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Abstract

Recent results on studies of exotic hadrons at the LHCb experiment are summarised.
These are the observation of new resonances decaying to J/yK* and J/2) ¢, evidence of
a J/y A structure and observation of excited =~ states in the =" — J/4)AK™ decay and
the study of B — J/ypn*n"K*K~ decays.
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1 Introduction

Exotic hadrons - defined as hadrons with more than 3 valence quarks - were first proposed
by Gell-Mann himself in his paper on the quark model [1]. Their existence was only recently
confirmed in 2003 by the Belle collaboration who reported the existence of an exotic hadron
named the y.;(3872) found in the J/2) t* 7~ mass spectrum [2]. Pentaquarks, which are states
with 5 valence quarks, were first observed in 2015 by the LHCb collaboration in the J/1p mass
spectrum, and then most recently observed in 2019 with a larger dataset [3, 4].

Since the LHC started collecting data ATLAS, CMS and LHCb have discovered 59 new
hadronic states, the most recent of which was the observation of four new tetraquarks by
LHCD [5] which will be discussed in the following section.

2 Observation of New Resonances Decaying to J/YK" and J/1¢.

The BT — J/2p Kt mode has been previously studied by LHCb using only the run 1 dataset,
corresponding to 3 fb~! of data [6,7]. In these studies four new X — J/ip ¢ structures were ob-
served at greater than 50 significance, labelled as the X(4140), X(4274), X(4500) and X(4700)
states. They are highlighted in the plot shown in figure 1.

In the J/1pK* mass spectrum, a peak around 4 GeV was also observed, as shown in figure 1.
Its significance was measured as 30 so was not large enough to claim an observation but was
suggested to be a hint of a possible Z state.
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Figure 1: (a) The J/vy¢ mass spectrum is shown. The multiple shaded histograms
show the contributions from each of the X states, X(4140) , X(4274), X(4500) and
X(4700) respectively. (b) The J/yK mass spectrum is shown. The circle highlights
the area where there is a clear discrepancy between the data and the fit. This was
measured to be 30. In both plots the data are represented by the black boxes, with
the fit is represented by the red line.

In this new analysis, full advantage is taken of the Run 1 and 2 dataset - corresponding to
9fb™! [5]. There were also some small changes to the preselection; such as a looser vertex-fit
x2 value for the kaons. The machine learning algorithms in use were improved, leading to
better background subtraction. The combination of these factors led to 6 times more signal
yield (about 24,000 candidates) and 6 times less combinatorial background.

In Dalitz plots the X structures that were previously reported were seen very clearly in the
J/Y ¢ spectrum, and a structure was observed in the J/A)K™ spectrum, as shown in figure 2.
A full amplitude analysis was then carried out.

= ———a39
4. LHCb ©) {20
< 9 b 18
N% 16
14

85 N 12

' 10
o

2.5

M
o N B O

X(4274)
18

22

m3, [GeV?]

Figure 2: (a) The Dalitz plot of the J/3)¢ squared mass against the ¢ K+ squared
mass. The bands corresponding to the X structures are highlighted. (b) The Dalitz
plot of the J/1) ¢ squared mass against the J/4)K* squared mass. A band which could
possibly come from a Z structure is highlighted.

In the fit the four X states previously observed as well as two new X states and two Z_ states
were included, shown in figure 3. The four established X states were found to be consistent
with the previous study, and two new X states labelled as X(4630) and X(4685) were found.
In particular X(4685) was found with high significance. Two new Z states were found in the
J/WpK™ mass spectrum, labelled as Z,,(4000)* and Z.,(4220)*.

The spin parity of these states was measured, and for the X(4685) it was found to be 1*
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with a high significance, and for X(4630) either 1~ or 27 at greater than 50 significance. For
the Z.,(4000)* it was measured to be 1 with high significance, and for Z.,(4220)* either 1*
or 1™ at higher than 5¢ significance.
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Figure 3: The fit is shown for three different mass pairs; K™, J/7p ¢, and J/4pK ™" from
left to right respectively. The contributions from each of the resonances is shown,
with the total fit shown by the solid red line.

