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Originate in initial Hard Scatterings (HS) of partons
Ø HS process is calculable perturbatively

→ Well calibrated probes
Ø Initial HS occurs at earlier stage than Quark-Gluon Plasma (QGP) formation (<< 1 fm/c) 

→  Entire evolution of QGP can be probed

In this presentation,
ü Jets
ü Heavy flavours (charm, bottom)

AA collisions
Ø Jet-medium interaction

Ø Suppression/enhancement of production yields, Modification of the jet structure…
Ø Collectivity

pA and pp collisions
Ø Reference for AA collisions
Ø Study of Cold Nuclear Matter (CNM) effects (pA)
Ø Study of initial conditions ((n)PDF, CGC)
Ø Study of Multi-Parton Interaction (MPI)
Ø QGP formation in small systems?
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The ALICE and LHCb detectors 

Presentation at Moriond QCD 2019 (D. Marangotto) 

The LHCb detector

Forward detector fully instrumented in 2 < ⌘ < 5
- complementary coverage w.r.t. other LHC experiments

Excellent tracking, momentum resolution and particle identification

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

Daniele Marangotto (INFN & UNIMI) LHCb pPb & FT results Moriond QCD 2019 2 / 20

Tracking & Vertexing

ü ALICE and LHCb have 
complementary acceptance

EM calorimeters 
Muon trackingØ Jet reconstruction, heavy flavour via hadronic decays

Ø Central barrel trackers (|η|<0.9) and 
EM calorimeters (|η|<0.7)

Ø Heavy flavour via semi-leptonic decay modes
Ø e� : Central barrel trackers, EM calorimeters
Ø μ� : Forward muon  tracker

Ø Excellent tracking for wide momentum range 
Ø Momentum resolution, PID
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ALICE

LHCb
Ø Fully instrumented in 2 < η < 5
Ø Tracking with excellent momentum resolution, PID
Ø Unique forward coverage at the LHC
Ø Unique fixed-target program at the LHC

Ø System size study of heavy-ion collisions
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Ø Nuclear modification factor
Ø Deviation from unity 

Ø Jet RAA = 0.4 – 0.5, slight pT dependence
Ø Qualitatively described by model predictions
Ø Most of the models are in slight tension with the data

21 May 2019

Inclusive jets production in Pb−Pb collisions 
at "## = 5.02 TeV
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Ø Charged hadron distribution w.r.t. R = 0.3 jet axis
Ø Distribution of hadrons with given pT is compared to 

embedded PYTHIA pp reference
Ø 1– 2 GeV/c associated hadrons distribution : Suppression at small r , 

Enhancement at large r 
ØHint of a broadening of the jet radial shape 

Ø 2– 3 GeV/c associated hadrons distribution : No significant modification
Ø 4– 20 GeV/c associated hadrons distribution : Enhancement at small r , 

Suppression at large r
Ø Hint of a jet core collimation 

21 May 2019

Charged jets radial profile in Pb−Pb collisions
at "## = 2.76 TeV

Jet radial profiles in Pb–Pb collisions ALICE Collaboration

The measured jet relative radial shapes are presented in Figs. 4 and 5. The top panels show the
self-normalized distributions, the difference and the ratio of the shapes in Pb–Pb and embedded
PYTHIA can be found in the two lower panels. The jet radial shapes of high-pT associates
are measured for pT,chjet = 40–60 GeV/c, 60–80 GeV/c, and 80–120 GeV/c. Shapes of low-
pT associates are presented for jets with pT,chjet = 30–40 GeV/c and pT,const >3 GeV/c for
associates with pT,assoc = 1–2 GeV/c and pT,assoc = 2–3 GeV/c.

In general, the radial shape measurements indicate that all jet-associated yields are similarly
distributed relative to the jet axis in Pb–Pb and embedded PYTHIA. The yields of high-pT
associates appear to be slightly more collimated near the core for jets in Pb–Pb, though the
absolute effect is small. While the shape is not significantly changed for jet transverse momenta
between 40 and 60 GeV/c in Pb–Pb compared to the reference, there is a visible collimation
for higher jet momenta above 60 GeV/c. This can be seen best in the difference distributions
∆PbPb−emb of Fig. 4 which show that a larger fraction of the associated yield can be found near
the core in Pb–Pb collisions.
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Fig. 5: Jet relative radial shape distributions, differences, and ratios for the 0–10% most central collisions
for two different low-pT constituent ranges. Boxes represent systematic uncertainties, shaded boxes
include uncertainties from PYTHIA/pp comparison, and error bars represent statistical uncertainties.
Observables are corrected for acceptance and background effects.

The ratio distributions show that the collimation effect persists up to r = 0.2, which is best
visible for jets with pT,chjet = 60–80 GeV/c. In the CMS measurement [50], no significant
change of the near-side jet peak width is observed in Pb–Pb for high-pT associates and jets
above 120 GeV/c. However, the magnitude of the effect observed here is compatible with
the observations within uncertainties. Also note that the CMS data hints as well to a small
collimation of the peak for higher-pT associates (4–8 GeV/c). Possible effects which might
lead to a collimation include a relative change in the quark/gluon content in Pb–Pb compared
to the reference [69], as well as a suppression of large-angle soft radiation in the coherent jet
energy loss picture [70, 71]. Low-pT jet-associated yields presented in Fig. 5 are measured up
to a distance of r = 0.9 relative to the jet since in this case the associates are decoupled from
the trigger jets.
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The measured jet relative radial shapes are presented in Figs. 4 and 5. The top panels show the
self-normalized distributions, the difference and the ratio of the shapes in Pb–Pb and embedded
PYTHIA can be found in the two lower panels. The jet radial shapes of high-pT associates
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associates appear to be slightly more collimated near the core for jets in Pb–Pb, though the
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between 40 and 60 GeV/c in Pb–Pb compared to the reference, there is a visible collimation
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∆PbPb−emb of Fig. 4 which show that a larger fraction of the associated yield can be found near
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for two different low-pT constituent ranges. Boxes represent systematic uncertainties, shaded boxes
include uncertainties from PYTHIA/pp comparison, and error bars represent statistical uncertainties.
Observables are corrected for acceptance and background effects.

