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New physics contributions to the Z penguin are revisited in the light of the recently-reported discrep-
ancy of the direct CP violation in K — m . Interference effects between the standard model and new
physics contributions to AS =2 observables are taken into account. Although the effects are overlooked
in the literature, they make experimental bounds significantly severer. It is shown that the new physics
contributions must be tuned to enhance B(K; — %), if the discrepancy of the direct CP violation is
explained with satisfying the experimental constraints. The branching ratio can be as large as 6 x 10~10

when the contributions are tuned at the 10% level.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

A deviation of the standard model (SM) prediction from the ex-
perimental result is recently reported in the direct CP violation
of the K — wr decays, which is called €'. The latest lattice cal-
culations of the hadron matrix elements significantly reduced the
theoretical uncertainty [1-4] and yield [5,6]

(1.38 +£6.90) x 1074, [RBC-UKQCD]

6/

(—) =1 (1.9+4.5)x 1074, [Buras et al.] (11)
€ /sm (1.06 £5.07) x 1074, [Kitahara et al.]

They are lower than the experimental result [7-10],
6/

(_> =(16.6 £2.3) x 1074 (1.2)
€ exp

The deviations correspond to the 2.8-2.90 level.

Several new physics (NP) models have been explored to explain
the discrepancy [11-21]. In the literature, electroweak penguin
contributions to €’/e have been studied.! In particular, the Z pen-
guin contributions have been studied in detail [11,13,15,22]. The
decay, s — dqq (q = u, d), proceeds by intermediating the Z boson,
and its flavor-changing (s-d) interaction is enhanced by NP. Then,

* Corresponding author.
E-mail address: teppei.kitahara@kit.edu (T. Kitahara).
1 QCD penguin contributions, e.g., through Kaluza-Klein gluons, have also been
considered [11].

http://dx.doi.org/10.1016/j.physletb.2017.05.026

the branching ratios of K — mvv are likely to be deviated from
the SM predictions once the €’/¢ discrepancy is explained. This is
because the Z boson couples to the neutrinos as well as the up
and down quarks. They could be a signal to test the scenario.
Such a signal is constrained by the indirect CP violation of
the K mesons. The flavor-changing Z couplings affect the indi-
rect CP violation via the so-called double penguin diagrams; the
Z boson intermediates the transition, both of whose couplings
are provided by the flavor-changing Z couplings. Such a contribu-
tion is enhanced when there are both the left- and right-handed
couplings because of the chiral enhancement of the hadron ma-
trix elements. This is stressed by Ref. [15] in the context of the
Z'-exchange scenario. In the Z-boson case, since the left-handed
coupling is installed by the SM, the right-handed coupling must be
constrained even without NP contributions to the left-handed one.
Such interference contributions between the NP and the SM are
overlooked in Refs. [11,13,15,22,23]. Therefore, the parameter re-
gions allowed by the indirect CP violation will change significantly.
In this letter, we revisit the Z-boson scenario.” It will be shown
that the NP contributions to the right-handed s-d coupling are
tightly constrained due to the interference, and thus, the branching
ratio of K; — mw9v is likely to be smaller than the SM predictions
if the €’/e discrepancy is explained. We will discuss that NP pa-
rameters are necessarily tuned to enhance the ratio. A degree of

2 In this letter, we focus on the s—d transitions. The AF =2 transitions such as
Amp generally involve the interference contributions.
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Fig. 1. The NP contributions to AS =2 process. The black bubble denotes the vertices in Eq. (2.4) originating from the dimension-6 effective operators: ©O; and Og. The
white bubble with “SM” denotes the SM flavor-changing Z interaction. Subfigures (b)-(e) correspond to the interference contributions between the NP and SM. A contribution
from GC-exchange diagram is negligible because it receives a suppression factor by the external momentum, so that we omit it here.

the parameter tuning will be investigated to estimate how large
B(K; — 7%7) and B(Kt — mwtvd) can become.

2. Z-penguin observables

In this section, we briefly review the Z-penguin contributions
to AS=2 and AS =1 processes in the general Z scenario. Above
the electroweak symmetry breaking scale, NP particles generate
Wilson coefficients of the (dimension-6) effective operators,

oL =i(H' DL )@ y"Q)), (2.1)
Og =i(H' D, H)(dry"dp), (2.2)
0P =i(H'e"D, H)(Q ¥ 0 Q). (2.3)

They are gauge invariant under the SM gauge transformations. In
this letter, we focus on the operators, O and Og, to demonstrate
the impact of the interference between the SM and NP contribu-
tions.> After the electroweak symmetry breaking, they provide the
flavor-changing (s-d) Z interactions,

ig

<>
—=—G 9, G"
2mymyz

1
L= A{“’[z# + —8,G° -
mz

g

mz
+(L< R)+H.c,

(Wic+wjicT)+.. .](Ey“PLd)
(2.4)

where the first term in the bracket is the Z-boson interaction,
while the others are those of the Nambu-Goldstone boson, and we
omitted the irrelevant terms for the interference effects. Here, the
Wilson coefficients of O; and Oy are normalized by the flavor-
changing Z interactions. In the following, we omit the subscript
“NP” in AN? and ARP for simplicity.

