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Minimal quark model
15. Quark model 5

Z

Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a)
and vector mesons (b) made of the u, d, s, and c quarks as a function of isospin Iz ,

charm C, and hypercharge Y = B + S −C
3

. The nonets of light mesons occupy the

central planes to which the cc̄ states have been added.

The weight diagrams for the ground-state pseudoscalar (0−+) and vector (1−−) mesons
are depicted in Fig. 15.1. The light quark mesons are members of nonets building the
middle plane in Fig. 15.1(a) and (b).

Isoscalar states with the same JPC will mix, but mixing between the two light quark
isoscalar mesons, and the much heavier charmonium or bottomonium states, are generally
assumed to be negligible. In the following, we shall use the generic names a for the I = 1,
K for the I = 1/2, and f and f ′ for the I = 0 members of the light quark nonets. Thus,
the physical isoscalars are mixtures of the SU(3) wave function ψ8 and ψ1:

f ′ = ψ8 cos θ − ψ1 sin θ , (15.4)

f = ψ8 sin θ + ψ1 cos θ , (15.5)
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15. Quark model 13

Figure 15.4: SU(4) multiplets of baryons made of u, d, s, and c quarks. (a) The
20-plet with an SU(3) octet. (b) The 20-plet with an SU(3) decuplet.

For the “ordinary” baryons (no c or b quark), flavor and spin may be combined in an
approximate flavor-spin SU(6), in which the six basic states are d ↑, d ↓, · · ·, s ↓ (↑, ↓ =
spin up, down). Then the baryons belong to the multiplets on the right side of

6⊗ 6⊗ 6 = 56S ⊕ 70M ⊕ 70M ⊕ 20A . (15.24)

These SU(6) multiplets decompose into flavor SU(3) multiplets as follows:

56 = 410 ⊕ 28 (15.25a)
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Infinite options for color singlets
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State superposition

|M > = α0 |qq̄ > + α1 |gg > + α2 |qq̄g > + α3 |qq̄gg > + α4 |qq̄qq̄ > …

|B > = α0 |qqq > + α1 |qqqqq̄ > + α2 |qqqg > + α3 |qqqqq̄g > …

∑
i

|αi |
2 = 1
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Example: pentaquark

J/ψ p → Pc → J/ψ p

[cc̄] [uud] → [cc̄uud] → [cc̄] [uud]

The minimal quark content is that of a pentaquark

u u
d

c̄
c

τ ≃ 10−24 s



RADPYC 2020CFR. The Pc(4312) exotic �7

Signals

 

Observation of a Narrow Pentaquark State, Pcð4312Þ+ ,
and of the Two-Peak Structure of the Pcð4450 Þ +

R. Aaij et al.*

(LHCb Collaboration)

(Received 6 April 2019; published 5 June 2019)

A narrow pentaquark state, Pcð4312Þþ , decaying to J=ψp, is discovered with a statistical significance of
7.3σ in a data sample of Λ0

b → J=ψpK− decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pcð4450Þþ pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pcð4440Þþ and Pcð4457Þþ , where the
statistical significance of this two-peak interpretation is 5.4σ. The proximity of the Σþ

c D̄0 and Σþ
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.

DOI: 10.1103/PhysRevLett.122.222001

A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=ψp pentaquark structures
in Λ0

b → J=ψpK− decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing theΛ0

b decay revealed a Pcð4450Þþ
structure peaking at 4449.8 % 1.7% 2.5 MeV with a
width of 39% 5 % 19MeV and a fit fraction of
(4.1 % 0.5 % 1.1Þ% [1]. Even though not apparent from
the mJ=ψp distribution alone, the amplitude analysis also
required a second broad J=ψp state to obtain a good
description of the data, which peaks at 4380 % 8 %
29MeV with a width of 205 % 18 % 86MeV and a fit
fraction of ð8.4 % 0.7% 4.2Þ%. Furthermore, the exotic
hadron character of the J=ψp structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
Λ$ → pK− reflections (Λ$ denotes Λ excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of Λ0

b → J=ψpK−

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb−1, and in Run 2 at 13 TeV corresponding
to 6fb−1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the Λ0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 Λ0

b → J=ψpK− decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pcð4450Þþ and
Pcð4380Þþ parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=ψp
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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FIG. 1. Distribution of (left) mJ=ψp and (right) mKp for Λ0
b →

