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Quark-Gluon Plasma

Quark-Gluon Plasma (QGP) is a state of matter made of deconfined quarks and gluons

- Predicted by QCD theory
- Formed at high temperature and/or density
- QGP has existed in the early Universe (=~ 107° s after the Big Bang)
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The Physics of Heavy lon Collisions

Create QGP by Heavy lon Collisions (HIC)

- Product the high energy matter state by colliding accelerated heavy ions with
the large collider (LHC/RHIC).

Heavy ion

Reaction area
(high temparature matter)

PbPb at \/syny = 2.76,5.02 TeV

Evidence of QGP formation in HIC : jet quenching, elliptic flow
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Hard Probes of the QGP

Hard probes: High momentum transfer event

- The rates are calculable within perturbative QCD (pQCD)
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Jet yield measurement
~{ [PHYSICAL REVIEW D 100, 092004 (2019)]:
¥% 1 The data match the calculation results

10 i¢ based on pQCD
pS"* (GeV/c)

MC / DATA

Y

Measured by Ritsuya Hosokawa (UGA)

—>The hard probes measured in pp collisions used as the
reference for the one measured in PbPb collisions.

- Hard probes are created in the initial collision of the
same event of the QGP creation

— The experimental signals of the hard probes have the

record of the interaction with the QGP.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.092004

What are Jets?

Jets are hard probes Decay v
- experimental signatures of quarks or gluons
i AN
— detected as collimated sprays of hadrons Hadronization et
: : jet
Reconstruct jets by clustering the hadrons and
regarded them as the signal of quarks or gluons.  parton \\
Shower \ 3
arton
Hard - P
Scattering "°
|
Parton ) f(x,Q?% f(x,Q%
Distribution ’ “

Physics process flow of hard probe until detection
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Physics target: Parton Energy loss mechanism

Partons deposit energy in the QGP medium.

Energy loss Jet suppression mechanism
AE o« g™

N qlL.:. \\é Collisional

q: transport coefficient = Py

L: path length in QGP A X

Radiative
Quark/gluon| L&t //// —}—@ AE o L2
4 I

s T 1

Energy deposit |IQGP medium]

)

- o 3
Neuclear’ 1 : AE o« L
QGP medium M

There are some jet suppression mechanisms, but the detail ratio of suppression or correct
model are not clarified.
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Parton Energy Loss Analysis

Energy loss: AE o« gL"

Nuclear modification factor (R,,) is built by
comparing heavy-ion collisions and proton collisitions.

Jet I
Quark/gluon | s

é‘ g interact with QGP
Nuclear |:> Jet yield of Pb-Pb collisions

QGP | Jijj  scaled as binomial collision

RAA - 77
I Jet yield of p-p collision

/ /
<:]broton ‘ Ifl>

Using the difference between with or without suppression
allow to measure the magnitude of suppression.

- Quantify g

Jet v, is built by comparing in-plane jets and out-
of-plane jets.

\\\/\I} I — 1 ENin_Nout
2 Res {'(p?zneas} 4 Nip + Nout

Nin, Now: :Jetyield at in-plane
and at out-of-plane

Res {y7*¢?5} : Event plane resolution

Out-plane

Using difference of the path length between in-
plane and out-of plane allows to study L

dependency of AE.
— Quantify the power of n
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Current study about the energy loss mechanithm

- ALICE jet v, (v/Syy = 2.76 TeV) and jet Ry, (/Syn = 2.76 TeV)
- ATLAS jet v, and RAA (\/SNN = 2.76,5.02 TeV)
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https://cds.cern.ch/record/2853755/files/ATL-PHYS-PUB-2023-009.pdf
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.105.064903

New points of my study for Energy loss (AE «qg L"n)

- Simultaneous measurement of charged jet v, and
Raa—~ Expect strong model constraints and acquire
accurate suppression parameter values.

- New collisional energy data ({/syny = 5.02 TeV) as
ALICE measurement

- Use JETSCAPE model simulation framwork

—> It has @ as a variable parameter.

— It has some models having different the power of n
for L.

