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Introduction
Ø LHC collisions are complex due to sub-

structure of protons

Ø QCD: theory of strong interactions 
between interacting quarks and gluons 
Ø Hard QCD – high pT: PDFs, ISR & FSR, PS, 

perturbation theory
Ø Soft QCD – low pT: perturbative QCD 

approach not applicable
Ø Minimum bias events, fragmentation and 

hadronisation
Ø Radiation ISR/FSR
Ø Underlying events (MPI)
Ø Diffraction

Ø pp collisions: elastic or inelastic

Ø Inelastic collisions: diffractive or non-
diffractive

Ø Diffractive processes dominate in forward 
regions
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Introduction

LHC collisions are complex: due to sub-structure

of protons

QCD: theory of strong interaction between

interacting quarks and gluons of proton

Hard QCD – high p
T
: PDFs, strong coupling, 

perturbation theory, ISR & FSR, parton shower

Soft QCD – low p
T
: perturbative QCD approach 

not applicable
-- Minimum bias events, Fragmentation/hadronization

-- Underlying Event (ISR/FSR, BBR, MPI)

-- Diffraction

pp collisions: elastic or inelastic

Inelastic collisions: diffractive or non-diffractive

Diffractive processes dominate in forward regions

Main Interaction

Radiation (ISR/FSR)

Fragmentation/Hadronization

Multiple Parton Interactions (MPI)

Beam remnant



Outline
Ø The quark model towards tetraquark and pentaquark

Ø Insight on multi-parton scattering with associated production

Ø Jet fragmentation and substructure

Ø Hadronisation in hadronic environment

Ø Event shape modelling

Ø Soft central exclusive production processes
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Soft central exclusive production processes
• A clean laboratory for the study of various nonperturbative phenomena (glueballs, … )

• Dominated by double-pomeron exchange (DPE) at high momentum transfer (t)

Resonant production Nonresonant production (continuum)



Tetraquark with di-𝐉/𝝍 spectrum
Ø Tetraquark candidate X(6900) first observed by LHCb in 2020 Sci. Bull. 65, 1983 (2020)

Ø X(6900) confirmed by CMS and ATLAS in                                                                
channels 𝑇!! ̅! ̅! → 𝐽/𝜓 𝐽/𝜓 and 𝑇!! ̅! ̅! → 𝐽/𝜓𝜓(2𝑠)

Ø Structure observed by CMS in 𝐽/𝜓 𝐽/𝜓
spectrum

Ø Hint for X(6600) and X(7100)

Ø New charmed tetraquark candidates
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FIG. 1. The J/yJ/y invariant mass spectrum in the range up to 9 GeV, with fits consisting of
three signal functions (BW1, BW2, and BW3) and a background model (see text). Left: the fit
without interference. Right: the fit that includes interference, where “Interfering BWs” refers
to the total contribution of all the interfering amplitudes and their cross terms. For clarity, only
the sum of the three background components (NRSPS + DPS + BW0) is shown on the plots. The
lower portion of the plots shows the pulls, i.e., the number of standard deviations (statistical
uncertainties only) that the binned data differ from the fit.

Using an unbinned extended likelihood method, we fit the data from the threshold 2mJ/y to
15 GeV. Signals are represented by relativistic S-wave Breit–Wigner (BW) functions [65, 67, 68]
convolved with resolution functions, which are sums of two Gaussian functions with the same
mean value. The detector mass resolution varies from about 10 MeV at a mass of 6500 MeV to
18 MeV at 7300 MeV. The BW functions are not modified by acceptance or efficiency corrections
because these vary only slowly, by less than 1.3% over the natural width of the X(6900).

The NRSPS and DPS backgrounds are parametrizations of distributions of the corresponding
simulated events. The NRSPS component includes an exponential function where one of its
parameters is a free parameter in the fit. The effect of feed-down from heavier mass states such
as the y(2S) is accounted for as a systematic uncertainty. Combinatorial backgrounds arise
when one or more muon candidates are not from a J/y meson decay and from hadrons that are
misidentified as a muon or misreconstructed. The shapes of combinatorial backgrounds are
well modeled by the NRSPS + DPS parametrizations, and the residual effects are accounted for
in the systematic uncertainties.

Aside from the NRSPS and DPS background components, a component to model a threshold
enhancement is included, as was done in Ref. [14]. This excess may be due to a resonance,
but other processes could be responsible: coupled-channel interactions [69], triangle singulari-
ties [70], Pomeron exchange [36], or simply an inadequate NRSPS model. This region could also
include feed-down from higher mass tetraquarks that are only partially reconstructed. Because
of these uncertainties, we regard this enhancement as an additional background component
and model it with a BW function (BW0) with free mass and width, which provides a good ad

hoc description of this feature.

We begin with a background-only fit (NRSPS + DPS + BW0) and then add signal contributions
one at a time to the fit, with the yields of each signal and background component being free
parameters of the fit. In this first series of fits, the additional components are added without
interference. A signal BW is kept as long as its local significance exceeds 3s, with the local sig-
nificance calculated from the difference in log-likelihood between including and not including
the component and only accounting for statistical uncertainties. Three resonance structures, la-
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Figure 1: The fit to the mass spectra in the signal regions in the di-�/k (a,b) and �/k+k(2S) (c,d) channels. Fit
results for models A (a), B (b), U (c) and V (d) are shown. The purple dash-dotted lines represent the components of
individual resonances, and the green short dashed ones represent the interferences among them.

In conclusion, the results of a search for potential 222̄2̄ tetraquarks decaying into a pair of �/k charmonium
states, or into a �/k and k(2S), in the 4` final state are presented based on ?? collisions data collected
by the ATLAS experiment at

p
B = 13 TeV corresponding to an integrated luminosity of 140 fb�1. A

significant excess of events (far exceeding 5f) in data above the expected background is observed in
the di-�/k channel. Analogous to LHCb observations, a broad structure at lower mass and a resonance
around 6.9 GeV are observed. A three-resonance model with interferences, or a model with the lower
broad structure interfering with the SPS background, describes the excess better than models with fewer
interfering resonances or with no interferences. In the �/k+k(2S) channel, a 4.7f excess of events is
observed when considering a model involving two resonances, one of which is near the 6.9 GeV threshold.
In both channels, details of the lower-mass structure cannot be discerned directly from the data, and other
interpretations (e.g. multiple non-interfering resonances, reflection effects and threshold enhancements)
cannot be excluded. More data are required to better characterize the excesses observed in both channels.

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
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2-quark structure in p-Pb collisions
Ø Is the f0(980) a 𝑞+𝑞 meson, a tetraquark state, a 𝐾-𝐾 molecule or a 𝑞+𝑞-gluon 

hybrid state?