3 Evidence of a J/iA Structure and Observation of Excited =~
States in the =,” — J/1)AK™ Decay.

In 2019, the J/3pp mass spectrum was studied once more, paying particular attention to the
area around the pentaquark masses. This is when P.(4312)" was observed, and P.(4450)*
was resolved into two new states, labelled as P.(4440)" and P.(4457)*. By swapping one
of the charm quarks in the proton for a strange quark, the strange counterparts P,; can be
searched for, as seen in reference [8]. These strange charmed pentaquarks were predicted to
be found in =" decays in 2010 [9].

In the Dalitz plot shown in figure 4, two resonances in the AK™ mass spectrum can be seen
which correspond to the Z(1690)™ and Z(1820)~ states respectively. An amplitude analysis
was then carried out to measure the properties of the E states and to look for any contributions
from P2 pentaquark states.

The amplitude analysis was carried out allowing for two new = states (in this decay mode)
as well as one new Pg state. The results are shown in figure 5. There is a significant contri-
bution from the two = states previously mentioned, and a sizeable contribution from the P,
state, measured as 3.10 significance.

The hypothesis that the peak from the P, state actually consists of two peaks was also
tested, but there was not enough data to confirm or refute this.

4 Study of B) — J/yyn*n”K*K~ Decays.

This decay mode was chosen to be studied as it provides a good channel to look for possible
J/ ¢ resonances in the BS — Jpntn ¢ decay (about 26,000 candidates). It is also pos-
sible to make measurements of the branching fraction for both the BS — x.1(3872)¢ and
B? — x.1(3872)K K™ decays [10].

R*1(3872)¢ RJ/wK*OK'*O

R¥1(3872)¢
Y(28)p 2T Y(28)¢

The three ratios by 1S

and Ry+y- were also measured, where
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Figure 4: The squared mass of the AK™ is plotted against the squared mass of the
J/Y A. Two vertical bands are highlighted which correspond to resonances from two
different = states.

% 10°F e Daadf? - %\ r
s F Pes E s L
S f LHCD - ey g o« LHCD g
T 1W0E oee Z(1950) 4 T [ 9fb *
s F =(2030) o
g Cof W v NR T 40 {’ H n
> 10 3 i t ] > + +
§ B 20|
1g Haletd E i
2 25 ) 5
m,.- [GeV] Myq [GeV]

Figure 5: The left plot shows the fit to the AK™ mass spectrum and the right to the
J/Y A spectrum respectively. Contributions from various =~ states are shown with
coloured lines, as well as the contribution from the P, state shown by the solid blue
area. The total fit is represented by the solid red line.

defined as:

RLaGE8729 _ B(BY — xc1(3872)¢) x B(x.1(3872) = J/ipntn™)

W@HE T BB — p(25)¢) x B(y(2S) = Jpmtn—) x B(p(2S) —» K+K-)’ =

and the other definitions are analogous.

A structure was also observed in the J/1)¢ mass spectrum, shown in figure 6. This new
state, labelled X(4740), was found with a significance of 5.30. This could be the X(4700)
state, as mentioned in section 2, but more data are required in order to accept or refute this.

The BS0 mass was also measured using the v(2S)KTK~ mass distribution enriched in
BS — 1(2S)¢ decays. This is the most precise single measurement of the BSO mass, and was
measured as 5366.98 + 0.07 (stat) & 0.13 (syst) MeV. The ratios are summarised as:

Rf;(lz(gizzw =(2.42+0.23+0.07) x 1072,

JAPK KO _
Ryias)s = 1.22%0.03+0.04,

Rg+x- = 1.57+0.32£0.12,
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Figure 6: The J/1)¢ mass spectrum is shown, where the red shaded area shows the
contribution of the X(4740) state, the blue dashed line represents the background,
and the orange solid line shows the total fit.

where the first uncertainty is statistical and the second is systematic.

5 Conclusion

Many new exotic states have been discussed here, in particular; three new X structures and two
new Z states, evidence of a charmed pentaquark with strangeness as well as measurements of
important branching fractions. However, there are still many results to come from the current
LHCD dataset in the next few years, as well as many more results to come from future runs
(for example Run 3 and Run 4 will collect 50 fb™! in total). Current and future upgrades will
also improve the detector such that analysts are able to fully exploit it’s capabilities.
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