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Multi-quark State, Glueball and Hybrid

� Hadrons consist of 2 or 3 quarks?

Naive Quark Model?

� New forms of hadrons:
• Multi-quark states ?Number of quarks >? 4

• Hybrids ? qqg?qqqg …

• Glueballs ? gg? ggg …

Meson? q q ?

Baryon? q q q?

Shan JIN
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�+(1540)

� First evidence of pentaquark 
was presented by LEPS  in 
the process                          :

Nevent= 19 +/- 2.8
Significance: ~ 4.6 �

� Minimum quark content:    
uudds
Its mass and width are 
consistent with chiral soliton 
model prediction.

MnK
+

LEPS
nKKn −+→γ

MeV

MeVM

25
5101540

<Γ
±±=

at  90% CL

)/( BS

Shan JIN
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CLAS

−+→ KpnKdγ

M(nK+)

σ2.5:~

43

21
51542

ceSignifican

N

MeV

MeVM

event =

<Γ
±=

)/( BS

M(nK+)

CLAS

σ8.7:~

41

26
101555

ceSignifican

N

MeV

MeVM

event =

<Γ
±=

)/( BS

+−+→ πγ KnKp



SAPHIR

0
SKnKp +→γ

M(nK+)

σ8.4:

1363
25

241540

ceSignifican

N

MeV

MeVM

event ±=
<Γ

±±=

(fit)

3.0~))1520(*(/))1540(()1520(* Λ= +
Λ σθσR



M(pKs)

σ
σ

4~3~
6~4:~

60~

3917
231528

ceSignifican

N

MeV

MeVM

event

±±=Γ
±±=

)/( BS

SS NN δ/

Inclusive �*- production

HERMES

5.3~6.1~)1520(*ΛR



Fragmentation ZEUS

σ6.4~9.3:~

48221

48

5.15.1521 8.2
7.1

ceSignifican

N

MeV

MeVM

event ±=

±=Γ
±±=

(fit)

• R� ~ 0.04

Assuming the production rate 
of �*(1520) is 5 times 
smaller than �, I estimated:

R�*(1520) ~ 0.2

M(pKs)



M(pKs)

Asratyan et al.
ν- induced

σ7.6:~

27

20
51533

ceSignifican
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MeV
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event =

<Γ
±=

)/( BS
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pKnK
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→
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+
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9
221539
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±±=
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XpKpA

SVD

S +→

−
0

2

b

ceSignifican
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MeV

MeVM

event

µθσ
σ

120~30)(

6.5:~

50
24

331526

=

=
<Γ

±±=

+

M(pKs)

)/( BS

0
SpKpp

TOFCOSY
+Σ→

−

M(pKs)

b

ceSignifican

N

MeV

MeVM

event

µθσ
σ

1.01.04.0)(

9.5~7.3:~

120~
18

51530

±±=

<Γ
±=
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Pentaquarks at JINR

How many pentaquarks did they see?

M(nK+)



(LEPS)

+nK

M
�

0
SpK

0
SpKnK →+

F. Close and Q. Zhao, hep-ph/0404075



�
--(1862)

• Also evidence for �0(1862)
( I = 3/2 )

NA49
−−Ξ π)a

+−Ξ π)b

−+Ξ π)c

++Ξ π)d

)( πΞM

ussdd

dssdu

dudss

uddss σ8.5:~

69
18

21862

ceSignifican

N

MeV

MeVM

event =
<Γ

±=

)/( BSS +

)))) dcba +++

)( πΞM

pp collision at Ecm=17.2GeV 



�c(3099)

• Minimum quark content:
uuddc

σ4.5:~

2.116.50
12

533099

ceSignifican

N

MeV

MeVM

event ±=
<Γ

±±=
DIS (Q2 > 1GeV2)

Poisson Prob.

