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Jets in HIl collisions 2

First insight of jets produced at LHC
indicated a large dijet asymmetry , \
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Jets in HIl collisions 3

First insight of jets produced at LHC Xy = PPy
iIndicated a large dijet asymmetry

ATLAS-CONF-2020-017

2 3 " F ATLAS Preliminary anti-k, R=0.4
© 4-Pb+Pb 1.72 nb’ VS = 5.02 TeV

|23 55pp 260 pb”
158 <p_ <178 GeV

*pp *0-10% = 10-20%

e The dijet momentum-balance in peripheral collisions is well compatible
with pp collisions.

e Imbalance increases with increasing centrality.



Jets in HIl collisions 4

First insight of jets produced at LHC Xy = PPy
iIndicated a large dijet asymmetry

ATLAS-CONF-2020-017

% ATLAS Preliminary  anti-k, R = 0.4 Z'i % " F ATLAS Preliminary ~ anti-k, R = 0.4 Z’i % “EATLAS Preliminary  anti-k, R = 0.4
S |~ 4EPbiPb 1.72 nb” VS = 5.02 TeV S|~ 4-PbiPb1.72nb’ ISy = 5.02 TeV S |~ 4EPb+Pb 1.72 nb” ISy = 5-02 TeV

*p =o0-10% ®10-20%
®20-40% ®40-60% W 60-80%

¢ The momentum-balance in peripheral collisions is well compatible with pp

collisions.

e Imbalance increases with increasing centrality.

e The imbalance 1s weaker with increasing leading jet pr.



Inclusive jet production in Pb+Pb

Yields in
Pb+Pb
R . NAA collisions,
LV SN (in medium)
<TAA> X1O0pp
Nuclear thickness Cross section in
function <N_,,>/o\ pp collisions

(in vacuum)

- Nuclear modification factor quantifies
the change of yields, w.r.t. the
production in vacuum.

- Any deviation from unity indicates
suppression or enhancement of yields.


https://arxiv.org/abs/1805.05635

Inclusive jet production in Pb+Pb 6

Yields in
Pb+Pb
NAA collisions,
RAA = 77— (in medium)
<TAA> X1O0pp
Nuclear thickness Cross section in
function <N_,,>/o\ pp collisions
(in vacuum)
- Nuclear modification factor quantifies s (1) e ot ven P ggggg
the change of yields, w.r.t. the 40 60 100 200 500 900

P, [GeV]

production in vacuum. Phys. Lett. B 790 (2019) 108
- Any deviation from unity indicates
suppression or enhancement of yields.

Jets are suppressed by a factor of two in central Pb+Pb
collisions with clear dependence on transverse momentum, p;.



Path length dependence of quenching 7’

ATLAS-CONF-2020-019

Unequal path lengths of the
showers in the medium

dN S
— o 1 + 2 Z Vn COS(n(¢ - \Pn)),
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Path length dependence of quenching 8

ATLAS-CONF-2020-019

Angular distribution of jets with respect to ¥;
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Unequal path lengths of the
showers in the medium | R |
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R=0.2 jets with
100 < pt < 126 GeV
Unfoldedin prand &en - jetg produced in the direction of the

event—plane are less suppressed




Path length dependence of quenching °

ATLAS-CONF-2020-019

Angular distribution of jets with respect to Ws
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100 < pr < 126 GeV
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Jet vy 10

ATLAS-CONF-2020-019
The vz, v3 and v4 values for R=0.2 jets as a function of centrality

L I T . T T
— ATLAS Preliminary 1<p, <251 Gev = | ATLAS Preliminary 1<p <251GeV -

o= o=
C -1 B ] 1<p <79GeV ] L -1 == 1<p <79 GeV
Pb+Pb 1.72 nb == 79<p' <89GeV Pb+Pb 1.72 nb B 79<pl <89GeV

