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Motivation

Surprise at LHC energies: v, and long-range correlations in high-
multiplicity p+p events;

Long range correlations. e.g. ATLAS, Nucl. Phys. A932, 357 (2014)

Azimuthal anisotropy (vn, flow). e.g. L. Yan, J. Y. Ollitrault, Phys. Rev.
Lett. 112, 082301 (2014)

Enhanced heavy quark production depending on the multiplicity.
ALICE Collaboration, JHEP 1608, 078 (2016)

QGP is not necessary for collectivity.

Vacuum-QCD effects can produce such behaviour in the soft-hard
regime.

Multi-parton interactions (MPI) can qualitatively explain enhanced
heavy flavour production.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

 Turn on the lights by night
in Istambul.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

 Turn on the lights by night
in Istambul.

- As a question: where is 2-6 September 2019
exactly the ramp on the

bridge?

--'__‘...-..-

-

Lo R

asessssss"

-
i-....__‘_'-.‘

z
35
%

.- L]
g @
p !
W L]
s 0
B
e
1]
(1]

G =
- -
e ..
- m o
-
N Tr— .
-

.".liittl"‘"-.'

L T

Scientific Comipitiee:  ©

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

 Turn on the lights by night
in Istambul.

- As a question: where is 2-6 September 2019
exactly the ramp on the

bridge?
* Technique:
1) try to find the peaks
2) estimate the middle

3) try to get rid of the
other ligthts

‘-"'-' l-""l'
-t
-

Scientific Commitiee:

e 3 .

r &=

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

 Turn on the lights by night
in Istambul.

- As a question: where is 2-6 September 2019
exactly the ramp on the

bridge?
* Technique:
1) try to find the peaks
2) estimate the middle

3) try to get rid of the
other ligthts

Scientific Corm pittee:

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

 Turn on the lights by night
in Istambul.

- As a question: where is 2-6 September 2019
exactly the ramp on the

bridge?
* Technique:
1) try to find the peaks
2) estimate the middle

3) try to get rid of the
other ligthts

Scientific Corm pittee:

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Motivation

The better understanding of the jet-matter interaction

requires more precise separation of the jet and the
underlying event

ead,1 .
lead
Jet
ead,2

. T D oD
Need to find a better measure —» multiplicity can help? -
- Subcone methods A. Agocs, P. Levai, GGB (2011) & "
. \y UE, |
T e o ose T
CDF UE SB-based UE

- Spherocity, Thust A. Ortiz, G. Paic (2017)
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Jet-modification in Small Systems

* Jet structure maybe is modified even in small systems
without large volume of QGP.

We are looking for non-trivial jet shape dependence on event
multiplicity.

Monte Carlo event generator:

- PYTHIA 8.2 with different PDF sets: NNPDF2.3lo for Monash
and Monash*, CTEQ®6L1 for 4C.

- HIJING++, is also available, but p+p only at the moment
We are simulating p+p collisions at Vs = 7 TeV.

Jet reconstruction: Fastjet software package with anti-k t
algorithm.

Full jet reconstruction with R = 0.7. (R2 = A@2 + An?)

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019



Jet distribution in small system

Z. Varga, R. Vértesi, GGB: Adv. High. En. Phys. 6731362 (2019),
Universe 5 (2019) 132, MDPI Proc 10 (2019) 3

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019

10



Different Tunes & Settings

 We have used the following settings in our analysis

e Tunes: Monash, Monash*, 4C.
« Multi parton interactions (MPI).

* Colour reconnection (CR): In PYTHIA this is an in-built
mechanism that allows interactions between partons

originating in MPI and initial/final state radiations, by
minimizing color string lengths.

- 0: MPI-based scheme,

- 1: QCD-based string length minimalization scheme,
- 2: gluon-move scheme.
- off: we don't use it.

p "
 HIJING++ simulation with CR and no MPI (but minijets) '.
"-\.k

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 11



jetpT

Meet the data: jets in pp collisions at 7 TeV

o p;track - multiplicity map, with various cuts of 2— 2 hard reactions
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Event multiplicity, N distribution as settings & tunes

e Tunes ShOW Similar event 1: pp E=?T9ij:':50-60 GeVic 110; pp 15=7 TeV p" 110-125 GeVic
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Event multiplicity, N distribution as settings & tunes

Tunes show similar event
N_, distributions. The mean

multiplicity increases with

the ppet

CR schemes have similar

N_, distributions.

