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Abstract Recent theoretical developments in the descrip-
tion of jet evolution in the quark gluon plasma have allowed
to account for the effects of hydrodynamic gradients in the
medium modified jet spectra. These constitute a crucial step
towards using jets as tomographic probes of the nuclear mat-
ter they traverse. In this work, we complement these stud-
ies by providing leading order calculations of widely stud-
ied jet observables, taking into account matter anisotropies.
We show that the energy distribution inside a jet is pushed
towards the direction of the largest matter anisotropy, while
the away region is depleted. As a consequence, the jet mass
and girth gain a non-trivial azimuthal dependence, with
the average value of the distribution increasing along the
direction of largest gradients. However, we find that, for
these jet shapes, matter anisotropic effects can be poten-
tially suppressed by vacuum Sudakov factors. We argue that
the recently proposed measurements of energy correlations
within jets do not suffer from such effects, with the azimuthal
dependence being visible in a large angular window, regard-
less of the shape of the distribution.

1 Introduction

Over the last decades, jets have provided clear evidence for
the production of the quark gluon plasma (QGP) in high-
energy heavy-ion collisions (HICs) at RHIC and the LHC.
Early experimental measurements revealed that the nuclear
modification factor measured from jets was significantly sup-
pressed for intermediate pt jets, signaling the emergence of
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collectivity associated to the new exotic state of matter [1–6].
In more recent years, there has been a push towards more dif-
ferential studies of jets in HICs. Particular attention has been
paid to understanding the details of the angular structure and
real time fragmentation of partons in the QGP, and how such
modifications relate to the medium properties, see [7–10] for
recent reviews and further references.

Among the several recent theory developments, a lot of
focus has been put on the description of jets in non-trivial
backgrounds. Examples of such efforts include the study of
the influence of the early stages of HICs and of the pres-
ence of flowing matter in the QGP phase on jet properties,
which have been discussed in a series of recent works [11–
24]. In parallel to these efforts, some of us and collabora-
tors have recently provided a broad and complete theoreti-
cal description of parton dynamics in a QGP fireball, taking
into account the presence of hydrodynamic gradients in the
matter [14,17,25–27].1,2 So far, the discussion of these new
effects in the evolution of the jet’s partons has been framed at
the level of quantities which cannot be experimentally mea-
sured but are easier to compute on the theory side. Since the
ultimate goal of the jet tomography program is to provide
a complete differential description of the QCD matter pro-
duced in HICs through jet observables, in this paper we take
the first step towards bridging the gap between theory and
phenomenology.

To this end, we consider the evolution of a high-energy
partonic shower in a static brick of QGP matter with the
initial momentum of the leading parton being aligned along

1 Note that these works go beyond previous phenomenologically driven
studies, e.g. [11,21], by providing a field theory based description of
how the matter evolution and anisotropy affect the jet.
2 For recent studies focused on the effects of longitudionally expanding
matter on jets see e.g. [28–30].
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Fig. 1 Diagrammatic depiction of the setup considered to study jet
evolution in an anisotropic medium. The gray rectangle represents the
background, where g denotes the direction along which the matter gra-
dients are aligned. The medium is assumed to be static. The jet is com-
posed of a quark and a single gluon. The dynamics is constrained to the
plane transverse to the original momentum of the jet, aligned along z.
The angles α and θ denote the angular separation between the gluon
and g in the transverse plane and the gluon and the quark, respectively.
The jet is assumed to be reconstructed with a jet radius R

z, see Fig. 1. Matter anisotropies are introduced via a two
dimensional vector3 g, combining the effects of the gradi-
ents of the matter density n and Debye mass μ. Although this
matter model is far from a realistic description of the struc-
ture of hydrodynamic gradients in a QGP fireball, it allows
for a closed semi-analytical treatment, as we show below.
Going beyond this effective description in a significant way
requires a more complex modeling of the matter. One would
have to build a tool including a realistic hydrodynamic pro-
file of the QGP and a jet quenching Monte Carlo genera-
tor, implementing the theoretical developments introduced
in [27]. The numerical machinery required for this extension
does not currently exist.4