‘/ - == 89<p' <100 GeV — Ly - == 89<p' <100 GeV _|
S’\!N 5.02TeVv === 100<Z> <126 GeV : s’\!N 5.02 TeV = 100<b <126 GeV |
anti-k, R=0.2, [y| < 1.2 126 <p! < 158 GeV ] anti-k, R=0.2, ly| <1.2 126 < p! < 158 GeV |
== 158<p <200 GeV_] == 158<p <200 GeV |
-200<p <251GeV— -200<p <251 GeV |
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Centrality Centrality

I I
ATLAS Preliminary 71<p <251 GeV

==
1 +71<p <79 GeV
Pb+Pb 1.72 nb —— 79<p <89GeV _|

iti o ' Sy = 5.02 Tev o= 89<<p <100GeV
* Positive vz, up to 4%. antirk, R=02 | <12 = 1<m isao
—— 158<p <200 GeV_|

—— 200<p <251 GeV +

- No dependence on the jet pr within

uncertainties.

+ vz and v4 compatible with 0.

Centrality



A deeper insight

How is the parton shower
modified in the hot and dense
QCD medium?

» Distinguish the nature of the energy loss

» Collisional?

N Jet production
?
» Radiation? Highly energetic

jet (leading jet)

What is the resolution scale of

Quark-gluon

the quark-gluon plasma? pasna 7

Low energy jet
(subleading jet) Strong interactions with the medium

Does the jet suppression
depend on substructure?



Inclusive fragmentation functions

Does the jet suppression depend on jet structure?

z= prcosAR / p’TN



z= prcosAR / ViTCl

Inclusive fragmentation functions

Does the jet suppression depend on jet structure?

Shower in medium

Rr/-\ =
D(2)

Shower in vacuum Phys. Rev. C 98, (2018) 024908

I 25r—m
| |ATLAS b | <2.1 anti-k, R=0.4 jets [ b | <2.1anti-k, R=0.4jets |

SCETg=2.1 data ® 126 < pf’ < 158GeV
@ 126 < p!' < 158 GeV ¢ 200 < p' < 251GeV

¢ 200 < p' < 251GeV & 316 < p}' < 398GeV

& 316 < p < 398Gev Hybrid Model, R =3
— 126 < p™ < 158GeV
1.5} I I sse 200 < pI' < 251 GeV
t ™ “= 316 < p* < 398 GeV
[ ® L . [ & Rk
| Gipn

s » ~ A4S
P < T T ——
i “-
| Pb+Pb, |5, = 5.02 TeV, 0.49 nb", 0-10% (X)

0.5~ pp,\s=5.02TeV,25pb’
el i T W R S 1

1072 10 1 10 10?
p, [GeV]

O L T
[ Pb+Pb, |s,, = 5.02 TeV, 0.49 nb™, 0-10%

0.5 PP, 1s=5.02TeV, 25 pb"

. Enhancement at low and high-z(pT).

. Suppression at intermediate z(pT).
g D(z,(pT)) modifications do not scale with prjet at

low-z(high-pr).



How do particles re-distribute within the jet and beyond? 14

Study FF as a function of the angular distance
between the charged particle and the jet axis.

. . I 1 d*nen(r)
' D(pr.r) = —
? 4 PT. 1. Niet 2r drdpr

r = \JAn? + Ag?
| v




How do particles re-distribute within the jet and beyond? 19

Study FF as a function of the angular distance
between the charged particle and the jet axis Ji
r s
EEEY =

?

- ATLAS 200 < p* < 251 GeV -
- Pb+Pb s, =5.02 TeV, 0.49 nb” 0-10%
4—-pp Vs =5.02 TeV, 25 pb™' anti-k, R=0.4 (X)
w10<p < 16GeV e 1.6<p <25GeV

-+ 63<p <100 GeV a 10.0 <p, <251 GeV
25.1 < P, < 63.1 GeV

pT A i T e 25<p <40GeV +4.0<p <6.3GeV
: ] l d-”(‘h(r )
: N
1

D(pr.r) = —

Z “\TiCl 2]1-,. dl'(l[)’r
| r = \JAn? + Ag?
| v

In central collisions Rpprt,) is above unity at Phys. Rev. C 100 (2019) 064901
all rfor all pr <4 GeV —> Energy lost by jets

is being transferred to particles with

pr < 4 GeV with larger radial distance.



