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IntroductionIntroduction

as a as a dynamically generated resonancedynamically generated resonance [as [as πρπρ
 

composite particlecomposite particle]]
[coupled[coupled--channel BS]channel BS] LutzLutz--KolomeitsevKolomeitsev, NPA730(04)392, , NPA730(04)392, ……

ρρ
ππ

aa11

as an as an elementary fieldelementary field (or (or qqqq) : candidate for the chiral partner of ) : candidate for the chiral partner of ρρ−−

[Hidden local sym.][Hidden local sym.] BandoBando--KugoKugo--YamawakiYamawaki, PR164(88)217; , PR164(88)217; 
HaradaHarada--YamawakiYamawaki, PR381(03)1, Kaiser, PR381(03)1, Kaiser--MeissnerMeissner, NPA519(90)671, , NPA519(90)671, ……

[[qqqq--NJL]NJL] M.WakamatsuM.Wakamatsu et al,et al,. ZPA311(88)173, . ZPA311(88)173, A.HosakaA.Hosaka, PL, PLB244B244(90)(90)363363--367 367 , , ……−−

[Lattice QCD][Lattice QCD] M. Wingate M. Wingate et al.et al., PRL74(95)4596, ..., PRL74(95)4596, ...

[Holographic QCD][Holographic QCD] T. Sakai, S. Sugimoto, PTP113 (05) 843; T. Sakai, S. Sugimoto, PTP113 (05) 843; ibid.ibid.114(05)1083, 114(05)1083, ……

[Chiral Unitary model][Chiral Unitary model] RocaRoca--OsetOset--Singh, PRD72(05)014002, Singh, PRD72(05)014002, …… 
[[aa11 πγπγ]] NagahiroNagahiro--RocaRoca--HosakaHosaka--OsetOset, PRD79(09)014015, , PRD79(09)014015, ……

in coupledin coupled--channel approach based on the chiral effective theorychannel approach based on the chiral effective theory

Nature ofNature of axial vector mesonaxial vector meson aa11 (1260) (1260) : : m m = 1230 = 1230 ≤≤
 

40 40 MeVMeV, , ΓΓ=260 to 600 =260 to 600 MeVMeV [PDG][PDG]

Physical Physical aa1 1 ==

ρρ
ππ

aa11

++
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Lagrangians : holographic QCD (HQCD)Lagrangians : holographic QCD (HQCD)

Important concept to avoid the doubleImportant concept to avoid the double--counting of molecule and bare comp.counting of molecule and bare comp.

[Sakai, Sugimoto, PTP113(05)843; PTP114(05)1083,  [Sakai, Sugimoto, PTP113(05)843; PTP114(05)1083,  NawaNawa, , SuganumaSuganuma, , KojoKojo, PRD75, PRD75(07)(07)086003086003 etc.]etc.]

aa11 meson in holographic QCDmeson in holographic QCD

[E. Witten, [E. Witten, NuclNucl. Phys. B 160, 57 (1979)]. Phys. B 160, 57 (1979)]
elementary elementary aa11 meson doesmeson does notnot havehave molecular component molecular component [large [large NcNc limit]limit]

essentially the same as essentially the same as those of the those of the hiddenhidden--local symmetrylocal symmetry

ππ

ρρ

ππ

ρρ ππ

ρρ

aa11

gg44 = 1,  = 1,  ggaa11πρπρ

 

= 0.26= 0.26 ffππ
 

= 92.4MeV,  = 92.4MeV,  mmρρ

 

= 776MeV= 776MeV

mmaa11= 1189 = 1189 MeVMeV and couplings are determined automaticallyand couplings are determined automatically

»» aa11 meson appears through the mode expansion of meson appears through the mode expansion of AAμμ

 

