
We present recent jets results from CMS at 2.76, 8 and 13 
TeV and show comparison to theory calculations. Both 
inclusive jet spectra, and measurements of the decorrelation 
of azimuthal angles between the two jets with the largest 
transverse momenta are presented. These measurements 
are the input for a determination of the strong coupling and 
constrain the parton density functions.
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First goal is to improve our detailed description of Standard Model physics

hard QCD - high pT: parton distribution functions (Harland-Lang, Camarda / Tue), 
strong coupling (Alonso / Thu), perturbation theory (NNLO+NLL; Hus, Monni / Mon)

intermediate QCD - inside jets: parton shower, jet substructure (Harris, Soyez / Thu) 

soft QCD - low pT: multiparton scattering, fragmentation, underlying event, etc.

Second goal: searching new physics at the energy frontier (Saoulidou / Wed)
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Hadron colliders are complementary to e-p 
colliders and fixed target experiments

Proton-proton collisions probe high Q2 and 
wide range of Bjorken x

Inclusive jets and multijets useful for high-x 
gluon PDF and determination of αs running

4

Parton distributions, αs
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Jets reach the highest energies at LHC

CMS highest pT di-widejet event a 
challenge to multijet modelling

Both CMS and ATLAS observe (excess 
of) 8 TeV jet pairs, at PDF extremes

5

Energy frontier
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Run  2
2015,        4.2/fb

2016,      41.0/fb

13 TeV,  162.9/fb (2015-18)

6

Run 1 and Run 2 data
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There is no precision jet physics without jet energy scale corrections

Experimentally calibration defined at “particle level” (cτ=1.0 cm, excluding neutrinos)

However, data-based calibrations rely on momentum conservation and thus “parton level”
adds sensitivity to initial and final state radiation (ISR+FSR), underlying event (UE)
impact visible when changing restrictions on additional jets (“α”) or when using missing-ET (MPF)
Requires excellent MC modelling, and/or data-based bias corrections

7

Jet corrections

/ 26

↵

|η|
0 1 2 3 4 5

FS
R

k

0.94

0.96

0.98

1

1.02

1.04

 (8 TeV)-119.7 fb

CMSPF+CHS
MPF Pythia6
Pt Pythia6
MPF Herwig++
Pt Herwig++

 R=0.5Tanti-k

|)η1+[2] cosh(|
|)η[1] cosh(|fit: [0]+

0.85

0.90

0.95

1.00

1.05

Je
tr

es
po

ns
e

19.7 fb�1 (8 TeV)

CMSCMSCMS

MPF (Data)
MPF (MC)
pT balance (Data)
pT balance (MC)
pT, jet/pT, ptcl

0.00 0.05 0.10 0.15 0.20 0.25
↵

0.98

0.99

1.00

1.01

1.02

D
at

a
/M

C

MPF
pT balance

0.85

0.90

0.95

1.00

1.05

Je
tr

es
po

ns
e

19.7 fb�1 (8 TeV)

CMSCMSCMS

MPF (Data)
MPF (MC)
pT balance (Data)
pT balance (MC)
pT, jet/pT, ptcl

0.00 0.05 0.10 0.15 0.20 0.25
↵

0.98

0.99

1.00

1.01

1.02

D
at

a
/M

C

MPF
pT balance

I1607.03663 (JINST12 (2017) P02014)

1607.03663 (JINST12 (2017) P02014)

http://arxiv.org/abs/1607.03663
http://arxiv.org/abs/1607.03663
http://arxiv.org/abs/1607.03663
http://arxiv.org/abs/1607.03663


Jet measurements at LHC, 25’+5’ Mikko Voutilainen, Univ. Helsinki and HIP

Both ATLAS and CMS combine Z+jet, γ+jet and 
multijet channels for sub-percent precision

Data-based calibration versus reference MC
Absolute residuals 1—3% (±0.5%) on both expts.
Uncertainty dominated by flavour response (gluons)
Potential for high CMS-ATLAS correlation?

