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Motivation: hadron production
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✴ Hadron production in  and  collisions not well 
understood


✴ Most production driven by non-perturbative soft-QCD 
interactions: hadronization, DPS, …


✴ Predictions of Monte-Carlo generators largely 
disagree in LHCb acceptance


- Impact in cosmic-ray physics:


✴ generators used to study the evolution of hadronic 
cascades from high-energy cosmic rays  


✴ uncertainties limited by quality of generators 


✴ unexplained excess in the number of muons that 
reach the Earth surface (arXiv:2105.06148v1)

pp pA

EPJC 74 (2014) 2053

https://arxiv.org/abs/2105.06148v1
https://arxiv.org/ct?url=https://dx.doi.org/10.1140/epjc/s10052-014-3053-6&v=cf1951bd
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Motivation: CNM effects
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✴ Charged hadron production in  collisions 
influenced by cold nuclear matter (CNM) effects


✴ Baseline to study  collisions and quark gluon 
plasma effects


✴ Perturbative QCD (pQCD) calculations are only 
possible for high  charged particles:

pA

AA

pT

- Description of shadowing/antishadowing in 
nuclear PDFs (nPDFs)


- Study saturation of gluon density  
constrains in Color Glass Condensate (CGC) 
models 


- Are additional CNM effects not described by 
nPDFs?
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Gluon nuclear modification in nPDFs

 Eur.Phys.J.C 77 (2017) 3

Nuclear modification factor     ,      → RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

A = 208

https://doi.org/10.1140/epjc/s10052-017-4725-9
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LHCb detector

General purpose single-arm forward spectrometer
• Acceptance

• 2 < η < 5 with particle identification
• 0.1 < !! / GeV&"#< 10

• Very good momentum and vertex resolution
• Very good discrimination of prompt charm & beauty

• Very accurate luminosity (world record for p-p 7 TeV)
• PID optimal for µ, p, K, p
• Flexible software trigger

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022 

Hans Dembinski - LHCb Heavy-ion and QCD 2

The LHCb detector

4

pT

Figure from arXiv:2105.06148v1

p Pb

pPb

Forward η > 0

Backward η < 0

Boost of nucleon-nucleon cms 
system: η = ηlab − 0.465

• Only LHC detector fully instrumented in 


• Minimum-bias datasets of  and  collisions at 
different centre-of-mass energies


• Reverse beam directions in :

2 < η < 5

pp pPb

pPb

{

https://arxiv.org/abs/2105.06148v1
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• Nuclear effects depend on  of the 
probed  parton 


• LHCb can probe unprecedented Bjorken-  
range:


- forward, 


- backward, 


• Possible access to saturation region in 
perturbative scale 


• Backward acceptance overlaps with 
 at central BRAHMS ( ) and 

backward PHENIX ( )

(x, Q2)
Pb

x

10−6 ≲ x ≲ 10−4

10−3 ≲ x ≲ 10−1

pT > 1.5 GeV/c

(x, Q2) dAu
Aup

LHCb  coverage(x, Q2)

5

Saturation region:  
PRD59, 014017 (1998), PRL100, 022303 (2008)

Q2 ∼ m2 + p2
T, x ∼

Q
sNN

e−η

: exchanged momentum between interacting partons


: momentum fraction of  parton

Q2

x Pb

m = 256 MeV/c2

Q2
s,Pb ≈ 0.26 A1/3(x0/x)λ GeV2 λ = 0.288

x0 = 3 ⋅ 10−4

A = 208
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Prompt charged particle production in  and pPb pp
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arXiv:2108.13115

• Datasets at 


• Measure  in common  range 

sNN = 5 TeV

RpPb η

    
d2σ

dpTdη
pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη

: prompt charged particle yieldNch

: bin sizeΔη, ΔpT

: integrated luminosity of the datasetℒ

Beam Acceptance Luminosity
pp 2 < ⌘ < 4.8 3.49± 0.07 nb�1

pPb 1.6 < ⌘ < 4.3 42.73± 0.98µb�1

Pbp �5.2 < ⌘ < �2.5 38.71± 0.97µb�1
<latexit sha1_base64="u+wrrd3HN/Lc0Tv0m7u/a/l27Xo="></latexit>

• Prompt charged particles:


• Long-lived charged particles:    π−, K−, p, e−, μ−, Ξ−, Σ+, Σ−, Ω− (+cc.)

