Roper Resonance and 1+ Meson

2 Roper resonance: lattice calculations and its nature
1 Is 1" meson a hybrid?
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Many Facets of Roper Resonance

1 Roper resonance (P, In zN scattering, with | = %%,

M = 1440 MeV, I ~ 300 MeV) was discovered In
pion-nucleon partial wave analysis in 1963.

1 7N and yN has large contamination from A.
1 Confirmation from (a, a’)
scattering and
Jw — NNz decay.

(review by L. Alvarez-Ruso)
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Many Facets of Roper Resonance

Theory:

1 Quark potential model prediction is 100-200 MeV too high
(Liu and Wong, 1983, Capstick and Isgur, 1986)
1 Skyrmion can accommodate it as a radial excitation
(J. Breit and C. Nappi, 1984 , Liu, Zhang, Black, 1984;
U. Kaulfuss and U. Meissner, 1985)
1 Suggestion as a pentaquark (Krewald 2000);
as a member of the antidecuplet
(Jaffe, Wilczek, 2003)
1 Perhaps a hybrid ¢ [afa
(Barnes, Close, etc. 1983) . s [udllsuls
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Quenched Lattice Calculations of Roper
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Roper on the lattice

1 4 1ssues about lattice calculations:
* Radial excitation or pentaquark state?
* Dynamical fermions
* Variation vs Bayesian fitting
* Chiral dynamics



Roer
Radial excitation? g4g State?

® Roper is seen on the lattice with three-quark interpolation field.
® Weight:

| <O|O\R>? > | <O|Oy|N>]> >0 (point source, point sink)

 Yw(x)
> O\(X) Sw(y)
>w(2)

Point sink Wall source

<0]O\(0)IN> <N| Zw(x) Xw(y) 2w(@)0> >0
However, <O]Oy(0)[R> <R| Xw(x) Zw(y) | Zw(@)0> <0




Bethe-Salpeter Wavefunction
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Nucleon and Roper wavefunctions for m; = 633 MeV

Ory = 0.30

Nucleon —&—
Roper —&—

m, = 633 MeV

NSTR, 2009, page 8



Roper and Nucleon Wavefunctions at m, = 438 MeV

Ory = 0.59

Mucleon —a—
Roper —a—

m, = 438 MeV

NSTR, 2009, page 9



Dynamical Fermions

& HSC ( 2010}
& CSSM ( clover)




Dynamical Fermions
(Overlap on DWF Configurations)

Improvement of nucleon correlator with low-mode substitution

Profon Comelafion Funcfion

Port —i—

Z3-grid + LAE —i—
Z3~grid + LME + Emear + Folding
Z3~rid + LME + Varation

Effective mass

liikﬁsbfffp

Point source: ~ m, =1.13(14) GeV;

Z, grid source: m, =1.08(5) GeV;

24° % 64 lattice with m_ =331 MeV, a=1.73 GeV ™ Z, grid smeared source: m, =1.14(2) GeV;
47 configurations Variation: ~ m,, =1.16(1) GeV

NSTR, 2009, page 11



Roper resonance from Coulomb wall source

a'=1.73GeV, m;a=0.005

Nucleon (coulomb) —e—

Roper(coulomb) —e—

Rho(coulomb) —e—
exp. X

)

ABC AKQOD (DWF)
= y0 {overap)
W Physical

0O 01 02 03 04 05 06 07 0O.B
My (GeV®)

m, = m, +¢,m> +c,m’>(mixed)+c,m* In(m? / z/*) +...

24° x 64 lattice with m_ =331 MeV/(sea), a=1.73 GeV

NSTR, 2009, page 12



a'=1.73GeV, m;a=0.005

Nucleon (coulomb) —e—
Roper(coulomb) —e—
Nucleon (JLab)

Roper (JLab)
Nucleon (SEB) —e—
Roper (SEB) —e—

*

NSTR, 2009, page 13



Roper and Nucleon Wavefunctions at m, = 438 MeV

Ory = 0.59

Mucleon —a—
Roper —a—

m, = 438 MeV

NSTR, 2009, page 14



Variation with 2 operators

(10 — operator 1, no smearing, 23 — operator 2, 3 smearing)
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Variation with wall and point sources?



