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1 Introduction

Despite the great success of the Standard Model (SM) of Particle Physics, there are still open
questions that need to be addressed, introducing the need to go Beyond the SM (BSM). This
has motivated a plethora of new theoretical models, usually predicting the existence of new
particles that have been searched for at numerous experiments. Unfortunately, no experiment
has been able to discover any of these new particles, leaving us with two possibilities: either the
new particles are very heavy, or they interact very feebly with the SM. The former invites us to
consider an effective field theory (EFT) framework, such as the SMEFT [1, 2], which is gaining
popularity due to the lack of positive signals at the LHC and as it allows for model-agnostic
analyses. The latter usually considers specific models with new light but weakly-interacting
particles, such as models to explain the origin of dark matter or the generation of neutrino
masses. Here we consider both hypotheses at the same time, adding to the usual EFT
framework new light degrees of freedom associated to neutrino mass generation mechanisms.
Among the many UV-complete models for generating neutrino masses [3], many of them in-
troduce new massive almost-sterile neutrinos, usually known as sterile neutrinos, right-handed
neutrinos or heavy neutral leptons (HNLs). The simplest of these models is the type-I seesaw
model [4-7], although its canonical formulation becomes almost impossible to probe since it
requires either too heavy neutrino masses or tiny Yukawa couplings. Fortunately, symmetry
protected scenarios such as the inverse [8, 9] or linear [10, 11] seesaw models allow for a low-
energy realization of the model, where lighter neutrinos can still have large Yukawa couplings.
This enriches the phenomenology of the models and, therefore, enhances their testability.



Nevertheless, these low-scale seesaw models also open new theoretical questions. On the
one hand, we might wonder where this new symmetry protecting neutrino masses is coming
from, including also the different patterns in the neutrino mass matrix distinguishing between
the different low-scale realizations. On the other hand, having a model with new electroweak-
scale masses and large Yukawa couplings worsens the Higgs stability problem [12]. These points
call for an UV-completion of low scale seesaw models with not very heavy new dynamics, as has
been studied for instance in refs. [13-34]. In this work, we also assume that such completion
exists, but we will instead parametrize it in an EFT framework, the so-called vSMEFT.

The vSMEFT considers the SMEFT extended with new massive neutrinos as light degrees
of freedom. Complete non-redundant basis of operators up to dim-9 have been introduced in
refs. [35-39], and the gauge contributions to the Renormalization Group Evolution equations
(RGEs) of dim-6 operators have been calculated in [40], see also [41, 42]. Moreover, the
matching onto the low-energy version of the effective theory, commonly referred to as vLEFT,
and which includes QED and QCD invariant operators with sterile neutrinos, is known
at the tree level [43].

The phenomenology of the ¥YSMEFT operators received increasing attention over the
last years [44-76]. However, these previous ¥YSMEFT studies usually neglect the effect of the
neutrino Yukawa couplings, as the standard assumption is to consider a single (Majorana)
neutrino with a small mixing to the active ones, and study only the effects of the new EFT
operators. Among the few exceptions, ref. [77] did consider the neutrino Yukawa couplings
and computed their contributions to the RGEs of 4-fermion operators. Our goal here is to
fill this gap, considering the effects of having sizable neutrino Yukawa couplings, as in the
case of the low scale seesaw models. In particular, we study the complete set of contributions
from Yukawa couplings to the YSMEFT RGEs, extending previous partial results [40, 42, 77],
and arriving at the complete set of one-loop RGEs of this framework.

Moreover, as a particular phenomenological application of our computation, we focus
on charged lepton flavor violating (LFV) transitions. Being forbidden in the SM, these
processes provide one of our best opportunities to discover new physics (see [78, 79] for recent
reviews), and as such they have been extensively studied in the EFT context [80-101]. Our
new computation of Yukawa neutrino contribution to the RGEs allows for similar analysis
also in the YSMEFT and, as we will show, provides new bounds to its operators.

