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In the quark model we think of hadrons as qq or qqq
But there is nothing preventing other combinations

→ Where are all those combinations with more than 3 quarks or
anti-quarks?

Introduction
In original Gell-Mann’s 
paper, hadrons can be 
formed from more than 
quark-antiquark or three 
quarks 
Long standing puzzle 
where such combinations 
are
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Back in 2003 discovery of X(3872) renewed interest in this 
question 
Since then many states are seen in charmonium region 

Too many to fit to charmonium spectrum 
Some charged, so cannot be simple cc ̅

Usual difficulty is to prove exotic nature and understand what it is
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Pentaquark states
In summer 2015 LHCb observed two 
pentaquark states in Λb→J/ψpK decays 
Original analysis used amplitude fit 

Sensitive, but depends on assumptions 
on resonances shapes 

Can do model independent test in the 
same decay

3

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B

0 !  

0
K

�
⇡

+ decays [7–9], implying that the existence of pentaquark baryon
states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b

! J/ K

�
p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b

lifetime [11]. (In this Letter mention of a particular
mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤ ! K

�
p resonances, as are

evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b

! J/ ⇤

⇤ and (b) ⇤0
b

! P

+
c

K

� decay.
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Figure 2: Invariant mass of (a) K

�
p and (b) J/ p combinations from ⇤

0
b

! J/ K

�
p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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Figure 5: Invariant mass squared of K�
p versus J/ p for candidates within ±15 MeV of the ⇤0

b

mass.

describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [12]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

HA!BC

�B ,�C
=

X

L

X

S

q
2L+1
2JA+1BL,S

✓
J

B

J

C

S

�

B

��
C

�

B

� �

C

◆
⇥

✓
L S J

A

0 �

B

� �

C

�

B

� �

C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0

b

! J/ ⇤

⇤ decay sequence is

M⇤

⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H⇤

0
b!⇤

⇤
n 

�⇤⇤ ,� 
D

1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤
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n!Kp
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D
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�⇤⇤ ,�p
(�

K

, ✓

⇤

⇤
, 0)⇤R

⇤

⇤
n
(m

Kp

)D 1
� ,��µ

(�
µ

, ✓

 

, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The

5

PRL 117, 082002 
PRL 115, 072001

 [GeV]Kpm
1.6 1.8 2 2.2 2.4

*
Λθ

co
s 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0

5

10

15

20

25

30

35

LHCb



WARWICK

Exotic Hadrons at LHCb - Michal Kreps

Pentaquark states
Expand angular distribution in m(pK) bins in Legendre polynomials 
pK resonances will contribute to limited number of terms (up to 2×spin) 
On contrary pentaquark will be peaking in angular distribution and thus 
will contribute to much higher moments 
Remove terms above selected Jmax 

Dump pentaquark contribution 
Build model with pentaquark contribution suppressed

4
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Figure 1: Excitations of the ⇤ baryon. States predicted in Ref. [7] are shown as short horizontal
bars (black) and experimentally well-established ⇤⇤ states are shown as green boxes covering the
mass ranges from M

0

� �
0

to M
0

+ �
0

. The mKp mass range probed in ⇤0

b ! J/ pK� decays is
shown by long horizontal lines (blue). The l

max

(mKp) filter is shown as a stepped line (red). All
contributions from ⇤⇤ states with JP values to the left of the red line are accepted by the filter.
The filter works well also for the excitations of the ⌃ baryon [7, 11] (not shown).

lation between neighboring mKp bins of

F(cos ✓⇤⇤ |H
0

,mKp
k) =

l
max

(mKp
k
)X

l=0

hPN
l ikPl(cos ✓⇤⇤),

where k is the bin index. Here the Legendre moments hPN
l ik are normalized by the yield

in the corresponding mKp bin, since the overall normalization of F(cos ✓⇤⇤ |H
0

,mKp) to the
data is already contained in the F(mKp|H0

) definition. The data are used to determine

hPU
l ik =

n
cand

kX

i=1

(wi/✏i)Pl(cos ✓
i
⇤⇤).

