COST Action CA16201,
“‘“PARTICLEFACE 2019”

26 February - 28 February 2019,
Coimbra, Portugal.

Gauge covariant approach to the
electroweak interactions of
spin-0 and spin-1 mesons

A. A. OSIPOV

Bogoliubov Laboratory of Theoretical Physics,
Joint Institute for Nuclear Research, Dubna, Russia



NN~

Plan of the talk

Prehistory.
Remarks on the model used: U(2)xU(2) NJL Lagrangian.

The essence of the problem: pi-a1 transitions.

Gauge covariant approach to the pi-a1 diagonalization.
Remark on the Chisholm’s theorem.

Some important consequences.

Conclusions.



Prehistory

The electroweak interactions of mesons can be introduced in the
corresponding chiral Lagrangian through the replacement of usual
derivatives by the gauge covariant ones. In particular, in the NJL model,
this has been done long ago:

[1] M.K. Volkov, D. Ebert, Sov. J. Nucl. Phys. 36, 1265 (1982).
[2] D. Ebert, M.K. Volkov, Z. Phys. C 16, 205 (1983).

[3] M.K. Volkov, Ann. Phys. 157, 282 (1984).

[4] D. Ebert, H. Reinhardt, Nucl. Phys. B 271, 188 (1986).

It has been shown that in the presence of spin-1 mesons the picture
appears to be identical to the vector and axial-vector dominance model.

[5] Y. Nambu, Phys. Rev. 106, 1366 (1957).

[6] W.R. Fraser, J.R. Fulco, Phys. Rev. 117, 1603 (1960).

[7] M. Gell-Mann, F. Zachariasen, Phys. Rev. 124, 953 (1961).
[8] Y. Nambu, J.J. Sakurai, Phys. Rev. Lett. 8, 79 (1962).

[9] N.M. Kroll, T.D.Lee, B. Zumino,Phys. Rev. 157, 1376 (1967).



The Model: Chiral U(2)xU(2) NJL
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Chiral U(2)xU(2) and Gauge SU(2)xU(1)
Transformations of Quark Fields
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The Chiral Symmetry Breaking Phenomenon

This costs oo mach
energy! | think 'l :
hang out down thirne. I

m=0 m#0

The spontaneous chiral symmetry breaking generates the pi-al transitions.



The Essence of the Problem
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This breaks the gauge symmetry in the presence of electroweak
interactions and changes chiral transformations of spin-1 fields .



Chiral Non-Covariant pi-a1 Diagonalization
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[1] A.A. Osipov, M.K. Volkov, Ann. Phys. 382, 50 (2017).



Chiral-Covariant Form of the pi-a1 Diagonalization
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[1] A.A. Osipov, B. Hiller, Phys. Rev. D62, 114013 (2000).
[2] A.A. Osipov, M. Sampaio, B. Hiller, Nucl. Phys. A703, 378 (2002).



Gauge-Covariant Form of the pi-a1 Diagonalization
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[1] A.A. Osipov, B. Hiller, P.M. Zhang, Phys. Rev. D98, 113007 (2018).



Vacuum to Vacuum Amplitude
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Chisholm’s Theorem

[1] I.S.R. Chisholm, Nucl. Phys. 26, 469 (1961).
[2] S. Kamefuchi, L.O’Ralifeartaigh, A. Salam, Nucl.Phys. 28, 529 (1961).

The local replacements of variables should not alter the S-matrix.

However, violating the gauge symmetry, the change of variables in the case
considered leads to the contradiction with the Ward identities and because
of that cannot be considered as an equivalent transformation of the theory.

Therefore, one should reconsider all NJL model results, obtained in the
framework of the effective meson Lagrangians with spin-1 mesons,
regarding the electroweak interactions of hadrons. Because they are based
on the standard replacement of axial-vector fields.



Hidden Symmetries of the Non-Anomalous Part of
the Effective Action

The real part of the mesonic effective action is not affected by the covariant form
of the pi-a1 diagonalization. It follows from the Chisholm’s theorem and an
existence of the hidden symmetry under the gauge and chiral transformations
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[1] A.A. Osipov, B. Hiller, P.M. Zhang, arXiv:1811.02991 [hep-ph] (2018).

d.a,=ila.,a,]+i[B.,v,]+xm{B.,0,5]

S vy=ila.,v,|+i[B.,a,l+ixm[B .0, p]

[2] A.A. Osipov, M.K. Volkov, Ann. Phys. 382, 50 (2017).



Anomalous Part of the Effective Action

The anomalous action subsumes all processes which do not preserve the
natural parity. After covariantization (external chiral gauging) of the Wess —
Zumino — Witten action of the pseudoscalars one obtains a functional Sy,
which solves the Wess-Zumino anomaly equation.
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As the anomaly constraints are already satisfied by S,,,,, one can now add
all possible chirally gauge symmetric and hidden gauge symmetric terms
involving pseudoscalars, vectors and axials as well as electroweak
particles. This method of constructing most general Wess-Zumino actions
was first advocated in ref. [1] and was extended to the axial vector
mesons in ref. [2].

[1] T. Fujiwara, T. Kugo, H. Terao, S. Uehara, K. Yamawaki, Prog. Theor.
Phys. 73, 1215 (1985).

