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New results on exotic baryon resonances at LHCb"
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Abstract: Observation of exotic resonant structures decaying into J/2p found in the LHCb experiment is discussed.

Examination of the Jibp system in A) — J/p K~ p decays shows two states each of which must be composed of at

least ccuud quarks, and thus are consistent with pentaquarks. The significance of each of these resonances is more
than 9 standard deviations. Their masses are 4380£8+29 MeV and 4449.8+1.74+2.5 MeV, and their corresponding
widths are 205+ 18+86 MeV, and 3945419 MeV. The preferred J¥ assignments are of opposite parity, with one

state having spin 3/2 and the other 5/2.
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1 Introduction

In 1964 Gell-Mann [1], and separately Zweig [2], pro-
posed that hadrons were formed from fundamental point-
like fractionally-charged objects now called quarks. The
minimal quark configuration, that baryon is composed
of three quarks and meson a quark and an anti-quark,
can explain all well established hadrons for most of the
last half-century. However, in the current decade there
have been several observations of candidate mesonic
states containing two quarks and two anti-quarks, called
tetraquarks [3], and now, as described here, the obser-
vation of two pentaquark candidate baryon states [4].
Such multi-quark configuration were also discussed by
the Gell-Mann [1] and Zweig [2]. Several pentaquark ob-
servations made about ten years ago were all shown to be
spurious [5]. Thus, the recent observation of two states
decaying into J/ip, charmonium pentaquarks, found in
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AY — Jjp K~ p decays by the LHCb experiment is sur-
prising.

The AY decay mode was first observed by LHCb with
unexpected large yield and have been used to precisely
measure the AY baryons lifetime [6]. However, one fea-
ture of the decay that was not addressed was an anoma-
lous peaking structure in the J/iyp invariant mass spec-
trum, evident in the Dalitz plot shown in Fig. 1. While
vertical bands correspond to A* — K~ p resonances,
shown by Feynman diagram in Fig. 2/ (a), the horizon-
tal band can only rise from structures in the J/ipp mass
spectrum, by diagram in Fig. 2 (b). They can also be
seen in the invariant mass projections shown in Fig. 3.

To claim such observations, we first addressed the two
following questions: could the peak in the J/i p mass dis-
tribution be caused either by an experimental artifact or
by an interference of various A* amplitudes?
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Fig. 1.
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Fig. 2.
b) A} — P K~ decay.
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Fig. 3. Invariant mass of (a) K~ p and (b) JAp
combinations from A) — Jap K ~p decays. The
solid (red) curve is the expectation from phase
space. The background has been subtracted.

2 Analysis and results

For this study LHCb [7] used data corresponding to
3fb~" of integrated luminosity in 7 and 8 TeV pp col-
lisions. We reconstruct the A) — J/ip K~ p decays by
combining J/p — ptp~ candidates with positive identi-
fied K~ and p tracks. The A9 vertex is required to be
well separated from the primary pp interaction vertex. A
dedicated neutral network based selection criteria is op-
timized to achieve clean signals with high efficiency. The
details are thoroughly described in the journal article [4].
In addition, specific backgrounds from B° and B° decays
are vetoed where the particle identification fails. We re-
move combinations that when interpreted as J/ip K+t K~
fall within +30 MeV of the BY mass or when interpreted
as J/ K~ 7" fall within £30 MeV of the B® mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detec-
tion efficiencies across the A decay phase space. We
have examined that potential backgrounds from =}, de-
cays cannot contribute significantly to our sample; these
include Cabibbo-suppressed =,~* — Ji) K~ pr~© and
Cabibbo-favoured Z,"© — J K-pK~(K') . The re-
sulting J/i) K~ p mass spectrum is shown in Fig. 4. There
are 26007+166 signal candidates containing 5.4% back-
ground within £15 MeV (£20) of the J/iy K~ p mass
peak. For subsequent analysis we constrain the J/i) K~p
four-vectors to give the AY invariant mass, J/jp four-
vectors to give the J/p mass and the A) momentum
vector to be aligned with the measured direction from
the primary to the A9 vertices [§].
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Fig. 4. Invariant mass spectrum of J/i) K~ p combi-
nations, with the total fit, signal and background
components shown as solid (blue), solid (red) and
dashed lines, respectively.
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The overall detection efficiency determined from
simulation and background from the sideband both
smoothly vary across the A? decay phase space, thus
cannot generate such narrow peak seen in the invariant
mass of J/iyp. In this sample specific tracking artifacts
were looked for including fake tracks assembled from mis-
matched upstream and downstream segments, and mul-
tiple reconstructions of the same track. Having found no
source of tracking artifacts we proceeded to analyze the
decay sequences represented by the Feynman diagrams
shown in Fig. 2

