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Low-  phenomenax
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• At large energies and low parton momentum 
fraction ( )   saturation of the gluon density of 
hadrons


• Base for Color Glass Condensate effective-field 
theory


• Gluon saturation enhanced in heavy nuclei  
(PRL100, 022303 (2008))

x →

∼ A1/3

• Saturation and other nuclear effects can be studied 
with the particle production ratio in  and  
collisions  nuclear modification factor   


pPb pp
→

RpPb(η, pT) =
1
A

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

, A = 208
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Figure 2
(a) The x evolution of the gluon, sea quark, and valence quark distributions for Q2 = 10 GeV2, measured at HERA (3). (b) The phase
diagram for quantum chromodynamics (QCD) evolution. Each colored dot represents a parton with transverse area δS⊥ ∼ 1/Q2 and
longitudinal momentum k+ = x P+. Abbreviations: BFKL, Balitsky-Fadin-Kuraev-Lipatov; DGLAP, Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi.

IMF of the parton model, xG(x, Q2) is the number of gluons with a transverse area δS⊥ ≥ 1/Q2 and
a fraction k+/P+ ∼ x of the proton longitudinal momentum.2 In the Regge-Gribov limit, the rapid
rise of the gluon distribution at small x is given by the BFKL (Balitsky-Fadin-Kuraev-Lipatov)
equation (5), which we discuss below.

The stability of the theory formulated in the IMF requires that gluons have a maximal occu-
pation number of order 1/αs. This bound is saturated for gluon modes with transverse momenta
k⊥ ≤ Qs , where Qs(x) is a semihard scale (i.e., the saturation scale) that increases as x decreases.
In this novel saturation regime of QCD (Figure 2b) (6), the proton becomes a dense many-body
system of gluons. In addition to the strong-x dependence, the saturation scale Qs has an A depen-
dence because of the Lorentz contraction of the nuclear parton density in the probe rest frame.
The dynamics of gluons in the saturation regime is nonperturbative, as is typical of strongly cor-
related systems. However, in a fundamental departure from RFT, this dynamics can be computed
by use of weak coupling methods as a consequence of the large saturation scale that is dynamically
generated by gluon interactions. Thus, instead of the hard-plus-soft paradigm of the Bjorken limit,
one has a powerful new paradigm in the Regge-Gribov limit to compute the bulk of previously
considered intractable scattering dynamics in hadrons and nuclei.

The color glass condensate (CGC) is the description of the properties of saturated gluons in
the IMF in the Regge-Gribov limit. The effective degrees of freedom in this framework are color
sources ρ at large x and gauge fields Aµ at small x. At high energies, because of time dilation,
the former are frozen configurations on the natural timescales of the strong interactions and are
distributed randomly from event to event. The latter are dynamical fields coupled to the static

2The light-cone coordinates are defined as k± = (k0 ± k3)/
√

2.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.022303
https://doi.org/10.1103/PhysRevD.103.014013
https://www.annualreviews.org/doi/10.1146/annurev.nucl.010909.083629


Óscar Boente García Forward hadron suppression at the LHC 17/11/2022

Probing low-x at LHC
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• Instrumented to detect neutral/charged hadrons


• Excellent performance in  and  collisionspPb pp
Unique access to the saturation 

region with LHCb

• This talk  light hadron production measurements to tests of nuclear effects→

10°7 10°6 10°5 10°4 10°3 10°2 10°1

x

10°1

100

101

102

103

Q
2 [
G

eV
2 ]

Saturation
Region

LHCb (pPb)
LHCb (Pbp)
CMS
ATLAS
ALICE

PHENIX (pAu)
PHENIX (Aup)
BRAHMS
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pT > 1.5 GeV/c

• Lighter particles provide access to the lowest x

Q2 ∼ m2 + p2
T, x ∼

Q
sNN

e−η

: exchanged momentum between interacting 
partons


: momentum fraction of  parton

Q2

x Pb

- forward, 


- backward, 

10−6 ≲ x ≲ 10−4

10−3 ≲ x ≲ 10−1

p Pb pPb

forward

• LHCb 
coverage:

backward

Saturation region in plot: 