3

PRL 117, 082002

 [GeV]Kpm
1.6 1.8 2 2.2 2.4

*
Λθ

co
s 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0

5

10

15

20

25

30

35

LHCb



WARWICK

Exotic Hadrons at LHCb - Michal Kreps

Pentaquark states

Model independent analysis confirms 
pentaquark contributions 
Can quantify significance using pseudo-
likelihood (>9σ)

5

PRL 117, 082002
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Pentaquark states
Study Cabibbo suppressed Λb→J/ψpπ decays 
Statistics about factor 10 lower 
Possible J/ψπ states in addition to pπ and J/ψp 
Fit with two pentaquark and Zc(4200) about 
3.1σ better than fit without exotic contributions 

Without Zc(4200) in the fit, 3.3σ evidence for 
pentaquark states 

Consistent with Λb→J/ψpK decays
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m(pK)>1.8 GeV
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X(4140)→J/ψφ state

X(4140)→J/ψφ claimed 
first by CDF in B+→J/ψφK 
Seen by some 
experiments, but not 
others 
Confusing situation
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FIG. 1: (a) The mass distribution of J/ψφK+; the solid line
is a fit to the data with a Gaussian signal function and flat
background function. (b) The B+ sideband-subtracted mass
distribution of K+K− without the φ mass window require-
ment. The solid curve is a P -wave relativistic Breit-Wigner
fit to the data.

to other hadrons [19]. In addition, we require a mini-
mum Lxy(B+) for the B+ → J/ψφK+ candidate, where
Lxy(B+) is the projection onto p⃗T (B+) of the vector con-
necting the primary vertex to the B+ decay vertex. The
primary vertex is determined for each event using prompt
tracks.

The Lxy(B+) and LLR requirements for B+ →
J/ψφK+ are then chosen to maximize S/

√
S + B , where

S is the number of B+ → J/ψφK+ signal events and
B is the number of background events in the J/ψφK+

mass range of 5.0 to 5.6 GeV/c2 in the data. The val-
ues of S and B are determined from an unbinned log-
likelihood fit to the mass spectrum of J/ψφK+, for a
given set of values of Lxy(B+) and LLR. A Gaussian
function is used to represent the B+ → J/ψφK+ signal,
where the mean value of the Gaussian is fixed to the B+

world-average mass value [17]. The B+ mass resolution
is fixed to the value 5.9 MeV/c2 obtained from Monte
Carlo (MC) simulation [20]. A linear function is used to
model the background in the fit. The requirements ob-
tained by maximizing S/

√
S + B are Lxy(B+) > 500 µm

and LLR > 0.2. In order to study the efficiency of
the Lxy(B+) and LLR selections, we also reconstruct
B+ → J/ψK+ and B0

s → J/ψφ as control channels. We
select approximately 50 000 B+ → J/ψK+ and 3000
B0

s → J/ψφ events by applying similar requirements
as for the J/ψφK+ channel but without the Lxy(B+)
and LLR requirements. The efficiency for PID with the
LLR > 0.2 requirement is approximately 80% per kaon
and is reasonably flat as a function of kaon pT ; the ef-
ficiency for Lxy(B+) > 500 µm is approximately 60%,
based on the B+ → J/ψK+ control sample.

The invariant mass of J/ψφK+ after the Lxy(B+) and
LLR requirements and J/ψ and φ mass window require-
ments is shown in Fig. 1(a). A fit with a Gaussian signal
function and a flat background function to the mass spec-
trum of J/ψφK+ returns a B+ signal of 75 ± 10(stat)
events. We select B+ signal candidates with a mass
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FIG. 2: (a) The Dalitz plot of m2(φK+) versus m2(J/ψφ)
in the B+ mass window. The boundary shows the kine-
matic allowed region. (b) The mass difference, ∆M , between
µ+µ−K+K− and µ+µ−, in the B+ mass window. The dash-
dotted curve is the background contribution and the red solid
curve is the total unbinned fit.

within 3σ (17.7 MeV/c2) of the nominal B+ mass; the
purity of the B+ signal in that mass window is approxi-
mately 80%.

The combinatorial background under the B+ peak
includes B hadron decays such as B0

s → ψ(2S)φ →
J/ψπ+π−φ, in which the pions are misidentified as kaons.
However, background events with misidentified kaons
cannot yield a Gaussian peak at the B+ mass consistent
with the 5.9 MeV/c2mass resolution. The kinematics are
such that for the hypothesis B+ → J/ψK+K−K+, only
events with real kaons can produce the observed Gaus-
sian signal. Thus, with the B+ mass window selection
the sample consists of real B+ → J/ψK+K−K+ decays
over a small combinatorial background.

Figure 1(b) shows the invariant mass distribution of
K+K− pairs from µ+µ−K+K−K+ candidates within
±3σ of the nominal B+ mass. The spectrum shown in
this figure has had the sidebands subtracted, but the φ
mass window selection has not been applied. By fitting
the K+K− mass spectrum to a P -wave relativistic Breit-
Wigner (BW) function [21] convoluted with a Gaussian
resolution function with the rms fixed to 1.3 MeV/c2 ob-
tained from simulation, we obtain a mass of 1019.6± 0.3
MeV/c2 and a width of 3.84 ± 0.65 MeV/c2with χ2

probability of 28%, consistent with the world-average
values for the φ meson [17]. The good fit indicates
that after the ±7 MeV/c2 selection on the φ mass win-
dow, the B+ → J/ψK+K−K+ final state is well de-
scribed as J/ψφK+, with negligible contributions from
J/ψf0(980)K+ or J/ψK+K−K+ phase space.