J=ψpK− candidates. The prominent peak in mKp is due to the
Λð1520Þ resonance.
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two narrow peaks at 4440 and 4457 MeV, which are more
visible when the dominant Λ! → pK− contributions, which
peak at low pK− masses (mKp), as shown in the right plot
of Fig. 1 and in Fig. 2, are suppressed by requiring mKp >
1.9 GeV (see Fig. 3). This mKp requirement maximizes the
expected signal significance for Pþ

c states that decay
isotropically.
Performing a rigorous amplitude analysis of this new

data sample is computationally challenging. The mJ=ψp
mass resolution must be taken into account, and the size of
the data sample to fit has greatly increased. Formulating an
amplitude model whose systematic uncertainties are com-
parable to the statistical precision provided by this larger
data sample is difficult given the large number of Λ!

excitations [26,27] and coupled-channel effects [28], and
the possible presence of one or more wide Pþ

c contribu-
tions, like the previously reported Pcð4380Þþ state.
Fortunately, the newly observed peaks are so narrow that
it is not necessary to construct an amplitude model to prove
that these states are not artifacts of interfering Λ! reso-
nances [2].
Binned χ2 fits are performed to the one-dimensional

mJ=ψp distribution in the range 4.22 < mJ=ψp < 4.57 GeV
to determine the masses (M), widths (Γ), and relative
production rates (R) of the narrow Pþ

c states under the
assumption that they can be described by relativistic Breit-
Wigner (BW) amplitudes. These mJ=ψp fits alone cannot
distinguish broad Pþ

c states from other contributions that
vary slowly with mJ=ψp. Therefore, a verification of the
Pcð4380Þþ state observed in Ref. [1] awaits completion of
an amplitude analysis of this new larger dataset.

Many variations of the mJ=ψp fits are performed to study
the robustness of the measured Pþ

c properties. The mJ=ψp

distribution is fit both with and without requiring
mKp > 1.9 GeV, which removes over 80% of the Λ!

contributions. In addition, fits are performed on the
mJ=ψp distribution obtained by applying cos θPc

-dependent
weights to each candidate to enhance the Pþ

c signal, where
θPc

is the angle between the K− and J=ψ in the Pþ
c rest

frame (the Pþ
c helicity angle [1]). The Λ! contributions

mostly populate the cos θPc
> 0 region. The weights are

taken to be the inverse of the expected background at each
cos θPc, which is approximately given by the density of
candidates observed in data since the signal contributions
are small. The weight function is shown in Fig. 4. The best
sensitivity to Pþ

c contributions is obtained from the cos θPc-
weighted mJ=ψp distribution, followed by the sample with
themKp > 1.9 GeV requirement. However, since the back-
ground composition and shape are different in the three
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FIG. 2. Dalitz plot of Λ0
b→ J=ψpK− candidates. The data

contain 6.4% of non-Λ0
b backgrounds, which are distributed

smoothly over the phase space. The vertical bands correspond to
the Λ! resonances. The horizontal bands correspond to the
Pcð4312Þþ , Pcð4440Þþ , and Pcð4457Þþ structures at m2

J=ψp ¼
18.6, 19.7, and 19.9 GeV2, respectively.
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FIG. 3. Distribution of mJ=ψp from Λ0
b→ J=ψpK− candidates

after suppression of the dominant Λ! → pK− contributions with
the mKp > 1.9 GeV requirement. The inset shows a zoom into
the region of the narrow Pþ

c peaks.
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FIG. 4. Weight function wðcos θPcÞ applied to candidates,
determined as the inverse of the density of Λ0

b candidates in
the narrow Pþ

c peak region. The red line is a spline function used
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Pc(4312)+ signal
2
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FIG. 1. Fits to the cos ✓Pc -weighted J/ p mass distribution from LHCb [9] according to cases A (left) and B (right). The
amplitude of case A is expressed in the scattering length approximation, i.e. cij = 0 in Eq. (3), and is able to describe either
bound (molecular) or virtual states. The amplitude of case B is given in the e↵ective range approximation, i.e. finite cii, and
extends the description to genuine pentaquark states. The solid line and green band show the result of the fit and the 1�
confidence level provided by the bootstrap analysis, respectively.

