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LHCb data on 𝑩! → 𝑱/𝝍𝚲'𝒑 PRL 131, 031901 (2023)

Discovery (>10s) of first pentaquark candidates with strangeness (𝑐 ̅𝑐𝑢𝑑𝑠)

𝑀 = 4338.2 ± 0.7 ± 0.4	MeV    (mass)

Γ = 7.0 ± 1.2 ± 1.3 MeV            (width)

𝐽! = 1/2"                                      (spin parity)

𝑃#$% (4338)  propertiers:

𝑀, Γ, and 𝐽! are crucial information to understand 

the nature (hadron molecule, compact pentaquark, etc.) of 𝑃#$% (4338) 
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Q: 𝑴	and 𝜞 determined by LHCb are reliable ?  

Resonance-like peak is right on the Ξ&9𝐷 threshold

à BW fit (no unitarity) ignores important physics 

Basic assumption in LHCb amplitude analysis : Breit-Wigner (BW) amplitude well simulates 𝑃#$% (4338) 

• Resonance-like Ξ&9𝐷	threshold cusp appears (kinematical effect) 

       even without a pole

In the presence of a pole

• Distortion of peak shape due to Ξ&9𝐷  branch point and cut

• Rapid increase of width just above Ξ&9𝐷 threshold

𝑀 and Γ  from BW fit are quetionableBW fit
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What needs to be done ? 

Ans.   Replace BW fit with the proper pole extraction method

• Unitary coupled-channel amplitude is fitted to data

• Poles on relevant Riemann sheets are searched by analytic continuation of the amplitude

The pole value is:

• Important knowledge reflecting QCD dynamics

• Primary basis to study the nature of the pentaquark

ß  The main task of this work 
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Possible 𝑃!"# (4255) ? 
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Possible 𝑃!"# (4255) ? 
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Possibility : Λ&9𝐷$ threshold cusp is enhanced by a nearby pole 𝑃#$% (4255)  à  to be examined



In this work
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Conduct amplitude analysis on the LHCb data for 𝐵$ → 𝐽/𝜓𝛬𝑝̅ 

𝑀'/#% , 𝑀'/#*̅, 𝑀%*̅,  and cos 𝜃+∗   distribution data are simultaneously fitted 

with a model in which Ξ&9𝐷 − Λ&9𝐷$ coupled-channel amplitude is implemented

(i) Pole position of 𝑃#$% (4338) 

(ii) Possibility that 𝑃#$% (4338) is merely a threshold cusp (no pole)

(iii) Implication of large fluctuation at Λ&9𝐷$ threshold

Based on the Ξ&9𝐷 − Λ&9𝐷$ amplitude, we address:
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Model
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Model for 𝑩! → 𝑱/𝝍𝚲'𝒑
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All visible structures are at thresholds 

à threshold cusps enhanced or suppressed by hadron scattering and pole (reasonable assumption) 
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Λ&9𝐷$ − Ξ&9𝐷 − 𝐽/𝜓Λ   (T) and   9Λ&𝐷 − 𝐽/𝜓𝑝̅   (T2)  coupled-channel s-wave amplitudes are implemented 

𝑇 = 𝑉 + 𝑉 𝑉 + 𝑉 𝑉 𝑉 + infinite loops
Λ!

"𝐷" 𝐽/𝜓

Λ

MB	= Λ!"𝐷", Ξ!"𝐷

M

B B B

M M

Transitions to 𝐽/𝜓Λ and 𝐽/𝜓𝑝̅  channels are treated perturbatively; heavy-quark exchange is expected to be weak

𝑝̅
𝐽/𝜓𝐵%

Λ
Other mechanisms are assumed to be absorbed in à 

Data-driven MB contact interactions (V) and coupled-channel unitarity : idea similar to K-matrix approach

s-wave  𝐽/𝜓𝑝̅  pair

cf.  LHCb used non-resonant p-wave 𝐽/𝜓𝑝̅  pair production  à 84% fit fraction  [counter intuitive p-wave dominance] 
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Results
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Dalitz plot for 𝑩$ → 𝑱/𝝍𝚲1𝒑
LHCb seminar
07/05/2022
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Note: No smearing due to experimental resolution is applied

à Peak structures seem sharper than data



15

Fit to LHCb data
for 𝑩D → 𝑱/𝝍𝚲'𝒑

Four distribution data
are simultaneously fitted 

cos 𝜃+∗ ≡ 𝑝̂% G 𝑝̂'/# 
in Λ𝑝̅ CM frame

𝜒,/ndf ~ 1.21
 9 parameters

𝑀'/#% 𝑀'/#*̅

𝑀%*̅ cos 𝜃+∗

Smearing with resolution
integration in each bin

à histogram
0

100

200

300

400

500

600

 4.22  4.24  4.26  4.28  4.3  4.32  4.34

(a)
x 

1
0

2
 C

a
n

d
id

a
te

s/
(2

 M
e

V
)

