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Before the advent of QCD
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Before the advent of QCD

Today we know that the strong force between
the nucleons In an atomic nucleus 1s a VVan-der-

Waals type residual force of a more fundamental

strong Interaction between quarks. The field
theory of this Interaction between quarks Is

called Quantum Chromodynamics (QCD).
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Before the advent of QCD

The elementary particles can be classified into
leptons (without strong interaction) and quarks

(with strong interaction).
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Before the advent of QCD

By examining what fraction of the Z-
bosons we create in accelerators decay to:

e electron/positron pairs,

e muon/anti-muon pairs,

e tau/anti-tau pairs,

e and "invisible" channels (i.e., neutrinos),

One can determine how many generations
of particles there are
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Three generations in SM family
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The SM family
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The SM family members
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The establishment of QCD
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The establishment of QCD

QCD 1is a so-called gauge theory, like quantum

electrodynamics (QED) and the t

wea

K Interactions. In such a theory, t

neory of the

ne constituent

fields are described by representations of a

symmetry grou

fields 1S descri

gauge bosons.
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The establishment of QCD

These Interactions follow from the requirement
that the Lagrangian iIs invariant under arbitrary
local symmetry transformations of the constituent
fields.
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The establishment of QCD

Note that all particles participate in the weak
Interaction, all charged particles In the
electromagnetic interaction and that only the
quarks participate In the strong Interaction.
Gravity Is so weak that It can be neglected at

subatomic scales.
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The establishment of QCD

Free quarks have never been observed because
their coupling Is so strong that with increasing
separation it becomes easier to produce a quark-

antiquark pair than to isolate the quark.
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The establishment of QCD

Quarks therefore bind permanently into hadrons

which can be classified as mesons(qgq) and

baryons (qqq).

-25.
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The establishment

of QCD

A problem with this is that there exist baryons

such as the spin 3/2 resonance A** = ut ut ut

with a ground state wave function that is fully

symmetric under t
But for fermions t

antisymmetric

Cong Feng Qiao

ne exchange of two quarks.

ne wave function should be
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The establishment of QCD

® A way-out 1s provided by the color hypothesis
which states that each quark comes in one of
three colors red(r), or blue(b).

Antiquarks are anti-colored: 7, g and b

® The hypothesis furthermore states that hadrons
are color singlets (“white"), that Is, they are

Invariant under rotations in color space

Cong Feng Qiao Pre-SUSY -27-



The establishment of QCD
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The establishment of QCD

QCDLtE =

HIZEAIME R, gA
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Puzzles in the development of QCD

Remember, to explain the short range
of the nuclear force, Yukawa (1934)
proposed that this force is mediated
by the exchange of massive field
quanta which he called mesons. In his
theory, the range of the force 1is
inversely proportional to the mass of
the intermediate vector boson. He
estimated a mass of about 140 MeV and
indeed a candidate, the = meson, was
later found in cosmic rays (1937)
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Puzzles in the development of QCD

But, as we will see, massive gauge
field quanta break the gauge symmetry
so that the exchanged boson must
necessarily be massless. For instance,
the U(l)  symmetry of the QED
[Lagrangian forces the photon to be
massless, which indeed 1is. As a

consequence the electromagnetic
interaction has an infinite range.
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Puzzles in the development of QCD

It follows that the SU(3) gauge
symmetry of the QCD Lagrangian forces
the gluons to be also massless, like
the photon. But if these gluons are
massless, how can the strong force

then be short-range?
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Puzzles in the development of QCD

Another puzzle came with a series of
high—energy electron—proton scattering
experiments at SLAC(1970) which proved
the existence of quarks but also
showed that they seemed to behave like
free particles, in spite of the fact
that they are strongly bound inside
the proton
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The establishment of QCD

The solution to both these paradoxes

was found by Gross, Politzer and
Wilczek by their discovery of
asymptotic freedom. They could
explain why, as Wilczek put it in his
Nobel lecture, “Quarks are Born Free,

but Everywhere They are in Chains"

Cong Feng Qiao Pre-SUSY -34-



The establishment of QCD

As we will see, the phenomena of
asymptotic freedom and confinement
are caused by the self-interaction of
gluons  which, In turn, Is a
consequence of the non-abelian nature
of SU(3)
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The establishment of QCD

v" If quarks cannot be observed in isolation,
how do we know that they actually exist

and are not mere theoretical constructs?

v One way is to resolve quarks by

Illuminating protons with photons of large

momentum Q and therefore small

Compton wavelength 1/Q.
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The establishment of QCD

These very short wavelength photons are
radiated off highly energetic electrons
when they scatter on protons

k K
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The establishment of QCD

This process Is called deep inelastic
scattering which Indeed acts as a

microscope to reveal the internal quark
structure of the proton.
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The establishment of QCD

Furthermore it turns out that highly
energetic quarks produced in hard e*e”,
p pand pp scattering hadronize into
collimated sprays of particles (jets!). Thus
we can more or less directly probe the
dynamics of quarks by measuring jets Iin

experiments at high energy colliders.
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Two Jets seeing quarks
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Three jets seeing gluons
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The

establishment of QCD

Jet production Is clearly a very

Im

ex

portant tool to confront QCD with

periment and can certainly produce

spectacular events at colliders, but,

unfortunately, this large field of jet

physics can not be covered here.

Cong Feng Qiao Pre-SUSY
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A hypothetical 2 component Dirac field

Consider two fields 1 and v)» that obey the Dirac equations:

(1 d—my)by =0 and (1 Jd—mo)p =0

The total Lagrangian is then simply the sum:

L=101(1 9 —my)by + (i P — mo)io

We introduce the compact notation:

o P T (T T, _(m O
v = (1.92) . W= (L‘ILQ) M — ( 0 m2>
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The establishment of QCD

and set my = m, so that M = ml, and write:
L=y @— m)y

but we have to remember that «» and ) are now 2-component objects,
each component being itself a 4-component spinor.