01.0~))3099(()3099( pDBR
N

N
c

D

c −∗Θ →Θ⋅
−∗



Negative search results on 
pentaquarks

BES upper limits 90%C.L. BR ( ψψψψ(2S) ���� ΘΘΘΘ ΘΘΘΘ ����(KSp)(K-n) + (KSp)(K+n))< 0.84X10-5

BR ( J/ψψψψ ���� ΘΘΘΘ ΘΘΘΘ ����(KSp)(K-n) + (KSp)(K+n))  < 1.1 X10-5

ALEPH No evidence for �+(1540), �--(1862), �0(1862) , �c(3100) in Z decays

DELPHI No evidence for �+(1540), �++(1540)

L3 No evidence for �+(1540) in two photon collisions.

CDF       No evidence of �+(1540), �--(1862), �0(1862) or �c(3100) 

HERAB No evidence of �+(1540), �--(1862), �0(1862)

ZEUS �c(3099) was not observed at ZEUS in a data sample which is 1.7 times of the H1 data sample

BABAR No evidence of �+(1540), �--(1862) 

BELLE �+(1540) not seen, �c(3100) was not seen either.



Inconsistencies

�Width of �+(1540)

•Two “positive” experiments:

HERMES:  �
�

= 17±±±± 9 ±±±± 2 MeV

ZEUS:         �
�

= 8 ±±±± 4 MeV

•K+N PWA results indicates  �
�

< 1 MeV

�Mass of �+(1540)

�Production rate 



• The “negative” experiments have much larger 
statistics, also are at relatively higher energies  (but 
Babar and Belle are at low energy).

– Pentaquarks do not exist, or
– Pentaquarks have very exotic production 

mechanism.
"
��-./

���	�� ���� ���
��� ��������������������	��
���
����� ��	�����

• Looking forward to more experimental results at 
low energy with high statistics, especially those 
photo-production experiments ! Shan JIN
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First observed by 
Belle Experiments in:

X(3872)



M(ππππ++++ππππ−−−− J/ψψψψ ) –M(J/ψψψψ )

ψψψψ’����ππππππππJ/ψψψψ

0 12�3�4
���������

Belle

MeV

MeVM

3.2
5.06.00.3872

<Γ
±±=

at  90% C.L.



X(3872) at CDF and D0

5 ��σσσσ ������

�� 6�σσσσ ������

MeVM X 4.07.03.3871 ±±= MeVMM JX 0.31.39.774/ ±±=− ψ



X(3872) at BaBar

• The significance is low (about 3.5 �), but its 
production rate is consistent with Belle:

ψππ/JM

����� ������

510)41.028.1()/()(

4.14.3873
−−− ×±=→×→

±=

ψππJXBXKBBR

MeVM X

510)3.03.1(: −×±Belle

BaBar



New decay mode observed at Belle

• Belle observed a new 
decay mode of X(3872) �
ω*J/ψ � π+π-π0J/ψ

� ΓΓΓΓ(X����ωωωωJ/ψψψψ)/ΓΓΓΓ(X����ππππ++++ππππ−−−−

J/ψψψψ) = 0.8 ±0.3± 0.1

M(ππππ++++ππππ−−−−ππππ0000)

M
(J

/ ψψ ψψ
ππ ππ++ ++ ππ ππ

−− −− ππ ππ
00 00 )

B����K X(3872)

-�"�7�� ��± 2 6
& 
��
� 7�5 �σσσσ



Is X(3872) a Charmonium?
• All possible charmonium assignments seem to have 

difficulties (S.L. Olsen, hep-ex/0407033):

Mass and width are wrong0-+�”
c31 S0

B(�+�- J/� ) expected to be very small2-+�c211D2

��J/� too small1++�’
c123 P1

Mass & width wrong; ���c2 too small; 
Spin is too high

3--�313 D3

Ruled out by |cos	J/�| distribution 1+-h’c21 P1

Mass wrong; ���c1 too small2--�213 D2

commentJPCnicknameState



DD* “Molecular State”?
• MX(3872) is very close to MD + MD*.
• It was suggested that a DD* multi-quark “molecular state”

have  large BR(X����D0D0ππππ0).    Belle observes:

& ��������
��
������������
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��
��������%�"��
��
��

	�	���� (Swanson’s talk in Session 10)

• Swanson also predicts:

Consistent with Belle new observation.

