging from the medium
Low momenta (0 to ~3 GeV/c)

Spectra (radial flow)

8 104_
S
o 10T
©)
s T
§ o Hydrodynamic description
b and flow coefficients
\(l%m*1
= .
1073- xgg} 0-5% central \ A -
® Ay Ra
N 8 ® K x0.1 AAAA w
A A p+p x0.01 A 'Z'
LU R B S B B
0 1 2 3 4 5
P; (GeV/c) %
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External probes? 50

Study internal structure and properties via penetrating probes

X-rays Laser 277

Sample
g

- = -_—
- ——
== e —

997 BIP-UaA JO Asaluno)

The lifetime of the QGP (1022 s) is too short to use an external source

— Use auto-generated (hard) probes !
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External (hard) probes 50

hadronic phase

QGP and and freeze out

initial state hydrodynamic expansion

ll l'
|‘|| .

|
1 'h
|I I

pre-equilibrium hadronization

HERE !
Hard parton scatterings — LARGE Q?

Parton level 1, K

’
;
\ ----- e
.“ -_—

\ Particle Jet E

» Partons with very large momentum — jets

* Heavy quarks, charm and beauty
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Hard probes: medium tomography 50

Hard scattering processes (large Q?) in the early stages of the collisions
e Jets
e | eading hadron
e Heavy quarks

Vacuum QCD —> Parton interactions with quark-gluon plasma
Proton-proton collisions Energy loss in medium, in Pb-Pb collisions
~ Jet
P

997 BIP-UBA JO Asauno)

Jet quenching
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Hard probes: jet quenching

Cm CMS Experiment at LHC, CERN
— y | Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

YEARS

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV'

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
- Run/Event: 151076 / 1328520

; Lumi section: 249

Jet 1, pt: 70.0 GeV
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Hard probes: jet quenching 50

ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

w] P, [GeV]

“ M Tracks
-
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In-medium parton energy loss

Energy loss by:
e C(Collisions with medium constituents

e Medium-induced gluon radiation

Collisional and radiative energy loss

Depends on: Compare:
Colour charge AE  —>AE — heavy to light hadrons
Parton mass AE_>AE  — charm and beauty

S.Masciocchi@gsi.de Heavy-ion physics at the high-energy frontier - Lecture 4
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In-medium parton energy loss 50

Quantifier: the nuclear modification factor
as function of p_, rapidity and centrality

R = Spectrum in AA 1
- = AL

Spectrum in pp N

collision would be the superposition of independent nucleon-nucleon collisions:

H%h bina isi
— QP ry collisions
e~ [N ™ (Glauben)

No medium effect — R,, =1

Medium effect — medium “slows” down particles
— R, 71
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Number of binary collisions

Number of nucleon-nucleon collisions

Computed with MC Glauber

A [
£=1 2007 Au+AuN_

5 -

o =
% 1000 N e Au+Au Npan
- — W — — Cu+CuN_,
..... Cu+Cu N,
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400}=
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.
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oo,
-
Sag,
..,
‘e,
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LI
.....
"
-

.
"
'''''
“ne
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Impact parameter b (fm)

arXiv:nucl-ex/0701025

Soft processes (soft particle production) scale with the number of

participants

In contrast, a scaling with the number of binary collisions is expected for

hard processes

50
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Centrality: ALICE

YEARS
’(,T L L e e L ,(/T "“[_"/—‘—L=|""|"" |"|[.I|II.IIII T
E |0 JLALICE Pb-Pb |5, = 2.76 TeV _ T ol NOF B Vow =502TeV _
> « Data . 3 > NBD-Glauber fit =
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Nuclear modification factor

50

Spectrum in AA 1

R =
AA Spectrum in pp  N_,

Charged-particles:

Parton energy loss in the medium

« Slowing down of the emerging
hadrons, which appear with

Pb-Pb \/sNI\I =2.76 TeV

10°E —— scaled pp reference
, * 0-5%

10°¢ o 70-80%

102
1

10

IIIII|,|,|,| IIIII|,|,|,| IIIII|,|,|,| IIIII|,|,|,| IIIII|,|,|| IIIIIIII| IIIIIIII| IIIIII|1| IIII|,|,|,|,| LI Ly

lower p. Z10%E
» Modification of the shape of the T
spectrum i
10
 Effect stronger in central 10°
collisions, weaker and weaker 10
with decreasing centrality 7
10
10-8 ] ] ] | | | | | ] | ] | | | | ] ]
0 5 10 15 20
P, (GeV/c)
PLB 696 (2011) 30-39
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Nuclear modification factor

Spectrum in AA 1
Spectrum in pp N

Ras =

coll

Charged-particles:

 \Very strong suppression in the
most central collisions ...

e ... strongly reduced in peripheral
collisions

e Low transverse momentum
region dominated by soft particle
production: different particle
composition in Pb-Pb vs pp,
radial flow, shadowing

RAA

| | | | | | ] ] ] [ ] | | | | | | | |
©0-5%  Pb-Pb\/sy, =2.76TeV
© 70 - 80%
1 :ID """""""""""""""""""""""" '%' """"""" % """" “'__
- @%@%§§§§§§§%% ;% i
% i
$ | 3 t
o
M . e ? 1
® . [ ]

01 B ] ] ] ] | ] | | | [ | | ] ] | ] ] | | N
0 5 10 15 20
P, (GeV/c)

PLB 696 (2011) 30-39
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Nuclear modification factor

No medium effect —» R,, =1

Medium effect — medium “slows” down particles
— R, #1
n_:;_ i | I 1 I I | 1 IAII_I&:EI \Iﬁlzé.()l2-lrelvl I | I I I I |
U‘: 1-2__ charged particles 1171<0.8 ]
é [Norm ]
ol 1
Pb-Pb 5.02 TeV data and LL ﬁ T g e t ]
p-Pb 5.02 TeV ! iR L + 7
0.8[ 4 ‘ ]
Low p.: shadowing, particle : :
composition, radial flow, ... 0.6 -
High p.: suppression in Pb- 0.4k b
. il ; ¢ | -
Pb clearly a final state effect K . |
028§ ® = =s— % Pb-Pb05% -
- P S —e | Pb-Pb,70-80% T
i ¢ p-PoNSD-0.3<n_ <1.3 ]
| | 1 | | | 1 | | 1 I | 1 | 1 | | | 1 | | | 1 | | |
070 10 20 30 40 50
P, (GeV/c)

arXiv:1802.09145
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Nuclear modification factor 50

