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• Baseline for Au+Au 
– important component in understanding 

observed HI suppression 

• probe cold nuclear matter effects 
– sensitive to modification to nuclear PDFs 
– test of initial state energy loss estimates 

• are there medium effects in small 
systems? 
– bulk observables show intriguing hints of 

medium in small systems
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• Jets reconstructed using central arm 
tracking + EMCal 
– charged particles (h±, e±) using DC + PC 
– neutral particles (γ,π0,η/etc.) using EMCal 

• Centrality determined using Au-going 
beam-beam counter
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Centrality in d+Au

• Au-going beam-beam counter (BBC), 3.1 < ⌘ < 4.9

) signal modeled with Glauber simulation + NBD

) sees 88% of the inelastic d+Au cross-section

• Yields corrected for autocorrelation in BBC signal

•
RdA = (1/Nd+Au

evt )(dNd+Au/dpT)/ hTABi d�p+p/dpT

) RdA = 1 ) geometric scaling expectation
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• 2008 √s = 200 GeV p+p and d+Au 
• Jets reconstructed using anti-kT R=0.3 
– track pT > 0.4 GeV/c 
– cluster E > 0.4 GeV 
– recovers ~65-70% of jet energy 

• Jet-level cuts 
– particle multiplicity ≧ 3 
– charged fraction < 0.75 
– jet axis to edge: Δη > 0.05, Δϕ > π/64 

• careful control of acceptance 
• detector effects corrected for using 

SVD unfolding procedure
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Figure 10: Response matrices (preco
T

, p

truth

T

), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.

18

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 0-20%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 0-20%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 20-40%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 20-40%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 40-60%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 40-60%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp
10

+Au, 60-88%d
PYTHIA D6T CTEQ6L1

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 60-88%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
p+p

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
p+p

PYTHIA Tune A CTEQ5L

Figure 10: Response matrices (preco
T

, p

truth

T

), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.



• PYTHIA embedded in d+Au data 
to correct for underlying event 
– <pT> < 10% of jet pT at 20 GeV 
– fluctuations add ~1% to resolution 

• Systematics determined by 
varying range of jet selection 
criteria, unfolding procedure 
and energy scale uncertainties 
–many are common to p+p and d+Au 

and will cancel in RdA and RCP
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Figure 10: Response matrices (preco
T

, p

truth

T

), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.
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Figure 10: Response matrices (preco
T

, p

truth
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), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.

18

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 0-20%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 0-20%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 20-40%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 20-40%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 40-60%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 40-60%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 60-88%d

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
+Au, 60-88%d

PYTHIA Tune A CTEQ5L

-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
p+p

PYTHIA D6T CTEQ6L1
-110

1

10

210

310

410

 (GeV/c)reco
T

p
10

 (G
eV

/c
)

tru
th

Tp

10
p+p

PYTHIA Tune A CTEQ5L

Figure 10: Response matrices (preco
T

, p

truth
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), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.
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Figure 10: Response matrices (preco
T

, p

truth
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), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.
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T
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truth
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), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.
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Figure 10: Response matrices (preco
T

, p

truth

T

), with each row a di↵erent d+Au or p+p event category,
and the left and right columns showing the two MC tunes.



• PYTHIA embedded in d+Au data 
to correct for underlying event 
– <pT> < 10% of jet pT at 20 GeV 
– fluctuations add ~1% to resolution 

• Systematics determined by 
varying range of jet selection 
criteria, unfolding procedure 
and energy scale uncertainties 
–many are common to p+p and d+Au 

and will cancel in RdA and RCP

5

Measuring jets in PHENIX 27

 (GeV/c)
T

p
10

ra
tio

 to
 d

ef
au

lt
0.7

0.8

0.9

1

1.1

1.2

1.3 EMCal E-scale +         
EMCal E-scale -

-scale +
T

pDC 
-scale -

T
pDC 

fiducial cut 0.10
-vtx < 15 cmz

charged fraction < 0.70

# of constituents >= 4
charged fraction > 0.10
unfolding power +1
unfolding power -1
unfolding reg k-1
unfolding reg k+1
PYTHIA Tune A CTEQ5L

+Au,  0-20%, jet spectrumd

 (GeV/c)
T

p
10

ra
tio

 to
 d

ef
au

lt

0.7

0.8

0.9

1

1.1

1.2

1.3 EMCal E-scale +         
EMCal E-scale -

-scale +
T

pDC 
-scale -

T
pDC 

fiducial cut 0.10
-vtx < 15 cmz

charged fraction < 0.70

# of constituents >= 4
charged fraction > 0.10
unfolding power +1
unfolding power -1
unfolding reg k-1
unfolding reg k+1
PYTHIA Tune A CTEQ5L

+Au, 20-40%, jet spectrumd

 (GeV/c)
T

p
10

ra
tio

 to
 d

ef
au

lt

0.7

0.8

0.9

1

1.1

1.2

1.3 EMCal E-scale +         
EMCal E-scale -

-scale +
T

pDC 
-scale -

T
pDC 

fiducial cut 0.10
-vtx < 15 cmz

charged fraction < 0.70

# of constituents >= 4
charged fraction > 0.10
unfolding power +1
unfolding power -1
unfolding reg k-1
unfolding reg k+1
PYTHIA Tune A CTEQ5L

+Au, 40-60%, jet spectrumd

 (GeV/c)
T

p
10

ra
tio

 to
 d

ef
au

lt

0.7

0.8

0.9

1

1.1

1.2

1.3 EMCal E-scale +         
EMCal E-scale -

-scale +
T

pDC 
-scale -

T
pDC 

fiducial cut 0.10
-vtx < 15 cmz

charged fraction < 0.70

# of constituents >= 4
charged fraction > 0.10
unfolding power +1
unfolding power -1
unfolding reg k-1
unfolding reg k+1
PYTHIA Tune A CTEQ5L

+Au, 60-88%, jet spectrumd

 (GeV/c)
T

p
10

ra
tio

 to
 d

ef
au

lt

0.7

0.8

0.9

1

1.1

1.2

1.3 EMCal E-scale +         
EMCal E-scale -

-scale +
T

pDC 
-scale -

T
pDC 

fiducial cut 0.10
-vtx < 15 cmz

charged fraction < 0.70

# of constituents >= 4
charged fraction > 0.10
unfolding power +1
unfolding power -1
unfolding reg k-1
unfolding reg k+1
PYTHIA Tune A CTEQ5L

, jet spectrump+p

Figure 16: Changes in the unfolded yields as a function of p
T

, quantified by the ratio of the new
yield under the given variation to the default yield.