Z(μμ)+jet stat.+syst. permits pushing toward 0.1%
Requires excellent ISR+FSR, UE and jet flavour modelling

8

Jet scale at 13 TeV

/ 26

Excellent Reconstruction and Calibration Performance

Data-driven calibration of muon efficiency ~per-mil precision

Data-driven calibration of small-R jets ~(sub-)percent precision

      ICHEP 2020                                                   B. Malaescu – Top / EW / SM                                                                     3

Slide 3 July 28, 2020Peter Loch – ICHEP2020

Jet Measurements in ATLAS
arXiv:2007.02645 – submitted to EPJC Standard jets for physics in LHC Run 𝟐

Anti-𝑘𝑡 jets with distance parameter 𝑅 = 0.4
Use calorimeter signals or particle flow 
objects (combined calorimeter signals &
tracks)

High precision reconstruction
𝒪(1%) total jet energy scale uncertainties  
More details in talk by Eva Hansen on Jet 
reconstruction and calibration in ATLAS

Operation, Performance and upgrade of 
present detectors IV, Friday, July 31, 2020, 
9:50am

Standard Model precision 
measurements

Run 2 first year measurements
Inclusive jet and dijet cross section 
corresponding to ℒ𝑑𝑡 ≈ 3.2 fb−1 of 
collected data 

Full Run 2 data set (ℒ𝑑𝑡 ≈ 139 fb−1)
Hadronic event shapes 
Strong coupling constant 𝛼S

particle flow jets

arXiv:2007.02645 – submitted to EPJC 

Excellent Reconstruction and Calibration Performance

Data-driven calibration of muon efficiency ~per-mil precision

Data-driven calibration of small-R jets ~(sub-)percent precision

      ICHEP 2020                                                   B. Malaescu – Top / EW / SM                                                                     3

JES – pT-dependent Uncertainties
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Figure: JES uncertainty sources and total uncertainty (quadratic sum of individual
uncertainties) as a function of pjet

T . Run I uncertainty without flavour and time
sources shown for comparison. flavour source is the same as in Run I.
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Flavour response uncertainty mostly from gluon jets versus well-modelled light quarks

Similar effect in both CMS (PF) and ATLAS (GS or PF) when comparing parton shower (or 
fragmentation) in Pythia6/8 and Herwig++/7

Jet substructure studies with jet flavour tag expected to help

9

Gluon jets

/ 26

 (GeV)
T, ptcl

p
30 100 200 1000

g
-R

ud
R

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 (8 TeV)

CMS
Simulation

 R=0.5, PF+CHSTAnti-k
|<1.3η|

Parton Flavor
PYTHIA Z2*
HERWIG++ EE3C

 R=0.5, PF+CHSTAnti-k
|<1.3η|

Parton Flavor
PYTHIA Z2*
HERWIG++ EE3C

 [GeV]
T
truthp

30 210 210×2 310

g
ℜ- q

ℜ

0

0.02

0.04

0.06

0.08

0.1

0.12

 [GeV]
T
truthp

30 210 210×2 310

g
ℜ- q

ℜ

0

0.02

0.04

0.06

0.08

0.1

0.12 PYTHIA MC11

HERWIG++

PYTHIA Perugia2011

Simulation
 = 7 TeVs

 R=0.4 JetsTanti-k
GS Calibration

| < 0.8η|

ATLAS  

1607.03663 (JINST12 (2017) P02014) 1406.0076 (EPJC (2015) 75:17)

http://arxiv.org/abs/1607.03663
http://arxiv.org/abs/1607.03663
https://arxiv.org/abs/1406.0076
https://arxiv.org/abs/1406.0076


Jet measurements at LHC, 25’+5’ Mikko Voutilainen, Univ. Helsinki and HIP

Jet pT resolution (JER) important for unfolding data

Low pT sensitive to noise term from pileup (N2 ~ μR2)

Data/MC differences mostly at 10% level within tracker 
coverage; linked to MC PS/fragmentation model?