We examine the effects of detector acceptance and se-
lection requirements using B+ → J/ψφK+ MC events
simulated by phase space distributions. The MC events
are smoothly distributed in the Dalitz plot and in the
J/ψφ mass spectrum. Figure 2(a) shows the Dalitz plot
of m2(φK+) versus m2(J/ψφ), and Fig. 2(b) shows the
mass difference, ∆M = m(µ+µ−K+K−) − m(µ+µ−),
for events in the B+ mass window in our data sample.
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assuming two structures. The shaded histogram is the events from B sideband.

are measured to be 4143.4+2.9
−3.0(stat) ± 0.6(syst) MeV/c2 and 15.3+10.4

−6.1 (stat) ± 2.5(syst) MeV/c2, respectively. The
relative branching fraction between B+ → Y (4140)K+, Y (4140) → J/ψφ and B+ → J/ψφK+ including systemat-
ics, BFrel, is 0.149 ± 0.039(stat) ± 0.024(syst). We also find a hint of a possible second structure with a mass of
4274.4+8.4

−6.7(stat) MeV/c2, a width of 32.3+21.9
−15.3(stat) MeV/c2 and a yield of 22 ± 8. The significance of the second

possible structure is estimated to be approximately 3.1σ.
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Figure 3: The number of B+ ! J/yfK+ candidates as a function of Dm = m(µ+µ�K+K�)�
m(µ+µ�). The solid curve is the global unbinned maximum-likelihood fit of the data, and the
dotted curve is the background contribution assuming three-body PS. The band is the ±1s un-
certainty range for the background obtained from the global fit. The dashed and dash-dotted
curves are background curves obtained from two different event-mixing procedures, as de-
scribed in the text, and normalized to the number of three-body PS background events. The
short dashed curve is the 1D fit to the data.

The J/y and f vector meson decays are simulated using their known angular distributions ac-
cording to the VLL and VSS model in EVTGEN, while we assume there is no polarization for the
two vectors. The PS MC simulation is reweighted assuming either transverse or longitudinal
J/y and f polarization. The effect of either polarization is found to be negligible. The measured
efficiency is fairly uniform, varying by less than 25% over the entire allowed three-body PS. As-
suming a uniform PS distribution, the efficiency for each Dm bin is taken to be the average of
the efficiencies over the full kinematically allowed m(fK+) range. To estimate the systematic
uncertainty in the efficiency caused by its dependence on the unknown quantum numbers of
the structures, and hence on their unknown decay angular distributions, the efficiency is evalu-
ated under the assumption of both a cos2 q and sin2 q dependence, where q is the helicity angle,
defined as the angle in the J/yf rest frame between the direction of the boost from the labora-
tory frame and the J/y direction. Since the efficiency tends to be lower towards the edge of the
Dalitz plot, the cos2 q dependence gives a lower average efficiency than the default efficiency,
while the sin2 q dependence gives a slightly higher average efficiency. This variation (10%) is
taken as the systematic uncertainty in the efficiency from our lack of knowledge of the quantum
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FIG. 2: (color online) Invariant mass distribution of J/ψφ candidates in the mass window around (left) B0
s and (right) X(4140),

for events with (a,b) −0.025 < Lxy < 0 cm, (c,d) 0 < Lxy < 0.025 cm and (e,f) Lxy > 0.025 cm. The arrows indicate the
structures seen by CDF [2], CMS [4], and Belle [10]. The signal and background models are described in the text.

TABLE I: Summary of event yields in three Lxy regions and their sum for B0
s and X(4140). For Regions 1 and 2 the mass

of X(4140) is assumed to be 4152.5 MeV and the width is taken to be 16.3 MeV. Also shown are the deduced yields for the
non-prompt and prompt production of X(4140). The uncertainties are statistical.