We immediately see that £ is invariant under a global unitary
transformation ¢ = Uy in our 2-dimensional space because:

Note that for my # m, the term v»Mz> would not be invariant because
then UTMU # MU' U.
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Yang-Mills Theory

The Yang-Mills theory describes pairs of
spin-1/2 particles of equal mass, and Yang
and Mills originally had the proton and
neutron In mind as such a pair. A problem,
however, Is that the quanta of the Yang-
Mills fileld must be massless In order to

maintain gauge invariance.
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Yang-Mills Theory

The massless quanta should have long-
range effects, like the photon, and for this
reason the theory was originally abandoned
as a candidate theory of the strong

iInteraction, which is short-range.
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The establishment of QCD

However, the Yang-Mills theory
reappeared because It serves as a
prototype of non-Abelian gauge theories,
that Is, theories for which the generators
of the underlying symmetry group do not

commute
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The establishment of QCD

WU(B) IS a generalization of
SU(2), we will see that QCD Is a
generalization of the originally proposed

Yang-Mills model

Following we will first present the nuts and
bolts of Yang-Mills theory as an important

step towards building the QCD Lagrangian
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The establishment of QCD

Recap of SU(2)

Unitary SU(2) matrix U = exp(ia « o /2)
with UU = UU* = 1. Here, a= (a, a6 a )
are parameters and 0 = (0, 0 , 0 ) are
Pauli matrices:

ﬂ_o1 U_{}—i U_lﬂ
*“\1 0)° F—\i o/’ % \o-1) °

With the generator being J; = 0 ,/2 satisfying [J;, JJ =1 ¢, J,
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The establishment of QCD

How can we make the following Lagrangian:

L=1(i —m) with ¢ = (ij) cand ¢ = (P, 0)
Wo

iInvariant under local SU(2) transformations

U(x) = exp [~igwo - a(X)]

Here g, 1s some strength parameter

Cong Feng Qiao Pre-SUSY -50-



The establishment of QCD

As in the U(1) case, we replace 9, by a covariant derivative D,, and
require that the Lagrangian is invariant:

L'=UN(iD-mUyp=L=10(D—m

which is the case if U"'DLU = D,,or D,U= UD,. In analogy with the
U(1) case we set:

D, =0,+igwo-A,
which introduces three gauge fields A, = [(A"),., (A?),., (A%),].

Note: extra gauge fields are required

to accommodate higher symmetries 1in a
LLagrangian
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The establishment of QCD

Substituting D,, = 9,, + igwo - A, we finally get for our SU(2) invariant
Lagrangian:

L=0(iD—mu=0(i9—my—gw (0 o)Al

a,

where the second term is the interaction term. Note the placement of
the Dirac gamma matrices and the Pauli matrices! The story is not
over: we still have to add a free term for the gauge fields A,

3
1 w 1 L
Lowge = =7 > (FAY(F)u = 7P Fu

a=1
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The establishment of QCD

To finish the story, now we have to look for a definition of F2, that

v

makes Ly,,qc iNvariant under the (infinitesimal) gauge transformation
A~ A2+ 0,07 +2gy (a x A,)?

It can be shown (elaborate, but straight forward algebra) that the
sought-after gauge field tensor is:

Fro = d[#

[12 70

29w (A, x A,)°

v]

Giving rise to the final SU(2) invariant Lagrangian:

3
Lsy@y =10 @ —myb — gy > (Dy*o) A2 — — Z(Fﬂ)#v (F2),.

a=1

%3] : JERAIN ERIRBAISUQR)FSEAE M
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Global SU(3). invariance

We are now ready to play the same game as before, but now with a
difference: we will allow three spin-1/2 Dirac fields:

. f_;": : r
Y = and ¢ = (Ur, g, Up)

e
The free Lagrangian is, again,

L=v( §—m

but we have to remember that «» and ) represent 3-component
objects, with colour index (r. g. b), and that each component is by itself
a 4-component Dirac spinor.
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The establishment of QCD

For simplicity, we have assumed that

C

uarks of all flavors are identical by having

t

ne same mass m. This I1s not true, of

course, and we should Iintroduce a flavor

index f = (d, u, s, ¢, b, t), and different

Masses M

Cong Feng Qiao Pre-SUSY -55-



The establishment of QCD

This Lagrangian is manifestly invariant under
U3) = U(1)XSU(3) global transformations.
The U(1) phase Invariance was already

explored so we only investigate here SU(3)

Invariance:

W'=Uy and ¢ = U

Cong Feng Qiao Pre-SUSY -56-



The establishment of QCD

To make Z invariant under local SU(3)
transformations I1s now a relatively easy
task since we can just replace the 2X2

SU(2) matrices in the Yang-Mills theory
by 3 X3 SU(3) matrices!
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LLocal SU(3). invariance

We want to make the Lagrangian invariant under local SU(3)
transformations (gs is the strong coupling constant)

U(x) = expligsA - a(x)]

Here we have eight angles a = (aj. .... ag) and the eight Gell-Mann
matrices A = (\1, ..., A\g) that we already discussed earlier.

We can now simply repeat the steps made in the Yang-Mills theory and
define the covariant derivative:
D, =0,+igs\-A,

where we have now 8 gauge fields A, = (A:L, ,.,,Aﬁ). These are the
eight gluons that we alluded to earlier.
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The establishment of QCD

For infinitesimal transformations, the gauge fields transform as:
AZ =~ A2 + 0,07 +2gs(a x A,)?
but here we have to use the general expression for the cross product
(a x b) = fikd pF

where summation over j and k is implied and /¢ are the structure
constants of SU(3)

Now following similar logic as before, the gauge field tensor is given by

Fa, = 9,A% — 2gs(A, x A,)?

% V]

where we have to take the SU(3) cross product for the last term.
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The establishment of QCD

Now we are ready to write the QCD Lagrangian. This is given by

8 8
Mi & " fy~H / 1 L
Locp =0(i §— m)yb— gs Y (01" A%) AT — 1 > (FA™(F3),,

a=1 a=1

+ extra pieces

The extra pieces In the QCD Lagrangian
given above are related to the so-called
gauge-fixing terms and ghost fields which

must be Introduced to make the theory
consistent.
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The establishment of QCD

We have now eight color fields Ay (gluon
fields) and eight color currents j,. = gsvy"
that act as sources for the color fields, like
the electric current is the source for the
electromagnetic field.

