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48 A heavy ion phenomenology primer

In short, these observations support a picture in which highly energetic par-
tons are produced in high momentum transfer processes in heavy ion collisions
as if they were produced in vacuum, but instead they find themselves propagat-
ing through a strongly coupled medium which causes them to lose a significant
fraction of their initial energy. Jet quenching is a partonic final state effect that
depends on the length of the medium through which the parton must propagate.
It is expected to have many consequences in addition to the strong suppression of
single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor RAA

defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write

dσ AA→h+rest
(med) =

!

f

dσ AA→ f +X
(vac) ⊗ Pf ("E, L , q̂, . . .) ⊗ D(vac)

f →h(z, µ
2
F) . (2.29)

Here, ⊗ denotes convolution in the energy fraction of the parton f ,

dσ AA→ f +X
(vac) =

!

i jk

fi/A(x1, Q2) ⊗ f j/A(x2, Q2) ⊗ σ̂i j→ f +k , (2.30)

where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂, . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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➜ nPDFs linearly 
evolved using DGLAP: 
dilute system.
➜ TMDs, GPDs, <W…
W†>T linearly (DGLAP/
BFKL-like) or non-
linearly (BK-like) 
evolved: dilute-dilute and 
dilute-dense scattering.
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[Zurita]

➜ No constrain at high x (g) and low 
x (g, valence, sea).
➜ Data do not require flavour 
separation (Ru=Rd).
➜ Initial condition drives the 
extrapolations.
➜ LHC data to be introduced: EPS16, 
AZ,…
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parametrisation 
reduces the bias 
at small x.
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➜ (Present) LHC 
data have a modest 
impact on nPDFs
[1512.01528]: dijets are 
the most 
constraining set, W’s 
show hints of the 
need of flavour 
decomposition.
➜ PDFs ⟷ nPDFs.
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and single logs. [1502.02400]
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➜ No work employs the NLO impact factor. [Balitsky-Chrilli]

➜ Unclear that resummation improves the results at large Q2 with 
respect to rcBK. [1507.07120]
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➜ Light and heavy production computed at NLO in the hybrid 
formalism: collinear parton through a dense target, forward η, 
yields LO DGLAP PDFs/FFs and LO BK dipoles. [Chirilli-Xiao-Yuan+Stasto-
Zaslavsky-Wanatabe, Altinoluk-Kovner+Armesto-Beuf-Lublinsky, Kang-Vitev-Xing, Ducloue-Lappi-
Mantysaari-Zhu]
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➜ Some non-eikonal corrections 
examined, they reduce the cross 
section, may be relevant for RHIC.
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➜ Large activity on azimuthal asymmetries 
/ ridge in pp/pA:
● Compatibility with CGC explanations
at different energies. [1509.04410]

● Colour reconnections/fragmentations
for mass ordering. [1607.02496]

● Theoretical origin in CGC: Gaussian
(glasma graphs vs. nonlinear) or non
Gaussian (domain models), longitudinal
gluons,… [1508.04438,1509.03499]; quarks?
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➜ Large activity on azimuthal asymmetries 
/ ridge in pp/pA:
● Compatibility with CGC explanations
at different energies. [1509.04410]

● Colour reconnections/fragmentations
for mass ordering. [1607.02496]

● Theoretical origin in CGC: Gaussian
(glasma graphs vs. nonlinear) or non
Gaussian (domain models), longitudinal
gluons,… [1508.04438,1509.03499]; quarks?

➜ Back-to-back correlations for 
forward jets may be sensitive to 
saturation up to large pT. 
[1607.03121]

➜ The LHC offers large possibilities to constrain the small x 
dynamics with forward measurements.

