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Within the minimal left-right (LR) symmetric model we revisit the predictions for the kaon CP violating
observables ¢ and ¢’ in correlation with the neutron electric dipole moment. We perform a complete study of
the cross constraints on the model parameters, phases and the My, scale, considering the two cases of
extended parity or charge conjugation as LR discrete symmetries, together with the possible presence of a
Peccei-Quinn symmetry. We discuss in particular two scenarios: whether the Standard Model saturates the
experimental value of ¢'/e or whether new physics is needed, still an open issue after the recent lattice
results on the QCD penguin matrix elements. Within the first scenario, we find no constraints on the LR
scale in the charge-conjugation case while in the parity case we show that My, can be as low as 13 TeV. On

the other side, the request that new physics contributes dominantly to ¢ implies strong correlations among
the model parameters, with an upper bound of My, < 8-100 TeV depending on tan f in the case of charge
conjugation and a range of My, ~ 7-45 TeV in the parity setup. Both scenarios may be probed directly at

future colliders and only indirectly at the LHC.
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I. INTRODUCTION

Flavor phenomenology offers a window for physics
beyond the Standard Model (SM). In particular, flavor
changing neutral current (FCNC) processes play a key role
in the search for new phenomena since they are forbidden at
the tree level. For processes involving light quark families,
on top of the loop suppression a further reduction results
from the smallness of the family quark mass splittings,
known as the GIM mechanism [1]. Moreover, CP violation
requires the presence of the three families in the loop and
therefore of the hierarchically small mixings [2]. The rarity
of these processes is indeed a smashing success of the SM
setup. Kaon CP-violating (CPV) observables as ¢ and &
belong to this class and are a most sensitive probe for most
extensions of the standard electroweak scenario.

A flavor conserving observable that shares a similar
discovery potential is the electric dipole moment of the
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neutron (nEDM) [3]. It violates parity and time-reversal
and therefore CP. In the SM direct electroweak contribu-
tions are generated at higher loop order and are well below
the present experimental bound (2.9 x 10726 ecm [4]). A
direct contribution related to the QCD theta-term 6 also
induces an nEDM, which then requires 6 < 1010

Such a tiny bound is technically natural in the SM
because 6 is perturbatively protected [5], thus avoiding the
need for a first principle understanding of its smallness, the
so-called strong CP problem. On the other hand, the issue
is real in most SM extensions which exhibit new flavor
structures and additional CPV phases that lead to poten-
tially large contributions to these observables.

In the present work, we update on the scrutiny of left-
right (LR) symmetric theories, based on the gauge group
G=SU(2), ® SU2)r @ U(1)p_, [6-8]. A particular
role is played by the minimal version of the left-right
symmetric models (LRSM) [9]. Besides being predictive,
the model provides a natural rationale for the origin and
smallness of the neutrino mass [10,11], a setup for the
restoration of parity at high scale [12], and a novel source
for neutrinoless double-beta decay [13,14]. The LRSM
has aroused a renewed interest in the era of LHC, because
of the possibility of a direct detection via the Keung-
Senjanovic (KS) process [15], which violates lepton
number in full analogy with the low energy neutrinoless
double-beta decay.

Published by the American Physical Society
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The minimality of the model ensures a connection
between Majorana and Dirac masses, making it a predictive
theory even for neutrinos [16-19]. Since early times the LR
scale My, as well as the model parameters were found to
be strictly constrained by flavor physics [20,21]. More
recently the possibility of a low LR scale within the LHC
reach was emphasized combining bounds from many
observables [22]. Subsequent analyses focusing on & were
performed [23,24] and a lower bound on the LR scale
slightly above 3 TeV was finally evinced [25], including the
relevant constraints from B, meson oscillations.

The impact of the nEDM bound on the LRSM requires a
separate comment. Exact and spontaneously broken P has
been considered as a solution of the strong CP problem
[26] as an alternative to the dynamical Peccei-Quinn (PQ)
mechanism [27-29]. In the case of spontaneously broken
P, 6 becomes computable in terms of a single CP-violating
parameter. The original argument was revisited in [30]
uncovering a large bound on the LR scale of about
My, > 30 TeV, which pushes the scale beyond the current
experimental reach. This conclusion is however specific of
the given setup and could be spoiled by envisaging, for
instance, the presence of a PQ mechanism so that the LR
scale might still be at the reach of LHC. Although My,
below 6 TeV is disfavored by the demand that the Higgs
sector remains in a perturbative regime [31-33], an energy
window remains for discovery via the KS process [34].

As we shall see, the phase and flavor structure of the
LRSM tightly correlates nEDM, ¢ and ¢, calling for a
comprehensive and detailed study. We shall not enter here
the debate on the SM calculations of ¢’ that presently suffer
from large uncertainties and leave open the possibility of
large new physics contributions [35,36]. Our analysis will
address the different scenarios according to the relevance of
the LRSM contributions, addressing the present and future
implications.

Early detailed studies are found in [37-39]. The topic has
received a renewed interest in the last few years. The works
[40,41] address the problem via an effective theory of RH
currents in a model independent way which necessarily
misses the detailed phase correlations. Ref. [42] analyzes a
specific choice of LR discrete symmetry (the left-right
charge conjugation C, see below) and we shall compare
their findings with our results. In particular we point out an
issue in the calculation of the relevant meson-baryon
couplings that affects the calculation of the chiral loop
contributions and alters substantially the conclusions in the
PQ scenario. In [43], the left-right parity P was considered
in the limit of decoupled Wy, where only the flavor-
changing heavy scalar contributes, making it effectively a
particular two Higgs doublet model. In all cases, the
detailed analysis of the correlations among the different
observables shows to be relevant.

In summary, we review and reassess the impact of the &,
¢ and nEDM observables on the LRSM, paying attention

to the theoretical uncertainties, presently dominated by the
hadronic matrix elements, and to the phase patterns and
correlations ensuing from either choice of LR symmetry
(generalized P or C). As far as ¢ /e is concerned, we
consider two benchmark cases: (i) a scenario in which the
SM prediction of ¢ saturates the experimental result, and
(ii) a new-physics one where the LRSM contribution is the
main source for it.

We conclude that, in the case of P the standard scenario
imposes a lower bound on the LR scale of ~13 TeV, while
a substantial new-physics contribution to ¢ can arise for
My, = 7-45 TeV, with the nEDM at the reach of the new
generations of experiments. The presence of a PQ axion
reduces nontrivially the nEDM and substantially relaxes
these limits. In the case of C, no lower bound arises in the
standard scenario, since the relevant phases can be set as
small as needed. On the other hand, LR contributions can
saturate &' for My, as large as 100 TeV according to the
configuration of the model parameters.

The study is organized as follows. In the next section
we briefly recall the LRSM features which are relevant for
the analysis. In Secs. III, IV and V we review and update
the LRSM contributions to the K® — K° oscillations, &' /¢
and nEDM respectively, and discuss the status of hadronic
matrix elements calculations. In Sec. VI we finally show
the outcome of our numerical study. We report in the
appendices the relevant tools, namely loop functions,
operator anomalous dimensions, meson and baryon chiral
Lagrangian, and explicit formule for the CP-violating
phases in the LRSM.

II. THE MODEL

A. The gauge and scalar sectors

The LRSM, with gauge group SU(2); xSU(2)x X
U(1)g_;, xSU(3),, contains three additional gauge bosons
related to the SU(2), group, W% and a new neutral vector
Z'. Left-handed and right-handed quarks and leptons are
accommodated in the fundamental representations of
SUQR)pg» Qur = (ud) g, €L = (ve)y g, with electric
charge Q = I3, + I35 + 555, where I5;, ; are the third
generators of SU(2), g. In analogy with the SM, the RH
charged currents induce flavor-violating (FV) interactions,
and furthermore Wy mixes with W;. This provides a RH
interaction mediated by the light mass-eigenstate, mostly
the standard gauge boson W, namely

‘Cmix—current = \/ij éWﬂﬁR VR}/ﬂdR +H.c., (1)
where { is the gauge boson mixing to be defined shortly, V
is the right-handed equivalent of the standard CKM matrix,
and u, d span the three quark flavors.

The SU(2)p x U(1)gz_, — U(1), spontaneous sym-
metry breaking is provided by a RH triplet Agx(1;,3%,2)
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via the vacuum expectation value (VEV) vy developed by
A°. Then the Wy gauge boson has mass My, = gvg.
The LR mixing ¢ between Wy and W ~ W, is

¢~ —rei®sin2p, (3)

with r = M3, /Mj, and tanf =t; = v,/v;. From the
direct experimental limit on the LR scale one obtains

|¢| < 4 x 107*. Here v,, are related to the electroweak
breaking, provided by a bidoublet field ®(2;, 2, 0)

0 +
°=l ) @

with VEV (®) =diag{v,,e*v,} [12]. The standard electro-
weak VEV is given by v* = v{ + 03, with v < vg. The
standard Higgs boson is contained in (4) predominantly
in the real part of ¢;; the imaginary and complex compo-
nents of ¢, are instead neutral scalars whose masses are
proportional to v;. They have to be heavy enough because
they mediate tree-level FCNC, and their presence plays
an important role in the phenomenology of the low-
scale LRSM.