Within this simple matter model, we consider the frag-
mentation of a hard quark in the matter at leading order (LO)
in the strong coupling constant αs . We then compute several
jet observables on the final particle distribution: the jet shape
density, the lowest order jet angularities, and the double dif-
ferential Energy Energy Correlator (EEC). We chose this set
of observables for several reasons. The jet shape was studied
in the past in the early theoretical models including the pres-
ence of the QGP flow [11]. Jet angularities form a complete
set of jet observables and their structure is well understood
in vacuum QCD [31–34].5 Also, they are among the sim-
plest observables sensitive to jet substructure. Finally, energy
flow correlations between angular separated regions in high-

3 Note that the gradients are three dimensional vectors, but only their
transverse projection with respect to the jet axis is relevant [14].
4 See [16] for a related study attempting to close this gap.
5 For recent studies in HIC context see [8,35,36].

energy scattering events have been recently considered as a
new window to study the structure of jets in vacuum [37–
39] and in different types of nuclear matter [19,40,41], see
also [42,43]. As we will show, they have features which might
be relevant to study non-trivial modifications to the azimuthal
angular structure of jets evolving in the QGP.

Our study has several limitations which we follow to enu-
merate. As already mentioned, we take a simplistic model
for the matter, which allows for a controlled theoretical cal-
culation. Despite this fact, the setup allows to qualitatively
assess the modifications to the jet due to the presence of
matter gradients. As also mentioned previously, our calcu-
lations, for most observables, are done at LO in the strong
coupling constant, i.e. we only consider a single gluon being
produced from the original hard quark. Going beyond LO is,
at this moment, extremely challenging from the theoretical
point of view [44,45]. Nonetheless, one should not expect
LO (or other fixed higher order) calculations to give quan-
titative or qualitatively accurate descriptions of jet observ-
ables. Historically, this barrier has been surpassed by employ-
ing phenomenological inspired models [46,47] or by using
Monte Carlo codes [48–50], which can mimic some impor-
tant higher order effects. In this work we do not employ
such strategies for two reasons. First, as mentioned above,
no Monte Carlo code is currently available that implements
the theoretical effects we consider here. Second, employing
phenomenological models will drive our calculation further
way from the controlled theory framework being employed,
blurring the line between modeling and a first-principle cal-
culation. In effect, we attempt to give priority to the latter.6

Finally, we work in the limit where the gluon is always softer
than the quark, which might neglect important sectors of the
full phase space. We will comment further on this limitation
for particular observables.

This manuscript is organized as follows: Sect. 2 presents
the calculation of the jet shape density, Sect. 3 introduces
the calculation of the lowest order jet angularities at leading
logarithmic accuracy in the medium, and finally in Sect. 4
we discuss how the EECs in a jet can be used to study matter
gradients. Our conclusions are detailed in Sect. 5.

2 Jet shape density

We consider first the effects of medium anisotropies on the
energy distribution inside a jet. Along with the multiplicity
distributions, see e.g. [51], this was one of the first observ-
ables to be theoretically computed for medium modified jets
in models with non-trivial backgrounds [11]. To this end, we

6 Note that in this work we neglect the effect of energy loss in the
jet evolution, which is known to have large phenomenological impact,
although being azimuthally averaged.
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define the jet shape as

ρ(r) =
∫ r

0
dr ′ pt (r ′)

pjet
t

, (1)

where pjet
t denotes the total transverse momentum of the jet

in detector coordinates, and r = √
�φ2 + �η2 is defined as

the radial displacement with respect to the jet axis in (φ, η)

coordinates. In this study, we always assume that partons
evolve at midrapidity (η ≈ 0) and consider small opening
angle for the jets. Under these assumptions, one can identify
r with the angular distance with respect to the jet axis and pjet

t
with the total energy of the jet, both measured in the local jet
frame. Therefore, the jet shape ρ(r) accounts for the amount
of energy contained in a cone of radius r inside a larger jet
with radius R > r , see Fig. 1.