➜ Hydro works for small systems, apparently to almost minimum 
bias pp. But why? [1609.02820] The statement of hydro as the signal of 
an equilibrated QGP is moving to the question of what the success 
of hydro tells about (non-)equilibrium properties of QCD matter.
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➜ BDMPS-Z-W, GLV, AMY, GWM (HT) models consider radiation 
dominant over elastic eloss. They are suitable for dealing with the 
problem of energy degradation of the leading parton, not with the 
fate of the lost energy: jet shapes and structures.
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➜ Phenomenology implies assumptions: extension to ω~E, multiple 
emissions (usually Poissonian independent emissions), relaxation of 
high-energy approximations, picture of the medium (static/dynamic, 
weakly/strongly coupled), embedding in the medium,…
➜ Basis for present MCs (PYQUEN, QPYTHIA, JEWEL, YaJEM, MARTINI,CUJET).
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➜ Path integral approach: include Brownian motion of all particles ➝ 
more complex colour structures and delayed colour correlations, 
factorisation for large thick media.

p

k = z p

q = (1-z) p

[Apolinario-Armesto-Milhano-Salgado,
Blaizot-Dominguez-Iancu-Mehtar-Tani-
Fister-Wu]
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➜ Soft-Collinear Effective Theory: systematic separation of modes, 
computation of 1➝2 and 1➝3 splitting functions, jet functions,…
[Ibildi-Majumder, D’Eramo-
Liu-Rajagopal,
Chien-Emerman-Fickinger-
Kang-Ovanesyan-Vitev]
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➜ Rate equations for 
sequential bremsstrahlung.

[Arnold-Chang-Ibqal]

➜ Transverse and longitudinal 
momentum exchanges.[Majumder-Qin]
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➜ Vacuum-like radiation (AO) + 
BDMPS/GLV gluons off the 
individual colour charges: large angle 
jet shapes, large angle momentum 
imbalance (turbulence picture for 
large dense media).

➜ For the leading parton in a large dense medium: BDMPS/GLV 
radiation as traditionally implemented (e.g. quenching weights), could 
be seen as modified DGLAP evolution.

➜ Parts of the picture implemented in different available MC: 
modification of DGLAP (QPYTHIA), preservation of coherence 
(JEWEL), large angle semihard radiation for dense media (most of 
them),… 
➜ Delicate interplay of vacuum and medium effects. [Milhano-Zapp, 
Mueller-Wu-Xiao-Yuan]

➜ If the parton-medium interaction is strongly coupled, then model 
eloss through AdS/CFT ideas. [Casalderrey-Gulhan-Milhano-Pablos-Rajagopal, Renk, 
Casalderrey-Ficnar]

➜ NLO corrections: renormalisation of qhat. [Mueller-Wu, Blaizot-Mehtar-Tani, 
Iancu, Kang-Wang-Wang-Xing]

➜ Connections with the CGC formalism. [Altinoluk-Armesto-Beuf-Moscoso-
Salgado,1603.01028]
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SCET

[1608.07283]

groomed momentum sharing

[1509.02936]



Some successes:

N. Armesto, 23.09.2016 - Theory overview: 2. Jet quenching. 14

SCET

[1608.07283]

groomed momentum sharing

[1509.02936]

Coherence + turbulence:

@D(z, t)

@t

=

Z
dxK(x)

r
x

z

D

⇣
z

x

, t

⌘
� xp

z

D(z, t)

�

D(z, t) ⌘ z
dN

dz

286 Y. Mehtar-Tani, K. Tywoniuk / Physics Letters B 744 (2015) 284–287

tion on the parton energy, x > x0, where x0 ≡ Q s/Q and hence we 
approximate E

!
θ < "jet

"
≈ E (x > x0). In our case Q s = 3.6 GeV

severely restricts the amount of soft induced radiation that is al-
lowed within the cone. The description of broadening will be dis-
cussed in more detail in a forthcoming work, see also [24].

