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What is jet quenching!?
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Jets seen by detectors

CMS

Jet |
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Jet finding is easy
High pT jets, pp collision



Jets seen by detectors

CMS, CMS Experiment at LHC, CERN

Data recorded. Sun Aug 7 22:.06:00 2011 EDT
S RunEvent. 172865 / 359652448
Lum

Jet finding is easy ..until it is not
High pT jets, pp collision Low pT jets, heavy-ion collision
underlying events
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Jets seen by detectors

/ Same pp collision event
from Gavin Salam \

Need to define jet in experiment and theory
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Jet reconstruction

A jet is what Cacciari, Salam & Soyez say it is!

p, [GeV] | anti-k,, R=1 .. |

2008 Fastjet revolution sHep 0804 (2008) 063
“anti-kT” replaces zoo of prior
algorithms:
* Conceptually simple
Theoretically sound

* Infrared safe

e Colinear safe
Computationally efficient & robust
Anti-k: Ready-to-use package

Sequential clustering of objects in
event (calo towers, tracks etc) with a
particular distance R Large R
Results in cone-shaped,

approximately R-sized jets

11/1/22

Small R

from Yen-Jie Lee



Jet reconstruction in heavy-ion collisions

Calorimeter
_ Towers

Jets sit on top of large underlying event (UE)
Need to decide which particles are part of jet and which belong to UE:
UE subtraction

Current methods assume UE under jet is same as elsewhere in the event
i.e. UE modification due to jets manifest as part of jet
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Jet physics without jet

B
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First RHIC Run: Charged Hadron R,

The start of jet physics in Heavy lon in 2001

Raa > 1 (enhancement)

2 “ . ”
R, = d’Ny/dpdn _QCD Medium { Raa = 1 (no medium effect)
<TAA >d ‘o » ! dprdn “QCD Vacuum” Raa < 1 (suppression)

<Tan> = Neot/ Tine™ Ncoi: Number of binary nucleon-nucleon collisions
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First RHIC Run: Charged Hadron R,

The start of jet physics in Heavy lon in 2001

Raa > 1 (enhancement)

2 “ . ”
R, = d’Ny/dpdn _QCD Medium { Raa = 1 (no medium effect)
<TAA >d ‘o » ! dprdn “QCD Vacuum” Raa < 1 (suppression)

<Tan> = Neot/ Tine™ Ncoi: Number of binary nucleon-nucleon collisions

Au+Au Vs, = 130 IGeV PHE[\IIIX 2001

central 0-10%

RAA

o (h*+h)2 ’
'[D

2 r Pb+Pb(Au) CERN-SPS
a+a CERN-ISR ’

pr (GeVic)
High pT particle as proxy of
fragmenting parton
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First RHIC Run: Charged Hadron R,

The start of jet physics in Heavy lon in 2001

d’N ,, | dp,dn

Raa > 1 (enhancement)
Raa = 1 (no medium effect)

R. =
YT, )d%o,, | dp.dn

<Tan> = Neon/Tine™N

Au+Au Vs, = 130 IGeV PHEI\IIIX 2001 -

central 0-10%

RAA

« (h"+h)/2 ’
0
-
2 I Pb+Pb(Au) CERN-SPS
a+a CERN-ISR ’

pr (GeVic)
High pT particle as proxy of
fragmenting parton
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“QCD Medium” {
“QCD Vacuum”

N.oi: Number of binary nucleon-nucleon collisions

1N, 1/(2mp_) (d®N,) / (dn dp,) (GeVic) .

b
S
N

Raa < 1 (suppression)
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Pb-Pb \[Sy, =2.76 TeV

scaled pp reference
) e 0-5%
e 70-80%
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Verifying N_, scaling

CMS (* preliminary)  PbPby\jsy, = 2.76 TeV
I ' I ' I ' I ' I '