This paper is organized as follows. In section 2 we define the notation and introduce our
conventions for the operator basis. In section 3, we briefly review the RGE derivation and
describe the setup for our calculation. The complete results for the anomalous dimensions
are presented in appendix A. In section 4 we illustrate an example of the phenomenological
interest of our results, determining the sensitivity of u — e transitions to ¥SMEFT operators
by calculating their RGE mixing with charged lepton-flavour-changing operators. Finally,
we draw our conclusions in section 5.
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Table 1. Dimension six operators containing at least one sterile neutrino in the ¥SMEFT. We divide

them into the same classes of SMEFT operators introduced in [2]. The scalar operator Opgqn can be
replaced by the Fierz equivalent four-tensor Oé?’va; g = —40;, — 8O

2 The vSMEFT

We augment the Standard Model with n right-handed fermion gauge singlets, denoted as NV,
as well as all possible dimension 6 operators. The resulting Lagrangian is given by

L=Lsuin, + L9, (2.1)
where
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Here, we have defined the SM fields following the notation of [102-104]. We write the
covariant derivatives as

./ . TI I . )\A A
D, =0,+1igYB, + zg?WH + 1957(; , (2.3)

where ) represents the hypercharge, I and A are the adjoint indices of SU(2) and SU(3), and
71 and M are Pauli and Gell-Mann matrices, respectively. The electric charge is given by
Q=Y +73/2. His defined as Hy = e;;H%, where € is the anti-symmetric SU(2) tensor with
€12 = —€91 = 1. The matrices Y, Yy, and Y, are 3 x 3 flavor matrices, while the neutrino
Yukawa matrix Y, has dimensions 3 x n.

The dimension six Lagrangian is given by

£ =4 Zcf 05, (2.4)
A€



where C’g stands for the Wilson Coefficients (WCs), A runs over the physical operator
basis, and & sums over all possible flavor permutations for a given operator. We employ the
dimension-six SMEFT basis from [1, 2] and organize them into the same operator classes.
The new dimension-six operators of the ¥YSMEFT are similarly categorized and summarized
in table 1. To avoid double counting, we add the Hermitian conjugates only for non-self-
conjugate operators, i.e. those that do not differ from their Hermitian conjugates just for

flavour index permutations.

3 Computation of v*SMEFT RGEs

Our main goal is to compute the RGEs that describe the evolution within the ¥YSMEFT from
the new physics scale A down to the sterile neutrino mass scale M or the EW scale, the highest
of both scales. We focus on the mixing of the YSMEFT operators listed in table 1 with both
the SMEFT operators and themselves, and restrict our calculation to the anomalous dimension
sub-matrix that contains at least one Yukawa insertion. Once added to the other Yukawa
terms! in the SMEFT [102-104], our results provide the complete Yukawa contributions to
the YSMEFT RGEs, complementing the already available gauge coupling contributions [40].
Schematically, the RGEs take the following form

dcC;

1672
m dlog i

=7;:Cy, (3.1)

where C; are the operator coefficients and +;; is the anomalous dimension matrix, related
to the divergent part of loop diagrams that mix the operators.

To calculate the RGEs, we determine the divergent part of diagrams involving one
vSMEFT operator dressed with Higgs field insertions. We work in D = 4 — 2¢ dimensions and
renormalize using the modified minimal subtraction scheme (MS). We implement a model file
in FeynArts [105] to include the YSMEFT dimension-six operators and generate the required
diagrams. The 1/e poles are calculated both by hand and using FeynCalc [106-108].

We use the Equation of Motions (EOM) to project redundant counterterms into the
physical operator basis specified in section 2. Whenever a loop diagram is renormalized by
a redundant operator O,q, which differs from a basis operator by an operator Ogom that
vanishes when the classical EOM are satisfied, Oreq = Opny + Ogowm, the counterterm

A
1677 et 32)
is equivalent to
A
16%260phy ’ (3:3)

because EOM vanishing operators like Ogon lead to zero S-matrix elements, and cannot
mix with the physical basis in the RGEs [109].

