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ABSTRACT: We perform a global analysis of the low-energy phenomenology of the minimal
left-right symmetric model (mLRSM) with parity symmetry. We match the mLRSM
to the Standard Model Effective Field Theory Lagrangian at the left-right-symmetry
breaking scale and perform a comprehensive fit to low-energy data including mesonic,
neutron, and nuclear S-decay processes, AF =1 and AF = 2 CP-even and -odd processes
in the bottom and strange sectors, and electric dipole moments (EDMs) of nucleons,
nuclei, and atoms. We fit the Cabibbo-Kobayashi-Maskawa and mLRSM parameters
simultaneously and determine a lower bound on the mass of the right-handed Wx boson.
In models where a Peccei-Quinn mechanism provides a solution to the strong CP problem,
2> 5.5TeV at 95% C.L. which can be significantly improved with next-

~

we obtain My,
generation EDM experiments. In the P-symmetric mLRSM without a Peccei-Quinn
> 17TeV at 95% C.L., which is

~

mechanism we obtain a more stringent constraint My,
difficult to improve with low-energy measurements alone. In all cases, the additional scalar
fields of the mLRSM are required to be a few times heavier than the right-handed gauge
bosons. We consider a recent discrepancy in tests of first-row unitarity of the CKM matrix.
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We find that, while TeV-scale Wr bosons can alleviate some of the tension found in the
Vud,us determinations, a solution to the discrepancy is disfavored when taking into account
other low-energy observables within the mLRSM.
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1 Introduction

Left-right (LR) symmetric models [2-6] provide a framework for a dynamical theory of
parity (P) violation and led to the prediction of right-handed neutrinos and the see-saw
mechanism, well before neutrino oscillations were discovered [7, 8]. Apart from providing a
natural explanation of parity violation and neutrino masses, LR models give rise to a rich
phenomenology. For example, due to the see-saw mechanism, LR models violate lepton
number, which leads to an interesting interplay of different contributions to neutrinoless
double beta decay [7—14]. The resulting signal could very well be measurable, even in the
normal hierarchy with small neutrino masses. The high-energy analogue, the so-called Keung-
Senjanovié¢ process [15], is a promising probe of the same source of lepton number violation
at the LHC or future colliders. In addition, the presence of right-handed charged currents
mediated by Wg exchange and of heavy scalar bosons with flavor-changing interactions
lead to a rich flavor phenomenology, with new contributions to a broad range of processes
including CP violation in meson mixing and decays [16—22], nuclear S-decay [23, 24],
electroweak precision observables [25-27], and electric dipole moments (EDMs) of leptons,
nucleons, nuclei, atoms, and molecules [28-31].

Direct searches for right-handed gauge bosons at colliders constrain their masses to
be larger than a few TeV [32-34]. To accommodate the non-observation of large flavor-
changing-neutral-current processes, the new scalars associated with left-right models must
have even larger masses, = O(10) TeV. The gap between the right-handed scale, where
parity is spontaneously broken, and the electroweak scale makes left-right symmetric models
amenable to effective field theory (EFT) techniques. In particular, at the right-handed scale
the theory can be matched onto the Standard Model EFT! (SMEFT). Although a large
number of SMEFT operators is induced, the associated Wilson coefficients only depend on

!Depending on the mass scale of right-handed neutrinos, it might be appropriate to match to the SMEFT
extended with right-handed neutrinos instead [35-37]. In this work, we focus on the quark sector of left-right
models and do not discuss leptonic observables in great detail.



a handful of fundamental parameters. The relatively small set of parameters (compared
to, for instance, supersymmetric models) allows for a global analysis of the parameter
space. Several such analyses have been performed in the literature, see e.g. [26, 38—40].
For instance, recently refs. [39, 40] considered the correlation between direct and indirect
CP violation in kaon decays and the neutron electric dipole moment, setting lower bounds
on the Wx mass (for earlier work including also AF = 2 transitions in B mesons, see e.g.
refs. [22, 41]). A large amount of work has also been devoted to the phenomenology of the
leptonic sector of left-right models [10, 42-47].

In this work we investigate the minimal left-right symmetric model with a generalized
P symmetry. In particular, we focus on the hadronic sector of the model and leave the
interesting phenomenology related to the lepton sector (from neutrinoless double beta
decay to lepton flavor violation) for future work. Our aim is to perform a true global
analysis of the low-energy phenomenology of the P-symmetric minimal left-right model
in order to determine the allowed parameter space of the model, focusing mainly on a
potential lower bound on the Wi mass. As the SMEFT operators affect many processes
that are used to extract the elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix, it is not consistent to simply use the values for the quark mixing angles and
phases obtained from a SM fit. We therefore extend previous analyses and refit the CKM
parameters in combination with the new parameters associated with left-right models (which
we denote by LR parameters). This requires us to include a large number of observables
that are discussed in detail in this work. At the same time this allows us to consider
possible beyond-the-Standard-Model (BSM) solutions to recent discrepancies in some of
these observables, in particular the determinations of the V,,4 and V,s CKM elements, in a
consistent manner. This analysis draws from ref. [48] which performed a similar study for
one specific dimension-six SMEFT operator that is induced in left-right symmetric models.

The hadronic observables we consider depend on perturbative and non-perturbative
theoretical quantities and controlling their uncertainties is crucial to obtain strong bounds on
BSM physics. Advances in lattice QCD have reduced the error on decay constants and form
factors entering the theoretical expressions of leptonic and semileptonic meson decays to the
permille level in the case of light quarks and percent level for heavy quarks [49]. Similarly,
the local matrix elements of AF' = 2 operators required for ex and the By, — Bdﬁ mass
splittings have uncertainties of a few percent. More recently, the first complete lattice QCD
calculations of K — 77 matrix elements have appeared [50], leading to a SM prediction
for direct CP violation in kaon decays with ~ 40% error. These calculations have also
helped to reduce the error on hadronic electric dipole moments [31, 48]. In addition to the
inclusion of a large number of observables, our analysis improves upon previous literature
by using state-of-the-art theoretical predictions for hadronic and nuclear matrix elements
and by taking advantage of recent theoretical advances like the improved SM prediction
of e [51]. Our use of the SMEFT framework allows us to include QCD corrections, in
particular those arising between p = My, and p = mw, in a systematic way. We discuss
the residual theoretical uncertainties, which mostly affect the nucleon and nuclear EDMs,
AF = 2 processes dominated by long-distance contributions (such as the K — K mass
difference or D — D oscillations), and hadronic B meson decays.



Although the mLRSM leads to interesting signatures at high energies [15, 41, 52, 53],
here we focus on low-energy phenomenology and do not explicitly include LHC observables
in our analysis. While such a combination is certainly interesting, an EFT analysis might
not be appropriate for collider phenomenology, depending on the mass of BSM fields. The
indirect bounds we find turn out to be sufficiently strong for most of the parameter space to
ensure that direct production of right-handed gauge bosons is not yet accessible at the LHC.
The combined analysis of low- and high-energy probes within the mLRSM is certainly very
interesting and left to future work.

We start by introducing the LR model in section 2. We subsequently integrate out
the heavy LR fields and match onto the SMEFT in section 3, where we also discuss the
renormalization group (RG) evolution to low energies and the subsequent matching onto the
SU(3). x U(1)qep invariant EFT, known as LEFT. Section 4 performs the matching onto
the low-energy description of QCD, chiral perturbation theory (xPT), which is relevant
for low-energy hadronic and nuclear observables. Some of the most important observables
included in our analyses are described in section 5, where we also discuss the impact of
the new features of our analysis for the AF = 2 observables that have been the focus of
previous works [40, 41], while others are relegated to appendix D. We finally present our
results in section 6 and conclude in section 7, while several Appendices are dedicated to
technical details.

2 Minimal left-right models

2.1 Particle content

The gauge group of LR models [2-6] is given by SU(2)r, x SU(2)g x U(1) p—r. The fermions
are assigned to representations of the above gauge group as follows,

Qr = (“L) €(2,1,1/3), Qp= (“R> €(1,2,1/3),
dL dR

L= <VL> €(2,1,-1), Lp= (VR> € (1,2,-1). (2.1)

lr, Ir
In the scalar sector, a field transforming under both SU(2);, and SU(2)g, ¢ € (2,2%,0), is
introduced, which allows for interactions that give rise to the mass terms of the fermions
after electroweak symmetry breaking (EWSB). Additional scalar fields are then used to
break the LR gauge group to that of the SM. We focus on the version of the LR model,

called the minimal left-right symmetric model (mLRSM), in which this is done with two
triplets, Ay, g, assigned to (3,1,2) and (1, 3,2), respectively. These fields can be written as

() b7 _ 575,51/\/5 ‘5;:;2
o= (o05h) . aen= (T L) =

and they transform as ¢ — ULgZ)UIT%, AL g — UL,RAL,RULR under SU(2)r, r transforma-
tions.



Having specified the particle content we can write the complete Lagrangian as follows

L=iQrPQL +iQrPQr +iLPLy +iLrPLp (2.3)
1 I Ipv 1 I Ipv 1 v 1 a vapy
— LWL = IWhu W — BB — S GG
+ Tr[(D,¢) D*¢] + Tr[(D,AL)DFAL] + Tr[(DyAR) DFAR] — V (g, AL R)

—QL(Tp +TH)Qr + Lr(T1¢ +T1d)Lr + LS i ALY Ly, + LGimeARYRLR + h.c.

-0

2 2 2 2
9 = g I i g I yirl 9B-L 5
593 GG = Orgy 5 W W™ = 00555 Wi W W™ = 0515 5 Bu B,

where I and a are SU(2), g and SU(3), indices, Wff}z, B*” and G*” are the field strengths of
the SU(2)r,r, U(1)p—r, and SU(3). gauge groups, while g1, r, gp—r, and g, are their gauge
couplings. Furthermore, ¢¢ = C” indicates charge conjugation and ¢ = 72¢*75. Finally,
0; denote the 6 terms for each of the different gauge groups, where X = %eaﬁ“”X&B with
2P the completely asymmetric tensor and €?1?® = +1. The first three lines give the
kinetic terms of the fermions, the gauge fields, and the scalars, respectively. The fourth line
gives the interactions of the fermions with the scalars. The last line describes the various 6
terms.

The couplings Y7, g are symmetric 3 x 3 matrices which give rise to Majorana masses
for the neutrinos, while the I'¢;) and f‘(l) matrices are general 3 X 3 matrices which provide
the Dirac masses of the fermions. We work in the basis where the er g and ur g fields
correspond to their mass eigenstates. The dr, g fields that reside in the quark doublets are
then related to their mass eigenstates by dr g = Vp, Rdf‘}_%s, where Vp, g are the left- and
right-handed CKM matrices.

Finally, the covariant derivative is given by,

Dy = 8, — ig,Got* — igt TEWE , — igrTEWE , — igBT‘L(B —L)B,, (2.4)
where t* and Ti r are the generators of SU(3). and SU(2), g in the representation of the
field that D, works on.

Together with the Higgs potential, V (¢, Az r) (see e.g. ref. [54] for a detailed analysis),
Eq. (2.3) specifies the complete model. However, since we will be integrating out the heavy
new fields, we will need the Lagrangian in the broken phase, which requires the vacuum
expectation values of the scalar fields.

2.2 Symmetry breaking

The breaking of the LR gauge group is realized by the vacuum expectation values (vevs) of
the scalar fields

() =/1/2 (g Ff’) (Ar) = 1/2( " °>, (Ar) = 1/2(0 0>, (25)

ver 0 vr 0

where all parameters are real after gauge transformations have been used to eliminate two
of the possible phases [6]. The necessary conditions to obtain a symmetry-breaking pattern
of this form have been discussed in refs. [55-58].



We will assume that the SU(3). x SU(2);, x SU(2)r x U(1)p_1, gauge group is broken
down to SU(3). x U(1)qep in two steps. In the first step the vev of the right-handed triplet,
vR, breaks the SU(2);, x SU(2)r x U(1)p_r, gauge group down to SU(2)r x U(1)y. This
vev defines the high scale of the model, and gives the main contribution to the masses of
the heavy fields: the right-handed gauge bosons, the right-handed neutrinos, and the heavy
Higgs fields. At the electroweak scale the vevs of the bidoublet, x and x’e’®, then break
SU(2)r, xU(1)y to U(1)qrp, and are of the order of the EW scale, v'k% + k/2 = v o~ 246 GeV.
Finally, v, contributes to the masses of the light neutrinos through the second to last term
in eq. (2.3) and one would therefore expect that vy, < O(1eV).

The hierarchy between the different vevs allows us to describe the effects of the new
heavy particles in an effective field theory in which the heavy fields are integrated out. This
has the advantage of simplifying loop calculations and allows one to resum large logarithms.
We will therefore integrate out the heavy BSM particles after the first step of symmetry
breaking, i.e. after the right-handed triplet obtains its vev. We will work in the phase where
the SM gauge group remains unbroken and match onto operators that are invariant under
SU(2)r, x U(1)y.

Before discussing this matching procedure we briefly describe the two possible discrete
symmetries between left- and right-handed fields that can be implemented in LR models as
well as the constraints they place on the model parameters.

2.3 Left-right symmetries

One of the motivations for LR models is the possibility of having a symmetry between left-
and right-handed particles at high energies. Here we discuss the two possible transformations
that relate left- and right-handed fields,

p. QL < Qr, Ly < Lg, ¢ ¢l AL «— Ag,
' T-WIIJ“HT-W{%M, G — G, B, — B,

C:

{QL<—>Q‘]{-£, Ly +— L%, ¢ T, A > A%, (26)

T -Wpy+— (1-Wgpu)*, taGZ—><t“GZ)*, B, — By,

where the first is related to parity and the second to charge conjugation [41].

If either of these two transformations leaves an LR model invariant we will refer to
it as left-right symmetric. Given our assumptions for the vevs of the scalar fields, such a
symmetry will be broken by the vev of the right-handed triplet, vg. Nevertheless, these
symmetries still provide useful constraints on the model parameters. For example, the C
and P symmetries require the SU(2) 1 g gauge couplings to be equal, g, = gg, at the LR
scale and they restrict the number of parameters that appear in the Higgs potential. In
addition, they imply several relations between the couplings of the fermions to the scalars
and, in the P-symmetric case, set the 6; terms to zero. This is summarized by

P: TI'=TT, r=rT, Y =Yr, 60=0,=0,
c: rv=1", T=1T v,=VY}. (2.7)



For our purposes, the most important consequence of the above relations is their impact on
the quark mass matrices, which can be written as

M, = \/1/26(T + €7°T),  My=/1/2s(¢cT +T), (2.8)

where £ = k//k. Given our choice of basis the up-type mass matrix is already diagonal, M, =
diag(my, me, m¢), while the down-type mass matrix satisfies VLT MyVy = diag(mg, ms, mp).
From egs. (2.7) and (2.8) one can see that the mass matrices become symmetric in the
C-symmetric case, while the P-symmetric matrices are hermitian in the limit £ sina — 0.

In both cases these restrictions are enough to relate the right-handed CKM matrix to
the left-handed one. In the C-symmetric case there is the simple relation [59]

C: Vi=KJ Ky, (2.9)

where K, = diag(e®, e ) and K; = diag(e?, e, %) are diagonal matrices of
phases, of which one combination can be set to zero, while the rest remains unconstrained.
As a result, the mixing angles in both matrices will be equal.

The P-symmetric case is somewhat more involved. Here the right-handed CKM matrix
takes a simple form only in the limit where & sina — 0

P VR = SUVLSd, (f sina = 0) 5 (2.10)

where S, ¢ are diagonal matrices of signs, one combination of which is unphysical, such
that there are 32 solutions. In the general P-symmetric case, the above relation is only
approximately satisfied and acquires corrections ~ & sin . These corrections can appear
with ratios of the quark masses and so they are expected to be small as long as £sina <
my/my [60]. The solution for Vi has been derived in refs. [60, 61] and expresses Vg in
terms of the quark masses, Vr, and £sina. This implies that, although there are 32
different solutions, Vi does not introduce any additional model parameters in this case.
The approximate expressions we use in this work are described in appendix A.

Although both the P- and C-symmetric cases are phenomenologically viable, due to
the more constrained and predictive nature of right-handed CKM matrix, we will focus on
the scenario with a P symmetry in what follows.

2.4 Strong CP problem and P symmetry
In the case of a P symmetry the QCD 6 term is explicitly forbidden, see eq. (2.7), and at

scales where the parity symmetry is unbroken, we have § = 0. However, after EWSB and
the breaking of parity, the quark mass matrices generally obtain a phase which contributes
to the physical combination 6 = 6 + Arg DetM,M; = Arg DetV}];. This contribution is
calculable [40] and to good approximation given by

= 2
szm—tsinataDQB, tan 28 = ¢

my 1—52'

As the 0 term is a marginal operator, this source of CP violation is not suppressed by any
ratio of scales. Using the current neutron EDM limit, d, < 1.8 - 10726 e cm [62] and the

(2.11)



lattice-QCD result d,, = —(1.5+0.7)-10716 4 e cm [63], gives || < 1.2-1071. In the absence
of another mechanism to account for the QCD 6 term (for instance through a Peccei-Quinn
mechanism or by allowing for explicit parity violation in the mLRSM Lagrangian), this
limit implies that

sinatan2f < 5.8 10712, (2.12)

which effectively forces sin @ = 0, for practical purposes. Thus, the strong CP problem
in the Standard Model, i.e. the smallness of # < 1010, is transferred in the P-symmetric
mLRSM to the requirement of setting sin a-tan 23 < 5.8-107'2 by hand. Of course, in both
the SM and the mLRSM these are not really problems in the sense of inconsistencies. In
fact, in both models these small parameters are technically natural implying that, once
chosen small, there are no large radiative corrections that renormalize the parameters. It
has been argued that the strong CP problem is therefore not a problem, see e.g. ref. [64].

Nevertheless, there is something uneasy about these small numbers. Why does nature
prefer absence of CP violation in the strong sector? There seem to be no anthropic
arguments that motivate a small 6 [65, 66]. A popular way to dynamically remove the 0
term is through the Peccei-Quinn mechanism that leads to a new field, the axion, which
can potentially be linked to Dark Matter. Of course, the Peccei-Quinn mechanism is an
ad hoc addition to the mLRSM and it can be argued that it is less minimal than simply
setting certain phases to be small by hand (ref. [67] discusses how infrared and ultraviolet
solutions can be separated using EDM experiments).

