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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

3

N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at
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N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
๏ Good agreement with LHC data
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

3

N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
๏ Good agreement with LHC data
๏ Tension with RHIC hadron suppression
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

3

N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
๏ Good agreement with LHC data
๏ Tension with RHIC hadron suppression

๏Similar to other (perturbative) implementations  Andres et al. 
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

3

N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
๏ Good agreement with LHC data
๏ Tension with RHIC hadron suppression

๏Similar to other (perturbative) implementations  Andres et al. 

๏May point to importance of hard scatterings
Feal et al. ; Andres et al; Mehtar-Tani & Tykowniuk; Barata et al… ; GLV, HT, JEWEL..
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

3

N = 4 SYM the value of sc ⇡ 1 has been determined,
its value must be less in the QGP of QCD which has fewer
degrees of freedom. One of the assumptions of the hybrid
model [15, 16] is that all the differences between the interac-
tions of jets with this strongly coupled plasma and the QGP of
QCD can be accounted for by varying this parameter. In this
way, sc becomes the principal free parameter in the model,
controlling the degree of parton energy loss. We shall deter-
mine its value by fitting to data.

Despite its simplicity, this hybrid strong/weak coupling
model has been very successful at describing inclusive jet
and di-jet observables [15], photon-jet and Z0-jet observ-
ables [16], as well as the more differential jet sub- and super-
structure observables [17]. These validations of the core fea-
tures of the model have turned it into a useful phenomeno-
logical tool with which to interpret the data, a tool which can
be improved by adding additional physical phenomena and
which therefore allows for a detailed characterization of the
impact that different physical phenomena can have on measur-
able observables. One such extension is the analysis of finite
resolution (or coherence) effects in Ref. [18], which incorpo-
rates the fact that plasma cannot resolve the internal structure
of a parton shower with arbitrary precision, but can only in-
teract independently with distinct excitations if they are sepa-
rated by more than the plasma resolution length Lres. While
this is a well studied phenomenon occurring both at weak [50–
53] and strong coupling [54], the analysis in Ref. [18] is the
first exploratory study of these effects within a jet quenching
Monte Carlo. In this letter we will also explore the sensitivity
of suppression data to coherence phenomena, doing our global
fit for Lres = 0 and for the reasonable (see Ref. [18]) value
Lres = 2/(⇡T ). As in all of Refs. [15–18], we shall do all our
calculations for two different values of the temperature Tc be-
low which we turn off parton energy loss, Tc = 145 MeV and
170 MeV, using this as a crude proxy by which to assess sen-
sitivity to some systematic effects not included in the model.

A fit to hadron and jet suppression data. We fix the free
parameter of the model, sc, by fitting to hadron and jet ex-
perimental data from LHC (PbPb collisions at

p
sNN = 2.76

[55–58] and 5.02 TeV [8–10]) in the most central bins. The
simulations rely on the event generator PYTHIA 8.230 [59]
for the production and DGLAP evolution of the shower and
we include leading order nuclear parton distribution functions
as parametrized in Ref. [60]. The space-time picture of the
shower is built by assuming that the effective lifetime of each
parton corresponds to ⌧ = 2E/Q2, with E and Q the energy
and virtuality of that parton, respectively [15, 61]. When we
choose Lres = 2/(⇡T ) instead of Lres = 0, this has the ef-
fect of modifying these splitting times by delaying the time at
which the QGP interacts with a pair of partons as distinct,
separate, entities [18]. The properties of the QGP needed
to compute parton energy loss, namely the local tempera-
ture and fluid velocity, are read from hydrodynamic profiles
for droplets of expanding cooling plasma that yield good de-
scriptions of soft observables such as particle multiplicity and
flow coefficients [62]. These hydrodynamic simulations have
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FIG. 1: Results for the best values of sc for Tc = 145 MeV (first
three panels) and Tc = 170 MeV (last three panels). The individual
red (orange) error bars show the 1� (2�) uncertainties in the value of
sc obtained by fitting separately to each one of ten data sets, nine
from the LHC and one from RHIC. “H” stands for charged hadrons
(LHC, PbPb collisions,

p
sNN specified in TeV) or ⇡0 (PHENIX,

AuAu collisions,
p
sNN again specified in TeV) in the 0-5% cen-

trality bin, while “J” stands for calorimetrically reconstructed jets,
with the anti-kt radius [64] in parentheses, in the 0-10% centrality
bin. First panel of each set of three corresponds to Lres = 0, sec-
ond one to Lres = 2/(⇡T ), and the third panel shows the goodness
(�2 per degree of freedom) of each fit. The horizontal red (orange)
lines show the 1� (2�) range of values of sc obtained via a global fit
to all nine LHC data sets, and the (almost indistinguishable) purple
and green horizontal lines show the goodness of these global fits for
Lres = 0 and Lres = 2/(⇡T )

๏Global fit to Jet and Hadron Data
๏ Good agreement with LHC data
๏ Tension with RHIC hadron suppression

๏Similar to other (perturbative) implementations  Andres et al. 

๏May point to importance of hard scatterings
Feal et al. ; Andres et al; Mehtar-Tani & Tykowniuk; Barata et al… ; GLV, HT, JEWEL..