This requires a full analysis of the amplitude for each
of the two decay sequences allowing for their mutual in-
terference. The amplitudes are written using six inde-
pendent variables; one is the invariant K ~p mass, M,
the others are decay angles. These are shown for the de-
cay sequence A) — JapA*, A* — K~p, Jip — ptp~ in
Fig. 5. The A* resonances are modeled by Breit-Wigner
amplitudes except for the A*(1405) which is described
by a Flatté function [9].

A, rest frame

4 rest frame

lab frame

Fig. 5. Definition of the decay angles in the A* de-
cay chain.
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Fig. 6. Results for (a) mxp and (b) myyy, for the
extended A* model fit without P} states. The
data are shown as (black) squares with error bars,
while the (red) circles show the results of the fit.

We first used the conventional resonances A* and »*
to fit the data. We consider 14 A* states. In each of
their decays there are 4 or 6 independent LS (L is angu-
lar momenta and S total spin in A? decays) amplitudes
that could be present. Not all of these states are likely to
be produced in our final state and not all of the allowable
decay angular momenta (LS couplings) are likely to be
present. In order to make the most general description
possible we first used all the possible states and decay
angular momenta. Then data are then fit to this model
which has 146 free LS coupling coefficiencies, with the
masses and widths of the resonant states fixed to their
PDG values. (Variations are considered later as part of
the systematic uncertainties.) The results of the fit are
shown in Fig. [6. The fit gives a good description of the
A* states as can be seen in the mg, spectrum but fails
to reproduce the structure in m g, ,.

Several other different configurations were tried to
improve the fit, but still none of these fits explains the
data. These configurations are (i) we added all the pos-
sible X states, (ii) we added two additional A* allowing
their masses and widths to float in the fit and allowed
spins up to 5/2 with both parities, and (iii) we added four
non-resonant components with J* = 1/2% 1/27 3/2F,
and 3/27.

Having failed to describe the data with conventional
resources, we add one state decaying into J/ip. The ma-
trix element for the decay sequence A) — PTK~, PF —
Jipp is described by different mass and decay angles
shown in Fig. 7. While these quantities can be expressed
in terms of the used variables involving only A* decays,
thus don’t provide additional fit variables. The detailed
derivation of the matrix element is given in the arXiv
article and the supplementary material for the Physical
Review Letters publication [4].
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Fig. 7. Definition of the decay angles in the P;
decay sequence.

In each fit we minimize —2InL where £ represents
the fit likelihood. The A(—21InL) between different am-
plitude models allows to discriminate the models. A pre-
ferred model gives the smallest —2In L. Separate fits for
J¥ values of 1/2%, 3/2*, 5/2*% and 7/2% were tried. We
allowed the mass and width of the putative P} state to
vary. The best fit prefers a 5/2% state, which reduces
—2InL by 215. Figure |8 shows the projections for this
fit. Even though the mpg, projection is well described,
clear discrepancies in m,,, remain visible.
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Fig. 8. Results of the fit with one JX =5/2% P
candidate.

