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Charged hadrons in Pb+Pb [2]  
 
•  RAA shows strong pT  
dependence 
•  RAA decreases with  
higher pT reaching  
a minimum at pT ≈ 7 GeV,  
where the charged-particle  
suppression is the strongest  
•  RAA shows good  
agreement with other  
experiments 
 
 
 

Reference pp spectrum 
•  Interpolation to 5.02 TeV with ln(√s) 
 
pp samples: 
 
200 μb-1, √s=2.76 TeV 
130 nb-1, √s=7 TeV 
 
published in: 
http://arxiv.org/abs/1504.04337 
http://arxiv.org/abs/1012.5104  
 
 
•  High pT charged particle spectra obtained   
from pp collision data 
 
pp data at √s = 5.02 TeV were recorded in 2015  
with a total luminosity of 25 pb−1 

 
The jet triggers used an anti-kt jet algorithm with a radius  
parameter of R = 0.4 and various thresholds [3] 
 
Tracks in events recorded by jet triggers are required to be  
matched to a jet within ∆R2=︎∆η2 + ∆φ2 < 0.16 and have  
pT ≤1.3 × pjet

T 
 
The jet trigger with the lowest threshold becomes  
fully efficient at pjet

T = 26 GeV 

Nuclear modification measurements at the LHC 
  

•  In case of no nuclear effects  
RpPb should not differ from  
unity at high pT 

•  ALICE results do not support  
CMS @ high pT using constructed  
reference pp spectra 
 
•  p+Pb 2013 ATLAS data allow  
to check high pT CMS results 
 

Results [4], [5] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lower pT with interpolated pp reference: 
•  Nuclear effects are still present at the “peak” and lower pT region 
•  Strong rapidity & centrality dependence of the particle production  
•  Glauber and GGCF models provide different interpretations 
Higher pT with pp reference: 
•  The most central interval 0–10% shows an increase toward lower pT, the peripheral  
interval shows a decrease  
•  High pT RpPb does not show significant deviation from unity in the centrality interval 0–90%  
for any transverse momentum 
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hTpPbi using the standard Glauber model [9]. The pp spectra are presented in the same pT and y ranges
as were the p+Pb results.

Figure 2 shows a comparison to the interpolated reference, used previously for the comparison of p+Pb
data with the pp particle spectra [11]. The interpolation assumed that the particle spectra increase linearly
with ln(

p
s). Alternative interpolations assumed that it is linear in xT or

p
s, and lastly an interpolation

using PYTHIA was also done. All these are shown in Fig. 2 and they agree to within a few per cent at
low pT and 20% at high pT. The data agree well with the interpolations at low pT but at high pT they are
about 30% higher than the default interpolation.

Figure 3 shows RpPb in the 0–90% centrality interval. The pT dependence is substantially reduced com-
pared to the previous estimate from ATLAS that relied upon interpolation.

Figure 4 shows RpPb in three di↵erent centrality intervals. While the central interval 0–10% shows an
increase toward lower pT, the peripheral interval shows a decrease. This low pT behavior is consistent
with previous ATLAS measurements [11, 20]. The large statistical uncertainties for the 0–10% centrality
interval at high pT are due to poor statistics of the low-p jet

T triggers that have high prescales and thus
tracks coming from these few events get large weight. These low-p jet

T triggers do not contribute to other
centrality intervals at all.
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Figure 1: Charged particle production cross section measured in pp collisions at
p

s = 5.02 TeV. The statistical
uncertainties are smaller than the marker size, and the boxes represent systematic uncertainties. The p+Pb spectra
were taken from Ref. [11].
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       The ATLAS Detector 
•  Inner Detector |η|<2.5                        

TRT |η|<2 
•  EMCal+HCal system |η|<4.9 
 
•  Pb-going Forward Calorimeter 

-4.9<η<-3.2 
 

 
 
 
Convention: 
 y*=yCM-0.465  
positive rapidity is proton-going 

DRAFT

1. Introduction53

Proton-nucleus collisions at ultrarelativistic energies provide an opportunity to understand the role of the54

nuclear environment in modifying hard scattering rates. Several physics e�ects are expected to induce55

deviations from a simple proportionality between the scattering rate and the number of binary nucleon-56

nucleon collisions [1]. First, nuclear shadowing e�ects have been long observed in both deep-inelastic57

scattering on nuclei, as well as in proton-nucleus collisions, indicating that nucleons embedded in a nucleus58

have a modified structure. This modification tends to suppress hadron production at low to moderate59

momentum, and is addressed by a variety of theoretical approaches [2, 3]. Some of these approaches60

describe hadron production cross-sections in terms of a universal set of nuclear parton distribution61

functions (nPDF), which are parameterised as modifications to the free nucleon PDFs [4, 5, 6, 7, 8, 9, 10,62