The ratio distributions show that the collimation effect persists up to r = 0.2, which is best
visible for jets with pT,chjet = 60–80 GeV/c. In the CMS measurement [50], no significant
change of the near-side jet peak width is observed in Pb–Pb for high-pT associates and jets
above 120 GeV/c. However, the magnitude of the effect observed here is compatible with
the observations within uncertainties. Also note that the CMS data hints as well to a small
collimation of the peak for higher-pT associates (4–8 GeV/c). Possible effects which might
lead to a collimation include a relative change in the quark/gluon content in Pb–Pb compared
to the reference [69], as well as a suppression of large-angle soft radiation in the coherent jet
energy loss picture [70, 71]. Low-pT jet-associated yields presented in Fig. 5 are measured up
to a distance of r = 0.9 relative to the jet since in this case the associates are decoupled from
the trigger jets.
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Jet radial profiles in Pb–Pb collisions ALICE Collaboration

probed jet momentum range, no significant pT,chjet-dependence is observed. The centrality-
dependent linear slope of the distribution for pT,chjet = 40–60 GeV/c is more than one standard
deviation away from zero, taking into account statistical and systematic uncertainties added in
quadrature, indicating that there is a slightly stronger suppression for more central collisions in
this case. As a cross check, the same observable was also measured for jets with several higher
minimum pT,const-cuts, i.e. 1, 2, and 3 GeV/c, which are less affected by the underlying event.
They lead to similar conclusions.

The jet-associated yield ratio for low-pT associates has much larger statistical and systematic
uncertainties than the ratio of high-pT constituents, thus it is not possible to draw a definite
conclusion.

R
el

at
iv

e 
ra

di
al

 d
is

tri
bu

tio
n

0

0.2

0.4

0.6

0.8

1
Pb-Pb
EmbeddedEmbedded PYTHIA6 2.76 TeV

ALICE 0-10% Pb-Pb 2.76 TeV

 trigger jetc40-60 GeV/
c = 4-20 GeV/

T, assoc
p

c > 0.15 GeV/
T, const
p

 = 0.3R jets TkCharged anti-

0 0.05 0.1 0.15 0.2 0.25 0.3
Pb

Pb
 - 

em
b

∆ 0.05−

0
0.05

r
0 0.05 0.1 0.15 0.2 0.25 0.3

R
at

io
  

0.8
1

1.2
1.4

R
el

at
iv

e 
ra

di
al

 d
is

tri
bu

tio
n

0

0.2

0.4

0.6

0.8

1
Pb-Pb
EmbeddedEmbedded PYTHIA6 2.76 TeV

ALICE 0-10% Pb-Pb 2.76 TeV

 trigger jetc60-80 GeV/
c = 4-20 GeV/

T, assoc
p

c > 0.15 GeV/
T, const
p

 = 0.3R jets TkCharged anti-

0 0.05 0.1 0.15 0.2 0.25 0.3

Pb
Pb

 - 
em

b
∆ 0.05−

0
0.05

r
0 0.05 0.1 0.15 0.2 0.25 0.3

R
at

io
  

0.8
1

1.2
1.4

R
el

at
iv

e 
ra

di
al

 d
is

tri
bu

tio
n

0

0.2

0.4

0.6

0.8

1
Pb-Pb
EmbeddedEmbedded PYTHIA6 2.76 TeV

ALICE 0-10% Pb-Pb 2.76 TeV

 trigger jetc80-120 GeV/
c = 4-20 GeV/

T, assoc
p

c > 0.15 GeV/
T, const
p

 = 0.3R jets TkCharged anti-

0 0.05 0.1 0.15 0.2 0.25 0.3

Pb
Pb

 - 
em

b
∆ 0.05−

0
0.05

r
0 0.05 0.1 0.15 0.2 0.25 0.3

R
at

io
  

0.8
1

1.2
1.4

Fig. 4: Jet relative radial shape distributions, differences, and ratios for the 0–10% most central colli-
sions for high-pT constituents, shown for different jet transverse momenta. Boxes represent systematic
uncertainties, shaded boxes include uncertainties from PYTHIA/pp comparison, and error bars represent
statistical uncertainties. Observables are corrected for acceptance and background effects.
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*Charged jets: Reconstructed with charged tracks only

Jet axis 

r hadrons

https://arxiv.org/abs/1904.13118
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Charged jets substructure in Pb−Pb collisions
at "## = 2.76 TeV

Exploration of jet substructure using iterative declustering ALICE Collaboration

Table 3: Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation
and in the transverse momentum range 40  pch

T,jet < 60GeV/c for pp and 80  pch
T,jet < 120 GeV/c for Pb–Pb

collisions. Uncertainties on the data are written as statistical (systematic).

Tagged rate (%)

Dataset Pb–Pb pp

Angular Cut DR < 0.1 DR > 0.0 DR > 0.1 DR > 0.2 DR > 0.2

Data 38.4±2.3(2.5) 92.1±3.5(0.9) 53.6±2.7(3.4) 41.8±2.4(3.6) 97.3±3.0(1.7)

PYTHIA 34.6 95.5 60.2 46.9 98.6

Hybrid 47.5 93.4 45.8 35.0 N/A

JEWEL 42.0 93.0 51.0 40.0 N/A
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Fig. 3: Detector-level Pb–Pb distributions of zg for R = 0.4 jets with varying minimum/maximum angular separa-
tion of subjets (DR) for jets in the range 80  pch

T,jet < 120 GeV/c. The systematic uncertainties are represented by
the shaded area. The corresponding values for the embedded PYTHIA reference (open symbols), Hybrid model
(dashed line) and JEWEL (solid line) are also shown in the plot. The lower plots show the ratios of data, Hybrid
and JEWEL model to the embedded PYTHIA reference.

lowest in the case of the Hybrid model, pointing to a stronger incoherent quenching of the prongs.

