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The Equation of High Energetic Collision... X

* Heavy flavour production in pp is well described by the factorisation theorem: ALICE
Production cross section Parton Distribution Function (PDF)  Hard scattering Fragmentation function
of hadron H from the Probability of finding parton m Cross section of the Probability of producing hadron H
collision of hadrons A and B inside hadron M with fraction processa+b > c+d  fromthe outgoing parton pair

momentum X,, = Pm/Pum

OA+B—H+X|™ z jJ dxgdxp fa/A (xa)fb/B (xb)" O-a+b—>c+d(xarxb: Pe, pd) * D(pc» Pa, pH)
abcd

Non-perturbative Perturbative QCD Non-perturbative

* Fragmentation: Leading partons can
split into other partons (parton

. 1 ﬁ' 2 hower)
snower
‘%0 Z
Ty 0,' -\ a * Hadronization: Parton showers form
r - hadrons
"7 —— @ * Lund string model — leading order
T ’q i . .
X ¥ / 8 Colour reconnection — beyond leading
colour

* Decay: Hadron decay to final particles
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The Equation of High Energetic Collision... X

* Heavy flavour production in pp is well described by the factorisation theorem: ALICE
Production cross section Parton Distribution Function (PDF)  Hard scattering Fragmentation function
of hadron H from the Probability of finding parton m Cross section of the Probability of producing hadron H
collision of hadrons A and B inside hadron M with fraction processa+b > c+d  fromthe outgoing parton pair

momentum X,, = Pm/Pum

OA+B—H+X|™ z jj dxgdxp fa/A(xa)fb/B (xb)" O-a+b—>c+d(xarxb: Pe, pd) * D(pc» Pa, pH)
abcd

Non-perturbative Perturbative QCD Non-perturbative

* Fragmentation: Leading partons can

This is more reality split into other partons (parton

F o 1 ! shower)
- X % | o
\ o . * Hadronization: Parton showers form
' \ [ ] @ %
c '/' : | Tt hadrons
e — — A 'E * Lund string model — leading order
e : 1" * Colour reconnection — beyond leading
e colour

Underlying event  Decay: Hadron decay to final particles
(T. Gleisberg et al., JHEP02 (2004) 056)
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...and with Quark-Gluon Plasma *

* Heavy flavour production in pp is well described by the factorisation theorem: ALICE
Production cross section Parton Distribution Function (PDF)  Hard scattering Fragmentation function
of hadron H from the Probability of finding parton m Cross section of the Probability of producing hadron H
collision of hadrons A and B inside hadron M with fraction processa+b > c+d  fromthe outgoing parton pair
momentum X,,, = Pim/Pu modified with the medium influence

OA+B-H+X|— z jj dxgdxp * fa/A(xa)fb/B (xp )" Oasbocra(Xar Xp) Doy Da) *|D (0c, Pa, Pu) K Medium
abcd

Non-perturbative Perturbative QCD Non-perturbative

* Fragmentation: Leading partons can
split into other partons (parton
shower)

This is more reality

Ratios of baryon-to-meson spectra
in different collision systems is
sensitive to hadronization
mechanism at low p;

* Hadronization: Parton showers form
hadrons

* Lund string model — leading order

* Colour reconnection — beyond leading
colour

Underlying event © *7 25 s+  Decay: Hadron decay to final particles
(T. Gleisberg et al., JHEP02 (2004) 056)
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Physics Motivation @_ Y/ e

ALICE

* During the initial phase of the collision quarks and gluons can
scatter back to back creating collimated sprays of particles - jets /.
* Heavy Flavour (HF) mesons (charm and beauty) ‘/j

e Heavy quarks (c,b) are mostly produced in hard scatterings at the initial stage proton = (antjproton cross sections

