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• We remove the chiral condensate from the valence quarks by hand and ask, what happens 
to the hadron spectrum  

• Originally we wanted to study the relation between confinement and chiral symmetry 
breaking             Does confinement persist the unbreaking of chiral symmetry?  

• What we observe seems to be a new symmetry of confinement 

SU(4)

SU(4)

PRINCIPAL IDEA:

J = 2

�!



2. New Results on Baryons and              Symmetry                                                                                                                           

+ Implications of the Symmetry                                                                                                                                            

3. Conclusions and Outlook                   

1. Explanation of              Symmetry via the Example of Spin-2 Mesons                                                                                                                                                                                                               SU(4)
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We remove the quasi-zero modes from the inverse Dirac operator via the prescription:                    

Banks-Casher: chiral condensate is connected with density of quasi-zero modes                                    

Only a very small number of eigenvalues removed (10 to 30 out of millions)                      

Quasi-zero mode removal
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Sk(x, y) = Sfull(x, y)�
kX

i=1

1

�i
vi(x)v

†
i (y)

            M. Denissenya, L. Glozman, C. B. Lang, M. Pak, M. Schröck 

Our working tool is lattice QCD                     

To calculate meson masses, we evaluate correlators:                   

In these expectation values the inverse Dirac operator occurs                    
O⇡+(x) = d(x)�5u(x) hO⇡+(t)O⇡+(0)i

We decouple the condensate from the valence quarks                      



Jacobi smeared and derivative based quark propagators with different smearing widths              

Spectroscopy via the variational method             

Pion mass                 M⇡ = 289(2)MeV

Topological sector fixed to              QT = 0

        gauge configurations              83

Cij(t) = hOi(t)Oj(0)i
C(t)~v = �n(t)C(n0)~v

Lattice Setup  and Meson Spectroscopy 

a = 0.118 fm
163 ⇥ 32Two-flavor dynamical Overlap configurations from JLQCD on                   lattice                                   

with                            
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S. Aoki et. al (2008)

�n(t) ⇠ e�mnt

 Now we evaluate masses of the                iso-vector mesons                          after quasi-zero 

mode removal            

J = 2 ⇡2, a2, ⇢2
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Do hadrons survive the quasi-zero mode removal?
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States exist              confinement is intact             masses can be extracted                �! �!
Masses are too large to come from a system of free or weakly interacting quarks                



a2  ! ⇢2

• No degeneracy between                                     
these two multiplets

Predictions from                                                               :                  SU(2)L ⇥ SU(2)R ⇥ U(1)A
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Classification of states in the                  irreps of                  (IL, IR) SU(2)L ⇥ SU(2)R ⇥ Ci

Chiral symmetry predictions for spin-2 mesons
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• Not all iso-vectors are 
mass degenerate

⇡2  ! f 0
2  ! a02  ! ⌘2



Before chiral symmetry restoration:              

Eigenvalues of the correlation matrix
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After chiral symmetry restoration:              
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All iso-vector states become mass degenerate

Higher symmetry than chiral symmetry is observed                   

meson spectrum after quasi-zero mode removal

M Denissenya, L. Glozman, M.Pak; 
Phys. Rev. D91 (2015) 3, 034505
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Which symmetry is it?            We find, that               can explain this degeneracy    SU(4)�!



Degeneracy of ground state spin-2 mesons with excited spin-1 mesons after quasi-zero 
mode removal?                

No evidence for an even higher degeneracy, but for a precise statement repeat calcuation 
on larger volumes               

Higher symmetry?
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SU(4)

SU(4)

Predictions from               :                   
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SU(4)

• All iso-vectors are mass degenerate

• No constraints on mass of !2(0, 2
��)

a02(1, 2
++)

f 0
2(0, 2

++)

symmetry for spin-2 mesonsSU(4)

f2  ! ⇡2  ! f 0
2  ! a02  ! ⌘2  ! a2  ! ⇢2



The fundamental vector is                        with     =
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Not only quarks of fixed chirality mix, but also the left- and right-handed components 

All states of given     except one isoscalar state  become mass degenerate via                 J SU(4)

- symmetry                   SU(4)

Not a symmetry of the QCD Lagrangian; emerges after quasi zero-mode removal                      
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L. Glozman, M. Pak; Phys. Rev. D92 
(2015) 1, 016001

L. Glozman; Eur. Phys. J. A51 (2015) 3, 
034505

SU(4) � SU(2)CS ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)ASubgroups:               

Is the symmetry of hadrons after quasi-zero mode removal             
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What does the symmetry mean?

