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1. Introduction

LHCb [1] is a dedicated heavy flavour physics experiment at the Large Hadron Collider (LHC).
The production of beauty and charm particles at the LHC is peaked in the forward region. Hence,
the experiment is designed as a single arm spectrometer covering the polar angle of 15 - 300 mrad.
During Run 1 and Run 2 LHCb collected an integrated luminosity of 9fb−1 in pp collisions at
centre-of-mass energies of 7, 8, and 13 TeV.

This is the largest dataset of heavy flavour decays collected by any experiment. The high pre-
cision tracking capability of the detector, combined with charged-hadron identification using two
Ring-Imaging Cherenkov detectors and a dedicated high pT hadron trigger allow measurements to
be made with unprecedented precision. In this paper recent LHCb results related to the observation
of excited Λb baryons, doubly charmed baryons and the missing 3D3 state of the charmonium sys-
tem are discussed. Studies of the Ξ++

cc lifetime [2] and production [3], and results related to exotic
states [4] are described elsewhere in these proceedings.

2. Observation of excited Λb baryons

The large samples of Λb baryons collected by LHCb provide a rich starting point to explore
b−baryon spectroscopy. Already with Run-1 data two excited Λb baryons, the Λb(5912)0 and
the Λb(5920)0, were observed decaying to the Λbπ+π− final state[5]. In addition, the properties
of the Σ

(∗)±
b states, first observed by the CDF collaboration [6], were confirmed with improved

precision [7].
The full LHCb dataset contains 893× 103 fully reconstructed Λb → Λcπ− and 220× 103

Λb → J/ψ pK− candidates. This dataset allows the Λ0
bπ+π− invariant mass distribution further

from threshold to be explored [8]. The higher combinatorial background is suppressed using a mul-
tivariate technique. A new structure is observed around 6.15GeV/c2 which is above the Σ

(∗)∓
b π±

threshold. To elucidate the nature of this structure, the data are split into three non-overlapping
regions: candidates with a Λ0

bπ± mass within the natural width of the known Σ
±
b mass; candidates

with a Λ0
bπ± mass within the natural width of the known Σ

∗±
b mass and the remaining non-resonant

region (Fig. 1). The new structure is consistent, at high significance, with the presence of two nar-
row peaks referred to as the Λb(6146)0 and the Λb(6152)0. The mass and width of these states are
measured to be

mΛb(6146)0 = 6146.17±0.33 ±0.22± 0.16MeV/c2 ,

mΛb(6152)0 = 6152.51±0.26 ±0.22 ±0.16MeV/c2 ,

ΓΛb(6146)0 = 2.9±1.3 ±0.3MeV ,

ΓΛb(6152)0 = 2.1±0.8 ±0.3MeV .

where the first uncertainty is statistical, the second systematic and for the mass measurements the
third uncertainty derives from the knowledge of the mass of the Λ0

b baryon. The observed masses,
widths and decay patterns are consistant with these states being a Λb(1D)0 doublet with JP = 3

2
+

and JP = 5
2
+

[9, 10].
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Figure 1: Mass distributions of selected Λ0
bπ+π− candidates for the three regions in Λ0

bπ± mass: (top) Σ
±
b ,

(middle) Σ
∗±
b and (bottom) nonresonant (NR) region.

3. Doubly charmed baryons

The quark model predicts baryons containing two charm quarks. In 2017 the LHCb collab-
oration observed the Ξ++

cc state (with quark content ccu) via the Λ+
c K−π+π+ decay mode [11].

Subsequently, this baryon has been observed to decay to the Ξ+
c π+ final state [12]. Combining

both modes the mass of this state is determined to be 3621.24± 0.65(stat)± 0.31(syst)MeV/c2.
Recently, LHCb has also searched for the Ξ++

cc → D+pK−π+ decay mode [13]. No signal is ob-
served and a limit set

B(Ξ++
cc → D+pK−π+)

B(Ξ++
cc → Λ

+
c K−π+π+)

< 2.1×10−2

at 95% confidence-level.
Other doubly charmed baryons are expected to exist in particular the isospin partner of the

Ξ++
cc , the Ξ+

cc with quark content ccd. It is predicted to have a similar mass to the Ξ++
cc but a shorter

lifetime. There is a longstanding but unconfirmed observation of the Ξ+
cc state by the SELEX

collaboration [14, 15]. SELEX report the mass to be m(Ξ+
cc)= 3518.7±1.7MeV/c2. This is around