๏Ongoing efforts to implement hard scatterings in hybrid
Hulcher, Pablos, Rajagopal 
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๏No significant modification of the (groomed) splitting functions
๏ Consistent with the absence of additional hard shower partons 
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๏No significant modification of the (groomed) splitting functions
๏ Consistent with the absence of additional hard shower partons 

๏ But inner jet structure is modified

๏ Wider jets lose more energy 

The medium can resolve the inner jet structure
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Figure 3. The ratio of the zg distributions in 0-10% central PbPb collisions with
p
s = 2.76

ATeV as calculated in the hybrid model with Lres = 0 (left panel) and Lres = 1 (right panel) to

the zg distributions in proton-proton collisions as calculated in PYTHIA. The zg-distributions for

the PbPb and pp collisions are not self-normalized; as in the ALICE analysis of Ref. [67], each is

normalized to Njets, the number of analyzed jets (reconstructed using the anti-kT algorithm with

radius parameter R = 0.4; with the transverse momentum in charged particles in the jet in the

range 80 GeV< pchT,jet < 120 GeV). In each panel, we show the ratio of zg distributions for all pairs

of subjets found by the Soft Drop procedure in dark grey, and the ratio of the zg distributions only

for those pairs of subjets separated in angle by �R < 0.1 (�R > 0.2) in blue (red). In the dashed

bands (which are very similar to the corresponding solid bands) we present the results obtained by

ignoring the particles that originate from the moving wake in the plasma that are reconstructed as

part of the jet. As in Fig. 2, since these particles are soft they hardly contribute to this groomed

observable.

that the zg distribution can be interpreted in this fashion. We shall see that it is nevertheless
very interesting to measure the ratio of zg distributions in heavy ion collisions to those in
proton-proton collisions. We shall see that a suitably differential measurement of how these
distributions are modified in heavy ion collisions can give us insights into the degree to
which the QGP medium resolves constituents within a jet shower, and ultimately could be
used to constrain the value of the resolution length of QGP. The other motivation for this
analysis is that zg distributions in heavy ion collisions have been measured by the CMS
[65], STAR [68] and ALICE [67] collaborations.

The results of our model calculations of the zg distribution are illustrated in Fig. 3. As
in our calculations of nSD described in the previous subsection, we follow ALICE and choose
� = 0 and zcut = 0.1. We choose not to self-normalize each zg-distribution, choosing instead
to normalize each distribution by the total number of jets that enter the pT cuts within
the acceptance, which we denote by Njets. In this way, more information is retained and,
in particular, the different relative contributions to zg of events in which the two subjets
have different angular separations can be studied. Instead of presenting the individual

– 18 –

๏Wider jets are made of more partons ⟹ more energy loss
๏How many?

Depends on how the medium resolves transverse separation
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Figure 3. The ratio of the zg distributions in 0-10% central PbPb collisions with
p
s = 2.76

ATeV as calculated in the hybrid model with Lres = 0 (left panel) and Lres = 1 (right panel) to

the zg distributions in proton-proton collisions as calculated in PYTHIA. The zg-distributions for

the PbPb and pp collisions are not self-normalized; as in the ALICE analysis of Ref. [67], each is

normalized to Njets, the number of analyzed jets (reconstructed using the anti-kT algorithm with

radius parameter R = 0.4; with the transverse momentum in charged particles in the jet in the

range 80 GeV< pchT,jet < 120 GeV). In each panel, we show the ratio of zg distributions for all pairs

of subjets found by the Soft Drop procedure in dark grey, and the ratio of the zg distributions only

for those pairs of subjets separated in angle by �R < 0.1 (�R > 0.2) in blue (red). In the dashed

bands (which are very similar to the corresponding solid bands) we present the results obtained by

ignoring the particles that originate from the moving wake in the plasma that are reconstructed as

part of the jet. As in Fig. 2, since these particles are soft they hardly contribute to this groomed

observable.

that the zg distribution can be interpreted in this fashion. We shall see that it is nevertheless
very interesting to measure the ratio of zg distributions in heavy ion collisions to those in
proton-proton collisions. We shall see that a suitably differential measurement of how these
distributions are modified in heavy ion collisions can give us insights into the degree to
which the QGP medium resolves constituents within a jet shower, and ultimately could be
used to constrain the value of the resolution length of QGP. The other motivation for this
analysis is that zg distributions in heavy ion collisions have been measured by the CMS
[65], STAR [68] and ALICE [67] collaborations.

The results of our model calculations of the zg distribution are illustrated in Fig. 3. As
in our calculations of nSD described in the previous subsection, we follow ALICE and choose
� = 0 and zcut = 0.1. We choose not to self-normalize each zg-distribution, choosing instead
to normalize each distribution by the total number of jets that enter the pT cuts within
the acceptance, which we denote by Njets. In this way, more information is retained and,
in particular, the different relative contributions to zg of events in which the two subjets
have different angular separations can be studied. Instead of presenting the individual
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Figure 12: The double ratio R
R

AA/R
R=0.2
AA for jets with |hjet| < 2.0, as a function of R, for R = 0.3–

1.0 with respect to R = 0.2, in various p
jet
T ranges for the 0–10% centrality class. The statisti-

cal uncertainties of data are shown as the vertical lines, whereas the systematic uncertainties
are shown as the shaded boxes. The width of the boxes carries no meaning. The predictions
from the HYBRID (dark orange, brown and yellow), MARTINI (purple), and LBT (lime and dark
green) models are compared to the data as colored bands.

