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ATLAS J€ts in pp, p+Pb, Pb+Pb
EXPERIMENT C0|IISIOnS

In heavy-ion collisions the strongly interacting deconfined matter (Quark-Gluon
plasma - QGP) is created

The main motivation is to understand better the modification of jet properties:
a parton with high momentum is traversing the hot and dense medium and looses
its energy by radiating gluons = jet quenching

To fully understand jet quenching phenomenon, in addition to jet suppression it is
necessary to measure jet fragmentation i.e. possible modifications of parton
showers through interactions in the plasma

We obtained the final result on the jet Fragmetation Funcions (FF) for Pb+Pb @
2.76 TeV and p+Pb @ 5.02 TeV with new pp @ 5.02 TeV reference and first
preliminary result for Pb+Pb @ 5.02 TeV with pp reference at corresponding
energy

Pb+Pb @ 5.02 TeV was done with large p; range
We obtained preliminary R,, @ 5.02 TeV for jets
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ATLAS Used data and MC

.« Pb+Pb @ 2.76 TeV (2011), L, = 0.15 nb-

- pp @ 2.76 TeV (2013), L, = 4 pb-

- Pb+Pb data are compared to MC, where MC PYTHIA 6 di-jet events were
embedded into real MB Pb+Pb events

« Pb+Pb @ 5.02 TeV (2015), L;,, = 0.49 nb-
- pp @ 5.02 TeV (2015), L;,, = 25 pb-
- Pb+Pb utilize POWHEG+PYTHIA8 with overlayed MinBias Pb+Pb collisions
- pp utilize PYTHIA8 with the A14 ATLAS tune and the NNPDF23LO pdfs
« p+Pb @ 5.02 TeV (2013), L, = 28 nb-
- pp @ 5.02 TeV (2015), L, = 25 pb1

- p+Pb and pp measurements utilize PYTHIA 6 (embedded into real MB
p+Pb), PYTHIA 8 and HERWIG++ samples



Jet fragmentation in Pb+Pb
@ 2.76 TeV and @ 5.02 TeV, p+Pb @ 5.02 TeV

arXiv:1702.00674 ATLAS-CONF-2017-005 ATLAS-CONF-2017-004

« Jet fragmentation functions (FF) are defined as:

1 dN, 1 dN
D(pr) = ;}; D(z) = = p.zt cos AR

- N_ Is the number of charged particles associated to a jet

» Measurement was done for R = 0.4 jets differentially in y and p_ for
Pb+Pb and differentially in p_ for p+Pb

- Jets measured using charged tracks starting at p_= 1 GeV for p+FPb @
5.02 TeV and Pb+Pb @ 2.76 TeV and p,= 4 GeV for Pb+Pb @ 5.02 TeV

 FF are background subtracted, corrected for tracking efficiency and fully
unfolded with 2D Bayesian unfolding

* The jet spectra for the normalisation were unfolded using 1D Bayesian
unfolding for both Pb+Pb FF and using bin-by-bin correction for p+Pb



ATLAS Unfolqled fragmentation
EXPERIMENT fUﬂCtIOnS pp and p+Pb

ATLAS-CONF-2017-004
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Spectra have similar shape, ratios are needed to see the modifications: ~ Rp(z) =
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p+Pb @ 5.02 TeV with new pp reference @ 5.02 TeV

 No modification of the fragmentatlon fuctlons IS observed
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Comprehensive Pb+Pb fragmentation functions

Pb+Pb and pp @ 2.76 TeV
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Spectra have similar shape, ratios are needed to see the modifications:

Pb+Pb and pp @ 5.02 TeV
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Jet fragmentation ratios Pb+PDb
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Ratios of D(z) for 4 centralities

D(z) = L dNen @ 2.76 TeV
Nier dz
arXiv:1702.00674
7 = % cos AR
P

Centrality dependence
 Enhancement at low z
e Suppression at intermediate z
 Enhancement at high z