In this work, we do not wish to choose between these two approaches and therefore
perform two analyses. In the first, we describe the EDM phenomenology in the mLRSM
in presence of a Peccei-Quinn mechanism. In this case, EDMs are induced by flavor-
conserving dimension-six operators and an interesting pattern of CP-violating observables
appears. We will see that the Peccei-Quinn mechanism releases us from the requirement
that sin ovtan 28 must be very small. This allows for a relatively light My, as potentially
dangerous contributions to kaonic CP violation due to the CKM phase can be cancelled
against contributions proportional to sin «.. In this case, we find a stringent lower bound
on My, of order of a few TeV. These conclusions agree qualitatively with refs. [39, 40].
In general the PQ mechanism in presence of additional sources of CP violation (beyond
the 0 term) leads to CP-violating axion interactions with hadrons that can be limited
by astrophysical constraints or searched for in dedicated experiments [68-71]. We do not
specify the PQ mechanism and do not consider these couplings here.

We also study the pure mLRSM with P symmetry where no PQ mechanism is present.
As this version of the mLRSM is more constrained, due to eq. (2.12), it leads to significantly
stronger limits on the mass of right-handed gauge bosons.

3 Matching and renormalization group equations

In this section we integrate out the heavy fields and match onto gauge invariant operators
in the SMEFT [72]. In order to do so, we assume that the right-handed scalar triplet has
obtained a vev, thereby breaking SU(2)g, while SU(2)z, x U(1)y remains unbroken. At this
stage there are several relevant heavy fields with masses O(vg):



Gauge bosons. The breaking of SU(2)g leads to a charged and a neutral gauge boson,
Wg and Zg, with O(vg) masses, which arise from the W4 and B fields. The remaining
linear combinations of the gauge fields make up the SM SU(2);, and hypercharge fields.
The heavy charged bosons can be written as
Wk, FiW3 1
Wiy =—"—"=—",  Miy, = 300k (3.1)

2 2

The neutral Wg and B bosons mix and can be written in terms of mass eigenstates

<Wgu> _ ( CR SR> <ZRu> sp— 9gB—-L cr = 9dRrR
By —sr cr) \ By N N
Mg =0, M. = vh(9B_1 + 9R) . (3.2)

where B, is the hypercharge field of the SM. This field then couples to hypercharge,
Y =Q-T? = % + T3, with gauge coupling ¢’ = srgr = crgp—r. The W} fields
stay massless as well implying that, after integrating out the heavy gauge fields, the
covariant derivative reduces to that of the SM, D, = 9, —igsGt* — igLTiWE’# —ig'Y By,
where ¢ = g1 = gg.

Scalar SU(2)1 doublet. After Ag acquires a vev, the bi-doublet ¢ can be written in

terms of two SU(2)y, doublets, ¢ = (41, ¢2), of which one linear combination obtains an

O(vgr) mass. The relation to the mass eigenstates is?

gZ)l —cg sge” i@ © azvy 1 4 €2
(@ - sﬁeiﬁa /3% o] M2=0, M? = 2R1_§2, (3.3)

where the mixing angles are given by sg = sin 3, cg = cos 3, and tg = tan 8 = &, while

pp is the heavy doublet, ¢ is the SM Higgs doublet, and a3 is a parameter in the Higgs
potential, in the notation of ref. [54].

In addition to the heavy states mentioned above, the right-handed neutrinos obtain
an O(vg) Majorana mass while the right-handed triplet, Ar, gives rise to a heavy doubly-
charged and a heavy neutral scalar, 6;? and Re 6%, respectively.? However, since these
fields mainly couple to the leptons and scalar fields they have a limited effect on observables
that probe the couplings to quarks. We therefore do not pursue the effects of the vg, 51§+,
and Re 5% fields, and focus on the matching conditions that arise from integrating out the
Wi, Zg, and gy fields.

2The appearance of the vevs of the bi-doublet through ¢ = sg/cs in eq. (3.3) might be somewhat
surprising as we are working in the unbroken phase of SU(2);, and ¢ has not acquired a vev yet. In principle,
Eq. (3.3) can be written in terms of the parameters in the Higgs potential and vgr alone. However, the
parameters of the Higgs potential can be eliminated in favor of £ by use of the minimum equations, see
appendix B for details.

3The remaining components of Ag, namely 5; and Im 6%, are the would-be-Goldstone bosons that are
eaten by the Wg and Zp fields, see appendix B for more details.



3.1 Matching conditions at p = M,

To obtain the matching conditions, we integrate out the heavy fields and work up to
dimension six in the EFT, i.e. we keep terms that are suppressed by up to two powers of the
high scale. All the heavy fields are integrated out at a common scale which we take to be
p = Myy,,. Since SU(2)g is explicitly broken at this stage, we now move to the mass basis for
the right-handed down-type quarks. This is achieved by a rotation of the right-handed down-
type quarks, dgp — Vrdgr. The relevant interactions that receive matching contributions are
a right-handed charged current, Cly,q, as well as several four-quark operators*

L= (Cijudngz'Dugp wytdl + h.c.)
C’” b " Ayl dly,d™ — C’;j}?g d;’y“uﬁ uﬁfy“dm
+ C” lm v Czl’yudm + C’”qlgl A" q dﬁfyudm
+ C?;Z” Mg W™ + CF g Go @ gy
+ (CP g™ @ g™ + CP I ey Ghadly + hic.) (3.4)
where ¢ = (ur, dr,)T denotes the doublet of left-handed fields, d = dr and u = ur denote

right-handed fields for up- and down-type quarks, i, ...,m are flavor indices, and o and
are color indices. The Wilson coefficients at the scale y = My, are given by

2 e
R
17 tm * 17 tm
CljRR - QMI%V VR,jiVR im s CQJRR =0,
R
_ ) ;
.. .. 1 . . 1 92 1— 52 M2
nglmzo C”lm:_, im (yx \jl R 1 H _1q
1,qu ) 2,qu 2 uH( uH) _M]2—[ + 3271-2MI%VR 1 +§2 n M{%VR _ )
- ) -
y 1. 211 g2 1— &2 M?

Cz] Im -0, CZ] Im — __yim (y¥ gl R 1 H 1 ,
Lad 2ad =~ it (Yin) B Ty \1re) Ui, |
i "

CY puad = —MZ Yo Yig,  Cfhn =0, (3.5)
where Y, g are the Yukawa couplings of ¢,
V2 My(1+ &%) — 26e™* M, V2 My (1 + &%) — 26" My
Yug = Yog = — Vgr. 3.6
’lLH v 1 _ 62 ) dH v 1 _ 52 R ( )
The Cygq, Wilson coefficients are important as they mediate AF = 2 processes

at low energies. They are generated by tree-level ¢y exchange, and, at scales below
p = My, by loop diagrams induced by Wg interactions. Both types of contributions
are phenomenologically relevant, as My tends to be heavier than Myy,. For this reason
we work at tree-level for the contributions ~ M ;12, while keeping loop-level contributions

4We have chosen a basis of dimension-six operators that is most convenient for our calculations. The
comparison to the standard Warsaw basis is given in appendix C.



proportional to (477)*2MV}?%. In particular, we include corrections to Cyy qq in eq. (3.5)
scaling as (477]\41/[/1%)_2 that arise from self-energy graphs for ¢g,> while dropping loop
diagrams involving oy that scale ~ (47Mp)~2. The same approximation is used for
My in the above expressions, were we include loop contributions due to Wg interactions
that are enhanced by factors of (My /My, )?. This implies that My corresponds to the
one-loop expression for the physical Higgs mass up-to-and-including potentially large ~
(M%) /(47 My, )? terms, but misses loop contributions without the M /MEVR enhancement,
M} = M} [140 ((47)72)],

For the loop contributions to AF = 2 operators from diagrams involving Wp, and
Wr bosons, we find that they are cancelled by those in the EFT when performing the
matching at p = Myy,. The finite parts of this result in principle depend on the scheme
and the treatment of evanescent operators, which appear for the four-fermion interactions
and impact the way Dirac structures are reduced to our basis of operators.® We employ
MS throughout our calculations, however, for the evanescent terms, we adopt a scheme in
which their contributions are compensated by local counterterms [76-78]. In particular, in
the evaluation of box diagrams we use the relation v,,v, P, ® v,7,Pr = d P, ® P — Eg)% to
reduce the Dirac structures we encounter, where Ef}% is the evanescent operator that defines
our scheme. We subsequently use the following Fierz identity, (izlfyuPL@bg)(ﬁy,'y“Pszl) =
—2(1h1 PRy (13 Praps) — E(LI;I) to further reduce the loop contributions to our basis of
operators. This scheme is equivalent to that of ref. [79], with ae, = —1/2.

When evolving the Lagrangian in eq. (3.4) from My, to the electroweak scale, the
dipole operators are induced by the Cj 2 guqa coefficients. These dipole interactions can be
written in an SU(2)z-invariant form as follows

/ /

Edip = _LQUHVBNVF%US5 - LQUNVBMVF%dw

V2 V2

g9 _ I I ~ g _ I Id
2 oW T Tiu @ — EQUWWL,WT Cyde
_ Js s

EQJ“”GZVt“FZu @ — EQU“”GZVt“nggo +h.c., (3.7)
at low energies, the off-diagonal components of these interactions significantly contribute
to AF =1 observables, while the diagonal components give rise to EDMs. It is useful to
define the following combinations of the Flﬁ}le’ ;4 couplings,

Quit; i Qamad; i ij
O = - (T T ,Chu=— Vit~ Vi)
muj ) u i mdj ij td ij
=g, = (ry)" o= (virg)” (3.8)

where @, and Qg are the electric charges of the quarks and Cq4 -, are the combinations
that will give rise to the electromagnetic dipole moments of the quarks after electroweak

®As discussed in refs. [73-75], only the combination of these diagrams with box diagrams involving W,
and Wr bosons gives a gauge-invariant result.

5This scheme dependence in the matching is removed when computing physical matrix elements in
the EFT.
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symmetry breaking, while Cyq 4, are the gluonic dipole moments. We introduced a CKM
factor in the couplings for the down-type operators in anticipation of a later rotation to the
mass basis.

3.2 Renormalization group equations below My,

The evolution of the effective Lagrangian from p = Myy,, to the electroweak scale requires
the renormalization group equations (RGEs). For the four-quark operators these take the
form [80, 81]

i
T=VRR 0 0 0 e
1 D .
d éijlm _ | (4m)2 TEwW %rfYLR 0 0 . Cv‘abcd (3 9)
dl Sl ey 0 = 0 ’ '
n /i amz VEW 4r TLR
0 0 0 FVLRLR/ .y

where CT (ClRR') Ca2rr, Ch ,qds Co ,qds 1 qus Cy qus Cl,quqda CZ,quqd) The diagonal terms
describe one-loop QCD corrections. The ygrr and yrr terms are diagonal in generation
indices

~6/N. 6
6 —6/N,

6/N. 0

YRR = 5ai5bj5015dm ( ) s YLR = 5ai5bj50l5dm (

where N, = 3 is the number of colors. For the operators with (LR) (I_LR) chiralities the
anomalous dimensions are

2/N. — 6N, —4 -8 8&/N,— 4N,
YLRLR = ( / ) 04i0bj0c10dm + ( / 4 ) 0¢i0b;0a10dm -

4 2/N. + 2N, 8/N.
(3.11)
The operators, C; ggr, contribute to Cj 4¢ through electroweak loops captured by vg’mD,
2 01 2 01
Thw = Uﬁéal5dm(Mzt)bj(Mu)ic (1 0) o YEw = ﬁ5cz5bm(V§M§)dj(MdVR)m (1 0) :
The dipole operators are induced through the following RGEs [82-84]
d P Qg Cij 1 (V )lk ijll d
(C4 Cg)" = 1 dip - ( ".”.‘) + Z A ki |
dln 1 YU qgu An Ci (47T)2 ey My, qugq CQ?]qu
d o Qg CU My, y Vi a Cikkj J
(Czjda CZ{i)T = ——~Vdip " ( Z —* d” 7 llglyg ) (312)
dlnp: 7% 9 47 C;]d )2 rewe M Taug Vi, aC, qujqd
where o 0
8CF —8Cp d 2 QZ 2N, QZ
I 7 = , 3.13
i ( 0 16CK — 4Nc> Jowad =\ 9 _acp (3.13)

where Cp = %21 and g,,q4 can be obtained from v;luqd by Qu < Qq.
Finally, the Cf,q operator does not evolve under QCD.

- 11 -



3.3 Matching at u = mwy

After evolving the effective operators in eq. (3.4) to the electroweak scale we integrate out
the top quark as well as the Higgs, W, and Z bosons. Because SU(2), has now been broken,
we move to the mass basis of the left-handed down-type quarks. This can be achieved by
the following flavor rotation, d;, — Vidy, so that the left-handed quark doublet becomes,
q= (ur, VLdL)T. The relevant four-fermion operators below the electroweak scale can be
written as

L= —CYpy iyt whyd] — Cypp di ol 5 @ 7udFe

! Im
_ (C?Lz Lyl by, dl + CIE dy oy uLﬂuRdeRaJrh_c,)

l l _
C?R% dRV UR uRwdm - CSJR% g 7" U}m UR VAR o
+ O iyt dpytdy + CF Tl M dY 5 di gy d,

l — [ i
+ (c;ﬂqg;d Gty AR + CFf iy € Th iy y Gha o + hic.)

O Funee ™ Gl Gl G5 (3.14)

Most of the above operators have a similar form to the SU(2)-invariant ones in eq. (3.4),
apart from those in the first, second, and last lines. Those in the first two lines are additional
four-quark operators, generated by the SM and (Y4, while the last line describes the
so-called Weinberg operator, which is induced through one-loop diagrams.

The dipole operators take the following form below the electroweak scale

EQ i ; eQd .
1,JEU,C 1,j€d,s,b
- % >, Ol o Gt ap %‘* S ma,CRaho Gt g, + he. (3.15)
1,JEU,C 1,j€d,s,b
The tree-level matching leads to
Cip = 2\fGF (VL) (Vi)™ Corr =0,
Cirp = (VL) (Crrua)™, Cotr =10, (3.16)

while the coefficients of the remaining four-quark operators, C; rr and C; gyqa, are unaffected
at the Wy threshold. Cy and Cs get a tree- level contribution from Cgyq4, as well as a
contribution from loop diagrams involving 01 2 rp and Wy, exchange

CY "™ (mw) = Vi o Vi g CE80 (mw)

Ty 3 44 (2 —2)xg) Inz
C%iRVLnVLtjxt (lnm%//,ﬂ + + ( (zt — 2)3y) t)

+ 1-— Tt (1 — xt)Q

9L
4(47)?
g% lctmy r* It cmy*
+ A(dmy? (CQRRVLtiVLCj + CZRRVLciVLtj>
(x¢ — 1)+ (2 — 4) Inxy
Tt — 1

Inm?, /u? —1
Xm(an/M )

+ CEERVE Vi ejre (1 3lnmiy/u?) | (3.17)

9L
4(4m)?
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where z; = m?/ m%[, The first, second and third contributions result from diagrams involving
an internal ¢t — ¢, t — ¢, and ¢ — ¢ pair, respectively, and we dealt with the appearance of
evanescent operators as described above eq. (3.7). A similar equation holds for C5, with
the replacements, Cy rr — C1 gr and C14q — C2 44

Finally, one-loop contributions to the Weinberg operator [85, 86] and dipole moments [87]
appear

2 my X .
o - ViECH,

cy cy
u(myy) = O3y (myy )+(47r) 2 G

Cai(my) = Cg,(m w),

ij . z My *k:z kj
1
+ e ( ) my Q V mcgud [QufW(xt) + gW(xt)] )
i 1 m * it
ngd(mW) ngi( ;/Ir/) (47’() — ! Cgudfw(xt) )
Ca(my) = Ca(mify) — = sl cg? , (3.18)

where z; = m?/mj, and

234+ 3x—4—6zlnx 4+ x(x—11) ?Inx
3 ) gw(x) = 2 + 3
2(x—1) 2(x —1) (x —1)

fw () = (3.19)

3.4 Renormalization group equations below u = my

Below p = myy, the QCD running for the relevant four-quark operators is equivalent to the
running above the electroweak scale; the C; 11 and Cs 11, coefficients follow the same RGEs
as C1 rr and Co gr, while the RGEs of Cy g and Cy g (and C4 and Cj) correspond to
those of C4q and Cy4q. The running of C 24444 and Ci 2 rr is unchanged below p = myy.

Instead, the mixing of the C; rr operators with Cy 5 operators changes from eq. (3.9) to

dC’fbed 1 b ciid b ciid b ciid

. aijb ~cji aijb ~cji aijb ~cji
dlng  ap2 [ClLLC2RR + CorrCirp + NCC2LLC2RR} ,
dcabcd 1 b i

The RGEs for the flavor-diagonal dipole operators must be extended to include the
Weinberg operator. The QCD part of the RGEs becomes

d = Qs , =
mcdip = @Vdipcdipa (3.21)

with Cgip = (Im CY99, Im C{29, C2)T, and [85, 88, 89)

8Cr  —8Cr 0
Yap=| 0 16Cr — 4N, 2N, , (3.22)
0 0 N, +2ns + fo
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where 5y = (11N, — 2ny)/3, with ny the number of active flavors. The C 5 g coefficients
also contribute to dipole operators, which is captured by

d ij  vig\T _ s ma, 4 C{kLillfz '
dlnu(cw’ ca) = I Z mu"YLR' Ckik +...,
J

ked,s,b 2LR

P (e
(CZJ’CZJ)Tzi Sk VLR (3.23)

a0 Ol = g 2o g T ey

where the dots stand for the additional terms on the right-hand side of eq. (3.12), and [87]

1 (328 4 & 160Q“>
d__ Qa 3 Qa

ViR = . (3.24)
LR ™ (47r)2 ( ——136 8

Y r can be obtained from 'y%R by Q. < Qq.

3.5 Matching contributions below u = myy

Below the electroweak scale we integrate out the bottom and charm quarks at the respective
mass scales. At the bottom threshold this gives rise to matching contributions to the
Weinberg operator and the dipole moments of the up-type quarks

1 Qamyp

C%(mz:) = C%(m;) + 872 Qum
u ’le

bijb bijb 1*
[ClliR—i_NCCZ%R] ;

i — ij L mp [ pigb 1*
Colmy) = Chlmi)) = g [OVER]
_ g bb
Ce(my) = Ca(my) — *Im iy (3.25)

Similarly, at the charm threshold we obtain the following contributions

Clu(mg) = Cy(md) + o5 Q:mdcj [CfCEJR + N.Cy 1 } ;
o - 1 m o
C;]d<mc ) = C;]d(mj) - @mfdc_ IR
J
_ [0
Ca(my) = Ca(mt) — élm clee). (3.26)

Finally, at ;1 = m. we find the following matching contributions to the C4 5 coefficients
2
C

(4m)?

iccj ~lecem iccj ~leem iccj ~leem
X [ClLLCQRR + Corr,Cikr + NCCQLLCQRR} )

C{Y"™(me) = Ca(mF) +

c

(1 + 2Ilnmi, /u? +2lnxc)

- 2 .y
G (me) = Cs(m?) + 55 1+ 2mmiy /i + 2Ine) CIFLCYR (3.:27)

At low energies the Cy 5 coefficients mediate AF' = 2 processes. Working at fixed, one-loop
order and collecting the matching contributions at p = Mpy, My ,, mw and m., as well
as the electroweak running contributions in between these thresholds, we reproduce the

~ 14 -



expressions in ref. [22], up to terms ~ O(W

2MI2_1
eq. (3.6).
In our analysis we include QCD corrections by solving the RGEs of the four-quark

) that we neglect as explained below

operators thereby evolving their Wilson coefficients from one threshold to the next. Formally,
our approach is then accurate up to leading-log precision. IL.e. it takes into account terms of
order r )2 In x (§2)" In", but does not include all of those at order a )2 In x (§£)" In"~
Some of these terms are 1ncluded in our matching equations, e.g. through the non-log terms
in egs. (3.17) and (3.27), but we neglected contributions at the same order that would
arise from two-loop matching at the different thresholds. In the same way we include the
leading-log contributions to the dipole operators, C,4 and Cly,.