The first term Is the free Dirac Lagrangian,

just like in QED. It will give rise to quark

propagators.
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The establishment of QCD

The second term also looks familiar: it Is an
Interaction term that gives rise to the quark-
gluon vertex. Using quark color (i, |), gluon
color (a, b), and spinor (a, ) notations, we
have:

-I‘ _ J"uj)\afl jAa;“
%.>]: Where are the quark flavor DoFs
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The establishment of QCD

The last term Is the free Lagrangian of the
gluon fields, which also looks familiar from
QED, but has a much richer structure. It gives
rise to the gluon propagator, but also to 3-
and 4-gluon vertices, which is something that
does not exist in QED.

Indeed, these gluon self-interactions are
responsible for a characteristic feature of
QCD interactions: asymptotic freedom.
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The establishment of QCD

Since quarks come in three colors i = (r, g, b)

so that the wave function can be written as:
C,.Uf (pf“') incoming quark
o — { Ci ufs)( ‘) outgoing quark
| Ci vf (p'“) incoming antiquark
Ci Vf ( ') outgoing antiquark
In above, the Lorentz indexu=(0, 1, 2, 3),
the spin index s = (1, 2) = (up, down) and
the flavor index f = (d, u, s, c, b, t)

#>]: Find the expressions for the 4-component
spinors u and v
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The establishment of QCD

The colour index 1 = (1,2,3) = (r, g, b) Iis taken care of by defining the
following basis vectors in colour space

B

for red, green and blue, respectively. The Hermitian conjugates c' are
just the corresponding row vectors.

o

A colour transition like v/ — ', can now be described as an SU(3)
matrix operation in colour space. For example ©';, = (A — IA2)y,, i.€

)G 2 )0
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The establishment of QCD

The QCD Lagrangian with color, flavor, spinor
and Lorentz indices may be expressed as:

- Tif o m < -\ ff Tif i ya, Jf a
EQCD o Z .l’i)ﬂi(’ f”o:ﬁdﬁ"- o mfoﬂ.fjj)w,ﬁ — Gs Z (LI)G fa;f;?)\fjw’g) AH
f f

’
_Z(F NH(F9),, + extra pieces

Leading to the following Feynman vertices
that may be read up from the Lagrangian
(suppressing the flavor and the spinor indices)
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The establishment of QCD
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The SU(3). matrices
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The establishment of QCD

QCD iIs about the theory of strong interactions
between quarks and gluons

Coupling is to three “color” charges r(ed), b(lue)
and g(reen)

Gluons carry color---anticolor charges and have

self-interactions
q /5 ~—
JE g
— El
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The establishment of QCD

Gluon Colour States
Naively there are 9 states: r?,bg,gg,rE,b?,rg,g?,bg,gb_

In SU(3) these are arranged into a colour octet (allowed for gluons):

G,=1/N2[rb+br] G,=1/N2[rb-br]
G,=1/V2[rg+gr] G.=1/N2[rg-gr]
G.=1/V2[bg+gh] G,=1/V2[bg-gb]
G,=1/V2[rr —bb] G,=1/N6[rr+bb-2gg]

and a colour singlet which is symmetric (forbidden for gluons) :
Go=1N3[T+bB+gzl 2R : Why?
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Typical natures of QCD

Strong Coupling o,

T | ] 3. % K.8 l'1 L T | AR WY Y lr]
, o, = g2 is a steep function
03 | - of energy scale u
. (renormalization scale)
2 Ny | ~1atl
202 | AN - a.~ 1 at low energy
r T
p . e { o~0latu=M,
A oy .J
: 1
P -
1 A LB 2 2 lll | A Lok R B lll
0 . 3
1 10 10
u GeV
Pre-SUSY -72-
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Typical natures of QCD

Description of Running of a,

Reminder — running of a.,, was attributed to screening of
electric charge by fermion-antifermion pairs:

apyla?) = a(?) (1 - afw) z In (|q]2/u?) )~
37

Running of o is attributed to:
1) Screening of colour charge by quark-antiquark pairs
2) Anti-screening of colour charge by gluons

a(q?) = 12 ( (33-2N;) In(|q]2/A2) )7L
Agcp ™ 220 MeV

In(A%) = In(12) - 127 ( (33 -2N;) o (u?) )72

N; = 2-6 is the number of “active” quark flavours (depends on g?)
Anti-screening by gluons dominates
Leads to a decrease of . as a function of g2

Cong Feng Qiao Pre-SUSY -73-



Typical natures of QCD

Cong Feng Qiao

DIS [pol. stret, fctn.] —— Sept. 2013
DIS [Bj-SR —a— - .
DIS }Gjl.s-s]m —'—.L‘ o (Q) v Tdecays (N'LO)
S [ . -
t-decays [LEP] + _ B Lattice QCD (NNLO)
T N, o | s DIS jets (NLO) |
L2 .
jets & shapes [HERA] —gf— 03} 0 Heavy Quarkonia (NLO) .
FiranceQh  —g o ¢'¢ jets & shapes (res. NNLO)
decays — : - .
e+ € [Opadl ... . ® 7 pole fit (N3LO)
ETE [jets & shapes 22 GeV] (et —] t ot
et e [jets & shapes 35 GeV] .a:.c.—. v [J[[J’—}JLIE (NLO)
e e [ Opggl row i
e*e [jets & shapes 44 GeV] —— 0.2
et e [jets & shapes 58 GeV) -:—Q—- B T
pp—->bh X —
pp.pp > 71X ——
aipp > jets) o
T(Z0--> had.) [LEP] A . -
et e [scaling. viol.) .—:—o—. L o ol [} ]
jets & shapes 91.2 GeV [LEP] r—:{r | “ 1 Y-¥
jeis & shapes 133 GeV —— L 7
jets & shapes 161 GeV '—q'—' ) - i |
jets & shapes 172 GeV — , L) = +
jets & shapes 153 Ge '_0_'_'._5{._. QCD G‘c’( Mﬁ) 0.1185 = 0.0006 ]
Jets & shapes 189 GeV —o— . el . P . . .
0.08 010 012 014 1 10 GeV 100 1000
o (M) Q[GeV]
arXiv: 1506.05407
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Typical natures of QCD