At LO in αs and taking into account only medium-induced
effects, it is simple to show that [11]

ρ(r) = 1 − 1

pjet
t

∫ pjet
t

0
dω

∫ ω

ωr
d2kω

d I

dωd2k
, (2)

where the maximum jet radius is set to R = 1, assuming that
the dynamics is dominated by the collinear modes, and the
integration limits on the d2k integral are for its radial part.
The purely medium-induced radiation spectrum d I , sensi-
tive to the QGP anisotropies, depends on the gluon energy
ω < pjet

t and the gluon transverse momentum k, satisfying
k < pjet

t . This spectrum also depends on the Debye mass μ

and density of color sources n. Following [14,25,27], we take
into account the medium structure by employing the hydro-
dynamic gradient expansion at the level of d I . To leading
order in gradients, one can write the spectrum as [27]

d I

dωd2k
= d I0

dωd2k
+ ĝ · k d I1

dωd2k
+ O

(
ĝ2

)
, (3)

while accounting for all possible gluon exchanges between
the medium and the jet. The leading (I0) and subleading
order (I1) contributions to the radiation spectrum are detailed
in [27]. In turn, ĝ = ∇n δ

δn + ∇μ2 δ
δμ2 is a two-dimensional

vector operator linear in the medium gradients, which can
be related with the temperature gradient if one notices that
n ∼ T 3 and μ ∼ gT .

Below, in order to numerically compute the gluon spec-
trum we make use of the ubiquitous harmonic approximation
for the scattering potential in the medium. In this limit, the
spectrum is controlled by a single medium scale, the so-called
jet quenching parameter q̂ . Then, ĝ reduces to a gradient
vector g = 1

q̂ ĝq̂ , see Fig. 1, and thus we drop the operator

notation. Noticing that q̂ ∼ T 3 log 
2

μ2 with 
 being the UV
momentum cutoff, we define the leading-log gradient vector

by g · k ≈ 3 |∇T |
T k cos α ≡ 3γT T k cos α, where k ≡ |k|, α

is the angle between k and g, and γT = |∇T |
T 2 is a shorthand

notation introduced for further convenience. Here, we denote
the transverse temperature gradients by ∇T , which is a two
dimensional vector in the plane transverse to the jet axis.

Following [27], we notice that while γT < 1, as a small
hydrodynamic gradient, the variations of the temperature
over the system size are expected to be substantial, e.g.
T LγT � 1. Indeed, the system should be large enough to
support hydrodynamic behavior, and one expects T L � 1.
Here we will illustrate our results with several values of γT ,
from small γT = 0.1, corresponding to LT γT < 1 for our
parameters, to the limiting case of γT = 1.

Finally, the medium-induced term can be related to a nor-
malized cross-section by7

dσ

σdxdθdα
= ω

d I

dωd2k
pjet
t k , (4)

where we have introduced the gluon energy fraction ω ≡
xpjet

t and the polar angle θ ≡ k/ω.
Evaluating Eq. (2) is numerically demanding since it

requires accounting for all possible gluons within a jet cone.
In addition, the observable is inclusive in azimuthal angle
which averages out the medium modifications we are inter-
ested in here. For this reason, we consider instead the jet
shape density distribution

(2π)pjet
t

dρ(r)

dωdα
= 1 − 2π

∫ ω

ωr
dkk ω

d I

dωd2k
. (5)

In this formulation, dρ(r) measures the contribution to the
jet energy due to the emission of gluons of energy ω at angle
α. The numerical evaluation of Eq. (5) for several values of
ω and γT is provided in Fig. 2. As expected, increasing the
value of the temperature gradient through γT (top to bot-
tom in each column) the energy distribution inside the jet
becomes increasingly more asymmetric, with most radiation
aligning along the anisotropy direction (α = 0). In addition,
gradient effects are more prominent for softer gluons (left
most column), while for the most energetic gluons the dis-
tribution remains fairly isotropic for large enough values of
r . Interestingly, we observe in most plots that the maximum
of the density profile is not achieved at the boundary, as in
the vacuum, but rather in an intermediate radial region. This
peak is compensated on the away side by an energy valley.
As a result, when computing a directional observable with
a non-trivial transverse dependence, i.e. with a profile along
the radial direction in Fig. 2, the associated distribution can
have a complex dependence on the gluon energy. A related