prominent in data. We thus consider an amplitude which
couples J/ p (channel 1) and ⌃+

c D̄
0 (channel 2). There

is another nearby threshold, 6MeV above, which corre-
sponds to the opening of the isospin partner, ⌃++

c D
�

state. The J/ p spectrum suggests this heavier thresh-
old to be less important. We thus discuss the two-channel
case first, where the analytic properties are more trans-
parent. We comment on the results of three-channel fit
further below. The events distribution is given by

dN

d
p
s
= ⇢(s)

⇥
|F (s)|2 +B(s)

⇤
, (1)

where ⇢(s) is the phase space factor. We assume that the
Pc(4312)+ signal has well defined spin, i.e. it appears in
a single partial wave F (s). The background B(s) from
all other partial waves is added incoherently, and param-
eterized with a linear polynomial. The amplitude F (s)
is a product of a function P1(s) which provides the pro-
duction of J/ pK

�,2 and the T11(s) amplitude, which
describes the J/ p ! J/ p scattering,

F (s) = P1(s)T11(s),
�
T

�1
�
ij
= Mij � iki �ij , (2)

with i, j = 1, 2. Here ki =
p
s� si with s1 = (m +

mp)2, s2 = (m⌃+
c
+mD̄0)2 are the thresholds of the two

channels. In principle, one could also add the o↵-diagonal
P2(s)T21(s) term. This would not change the analytic
properties, and would provide a nonzero value of F (s)
when T11(s) vanishes. The presence of a zero would be
a relevant feature if no background were present, and

2
The P1(s) function absorbs also the cross channel ⇤

⇤
resonances

projected into the same partial wave as Pc(4312)
+
.

in that case P2(s)T21(s) might be needed. In our case,
we suppress such a term to reduce the number of free
parameters. For the real symmetric 2 ⇥ 2 matrix M(s)
we use the first-order e↵ective range expansion

Mij(s) = mij � cijs, (3)

which is su�cient when considering the possibility of at
most a single threshold state (virtual or molecular) and
a compact state [34]. In the single channel case, this
parameterization has often been discussed in the con-
text of the Weinberg compositeness criterion [32, 35–39].
The function P1(s) is analytic in the data region, and,
given the small mass range considered, it can be pa-
rameterized with a first order polynomial. For particle
masses, we use the PDG values m⌃+

c
= 2452.9MeV and

mD̄0 = 1864.83MeV [40]. Since the width of the ⌃+
c is

similar to the experimental resolution we neglect its ef-
fect. More details about the parameterizations and the
fit results are in the Supplemental Material [41].
Because of the square roots in k1 and k2, the amplitude

has branch cuts opening at the two thresholds. Through
analytic continuation to complex values of s, one accesses
four di↵erent Riemann sheets (see also Fig. 2 of [42]).
The physical region between the two thresholds is con-
nected to the lower half of the II sheet. Similarly, the
physical region above the ⌃+

c D̄
0 threshold is connected

to the lower half of the III sheet. Poles in these sheets
will appear as peaks with Breit-Wigner-like lineshape in
data, if they lie below the respective physical regions, i.e.
between the two thresholds for the II sheet, and above
the heavier one for the III. From the II sheet, if one con-
tinuously moves to the upper half plane above the higher
threshold, one enters the upper half of the IV sheet. Since
the latter is hidden from the physical region, a pole here

Data {            }
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Figure 1: Distribution of (left) mJ/ p and (right) mKp for ⇤0
b ! J/ pK� candidates. The

prominent peak in mKp is due to the ⇤(1520) resonance.

Binned �2 fits are performed to the one-dimensional mJ/ p distribution in the range
4.22 < mJ/ p < 4.57GeV to determine the masses (M), widths (�), and relative production
rates (R) of the narrow P+

c states under the assumption that they can be described by
relativistic Breit–Wigner (BW) amplitudes. These mJ/ p fits alone cannot distinguish
broad P+

c states from other contributions that vary slowly with mJ/ p. Therefore, a
verification of the Pc(4380)+ state observed in Ref. [1] awaits completion of an amplitude
analysis of this new larger data set.

