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1. Introduction

Studies of the excited heavy flavour states are extremely important for testing mechanisms
responsible for the dynamics of quarks and hadron formation. Spectroscopy and cross section
measurements of the states containing heavy-flavour quarks can probe various theoretical predic-
tions. Different models predict a spectrum of excited B}, baryons [1, 2], as well as a family of B
mesons [3] (charge-conjugate states are also implied in the whole paper). Large production of bb
pairs at the CERN LHC allows the CMS, LHCb and ATLAS experiments to perform the studies of
the excited states even if its production cross section is small.

The present work reports recent results in excited heavy flavour states physics at CMS [4]:
the measurement of B (2S) and B!*(2S) cross section ratios [5] and the observation of a new
excited baryon E,(6100)” decaying into E 7*7n~ final state [6]. Both analyses were performed
using proton-proton collision data collected at v/s = 13 TeV by the CMS experiment at the LHC,
corresponding to an integrated luminosity of 143 fo~! for [5] and 140 b~ for [6].

2. Measurement of B} (2S) and B!*(2S) cross section ratios

B is a charged meson consisting of two heavy quarks, beauty and charm ones. The spectrum
of this state is predicted to be very populated, but spectroscopic observations are poor so far.
The production yields of this state are significantly smaller than for charmonium and bottomonium
states, due to proportionality of production cross section to a/é. Nevertheless, the Bf family is placed
between the charmonium and bottomonium systems, therefore many properties can be predicted
theoretically. However, inequality of masses and velocities of charm and beauty quarks can lead to
more complex dynamics inside the states. Detailed and careful studies of B} system allow to probe
theoretical models and improve our knowledge of its nature.

In 2014 the ATLAS Collaboration observed a new state with mass consistent to predictions
for Bf(2S) state in Bf7*n~ system [7]. However, LHCb, using 8 TeV data, did not find any
significant signal in the same mass region [8]. Then, using full RunlI data, the CMS Collaboration
observed two well resolved peaks [9], Bf(2S) and B{*(2S). Both states are reconstructed in the
Bl n*n~ final state, where BY (2S) decays directly into Bf7n*n~, B*(2S) first goes to B{*7* 7~ and
then B}* decays to the ground state emitting a soft, not identified, photon. Since theory predicts
AM = [M(B¥*) - M(B})] — [M(Bf*(2S)) — M(B?(2S))] = 20 MeV, B¥*(2S) is placed below the
B{(2S) state. Two variables were measured in this study: M(B{(2S)) = 6871.0 + 1.2 +0.8 £ 0.8
MeV and AM = 29.1 £ 1.5 + 0.7 MeV. Recently, the LHCb Collaboration confirmed two-peaks
structure using Runl and RunlI statistics [10], the results are in a good agreement with CMS. The
next logical step is to measure cross section ratios of the observed states.

The B ground state is reconstructed in the Ji/n*™ mode through a kinematic vertex fit, com-
bining the dimuon with another track with pion mass hypothesis. The dimuon invariant mass is
constrained to the world-average J/ mass [11]. For the cross section ratio the B candidates are
required to belong to the kinematic region pt > 15 GeV and |y| < 2.4.

To reconstruct excited B} candidates, ground state is combined with two opposite-sign (OS)
tracks originating from the primary vertex (PV). To improve mass resolution the following mass

variable is used in this analysis M(B}7n*n~) — M(BY) + ME?G.
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The Jiyn™ invariant mass distributions is presented in Fig. 1(left). The spectrum is described
by several components: combinatorial backround is parametrized by a first-order polynomial, the
contribution from the partially reconstructed B} — Jiyn*X decays is modeled by an ARGUS
function convolved with Gaussian resolution and the signal is described by a double Gaussian
function. In addition the spectrum contains a small contribution from B} — JiyK* decays, for
which the shape is determined from Monte-Carlo (MC) simulation studies and the normalization
is scaled by the ratio of the corresponding branching fractions and the reconstruction efficiencies.
From an unbinned extended maximum-likelihood (UEML) fit the B} yield is extracted to be
7629 + 225(stat.).
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Figure 1: Invariant mass distribution of Jjyn* (left) and B n*n~ (right) with fits, details are listed in the
text [5].

The Bin*zn~ spectrum is shown in Fig. 1(right), both signal components are described by
double Gaussian functions, the combinatorial background is parametrized by third-order Chebyshev
polynomial and the background contributions arising from the B{ — JiyK* decays are considered
with shapes identical to signal. The UEML fit gives 67 + 10 and 52 + 9 candidates for the lower-
and higher-mass peaks, respectively.