No medium effect —» R,, =1

Medium effect — medium “slows” down particles
— R, #1
0 = | I ) I I I I I I | I I I I I I I I I I I I | .
T F ALICE Pb-Pb \'s,,, = 5.02TeV 0-5% :
o 0.6 3 charged particles |71<0.8
0.5 ~e | Data (Norm. = 2.7%)
Comparison to theoretical 04ENY g
calculations modeling 034 ¢ =
parton energy loss in the 02 o CCOJET30 3
medium ok = [ Andrés et al. 3
D e o LA B o B B B e e N
o - 5
t 0.6 -
0.5F f
3 Y:
0.4F <
03 ) * E
02 f_ ® S.CETG-\./iteV g
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0 10 20 30 40 50
p. (GeV/c)

arXiv:1802.09145
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Nuclear modification factor: Pb-Pb vs Xe-Xe

Very short run in 20

18:
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Half density radii for the nuclear charge distribution 5.36 fm
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Nuclear modification factor: Pb-Pb vs Xe-Xe

Very short run in 20

18:
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Nuclear modification factor

No medium effect — R,, =1

Medium effect — medium “slows” down particles
— R, 71
o] I N B B B L DL DR B B
L oLh(5,=502TeV  PbPb|s,=276Tev |
T "} «Pb-Pb,0-5% RN | e No modification for EW
- . D- - = W=, 0-10% _
g 1O +P-Pb NSD v Z°, 0-10% (CMS) ! bosons: y W= Z°
o) r full: ALICE (£5%) ’ _ —
o 1.6 opan: CMS # v, 0-20% (ALICE), norm.
oS p open: l to pQCD NLO calc.

Al

Strong suppression for
charged hadrons, still

s, | T *%* significant at 100 GeV/c !
{ e Look at charm and beauty
ALICE 0 | | | | ! ! ooy

v v by by b by Py by vl ]
0 10 20 30 40 50 60 70 80 90 100
p. (GeV/c) or mass (GeV/c?)

Anton Andronic
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Parton energy loss: theory models 50

27.4 pb™ (5. 02 TeV pp) + 404 ub (5.02 TeV PbPb)

2_| T T TTTl 1 IIIIIII I I l|l|l|| | | I_
_ . - CMS | SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb) B
Extensive theoretical work to 1.8 * ®WA9(0-7%) [2]cMs (0% -
describe the parton E = 7 NA49 (0-5%) Models 5.02 TeV (PbPb) E
ti d ener loss in 1.6 RHIC 200 GeV (AuAu) [ | SCET, (0-10%) il
propagation an _ e gy T C O 20 PHENIX (0-5%) [-._] Hybrid Model (0-10%)
dense, strongly interactin E ¢ * n'STAR(0-5%) [||||Bianchietal. (0-10%) -
1.4f -
matter sl LHC 2.76 TeV (PbPb) == CUJET 3.0 (h*+r®, 0-5%) -
u o ALICE (06%)  — Andrés etal. (0-6%)
1.2 [ ‘ v ATLAS (0-5%) == v-USPhydro+BBMG (0-5%)
Variety of models with > S S l  Qfl 0 cveee E
e Weak (pQCD) or strong x - H -
coupling to the medium 0-8:_ =
e Full jet MC simulation or 0.6F -
coupling analytical solution - o :
to hydro computations 0.4 .
e Recoil medium or not 0.2k oo?oot‘ o
y ot | | | :

1 10 1 00

p, (GeV)
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Parton energy loss: the Jet Collaboration 50

Compilation of experimental results

and 5 different theoretical descriptions ( ollaborn

T McGILAMY |

. jet transport parameter ; :
6 |E= HT-BW gk --- GLV-CUJET-

mean-squared transverse 7
momentum broadening per 5 |
unit path length *

0 >

@ 4| .
Quark of 10 GeV initial energy: <Bqg, S | N i |
Au-Au 200 GeV: q = 1.2 + 0.3 GeV¥/fm . ]
Pb-Pb 2.76 TeV: § = 1.9 + 0.7 GeV2/fm : |
at t,=0.6 fm/c. I [T (DI AurAnal R:)I;jb .
e A < |
00 o1 02 03 04 05

T (GeV)
arXiv:1312.5003
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JetR,, 5()

arXiv:1805.05635 6 ; EZ
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JetR 5()

The energy and momentum deposited by the jet shower into the medium appear
at large angles away from the jet axis

CMS (2011) Balance
Adapted from C. Roland Z Di ~o — Di B >8 GeV
1€ Hjcad N i€ Hsub [l 4-8 Gev
! [J1-4 Gev
Hlead ﬁ Hsub
Leading jet “.. Subleading jet
PP

=
=
-—
-—
—
-
—

—
~—
-
-
-—
—
-
—
-—
-
o
-

---'\---
\
\
\ \
\ \
‘ \

\ \‘

S.Masciocchi@gsi.de Heavy-ion physics at the high-energy frontier - Lecture 4 25



JetR,, 5()

General trend of jet RAA reproduced by models: constraints more and more
possible

< 1 , . | | -
© ,oE ATLAS arXiv:1805.05635 -
0.85— anti-k, R=0.4 jets, \(s=5.02 TeV E
0.7 ;
- _¢_—+—j—_—_+::+=t':— s S
—_— -
O.S}Fﬁ__ii =
0.4 4 E
035— — [S)gtET . _f
F — ,g=18 ) =
0.2E SOET" 922 0-10%, [y| < 2.1 §
"“"E WEEE SCET,NLO 2015 pp data, o5 pb_1 =
0 {C We— LBT =
1E ——— EQa7eTev 2015 Pb+Pb data, 0.49 nb™3
0_ . L I | L | | e

100 200 300 500 900
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Heavy quarks: probes of the QGP 50

Produced in initial hard scattering processes, before the thermalized QPG phase
e Flavor is conserved by the strong interaction
e Hard probes down to (almost) p, ~ 0 GeV/c

CQUark B B B B B B B N N N N = . /\
5 —a T
b qUark I I I = = = =E =E =E =E = = = _ :[e)’u

Energy Stopping Hydrodynamic ) ot
Hard Collisions Evolution Hadron Freezeout

Initial state

Heavy flavors experience the full evolution
of the deconfined medium
— QGP properties
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Open heavy flavors 50

Provide important information from different p.. ranges:

o Low P spectra and elliptic flow are influenced by the degree of

participation of the charm and beauty quarks to the collective motion of the
medium. Do the heavy quarks fully thermalize? (constrain the diffusion
coefficient D )

e Medium P, study the hadronization process of heavy quarks
(fragmentation, recombination/coalescence)

e High p.: study the heavy quark energy loss, constrain the jet transport

parameter q. Is there a dependence of energy loss on the parton mass?
(dead cone effect: for causality reasons, within a certain angle from the
direction of motion of the heavy quark, no gluon can be emitted — lower
energy loss the higher the mass of the quark is)
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Open heavy flavors: hadronization

e Non-perturbative process
e No first principle calculation yet

. —
High momentum heavy quarks
fragment into hadrons ; ‘é"c ."__ 0
[fragmentation mechanism: . 13 0 ‘

Petersen, FONNL, Pythia, etc.]

