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Color coherence effects play a crucial role in the description of jet evolution at collider experiments. It is
well known that the stimulated gluon emission suffered by energetic jets traversing deconfined QCDmatter
is also affected by color coherence effects. Through multiple soft scatterings with the medium constituents,
an antenna will lose its color correlation, causing its legs to behave as independent emitters after the so-
called decoherence time. In this work, we provide the first computation of the properties of the recoils
produced as a result of these soft scatterings between a color coherent dipole and the medium constituents.
Our findings reveal that the angular phase-space of these soft recoils is strongly restricted by the opening
angle of the dipole itself due to quantum interference effects. In this long wavelength limit, one can
effectively consider that interactions take place with each of the legs of the dipole separately, provided that
the angular constraints dictated by the corresponding color flow topologies are respected. This is in
complete analogy with the case of soft gluon emission in vacuum, where the recoil quark plays the role of
the emitted gluon. As a direct phenomenological application, we estimate the collisional energy loss rate of
a color antenna. Importantly, these results indicate the way in which color coherence effects can be
implemented in jet quenching models that account for the recoils from elastic scatterings, improving in this
way our description of medium response physics in heavy-ion collisions.
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Introduction. Color coherence phenomena are present in any
gauge theory. In quantum chromodynamics (QCD), exper-
imental confirmation of the detailed predictions associated to
color flow topologies has contributed to validating the
perturbative approach to jet physics at colliders. Salient
examples include the phenomenon of drag, or string, effects
[1,2] in which the multiplicities of two- and three-jet events
depend on the geometry of those jet configurations and also
the phenomenon of angular ordering (AO) in soft gluon
emission [3,4], leading to a depletion of soft particles yields
around a jet due to destructive interferences, known as the
humpback plateau [5]. The remarkable AO effects state that
soft gluon emission off a color dipole can be effectively
described as the independent emission off each of the legs
of the dipole provided that one observes certain restrictions in
the angular phase space of the emission. This picture provides
the basis of the probabilistic approach to the simulation of jet
evolution used in modern event generators [6].

The evolution of jets traversing deconfined QCD matter,
such as the quark-gluon plasma (QGP) created in heavy-ion
collisions [7], has also been shown to be affected by
coherence effects. Stimulated gluon emission via repeated
scatterings with the medium constituents [8–16] leads to a
degradation of the jet energy and a modification of its
substructure, a set of phenomena commonly referred to as
jet quenching [17–20]. The study of the bremsstrahlung
pattern off a color dipole [21–26] with opening angle θ
revealed that each leg will behave as an independent emitter
only after the decoherence time τd ∼ θ−2=3, when indepen-
dent color rotations have led to a loss of the color coherence
of the pair. While much is known about the description of
medium-induced radiation off a color dipole and its phe-
nomenological consequences [27–43], this is not the case for
the description of the medium constituents after the multiple
soft scatterings take place. This is largely due to the fact that
the importance of these recoils has only been acknowledged
relatively recently (see Ref. [44] and references therein).
Interesting on their own right as a means to learn about the
inner workings of the QGP at various length scales [45–49],
they appear to be crucial in the description of most jet
observables [50–55]. They contribute as correlated back-
ground, influencing the way we interpret jet quenching
phenomena in experiments and thus affecting our ability
to understand the various physical mechanisms at play.
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This paper addresses, for the first time, the coherence
effects on the properties of the medium recoils involved in
scattering with a color-coherent energetic dipole. Crucially,
highly energetic partons produced during jet evolution
cannot be considered in general as on-shell states coming
from infinity, and their correct description is in terms of a
collection of color correlated dipoles. A number of jet
quenching models already account for the presence of the
recoils from elastic scatterings [48,56–60] but do not
account for color coherence effects whatsoever as they
work using on-shell states.
The rest of the manuscript is organized as follows. Using

standard perturbative techniques, we show in Sec. II that
the angular distribution of the soft recoils is strongly
influenced by interference phenomena, closely resembling
the patterns found for soft gluon emission. These results
allow us to compute the first estimate for the collisional
energy loss rate of a color dipole in Sec. III. Finally, in
Sec. IV, we look ahead and comment on the implications of
these results in the modeling of elastic collisions in jet
quenching event generators.

