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Quark Gluon Plasma (QGP)

@ Hot & dense colour thermalised QCD matter

@ Deconfined state of quarks and gluons
> prevailing at the early Universe ~1us after big bang

@ Theoretically inferred through lattice gauge simulations of QCD
> Tc~154(9) MeV , £.~0.18-0.5 GeV/fm?
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How to Create QGP?

o Ultra-Relativistic Heavy lon Collision

high-energy nucleus-nucleus collisions at particle accelerators (RHIC, LHC)

create QGP for a finite time to quantitatively map out the QCD phase diagram

o Hard Probes I Soft Probes
produced by high-pt QCD process > bulk of created particles
> initial hard parton scattering > dominant at low-pr
“Jets”

before Collision QGP Phase Hadron Phase
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Hard Probes of the QGP : Jets

Jet Quenching

@ partons' energy loss in the QGP

» Energy attenuation/disappearance or shape
modification of observed Jets

> evaluation of these modifications allows to assess
QGP properties

1. Self-produced probes
> short QGP lifetime (~10°s)
2. Probe the small system

> high-Q? process

3. Probe the entire medium evolution

» occur at early stage : T~ 1/Q

4. Well calibrated probes

» production rate calculable within pQCD

5. Copious production at the LHC

6. Access to initial parton kinematics

> via jet reconstruction
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Parton Energy Loss in QGP

™ Jet-medium interaction Collisional
AE 1
> Collisional energy loss * AE o/
> Radiative energy loss
> Which is dominant for energy loss in QGP ? E /. Radiative
E_f”‘: AE x (?
™ parton energy loss depends on X
(medium)
> parton specie
> parton momentum q q .q
> path length = 1_,@.@3.
» P LTl ,l:?td“}?; T ST é:r,;l)
> collision geometry 9 £ & “‘é-’:ﬂ'
> beam energy q‘ q 9

AE measurement provides information on QGP properties

(medium temperature, gluon density, parton-medium coupling strength...)
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Experimental Results of Jet Quenching

& Angular correlation of high-pt hadrons  © Nuclear modification factor : Raa
_ particle/jet yield in AA

> disappearance of away side peak Raa = . . . .

in central Heavy-lon collisions particle/jet yield in pp

(Au-Au , \/snn = 200 GeV) > high-pt hadrons = leading constituent of jet
» fragmentation of quenched partons > strong suppression : Raa~ 0.1 to0 0.4
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Motivation

@ Jet Quenching
> Parton energy loss through parton-medium interaction
* Particle-medium coupling strength, medium temperature, medium density
™ Jet Measurement
> Reconstructed jet is powerful probe for QGP study
* Smaller surface bias than single particle measurement
* Direct comparison to theory due to recovering initial parton kinematics
> Jet-by-Jet measurement is enabled in LHC energy
* Development of jet reconstruction technique
* Copious production of high-momentum jets

@ Jet measurement at ,/snn = 5.02 TeV in LHC-ALICE

> First fully reconstructed jet measurement at highest centre of mass energy
* Extreme condition of the medium in the world
> Complementary measurement at low jet pr region lower than 100 GeV/c.

» Gentre-of-mass energy dependence, path length dependence of jet energy loss
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Large Hadron Collider

@ Largest and most powerful particle collider built by CERN

» Run1 (2009 ~ 2013)
> pp : s =2.76,7,8 TeV
> Pb-Pb :./snn=2.76 TeV
> p-Pb : Jsnn=5.02 TeV

Long Shutdown 1

and luminosity

upgrade on beam energy

z Run2 (2015 ~ 2018)
> pp : Js =5.02 TeV, 13 TeV
> Pb-Pb : Jsnn = 5.02 TeV
> p-Pb : snn=8TeV

30}
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Jet Measurement in LHC-ALICE

Charged Particles : |n| < 0.9, O<p<2n

& ITS : silicon tracking detector

@ TPC : time projection chamber

= Charged Jet

PHOS

Neutral particles : [n| < 0.7

@ EMCAL, (DCAL : Run2 from 2015-)
» Pb-Scintillator sampling calorimeter
9 PHOS

> lead-tungsten crystal (PWO) based calorimeter

= Charged+Neutral = Full Jet
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My PhD Activity

2014 Apr. 2015 May 2015 Nov. 2016 Feb. NOW
e R o e o
A
| 5TeV pp, PbPb collisions |
LHC LS1 LHC Run2
+-——r
ALICE Calorimeter Trigger Upgrade Charged Jet Measurement
-+ )

M “Development of EMCALSs' Trigger System in LHC-ALICE”
(BAFEMEFEZET0 BIFRKE, 2015 Mar)

& “A Summary Trigger Unit for the ALICE Electromagnetic Calorimeters”
(Quark Matter 2015, 2015 Sep. )

M “Measurement of Inclusive Charged Jet Production in pp and Pb-Pb collisions at {/snn = 5.02 TeV with
ALICE”
(Hard Probes 2016, 2016 Sep.)

M “The nuclear modification of charged jets in \/snn = 5.02 TeV Pb-Pb collisions at LHC-ALICE”
(HAEYBEZERET2 BFRXAR, 2017 Mar.)