- long-lived particles (lifetime )


- produced in primary interaction or without long-lived ancestors
< 30 ps

Nuclear modification factor     ,      → RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

A = 208

https://arxiv.org/abs/2108.13115
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Analysis overview
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- Fake tracks, reconstruction artifacts not produced by charged particles 

- Secondary particles: particles from


✴ interactions with the detector material (  from  conversions and hadrons from hadronic 
interactions)


✴ daughters of long-lived particles ( )

e− γ

Λ0, K0
S , Σ+ . . .

Figure from JINST 10 (2015) 02, P02007 

•  measured with long tracks, covering 
,  


•

Nch

p > 2 GeV/c 0.2 < pT < 8 GeV/c

Nch = Ncandidates P
εrecoεsel

• Background contributions:

- : selected long tracks


- : signal purity


- : reconstruction efficiency


- : selection efficiency

Ncandidates

P
εreco

εsel

arXiv:2108.13115

https://doi.org/10.1088/1748-0221/10/02/P02007
https://arxiv.org/abs/2108.13115
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Analysis overview

8

• Background from fake tracks specially important


- Increases with event occupancy, large contribution in 


- Contribution rises strongly with 


• Remove most background with a tight track selection


• Selection efficiency measured on data using a calibration sample of  
decays


• Remaining background estimated with simulation and corrected with data

- use background-enriched proxy samples

Pbp
pT

ϕ(1020) → K+K−

arXiv:2108.13115

• Reconstruction efficiency depends on relative particle composition 


• Charged particle composition not yet measured in LHCb acceptance for   use EPOS-
LHC simulation validated with ALICE data (Phys. Lett. B760 (2016) 720)

pPb →

Background description

Relative particle composition

https://arxiv.org/abs/2108.13115
https://doi.org/10.1016/j.physletb.2016.07.050
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• Measurement dominated by systematic uncertainties:


- particle composition in  for most bins


- tracking efficiency and signal purity in boundary  bins


• Total uncertainty shown in the table:


- down to in 


- down to  in 

pPb
(η, pT)

2.8 % d2σ/dηdpT

4.2 % RpPb

Systematic uncertainties

9

arXiv:2108.13115

Table 1: Relative uncertainties for pPb and pp charged particle cross-sections. The range
indicates the minimum and the maximum value among the two-dimensional ⌘ and pT intervals.
The systematic uncertainty due to luminosity is fully correlated across the intervals. The other
sources of systematic uncertainties are fully uncorrelated between di↵erent intervals.

Uncertainty source
pPb [%] pPb [%]

pp [%]
(forward) (backward)

Track-finding e�ciency 1.5 – 5.0 1.5 – 5.0 1.6 – 5.3
Detector occupancy 0.0 – 2.8 0.6 – 2.9 0.1 – 1.6
Particle composition 0.4 – 4.1 0.4 – 4.6 0.3 – 2.4
Selection e�ciency 0.7 – 2.2 0.7 – 3.0 1.0 – 1.7
Signal purity 0.1 – 1.8 0.1 – 11.7 0.1 – 5.8
Luminosity 2.3 2.5 2.0
Statistical uncertainty 0.0 – 0.6 0.0 – 1.0 0.0 – 1.1
Total (in d2�/d⌘dpT) 3.0 – 6.7 3.3 – 14.5 2.8 – 8.7
Total (in RpPb) 4.2 – 9.2 4.4 – 16.9 –

Several sources of systematic uncertainty are considered. For candidates in the
range 5 < p < 200GeV/c the track-finding e�ciency carries an uncertainty due to the
limited size of the calibration samples and the di↵erence between hadron and muon
material interactions. For candidates outside this range, a 5% uncertainty is assigned.
An uncertainty is assigned accounting for the detector occupancy description, which is
estimated considering alternative weights. The uncertainty due to imperfect knowledge
of the relative particle composition is determined from a 30% variation in the relative
abundances of particles obtained from simulation. The uncertainty on the selection
e�ciency originates primarily from the limited size of the calibration sample. For the
purity, the systematic uncertainty is estimated from the background abundance in the
background-enriched samples and the data-simulation discrepancy in the background
fraction from the independent samples. This uncertainty has a large ⌘ and pT dependence:
while negligible in regions with a small background level, it is the dominant contribution
for intervals with large background contributions. These intervals correspond to high pT
for fake tracks in pPb collisions in the backward region. The uncertainties are given in
Table 1, where all uncertainties are treated as uncorrelated.