This strategy is similar to the one followed in refs. [22, 41] for the contributions to Cy 5
mediated by ¢t — ¢t graphs, but differs somewhat for those with intermediate ¢ —¢ or ¢ — ¢
quarks. For the latter, ref. [22] employed the approach outlined in refs. [75, 90], which is
not guaranteed to reproduce a leading-log approximation. We discuss the impact of these
differences when considering AF = 2 observables in section 5.3.

3.6 Summary

Using the matching conditions in sections 3.1, 3.3 and 3.5, and the RGEs in sections 3.2
and 3.4, we can finally give approximate expressions for the LEFT coefficients at the scales
relevant to low-energy observables. Assuming the initial scale ug is o = 10 TeV, we obtain
the following numerical values for the charged-current four-quark operators at pjow = 2 GeV,

70?[%(”10“/) =115V ;i Vi, *CSJL%(MOW) = —0.34V} ;; Vi,
2) kl fem % Kl geza .
;C?LR(MIOW) =090 Vi ji(VR)kt, RC;jLR(MOW) =0b e Vi i(VR)kt,
ijkl ikl
VR CrRR (ow) = 1.36 (VR)}; (V) » VECsp (thow) = =0.65 (VR)}; (Vr)y »  (3.28)
while, for the scalar operators,
Ykl Y’U vl ij
ikl
C?quqd(/ﬂow) =49 d]I\ZQuH +2.6 d]I\ZIQ{uH )
kl vt il vkj
jkl Y Y, YiY
C;Jquqd(ulow) =—-0.95 d]HWQUH - 082% (329)

The operators C4 and C5, which contribute to meson-antimeson oscillations, receive a
tree level contribution from the exchange of heavy Higgses, and a loop contribution from
diagrams with a Wgr and W, exchange. At piow = 2 GeV, we find

g muamu
C™ (f1ow) = gR > al) eV Vi (Va)ye (Vi)a - (3.30)
WR a,b t

- 1 ) My M
CI™ (tow) = —2. 0o (Yan)ix Yiu gR S ) ey Vi (V)i (VR)ar
H WR a,b
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with Y, and Yy defined in eq. (3.6) and evaluated at p = po. The RG effects are captured
by the a9 coefficients, which are given by

0.028 0.028 0.001 0.16 0.16 0.034
o™ =10.0280.032 0001 |, a®=—[016 0.17 0.037]. (3.31)
0.001 0.001 0.00077 0.034 0.037 0.030

These results depend mildly on the scale A, and in our analysis we set pg = My,. If
we turn off the running between My, and m; and integrate out the Wr and heavy Higgses
at the scale py = my, the values of C1 gr and Cs gr are reduced (in absolute value) by
about 15% and 40%, respectively, while C; 1 and C; 1 are not affected. Similarly, the
prefactors of the product of Yukawa couplings YJ}SYJ% u=10Tev and Yj}lYfél p=10Tev i
C' qugd decrease by ~ 10% and ~ 30%, respectively, while they decrease by ~ 30% for both
terms in Cy gyqq- These fairly mild corrections due to the RGEs are in part due to the ug
dependence of the Yukawa couplings, Yz, which partially compensate for the effects of the
~rr anomalous dimensions. Finally, using po = my, the upper-left 2 x 2 block of the a(*5)
coefficients in eq. (3.31) decrease by ~ 30%, while the remaining components decrease by
significant factors ranging from ~ 1/5 to ~ 1/40. We collect semi-analytical results for the

po dependence of these Wilson coefficients in appendix E.

4 The CP-violating chiral Lagrangian

In this section we discuss the low-energy chiral Lagrangian induced by CP-violating operators
involving light quarks. The construction of this Lagrangian is relevant for the study of
electric dipole moments and long-distance effects in ex. Although the effects in EDMs
and ex of certain operators can be directly evaluated using lattice-QCD or QCD sum
rules, there are several operators for which it is useful to employ Chiral Perturbation
Theory (xPT). In particular, the contributions of the LR operators in eq. (3.14) to EDMs
have not been computed directly. In this case, chiral symmetry allows us to relate their
contributions to CP-odd pion-nucleon couplings to matrix elements that have been computed
for K — 7w processes. The obtained pion-nucleon couplings can be used to estimate the
leading contributions of these operators to diamagnetic atomic EDMs. In addition, deriving
the mesonic Lagrangian in xPT allows us to estimate long-distance corrections to K — K
mixing arising from two insertions of AS = 1 operators.

Our starting point is the following Lagrangian at the scale of a few GeV

2
_ ~ g gs _,. ~
L=LyP —aMq - QGTjrgawﬁG;ngﬁ ~ 5 alio"5)dept g G,

— C{'Pr 7"t PLq qvut® Prq — C3'Lr Gar"t* PLag Govut” Prag
— [ f“L“Ld sy" Pruuy, Prd + C’QS%“Ld a7 Prug oy, Prds + (L <+ R) + h.c.} , (4.1
T7 ta (tA’B)

where ¢ denotes a vector of light quark fields ¢ = (u,d, s) are the Gellman

matrices in color (flavor) space, normalized such that Tr(¢4tp) = 04/2, and M is the real
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quark mass matrix, M = diag(m,,, mgq, ms). The couplings are given by

Cith = (6 —i6%) (67" +is") Ot + (64 — i64%) (67 +i6™°) Cf s

)

+(6M = i51) (67! + 6P O + (641 — i64%) (67 + 1670 O

7

_(§46 _ 5ATY (556 i6BT)Cydds 4 hc. (4.2)

We work in a basis where the overall phase of the mass matrix has been rotated into the
GG term to form the physical combination §. The third term in the first line of eq. (4.1)
denotes the CP-odd quark chromo-electric dipole moment with dop = diag(d,, dg, d),
where d, = m, Im Cgy and d; = m;Im C;id for i = {d,s}. The last two lines denote
various CP-odd four-quark operators introduced in previous sections. To obtain the above
Lagrangian we have used the relation (Cj%ds)* = C’Zfr)“”d.

Our main goal will be to estimate the CP-odd pion-nucleon couplings that are induced by
the LR operators and to discuss the long-distance contributions to K — K mixing generated
by two insertions of the AS = 1 four-fermion terms. Compared to the Lagrangians in
egs. (3.14) and (3.15), we have omitted contributions from Ci{ql;zd and C’;{qlgéd as the
operators involving light quarks are suppressed by small Yukawa couplings and MI}Q, SO
that their contributions can be safely neglected. We also omitted the Weinberg operator
and the quark EDMs here as we will use lattice QCD and QCD sum-rule calculations to
directly obtain their contributions to EDMs in section 5.4. Finally, eq. (3.14) involves
AS =1 interactions ~ C, 5 with sddd, ddsd, dsss, and ssds flavor structures. Unlike the
CAB, coefficients, which transform like 8;, x 8z under chiral symmetry, the C, 5 coeflicients
with AS = 1 have different chiral symmetry properties and we neglect them in the following
as these are only generated at loop level or are suppressed by factors of small Yukawa

couplings and M I}Q.

4.1 Vacuum alignment and the Peccei-Quinn mechanism

For the purpose of chiral perturbation theory it is useful to perform several field redefinitions
of the quark fields to remove meson tadpoles (tadpoles describe the disappearance of neutral
Goldstone bosons to the vacuum). We start by applying a global anomalous axial U(1)
transformation of the form
9 0
s Ay 0 = —, 4.3

q q, A 5 (4.3)
with ny = 3 the number of active quark flavors, to eliminate the gluonic GG term from the
Lagrangian. The price to pay is that the quark mass matrix becomes complex. In a first
step, we can ignore the shifts in the higher-dimensional qCEDMs and four-quark operators
as the induced terms scale as /A2, where A? collectively denotes the masses of BSM fields
such as the right-handed scalar and/or gauge bosons. However, terms proportional to §/A2
do play an important role when we discuss the Peccei-Quinn mechanism below. After the
rotation, the quark mass term becomes

_ _. 2 _ _ 4
Ly = —GMq + Gin° _§(2m + ms) + (dem)ts — ﬁ(m —mg)ts| Oaq

—qMq + qin® [0o + Ost3 + Osts) q, (4.4)
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where we introduced m = (m,, +mgy)/2 and 2me = mg — m,. The terms involving (ji’y5t378q
lead to so-called tadpole operators that allow for neutral Goldstone bosons (in this case
70 and 7) to disappear in the vacuum. In the limit of no dimension-six interactions, it
is straightforward to eliminate the tadpole-inducing terms (a procedure called vacuum
alignment) by performing two additional non-anomalous axial SU(3) rotations

q— ei(o‘3t3+°‘8t8)75q. (4.5)

By setting
EMs ~ 1 ms—m(l—¢?)
= 0, = — — 0, 4.6
2ms +m(l — e2) as V32mg +m(l —e?) (46)

the giv°t3 sq terms are removed and the dimension-four part of the Lagrangian becomes

a3

L =—qMq—m.0gr°q, (4.7)

in terms of the reduced quark mass

_ _ _ —1
m*=<1—|—1+1) L_m= <1+m(1_€2)> - (4.8)

My Mg Mg 2

This is the usual result that shows that the theta term decouples if one of the quarks is
massless. Keeping terms to O(#?) shows that the three chiral rotations proportional to 64,

as, and ag generate a term
1-
Lpg = EGQm*(jq, (4.9)

which induces a hadronic contribution to the vacuum energy. The Peccei-Quinn mechanism
becomes apparent if we promote 6 to include a dynamical axion field” # — @ + a/f, where
a is the axion field and f, the axion decay constant. Because the vacuum energy scales as
(0 + a/f,)?, the axion potential is minimized for (a) = — f,0 eliminating the CP-violating
term from the Lagrangian.

The story is similar, but somewhat more tedious to work out, in the presence of the
dimension-six operators. With just the dimension-four terms, the entire argument could be
made at the quark level with minimal reference to hadronic operators. Once the dimension-
six operators are included, it is convenient to refer to the hadronic Lagrangian explicitly.
It is useful to construct the terms in the chiral Lagrangian that can induce tadpoles after
the first field transformation that eliminates the gluonic 6 term. The relevant terms are
given by

F? F}
Lop = (TUNAUXNH T U+ ULT) + 221 (UTP0) 3 AinrCiifh (4.10)
i=1,2
FSL A tau (8) duus .
+=08 3 T (10,0700 ) AT, | O (Sas+i8ar) +hc. | +

L—>R>
4 i=1,2 ,

U« Ut

"The performed field redefinitions become field dependent and lead to derivative axion-quark interactions.
Since we do not consider axions explicitly in this paper, we do not further study these terms.
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where U is the matrix of the pseudo-Nambu-Goldstone (pNG) boson fields

3 78 + +
) % L (vEtVe T KO
U=u(r)*=exp (FO) , T = 7 T —735_4- 7 K , (4.11)
K- K°  — s
6
and
x =2B [M +1 (90 + Ost3 + 98t8)] R X = —2B (d}) + Jgtg + Jgtg) , (412)

where we introduced the combinations dy = (dy + dg + ds)/3, d3 = (dy — dy), and dg =
(dy +dg —2ds)/v/3. Under SU(3)z, x SU(3)g transformations we have U — RUL' such that
the quark-level Lagrangian and its chiral analogue are formally invariant if the spurions x
and y transform in the same way as U. The LR four-quark operators transform as 8, x 8p,
so that the A; r part of the Lagrangian is invariant if the flavor structures transform as
t4 — LtALT and tP — RtPR'. For the LL and RR operators, we only take into account the
pieces transforming as 87, g X 1g 1, as the long-distance contributions of the 277 r X 1g 1,
terms are suppressed by the AI =1/2 rule.

The mesonic interactions are associated with 6 low-energy constants (LECs), B, B,
A2y Lr, and Ag 9y = Ag12y rr- The first is well known and relates the masses of
pseudo-Goldstone bosons to the chiral condensate, while B and Ay 9y 1, are related to the
condensates of the higher-dimensional operators
1 (0|Gq|0 =1
§< IZ%I >7 B=— =
sABALE _ _ (01327"t" PLga 357t" Pras|0)  saBAsr _ _ (014a"t" Pugs 457ut” Praal0)

8 i ' 8 P

B__ (0/g.7,., G** q/0)

(4.13)

whereas the condensates of the LL. and RR operators vanish at leading order. The LEC
B can also be expressed as 2B = m2 /m. Using the above Lagrangian, the LECs of the
four-quark operators can be determined from matrix elements of the form {(77)7=02|0;|K°)
which have been computed on the lattice [50, 91, 92]. Using chiral symmetry, the same LECs
can be related to matrix elements that play a role in neutrinoless double beta decay [93] or
to the bag factors appearing in K — K oscillations [49], up to SU(3) corrections [94]. This
leads to the following relations at leading order®

/

/
A .
B8+ 929(1)GeV?, Az L r(3GeV) = ZEIMX o 10.1(6) GeV?,

A Lr(3GeV) = 7 (8,8)mix
1LR(3 GeV) 3V2F 3V2F,
M
A (4GeV) = AP) R (4GeV) = — \/éFo(m; = 280,
K ™
A (4GeV) = AD) (4CeV) = M ~ 1.8(3), (4.14)

 V6Fy(m3 —m2)

8These relations assume that the 27 r x 1g 1 parts of the LL and RR operators provide negligible
contributions to the ((77)7=0|O0;|K°) matrix elements. These contributions can be obtained by using the
LEC of the 271 r X 1g,1, representations, ./4'(2771)7 discussed in section 5.2. Such an estimate shows that the
dominant contributions to M 2 indeed arise from the 8; r X 1gr  parts of the operators.
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where M 5 and A’(&g)(mix) are related to matrix elements ~ ((77) 10 2|O0;|K"), which were
determined in refs. [50, 91, 92].

The Lagrangian in eq. (4.10) leads to tadpoles as can be seen by expanding out
the various terms. Introducing the ratios # = B/B and r; = (F¢/B)A; LR, the tadpole
Lagrangian becomes

Liadpole = FoB {7‘(’0 [93 —Fds+ = Z T; <2Im cdund 4 Im C$YYS 4 Tm Cgfifjls)
i=1,2

5 3
Bs — 7 ds + \2[ > r (Im Gy — Tm O34

i=1,2
RO+K01 suw U UuS
_75;2122 (ImC’ 4t CfLR)
L0 g0
R KL S (e Recdws)}. (419
1=1,2

It is in principle possible to eliminate these leading tadpoles by a suitable redefinition of
Goldstone fields at the hadronic level. Such a rotation, however, requires a corresponding
complicated field redefinition of baryon fields, see refs. [95-97] for details. The baryon
transformation was omitted in ref. [98] and led to erroneous conclusions as was also pointed
out in ref. [39]. In this work, we follow ref. [31] and only perform field transformations
at the quark level. We reconstruct the chiral Lagrangian after each quark transformation.
This leads to the same conclusions as ref. [95] (and thus in disagreement with ref. [98] and
the mg/(m, + my) enhancement found there).

We begin by performing four axial chiral rotations on eq. (4.1), now including agtg and
art7 rotations to remove the K tadpole terms, resulting in the Lagrangian £. We then
construct the hadronic Lagrangian in eq. (4.10), that now depends explicitly on as 673,
and solve for ag¢ 78 by demanding that the 79, K9, and 7 tadpoles vanish. The solutions
are given by

—EMg =~ T [m+2mg T
= —0 ——d d
as 2ms+m(1—52){ +2ms[ em /3 8] 121:22677_17%5
2 143 2 m(l1—-3
[(m+2mS)ImC’d“”d ms—l—rr;( + g)Ime}jﬁs+ ms-i-ﬂ;( 6) Im C44 },
1
s = — Imcduus+1mcsuud ,
6 2(md+ms) i:2122 ( )
1
= — Recduus ReCsuud
T T Sy tmy) i:ZIQ ( zLR)

3er; 3+¢ 3—¢
D I e e 7 o Lot | CRT)
i=1,2
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After these rotations the Lagrangian can be written in the following form

L= ﬁ%‘?:DO —gMqg+q [—m*(e — e_ind) + T(i() + thg + 9%t6+9,7t7 + eétg} Y54 (4.17)
- %d(w“”%)ciczzt“q Gl
— C{ B vt PLq qvut® Prq — C3 5% 4ar"t* Prag Gavut” Pras

— {Cf%fl §y" Pru iy, Prd + C344% 5,7" Prug tiay, Prdg + (L <> R) + h.c.} +...,

where the dots denote terms of dimension-eight or higher or terms proportional to 62 or
0/A%. Oina, 05, 0f, 0%, and 6, depend on hadronic LECs

_ d, d ds
amd:f(+d+)
My Mg M

Mg — M me — md dds
_9 I 7Cduud MO?““S o 37 Cs ) ,
121:2 o ( dmymyq it dmymes iLR dmgms 3t
Gy =rdy— 3 rilm (Clgt+ SO + S Tm G )
i=1,2
O =5 Y riim (Cpt+ Oft)
1=1,2
9, _ _1 Z R Csuud Cduus
TS5 rihe (LyLr iLR
i=1,2
3
0, = ds — ‘Qf > r (Im Gy — m G344 (4.18)

The term 6,4 is introduced because 6 effectively relaxes to Oing if a Peccei-Quinn
mechanism is applied. The expression for 6i,q can be obtained by calculating the induced
vacuum energy of eq. (4.17) supplemented by terms of O(62) and O(f/A?). The latter
depend linearly on @ and ensure that, after a Peccei-Quinn mechanism is implemented
through 6 — 6, = 6 + a/ f,, the minimum of the axion potential is shifted away from zero.
This leads to a nonzero vev for the axion field and an effective theta angle (but suppressed
by 1/A?), (6,) = Oing, even after implementation of the Peccei-Quinn mechanism. Once the
Peccei-Quinn mechanism is applied the final Lagrangian becomes

L=LP0 —aMg+q [Nio + Ot3 + Ogte+07t7 + 9#8} Y59 — %Q(WW%)JCEtaq Gl
— C{'TR V"t Pra qvut” Pra — C3'fp 4o t* Pras Gavut” Pras
— {C’fli“Ld 5y Pru iy, Prd + C344% 547" Prug oy, Prds + (L <> R) + h.c.} +
(4.19)

It can be verified explicitly that with 65, 0, 6%, and 05 given by eq. (4.18), the hadronic
Lagrangian in eq. (4.10) does not induce tadpoles.