of the collision e 7 7. 31"
. . el 10° | 3 10°
* Production cross section can be calculated within pQCD due to large quark F ALICE O T 73
masses for every momentum prp 10 Tevatron ~ [LHC: 310
. . . . . 10° [ f 1 - 410
(HF) jets allow smaller dependence on hadronization process due to including : : L= 7
all particles from parton shower 10° it G / Ty,
L b J N . v
10° b : : : 410" £
2 ' ‘ (3
10° £ . / 110° %O
C E"* > Vs/20 : ] -
—_ 10° E O-]et( T 2 ) ;// < 10° Il
L [ :
£ 10k g, : : J1o
[ o, : . ] o o
© 10" Eg (E > 100 GeV) < 37 g
10" | T == d1 2
10° L = 1102 2
/ 3
10° [ATLAS “;"" / J10° %
10° L ;’:; ; : 4 10
10° [ M,=125 Gev{ Gy o
10° a Over : . 10°
[ wsorz WU, Stirling, private commuynication
107 ] e 1 407
0.1 1 10

Vs (TeV)
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Physics Motivation @_ Y/ e

ALICE

During the initial phase of the collision quarks and gluons can
scatter back to back creating collimated sprays of particles - jets

L J
Heavy Flavour (HF) mesons (charm and beauty) ‘//j

* Heavy quarks (c,b) are mostly produced in hard scatterings at the initial stage
of the collision

* Production cross section can be calculated within pQCD due to large quark

proton - (anti)proton cross sections
10° LR 7 "":'l;':'"'-'g

10° L 5
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The ALICE Detector — Inner Tracking System

ALICE
* Detectors

LT T * ITS|n| < 0.9

B

* Vertexing and tracking

s >~ .l
e i illll” |'l'
-
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The ALICE Detector — Time Projection Chamber

ALICE
__T TV RN e Detectors
* ITS |n| < 0.9
* Vertexing and tracking
] * TPC |n] < 0.9

* Tracking and PID
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The ALICE Detector — Time of Flight

ALICE
T N * Detectors

AN AEARRARNRRANARRARY * ITS |n] < 0.9

T
e — N -~ -

* Vertexing and tracking
] « TPC|n| < 0.9
| * Tracking and PID

* TOF [n| < 0.9
* PID

/
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The ALICE Detector — Calorimeters

ALICE
* Detectors

* ITS |n| < 0.9

* Vertexing and tracking
e % | e TPC|n| < 0.9
* Tracking and PID

* TOF [n| < 0.9
* PID

 EMCAL/PHOS |n] < 0.7
e ePID and trigger
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The ALICE Detector — VO

ALICE
* Detectors

* ITS |n| < 0.9

* Vertexing and tracking

ot | * TPC |n] < 0.9
* Tracking and PID

* TOF [n| < 0.9
* PID

 EMCAL/PHOS |n] < 0.7
e ePID and trigger

*V0-3.7<n-1.7

28<n—5.1
* Trigger and background
rejection
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Let’s study the hadronization part

» Effect of coalescence/recombination on hadronization
e Charm quark will pick up other quark and create a particle

i

ALICE

: + /10
* Meson/meson ratio (D™ /D") * Strange meson/non-strange meson (D¢/D)

* Flat with pr and compatible with theory « Does not depend on multiplicity and compatible with ete™

o 0.6_ T T T T ‘ T T T T I T T T T | T T T T | T T T T ]

001-2_"'I"'I"'I'"I"'I"'I"'I"'I'f'l"'l"'l"'_ e - ALICE Preliminary -

E i n ALICE pp, \ S=7 TeV ] bw 05 pp. Vs =13TeV, ly| <05 Multiplicity classes: |5 < 1.0 N

1T sses FONLL v|<0.5 E B e

: - w0 GM-VFNS : B — Sys:. from data _c;_.[ 14 7-5]: 3.9 ]

08 __ N LO kT fact __ 04__ B Syst. from B feed-down e [ 84 243] 137 __

» . = —— [24.5- 45.8], 28.1 —

- - : —&— [38.6-152.0], 44.0 i

o4 E 0.2 ﬁ .