The measured prompt charged particle cross-sections for pp and pPb are presented
in Fig. 1. The total uncertainty is the sum in quadrature of statistical, system-
atic, and luminosity uncertainties. On average 0.1035± 0.0029 charged particles (with
0.961 < pT < 1.249GeV/c and 3.0 < ⌘ < 3.5) are produced in pp collisions, when scaled
by the total inelastic nucleon-nucleon cross-section of 67.6± 0.6mb at

p
sNN = 5TeV [48].

This is two orders of magnitude smaller than for pPb collisions, assuming the same total
inelastic nucleon-nucleon cross-section. The cross-section for pp collisions at

p
sNN = 5TeV

is compared with the result at
p
sNN = 13TeV [27]. Both results are consistent, showing

an increase in the cross-section at 13TeV of a factor 1 to 3, depending on pT.
The result for RpPb in di↵erent (⌘, pT) intervals is presented in Fig. 2, where the

uncertainties arise from statistical, systematic and luminosity sources. In the forward
region, the measurement indicates a suppression of charged particle production in pPb
collisions relative to that in pp collisions, which increases towards forward pseudorapidities.
In the low pT regime, RpPb reaches values of about 0.3 in the most forward pseudorapidities.

4

https://arxiv.org/abs/2108.13115
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•     
d2σ

dpTdη
pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη

Double-differential cross-sections at 5 TeV
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arXiv:2108.13115

-  result compared with measurement at  (arXiv:2107.10090)


- cross-section at  from  increases a factor  depending on , consistent 
with expectations

pp s = 13 TeV
13 TeV 5 TeV 1 − 3 pT

https://arxiv.org/abs/2108.13115
https://arxiv.org/abs/2107.10090
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Results of : forward regionRpPb
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arXiv:2108.13115
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Models

- EPPS16+DDS: I. Helenius et. al. JHEP09(2014) 138


- CGC: T. Lappi et. al. PR D88, 114020

Models:• Strong suppression at forward , down 
to  at low  and most forward 
rapidity


• Discrepancy at low  with CGC 
calculation

η
∼ 0.3 pT

pT

• Nuclear modification factor:    RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

, A = 208

https://arxiv.org/abs/2108.13115
https://link.springer.com/article/10.1007/JHEP09(2014)138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114020
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Results of : backward regionRpPb
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- does not reproduce enhancement


- pQCD calculation with MS: Z. B. Kang et. al. 
- same calculation reproduces enhancement in 

 collisions at PHENIXAup PL B740(2015) 23

Models:• Enhancement at backward for 
, as observed by 

PHENIX in 


• Observed a  dependence of the 
enhancement

pT > 1.5 GeV/c
Aup
η

JHEP09(2014) 138

PR D88(2013) 054010

• Nuclear modification factor:    RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

, A = 208
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Results of : comparison with ALICERpPb
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arXiv:2108.13115
ALICE: JHEP 1811 (2018) 013

• Continuous trend of  from forward to backward  rapidity, including CMS and ALICE 
results

RpPb η

Normalization uncertainties 
for LHCb and ALICE
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Results of : dependence with RpPb (xexp, Q2
exp)
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Q2
exp ≡ m2 + p2

T and xexp ≡
Qexp

sNN
e−η

- experimental proxies for 

- with  and  the center of each bin and  


- indirect study of the evolution of  with  and 

(x, Q2)
η pT m = 256 MeV/c2

RpPb x Q2

6−10 5−10 4−10 3−10 2−10 1−10

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<0.85 GeVexp
2Q0.75<

6−10 5−10 4−10 3−10 2−10 1−10
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<10 GeVexp
2Q7<

5−10 4−10 3−10 2−10 1−10

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<4 GeVexp
2Q3<

LHCb
=5 TeVNNs

Prompt charged particles

5−10 4−10 3−10 2−10 1−10
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<50 GeVexp
2Q45<

Pbp
R

Pbp
R

expx expx

2.5−<η3.0<−LHCb,   <3.0η2.5<−LHCb,
3.0−<η3.5<−LHCb,   <3.5η3.0<−LHCb,
3.5−<η4.0<−LHCb,   <4.0η3.5<−LHCb,
4.0−<η4.5<−LHCb,   <4.3η4.0<−LHCb,
4.5−<η4.8<−LHCb,   <2.5η2.0<−LHCb,
0.3−<η1.3<−ALICE, <1.0η1.0<−CMS, 

• Continuous evolution of  with  at different , between forward, central and backward  
regions
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Conclusions
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• First determination of  for prompt charged particles in forward and backward regions 
at LHC