• first published jet results 
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transfer within  

CNM E-loss calculations

0.175 < ξ < 0.7 GeV
(ξ = pT transfer per scattering)



room for hot medium effects?

• hot medium energy loss calculations for single hadrons show 
measurable suppression 
– need calculations for inclusive jets
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FIG. 5: V1,2,3 vs pt in the most central pPb collisions. Similar to Fig. 4, there are two results (“a” and “b”) based on different
initial state implementations. V1 and V3 have been rescaled to fit in the plot. Here Vns are the harmonic components projected
to the corresponding participant planes. See the discussion in the text.

encouraging enough to be measurable with current lu-
minosity and accuracy at LHC. [One though should be
cautious about applying the current framework to ad-
dress jets at very high (initial) energy (e.g., 100 GeV) in
pPb collisions, because such jets take a major percent-
age of the system’s total energy [31].] Meanwhile, V1 and
V3 are much less prominent. Recently, ATLAS has mea-
sured V2 with pt up to 4GeV [31]. In the collisions with
highest total transverse energy (i.e. highest multiplicity),
V2 ∼ 0.1 at pt = 4 GeV (based on the two-particle cor-
relation). It is very important and certainly feasible to
extend such measurements to higher pt e.g. ∼ 10GeV.
A measured anisotropy at this magnitude in this high-
pt region would be an unambiguous signal of final state
jet-medium interaction and thus also a signal of a dense
partonic medium in this “mini-bang”.
In addition, similar to the AA situation, combining

nonzero high- and low-pt Vn may produce a hard-soft
correlation in pA collisions [see formula (3.2)]. This cor-
relation can be studied by embedding the jet quenching
modeling into the hydrodynamical calculation under cur-
rent assumption about the medium. On the experimen-
tal side, the corresponding soft-soft correlation in pA has
been measured and used to extract the harmonic flows
for the soft sector, and it would be of great interest to
see the measurements of hard-trigger soft-associate az-
imuthal correlations in the future.

V. POSSIBLE JET QUENCHING IN
HIGH-MULTIPLICITY dAu COLLISIONS AT

RHIC

Motivated by recent observation of the long range cor-
relation in dAu collision (200 GeV) [33], we investigate
possible jet quenching in these collisions also. The MC-
Glauber simulation follows the study of dPb collision
(3.11 TeV) in Ref. [52]. Again we use “size a” and “b”
energy deposit scenarios (see Sec. IV), and the NTcE
model to compute jet energy loss. The total NN cross

 0.45
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 1.05
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 5  10  15  20

R
dA

pt (GeV)

size a, 0-5%
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FIG. 6: RdA vs pt in dAu collisions. Two different centrality
classes, 0− 5% and 0− 20%, are shown. “size a” and “size b”
calculations use different initial state implementations. The
data are from PHENIX: (green) squares are π0’s RdA measur-
ment [59] and (blue) circles are π0’s Rcp (0− 20%/60− 88%)
measurements [60, 61]. Besides the uncertainties shown in the
plot, the former has a pp reference normalization uncertainty
(9.7%), and the latter has a collisioin number uncertainty
(8%). See discussions in the text.

section, the pt spectrum in NN collision, and the nucleon
density in Au nucleus can be found in the AuAu study in
Sec. II. To fix the entropy density to participant density
ratio s0 for the dAu collision, we rely on the mid-rapidity
multiplicity per participant measurements at RHIC [89]
and LHC [88]: dNch/ (dηNp) = 1.16 and 2.14. Based on
this, we infer the ratio between s0 in dAu (200 GeV) and
in dPb (5.02 TeV) to be 1.16/2.14 ∼ 0.54. We then ap-
proximate s0 in dPb (5.02 TeV) to be around 90/fm [52],
and get s0 = 49/fm in the dAu collision.

In Fig. 6, we plot the nuclear modification factor RdA

(pt ≥ 5 GeV) in two different centrality classes, 0 − 5%
with Np ≥ 19 and 0 − 20% with Np ≥ 14. Recent mea-

arXiv:1311.5463 [nucl-th]
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Centrality dependence of jet modification
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• central d+Au shows 
suppression 
consistent with 
modest CNM E-loss

• enhancement seen in 
peripheral events 
presents a challenge
– cannot be explained by 

trivial multiplicity bias in 
centrality determination
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Multiplicity bias effects

Auto-correlation bias effect studied by PHENIX using Glauber+NBD and HIJING

10

15

TABLE IV: Mean bias-factor corrections as a function of pT for each centrality as calculated with hijing, and comparison with
reference Glauber+NBD values.

hijing hijing hijing hijing

Centrality Glauber+NBD 1 ≤ pT < 5 5 ≤ pT < 10 10 ≤ pT < 15 15 ≤ pT < 20

0%–20% 0.94± 0.01 0.951 ± 0.001 0.962 ± 0.001 1.000 ± 0.005 1.038 ± 0.020

20%–40% 1.00± 0.01 0.996 ± 0.001 1.008 ± 0.001 1.010 ± 0.006 0.996 ± 0.021

40%–60% 1.03± 0.02 1.010 ± 0.001 1.022 ± 0.001 1.019 ± 0.007 1.005 ± 0.025

60%–88% 1.03± 0.06 1.030 ± 0.001 1.026 ± 0.001 0.999 ± 0.008 0.991 ± 0.030
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FIG. 12: Bias-factor corrections as a function of pT for hijing
d+Au events at

√
s
NN

= 200 GeV.

nearly 100% efficiency. Thus, we divide the p+Pb events
into five centrality categories 0%–20%, 20%–40%, 40%–
60%, 60%–80%, and 80%–100%. The bias-factor cor-
rections thus are expected to only include the central-
ity migration effect and no effect from the trigger auto-
correlation bias. The resulting bias-factor corrections as
a function of pT are shown in Fig. 14. The hijing calcu-
lations indicate very large correction factors in the most
peripheral selection and with a substantial pT depen-
dence, particularly over the range 1 < pT < 10 GeV/c.
This means that the hijing “measured” yield at pT =
5 GeV/c would be more than a factor of two lower than
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FIG. 13: The ratio of the mean multiplicity at −4.9 < η <
−3.1 in triggered events with a particle with a given pT pro-
duced at midrapidity to all inelastic p+p collisions from hi-

jing at
√
s
NN

= 5.02 TeV. The dashed line corresponds to
the inclusive mean multiplicity ratio.

the truth value.