The suppression of splittings at large opening angles is qualitatively expected from vacuum formation
time and colour coherence arguments [24]. The wider the opening angle, the shorter the formation time
of the splitting. This makes it more likely that the splitting propagates through, and is modified by, the
medium. If coherence effects are at play in the medium then it is expected that splittings that are separated
by more than the coherence angle will be more suppressed since they radiate energy independently.

Figure 4 shows the comparison of nSD distributions from Pb–Pb measurements and the embedded PYTHIA
reference. The data exhibit a shift towards lower number of splittings. The discrepancies between the
distributions from PYTHIA and from pp collisions are incorporated as a part of the reference uncertainty
via the reweighting procedure described above. The corresponding curves for the Hybrid model and
JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the fragmentation pattern, we also show a calcula-
tion in which the pp reference distribution is based solely on light-quark fragmentation. Since the quark
fragmentation is harder, we see that the number of splittings peaks at lower values, in line with what we
observe in the data. The smeared JEWEL and Hybrid model calculation agree with the qualitative trend
of the data.

The trends indicate that the larger the opening angle, the more suppressed the splittings are, and this

8
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FIG. 1. Jet pT spectrum from the CMS Open Data compared
to three parton shower generators. Indicated is the pT >
150 GeV cut used in later analyses.

limitation of the 2010 CMS Open Data release is that it
does not come accompanied by detector-simulated Monte
Carlo samples, though this issue has been partially ad-
dressed in the 2011 CMS Open Data release [82]. Even
without a detector simulation, we can improve the ro-
bustness of our analysis by using a charged-particle sub-
set of PFCs with better angular resolution. Overall, this
study highlights the fantastic performance of CMS’s par-
ticle flow algorithm and the exciting physics opportuni-
ties made possible by this public data release.

Our analysis is based on 31.8 pb�1 [83, 84] of data
collected using the Jet Primary Dataset [76], which con-
tains events selected by single-jet triggers, di-jet triggers,
as well as some quad-jet and HT triggers. We use the
HLT Jet30U/50U/70U/100U/140U triggers for this analy-
sis, which gives us near 100% e�ciency to select single
jets with transverse momentum pT > 85 GeV. All jets in
our analysis are clustered using the anti-kt jet clustering
algorithm [85] with radius parameter R = 0.5; we vali-
dated that the anti-kt jets reported by CMS in the AOD
format agree with those found by directly clustering the
PFCs with FastJet 3.1.3 [86]. To gain a more trans-
parent understanding of the CMS data, we converted the
AOD file format into our own text-based MIT Open Data
(MOD) file format. Information about the MOD format
as well as a broader suite of jet substructure analyses will
be presented in a companion paper [87]. The substruc-
ture results shown here use the RecursiveTools 1.0.0
package from FastJet contrib 1.019 [88].

To validate initial jet reconstruction, Fig. 1 shows the
pT spectrum of the hardest jet in the event, with a pseu-
dorapidity cut of |⌘| < 2.4 and transverse momentum cut
of pT > 85 GeV. This spectrum is obtained after apply-
ing the “loose” jet quality criteria provided by CMS as
well as rescaling the jet pT by the provided JEC factors.

zg

1�zg

✓g

FIG. 2. Schematic of the soft drop algorithm, which removes
angular-ordered branches whose momentum fraction z is be-
low zcut✓

� . The final groomed kinematics are indicated by
the g subscript.

For comparison, we show the same spectrum obtained
from three parton shower generators with their default
settings: Pythia 8.219 [89], Herwig 7.0.3 [90], and
Sherpa 2.2.1 [91]. The qualitative agreement between
all four samples is excellent. Note that this spectrum is
obtained after combining five di↵erent CMS triggers with
prescale factors that changed over the course of the 2010
run. No kinks are observed at the transitions between the
various triggers, giving us confidence that we can derive
jet spectra using the trigger and prescale values provided
in the AOD files.

We now turn to an analysis of the 2-prong substruc-
ture of the hardest jet, imposing a further cut of pT >
150 GeV in order to avoid the large prescale factors
present in the HLT Jet30U/50U triggers. To partially ac-
count for the finite energy resolution and e�ciency of
the CMS detector, we only consider PFCs within the
hardest jet above pmin

T = 1 GeV. Moreover, because
charged particles have better angular resolution than
neutral ones, our analysis will be only based on charged
particles with associated tracks; we refer the reader to
ref. [87] for substructure analyses with both charged and
neutral PFCs. The charged PFCs are reclustered with
the Cambridge/Aachen (C/A) algorithm [92, 93] to form
an angular-ordered clustering tree. We then apply the
soft drop declustering procedure [68] in Fig. 2, which re-
cursively declusters the C/A tree, removing the softer pT

branch until 2-prong substructure is found which satisfies

z > zcut✓
� , z ⌘ min[pT1, pT2]

pT1 + pT2
, ✓ =

R12

R
. (2)

Here, pT1 and pT2 are the transverse momenta of the two
branches of the C/A tree, and R12 =

p
(y12)2 + (�12)2

is their relative rapidity-azimuth distance. Throughout
our analysis, we take the momentum fraction cut and
angular exponent to be

zcut = 0.1, � = 0, (3)

such that soft drop acts like the modified mass drop tag-
ger (mMDT) [69] with µ = 1. The values of z and ✓
obtained after soft drop are referred to as zg and ✓g,

Ø Mapping the jet substructure within jet cone
Ø Jet constituents are re-clustered with Cambridge/Aachen (CA) algorithm
Ø De-clustered based on Soft Drop algorithm

