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OUTLINE

•Concepts & tools 

•Observables 

•Heavy-ions 

•Merging vacuum and medium-induced showers
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CONCEPTS & TOOLS
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JETS

• jet acts as proxy for quark/gluon 

• smallness of coupling compensated by phase space for 
radiation 

• resummation of soft & collinear divergences 

• workhorse for collider physics
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G. Salam (2019)
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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
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RADIATION PHASE SPACE

6

lin
e o

f c
on

sta
nt

 m
ass

& fo
rm

ati
on

 ti
me

so
ft

 la
rg

e-
an

gl
e 

re
gi

on

hard collinear region

soft & 
collinear

Andersson, Gustafson, Lönnblad, Pettersson Z.Phys.C (1989)

log 1/θ

log zθ

m
=

Q z =
1

θ0

pr
oh

ib
ite

d 
by

 c
ol

or
 

co
he

re
nc

e

Δ(t1, t0) = exp [−∫
t1

t0

dt
t ∫

1

0
dz

αs(p⊥)
2π

P(z)ΘPT]Sudakov form factor 
(no-emission probability)



K. Tywoniuk (UiB)

SPACE-TIME PICTURE OF THE JET
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Primary & secondary planes 
describe branching 
structure of the jet.

Semi-classical identification: 
formation time ≈ splitting time.
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JET DEFINITIONS
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proton-proton
two-jet event (?)

proton-proton
three-jet event (?)
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RECOMBINATION ALGORITHMS
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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
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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
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diB = p2↵T,i
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scheme
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RECOMBINATION ALGORITHMS
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• 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)]
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BUILDING THE LUND JET PLANE
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• at each “node” of the tree, 
extract the kinematics of the 
splitting

Cambridge/Aachen (CA)
Dokshitzer, Leder, Moretti, Webber (1997)
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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
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The	splitting	map	in	Pb-Pb
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1st SD Splitting

ALI-PREL-148246

Probability	density	difference:	Data	- PYTHA	embedded	into	Pb-Pb events
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∆R projections	in	bins	of	scale	kT

So	far	we	have	focused	on	the	region	
defined	by	SD	cuts	zcut>0.1,	β=0

Hint	of	suppression/enhancement
of	large/small	angle	splittings in	data	
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*pedestal	background	 removal	applied	constituent	subtraction,	Berta et al, JHEP 1406 (2014) 092

Data - embedded PYTHIA
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PEERING INTO THE JET
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Cunqueiro, Ploskon 1812.00102

Inclusive

Charm

Bottom
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GROOMING

• trimming 

• filtering 

• pruning 

• modified Mass-Drop Tagger/SoftDrop 

• recursive SD 

•dynamical grooming
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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
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❌

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
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DYNAMICAL GROOMING
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• identify “hardest” emission in jet 

• dynamical jet scale event-by event 

• softer emissions at larger angles 
groomed away (violation of ordering)

 Mehtar-Tani, Soto-Ontoso, KT (in preparation)
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JET QUENCHING IN HEAVY-ION COLLISIONS
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proton-proton
two-jet event

heavy-ion
two-jet event
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ENERGY-LOSS BASICS
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1
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pT
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Workhorse of the field: measuring & parameterizing the shift of 
spectrum to access information about medium interactions.

However: many confounding factors (jet/medium components)!
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COMPUTING THE SPECTRUM
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z
dIba
dz

=
↵s zPba(z)

(z(1� z)E)2
2Re

Z 1

0
dt2

Z t2

0
dt1 @x · @y

h
Kba(x, t2;y, t1)�K0(x, t2;y, t1)

i

x=y=0
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K(x, t1;y, t0) = KHO(x, t1;y, t0)

�
Z

d2z

Z t1

t0

dtKHO(x, t1; z, t)�vhard(z, t)K(z, t;y, t0) .
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New idea: expand around the harmonic oscillator!

- accounts for (perturbative) hard kicks in the plasma…

Dynamics on the LC: 3-body problem!
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QCD BREMSSTRAHLUNG
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ωBH ωc

log
1
ω

∼ ω−1/2

∼ ω−1

ω

ω
dI
dω

LPM N=1BH ω
dI
dω

=
αsCR

π
L
tbr

•  ! tbr ∼ λ ω ∼ ωBH = ̂qλ2 ∼ T

•  ! tbr ∼ L ω ∼ ωc = ̂qL2

•  ! N=1 dominatestbr ∼
ω
μ2

≳ L

Momentum broadening  leads to modified 
bremsstrahlung spectrum → no collinear divergence!