10

Jet pT resolution
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Jet Measurements in ATLAS
arXiv:2007.02645 – submitted to EPJC Standard jets for physics in LHC Run 𝟐

Anti-𝑘𝑡 jets with distance parameter 𝑅 = 0.4
Use calorimeter signals or particle flow 
objects (combined calorimeter signals &
tracks)

High precision reconstruction
𝒪(1%) total jet energy scale uncertainties  
More details in talk by Eva Hansen on Jet 
reconstruction and calibration in ATLAS

Operation, Performance and upgrade of 
present detectors IV, Friday, July 31, 2020, 
9:50am

Standard Model precision 
measurements

Run 2 first year measurements
Inclusive jet and dijet cross section 
corresponding to ℒ𝑑𝑡 ≈ 3.2 fb−1 of 
collected data 

Full Run 2 data set (ℒ𝑑𝑡 ≈ 139 fb−1)
Hadronic event shapes 
Strong coupling constant 𝛼S

particle flow jets

arXiv:2007.02645 – submitted to EPJC 

JER – Scale Factors

I JER measured with dijet and Z/� + jet pT-balance methods in data and
simulated samples using JES-corrected jets. Worsening due to ISR/FSR
taken into account by extrapolating to ideal two-body topology.

I Derivation of
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data-to-simulation
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with dijet method.

I SFs derived for
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Present state-of-the-art at ATLAS and CMS, until 
legacy 13 TeV results published on full Run 2 data

Smallest uncertainty ~5% at |y|<0.5, pT=400 GeV

Results consistent with theory and each other at 
central rapidities, slight tension at high |y| and pT

11

Inclusive jets 8 TeV
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CMS (first) 13 TeV results use 71/pb of early 2015 data, 
ALICE preliminary has 4/pb and good low pT reach

ATLAS results with 4.2/fb of 2015 data, but only R=0.4
Uncovered difference between μR,F=pTjet and μR,F=pTmax at 
NNLO (first for this!), which is much smaller at NLO

Much more precision with ~140/fb and final calibrations!
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First 5.02 TeV pp measurement from ALICE
Track jets avoid calorimeter non-linearities,  
very precise reference scale down to low pT

Good agreement with Powheg above 10 GeV 
(jet charged fraction typically ~60–65%)
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Second ALICE 5.02 TeV pp measurement uses tracking+calorimetry for more inclusiveness
Comprehensive R scan to small R and low pT versus Powheg and NLO+NLL+NP
Small sample with low pileup and low √s, so pT reach from 20 GeV only up to 140 GeV
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NNLO: see 
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Santa Fe 2020
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CMS complements ALICE scan up to high pT (~1.2 TeV) 
and large R (1.2), although going only to 84 GeV at low pT

relative to AK4, with large cancellation of uncertainties

Radius scan powerful test of high-order pQCD
NLO(1.0/0.4) = NNLO(1.0) / NNLO(0.4), i.e. “one up”
also test of parton shower and NLL radius resummation
NP mostly relevant at pT<100–200 GeV
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(NLO+NLL)xNP performs well down to small R; same as ALICE sees at high pT

LO(1.0)xNP, i.e. NLO(1.0)xNP / NLO(0.4)xNP off by sizeable 15–20% (NLL~1 for R=1.0)
similar discrepancy as seen in NLOxNP vs ATLAS 13 TeV data with R=0.4
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Several new multi jet measurements in past year:

Classic ATLAS measurement of multijet event 
shapes (transverse thrust, sphericity, etc.)