JHEP 05 (2021) 284

• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets

๏ However RAA is sensitive to soft particles!
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets

๏ However RAA is sensitive to soft particles!
Test of the medium back-reaction 
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๏Energy lost quickly thermalises and creates a wake
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FIG. 12: “Lost” energy from the high energy parton that, after propagation as a wake in

the QGP and subsequent hadronization, is recovered within a cone with opening angle R

around the direction of the high energy parton. Results are shown for the oversimplified

hybrid model treatment of the wake and for our linearized hydrodynamics analysis with

and without the e↵ects of radial flow, in each case for two di↵erent pT cuts.

jet observables, in this work we will study two examples which share features with some of

those jet observables. In each case, we will compute only the contribution to the observable

that comes from the hadronization of the jet wake sourced by our single high energy parton,

as in Section IV. In particular, we will compute the energy carried by particles coming from

the backreaction of the medium that lie within a cone of a specified opening angle centered

on the direction of the high energy parton; and the energy distribution of those particles.

For simplicity, as in Section IV we will only consider a setup in which the high energy parton

that loses energy propagates at zero rapidity; we shall measure azimuthal angles with respect

to its transverse direction.

43

๏Lost energy is recovered in thermalized particles along the jet

Energy Recovered from wake R
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FIG. 13: Energy density d�E
d� dy in the (�, y) plane, together with contours of constant R, for

the same three calculations as in Fig. 12.

is consistent with what we saw in the spectra of Fig. 9. We will further investigate this in

the next Subsection.

First, though, we should understand one of the most striking features of the energy recov-

ery plots in Fig. 12, namely the non-monotonic behavior observed in all three calculations.

The fact that �E(R) is above its large-R value for cones with opening angle R ⇠ 2 means

that after hadronization the wake deposits more than its total energy, more energy than

was lost by the high energy parton, within a cone with this radius. How can this be? This

45

Energy density in wake particles

๏ The fluid is pushed along the jet direction
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is consistent with what we saw in the spectra of Fig. 9. We will further investigate this in

the next Subsection.

First, though, we should understand one of the most striking features of the energy recov-

ery plots in Fig. 12, namely the non-monotonic behavior observed in all three calculations.

The fact that �E(R) is above its large-R value for cones with opening angle R ⇠ 2 means

that after hadronization the wake deposits more than its total energy, more energy than

was lost by the high energy parton, within a cone with this radius. How can this be? This

45

Energy density in wake particles

๏ The fluid is pushed along the jet direction
⟹depletion of particles in the direction opposite to the jet

“Negative particles”
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jet observables, in this work we will study two examples which share features with some of
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FIG. 13: Energy density d�E
d� dy in the (�, y) plane, together with contours of constant R, for

the same three calculations as in Fig. 12.

is consistent with what we saw in the spectra of Fig. 9. We will further investigate this in

the next Subsection.

First, though, we should understand one of the most striking features of the energy recov-

ery plots in Fig. 12, namely the non-monotonic behavior observed in all three calculations.

The fact that �E(R) is above its large-R value for cones with opening angle R ⇠ 2 means

that after hadronization the wake deposits more than its total energy, more energy than

was lost by the high energy parton, within a cone with this radius. How can this be? This

45

Energy density in wake particles

๏ The fluid is pushed along the jet direction
⟹depletion of particles in the direction opposite to the jet

“Negative particles” Also observed within the LBT framework
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the QGP and subsequent hadronization, is recovered within a cone with opening angle R

around the direction of the high energy parton. Results are shown for the oversimplified

hybrid model treatment of the wake and for our linearized hydrodynamics analysis with

and without the e↵ects of radial flow, in each case for two di↵erent pT cuts.

jet observables, in this work we will study two examples which share features with some of

those jet observables. In each case, we will compute only the contribution to the observable

that comes from the hadronization of the jet wake sourced by our single high energy parton,

as in Section IV. In particular, we will compute the energy carried by particles coming from

the backreaction of the medium that lie within a cone of a specified opening angle centered

on the direction of the high energy parton; and the energy distribution of those particles.

For simplicity, as in Section IV we will only consider a setup in which the high energy parton

that loses energy propagates at zero rapidity; we shall measure azimuthal angles with respect

to its transverse direction.
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is consistent with what we saw in the spectra of Fig. 9. We will further investigate this in

the next Subsection.

First, though, we should understand one of the most striking features of the energy recov-

ery plots in Fig. 12, namely the non-monotonic behavior observed in all three calculations.