Low momentum quarks combine o ¢ o ee° ®_

with thermal partons into hadrons . 13?,",9 e 0 — o
[recombination (coalescence) ®e o

mechanism]

Shanshan Cao, Hard Probes 2018

50
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Prompt charm: R,, 50

Strong suppression of charm mesons (increasing with centrality) %
Significant energy loss of charm quark in the QGP

ALICE

<2.2_I TTT ‘ TTTT | FTTT I TTTT l TTTT | TTTT | TTTT | TTTT | TTTT I ITTT I_

D:< - ALICE .

2 0-10% Pb-Pb, |s, = 5.02 TeV r

D0 — K 1r* 1.8- lv1<0.5 E

D*— K 1.65 T

D** — DOTr* 1.40 ‘ g; =

1.2 7

1
0.8

Filled markers: pp rescaled reference ]
Open markers: pp pT-extrapoIated reference

0.60 E
04 ——
0.2 . :
O:IIII IIII|\III|IIII|IIII|\\II|IIII|I\\\|IIII|IIII:
5 10 15 20 25 30 35 40 45 50

P, (GeV/c)

arXiv: 1804.09083
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Prompt charm: R,

Strong suppression of charm mesons

50

§ 1 _8_] T T T ‘ T T T T | T T T T T T T T T T T T I_
@ 4 ALICE Preliminary ks
_ - 0-10% Pb-Pb, |5, = 5.02 TeV .
Average of: 145 | average DY, D, D™, Iyl < 0.5, arXiv:1804.09083 E
DO - K- 11* 1o eaxtlyl<05 .
- I = Charged particles, Inl <0.8, arXiv:1802.09145 .
D*— K 1 = -
D** — DOTr* 0.8 -
0.6/~ =
compared to 0.4FA § — i -
charged particles and 0.2 \[u =l -
Charged pions ; o } T R I I | } [ R I I R | } i I;
3F- =
5 = -
= 25MHHH E
2 E
0% 15 HHHJ& E
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0.5F =
0 10 20 30 40 50
P, (GeV/e)
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Prompt charm: R,

Strong suppression of charm mesons (increasing with centrality)
Significant energy loss of charm quark in the QGP

DY - K 11t
D* - K 1 17"
D** — DOr*

Abundance of strange quarks in
the medium — possible enhanced
production of D_at low p_?

(®

ALICE

<2.2 I[II|I111|IIII|III\‘IIIIIII]]}\III|IIII|I[[I|IIII_
Q:< - ALICE .
20 0-10% Pb-Pb, sy = 5.02 TeV r
1.8 yI<0-5 E
1.65— « Average D°, D*, D* _f
1.45 * D .
1,25 =
1; """"""""""""""" Filled markers: pp rescaled reference _;

0 8 H Open markers: pp pT-extrapoIated reference
0.60 E
04 §4 H T
0.2 e i -
O:I\Illl\\I|IIII|III\‘Illllllll‘\Illlllllll\\llllll:

0 5 10 15 20 25 30 35 40 45 50

P, (GeV/c)

arXiv: 1804.09083
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Prompt charm: R,, 50

Strong suppression of charm mesons (increasing with centrality) %
Significant energy loss of charm quark in the QGP
ALICE
E 2 LI T | T LI '|' | L T | T T 1T 7 '|' T T T T I
o [ AL, ly|<0.5, 0-80% ]
DO S K1 i " p-Pb reference from JHEP 04 (2018) 108 i
. . L« Average D", D', D, |y|<0.5, 0-10% (arXiv:1804.09083) -
D* > K 1-5__ & D, |y|<0.5, 0-10% (arXiv:1804.09083) ]
D*+ - DO Tr+ : ¢ charged particles, ||<0.8, 0-10% (arXiv:1802.09145) :
L ORUCRCT R e L EPR -
. ALICE
Ac —pK S . H#_H]‘ Pb-Pb, {s,, = 5.02 TeV
Baryon / meson ratio: 0'5;‘5 1 , H )
Bl > ) it
D /PbPb D°/pp i *“""I | | | g
U | 1 [ [ [ 1 1 | [ 1 [ [ 1 | 1 | [ [ [ 1
Hadronization mechanism: coalescence? 10 20 30 ‘Lﬁ (Gev?g)
Indication of charm hadron formation in !
the medium

arXiv: 1804.09083, arXiv:1809.10922
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Prompt charm: R,

Charm family portrait

I 1 1

1 I LI | 1
" p-Pb, {5 =5.02 TeV

| -0.96<y<0.04 o
i ALICE Preliminary

Nuclear modification factor

Pb—Pb, {Syy = 5.02 TeV ]

Ag, ly1<0.5, 0-80%

p-Pb reference from arXiv:1712.09581

Average D°, D*, D, lyl<0.5, 0-10% (arXiv:1804.09083)
pp rescaled reference

Dz, lyl<0.5, 0-10% (arXiv:1804.09083)

pp rescaled reference

n*, lyl<0.5, 0-10%

h*, Inl<0.8, 0-10% (arXiv:1802.09145)

-- e m E E E E E E E mom milhs s s s s -- i E . -

-

— . —— -
0.5F + + -
= a = A, pp rescaled reference e -
-  Average D°, D*, D, pp measured reference -+ ) -
- D:, pp measured reference T . T }
- 1 1 1 1 1 1 Ll 1 --l 1 I 1 1 L1 1 111 I 1 1 1 1 L 111 I 1 1 L1 1 1.1 I-I
0 ' ;
1 10 10™ 1 10
P, (GeV/c) p_ (GeV/c)
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Charm and beauty: semi-leptonic decays

Hadrons with charm, hadrons with beauty — @ + X

R,.: Pb-Pb / pp

AA
< 2 [ T T T LI ‘ T T T T T LI ‘ I_
< B 0-10% Pb-Pb, \ 5,,, = 2.76 TeV ]
aC 1.8 . s TAMU with shadowing N
F emmeeeeae TAMU without shadowing e
N ————— POWLANG HTL with shadowing ]
16 ceeeeeeeen POWLANG HTL without shadowing —
C ——— POWLANG Lat.QCD with shadowing 7
14 o emeeemeeen POWLANG Lat.QCD without shadowing
D — MC@sHQ+EPQOS2 with shadowing ]
[ eeeeeeeaa. MC@sHQ+EPOS2 without shadowing
1.2 —e+—— ALICE data -
1 f‘—' _______________________________________________ lE
C 5, ALICE ]
08 ‘T* ch e E
06 | e o ]
04 s B v rﬂﬁ‘_‘
= /] <0.8,p_<3GeVic Pl TR
02 ' e ]
= L <0.6,p_>3GeV/c =
- yI<06,p_>3GeV/ = ]
0 C o v vl I ! Lo I

1

JHEP 1810 (2018) 061

50

Production cross-section in pp
compared with FONLL pQCD
calculation (Cacciari et al.)