CMS measurement versus ΔR23 and pT3/pT2

Novel ATLAS measurement using Lund plane 
similar to CMS approach, but more general

ΔR23 ~ ln(R/ΔR),  pT3/pT2 ~ ln(1/z)

17
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Slide 6 July 28, 2020Peter Loch – ICHEP2020

Hadronic Event Shapes with Jets

Examples: transverse thrust & transverse sphericity

𝑛jet = 3, high values of 𝜏⊥ = 1 − 𝑇⊥ and 𝑆⊥ 𝑛jet = 5, low values of 𝜏⊥ and 𝑆⊥
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Comparing six event shape variables in bins of Njet and HT2

No MC works across full phase space
At low jet multiplicities, shape differences vs MC
At high jet multiplicities, normalisation differences vs MC

18
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Pythia good for angle of soft 
emissions, but bad for hardness

MadGraph reversely good for (far) 
hardness and angle of hard emissions, 
but bad for soft and collinear 

Powheg good for angles, but bad 
for hardness

Behavior as expected for LO parton 
shower, multileg predictions and 
NLO pQCD

Results quantify magnitude of 
discrepancies as O(10–20%)

No generator works everywhere
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ATLAS Lund plane

/ 26

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

) 
R

Δ/
R

) d
ln

(
z

 d
ln

(1
/

 / 
em

is
si

on
s

N2
 d

je
ts

1/
N

0 0.5 1 1.5 2 2.5 3 3.5 4
)RΔ/Rln(

1

2

3

4

5

)z
ln

(1
/

ATLAS  > 675 GeV
T,1

, p-1 = 13 TeV, 139 fbs

2−10

1−10

)
co

re
Tp

 +
 

em
is

si
on

Tp
 / 

(
em

is
si

on
Tp

 =
 

z

2−101−10
(emission, core)RΔ = RΔ

hard & wide-

angle

soft-
collinear

hard-
collinear

UE,
MPI

non-pert. (small kt : zθ ≲ Λ
QCD)

1 2 3 4 5
)zln(1/

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 ATLAS

-1 = 13 TeV, 139 fbs
 > 675 GeV

T,1
p

) < 1.00RΔ/R0.67 < ln(

Data
Pythia 8.230
Powheg+Pythia 8.230
Sherpa 2.2.5 (AHADIC)
Sherpa 2.2.5 (String)
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

1 2 3 4 5 )zln(1/
0.6
0.8

1
1.2
1.4

  D
at

a
R

at
io

 to

1 2 3 4 5
)zln(1/

0

0.5

U
nc

er
ta

in
ty

  R
el

at
iv

e

Total Syst. MC Modeling Experimental

Pile-Up Unfolding Stat.

2−101−10
)core

T
p + emission

T
p / (emission

T
p = z

)z
) d

ln
(1

/
R

Δ/
R

dl
n(

em
is

si
on

s
N2 d

 
je

ts
N1

0 0.5 1 1.5 2 2.5 3 3.5 4
)RΔ/Rln(

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 ATLAS

-1 = 13 TeV, 139 fbs
 > 675 GeV

T,1
p

) < 2.08z1.80 < ln(1/

Data
Pythia 8.230
Powheg+Pythia 8.230
Sherpa 2.2.5 (AHADIC)
Sherpa 2.2.5 (String)
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

0 0.5 1 1.5 2 2.5 3 3.5 4 )RΔ/Rln(
0.6
0.8

1
1.2
1.4

  D
at

a
R

at
io

 to

0 0.5 1 1.5 2 2.5 3 3.5 4
)RΔ/Rln(

0

0.5

U
nc

er
ta

in
ty

  R
el

at
iv

e

Total Syst. MC Modeling Experimental

Pile-Up Unfolding Stat.

