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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 

correction to NSD events, the measured pp cross section, and the reference scaling is depicted by the box around unity.

system, while the second is separated from it by about one unit 
in rapidity. No significant change of the jet spectra is observed for 
these two ηlab regions centered at −0.45 and 0.45. Thus, the jet 
measurement has no strong sensitivity to the rapidity shift and 
the pseudorapidity dependent variation of the multiplicity (under-
lying event) within the statistical and systematic uncertainties of 
the measurement.

The nuclear modification factor RpPb is constructed based on 
the pT-differential yields and the extrapolated pp production cross 
section at 5.02 TeV for R = 0.2 and 0.4. It is shown in the left 
and right panel of Fig. 5, respectively. In the reported pT-range, 
it is consistent with unity, indicating the absence of a large mod-
ification of the initial parton distributions or a strong final state 
effect on jet production. Before comparing these results to the 
measured single-particle results for RpPb, one has to consider that 
the same reconstructed pT corresponds to a different underlying 
parton transverse momentum. Assuming that all spectra should 
obey the same power law behavior at high pT, an effective con-
version between the spectra can be derived at a given energy via 
the POWHEG+PYTHIA8 simulations described above. To match the 
single charged particle spectra in the simulation to charged jets 
with R = 0.4, a transformation ph±

T → 2.28ph±
T is needed. Thus, 

the reported nuclear modification factor for charged jets probes 
roughly the same parton pT-region as the ALICE measurement of 
single charged particles that shows a nuclear modification factor 
in agreement with unity in the measured high-pT range up to 
50 GeV/c [27].

Since the jet measurements integrate the final state particles, 
they have a smaller sensitivity to the fragmentation pattern of par-
tons than single particles. Differences between the nuclear modifi-
cation factor for jets and single high-pT particles, as suggested by 
measurements in [28,29], could point to a modified fragmentation 
pattern or differently biased jet selection in p–Pb collisions.

A modified fragmentation pattern may be also reflected in the 
collimation or transverse structure of jets. The first step in test-
ing possible cold nuclear matter effects on the jet structure is 
the ratio of jet production cross sections for two different reso-
lution parameters. It is shown for R = 0.2 and R = 0.4 in p–Pb
in Fig. 6 and compared to PYTHIA6 (Tune Perugia 2011) and 
POWHEG + PYTHIA8 at √sNN = 5.02 TeV and to ALICE results in 
pp collisions at 

√
s = 7 TeV [54]. All data show the expected in-

crease of the ratio from the increasing collimation of jets for higher 
transverse momentum and agree well within the uncertainties. No 
significant energy dependence or change with collision species is 
observed. The data for p–Pb collisions is well described by the 
NLO calculation as well as by the simulation of pp collisions with 
PYTHIA6 at the same energy. It should be noted that the ratio for 

Fig. 6. (Color online.) Charged jet production cross section ratio for different res-
olution parameters as defined in Eq. (7). The data in p–Pb collisions at √sNN =
5.02 TeV are compared to PYTHIA6 (tune: Perugia 2011, no uncertainties shown) 
and POWHEG+PYTHIA8 (combined stat. and syst. uncertainties shown) at the same 
energy, and to pp collisions at 7 TeV (only stat. uncertainties shown).

charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.
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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 

correction to NSD events, the measured pp cross section, and the reference scaling is depicted by the box around unity.

system, while the second is separated from it by about one unit 
in rapidity. No significant change of the jet spectra is observed for 
these two ηlab regions centered at −0.45 and 0.45. Thus, the jet 
measurement has no strong sensitivity to the rapidity shift and 
the pseudorapidity dependent variation of the multiplicity (under-
lying event) within the statistical and systematic uncertainties of 
the measurement.
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charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.
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most central collisions, performed using a distance parame-
ter R = 0.4. Although the event selections and the jet recon-
struction are not exactly the same in the two measurements,
the results are in good agreement.

5 Summary

The inclusive jet spectra and nuclear modification factors
in pPb collisions at

√
sNN = 5.02 TeV have been mea-

sured. The data, corresponding to an integrated luminos-
ity of 30.1 nb−1, were collected by the CMS experiment in
2013. The jet transverse momentum spectra were measured
for pT > 56 GeV/c in six pseudorapidity intervals cover-
ing the range −2 < ηCM < 1.5 in the NN center-of-mass
system. The jet spectra were found to be softer away from
mid-rapidity. The jet production at forward and backward
pseudorapidity were compared, and no significant asymme-
try about ηCM = 0 was observed in the measured kinematic
range.

The differential jet cross section results were compared
with extrapolated pp reference spectra based on jet mea-
surements in pp collisions at

√
s = 7 TeV. The inclusive

jet nuclear modification factors R∗
pPb were observed to have

small enhancements compared to the reference pp jet spec-
tra at low jet pT in all ηCM ranges. In the anti-shadowing
region, for |ηCM| < 0.5 and 56 < pT < 300 GeV/c, the
value R∗

pPb = 1.17 ± 0.01 (stat) ± 0.12 (syst) was found.
The R∗

pPb appears to be approximately independent of pT,
except in the most backward pseudorapidity range. The R∗

pPb
measurements were found to be compatible with theoretical
predictions from NLO pQCD calculations that use EPS09
nPDFs.

123
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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 

correction to NSD events, the measured pp cross section, and the reference scaling is depicted by the box around unity.

system, while the second is separated from it by about one unit 
in rapidity. No significant change of the jet spectra is observed for 
these two ηlab regions centered at −0.45 and 0.45. Thus, the jet 
measurement has no strong sensitivity to the rapidity shift and 
the pseudorapidity dependent variation of the multiplicity (under-
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the measurement.
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the POWHEG+PYTHIA8 simulations described above. To match the 
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T is needed. Thus, 

the reported nuclear modification factor for charged jets probes 
roughly the same parton pT-region as the ALICE measurement of 
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in agreement with unity in the measured high-pT range up to 
50 GeV/c [27].