Phys. Rep. 268, 263 (1996)
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Hyperfine Interaction of Quarks in Baryons

° -spin ° -spin
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®* One-gluon exchange * Goldstone boson exchange

page 16



Evidence of i’'N GHOST State in S;, (1535) Channel

W=>0

W<0

Lattice2005, page 17
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Dynamical Fermions




Roper State
N1/2™ State

Summary of Results Fuline P

Quenched Vs Dynamical N%_ (1535) (Sommer scale)

S—wave N+m (quen.) ®N— (dyn.)

o g.s (quen.)

£ N— (quen.)

Derek Leinweber Excited States of the Nucleon in 2+1 flavour QCD

NSTR, 2009, page 20



N* spectrum in LQCD & dynamical coupling

Lattice N* states (m_=396MeV) Dynamics of P, -states:

The bare state at ~1750 MeV through coupling
to inelastic channels generates 2 poles below

_— ‘ - ‘ ‘ ‘ 1400 MeV. They are identified with the “Roper”
O = = — - resonance.
sS_—p= =
< — g Fu(1440) Dynamics of the Roper-like states
; pion
o o & S D o o g
& coupling D13(17('30) identified with the “Roper” resonance.
— D15(1520) e o S~ N
1 el 100
+ parity - parity 511(165,0) % - JMETU;/’/ y 0 | I<I
$,,(1535) A o ame '

LQCD finds states as predicted in SU(6)x0(3)
N. Suzuki et al. (JLab/EBAC),

R. Edwards, J. Dudek, D. Richards, Phys.Rev.Lett.104:042302,2010
S. Wallace, PRD84, 074508 (2011)

8/15/2012 V. Burkert, KITPC 2012, Beijing, China 21



Nature of Roper Resonance
--- current understanding

* Roper is the radial excitation of nucleon with
large couplings to Nn and Nn. The real part of
the Nn and Nt loops pushes down the pole of
radial excitation and the imaginary part gives
the width of Roper, much the same way the Nn
coupling changes the A mass and gives rise of
its width.

* Tssues with lattice calculations:

— Variation vs Bayesian fitting: the size of the
operators.

— Chiral dynamics of the fermion action.

NSTR, 2009, page 22



Is 1-* Meson a Hybrid?

Y. Yang, Y. Chen, KFL, arXiv:1202.2205

s Glueballs

<« Hybrids (qQQ)
< Tetraquark mesonlums (qqqq) ;
pentaquark baryons (9*T)

How to identify glueballs and hybrids in
experiments and lattice calculations and
distinguish them from ordinary qQ mesons?
==)> eXxotic qguantum numbers, e.g.

JPC _ O+— ,1—+, 2—+
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Meson Interpolation Fields

Im3 yrvy

im4 YIDY, GG

Im5 YI'¥YG, YI'DDY, GDG

IM 6 YI'YYI'¥Y, GGG, GDDG, etc

Dim 3 operators ww do not generate

exotic mesons with J°“=1" 0 0", 2" but
they can be produced with dim5 w1 wG ops.
==) they are hybrids.



Experiments and Lattice Results

1 Exptson 1
> 11,(1400), M= 1376+17 MeV, '=300+40 MeV
> 11,(1600), M=1653+17 MeV, =225+38 MeV (?)

1 Lattice calculations (Quenched):
> UKQCD (1997): 2.0(2) GeV
> MILC (1997): 2.0(1) GeV, 2.1(1) GeV
» Lacock and Schilling (1998): 1.9(2) GeV
> MILC (2003): ~ 1.6 GeV
» Adelaide (2004): ~ 2.4 GeV, ~1.6 GeV
> HSC (2010)
> J. Dudek (2011)



j _ E+§’ P — (_)L+1’ C _ (_)L+S
are non-relativistic definitions!