Parent − 0.025 < Lxy < 0 cm 0 < Lxy < 0.025 cm Lxy > 0.025 cm Sum
B0

s 191 ± 143 804± 169 3166 ± 81 4161± 236
X(4140) 511 ± 120 837± 135 616± 170 1964± 248

X(4140) non-prompt 37± 26 156 ± 54 616± 170 809± 175
X(4140) prompt 474 ± 123 681± 149 ≡ 0 1155± 193
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FIG. 6: (color online) Invariant mass distributions of B+ →
J/ψφK+ candidates in two selected intervals of M(J/ψφ).
Superimposed are the fits of a Gaussian signal (solid blue
lines) with a second-order Chebyshev polynomial background
(dashed red lines), with the signal and background shape pa-
rameters constrained to the results of the fit in Fig. 1, and
allowing for the signal yield to vary.

onant component, ∆χ2 = 14.7 for 3 degrees of free-
dom, is 3.1 standard deviations. The fitted mass of
this state is 4159.0 ± 4.3 (stat) MeV and the width is
19.9 ± 12.6 (stat) MeV. We identify this structure with
X(4140) and we find that the quasi-two body decay
B+ → X(4140)K+ constitutes (21 ± 8 (stat))% of the
B+ → J/ψφK+ decay rate. The data also support the
presence of a structure around 4300 MeV, however they
do not allow a stable fit with an unconstrained width.
When a second resonance is allowed by setting the nat-
ural width to 30 MeV, consistent with the CDF data,
the fit as shown in Fig. 7(c) returns 47± 20 events at an
invariant mass of 4328.5± 12.0 MeV.

The X(4140) mass and width measurements and the
relative branching fraction are subject to systematic un-
certainties associated with the precision of the B+ mass
measurement, with the J/ψφmass resolution in the vicin-
ity of X(4140), and with the variation of the reconstruc-
tion efficiency with M(J/ψφ). To estimate these uncer-
tainties, we perform alternative fits applying more re-
strictive event selection criteria, using a different bin size,
and fitting the net mass distribution of J/ψφ pairs com-
ing from B+ decay obtained by subtracting the prop-
erly normalized background from the sideband region.
In addition, we consider the following variations of the
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FIG. 7: (color online) The B+ → J/ψφK+ signal yield per
30 MeV resulting from fits in 17 M(J/ψφ) bins defined in
the text, corrected for acceptance. Note that the second and
third bins have widths of 15 MeV, and the points are nor-
malized to the counts per 30 MeV as the rest of the bins.
(a) Fit allowing for no J/ψφ resonance and assuming a three-
body phase-space (PHSP) [1]; (b) allowing for a Breit-Wigner
X(4140) signal with an unconstrained mass and width and
with a resolution of 4 MeV; (c) allowing for two Breit-Wigner
resonances where the natural width of the second is set to
30 MeV. The resonance contributions, the three-body phase-
space contribution, and the total fit are also shown.

B+ mass fits in M(J/ψφ) intervals: We vary the B+

mean mass by its uncertainty of ±3 MeV, vary the B+

mass resolution by its uncertainty of ±1 MeV, vary back-
ground parameters within their uncertainties and use a
third-order Chebyshev polynomial in the fit to the back-
ground.

In the nominal fits of the signal yield as a func-
tion of M(J/ψφ), we use the J/ψφ mass resolution
of 4 MeV as obtained in simulations. For decay pro-
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Confusing experimental situation concerning 
X→J/yf states 

Tetra- and Penta-quarks in LHCb, T. Skwarnicki Meson 2016 26

B→J/yfK
CDF 2008

CDF 2011
(unpublished)

CMS 2013

D0 2013

Belle 2009 (unpublished)

LHCb 2011

BaBar 2014

~3.1s

3.8s

~5.0s

5s

3.1s

1.9s

1.4s

1.6s

D0 2015

D0 2015

D0 2015

pp→J/yf…

4.7s

5.7s

• Some experiments saw narrow X(4140) [i.e. Y(4140)], some didn’t.
• Possibly 2nd J/yf structure in B decays, X(4274), but seen at inconsistent mass. No published 

claim of its significance. 
• Possibly X(4351) state seen in gg collisions

Belle 2009

gg→J/yf

X(4351) ?

X(4140) ?

X(4274) ?

(refs in the tables 
in backup slides)

CDF 2008

CDF 2010

CMS 2013

D0 2015

D0 2013

Belle 2009

LHCb 2011
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X(4140)→J/ψφ state
LHCb performs amplitude analysis of 
B+→J/ψφK decays 
Selection removes events when two 
KK combinations are consistent with φ 
Modelling becomes tricky as there is 
little information on K*→φK 
resonances

8
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X(4140)→J/ψφ state

Fit with φK resonances only could not describe data 
Adding more φK resonances does not improve description

9
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X(4140)→J/ψφ state

10
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Table 3: Results for significances, masses, widths and fit fractions of the components included in
the default amplitude model. The first (second) errors are statistical (systematic). Errors on f

L

and f? are statistical only. Possible interpretations in terms of kaon excitation levels are given,
with notation n