We find that up to 14–19% of the energy flows out a cone of 
"jet = 0.3 (x0 = 0.12) and scarcely recover more energy by open-
ing the jet cone to "jet = 0.8 (x0 = 0.045), in which case roughly 
9–15% of the energy is still missing. This confirms that multiple 
branching in the medium is an effective mechanism that transports 
energy from hard to soft quanta at large angles [10]. The results 
obtained here agree qualitatively with the estimates from the CMS 
Collaboration on the out-of-cone energy flow for di-jets where it 
was observed that the energy imbalance could be recovered only at 
angles larger than 0.8 and were carried by tracks with 0.5 GeV <
p⊥ < 4 GeV [3], see also [27]. The typical transverse momentum 
broadening of the coherent jet due to scatterings in the plasma 
is of the order of Q s . Hence, one can estimate the angular devia-
tion of the sub-leading jet to be #"jet ∼ Q s/p⊥ ∼ 0.036 for a jet 
p⊥ = 100 GeV. We note that, #"jet ≪ "jet, in agreement with the 
experimental observation that most di-jets are back-to-back [3].

Finally, we focus on the modifications of the fragmenta-
tion functions of jets. Concretely we will concentrate on the so 
called intra-jet energy distribution of hadrons dNvac#d ln(1/x) ≡
Dvac(x; Q ) which is typically plotted in terms of the variable 
ℓ = ln(1

#
xh) where xh =

$
x2 + (mh/p⊥)2 and x are ratios of the 

hadron and parton energies to the jet energy, respectively. The 
Q dependence of Dvac is governed by the Modified Leading-
Logarithmic Approximation (MLLA) evolution equations [15,16]
which take into account the double logarithmic contributions 
(DLA) as well as the full set of single logarithmic corrections. 
One of the key features of this evolution is the angular order-
ing (AO) of subsequent emissions which is a manifestation of color 
coherence. The evolution takes place between the jet scale Q and 
the hadronization scale Q 0 which can be set to %QCD by invoking 
the Local Parton–Hadron Duality hypothesis. The resulting parton 
spectrum can then be directly compared to hadron spectra by in-
troducing an energy independent scaling factor.

The collimation property of vacuum jets can be inferred directly 
from the fact that Dvac only depends on the jet energy and cone 
angle in terms of Q , which is the largest scale of the process. 
The separation of intrinsic jet and medium scales allow to find the 
modified fragmentation function directly via the jet calculus rule,

Dcoh
med(x; Q , L) =

1%

x

dz
z

Dvac
& x

z
; Q

'
Dmed

q (z, p⊥, L) , (5)

where Dmed
q (x, p⊥, L) is the distribution of primary quarks.3 Here 

we point out two crucial points concerning Eq. (5). First and fore-
most, the subscript of the resulting distribution refers to the coher-
ent jet (color) structure that survives the medium interactions at 
this level of approximation. In other words, vacuum and medium 
fragmentation take place independently of each other and are gov-
erned by separate evolution equations. Secondly, we have also ne-
glected the variation of the intrinsic jet scale which comes about 
due to the energy loss at large angles discussed above. As this was 
estimated to contribute to a ∼ 20% variation to the jet scale, we 
will allow for a certain variation of the jet energy scale of the 
medium-modified jets.

3 The multiplicity of gluons originating from medium-induced quark-gluon con-
version, and remaining inside the cone is neglected. Their evolution in vacuum is 
negligible compared to that of the quark since it is limited by the medium scale 
Q s ≪ Q .

Fig. 2. Upper panel: the longitudinal fragmentation function plotted as a function of 
ℓ = ln 1

#
x. Lower panel: the ratio of medium-modified and vacuum fragmentation 

functions. The experimental data are taken from [6]. See text for further details.

The simple picture incorporated in Eq. (5) breaks down in the 
soft sector (cf. dashed (grey) band in Fig. 2). This can be traced 
back to the transverse momentum broadening of soft quanta which 
practically removes them from the cone. However, by compar-
ing the minimal angle for induced radiation "c = (q̂L3#12)−1/2

[9,10], which with our set of parameters corresponds to ∼ 0.08, 
to the typical jet reconstruction radius, presently considered to be 
"jet = 0.3. This implies that sub-leading structures of the jet are 
resolved by the medium [11,12,8]. Postponing for the moment a 
more refined treatment of jet energy loss, we will rather empha-
size how this breakdown of jet color coherence, initially studied 
in [8], demands a more subtle and novel treatment of soft gluon 
emission at relatively small angles.