Since the jet measurements integrate the final state particles, 
they have a smaller sensitivity to the fragmentation pattern of par-
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cation factor for jets and single high-pT particles, as suggested by 
measurements in [28,29], could point to a modified fragmentation 
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Fig. 6. (Color online.) Charged jet production cross section ratio for different res-
olution parameters as defined in Eq. (7). The data in p–Pb collisions at √sNN =
5.02 TeV are compared to PYTHIA6 (tune: Perugia 2011, no uncertainties shown) 
and POWHEG+PYTHIA8 (combined stat. and syst. uncertainties shown) at the same 
energy, and to pp collisions at 7 TeV (only stat. uncertainties shown).

charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.

and repeating the analysis. The variations were applied
simultaneously in the analyses of the dþ Au and pþ p
spectra to allow for their full or partial cancellation in the
RdAu and RCP quantities, with the exception of the variation
of k, described below.
The impact of uncertainties on the detector energy scales

was determined by varying the momenta of the recon-
structed tracks and clusters in simulation. The cluster
energies were varied by 3%. The track momenta were
varied by a track pT -dependent amount, which was 2% for
pT ≤ 10 GeV=c and increased linearly to 4% for
pT ¼ 30 GeV=c. The sensitivity of the results to the jet
selection was evaluated by varying the maximum and
minimum requirement on the calorimetric content of the
jet, and by raising the required number of jet constituents.
The uncertainty in the jet acceptance was evaluated by
doubling the fiducial distance between jets and the edges of
the detector, and by restricting the vertex z position to a
narrower range. The uncertainties associated with the
unfolding procedure were evaluated by changing the power
law index of the simulated pT spectrum by #1, and by
increasing and decreasing the value of k. Because they are
statistical in nature, the effects on the spectra from varying
k were treated as uncorrelated between the event classes.
The sensitivity to the underlying physics model was
evaluated by performing the corrections with a sample
of PYTHIA events analogous to the nominal one but
generated with TUNE A [39] and the CTEQ5L [40] set. A
2% uncertainty, uncorrelated between event classes, was
assigned to the spectra below 25 GeV=c to cover possible
defects in modeling the trigger efficiency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total
systematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT ¼ 12 GeV=c to 30% or higher at
pT ¼ 50 GeV=c and was dominated at all pT by the energy
scale. Because the reconstruction procedure in dþ Au and
pþ p collisions was identical, and the performance,
corrections, and resulting spectra are very similar, the
effects of the variations on RdAu and RCP canceled to a
large degree. The uncertainties on this quantity ranged from
4% at pT ¼ 12 GeV=c (with no single source dominating)
to 15% or higher (dominated by unfolding and physics
model) at pT ¼ 50 GeV=c.
Additional normalization uncertainties on the pþ p

cross section of 10% arose from the uncertainty on
σpp=ϵpp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total uncertainty
on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT independent within uncertainties.
The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear effects are small

at high Q2 in the nuclear Bjorken-x range ≈0.1–0.5. When
compared to calculations over a range of energy loss rates
in the cold nucleus [4], the data favor only small momen-
tum transfers between the hard-scattered parton and nuclear
material, providing constraints on initial-state, or any
additional final-state, energy loss.
In contrast, the centrality-dependent RdAu values

strongly deviate from unity, manifesting as a suppression
(RdAu < 1) and enhancement (RdAu > 1) in central and
peripheral collisions, respectively, which increase in mag-
nitude with pT . Accordingly, the RCP is < 1 in most
selections and decreases systematically with pT and in
more central events. While the suppressed RdAu in 0%–
20% events is consistent with a calculation incorporating
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parton-density set, suggesting that nuclear effects are small

at high Q2 in the nuclear Bjorken-x range ≈0.1–0.5. When
compared to calculations over a range of energy loss rates
in the cold nucleus [4], the data favor only small momen-
tum transfers between the hard-scattered parton and nuclear
material, providing constraints on initial-state, or any
additional final-state, energy loss.
In contrast, the centrality-dependent RdAu values

strongly deviate from unity, manifesting as a suppression
(RdAu < 1) and enhancement (RdAu > 1) in central and
peripheral collisions, respectively, which increase in mag-
nitude with pT . Accordingly, the RCP is < 1 in most
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more central events. While the suppressed RdAu in 0%–
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at √sNN =
5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(〈y∗〉), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.
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configuration of the proton wavefunction [41] has also been stud-
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to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
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5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
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responsible for the observed effects may depend only on the to-
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parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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Fig. 6. Measured RCP values for R = 0.4 jets in 0–10% p + Pb collisions. The panel on the left shows the five rapidity ranges that are the most forward-going, while the panel 
on the right shows the remaining five. The RCP values at each rapidity are plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical 
error bars represent the statistical uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge (in the left panel) 
and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at √sNN =
5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(〈y∗〉), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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and repeating the analysis. The variations were applied
simultaneously in the analyses of the dþ Au and pþ p
spectra to allow for their full or partial cancellation in the
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was determined by varying the momenta of the recon-
structed tracks and clusters in simulation. The cluster
energies were varied by 3%. The track momenta were
varied by a track pT -dependent amount, which was 2% for
pT ≤ 10 GeV=c and increased linearly to 4% for
pT ¼ 30 GeV=c. The sensitivity of the results to the jet
selection was evaluated by varying the maximum and
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jet, and by raising the required number of jet constituents.
The uncertainty in the jet acceptance was evaluated by
doubling the fiducial distance between jets and the edges of
the detector, and by restricting the vertex z position to a
narrower range. The uncertainties associated with the
unfolding procedure were evaluated by changing the power
law index of the simulated pT spectrum by #1, and by
increasing and decreasing the value of k. Because they are
statistical in nature, the effects on the spectra from varying
k were treated as uncorrelated between the event classes.
The sensitivity to the underlying physics model was
evaluated by performing the corrections with a sample
of PYTHIA events analogous to the nominal one but
generated with TUNE A [39] and the CTEQ5L [40] set. A
2% uncertainty, uncorrelated between event classes, was
assigned to the spectra below 25 GeV=c to cover possible
defects in modeling the trigger efficiency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total
systematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT ¼ 12 GeV=c to 30% or higher at
pT ¼ 50 GeV=c and was dominated at all pT by the energy
scale. Because the reconstruction procedure in dþ Au and
pþ p collisions was identical, and the performance,
corrections, and resulting spectra are very similar, the
effects of the variations on RdAu and RCP canceled to a
large degree. The uncertainties on this quantity ranged from
4% at pT ¼ 12 GeV=c (with no single source dominating)
to 15% or higher (dominated by unfolding and physics
model) at pT ¼ 50 GeV=c.
Additional normalization uncertainties on the pþ p

cross section of 10% arose from the uncertainty on
σpp=ϵpp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total uncertainty
on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT independent within uncertainties.
The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear effects are small

at high Q2 in the nuclear Bjorken-x range ≈0.1–0.5. When
compared to calculations over a range of energy loss rates
in the cold nucleus [4], the data favor only small momen-
tum transfers between the hard-scattered parton and nuclear
material, providing constraints on initial-state, or any
additional final-state, energy loss.
In contrast, the centrality-dependent RdAu values

strongly deviate from unity, manifesting as a suppression
(RdAu < 1) and enhancement (RdAu > 1) in central and
peripheral collisions, respectively, which increase in mag-
nitude with pT . Accordingly, the RCP is < 1 in most
selections and decreases systematically with pT and in
more central events. While the suppressed RdAu in 0%–
20% events is consistent with a calculation incorporating
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FIG. 2. RdAu for (a) 0%–100% and (b) centrality-selected
collisions, and (c) RCP, as a function of pT . Systematic, statistical,
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Fig. 4. Ratio of !recoil distributions for events with high and low EA measured in p–Pb collisions at √sNN = 5.02 TeV. Left panels: V0A 0–20% / 50–100%; right panels: 
ZNA 0–20% / 50–100%. Upper panels: R = 0.2; lower panels: R = 0.4. The grey boxes show the systematic uncertainty of the ratio, which takes into account the correlated 
uncertainty of numerator and denominator. The red line indicates the ratio for a pT-shift of the high-EA distribution of −0.4 GeV/c.

pression below unity of the ratios in Fig. 4. However, in all panels 
the ratio is consistent with unity within the statistical error and 
the systematic uncertainty at all pch

T,jet , indicating that jet quench-
ing effects are negligible relative to the uncertainties.