!Our computation also includes mixed gauge-Yukawa and A-Yukawa contributions, not only the pure
Yukawa ones. We also calculate the self-running of Cynm given by the Higgs self-coupling A, although the
corresponding anomalous dimension does not contain Yukawa couplings, and find agreement with [42].



The structure of the anomalous dimension sub-matrix we calculate is similar to the
SMEFT Yukawa mixing involving up-type quarks. Whenever possible, we cross-checked our
results against those in the SMEFT [102-104] after performing the appropriate substitutions
and found agreement. Notice however that this does not apply to the novel operator type
introduced by adding sterile neutrinos, the two-lepton two-quark vector operator Oyeqy
(see table 1), which does not have an analogue in SMEFT. We also cross-checked with
the partial results for the four-fermion operators [77] and found agreement, up to some
minor discrepancies, except for the anomalous dimension of Cyp.2 Our RGE results are
given in appendix A.

4 Phenomenological implications: lepton flavor violation

As a phenomenological application of the RGEs derived in the previous section, we study
now their implications for lepton flavor violation observables. These exotic processes provide
extremely sensitive probe for SMEFT operators and, as we will see, introducing sterile
neutrinos with large Yukawa couplings can extend this sensitivity also to the new vSMEFT
operators.

Large Yukawa couplings with the sterile neutrinos lead to sizable LFV rates already at
the renormalizable level, stemming from their exchange in loop diagrams with charged lepton
external legs (for a review, see e.g. [110]). The dimension four LFV predictions, i.e. not
suppressed by A, are typically parametrised by the off-diagonal elements of the n matrix [111]

1
n= 5# Y,M~2Y]. (4.1)

The same matrix is in general responsible for non-unitary contributions to the lepton mixing
matrix [112], which can be probed by various lepton flavour conserving and violating observ-
ables [113]. Although these effects significantly constrain the size of the LF'V contributions
from dimension four operators, it is still possible to have large flavor off-diagonal contributions
from the new vSMEFT operators, which can then generate sizeable charged LFV transitions
due to the operator mixing induced by the neutrino Yukawa insertions.

The key point here is that, in general, LFV transitions induced by ¥SMEFT operators
are parametrised by a different combination of couplings, which can be large despite having
suppressed d = 4 contributions. In other words, the Yukawa texture can be such that
v2(Y,M~2Y}) is diagonal,® while for example v?/A?(Y,Cn;Y,]) is flavour changing. In
addition, some contributions feature only one insertion of a sterile Yukawa, which are
generally less constrained.

In order to simplify our computations, we assume that the sterile neutrino mass scale
to be of the order of the EW scale, so they are integrated out at the same time as the top,
Higgs, Z and W bosons. This implies that our ¥YSMEFT running, which takes the form

CA(mw) = UBA(A,mW) CB(A), (4.2)

’In particular, we find that some exchanged flavor contributions from Cynye and C’Sz are missing. The rest
of minor discrepancies refer to signs or conjugates in some Yukawa couplings.

3Notice that such configuration can be in agreement with neutrino oscillation data. For instance, in an
inverse seesaw model, even diagonal Y, are possible if one chooses the proper u-term [114].



Process Current 90%CL upper bound | Upcoming Sensitivity
> ey 3.1 x 10713 [115] ~ 6 x 10714 [116]
©— eee 1.0 x 10712 [117) 10714 — 10716 [118]
pA — eA 7 x 10713 [119] ~ 10716 [120, 121]

Table 2. Current bounds for some pu — e processes, as well as the estimated reach of upcoming
experiments. For y — e conversion in nuclei, A=Au(Al) for current (future) experiments.

is valid from A to the EW scale (~ my ), where we match the YSMEFT directly to the
standard low-energy EFT without N [122]. If one considers instead the hypothesis M > v,
the only difference would be applying the vSMEFT RGEs down to M, then integrating out
the sterile neutrinos, and running with the SMEFT RGEs down to myy. Nevertheless, we
consider that the M ~ v hypothesis is enough to obtain a first feeling about the potential
of LFV experiments to probe the new vSMEFT operators.

