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Chapter 1

Introduction

In the relativistic quantum field theory spin one particles obey Bose-Einstein
statistics. In the Standard model there exist two types of spin one bosons
- gauge bosons and vector mesons. Our task is to describe these particles
in the framework of quantum field theory. The difficulties will arise when
we want to make the particles massive. Unfortunately general theories with
massive spin one particles described using Proca fields are not renormalizable
in the conventional sence.!

Gauge bosons are the mediators of interactions: photons for electromag-
netic, gluons for strong and vector bosons W=, Z9 for electroweak. First
two particles are out of our interest because of their masslessness. This is
not true about the vector bosons with their huge masses (80 and 90 GeV).
In spite of this problem theory of electroweak interactions is renormalizable
thanks to Higgs mechanism which gives masses to vector bosons indirectly,
so their mass terms (the origin of the problems) don’t appear in the original
Lagrangian. After rewriting the Lagrangian in terms of new physical fields
they are already generated.

In spite of our conviction that Quantum chromodynamic (shortly QCD) is
the fundamental theory of strong interactions we are not able to use it in the
low energy region. QCD describes only quarks and gluons as its fundamental
degrees of freedom which are not asympotic states due to confinement. This
is strictly non-perturbative effect. Regardless perturbative QCD cannot de-
scribe hadrons, particles composed of quarks, at low energies. So we have to
omit the requirement of renormalizability (in the conventional sence) and try
to build the effective theory for vector mesons which doesn’t have to satisfy
this condition.

In the present thesis we first mention in Chapter 1 some basic issues of

IEffective theories are renormalizable in the modern meaning [1].



resonances and Chiral perturbation theory (Section 1), two possible descrip-
tions of vector resonances (Section 2) and their equivalence (Section 3). In
Chapter 2 is calculated VVP correlator.

This thesis was inspired by the article

[2] K. Kampf, J. Novotny and J. Trnka, On different lagrangian formalisms
for vector resonances within chiral perturbation theory, arXiv:hep-ph/0608051.

Notation

We use the same notation as in [2]. All used fields transform under adjoint
representation of SU(3)y. Using the normalisation of [3] we have V, =
VjT @ where T® = \*/ V2 and T° = 1/ V3. The same is true about the
antisymmetric tensor fields and pseudoscalar fields, R, = R, T and ¢ =
¢*T* (footnoteThe pseudoscalar mesons transform as an octet so there is no
term ¢°7"°). For sources v and p we have p = p*T/+/2 and v, = viT/V/2.

The dot in brackets means the contraction of group and tensor indices
followed by the trace in group space.

(A-B) = AiB™,
(V-K-V) = ViK™V,

For generic tensors we employ ” : 7 for a pair of contracted antisymmetric
indices, i.e.

R:J=R,J".

We also use the symbol V for an antisymmetric derivative of the vector
field V,id. V = D*V¥ — D*V*#* and W for a derivative of the antisymmetric
tensor field W = Dab gbeb,



Chapter 2

Theoretical background

2.1 Spin one particles and yPT

In the beginning of the thesis we remind some fundamentals of spin one
resonances and Chiral perturbation theory.

2.1.1 Description of spin one particles

There are two main possibilities how to describe spin one particles in the
framework of quantum field theory. Either we can use the formalism of
vector fields or antisymmetric tensor fields. In the first case we can write the
free field Lagrangian in the form

1 1
;CV = _ZFUVFMV + imZANAM7 (21)

where F),, = 0,4, — 0, A,. Classical equation of motion gives
OPA,+m*A, — 9,0 A) =0.
Taking the divergence we get
0-A=0

and hence
(0* +m*) A, =0.
A real vector field satisfying these two equations can be expressed as Fourier
transform
1 o=1 d3p
(27)*? /=2 V2E

Au(x) = {Bu(pv U)eip'x + B;(p, U)e—ip-r}



where £/ = /p? +m? Comming to quantum field theory we substitute
operators for functions, id. B, — B,. Separating the tensor structure we
can write

1 7=! d3 ip-x J7ES —1ip-x
Au@) = om X @{aﬂ p, 7)a(p, o)™ + £ (p, o)al (p, o)e "7},

where £#(p, o) are three independent polarization vectors satisfying

o=1 7
Y p,0)e”(p,o) = g““rpp
o=—1 m

Eu(pa 0)5“(p7 0/) = _500’a
pﬂgu(p7 U) = 0

and a(p, o), a'(p, o) are anihilation and creation operators that satisfy com-
mutation relations

[a'(p> U)’ a'T(p/a OJ)} = 53(p/ - p)éa,a’a
la(p,0),a(p’, o)) = |a'(p,0),al(p,0)] =0.

Then fields A, (z) transforms under (1/2, 1/2) representation of Lorentz group.
The 2-point Green function we call propagator of the field

iAR (T = ) = (0]T[Au(2)Au(y)]]0). (2.2)

Direct calculation gives

. d4p . —ip-(x—
ING(T = 1Y) :/WZAF(Z))MVQ p(z=y)

where )
. —1 p pu
NP = (g — ) (2.3)

p? —m? + ie

is the covariant propagator in the momentum representation.
For the description using antisymmetric tensor formalism we have the
free field Lagrangian

1 1
ET = —§WMW“ + ZmszR“". (24)
where W, = 0“R,,,. Classical equation of motion has the form
0,0* Ry — 0,0* Ry + m* Ry, = 0.
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Applying the derivative 0" we obtain for 0*R,,, (multiplied by m because of
proper dimension of the field)

(0% +m?) (md*Ray) = 0.

The condition of transversality is satisfied identically due to antisymmetry
of R,,. So we obtain again Proca field equation and it is possible to write
for 0*R,,, the same expression (using the same creation and anihilation op-
erators!). Guessing the general form of the expansion for R, we get'

1 = d3p ip-x —ip-xT
R,u,(x)=WJ;E{AW<p,a>a<p,a>ep + By (p, o)al(p, o) 7}

Applying the derivative in the momentum space we obtain
iptA,, = me(p,o),
—ip'B,, = me"(p,o).
Easy calculation using the relation p,e#(p, o) = 0 gives the result

1 & dPpoi iz
Ruls) = o X ami] 0eealp:0) = o)) afp,0)e” +

(posi(p.0) = pucip, o)) al (prr)e 7.

The covariant propagator of the field is then

. d4p . —ip-(x—
AFE = Yo = O (Fosl@) R (100 = [ 5Kt Pl
(2.5)
where
AT —1 1 2 2
ZAF(p)a,B,uV = mﬁ ((m - P )ga,ugﬁu + GauPsPv — JawPsPu — (,u = V)) .
(2.6)

2.1.2 Chiral perturbation theory

In the low energy region the hadron sector can be described with the light-
est particles - pseudoscalar mesons. The effective theory for them is called

! Actually, this is not a guess. Antisymmetric tensor field transforms under (1,0)+(0,1)
representation of Lorentz group which guaranties the possibility of the expansion of the
field in this form [1], [4].



Chiral perturbation theory.? It is based on the hypothesis that the light-
est pseudoscalar mesons are the only degrees of freedom at the low energy
and the contribution of all other hadrons is effectively incorporated into con-
stants of chiral Lagrangian which is built phenomenologically from the chiral
building blocks satisfying the same symmetry properties as QCD. The orig-
inal QCD Lagrangian is in chiral limit (which corresponds to the massless
quarks) invariant under group SU(3) x SU(3)g (we call it chiral symmetry)
but the vacuum is invariant only under its subgroup SU(3)y - the symmetry
is spontaneously broken. So according to Goldstone theorem there exist eight
massless Goldstone bosons which we identify with pseudoscalar mesons?.

As in every effective theory also in yPT the Lagrangian can be decom-
posed in powers of small physical quantity. Here it is the external momenta
p which should be much smaller than an energy scale A ~ 1GeV which is
related to typical (nongoldstone) hadron masses. Another small quantities
are the quark masses (in quark mass matrix) first order of which corresponds
with second order in momenta?, M ~ O(p?).

Expansion of the Lagrangian in terms of p has the form (according to
symmetry conditions only even terms can contribute)

Lo=LP+LW+LO+ (2.7)

where £™ stands for part of Lagrangian which is of n-th order in p, ie.
L™ = O(p™). The lowest order Lagrangian is then

2 _ I
£ = X Trfuu + x4 (28)
where
u, = i[u'(0, —ir,)u—u(9, —il,)ul,

xe = ulxu' £uxlu, x=2By(s+ip)

are the chiral building blocks. Pseudocalar mesons come into Lagrangian

through u(¢) what is
u(¢) = exp {Z%Fo}

2The fundamental papers of xPT are [5],[6] and [7]. The classification of O(p®) La-
grangians can be found in [8]. Good introduction is provided in [9] and [10].

3Precisely the chiral symmetry is broken explicitly due to nonzero quark masses and
we identify pseudoscalar mesons with massive pseudogoldstone bosons.