C. hijing Discussion

The bias factors extracted from hijing in p+Pb col-
lisions at

√
s
NN

= 5.02 TeV are an order of magnitude
larger than those in d+Au collisions at

√
s
NN

= 200 GeV.
When comparing the p+Pb and d+Au results, it should
be noted that in the most peripheral class, the d+Au case
only extends down to 88% due to the trigger efficiency
and part of the centrality migration bias is canceled by
the trigger bias. Figure 15 compares the hijing p+p
multiplicity distribution in the backward acceptance for
different selections on the pT of a midrapidity particle.
One observes only a modest dependence on the pT of
the midrapidity particle for RHIC energies, and a large
dependence for LHC energies. This auto-correlation di-
rectly translates into the large calculated bias-factor cor-
rections.
The hijing results follow the same trends previously
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FIG. 9: Multiplicative bias-factor corrections and their systematic uncertainties as a function of collision centrality.

TABLE II: Different physical quantities characterizing d+Au
collisions, and the bias-factor corrections, for four PHENIX
centrality bins.

0%–20% 20%–40% 40%–60% 60%–88%

Bias-Factor
Correction

0.94 ± 0.01 1.00 ± 0.01 1.03 ± 0.02 1.03± 0.06

⟨Ncoll⟩ 15.1 ± 1.0 10.2 ± 0.7 6.6 ± 0.4 3.2± 0.2

⟨Npart⟩ 15.2 ± 0.6 11.1 ± 0.6 7.8 ± 0.4 4.3± 0.2

⟨Npart[Au]⟩ 13.3 ± 0.8 9.3 ± 0.6 6.2 ± 0.4 3.0± 0.2

⟨Npart[d]⟩ 1.95 ± 0.01 1.84 ± 0.01 1.65 ± 0.02 1.36± 0.02

pions with pT ≈ 15 GeV/c. Changing these factors re-
sults in a bias factor correction for central (i.e. 0%–20%)
d+Au events of 0.97 (compared with the previous value
of 0.94 ± 0.01). This result makes sense in that there
is slightly less centrality shifting bias, because the in-
creased multiplicity is reduced. Also, because there are
a large number of binary collisions (of order 15), the bias
from just one binary collision leaving the other N−1 un-
modified, yields only a small change. In considering the
peripheral category (i.e. 60%–88% centrality bin), it is
interesting to look first at the two bias contributions sep-
arately. The trigger part of the bias-factor correction is
now 1.07 (compared with the previous value of 1.16) and
the centrality shifting bias correction is now 0.90 (com-
pared with the previous value of 0.89). The overall com-
bined bias correction becomes 0.96 (compared with the

previous value of 1.03± 0.06). These results are slightly
outside of the RMS systematic uncertainties quoted on
these bias-factor corrections.

One might hypothesize about the origin of this pT de-
pendence and posit that it relates to using up more en-
ergy at midrapidity thus yielding a decrease in particles
at backward rapidity, or a change in the rapidity distribu-
tion itself. It is also unclear that the other N − 1 binary
collisions are uncorrelated with the process in the one
binary collision producing the midrapidity high pT par-
ticle. This motivates a full hijing MC study where we
know the true invariant yields and can determine (albeit
in a model-dependent way) the actual bias-factor correc-
tions due to auto-correlations. The goal of this hijing

study is not to correct the experimental data in a model-
dependent way, but rather to gain some insight into the
centrality and bias correction method.

VIII. HIJING STUDY

The hijing MC generator [23] has been established
as a useful tool for the study of hard scattering processes
and the underlying event in p+p and A+A collisions over
a wide range of collision energies.

Phys. Rev. C 90, (2014) 034902
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small underlying event background was not subtracted on120