For the present study devoted to the CP observables &,
¢ /e and nEDM, one of the main ingredients is Eq. (1). It
contains sources of CP-violation because of the sponta-
neous phase « inside ¢ and of the complexity of Vig.
Remarkably, a tree-level contribution to ¢ is generated by
the LR mixing { via an effective four-quark operator
(defined below as Q4R) obtained after integration of the
gauge field. The complete basis of operators, induced at
tree or loop level and through renormalization to low scale,
will be listed in Sec. IV. A similar treatment is reserved for
nEDM, in the case of AS = O transitions: as we shall see,
analogous effective operators generate via chiral loops the
dominant contribution to the nEDM [30]. The account and
evaluation of the various sources of ¢ and nEDM are the
matter of dedicated sections in the following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition g; = ggr = ¢ is assumed, being
g1 & the gauge coupling of SU(2); . This follows from an
additional discrete symmetry in the LRSM relating the left
and right sector. Such a symmetry is not unique: it can be
realized either with a generalized parity P or a generalized
charge conjugation C which, in addition to exchanging the
weak gauge groups, are defined respectively by [22]

P {QL<—>QR c {QLQ(QR)C

. , 5
d - o O > o7 <)

5 .

with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

Ly=0,(YO+TY®)Qg+Hec. (6)

implies Y = Y and Y = Y7 respectively, and the same for
Y. After the quark mass matrices

Mu = UIY + Uze_iaY
Md = UzeiaY + 7]1? (7)

are bidiagonalized given forms of Vjy are obtained,

according to the properties of Y, ¥. The case of C is fairly
simple [22]:

VR = KLlV*Kd’ (8)

with V the standard CKM matrix and K, ,; diagonal
matrices of free phases K, = diag{e/, e e}, K, =
diag{e’, e e/}, where from now on we adopt 6, = 0.

In the case of P, an analytical form for Vy has been
recently found, with a perturbative expansion in the small
parameter |s,t,5| < 2my,/m, ~0.05 [44,45]:

i ij(vdeT)ik

VR,ij = V’J - isatQ[f (V,jlﬁ + m.+m "
uii u

=1
Vie(Vim, V),

+ 7’”) + O(s4tap)?. (9)
My;; + My

where m,, , are the diagonal quark mass matrices. This

expression is not unique, other solutions are found by

replacing m;; — s;m;; and

V — diag{s,, s, s, } Vdiag{sy, s, s }, (10)

where s; are arbitrary signs (and from now on we adopt
s, = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic s;.
The argument of the determinant of the fermion mass
matrices can also be computed [30,44,45], namely
5.1 -1 t —1yt
GzisatMRetr(mu VmgV' —m;'Vim,V) (11)
at the first order in s,/,4.

IIL K° - K° MIXING

A particularly constraining process for the LRSM is
the neutral kaon mixing, effectively induced through the
chirally enhanced operator
(KOSLA5RA|KO) = » f2my B _omi 1 (12)

20K (g +my)? 6]
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where fx and my are the decay constant and the mass of
the meson K respectively, and L,R = (1 F y5)/2. This
operator is generated via the LR box diagrams and even at
the tree-level through the exchange of a flavor-changing
(FC) scalar [12,46]. The inclusion of the one-loop renorm-
alization of the tree-level diagrams, necessary for a gauge
invariant result [47], has phenomenologically relevant
implications [25]. The bag factor BX has been computed
on the lattice by various groups with some 20% discrep-
ancies [48]. For the present study, we follow the discussion
and numerical analysis of Ref. [25], to which we refer the
reader for the details.

The CP violating parameter &, which gauges the indirect
CP violation in the mixing, is particularly important in
constraining the external CP-phases introduced in the
previous section [22,25]. The bounds may be inferred by
using a convenient parametrization of new physics in &€,
namely

ho= Im<F|HLR‘K0>

e =— : (13)
Im<KO|HLL|K0>

which in the case of C turns into
hS ~Tm[e'0) (A, + A, cos(0, — 0, + ¢))].  (14)
while in the case of P becomes
h? o Im[e/ 0 [A , + A e cos(0, - 6,)]], (15)

with ¢ = arg(V;,4) ~ —22° A..., correspond to the con-
tributions of charm-charm and charm-top quark in the
effective Lagrangian. They are real numbers which
scale circa as M;‘?R, as we consider the contribution of
the FC scalar to be at most comparable to the one
of My, , corresponding to My ~ 6My, within the pertur-
bative regime [25]. For a wide range of My, one
has A.,/A.. ~0.45.

Conservatively we allow the amount of new physics in €
to be at most 10% [49]. This translates into a sharp
constraint on 6,; — 6, [25], which in the case of C reads

My, \?
0 o B _ W
| sin(6; = 04) s.5——1 < <104 TeV)

My, \2
B ) 16
sesi=l < (71 TeV) (16)

| Sin(gs - gd)

while for P one has
My, \?2
in(6, — 0, + 0.16)|. . _ oA Tev
| sin(6, + )|s<»sﬁ— < <104 TCV>

: My, \?
|sm(9s — Qd — 0'16)|535121 < (m) . (17)

IV. DIRECT CP VIOLATION IN K° - nx

A. Effective interactions

Mesonic and hadronic processes that involve weak
interactions are best described in terms of the operator
product expansion, which factorizes short- and long-dis-
tance effects. For AS = 1 flavor changing transitions the
effective Lagrangian can be written in the form

G
Las, = —71%ZC,-Q,- +Hec, (18)

where Q; are the relevant operators and C; the correspond-
ing Wilson coefficients (G is the Fermi constant).

In the Standard Model the AS = 1 Lagrangian involves
tree-level operators as well as QED and QCD induced loop
diagrams. When both left and right chirality interactions are
present, the standard set of operators is enlarged to include,
at the scale of 1 GeV, 28 operators [23]

T = (Squp) (pd,), KR = (Squp) g (pd,) g
IiL = (Su),(ad),, §R = (Su)g(ud)g
0= <§d)L(éC])L Q% = (§d>R<z]‘I>R
O4= (gadﬂ)L(_ﬂqa)L 0= (_adﬁ)R(_ﬁ%)R
3 3
0 =3Gd)e,aa)  Oh=5(d)ee, (@)
3
QlO __(sadﬂ)Leq<Q[)’Qa)L anzi(gadﬁ)Req(QﬂQa)R
(19)
IleL = (gauﬂ)R(ﬁﬂda)L fR = (Ea”ﬁ)L(ﬁﬂda)R
Q§L = (5u)g(ud), Q%R = (Su), (ad)g
0s=(5d).(qq9)r Q5= (5d)r(q9),
Q6 = (54d5)1(Ap9a)r 04 = (5445)r(@p9a)1
3 3
Q7—§(5d)Leq(‘_1‘1)R Q7_§(§d)Req(qQ)L
3 3
QS :E(Ead/})Leq(QﬁQG)R Qé :E(Eadﬂ)Req(q&qa)L
(20)
gsms _ a MY gsMy _ a MY
o = 622 50,,1°Gy'Ld  QF = o 50,,1°Gy’Rd
emy _ v emyg _ w
QyL = 6 saﬂyF’,j Ld Qf = o sa,wFZ Rd, (21)

with (7q), = (']yﬂ(L,R)q, L.R=1 Fys, and implicit
summation on g =u, d, s. Q%5 are the SM operators
usually denoted as Q;,. The dipole operators Q,, are
normalized with m,, for an easy comparison with existing
calculations and anomalous dimensions. It is known
that some of the operators above are characterized by
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enhancements due to their chiral structure, either in the
running of the short distance coefficient or in the matrix
element. In particular the Wilson coefficients of the QCD
dipole operators Qg R receive a large enhancement from the
mixing with the current-current operators.