a For example: Pauli Spinor Dirac Spinor
| =1,S=1J=0 oAy Yv
| =1,S5=1J=1 o x Ay ¥y
| =1,8=1J=2 o @Ay ¥y ® DY
1 =1,$S=0,J =1 Ay Yo,V

1 Lower component of Dirac spinor has a different
parity from the upper one. 1

\Pfree ec &I_j X elp.x

\E+m/




1-* Meson

1 EXotic
> j’:E_I_é', P:(_ L+1’ C_(_)L+S
> P L = even
> J S=1
> C=- B
> Cannot be 99 meson

Yet dim 4 ?hﬁiql IS (B.A. LI, 1975)
P: ¥Y(X) > x,¥Y(—X)

YC: ¥ > ~VY

» Exotic g 2

> Note: there is no dim 3 op. for 2**

— Ll
It is produced with 'V, D, 'V,



Content and Interpolation Field

® One cannot always judge the content of a
hadronic state by Iits interpolation field. For
example

— the lowest state from P\ is 7z and 7z, nota, and f,.
— the lowest P-wave state from y,, Is aNnot S, ..

®* The lowest pseudoscalars from
GG is 77 and 7' not glueball.
<0|GG|np><0|GG|n> =2 <0|GG|G >
—will need <0|%y.¥|7><0|Fy.¥|n> >> <0|¥y.¥|G>
to help decide which one Is a glueball.
(Cheng, Li and Liu, PRD 79, 014024 (2009))

Taida, 2006, page 28



Criteria for a meson to be a hybrid:

Compare the matrix elements of both the dim 4 and dim 5
operators of 1-* against other ordinary mesons,
particularly the 2**

® D|m4me <O|\T174|5i\11|1—+> << <O|o4|O—+’1——’O++’1+i’2++>

® Dim5 m.e. <0|¥¢,y,BY[1"> > <0]0,|07,17,07,1%,2" >



Dim 3, 4 (D-type) and dim 5 (B-type) operators

Table 1: Interpolation operators ¥I't (dimension 3, I'-type), ¥ " x D (dimension 4, D-type), and
" x B (dimension 5, B-type). X; = l—..:_!'_li',l__--"T_Ii',l_.- and repeated indices are summed over.




Non-relativistic Reduction
= why no such operators in quark model

Table 2: Non-relativistic form for the three kinds of operators (I', ) and B) as shown in Table 1.
Here we list the operators @ in the interpc 1 vtion field yT@¢. Repeated indices are summed over.

IJ
1—-r IJIJ _|_JFJ

.:_,J}_!_hnwf'f

Note: D + D isthe qQ center of mass momentum
which is not a dynamical d.o.f. in the constituent
quark model.



Charmoniums

Anisotropic 123 x 96 lattice with Wilson action, § = 2.8, { =5, a;=0.138 fm.

Table 3: Masses of charmonium states from I'- and B-type sources and point sinks.

Fw —T'p
P i

fj.'u, — ]-p

Bw — B,

By — Dy

PDG

3000+ 3
3006 + 3
3458 £+ 30
3497 £ 21
3489 £ 30

3000 £+ 3
3005+ 3
3485 £ 18
3491 £ 10
3475 £ 21

2009 + 3
3003+ 3
J485 + 21
3492 + 28
486 £ 12
3520 + 40

4205 + 84

J000 + 3
3094+ 3
3476 £ 18
3492 4 28
3494+ 6

3501 £ 13
4234 + 42

20803 +£1.2
3006.916 + 0.011
3414.75 £ 0.31
3510.66 £ 0.07
3525.42 £0.29
3556.20 £ 0.09

10 15 20 25 30 35 40

t

Figure 4:

The same as Fig. Blfor y.2(2%7)

E
W)

15 20 25 30 35 40

t

and 7.1(177)




Table 2: Non-relativistic form for the three kinds of operators (I', ) and B) as shown in Table 1.
Here we llst the operators @ in the interpolation field yt®¢. Repeated indices are summed over.