a jet-by-jet basis, but was corrected for in the unfolding121

procedure described below. Jets were selected from the122

triggered data if a jet constituent fell into the same region123

of the calorimeter that provided the trigger signal. The124

trigger e�ciency was estimated for each event class by125

checking this condition as a function of precT in minimum-126

bias events. The precT -level spectra were corrected for this127

e�ciency, which rose monotonically with p

rec
T and was128

approximately 70% (98%) at 10 GeV/c (25 GeV/c).129

Monte Carlo simulations were used to determine the130

response of the detector to jets and to correct the mea-131

sured spectra. In simulation, jets are defined by apply-132

ing the anti-kt algorithm to long-lived primary particles,133

resulting in jets with a particle-level transverse momen-134

tum (pT). The Pythia 6.4 event generator [27] with135

the D6T tune [28] and CTEQL1 parton distribution136

function set [29] was used to generate hard scattering137

p+p events with a jet within the acceptance of the East138

arm. Six separate samples with exclusive selections on139

the hard-scattering momentum transfer in Pythia, con-140

sisting of 105 events each, were combined to form an un-141

biased jet cross-section with pT from 8 to 80 GeV/c. The142

response of the detector was simulated with Geant3 [30]143

and the resulting events were analyzed identically to the144

data. To understand the e↵ects of the underlying event145

in d+Au collisions, jet reconstruction was also performed146

on the simulated events after they were embedded into147

minimum bias d+Au data events of each centrality. In148

each event class, particle-level jets were matched with149

detector-level jets and the correspondence between the150

true pT and the measured p

rec
T was collected into a re-151

sponse matrix R(pT, p
rec
T ).152

The reconstruction and selection e�ciency, ✏(pT), for153

particle-level jets within |⌘| < 0.3 rose with pT and was154

⇡ 35% (50%) at 10 GeV/c (25 GeV/c) in p+p collisions.155

The ine�ciency was dominated by the minimum require-156

ment on the calorimetric fraction of the jet momentum.157

For a given selection on the particle-level jet pT, the mean158

value of the p

rec
T /pT distribution was ⇡ 0.65-0.70, result-159

ing from missing neutral hadronic energy and tracking160

ine�ciency. The width of this distribution was ⇡ 20-161

25%, rose slightly with pT, and was driven by jet-by-jet162

fluctuations in the neutral hadronic momentum fraction163

and not by the resolution on the constituent momenta.164

In the d+Au event classes, the impact of the underlying165

event on the response decreased systematically with in-166

creasing jet pT. For pT = 20 GeV/c jets in 0–20% d+Au167

events, the underlying event background increased the168

e�ciency by 2%, the average p

rec
T by 0.1–0.2 GeV/c, and169

the p

rec
T resolution by 1%, relative to that in p+p events.170

The p

rec
T -level spectra were corrected for the detec-171

tor response and the presence of the underlying event172

in d+Au collisions through the singular value decom-173

position (SVD) [31, 32] unfolding method (the iterative174

Bayesian [33] method gave consistent results). For an ob-175
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FIG. 1. Measured anti-kt, R = 0.3 jet yields in d+Au
collisions, and the measured and calculated jet cross-section
in p+p collisions, with the data series o↵set by multiplica-
tive factors. Total systematic uncertainties, including overall
normalization uncertainties, and statistical uncertainties are
shown as shaded bands and vertical bars, respectively. In the
bottom panel, the p+p data and calculation are divided by a
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served spectrum dN/dprecT , the SVD method inverts the176

equation dN/dprecT = R · dN/dpT by expressing dN/dpT177

as a linear combination of the left singular vectors of178

R, with coe�cients determined by dN/dprecT . This in-179

version is regularized by keeping the contribution only180

from the k vectors with the largest singular values. The181

remaining contribution is treated as arising from statis-182

tical fluctuations and is truncated, ensuring a smooth183

solution dN/dpT. Following standard techniques [31], k184

was fixed at 5, and the results were validated by compar-185

ing dN/dpT, propagated through R, to dN/dprecT , and by186

examining the curvature of dN/dpT with respect to the187

simulated pT spectrum used to populate R. The statis-188

tical uncertainties on dN/dpT were evaluated by resam-189

pling dN/dprecT according to its uncertainties and observ-190

ing the changes in dN/dpT. Finally, the dN/dpT spectra191

were corrected for the reconstruction e�ciency ✏(pT). At192

low-pT in 0–20% events, the RdAu after unfolding is lower193

than the detector-level RdAu by 20%, while the two are194

comparable at high-pT or in peripheral events.195

The p+p di↵erential cross-section was constructed via196

2⇡�pp
N

jet(pT)/✏
pp
N

evt
✏(pT)�pT�⌘��, where �

pp =197

23 mb is the minimum bias cross-section, ✏pp = 0.79 is198

the fraction of jet events meeting the minimum bias con-199

dition, and 2⇡/�pT�⌘�� are phase space factors. Fig-200

ure 1 shows the d+Au yields and the p+p cross-section,201

which compares well with a pQCD calculation [34, 35].202

The measured spectra and nuclear modification fac-203

tors are subject to systematic uncertainties from a vari-204

ety of sources. For most sources, the e↵ects on the results205

were determined by modifying the simulation sample, the206

event or jet selection criteria, or the unfolding procedure207
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in d+Au collisions, jet reconstruction was also performed146

on the simulated events after they were embedded into147

minimum bias d+Au data events of each centrality. In148

each event class, particle-level jets were matched with149

detector-level jets and the correspondence between the150

true pT and the measured p

rec
T was collected into a re-151

sponse matrix R(pT, p
rec
T ).152

The reconstruction and selection e�ciency, ✏(pT), for153

particle-level jets within |⌘| < 0.3 rose with pT and was154

⇡ 35% (50%) at 10 GeV/c (25 GeV/c) in p+p collisions.155

The ine�ciency was dominated by the minimum require-156

ment on the calorimetric fraction of the jet momentum.157

For a given selection on the particle-level jet pT, the mean158

value of the p

rec
T /pT distribution was ⇡ 0.65-0.70, result-159

ing from missing neutral hadronic energy and tracking160

ine�ciency. The width of this distribution was ⇡ 20-161

25%, rose slightly with pT, and was driven by jet-by-jet162

fluctuations in the neutral hadronic momentum fraction163

and not by the resolution on the constituent momenta.164

In the d+Au event classes, the impact of the underlying165

event on the response decreased systematically with in-166

creasing jet pT. For pT = 20 GeV/c jets in 0–20% d+Au167

events, the underlying event background increased the168

e�ciency by 2%, the average p

rec
T by 0.1–0.2 GeV/c, and169

the p

rec
T resolution by 1%, relative to that in p+p events.170

The p

rec
T -level spectra were corrected for the detec-171

tor response and the presence of the underlying event172

in d+Au collisions through the singular value decom-173

position (SVD) [31, 32] unfolding method (the iterative174

Bayesian [33] method gave consistent results). For an ob-175
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FIG. 1. Measured anti-kt, R = 0.3 jet yields in d+Au
collisions, and the measured and calculated jet cross-section
in p+p collisions, with the data series o↵set by multiplica-
tive factors. Total systematic uncertainties, including overall
normalization uncertainties, and statistical uncertainties are
shown as shaded bands and vertical bars, respectively. In the
bottom panel, the p+p data and calculation are divided by a
fit to the data.