At the leading order the operators generated by the SM
and the LR short distance physics are: Q2 . 04, Q). Os,
0. 07, 04 Qo, 0y, OF, Q4, with A,B =L, R. Their
Wilson coefficients are for current-current operators

C%L — /ILL CLR C*ALR

C§R = rARR 2 = CARE (22)
for the penguins

Cy=Cs = fzilfLFfL(xi)

C, =, = %‘T FARR FRR (rx,)

ae,
C;=Cy = dg CE (xi)
C/ _ C/ _ ae, Z/lRRERR . 23
7= Q_Erii R (rx;); (23)

and for the dipoles
m CL =3, [m AEL FEL 4 Cm AREFER 4y riRR FRR)
m CR =%, [mAHE FEE £ mAFRFER 4 r2RR FER]
m,Cy =X, [m A" EXE 4-Emaft EXR 4 mgrAfR SR
mSC{f =X;[m ﬂl-LLEéL+C*m,~/1iLRE§R+mSMfRE§R]. (24)

In the above, e, =2/3 is the u-quark charge, x; =
m/mi, with i = u, c, t, and F5 and E1§ are the loop
functions, given in Appendix B. The parameters { and r are
defined in Eq. (3). Finally A8 = ViAV2, where V; and Vj
are the Cabibbo- Kobayashl Maskawa (CKM) matrix and
its right-handed analogue [Egs. (8)—(9)].

The different terms of the coefficients in Eqgs. (22)—(24)
are generated at the decoupling of the relevant heavy
thresholds, and thus at different scales, namely My, or
m, for the current-current operators and top-dominated
loops, m, for the charm dominated loops, and my, for the
RR current-current ones.

The direct CP violation in K° — zz decays is para-
metrised as

e’ ® (ImA2
\/_ 2Je| \ReA,

where w = ReA,/ReA ~ 1/22.2. The isospin amplitudes
A; (I =0, 2) are defined from the AS =1 effective
Hamiltonian as ((2x),|(—i)Hs—;|K°®) = A;e™", where §;
are the strong phases of zz scattering. The phase of ¢/,

ImA())

25
RCAO ( )

/248, — 8y = 42.5° +0.9%, cancels to a very good
approximation the phase of e.

While the imaginary part of the amplitudes are
calculated within the model, the real parts are set at their
experimental values: ReA;=3.33x1077GeV and ReA, =
1.49x 1078 GeV, as well as the indirect CP violation
parameter |e| = (2.228 £0.011) x 1073, Because of the
large uncertainty associated to the new physics contribution
to ¢ we neglect in Eq. (25) a O(10%) isospin breaking
correction (for a recent recap on isospin violation in the SM
amplitudes see Ref. [35]). As a matter of fact, the major
source of uncertainty resides in the evaluation of the
hadronic matrix elements, that we are going to discuss next.

For the following discussion and numerical analysis it is
convenient to introduce the parameter

/
£
LR
hg, = 0 S

Eexp

(26)

where ¢ , represents the additional LRSM contribution to
¢, and is normalized to the present experimental central
value, =37 x107°.

B. Matrix elements

In this section we address the evaluation of the K* — 7z
matrix elements of the left-right current-current operators
Qf_lze- We define <QiLR>0,2 = <(””)1:0,2|Q;’LR|KO>- A naive
estimate is provided by the simple factorization of the
matrix elements in terms of currents and densities and
vacuum insertion known as the vacuum saturation approxi-
mation (VSA) [50]. In spite of the expected large non-
factorizable corrections the VSA has been conveniently
used in the past as a reference benchmark. The calculation
of the current-current operators in the left right framework
via the VSA prescription is found in [21]. In terms of the

1% operators defined above one has

(048)0 = ~(0f1)y = ~ /20t +9¥ +32

(048), = ~(0); = -} [1x - 62

(08%)0 = ~(081)y = ~ 4/ 26K 437 4.2

(05%), = —(05"), = —% \/%(3)( -22), (27)
with
X il r5dl0) |57l K0) 23 o =)
V=i l0) 0057 sd|K) V2 o -+
2= it s O 5ulK) =V 2 o (m, +mg . (29)
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At variance with [21] in Eq. (28) a factor i is conventionally
factored out. When allowed, charged pions are replaced by
neutral pions with a factor of 2 accounting for their exchange,
so that for instance iZ = 2(z°|itysu|0)(z°|5d|K°). The term
Y contributes equally to charged and neutral pions and
accordingly it is absent in the isospin 2 projection of the
amplitudes

(Ay = Ag). (29)

In Eq. (27) nonleading terms in 1/N due to color Fierz are
kept according to the VSA prescription. For Q4% the 1/N
terms Y and Z are chirally enhanced and dominate the
amplitude, that turns out to be approximately 1/3 of the
corresponding one of Q4*. The VSA values in Table I are
given at the scale of 1 GeV with (m, + my)(1 GeV)~
132 MeV.

In the second column we report the results of the
computation of the K — zz matrix elements of Q1%
within the chiral quark model (yQM) approach [23,24].
In this modeling of low energy QCD the meson octet chiral
Lagrangian is complemented with an effective quark-
meson interaction [51,52], which provides a connection
between the QCD degrees of freedom and the lightest
hadronic states. Meson interactions are then obtained by
integration of the constituent quarks and the chiral
Lagrangian coefficients are determined in terms of three
nonperturbative parameters, namely the constituent quark
mass and the quark and gluon condensates.

In the nineties an extensive program was carried out in
order to calculate all AS = 1 matrix elements relevant to
the Al =1/2 rule and direct CP violation in K° — zx
decays based on the yQM at the NLO in the chiral
expansion [53]. By adopting a phenomenological approach
it was shown that a fit of the Al = 1/2 rule could be
obtained for expected values of the three nonperturbative
parameters of the model [54].1 In turn, this allowed a
coherent calculation of the matrix elements for the whole
dimension six AS =1 SM Lagrangian[55], including the
dimension five chromomagnetic dipole operator [56,57].

The relevance of nonfactorizable 1/N model and chiral
corrections in lifting the cancellation between the gluon
and electromagnetic penguin was exposed, leading in 1998
to the prediction ¢ /e = 171]] x 10™* [60,61] shortly

'Model dependent nonfactorizable 1/N corrections propor-
tional to the gluon condensate were shown to play a crucial role in
depleting the isospin 2 amplitude while contributing to the
enhancement of the isospin 0 amplitude.

2Very recent lattice [58] and QCD model [59] calculations of
the gluon dipole operator give a K — 7z matrix element smaller
by about a factor of two [23].

TABLEI. Comparison of K° — 7z matrix elements of the left-
right current-current operators f’; in different approaches. The
values are given at the scale of 1 GeV in units of GeV? for central
values of the relevant input parameters.

VSA QM DQCD
(QLRY, ~1.8 -3.6 ~1.1
(QLRY, 0.53 0.33 0.40
(QLRY, ~0.62 ~12 ~0.059
(QLRY, 0.16 0.092 ~0.005

afterwards confirmed by the precise experimental findings
of KTEV [62] and NA48 [63] collaborations

/e =16.6+£2.3x 107, (30)

Subsequent attempts to resum the final state interactions
via dispersion relations [64—68] lead to a confirmation of
the enhancement of the / =0 amplitudes and of the
agreement between SM and data.

In recent years the phenomenological yQM framework
has been applied to the calculation of the matrix elements of
relevant operators in the left-right model [24]. In Table I the
matrix elements of Q}% obtained in the model at the scale
of 0.8 GeV are evolved to 1 GeV. As remarked in [24],
attention must be paid in subtracting an unphysical con-
tribution to the K° — zz amplitudes generated by the
presence of a K° — vacuum transition (tadpole) [69]
induced by the LR current-current operators. We see again
in the yQM calculation an enhancement of the A/ = 1/2
amplitudes compared to the Al = 3/2 ones. This pattern is
led by the one-loop chiral loop contributions, which include
the final state rescattering.

In the third column of Table I we report the results
obtained with the dual QCD (DQCD) approach [71] (for a
recent summary and references see Ref. [36]). A rescaling
factor of 1/3/2 has been applied in order to normalize the
DQCD results to the amplitudes defined in Eq. (29). The
DQCD calculation of the hadronic matrix elements is based
on a truncated chiral Lagrangian and leading N factoriza-
tion [72-74]. The matrix elements of the four quark
operators are calculated in the large N limit at zero
momentum by factorizing the four quark operators in
terms of color singlet currents or densities via their chiral
representations. The meson operators undergo an evolution
quadratic in the cutoff scale up to A ~ 0.7 GeV [75]. They
are then matched with the short-distance Wilson coeffi-
cients at the 1 GeV scale.

This approach has shown to be successful in the past in
predicting the size of the bag parameter By in K° — K°

The impact of final-state interactions in ¢’ /¢ has been recently
questioned in [70].
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mixing [76,77] in agreement with lattice calculations.
[78,79] Recently, by supporting (and providing a model
rationale for [80]) the RBC-UKQCD lattice results [81,82]
for the Al = 1/2 rule and the direct CP violation in K* —
zr decays, leading to

€'/e =1.3846.90 x 1074 (31)

In spite of the enormous progress made in the past
decade, the present lattice calculations of the K — zx
matrix elements still fail in reproducing the strong rescat-
tering phase J, (by about 30) and do not include isospin
breaking.4 It is fair to say that, given the delicate cancella-
tion between the QCD and QED penguin operators that
leads to the present SM estimate, we should await for a
comprehensive and precise lattice description of the K —
zr decays before claiming the need of new physics
explanations.