4There is another approach, based on assumption M ~ O(p), which is called General-
ized chiral perturbation theory.
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+

where ¢ is the parametrization of octet of pseudoscalar mesons fields (7%, 7,

K+ K° K n). Tt transforms under adjoint representation of SU(3)y, ie.
¢ = ¢*T* where T = X\*/+/2. External sources s,p,v, = (1, +1,) /2,a, =
(r, —1,) /2 are the classical sources for scalar, pseudoscalar, vector and axial
vector currents (densities)

1

Sa — —T(I ,
Vo
1

P = —=qivsT,
VoL
1

Va,u — — Ta’
\/ﬁqu,u q
1

A™ = —= g1

S

These currents (densities) are the interpolating fields for the external particles
entering the process, coupled to quark mass matrix and so on. For instance
the process m° — 2v corresponds to 3-point Green function composed from
two vector currents and one pseudoscalar density.

There exist more chiral building blocks in higher orders Lagrangians. For
our next calculation we need

F =l ol fi
where

o= o = — I, 1Y),

Bo= oMY =0t —ilrt r].

We see that the second order Lagrangian contains only two unknown con-
stants Fy and By (in chiral limit). But it is not true for higher orders. The
number of constants rapidly grows, e.g. ng) has 10 constants, ng) has al-
ready 90 constants. The generating functional for yPT is

Zyprls,p,v,a] = /Duexp {i/d4xﬁx} (2.9)
Because chiral perturbation theory is the effective theory of QCD we have
ZxPT[Svpa v, a] = ZQCD[87p7 v, a’]
= / DgDgDG exp {Z / d'z [Locp +qru(v" +5a)g — (s — ivsp)q]}

Unfortunately we don’t know this function from the first principles so the
constants in yPT cannot be computed directly from QCD.

11



2.1.3 Resonances in effective field theory

The spectroscopy experiments reveal existence of mesons at the energy 1 GeV.
Their lifetime is very short therefore we call them resonances. In [11] was
first done the systematic effective field theory for resonances in the context
of chiral perturbation theory.

There are more types of resonance (axial, scalar and so on) but we restrict
ourselves to the vector resonances 1~~. They are described by the Lagrangian
containing the free field part and the interaction part. The simplest form with
one external source (in vector formulation) is

1 1

EV:—Z(V:V)+§m2(V-V)+(J1-V) (2.10)

where V,, = VT stand for nonet of vector resonances (w, ¢, 0, pt, K**,

K*, &™) and transform under adjoint representation of SU(3)y, J; is the
external source which is constructed from the chiral building blocks. Gen-
erally there could be infinite number of terms coupled resonances with J;
sources. We can get on-shell matrix elements from correlators using LSZ
formulas. The correlators can be obtained from generating functional ex-
panding in terms of external sources s, p, v*, a*. They enter the Lagrangian
through chiral building blocks (also pseudoscalar mesons enter the process
through this blocks) being in J; sources. For example in our simple model

Jiw = 2\/—f+;w+ZgV[uuvuV] (2.11)

where fy, gv are the constants and f4,,, u, are usual building blocks (for ex-
ample [9] and [10]). In the low energy region we can get rid of the resonances
and the dynamics is fully determined by pseudoscalar mesons, id. it is the
domain of pure yPT. It means that integrating out the resonances we get
effective chiral Lagrangian which can be decomposed into standard terms
of £,. Some constants in chiral Lagrangian are then saturated by vector
resonances.

For complete description of processes with resonances we have to add
chiral Lagrangian at the lowest order. The odd intrinsic parity sector re-
quires to take into account also the Wess-Zumino term [12]. So the complete
Lagrangian of the theory is

L=Ly+ LY+ LY, (2.12)
where \/_
N 14 (6%
Egjll/)Z = 87 2}56;1110:6 <¢ {8“7) ,a Uﬁ}> . (213)

12



2.2 Two descriptions of vector resonances

There are two main possibilities how to describe vector resonances in the
field theory. As was mentioned we can use the description of the vector
fields. Moreover we can do the same with the antisymmetric tensor fields.

2.2.1 Vector field formalism

Taking into account just terms linear and quadratic in the resonance fields
we write for the general Lagrangian in the vector formalism

Lo =~V D)4 gm?(V-V) (V)4 (D) (VK V) (V2 D)
(2.14)

The sources J; and K are constructed from the usual chiral building blocks
(for example [9]). The chiral orders are

Jio= O@p’),
S = O,
Js = O(p),
K = 0@

The concrete form of the sources we show later in Section 3. Classical equa-
tion of motion gives the solution to the lowest order

1
V= ——(h—2D- ).
We see that the chiral order of the vector field V has to start at order O(p?),

the derivative of the field V is then of order O(p*). So we can decompose
the resonance Lagrangian in powers of p

Ly =LY+ Y (2.15)
where
LY = SmWV V) (V)4 (e D),
L) = VeV 4 (VK V)4 (Vs D)

Substituing for the solution of classical equation of motion which is equivalent
to Gaussian integration (neglecting loops and after further expansion) we get
the resonance contribution to chiral Lagrangian up to O(p%).

13



After integration by parts the result is

2 (D-Jy-Jy- D).  (2.16)

© _ L 2
‘Cx,V = —§m (Jl . Jl) + W(DJQ . Jl)‘i—m

The contributions of higher orders are generated of course too but there is
none of order O(p*).

2.2.2 Antisymmetric tensor field formalism

Lagrangian in the antisymmetric tensor formulation has the following form

CT:imz(R:R)—%(W-W)+(J1-W)+(J2:R)+(W-J3:R)

+(R:Jy:R)+(R:Js-D:R). (2.17)

The chiral order of the sources are

Jio= O@p’),
Jo= 3+ 1Y =00 + o),
Jz = O(p>7
Ji = O@p?),
Js = O(p).

The solution of the classical equation of motion at lowest order is
2 o
R - —ﬁJQ .

Antisymmetric tensor field starts the expansion at second order R = O(p?).
Organizing the Lagrangian in powers of p we obtain

Ly =LY+ (2.18)

1
£ = Emz(R :R) + (J{? : R),

1
£y = W W)+ (B R+ (W-Js: R)+ (R: Ji: R)+ (R: J;- D : R).

For the effective chiral Lagrangian up to O(p°®) we have

Lyr =LY+ L (2.19)

X

14



1
L = —— P ),
2 2 — 9
L = —aW BN+ 50 17 1 D) = (D AP )
4 4 A
tg (DY T ) (B T ) (B s DY),

2.3 Equivalence of both approaches

As it was recognized in [13] the naive correspondence connecting free vector
and antisymmetric tensor fields

1~
R < =V,

m

1
V & ——W

m

doesn’t relate the Lagrangians properly. Simplest way how to show the dif-
ference we start with the simple antisymmetric tensor Lagrangian

1 1
L= Zm?(R ' R) — 5(W W)+ (Jy: R).
From the naive correspondence we obtain
1 ~ S 1 1 .
ET — EV = _Z<V . V) + §m2(V : V) + E(Jg . V)

However, the contributions to the effective chiral Lagrangians up to O(p°)
are not identical (as can be shown from last section). For instance to restore
equality up to O(p*) we have to add the contact term

1
Lr— Ly — ﬁ(Jf’ . T, (2.20)

Therefore the naive substitution into the interaction terms with the sources
J; doesn’t ensure the equivalence of both formulations.

The correspondence of these two formulations was studied in the past (cf.
references [11], [13], [14], [15], [16], [17], [18]).

2.3.1 Vector — tensor correspondence

In this subsection we start with the vector field Lagrangian Ly and try to
construct the antisymmetric tensor field Lagrangian E%f ! which is equivalent

15



to Ly. Let us consider the Goldstone boson effective action I'y [J;, K| defined
as

Zyldi, K] = expily [Ji, K] = / DV exp (z / d4x£V) .

Equivalence of Ly and EeTf / means the equivalence of the contributions to
the effective action I'y [J;, K]

Zv[JZ,K] = exXp ’LFV [«]Z, K] = /DReXp (i/d4l’£§wff> .
Introducing an auxiliary antisymmetric tensor field R we can write
Zuldi K] = / DV exp (z / d4xﬁv>

/| DVDRexp (ifd4at (imz(R ' R)+ ﬁv))
B | DRexp (ifd‘lximz(R : R)) '

The auxiliary field R is merely an integration variable, it can be therefore
freely redefined. In the following we try to integrate out the vector field
and get the expression for the effective Lagrangian E?pf 7 which is completely
equivalent to Ly. The detailed calculation is done in [2]. The result is
an infinite series in powers of p which can be found in the same article.
The antisymmetric tensor field Lagrangian £eTf 76 i5 not completely equiv-
alent to original Ly but is equivalent up to O(p®) and gives the same chiral
Lagrangian O(p®). After integration out the vector fields the Lagrangian

E?pf =5 can be obtained by the truncation of the infinite series

e 1 1 e e €
1Y = Tm? (R R) = g (W W)+ (F7- W) 4 (57 R+ (W 57 Ry

4
+(R:JIT R+ (R JH . D R) 4 5] (S0)contact (2.21)
where
1
= =
m

2 1
JAT = mdy— Sy Jy e Jy— = - Js,
m m

B = =,

1
Jéfff = _§J3'J3a
J =0,

16



and the contact term

Eeff (<6),contact (J J2)_—(J1 Jl)

T —(Ja: Sy i)~

2 2
(J J3-J3 1 o).

m? m?