After eliminating the leading tadpoles in this way, one can use eq. (4.10) to derive the
low-energy effects of the CP-odd operators. The first long-distance contributions to K — K

- 21 —



mixing are induced by diagrams involving two insertions of AS = 1 operators, the result
of which we discuss in section 5.3.2. Instead, the most important flavor-conserving CPV
interactions arise from the baryonic Lagrangian which we discuss below.

4.2 CP-odd pion-nucleon interactions
The relevant CPV pion-nucleon interactions arise from
Loy = boTr (BB) Try. + bpTr (B{X+, B}) + bpTr (Bm, B])
+boTr (BB) Trxs + bpTr (B{X+, B}) +br'Tr (B[X+, B])
+LrR, (4.20)

where by, p,r are LECs that can be obtained from fits to the baryon masses, 507 p,r are LECs
related to the dipole operators and currently unknown, and B denotes the octet baryon field

10 1 +
\/52 + \/EA 1 EOJ 1 P
=— =0 —2ZA
- - NG
We have defined
g = ulyul +uxfu, 14 = ulyul +uxfu, (4.22)

where y is now given by x = 2B [M + i (05t5 + O5te + O4t7 + O4ts)]. Finally, L1 i gives rise
to so-called “direct” contributions to CPV meson-baryon interactions,

Con=hTe (BB) 1 ¢ {[(gg)ﬁ_égﬁ(gg)} [bg>z;aaf+bg>zgwa}+(bg,észg,4>)}

PP [BEERAEL 0 () S () ()

2
ijkl BjiBlk+BjkBli+BliBjk+BlkBji_ 5k3 0kl 5
+harly [ 4 { ik { }z¢+ 18 1" (BB)
) 4.23
+ ( by — br (423)

where l?gl = C{P p(utul)ij(uitBu)y, while by and by denote currently unknown LECs.

We focus on the pion-nucleon couplings

90 g =
LinD—=—Nmw -TN - Z—m9NN. 4.24
™= TR, 2F, " (4.24)
The four-quark operators enter in the above through x4, see eq. (4.12), and L1 g, where the
latter involves additional LECs that are currently unknown. In this work, we focus on the
“indirect” contributions that we do control and neglect the terms ~ b, and be. The direct
pieces are expected to arise at the same order as the indirect pieces so that neglecting them
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leads to a sizable uncertainty. Matching Egs. (4.20) and (4.24) gives,

goler =2(bp +bp)F5 > Airr (Im iir —Im Cgifs) + goldirect »
i=1.2

GilLr = 2(2bo + bp + bp)Fy Z Ai prlm (2CH 84 4 C5248 4 Tm C579%) + g1 divect »
=12
(4.25)

where we indicated the contributions from L1 by go,1]direct- In principle, we can insert
values of bgy p ry from fits to the baryon spectrum to obtain estimates for the indirect
pieces. We can improve these relations by resumming higher-order corrections [99, 100] and
instead write

= _ suus sdds Qd(smN _

gO|LR - i:zlg (Im CiLR Im CB—H ) 4 dme +g()|d1recta

- ridmy  _

gl|LR = Z Im(207,dgl%d + 18%1%8 + Cgi(zis)é% + gl|direct 3 (426)
i=1,2

where dmy = m, —m, and 2my = m, + m,. The tadpole-induced pieces, proportional to
r;, depend on known quantities such as the nucleon sigma term oy = m(dmy/dm) = 59.1+
3.5 MeV [101] where m = (my,+myg)/2 = 3.37+0.08 MeV [102], and the nucleon mass induced
by the quark mass difference: (ddmy/dme) ~ dmpy/(me) = (2.49 £0.17MeV)/(me) [103,
104], where € = (mgqg —my,)/(2m) = 0.37 £ 0.03 [102]. The above allows for an estimate of
go,1 as the LECs A; L r are known from lattice-QCD calculations. The additional unknown
direct pieces were estimated to induce a 50% uncertainty in ref. [31].

The remaining sources of flavor-diagonal CPV in eq. (4.1), the quark CEDMs, enter
through x4 and the l~)07 p,r terms, which represent the indirect and direct contributions,
respectively. In this case both the direct and indirect contributions involve unknown
LECs. We will therefore employ estimates resulting from QCD sum-rule calculations [105],
leading to

_ °F, /. ) oF . .
golcepm = —(5 £ 10)@ (du + dd) , g1lcepM = —(20779) o (du - dd) , (4.27)

which hold at a scale of 4 = 1GeV. The contributions from the strange-quark CEDM are
proportional to the small -7 mixing angle [99] and we neglect them.

5 Observables

Before describing the expressions we employ in our analysis, we briefly discuss the different
classes of experiments and the LR parameters they are most sensitive to.
e Leptonic and semileptonic charged-current decays.

These observables are known very accurately. For example, uncertainties on the
lifetimes of superallowed 3 emitters, which enter the determination of V,4, appear
at the O(10™*) level [106]. The branching ratios for K — pv and K — mfv have
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uncertainties at the permille level. Leptonic and semileptonic decays of B and D
mesons are known at the percent level. In addition, the theoretical input required to
convert the observables into bounds on SM and LR parameters is only affected by
small theoretical uncertainties.

Corrections to leptonic and semileptonic decays are induced at tree level, by the
mixing between the left- and right-handed W bosons, and are proportional to Cpryg ~
§VRMIX/§~ We must disentangle these contributions from those from the SM CKM
matrix, ~ Vi ;;, in order to constrain the LR parameters. We do so by exploiting
measurements in different channels, sensitive to the axial-vector or vector component
of the charged current. For example, purely leptonic decays of pseudoscalar mesons
probe the axial-vector component of the charged current, while 0% — 07 superallowed
nuclear transitions and semileptonic decays of pseudoscalar mesons are sensitive to
the vector component. In this way it is possible to fit the SM CKM parameters V7,,;
and V7, .;, with j € {d, s, b}, together with the corresponding LR contributions.

Purely hadronic charged-current decays.

These include AS = 1 processes such as K — 77, in particular ¢/, which measures
direct CP violation in kaon decays, and AB = 1 processes such as B — J/¢Kg,
B — 7w and B — DK, which, in the SM, contribute to the determination of the
CKM parameters p and 7. In the mLRSM, these processes receive contributions
from Wp-Wpr mixing, proportional to Cpg, and from the exchange of Wr between
right-handed quarks, proportional to Cyrr and Cyrr. While the experimental
measurements have uncertainties similar to the leptonic and semileptonic decays,
theoretical uncertainties are usually much larger, so that these channels provide
sensitive probes of LR parameters only if the SM contribution is suppressed. This
is the case of €/, which in the SM receives contributions at one loop and is further
suppressed by the small V7 ;4 and Vi ;s elements. In the mLRSM, ¢’ receives a large
mixing contributions at tree level and is sensitive to the combination Im Cgu VIR ~
é’MV},i Im(VéjVLik*ew‘), with j,k € {d, s} and j # k. The CP asymmetries in AB =1
decays, on the other hand, arise at tree level in the SM, and are thus less sensitive to
the contribution of the LR model.

AS =1 and AB = 1 flavor-changing-neutral-current (FCNC) processes.

These include several rare decays of K and B mesons, such as B — Xy, B — u™ ™,
K; — mete” and K — mvi. Both in the SM and in the LR model, these are
generated through loop diagrams. For those channels sensitive to dipole operators,
such as B — X,y and K — 7%%e™, the presence of a right-handed current causes
the mLRSM contributions induced by Wr-Wgr mixing to be enhanced by ratios
of m¢/mgsp, making these rare decays very sensitive to C% .. Channels such as
B — ptp~ and K — wvi do not get contributions from dipole operators and thus do
not obtain enhanced contributions in the mLRSM. With the experimental sensitivity
approaching the SM level [107-109], in the near future these channels might be used
for an extraction of the Vi and Vi ,s CKM elements free of LR contamination.
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¢ Meson-antimeson oscillations.

A different source of stringent limits arise from K — K and B — B oscillations.
Important examples include the meson mass differences, Amg g, p,, and g which
measures CP violation in kaon mixing. The experimental input is very accurate, for
instance uncertainties on Amg and i are about 0.2% and 0.8%, respectively. For
observables dominated by short-distance contributions, such as ex and the B-meson
mass differences, the theoretical error is also under control. Amg and the D meson
oscillations parameters, on the other hand, receive sizable (dominant in the case of D
mesons) long-distance contributions, which are hard to calculate in lattice QCD. The
mLRSM gives large contributions to these observables, both at tree- and loop-level,
which generally lead to strong bounds on My and Myy,, with less sensitivity to .
As the same observables are usually used to determine the CKM elements involving
the top quark, Vi, we again need to fit CKM and LR parameters simultaneously.

e Electric dipole moments.

Finally, the EDMs of the neutron and diamagnetic atoms probe flavor-diagonal
CP violation. While CKM contributions to EDMs are negligible [110-113], in the
mLRSM EDMs receive large tree-level contributions from the mixing between left-
and right-handed W bosons and are sensitive to the combination Im C}, V7" ~
EMy2 Tm(VE V7 " eie),

We describe the most salient features of these observables and relegate details to
appendix D.

5.1 Leptonic and semileptonic decays

Our analysis of leptonic and semileptonic decays follows closely ref. [48], with updated input
on the lattice QCD calculations of mesonic decay constants and form factors, taken from
ref. [49], and on the radiative corrections to nuclear decays [114, 115]. For each u; — d;
transition, with ¢ € {u, c} and j € {d, s,b}, it is possible to find at least two independent
channels, sensitive to the vector or axial-vector component of the charged-current. In the
presence of Wi-Wpr mixing, these receive corrections of opposite sign. Schematically

2

2
’l} .. X ’l} .. X
Fv \Viij + 50| = Oviyr Fa|Viij = 5 Clpua) = O35 5 (5.1)

where O?‘(}? A}, ij denotes the experimental input, while Fy, and F'4 denote theoretical input,
such as meson decay constants or (axial) vector form factors. The values for the relevant
meson decay constants and form factors are collected in table 5. The extraction of Vz ;;
and UQCgud is thus limited by both experimental and theoretical uncertainties.

The most relevant changes with respect to the analysis in ref. [48] correspond to the
ud and us channels. For the u — d transitions, the strongest constraint on the vector
component comes from superallowed 07 — 07 transitions, while the leptonic decay m — uv
probes only the axial-vector part of the current. Using theory predictions for 07 — 0
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transitions of refs. [114-116] along with the experimental input of refs. [117-119], we have

0t — 0t : Viud + CHud = 0.97370 4+ 0.00014 ,

T fr | Vied — CHud (127.13 +0.02 + 0.13) MeV (5.2)

where f is the pion decay constant.

Right-handed currents also affect the 8 asymmetry in neutron decay [120, 121], described
by the parameter A. While in the SM this parameter is determined by the ratio of the
nucleon axial and vector charges, g4 and gy, in the mLRSM one has

=94 (1 CHW) . (5.3)

gv VL ud

X is measured with error of 0.1%, A = 1.2754 + 0.0013 [119]. The extraction of C¥%? , is
limited by the uncertainty on the lattice QCD determination of g4. Currently, the most
precise calculation quotes an error of 1% [122], so that m — uv still provides a stronger
constraint. With a further reduction of the uncertainties by a factor of two, however, the
neutron [ asymmetry will become competitive.

For the s — u transitions, semileptonic kaon decays probe the vector current, while
the ratio of leptonic kaon and pion decays probe the axial interaction. From refs. [49, 123]
one obtains,

2
Koy f570) Vi + ”—C}fgd — 0.2165 % 0.0004

2
fK ‘VLus - U Hud‘

K — uv: y
f7r VLud - 70%[,%{

= 0.2760 = 0.0004 . (5.4)

Eq. (5.2) uses a re-evaluation of the universal “inner radiative corrections” in 07 — 0
transitions [114-116], which led to a reduction in the uncertainty and a significant shift
of the central value. This resulted in a 3¢ shift of the SM determination of Viq|g+ o+
from 0.97420 £ 0.00021 [124] to the value in eq. (5.2), and a resulting tension with CKM
unitarity. As we will discuss in section 6.3, this tension can in principle be solved by
right-handed currents, but in the mLRSM this requires a relatively light Wg, which is ruled
out by other observables. For kaon decays, a new lattice QCD calculation of ff” (0), with
Ny =2+ 141 [125], reduced the error by a factor of 1.6, and somewhat increases the
tension with the SM. Here we will use the Ny = 2 + 1 values in table 5 which lead to a less
pronounced deviation from the SM.

We follow a similar strategy for the remaining elements of V;, and Cpy,q, and give the
relevant expressions for the leptonic and semileptonic decays of D and B mesons, and for
decays of the Ay baryon, in appendix D.1. B — Dly;, B — D*ly; as well as the inclusive
decays B — X lv; and Ay — A.uv, allow one to determine the CKM parameter A, while
B — 7y, B — Xyly, Bt — 77v,, and Ay — puv, determine |V, 5|, which is proportional
to |7 — 7.
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In addition to lifetimes and branching ratios, in the case of semileptonic decays of
particles with spin it is possible to measure the triple correlation <j ) - (De X Pi), where J is
the polarization of the decaying particle, which is sensitive to time-reversal violation [126].
This correlation has been measured in the decays of neutrons and ¥ baryons [127, 128], and
can be used to constrain the imaginary part of Cyq.

5.2 Hadronic AS =1 and AB = 1 charged-current processes

This class includes hadronic decays of K and B mesons, such as K — nw, B — w7 and
B — J/¢Kg. In the SM, these receive tree-level contributions from the operators C1 pr,
and Cy 1, induced by the exchange of a Wi, between quarks. In addition they can receive
important contributions from strong and weak penguin diagrams [129].

The most important observable in this class is €’ that measures direct CP violation in
K — 7 decays and can be written as [130]

o jei(92—00) (Im Ag _ Re Ay Im A())
N \/i Re Ao Re A() Re A() '

Here Ay represent the amplitudes Ago = %((7‘(’71’)[:0’2|7;H|K0>, with I the isospin state

of the pions. We use the experimental values for the real parts of these amplitudes

(5.5)

Re Ap = 33.201 - 1078 GeV, Re Ay = 1.479 - 107 3GeV . (5.6)

In the SM, the amplitudes As and Ag are real at tree level. An imaginary part is
generated by one-loop diagrams with virtual top quarks, and &’ is proportional to the

imaginary part of

VEt VLtd
= __Lts Ltd 5.7
VEUSVLUd ( )
which, in the SM [50],°
Tsm = (1.558(65) — 0.663(33)i) - 1072 (5-8)

The loop and CKM suppression, and the additional suppression by the I = 1/2 rule,
Re As/Re Ay ~ 1/22, lead us to expect a rather small value, to be compared with the
experimental value

Re (€' /ef) o = 16.6(2.3) - 1074, (5.9)

In the SM, ImAg and ImAs are dominated by the matrix elements of strong and weak
penguin operators, respectively (see, for example, the discussion in ref. [131]). Recent
first-principle calculations of these matrix element in lattice QCD have significantly reduced
the error of the SM prediction [50], which now reads

ImT7

x 21.7(2.6)(6.2)(5.0) - 1074, (5.10)

Re (¢'/er) gy = T e

9Notice that the value of Tsas in eq. (5.8), given in ref. [50], differs by about 10% from the one obtained
with the latest CKM fits in ref. [119]. Since in our framework we need to rescale the lattice QCD estimate
of & /ex to allow CKM parameters to vary from their SM values, we use the same 7sas as given in ref. [50].
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where the errors are the statistical and systematic uncertainties, with the latter broken up
into isospin-conserving and isospin-violating pieces. This estimate is in good agreement
with a recent reappraisal of the SM value of ¢'/ex based on yPT and large-N., which
yields [132]

Re (¢' /e ) gy = 14(5) - 1074 (5.11)

The imaginary parts of Ag and As receive new contributions from the LR and RR
operators appearing in eq. (3.14). Most of these contributions can be derived from the
chiral Lagrangian discussed in section 4, the only additional terms arise from the parts of
the RR operators that transform as 27z x 1, which were omitted in the chiral discussion
of section 4. These contributions were determined in ref. [92] and, together with the other
BSM contributions, give

Fo d duus\* [ d d
Im Ay = — 0 A, pplm (C5pst — (Cle)") 4 - ALy, T (O + Csss), (.12
2= 5 pAintm (CFH = (CFER ) ) + 35 mAlar T (YRR + CiR) - (5.12)
V3F,
4

Im Ag = —&AiLRIm ( i - ( id%fs)j B

V3

where AE?L = AZ(»%%R, A; Lr are given in eq. (4.14) and A’(27 1)(3GeV) = 0.0461(14) GeV?3.
Here we neglected the contributions to Ay proportional to A’(27 1) because, as mentioned in

8 uuUs
(mﬁ( —mgr)Az(L)LIm ( ZdRR) )

section 4, these terms can be shown to be small compared to the 8z x 17 contributions.
The other observables in this class include B — J/¢Kg, B — 7w, and other AB =1
decays used to determine the CKM angles «, 5 and «y [119]. In appendix D.2.1 we argue that
the LR contribution due to tree-level Wg exchange to time-dependent CP asymmetry in
B — J/1Kg can be neglected within current uncertainties, and thus the standard extraction
of B =Arg(=V5 Vi 4/ VL taV ) can be used in the CKM fits. While similar considerations
likely apply to other non-leptonic channels such as B — 7w and B — DK, used to determine
a and v, we do not explicitly include them in our analysis as hadronic matrix elements
associated to LR contributions are not under control. Finally, the corrections to the BS and
B? widths also belong to this class. We compute the mLRSM corrections in appendix D.2.5.

5.3 AF = 2 processes

We move on to observables in B — B and K — K oscillations that severely constrain the
mLRSM. The experimental input on the B — B mass and width differences, Amg, Ams,
AT@ and AT®) | the K — K mass difference Ampg, and e, which measures CP violation
in K — K mixing, are reported in table 1. We now discuss the theoretical input, and the
leading uncertainties.