On the other hand, a detailed reevaluation of &/e within
the chiral Lagrangian framework, including isospin break-
ing, leads to [35]

ele = x 107
! 1547 x 107 32

in agreement, albeit with a large error, with the data.’

In Table I the values of the relevant matrix elements
are reported at the scale of 1 GeV for our operator basis.
It is apparent in the comparison the reduced size of
(QiR), and the minuscule size of the Q4R matrix
elements. These results stem from the large N factori-
zation of the current-current operator [corresponding to
the subleading term X in Eq. (28)]. The meson evolution
of the Q5F operator mixes it with the chirally enhanced
QiR but with a renormalization suppression factor of
A?/(4xf;)?, so that 1/N chirally enhanced terms turn
out to be not effective. This is a distinctive feature of the
DQCD approach.

The authors of Ref. [42] invoke isospin symmetry to
connect the QXX matrix elements to the analogues of the
SM gluon and electromagnetic penguins Qs ¢ 7., for which
lattice calculation are available at a scale of 3 GeV. No
numerical details are given in [42]. We find that the Q'R
matrix elements so derived follow quite nearly the pattern
and size of the VSA results.

Given the spread and pattern of values in Table I we
conservatively use in our analysis the results of VSA as a
reference benchmark, while including a conservative theo-
retical uncertainty of a factor of two.

“The role of isospin breaking contributions in the lattice
calculations has been further scrutinized in [83].

A very recent update based on a detailed reassessment of the
isospin breaking effects leads to & /e = 14 £5 x 107 [84].

V. NEUTRON EDM
A. Strong CP in LRSM

While the SM provides a natural answer to the smallness
of @, the latter being perturbatively protected [5], more
general approaches have been proposed, which are relevant
for new physics extensions. The Peccei-Quinn (PQ) axion
models [27-29] provide an elegant way to address dynami-
cally the problem. On the other hand other solutions
involving the UV completion are possible, as the restora-
tion of a mirror symmetry in the fermion sector [85] or
other extensions [86,87]. For a grand unified embedding
see [88].

Within the LRSM such a solution is provided by the
scenario in which the P symmetry is exact at high scale
and then spontaneously broken [26]. The symmetry sets
to zero the topological term 6, so that 6 is computable
after spontaneous breaking, see Eq. (11). Since this is by
far the dominant contribution to d,,, the constraint on 6
translates into a very stringent limit on the combination
sqtrp and thus into the effective vanishing of all phases
0;, which are directly driven by it. In such a situation the
€ constraint in Eq. (17) implies a lower bound on the LR
scale, My, 2 28 TeV [30], as derived in the limit 6, —

0, — 0 [25]. This conclusion is avoided if € is canceled
by a different mechanism, like the PQ one. In the case of
LRSM with C, both argdetM and 6Oycp are free
parameters, and if one does not want to exploit this
freedom as a fine-tuning, the @ issue has again to be
addressed by assuming some underlying mechanism, as
mentioned above.

After the PQ setup removes 0, still the presence of
P- and CP-violating LR effective operators generates
various sources of the nEDM [89], in both the C and P
cases. We review and compare their impact in the
following sections. It turns out that the most relevant
contribution to d, is due to meson loops after the shift
of the meson fields in the U(3) chiral Lagrangian,
induced by the CP-violating four-quark operators (see
Appendix D). As we will see, the proper calculation
of the meson-baryon couplings in the U(3) chiral
Lagrangian, shows in the PQ case an exact cancelation
that suppresses the predicted nEDM. This result is due to
the remnant 6 induced by the relevant LR quark
operators. Such a feature was missed in Ref. [42], where
a different dependence of the meson-baryon couplings
on the mesons VEVs is obtained.

In the following sections we briefly review the contri-
butions to the neutron EDM, arising in the LRSM, from
short- and long-distance sources.

B. Effective operators

The effective CP odd Lagrangian relevant for the nEDM
can be written as [90,91]
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4
c?"’o?‘"% S oo

q#4'i=3

cEDMz—fj—g( 3

q#q'.i=1

4
+ Y clof+ 6505), (33)

g.i=1
where ¢ = u, d, s and the effective operators are given by

Ol =g'qaiysq. O3 = qualpivsqe. (34)
0§ = 70" q Go,,iysq. (35)
O = 340" qly 4powirsda. (36)

O = qqqiysq. Of = go,,q go*iysq.  (37)

e _ .
0f = ~ a2 %M Go,,iysqF*, (38)
01 = =% Go,,iysTIqG™ (39)
4 — 1671'2 myqo,,tyst =g ’
1 9s abc a [ aTeNTY
Os = =373/ G4,Gy oG, (40)

The tensor operators (’);’TZ are symmetric in ¢'q (iyso"
e 5,5), hence the factor 1/2 in Eq. (33). The O?jg and
dipole operators O, are obtained from the AS =1
Lagrangian Egs. (1'8)—(21) by replacing s — d =gq.
Accordingly, the Wilson coefficients C‘fjg at the weak scale
are related to the AS = 1 ones by

Ci4 = —C{4 = 4ImCFE, (41)

while
My q¢,aCy* = 2mIm(CF"), (42)
MaCy! = 2m Im(C™), (43)

where one should replace A?:Bq, with /125] = V;{‘q Vf, . thus
selecting in Eq. (24) only the mixed LR terms.

The Wilson coefficient of the three-gluon operator Os is
suppressed by a,/4x and its contribution to the nEDM is
negligible for light quarks. At the integration scale of each

heavy quark it is given by [92-95]

i (mg). (44)

with ¢ = b giving the dominant contribution, proportional
to m,/my [see Eq. (24)].

By inspection of Egs. (22)—(24), the leading operators
induced by gauge boson exchange, which are sensitive to
the new CP phases through the LR mixing ¢, are those
obtained from Q5**" and Qf;f. The O1, operators are
induced by neutral scalar exchange with CP-violating
couplings (Z boson exchange does not induce CP violating
transitions). On the other hand, the contributions of the
heavy doublet Higgs, that we assume decoupled at a scale
higher than the right-handed gauge bosons, are always
suppressed by the light quarks Yukawa couplings, and are

henceforth neglected. Analogously, the operators (’)g’fj are
not generated at the tree level in the model, but obtained via
gluonic corrections of (’)‘f:g . Since (’)g’;‘{ are flavor sym-
metric their contribution to the renormalization of Of , and
01 4 is proportional to cityc (1172/, which vanishes to great
accuracy in the present framework. One noticeable conse-

quence is that the leading additive QCD renormalization of
the dipole operators 0;’.4 comes at the NLO in the loop

expansion (LO in «;) from the O?jg operators, in analogy to
the AS =1 case.

The QCD anomalous dimensions and mixings of the
whole set of operators in Eq. (33), at the leading order in
the loop expansion, are found in Ref. [92]. A more recent
NLO calculation is presented in Ref. [96]. We report the
relevant anomalous dimension matrix in Appendix C in our
normalization. At the hadronic scale the Wilson coefficients

C? and C4¥ turn out to be comparable, with a slight

predominance of the radiatively induced C'{q/.
The quark EDM from Of is given in units of e by

Gre,m
d, =-——LZ9"4c1 45
q \/§4ﬂ2 3 ( )

and analogously for the chromo-EDM

~ Grpm
d,=-—L—2c1. 46
q \/54”2 4 ( )

The neutron EDM can be obtained from Eqgs. (45)—(46),
evaluated at the hadronic scale, via naive dimensional
analysis, chiral perturbation theory or QCD sum rules,
the latter providing a more systematic approach. A recent
reevaluation in this framework gives [92,97]6

®A chiral perturbation calculation of the chromoelectric di-
poles gives coefficients larger by order one factors [98], while a
very recent lattice calculation gives [99] d,, = 0.8d,; — 0.2d,,, still
missing the chromoeletric dipoles. Since, as we shall see, the
dipole contributions to the nEDM are largely subdominant,
the present variance in the calculations is immaterial for our
conclusions.
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d, ~0.32d, —0.08d, + e(0.12d, — 0.12d,, — 0.006d,).
(47)

In the presence of a PQ axion, the effective CP and
chiral-symmetry breaking operators in Eq. (33) still induce
a nonzero 6 [89,100], as explicitly derived in Eq. (D20) for
Oﬁ‘d. As a result, in the PQ case Eq. (47) is modified to
include the contribution to the nEDM of the 6 induced by
the chromoelectric dipoles [101]

dh? ~0.32d, —0.08d, + €(0.25d, + 0.14d,).  (48)
The size of the nEDM induced by the @ term is estimated by
various methods to be [102—108]
d, ~—(1-4) x 10719 (49)
in units of e - cm.

