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Hard hadron production in different systems

Hard scattering +
underlying event

Set of pp collisions +
cold nuclear matter
effects

Collective hydro-like
behavior + hard
parton interacting
with hot matter

o P Improvement of PDF/FF parameterization
long-range correlations;
flow-like effects in high multiplicity events => MPI?

f
°
|

> S8 * Modification of PDF in nuclei
= ::ﬁfj" * Interaction with cold nuclear matter.
* Flow-like effects => smooth transition from pp to Pb-Pb
_ ﬁ o * Details of energy loss of light and heavy quarks

_ . * Path-length dependence
L * Modification of parton fragmentation in hot matter
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THE ALICE DETECTOR
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' ALICE PID capabilities

ALICE exploits the
combination of different
particle identification (PID)
techniques

Energy loss (ITS, TPC)
Time of flight (TOF)

Cherenkov radiation
(HMPID)

Transition radiation (TRD)

Calorimetry (EMCal/DCal,
PHOS)

Topological PID

7200,
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S 160F
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ALICE

pp, \s=7TeV ) HLICE
: 3 ¢ Upto 159 pad raws in Ne-CO,

1 (Ar-CO,) gas mixture

3 * The best separation at low

p,<0.7 GeV/c

2« For high p,>3-20 GeV/c

3 statistical PID is done based on

e —  dE/dx in relativistic rise regime

CE
wpp,\s=7TeV

3 4.5
plz (GeV/c)

* PID performed by means of statistical
unfolding of the time of flight

* Time of flight measurements enable 3¢
separation for 1/K up to 2.5 GeV/c and
K/p up to 4 GeVic

pp, \s =7 TeV

0|11|||1||
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p (GeV/c)

* PID performed by means of
statistical unfolding of the
Cherenkov angle

* 30 separation for /K up to 3 GeV/c
and K/p up to 5 GeV/c
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| pp collisions

® 110 and n-meson spectra were measured in pp
collisions at several energies with different methods

“ Pythia 8 reproduces data, while NLO pQCD
calculations predict 20-50% (11°) or 50-100% (n)

" Precision data can be used for FF and/or PDF

Data/TCM fit

higher yield

global fits
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8 TeV:

Eur. Phys. J C (2018) 78:263

2.76 TeV: Eur. Phys. J C (2017) 77:339
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Phys.Lett B (2012) 717:162
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pp collisions

DSS: de Florian, Sassot and
Stratmann,
PRD 75 (2007) 114010 and

PRD 76 (2007) 074033

The Kretzer Fragmentation
Functions (KRE) describe
well the charged pion and
the kaon spectra

DSS and KKP predict up to 2
times higher yield for pions
and protons, but agree within
uncertainties for kaons.

Another input for FF global
fits

Ed®s/d*p (mb GeV?cd)

Ratio to DSS

-
o
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e
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KKP: Kniehl, Kramer and

Potter,

NPB 582 (2000) 514

KRE: Kretzer,
PRD 62 (2000) 054001
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pQCD NLO calc. based on
Nucl.Phys. B883 (2014) 615
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\pp:heavy flavor production

ALICE
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\pp multlphclty dependence
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‘Transverse spherocity

LA\
2 Z prXn -
g =M T Jetty: S_ — 0 % Isotropic: S, — 1
o=—min| ——=—— o
4 ZPT,:'
i