2.1 eg and Amg

In the AS =2 observables, there are the indirect CP violation
€x and the mass difference Amg in the K9-K° mixing. Since eg
has been measured precisely, and the SM prediction is accurate,
it provides a severe constraint. The SM and NP contributions are
shown as

ige ((SM | NP
ex =e' (61( +e€x )

where ¢ = (43.51 £ 0.05)°. The NP contribution is given by the
double penguin diagrams with the Z boson exchange (Fig. 1(a)),

(2.5)

8

N = Z(EK),-Z,

i=1

(2.6)

where the right-hand side is [15]

3 A similar discussion as follows is expected to hold for the effective operator
0(3)
.

(ex)? =—4.26 x 107 Im A Re A,
(€x)5 = —4.26 x 10" Im Ag Re Ag,
(€x)% =2.07 x 10%Im A[ Re A,

(€x)5 =2.07 x 10°Im AgRe A;. (2.7)

In these expressions, renormalization group corrections and long-
distance contributions are included [25]. In addition, one must take
account of the interference terms between the SM and NP contri-
butions (Figs. 1(b)-(e)),

(k)2 =—4.26 x 107 ImAMRe A,
(€x)& = —4.26 x 10" Im A Re AM,
(ex)% =2.07 x 107 Im ASMRe A,

(€x)§ =2.07 x 10°Im Ag Re ATM. (2.8)

Here, the SM contribution, AiM, is generated by radiative correc-
tions. At the one-loop level, it is calculated as

3 2

gh ~[ m
M_ &% C(—zt ,/LNP), AzM——O,

my

L (2.9)

T 8w2cy
where cy = cosfy, A = V};Vijg with the CKM matrix V;j, and
unp corresponds to the NP scale.® In this letter, the CKMFITTER

result [24] is used for the CKM elements, unless otherwise men-
tioned. The loop function is’

C(x, pwp) = C(X) + AC(X, inp).- (2.10)

In the Feynman-"t Hooft gauge, the first term in the right-hand
side corresponds to the Z-boson exchange diagram [22] (Fig. 1(b)),

X—06 ]
nx|,

x—1
while the second term is obtained from the Nambu-Goldstone bo-
son loops (Figs. 1(c)-(e)),

3x+2

—l

T (211)

X

AC(x, unp) = —

X 3x—]7_x(x—
16 |2(x—1) (x—1)2

(2.12)

The explicit form of AC(x) depends on the effective operators
above the electroweak symmetry breaking scale. Here, they are
supposed to be O; and Og. It is noted that the interference terms
are gauge-independent.

4 In order to introduce how significant the interference contributions are, we ig-
nore the renormalization group corrections to the dimension-6 operators above the
electroweak scale except for a first leading logarithmic contribution In(unp/mw)
which comes from Fig. 1(e). This approximation is valid when the NP scale is not
so far from the electroweak scale.

5 The loop function E(x, JNp) is consistent with the result in Ref. [26].
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The interference terms (2.8) have been overlooked in Refs. [11,
13,15,22]. They cannot be ignored, as we will see in the next sec-
tion.

The latest estimation of the SM value is [27]

eM=(2.24+0.19) x 1072 (213)
On the other hand, the experimental result is [10]
legP| = (2.228 £0.011) x 107°. (2.14)

They are well consistent with each other, and e,’}”’ must satisfy

—0.39x 1073 <eff <037 x 1073, (2.15)

at the 20 level.S
The kaon mass difference Amg consists of the SM and NP con-
tributions:

Amg = AmM + AmRF. (2.16)

If we parameterize the NP contribution as

AmNP 8
K zZ

K R: (2.17)
o =D _RY,

Ame™ S

the right-hand side is estimated as [15]

R? = 6.43 x 107 [(Re Ap? — (Im AL)Z] ,

RZ = 6.43 x 10 [(Re AR)? — (Im AR)Z] ,

RE = —6.21 x 10°Re A Re A,

RZ =6.21 x 10°Im AL Im Ag. (218)

Similarly to the case of €k, there are interference terms between
the SM and NP contributions,

RZ=12.9x 10’Re AMRe A[,
RE =-129x10"ImAMIm A,
R = —6.21 x 109 Re ASMRe Ay,

RE =6.21 x 10°Im ASMIm Ag. (2.19)

Here, AM is given by Eq. (2.9), and the result is gauge-

independent. These terms have been overlooked in the literature.
The experimental result is [10]

AmP® = (3.484 £ 0.006) x 107" GeV. (2.20)

Since the SM prediction involves sizable contributions of long-
distance effects, the uncertainty is large.” Hence, we simply require
that the NP contribution does not exceed the experimental value
(with the 2 0 uncertainty):

|AmRF| < 3.496 x 1071° GeV. (2.21)

This constraint will turn out to be much weaker than €.