We focus on p — e transitions because they are the most constraining and expect a
significant improvement of their sensitivities in the upcoming years (see table 2). To calculate
the contributions of ¥YSMEFT we solve the RGEs of eq. (3.1) from A to my, match onto
the low-energy effective operator relevant for the u — e observables, and run down to the
scale of the experiments in the effective theory with the QED and QCD invariant operators.
Neglecting the running of the SM couplings, the leading-log solution to the vYSMEFT RGEs is*

Catmw) = 124 10g (=2} C(4) (4.3

where ~ is the anomalous dimension matrix.

Given the large number of operators that can contribute, we consider one operator at
a time to find the sensitivities of y — e observables to ¥YSMEFT operator coefficients. We
summarise our results in tables 3—4 for the operators to which y — e transitions are most
sensitive. In most cases, the leading-log approximation of eq. (4.3) is sufficient to find the
main contribution of each operator to y — e observables, however there are cases where

second-order, O(log? /(167%)?) effects are also relevant. For instance, the operator CX,“elgu can

mix with the tensor having top quarks Cég;i” &

u — ey dipole thanks to the chiral enhancement given by the large top Yukawa (see figure 1).

, which in turn can mix efficiently with the

These second contributions are also included in tables 3-4. The tables were obtained fixing
the new physics scale A to 1TeV.

Alternatively, we can fix the size of Y, and compute which scale we can probe for each
observable, as shown in figure 2. Here, and for concreteness, we have chosen a diagonal
Y, matrix with entries of 1072, which gives  ~ O(107%), in agreement with the latest
bounds [113]. Considering heavier masses would allow for larger Yukawa couplings, enhancing
the anomalous couplings at the prize of (logarithmically) reducing the gap between A and M.
All in all, we see that due to the impressive experimental sensitivities and the Y, RGE mixings,
we are able to probe scales up to A ~ 10 — 100 TeV for the new vSMEFT LFV operators.

*We also take into account the QCD running of the scalar and tensor operators, which results in a few x 10%
rescaling of their coefficients.
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Figure 2. New physics scale A probed for selected vYSMEFT LFV p — e operators. Here we switch
on each operator individually and consider diagonal neutrino Yukawa couplings of 1072, Darker bars
show current sensitivities, while lighter ones are for future sensitivities.



5 Conclusions

The vSMEFT extends the SMEFT to incorporate the well-motivated right-handed, sterile
neutrinos, also known as Heavy Neutral Leptons. This interesting framework, however, is still
less developed than the SMEFT itself. In particular, the role of the neutrino Yukawa coupling
has been neglected despite the fact it can be large in symmetry protected low scale scenarios.

In this work, we contributed to this task by computing the full Yukawa contributions
to the one-loop anomalous dimensions. When combined with previous computations in
the literature, our results provide the complete one-loop renormalization group evolution
equations of the dimension 6 ¥SMEFT.

