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OUTLINE

•Concepts 

•Tools 

•Observables 

•Heavy-ions
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QCD VACUUM SPLITTING
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Consider a generic 1→2 splitting in QCD.

m2 = z(1� z)E2✓2The pair invariant mass

Formation time of splitting: tf ⇠ �E�1 =
2z(1� z)E

p2?

!p⊥ = z(1 − z)Eθ

d𝒫vac = 2
αsCR

π
d log zθ d log

1
θ
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JETS

•smallness of coupling compensated by phase space for 
radiation 

•resummation of soft & collinear divergences 

•strong separation of scales (semi-classical) 

•color coherence
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N =
αsCR

π ∫
R

Q0/E

dθ
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E
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RADIATION PHASE SPACE
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m
=

Q z =
1

θ0

Δ(t1, t0) = exp [−∫
t1

t0

dt
t ∫

1

0
dz

αs(p⊥)
2π

P(z)ΘPT]Sudakov form factor 
(no-emission probability)
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SHOWER REALIZATIONS
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mass/virtuality transverse
momentum angle formation

time

Plane is filled uniformly (running of ! ) - histories vary!αs

Adam Takacs (UiB)

Amenable to Monte Carlo sampling!
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SPACE-TIME PICTURE OF THE JET
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log 1

pTRL

log 1/R

t f
=
L

log zθ

log 1/θ

Primary & secondary planes 
describe branching 
structure of the jet.

Semi-classical identification: 
formation time ≈ splitting time.
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<latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit>

tf,1
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Primary & secondary planes 
describe branching 
structure of the jet.

Semi-classical identification: 
formation time ≈ splitting time.



TOOLS
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JET DEFINITIONS

!10

proton-proton
two-jet event (?)

proton-proton
three-jet event (?)
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RECOMBINATION ALGORITHMS

!11

pT
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What goes into the jet?

● Parton level : before hadronization
○ Generally limited to fixed-order calculations

● Particle level : after hadronization
○ Good proxy for the “truth” definition of a jet 

(particles generate detector signal)

● Calorimeter / track / particle flow objects
○ Detector-specific views of an event

Theory / Pheno

Experiment

Theory / Pheno / Experiment

10

parton
level

particle 
jet

energy
deposition

The algorithm is instrumental to identify the jet (clustering)  

&  

to associate a branching history to it (re-clustering). 

dij = min
�
p2↵T,i, p

2↵
T,j

� �R2
ij

R2

diB = p2↵T,i
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+
recombination 

scheme
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RECOMBINATION ALGORITHMS

!12

• only angular measure (𝛼=0)
• ideal for substructure measurements 

1) Cambridge/Aachen (CA) 
[Dokshitzer, Leder, Moretti, Webber (1997)]
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RECOMBINATION ALGORITHMS

!12

• only angular measure (𝛼=0)
• ideal for substructure measurements 

1) Cambridge/Aachen (CA) 
[Dokshitzer, Leder, Moretti, Webber (1997)]

• kt weighted metric ( )
• sensitive to soft activity 

α = 1

2) kt algorithm 
[Catani, Dokshitzer, Seymour, Webber (1993); Ellis, Soper (1993)] 
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RECOMBINATION ALGORITHMS

!12

• only angular measure (𝛼=0)
• ideal for substructure measurements 

1) Cambridge/Aachen (CA) 
[Dokshitzer, Leder, Moretti, Webber (1997)]

• kt weighted metric ( )
• sensitive to soft activity 

α = 1

2) kt algorithm 
[Catani, Dokshitzer, Seymour, Webber (1993); Ellis, Soper (1993)] 

• anti-kt weighted metric ( )
• resilient to soft activity, ideal for 

identifying candidate jets 

α = − 1

3) anti-kt algorithm  
[Cacciari, Salam, Soyez (2008)]



K. Tywoniuk (UiB)

GROOMING

• trimming 

• filtering 

•pruning 

•modified Mass-Drop Tagger/SoftDrop 

• recursive SD

!13

Aimed at reducing the sensitivity to underlying event  
& non-global logarithms. 