7 This can be already seen at the level of the vacuum cross-section, c.f.
Eq. (6) in [19] and Eq. (3.2) in [52].
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Fig. 2 Jet shape density profiles for the following set of parameters:
pjet
t = 100 GeV, q̂ = 0.2 GeV2fm−1, L = 5 fm, T = 300 MeV,

and αs = 0.28. The top, middle, and bottom rows correspond to
γT = 0.1, γT = 0.5, and γT = 1. These values cover an ample

and phenomenologically relevant range, see also [27]. The columns,
going from left to right, correspond to ω = 0.01 ωc, ω = 0.05 ωc, and
ω = 0.1 ωc, where we have defined the critical frequency as ωc = 1

2 q̂ L
2

observation had already been considered in [27] at the level
of the average transverse momentum distribution obtained
from Eq. (3). One should notice here that there is no reason
why the jet shape density (5) has to be strictly positive, since
there is no upper bound on the medium-induced part of the
radiative spectrum.

To further illustrate the non-trivial azimuthal dependence
of the energy distribution inside the jet, we compute its har-
monic decomposition as

pjet
t
dvn(r)

dω
=

∫ 2π

0
dα pjet

t
dρ(r)

dωdα
(cos α)n , (6)

where vn denotes the nth harmonic. Notice that unlike in the
case of the trigonometric expansion in flow harmonics, i.e.
in terms of cos(nα), here we use a decomposition in terms
of (cos α)n . These two bases are uniquely related through

the multiple-angle trigonometric formulas. In Fig. 3 we show
the distributions of the harmonics vn for n = 2, 3. We note
that for any odd n the contribution related to the isotropic
part of the spectrum I0 vanishes, which explains why the
n = 3 distribution decreases as a function of r and van-
ishes at r = 1. Also notice that for larger values of r , the
shapes in Fig. 2 become increasingly more isotropic. Thus,
for the odd distributions one should observe a strong order-
ing in the gluon energies, with the more energetic gluons
ordered bottom to top, as is observed in Fig. 3. When going
away from this large r region, the ordering of the different
gluon energies can change as a consequence of the non-trivial
energy dependence inside the jet. For instance, in Fig. 3 for
n = 3, we observe that the intermediate frequency harmonic
is enhanced in the most collinear region. The radial evolu-
tion for largest energy is easily understood by looking at
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Fig. 3 Harmonic decomposition of the energy inside the jet, following
Eq. (6) for γT = 0.5. We used the same parameters as in Fig. 2

the middle column in Fig. 2, where one observes that after
r = 0.6 the distribution becomes almost isotropic, thus not
contributing to v3. Focusing now on v2, we again note that
the r = 1 point is solely determined by the angular average
of 〈(cos α)2/2π〉α = 1/2, and thus all gluon energies match.
The intermediate region can show non-trivial ordering for the
same reason detailed for v3. However, for the even harmon-
ics the distributions should always be strictly growing with
the radial distance r due to the fact that the jet shape density
becomes increasingly more isotropic.

3 Jet angularities

The integrated jet shape ρ (and its moments) is not an opti-
mal observable to study jet modifications caused by medium
anisotropies. Even though the differential jet shape carries
non-trivial information about the azimuthal distribution of
energy within the jet, experimentally such an object is highly
sensitive to uncorrelated effects, and thus its measurement
is non-trivial. However, the jet shape is just the first of a
family of moments of the energy distribution inside the jet,
see for example [31,53,54]. It is thus natural to study these
related distributions, since they can give further information
about the modifications to the jet substructure due to matter
anisotropies.

To this end, we consider the radial moments Gn of the
energy distribution within a jet, which can be defined by

Gn =
∑
i∈jet

pit

pjet
t

g(n)(ri ) , (7)

where g(n) is a polynomial corresponding to the particular
moment. The energy carried by i th parton in the jet, located at
an angular distance ri < R, is denoted by pit . We will restrict

the discussion to the case of monomial g(n), e.g. g(0) ≡ 1
related to the jet shape ρ, g(1) ≡ r corresponding to the jet
girth g, and g(2) ≡ r2 associated with the squared jet mass
m2.