1 8‘] Ldt=7-150 Hbd Em— " Z (0-100%) p| > 20 GeVic

- 9, "
—N— W (0-100%) P> 25 GeVic

1.4~

1.6 —@— Isolated photon (0-10%)
1.2 *

1 l 1 l 1 l 1 l 1

RAA
T
—
-i

S
.
i

0.8
0.6
0.4
0.2
0 | ! | ! | | | | | |

0 20 40 60 80 100
p,(m,) (GeV)

1 l | l 1 l | l 1

High pT photons, Z and W bosons produced in initial N+N collision
Escape QGP without interaction ->R,, =1
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Up-to-date R,, measurements

CMS 2016 LHC

27.4 pb (5.02 TeV pp) + 404 ub' (5.02 TeV PbPb)

I ||||||| I ||||||| I I ||||||| [ [ I
CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
o WA9(0-7%) [ ® ] CMS (0-5%)
" 7t NA49 (0-5%) Models 5.02 TeV (PbPb)

[\

1.6 RHIC 200 GeV (AuAu) | | SCET, (0-10%)
) O 70 PHENIX (0-5%) CUJET 3.0 (h*+®, 0-10%)
# * h"STAR(0-5%) = Andres et al. (0-5%)

o ALICE (0-5%)
v ATLAS (0-5%)

LHC 2.76 TeV (PbPb) == v-USPhydro+BBMG (0-5%}

O CMS (0-5%)

oH
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@RI,
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Precise measurement up to very
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Up-to-date R,, measurements

LHC

CMS 2016
o 27.4 pb" (5 02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
_I I I|||||| ||||||| I I |||III| [ [ I_
- CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb) .
1.8 o WA98 (0-7%) [ ] CMS (0-5%) ]
C " 7' NA49 (0-5%) Models 5.02 TeV (PbPb) 4
1 6 ‘_ RHIC 200 GeV (AuAu) CET,, (0-10%) ]
r O 70 PHENIX (0-5%) = CUJET 3.0 (h+x?, 0-10%) ]
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o
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10
p. (GeV)

100

R

HIC

PHENIX compilation

L PHENIX Au+Au, \[s_NN =200 GeV, 0-10% most central
I:J direct y (prelim.)
. n° (PRL101, 232301) {bm 0-20% cent. (arXiv:1105.3467)
¥ n (PRCS2,

o (PRC83, 024090)
011902) e, (arXiv:1005.1627)
{K' (arXiv:1102.0753)
§ip (arXiv:1102.0753)

18 20
P, (GeVl/c)

Precise measurement up to very
high pT

Also for identified particles
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QGP transport coefficients

Radiative
energy loss

E ¥ AE

-

i
I
| E-AE
I

X
(medium)

Medium effects on jets allow extraction of QGP transport coefficients:

g: radiative energy loss
Induced gluon emission in medium
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QGP transport coefficients

Radiative Collisional
energy loss energy loss
P
| \
i E AR +;\E
I
X
(medium)

Medium effects on jets allow extraction of QGP transport coefficients:

g: radiative energy loss
Induced gluon emission in medium

e: collisional energy loss
Collisions with medium partons
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QGP transport coefficients

Umml

I c}o=1.4, 1.8,2.2, 2.6, 3.0 GeV?

I | y | y
e CMS (0-5%)
» Alice (0-5%)

==

| |

Combined RHIC and LHC data provide test for model consistency

|
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QGP transport coefficients

I

. e CMS (0-5%)
» Alice (0-5%)
q,=14,18 22,26, 3.0 GeV”

| |

===

| PR ST T S L L L —
10 20 30 40 50 60 70 80 90 10C
p, (GeV)

JET theory collaboration 2013

»ee MARTIN] ' — McGill-AMY]

6 =3 HT-BW § --- GLV-CUJET

5 . Bt . e R
94 | Pt :
& | :
3 ¢ B

2 :