Similar observation for D(p_)



arXiv:1702.00674

Jet fragmentation ratios Pb+PDb

Ratios of D(p.) for 2 centralities and 4 p_bins @ 2 76 Tev
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Jet p_ dependence 100 < p_*t< 398 GeV
- No significant dependence on jet p. ly| < 2.1

- Enhancement at low p_ is larger for bigger
p *tinterval in the central events
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arXiv:1702.00674

Jet fragmentation ratios Pb+PDb
Ratios of D(z) for 2 centralities and 4 p_ bins @ 2_ 76 Tev
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Jet p_ dependence 100 < p_'*'< 398 GeV
- No significant dependence on jet p_ vyl < 2.1
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Jet fragmentation — flow of particles
Pb+Pb @ 2.76 TeV arXiv:1702.00674

« To quantify the flow of particles as a function of N_ .
part

) PT, max
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Jet fragmentation — flow of particles
Pb+Pb @ 2.76 TeV arXiv:1702.00674

PT.max
- To quantify the flow of particles as a function of N__ : N = f D(p1)lcent — D(pT)|pp) dpr
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- Tells us how many extra/missing particles are present in a given p. range

* Observed a clear increase of yields of particles with low tranverse momenta as the collision's
centrality increases
- Particles with p._ > 25 GeV do not exhibit noticeable variations with centrality 13



ch

Jet fragmentation — flow of momentum
Pb+Pb @ 2.76 TeV arXiv:1702.00674
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« Tells us how much p_is carried by extra/missing particles in a given p_range
* The changes in the total transverse momentum follow the trends seen in the yields.
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Jet fragmentation ratios Pb+Pb Ot as
Ratios of D(z) for 6 centralities in one p_ bin @ 5_02 TeV EXPERIMENT
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» Suppression at intermediate z « Missing the low p_. enhancement
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Jet fragmentation ratios Pb+PDb

Ratios of D(z) for central events and 6 p_bins
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e Suppression at intermediate z
Jet p_ dependence

- No significant dependence on jet p.
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« Missing the low p_. enhancement
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$ATLAS Jet fragmentation ratios Pb+Pb

EXPERIMENT

i

T I
1 4‘_ ATLAS Preliminary b o 1<2.1
1.
N B @ 126 < p"jt < 158 GeV
A B |
II 1 2— ¢ 200 < p‘:t < 251 GeV
B = 316 < P < 398 GeV
i [
|
| Fiek
0.8
| Pb+Pb, |5, =5.02 TeV, 0.49 nb™, 0-10%
0.6
. pp,\s=5.02TeV, 25 pb"
] | |

| | | | | | | l | | |

107"

A

Z

@ 5.02 TeV

ATLAS-CONF-2017-005

Cut on p."*> 4 GeV

126 < p*' < 398 GeV

No significant
dependence on jet p.

Comparison of R, ratios of three p.** bin selections as a

function of z.
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SarLas Comparison of R,

EXPERIMENT
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Cuton p."™>1 GeV
for 2.76 TeV
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126 < p_* < 158 GeV
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ATLAS

M Inclusive jets suppression

Jet yield in heavy

ion collisions
AN = ——
<TAA> X jet Number of
cent de dy - expected jets per
event of a given
Nuclear tickness Jet cross-section centrality
fuction in pp collisions

Nuclear modification factor quantifies the magnitude of the jet
suppression which is dominantly due to final state interactions

with constituents of the medium
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EXPERIMENT

JetR,, @ 2.76 TeV
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anti-k, R = 0.4 jets

2011 Pb+Pb data, 0.14 nb™'

1.2<|y|<21
| |

400
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e A modest grow of jet R,, with
increasing jet p;

e Still significant suppression even for
60 — 80% centrality bin

e No rapidity dependence observed

Angerami, Cole,

Kosek, Spousta




MEAS Jet R, @ 2.76 TeV

< T T I | I I I
< , . ]
a4 ATLAS anti-k; R = 0.4 jets 2011 Pb+Pb data, 0.14 nb™ |
i [Syy = 2.76 TeV 2013 pp data, 4.0 pb™ |
1-4-=- |t T RRTEEe U T PP E R PRI PP —

e (Goal of the new analysis:

- Repeat measurement for new
energy @ 5.02 TeV

- Extend the measurement to
higher jet momenta

- Extend the measurement to
higher jet rapidities
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Kinematics region:

e R =04 jets with p; > 100 GeV

e Six bins in rapidity: |y|<0.3, 0.3<|
y|<0.8, 0.8<|y|<1.2, 1.2<]|y|<1.6,
1.6<|y|<2.1, 2.1<|y|<2.8, |y|<2.1,
y|<2.8

e Eight bins in centrality: 0-10% to
70-80%

e 1D Bayesian unfolding



pp cross-section uncertainty [%]

ATLAS  Systematical uncertainties

e Jet energy scale:

o Standard pp component + 5 TeV flavor a HI cross-calibration
o HI uncertainties due to jet quenching

e Jet energy resolution - standard pp a HI part

e Luminosity

e Uncertaintyon T7,,

e Unfolding — results unfolded with not weighted response matrix
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ATLAS Jet R,, @ 5.02 TeV p,-dependence

g 1o | | | | |
Qe " ATLAS Preliminary ly| <2.8 ]
anti-k;, R = 0.4 jets, VSNN = 5.02 TeV ATLAS-CONF-2017-009
T T Il— -
—— e —— W :+:| I ]
0.5 —;._—;——E.E——E-a——*———c!?——c—-—: ——————————————————————————————————————————————————————————— -
i —4-0-10%
2015 Pb+Pb data, 0.49 nb —4-30-40 Zﬁ
2015 pp data, 25 pb’ | ~+- 60 - 70| % | | | | o
0
100 200 300 400 500 600 900

e R,, measured for jets with p; 100 GeV -1 TeV in rapidity |y| < 2.8.
e The central events suppressed by factor ~ 2. For jets within 100 ~ 200 GeV
we observe a modest grow, then R,, is flat.



ATLAS  JetR,, @ 5.02 TeV and @ 2.76 TeV

I I I | | I
‘:n?":SRP[e(']"E'J”E?g —#- ATLAS, |5, = 5.02 TeV, this analysis OI};I LOZA,’I
k, R = 0.
—4— ATLAS, \s,,, = 2.76 TeV, arXiv: 1411.2357
L e e Rt =2l -
B i I + |
il e T 8 —&— § | = i e A ]
2015 Pb+Pb data, 0.49 nb™
2015 pp data, 25 pb™
0 | | | | | | | |
100 200 300 400 500 600 900
p_[GeV]
T

The magnitude of jet suppression is the same within the systematic
uncertainties for both measurement

A significant reduction of systematic uncertainties for the new measurement
mainly due to the fact than pp and Pb+Pb data were taken in the same period.



St Tot Jet R,, @ 2.76 TeV — dependence on y

RAA
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No rapidity dependence observed



?ﬁ{[!ﬁé Jet R,, @ 5.02 TeV — dependence on y
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ATLAS

EXPERIMENT

< B | | I T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T 1 I_
Q:< 1 ,4_— p, = 100-125 GeV ATLAS Preliminary —
- lyl<28 anti-k, R=0.4 jets, \/s=5.02 TeV

1.2 2015 Pb+Pb data, 0.49 nb'—

- 2015 pp data, 25 pb' 7

1_—# % ~
0.8:— % 8 —:

N 8 ’

0.6 a —

N @ ]

L (m) -
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0:I 1 1 1 | | I | | | I I | | 1 1 1 1 | L1 1 1 | 1 1 1 1 | | I I | | 1 1 | I:
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<Npart>

100 < pJet <125 GeV
lyl < 2.8

0

Jet R, @ 5.02 TeV — dependence on N,

<N_.~> = the average

number of participating
nucleons for a given
centrality interval.