The fact that �E(R) is above its large-R value for cones with opening angle R ⇠ 2 means

that after hadronization the wake deposits more than its total energy, more energy than

was lost by the high energy parton, within a cone with this radius. How can this be? This
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FIG. 20. (Color online) Ratio of quasi-inclusive yields for charged jets with R = 0.2 and R = 0.4, for peripheral (left) and
central (right) Au+Au collisions at

p
sNN = 200 GeV and pmin

T,lead = 5 GeV/c. Calculations are shown for charged jets in pp
collisions at

p
s = 200 GeV simulated by PYTHIA [83] and HERWIG [110]; both panels show the same distributions from these

calculations. Also shown are predictions for reconstructed jets in Au+Au collisions from the theoretical calculations described
in Sect. X. The region where the bias due to the pmin

T,lead cut is small is indicated by the vertical dashed line.

icant medium-induced modification is observed in cen-
tral Au+Au collisions, consistent with similar measure-
ments at the LHC. In comparison to jet quenching calcu-
lations, NLO predicts a larger ratio than that observed,
but SCET and the Hybrid model are consistent with the
measurement. The absence of medium-induced broad-
ening in this inclusive jet analysis is in contrast to the
broadening observed in di-jet asymmetry measurements
at RHIC. Interpretation of this di↵erence requires mod-
eling to carefully assess underlying biases in each of the
two analyses.

The results presented here provide new constraints on
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the nature of the large backgrounds to jet measurements
in heavy-ion collisions.
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ening in this inclusive jet analysis is in contrast to the
broadening observed in di-jet asymmetry measurements
at RHIC. Interpretation of this di↵erence requires mod-
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tral Au+Au collisions, consistent with similar measure-
ments at the LHC. In comparison to jet quenching calcu-
lations, NLO predicts a larger ratio than that observed,
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measurement. The absence of medium-induced broad-
ening in this inclusive jet analysis is in contrast to the
broadening observed in di-jet asymmetry measurements
at RHIC. Interpretation of this di↵erence requires mod-
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ening in this inclusive jet analysis is in contrast to the
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at RHIC. Interpretation of this di↵erence requires mod-
eling to carefully assess underlying biases in each of the
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in heavy-ion collisions.

XIII. ACKNOWLEDGMENTS

We thank Weiyao Ke, Daniel Pablos, Krishna Ra-
jagopal, Ivan Vitev, and Xin-Nian Wang for providing
theoretical calculations. We thank the RHIC Opera-
tions Group and RCF at BNL, the NERSC Center at
LBNL, and the Open Science Grid consortium for pro-
viding resources and support. This work was supported
in part by the O�ce of Nuclear Physics within the U.S.
DOE O�ce of Science; the U.S. National Science Foun-
dation; the Ministry of Education and Science of the
Russian Federation; National Natural Science Founda-

tion of China; Chinese Academy of Science; the Min-
istry of Science and Technology of China and the Chi-
nese Ministry of Education; the Higher Education Sprout
Project by Ministry of Education at NCKU; the National
Research Foundation of Korea; Czech Science Founda-
tion and Ministry of Education, Youth and Sports of the
Czech Republic; Hungarian National Research, Develop-
ment and Innovation O�ce; New National Excellency
Programme of the Hungarian Ministry of Human Ca-
pacities; Department of Atomic Energy and Department
of Science and Technology of the Government of India;
the National Science Centre of Poland; the Ministry of
Science, Education and Sports of the Republic of Croa-
tia; RosAtom of Russia and German Bundesministerium
fur Bildung, Wissenschaft, Forschung and Technologie
(BMBF); Helmholtz Association; Ministry of Education,
Culture, Sports, Science, and Technology (MEXT); and
Japan Society for the Promotion of Science (JSPS).

๏ Narrow jets are more suppressed

๏ Apparent inconsistency with LHC results

๏ Hybrid model solution to the apparent contradiction 
๏ RHIC di-jets are more back-to-back (kinematics, not hybrid)
๏ “Negative” contribution from sub-leading jet



RHIC/AGS Meeting J. Casalderrey-Solana 08/06/2022

R-Dependence at RHIC

9

25

0 5 10 15 20 25 30 35 40

R=
0.

2/
R=

0.
4

1−10

1

peripheral (60-80%)

--> ~ UNBIASED

 = 200 GeVNNsAu+Au 

Tkcharged jets, anti-

c= 5 GeV/min
T,lead
p  STAR, 

  STAR, biased region

  Herwig (p+p)

  PYTHIA (p+p)

)c  (GeV/ch
T, jet
p  or  

T, jet
p

5 10 15 20 25 30 35 40

1−10

1

central (0-10%)

--> ~ UNBIASED

c= 5 GeV/min
T,lead
pLBT, 

Hybrid model

SCET (full jets)

NLO pQCD (full jets)

c= 5 GeV/min
T,lead
pLBT, 

Hybrid model

SCET (full jets)

NLO pQCD (full jets)

FIG. 20. (Color online) Ratio of quasi-inclusive yields for charged jets with R = 0.2 and R = 0.4, for peripheral (left) and
central (right) Au+Au collisions at

p
sNN = 200 GeV and pmin

T,lead = 5 GeV/c. Calculations are shown for charged jets in pp
collisions at

p
s = 200 GeV simulated by PYTHIA [83] and HERWIG [110]; both panels show the same distributions from these

calculations. Also shown are predictions for reconstructed jets in Au+Au collisions from the theoretical calculations described
in Sect. X. The region where the bias due to the pmin

T,lead cut is small is indicated by the vertical dashed line.

icant medium-induced modification is observed in cen-
tral Au+Au collisions, consistent with similar measure-
ments at the LHC. In comparison to jet quenching calcu-
lations, NLO predicts a larger ratio than that observed,
but SCET and the Hybrid model are consistent with the
measurement. The absence of medium-induced broad-
ening in this inclusive jet analysis is in contrast to the
broadening observed in di-jet asymmetry measurements
at RHIC. Interpretation of this di↵erence requires mod-
eling to carefully assess underlying biases in each of the
two analyses.