Color dipole scattering with a quark in the soft limit. For
the sake of concreteness and illustration purposes, let us
consider the simplest possible scenario that captures the
essential physics results of this paper, namely a color singlet
dipole interacting with a medium constituent, e.g., a soft
quark. This color dipole, and the other types of dipoles
explored in the Supplemental Material [61], are the basic
structures that arise during jet formationvia sequential parton
splittings. The quark is soft both regarding its restmassm and
the energy E acquired in the scattering (assuming m ≪ E)
with the energetic dipole with total energy w. We work in a
regime where the exchanged momentum between the soft
quark and the dipole, jqj ∼Oð ffiffiffiffiffiffiffi

Em
p Þ, is high enough to

allow a perturbative treatment of the process, while still
having E ≪ w [62]. We consider those diagrams that are
leading inβ ¼ E=w. The two leadingdiagrams are thosewith
a scattering with either the quark or the antiquark by the
exchange of a virtual gluon in the t channel. All other
diagrams (s channel as well as u channel contributions) are
suppressed in the soft limit we are interested in; i.e., they are
subleading in β. Using Feynman rules in momentum space,
the t-channel diagrams read (see Fig. 1)

iMγ
1¼

−ig2seQ
q2

aijakl

�
ūðsÞγμ r

r2
Γvðs̄Þ

�
½ūðp0ÞγμuðpÞ�; ð1Þ

iMγ
2¼

−ig2seQ
q2

aijakl

�
ūðsÞΓ−=̄r

r̄2
γμvðs̄Þ

�
½ūðp0ÞγμuðpÞ�: ð2Þ

The term Γ represents the interaction vertex associated to the
origination of the dipole. eQ is the electric charge carried by
the quarks of the antenna, and gs is the strong coupling
constant. The matrix a is the generator of the SUð3Þ color

group, and the latin indices ij and kl in the fundamental
representation indicate the color flow in the soft quark and
antenna, respectively.We areworking in the Feynman gauge.
Regarding the algebra involving the energetic legs of the

dipole, s and s̄, we assume that the exchanged momentum
is small and use the equations of motion for a massless
quark, so ruðsÞ ≈ suðsÞ ¼ 0, and analogously for the
antiquark. The sum of the two matrix elements is (using
fγμ; γνg ¼ 2gμν)

iMγ ¼ iMγ
1 þ iMγ

2 ¼
−2g2s
q2

aijaklBμ

�
sμ
r2

−
s̄μ
r̄2

�
Γγ
qq̄; ð3Þ

where we have defined Bμ ≡ ūðp0ÞγμuðpÞ. Here, Γγ
qq̄≡

ieQūðsÞΓvðs̄Þ, and its explicit form is not relevant for our
present discussion as it is factorized from the rest of the
expression in the soft limit. Averaging over initial color
states (N possible colors for the incoming soft quark) and
summing over final color states, the color factor gives

1

N

X
ðaijaklÞ�ðbijbklÞ ¼

CF

2
: ð4Þ

Averaging over initial and summing over final spin
polarizations leads us to the unpolarized squared matrix
element

jMγ
qq̄j2 ¼

4g4s
q4

Ωγ
qq̄
CF

2
AμνBμν ≡Ωγ

qq̄jSγ
qq̄j2; ð5Þ

with the antenna current Aμν

Aμνðp; p0; s; s̄Þ ¼ sμsν

r4
− 2

s̄μsν

r̄2r2
þ s̄μs̄ν

r̄4
; ð6Þ

and the recoil quark current Bμν

Bμνðp; p0Þ ¼ 1

2
Trð=pγμ=p0γνÞ

¼ 2ðpμp0ν þ pνp0μ − gμνp · p0Þ: ð7Þ

The antenna production term Ωγ
qq̄ depends solely on Γγ

qq̄.
We now separate the antenna current Aμν into two terms,
Aμν ¼ Aμν

s þ Aμν
s̄ , with

FIG. 1. The only two leading diagrams (iMγ
1 in the left, iM

γ
2 in

the right) for the scattering between a color singlet dipole and a
quark in the soft limit.
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Aμν
s ≡ sμsν

r4
−
s̄μsν

r2r̄2
; ð8Þ

and analogously for Aμν
s̄ by interchanging s and s̄. We are at

a reference frame where the target quark p is at rest, with
rest mass m. We take m to be the smallest scale in the
problem. The energy of the recoiling quark p0 isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 þm2

p
. By taking them → 0 limit, we can approximate

the propagators as

q2 ¼ ðp0 − pÞ2 ≈ −2EmþOðm2Þ
r2 ¼ q2 þ 2q · s ≈ 2p0 · sþOðmÞ
r̄2 ¼ q2 þ 2q · s̄ ≈ 2p0 · s̄þOðmÞ: ð9Þ