Ø Study of the f0(980) production and dynamic in p-Pb collisions

Ø Clear suppression of the f0 nuclear modification factor suggests impact of final 
state scattering and meson-like structure

Ø f0(980) is found to be a 𝑞+𝑞 meson (number-of-constituent-quarks scaling 
hypothesis) – other hypotheses ruled out
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Figure 6: Nuclear modification factor (QpPb) of f0(980) as a function of pT in p–Pb collisions at
p

sNN = 5.02 TeV
for different multiplicity classes. The multiplicity class is defined with the ZNA, which is the ZN placed on the
Pb-going side. Statistical and systematic uncertainties are shown as error bars and boxes, respectively. Black boxes
around unity represent the binary collision scaling uncertainties. The QpPb of charged hadrons [43] are reported
for comparison.

relative to low-multiplicity events (60–80%), with a 4.7 to 4.9 sigma significance near zero pT. As pT
increases, f0(980) QpPb values become compatible with those for charged particles, reaching unity. The
dependencies of the nuclear modification factor on the multiplicity and pT clearly indicate that rescat-
tering largely contributes to the strong suppression of the f0(980) yield for pT < 4 GeV/c. In addition,
the QpPb does not exhibit a significant Cronin-like enhancement [61] at intermediate pT in HM events.
Since baryons show a more pronounced Cronin peak as compared to conventional mesons [19, 62], the
absence of a significant Cronin-like enhancement of f0(980) might suggest that the f0(980) is composed
of two quarks.

6 Conclusions

The multiplicity and pT dependence of f0(980) production in p–Pb collisions at
p

sNN = 5.02 TeV is
presented. The f0(980) is reconstructed via the f0(980) ! p+p� decay channel at midrapidity (�0.5 <
y < 0) in the transverse momentum region of 0 < pT < 8 GeV/c. A hardening of the pT spectra and a
consequent increase of the mean pT are observed with increasing multiplicity.

The pT-integrated particle yield ratio of f0(980) to p decreases with increasing multiplicity, and the
pT-differential studies show a clear suppression of the f0(980) to p ratio for pT < 3.5 GeV/c, indi-
cating that rescattering effects for f0(980) particles exist in p–Pb collisions. The CSM overestimates
the f0(980)/p ratio, and it does not describe the decreasing trend because the CSM does not consider
rescattering processes. The pT-integrated f0(980)/K⇤(892)0 yield ratio also decreases with increasing
multiplicity. The suppression of the f0(980) to K⇤(892)0 ratio is observed in the entire measured pT
range, showing a different pT dependence relative to the one expected from a rescattering scenario. The
CSM qualitatively describes the decreasing trend for the pT-integrated f0(980)/K⇤(892)0 ratio as a func-
tion of multiplicity with the assumption of no hidden strangeness for f0(980), while it overestimates the
f0(980)/K⇤(892)0 with the assumption of two strange quarks. These results indicate that the production
of K⇤(892)0 is relatively enhanced compared with f0(980) due to the strangeness enhancement.

Additionally, the pT-differential f0(980)/K⇤(892)0 ratio does not exhibit the characteristic enhancement
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Figure 3: NCQ scaling of elliptic anisotropy. The v
sub
2 /nq of the f0(980) state (for the nq = 2

and 4 hypotheses) as a function of KET/nq, compared with those of K0
S, L, X�, and W strange

hadrons [50] in high-multiplicity pPb collisions. The error bars show statistical uncertainties
while the shaded areas represent systematic uncertainties. The red curve is the NCQ scaling
parameterization of the data for K0

S, L, X�, and W hadrons given by Eq. (3).

tions. Details about the log-likelihood ratio can be found in the Methods section. The measured
value is shown by the red arrow in Fig. 4, together with the distributions of the log-likelihood
ratio from pseudo-experiments. The f0(980) v

sub
2 values are generated according to the NCQ

scaling under the nq = 2 and 4 hypotheses, with a Gaussian smearing to account for the un-
certainties. The extracted significance of the nq = 2 hypothesis over the nq = 4 hypothesis is
7.7s in the pT < 10 GeV/c range. As shown in Fig. 3, the NCQ scaling range as delineated by
the K0

S data extends up to pT/nq of 4 GeV/c, whereas for the baryons it is restricted to about
2.5 GeV/c. For the nq = 2 hypothesis, our high-pT data start falling out of the measured NCQ
scaling pT/nq range; for the nq = 4 hypothesis, however, our data are within that range. Con-
sequently, we extract significance values also for two restricted-pT ranges: pT < 8 and 6 GeV/c.
The exclusion significances of the nq = 4 vs. 2 hypotheses in these ranges are 6.3 and 3.1s,
respectively.

The KK molecule, if produced by the coalescence of two kaons, would possess the same v2
as that of a tetraquark, and is thus practically also ruled out. It is unclear what v2 a hybrid
qqg state would attain in pPb collisions because the NCQ scaling has been tested only with
ordinary hadrons. If the constituent gluon behaves just like the constituent (anti)quarks, the
v2 of a hybrid qqg state would scale as nq = 3. Such a state would be ruled out with a 3.5s
significance using the pT < 8 GeV/c range, in which the NCQ scaling is adequately measured
for the nq = 3 case.

The c2 quantity is calculated between the vn,q data of the f0(980), with floating nq, and the
NCQ curve in KET/nq in Fig. 3, with the covariance matrix taking into account correlations
among uncertainties. Scans of c2 versus nq are performed, as detailed in the Methods section.
Using f0(980) data within the pT < 6 GeV/c range (a conservative choice, which ensures that
the NCQ scaling holds for the nq = 2 hypothesis, given that pT/nq < 3 GeV/c), the preferred
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Search for pentaquarks

First observation of 𝜦𝒃𝟎 → 𝑫%𝑫&𝜦
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Double parton scattering
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1 Introduction

Hadroproduction of heavy quarkonia has been extensively studied to probe quantum
chromodynamics (QCD) [1]. Various theoretical treatments have been proposed that
model the production of quark-antiquark pairs QQ and their subsequent hadronisation
into quarkonia. Promising approaches include the colour-singlet model (CSM) [2–4] and
the non-relativistic QCD (NRQCD) framework [5]. The CSM considers only the colour-
singlet intermediate QQ state with the same JPC quantum numbers as the final-state
quarkonium, while the NRQCD framework considers both colour-singlet and colour-
octet QQ states. The NRQCD framework assumes process-independent long-distance
matrix elements (LDMEs) to describe the transition probabilities from the intermediate
QQ states to the final-state quarkonium. Quarkonium hadroproduction cross-sections
as a function of the transverse momentum (pT) are successfully described by NRQCD
calculations [6–11]. However, there are still challenges in providing a coherent description
of all heavy quarkonium hadroproduction data, e.g. there is no unified description of the
cross-sections and polarisation of the vector quarkonium states; and the inconsistency
between the LDMEs of the ⌘c and J/ states—which are related to the heavy-quark spin
symmetry—remains to be understood [12–19].