@ “Measurement of Jet Quenching in the ALICE Experiment at the LHC”
(2017 Joint Workshop of the FKPPL/TYL-FJPPL, TYL-FJPPL Young Investigator Award 2017 {B#F:&#, 2017 May)

M other international workshop (7 times)
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ALICE electromagnetic calorimeters

@ EMCAL and DCAL
> large acceptance coverage
* to improve jet energy resolution by adding neutral constituents
> DCAL is installed at the opposite side of EMCAL in azimuth
* for the correlation study of back-to-back jets
g PHOS
> high granularity and high energy resolution

> focus on direct photon and nt® measurement with very high energy

@ As a trigger detector
» Level-0 (fast but simple, low threshold) and Level-1
> EMCAL and DCAL : high energy jets and photons
> PHOS : high energy photon
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ALICE Calorimeter Trigger Upgrade

o Level-1 trigger upgrade during LS1

> to select events with large energy deposit

within these calorimeters . 12m TTC link
> produced by Summary Trigger Unit (STU) > t?_gamma} x
@ Firmware development of STU 5 < Liget  J
P Custom DDL
> new firmware : DCAL and PHOS serial link . DCS

S . : .
TRU clocked by the LHC clock Multiplicity Put trigger data in the data

> NEW trigger algorithm forwarded by STU (40.08MHz) from VO stream on L2a (via DDL)
® pp, p-Pb : constant threshold

* Pb-Pb : soft background event-by-event
subtraction in EMCAL estimated from the
median of jet patch energies in DCAL N EMCAL STU
(and vice versa) Y !

BKG energy
Jet/Photon

DCAL STU Triggers

> implementation of STU busy signal

> fit for new data format

@ Commissioning & QA B2V T —

@ DCS software upgrade
o Offline code development (mapping, decoder)
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L1-photon and L1-Jet Algorithm

@ Minimum unit for trigger calculation : “FastOR”

@ L1-photon “ L1-Jet
> 2x2 FastOR/patch

> 8x8 (or 16x16) FastOR/patch

> FastOR basis sliding window > Jet primitive (=4x4 FastOR) basis sliding window
> DCAL+PHOS combined

o A~ N O 2N O D O & D O & DN O
N B RO RO | & RO O | BROR SO

— O 0O = O OO e O O
W O BCON e o1 | | — O (OO B

o DM O [ BB D O B DD O B o &2 N o

e I S I & ) IR SL R & 1 IR O R & 2 B L R & ) B S R

N SN O BB N O A M O B~ N O A~ N o

(SRS RN OC R N & ) B OC R & N o5 It & ) B o6 B I © ) B - B

[] ietpatch2x2)
[]

jet-patch(4x4)

jet primitive

&~ BEOEROSEOS &~ DD O BEENRS EOS B~ N O ~ DD o
O POl OO sy o1 W = Ol RO e 01 W — O OO =
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Soft Background Subtraction

Jet

Jet BKG

Module _| Jet Primitive Jet BKG patch il BKG density :
Amp. calc. Amp. calc. ey BKG_density(EMCAL)
Threshold
Jet Patch Amp. Jet Patch Amp.
calc.
BKG subtraction comparison
Module _| Jet Primitive Jet BKG patch JECCY BKG density :
Amp. Amp. calc. BKG_density(DCAL)
Threshold

Jet Patch Amp.
calc.

Jet Patch Amp.

BKG

subtraction

comparison

>

Jet Primitive

calc.

PHOS Jet Primitives

>

L1 out
(EMCAL)

L1 out
(DCAL)
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L1 Trigger Rejection

Trigger Performance

™ In operation since 2015 Pb-Pb runs

™ Correlation of estimated BKG densities

> new BKG communication working

@ Threshold is decided by trigger rejection
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Jet measurement with \/sny = 5.02 TeV Pb-Pb collisions



Event

Analysis Flow

1. Event/Track Selection

= /snn=5.02 TeV, Pb-Pb

= Min. Bias trigger
(3.36M events)

= |vz|<10cm

Charged Particle
= |n|[<0.9

= p7>0.15 GeV/c
= hybrid track selection

anti-kt algorithm
R=0.2

| et < 0.7
priead > 5 GeV/c

2. Jet Reconstruction

3. Soft BKG subtraction
* subtract average BKG
event-by-event

4. Unfolding
* correct detector effects

* correct BKG fluctuation

Average Background Density
= k7 algorithm

m median calculation

= SVD unfolding method
= input response of detector
effects and BKG fluctuation

5. Inclusive Jet spectrum
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Track Selection

@ Hybrid Tracks = Global + Complementary Tracks @ Tracking Efficiency
> Global Tracks > HIJING+GEANT simulation
* ITS+TPC with track matching > smaller in the most central

* large inefficient region in SPD (inner-most ITS layer) collisions due to large multiplicity

dNrec,matched <|n| < 09) /dp%\en
dNE ([n] < 0.8) /dpE™

* -> non-uniformity of track distribution in n¢g e (pE") =

> Complementary Tracks
* without SPD hits

this thesis

> 12 I T TTT I| I I T TTTT | I I I
(@) L i
* primary vertex constraint to improve tracking pr T ALICE Pb-Pb |s,,, = 5.02 TeV
. o -
resolution = i
this thesis ch» - -
.&200 _I T T°T | T 17T | T T T | T T T | T 17T | T 1T 17T | H -E = -
S ALICE Pb-Pb |s,, = 5.02 TeV - X
g\ 180 [~ ] ® 0.8
§Z - ——— Hybrid Tracks . -
5 1601 — Global Tracks E
S, 140 —— Complementary Tracks | 06
T 120k TS : ——PYTHIA (pp) |1
o Ty [ HIJING (PbPb) ]
100 — ] 0 - 0-10% _
80 - [ —=10-30 % 1
C ] i —— 30 -50 % |
60:_ E 0.2 b % 50-90 % |
40~ - i |
20 ;_ ALW—}LJ\JL—‘ HJW\A _; O i | I | | | I I I | | | | ]
O ey | I [ ! L] 1 10
0 1 2 3 4 5 6 track
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Challenge in Heavy-lon Collisions