How do particles re-distribute within the jet and beyond? 16

Study FF as a function of the angular distance

- : - - | ATLAS | 200 < p* < 251 GeV -
between the charged particle and the jet axis .tk (- =502TeV,049mb" | 0-10%
L > 4—pp Vs =5.02 TeV, 25 pb” anti-k, R=0.4 (X)
w10<p < 16GeV e 1.6<p <25GeV

[ o 25<p <40GeV +4.0<p <6.3GeV
-+ 63<p <100 GeV a 10.0<p <251 GeV
v 251 <pT<63.lGeV L

-
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In central collisions Rpprtr is above unity at
all rfor all pr <4 GeV —> Energy lost by jets
is being transferred to particles with bl <At R04jet
pr < 4 GeV with larger radial distance. ® 126 < 57 < 158 GeY

¢ 200 < ,yTe' < 251 GeV
g 316 < ;ﬂ:‘ < 398 GeV

Pb+Pb, | = 5.02 TeV, 0.49 nb™, 0-10%
pp ., \s=5.02 TeV, 25 pb

Phys. Rev. C 98, (2018) 024908 P [GeV]



How do particles re-distribute within the jet and beyond? 1’/

Study FF as a function of the angular distance

: : : - [ ATLAS | 200 < p < 251 GeV -
between the charged particle and the jet axis .tk (- =502TeV,049mb" | 0-10%
A 4l_pp V5 =5.02 TeV, 25 pb” anti-k, R=0.4 (X)
-1.O<pT<1.6GeV ® 1.6<p <25GeV
A ¢+ 25< p,<4.0GeV +4.0<p <63GeV
pT 1 ] l 12 ) - 6.3<p]<10.0GeV A 10.0<p1<25.1GeV
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' Z S Nricl 2nr drdpr i * i .
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In central collisions Rpprtr is above unity at
all rfor all pr <4 GeV —> Energy lost by jets
is being transferred to particles with bl <At R04jet
pr < 4 GeV with larger radial distance. ® 126 < 57 < 158 GeY

¢ 200 < ,yTe' < 251 GeV
g 316 < ;ﬂ:‘ < 398 GeV

Pb+Pb, | = 5.02 TeV, 0.49 nb™, 0-10%
pp ., \s=5.02 TeV, 25 pb

Phys. Rev. C 98, (2018) 024908 P



How do particles re-distribute within the jet and beyond? 18

Study FF as a function of the angular distance
between the charged particle and the jet axis

p
ceee
T A )
? P . D ) 1 1 dng(r)
] D(pr.r) = ——— =
7 PR = N 2nr drdpy
| r = \JAn? + Ag?
[ ) 4

In central collisions Rpprtr is above unity at
all rfor all pr <4 GeV —> Energy lost by jets
is being transferred to particles with

pr < 4 GeV with larger radial distance.

Yield of soft particles starts to drop down
when r— 0.8.

- ATLAS 200 < p* < 251 GeV -
- Pb+Pb s, =5.02 TeV, 0.49 nb” 0-10%

4—pp Vs =5.02 TeV, 25 pb” anti-k, R=0.4

_7-1.O<pT<1.6GeV o1.6<pT<2A5GeV
¢ 25«< p, < 40GeV + 40c< p, < 6.3 GeV
-+ 63<p <100 GeV a 10.0 <p, <251 GeV
251 <p_<63.1GeV l

R

3
+
+
&

... | EETETETE ErErra |

b | < 2.1 anti-k, R=0.4 jets

® 126 < df‘ < 158 GeV
¢ 200 < ,yTe' < 251 GeV
g 316 < ;ﬂ:‘ < 398 GeV

Pb+Pb, | = 5.02 TeV, 0.49 nb™, 0-10%
pp ., \s=5.02 TeV, 25 pb

Phys. Rev. C 98, (2018) 024908 P [GeV]



What can be learnt from large-R jets?

