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Heavy lon Physics: many-body QCD systems
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Intial stages Final state: hadron scattering

* Properties of equilibrium matter: equation of state, transport coefficients
* Dynamics: hadronisation, interactions of partons with the medium
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons
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MC event: location of nucleons
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons

10—
- = O
i % o@a@"'@w 2
T AR INIA = (O
I~ ~ = N~ P NPT
= el AL ".LJWQ%%ﬁ‘V§5~"
: AN RN AT ) U RS
l"\lv’\'a.'.%’.if’\‘& i‘a’..x % »‘\x " % i:n.’fvb‘ia
0 N/‘\W“%:-f:iw(pfé’d ASAFERANH 0D sy S
NG (T AT S AR
(A S RO (-
4 Q .’;.;éﬂ-\}r:‘ ‘ 2 7] ' = ‘\ b .
Sl SCPRESES )N W K LI
QSR A 1 )
CRRPR T 2 O
-5 S NV N ‘/

\)
W
o
‘;‘l

N

"
WA
AN

(N
e
RS

-10

[ | [ [ [ [ | [ O
/\
K
o
¥,
K2
‘Y"
}ﬁ
)=
"i /¥
\ N J‘»“, )
~W\ ‘I;; -
¥
i
‘(l
81
(L)
N\
i?
<~ \\
@,

-10 -5 0 5 10

Characterise shape by harmonics:

Z r’(cos’ng + sin’ne)

n ”
2

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

€



Azimuthal anisotropy: initial and final states

MC event: location of nucleons
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons
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Initial state spatial anisotropies €, are transferred into
final state momentum anisotropies vy
by pressure gradients, flow of the Quark Gluon Plasma
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons Azimuthal distribution single event
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Anisotropic flow: initial state and QGP expansion
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. L Even nuclei flow !
Tests hydrodynamical description, freeze-out models
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Anisotropic flow: initial state and QGP expansion
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Challenge: constrain both initial geometry and QGP properties

Input data compared to model curves
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QGP has very small shear viscosity:

short mean free path, strong interactions


https://www.nature.com/articles/s41567-019-0611-8

CMS, arXiv:1201.3158
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CMS, arXiv:1201.3158
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Azimuthal anisotropy In pp collisions
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Building up azimuthal anisotropy with few scatterings

Can you have flow with a few scatterings?
‘anisotropic escape’ mechanism
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More particles moving in +x-direction

Initially isotropic

momentum distribution
Kurkela, Wiedemann, Wu, arXiv:1803.020/2

Scattering randomises directions; more scatterings to ‘out-of-plane’

Anisotropic density converted
iInto anisotropic momentum distribution by few scatterings
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Kurkela, Wiedemann, Wu, arXiv:1805.04031
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https://arxiv.org/abs/1803.02072
https://arxiv.org/abs/1805.04031
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Small system flow: recent results

Light in heavy flavor v2 in p-Pb
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Mass effect? Formation time?

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-19-009/index.html
https://link.aps.org/doi/10.1103/PhysRevLett.124.082301

Probing the QGP: Hard probes

N wep T = 0.60 (fm/c) Nyt nyeror T = 0-60 (fm/c)

R Bertens, JEWEL simulation
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High pt > 5 GeV or so: hard scattering, short formation time

Heavy flavor: large mass m > Aqcp, produced in early stage hard scattering
Production understood; sample the full time evolution of the collision
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Nuclear modification: Pb—Pb

Charged particle pt spectra
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Nuclear modification: Pb—Pb

Charged particle pt spectra
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Nuclear modification: charged particles
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Energy loss

Raa < 1

Pb+Pb: clear suppression (RHaa < 1): parton energy loss
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Nuclear modification: Pb—Pb
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Azimuthal anisotropy: two mechanisms

Hydrodynamical expansion Parton energy loss

Conversion of pressure gradients into momentum space anisotropy Anisotropy due to energy loss and path length differences

‘ ,\ Expansion Dominant effect at high pr

- . Hadronisation \Energy loss

_)
dv A2
More energy loss alon
Vp = gy 9 AE |~ L
p=17 T long axis than short axis med ~ %54
Dominant effect for late formation times: Dominant effect for early formation times:
light flavour at low pr heavy flavour, high pt probes
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Heavy flavor energy loss: open charm