5.3.1 B — B oscillations

For the B, mesons, with ¢ = {d, s}, to good approximation we can use

(BY[Hest(AB = 2)|BY)
Amg = 2|MY| = ‘ - ’ . (5.13)

q
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AS =2 AMpg (5.293 £ 0.009) ns~! lex| (2.228 +0.011) - 1073
AB =2 Amy (0.5064 & 0.0019) ps~* Amg 17.7656 4 0.0057 ps !
AT(@) (-1.346.7)-10 3 ps~* AT(®) (0.086 4 0.006) ps~!
af —0.0020 =+ 0.0016 ag, —0.0006 = 0.0028
AB=1| BR(B— X4v) (14.145.7)- 1076 BR (B — Xsv) | (3.3240.15) x 1074
Acp(B — Xqys7) 0.032 + 0.034 Acp(B = sv) 0.015 + 0.02
Sy —0.16 +0.22

Table 1. Experimental input for the processes discussed in section 5.3 and for the AB = 1 processes
discussed in appendix D.2 [119, 133, 134]. The branching ratios BR (B — X s7) have a cut on the
photon energy, I, > 1.6 GeV.

Within the SM the AB = 2 Hamiltonian involves operators of the form (bz7v,qz)(bry"qz)
that are generated through box diagrams. This leads to

GZm?2,mp . 2 .
Ml(g)|SM = % (VLthLtb> f%qBBqT]BS()(CEt,CEt), (5.14)

with z; = mf/m%v and z; should be evaluated at pu = my, np = 0.55 £ 0.01 [135]. The loop
function So(zi, ;) = §(f1(zi, z;) — f1(0,25) — fi(:,0) + f1(0,0)), with

$§(4 — 8z + x?)
(i — ) (=1 + ;)

27(4 — 8z; + 22)

fizi, zy) = — (=14 2i)*(w; — x5)

log z; . (5.15)

5 log(z;) +

Finally, the RG-invariant bag parameter, EBq, is related to the matrix element of the
left-handed operator mentioned above, for which we use the FLAG average [49] shown in
table 2.

The BSM contributions arise from the Oy 5 operators in eq. (3.14), which are generated
through exchange of heavy scalar bosons and loop diagrams involving Wx. The contributions

are
mp f,% 1
Ml(g)’LR - o {

3 INT*
ot |20 (Ry(n) + 5 ) + O8R4 G)| 0 610)

2 6

where Rq(p) = mQBq/(mb(u) + mg(p))? and the bag factors, related to the matrix elements
of Oy 5, are shown in table 2.

We then use the above expressions with Am, = 2|M1(§)‘SM + Ml(g) |LR] to estimate the
mass differences, which we compare with the experimental values [119] shown in table 1.

5.3.2 Amg and e

The mixing between K° and K is described by the off-diagonal matrix element,
2mp M7y = (K°|Hog(AS = 2)|K°). (5.17)
To good approximation, the real part of this amplitude determines the kaon mass difference

AMK:MKL _MKS :2R6M12, (518)
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f,\/Be, M&V)  f3 By (GV?)  f3 Bs (GeV?)  f3, By (GeV?)  f3 By (GeV?)
BY - BY 225 (9) 0.0390 (28)(8)  0.0361 (35)(7) 0.0285 (26)(6)  0.0402 (77)(8)
BY — BY 274 (8) 0.0534 (35)(7)  0.0493 (36)(10) 0.0421 (27)(8) 0.0576 (77)(12)
By By Bs
Ko— Ko | 0.7625(97) 0.926(19) 0.720(38)

Table 2. Relevant bag parameters for B, — Bq oscillations and Ko — K| oscillations. For B, - Bq
oscillations we use the RG-invariant definition, EBQ [49], for the SM operator, while the bag
parameter for the LR model are given in the MS scheme, at the renormalization scale u = m; [136].
For Ko — K oscillations, Bx is RG-invariant [49], while By and Bs are given in the MS scheme, at
p=3GeV. We use the Ny = 2+ 1 averages reported in ref. [49].

while the imaginary part is connected to CP violation in K° — K° mixing, described by
ex [129],

— im/4
7A(KL—>(7T7T)] O)N e ImA()) 7 (5'19)

ER = ~
K7 AKs = (rm)r =0)  V2AMg Re Ay
where the second equality uses the approximation AT'x ~ —2A Mg [130].

<Im M12 + 2Re M12

The SM prediction. Starting with the SM prediction, M;5 receives both short- and
long-distance contributions. The former arise from local AS = 2 operators, which appear
at loop level in the SM and give rise to

2,2
_ Gepmiy

SM
M lsp = Hom

mic 2B (nCCAESo(xC) 2NN So (e, ) + nttA?S()(xt)) ,

where \; = V', V14, 1 should be evaluated at © = m; and z. at 4 = m, and B i describes
the non-perturbative matrix element, given in table 2. From refs. [49, 135] we have

Nee = 1.87 £0.76, Net = 0.496 £ 0.047, N = 0.5765 £ 0.0065, (5.20)

while the loop function Sy is given in section 5.3.1. The short-distance contributions
dominate in the CP-violating observable g, allowing us to write

6SM B 6”1-/4“75
SM_ - e
V2AMGEPY

where k. = 0.94 £ 0.02 [135] takes into account long-distance contributions. In the case of

m (M3 - (5.21)

€K, it is advantageous to use the unitarity of the CKM matrix to rewrite the contributions
from cc, ct, and tt graphs in eq. (5.3.2) in terms of ut and t¢ diagrams. This leads to [51]

6v2m2AMy
where A, 77 and p determine the CKM matrix in the Wolfenstein parametrization [137]. The

R | = Bicke Vi PN (Ve 2(1 = oS (21) = S (e, 31) ), (5.22)

loop functions are given by

S(‘Tt) = SO(xt) + SO(xc) - 250(5507 $t) )
SO(xc) - SO(xm l't) y (5.23)

%)
—~~
8

e
8
N
I
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and the running factors are

M = 0.55(1 £ 4.2% + 0.1%) = 0.55 + 0.02,
Nut = 0.402(1 + 1.3% + 0.2% + 0.2%) = 0.402 £ 0.005 (5.24)

leading to a small uncertainty on 7,; compared to large uncertainties in the cc and ct
running factors, at the price of a slightly larger uncertainty on 7. We use eq. (5.22) for
the SM prediction.

Unfortunately, unitarity cannot be used in the same way for the SM prediction for
the real part of the amplitude that gives rise to AMy. We therefore employ Eq. (5.3.2)
to obtain the SM expression for the short-distance contribution to AMg. In addition,
long-distance contributions are significant in this case and lead to sizable uncertainties. We
will assume no significant discrepancy between the SM and experimental measurement and
simply use the experimental determination to estimate the SM prediction of AMg. We

2
thus assign a theoretical uncertainty of U%M = U%D,SM + (AM K |expt. — AMIS(M|SD) , where
osp,sMm is the uncertainty due to AM[S(M|SD.

The BSM contributions. Short-distance LR contributions arise through the O45 oper-
ators in eq. (3.14)

me2 mg 2 1 *
MleR’SD - 2 " (md+ms> (3B5Czd8d+B4C§d8d ’ (5'25)

where ny = 2 + 1 lattice calculations of the matrix elements are given in table 2. Long-

distance effects are induced by two insertions of AS = 1 operators, e.g. C; 1 X C; g and
Ci 1 X C; rr. We neglect the parts of the LL, RR operators that transform as 277, p X 1g 1,
and use the 87, r X 1 1, pieces to estimate these effects (see the discussion around Eq. (4.14)).
The long-distance pieces can then be evaluated using the chiral Lagrangian in eq. (4.10).

This gives
LR 4 m%(O (4777,%(0 B 3m% — mio) 1 suud duus) ™
2mp M, |LD = FyGg (m%’o — mfro)(m%(o — m%) [— §AiLR (CiLR + ( iLR ) )

*

2
+ T ARCR| (5.26)

where Gg = AE? 1 Cirr/4 is the coefficient of the SM operators transforming as 87, x 1g.
As in the SM [138], these contributions vanish at LO in xPT after taking into account the
Gell-Mann-Okubo relation. The first contributions then arise at N2LO where loops and new
LECs appear. As we do not control these LECs, we estimate the contributions by using the
experimental values for the meson masses in eq. (5.26) and assign a 50% uncertainty to
this result [31].

We then estimate AMp by using AMg = AMK|expt. + 2Re MR}, with MR =
M1L2R|SD + M1L2R]LD. To compute the CP violation in mixing we use ex = e + HR. We
rewrite Eq. (5.19)

LR _ e/ (IliIéR Im AFR > 7 (5.27)

£ =
V2 \AMEP: T Re ATP"
where the mLRSM contributions to Im Ay are given by eq. (5.12).
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€ Ccm dn dp’D ng dRa
current |1.8-1026 — 6.3-107301.2.10°23
expected|1.0-10728 1.0-1072 1.0- 10730 1.0- 10727

Table 3. The first row shows the current 90% C.L limits on the EDMs of the neutron [62, 140, 141],
199Hg [142, 143], and ??°Ra [144]. The second row shows the expected sensitivities of future EDM
experiments, see ref. [145].

To obtain constraints we finally compare the above theoretical expressions with the
experimental measurements given in table 1. We treat the experimental uncertainties and
those due to egs. (5.20), (5.25), and (5.26) as statistical.

As mentioned in section 3.5 our analysis of the short-distance contributions to AF = 2
observables is similar to that of refs. [22, 41]. Differences arise from our use of updated lattice
QCD results and a somewhat different approach to the diagrams involving intermediate
¢ — c and ¢ — t quarks. Comparing numerically to the expressions of ref. [22], we find that
the heavy Higgs contributions agree to within 20% after turning off the running between
my and My,. Similar agreement is found for the W contributions that are due to t — ¢
diagrams, while we find the terms induced by the ¢ — ¢ and ¢ — t graphs to be larger by
a factor of ~ 1.6 and 3.9, respectively. Note that these contributions are only potentially
significant for the kaon system, while the B, s systems are dominated by the ¢t — ¢ graphs.
In addition, we take into account the RGE evolution between My, and myy, the effects of
which are discussed in section 3.6, with approximate formulae given in appendix E.

Apart from these different treatments of LR contributions, there are slight differences in
the fitting procedures. Ref. [40] constrained LR contributions by demanding that they are
smaller than a certain fraction of the SM prediction, in the case of e x and A M, while using
the results of a fit that assumes BSM physics to dominantly arise in B— B oscillations [139] to

. d,
constrain M1(2 )

in the By ,-meson sector. Instead, we fit theoretical results for observables
(including up-to-date SM predictions) directly to experimental measurements, taking into
account theoretical and experimental uncertainties as described above. This allows us to
incorporate the LR contributions to other flavor observables in a consistent manner, without

having to assume that LR effects are dominant in a certain sector.

5.4 AF = 0 observables: electric dipole moments

EDMs set stringent limits on the CP-violating interactions within the mLRSM. Here
we focus on the contributions to the EDMs of hadronic and nuclear systems, the current
experimental limits of which are collected in table 3. In this section, we assume a Peccei-
Quinn mechanism is active. In the absence of such a mechanism, all EDMs are dominated
by the induced 6 term (see section 2.4).

5.4.1 Nucleon EDMs

The EDMs of the neutron and proton receive contributions from several operators. We start
with the four-quark operators, discussed in section 4, that generate sizable pion-nucleon
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couplings. These operators give rise to direct and indirect contributions to the nucleon
EDMs. The former are governed by so far unknown LECs, while the latter are due to
loop diagrams involving the CP-violating pion-nucleon couplings of section 4.2. The EDMs
resulting from the four-quark operators can be written as follows [146]

Z egagilLr [ golLr m2  Tmg 1 m2  m2
dnlLr =d LR+ - log —- — + (k1 — ko) —= log —= | ,
8 ) (4nFr)? \ g1ler s w2 2my 4( ! O)m?\, g 12
7 egagi|Lr [GolLr m2  2mmy
d - d — — 10 —_
P‘LR p(M)’LR (47TF7T)2 gl‘LR ( M2 mN
1 [ 2mm, 5 m2 m2
2 5 —5 log — 5.28
4<mN +(2+ﬁ1+f€0)m%v Og,u? ], ( )

where §o1|zr are given in Eq. (4.25) and d,, ,(11)|Lr are unknown LECs due to the direct
contributions of the four-quark operators. In addition, g4 ~ 1.27, and k9 = —0.12 and
k1 = 3.7 are related to the nucleon magnetic moments. We estimate these contributions
by taking p = my with czmp(mN) = 0 as a central value. The impact of the associated
theoretical uncertainty due to the unknown LECs was discussed in ref. [31].

In the case of the quark CEDMs both the direct and indirect contributions to the
nucleon EDMs involve unknown LECs. We therefore employ QCD sum-rules estimates to
estimate the total induced nucleon EDMs [84, 111, 147, 148], while we use recent QCD
sum-rule [149] and quark-model [150] calculations to estimate the contributions of the
Weinberg operator. In addition, the nucleon EDMs receive contributions from the remaining
CP-odd interactions, namely, the quark EDMs. Assuming a Peccei-Quinn mechanism, the
sum of these terms then takes the form

dy, = dn|Lr + g% dy + 9% da + g5 ds
—(0.55 £0.28) ed,, — (1.1 £0.55) edy — 20 (1 £ 0.5) MeV e g;C
dp = dp|rr + 9 du + g% dg + g5 ds
+ (1.30 + 0.65) e d,, + (0.60 £ 0.30) e dg + 18 (1 + 0.5) MeV e g;C (5.29)

where dy, = eQym,Im CY! and d; = eQqmqIm C’gg for ¢ = d, s. The strange CEDM induces
vanishing contributions if a Peccei-Quinn mechanism is active [147]. The quark-EDM
contributions have been determined by lattice QCD calculations [151-155], which give at
pw=1GeV

gt =—0213+0.012,  g¢%=082+0029, g5&=—0.0028+0.0017.  (5.30)
All couplings in Eq. (5.29) should be evaluated at 1 GeV.

5.4.2 Nuclear and atomic EDMs

We finally consider expressions for the EDMs of light nuclei and diamagnetic atoms. The
EDMs in the former category are theoretically attractive as they can accurately be described
in terms of the nucleon EDMs and the pion-nucleon couplings [156, 157]. We will focus
on the EDM of the deuteron in the following. Although no experimental limits have been
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set on the EDMs of light nuclei so far, there are advanced proposals to measure them in
electromagnetic storage rings [158], with an expected sensitivity given in table 3.

In contrast, the EDMs of diamagnetic atoms are stringently constrained experimentally,
especially that of 199Hg, but they are subject to much larger theoretical uncertainties. The
main contributions to the EDMs of these systems are expected to arise from the nuclear
Schiff moment, as there are no large enhancement factors to mitigate the Schiff screening
by the electron cloud [159]. The nuclear Schiff moment obtains large contributions from the
pion-nucleon couplings, go,1, which, however, require complicated many-body calculations.
Currently, such calculations cannot be performed with good theoretical control [160-164],
leading to large nuclear uncertainties, while the contributions from the nucleon EDMs are
under better control. Here we will focus on the EDMs of mercury, currently the most
stringently constrained system experimentally, and radium. The experimental limit on the
latter is significantly weaker than the former, but future measurements aim at improvements
of several orders of magnitude.

Collecting all the above information, we use

dp = (0.94 4 0.01)(d,, + d,,) — {(0.18 +0.02) 291;] efm,

™

dig = —(2.1+0.5)-107* [(1.9 +0.1)d,, + (0.20 = 0.06)d,

- (0.13t0~5 90 | g.o5+089 I )efm},

0.07 ﬁ 0.63 ﬁ
v ™
_ -4l 90 g1
dra = (774 0.8) - 10 {( 2547.6) 20+ (634 38) 2Fﬁ] ¢ fm, (5.31)

where go1 = Go1|;z + 901
by Eq. (5.29), and the experimental constraints are shown in table 3. Within our analysis

cepy €an be read from Eqgs. (4.26) and (4.27), dy,, are given

we estimate the EDMs by using the central values for the relevant hadronic and nuclear
matrix elements and refer to refs. [31, 165] for a discussion on the impact of the associated
uncertainties.

6 Results

After computing the observables described in the previous section we construct a x?

o — 0P\ ?
X2 = Z <Z L > 5 (61)
i={obs}

0

where O and O are the theoretical and experimental determinations of a particular
observable and o; is determined by summing the corresponding experimental and theoretical
uncertainties described in the previous section in quadrature. The y? function thus depends
on the parameters appearing in the LR model, My, My, «, and &, as well as the SM
CKM elements.

Some of the LR parameters are subject to theoretical constraints. As discussed in
ref. [74], the masses My, and My are both related to the vev vg, so that My /My, is given
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by the ratio of parameters in the Higgs potential and the SU(2) gauge coupling. As the latter
is fixed from experiment, a significant hierarchy Mg > My, would force the parameters
in the Higgs potential to become non-perturbatively large. Because our description breaks
down in this part of parameter space, we focus on the region My < 8Myy,. Note that if
one wants to keep these parameters in the perturbative regime up to the Grand Unification
scale, j1 ~ 10'6 GeV, stringent limits on the LR scale of vg > 10 TeV can be set as well [166].

Similarly, for tuned values of k'/k = £ ~ 1 certain parameters in the Higgs potential
would have to become non-perturbatively large, see appendix A.1. To avoid this region
we take |{| < 0.8. The CP-violating combination of parameters, ta5, = tan2f8sina, is
constrained to be |tygsa| S 2mp/my in order to reproduce the quark masses [41, 60], see
appendix A.l for more details. Finally, for the CKM elements we use the Wolfenstein
parametrization, which parametrizes the CKM matrix in terms of A\, A, p, and 7, and
we expand the expressions up to O(\%) [137]. We then simultaneously fit the four CKM
parameters along with the LR parameters.

Obtaining constraints, e.g. in the My, — My plane, involves marginalizing over
the remaining SM and LR parameters. This minimization of the x? is performed using
NLopt [167], a free/open-source library for nonlinear optimization which includes various
global and local optimization algorithms. In particular, an Improved Stochastic Ranking
Evolution Strategy [168] is used. To obtain fits as those depicted in figure 1, we divide the
My, — My plane into 40 x 40 squares within which we marginalize over all LR and CKM
parameters. For each square, My, and My are then constrained to lie within the considered
square, while the remaining parameters are varied within the ranges described above.

Before discussing the resulting constraints on the mLRSM we check our expressions
by performing an analysis of the CKM parameters in the decoupling limit, My w, — oo.
We find

A €[0.2254, 0.2267],  A€[0.78,0.82], pe[0.07,0.16] i€ [0.35 0.39], (6.2)

at 90% C.L. These values are similar to the results of ref. [48] and are consistent with
the values advocated by the PDG [119]. The ranges found here are wider than those of
ref. [119], especially in the case of p and 7. The reason for the weaker constraints in the
SM limit is that we do not include non-leptonic B decays like B — ww. The evaluation of
these decays in the mLRSM would require additional non-perturbative matrix elements
that are not currently available.

6.1 Analysis without a Peccei-Quinn mechanism

We begin the analysis in the parity-conserving mLRSM without a PQ mechanism where
the model itself accounts for the smallness of the CP-violating QCD vacuum angle. As
discussed in section 2.4, § now becomes a calculable function in terms of the LR parameters.
Current EDM measurements then require that the spontaneous phase t955, >~ 0 to very
good approximation and in essence transfer the strong CP problem from 6 to «. This
effectively sets a@ = 0,'% that is, the EDM constraints are so strong that they effectively

ONote that t2p — 0 does not give rise to a different solution to the constraint t2gso ~ 0. The reason is
that a always appears in the combination tgeio‘.