Ø Hard 2-prong substructure is focused $% = '()(+,,., +,,/)
+,,.1 +,,/

> $345
ΔR

6 = ∆8
8

Ø Compared to embedded PYTHIA reference
Ø Suppression of symmetric splitting rate ($% ≈ 0.5) for larger 

angle splitting (∆8 > 0.1)
Ø A hint of enhancement of small angle splitting (∆8 < 0.1)

Ø Described by model predictions qualitatively 
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Heavy flavour tagged charged jets in p−Pb and Pb−Pb
collisions at "## = 5.02 TeV

Ø D0 meson tagged jets nuclear modification factor
Ø p−Pb : Consistent with unity

Ø No modifications on jets production
Ø Pb−Pb : RAA ≈ 0.2, similar to prompt D-meson suppression

LHCP 2019 9
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D meson elliptic flow with event shape engineering 
in Pb−Pb collisions at "## = 5.02 TeV

JHEP02(2019)150

Ø Event Shape Engineering (ESE) 
Ø Controls Initial collision geometry

Ø v2 (large-q2) > v2 (unbiased)
Ø About 40 % effect 

Ø v2 (small-q2) < v2 (unbiased)
Ø About 25 % effect 

$2 = '2 / )

'2 = *
+,-

.
/012+

Ø Correlation to collective expansion 
of the bulk of light hadrons
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Λc production in Pb−Pb collisions at "## = 5.02 TeV

Phys. Lett. B 793 
(2019) 212

Ø Ratio to D0 meson
Ø Larger than that of pp and p−Pb collisions
Ø Described by a model

Ø With charm quark hadronization via 
quark coalescence without vacuum 
fragmentation

Ø Nuclear modification factor
Ø Suggest less suppression than inclusive 

charged hadrons and D mesons
LHCP 2019 11
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Λc production in p−Pb collisions at "## = 5.02 TeV

*y
4− 2− 0 2 4
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ΛR

0

0.5

EPS09LO
EPS09NLO
nCTEQ15
data
ALICE

c < 10.0 GeV/
T
p2.0 < 

=5 TeVNNsPb p

LHCb

Figure 7: The cross-section ratio R
⇤

+
c

/D

0 between ⇤+

c

baryons and D0 mesons as a function of y⇤

integrated over 2 < p
T

< 10GeV/c. The box on each point represents the systematic uncertainty
and the error bar represents the sum in quadrature of the statistical and the systematic uncertain-
ties. The coloured curves show HELAC-Onia calculations incorporating nPDFs EPS09LO/NLO
and nCTEQ15. The open circle is the value measured by the ALICE collaboration [21]. The
error bar shows the total uncertainty and the grey square the systematic.

5 Conclusion

Prompt ⇤

+

c

production cross-sections are measured with pPb collision data collected
by the LHCb detector at

p
sNN = 5.02TeV. The forward-backward production ratios

R

FB

are presented, and are compared to theoretical predictions. A larger production
rate in the backward-rapidity region compared to the forward region is observed. The
forward-backward production ratio R

FB

shows consistency with HELAC-Onia calculations
with the three nPDFs EPS09LO, EPS09NLO [43] and nCTEQ15 [44]. In addition, the
production cross-section ratio R

⇤

+
c

/D

0 between ⇤

+

c

baryons and D

0 mesons, which is
sensitive to the hadronisation mechanism of the charm particles, is measured. The result
is consistent with theory calculations based on pp data. The ⇤

+

c

measurements in classes
of event multiplicity can be anticipated with the pPb dataset at

p
sNN = 8.16TeV recorded

by the LHCb collaboration in 2016, which is about 20 times larger than the 5.02TeV
dataset. An improvement in precision is also achievable with the increased sample size
and an improved simulation. In addition, a dataset of pp collisions at

p
s = 5.02TeV

corresponding to a luminosity of 0.1 fb�1 was collected in 2017. The nuclear modification
factor for the ⇤

+

c

baryons can be directly measured using this dataset.
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Figure 5: (a) Forward-backward production ratios R
FB

as a function of p
T

integrated over
2.5 < |y⇤| < 4.0 for p

T

less than 7GeV/c and 2.5 < |y⇤| < 3.5 for p
T

greater than 7GeV/c, and
(b) R

FB

as a function of y⇤ integrated over 2 < p
T

< 10GeV/c. The box on each point represents
the systematic uncertainty and the error bar represents the sum in quadrature of the statistical
and the systematic uncertainties.

Figure 5(a) shows the prompt ⇤+

c

R

FB

ratio as a function of p
T

in the region common to
both forward and backward samples, 2.5 < |y⇤| < 4.0. In the rapidity region 3.5 < y

⇤
< 4.0,

the forward data have no measurement for p
T

> 7.0GeV/c. For p
T

beyond 7GeV/c, the
R

FB

ratio is therefore calculated with both forward and backward cross-sections in the
region 2.5 < |y⇤| < 3.5. Figure 5(b) shows the R

FB

ratio as a function of |y⇤| in the
region 2 < p

T

< 10GeV/c. The measurement is in agreement with calculations using
the HELAC-Onia generator [40–42], which incorporates the parton distribution functions
of EPS09LO, EPS09NL0 [43] and nCTEQ15 [44]. The numerical values are given in
Appendix B.