Asymptotic freedom of QCD

* Atlarge q?>>A? the strong coupling a. is significantly < 1
— In this limit it is possible to calculate strong amplitudes perturbatively
— Sum over expansion in powers of o : leading order, next-to-leading
order (NLO), next-to-next-to-leading order (NNLO) ...
* lLarge g? corresponds to short distances << 1 fm
— Cannot describe mesons and baryons perturbatively
— Can describe high energy collisions perturbatively
— Heavy quark decays (Lecture 11) are somewhere between these limits
— Fragmentation of partons to form hadronic jets (Lecture 10 ) is another
example of an intermediate case
* Deep inside hadrons the quarks and gluons do behave like free
particles. Hence the validity of the parton model for high
energy proton collisions.
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Typical natures of QCD

Color Confinement

* Atsmall g2~ A? the strong coupling a. is large (and diverging)
— Inthis limit it is not possible to calculate strong amplitudes perturbatively

* Corresponds to distances ¥ 1 fm

— This is the size of mesons and baryons

* Non-perturbative calculations of strong interactions are done
using numerical methods (Lattice QCD)

* The quarks and gluons are no longer free particles inside hadrons
— What is the mechanism that confines them?
— Why are mesons and baryons the only allowed bound states?
— Why are strong interactions between hadrons short range (~1fm)

even though the gluon is massless?

Consider a set of models of confinement ...
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Typical natures of QCD

QCD Potential

Short distance part (1/r term)
from quark-antiquark gluon exchange

Long distance part (k r term)
is modelled on an elastic spring

V, GeV —»

k is known as the string tension

a, = 0.3
k = 1GeVim-'

This model provides a good description
of the bound states of heavy quarks:
charmonium ( c?_)_

bottomonium (b b)
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Applications of QCD

Cong Feng Qiao

Colour Flux-tube Model

QED

Field lines extend
out to infinity with
strength 1/r2

Electromagnetic flux
conserved to infinity

QCD

Field lines are compressed
into region between quark
and antiquark

Colour flux is confined within

a tube. No strong interactions
outside the flux-tube .

Particle Physics Lecture 8 Steve Playfer

Pre-SUSY

Breaking a flux tube
requires the creation
of a quark-antiquark pair

Like breaking a string!
Requires energy to
overcome string tension
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Applications of QCD

Valence Quark Model

* Mesons are quark-antiquark bound states
— Symmetric colour singlet state:
1/V3 [ rr+ bE+gg]
— Colour singlet does not couple to a gluon (no G, gluon state)
* Baryons are three quark bound states
— Antisymmetric colour singlet state:
1/V6 [rgb—rbg+brg—bgr+gbr—grb]
— Also does not couple to gluon because colour singlet
* Gluon exchanges only occur inside mesons and baryons
* Model ignores sea quarks and gluons (they don’t matter at low g?)

* Are there other types of colour singlet bound states?
— Some evidence for glueballs (gg, ggg) as predicted by Lattice QCD
— Hybrid mesons (q q g ), four quark states (qq qq ), Pentaquarks (qaq qq ) ?

5/2/10 Particle Physics Lecture 8 Steve Playfer 16
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Applications of QCD

4 I
O A Brief Review of Glueball Studies

Cong Feng Qiao Pre-SUSY -81 -



|. A Brief Review of Glueball Studies
The QCD Lagrangian:
Locp = —%GzyGa’”V -+ Zq @q(iVMDIJJ — mQ)Q/}q

G%, = 0,A% — 0, A% + g, foP° AD A

There exist gluon self-interactions

~4

Cong Feng Qiao Pre-SUSY
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L. ABrief Review of Glueball Studies

» Color structure
® Quark= fundamental representation 3

® Gluon= Adjoint representation 8

® Observable particles=color singlet 1
®Mesons 33 =18
®Baryons 3X3XR3=1PSXR8P 10

& Glueballs

\ SR R8=1DSD---

~

8R8=1PsPIDL0PI0P 27

/

Cong Feng Qiao Pre-SUSY
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__ L. ABrief Review of Glueball Studies

/
» Glueballs are allowed by QCD

» No definite observation in experiment up to now

o

\

® lack of the knowledge about their production &
decay properties

® mixing with quark states adds difficulty to isolate

/
/The main difficulties in observing glueballs lie in \

k them. /

Cong Feng Qiao
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__ L. ABrief Review of Glueball Studies

» Typical meson-glueball mixing

\ZG eV

It might be ture: No glueball-dominated states below

/

Cong Feng Qiao

Pre-SUSY
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__ L. ABrief Review of Glueball Studies

» Gluon-rich processes (Taking gg as an example)

4 N

¢ m-
The most prominent example
In e*e” colliders. G

m

\_ /

Pre'SUSY -86-
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1A Brief Review of Glueball Studies

» Gluon-rich processes (Taking gg as an example)

-

Very promising examples in hadron colliders.

P p

1}12

-

~

l’?l

p

\_

[)
V.M.Abazov et al.[DO and TOTEM], arXiv:2012.03981

L Y
) M~
Y

1'12

’”l

Cong Feng Qiao
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and Glueball Studies

» Good evidence exists for the lightest scalar \
guleball 0** , which however mixes with nearby
mesons. There are several candidates, e.g. f,(980),
f,(1500), f,(1710), but no definitive conclusions
can be drawn concerning the nature of these
states.

> Evidence for tensor 2** and pseudoscalar 0~ +
glueballs are weak

» The study of the oddballs in experiment is very
limited

To pin down a glueball in experiment is a

challenging task
V. Crede and C.A. Meyer, Prog. Part. Nucl. Phys. 63(2009) 74-116, and refs. therein

Pre'SUSY -88-
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|. A Brief Review of Glueball Studies

KTheoreticauy: \

® Lattice QCD

® Flux tube model

® MIT bag model Constituent Models
® Coulomb gauge model

® QCD Sum Rules (QCDSR)

\ V.Mathieu, N.Kochelev&V.Vento, Int.J.Mod.Phys. E18,1(2009) /

Pre'SUSY -89-
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Morningstar & Peardon, PRD60 (1999) 034509