((xx,, zz) [5D gauge field] ) [5D gauge field] 

ii

wherewhere

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7B%5Ccal%20L%7D_%7B%5Crm%20WT%7D%3D-%5Cfrac%7Bg_4%7D%7B4f_%5Cpi%5E2%7D%20%7B%5Crm%20tr%7D%5Cleft(%0D%0A%5B%5Crho%5E%5Cmu%2C%5Cpartial%5E%5Cnu%20%5Crho_%5Cmu%5D%5B%5Cpi%2C%5Cpartial_%5Cnu%20%5Cpi%5D%5Cright)%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7B%5Ccal%20L%7D_%7Ba_1%5Cpi%5Crho%7D%0D%0A%3D-g_%7Ba_1%5Cpi%5Crho%7D%5Cfrac%7B%5Csqrt%7B2%7D%7D%7Bf_%5Cpi%7D%5Cleft%5C%7B%0D%0A%7B%5Crm%20tr%7D%0D%0A%5Cbigl%5B%0D%0A(%0D%0A%5Cpartial_%5Cmu%20%7Ba_1%7D_%5Cnu%20-%20%5Cpartial_%5Cnu%20%7Ba_1%7D_%5Cmu%0D%0A)%0D%0A%5B%5Cpartial%5E%5Cmu%20%5Cpi%2C%5Crho%5E%5Cnu%5D%0D%0A%5Cbigr%5D%0D%0A%5Cright.%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Cleft.%2B%0D%0A%7B%5Crm%20tr%7D%0D%0A%5Cbigl%5B%0D%0A(%0D%0A%5Cpartial_%5Cmu%20%7B%5Crho%7D_%5Cnu%20-%20%5Cpartial_%5Cnu%20%7B%5Crho%7D_%5Cmu%0D%0A)%0D%0A%5B%5Cpartial%5E%5Cmu%20%5Cpi%2Ca_1%5E%5Cnu%5D%0D%0A%5Cbigr%5D%5Cright%5C%7D%0D%0A%24%24%0D%0A
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πρπρ πρπρ scattering amplitudescattering amplitude

composite composite aa11 mesonmeson [dynamically generated resonance in Chiral Unitary Approach][dynamically generated resonance in Chiral Unitary Approach]

[[L.RocaL.Roca, , E.OsetE.Oset and and J.SinghJ.Singh, PRD72(05)014002], PRD72(05)014002]vv WTWTtt WTWT ((ss) ) == 11−−
 

vv WTWT GG

++ ++ ++ ……==
ππ

ρρ

ππ

ρρ

KK

K*K*

−−ππ

ρρ

ππ

ρρ

aaphenopheno.. = = −−1.851.85
aanat.nat. = = −−

 
0.20.2 ††

elementary elementary aa11 mesonmeson [through an additional interaction][through an additional interaction]

TT fullfull ((ss))==
11−−

 
((vv WTWT ++vv aa11 ) ) GG

+++ +++ +++ +++ ………+++==

vv aa1 1 ==

ssp p = 1012= 1012−−221221i i MeVMeV ((πρπρ
 

only)  only)  …………………………

ssp p = 1011= 1011−−8484i i MeVMeV ((πρπρ
 

+ K*K) [Roca05]+ K*K) [Roca05]……−−

††Natural valueNatural value 
HyodoHyodo--JidoJido--HosakaHosaka 
PRC78(08)025203PRC78(08)025203

vv WTWT ++vv aa11

aa11 aa11 aa11

UnitarizedUnitarized ss--wave wave πρπρ
 

scattering amplitudescattering amplitude
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Numerical result 1 : poleNumerical result 1 : pole--flow of Tflow of T--matrix matrix 

00

−−100100

−−200200

−−300300

−−400400

−−500500

−−600600
900900 10001000 11001100 12001200 13001300 14001400 15001500 16001600 17001700 18001800

[Roca [Roca et al.et al., PRD72], PRD72]
aa==−−1.851.85

πρπρ

 

channel onlychannel only
aa==−−1.851.85

00
ssp p = = 10111011−−8484ii MeVMeV

00
ssp p = 1012= 1012−−9898i i MeVMeV

πρπρ

 

channel onlychannel only
aa==−−0.20.2

[natural][natural]
ssp p = 1012= 1012−−221221i i MeVMeV

single channelsingle channel

naturalnatural
ρ
π

ρ
π Κ∗

Κ
−

++

ρ
π

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Im%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Re%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
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Numerical result 1 : poleNumerical result 1 : pole--flow of Tflow of T--matrix matrix 