The contribution of the Weinberg three-gluon operator to

the nEDM is subject to large hadronic uncertainties, related

to the method of evaluation. By comparing different
calculations one finds [109]

GF €y

V2872

In the LR framework the dominant chirality flip of the
dipole operators depends on the fermion masses in the loop.
Albeit chirally unsuppressed, the two-loop Weinberg oper-
ator Os turns out to give a subleading contribution to
the nEDM.

d, = —(10-30 MeV) £ 75 C4(1 GeV). (50

C. The long-distance contributions

The operator O?q’ mediates meson to vacuum transitions
that when chirally rotated away generate P and CP-
violating interactions among mesons and baryons. These
couplings induce potentially large contributions to the
nEDM via chiral loops [90,110]. As shown in Ref. [42],
the pion VEV carries an enhancement factor m/(m,, + my)
with respect to the other VEVs. In the pion-baryon coupl-
ings it then dominates the chiral loop contributions to the
nEDM. As a matter of fact, by considering the U(3), x
U(3) chiral Lagrangian (Appendix D) with the inclusion
of the axial anomaly term [103] one obtains

G 4c
0 F 3
) Ciuda —Clin) =———". 51
< > \/z( lud 1d )BOFﬂ(md+mu) ( )
with (7%) > (n95) by a factor my/(my —m,). For the

notation and estimate of chiral couplings and low energy
constants (LEC) see Appendix D.

Given the leading role of (z°), the relevant CP violating
baryon-meson couplings are [Eqgs. (D15)—~(D17)]

e =220 0y 4 ) g = )4, (52
Ons-K+ :?U?D _bF) 2\/_m <; >
2V2 (ng) 4 {10)
—W(mu—%”s) F. 7§(m +m )Fo ,
(53)

with bp + by ~—0.14 and bp — br ~0.28 in units of
GeV~!. As we comment in Appendix D, these results
differ from those of Ref. [42]. In particular, the coefficient
of the pion VEV in Eq. (53) is not enhanced by m,. As a
consequence g,s-k+ is of size comparable to g,,, and all
meson VEVs are relevant. In addition, when considering
the PQ scenario, the @ induced by the O’fd operator cancels
exactly the g,,, coupling, leaving only g,s-k+; the loga-
rithmic enhancement in the pion mediated loop (visible
below) is therefore lost and the predicted nEDM is strongly
suppressed. On the contrary the Of* operator consistently
induces a cancelation of g,,s- g+ butanonzero g,,,,,, so that, in
spite of being doubly Cabibbo suppressed, the logarithmic
enhancement of the pion loop makes its contribution to the
nEDM no longer negligible, albeit still subdominant. We
quantitatively discuss the effects of the pion coupling
cancelation in the PQ setup in the following section.

Up to unknown LECs (that are numerically sublead-
ing according to a naive dimensional estimate [42]) the
nEDM computed from baryon-meson chiral loops leads to
[111,112]

- 2
€  Onsk+ myg Mg
~ D-F)|log———~|, 54
R ><°gmzN : N) (54)

to be compared with the LO pion contribution [113]

N e Gnpr m:  mm,

d, ~— S2F. 2 (D+F)<1 og o~ 2mN>, (55)
where at the leading order D+ F=g,~1.3 and D — F~
0.3. In Ref. [114] large logarithmic corrections to the
tree level result are computed leading to D + F ~ 1 and
D — F ~0.2. We include this spread within the hadronic
uncertainty in our numerical analysis. In Egs. (54)—(55) the
extended-on-mass-shell prescription is applied to ensure a
correct power counting [115].

In spite of the large pion log in Eq. (55), Eq. (54) gives a
non-negligible contribution to the nEDM and we will
include it in our numerical analysis, together with the pion
loop contributions induced by g,,,,, [30,40,113].

"The direct short-distance contribution to the isovector CP
odd pion nucleon coupling, which is part of the unknown loop
counterterm, is estimated to be sizeable, albeit with a large
uncertainty [116]. We assume no large cancellation occurs.
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VI. NUMERICAL ANALYSIS

A. Preliminaries

According to Eq. (26) and to the discussion of the LR
hadronic matrix elements in Sec. IV B we obtain

hy = 0.92 x 10%(¢|[sin (@ — 0, — 6,) + sin (a — 6, — 0)]
+ 320|¢|[sin (o — 6, — 6,) + sin (a — 0. — 0y)]
+ 62007 sin (6, — 0,). (56)

which is normalized to unity when matching the central
experimental value in Eq. (30). The contributions that are
proportional to the LR mixing ¢ in Eq. (3) are due to
current-current (first line) and dipole operators (second
line), while the term proportional to r represents the RR
current contribution. The relative magnitude of the three
contributions is readily estimated. From the direct search
limit My, 2 3.7 TeV (see [34]) one obtains an upper bound
on the mixing, { < 4 x 107*. Thus, the first line can easily
overshoot by orders of magnitudes the experimental value.
The contribution of the dipoles instead amounts at most to
hy ~0.25. As for the last line, the phase 8, — 6, is con-
strained by e, with different outcomes in the C or P cases. In
the case of C, from Eq. (16) one finds rsin (6, — 6,) <
1.4 x 107°, so that this contribution falls short of ~0.008 and
can be neglected. In the case of P, from Eq. (17) one finds
rsin (0, —6;) $2.5x107%(7 TeV/Myy,, ), which contrib-
utes to i, at most as 0.15, where My, is constrained to be
larger than 7 TeV as we shall see in the following.

It is convenient to note that in the dominant contribution
to £, namely in

hy ~0.92 x 10%(¢|[sin (@ — 6, — 6,) + sin (a — 6, — 0)],
(57)

the constraints (16)—(17) on 8, — 0, enforced for low LR
scale imply that the result depends on a single combination
of phases, e.g., a — 0, — 0,.

Turning to the neutron electric dipole moment, in
analogy with £’ it is convenient to introduce the parameter

4Lk

- ’
n d’f

hy (58)

where the LR contribution to the dipole moment is
normalized to the present experimental bound, d;; =
2.9 x 1072° ecm.

From the results of the previous section and those in the
appendices we finally obtain, for central values of the
hadronic parameters at the neutron scale,

H"? = 10°(¢|[+1.65 sin (a — 6, — 0,)
—0.007 sin (a — 6. — 6,)
+ 0.00095 sin (a — 0, — 6,)], (59)

1R = 1081¢|[+0.21 sin (a — 0, — 6,)
—0.010sin (a — 0, —6,)
+ 0.00095 sin (a — 0, — 6,)], (60)

where the first line includes the contribution of the LR
current-current operators via chiral loops, generated by the
Onpr> ns-k+ and g,,, couplings, and in the PQ case it
includes the induced shift on @ [see Eq. (D20)]. As already
mentioned in the previous section, the (’)”1“’ induced 0
cancels exactly the g, ,, coupling, leaving only g,s-k+ to
contribute in chiral loops to the nEDM (see the discussion
in Appendix D). The logarithmic enhancement of the pion
mediated loop is therefore lost with a consequent suppres-
sion of the predicted nEDM.

The much smaller second and third lines derive from
the dipole and the Weinberg operators respectively (includ-
ing the renormalization mixing). The results in the noPQ
case are in fairly good agreement with those reported
in Ref. [42].

In the discussion that follows we will consider these
outcomes as benchmark values. In order to consider the
uncertainties discussed in the previous sections, we allow a
range of 50%—-200% for h, due mostly to the relevant LR
matrix elements, and a 30% uncertainty on h, related to
the long-distance parameters D and F in Eqs. (54)—(55).

It appears immediately that the combinations of phases
in the leading terms of Eq. (56) and Egs. (59)—(60) can lead
to correlations that open the possibility to test the LR setup.
This is especially clear for low scale My, < 30 TeV
because, in view of the & constraints in Egs. (16)—(17),
0, and O, are strongly related.

In the following, we explore this correlation by consid-
ering the two phenomenological scenarios for €' /¢: namely,
whether the SM prediction falls short of the experimental
value with the missing contribution being provided by low
scale LRSM, or whether the SM prediction saturates the
observable and thus a lower bound on the W mass follows.

It is then crucial to consider the difference between the P
and C choice of the discrete LR symmetry. The important
feature is that the phases 6; are free for C, while for P they
are predicted as a function of s,t,4. Therefore, in the case of
C one can always suppress the effects CP violation by
setting the phases to zero, and thus no lower bound can be
placed on the Wy scale. On the contrary, requiring a
sizeable contribution to ¢ bounds the size LR scale from
above. For the case of P the phases can be calculated
analytically in a power series of s,7,5, as demonstrated in
[17]. For our purposes it is enough to consider the leading
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Case of C: Contribution of the LRSM to &' and d,, for random phases, various choices of My, and two choices of #4: small

tg = my,/m, (left) or large 15 = 0.5 (right). Only those points that satisfy the & constraint are shown. The left (gray) and right (cyan)
vertical bands define the g, and £}, scenarios respectively. The long-dashed line represent the current d,, experimental bound and the

short-dashed one a future reach of d, < 10727 e - cm.

order expressions, which we recalculate for generic signs s;
(see Appendix A for the detailed expressions).