The equivalence between the vector and the effective antisymmetric tensor

Lagrangian up to the order O(p%) cannot be complete unless K = J; = 0

in the original model. Then we have explicitly EeTf /&% — 0 and the infi
nite series reduces to E?pf 76 " This condition is satisfied in the vector field

formulation so the equivalence is guaranteed.

2.3.2 Tensor — vector correspondence

Analogously we want to find the effective vector Lagrangian ﬁf/ff which is
completely equivalent to the antisymmetric tensor Lagrangian L. Detailed
calculation is done again in [2]. The result up to O(p°) is then

1 ~ -~
Eeff(<6 ——(V:V)+

1 ~m*(V-V) 4 (V) 4 (50

2

1 ~
+§(V- KT V) 4 (V- J0T V) 4 of [(SOeontact (5 99)

where
JA = may,
e 1 2
J2ff = T 2()7

KT = gt =o.
and the contact term

e contac 1 1 2
ﬁ‘jf(gﬁ), tact _ —(Jl i Jl) o w(JéZ) . J2(2)) _ E(JQ(Z) : J2(4)) _I_

”;l\.')

W(JQ(” Jy s JY) %(JQ(” D Js TS,
The equivalence between the antisymmetric tensor and the effective vector
Lagrangian up to order O(p®) cannot be complete unless J3 = J; = J5 =
0 in the original model. But the concrete forms of the sources J; in the
antisymmetric tensor field formulation don’t satisfy these conditions so the
infinite series doesn’t generally reduce to the finite number of terms.

17



2.3.3 Mixed formalism

In last two subsections we have tried to prove the equivalence between the
vector and the antisymmetric tensor formulation up to O(p®). But we have
failed! These two approaches are not generally equivalent. It is seen already
from the effective chiral Lagrangians which neither start at the same order
nor all terms are analogous. The antisymmetric tensor formulation seems to
be better (and it really is) but as it was mentioned in [21] and [20] it does
not create the contact term

1
L) = —§(J1 - J1) (2.23)

in the effective chiral O(p®) Lagrangian after integrating out the resonances.
So it must be added by hand as in [21]. All these problems lead us to find
another formulation from which can be derived both previous and will be
more general. Because of the reasons mentioned in [2] we start with the
following first order Lagrangian

Ly = imz(R:R)+%m2(V~V)—%WL(RZ‘7)+%(V'K'V)+(J1'V)

+(Jo:R)+(V-Js:R)+(R:Jy: R)+(R:Js-D:R). (2.24)

The solutions of the equations of motion to the lowest order are

2
n - )

Vo— o — (J1 — =y I - %D - J§2))
indicate the chiral counting R = O(p?) and V = O(p?), we have therefore
Lyr = LY} + LY+ LY) (2.25)
where
£l = TmARR)+ () R)

1 1 ~

L = Gmi(VV) = gm(R: V) + (S V) + (B R+ (V- Jy s R)
+(R:Jy:R)+(R:Js5-D:R),
1

& = §(V~K~V).

The corresponding effective chiral Lagrangian up to O(p%) is

Lyvr =LY+ L9, (2.26)

18



Ly = R,

L0 = gl ) — gAY+ 2D I P D)
P DI R = (DI ) ()
+%(J2(2) tJ5- D J2(2)) - %(Jf) tJ3e Jy Jz(z)) + %(Jl 3 J2(2))-

As was shown in [2] it is possible to integrate out the vector or the anti-
symmetric tensor fields and to derive the corresponding effective vector or
antisymmetric tensor Lagrangians up to O(p°). Their effective chiral La-
grangians are already identical (including the contact terms which were not
present in the previous approaches).

19



Chapter 3

VVP correlator

As an explicit example of the mentioned theoretical description of vector
resonances we calculate one off-shell process in all five formulations - vector,
antisymmetric tensor, effective vector, effective antisymmetric tensor and
mixed. Concretely it will be VVP correlator in the chiral limit, ie. the process
with two vector external sources and one pseudoscalar. This can describe the
processes 0 — 27, w — 7y and many others.

The result for the antisymmetric tensor method was already published in
[3] and for the vector description in [19]. Formally we compute the correlator

(Myve )y (p.q) = / d'zd'ye ) (0| T [V (2)V,) (y) P(0)0)

where vector and pseudoscalar currents are

a 1 - a
v, (z) = ECJ%T q,
1

PY = —qivsT%.

V2

The invariances of QCD under P and T transformations and Ward identities
allow us to extract group and tensor structure

(HVVP)Z?/C (p.q) = EuuaﬁpaqﬁdabcHVVP(pza %%

with » = —(p + q). The QCD calculations within the OPE framework give
in the chiral limit the high energy conditions [22], [19]

Bn 0% 4 g% 4 12 1
Do p”+q +r O<>

. 2 2 2y
Jim Ty e((Ap)7, (M) (W +A)) = =525 55 26

Therefore our task is not only to compute the correlator but also to verify
whether the high energy conditions are satisfied. As was already said due to

20



suppresing loops in large N¢ limit [23] we can take into account only tree
level diagrams. Following calculations are organized in the same way for all
formalisms:

e Lagrangians in definite formalism - Here we repeat the used Lagrangian,
write concrete forms of sources and divide Lagrangian into particular
terms contributing to vertices.

e Feynman rules - Here we derive Feynman rules for the vertices in defi-
nite model.

e Feynman diagrams - We construct all possible diagrams from vertices
determined in preceding item.

e Result - We write the complete contribution to VVP correlator, com-
pute the high energy behaviour and determine if it satisfies the high
energy conditions or not.

3.1 Vector formalism

Lagrangian in vector formalism
Complete Lagrangian in the vector formalism is
[':‘C2+‘CV+£WZ~

with the resonance Lagrangian of the form
1~ ~ 1 S 1
Ly = _Z(V : V)+§m2 (V- V)+(J1-V)+(Ja : V)+§(V-K-V)+(V~J3 :

The sources that contribute to our Green function has the form

T = hveuas(T {0, 12°}),

<)

auv 1 a 4
J2M = _§fV<T fﬁ >>
1
e = Loyeme e 1),
K = 0.

The expansion of the Lagrangian into particular contributions gives

Vector propagator - The kinetic and mass terms form the vector propagator.

: p
. al 1 p pl/ a Va’IJ v
N e () L — v
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J1 -V - There is a contribution of the form Vve.

4v/2h
Ly = hy s (V" f17}) ~ _7fF LA e0 V0 PO V.

Jo V - There is a contribution of the form V.

i o
Ly= 2\‘//_ ((DV;, = D,V,,) f17) ~ = 6”0,V (O0) — 8,,1)2).
V-J:V V - There is a contribution of the form VV.

1
L3 = goveas ({D"V" = D'VEV}u’) ~
Chiral and Wess-Zumino - There are contributlons of the form VV ¢, P¢ and

pseudoscalar propagator.

2
UV dabc € wjauvu ay/, baﬁ¢c

V2Ne e e Ne e G e
['%/[[11)2 = — 87r2}«?d e e <<I>8“v o Uﬁ> 1o 2F€uvaﬁ8u 9ouPbge,
F? 1
LY = (wa + xy) ~ 50,0°0"6" + FByd " P’

Pseudoscalar propagator - The kinetic term comes from ng), there is no mass
term because pseudoscalar mesons are massless particles in the chiral limit.

. r
iAP(T)ab _ i(sab‘ q)a—__’CDb

Feynman rules in vector formulation

Vertex 1 : vector source - resonance

p
l There contributes L, to this vertex. The Feynman rule is

Vv,b
(V)2 = —ify(ip,)gaed™[(—ip?)gs — (—ip”)g")]

y = —ify (D’ Gar — Paby)-
a,a

Vertex 2 : vector source - resonance - pseudoscalar

& p There contributes £, to this vertex. The Feynman
rule is
V[J,a
4v/2h
abc . V' sabe e AN
q/ \r (‘/2);/,04 _ZTd Epo'fi)\gg(_lr )(_Zp )gu
4+/2h
Va,c >, — i%dab%wgurapﬁ-
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Vertex 3 : resonance - resonance - pseudoscalar

®° There contributes L3 to this vertex. The Feynman
rl rule is
1\ abe 20’\/ abe _ . T
/2N (V) =~ A com(—id") g0l (~ir")
_ 2UV dabe p
V2 Vv’b - F Euapuq T

Due to Bose statistics we have

20’\/

(Vo) =i 5

dabceuapu(q —p )
Vertex y : pseudoscalar source - pseudoscalar

Cc
p There contributes ng) to this vertex. The Feynman rule
is
o (V) = iF Byd.

Vertex W7 : vector source - vector source - pseudoscalar

c
® There contributes the anomaly term 5%1,)2. The
lf Feynman rule is
Q\ /p abe : N abc
V/J: Vv’b (VWZ> = 167T2Fd 61“/046]9 q

Due to Bose statistics we get

. N¢

abc __
Vw2l = ~ig

dabceuuaﬁp q .
Last two vertices exist in every formulation.

