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In pp collisions at the LHC, the LHCb experiment has collected the
world’s largest sample of beauty and charmed hadrons. Very precise mea-
surements obtained from these data provide tests of the Standard Model,
which are indirect searches for new physics. The highlights obtained using
data of an integrated luminosity of 3.0 fb—! recorded in 2011 and 2012 were
shown, concerning the measurements of rare B and A, decays. The first ob-
servation of two exotic structures in the J/¢p channel from A) — J/ypK~
decays was also presented. Masses of these states are 4380 £ 8 £ 29 MeV
and 4449.8 + 1.7 + 2.5 MeV. The preferred J¥ assignments are of oppo-
site parity, one state having spin 3/2 and the other 5/2. These states are
referred to as charmonium pentaquark states.
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1. Introduction

The Standard Model (SM) describes the fundamental particles interac-
tions via the strong, electromagnetic and weak forces. It provides precise
predictions for measurable quantities that can be tested experimentally. It
is widely considered that the SM is not final since many phenomena in this
model are not well-understood. This model is also not elegant since masses
of a few fundamental particles, for instance electrons, are not predicted and
they have to be taken from experiments. There are a few open questions
in this model, for instance: why are there three generations of quarks and
leptons? The measured value of CP violation is too small to explain the
observed size of matter domination over antimatter in the universe.

* Presented at the Cracow Epiphany Conference on the Physics in LHC Run 2, Krakow,
Poland, January 7-9, 2016.
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Today, the main goal of particle physics is to search for physics beyond
the SM. There are two ways of searches for new physics: direct and indirect.
In the direct searches, the new particles are looked for. Such searches are
performed in the ATLAS and CMS experiments, where the experimenters
are looking for new objects produced directly in the pp interactions. In the
LHCb experiment, the experimenters are testing the SM in precise measure-
ments of known processes, what is widely referred to as indirect searches
of the new physics. If the disagreement between the experiment and the
SM prediction is found, it will be an indication for the existence of the new
physics. The promising areas in these searches are the measurements of CP
symmetry violation in B sector, spectroscopy of known or predicted parti-
cles and the very rare decays of B mesons. The rare decays are forbidden
at the tree level in the SM. Therefore, they provide the interesting tests of
this model, since the particles of new physics can be exchanged in loops of
penguin and box diagrams, and they could significantly change the angular
distributions of the final particles.

The structure of this report is as follows. The LHCDb detector is first
described in Sec. 2. The spectroscopy of exotic states: Z(4430)~ and J/¢p
resonances are presented in Sec. 3. Section 4 describes the very rare and
rare decays of B, Bs and Ap. Finally, conclusions are presented in Sec. 5.

2. LHCDb detector

The LHCD detector [1] is a single-arm forward spectrometer covering
pseudorapidity range from 2 up to 5, designed for study of particles con-
taining b or ¢ quarks. Displaced vertices of b- and c-hadron decays can be
measured with 20 pm resolution. The decay time resolution of 10% of the
D-meson lifetime is achieved using a silicon vertex locator. The tracking
system measures the charged particles with a momentum resolution Ap/p
that varies from 0.4% at 5 GeV to 0.6% at 100 GeV, corresponding to a
typical mass resolution of approximately a few MeV for a two-body beauty
meson decay. The bb cross section in 47 in pp collisions of 284 + 53 ub is
measured with the LHCDb detector at /s = 7 TeV [2]. The measured c¢
cross section is about 20 times larger than the bb cross section [3].

3. Exotic spectroscopy at the LHCb

Heavy flavour spectroscopy is one of important tests of Quantum Chro-
modynamics (QCD). A large body of experimental evidence for QCD has
been gathered over the years. Anyway, each measurement of masses, life-
times, decay properties, quantum numbers etc. of known or predicted par-
ticles are one of the basic tests of the theory. One of these tests is related to
the prospect of hadrons with more than the minimal quark content (gg or



Highlights of LHCb Measurement in Rare Decays and Discovery of First ... 1583

qqq), which was proposed by Gell-Mann [4] and Zweig [5] in 1964. During
evaluating of this idea, it was expanded upon to include baryons composed
of four quarks plus one antiquark with name as pentaquark [6]. The first ob-
servation of tetraquark candidate, the Z(4430)~ in B® — ¢/ K7~ decays [7],
suggests that the pentaquark baryon states can exist.