These data can nevertheless provide a limit on the magni-
tude of medium-induced energy transport to large angles. In order 
to extract a limit, we parameterize the 0–20% and 50–100% EA-
selected !recoil distributions with the exponential function used in 
Fig. 3, and assume that the slope parameter b is the same for the 
two distributions. We also assume that the average magnitude of 
energy transported out-of-cone is independent of pch

T,jet, which is 
consistent with the observation that the ratios REA in Fig. 4 are in-
dependent of pch

T,jet within uncertainties. The assumption that the 
average magnitude of out-of-cone radiation is independent of pch

T,jet
is likewise consistent with !recoil measurements in Pb–Pb colli-
sions at 2.76 TeV [9]. Consideration of a more complex dependence 
on pch

T,jet is beyond the scope of this phenomenological study.
The ratios REA are then expressed in terms of an average shift s̄

in pch
T,jet between low and high EA events, where s̄ = −b · ln (REA). 

Fits to !recoil for R = 0.4 over the range 15 < pch
T,jet < 50 GeV/c

give b = 9.26 ± 0.33 GeV/c for 50–100% ZNA and b = 9.05 ±
0.30 GeV/c for 50–100% V0A. Fits to the ratios in Fig. 4 then 
give s̄ = (−0.12 ± 0.35stat ± 0.03syst) GeV/c for 0–20% ZNA, and 
s̄ = (−0.06 ± 0.34stat ± 0.02syst) GeV/c for 0–20% V0A, both of 
which are consistent with zero within uncertainties. Fits to nar-
rower ranges in pch

T,jet give similar results.

These values are to be compared with the shift s̄ = (8 ±
2stat) GeV/c measured in central Pb–Pb collisions at √

sNN =
2.76 TeV for R = 0.5 [9], indicating significant medium-induced 
energy transport to large angles in that collision system. This com-
parison of out-of-cone energy transport in p–Pb and Pb–Pb colli-
sions supports theoretical calculations which predict much smaller 
jet quenching effects in p–Pb relative to Pb–Pb collisions [52,54], 
and disfavors the calculation which predicts strong jet quenching 
in small systems [53].

The measured value of s̄ provides a constraint on the magni-
tude of out-of-cone energy transport due to jet quenching in p–Pb 
collisions. We calculate this constraint as the linear sum of the 
central value of s̄, the one-sided 90% confidence upper limit of 
its statistical error, and the absolute value of its systematic uncer-
tainty. For jets with R = 0.4 in the range 15 < pch

T,jet < 50 GeV/c, 
the medium-induced charged energy transport out of the jet cone 
for events with high V0A or high ZNA is less than 0.4 GeV/c, at 
90% confidence. The red line in each panel of Fig. 4 shows the ra-
tio for a pT-shift of −0.4 GeV/c of the high-EA distribution relative 
to the low-EA distribution.

9. Comparison to other measurements

The EA-selected !recoil distribution ratios in Fig. 4 are consis-
tent with unity in the range 15 < pch

T,jet < 50 GeV/c. These dis-
tributions therefore have no significant dependence on EA, in 
agreement with inclusive jet measurements for p–Pb collisions at √

sNN = 5.02 TeV by ALICE [68], but in contrast to such measure-

A
LIC

E Phys. Lett. B 783 , 95-113 (2018)

• Upper limit set on out-of-cone energy 
transport (jet quenching), using jets 
up to xp~0.02  
 

• Not consistent with ATLAS and 
PHENIX measurements — applicable 
at all xp?
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Fig. 2. Distributions of |kTy| for two V0A event classes (left panel) and three pch
T,assoc jet ranges (right panel).

Fig. 3. Mean of the |kTy| distributions as a function of the full jet transverse momentum pch+ne
T,jet (left) and the associated charged jet transverse momentum pch

T,assoc jet (right) 
compared to PYTHIA8.

extracted moment is biased by statistical fluctuations for large val-
ues of |kTy|, the distributions are extrapolated using a template 
generated with PYTHIA8 (tune 4C, K = 0.7), which agrees well 
with the p–Pb measurement (see Fig. 1). The PYTHIA |kTy| distribu-
tion is normalized to minimize the χ2 between data and PYTHIA. 
The transition from the data to the normalized template is fixed 
at 60% of the kinematic limit |kTy|max. The transition point is var-
ied to estimate the systematic uncertainty from this extrapolation 
procedure. In addition, the normalization of the PYTHIA template 
is varied by one standard deviation of the fit uncertainty. This re-
sults in an additional systematic uncertainty on the extraction of 
〈|kTy|〉. For low pch+ne

T,jet the uncertainty on the extracted mean is 
equal to 2.9% and increases to 8.1% for the highest pch+ne

T,jet val-
ues.

The left panel of Fig. 3 shows the mean of the measured |kTy|
distributions as a function of the full jet transverse momentum and 
is compared to the PYTHIA values. The measured moment in p–Pb 
collisions agrees within the uncertainties of the measurement with 
the PYTHIA8 expectation. The mean increases with pch+ne

T,jet since 
the additional kT due to radiative QCD processes increases with 
pch+ne

T,jet .
The right panel of Fig. 3 shows the evolution of 〈|kTy|〉 as a 

function of pch
T,assoc jet for 70 < pch+ne

T,jet < 120 GeV/c. The mean, 
〈|kTy|〉, is compared to the earlier presented PYTHIA8 tune in 
Section 4.1 and is in agreement within the uncertainties of the 
measurement. The mean for 60 < pch+ne

T,jet < 80 GeV/c is reported 
for two multiplicity event classes in Table 1. No significant dif-
ference is observed as a function of the multiplicity measured 
with V0A.

Table 1
Mean of the |kTy| distributions for 60 < pch+ne

T,jet < 80 GeV/c and 15 < pch
T,assoc jet <

pch+ne
T,jet GeV/c in a high (0–40%) and low (40–100%) V0A multiplicity event class. 

The first quoted uncertainty is statistical while the second is systematic. The last 
column corresponds to the values from the PYTHIA8 calculation at particle level 
with the same kinematic selection. The uncertainty on the PYTHIA calculation is 
statistical.

