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CMS Expenmentat the LHC 'CERN -

Thousands of particles are produced in one heavy ion collision



Probing the QGP

Participants forming hot matter: mixture of quarks and gluons (QGP)
Result of the part of the nuclei that do collide

Spectators
Part of the nuclei that do not collide



Probing the Quark Gluon Plasma

Detector oo Detector

Lifetime of QGP too short (~1023 sec.) to probe it with an external beam

Instead: use self-generated probes
— Quarks and gluons created in a hard scattering



Hard Probes in QCD matter

Heavy-ion collisions produce dense QCD matter
— dominated by soft partons
p;~100-300 MeV

Hard scatterings produce high energy partons

PN

o Initial state production known from pQCD
o Parton loses energy due to

interaction with medium
- medium-induced gluon radiation

Use hard partons to explore QCD matter




Hard Probes in QCD matter

Heavy-ion collisions produce dense QCD matter
— dominated by soft partons
p;~100-300 MeV

Hard scatterings produce high energy partons

7

o Initial state production known from pQCD

o Parton loses energy due to
interaction with medium
- medium-induced gluon radiation

Jet

- Experimental tool to
study high energy partons

Use hard partons to explore QCD matter




quark

proton

proton

(a) theoretical event quark

outgoing
jet

Fomm e outgoing
jet

(b) schematic view of real event

Highly energetic quarks and gluons are not stable
We see them as a spray of particles in the detector



Volume 123B, number 1,2 PHYSICS LETTERS (‘.’4 March 1983

Jets in the vacuum:

OBSERVATION OF JETS IN HIGH TRANSVERSE ENERGY EVENTS
AT THE CERN PROTON ANTIPROTON COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland

]

Et mox 165 Gev

Jets are the experimental signatures of quarks and gluons.
- They are expected to reflect kinematics and topology of partons.




Parton splittings; why?

Gluon emission probability:

—>—ﬁ 2Cra, dE df
r E 6

E

Total average number of emitted gluons:

20,Cr
( luon) = gluon emission — dP = 0
T JAglE,

4

do r" dE, «, CFI . E,
Agenlf E; n Aocp

Assuming emitted gluons are soft:

Cr E, 1 Gluon emissions will happen and

(Netuon) = Petuon—emission = b, In Apep ~ a, »>1— the average number is large




quark 99—

Perturbative parton shower
a, <1




quark 5
KL
J'IJO
K+
—
[ J
[
[ J
Perturbative parton shower Non-perturbative hadronization
a, <1 as~1



Parton level

\ Particle Jet Energy depositions
P In calorimeters




Single particle

Simplest measurement of hard scattering products: high energy particles
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Nucl.Phys.B 883 (2014) 615-628  ~



Schematic picture of energy loss
mechanism

in hot dense matter

path length L

Outgoing quark
X.=(1-x)E

Radiated energy
AE=xE

« Energy loss due to gluon bremsstrahlung in a hot dense medium



Outgoing quark spectrum

Jet quenching model calculations

5 T
. > L=5fm >
Energy fraction of quark ® |  T=300MeV S
after leaving the medium. 2- E=20GeV N B
Fixed length, fixed [ //\‘ ;
temperature for all models 15  — AMY /| @
- — ASW-MS / o
T SZY_V\;SH // B
- x.=1-AE/E i e 3
- X, = 0: Absorbed : P é
quarks 0.5] //// §
- X = 1: No energy loss R ONNES

- !

1 1 | L
é0 0.5 1

Precise measurements of absolute energy loss
should be able to differentiate between these models



Nuclear modification factor R,,

Nuclear modification is measured by taking ratio between
measured yield PbPb and pp collisions

R gy’ d*N,,/dpydn
AA_/

\Neaw) d*o,/dprdn

‘Energy loss’ ‘Absorption’

Npin d2N/d?py

ptp

\

Downward shift
Shift spectrum to left

A+A

Pr



Nuclear modification factor R,,

Nuclear modification is measured by taking ratio between
measured yield in PbPb and pp collisions

o d*N,,/dp;dn

-1 -1
16 25.8 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb) RAA — pp

C [[® ] cMs 5.02 Tev /
Py ST New d*o,,/dpydn
1.2 ALICE 2.76 TeV
ot ?i-f’-r-'-q-'-‘*f'-’-ii-“"-?f-'ff"‘-‘m*---------------------{ -------- - High p; hadron production is
E 0_8;_ hadrons t*g{ * suppressed by a factor 2-6
N s e
T a The shape of the distribution is very
L different from pp
O —>Low py: Radial flow
Py (GeV) - High p;: Jet quenching