3.1. Observation of Z(4430)~ resonance

The observation of Z(4430)~ (the minimal quark content of such state
is cedu) could be interpreted as the first unambiguous evidence for the exis-
tence of mesons beyond the traditional ¢g model.

At the LHCb, the existence of Z(4430)~ resonance is confirmed in an
amplitude fit to the sample of BY — ¢/ K7~ decays, where ' — u*pu~ [3].
Using the data corresponding to 3 fb~! of integrated luminosity, 251764174
candidates of BY — ¢/ K*7~ decays are reconstructed. The distribution of
invariant mass squared of ¢'7~ is shown in Fig. 1. The significance of the
Z~ is evaluated from the likelihood amplitude fits without and with the Z~
component. When the no-Z~ hypothesis is imposed to the fit, the measured
probability of the consistency of the fit with data is very small (107%). The
measured probability of the consistency of the fit with data is close to 12% if
Z~ component is added to the fit. The mass and width of Z~ are measured
to be 4475+ 71%2 MeV and 172 + 131?1 MeV, respectively. These values are
consistent with the previous measurements in the Belle experiment [7].
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Fig.1. (Colour on-line) The results of the fit illustrated in projections of mi,r.
The full (black) points represent the data, while the solid red (dashed brown) his-
togram corresponds to model with (without) the Z~ component. The other points
illustrate various subcomponents of the fit that includes the Z~: the upper (lower)
blue points represent the Z~ component removed (taken alone). The orange, ma-
genta, cyan, yellow, green and red points represent the K*(892), total S-wave,
K*(1410), K*(1680), K*(1430) and background terms, respectively.
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3.2. Observation of the J/yp resonances consistent with pentaquark states
in A) = J/YK " p decays

The Ag — J/W K~ p decays were first used at the LHCD to make precision
measurements of the Ag lifetime. In this analysis, we use data corresponding
to 1 fb~! of integrated luminosity at 7 TeV center-of-mass energy, and 2 fb—?
at 8 TeV. The 26007 4= 166 signal Ag — J/9 K~ p candidates are determined
by the unbinned extended likelihood fit which is shown in Fig. 2 [9]. The
background level is determined as 5.4% within 15 MeV (£20) of the central
value of the J/¢¥ K~ p mass peak. In Fig. 3, the Dalitz plot is shown using
the K~p and J/v¢p invariant masses-squared as independent variables. A
distinct vertical band is observed in the K~ p invariant mass distribution
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Fig.2. (Colour on-line) Invariant mass spectrum of J/v% K ~p combinations with the
total fit shown as solid (light grey/blue) line. Signal and background components
also are shown as solid (dark grey/red) and dashed lines, respectively.
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Fig. 3. Invariant mass squared of K ~p versus J/vp for candidates within +15 MeV
of the AY mass.
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near 2.3 GeV?, corresponding to the A(1520) resonance. There is also a
distinct horizontal band observed in the J/v¢p invariant mass distribution
near 19.5 GeV2. This behaviour is unexpected. No structure is seen in the
J/YK~ invariant mass.

As the final result of performed amplitude analysis, allowing for interfer-
ence effects, it could be concluded that /12 — J/19 K~ p decays can proceed
by the diagram shown in Fig. 4 (a). It is expected to be dominated by
A* — K~ p resonances. They are evident in the data shown in Fig. 5 (a).
The diagram of the exotic contribution shown in Fig. 4 (b) is also possible
and could result in resonant structures in the J/1¥p mass spectrum shown

in Fig. 5 (b).
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Fig. 4. Feynman diagrams for (a) AY — J/¢A* and (b) A) — P K~ decays.
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Fig.5. (Colour on-line) Fit projections for (a) mx, and (b) m sy, for the reduced
A* model with two P states. The data points are shown as full (black) squares,
while the full (red) points show the results of the fit. The solid (red) histogram
shows the background distribution. The open (blue) squares with the shaded his-
togram represent the P.(4450)7 state, and the shaded histogram topped with filled
(purple) squares represents the P.(4380)" state. Each A* component is also shown.