Feynman diagrams

First we determine two subdiagrams which will be useful in the following
computation.
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Subdiagram 1: vertex 1 - tensor

This subdiagram consists of vector propagator and

/ Voe vertex 1.

. Vi (S, = (V)i (Ay(q) "™
—_ VlJ,a fv(sae

= m(ﬁ%u — DoPpu)-

Subdiagram y: vertex y - pseudoscalar

r . This subdiagram consists of pseudoscalar
p propagator and vertex Y.
o7 FB
ce cdy e 0 cce
|q)e (S2) = (Vi)*i(Ap(r))* = ——2 9

Next we calculate all Feynman diagrams contributing to VVP correlator
(on the tree level, of course).

Diagram 1

r
N pe
The diagram consists of vertex 3 and three subdi-
of agrams. Taking all together we find

A ()b = (V3)* % (S2) (1) (S1)ve,
4 ’ 4Z’Boavf‘2/p2q2

Ve Voo , 5
C{/ \§D B T M
AL pe L

Diagram 2
\/ The diagram consists of vertex 2 and two sub-
¢ diagrams. Taking all together we find

p
(DO' abc dae dc a,be
VH-a b <H2)uu = (‘é)au (S2> (Sl>u’
(é:@@ 4N2ip* Bohv By gy N
p/r \oe \q = - L Vd b €uvaBP qﬁ-

r2(p* —m?)

After changing vj; < v? and p < ¢ we get similar diagram. Its contribution
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to the correlator is

_4\/§iq230hva

abc __ abc o, B
(H?))/u/ - T2(q2 _m2) d Eul/aﬁp q .
Diagram yx
P < The diagram consists of vertex WZ and subdi-
r . .
agram . Taking it together we find
ch
(M) = (Viwz) o (S2)™
PN\ /q :
v.b ZBONC abc o
Vi v = S72r2 d €uvaBlP 4 -
Results
Summary

After multiplication by ¢ from the Feynman rule (see Appendix) we get for
the complete VVP correlator

(Mvvp)s (pa) = [ d' [ diye@=4e0 (o7 [Vi@)Vi(y) <)) o)

_ « ﬁdabc BO _ 4O-VfX2/p2q2
I G D

4\@P2hva+4\/§q2hva NC}

) ) e

High energy conditions

The high energy behaviour of VVP correlator in the vector formulation is

B N,
. 2 2 2\ _ 0 9 2
Jim - Hyyp((Ap)7, (Ag)7, (Ar)7) = 2| gt 8V2fyhy — Afjoy
Bom? [4V2fvhy —AfEov  4V2fvhy —Afioy 1
+ A\ p2r2 + q2r2 O(F)

The term proportional to 1/A? has to vanish, id.

N¢
2

However at order 1/A? we are not able to satisfy the conditions.

+ 8\/§fvhv - 4]0\%0'\/ = 0.

The result in the vector formulation is not consistent with the high energy
conditions.
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3.2 Tensor formalism

Lagrangian in tensor formalism

Complete Lagrangian in the antisymmetric tensor formalism is
L=Ly+Lr+ Lwyz.

Chiral and Wess-Zumino terms are the same as in the vector case. The
resonance Lagrangian up to O(p°) is

Lo = —5(W- W)+ (R R)+ (5 W)+ (o R)

+W-J3:R)+(R:Jy,: R)+(R:Js5-D:R).
The sources contributing to VVP correlator has the form

(J2)ZI/ = <Ta<]2/w>a
(J4)thjxa6 = <{Ta? Tb}‘]‘lw/aﬁ)a
(J5)ZII)/?)0 = <{Ta? Tb} ‘]?,u,upcr>

where

1
'](2) = F vy
2uv 2\/5 Vf+,u
4 Cl le% o K C2 o K
s = Cunpr = S5 Do’} g + = £, Do)
@ po K % po K _ % pA o R
‘Hm{f+=X—}9y+Zm[f—aX+]gu mD)\{ +,U }gy

Ce o Cr A
__Dl/ P K __Dcr P K
m {f—l— y U } m { + 7u)\}gl/7

1

J4/u/ozﬁ = Zdl(ew/aaDﬁua - EuVﬁUDauJ + EaﬁuUDuuU - eaﬁl/UDuuU)
+€wjaﬁd2X_,

Jguupa = Epau)\(d?)u)\gg + d4uuga>\)'

The source .J; is parted into O(p?) and O(p*) terms. Sources J; and J3 don’t
contribute to VVP correlator.

For this Lagrangians and sources we get in approximation the particular
contributions:
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Tensor propagator - The kinetic and mass terms form the tensor propagator.

(AR( ))aﬁ po = _m2 )[(m2_p2)gapgﬁ<7+gapp,3p0_gaopﬁpp_(a — 6)]

Ra,aﬁ P Rb,pa

Js : R - There are contributions of the form Rv, Rv¢ and Rvp. Last three
terms are integrated by parts in order to simplify their form.

F
Ly = =2 (R f") ~ Fy6®R™9,0°,

2v/2
2\/501

Ly = e ((R™,F1) Do)~ ==L, R (901 — Out) 0707
4
Ly = C_niEMVPU <{Rua’ _ip_a} Dauu> \/702 2V 2C2 tabe, uupaRuA agryobe au¢c
) 8 B
£4 — @‘SMVPU <{R,uz/’ ia} X—> o _ \/703 0dabcquol,-_-gluz/,aap,uo,bf)c7
m m
c o
‘CS = a‘leuupa <Rﬂa[ff >X+]> ~ Oa
Cs 2v/2¢5

Lo = e {DaR" fL}hu7) ~ == Bd e, R (00N — 0P o,

c o1 b 4fc
L, = iewm ({ Do R, f7Y u¥) ~ 6

2
Ly = %Euupo ({D7R"™, f2*} ug) ~ _%dabceuupoﬁgRW’a(ﬁva’b - a)\vml’)&)\(ﬁc'

dabc €rpo a}\RuA agP % bau ¢c

R : Jy: R - There are contributions of the form RR¢ and RRp.

Ly = idl <{RW’ Raﬁ} (€pwac D’ — €upe Dat” + €apuo Dyu” — EaﬁVJD“uU)>

2
~ FdabcqugR“V’GRPA’bﬁAﬁg(bc,

‘ClO = z.d2€ul/p0 <{RMV7 Rpa} X—> ~ _4BOdabc€uupaij’aRPU’ch-

R :Js5-D: R - There are contributions of the form RR¢.

2
Li = dyepups (Dol R} u7) ~ —2d™€upe ONR™ RO 6,

2
Elg = d4€uypg <{D0R‘uy, Rpa} ua> ~ —FdabcqugﬁgRuy’aRpA’b8A¢c.
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Feynman rules in tensor formulation

Vertex 1 : vector source - resonance

There contributes only £; to this vertex. The Feynman

l p .
rule is
Vv,b

ya - - .
Vi), = l%(gégg—géga)(—lpp)gauchd

ag.d Fy
R = 75bd(ﬂ9a95u - Pﬁgau)-

Vertex 2 : vector source - pseudoscalar source - resonance

There contributes £4 to this vertex. The Feynman rule

Né
i pe is
(Vo)actd = —z2—8f Bod™ e (Gapgre — Gao9rp)9ou(—ipx)
Reod = _ngBoddacepaAup-

Vertex 3 : pseudoscalar source - resonance - resonance
There contributes Ly to this vertex. The Feynman rule
Va)ili s = —2idaBod™ €™ (guagng — grsgra)(grros
RGB F\)V58 . dec
= —8lngQd €aBvs-

Vertex 4 : vector source - resonance - pseudoscalar

\P

Ve There contribute Lo, L3, Lg, L7 and Lg to this ver-
g / \r tex. For particular terms we find these Feynman
rules
Raﬁ,e CDd
aae 2\/§ ea eq g
(V;l );folzﬁ = —a—d deaﬁuﬁr ppr + C1 d deaﬁpappr Ty,
mF
aae 2\/§ ea
(‘/42);16545 = c2ﬁd (€a>\PﬂppT,3,r)\ - EﬁApﬂpprarA)v
2v/2 2v/2
3\ade ead J ead A0
(V;l ),u,aﬁ = _CSWd €apBus’ qup + CSﬁd €aproqupP T,
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(‘/;14)26566 = GCp mEF dead(eapAMQBpArp - EﬁpAuQapArp)a
2v/2 2v/2
5\ad d d A
(V4 )Zaeﬁ = —C7 mE e Eaﬁ,ucrqapprp + c7 mF a- Eaﬁqupp Tu-

Vertex 5 : resonance - resonance - pseudoscalar

There contribute L9, £11 and L5 to this vertex.
For particular terms we find these Feynmane rules

d i o o
(‘/51>a%{/5 = dlﬁddfe(eaﬁyor s — €aBésT T’y)u
21
d o
(‘/52)0466{/6 = d3fddf6€aﬁ'yUQ6r )
d 1
(‘/53)0466];6 = d4fddfe(€aﬁwqa7“5 - 6045506107“7)-

Vertices y and W Z are the same as in the vector case.