00

−−100100

−−200200

−−300300

−−400400

−−500500

−−600600
900900 10001000 11001100 12001200 13001300 14001400 15001500 16001600 17001700 18001800

elementary elementary aa11 polepole
mma a = 1189 = 1189 MeVMeV (HQCD)(HQCD)

ssp p = 1012= 1012−−221221i i MeVMeV

ρ
π

πρπρ

 

channel onlychannel only
aa==−−0.20.2

[natural][natural]

a1

ππ

ρρ
bare bare aa11

xx

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Im%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Re%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
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Numerical result 1 : poleNumerical result 1 : pole--flow of Tflow of T--matrix matrix 

00

−−100100

−−200200

−−300300

−−400400

−−500500

−−600600
900900 10001000 11001100 12001200 13001300 14001400 15001500 16001600 17001700 18001800

ssp p = 1012= 1012−−221221i i MeVMeV

xx
11xx

11

x x = 1= 1

x x = 1= 1

x x = 0= 0

x x = 0= 0

πρπρ

 

channel onlychannel only
aa==−−0.20.2

[natural][natural]

ρ
π

elementary elementary aa11 polepole
mma a = 1189 = 1189 MeVMeV (HQCD)(HQCD)

a1

ππ

ρρ
bare bare aa11

xx

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Im%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Re%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
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Numerical result 1 : poleNumerical result 1 : pole--flow of Tflow of T--matrixmatrix

00

−−100100

−−200200

−−300300

−−400400

−−500500

−−600600
10001000 11001100 12001200 13001300 14001400 15001500 16001600 17001700 18001800

x x = 1= 1

x x = 1= 1

x x = 0= 0

x x = 0= 0

Pole from Pole from ““πρπρ--compositecomposite”” 
is closer to the real axisis closer to the real axis 

than that of than that of ““elementaryelementary”” polepole

polepole--aa

polepole--bb

ρ
π

a1

?

??

Q. What is the nature of these physical (Q. What is the nature of these physical (xx=1) poles ?=1) poles ?

ππ

ρρ
bare bare aa11

xx

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Im%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%20%0D%0A%7B%5Crm%20Re%7D%5Csqrt%7Bs%7D%5C%20%5C%20%20%7B%5Crm%20MeV%7D%0D%0A%24%24
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Alternative expression for the full Alternative expression for the full πρπρ
 

scattering amplitude Tscattering amplitude T

= (= ( gg RR , , gg ) ) 
ss−−ss pp

ss−−mm a1a1
22 −− gGggGg RR gGggGg

gg RR GgGg
−−11

gg RR
gg

+++ +++ +++ ……… ªªª ==

aa11 pole termpole term ππ ππ

ρρρρ

bare bare aa11

πρπρ--composite composite aa11 polepole

,,== (( )) −−−
−−11 −−11

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AT%3D%5Cfrac%7Bv_%7BWT%7D%2Bv_%7Ba_1%7D%7D%7B1-(v_%7BWT%7D%2Bv_%7Ba_1%7D)G%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7Bg_R(s)%7D%0D%0A%5Cfrac%7B1%7D%7Bs-s_p%7D%20%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7Bg_R(s)%7D%0D%0A%24%24%0D%0A
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AT_%7BWT%7D%3D%5Cfrac%7Bv_%7BWT%7D%7D%7B1-v_%7BWT%7DG%7D%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AV_%7Ba_1%7D%3Dg(s)%5Cfrac%7B%5Cvec%7B%5Cepsilon%7D%5Ccdot%5Cvec%7B%5Cepsilon%7D%5C%2C'%7D%7Bs-m_a%5E2%7Dg(s)%0D%0A%24%24
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Alternative expression for the full Alternative expression for the full πρπρ
 