6)/(/)( 000 <→Γ→Γ ψπππ JXDDX at  90% C.L.

6.0~)/(/)/( ψππψω JXJX →Γ→Γ



• No matter what are the interpretations for the recent new 
surprising observations, these discoveries certainly open a new 
window for understanding the strong interaction and hadron
spectroscopy.

• We need to have a global picture if there are new forms of 
hadrons beyond the naïve quark model —— any pentaquark, 
tetraquark, molecular state or other multiquark states cannot stay 
alone !
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Prospects

Shan JIN
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CONCLUSION
Have  Weird Multiquark Demons been found?

Is there a 1 MeV wide, S=+1 baryon at 1540 MeV?

If NO this is testament to the ingenuity of theorists whose
models can explain it even if it doesn’t exist.

Lattice QCD is almost unique in not having
definitively disproved that such a state does not exist.

60

Frank Close
ICHEP04
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Tevatron Top Quark Mass Measurement
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Experimental Limits on Higgs Mass
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SM Higgs Production and Decays at 
Tevatron
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Current Limits on SM Higgs Search
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Tevatron SM Higgs Search: Outlook
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Tevatron Top and Higgs: Summary
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Quark Matter at High 
Density/Temperature

James C Dunlop
Brookhaven National 

Laboratory



QGP ≡≡≡≡ a (locally) thermally equilibrated state of matter in 
which quarks and gluons are deconfined from hadrons, 
so that color degrees of freedom become manifest over 
nuclear, rather than merely nucleonic, volumes.

M. Gyulassy & 
L. McLerran

Approximately thermalized matter at energy densities so 
large that the simple degrees of freedom are quarks and 
gluons.  This energy density is that predicted by LGT for the 
existence of a QGP, ≈≈≈≈ 2 GeV/fm3.

Defining the question
Recent Definition from STAR for the Quark Gluon Plasma

Contrast with other recent definition:



RHIC Implementation
• Flexibility is key to understanding 

complicated systems
– Polarized protons, sqrt(s) = 50-500 GeV
– Nuclei from d to Au,  sqrt(sNN) = 20-200 GeV

• Physics runs to date
– Au+Au @20,62,130,200 GeV
– Polarized p+p @200 GeV
– d+Au @ 200 GeV 
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RHIC Experiments
Four experiments, two large, two small:

STAR: Large acceptance (∆φ = 2π, ∆η = 2−6)
PHENIX: Electron/muon identification, high rate trigger, 
limited acceptance (∆φ = π, ∆η = 0.5 (central arm)

PHOBOS: Tabletop: limited tracking acceptance, largest 
multiplicity acceptance of all experiments
BRAHMS: Forward tracking in classical spectrometer



No exp’tal smoking gun! ���� Rely on theory-exp’t comparison 

Charged particle pseudo-
rapidity density

HBT parameters

pT-integrated 
elliptic flow

pT-integrated elliptic 
flow, scaled by initial 
spatial eccentricity

But only smooth behavior is observed



Elliptic Flow: the Shape of the 
Interaction Region at RHIC

Anisotropic Flow
x

y
z

Peripheral 
Collisions

Reproduced well by hydrodynamic model

)(tan,2cos 1
222

22

x

y

p
p

v
xy
xy −−−−========
����++++����

����−−−−����==== ϕϕϕϕϕϕϕϕεεεε
Shape parameter



Partonic energy loss in dense matter:
“Jet Tomography”

Multiple soft interactions:

Strong dependence of energy loss on gluon density ρglue: 
measure ∆Ε � color charge density at early hot, dense phase

Gluon bremsstrahlung

Opacity 
expansion:

glueS
mediumT

SR

k
q

Lq
C

E

ρα
λ

α

∝=

≈∆

2

2

ˆ

ˆ
4

( )( ) ��
�

�
��
�

	
=∆ 
 L

E
LogrdCCE jet

glueSaA 2
3 2

,
µ

ττττραπ

Bjorken, Baier, Dokshitzer, Mueller, Pegne, Schiff, Gyulassy, 
Levai, Vitev, Zhakarov, Wang, Wang, Salgado, Wiedemann,…