@ Large background contribution to jet energy
> dNcn/dn ~ 1300 ( 0-10% centrality )

™ Average Background Density : p

> kTt clusters excluding two leading clusters

p = median PL.:
A;
/6250IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
> event-by-event calculation > ALICE Pb-Pb, |s,, =5.02 TeV ;I
Q] N
> p ~145 GeV/c for 0-10% = 200 > 0-15 GeVic = 10°

> (~18 GeV/c for R=0.2 jets )

10°

M Combinatorial Jets Removal

10°

> random combination of BKG particles

> minimum leading constituent p7'®2@ > 5 GeV/cis 5o
required

10

0 10 20 30 40 50 60 70 80 90

centrality (%)

23 Hiroki Yokoyama : PhD defence (29/03/2018)




Soft Background Subtraction

I Average background is
subtracted from jet momentum > up to 35 GeV/c for pr'ead > 5 GeV/c ( 0-10% )

rec

pT,jet — pT,jet

raw

—p Ajet

™ Leading track pr bias

> smaller in peripheral
* softer fragmentation in central collisions

* and/or larger combinatorial Jet

35GeV/c I 20GeV/c this thesis
A10211I|lll|ll|lll|ll'||ll]"' lllllll IIIIIIIIIIIIIIIIIII
> .
T 0-10 % 50-90 %
) og O
V‘O-J' 1 OD & o Inclusive ALIQE Pb-Pb \s,,, = 5.02 TeV ‘-
o § . o = p_lread > 2 GeV/e oo Charged Jets
= 10_1 . N o —— p_ll'ead > 5 GeV/c 8 Antl'kT R=0.2 15
~~ - '-i} .
a— - @ I I 0.7 1
;310-2_50 #Q | - pe>10 GeVic - ot <57
< 8
©
3
Z
~
o 4F
= -
(,) -
= UVF
= :
£ °F
B g of
R e . gee |
% 20 0 20 40 60 80 100 120 O 20 40 60 80 100 1z
P GOV P GEVIO
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Underlying Event Fluctuation

* Background fluctuation : opr * Opr1 width ( magnitude of fluctuation )
* from region to region around average * ~5GeV/c (0-10% )
background

* smaller in peripheral
* Random Cone method

* (exclude leading jet neighbour : Ar > 1.0)
RC

102 -
> ;
S — —e— Random Cone —e— o=1.1 |
‘é’ 10 —=— RC (w/o lead. jet) —=— 0=0.9 L
) —&— RC randomized ng —6— 0=1.0
Q 1 .
2 - o .
= 101 Centrality: 0-10 % . Centrality: 50-90 % ]
© i
_8 ﬁt &) ]
= 1072 ALICE Pb-Pb 3
o ) -
10-2 . (S =5.02TeV 1
8 p. >0.15GeVic 1}
(o T,track ’
10-4 85. R=0.2,15_1<0.7 1
-5 DO. N
10 g’ ®0, 0%
10_6 IIIQIIIIIIIllIIIlllllllllllIllOlI&’l’l’lll IIllllIllIIlIIIlllIllﬂal.allllllllllllllll.
-30-20-10 0 10 20 30 40 50 630-20-10 O 10 20 30 40 50 &

& p_ (GeVic) o p_(GeVic)
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1§IIIIIII!III!III!III|III|III|III|III|III§
—6— Generated

10T i
°E .|~ Unfolded E

yield [a.u.]

Unfolding

102 ............ ............ ............. ............ ............ ............ ............. ........ =

& Measured jet spectrum is distorted by E@ ............ ............ ............ ............ ............ ,,,,,,,, §
» Detector effect ( tracking efficiency and pr resolution ) - N T T W W W W

» Background fluctuations
» = Unfold measured spectrum to get true spectrum

Unfolded/Generated

08)==36""20 60 80 700 7120 140 7160 180 200
gen V/
pT,jet [Ge C]

Background Fluctuations Detector Effects

M,, = - D D, = i
/ d\ /d @ t\

: spectrum corrected : “unknown” true
RMgiven by 0 Bk fluctuation . .M given by

Spr distribution Detector Simulation  Jet spectrum

Measured
jet spectrum

Inverted Response matrix gives “TRUE” jet spectrum via
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Charged Jet Cross Section

this thesis
I | | I I I I | 1 | I I | I | I | | I I I I | . . .
< = — tematic Uncertainti
> 195 ALICEPb-Pb (5y,=5.02Tev PP 5 © Systematic Uncertainties
O - —#- 2015 pp data - > Unfolding Procedure (shape unc.)
P 1L shape uncertainty —— POWHEG | o
£ = correlated uncertainty Pb+Pb E > 6pT distribution
‘§b §}_10_1 :_ === <Ne>/<Tpa>uncertainty o .40, _: (correlated unc.)
) S == _g —#-10-30 % - » UE density due to elliptic flow
N —4— 30-50 % _
10-2L- cxoce=ge v 50-90 % a (correlated unc.)
- - » Tracking efficiency and resolution
107 B - (correlated unc.)
107 E
g5l AntikrR=02 THE .
= charged jets - =
. :_ Injetl <0.7 _:
= p'Tead >5 GeV/c s
B | | | I | | | | | | | | ] | | | ] | I | | ] | 5
0 20 40 60 80 100 120
P T.ch jet (GGV/C%
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Jet Suppression

