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Abstract. The pp collision data collected by the LHCb experiment during Run I provides a great opportunity

for heavy flavour studies. The latest results on exotic states and quarkonia production are reported.

1 Introduction

Thanks to the large center-of-mass energy available at the

LHC, bb̄ and cc̄ pairs are produced with great abundancy,

which provides great opportunities for studying produc-

tion and properties of heavy hadrons. The LHCb experi-

ment has collected data in 2011 and 2012 corresponding to

an integrated luminosity of 1 fb−1 at
√

s = 7 TeV centre-

of-mass energy and 2 fb−1 at
√

s = 8 TeV respectively.

With this large statistics, its efficient trigger, its excellent

momentum resolution and particle identification, LHCb is

the ideal place to perform hadron spectroscopy studies.

2 Exotic states

In the last few years a number of quarkonium-like states,

generally called as X, Y and Z that do not fit the con-

ventional picture, have been discovered. The existence of

tetraquarks, hadronic molecules, and other bound states

involving gluons has been invoked to explain these ex-

otic states, but a compelling unified description has not yet

emerged. At LHCb high-precision studies of the X(3872)

and the Z(4430)− states have been performed.

2.1 X(3872)

The X(3872), discovered by Belle in 2003 in the J/ψπ+π−
invariant mass distribution of B− → J/ψπ+π−K+ de-

cays [1] and subsequently observed by several other ex-

periments, was the first charmonium-like state found not to

fit the conventional quarkonium description. The X(3872)

is particularly intriguing since decaying into J/ψπ+π−
leads to a natural interpretation as a charmonium excita-

tion, on the other hand the closeness of its mass to the

D∗0D̄0 threshold and its prominent decay to D∗0D̄0 sug-

gest that it may be an example of a hadron molecule with

an extremely small binding energy. After measuring the

X(3872) mass and production cross-section in pp colli-

sions [2], LHCb has also determined its quantum numbers

to be JPC = 1++ [3] ruling out with a significance of more
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than eight standard deviations the only alternative assign-

ment allowed by previous measurements JPC = 2−+ [4].

These quantum numbers favour the conventional charmo-

nium state χc1(2P). Despite this large experimental effort,

after more than 10 years since its discovery, nowadays its

nature is still unclear.

One of the quantities, which is sensitive to the nature

of the X(3872) state is the ratio of the branching fractions

for radiative decays to ψ(2S )γ and J/ψγ

Rψ =
B(X(3872) → ψ(2S )γ)

B(X(3872) → J/ψγ)

This ratio is predicted to be in the range (3 − 4) × 10−3

for a D∗0D̄0 molecule [7], 1.2-15 for a pure cc̄ state [5, 6]

and 0.5-5 for a molecule-charmonium mixture [8]. The

BaBar collaboration has measured a relative large branch-

ing fraction for the X(3872) → ψ(2S )γ decay, with

Rψ = 3.4 ± 1.4 [9], a result generally inconsistent with

a pure molecular interpretation; in contrast, no signif-

icant signal was found by Belle [10]. At LHCb, a

search for the X(3872) into ψ(2S )γ is performed using

B+ → X(3872)K+ decays and reconstructing the ψ(2S )

meson in μ+μ− channel [11]. The data sample corresponds

to the full statistics recorded by LHCb during Run1, i.e.

1 fb−1 at
√

s = 7 TeV and 2 fb−1 at
√

s = 8 TeV.

The signal yield is determined from a two-dimensional

unbinned maximum likelihood fit in the (JψγK+, J/ψγ)

and (ψ(2S )γK+, ψ(2S )γ) invariant masses. The invariant

mass distributions of ψγ and ψγK+ combinations for the

J/ψ and ψ(2S ) channels are shown in Figure 1. The ob-

served signal in the ψ(2S ) channel of 36.4±9.0 events has

a significance of 4.4. Using the measured yields, the ratio

of the branching fractions is calculated to be

Rψ = 2.46 ± 0.63(stat) ± 0.29(syst)

This value agrees with the expectations both for a pure

charmonium and a molecular-charmonium mixture but

does not support a pure DD̄∗ molecular interpretation.
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Figure 1. (Top) On the left (right) the distribution of the J/ψγK+ (ψ(2S )γK+) invariant mass with fit projection overlaid, restricted

to those candidates with J/ψγ (ψ(2S )γ) invariant mass within ±3σ from the X(3872) peak position. (Bottom) On the left (right)

distribution of the J/ψγ (ψ(2S )γ) invariant mass with fit projection overlaid, restricted to those candidates with J/ψγK+ (ψ(2S )γK+)

invariant mass within ±3σ from the B+ peak position. The total fit (thick solid blue) together with the signal (thin solid green) and

background components (dash-dotted orange for the combinatorial, dashed magenta for the peaking component and long dashed blue

for their sum) are shown.