— 35 —



600000 : 200000 1
AP | ax
m1
s00000- | ™ !
m2 r m2
4 150000 - 4
400000 - 10 10
3 g
O 300000+ S 100000 -
I T L
S bS
200000 - &’ &
4 50000 - q ,
100000 ] | P
0 ’ 1 1 L L J 0 ’ L L L L L
0 20000 40000 60000 80000 100000 0 5000 10000 15000 20000 25000 30000
M, (GeV) My, (GeV)

Figure 1. The left panel depicts the Ax? = {1,2,4,10} constraints in the Myy,-Mp plane, after
marginalizing over the other LR and CKM parameters. No Peccei-Quinn mechanism is applied.
The gray line shows the My > 8Myy, region where couplings in the Higgs potential become
non-perturbatively large [74]. The left and right panels depict the sign configurations s; = +1 and
sy = —1, respectively, with sq; = +1 for the remaining signs.

remove one parameter from the analysis and, after this removal, they no longer constrain
the remaining parameters. We are then left with three LR parameters (Myy,,, My, and &)
and the CKM parameters that can be varied. We remind the reader that the right-handed
quark-mixing matrix is expressed in terms of CKM parameters and quark masses and a set
of discrete phases and reduces to Vg = 5, V7S in this limit, see appendix A. We begin our
analysis by setting all discrete phases to 6, = 0, and later discuss the impact of alternative
sign combinations.

The main result is shown in figure 1 which depicts Ax? = {1,2,4, 10} contours in the
Myy,-Mp plane, where each point has been minimized with respect to the remaining LR
and CKM parameters. The left plot illustrates a clear lower bound on My, 2 38 TeV at
95% C.L. (Ax? = 4) in the limit of a decoupled My > 400 TeV. Part of this parameter
space however covers a range where the Higgs sector contains non-perturbatively large
parameters. Constraining the parameter space to My < 8Myy, implies a stronger bound
My, 2 45TeV at 95% C.L. and My > 240TeV at 95% C.L. for the scalar mass. The
bound on Myy, is very stringent in light of the current limit on the My, > 4 TeV from

direct production at the LHC [169].

We still need to address the role of the sign choices, which in principle lead to 32
distinct variants of the P-symmetric model. It turns out that choosing s; = +1 for all the
signs leads to significantly more stringent constraints than some other assignments. For

instance, setting s; = —1 while keeping the other signs the same, leads to the right panel
of figure 1. In this case, we obtain roughly My, = 17TeV 95% C.L. in the perturbative

regime. We find that each of the 32 sign combinations essentially fall in either of the two
scenarios shown in figure 1. While the more stringently constrained scenarios give rise to
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a similar value for XQ\min as the SM, the less constrained sign combinations allow for a
smaller value by about ~ 5. We discuss this slight improvement of the fit compared to
the SM in more detail in the next subsection, in which we consider the LRM with a PQ
mechanism, where a similar improvement of the fit can be achieved.

In both cases, the strong bounds are essentially driven by €x. This observable obtains
contributions due to sin a as well as mLRSM contributions proportional to the CP-odd
phase in the CKM matrix that survive even when o — 0. A low-mass Wg then requires
cancellations to occur between these two different LR contributions to CP-violation in
K% — K9 mixing. This only becomes possible in case of a sizable spontaneous phase
a [22, 38, 40, 41] which is excluded in the absence of a PQ) mechanism, leading to stringent
limits. The ex constraint is easier to satisfy for the choice s;s. = —1 and sgss = +1 in
agreement with ref. [40]. This leads to the least stringent limits and defines the class of
signs depicted in the right panel of figure 1. As other observables are not as constraining, it
will be difficult to further tighten the limits from low-energy constraints barring further
2 17TeV is still very

~

theoretical refinements of the SM prediction of ex. The result My,
strong compared to direct limits and is in good agreement with ref. [39] that obtained
My,
updated SM prediction for ek, an improved RGE analysis, and performed a fit involving
both the CKM and LR parameters.

2> 13TeV. The main differences with respect to our analysis is that we applied an

~

6.2 Analysis with a Peccei-Quinn mechanism

We now consider the parity-conserving mLRSM in presence of a PQ mechanism. The strong
CP problem is now resolved in the infrared and although EDMs still lead to significant
constraints, they no longer effectively force o ~ 0. We start our analysis by setting all signs
to s, = +1. This leads to the plots in figure 2. The left panel shows Ax? = {1,2,4,10}
contours in the Myy,-Mpy plane, after marginalizing with respect to the other parameters.
> 5.5TeV at 95% C.L., in the parameter space

~

We thus obtain a lower bound of My,
where My < 8 Myy,. This limit is significantly weaker than obtained in the no-PQ scenario,
where a lower bound of My, 2 38 TeV was obtained for the same choice of discrete signs
(weakened to ~ 17TeV for the most favorable sign combination).

The weaker limit on Myy,, compared to the scenario without a PQ mechanism is driven
by the relaxed constraint on « and allows for a significant togs, # 0. As ex obtains
contributions from both the CKM phase and the spontaneous phase « cancellations between
the two terms now become possible [39, 40]. This is depicted in the right panel of figure 2
where small values of Myy, clearly require a nonzero value of to5s,. This rather specific
value of to35,, illustrated by the funnel in the right panel leads to the mentioned cancellation
which allows for much smaller values of Myy,,.

The lowering of the limit on My, only goes so far. For small My, other CP-violating
observables like &’ /e and EDMs become large, as these observables are induced by the
CP-odd combination t9gs, which is forced to be sizable by ex. We illustrate this in
figure 3. Here we focus on the parameter space with My = 6 My, and My, < 30TeV as a
representative example. The remaining parameters are set to the values preferred by the fit
as a function of Myy,. In this region, the value of 935, then ranges between —0.009 and
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Figure 2. The left panel depicts the Ax? = {1,2,4,10} regions in the My, ,-My plane, after
marginalizing over the other LR and CKM parameters. A Peccei-Quinn mechanism is applied.
The gray line shows the My > 8 My, region where couplings in the Higgs potential become non-
perturbatively large [74]. The right panel shows the allowed parameter space in the My ,,-t25Sq
plane for fixed My = 6Myy,, while marginalizing with respect to the remaining parameters. Both
panels correspond to the choice s, = +1.
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Figure 3. The left panel shows the values of various EDMs as a function of Myy,, inside the ‘funnel’
region where t935, >~ —0.01. The dashed lines indicate current limits. The right panel does the
same for €’ /e, where the width of the blue band indicates the uncertainty of the SM prediction.

—0.014 with tg ~ —0.05 remaining constant,!! corresponding to part of the funnel region
in the right panel of figure 2. We then plot values of the various EDMs as a function of
Myy,. The effect of the Schiff screening that affects the mercury EDM can clearly be seen
from the relative sizes of d,, and dpg, while the relatively large values of dr, are due to the
octupole enhancement discussed in section 5.4. The largest EDM is found to be that of the
deuteron, which does not suffer from the suppression due to Schiff screening and is rather

sensitive to the 7N couplings which receive large contributions in the mLRSM.

1The values of the SM CKM parameters preferred by the fit also remain roughly constant in this region,
with A ~ 0.226, A ~ 0.79, p ~ 0.18, and 7 ~ 0.34.
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Figure 4. 68% C.L. contours from various flavor observables in the p — 7 plane for two scenarios,
namely the SM, Mg w, — oo, and the case with the best fit values for the LR parameters,
{Mu, Mw,,t285q,a} ~ {200 TeV, 21 TeV, —0.01, 3.04}. The difference is only noticeable in the case
of e for which the SM and LRM bands are shown in black and red, respectively. Each band was
obtained including s — u and b — ¢ observables in order to marginalize with respect to A and .
The best fit points in the SM and LRM are shown as black and red points, respectively.

We observe that several EDMs are predicted to lie only one or two orders of magnitude
below the present limits. That is, next-generation EDM experiments can test the funnel
region corresponding to low values of Myy,,. For instance, a 225Ra EDM measurement at the
10~ ¢ fm level might be possible [144] and would already go a long way in excluding small
values of Myy,. Similarly, a small improvement on dys would have a big impact on the
funnel region. Possible storage-ring experiment of dp < 1071%¢ fm could have an even larger
impact. We stress that a lower limit on Myy,, assuming improved EDM measurements,
cannot easily be deduced from the figure as it assumes values of to3s, which resulted from
a fit with current experimental input. Obtaining a new lower limit on My, would require
one to perform a new global fit once improved EDM measurements are available. The right
panel of figure 3 shows that future improvements in the theoretical prediction of &'/ek,
which would shrink the width of the blue band, are also excellent probes of the low My,
regime. Apart from EDMs, there are several CP-even observables, particularly the B and
K mass differences, which obtain significant corrections for My, in the TeV range.

Finally, we note that the fit has a slight preference for finite values of My, and My
over the SM point, My, — 0o. This is due to a mild tension in the SM fit of the CKM
parameters, which can be alleviated somewhat by LR contributions to ¢k, lowering the
minimum x? by roughly 5. To illustrate the impact of the LRM we show the different
experimental constraints in the p — 7 plane in figure 4, both for the SM case (Mg w, —
o0) and when using the best fit values for the LR parameters ({Mpy, Mw,,t285q, @} =~
{200 TeV, 21 TeV, —0.01, 3.04}). The figure shows the 68% C.L. (for two parameters, Ax? =
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2.3) bands for several flavor observables described in the previous sections. Each band
was obtained by taking into account the s — w and b — ¢ transitions, see section 5.1
and appendix D, and marginalizing over A and A. €k is the only observable for which
the change from the SM limit, shown in black, to the best fit point, shown in red, is
noticeable. The shifted ex band allows for better overlap with the preferred regions of
the other observables, leading to a somewhat improved x2. This change also leads to a
noticeable shift in the best fit point in the p — 7 plane, changing from {p, 7} = {0.12,0.37}
in the SM to {p,n} = {0.19,0.34} at the best fit point in the LRM, shown by the black
and red points, respectively. Although the tension in the SM may not be very severe, the
sizable shifts in the determinations of the CKM parameters due to the LRM do imply that
the impact of fitting the CKM and LR parameters simultaneously can be significant.

Moving on to other possible sign choices, we find very similar allowed regions for the
four cases with sgss = scs¢ = sys¢ = +1, while other combinations of the signs lead to more
stringent constraints and require Myy,, 2 10 TeV at 95% C.L. All sign combinations now
allow for a lower x%|min compared to the SM, though the corresponding best fit values for
the LR parameters vary. As the limits in the remaining cases are significantly tighter than
those shown in figure 2 we do not further pursue the other sign choices.

6.3 Viug, Vus, and CKM unitarity

Before concluding we briefly discuss the discrepancy between the determinations of V4
and Vs, from 0T — 0% and kaon decays, which recently sparked interest in possible BSM
explanations [170-172]. The inclusion of the SM CKM parameters within our analysis
enables us to consider this anomaly in a consistent manner within the mLRSM and allows
one to answer whether the tension is improved by LR interactions. Before embarking on a
global analysis we first consider a simpler analysis in which we focus on the observables
driving the discrepancy.

The discrepancy arises from a measured value of |V, ,4|? + |VLus|? # 1, which implies
a violation of unitarity (here V7, is negligible with current sensitivities). Equivalently,
using unitarity, one can obtain V7,4 from the kaon decays of Eq. (5.4), which give V4 =
[0.9743, 0.9746] at 1o. This result is in tension with the 0T — 0" determination, which, in
the SM, gives |V 4q| = 0.97370 £ 0.00014 [114-116]. Note that this discrepancy worsens if
we would use the Ny = 2+ 14 1 lattice results [49] for the form factors in Eq. (5.4) instead
of the 2 + 1 numbers used here.

It is interesting to see whether this discrepancy can be resolved in the mLRSM. Taking
Vi = S8,V5S4, which holds to good approximation, the above mentioned observables only
involve two combinations of parameters, namely, A and

mQW 28
fLR = 7610& . (63)
Mg, 1+

As any imaginary part of £y g is stringently constrained by EDMs as well as €', we will focus
on the case where &1 is real in what follows.'? The resulting constraints from kaon decays
and 07 — 0T transitions are shown in the left panel of figure 5 in blue and red, respectively.

1211 addition, allowing for an imaginary part does not significantly lower the minimal x2.
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Figure 5. The left panel depicts the A — £ g plane, with constraints at 90% C.L. (Ax? = 4.6) from
kaon decays in blue, those from 07 — 07 and pion decays in red, and the combination in black.
The right panel shows the preferred region at 90% and 99% C.L. projected onto the My, — & plane,
while allowing the SM CKM parameter A to vary. Both panels assume Im(£,5) = 0.

The SM prediction is depicted by the black dashed line and it does not fit the two types of
decays very well since it intersects the red and blue regions at different points. Allowing
for a non-zero £1r improves the fit significantly, as the minimum y? decreases from 19 in
the SM to around 3. The improvement is most significant for the sign combinations with
sq4 = Ss, as both the kaon decays and 0T — 07 prefer {LRng’”s < 0.1 The preferred
region in the My, — ¢ plane due to the combination of d — v and s — u transitions is
shown in the right panel of figure 5, which also shows the preference for finite My, and .

Thus, the mLRSM can improve the discrepancy. However, although the kaon and
0" — 0" determinations are consistent at 90% C.L. as can be seen from figure 5, the two
contours do not overlap at 1o. The preferred size of Re{pp is around [—11, —4.5] - 10™% at
90% C.L., which implies an upper limit on My, of My, < 4TeV, as can be seen from the
right panel of figure 5. This value lies below the bound My, > 5.5 TeV even in the presence
of a PQ mechanism. Indeed, once we include other observables discussed in section 5 we
find that while this region does improve the contributions from 07 — 0% and kaon decay to
the total x2, this improvement is offset completely by the increase due to other observables,
mainly e, which prefer larger values of Myy,. Thus, a solution to the tension in CKM
unitarity can be excluded within the P-symmetric mLRSM considered here. It would be
interesting to see whether other variants, such as the C-symmetric mLRSM, can explain
the discrepancy.

BThe options with sq = —s; lead to )<2|min ~ 5.
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7 Conclusion

Left-right symmetric models are promising candidates for beyond-the-SM theories that
provide an origin for P violation, neutrino masses, and potentially the strong CP problem.
They also lead to a very rich phenomenology. In this work, we perform a comprehensive
study of the low-energy signatures of the P-symmetric mLRSM. We consider the case where
the model itself accounts for the smallness of 6 by requiring small spontaneous CPV phases
(the no-PQ case) as well as the scenario with a Peccei-Quinn mechanism (the PQ case).
The most stringent constraints on the model arise from low-energy ([-decay observables,
flavor observables, and EDMs. These, with the exception of EDMs, also play a large role in
determining the CKM parameters so that we are forced to perform a combined fit of CKM
and mLRSM parameters. We do so by including a large number of different processes for
which both accurate predictions as well as measurements exist. An important role is played
by low-energy probes of CP violation. We have used updated SM predictions for ex and &',
using both chiral perturbation theory and lattice QCD calculations to determine mLRSM
contributions. We have performed a comprehensive analysis of EDMs in the mLRSM
including not just the neutron EDM, but also more complicated (and more sensitive)
nuclear and atomic systems.

We note that the mLRSM does not follow the flavor structure of minimal flavor violation
(MFV) [173]. MFV requires invariance of the Lagrangian under SU(3)q, x SU(3),, x SU(3)q4,
after treating the up- and down-type Yukawa couplings as spurions transforming as Y, 4 —
Ug,Yu,aUyq- Instead, the mLRSM becomes invariant under a smaller symmetry group,
SU(3)q, x SU(3)qgy, if one treats the Yukawa couplings as spurions that transform as
I' = Ug LFUCER and T — Ug LfUCBR. This group is less restrictive and allows for additional
interactions to arise unsuppressed by small Yukawa couplings. For example, Cp,q is
induced proportional to the right-handed CKM matrix, ~ Vg, while MFV would dictate
Chua ~ Y,1Yy. Thus, assuming MFV would lead one to expect this operator to be negligibly
small, while it is actually sizable in the mLRSM and leads to important effects in a number
of observable such as EDMs and ¢’. This implies that although the mLRSM is well suited
to an EFT approach, thanks to the large hierarchy in scales My, > my, it does not follow
the flavor assumptions that are often employed in global SMEFT analyses. Due to the large
number of operators appearing in the SMEFT, such works often take MFV as a working
assumption and/or focus on high-energy collider observables [174-176]. The mLRSM is a
clear example of a scenario where such an approach does not apply as it does not follow
MFV, making low-energy measurements very competitive compared to direct searches for
signatures of left-right models, even in a global setting.

Our main findings are summarized in figures 1 and 2 where we show constraints in the
Myy,-Mp plane in the no-PQ and PQ case respectively. In the no-PQ case, one obtains
a calculable # that contributes significantly to d,, and dpg forcing o < 1, leading to a
lower bound My, 2 17TeV at 95% C.L. driven by ex. It will be hard to improve this
bound with low-energy measurements unless theoretical predictions of ex can significantly
be improved. In the PQ case, there is no large contribution to EDMs from 6, allowing for
a sizable a. This makes it possible for contributions to €k induced by ~ sin « to cancel
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terms proportional to the phase in the SM CKM matrix. These cancellations weaken the
2> 5.5TeV at 95% C.L., not much higher than direct limits

~

constraints and we obtain My,
from colliders [32-34]. This bound can be tightened significantly with next-generation
EDM measurements which would essentially limit the precision with which the different
contributions to ex can cancel each other.

We also investigated whether the P-symmetric mLRSM can help resolve the CKM
anomaly, finding that a relatively light My, ~ 4TeV can in principle improve the tension
found in the SM. Unfortunately, this region of parameter space is already excluded within
a global analysis.

This work focused on low-energy observables. It would be interesting to combine the
global analysis with high-energy searches. Depending on the masses of new fields this can
be done either in the SMEFT framework or has to be done in the full model. In addition,
we have not considered the leptonic sector of the mLRSM. The mLRSM leads to a rich
phenomenology of (semi-)leptonic observables such as the electron EDM [46, 177, 178],
charged-lepton flavor violation [179-181], and neutrinoless double beta decay [10, 13, 45]
that can be included in a future analysis.

