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Ongoing challenge: relate basic concepts of QCD to observed
phenomena

Effective Theories make use of symmetries or phenomenologically
motivated approximations - e.g. approximate SU(3)flavor symmetry
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Ongoing challenge: relate basic concepts of QCD to observed
phenomena

Effective Theories make use of symmetries or phenomenologically
motivated approximations - e.g. approximate SU(3)flavor symmetry

QCD exotics (tetra-, penta-quarks, glueballs etc.) potentially
provide invaluable insight to underlying dynamics of QCD

hadronization, binding mechanism, color structure ...
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LHCb-Experiment
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Run 2011-2012:   3 fb-1 (LHCb)

200 kHz bb

4MHz cc  

→ 2.6 × 1011 bb

→ 5.9 × 1012 cc

20 m

×O(5000) rates of B-factories.
Smaller background.



The LHCb Detector
LHCb Detector
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LHCb Results on the X (3872)
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X(3872) Properties
Discovered by Belle 2003 (PRL 91 262001)

in B± → [J/ψπ+π−]X(3872)K± decays
significant isospin violation
M0 = 3871.69± 0.17 MeV
Γ0 < 1.2 MeV @ 90% CL

σ(pp → X(3872) + anything)
×B(X(3872)→ J/ψπ+π−)
= 5.4± 1.3± 0.8 nb (EPJC 72 1972)

http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1140/epjc/s10052-012-1972-7
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LHCb
X(3872) Properties
Discovered by Belle 2003 (PRL 91 262001)

in B± → [J/ψπ+π−]X(3872)K± decays
significant isospin violation
M0 = 3871.69± 0.17 MeV
Γ0 < 1.2 MeV @ 90% CL

σ(pp → X(3872) + anything)
×B(X(3872)→ J/ψπ+π−)
= 5.4± 1.3± 0.8 nb (EPJC 72 1972)

Quantum numbers IG (JPC ) = 0+(1++)
(PRL 110 222001)

http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1140/epjc/s10052-012-1972-7
http://dx.doi.org/10.1103/PhysRevLett.110.222001
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LHCb
X(3872) Properties
Discovered by Belle 2003 (PRL 91 262001)

in B± → [J/ψπ+π−]X(3872)K± decays
significant isospin violation
M0 = 3871.69± 0.17 MeV
Γ0 < 1.2 MeV @ 90% CL

σ(pp → X(3872) + anything)
×B(X(3872)→ J/ψπ+π−)
= 5.4± 1.3± 0.8 nb (EPJC 72 1972)

Quantum numbers IG (JPC ) = 0+(1++)
(PRL 110 222001)

B(X(3872)→ ψ(2S)γ)

B(X(3872)→ J/ψγ)
= 2.5±0.6±0.3

(NPB 886 665)

D-wave fraction fD < 4% @ 95% CL
(PRD 92 011102(R))

Results hint towards cc̄-DD̄∗ mixture or
tetraquark pictures

http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1140/epjc/s10052-012-1972-7
http://dx.doi.org/10.1103/PhysRevLett.110.222001
http://dx.doi.org/10.1016/j.nuclphysb.2014.06.011
http://dx.doi.org/10.1103/PhysRevD.92.011102


Phase Motion of a Breit-Wigner amplitude
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Resonances (R) parametrized by relativistic Breit-Wigner amplitude

BW (M|M0Γ0) =
1

M2
0 −M2 − iM0Γ(M)

where Γ(M) = Γ0

( q
q0

)2LR +1 M0
M B′LR (q, q0, d)2



LHCb Results on the Z (4430) (PRL 112 222002) (arXiv:1510.01951)
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Z(4430) Properties
Discovered by Belle 2007 (PRL 100 142001)

Not confirmed by BaBar 2008 (PRD 79 112001)

dominant Kπ reflections
M0 = 4478+15

−18 MeV
Γ0 = 181± 31 MeV
I(JP) =?(1+), decay to ψ(2S)π±

http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://arxiv.org/abs/1510.01951
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevD.79.112001
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0.2 LHCbZ(4430) Properties
Discovered by Belle 2007 (PRL 100 142001)

Not confirmed by BaBar 2008 (PRD 79 112001)

dominant Kπ reflections
M0 = 4478+15

−18 MeV
Γ0 = 181± 31 MeV
I(JP) =?(1+), decay to ψ(2S)π±

4D model-dependent amplitude analysis
extracted resonant character
JP unambiguously 1+

D-wave negligible

http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://arxiv.org/abs/1510.01951
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevD.79.112001
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Z(4430) Properties
Discovered by Belle 2007 (PRL 100 142001)

Not confirmed by BaBar 2008 (PRD 79 112001)

dominant Kπ reflections
M0 = 4478+15

−18 MeV
Γ0 = 181± 31 MeV
I(JP) =?(1+), decay to ψ(2S)π±

4D model-dependent amplitude analysis
extracted resonant character
JP unambiguously 1+

D-wave negligible

Model-independent moment analysis
Test if Kπ partial waves alone
cause ψ(2S)π shape
Exclude unphysical spin ` ≥ 4 Kπ
partial waves ⇒ S(Z ) = 8σ