The ratios of the B((;*) (25)* to B} and B{*(2S) to B} (2S) cross sections, R**, R* and R**/R*,
respectively are obtained from the ratios of the measured yields N, corrected by the detection
efficiencies €, using the following equations:

+_ o(B(29)) N(BZ(2S)) e(B:)

B(BI(2S) - Bin'n") =

= (3.47 £ 0.63 £ 0.33) %,

o (BY) N(BY) €(BE(29))
o TBIQS) o e o o NBE(2S)  e(B)
R == 55— B(B!'(28) — BI'n'n") = — B9 cBrOS) (4.69 +0.71 + 0.56) %,
R™/R* = o (B7(28)) B(B"(2S) — B'a'a) _ N(BIF(25)) e(BE(2S)) _ 135 4022 + 033,

o (Bi(28)) B(B{(2S) — Bin*x~) ~ N(B!(2S)) e(B{*(29))

where the B parameters are the unknown branching fractions of the B{” (28)* — B *r*x~
decays. The main contributions to the systematic uncertainties are related to the B 7*7~ and Jjyn™*
fit models, the pion tracking for R* and R*™* ratios and the Bé*) (2S)* decay kinematics (modelling
of dipion mass distributions).

The dependence of the cross section ratios on the kinematics of the B} meson were obtained
and none of them shows significant variations with the pr or |y| in the region of the study. The
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plots are presented in Fig. 2. In addition to the cross section ratios measurement a normalized
dipion invariant mass distributions for the Bé*) (28)* — Bin*n~ decays were compared with phase
space from the Monte-Carlo simulations and some discrepancy between the data and simulation
was noticed, however more data is needed for the further studies.
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Figure 2: R*, R** and R*™/R* cross section ratios as functions of B} pr and |y| [5].

3. First observation of Z,(6100)~ baryon

The E, baryon family consists of isodublet states composed of bsq quarks, where g represents

an up or a down quark for the Z0 and B, states, respectively. Various theoretical models and

b
calculations predict a spectrum of excited E_~ baryons. In particular there are several predictions

vk

for orbitally excited P-wave E* states with quantum numbers J¥ = 1/27(3/27), expected to decay

b
to B, (Ep)m.

Excited states with light diquark angular momentum equal to one have been observed at the
CERN LHC in the E 7" and Egn‘ invariant mass spectra. Recently, the LHCb Collaboration
reported the observation of the Z,(6227)~ and Z},(6227)" states, the former decaying to both AgK‘

—

and Egﬂ'_, and the latter to Z 7.

The present work reports the results of the search for a new E*" — E;;Oﬂ'_ — B ntn”

resonance. The ground states are reconstructed via JA/E~ and Jiy AK™ decays, where Jiy — u~u™,
E™ — An” and A — pr~. The reflection & — Jiw="K~ (a photon from £ — Ay is not
reconstructed) is also used for the new resonance search. Fig. 3 presents JA/E™ (left) and JAy AK™
invariant mass distributions and UEML fits. Both signal components are described by a double
Gaussian function, the background is parametrized by a first-order polynomial for Ji/E
an exponential for the Ji4#AK™ sample. The reflection contribution is taken into account by an
asymmetric Gaussian with shape fully fixed from simulation studies. The fits result in a number
of signal Z ' candidates 859 + 36 and 815 + 74 for JJ/E™ and J/y AK™ channels, respectively; the

reflection yield is 820 + 158, where all uncertainties are statistical only.

and

Then the ground states are combined with opposite-charged pair of pions originating from the

b

chosen PV and the 5~ candidate are refitted together in a common vertex. The mass difference

PV. To improve the resolution of the E_ 77~ invariant mass spectrum, all the tracks forming the
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Figure 3: Invariant mass distributions of the selected O candidates in the JAyE~ (left) and Jiw AK™ (right)
decay channels with the fit results superimposed [6].

variable AM = M(E, n*7™) - M(Z;) — 2M5PC is used in this analysis. An additional mass window
on = 7" mass is applied to take into account the intermediate E;O resonance.

Fig. 4 shows the AM distributions for fully (left) and partially (right) reconstructed =, ground
states. Both plots show a narrow peak near the mass threshold. A simultaneous UEML fit is
performed on the two data samples. The signal contribution is described by a relativistic Breight-
Wigner function convolved with the resolution, the background component is modeled by the
threshold function. The statistical local significance of the E,(6100)~ state exceeds 6.2 standard
deviations including systematic variations. The measured mass difference of the observed baryon
is AM = 24.14 + 0.22(stat.) £ 0.09(syst.) MeV. Using known mass of the £ state M(E,(6100)")
is obtained to be 6100.3 + 0.2(stat.) + 0.1(syst.) £ 0.6(E) MeV. With the current statistical power,
natural width of the state is consistent with zero, thus upper limit of 1.9 MeV has been established
at 95% confidence level. The systematic uncertainties include variations of the fit range, fit models
and slight differences between the data and simulations.
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Figure 4: Distributions of the invariant mass difference AM with fully (left) and partially (right) reconstructed
2 candidates. The result of the simultaneous fit is also presented [6].

b

4. Conclusion

The CMS Collaboration contributes significantly in the study of excited heavy flavor states.
Two excited B} (2S) and B}*(2S) states were at first observed at CMS, and their cross section ratios
were measured. In addition, dependencies of the ratios on B} kinematics were investigated, as
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well as the dipion invariant mass distributions. Moreover, the new excited Z,(6100)~ baryon was

discovered in Eg atx~ final state.
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