As an application of our results, we have explored the implications for the lepton flavor
violating operators, focusing in particular on the u — e sector. We showed that combining
the relatively large neutrino Yukawa couplings expected in low scale seesaw models with
the strong current experimental bounds on these rare processes, we can probe dimension
6 vSMEFT operators up to scales of A ~ 10 — 100 TeV.
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Operator (A =1 TeV)

90%CL upper limit

Constraining observable

-1

2.5 x 107 (|[¥i]pal ) ey
CN'p
56><104( ) AU — eAu
4.6 x 1070 (| ) 14— e
Citrw g
1 x 10_3 (HYV];MD MAU — eAu
Ch 5><10*3(HY] D_l w— ey
NB viea
cha 1% 1072 (|[v,] \)_1 e
NW viea )2 y
-1
Citve 155107 (2~ 120l ) pos e
1
b 18><102( eb|) [ ey
Cirn .
3.6 x 10~ 5( eb|> AU — eAu
Copde 5.6 x 1073 (HY} ) ' A A
Nedu vlea HAU — eAU
cant 11 x 107 (|[¥3] |)71 Au — eA
Nedu viea HAU — €eAU
canse 25 x 1072 (|[v,] |)71 Au = eA
Nedu vlea HAU — eAU
-1
C?V}failtu 4.2 x 10_3 (‘ [Yu}eaD MAU — eAu
5 -1
i 1.7 % 1075 (|[Vy)eal) i ey
C'Nedu .
1.4 x 1074 (HYV}WD AU — eAu

Table 3. Sensitivity of ;1 — e processes to vYSMEFT operators. We use up-type generation indices for
the quark doublet to highlight that these limits are obtained in the u—basis, where Y,, is diagonal.
These limits apply to the absolute values of the WCs.



Operator (A =1 TeV)

90%CL upper limit

Constraining observable

-1

R 6% 1075 (|[¥7 ]ual Vo) jAu — eAu
—1
e, Cglen 5% 107 (|[¥7 Vil ) jAu — eAu
—1
Oghut, Cgbt 1.3 x 1072 (Hyj]W[Yy]ebD LAY — eAu
—1
Cilye 24 107 (|[Y a0 et pAu — eAu
—1
A 4.6 x 107 (|[¥; el Yoo ) pAu — e Au
-1
R 1.3 107 (|[¥]ualYoles ) jAu — eAu
-1
C%)c(lid I x 1074 (HYV*][LCL [Yu]eb‘) MAU — eAu
b 3 -1 _
Cree 1.5 x 10~ (HYJ]W[Yu]ebD [ — eee
-1
1.7 x 1074 (][Y;]aa[Yy]abD pAu — eAu
Cabeu
NY o
2 X 1073 (’[Y;]aa[yy]ab‘) w—r eee
b 3 -1 _
e 2% 1073 (][ TualVoles) 1 — eee
-1
. 1.5 % 107 (|[¥;aalYias|) pAu — eAu
Ca )
Ne o
1.6 x 107 (|[¥;aalYila|) = eée
paud _9 -1
CiNgd 1.4 x 10 (HYv]eaD pAu — eAu
-1
C?V!Z;Z 1.4 % 10_2 (Hyu]eaD /LAU — eAu
—1
Cinee 8 x 1074 (|1, ¥ us ) p— ey
—1
Clack 3.7 % 1074 (HYJYVYJ]GM) 1 — ey
eae 4 -1
Ot 2.5 % 10~ (|[V1Y, Yol b e

Table 4. Similar to table 3. The lepton index 8 can be y or 7, while « runs over all three generations

(in [V ]aa[Yo]ap the sum is implicit).
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A  Anomalous dimensions

In this appendix, we write the renormalization group equations. We use the short-hand
notation

dC
dlog '’

C = (1672 (A.1)
where g is the renormalization scale. We collect only those terms containing Yukawa
contributions that are not already present in the SMEFT anomalous dimensions [102-104].
This means that, in order to obtain the complete Yukawa contributions in the ¥SMEFT, the
new terms in this appendix must be added to the SMEFT ones.