Vv, and Ry, of % measurement using PHENIX
VSnn = 200 GeV data (2010)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.105.142301

Analysis Flow

______________ ——— — —
I Raw Jet task | I Unfoldmg Result Systematic Uncertainty
[ i i [
: Raw Jet inclusive : | RM Jet RAA - Pq cut / pr range
,  EventPlane : ' : - Unfolding way
I Raw Jet in-plane T I RM 1 Jet - Background
_of- . I ——— Jet Vv : :

I Raw Jet out-of-plane I ) RM I 2 Estimation way
| o o e e e e - — — I —_— ] = =

Qn vector calibration Er;b_ed_ch;g_ o _|

- VOA, VOC, VOM | Response Matrlx(RM) = = 7

- TPC (n<0), TPC (n>0) | Jetenergy scale shift I : Model | Energy loss

I Kinematic efficiency : | -JETSCAP | AE o« gL"

T.Kumaoka 2023/04/25 RBRC exp group meeting



Charged Jet reconstruction in ALICE

ITS and TPC (0<@<2n) :
Reconstruct charged tracks

Charged jet {

Reconstructed tracks

Fast jet package [Phys Lett B 641 (2006) 57]
Clustering track p; in resolution pamareter (R) range.
- Signal Jet= anti-k; algorithm

- Background densify% kr_algorithm
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Background p; distribution (ordinary inclusive jet way)

In HIC, a huge number of particles are produced.
— Signal jets are reconstructed with the background particles.

' —Estimate background p; density (p) except for jet area to subtract

/>
the background from the signal jets

» p = median(pr;/A;) A :clusterarea, i: cluster id
p is considered uniform and determined

background p; for centrality

ALICE Pb-Pb
working in progress event by event
— subtract the background from each jet

»

/i = 5.02 TeV

jet _ et
pT,corr — T pA

A :jet area
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Event Plane calculation

Flow vector from detector measurement

Qn,x — Z w; COS ng;
[

Qny = 2 w; Sinnao;
i

(¢; : Track angle, w; :multiplicity
weight, n: Fourier order)

Event Plane

o, # of perticle

Event Plane
1 Qn
Wgp,, = —arctan 24
n nx

T.Kumaoka 2023/04/25 RBRC exp group meeting



Qn vector calibration

VZERO-A
___ VZERO-C

ﬁ'ﬁhﬁ!Tl—

esimated for run-by-run.
Average means the run average.
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Calibration of estimated event plane anlgle between VOC and VOA

¥, [rad]

T.Kumaoka

ALICE Pb-Pb
LHC18q
Centrality: 0-10%

12000

10000

8000

L
ZDC (z» 21126 m)
ZEM(z=T735m)

VZERO-C

Qnx = 2 wW; COSNQP;
[

Qny = 2 w; SIn Nng;
[
1

Q
Wepn = - arctan Qn’y
n,x

The correlation seems correct.
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Event plane angle resolution

a b a C
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Both side TPC resolutions are matched. = It is reasonable.
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Local background p; estimation

The soft particle background is not uniform for
azimuthal angle ().

—>The background calculation should take the ¢
dependency into account.

The local rho is estimated using tracks except
the leading jet nregion. (Because of the statistic
problem, it includes the sub-leading jet region.)

In this analysis, a following equation is used.

Pen(®) = po x (142 {505 cos(2[p — P ]) + 55 cos (3o — Prrs)) } )

Wep, and Wgp 3 are calculated by the Qn vectors.
And py, v9°%, and v$PS are fitting value.

g Leadlni Jet Area

Remove This Area for bkg estimation

>
o [rad]

b/nen] ¥/

Background track
p; distribution

Pen (#)

2 [GeVid]

@ [rad]
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Local background p- results

Pen(®) = po x (1+2{v§PS cos(2[g — P ]) +

o T
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Evaluation of background fit (6p )

IENN\\ -

(Leading Jet Area |

pr [GeV/c]

Random Cone Area

dp; is a gap between integration of
background tracks p; and integration of
background function in a random cone area.

2 |opr

Background track
pr distribution

N\

radq)  We expect the local rho’s 6p; should be
smaller than the median one.
And in the local rho case, 6p; phi dependency

,. Och (#)
\\ \ is expected to make small.

\ > The Random cone is created once per event

except the leading jet region.
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The background opT distribution

Projection on y axis

_ x10° x10° x10°
S 20 g 20 € -
S ALICE Pb-Pb 160 > ALICE Pb-Pb 1 3 - ;
® ® ocal 28000 median
S N Ve =502Tev o M Vsw=502TeV Peh - (@) BT S = Pch
% LHC18q —1140 % LHCA1 8q 7000; loca] (¢)
Centrality 0-10% Centrality 0-10% =140 - = Pch
' " —120 6000f—
SE ~{100 5 00 5000
g0 4000}
5 60 3000

2000[—

1000}

OIII 11 1 M |
-3 -20 -10 0 10

20 30
10"°%g, , | [rad] op_ [GeV/c]

As expected, the median rho has ¢ dependency and the local rho makes smaller the ¢
dependency. Furthermore, the dispersion of local rho background is more narrow than
median rho. And these same tendency is seen in the all centrality regions.
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Background pT function fit quality