In summary, for the sake of clarity, we shall discuss our
results with reference to two alternative scenarios in which
(i) the SM saturates the experimental value of ¢’ /¢ and thus
the LRSM contribution has to be bounded from above, or
(ii) the SM contribution falls within the present experi-
mental error and the LRSM contribution provides about the
whole amount. We name these limiting scenarios &g, and
exp respectively. In either case we require the contribution
to d, to be less than the present experimental bound (the
effect of future experimental improvements are also
shown). Thus, we set

egn: hg < 1. and |hy| < 0.15,

exp: hg, < 1. and hy = 0.9 £0.15.

The uncertainty of 0.15 is related to the present exper-
imental error on ¢/e.

A discussion of the correlated predictions for ., h, and
hg, will be given next in the cases of C and P, distinguish-
ing between the £, and €y, scenarios.

B. Results

Our results are summarized in Figures 1-5. We analyze
separately the C and P cases. The scattered plots are
obtained for benchmark values of the hadronic parameters.

Case of C. Because the phases are free parameters, the
LRSM contribution to both & and d, can be made
vanishing by appropriate tuning. Correspondingly, in
Fig. 1 the dots populate the gray band around zero no
matter how low My, is. As a result, no bound on My, can
be placed in the &gy, scenario.

In the eyp scenario instead, because one requires a
sizeable contribution of the LRSM to ¢, an upper bound
on My, appears. Its size clearly depends on 4. For
instance, for large t5~0.5, near its perturbativity limit
(right frame in Fig. 1), one sees that W must be lighter

than 115 TeV, while for 75 = 0.025, My, < 30 TeV is
required (left frame).

One also notices that the correlation between ¢ and d,, is
sharper (thinner band) for Wy lighter than ~30 TeV and
small #; (left frame). In this regime due to the ex constraint
6, — 6, has to be small (modulo 7); the dominant first lines
in Egs. (59) and (56) depend on the same phase combi-
nation and are thus confined in a tiny strip. This correlation
is progressively absent in the large 74 regime (right frame)
because there Wy is much heavier and the & constraint
becomes less effective.

In any case, since the free phases as well as a are at
present not directly tested by other observations, it is
convenient to marginalize over them and show the resulting
upper bound on My, correlated with 74. This is depicted
in Fig. 2, where the upper bound on My, in the ey,
scenario is seen to range from less than 10 TeV (for
fg ~ 1073) up to more than 100 TeV (for large ip).

In Fig. 2 we also show the effect of tightening the
constraint on d, to < 0.03, in view of the future experi-
ments. One can conclude that when this bound will be
reached, the LRSM contribution to & can take place only
for somewhat large 75 2 0.1.

We depict with a dashed contour the bound obtained
after including the theoretical uncertainties dominated by
those on the matrix elements. A numerical difference can be
appreciated, but the picture patterns remain.

Case of P. In this case all phases are predicted in terms
of @ and 75, and although the 32 different combinations of
signs s, . ,.a.s [see Eq. (10)] give rise to different numerical
predictions, the resulting picture illustrated in Fig. 3 shows
well defined and narrow bands. One can observe that the
new physics contribution to & shows a different pattern
with respect to the previous case.

First, for low scale Wp it is not possible to make &
vanishing by a convenient choice of phases, and thus a
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FIG.2. Caseof Cineyp scenario: Allowed region in the My, -t
plane for 0.9¢¢,, to arise from new physics. The nEDM prediction
is taken below 1 (light shading) or 0.03 (dark shading) of the
present experimental bound. Solid lines correspond to the chosen
benchmark values of the hadronic parameters, while the dashed
contours include the theoretical uncertainty. In the progressively
shaded band at the top, 75 2 0.6, quark Yukawa couplings become
nonperturbative [22], while at the left, for My, < 6 TeV, the
scalar sector becomes nonperturbative [31-33].

lower bound on My, emerges in the eg, scenario. As
anticipated above, the reason is the role played by the &g
constraint Eq. (17): for low scale W one must have quite a
large 6, — 0, ~ +0.16 [25] and so the combinations in
Eq. (56) can never vanish in correspondence of vanishing
he, hg, . Thus, by lowering My, the predicted values of i,/
shift to larger values, as shown in Fig. 3.

From the plot it can be argued that the g, scenario
requires My, 2 15 TeV. The detailed analysis gives infor-
mation on the correlations between the phases and scales
involved, as we report in Appendix E, that shows the
complex interplay of the 32 sign combinations and the tight
correlation among a, t; and My, .

With the numerical study at hand, by marginalizing on
we depict in Fig. 4 the lower bound on My, as a function of
t5,- We find that the lowest allowed scale My, 2 15 TeV is
achieved for 75 ~ 0.15. The darker area shows the impact of
including the theory uncertainty dominated by the hadronic
matrix elements (100% for ¢ and 30% for nEDM). This
relaxes the lower bound to a least possible value of
My, 2 13 TeV, which is achieved for 753 ~0.1. In the
PQ scenario (dotted line) the lower bound is relaxed to
about 6 TeV for 753 ~0.2.

In the £} case the situation is even more structured and
interesting. The constraint i, < 1. can be satisfied by

My 9 TeV
Myyp: 15 TeV

1.0 1.5

FIG. 3. Case of P: Contribution of the LRSM to ¢ and d,, for
various choices of My, by scanning on phases and #5, while
satisfying the ¢ constraint. The left (gray) and right (cyan) vertical
bands define the ey, and eyp scenarios respectively. The long-
dashed line denotes the current experimental upper bound, while
the short-dashed one a future reach of d, < 1077 e - cm.

choosing the vacuum phase a appropriately, if possible,
thus providing a prediction of /,/. As expected, the request
hy =~ 0.9 £ 0.15 sharply constrains the range of My, . For
instance in Fig. 3, for benchmark values of the parameters,
a preferred range of My, = 9-15 TeV emerges. This is
better seen in Fig. 5 where by marginalizing again on o we
depict the allowed region in the plane My -t; for the eyp
scenario in the case of P with benchmark hadronic

0.5

02

0.1
Excluded for

0.05 hg <015 A 1
Q \
g hg, <1
theory A
uncertainty + benchmark
0.01 + g
0.005 _ .
0.001 . . . . i
5 10 15 20 25 30
Myyp [TeV]

FIG. 4. Case of P: The shaded regions in the My -5 plane are
excluded in order to have at most 15% new physics contribution
to €' /e and d,, below the present experimental bound. The lighter
region assumes benchmark hadronic parameters, while the darker
one includes the theory uncertainties, as discussed in the text. The
dotted line marks the PQ case.
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FIG. 5. Case of P: The shaded regions in the My, -t; plane are

allowed in order for new physics to provide 0.95gxp, while
keeping the contribution to d,, below the present experimental
bound. The smaller region assumes benchmark values for the
hadronic parameters, while the larger one includes the theory
uncertainties, as discussed in the text.

parameters (darker shaded area). The region spans the
perturbative interval 75~0.005-0.1 and My, below
15 TeV. When we include the hadronic uncertainties
(lighter shaded area) we find that the allowed region relaxes
substantially in the My, direction, which spans the 7-
45 TeV interval.

In summary, in the case of P, our numerical analysis
shows that with conservative theoretical uncertainties
the ey, scenario places a lower bound My, 2 13 TeV,
while the eyp scenario requires My, = 7-45 TeV and
tp = 0.005-0.5. Both these bounds will get considerably
tighter with the expected reduction of the theoretical errors
on ¢, coming from a precise lattice determination of the
relevant hadronic matrix elements.

VII. CONCLUSIONS

In this work we have revisited the CP-violating observ-
ables ¢, ¢ and d, within the LRSM and derived updated
limits on the LR scale My, and model parameters. In
particular, our analysis aimed to fully investigate the
correlations among the observables for the different setups
of the model parameters, arising by a given choice of
discrete LR symmetry.

The issue is relevant also in the light of the recently
reopened debate on the magnitude of the theoretical SM
prediction for ¢ following the recent lattice results,
suggesting that the SM may fall short of reproducing the

experimental value of & /e. While waiting for a fully
consistent picture of the kaon hadronic decays from lattice,
we considered here two limiting scenarios named as gy,
and e}p respectively, according to whether the SM or the
LRSM saturate the experimental value.

In the LRSM each choice of P or C discrete symmetry
implies crucially different predictions and constraints for
the RH CKM phases with a strong impact on the new
physics scale.