0.2F 3 : :

[+ 2.7% BR uncertainty not shown . 0.1 N

Ll l Ll I Ll I L1 L I Ll I Ll I Ll l Ll I Ll I Ll I Ll I Ll [ N

OO 2 4 6 8 10 12 14 16 18 20 22 24 | £7.0% uncenTiniy on multiplicitylestimation not shmlfvn | i

2

OO

ALI-PUB-125407 p, (GeVic)
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P, (GeV/c

5

o

ALI-PREL-336402
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Let’s study the hadronization part

» Effect of coalescence/recombination on hadronization
e Charm quark will pick up other quark and create a particle

e Meson/meson ratio (D*/D°)
* Flat with pr and compatible with theory

e Baryon/meson (At /DY)

* Big enhancement from e*e™ collisions with strong pt dependence

0
.
0
0
.
.0
.

Significant enhancement with increasing multiplicity
 QGP droplet?
* Fragmentation not universal? Additional effects?

* Colour reconnection, recombination, unobserved baryonic
state?

* Largely underestimated with default PYTHIA8 (Monash)

* Better described by PYTHIA8 with colour reconnection (string
formation beyond leading colour)

* Colour reconnection effect seems to increase with multiplicity

10/9/2020 20th CCSP

‘e
.
.
.
.
A
.

i

ALICE

< -

0.8:—
0.6
0.4

0.2

T T T T | T T T T

1 2; ALICE Preliminary
"I pp. Vs=13TeV, |y| <05

| T T T T | T T T T I T T T T

Multiplicity classes: || < 1.0
Data:
dN /dn:[ min— max], mean

—8— [ 14- 7.5, 39
—4— [38.6-152.0], 44.0
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J
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ALI-PREL-336442
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J. Kvapil, Open charm and charm-tagged jets production with ALICE at LHC 8



Let’s study the hadronization part

» Effect of coalescence/recombination on hadronization ALICE
e Charm quark will pick up other quark and create a particle
...
e Meson/mesonratio (D*/D%) s 1 —
* Flat with pt and compatible with theory @ x 9 0 gi ALICE Preliminary E
''''' @k _ 3
* Baryon/meson (A¥ /D°) “« o8l Vo= 502 eV, b <05 =
* Big enhancement from e*e™ collisions with strong pt dependence 0 75_ E
A E —e— 0-10% Pb-Pb B
* Similar pt trend going from pp to p-Pb and Pb-Pb 0.6E —=— 30-50% Pb-Pb =
- + /10 i Ph. . —+— ]
* Hint of large AZ /D" in Pb-Pb 05F SPb,096<y <004
* Different hadronization? 0.4 E
* Radial flow push? 03E E
0.2) =
0.1F =
~ Open marker: f_.; calc. with p_-extrapolated pp reference -
0_ ] ] ] ] | I ] ] ] | ] ] 1
10 20
P, (GeV/c)

ALI-PREL-321706

PYTHIAS8: (Comput. Phys. Commun. 178 (2008) 852)
PYTHIA8 Monash (Eur. Phys. J. C 74 (2014) 3024)

. . _ ) PYTHIA8 CR Mode2 (JHEP 08 (2015) 003)
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Massive baryon states

Zg’+’++/D0 z2F*+* 2 (ddc, udc, uuc) al
* First measurement of £2*** at LHC
* Data underestimated by PYTHIA8 (Monash)

* Well reproduced by colour reconnection beyond leading
colour

/D°

0.+,++

107"

102

LA INL AN I [ F [ B

ALICE Preliminary 7
pp, Vs =13 TeV

W1<05 pyryiasgods

Monash 2013, EPJC 74 (2014) 8, 3024

CR beyond LC approx., JHEP 08 (2015) 003
----Mode 0

L N I M. He and R. Rapp

.
F-
S
s
Al
> F
3
1

IIIIILIl

+ 5.2% BR uncertainty not shown n

0

2 4 6 8 10 12 1

ALI-PREL-344669
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Massive baryon states

Zg,+,++/D0

* First measurement of £2*** at LHC
* Data underestimated by PYTHIA8 (Monash)
* Well reproduced by colour reconnection beyond leading

colour

. 22%/po

* Not reproduced by any model

* X and E. similar mass but different quark content
* Role of diquark production?

* Monash string treating of fragmentation suppress
production of spin-1 diquarks from spin-3/2 and spin-1/2

baryon multiplets

* CRjunction system allows less suppression — same ud, dd

and uu production

10/9/2020 20th CCSP
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CR beyond LC approx., JHEP 08 (2015) 003
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How the jets can help?