Many variations of the mJ/ p fits are performed to study the robustness of the mea-
sured P+

c properties. The mJ/ p distribution is fit both with and without requiring
mKp > 1.9GeV, which removes over 80% of the ⇤⇤ contributions. In addition, fits are
performed on the mJ/ p distribution obtained by applying cos ✓Pc-dependent weights to
each candidate to enhance the P+

c signal, where ✓Pc is the angle between the K� and J/ 
in the P+

c rest frame (the P+
c helicity angle [1]). The ⇤⇤ contributions mostly populate the

cos ✓Pc > 0 region. The weights are taken to be the inverse of the expected background
at each cos ✓Pc, which is approximately given by the density of candidates observed in
data since the signal contributions are small. The weight function is shown in Fig. 4.
The best sensitivity to P+

c contributions is obtained from the cos ✓Pc-weighted mJ/ p

distribution, followed by the sample with the mKp > 1.9GeV requirement. However, since
the background composition and shape are di↵erent in the three samples, the results from
all three fits are used when assessing the systematic uncertainties.

The one-dimensional fit strategy is validated on ensembles of large simulated data sets
sampled from several six-dimensional amplitude models, similar to those of Ref. [1], with
or without a broad P+

c state and considering various P+
c quantum-number assignments.

The main conclusion from these studies is that the dominant systematic uncertainty
is due to possible interference between various P+

c states. Such interference e↵ects
cannot be unambiguously disentangled using the mJ/ p distribution alone. Therefore, fits
are performed considering many possible interference configurations, with the observed
variations in the P+

c properties assigned as systematic uncertainties.
In all fits, the mJ/ p distribution is modeled by three narrow BW P+

c terms and a

2
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Signal interpretation

Λ0
b

K−

J/ψ

p

Σ+
c

D̄0

D̄0
s1

Triangle singularity

Compact pentaquark

Molecule

Virtual state

Σ+
c

D̄0

D̄0
s1

J/ψ

Hadrocharmonium

Λ0
b

Wu et al. 1007.0573 
Liu et al. 1903.11560 
Du et al. 1910.11846

Ali, Parkhomenko 1904.00446  
Holma, Ohlsson 1906.08499

Eides, Petrov, Polyakov 1904.11616
Burns, Swanson 1908.03528 

CFR et al. 1904.10021
studied in LHCb 1904.03947
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S-matrix theory

• Probability conservation ⇒ Unitarity 

• Particle↔antiparticle ⇒ Crossing symmetry 

• Causality ⇒ Analyticity and no poles in 1st Riemann sheet 

• Additional symmetries: gauge, chiral, etc.
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Spectrum and singularities

1 = ∑
n

|En > < En | + ∫ dα |α > < α |

Continuum

Discret

r

E

E0

E1

E2

Re E
Unitarity cut

Resonance (pole)

Bound states

1st RS

2nd RS

1st RS

E2E1E0

Threshold

Im E

Ep − iΓp/2

Cross section



RADPYC 2020CFR. The Pc(4312) exotic

A11
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Poles and cuts

• The amplitude is an analytical function in the complex plane 

• Singularities determine the amplitude (aka the structure) 

• Poles 

• Cuts 

• Singularities are associated to the dynamics

A11 = |p J/ψ > → |p J/ψ > A12 = |p J/ψ > → |Σ+
c D̄0 >

A21 = |Σ+
c D̄0 > → |p J/ψ > A22 = |Σ+

c D̄0 > → |Σ+
c D̄0 >[       ]
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Riemann sheets structure
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Near-threshold theory: hypotheses

• Hypotheses: 

•  Only one partial wave contributes to the signal 

•  The threshold drives the physics (tested) 

•  Further singularities are irrelevant (tested)

• Caveat: 

•  We fit the J/ψ p projection (no info on quantum numbers)



RADPYC 2020CFR. The Pc(4312) exotic �16

Near-threshold theory: equations

dN

d s
= ρ(s)[ |F(s) |2 + B(s)]

F(s) = P1(s)T11(s) (T−1)ij
= Mij − ikiδij

Mij(s) = mij − cijs
Matrix elements Mij are singularity free and 
can be Taylor expanded

Frazer, Hendry PR134 (1964) B1307

Λ0
b

J/ψ

pK+

Pi Ti1F(s) =

1 : J/ψp
2 : Σ+

c D̄0
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Near-threshold amplitude

F(s) = (p0 + p1s)
[m22 − c22s − ik2]

[m22 − c22s − ik2][m11 − c11s − ik1] − m2
12

B(s) = b0 + b1s

dN

d s
= ρ(s)[ |F(s) |2 + B(s)]