Background subtraction & pile-up mitigation is also performed.
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SOFT DROP

!14

❌

!log 1/θ

! lo
g

zθ

z =
zcut θ β

veto

Re-cluster jet with C/A until finding first 
branch that satisfies: 

z > zcutθβ

- removes soft & large-angle radiation

Recursive SD: continues to identify all branches that 
satisfy this condition (pruning)

Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Larkoski, Marzani, Thaler 1502.01719

Dreyer, Necib, Soyez, Thaler 1804.03657
Frye, Larkoski, Thaler, Zhou 1704.06266



OBSERVABLES
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LUND PLANE

!16

Promote of idea phase space map to a genuine observable.
F. Dreyer, G. Salam, G. Soyez 1807.04758

1) re-cluster jet with C/A algorithm 

2) at each branching collect (! )pTi > pTj

kt = pTjΔRij

z = pTj /(pTi + pTj)

m2 = (pi + pj)2

ψ = tan−1
yj − yi

ϕj − ϕi

3) produces an ordered list

ℒprimary = {𝒯(1), …, 𝒯(N)}

𝒯(i) = {ΔR(i), k(i)
t , …}
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LUND PLANE

!16

Promote of idea phase space map to a genuine observable.
F. Dreyer, G. Salam, G. Soyez 1807.04758

1) re-cluster jet with C/A algorithm 

2) at each branching collect (! )pTi > pTj

kt = pTjΔRij

z = pTj /(pTi + pTj)

m2 = (pi + pj)2

ψ = tan−1
yj − yi

ϕj − ϕi

3) produces an ordered list

ℒprimary = {𝒯(1), …, 𝒯(N)}

𝒯(i) = {ΔR(i), k(i)
t , …} (a)

Primary Lund-plane regions

soft-collinear

hard-collinear (large
z)

ISR
(large

�
)

M
PI/UE non-pert. (small kt)

ln(R/�)

ln
(k

t/
G
eV
)

(b)

Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.

One could additionally follow the lower pt branch at each declustering. This would

e↵ectively create secondary, tertiary, etc., Lund planes (or triangles), i.e. one for each

emission, giving the full Lund diagram as in the middle row of Fig. 1. We postpone the

study of full Lund diagrams to future work, although a brief discussion of the use of a

secondary Lund plane is given in appendix B.

2.2 Averaged Lund plane density and basic analytical properties

The simplest analysis of the Lund plane is to examine the average density of points per jet

and per unit area in the ln kt – ln� plane, which we denote

⇢(�, kt) =
1

Njet

dnemission

d ln kt d ln 1/�
. (2.2)

One can also define a density in terms of dimensionless variables, e.g.

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
. (2.3)

The quantity ⇢(�, kt) is represented in Fig. 2a for a sample of (C/A, R = 1) jets with

pt > 2 TeV, simulated using the dijet process in Pythia 8.230 [49] with the Monash13

tune [50]. For the case of a quark-initiated jet (about 80% of the jets in the sample

– 5 –

Plane is uniformly filled!

2
αsCR

π
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MEASURING THE LUND PLANE

!17

Measured in real data (pp @ 13 TeV). 

Exciting new tool: constraining branching structure of MC.
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GROOMED OBSERVABLES

• set of new observables after SD procedure 

- directly linked to density on primary Lund plane 

- theory-MC-data comparison at LHC! 

• beyond infrared-collinear safe (Sudakov safety) 

• counting observables nSD

!18

Groomed jet mass

CMS measurements with mMDT 
CMS-PAS-SMP-16-010

ATLAS measurements with SoftDrop 
CERN-EP-2017-231

51

CMS-PAS-SMP-16-010 CERN-EP-2017-231
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ENERGY-LOSS BASICS
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dN

dpT
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jet energy
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Workhorse of the field: measuring & parameterizing the shift of 
spectrum to access information about medium interactions.
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ENERGY-LOSS BASICS
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dN

dpT
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jet energy

!δp

Workhorse of the field: measuring & parameterizing the shift of 
spectrum to access information about medium interactions.



K. Tywoniuk (UiB)

ENERGY-LOSS BASICS
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dN

dpT
<latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit>

jet energy

!δp

Workhorse of the field: measuring & parameterizing the shift of 
spectrum to access information about medium interactions.

However: many confounding factors (jet/medium components)!