Contraction of one of the antenna currents with the current
Bμνðp; p0Þ yields

Ws ≡ Aμν
s Bμν

¼ 1

2

�
p · s
p0 · s

−
p · s̄
p0 · s̄

þ ðp · p0Þðs · s̄Þ
ðp0 · sÞðp0 · s̄Þ

�
: ð10Þ

We readily recognize the well-known pattern found in the
context of soft gluon emission [3,4], where the recoil quark
p0 plays the role of the emitted gluon

Ws ¼
m
2E

�
1

1 − cos θp0s
−

1

1 − cos θp0 s̄

þ 1 − cos θss̄
ð1 − cos θp0sÞð1 − cos θp0 s̄Þ

�
: ð11Þ

Ws (Ws̄) possesses a collinear divergence only when the
angle between the recoil quark and the quark (antiquark)
leg goes to zero, i.e., θp0sðθp0 s̄Þ → 0, and can be reinter-
preted as describing the interaction with just the quark
(antiquark) leg. By aligning the reference frame with
respect to the quark s, and integrating the recoil quark
p0 over the azimuthal angle ϕ, one gets

Z
dϕ
2π

Ws ¼
m
E

1

1 − cos θp0s
Θðθss̄ − θp0sÞ; ð12Þ

enforcing the recoil quark angle to lie within a cone of the
size of the angle of the dipole centered around the quark
leg. As long as the dipole stays in a color coherent state, the
successive recoils produced by soft scatterings draw the
shape of the antenna. These results are illustrated in Fig. 2.
Perhaps an interesting fact is that, in contrast to the soft
emission calculation, the squared of the individual matrix
elements is nonvanishing and naturally provides the nec-
essary terms to construct Ws and Ws̄ [64].
Just as in the soft emission scenario, these physics can be

heuristically discussed in terms of the so-called Chudakov
effect [65] in cosmic ray physics. By virtue of the

Heisenberg uncertainty principle, the lifetime of the virtual
quark carrying momentum r ¼ sþ q is Δt ∼ 1=ΔE, with
ΔE ¼ jsj þ jqj − jrj ∼ Eθ2 ¼ θ=λT , with λT the wave-
length of the recoil quark transverse to the dipole quark.
In order to resolve the dipole internal structure, λT needs to be
smaller than the dipole opening d after the virtual quark
lifetime, so d ¼ θqq̄Δt ¼ θqq̄λT=θ > λT , and then θ < θqq̄.
Since in the decay of thevirtual photon, the total charge of the
dipole is zero, recoil quarks with angles θ > θqq̄ are
forbidden. If the dipole is produced by the decay of a
charged object, such as a quark or a gluon, then these large
angle scatterings are allowed and are proportional to the
corresponding Casimir. The reader will find the computa-
tions for the scattering of a soft quark with the g → qq̄, q →
qg and g → gg antennas in the Supplemental Material [61].

Collisional Energy Loss of A Color Singlet Dipole. A
quantity of interest that we can now compute is the
collisional energy loss rate of a color dipole. As a simple
test case, we do so for the dipole produced by the decay of a
Z boson, which closely resembles that of the virtual photon
since it corresponds to a color singlet antenna. The matrix
element reads

iMZ ¼ −2g2s
q2

aijaklBμ

�
sμ
r2

−
s̄μ
r̄2

�
ΓZ
qq̄; ð13Þ

where ΓZ
qq̄ ¼ igZūðsÞϵðkÞðgV − gAγ5Þvðs̄Þ, with the electro-

weak couplings

gZ¼
e

sinθW cosθW
; gV¼

I3
2
−Qsin2θW; gA¼

I3
2
; ð14Þ

where I3 is the isospin of the quarks forming the antenna,
and θW is the Weinberg angle of the electroweak inter-
action. The unpolarized squared matrix element is