Feynman diagrams

First we determine the subdiagram which will be useful in the future. It is
very similar as in vector case

Subdiagram 1: vertex 1 - tensor

Rpo.c
/a,id (Sl)cha = (‘/1)2(;5@' (AT(Q))aﬁpo

R
q . iFvéad
> yHa = m(guo%) - guqur)-

We label (S5)® the second subdiagram which is the same as in the vector
case (vertex x - pseudoscalar).
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Diagram 1

(o}
?p The diagram consists of vertex 5 and three
subdiagrams. Taking all together we find

Rpa,A e <H1)Z?fc = (%)Zij;ts(Sz)fc(sl)ﬁzg(&)i%y

The term with d4 coming from vertex 5 van-
% ish so we obtain
EAS e WAL
ube 4ZF2 dabc N
(H1>u1; = _Tz(mz — q;/) (m2 — p?) CuvapP qﬁ[(dl - d3)7“2 + d3(p2 + qz)].
Diagram 2
r
N . The diagram consists of vertex 4 and two
d}@ p subdiagrams. Taking all together we find
(0]
ha vb (H )abc — (V )be (S )be (S )cd
%k 2) pv 4) pap\P1)apv\P2) -
P ::::<:> q
- RoB.e ™~ The term with ¢; vanish so the result is
2iv2Fy B
(H2)le)/c = el dabceuuaﬁpaqﬁ[p2(_cl +et 5 — 206)

r2(m2 — p?)
+q?(cy — ey +c5) + (e + ¢y — cs)).

Changing vy, < v% and p < q we get very similar diagram

2iv/2Fy By

v gy a0l (1 + ot e = 20)

abc
(IL3)7,

+p2(01 — Co + 05) + 7’2(01 + Cy — C5)].
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Diagram 3

pc

Raﬁ e RrO. f

<§7 :})
Diagram 4
\P

A

Rpa,d

Vv,b ﬁ

The diagram consists of vertex 3 and two sub-
diagrams. Taking together we find

W = (Va)ha(S0)™! (1)
32iF2dy By )

- _ dobe B o ,B.

(m? =) > — )"

The diagram consists of vertex 2 and one
subdiagram. Taking it together we find

(s)ime = (Sy)h, (Va)oree
16iv/2BoFycs Jabe y
= — €a .
m(m? — p?) mwapP 4

. b . . . .
Changing vj; <> v, and p < ¢ we get similar contribution.

(g0 =

16iv/2ByFy ey

=) © e

Finally we add diagram x which is the same as in vector formulation.

Results

Summary

After multiplication by i from the Feynman rule we get for the complete
VVP correlator in the antisymmetric tensor formulation

(HVVP)MV p?

= ewagpaqﬁdacho{ﬁlF‘% (

/ 'z / dtyc@+an) (0)T [Ve(2) V2 (y) P(0)] |0)

dl—dg)’f’ +d3<p "‘C])

(m? —p?)(m? — ¢?)r?

_2\/5&7“2(01 + Cy — 05) +p2(—01 + Cy + Cy — 266) + q2(01 — C9 + 65)

m

(m2 _ p2)7~2

_2\/5&7”2(01 + Ccoy — 05) + q2(—01 +co+c5 — 206) —l—p2(01 — Co + 05)

32F2d,

(m2 _ q2)fr=2

(m? — p?)(m? — ¢?)

16V2Fy cs 16V2Fy c5 Ne }
m(m? —p?)  m(m?—q%) 8m?r?
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High energy behaviour

The short distance behaviour of VVP correlator in the antisymmetric tensor
formulation is

tim Ty (O, ()%, ) = 2]
{(01 +cy — C5)(Q2 —|—p2) + 2p2q2<—01 +co+c5 — 2c6) + (1 — c2 + 05)(]94 + q4>}
L 16VEFyes(p + q2)} . B {4F5(d1 —ds) ARV + ¢°)ds
mp2q? M2 P2q? p*q*r?
2V2Fy
mpPgPr?

Nc Fy
— 22— X
822 + \/_mpzqzr2

[2m*r?(c1 + 2 — ¢5) + (p° + @)m*(—c1 + 2 + ¢5 — 2cg)

32F2d 32\/§F c3m 1
20,2 | 2 v a2 vC3
+m*(p* 4+ q¢°)(c1 — ca + ¢5)] + 2 — 20 } + O(F).
To fulfill the high energy conditions we have to demand

ciT = —403
cy = —dcg+ s
Ncm
g = C5g— ——
¢ 64212 Fy,
Ncm2 F2
di = —8dy—
! >~ G4n?FZ | 4FZ
Nem? F?
dg - - ¢ 2 —|— 3
642 Fy - AFp

The result in the antisymmetric tensor formulation is consistent with the
high energy conditions. In this case the expression simplifies to

2 2 2 _ Nem?
(H )abc ( ) & P qabe BSFO2 P 4r?Fy
; = €uva .

VVP)u D)4 wapfD 4 9 (pg —m2)(q2 _ m2)r2

3.3 Effective tensor formalism

Lagrangians

In tensor-vector correspondence we start with vector Lagrangian and derive

the effective tensor Lagrangian [2] up to O(p%)
1 1
cir = —§(W-W)+Zm2 (R:R)+ (J W)+ (J5' - Ry + (W - J§T . R)

+(R: szf ‘R)+ (R : Jgff_D ' R) +£§«ff’conm0t,
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where the effective sources (using the sources Ji, Jo, J3 from the vector case)

1 2
S = == =,

Jo = mJ2——J2 Jy - J3——J1 Js ~ mJs,

B = =,
1
J = —§J3~J3~0.

Effective source Jgf 7 vanish identically. The contact term is

1 1 1
Lot = (Jy 1 Jy) — —(Jy+J Jot Jy- i) = o (o i Jy-Jy 1 Ja).
( 2)2 (1 1)m( 3 J1) 2m( 3 J3 0 )
Substituing for the effective sources into Lagrangian and taking into account
only relevant terms we get (no contact term contributes to VVP correlator)

L S W42 (V V) (V)= (2 W) 4m( 2 V) ~(W g V),

We are able to rewrite Lagrangian into particular terms as in previous cases.

J1 - W - There is a contribution of the form Ruvg.

2y o 2y

1
L1 = ——hveuas (W'{u", f A 00, VI 100,

Jo : J3 - W - There is a contribution of the form Ruv¢.

2 1 2
£2 [ (_ fV ) §O.V€a,8,ul/ <{ p Wa}u,@> ~ _ {;:;V Gaﬁwjdabcauvu,aaURoa,baﬁ¢c'

Jo 1 R - There is a contribution of the form Rwv.

_ 1 + v ab v,a b
£3 =m <—2—\/§> fV < ;/,VRM > ~ _me(S RH auUV.
W - J3: R - There is a contribution of the form RR¢.

1
L= —5ove™ ({Wo, Ry Yug) ~ - apud™ R0, R0 6",
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Feynman rules for vertices

Vertex 1 : vector source - resonance
There contributes only L3 to this vertex. The Feynman rule

% i

Vv,b ]
db . o o .
(Vi)ag = —ifvmz (9295 = 9592)(=ips) 9r 0™
aB.d fim
R = _—6db(pagﬁu - pﬁgau)-

2

Vertex 2 : vector source - resonance - pseudoscalar source

P There contribute £; and Ly to this vertex. Partic-
N » 9 ular terms give
vha p°

d

1 ade _ 2\/§hv ade VA VA
(‘/2 )uaﬁ - - mF d (EBV)‘N/qOCT p - EO!I/)\/J/qﬁT p )7
Reod Nede _ fvoy
(‘/2 )#aﬁ mF
The Feynman rule for this vertex is
(4\/§hv - 2fv0v) A v

d
(‘/2>Zo¢eﬁ = - ImF pr (6;11/,6)\%1 - Euua)Qﬁ)-

d A A
d*“(€arpudar" D’ — €arppqsr p”)

Vertex 3 : resonance - resonance - pseudoscalar

There contributes £, to this vertex. The Feynman

rule is
/ def o ZUV def 1 . € K € K
(‘/é)aﬁyé - ?d EHAWZ(_qu)(Qagﬁ_gﬁga) X
(g%g5 — g59%)(—ir)
RY&f oy
= 9F (€arysd8 — €8r75a)-

Due to Bose statistics we have

d oy
(V},)ae@% = oF r )\(Eakyé(JB — €836 t EyrapDs — €5raBPr)-
Furthermore we have the chiral vertex (V).