2.2 Z(4430)−

The exotic state that attracts a lot of attention recently is

the charged charmonium-like Z(4430)−. For a charged

charmonium state, the Z(4430)− has a minimum quark

content of cc̄du which clearly does not fit into the tra-

ditional quark model. This state was first observed by

the Belle collaboration as a charged resonance struc-

ture in the ψ(2S )π− invariant mass distribution of the

B0 → ψ(2S )K−π+ decays [12]. Subsequent reanalysis of

the data was performed with 2D and 4D amplitude anal-

yses [13]. BaBar collaboration analysed the same decays

using a model independent approach and it concluded that

the enhancement could be explained as a reflection of the

know K∗ states but did not rule out the existence of the

Z(4430)− either [14].

The LHCb collaboration has investigated resonant

structures in B0 → ψ(2S )K+π− decays, with the ψ(2S )

decaying into two muons, using pp collision data corre-

sponding to an integrated luminosity of 3 fb−1 [15]. About

25000 B0 candidates were reconstructed with approxi-

mately 4% of background in the signal region, as shown

in Figure 2. The sample size is about 10 times larger

than the ones analysed by B-factories. Dalitz plot of

the selected events in the signal region is shown in Fig-

ure 3. Clear contributions from K∗(892) and kaon states

around 1.43 GeV are visible as two vertical bands. The

Z(4430)+ state would correspond to the horizontal band at

m2(ψ(2S )π−) ∼ 20 GeV2.

LHCb has performed an analysis based on the model-

independent approach developed by BaBar to check

whether the mψ(2S )π− spectrum can be understood in terms

of any combination of known K∗ resonances. No con-

straint is imposed on these resonances besides restricting

Figure 2. Invariant mass distribution for B0 → ψ(2S )K+π− de-

cay candidates. In the invariant mass distribution the fit (blue

line) with a double-sided Crystal Ball signal shape and linear

background (green line) are superimposed to the data points.

Figure 3. Dalitz plot for B0 → ψ(2S )K+π− decay candidates.
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their maximal spin to two, as the K+π− invariant mass

spectrum is dominated by S , P and D partial waves. The

description of the K+π− angular structure is performed

in terms of Legendre polynomial moments. The analy-

sis shows that the relatively narrow peaking structure in

mψ(2S )π− cannot be described in terms of moments of K∗
resonances as shown in Figure 4.
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Figure 4. Background-subtracted and efficiency-corrected

mψ(2S )π− distribution superimposed with the expected distribution

of Legendre polynomial moments and their correlated statistical

uncertainty (yellow band).

A full amplitude fit was performed to be able to ex-

tract quantitative information about the Z(4430)− such as

its mass, width and spin. The amplitude was calculated in

a four-dimensional space using the invariant masses m2
K+π−

and m2
ψ(2S )π− , the cos θψ(2S ) which is the ψ(2S ) helicity an-

gle and the φ angle between the K∗0 and the ψ(2S ) planes

in the B0 rest frame.

The amplitude model includes all known K∗0 reso-

nances in various spin states with nominal mass at or

slightly above kinematic limits. As shown in Figure 5, the

data are not well described when considering only known

K∗ → K+π− resonances, while a better description is ob-

tained when including in the fit a Z(4430)− → ψ(2S )π−
with JP = 1+. Other JP hypothesis (0−, 1−, 2+ and 2−)

are ruled out with a significance larger than nine stan-

dard deviations, thus confirming previous indications from

Belle [16]. The fit gives for the mass and the width of the

Z(4430)−
MZ− = 4475 ± 7 MeV,

ΓZ− = 172 ± 13 MeV

and for the amplitude fraction

fZ− = (5.9 ± 0.9)%.