™ Nuclear modification factor : Raa 1 d20'AA / dedn

Ncoll> d2 O—pp/de d77

> Raa>1 : enhancement of jet yield Raa = ;
> Raa< 1 :suppression

I Strong jet suppression is observed in the most central collisions

» smaller in peripheral (= closer to pp)
> (POWHEG : NLO pQCD calculation with MC)

this thesis
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m L . - - B
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- —+— POWHEG simulation ] 1 1 —+—
L]

O B s I e B o N 1 -
i ] 1 — 4 - l! L 4 ]
05 ‘ E 3 e z=

] T ALICE Pb+Pb (s, = 5.02 T

Anti-k; R=0.2 charged jets
d
Inl<07 pre>5 GeVle

| shape uncertainty
correlated uncertainty
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OB VUL L B L B B B

= = L %: A\ ‘ - )
Simplified Energy Loss Model (1) ¢ .. PYTHATL
= F - Pb+Pb 0-10% -
NZUE . i
. . . £ | 2x=\_|Raa:const.|]
@ Assumption : fractional jet disappearance : -IZZ i N l
aE L |

> Raa IS constant

» = same shape with pp except yield reduction F g :
> spectrum fitting with one free parameter 0 s 0 e 809'0\10“0 ‘

(GeV/c)

Tch et

> %2 = 4.3E-1 (0-10%)

this thesis
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0.4}mmssmmmm: g § ek mn s " " " " " : : :
i @ g 1 1 1 Anti-k; R=0.2 charged jets

Inl<07 pre>5 GeVle

] i t ti lrt il Il

shape uncertainty
[ ] correlated uncertainty
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. Y L BLALELELE BLELELELE BLELELECE BLELELELE B
[ ] ] ] >
Simplified Energy Loss Model (2) ¢ .. —PYHAR |
13 F —%- Pb+Pb 0-10% 1
= - -
2% 5
. . s | Apt/pt : const]
@ Assumption : fractional energy loss : -Iz; "
-5t |
» Aptis proportional to pr
10°— -
> = same shape with pp except pr shift F S \ i
> spectrum fitting with one free parameter R - R T
Tch t(GeV/c)
> %2 = 5.8E-1 (0-10%)
this thesis
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Simplified Energy Loss Model (3)

@ Assumption : constant energy loss

> Aptis constant ( NO prdependence)

» = same shape with pp except pT shift

> spectrum fitting with one free parameter

e ] T T I T T I T T I T T T I T T T I T T I T
S \

3 _ \ — PYTHIA fit
iﬁ_“’ ; = Pb+Pb 0-10%

Zua B N n

65 I N . .
< == \ |ApT: const. ||

- N -

-E r i

l[lllll

@ Raa distribution well described ( up to ~90 GeV/c)

> %2 = 4.1E-2 (0-10%)

this thesis

1.2

[ —=—pp: 2015 data
- —— pp : POWHEG

0.2

10 - 30 %

30 - 50 %

50 - 90 %

ALICE Pb+Pb |s, =5.02

Anti-k; R=0.2 charged jets
d
Inl<07 pre>5 GeVle

shape uncertainty
[ ] correlated uncertainty
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Energy Loss v.s. Path Length

@ Parton path length is estimated by Toy Model
> average path length in transverse overlapped area

@ Energy loss increases with parton path length

» ~10 GeV/c at most central collisions ( for R=0.2 charged jets )

> quadratic function fit gives better agreement than linear fit

> not ruled out collisional energy loss due to large uncertainty

this thesis

T 1171
o

[ [] correlated uncertainty

ALICE Pb+Pb \s,,, = 5.02 TeV
Anti-k; R=0.2 charged jets
In_| <0.7 pf*>5 GeVic

shape uncertainty

f(L) = 1.6*(L+1.0) E

x% = 3.17e-01 ]

parton path length: <L> (fm)

1 2 3 - 5 6

this thesis

’620 ---- LR BLELE AL BLUELELEL BLELELEL BLELEL
S 18F ALICE Pb+Pb ﬁ =5.02 TeV _:
& 165 Anti-k; R=0.2 charged jets ]
s F In <07 p">5GeVic :
= 14 ’
% - shape uncertainty .
12:_ [ ] correlated uncertainty ]
10 o

8- 7 .

of A :

41 f(L) = 0.3*(L+0.4)%42.7

2F ¥? = 6.04e-04 =

O:I L Ll l Ll L l Il Ll l Ll L l Ll Lk l Ll Ll ]
0 1 2 3 4 5 6

parton path length: <L> (fm)
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Centre-of-mass energy dependence

0 chh/dr] e ng/dr]

» charged multiplicity density per unit transverse area

@ larger energy loss in LHC than RHIC

> due to higher gluon density in QGP

jet direction

e

Path Length : L

overlapped area : At

ap.. . (GeVic)

—
H

this thesis

N
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L]
=
o
o
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3 o

}b—

N A OO @
|

L] L] L] l L]

LB ] S=

0-10 %

I L] L] L] L]
5.02 TeV, ch.jet (ALICE)

- [ ® ] {5..=2.76 TeV, ch.jet (ALICE)
- [ % ] /s, =200 GeV, full.jet (STAR)

Anti-k R=0.2

g

L l 1 L L

Ool T

15 20 25

1/A; AN /an
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Summary

¥ Jet Quenching

> parton energy loss in QGP
> jet is great probe to assess QGP properties
@ ALICE EMCAL Trigger Upgrade during LS1

> L1-photon/Jet triggers production by STU
> New detector, New triggering algorithm
» In operation since first Pb-Pb runs in RUN2

o Inclusive Jet Measurement in \/snn = 5.02 TeV Pb-Pb collisions

> strong jet suppression is observed in the most central collision
» constant energy loss model well describes observed Raa
> jet energy loss increases with parton's path length

> larger in LHC energy than RHIC due to higher gluon density
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Q&A

@ 18 GeV/c for R=0.2 DIEH#L, =k ?