We look at the QCD Hamiltonian in Coulomb gauge            

There are two interactions of quarks with gluons:            

Interaction with color-electric field (via color-Coulomb interaction)           

Interaction with spatial gluons            

Confinement: two static quarks mediated by color-Coulomb interaction give a linear rising 
potential                   

Here we consider dynamical quarks                      

The interaction with the spatial gluons is forbidden due to                  SU(4)

After removing the quasi-zero modes, we have a situation where quarks interact with the 
color-electric field only             dynamical string                       �!
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HC =
g2

2

Z
d3xd3yJ�1 ⇢a(x)F ab(x,y) J ⇢b(y)

Implications (QCD in Coulomb Gauge)

Coulomb interaction: (comes from the color-electric field; is the confining part)           

HT = �g

Z
d3x †(x)↵ ·A(x) (x)

Coupling to transverse gluons:            

• This part is               symmetric          

• This part is not              symmetric        

The only interaction left in the system is via the color-Coulomb potential

Color-Coulomb potential         SU(4)

SU(4)
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Symmetry of Confinement

After removing the quasi-zero modes              becomes the symmetry of 
confinement                 

The hadrons can be viewed to be primaly               energy levels, before the 
dynamics of the quasi-zero modes are switched on               

It could be used to construct a new order parameter for the confinement-
deconfinement transition                 

L.Glozman; hep-ph/1508.02885

SU(4)

SU(4)

It could be important for highly excited hadrons, where it is conjectured, that 
states are less affected by the chiral condensate                  
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Chiral symmetry predictions for baryons

N (i)
± = "abcP±�

(i)
1 ua

⇣
uT
b �

(i)
2 dc � dTb �

(i)
2 uc

⌘
Nucleon and Delta Interpolators are of the form:            

�(i)
± = "abcP±�

(i)
1 ua

⇣
uT
b �

(i)
2 uc

⌘

2

Here we analyse standard nucleon and delta interpol-
ators that are constructed as

N

(i)
± = "abcP±�(i)

1 ua

⇣
u

T
b �(i)

2 dc � d

T
b �(i)

2 uc

⌘
, (1)

�(i)
± = "abcP±�(i)

1 ua

⇣
u

T
b �(i)

2 uc

⌘
, (2)

with the parity projector P± = 1
2 (1 ± �0). The terms

in the brackets we refer to as diquarks. For the spin- 3
2

interpolators the Rarita-Schwinger projection is used.
For spin- 1

2 nucleons three di↵erent Dirac structures
�

i = (�i
1, �

i
2) are employed, see Table II. These three

interpolators have distinct chiral transformation proper-
ties [8]. All these fields are not connected to each other
through the SU(2)L ⇥ SU(2)R transformations.

For the spin- 1
2 �, the spin- 3

2 nucleon and the spin- 3
2 �

only one type of interpolator for each baryon is analysed
and taken into account, see Table II.

I, J

P �
(i)
1 �

(i)
2 r

N( 12 ,
1
2

±
)

1 C�5 ( 12 , 0) + (0, 1
2 )

�5 C ( 12 , 0) + (0, 1
2 )

i1 C�5�0 (1, 1
2 ) + ( 12 , 1)

�( 32 ,
1
2

±
) i�i�5 C�i (1, 1

2 ) + ( 12 , 1)

N( 12 ,
3
2

±
) i�5 C�i�5 (1, 1

2 ) + ( 12 , 1)

�( 32 ,
3
2

±
) i1 C�i (1, 1

2 ) + ( 12 , 1)

Table II: List of Dirac structures for the N and �
baryon fields and respective chiral representations r.

Consider the following interpolator

ON± = "

abcP±u

a
⇥
u

bT
C�5d

c � d

bT
C�5u

c
⇤

, (3)

which generates a spin- 1
2 nucleon of positive and negat-

ive parity. Here C denotes the charge conjugation matrix.
The scalar (0+) diquark interpolator u

T
C�5d has the fol-

lowing chiral content u

T
LdL+u

T
RdR. It is invariant with re-

spect to the axial part of the SU(2)L⇥SU(2)R transform-
ations (in the following we abbreviate these transforma-
tions as SU(2)A), i.e. it belongs to a singlet r = (0, 0)
representation. Therefore, via SU(2)A the interpolator
(3) mixes only with

ON⌥ = "

abcP±�5u
a
⇥
u

bT
C�5d

c � d

bT
C�5u

c
⇤

, (4)

ON⌥ = "

abcP±�5d
a
⇥
u

bT
C�5d

c � d

bT
C�5u

c
⇤

, (5)

which create nucleons with opposite parity. The inter-
polator (3) falls into the (1/2, 0)� (0, 1/2) representation
and combines nucleons of positive and negative parity.