- double-differential prompt charged particle cross-section in  and  at 



- total uncertainty down to in 


- Study of cold nuclear matter effects over a wide range of 


- Strong constrains to nuclear PDFs and saturation models at intermediate and very low 

RpPb

pp pPb
sNN = 5 TeV

4.2 % RpPb

x

x

• Prospects: exploit excellent  PID at LHCb to measure cross-sections by species in 
 and  collisions


- Reduction of systematic uncertainty in this measurement


- Input to understand enhancement in backward region

(π, K, p)
pp pPb



Backup slides
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The LHCb detector
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• Forward spectrometer at LHC fully instrumented in 


- Tracking system with excellent momentum resolution


- Identification of charged hadrons , neutrals , and leptons 


• Resolution of  and  decay vertices from primary collision


• Highly flexible trigger, configured to measure very low 


• Accurate luminosity determination (uncertainty , JINST 9 (2014) 12, P12005)

2 < η < 5

(π, K, p) (γ, π0) (μ, e)

B D

pT

∼ 2 %

LHCb JINST 3 (2008) S08005

LHCb performance IJMPA 30 (2015) 1530022

pT

https://doi.org/10.1088/1748-0221/9/12/P12005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08005
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Previous results of RpA,dA
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FIG. 2: Nuclear modification factor for charged hadrons at pseudorapidities η = 0, 1.0, 2.2, 3.2. One standard deviation
statistical errors are shown with error bars. Systematic errors are shown with shaded boxes with widths set by the bin sizes.
The shaded band around unity indicates the estimated error on the normalization to 〈Ncoll〉. Dashed lines at pT < 1.5 GeV/c

show the normalized charged particle density ratio 1
〈Ncoll〉

dN/dη(Au)
dN/dη(pp) .
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FIG. 3: Central (full points) and semi-central (open points) Rcp ratios (see text for details) at pseudorapidities η =
0, 1.0, 2.2, 3.2. Systematic errors (∼ 5%) are smaller than the symbols.

(η = 3.2) the data show a suppression at all pT . The val-
ues of the RdAu ratios at low pT are observed to be similar
to the ratio of charged-particle pseudorapidity densities
in d+Au [13] and p+p [14] collisions 1

〈Ncoll〉
dN/dη(Au)
dN/dη(pp)

shown in Fig. 2 with dashed lines at pT < 1.5GeV/c .

Figure 3 shows the ratio Rcp of yields from collisions of
a given centrality class (0-20% or 30-50%) to yields from
more peripheral collisions (60-80%), scaled by the mean
number of binary collisions in each sample. The central-
ity selection is based on charged particle multiplicity in
the range −2.2 < η < 2.2 as described in [13]. Since the
peripheral collisions are similar to p+p, the Rcp is domi-
nated by the nuclear effects in the more central collisions,
making the nuclear modification independent of the p+p

reference spectrum. The data from the different central-
ity classes are obtained from the same collider run. The
ratios shown in Fig. 3 are therefore largely free of sys-
tematic errors associated with run–by–run Collider and
detector performance, and wide η bins can be used for
each spectrometer setting. In contrast, the ratios shown

in Fig. 2 must be constructed from two collider runs
with different species. Smaller η bins must then be used
in order to include detailed acceptance corrections lead-
ing to larger fluctuations. The dominant systematic error
in the Rcp ratios comes from the determination of 〈Ncoll〉
in the centrality bins. The shaded bands in Fig. 3 indi-
cate the uncertainty in the calculation of 〈Ncoll〉 in the
peripheral collisions (12%). We estimate the mean num-
ber of binary collisions in the three centrality classes to
be 〈N0−20%

coll 〉 = 13.6 ± 0.3, 〈N30−50%
coll 〉 = 7.9 ± 0.4 and

〈N60−80%
coll 〉 = 3.3± 0.4.

There is a substantial change in Rcp between η = 0
and the forward rapidities. At low pseudorapidity, the
central–to–peripheral collisions ratio is larger than the
semicentral–to–peripheral ratio, suggesting the increased
role of Cronin like multiple scattering effects in the more
violent collisions. Conversely, at forward pseudorapidi-
ties the more central ratio is smallest indicating a sup-
pression mechanism that depends on the centrality of
the collision. In Fig. 4 we show Rcp for the transverse
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TABLE IV. Parameter used in pythia8

parameter value description

SoftQCD:inelastic=on on QCD process for MB

PDF:pSet 7 cteq6l parton distribution function

MultipartonInteractions:Kfactor 0.5 Multiplication factor for multiparton interaction
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FIG. 8. RpA of charged hadrons as a function of pT at
(a) forward and (b) backward rapidity in p+Au 0%–100%
centrality selected collisions at

p
sNN = 200 GeV. Also shown

are comparisons to a pQCD calculation [14] and calculations
based on the nPDF sets [22, 23].

before and after hard scattering [14] at backward rapid-
ity are also compared with the data, and it agrees with
the both p+Al and p+Au data.