Up to now, we have neglected the fact that the jet-medium in-
teractions give rise to additional radiation that violates the strict 
AO of the vacuum shower [11,12]. This component is geometrically 
separated from the AO vacuum-like radiation and associated with 
large formation times and is therefore not expected to be further 
modified by the medium (e.g. by transverse momentum broaden-
ing). Note that since this contribution also is subleading in DLA, it 
is enough to include the effect from the first nontrivial splitting. 
This allows us to add this contribution incoherently to the full, 
medium-modified intrajet distribution. The intrajet distribution in 
heavy-ion collisions can thus be written as the sum of two com-
ponents,

D jet
med(x; Q , L) = Dcoh

med(x; Q , L) + #Ddecoh
med (x; Q , L) , (6)

where Dcoh
med is the coherent modified jet spectrum found from 

Eq. (5) and the decoherence of in-cone vacuum radiation is con-
tained in #Ddecoh

med . We compute the real contribution at two suc-
cessive emissions at DLA accuracy with the inclusion of running 
coupling effects, yielding

#Ddecoh
med (x; Q , q̂, L) =

E%

ω

dω′

ω′

"jet%

Q 0/ω

dθ ′

θ ′ αs(ω
′θ ′)

× #med(θ
′)

θmax%

θ ′

dθ

θ
αs(ωθ) , (7)

jet FFs
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tion on the parton energy, x > x0, where x0 ≡ Q s/Q and hence we 
approximate E

!
θ < "jet

"
≈ E (x > x0). In our case Q s = 3.6 GeV

severely restricts the amount of soft induced radiation that is al-
lowed within the cone. The description of broadening will be dis-
cussed in more detail in a forthcoming work, see also [24].

We find that up to 14–19% of the energy flows out a cone of 
"jet = 0.3 (x0 = 0.12) and scarcely recover more energy by open-
ing the jet cone to "jet = 0.8 (x0 = 0.045), in which case roughly 
9–15% of the energy is still missing. This confirms that multiple 
branching in the medium is an effective mechanism that transports 
energy from hard to soft quanta at large angles [10]. The results 
obtained here agree qualitatively with the estimates from the CMS 
Collaboration on the out-of-cone energy flow for di-jets where it 
was observed that the energy imbalance could be recovered only at 
angles larger than 0.8 and were carried by tracks with 0.5 GeV <
p⊥ < 4 GeV [3], see also [27]. The typical transverse momentum 
broadening of the coherent jet due to scatterings in the plasma 
is of the order of Q s . Hence, one can estimate the angular devia-
tion of the sub-leading jet to be #"jet ∼ Q s/p⊥ ∼ 0.036 for a jet 
p⊥ = 100 GeV. We note that, #"jet ≪ "jet, in agreement with the 
experimental observation that most di-jets are back-to-back [3].

Finally, we focus on the modifications of the fragmenta-
tion functions of jets. Concretely we will concentrate on the so 
called intra-jet energy distribution of hadrons dNvac#d ln(1/x) ≡
Dvac(x; Q ) which is typically plotted in terms of the variable 
ℓ = ln(1

#
xh) where xh =

$
x2 + (mh/p⊥)2 and x are ratios of the 

hadron and parton energies to the jet energy, respectively. The 
Q dependence of Dvac is governed by the Modified Leading-
Logarithmic Approximation (MLLA) evolution equations [15,16]
which take into account the double logarithmic contributions 
(DLA) as well as the full set of single logarithmic corrections. 
One of the key features of this evolution is the angular order-
ing (AO) of subsequent emissions which is a manifestation of color 
coherence. The evolution takes place between the jet scale Q and 
the hadronization scale Q 0 which can be set to %QCD by invoking 
the Local Parton–Hadron Duality hypothesis. The resulting parton 
spectrum can then be directly compared to hadron spectra by in-
troducing an energy independent scaling factor.