Tetraquark picture most plausible

`max =


2 mKπ < 836 MeV
3 836 MeV < mKπ < 1000 MeV
4 mKπ > 1000 MeV

http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://arxiv.org/abs/1510.01951
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevD.79.112001
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LHCb - The b-baryon Factory
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Initial goal: measurement of Λb lifetime (PRL 111 102003)

B(Λ0
b → J/ψpK−) = (3.04+0.55

−0.43)× 10−4 (arXiv:1509.00292)

flat sidebands
(no major reflections)

small background
in signal region

PRL 115 072001
∫
L ≈ 3 fb−1

NΛb ≈ 26000
σΛb ≈ 7.5 MeV

http://link.aps.org/doi/10.1103/PhysRevLett.111.102003
http://arxiv.org/abs/1509.00292
http://dx.doi.org/10.1103/PhysRevLett.115.072001


An Unexpected Structure in mJ/ψp
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Is the Structure due to an Artefact?
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Smooth efficiency
cannot create a peak
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3 Smooth efficiency
cannot create a peak
Feed-down from higher
b-baryons ruled out
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3 Smooth efficiency
cannot create a peak
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3 Smooth efficiency
cannot create a peak

3 Feed-down from higher
b-baryons ruled out

3 Veto against
B0

s → J/ψK−K + and
B0 → J/ψK−π+

candidates from
p → K +/π+ misID
Tested against selection
artefacts
Cross-checked by
different analysis-teams
Checked against
clones/ghost-tracks
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Fit Model

Fit efficiency ε corrected PDF P in 1+5 dimensions mKp,Ω with
parameters ω

Psig(mKp,Ω|ω) = 1
I(ω) |M(mKp,Ω|ω)|2 Φ(mKp) ε(mKp,Ω)

Normalization integral

Matrix element for Λb decay (on next slides) Phase space factor

Background handled by conventional sideband subtraction: cFit
or signal unfolding using sPlot (NIM A 555, 356): sFit

Fits coded independently for cross-check
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http://dx.doi.org/10.1016/j.nima.2005.08.106


Λb → J/ψΛ∗ Decay Chain in the Isobar Model
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Isobar Model Helicity Amplitudes for Λb → J/ψΛ∗

The matrix element of the Λb → J/ψΛ∗ decay chain is given by:

MΛ∗
λΛb ,λp ,∆λµ=

∑
n

Rn(mKp) HΛ∗
n→Kp
λp

∑
λψ

ei λψφµ d1
λψ ,∆λµ

(θψ) ×

∑
λΛ∗

n

HΛb→Λ∗
nψ

λΛ∗ , λψ
ei λΛ∗φK d

1
2
λΛb , λΛ∗

n
−λψ(θΛb ) d

JΛ∗
n

λΛ∗ , λp
(θΛ∗

n )

Λ∗ resonant amplitudes (masses/widths) : Breit-Wigner

Helicity couplings for Λ∗ and Λb decays
(4-6 complex fit parameters per amplitude)

Angular structure of Λb , J/ψ and Λ∗ decays (no free parameters)
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Λ∗ Resonance Model

State JP PDG class Mass (MeV) Γ (MeV) # Reduced # Extended
Λ(1405) 1/2− **** 1405.1+1.3

−1.0 50.5±2.0 3 4
Λ(1520) 3/2− **** 1519.5±1.0 15.6±1.0 5 6
Λ(1600) 1/2+ *** 1600 150 3 4
Λ(1670) 1/2− **** 1670 35 3 4
Λ(1690) 3/2− **** 1690 60 5 6
Λ(1710) 1/2+ * 1713± 13 180± 40 0 0
Λ(1800) 1/2− *** 1800 300 4 4
Λ(1810) 1/2+ *** 1810 150 3 4
Λ(1820) 5/2+ **** 1820 80 1 6
Λ(1830) 5/2− **** 1830 95 1 6
Λ(1890) 3/2+ **** 1890 100 3 6
Λ(2000) ? * ≈2000 ? 0 0
Λ(2020) 7/2+ * ≈2020 ? 0 0
Λ(2050) 3/2− * 2056±22 493±60 0 0
Λ(2100) 7/2− **** 2100 200 1 6
Λ(2110) 5/2+ *** 2110 200 1 6
Λ(2325) 3/2− * ≈2325 ? 0 0
Λ(2350) 9/2+ *** 2350 150 0 6
Λ(2585) 5/2−? ** ≈2585 200 0 6

All established Λ∗ resonances included in fit
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Fit with Λ∗ States Only
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Including non resonant components up to JP=3/2±, Σ∗’s and
floating masses and widths of Λ∗’s can also not describe mJ/ψp

Next: attempt to obtain better fit by including mJ/ψp resonances



Adding the Λb → P+
c K− Decay Chain
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Best Fit with Two Pc States
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Adding 2nd Pc gives good description of data in all observables
∆(2 lnL) = 11.62 from adding 2nd Pc vs. only 1 Pc