Gluon initiated

* Smaller dependence on the hadronization models allow better %
comparison to QCD '

* Gluon initiated jets — broader fragmentation eI

* Quark initiated jets — more collimated

* Inclusive jets Quark initiated et
e Powerful probes of QCD P

* Well constrained at high pt, low pt experimentally challenging
* Mostly gluon initiated

* Heavy-flavour (HF) jets:
* mgq > Aqcp - perturbative production down to low pr

* HF conserved through the parton shower
e Quark initiated

* Inclusive vs heavy-flavour jets at low pt

e Effect of Casimir factors and dead cone
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D%/At-tagged jets: z(" probability density

Prjet € (5—7) GeV/c P1jet € (10 — 15) GeV/c Prjet € (7 —15) GeV/c
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£ 355 pp is=13TeV _ == § st P Vs-13TeV E ° [ reliminary, pp, 1s & ]
o F charged jets, anti-k;, R = 0.4, "ﬂ:;' <05 ::‘ o F charged jets, anti-ky, R =0.4, 77| <05 ] = | A (and charge conj.) in charged jets with 0.4 < z§" <1 ,
£ 30 with D%2<p_,<7GeVic = £ 300 with D%2<p,  <15GeVic 3 ° ot anti-ky, A=04, 7| <05 4
o = ' ] o = : ] o 41— TR et ’ —
E 25F 5P, <7 GeVe = g = 10<p . <15GeVic E 2.2 . pch P Gevjfc 0 data ]
& 20F 4 & r ' 3 = et syst. unc. i
OF ' |$'II ¢ E 20 ! - T - L 3< p < 15 GeV/c | o POWHEG + PYTHIA 6 4
155 N —— ¢ E (s Iil L I I 3l o PYTHIA 8 (Monash) ]
E e “E * Data E L 4 PYTHIA 8 SoftQCD, mode 0 |
1.0~ o] « Data = r Syst. unc. (data) ] B i
0.5E- o] Syst. unc. (data) 10 ; o POWHEG+PYTHIA6 B
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ALI-PREL-337688

* PYTHIA6 + POWHEG hvq + CT10NLO PDF ’ . ’
Consistent within uncertainty for high pr jet Less collimated More collimated

* Softer fragmentation in data for low prjet —
’ ch PD * Pchjet

* Next step AL /DY in jets T Deher enjer
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First direct measurement of dead cone effect *
-7 ALICE

6 (rad)

7 |<0.5

lab
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—

e Suppression of small angle radiation for heavy
m
quarks 8, = "/Eq

o
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o
[o2)
I|III|III|III|III|

L

* Fundamental QCD effect never directly 04
observed at colliders e, <s0Geve
EVidence Of SuppreSSion Of Small angle 0_| |I|(T|T|2|*|/\|Q?DI ,|/I\OICIT|=I2IO(IJ ||V:elv:/cl 111 | 11| { 11 ! 11
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ALI-PREL-341975 n
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Number of leading parton splittings

v

0 1 2 3
Nsp
* Total number of splitting ngp satisfying Soft Drop
condition z = —12 > (.1
PT1+PT,2

* Charm jets have fewer splitting than inclusive jets

* Harder fragmentation than inclusive jets
* Quark vs gluon jets, dead cone effect
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o
~

o
o)

2
o

(1/N,y)) dN/dngg,

.
.
-
*
.
.
-
.
*
*
l.

o
*
*
-g:

ALI-PREL-346660

0

ALICE

RARRN LR LA R AR RARS KRR ERARN RARN RARS
" ALICE Preliminary, pp, Vs = 13 TeV 8D°
- charged jets, anti-k, R =0.4

15 < p‘ftm <30 GeV/c, |1, <05
5$p$°<30 GeV/c, |y ,| <08
pieadingtrack > 5 33 GeV/c

T, incl. ch. jet

Soft Drop (z.,=0.1, 8 =0)

Binclusive

o'.
.
l'

TIIIIIIIIII|Illl||lll||Illlllllllllll

IIII|IIIIIIIII!I!IlIIIIlIII



Summary

* Hadronization in pp is different from e*e~and depends on multiplicity ALICE
» Better descriptions with colour reconnection effect

o« 32+ /D0 is well described but 22 /D not!