= H 8 i < < <
) V, V3 combined g :G:lccfz;q sogezs o Prvea 5Gevic, | <0.9
B Per(P) = po(1+2{v,c08[2(P-WEp,2)] + V5COS[3(P-WEp, 3)]}) = | Single Event —pchw)
3560 Centrallty 1.7%
ALICE Pb-P N -
1 LHg1 89 o b (1+2v cos(2[¢- ‘PEP )
/Snun = 5.02 TeV 50 p,(1+2v,cos(3le-¥, 1)

40 * N 1: H) ' =
NN
:, \‘-’ A' ‘ .h
30— <|> N A
20— +
C | R P [ TR | | |
oL 1 I T | T T | 0 1 2 3 4 5 6
0 10 20 30 40 50 60 70 80 (0} (rad)

centrality

track functlon

Z (p _track / (# of bins — 3)

[

# of free parameters (pg, 2, 13)

% is smaller than 1. - Fitting quality is good.
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Raw Jet Spectrum

Corrected Raw jet pT distribution (w/o unfolding): pt™ — p(¢)A

Different run periods comparison

"E -
3 - :
9 3 3 o ALICE Pb-Pb Anti-k; Charged Jet
for inclusive charged jet ° o°L- e=502TeV  R=02,Inul<07
£ = i 5 5 Y LHC18q Leading track cut
s F ALICE Pb-Pb Anti-kr Charged Jet - Working in progress ~ 0.15 [GeV/c]
- B \/S_m_z 5.02 TeV R= 02, Ir]]-et|< 0.7 -
107 Working in progress Leading track cut 10°E= 'Y
C el 0.15[GeV/c] =
- Centrality 0-10 % C On
0 - I i} Centrality 0-10%
- .- 10 & & Out-of-plane
104 & == : - ._;f_’;.".' -9~ In-Plane
E - LHC rucnlnumber B . Centrality 40-50%
= - ® LHC150 =
n - W LHC18qr 10°E ;::.,,::;'—' - 1 Out-of-plane
107 == = ©r Y ~O=In-Plane
= - . oy
- - 8 O
107 + 102 = %
- +'T'I i sty O
107 = 10l - i:ij;;:::;jé_j:m-!-"'... P
o = oo L - ALY Ade
g 2 E + : I 1 1 I 1 1 1 [ 1 1 1 [ 1 1 lu H L'l *‘ i L'l*l
é 1.5 + 20 40 60 80 1 O?r 120
] D P R +_+_ P [GeVic]
T -
5> 0.5 e
§ T E + Out-Plane jets are more suppressed than In-plane
20 40 60 80 100 120 140 160 180 200 .
P, (@eVio ones for each centrality.
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Raw charged jet v, (R=0.2)

ch jet

vjet L 1 m Nin — Nout
2 Res {9¢5°*} 4 Nyp + Nows
EO
15 ALICE Pb-Pb Anti-kt Charged Jet
: A/SNN = 5.02 TeV R= 02, |r]jet|< 0.7
n LHC18q Leading track cut
] B Working in progress  0.15 [GeV/c]
FA=
| ~A-
0.5 "V, v"*"¢
L S i
e e
0 | —
B Centrality [%]'
05k 00-5
YL m5-10
i A 10-30
4 - 30-50
i I 1 1 1 I 1 1 1 I 1 I
20 40 60 80

pTc‘:; [GeV/c]

Runl (v/syn = 2.76 TeV) Result (centrality ?)

T I T L 1 | T 1 J | U T 1 | 1

(no unfolding)
© o o
N w A

2
o
—

o

IIII|IIII|IIIIIIIIIIIIII

—.— pch(¢) subtracted

—#=— (p) subtracted

Value of jet v2 is close to Runl (y/syy = 2.76 TeV) results.
And the shape around 20 — 60 GeV/c is also similar with Runl results.
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Study Plan

______________ r————

I Raw Jet task | I Unfoldmg Result Systematic Uncertainty
I - i I
| Raw Jet inclusive I | RM Jet RAA - p_l_ cut / p_l_ range
| EventPlane : : : - Unfolding way
I Raw Jet in—plane T I RM 1l J t - Background
_of- . I ——> Jet Vv : :
I Raw Jet out-of-plane I ) RM I 2 Estimation way
I | I - =
Qn vector calibration “Embedding _| May - Jun
- VOA, VOC, VOM | Response Matrix (RIVI) = = 7 |
- TPC (n<0), TPC (n>0) I Jet energy scale shift | Model | Energy of
| Kinematic efficiency : | -JETSCAP AE < qL
T TS T ——= Jun - Sep
\ Already prepare code
- Middle May

Already started to write thesis. | target the date of the defence is middle of March.
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