The collimation property of vacuum jets can be inferred directly 
from the fact that Dvac only depends on the jet energy and cone 
angle in terms of Q , which is the largest scale of the process. 
The separation of intrinsic jet and medium scales allow to find the 
modified fragmentation function directly via the jet calculus rule,

Dcoh
med(x; Q , L) =

1%

x

dz
z

Dvac
& x

z
; Q

'
Dmed

q (z, p⊥, L) , (5)

where Dmed
q (x, p⊥, L) is the distribution of primary quarks.3 Here 

we point out two crucial points concerning Eq. (5). First and fore-
most, the subscript of the resulting distribution refers to the coher-
ent jet (color) structure that survives the medium interactions at 
this level of approximation. In other words, vacuum and medium 
fragmentation take place independently of each other and are gov-
erned by separate evolution equations. Secondly, we have also ne-
glected the variation of the intrinsic jet scale which comes about 
due to the energy loss at large angles discussed above. As this was 
estimated to contribute to a ∼ 20% variation to the jet scale, we 
will allow for a certain variation of the jet energy scale of the 
medium-modified jets.

3 The multiplicity of gluons originating from medium-induced quark-gluon con-
version, and remaining inside the cone is neglected. Their evolution in vacuum is 
negligible compared to that of the quark since it is limited by the medium scale 
Q s ≪ Q .

Fig. 2. Upper panel: the longitudinal fragmentation function plotted as a function of 
ℓ = ln 1

#
x. Lower panel: the ratio of medium-modified and vacuum fragmentation 

functions. The experimental data are taken from [6]. See text for further details.

The simple picture incorporated in Eq. (5) breaks down in the 
soft sector (cf. dashed (grey) band in Fig. 2). This can be traced 
back to the transverse momentum broadening of soft quanta which 
practically removes them from the cone. However, by compar-
ing the minimal angle for induced radiation "c = (q̂L3#12)−1/2

[9,10], which with our set of parameters corresponds to ∼ 0.08, 
to the typical jet reconstruction radius, presently considered to be 
"jet = 0.3. This implies that sub-leading structures of the jet are 
resolved by the medium [11,12,8]. Postponing for the moment a 
more refined treatment of jet energy loss, we will rather empha-
size how this breakdown of jet color coherence, initially studied 
in [8], demands a more subtle and novel treatment of soft gluon 
emission at relatively small angles.

Up to now, we have neglected the fact that the jet-medium in-
teractions give rise to additional radiation that violates the strict 
AO of the vacuum shower [11,12]. This component is geometrically 
separated from the AO vacuum-like radiation and associated with 
large formation times and is therefore not expected to be further 
modified by the medium (e.g. by transverse momentum broaden-
ing). Note that since this contribution also is subleading in DLA, it 
is enough to include the effect from the first nontrivial splitting. 
This allows us to add this contribution incoherently to the full, 
medium-modified intrajet distribution. The intrajet distribution in 
heavy-ion collisions can thus be written as the sum of two com-
ponents,

D jet
med(x; Q , L) = Dcoh

med(x; Q , L) + #Ddecoh
med (x; Q , L) , (6)

where Dcoh
med is the coherent modified jet spectrum found from 

Eq. (5) and the decoherence of in-cone vacuum radiation is con-
tained in #Ddecoh

med . We compute the real contribution at two suc-
cessive emissions at DLA accuracy with the inclusion of running 
coupling effects, yielding

#Ddecoh
med (x; Q , q̂, L) =

E%

ω

dω′

ω′

"jet%

Q 0/ω

dθ ′

θ ′ αs(ω
′θ ′)

× #med(θ
′)

θmax%

θ ′

dθ

θ
αs(ωθ) , (7)

jet FFs
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tion on the parton energy, x > x0, where x0 ≡ Q s/Q and hence we 
approximate E

!
θ < "jet

"
≈ E (x > x0). In our case Q s = 3.6 GeV

severely restricts the amount of soft induced radiation that is al-
lowed within the cone. The description of broadening will be dis-
cussed in more detail in a forthcoming work, see also [24].