In hadron collisions, a pair of heavy quarkonia can be produced through either single-
parton scattering (SPS), or double-parton scattering (DPS), depending on the number
of parton-parton scatterings in the process. A representative Feynman diagram of each
process is presented in Fig. 1. In the SPS process, two quarkonia are produced in the
same parton-parton interaction, leading to kinematic correlations between them. In
contrast, two parton-parton interactions occur simultaneously and independently in the
DPS process, producing two quarkonia with weak kinematic correlations. While the
SPS process provides new insights into the heavy quarkonium production mechanism
according to the left Feynman diagram in Fig. 1 [20–23], the DPS process probes the
parton distribution function inside the colliding hadrons and provides valuable information
on the hadronic wave functions describing correlations among partons [1]. Taking the J/ 
and ⌥ associated production (referred to as J/ –⌥ production throughout) as an example1,
the DPS cross-section �DPS(J/ –⌥ ) can be estimated from the J/ and ⌥ cross-sections,

p c

c̄

b

p b̄

p c

c̄

b

p b̄

Figure 1: Representative Feynman diagrams of the (left) SPS and the (right) DPS process with
colour-singlet LDMEs.

1Throughout the paper, ⌥ represents ⌥ (1S), ⌥ (2S), or ⌥ (3S).
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Figure 3: Di↵erential cross-section of J/ - (2S) production as a function of (a) �y, (b) ��,

(c) pJ/ - (2S)
T

, (d) yJ/ - (2S) and (e) mJ/ - (2S), compared with the NLO* CS predictions for
SPS [54–56]. The mJ/ - (2S) spectrum is also compared with the PRA+NRQCD predictions for
SPS [57]. The data contain contributions from both SPS and DPS.

are consistent within the large theoretical uncertainties, albeit the DPS contribution is
not subtracted from the measurements.

As shown in Figure 3(e), the mJ/ - (2S) spectrum is also compared with the SPS
predictions combining the parton Reggeization approach (PRA) [58] and the NRQCD
factorisation approach [57], which includes a subset of higher-order QCD corrections in
an infrared-safe way without ad-hoc kinematic cuts. Only the scale uncertainties are
considered in the predictions. The PRA+NRQCD predictions for SPS are larger than the
SPS+DPS data at small mJ/ - (2S), and consistent with them at large mJ/ - (2S).
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QCD measurements in pp collisions

Double parton scattering: J/# + #(2S) or $(ns) 

LHCb JHEP 08 (2023) 093 arXiv:2305.15580v2  

SPS DPS

$89:;< = E
2
$:9:; $:9:<

$=>>
m=2 when A and B are distinguishable
m=1 when indistinguishable

Assume PDF factorization
Expected properties of Feff:
Ø collision energy independent
Ø process independent

ALICE di-J/ψ 
$=>> = 6.7 ± 1.6 stat ± 2.7 syst mb

ALICE Phys. Rev. C 108, 045203 (2023) arXiv:2303.13431 

Observed properties of $eff 
Process dependent 

Kinematic dependent 
Energy dependent 
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Figure 1: Leading-order diagrams for inclusive triple-J/y production in pp collisions. The SPS,
DPS, and TPS processes are depicted in the top, middle, and bottom row, respectively. The
leftmost diagrams show triple prompt-J/y processes. The remaining diagrams show (left to
right) final states with increasing contributions of nonprompt J/y mesons from beauty hadron
decays. Curly lines indicate gluons, arrows (anti)charm quarks, and blobs the proton parton
densities. The symbols s

ipjnp
NPS identify the number (i and j) of prompt (p) and nonprompt (np)

contributions to the cross section of each diagram.

The signal yield is extracted with a three-dimensional unbinned extended maximum likelihood
fit of the mµ+µ� distributions of all J/y candidates in the event over the 2.9 < mµ+µ� < 3.3 GeV
range. The expected J/y mass peaks are modeled with a Gaussian function with mean fixed
to their nominal value (mJ/y = 3.097 GeV) [31] and the root-mean-square (RMS) width fixed to
the resolution derived from the MC simulation (sm ⇡ 30 MeV). Given the very low number
of events passing the selection, the mass mean and RMS width of the J/y mesons cannot be
left as free parameters in the fit. The dimuon background is described with an exponential
function [23, 32–35]. The fit has eight free parameters for the yields given by the combination
of each of the three J/y candidates as being either signal or background. The extracted signal
yield (red shaded areas in the mµ+µ� distributions of Fig. 2) corresponds to N

3J/y
sig = 5.0+2.6

�1.9

triple-J/y events, with 1.0+1.4
�0.8 background events. The statistical significance of the signal is

evaluated using various methods. From the likelihood ratio of two fits (background-only im-
posing N

3J/y
sig = 0, and the default signal-plus-background), with the standard asymptotic for-

mula [36] assuming that the conditions to apply Wilks’ theorem [37] are satisfied, a significance
of 6.7 standard deviations (std. dev.) is obtained. The significance derived assuming a Poisson
counting experiment yields 5.8 std. dev., and it is found to be above 5.5 std. dev. by using MC
pseudoexperiments.

To cross-check the size of the combinatorial background derived from the fit, two tests are car-
ried out. First, the fit is repeated over the extended dimuon mass range [2.5–3.3] GeV for the
two subleading J/y mesons (dotted curves in Fig. 2). This mass range corresponds to an asym-
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Figure 3: Comparison of seff,DPS parameters extracted in various processes. The result obtained
here (upper red circle) is compared to those derived in midrapidity measurements of double-
quarkonium and EW boson plus quarkonium production [22, 24, 25, 57–60] (blue circles), as
well as in final states with jets [19, 51, 52, 62], g+ jets [53–56], W+jets [13, 14], and same-sign W
bosons [18] (black squares and triangles). The arrows indicate lower (or upper) limits at 95%
(68%) confidence level. For the experimental results marked with a star, more recent theoretical
reinterpretations based on more accurate calculations of the corresponding SPS cross section
are plotted. The original experimental results can be found in Ref. [23] (CMS), Ref. [26] (D0)
and Refs. [50, 63] (ATLAS).
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Figure 1: Representative diagrams of SPS (left) and DPS (center and right) contributions to the
production of two J/y mesons in pPb collisions.

Exploiting the pPb data sample collected at
p

s
NN

= 8.16 TeV in 2016, we measure the fiducial
cross section for the rare final state of interest. The J/yJ/y + X cross section is measured in the
fiducial volume of the detector, defined in Table 1, correcting for experimental inefficiencies.
There is no extrapolation of the cross section for the final state beyond the fiducial acceptance,
thus avoiding potential systematic uncertainties coming, e.g., from the polarization of the J/y
mesons. The tabulated results of this study are provided in a HEPData record [39].

Table 1: Definition of the fiducial phase space for the pPb ! J/yJ/y +X cross section measure-
ment in pPb collisions at

p
s

NN
= 8.16 TeV.