Diagrams

First we determine useful subdiagram as in previous cases.
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Subdiagram 1: vertex 1 - tensor

Rro.c
/ (S1)e = (%)Ziﬁi(AT(Q))aﬁpmd

RaB.d ppo
ifvm
“1&3 - g% — m?2 0““(pGou — doGp)-

Diagram 1

,
N e
The diagram consists of vertex 3 and three

o subdiagrams. Taking all together we find

abc o e a e c
Rpo,dA Voo (L), = (V2)° 0o T(81)5 (S1)%5,(Sy )
Rr® 2i Booy fem?(p* + ¢%)

— b B
= T2(p2 — m2)(q2 — mz) d® quaﬁpaq .
ﬂY VlJ’a VV,b ‘i

Diagram 2
\I’
ﬁpc The diagram consists of vertex 2 and two sub-
o4 diagrams. Taking all together we obtain
VIJ!a VVb abc ade ap,oe c
P, q (M), = (Va)sacs(S1) (S, )
Raﬁ,e AN

abe abe o 1By f 4v/2h — 2fvoy)p?
RS (AT N )

727 =)

. . . . . b
We get similar contribution changing vj; < v, and p < ¢

B 4/ 2hy — 2 2
(H3)Z?/c = _dabceuuaﬁpaqﬁ <Z OfV( f v fVUV)q ) .

r2(q* —m?)
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Results

Complete VVP correlator in effective tensor formalism is
Myvr) (p0) = [ d'a [ diye@=4o0 (o7 [Vi(a)vi(y) P<0)] [0)
Aoy f2p2q
_ (o} ﬁdach { o VJv
Euuaﬁp q 0 7,2(p2 - m2)(q2 _ m2)
+4\/§p2hva n 4N2¢*hy fv _ Ne }

7»2(p2 _ m2) 7’2(q2 _ m2) 722

The final result is identical with the one in the vector case. It means
that the structure of (ILyyp)i is fully reconstructed in the effective tensor
formalism up to O(p%).

3.4 Effective vector formalism

Lagrangians

In vector-tensor correspondence we start with the tensor Lagrangian and
derive the effective vector Lagrangian up to O(p%)

1 ~ = 1 N
cff = V) om (V-V) 4 (V) 4 (51 )
1
_|_§(V . Keff . V) + (V . Jgff . V) + ﬁ@j‘f,contact’
where the effective sources are (using the sources J; from tensor case)
JH = may,
1

Kl = J@f T=o.
Only Jzef 7 contributes to VVP correlator. The contact term is

1 1 2
ef f,contact 2 . 712 (2) . 7@
ks = i(J-Jl)—ﬁ(b .J2)—ﬁ(J2 - J5Y)
4 4
—m4(J STy IS+ —m4(J2(4) :Js- D JP)

The complete effective Lagrangian up to O(p°) that is relevant for VVP
correlator is then

e l 5 5 1 % 2
£~ —Z(V V) + §m2 (V-V)— E(Jz(z) V) - W(Jém gy
4 4
+ﬁ(‘]2(2) sy J2(2)) + ﬁ(b@) 15 D J2(2))
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The kinetic term is of order O(p®) but it doesn’t matter. We organize the
Lagrangian in particular terms as usual.

J2(2) .V - That is the analogue of the term in tensor case substituing R* —

OHVY — 9"V#. So the term is of the form V.
FV a v,b v b\ cab
L= —Eﬁuvy(a"v P ="V

J2(2) : J2(4) - The terms are of form vv¢g and vup.

4/ 2 F;
£2 — %dabc‘swjlggﬁuvu,a(&pva,b o aavp,b>8aao¢c
4/ 2 F
£3 _ \{/’1_31;/02 dabceuozpa (8”21”’“ o auvu,a) apva,baaauch
16v2By F
Ly = —\/7 g VC?’d“bcewpg@“v”’“ﬁpv”’bf’c
m
4/2 F
Ly = 7{;3 ;% A"€,,p5 00"V (0PN — DM P) D7 6
4\/§FVC6 abc W,V TN 0,,0b c
Lo = — Cuape (0,0 — P0"") 070,
4\/§Fvc7

L; = 6,10 07 D0 (DN — P oP) 950

m3F

J2(2) sy J2(2) - The terms are of form vv¢ and vup.

AF2d
£8 — ZFl dabc‘swjpgg,uvu,a(apva,b . 8a,up,b)aa8cr¢c
m
16 F2Byd
£9 - _ |4 - 042 dabcquo&,uvu,aapvo,bpc
m

J2(2) 2 Js - D J2(2) - The terms are of form vve.

4F2d
£10 = _7771;‘/}7’3 e“l,,,oaa&“v”’“ (8avp’b — 8pva’b) 8"¢C
_ 4F‘%d4 W, Vsa a, p,b 0, b « c
£11 = —qupoaga v (8 v —8 v )8 ¢
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Feynman rules for vertices

Vertex 1 : vector source-resonance
There contributes only one term to this vertex, £;. The Feyn-
l P man rule is
Vv,b

Fy

(W) =~ (—ipgnl (—ip")g2 — (~in)gt] =~

—_— 2 —_
m (p Gav pl/pa)
Va,a

We will see that this vertex is not part of any diagram.
Vertex 2 : vector source-vector source-pseudoscalar source

There contribute £, and Lg to this vertex. The Feynman
rule is (respecting Bose statistics)

p
;
\C« '
g % v 32iFy B
abc ¢ abc <K . o
b > (V},)MI,), = #d P rpo (—iD )gﬁ(—lq”)gy(deg —V2¢3m)
321y By

= Tdabcqwaﬁpaqﬁ (FVd2 - \/§C3m)

Vertex 3 : vector source-vector source-pseudoscalar
¢

r

There contribute Lo, L3, Lg, L7, Lg and Ly to this
vertex. It is originally the Wess-Zumino term, the new
g /p contributions come from contact terms. Terms coming
from L5 and L£q; vanish. The Feynman rule is then

iy Vv,b
" abc 4ZF\%dl abe K0, O
(V5 );w - miF A" o 1P 10
19 abc 4F\%d3 abe A
(‘/5 )/w - miF A €pupurp’r pﬁqﬁ
19\ abe 4\/§iFVCI abe T Ky O
(i), = ——pap 4" oot d"par
" abc 4\/§'Z.FVC2 abc K «
O e N A
5 abe AN2iFyes . a0, o
(B0) =~ g et b
proyte _ _AWVRARCd e
5w m3F Cunpr BT
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Due to Bose statistics and after simplification we get

4iF2

" G ) (0 + 0.r) + 2d5(p.q)]

(Vo) =

4/ 2iFy
m3F

A" €050 ¢ [c1 (D1 + q.7) + co(pr + q.r) + 2¢5(p-q) + c6(p® + ¢°)]

Diagrams
Diagram 1
It consists of vertex 2 only. So we have

32iFy By

mA dabceuuaﬁpaqﬁ (FVd2 - \/§C3m)

(M) = (Va)y =
Diagram 2
pC@F‘? The diagram consists of vertex 3 and subdiagram .
®° (), = (V) (S).
P\ Y a After substitution for vertex functions and propagator

W yvob we find

4iBoF2
m4r2
4/2i By Fy/

= " Cwasp" ¢ [ea(pr) + ea(ar) + 05(p-0) + ceq”] + (0 = q)

(M) A €100 ¢ [y (p1) + ds(p.q)] + (p < q)

Expanding the scalar products we find

abc 4F\%BO abe a 3 2 2 2
(Mp)yy = —i A2 A €uapp™q”[(d1 — d3) r° 4 ds(p” + ¢7)]
2V2Fy By e .
i a0 [ (1 — 2 + ¢5)

+q2(—01 + Cy + C5 — 206) + 7’2(01 + cy — 05)] + (p s q)

Finally we have to add x — W Z diagram.
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Results

The VVP correlator in the effective vector formalism up to O(p®) has the
form

(Myvr)s (p.0) = [ d' [ dye @ (O[T [Ve(@)VE(y) P(0)] [0)

e abc dl_d3r2+d3p2+q2
= Cuapp"q d” BO{4F3( ) i3 ( )
FV 7”2(01 -+ Cy — 05) +p2(—01 -+ Co -+ Cy — 206) + q2(01 — Co -+ 05)
—2v2— 2,2
m m=r
FV 7”2(01 -+ Cy — 05) + q2(—01 -+ Co -+ Cy — 206) —l—p2(01 — Co -+ 05)
—2v/2— —
m m=r

+32F3d2 32v2Fycs  No }
mA m3 8n2r2 )
The result is similar as in tensor case. But the structure is not fully

reconstructed. At order O(p®) the antisymmetric tensor description is not
equivalent with the effective vector case.

We can see that the result is the low energy limit of the one calculated
in the antisymmetric tensor formalism.

(m? — p*) =~ m? (m? — ¢*) =~ m?.

The last chance is to add the terms of higher orders. We will see that the
result calculated in the tensor formalism is fully reconstructed if we consider
the effective vector Lagrangian up to O(p'?).