Previous detailed studies on ¢, ¢ in the LRSM can be
found in [23-25], and of ¢, ¢, d,, in [30,42]. In particular, the
LRSM prediction for € was thoroughly analyzed in [25] and
gives atight constraint on the RH CKM phases versus the LR
scale. On the other hand the relation with d,, was studied
recently in [30] mainly within the assumption of exact P
parity and thus with vanishing QCD theta term (although the
possibility of a different UV completion was foreseen).

In order to investigate an interesting and predictive
scenario for the neutron dipole moment, we considered
explicitly the PQ setup as a dynamical solution of the theta
QCD problem and investigated in detail the impact of the
explicit breaking of the PQ symmetry by the effective
operators in the minimal LRSM. Our analysis shows that
the new contribution to d,, coming from the shift of the
axion potential, has a dramatic impact on the outcome,
suppressing substantially the predicted nEDM. This result
is at variance with the conclusions of Ref. [42], and we
identify the issue in the proper extraction of the relevant
meson-baryon couplings from the U(3) chiral Lagrangian.
The inclusion of the strange quark in the analysis does not
provide the large enhancement of the chiral loops claimed
in [42] but still it is numerically relevant and we evaluate
the chiral loop contributions to d, within the U(3) chiral
framework (not considered in [30]).

Other studies on this topics have recently appeared in the
literature. In particular (i) in [41] the authors address the
RH interactions in an effective parametrization, (ii) in [42]
the authors address the LRSM model with C symmetry,
seemingly ignoring the phase correlations deriving from the
€ constraint, and focusing on small 74 only; (iii) in [43] the
case of P symmetry is analyzed by decoupling the scale of
LR gauge interactions, My, , and effectively studying a two
Higgs doublet model. The study presented here aims to
provide a comparative picture of the implications of e, &
and d,, on the minimal LRSM setup, exhibiting the main
patterns of the model parameters and scales due to the
correlations among the observables.

Given the suppression of the nEDM in the effective PQ
scenario, which does not lead to significant bounds on the
LR scale, we analyzed in detail, for both C and P, the case
where the ultraviolet completion of the low energy minimal
LR model sets & = 0 (see for instance [85]). This leads to
interesting and predictive scenarios for the nEDM.

Our conclusions in the &g, case can be summarized as
follows: for the choice of C symmetry, which allows for
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several free phases, one finds constraints on them but no
lower bound on the RH scale is present. For the choice of P
instead, where all the CKM phases are predicted in terms of
one vacuum phase, we find a lower bound My, > 13 TeV,
which includes conservative theoretical uncertainties on the
hadronic parameters. Future improvement on these uncer-
tainties will push this bound slightly higher, up to 15 TeV.
This is in any case smaller than the tight lower bound of
~30 TeV which stems from exact parity with spontane-
ously induced 0 # 0 [30].

In the &p scenario, the LRSM contributions may
saturate ¢ and still hold the d, below the experimental
bound or at the reach of future probes. An upper limit on
My, is naturally demanded for this to happen. The case of
P, being more constrained, requires My, = 7-45 TeV (or
My, = 9-15 TeV with benchmark hadronic parameters)
and tg > 0.005. On the other hand for the C case, the LR
contributions can saturate &' for My, ranging from about 8
to 115 TeV with increasing 24, from 0.001 to its perturba-
tivity bound ~0.5.

The scale of My, ~ 7 TeV lies just at the limiting reach of
LHC in the golden KS channel [34]. On the other hand, it
may show up as an effective interaction either in the dilepton
channel or, for a particular range of neutrino masses, in
displaced decays of the Higgs to two RH neutrinos [117].

|

A future hadronic collider at 30 TeV center-of-mass
energy would probe easily the mass scale up to ~15 TeV in
the KS process [118] (for TeV scale RH neutrinos) or in the
lepton plus missing energy channel [34] (for RH neutrinos
below 100 GeV), the two having comparable reach.
The prominent Wy — dijet channel would give an earlier
signature, independently from the RH neutrino mass.

Finally, a FCC-hh collider with 100 TeV center-of-mass
energy would probe My, up to 40 TeV [33,118] and thus
test thoroughly the scenarios analyzed here.
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APPENDIX A: THE EXTERNAL PHASES OF V;

In the case of P the external phases can be worked out
from the perturbatively computed V [44] in Eq. (9). For
the analysis on d, and ¢ performed in this article, the
relevant phase combinations are 6, + 8, and 6, + 6, that
can be expressed in terms of the quark masses, the CKM
angles, the expansion parameter s,f,; and the arbitrary
signs s;:

at . 2 s . u . u_
0,+6,~ Sal2p [Slnzelz (i—s—d> (m,5.c08°0p3 + m,s,5in%03) —S—(mdsdcos2912 + ssmssmzelz)] NNl L) (A1)
2 mg My m, 2
t —_
0,+ 0, ~ Sa;ﬂ {0052912& (m5.c08%0p3 + m,s,sin’0y3) — Su (mys4c08?0;, + mssssinzﬁlz)] 4 2 5 % 1. (A2)
mS mu
APPENDIX B: LOOP FUNCTIONS FLR _ -4 +3x+ x> —6xInx (BS)
LR —
The loop functions relevant for the SM and the LRSM 2(x—1)°
short-distance coefficients in Egs. (22)—(24) are given by )
[21,119-121] pre = 3420 @239, g

oo X(—18+1lx+x*)  (4—16x+9x*)Inx

= B1
! 12(x = 1)3 6(x—1)* (B1)
2(5,2 3 2
L x*(5x* —2x—-6) 19x° —25x* 4
S S 2 P T I
! Ba-1F T 36a-1p o
(B2)
2 +3x—6x% +x* + 6xInx)
pr =% B3
2 4(x—1)* (B3)
2 -7 2 2
ELt :x(8x + 5x : ) x*( 3)2) nx  (B4)
12(x—1) 2(x—1)

6(x—12  (x—1)7

One also has Ff& = Fi%(rx;) and similarly for E5.

APPENDIX C: ANOMALOUS DIMENSIONS

As explained in Sec. V the pattern of model values of the
weak scale Wilson coefficients in Eq. (33) allow us to
reduce the basis of the effective operators to

O,y = {017,087 071,08}, (C1)

0, ={01.0§}. (€2)
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The LO mixing matrix of the O, operators is given by [92]

16 0 0 0
6 2 0 0

o

Tag=ad = 0 0 —16 0| (C3)
0 0 -6 2

while the dipole anomalous-dimension matrix (we neglect the
mixing of Os into OF) reads [122,123]

32
m _ (3 Y
Yg—q = 32 28 |°
3 3

The subscripts ¢gq’ and ¢ in the y’s indicate the nonvanishing
subblocks of the anomalous-dimension matrix.

The mixing of O, into the dipoles is readily obtained
from Ref. [96], taking into account the different operator
basis and the covariant derivative conventions

(C4)

8¢/ ™My _61My

3e, my 6 m,

e ! m ! 5 mql

1 €q Mg 2.my
Vo ag = (Cs)

94 8¢ My _61Md

9e, my 18 m,

8 eq/ m / 5 mq/

3 ey mq - Em_q

The Wilson coefficients evolve according to
dc a

=y = (C6)

dlogu "

where y(1) is the 6 x 6 anomalous dimension matrix. The
y’s superscript indicates the a,/4z order of the mixing.

The short-distance running of the LR effective
operators for AS = 1 and AS = 2 transitions is discussed
in Refs. [23,25], respectively.

APPENDIX D: THE MESON AND BARYON
CHIRAL LAGRANGIANS

The LO chiral Lagrangian for the octet of Nambu-
Goldstone bosons and the 7, singlet, including the bosonic
representation of the O, operator is given by

F2
L= I”tr[(D” U)'D'U + y(U + UY))

+ aotr[log U-logU')?
Z{lclLf/szR 1 [U];i ULy = e [UT] 5[0
udf

+ (Ul U] e = e2[UT]4,[U7] )

+iCEH (s [U"] U] = s [UL (U] 3 (D1)

where we follow the notation of Ref. [42]. The 3 x 3
matrix U represents nonlinearly the nine Goldstone states.
Under U(3), x U(3), rotations L x R it transforms as
U — RUL', while y includes explicitly the quark masses,
namely

2i 2i

U=exp |—=—mnol + 11|, D2
p|:\/6F0’70 Fﬂ :| ( )

1.0 1 1+ 1 gt

2T T3 A8 o 5K
M=| 7 —32'+s55m 5K [, (D3)

1 — 1 1

ﬁK TK —M

x = 2Bydiag{m,, my, mg} (D4)

and / is the identity matrix. F', is the pion decay constant in
the chiral limit, while F;, denotes the 7, decay constant,
which we approximate to be equal. The quark mass term is
written in terms of the condensate By ~ m2/(m, + my).