3II|IIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII
e cb —e pp ¥s=502TeV - cb —e pp ¥s=502TeV
g ~=TPCTOF - ~TPCTOF
==TPC only B ==TPC only
3 —-FONLL (JHEP 05 (1998) 007 ) 25 B - -FONLL ]
E % work in progress L work in progress
-."'1. -
= - 2" -1
E = > M
:,- o
L b}
", - S1.5- E
- - - 8 T
i " o < D = I e MNENECELE
te—- © T
E bl o T N RS « = R~ i
i - 1- — i |
g O
------ 0.5F :
E + 5% normalization uncertainty (not shown) :
IllllllllllllIIllIllllIlllIIllIlIlIIlllllllllll 0 lLIlllIIllIIllllllllllllllllllllllllllllll
T2 o3 4 s 8 7 8 90 12 3 456 7 8 9 10
p, (GeVic) p; (GeVic)
Ongoing
(master thesis)
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Beauty, charm and light quarks 50

%1 .4 L | T T | T T | T T | T 1T T T L L
x [ —
- Pb-Pb, |s =2.76 TeV
1.2 m ALICE Preliminary D mesons
- 8<pT<16 GeVl/c, lyl<0.5
. - B Correlated systematic uncertainties
Bea Uty - hon prom pt J/'.IJ CMS 1‘ (] Uncorrelated systematic uncertainties
... Diordjevic Non-prompt Jiy (6.5<p_< 30 GeV/c)
C M S-PAS_H I N_1 2-0 1 4 L wwn Djordjevie Non-prompt J/yp (with ¢ auark energy loss)
B - = = Djordjevic D mesons (8 < P, < 16 GeV/c) i
0.8 —
Charm: D mesons i ]
0.6~ H -
JHEP11(2015)205 B . E]r ....... i
0.4~ ~.‘ ,,,,,,,,,,,,,,,,,,,,,,,,,, ¥
L Tt - ;2'“"4”a'uy.‘,,u L 1
0.2~ @ CMS Preliminary Non-prompt J/y E ------- E”“ —
- 6.5<pT<30 GeVl/c, lyl<1.2 =
| [ Systematic uncertainties CMS-PAS-HIN-12-014 ]
0 L1 | | L1l | L1l | L1l | I | T | L1l | L1

0O 50 100 150 200 250 300 350 400
( Npart weighted with N )

fragmen

Indication of mass ordering for charm and beauty tation
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Prompt charm: elliptic flow v,

CMIS, |

PbPb \'s,, = 5.02 TeV

IIII||lIIIlIITIITIIIlIlIIWIlTIITIII

10-30%

0.25

- Prompt D’, ly| < 1.0

+ Charged particle, n| < 1.0

-=- Nonprompt J/y, 10-60%, 2.76 TeV
p, 3-6.5 GeV, 1.6<|y|<2.4; p_6.5-30 GeV, |y| < 2.4

0.2

-

c

0.15

III|III||I\II|I_O
=

L

Illllllllllllllll

Vs
(e ]
T 1 ITE\

; %
“ers
‘ +*
%
S
| e
N =

lllllllllIllllllllllillllllllllllllllll

5 10 15 20 25 30 35 40
P, (GeVl/c)

o

D° v, follows the same trend as light hadrons

Charm quarks exhibit flow as the light quarks — collective motion
Indication for charm thermalization in the QGP
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Prompt charm: comparison with theory models 50

Important constraints come from describing as many observables as possible
at the same time

:(( 2.2 T T 11 T T 11 UL | T T 11 | LI | T 111 | T T 171 | LI T T 11 T 1 1_] a’;\ 0 3 LINL L L L L L L LN L L L L O L LI LB LB B TTT [ TTT [ TTT T TrTTIg
P ALICE 4 ¢ Y°[ 30-50% Pb-Pb, |5, = 5.02 TeV ]
2k 0-10% Pb-Pb, |/, = 5.02 TeV E 3: L <08 NN ALICE ]

1.8 22 |y|<05 ] ﬁ I~ \\v,- 0 + St —
777 TAMU wiimi LBT 1 o S * D,D,D" average -

1.6 e PHSD 0 BAMPS el.srad. 9 W 02— ¢ [ syst. from data o
142 o POWLANG HITL win BAMPS el. q4 = B I syst. from B feed-down ]
10 : 11 Mc@sHQ+EPOS2 * Average D°, D*, D** 3 - :s‘: -
1 "\,""""'"""""""""F'iilé'&'rh'air‘l{éfs':‘b'pi'ré's'ééfe'd'r'éféféﬁbé """" [_; 0'1__§- 2 - -
0.8 | Elo Open markers: pp pT—extrapolated reference = | 5:_.—‘.1. ] AN :’ R B
A E -if ¥ i -
0.6 — i‘: .
o - O ——= — g — — — — — — 5 — — —— — — — —
0.45 3 - 2 ==t LBT .
2 PN e . TR l.,..uu-u_-u-ll- - B me + POWLANG HTL BAMPS el.+rad. B
0.2 ;,# T - SRR m - o MC@sHQ+EPOS2 wnn BAMPS el. -
I :”.“”“T""”“""“"I”H“'P“.‘”n"'lrmlll'| v by b by v Py g 47 Coo o v by by by by by by by s by v b v by g o |
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16 18 20 22 24
[ (GeV/c) P, (GeV/c)

arXiv: 1804.09083 arXiv: 1707.01005
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Open heavy flavors: flash summary 50

e Aim at more and more precise and differential measurements
(also at different energies)

E.g. shadowing, charm production cross section in pp

e [ntense theory work to understand interplay of:
e collisional and radiative energy loss
e degree of thermalization of charm in QGP

e hadronization in medium (e.g. coalescence) or fragmentation in vacuum

to determine QCD heavy quark drag and diffusion transport
coefficients

Rapid reaction task force, July 2016
. “Extraction of heavy-flavor transport
EMMI coefficients in QCD matter”
Nucl.Phys. A979 (2018) 21-86
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YYYYY

Heavy quarkonium states 50

cc Jy,y', ) &
QQ states
bb Y(1S), Y(2S), Y(3S), Xo

Probes of the medium by excellence!

vacuum Temperature T<T Tem erature T>T
peratgre T<Td P s

J/v
S 7T
| T

Screening stronger at higher temperatures! Matsui

& Satz
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Charmonium results: J/i  (0<p,<8 GeV/c) 50