At LO, the nth moment, associated to a particular choice
for g(n) in Eq. (7) is distributed according to

dσLO

σdgndα
≡

∫ R

0
dθ

∫ 1

0
dx

dσ

σdθdxdα
δ(gn − xθn) , (8)

where gn corresponds to the girth g for n = 1, to m2 for
n = 2, and so on.8 In the vacuum, the soft and collinear
cross-section for the q → q + g process is given by

dσ vac

σdθdx
= 2αsCF

π

1

xθ
, (9)

neglecting the phase space where x ∼ 1, which is not cap-
tured in Eq. (3) for the medium part. Restricting the discus-
sion to this single channel, Eq. (8) immediately yields

gn
σ

dσ vac

dgndα
= αsCF

π2 n
log

Rn

gn
. (10)

This fixed order calculation exhibits a logarithmic divergence
for small values of gn . As a result, one should resum such
terms into a Sudakov factor, for sufficiently small values of
gn [55]. Also notice that gradient effects are expected to
emerge at smaller values of gn and, thus, the existence of
Sudakov logarithms in the vacuum spectrum can mask the
medium effects. It is important to note that the medium con-
tributions will not have such a collinear singularity. Thus,
assuming the decomposition valid at LO for the full cross-
section

dσLO = dσmed + dσ vac , (11)

we write the LO distribution for gn , including the resumma-
tion of the vacuum logarithms to all orders in αs at leading
logarithm accuracy [55], as

dσ

σdgndα
≈ dσLO

σdgndα
e
∫ 1

σ
dσ vac

, (12)

where the exponential factor corresponds to a cumulative
distribution. The leading term includes the vacuum part given
in Eq. (10), and also the medium modification in the form of
the cross-section

dσmed

σdgndα
=

∫ 1

gn
Rn

dx

⎡
⎣ω

d I

dωd2k
(pjet

t )2

n

x1− 2
n

g
1− 2

n
n

⎤
⎦

θn= gn
x

. (13)

8 Note that m2 here is dimensionless, and should be multiplied by the
appropriate power of pjet

t to obtain the physical jet mass.
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Combining all these elements we then have the LO form for
the medium modified distribution

gn
σ

dσ

dgndα
=

⎛
⎜⎝

∫ 1

gn
Rn

dx

⎡
⎣ ωd I

dωd2k
(pjet

t )2

n

x g
2
n
n

x
2
n

⎤
⎦

θn= gn
x

+αsCF

π2n
log

Rn

gn

⎞
⎠ e− αsCF

nπ
log2 Rn

gn , (14)

up to an overall normalization factor. One should notice that
under this approximation we neglect the subleading logarith-
mic terms, associated with the in-medium part of the normal-
ized cross-section, in the Sudakov factor. However, at least a
part of these missing terms in the resummation can be recov-
ered, if we normalize the distribution.

In Figs. 4 and 5 we show the jet girth and mass distri-
butions computed according to Eq. (14), with n = 1 and
n = 2 respectively. All the curves are self normalized., i.e.
they are scaled with the average value of the gn . The right
column plots are produced for pjet

t = 100 GeV, while the
left plots take pjet

t = 50 GeV. As expected, for very ener-
getic jets, the anisotropic corrections become small, since at
leading gradient order all corrections are energy suppressed.
We also numerically checked that the contributions along
(against) the gradients, i.e. α = 0 (α = π ), favor larger
(smaller) values for the mass/girth and that the distribution’s
width is wider (narrower) compared to the isotropic QGP
scenario. Finally, we note that larger values of n lead to a
better separation between the different curves, but they are
also more affected by the Sudakov exponential suppression
factor. These factors play a major role since they suppress
much of the softer gluon radiation contributions for the lower
value of gn , and thus they constitute a competing (vacuum)
effect with respect to the gradient terms.