MJ/ψ Λ (GeV)

0

100

200

300

400

500

600

 4.04  4.06  4.08  4.1  4.12  4.14  4.16

(b)

MJ/ψ p− (GeV)

0

100

200

300

400

500

600

 2.06  2.08  2.1  2.12  2.14  2.16  2.18

(c)

x 
1

0
2
 C

a
n

d
id

a
te

s/
(2

 M
e

V
)

MΛ p− (GeV)

0

20

40

60

80

100

-1 -0.5  0  0.5  1

(d)

x 
1

0
3
 C

a
n

d
id

a
te

s/
(0

.0
5

)

cos θK
*



16

Fit to LHCb data
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Fit to LHCb data
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𝐸Λ&-𝐷$" th.
4254.8 MeV

x

𝑃#$%   4254.7 MeV 

(b)𝐸Ξ&.9𝐷. th.
4335.3 MeV

Ξ&-𝐷" th.
4337.2 MeV

x

𝑃#$%   4338.2 - 1.9 i MeV  

(a)
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Pole locations

Physical sheet of Ξ&9𝐷 unphysical sheet of Λ&9𝐷$
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Analytically continued to complex E  where 𝑇 𝐸 ~1/(𝐸 − 𝐸/012)

+ + … ß Fitted to LHCb data

MB	= Λ!"𝐷", Ξ!"𝐷



𝐸Λ&-𝐷$" th.
4254.8 MeV

x

𝑃#$%   4254.7 MeV 

(b)𝐸Ξ&.9𝐷. th.
4335.3 MeV

Ξ&-𝐷" th.
4337.2 MeV

x

𝑃#$%   4338.2 - 1.9 i MeV  

(a)
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Pole locations

Physical sheet of Ξ&9𝐷 unphysical sheet of Λ&9𝐷$

Without
coupled-channel 
effects Ξ&9𝐷 bound state  à Λ&-𝐷$" virtual state  à 

Ξ&9𝐷 → Ξ&9𝐷 interaction only Λ&9𝐷$ → Λ&9𝐷$ interaction only 

Poles are from Ξ&9𝐷 − Λ&9𝐷$  s-wave amplitude  à   𝐽! = 1/2"  poles; consistent with LHCb analysis result

Pole effects on the physical energy region (spectrum lineshape) are significantly screened by branch cut

Resonance-like lineshapes are caused by kinematical threshold cusps, and poles moderately enhance them
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Other solutions
(A) 𝑃#$% (4255) pole doesn’t exist; the fluctuation is just statistical

(B)  Ξ&9𝐷 → Ξ&9𝐷 interaction has energy dependence (default result is from energy-independent interaction)

(C) Nearby poles do not exist; peak structures in data are solely from threshold cusps

(A) and (B) have fit quality comparable to default fit

 Λ&9𝐷$ threshold cusp w/o pole

(C) fit in 𝑃#$% 4338  peak region is visibly worse  

 à 𝑃#$% 4338  is not merely a threshold cusp 

       a nearby pole exists
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Pole locations for other solutions

(default)         4338.2 ± 1.4 − 1.9 ± 0.5 𝑖 𝑢𝑝𝑝                                                  Ξ&9𝐷  bound pole

(A)                   4331.9 ± 4.2 + 5.6 ± 6.4 𝑖 𝑝𝑝𝑢      + 𝑝𝑢𝑝 , 𝑝𝑢𝑢  poles     Ξ&9𝐷  virtual pole

(B)                   4338.0 ± 4.1 − 6.2 ± 7.3 𝑖 𝑢𝑢𝑢      + 𝑢𝑝𝑝 , 𝑢𝑢𝑝  poles     Ξ&9𝐷 resonance pole

𝑃#$% (4338)

Solution                         𝐸/012 (MeV)                          sheet

𝑃#$% (4255)

(default)        4254.7 ± 0.4 𝑢𝑝𝑝                                                 Λ&9𝐷$  virtual pole

Depending on the solutions,  𝑃#$% (4338) pole is located on different Riemann-sheet  à  More data needed 

• Higher statistics 𝐵" → 𝐽/𝜓𝛬𝑝̅ not only pin down existence of 𝑃#$% 4255 	but constrain 𝑃#$% (4338) pole sheet 