1 F. 3 - <Au+Au at RHIC, E

O Teti _Pb+Pbat LHC, |

0 IEA£§ P P R Al\k . P .I. 1

0 0.1 0.2 0.3 0.4 0.5

T (GeV)

Combined RHIC and LHC data provide test for model consistency
g determined with about 35% uncertainty (in 2013)
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Collectivity of high p; particle

11/1/22
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Collectivity of high p; particle

Anisotropic azimuthal distribution of high-p; particles
Path length dependence of energy loss

11/1/22 21



Collectivity of high p; particle

CMS 404 ub 15.02 TeV PbPb

l’ es,  PLB776(2017) 195
02 e . o V,{SP} —
>C\I 01_ .éé ]
o
®s

L
i ¢ |
O R —
- 30-50% ]

| L Lol L Lol
1 10 10°
p; (GeVic)

Sizable v, up to 100 GeV
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Collectivity of high p; particle

CMS 404 Mb '5.02 TeV PbPb g 2T4pb’(5.02 Tev pp) +404 ub! (5. 02 Tev Pbe)
- — .
: .c:c. PLB 776 (2017) 195 1 14_CMs JHEP 04 (2017) 039 ]
0 2__ . ° * V,{SP} | "I [3] cms 5.02Tev -
L ] 19 © CMS276TeVv 7
. ° | N ]
B ° [ 1 1: """""""""""""""""""""""" ”E
N B ° 1 < B
> () 1"_ éu§§ — CLBE_ -
- * s . 0.6~ =
i L | -
i ¢ i 0.48° -
0.0 § T oab B
. 30-50% | I 30-50%
1 10 107 GeV
p; (GeVic) P (GeV)

Sizable v, up to 100 GeV
Higher p; particles less suppressed -> v, approach 0
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Collectivity of high p; particle

CMS 404 ub 15.02 TeV PbPb CMS 404 ub™'(5.02 TeV PbPb)
= T T I I I I l I I I I I I I I I I I I
e, PLB 776 (2017) 195 1 @ v, {SP}  20<p; <26 GeVic/
i ‘ ) 0.10F =
0.2~ = ¢ * V,{SP} ] | Ov{4}
. o ] | —v,{SP}0.42:0.01 [
® Al L 4
I ° 1 > ==v{4}0.45:0.02 '
o | ® | a
> () 1"_ éu§§ T _é%
I r | £ 005 .
I L |
I X ]
0.0 g —
| 30-50% ]
1 | I | 1 1 L1 111 | | | | L1 111 | | |
1 10 102 0.05 0.10 0.15
p; (GeVic) Low-p; v, (1.0 < p; < 1.25 GeV/c)

Sizable v, up to 100 GeV
Higher p; particles less suppressed -> v, approach 0
Strong correlation between low & high p; v,
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Collectivity of high p; particle

CMs 404 ub '5.02 TeV PbPb
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- % PLB 776 (2017) 195 -
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Y i ® |
B ® -+ :
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0.0 @ —
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L ! oo L
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- .. TAMU ]

v —
V. - -.-l—l_.-. -
e B -

30-50%  pRL 120 (2018) 202301 *

5 10 15 20 25 30 35 40
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Sizable v, up to 100 GeV

Higher p; particles less suppressed -> v, approach 0
Strong correlation between low & high p; v,
Stringent constraints for energy loss models
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Jet physics with jets

11/1/22
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Dijet asymmetry

-

11/1/22

Dijet momentum
imbalance

- pT,z

pT1 P pTz

27



Dijet asymmetry

_-(“,S/ ‘lml-—-cap-: ey

Dijet momentum o Blagar—
imbalance r—y

pT,1 - pT,z
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Dijet asymmetry
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Dijet momentum

imbalance
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PRL 105 (2010) 252303

29

41T
\/Spp =276 TeV 0-10% |
: ATLAS |
MR Pb+Pb
j $ L, =1.7ub"]
2 -




QGP tomography

From Gunther Roland

Use pT, centrality, path length, collision energy, trigger bias...
to isolate different processes in time, coordinate and momentum space