The results presented here provide new constraints on
theoretical models of jet quenching, and new insights into
the nature of the large backgrounds to jet measurements
in heavy-ion collisions.

XIII. ACKNOWLEDGMENTS

We thank Weiyao Ke, Daniel Pablos, Krishna Ra-
jagopal, Ivan Vitev, and Xin-Nian Wang for providing
theoretical calculations. We thank the RHIC Opera-
tions Group and RCF at BNL, the NERSC Center at
LBNL, and the Open Science Grid consortium for pro-
viding resources and support. This work was supported
in part by the O�ce of Nuclear Physics within the U.S.
DOE O�ce of Science; the U.S. National Science Foun-
dation; the Ministry of Education and Science of the
Russian Federation; National Natural Science Founda-

tion of China; Chinese Academy of Science; the Min-
istry of Science and Technology of China and the Chi-
nese Ministry of Education; the Higher Education Sprout
Project by Ministry of Education at NCKU; the National
Research Foundation of Korea; Czech Science Founda-
tion and Ministry of Education, Youth and Sports of the
Czech Republic; Hungarian National Research, Develop-
ment and Innovation O�ce; New National Excellency
Programme of the Hungarian Ministry of Human Ca-
pacities; Department of Atomic Energy and Department
of Science and Technology of the Government of India;
the National Science Centre of Poland; the Ministry of
Science, Education and Sports of the Republic of Croa-
tia; RosAtom of Russia and German Bundesministerium
fur Bildung, Wissenschaft, Forschung and Technologie
(BMBF); Helmholtz Association; Ministry of Education,
Culture, Sports, Science, and Technology (MEXT); and
Japan Society for the Promotion of Science (JSPS).

๏ Narrow jets are more suppressed

๏ Apparent inconsistency with LHC results

๏ Hybrid model solution to the apparent contradiction 
๏ RHIC di-jets are more back-to-back (kinematics, not hybrid)
๏ “Negative” contribution from sub-leading jet

⟹over-subtraction in the leading jet  
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๏ Jet wake: soft particles at large angles 

๏ A complementary test of medium response 
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๏ Jet wake: soft particles at large angles 
๏ Soft enhancement 

๏ A complementary test of medium response 
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๏ Jet wake: soft particles at large angles 
๏ Soft enhancement 
๏ Large angle (softer) medium particles well described 

๏ A complementary test of medium response 
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An Aside: DAA (!") from Z-track Correlations (CMS)
• CMS extracted DAA from 

Z-track correlations 
• Z pT > 30 GeV/c
• Track pT > 1 GeV/c 

• Theory comparisons:
• CoLBT
• Hybrid: w/ & w/o wake 

• PHENIX !#–h:
• What is the pTdependence?
• Dependence on RHIC vs 

LHC energies?
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๏ Jet wake: soft particles at large angles 
๏ Soft enhancement 
๏ Large angle (softer) medium particles well described 

๏ A complementary test of medium response 

๏ Too few small angle (semi-hard) particles
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An Aside: DAA (!") from Z-track Correlations (CMS)
• CMS extracted DAA from 

Z-track correlations 
• Z pT > 30 GeV/c
• Track pT > 1 GeV/c 

• Theory comparisons:
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๏ Jet wake: soft particles at large angles 
๏ Soft enhancement 
๏ Large angle (softer) medium particles well described 

๏ A complementary test of medium response 

๏ Too few small angle (semi-hard) particles
“Too many negatives”
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An Implementation Problem

11

๏ Monte Carlo analysis: millions of events

๏ Full hydro analysis of back-reaction:

Simulating an event is very time consuming
} Hard to combine

๏ Up to now in hybrid: oversimplified back reaction
๏ Fixed only by total energy and momentum lost
๏ Strictly valid only for very soft (and large angle) particles
๏Does not include transverse flow

We need approximations!

We need to do better 
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(a) Case 1 (ideal), ⌧ = 4.9 fm/c. (b) Case 2 (viscous), ⌧ = 4.9 fm/c.

(c) Case 1 (ideal), ⌧ = 7.7 fm/c. (d) Case 2 (viscous), ⌧ = 8.3 fm/c.

(e) Case 1 (ideal), ⌧ = 10.5 fm/c. (f) Case 2 (viscous), ⌧ = 11.7 fm/c.