® Results from Lattice QCD rl = 410 « 20 MoV
J* Other J roma mg (MeV) 12 -

0FF 121 (11)(4) 1730 (50)(80) | - —-—
ott 5.85 (2)(6) 2400 (25)(120 . -
(i 6.33 ET;EG; 2590 54052130; 107 . 2:—+;’;'.‘.'L'.'.'LT.'.'.T.'52 _é:: =-
0r++ 6.50 (44)(7)! 2670 (180)(130) (3 T
17 718 (4)(7) 2940 (30)(140) 81 S

2% 7.55 (3)(8) 3100 (30)(150) o R—
gt 8.66 (4)(9) 3550 (40)(170) Ll D Ty
gi=t 8.88 (11)(9) 3640 (60)(180) =

3tt 6,7,9 8.99 (4)(9) 3690 (40)(180) i | g m—

1= 8,5,7 9.40 (6)(9) 3850 (50)(190)
2=t 4,5,8 9.50 (4)(9)" 3890 (40)(190)

27" 3,5,7,... 9.59 (4)(10) 3930 (40)(190) 2 ¢

377 6,7,9.... 10.06 (21)(10) 4130 (90)(200)

27~ 5.7,11,... 10.10 (7)(10) 4140 (50)(200) 0

0t 4,6,8,... 1157 (12)(12) 4740 (70)(230) W g T

Pre-SUSY
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|. A Brief Review of Glueball Studies

® Results of Lattice QCD

RFC Possible JFC€

Cong Feng Qiao

| > Chen et al., PRD73(2006) 014516

roMga roMqe ——> Morningstar & Peardon,

PRD60 (1999) 034509

AT 0+ 4.16(11)  4.21(11)
| DA o, 5.82(5)  5.85(2)
T b=t 5.83(4)  5.85(2)
AT R 9.00(8)  8.99(4)
T JiE 8.87(8 8.99(4)
AT O 6.25(6)  6.33(7)
i i 1+- 7.27(4)  7.18(3)
E~* gt 7.49(7)  7.55(3)
/S ) I 7.34(11)  7.55(3) (M S\ A
-2 i . o ass(0--) = (5166 £1000) MeV
T 3 8.80(3)  8.66(4) (Unquenched)
A s 8.78(5)  8.66(3)
7 1=~ 9.34(4) 9.5()(4‘)
T ) 9.71(3) ).59(4) \_Gregory, etal., JHEP1210 (2012) 170. /
= ) i 9.83(8) 9.59(4)
An™ s 10.25(4)  10.06(21)
Bt ot 10.32(7)  10.10(7)
AT~ i 11.66(7) 11.57(12)
Pre-SUSY -91-



|. A Brief Review of Glueball Studies

ﬁFlux tube model \

J Mass (GeV)
0T 1.52
G 2.25
ot+ 275
U RS S [ T« 2.79
s 2.84
LTI O gTT 2.84
1t— 3.25
gt 3.35
K Isgur & Parton, PRD31(1985)2M
Pre-SUSY -92-
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|. A Brief Review of Glueball Studies

a 3 ™
® MIT bag model e | o |
tH 2
> — O
)
Q
b4 _ O
A VO \V/
g 1. , 0 7
- Vi
o
e 0+ 0+ S > 1 9+
V =Jaffe &Johnson, PLB60,201(1976).

(O =Carlson et al., PRD27 (1983)1556.
[0 =Chanowitz &Sharpe, NPB222(1983)211.

Pre'SUSY -93-
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|. A Brief Review of Glueball Studies

® Coulomb Gauge model

Model JEC o7t 100 2700 37 577 777

color f d d d d d

S 0 1 2 3 D 3

L 0 0 0 0 2 4
H¢.. (this work) 3900 3950 4150 4150 5050 5900
H,; (this work) 3400 3490 3660 3920 5150 6140

Llances-Estrada, Bicudo &Cotanch, PRL96 (2006) 081601
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|. A Brief Review of Glueball Studies

ﬁQCD Sum Rules

Two-gluon glueballs in QCDSR

Novikov et.al.| Forkel |Bagan et.al.|Huang et.al

O+-I—

0.7-0.9 GeV [1.25 GeV| 1.7 GeV

1.66 GeV

0—+

2.2 GeV -

.

Novikov et al., NPB165 (1980) 67.

Forkel, PRD64 (2001) 034015.

S. Narison, Phys.Lett.B 665 (2008) 205

Bagan&Steele, PLB243 (1990) 43.

~

Huang, Jin&Zhang, PRD59 (1999) 034026.

_/

Cong Feng Qiao
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|. A Brief Review of Glueball Studies

ﬁQCD Sum Rules

Tri-gluon glueballs in QCDSR

~

T (I = 17~ gk
Latorre et. al.| 3.1 GeV = - - -
Liu et. al. |1.45 GeV - 1.87 GeV |2.4 GeV 2.0 GeV
Hao et. al. - 1.9-2.7 GeV - = -

Latorre et al., PLB191 (1987) 437.
Liu, CPL15 (1998) 784.

K G. Hao, CFQ, A.L. Zhang, PLB642 (2006) 53.

_/

Cong Feng Qiao
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IT. Oddballs via QCDSR

-~

O Oddballs via QCDSR

Cong Feng Qiao Pre-SUSY
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IT. Oddballs via QCDSR

5 Oddballs )

Oddballs: glueballs with exotic quantum numbers
JPC =l0=—, 0", 17T, 2+ﬂ,3_Jr and so on
H. Chen, et al, 2103.17201; Alexandr Pimikov, et al, 1611.08691

Trigluon glueballs
V.Mathieu, N.Kochelev&V.Vento, Int.J.Mod.Phys. E18,1(2009)

» C'= —1 —=Trigluon glueballs.
» Exotic quantum numbers =» Do not mix with qq

» 07~ oddball may be the lowest lying one.
Besides, It has the simplest Lorentz structure.