Nuclear modification factor R,,

Nuclear modification is measured by taking ratio between
measured yield in PbPb and pp collisions

RAA

25.8 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

1.6
C [[e] cMS 5.02 Tev
1.4 gl\es o CMS 2.76 TeV
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1.2 ALICE 2.76 TeV
- Taa @nd lumi. uncertainty
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E1[GeV] JHEP 07 (2020) 116



http://dx.doi.org/10.1007/JHEP07(2020)116

Nuclear modification factor R,,

Nuclear modification is measured by taking ratio between
measured yield in PbPb and pp collisions
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http://dx.doi.org/10.1103/PhysRevLett.127.102002

Data vs Theory
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[ 4,=0.81.0,1.2,14, 1.7 GeV/fm

o

RHIC

[ B
16

3 10 12 14 18 20
p; (GeV)
T T 17T 17T 17T 71T 771 77 T T
L & CMS (0-5%)
ogl. * Alice (0-5%) _
| §,=14,1.8 2226 3.0GeV¥ .
06 , ]

| - | I PR | I | -
10 20 30 40 50 60 70
P, (GeV

[ B
80 90 100

£00S'2 LEL:AIXI@ ‘UONEBIOGE)|I0D 13" ‘|8 18 8)ing

Analytical models to describe
charged hadron suppression

Determine which medium density fits the data best
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— PHENIX 08+12
------ CMS+ALICE

o

IIII[IIIIIIIIIlIIIIlI

'lIlI[IIIIIIIIIlIlIIlI

O||||||||||||||||||||||||||||||

1 15 2 2.5 3 3.5
g, GeVZfm (LHO)

Medium density ~2x higher at LHC than RHIC



Data vs Theory

Multiple models describing the same physics
— Suppression of charged hadrons

7 T T

= McGil'AMY]
--- GLV-CUJET

1 1 ! | i | N
e CMS (0-5%)
08l * Alce (0-5%)

0.6 - /—’+'/"_ i M= S | Y A 5, -
é i ?
@ o4l ]
i == GLV-CUJET B
o2&~ e m?g;:::k‘:MY i I :_“ rr} DI ! /AU+AU at RHICI j
........ Y - : < 1 1
T HToW : AN Ten _Pb+Pbat LHC, |
0 " P IS U N I N —— —— FEA | . M P N 1\ M P I. L
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JET Collaboration, PRC 90, 014909 (2014)

Use best fits of all models to constrain phase space



Data vs Theory

Extracting transport coefficient from data

7
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Data vs Theory

State-of-the-art: extraction of medium properties using Bayesian analysis

x E =100 GeV
S 8- Posterior
3
1; 6'
= T
O.g <B.
4 -
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¢ JET Collaboration
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Jet Findin 8

Where are the jets?



Jet Finding

Easy enough



Jet Finding

Need to define jet in experiment and theory




CMS Experiment at LHC, CERN
Nala recorded: Thu Apr 5 05-47-32 2012 CEST

Run/Event: 190401 / 12545076

Lumi section: 75 \
Orkit/Crossing: 19495845 / 1347




Jet Finding

Jet definition

- | /
Particles Jets
4-momenta 4-momenta

from tracking and calorimeter

Need to decide:
 Which particles do you put together into a same jet?
e How do you recombine their momenta?



anti-
jet 1 jet 2 quark quark

jet finding interpretation

LO partons




NN e

LO partons NLO partons parton shower hadron level
Jet | Def" Jet | Def" Jet | Def" Jet | Def"
jet 1 jet 2 jet 1 jet 2 jet1 jet 2 jet1 jet 2

VO VY

Projection to jets should be resilient to QCD effects




Jet Finding

quark

?

non-perturbative

hadronisation
=]

Sequential clustering algorithms:

Aim: undo the parton splittings that produced the jet

2 particles are likely to originate from same
parent when the softer particle has a small
transverse momentum (ky) with respect to the
harder one

- — Large U
min(E;E;)0;;j 5 £E




Jet Finding

Sequential clustering algorithms:

. Aim: undo the parton splittings that produced the jet
- Sl
- ;+ 2 particles are likely to originate from same
quark e :KL parent when the softer particle has a small
2= 20 transverse momentum (ky) with respect to the
3 8 harder one
‘|= N K_+ Dri AR..
2 = : 31 1 - 1 .
B . min(E;E;)0;; min(priprj)ARj xf'ptl