Particle Fiducial requirement
Muons pT > 3.4 GeV for |h| < 0.3

pT > 3.3 GeV for 0.3 < |h| < 1.1
pT > 5.5–2.0|h|GeV for 1.1 < |h| < 2.1
pT > 1.3 GeV for 2.1 < |h| < 2.4

J/y mesons pT > 6.5 GeV and |y| < 2.4

2 The CMS detector and data selection
The CMS apparatus [40] is a multipurpose, nearly hermetic detector, designed to trigger on [41,
42] and identify electrons, muons, photons, and charged and neutral hadrons [43–45]. A global
“particle-flow” algorithm [46] aims to reconstruct all individual particles in an event, combin-
ing information provided by the all-silicon inner tracker and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors embedded in the flux-return yoke outside
the solenoid. The silicon tracker measures charged particles within the pseudorapidity range
|h| < 2.5. During the LHC running period when the data used in this Letter were recorded,
the silicon tracker consisted of 1440 silicon pixel and 15 148 silicon strip detector modules. For
nonisolated particles of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically
1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter [45]. The
electromagnetic calorimeter (ECAL) consists of 75 848 lead tungstate crystals, which provide
coverage in pseudorapidity |h| < 1.48 in a barrel region and 1.48 < |h| < 3.0 in two endcap re-
gions. Muons are measured in the pseudorapidity range |h| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. The
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Glauber MC model, a value seff = 4.0+•
�1.5 mb is obtained, where the unbound upper uncer-

tainty indicates that the double J/y meson yields could in principle be produced without DPS
contributions. Therefore, the final result is better expressed as a limit on the maximum amount
of DPS allowed by the data, which translates into a lower limit on the effective DPS cross sec-
tion of seff > 1.0 mb at 95% confidence level (CL).

In Fig. 5, the lower seff bound determined in this work is compared with other extractions of
the effective DPS cross section derived from double- and triple-quarkonium production mea-
surements [12, 14–17, 37, 77–80] (blue circles), as well as from processes with jets, photons,
and W bosons [19, 26, 81–84] (black squares). A few of the quarkonium seff values plotted
(indicated with an asterisk in the legend) are those derived by more recent phenomenological
studies [37, 77, 79, 80] of the experimental data, with an improved evaluation of the SPS con-
tributions. Overall, the effective cross sections obtained from multi-quarkonium production
favor a smaller value of seff ⇡ 3–10 mb compared with the seff ⇡ 10–20 mb result of the other
types of multiple hard scattering processes. Our measurement of seff > 1.0 mb at 95% CL calls
for larger pPb data sets to confirm, or not, its consistency with the seff values derived from pp
data and, eventually, better constrain the average effective interparton distance squared (seff)
involved in the production of a pair of quarkonium mesons in hadronic collisions.
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Figure 5: Comparison of the effective DPS cross sections seff extracted in this work (red ar-
row lower limit) with the same parameter derived in pp measurements of double- and triple-
quarkonium production [12, 14–16, 37, 77, 79, 80] (blue circles), as well as in final states with
jets [81, 82, 85], g+ jets [83, 84, 86], W+ jets [19, 20], and double W bosons [26] (black squares).
The asterisk shown in a few legend entries indicates that the result has been obtained by more
recent phenomenological analyses of the experimental data.
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Ø Lund plane: theory tool used for many years, particularly by MC authors 
Z.Phys.C 43 (1989) 625

Ø Lund jet plane: applied to jet substructure, probe entire emission history of 
originating parton 1807.04758

Ø Two-dimensional representation of the phase space of emissions inside a jet

Ø Parameterize emissions of angle-ordered jet in terms of relative energies (z) 
and angles (ΔR)

Ø Allow to probe different mechanisms depending on kinematic

Lund jet Plane

Credit: CMS

Credit: CMS

(z1, θ1)

(z2, θ2)
(z3, θ3)

(z4, θ4)
(z5, θ5)

(z6, θ6)

https://inspirehep.net/literature/265672
https://arxiv.org/abs/1807.04758
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Lund sub-jet multiplicities

ATLAS Submitted to: Phys. Lett. B arXiv:2402.13052v1 

CMS Submitted to JHEP arXiv:2312.16343v1 

Two-dimensional representation of the 
phase space of emissions inside a jet … 

Running of S@ in the jet shower
dominant mechanism responsible for the rise 

of the LJP density at low #7
(#7 characteristic energy scale in $8 evolution) 

More from I. Chahrour 

Thursday 06/06 at 14:36

… Allow to probe 
different mecanisms 

depending on kinematic

Measurement of average number 
of Lund subject multiplicities 

to constrained models

Testing QCD with jet substructure 

Ibrahim Chahrour - University of Michigan

Lund subjet multiplicity
ATLAS Collaboration
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• The number of emissions in successive 
Lund planes with  is denoted by 




• The number of emissions on the hardest 
branch is denoted by 


• Constrains and tests Parton Shower Monte 
Carlo (PSMC) through double-soft splittings

kt > kt,cut
NLund

NPrimary
Lund

• Average subjet multiplicity 
 as a function of 


• Theoretical predictions at NLO 
matched to NNDL resummation in 
good agreement in the perturbative 
region (  GeV)


• Nonperturbative corrections to 
theoretical prediction derived from 
MC simulations

⟨NLund⟩ kt,cut

kt,cut > 5

2312.16343

2402.13052

Running of 𝜶𝑺 in the jet shower 
dominant mechanism responsible for 

the rise of the LJP density at low kT
(characteristic energy scale in 𝛼*

evolution)

Measurement of average number 
of Lund subject multiplicities to 

constrained models
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Ø 𝜦𝒄%-baryon yields much higher than predicted
Ø Breakdown of the universality of charm quark fragmentation functions

Ø Prompt 𝜦𝒄%-baryon FF in pp is ~3x larger than in e+e- and ep
Ø Imply an overall reduction of the relative D-meson abundance (charm 

fragmentation function sum up to 1)

10

functions that are fitted to the OPAL data, only, and to both the OPAL and the Belle data are
shown as GM-VFNS-1 and GM-VFNS-2, respectively. The error bars on the GM-VFNS pre-
dictions account for the renormalization scale uncertainty. The GM-VFNS predictions, which
include both prompt and nonprompt baryon production, are systematically below our data
for pT < 8 GeV/c, similar to the difference found by previous ALICE [16] and CMS measure-
ments [18]. The DCA distribution fit of the data shows that ⇠20% of the generated L+

c baryons
arise from b hadrons in the pT range 3–30 GeV/c. Therefore, accounting for the effects of non-
prompt L+

c production slightly enhances the disagreement with the data. The discrepancies in
the cross sections and the L+

c /D0 production ratio [18] between the data and the GM-VFNS
calculations in pp collisions indicate a breakdown of the universality of charm quark to hadron
fragmentation functions.
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Figure 4: The pT-differential cross sections for prompt L+
c production in pp collisions. Pre-

dictions for pp collisions are displayed for PYTHIA8 with CR2 (open crosses), GM-VFNS im-
plementing fragmentation functions that are fitted to the OPAL data, only (open circles labeled
GM-VFNS-1), and fitted to both OPAL and Belle data (open triangles labeled GM-VFNS-2). The
GM-VFNS model calculations are for inclusive L+

c production. The horizontal error bars rep-
resent the bin widths. The vertical lines in the data points represent the statistical uncertainties
and the shaded boxes represent the systematic uncertainties. The vertical lines in the model
points represent the GM-VFNS uncertainties. The lower panel shows the data-to-prediction
ratio for pp collisions with error bars and brackets corresponding to the statistical and total
uncertainties in the data, respectively. The global fit uncertainty of 8.6% is not shown in the
plot. The shaded boxes in the lower panel represent the GM-VFNS uncertainties.