Best fit has JP(Pc(4380),Pc(4450))=(3/2−,5/2+), also
(3/2+,5/2−) and (5/2+,3/2−) reasonable



Results

State Mass (MeV) Width (MeV) Fit fraction (%) Significance
Pc(4380)+ 4380 ± 8 ± 29 205 ± 18 ± 86 8.4 ± 0.7 ± 4.2 9σ
Pc(4450)+ 4449.8 ± 1.7 ± 2.5 39 ± 5 ± 19 4.1 ± 0.5 ± 1.1 12σ

Syst. uncertainties on Λ∗ model and JP assignment dominate
Significances calculated by fitting distribution of test-statistic
(∆(2 lnL)) from toyMC experiments

Null → Alternative Hypothesis ∆(2 lnL) Significance
0 Pc → 1 Pc 14.72 12σ
1 Pc → 2 Pc ’s 11.62 9σ
0 Pc → 2 Pc ’s 18.72 15σ

In a separate paper, LHCb measured (arXiv:1509.00292)

B(Λb → P+
c K−)B(P+

c → J/ψp) =

{
(2.56± 0.22± 1.28+0.46

−0.36)× 10−5 for Pc(4380)+

(1.25± 0.15± 0.33+0.22
−0.18)× 10−5 for Pc(4450)+

17 / 22

http://arxiv.org/abs/1509.00292


Phase Motion
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Test resonant character of Pc ’s by plotting spline-interpolated
amplitude in an Argand diagram

Scan mJ/ψp in 6 bins around m0 ± Γ0 of Pc ’s
Fit data with full model but replace Breit-Wigner parametrization
with cubic spline interpolating from 4 closest neighbouring points
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Theory Community Responding to Pc candidates
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Already 81 citations!
Molecular models:

Pc (4450) as Σc D̄∗ molecule PRL 115 122001
Pc (4380) as Σc D̄∗ and Pc (4450) as Σ∗

c D̄∗ PRL 115 132002
Pc (4380) as Σc D̄∗ and Pc (4450) as Σ∗

c D̄ PRL 115 172001
Pc (4450) as Σc D̄∗ and Σ∗

c D̄∗ molecule arXiv:1507.04249
Pc ’s not (colored) molecules arXiv:1507.04694
Pc (4380) as Σ∗

c D̄ and Pc (4450) as Σc D̄∗ arXiv:1507.05200
Pc (4450) as χc1p molecule (compositeness) arXiv:1511.00870

Rescattering effects:
χc1p rescattering, Λ(1890)χc1p triangle singularity PRD 92 071502(R),PLB 751 59
ATS, cusp effect arXiv:1507.05359
D∗D∗

s Σc triangle singularity arXiv:1507.06552
Pc (4380) rescattering, Pc (4450) diquark model arXiv:1507.07652

Diquarks/Triquarks:
Diquark-Diquark-Antiquark ([qq][qq]q̄) PLB 749 289
Dynamical Diquark-Triquark PLB 749 454
Diquark-Diquark-Antiquark multiplets arXiv:1507.08252
Quasi particle diquarks arXiv:1508.00356
[qq][qq]q̄ with QCD sum rules arXiv:1508.01468
Pc (4380) as J/ψK reflection, Pc (4450) as [qq][qq]q̄ arXiv:1509.04898
Dynamical Diquark-Triquark multiplets arXiv:1510.08693

Other:
Bound D̄-soliton PRD 92 051501(R)
Intrinsic charm in Λb decays arXiv:1508.03910
Baryocharmonium PRD 92 031502(R)
Phenomenology review arXiv:1509.02460
J/ψK reflection arXiv:1509.03028
Z2,3 geometrical symmetries arXiv:1509.06013

(List may be incomplete, not listing implications)

Λ0b Λ0b

χc1

K−
p p

J/ψ

p
p

χc1 J/ψ

K−
Λ∗

(a) (b)

Figure 1: Two-point and three-point loops for the mechanism of the χc1 p → J/ψ p rescattering
in the decay Λ0

b → K−J/ψ p .

via the mediation of the W -boson. After integrating out the off-shell mediators, one arrives at
two effective operators for the b→ cc̄s transition:

O1 = [c̄αγµ(1− γ5)c
α][s̄βγµ(1− γ5)b

β ], O2 = [c̄αγµ(1− γ5)c
β ][s̄βγµ(1− γ5)b

α] , (2)

where one-loop QCD corrections have been taken into account to form O1. Here, α, β are color
indices, and they should be set to be the same in O2 in order to form a color-singlet charmonium
state. The quark fields, [c̄γµ(1−γ5)c], will directly generate the charmonium state. A charmonium
with JPC = 1−− like the J/ψ is produced by the vector current, while the axial-vector current
tends to produce the χc1 with JPC = 1++ and the ηc state with JPC = 0+−. Since the vector
and axial-vector currents have the same strength in the weak operators, one would expect the
production rates for the J/ψ and χc1 are of the same order in b quark decays. Corrections to this
expectation come from higher-order QCD contributions but are sub-leading [39]. In fact, such an
expectation is supported by the B meson decay data [2]:

B(B+ → J/ψK+) = (10.27± 0.31)× 10−4, B(B+ → χc1K
+) = (4.79± 0.23)× 10−4. (3)

Having made these general observations, we return to the discussion of the Λ0
b decays measured

by LHCb. We will first focus on the two-point loop diagram whose singularity is a branch point at
the χc1 p threshold on the real axis of the complex s plane, where and in the following

√
s denotes

the invariant mass of the J/ψ p or χc1 p system. It manifests itself as a cusp at the threshold if the
χc1 p is in an S-wave. For higher partial waves, the threshold behavior of the amplitude is more
smooth and a cusp becomes evident in derivatives of the amplitude with respect to s. Since we
are only interested in the near-threshold region, both of the χc1 and the proton are nonrelativistic.
Thus, the amplitude for Fig. 1 (a) is proportional to the nonrelativistic two-point loop integral

GΛ(E) =

∫
d3q

(2π)3
~q 2 fΛ(~q

2)

E −m1 −m2 − ~q 2/(2µ)
, (4)

where m1,2 denote the masses of the intermediate states in the loop, µ is the reduced mass and E
is the total energy. Here, we consider the case for the P -wave χc1 p which has quantum numbers
compatible with the possibilities of the Pc(4450) reported by the LHCb Collaboration, though
one should be conservative to take these determinations for granted as none of the singularities
discussed here was taken into account in the LHCb amplitude analysis. If we take a Gaussian
form factor, fΛ(~q

2) = exp
(
−2~q 2/Λ2

)
, to regularize the loop integral, the analytic expression for

the loop integral is then given by

GΛ(E) = − µΛ

(2π)3/2

(
k2 +

Λ2

4

)
+
µk3

2π
e−2k2/Λ2

[
erfi

(√
2k

Λ

)
− i

]
, (5)

with k =
√
2µ(E −m1 −m2 + iǫ), and the imaginary error function erfi(z) = (2/

√
π)
∫ z

0
et

2

dt. A
better regularization method should be applied in the future, but for our present study such an
approach is fine.

3
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Implications for experiments

Concerning Pc(4380) and Pc(4450)

Most important: confirmation by other experiments needed!
Observe Pc → J/ψp as subsystems in different final states, e.g.:

Λb → J/ψpπ
Υ→ J/ψpp (check for peaks at χc0,1,2p thresholds (PRD 92 071502(R)))

Observe new decay modes of Pc ’s, e.g. in:
Λb → χc1pK (decay of Pc(4450) in this channel
rules out χc1p rescattering (PRD 92 071502(R)) )
Λb → ΛcD̄0K

Search for other types of pentaquarks
Hidden charm partners
Open charm pentaquarks
Triply charged baryons
Bottom pentaquarks
Hidden strangeness pentaquarks
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At distant horizons
Dibaryons?
Hexaquarks?
Heptaquarks?
...

http://dx.doi.org/10.1103/PhysRevD.92.071502
http://dx.doi.org/10.1103/PhysRevD.92.071502


Summary

LHCb confirmed and measures distinct properties of the exotic
X (3872) and Z (4430)

First observation of two J/ψp resonances in amplitude analysis of
Λ0

b → J/ψpK−

Resonant phase motion of pentaquark candidates extracted
Consistent with Breit-Wigner for Pc(4450)+

More complicated for Pc(4380)+ (motion counter-clockwise)

Link between XYZ states and pentaquarks potentially provides key
towards some fundamental principles of QCD phenomenology

LHCb has a broad (exotic) spectroscopy programme in meson and
baryon sector
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Multiquark Exotic States from SU(3)flavor Symmetry
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
- so far q1q2q3, q1q̄2 and q1q2q̄1q̄3(?!)
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They can be labelled by their minimum (valence) quark content
- so far q1q2q3, q1q̄2 and q1q2q̄1q̄3(?!)

3⊗ 3 = 6⊕ 3̄
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
- so far q1q2q3, q1q̄2 and q1q2q̄1q̄3(?!)

3⊗ 3⊗ 3⊗ 3⊗ 3̄ =

35⊕ 27(3)⊕ 1̄0(2) ⊕10(4) ⊕ 8(8) ⊕ 1(3)

uudds

ssddu
ssuud



Searches for S =+1 Baryons
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Broad exotic KN
resonances predicted
1976 (SLAC-PUB-1774)

Resonant partial
waves claimed in 70’s
and early 80’s
(PDG, RPP 1992)

Light, narrow
Θ+(uudds̄) predicted
in 1997 (Z Phys A 359 305)

Seen by some
experiments
in 2003++;
"Undiscovered"
subsequently
(PDG, RPP 2008)

- current consensus: Θ+ faked by kinematic cuts,
t-channel exchanges or experimental artefacts

- LEPS II result and amplitude analysis needed
to settle the Θ+ issue for good

- Amplitude analysis needs fully exclusive events
or exclusive decay chain
(e.g. ψ → Θ+N̄K̄ or Λ0

b → Θ+K̄ 0π−)

http://inspirehep.net/record/109063
http://dx.doi.org/10.1103/PhysRevD.45.S1
http://dx.doi.org/10.1007/s002180050406
http://dx.doi.org/10.1016/j.physletb.2008.07.018