Smooth decrease of R,, with
iIncreasing centrality.



ATLAS
EXPERIMENT Summary

* We have presented a measurement of fragmentation variables in Pb+Pb collisions
@ 2.76 TeV, @ 5.02 TeV, p+Pb collisiton @ 5.02 TeV and pp collisions for the
reference measurement at corresponding energy

« Pb+Pb @ 2.76 TeV and @ 5.02 TeV: - clear centrality dependence
- no observed dependence on Vs
« Pb+Pb @ 2.76 TeV — hint of rapidity dependence

- Observed a increase of yields of particles and transverse momentum as centrality
increases for particles with low tranverse momenta

« Pb+Pb @ 5.02 TeV - we observe the lack of p_ dependence

* We have presented a measurement of nuclear modification factor in Pb+Pb
collisions @ 5.02 TeV and pp collisions for the reference measurement at
corresponding energy where we observed:
 a significant suppression up to ~ 1 TeV
- rapidity dependence of R, for jets with high momentum

e a quantitative comparison with the measurement at 2.76 TeV
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Back up
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4 Inner Detector
Inl'< 2.5

i EMCaI+HCaI system
o Inl <49 .

—_—— w—
+ Minimum Bias Detectors [ Forward Calorimeters | “ /
+ High Level Trigger system 3.2<Inl<4.9




ATLAS Centalit

— Data ATLAS

‘I_> E E _'L_‘ [ I T T T T I T T T T I T T T T I T ]
o - ] ' C AT ATLAS ]
= Model I _ % [

g TEIIN Pb+Pb Sy=2.76 TeV ©, 107 .. p+Pb, |5y =502TeV, 1ub’ o
[~ C ~h“"“\--..__‘_.“-"" Lint = 200 mb’ . Ko E \ E
P___ B [, 7] 'll_u'_ - ]
3 10'E — B a3l |
pra - = o 10 E =
2 Flkela? 82 &2 | R . =z = 3
H o[ ;5565 S| S S 309 s =3 - ]
z 10°gERQQ| ¥ @ - = 2 i 7
= fEse|[8 | & S 3 z 107
107 = - .
10% k£ 5 - i
E || || ] 1 | 1 | 1 l 1 1 1 1 | 1 E 10_6 §_ | 1 1 1 f | L I L ! _§

0 1 2 3 4 0 50 200
FCal E; [TeV] V]

« Centrality express measure of everlap of two colliding nuclei

« Determined by the sum of the transverse energy deposited in the Forward
calorimeters

* |tis closely related to the average number of participant nucleons and number of
binary inelastic collisions

« Events divided into succesive percintiles of the 3 £:¢al

* In Pb+Pb collisions use sum of the transverse energy in both sides
* In p+Pb collisions use sum of the transverse energy on Pb-going side only
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Jet Fragmentation

e Energy lost by parton is transvered mainly to the soft particles (l.)
e The modification on the middle and high p_ is caused by the different

quenching of quark and gluon jets (Il. + lll.)

~ i ———rm I
& o ATLAS ; :
) C | jet i
16fe 4 Pr >100GeV >

C i -
1.4 i -
L | T :
1.2F 0 S B =
SR - TN p RN _:

X I L-_._—.- 1 :
0.8~ J, 8 i |||.';

C . B P

1 2 4 10 20 40 100

p, [GeV]



JES/JER uncertainty

JES:

. . = D1,_ T T T T T - T T ]
* Use the baseline 8 nuisance parameters from = E ATLAS Preliminary Uncertainty components E
in situ calibration £ E Ak R0 et e ncusvejots 3
e R U — oL
. ¢ 007F “=imi<h Data period =
* Additional parameters due to flavor responce & £ ==~ Quenching E
and composition and cross calibration g oosk Tﬂ?‘%‘g‘jf”g%ﬁggjgdg;ﬂf E
= : — +Pb:60-80% 3
. & 0.04& 12013 pp =
* Two addition parameters for Pb+Pb due to the &  E 3

difference in the data taking period and 0.02F
detector responce to guenched jets P e s
0| i RPPRRRFRRIRP g
ok : T —_—