100MeV/c2 lower than the measured mass of the Ξ++
cc . The LHCb collaboration has searched for

the Ξ+
cc in the Λ+

c K−π+ final state [16]. The expected shorter lifetime and less distinct experimental
signature means this search is more challenging than the Ξ++

cc case. No significant signal is seen
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in the invariant mass range 3400−3800MeV/c2 (Fig. 2). The highest local statistical significance
is 3.1σ around 3620MeV/c2, close to the Ξ++

cc mass. Allowing for the Look-Elsewhere-Effect the
local significance corresponds to a global significance of 1.7σ . Consequently, limits are set on the
production of this state, as a function of its unknown lifetime, relative to the production of the Λ+

c

and Ξ++
cc states are set. These limits improve by an order of magnitude on those obtained from

Run 1 data by LHCb. They are significantly below what is expected based upon the SELEX results
[14, 15], with the caveat that the production environment is different.
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Figure 2: (left) Selected Ξ+
cc candidates. The right-sign (RS) m(Λ+

c K−π−) distribution is shown in the right
plot along with the wrong-sign (WS) m(Λ+

c K−π−) distribution normalised to the same area. The dotted red
line at 3518.7MeV/c2 indicates the mass of the Ξ+

cc reported by SELEX [14, 15] and the dashed blue line at
3621.2MeV/c2 indicates the mass of the isospin partner, the Ξ++

cc baryon. (right) Local p-value (statistical
only) at different Ξ+

cc mass values evaluated with the likelihood-ratio test, for the data sets recorded at
√

s= 7
TeV,

√
s = 8 TeV and

√
s = 13 TeV.

4. Missing hidden charm

Since the November revolution of 1974 [17, 18], the spectrum of hidden charm mesons has
been mapped out with high precision. Of the lowest mass states at the start of 2019 only those with
quantum numbers 1D2 and 3D3 [19, 20] remained to be discovered. The latter state is expected to
be narrow even though it is above the open charm threshold due to the F-wave centrifugal barrier
factor. However, it cannot be produced in gluon fusion or γγ since it has negative C-parity [21]. A
suggested possible production mechanism is via radiative decays of the χc2(3930).

LHCb has exploited the large dataset collected in Run 1 and 2 to select events with two
fully reconstructed charm mesons from the same proton-proton interaction [22]. Figure 3 show
the invariant mass distribution for selected pairs of D0D0 and D+D−. As well as a clear sig-
nals from the well-known ψ(3770) (the 3D1 state) and partially reconstructed χc1(3872) decays,
a new narrow state, the X(3842), is observed with high significance. The mass of this state is
measured as 3842.71± 0.16(stat)± 0.12(syst)MeV/c2 and the width to be 2.79± 0.51(stat)±
0.35(syst)MeV/c2. The properties of this state are remarkably consistent with those expected for
the 3D3 state of the charmonium system.

The same analysis measures the mass of the ψ(3770) state to be

mψ(3770) = 3778.1(stat)±0.7±0.6(syst)MeV/c2.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D candidates in the near-threshold m(DD) <

3.88GeV/c2 region. The result of a fit to the data is superimposed.

where the first uncertainty is statistical and the second systematic. The measurement agrees well
with and has a better precision than the current PDG average [23] mψ(3770) = 3778.1±1.2MeV/c2.
The PDG also quotes a value mψ(3770) = 3773.13±0.35MeV/c2, resulting from a fit that includes
precision measurements of the mass difference between the ψ(3770) and ψ(2S) states made by
the BES collaboration [24, 25, 26]. Both the measurement discussed here and the PDG average
disagree with the PDG fit value.

In addition, prompt hadroproduction of the χc2(3930) discovered by the b-factories [27, 28] is
observed. The resonance parameters of this state are measured to be

mχc2(3930) = 3921.9±0.6(stat)±0.2(syst)MeV/c2 ,

Γχc2(3930) = 36.6±1.9(stat)±0.9(syst)MeV .

The measured mass is 2σ lower than the PDG average [23] while the measured width is 2σ higher.
It should be noted that the measured value of the mass is roughly midway between the values
quoted in Ref. [23] for this state and and for the X(3915) meson, which is known to only decay to
the J/ψω final state.

5. Summary

The LHCb experiment has profited from the large dataset collected during Run 1 and 2 of
the LHC to make many measurements related to heavy flavour spectroscopy. In these proceedings
recent results related to b-baryons, the search for the Ξ++

c and the observation of the 3D3 state of the
charmonium system have been presented. Many further results exploiting this dataset are expected
over the next years and we can look forward to further golden years for spectroscopy.
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