Λ0
b → J/ψpK− Selection

26 / 22

"Standard" selection including
decay chain fitting (NIM A 552 566)

and Multi-Variate-Analysis
(arXiv:0703039)

http://dx.doi.org/10.1016/j.nima.2005.06.078
http://arxiv.org/abs/physics/0703039


Fit Model

Fit efficiency ε corrected PDF P in 1+5 dimensions mKp,Ω

Psig(mKp,Ω|ω) = 1
I(ω) |M(mKp,Ω|ω)|2 Φ(mKp) ε(mKp,Ω)

Normalization integral

Matrix element for Λb decay (on next slides) Phase space factor

Background handled by conventional sideband subtraction cFit or
signal unfolding using sPlot (NIM A 555, 356) sFit

P(mKp,i ,Ωi |ω) = (1− β)Psig(mKp,Ω|ω) + β Pbkg(mKp,Ω)

−2 lnL(ω) = −2
∑

i wi∑
i w2

i

∑
i wi lnP(mKp,i ,Ωi |ω) wi = 1

Fits coded independently for cross-check β = 5.4%
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Λ∗ Resonance Model

Dynamical terms Rn(mpK ) parametrized by

Relativistic single-channel Breit-Wigner amplitudes
(dressed) Blatt-Weisskopf barrier factors (PRD 5 624)

Rn(mKp) = B̃Λb
LψΛ∗ × BW (mKp|mΛ∗

n
0 , Γ

Λ∗
n

0 ) × B̃Λ∗
LpK

with BW (m|m0Γ0) =
1

m2
0 −m2 − im0Γ(m)

and Γ(m) = Γ0

( q
q0

)2LΛ∗+1 m0
m B′LΛ∗

n
(q, q0, d)2

where p(q) are momenta of daughters in CM frame of mother

and subscript-0 denotes evaluation at nominal resonance parameters (PDG)

Exception: sub-threshold Λ(1405) described by Flatté-like
parametrization (PLB 63 224)

28 / 22

http://dx.doi.org/10.1103/PhysRevD.5.624
http://dx.doi.org/10.1016/0370-2693(76)90654-7


Aligning the Decay Chains
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Λ

Λ*K

Λ
−

*

zz 00
{p} {p} PΛ c∗

p

rest frame
Pc

ψ p
p

b rest frame

ψ
P  rest framec

ψ K

K K
pp

rest framep

θ

− −

align Λ∗ and Pc chain µ and p helicity frames to write full matrix element as

|M|2 =
∑
λΛb

∑
λp

∑
∆λµ

∣∣∣∣∣∣∣∣∣∣∣∣
MΛ∗

λΛb , λp ,∆λµ + ei ∆λµαµ
∑
λPc

p

d
1
2
λPc

p , λp
(θp)

︸ ︷︷ ︸
Λ∗ and Pc decay chain alignment

MPc
λΛb , λ

Pc
p ,∆λµ

∣∣∣∣∣∣∣∣∣∣∣∣

2



Best Fit with Single Pc State

30 / 22

 [GeV]pKm
1.4 1.6 1.8 2 2.2 2.4 2.6

E
ve

nt
s/

(1
5 

M
eV

)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

LHCb(a)

data
total fit
background

cP
(1405)Λ
(1520)Λ
(1600)Λ
(1670)Λ
(1690)Λ
(1800)Λ
(1810)Λ
(1820)Λ
(1830)Λ
(1890)Λ
(2100)Λ
(2110)Λ
(2350)Λ
(2385)Λ

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

E
ve

nt
s/

(1
5 

M
eV

)

0

100

200

300

400

500

600

700

800

LHCb(b)

Pc of best fit has JP=5/2+ (tried up to JP=7/2±)
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Likelihood significantly improved, but still discrepancies in mJψp



Angular Distributions
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Preference of Opposite Parity Pc States
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Figure 12: Efficiency corrected and background subtracted fit projections of the decay angular
distributions for the two P+

c states and their sum. Values of cos θPc near −1 are correlated with
values of mKp near threshold, while those near +1 are correlated with higher values.

Systematic uncertainties are evaluated for the masses, widths and fit fractions of the
P+
c states, and for the fit fractions of the two lightest and most significant Λ∗ states.

Additional sources of modeling uncertainty that we have not considered may affect the
fit fractions of the heavier Λ∗ states. The sources of systematic uncertainties are listed
in Table 2. They include differences between the results of the extended versus reduced
model, varying the Λ∗ masses and widths, uncertainties in the identification requirements
for the proton, and restricting its momentum, inclusion of a nonresonant amplitude in
the fit, use of separate higher and lower Λ0

b mass sidebands, alternate JP fits, varying the
Blatt-Weisskopf barrier factor, d, between 1.5 and 4.5 GeV−1 in the Breit-Wigner mass
shape-function, changing the angular momentum L by one or two units, and accounting
for potential mis-modeling of the efficiencies. For the Λ(1405) fit fraction we also added
an uncertainty for the Flatté couplings, determined by both halving and doubling their
ratio, and taking the maximum deviation as the uncertainty.

