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Introduction

Quantum Chromodynamics.

Quantum chromodynamics QCD Lagrangian

1 -
ACQCD = _ZGa,uyGa,uV“‘ Z ga X
q=u.,d,s,c,b;t

) A2
[’Yu <|8u - ngau) - mq] Js,
AB

[a=1---8,A,B=1---3]. Calculational tools based on
perturbation theory work beautifully at high energy due to the
property of asymptotic freedom: effective coupling strength of
interaction of quarks and gluons tends to zero.

e At low energy < 1 GeV coupling is not small, and perturbation
theory fails in predicting hadronic properties.
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Introduction

Chiral symmetry and its spontaneous breaking

The theory aimed at describing low energy hadron processes
should be formulated in terms of effective colorless degrees of
freedom introduced on the basis of spontaneously broken chiral
symmetry SU(3), x SU(3)r which is the symmetry of QCD
Lagrangian relative independent rotations of right and left fields
of approximately massless u, d, s quarks:

1+
0 ==5"d — 9.

1_
ar = 275q —  ORrOR,

[9.r € SU(3).R]
The pattern of the spontaneous breaking is

SU(3), x SU(3)g = SU(3).4r.
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Introduction

Goldstone Theorem

e The Goldstone theorem: Spontaneous breaking of global
symmetry results in appearance of massless fields (Goldstone
bosons).

@ Idea of proof: H-Hamiltonian, Q-symmetry generator,
[Q,H] = 0, |0)-zero energy state (vacuum), H[0) = 0. If
Q|O> = |¢) # 0 (spontaneous breaking) then
[Q,H]|0) = —H|¢) = 0= |¢) is zero energy state
(Goldstone bosons).

In case of spontaneous breaking of SU(3), x SU(3)r =
SU(3), 4r they are light J® = 0~ mesons 7+, 7—, 7%, K+, K©,

K—, KO, 7.
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Introduction

Linear Realization

@ Mesons as condensates of quark-antiquark pairs:
M ~ (dLOR)-
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Introduction

Linear Realization

@ Mesons as condensates of quark-antiquark pairs:
M ~ (GLOR)-
@ Transformation Law: q . r — qL,Rgﬁ rR—M — gLMg,_T{
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Introduction

Linear Realization

@ Mesons as condensates of quark-antiquark pairs:
M ~ (dLOR)-
@ Transformation Law: q . r — qL,RglR:>M — gLMg,_T{
@ In case of SUR(2 x SU_(2) meson fields are
m = (7T, 7~ 7°) (pseudoscalar pions) and scalar o:
M = %(O’ +7-m).
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Introduction

Linear Realization

@ Mesons as condensates of quark-antiquark pairs:
M ~ (GLOR)-
@ Transformation Law: q . r — qL,Rgﬁ rR—M — gLMg,_T{

@ In case of SUR(2 x SU_(2) meson fields are
m = (7T, 7~ 7°) (pseudoscalar pions) and scalar o:
M = %(O’ +7-m).

@ Effective Lagrangian: £ = 1Tr(9,Ma,MT) — V(M).
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Introduction

Nonlinear Realization

Fields are transformed nonlinearly under action of g:
7@ — (g, ). The transformation law U — g Ugg,

U =exp (i@\@/fw),

TI'O n 7T+ +
\fZ + f o KO
T n
03] ™ \@_+0 76 K2
K— K _£n
\/é
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Introduction

Effective Lagrangian in Nonlinear Realization

Transformation law fixes the Lagrangian of interacting
Goldstone mesons:

f2
Los = ZSp (8.U8,U") + m2Sp(U +U") +

The last term explicitly breaks chiral symmetry and makes
Goldstone bosons massive.

@ Expansion parameter: 'q <« 1= theory should work for
pions with low momenta (soft pions).
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Introduction

Problems

Pseudoscalar mesons are produced via vector resonances, so

Problems:

@ To include vector mesons in a chiral invariant way.
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Introduction

Problems

Pseudoscalar mesons are produced via vector resonances, so
Problems:

@ To include vector mesons in a chiral invariant way.