K. Tywoniuk (UiB)

MULTI-VARIATE MIGRATION EFFECTS
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dN

dpT
<latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit>

jet energy

!δp

Consider a two-parameter dependence of ! .δp
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MULTI-VARIATE MIGRATION EFFECTS
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dN

dpT
<latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit><latexit sha1_base64="6BAbHt877vbFwxYXmMMONZdkp1g=">AAAC0nicbVFNb9QwEPWGj5bwtQVx4mKxQuK0SlAlOFZw4YSKlG0rbVaR40y6Vh3HiidoUysHxJU/wYEL/CL+Dc4Xoi0jWXnvzTx7MpNqKQwGwe+Zd+v2nbt7+/f8+w8ePno8P3hyYsq64rDipSyrs5QZkELBCgVKONMVsCKVcJpevO/yp5+hMqJUETYaNgU7VyIXnKGTkvmzOK8Yt3GW0Y9t/9FJ1CbzRbAM+qA3QTiCBRnjOD mY/YizktcFKOSSGbMOA40byyoUXELrx7UBzfgFO4e1g4oVYDa277+lL52S0bys3FFIe/Vfh2WFMU2RusqC4dZcz3Xi/3LrGvO3GyuUrhEUHx7Ka0mxpN0waCYq4CgbBxivhOuV8i1zA0E3siuvGPdTW8ha348zyN2cbIywQ5u17aAAWBtXBYVJSI2N01JmXeOldMZBRtfl4E1zi1Nx9Fd1ppxGk64dNVSPbNez3cianjUjUz1TU4M6sjqZbkShmu7O1neLDa+v8SY4eb0Mg2X46XBx9G5c8T55Tl6QVyQkb8gR+UCOyYpwYsl38pP88iLv0vvifR1KvdnoeUquhPftDxSI5JQ=</latexit>

jet energy
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jet energy

jet “width”, 
“charge”, …

!δp

!δp

Consider a two-parameter dependence of ! .δp

! (narrow jet) !  ! (1 parton)δp ≈ δp

! (wide jet) !  ! (n partons)δp ≈ δp

<

Open data/theory question: what drives quenching and 
substructure modifications?
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SUBSTRUCTURE STUDIES IN HIC
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• sheds new light on the 
physics of jet quenching 

• potential to isolate/enhance 
regimes 

- sensitivity to “new” physics (QCD 
bremsstrahlung, medium 
response)

- purified samples to study 
microscopic properties (color, 
mass)

• at the forefront of 
developments in pp/PbPb
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PHASE SPACE ANALYSIS
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!log 1/θ

!log zθ
m

=
Q z =

1

R

Y. Mehtar-Tani, KT 1706.06047, 1707.07361 
Caucal, Iancu, Mueller, Soyez 1801.09703  

Dominguez, Milhano, Salgado, KT, Vila 1907.03653 
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PHASE SPACE ANALYSIS

!23

!log 1/θ

!log zθ
m

=
Q z =

1

R

Y. Mehtar-Tani, KT 1706.06047, 1707.07361 
Caucal, Iancu, Mueller, Soyez 1801.09703  

Dominguez, Milhano, Salgado, KT, Vila 1907.03653 

m = E/L
(tf = L) tf

(PS)in =
ᾱ
4

log2 ER2L

Large probability for 
splitting inside!
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PHASE SPACE ANALYSIS

!23

!log 1/θ

!log zθ
m

=
Q z =

1

R

Y. Mehtar-Tani, KT 1706.06047, 1707.07361 
Caucal, Iancu, Mueller, Soyez 1801.09703  

Dominguez, Milhano, Salgado, KT, Vila 1907.03653 

θc

k⊥ = (ω ̂q)1/4

(tf = td) k⊥ = ( ̂qL)1/2

Red area: vacuum emissions taking place inside the medium 
- could be modified by the medium (long-distance effects).

x⊥ = θt

λ⊥ =
1

̂qt

✓



K. Tywoniuk (UiB)

INTERPLAY OF CUTS

!24

!log 1/θ

! lo
g

zθ

R

veto

!log 1/θ
! lo

g
zθ

R

veto

β > 0 β = − 1

Can severely constrain phase space for medium effects!
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COMMUNITY EFFORT

•complex interplay of many effects & demanding 
understanding of background fluctuations 

•need community drive theory-experiment effort 
to establish common practices, observables… 