\ /

Cong Feng Qiao Pre-SUSY -98-




IT. Oddballs via QCDSR

» It can be produced In the decay of heavy vector

guarkonium or quarkoniumlike states.

detected, only 7;(1400)
with 1-*in PDG)

Like in football game

channel

/= exotic state (not easy to be ' = unfavorable production )

+

N

\§
/1—_ — Go-—- + 177 1——'G2+_ - 1—+/2—+/3_+\

17~ 'Go—I—— + 1= 1__' G3_+ —+ 21—

\1—_'G1+ + 07~ 1T+ = £1(1285) /xc1(3511) Y

Cong Feng Qiao Pre-SUSY

-99-



I1. Oddballs via QCDSR

/>QCDSR CFQ & Liang Tang, PRL113 (2014) 221601 \

CFQ & Liang Tang, NPB904 (2016) 282

» Field strength tensor
Gy (x) = G§,, (2) + g5 2 A (2) A (2)
» In coordinate gauge
1

An(x) = Sa"G, (0 AL(0) ~0

1
Gl (@) = G, (0) + 95 f 227 G, (0)G5, (0)
Gopw () = 0, A (2) — 0, Al ()

G (0) = G, (0) = G, (7)

\ /
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IT. Oddballs via QCDSR

> Some contractions

Ia Iz d4p _iéai
GO/JJ/(:U) OQB(y) — (27’(’)4 p2

Thvas (p)e—z'p-(rc—y)

F,u,uaﬁ (p) — PuPadvp + PvPBAuea — PuPBYva — PrvPaldup

A J d'p o™ —ip-(z—y)
7 (Qf)GO)B,Y(y) — (271_)4 p% (pﬁg,wy T p’ygﬂﬁ)e
' m d4p _5jm —ip-(x—
G‘(?]ﬁfy(x)A,u, (y) :f(27r)4 2 (PBYGuy — PAGup)e P==y)
1

~

a d4p —i5“i~ i (e
00 () Gopo () = / 21 52 T o por (p) e~ (@=0)

()

o~

F,uz/pcr (p) — ppppguo' =+ pypag,up — p,upcrgyp - pyppgua + p2 (g/_LG'gI/p - gﬂpgl/a)

Cong Feng Qiao Pre-SUSY -101-



IT. Oddballs via QCDSR

» Gluon condensates

5ab<O|GZV(O)G20(O)|O> = D(Dl_ 1) (9pp9ve = Juo9vp)(GG)
501G, (0)G®,(0)[0) = > DQ(; 1_) D (9up9vo = Juo9ve)(GG)

1
TBVpcrch <GGG>

H0IG (0)G, (0G5 010) = 55—y =g T

Tgupcrozﬁ — YupYvaYop — Yup9vpYoa — Yuo9valpps + Juoc9vBYpa
—9pa9vp9op T Juavo9pp T Gusdvp9oa — 9upYveJpa

Cong Feng Qiao Pre-SUSY -102-



> Gluon condensates

Fe fer0]GL (0) G, (0)GG 5 (0)GS5(0)[0)
= A 9up9va95~985 = JupGra9os9sy — Jup9vsGor9as + GupdvB9osJay
~GupGvy 900985 + JupGuvy9osgas + Gup9vsGoadsy — GupIvsJosJar
—Guo Jvadpy 985 + JuoGva9ps9sy + Guo9ua9pr9as — GuoJvB9psdory
+9109vy9pa985 — JuoJvy9pBY9as — Guo9vs9padsy + GuocJvs9pBYday
~9puavp9or96s + JuaGup9os9sy + GpadvoGpy9ss — GuaJvedps9s~y
T9uB9vp9ory9as — GuB9vpdosGay — GupIvo9py9as + GuBGve 9psGory
+GurGvp9oa98s — GuyGvpGop9as — GuyGvo9padps + JuyIvo9psYdas
—~GusGvp9oadpy + GusGvpdosdary + 9usGvepadsy — Jus9voJpsJar }
+B(9pa9vs — 9up9va)(GoyGos — 9psGo~) — (GurGvs — 9us9uy)(Gpaos — 9ps9oa)]
(D +1)((f*Ge, G, )% = ((f*°G,Gh,)?)
(D+2)D(D —1)(D —2)(D —3)
—4((f*°Ge,GY,)%) + (D = 2)((f***GY,Gh,)%)

B = (DiQ)D(D—l)(D—Q)(D—g)

Fobe fede(0]Ge, (0)GY, (0)GS5(0)GL45(0)|0) = b F2%(0|G,, (0)G5, (0)GS 5(0)G25(0)[0)

A:
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IT. Oddballs via QCDSR

> QCDSR

® The two-point correlation function
1) =i [ atocs=(0rdjo (@), o (0) 0,

® The QCD side of the correlation function
2

P (Q?) = apQ'? 1n 2 + by Q% (s G?)

2
+ (co +c1ln %) Q%(g:G?) + dpQ* (s G*)? .

® The phenomenological side of the correlation function

9 LImITPte(s) = F20M225(s — M2-_) + p(s)0(s — s0) -

v

/

Cong Feng Qiao Pre-SUSY
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IT. Oddballs via QCDSR

4 ® The dispersion relation

(Q?) = % /O h dslsmfgg + (H(O) — Q2IT(0)

1 4y 1 611/
+5@U0) - (Q(0))

® The Borel transformation
. (—Q2)™ ( d \"
BT - Q2—>1c}oIT}z—>oo (TL — ].)' dQ2 ,

® The quark-hadron duality approximation

1 oo oo
—/ e_STImHQCD(S)dSQ/ p(s)e *7ds |

\ v

/

Cong Feng Qiao Pre-SUSY
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_IT. Oddballs via QCDSR

/" ® The moments - )
Lo(7,80) = — / e T ImIIP (s)ds
T Jo
1 [0
Li(1,80) = ~— / se*TImII“P (s)ds |
T Jo
® The mass function
; Ll (Tj 80)
M} —
0 (Ta 80) LQ(T, 30)

® Ratios to constrain the windows of
I e~ ImII(&C") (5)ds
J,° e ImIIQCP (s)ds

OPE __
ROPE =

R;C = .
\_ Lo(7, 0) -/

Cong Feng Qiao Pre-SUSY -106-




I1. Oddballs via QCDSR

-~

Jor - (x) =
Jo--(x)
jo-- ()
Jo- ()
where g

» Interpolating currents of 0~ — oddballs

0a05G,, ,(2)][GS,
0,05GL, ()]GS,
0,05GY,, ()]GS,
0a05GY (2)][GS,,

sz = %Eﬁ,vKTG

® Constraints: guantum number, gauge invariance, Lorentz
Invariance and SUC(3) symmetry