@ Testing chiral models of the vector meson interactions with
Goldstone bosons.

N. N. Achasov and A. A. Kozh Troubles of describing multiple pion production in chiral dynamics.



Introduction

Hidden Local Symmetry

@ "Hidden" means thatif U = ﬂgR then§ r — thﬁRgI R

implies U — gLUg,L where h transform vector meson fields
as V, — hV,hT —ig,hh.
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Introduction

Hidden Local Symmetry

@ "Hidden" means thatif U = 5E§R then§ r — thﬁRgE R
implies U — gLUg,L where h transform vector meson fields
asV, — hVMhT — if)uhhT.

@ "Generalized hidden" means that axial vector mesons are
included.
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Introduction

Hidden Local Symmetry

@ "Hidden" means thatif U = 5E§R then§ r — thﬁRgE R

implies U — gLUg,L where h transform vector meson fields
asV, — hVMhT — iauhhT.

@ "Generalized hidden" means that axial vector mesons are
included.

@ Numerous chiral invariant models with vector and axial
vector mesons. So Why Hidden Local Symmetry (HLS)?
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Introduction

Hidden Local Symmetry

@ "Hidden" means thatif U = 5E§R then§ r — thﬁRgE R
implies U — gLUg,L where h transform vector meson fields
asV, — hVMhT — if)uhhT.

@ "Generalized hidden" means that axial vector mesons are
included.

@ Numerous chiral invariant models with vector and axial
vector mesons. So Why Hidden Local Symmetry (HLS)?

@ HLS has many appealing features. One of them is that
Electroweak sector is introduced in a way that low energy
relations among strong coupling constants are not violated
by electroweak gauge bosons.
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GHLS lagrangian

GHLS lagrangian (strong interactions)

f i ?
£ = e (UEELOEL gy )
4 2
bof ©2Tr <W+9Aﬂ> +
f
Cof(V2G2TrA2 -+ dof (2Tt <M>
1 (V)2 (A)2 i (V)
Lo (FL2 1 FSP) — toagTriA AJFE) +

. 9t — oeet
2iasgTr <[“£§2ig££,Ay} + [AM,AV]) Fi).
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GHLS lagrangian

Notations

@ Vector and axial vector field strengths:
FY) = 9.V — 8V, —ig[Vy, Vo] — iglAL, A,
F& = 0,A, — 0A, —ig[Vu, Al —ig[A,, Vo],
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GHLS lagrangian

Notations

@ Vector and axial vector field strengths:
FY) = 9.V — 8V, —ig[Vy, Vo] — iglAL, A,
F& = 0,A, — 0A, —ig[Vu, Al —ig[A,, Vo],
@ FieldsV, = (3 -pu), Au=(5-AL), E= expiZTfT’oT),
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GHLS lagrangian

Notations

@ Vector and axial vector field strengths:
FY) = 9.V — 8V, —ig[Vy, Vo] — iglAL, A,
F& = 0,A, — 0A, —ig[Vu, Al —ig[A,, Vo],
@ FieldsV, = (3 -pu), Au=(5-AL), E= expiZTfT’oT),

@ Exclude axial vector-pseudoscalar mixing by means of
introduction of physical a;(1260) meson field a,,

bO 8ufT§ - a,ugg
9(bo + o) 2i

A, =a, —
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GHLS lagrangian

Notations

@ Vector and axial vector field strengths:
FY) = 9.V — 8V, —ig[Vy, Vo] — iglAL, A,
F& = 0,A, — 0A, —ig[Vu, Al —ig[A,, Vo],
@ FieldsV, = (3 -pu), Au=(5-AL), E= expiZTfT’oT),

@ Exclude axial vector-pseudoscalar mixing by means of
introduction of physical a;(1260) meson field a,,

bO 8ufT§ — a,ugg
g(bo + Co) 2i

Ap=au —

@ Renormalize according to f, — Z~Y/2f,, ®# — Z2~1/?x,
(20, bo, Co, do) = Z(a,b, ¢, d),
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GHLS lagrangian