served spectrum dN/dprecT , the SVD method inverts the176

equation dN/dprecT = R · dN/dpT by expressing dN/dpT177

as a linear combination of the left singular vectors of178

R, with coe�cients determined by dN/dprecT . This in-179

version is regularized by keeping the contribution only180

from the k vectors with the largest singular values. The181

remaining contribution is treated as arising from statis-182

tical fluctuations and is truncated, ensuring a smooth183

solution dN/dpT. Following standard techniques [31], k184

was fixed at 5, and the results were validated by compar-185

ing dN/dpT, propagated through R, to dN/dprecT , and by186

examining the curvature of dN/dpT with respect to the187

simulated pT spectrum used to populate R. The statis-188

tical uncertainties on dN/dpT were evaluated by resam-189

pling dN/dprecT according to its uncertainties and observ-190

ing the changes in dN/dpT. Finally, the dN/dpT spectra191

were corrected for the reconstruction e�ciency ✏(pT). At192

low-pT in 0–20% events, the RdAu after unfolding is lower193

than the detector-level RdAu by 20%, while the two are194

comparable at high-pT or in peripheral events.195

The p+p di↵erential cross-section was constructed via196

2⇡�pp
N

jet(pT)/✏
pp
N

evt
✏(pT)�pT�⌘��, where �

pp =197

23 mb is the minimum bias cross-section, ✏pp = 0.79 is198

the fraction of jet events meeting the minimum bias con-199

dition, and 2⇡/�pT�⌘�� are phase space factors. Fig-200

ure 1 shows the d+Au yields and the p+p cross-section,201

which compares well with a pQCD calculation [34, 35].202

The measured spectra and nuclear modification fac-203

tors are subject to systematic uncertainties from a vari-204

ety of sources. For most sources, the e↵ects on the results205

were determined by modifying the simulation sample, the206

event or jet selection criteria, or the unfolding procedure207
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =
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T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
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s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
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band represents a calculation using the EPS09 nuclear parton distribution function 
set.
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jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.
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it is possible to find a single relationship between the RCP val-
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kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =
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T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
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jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.
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parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.
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pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =
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m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.
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s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. 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 uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.
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were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =
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T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.
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ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
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relation to other systems

similar trend seen in same x range at the LHC
⇒ similar initial state effect?
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Need model calculations for d+Au!
proton color fluctuation models describe p+Pb data

presence of high-x jet ⇒
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FIG. 3: a) The experimental data [3] for Rcp (the ratio of 0 � 10% central to 60 � 90% peripheral) as a function of E
jet

=
p? cosh(y) at di↵erent values of rapidity. The black line and the shaded area shows our fit with uncertainties. b) The
corresponding suppression factor, s, dependence on E

jet

extracted from the experimental data shown in the left plot.

portional to the energy of the jet. Consequently for jets of
very high energy, we expect the reduction of soft particles
to be roughly 1/3 [21], in agreement with our previous
discussion.

The suggested mechanism of the suppression of soft
particle production, in events with high energy jets, de-
pends on the amount of energy removed from a projec-
tile proton and thus should depend on the energy of a
jet. This could explain the observed scaling of RpA and
Rcp with energy for di↵erent values of rapidity and trans-
verse momentum. For a jet going into the forward direc-
tion (proton-going side) we expect the suppression to be
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FIG. 4: The comparison of the model results (bands) with the
experimental data [3] (points) on RpA as a function of p? in
the rapidity range 2.1 < y < 2.8 for three centrality classes.

stronger: in order to produce such a jet one needs to re-
move a large x parton from a proton, whereas jets going
into the nucleus direction would require a large x par-
ton from a nucleus wave function. The latter does not
activate the mechanism of suppression of soft particle
production [22]. More detailed studies are underway.
In conclusion, we propose a mechanism explaining the

recently observed dependence of RpA and Rcp on central-
ity in p+A collisions. We show that a possible suppres-
sion of soft particles in events with high energy jets nat-
urally leads to the observed suppression (enhancement)
of RpA in central (peripheral) collisions, respectively. We
found that a moderate soft particle suppression of the or-
der of 20% can provide a quantitative understanding of
the ATLAS data. We compared the model with the data
and found satisfactory agreement.

ACKNOWLEDGMENTS

We thank P. Steinberg and L. McLerran for discus-
sions. A.B. was supported by the Ministry of Sci-
ence and Higher Education (MNiSW), by founding from
the Foundation for Polish Science, and by the Na-
tional Science Centre (Narodowe Centrum Nauki), Grant
No. DEC-2014/15/B/ST2/00175 and in part by DEC-
2013/09/B/ST2/00497. The authors were supported
through the RIKEN-BNL Research Center. S.B. was
supported by DOE award DE-SC0007017.

⇤ Electronic address: bzdak@fis.agh.edu.pl
† Electronic address: vskokov@quark.phy.bnl.gov
‡ Electronic address: stefan.bathe@baruch.cuny.edu

hep-ph/1408.3156

proton color fluctuation models describe p+Pb data
presence of high-x jet ⇒
↓ soft particle production



13

Need model calculations for d+Au!

4

3.6<y<4.4
2.8<y<3.6
2.1<y<2.8
1.2<y<2.1
0.8<y<1.2
fit

0-10%/60-90%

a)

R
 c

p

0

0.2

0.4

0.6

0.8

1.0

pT cosh(y), GeV
100 1000

b)

s

0

0.1

0.2

0.3

0.4

0.5

pT cosh(y), GeV
100 1000

FIG. 3: a) The experimental data [3] for Rcp (the ratio of 0 � 10% central to 60 � 90% peripheral) as a function of E
jet

=
p? cosh(y) at di↵erent values of rapidity. The black line and the shaded area shows our fit with uncertainties. b) The
corresponding suppression factor, s, dependence on E

jet

extracted from the experimental data shown in the left plot.

portional to the energy of the jet. Consequently for jets of
very high energy, we expect the reduction of soft particles
to be roughly 1/3 [21], in agreement with our previous
discussion.