4.3 ⇤+
c to D0 cross-section ratio, R⇤+

c /D0

The ratio of the production cross-sections between prompt ⇤+

c

baryons and D

0 mesons is
calculated as a function of the p

T

and y

⇤ of the hadrons using the previous measurement
of D

0 production cross-section [10]. The results are compared to the HELAC-Onia
calculations [40–42], which are based on a data-driven modelling of parton scattering. The
theory prediction is calculated with HELAC-Onia, where the ⇤

+

c

production cross-section
is parameterised by fitting the LHCb pp data [22]. The nuclear matter e↵ects in pPb
collisions are incorporated using the nPDFs EPS09LO/NLO [43], nCTEQ15 nPDFs [44].
The e↵ects of the nPDFs tend to cancel in the ratio R

⇤

+
c

/D

0 , leading to similar ratios
between the di↵erent nPDFs. The calculations with the three nPDFs show comparable
trends and values across p

T

and y

⇤, with nCTEQ15 slightly lower than EPS09, suggesting
small nPDF e↵ects in the R

⇤

+
c

/D

0 ratio.
Figure 6 shows the R

⇤

+
c

/D

0 ratio as a function of p
T

in four di↵erent rapidity ranges.
Numerical values can be found in Table 7 in Appendix C. The R

⇤

+
c

/D

0 ratios are measured
to be around 0.3. The values are larger at lower p

T

(< 5GeV/c) and tend to decrease
for p

T

greater than 5GeV/c. The trend is less clear in the backward region due to larger
uncertainties. The theoretical calculations are displayed as coloured curves. They increase
slightly with increasing p

T

. In the backward region, the data points are consistent with the

10

Ø Forward/Backward ratio in p−Pb collisions 
Ø Consistent with theoretical predictions including nPDF

Ø Ratio to D0 meson
Ø Forward/Backward rapidity: Consistent with theoretical predictions
Ø Mid rapidity: Significant excess from theoretical predictions

Ø Rising trend at forward rapidity is compatible with mid rapidity results?
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for both pPb and Pbp collisions. For the pp reference cross
section, an interpolation between existing pp cross section
measurements by the LHCb collaboration at 7 TeV [54] and
13 TeV [55] is performed. A power-law function is used
following the approach of Refs. [17,56,57], which yields a
prediction of Bþ production at

ffiffiffi
s

p
¼ 8.16 TeV consistent

with an extrapolation of the measured value at
ffiffiffi
s

p
¼ 7 TeV

using a FONLL calculation [58,59]. The interpolation
takes into account the correlations provided in Ref. [55].

The measurement of RpPb for nonprompt J=ψ production at
the same collision energy by the LHCb collaboration [17] is
also shown.
At positive rapidity, a significant suppression by more

than 20% is observed integrating over the whole pT range,
whereas at negative rapidity, the result is consistent with
unity. The measurement is also consistent with that of
nonprompt J=ψ production obtained in a similar kinematic
range. The pT -differential result at positive rapidity shows

TABLE VI. Ratios of nuclear modification factors, R
Λ0
b=B

0

pPb , in
bins of pT and integrated over 2.5 < jyj < 3.5, for pPb and Pbp
samples. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.84% 0.17% 0.05 0.47% 0.18% 0.05
(4, 7) 1.11% 0.14% 0.03 0.97% 0.17% 0.05
(7, 12) 0.91% 0.13% 0.03 1.44% 0.21% 0.07
(12, 20) 0.81% 0.21% 0.03 0.89% 0.22% 0.07

(2, 20) 0.92% 0.09% 0.03 0.78% 0.11% 0.04
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FIG. 14. Nuclear modification factor, RpPb, for Bþ mesons as function of (top) y and as a function of pT in (bottom left) pPb and
(bottom right) Pbp compared with HELAC-onia calculations using different nPDF sets as well as with the measurement of RpPb for
nonprompt J=ψ production. For the data points, the vertical bars (boxes) represent the statistical (total) uncertainties.

TABLE VII. Nuclear modification factor, RpPb, of Bþ produc-
tion in pPb and Pbp collisions, in bins of pT for the range
2.5 < jyj < 3.5. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.75% 0.04% 0.05 0.96% 0.06% 0.11
(4, 7) 0.77% 0.03% 0.04 1.03% 0.05% 0.10
(7, 12) 0.83% 0.05% 0.04 0.96% 0.05% 0.08
(12, 20) 1.01% 0.12% 0.07 1.13% 0.12% 0.09

(2, 20) 0.78% 0.02% 0.05 1.00% 0.03% 0.10
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for both pPb and Pbp collisions. For the pp reference cross
section, an interpolation between existing pp cross section
measurements by the LHCb collaboration at 7 TeV [54] and
13 TeV [55] is performed. A power-law function is used
following the approach of Refs. [17,56,57], which yields a
prediction of Bþ production at

ffiffiffi
s

p
¼ 8.16 TeV consistent

with an extrapolation of the measured value at
ffiffiffi
s

p
¼ 7 TeV

using a FONLL calculation [58,59]. The interpolation
takes into account the correlations provided in Ref. [55].

The measurement of RpPb for nonprompt J=ψ production at
the same collision energy by the LHCb collaboration [17] is
also shown.
At positive rapidity, a significant suppression by more

than 20% is observed integrating over the whole pT range,
whereas at negative rapidity, the result is consistent with
unity. The measurement is also consistent with that of
nonprompt J=ψ production obtained in a similar kinematic
range. The pT -differential result at positive rapidity shows

TABLE VI. Ratios of nuclear modification factors, R
Λ0
b=B

0

pPb , in
bins of pT and integrated over 2.5 < jyj < 3.5, for pPb and Pbp
samples. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.84% 0.17% 0.05 0.47% 0.18% 0.05
(4, 7) 1.11% 0.14% 0.03 0.97% 0.17% 0.05
(7, 12) 0.91% 0.13% 0.03 1.44% 0.21% 0.07
(12, 20) 0.81% 0.21% 0.03 0.89% 0.22% 0.07