0–40% 40–100% PYTHIA8 pp

〈|kTy|〉 (GeV/c) 14.7 ± 0.8 ± 0.3 13.6 ± 1.1 ± 0.5 15.1 ± 0.1

5. Conclusion

The dijet acoplanarity in p–Pb collisions was studied by mea-
suring dijet transverse momentum |kTy|. The evolution of |kTy| as 
function of the transverse momentum of the full jet, associated 
charged jet and event multiplicity was presented. The |kTy| spectra 
for different full and associated charged jet transverse momentum 
ranges in the 0–40% V0A event multiplicity class were found con-
sistent with the PYTHIA prediction. The observed increase with jet 
energy from the mean |kTy| of 6.6 ± 0.4 (stat.) ± 0.2 (syst.) GeV/c
to 18.8 ± 1.3 (stat.) ± 1.5 (syst.) GeV/c as well as the observed 
narrowing of |kTy| for more balanced jets suggests that the dijet 
|kTy| spectrum for large Q 2 processes is mainly sensitive to the 
increased available phase–space for QCD radiation processes. Fur-
thermore the dijet acoplanarity was found to be consistent (within 
1.2σ ) in the two event multiplicity classes analyzed in this study, 
indicating that in the measured kinematical region no strong nu-
clear matter effects in p–Pb collisions are observed. Since these 
results indicate that nuclear kT effects are small, the pT imbalance 
of jet correlations in Pb–Pb results [35,36] are unlikely to originate 
from multiple scatterings in the nuclear target.

Dijet momentum balance kT, normalized per dijet
2015: EA binned p+Pb dijet kT not modified

ALICE p+Pb
A

LIC
E Phys. Lett. B. 746, 285-395 (2015)
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Fig. 4 Distributions of the azimuthal angle difference !φ1,2 between
the leading and subleading jets for leading jets with pT,1 > 120 GeV/c
and subleading jets with pT,2 > 30 GeV/c are shown (a) without any
selection on the HF transverse energy E4<|η|<5.2

T , and b–f for different
E4<|η|<5.2

T classes. The range for !φ in this figure extends below the
lower bound of 2π/3, which is used in the selection of the dijets for the

other observables. Results for pPb events are shown as the red solid cir-
cles, while the crosses show the results for pythia + hijing simulated
events. Results for the simulated pythia events are shown as the grey
histogram which is replicated in all the panels. The error bars for the
statistical uncertainties are smaller than the marker size and the total
systematic uncertainties are shown as yellow boxes

jet reconstruction efficiency are found to be at the 0.1 % level
based on Monte Carlo simulation.

6.2 Dijet azimuthal correlations

Earlier studies of the dijet and photon-jet events in heavy-
ion collisions [8–11] have shown very small modifications
of dijet azimuthal correlations despite the large changes
seen in the dijet transverse momentum balance. This is an
important aspect of the interpretation of energy loss obser-
vations [46].

The distributions of the relative azimuthal angle !φ1,2
between the leading and subleading jets that pass the respec-
tive pT selections in six HF activity classes, compared to
pythia and pythia + hijing simulations, are shown in Fig-
ure 4. The distributions from pPb data are in good agree-
ment with the pythia reference. To study the evolution of
the shape, the distributions are fitted to a normalized expo-
nential function:

1
Ndijet

dNdijet

d!φ1,2
= e(!φ−π)/σ

(1 − e−π/σ ) σ
(1)

The fit is restricted to the region !φ1,2 > 2π/3. In the
data, the width of the azimuthal angle difference distribution
(σ in Eq. (1)) is 0.217 ± 0.0004, and its variation as a func-
tion of E4<|η|<5.2

T is smaller than the systematic uncertainty,
which is 3–4 %. The width in the data is also found to be
4–7 % narrower than that in the pythia simulation.

6.3 Dijet pseudorapidity

The normalized distributions of dijet pseudorapidity ηdijet,
defined as (η1 + η2)/2, are studied in bins of E4<|η|<5.2

T .
Since ηdijet and the longitudinal-momentum fraction x of the
hard-scattered parton from the Pb ion are highly correlated,
these distributions are sensitive to possible modifications of
the PDF for nucleons in the lead nucleus when comparing
ηdijet distributions in pp and pPb collisions. As discussed
previously, the asymmetry in energy of the pPb collisions at
the LHC causes the mean of the unmodified dijet pseudo-
rapidity distribution to be centred around a positive value.
However, due to the limited jet acceptance (jet |η| < 3) it
is not centred around η = 0.465, but at η ∼ 0.4. The major
systematic uncertainty for the 〈ηdijet〉 measurement comes

123

C
M

S Eur. Phys. J. C
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CMS p+Pb

2014: p+Pb dijet acoplanarity no modification
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Rp/d+Au ≠ 1
• Measured distribution of  in high multiplicity pp 

collisions 
• Observed broadening of recoil spectra for high multiplicity 

events relative to MB  

|ϕjet − ϕtrigger |2019: High-EA pp acoplanarity broadening of recoil peak

Semi-inclusive Acoplanarity

PYTHIA simulation in qualitative agreement with data 

|Δφ| 

P. M. Jacobs et al. / Nuclear Physics A 00 (2020) 1–4 3

corresponds to 0.1% of the MB cross section. The figure also shows the V0M/ hV0Mi distribution calcu-
lated by PYTHIA Monash at the particle level, showing qualitative agreement with data (albeit at the particle
level) for (V0M/ hV0Mi) < 3, but lower yield than data at higher V0M/ hV0Mi.

Fig. 2. Semi-inclusive distributions of recoil jets in HM-selected events for TT{6,7}, TT{20,30}, and the distribution of �recoil (Eq. 1).
Left: vs. pch,reco

T,jet for �' > ⇡ � 0.6; right: vs. �' for 20 < pch,reco
T,jet < 30 GeV/c.

Figure 2 shows the distributions of �recoil and its two components as a function of pch,reco
T,jet and �'. There

is significant correlated yield at large recoil angles relative to �' = ⇡, following the subtraction in Eq. 1.

3. Results
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Fig. 3. Uncorrected acoplanarity distributions for intervals in pch,reco
T,jet , for MB and HM selections in EA. Left: ALICE data; right:

PYTHIA Monash particle-level simulation.