The suggested mechanism of the suppression of soft
particle production, in events with high energy jets, de-
pends on the amount of energy removed from a projec-
tile proton and thus should depend on the energy of a
jet. This could explain the observed scaling of RpA and
Rcp with energy for di↵erent values of rapidity and trans-
verse momentum. For a jet going into the forward direc-
tion (proton-going side) we expect the suppression to be
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stronger: in order to produce such a jet one needs to re-
move a large x parton from a proton, whereas jets going
into the nucleus direction would require a large x par-
ton from a nucleus wave function. The latter does not
activate the mechanism of suppression of soft particle
production [22]. More detailed studies are underway.
In conclusion, we propose a mechanism explaining the

recently observed dependence of RpA and Rcp on central-
ity in p+A collisions. We show that a possible suppres-
sion of soft particles in events with high energy jets nat-
urally leads to the observed suppression (enhancement)
of RpA in central (peripheral) collisions, respectively. We
found that a moderate soft particle suppression of the or-
der of 20% can provide a quantitative understanding of
the ATLAS data. We compared the model with the data
and found satisfactory agreement.
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the ATLAS jet measurement [4], we performed a fit of the
R

pPb(pT cosh y) values from the four rapidity intervals in
the range 0.3 < y < 2.8 to a linear function in log (x/0.6)
in the range 0.04 < x < 1, with x ⌘ 2pT cosh y/

p
s and

y > 0 denoting the proton-going direction, and extracted
the value at x = 0.6. Statistical uncertainties estimated
by evaluating the RMS deviation of the data points from
the linear function in the region of the fit were combined
with systematic uncertainties on the data points to yield
total uncertainties. We find that h�(x)i / h�i ⇠ 0.6 gives
a good description of the data as shown in Fig. 3. It is
worth emphasizing here that a naive explanation of the
data as due to energy-momentum conservation does not
work as one observes both suppression and enhancement
of Rhard.
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as a function of one parameter,
� = h�(x)i /�. In the future, data in which the dijet

kinematics are used to determine x
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on an event-by-event
basis would allow for a more detailed comparison of the
model at a variety of x
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values.
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Overall, we find that h�(x = 0.6)i ⇠ 0.6� gives a good
description of the data, supporting the idea that large
x

p

configurations have a weaker than average interaction
strength. To explore the energy dependence of this e↵ect,
we can estimate which � these configurations correspond
to at two di↵erent energies

p
s1 and

p
s2 using the prob-

ability conservation of P (�):

Z
�(

p
s1)

0
P (�,

p
s1)d� =
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�(

p
s2)

0
P (�,

p
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At 30 GeV, �(x ⇠ 0.6)/�
tot

⇠ 1/4, a factor of two
smaller than that at the LHC. This reflects an important
feature of pQCD, which is that the cross-section of small
size configurations grows with collision energy faster than
it does for average configurations.
Our finding has a number of implications. It confirms

the presence of CF e↵ects in pA interactions and sug-
gests that they should contribute to the dynamics of cen-
tral AA collisions [14]. It is in line with the QCD quark
counting rules which assume that large x partons belong
to configurations with a minimal number of constituents
interacting via hard gluon exchanges [16]. However, it
is in tension with approaches which neglect the short
range correlations between hadron constituents, such as
the model in [22].
A weaker interaction strength for configurations with

x � 0.5 is also in line with the analysis of ref. [19], in
which the Schrodinger equation for the bound state of
the nucleus was considered with a potential which de-
pends on the internal coordinates of the nucleons. It
follows from the variational principle that the probabil-
ity for a bound nucleon to be in a small size configuration
is suppressed relative to that for a free nucleon, since the
overall attractive nature of the NN interaction results
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portional to the energy of the jet. Consequently for jets of
very high energy, we expect the reduction of soft particles
to be roughly 1/3 [21], in agreement with our previous
discussion.

The suggested mechanism of the suppression of soft
particle production, in events with high energy jets, de-
pends on the amount of energy removed from a projec-
tile proton and thus should depend on the energy of a
jet. This could explain the observed scaling of RpA and
Rcp with energy for di↵erent values of rapidity and trans-
verse momentum. For a jet going into the forward direc-
tion (proton-going side) we expect the suppression to be
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stronger: in order to produce such a jet one needs to re-
move a large x parton from a proton, whereas jets going
into the nucleus direction would require a large x par-
ton from a nucleus wave function. The latter does not
activate the mechanism of suppression of soft particle
production [22]. More detailed studies are underway.
In conclusion, we propose a mechanism explaining the

recently observed dependence of RpA and Rcp on central-
ity in p+A collisions. We show that a possible suppres-
sion of soft particles in events with high energy jets nat-
urally leads to the observed suppression (enhancement)
of RpA in central (peripheral) collisions, respectively. We
found that a moderate soft particle suppression of the or-
der of 20% can provide a quantitative understanding of
the ATLAS data. We compared the model with the data
and found satisfactory agreement.
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the ATLAS jet measurement [4], we performed a fit of the
R

pPb(pT cosh y) values from the four rapidity intervals in
the range 0.3 < y < 2.8 to a linear function in log (x/0.6)
in the range 0.04 < x < 1, with x ⌘ 2pT cosh y/

p
s and

y > 0 denoting the proton-going direction, and extracted
the value at x = 0.6. Statistical uncertainties estimated
by evaluating the RMS deviation of the data points from
the linear function in the region of the fit were combined
with systematic uncertainties on the data points to yield
total uncertainties. We find that h�(x)i / h�i ⇠ 0.6 gives
a good description of the data as shown in Fig. 3. It is
worth emphasizing here that a naive explanation of the
data as due to energy-momentum conservation does not
work as one observes both suppression and enhancement
of Rhard.
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Overall, we find that h�(x = 0.6)i ⇠ 0.6� gives a good
description of the data, supporting the idea that large
x

p

configurations have a weaker than average interaction
strength. To explore the energy dependence of this e↵ect,
we can estimate which � these configurations correspond
to at two di↵erent energies

p
s1 and

p
s2 using the prob-

ability conservation of P (�):
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At 30 GeV, �(x ⇠ 0.6)/�
tot

⇠ 1/4, a factor of two
smaller than that at the LHC. This reflects an important
feature of pQCD, which is that the cross-section of small
size configurations grows with collision energy faster than
it does for average configurations.
Our finding has a number of implications. It confirms

the presence of CF e↵ects in pA interactions and sug-
gests that they should contribute to the dynamics of cen-
tral AA collisions [14]. It is in line with the QCD quark
counting rules which assume that large x partons belong
to configurations with a minimal number of constituents
interacting via hard gluon exchanges [16]. However, it
is in tension with approaches which neglect the short
range correlations between hadron constituents, such as
the model in [22].
A weaker interaction strength for configurations with

x � 0.5 is also in line with the analysis of ref. [19], in
which the Schrodinger equation for the bound state of
the nucleus was considered with a potential which de-
pends on the internal coordinates of the nucleons. It
follows from the variational principle that the probabil-
ity for a bound nucleon to be in a small size configuration
is suppressed relative to that for a free nucleon, since the
overall attractive nature of the NN interaction results
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energy constraints on the proton are taken into account, while those on the Pb
nucleus are not considered. The model is thus expected to fail for peripheral
collisions where very few nucleons from Pb participate. Note that our model
is not a dynamical one, see other explanations in [11, 12, 13, 14], our only aim
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FIG. 4: (color online). JdA versus xfrag
Au for peripheral (60–

88%) and central (0–20%) d+Au collisions at
√
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GeV. The statistical error bars and systematic uncertainty
boxes are the same as in Fig. 3. Above xfrag

Au > 10−3, some

data points were offset from their true xfrag
Au to avoid overlap.