ALICE
:E( | . | I | Y | | |
Ay 14 Inclusive J/y — p*u h
{2 m ALICE, Pb-Pb |5 =276 TeV,25< y <4,p_<8GeV/c N
: O PHENIX, Au-Au | s, =02 TeV, 1.2 < |y| <2.2,p_> 0 GeV/c .
1 : .
ALICE i ]
0.8 = J
Vs, =2.76 TeV quajn ]
0.6F HH m - ]
0.4F He g ]
PHENIX : a @ :
Vs, =200 GeV 0.2 B 5 B .
' Suppression
-l L1l I L1 1 I Ll 1 1 I L1 1 1 I L1 1 I L1 1 1 I L1 1 1 I L1 1 I 1 ]
%0780 100 150 200 250 300 350 400
<Npart>
> PLB734(2014)314

Event centrality
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Charmonium results: J/i  (0<p,<8 GeV/c)

50

ALICE
< LA ELELELEL B LR AL BLRLELL BLELELELE BLRLELEL BLELELELE B
<C . N
Ay 14 Inclusive J/y — p*u h
' i ® ALICE, Pb-Pb s, =5.02TeV,25<y <4,p_<8GeV/c )
{ o] ™ ALICE Pb-Pb\sy,=276TeV,25<y <4,p <8GeV/c h
|| O PHENIX, Au-Au | s, =02 TeV, 1.2 < |y| <2.2,p_> 0 GeV/c .
1 i : *
ALICE i ; |
s C_ 276 TeV 0.8 i g o 1  Suppression +
NN . ellel g ® @ e @ 1 new production
Vs, = 5.02 TeV 06 g g® tm o G" o= .
Sy = 92U 1€ ' HH - mechanism !
PHENIX . :
Vs, = 0.2 TeV 0.2 & ] ] .
] Suppression
L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I 1
O™ ""50 100 150 200 250 300 350 400
<Npart>
_ > PLB734(2014)314
Event centrality PLB766(2017)212
S.Masciocchi@gsi.de Heavy-ion physics at the high-energy frontier - Lecture 4 42



J/p production mechanism 50

|dea already proposed before the LHC: abundance of charm and
deconfinement

Developrment of

Start of collision quark-gluon plasma Hadronization

Low =

(RHIC) i — ¥l ) D

energy ccao_p Ca‘ @D
y oot ¥, o RS =07 -

g %)f ¥ ey Ko* °y s @D_ @ g
(LHC) ‘{ " ) E_) = @D \l
energy - b M0y o Ng © @

> ¥ O

Braun-Munzinger, Stachel, Nature 448 (2007) 302-309
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J/p production mechanism 50

Abundance of J/y regenerated in the QGP or newly generated at the phase
boundary by statistical hadronization, at low p_

— signature of deconfinement

RAA

| 1 I 1 T T I T T 1 I T T T I T T 1 I T T T i i 2 T T T I T T T I T T T I T T T I
- Inclusive J/ *W, 0-20% centralit . -
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B , FO— NN T O- ye9 <)< i _ ee, |yl <O
{of ™ ALCEPb-Pb\s,=276TeV,25<y <4 ] Pb-Pb ysyy = 5.02 TeV o
2 ] Inclusive J/y " opp,25<y<4
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.
T
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[
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PLB734(2014)314
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J/y production mechanism: models 50

J/p regenerated in the QGP or newly generated at the phase boundary:
statistical hadronization, transport models, co-movers

<15 T T T T | T T T T T T T T T | T T T T < LB BRI L LRI LR R LA N LR B LRLELEL N BN

= r ALICE preliminary pV>015GeVic | o q4F ALICE, Pb-Pb s, = 5.02 TeV ]
: Pb-Pb V SN =5.02 TeV |_y| <09 : E Inclusive J/W - u'*u E
i Inclusive J/y — e*e” |:+:| i 1.2 25<y<4,03<p <8 GeVic -
{fl f 1k

0.8 B

0.6}

0.4f

Transport, p_> 0.3 GeV/c (TM1; Du and Rapp B

Comover (Ferreiro et al.) Transport (Du and Rapp) 0.0 T o e ot ) R

[ S seicere) | Llarspen@ovete) Tt veats sec ATV TN
0 100 200 300 400 0 50 100 150 200 250 300 350 400 450

< N part> <Npart>

Large uncertainties: shadowing, open charm cross section

Progress on both theory and experiment sides needed to reach a
more precise description

S.Masciocchi@gsi.de Heavy-ion physics at the high-energy frontier - Lecture 4 45



J/yp elliptic flow

Non-zero v, signal for J/y (cc)

0.05

:IIII|IIII]IIII|IIIIIIIII

B
v

ALICE 20 - 40% Pb-Pb, | s, = 5.02 TeV

..........
--------------
-----

>
-»

X. Du et al.

229 Inclusive J/wy, y|<o09

Inclusive J/l|!, 25<y<4

------ Primordial J/y, 25<y <4
I 1 1 1 I L L

Inclusive J/y
cre*e’, |y < 0.9, v {EP, An = 0}
OuL,25< y <4, v,[EP, An=1.1}
- global syst : 1%

IJIIIIlIIIIIIIIIIIIII

K. Zhouetal. (25<y<4)
Inclusive J/w w non-collective

Inclusive J/y w/o non-collective -

Primordial J/y
I 1 1 I 1 1 1 I

2 4

6 8 10

12

P, (GeV/c)

J/y participates in the hydrodynamic flow
Charm quarks thermalized in the QGP
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Charmonia: flash summary

e New production mechanism of J/y by (re-)generation of cc pairs

— deconfinement !!
e Information about the phase boundary
e Thermalization of charm quarks in the QGP

With the data planned for the near future:

e Much larger statistics of charmonia signals

e Measurement of the total charm production cross section
e Possibly improved knowledge of the nuclear PDFs

— clearer discrimination among production scenarios

50
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Coming next at the LHC: high luminosity !

e [ S2 (2019-20): improvements to the injection chain
e From 2021 on (Run 3-4): Pb-Pb collisions at 50 kHz

Tremendous physics opportunities!

e detector upgrades to achieve continuous readout
o focus on minimum bias data samples, for low p_
coverage

e 100x min.bias events, 10x integrated luminosity —
10+3 nb'  (goal of Run 1-2: 1 nb)

e open heavy flavors, heavy quarkonium, light nuclei
and exotic states, dilepton spectrum
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- ALICE 2021 - 2029 | 50
The LS2 ALICE upgrades |

MNew Inner Tracking System (ITS) ALICE
: e - Muon Forward Tracker (MFT)
* improved pointing precision

. . * new Si tracker
* |ess material -> thinnest tracker at the LHC o .
* Improved MUON pointing precision

Time Projection Chamber (TPC)

* new GEM technology for
readout chambers

* continuous readout

* faster readout electronics

New Central
Trigger
Processor

Data Acquisition (DAQ)/
High Level Trigger (HLT)
* new architecture

* on line tracking & data

compression New Trigger
* 50kHz PbPb event rate Detectors (FIT)

ﬁ:r 54. Rossegger
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HI HL-LHC: physics program (some)

Very high statistics, improved detectors:

e Heavy flavors

e Heavy quarkonia
production

e (Anti-)(hyper-)nuclei
production

e Low-mass dielectrons
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HI HL-LHC: physics program (some)

Very high statistics, improved detectors:

Heavy flavors — .