* Model with string fragmentation predict harder fragmentation of D-meson jets
than seen in data

* Number of leading parton splittings for HF jets is smaller than for inclusive jets

e First direct measurement of Dead Cone effect at colliders
e Will it be different in Pb-Pb?

* Understanding pp collisions is very important to understand PbPb!

Thank you for your attention
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What is LHC?

The Large Hadron Collider (LHC)

* Most powerful particle accelerator in the world
* started up on 10 September 2008

» 27-kilometre ring of superconducting magnets
e 1232 dipole magnets (15m long, bending)
* 392 quadrupole magnets (5-7m long, focusing)

* two high-energy particle beams with crossing at 4 main experiments
e ATLAS, ALICE, CMS, LHCb

Conseil Européen pour la Recherche Nucléaire (CERN)
* European laboratory for particle research
* Founded in 1954 on the border of Switzerland and France near Geneva
* 23 Member States (including Slovakia and Czech Republic)

ALICE

LHC
ZDDB (27 km)

* Some Achievements wy
* 1983 -W and Z particles discovered %m =

| 1999 (182 m) |

BOOSTER

* 1986 - Heavy-ion collisions begin

A ISOLDE
/

e 1995 - First antiatoms produced: antihydrogen et v
. . —1
* 2012 - Higgs boson discovered nTo , |
) g LINAC 2 ¢ S LY %11
* 2015 - Discovery of pentaquarks F s o
* 2019 - Discovery of tetraquark or meson-meson molecule (not know which yet)
4 > P p (antiproton) P elect - /antiproton conve

LHC Large Hadron Collider SPS Super Proton Synchrotron  PS  Proton Synchrotron

AD Antiproton Decelerator  CTF3 Clic Test Facility AWAKE Advanced WAKefield Experiment  ISOLDE lIsotope Separator Online DEvice

LEIR Low Energy lon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials
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Introduction to High Energy Physics

* Introduction to High Energy Physics units ALICE

e Mass: 1eV/c? =1.78 - 107 3¢ kg

e Momentum: 1eV/c = 1.53 - 10728 kgms™!
* Temperature: 1 eV/kgz = 11604 K

e Time:1eV™'h=658-10"165

e Leneth:1 MeV~1%c = 197 fm Egmparlson of quark masses
e We will use naturalunits:c=h=ko =1 gﬂa’;zﬁ‘%z“iﬁlﬁsf P ot it
« And transverse momentum: pp = /p)% + pg,

where p, is in the beam direction

 Particles are composed of quarks
* Baryons (qqq)

e Ordinary matter is from the 15t generation of quarks
* Proton (uud), neutron (udd)

* Mesons (qQ)

* Heavy flavour are c and b quarks
« Massivel m.~1.2 GeV /c?, m,~4.5 GeV /c?

charge

color charge (r,g or b)
mass (gV)

spin

strange

Heavy Flavour

10/9/2020 20th CCSP J. Kvapil, Open charm and charm-tagged jets production with ALICE at LHC 17



Parton energy loss — Nuclear Modification Factor

* Natural way how to see the medium influence would be to
compare the “vacuum” proton-proton (pp) collisions and the

“medium” ion-ion collisions (AA) scaled by “geometrical” factor —
Nuclear modification factor (R ,): g
dNaa/dpr =
e R =
aa(Pr) (Taa)dopp/dpT
* Nuclear overlap function Ty encodes collision geometry
* If Rap = 1 no nuclear effects
* If Raa # 1 nuclear effects
* HF tag
* Challenging, requires good tracker
* D meson ct~100 — 300 um, B meson ct~450 um
* HF particles decays by weak decays — they are not lost during the evolution
* Momentum loss mainly
n:ﬁ
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\ MOMENTOM LOSS

i

ALICE

\\,
A\ PARTICLE LOSS
2
g
N
\R_.
ION-ION
MOMENTOM

27 4 pb (4,02 TeV pp) + 430 b (5.02 Tev PhPo)
l.ﬁ:— cMS [ ]rer
i 4- »  charged hadrons
125 1., and mi

i uncsiainy
D.ﬂ +
D.ﬁ
D_-I

i Iyl <1
92‘ Cen’r_ 0-10%

LT arXiv:1708.04962
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Energy Loss in Quark-Gluon Plasma

