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Spectroscopy at LHCb
High luminosity, high b/c production cross-section, a unique dedicated design
LHCb: major player in the field of heavy hadron spectroscopy
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Spectroscopy at LHCb
High luminosity, high b/c production cross-section, a unique dedicated design
LHCb: major player in the field of heavy hadron spectroscopy
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The spectroscopy programme
Conventional heavy-hadron spectroscopy

Excited open-flavour mesons: B+,0, B0
s , B+

c , D+,0, D+
s ...

Excited conventional charmonia
Excited baryons: Ξ0

b , Λ0
b , Σ+

b , Ω0
c , Ω−

b ...
Discovery and searches of new particles and decay modes
Precise mass, width, BR measurements and more

Exotic spectroscopy
χc1(3872): production and decay, lineshape, mass, width
Neutral exotic tetraquarks: [cc̄uū], ...
Charged exotic tetraquarks: [cc̄ud̄], ...
Doubly charmed: Tcc, Tccc̄c̄

Open-flavour tetraquarks: [cs̄dū], ...
Pentaquarks: [uudcc̄], ...
Searches for unexpected contributions
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The LHCb experiment at CERN
Single-arm spectrometer designed for high precision flavour physics measurements

The LHCb experiment at CERN

Single arm spectrometer
designed for high precision
flavour physics measurements
Pseudorapidity range η ∈ [2, 5]
Very good particle
identification
Good momentum and IP
resolution
Excellent primary and
secondary vertices
reconstruction

Lorenzo Capriotti - Search for strong CPV in η(′) → π+π− 5 / 18

Total recorded luminosity:
Run 1: 1 fb−1 at

√
s = 7 TeV + 2 fb−1 at

√
s = 8 TeV

Run 2: 6 fb−1 at
√
s = 13 TeV

[JINST 3 (2008) S08005], [IJMPA 30 (2015) 1530022]
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How do we spot exotic states?
Full amplitude analysis
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Each contribution is modeled
Total amplitude is coherent sum
of all contributions
Takes into account phases and
interferences
Can extract JP C , width...

Model independent expansion

Figure 2: Comparison of m(Jψπ−) in the m(K+π−) ∈ [1085, 1265] MeV region between the
background-subtracted data and simulated events weighted by moments models with Jkmax = 2
and Jkmax = 15.

Results from individual m(K+π−) bins are combined to give the final test statistic

∆(−2 logL) =
∑

k

∆(−2 logL)
∣∣∣
k
.

From Eq. 3 the number of degrees-of-freedom (ndf) increases by 12 for each additional
spin-J wave in each m(K+π−) bin. From Eq. 10, for the Jkmax = 2 and 3 choices,
∆ndf = 12× (15− 2) = 156 and 12× (15− 3) = 144, respectively, between the exotic and
K∗J -only pdf’s for each m(K+π−) bin. Each additional degree-of-freedom between the
exotic and K∗J -only pdf adds approximately one unit to the computed ∆(−2 logL) in the
data due to increased sensitivity to the statistical fluctuations, and ∆(−2 logL) is therefore
not expected to be zero even if there is no exotic contribution in the data. The expected
∆(−2 logL) distribution in the absence of exotic activity is evaluated using a large number
of pseudoexperiments. For each m(K+π−) bin, 11,000 pseudoexperiments are generated
according to the K∗J -only model with the moments varied according to the covariance
matrix. The number of signal and background events for each pseudoexperiment are
taken to be those measured in the data. The detector efficiency obtained from simulation
is parameterised in 4D. Each pseudoexperiment is analyzed in exactly the same way as
the data, where an independent efficiency matrix is generated for each pseudoexperiment.
This accounts for the limited sample size of the simulation for the efficiency unfolding. The
pseudoexperiments therefore represent the data faithfully at every step of the processing.

Figure 3 shows the distribution of ∆(−2 logL) from the pseudoexperiments in the
m(K+π−) ∈ [1085, 1445] MeV region comprising six m(K+π−) bins each with the Jkmax = 2

6

Only general assumptions on the
possible contibutions
Can only test if known states can
explain the mass spectra
Cannot extract properties
Usually faster and easier

...or, if we are lucky, we observe a narrow peak where we do not expect one!
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OPEN-FLAVOUR
TETRAQUARKS
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Model-independent study of B+ → D+D−K+

Study of the resonant structure of the decay B+ → D+D−K+

Legendre polynomial expansion: decompose the D+D− helicity angle distribution
cos θ in terms of Legendre polynomials to obtain a PDF:

P(cos θ) ∝
Jmax∑
J=0

〈YJ 〉PJ (cos θ),

where 〈YJ 〉 is extracted from data in slices
of m(D+D−):

〈YJ 〉 =
N∑

n=1

wJPJ (cos θn)

Jmax is the maximum spin of allowed known resonances
wJ is a weight incorporating background subtraction and efficiency
N is the total number of candidates in the mass slice
θn is the D+D− helicity angle per candidate n

[PRL 125 (2020) 242001]
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Model-independent study of B+ → D+D−K+