~

Cong Feng Qiao
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IT. Oddballs via QCDSR

> Interpolating currents of 0™~ oddballs

I (2) = gid™[glsGe,(2)][0a05GY,(2)][GS,(2)] |
I () = gid™g! 5GC, (2)][0a05CY ,(2)][GS,,(2)]
JE T (z) = g2dg 5 Gl (2)][0a05GY,(2)][GS, (2)]
IV (@) = gid™[gheCe,(2)][0a05CY,(2)][GS,(2)] ;
> Interpolating currents of 1~ oddballs
Tha(z) = g3f8,G0, (2)][Gh,(2)][G50(2)]
Jho() = g2f¢0,[Ge, (@)][GY, ()]GS (2)] ,
Joo (@) = g2fe0,[Ge, ()]G, ()]G ()] ,
Thal@) = g2 f8,]G% ()Gh (2)IGS 0 ()]

Cong Feng Qiao Pre-SUSY -108-



IT. Oddballs via QCDSR

> Interpolating currents of 27~ oddballs

» The two-point correlation function

'.].P(j7 k

07505 s, ()=iftteee=oir |

Cong Feng Qiao
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IT. Oddballs via QCDSR
[ )

» Typical Feynman diagrams of trigluon glueballs

\ ’ . /




IT. Oddballs via QCDSR

» The QCD side of the correlation function

a2 2
W58 = anla?)" o5+ (b b =0 ) ()" 2(0,62)
2

+ (Co +c1ln ;—%) (*)"3(gsG>)
+ do(q®)" s G*)?
where n represents the corresponding power of g2 for each oddballs.

» The phenomenological side of the correlation function

1 o n
“ImlIRE(s) = (fee)*(Myre)™6 (s — (Mfre)?)

+  plhrc(s)0(s — so) .
» The dispersion relation

1 [°°  ImlII* s
Wre(e?) = — [ ds SJP;;()+(H’3m(o>+q2nﬁéom>
0 _

1 1
b0 + ST 0).

Cong Feng Qiao Pre-SUSY -111-



IT. Oddballs via QCDSR

> The main function
1 /00 ImIT5:. 3P (s)
T Jo s — ¢
_ (fﬁpc)Q(ijpc)Q” n /OOP’}PC(S)Q(S - 30)
(M§PC)2 — q? S0 s — q*
> The Borel transformation
~ _ ) (qZ)n _i n
BT - qz%lglr,ln%oo (n — 1)' dq2 ’

—q“ _ 1
n T

ds

ds .

» The quark-hadron duality approximation

T

1 @ oo
—/ e_STImHE;DC?CD(s)ds :/ phpo(s)e™ds |
So S0
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IT. Oddballs via QCDSR

> The moments

50
L?PC,O(T, sp) = / e_STImHIE;gCD(S)dS,
0
S0

1
.
1

L]}ch(’r,so) = w/ se_STImHIJ{;:gCD(S)dS,
0

> The mass function

Rk, PC L?PC 0(7—7 50)
! LEPC O(Ta o)
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I1. Oddballs via QCDSR

» Ratio to constrain t and s, by convergence of the OPE

I e_S’rhnl_lﬁia((j%G2> (s)ds

RE: G*
! fOSO B_STIIHH?{D(?CD(S)dS ’
3
Pk GY I e_STImHI;DégSG >(S)ds
/ fOSO e—STImHIJ{;)gCD(S)dS

» Input parameters

(s G?) = 0.06 GeV* | (g,G>) = (0.27 GeV?){a,G?) |

— 47

A= =300MeV | o, = :
MS 111In(rAZ)
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IT. Oddballs via QCDSR

/>Wilson coefficients of 0=~ in the QCD-side )
. 487 bm 205
T 5 pt — 2 A _ _ 277 3
YT T3 2 x 33 7 0T T3 e 0 T T e
75 5 g 2066 5 5 1075
c; = 1447r048 , Cg = 13 T, ,C] = 06 o,
2275 4 o 2125 4 5 1045
Cy = =5 Wozs,cl—1447roz8,co— 1447Toas,
2
c? = —3—27‘(’05 dJ 0, d(‘? = —§7T30z3 :
where, I=A, B, C, D; j=A, B, C; with A, B, C and D corresponding
to the above four currents.
There are symmetries within Wilson coefficients af,, b}, and dj The
position and number of & do not influence the perturbatlve and (oasG2)
contributions, whereas they influence (g;G?>) term. Since {(a;G?)?

\ involves no loop contribution, dﬂ are governed by the number of G . /




»Wilson coefficients of o+— In the QCD-side

JA_ 487 o
077143 % 26 x 33 7
325
Cgl:— ﬁwag s
B 487 o’
077143 x 26 x 33 7
7445
c§=:111~na§,
el 487 o
07143 % 26 x 33 7«
1955
032—72 Wag’ ,
D 487 o’
9 TT43 % 26 x 33 x
235
Céj:ﬁﬂ'ag ’

where we notice that except for cé‘ and c{‘, ag, bX . bk and dg are equal
for case 4 to D. This situation is similarto the 0~ oddballs.
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»Wilson coefficients of 1-+ in the QCD-side

a64=101m%§ : bé——%waﬁ : bA=11—27ra2 ,
cézg—éwag’ : c‘f‘z%wag’ : dé—%ﬂ Qs ;
ag= ! oa_g’ : bOB:§7TO{§ : bB—im)zz :
10087 72 12
cg;:%Wofz’ : c‘f—%ﬁag : d(’?:lwgas ;
agzl—;%g : bocz—%woas , b?z%ﬁas ,
cg:Z—zﬂag’ , cf:%'ﬁag’ , d§=3may ;
3
a(’?:ﬁ% : b(‘?:%ﬁag : b?_%ﬂ'Odg :
c(‘?:—gwai . cP= —6i47r053 dD—%Ti'SOéS :

where the ratios of af to b¥ are equal for case 4 to D. This implies that the
mass curves of case 4 to D will be very similar, since 1f we neglect the
(g<G?>) term which is much smaller than the (a G* ) term in mass Eq., the

mass of the oddball only depends on the ratlo of af to b¥.
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»Wilson coefficients of 2t~ in the QCD-side

aﬁz—;—l%g , bA:?mﬁ : bf:—%owag ,
cé‘z%wai’ , cf:—t—owai’ , d54:29—07rgoas ;
aOB:—B—;l%g : b(‘?zg%wag : b?—;—gwag :
o :%myi . —%chi : d{le—goﬂgas ;
§= e =2 =102,
cgz—%ﬂag : cf:%wafg’ : dgzlg—owsafs ;
e T = )
cg:;l—é;myg’ : c?zg—gmx‘:’ : d(l))—lg—Oﬂ'SOds ,

where af, b¥, and c¥ are equal for case B to D. This implies that the mass curves of
case B to D will be exactly equal, because they are determined by the Wilson

coefficients ak, b¥, and c¥.
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M N R S S Y SRR T A T TR LS
\j sg =4.90 GeV (a) .