AR;j = \JAy? + Agp? |




Jet Finding

anti-k,, R=1

\

Sequential clustering of objects in event
(calo towers, tracks etc) with a particular
distance measure:

dij = min(p?f’,pff) A113&'23'/11%2 :

dip = P?zp-
1. Find smallest of djand djg
2. Ifij, recombine them
3. IfiB, callia jet and remove from particle list
4. lterate until no particles are left




Jet Finding

Sequential clustering of objects in event
(calo towers, tracks etc) with a particular
distance measure:

dij = min(pff,pff) AR?j/R2 :

2p
dip = Di; -
Find smallest of d; and d;g
If ij, recombine them

1
2
3. IfiB, callia jet and remove from particle list
4. lterate until no particles are left

antik, R=1 |

—— . : \

al “ ‘%“‘
‘;%?‘é:. AT
‘-‘-%}:{13“ TR

p=+1 2> kt
p=0 - Cambridge/Aachen
p=-1 -2 anti-kt



anti-kt, d = 1.00e-100

o0 ISR - .




80

anti-kt, d = 1.00e-06




80

anti-kt, d = 1.44e-06




anti-kt, d =2.07e-06

o0 ISR - .




anti-kt, d = 2.98e-06




anti-kt, d = 4.28e-06




anti-kt, d = 6.16e-06




anti-kt, d = 8.86e-06




anti-kt, d = 1.27e-05




anti-kt, d = 1.83e-05




anti-kt, d = 2.64e-05




anti-kt, d = 3.79¢-05




anti-kt, d = 5.46e-05
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Jet Finder: safety

A jet finder algorithm must be insensitive to an arbitrary collinear or soft emission.
To ensure that infinities cancel in perturbative calculation.
- Allows meaningful comparison between experiment and theory.

1 2 1 (2 :
1 @) 1 @)
ﬁ % = EJIRC-unsafe o EJIRC-unsafe = o0

Prog. Part. Nucl. Phys. 89 (2016) 1-55



http://dx.doi.org/10.1016/j.ppnp.2016.02.002

Small vs Large Jets

=

At leading order jet radius is irrelevant



Small vs Large Jets

Larger jets better to capture perturbative fragmentation



Small vs Large Jets

+ ) =

e ® L X g . X !
e \ | 1 /%
\\\ / /// 1 -
no rbative = i
hadronisation adroni

5 =

Larger jets better to capture perturbative fragmentation
and non-perturbative hadronisation



Small vs Large Jets

+ T

W
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"y = L/

rbative i

ation

onl

Smaller jets better to limit influence from underlying event



Parton showers

Vacuum Medium

What happens to the parton shower in a hot QCD medium?
And what does that tell us about this medium?



Jets in heavy-ion collisions

It is very very busy in a heavy-ion collision
Need to remove particles that are not related to jet formation

CM CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

Lumi section: 249

Jet 1, pt: 70.0 GeV!




Jet background in heavy-ion collisions

ALICE, JHEP 1203(2012), 053

Signal jets are reconstructed with anti-kT

° FastJet k, (p"" = 0.15 GeV/c)
% L Fit: (-3.320.3) GeV/c + (0.0623:0.0002) GeV/c: E_::E' 10°
%200_ 0-10% =
k; algorithm however very useful to [ K
estimate how much background there is 0t
in an event 10°
100
0 20000 Pb-Pb \s =2.76 TeV
p entries 102
. 5 . ijet / 0-10%
Background density: | p = median [ T ] Al 10
jet v 0
T T T —
Ninput
: , e (p) a(p)
Use background density to correct jet: (GeV/e) | (GeV/e) (GeV/e)
sub _ raw _ . 0-10%
Pt jet = PT jet pA]et :

0.15 138.32 +£0.02 | 18.51 £0.01
1.00 59.30 £0.01 | 9.27£0.01
2.00 12.28 £ 0.01 3.29 £ 0.01