In conclusion, we performed a systematic and global analysis of low-energy constraints
on the parity-symmetric minimal left-right symmetric model. We find no significant evidence
that this model is preferred over the Standard Model and set lower bounds on the masses
of right-handed gauge bosons and scalar bosons that are more stringent that direct limits.
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A Solution of Vg in the P-symmetric mLRSM

In the P-symmetric limit a solution for Vz can be derived from the expressions of the mass
matrices in Eq. (2.8) [60, 61],

M, = \J1/26(T + €e7°T),  My=/1/2x(¢eT +T). (A1)

Both mass matrices can generally be diagonalized using two unitary matrices, L, and R,
so that M, = Lqqu:;, where m, are real and diagonal, and the CKM matrices become
Vi, = LLLd and Vg = RLRd. If L, and R, diagonalize the mass matrices, then the same
will be true for LS, and R,S,, where S, 4 are diagonal matrices of signs, meaning there

will be 2° distinct solutions for V.
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To determine the number of physical parameters we can note that P symmetry ensures
that the Yukawa matrices, I' and I, are hermitian, each having 9 parameters. This allows
us to use a transformation of the form, Q; r — V@ g, so that I' — VITV becomes real
and diagonal, leaving V;, p unchanged [41].14 This rotation can be written as V = V'S,
where V’ belongs to SU(3) and S is a diagonal matrix of phases. Since S is not determined
by the demand that VITV = V1TV is diagonal, we have the freedom to use the phases in
S to eliminate two of the off-diagonal phases in I'. Since the mass matrices determine the
CKM matrices and the quark masses, this implies that m, and Vi, g are a function of £, «,
the three parameters in VTV, and the seven remaining parameters in VIT'V. Conversely,
this means that Vz and the 10 parameters in VTV and VTV can be solved in terms of &,
«, the 6 quark masses, and the 4 SM CKM parameters in V7.

The above was used in refs. [60, 61] to obtain a solution for Vg in terms of £, a, V7, and
mq. These references also obtained analytical approximations in terms of an expansion in
x = tan 2 sin a. Here we follow a similar approach as refs. [60, 61] and use the hermiticity
of T and T to rewrite Eq. (A.1) as,

U,my Uy — my, = —ix [ﬁeiamu — VLde}H ,
UmaqUg — myg = iz {fe_mmd — nguVR} ,
Vi = U, ViLUy, Uy =LiR,. (A.2)

These equations are useful as they allow one to obtain U, order by order after expanding
both sides in terms of x,

Ve=Y_a"V{", U= a"UM, (A.3)

. o . . y . —_ 2 . .
in addition, we write {e'® = £ cos a + z%x. Collecting terms at each order in x one can

then obtain Uq(") from the first two lines in Eq. (A.2), which now only depend on the lower
order terms, V}(zm) and Uém), with m < n. The third equation in Eq. (A.2) then allows
one to solve the n-th order in Vi in terms of V}gm) and qu). Thus, starting with the z°
solution, V]go) = 5,VL Sy and Uq(o) = Sy, any higher order can be obtained iteratively. This
procedure reproduces the analytical approximations of refs. [60, 61]. In our analysis we use

expressions for Vi obtained in this way and take into account terms up to and including z*.

A.1 Region of validity

Eq. (A.1) does not allow for a solution for all values of { = tg and . A necessary condition
was derived in refs. [41, 60, 61], and can roughly be stated as |z| < 2mp/m;. This condition
can be obtained by considering the largest diagonal elements of the mass matrices, which
we will take to be the 33 entry,

’ (M“Mg)s?, ‘ 2 mf N ’ (M“Mi)m + (M“Mz)w ’ R mf = 2mymy

KA@-—A@)ALJ$SSQW%WH7 (A.4)

14This transformation affects the matrices needed to diagonalize the mass matrices as L, — VTLq and
R, — VTRq, while leaving the combinations Vi, = LLLd and Vg = RLRd invariant.
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where the first inequality in the first line follows from eigenvalue equation for M,M].
The second inequality can be derived by using that, for ¢ # j, the matrix (MUMJ;) N

ij
can be expressed in terms of MdM;r, MUM;, and MyM], and the fact that | (M“’d)z‘j | <
ok My d, S Mep. Using the above, one can derive the following inequality in the basis

where I' is diagonal

{(Md ~ MCD M“} 33
[ MM — 13 MM

tgsina(l +tgze ™)
14 22tg(1 — t%) cos o — t%

<o (A.5)

~Y
my

33‘

where z = I's3/ f‘33. Varying over the parameter z, gives a constraint that is very similar to
the one discussed in ref. [41] and numerically close to |z| < 2my/m: ~ 0.036. In practice,
we consider the range |z| < 0.03 within which our approximate solutions of Vg agrees with
higher order solution to within < 10%.

Finally, we can see that for values of { =tz — 1 the Yukawa matrices have to become
large in order to explain the hierarchy between the up-type and down-type masses. In
particular
m2 — m?

%Tr (MM — MM]) = % (¢ —s3) Tx (T2 - T2) ~ , (A.6)

02
which implies that T' and/or T have to become large in the t5 — 1 limit. To avoid such
large couplings we follow ref. [41] and restrict |tg| < 0.8 in our fits.

B Mass eigenstates of the Higgs fields

The spontaneous breaking of SU(2), r implies that the scalar fields, Ay, r and ¢, should
involve two neutral and two singly-charged would-be-Goldstone bosons. The remaining
components are physical and make up six neutral, two singly-charged, and two doubly
charged fields. The masses of these fields generally have lengthy expressions, we therefore
only give approximate expressions for the P-symmetric case (setting some parameters in
the Higgs potential to zero, 5; = v;, = 0) and keep linear terms in xk/vg and £ = «'/k. With
these approximations the would-be-Goldstone bosons, that are absorbed by the Wy, r and
Z1,r bosons, can be written as

K

s
V2uR
GY =V2Im (¢* + £e7%¢9) , G% =v2Im 6% . (B.1)

Gy =¢f — e 95, Gp =0} —

The masses of the remaining (physical) states are shown in table 4, where the conventions
for the parameters in the Higgs potential can be found in ref. [38].

We finally discuss the masses and mixings of the ¢ fields in more detail, as they play a
role in section 3. Writing the bidoublet in terms of two SU(2);, doublets, ¢ = (¢1, ¢2), the
breaking of SU(2) g, gives rise to the following mass terms,

2 a1

2 2 _,—i 2 ,iby 7

~ v — iy 2usze " — agvgpe o1
Lo — (3], ¢} ft2 , . B.2
(01, ¢3) (2@615“ ~ apvde i artasy? 2 o (B.2)
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Here «;, d;, and pu; are parameters of the Higgs potential, with the notation as in ref. [54].
The above terms are the O(v%) terms for the general potential in LR models, which include
the C' and P symmetric cases (the latter has 6, = 0). In principle the above mass matrix has
2 nonzero eigenvalues, meaning that both doublets would obtain O(vg) masses. However,
demanding that the Higgs potential resides in a minimum, 0Vy/0{vg, ), a} = 0, give

rises to,
V2 vy &2 i - 1 &asvs
pi - 7Ra1 ~ _7R1 — e 2uze M2 — aguhe’® = 21— 526 o (B3)
so that the mass terms become
o _((Z)T ¢T) % & g\ (o (B.4)
P11 -¢2) \ger 1 ¢2) '

which can be diagonalized as in Eq. (3.3)

()= () () ®5
b2 sge cg PH

where tg = sg/cg = & and the signs are chosen such that (@) = +vVk2 + '2/V/2 = +v/V/2.

2
The mass eigenstates then have the following eigenvalues, m?_ =0 and M7 = QSQU = }J_rgz,

PSM

which implies that the SM doublet only acquires an O(x?) mass after EWSB.
In the Higgs mass basis the Yukawa interactions of Eq. (2.3) then take the following
(SU(2) p-invariant) form,

ﬂ ) = 1 ~ io
—Ly = TQL [(PMu + WQOH (Md(l + 62) — 2e Mu>:| Ur
\/E S 1 —ia
+ TQL {@Md + @SDH (Mu(l + 52) — 2e Md)} Dgr +h.c. (B.6)
In the mass basis for the quarks the neutral currents become (up to O(£2) terms) [38]

Ly =1Up |:Yu(h0 —iGY) + (HY —iA)(VLYaVf - 25Y“em)] Un

+ Dy, [Yd(ho +iGY) + (HY +iA) (V] Y, Vi — 26Y4e )| Dr + hec. (B.7)

whereas the charged scalars give rise to the following interactions,
Lo =20 {(YUVR — 28e " VLYy)PrHY — (VRYy — 26e™ Y, VL) PLHy
+ (YUVLPL — VLYdPR)GZ D+he., (BS)

where Y, 4 are diagonal matrices of Yukawas, (Y;),. = mq, /v.
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Mass eigenstate Mass squared

Neutral scalars
hO = V2Re (41" +Ee7"¢9) | 3azvR€ + (2M — gai/p1)r’
HY = V2Re (¢}~ ) | dawch

A} = VaoIm (¢8 — e o) | asvh

V2Re 6% 2p10%

V2Re 6 3(p3 = 2p1)vR

V2Im 6 $(ps — 2p1)v%,
Singly-charged scalars

HY = ¢35 + ¢l + T 5% | sasvh

o 3(p3 = 2p1)0%, + jazk?

Doubly-charged scalars

s 2p2v%
6t 2(p3 — 2p1)v% + Sask?

Table 4. The physical Higgs mass eigenstates and their masses for the P-symmetric potential,
restricted to the 8; = vy, = 0 case. Only linear terms in x/vr and £ = /K have been kept [38, 182,
183]. The definitions of the parameters from the Higgs potential can be found in [38].

C Matching to the SMEFT in the Warsaw basis

In section 3 we matched the mLRSM onto the SMEFT in a basis that is convenient for the
discussion of low-energy observables. Here, we report the conversion between our basis and
the standard “Warsaw basis” of ref. [72]. We first note that ref. [72] as well as [81, 184, 185]
use a different sign convention for the gauge couplings, g1,2,3 in their notation, and the
Levi-Civita tensor. Explicitly,

/ J—

d=-91. g=-0. g=-03,  €P"|fqere = |1ry. (C.1)

With these identifications, our definition of the right-handed current operator Cp,q agrees
with that of ref. [72]. For the four-quark vector and scalar operators, we find

o] =—[conn+ ]\1[001 w]
:CI(Z): prst —2[C1RrR] srpt

o®] = [Cl qu icz,qu]pm ,
)] e = 2[Coul e

:Cézli):prst = [Cl qd ng,qd} ,

prst
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(8) _
), =2 Coni
(1) _ 1
{Cquqd} prst N [Cl quad ECQ,quqd prst ’
8
{Ctguzgd} pret =2 [CZ,quqd]prSt : (C2)

Note that a Fierz relation involving Dirac matrices was used to obtain the first two
identities, so that they strictly speaking only hold at tree-level. For d # 4 the left- and
right-hand sides will differ by evanescent operators, which can impact the finite parts
of loop-level expressions. In practice we used the O; gr operators when computing the
matching contributions described in section 3, which may differ from the matching one
would obtain using the SMEFT basis.

The dipole operators in Eq. (3.8) agree with the definitions of ref. [72], modulo factors
of the gauge couplings,

/

Cuw = — ] CuB = — g1 CuG:_ﬁru

v b vl

/
Caw = —%Fd . Cup= _%PdBa Cac = —%FZ- (C.3)

C.1 Matching to the LEFT in the basis of ref. [1]

Similarly, below the electroweak scale, we matched onto bases that are traditionally used in
the discussion of various observables, such as meson-antimeson oscillations or B — Xsv. A
complete basis for the description of low-energy observables was established in ref. [1]. Here
we give the conversion between the operators introduced in section 3.3 and refs. [1, 186].
For the gauge couplings and epsilon tensor we now have,

gs = *g|[1] > 6|Here = 6|[1] ) EC!B'ul/|Here = 760‘5#1’“1} . (C4)

For the four-quark operators, we find

[Lq‘fdl LLLWSt =— :02 L+ ]\17601 LL] gt
[L}fj LLLWSt = =2[C1LL)gppt »

{Lffdl RRLrst = - :CQ RR + ]\17601 RR ot
{L‘u/ds RRLM = —2[C1 rRgpt -

|:L’l‘1/d1diR:| st [Cf LRt ]\176 Cs LR:| ot
Lvat") = 2105 Rlpes

g - {04 + J\1QC5]prst’

{ LS LR} = 2[Cs) st »

48 —



Decay constant Form Factor
f= | 130.2+£0.8MeV || fE™(0) 0.9677 £ 0.0027
frx/fr | 1.1917 £ 0.0037

o |209.0+24MeV || £P7(0) 0.666 4 0.029
fo, | 248.0£1.6MeV || fP5(0) 0.747 £0.019
f | 192.0+43MeV || Fp(1) 1.035 4 0.040

fB. | 2284+3.7MeV || Fp-(1) | 0.906 + 0.004 + 0.012

Table 5. Pseudoscalar meson decay constants and form factors as determined from lattice QCD
calculations. Here we use the FLAG lattice averages with ny =2 + 1 [49].

{ Ly RR} {CLquqd + CQ,quqd} VElos»
prs prot
8RR
{L }prst C2’qud}p7”8t [VL]US ’
1
Sl RR *
{ uddu }p {Cl,quqd + Nc CQ,quqd:| vipr [VL]vs )
{ngd]ZR} prst = -2 [Czﬂuqd]vtpr [Vlﬂvs ) (05)
while, for the dipole operators,
Q g
[LU’Y]pr = _GTUWUTC,I;Z, [LuG]pr = _EsmungZa
L g
[Ld»y]pr = — 2 deC%, [LdG]pr = _Esmdrcgg . (C6)

Finally, the Weinberg operator in LEFT is given in terms of the coefficient in Eq. (3.14) by

B

D Observables

In this Appendix we give the expressions for the observables that are included in our y?
function, but were not discussed in the main text.

D.1 Leptonic and semileptonic decays

u — d and u — s transitions. In addition to the lifetime of superallowed 5 emitters,
the m — pv,,, K — pv, and K — wly, branching ratios, which were discussed in section 5.1,
we use the triple correlation (J) - (f. X ), where J is the neutron or ¥ baryon polarization,
which is sensitive to time-reversal violation. The mLRSM contributions to this correlation
in neutron decay and ¥~ — ne” v can be written as [126],

4.gA I CHud ~ 0.87Im C’Hud

" 1+ 39124 o 2VLud 2VvLud ’
4 2 2
Dy = 29450y U Clid gy 1y, i (D.1)
1+ BgAEn 2VLus 2VLus
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where g4 = 1.27, and g4 5, = 0.340 £ 0.017 [119] are the axial coupling of the nucleon and
that of the ¥ to the neutron. The SM contribution, as well as contamination from fake
T-odd signals from final-state interactions, are negligible with current experimental accuracy
(see ref. [187] for a more detailed discussion). Current measurements give [127, 128]

D, =(-0964+189+1.01)-107*, Dy =0.11+0.10. (D.2)

c — d transitions. Here we use we the leptonic and semileptonic decays of the D mesons,
Dt — pty, and D — iy, to constrain the axial and vector couplings, respectively. The
experimental input is [119, 133]

2
Dorly:  fP7(0) Ve + %C}fud = 0.1426 = 0.0019 ,
+ oty ot 0 ed
DT = pty,, T fo|Vied — ?CHud =45.91 £ 1.05 MeV . (D.3)

¢ — s transitions. Analogously to the ¢ — d case, the leptonic Dy decay and semileptonic
decay of the D to kaons can be used to constrain ¢ — s transitions. We use [119, 133]

v2 CS
Vies + ECHud

D— Kly . fP%(0) = 0.7226 4 0.0034,

2

DY =y, v, Fo | Vies — %C’fjud = 250.9 + 4.0 MeV. . (D.4)

b — c transitions. The vector component of the charged Wb current is constrained by
the semileptonic decay B — DIlv;. For the axial component, the purely leptonic decay of
the B, meson has not yet been observed, while the decay B — D*lv; depends on both the
vector and axial current. In the zero-recoil limit, when w = v - v’ = 1, where v and v’ are
the B and D mesons four-velocities, only the axial contribution survives [188]. Using the
HFLAV averages [133], we can write

2
B — Dly, : new Fp(1)| Vi + %Cﬁ’ud = (42.00  0.45 + 0.89) - 1073 ,
2
B — D*ly; W Fo (V)| Ve b — %c;}’ud = (35.274+0.1140.36) - 1072, (D.5)

where ngw = 1.012 & 0.005 and 7/, = 1.0066 £ 0.0050 [119, 189-191] are electroweak
corrections and Fp(1) and Fp+(1) denote the form factors, evaluated at w = 1, which are
given in table 5.

Apart from these exclusive decays, Vi, and Cﬁ’ud can also be constrained through
the inclusive decays B — X.li. Neglecting power corrections of order O(Aqcp/my), the
inclusive semileptonic width into charmed final states is given by

1+

20cb
4" Re <”Hud> (1490~ 997 = p* +6p(1 + p) log p)] . (D.6)
mp Lcb

G2V .12 2 e 2
F(B%XCZV)ZFTS;W?I’ Y " Hud

2V, e

) (1 —8p+8p3 —p* — 12p210gp>
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where p = m?2/mZ. We then set constraints by using the PDG average [119],
B — X.lv: Ve = (42.240.8) - 1073, (D.7)

where |VSE12 = |V, o> T(B — X v)/T™M(B — X.lv).

The limits obtained from these inclusive decays and B — D*ly; should be interpreted
as an order-of-magnitude constraint only. The reason is that Eq. (D.6) does not include
power corrections [192-195], while both Egs. (D.5) and (D.6) rely on SM fits to the leptonic
and hadronic moments of the decay distributions that do not include modifications due to
C¢ .. For a recent discussion in the case of B — D*ly, see ref. [196]. A complete analysis
that properly takes these issues into account is beyond the scope of the current work and
we will use Eq. (D.5) and (D.6) to estimate the limits from the exclusive and inclusive
measurements, while referring to refs. [197, 198] for a more detailed discussion.

b — u transitions. In the case of b — u transitions, the leptonic channel BT — 77 v,
constrains the axial current, while the vector current is probed by B — wly;. In what
follows we will use the HFLAV average of the BaBar and Belle results, Br(BT — 7v) =
(1.06 4 0.19) - 10~* [133], and we employ the FLAG extraction for the semileptonic case [49)],

B — iy VL + — CHud (3.74+£0.14) - 1073,
Bt w7t fB|Viw — CHud (0.77 £ 0.12) MeV, (D.8)

where the decay constant, fp, is given in table 5.
In addition, inclusive decays lead to the following constraint [119],

B — X,lv: \/\VLub! + !—C}gd\? = (4.25+0.127013 +£0.23) - 1073 (D.9)

These inclusive decays suffer from similar problems as those in the b — ¢ transitions; ideally,
power corrections should be included [199, 200] and the leptonic spectrum should be refitted
to take into account C’“ truaq contributions. However, such an analysis is beyond the scope of
the current work, and we estimate constraints from inclusive decays by using Eq. (D.9).