ALICE

S [ & AUCEPreliminay] © | % ALICEPreliminary] © o " ALICE Preliminary
= pp,\s=13TeV ] > i pp, s =13 TeV = 10 pp, \s=13TeV -
Spectra softer in =G R 1 T | = K+K | = p+P
: . g i 2 10k 2 A 2
isotropic events g % g S g | ;1 -
= - Sy, - i Eme) |
o - - z %, 2 b Z s
Crossing point 6 ok g ] % 6 ol @.%I i
increase with g g 10k 18 ¢ ¥
. = [ & VOMmul class I-ll =& = [ VOMmul class -l = [ & VOMmul. class Il ]
particle mass Y[ f ety (8,<047)  em R Tt Al T B My
2“’102— . Isotroplc (5, >0.76) = o 2”’ F e Isotroplc (S5 >0.76) 1 2‘" . Isotroplc (S, > 0.76) =
. . = 1 Full syst. EEE; = L 1 Full syst. % = " ) Full syst. 1
. Indlcatlon for Iarger - Uncorr SYSt PP BT B R . UnCO" SYSI | FEETETE EETE A AR N H U.nF(.)r.r .ssfs.t. PRI AR T AT E
— t I"'I""I"" — "'I"'I I"'I""I"" — LU BLELELELEN DL DAL BLEL LN B
. - T 12l pe———n, o S q2f e 1 = 12t secenea,, . .
contribution of - R T " 2 e
collective effectsin 2 | ....._.,. R = \_, 'ﬁ
Isotropic events 2 o005 175 2 25 3 £ 0 05 1 15 2 25 3 8 0 05 1 15 2. '
o P, (GeVic) P, (GeVic) @ (GeWc
'l arXiv:1905.07208
I © I D.Peresunko, QFTHEP’2019 9



‘ p-Pb collisions

No modification of
hadron spectra at high p,

observed in p-Pb
collisions

Some enhancement of
proton production at
intermediate p_ is

observed
Scaling with N__ holds at
high p_ for all centralities

for h*, unflavored,
strange and heavy
flavored hadrons
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‘ Pb-Pb collisions

Strong suppression
observed in central
Pb-Pb collisions for
hadrons.

Initial state tested
with colorless
probes: no
modification within
uncertainties
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See D. Blau talk on direct
photon production
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\Different particle species

Different light-flavored
hadrons show same
suppression

Baryon/meson ratio
strongly depends on
centrality (recombination/
collective flow?)

Open charm hadrons
show similar suppression
at high p>8 GeV/c and
smaller at lower p-:
difference in quark mass,
flow, recombination,
initial state effects,...?
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<2.2

\Companson to models
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Models able to reproduce energy loss of light and heavy quarks
simultaneously.
M. Djordjevic, Phys. Rev. Lett. 112 no. 4, (2014) 042302
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‘ Heavy flavors

ALICE, JHEP11, 205 ALICE
§1_4_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
iy - Pb-Pb, \s, =2.76 TeV .
[ | 3
Compare 1 _2__ m D mesgrl:Js (ALICE) 8<pT::15 GeVic, |y|<0.5 __
- charm: D-mesons L e R B e Ak 2014 ]
Q beauty' non-prompt J/pSl - {empty.rr) filled boxes: (un)correlated syst. uncert. .
_ 1__""'"""""""""b}.{{r;jj;;ie;i;if';}{,,;I;l}f.;;;;'l-;'u};;'égé """ ]
“ Larger suppression for charm than for beauty i —=-Dmesons )
. L __ Nonzgrtgmgt .Jf$ with ¢ quark energy loss |
“ Agrees with expected ‘dead-cone effect’ 08 EI i
energy loss reduced whenv <c 06l ﬁ.._____:% B
i ;:;"-.. -------------- ---:F::_- —_—
e T S, -
- \l-..‘ S 1
- 40-50% ~— ""__‘-J: ........ ]
0.2 30-40% 0 200, i -~ .
| (*) 50-100% for non-prompt Jr 10-20% 0-10% ]
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
%50 100 150 200 250 300 B350 400
(N .
I'oll D.Peresunko, QFTHEP’2019 14



Azimuthal anisotropy

ALICE

Sources of anisotropy:
. 22: e ] o EEEEERRSEEFEASIIERRENREAES AASLY NAEREEE
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Simultaneous reproduction of both observables
is challenging for models
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'Pb-Pb vs Xe-Xe
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‘ JetS ALICE
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\Jets in pp collisions

ALICE
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Jets tagged with D-mesons ALTCE

Charm jets

Pythia reproduces N —
EZI ALICE, pp, Vs =7 TeV
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charmed JetS, but not % el _ ) = charged jets, anti-k,, A = 0.4, 7 1<0.5 E
. £ = 3 £ with D, 2<p <36 GeV/o .