scattering amplitude Tscattering amplitude T

,,== (( )) −−−
−−11

,,== (( ))
++ ++ ……

== ++ ++++ ++++

−−11

= (= ( gg RR , , gg ) ) 
ss−−ss pp

ss−−mm a1a1
22 −− gGggGg RR gGggGg

gg RR GgGg
−−11

gg RR
gg

== ++ ++++
gg RR gg RR gg gg gg gggg RR gg RR

DD1111 DD2121 DD1212 DD2222

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AT%3D%5Cfrac%7Bv_%7BWT%7D%2Bv_%7Ba_1%7D%7D%7B1-(v_%7BWT%7D%2Bv_%7Ba_1%7D)G%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Chat%7BD%7D%7D%0D%0A%24%24
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Alternative expression for the full Alternative expression for the full πρπρ
 

scattering amplitude Tscattering amplitude T

,,== (( )) −−−
−−11 −−11

= (= ( gg RR , , gg ) ) 
ss−−ss pp

ss−−mm a1a1
22 −− gGggGg RR gGggGg

gg RR GgGg
−−11

gg RR
gg

== ++ ++++
gg RR gg RR gg gg gg gggg RR gg RR

DD1111 DD2121 DD1212 DD2222

+  (regular)+  (regular)

+  (regular)+  (regular)

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AT%3D%5Cfrac%7Bv_%7BWT%7D%2Bv_%7Ba_1%7D%7D%7B1-(v_%7BWT%7D%2Bv_%7Ba_1%7D)G%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Chat%7BD%7D%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AD%5E%7B22%7D%20%3D%20%5Cfrac%7Bz_a%5E%7B22%7D%7D%7BE-E_a%7D%20%2B%20%5Cfrac%7Bz_b%5E%7B22%7D%7D%7BE-E_b%7D%0D%0A%24%24%0D%0A
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0AD%5E%7B11%7D%20%3D%20%5Cfrac%7Bz_a%5E%7B11%7D%7D%7BE-E_a%7D%20%2B%20%5Cfrac%7Bz_b%5E%7B11%7D%7D%7BE-E_b%7D%0D%0A%24%24
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Residues : probabilities of finding  two Residues : probabilities of finding  two aa11 ’’s in poles in pole--a and a and --bb

--0.10.1

--0.20.2

--0.30.3

--0.40.4

00

11 1.11.1 1.21.2 1.31.3 1.41.4 1.51.5 1.61.6 1.71.7 1.81.80.90.9

xx=0=0

xx=0=0

xx=1=1

polepole--aa

polepole--bb

mixing parameter mixing parameter xx
00 110.80.80.60.60.40.40.20.2

22

33

44

11

00

|z||z
|

zzbb
1111

zzaa2222

nonnon--zero comp. of zero comp. of 

pole flowpole flow

residueresidue

xx=1=1

zzbb
2222

zzaa1111

at physical point (at physical point (xx=1)=1)

•• polepole--aa has a component of the elementaryhas a component of the elementary 
aa1 1 meson meson comparable tocomparable to that ofthat of 
composite composite aa11 .. 

(pole(pole--a at x=1 is possibly observed one)a at x=1 is possibly observed one)

+  (regular)+  (regular)

+  (regular)+  (regular)