* A particles/jet must push through the hot, dense, ALICE
i

strongly interacting fireball

* Energy loss in medium
* Collisional — even for HF this can be significant!
* Radiative —emitting a gluon
* Colour charge (Casimir factor)
 Different for quarks (Cr = 4/3) and gluons (Cr = 3)
* Quark mass (Dead cone effect)
° Eg > Eu,d,s > EC > Eb
e Path length in the medium

arXiv:0902.2488

* =>Jet quenching ) top s Gevie ©) background subracted
: = ﬂﬁ‘_\.." 27Ty [ ]

* Study the parton energy loss in the QGP g | —— Pb-Pb 0-5% centrality

* Modified fragmentation — parton shower 3 ©  Pb-Pb 60-90% centrality

. Effcejcts of recombination and colour reconnection on 3 02

adronization 2 | _
* Flavour and mass dependence - ”'“E’”@"dgﬁ R
* Quark (HF jets) vs gluon (other jets) jet difference Phys. Rev. Lett. 108, 092301 (2012) A (rad)
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Nuclear Modification Factor

To probe the in-medium energy loss (scattering + radiation)

* Depend on colour charge (Casimir factors), mass (Dead cone), path
length in medium

Rapa(D) > Rpp(ch.part.) atpr < 4 GeV/c

* Harder pt spectra for charm particles and different fragmentation
functions

e Different recombination and radial flow contribution

Indication of less nuclear modification for D} and A}

Similar modification at high pr

Nuclear modification factor (R ,):

. __ __ANaa/dpT
RAA(pT) B (Taa)dopp/dpT

* Nuclear overlap function Ty encodes collision geometry

* If Rap = 1 no nuclear effects

* If Rap # 1 nuclear effects

ALICE

R

1.5

0.5

T T T T | T T T T T

ALICE Preliminary
0-10% Pb-Pb, |5, = 5.02 TeV, |y| < 0.5

—— A

—=— Average D°, D", D"

—»— D,

—¥— charged particles, |y| < 0.8, JHEP 1811 (2018) 13

Filled markers: pp measured reference

Open markers: pp p_-extrapolated reference
R '.ll I_

ALI-PREL-330734
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Strange D mesons

» Effect of coalescence/recombination
e Charm quark will pick up other quark and create a particle

\
* Strange meson / non-strange meson (Dg/D) . ° 3 >trange
. _ . ° o T T T T T T T 1 T T T
* QGP temperature near the energy of creating ss pair @ s~ [ ALICE Preliminary y|<0.5
) - i
e Strangeness enhancement ° Em 5 5[ 0-10% Pb-Pb, {5y = 5.02 TeV B
* Recombination in strangeness rich environment © e A = i
: I T [ §
e Supports hypothesis of relevant contribution of _& 2- .
coalescence in charm hadronization in Pb-Pb collisions Q i
. 2 45- -
Strange in pp Non-strange - .
9 S R L. -7 Dy
oe 0.63 IALI(I:E' PLeIIirr;in;r; R 6“& a: ALICE Preliminary ly|<0.5 - ’
+w [ e fs=taTeVpl<os Q r - 1T—-------bdd el —
) 0.5" _D._vmmt‘mlzlmd A a 25- Pb-Pb, sy, =5.02 TeV . 010% n L
S=Fen O L * 30-50% i V/
04 == e g & oo . i = ’
i O fme g s e J& 0.5~ —- Catania frag+coal -
03¢ ] Q 15- . - :
: ; ﬁ E ] - --- PHSD -
0.2: ] 1:_ ______ gﬁm*ﬁﬁﬂ%%ﬁ%$ B 1 | Lo 1 1 1 ]
o1 3 E 1 10
o i : o5 E p, (GeV/c)
. | b Y
P, (GeV/c) 1 10
. P; (GeV/c)
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