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Spectroscopy studies are an essential part of the LHCb experiment physics programme. The
unique collected data samples and the excellent performance of the LHCb detector enable preci-
sion studies in the spectroscopy sector. These measurements provide tests for effective theories
of the strong interaction. The latest results obtained by the LHCb experiment in the standard and
exotic spectroscopy sectors are presented.
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1. Observation of the doubly-charmed Z " baryon

Doubly heavy baryons, predicted by the quark model, represent a mostly unexplored region
where theoretical predictions have no support from the experimental point of view. In particular for
the £} baryon, many predictions for its mass are available in a well constrained range between
3.5—3.7GeV /c? separated by only few MeV/c? to the Z/. state, due to approximate isospin sym-
metry. Different theoretical predictions are available also for its lifetime showing a large ambiguity
between 150 — 1550fs.

Experimentally, the SELEX experiment claimed the observation of a peak in the K~ 7T A[
and in the pD*K~ mass spectra [1, 2]. This excess has been identified as the singly charged E.
state. SELEX measured its mass to be M = 3518.7 & 1.7MeV /c? and an unexpected short lifetime
T < 33fs at 90% CL which is not compatible with theoretical predictions. The E. state has not
been confirmed by other experiments, such as BaBar [3], Belle [4] and LHCb [5].

Recently, the LHCb experiment performed an analysis using data samples both from 2012 at
a centre-of-mass energy of §TeV and from 2016 at 13TeV, searching for the isospin partner of
the SELEX claimed state, the /" baryon, in AT K~ 77w~ where the A is reconstructed in the
pK~wt final state [6]. The invariant mass plots for the two data samples are shown in Figure 1
where highly significant peaks (7.60 for 2012 and 12.90 for 2016 data samples) are visible in both
samples.

<. F T T
S 180F | pch13Tev

F T T
OF LHCb8Tev

60F 4+ Daa 5 10f +Daa

sof —Totd P E —Tota
F-.Signa F--Signa

40F  ---Background g 100F ---Background
E = E

30f
20
10F

Candidates per 5 MeV/c?
P
e
N
(=]
(R A LA LA MR LA

3700
M52 MeV/c2]

3700
Ma(Z25) MeV/2]

N
3500 3600

E L
3500 3600

Figure 1: Invariant mass distribution of A} K~ 7~ candidates with fit projections overlaid for 2012 (left)
and 2016 (right) data samples.

The 2016 data sample is used to measure the mass of the E." state giving a value of m(Z") =
3621.40 +0.72(stat) £0.31(syst) MeV /c?. This value is consistent with the theoretical range of
predictions while it is shifted of the order of 100MeV /c? from the SELEX measurement which is
too large for an isospin splitting.

Measurements of the properties of the Z" state are crucial, in particular its lifetime, to estab-
lish the weak nature of its decay and to compare the short lifetime measured by SELEX and the
theoretical predictions. A lifetime measurement is performed at the LHCb experiment [7] using a
data sample corresponding to an integrated luminosity of 1.7fb~! at \/s = 13 TeV reconstructing
the E/" state in AJK 77" relative to the control channel A) — Afx~w*xw~. The invariant
mass spectra for the signal and the control channels are shown in Figure 2. The unbinned maxi-
mum likelihood fit of the background-subtracted Z}" decay distribution, shown in Figure 2, gives
Tgit = 0.256 10323 (stat) 4 0.014(syst) ps, compatible with a weak decay. Other decay modes of
the Z! " state are currently under study and the search for other doubly-charmed baryon states
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Figure 2: Fit to the invariant-mass distributions of (a) " — AfK~n"n" and (b) A) - Afn nn~
candidates. Background-subtracted decay-time distribution of 1 candidates with the rate-averaged fit

result across each decay-time bin shown as the continuous line (right).

opened. Recently a confirmation of the Z}" baryon through the 1 — EF 7" decay has been
obtained by LHCb [8].

2. Observation of a new E; resonance

Numbers of excited b-baryons have already been discovered, such as the 32(5935)* and
the E;(5955)~ states which are the first radial and orbital excitations of the ground ZE, state by
the LHCb experiment [9], or the first orbital excitation of the 32 baryon, the 32(5945)0 state,
by the CMS experiment [10] and confirmed by the LHCb experiment [11]. The higher excited
states are expected to be above the A(b)K threshold allowing this final state to be used for excited
b-baryon states searches. At LHCb, searches for excited E,, states are performed using both AgK B
and Egn_ final states using the full Runl data sample (corresponding to an integrated luminosity
of 1.0fb~" at 7TeV and 2.0fb™" at 8TeV) plus 1.5fb~" of Run2 data at 13 TeV [12]. The &) is re-
constructed via the semileptonic Ayt~ X decay, while the Ag is reconstucted both via the hadronic
A~ decay and via the semileptonic At~ X decay. The three invariant mass spectra for the three
considered final states are shown for the two considered datasets in Figure 3. A peak is clearly vis-
ible in all mass spectra with a significance of 9.2¢, 250 and 7.9¢ for the semileptonic 32, the
semileptonic Ag and the hadronic Ag decays, respectively. Using the Ag hadronic channel, which
has the best resolution (~ 2MeV/ ¢?), the mass and the width of this new state are measured to
be mz, (6227)- = 6226.942.04+0.3+£0.2MeV /c? and I'z, (6207)- = 18.1+£5.4£1.8MeV /c* where
the first uncertainty is statistical, the second is systematic, and the third, on mgz, 6227)-, comes from
the uncertainty of the Ag baryon mass. Production ratios are also measured using the semileptonic
modes. The measured proprierties are consistent with expectations of either the E,(1P) or the
E,(28) states.

