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Motivation

Recently observed hadrons that do not fit into the  “normal”
spectroscopic order should have been produced in old experiments.
Are these claims supported by the legacy data?

Fermilab Experiment 690 collected a 5x109 event sample of p+p
pf+X events at a beam momentum of 800 GeV/c (√s = 38.8 GeV) at
Lab G in the Neutrino-East beam line in the Tevatron 1991 fixed
target run.  The detector was an open geometry magnetic
spectrometer with large geometric acceptance and extremely good
momentum resolution.
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Evidence for S = +1 baryon reported by a
SPring-8 experimental collaboration at the
Laser-Electron Facility (LEPS).
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DIANA Colaboration/ Phys. At. Nucl. 66, 1715 (2003)

K+Xe → K0p Xe’

γp→ nKs
0K+

γd → K+K-p n

CLAS Collaboration / Phys. Rev. Lett. 91,.252001 (2003)

SPring-8 results seemed to be confirmed by
several experiments
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Is this object a Pentaquark?

Expect a new set of particles with quantum numbers different
from the nominal qqq baryon spectrum.

Given the SPring-8 result and the confirmation, the nK+ state
could be the Θ+.

Are any of the other members of the multiplets seen?
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What are Pentaquarks? Start with Diquarks:

Miyazawa (1966) recognized there existed an approximate symmetry
between mesons and baryons built out of quarks.

Consider the combinations of two quarks, qq: 3 ⊗ 3 = 3 ⊗ 6
This combination produces an anti-triplet and a sextet. Miyazawa
observed that if you applied a super-symmetry operator to the anti-
quark in a meson, it changed into a baryon:

Catto and Gürsey (1985) extended
this argument, and explored some
of its implications within the
context of QCD. They recognized
this supersymmetry as an
approximate consequence of
QCD…
    …that is, the color interaction of
an anti-quark is approximately the
same as a diquark (!).

q)q = qqq(
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Approximate symmetry?

Diquarks are:
heavier then anti-quarks
bosons rather then fermions
larger then anti-quarks

QCD interactions have dependencies for mass, spin and size.

Take a K= | s u > and apply the symmetry | s( u ud) > then | sud > = Λ

mK = 495 MeV/c2 mΛ = 1116 MeV/c2

ms = 475 MeV/c2 mq = 300 MeV/c2

So mΛ - (mK + mq) = 321 MeV/c2

This additional mass indicates the amount of symmetry breaking.
Baryons always seem to have a larger mass then the mesons with this
transformation.
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Pentaquarks

So following this train of thought, might there be hadron configurations
of multiple diquarks… there are anti-baryons: q q q , could two of the anti-
quarks be replaced by diquarks? [qq] [qq] q  to make a 5 quark system,
the pentaquark

[qq]0 JP=0+ 3F  3C

[qq]0  [qq]0  q
Flavor  3      ⊗  3            6sym       ⊗  3    10 ⊕ 8
Color  3      ⊗  3            3antisym   ⊗  3    1
Spin  0+       ⊗  0+           0+      ⊗ 1/2-

         (1/2, 3/2)+

Space         P                                                S

Mass?  Take a Λ   = | s u d > and make it a | s ud ud > pentaquark, the
mass should be M ≥ mΛ  + 2 mq =  1116 + 300 + 300 = 1716 MeV/c2

Resonance width? Nothing prevents quark rearrangement, expected to
be broad…
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NA-49 Collaboration / Phys. Rev. Lett. 92, 042003 (2004)

Additional experimental results find
evidence for two other anti-decuplet
members and their anti-particles.

pp →Ξπ + X
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The “Normal” Hadron Spectroscopic Order

What we learned on our mother’s knee –
The SU(3) flavor multiplets are built out of combinations of the quarks:

q q 3 ⊗ 3 = 1 ⊕ 8 singlet and octet
qqq 3 ⊗ 3 ⊗ 3 = 1 ⊕ 8 ⊕ 8 ⊕ 10 singlet, octet and decuplet

Which explains the observed spectrum of hadrons.
Can we understand this from Quantum Chromo-Dynamics (QCD)?

No reliable calculations of the hadron spectrum from QCD.
No conclusive explanation for the observed flavor multiplets.

Observations define the spectroscopy and guide theory.

qqqqqq (dibaryon) no conclusive candidates
qq q q      no conclusive candidates
qqqg     (exotic) no conclusive candidates
q qg        (exotic) no conclusive candidates
gg         (glueball) no conclusive candidates
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Status as reported in the 2002 edition of the Review of Particle Properties
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A ghost from the past? The Roper Resonance…

N(1440), P11 I(JP)= 1/2(1/2+)

Review of Particle Properties
LBL-100 Revised
UC-34d
April 1982

(page 190)

The P11 N(1440): Interest in this
enigmatic resonance persists because two
rather different theoretical approaches
both predict that the M1- multipole sign
will change as Q2 increases from zero. ..