The mean nuclear overlap function, hTAAi, is equal to the average number of NN binary col-
lisions (hNcolli) divided by the pp inelastic cross section and can be interpreted as the NN-
equivalent integrated luminosity per heavy ion collision. The TAA-scaled yields are defined

Charm production and fragmentation fractions in pp at
p

s = 13 TeV ALICE Collaboration
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Figure 13: Left: charm-quark fragmentation fractions at midrapidity (|y|< 0.5) in pp collisions at
p

s = 5.02 TeV
and

p
s = 13 TeV compared with results in e+e� and ep collisions [55]. The fragmentation fractions f (c ! hc) of

J/y mesons are multiplied by a factor 20 for better visibility. Right: cc production cross section per unit of rapidity
at midrapidity (|y| < 0.5) in pp collisions as a function of

p
s. The measurements are compared with predictions

from FONLL [13, 14] and NNLO [91–93] calculations. The statistical and systematic uncertainties are reported as
vertical bars and boxes, respectively.

Table 7: Charm-quark fragmentation fractions in pp collisions at
p

s = 5.02 TeV and 13 TeV. The values for the
X+

c baryon at
p

s = 5.02 TeV are assumed to be the same as the ones of the X0
c baryon at the same centre-of-mass

energy. The values published in Ref. [54] were updated considering recent measurements of prompt L+
c baryon

down to pT = 0 and of prompt J/y mesons, as mentioned in the text. The “syst.” uncertainty also includes the
contribution of the extrapolation uncertainty.

f (c ! hc) pp,
p

s = 5.02 TeV (%) pp,
p

s = 13 TeV (%)

D0 39.6 ± 1.7 (stat.) +2.6
�3.8 (syst.) 38.2 ± 1.3 (stat.) +2.3

�4.3 (syst.)

D+ 17.5 ± 1.8 (stat.) +1.7
�2.1 (syst.) 19.1 ± 1.4 (stat.) +1.5

�2.3 (syst.)

D+
s 7.4 ± 1.0 (stat.) +1.9

�1.1 (syst.) 6.1 ± 0.5 (stat.) +1.2
�0.9 (syst.)

L+
c 18.9 ± 1.3 (stat.) +1.5

�2.0 (syst.) 16.8 ± 0.8 (stat.) +1.5
�2.1 (syst.)

X0
c 8.1 ± 1.2 (stat.) +2.5

�2.5 (syst.) 9.9 ± 1.3 (stat.) +2.3
�2.4 (syst.)

X+
c Assumed to be the same as X0

c 9.6 ± 1.2 (stat.) +3.9
�4.8 (syst.)

J/y 0.44 ± 0.03 (stat.) +0.04
�0.06 (syst.) 0.37 ± 0.02 (stat.) +0.04

�0.05 (syst.)

D⇤+ 15.7 ± 1.2 (stat.) +4.1
�1.9 (syst.) 15.6 ± 0.7 (stat.) +2.5

�2.2 (syst.)

S0,+,++
c � 7.2 ± 1.2 (stat.) +1.6

�1.9 (syst.)

branching ratio BR(W0
c ! W�⇡+) has never been experimentally measured and the one quoted above

corresponds to the envelope (uncertainties included) of the values calculated in Refs. [94–98]. Given
the large uncertainty of the branching ratio, the W0

c-baryon measurement was used only to define an
asymmetric systematic uncertainty for the sum of the charm-hadron cross sections used to normalise the
fragmentation fraction, which accounts for s(W0

c) = s(X0
c).

The results in pp collisions at
p

s = 13 TeV are compared in the left panel of Fig. 13 and in Table 7
with those in pp collisions at

p
s = 5.02 TeV. The previous measured values published in Ref. [54] were

updated for this paper considering more recent cross section measurements of prompt L+
c baryon down
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Charm hadronization is different in hadronic environment and in e+e-

2307.11186

2308.04877
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A Large Ion Collider Experiment

ALI-PREL-571534

Charm baryon resonance production: Σ0,++
c

8ALICE Highlights | LHCP 2024 | M van Leeuwen

New run 3 result

Σ0,++
c → Λc π  yield ratio vs pTΣ0,++

c

Similar yield of both resonances

Not described by Pythia hadronisation


in line with statistical model expectation

ALI-PREL-574270

Ø First measurement of the Σ!
(,%%(2520) relative production at the LHC

Ø ALICE measurement in 6 < pT < 14 GeV compatible with e+e- pT integrated 
withing uncertainties

Ø SHMc reproduces the pT
integrated ratio

Ø PYTHIA8 and Statistical                                                                                   
Hadronisation Model + RQM                                                                                    
do not describe data

Ø Feed-down from higher states                                                                                  
under discussion
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QCD measurements in pp collisions

Charm fragmentation at LHC

Charm abundance in pp under study

New ALICE RUN 3 result

Ø First measurement of the WAC,(( XYXZ  relative 
production at the LHC

Ø ALICE measurement in pT range 6-14 GeV/c compatible 
with [([B pT integrated within uncertainties

Ø SHMc reproduces the ratio pT integrated 

Ø PYTHIA 8 (Monash + Mode 0/2/3) and Statistical 
Hadronization Model + RQM do not describe the data 
(feed-down from higher states under discussion)

More from V. Feuillard 

Wednesday 05/06 at 14:18

Charm abundance 
in pp under study
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Beauty fragmentation at LHC
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Beauty hadronization is different in hadronic environment and in %#%$  

Beauty, charm, and strange hadrons show a 
similar trend as a function of pT

ALICE Phys. Rev. D 108, 112003 (2023) arXiv:2308.04873
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Beauty fragmentation at LHC

1−10×5 1 2 3 4 5 6 7 8 910 20 30
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

b
a

ry
o

n
-t

o
-m

e
so

n
 r

a
tio

 = 13 TeVspp, | < 0.5yALICE,  |
+πp/
0
S/KΛ

0/D+
cΛprompt 

0/D+
cΛnon-prompt 

 < 4.5yLHCb,  2.0 < 
)++B0/(B0

bΛ

PYTHIA 8 Monash
+πp/
0
S/KΛ

0/D+
cΛprompt 

0/D+
cΛnon-prompt 

)++B0/(B0
bΛ

ALI−DER−563938

Beauty hadronization is different in hadronic environment and in %#%$  

Beauty, charm, and strange hadrons show a 
similar trend as a function of pT

ALICE Phys. Rev. D 108, 112003 (2023) arXiv:2308.04873

Beauty hadronization is different in hadronic environment and in e+e-

Beauty, charm, and strange 
hadrons show a similar 

trend as a function of pT

Rise of the baryon fraction 
with multiplicity, plateau for 

collisions > 2x average 
number of VELO tracks

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 Bσ/ b0
Λσ

2 4 6

NB>VELO
tracks/<NVELO

tracksN
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 -16%
+19% + X, global uncertainty: bb→pp

bb→0Z→−e+e

LHCb  = 13 TeVs pp  
-1   5.4 fb > 0

T
p

2308.04873
2310.12278

https://arxiv.org/abs/2308.04873v2
https://arxiv.org/abs/2310.12278


Hadronization in and out of jets
11/10/24 Francesco Giuli - francesco.giuli@cern.ch 15