Figure 9 shows RpA of charged hadrons integrated over
the interval 2.5 < pT < 5 GeV/c as a function of ⌘ in the
0%–100% centrality selection of (a) p+Al and (b) p+Au
collisions at

p
sNN = 200 GeV. Again the data are com-

pared with pQCD calculations at backward rapidity and
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FIG. 9. RpA of charged hadrons in 2.5 < pT < 5 GeV/c as a
function of ⌘ in (a) p+Al and (b) p+Au 0%–100% centrality
selected collisions at

p
sNN = 200 GeV. Also shown are com-

parisons to a pQCD calculation [14] and calculations based
on the nPDF sets [22, 23].

calculations based on two nPDF sets. In p+Au collisions,
there is a modest hint that enhancement at backward ra-
pidity becomes larger as ⌘ approaches midrapidity, while
the suppression at forward rapidity becomes stronger. In
p+Al collisions, RpA at forward rapidity is quite simi-
lar to what is observed in p+Au collisions, whereas it
shows a smaller enhancement at backward rapidity than
the results in p+Au collisions. The comparison with

Charged-particle spectra and nuclear modification factors ALICE Collaboration
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Fig. 7: Left: Nuclear modification factors measured by ALICE in central (0–5%) and peripheral (70–80%) Pb–Pb
collisions and in p–Pb collisions at

p
sNN = 5.02 TeV. Right: A comparison of the nuclear modification factors

for central (0-5%) Pb–Pb and p–Pb collisions measured by ALICE and CMS [11, 14]. In both figures, the pT-
dependent systematic uncertainties are shown as boxes around data points. The normalization uncertainties are
shown as boxes around unity.

hadrons in 20–30% central Pb–Pb collisions at the LHC. The calculations by Andrés et al. [54] use the
jet quenching formalism of quenching weights. This approach consists of fitting a K factor, defined as
K ⌘ q̂/2e3/4, that quantifies departure of this parameter from the perturbative estimate, q̂ideal ⇠ 2e3/4

[55], where the local energy density e is taken from a hydrodynamical model of the medium. The K
factor is the only free parameter in the fit of nuclear modification factors. Without including new data atp

sNN = 5.02 TeV in the fit procedure, they predict a ⇠ 15% larger suppression at
p

sNN = 5.02 TeV as
compared to

p
sNN = 2.76 TeV, assuming the same value of K as the one obtained from the fit to the data

at the lower energy.

All models presented here describe the main features of the data. The models by Vitev et al., Djordjevic
et al. and CUJET 3.0 give quantitatively good description of the data. The model by Bianchi et al. is
consistent with data within 1.5s while that by Andrés et al. underestimates the data at high pT. However,
one should note that this comparison is made between unbinned theory calculations and binned data in
relatively large pT bins, which might introduce additional uncertainty.

4 Summary

In summary, we measured the primary charged particle pT spectra in pp and Pb–Pb collisions at
p

sNN =
5.02 TeV. We also reanalyzed the data collected in pp and Pb–Pb collisions at

p
sNN = 2.76 TeV as

well as in p–Pb collisions at
p

sNN = 5.02 TeV with the revised techniques. Thanks to an improved
reconstruction, track selection and data-driven efficiency correction procedure we were able to reduce
the systematic uncertainties by a factor of ⇠ 2 as compared to previously published ALICE results. The
measured spectra were used to determine the nuclear modification factors RpPb and RAA. The nuclear
modification factor in p–Pb collisions is consistent with unity at high pT, showing that the strong sup-
pression observed in Pb–Pb is not due to CNM effects but rather due to final state partonic energy loss
in the hot and dense QGP created in Pb–Pb collisions. This suppression is weak in peripheral collisions
and increases with centrality reaching a value of RAA = 0.13 at pT = 6–7 GeV, indicating an increasing
parton energy loss with centrality. This suppression is found to be similar at

p
sNN = 2.76 and 5.02 TeV,
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