™ Delta pT D23 THHYU A3 TIIBRWRICDWT, pure ik thermal 719 2R F%
eta, phi CHE-EIGE. HIVADHMICIEZDZH?

o “excluding leading jet neighbor” & 3 %A, sub leading DHF S IFEFATEZZD
M7

@ Flow Bias +- 4 GeV/c (& rho X LTH?
» Delta_pT, jet vs. L [CDWT. radiative 7&M A, collisional 2D H . FEiwL TALL LY

> Delta_pT, jet D sqrt(s) IKFIE. $FiC RHIC & DB, 1##H dN/deta (~gluon deisty,
energy density)lc UTcIZEDEFOHIMATAL L\, energy loss A radiative 75D H
E D EMo

™ single track efficiency (centrality, pT {&KF4E)Z/RULTAL LY

> BXICDOWT : JAY b &ERXTOfERZ RO DIFTENTARL L

> (1), (2) @ Simplify energy loss model ICINZT. Yield hN&5AME (1) OEFTILE
ANT, ZENTRT—IZHHATERVWI EZRLTERUL,
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Assurance of tracking quality

B single track efficiency
> HIJING+GEANT simulation

> tracking inefficiency due to high multiplicity is less than few % down to

~0.3 GeV/c
> bit larger at lower pr

this thesis

- 1.2 T T T T T T T | —
8 o
2 ALICE Pb-Pb |s, =5.02 TeV ]
m 1 OO TSSOSO SUU PPN SRPUPTRROOt —
(@)]
C
.~
8 0.8 <>—<>-<>;§Lm ......... ]
I_ A4 A =4
LB b ]
- —— PYTHIA (pp) 1
[ HIJING (PbPb) ]
0 —— 0-10% -
B —=-10-30 % 7]
I —%-30-50 % |
02 e —— 50 -90 % -

O IIIIIII| | IIIIIII| | (-

1 10
ptrack (GeV/c)

T,gen
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Effect from sub-leading jet to 6pT evaluation

@ The nominal selection of RC is “RC excluding leading jet neighbor”

> NOT usual to catch back-to-back jets in detector acceptance

> due to the limitation of | Ntrack | < 0.9
g “RC away from sub leading”
» =-> variation of systematic uncertainty
> ~5% at low jet pr
™ 3rd leading jets are much rare
> NOT included as systematic variation

» RC selection with too many jet excluded,
results in too much bias

ratio

1072

T

1073

/N dN*Ydp

107*

107°

0.7 E ]
30 40 50 60 70 80 90 100 110 120

this thesis

—o— RC w/o lead.Jet (A r>1.0)
(Nominal)

—o— RC w/o lead.Jet (A r>0.5)

—#— RC w/o lead.Jet (A r>1.5)

—— RC w/o 2 lead.Jet (A r>1.0)

—o—

——
——

&

p ft (GeV/c)
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S/B energy ratio in reconstructed jet

® p(0-10%) = 145 GeV/c for R=0.2 jets.

> average underlying event energy for R=0.2 jet is ~18 GeV/c in 0-10%

* p(0-10%) * mR? =18 GeV/c
> S/B = ~1.7 for 30 GeV/c jet
» S/B = ~2.7 for 50 GeV/c jet
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How to determine Flow Bias

™ kt cluster selection on median calculation

» according to direction of event leading track

> event leading track pr > 5 GeV/c

> -> effect of particles fragment outside of jet

» -> effect of elliptic flow (leading track tends to be found in-plane)
™ The bias for p calculation : 4 GeV/c

» +4 (GeV/c) * nR? = £0.5 GeV/c, for RC with R=0.2

> §pr distribution shift of £0.5 GeV/c as variation

this thesis
'6' 5 [T T 177 | T T T°T | T T 17T | T T 17T | T T 17T | T T 1]
S L :
KT clus. _ ¢plead. o 4Ar =
P P S Ee . |
—_ 3F —e— —
o e .
o 2fF —A—— A —o— —
5 e A o ]
S Ay, ]
1 _A—:
- v— v —V—VY—
- —V— w_ _
leading track S e E
In event -2F —e— Near Side  —
e —— Away Side -
45 —— Perpendicular -
_5 : | I | | I I | L1 1 | | L1 1 | | | I | [
0 10 20 30 40 50 60

Centrality
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opr distribution for thermal track pr distribution

@ asymmetry shape of dpr distribution even in np-randomised track

> when track pr distribution follows pure thermal distribution, does it
becomes gaussian?

@ Generate N=2350 (assuming 0-10%), n®-randomised tracks according to
charged track spectrum fit at low-pr.