Lagrangian of simple HLS without axial vectors

e The lagrangian of the hidden local symmetry at lowest order
in derivatives:

1
HLS __ 2
£ - 4p,u1/+ ag pru
1 , 1 m2
2 (Oum)” — i +24f27T *
1 /a 1
21;-3(4_3) [ 0 +

1 w2
Eag <1 — 12]‘72) (pﬂ . [7" X 8“71'])
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GHLS lagrangian

Adding axial vector meson a;

GHLS lagrangian generates additional terms. e The lagrangian
of the a, pr at lowest order in derivatives:
1.2

_Za/“/

+ %(b +c)g?fZal — %pw lay x 9,7] —

Eal -
r2

r
?auy . [pﬂ X 8,/71'] -
Zéfsauay -7 x [0y x Oy7]].

Puv = 8upz/ - aup,u’ Ay, = auau - aua;u r= b%:c
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Outline

© confronting GHLS with ALEPH data on 7= — 777~ v;.
@ Decay amplitudes
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

GHLS (charged electroweak sector)

® Small momenta expansion of electroweak piece of GHLS
lagrangian

1 1
AﬁEW = EgzvudWL <—f7rau7m_ + 3T[7T X [ﬂ' X 8M7r]]L+

bgf2a, + agf,[m x Pp]) ;
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Confronting GHLS with ALEPH dataon — — = Fr v, IDIBEE aipiiE s

Results

Ma,3r = M[a; (q) — 77 (q1)7 (92)7 (ds)],
. agr
iMg,3r = %Gu (A101,, + Aoz, + Aslay)

where ¢, is the polarization four-vector of a; meson, and

Bl(ds, a1 — g2) — qdz + m2] — qds
D,(d1 + 02)

4r?(B — 1)d203 + 92 — qax
2m§ ’

Al = (1+FA’23){

p, — D030 —92) +ags —mi] +qds | (G2, —ds) _
D,(d1 +q2) D,(d1 + 03)
2r?(3 — 1)dags + qas

2
ms
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Couplings and masses through free parameters

@ Couplings and masses through free parameters

al
Oprnr = 79, mi = angﬁ, mgl =(b+ C)ngﬁy

f. = 92.4 MeV is the pion decay constant.
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Couplings and masses through free parameters

@ Couplings and masses through free parameters

al
Oprnr = 79, mi = angﬁ, mgl =(b+ C)ngﬁy

f. = 92.4 MeV is the pion decay constant.

@ Parameters r and S are the combinations of the GHLS
parameters:
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Couplings and masses through free parameters

@ Couplings and masses through free parameters

a
Uprr = 7g, m3 = ag?f2, m3 = (b + c)g?2,

f. = 92.4 MeV is the pion decay constant.
@ Parameters r and S are the combinations of the GHLS

parameters:
r = = —
b +c’ A=
@ Cancelation of momentum-dependent pTT vertex
a n bc
2 b+c
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Decay amplitudes
Results

— Tr‘rrfn'*llf

Confronting GHLS with ALEPH dataon

Feynman diagrams for required amplitudes

w A
__.:: ,,,,,,,
\\\ n S
) (d)
Figure: The diagrams due to HLS lagrangian
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

W~ — nfx 7~ decay amplitude

@ W~ — nta~n~ decay amplitude iM = %e,&w)\]“,

2
Ay 2 am; 5 (02,01 — 03)
J, = Qi+ M2 —qgy + —2(1+ Po3) =m0
W ap D (q) [ aq: 5 ( 23) D, (a1 + )
ar?mz, 2q
— <A A A S —
2D (q) { 101, + A202, + A303, mgl x

(14 P3) [(m72r +0102)(93,01 — 02) %

am? R —

D,(01 + 03)

B (-1
D,(01 + d2) mg
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Divergence of axial current

@ Divergence of axial vector current in 7 — 37v;