FIG. 2. Sketch representing a color singlet dipole (solid black
lines) produced by the decay of a colorless boson (wiggly black
line) that interacts with some medium constituents (green dots).
Quantum interference effects restrict the recoil angles (green lines
ending with dots) to lie within cones of the angular size of the
dipole, θqq̄ (dotted black lines), centered at each of the dipole legs.
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jMZ
qq̄j2 ¼ ΩZ

qq̄jSZ
qq̄j2; ð15Þ

with jSZ
qq̄j2 ¼ jSγ

qq̄j2 and

ΩZ
qq̄ ¼ g2ZTrðsγμðgV − gAγ5Þs̄ðgV − gAγ5ÞγνÞ

×
1

3

X
λ

ϵλμðkÞϵλ�ν ðkÞ

¼ 1

3
g2Zðg2V − g2AÞTrðsγμs̄γνÞ

�
−gμν þ

kμkν
k2

�

≈
8

3
g2Zðg2V − g2AÞs · s̄: ð16Þ

The differential cross section of the whole process
factorizes into the decay rate of the Z boson into a qq̄
antenna, dΓZ, and the scattering process between the color
dipole and the quark, as

dσ ¼ dΓZ
2w
4F

jSZ
qq̄j2

d3p0

ð2πÞ32E ; ð17Þ

where F ¼ m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 −M2

p
, withM ≈

ffiffiffiffiffiffiffiffiffiffi
2s · s̄

p
the mass of the

Z. The Z decay rate is

dΓZ ¼ ΩZ
qq̄

2w
d3s

ð2πÞ32ws

d3s̄
ð2πÞ32ws̄

ð2πÞ4δð4Þðsþ s̄ − kÞ: ð18Þ

Taking the term that is interpreted as the interaction with
the quark leg of the antenna, we write

dσq ¼ dΓZ
w
2F

CF

2

4g4s
q4

dθ
sin θ
16π3

WsdϕEdE; ð19Þ

where θ is the angle between the recoil quark and the quark
leg. Performing the integration in ϕ yields

dσq ¼ dΓZ
w
F
CF

2
α2s

dE
mE2

dθ cotðθ=2ÞΘðθqq̄ − θÞ; ð20Þ

where we have used the result from Eq. (12) and
q4 ≈ 4m2E2. Note that the soft divergence associated to
the propagator q4, E−2, actually corresponds to the typical
angular divergence of a Rutherford scattering, since no
exchanged momentum (E → 0) would translate into zero
deflection of the corresponding leg of the antenna.
Comparing the final soft divergence of the cross section,
dE=E2, to the soft divergence of gluon emission, dE=E, we
understand the difference as arising from an extra factor of
1=E from Eq. (12), which is absent in the soft gluon
emission computation.
The scattering rate dΓq is equal to the cross section times

the density of scatterers n, so dΓq ¼ ndσq. The total
(accounting for the two legs of the dipole) average energy
loss per unit length dET=dx is thus

dET

dx
¼ 2hEdΓqi

¼ 2dΓZ
w
F
CF

2

n
m
Aðθ0; θqq̄ÞEðEM; EmÞ; ð21Þ

where the integral over the recoil energy E over a minimum
energy (Em, which relates to the angular cutoff of the
t-channel propagator) and maximum energy (EM ≪ w) is

EðEM; EmÞ≡
Z

EM

Em

dE
E

α2sðjqjÞ

¼ 16π2

β20

log EM
Em

log 2E2
m

Q2
0

log 2EMEm
Q2

0

; ð22Þ

and we have used the expression αsðμÞ ¼ 2π=β0 logðμ=Q0Þ
for the running of the strong coupling. In the small angle
limit, the angular integral is