PRD59, 014017 (1998), PRL100, 022303 (2008)

Qs,Pb ≈ 0.26 A1/3(x0/x)λ λ = 0.288
x0 = 3 ⋅ 10−4 A = 208
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1.  Charged hadron production in  and 


2.  Neutral pion production in  and 


3.   production in 

pPb pp

pPb pp

D0 pPb

Measurements for today

4

Phys.Rev.Lett. 128 (2022), 142004

arXiv:2204.10608

arXiv:2205.03936

https://doi.org/10.1103/PhysRevLett.128.142004
http://arxiv.org/abs/2205.03936
https://arxiv.org/abs/2204.10608
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Charged hadron production in  and pPb pp
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Phys.Rev.Lett. 128 (2022), 142004

• 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>

• Measure prompt charged particles:


• Long-lived charged particles:    
π−, K−, p, Ξ−, Σ+, Σ−, Ω−, e−, μ−(+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://doi.org/10.1103/PhysRevLett.128.142004
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Charged hadron production in  and pPb pp
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• Measurement dominated by 
systematic uncertainties:


- particle composition  
abundance in  for most bins


- tracking efficiency and signal 
purity in boundary  bins

(π, K, p)
pPb

(η, pT)

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

- : selected long tracks


- : signal purity


- : reconstruction efficiency


- : selection efficiency

Ncandidates

P
εreco

εsel

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

Phys.Rev.Lett. 128 (2022), 142004

https://doi.org/10.1088/1748-0221/10/02/P02007
https://doi.org/10.1103/PhysRevLett.128.142004
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Charged hadron production in  and pPb pp
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•     
d2σ

dpTdη
pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη

• Precise double-differential cross-sections measured 
over a wide  range


• Recent LHCb measurement at  for  
(JHEP 01 (2022) 166)

η

s = 13 TeV pp

Phys.Rev.Lett. 128 (2022), 142004

https://link.springer.com/article/10.1007/JHEP01(2022)166
https://doi.org/10.1103/PhysRevLett.128.142004
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• Nuclear modification factor:    RpPb(η, pT) =
1
A

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

, A = 208

Charged hadrons : backward regionRpPb
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- EPPS16+DDS:

- does not reproduce enhancement


- pQCD+MS (MS = Multiple Scattering effects): 
- 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 shape

pT > 1.5 GeV/c
Aup
η

JHEP09(2014) 138

PR D88(2013) 054010 PR C101 (2020) 034910

Phys.Rev.Lett. 128 (2022), 142004

https://www.sciencedirect.com/science/article/pii/S0370269314008260?via=ihub
https://link.springer.com/article/10.1007/JHEP09(2014)138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.054010
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034910
https://doi.org/10.1103/PhysRevLett.128.142004
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• Nuclear modification factor:    RpPb(η, pT) =
1
A

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

, A = 208

Charged hadrons : forward regionRpPb
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Models

- EPPS16+DDS: JHEP09(2014) 138


- CGC (LO): PR D88, 114020


✴CGC NLO: better agreement with data

Models:
• Strong suppression at forward , down 

to  at low  and most forward 
rapidity


• Discrepancy at low  with CGC LO 
calculation

η
∼ 0.3 pT

pT

Phys.Rev.Lett. 128 (2022), 142004

 Phys. Rev. Lett. 128, 202302

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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Comparison with CGC NLO