UQudp = DT@) [qz —qds + gmi(l +Pag) x
(d2,d1 — Cla)} B arzmazll —q? y
D,(d1 +ds3) Da, ()
(1 + Pag)(m2 + 0102)(d3, 41 — d2) X
B B r2(8—1)
Dy(d1 +a2) m2 ] '

vanishes at a; mass shell in the limit m,; — 0
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

Spectrum of 37 in 7 — 37v, decay

@ Spectrum of 77~ 7~ in 77 — 7~ 7 7 v, normalized to its
branching fraction:
dB (GEVyq)?(m2 — s)?

e (R O RLC]

s = g2
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Confronting GHLS with ALEPH dataon — — = Fr v, I;:(S:iisamplnudes

Spectrum of 37 in 7 — 37v, decay

@ Spectrum of 77~ 7~ in 77 — 7~ 7 7 v, normalized to its
branching fraction:
dB (GEVyq)?(m2 — s)?

® = aam ) [(m2 4+ 25)pi(s) + m2pi(s) |

s =¢2.
@ Spectral functions

1 qJ|?

_ 2
p(s) = 7r52f7$/d¢3”|q“1| )
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

Spectral functions

11— F—+—7

0,1

T RERTTTT MR

0,01

0,001
Spectral functions i —= n*n_n'v‘ decay

0,0001
0,00001
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Figure: Spectral functions for 7= — 77~ 7~ v, in GHLS.
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Decay amplitudes

Confronting GHLS with ALEPH dataon — — = Fr v, Results

Outline

© confronting GHLS with ALEPH data on 7= — 777~ v;.

@ Results
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Decay amplitudes

Confronting GHLS with ALEPH dataon — — = Fr v, Results

Fitted parameters

@ Canonical choice (a,b,c,d,as) = (2,2,2,0,1) does not
reproduce data. Fitting them results in x2 = 690/112d.0.f.
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Decay amplitudes

Confronting GHLS with ALEPH dataon — — = Fr v, Results

Fitted parameters

@ Canonical choice (a,b,c,d,as) = (2,2,2,0,1) does not
reproduce data. Fitting them results in x2 = 690/112d.0.f.

@ Set of fitted parameters is first taken to be

/ / / / " " 1/ n
(malya7r7/37ma’17a7r7ﬁ7wvma’1’7a ,r 76 , W )7
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Confronting GHLS with ALEPH dataon — — = Fr v, gz;ajivtsanmhtudes

Fitted parameters

@ Canonical choice (a,b,c,d,as) = (2,2,2,0,1) does not
reproduce data. Fitting them results in x2 = 690/112d.0.f.

@ Set of fitted parameters is first taken to be
/ / / / " " /! 1
(malya7r7/37ma’17a7r7ﬁ7wvma’1’7a7r 767W )7

@ w’ parameterizes the coupling & pm as g,=-W’r’ /f,.
Analogously for w”.
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Decay amplitudes

Confronting GHLS with ALEPH dataon — — = Fr v, Results

Fitted parameters

@ Canonical choice (a,b,c,d,as) = (2,2,2,0,1) does not
reproduce data. Fitting them results in x2 = 690/112d.0.f.
@ Set of fitted parameters is first taken to be

/ / / / " " 1/ n
(malya7r7/37ma’17a7r7ﬁ7wvma’1’7a ,r 76 , W )7

@ w’ parameterizes the coupling & pm as g,=-W’r’ /f,.
Analogously for w”.
@ Fit chooses W’ ~ 1, x? = 122/102d.0.f weakly depends

on w'— instead of w’ free is ¢ — phase of a; contribution.
Imitates @’ mixing.
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

Best fit

@ Fitted parameters:

ms, = 1.332+0.015GeV, a = 1.665 + 0.011,
r = 0.332 £ 0.007, 8 = 8.5+ 0.3,
mg, = 1.59 4 0.01 GeV, a’ = 0.99 £ 0.01,
I’ =0.96 + 0.01, ' = 0.07 £ 0.02,
W =28° +1°,
Mgy = 1.88 4 0.02 GeV, a” = 0.46 + 0.01,
1" = 1.45+0.02, 3" = 0.91 + 0.05,
w” =1.14 +0.01,
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