The error bars on the points showing the fit results are due to simulation statistics.
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The structures seen in Fig. 5 (b) are not due to reflections generated
by the A* states. To prove that, it was first tried to fit the data with an
amplitude model that contains 14 known A* states listed by the Particle Data
Group [10]. This did not give a satisfactory description of the data. Taking
into account one P state in the fitted amplitude model is not sufficient

to describe the data. The two P states are needed to describe the data.
The result of the best fit projections is shown in Fig. 5. Both m, and the
peaking structure in m,y, are reproduced by the fit. These two Pt states
are found to have masses of 4380 + 8 £ 29 MeV and 4449.8 £ 1.7 £ 2.5 MeV,
with corresponding widths of 205 + 18 + 86 MeV and 39 + 5 + 19 MeV.
The fractions of the total sample due to the lower mass and higher mass
states are 8.4 + 0.7 £ 4.2% and 4.1 + 0.5 + 1.1%, respectively. The best fit
solution has spin-parity J¥ values of (3/27, 5/2%). Acceptable solutions
are also found for additional cases with opposite parity, either (3/2%, 5/27)
or (5/2%, 3/27). The significances of the lower mass and the higher mass
states are 9 and 12 standard deviations, respectively.

Further evidence for the resonant character of the higher mass state is
obtained by viewing the evolution of the complex amplitude in the Argand
diagram (Fig. 6 (a)). The P.(4450)7 is represented by a Breit-Wigner am-
plitude, where the magnitude and phase vary with m/, according to an
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Fig.6. (Colour on-line) Fitted values of the real and imaginary parts of the ampli-
tudes for (a) the P.(4450)" state and (b) the P.(4380)" state, each divided into six
m /yp bins of equal width between —I and +/j shown in the Argand diagrams
as connected points with error bars. The solid (red) curves are the predictions
from the Breit—-Wigner formula for the same mass ranges with My (I) of 4450
(39) MeV and 4380 (205) MeV, respectively, with the phases and magnitudes at
the resonance masses set to the average values between the two points around Mj.
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approximately circular trajectory in the real and imaginary plane of the
m./yp-dependent part of the P.(4450)" amplitude. The resulting Argand
diagram, shown in Fig. 6 (a), is consistent with a rapid counter-clockwise
change of the P.(4450)" phase when its magnitude reaches the maximum.
It is a behaviour characteristics of a resonance. A similar study for the lower
mass state is shown in Fig. 6 (b). For the lower mass state, the evolution of
the complex amplitude in the Argand diagram is not conclusive, since the
fit does not show a large phase change.

4. Very rare and rare decays of B, B, and A, at the LHCb

The presented in this section very rare and rare B, Bs and Ay decays
are forbidden at tree level in the SM. At the lowest order, they can only
occur via electroweak penguin and box processes. In extensions of the SM,
new, heavy particles can enter in competing processes and can significantly
change the branching fraction of the decay and the angular distribution of
the final state particles.

4.1. Very rare B® — ptp~ and BY — ptu~ decays

The branching fractions of the B? and B? mesons decaying into two
oppositely charged muons are interesting since their sensitivity to theories
that extend the SM. A difference in the observed branching fractions with
respect to the predictions of the SM would provide a direction in which the
theory should be extended. It predicts that the B® — y*p~ and the B? —
ptp~ decays are very rare, (1.066 4+ 0.09) x 1071 and (3.66 +0.23) x 10~
of branching fractions, respectively [11].