•started out as CERN TH institute 2017, now 
JetTools Workshop (Bergen 2019,…) 

•…and currently also EMMI RRTF! ☺

!25

Some examples follow…
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COMPARING LUND PLANES
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QPYTHIA JEWEL (wo/ recoil) JEWEL (w/ recoil)

2.3 Radiation phase space and sensitivity to jet quenching
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Figure 4: Lund diagram reconstructed from jets generated by QPYTHIA (left column), JEWEL without
recoils (middle column) and JEWEL with recoils (right column). The lower panels correspond to the
difference of the radiation pattern with and without jet quenching effects. Note that the scale of the
z-axes varies between the panels.

As a demonstration of the general ideas outlined above, we fill the Lund diagram using two QCD-based
models for jet quenching, namely QPYTHIA [7] and JEWEL [8, 9]. Both models implement the possibility
for medium-induced bremsstrahlung. However, only JEWEL (i) evaluates dynamically the kinematics of
multiple scattering, (ii) implements additional momentum broadening of all particles and (iii) provides the
possibility to track recoiling medium constituents that have interacted with the jet and, finally, includes
them in the hadronization step.8 The jet-induced medium response constitutes a correlated “background”
component that can contribute to the modifications of the measured jet substructure. Recoil effects are
expected to contribute in the soft-large angle sector of the phase space, similarly to the uncorrelated
underlying event, discussed further in Section 2.3.1. One can also neglect tracking the recoil particles
altogether. For further details about the employed models, see Appendix A.

We present first the results of generator level studies, i.e. without embedding the models into a
realistic heavy-ion background. For the same jet criteria as in Figure 3, in Figure 4 (upper row) we plot
the Lund plots generated by QPYTHIA, JEWEL without recoils and JEWEL with recoils, respectively.
In this particular study, we employ the C/A reclustering. The lower plots show the differences to the
corresponding vacuum diagrams. It is also important to keep in mind that there is a significant migration
between pT bins in heavy-ion collisions, widely understood as the effect of jet energy-loss. This could
result in a significant contribution, in a fixed pT bin, from jets that were minimally modified.

The results from QPYTHIA exhibit a modest excess ⇠ 10% of hard quanta relative to vacuum, see
Figure 4 (lower, left). In the model, the number of splittings is increased relative to vacuum leading to
a significant intra-jet momentum broadening at scales corresponding to very short formation times. In
the case of JEWEL, the difference plot exhibits only a mild increase of splittings at moderate kT and a
small suppression ⇠ 6% of hard quanta, see Figure 4 (lower, center). This suppression is consistent with
a lack of strong intra-jet broadening and a more collimated fragmentation. This shows that the realistic
modifications to the Lund diagram are highly non-trivial and calls for a better theoretical understanding,

8Note, however, that in JEWEL medium particles that interact with the jet do not interact further with the medium.

9

Andrews et al. 1808.03689
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GROOMED MOMENTUM FRACTION
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Figure 8: Groomed shared momentum fraction, zg, for three different grooming settings in simulations
with and without jet quenching. The uppers panels show the zg distribution normalized by the total
number of ungroomed jets while the lower panels show the ratio of JEWEL and QPYTHIA with respect
to PYTHIA8.

SD3: zcut = 0.1 and � = �1.0: selects only hard radiation;

Figure 7 depicts how these settings remove parts of the phase space in the Lund plane. This will in turn
affect the demands on statistics, especially for the SD3 setting. While the first setting is the more widely
used in various studies of the SD procedure, the two latter are designed to suppress regions of phase
space with a lot of medium activity, as identified in the diagrams in Figure4. One could, of course, devise
other grooming strategies, or even combine various conditions, in order to “carve” out kinematical regimes
of particular interest. We avoid such prescriptions here in order not to bias our jet sample excessively.
On the other hand, it could be interesting to combine grooming strategies with specific reclustering
algorithms, a point we briefly study in Section 3.1.1.