(2, 20) 0.92% 0.09% 0.03 0.78% 0.11% 0.04

4− 2− 0 2 4
y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

+
B

Pb
p

R

LHCb pPb/Pbp

 = 8.16 TeVNNs

c < 20 GeV/
T

p2 < 

Data
EPPS16
nCTEQ15
EPPS16*

ψ/JNonprompt

0 5 10 15 20
]c [GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

+
B

Pb
p

R

LHCb Pbp

 = 8.16 TeVNNs

 < 3.5y2.5 < 

Data
EPPS16
nCTEQ15
EPPS16*

ψ/JNonprompt

0 5 10 15 20
]c [GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

+
B

Pb
p

R

LHCb pPb

 = 8.16 TeVNNs

2.5− < y3.5 < −

Data
EPPS16
nCTEQ15
EPPS16*

ψ/JNonprompt

FIG. 14. Nuclear modification factor, RpPb, for Bþ mesons as function of (top) y and as a function of pT in (bottom left) pPb and
(bottom right) Pbp compared with HELAC-onia calculations using different nPDF sets as well as with the measurement of RpPb for
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for both pPb and Pbp collisions. For the pp reference cross
section, an interpolation between existing pp cross section
measurements by the LHCb collaboration at 7 TeV [54] and
13 TeV [55] is performed. A power-law function is used
following the approach of Refs. [17,56,57], which yields a
prediction of Bþ production at

ffiffiffi
s

p
¼ 8.16 TeV consistent

with an extrapolation of the measured value at
ffiffiffi
s

p
¼ 7 TeV

using a FONLL calculation [58,59]. The interpolation
takes into account the correlations provided in Ref. [55].

The measurement of RpPb for nonprompt J=ψ production at
the same collision energy by the LHCb collaboration [17] is
also shown.
At positive rapidity, a significant suppression by more

than 20% is observed integrating over the whole pT range,
whereas at negative rapidity, the result is consistent with
unity. The measurement is also consistent with that of
nonprompt J=ψ production obtained in a similar kinematic
range. The pT -differential result at positive rapidity shows
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pPb , in
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samples. The first uncertainty is statistical and the second
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nonprompt J=ψ production. For the data points, the vertical bars (boxes) represent the statistical (total) uncertainties.

TABLE VII. Nuclear modification factor, RpPb, of Bþ produc-
tion in pPb and Pbp collisions, in bins of pT for the range
2.5 < jyj < 3.5. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.75% 0.04% 0.05 0.96% 0.06% 0.11
(4, 7) 0.77% 0.03% 0.04 1.03% 0.05% 0.10
(7, 12) 0.83% 0.05% 0.04 0.96% 0.05% 0.08
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Ø B+ meson nuclear modification factors
Ø Significant suppression by more than 20% 

at forward (p−Pb) rapidity 
(low pT bins (top left), pT integrated (bottom))

Ø Consistent with the results of non-prompt J/ψ
Ø Well described by theoretical calculations 

with three different nPDFs
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Table 6: Ratios of nuclear modification factors, R
⇤

0
b/B

0

pPb , in bins of pT and integrated over
2.5 < |y| < 3.5, for pPb and Pbp samples. The first uncertainty is statistical and the second
systematic.

pT (GeV/c) pPb Pbp

( 2, 4) 0.84± 0.17± 0.05 0.47± 0.18± 0.05
( 4, 7) 1.11± 0.14± 0.03 0.97± 0.17± 0.05
( 7, 12) 0.91± 0.13± 0.03 1.44± 0.21± 0.07
(12, 20) 0.81± 0.21± 0.03 0.89± 0.22± 0.07

( 2, 20) 0.92± 0.09± 0.03 0.78± 0.11± 0.04
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Figure 13: Ratio of nuclear modification factors, R
⇤

0
b/B

0

pPb , as a function of (left) pT and (right) y in
pPb and Pbp collisions. The vertical bars (boxes) represent the statistical (total) uncertainties.

function of pT for both pPb and Pbp collisions. For the pp reference cross-section, an
interpolation between existing pp cross-section measurements by the LHCb collaboration
at 7TeV [54] and 13TeV [55] is performed. A power-law function is used following the
approach of Refs. [17,56,57], which yields a prediction of B+ production at

p
s = 8.16TeV

consistent with an extrapolation of the measured value at
p
s = 7TeV using a FONLL

calculation [58, 59]. The interpolation takes into account the correlations provided in
Ref. [55]. The measurement of R

pPb for nonprompt J/ production at the same collision
energy by the LHCb collaboration [17] is also shown.

At positive rapidity, a significant suppression by more than 20% is observed integrating
over the whole pT range, whereas at negative rapidity, the result is consistent with unity.
The measurement is also consistent with that of nonprompt J/ production obtained in a
similar kinematic range. The pT-di↵erential result at positive rapidity shows a significant
suppression, at the level of 25% for the lowest pT bin. The ratio tends to increase for high
pT, however, the current experimental uncertainties that grow also with pT do not allow to
establish a significant pT dependence. At negative rapidity, all values are consistent with
a nuclear modification factor of one. The experimental data points are in good agreement
with the three considered nPDF sets. At positive rapidity, the experimental uncertainties
are smaller than the nPDF ones for the integrated values as well as for the three lowest
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function of pT for both pPb and Pbp collisions. For the pp reference cross-section, an
interpolation between existing pp cross-section measurements by the LHCb collaboration
at 7TeV [54] and 13TeV [55] is performed. A power-law function is used following the
approach of Refs. [17,56,57], which yields a prediction of B+ production at

p
s = 8.16TeV

consistent with an extrapolation of the measured value at
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s = 7TeV using a FONLL

calculation [58, 59]. The interpolation takes into account the correlations provided in
Ref. [55]. The measurement of R

pPb for nonprompt J/ production at the same collision
energy by the LHCb collaboration [17] is also shown.