The CMS and LHCb experiments have performed a joint analysis of the
data collected in 2011 and 2012 [12]. The combined results are shown in
Fig. 7. The fit to the combined data leads to the measurements of branch-
ing fractions as (3.971%) x 10710 for B® — upu~ and (2.870F%) x 1072 for
BY — utpu~, where the uncertainties include both statistical and systematic
sources, the latter contributing 18% and 35% of the total uncertainty for the
BY and BY decays, respectively. It is the first observation of the BY — ptp~
decay with a statistical significance exceeding six standard deviations (6.20).
Also the best evidence for the B® — p i~ decay is measured with a statisti-
cal significance of three standard deviations (3.20). The measured branching
fractions of both decays are statistically compatible with the SM predictions
and allow stringent constraints to be placed on theories beyond the SM.
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Fig.7. (Colour on-line) Distribution of the dimuon invariant mass, m,+,-, as a
combined result obtained in CMS and LHCb experiments. Superimposed on the
data points in black are the combined fit (solid blue line) and its components: the
BY (grey/yellow shaded area) and B° (light grey/light blue shaded area) signal
components; the combinatorial background (dash-dotted green line); the sum of
the semi-leptonic backgrounds (dotted salmon line); and the peaking background
(dashed violet line).

4.2. Rare BY — K*9u*t = decays

An angular analysis of the B® — K*0u*y~ decays was performed using
the LHCb dataset corresponding to an integrated luminosity of 3 fb=!. The
K*0 is reconstructed through the K*0 — K*7~ decay. Angular observables
are of particular interest, since theoretical predictions of such observables
tend to be less affected by form-factor uncertainties in the B® — K*0 tran-
sition. Using the full angular distribution, a complete set of CP-averaged
observables are extracted for the first time [13]. The BY — K*Ou*u~ signal
yield integrated over ¢? is determined to be 2398 + 57 candidates (Fig. 8).

The final state of the BY — K*°u* ;= decay can be fully described by
four variables: the ¢2, the invariant mass of the dimuon system squared, and
three decay angles, which describe particles reconstructed in the final state.
More details on the angular formalism adopted in this analysis, as well as the
differential decay rate, in terms of ¢? and three angles, are given in Ref. [13].
The likelihood fits to the reconstructed mass and three angles distributions
for the different ¢ bins are performed to determine the CP-averaged observ-
ables. In general, the correlations between the observables are small. The
exception to this is the correlation of Agpg and F1,, which can be as large as
~ 50%. Neglecting the correlations between the CP observables, the results
appear largely in agreement with the SM predictions, with the exception of



Highlights of LHCb Measurement in Rare Decays and Discovery of First ... 1589

o T T =
N LHCb .
% preliminary
= 600 -
- i
0 ]
4 400 -
[en} -
9)
o i
8a) 4
200 -
0 5600

m(K*w™ ur ) [MeV/c?)

Fig.8. (Colour on-line) Invariant mass m(KTm~ utp~) distribution integrated
over the full ¢ range. The signal is shown by the dark grey/blue component and
the background is shown by the hatched (red) component.

the one, P/ (Fig. 9). The P/ is defined as P} = S5/+/F1(1 — F1,), where S5
is additional CP observable, which is measured and Fi, is the longitudinal
polarization fraction of the K*°. The P! is “optimised” since the leading
form-factor uncertainties cancel in its calculation.
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Fig.9. The observable P/ in ¢* bins. The shaded boxes show the Standard Model
predictions [14].

The observed tension with the SM prediction [14] in P} is at a level of
2.90 in each of the 4.0 < ¢% < 6.0 GeV? and 6.0 < ¢? < 8.0 GeV? bins. A
naive combination of these deviations, based on a x? probability with two
degrees of freedom and assuming the SM predictions in the two bins are
uncorrelated, yields a local tension of 3.70.
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A mild tension can also be seen in the measured App distribution (Fig. 10).
The App is the forward—backward asymmetry of the dimuon system. The
App fit results are systematically less than 1o below the SM prediction [15]
in the region with 1.1 < ¢? < 6.0 GeV2. The zero-crossing point of Appg, qg,
has been determined to be (3.710-%) GeV2. This value of ¢2 is in a good

agreement with the SM prediction which is around 4.0 GeV? [16].
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Fig.10. The CP-averaged observable Apgp in ¢? bins. The shaded boxes show the
Standard Model predictions [15].