Nuclear modification factor of D mesons Elliptic flow vz
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RAA < 1 , Charm quarks 0.842+ ~ 1] - Open markers: pp p_-extrapolated reference— :_53' 4.. %{ s P A\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N
: /. A ) i . 5 E A .
lose energy in the QGP 0.6/ SxR), - - o;fH Er -
e 2NN e i TAMU === LIDO -
0.4¢ Ty p ////////// . //; / | ----PHSD BAMPS el+rad -
- ", O L - o 01 — POWLANG HTL v BAMPS el B
0.2 ””////7/}//7:;,:..~.m,.1 4 /// Wy ' -V 10 MC@sHQ+EPOS2 DAB-MOD M&T
O_ L - L ' 1 X//f““ :| ool b v v b by | |:

1 10 5 10 15 20 25 30 35

(GeV/c)
P p_ (GeV/c)
T

Low pT1: mostly elastic collisions, diffusion

Different mechanisms High pr: mostly radiative loss

Large v2 due to diffusion, energy loss
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Heavy flavour transport coefficients

Diffusion coefficient Transport coefficient
governs low momenta governs high momenta
m— MCQsHQ), elastic K=1.5 e Duke-LGV, median = = c-quark, pQCD
= = MCQ@sHQ, elat+rad K=0.8 Duke-LGV, 90% C.R c-quark, LBT
— PHSD 1 c-quark T-matrix U-pot ’ i
20 | me QP M (Catania), BM ® c-quark lattice Ding et.al DU‘ke_LGV’ median /E)\
= = QPM/(Catania), LGV * HQ lattice Banergee et.al Duke-LGV, 90% C.R ~—_
= € JET(light quark) =
)
I 15| O
= =
= 0 |
S 2
Q ap)
-
)| =
0 Y. Xu et al, PRC 97, 014907 |
0.2 0.4 0.0

Data provide significant constraints on T, p dependence of ¢ and Ds
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Heavy flavour transport coefficients

Diffusion coefficient Transport coefficient
governs low momenta governs high momenta
m—— MC@sHQ, elastic K=1.5 s Duke-LGV, median = = c-quark, pQ(
= = MCQ@sHQ, elat+rad K=0.8 Duke-LGV, 90% C.R c-quark, LB’
m— PHSD 1 c-quark T-matrix U-po A
20 | me QP M (Catania), BM ® c—zuark lattici Ding I(:t.tal DU‘ke_LGV’ : q
= = QPM/(Catania), LGV i’ HQ lattice Banergee et.al Duke-LGV, ( _3 ~
8 € JET(light qu T
1 15]
=
A _
- o
S &
)| =
0 Y. Xu et al, PRC 97, 014907 |
0.2 0.4 0.0
T/T. T |GeV

Data provide significant constraints on T, p dependence of ¢ and Ds

Agrees with light flavour:

4.6 +1.2 at RHIC,
3.7+ 1.4 at LHC,

Burke et al, JET Collaboration,
PRC 90, 014909

A consistent understanding of light and heavy flavour transport, medium expansion is emerging

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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Understanding e-loss: mass dependence charm and beauty

Prompt D mesons (charm) and non-prompt (beauty decays)

R Charm and beauty decay muons
°:1 i ALICE Preliminary Non-prompt D” _ . .
F Pb-PDb, sy =5.02TeV - :273;1;5(5.02 o +5§8 fl::m(i.ﬁidtce):sﬁ)tjlzt;) > 0.2F I5|02IT Iv lel Plb 4Io elsol/ B IA1I'L,|43| o _
B N - ® 2 O. e + -60% —
1-4__ . 0_100/05 Iy|<0-5 ] 1'6: ¢ B |y|<2_4 [ 0.3-1.9 nb™, In"| <2 ¢ charm muon |
1 25 'F\,'fonr:;rf it 1 14 = Prompt D’ lyl<1 Jhp from b hadrons: - - $ bottom muon -
“rll . CMS Jly from b, lyl<2.4 0-10% 1 12F * Charged hadrons i< & 1.8<lyl<2.4 0.15- - ki BM TE'&OE -
o SO e e ¢ [ GClobaluncertainty = + lyl24 i -+.P++ Bow —Boy
1 & F 0.1 ul -
4 %% :F ——1— - = ii | -
_ — . ® :
B ++{%++ }Q :E*Zr_ 0.05 - %*L\\\
i 0.4— - - ! .
] 0.2F o PLB 807, 135096 =~ N O _
. - PRL123022001 e
— O—% 3 4567810 50 30 40 400 0 5 10 15 20 25
. V/
| | | | | | | | | | | | | | | | | | | | | | | | g() pT (Ge C) pT [Gev]
p_(GeV/c)
Beauty shows smaller va:
Non-prompt charm from beauty decays shows smaller suppression smaller energy loss