Scattering length approximation if cij=0 
Only poles on sheets II and IV 
If cij≠0 (effective range approximation); poles in any sheet

Production, hyperons and effects  
due to further singularities

Channel coupling
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Fits: scattering length vs effective range
2
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FIG. 1. Fits to the cos ✓Pc -weighted J/ p mass distribution from LHCb [9] according to cases A (left) and B (right). The
amplitude of case A is expressed in the scattering length approximation, i.e. cij = 0 in Eq. (3), and is able to describe either
bound (molecular) or virtual states. The amplitude of case B is given in the e↵ective range approximation, i.e. finite cii, and
extends the description to genuine pentaquark states. The solid line and green band show the result of the fit and the 1�
confidence level provided by the bootstrap analysis, respectively.

prominent in data. We thus consider an amplitude which
couples J/ p (channel 1) and ⌃+

c D̄
0 (channel 2). There

is another nearby threshold, 6MeV above, which corre-
sponds to the opening of the isospin partner, ⌃++

c D
�

state. The J/ p spectrum suggests this heavier thresh-
old to be less important. We thus discuss the two-channel
case first, where the analytic properties are more trans-
parent. We comment on the results of three-channel fit
further below. The events distribution is given by

dN

d
p
s
= ⇢(s)

⇥
|F (s)|2 +B(s)

⇤
, (1)

where ⇢(s) is the phase space factor. We assume that the
Pc(4312)+ signal has well defined spin, i.e. it appears in
a single partial wave F (s). The background B(s) from
all other partial waves is added incoherently, and param-
eterized with a linear polynomial. The amplitude F (s)
is a product of a function P1(s) which provides the pro-
duction of J/ pK

�,2 and the T11(s) amplitude, which
describes the J/ p ! J/ p scattering,

F (s) = P1(s)T11(s),
�
T

�1
�
ij
= Mij � iki �ij , (2)

with i, j = 1, 2. Here ki =
p
s� si with s1 = (m +

mp)2, s2 = (m⌃+
c
+mD̄0)2 are the thresholds of the two

channels. In principle, one could also add the o↵-diagonal
P2(s)T21(s) term. This would not change the analytic
properties, and would provide a nonzero value of F (s)
when T11(s) vanishes. The presence of a zero would be
a relevant feature if no background were present, and

2
The P1(s) function absorbs also the cross channel ⇤

⇤
resonances

projected into the same partial wave as Pc(4312)
+
.

in that case P2(s)T21(s) might be needed. In our case,
we suppress such a term to reduce the number of free
parameters. For the real symmetric 2 ⇥ 2 matrix M(s)
we use the first-order e↵ective range expansion

Mij(s) = mij � cijs, (3)

which is su�cient when considering the possibility of at
most a single threshold state (virtual or molecular) and
a compact state [34]. In the single channel case, this
parameterization has often been discussed in the con-
text of the Weinberg compositeness criterion [32, 35–39].
The function P1(s) is analytic in the data region, and,
given the small mass range considered, it can be pa-
rameterized with a first order polynomial. For particle
masses, we use the PDG values m⌃+

c
= 2452.9MeV and

mD̄0 = 1864.83MeV [40]. Since the width of the ⌃+
c is

similar to the experimental resolution we neglect its ef-
fect. More details about the parameterizations and the
fit results are in the Supplemental Material [41].
Because of the square roots in k1 and k2, the amplitude

has branch cuts opening at the two thresholds. Through
analytic continuation to complex values of s, one accesses
four di↵erent Riemann sheets (see also Fig. 2 of [42]).
The physical region between the two thresholds is con-
nected to the lower half of the II sheet. Similarly, the
physical region above the ⌃+

c D̄
0 threshold is connected

to the lower half of the III sheet. Poles in these sheets
will appear as peaks with Breit-Wigner-like lineshape in
data, if they lie below the respective physical regions, i.e.
between the two thresholds for the II sheet, and above
the heavier one for the III. From the II sheet, if one con-
tinuously moves to the upper half plane above the higher
threshold, one enters the upper half of the IV sheet. Since
the latter is hidden from the physical region, a pole here

2 channel scattering length approximation 2 channel effective range approximation