The second term in Eq. (D1) represents the anomaly
induced by the QCD instantons in the large N limit [103].
The coupling a, satisfies 48ao/Fj = my + my, — 2my.

The third term represents the bosonization of Cy,,0,,
where the sum over g # ¢’ = u, d, s is understood. The
coefficients that encode the short distance physics are given
by CHi R =CRi " =302 Crq¢0iq g S1gO1q- The unknown
low energy constants (LEC) ¢ ; 3, are estimated in the large
N limit as

F4B
0,

Cp~Cy~e3r (D5)

The terms proportional to ¢; and c¢5 induce VEVs of the
Goldstone nonet. However, the ¢; terms are proportional to
(Ciua + Cigu), which vanishes due to Eq. (41). Thus, only
the c¢3 contributions, proportional to (Cy,; —Ci4,) are
nonvanishing. By neglecting |C,,|, doubly Cabibbo sup-
pressed with respect to |Cy,4|, we confirm the results in [42]

<7TO> Gr
Ciua—C
F” \/—( lud — ldu)B F2
BOFﬂ(mLt+md)ms+8a0<mu+md+4ms)
ByFam,mgmg+8aq(m,mg+mgm,+mgm,)’
(D6)

<’IS> Gp C3

— (Ciya = Cigy) —— (my —m,
Fﬂ \/’( lud — “1d )\/gBon[( d )

B()F%.ms + 2400
BOFiztmumdms + SaO(mumd + mgiig + msmu) ’
(D7)
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(no) _Gr \/§C3
Y0) o 2 (€t = Cra) —ee (my — m
F \/’( lud — ldu) \/§B()F,21( d u)
BOFJZrms
BOFlzzmumdm‘\' + SaO(mumd + mgin + msmu) ’

(D8)

where the leading short distance coefficients C;,, are given
in Eq. (41). The comparison of Egs. (D6)—(D8) shows the
my/(my —m,) enhancement of (z°) over the others
(empirically 20a, ~ ByF2m,).

The relevant baryon chiral Lagrangian can be written
as [103]

Ly =Tr[Biy*(8,B+ [T, B]) — MyBB]
D F
_Etr[BJ’”)’s{fwB}] —Etr[BJ’”}’s [€,.B]]

L ule,ulByysB) + boulBr .. BY + bet(Bly...B]

+ bytrly, |tr[BB] +---, (D9)
where
A+ A’ =t p
B= z- —5Z+A | (DI10)
= = _2
= =0 \/EAO
U=2¢&é (&r=2¢) (D11)
and
1 .
F/d = 55 (3 —ir )fR + = fL( ll;l)gL’ (DIZ)
&, = iEx(0, —ir,)Eg — i& (0, — il,)&,, (D13)
Xy =Exér + EréL. (D14)

Finally, My denotes the baryon mass in the chiral limit. In
Eq. (D9) the interaction terms proportional to D, F' and 1
are CP conserving, while those proportional to bp, by
and b, violate CP. The constants D and F are extracted
from baryon semi-leptonic decays to be at tree level D ~
0.8 and F ~ 0.5 [124], while from baryon mass splittings
one obtains b, ~0.07 GeV~!, br ~—0.21 GeV~! [103]
and by~ —0.52 GeV~! from the 7N o-term.

By properly rotating the meson fields in the baryonic
lagrangian in such a way that (U) = 1 we can extract the
relevant CP-violating baryon interactions with the physical
meson fields [89,103]. Considering the vertices with one
neutron and charged particles we obtain

7.[0
Onpr = ? (bp + bp) {zﬁ(md —m,) <F )
2 wm (24 2] i
Inz-K+ :&<bD —br) [ 2\/—mu< )

_% m. — (11s)

(D16)

These results differ from those obtained in Ref. [42]
by shifting linearly the meson fields, a procedure that is
bound to fail beyond the tadpole terms. In particular, the
coupling g,s-g+ is no longer enhanced by m,/(m,; — m,,)
over g,,., and while the latter is dominated by (z°) all
VEVs contribute equally to the former. As a consequence
the logarithmic enhanced pion loops in Eq. (55) still
numerically dominate over the kaon mediated contribution
[Eq. (54)].

Similar considerations hold for g,sogo and g,ag, While
for the isovector coupling §,,,.» relevant for the NLO pion
loop contributions, we confirm the result in [42]:

(%)

Fy

_ 4B
Gnne = Fio |:(_b0(mu + md) - (bD + bF)md)

+ (bo(mg —my,) + (bp + bp)mg)

(L NE o

V3F, 3 F
When the LR scenario is endowed with a Peccei-Quinn
symmetry the topological #-term can be rotated away by an

appropriate axion dependent chiral rotation of the quark
fields

(D17)

qp — e"%/%qy, qr — €/ qp. (D18)
where a, depend on the axion field a as
a, = Mallls ( + 9)
mynmgq + mghi + mgnm, fa
ag = iy + 9
m,mgy + mgng + mgm, fu
a, = el ( + 9) (D19)
my,mgq + mghi =+ mgm, fa

and f, denotes the axion decay constant. With the chosen
a, the axion does not mix with 7° and #g. By applying such
an U(3) , field transformation to Eq. (D1), the axion field is
included in the meson Lagrangian.
When only the leading (C;,4 —
vacuum is readily obtained as

Ciqu) term is kept, the
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FIG. 6. Case of P: The allowed region in the M\, -t45-a space for the eyp scenario.

<7T0> GF C3 m, + my + 4ms
~——=(Ciya = Crau) )
FT[ \/i BOFIT m,mg + mghg + mgm,
Fﬂ B \/i fud e BOFIZI my,mg + mahi + mgm,
(a) - Gp 2¢3 myg—m,
O~— (Cipa—Ciay) ——. D20
fa + \/i( lud ldu)BOFzzz m,my ( )

The meson VEVs above follow closely the pattern of
Egs. (D6)—(D7), with (59) = 0, due to the dominance of the
a, terms. Notice that the pion VEV is odd when exchanging
u and d, while the other VEVs are even as it must be. Due
to the presence of CP and chiral breaking effective LR
operators, the axion VEV no longer cancels the original 6
term, leaving a calculable 6, [Eq. (D20)] that contributes
to the neutron EDM via an additional term in Eqs. (D15)—
(D7). We find

mumdmseeff

B
3 e =—4V2=2(bp + b
gnﬂ” \/_Fﬂ ( b i F) mgmy + mgm,, + m,mgy '

mumdmseeff

B
P =422 (p,—b ’
9’;2 K+ \/_F,[( o = br) mgmg + mgm,, + m,my

(D21)

which numerically lead to a contribution to the nEDM in
good agreement with Eq. (49). It is noteworthy that by
inserting the meson VEVs of Eq. (D20) in Eq. (D21) the
Gnpr vanishes identically. On the other hand, when the O}
is considered the g,s-x+ coupling is in turn canceled, as
consistency requires. We have double checked this result
using the formalism of Ref. [103], which makes such a
cancellation more transparent.

In passing, let us note that also the axion mass is
modified with respect to the standard result by the presence

of the new CP and chiral breaking operators, but the
deviation turns out to be utterly small.

APPENDIX E: NUMERICAL ANALYSIS
FOR THE CASE OF P

For the case P there are 32 sign combinations
{SusSe,s S84, 85}, corresponding to any choice of them
being +1, after having conventionally set s, = 1. They
give rise to different predictions for the Vi phases 6;, as
shown e.g., in Appendix A. As a consequence, the
numerical analysis has to be repeated separately for each
combination of signs.

For the €}p scenario, we find that one can accommodate
simultaneously the h,, hy and h,; constraints only for
sy84 = 1; this is needed to avoid a x shift which would lead
to a cancellation between the two terms in Eq. (57). By
inspection one finds also the condition sgna = s,s,, so that
for numerical convenience one can restrict the analysis to
the “log”-variable a = tanh™'[(2s,s,a/7) —1] € (—00,0).
Finally, one finds that solutions exist only in four
cases: {1,1,1,1,1}, {1,1,1,-1,—-1}, {-1,-1,-1,1,1},
{-1,-1,-1,-1,—1}, the last two being just replicas of
the first two. The simultaneous experimental constraints
produce allowed regions in the My, -14-a space, depicted in
Fig. 6. The numerical analysis is carried out for central
values of the matrix elements as well as for the enlarged
conservative range, left and right frames of Fig. 6 respec-
tively. In this case solutions are found for four sign
combinations more. When the allowed volumes are pro-
jected on the My, -1; plane, Fig. 5 is obtained.

A similar procedure is followed for the €g,; scenario,
where all 32 sign choices and both sgna = £1 contribute.
Here the lowest bound on the LR scale is found in the
subset with s.s, = 1, where the h, constraint is easier to
satisfy.
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