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Why these probes?
Using non-conventional 

hadrons provides new tests 
of hadronisation and 
transport properties

Using a denser environment 
provides new tests of the inner 

sturcutre of these states
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Objective

We use the 𝝌c1(3872) and the 𝝍(2S)
to see how the initial particle multiplicity influences the production yield 

Probes

Why these particles
These two particles - same decay, similar mass – are thought to be very different in their structure
The 𝝍(2S) is a conventional cc state.
The 𝝌c1(3872) does not fit in the general charmonium picture.
Its structure is not entirely clear and still debated

Could also be a superposition of different states
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The LHCb detector

Muon System: 𝜇𝜇 reconstruction down to low-pT
ECAL, HCAL: e/γ identification

: K, π, p identification
TT, T1-T3:        tracking, mom res. Δp/p <0.5% (5-100 GeV/c)

vertex reconstruction, good tdecay and impact parameter resolution

pseudorapidity coverage:
2<𝝶<5

LHCb collaboration,
JINST. 3, (2008), S08005  
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The LHCb detector

Muon System: 𝜇𝜇 reconstruction down to low-pT
ECAL, HCAL:  e/γ identification

:               K, π, p identification
TT, T1-T3:        tracking, mom res. Δp/p <0.5% (5-100 GeV/c)

vertex reconstruction, good tdecay and impact parameter resolution

pseudorapidity coverage:
2<𝝶<5

LHCb collaboration,
JINST. 3, (2008), S08005  Measured systems
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𝝌c1(3872) and 𝝍(2S) 
production vs multiplicity
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𝝌c1(3872) and 𝝍(2S)

a simultaneous fit to the J/ ⇡
+
⇡
� invariant-mass spectrum and the pseudo decay-time

spectrum. The pseudo decay-time tz is defined as

tz ⌘
(zdecay � zPV)⇥M

pz
, (1)

where zdecay�zPV is the di↵erence between the positions of the reconstructed vertex of the
J/ ⇡

+
⇡
� and the collision vertex along the beam axis, M is the known mass [53] of the

reconstructed  (2S) or �c1(3872) candidate, and pz is the candidate’s momentum along
the beam axis. The signal in the tz spectrum is fit with a delta function representing
the prompt component and an exponential decay function representing the component
from b decays, which are convolved with a double Gaussian resolution function. Two
di↵erent parameterizations of the tz background components using mass sidebands above
and below the mass peak of interest are employed. The first is an empirically determined
analytical function as was done in Ref. [54] and the second directly uses the tz shape
templates taken from the mass sidebands in the data.

In the fit to the invariant-mass spectrum, the  (2S) peak is represented by a sum of
two Crystal Ball functions, as in a previous LHCb analysis at 7TeV [55]. The measured
�c1(3872) peak is well described by a Gaussian function. The background contribution is
studied by examining the invariant-mass spectrum constructed by like-sign pion pairs,
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Figure 1: The J/ ⇡+⇡� invariant-mass spectrum. The inset shows the region of the �c1(3872)
resonance.

3

Good signal of 𝝌c1(3872) and 𝝍(2S) 
Split into bins of 𝑁!"#$%&'()* (measure of track multiplicity)

LHCb collaboration,
Phys. Rev. Lett. 126, (2021) 9, 092001 
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Figure 1: The J/ ⇡+⇡� invariant-mass spectrum. The inset shows the region of the �c1(3872)
resonance.

3

Good signal of 𝝌c1(3872) and 𝝍(2S) 
Split into bins of 𝑁!"#$%&'()* (measure of track multiplicity)
Split signal into prompt and non-prompt components

LHCb collaboration,
Phys. Rev. Lett. 126, (2021) 9, 092001 Formulas

Eliane Epple

January 7, 2021

ƒprompt =
Nprompt

Nprompt + Nb-dec�y
(0.1)

�BKGchrg. =medi�n
¶
�jetj

©
(0.2)

1

Prompt production yield should be 
sensitive to particle multiplicity.
while non-prompt production 
should be independent. 