3.5 Effective vector formalism up to O(plo)

Lagrangians

Up to O(p'?) we have to add to the previous Lagrangian a lot of terms but
only few of them contribute. The relevant terms are

E;ff(8) _ _%(J2(4):‘7)+%(J2(2):J42‘7)
+%(J2(2)ZJS'D:V)+%(‘7:J5'D:J2(2))
g0 = L) e L (0 7)

We organize the Lagrangian in the particular terms as usual.
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41

J . V - The terms are of the form vV and vpV.
4\/§C aoc v,a (6% (0% g LC
L = o d™ 0" VI (00 — 0*0P)0u07 6
4\/§C aoc a a g vV I C
Ly = mTde P e (ORV NG — VD) 9Py70 ), 5
16v/2¢c3B
£3 _ @dabceuupaauvu,aapvo,bpc
m
44/2¢
Lo = — 2 d™ e 00"V (00N — Do)
4\/76 aoc a a g vV C
Ls = — Fﬁd P 1pa ON (P VAT — PV D) 9Py b ¢
4\/70 aoc (e} v,a (&
Lo = — F7d P 1 OOV (PN — PP )y
J2( . Jy: V - The terms are of the form v¢V and vpV.
8FVd1 aoc v,a (e} (&
[,7 - W ,Wagd b oHt” 858 gbb(@ Vﬁ 85Va)
2ByFyd
Ly = —%ewﬁdabcaﬂwpbaavg
J2(2) . J5- D : V - The terms are of the form voV.
4Fyd
Ly = 7§F3 epw,\dabc(ﬁ”v”’“ — ") *D,0° Ve
_4Fvd
Ly = ;/F4 €popnd™ (00" — )0 PO\ V 7
V:Js-D: J2(2) - The terms are of the form v¢V'.
_4Fyd
Ly = ;/Fs €popnd™ (VT — OV V9GO, 0P v
4Fyd
Ly = 7§F4 €popnd™ (O V" — OV YV P O\OP v
V : Jy: V - The terms are of the form VV¢ and Vpg.
4d abec Quyv,a o b aay/ B¢ 31/ a,c
513:—2F€uyagd oty 60¢(0V 0\/’)
16¢Byd
£14 — M “Vaﬁdabc8uvua baavﬁc
m?



V :J5-D:V - The terms are of the form VV¢.

4d

L5 = 23 epgu,\dabc(ﬁ“ |VAG—s V. “’“)&\gﬁba”ap Vs
4d

Lig = — epgu,\dabc(ﬁ“ |VAG—s V. “’“)8,,¢b8)‘8” Vs

Feynman rules for vertices

In addition to the previous case we have four more vertices coming from new
terms in Lagrangian.

Vertex 4 : resonance-pseudoscalar-resonance

®° There contributes only one term to this vertex, £i3,
rl L5 and L16. Due to Bose statistics we obtain the
Feynman rule

9 N (V)b = iy ——€uasD "

m2F
abe 8id o
V\/,b (‘/:1) b = mT;,E,uuaﬁp qﬁ(pq>
Last term vanishes due to antisymmetry of €. Taking together we find
abe 41
(‘/4);“/ - - Feuuoeﬁp q [d1T - 2d3(p q)]

Vertex 5 : resonance-resonance-pseudoscalar source

There contributes £q4 to this vertex. The Feynman rule
is (respecting Bose statistics)

p°
p/ \q
e 16Byds P
Vea b (‘/5)#?/ - _#d ’ €vpe (—10") 95 (—14°) 95
Ve 16 Bydy

= Teucwﬁp q°
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Vertex 6 : vector source-pseudoscalar source-resonance

There contribute £3 and Lg to this vertex. The Feynman

\P rule is then
vH-a p°
qT (‘/6)31: %Egyw(—iqﬁ)g;(—ipp)gf:(mc?) - \/§d2)
Ve 16V2iB,

= m3 Eﬁapup q (m03 - \/_dZ)

Vertex 7 : vector source-pseudoscalar source-resonance

\P

s There contribute £1, £2, £4, £5, £67 £7, £9, £10,
g / \r L11 and L5 to this vertex. The Feynman rule is
then
VG,C (Db
abc 4\/§i01 o
(v71)ua = Wepauop qﬁ(pr>
abe 4\/§i62 v
(V72)ua =~ ap Comn?"0(@7)
abe 4\/§iC5 o
(V73)M06 = Wepauop qp(pq>
abe 4\/§i66 v
(V74)W = Weaupuppq q
abe 4ide1’f’2 o
(V;‘)M - m3F CponaPd
abe 42de3 o
(V76)“a = _Wepauap qp(pQ)
abe 42de3 ju
(V77) = 3 — 7 €puacP’q" (p-q)

Other terms vanish. Taking together we get
abe 4/2i
(V7)J; = 2F €popel” ¢ [c1 (1) + c2(q.1) + ¢5(p-q) + 647
4’LFV

—Cnapel 4" dir” = 2d5(p.g)]
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Diagrams
First we determine the subdiagram which will be useful in the future. It is

very similar as in the vector case.

Subdiagram 1: vertex 1 - resonance

Voe
/ (S1)pe = (‘/1)7;(27’ (Ay(g))*"

po

q / Va}d B FV(SG,@
—> ‘/ﬂ,a i

m (ng;w - Q,uqcr)-

Next we draw Feynman diagrams constructed from all vertices coming
from the effective vector Lagrangian up to O(p'?).

Diagram 3

C?pc
o The diagram consists of vertex 4 and three

A subdiagrams.
;j < (T )2 = (V)2 (S0 (S1) 7 (S, ).
e e

After substitution for vertex functions and propagator we find

4iF2 Bop?q?
abc __ Vv ob~q 2 abc a 3
(H3>,uz/ - _m47“2(p2 — mg)(qg — mg) [dlr - 2d3(]9(])]d CuvapP 4
Diagram 4
P The diagram consists of vertex 5 and three subdia-
grams.
Va,d Vﬁ’e
(M = (V) (Siymed(s,)
p q B 32i By F{ dop*q? abe B
TN ppa b T A — m2) (@ _mz)d CpvapP q
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Diagram 5

p
N The diagram consists of vertex 6 and one subdiagram.
e p°
(H5)abc — (%)Zid<51)ya’bd
Ve

d mv
16v/2i By Fyp*
= ———————d%% ,,aﬁpaqﬁ(mcg — \/§d2)
Changing the sources we get similar diagram.
abc 16\/§ZB0F’VQ2 abc o
(o) = =g —py @ mwan" " (mes = V2ds)
Diagram 6

\r

(o

p
O The diagram consists of vertex 7 and two
yiha : b subdiagrams.
p/V \/U,e : )\q

(Ml = (Ve(50) = (5,)"

op
AN2iFy Bo@® e N

T T ?nz)d "“ewasp®q’[c1(pr) + ea(q.7) + e5(pq) + cod’]
4’iFvB0q2

_m4r2(q2 —m2)

d“bcewagpo‘qﬁ [di7? — 2d3(p.q)]

Changing the sources we get similar diagram.

abe AV2iFy Bop® o .
(H8>/ub/ —m3T2<p2V_ (;n2>d b E,uuaﬁp qﬁ[cl<qr> + 02<p.7,.) + 05<pq> + Cﬁp2]
4iFyBop® . X
CmAr2(p? — m2)d “euasp”q”[dir* = 2d5(p.q)]
Results

The VVP correlator in the effective vector formalism up to O(p'?) is
(Tyvp)is () = [ d'a [ dtye @ (0] [Vie()V2 () P0)] [0)
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dy — d3)r* + ds(p* + ¢?)
— a ﬁdach {4F2( 1 3 3
€uvaBP 4 0 1% (m2 _p2)<m2 _ qz)rz
_2\/5&7“2(01 + Cy — 05) +p2(—01 + Cy + Cy — 266) + q2(01 — C9 + 65)
m (m? — p?)r?
_2\/5&7”2(01 + Ccoy — 05) + q2(—01 +co+c5 — 206) —l—p2(01 — Co + 05)
(m? — ¢2)r?
32F2d, _ 16V2Fyes  16v2Fves  No }
(m? —p?)(m? —¢*)  m(m?>—p?>) m(m?>—gq*) 8rr?

We find out that this result is identical with the one in the tensor case.
So the structure is fully reconstructed if we consider all terms up to O(p'?).

3.6 Mixed formalism

Lagrangians

The resonance Lagrangian in the mixed formalism has the form

Loy = imz(R:R)+%m2(V-V)—%m(R:\A/)+(J1-V)+%(V-K-V)

+(Jo:R)+(V-Js:R)+(R:Jy: R)+ (R:Js-D:R),
where the sources are

(J1)u (
(J2)w (
<J4)Wa5 = <{Ta Tb}J4,u1/a,6>7
(Ss)ipe = UL T} 500

pvpo

where
1 v v pof
Jlu = T.fVD f+uu+hveuuaﬁu .f—i—

T = 5 fFVfW

T = g (5% Do} g5+ 2 (I Dyu™} i {127 x-} gl +
i gs = Dy {2} g5 = D, (7, u)
__DU{ + 7u>\}gu
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1

J3a;u/ - §maveaﬁwu5
1 i ) ) ]
']4,uz/a6 - idl(euyagDﬁu o E'L“'ﬁUDau + 60‘5H0DVU - €aﬁuch,uu ) + Cuua6d2x_
Ispvpe = Epau/\(d?»u)\gg + dyr, g*)

Sources Jy, J4 and J5 come from the antisymmetric tensor formalism and
couple only to antisymmetric tensor field. So we have all contributions as
in the antisymmetric tensor case. Moreover we have some new terms from
sources J; and Js.

J1 -V - There are contributions of the form Vv, Vue.

L= o, vy ~ oo, (orere — runeyy?