. 30 40 50 60 107 2x10°  3x10°

JER: P, [GeV]

« Standart centrality-independent JER uncertainties

« Additional centrality dependent uncertaitny for possible disagreement between fluctuations
term in JES in the MC independent analysis of fluctuations in data

* This is very small because MC sample is data everlay
34



?ATLAS Tracking reconstruction

EXPERIMENT

arXiv:1702.00674 ATLAS-CONF-2017-004

> 1.2r : : > 1.1 s S A L S ]
o | ATLAS Simulation Q ~ ATLAS Simulation Preliminary -
:g 1.1-_'."SNN=2-76T9V el pm s P M D10% _g na p+Pb \s=5.02 TeV E
= CPYTHIA = - ]
L il < 0.3 —e— Pb + Pb MC 60-80% T - -
1__ —=— pp MC (®)) 09__ -
[ l = » e X =
0.9;._____-_,__1——4——H—I—.—J——"'__r___l -+ g 0-8 —————— ;
T = 072 p+Pb @ 5.02 TeV E
— | L g —— 25 <" <-2.0 .
TR 0.6 = -2.0<n™"<-1.0 B
0.6_ 0_5f_ —4-1.0<n™"<1.0 .
Pb+Pb @ 2.76 TeV N l0<n<20 ]

O'51 > 5710 20 50 100 1 10 107
2art|c|e [G V] pEIEUth [GeV]

« Tracks with deffirent p; are used :
p: > 1 GeV for Pb+Pb @ 2.76 TeV and p+Pb @ 5.02 TeV
p; > 4 GeV for Pb+Pb @ 5.02 TeV
« Tracking efficiency is parametrized as a function of track p; and track n = ;¢



Comparison of pp results to different
theoretical calculation

theory / data

theory / data

Significant dn‘ferences between theory and data ATLAS-CONF-2017-004

pp @ 5.02 TeV
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Comparison of pp results to different
theoretical calculation

simulation / data

simulation / data

pp @ 5.02 TeV

 Significant differences between MC models  ATLAS-CONE-2017-004
* PYTHIAS descrlbes the data | n the best way
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Jet fragmentation ratios Pb+Pb $ATLAS

EXPERIMENT
Ratios of D(p.) for 4 centralities in 4 p_bins

Inclusive pJ**  low p_ - high p* @ 2.76 TEV
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Jet fragmentation ratios Pb+Pb $ATLAS

EXPERIMENT

Ratios of D(p.) for 4 centralities in 4 pseudorapidity bins

|n|<2.1 less forward - more forward @ 2.76 Tev
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Jet fragmentation Pb+Pb @ 2.76 TeV
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Jet fragmentation Pb+Pb @ 2.76 TeV
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arXiv:1702.00674

Jet fragmentation ratios Pb+PDb

Ratios of D(p.) for 2 centralities and 4 pseudorapidity bins @ 2. 76 Tev
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as suggested in ArXiv:1504.05169
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Jet fragmentation ratios Pb+Pb  ©arias

Ratios of D(z) for 6 centralities and 6 p_ bins EXPERIMENT
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N ey anass i yryey vewaamsnmenas: Ly reg s Tana ey Centrality dependence
N TF126¢ p™< 158 GeV, 0-10% 1 [158< p <200 GeV,0-10% 200 < p ¥ <251 GeV,0-10% .
o€ 1af = - Enhancement at high p_

: . g - e Suppression at
; low p _

jet Pb+Pb, y5,,, = 5.02 TeV, 0.49 nb” |nterm6d Ia.te pT

0.6 T - bpp.V5=502TeV,25pb" 1r
10" 1 107 ! 10 1
z Z ud
1 afatLas Tivemal i J21 1 paTLAs hemal volt | LATLAS Intemal SPIR b Jet P dependence
I a5t pricst6Gey, 0-10% ] [316< pic3s8Gev,0-10% 388 < p 7' <501GoV,0-10% ! : A
E _ - ok o No significant
i .
91 P+~ dependence on jet P,