- MPI:off & CR:off is =

non-physical

- CR:on (MPIl:on) = high
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- CR:off (MPl:on) = higher
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Event multiplicity, N distribution as settings & tunes

pp Vs=7 TeV

—ea— Monash

—e— MonashStar
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Jet structure variables in pp

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Differential & integral jet-shapes

Differential jet shape:

1 ra<ri<r PEE)
p(r) — or ﬁ;{ﬁb '

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Differential & integral jet-shapes

Differential jet shape: Integral jet shape:

w(r)

------

;) ()
,O(!’) p— 5]:,, Zra{;:trb Pt | ’L}'(r) — Zri‘{_r Pt |

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Differential & integral jet-shapes

Differential jet shape: Integral jet shape:

w(r)
-~ 1-%¥(r)

-
________

(1)
p(r) — 1 Zra{r;{rb Pt . ,L;(r) — Zr -::erf |

or p{e**

fo- Ndr' =1

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Test of the model: validity with p(r) CMS data
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 The three different tunes reproduce the 7 TeV
In|<1, p-p CMS data within uncertainty.

We investigated different pyet windows
between 15 GeV /c < p/Jet< 400 GeV /c.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019

s
=
ha

b
=

—e

Moaomentum density fraction p

s
=
]

pp ¥5=7 TeV 11D-r_p '<125 GeVlc
= MONash
= fONnashStar
o AC
CMS jets pp n<0.5
_s— CMS jets pp 0.5<[nl<1

(1)
]_ Zr(:;(r,(rb pr

[)(I’) — 5 e

23



E L

; E;' EGqNEhEEEG
o C
@ 1.5F
- -

i —
- a9

0.5F

Ratio with Multiplicity Integrated (Ml) p(r )

35 op ¥5=7 TeV 20<p" <25 GeVle
- Monash
2.5F —e— 0<N_ <50

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o0 01 02 03 04 05 08 0.7

Radiusr
Two curves: Py, —ner/Pu @NA Ppigh—ner/Pui-
The low- and high-multiplicity curves intersect each &S ez
other at unity. Y / "y

The intersection point depends on the p et (three

examples above).
G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019

24



Ratio with Multiplicity Integrated (Ml) p(r )
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examples above).
G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Is this a characteristic jet-size measure?

 pp 1=
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Pythia describes the mutiplicity distributions well.

The intersection does not depend on our multiplicity bin

choice, but it depends on the p .

Our finding: a non-trivial scaling behaviour. What
happens for different tunes and settings?

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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The p/sdependence of R_
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« The shape of the curve can be qualitatively explained by
a Lorentz boost.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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The p/sdependence of R_

0.4r

0.35 f— Re

—o- Monash

vs. jet P,

=Pu

o
(%]
L

—o- MonashStar
8 4C

0.1-5; Q\’\_

St
==
e

o

no

a
|

T

o
—e
I

Intersection radius R | p

0.05F

I:|III|III|III|III|III|III|III|III|III|II
DED 40 60 80 100120 140 160 180 200

Transverse momentum pjf ! (GeV/c)

« The R,, depends on the pet.

0.4r

0.35

Cone radius ~
- p0=1 GeV/c
—p,=2 GeV/c

\ —p,=3 GeV/c g

‘~ |

[]UUGSI

cone

0

D_III|III|III|III|III|III|III|IIIIIIIII

20 40 60 80 100 120 140 160 180
p [GeV]

boost

 The shape of the curve can be qualitatively explained by
a Lorentz boost = narrowing/re-distribute, while boosted.
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Validity of the p/* dependence of R_
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Applying a double ratio for p(r)
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Canceling out trivial multiplicity bias:

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Applying a double ratio for p(r)

3.5 ,
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DR(r) =

- We find a significant effect at given double-ratio:

- Non-trivial dependence on p/et,
- the origin of the effect needs further investigation.
G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 33
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Double ratio for different multiplicity bins
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Same calculations for several different multiplicity bins.