Production of strange particles in jets and the UE in pp and p–Pb collisions ALICE Collaboration
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Figure 7: pT-dependent strange baryon-to-meson (top) and baryon-to-baryon (bottom) ratios in pp collisions atp
s = 13 TeV. For each case, the results of JE (red triangles) and inclusive (black closed circles) particles are

compared with PYTHIA 8 CR-BLC simulations. The bands correspond to the spread of simulations of the three
different CR-BLC implementation modes. The statistical uncertainties are represented by the vertical error bars
and the systematic uncertainties by the boxes.

spectra around pT = 2 GeV/c present in data. This results in a “valley” structure in PYTHIA-to-data ratios
in the interval of 1 < pT < 4 GeV/c. For K0

S and L, the value of the MC/data ratio reaches the minimum
of around 0.4 at pT ' 2 GeV/c, then it increases with pT for pT > 2 GeV/c and shows a saturation trend
with a value that rises to 0.8 at pT > 6 GeV/c. For the multi-strange baryons, X and W, the ratio decreases
with strange-quark content and baryon mass. The minimum values of the ratio are around 0.2 and 0.1
for X and W, respectively.

In analogy with the left panel of Fig. 6, the right panel shows the comparisons of pT-differential densities
for JE particles with the corresponding PYTHIA 8 simulations for the different CR-BLC modes. The JE-
particle density spectra from PYTHIA 8 are obtained following the same approach applied to data as
detailed in Section 3.3. PYTHIA 8 simulations overestimate the density of K0

S mesons and L baryons
in jets for pT < 2 GeV/c, while, in general, a better agreement is observed for pT > 2 GeV/c. The
MC/data ratio for those two particle species are almost identical, as seen in the lower panels of Fig. 6.
But, in general, the pT-differential density obtained from the generator is softer than that in the data. For
X baryons, PYTHIA 8 overestimates their production associated with jets over the measured pT range,
0.9 < pT < 8 GeV/c, by a factor of around three to six depending on pT. A possible explanation is that
the strings containing partons produced in the hard scattering processes have higher string tension during
the PYTHIA fragmentation.

It is likely that in PYTHIA 8 the ss-diquark string production rate is much higher than that within the jet
fragmentation found in data. Moreover, since the probability for an ss-diquark combining with another
single s-quark to form an W baryon is lower than the probability combining with u- and d-quarks to form
a X baryon, the density of W produced in jets is underestimated. For pT > 2 GeV/c, the correspond-
ing W MC/data ratio reaches about 0.5 with mild dependence on pT. This is indicative of the vastly
overestimated production density of X baryons in jets within the generator.
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Enhanced deuteron coalescence probability in jets ALICE Collaboration
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Figure 2: Coalescence parameter in jets, B
Jet
2 , and in the underlying event, B

UE
2 , as a function of pT/A in compar-

ison with the predictions from PYTHIA 8 with the Monash 2013 tune with a coalescence afterburner (left panel)
and the reaction-based PYTHIA 8.3 model (right panel).

Material [72].

In the reaction-based model [73], (anti)deuterons are generated by ordinary nuclear reactions between
nucleons produced in the collision with parameterized energy-dependent cross sections tuned on avail-
able experimental data [74]. The following nuclear reactions are considered: p + n! g + d, p + n! p0 +
d, p + n ! p0 + p0 + d, p + n ! p+ + p� + d, p + p ! p+ + d, p + p ! p+ + p0 + d, n + n ! p� + d, n
+ n ! p� + p0 + d. Such a model is implemented in the MC event generator PYTHIA 8.3. Both simple
coalescence and the reaction-based model are based on the assumption that coalescence can happen only
if protons and neutrons are close in phase space. However, there are two main differences between the
models. The first concerns the p0 cut off which is introduced as a step function in the coalescence model,
while in PYTHIA 8.3 the deuteron formation happens according to the differential cross section of the re-
actions listed above. The second difference is related to the kinematics of the process: in the coalescence
model the deuteron four-momentum is given by the sum of the proton and neutron four-momenta, while
in the reaction-based model, part of the initial four-momentum is carried away by the pion(s) or photon
according to energy and momentum conservation rules. The uncertainties of the coalescence model are
discussed in the Supplemental Material [72], while for PYTHIA 8.3 only statistical uncertainties are
shown.

As shown in Fig. 2, both models provide good qualitative descriptions of the data. In particular, they are
capable of reproducing the observed large difference between B

Jet
2 and B

UE
2 . While the pT/A dependence

of B
UE
2 is well described by both approaches within the uncertainties, the observed nearly flat trend of

B
Jet
2 is not reproduced by the models, which instead give a decreasing trend with increasing pT/A and

overestimate the B
Jet
2 for low pT/A.

In this Letter the first measurement of the (anti)deuteron coalescence parameters in and out of jets in pp
collisions at

p
s = 13 TeV is presented. The results of this work indicate for the first time an enhanced

deuteron coalescence probability in jets compared to the underlying event. This enhancement, of a factor
⇠ 10, is measured with a good precision and a significance of about 21s . This experimental observation

6

2211.08936

2211.15204

Ø Strange baryon-to-meson and baryon-to baryon ratios suppressed by a factor 
~ 2 in jets w.r.t inclusive measurements

Ø Deuteron coalescence probability in jets x 10 vs. underlying event

Ø Nucleons have a smaller average phase-space                                           
distance

Hadronic environment (in jet vs. out of jet) impact hadronization

https://arxiv.org/abs/2211.08936
https://arxiv.org/abs/2211.15204
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Ø Phase space divided in 3 regions:
Ø Towards the leading jet: dominated by jet fragmentation
Ø Away from the leading jet (back-to-back)
Ø Transverse region: dominated by UE, MPI and soft processes

sarah.porteboeuf@clermont.in2p3.fr
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QCD measurements in pp collisions

Outline
Ø The quark model toward tetraquark and pentaquark

Ø Factorization approach in QCD, measurements of PDFs and TMDs

Ø Insight on multi-parton scattering with associated production

Presented by P. Gandini 

Monday 03/06 at 17:36

Ø The strong force: running of !! and " from FASER 

Ø Jet fragmentation and substructure 

Ø Hadronization in hadronic environment 
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Figure 5: (Left) Per event and per unit ([, q) normalised and (right) prompt charged-particle normalised  0
S yields

as a function of leading-jet ?T in the (a, b) away, (c, d) towards and (e, f) transverse regions. Error bars show the
statistical error and the shaded bands show the total uncertainty.
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Figure 5: (Left) Per event and per unit ([, q) normalised and (right) prompt charged-particle normalised  0
S yields

as a function of leading-jet ?T in the (a, b) away, (c, d) towards and (e, f) transverse regions. Error bars show the
statistical error and the shaded bands show the total uncertainty.
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Figure 5: (Left) Per event and per unit ([, q) normalised and (right) prompt charged-particle normalised  0
S yields

as a function of leading-jet ?T in the (a, b) away, (c, d) towards and (e, f) transverse regions. Error bars show the
statistical error and the shaded bands show the total uncertainty.
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2405.05048
Ø Λ and 𝑲𝒔

𝟎 production in 3 regions 
allow to understand modelling of 
underlying event from event 
generators

Ø None tested can reproduce all 
aspects

Strangeness production 
to study underlying 

event dynamic

https://arxiv.org/abs/2405.05048
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Ø Strangeness production

Ø Suppressed in events with jet-like 
topologies

Ø Slightly enhanced in softer, isotropic 
events topologies 

3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3917  |  https://doi.org/10.1038/s41598-022-07547-z

www.nature.com/scientificreports/

distributions are shifted towards the isotropic limit for central (high-multiplicity) collisions compared to periph-
eral (low-multiplicity) collisions.