⟨k2⟩ ∼ ̂qt tf ∼ tbr ∼
ω

̂q

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000); Zakharov (1996); Gyulassy, Levai, Vitev (2001); Arnold, Moore, Yaffe (2002) 

k⊥ = ( ̂qω)1/4
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TWO SEPARATED REGIMES
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NLPM(ω) = ∫
∞

0
dω′�

dI
dω′�

=
2αsCR

π
̂qL2/ω

Multi-gluon emissions are dominated by the LPM regime.

ω ∼ ωc = ̂qL2

perturbative: rare, small-angle radiation 
can modify intra-jet structure, N=1 also 
contributes 

θbr ∼ θc = ( ̂qL3)−1/2

N ∼ 𝒪(αs)

ω ∼ ωc = α2
s ̂qL2

non-perturbative: copious, large-angle 
emissions 
out-of-cone energy-loss, thermalization

θbr ∼
1
α2

s
θc

N ∼ 1
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SOFT BRANCHINGS
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⇥BH � ⇥ � �̄2⇥c

short splitting time → many splittings inside the medium!

tsplit =
tbr
↵̄
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Figure 1. The phase-space energy density |p|f/T produced by an energetic jet with E = 90T at two successive
times: (a) an early time t = 0.1tbr(E), when the jet is almost unquenched; (b) a larger time t = 0.3tbr(E),
when the jet is partially quenched. The secondary peak visible around p ⇠ T in plot (b) represents the energy
lost towards the medium via thermalization. The reference scale tbr(E) is the characteristic time scale for the
evolution of the jet via democratic branching, to be explained in Sect. 2.1 (this is given by Eq. (2.5)).

that the medium is not a ‘perfect sink’, more precisely the fact that the soft gluons cannot thermalize

instantaneously (see the discussion in Sect. 5.3.2).

The above considerations are illustrated by the plots in Fig. 1 which are in fact extracted from our

numerical results in Sect. 5. These plots show the (normalized) energy distribution (|p|/T )f(t, z, p)

(with p ⌘ pz) produced by an incoming leading particle with E = 90T at two successive times, an

early time, when the jet is almost unquenched, and a later time, when the jet is partially quenched.

In the ‘late time’ plot in Fig. 1 (b), one clearly sees the accumulation of particles at soft momenta

p . T , due to branchings and elastic collisions.

Let us finally stress that the above picture strictly holds for a very energetic jet, with initial

energy E � !br(L), which is only ‘slightly quenched’ — meaning that the LP survives in the final

state and the energy lost towards the medium is only a small fraction of the initial energy E. In that

case, the final distribution, as visible in Fig. 1 (b), may be viewed as the superposition of the LP peak

together with the distributions separately created by all the ‘mini-jets’. But the individual ‘mini-jets’

have lower energies ! . !br(L), so they are fully quenched by the medium — their whole energy

gets transmitted to the thermalized tail and the mini-jets disappear in the medium. The distribution

created by a single mini-jet will be discussed too in Sect. 5.

2 The physical picture

In this section, we summarize the physical picture underlying the in-medium evolution of a jet gener-

ated by a high-energy parton propagating through a weakly-coupled quark-gluon plasma. This picture

largely reflects the current understanding of this problem, as emerging from the literature, but includes

some additional arguments which will be physically motivated, together with some expectations to

be subsequently confirmed by the new analysis in this work. We start with a brief review of recent

studies of the medium-induced gluon cascade [27–30], which recognized the importance of multiple
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1 � z

z
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�t1 �t2 �t3 �t4t0

Fig. 7. Illustration of a gluon cascade that is initiated by a gluon with energy E. Four generations
are displayed. The branching time �ti ⇠ t⇤(xi), that corresponds to the lifetime of generation
i, decreases after each branching as in a BDMPS-Z cascade. The inclusive distribution D(x,✓)
measures the probability to find in the cascade, at time t, a gluon with energy xE. The rate
equation (5.90) describes how this distribution evolves with time t.

features of the cascade. The solution of Eq. (5.96) for the simplified kernel reads66,72

D(x, ⌧) =
⌧

p
x (1 � x)3/2

exp

✓
�⇡

⌧2

1 � x

◆
, with ⌧ =

L

t⇤
. (5.99)

This solution exhibits two remarkable features: a peak near x = 1 associated with
the leading particle, and a scaling behavior in 1/

p
x at small x where the x depen-

dence factorizes from the time dependence, i.e.