Dead cone effect: induced gluon radiation suppressed forv < c
Visible for charm, beauty at low pr
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http://dx.doi.org/10.1103/PhysRevLett.123.022001
https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub

Jets in heavy ion collisions

Out-of-cone radiation
R, <1

Incoming
parton

Jet broadening

Motivation: understand energy loss dynamics

Very clear signals at high pr: jets stand
out above uncorrelated soft background

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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Jet physics with pp collisions: dead cone effect

Angular distribution of SD splittings

. 6 (rad)
Jet structure from d@C'USterlng 0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05
. : 2.4_| I | T 1 | T 1 | T 1 | T 1 | T 1 | T 1 | T 1 | 11 | 1 |_
- N - ALICE Preliminar N
T groomlng — 2.2 EIDO-taggedjets ! .
= . pp Vs = 13 TeV -
S 25_ s inclusive jets charged jets, anti-k;, R=0.4 _E
= 1.8 n_|<0.5 -
216 5 < Epginey < 15 GEV -
=H ST— kr > Agcp » Agep = 200 MeV/c §
Z"’ 1.4— _ . —]
— 1.2 —
1= —
0.8 —
0.6 —
. __ |
0.4 - —
This study: follow prongs with a charm meson °<- A E
_l 1 1 | L1 1 | L1 1 | L1 1 | L1 1 i L 11 i L1 1 i |¢| i L1 1 i L1 1
01 1.2 14 16 1.8 2 22 24 26 28 3

Cunqueiro and Ploskon, PRD 99, 074027 In(1/6)
Opening angle +————

Ratio charm to light flavour
6 (rad)
37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05

ALICE Preliminary

0.
1.8

O kT>2*AQCD

Aqcp = 200 MeV/e

1.6~ pp Vs = 13 TeV

| charged jets, anti-k;, R=0.4 0 Ky > Naco
1.4

B |77|ab| <0.5 o Ky>Agep/2

—h

O

l | L1 1 | I | I | I | [ 1 1

D’- tagged jets / Inclusive jets
N

0.8 N

- | 5
0.6 - -
- | ]
0.4_— T =
. 5<p® <50GeV/c i
0.2 Tiet —
: 5 < ERadiator < 15 GeV :
O_I [ | L 1 1 | L1 1 | L1 1 | | . | L 1 1 | L1 1 | | . | | . | | 1 I_
1 12 14 16 1.8 2 22 24 26 28 3
In(1/6)

Opening angle +——

Comparing charm to light flavour splittings: suppression at small angle — dead cone effect

Part of a broader program — productive exchange of ideas between pp and heavy-ion community

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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https://cds.cern.ch/record/2720247
https://cds.cern.ch/record/2720247

Where does the radiation go: Raa vs Rjet

Two competing effects?