The leftmost point in each group of three is at the correct
xfrag
Au .

Because the fragmentation hadrons on average carry a
momentum fraction ⟨z⟩ < 1, xfrag

Au will be smaller than
⟨xAu⟩. Based on previous studies by PHENIX at midra-
pidity, the mean fragmentation ⟨z⟩ is expected to be be-
tween 0.5-0.75 [22]. In general the theoretical extrac-
tion of xAu from the measured pT and η will differ from
the leading order QCD picture of 2→2 processes used
above. Also, at modest pT ’s the interpretation of the
measured correlation functions as high energy 2→2 par-
ton scattering accessing low x may be limited by con-
tributions from processes with small momentum transfer
Q2. Future theoretical analysis will be necessary to eval-
uate these and other contributions from different nuclear
effects [4–10] on the observed large suppression in JdA.
These analyses could additionally be complicated by the
presence of hadron pairs originating from multiparton in-
teractions [23] that might not probe gluon structure at
low xAu.
In summary, measurements of the inclusive π0 yield

at forward rapidity, of the back-to-back correlated yield
of cluster-π0 pairs in the forward-rapidity region, and of
the correlated yield of forward-rapidity π0’s with midra-
pidity π0’s or hadrons in p+p and d+Au collisions at√
sNN = 200 GeV were presented. The correlated yields

of back-to-back pairs were analyzed for various kinematic
selections in pT and rapidity. The forward-central pair
measurements show no increase in the azimuthal angular
correlation width within experimental uncertainties. The
correlated yield of back-to-back pairs in d+Au collisions
is observed to be substantially suppressed relative to p+p
collisions with a suppression that is observed to increase
with decreasing impact parameter selection and for pairs

probing more forward rapidities.
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small underlying event background was not subtracted on120

a jet-by-jet basis, but was corrected for in the unfolding121

procedure described below. Jets were selected from the122

triggered data if a jet constituent fell into the same region123

of the calorimeter that provided the trigger signal. The124

trigger e�ciency was estimated for each event class by125

checking this condition as a function of precT in minimum-126

bias events. The precT -level spectra were corrected for this127

e�ciency, which rose monotonically with p

rec
T and was128

approximately 70% (98%) at 10 GeV/c (25 GeV/c).129

Monte Carlo simulations were used to determine the130

response of the detector to jets and to correct the mea-131

sured spectra. In simulation, jets are defined by apply-132

ing the anti-kt algorithm to long-lived primary particles,133

resulting in jets with a particle-level transverse momen-134

tum (pT). The Pythia 6.4 event generator [27] with135

the D6T tune [28] and CTEQL1 parton distribution136

function set [29] was used to generate hard scattering137

p+p events with a jet within the acceptance of the East138

arm. Six separate samples with exclusive selections on139

the hard-scattering momentum transfer in Pythia, con-140

sisting of 105 events each, were combined to form an un-141

biased jet cross-section with pT from 8 to 80 GeV/c. The142

response of the detector was simulated with Geant3 [30]143

and the resulting events were analyzed identically to the144

data. To understand the e↵ects of the underlying event145

in d+Au collisions, jet reconstruction was also performed146

on the simulated events after they were embedded into147

minimum bias d+Au data events of each centrality. In148

each event class, particle-level jets were matched with149

detector-level jets and the correspondence between the150

true pT and the measured p

rec
T was collected into a re-151

sponse matrix R(pT, p
rec
T ).152

The reconstruction and selection e�ciency, ✏(pT), for153

particle-level jets within |⌘| < 0.3 rose with pT and was154

⇡ 35% (50%) at 10 GeV/c (25 GeV/c) in p+p collisions.155

The ine�ciency was dominated by the minimum require-156

ment on the calorimetric fraction of the jet momentum.157

For a given selection on the particle-level jet pT, the mean158

value of the p

rec
T /pT distribution was ⇡ 0.65-0.70, result-159

ing from missing neutral hadronic energy and tracking160

ine�ciency. The width of this distribution was ⇡ 20-161

25%, rose slightly with pT, and was driven by jet-by-jet162

fluctuations in the neutral hadronic momentum fraction163

and not by the resolution on the constituent momenta.164

In the d+Au event classes, the impact of the underlying165

event on the response decreased systematically with in-166

creasing jet pT. For pT = 20 GeV/c jets in 0–20% d+Au167

events, the underlying event background increased the168

e�ciency by 2%, the average p

rec
T by 0.1–0.2 GeV/c, and169

the p

rec
T resolution by 1%, relative to that in p+p events.170

The p

rec
T -level spectra were corrected for the detec-171

tor response and the presence of the underlying event172

in d+Au collisions through the singular value decom-173

position (SVD) [31, 32] unfolding method (the iterative174

Bayesian [33] method gave consistent results). For an ob-175
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FIG. 1. Measured anti-kt, R = 0.3 jet yields in d+Au
collisions, and the measured and calculated jet cross-section
in p+p collisions, with the data series o↵set by multiplica-
tive factors. Total systematic uncertainties, including overall
normalization uncertainties, and statistical uncertainties are
shown as shaded bands and vertical bars, respectively. In the
bottom panel, the p+p data and calculation are divided by a
fit to the data.