To improve the fit, a second P was added. These

c

fits were performed both with the reduced model and

the extended model in order to estimate systematic un-
certainties. The best fit projections are shown in Fig. [9.
Both m, and the peaking structure in mj,, are repro-
duced by the fit. The reduced model has 64 free param-
eters for the A* rather than 146 and allows for a much
more efficient examination of the parameter uncertain-
ties and, thus, is used for numerical results. The two
P 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, and called
P.(4380)" and P.(4450)*. (Whenever two uncertainties
are quoted the first is statistical and the second system-
atic.) The fractions of the total sample due to the lower
mass and higher mass states are (8.4+£0.7+4.2)% and
(4.14+0.5+1.1)%, respectively. The overall branching
fraction has recently be determined to be [11]

B(A) — Jhp K™ p) = (3.04i0.041’8123) x 1074, (1)
where the systematic uncertainty is largely due to the

normalization procedure, leading to the product branch-
ing fractions:
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Fig. 9. Results of the fit using the reduced A*
model with two P states.

B(A) — P.(4380)" K~ p)B(P,.(4380)" — J/p)
=(2.567137) x107°

B(A) — P,(4450)" K~ p)B(P.(4450)" — J/yp)
=(1.2570:3) x 107°, (2)
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where all the uncertainties have been added in quadra-
ture. Toy simulations are done to more accurately eval-
uate the statistical significances of the two states, result-
ing in 9 and 12 standard deviations, for lower mass and
higher mass states, using the extended model which gives
lower significances to account for systematic uncertain-
ties.

The best {it has spin-parity J* values of (3/27, 5/2%)
for low and high mass states. Acceptable solutions are
also found for additional cases with opposite parity, ei-
ther (3/2%, 5/27) or (5/2%, 3/27). The five angular
distributions are also well described by the fit shown in
Fig. 10l

The fit projections in different slices of K~ p invariant
mass are given in Fig. 11l In slice (a) the P} states are
not present, as they are outside of the kinematic bound-
ary. In slice (d) both P} states form a large part of
the mass spectrum; there is also a considerable amount
of negative interference between them. This can be seen
better by examining the helicity angle of the P}, 0p_, de-
fined in Fig. 7. The efficiency corrected and background
subtracted fit projection of the decay angular distribu-
tion is shown in Fig. [12 for the entire my, range. The
summed fit projection agrees very well with the angu-
lar distribution in the data showing that two interfering
states are needed to reproduce the asymmetric distribu-
tion. It is also shown mathematically that the two states
need to be of opposite parity to produce such asymmetric
distribution.

*ﬁ-..;
2000k I
o
= - data A(1670)
1500F = I -e-totalfit -3+ A(1690)
s — background “¥- Ag:?g;
*
1000 £ cosb,. ‘S'E(jggg) o Af1820)
o <= Po( ) A(1830)
~+-A(1405) (1500,
©-A(1520) .. A(2100)
A(1600) - A(2110)

2000]
150

-
100

Fig. 10. Various decay angular distributions for
the fit with two P.” states. The data are shown
s (black) squares, while the (red) circles show

the results of the fit.

shown.
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M jpyp i various intervals of mx, for the
fit with two P states: (a) mxp, < 1.55 GeV,
(b) 1.55 < mgp < 1.70 GeV, (c) 1.70 < mgp <
2.00 GeV, and (d) mgp >2.00 GeV. The data are
shown as (black) squares with error bars, while
the (red) circles show the results of the fit. The
blue and purple histograms show the two P
states. See Fig. 10 for the legend.

Efficiency corrected and background sub-
tracted fit projections of the decay angular dis-
tributions for the two P states and their sum.
Values of cosfp, near —1 are correlated with val-
ues of mgp near threshold, while those near +1
are correlated with higher values.