Partonic energy loss via leading hadrons

-

Energy loss  � softening of 
fragmentation � suppression of 
leading hadron yield

ησ
η
ddpdT

ddpNd
pR

T
NN

AA

T
AA

TAA /
/

)( 2

2

=

Binary collision scaling p+p reference



Suppression of inclusive hadron yield

• central Au+Au collisions: factor ~4-5 suppression 
• pT>5 GeV/c: suppression ~ independent of pT

PRL 91, 172302

Au+Au relative to p+p Au+Au central/peripheralRAA RCP



Jets at RHIC

p+p →jet+jet 
(STAR@RHIC)

Au+Au →??? 
(STAR@RHIC)

nucleon nucleon
parton

jet

Find this……….in this



Jets and two-particle azimuthal distributions
p+p → dijet • trigger: highest pT track, pT>4 GeV/c

• ∆φ distribution: 2 GeV/c<pT<pT
trigger

• normalize to number of triggers

trigger

Phys Rev Lett 90, 082302



Azimuthal distributions in Au+Au

Au+Au peripheral Au+Au central

Near-side: peripheral and central Au+Au similar to p+p

Strong suppression of back-to-back 
correlations in central Au+Au

( ������	���	��

pedestal and flow subtracted

Phys Rev Lett 90, 082302

�



Particle Production Ratios

Well described by simple thermodynamic model, T ~ lattice …

… but could these just be phase space and statistics?  (J.Ellis)



Hadron Elliptic Flows 
Scale with Quark Number
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RHIC has made major advances in runs 1-3, leading to an appealing 
picture of bulk, dense, highly interacting matter.

1) Extended reach in energy density appears to reach simplifying 
conditions in central collisions -- ~ideal fluid expansion; 
approx. local thermal equilibrium.

2) Extended reach in pT gives probes for behavior difficult to 
access at lower energies – jet quenching; ~constituent quark 
scaling.

However:    In the absence of a direct “smoking gun” signal of 
deconfinement revealed by experiment alone, a QGP discovery 
claim must rest on the comparison with a promising, but still 
not yet mature, theoretical framework.  In this circumstance, 
clear predictive power with quantitative assessments of 
theoretical uncertainties are necessary for the present 
appealing picture to survive as a lasting one.

Summary

James C Dunlop
Brookhaven National Laboratory



-���

���!��	
�	



Neutrino oscillations: 
Pontecorvo-Maki-Nakagawa-Sakata Matrix

' �>�
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���νββνββνββνββ �����	

cij=cosθθθθij, sij=sinθθθθij
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��� ���	�	Yifang Wang IHEP Beijing



Evidence of Neutrino Oscillations

Unconfirmed:
LSND:
∆∆∆∆m2 ~ 0.1-10 eV2

Confirmed:
Atmospheric:
∆∆∆∆m2 ~ 2××××10-3 eV2

Solar:
∆∆∆∆m2 ~ 8 ××××10-5 eV2

P(ν(ν(ν(ν1111−−−−>ν>ν>ν>ν2222)  )  )  )  = = = = sin22θθθθsin2(1.27∆∆∆∆m2L/E)
2 flavor oscillation in vacuum: 
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SuperK KamLAND
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Soon data from SNO, 
SKII,KamLand, Sudbury

The dips in the data 
cannot be explained by 
other models

Preliminary K2K confirms Super-Kamiokande
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sin22θθθθ13131313 δδδδ,  sign of  ∆∆∆∆m2
32

at reactors:
Pee ≈≈≈≈ 1 −−−− sin22θθθθ13131313sin2 (1.27∆∆∆∆m2

13131313L/E)  −−−−

cos4θθθθ13131313sin22θθθθ12121212sin2 (1.27∆∆∆∆m2
12121212L/E)

at accelerators (Minos, Opera, T2K):
Pµµµµe� sin2θθθθ23232323sin22θθθθ13131313sin2(1.27∆∆∆∆m2