Figure 3, left panels, show �' distributions in intervals of pch,reco
T,jet for both MB and HM-selected ALICE

data, not corrected for instrumental and background smearing e↵ects. They exhibit a striking e↵ect: for

2                  2.5       3           2                  2.5       3           

ALICE pp PYTHIA 8 arX
iv:2001.09517v1 
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CMS Rp+Pb inclusive

†ALICE measured an EA-binned inclusive jet spectra with a modified EA definition which 
found jet spectra modification consistent with unity. See ALICE European Physical Journal 
C. 76 (2016). Plot in backup. 
‡The ATLAS results include a ratio plot of RCP=(Rp+Pb|high-EA)/(Rp+Pb|low-EA) which scale nicely 
for different EA bins when plotted against xp in place of pT

• Inclusive yields scale with pp collisions 
• Determining geometry via EA non-trivial† 
• Modification at high, but not low, xp‡ 

• Low-xp semi-inclusive measurement sets 
jet energy loss limit which is violated by 
high-xp measurements 

• kT inclusive and EA-binned not modified 
• Low-xp acoplanarity (Δφ) shows EA 

dependence

ALICE  
Rp+Pb inclusive & 

Semi-inclusive|EA-binned
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ALICE dĳet kT|EA-binned

PHENIX Rd+Au|EA-binned

ALICE pp Δφ|EA-binned

CMS p+Pb Δφ 

Small system jet modification score card
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†ALICE measured an EA-binned inclusive jet spectra with a modified EA definition which 
found jet spectra modification consistent with unity. See ALICE European Physical Journal 
C. 76 (2016). Plot in backup. 
‡The ATLAS results include a ratio plot of RCP=(Rp+Pb|high-EA)/(Rp+Pb|low-EA) which scale nicely 
for different EA bins when plotted against xp in place of pT

ALICE  
Rp+Pb inclusive & 

Semi-inclusive|EA-binned
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CMS p+Pb Δφ ALICE dĳet kT|EA-binned

PHENIX Rd+Au|EA-binned

STAR acoplanarity 
& semi-inclusive

ALICE pp Δφ|EA-binned

• Inclusive yields scale with pp collisions 
• Determining geometry via EA non-trivial† 
• Modification at high, but not low, xp‡ 

• Low-xp semi-inclusive measurement sets 
jet energy loss limit which is violated by 
high-xp measurements 

• kT inclusive and EA-binned not modified 
• Low-xp acoplanarity (Δφ) shows EA 

dependence 
• EA-binned results at high xp, RHIC energy? 

(This talk)

Small system jet modification score card



• Time Projection Chamber (TPC): charged tracks with η, φ, & pT at |η|<1.0 
• Barrel Electromagnetic Calorimeter (BEMC): energy deposition, primarily neutral particles at |η|<1.0 
• Beam Beam Counter (BBC): plastic scintillators in two rings: 2<|η|<3.4 and 3.4<|η|<5.0 
• BBC, in Au-going direction, corrected for vertex position along the beam direction and luminosity, is EA estimator

/17!Nihar Sahoo, Hot Quarks 2016, South Padre Island, Texas ! 4!

BEMC

 TPC

© Maria & Alex Schmah  

STAR detector system 

2π-azimuth and |η| < 1.0 
both for BEMC and TPC

!  Discrimination between π0!ϒϒ and ϒdir  is key part of this analysis 

!   By Transverse Shower Profile (TSP) method  
!   Using Barrel Shower Maximum Detector (BSMD) 

BBC

Jet and EA measurement at STAR

TPC

BEMC

David Stewart Hard Probes 2020 3



Au-going BBC at STAR works as EA estimator
• Trigger from BEMC 
• Charged tracks in the 

TPC 
• More activity at BBC 

 more likely to find a 
trigger in TPC 

• Trend decreases 
towards turnover for 
harder triggers† 

• More activity in BBC
 more charged 

tracks in TPC 
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     STAR Preliminary

p+Au = 200 GeV

Efficiency corrected charged tracks

|ηtracks| < 1.0

sNN

†See CMS corollary result in extra slides
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• Trend decreases 
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harder triggers† 
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p+Au = 200 GeV

Efficiency corrected charged tracks

|ηtracks| < 1.0

sNN

†See CMS corollary result in extra slides
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Charged Tracks to Jets
• Jets:  

• anti-kT  
• R=0.4 
• |η|<1

• Binned in Δφ in π/8 slices from the trigger 
• Jet spectra (S) presented in this talk are raw uncorrected, detector level 
• Tracking efficiency is EA-independent & negligible underlying event 
‣  expected to be insensitive to correctionsS0−30%EA/S70−90%EA

David Stewart Hard Probes 2020 5
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Poster 249 
By: Veronica Verkest

• Mean underlying event (EA) 
of about 1 particle at about 
650 MeV/c per unit ηφ 

• Refer to poster for: 
‣ EA and UE correlations 

to mid-η hard scatterings 
‣ High pT events vs. dijet 

events
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Suppressed recoil & negligible transverse spectra

Full Markers: High EA: 
0-30%

Open Markers: Low EA: 
70-90%

• At “jet-like” pT (>~8 GeV/c) 
transverse Δφ (background) 
negligible compared to recoil 
spectra 
➡ background correction negligible 

for  & S0−30%EA S70−90%EA

     STAR Preliminary

p+Au = 200 GeV

Anti-kT raw charged jets

R = 0.4, |ηjets|<0.6

non-background subtracted

8 GeV trigger in BEMC

sNN = 200 GeV
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• Both near and recoil jets suppressed 
in high EA relative to low EA 

• Qualitatively different from 
quenching in QGP in A+A collisions 
‣ In A+A collisions, away-side jets 

are preferentially more quenched 
due to trigger surface bias 

     STAR Preliminary

p+Au = 200 GeV

Anti-kT raw charged jets

R = 0.4, |ηjets|<0.6

non-background subtracted

8 GeV trigger in BEMC

sNN = 200 GeV
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Acoplanarity minimally modified by EA
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     STAR Preliminary

p+Au  = 200 GeV

Anti-kT raw charged jets
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CMS kT dĳet ALICE dĳet kT|EA-binned

STAR semi-inclusive  
& acoplanarity|EA-binned 
PHENIX Rd+Au|EA-binned

• 200 GeV p+Au collisions at STAR: 

‣ Marked suppression of high-EA recoil 
jet pT spectra relative to low-EA 
spectra 

‣ Indication of broadening of recoil 
peak in acoplanarity 

• Both STAR and ALICE results in 
qualitative agreement with PYTHIA 

• Why does PYTHIA (which has no jet 
quenching) agree with the STAR 
results?