• Ξ3" → 𝐽/𝜓Λ𝐾" should show pole effect more clearly, since no shrinking phase-space near kinematical end

      à favor or disfavor resonance pole (larger width)

(𝑠+!,-" 	𝑠.!#,-#	𝑠.!$-%) w/o coupled-channel
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Summary
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• Amplitude analysis of new LHCb data of 𝐵! → 𝐽/𝜓𝛬𝑝̅

•  𝑀"/$%, 𝑀"/$'̅, 𝑀%'̅, and cos 𝜃(∗  distributions are fitted simultaneously; 𝜒)/ndf ~ 1.21

• First pole determination of first discovered pentaquark candidate with strangeness 𝑃$*% (4338)

         --  important in its own right, knowledge of QCD dynamics

         --  primary basis to study the nature of 𝑃$*% (4338)

• Data disfavors hypothesis that  the 𝑃$*% (4338) peak is just a kinematical effect

• 𝑃$*% (4255) might exist, and its pole is determined

• Alternative solutions have 𝑃$*% (4338) poles on different Riemann sheets

              à future data needed to discriminate them

Summary
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Recent theoretical papers identified their Ξ&9𝐷 bound states with 𝑃#$% (4338) 

Common argument :  their 𝛯&9𝐷 bound state energy is consistent with M and G from LHCb analysis

𝑀 = 4338.2 ± 0.7 ± 0.4	MeV       Γ = 7.0 ± 1.2 ± 1.3 MeV 

1.0 (2.9) MeV above Ξ&-𝐷" (Ξ&.9𝐷.) threshold, indicating resonance not bound state,  even considering error 

à The LHCb result rules out (or disfavors) the bound state solutions

Good news for Ξ5-𝐷 bound state model

BW fit employed in the LHCb analysis is unsuitable to describe 𝑃#$% (4338) 

Our proper pole extraction (default model) supports 𝛯&9𝐷 bound state solution for 𝑃#$% (4338) 

Theoretical calculations of 𝑃#$% (4338)  should be compared with our pole values; not BW values

Comment

(LHCb)
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Backup
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Pole locations for other solutions

Solution                         𝐸/012 (MeV)                          sheet (𝑠+!,-" 	𝑠.!#,-#	𝑠.!$-%)

4

in total, considering that the magnitude and phase of the
full amplitude are arbitrary.

We show the default model by the red solid curves in
Fig. 2, in a good agreement with the LHCb data. In
particular, the P⇤

 s(4338) and possible P⇤
 s(4255) peaks

are well fitted. The fit quality is �2/ndf = (50+82+109+
30)/(235� 9) ' 1.20 where four �2s are from comparing
with the MJ/ ⇤, MJ/ p̄, M⇤p̄, and cos ✓K⇤ distributions,
respectively; ’ndf’ is the number of bins (40 for cos ✓K⇤

and 3 ⇥ 65 for the others) subtracted by the number of
the fitting parameters.

We also show contributions from the diagrams of Fig. 1
that have di↵erent initial weak vertices. Overall, the
diagrams of Figs. 1(c) [blue dashed] and 1(d) [brown
dash-dotted] dominate the process. The increasing be-
havior of the spectrum in Fig. 2(b) is understood as
the ⇤̄cD threshold cusp from Fig. 1(c) 2. In contrast,
the LHCb fitted this behavior with a non-resonant J/ p̄
[NR(J/ p̄)] amplitude in a polynomial form without
identifying the physical origin of the behavior. Still, the
coherently summed contribution from Figs. 1(c,d) in our
model and the LHCb’s NR(J/ p̄) are similar in magni-
tude. Although the diagrams of Figs. 1(a) [green dotted]
and 1(b) [magenta short-dashed] are relatively small in
the magnitude, they have significantly enhanced ⌅cD̄ and
⇤cD̄s threshold cusps, respectively. The LHCb’s model
generates the P⇤

 s(4338) peak with a BW amplitude, and
has no other J/ ⇤ partial wave amplitude. Thus the par-
tial wave decomposition in the LHCb analysis and ours
are fairly similar, although the theoretical descriptions
are rather di↵erent.

The large contribution from Fig. 1(c) can be under-
stood since it is a color-favored process. The compa-

TABLE I. P⇤
 s poles. (I) default model; (II) [(III)] alternative

model with v⇤cD̄s,⇤cD̄s
= 0 [energy dependence of Eq. (10)

and v⇤cD̄s,⇤cD̄s
= 0]. Pole positions (in MeV) and their Rie-

mann sheets (see the text for notation) are given in the third
and fourth columns, respectively.