Nuclear modification factor Jet Raa vS Riet
1 for Rjet =0.4and 1.0 C|V|S Prel/mlnary Pbe 404 ptb pp 27 4 pb1
o Large angle < ' ' T T 7 i N
s contribution o . ATLAS Prellmlnary i I 300 = p <400 GeV Il 400 = p S 500 GeV
= - { oL Pb+Pb 1.72 nb”, pp 257 pb”, 5.02 TeV ,
o R ' ® [=1.0 reclustered jets (this analysis)
& ‘ m A =04 (PLB 790 (2019) 108) :
Quenched energy i i
ATLAS-CONF-2019-056
Yi Chen, QM 2019 I | :
0.8 — N i - o
! i < 0.5 T -
Lost energy appears at large R: _ _ n'ém £ (sw=502Tev I
Increase of Raa : IS ~ | 500< p ‘<1000 GeV | anti-ky, | <2 0-10%
B _ < T © :
. Wider jets more suppressed 0.6 R u + + o o 1 5F 1 =CMS i}
(energy more spread out, i . o O N o i Tt T =—HYBRID w/ wake 1
\ more resolved source, etc) § s *® - 5 & $ b 22 L VBRID wio wake
b i T i I HYBRID w/ pos wake
~ > O 4_ — " 1
™ R “*[y|<2.0 _ T —MARTINI
é(t B B 0 5' 1 LBT w/ showers only
2(')0 3(')0 4(')0 5(')0 ! . CMS PAS H|N 18- 014 : LBTw/ med. response
Jel population p, [GeV 02 04 06 08 102 04 06 08 1
Jet R

Large jets lose more energy (more sources)
decrease of Raa Net result: only modest increase of Raa with larger Rjet

Caselderrey-Solana et al, JHEP 01 (2020) 044
Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-18-014/index.html
https://indico.cern.ch/event/792436/contributions/3570546/attachments/1941324/3219006/20191108_JetSubstructureAndPartonSplittingAnExperimentalOverview_QM2019_YiChen_v39.pdf

Final state: hadronisation and rescattering

Fragmentation

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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A\c(udc)/DO

Heavy flavor baryon production

OD I L L L L B L LB L OQ
- 1.2 ALICE Preliminary Multiplicity classes: Inl < 1.0 ] T
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0.6— §§ JHEP 08 (2015) 003 |
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YOV

ALICE Preliminary
pp, Vs = 13 TeV

PYTHIA 8.243

Monash 2013, EPJC 74 (2014) 8, 3024
CR beyond LC approx., JHEP 08 (2015) 003
Mode 0

M. He and R. Rapp
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0.1
. 22 x32/D° _
4 5.2% BR uncertainty not shown | | _
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—— E¢/D
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ALICE Preliminary
pp, Vs =13 TeV, lyl <0.5

PYTHIA 8.243
—— Monash 2013, EPJC 74 (2014) 8, 3024
CR beyond LC approx., JHEP 08 (2015) 003

% M. He and R. Rapp

+ 22.0% branching ratio uncertainty on ES not shown

+ 44.4% branching ratio uncertainty on E: not shown

Ve =

B /7/-///////////////-/./}/./-/}/7/'/77//7///r////./z/.//(4/_/_/gz_/,,,I,,,

i I 1 1 I 1 | 1 | 1 | 1 | |- —>
0 2 4 6 8 10 12

Charmed baryon/meson ratios much larger in pp than e+e- (at pr< 10 GeV)
Not expected: universal fragmentation
Other mechanisms: color reconnection, coalescence, others?

~1/3 of ¢ quarks end up in baryons in pp at LHC vs ~6% in ete-

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

20



=, 009
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

¢ production in Pb-Pb collision

Open marker: f ., calc. with pT-extrapoIated pp reference

ALICE Preliminary
Sy =5.02TeV, Iyl <0.5

—o— (0-10% Pb-Pb
—a— 30-50% Pb-Pb
—— pp

10 20
p_ (GeV/c)

PbPb 44 ub™, pp 38 nb™ (5.02 TeV)

0.7:
- Pp
B CMS %+  Data
0.6yl <1 = PYTHIA 8
- Y- PYTHIA 8 + CR
‘O’\ - PbPb — EPJC78 (2018) 348
A 0.5_— ~m Data: Cent. 0-100% .... pPLB 795 (2019) 117
+ -
OD 0.4~ Global uncertainty
T el __ op: 20%
. O .- _
—~ L -5l PbPb: 31%
— i il

Phys. Lett. B 803 (2020) 135328

4

6 8 10 12 14 16 18 20
pT(GeV/c)

Baryon enhancement in Pb-Pb collisions similar to pp

In line with expectations from coalescence models?

