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Large Hadron Collider	

LHC Physics Mini-Workshop 
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Content 
u  Motivation for Hadron exotics 

u  How to reliably study exotic states?  
     A: Effective Field Theory, …. 

u  Hadron molecule 

u  Production at LHC 

u  Summary 
                  

14-11-8	



4 

What do particle physicist pursue?  
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Standard model 
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Mass Origin 

n  Gauge boson: Higgs Mechanism 

n  Quarks and Leptons: Yukawa Coupling 

n  Matter in this world:  
     p/n: 1GeV       u/d: a few MeV 
    strong interaction: important to understand 

     but difficult..  
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Great Progress in Particle Physics 

n  Higgs boson: ATLAS,CMS, … 

n  Neutrino: θ13 Daya-Bay, … 

n  Hadron Exotics: BES, Belle, LHCb, BaBar,
 CLEO,… 

n  …..  
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Zc!J/psiπ" Zc state contains  a cc quark pair 
 
charge = ± 1 " Zc must contain  additional light quarks 

“minimal” quark configuration : Four-quark states! 

Zc
+= 
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Zc(3900) is exotic! 
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Zc(3900) is exotic 
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QNP09, Beijing Galina Pakhlova, ITEP 

Zc(3900) is not alone 

X(3872) 
Zc(3900) 

Y(3940) 

X(3940) 

Y(4350) 

Y(4660) 

Y(4260) 

X(4360) 

Zc(4020) 

Yb(10890) 

Y(4140) Y(4350) 

Z(4430) 

Zb(10610) 
Zb(10650) 



X(3872)  
observation  

PRL93,072001,2004 
PRL93,162002,2004 

PRD71,071103,2005 PRD73,011101,2006 

X(3872) first seen  
in B →K J/ψπ+π– 

PRL91,262001,2003 

M(J/ψπ+π–) 

10s 

• close to D0D*0 threshold 
(not clear below or above) 
MX = 3871.68±0.17 MeV 
MX – MDD*  
= (–0.12±0.24) MeV 
•  surprisingly narrow: 
Γtot < 1.2 MeV at 90% CL  
•  M(ππ) tends to kinematic
 limit    Large Isospin
 violation! 

Tevatron: in pp collisions 
•  prompt production 
•  B decays (16.1±4.9±1.0)% 
   similar to ψ(2S) 

─ 



§  X(3872)→J/ψ γ observation fixes CX= +1 
confirms that in the X→J/ψ ππ decay (ππ)=ρ  
Γ(X→J ψ γ) / Γ(X→J/ψ π+π–) = 0.14 ± 0.05    small 
 
§  X → J/ψ ω observation     
Br (X → J/ψ ω) / Br (X→J/ψ π+π–) = 1.0 ± 0.4 ± 0.3  
large isospin violation  

CDF 790fb-1:  PRL98, 132002(2007) 
X → J/ψ ππ angular analysis JPC = 1++ or  2–+  
 
LHCb 1fb-1 1302.6269 
 

JPC = 1++  

JPC of the X(3872) 

hep-ex/0505038 

PRL96,102002(2006)  

Fit to M(ππ) favors L = 0; PX =
 +1 
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What is the nature?  



More Exotics	



How to study exotics?  

n  Effective field theory is an approximation to an
 underlying physical theory.  

n  EFT includes the appropriate degrees of freedom
 to describe physical phenomena occurring at a
 chosen length scale or energy scale: scale 
 separation 
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At Low Energy, Quark-hadron duality:  

QCD degrees of freedom are equivalent to
 hadron degrees of freedom.  