χ2/dof = 48.1/(66 − 7) = 0.82 χ2/dof = 43/(66 − 9) = 0.75
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Poles
3
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FIG. 2. Poles obtained from the 104 bootstrap fits for cases A (left) and B (right). The physical region is highlighted with
a pink band. For case A the poles lie on the II and IV Riemann sheets (which are continuously connected above the ⌃+

c D̄
0

threshold). For each bootstrap fit only one pole appears in this region and the blue ellipse accounts the 68% of the cluster
concentrating above threshold. The right plots show the poles for case B. For each bootstrap fit we obtain a pole on the II
sheet and its partners on the III sheet. The higher mass pole on the II sheet and its partner on the III are above the fitted
energy range and try to capture the bump-like structure that appears at 4370MeV. The lower mass pole on the II sheet and
its partner on the III are responsible for the Pc(4312)

+ signal. The blue ellipses account for 68% of the two clusters.

will manifest in data as a cusp at the ⌃+
c D̄

0 threshold.

Results and discussion.— In order to determine the
sensitivity of data to various scenarios, we consider two
cases. In case A, we set cij = 0, which corresponds to the
scattering length approximation. This choice is substan-
tially equivalent to the universal amplitude used in [43]
to describe the X(3872). It is known that the amplitude
T11(s) can have a pole on either the II or IV sheet, but
not on the III [34]. This pole is entirely due to the open-
ing of the heavier channel, and therefore it is a measure of
the strength of the ⌃+

c D̄
0 interaction. Further interpre-

tations can be drawn by considering how the pole moves
as the coupling between the two channels is turned o↵.
In this case, the pole could either move to the real axis of
the physical sheet below the heavier threshold, thus rep-
resenting a bound molecule, or move onto the real axis of
the unphysical sheet, corresponding to an unbound, vir-
tual state. In case B, we let the diagonal e↵ective ranges
cii float. The o↵-diagonal c12 does not add other singu-
larities, is not needed to describe data and we set it to
zero. In this case, poles related to the threshold as the
ones just discussed are possible but not guaranteed, how-
ever other poles can appear on the II and III sheet.3 The
latter can be interpreted as originating from genuine pen-
taquark particles, with bare masses

p
mii/cii, that move

into the complex plane and acquire a width when cou-
pled to the open channels. The other clear distinction

3
It is easy to check that case A with cii = 0 has exactly 2 pairs of

conjugate poles in the various sheets, while the general case B has

exactly 4. Only the closest to the physical region are relevant.

between these and the threshold-related poles discussed
above is that the latter move far less in the complex plane
when the channel couplings are varied.
We fit the data using MINUIT [44] and taking into

account the experimental resolution reported in [9]. The
initialization of the parameters is chosen by randomly
generating O(105) di↵erent sets of values. The amplitude
in Eq. (1) is not protected against unphysical poles in
the I sheet. Fits with such poles are discarded. The best
solutions for the two cases have comparable �2

/dof ' 0.8.
Figure 1 shows both fits to the data. The preference
of case B over A is only at 1.8� level calculated with
the Wilks’s theorem [45], and we consider both cases as
equally acceptable. In both cases, we find a pole 2MeV
above the ⌃+

c D̄
0 threshold, on the IV sheet for case A and

II sheet for case B. For case B, additional poles appear
further away from the ⌃+

c D̄
0 threshold, on the II and III

sheet. These do not a↵ect the Pc(4312)+ signal.
To estimate sensitivity of the pole positions to the

uncertainties in the data, we use the bootstrap tech-
nique [46, 47], i.e. we generate 104 pseudodata sets and
fit each one of them. The statistical fluctuations in data
reflect into the the uncertainty band plotted in Fig. 1.
Moreover, for each of these fits, we determine the pole
positions, as shown in Fig. 2.
In case A, it is possible to identify a cluster of virtual

state poles across the II and IV sheet above the ⌃+
c D̄

0

threshold (see also the discussion in [48]). If we use the
customary definition of mass and width, MP = Re

p
sp,

�P = �2 Im
p
sp the main cluster has MP = 4319.7 ±

1.6MeV, �P = �0.8±2.4MeV, where positive or negative
values of the width correspond to II or IV sheet poles,
respectively. To establish the nature of this singularity,

M= 4319.7±1.6 MeV Γ= —0.8±2.4 MeV M= 4319.8±1.5 MeV Γ= 9.2±2.9 MeV

Effective rangeScattering lenght
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Pole movement: scattering length



Conclusions
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Summary of the current consensus

• Universally accepted by the hadron molecule community that the Pcs are 
hadron molecules 

• Universally accepted by the quark model community that the Pcs are 
compact pentaquarks 

• Universally accepted by the hadrocharmonium community that the Pcs are 
hadrocharmonia 

• The triangles community is universally dissapointed because LHCb rules 
them out for two of the states
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• Seems that Pc(4312) dynamics is driven by the threshold 

• Molecule? Virtual state? 