The ratios to the isotropic QGP case (bottom plots in
Figs. 4 and 5) are almost symmetric with respect to the unity
line, when comparing α = 0 and α = π lines. This results
just from the fact the ratios evolve as 1±|g|c(r)+O(g2), for
some function c(r) and where the ± corresponds to α = 0
and α = π , respectively. Also notice that this is only true
since we self normalize the plots before taking the ratios. At
large values of gn the deviations with respect to the isotropic
case are roughly sub 10% for all cases, and constitute a small
effect. The corrections around the peak of the distributions
can beO(25%), and thus could in principle be of phenomeno-
logical importance.

4 Energy energy correlators

In the previous sections we have shown that traditional jet
shape observables are sensitive to the medium modifications

induced in jets by matter gradients. Although the jet shapes
studied show a clear azimuthal modulation, such effects can
be either hard to extract experimentally due to contamina-
tion from uncorrelated sources generated during the event,
or masked by competing effects. As a result, it would be
desirable to look for other jet observables which could in
part mitigate some of these effects and still be sensitive to
internal jet scales.

One way to proceed in this direction would require
employing jet substructure techniques, see [55] and refer-
ences there in. These allow, for example, to clean the jet from
contaminating sources or pin point interesting structures
within it. The traditional jet shapes can be trivially merged
with such techniques at LO. However, for the azimuthal
effects we want to study, this is not the most interesting
application. Instead, we take another route and make use
of recent developments using correlations between energy
flows inside jets as probes for their internal structure, see
e.g. [37,38,56–58]. Such correlation functions are particu-
larly interesting due to their ability to resolve internal scales
of jets, even though they rely on inclusive inner jet particle
distributions. Although the study of these objects is much
less developed compared to more traditional jet observables,
they posses several theoretical properties which makes their
use appealing.

At LO, the only non-trivial object one can compute is the
two point correlator, usually referred to as Energy Energy
Correlator. In the vacuum, due to spatial isotropy and homo-
geneity, such an object can only depend on the absolute value
of the spatial separation between the two points where the
energy flows are measured. However, in the QGP it is not
reasonable to expect that such a large degree of symmetry
survives. Indeed, in our simple matter model the introduc-
tion of a spatial gradient results in a preferential direction.
As a result, the EEC can depend non-trivially on the polar
and azimuthal angles describing the positions of the energy
flows on the sphere. Thus, we consider the double differential
cumulative distribution9

d�

dθdα
=

∫
dn1dn2

〈E(n1)E(n2)〉
(pjet

t )2
δ(cos(θ2 − θ1) − cos(θ))

× δ((α1 − α2) − α)

=
∫

dxdθ1dθ2dα1dα2
dσ

σdxdθ1dα1dθ2dα2
x(1 − x)

× δ(cos(θ2 − θ1) − cos(θ))δ((α1 − α2) − α) ,

(15)

where 〈E(n1)E(n2)〉 denotes the two point correlator of the
energy flow operator E(n) along the three dimensional unit

9 See also [59] for a discussion of similar observables in the context of
cold nuclear matter.
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Fig. 4 Jet girth distribution for the same parametric settings as used in
Fig. 2, with γT = 0.5, pjet

t = 50 GeV (left) and pjet
t = 100 GeV (right).

We selected three illustrative values for the azimuthal angles: α = π/2
(black; no gradient effect), α = 0 (blue; aligned with gradients) and

α = π (red; anti-aligned with gradients). The curves on the upper pan-
els are self normalized, while the bottom panels show the ratio to the
α = π/2 curve. Notice that the ratio is taken between the normalized
curves. The last point in the ratio plots is set to one

Fig. 5 Jet mass distribution for the same parameters and conventions followed in Fig. 4

vector n, characterized by the angles (θ, α). The distribution
� corresponds then to a particular projection of the EEC. The
second equality in Eq. (15) is valid at LO, after identifying the
correlator with the respective energy weighted cross-section.