2S+1

L

J

, together with the masses predicted in the Godfrey-Isgur model [53].
Comparisons with the previously experimentally observed kaon excitations [37] and X ! J/ �

structures are also given.
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Need 4 exotic contributions to 
describe data 
X(4140) possibly DsDs* cusp 
Some disagreement in parameters 
compared to previous experiments 

Possibly due to missing interference 
effects in 1D fits
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Observation of Ξb→J/ψΛK
With observation of pentaquark, 
quest for other such states 
It was suggested that J/ψΛ system 
could be place to observe strange 
pentaquark 
Search for large exclusive decay  

Ultimately want amplitude analysis 
Decay Ξb⟶J/ψΛK observed 

About 300 events in Run1 
Significance of 21σ 

Can measure mass difference to Λb 
and combine with result from Ξcπ

11
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Improve Λb mass (combined with other LHCb measurements)

Observation of Λb→𝜒c(1,2)pK
In meson system charged 
states were seen in 𝜒cπ  
Pc(4450)+ is close to 𝜒c1p 
threshold 
Information from 𝜒c1p can 
help to understand 
observed pentaquarks 
Search for decay 
Λb⟶𝜒c(1,2)pK decays

12

equal production of B+B� and B0B0 pairs at the ⌥ (4S) resonance, a correction is199

applied using the current world average value of B(⌥ (4S) ! B+B�)/B(⌥ (4S) !200

B0B0) = 1.058 ± 0.024 [31] yielding B (B0 ! J/ K⇤(892)0) = (1.22 ± 0.08) ⇥ 10�3

201

and B (⇤0

b

! J/ pK�) = (3.01± 0.22+0.43

�0.27

)⇥ 10�4, where the second uncertainty is due202

to f
⇤

0
b
/f

d

and the first incorporates all other sources. This gives203

B
�
⇤0

b

! �
c1

pK�� = (7.3± 0.4± 0.4± 0.6+1.0

�0.7

)⇥ 10�5, (6)

204

B
�
⇤0

b

! �
c2

pK�� = (7.4± 0.6± 0.4± 0.6+1.1

�0.7

)⇥ 10�5, (7)

where the third uncertainty is due to uncertainties on the �
c1(2)

! J/ �, ⇤0

b

! J/ pK�
205

and B0 ! J/ K⇤(892)0 branching fractions and the fourth is due to f
⇤

0
b
/f

d

. These decays206

will be useful for future investigations on the nature of the two pentaquark candidates207

observed by the LHCb collaboration and provide further information on the applicability208

of the factorisation approach in describing b-hadron decays to final states containing209

charmonium.210

The ⇤0

b

mass is also measured and found to be 5619.44± 0.28± 0.25MeV/c2, where the211

first uncertainty is statistical and the second systematic. When combined with previous212

LHCb measurements [40–42] this yields a new average value of 5619.62±0.16±0.13MeV/c2,213

which supersedes previous LHCb combinations.214
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Structure in Bsπ spectrum?
D0 collaboration claimed state decaying 
to Bsπ+ 
LHCb has large data sample to check it 

112600 Bs events (LHCb) vs. 5582 (D0) 
No state seen in place of D0 state
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F (Eq. 2) that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ,MX ,ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [10]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.
The fit function has the form:

F = fsig ×Fsig(mBπ,MX ,ΓX) + fbgr ×Fbgr(mBπ), (2)

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate

for an S-wave two-body decay near threshold:

BW (mBπ) ∝
M2

XΓ(mBπ)

(M2
X −m2

Bπ)
2 +M2

XΓ2(mBπ)
. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional to the natural width ΓX , where q1 and q0
are three-vector momenta of the B0

s meson in the rest
frame of the B0

sπ
± system at the invariant mass equal to

mBπ and MX , respectively.
In the fit shown in Fig. 3a, the normalization pa-

rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
that X(5568) → B0

sπ
± is a strong decay. The statistical

significance of the signal is defined as
√

−2 ln(L0/Lmax),
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK
±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(Bsπ±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2
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Conclusions
LHCb has now large samples of b-hadron decays  
Several possible exotic hadrons could be studied in amplitude 
analysis 
Amplitude analysis allows to determine quantum numbers 
In past year we followed on pentaquarks observation 

Clear evidence for states in model independent way 
Decay Λb→J/ψpπ consistent with Λb→J/ψpK 
Observed few other decays we can use for further searches of 
pentaquarks 

Cleared up some confusion with X(4140) state 
Amplitude analysis prefers up to 4 exotic states 

We have Run2 data waiting to be exploited 
Adds about factor of 2 in statistics right now
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