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Abstract. We complete our derivation of upper limits on the CP violating nan
and n'nir couplings from an analysis of their two-loop contribution to the neu-
tron electric dipole moment (nEDM). As a result we obtain numerical upper
limits for the nzmr and 7’7 branchings and couplings which are important for
planned experiments at JLab. We also derive upper limits on the CP violating 8
parameter of QCD # < 2.8 x 1071,

1 Introduction

The study of CP-violation in particle physics reaches back over more than 60 years. In partic-
ular, the experimental confirmation of CP-violation in the weak interaction sector is well es-
tablished, as for example for K and B meson physics, and the phenomena are well-explained
in the theoretical framework of the Standard Model (SM). An important topic in the study of
CP-violating physics is the investigation of an electric dipole moment (EDM) of particles, as
the electron, neutron or others [1]. The SM prediction for the neutron EDM (nEDM) is sev-
eral orders lower than existing experimental limits. This also gives the opportunity to search
for additional CP-violating sources which could be based on New Physics or are based on
CP-violation in the strong interaction sector.

In quantum chromodynamics (QCD) an nEDM can be induced due to the addition of a
CP-violating 6-term into the action with

— g% a Sapy
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where g, is the QCD coupling constant, and Gy, and G = %e”""ﬁGfl 5 are the usual stress
tensor of gluon fields and its dual. The theta term breaks the P- and T-parity invariance and
plays an important role in the description of strong interaction and its properties, in particular,
the QCD vacuum at low energy. It gives a solution of the U(1)4 problem of the " meson mass

(see, e.g. Refs. [6, 7]).
The 6- term plays a role for the nEDM due to the generation of a CP-violating term in the
strong interaction beween baryon and pseudoscalar fields[8]. A generation of an nEDM is
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also possible by taking into account the CP-violating transitions of 77 and 7’ to a pair of pions.
The relevant couplings are also connected to the 8- parameter of CP-violation [9] as:
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where 6 is the QCD vacuum angle, R = m,,/m is ratio of masses of the u and d current quarks,
Fr = 92.4 MeV is the pion decay constant, and M, = 139.57 MeV is the charged pion mass.
Existing experiments give only upper limits for these decay widths [10]. Branchings of these
CP-violating decays related to data of nEDM result in values which are orders of magnitude
lower than the ones obtained from the direct experiment. Nevertheless, existing and future
experimental programs for studying such rare CP-violating 7 and " decays have the aim to
increase the sensitivity and search for possible sources related to new physics.

In addition, the study of model parameters of CP-violation gives a chance to investigate
CP-violation at the next level — nuclear, atomic or molecular. Measurements at this new level
can also give information and bounds on CP-violating parameters or the possibility to search
for new physics beyond the SM. Future experiments will improve the sensitivity by one order
of magnitude to ~ 1077 — 10728¢- cm using a variety of different technical approaches and
experimental modifications.

To get an estimate for a possible nEDM by taking into account the 7 and 7’ into two pions
transition processes two-loop Feynman diagrams have to be evaluated. For simplicity we use
a pseudoscalar (PS) approach with the non-derivative pion-nucleon coupling g yniys. We
focus on the determination of the C P violating couplings i and 1’ from the bounds on the
nEDM. Our formalism is based on a phenomenological Lagrangian describing the interaction
of nucleons with pseudoscalar mesons (pions and 7(5") mesons). The interaction of charged
particles with photons has been introduced via minimal and non-minimal substitution.

2 Framework

We use a phenomenological Lagrangian L.s formulated in terms of hadronic degrees of
freedom (nucleons N = (p,n), pions 1 = (nt, 7%, H = (n,m") mesons) and photons A,.
It separates into a free L and an interaction part L, with

Leﬁ' = —LO + Lint . (3)
L includes the usual free terms of nucleons, mesons, and photons
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where O = -4,0¢, F,, = 9,A, — d,A, is the stress tensor of the electromagnetic field,
My, M,, and My are the masses of nucleons, pions, and 7n(’) mesons, respectively. The
interaction Lagrangian L, is given by a sum of two parts. The first part contains the strong
interaction terms, which describe the CP-even couplings of nucleons with pions L,yy and
n(n’) mesons Lyyy and the CP-violating 7(n")nr coupling Lgﬁ .- The second part includes
the electromagnetic interaction terms, describing the coupling of charged pions and nucleons
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with the photon (L,yy and L, ., respectively):

Line = Loww + Lyayvw + .C,](,] an FLynn + Ly,
Ly = gawwNiysi TN,
Luvy = guvvHNiysN,
L, = fumMyHR?,
Ly = eAN(Oy+ MZ“ kn)N
Lyn = eA,J(n_i()“ﬂ - i@”ﬂ_) + A AT, S

where gyy = %MN, ga = 1.275 is the nucleon axial charge, F; = 92.4 MeV is the pion
decay constant, ggyy and fy., are corresponding CP-even and CP-odd couplings between
pions and 5(7’), ¥* and 7> are the Dirac matrices, and o = %[y”,yv]. The values of g,nn
and g,,yy are taken from Ref. [14]: g,ny = gy = 0.9. Note that in the case of nucleons
we include both minimal and nonminimal electromagnetic couplings. Here Qy = diag(1,0)
and ky = diag(k,, k,) are the diagonal matrices of nucleon charges and anomalous magnetic
moments, respectively, where k, = 1.793 and k,, = —1.913.