𝝍(2S)
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Results
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Figure 3: The fraction, fprompt, of promptly produced �c1(3872) and  (2S) hadrons, as a
function of the number of tracks reconstructed in the VELO. The vertical error bars (boxes)
represent the uncorrelated (correlated) uncertainties, while the horizontal error bars indicate bin
widths.

of fprompt as a function of multiplicity are shown in Fig. 3, up to NVELO

tracks
= 200. The

fraction of events with NVELO

tracks
>200 is negligible and is not included in the analysis. The

horizontal position of each point is the average value of NVELO

tracks
for signal events within

that bin.
A clear decrease of fprompt is seen as the multiplicity increases, for both the  (2S) and

�c1(3872) hadrons. This could be due to a combination of several e↵ects: the average
multiplicity is higher in events containing a bb̄ pair due to their fragmentation into
hadrons and subsequent decays [57,58]; or the suppression of prompt  (2S) and �c1(3872)
production via interactions with other particles produced at the vertex, which decreases
the prompt production in high-multiplicity events, but does not a↵ect production in b

decays.
The prompt and b-decay components are examined directly by calculating the ratio of

the �c1(3872) and  (2S) cross-sections, ��/� , times their respective branching fractions
to the J/ ⇡

+
⇡
� final state, B� and B . This ratio is given by

5
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Figure 4: The ratio of the �c1(3872) and  (2S) cross-sections measured in the J/ ⇡+⇡� channel
as a function of the number of tracks reconstructed in the VELO. The point-to-point uncorrelated
(correlated) uncertainties are shown as vertical error bars (boxes) and the bin widths are shown
as horizontal error bars. See text for details on calculations from Ref. [43]
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Here, N is the signal yield, fprompt is the prompt fraction and the " terms represent
various e�ciency corrections of the corresponding state. The ratio of cross-sections from b

decays is found by replacing fprompt with (1�fprompt) in Eq. 2. The ratio of e�ciencies
for four charged decay products to fall within the LHCb acceptance, "acc /"

acc

� , is found
via simulation to be consistent with one with an uncertainty of approximately 1% that
is determined by varying the pT distributions of the simulated  (2S) and �c1(3872)
hadrons. Control samples of identified muons and pions obtained from data are used to
measure the ratio of muon and pion identification e�ciencies, "PID /"

PID

� , which is near
one with an uncertainty of about 1% due to the finite size of the control sample. The only
relative e�ciency that has a significant deviation from unity is the ratio of reconstruction
e�ciencies, "reco /"

reco

� , which is found via simulation to be 0.58±0.02 (0.65±0.04) for
particles that are produced promptly (in b-decays). This is due to the di↵erent kinematic
properties of the pion pair produced in the decays: pions from �c1(3872) hadron decays
proceed through an intermediate ⇢0(770) resonance [59] and have a higher reconstruction
e�ciency than pions from the  (2S) decay due to their higher pT . The uncertainty on the
ratio of reconstruction e�ciencies is taken from the variations observed when weighting
the pT distributions of the simulated  (2S) and �c1(3872) hadrons to match those in the
data in di↵erent multiplicity bins, as previously discussed.

The ratio of cross-sections is shown in Fig. 4. A decrease in the prompt production of

6

The fraction of prompt production decreases 
with particle multiplicity for both states.
More b-decay daughters remain at higher 𝑁!"#$%&'()*

b-decay products: No significant change in relative 
production, as expected for decays in vacuum. 
Prompt production:                   yield decreases 
relative to the           yield. 
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ƒprompt =
Nprompt

Nprompt + Nb-dec�y
(0.1)

�c1(3872) �(2S) (0.2)

�c1 = �|cc̄i + b|cc̄qq̄i (0.3)

J/��� (0.4)
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�Bre�k�p � ��D (0.6)
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LHCb collaboration,
Phys. Rev. Lett. 126, (2021) 9, 092001 
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Theory comparison

Molecule assumption
fits well with this
other model 

Fits only with a compact tetraquark assumption

A. Esposito, E. Ferreiro, A. Pilloni, A. Polosa, C. Salgado 
Eur. Phys. J. C 81, 669 (2021)

E. Braaten, L. He, K. Ingles, J. Jiang 
Phys. Rev. D 103, 071901 (2021)
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ƒprompt =
Nprompt

Nprompt + Nb-dec�y
(0.1)

�c1(3872) �(2s) (0.2)

�c1 = �|cc̄i + b|cc̄qq̄i (0.3)

J/��� (0.4)