D(x, ⌧) ⇡
⌧

p
x

e�⇡⌧
2

. (5.100)

An illustration of this solution is given in Fig. 11, left panel. The energy of the
leading particle, initially concentrated in the peak at x . 1, gradually disappears
into radiated soft gluons, and after a time t ⇠ t⇤ (i.e. ⌧ ⇠ 1/

p
⇡ ⇡ 0.5) most of

the energy is to be found in the form of radiated soft (x . 0.1) gluons. This is
also the time at which the peak corresponding to the leading particle disappears
(see Fig. 11). At the same time the occupation of the small x modes increases

Blaizot, Mehtar-Tani 1503.05958
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NEIGHBORING JET ENERGY LOSS
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Y. Mehtar-Tani, KT 1706.06047

delayed energy loss from 
resolved partons

energy loss of total 
color charge

S2(t) = exp


�1

4

Z t

0
ds q̂(x12, t)x

2
12(s)

�
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decoherence parameter 
color randomization of a qq̄ pair

Mehtar-Tani, Salgado, KT PLB (2012), JHEP (20132; Casalderrey, Iancu JHEP (2011)

✓br(!c) ⇠
r

1

q̂L3
⌘ ✓c✓br(!c) ⇠

r
1

q̂L3
⌘ ✓c

0 tf td

td ∼ ( ̂qθ2
12)

−1/3

𝒬2(pT) = 𝒬(pT) × 𝒬sing(pT)
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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 

m = E/L
(tf = L) tf

(PS)in =
ᾱ
4

log2 ER2L

Large probability for 
splitting inside!

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

✓
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HEAVY-QUARK JET QUENCHING
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ln pT

ωc

ln pT

ωDC

ln pTR4/3

q̂1/3

ln p
T
R2L

lnR−1 lnΘ−1
0 ln θ−1

c ln(p
T
L)

1
2

pT > ωc

ln 1/z

ln 1/θ

ln pT

ωDC

ln pTR4/3

q̂1/3

ln p
T
R2L

lnR−1 lnΘ−1
0 ln θ−1

d ln(p
T
L)

1
2

pT < ωc

ln 1/z

ln 1/θ

Interplay of dead-cone and coherence!

Characteristic mass scale: m⇤ = (q̂L)1/2
<latexit sha1_base64="pDREfDcqIpET5rj9zYIMmGlh8Bc="></latexit>

Considering a heavy-quark initiated jet:
Blok, KT arXiv:1901.07864
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= +Zvac

(
1, R

)
−

Zvac

(
1− z, θ

)

Zvac

(
z, θ

)

θ

z

1− z

Zvac

(
1, R

)

z

1− z

GENERATING FUNCTIONAL

26

E.g. gives the angular ordered (MLLA) evolution equation!

Zvac(p,R;u) = u(p) +

Z R

0

d✓

✓

Z 1

0
dz

↵s

⇡
P (z)

⇥
⇥
Zvac(zp, ✓)Zvac

�
(1� z)p, ✓

�
� Zvac(p, ✓)

⇤
<latexit sha1_base64="TMTx/crfXUw653TGKLLyJLnqtQY="></latexit>

Konishi, Ukawa, Veneziano Nucl. Phys. B1567 (1979); 
Bassetto, Ciafaloni, Marchesini Phys. Rept. 100 (1983); Dokshitzer, Khoze, Mueller, Troyan “Basics of Perturbative QCD” (1991)
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GF FOR QUENCHED JETS

• in addition, the total charge of jet comes with  

• couples in-medium and out-of-medium showers via 
 

- including possible violations of AO 

• implements quenching effects for the in-medium 
radiation 

•  and  encode the jet/medium scale analysis

𝒬(p)

Zio(p, θ) = Z(p, θ) + Zout(p, θ)

Θin Θout

27

Z(p, R |u) = u(p) + ∫
R

dΩ Θin[Zio(zp, θ)Zio((1 − z)p, θ)𝒬(p)2 − Z(p, θ)]

+∫
R

dΩ Θout [Zvac(zp, θ)Zvac((1 − z)p, θ) − Zvac(p, θ)]

Y. Mehtar-Tani, KT (in preparation)
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GF NORMALIZATION
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Probability is no longer conserved: ! 

Mismatch between real and virtual diagrams!

Z(p, R |u = 1) = 𝒞(p, R)

where C(p,R) is the collimator function that satisfies [3]

C(p,R) = 1 + ↵̄

Z R

0

d✓

✓

Z 1

0
dz P (z) ⇥(tf < td < L)

⇥
⇥
C(zp, ✓)C((1� z)p, ✓)Q2(pT )� C(p, ✓)

⇤
. (25)

Here we have used that Zvac(p,R;u = 1) = 1 and Zout(p,R, ✓;u = 1) = 0. Note that if one
neglects energy loss, that is, Q2(pT ) = 1, then C(p,R) = C(p, ✓) = 1.