Systematic uncertainties are evaluated. The largest
contribution comes from A* modeling including the ex-
tended versus reduced model, varying the A* masses
and widths, and inclusion of a nonresonant amplitude
in the fit. Sizable uncertainties are obtained for alter-
nate JT fits, varying the Blatt-Weisskopf barrier factor,
and changing the angular momentum L by one or two
units. A nonresonant P was also included and gave
small systematic uncertainty. Consistent results are ob-
tained from two fitters using different methods to ac-
count for the background, called “sFit” and “cFit” pro-
vided by two institutes.

The stability of the results is cross-checked by
comparing the data recorded in 2011/2012, with the
LHCb dipole magnet polarity in up/down configurations,
AY/AY decays, and A9 produced with low/high values of
pr. The fitters were tested on simulated pseudoexperi-
ments and no biases were found. In addition, selection
requirements are varied, and the vetoes of B? and B° are
removed and explicit models of those backgrounds added
to the fit; all give consistent results.
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Fig. 13.  Fitted values of the real and imaginary
parts of the amplitudes for the baseline (3/27,
5/21) fit for a) the P.(4450)" state and b) the
P.(4380)7 state, each divided into six m j,, bins
of equal width between —I'" and +I" shown in the
Argand diagrams as connected points with er-
ror bars (m ., increases counterclockwise). The
solid (red) curves are the predictions from the
Breit-Wigner formula. Systematic uncertainties
are not included.

Further evidence for the resonant character of the
higher mass, narrower, P} state is obtained by viewing
the evolution of the complex amplitude in the Argand
diagram [10]. In the amplitude fits discussed above,
the P.(4450)" is represented by a Breit-Wigner ampli-
tude, where the magnitude and phase vary with m .,
according to an approximately circular trajectory in the
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(Re AP, Im A™) plane, where A" is the m,, depen-
dent part of the P.(4450)" amplitude. We perform an
additional fit to the data using the reduced A* model,
in which we represent the P.(4450)" amplitude as the
combination of independent complex amplitudes at six
equidistant points in the range +I' = 39MeV around
M = 4449.8 MeV as determined in the default fit. Real
and imaginary parts of the amplitude are interpolated
in mass between the fitted points. The resulting Argand
diagram, shown in Fig. [13(a), is consistent with a rapid
counter-clockwise change of the P.(4450)" phase when
its magnitude reaches the maximum, a behavior char-
acteristic of a resonance. A similar study for the wider
state is shown in Fig. [13(b); although the fit does show
a large phase change, the amplitude values are sensitive
to the details of the A* model and so this latter study is
not conclusive.

3 Models of pentaquark structure

All models must explain the J? of the two states not
just one. They also should predict properties of other
yet to be observed states: masses, widths, J”’s. There
are many explanations of the P} states.

Let us start with tightly bound quarks ala Jaffe [12].
Early work [13, [14, [15] has been expanded upon re-
cently using diquark-diquark-antiquark models [16] and
diquark-triquark model [17]. Here each pair of two
quarks form a colored objects along with the lone an-
tiquark. The three colors then form a colorless state.

Weakly bound “molecules” of a baryon plus a meson,
which also build on previous work [18], have recently
received much attention. Models trying to explain the
states discussed here have already appeared [19], and
even been disputed [20].

The P.(4450)" is also explained by rescattering of
Xap — J/p as the sum masses of x.; and p is almost
equal to the mass of this state [21].

4 Conclusions

After a half century of waiting, pentaquark states
have been unmasked. Using a full amplitude fit to
the A? — J/ K~ p decay, the LHCb collaboration has
demonstrated two states of opposite parties decaying into
J/Yp one having a mass of 4380 =8 +£29 MeV and a
width of 205+18+86 MeV, while the other has a mass
of 4449.84+1.7£2.5 MeV and a width of 39+5+19 MeV.
The parities of the two states are opposite with the pre-
ferred spins being 3/2 for one state and 5/2 for the other.
The detailed binding mechanism of these states are sub-
ject to further studies. This work will lead to a better
understanding of the strong interactions.
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