QGP tomography

From Gunther Roland

Trigger with surface bias
(e.g. single high pt hadron)

Use pT, centrality, path length, collision energy, trigger bias...
to isolate different processes in time, coordinate and momentum space




QGP tomography

From Gunther Roland

Trigger with surface bias
(e.qg. single high pt hadron)

Use pT, centrality, path length, collision energy, trigger bias...
to isolate different processes in time, coordinate and momentum space




Jet+X correlations

S 2017 Z+Jet Photon + jet
VSyy = 5.02 TeV PbPb 404 ub™, pp 27.4 pb™ PLB 785 (2018) 14
1."__T'l'l'7'|'|'YYT['I'I'l']'l'l'fo"""":l B T L} T I”Jl L} L] L] I T T L] L] I L] L] L] L]
CMS # PbPb, 0-30 % i ' €(60,80) GeV/c
- O Smeared pp i 1.2F T - o
_ + ¢. seeceve | 5 qE #1 PbPb 0 - 30%
” anti-k; jet R=0.3 - = E o pp (smeared)
N|oNL pf%SQGeV/c“_ LN ™
Z15 | * e 2\0'8 : 856
~|2 04 o gt g M < 0.6F ¢ -
I ] [ | K
# + - :E;NI().zl N 1# »
0.2— ] B O
e » (a) L]
2: e | FUOSE -3
“@ PRL119(2017) 082301 o o »
y FRFTEERYPROT Y PR TR PN PRTTRATIN 0—.—.—.-.T.-.—.—.'1—.T.—.9|9...'9.
0 02 04 06 08 1 12 14 16 18 2

0.5 1 1.5

— nietpZ 2
Pty

Shift of final state jet momentum relative to initial parton momentum without
geometry bias
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Jet inner workings

11/1/22
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Jet longitudinal structure

PRC 98 (2018) 024908

- 106_I||| T T TTTTIT T T l|||||| I L I I T TTTT T I T TTTT |
; | | T — | - |
% L ATLAS ® 126< pii<1s8Gev xi0” | & 10°- ATLAS 316 <p_ <398 GeV —
0] L A 188< p<200Gev xi0'{ @ Pb+Pb, |5, = 5.02 TeV, 0.49 nb™!
=, pp, (s =5.02 TeV . ie. o . 0O, o _
[ 25pp - 200< pT<251GeV x10° = anti-k, R=0.4 jets |y | <2.1
1 d Q P v 251< p™<316GeV x10' - L ! -
Nch Q 10°[- anti-k, R=0.4 316< p <398 GeV x10°] = ¢ -o |
D(pr) = T Skt e, -_
Nt d - R b *
jet @ PT . B N o i
vy - A o .
— v'vv — L} - A o
| ma vy | L "om A ¢ ]
Uy g T Yy ] A ppl— A °
. ", Yy 7 1 Yy v e A o
A ] i A 7
C AAAAAA - L] - 'V 7 - v Vv " ™ —
| ®ee, A, n ¥ | - Y v ——
o... A, - v ] - ., . v -
10° ®o, Ta - T 3 ! $ -
i ot e & o 1 10°F  e0-10%x10° "t _, \
b <2d °, * | | 410-20%x102 - i
- o * ] : m 20-30%x10" —
— o e | v 30-40%x10° |
- 40-60% x 10 4
10°r 1 10 ¢ 60-80%x 10 -
IIII| | | |IIIII| 1 IIIIIII| | | | 1 | ||||||| 1 | ||||||| |
2
1 10 10 1 10 102
p, [GeV] p. [GeV]
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Jet longitudinal structure

Al— i 1 1
S [
Q i h
C 2: 60-80%
1 dnch X
D(pr) = N 4 '
jet @ PT T
Roy = D (pr)pypy
Pt ][)(171?)lu7 jet ]
0.5 126 <pl' <158 GeV -
1 10 10
p._ [GeV]