Measure jet Raa as a function of jet sub-structure using sub-jets

04T 0.4
s : g J. Casalderrey-Solana, Y. Mehtar-Tani, C. A.
S Salgado, K. Tywoniuk, Phys. Lett. B725 (2013) 357

recluster jets and remove soft contributions



What can be learnt from large-R jets?

Measure jet Raa as a function of jet sub-structure using sub-jets

04 04040
: Y J. Casalderrey-Solana, Y. Mehtar-Tani, C. A.
B et Salgado, K. Tywoniuk, Phys. Lett. B725 (2013) 357

recluster jets and remove soft contributions

R = 0.2 jets with pr> 35 GeV
reclustered into anti-k R =1.0

Allows the study of k¢ sppliting scale

vV di2 = min(pr1,pr2) - ARq2




Raa as a function of jet pr

ATLAS Preliminary

Pb+Pb 1.72 nb™", pp 257 pb™, 5.02 TeV
¢ 0-10%

m 10-20%

A 20-40%

+ 40-60%

2 B80280%. . L .*
++FF 4

t 1t

o | |
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......II‘

ce®® e o +

ly|<2.0
Reclustered R = 1.0 jets

300 400 500

- Large-R (re-clustered with 0.2 jets and soft particles removed) jets are
Increasingly suppressed with centrality.



Raa as a function of jet pr

ATLAS Preliminary ATLAS Preliminary

Pb+Pb 1.72 nb™, pp 257 pb", 5.02 TeV Pb+Pb 1.72nb”, pp 257 pb'1 5.02 TeV
¢ 0-10% ’ ¢ R=1.0reclustered jets (this analysis)
m 10-20% m R =0.4(PLB 790 (2019) 108)

A 20-40%

+ 40-60% 0-10%

e B080% - Lo e ,.* _ (X)
++ T,
Lt
n B
[

Reclustered R = 1.0 jets
300 400 500

300 400 500
p, [GeV] p, [GeV]

ATLAS-CONF-2019-056
- Large-R (re-clustered with 0.2 jets and soft particles removed) jets are
Increasingly suppressed with centrality.

- R =0.4 jets slightly less suppressed, but trend is similar.



Raa as a function of jet sub-structure

ATLAS Preliminary Vdi2 = min(pr 1, pr2) - ARi2

Pb+Pb 1.72 nb™", pp 257 pb™, 5.02 TeV
¢ 0-10%
® 10-20%
A 20-40%
+ 40-60%

lv|<2.0,[200< p_ <251 GeV
Reclustered R = 1.0 jets

~ 150
\d,, [GeV]

The lowest \/d12 interval is populated with jets with
single “isolated” sub-jet - SSJ

- Significant change of the Raa magnitude between jets with SSJ and those with
more complex sub-structure.

 Then Raa is not dependent on /d12.



Raa as a function of jet sub-structure 24

ATLAS Preliminary
Pb+Pb 1.72 nb™", pp 257 pb™, 5.02 TeV
¢ 0-10%
® 10-20%
A 20-40%
+ 40-60%

.A

A
"
L - = 3 .

lv|<2.0,[200< p_ <251 GeV
Reclustered A = 1.0 jets

~ 150
\d,, [GeV]

The lowest \/d12 interval is populated with jets with

single “isolated” sub-jet - SSJ

ATLAS Preliminary

Pb+Pb 1.72 nb™, pp 257 pb™, 5.02 TeV
¢ 0-10%

m 10-20%

A 20-40%

+ 40-60%

‘ 150
\d,, [GeV]

ATLAS-CONF-2019-056

- Significant change of the Raa magnitude between jets with SSJ and those with

more complex sub-structure.