2−101−10
(emission, core)RΔ = RΔ

)z
) d

ln
(1

/
R

Δ/
R

dl
n(

em
is

si
on

s
N2 d

 
je

ts
N1

1 2 3 4 5
)zln(1/

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 ATLAS

-1 = 13 TeV, 139 fbs
 > 675 GeV

T,1
p

) < 3.67RΔ/R3.33 < ln(

Data
Pythia 8.230
Powheg+Pythia 8.230
Sherpa 2.2.5 (AHADIC)
Sherpa 2.2.5 (String)
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

1 2 3 4 5 )zln(1/
0.6
0.8

1
1.2
1.4

  D
at

a
R

at
io

 to

1 2 3 4 5
)zln(1/

0

0.5

U
nc

er
ta

in
ty

  R
el

at
iv

e

Total Syst. MC Modeling Experimental

Pile-Up Unfolding Stat.

2−101−10
)core

T
p + emission

T
p / (emission

T
p = z

)z
) d

ln
(1

/
R

Δ/
R

dl
n(

em
is

si
on

s
N2 d

 
je

ts
N1

0 0.5 1 1.5 2 2.5 3 3.5 4
)RΔ/Rln(

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 ATLAS

-1 = 13 TeV, 139 fbs
 > 675 GeV

T,1
p

) < 5.41z5.13 < ln(1/

Data
Pythia 8.230
Powheg+Pythia 8.230
Sherpa 2.2.5 (AHADIC)
Sherpa 2.2.5 (String)
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

0 0.5 1 1.5 2 2.5 3 3.5 4 )RΔ/Rln(
0.6
0.8

1
1.2
1.4

  D
at

a
R

at
io

 to

0 0.5 1 1.5 2 2.5 3 3.5 4
)RΔ/Rln(

0

0.5

U
nc

er
ta

in
ty

  R
el

at
iv

e

Total Syst. MC Modeling Experimental

Pile-Up Unfolding Stat.

2−101−10
(emission, core)RΔ = RΔ

)z
) d

ln
(1

/
R

Δ/
R

dl
n(

em
is

si
on

s
N2 d

 
je

ts
N1

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Lund plane separates various effects, similar to CMS multijets but more general
Similar observations to CMS: no generator works across full phase space
Useful input to both perturbative and non-perturbative model development and tuning
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αs determination inspired by Energy-Energy Correlation (EEC) used for QCD at e+e-

Transverse energy-energy correlation (TEEC) and their associated azimuthal asymmetries 
(ATEEC) based on jets (pT>60 GeV, |y|<2.4) rather than hadrons

Unfolded results compared to NLO pQCD x NP to extract values of αs

uncertainty completely dominated by theory scale uncertainty at NLO
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Two variants of αS determination from (A)TEEC functions
Testing αs running:  local determination of αs(Q)
Assuming RGE:  global αs(mZ) = 0.1196 ± 0.0004 (exp.) +0.0072 -0.0105 (theo.)

αs running tested up to 4 TeV, central value consistent with global average (±0.0011)
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Z+jet primarily qg>qZ, while inclusive jets gg>gg or qg>qg
complementary look at QCD processes

At high jet pT, Z also produced collinear with jets (qq>qqZ)
useful to separate back-to-back and collinear Z+jet

Z+jet increasingly numerous, extend beyond 1 TeV at 13 TeV
coupled with now NNLO precision, many opportunities
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Measurements of qg, zg in pp and Pb–Pb collisions at
p

sNN = 5.02 TeV 3

Rg = �y2 + ��2

�g � Rg
R

R

zg � pT,subleading
pT,leading + pT,subleading

Fig. 1: Definition of the kinematic variables of a splitting identified by Soft Drop grooming [17]. The identified
splitting is denoted in black.

LHC [21, 24–27]. In this note, we report results of qg and zg with stronger grooming parameters than in
previous measurements, in which a larger fraction of the jet energy is groomed away.