Heavy quarkonia

production >
(Anti-)(hyper-)nuclei .
production — —

Low-mass dielectrons —,

50

Precision measurements c, b hadrons
Baryons/mesons: hadronization mech.
New observables (e.g. D° v, < B field)

Large statistics J/y, y(2S) — pin down
production mechanism

X, Y(18,2S,3S), flow

What is now done for A=2,3 will be
extended to A=4: “4H, ‘He

N TN
Precision measurements: 40k °H

Low B field run — low p_ reach
High precision measurements

S.Masciocchi@gsi.de
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HI HL-LHC O

y CERN-LPCC-2018-07

S December 18, 2018

Future physics opportunities for high-density QCD
at the LHC with heavy-ion and proton beams

Report from Working Group 5 on the Physics of the HL-LHC, and Perspectives at the HE-LHC

CERN Yellow Report
arXiv:1812.06772
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CBM @ FAIR

CBM beams
* 10%s Au up to 11 GeV/u

« 10%s C, Ca, ... up to 14 GeV/u
« 10"/s p up to 29 GeV

SI1S100/300

FAIR phase 1
FAIR phase 2

current completion date: 2025

50
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CBM O

Temperature 7

Nuclear b
Superflui Phases

S0
A

)

Courtesy of K. Fukushima & T. Hatsuda — Baryon Chemical Potential us

Explore systematically the QCD phase diagram at high baryon chemical
potential, with very high-precision, high-statistics measurements

Material from N. Herrmann, Erice, 2018
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CBM

Heavy ion collisions at SIS100

Compressed Baryonic Matter

Analyses in framework of
Statistical Hadronisation Model

—~.200
=
180 -
2 i
j— 160 4 % 4
Q C
= 140 - %
2 ¥
§E 120 -
8_100 :_ ® - A.Andronic et al.
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8 g0 [ eo-ue ¢ Y
- ®0-RHIC i I
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- ®0-AGS SIS100 %
40 [ e0-sis
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20 - ¥r - Au+Au (HADES @ SIS)
0 -V -AAI(FOPI@SIS) |
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Particle yields from central Au + Au collisions

(N)
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104

10°

Temperature
T <120 MeV

Density
P < 8py

Reaction time
t~10%s

URLRLLIL BN RLLLL B RLLLL B

LBLRLLLL R RLLL LR BRI |

IRRELL

CB, JP 31 (2005) S57

-

10 0t
Vs (GeV)

(L10TINOS “sumigd
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CBM

50

Dipole RICH TRD TOF :
Maan Ring o Transition Resistive
ag et Imaging r o -~ Radiation Plate
Cherenkov e Detector 1 Chambers
- ' .

mvD P sTs MUCH

| ECAL PSD .
. Micro Silicon Muon Electro- Projectile
- Vertex Tracking Detection Magnetic Spectator
= Detector System System Calorimeter Detector
—— (parking pos.)
Day-1 setup = MSV setup — Compute Performance - ECAL
Phase-1 = Day1 with full Compute Performance + ECAL

Tracking acceptance:
2°< 0, <25°

Free streaming DAQ
R = 10 MHz (Au+Au)

R, ~ 0.5 MHz

full bandwith:

Det. — Entry nodes
reduced bandwidth
Entry nodes — Comp. farm

with
R« (MVD)=0.1 MHz

Software based
event selection

Day-1 funding:
~ 90% secured
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FAIR construction side: January 19, 2019

YEARS

o T

CBM
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Key technology towards new physics frontiers 50

Technological innovation of silicon detectors for a fast and light future experiment.
3 key ingredients:

e Thinning of wafers to realize curved silicon chips

e Stitching to fabricate wafer scale sensors

e Ultra-fast CMOS pixels for time-of-flight measurements for particle identification

Key 1. exploit flexibility of thin silicon layers — <0.09% X, per layer
R&D Luciano Musa (CERN) with IZM ALPIDE ongoing

Can we exploit flexible nature of thin silicon ?

Silicon Genesis: 20 micron thick wafer

Chipworks: 30um-thick RF-SOI CMOS

Ultra-thin chip (<50 um): flexible with good stability
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Key technology to reach new physics frontiers 50

Key 2: use the stitching technology to fabricate sensors of large as the entire
silicon wafer

CMOS photolithographic process uv

defines wafer reticles size SRR REE

= Typical field of view O(2 x 2 cm?) hm_%_%i mask
Reticle is stepped across the wafers Dhotoresist

to create multiple identical images
of the circuit(s)

~
Stitching allows fabrication of sensors larger than the reticle size m Pipe:r=16mm , AR = 0.5mm

LO:r=18mm, L1:r=24mm. L2: r= 30 mm

)/

Beam pipe thickness: 500um (0.14% X,)
Sensor thickness: 20 - 40um (0.03 - 0.05% X,)

Courtesy: R. Turchetta, Rutherford Appleton Laboratory
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Key technology to reach new physics frontiers 50

Key 3: ultra-thin O(10 um) fully depleted CMOS sensors with 10V reverse bias:

e reduces charge collection time (<1ns)
e enhances radiation hardness (~ 10" n/cm?)

promises time resolution (single layer) of the order g, < 27 ps

(effect of signal shape fluctuations inside sensor under study)

nwell collection
NMOS PMOS electrode

______________________________

low dose n-type implant

depletion boundary

Epi-layer fully depleted

depleted zone

p- epitaxial layer

Modified process CERN/Tower

Also: other technologies for timing layers for ATLAS and CMS: LYSO crystals + SiPM, and
Low-Gain Avalanche Diode (LGAD)
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Ultra-light all-silicon detector O

|deas for a new heavy-ion experiment for Run 5 (from 2031), after LS4

capable to handle extremely high rates for rare probes (heavy flavors, heavy
quarkonia, light (anti-)(hyper-)nuclei), and measure ultra low p_ particles

Tracker: ~10 tracking barrel layers (blue, yellow and green) based on CMOS sensors

Hadron ID: TOF with outer silicon layers (orange)

Extended rapidity coverage: up to 8 rapidity units
Electron ID: pre-shower (outermost blue layer) + FoCal

Preliminary studies

Magnetic Field
* B=05orl1T

— ’ ”’ Spatial resolution
* Innermost 3 layers: o~ 1um
---L—‘--_
\ ‘\\ * Outer layers: 6~ 5um