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, Λ0

b/Λ
0
b decays, and Λ0

b

produced with low/high values of pT. The fitters were tested on simulated pseudoexperi-
ments and no biases were found. In addition, selection requirements are varied, and the
vetoes of B0

s and B0 are removed and explicit models of those backgrounds added to the
fit; all give consistent results.

Further evidence for the resonant character of the higher mass, narrower, P+
c state is

obtained by viewing the evolution of the complex amplitude in the Argand diagram [15].
In the amplitude fits discussed above, the Pc(4450)

+ is represented by a Breit-Wigner
amplitude, where the magnitude and phase vary with mJ/ψp according to an approximately
circular trajectory in the (ReAPc , ImAPc) plane, where APc is the mJ/ψp dependent

11

mKp< 1.55 GeV 1.55< mKp <1.7 GeV

1.7< mKp< 2 GeV 2< mKp GeV



No Need for mJ/ψK Resonance
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JP Assignment
Table : Changes in fit quality using cFit from the baseline two Pc fit for
different combinations of JP states in terms of the difference −2 lnL, where
zero is set from cFit for the (3/2−, 5/2+) case. The first column is for the low
mass, wider width Pc and the second for the narrower higher mass state.

Fit ∆(−2 lnL) Pc (Low) Mass Pc (Low) Γ Pc (High) Mass Pc (High) Γ
3
2
−
, 52

+ 0 4.3799± 0.0064 0.205± 0.011 4.4498± 0.0017 0.0387± 0.0037
3
2

+
, 52
− 0.92 4.3696± 0.0063 0.211± 0.012 4.4504± 0.0017 0.0492± 0.0040

5
2

+
, 32
− 2.32 4.3770± 0.0098 0.239± 0.024 4.4486± 0.0018 0.0444± 0.0053

1
2
−
, 32

+ 5.92 4.3703± 0.0085 0.252± 0.022 4.4477± 0.0019 0.0367± 0.0043
5
2
−
, 32

+ 5.92 4.3505± 0.0058 0.163± 0.012 4.4458± 0.0017 0.0553± 0.0042
7
2

+
, 52
− 6.32 4.3762± 0.013 0.253± 0.051 4.4484± 0.0019 0.0520± 0.0050

3
2
−
, 12

+ 6.32 4.3580± 0.0115 0.186± 0.026 4.4469± 0.0019 0.0438± 0.0057
3
2

+
, 32
− 6.42 4.3421± 0.0071 0.141± 0.016 4.4452± 0.0019 0.0492± 0.0048

7
2
−
, 12

+ 6.82 4.3394± 0.0080 0.136± 0.022 4.4460± 0.0020 0.0563± 0.0063
5
2
−
, 72

+ 6.82 4.3862± 0.0095 0.252± 0.027 4.4483± 0.0019 0.0420± 0.0042
7
2

+
, 32
− 7.22 4.3643± 0.0135 0.222± 0.052 4.4460± 0.0019 0.0514± 0.0056

5
2
−
, 52

+ 7.32 4.3526± 0.0076 0.165± 0.021 4.4461± 0.0018 0.0438± 0.0449
3
2

+
, 12
− 7.42 4.3422± 0.0082 0.152± 0.019 4.4468± 0.0019 0.0499± 0.0059

5
2

+
, 12
− 7.62 4.3423± 0.0063 0.112± 0.014 4.4459± 0.0019 0.0536± 0.0054

1
2
−
, 12

+ 7.72 4.3580± 0.0087 0.183± 0.020 4.4455± 0.0020 0.0451± 0.0065
5
2
−
, 12

+ 8.02 4.3648± 0.0139 0.226± 0.040 4.4446± 0.0020 0.0451± 0.0055
3
2
−
, 32

+ 8.32 4.3493± 0.0067 0.150± 0.016 4.4463± 0.0017 0.0467± 0.0042
7
2

+
, 12
− 8.52 4.3443± 0.0098 0.148± 0.031 4.4447± 0.0021 0.0632± 0.0073

1
2
−
, 52

+ 8.62 4.3709± 0.0087 0.199± 0.019 4.4477± 0.0018 0.0355± 0.0048
7
2

+
, 72
− 8.62 4.4066± 0.0165 0.379± 0.080 4.4466± 0.0018 0.0382± 0.0040

7
2
−
, 52

+ 8.92 4.3500± 0.0081 0.142± 0.019 4.4462± 0.0020 0.0568± 0.0054
7
2
−
, 32

+ 8.92 4.3396± 0.0098 0.138± 0.025 4.4451± 0.0020 0.0510± 0.0056
1
2

+
, 32
− 8.92 4.3332± 0.0085 0.118± 0.022 4.4434± 0.0020 0.0563± 0.0074

1
2

+
, 12
− 9.02 4.3320± 0.0087 0.134± 0.023 4.4463± 0.0022 0.0588± 0.0072

1
2
−
, 72

+ 9.42 4.3762± 0.0081 0.204± 0.016 4.4487± 0.0019 0.0339± 0.0048
5
2

+
, 72
− 9.62 4.3645± 0.0090 0.157± 0.019 4.4496± 0.0020 0.0479± 0.0051

3
2

+
, 72
− 9.62 4.3671± 0.0010 0.193± 0.023 4.4470± 0.0019 0.0348± 0.0046

5
2

+
, 52
− 9.92 4.3583± 0.0066 0.201± 0.013 4.4465± 0.0019 0.0421± 0.0031

3
2
−
, 72

+ 9.92 4.3823± 0.0099 0.222± 0.021 4.4476± 0.0021 0.0407± 0.0061
7
2
−
, 72

+ 10.52 4.3397± 0.0068 0.114± 0.015 4.4459± 0.0019 0.0507± 0.0055