3.1 Groomed substructure observables and sensitivity to jet quenching

After identifying the first splitting that satisfies Eq. (9), we have access to the full kinematics of that
branching step. The groomed jet energy (pT = E) is now defined as pTg ⌘ pT,1 + pT,2, where the
subscripts now refer to the identified subjets. We can then define the groomed momentum fraction,
zg = min (pT,1, pT,2) /pTg and the angle �R12 between the subjets. In our numerical studies, we will
focus on these two quantities but also introduce the groomed mass to energy ratio Mg/pT, where Mg is
defined as in Eq. (1) with all relevant quantities being groomed. These observables shed light on how
the branchings occur in course of the parton shower and are sensitive to medium effects as long as the
branching originates from inside the medium, roughly tfg ⌘ 2pTg/M2

g < L, see discussion above. For the
chosen medium parameters, the samples analyzed with settings SD1 and SD2 will contain an admixture
of in-medium and out-of-medium splittings, see Figure 7, while SD3 picks exclusively out hard splittings
originating from inside the medium.

As in the previous section, the jet quenching Monte Carlo event generators we use in our study are
QPYTHIA and JEWEL (with recoil effects turned on and off) and are shown in Figure 8, 9 and 10.
Jets were reconstructed using anti-kT R = 0.4 and for pT > 130 GeV/c. The results in this section
are obtained at generator level, without embedding. In particular, we have not introduced any detector
resolution effects, such as a minimal angular cut-off �Rmin. Note, that the distributions are normalized
by the total number of anti-kT (ungroomed) jets. The distributions are therefore not self-normalized and
contain information how grooming affects the overall suppression of the jet yield.

Figure 8 shows the momentum fraction zg distribution for different event generators. The vacuum
baseline is represented by the PYTHIA8 data points and compared to results from the QPYTHIA and
JEWEL jet quenching event generators. In this figure, the perhaps most striking feature is the generally
opposite trend of the two models. This can also be traced back to the discussion around Figure 4. The
modified parton shower in QPYTHIA makes the jets broader with respect to jets in vacuum and therefore
many more jets survive the grooming. JEWEL however collimates the jets and therefore less jets are
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surviving the grooming with this setting.
We also note, that while for � � 0, see Figure 8 (left and center), the number of jets for the different

generators remains roughly constant while for the negative grooming setting � < 0, Figure 8 (right), a
large deviation from unity can be observed. Interestingly, QPYTHIA subjets are strongly enhanced in
this regime while JEWEL “Recoils off” subjets are strongly suppressed, both by a factor ⇠ 1.5�2. This is
naturally in agreement with the features already observed in the Lund plane, see Figure 4. For example,
for QPYTHIA we note a strong enhancement at high-kT independently of the momentum fraction z,
see Figure 4 (lower left panel), which reflects in the enhancement in Figure 8 (right). Note also that the
magnitude of effects are the biggest for the most aggressive setting that naively corresponds to early
in-medium splittings.

Comparing the JEWEL results with and without recoil demonstrates that, for the chosen analysis
settings, this observable is not very sensitive to recoil effects except for the small-zg region. In order to
compare to the data presented in [58] for the � = 0 setting, see also [30] for a study using JEWEL, where
a significant deviation from vacuum baseline was observed. We again point out that no minimal angular
cut-off was employed in our studies. Such a cut-off suppresses collinear vacuum radiation and, hence,
amplifies the effects related to the medium.
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Figure 9: Distance between the two groomed subjets, �R12, for three different grooming settings in
simulations with and without jet quenching. The uppers panels show the �R12 distribution normalized
by the total number of ungroomed jets while the lower panels show the ratio of JEWEL and QPYTHIA
with respect to PYTHIA8.

Next we turn to studying the angular separation �R12 distribution of the groomed subjets. In
the context of jet quenching, one particularly interesting question is to gauge whether substructures are
quenched differently as a function of their angular separation. The angular distance between the groomed
sub-jets is plotted in Figure9 for the three grooming settings. Once again, we see big differences between
the MC models; JEWEL “Recoils off” being very collimated and QPYTHIA very broad. The JEWEL
“Recoils on” setting interpolates between the two extremes and, most strikingly, exhibits an enhancement
at intermediate angles, consistent with earlier studies of jet shape and fragmentation function [48].

Once more, it is interesting to point out that the modifications are arguably the strongest for the
most conservative SD setting, see Figure 9 (right). In particular, the JEWEL “Recoils off” samples are
consistently suppressed for all angles. This could point to the importance of energy-loss that is not very
sensitive to angle in JEWEL. The enhancement seen at small �R12 for � � 0, see Figure 9 (left, center),
could also indicate a similar mechanism related to migration of narrow jets from higher pT.