… also:
N(1710), P11 I(JP)= 1/2(1/2+)

Perhaps some of these old
mysteries of baryon
spectroscopy are resolved?

Evidence for 5 pentaquarks!

Is it possible that the
“enigmatic” nature of these
baryon resonances comes from
their membership in the
pentaquark octet and anti-
decuplet?
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E690 should see these states!

Triggered on p+ppf+X
Reconstructed the X with high efficiency.

Pentaquarks are hadrons, should be produced copiously in this process.

E690 has excellent mass resolution.
A large data set, 5x109 events.
Past analysis focused on light meson spectroscopy in partial wave
analysis, hyperon polarization in exclusive states and diffractive charm
production…

…no detailed search for exotic hyperon states was performed at the time.
Hyperons were copiously produced, however…

OBSERVATION OF PENTAQUARKS SHOULD BE A SLAM DUNK!
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E690 apparatus
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E690 apparatus

Liquid Hydrogen target
6 Drift Chambers
2 Time-of-Flight walls
96 mirror threshold Cerenkov counter
1T dipole field

Downstream beam spectrometer system
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Hyperon inclusive search  pppf+ Ξπ + X

• Primary vertex constrained to lie on incoming beam
trajectory.

• In events with “Vee” or “Cascade” topology:
– Tracks refit with geometrical constraint that daughter vertex

must point back to parent (no mass constrained fits).
– Topologies identified:

γ e+e- Ks  π+π- Λ  pπ- Λ pπ+ Ξ-  Λπ-

Ξ+  Λ π+ Ω-  ΛK- Ω+  Λ K+ K+ π+π+π- K- π-π-π+

• Events selected with Ξ- or Ξ+ assigned to primary vertex.
– 512,850 Ξ- events selected.
– 153,671 Ξ+ events selected.

• Average number of mass combinations per event:
Ξ-π+: 3.5  Ξ-π-: 2.0  Ξ+π+: 2.7  Ξ+π-: 2.6
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Ξ(1530)

Ξ(1530)

Monte Carlo mass
resolution (σ) for Ξπ:

3.3 MeV at 1750 MeV;
4.5 MeV at 1862 MeV.

E690 Pentaquark search Ξπ
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Fit to a simple background and a relativistic Breit-Wigner (with mass
dependent width):

Gaussian smear the distributions with
mass resolution σ = 2.5 MeV/c2 to
reproduce Ξ(1530) width Γ0 = 9 MeV/c2

Also take L=1…

2882903101020Gaussian (σ
=7.6 MeV/c2)

95% CL at
1862 MeV/c2

22211±21993728±422Ξ(1530)
Number

462/367443/3641029/367683/364χ2/dof

1.53265±0.000061.53273±0.00003P6

0.00941±0.000010.00896±0.00006P5

57.6±0.6244.1±1.1P4

3.242±0.0053.256±0.0063.445±0.0073.266±0.003P3

0.5001±0.00010.4208±0.00010.4949±0.00080.5421±0.0006P2

(0.405±0.008)×104(0.322±0.007)×104(0.919±0.001)×104(1.773±0.002)×104P1

Ξ+π+Ξ+π−Ξ−π−Ξ−π+
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Calculating the Confidence Limit

The fits are performed minimizing the χ2:

Where di is the data with error ei, and fi is the fit function for the i=1,N bins of the
invariant mass distribution. If we have a signal, e.g.:

We can calculate the CL at some level, e.g. 95%, that for a given m0 and σ the
number of events does not exceed n0.

The “new” χ2 is given by:

And differs from the n0 = 0 χ2 by:

This is quadratic in n0  leading to the CL value:

For a 95% CL, Δχ2 = 3.84.
This is essentially the prescription of Feldman & Cousins
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N Ξ−(1530) = 94000

95% CL limit < 1020
events at M= 1.862
GeV

95% CL limit < 310
events at M= 1.862
GeV
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N Ξ+(1530) = 22000

95% CL limit < 290
events at M= 1.862
GeV

95% CL limit < 288
events at M= 1.862
GeV
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“Signal” at 95% CL for NA-49 parameters 
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Search for Θ+ in fully reconstructed final states
pKs in pp → pslowKsK-π+pfast

• Low multiplicity exclusive reaction  limited combinatorics.

• Ks is correct strangeness for Θ+ (assuming strangeness conservation in
production). Tagged by the sign of the charged kaon.