\/5 B
N 42k
Ly = hVE,waﬁ <{U'j, f+6}V”> ~ —TV

V - Js: R - There is a contribution of the form RV ¢.

dabcewjaﬁauasaaavﬁ,bvu,c

1 « 4 mO-V aoc a K v,Cc
Ly = gmoveap ({VO ' }RY) ~ — = e d™ 0" "V R
Mizxed propagator
5ab \a.a p Rb,/./v
~ ab  _ e
(ZARV(p))a;w - m(p2 — m2) [gaupu - goeupu] L

Moreover we have vector propagator and antisymmetric tensor propagator
as in preceding sections.

Feynman rules for vertices
We have all vertices mentioned in tensor case. Moreover there are two vertices

with vector and one with vector-tensor mixing.

Vertex 1 : vector source - vector
There contributes £; to this vertex. The Feynman rule is

(V)2 = —ifv(ip,)gosd™[(—ip”)gs — (—ip”)gL)]
= _ifvéab(p2gou_popu)'

L

It is the analogue of vertex 1 in the vector formulation.
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Vertex 2 : vector source - vector - pseudoscalar

There contributes Lo to this vertex. The Feynman
rule is then

o)
e il .
aobc 4\/§th abc - Q c K
y (Va)iw = —— d " e pmmrngh(—ir®) (—ip®) g,
q r
\ 4\/§th abc a,
\/ob ®° = Td €acpu” P’

It is analogue of vertex 2 in the vector formulation.

Vertex 3 : tensor - vector - pseudoscalar

There contributes L3 to this vertex. The Feynman

®° rule is
r
p q abc Moy . Hal vo o v
/ \ (‘/3)04)0 = _ZTEH@UIV<_ZT6)9 §(gupg _g‘u g P)
ves Reo moy g
= —TEQIQPUT .
Diagrams

Our goal is not to compute the contributions of all possible diagrams. We use
another way to obtain the final result. We know the structure of diagrams in
the antisymmetric tensor case and that is our starting point. First we analyze
the vector source - tensor propagator subdiagram in mixing formalism.

Subdiagram T: vector source - tensor propagator

It is subdiagram 1 in the antisymmetric tensor
formalism . In the mixed formalism we have an

= u +
extra term due to vector-tensor mixing. So the
total contribution to this subdiagram is

(Sn)it, = (SF)b, + (STV )it

ppo ppo ppo
where sad
1Fy o

(ST)upo = m(gMUQp — Guplo)
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Rpo.c
” and second term

q VU:b (STV>ac _ (V )ab (A ( ))a,bc o ,l'qu25ac ( . )
- S T Jupe = \V1)ual rRV\4))pe = m(q2 — m2> YouPp—Y9puPo
Taking these two terms together we find
w i9ac fvd?
(S7)upe = m(gouq/) = Ypuo) <FV T

It means that everywhere in the tensor result we have to substitute

2
FV—>FV—qu-
m

Subdiagram V: vector source - vector propagator

H || We have two possibilities how to construct this
iL — + subdiagram. First is analogue of subdiagram
1 in the vector formulation whereas the second

ég ég one comes from vector-tensor mixing.

(S e = (ST )i + (SV )

pa
where o
(SV )i = %(qzwa ~ Guda)
and second term
HVM . Fy o
pooe  (STV)E = (V)i (Apy(9)27" = m@?gau—q@qﬂ)
b,

where the sign in tensor-vector propagator is opposite (due
to opposite direction of q).
Taking these two terms together we find

ab 5ab 2 FV
(SV)pe = m(q I = ) (fr = —)

Diagram 1
This is the analogue of diagram 2 with the substitution

fvﬁfv—&-

m
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So the result is

4v/2ip? Byh F
abc orev |4 abc o, 3
I = =iy (f7 =) ™ ewonts
—m (fv - E) d™€uwapp™q
Diagram 2
~N
C?pc
o’ It consists of vertex 3, subdiagram Yy, sub-
diagram V and subdiagram T. The Feyn-
vad Rroe man rule is then
&Q% WA

(M) = (V)™ (S ) (Sv)jia(ST),

pov

2imByoy 6( Fv) 2 )
= - va * - Fy — -
2E = ma)(g@ —mr) el O\ )\ v g )

Changing the sources we get

2imByo F 2
abe ovv o \%4 q 2
(s)p = T ) (g = m2>€uuaﬁp q (fv - E) (FV - fva> p

Finally we add complete solution in tensor formulation with the substi-
tution Fyy — Fy — fy¢®/m?.
Results
Summary

The complete VVP correlator in mixing formalism is
(Myve)is () = [ d'e [ d'ye @ (O[T [Ve(@)Vi(y) P4(0)] 0)
2 2 2 2, .2
_ a8 jabe Jva fvp®\ (di — ds)r® + d3(p” + ¢°)
= €wapp"¢’d 30{4 (FV - ) (FV - ) (m2 — p2)(m? — ¢@)r2

22 g v\ et o) +pi(-atate =20 +¢*(a—ate)
4 (m2 — p2)r?
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qu2 7“2(01 + Cco — 05) + C]z(—Cl + Co + C5 — 266) —|-p2(01 —Cy + 05)
(m2 _ q2)7’2

32d, : <Fv B qu2> (Fv - fvp2> B 16v/2c3 <Fv B fvp2>
) m

m m(m? — p?) m

B 16\/5_(:3 <Fv - qu2> . - 2maoy o (fv B %) y

m p? —m?)(¢* —

2 2 2
KFV‘qua>p2+ <Fv—fv%> q21 M(h_ﬁ’v)

B r2(m? — p?) m

4\/§q2hv)<fv FV> &}

r2(qg* — m? m my?

Note that for fiy = hy = oy = 0 we reproduce the tensor result, while
Fyv = ¢; = d; = 0 we recover the vector result.

High energy behaviour

We know from the antisymmetric tensor formalism that it is possible to
fulfill the short distance constraints. And it is clear that the behaviour of
the correlator in the mixed formalism couldn’t be worse. Similar calculation
leads to these relations for coupling constants

T = —403
cy = —4c3+cs
Ncm

g = C5— ——F=—"

0 A2 Fy,

Ncm2 F2 oy
dy = —8dy— v
! 2T G4nFE T AFE | 2m
Nem? F? ¢

d3 _ C + 1%

64m2F2  AFZ  2m
This is the analogue of constraints in tensor case. Moreover we obtain the
condition fy = 0.

It is possible to preserve the short distance constraints in the mixed for-
malism. Then the result simplifies to

2 2 2 Negm?
B(%F’O2 prra T 4r?Fy

2 (7= )@ — )

abc « abc
(Mvvp)yy (0,4) = €uapp®q’d™

what is identical with the expression from antisymmetric tensor case.
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Chapter 4

Conclusion

In this bachelor thesis we have studied the relationship of the vector field
and the antisymmetric tensor field formalisms for the description of mas-
sive spin one particles in the context of chiral perturbation theory. We
have concentrated on the calculation of V'V P correlator using the O(p?) chi-
ral Lagrangian, WZW term and the resonance Lagrangian of various types.
First we have used the vector field Lagrangian Ly obtaining the result which
doesn’t satisfy high energy conditions. Unlike it the antisymmetric tensor
field formalism with the Lagrangian L7 has good high energy behaviour.
Next starting with the vector Lagrangian we have derived the effective ten-
sor Lagrangian which has only E;f TE9 contribution in our case (generally it
is an infinite series). The expression for VVP correlator was identical with
one calculated in the vector formalism. Then we have done the same starting
with Lr for the effective vector Lagrangian ﬁf/ff <6 but the equivalence with
the antisymmetric tensor formalism up to O(p®) hasn’t been established. To
restore the complete result we had to add terms up to O(p'?). Finally we
have used mixed formulation based on Lagrangian £y which connects both
descriptions. Then we have obtained more general formula satisfying high en-
ergy conditions. Moreover we can simply get the vector or the antisymmetric
tensor result just switching off some coefficients.
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Chapter 5

Appendix

Chiral building blocks

In the concrete calculation we have to expand the general chiral building
blocks in terms of vector and pseudoscalar sources v* and p, pseudoscalar
field ¢ and resonance V# (R*). Each building block has generally infinite
expansion but for VVP correlator we can restrict ourselves to few terms.

V20,0
M —T,

2V2B,
X+ \/1; 0{p7¢}7

X- ~ 4iBop,
1~ 2(00 — Ouvy)
y V2i
f/j ~/ ? [(b, 8}1,1)11 - 81//(]#] 9
D A" ~ 0,A".
SU(3) Traces
Useful traces of T* matrices are
Te[T°T"] = &,
{7 T} T = V2d™.
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Factor in Feynman rules

The generating functional can be written in the form
Z[v,a,p,s] = eVers — <0|T exp {i/jv +Jja+jp— js} |0>

where W{v, a, s, p] is the generating functional of connected Green functions.
By definition we give for Green function

:(_i)#v+#p+#a—#si 0 0 9

51).”5_])”'5@.”55.”(» [v,a,s,pl)

So for each vertex we have the sign rule

1
acan

sign =

Factor 7 in numerator comes from W . We can leave the factor in denominator
just multiplying the expression for VVP correlator by

sign of correlator = g 1.
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