Small system jet modification score card



Spectra modification not due to dijets hitting BBC
• In PYTHIA 8 (with 200 GeV pp collisions) 

‣ When an event has the required 
trigger particle and an 8 GeV/c jet, the 
outer BBC is rarely hit and, within the 
precision of the study, the BBC inner is 
never hit

     STAR Preliminary
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Anti-kT raw charged jets, |φjet-φtrigger|>(7/8)π 

8 GeV trigger in BEMC

R = 0.4, |ηjets|<0.6

non-background subtracted


sNN = 200 GeV

0 5 10 15 20 25 30 35

 (GeV/c)ch
T,jets-raw
p

0

0.5

1

1.5

2

2.5

EA
(7

0-
90

%
)

S
EA

(0
-3

0%
)

S

innerRatio BBC
outerRatio BBC
fullRatio BBC

David Stewart

Inclusive Events

inner8.872% Events in BBC
outer2.895e+01% Events in BBC

w/i 0.4 of BBC_O     3.5808

w/i 0.7 of BBC_O     8.7650

Triggered Events
|<1.0 hitη>8 GeV, |

T,neutral
p
1.4e-04% events have trigger

inner9.255e-04% Events in BBC
outer1.844e+00% Events in BBC

w/i 0.4 of BBC_O     0.2955

w/i 0.7 of BBC_O     1.1007

Trig. Events+8 GeV Jet
|<0.6η>8 GeV, |

T
pjet: R=0.4 

2.4e-05% events have trigger+charged jet

 hits in 590M+ trig+jet eventsinnerNo BBC
outer0.1% Events in BBC

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

 (-2,-3.4)∈outerBBC

 (-3.4,-5)∈innerBBC

14

PYTHIA study — where the leading full jets go

✦ A leading jet axis hits 
BBC in ~40% of 
inclusive events

✦ Hits outer BBC in ~2% 
of triggered events

➡ inflates !"
✦ Rarely hits outer BBC in 

triggered events with 8 
GeV/c charged jet

~1x10-3% Events in 
BBCinner

~2% Events in BBCouter

pT,neutral > 8 GeV/c |η| 1≤
pT,ch-jet>8 GeV/c |η| 0.6≤
pT,neutral > 8 GeV/c |η| 1≤

Inclusive Events Triggered Events 
events3.4 × 10−4 %

Trig.&Jet in TPC 
events3.5 × 10−5 %

~0.1% Events in BBCouter

No BBCinner hits in 
5.9x107+ (Trig&Jet) events

~30% Events in BBCouter

~9% Events in BBCinner

✦ Cluster R=0.7 full jets for
 

✦ Two with max  are 
“leading” and 
“subleading”

|η | < 7
p&

PYTHIA8 
pp s = 200 GeV

 (-2,-3.4)∈ ηOuter BBC  

 (-3.4,-5)∈ ηInner BBC  

'()*+ ,,- η ∈ (−/, −0 . 1)
233*+ ,,- η ∈ (−0 . 1, −4)

David Stewart

Inclusive Events

inner8.872% Events in BBC
outer2.895e+01% Events in BBC

w/i 0.4 of BBC_O     3.5808

w/i 0.7 of BBC_O     8.7650

Triggered Events
|<1.0 hitη>8 GeV, |

T,neutral
p
1.4e-04% events have trigger

inner9.255e-04% Events in BBC
outer1.844e+00% Events in BBC

w/i 0.4 of BBC_O     0.2955

w/i 0.7 of BBC_O     1.1007

Trig. Events+8 GeV Jet
|<0.6η>8 GeV, |

T
pjet: R=0.4 

2.4e-05% events have trigger+charged jet

 hits in 590M+ trig+jet eventsinnerNo BBC
outer0.1% Events in BBC

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6
su

bl
ea

di
ng

 fu
ll j

et
η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 
10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

 (-2,-3.4)∈outerBBC

 (-3.4,-5)∈innerBBC

14

PYTHIA study — where the leading full jets go

✦ A leading jet axis hits 
BBC in ~40% of 
inclusive events

✦ Hits outer BBC in ~2% 
of triggered events

➡ inflates !"
✦ Rarely hits outer BBC in 

triggered events with 8 
GeV/c charged jet

~1x10-3% Events in 
BBCinner

~2% Events in BBCouter

pT,neutral > 8 GeV/c |η| 1≤
pT,ch-jet>8 GeV/c |η| 0.6≤
pT,neutral > 8 GeV/c |η| 1≤

Inclusive Events Triggered Events 
events3.4 × 10−4 %

Trig.&Jet in TPC 
events3.5 × 10−5 %

~0.1% Events in BBCouter

No BBCinner hits in 
5.9x107+ (Trig&Jet) events

~30% Events in BBCouter

~9% Events in BBCinner

✦ Cluster R=0.7 full jets for
 

✦ Two with max  are 
“leading” and 
“subleading”

|η | < 7
p&

PYTHIA8 
pp s = 200 GeV

 (-2,-3.4)∈ ηOuter BBC  

 (-3.4,-5)∈ ηInner BBC  

'()*+ ,,- η ∈ (−/, −0 . 1)
233*+ ,,- η ∈ (−0 . 1, −4)

PYTHIA 8

David Stewart

Inclusive Events

inner8.872% Events in BBC
outer2.895e+01% Events in BBC

w/i 0.4 of BBC_O     3.5808

w/i 0.7 of BBC_O     8.7650

Triggered Events
|<1.0 hitη>8 GeV, |

T,neutral
p
1.4e-04% events have trigger

inner9.255e-04% Events in BBC
outer1.844e+00% Events in BBC

w/i 0.4 of BBC_O     0.2955

w/i 0.7 of BBC_O     1.1007

Trig. Events+8 GeV Jet
|<0.6η>8 GeV, |

T
pjet: R=0.4 

2.4e-05% events have trigger+charged jet

 hits in 590M+ trig+jet eventsinnerNo BBC
outer0.1% Events in BBC

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

6− 4− 2− 0 2 4 6
leading full jet
η 

6−

4−

2−

0

2

4

6

su
bl

ea
di

ng
 fu

ll j
et

η 

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

 (-2,-3.4)∈outerBBC

 (-3.4,-5)∈innerBBC

14

PYTHIA study — where the leading full jets go

✦ A leading jet axis hits 
BBC in ~40% of 
inclusive events

✦ Hits outer BBC in ~2% 
of triggered events

➡ inflates !"
✦ Rarely hits outer BBC in 

triggered events with 8 
GeV/c charged jet

~1x10-3% Events in 
BBCinner

~2% Events in BBCouter

pT,neutral > 8 GeV/c |η| 1≤
pT,ch-jet>8 GeV/c |η| 0.6≤
pT,neutral > 8 GeV/c |η| 1≤

Inclusive Events Triggered Events 
events3.4 × 10−4 %

Trig.&Jet in TPC 
events3.5 × 10−5 %

~0.1% Events in BBCouter

No BBCinner hits in 
5.9x107+ (Trig&Jet) events

~30% Events in BBCouter

~9% Events in BBCinner

✦ Cluster R=0.7 full jets for
 

✦ Two with max  are 
“leading” and 
“subleading”

|η | < 7
p&

PYTHIA8 
pp s = 200 GeV

 (-2,-3.4)∈ ηOuter BBC  

 (-3.4,-5)∈ ηInner BBC  

'()*+ ,,- η ∈ (−/, −0 . 1)
233*+ ,,- η ∈ (−0 . 1, −4)