> -> asymmetry 6pr distribution

3: 105§ L L] L l L L] L] ! L] L L] ? L] L] L l L
© F : : <N> = 2347 :
- R=0.2, k; algorithm 7
10°E E
g1025 LI B L L - 3

3 ALICE Pb-Pb |[s,,=5.02 TeV i
] 0-10 % - 10°k =
10f- <N> = 2347 3 - ;
10°F" E
1 - - 5
10 E
10 3 : ]
= _ L | . )
-"“_ - 1 1 1 1 1 | | 1 | 1 1 1 l 1 1 1 :
'l L l l_"! —_— —

1025 5 y 5 5 N 40 20 0 20 40 60
P (GeVic) i‘;pT (GeV/c)
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opr distribution for thermal track pr distribution

M asymmetry shape of 6pr distribution even in ng-randomised track

» when track pr distribution follows pure thermal distribution, does it
becomes gaussian?

™ Generate N=2350 (assuming 0-10%), n®-randomised tracks according to
charged track spectrum fit at low-pr.

> -> asymmetry 6pr distribution e
E N> = 2347 —— p  :y¥ndf=1.70
o | R=0.2, k; algorithm pRC : y2indf = 2.60
10°E
10°E g
<N> = 2347 [~ g

R=0.2, k; algorithm 1
0 180 190 200 210 220 230 240 250 260 270

180 190 200 210 220 230 240 250 260 270
p (GeVic) p (GeV/c)
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Average underlying event stability (1)

M number of excluded kr clusters for median calculation

> 0 (no exclusion) to 4, R=0.2
» < 1% for 0-10%, 10-30% and 30-50%

* Ap < 1.5 GeV/c ( A(priR?) < 180MeV/c)
> < 3% for 50-90%

* Ap <110 MeV/c ( A(prtR?) < 20MeV/c)

— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — 1 .5 | 1 1 ] 1 1 1 1 |
L 220 :_ | | | +I 0-10 % l;b-Pb _: Chl - | | —— 0-10 % l;b-Pb .
% - ALICE Pb-Pb s, = 5.02 TeV ° . C 14 ALICE Pb-Pb \s., =5.02 TeV ° =
(¢ 200~ —&— 10-30 % Pb-Pb ] k=Y . _ —4— 10-30 % Pb-Pb 1
- -k, R=0.2 . = - k;algorithm =
Q. 180 — ¥— 30-50 % Pb-Pb —] %- 1.3 :_ —¥— 30-50 % Pb-Pb —:
160 - In, J<07 50-90 % Pb-Pb - = In, J<09-R 50-90 % Pb-Pb 1
SH— = = o o - - .
1401— ] 1.1 —
120~ = —_——— . - =
100 - - -
~ . 0.9— —
80— N e i - — . 3
[~ 7 0.8— —
60— ] - ]
sof- = 0-7E E
20f- = 0.6/ =
_l 1 ¥ 1 1 1 1 ¥ 1 1 1 1 ¥ 1 1 1 1 ¥ 1 1 1 1 ¥ 1 1 1 1 : : I l 1 1 1 I 1 :

0 0 1 2 3 4 5 0-5 0 2 4
number of excluded k; clusters number of excluded k; clusters
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Average underlying event stability (2)

™ resolution parameter of kt algorithm

» from R=0.2 to 0.5 (hnumber of excluded clusters : 2)

> < 2% for 0-10%, 10-30% and 30-50%
* Ap < 3 GeV/c ( A(prtR?) < 370MeV/c)
» < 30% for 50-90%
* Ap <110 MeV/c ( A(pTtR?) < 140MeV/c)

’\6\ 220 :_ ] | 1 1 1 ] I | 1 1 1 I ] IO-1I 0 Io/ IPbI-PIb | I_: &.\
% - ALICE Pb-Pb m =5.02 TeV = ° . ?
0] 200 ' —&— 10-30 % Pb-Pb ] oc
—~ - kyalgorithm . =
Q. 180 —%— 30-50 % Pb-Pb  — =
160 f_ e < 0-9-R —¥— 50-90 % Pb-Pb _f %_

~ - i I ]

140— " —]

120} -

100 -

80— & - " A =

60— —

40— —

20— —

- 1 ﬁﬁ 11 _‘Tl_ P11 _\T‘_ 11 _\T‘_ " | .

8.1 0.2 0.3 0.4 0.5 0.6

resolution parameter R

1.8

1.6

1.4

1.2
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0.6

o

B 1 I 1 1 1 1 I 1 ] 1 1 I 1 1 1 1 | 1 1 1 1 |
" ALICE Pb-Pb |5, =5.02Tev — ™ 0-10%Pb-Pb -
— _ —&— 10-30 % Pb-Pb  —
- k;algorithm 7
- —%— 30-50 % Pb-Pb
— I, <0-9-R —¥— 50-90% Pb-Pb
i T T i
i 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
R 0.2 0.3 0.4 0.5 0.6

resolution parameter R
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Spectra and turnon curves for the Gamma triggers
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Centrality dependence of the Gamma triggers visible
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Spectra and turnon curves for the jet trigger
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Influence of dijets

* Dijets in acceptance could bias background estimate
e Scanning bias as function of dijet kinematics

Figure shows influence of dijets as

function of p; of leading patch (proxy for ¢ 1501 =TT 30 0
jet) in EMCal and DCal < b Ereor (GeV) mult:1800 1 &

140~ -e-0-10 --20-30 28 <
NS: near-side. In this figure EMCal - -o-40-50 -o-60-70 :
AS: away-side. In this figure DCal 130 - —126
p"s: background estimate for EMCal 120 - 24
patches estimated from patches in DCal - I I

110 - 22
Axp"°: subtracted energy - Z

100 L__1— — 20
Black points: no hard jet at away-side - ’
All other colors: more or less balanced oY} ) T N E N S B
dijets in acceptance 0 20 40 60 80 100

Epatch,NS

T,corr

Dijet bias ~2 GeV for 32x32 patch (A~0.23).