Time Measurement
Outermost layer integrates high

precision time measurement
(0, < 30ps)

L. Musa (CERN) — ALICE Physics Week, 23 Oct 2018 al"XiV: 1 90201 21 1
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Even beyond (G== )

Design study by international collaboration, initiated by CERN in 2014, for a

Future Circular Collider

e Proton-proton collider (FCC-hh)
~16 T — 100 TeV pp in 100 km

~20 T — 100 TeV pp in 80 km
— defining infrastructure
requirements 8 o tokm
e e*e collider (FCC-ee) as At /

potential intermediate step
e p-e (FCC-he) option

¢ |lon program! A
alaz

Scope: CDR and cost review for the next European strategy (2019)
Starting date targeted for ~2045 (?)
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Heavy ions g

John M. Jowett
Michaela Schaumann

Hadron beams: protons and Pb ions
E,=50ZTeV
HI

e pp: +/s =100 TeV source +
LINAC 3
> Pb-Pb: /s, = 39.4 TeV

> p-Pb: /s, =62.8 TeV

Pre-accelerator chain for ions to be studied. 1 or 2 experiments.
“‘Pb-Pb:

Baseline: Ultimate:
1 exp. L, /run: 35nb 110nb-
2 exp. L /run: 23nb- 65nb-"

3nb' at HL-LHC
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FCC-HI: physics opportunities

i
6]

T
m

Wiki: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/Heavylons
HI dedicated meetings: https://indico.cern.ch/category/6068/

Global properties:
CERN Yellow Report (DOI: 10.23731/CYRM-2017-003.635)

dN_/dn x 1.8

Quantity Pb—Pb 2.76 TeV  Pb-Pb 5.5 TeV Pb—Pb 39 TeV
dNg,/dnatn =0 1600 2000 3600 dE_/d

X 2.2
Total N¢p 17000 23000 50000 T d
dBr/dnatn =0 1820TeV  23-26TeV | 52-58TeV volume x 1.8
Homogeneity volume 5000 fm? 6200 fm? 11000 fm?
Decoupling time 10 fm/c 11 fm/c 13 fm/c d. time x 1.3

eatT =1 fm/c 12-13 GeV/fm®  16-17 GeV/fm?®] 35-40 GeV/fm?

Global properties at \/s.NN = 2.76 TeV (0-5% centrality interval) extrapolated to 5.5 and 39 TeV
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FCC-HI: global properties

i
6]

T
m

Medium: is larger
lives longer

reaches higher energy density and temperatures
equilibrates faster (x2)

S
. D
T lfmiel Pb-Pb 39 TeV 3
| " 10
15§ -
10l Pb-Pb 5.5 TeV
5
0 | ‘ | | - | "1 [fm] 10 il il T
0O 2 4 6 8 10 12 14 102 10" 4 10
time (fm/c)
Space-time profile at freeze-out from QGP temperature evolution on basis of
hydrodynamical calculations Bjorken relation and Boltzmann equation
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FCC-HI: physics opportunities FCC
High energy — large production cross section for all hard probes
CHARM
Large increase of charm total yield:
e Larger yields of primary charm from hard-scattering processes between
partons of the incident nuclei e
. 90 b=0 fm .
e Higher QGP temperature — : —
secondary or thermal charm 80f 39 TeV w/Shad w/Thermal Prod. =
production, from in-medium interacting = 70E e oy S ool P E
partons (T > 500 MeV) nooT ]
;;' 60 : 5.5 TeV w/Shad w/Thermal Prod. B
ﬁs E — T 7 5.5 TeVw/Shad wo/Thermal Prod. .
New relevant dof 3 O E
Effect on the QGP equation of state? 40 =
Under debate a0k i
s ___ T :
B T T}

K. Zhou et al. PLB758 (2016) 434
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Conclusion 50

Heavy-ion collisions provide an essential window to access
fundamental properties of QCD matter

Extremely dynamic field
Deep collaboration between theory and experiment
Remarkable progress in the last years

Field accompanied by fantastic detector (and computing)
challenges and developments

ALICE

S.Masciocchi@gsi.de Heavy-ion physics at the high-energy frontier - Lecture 4 67



Timeline 50
CERN % FAIR
2019 Long Shutdown 2
2020 ALICE
2021
Run 3 Approved
2022 hvsi
2023  Pb-Pb 5.5TeV, 50 kHz physics
program
to 10 nb™"
2024 Beam on
2025 Long Shutdown 3 ean 1 target
Possible new inner- —
most vertex det layers
2026 with curved silicon
2027 Run 4
2028 Pb-Pb 5.5 Tev, 50 kHz
2029 \J
2030  Long Shutdown 4
New experiment ?
2031 [ f v
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Nuclear modification factor

No medium effect —» R,, =1

Medium effect — medium “slows” down particles
— R, #1

o) I I I | L L | 1 I 1 Frrri | 1 1 1 | L L L I
[Ind 1.4 [ \s\ = 5.02TeV, charged particles "
X - p-Pb Pb-Pb,0-5% i
T . [ 4 ALICE -e/ALICE ’
s1.2* e B
. - - CMS = CMS g0 1
Comparison ALICE - CMS 5 Fam ].,,,‘#' i ]
i * | i
fE Mmoo fﬂim.t_ “““ H “““““ E
[ »". = ]
0.8 =
L *+ N
. ™ + i
06 __ _’W. A -.-. __
- . -
- . -
0.4 .E .
i i »5E ]
0.2 *'! i .
[ ALICE In1<0.8 (p-Pb-0.3<n_ <1.3),CMSInl<1.0 ]

0 | | I 1 1111 | 1 | 11 1111 | 1 1 11 1111 I

1 10 102

P, (GeV/c)

arXiv:1802.09145, accepted by JHEP

50
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And after that ? 50

Very exciting technological development of ultra-thin, flexible silicon detectors

Pipe:r=16mm , AR = 0.5mm
LO:r=18mm, L1: r=24mm. L2: r = 30 mm

Silicon Genesis: 20 micron thick wafer

~14cm

Beam pipe inner/outer radius (mm)

IB Layer parameters

Radial position (mm)

Length (sensitive area) (mm)

Pseudo-rapidity coverage®

Ultra-thin chip (<50 um): flexible with good stability

Active area (cm?)

Beam pipe thickness: 500um (0.14% X,)

Pixel sensors dimensions (mm?)

Sensor thickness: 20 - 40um (003 -0.05% XO) Number of pixel sensors / layer

Explore ideas of a new

ultra-light experiment:

e Extremely high rates

e Unprecedented reach to
VERY low p.