10

Plot and prediction:  Phys. Rev. Lett. 128, 202302 Data: Phys.Rev.Lett. 128 (2022), 142004

momentum, more suppression in RpPb as shown in Fig. 2
can be observed as the indication of strengthening of the
small-x evolution effect [52]. In the high pT region, RpPb

approaches unity as the small-x effect attenuates.
Conclusion.—By incorporating the threshold resumma-

tion in the CGC formalism, we extend the applicability
regime of the CGC NLO calculation for forward hadron
productions to the large transverse momentum region.
Furthermore, the resummation allows us to reliably com-
pute the hadron spectra and corresponding nuclear modi-
fication factor from low pT to high pT regions, and thus
enables us to quantitatively understand the transition from
the gluon saturation regime to the dilute regime. This study,
which may serve as a benchmark example for other NLO
CGC calculations, demonstrates that the NLO phenom-
enology is essential to test the CGC formalism and collect
compelling evidence for the onset of gluon saturation. Last,
the resummation formulation developed in this Letter can
also shed light on other higher-order calculations in the
CGC framework.
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Charged hadrons :  dependenceRpPb (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

• Continuous evolution of  with  at different , between forward, central and backward  
regions

RpPb xexp Q2
exp η

Phys.Rev.Lett. 128 (2022), 142004
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• Measurement of  production cross-section: 

- Disentangle effects from different hadrons  understand enhancement in backward

- Input to fragmentation functions (hadronization)

- Constrains to nPDFs and test of saturation

- Input needed for direct photon production measurement

π0

→

Neutral pion production in  and pPb pp

12

• Datasets:


-   and  data at 


-  reference constructed with  and  datasets

pPb Pbp 8.16 TeV

pp 5 13 TeV

• Detection technique fully independent from charged 
particle analysis:


- Measure 


✴ use  as cross-check and 
efficiency calibration

π0 → γcnvγcal

π0 → γcalγcal

1.5 < pT < 10.0 GeV/c

2.5 < ηCM < 3.5

−4.0 < ηCM < − 3.0

Kinematic coverage:   

arXiv:2204.10608

https://arxiv.org/abs/2204.10608
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Neutral pion production in  and pPb pp

13

• Yields of  extracted from fit to mass spectrum 
for each kinematic bin


- Signal: two-sided Crystal Ball function


- Combinatorial background: constructed with 
proxy sample of charged tracks


- Bremsstrahlung: combination of the 
converted photon and its own brem. radiation


• Yields of  corrected by detector effects using 
simulation:


- Calibration to correct data-simulation 
differences (JINST 14 (2019) P11023)


- Iterative unfolding technique used to correct 
efficiency and resolution effects

π0

π0

arXiv:2204.10608
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Table 1: Relative uncertainties in d�/dpT and RpPb in percent. The ranges correspond to the
minimum and maximum values of the associated uncertainties across all pT intervals and both
⌘CM regions. The d�/dpT ranges cover the uncertainties for each of the pPb and pp samples.
All sources of systematic uncertainty are fully correlated across pT intervals.

Source d�/dpT [%] RpPb [%]
Fit model 2.0–12.6 0.9–15.8
Unfolding 0.3–6.4 0.4–6.4
Interpolation � 0.9–4.5
Material 4.0 �
E�ciency 1.3–1.9 1.9–2.1
Luminosity 2.0–2.6 2.2–2.3
Total systematic 5.4–15.0 4.3–17.4
Statistical 1.0–9.6 1.4–9.1

about 1% in most pT intervals. An additional unfolding uncertainty arises from di↵erences162

in ⇡0 pT resolution in data and simulation. This di↵erence is estimated to be less than163

10% by comparing the fitted widths of the ⇡0 peaks in data and simulation. The resolution164

is varied in the unfolding by ±10%, resulting in a systematic uncertainty of less than 1%165

in every pT interval. The e�ciency correction uncertainty arises from the finite size of the166

simulated data samples and results in a global uncertainty of about 1–2%. The luminosity167

has been measured in pp collisions with a precision of 2% and in pPb collisions with a168

precision of 2.6% in the forward configuration and 2.5% in the backward configuration.169

The luminosity uncertainty is 50% correlated between datasets. The di↵erential cross170

sections have an additional 4% uncertainty due to uncertainties in the detector material171

budget. This uncertainty is fully correlated between datasets and cancels in the nuclear172

modification factor.173

The fully corrected ⇡0 di↵erential cross sections and nuclear modification factors174

are shown in Fig. 2 and Fig. 3, respectively. The nuclear modification factor shows a175