Finally, we study the groomed jet mass normalized by the ungroomed transverse momentum, Mg/pT,jet,
in Figure 10. This observable combines several of the features already seen before and seems particularly
constraining of large-mass jet substructures. In this case, the QPYTHIA and JEWEL “Recoils on” sam-
ples give rise to similar distributions with a strong enhancement at large Mg/pT. The enhancement is the
largest for the latter model, putting strong constraints on the assumptions related to the free streaming
of recoil fragments in JEWEL. In contrast, JEWEL “Recoils off” is more resilient and exhibits a mild
suppression with respect to vacuum results at high-masses. This could again be interpreted as an effect
of energy-loss. During the preparation of the workshop report results on the groomed mass in heavy-ion
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JEWEL jets more collimated.
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Figure 14: Nuclear modification factor, Equation 10, for subsamples of groomed jets binned as a function
of �R of the leading sub-jets identified using SD1 for 0–10% most central PbPb collisions.

of other substructure observables that were analyzed above, see e.g. Section 3.1, and reflects stronger
energy-loss effects for large-angle substructure fluctuations thereby leading to more quenched partons [70].
Finally including recoil effects, the JEWEL “Recoils on” sample, see Figure14 (right), reveal a strong pT-
dependence of large-angle jets, leading to a big enhancement of RAA at relatively low transverse momenta.
This implies an enhanced constraining power to details of medium recoil modeling in this observable.

Other benchmark observables in heavy-ion collisions include the Z-jet or photon-jet momentum asym-
metry. Here, we will only focus on the latter, defined as the ratio of jet to photon momentum,

xJ� =
pT,jet

pT,�
. (11)

In contrast to the nuclear modification factor (10), this observable does not immediately involve a com-
parison to a proton-proton baseline. The direct access to the photon energy in the measurement also
would help constrain the effect of energy-loss or migration of jets between pT-bins.
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Figure 15: The xJ� distribution for subsamples of groomed jets that have been binned as a function of
the angle found between the leading sub-jets using SD.

In Figure 15 we present the resulting xJ� distribution for the JEWEL “Recoils on” samples in two
centrality bins (corresponding to 0–10% and 90–100% centrality). This sample has been binned in subjet
angular separation, as described above, this time using SD2 grooming. The same features that have
been pointed out multiple times, also show up here as a function of collision centrality. Notably, the
small-angle sample shows very little dependence of centrality, and is closely peaked around 1. The large-
angle sample, on the other hand, which also corresponds to jets formed earlier in the medium, is strongly
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of �R of the leading sub-jets identified using SD1 for 0–10% most central PbPb collisions.

of other substructure observables that were analyzed above, see e.g. Section 3.1, and reflects stronger
energy-loss effects for large-angle substructure fluctuations thereby leading to more quenched partons [70].
Finally including recoil effects, the JEWEL “Recoils on” sample, see Figure14 (right), reveal a strong pT-
dependence of large-angle jets, leading to a big enhancement of RAA at relatively low transverse momenta.
This implies an enhanced constraining power to details of medium recoil modeling in this observable.

Other benchmark observables in heavy-ion collisions include the Z-jet or photon-jet momentum asym-
metry. Here, we will only focus on the latter, defined as the ratio of jet to photon momentum,
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pT,jet
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. (11)

In contrast to the nuclear modification factor (10), this observable does not immediately involve a com-
parison to a proton-proton baseline. The direct access to the photon energy in the measurement also
would help constrain the effect of energy-loss or migration of jets between pT-bins.
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the angle found between the leading sub-jets using SD.

In Figure 15 we present the resulting xJ� distribution for the JEWEL “Recoils on” samples in two
centrality bins (corresponding to 0–10% and 90–100% centrality). This sample has been binned in subjet
angular separation, as described above, this time using SD2 grooming. The same features that have
been pointed out multiple times, also show up here as a function of collision centrality. Notably, the
small-angle sample shows very little dependence of centrality, and is closely peaked around 1. The large-
angle sample, on the other hand, which also corresponds to jets formed earlier in the medium, is strongly
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Sheds light on how these configurations are modified in the medium.
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