 Then Raa is not dependent on /d12.

 This behaviour is not dependent on jet pt (up to 500 GeV).



Z-recoil particles 25

The Z boson tags the initial energy, direction, and
flavour of the opposing parton before it starts to

shower and propagate through the QGP.

ke I\ Access to low-pr ranges not reached by
reconstructed jets —> precious for understanding
2 the mechanisms of the parton energy loss.



Z-recoil particles

............ ?h ;Trc%id 1pé rg{ cles L e
« |Ap| > 37/4 enhancement/
A¢ e In| <2.5 suppression pattern
S A | Sl b

e /—>eeor Z—>puu
e 76 <mz < 106 GeV
e ptZ> 30 GeV

Measure the average number
of charged particles per Z
and

Iaa = yield in Pb+Pb / yield in pp

Pb+Pb, |5 = 5.02, 1.4-1.7 nb”

2 3 4567 10 20 30 4x10?

p-ﬁh [GeV] Xhz :p'ICh/pT:




Z-recoil particles

Charged particles

. ph>1Gev  pt4plays a role in the
. * Al >3z/4  enhancement/suppression
A“’ L e inl<25 pattern
;& ATLAS Preliminary 30 < p? <60 Gev [ 30-80%
z

e /—>eeor Z—>puu
e 76 <mz < 106 GeV
e ptZ> 30 GeV

Measure the average number
of charged particles per Z
and

Iaa = yield in Pb+Pb / yield in pp

pp, Vs = 5.02 TeV, 260 pb” (0] 10-30%
Pb+Pb, |5 = 5.02, 1.4-1.7 nb”

3 4567 10 20 30 4x10?

ps" [GeV]

ATLAS Preliminary

pp, Vs = 5.02 TeV, 260 pb
Pb+Pb, sy = 5.02, 1.4-1.7 nb”

[©] 30-80%
(0] 10-30%
[¢10-10%

1 2 3 4567 10 20 30 602x102
ATLAS-CONF-2019-052 Pr [GeV]

10" 2x10"
Xnz = p1¢h/pr*



Z-recoil particles

— Charged particles
. |Ag| > 37/4
a/
ATLAS Preliminary
e pp, Vs = 5.02 TeV, 260 pb’
- 4- Z Pb+Pb, s = 5.02 TeV, 1.4-1.7 nb”

N " 30-60 60+ pZ[GeV]
(5] [E] ATLAS 0-10% Pb+Pb

e /—>eeor/Z—>uu
e /6 <mz< 106 GeV
e p1Z> 30 GeV

3 4567 10 20 3040
Measure the average number p" [GeV]

of charged particles per Z

Good agreement with the predictions of
e the Hybrid model (JHEP 03 (2016) 053)
Im = yield in Pb+Pb /yieldinpp i the entire prh range and for both prZ
selections.



Highlights

e Inclusive jets in Pb+Pb are suppressed relatively to pp up to a factor of 2.

e Evidence of path length dependence of jet energy loss.

e Jet substructure strongly modified in Pb+Pb collisions with onset at 4 GeV.

e Reclustered R=1.0 jets with single sub-jet less quenched than those with
more complex substructure.

e Suppression of high-pt hadrons in Z-tagged hadron yields; enhancement

at low-pr.






Data summary
Run 2 datasets

System Year Collision energy (TeV) Luminosity

PoPb 2015 5.02 . 0.49/nb
P 2016 502 05/mb
. pPb 2016 816 180/b

pp (low p) 2017 - 13 150/nb

XeXe 2017 5.44 3/ub

op 2017 5.02 272/pb
pp (low p) 2018 13 11/pb

PoPb 2018 5.02 . 1.73/nb




The ATLAS Detector >

An excellent detector for the LHC
Heavy-lon program, with enourmous
trigger capabilities