served spectrum dN/dprecT , the SVD method inverts the176

equation dN/dprecT = R · dN/dpT by expressing dN/dpT177

as a linear combination of the left singular vectors of178

R, with coe�cients determined by dN/dprecT . This in-179

version is regularized by keeping the contribution only180

from the k vectors with the largest singular values. The181

remaining contribution is treated as arising from statis-182

tical fluctuations and is truncated, ensuring a smooth183

solution dN/dpT. Following standard techniques [31], k184

was fixed at 5, and the results were validated by compar-185

ing dN/dpT, propagated through R, to dN/dprecT , and by186

examining the curvature of dN/dpT with respect to the187

simulated pT spectrum used to populate R. The statis-188

tical uncertainties on dN/dpT were evaluated by resam-189

pling dN/dprecT according to its uncertainties and observ-190

ing the changes in dN/dpT. Finally, the dN/dpT spectra191

were corrected for the reconstruction e�ciency ✏(pT). At192

low-pT in 0–20% events, the RdAu after unfolding is lower193

than the detector-level RdAu by 20%, while the two are194

comparable at high-pT or in peripheral events.195

The p+p di↵erential cross-section was constructed via196

2⇡�pp
N

jet(pT)/✏
pp
N

evt
✏(pT)�pT�⌘��, where �

pp =197

23 mb is the minimum bias cross-section, ✏pp = 0.79 is198

the fraction of jet events meeting the minimum bias con-199

dition, and 2⇡/�pT�⌘�� are phase space factors. Fig-200

ure 1 shows the d+Au yields and the p+p cross-section,201

which compares well with a pQCD calculation [34, 35].202

The measured spectra and nuclear modification fac-203

tors are subject to systematic uncertainties from a vari-204

ety of sources. For most sources, the e↵ects on the results205

were determined by modifying the simulation sample, the206

event or jet selection criteria, or the unfolding procedure207



Summary and Outlook
• Hard probes in d+Au important part of full picture of both nuclear 

structure and potential medium effects 

• Minimum bias RdA = 1 
– strong constraint on initial state effects over large kinematic range 

• Strong centrality dependence observed in RdA of inclusive jets 
– see poster #0421 by D. Perepelitsa 
– presents challenge to theorists 

• Future measurements of jets in p+Au, and He3+Au, can provide important 
tests of models attempting to explain observed centrality dependence 
through proton color fluctuations
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jets in heavy ion collisions

For detailed discussion of jets in heavy-ion collisions 
see talk by Arbin Timilsina - Sept. 29 @ 14:40

high-pT suppression ⇒ important QGP observable
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Statistical uncertainties in unfolded spectra
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Figure 15: Distribution of the ratio of the unfolded result after a statistical resampling of the
reco-level spectrum, to the nominal unfolded result. Each panel shows a di↵erent spectrum, and
the vertical error bars represent the standard deviation in each p

T

bin.

Then, for each bin, a new number of counts is generated by sampling the respective Poisson408

distribution. The unfolding is performed with this new input reco-level spectrum. This is repeated409

some large number (10N ) of times, and the variation in each bin of the unfolded spectrum from the410

nominal one is recorded.411

It was found that 103 iterations were su�cient to determine the statistical uncertainties in this412

procedure. Figure 15 shows the distribution of the ratio of the unfolded result in each trial to413

103 iterations on toy MC:
- sample Poisson distribution 

for range of counts in each 
pT,reco bin 

- redo unfolding with new 
reco-level spectrum
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Systematics in ratio
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Figure 19: Relative systematic uncertainty breakdown for the various unfolded yield / unfolded
yield ratios, as a function of p

T

.
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Many sources of uncertainty 
common to d+Au and p+p cancel in ratio
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reconstruction efficiency
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Figure 6: Jet reconstruction e�ciency, showing the cutflow in p+p collisions (top row), and the
absolute (middle row) and relative (bottom row) centrality dependence. Shown for Tune A (left
column) and D6T (right column).
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Figure 6: Jet reconstruction e�ciency, showing the cutflow in p+p collisions (top row), and the
absolute (middle row) and relative (bottom row) centrality dependence. Shown for Tune A (left
column) and D6T (right column).

12

 (GeV/c)truth
T

 p
10

ge
o

∈
 / ∈ 

0

0.2

0.4

0.6

0.8

1 PYTHIA Tune A, 200 GeV

any jet
jet + fiducial cuts
jet + fiducial + jet-level cuts

 (GeV/c)truth
T

 p
10

ge
o

∈
 / ∈ 

0

0.2

0.4

0.6

0.8

1 PYTHIA D6T, 200 GeV

any jet
jet + fiducial cuts
jet + fiducial + jet-level cuts

 (GeV)truth
T

p
10

ge
om

∈
 / ∈

0

0.2

0.4

0.6

0.8

1 PYTHIA Tune A, 200 GeV
+Aud0-20% 

+Aud20-40% 
+Aud40-60% 
+Aud60-88% 

p+p

 (GeV)truth
T

p
10

ge
om

∈
 / ∈

0

0.2

0.4

0.6

0.8

1 PYTHIA D6T, 200 GeV
+Aud0-20% 

+Aud20-40% 
+Aud40-60% 
+Aud60-88% 

p+p

 (GeV)truth
T

p
10

) p+p
 ( 

ge
om

∈
 / ∈

+A
u)

 - 
d (

ge
om

∈
 / ∈

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

p+p+Au - d0-20% 
p+p+Au - d20-40% 
p+p+Au - d40-60% 
p+p+Au - d60-88% 

PYTHIA Tune A, 200 GeV

 (GeV)truth
T

p
10

) p+p
 ( 

ge
om

∈
 / ∈

+A
u)

 - 
d (

ge
om

∈
 / ∈

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

p+p+Au - d0-20% 
p+p+Au - d20-40% 
p+p+Au - d40-60% 
p+p+Au - d60-88% 

PYTHIA D6T, 200 GeV

Figure 6: Jet reconstruction e�ciency, showing the cutflow in p+p collisions (top row), and the
absolute (middle row) and relative (bottom row) centrality dependence. Shown for Tune A (left
column) and D6T (right column).

modest centrality dependence 
due to slight increase in 

efficiency from underlying 
event in central d+Au