�Bre�k�p � r2Q ·Ncomo�ers (0.5)

1

3

FIG. 1. Relative yields of excited-to-ground state ⌥ as a
function of event multiplicity for pp collisions at 2.76TeV in
the central region, as measured by CMS [31]. The bands
correspond to the propagation of the uncertainties of the cross
sections that contribute via the feed down. Our results are
normalised to the experimental value corresponding to the
mean multiplicity.

in the tracker at |⌘| < 2.4 [31]. Data are shown together
with our results in Figure 1, confirming the validity of
the model. Errors are estimated taking into account the
ones of the cross sections of the six states that contribute
via feed down. The global normalisation corresponds to
the experimental value at the mean multiplicity.
We extend our calculation to charmonia by applying

Eq. (3) for the cross sections. Although the value of n,
which encodes non-perturbative e↵ects, could in principle
be di↵erent from the bottomonium one, we get cross
section values in the ballpark of those obtained by directly
fitting the charmonium data [32], confirming that a unified
description is possible.

II. THE X(3872) IN THE CIM MODEL

The relative production rates of prompt X(3872) over
 (2S) have been measured by LHCb in pp collisions at
8TeV, in the forward pseudorapidity region, 2 < ⌘ <
5 [11]. These are given as a function of the number
of charged particle tracks reconstructed in the VELO
detector. This ratio is found to decrease with increasing
multiplicity.
As mentioned above, the suppression of the state is

driven by its interaction cross section with the comovers,
estimated in Eq. (3). Since the latter is proportional
to the geometric cross section, extremely di↵erent re-
sults are expected for a compact state such a tetraquark,
or a large loosely-bound molecule. These are reported
in Table I for the two cases. We calculate the ratio
N
�
X(3872)

�
/N

�
 (2S)

�
versus Nch. We normalize our

results to the first bin. Figure 2 shows our results for the
two X(3872) hypotheses.

FIG. 2. Relative yield of X(3872) vs  (2S) as a function
of event multiplicity for pp collisions at 8TeV and forward
pseudorapidity, as measured by LHCb [11]. The assumption
of a tetraquark of size 1.3 fm reproduces well the experimental
data. Extending the CIM to a molecular state via its geo-
metrical cross section predicts a very sharp suppression. The
coalescence picture predicts a qualitatively di↵erent behavior,
still in clear contradiction with data.

For a tetraquark of size 1.3 fm, the CIM predicts a
decrease of about 20% in the ratio when going from the
first to the second multiplicity bin. Incidentally, this
decrease is similar to that of the ⌥ states, see Figure 1.
On the other hand, in case of a large X(3872) molecule,
the assumption of a geometrical cross section leads to a
suppression so strong that no X(3872) would survive past
the second bin in clear contradiction with the data.

III. COALESCENCE OF HADRON MOLECULES

The implementation of comover interactions discussed
above disregards recombination. While surely negligi-
ble for compact states, recombination is needed to ex-
plain deuteron data: the deuteron yield increases with
increasing multiplicity of the final state [13]. Were a
molecular X to behave like that, it would be in striking
contrast with the data in [11]. The common description
of the destruction and recombination of molecules is in
terms of coalescence. In this picture the constituents are
bound/free depending on whether their relative momen-
tum is smaller/larger than some coalescence momentum
⇤. The creation or destruction of a molecule can hence
be induced by the interaction with comovers, an idea
put forth in a number of papers [14, 16–18]. In [14] it
has been proposed that the driving process is given by
the scattering ⇡hh *) ⇡m, where hh are free molecular
constituents, m the molecule itself and ⇡ the comover.

Accounting for these processes, the evolution of the
molecules with time can be described by the extension of
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Modeling of comover
interaction
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𝝌c1(3872) and 𝝍(2S) 
production in pPb collisions
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𝜓(2S) and 𝝌c1(3872) yields in pPb data

Reconstruction of prompt 𝜓(2S) and 𝝌c1(3872) yields 
in pp, p-Pb, and Pb-p collsions

Expanding on the analysis of 𝜓(2S) and 𝝌c1(3872) 
production in pp collision vs. multiplicity

LHCb conf note
LHCb-CONF-2022-001
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𝜓(2S) and 𝝌c1(3872) yields in pPb data
LHCb conf note
LHCb-CONF-2022-001