absolute yield it : i "L Da E
. .. S) 'g__ B E “{; " Syst. unc. (data) 3

POWHEG with dijet 5|5 210° T 0 . o POWHEG+PYTHIAS
-8‘ o ] Syst. unc. (theory) E

implementation over- i

predicts data, while 104 L [#1 Data _—

E [0]POWHEG hvqg + PYTHIA 6 3 s
heavy quark E [ POWHEG dijet + PYTHIA 6 ] 10°° -
implementation Gl I e > £
agrees better S £ S E

g 1;'%
~E E 0.5F
% 10 15 20 25 30 %

p;:et (GeV/c)

JHEP (2019) 1908, 133
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JetR,,

Two qualitatively different
scenarios:

0 In-cone radiation: RAA:1

9 Qut-of-cone radiation:
R, <1

Jet suppression (R=0.2)
similar to charged particle
suppression

Suppression/out-of-cone
radiation reasonably well
described by energy loss
MC models

< 1.2
x L ALICE 0-10% Pb-Pb |syy=2.76 TeV
1 L e il e s an e s s s e Lo e st s s ]
Out-of-cone radiation [ ESEE=E Charged hadrons, In| < 0.8
Raa<t H PLB 720 (2013) 52
Incoming /2 0.8 Anti-k; A= 0.2 ets, In_| <0.5
parton F arXiv:1502.01689
In-cone radiation
Jet broadening
| | 1
100
o (GeV/c)
[I:E 1.2 [
L ALICE Pb-Pb |s,=2.76 TeV Anti; R=02 [n | <05 g4 5 GeVic
1 [ --nnnmmmm s I
F * Data 0 -10% L JCorrelated uncertainty + Data 10 - 30% |_]Correlated uncertainty
E Il Shape uncertainty & [l Shape uncertainty
I | =— JEWEL === JEWEL
o I = YaJEM == YaJEM
I = - I
0.4 = i - ..
| < C
0.2 L
ol | | | |
0 50 100 50 100
Py et (GeV/c) Py o (GeVric)
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‘Jet reconstruction in Pb-Pb ALICE

JHEP 03 (2012) 053 Machine-learning technique
— min _‘;:0.15|||.|||||||| ||||||:..|.
L | Fastletk (p"=0.15GeV/c) gz PYTHIA + Pb-Pb 5.02 TeV, 0-10%
% L Fit: (-3.320.3) GeV/c + (0.0623:0.0002) GeV/c x N'» 8 014 Charged jets, anti-k, R=0.4, |7 _| <05
S 200 ceEE £ ALICE Performance !
o . 0-10% = 8 !
- 80120 [ IML-based (o = 4.8 GeV/c) ]
[ ) o | 2 - & [ Area-based (o = 11 GeV/c)
) ™ 0.1
- 0.08—
100
[ 20000 Pb-Pb s = 2.76 TeV 0.06
~ entries
I 000, o 0.04—
‘g f’ﬁ\‘ -
Bl / \. 0.02
0 L
PR N S T TR R .ﬂm. M| - 1
1000 2000 sno?u Y 0 0 o

input SpT (GeV/c)

Background subtraction refined based on
e.g. leading particle pr
Reduces fluctuations

Standard technique: measure background Er density
outside jet ‘Area based’

Residual fluctuations due to finite number statistics Allows to measure jets with larger R, lower pr
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Jets in Pb-Pb