(I) P⇤
 s(4338) (4338.0± 1.1)� (1.7± 0.4) i (upp)

P⇤
 s(4255) 4254.6± 0.5 (upp)

(II) P⇤
 s(4338) (4334.2± 3.6) + (5.3± 5.7) i (ppu)

(4330.7± 4.0) + (3.9± 5.4) i (pup)

(4336.4± 1.4)� (0.1± 1.3) i (upu)

(III) P⇤
 s(4338) (4338.9± 1.7)� (2.2± 0.7) i (upp)

(4338.8± 1.9)� (4.3± 2.1) i (uup)

(4337.3± 1.3)� (5.1± 2.5) i (uuu)

2 The fit favors a repulsive ⇤̄cD interaction, consistent with our
previous finding from analyzing B0

s ! J/ pp̄ [46].

!!!!""#" !"#
$%%&#%'()*

!!#"$ !"#
$%%+#,'()*

!

$%&' $%%-#. ! /#+'i ()*''

012 %!#"&$ !"#
$,&$#-'()*

!

$%&' $,&$#3'()*'

042

FIG. 3. Pole locations of (a) P⇤
 s(4338) and (b) P⇤

 s(4255)
of the default model. The red dotted arrow indicates how to
reach the pole from the closest physical energy region below
the ⌅0

cD̄
0 [above ⇤+

c D
�
s ] threshold in the panel (a) [(b)]. The

double lines indicate the branch cuts.

rable contribution from the color-suppressed Fig. 1(d)
may be due to the fact that this mechanism is not sup-
pressed by loops. However, the color-favored contri-
bution from Fig. 1(b) is rather small. This might be
because ⇤cD̄s ! ⇤J/ is suppressed compared with
⇤̄cD ! p̄J/ . The suppression would be expected since,
in a meson-exchange picture, ⇤cD̄s ! ⇤J/ is caused

by a D(⇤)
s -exchange that involves ss̄ creation and anni-

hilation while ⇤̄cD ! p̄J/ with a D(⇤)-exchange needs
light quark pair (de)excitations. Yet, a solid understand-
ing awaits more detailed theoretical analyses and higher
statistics data in the future.

We searched for poles in our default ⌅cD̄�⇤cD̄s(1/2�)
coupled-channel scattering amplitude by the analytic
continuation. We found P⇤

 s(4338) and P⇤
 s(4255) poles,

as summarized in Table I; JP is consistent with the
LHCb’s result for P⇤

 s(4338). In the table, we also list
the Riemann sheets of the poles by (s⇤cD̄s

s⌅0
cD̄

0 s⌅+
c D�)

where s↵ = p or u depending on whether the pole is lo-
cated on the physical (p) or unphysical (u) sheet of a
channel ↵ 3. The pole locations relative to the relevant
thresholds are illustrated in Fig. 3. The P⇤

 s(4338) pole
is mainly generated by v⌅cD̄,⌅cD̄. In fact, if v⌅cD̄,⇤cD̄s

is
turned o↵, we find a ⌅cD̄ bound pole at 4335.0 MeV. On
the other hand, v⇤cD̄s,⇤cD̄s

alone is not strong enough
to create a ⇤cD̄s bound state but a virtual pole at
4251.9 MeV.

Since the light vector-meson exchange between ⇤cD̄s

should be suppressed, one may expect v⇤cD̄s,⇤cD̄s
to be

too weak to generate the P⇤
 s(4255) pole. A possible ex-

planation for this relatively strong ⇤cD̄s interaction is a
two-pion-exchange (TPE) mechanism. TPE mechanisms
could be important to understand possible bound states
of a bottomonia-pair [47] and a J/ -J/ pair [48]. Also,
a lattice QCD [49] found that a TPE is the dominant
long-range part of the �-nucleon interaction, causing a
large attraction. In addition, ⇤cD̄s ! ⌅cD̄ due to a
K⇤-exchange provides an attraction.

3 Section 50 “Resonances” in Ref. [44] defines (un)physical sheet.

default

(A)

(B)

Ξ!"𝐷  bound pole

Ξ!"𝐷 resonance pole

Λ!"𝐷"  virtual pole
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Impact of  pole on amplitude on the physical energy axis (data)

• Pole far from threshold 

Re[𝐸]

Im[𝐸]

x
pole

th

magnitude of amplitude on physical real energy

Breit-Wigner form is 

good approximation

• Pole near threshold 

Re[𝐸]
x

pole

th
• Breit-Wigner ignores branch point (no unitarity) 

    à not suitable for pole near threshold 

Im[𝐸]

This physical energy region is most affected by pole

• The existence of branch point (threshold) 
      distorts the spectrum shape (data) 

unphysical sheet

unphysical sheet