23232323L/E)  + 

cos2θθθθ23232323sin22θθθθ12121212sin2(1.27∆∆∆∆m2
12L/E)  −−−−

A(ρρρρ)••••cos2θθθθ13sinθθθθ13131313••••sin(δδδδ)
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Huge experimental 
program
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• �-decay: 
(m ve)

eff =[�i | Uei |2 m2
vi ]1/2

• Endpoint of ββββ decays
3H � 3He + e- + ννννe

E0 = 18.574 KeV
• Currently the best limit:

mνννν< 2.2 eV @ 95%CL

• Katrin expected: 
mνννν < 0.3 eV @ 95%CL

* ��������	�����	��� 
�����



Neutrino mass from 
Cosmology

Allen et al. MNRAS346(2003)0.56+0.30 
-0.26 eVXLF+WMAP+2dF+

…

Crotty et al. PRD 69,2004

Tegmark et al. PRD 69,2004

Hannestad, JCPA 0305, 2003

Spergel et al. APJS 148,2003
Elgaroy et al. PRL 89, 2002

References

< 0.7 eV WMAP+2dF+…

< 1.0 eV WMAP+ACBAR+
2dF+SDSS+…

< 1.7 eV   SDSS+WMAP

< 1.0 eV WMAP+2dF

< 1.8 eV  2dFGRS

Σ Σ Σ Σ mi  
((((@95%CL)*

Data 

*With different assumptions, fitting constrains and datasets 

A strong constraint to LSND and Heidelberg-Moscow ββ ββ ββ ββ decay results



Continuous β β β β spectrum        Monochromatic ββββ spectrum

ββββββββ decays : <Mee>  = | �i (Uei )2 m vi |

Resolution and backgrounds are critical
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Future ββββββββ-decay experiments

~ 0.030.1yes82SeSuper-NEMO

~ 0.020.42yes76GeMajorana

~ 0.0110.0yes136XeEXO

~ 0.013.0yes100MoMOON

~ 0.010.1-1.0yes76GeGENIUS
~ 0.030.75no130TeCUORE

Sensitivity
(eV) (90%CL)

Mass
(t)

enrichmentIsotopes

X-MASS                                                        1 
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• What is the Dark Matter?
• Is there Dark Energy?
• Are there Ultra-High-Energy 

Cosmic Rays beyond the 
GZK cutoff?

• Was there inflation?
• How did the Universe begin?

Binetruy



Candidates for Cold Dark Matter

• Axion?
• Lightest Supersymmetric Particle (LSP)?

neutralino? gravitino?
accelerators vs non-accelerator expts?

• Lightest Kaluza-Klein Particle (LKP)?
in models with universal extra dimensions

• Superheavy (metastable) Particle?
‘WIMPzilla’ produced at inflation?

J.Ellis CERN



Direct Search for Dark Matter

- Look for elastic scattering
on nuclei in low-background
experiment

- DAMA modulation signal
difficult to reconcile with
other experiments, such as
CDMS2

- Good prospects for
improvement by factor ~ 20

- Starting to reach region
expected in models Binetruy

J.Ellis - CERN



~2 degrees around the galactic center

EGRET data

Annihilation channel W+W-

M� =80.3 GeV
background model(Galprop)
WIMP annihilation (DarkSusy)

Total Contribution

Gamma Rays from Neutralino Annihilations?

- Uncertainties in
cosmic-ray bkgrd
- Also in signal
normalization

Morselli, Sander // J.Ellis - CERN



Neutralino Annihilations inside Sun?

Look for
������

Future

Present

J.Ellis - CERN



Summary of the Summary

• QCD ever more quantitative
• Electroweak theory suggests new physics @ TeV scale: 

Higgs + ?
• Flavour physics becoming quantitative
• CKM looking better and better
• Neutrinos really do oscillate!
• Growing symbiosis with cosmology
• LHC on its way
• Good ideas for future accelerators
• ITRP has done its work

Lets get back to our work!

J.Ellis-CERN