which are consistent with Belle results [16]. Uncertainties

are statisical only. The significance of the Z(4430)− contri-

bution is 13.9σ. An additional fit is performed where the

Z(4430)− amplitude is represented as a combination of in-

dependent complex amplitudes (Re AZ(4430)− , ImAZ(4430)− )

at six equidistant points in the m2
ψ(2S )π− range to address

the question if the Z(4430)− is a real bound state that fol-

lows a resonant behaviour. The resulting Argand diagram,
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Figure 5. Projection of the data and of the 4D amplitude fit onto

the m2
ψ(2S )π− axis.
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Figure 6. Argand diagram for the fitted binned Z(4430)− ampli-

tude. The Breit-Wigner evolution with the mass and width from

the nominal fit is shown as a red curve.

shown in Figure 6, exhibits a quasi circular pattern, which

is consistent with a rapid phase transition at the peak of

the amplitude, just as expected for a resonance, providing

a strong argument in favour of the resonant character of

the Z(4430)− state.

3 Heavy quarkonia production

Measurements of heavy quarkonia production is funda-

mental to test QCD models. The mechanism for the pro-

duction of quarkonia in hadronic collisions is in fact not

yet completely understood. It is well known that the LO

Colour Singlet Model leads to predictions of the cross-

sections which are in disagreement with the observations

at high pT . New theoretical approaches have been pro-

posed in recent years. The debate is still open and ex-

perimental confirmations from the LHC experiments are

needed to determine the reliability of the proposed mod-

els. Unique measurements of the production of quarko-

nia and quarkonia-like states in the forward rapidity range

(2 < y < 4.5) and in the low pT range have been performed

at LHCb.
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3.1 χb production

Feed-down contributions from P-wave quarkonium state

to S-wave quarkonium states might be of crucial impor-

tance for the comparison between experimental results

and theory prediction for prompt production of S-wave

quarkonia. It can also impact on the interpretation of the

measured polarization of S-wave vector quarkonia. More-

over measurements of the relative production rates of P-

wave to S-wave quarkonia (and tensor-to-vector ratios) can

provide valuable information on colour-octet matrix ele-

ments [17–19]. Two different analyses which study the

χb production in LHCb and measure the fraction of Υ(nS )

originating from χb decays have been performed, one us-

ing calorimetric photons [20], the other one using photons

converted in the detector material [21].

The first analysis uses prompt muon pairs selected re-

quiring for each muon a pT larger than 1 GeV. Further

cuts refine the quality and the purity of the muons. Cuts

improving the two-prong common vertex and the compat-

ibility of this vertex with the primary vertex are applied.

Three very clean peaks, Υ(1S ), Υ(2S ) and Υ(3S ), are ob-

served in the mμ+μ− mass distribution as shown in Fig-

ure 7. Photons reconstructed using the calorimeter are

Figure 7. Invariant mass distribution for selected dimuon candi-

dates.

combined to each muon pair having an invariant mass

within 150 MeV of one of the Υ states to form a χb. The

χb yields are determined from an extended maximum like-

lihood fit. The fit model consists of the sum of signal com-

ponents for all kinematically allowed χb(mP) → Υ(nS )γ
decays and combinatorial background (see Figure 8). In

the fit, the χb0 contribution of the multiplet is neglected

while the χb1 and the χb2 are fitted simultaneously as-

suming a fixed mass difference, Δm12 and a fixed ratio of

yields. This assumption is needed since the χb mass res-

olution does not allow to separate these two states. The

assumption on the relative χb1/χb2 contribution and the

electromagnetic calorimeter energy scale are entering as

the dominant systematic errors on the measurement of the

χb(3P) mass. This mass is measured to be

mχb1(3P) = 10511.3 ± 1.7(stat) ± 2.4(syst) MeV/c2.