Unbiased (di)jet sample can be selected by requiring the trigger jet to be a few GeV larger
than the trigger threshold.

Larger bias If jets are quenched?

Marta Verwelij ALICE Physics Week 34
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Expected Trigger Performance

Trigger efficiency
BKG density subtraction
turn on steeply

Rejection factor
BKG density subtraction
larger rejection power

trigger efficiency

rejection

DCAL-BKG-density subtraction
from EMCAL jet patch

-
no

LHC11h data,
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Trigger System of ALICE Calorimeters

fastOR amp
(analog)

LO_local
fastOR amp

PHOS_LO
PHOS_L1_photon_low
PHOS_L1_photon

PHOS

STU

"28TRUs subregion data
DCAL_LO
DCAL+PHOS_L1_Jet_low
LO_local DCAL+PHOS_L1_Jet
fastOR amp fastOR amp DCAL_L1_photon_low

(analog) DCAL_L1_photon

"14TRUs background density
EMCAL_LO
EMCAL_L1 Jet low
fastOR amp LO_local EMCAL_L1_Jet

EMCAL_L1_photon_low

(analog)
EMCAL_L1_photon

fastOR amp

*32TRUs
Analog sum digitise fastOR Amp L1 photon/Jet
inside 1fastOR L0 trigger calculation Trigger calculation
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L1 Trigger Efficiency

L1-Jet/photon trigger efficiency

1.4 T > 1.4
" ALICE Pb-Pb Sy = 5.02 TeV § ALICE Pb-Pb |5, = 5.02 TeV
1.2~ L1-Jet Trigger, 16x16 patch - ‘s 1.2~ L1-Photon Trigger, 2x2 patch
LHC150 run245793 ﬁ LHC150 run245793
11 o = s 1 ﬁ
&t >
0.8 O + - = 0.8
0.6 & - - osl
© 4
04 - —=- EMCAL L1J High — 0.4 ' -=- EMCAL L1G Low
o> ) —e— EMCAL L1J low ¥ —e— EMCAL L1G High
0.2} - ’* —&- DCAL L1J High — 0.2} g —~&- DCAL L1G Low
& M —»— DCAL L1J low —+— DCAL L1G High
o—-—-—-—-—w-'----'----"'-- ol eyl
-10 0 10 20 30 40 50 0 5 10 15 20
Jet Trigger Patch Energy (GeV) Photon Trigger Patch Energy (GeV)
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Jet Reconstruction Algorithm

B FastJet anti-kr algorithm ( p=-1, p=1 for kr algorithm)
» calculate dj and dig by all particles combination
* when minimum “d” among them is part of dj
* merge particle “i” and “j”
* when minimum “d” among them is part of dis
* that cluster defined as jet
> repeat until no particle are left

2

d;; = min(k; p, L2p) R2 :

2p

AY = (yi — y3)° + (¢ — 65)°
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Jet Reconstruction

@ Combine/classify particles into clusters sequentially
> based on pTt weighted distance
» ( correspondence between parton level and detector level ).
™ Anti-kT algorithm
» start clustering from high-pt particles = Signal Jet in Heavy lon collisions

» Circular and centred around harder energy deposit ( with radius ~R)

™ k1 algorithm
» start clustering from low-pT particles = Estimation of Soft BKG

anti'kT - __antik,RET |

y
JHEP 04 (2008) 063
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Unfolding
Mbackground RM

> created by 6pr distribution
(w/o lead. jet)

M detector RM
> given by PYTHIA

» track reduction according to tracking
inefficiency in Pb-Pb collisions

this thesis this thesis

200 [re———r

S 200 0.5 S
2 180 0.45 > 180 ALICE Pb-Pb |s,
S 160 04 S ] r Anti-k; R=0.2, Ch
5 ' 51900 In, 1 <0.7, P> 5 '
Cq,2~140 — § 2140~ Centrality: 0-10 % 0.35
Q -
120 120 F
100 !0.25 100 F
80 0.2 80 F .
this thesis -
60 0'15 6\ 200 _l TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT 1079 60 -
Q) -
40 0.1 > js0b ALICE Pb-Pb |5, = 5.02 TeV 10 40 .
20 0.05 S 160k Anti-k; R=0.2, Charged Jets  § 1o 20 _
0 Il L1 - O i : Injet|<0.7,pl-l?ad>5GeV/c : 10_12 O \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 0
0 20 40 60 80 100 120 140 160 180 200 é =140 :— Centrality: 0-10 % —: 1079 30 40 50 60 70 80 90 100 110 120
rec Q = — rec
p T,ch,jet (GeVre) - . 14 P T,ch,jet (GeVre)

0 (o
oo e S v unfold spectrum with combined RM

T,ch,jet

FJet finding efficiency
> given by PYTHIA
> same track reduction and pr'¢29 selection with detector RM.
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Jet Energy Resolution

* Jet energy resolution is derived by the Response Matrixes
* Effect from Underlying Event Fluctuation
* dominant in lower jet pT
* Detector Effect
* dominant at higher jet pT
this thesis this thesis
ORI (= I L B ) BN . I I L B ) BN
; Z 0ok ALICE Pb-Pb |'s,, = 5.02 TeV- ; g ALICE Pb-Pb |'s,, = 5.02 Te\-
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Jet Yield [a.u.]
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Systematic Uncertainty

™ Unfolding Procedure (shape unc.)