11, 12, 13, 14, 15]. Second, energy loss in “cold nuclear matter” is expected to modify hadron production63

rates at high transverse momentum (pT) [16]. Finally, a relative enhancement of hadron production rates64

at moderate momenta are observed in proton-nucleus collisions [17], which can be attributed to initial65

state scattering of the incoming nucleon [18, 19] and radial flow e�ects [20]. All of these e�ects can be66

explored experimentally by the measurement of charged hadron production as a function of transverse67

momentum.68

For proton-lead (p+Pb) collisions, assuming that the initial parton densities are the incoherent super-69

position of the nucleonic parton densities, the particle production rate can be estimated by the product70

�NN ⇥ hTPbi, where �NN is the inelastic nucleon-nucleon cross section and hTPbi is the average value of71

the nuclear thickness function over a distribution of proton impact parameters incident on the lead target.72

Neglecting isospin e�ects, �NN ⇡ �pp , where �pp is the proton-proton (pp) cross section. The “nuclear73

modification factor” RpPb can be written as:74

RpPb(pT, y
?) =

1
hTPbi

1/Nevt d2
NpPb/dy?dpT

d2�pp/dy?dpT
. (1)

where NpPb/Nevt is the per-event charged particle yield in p+Pb collisons. Both numerator and denominator75

are presented in terms of y?, the rapidity in the nucleon-nucleon centre-of-mass frame. In the absence of76

initial-state and nuclear e�ects, the ratio RpPb will be unity at high pT [3]. An alternate nuclear nuclear77

modification factor comparing central to peripheral events, RCP, can be constructed without the need for78

a pp reference spectrum. RCP is defined as:79

RCP(pT, ⌘) =
hTPb,Pi
hTPb,Ci

(1/Nevt,C)d2
NpPb,C/d⌘dpT

(1/Nevt,P)d2
NpPb,P/d⌘dpT

, (2)

where indices “P” and “C” label peripheral (large impact parameter) and central (small impact para-80

meter) centrality intervals, respectively. This nuclear modification factor is presented as a function of81

pseudorapidity (⌘) rather than y? since both numerator and denominator are from systems with the same82

longitudinal boosts. Measurements of RpPb and RCP provide useful input for constraining models of83

shadowing, energy loss and radial flow e�ects. They should also provide useful input for the determ-84

ination of nuclear parton density functions, in particular as a function of proton impact parameter and85

Bjorken-x [6].86

This paper presents measurements of per-event charged particle yields and nuclear modification factors87

in p+Pb collisions at a centre-of-mass energy psNN = 5.02 TeV. The measurements are performed using88

the ATLAS Inner Detector (ID), calorimeters and the minimum-bias trigger scintillators (MBTS) [21].89
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Nuclear modification measurements at RHIC [1] 
•  why to study charged particle spectra?  
•  ︎  to understand properties of hot dense matter created in HI collisions (Pb+Pb) and 

contribution of “cold” effects (p+Pb) 
•  ︎  to understand the mechanism of energy loss  
of partons  

•  nuclear modification factor: 
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Figure 2: Ratios to the interpolated pp reference. The ratios of the 7, 5.02 and 2.76 TeV are represented by circles,
crosses and squares, respectively. The boxes around the crosses depict the systematic uncertainty of the presented
5.02 TeV measurement. The green and red lines show ratios of

p
s and xT interpolation. The ratio to the cross

section obtained from the PYTHIA simulation is shown by the purple line. The gray band and vertical lines around
unity represent systematic and statistical uncertainty of the interpolated reference. Additional 10% systematic
uncertainty imposed on the interpolation method is not shown.
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Figure 3: Nuclear modification factor RpPb measured in the 0–90% centrality interval. Statistical uncertainties are
shown with vertical lines and brackets represent systematic uncertainties, with the exception of the fully correlated
systematic uncertainty that is shown with the gray band around unity.
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