FIG. 4: Plots of �"
"0

(⌘s = 0) as functions of x and y at three di↵erent times ⌧ for Case 1

(ideal fluid; left panels) and 2 (viscous fluid; right panels). Note that we have used

di↵erent color bars in di↵erent panels; assessing the strength of the perturbations (in this

and the next two Figures also) requires looking at the color bars to see the magnitudes

corresponding to the reddest and bluest colors.
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๏ Linearized hydrodynamic perturbation on-top of Bjorken flow

Advantages:

Valid semi-hard momenta
Hydro fields from lin. superposition  
(Only depends on deposition time)

Disadvantages:

No transverse flow
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๏ An “approximate” procedure 

๏ Transverse flow from hydrodynamic without jet (VISHNU)

๏ Assume that perturbations are small (linearised)

๏ Compose wake from linearised Bjorken solutions by 
 locally boosting to a frame with no transverse flow 

๏ Correct for the direction of the jet after this boost

๏ Compute time between deposition time and freezeout 
depending on transverse flow

๏Library of cases for each deposition time + linear superposition
๏Flow fields are generated fast
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(a) Energy-momentum deposition for Ei = 10 GeV (filled arrow) and Ei = 50 GeV (empty arrow).

(b) pT distribution for Ei = 10 GeV. (c) pT distribution for Ei = 50 GeV.

(d) � distribution for Ei = 10 GeV. (e) � distribution for Ei = 50 GeV.

(f) y distribution for Ei = 10 GeV. (g) y distribution for Ei = 50 GeV.

Figure 2: Comparison of medium response distributions between full hydro. and our

approach., for a given topology and two di↵erent parton initial energies.
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(a) Energy-momentum deposition for Ei = 10 GeV (filled arrow) and Ei = 50 GeV (empty arrow).
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Figure 2: Comparison of medium response distributions between full hydro. and our

approach., for a given topology and two di↵erent parton initial energies.
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Other non-linear response: Tachibana et al.; CoLBT
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Figure 4: Comparison of medium response distributions between full hydro. and our

approach., for a given topology and two di↵erent parton initial energies.
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Figure 3: Comparison of medium response distributions between full hydro. and our

approach., for a given topology and two di↵erent parton initial energies.
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approach., for a given topology and two di↵erent parton initial energies.
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๏Semi-quantitative agreement 
with non-linear hydro

๏Spectrum is harder  than 
before

๏Intricate angular structure

(a) Energy-momentum deposition for Ei = 10 GeV (filled arrow) and Ei = 50 GeV (empty arrow).
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approach., for a given topology and two di↵erent parton initial energies.
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approach., for a given topology and two di↵erent parton initial energies.
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๏Semi-quantitative agreement 
with non-linear hydro

๏Spectrum is harder  than 
before

๏Intricate angular structure

(a) Energy-momentum deposition for Ei = 10 GeV (filled arrow) and Ei = 50 GeV (empty arrow).
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Figure 6: Comparison of the averaged (over 50 configurations) medium response distri-

butions between full hydro. and our approach for two di↵erent parton initial energies.

A Isothermal Hypersurface in Laboratory Frame

We consider the isothermal hypersurface in the laboratory frame parametrized by ⌧ =

⌧f (x, y). The surface integral element can be symbolically written as

d3�µ = nµ

p
�h dx dy d⌘s , (A.1)

where h is the determinant of the reduced metric on the hypersurface (which is in general

di↵erent from the metric gµ⌫ in the 3 + 1 dimensional spacetime), h = det(hµ⌫) and we

have chosen (x, y, ⌘s) as the coordinate system on the hypersurface. To write the surface

integral element out explicitly, we first need to work out the normal unit covector nµ, which

is defined to the orthogonal to the tangent space at the point (x, y, ⌘s) of consideration.
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Conclusions
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๏ The Hybrid model is a simple but predictive model
๏Its few ingredients can be constrained by different measurements

๏ An important piece of the framework is medium response

๏Soft medium particles affect many jet observables
๏This is a complementary way to study thermalization
๏However, full hydro response is computational expensive

๏We have found a set of “approximations” that capture the 
main physics of the non-linear response

๏We are now ready for a Monte Carlo implementation

And for a more stringent comparison with RHIC and LHC data 
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Too simple⇒Too Soft & Too Wide
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A. Bjorken Background Without Wake
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B. Bjorken Background With Wake
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and g = 40 is the number of degrees of freedom in the thermal

QGP. So we have
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So the Cooper-Fryer formula gives
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where uµpµ and T + �T are given in (210) and (211).

We can use the di↵erence between the two cases to test the linear approximation used in

Ref. [3]:
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๏ Particle production via Cooper Fry at fixed proper time

Unperturbed 
spectrum

๏ Approximation in the hybrid model:

๏ Strictly valid for soft particles 

๏ Here we use the expression without expanding in momentum
๏It requires the explicit form of the flow fields

๏ No need to know the perturbed flow, only Eloss.
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= =perturbed velocity

๏Valid for small perturbations as long as thermalisation is achieved

e
�u·p
T ⇡ 1 +

�u · p
T

(0.1)

1

๏ We expect modifications for pT ≫ T
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Figure 3. The ratio of the zg distributions in 0-10% central PbPb collisions with
p
s = 2.76