CMS collaboration,
Phys. Rev. Lett. 128 (2022) 032001
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𝜓(2S) and 𝝌c1(3872) yields in pPb data
LHCb conf note
LHCb-CONF-2022-001

CMS collaboration,
Phys. Rev. Lett. 128 (2022) 032001

New
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𝜓(2S) and 𝝌c1(3872) yields in pPb data
LHCb conf note
LHCb-CONF-2022-001

CMS collaboration,
Phys. Rev. Lett. 128 (2022) 032001
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Figure 4: The ratio of the �c1(3872) and  (2S) cross-sections measured in the J/ ⇡+⇡� channel
as a function of the number of tracks reconstructed in the VELO. The point-to-point uncorrelated
(correlated) uncertainties are shown as vertical error bars (boxes) and the bin widths are shown
as horizontal error bars. See text for details on calculations from Ref. [43]
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Here, N is the signal yield, fprompt is the prompt fraction and the " terms represent
various e�ciency corrections of the corresponding state. The ratio of cross-sections from b

decays is found by replacing fprompt with (1�fprompt) in Eq. 2. The ratio of e�ciencies
for four charged decay products to fall within the LHCb acceptance, "acc /"

acc

� , is found
via simulation to be consistent with one with an uncertainty of approximately 1% that
is determined by varying the pT distributions of the simulated  (2S) and �c1(3872)
hadrons. Control samples of identified muons and pions obtained from data are used to
measure the ratio of muon and pion identification e�ciencies, "PID /"

PID

� , which is near
one with an uncertainty of about 1% due to the finite size of the control sample. The only
relative e�ciency that has a significant deviation from unity is the ratio of reconstruction
e�ciencies, "reco /"

reco

� , which is found via simulation to be 0.58±0.02 (0.65±0.04) for
particles that are produced promptly (in b-decays). This is due to the di↵erent kinematic
properties of the pion pair produced in the decays: pions from �c1(3872) hadron decays
proceed through an intermediate ⇢0(770) resonance [59] and have a higher reconstruction
e�ciency than pions from the  (2S) decay due to their higher pT . The uncertainty on the
ratio of reconstruction e�ciencies is taken from the variations observed when weighting
the pT distributions of the simulated  (2S) and �c1(3872) hadrons to match those in the
data in di↵erent multiplicity bins, as previously discussed.

The ratio of cross-sections is shown in Fig. 4. A decrease in the prompt production of

6

Increases with system size

In pp: decreases with track multiplicity

LHCb collaboration,
Phys. Rev. Lett. 126, (2021) 9, 092001 
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𝜓(2S) and 𝝌c1(3872) yields in pPb data
LHCb conf note
LHCb-CONF-2022-001

CMS collaboration,
Phys. Rev. Lett. 128 (2022) 032001
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as a function of the number of tracks reconstructed in the VELO. The point-to-point uncorrelated
(correlated) uncertainties are shown as vertical error bars (boxes) and the bin widths are shown
as horizontal error bars. See text for details on calculations from Ref. [43]
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Here, N is the signal yield, fprompt is the prompt fraction and the " terms represent
various e�ciency corrections of the corresponding state. The ratio of cross-sections from b

decays is found by replacing fprompt with (1�fprompt) in Eq. 2. The ratio of e�ciencies
for four charged decay products to fall within the LHCb acceptance, "acc /"

acc

� , is found
via simulation to be consistent with one with an uncertainty of approximately 1% that
is determined by varying the pT distributions of the simulated  (2S) and �c1(3872)
hadrons. Control samples of identified muons and pions obtained from data are used to
measure the ratio of muon and pion identification e�ciencies, "PID /"

PID

� , which is near
one with an uncertainty of about 1% due to the finite size of the control sample. The only
relative e�ciency that has a significant deviation from unity is the ratio of reconstruction
e�ciencies, "reco /"

reco

� , which is found via simulation to be 0.58±0.02 (0.65±0.04) for
particles that are produced promptly (in b-decays). This is due to the di↵erent kinematic
properties of the pion pair produced in the decays: pions from �c1(3872) hadron decays
proceed through an intermediate ⇢0(770) resonance [59] and have a higher reconstruction
e�ciency than pions from the  (2S) decay due to their higher pT . The uncertainty on the
ratio of reconstruction e�ciencies is taken from the variations observed when weighting
the pT distributions of the simulated  (2S) and �c1(3872) hadrons to match those in the
data in di↵erent multiplicity bins, as previously discussed.