In heavy-ion collisions, qg is sensitive to multiple jet quenching physics mechanisms. It has been pro-
posed that qg can constrain the trade-off between the narrowing of jets due to the relative suppression of
gluon vs. quark jets, and the broadening of jets due to transverse momentum diffusion [28]. Addition-
ally, qg may be sensitive to the ability of the medium to resolve jets via color coherence, where a color
dipole may either be resolved by the medium as two independent color charges or remain unresolved
as a single color charge, leading to different modifications in the medium [29]. Moreover, uncertainty
principle arguments suggest that jet splittings are formed at different times in vacuum (tf ⇠ 1/q 2

g ) such
that wider splittings are formed earlier in the parton shower and narrower splittings are formed later. This
would result in wider jet splittings traversing on average a longer path in the medium, and undergoing
more significant modification of the substructure than narrower jet splittings. Similarly, it has also been
argued that zg may be sensitive to several jet quenching effects, such as the modification of the parton
shower by medium-induced gluon splitting, breaking of color coherence / angular ordering, or modifica-
tion to the DGLAP splitting function in the QGP [30–33]. By measuring both qg and zg simultaneously,
and thereby both the angular and momentum scales of the hard substructure of jets, these jet quenching
mechanisms can be further constrained.

No measurement of qg (Rg) has been performed in heavy-ion collisions. Previous measurements of the
zg distribution by CMS [20] and ALICE [21] in Pb–Pb collisions at

p
sNN = 5.02 and

p
sNN = 2.76 TeV

respectively, indicated significant modification with respect to pp collisions. However, these results were
not fully corrected for background and detector effects. Instead, these results were compared to a pp
reference embedded into a Pb–Pb background. This approach is difficult to interpret due to a significant
contamination of the reported distributions by mis-tagged splittings arising from the underlying event
[34]. They also cannot be directly compared to theoretical calculations of jet quenching or between
experiments.

In this analysis, we report fully corrected zg and qg (Rg) distributions for the first time in heavy-ion
collisions. To do so, the measurement is performed in an approximately background-free part of phase
space by leveraging strong grooming parameters and demonstrating quantitative control of mis-tagging
effects due the heavy-ion underlying event.

2 Experimental setup and data sets

A description of the ALICE detector and its performance can be found in Refs. [35, 36]. The pp
data set used in this analysis was collected in 2017 during LHC Run 2 at

p
s = 5.02 TeV. A minimum

Jet measurements at LHC, 25’+5’ Mikko Voutilainen, Univ. Helsinki and HIP

Jet substructure is currently a hot field (with conference series BOOST)
too many new results from ATLAS and CMS to show here, so highlight ALICE’s growing program

ALICE well suited for low pT jet substructure, with tracking+particle ID down to 150 MeV
Many tools: soft drop (z<zcutθβ), dynamical grooming (zg,θg), jet angularities (λκβ) etc.
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Jets in heavy ion collisions studied by ATLAS, CMS and ALICE, but real forte of ALICE
Dense QCD medium of heavy ion (PbPb) collisions modifies jets, but exactly how?
Ratio of zg and θg in PbPb and pp suggests collimation of θg, but little modification of zg

25

ALICE dense medium
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more to explore: 1905.02512 (PLB802 (2020) 135227)
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Lots of data extending to high pT, precise Run 2 results starting to come out 

NNLO(xNLL) precision way forward for αs, PDFs

Improved modelling of multijets, jet substructure pays dividends for JES in a virtuous cycle

Jet substructure now a big community, ALICE grown into an important player in jets
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Inclusive jet cross-section arXiv:1909.09718

The jet cross-section at different R can constrain the contributions from:

pQCD HadronizationUnderlying Event

POWHEG+Pythia
Aliolo et al. 
JHEP 43 (2010) 
JHEP 4 (2011)

Full jets

Sjöstrand et al. 
JHEP05 (2006) 026 
CPC 178 (2008) 852

Currie, Glover, Pires 
PRL 118 072002 (2017)

NNLO

See also:  
Czakon et al. 
JHEP 262 (2019)
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Partial listing of inclusive jet measurements at the LHC, as shown in this talk
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ALICE ATLAS CMS
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