ATeV as calculated in the hybrid model with Lres = 0 (left panel) and Lres = 1 (right panel) to

the zg distributions in proton-proton collisions as calculated in PYTHIA. The zg-distributions for

the PbPb and pp collisions are not self-normalized; as in the ALICE analysis of Ref. [67], each is

normalized to Njets, the number of analyzed jets (reconstructed using the anti-kT algorithm with

radius parameter R = 0.4; with the transverse momentum in charged particles in the jet in the

range 80 GeV< pchT,jet < 120 GeV). In each panel, we show the ratio of zg distributions for all pairs

of subjets found by the Soft Drop procedure in dark grey, and the ratio of the zg distributions only

for those pairs of subjets separated in angle by �R < 0.1 (�R > 0.2) in blue (red). In the dashed

bands (which are very similar to the corresponding solid bands) we present the results obtained by

ignoring the particles that originate from the moving wake in the plasma that are reconstructed as

part of the jet. As in Fig. 2, since these particles are soft they hardly contribute to this groomed

observable.

that the zg distribution can be interpreted in this fashion. We shall see that it is nevertheless
very interesting to measure the ratio of zg distributions in heavy ion collisions to those in
proton-proton collisions. We shall see that a suitably differential measurement of how these
distributions are modified in heavy ion collisions can give us insights into the degree to
which the QGP medium resolves constituents within a jet shower, and ultimately could be
used to constrain the value of the resolution length of QGP. The other motivation for this
analysis is that zg distributions in heavy ion collisions have been measured by the CMS
[65], STAR [68] and ALICE [67] collaborations.

The results of our model calculations of the zg distribution are illustrated in Fig. 3. As
in our calculations of nSD described in the previous subsection, we follow ALICE and choose
� = 0 and zcut = 0.1. We choose not to self-normalize each zg-distribution, choosing instead
to normalize each distribution by the total number of jets that enter the pT cuts within
the acceptance, which we denote by Njets. In this way, more information is retained and,
in particular, the different relative contributions to zg of events in which the two subjets
have different angular separations can be studied. Instead of presenting the individual
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๏ It is only sensitive to the out of equilibrium contribution!
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Figure 7. Results from the hybrid model calculation of the ratio between the zg distribution

in PbPb and pp collisions, with different choices of Lres, depicted via bands with different fillings.

Each panel shows a different choice for the cut on the angular separation �R between the two

groomed subjets. Each curve has been normalized to the total number of jets, Njets.

Now that we wish to investigate a finite value of Lres we must decide how to model
its effects. We shall use the particular implementation of resolution effects developed and
described in detail in Ref. [43]. In addition, as in that paper and as is physically reasonable,
we shall assume that Lres / 1/µD, where µD is the Debye mass and hence 1/µD is the
screening length of the medium. The screening length of QGP can be thought of, somewhat
loosely, as the minimal separation between two static test color charges such that there is
enough QGP between them so that the two charges are independent of each other, meaning
that they exert no force on each other. In our case, the resolution length of QGP is the
minimal separation between two color charges moving through the QGP at ultrarelativistic
speeds such that there is enough QGP between them so that the two charges are independent
of each other, meaning that they lose energy independently. These two length scales need
not be identical, but it is reasonable to assume that they are proportional. This assumption
means that Lres / 1/(gT ) if the gauge coupling g is weak, and Lres / 1/T if the gauge
coupling is strong. By comparing weak and strong coupling expressions for µD, the authors
of Ref. [43] argue that it is reasonable to guess that 1/(⇡T ) . Lres . 2/(⇡T ) in QGP.
In this Section we shall explore our model predictions for one representative value of Lres,
namely Lres = 2/(⇡T ). We leave a more refined exploration of its value for future work.

Results from our model calculation of the zg distribution for jets in a medium with
Lres = 2/(⇡T ) obtained using the flat grooming procedure are presented in Fig. 7. We
show the ratio of the zg distribution in PbPb to that in pp collisions as determined by
PYTHIA. Just as we found for Lres = 0 and Lres = 1 in Section 4.2, if we average over all
values of the angular separation between the subjets the zg distribution, see the left panel
of Fig. 7, is largely independent of the value of Lres. On the contrary, when we restrict the
angular separation between the two Soft Drop subjets either to �R < 0.1 or to �R > 0.2,
the total number of jets that satisfy the Soft Drop condition and pass the cuts in PbPb and
in pp collisions greatly differ, and depend signficantly on Lres, as illustrated by the clear

– 30 –
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groomed subjets. Each curve has been normalized to the total number of jets, Njets.

Now that we wish to investigate a finite value of Lres we must decide how to model
its effects. We shall use the particular implementation of resolution effects developed and
described in detail in Ref. [43]. In addition, as in that paper and as is physically reasonable,
we shall assume that Lres / 1/µD, where µD is the Debye mass and hence 1/µD is the
screening length of the medium. The screening length of QGP can be thought of, somewhat
loosely, as the minimal separation between two static test color charges such that there is
enough QGP between them so that the two charges are independent of each other, meaning
that they exert no force on each other. In our case, the resolution length of QGP is the
minimal separation between two color charges moving through the QGP at ultrarelativistic
speeds such that there is enough QGP between them so that the two charges are independent
of each other, meaning that they lose energy independently. These two length scales need
not be identical, but it is reasonable to assume that they are proportional. This assumption
means that Lres / 1/(gT ) if the gauge coupling g is weak, and Lres / 1/T if the gauge
coupling is strong. By comparing weak and strong coupling expressions for µD, the authors
of Ref. [43] argue that it is reasonable to guess that 1/(⇡T ) . Lres . 2/(⇡T ) in QGP.
In this Section we shall explore our model predictions for one representative value of Lres,
namely Lres = 2/(⇡T ). We leave a more refined exploration of its value for future work.