Chiral perturbation theory! 
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ChiPT and data 
Recent update in unitarized ChiPT from
 M.Döring,U.-G.Meißner,WW, 1307.0947 
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重夸克对称性 

n  重强子由重夸克Q、轻夸克q组成 

n  康普顿波长：λQ～1/mQ,  λq ～1/ Λ QCD  
n  mQ >> Λ QCD ,  λq >> λQ  
n  轻夸克感受不到重夸克的性质，轻夸

克的相互作用与λQ的大小无关 

n  重夸克自旋1/2，色磁矩µQ∝g / 2mQ 
n  mQ →∞时， µQ →0 ，重轻夸克之间

的自旋相互作用是压低的 



14-11-8 

重夸克对称性 

n  轻夸克对于SQ不敏感，不依赖
于SQ

z=1/2或者SQ
z= –1/2 

n  轻夸克在与以下四种重夸克态组成的
强子中是一样的： 

    b(↑),  b(↓);   c(↑),   c(↓) 
n  如果，轻夸克系统的角动量是Jl，

那么，与重夸克组成的强子角动量是
 J=|Jl±1/2| 

n  构造一个重强子有效理论 
22 



Heavy Meson Chiral Perturbation Theory 

14-11-8	 23 

Ø Heavy Meson pair: DD*, BB* 

Ø Heavy Meson plus a Pseudo-Scalar: DK 

Ø  Two Pseudo-Scalar 



Scattering in EFT 

Summing All order contributions: 

V+ VGV + VGVGV+…. = V(s)/(1-GV) 
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1-GV＝0 
s=s0  

Mass pole corresponds to a resonance structure 

  !  Hadron Molecule 
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Production at LHC 

14-11-8	

Γ+ ΓGV + ΓGVGV+…. = Γ /(1-GV) 

 Γ is tree-level amplitude.  

1-GV＝0  



Monte Carlo Event Generators 
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n  Herwig/Pythia: simulate production rates
 of constituents, Γ 

n  For charmonium/bottomonium-like states,
 heavy quarks move together, and a third
 parton is requested.   2->3 process: use
 Madgraph to improve efficiency 

n  Use Rivet to analyze the hadronic events
 from Herwig/Pythia. 

14-11-8	



Test of EFT: LO and MC 

Not bad for factorization. 	

MC (Herwig)
MC (Pythia)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2

4

6

8

10

k(GeV)

d
σ
(D

∗
K
)/

d
k
(µ
b
/
G
eV

)

Histograms: MC event generators   Curves: fit according to EFT. 	
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F.K. Guo, U.G. Meissner, WW, Z.Yang 1403.4032 



Production rates of charged Zb/Zc 
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F.K. Guo 
U.G. Meissner  
WW 
1308.0193 



Is it likely to observe Zb/Zc?  

29 

ATLAS data on pp!J/ψ: Nucl. Phys. B 850, 387 (2011) 

With 22fb-1 data, the signal/background ratio is 

14-11-8	

Zc decays into J/ψ π+. To estimate background 



Xb 
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l  Counterpart of X(3872): JPC=1++; BB* molecule state 

l  Very heavy (11 GeV), difficult to directly produce at
 electron-positron collider. 

l  CMS made an attempt: 
 Phys.Lett. B727 (2013) 57-76  



31 14-11-8	

Xb decays into Υπ+π- violates isospin ! tiny BR.  

One may look at Υγ, Υπ+π-π0,χbπ+π-.  

Radiative decays width are about 1 keV                       G.Li WW 1402.6463  

F.K. Guo 
U.G. Meissner  
WW 
1402.6236 



Summary 
n  LHC physics is rich. 

n  Exotic Hadron is a fast-developing branch. 

n  EFT can be used to explore hadron molecules. 

n  We have studied the production of exotic states at
 the LHC: 

     a) X-sections; b) decay modes 
 

Thank you for your attention!"
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PRL 100, 142001 (2008) 

6.5 σ 

M(p+y(2S)) 
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M2(Kπ), (GeV2 ) K*(890) 
K*(1430) 

??? 

M = (4433 ± 4 ± 2) MeV
 Γ = (45+18

-13
+30

-13) MeV  

Br(B→KZ) × Br(Z→ψ(2S)π) = (4.1 ± 1.0 ± 1.3) ×10-5

 Br±/Br0=1.0 ± 0.4  

Fit: S-wave BW + phase space like func 

Z(4430)+ first charged  
charmoniumlike state  

  
  

Cannot  be conventional  charmonium or hybrid 

B → KZ,  Z(4430)+ → π+ψ(2S) 
 K=K–,K0

s   ;  ψ(2S) →ℓ+ℓ–, π+π–J/ψ 
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