1. unfolded pr range

2. measured prt range
3. Unfolding method (SVD)

» Bayesian unfolding

4. Regularisation parameter

5. Generator selection

& OpT distribution
(correlated unc.)

6. RC selection (without lead. jet Ar < 1.0)
» Ar<0.5and 1.5

» apart from 1st and 2nd lead. jets

™ UE density due to elliptic flow
(correlated unc.)

7.Flow Bias

> + 4 GeV/c for background density

™ Tracking efficiency and resolution
(correlated unc.)

8. Tracking Efficiency

» + 4% from nominal value

9. Tracking Efficiency

> + 20% from nominal value

PT.ch jet 50-60GeV/e
pr range unfolded +1.0
pr range measured +1.2
Unfolding method +4.4
Regularisation +2.4
Generator /Prior +5.7
Total shape uncertainty +7.7
Spr by
Flow bias sz
Tracking efficiency +6.8
Tracking resolution +3.4
Total correlated uncertainty by
0-10 % centrality
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<Ncon> scaled Charged Jet Cross Section

this thesis
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pp Inclusive Jet Cross Section

@Jet cross section at /s = 5.02 TeV pp collisions in 2015

> POWHEG NLO calculations well describes measured spectrum within
systematic uncertainties
Ritsuya Hosokawa

@ Dataset ?10_""_'
»Js = 5.02 TeV, pp collisions St —#— ALICE -
E 1o+ e PiTHiAS (Penigie20tt).
= ~ = erugla- 3
> MB triggered events ( 25.5M events ) L E@E@  PYTHIAS (Monash-2013) -
. S .
@ Charged track selection I 2 N
o 107E s ALICE Preliminary =
© - -
> n]<0.9, priak > 0.15 GeV/c : :
@Jet reconstruction 10t PPIs=502TeV g E
- anti-k;, R=0.2 =
» anti-kt jet reconstruction algorithm "~ <07 — .
S jet ”“Q =
B R _ O 2 ° E p:aCk‘Ch>0.15 GeV/c ;
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©)
@Unfolding =
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Comparison with Charged Particle (Jsnn = 2.76 TeV)

@ Energy scale is different

> momentum fraction of leading track : ~0.5 (in pp collisions)
@ Roughly consistent with jet RAA

> after energy scaling

this thesis
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Comparison with Jsnn = 2.76 TeV

& ALICE, Pb+Pb /snn = 2.76 TeV, R=0.2 charged jet
> pp reference : PYTHIA MC

™ Equivalent Raa
> hotter/denser medium = stronger jet suppression = smaller Raa

> harder collision = flatter jet spectrum = larger Raa

this thesis
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ATLAS jet RAA : 5.02 TeV vs. 2.76 TeV

u::E "l ATLAS Prelimi | | | | 1) 1o|/
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Comparison to ATLAS jet RAA
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ALICE ch. particle RAA : 5.02 TeV vs. 2.76 TeV
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RAA : cone size dependence @ CMS

2 - T T T T | ] | | E: | T 1 T T I I I 1 1 I 1 1 1 1 | 1 1 T 1 I I:: | 1 1 1 1 | 1 1 1 1 I 1 1 I I | 1 1 1 1 | I:
\ob (2 E3) i@ E

“E CMS Preliminary ® R=0.2 I Bayesian PbPb\/s,, =2.76 TeVi ]
16 _ 0 T =

- 70-90% ~*-R=03 E 50-70% j Ldt=120ub” T 30-50% E
14E ~+R=04 + : :
é 12 :_ i . ]

o 15.. ..... # ] (- (RS | )RR IPURPUNUINIU | R P ——
e S T e
06F f Toteaat™y E
04F I + -
0.2F Anti-k; Particle Flow Jets s T =
o T B B ;: Lvovovo v by v v by vy by ooy ;: TR BT B SR A A
0 100 150 200 250 300 100 150 200 250 300 100 150 200 250 300

Jet P, (GeV/c) Jet P, (GeV/c) Jet P, (GeV/c)

2 : | T T | T T T T ] T T T T | T T T T | f: I 1 1 1 1 I I I I 1 I 1 1 1 1 | 1 T T 1 I f: I 1 1 1 1 I 1 1 T 1 I 1 1 I I I 1 1 1 1 I E
18F (@ Uncertainties F @ F ® =
168 Iml<2 TAA + Lumi =3 E3 E
14F 10-30% —— Uncorr statistical x 5-10% + 0- 5% .

s 1.2F Total systematics — + =
m 1 5— --------------------------- __- --------------------------- -5- --------------------------- 1
© - T T ]
= 08F * - T =

06F gadat®®s . . = ‘t——:— . —t——:
04k 258 E3 P See I Terdasatty o E
02k i :

0 o T T B ;: Lvovovov by vy v by ooy oy by oy ;: T B T B B

100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
Jet P, (GeV/c) Jet P, (GeV/c) Jetp_ (GeVrc)

Figure 7: Jet Raa in different effective cone sizes for anti-kt jets using the Bayesian unfolding
method for the given centrality bins. The vertical lines indicate uncorrelated statistical uncer-
tainty, and the wide band the systematic uncertainty for Bayesian unfolding R=0.3. The green
box above 300 GeV/c represents the overall combined uncertainty from Th o and luminosities.
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