The pseudoscalar (PS) nucleon-meson coupling is equivalent to the more commonly used
pseudovector (PV) theory (see details in [11-13]). The PS approach is convenient for the cal-
culation of the nEDM taking into account two loop Feynman diagrams with the CP-violating
n(n’) — nn transition. Results for the relevant diagrams (Fig.1 and Fig.2.) do not have
logarithmic divergences as in the PV case. Additional terms in the PV approach will be
proportional to

- 55008 - DT )(
where u is the parameter of dimension regularlzatlon (dimension d = 4 — 2¢) and this term
should be renormalized by introducing a low energy counter term in the PV theory.

4mu? )
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3 Neutron EDM

The diagrams which describe a nEDM contribution due to a CP-violating transition of 7 and
1’ mesons into two pions are shown in Fig.1 and Fig.2. The matrix element corresponding
to the diagrams of Figs. 1 and 2 or the electromagnetic vertex function of the neutron is
expanded in terms of four relativistic form factors Fg (electric), Fy; (magnetic), Fp (electric
dipole) and F4 (anapole) as

i
My = an(p)T*(p1,pD)un(p),  TH(p1,p2) = ¥ Fe(@®) + mcﬂ”qvm(q%
1 1
+ a9,y Fp(q®) + — ("q" = 2Mng")y’ Fa(q’ 6
ZMNO— qvy’ Fp(g™) va(yq NGy Falg™) (6)

where p; and p, are the momenta of the initial and final neutron states, g> = (p, — p1)? is the
transfer momentum squared. The nEDM is defined as d£ = —Fp(0)/(2My).
The generic contribution of these diagrams to the nEDM is written as:

~ i v k
—an(p2) dy g un(p) + ... = frnn NN 9oy Mu {Iloop ZAZ Ilz()op } @)

where 11'00 and Ilzo op is sum of two Feynman diagrams. These diagrams provide an nEDM
by 1nteract10n of the external electromagnetic field with minimal and non-minimal coupling
to the baryon and pion field, respectively and are shown in Figs. 1 and 2. Details of the

calculation of these two -oop Feynman diagrams (Fig.1 and Fig.2) can be found in [4, 5].
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Figure 1. Diagrams contributing to the nEDM which are induced by the minimal electromagnetic
couplings of proton and charged pions. The solid square denotes the CP-violating n 77~ vertex.
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Figure 2. Diagrams contributing to the nEDM which are induced by the nonminimal electromagnetic
couplings (anomalous magnetic moments) of nucleons. The solid square denotes the CP-violating
n(n’) nrr vertex. Empty and shaded circles correspond to the nonminimal electromagnetic couplings of
neutron and proton, respectively.

4 Results and discussion

Our numerical result for the nEDM induced by the CP violating 7(" )7 couplings and the
anomalous magnetic moments of nucleons [5] is

dE* = (=014 frr + —0.22f2r) X 1070 - cm. (8)

The full result including both minimal and nonminimal electromagnetic couplings of nucle-
ons can easily be computed by taking into account our previous results of Ref. [4] restricted
to the case of minimal coupling:

dE = (6.62 fyrr + 7.64fy7) X 1070 - cm . 9)

The bounds for the branching ratios of the rare decays I'yz; and I';yx, are strongly sup-
pressed when compared to existing data [10]

Br(n — ntn7) <554 x 1077, Br(f — ntn7) <5.33x 10712, (10)
Br(n — n°7%) <227 x 1077, Br(f' — n°n%) < 2.17x 107 (11)

The CP-violating nnr and i’z couplings are estimated using Eq. (9) and limits on the
nEDM [16]:

[y (M)| < 44 107", fypan(M)| < 3.8 x 107" (12)
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We can extract 9 from the experimental limit on the nEDM [16] substituting the QCD
relations between f(’( - and 6 (2) into the expression for the nEDM (9). For the quark mass
ratios taken from ChPT and LQCD we get:

d® ~(0.65%x107').fe-cm (ChPT),
df ~(0.65%x107')-fe-cm (LQCD). (13)

Using data on the nEDM [17] we extract the following upper limits for 8
6 =44x10"""(ChPT), 6=4.7x10"""(LQCD). (14)

Using the measurement on the nEDM with the limit |[d%] < 1.6 X 1072 ¢ - cm [17] we
deduce 6 = 2.4 x 1079 (ChPT) and 8 = 2.6 x 10~'° (LQCD). This result should be compared
to the bound on @ directly obtained from the experimental constraint on nEDM with 6 <
1.1+6-107'9[8, 18, 19]. Our calculation shows ( this finding is independent of the assumption
that CPV 7, 7n’-decays are generated by the same mechanism as the nEDM) that the very
tight experimental limits on the nEDM exclude large contributions to 7(n’) — nr decays
beyond that captured by the Peccei-Quinn mechanism [20]. The main difference with our
calculation is that in the Peccei-Quinn mechanism the CPV n(n")nrr couplings are suppressed
by M2 in the chiral limit. We opted to relax this constraint but the effect of this assumption
is marginal. Note that the fact that our two-loop result does not contain chiral divergences
essentially means that chiral symmetry does not play a role in our scenario, consistent with
the assumption that the couplings fyzr and f,rr may not be suppressed by the pion mass
squared.

In conclusion, we studied limits of the QCD CP- violating parameter § and branchings of
the CP- violating rare decays 5 — nir and 7 — 7w using a phenomenological Lagrangian
approach. We particularly took into account both minimal and nonminimal couplings of the
nucleon to the external photon and the interaction of the external photon with charged pion
fields. The nEDM was induced by the CP violating 1(1") — niw couplings. Obtained results
will be important for the planned experiments on rare n and " meson decays at JEF [21].

The work is supported by the Ministry of Education and Science of the Russian Federa-
tion, project No 3.9594.2017/8.9.
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