Best fit

@ Fitted parameters:

ms, = 1.332+0.015GeV, a = 1.665 + 0.011,
r = 0.332 £ 0.007, 8 = 8.5+ 0.3,
mg, = 1.59 4 0.01 GeV, a’ = 0.99 £ 0.01,
I’ =0.96 + 0.01, ' = 0.07 £ 0.02,
W =28° +1°,
Mgy = 1.88 4 0.02 GeV, a” = 0.46 + 0.01,
1" = 1.45+0.02, 3" = 0.91 + 0.05,
w” =1.14 +0.01,

@ 2 =79/102d.0.f.
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Decay amplitudes

Results

T T
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Figure: Spectrum normalized to B(r~ — 7~ 7~ v,)
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Confronting GHLS with ALEPH dataon — — = Fr v, DY apiEs

Results

Comparison of canonical and fitted parameters

@ Couplings and masses through free parameters:

al
Oprnr = 7g, mfZ) = angg, mgl =(b+ C)ngg,

Canonical: (a,b,c,d,as) =(2,2,2,0,1)
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Confronting GHLS with ALEPH dataon — — = Fr v, DY apiEs

Results

Comparison of canonical and fitted parameters

@ Couplings and masses through free parameters:

al
Oprnr = 7g, mfZ) = angg, mgl =(b+ C)ngg,

@ Condition of cancelation of point-like yo+7—, W=7~ 7°
vertices in GHLS:
a bc

§:d+b+c

—

Canonical: (a,b,c,d,as) =(2,2,2,0,1)
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

Comparison of canonical and fitted parameters

@ Couplings and masses through free parameters:

al
Oprnr = 7g, mfZ) = angg, mgl =(b+ C)ngg,

@ Condition of cancelation of point-like yo+7—, W=7~ 7°
vertices in GHLS:
a bc

§:d+b+c

—

° (a,b,c,d,Oé5) =
(1.665+0.011,1.5+0.1,3.0+0.1,-0.16 £ 0.04,2.8 £ 0.1)

Canonical: (a,b,c,d,as) =(2,2,2,0,1)
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Decay amplitudes

Confronting GHLS with ALEPH dataon 7~ — w7~ 7w v, Results

Contributions to spectrum

0,30 ————F——T——T——7——

ALEPH
025 —— GHLS withg and ¢
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0,20 - - al i
Ty
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Spectrum of ' inT decay
o
o
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T

o

o

S
T
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o
«
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Figure: Contributions to spectrum of 7~7~ 7" in 7 decay.
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

@ Contribution of diagrams (a), (b), (c), and (d)
B(r— = ntn 7m v,) ~ 2.65%.
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

@ Contribution of diagrams (a), (b), (c), and (d)
B(r— = ntn 7m v,) ~ 2.65%.
@ Contribution of (c) B(t~ — ntn 7 v;) =~ 0.33%
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Confronting GHLS with ALEPH dataon — — = Fr v, DY apiEs

Results

@ Contribution of diagrams (a), (b), (c), and (d)
B(r— = ntn 7m v,) ~ 2.65%.
@ Contribution of (c) B(t~ — ntn 7 v;) =~ 0.33%

@ Net contribution of (a), (b), and (d) (without a,) is
B(r— = nfn 7m v;) = 0.47%.
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Decay amplitudes
Results

Confronting GHLS with ALEPH dataon — — = Fr v,

@ Contribution of diagrams (a), (b), (c), and (d)
B(r— = ntn 7m v,) ~ 2.65%.

@ Contribution of (c) B(t~ — ntn 7 v;) =~ 0.33%

@ Net contribution of (a), (b), and (d) (without a,) is
B(r— = nfn 7m v;) = 0.47%.

@ These should be compared to (c) in which a; is replaced
by aj and aj: B(r~ — ntn 7 ;) = 1.15% and 0.67%,
respectively.