Little/no medium effects in peripheral events
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Jet longitudinal structure

60-80%

126 < p**' < 158 GeV

- %FZ__
e [

=
S
Q :
o 2
D( ) 1 dnch I
Pt) = o
]Vjet de 15:
R _ D(p1)pppb
D(pT) - D(pT)pp
0.5
]

| 10 107 -
p._ [GeV]

PRC 98 (2018) 024908

| ATLAS

TTT | T T T T TTT ‘
o _ ' ]
b | <2.1 anti-k, R=0.4 jets |

[] 126 < p* < 158 GeV, 5, = 2.76 TeV

@ 126 < p*' < 158 GeV, |5 =5.02 TeV -

Little/no medium effects in peripheral events
Excess of soft fragments
Depletion at intermediate momenta

Excess of high pT tracks — gluon/quark jets fraction diff?
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Jet shapes
Jets are extended objects with
momentum and angular structure

Most of momentum found
close to jet axis in high pr

0.4

< particles (pr > O(10GeV))
5° 0:0 32 GeV < prparticle
;%
e 0.2
W 16 < prparticle < 32 GeV

Large angle component of jet
contains small fraction of jet pr
— in soft particles (pr ~ O(1GeV))
W>32GeV/c g I ==
[J16-32GeV/c O 01 02 03
[8-16 GeV/c .
[(J4-8 GeV/c Radius r

(J2-4 GeV/c
(J1-2 GeV/c

11/1/22
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Jet shapes

A, inclusive Leading jet shape anti-k; R=0.3, m | <16
pp5.3pb'(2.76 TeV)  PbPb 166 pub™” (2.76 TeV) P, > 120 GeV, p_ > 50 GeV, A9 > 5/6
g pp reference PbPb cent. 50-100%
<408 CMS
1
107
102 3
rET ST IS U U RSN N ﬁ PR ?
0 0.2 0'4Ar0'6 0.8 6‘ —_—
E] osspp<icev &8 5 . pIB730(2014) 243
] 1<pl'< 2 GeV 3 4
[ 2<p™<3Gev S
B 3 <p™<4Gev A% 3_
B - <p'<8Gev 3 2F
trk = \\\
! p> 8 iev Q 1‘@_\_}“@@\5&&%@&_%& %
=== Total pI> 0.5 GeV 3 g &
m,.l<24 0. 2 0. 4 0. 6 0.8

Ar

Enhancement at low pT and large r in central collisions
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Jet shapes

A, inclusive Leading jet shape anti-k; R=0.3, m |< 1.6
pp5.3pb'(2.76 TeV)  PbPb 166 pub™” (2.76 TeV) P, > 120 GeV, p_ > 50 GeV, A9 > 5/6
g pp reference PbPb cent. 50-100% PbPb cent. 0-30%
<408 CMS
1
107
102 3 3
0 0.2 0'4Ar0'6 0.8 6‘ —_—
EJossi<ice & 5 plg730(2014)243 | N
[ J1<p™<2Gev a4 ] N
[ 2<p*<3Gev S §\
B 3 <p™<4 Gev A% 3_ < ] %%&
B 4 <p<8Gev g 2F = - -+
— Ea B PN S fboeen ™
== Total pi*> 0.5 GeV | | | \ | | | |
m,_I<24 02 04, 06 0.8 0.2 04, 06 0.8
frac Ar Ar

Enhancement at low pT and large r in central collisions
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Jet substructure
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Pr.1

Symmetric splitting
PT,2

Jet substructure
Hard/soft splitting

P 1

(“--
\
\
\
A
\

- T -y

<«

\

\
\
\

Grooming: isolate hard structure from soft background
Approaches: Filtering, trimming, pruning