Jet background in heavy-ion collisions

ALICE, JHEP 1203(2012), 053

Signal jets are reconstructed with anti-kT

g FastJet k, (p"" = 0.15 GeV/c)
CM S C q, | Fit: (-3.3:0.3) GeV/c + (0.0623:0.0002) Gewc:_ 2—::;3' 10°
ounts S == -
400 = 0_200_ 0-10%
k algoritl 2015 PbPb |s,,=5.02 TeV -10° 510
Ter Average of 4 tower -strips| 1 4
estima : 1107 10
) 300E Ml <0.174] = ‘
IN AN €© : ] - 10°
GLJ 1 04 100 0 20000 Pb-Pb \s =2.76 TeV
g entries 102
3
Backgrou$ 10 M. 10
g L
102 e
< 0 % 7000 2000 300?\1 !
e Y _ 10 : o (p;
"B N pm p a(p,
Use baCki 00 - .20. . ".'___- 1 (GeV/e) (GeV/e) (GeV/e)
0 0-10%
Centrality (%) 0.15 | 138.32+0.02 | 18.51 +0.01
arXiv:2405.10785 1.00 59.30 £ 0.01 | 9.27+0.01
2.00 12.28 £ 0.01 | 3.29+0.01



http://arxiv.org/abs/2405.10785

Jet energy scale and resolution

Background fluctuates from region-to-region
—> affects resolution after subtraction

CMS simulation Sy = 5-02 TeV

F
- Pythia8+Hydjet
I anti-ky, mjell <2
40001 T T —
= 3500} 70 <p " <80 GeVic -
3000f |eta] < 0.3
0.9 —+ i 2500
ma
PbPb, Centrality 1500:
i -0-10% | ] 1000}
04 ~1080% [*_ - .
3 ~30-50% 1 - :
0.2F +§gzgg:/ iES ;*::.‘ | % 02040608 1 12 14 16 18 2
- MR e = /
| . PT,reco/ PT,truth
900 200 300 500 100.et 200 300 500
Generated p’” (GeV)



Dijets in PbPb

First direct observation of jet quenching (Dec. 2010 LHC)

- 4 rrvrjrrrfrryrrfrrYrYrY7rv

- - S Nsu= 0-10% |

jl 2 S f\Syw=2-76 TeV :

; J T il ~ P Pb+Pb ]
SYIMMETY e ° $L=17ub"]

(1/N

4

In pp: used to calibrate jets m“

In PbPb: physics signal T *’ PbPb “

0102'€0€252:G0} Bo1Aay sAud

Dijets in PbPb are less balanced in energy S A,

balanced unbalanced



Dijets in PbPb

12 fm

First direct observation of jet quenching (Dec. 2010 LHC)
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L OPP
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STV 0I5
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Dijets in PbPb

irect observation of jet quenching (Dec. 2010 LHC)
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Jet Rya

Jets don’t recover all expected energy
—>out of the cone

Out-of-cone radiation
R, <1

=

| \—7 R,

In-cone radiation
Jet broadening

Incoming
parton

& | ATLAS  antik, R=0.4 jets, 5y = 5.02 TeV
1 ............................................................................
e
] <2.8
2015 data: Pb+Pb 0.49 nb™", pp 25 pb’” Eig ) ggf’,f
NEAN (T,,) and luminosity uncer. %69 70%
40 60 100 200 300 500 900
p. [GeV]

ATLAS, PLB 790 (2019) 108
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Hadron vs Jet Ry,

Similar suppression for single hadrons and jets.

Devil is in the details.

7.
B X
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I E =100 GeV E =100 GeV
8- Posterior 8- Posterior
6 6
<|§- C Jet T = 200 MeV
081 [ Hadron E =100 GeV

Posterior
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[Slide from Yi Chen]




Boson-jet correlati

Advantage of boson-jet correlations:
Z bosons and photons aren’t affected by medium
You know the energy of the jet before energy loss




Boson-jet correlatio

Advantage of boson-jet correlations:

Z bosons and photons aren’t affected by medium
You know the energy of the jet before energy loss

Z-jet photon-jet

Sy = 5.02 TeV PbPb 404 ub™, pp 25.8 pb™ Jjet
— e REane

14@ =5.02 TeV PbPb 404 pb™, pp 27.4 pb™

11 L e e e
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arXiv: 1702.01060 p$ (GeV/c) y PAS-HIN-16-002

Jets loose ~15% energy due to medium interaction




Where did the energy go?

pp reference
=H-o07< p‘T’k< 300 GeV

CMS  Radial momentum distribution
pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV)
anti-k; R=0.4 jets, P> 120 GeV, mjet|<1.6
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JHEP 05 (2018) 006



http://dx.doi.org/10.1007/JHEP05(2018)006

Thank you