This normalization function C(p,R) accounts for the fact that the inclusive jet spectrum is
sensitive to the fluctuations of the jet substructure. In the strong quenching limit, Q2(pT ) ⌧ 1,
it reduces to a Sudakov suppression factor

C(p,R) = exp


�
↵s

⇡

Z R

0

d✓

✓

Z 1

0
dz P (z)⇥(tf < td < L)

�
. (26)

In the DLA approximation we find (for pT � !c):

CDLA(p,R) = exp


�2↵̄ ln

R

✓c

✓
ln

pT
!c

+
2

3
ln

R

✓c

◆�
, (27)

where ↵̄ = ↵sNc/⇡.

4. Single-inclusive gluon distribution

The inclusive gluon distribution is defined as

D(x|p,R) ⌘ x
dN

dx
⌘ x

�Z(p,R;u)/�u(x)
���
u=1

Z(p,R;u)
���
u=1

= x
�Z(p,R;u)/�u(x)

���
u=1

C(p,R)
. (28)

where x = !/pT . Using the above definition together with Eq. (22) we find

C(p,R)D(x|p,R) = x�(1� x)

+2

Z R

d⌦ ⇥(tf < td < L)
h
D

⇣x
z

���zp, ✓
⌘
C(zp, ✓)C((1� z)p, ✓)Q2(pT )� zD (x|p, ✓)C(p, ✓)

i

+2

Z R

d⌦ ⇥(tf < td < L)
h
Dout

⇣x
z

���zp,R0, ✓
⌘
C((1� z)p, ✓)Q2(pT )

i

+2

Z R

d⌦
�
⇥(td > L) +⇥(td < L < tf)

� h
Dvac

⇣x
z

���zp, ✓
⌘
� zDvac (x|p, ✓)

i
. (29)

It can be easily checked that
R 1
0 dxD(x,R) = 1 provided C(p,R) satisfies Eq. (25).

Another formulation is possible by allowing the first splitting in Dout to include angles
smaller that the previous angle in the shower.

5. DLA approximation in the absence of energy loss

Let us now make contact with Ref. [4], where the fragmentation function D(x) was compute
in the DLA approximation in the absence of energy loss. In this approximation, one can set
C(p, ✓) = 1 and Q(pT ) = 1 in Eq. (29). Furthermore, only the real contributions that are
strongly ordered in energies contribute to the DLA approximation. Hence, Eq. (29) yields

D(x|p,R) = x�(1� x) + 2↵̄

Z R

0

d✓

✓

Z 1

0

dz

z
⇥(tf < td < L)D (x/z|zp, ✓)

+2↵̄

Z R

0

d✓

✓

Z 1

0

dz

z
⇥(tf < td < L)Dout

�
x/z|zp,R0�

+2↵̄

Z R

0

d✓

✓

Z 1

0

dz

z

�
⇥(td > L) +⇥(td < L < tf)

�
Dvac (x/z|zp, ✓) . (30)

7

Y. Mehtar-Tani, KT arXiv:1707.07361 [hep-ph]

assumptions about 
medium effects  

(quenching)

affected phase 
space for vacuum 

radiation

collimator function 
(normalization)

*) mismatch can also arise due to other processes than energy loss! 
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SUDAKOV SUPPRESSION
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For  fixed point of the equation is simply . 
It is natural to expect this to be the limit at high- .

𝒬 = 1 𝒞 = 1
pT

Strong quenching limit 
 (Sudakov factor):𝒬(pT) ≪ 1

∼ exp −2ᾱ log
R
θc (log

pT

ωc
+

2
3

log
R
θc )�=���

�=���
�=���
�=���

�� �� ��� ��� ����
���

���

���

���

���

���

���

pT [GeV]

C
ol
lim
at
or

jet loses energy via total charge & resolved substructure fluctuations

Rjet = Qq(pT)⇥ C(pT, R)
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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,…), EMMI RRTF 
2019
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SUBSTRUCTURE STUDIES IN HIC

32

• 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)
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CERN WORKSHOP: 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.
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EMMI RRTF: TAG JET CONFIGURATIONS VIA PARTONS
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Ed. Heinz, Jacobs, KT, Wiedemann
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CONCLUSIONS

• QCD jet physics is experiencing a resurgence 

- new tools, deeper understanding
• brings profound insight to in-medium physics & 

powerful techniques to shed light on medium 
properties 

• not there yet… 

- still a long way to go to fully make use of the potential
- demands hard work and intensive theory/experiment 

cross-talk
- many ongoing initiatives!

35

Thank you for your attention!
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MEDIUM TRANSPORT COEFFICIENT
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Sensitive to the transverse extension of the “dipole”.
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“Harmonic oscillator” approximation