The feed-down fractions Rχb(mP)

Υ(nS )
of Υ originating from ra-

diative χb decays are determined by calculating the ratio of

the Υ and the χb yields in each pΥT bin and for each decay

χb(mP) → Υ(nS )γ with m > n. In this ratio, most of the

systematic errors cancel. The remaining systematic errors

are dominated by the uncertainties related to the photon re-

construction at low pT and the various assumptions made

in the χb mass fit: χb1/χb2 ratio, pT dependence on the

mass fits and modelling of the mass resolution. The results

of the feed-down fractions , for each Υ state as a function

of their pT are shown in the three plots of Figure 9. A big

fraction of Υ(nS ) production originates from radiative de-

cays of χb(mP) states. The large value of this fraction im-

pacts on the interpretation of experimental data on Υ pro-

duction and polarization. When data on Υ production and

polarization are compared with theory predictions, as well

as when different theory predictions are compared among

themselves, it is often implicitly assumed that the frac-

tion of Υ(3S ) mesons produced by feed down from higher

states is small. The large measured value of Rχ[b
Υ(3S )

(3P) in-

dicates that these Υ(3S ) assumptions need to be revisited.

The measurement of the relative rate of χb1(1P) and

χb2(1P) production has been performed using Υ(1S )γ and

Υ(2S )γ decays using photons that converted to e+e− pairs

in the detector [21]. In addition the analysis performed

a measurement of the χb(3P) mass. Measurements of

the relative rate of J = 1 and J = 2 states provide in-

formation on the colour octet contribution. This rela-

tive rate is also predicted to have the same dependence

on the meson transverse momentum in χb and χc states,

once the pT of the χb meson is scaled by the ratio of

χc and χb masses. The kinematically allowed transitions

χb(1P) → Υ(1S )γ, χb(2P) → Υ(1S )γ, χb(3P) → Υ(1S )γ
and χb(3P) → Υ(2S )γ are studied. The Υ meson is recon-

structed in the dimuon final state and only photons that

convert in the detector material are used. The converted

photons are reconstructed using e+ and e− tracks, allowing

separation of the χb1 and χb2 peaks, due to the improved

energy resolution of converted photons with respect to that

of photons identified with the calorimeter. The ratio of

the χb2 to χb1 production cross-sections is measured in

three pΥT ranges from 5 to 25 GeV/c in the rapidity range

2.0 < y < 4.5. Figure 10 shows a comparison of the mea-

sured valued with LO NRQCD predictions. The measure-

ment obtained by LHCb for the χc production ratio with

the pT axis scaled accordingly is also shown for compari-

son. The χb results are in good agreement with the scaled

χcresults. These results are not precise enough to establish

the deviation from unity predicted by theory at low pT ,

but the agreement is better with a flat dependence. In ad-

dition the measurement of the m(χb(3P)) and of the mass

splitting Δm12 between J = 1 and J = 2 states has been

performed. The results for the χb(1, 2P) mass splittings

Δm12(1P) = 19.81 ± 0.65(stat) ± 0.20(syst) MeV/c2

Δm12(2P) = 12.3 ± 2.6(stat) ± 0.6(syst) MeV/c2
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Figure 8. Distributions of the corrected mass mΥ(nS )γ for the selected χb candidates (black points) decaying into (top row) Υ(1S ),

(middle row) Υ(2S ) and (bottom row) Υ(3S ), in the transverse momentum ranges given in the text, for (left)
√

s = 7 TeV and (right)

8 TeV data. Each plot shows also the result of the fit (solid red curve), including the background (dotted blue curve) and the signal

(dashed green and magenta curves) contributions. The green dashed curve corresponds to the χb1 signal and the magenta dashed curve

to the χb2 signal.

]c [GeV/Υ

T
p

6 8 10 12 14 16 18 20 22 24

)
b1

χ(
σ

) 
/ 

b2
χ(

σ

0

0.5

1

1.5

2

2.5

3
b

χLHCb 

 scaled
c

χLHCb 

LO NRQCD

<4.5y2.0<

(a)
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to the LO NRQCD prediction (green band) [18], and to the LHCb
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are in agreement with the world average values. The mass

for the χb1(3P) is measured to be

m(χb1(3P)) = 10515.7+2.2
−3.9(stat)+1.5

−2.1(syst) MeV/c2

This result is compatible with the measurement performed

by LHCb with the radiative decays to the Υ(3S ) meson

that uses non-converted photons. A combined value of the

two measurements is

m(χb1(3P)) = 10512.1 ± 2.1(exp) ± 0.9(model) MeV/c2

where the experimental systematic uncertainties are uncor-

related since the photon reconstruction is based on differ-

ent subdetectors, while the uncertainty related to the model

used for summing the J = 1 and J = 2 contributions are

fully correlated. These results are compatible with AT-

LAS [22] and D0 [23] measurements.