• We favor the virtual state explanation 

• We have to wait for the quantum numbers, although a lot of (sensible) 
especulation is already in the market

Conclusions



Thanks.

CFR. The Pc(4312) exotic �24 RADPYC 2020

Λ0
b

J/ψ

pK+

Pi Ti1

two narrow peaks at 4440 and 4457 MeV, which are more
visible when the dominant Λ! → pK− contributions, which
peak at low pK− masses (mKp), as shown in the right plot
of Fig. 1 and in Fig. 2, are suppressed by requiring mKp >
1.9 GeV (see Fig. 3). This mKp requirement maximizes the
expected signal significance for Pþ

c states that decay
isotropically.
Performing a rigorous amplitude analysis of this new

data sample is computationally challenging. The mJ=ψp
mass resolution must be taken into account, and the size of
the data sample to fit has greatly increased. Formulating an
amplitude model whose systematic uncertainties are com-
parable to the statistical precision provided by this larger
data sample is difficult given the large number of Λ!

excitations [26,27] and coupled-channel effects [28], and
the possible presence of one or more wide Pþ

c contribu-
tions, like the previously reported Pcð4380Þþ state.
Fortunately, the newly observed peaks are so narrow that
it is not necessary to construct an amplitude model to prove
that these states are not artifacts of interfering Λ! reso-
nances [2].
Binned χ2 fits are performed to the one-dimensional

mJ=ψp distribution in the range 4.22 < mJ=ψp < 4.57 GeV
to determine the masses (M), widths (Γ), and relative
production rates (R) of the narrow Pþ

c states under the
assumption that they can be described by relativistic Breit-
Wigner (BW) amplitudes. These mJ=ψp fits alone cannot
distinguish broad Pþ

c states from other contributions that
vary slowly with mJ=ψp. Therefore, a verification of the
Pcð4380Þþ state observed in Ref. [1] awaits completion of
an amplitude analysis of this new larger dataset.

Many variations of the mJ=ψp fits are performed to study
the robustness of the measured Pþ

c properties. The mJ=ψp

distribution is fit both with and without requiring
mKp > 1.9 GeV, which removes over 80% of the Λ!

contributions. In addition, fits are performed on the
mJ=ψp distribution obtained by applying cos θPc

-dependent
weights to each candidate to enhance the Pþ

c signal, where
θPc

is the angle between the K− and J=ψ in the Pþ
c rest

frame (the Pþ
c helicity angle [1]). The Λ! contributions

mostly populate the cos θPc
> 0 region. The weights are

taken to be the inverse of the expected background at each
cos θPc, which is approximately given by the density of
candidates observed in data since the signal contributions
are small. The weight function is shown in Fig. 4. The best
sensitivity to Pþ

c contributions is obtained from the cos θPc-
weighted mJ=ψp distribution, followed by the sample with
themKp > 1.9 GeV requirement. However, since the back-
ground composition and shape are different in the three
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FIG. 2. Dalitz plot of Λ0
b→ J=ψpK− candidates. The data

contain 6.4% of non-Λ0
b backgrounds, which are distributed

smoothly over the phase space. The vertical bands correspond to
the Λ! resonances. The horizontal bands correspond to the
Pcð4312Þþ , Pcð4440Þþ , and Pcð4457Þþ structures at m2

J=ψp ¼
18.6, 19.7, and 19.9 GeV2, respectively.
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FIG. 3. Distribution of mJ=ψp from Λ0
b→ J=ψpK− candidates

after suppression of the dominant Λ! → pK− contributions with
the mKp > 1.9 GeV requirement. The inset shows a zoom into
the region of the narrow Pþ

c peaks.
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FIG. 4. Weight function wðcos θPcÞ applied to candidates,
determined as the inverse of the density of Λ0

b candidates in
the narrow Pþ

c peak region. The red line is a spline function used
to interpolate between bin centers.
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