4.3. Differential branching fraction in BT and Ay decays

The partial branching fractions of the B — K%uTpu~, the Bt —
K*Tputp~, the BY — KTt p~ and the BY — ¢utpu~ decays are measured
as functions of the ¢? and the results are shown in Fig. 11, with theoretical
predictions [16] superimposed. The data used in the analysis correspond to
3 fb~!. Signal yields are determined using extended unbinned maximum like-
lihood fits to the invariant mass distributions as the 176+17 B — K%utpu—,
the 162416 BT — K*T ™y, the 4746+81 BT — KTt p~ and the 432424
BY — ¢utp~ candidates [17, 18]. The differential branching fraction mea-
surements are consistent with the SM, but they have values systematically
smaller than the theoretical prediction. In particular, for B — ¢u®u,
in the ¢2 region 1.0 < ¢? < 6.0 GeV?, the measured branching fraction of
(2.58 & 0.08 £ 0.19) x 1078 GeV 2 lies 3.30 below the SM expectation of
(4.91 £ 0.56) x 1078 GeV 2
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Fig. 11. Differential branching fraction results for (a) the B — K%u*u=, (b) the
Bt — K*tutu~, (c) the BY — K*tutpu~ and (d) the B — ¢u®u~ decays. The
shaded regions illustrate the theoretical predictions and their uncertainties from
light cone sum rule and lattice QCD calculations [16].

Summing the ¢? bins and applying the extrapolation to the full ¢ range,
the integrated branching fractions become

(3.2740.34+0.17) x 1077,
(9.24 £0.93 4+ 0.67) x 1077,
= (4.29+£0.074+0.21) x 1077,
(7.9740.2240.23) x 1077,

where the uncertainties are statistical and systematic.

Closely related to the above decays are the /12 — ApTp~ decays, for
which the differential branching fraction is also measured as a function of ¢?
(Fig. 12). The 9.4 & 6.3 in the interval 1.1 < ¢ < 6.0 GeV? and 276 4 20
in the interval 15.0 < ¢> < 20.0 GeV? candidates of such decays are re-
constructed in 2011 and 2012 data samples, respectively [19]. The data are
consistent with the theoretical predictions in the high-¢? region but lie below
the predictions in the low-¢? region.
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Fig.12. Measured A) — Ap™p~ branching fraction as a function of ¢? with the
predictions of the SM superimposed. The inner bars on data points represent the
total uncertainty on the relative branching fraction (statistical and systematic).
The outer error bar also includes the uncertainties from the branching fraction of
the normalisation mode.

5. Summary

The data, corresponding to an integrated luminosity of 3 fb~!, recorded
using the LHCDb detector, are used to precisely test the SM predictions. For
the first time, the two exotic structures in the J/¢p system are observed,
which are referred to as charmonium pentaquark states. Masses of these
states are found to be 4380 + 8 + 29 MeV and 4449.8 +£ 1.7 £ 2.5 MeV. The
spin-parity J¥ values are found to be (3/27, 5/2%). Acceptable solutions
are also found for additional cases with opposite parity, either (3/2%, 5/27)
or (5/2%, 3/27). The resulting Argand diagram for the higher mass state
P.(4450)7" is characteristic for a resonance behaviour. For the lower mass
state P.(4380)", the evolution of the complex amplitude in the Argand
diagram is not conclusive.

For the first time, the B? — p*u~ decay is observed with a statistical
significance exceeding six standard deviations in combination of results of the
CMS and LHCb experiments. The best evidence for the B® — putp~ decay
is also measured with a statistical significance of three standard deviations.
Both measurements are statistically compatible with the SM predictions and
allow stringent constraints to be placed on theories beyond the SM.

Although the measurements performed in the LHCb experiment con-
firm the robustness of the SM, several hints of effects beyond the SM are
seen at the level of 30. One CP observable P, measured in the rare
Bt — K*Tutp~ decays, lies above the SM predictions, in the dimuon
mass squared, ¢%: 4.0 < ¢> < 8.0 GeV? region, yielding a tension at the
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level of 3.70. The measured differential branching fractions of the B? —
K°u*tp=, the BY — K**utu~, the BY — K*utu~, the BY — ¢utu~
and the Ag — ApTp~ decays also have systematically lower values than
the SM predictions. In particular, for the B — ¢utpu~ decays in the
1.0 < ¢% < 6.0 GeV? region, the differential branching fraction is more than
30 below the SM prediction.
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