STAR Experiment

• In experimental data, sorting EA by outer 
vs inner BBC did not change the jet 
spectra suppression
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Per trigger jet yield suppressed: high-EA vs. low-EA
• PYTHIA 8 strongly 

correlates the pT of 
the initial parton 
scattering (and 
therefore leading jet 
pT)† 

PYTHIA 8 pp
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Per trigger jet yield suppressed: high-EA vs. low-EA
• PYTHIA 8 strongly 

correlates the pT of 
the initial parton 
scattering (and 
therefore leading jet 
pT)† 

➡Ratios of events in 
the high (low) EA bin 
drop (rise) 
dramatically with 
increasing leading 
pT,jet

PYTHIA 8 pp
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• PYTHIA 8 strongly 
correlates the pT of 
the initial parton 
scattering (and 
therefore leading jet 
pT)† 

➡Ratios of events in 
the high (low) EA bin 
drop (rise) 
dramatically with 
increasing leading 
pT,jet 

➡Per trigger yield 
strongly suppressed 
in high-EA relative to 
low-EA

†Refer to backup

60

David Stewart Hard Probes 2020 11

PYTHIA 8 pp



Less suppression: increased phase space in +Aup
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• PYTHIA 8 Angantyr 
heavy ion model 
predicts a smaller, but 
still significant 
suppression for p+Au 
collisions 

• PYTHIA 8 acoplanarity 
results also less 
modified in p+Au than 
in pp collisions  

• Are per-jet normalized 
observables modified?

†Refer to backup

60
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PYTHIA 8 p+Au



Jet mass: Inclusive and EA-binned

Isaac MooneyHard Probes ‘20
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17

p+p and p+Au 50-100% event activity are 
comparable (low-EA p+Au is p+p-like as expected)

NEW FOR HP’20

NEW FOR HP’20 
3 June, 11:50 CDT 
(tomorrow) 
Parallel: Jets and High  
   Momentum Hadrons 
Given by: Isaac Mooney

STAR p+Au
HP’2020: Jet mass distribution not modified 

*see also ALICE inclusive p+Pb result from 2018; also not modified
David Stewart Hard Probes 2020 13



STAR semi-inclusive  
& acoplanarity|EA-binned 

& Jet Mass|EA-binned
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CMS kT dĳet ALICE dĳet kT|EA-binned

PHENIX Rd+Au|EA-binned

new: HP’20
new: QM’19

New STAR data in this presentation: 
 = 200 GeV, p+Au collisions 

• Track correlations at |η|≤1 w/ EA at  
η  [-5,-2] 
‣ Track multiplicity positively correlated 
‣ Trigger multiplicity positively, but 

increasingly weakly, correlated for 4, 8, 
and 12 GeV triggers 

• Charged jet pT spectra per trigger binned 
by high and low EA 
‣ High EA spectra strongly suppressed 

relative to low EA spectra 
• Charged jet acoplanarity in high and low EA 

for 4-6 GeV and 8-30 GeV triggers 
‣ Acoplanarity minimally modified

sNN

∈

Small system jet modification score card
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CMS kT dĳet ALICE dĳet kT|EA-binned

PHENIX Rd+Au|EA-binned

At  = 200 GeV 

• PYTHIA 8 suggests that phase 
space restrictions anti-correlate 
mid-η jet pT with high-η EA 

• Explains semi-inclusive p+Au 
results? 

• No jet mass modification 
• Predict dijet momentum balance 

and other jet substructure 
observables EA independent 

• More studies to come

sNN

Thank you!

Small system jet modification score card



Extra Slides
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PYTHIA 8 acoplanarity away-side suppression more significant
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PYTHIA 8 p+Au acoplanarity away-side suppression similar to data
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Fig. 3 Nuclear modification factors QpPb of charged jets for several
centrality classes. Ncoll has been determined with the hybrid model.
Top and bottom panels show the result for R = 0.4 and R = 0.2,
respectively. The combined global normalisation uncertainty from Ncoll,
the measured pp cross section, and the reference scaling is indicated by
the box around unity

Recently, the PHENIX collaboration reported on a central-
ity dependent modification of the jet yield in d–Au collisions
at

√
sNN = 200 GeV in the range of 20 < pT < 50 GeV/c

[59]: a suppression of 20 % in central events and correspond-
ing enhancement in peripheral events is observed. Even when
neglecting the impact of any possible biases in the central-
ity selection, the measurement of the nuclear modification at
lower

√
sNN cannot be directly compared to the measure-

ments at LHC for two reasons. First, in case of a possi-
ble final state energy loss the scattered parton momentum
is the relevant scale. Here, the nuclear modification factor
at lower energies is more sensitive to energy loss, due to the
steeper spectrum of scattered partons. Second, for initial state
effects the nuclear modification should be compared in the
probed Bjorken-x , which can be estimated at mid-rapidity to
xT ≈ 2pT/

√
sNN, and is at a given pT approximately a factor

of 25 smaller in p–Pb collisions at the LHC.
The ratio of jet production cross sections reconstructed

with R = 0.2 and 0.4 is shown in Fig. 6. For all centrality
classes, the ratio shows the expected stronger jet collimation
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Fig. 4 Nuclear modification factor of charged jets compared to the
nuclear modification factor for full jets as measured by the ATLAS
collaboration [23]. Note that the underlying parton pT for fixed recon-
structed jet pT is higher in the case of charged jets
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Fig. 5 Centrality evolution of QpPb for selected pT, ch jet-bins and R =
0.4

towards higher pT. Moreover, the ratio is for all centrali-
ties consistent with the result obtained in minimum bias p–
Pb collisions, which agrees with the jet cross section ratio in
pp collisions as shown in [25]. The result is fully compatible
with the expectation, since even in central Pb–Pb collisions,
where a significant jet suppression in the nuclear modification
factor is measured, the cross section ratio remains unaffected
[15].