2.4 2.6 2.8 3.0 3.2 3.4
m(D K + ) [GeV/c2]

0

20

40

60

80

C
an

di
da

te
s 

/ (
20

 M
eV

/c
2 ) Simulation

LHCb
(a)

2.4 2.6 2.8 3.0 3.2 3.4
m(D + K + ) [GeV/c2]

0

10

20

30

40

50

60

70

C
an

di
da

te
s 

/ (
20

 M
eV

/c
2 ) Simulation

LHCb
(b)

Data not well described by Legendre moments from resonances up to J = 2
Higher-spin resonances are suppressed
The D+K+ spectrum does not present any unexplained structure
The hypothesis that only D+D− resonances up to spin 2 are present is rejected
with a significance of 3.9σ

[PRL 125 (2020) 242001]
Lorenzo Capriotti - Spectroscopy at LHCb: experimental overview and prospects 9 / 20

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001


Amplitude analysis of B+ → D+D−K+

Amplitude model constructed with the isobar formalism
Total amplitude dominated by coherent sum of subsequent 2-body decays
All well-motivated DD resonances are included

[arXiv:2009.00026]
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Amplitude analysis of B+ → D+D−K+
Data not well described by considering only DD resonances
Two D−K+ Breit-Wigners added to improve significantly the fit
Spin-0 and spin-1, roughly the same mass

[PRD 102 (2020) 112003]
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Amplitude analysis of B+ → D+D−K+

No evidence for the χc0(3860)→ D+D− state reported by Belle

χc2(3930) contribution better described by 2 states: χc0(3930), χc2(3930)

Reasonable agreement with data when including 2 D−K+ Breit-Wigners
mX0(2900) = 2886± 7± 2 MeV, ΓX0(2900) = 57± 12± 4 MeV
mX1(2900) = 2904± 5± 1 MeV, ΓX1(2900) = 110± 11± 4 MeV
However, other models (i.e. rescattering) may also explain the discrepancy

If interpreted as resonances =⇒ first clear observation of exotic hadrons with
open flavour, and without a heavy quark-antiquark pair

Minimal quark content: [cdsu]
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New open-charm tetraquarks
Study of the B0 → D̄0D+

s π
− and B+ → D−D+

s π
+ channels

Joint amplitude analysis linked through isospin symmetry
Two new states necessary (9σ) to describe the peaking structure
T a

cs̄0(2900)0 and T a
cs̄0(2900)++, JP = 0+ favoured by >7.5σ

[PRL 125 (2020) 242001], [PRD 102 (2020) 112003], [LHCb-PAPER-2022-026]
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PENTAQUARKS
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Pentaquarks: the origins
Amplitude analysis of Λ0

b → J/ψK−p for Run 1 data (left), narrow peaks for
Run 1-2 data (right)

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ� model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ� component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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14 well established Λ∗ → pK− resonances in the amplitude model
The large Pc(4450)+ contribution is resolved into two separate peaks
All states lie just below some mass threshold - molecules?
Confirmed also with Legendre polynomial expansion

[PRL 115, 072001 (2015)], [PRL 122, 222001 (2019)]
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New pentaquarks: Pc(4337)+

Amplitude analysis of B0
s → J/ψpp̄ decays

Evidence for a structure in J/ψp and J/ψp̄
Statistical significance is > 3σ
mPc

= 4337+7+2
−4−2 MeV, ΓPc

= 29+26+14
−12−14 MeV

No evidence for Pc(4312)+ nor for fJ(2220) (glueball)

[Eur. Phys. C75 (2015) 101], [PRL 128 (2022) 062001]
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New pentaquarks: Pcs(4459)0

Amplitude analysis of Ξ0
b → J/ψΛK− decays
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Two new Ξ∗− states observed: Ξ(1690)− and Ξ(1820)−

Evidence for a new pentaquark with strangeness
Mass is 19 MeV below the Ξ0

cD̄
∗0, JP not yet determined

Limited yield, improvements foreseen in the next years

[Sci. Bull. 2021 66(13) 1278]
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New pentaquarks: P Λ
ψs

Amplitude analysis of B− → J/ψΛp̄

Observation of a narrow pentaquark state with high significance
J = 1

2 , odd parity preferred: JP = 1
2

+ escluded at 90% CL
First observation of a pentaquark with strange quark content: [cc̄uds]
Very close to the Ξ+

c D
− mass threshold

[LHCb-PAPER-2022-031]
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CONCLUSIONS
AND

PROSPECTS
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Conclusions

Heavy meson spectroscopy is an extremely rich and productive field, both
for conventional and exotic states
New conventional (excited) and exotic hadrons are discovered every year
LHCb has established itself to be a major player due to high luminosity,
high b/c production cross-section and a unique, dedicated design
Spectroscopy of heavy hadrons is crucial to understand QCD dynamics
and binding rules
New "non-conventional" exotic states have been discovered recently
Still mostly unexplored territory!
In Run 3, with the removal of the L0 trigger, fully-hadronic final states
will be accessible allowing studies on open-flavour exotic states
Maybe access to bc tetraquarks and pentaquarks and bb̄ spectroscopy
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