The ratio of cross-sections is shown in Fig. 4. A decrease in the prompt production of

6

Increases with system size In preparation:
RpA of 𝜓(2S) and 𝝌c1(3872)

In pp: decreases with track multiplicity

LHCb collaboration,
Phys. Rev. Lett. 126, (2021) 9, 092001 
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More exotics: 
The Tcc

+
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Another tetraquark state

D0 D*0 candidate

𝝌c1(3872) 

𝑇##$

D0 D*+ candidate

Contains cc quark pair + light quarks

Contains cc quark pair + light quarks LHCb collaboration,
arXiv:2109.01038

LHCb collaboration,
Phys. Rev. Lett. 126, (2021)  
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Signal reconstruction
LHCb collaboration,
arXiv:2109.01038

Reconstruct three body decay
D0D0𝜋+

Very close to the D*+D0 and D*0D+ thresholds

Background subtracted mass spectrum

This is the narrowest exotic state observed to date

Minimal quark content: ccud
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Qualitative study
LHCb collaboration,
arXiv:2109.01056
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Figure 3: The fraction, fprompt, of promptly produced �c1(3872) and  (2S) hadrons, as a
function of the number of tracks reconstructed in the VELO. The vertical error bars (boxes)
represent the uncorrelated (correlated) uncertainties, while the horizontal error bars indicate bin
widths.
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= 200. The

fraction of events with NVELO
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>200 is negligible and is not included in the analysis. The

horizontal position of each point is the average value of NVELO

tracks
for signal events within

that bin.
A clear decrease of fprompt is seen as the multiplicity increases, for both the  (2S) and

�c1(3872) hadrons. This could be due to a combination of several e↵ects: the average
multiplicity is higher in events containing a bb̄ pair due to their fragmentation into
hadrons and subsequent decays [57,58]; or the suppression of prompt  (2S) and �c1(3872)
production via interactions with other particles produced at the vertex, which decreases
the prompt production in high-multiplicity events, but does not a↵ect production in b

decays.
The prompt and b-decay components are examined directly by calculating the ratio of

the �c1(3872) and  (2S) cross-sections, ��/� , times their respective branching fractions
to the J/ ⇡

+
⇡
� final state, B� and B . This ratio is given by
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Yield shows a rise with number of tracks in the 
event.

The characteristic size calculated from the 
binding energy is R∆E = 7.49 ± 0.42 fm

Has similarity to the low mass D0D0 production 
which is thought to be dominated by double
parton scattering
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Outlook
LHCb is very active in discovering and quantitativley studying nonconventional hadrons
We will continue in this fashion

Martina Merz

Nonconventional hadrons 
discovered at the LHC

CMS

All but one discovered by LHCb

Courtesy Patrick Koppenburg
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Outlook

In preparation:
RpA of 𝜓(2S) and 𝝌c1(3872)

In preparation:
Fragmentation functions of 𝜓(2S), 𝝌c1(3872), and Υs within fully reconstructed jets

LHCb collaboration, 
Phys. Rev. Lett. 118 (2017)

quark/gluon

𝝌c1(3872)

Several Jet pT bins
between 5-60 GeV

In preparation:
Search for non-conventional states in UPC collisions

LHCb is very active in discovering and quantitativley studying nonconventional hadrons
We will continue in this fashion
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Backup
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Deuteron production vs mult.
ALICE collaboration,
Eur. Phys. J. C 80 (2020) 889
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CMS collaboration,
Phys. Rev. Lett. 128 (2022) 032001

CMS collaboration,
Phys. Rev. Lett. 113 (2014) 262301
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CMS collaboration,
Phys.Lett.B 790 (2019) 509-532



� E. Epple 31

𝝌c1(3872) to 𝜓(2S) ratio
LHCb collaboration,
JHEP 01 (2022) 131

𝝌c1(3872) to 𝜓(2S) ratio
Shows no rapidity dependence

𝝌c1(3872) to 𝜓(2S) ratio
Shows no collision energy dependence
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ALTAL collaboration,
JHEP01(2017)117

|y| < 0.75