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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ct1

(3872) BR(X (3872)9 J/I/J T .7'[-)

XCT

Taking it one step further: y¢1(3872)

Prompt and non-prompt y¢1(3872) in pp
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Esposito et al, arXiv:2006.15044

200

pp and Pb-Pb
[P 1.7 nb™ (2018 PbPb 5.02 TeV)
E CMS Preliminary op (7 TeV, CMS)
- lyl < 1.2
- PbPb (5.02 TeV, CMS) ® Inclusive
10 Iyl < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)
- m Prompt lyl <0.75
Z ® Prompt
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e b
@
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Production rates could also shed light on structure:
coalescence cross section, rate different for molecular state ?

Coalescence rates determined by system size and hadron size

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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https://cds.cern.ch/record/2701519
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-19-005/index.html
https://arxiv.org/pdf/2006.15044.pdf

Probing final state interactions with correlations

Source function (7 p - =, p - Q correlations
ey ™ a,.oo~ 0 L .
35k _ - ALICE, arXiv:2005.11495
D - 10 ALICE data P== -
\ Measure the 3 :—[ . - Coulomb —:
' correlation function C (k™) - Coulomb + p—E~ HAL QCD .
\ ‘IJ(F ':) A2-5 :_ Coulomb + p-Q~ HAL QCD elastic _:
o - L or o ic + inelastic - i0p 4
Pb two particle wave function S - I Coulomb + p-Q~ HAL QCD elastic + inelastic .
O VT T T TP T TPy O TPy —
__-100| —
Experimental definition Theoretical definition %
>1 : Attractive = 200 = -
Nsame(K™) - = : k=00 Interaction = p-=" HAL QCD
* v . * _: 3—’ ~—" _
Ck*) =N pE = .S())\‘P(k,7)| d’r—— 1 S 300 p-Q~ HAL QCD _
N Mixed( ) <1: Repulsive
Interaction -400 - —
Relative distance / reduced momentum in 500l T Iritani et al., arXiv:1810.03416 N
the rest frame of the pair : : : : ! : : : :
0 1 2
r (fm)

Final state momentum correlations ‘femtoscopy’
sensitive to:

- Space-time distribution of production points
- Interactions and quantum statistics

Data agree with
HAL (lattice) QCD potential

Role of inelastic channels
to be confirmed

Connections to hadron physics, neutron star Equation of State
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Probing final state interactions with correlations

Source function (7 p - =, p - Q correlations
oy S a AT ~ ~ ~ 1~ 1 T T T T |
35k _ - ALICE, arXiv:2005.11495
D - 10 ALICE data P== -
\ Measure the 3 :—[ . - Coulomb —:
' correlation function C (k™) - Coulomb + p—E~ HAL QCD .
o’ \ ‘IJ(F ':) A2-5 :_ Coulomb + p-Q~ HAL QCD elastic _:
o - L or o ic + inelastic - i0p 4
Pb two particle wave function S - I Coulomb + p-Q~ HAL QCD elastic + inelastic .
O VT T T TP T TPy O TPy —
__-100| —
Experimental definition Theoretical definition %
>1 : Attractive = 200 = -
Nsame(K™) - = : k=00 Interaction = p-=" HAL QCD
* v . * _: 3—’ ~—" _
Ck*) =N pE = .S())\‘P(k,7)| d’r—— 1 S 300 p-Q~ HAL QCD _
N Mixed( ) <1: Repulsive
Interaction -400 - —
Relative distance / reduced momentum in 500l T Iritani et al., arXiv:1810.03416 N
the rest frame of the pair : : : : ! : : : :
0 1 2
r (fm)

Final state momentum correlations ‘femtoscopy’
sensitive to:

- Space-time distribution of production points
- Interactions and quantum statistics

Data agree with
HAL (lattice) QCD potential

Role of inelastic channels
to be confirmed

Tool to measure interaction potentials of unstable particles
Connections to hadron physics, neutron star Equation of State
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Future plans: ongoing upgrades in LS2
New ITS

GEM 1
GEM 2

Full pixel detector
Improved read-out rate,
spatial resolution

Continuous readout
Higher rates

Upgraded readout
and onIir_ye processing

||| T L;’,] HH L]

Muon Forward
Tracker

ey
Sy

Improved pointing resolution
for muons

Run 3 and 4: higher luminosity; collect 13 nb-1 Pb—PDb:
~ 10x improvement over run 2; factor 50-100x for minimum bias in ALICE