Results from our model calculation of the zg distribution for jets in a medium with
Lres = 2/(⇡T ) obtained using the flat grooming procedure are presented in Fig. 7. We
show the ratio of the zg distribution in PbPb to that in pp collisions as determined by
PYTHIA. Just as we found for Lres = 0 and Lres = 1 in Section 4.2, if we average over all
values of the angular separation between the subjets the zg distribution, see the left panel
of Fig. 7, is largely independent of the value of Lres. On the contrary, when we restrict the
angular separation between the two Soft Drop subjets either to �R < 0.1 or to �R > 0.2,
the total number of jets that satisfy the Soft Drop condition and pass the cuts in PbPb and
in pp collisions greatly differ, and depend signficantly on Lres, as illustrated by the clear
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Each panel shows a different choice for the cut on the angular separation �R between the two

groomed subjets. Each curve has been normalized to the total number of jets, Njets.

Now that we wish to investigate a finite value of Lres we must decide how to model
its effects. We shall use the particular implementation of resolution effects developed and
described in detail in Ref. [43]. In addition, as in that paper and as is physically reasonable,
we shall assume that Lres / 1/µD, where µD is the Debye mass and hence 1/µD is the
screening length of the medium. The screening length of QGP can be thought of, somewhat
loosely, as the minimal separation between two static test color charges such that there is
enough QGP between them so that the two charges are independent of each other, meaning
that they exert no force on each other. In our case, the resolution length of QGP is the
minimal separation between two color charges moving through the QGP at ultrarelativistic
speeds such that there is enough QGP between them so that the two charges are independent
of each other, meaning that they lose energy independently. These two length scales need
not be identical, but it is reasonable to assume that they are proportional. This assumption
means that Lres / 1/(gT ) if the gauge coupling g is weak, and Lres / 1/T if the gauge
coupling is strong. By comparing weak and strong coupling expressions for µD, the authors
of Ref. [43] argue that it is reasonable to guess that 1/(⇡T ) . Lres . 2/(⇡T ) in QGP.
In this Section we shall explore our model predictions for one representative value of Lres,
namely Lres = 2/(⇡T ). We leave a more refined exploration of its value for future work.

Results from our model calculation of the zg distribution for jets in a medium with
Lres = 2/(⇡T ) obtained using the flat grooming procedure are presented in Fig. 7. We
show the ratio of the zg distribution in PbPb to that in pp collisions as determined by
PYTHIA. Just as we found for Lres = 0 and Lres = 1 in Section 4.2, if we average over all
values of the angular separation between the subjets the zg distribution, see the left panel
of Fig. 7, is largely independent of the value of Lres. On the contrary, when we restrict the
angular separation between the two Soft Drop subjets either to �R < 0.1 or to �R > 0.2,
the total number of jets that satisfy the Soft Drop condition and pass the cuts in PbPb and
in pp collisions greatly differ, and depend signficantly on Lres, as illustrated by the clear
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But it is sensitive to medium properties: In particular Lres
Resolution effects in many other frameworks:  
Mehtar-Tani, Salgado, Tywoniuk (&JCS); JCS, Iancu; Arnold, Chang, Iqbal, Gorda; Blaizot, Dominguez et al.; Barata 
et al.; Caucal, Iancu and Soyez …. 
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Figure 12: The double ratio R
R

AA/R
R=0.2
AA for jets with |hjet| < 2.0, as a function of R, for R = 0.3–

1.0 with respect to R = 0.2, in various p
jet
T ranges for the 0–10% centrality class. The statisti-

cal uncertainties of data are shown as the vertical lines, whereas the systematic uncertainties
are shown as the shaded boxes. The width of the boxes carries no meaning. The predictions
from the HYBRID (dark orange, brown and yellow), MARTINI (purple), and LBT (lime and dark
green) models are compared to the data as colored bands.
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets

๏ However RAA is sensitive to soft particles!
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• Consistent with unity regardless R and pT  
• Multiple effects compete to result in balance 

๏Jet suppression (at LHC) seems independent of R
๏ Inconsistent (apparently) with larger suppression of wider jets

๏ However RAA is sensitive to soft particles!
Test of the medium back-reaction 
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R-dependence via  ratiosRAA

Quark Matter 2022

R = 0.6 jets appear more suppressed than R = 0.2 jets, suggesting an R-dependence.

R = 0.4 / R = 0.2 R = 0.6 / R = 0.2R-dependence 
of the is a 
useful and 
discriminative 
measurement 
when compared 
to models.

RAA

No evidence of 
R-dependence 
between R = 0.2 
and R = 0.4.
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