• Events selected by topology, and energy and momentum conservation.
– Loose cut on pL conservation (5 GeV).
– Tight cut on pT

2 conservation (.002 GeV2 ~ (45 MeV)2).
– Tight cut on (E-pL) conservation (-.02 - .015 GeV).

 E & pL errors are highly correlated.
– Possible to distinguish “wrong strangeness” events that have Δ(E-pL)

consistent with pslowKsK+π-pfast

• 68,050 pslowKsK-π+pfast events selected.
– 63,945 with one solution.
– 4105 (6%) with 2 solutions (π+/pslow ambiguity).

• 43,000 pslowKsK+π-pfast events selected.
– 7% with alternative solutions.
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Event selection kinematic cuts for  pp → pslowKsK-π+pfast
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K*(890)→
Ks

0π+

K*(890)→
K-π+

Λ(1520)
Λ(1405) subthreshold

f1(1285) & f1(1420)
Δ++(1232)

a2(1320)

a0(980) is just below 
threshold.

Search for pKs
0

pp → pf Ks
0 K- π+ p

GeV/c2
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pKs and pK-

Monte Carlo
pKpKss mass

resolution (σ)
at 1540 MeV
is 1.5 MeV.
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Width of Θ not established,, DIANA reports < 9 MeV/c2, HERMES and ZEUS < 6 MeV/c2 and,
Cahn & Trilling reanalyze DIANA data and set FWHM = 1.1 MeV/c2 (PDG value).

E690 resolution is 1.5 MeV/c2 at 1540 MeV/c2 (estimated from Monte Carlo).

At the Θ+(1542) mass, a σ = 9, 6, 1.5 MeV/c2 Gaussian signal is excluded at 95% CL above 113,
60, 25 events

Θ+(1542)/Λ(1520) ≤ 1.4%, 0.7%, 0.3%
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Search for pKs
0

pp → pf Ks
0 K+ π- p

a2(1320)

a0(980) is just below 
threshold.

f1(1285) & f1(1420)N*, Δ0 

Σ*

K*(890)→
Ks

0π-

K*(890)→
K+π-

GeV/c2
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Estimate the acceptance for Ks
0→ππ from

comparing pKs and pK+ distributions

pK+

pKs

pKs

9759

14113
37663

19596

×2.5

Normalize the distributions;
Compare pKs to pK+, differ by a factor of ≈2.5;
Assume the pK+ acceptance is the same as the pK- then the
acceptance for Λ(1520) is 2.5 times that for the Θ+(1542);
Revised 95% CL yield Θ+(1542)/Λ(1520) ≤ 3.5%
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Calculate 95% CL for pp → pf Ks
0 K+ π- p reaction

for σ = 9, 6, 1.5 MeV/c2

Gaussian signal is excluded at 95% CL

above 113, 81, 29 events  above 37, 36, 24 events

X+(1542)/Λ(1520) ≤ 1.4%, 1.0%, 0.3% Θ++(1542)/Λ(1520) ≤ 0.4%, 0.4%, 0.3%
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Where are the pentaquarks?
• In an inclusive study of Ξ±π±:

– Strong signals are observed for Ξ(1530) and Ξ(1530).
– No other mass peak is observed.
– The number of Ξ− π− produced at 1862 MeV in a σ=7.6 MeV resonance is less

than 1% of the observed number of Ξ(1530) Ξ− π+.
– The number of Ξ+ π+ produced at 1862 MeV in a narrow resonance is less than

1% of the observed number of Ξ(1530) Ξ+ π−.

• In a study of the exclusive reaction pp  pKsK-π+p:
– Strong signals are observed for a number of well-established meson and

baryon resonances.
– No exotic mass peak is observed.
– The number of pKs produced at 1540 MeV in a σ=9 MeV resonance is less than

4% of the observed number of Λ(1520)  pK−.

Fermilab E690 observes that the production of pentaquark resonances
is heavily suppressed with respect to the production of normal baryon
and anti-baryon resonances in pppX at 800 GeV/c .
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Published observations:

(FWHM)
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Published non-observations:
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The experimental situation is confused, some experiments report
observations, others report limits. At least one experiment has taken
higher statistics data with no signal where the same experiment
reported a signal at lower statistics (CLAS).

At best the evidence is weak and getting weaker.

The theoretical/phenomenological situation is also confused, “post-
dictions” indicate that a pentaquark could exist at the masses observed.
No explanation of the narrow width or the production and decay
properties has emerged.

The extraordinary claims of a whole new spectrum of particles lacks
definitive experimental and theoretical confirmation.

Baryon and Meson spectroscopy are a potential window through which
to study the Standard Model and QCD. Understanding what we are
seeing through this window is a worthy challenge for both experiment
and theory; a challenge that should be taken up more vigorously by the
particle physics community.
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