In general, simplifying Eq. (15) for arbitrary matter
geometries beyond this point is not possible using analyt-
ical methods. However, in our simple scenario, where the
anisotropies are encapsulated by the vector g, one can easily

show that the EEC reduces to

d�

dθdα
=

∫ 1

0
dx

(
αsCF

π2

1

xθ
+ ω

d I

dωd2k
pjet
t k

)
x(1 − x) ,

(16)

where we have used the results of the previous section to
include the vacuum and medium pieces and one should take
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Fig. 6 EEC double differential distribution, following the parameters
and conventions used in Fig. 4, with the left plot using pjet

t = 50 GeV

and pjet
t = 100 GeV on the right. The pure vacuum distribution is addi-

tionally plotted in gray, for better visualization of the purely medium-
induced contributions. On the right hand side plot, the α = π does not
cover the full angular domain purely due to numerical artifacts

the limit x → 0. At this point we should notice a concep-
tual inconsistency in our calculation: we are integrating the
medium-induced spectrum in the domain 0 < x < 1 in
Eq. (16), while the spectrum is formally derived in the limit
x � 1. As mentioned in the introduction, it is theoretically
challenging to lift this approximation. However, we note that
even using this spectrum, the resulting EEC in isotropic mat-
ter has features qualitatively similar to calculation performed
for finite energy gluons, for more details see [12,19,60–64].

The numerical evaluation of Eq. (16) is shown in Fig. 6,
for the same values of pjet

t considered in Fig. 4 and following
the same conventions. The vacuum curves evolve as 1/θ at
LO. The isotropic matter curves (black) display an enhance-
ment around a particular angle; this is related to the existence
of a characteristic angular scale controlling the emission of
gluons in a dense QCD medium, see e.g. [7] for further dis-
cussion. Such a feature is qualitatively similar to the one
observed for calculations in dense matter beyond the small
x limit considered here [19,60]. As in the other cases, for
larger jet energies, the matter anisotropy effects are smaller.
However, one appealing feature suggested by the EEC cal-
culations is the persistent separation between the different
curves over a reasonably large domain in θ . Of course, at
very small values of the angular separation, above the region
sensitive to non-perturbative physics, the collinear effects
are expected to dominate over all the medium effects, and
thus there is an effective lower bound for this observation.
We also want to note that for higher order calculations, the
shape of this distribution could likely be heavily modified.

However, we still would expect that there to be a remaining
azimuthal dependence, regardless of the behavior in θ . To test
this claims requires performing more accurate calculations,
which we leave for the future work.

5 Conclusion

We have presented an exploratory study of hydrodynamic
matter gradient effects on several jet observables. Our cal-
culations are done at leading order in αs and assuming the
production of soft induced gluon radiation from a quark hard
source. The medium is modeled as a static brick of matter,
with an anisotropic direction, defined by the hydrodynamic
matter gradients. We decide to put the emphasis on comput-
ing jet observables in the regime where the theoretical results
used are well understood and under control.

We have found that the presence of the anisotropy leads to
a non-trivial distribution of matter inside the jet, which can
be characterized by the computation of the jet shape den-
sity. This energy distribution can be further characterized in
terms of its harmonic decomposition, which now exhibits odd
terms, absent for isotropic matter. However, these observ-
ables are not optimal to extract information from the jet,
since they have smaller sensitivity to the inner structure and
are easily contaminated by radiation coming from uncorre-
lated sources. As a result, we then considered the lowest order
jet angularities, i.e. jet girth and mass. We showed that on
these observables, which are sensitive to the jet substructure,
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matter anisotropies lead to a shift towards larger (smaller)
values of the distribution when measured along (against) the
dominant anisotropy direction. On top of that, the width of
the distribution is also modified differently according to the
azimuthal direction. However, vacuum Sudakov effects com-
pete with the anisotropic effects in the regions where these are
more dominant. As a result, the observation of these effects
is not straightforward. One way to surpass this shortcoming
is to consider jet observables which can look more differen-
tially inside of the jet, using modern jet substructure tech-
niques. However, most of these resources only become inter-
esting when going beyond the LO calculation we perform.
We instead consider the behavior of EECs measured in jets
(although, using the oversimplified soft limit for the medium
modified cross-section), which have been argued to provide
information about the inner jet scales. Indeed, we observe
that these are also sensitive to the matter anisotropies over
a large angular region. For any further analysis, this consid-
eration of the EECs should be completed with the use of a
consistent form for the medium-induced spectrum applicable
in the whole relevant kinematic region, and we leave that for
future work.
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