3. Studies of the x.; and the }., resonance parameters with the decays
X2 = J/yptu

Studies of the properties and production of quarkonia at hadron colliders provide an impor-
tant test of the quantum chromodynamic models. Most of the studies of the x.i .o states have
been performed using radiative ¥.1» — J/yy decays. At LHCb, the first observation of the
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Figure 3: Invariant mass difference spectra for £,(6227)~ candidates for the three considered final states.
Top row is for 7,8 TeV and bottom for 13 TeV data.

Xelc2 — J/yuu~ decays has been performed using the full Runl data sample and data from
Run2 corresponding to an integrated luminosity of 1.9fb~! at 13 TeV [13]. The observed Dalitz de-
cay has the clear advantage of a clean signature at hadron colliders with respect to the radiative de-
cay having four muons in the final state. The mass distribution for the selected candidates is shown
in Figure 4. The masses of these states are measured to be m (1) = 3510.71+£0.04+£0.09MeV /2
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Figure 4: Mass spectrum for selected J/wu™ 1~ candidates.

and m(xe) = 3556.10+£0.06+0.11MeV/c?. The momentum-scale uncertainties which are the
dominant systematic uncertainty in the mass measurements largely cancel in the mass difference
m(xe) —m(xe) = 45.39+0.07 £0.03MeV /c?. The natural width of the ., meson is measured
to be T'(j.2) = 2.10 £0.20(stat) + 0.02(syst) MeV /c?. These results are in good agreement with
and have comparable precision to the current world averages. This result opens up a new avenue
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for hadron spectroscopy at the LHC with the possibility of the measurement of the production of
the .1 and )., states at low transverse momentum and of other heavy-flavour states when larger

data samples will be available.

4. Search for weakly decaying b-flavoured pentaquarks

The observation of two states consistent with two charmonium pentaquark states (ccuud) by
the LHCb experiment in Ag —J/wypK~ and Ag — J/wpr~ decays raised the interest of searches
of other pentaquark states [14, 15, 16]. The LHCb experiment searched for weakly-decaying pen-
taquark states containing a b-quark [17]. According to the Skyrme model [18], heavy quarks give
tightly bound pentaquarks. Using modes which include a J/y in the final state which have large
efficiencies and reduced background, searches of four different states have been performed be-
low the corresponding strong decay threshold mass: P;)p — J/WK* ™ pin 4668 —6220MeV /c?,
Por = J/ WK~ pin 4668 — 5760MeV /c?, PAtW — J/WK~ " pin 4668 — 5760MeV /c? and
PI;EP — J/wépin 5055 —6305MeV/c?. The states are labelled with a subscript indicating the final
states the pentaquark would predominantly decay into if it had sufficient mass to decay strongly
in these states. Measurement of the product of production cross section and branching ratio with
respect to the Ag — J/ypK~ decay is performed but no evidence for signal is found and CL limits

at 90% are set (see Figure 5).
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Figure 5: Upper limits at 90% CL on the product of production cross section and branching ratio with
respect to the A) — J/ypK~ decay for (a) J/yK n p, (b) J/yK n"p, (c) J/yK n"pand (d) J/yop
final states.

5. Search for beautiful tetraquarks in the Y(1S)u ™ 1~ invariant mass spectrum

A search for a possible exotic meson state composed of two b and two b quarks, X, 5, has
been performed at LHCb in the Y(1S)u* ™ invariant mass spectrum using the whole Runl dataset
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and 3.3fb~! of Run2 data sample [19]. Several theoretical models predict the mass and the width
of an exotic X,,;; state. In particular the mass is indicated to be in the range 18.4 — 18.8GeV /c?,
below the 7,1, invariant mass. No significant excess is seen for any mass hypothesis in the range
[17.5,20.0] GeV /c? and upper limits at 95% CL on the production cross sections times the branch-
ing fractions, o(pp — X) X B(X — Y(1S)u"u~) x B(Y(1S) — utu~) are set (see Figure 6).

24 T T T T T : : i i
H | i LHCb LHCb Obs. 95% CL limit
| [S=7 8 13TeV 5=7,8,13Tev Exp. 95% CL limit, median
HI I T I exo. (s83%)
| i 10? Exp. (95.6%)
|

Candidates/ (100 MeV/c?)

a(X) x B(X) x B(Y(19) [fb]

16000 18000 20000 22000 24000 26000 17500 18000 18500 19000 19500 20000
m2ur2ur) [MeV/c? u, [Mevic?]

Figure 6: (Left) Distribution of m(2u2p7). The dotted black lines indicate the range in which limits are
set on the product of the X production cross section and branching fractions. The dash-dotted red and long-
dashed green lines show the positions of the 1,1, and Y(15)Y(1S) thresholds, respectively. (Right) The 95%
CL on the production cross sections times the branching fractions as a function of the X mass hypothesis.

6. Search for dibaryon states

A hypothetical charmed dibaryon state D = [cd][ud][ud] could be produced in A — pD/ (—
A7~ p) decays. The D dibaryon decay could proceed via quark rearrangement to the final state
pA} 7w~ through the X¥ intermediate state or via a lighter pentaquark state P.(it[cd][ud]). The LHCb
experiment observed for the first time the Ag — Al ppr~ decay using the full Runl data [20]. Its
branching fraction relative to the Alo7 — A}~ decay channel including the ones with £ and X;°
intermediate resonances are measured. No evidence for any dibaryon signal is observed in the
Al ppr~ final state (see Figure 7).
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Figure 7: Background-subtracted mass spectrum of the A7~ p system from the decay Ag — Alppm in
(a) the full Aj 7~ mass spectrum, (b) the 2‘3 resonance and (c) the Zjo resonance. No evident peaking shapes
are visible.
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