At positive rapidity, a significant suppression by more than 20% is observed integrating
over the whole pT range, whereas at negative rapidity, the result is consistent with unity.
The measurement is also consistent with that of nonprompt J/ production obtained in a
similar kinematic range. The pT-di↵erential result at positive rapidity shows a significant
suppression, at the level of 25% for the lowest pT bin. The ratio tends to increase for high
pT, however, the current experimental uncertainties that grow also with pT do not allow to
establish a significant pT dependence. At negative rapidity, all values are consistent with
a nuclear modification factor of one. The experimental data points are in good agreement
with the three considered nPDF sets. At positive rapidity, the experimental uncertainties
are smaller than the nPDF ones for the integrated values as well as for the three lowest
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Ø Ratio of nuclear modification factors

Ø Consistent with unity in all kinematic bins at forward (p−Pb) rapidity

Ø Deviations from unity at backward (Pb−p) rapidity by about two standard 

deviation (1st and 3rd pT bin (left),  pT integrated bin(right))

Ø May be a hint of non-identical nuclear effects for bottom meson (B0)

and bottom baryon (Λ%& ) ?
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Azimuthal anisotropy of ! production in Pb−Pb collisions at 
#$$ = 5.02 TeV

Ø !(1S) elliptic flow coefficient v2

Ø Consistent with zero within uncertainties

Ø Smaller v2 than that of inclusive J/ψ by about 2σ significance in 

5-60% and 20-60% centrality intervals

Ø No significant centrality dependence 

Ø Compared to model predictions

Ø Both predictions are consistent with the data within current uncertainties

New preliminary
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Figure 6: Nuclear modification factors of the (left) ⌥ (1S) and (right) ⌥ (2S) mesons as a function
of y⇤ integrated over p

T

for the forward and backward samples. The bands correspond to the
theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets, and the comovers model as
reported in the text.

2. Calculations based on the comovers model of ⌥ (nS) production [17,18], which imple-
ments final state interaction of the quarkonia states and nuclear parton distribution
function modification via EPS09 at leading order [6], and the nCTEQ15 set already
described.

The measurements and the calculations are shown in Figs. 6 and 7. For the ⌥ (1S) state
the nuclear modification factor is about 0.5 (0.8) at low p

T

in the forward (backward)
region, and is consistent with unity for p

T

larger than 10 GeV/c, as predicted by the
models. As a function of rapidity, R

pPb

is consistent with unity in the Pbp region at
negative |y⇤|, while a suppression is observed in the pPb region, where it averages around
0.7, consistent with the models analysed. The nuclear modification factor for ⌥ (2S) is
smaller than ⌥ (1S), which is consistent with the comovers models. The corresponding
numerical results can be found in Appendix C. The same trend as for the ⌥ (1S) state is
observed for the ⌥ (2S)state, although the suppression seems more pronounced for the
⌥ (2S) state, as already observed by other experiments [22], especially in the backward
region.

The forward-backward asymmetry is evaluated only for the ⌥ (1S) meson as a function
of p

T

and y⇤, see Fig. 8, whereas for the ⌥ (2S) meson it is integrated over both y⇤ and p
T

as shown in Fig. 9. The corresponding numerical results can be found in Appendix D.3

The ratio of the cross-sections of ⌥ (2S) and ⌥ (1S) mesons as a function of p
T

,
integrated over y⇤, and as function of y⇤, integrated over p

T

, are shown in Fig. 10. The
corresponding numerical results can be found in Appendix E. The ratios confirmed a
larger suppression for the excited states with respect to the ground state observed in
proton-lead collisions compared to pp collisions [49]. For the ⌥ (3S) state, due to the

3In the forward-backward ratio, the systematic uncertainty related to branching ratios cancels.
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Ø Nuclear modification factors of !(1S) and !(2S)
Ø RpPb (!(2S)) < RpPb (!(1S))
Ø Agrees well with comover model predictions 

(Phys. Rev. C88 (2013) 047901, JHEP 10 (2018) 094, Phys. Lett. B749 (2015) 98, Nucl. Phys. A943 (2015) 147, Phys. Rev. C97 (2018) 014909)

LHCP 2019 17

JHEP 11 (2018) 194

p Pb

!(1S) !(2S)

https://doi.org/10.1007/JHEP11(2018)194
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J/ψ production in p−Pb collisions at "## = 8.16 TeV

LHCP 2019 18

Ø Inclusive J/ψ nuclear modification factor at mid-rapidity has been 
newly measured

Ø Compatible with the trends at forward/backward rapidity
Ø Compared to several theoretical predictions

Ø All models capture the trend qualitatively

New preliminary



21 May 2019

Higher-order azimuthal anisotropy of J/ψ production 
in Pb−Pb collisions at "## = 5.02 TeV

Ø First measurement of the triangular flow coefficient v3 for J/ψ production
Ø Positive v3 with 3.7 σ significance
Ø Ordering v3/v2 (J/ψ) < v3/v2 (D0) < v3/v2 (h�)

JHEP02(2019)012

LHCP 2019 19

Triangular flow coefficient (v3) Ratio of triangular and elliptic flow coefficients (v3/v2)
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J/ψ polarization in Pb−Pb collisions at "## = 5.02 TeV

LHCP 2019 20

Ø First measurement of J/ψ polarization 
in Pb-Pb collisions at LHC energy
Ø The results suggests the 

polarization parameters are close 
to zero

Ø No significant difference with the 
results in pp collisions

Luca Micheletti
1

➢ Helicity→ direction of J/ψ in the LAB-frame
➢ Collins-Soper→ the bisector of the angle 

between the beam and the opposite of the 
other beam, in the J/ψ rest frame

Reference frames

y-axis : perpendicular to the plane formed by the collision
axis and the direction of J/ψ in the LAB-frame

z-axis :

x-axis : chosen so that (x,y,z) is right-handed

𝑊 𝑐𝑜𝑠𝜃, 𝜑 ∝
1

3 + 𝜆𝜃
⋅ (1 + 𝜆𝜃 cos2 𝜃 + 𝜆𝜑 sin2 𝜃 𝑐𝑜𝑠2𝜑 + 𝜆𝜃𝜑𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜑)

Polarization
measures the degree to which the spin of a particle is aligned with respect to a chosen axis
is related to the study of the production mechanism of the J/ψ

Introduction to J/ψ polarization

PF approvals

Definition of the reference frame

(Helicity)

(Collins-Soper)

ü X-axis is chosen so that the 
reference frame is right handed

beam

Direction of J/ψ in 
the Lab-frame

New preliminary



Heavy flavour in fixed target 
configuration

21 May 2019 LHCP 2019 21
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First measurement of charm production in fixed target 
configuration at !"" = 86.6 (pHe) and 110.4 (pAr) GeV at the LHC