3.2 ηc(1S ) production cross-section

The investigation of the lowest state, the ηc(1S ) meson,

can provide important additional information on the long-

distance matrix elements. In particular, the heavy-quark
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spin-symmetry relation between the ηc(1S ) and J/ψ ma-

trix elements can be tested [25, 26], with the NLO cal-

culations predicting a different dependence of the produc-

tion rates on charmonium transverse momentum, pT , for

spin singlet (ηc(1S )) and triplet (J/ψ, χcJ) states. Thus,

a measurement of the pT dependence of the ηc(1S ) pro-

duction rate can have important implications. LHCb has

performed the first measurement of the cross-section for

the prompt production of ηc(1S ) mesons in pp collisions

at
√

s = 7 TeV and
√

s = 8 TeV centre-of-mass ener-

gies, as well as the b-hadron inclusive branching fraction

into ηc(1S ) final states. The measurements have been per-

formed relative to the J/ψ channel which allows partial

cancellation of systematic uncertainties in the ratio.

The signal selection is largely performed at the trigger

level. The offline analysis, in addition, requires the trans-

verse momentum of the protons to be pT > 2.0 GeV/c
and restricts charmonium candidates to the rapidity range

2.0 < y < 4.5. Prompt and b-decays candidates are sepa-

rated using the pseudo-decay time. The invariant mass for

selected prompt candidates is reported in Figure 11. The

cross-section for prompt production of ηc(1S ) relative to

the prompt J/ψ production has been measured in the rapid-

ity range 2.0 < y < 4.5 and in the transverse-momentum

range pT > 6.5 GeV/c to be at
√

s = 7 TeV

σηc(1S )/σJ/ψ = 1.74 ± 0.29 ± 0.28 ± 0.18B

Figure 11. pp̄ invariant masses for prompt candidates (upper

panel in each plot) and distribution of differences between data

and the background distribution resulting from the fit (lower

panel in each plot) in data at a)
√

s = 7 TeV and b)
√

s = 8 TeV

centre-of-mass energies.
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Figure 12. Prompt production spectra as a function of transverse

momentum for ηc(1S ) mesons (red filled circles). The pT spectra

of J/ψ from Refs. are shown for comparison as blue open circles.

and at
√

s = 8 TeV

σηc(1S )/σJ/ψ = 1.60 ± 0.29 ± 0.25 ± 0.17B

where the uncertainties are statistical, systematic and that

on the ratio of branching fractions of the ηc(1S ) and J/ψ
decays to pp̄ final states. This is the first measurement

of ηc production at an hadron machine. The cross-section

for the ηc(1S ) prompt production is in agreement with the

colour-singlet leading order calculations, while the pre-

dicted cross-section exceeds the observed value by two or-

ders of magnitude when the colour-octet LO contribution

is taken into account. However the NLO contribution is

expected to significantly modify the LO result [28].

The ηc(1S ) differential cross-section as a function of

pT is obtained by fitting the pp̄ invariant mass spectrum in

three or four bins of pT (see Figure 12). The pT dependen-

cies of the ηc(1S ) and J/ψ production rates exhibit similar

behaviour in the kinematic region studied.

The inclusive branching fraction of b-hadron decays

into ηc(1S ) mesons with pT > 6.5 GeV/c, relative to the

corresponding fraction into J/ψ mesons, is measured, for

the first time, to be

B(b → ηc(1S )X)/B(b → J/ψX) =

= 0.421 ± 0.055 ± 0.022 ± 0.045B

4 Conclusions

LHCb has used the large data sample available to perform

studies of exotic charmonium-like states. After having

determined the X(3872) quantum numbers [3], the decay

X(3872) → ψ(2S )γ has been observed with a significance

of 4.4σ [11]. This result favours the interpretation of the

X(3872) as a mixture of a D∗0D̄0 molecule and charmo-

nium. LHCb also provided confirmation of the Z(4430)−
state seen by Belle and it established its spin-parity to be

1+ [15]. From study of the phase motion the resonance

character of this state has been demonstrated.

Moreover unique measurements of the production of

quarkonia have been obtained with the LHCb experiment.

These studies provide valuable input to improve the accu-

racy of theoretical models. All these results demonstrate

the excellent performance of the LHCb experiment and the

excellent prospects for hadronic spectroscopy.
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