I D B
0 I }” oA D, i B;
1 o j_aj T, ‘_)’ B;
0 A Do o IJ ;’Tﬁ B,
1++ | seyy D o e D g ik I} By, + i0i(0;B;))
I LT, D, o, D ;B;
27 ‘ Eijk UJ:ﬁl,- '_m.- eijk|( D Ba + ijmnOmOn (Bi))
17 ﬁrrrﬁ\ﬁ+\ﬁﬁﬁj £ijk05 By
5 (Dio; T, + 0,7, D)

JFPC >

for charmoniums.

Table 4: Matrix elements < 0|0,

r, D, B,
0~ | 0.0607 £ 0.0014 | 0.0503 = 0.0007 | 0.0251 = 0.0006

1 0.0502 £ 0.0005 | 0.0149 £ 0.0001 | 0.0075 £ 0.0002

0+ | 0.035 £0.005 | 0.075 £0.015 |0.009 = 0.003

1+ | 0.020 £0.003 | 0.062 £0.005 | 0.0023 £ 0.0002 . 0.027(3)
1= | 0.014 £0.002 | 0.045 £0.005 | 0.0019 £ 0.0002 el

9+ 0.044 £0.003 | 0.00080 £ 0.00008

1~ 0.0050 + 0.0005 | 0.0082 £ 0.0006 1

1 (0.020(2) I(J.E]{}E-l +0.0004 x—=0.0058(4)
0.018(2)
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Figure 5. Global fit for the ratios of I" for y.x.; and h, (2 I for 1-F) m.e. to the corresponding m.e.of
D (B for 171).

0™ 1" 1" T' m.e ~iDme 1 I I
N AR A © = o * Leading NR reduction is reasonably good.

2m
o Mo ] )
T 7 S, I\/_||xmg_of operators with different
m dimensions seems to be small.
1

c=—~0.352
2m




Strangeness mesons

[able 6: The matrix elements < l...-'|L7'J_;.|.f‘ = = for strange quarkoniums.

0.0247 + 0.0002 | 0.021 +0.002 | 0.005 = 0.0001

0.0141 4 0.0002 | 0.0113 £ 0.0005 | 0.0025 + 0.0001

0.043 +0.006 |0.033 +£0.005 |0.017 =+0.004

0.020 £0.004 | 0.034 +£0.004 | 0.0018 + 0.0002

0.019 +0.006 | 0.029 +0.005 | 0.0019 + 0.0004
0.010 +0.007 | 0.0003 + 0.0001
0.007 +0.001 | 0.004 = 0.001
0.006 =+ 0.002

® Dand B m.e. of 1* are comparable in
Size to those of other ordinary mesons.

® No evidence for 1* in the charmonium
and strangeonium regions to be hybrids.



Exotic Quantum Numbers

® NR reduction shows that 1-* involves a center of mass
motion of the ({ pair.

® MIT bag model (Jaffe and Johnson, 1976;
DeGrand and Jaffe, 1976)

LIJ(2+i) B %(81/2 I:_)3/2 + P3/28_1/2) — ¢m motion for 2

= Spectrum is doubled. Simiarly (hamonic oscillator wf),
—+ 1 ~ . ~

Y(a)= ﬁ(lsl/z 23,, F25,,15,)

® The "exotic’ g.n. can be accommodated by
C _ (_)l—I—S
J=L~+1 +58
P=L-+1+1



Conclusion

1 By examining m.e. of dim 4 and dim 5
operators of 1-* against those of ordinary
mesons, we find no evidence for it to be a
hybrid in the CC and S5 regions.

1 NR reduction shows _‘rha‘r It involves a center
of mass AM of the (( pair.

1 These " exotic' g.n. are accessible in chiral
quark models, bag models, flux-tube models,
and QCD.

1 To accommodate these q.n., the parity and
AM rules need to be modified to

C=(F)",J=L+1+5,P=L+1+1
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