We find that up to 14–19% of the energy flows out a cone of 
"jet = 0.3 (x0 = 0.12) and scarcely recover more energy by open-
ing the jet cone to "jet = 0.8 (x0 = 0.045), in which case roughly 
9–15% of the energy is still missing. This confirms that multiple 
branching in the medium is an effective mechanism that transports 
energy from hard to soft quanta at large angles [10]. The results 
obtained here agree qualitatively with the estimates from the CMS 
Collaboration on the out-of-cone energy flow for di-jets where it 
was observed that the energy imbalance could be recovered only at 
angles larger than 0.8 and were carried by tracks with 0.5 GeV <
p⊥ < 4 GeV [3], see also [27]. The typical transverse momentum 
broadening of the coherent jet due to scatterings in the plasma 
is of the order of Q s . Hence, one can estimate the angular devia-
tion of the sub-leading jet to be #"jet ∼ Q s/p⊥ ∼ 0.036 for a jet 
p⊥ = 100 GeV. We note that, #"jet ≪ "jet, in agreement with the 
experimental observation that most di-jets are back-to-back [3].

Finally, we focus on the modifications of the fragmenta-
tion functions of jets. Concretely we will concentrate on the so 
called intra-jet energy distribution of hadrons dNvac#d ln(1/x) ≡
Dvac(x; Q ) which is typically plotted in terms of the variable 
ℓ = ln(1

#
xh) where xh =

$
x2 + (mh/p⊥)2 and x are ratios of the 

hadron and parton energies to the jet energy, respectively. The 
Q dependence of Dvac is governed by the Modified Leading-
Logarithmic Approximation (MLLA) evolution equations [15,16]
which take into account the double logarithmic contributions 
(DLA) as well as the full set of single logarithmic corrections. 
One of the key features of this evolution is the angular order-
ing (AO) of subsequent emissions which is a manifestation of color 
coherence. The evolution takes place between the jet scale Q and 
the hadronization scale Q 0 which can be set to %QCD by invoking 
the Local Parton–Hadron Duality hypothesis. The resulting parton 
spectrum can then be directly compared to hadron spectra by in-
troducing an energy independent scaling factor.

The collimation property of vacuum jets can be inferred directly 
from the fact that Dvac only depends on the jet energy and cone 
angle in terms of Q , which is the largest scale of the process. 
The separation of intrinsic jet and medium scales allow to find the 
modified fragmentation function directly via the jet calculus rule,

Dcoh
med(x; Q , L) =

1%

x

dz
z

Dvac
& x

z
; Q

'
Dmed

q (z, p⊥, L) , (5)

where Dmed
q (x, p⊥, L) is the distribution of primary quarks.3 Here 

we point out two crucial points concerning Eq. (5). First and fore-
most, the subscript of the resulting distribution refers to the coher-
ent jet (color) structure that survives the medium interactions at 
this level of approximation. In other words, vacuum and medium 
fragmentation take place independently of each other and are gov-
erned by separate evolution equations. Secondly, we have also ne-
glected the variation of the intrinsic jet scale which comes about 
due to the energy loss at large angles discussed above. As this was 
estimated to contribute to a ∼ 20% variation to the jet scale, we 
will allow for a certain variation of the jet energy scale of the 
medium-modified jets.

3 The multiplicity of gluons originating from medium-induced quark-gluon con-
version, and remaining inside the cone is neglected. Their evolution in vacuum is 
negligible compared to that of the quark since it is limited by the medium scale 
Q s ≪ Q .

Fig. 2. Upper panel: the longitudinal fragmentation function plotted as a function of 
ℓ = ln 1

#
x. Lower panel: the ratio of medium-modified and vacuum fragmentation 

functions. The experimental data are taken from [6]. See text for further details.