42
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Jet substructure

Small Z,

:"'l"'|"'l"."l"'l::"'l'.l_,"'llllll"llllllll:
1.6 CMS Centrality: 0-10% T v PRL 120(2018) 142302 -
4 g MO0Pre <1006V 1 X g0 p, , <300 GeV L
S 4 e Data I %
o) 1.2 : .
(@} L 4
P - T -
0 1I—--- S - - - - - — - - — i
al - b -+
0 C I
o 0.8F T
0.6F == JEWEL e w1
- Coherent antenna BDMPS'?-:;,, & 1 SCET ey HT § = 4 GeV/m?
0.4F = q =1GeV/fm’, L=5fm "~ - g=18 = = Coherent i
C = om q 2 GeV/fm L 5 fm 1:: i g=22 Incolherent I I i
01 02 03 04 05 01 02 03 04 05
Zq Zg

Higher suppression for jets with more symmetric splitting
New insights on in-medium effects for theory
11122 Medium recoil? Modified splitting? 4



Towards the future
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Towards the future

Upgrad.ed Time projection Chamber (TPC)

@ATLAS

EX P E RlMENT r— Tubes (sMDT) and Thin Gap Chambers

(TGC) to reconstruct muons’ paths
with improved resolution

Liquia Argon Lalorimeter
to benefit from new electronics  wevessesennens,
and optical-fibre cabling

New small wheel

...... oo, totrack more muons B L'

on both sides of
the detector

11/1/22

o ALICE
New Inner Tracking system (I'TS)
Muon Forward Tracker (MFT)
upgrade
New Fast Interaction trigger (FIT)

TPC (readout) upgrade

o ATLAS

Rebuilding Muon Wheels
Fast Tracker

Trigger, DAQ, electronics upgrades

45



Towards the future
o LHCb

New (faster) vertex positioning
detector (VeloPix)
RHIC detectors upgrade

S, New Tracker (silicon-microstrip
e - |l fie and scintillating fibers (SciF1))
' «r e I Read-out upgrade with fully
software based trigger

Trackers
with new scintillating fibres

W WS The Vertex Locator M
$E | to use VELOPIX chips
S ‘J-f'. capable of sending data
% upto 20 Gb/sec
-

R — Brand new UT tracker
3 to cope with increased
3? particle density

bt s o CMS
Pixel Detector improvements
Hadronic and EM Calorimeters
upgrades

Muon System upgrade

New beam pipe

Open CI e endcap \

calorimeter sticking out, which will be
replaced with the new high granularity
calorimeter (HGCAL) around 2024-2026.

New Muon System technology to detect
muons that scatter with an angle of around 10°
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Towards the future

As we speak, a new “state-of-the-art jet detector at RHIC” is under

construction at BNL

o sPH

ENITX:

1.4T Magnetic Field
Large acceptance
Precision tracking

Hadronic & EM
calorimetry

Early studies indicate substantial differences in jet quenching
systematics at 200 GeV vs 5 TeV — unique opportunity to test QCD

at variable T

11/1/22
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Towards the future

1 RHICtoday &7 : LHC today RHIC tomorrow LHC tomorrow

| T | | [ | T | I I | | T | [ | | [ T 1 |
P — S 3 Hadrons
é ' O aNS ' Jets
ﬁr sy D mesons
) B ————— B mesons

sernereeaeeeaeaeaeaeaensaeaenenens _ b Jets
................................................................ Dijets (pr.1)

=, +jets (ptY
g .............. 3 v+jets (pr¥)
+ Z0+jets (pt?)
X
b Double b-tag (pr1)

| | | I | | | | | | | | | | |

10 10? 10°
p_ [GeV]

Little LHC/RHIC overlap
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Towards the future

[ 1 RHIC today .00 } LHC today s RHIC tomorrow  F LHC tomorrow
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Extended kinematic coverage and LHC/RHIC overlap
11/1/22 Make jet tomography really possible! .