6 Summary

Centrality-dependent results on charged jet production in p–
Pb collisions at

√
sNN = 5.02 TeV have been shown for

transverse momentum range 20 < pT, ch jet < 120 GeV/c
and for resolution parameters R = 0.2 and R = 0.4. The

123

A
LIC

E Eur. Phys. J. C
 76:271 (2016) 

ALICE EA-binned inclusive jet measurement consistent with unity
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Fig. 6. Measured RCP values for R = 0.4 jets in 0–10% p + Pb collisions. The panel on the left shows the five rapidity ranges that are the most forward-going, while the panel 
on the right shows the remaining five. The RCP values at each rapidity are plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical 
error bars represent the statistical uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge (in the left panel) 
and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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CMS lead T,jet correlation to high backward-η EAp
• CMS measured energy 

deposition at η  [-6.6,-5.2] as 
a function of leading charged 
jet pT at |η| < 2  

• Found for increasing mid-η jets: 
• Enhancement in 7 TeV 

collisions 
• Slight enhancements that turn 

over in 2.76 TeV collisions 
• Suggested in study of possible 

cause of energy conservation 
• Naively, would artificially 

suppress EA classification of 
events with hard mid-η jets

∈

David Stewart

✦ CMS measured energy deposition at 
 as a function of leading 

charged jet at  

✦ This is plotted to the right as a ratio  the 
energy deposition in inclusive events 

✦ Found for increasing mid-η jets: 

✦ Enhancement in  collisions 

✦ Slight enhancements that turns over in 
 

✦ Suppression for  
Present study at STAR even lower at 

 
✦ Suggested in study possible cause of 

energy conservation
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NEF modifies near-side vs awayside spectra

Full Markers: High EA: 
0-30%

Open Markers: Low EA: 
70-90%

trigger

• Both near and recoil jets suppressed in high 
EA relative to low EA 

• n.b.: These are charged jet spectra; the 
near-side jets  have a neutral energy fraction 
(NEF) bias because near side must also 
always contain the neutral trigger 

• This NEF bias is not present in the recoil jets 
• This NEF bias on the near-side is expected 

to decrease at higher pT,jet
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• Transverse bins contains little 
(no) dijet components but 
rather the underlying event (UE) 

• At high-EA there is more UA 
making more combinatoric jets, 
as evidenced in a stronger 
relative enhancement for low pT 
“jets” in peripheral bins



EA track activity: change in means w/ broad overlapping distributions
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     STAR Preliminary
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EA track activity: change in means w/ broad overlapping distributions
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STAR spectra modification not due to dijets hitting BBC

David Stewart

Inclusive Events

inner8.872% Events in BBC
outer2.895e+01% Events in BBC

w/i 0.4 of BBC_O     3.5808

w/i 0.7 of BBC_O     8.7650

Triggered Events
|<1.0 hitη>8 GeV, |

T,neutral
p
1.4e-04% events have trigger

inner9.255e-04% Events in BBC
outer1.844e+00% Events in BBC

w/i 0.4 of BBC_O     0.2955

w/i 0.7 of BBC_O     1.1007

Trig. Events+8 GeV Jet
|<0.6η>8 GeV, |

T
pjet: R=0.4 

2.4e-05% events have trigger+charged jet
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PYTHIA study — where the leading full jets go

✦ A leading jet axis hits 
BBC in ~40% of 
inclusive events

✦ Hits outer BBC in ~2% 
of triggered events

➡ inflates !"
✦ Rarely hits outer BBC in 

triggered events with 8 
GeV/c charged jet

~1x10-3% Events in 
BBCinner

~2% Events in BBCouter

pT,neutral > 8 GeV/c |η| 1≤
pT,ch-jet>8 GeV/c |η| 0.6≤
pT,neutral > 8 GeV/c |η| 1≤

Inclusive Events Triggered Events 
events3.4 × 10−4 %

Trig.&Jet in TPC 
events3.5 × 10−5 %

~0.1% Events in BBCouter

No BBCinner hits in 
5.9x107+ (Trig&Jet) events

~30% Events in BBCouter

~9% Events in BBCinner

✦ Cluster R=0.7 full jets for
 

✦ Two with max  are 
“leading” and 
“subleading”

|η | < 7
p&

PYTHIA8 
pp s = 200 GeV

 (-2,-3.4)∈ ηOuter BBC  

 (-3.4,-5)∈ ηInner BBC  

'()*+ ,,- η ∈ (−/, −0 . 1)
233*+ ,,- η ∈ (−0 . 1, −4)
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PYTHIA 8 pp
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PYTHIA 8 strong correlation from  to high negative-η EÂpT



PYTHIA 8 Au+Au EA ratios largely independent of  ̂pT
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Red lines in each sub 
plot give the 30% and 
70% locations



Use “opposite” TPC to avoid “dijet contamination of  EA”

Example event
Leading jet

Subleading jet

η
BBC-outer 


[2,3.4]η B
BC

-o
ut

er



[-2
,-3

.4
]

ηBBC-I [3.4,5]ηBBC-I [-3.4,-5]

Method 
• In each event, read EA signal 

from the BBC opposite of 
leading/subleading jet with 
max(|η|) 

• Remove all dijet constituents 
from BBC 

• Remove suppression of due 
to dijets in BBCouter 

• PYTHIA results on next slide
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PYTHIA 8 TPC charged jet per trigger suppression

David Stewart

ch T,
je

t G
eV

/c
/d

p
je

t
 d

N
tri

g
 1

/N
≡

S 

 [3.5,5]∈| η |innerBBC  [2,3.5]∈| η |outerBBC  [2,5]∈| η |fullBBC

|<0.6η|
 R=0.4Tanti-k

S(
70

-9
0%

 E
A)

S(
0-

30
%

 E
A)

70-90% EA

10-30% EA

 0-100% EA

innerBBC
outerBBC
fullBBC

inner-opp.BBC
outer-opp.BBC
full-opp.BBC
BBC-outerEAΔ

BBC-innerEAΔ

BBC-fullEAΔ
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1.1 

17

PYTHIA  with and without dijet biasS0−30%EA/S70−90%EA

✦ Using “opposite-side” BBC for EA sorting reduces 
suppression by ~constant factor for outer and full, but not 
inner, BBC

pch
T,jet GeV/c

" #
−$

#%
%&

" '
#−

(#
%%

&

)) s = 200 *+,
-./01&2

PYTHIA 8 predicts jet spectra suppression when using either the inner or the 
outer BBC, or even when always using the BBC “opposite” in η from the highest 
pT jets of the generated pp event 

David Stewart Hard Probes 2020 (B) 15



Inclusive jet mass

Isaac MooneyHard Probes ‘20

̣ p+p measurements done at LHC1-7 
No measurement yet at RHIC! 
→ further tune MCs


̣ ALICE observes no modification of jet mass in p+Pb at 5.02 TeV 
for 60 < pT,jet < 120 GeV/c w.r.t. PYTHIA, HERWIG


̣ No measurement yet at RHIC! → modification in this kinematic?


- p+p, p+Au collisions

4

1ATLAS, JHEP 05 (2012) 128 
2ATLAS, Phys.Rev.Lett. 121 (2018) no.9, 092001 
3ATLAS, tech. rep. ATLAS-CONF-2018-014 (2018) 
4CDF, Phys.Rev. D 85 (2012) 091101 
5CMS, JHEP 05 (2013) 090 
6CMS, Eur.Phys.J. C 77 (2017) no.7, 467 
7CMS, JHEP 10 (2018) 161

ALICE Collaboration, Phys.Lett. B 776 (2018) 249-264
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Motivation

A
LIC

E C
ollaboration, Phys.Lett. B

 776 , 249-264 (2018)

ALICE p+Pb

2018: Jet mass distribution not modified 
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