Finally, the measurements of A, baryon decays, in particular the ratio Br(A) —
P D) 2s15Gev/Br(A) — AfpuT)257Gev, are sensitive to both the b — w and b — ¢
charged currents. Here we use the form factors from the lattice QCD calculation of ref. [201]
and obtain the following partially integrated decay widths,

D(A) = pp” D) esisaey = 4178~ Vo wp + Hud|2 +817ps ™ |[Viwp — Hud|2

+ O'étazt == Us(ygt )

(A = AT ) gesrgey = LALDS ™ Vg + Hud\Q +6.99ps™ Vi ey — 7CHud‘2

(AD)

Ad
=+ Ogiat :l:a( )

syst

(D.10)
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where the lattice uncertainties are given by

2
1 9 4

’U2 v
(o) ps)2=0.10 Vit Chhua| +0.33 [Viw— 5 Cifg| +0.16

9

2
VLzub - ( C’Hud)

2
Vl?ub - ( CHud)

2
4 9 4

2
(o), ps)2=0.10 VLub+%C}§Zd +0.44 VLub—%C’}}Zd +0.050

)

2 4 2 4
A v v
(019 pe)2 = 0.0023 Vit Cifua) +0.017 Voo = Ciug
2 2
+0.0052 Vfcb—< CHud> ,
4 9 4
(A) v* e
(01e) ps)? = 0.0053 | Vi oy + = CHud +0.11 Ve~ g

2

+0.0027 (D.11)

2
Vi — ( CHud>

We then set constraints by combining this theory prediction with the experimental determi-
nation [119, 202],

Br(Ag — pluiﬂ)q2>15 GeV
Br(A) — Ad 1) 2u7Gev

=(0.9240.04 £0.07) - 1072 (D.12)

D.2 AB =1 and AS = 1 processes

Here we consider two types of processes, namely decays induced at tree level through charged
currents, and loop-induced flavor-changing neutral currents. The decay B — J/¢Kg is in
the former category and is important in the determination of the SM CKM elements. In
particular, it allows for a precise determination of the phase § ~ Arg (—V74), while it is
not expected to be very sensitive to mLRSM contributions.

Instead, AB =1 and AS =1 FCNC processes such as B — X, 4v and K, — 7 Oete~
lead to stringent constraints on the elements of Cpp,q involving the top quark, as they
benefit from an enhancement factor of m;/m; compared to the SM contributions.

The theoretical expressions for AB = 1 FCNC observables are usually written in terms
of the Cé% coefficients, see e.g. refs. [203, 204], which are related to the couplings of the
dipole operators in Eq. (3.15) as follows

Am? Qd 200 472Qq m b *
C Cq Cl q 20 q
7(mw) = VLthLtq ~d > 7(mw) = TV aVie m (")
472 42 m *
Cs(mw) = v, Ch(mw) = —L (*C)". (D.13)

VL thth g VL, thE tq M

Below we closely follow the analysis of ref. [48] and focus on the B — X, 4y branching
ratios, the CP asymmetries in inclusive B — X sy decays, and in the exclusive channel
B — K*%y. We summarize the relevant experimental results [119, 133] in table 1.
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D.2.1 B — J/¢Kg

In the SM, the time-dependent CP asymmetry in B — J/1Kg is sensitive to the angle
B = Arg(— %) The CP asymmetry is defined as
LtdVy p

I'(B— J/YKg) —T'(B — J/¢Kg)
I'(B — J/YKg) +T(B = J/¢YKg)

= Sy/pis sin(Amgt) + Cj/yig cos(Amgt) . (D.14)

Here

2ImA y /i q Ayyi
TR Ty Agjwrsl? T/wKs (p)Bd Ajpr’ (D-15)

where (q/p)p, is related to the mixing parameters in B — BY oscillations, and the ratio of
amplitudes is given by

Agpic _ (p\ (J/Ko| Hu|BY .
Ajpr (Q>K<J/z/}K0%w|Bg>' (D.16)

In both the K — K and B — B systems, the ratio |¢/p| can be shown to be very close to 1
without the need for additional theoretical assumptions, so that we have [205]

<z)Bd = exp(iarg(Miy)B,), (Z)K = exp(iarg(Miy) k), (D.17)

up to very small corrections. In the SM, these phases can be expressed in terms of ratios
of CKM elements, while the corrections to (Mji2) B,k Within the mLRSM are discussed in
sections 5.3.1 and 5.3.2.

7 R0
In addition, there are corrections to the ratio of the rj/ g = (/v Kol o | By)

= (JJ6Ko[Hu Bl Within
the SM, these transitions are mediated by the tree-level charged-current operators, C; 1.

In this case, the non-perturbative matrix elements drop out in the ratio leaving only CKM
elements. Within the mLRSM there are additional contributions from the C; grg and C; g
operators. Expanding the ratio to first order in 1 /MVQVR we have,

ViaVies [1_% (C%%;+szb§+m<03%§+csibﬁ>+Cf%ﬁ+m0§%)]

T =—
TRV g Vees Clig +rooChgs
po= RIS G VIBY RIS G G B i g
(JJYKo|spyter cpytbr|BY) (J/YKo|Spyter erybr|BY)

where the matrix elements and the Wilson coefficients are to be evaluated at the same
scale. As the ratios of matrix elements, rrr g, are currently unknown, the non-standard
contributions to r /., are hard to estimate. However, these terms do not come with any
enhancement factors. In addition, within the P-symmetric scenario, the phases of C; Lr rR
are expected to be closely aligned to those of C; 1 due to the relation between V; and
Vg, Eq. (2.10), and the fact that « is stringently constrained by CP-violating AF = 0
observables. We therefore expect these contributions to be below the experimental sensitivity
for My, 2 1TeV and neglect them in our analysis. We thus use r;/x = —%
in combination with Egs. (D.15) and (D.16), which we compare with the experimental
value [133]

Syjpics = 0.695 £ 0.019. (D.19)
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D.2.2 The B — Xg4 v branching ratio

For the B — X, sy branching ratios, we employ the expressions derived in ref. [206] rescaled
by the SM predictions of refs. [207-209],
2

N ‘VL*thLtb‘
rqﬁ 2 vZ eb |2

Ve + 15 Chudl
+ass(|Rs|? +|RE[*) + af Re Rg +al Tm Rg +acc|ey|* +al Ree,
+a'Tme, +ag; Re (RgR% + Ry RS + al; Tm (Rg R% + RLRY)

BR(B — Xyv) = {a+a77(\R7|2 +|R4|?) +a% Re Ry +a% Tm Ry

+a;6Re(R7e;)+ai7€Im(R7€f;)+a§ERe(Rge;)+a’é€Im(R86;) , (D.20)

where Ry g = g;g((?;i))’ R g = 275’“27((2))’ CM(my) = —0.189, and CSM(my) = —0.095 and

we neglect the SM contributions to Cé,s which are suppressed by mg/my. In addition,
N = 2.567(1 £ 0.064) - 1073, while r, are factors that rescale the above expression to

the SM predictions of refs. [207-209] for which we use r, = 235 and ry = }3. Finally,
€g = % and the coefficients a;; can be found in ref. [206]. We applied the expressions
valid for a cut on the photon energy of E, > 1.6 GeV, which, for B — X;v, requires
extrapolating the branching ratio quoted in ref. [133], as discussed in ref. [208].

To set constraints we compare the branching ratios in Eq. (D.20) with the current
experimental world averages [119, 133], shown in table 1. To take into account theoretical
uncertainties, we follow refs. [203, 204] and use the following theory errors o4 = ¥22BR(B —

Xqv) and 05 = 3ZBBR(B — X,7), which are added in quadrature to the experimental ones.

D.2.3 The B — X4,y CP asymmetry

The B — X4y CP asymmetry provides a probe of the phase of the tb element of Cg,q. We
employ the expression derived in ref. [210]

Acp(B = s7) _ 1T0(B = X¢7) = I(B = X57)
(

™ " 7I(B = Xyy) + (B — Xs7)
40 40 Ac Qg A§7] CQ 40és A78 Cg
~||—=—-—=—]—=4+ ——|Im— — 4 — | Im —
[(81 9 mb> ™ + my mC7 <97T + 7roz53mb) mC7
o — A§ 40 A; C:
17 17 c tks 2
-+ ———"1I — D.21
( mp +9mb W)m<6807)7 ( )

where the Wilson coefficients should be evaluated at the factorization scale p; =~
2GeV and Cs denotes the coefficient of the SM charged-current operator (DTCLCE, Cy =
C35 ) (272G VL Vi ). We use the following values for the SM parts of these coeffi-
cients [210],

CM(2GeV) =1.204,  C3M(2GeV) = —0.381,  C5M(2GeV) = —0.175. (D.22)

Furthermore, A, ~ 0.38 GeV, while the three hadronic parameters, A}s and Ars, are
estimated to lie in the following ranges [210],

17 € [-0.33, 0.525] GeV, {7 € [-0.009, 0.011] GeV, A7g €[0.017, 0.19] GeV .
(D.23)
We compare the above expressions with the experimental result in table 1.
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D.2.4 The B — K*%y CP asymmetry

In addition we consider the time-dependent CP asymmetry in B — K*%v decays

I'(B — K*%) - T(B — K*%)
['(B — K*5) + I'(B — K*0y)

= Sy cos(Amgt) + Cgy sin(Amgt) (D.24)

where we focus on Sk+~, which can be expressed as

Im)\K*W qA(B — I_(*O’)/)

m, )\K*»y = - Y - (D25)

Sk p A(B — K*0v)”’

where the ratio % = \/%7% arises from the phase of the B; — B,y mixing amplitude Mo
discussed in section 5.3.1. This asymmetry is generated by the electromagnetic dipole
operators, C7 and C%, at leading order and vanishes as C% — 0. The latter coefficient is
suppressed by ms/my in the SM, while it is enhanced in the presence of Cpy,q, making it
a probe of right-handed currents. Using the fact that the largest BSM modifications will
arise from the enhanced C’ contributions we can approximate the ratio ¢/p by its SM value,
q/p =~ (VaoVig)/ (ViwVita). The leading-order expression is then given by [204, 211],

VLtb LthLtb Lts !
2Im<VL*thL ta VL Vits 0707

S : D.26
o G+ [CiF (D20

while the SM prediction is rather small [212, 213]
S = (-2.3+£1.6) 1072, (D.27)

The experimental value for Sg+ is given in table 1.

D.2.5 Corrections to the B meson widths

The absorptive part of the box diagrams that induce B — B oscillations give rise to the B,
meson widths. The corrections due to Wi, — Wx mixing were computed in ref. [48], and are
given by

2 02

r&%@:—f—f&f (NP VI8 = (1= 2)%) = AN (1= 2)%)

2 p 3\ &
<[3B1—B R} Sob + B (R—i— ) )7711LL7711LR

Vi @ 3 Vo

2 1 fcb ( ) gcq
~Bi+ B3R Bi(R
(3 63}Vch+ ") v,

X (M1LLM21LR + M1 LLMILR + 3M21LLT21LR)

(D.28)

where z = m2/mb, )\(q) = VLszqu, and §; = E@ij. The bag factors, B;, are
R

again given in table 2, where the B; factors are related to the RG-invariant definition in
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table 2 by an RG factor, By(my) = EBd,s/l'E)l? for the Bg s systems [49]. The n factors
describe the RGE evolution of the four-fermion operators between my and my, through

Cirrwr) (M) = NijLLr)Cj Lowr) (mw). Explicitly we have

1

miLL = 5(776/23 + 77_12/23) ) M1LR = 773/23 )
1 _ 1, _
M21LL = 5("76/23 -1 12/23) ) 721 LR = 3(77 24/28 _ 773/23) ) (D-29)

where n = as(mw)/as(my).
Additional contributions arise from diagrams involving C; rr, due to Wg exchange

1 z 1 CCl CCI
@ (C; pr) = ~1 5= VI— dzmp, ff,mj {34 (R(u) + 6) caceh o

1 3
+gBs (Ro+ 5 ) (CImROITE + it + NClohessn) b (D30

The real part of these contributions to I'12 can be constrained by the width difference
between the mass eigenstates, whereas a‘f]s is sensitive to the imaginary part [214],

2 F(Q)
= —Im< 1(2(1)> : (D.31)
M12

e

AT(@ = 4 ,
Amq fs P

These expressions only depend on the ratio of Fg%) /Ml(g) and Am, = 2|M1(g)|, which we
expand in terms of the BSM contributions as follows,

Y e (1_ f;’)(LR>> LYy (LR) (D52

MG M (sM) M@M)) M@ (sm)

where F%) (LR) = ngQ) &) +F§%)(C¢ RrR), while Ml(g)(LR) is given by Eq. (5.16). We combine
the mLRSM contribution with the SM prediction, which is given by [215],

2
F%)) _ 10t [ a(q)NZ; @ <AZ§> } , (D.33)
M3 gy At At
with
a® =11.7+1.3, a®) =123+14,
b @ = (.24 + 0.06, b = 0.79 £0.12,
D =_495+85, ) =-480+823. (D.34)

The experimental determinations are shown in table 1.

D.2.6 K — mwlete™

This decay is sensitive to the dipole operators C;ifl and C;jg. Due to the enhancement
factors of m;/ms 4 and m./ms 4 that appear in the matching of these Wilson coefficients,
the LR model can give rise to large contributions to the branching fraction. Within
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the SM, this decay is mediated by the semi-leptonic penguin operators Cry sy d ey e
and Cyasv*dey,yse [129], that give rise to direct CP violation. In addition, there are
long-distance and indirect CPV contributions that are harder to estimate.

The above contributions involve the following vector and tensor form factors,

(m°)53y1d| K1) = \ffK TP + P,
V2

0 ZF e Km/ 2
(5 K ) = ()

(Phplc — PcPR) (D.35)
where fE7 (see table 5) is related to the vector form factor in K+ — %% v, while f5™ has
been computed in ref. [216], fE™ = 0.417 4+ 0.015, at a renormalization scale u = 2 GeV.
This allows us to express the branching fraction as

Br(K; — mleTe™) ImM\: §7y + 2 77 (0)
r me e = K m
L e tyrv My + my fn(o)

2
167°Tm (v 2C’T)> +ImAZ 524 |,

(D.36)
where A\; = V[, . Vi+q and k. is introduced to cancel the SM dependence on the vector form
factor f&™ by normalizing to the K™ — n’eTv decay rate. k. is defined as

Re =

1 T(KL) (aem
[Vius + 5 Clfual® T(K) \ 27

2

0.225

~ ( - ) 6-1075, (D.37)
Vius + 5 CHudl

2
) Br(KT — nletv),

where we used the experimental values of ref. [119]. The BSM contributions in Eq. (D.36)
arise from Cr

_Q S
Or(u) = =1 (msCla () +maC3i(n)) (D.38)
while the Wilson coefficients of the SM penguin operators are given by [129]
- 1 Yo(x - Yo(x
v () = Polp) =4 (Cote) + 1 Doten)) + 152, gy = 10 g
S’UJ S’UJ
with
Tt 4 — Tt
Y, == 1
o(zy) 3 <1_55t+(1—$t ogxt>
Ty (X — 6 3z + 2 >
C = —
olwe) = 3 <xt 1T A —m)
4 —19x3 + 2522 22(52? — 224 — 6)
Dy(x¢) = —=1 L Ly Zon 1 D.40
0($t) 9 0g Tt + 36($t — 1)3 + 18(1 —l't)4 0g Ty , ( )
where z; = m¢(mw)?/m?, and, neglecting resummation, Py = —4/9log z.. The value of

Py(p) at different scales can be found in ref. [129].
In principle, there are additional BSM contributions to Eq. (D.36) as the mLRSM
can also induce the semi-leptonic penguin operators. However, these contributions are not
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enhanced by factors of m;/ms 4. In addition, the contributions from heavy Higgs exchange
are suppressed by small Yukawa couplings while those from loops involving Wx bosons
have the same form as the SM contributions with my — Mw,, and z; — m; /MW so that
they are suppressed compared to the SM. It should be noted that Eq. (D.36) only contains
the direct CPV contributions from the SM and we neglected CP-even terms and indirect
contributions due to K-K mixing [129]. We nevertheless use this expression to estimate the
branching ratio as the experimental limit is currently sensitive to branching ratios roughly
two orders of magnitude larger than the SM prediction [119],

BR(Ky — n’ete™) <2.8-1071° (90%C.L.). (D.41)

E Renormalization group equations

In this appendix we give several semi-analytical results for the RGE effects of the four-
fermion operators discussed in section 3. As mentioned in section 3.6 the Wilson coefficients
of these operators in general depend on the scale at which we integrate out the heavy
LR fields. In our analysis we take this to be a single scale py = Myy,. The resulting po
dependence of the right-handed charged currents is then approximately given by

VRO (o) = (040027 % 0.797~47| (V)3 (Vi)

where n = z;((r’; Ot)) and we set o = 2GeV. Similar expressions can be derived for the

C quqa coefficients

Nony vai| Y Y,
CI now) =0 30 [0.0045—0.09377_6/7—1—0.8617_2\/241/21—1—2.177_18+2 24} ZdH - uH

1,quqd M2
il
et { 0.0045—0.093~5/7 —0.86~2V?41/21 9 1 —lg“m] Yd]f\g ,
Vo) voit | Y Yo
CIM (ow) =03 [0 017+0.17575/7—0.056n2V241/21 _o 57~ 3 24}%;15’
k
num[ 0.017+0.17n~5/740.056n~ 2241/ 0 57 lsmﬂ Yéj@g“]{,

where Y,z are to be evaluated at p = 9. Finally, the Wilson coefficients for the AF = 2
operators can be written as

2
ijkl g 4) Moy Moy, 1 4 *
C'j (Hiow) = M§ E :agb)iszLaiVLbj (VR)p (VR) g 5 (E.1)
Wr ab my

ij - vil 97 5 muamu
CSJM(MIOW) = —1.267 8/7M (YdH)jk i R Z &) e VLanLbJ (VR)bk (VR)al )
H WR a, b t

with Y,y again evaluated at u = po, while the coefficients a®?) are now functions of 1o
and are given by,

a® = —0.024 [a§4) + a§4)77_6/7 + a§4) In 17] 772/7,

al®) = =0.024 (a7 + a7 + af 'y + oV ing| n7P7, (E.2)
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where the coefficients for a® are

1 1 053 1.75 1.75 0.53 111
a =11 097055, aV=—|175186055], o’ =-042[111],
0.53 0.55 0.50 0.53 0.55 0.50 111

while those for a® are

1 1 —158 111
a” =1 1 120 -153|, a¥=303|111],
~1.58 —1.53 —1.64 111
0.90 0.90 —1.25 111
o =090 097 -1.19|, ¥ =014f111]. (E.3)
~1.25 —1.19 —1.34 111

The terms ~ logn arise from the fact that the anomalous dimension matrix in Eq. (3.9)
has degenerate eigenvalues at ny = 6, leading to contributions of the form ~ @ with

€ xny — 6.
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