- The effect is larger as the separation in multiplicity is
larger —» up to 50%.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Double ratio for different multiplicity bins, uncertainty

3 -
2.5 -+~ MonashStar

oF (1T aC

1.5?—",

Relative squared deviations

0.5F1 'IHT. | 4 .

I“‘T‘ IIIIIIII

transverse momentum pJT (GeVic)

50 “ID[J 150 EDD 250 300 35[]

Relative squared deviations

EE pp {s=7 TeV (4C, ref tune Monash)
181 —e— 0<N9 <25 : 80<N <100
1.61 0<Nj <25 : 100<N{; <250
1.4F 25<N{ <40 : 60<N" <80
12E —»— 25<N}; <40 : 80<N{; <100
1_ —e— 25<N} <40 : 100<N" <250
0.8F
0.6k
0.0\ [\ ]
0241\
05080 100 120 140 160 180 200

transverse momentum p’T (GeVic)

« Same calculations for several different multiplicity bins.

- The effect is larger as the separation in multiplicity is

larger — up to 50%.

- Statistically independent samples - not fluctuations.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Cross-check: y(r = 0.2) dependence on multiplicity

1.3F  pp 15=7 TeV, p™: 180-200 GeV/c 1.3F pps=7TeV, D‘TE"WED-EEJG GeVic
o T & == Monash
= 1.2 —&— Monash = 1.2 Monash-CR1
a2 —e— MonashStar J —e— Monash-CR2
=y = 1.1 —e— Monash-CRoff
c = —o— Monash-MPloff_CRoff
k= = 1
O 0
S @
= =009 i
£ £
= 208
ik a
5 E o7
= =
Z (i)
r;<r Pt
20 30 40 B0 60 70 80 90 20 30 40 50 60 70 80 90 ’U/’(r) = =i
Event multiplicity N_ Event multiplicity N | Pt

* No significant difference in integral jet structure between
the three tunes and between different CR schemes.

« Turning off MPI causes significant differences for higher
multiplicities, which can not be explained by bin effects.
— Observation implies MPI influence on jet structure.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 36



Further tests of the effect
with heavy flavours, MC generator

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Heavy quark jets: the p/* dependence of R_
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« Leading jet flavour does not make a difference on R, .

« Low p/Jet the charm leading jets appear narrower.

« High p/¢t both charm and bottom jets are narrower.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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0.2)

Momentum fraction ¥(r

Heavy quark jets: integral jet shape, @(r =0.2)

:_ Pp 1s=7 TeV, pj:t : 20-25 GeVic [ pp Is=7 TeV, ;:-jTE't : 30-40 GeV/c 1.3 pp 1s=7 TeV. p’ft: 180-200 GeV/c
1.2 g Monash o~ 1.2 —e— Monash y —e— Monash
[ —e—leading = - —e—leading o 1.2 _g leading
Un leading-c = 1'_ leading-c = 11 leading-c
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Charm leading jets always differ (except for very low N_,).

Bottom leading jets differ for high N_, at high enough pet.

For certain p/et (depends on r ) all curves differ - HF
fragmentation is different - model differentiation. o(r) = Zuz?

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 39



MC test: jet structure with the new Hijing++ code

HIJING++/HIJING/PYTHIA differences

‘ User Code (Main Program)

FORTRANHIJING  HIJING++:

Precision single double HijCore
Pythia VEI'SIOII 53* 82"':* HijManager
A
PDF GRVos8lo LHAPDF6.2+ Pythia |
Colour reconnection X = -
‘ ijInfo ‘ ‘Event process‘ ‘ HijEvent ‘
Jet quenching () () I S B |
r HijModules ProcessLevel PartonLevel HadronLevel
Multithreadin X
g T HijPhysics ProcessContainer TimeShower StringFragmentation
AIIBIVSIS illt&l‘face X v = — PhaseSpace SpaceShower MiniStringFrag...
e P Hljﬂycleon LHAinit, LHAevnt MultipleInteractions ParticleDecays
Mod“le ma“agement T X v i NuHcll.JeSaDrfEtf fect ResonanceDecays BeamRemnants BoseEinstein
HijFragmentation # # e

Preliminary results: R. Vogt NPA 972 (2018) 18

HijHard

‘ BeamParticle ‘ ‘SigmaProcess, SigmaTotal ‘
v

Vec4, Rndm, Hist, HijSettings, ParticleDataTable, ResonanceWidths... ‘

PHYSICS —» Differences at low N and low p et

Small deviation = tuneable

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 40
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Jet structure with Hijing++

- - 0.45¢
[ jet - _
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« Comparison between Pytia8 and Hijing++ code

- The R;, phenomenon is visible.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 42



Summary

We gave predictions for several jet structure observables in Vs = 7 TeV
p+p collisions using PYTHIAS.