The simple picture incorporated in Eq. (5) breaks down in the 
soft sector (cf. dashed (grey) band in Fig. 2). This can be traced 
back to the transverse momentum broadening of soft quanta which 
practically removes them from the cone. However, by compar-
ing the minimal angle for induced radiation "c = (q̂L3#12)−1/2

[9,10], which with our set of parameters corresponds to ∼ 0.08, 
to the typical jet reconstruction radius, presently considered to be 
"jet = 0.3. This implies that sub-leading structures of the jet are 
resolved by the medium [11,12,8]. Postponing for the moment a 
more refined treatment of jet energy loss, we will rather empha-
size how this breakdown of jet color coherence, initially studied 
in [8], demands a more subtle and novel treatment of soft gluon 
emission at relatively small angles.

Up to now, we have neglected the fact that the jet-medium in-
teractions give rise to additional radiation that violates the strict 
AO of the vacuum shower [11,12]. This component is geometrically 
separated from the AO vacuum-like radiation and associated with 
large formation times and is therefore not expected to be further 
modified by the medium (e.g. by transverse momentum broaden-
ing). Note that since this contribution also is subleading in DLA, it 
is enough to include the effect from the first nontrivial splitting. 
This allows us to add this contribution incoherently to the full, 
medium-modified intrajet distribution. The intrajet distribution in 
heavy-ion collisions can thus be written as the sum of two com-
ponents,

D jet
med(x; Q , L) = Dcoh

med(x; Q , L) + #Ddecoh
med (x; Q , L) , (6)

where Dcoh
med is the coherent modified jet spectrum found from 

Eq. (5) and the decoherence of in-cone vacuum radiation is con-
tained in #Ddecoh

med . We compute the real contribution at two suc-
cessive emissions at DLA accuracy with the inclusion of running 
coupling effects, yielding

#Ddecoh
med (x; Q , q̂, L) =

E%

ω

dω′

ω′

"jet%

Q 0/ω

dθ ′

θ ′ αs(ω
′θ ′)

× #med(θ
′)

θmax%
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θ
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➜ Missing:
● General proof of factorisation (calculation of two gluon emission) like 
in vacuum: importance of overlapping formation times. [Arnold-Chang-Ibqal, 
1512.07561]

● Medium response (jet-medium interface): colour rearrangement, 
recoil (elastic eloss). [Cao-Luo-Qin-Wang, Neufeld-Vitev, Bouras-Betz-Xu-Greiner, 
Beraudo-Milhano-Wiedemann,Mueller-Qin]

[1512.09255]

➜ Much can be learned from the pp community, from the treatment of 
colour reconnections to the design of observables and of validation tools.

➜ MCs will contain assumptions e.g. jet-bulk coupling, hadronisation 
➝ strategies for a meaningful comparison among models and with 
experiment (background subtraction, resolution), validation,…
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➜ Description of 
RAA and high-pT 
vns embedding 
eloss in event-by-
event hydro: L-
dependence, 
bulk-model 
interfacing.

[1602.03788, also 1609.05171]

q̂(⇠) = 2K✏3/4(⇠)

no coupling to flow field, SW QW (ΔE∝L2)

Andres-Armesto-Niemi-Paatelainen-Salgado-Zurita, in progress, see parallel
v2

v3

RAA
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➜ NLO pQCD with 
nPDFs seems to work 
in pPb, even at forward 
and backward 
rapidities, to be 
compared with other 
approaches.

2.5<|ylab|<4.0

➜ Multiplicity 
dependence difficult to 
describe: non-trivial 
interplay between soft 
and hard production 
(as jets). MPIs, final 
state interactions 
leading to hydro? [1602.07240]

[LHCb-CONF-2016-003]
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➜ Suitable for relatively large pT, vacuum fragmentation, tend to fail 
for v2 at low pt.
➜ The hierarchy of radiative energy loss ΔEQ<ΔEq is only seen for 
b: interplay of collisional and radiative eloss, fragmentation, different 
partonic slopes.
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➜ Transport equations, in principle more suitable for small pT, 
usually describe v2.
➜ Differences:

● Initialisation.
● Medium interactions: partons, quasi particles, treatment of transport 
coefficients, elastic versus inelastic,…
● Medium description.
● Hadronisation: fragmentation, coalescence.