Ø No strong difference between pHe data and theoretical predictions which do not include 

intrinsic charm contribution at Bjorken-x range x ∈ [0.17, 0.37] (at the most backward bin)

Ø No evidence of strong intrinsic charm content within current uncertainties

Phys. Rev. Lett.122 (2019) 132002

Charm production in fixed-target

arXiv:1810.07907, accepted by PRL

HELAC-Onia
predictions agree for
differential
cross-section, but
underestimate the
total one
Compared to linear
and log interpolation
from results at
closest energy
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No evidence for significant c quark content PRD 75 (2007) 054029

Daniele Marangotto (INFN & UNIMI) LHCb pPb & FT results Moriond QCD 2019 16 / 20

Ø pHe: Cross sections are compared 

to predictions

Ø Theoretical predictions 

underestimate the total cross 

section

Ø pAr: Differential yields with 

arbitrary normalization are 

compared to predictions

Ø J/ψ results are compared to 

linear and log interpolation 

from the results at similar 

energy
(Phys. Rev. D 52, 1307 (1995),

Eur. Phys. J. C 60, 525 (2009), 

Phys. Rev. Lett. 98, 232002(2007))
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*Intrinsic charm: Charm quarks possibly exist in sea quarks



Ø ALICE and LHCb enable a complementary study of hard probes in
heavy-ion collisions

Ø Various measurements of hard-probes have been carried out by
ALICE and LHCb with LHC Run1/Run2 heavy-ion data 
Ø Differential jet measurements (ALICE)

Ø Measurements of open and hidden heavy flavours over a wide rapidity range 
(ALICE, LHCb)

Ø Heavy flavour measurements with fixed-target configuration (LHCb)

Ø Detector upgrades during LHC Long Shutdown 2 for Run3
Ø ALICE: New Inner tracking system, New Muon forward tracker, High readout rate

Ø LHCb: Detector upgrades for higher luminosity

21 May 2019

Summary and outlook

Ø Upgrade of Vertex Locator silicon detector

Ø Saturates in central collisions with current configuration

→ centrality reach in Pb−Pb collisions will be improved with higher granularity  

Ø Upgrade of the fixed-gas target (SMOG2, public note: https://cds.cern.ch/record/2649878)

Ø wider choice of usable gas species, better control over the target gas pressure, increase 

the integrated luminosities

LHCP 2019 23

https://cds.cern.ch/record/2649878


Backup
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21 May 2019

Configurations of LHCb

Ø pPb collisions: proton beam towards detector
Ø 1.5 < y < 4.0

Ø Pbp collisions: lead beam towards detector
Ø -5.0 < y < -2.5

Ø Fixed-target collisions (pAr, pHe)
Ø -2.5 < y < 0

LHCP 2019 25



21 May 2019

Jet substructure in Pb−Pb collisions at "## = 5.02 TeV

arXiv:1905.02512 [nucl-ex]

Exploration of jet substructure using iterative declustering ALICE Collaboration

is qualitatively consistent with large-angle prongs being more resolved by the medium and thus more
suppressed. The same process could lead to a reduction in the number of hard splittings as observed
in Figure 4. However, it is worth noting that both the Hybrid and JEWEL models, in spite of their
capturing of the general trends of the data, they do not incorporate the physics of color coherence and
all the prongs in the jet lose energy incoherently. This points to a simpler interpretation of the results for
instance in terms of formation times of the splittings and their interplay with the medium length. The
vacuum formation time tf ⇡ w/k2

T ⇡ 1/(wDR2), with w and kT being the energy and relative transverse
momentum of the radiated prong, is shorter for large-angle splittings, meaning that vacuum, large-angle
splittings, will be produced mostly in the medium and their resulting prongs will be further modified by
the medium. At large angles, the component of vacuum splittings that propagate in vacuum is less than
at small angles, resulting in an enhanced contribution of medium-modifications compared to small-angle
splittings.
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Fig. 4: The number of SD branches for jets reconstructed in Pb–Pb data are shown. The systematic uncertainties
are represented by the shaded area. The datapoints are compared to jets found in PYTHIA events embedded into
Pb–Pb events (open markers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and blue
(solid) lines. The lower panel shows the ratio of the nSD distribution in data and the embedded PYTHIA reference
(grey). The ratios of the Hybrid and JEWEL models to the embedded PYTHIA reference are also shown.

7 Summary

This Letter presents the measurement of jet substructure using iterative declustering techniques in pp
and Pb–Pb collisions at the LHC. We report distributions of nSD, the number of branches passing the soft
drop selection, and zg, the shared momentum fraction of the two-prong substructure selected by the mass
drop condition, differentially in ranges of splitting opening angle.

Generally, good agreement between distributions for pp collisions and vacuum calculations is found
except for the fraction of untagged jets, which is underestimated by the models. In Pb–Pb collisions, a
suppression of the zg distribution is observed at large angles relative to the vacuum reference whilst at low
opening angles there is a hint of an enhancement. These observations are in qualitative agreement with
the expected behaviour of two-prong objects in the case of coherent or decoherent energy loss [24] in the
BMDPS-Z [50, 51] framework. However, the models that are compared to the data do not implement
color coherence and yet they capture the qualitative trends of the data. This suggests that other effects
might drive the observed behaviour, for instance the interplay between formation time of the splittings
and medium length.

The number of splittings obtained by iteratively declustering the hardest branch in the jet, nSD, is shifted

9
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https://arxiv.org/abs/1905.02512
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! production in pPb collisions at "## = 8.16 TeV

Ø Nuclear modification factors of !(1S) from two independent measurements from 
ALICE and LHCb

Ø The ALICE and LHCb results agree well

LHCP 2019 27

p Pb
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γ-jet correlations in pp and p-Pb collisions 
at !"" = 5.02 TeV
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Coherent J/ψ production in Pb−Pb collisions 
at "## = 5.02 TeV