Cronin-like enhancement at backward pseudorapidity and a strong suppression at forward176

pseudorapidity. These measurements are compared to next-to-leading order pQCD177

calculations [47] using the EPPS16 [2] and nCTEQ15 [3] nPDF sets and the DSS14 ⇡0
178

fragmentation functions [48]. The nPDFs have been reweighted to incorporate LHCb179

D0 production data [49–51], resulting in much smaller uncertainties than calculations180

using the default EPPS16 and nCTEQ15 nPDFs [51]. The measurement uncertainties in181

the forward region are much smaller than the nPDF uncertainties, indicating that this182

measurement could provide powerful constraints on nPDFs at low x. In addition, the183

forward results present tension with the CGC calculation [52]. The enhancement in the184

backward direction between 2 and 4 GeV is larger than the enhancement predicted by185

the pQCD calculation. This excess suggests that e↵ects not described by nPDFs may186

contribute to the enhancement.187

The ⇡0 modification factor is also compared to the charged-particle nuclear modification188

factor measured by the LHCb experiment in pPb collisions at
p

sNN = 5 TeV [15]. The189

forward ⇡0 measurement agrees with the charged-particle measurement. The enhancement190

at backward ⌘CM is much smaller than the enhancement seen for charged particles at191

the LHCb experiment. Because the unidentified charged particle measurement includes192

5

• Result for  cross-section


• Interpolation of  and  cross-section 
to construct the reference for 


• Correlated uncertainties across datasets cancel 
in :


- total uncertainty less than  in most  
intervals 

dσ/dpT

5 TeV 13 TeV
RpPb

RpPb

6 % pT

arXiv:2204.10608

https://arxiv.org/abs/2204.10608
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• Cronin-like enhancement of  production  


- Enhancement less pronounced than for 
charged particles (   mixture)


- Indication of a mass-ordering in the Cronin 
enhancement, as observed by other 
experiments


- compatible with final-state recombination 
picture (Phys. Rev. Lett. 93, 082302)


• Excess over reweighted nPDFs predictions 
between  and 

π0

π−, K−, p, . . .

2 4 GeV/c

Neutral pion : backward regionRpPb
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Motivation
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 parton saturation?

Constrain the gluon PDF at low-x. Potentially probe gluon saturation, CGC.

Provide more information about charged particle enhancement at backward rapidities.

Need ⇡0 pT spectra for direct photon searches.
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Neutral pion : forward regionRpPb

16

• Strong suppression of  production


-  compatible with charged hadron 
result


- could indicate that saturation affects 
similarly all hadrons, needs confirmation


• In agreement with nPDFs (reweighted with 
LHCb  data) 


• CGC LO prediction underestimates 
suppression PR D88, 114020

- no comparison yet with CGC NLO

π0

RpPb
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Constrain the gluon PDF at low-x. Potentially probe gluon saturation, CGC.

Provide more information about charged particle enhancement at backward rapidities.

Need ⇡0 pT spectra for direct photon searches.
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• Measurements of  production in  with 
Run 2 data


• Using sample x20 larger than previous 
measurement (JHEP 10 (2017) 090)


• Finer binning and extended kinematic range 
to 
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•  probes low-  region in the forward region


• Data compared with two CGC calculations, overall good 
agreement:

- CGC1 

- CGC2 
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 production in D0 pPb

18

arXiv:2205.03936

0 5 10

0.5

1

PbpR  = 8.16 TeVNNsLHCb 
0Dprompt 

* < 2.25y2.00 < 
0 5 10

0.5

1

0DEPPS16 + 
0DnCTEQ15 + 

* < 2.50y2.25 < 
0 5 10

0.5

1

CGC2
FCEL

* < 2.75y2.50 < 
0 5 10

0.5

1

* < 3.00y2.75 < 

0 5 10
]c [GeV/

T
p

0.5

1

PbpR

* < 3.25y3.00 < 

0 5 10
]c [GeV/

T
p

0.5

1

* < 3.50y3.25 < 

0 5 10
]c [GeV/

T
p

0.5

1

* < 3.75y3.50 < 

0 5 10
]c [GeV/

T
p

0.5

1

* < 4.00y3.75 < 

PR D91, 114005 (2015) arXiv:1612.04585

PR D98, 074025 (2018)

http://arxiv.org/abs/2205.03936
https://doi.org/10.1103/PhysRevD.91.114005
https://arxiv.org/abs/1612.04585
http://www.apple.com/uk