1
2

+
, 52
− 10.92 4.3642± 0.0091 0.168± 0.019 4.4482± 0.0019 0.0425± 0.0057

1
2

+
, 72
− 11.62 4.3587± 0.0099 0.172± 0.020 4.4488± 0.0020 0.0376± 0.0049 34 / 22



Systematic Uncertainties

Source m0 (MeV) Γ0 (MeV) Fit fractions (%)
low high low high low high Λ(1405) Λ(1520)

Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
Λ∗ masses & widths 7 0.7 20 4 0.58 0.37 2.49 2.45
Proton ID 2 0.3 1 2 0.27 0.14 0.20 0.05
10< pp <100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 0.3 34 2 2.35 0.13 3.28 0.39
Separate sidebands 0 0 5 0 0.24 0.14 0.02 0.03
JP (3/2+, 5/2−) or (5/2+, 3/2−) 10 1.2 34 10 0.76 0.44
d = 1.5−4.5 GeV−1 9 0.6 19 3 0.29 0.42 0.36 1.91
LPc

Λb
Λb → P+

c (low/high)K− 6 0.7 4 8 0.37 0.16
LPc P+

c (low/high)→ J/ψp 4 0.4 31 7 0.63 0.37
LΛ∗

n
Λb

Λb → J/ψΛ∗ 11 0.3 20 2 0.81 0.53 3.34 2.31
Efficiencies 1 0.4 4 0 0.13 0.02 0.26 0.23
Change Λ(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 2.5 86 19 4.21 1.05 5.82 3.89
sFit/cFit cross check 5 1.0 11 3 0.46 0.01 0.45 0.13

Uncertainties in Λ∗ model dominate
Sizeable uncertainties from JP assignment and resonance parametrization
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Model provides qualitative information about tetraquark
decay-widths, implies broad (or absence of) open charm tetraquarks
and can incorporate hidden charm pentaquarks
Quarks couple as 3⊗ 3 = 6⊕ 3̄ to diquarks δ in color-space

Evidence for 0+ 3̄ diquark from LQCD (PRL 97 222002)

3̄ is attractive color-channel (coupling half as strong as color-singlet)
Triquark: [qq]3̄q̄3̄ ≡ θ̄ is 3̄⊗ 3̄ = 6̄⊕ 3 in color-space

http://dx.doi.org/10.1016/j.physletb.2015.08.032
http://dx.doi.org/10.1103/PhysRevLett.113.112001
http://dx.doi.org/10.1103/PhysRevLett.97.222002
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3̄ is attractive color-channel (coupling half as strong as color-singlet)
Triquark: [qq]3̄q̄3̄ ≡ θ̄ is 3̄⊗ 3̄ = 6̄⊕ 3 in color-space

δ3̄δ̄3 pair or δ3̄θ̄3 produced at high relative momentum
Kinetic energy between δ and δ̄ gradually converted in potential
energy of color flux tube due to confinement
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FIG. 1: Illustration of the production of a spatially extended
diquark-antitriquark state δθ̄ attracted by long-range color
forces (indicated by gluon lines). Here, the mechanism is
illustrated for Λb → P+

c K−, where the black square indicates
the b-quark weak decay.

this simple result. In reality, one expects a type of ther-
modynamic ensemble of states in various color combina-
tions, in which the levels at the lowest energies are driven
by diquark binding. The existence of such an ensemble
assumes that the formation of overall color singlets is
precluded due to the presence of a potential energy bar-
rier, such as from a large spatial separation between the
quarks needed to form the singlets. In that case, the
eventual hadronization can be considered as a tunnel-
ing process. Second, the Pauli exclusion principle must
be taken into account if the purported diquarks contain
quarks of identical flavor, since then the flavor wave func-
tion is automatically symmetric, and therefore the color-
spin wave function must be antisymmetric. In the specific
example discussed below, this constraint is not an issue,
but it must be kept in mind for other cases.

III. PENTAQUARK PRODUCTION
MECHANISM

We propose that the states P+
c observed at LHCb are

pentaquarks consisting of a confined but rapidly sepa-
rating pair of a color-3̄ diquark δ = (cu) and a color-3
antitriquark θ̄ = c̄(ud), in which the (ud) subsystem of θ̄
is a color-3̄ diquark δ′, as depicted in Fig. 1.