[1605.06447]
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➜ The description within pQCD of quarkonium production in 
pp is not  fully clarified: CEM, NRQCD, CSM,…
➜ In nuclear collisions, several effects may modify the yield with 
respect to the expectation from a superposition of nucleon-
nucleon collisions:

Effect Comment

CNM: 
pA 
and 
AA

nPDFs/CGC Common with open HF, blind to the state, initial effect

Absorption Important at low energies and in the backward region, probably 
irrelevant for the LHC, blind to the state?

Energy loss Connection with jet quenching, blind to the state

Hot 
effects

Debye screening Equilibrated system, thermometer

Dissociation
Different implementations: partonic or hadronic transport/

comovers, potential models; different pictures of the medium, 
equilibrated or not

Regeneration Dynamical or statistical (at freeze-out)



From pA to AA:

N. Armesto, 23.09.2016 - Theory overview: 3. Heavy flavour. 22

➜ Description based on pQCD + nPDFs + absorption + Eloss is 
quite successful in pA for J/ψ and the Υ family. [1506.03981]



From pA to AA:

N. Armesto, 23.09.2016 - Theory overview: 3. Heavy flavour. 22

➜ Description based on pQCD + nPDFs + absorption + Eloss is 
quite successful in pA for J/ψ and the Υ family. [1506.03981]

➜ CNM effects plus Debye screening or dissociation work well for 
AuAu/PbPb if regeneration is allowed: relative rate depends on the 
details of the model.



From pA to AA:

N. Armesto, 23.09.2016 - Theory overview: 3. Heavy flavour. 22

➜ Description based on pQCD + nPDFs + absorption + Eloss is 
quite successful in pA for J/ψ and the Υ family. [1506.03981]

➜ CNM effects plus Debye screening or dissociation work well for 
AuAu/PbPb if regeneration is allowed: relative rate depends on the 
details of the model.



The ψ(2S) puzzle:

N. Armesto, 23.09.2016 - Theory overview: 3. Heavy flavour. 23

➜ ψ(2S) (and Υ(2S), Υ(3S)) more suppressed than J/ψ and Υ(1S) in 
pA: challenge? for CNM in pA. Final state effects in pPb?

[1603.02816]

[1312.6300]



The ψ(2S) puzzle:

N. Armesto, 23.09.2016 - Theory overview: 3. Heavy flavour. 23

➜ ψ(2S) (and Υ(2S), Υ(3S)) more suppressed than J/ψ and Υ(1S) in 
pA: challenge? for CNM in pA. Final state effects in pPb?

[1603.02816]

[1312.6300]

➜ ψ(2S) less relatively suppressed in PbPb: suppression + 
sequential regeneration? [1504.02816]
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1. Initial stage:
➜ nPDFs.
➜ CGC: evolution equations and 
particle production.

2. Jet quenching:
➜ Single inclusive particle 

production.
➜ Jets.

3. Heavy flavour:
➜ Open heavy flavour.
➜ Quarkonium.

4. EM probes.

5. Conclusion.

[Plenary by 
Paquet]
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➜ NLO pQCD, 
both isolated and 
fragmentation, 
relevant at high pT, 
nPDFs. [e.g. 1406.1689]

???

➜ Thermal rates 
in QGP available 
at NLO (NLO/
[LO+NLO]~20%).
[1302.5970]

➜ Bulk evolution: 
event-by-event 
hydro with bulk 
and shear viscosity. 
[1509.03768,1602.01455]

➜ Thermal rates in 
HG improved: 2➝2 
and 2➝3, strong 
increase at late 
times. 
[1504.05699,1506.09205]

➜ Decays 
partially or 
totally 
corrected.
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radial flow) and shear viscosity, emission rates, late times, relaxation 
times and initial conditions for shear stress tensor.

➜ Improved description but not fully satisfactory (larger yield and 
more flow at pT~2 GeV): pre-equilibrium dynamics, late chemical 
equilibration, hadronic afterburner, photons from jets [1603.04679],…?

[1509.03768]

➜ Smaller systems will be interesting…

[1504.07989]
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