~~

~~

http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7B%5Crm%20Im%7D%5Csqrt%7Bs%7D%5C%20%7B%5Crm%20%5BGeV%5D%7D%0D%0A%24%24%0D%0A
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7B%5Crm%20Re%7D%5Csqrt%7Bs%7D%5C%20%7B%5Crm%20%5BGeV%5D%7D%0D%0A%24%24%0D%0A
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5B%5Chat%7BD%7D_%7B%5Crm%20full%7D%5D%5E%7B11%7D%20%3D%20%5Cfrac%7Bz_a%5E%7B11%7D%7D%7BE-E_a%7D%20%2B%20%5Cfrac%7Bz_b%5E%7B11%7D%7D%7BE-E_b%7D%0D%0A%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5B%5Chat%7BD%7D_%7B%5Crm%20full%7D%5D%5E%7B22%7D%20%3D%20%5Cfrac%7Bz_a%5E%7B22%7D%7D%7BE-E_a%7D%20%2B%20%5Cfrac%7Bz_b%5E%7B22%7D%7D%7BE-E_b%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7C%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Ba%7D%5Crangle%20%3D%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Csqrt%7Bz_a%5E%7B11%7D%7D%7D%7C%7B%5C%20%5C%20%5C%20%5C%20%5Crangle%20%2B%20%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Csqrt%7Bz_a%5E%7B22%7D%7D%7D%7C%7B%5C%20%5C%20%5C%20%5C%20%5Crangle%20%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%7C%5Ctextcolor%5Brgb%5D%7B0%2C0%2C0.6%7D%7Bb%7D%5Crangle%20%3D%5Ctextcolor%5Brgb%5D%7B0%2C0%2C0.6%7D%7B%5C%20%5C%20z_b%5E%7B11%7D%7D%7C%7B%5C%20%5C%20%5C%20%5C%20%5Crangle%20%0D%0A%2B%20%5Ctextcolor%5Brgb%5D%7B0%2C0%2C0.6%7D%7B%5C%20%5C%20z_b%5E%7B22%7D%7D%7C%7B%5C%20%5C%20%5C%20%5C%20%5Crangle%20%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0%2C0.6%7D%7B%5Csqrt%7B%5C%20%5C%20%5C%20%7D%7D%0D%0A%24%24
http://maru.bonyari.jp/texclip/texclip.php?s=%24%24%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0%2C0.6%7D%7B%5Csqrt%7B%5C%20%5C%20%5C%20%7D%7D%0D%0A%24%24
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ConclusionsConclusions

»» We discussed the We discussed the mixing propertiesmixing properties of  of  aa11 (1260) meson as the superposition of (1260) meson as the superposition of 
the hadronic the hadronic πρπρ

 
composite and elementary composite and elementary aa11 based on the holographic QCD based on the holographic QCD 

Lagrangian.Lagrangian.
›› bare bare aa11 …… doesndoesn’’t have molecule naturet have molecule nature
›› πρπρ

 

molecule molecule …… ““naturalnatural”” regularizationregularization

»» We analyzed the pole nature by residuesWe analyzed the pole nature by residues

Important to avoid the doubleImportant to avoid the double--countingcounting

the pole expected to be observed is the pole expected to be observed is polepole--aa: having finite        comp.: having finite        comp.

NonNon--trivial Ntrivial NCC dependence  poledependence  pole--nature nature ?? large Nlarge NCC

Future worksFuture works
phenomenological interestsphenomenological interests

»» ττ--decay spectrum with our model parameterdecay spectrum with our model parameter
[Wagner and [Wagner and LeupoldLeupold, PRD78(08)053001, , PRD78(08)053001, ……]]

»» radiative decay widthradiative decay width
[[H. Nagahiro, L. Roca, A. H. Nagahiro, L. Roca, A. HosakaHosaka , E. , E. OsetOset, PRD79(09)014015, , PRD79(09)014015, ……] ] 

etcetc……

to seeto see how the nature of poles affects how the nature of poles affects observablesobservables


	Study of mixing properties of a1(1260)
	Introduction
	Lagrangians : holographic QCD (HQCD)
	pr  pr scattering amplitude
	Numerical result 1 : pole-flow of T-matrix 
	Numerical result 1 : pole-flow of T-matrix 
	Numerical result 1 : pole-flow of T-matrix 
	Numerical result 1 : pole-flow of T-matrix
	Alternative expression for the full pr scattering amplitude T
	Alternative expression for the full pr scattering amplitude T
	Alternative expression for the full pr scattering amplitude T
	Residues : probabilities of finding  two a1’s in pole-a and -b
	Conclusions