This picture is completely analogous to (the charge
conjugate of) that for the Z+(4475) presented in
Ref. [12], except that the diquark δ′ = (ud) in Fig. 1
is replaced by the single quark d̄. The parent hadron for
the P+

c is the Λb baryon, while the parent hadron for the
Z+
c is the B̄0. In either case, the composite state is not

a molecule in the traditional sense of the word, because
it lasts only as long as the δ-θ̄ pair (δ-δ̄ in Ref. [12]) pos-
sess positive kinetic energy to continue separating. The
colored δ and θ̄ constituents create a color flux tube be-
tween them, losing their energy to the color field and
slowing down. As in the standard Wentzel-Kramers-
Brillouin approximation, the probability of a transition—
in this case, hadronization—increases as the components
approach the classical turning point.
Let us emphasize the differences between this and other

pictures for the pentaquark. First, it is clearly different
from the hadronic molecule picture, in which the con-
stituent baryon and meson are color singlets treated as
forming a static molecule and are held together by weak
color van der Waals forces. It is also different from the
diquark-triquark model of Ref. [15], not only because the
diquarks are always assumed here to form color triplets,
but also because the diquark-triquark state in that case
is again a static molecule, stabilized by a centrifugal bar-
rier; in our picture, such states are expected to last only
as long as the components continue to separate, and
also would exist in S waves as well as higher partial
waves. The recent work of Ref. [18] describes the P+

c

states as being formed of diquarks, via the composition
c̄3̄(cq)3̄(q

′q′′)3̄; while the color structure is the same as
our, we emphasize the importance of the c̄ belonging to
a compact component of the overall state.
The new ingredient for the P+

c as compared to the
Z+(4475) is the use of the intrinsic diquark δ′ = (ud)
originating in the Λb. Note from Fig. 1 that δ′ acts as
a spectator in the P+

c production process. ΛQ baryons
have always had a special place in the history of diquark
models, because these baryons by definition are isosin-
glets, and since the heavy quarks Q = s, c, b are also
isosinglets, the remaining quark pair (ud) also forms an
isosinglet, with a wave function that is antisymmetric un-
der flavor exchange. SinceQ is a color-3, (ud) is a color 3̄,
again an antisymmetric combination. The Pauli principle
therefore demands an antisymmetric spin wave function
for (ud). Since both the ground-state ΛQ baryons and

the heavy quarks Q have JP = 1
2

+
, the (ud) is therefore

expected to live in the antisymmetric spin-0 combina-
tion. The (ud) pair in ΛQ baryons is frequently termed
a diquark, and indeed it has exactly the color structure
we want; it differs from the ones we have previously dis-
cussed only by consisting solely of light quarks.
As mentioned above, one may expect the (ud) diquark

to be slightly larger than the heavy-light diquarks, but
even so, its binding to the heavy quark b in Λb and c in
θ̄ restricts the full spatial extent of the wave function.
For example, using heavy-quark symmetry and a vari-
ational approach, Ref. [20] calculate root-mean square
matter radii for Λb and Λc to be no more than 0.22 fm
and 0.31 fm, respectively. Treating the θ̄ antitriquark
as a “would-be” Λc baryon (i.e., differing by c̄ ↔ c but
otherwise bound by essentially the same nonperturbative
physics), one expects θ̄ to be not much larger than Λc.
In the case of the observed decay P+

c → J/ψ p, the

http://dx.doi.org/10.1016/j.physletb.2015.08.032
http://dx.doi.org/10.1103/PhysRevLett.113.112001
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3̄ is attractive color-channel (coupling half as strong as color-singlet)
Triquark: [qq]3̄q̄3̄ ≡ θ̄ is 3̄⊗ 3̄ = 6̄⊕ 3 in color-space

δ3̄δ̄3 pair or δ3̄θ̄3 produced at high relative momentum
Kinetic energy between δ and δ̄ gradually converted in potential
energy of color flux tube due to confinement
Hadronization via large r tails of mesonic wave functions, which
suppresses decay widths
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3̄ is attractive color-channel (coupling half as strong as color-singlet)
Triquark: [qq]3̄q̄3̄ ≡ θ̄ is 3̄⊗ 3̄ = 6̄⊕ 3 in color-space

δ3̄δ̄3 pair or δ3̄θ̄3 produced at high relative momentum
Kinetic energy between δ and δ̄ gradually converted in potential
energy of color flux tube due to confinement
Hadronization via large r tails of mesonic wave functions, which
suppresses decay widths
Key ingredients for pentaquarks in this model

compact (in size r) di-/triquarks (estimate slightly larger than
mesonic r (PRD 91 094025))
high energy release to separate di-/triquarks
wave function overlap across spatially separated di-/triquarks

Model provides qualitative information about tetraquark
decay-widths, implies broad (or absence of) open charm tetraquarks
and can incorporate hidden charm pentaquarks

http://dx.doi.org/10.1016/j.physletb.2015.08.032
http://dx.doi.org/10.1103/PhysRevLett.113.112001
http://dx.doi.org/10.1103/PhysRevD.91.094025
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