Furthermore, there are some definitions in refs. [102-104] that are also affected by the
neutrino Yukawa coupling. On the one hand, the wavefunction renormalization contributions

proportional to Yukawa couplings obtain a new contribution:®
1
W =Syt vyl o) = TNy NGy sy ey (A)

as well as a new one associated to N:

1
W =5y (A3)

On the other hand, the ¢ and n parameters must be extended as

SMEFT

n =1 oy, & =EMEFT 4 ¢

v (A.4)

where the SMEFT contributions are as in refs. [102-104], and the new terms due to the
neutrino Yukawa coupling read:

= 5088V e+ 5Ci Yo ea, (A.5)
= Ol Y1aa+c;fﬁe[wmm—2O§2aﬁ[wjm, (A.6)
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[€2)i5 = —Chreu[Y o (A.10)
€8] = —(Con = 1/2C5 5 [V e (A.11)
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And, finally, the new coefficient in vSMEFT:

cba abpd bad o o
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— NCREMY b - (A.13)

SNotice that our definition of Yukawa coupling relates to that of refs. [102-104] by an hermitian conjugate.

— 11 —



Through the results of this appendix, we will not write explicitly the new contributions
to the anomalous dimensions of the SMEFT WCs that are already taken into account by
the modifications of vy ry, 7; or §. The only exception will be in the mixed Yukawa-A
contributions, since ref. [102] did not use &; to express the terms originated from the equation
of motion. Conversely, if the SMEFT anomalous dimensions are expressed in terms of the &;,
our new terms proportional to A{Y will be already taken into account by the redefinition in
eq. (A.4) and needed to be removed from the following equations.

A1 HS

Cr = —ACHK r Y)Y, Y aa — 4CIR4U[Y, YV, Jaa - (A.14)

A2 X2H?
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Ciy =—4(Con = 1/2C0 0 ) VY, Y o — 4N (€435 - (A.24)
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A4 P2XH

Cp =20V, Y, = V.Y 0oCl'p + CRBIY Y, Jba — CoBIYIY, ] pa
%
+ 75{ )CNB + [%g )] CBB + CNB[%(V )] ba

a11a 3 ogax
+ EglNc v,]]; CZquN 19 9 Ve Cinel
) 3 )
+ oo (o (i +iC5) + 39(Conw +iCoi ) (A.25)
C]%/CIL/V = 2[Y YT]OCPCP NW + C [YTY ] C:V?/ D/eTYu]pa
+'YS/)CNW + [ v )]aﬁCB + Cfhw [’Y(Y)}ba

+ LoN I Cal + oIV b Ot
— Yoo (g(C’HW +iCyxy) + %gl(CHWB + iC’HWB)> , (A.26)
Cop = —CRpYIVelas — 20V Y10, COp+5 9'023‘25[ oo (A.27)
Cov = —Cw Vi Yelag + 209, ]apcsév+ 9CNT Voo - (A.28)
A5 ¢2H2D
C¥y = — V)Y, Jap(Croy + Cup) — Q[YT]apCSZPG[Y Job + 3CENYIY, | + [V, Y, ]acChy

CHN@ -

~af
Clc;e_

~(1)ap
o -

3 aﬁ
Ciay

e _

i _

+ Y YelapClie + Chfne VYol — AV, Jac(CHF + CRD)
— 2NYIY, i Crat — 2NV Y]] On2F + 2NV, Yl kg Ot + 2NV Yol Ot
+ 2V Y, ]pp x4 2[Y, Y5 Oy — 2[1;1;*1p50“”ﬁp
+ 27 Cin + 1 lacCit + Coin N les (A.29)
Y)Y, ]0a(2CHD — Cup) — 2[Y, Y. ]0pChr 4+ 2080 [V Y, b 4 A[Y,] Y, ]y, C3E7
+2[¥1Y, | Chive + 20 e [V Yo ga + ANV Yl CREL

+ 275 08, + 11§ NacCine + Cotne 18 )5a (A.30)