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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Future upgrades: Long Shutdown 3 (2025)

ALICE ITS3: Ultra-thin tracker

* Lower background for di-electrons

* Improved pointing resolution for heavy flavor

ALICE Forward Calorimeter

« Very high granularity y/z° separation

* Access to small-x gluon density;
Color Glass Condensate effects

ATLAS+CMS: various upgrades for HL-LHC

Cylindrical
Structural Shell

Half Barrels

ot
)
o

Lol: LHC-2020-009

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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https://cds.cern.ch/record/2719928?ln=en
https://cds.cern.ch/record/2703140?ln=en

 Heavy-ion collisions explore and measure properties of QGP matter

Summary/conclusions

Viscosity
Transport coefficients for high-pt partons and heavy quarks

Theoretical multi-observable analyses becoming available:
test theoretical understanding while determining key parameters

Azimuthal anisotropy in small systems: explore ‘few-collision’ limit

e Jets in heavy ion collisions: dynamics of parton energy loss
mass, energy dependence, opening angle/resolution scales

 Hadronisation: charm baryon formation not fully understood
e [Laboratory for hadron interaction measurements

Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020
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Thank you for your attention!
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J/Y and Upsilon v>

J/y v
W V2 ) Y vo Electrons from charm, beauty decays
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Mechanism: Open charm and beauty: similar v2
 Low pT: charm quark energy loss Upsilon vz smaller than J/y
* High pr: radiative energy loss of di-
quark?
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Mechanism: Open charm and beauty: similar v2
 Low pT: charm quark energy loss Upsilon v2 smaller than J/y
 High pT: radiative energy loss of di- . . 0L
qu%rk'? gy Suggests different mechanism (contributions)

for open and hidden charm interactions
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Higher harmonics and viscosity

t=6.0fm

Schenke and Jeon, Phys.Rev.Lett.106:042301 10

In general: initial state is ‘lumpy’

t=04fm

350

y [fm]
o

=+ 300

n/s =0

250
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100

0 n/s = 0.16
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How much of this is visible in the final state,
depends on shear viscosity 1

and a number of other model parameters

X [fm]
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Flow without a liquid

Can you have flow with a few scatterings?

i - : Two parallel strings
anisotropic escape P J

—_ 1
E
= 8L J Nagle et al t=0.5 fm/c
T
'-30.6_—
T aat 1 s
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“ P N ~ 0:
' CTT N N -
LY Y ) :
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More particfes moving in tx-direction ~0.41
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- n
. . -0.8—
Kurkela, Wiedemann, Wu, arXiv:1803.020/2 C
__IIIIIII|IIJ|IIIIIII\IIIIIII'IIJ'IIIIIII
11 08-06-04-02 0 02 04 06 03 1

Formation time is important
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Two-particle correlations
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Shows a clear signal
In a transport calculation
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ALICE upgrade goals and performance

Charge dependent v J/y and Y va
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...and much more...
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/\c production in pp and Pb-Pb

N\e/D in pp N\e/D in pp, Pb-Pb A\c/D in Pb-Pb
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N\./DO in pp significantly larger
than expected from e+e-

New result: Ac in Pb-Pb; Ac/D similar or slightly larger than in pp

Does hadronisation by recombination play a role? Or ‘just’ fragmentation?
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Connection to cosmic rays: nuclear PDFs

Impact of nuclear PDF uncertainty on (atmospheric) neutrino production

S 10 10° GeV, Central+Total Uncertainty
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Uncertainties in Nuclear PDFs

Kinematic range of measurements Ratio of gluon density in nuclei to protons
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77,163
Large uncertainties on the gluon content of the nucleus at low X

Hints of suppression ‘shadowing’ seen in old DIS data (NMC)
No/very few measurements available at low x
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Reminder: how to get x and Q2 in hadronic collisions

Leading order: 2—2 kinematics:

small x
large x
\ 10
Forward rapidity is small x  x, &~ — (e 34 e 4) 10
\)
Q ~ IMT 10
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y

4

LHC probes lower x than RHIC
Mid-rapidity at LHC = forward rapidity at RHIC
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Open charm production vs rapidity at LHC