Óscar Boente García Forward hadron suppression at the LHC 17/11/2022

Future prospects 
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LHCB-FIGURE-2020-006

• Charged side:

- Identified hadron spectra: 


✴ good prospects: PID systematic in similar 
measurement in  system below 


✴ Reduce one of the main systematic 
uncertainties in inclusive charged hadron 
measurement

(π−, K−, p)

pHe 5 %

• Neutral side:


- other neutral mesons (  and )


- direct photon production


- direct gamma - hadron correlation

η η′￼

• New ideas to exploit LHCb data always welcome!
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Phys. Rev. Lett. 121 (2018) 222001

• For Run3/Run4

- Larger  sample

- Short  run possible, saturation in mid-size 

nucleus

- LHCb upgrade: improved detector performance

pPb
pO

https://cds.cern.ch/record/2715209
https://doi.org/10.1103/PhysRevLett.121.222001
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Summary
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• Hadron production measurements at LHCb provide a unique access to the saturation 

region:


- Charged hadron production in  and  collisions 

-  production in  and  collisions 

-  production in  collisions 

• All measurements show a significant hadron suppression in the forward region


- compatible results with independent experimental techniques


• Data has high precision and can constrain CGC-based calculations


• Several oncoming Run2 analyses will improve precision and/or provide additional 

information on saturation


• Several interesting prospects beyond:  and  runs, new upgraded detectors 

pPb pp

π0 pPb pp

D0 pPb

pO pPb

arXiv:2204.10608 

accepted by PRL

Phys.Rev.Lett. 128 (2022), 142004

arXiv:2205.03936

https://doi.org/10.1103/PhysRevLett.128.142004
https://arxiv.org/abs/2204.10608
http://arxiv.org/abs/2205.03936
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Forward suppression at RHIC
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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

BRAHMS
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• Cleaner access to saturation region 
Compton-scattering process

Hadron - photon correlation in pPb

23Óscar Boente New results on soft particle production in heavy-ion 
collisions with LHCb 06/06/2018 

More on photons
• More studies on photons à -Hadron correlations

17

CP (��) =
dN/d��

N�

Nnorm

dNmix/d��

From Quark Matter 2018 poster   

�

Poster by Cesar Luiz Da Silva in QM 2018

Compton or direct Compton or direct + 
backgrounds
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• Comparison with non-reweighted nPDF predictions 

Neutral pion production in pPb

24

Supplementary material for LHCb-PAPER-2021-053367

This appendix contains supplementary material that will be posted on the public CDS368

record but will not appear in the paper.369
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Figure A1: Forward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets, as well as a CGC calculation [52]. The data error bars show the
statistical uncertainties, while the open boxes show the systematic uncertainties that vary
bin-to-bin. The solid gray boxes show the overall normalization uncertainties from the luminosity
estimate and e�ciency correction factors.

Figure A2: Backward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets. The data error bars show the statistical uncertainties, while the open
boxes show the systematic uncertainties that vary bin-to-bin. The solid gray boxes show the
overall normalization uncertainties from the luminosity estimate and e�ciency correction factors.

A1

Supplementary material for LHCb-PAPER-2021-053367

This appendix contains supplementary material that will be posted on the public CDS368

record but will not appear in the paper.369

Figure A1: Forward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets, as well as a CGC calculation [52]. The data error bars show the
statistical uncertainties, while the open boxes show the systematic uncertainties that vary
bin-to-bin. The solid gray boxes show the overall normalization uncertainties from the luminosity
estimate and e�ciency correction factors.
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