[2] N. Kaiser, U.-G. Meissner, Nucl. Phys. A519, 671 (1990).



Anomalous Part of the Effective Action in the
Nambu -- Jona-Lasinio Model

The anomalous action of the NJL model is well studied in the standard
approach where it is obtained through the one-quark-loop calculations with a
non-covariant pi-a1 diagonalization.

[1] D. Ebert, M.K. Volkov, Z. Phys. C 16, 205 (1983).

[2] M.K. Volkov, Ann. Phys. 157, 282 (1984).

[3] D. Ebert, H. Reinhardt, Nucl. Phys. B 271, 188 (1986).
[4] M. Wakamatsu, Ann. Phys. 193, 287 (1989).

My aim here is to show that these calculations must be based on the
covariant pi-a1 diagonalization. Otherwise, some amplitudes brake the
gauge symmetry.

[5] A. A. Osipov, JETP Letters, 108, p. 161 (2018).
[6] A. A. Osipov and M.M. Khalifa, Phys. Rev. D 98, 036023 (2018).
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Standard Approach:
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[1] A.A. Osipov and M.K.Volkov, Phys. Rev. D 97, 074020 (2018).
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Although this is most probably the way out of the problem, the meaning
of that step is not completely clear. One can argue that, in this partlcular
case, the gauge symmetry is broken at the level of terms ocK m> but
exactly at this level the gauge symmetry is explicitly broken in the
Lagrangian due to non-covariant replacement. Thus, it is not clear if it is
safe to use the gauge symmetry argument here.

[1] A.A. Osipov and M.K.Volkov, Phys. Rev. D 97, 074020 (2018).



Covariant Approach:
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Conclusion:

The gauge invariant approach changes the result essentially. The requirement
of gauge invariance, which fixes the ambiguity in the standard approach by
Insisting that this symmetry be preserved, leads to a definite value of the
amplitude. This is not the case in the covariant approach. The formal gauge
invariance of the model does not fix the amplitude. It means that the constant
“a” should be fixed from the experiment.
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The amplitude accumulates contributions from three different processes:
(a) The exchange by the neutral rho-meson: a,=vy pO >y il o
(b) The exchanges by the charge rho-mesons: a,=> T pi Yy o

(c) The direct decay mode a,=>vy nt 7t described by the quark box
diagram.

The creation of the photon in the exchange channels is a result of the
anomalous processes
0 =+ +
a,2yp, p 2yx

The is no problem in evaluating these amplitudes, which are known to be
gauge invariant.



The calculation of the Feynman box diagrams and the separation of leading
terms in the expansion in external momenta (the long-wave length expansion of
the fermion determinant) leads to the amplitude
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There is an obvious, troublesome question. If all other contributions to the
amplitude are gauge invariant, how does one deal with the last term (in red)
which breaks the gauge symmetry? The answer to this question cannot be
found in the conventual NJL approach.




The covariant approach solves the problem.
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If it were possible to shift the integration variable in these expressions, the
first term would cancel the second one, the third one would cancel the fourth
one, and we would obtain that amplitude is equal to zero.

However, due to the formal linear divergence of this integrals, the surface
terms arise. The latter renders the result to be different from zero. We have
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The 4-vector ¢, can be represented as a linear combination of three
independent momenta that are directly related to the process under
consideration:
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The only uncertain quantity in the total amplitude is the constant “a”
which cannot be fixed by vector Ward identities.
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Thus, we obtain the finite gauge invariant result, but the theory does not
allow us to calculate the constant “a”. Let us recall that a similar situation
occurs in a soluble two-dimensional chiral model of Schwinger

1. R. Jackiw, J. Rajaraman, Phys. Rev. Lett. 54, 1219 (1985).
2. R. Jackiw, Int. J. Mod. Phys. B 14, 2011 (2000).

Here we have found the 4-dimensional example, which is interesting not
only from the pure theoretical point of view, but also because the issue can
be studied experimentally.



Conclusions

1. If the effective chiral meson Lagrangian with spin-1 mesons requires the
pi-al diagonalization, this should be carried out in a gauge covariant way.
This fact is unreasonably ignored in the literature.

2. Since the covariant derivative contains an electromagnetic field, direct
interactions of the photon with a pseudoscalar and the quark-antiquark pair
appear in the theory. This brings the theory beyond the generally accepted
picture of VMD.

3.Violating the gauge symmetry, the non covariant replacement of variables
leads to the contradiction with the requirements of Ward identities, and
because of that cannot be considered as an equivalent transformation of the
theory. Thus, the Chisholm’s theorem is not applicable here.

4. The physical consequences we have found are related with the
anomalous ¢, 12601 — y:rc+ Tt and fl( 1285) —y 7t 7t decays. In
both cases, the new non VMD coupling not only restores the local gauge
symmetry, but also generates a surface contributions to the amplitude. It
gives us one of rare nontrivial examples of how when calculating the finite
contributions from one-loop quark diagrams, there arises a surface term
whose dimensionless constant cannot be fixed by the theory.



In conclusion, | would like to thank
you for giving me the opportunity to
make this talk here

THANK YOU !
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