Now, we proceed to discuss the global properties and their dependence on spherocity classes in the next sec-
tion. For the sake of simplicity, here onwards we refer π+ + π− , K ++K− , and p+p̄ as pions, kaons, and protons, 
respectively.

Results and discussion
Bjorken energy density ( εBj). In heavy-ion collisions, the transverse energy ( ET ) is one of the significant 
global observables that is used to study the possible formation of a medium of quarks and gluons under extreme 
temperature and energy density. Before the collisions, all the energy is carried by the beam particles in longitu-
dinal phase space. But after the collisions, the final state particle production in the transverse plane carries finite 
transverse energy ( ET ), which is an event-by-event observable and it is closely related to the collision geometry. 
In the Bjorken boost-invariant hydrodynamics  model18 for relativistic heavy-ion collisions, ET at mid-rapidity 
gives the quantitative estimation of the initial energy density produced in an interaction. Under boost invari-
ance, the Bjorken energy density ( εBj ) in the nuclear collision zone can be estimated as,

where, τ is the formation time and usually taken to be 1 fm/c . ET is the total transverse energy and ST = πR2 is 
the transverse overlap area of the colliding nuclei. As R = R0A1/3 , one replaces A = Npart/2 . That makes the 
expression for transverse overlap area,

(2)εBj =
1

τST

dET
dy

.

Figure 1.  Schematic picture showing jetty and isotropic events in the transverse plane, assuming the z-axis is 
the beam axis or the longitudinal axis.

Table 1.  Low 20 % and high 20% cuts on spherocity distribution in Pb–Pb collisions at √sNN = 5.02 TeV for 
different centrality classes.

Centrality (%) Low-S0 High-S0
0–10 0–0.880 0.953–1
10–20 0–0.813 0.914–1
20–30 0–0.760 0.882–1
30–40 0–0.735 0.869–1
40–50 0–0.716 0.865–1
50–60 0–0.710 0.870–1
60–70 0–0.707 0.873–1
70–100 0–0.535 0.822–1
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Event shape modeling 
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Strangeness production 
Suppressed in events with jet-like topologies

Slightly enhanced in softer, isotropic event topologies

Event shape modeling to understand strangeness production in pp collisions
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Particle production in pp at
p

s = 13 TeV vs. transverse spherocity ALICE Collaboration
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order 20%. We estimate, based on Ref. [1], that to obtain a similar effect driven solely by multiplicity,
one would have to decrease the multiplicity by approximately 60 to 70%. Given that the difference in
multiplicity between the spherocity event classes is roughly 10%, this indicates a substantial lifting of
the strangeness suppression due to the event topology selection.

This novel feature can help to further elucidate the underlying mechanism(s) that drives the strangeness
enhancement. Remarkably, these findings suggest that charged particle production is not driven by a
single source, but instead driven by several sources with varying strangeness-to-p production rates, with
the jet-like events showcasing a level of strangeness production usually found at lower multiplicities. In
combination with the pT-differential ratios from Figs. 7 – 10, as well as the baryon-to-meson ratios in
Fig. 11, one can characterize jet-like events as exhibiting a large decrease of relative production at inter-
mediate pT, with an overall high degree of strangeness suppression in the total yields. Isotropic events
can be characterized completely opposite to jet-like events, containing a boost of particles at interme-
diate pT, with enhanced strangeness production in the pT-integrated yields. These findings suggest that
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Ø The tensor                             (𝛼, 𝛽 ∈ {𝑥, 𝑦, 𝑧} refer to cartesian coordinates)

Ø 𝑖 is the index for the final-state charged particles which passed the selections based on 
the detector acceptance

Ø Sphericity constructed from the two smallest eigenvalues 
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1. Introduction 1

1 Introduction
Recent measurements of global event observables in proton-proton (pp) collisions, such as the
correlations of outgoing particles [1–4] and the multiplicity of strange hadrons [5, 6], high-
light the difficulties in modelling these collisions. Models attempting to describe these effects,
for instance those developed in the context of heavy ion collisions, include nonperturbative
effects such as collective flow [7–12] or rope hadronization [13–15]. This motivates the con-
tinued measurement program of minimum-bias pp collisions and of observables sensitive to
nonperturbative effects. Furthermore, the dominance of soft quantum chromodynamics (QCD)
uncertainties, even in high-precision electroweak observables like the magnetic moment of the
muon [16, 17], highlights the need for further experimental input to nonperturbative QCD.

One nonperturbative phenomenon of particular interest is the QCD instanton [18–25]. Recent
calculations [26] suggest that instanton processes at the LHC may have a large cross section of
O(mb). Several strategies for detecting instanton events have been suggested [27–31], and one
of the common characteristics used in many of those searches is the relatively isotropic distri-
bution of particles produced by the instanton. These effects and other similar modifications of
event shapes motivate the following measurement as a means to test the limits of the existing
minimum-bias pp collision modelling.

This note presents measurements of observables related to the overall kinematics of events,
often referred to as event shapes. Using minimum-bias pp collisions, we measure eight ob-
servables related to the global event shapes using tracks reconstructed in the detector (detector
level) and then unfold the same observables to the level of stable charged particles (particle
level). Similar observables have been compared to simulations in previous CMS event genera-
tor tunings [32] using data from e+e� collisions at LEP [33]; this measurement includes effects
of the hadronic initial state not present in those measurements. Some of these observables
were studied previously at the LHC at lower centre-of-mass energies [34–36] or in the underly-
ing event [37], and the charged-particle multiplicity has been studied at 13 TeV centre-of-mass
energy [38–40]. This measurement extends hose analyses and elucidates correlations between
the event shapes and the charged-particle multiplicity. The unfolded observables are always
computed using tracks (detector level) or charged particles (particle level), and are always com-
puted in the centre-of-mass frame. The full list observables is:

• Particle multiplicity, N
• Total invariant mass,

p
s

• Sphericity: a measure of how isotropically the momenta p are distributed in an
event [41, 42]. The tensor S is first defined with components

Sab =
Âi pa

i pb
i

Âi|
�!pi |

2 (1)

in which a, b 2 {x, y, z} refer to cartesian coordinates, and i is the index for the
final-state charged particles that passed the selections based on the detector accep-
tance, described in Section 4. The sphericity is constructed from the two smallest
eigenvalues l2 and l3: S = 3

2 (l2 + l3).
• Thrust: a measure of how highly collimated the momenta in an event are along one

particular axis [42]. It is defined as

T = 1 � max�!n
Âi

�!pi ·
�!n

Âi|
�!pi |

(2)
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Data more isotropic than the modelling in event generators
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Ø Differential cross sections in bins of [p1,T, p2,T] with 0.4 < p1/2,T < 0.6 GeV 