(NY3D) esny ouelon

< ~360cm >
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Heavy ions at the FCC

Tentatlve Run Schedule

Years6- 10

Years 1115 Years 15- 20
n

maaz 2 L] Maintenance intervention

Commissioning
Physics

lon- Physics

Similar strategy as for LHC:
* 1-month-long Heavy-lon runs

% before each Technical Stop or

D Shutdown

= « 3 suchion runs per FCC-Run of
i N 5 years

2 2 2 2 2
3 3 4 3 7 3 10 3 143
4 12 4 45 4 78 4 11 4 144
5 13 5 45 5 79 5 12 5 145
(] 14 6 47 [ -] [ us & 146
7 15 T 48 o Bl T 114 7 147
] 16 8 45 B 8 B 1s B 148
s 17 - 50 9 83 5 116 5 145
10 18 10 51 10 B4 10 1z 10 150

15 x 1 month
> lon-Physics time

I
i
f
4
I

3 1 3 54 3 -} 3 120 153
22 4 58 4 - 4 i 154
5 3 5 56 5 89 5 122 5 185
2 57 90 123 & 156
5 58 a 124 7 157
B 26 -] 8 @2 8 135 8 158
8 27 -] 60 -] 93 ] 126 L] 158
0 28 10 61 0 94 o 127 10 180
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FCC-HI: physics opportunities

i
6]

T
m

High energy — large production cross section for all hard probes

HEAVY QUARKONIA: charmonium and bottomonium

Dissociation by color screening and (re)generation by statistical hadronization:
also true for bottom, at FCC temperature and o, ? Thermalization?

Statistical hadronization model (A. Andronic et al.)

—_
~

Jhy

AA

Pb-Pb, midrapidity . >
B ALICE (ly|<0.8, £13% syst.), |[sy, = 2.76 TeV - o

R
o

O_Illllllll\l‘ll\‘llllllllll\

do, ; /dy=163 pb

—

0.8

-
~
€

1Y(1S)

d°b5 /dy=109 ub

o
(o]
|I\I‘II\‘II
‘II||\II|I\I|II\|\II|I\I|I

0.6 ]

04 Statistical Hadronization Model 0.4 ]

------- \/q=2.76 TeV (dGcE /dy = 0.33 mb) ] dGbB /dy=73 ub .

02— syy=5.1TeV (do_, /dy = 0.45 mb) 7 0.2+ \S\ =40 TeV -

‘ s,‘\I =40 TeV (dcr /dy 1. 25| 1.35 mb) ] - Y(1S), Statistical Hadronization Model ]

O 1 L1 11 | 1111 | I 111 ‘ | | 1111 | I ‘ 1 11| | |

50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 350 400

Npart Npart
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FCC-HI: physics opportunities -
Access to very low x with p-Pb and ultraperipheral Pb-Pb collisions:
9 1 09 E ] —
10 E = Ultraperipheral QQ: Nuclear DIS & DY data:
£ 8 10%E o FCC Y (lyl <4) @ NMC (DIS)
10°F = 107 - FCC JM¥ (lyl < 4) m SLAC-E139 (DIS)
107E (e ] E  ==w== LHCY (lyl <2.5) FNAL-E665 (DIS)
- 10%E LHC J/¥ (lyl <2.5)  AEMC (DIS)
e 108 ;E RHIC JW (lyl <2) % FNAL-E772 (DY)
< ° 10%E
S 10° af
o 10 E
G 0 102 i —
- Q. p5(X) / ’ 0§ Qs (b=0fm) —
10 1 SRS oonnnnnen g g
non-perturbative A
1 107" R A‘AA
10_1 | III|||I| . III|||I| . III|||I| . III||||| . III||||| . III||||| . IIIl|I|| \ Illj 10—2 | IIIIIII| | IIIIII,IJ | IIIIIII| 1 1 IIIIIII 11 IIIIII| | IIIIII,IJ | IIIIII,IJ | IIIII[IH
10 107 10° 10° 10* 10° 102 107 1 10 107 10° 10° 10* 10° 102 10" 1
Xp X

Test whether (perturbative) saturation lies in the accessible kinematic
region (coverage of very forward region)
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FCC-HI: more physics opportunities

FEE

e VERY high multiplicity in pp and p-Pb

)

=

P(N

102 %

-
o
&

10

Y
o
2]

=y
o
&

—
o
o

O UAS5 200 GeV
O  UA5 900 GeV
¢ ALICE 2.76 TeV
¢ ALICE7 TeV
NBD 0.2 TeV
— NBD 7 TeV
= NBD 100 TeV

O_ \I\II|T|'| I\IIIIII| \II\HH‘ I\IIHHl TTTIT

v e e b v e by Iy
100 150 200 250 300

350 400
Nch

e Photon-photon scattering in pp, p-Pb,
Pb-Pb (UPC)

p,Pb p,Pb

T

T

A

e single- and pair-top production: energy
loss, time scales (boosted), nPDF

—
R

—_
T T T T TTm T Ty T

s/(20 GeV)

i
count
=

t
T

dNH—f/dp ,

—
=

Pb-Pb— tt+X, |5,,=39 TeV L,=33 nb™
%, MCFM NLO, CT10, EPS09, u=m,

—
O&)
T

Analysis cuts:
Pl > 20,30 GeV, In'| < 5, ET** > 40 GeV

0 200 400 600

1 J 111 I - ‘ 11 J '} ‘ L1 l 11
800 1000 1200 1400 1600 1800
pif (GeV)

e Stay open for the unknown !!!
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FCC-hh: detector options

e 4T 10m solenoid + forward
solenoids: no shielding coil

e Silicon tracker

e Barrel ECAL LAr

e Barrel HCAL Fe/Sci

e Endcap HCAL/ECAL LAr

e Forwards HCAL/ECAL LAr

Needs for heavy-ion physics?
Low (transverse) momentum. Particle identification
Dedicated experiment necessary?
Special settings for operation with heavy ions?
Focus on forward rapidity? Werner Riegler
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FCC layout

J |

A = | D5

I - Bt

wm———" oL mmm | arc
Exp.

Inj. + Exp. T Inj. + Exp.

NS

1.4 km

I B-coll «— 28km — extractiﬂnl‘l D

1.4 km
/ l .
RF o-coll

— Xp. v
ll:.-"h-ﬂ"-:-l

H G F

i

J
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FCC-HI: other ion species FCC

e From injectors: possibly similar number of charges per bunch — more ions per
bunch for lower Z

e Reduced contribution of ultra-peripheral electromagnetic processes:
o(bound-free pair production) ~ Z’ o(EMD) ~ Z¢

Increased luminosity Inst. Nucleon-Nucleon Luminosity per Bunch

lifetime: -
2.0 — art0
— Cphd
— | —_ Xel29
15 — Aul97
e | — Ph20R
E . = 23R
E:'I 1 U. ——
= nucleon-nucleon
Z Luminosity
Foa
F05

0.0
0 5 10 15 20

time [h]

Physics cases will be studied
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