Under U(1)A the diquark u

T
C�5d mixes with the

diquark u

T
Cd. Therefore, the interpolator (3) gets mixed

with the interpolator from the second line of Table II.
The SU(2)A, U(1)A and SU(2)CS connections of di↵er-
ent J = 0 diquarks are illustrated in Fig. 1.
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Figure 1: In the left column the left/right-components

of the J = 0 diquarks are given. The interpolators for

the 0+
and 0�

diquarks are given in the second and

third column. The color indices are suppressed, but can

be read o↵ from the general formula in eqs. (1) and (2).

The SU(2)A and U(1)A transformations are denoted by

red and blue lines, respectively. The SU(2)CS

transformation is given by a green line. It combines

interpolators with di↵erent left/right-components. The

interpolator with Dirac structure C�0 is invariant with

respect to SU(2)CS . SU(4) connects all di↵erent

diquarks in this figure.

Now we look at the following interpolator

ON± = i"

abcP±u

a
⇥
u

bT
C�5�0d

c � d

bT
C�5�0u

c
⇤

, (6)

which also generates a spin- 1
2 nucleon of both parities.

The only di↵erence to the field (3) is that the diquark
has an additional �0 structure. The diquark u

T
C�5�0d

is a scalar (0+), but has a di↵erent chiral content, namely
u

T
LdR +d

T
LuR. It belongs to a (1/2, 1/2) chiral represent-

ation. Via SU(2)A it mixes with diquarks

u

T
C�0d , u

T
C�0u , d

T
C�0d , (7)

that form the I = 1 triplet. With the latter diquarks
one can construct an interpolator for deltas with spin
J = 1/2, that is distinct from the one in Table II.

Therefore, the interpolator (6) belongs to the (1, 1/2)�
(1/2, 1) representation of the parity-chiral group.

Under U(1)A the diquarks u

T
C�5�0d, u

T
C�0d,

u

T
C�0u, d

T
C�0d are selfdual.

In the J = 3/2 interpolators that we use (two last lines
in Table II) the J = 1 diquarks are connected to each

other via the SU(2)A transformations and both N( 1
2 ,

3
2

±
)

and �( 3
2 ,

3
2

±
) interpolators form a (1,

1
2 )+( 1

2 , 1) - 12-plet
of the parity-chiral group.

Now comes the crucial step. From now on we ad-
dress the chiralspin SU(2)CS and SU(4) transforma-
tion properties of the fields above. For definitions of
these groups and respective transformations we refer to
[4]. The interpolators (3) and (6) cannot be connec-
ted via SU(2)A or U(1)A transformations. However,

UA(1)

SUA(2)

SU(4)
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Does this symmetry apply for baryons as well?

We now take the two                 nucleon correlators, which are not related via chiral 

symmetry            

J =
1

2

ON± = "abcP±u
a
⇥
ubTC�5d

c � dbTC�5u
c
⇤

ON± = "abcP±u
a
⇥
ubTC�5�0d

c � dbTC�5�0u
c
⇤

However, they are in the same irreducible rep of             SU(4)

If their correlators coincide, then                is a symmetry of baryons as well            SU(4)

We also take a                 delta correlator into account            

J =
1

2

O�± = "abcP±�iu
a
⇥
ubTC�iu

c
⇤
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                CorrelatorsJ = 2
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Before chiral symmetry restoration:              
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                CorrelatorsJ = 2
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After chiral symmetry restoration:              

All correlators are degenerate!                is a symmetry of baryons after quasi-zero mode 
removal                            

SU(4)
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                CorrelatorsJ = 2

Before chiral symmetry restoration:              
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                CorrelatorsJ = 2

After chiral symmetry restoration:              
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Baryon mass evolution
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Nucleon and Delta states from different                multiplets are degenerate - higher 
degeneracy? Currently under investigation!               

SU(4)



Spin-2 mesons show emergent              degeneracy pattern after quasi-zero mode removal            

We expect, that this is general and               applies for all                mesons          

Only interaction left in the system after quasi-zero mode removal is color-Coulomb 
interaction      

Summary and Conclusions
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SU(4)

J � 1SU(4)

MESON SECTOR:

BARYON SECTOR:

With              baryons we see the symmetry; for             baryons more interpolators have to be 
included (under construction)           

It is speculated that an even higher symmetry is seen, because interpolators from two       
different irreducible reps are mass degenerate    

THEORETICAL OBSERVATIONS:

J =
1

2
J =

3

2