Jet spectra R,, for R=0.2 Increasing jet radius R=0.4,0.6
i 7\\I\‘1\I\‘I\\\‘I\\I‘\\\I‘\\\\‘\I\\]\\\\7 :(( JH\‘H\W\\\\‘\Hw\\\wl\\w\\\\\\\\\i :E *lf||||1|‘\1H‘\\\\\[\TIT[TTTT[TTTTﬁ
S 1o+ ALICE Pb-Pb 5.02 TeV, 0-10% | T 1.4 ALICE Pb-Pb 5.02 TeV, 0-10% | T {4 ALICE Pb-Pb 5.02 TeV, 0-10% =
8 -~ Charged jets, anti-k, |7, | <0.9- R 3 .~ Charged jets, anti-k;, R=0.2,|n_| <0.7 i " Charged jets, anti-k-, [n | <0.9-R i
— = T Piet ] E jet n il jet
s ~ ML estimator trained on PYTHIA ] 12— ML estimator trained on PYTHIA | 12 ML estimator trained on PYTHIA 0
= - " ML-based ] - @ R=04 g
z| 510°= ®hR=02 - " m#l Area-based (p. > 5 GeV/c, POWHEG ref.). T mER-06 .
B | = & +R=04 3 ESrmmen S nlead: i T e r : =
g g 1 - L T C e T LR P T e P =
e i mR=0.06 | E = k ] L 5
,_2: U s e mm T ,, normalization uncertainty 2 - mm T, normalization uncertainty -
—|_8 E 3 e e 4 0.8— —
< s | B i L i
E —— ] i i + Hybrid model, L. =0 .
0T i i o S -
] E e | ot - .e=s ]
B == ] 0.4 —g- 1 f— L
8* = = E ® i 0.4j
e . v E 0.2 — = B ]
g Ny, uncerta.lnt.y not shown =¥ - ALICE Preliminary - TE E
B ALI‘CE PTeIImI‘rlary ‘ ‘ ‘ ] | —\ el = ‘ |15 S I |88 81 ‘ 5= Rl 81 ‘ | 51 [ | I 5[5 S ‘ {8 e i ‘ Lol \— : ALICE Preliminary :
107920‘”‘ 40 50 60 HH80HH90H“‘100 %0 30 e 50 60 0 o 0 190 E eI e e e ]
Py on e (GEVIC) Pr. et (GEVIC) OEHE (FEEE e e e e ; 9()(Gew1C ?o
T, chjet
Good agreement between Suppression even for
standard and ML methods R=0 6
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‘Jet shape: radial moment (girth)

Z Pr;T
gEtracks
Prjet

i) S ALIICE F;reiimlinarI R Rk
. - - y =1
Explores transverse jet size § a0 POPOBm-276TeV e oo E
. . T Anti-k; charged jets, R=0.2 j ]
Radial moment in Pb-Pb ek 10.< P < 60 GeVc et U .
. = 25 L [CJcorrelated uncertainty ~ —
smaller than in pp (PYTHIA) = I JEWEL vacuum .
.. ~ 20 JEWEL Recoils off —
JEWEL model shows similar yz ael; —EEaa
trend 15° =
Jets in medium narrower than 10F -
In vacuum =
o L L e———

Gl oz n0 e o] IR

g

@)

ALICE
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Jet shape: p. dispersion: p.D

ALICE
2
P
! P 1jet
= Explores longitudinal jet size ) o/ BRI IR A R A I R
. : Q. [ Pb-Pb 5,,=276TeV -4 ALICE Data i
= pTD in Pb'Pb Iarger than N pp Q 5__Anti-kT charged jets, R =0.2 Shape uncertainty =
= [ 40 < P < 60 GeV/c [JCorrelated uncertainty 5
(PYTHIA) Aot e JEWEL vacuum i
. 2 n . ]
" JEWEL model shows similar s, 0 — g i :
trend = 3 o E
= Smaller multiplicity and/or of == &
harder fragment distribution 5 :
) == E
== - ]
|_I (IS 1SS | I L1 | ) | | NSRS SIS S | I SR S 1 | | | S S | | | S [ B | | | IS [ (S | |
8.3 WG SiE = ORG Y O Fr R0 SIS 1
p,D
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Conclusions

ALICE measured spectra of unidentified and large number
of identified hadrons with excellent precision in pp, p-Pb,
Xe-Xe and Pb-Pb collisions

op collisions: check pQCD predictions and constrain gluon,
ight and heavy quark PDFs

DA, AA collisions

< Modification of (n)PDF

< Interaction of partons with cold and hot nuclear matter
Difference of energy loss of light and heavy quarks

< Modification of jet fragmentation in hot matter
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