Multiplicity-dependent experimental jet-structure analyses could
differentiate between otherwise well-performing models.

We suggest R, as a multiplicity-independent jet size measure.
R, is present in Hijing++, even with different PDF sets.

Multiplicity-dependent jet structures of heavy flavor jets are sensitive
probes of flavor-dependent fragmentation.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Summary

We gave predictions for several jet structure observables in Vs = 7 TeV
p+p collisions using PYTHIAS.

Multiplicity-dependent experimental jet-structure analyses could
differentiate between otherwise well-performing models.

We suggest R, as a multiplicity-independent jet size measure.
R, is present in Hijing++, even with different PDF sets.

Multiplicity-dependent jet structures of heavy flavor jets are sensitive
probes of flavor-dependent fragmentation.

Further studies:
- Check the validity with real data (ALICE)
- Energy dependence

- Similar study in heavy-ion collisions
G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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Zimanyi Winter School 2019

2-6 December 2019

Wigner Research Centre
for Physics, Budapest,
Hungary.

19. ZIMANYI SCHOOL

WINTER WORKSHOP ON
HEAVY ION PHYSICS

Dec. 2. - Dec. 6.,
Budapest, Hungary

Janos Kass: Cantata Profana Jozsef Zimanyi (1931 - 2006)

Free for PhD students Home
We b : Invitation

Dear Colleagues,

Z I I I l a n y I S C h O O I . kfkl . h u We would like to invite you to participate in this year's workshop that aims to summarize the developments of 2019 in high energy heavy ion physics,
with particular attention to the new data emerging from the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), SPS

and J-PARC. We will discuss results from other high energy nuclear and particle physics facilities of the world, most importantly lower energy
colliders, exploring the nuclear phase diagram (with special attention to FAIR and NICA). Another important point of the School is to discuss
important new results in hydrodynamics, flow and femtoscopy. One of the main aims of the School is to encourage interaction between the theoretical
and experimental community. A slightly overlapping list of topics of the School includes (in alphabetical order):

s Effective QCD theory/model approaches

+ Elastic scattering and diffraction (experiment+theory)

+ Femtoscopy (experiment+theory)

+ Flow and hydrodynamics (experiment+theory)

* Gluon saturation and electron-ion collider (experiment+theory)
+ Heavy flavor and quarkonia (experiment+theory)

+ Intermediate energies (FAIR, J-PARC, nuclear physics)

« Jets and high pT probes (experiment+theory)

» Magnetic field in heavy ion collisions (experiment+theory)

+ Photons and dileptons (experiment+theory)

s QCD at non-zero temperature and density

+ Search for the QCD critical point (experiment+theory)

+ Strongly coupled gauge theories (beyond SM, AdS/CFT)

« Vorticity and polarization in heavy ion physics (experiment+theory)

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 45



Backup

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019
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pT jet distributions for different pThat

jet pt distribution pthat>5

hardqcds .
— Ry Pr 5t
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The jet-shape ‘toy model’

0.4 —
b Cone radius
| —p,=1GeV/c
0.3 |
F —p, =2 GeV/c
T \h —p,=3 GeV/c
Too02fF |
D:UCI.15_
01
Jet consisting of particles with equal momentum p O .
We boost with a certain momentum p boost towards the jet oo -
aXiS- :|||||||||||||||||||||||||||I||||||-|||

High-p T : qualitatively similar behaviour of the oo 0w ;“‘ “[‘ﬂaeﬁ’ 140160 180

characteristic jet size with respect to p boost . boost
Low-p T : blow-up is not expected in data because jet rec.
Is limited in R and because of angular cut-off in splitting.

G.G. Barnaféldi: THOR MC, Istanbul, Turkey, 2019 48
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