Aðθ0; θqq̄Þ ≈ 2 log
θqq̄
θ0

: ð23Þ

This is the divergence associated to the virtual propagators
in the dipole, occurring when the recoil is collinear with the
corresponding leg, and is absent when one considers an
elastic scattering between an on-shell parton, coming from
infinity, and the soft quark [66]. Retaining the masses of the
quarks of the antenna in the propagator naturally regulates
this divergence. In the case of soft gluon emissions, this
mass singularity is regulated by the inclusion of the virtual
contributions. A more careful discussion of the treatment of
these divergences for the case of dipole-quark scattering,
possibly including the so-called contact terms that result into
a zero-point subtraction prescription, is left for future work.
The restriction of the angular phase-space of the

recoiling quark reduces the amount of collisional energy
loss for narrower antennas as compared to wider ones. This
means that during the decoherence time, τd, while stimu-
lated emissions are strongly suppressed for a color singlet
dipole, collisional energy loss is sensitive to the details of
the dipole substructure. As per the effects of collisional
energy loss solely, one thus expects that those Z bosons
with decay products that are widely separated will lead, on
average, to smaller values of the Z reconstructed mass
(ignoring medium-induced broadening effects) than those
with narrower angles. These features can be analyzed by
expressing the Z decay rate, Eq. (18), in terms of the angle
and energies of the decay products, i.e., dΓZ=dθqq̄dwsdws̄.
A detailed phenomenological study that can complement
the proposal to measure the shift of the W boson mass due
to radiative energy loss [67] is left to future work.

Summary and Outlook. In this paper, we have computed the
cross section for the perturbative scattering process
between a color dipole and a quark at rest [68]. We have
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found that, in the soft limit, i.e., when E ≪ w, with E the
energy of the recoiling quark and w the total energy of the
dipole, the angular phase space of the recoiling quark
depends on the opening angle of the dipole itself due to
quantum interference effects. In this long wavelength limit,
the recoil quark behaves classically and interactions can be
effectively arranged as if they took place with the different
color charges of the dipole separately, provided one
respects the angular constraints. This is in complete
analogy to the physics found in the context of soft gluon
emission off a color dipole [3,4], where the recoiling quark
plays the role of the soft gluon. Using these results, we have
been able to obtain the first estimate of the collisional
energy loss rate of a color-coherent dipole.
Within a dense medium, such as the QGP created in

heavy-ion collisions, an energetic parton frequently expe-
riences such soft scatterings, leading to the well-studied
radiative energy loss effects. It has been common practice
to treat these interactions in the limit in which the medium
scattering centres are static, homogeneously distributed
(with some recent notable exceptions where the ensembles
of scattering centres can be inhomogeneous [70–74] and
nonstatic [74–76]), and have infinite mass, neglecting
backreaction and thus justifying the modeling of the
medium as a stochastic, classical background field. This
simplification facilitates the resummation of an infinite
number of these scatterings, allowing for a convenient
reformulation of the problem in terms of Wilson lines.
Under this framework, it has been shown that these
multiple soft scatterings can lead to color decoherence
between the two legs of a dipole after a timescale τd
[22,23,25,77]. In the present work, we have focused on the
properties of the recoiling partons that participate in soft
scatterings, which obviously means that we have had to
consider backreaction on the medium constituents. These
differences in the medium modeling assumptions between
all previous work, addressing dipole color decoherence,
and the present work, addressing imprints of color coher-
ence in the recoil properties, motivates further work to
establish a comprehensive framework to simultaneously
address both phenomena.
The clear message from the results here presented is that

as long as a dipole is in a color coherent state, recoils

produced in soft scatterings are restricted to lie at the
angular regions allowed by color coherence effects. Just
like in the usage in vacuum parton showers of the AO
phenomena of soft gluon emissions, this picture suggests a
way forward toward implementing color coherence effects
in the description of elastic collisions in jet quenching
models. One could in principle consider elastic scatterings
off each of the legs of a given dipole independently, by
sampling a collisional rate dΓq, ensuring that they respect
the angular constraints illustrated in, e.g., Eq. (12), or those
presented in the Supplemental Material [61] for the rest of
possible antennas, depending on the specific color flow
topology—as long as they are in a color coherent state
(namely if time τ < τd). A dedicated phenomenological
study using jet quenching Monte Carlos will be done in
future work.
The results presented in this paper represent an important

improvement in the theoretical description of high-energy
jets traversing deconfined QCD media, such as the QGP
created in heavy-ion collisions. A better understanding of
the recoils involved in elastic scatterings with the color-
coherent multi-partonic structures generated by jet evolu-
tion is crucial for characterizing medium response physics
and, by extension, for understanding the nature of the QGP
itself.
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