_[Y; Yl/]aaC?{Ne - }k{a](\xfe[YTY]aﬁ - 2[Y]LY ]bacabaﬂ + 2[Y YTL)UCZEPO‘B ) (A31>
1 aoc
5 Y ¥1as(Cro + Chp) = [V Jaa Vi laCifn — 20V, JuaCyy”
3 1 1« 9 3 3)a
+ 5 (Y00l + Ol 1%, f10s) = 5 (YOl + i 1Y, f1,5)
+ 2, Y o (20577 + C317P) (A.32)

1 3 oY
—5 VY lasCro — 5 ([Y Yool + Ciit™ 1Y, Y, 1,6)

+= ([Y YflapC + CI 1Y, Y s ) = 20V, Y10 O 7 (A.33)
20V} Y, [+ 2[Y, V{0, O (A.34)
—2[Y, Y,]]5, O (A.35)

,13,



Ca = =2[Y]Y, ] 0O (A.36)

i = Y]V, 10 CE 4 2[v, Y,1,,C077 (A.37)
i = =2[VIY, 1 O 42[Y, Y f,,C000 . (A.38)
A6

A.6.1 (RR)(RR)

O — V1Y, ) caCitn — VY, JabCiy — [V eV loaCott” — [V lap [V, lon Csit”
Y €e0C AEC ae aoce Y
+ 1 eeCted 1 028y, + 1] eeC8bed + cabeely ], (A.39)
OV = 2[YJY, | Col + 21V, JagCitn + 2[Y]Y, JasCline + 21V Y ]ap Ot

+ [Vl Yelon (CR0" = Okt + Willap[Y oo (CONGE — CEVEE)
2V a0 [V, pCo" — 20V ap[Y]osCorl”

+ 15 1acCo2® + CoB Iy Ples + VY apCort® + Coee? [y ]s (A.40)
Crd = =2[YIV ] Ctn — 2IYY, JanCily, — 20V Nt [Vl O — 20V a0 [V, b Cot™

+ Y)Yk C3, + [V ap[Yulki Ottt

+ 1§ 1acCo? + Oyl + B )i Core? + CRE [y, (A1)

CX;W = 2[Y Yd]wc - 2[YTY ]abc‘jd - Q[Y ]lk[Yd]l] Cabkl - 2[YVT]M [Yy]pbcegdpij
[V lao Y] 1ir (Coven + Ciian ) — Woloo[Yalrs (Cist + Cigikt)

+ W 1acC 1+ OOy + W Nk Cot? 4+ O 1 s (A.42)
Coved = Yulg [Yel o ( Colined + Cota) + Yol pa YAk Colies, + Vil lao [Yaliy ot

[V ao [Tk (Clagn™ = 126207 ) + 21V [Y, )i Cfive + 20V Yolaa iy

+ 1§ acCioc, + O v ga + 1 N Cortd + CRE WYy (A43)

A.6.2 (LL)(RR)

CLP V1451 bt Yoo [ 80+ (Y, V) — (VoY) as Cltn—21Y] Y, Jap O
HY [V s O P Y, Jac Vi lapCone” —20Y, ) [ Vil lapCo° — ALY, ] [V a0 Co "

v

~ [V Jap [V losCRET =20V el Jaa( CRAHCHR)

Y ¥ Yo OO+ 5 O )+l 7+ 5 €188 )

1§ NacCite P+ Iy Nt lapCot P+ ot e s (A.44)
O =[(Y, Y.~ (Ya¥ )i Ctn =20V, JanC o —20Y o [V 7

a a ]‘ apr ]‘ *
~(Valat [y OR = Yl an YAy R = 5 Vo Y1k Ol — 5 (Yo [Vl Covi
1 % 7 1 *pa, *pkja
5 oo [V (CONga—=2Caqm)+ 5 Voo Yl (Cifid —2C0%°)
+[71(\/ )]QCCJC\I;;]—FCJG\;:;J[ (Y)]CH_[,Y(Y)] Cabkj+cabzk[ (gy)]kj7 (A.45)
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CEP =¥, Y g o=V, Loal ¥ oo ot — S ¥, Ll V1 O3t~ VT lag ¥y O3t (A.46)
oI =10, Lo Clfa[Y,Jeal Va3 +5 1V oo ¥ e (Ot —2C550%)