Ø Azimuthal angle 𝜑 between the surviving protons

Ø First observation of parabolic                                                                             
minimum in 𝝋 distribution

Ø First model tuning of pomeron                                                                             
related quantities
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Figure 10: Distributions of d3s/dp1,Tdp2,Tdf as functions of f in the p+p� nonresonant region
(0.35 < mp+p� < 0.65 GeV) in several (p1,T, p2,T) bins in the range 0.40 < p1,T < 0.60 GeV and
0.20 < p2,T < 0.60 GeV, in units of µb/GeV2. Values based on data from each RP trigger
configuration (TB, BT, TT, and TT) are shown separately with coloured symbols, whereas the
weighted average is indicated with black symbols. Results of individual fits with the form
[A(R � cos f)]2 + c

2 (Eq. (8)) are plotted with the curves. The error bars indicate the statistical
uncertainties.
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Figure 10: Distributions of d3s/dp1,Tdp2,Tdf as functions of f in the p+p� nonresonant region
(0.35 < mp+p� < 0.65 GeV) in several (p1,T, p2,T) bins in the range 0.40 < p1,T < 0.60 GeV and
0.20 < p2,T < 0.60 GeV, in units of µb/GeV2. Values based on data from each RP trigger
configuration (TB, BT, TT, and TT) are shown separately with coloured symbols, whereas the
weighted average is indicated with black symbols. Results of individual fits with the form
[A(R � cos f)]2 + c

2 (Eq. (8)) are plotted with the curves. The error bars indicate the statistical
uncertainties.
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Figure 10: Distributions of d3s/dp1,Tdp2,Tdf as functions of f in the p+p� nonresonant region
(0.35 < mp+p� < 0.65 GeV) in several (p1,T, p2,T) bins in the range 0.40 < p1,T < 0.60 GeV and
0.20 < p2,T < 0.60 GeV, in units of µb/GeV2. Values based on data from each RP trigger
configuration (TB, BT, TT, and TT) are shown separately with coloured symbols, whereas the
weighted average is indicated with black symbols. Results of individual fits with the form
[A(R � cos f)]2 + c

2 (Eq. (8)) are plotted with the curves. The error bars indicate the statistical
uncertainties.
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factor at masses m < 1.2 GeV. The GRANIITTI (v1.051) MC event generator [60] for high en-
ergy diffraction includes differential screening, an extendable set of scattering amplitudes with
adaptive MC sampling and spin effects.

In the following we consider three models (empirical, one-channel, and two-channel), and three
parametrisations (exponential, Orear-type, and power-law, Eq. (3)) of the proton-pomeron form
factor. In the case of the empirical model the rescattering amplitude comes from a simple
parametrisation of the elastic differential pp amplitude [31, 32], fitted to the measured cross sec-
tions [61, 62]. The one-channel model assumes ground state protons (one eigenstate), whereas
the two-channel model works with two diffractive proton eigenstates (Section 1.1). The one-
channel model is disfavoured in describing the elastic differential cross section data [63].

Table 3: Values and statistical uncertainties of the parameters tuned using the PROFESSOR tool,
given for the empirical, one-channel, and two-channel models along with the DIME soft models
1 and 2 with the exponential, power-law, and the Orear-type parametrisations of the proton-
pomeron form factor. Goodness-of-fit (c2/dof) values are also listed.

Parameter Exponential Orear-type Power-law DIME 1 / 2
Empirical model
aore[GeV] — 0.735 ± 0.015 —
bexp/ore/pow[GeV�2 or �1] 1.084 ± 0.004 1.782 ± 0.014 1.356 ± 0.001
BIP [GeV�2] 3.757 ± 0.033 3.934 ± 0.027 4.159 ± 0.019
c2/dof 9470/5796 10059/5795 11409/5796

One-channel model
s0[mb] 34.99 ± 0.79 27.98 ± 0.40 26.87 ± 0.30
aP � 1 0.129 ± 0.002 0.127 ± 0.001 0.134 ± 0.001
a0

P
[GeV�2] 0.084 ± 0.005 0.034 ± 0.002 0.037 ± 0.002

aore[GeV] — 0.578 ± 0.022 —
bexp/ore/pow[GeV�2 or �1] 0.820 ± 0.011 1.385 ± 0.015 1.222 ± 0.004
BIP [GeV�2] 2.745 ± 0.046 4.271 ± 0.021 4.072 ± 0.017
c2/dof 7356/5793 7448/5792 8339/5793

Two-channel model
s0[mb] 20.97 ± 0.48 22.89 ± 0.17 23.02 ± 0.23 23 / 33
aP � 1 0.136 ± 0.001 0.129 ± 0.001 0.131 ± 0.001 0.13 / 0.115
a0

P
[GeV�2] 0.078 ± 0.001 0.075 ± 0.001 0.071 ± 0.001 0.08 / 0.11

aore[GeV] — 0.718 ± 0.012 —
bexp/ore/pow[GeV�2 or �1] 0.917 ± 0.007 1.517 ± 0.008 0.931 ± 0.002 0.45
D|a|2 0.070 ± 0.026 �0.058 ± 0.009 0.042 ± 0.011 �0.04 / �0.25
Dg 0.052 ± 0.042 0.131 ± 0.018 0.273 ± 0.023 0.55 / 0.4
b1 [GeV2] 8.438 ± 0.108 8.951 ± 0.041 8.877 ± 0.040 8.5 / 8.0
c1 [GeV2] 0.298 ± 0.012 0.278 ± 0.004 0.266 ± 0.006 0.18 / 0.18
d1 0.472 ± 0.007 0.465 ± 0.002 0.465 ± 0.003 0.45 / 0.63
b2 [GeV2] 4.982 ± 0.133 4.222 ± 0.052 4.780 ± 0.060 4.5 / 6.0
c2 [GeV2] 0.542 ± 0.015 0.522 ± 0.006 0.615 ± 0.006 0.58 / 0.58
d2 0.453 ± 0.009 0.452 ± 0.003 0.431 ± 0.004 0.45 / 0.47
c2/dof 5741/5786 6415/5785 7879/5786

CMS
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Summary
Ø Many results in the realm of soft and diffractive QCD

Ø Insight on multi-parton scattering with associated production
Ø DPS with charm and beauty show non universal 𝜎!""
Ø Next orders: Tri-𝐽/𝜓 in pp and di- 𝐽/𝜓 in pPb collisions

Ø Jet fragmentation and substructure
Ø Testing QCD with jet substruture

Ø Hadronization in hadronic environment
Ø Charm and beauty hadronization are different in hadronic environment and in e+e-

Ø Hadronic environment (in jet vs out of jet) impacts hadronization
Ø Underlying event dynamic and event shape modelling under study

Ø Soft central exclusive production processes
Ø Observation of parabolic minimum in 𝜑 distribution
Ø First model tuning of pomeron related quantities

Ø We are now in the middle of LHC Run 3… More and more data to be 
analysed soon! Interesting time ahead… Stay tuned! J
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