v sp =4.70 GeV ek T

\j sp =4.50 GeV_

0  -CurrentA

0.40 0.45

7(GeV™?)
[~ 7~ Wy sp =4.90 GeV
F—— 1[5, =470Gev (b

0 -CurrentA
Oi3I 0f4 | OTS 0?6
7(GeV~?)

M, (GeV)

Pre-S

V50 =5.30 GeV o
V5o =5.10 GeV ¥

1 1 1 I 1 1

sp =5.50 GeV (a)

0 -CurrentB

0.25 0.30 0.35

0.20
7(GeV™?)
5.0¢
— T Ty s =5.50 GeV
8 e[, =5.30 Gev
Al s Vo =5.10 GeV
44F
42F
40F
38F
0.1 oiz T 03 04
7(GeV™?)




RCOPE & RCPC

08}

V sp =4.90 GeV
\l sg =4.70 GeV

sg =4.50 GeV

02r 0 -CurrentC 1
ool 1.
025 0.30 0.35 0.40 0.45 0.50
7(GeV™?)
50¢r T [
T 50 =490 GeV !
45 [, =470 Gev  (b) |
"""" \/?:4.50Ge\" : :
40 | I
— — |
| |
35 T . I
|
| |
30 | N
|
L -
0 -CurrentC
02 03 04 05 0.6
7(GeV~?)

Pre-S

RDOPE & RDPC

MP,—(GeV)

o \/ s =490 GeV  (Q)
1.0 f—o \/_:L =4.70 GeV .
(-~ \l sg =4.50 GeV i
o8t ]
0.6 i
04— .
sle 0 -CurrentD
00 -!—ﬁ T 1 T I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.25 0.30 035 0.40 0.45 0.50
7(GeV™?)
50 ,
[~~~ A sg =4.90 GeV :
45 p=—rl's, =4.70Gev (D)
|
i [Lpnnisaas V sp =4.50 GeV I
vr |
35F
30F g
25F I S
| -Current D
2.0 L L L “ X . X
0.1 0.2 03 0.4 05 0.6
T(GeV’Z)
H A=




[— = — 5, =5.80 GeV
% et v 50 =5.60 GeV
I e
R
o
&)
=
<¢
83

(@)

MA0+- (GeV)

|
BN
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MC2+_ (GEV)

Con

707

=790 GeV ()

i =7.70 GeV
6.5F.... =7.50 GeV
6.05— o ,—(:(5;)_
5.5 '
5.0 _

; 2t~ -Current C
10 0.65 0'.1 o.'15

7(GeV~?)

(GeV)

&

D

70[

50F

=790 GeV ()
=7.70 GeV

2T~ -CurrentD

0.05

0.1

7(GeV~?)
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» Comparison with other methods, in unit of GeV.

JPC | Flux tube model Lattice QCD Holography QCD | Our results (QCDSR)
07 2.79 [1] 5.166 2 2.8 [6], 3.817 [T 3.81, 4.33

0t 2.79 [1] 5.45 (2], 4.74 3], 478 [4] X 4.57

[T X 1.68 [5 X X

Al X 4,14 3], 4.23 [4] 2.786 [T 6.06
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ITI. Hunting for Oddballs
4 )

O Hunting for Trigluon glueballs
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__ITT. Hunting for Oddballs

» Proposed production channels of 0™~ oddball
G(3810)

X(3872) — v+ Go—-(3810),  Y(1S) — f1(1285) + Go--(3810),
T(15) = Xe, + Go--(3810), Xb, = J/ + Go--(3810),
Xo, — w+ Go--(3810).

» Proposed decay channels of 0™~ oddball
Go-—(3810) — v + f1(1285),
Gy (3810) — w + f1(1285).
Go--(3810) = 7 + Xes
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I11. Hunting for Oddballs

> Proposed production channels of 07~ and2*~ oddballs

J S-wave P-wave

T(18) — {f1(1285), Xels X(3872)} + Go+- (4570)
0t | hy— {f1(1285), Xels X(3872)} + Go+ - (4570) Xbs — {'} w, ¢, J/1, w(QS)} + G- (4570)

hy — {n, n, n(,} + Go+-(4570)

T(1S) — 12(1645) + Go+- (6060)
o+— XoL 2 — {;11(1170), hc} + Gar— (6060) T(1S) — f1(1285) 4+ Gos— (6060)

hy — {f1(1285), f2(1270), xe1,2, } + G+~ (6060)

» Proposed decay channels of 07~ and 27~ oddballs

JPC S-wave P-wave
Go+-(4570) — {’y, w, ¢, J/¢¥ ¢ + fo(980)
0+— Go+-(4570) — h1(1170) + f1(1285) Go+-(4570) — hy(1170) + 1,7/, 170}

GO** — hc + {"7:77’}

2+ =G5 (6060) = {h1(117()), hc} + f1(1285) 1 G3+=(6060) = {fy, w, ¢, S/, w(ZS)} + f1(1285)
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IT1. Hunting for Oddballs

» BESIII Collaboration, by ...

> Belle Collaboration, by C.P. Shen, ...

> Fermilab, Mike Albrow
» LHCDb Collaboration, Paolo Gandini.

» phys.org, “Long-searched-for glueball could soon
be detected”, by Lisa Zyga.

\ /
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Concluding remarks
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Enjoy your stay at the pre-SUSY
summer school!
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