5 VaclYalig (iR 20750, (A47)
Co =Y, Y lasC~ [V, o Y10 Ce

5 Vs ¥ a0 (R 120087 ) 45 Vi aalVel (5007 +207527). (A.48)

A.6.3 (LL)(LL)

cafys L 1)76 3oy 1 Da 3)a
G = S Y las (O + C) + 0¥ s (Cn™ + Oy

~ WY as O — Vs O = S daal ¥l C” = SV halV s Cg”

B ) a7 ) W ) B P ) W ) W

+ 1 las ¥ 00 — GV aal¥elop GRS — 2V ral¥elap Gl

+ 4 ¥oalVelap O + 3V laal Yol G (4.49)
O = 1%, ¥ 0sCH — 1V laalVT oo + 3%, Jeal Vs o, + L Vlag Vol Citilt

— s (o + Ceb%) — S eloalvalus (G + CI5Y) . (A50)
O = ¥, ¥ 1ag O + Y Leal Vil ot + 1V Las ¥ Crigat

4 sl e (o + CRlt) + T ealVal (G208 + i) . (A1)

A.6.4 (LR)(LR)

Conee = =2, laal€)gs — 20YelgslEnTaa + A1Vl 5 [Yelos CRE7 + AVl ao[YilpaC”°
— 4([¥los Vel pa— Vel ps[¥oloa) O + 4([Velos Yol pa [¥el o [¥ooa ) O
— 4([V)aelYelgo — Vil selYelao ) CR2°
+ 1 NapClntid + Comi 7y Tba + 5 15, Comit + Comat v 5
~20'[VoJaaClp — 691V ]aaClyy + 49 Vil 5aC2H + 129[V0)5aCS
—6g'[YelaaCN s — 69[YelaaCiy + 120/ [Yel paCip + 1201Vl gaCR%y . (A52)
O?]%]d = —2[Yglij[én]aa — 2[Y0]aalbalis
— ALY |ap[Yalik R + Al ap[Yal i Ol — Vil [Yiloa Ol
+ 12[¥alks [ViloaCle " = 2¥alig [VuluCRER = 20, Vel s Crl"
+ 1 lapCond 4+ Cona v e + W Nk Cotd + Coih Iy

- 79,[Yd]ijcj%faB - 69[Yd]ijcj%/%/l/ - QQI[Yu]aaCdB - GQ[YV]QaC(ZiJVV 5 (A53)
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ngj;& = —4[Yu]ab[Yd]ikC§)\?§j + 4[Ye]ap[YU]ikCJ*\?£f — AV ]a [Yd]kjcbam
—A[Y g [Yy]mcé”‘"’” F 12[Y ki [V oaC% 0 — AV ik [V ] gaCOT*

lq
+ 10 apClay + Coite 08 N + Nk Cotie + ot vy o
— S0Vl O — 120¥alis Oy — 49 VolaaClly — 120 VidaaClly . (A59)
Choma? = =Y, o[ Yal ko A2 o aa Vel s O, (A.55)
Clomi = ;[Yu]aa[yd]zkcj\redu (A.56)
A.6.5 (LR)(RL)
Cva, = =2[¥ulijlexoa — 20V Taal&ulis + 2V lea Yl O + 20V glin [V loaCins
— 2V, i (Y la O + 20Y, )it Vi lao CEC™ + 20Y, iy Vi Jaw O "
+ 61V, ks [V a0 O ™ + 20V o [V pa Clan™ = 20¥al Yl (czﬁzak—czfq%fv)
+ DN o Cigu + Cigalre” oo+ D i Ciigh + Ol (A.57)
Cread = 2[Y, Jaa Vi Cxreu H Yol [Yel o ok - (A.58)
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