Mid-rapidity

Backward rapidity: large x o T Forward rapidity: small x
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Ropp ~ 1 at backward and mid-rapidity; below 1 at forward rapidity

Suppression mainly at small-x compatible with nuclear PDFs (shadowing) and CGC calculations
CGC: Decloue et al, PRD 91, 114005
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pp 13 TeV jet spectra

_ 1 02 = T 11 | T T 1 | [T T 1 | [T T 1 | [T T 1 | [T T 1 | 17 11 E
§ - ALICE preliminary ]
5 10k op, (s=13TeV, L, =4 pb" -
3 F = Jets, Anti-k. g
E 1 ® ptTrale >0.15 GeV/c, E™** > 0.3 GeV _
= = & . =
L5, E o 2| < 0.7, MU’ < 0.7, 1< 0.7 - R
olQ - 2
S107e 4 —4— R=0.2 _E
— + & 3
Al R=0.3x 3 .
1 0—2 §_ =] @.*1 e + _§
E .o@ E‘;hﬂ:b - ‘+* R=0.4 x 10 E
_3 B m— & o E,E N
107 = o w* ~+- R=0.5x30 =
- = o W + .
1 0_4 §_ E‘HE‘;-]EIJ - I*'IIIIII _‘+'_ R=0.6 x 100 —§
E = 2 E-]Em Et'l:‘: ljl::j|:|_ E
— N e = —
10° I = —
— e —= 4 =
L IZ.:IE.:I - - |::|III _
E I:.:II::.:I E
. ~ Correlated uncertainties [ E— —
~ | | Shape uncertainties =
10—8 B I | I | I | I | I | I | I ]

0 50 100 150 200 250 300 350
P, (GeV/c)

Jets In pp collisions

(@)] 1 2 ! ! ! | I | | | | | ! ! ! ! | | | | | I | ! I ! I ! !
5 |~ ALICE Preliminary, pp (s=13TeV, L, =11.5nb"-4 pb” i
P - Anti-k;, R=0.5 -
101 pree> 0.15 GeVic, E*™ > 0.3 GeV 7
Z_‘ = |ntrack| <0.7, mcluster' <0.7, Injetl <07-R -
= 8__ SoftDrop: z,,, = 0.1, =0 |

i % 30 GeV/c < ijet <40 GeV/c ]
6 B 4% 60 GeV/c < ijet <80GeVic |
B [ 160GeV/c<p <180 GeVic ]
41— —— PYTHIA Perugia 2011 _
= :j\\ —]
i "N _
o ' _
QED 1 4 ;_ — T T T T _;
= 1.3F =
1 2E 3
© !.ck E
T 1.1F | e B
0.9 S 3
0.8 =
0.7 =
0-6 ;_. . . | L L L L | L L | | | ._;

0 : :

Soft drop momentum fraction

(@)
—h
(@)
N
I
W)
o
N
o
(@)]

N
Ce!

Charm jets

1I_ | | L | I | L | L
O N ALICE Preliminar _
3 10 pp, (5=13TeV | =
O s charged jets, anti-k;, R = 0.4, In:eLI <0.5 =
¥o! e withD% 2<p <36GeVic - .
€ 4028 .o’ -
_g = ™ e Data =
e e Syst. unc. (data) :
O oL o o POWHEG+PYTHIA6  __
= o Syst. unc. (theory) =
1074 & ® E
- 5 -
107 = =
> - | | | | | | | | !j
B 3 . .................................................................................................................................................. _E
_GC) LD =
25T I I =
LT 1= S e L | R N —
L o . e E— b :
0.5 hewsbod e -
%70 15 20 25 30 35 40 45 5
_ (GeVl/c)

T,ch jet

Important reference for Pb-Pb measurements: probe pQCD/parton showers and fragmentation in pp
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Keeping track of the initial energy: gamma-jet

Momentum distribution vs r
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\ Jet transverse
momentum profile
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Recoll fragment distributions: y-jet and di-jet
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y-jet: suppression at high z
di-jet: enhancement at large z

PRL 123, 042001

Different bias/selection
quark vs gluon jets
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PRL 122 (2019) 152001
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