
Lecture 10  

notes on QCD processes and factorization

the quark model and surprizes in hadron structure
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factorization
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here, Nc = 3 is
assumed
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Application to pseudoscalar and pseudovector
mesons
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b) application to decays
of 
pseudo-scalar and
vector 
mesons

remember:  hypercharge
Y
Y = B + S
and charge q
q=I3 + Y/2
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Table from PDG
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which states are exotic?

definition taking from Sebastian Neubert
 Schleching 2020 lectures
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here: focus on mesons only, but there are also candidates for
exotic baryons, such as penta-quarks, and for quark-less

particles consisting of gluons only, glueballs
all mesons which exhibit quantum numbers different from those
of the above discussed sequence are exotic.In addition, a new
family in the charm sector are the X,Y,Z states.

let's consider a particular case: the X(3872) particle
this and the following
slides adapted from
Sebastian
Neubert, Schleching 2020

 for a recent review of X,Y,Z states, see:
A. Hosaka, T. Iijima, K. Miyabayashi, Y.
Sakai and S. Yasui,
Exotic hadrons with heavy flavors: X, Y,
Z, and related states,
PTEP  (2016) no.6, 062C01
[arXiv:1603.09229 [hep-ph]].
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X(3872) continued

X(3872) is not
spin-exotic

width is too 
small 

is it a 
charmonium-like state?
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charmonium and charmonium-like states
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psi(2s) and psi(3770)

psi(2s): below D D_{bar} threshold, width = 294 keV, mass = 3686 MeV

psi(3770): above D D_{bar} threshold, width is 27 MeV, mass = 3773 MeV
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what about Tcc+ very recently discovered  by LHCb  
2109.01038 [hep-ex]
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mass = 3874.75 ±  0.11 MeV
mass is very close to that of D0*D+bar 
width  = 48 ± 2 + 0 - 14 keV 

binding energy: 360 ± 40 keV
Tcc+ → D0 D0 π+
angular momentum: J=1, isospin I = 0

see LHCb papers
2109.01038 [hep-ex]
2109.01056 [hep-ex]

this loosely mesonic bound state has net charge +,  charm number
2, cannot be a quark-antiquark state, very different from charmonia

produced in pp collisions at LHC energy



 30

summary: X(3872) and Tcc+ are truly exotic

in the last 5 years, many candidates for exotic states

for 30 years the quark model with a quark-antiquark pair for
mesons and three quarks for baryons seemed to describe

everything

the race is on to determine the structure of the new exotics

no trace yet for glue balls
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extra pages
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32
general quantum mechanics result

a bound state close to a 2-body threshold that couples to the two bodies via an s-
wave interaction has universal properties:

its rms radius depends only on its binding energy B.E. and not on interaction
potentials, i.e.
                               Rrms    =  (4 B.E.  M

red
)-1/2  as B.E.           0 

examples:  the deuteron (B.E. 2.2 MeV, M
red

 = 470 MeV,  Rrms = 3.1 fm

                                                                                     measured: 2.1 fm)

                   the hypertriton (B.E. 0.13 MeV, M
red

 = 700 MeV,  Rrms = 10.3 fm)

                  the X(3872)  (B.E. 0.12 MeV, M
red

 = 967 MeV,   Rrms = 9.2 fm)

                

                  

if this is the correct interpretation, 
the hyper-triton and the X(3872) are bigger

than a Pb nucleus!
n.b.: typical hadron sizes are < 1 fm

see, e.g., Steven Weinberg, Lectures on Quantum
Mechanics, Cambridge University Press, 2015,
especially chapter 8.8

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Steven%20Weinberg&eventCode=SE-AU
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Lectures on Quantum Mechanics

Steven Weinberg, 

Cambridge University Press, 2015

especially chapter 8.8

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Steven%20Weinberg&eventCode=SE-AU
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wave function of the hyper-triton – schematic picture

figure by Benjamin Doenigus, August 2017

triton

hyper-triton

see also arXiv:1904.05818, where the
hypertriton is analyzed in pionless
effective field theory, with similar
results
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The Hypertriton

mass =  2990 MeV, binding energy = 2.3 MeV

Lambda sep. energy = 0.13 MeV

molecular structure:    (p+n) + Lambda

2-body threshold:  (p+p+n) + pi- = 3He + pi-

rms radius = (4 B.E.  M
red

)-1/2 = 10.3 fm =

rms separation between d and Lambda

in that sense: hypertriton = (p n Lambda) = 
(d Lambda) is the ultimate halo state

so hyper-triton sits 130 keV below the Lambda-
deuteron threshold – similar case as for X(3872)   



 36if the size of the X(3872) is very large, cross section should
be strongly suppressed, seems not to be the case



 37see Alexander Kalweit, CERN workshop on 'origin of nuclear clusters in hadronic
collisions', May 19-20, 2020
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