N. N. Achasov and A. A. Kozhevnikov Troubles of describing multiple pion production in chiral dynamics.



Diagrams and decay width of p — 4.

. _ _ _ — Results
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Effect of counter terms

@ Generalized Hidden Local Symmetry model (GHLS) with
particular choice of free parameters

(a,b,c,d,as5) =(2,2,2,0,1)

was applied to evaluate the four-pion process p — 4.

e The terms originating from counter terms and diagonalization
of the A; — 7 mixing:

OPTTTT 1
rloomm)  _ 1612 ([pu x dym] — [py x Oym])® —

1
@[Pu X Oym] - [m x [0,7 x O,7]]
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Feynman diagrams for required amplitudes

Figure: The diagrams due to a; pr and pprrcouplings (GHLS)
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Decay width (proportional to probability)

e The reaction pq — 7q, 7q,Tq;7q,- The p — 47 decay width

Mpoan(s) = 37r633/2212N/ dsl/ dsy x

Hir dé
d
/ul A1/2 (s 82,52 / uz/ -z

|Mp~>47r(sa S1,S2, Uy, Uz, t2(C2))| )

s=0% s = (q- Q1)2, S2 = (g3 + Q4)2, ur =(q - QZ)Z’
Uz = (g — ds)?, tp = (A1 + Ga)?, S, = (1 + 92)*.
@ Ng = 4 for 77— 77~ decay mode.
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GHLS andthereactionete™ — ntx~ 7t #x~ at\/s < 1GeV.

Point-like contribution

Lohoton = —€A, (29fnpﬂ YT [7T X Oy T)3—

s
2f
29p atr 4 2gf,[m x a#]g,)

Figure: Diagrams descrlblng process ete” — i a T
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Diagrams and decay width of p — 4.

GHLS and thereactionete™ — 7#tn~ 77~ at/s <1GeV. Results

Cross section

Cross sectionofete™ —» ntnntn—

Oete——4 (S = 127rm2|_pe+e ( )rp_>47r( )
" s3/2|D,(q)[?

s is the total energy squared, 1/|D,(q)|? describes resonant
production of pions, I',_,s proportional to probability of transition
of p meson to final state f.
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GHLS andthereactionete™ — ntx~ 7t #x~ at\/s < 1GeV.

Results of evaluation of cross section in GHLS

1k
o
S 01f
‘B
~
+
& oo1p
A
©
+CD
L o001k
o
a —-=== GHLS, no contact terms
/',/'
0,0001 - . :
0,6 08 1,0
s2 [Gev]

Figure: Results of evaluation of cross section in Generalized Hidden
Local Symmetry Model

e Generalized hidden local symmetry model fails!
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GHLS and thereactionete™ — 7#tn~ 77~ at/s <1GeV. Results

Adding heavier resonances

Taking into account o', p” resonances: multiply cross section by

" ’H 1%2) {D:f?’q) * D;('%CI)} '2’

reff.noa; 1/2

o p—anT .
r(S) = ri eXp(IX)v
p—ayT—4T
eff eff,noa,
Y = cos—1 rp%47r o rp—>47r o rpﬁalﬂ'ﬁ‘hr

eff,noa,
2 \/rp—)alw—>47r rpﬁ4ﬂ-
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Results of fitting CMD-2 data
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Figure: Fitting CMD-2 data
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GHLS and thereactionete™ — 7#tn~ 77~ at/s <1GeV. Results

Results of fitting BaBaR data
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Figure: Fitting BaBaR data
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Conclusion

Conclusion

@ Simplest variant of GHLS model meets troubles when
describing 37 in 7 decay and 47 in e "e ™ annihilation.

@ Chiral loops are insufficient in 47 (Ecker and Unterdorfer).

@ Higher derivatives results in implosive growth of partial
widths. Additional parameters stopping the growth are
required. Alternatives:

@ One should invoke the contributions of heavier axial vector
mesons ay, @ in7- — 1w,

@ Contributions of ¢/, p” are required ine*e™ — 77 77 .
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