Full azimuthal coverage

Hadronic Tile LAr FCAL
0.2x0.1 HAD  HAD

-~

0.1x0.1 3 0.2x0.2

0.1x0.1
LAr EM 0.05x0.025
0.025x0.025
0.003x0.1

Inner Detector




Collisions Centrality

Centrality in Heavy lon collisions
2015 Pb+Pb data

w % I T |l Ll T I T |l 1 T I 1 1 T T I |l |l T ] I 1 ] ) T l ] L] L] ]
§ 107 _El ATLAS Pb+Pb, 0.49 nb™, |/s,,, = 5.02 TeV N |
G EIN —Minimum-bias —ucc-1 —ucc2 1 Negligible pile-up!
10°
10*
XX R | R N o
3 E o|lo| o o o o
107k olw| F ® & =
Pp+208 102; B8 | & = B
10k
- 1E
E 1 1 1 1 I L 1 1 L I 1 1 | L 1 1 L
Pp+208 0 1 2 3 6 Central collision

SES Tev]

Centrality is parametrized using the energy deposited
in the Forward calorimeter (|n[>3.2)

Peripheral collision

Dominik Derendarz, HardProbes 2020



How do particles re-distribute within the jet and beyond?34

Study FF as a function of the angular distance

. . . 3 I - 200<d"‘<251 GeV
between the charged particle and the jet axis .tk (s = 5.02TeV, 0.49 b’ o 100 -

...r..> 4+—pp Vs =5.02TeV, 25 pb™ anti-k, R=0.4 (X) —
l1O<pT<16GeV 016<pT<25GeV
pT A '7025<pT<40GeV +40<p < 6.3 GeV
1 42 Y L+ B63<p <100GeVA100<p < 25.1 GeV
I Il dney(r) ‘
: 1)(/) r) d=Hep7 25.1<p_<63.1GeV l
- T. 1) =
7 Niet 2r drdpr i t
L]

|
\ 4

In central collisions Rpprtr is above unity at
all rfor all pr <4 GeV —> Energy lost by jets

[ e ' Gl
is being transferred to particles with 126 < p* < 158 GeV.
- Pb+Pb s, =5.02 TeV, 0.49 nb’' 60-80%

pr < 4 GeV with larger radial distance. 4L pp Vs =5.02 TeV, 25 pb” anti-k, R=0.4

_l1.0<pT<1.6GeV 01.6<pT<2.SGeV
025<pT<40GeV +40<pT<63GeV
63<p <10.0 GeV a 100<p < 25.1 GeV
251<p <63.1 GeV

Hints for drop down when r— 0.8.

Rpptr) has no significant dependence on r in
peripheral collisions.

Phys. Rev. C 100, 064901 (2019)



Jet reconstruction

Calorimeter

ATLAS Preliminary, Run 287044
anti-k, A =04, Vs, =5.02TeV
2015 Pb+Pb data

» Towers

AE, [GeV]

_1 T

. EveI | ral I""E‘
Calorimeter o=,
towers density:
p(n, layer)
Reconstructed
- Jets
(— r——
Anti-k; Algorithm Flow modulation

(v2, Vs, V4)

Ilterative |

subtraction \%\ Jau i

+ 2vg cos (2[¢ — Yeve]




Large R jets reconstructed from R=0.2 jets 36

re-clustering with

Cal. towers & UE - A=0.2 jets anti-kjets g :
subtraction p; > 35 GeV anti-k, R=1.0
Splitting scale - re-clustering with k, - Sub-jets
Va2 algorithm
o® o ® Different jets than the
° o® o® conventional R=1.0.
o © ® - - Trimming & 35 GeV
P threshold remove soft
# . # components.
“Conventional” jet Re-clustered jet

M. Rybar QM19 )
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0.9

Reconstruction performance

T T | T T T
ATLAS Simulation Preliminary anti-k, R = 0.4
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Systematic uncertainties on dijet pr-balance
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Systematic uncertainties on jet-v,
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Systematic uncertainties on Rppry 40
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Systematic uncertainties on Raa (R=1.0) 41
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