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Introduction of the probe

We use the                    and the      
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           is a conventional cc state.
The                   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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Idea of the observable
Data

Observable

• For this analysis we study pp collision at 8 TeV
recorded with the LHCb detector at CERN.
• We reconstruct the two particles                   and         

in the decay             .
• We bin the data in number of charged VELO tracks.

Why

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.
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Distinguish prompt from non-prompt production of
the two particles as a function of charged particle multiplicity.

Prompt production yield should be sensitive to particle multiplicity
while non-prompt production should be independent. 
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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
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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
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The fraction of prompt production decreases 
with particle multiplicity for both states.
More b-decay daughters remain at higher Ntracks

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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Theory comparison

Molecule assumption
fits well with this
new model 

Fits only with a compact tetraquark assumption

A. Esposito, E. Ferreiro, A. Pilloni, A. Polosa, C. Salgado 
arXiv:2006.15044 

E. Braaten, L. He, K. Ingles, J. Jiang 
arXiv:2012.13499v1 
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