1 [ Pb+Pb, ys5,,=5.02TeV,0.49nb"
1 [pp. 5=502TeV,25pb" B
1
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UE subtraction

dnf 1 LANS™O )

dp%h - Neone € ApCTh

» Use grid of cones to estimate UE below a certain ¢! .O....
threshold: 3.5 GeV for p+Pb, 8 GeV for Pb+Pb .@O...

. Cones with a track p, bigger then certain threshold .. ..
are omitted to exclude real jets . . . .

@® Jet position n
@® Random cone
O Excluded random cone

» Above those thresholds there is negligible UE,
verifed with overlay MC samples
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jet P, [GeV]

UE subtraction

d”glE B 1 l ANgl?ne(pTh _Ft,njet)
dp%h - N, cone € ApCTh
« Correct UE distribution for difference between jet
rapidity and cone rapidities Nk
« Correlation between UE and JER corrected for by a a A S W, (An)
multiplicative factor on the UE, w _(2) N
- Events with larger UE have worse JER \ 5 0 E n
« Also corrects for fakes below a certain threshold ¢ .....

3  0O@ [ [
000000
..88..
00 00

000000

@® Jet position n
track P, [GeV] ® Random cone

O Excluded random cone
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ATLAS

EXPERIMENT

<
<
X

0.8
0.6
0.4

0.2

ATLAS Preliminary

~ B 7 0-10% (ATLAS-CONF-2017-010)
- + prompt J/ v, 0-809% (ATLAS-CONF-2016-109)

— ® jet, 0-10% (ATLAS-CONF-2017-009)

¢ h* 0-5% (ATLAS-CONF-2017-012)

iillllll

ol —
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] ||
0 [ﬂm'ﬂ _
o Pb+Pb 5.02 TeV, 0.49 nb’~
| pp 5.02 TeV, 25 pb’’ ]
1 10 10°

10°
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Elipticky tok

*VV dekonfinovana hmoté panuji gradienty tlaku diky pocatecCni prostorové nesymetri.
* Dekonfinovana hmota se rozpina v rdznych smérech rtizné.

* Tato rliznost Ize charakterizovat napriklad pomoci Fourierova rozvoje v Ghlové
vzdalenosti vzhledem k roviné interakce. Omezime se na prvni netrivialni ¢clen tohoto

rozvoje:
dN

— = No(1+20c082(¢ — @) V2= <COS 2(¢ — ‘I’RP)>
do

... jeho velikost se nazyva elipticky tok (v»)



Elipticky tok

u T T I L T L] 'I L T L I T

[ Event 1 ATLAS Pb+Pb 7
40000 -
L centrality: 0-5% \Su=2.76 TeV -

p_>0.5 GeV,[n|<2.5 ]

39000

[dAQ [/25]

pairs

38000

dN

69000
68000

67000

66000

T 1
|_Event 2
- centrality: 0-5%

— 1 r r r 1 1]
ATLAS Pb+Pb _
V5 =2.76 TeV -

p_>0.5 GeV,[n|<2.5 ]

[T

66500

—rr 1 r 1 T 17
- Event 3 ATLAS Pb+Pb
- centrality: 0-5% \5=2.76 TeV

:-0 5 GeV,In|<2.5

66000
65500 m ‘
650000 I‘-‘ * U'
1 1 1 1
64500 4 s
Ao

» Tato modulace je typicky vyhodnocovana statisticky (tedy primér z vicero udalosti).

* Je vSak Casto viditelna i “pouhym okem” v kazdé udalosti zvlast ... tj. velmi silny rys!

* Kdyby tezko-intové srazky byly prostou superpozici mnoha pp srazek, tak bychom nic

takového nepozorovali.
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