6 The SM estimation €™ is sensitive to the CKM elements. If one uses V. that
is determined by the exclusive B — D™ ¢v decays [28], ex¥ = (1.73 £0.18) - 1073
is obtained [29]. Then, €} = (0.50 +0.18) - 103 is required at the 10 level.

7 The latest lattice simulation, which includes the long-distance contributions,
provides Am$M = (3.19£1.04) - 10715 GeV [30]. However, it is performed on masses
of unphysical pion, kaon and charmed quark.

2.2. €'/e

The flavor-changing Z interaction also contributes to AS =1
observables. The direct CP violation €’/€ is shown as

e e e
(0,6,
€ € /sm € /np

The NP contribution is estimated as [15]

6/ CZ
<7> =-2.64x10°BY? [ImAL + W ImAg ). (223)
€ NP SW

(2.22)

where B?/ 2 — 0.76 4 0.05 from the lattice calculation. Here, the

terms which are not proportional to B;f/ 2 are omitted; the ap-
proximation is valid at the 10% accuracy. A factor in the paren-
thesis gives c2, /s, ~ 3.33. Thus, the NP contribution can be en-
hanced easily by Ag.

As mentioned in Sec. 1, the SM prediction deviates from the
experimental result at the 2.8-2.9 ¢ level. In this letter, we require
that the discrepancy of €’/¢ is explained at the 10 level as

I

€
10.0 x 1074 < (—) <21.1 x 1074,
€ /Np

(2.24)

where Ref. [6] is used for the SM prediction.

23. KT > ntviand K, — 7

The (ultra-)rare kaon decay channels, K* — 7w Tvb and K| —
70y, are correlated with €’/e as well as ex and Amg in the
general Z scenario.® They are represented as [15,32]

B(KT — ztvi)

2 2
e [<1mxeff> N (Rexc P4 Rexeff> } (225)

A5 A A5
0. - Im Xefr \ >
B(Kp — mvv) =k —s ) - (2.26)
Here, Xefr is estimated as
Xefr = A (1.48 £0.01) +2.51 x 10® (AL + Ap), (2.27)

where the first term in the right-hand side is the SM contribu-
tion. Also, A = |Vys|, k4 = (5.157 & 0.025) - 10~11(1/0.225)%, and
KL =(2.231+0.013)-1071°(1/0.225)8. The charm-quark contribu-
tion is P¢(X) = (9.39 £0.31) - 1074/A% 4 (0.04 + 0.02), where the
first term in the right-hand side comes from short-distance effects,
while the second one takes account of long-distance effects. Using
the CKMFITTER result for the CKM elements, one obtains

Re Xeff = —4.83 x 1074 4+2.51 x 10> (ReA; + Re Ag), (2.28)

ImXefr=2.12 x 1074 +2.51 x 10> ImA; +ImAg).  (2.29)

The SM predictions become

B(KT = wHvd)sy = (8.5+0.5) x 10711, (2.30)
B(K; — 7%d)sy = (3.0£0.2) x 10711, (2.31)

8 The branching ratios of K — ¢t ¢~ (£ =e, u) are also affected in the general
Z scenario. However, K+ — w+¢+¢~ and Ks — w%¢* ¢~ are dominated by a long-
distance contribution through K — ry* — 7€ ¢~ [31]. On the other hand, such a
contribution to K; — w%¢*¢~ is forbidden by the CP symmetry, but is dominated
by an indirect CP-violating contribution, K; — Ks — 7%¢t¢~ [31]. Therefore, it is
challenging to discuss short-distance NP contributions in these channels.



40 M. Endo et al. / Physics Letters B 771 (2017) 37-44

On the other hand, the experimental results are [33,34]

BKT — w vD)exp = (17.37152) x 10711, (2.32)
B(Kp — m%D)exp < 2.6 x 1078, [90% C.L] (2.33)

Although the current constraints on the NP contributions are very
weak, the experimental values will be improved significantly in the
near future. The NA62 experiment at CERN, which already started
the physics run at low beam intensity in 2015, has a potential to
measure B(KT — wtvD) at the 10% precision by 2018 [35]. The
KOTO experiment at J-PARC is designed to improve the sensitiv-
ity for B(K; — 7%v), which enables us to measure it at the 10%
level of the SM value [36,37]. As one can see from Egs. (2.23) and
(2.27), the NP contributions to B(K — mvv) are correlated with
those to €’/€ in the general Z scenario. Thus, if the €’/€ discrep-
ancy is a signal of the scenario, these experiments would detect
NP effects.

24. KL — utu~

The branching ratio of K; — u*u~ is also sensitive to the
NP contributions to the flavor-changing Z couplings. Theoretically,
only the short-distance (SD) contributions can be calculated reli-
ably. They are shown as [15,38,39]

ReAc Re Yeff)z

Pc(Y)+
)\' C( ) )\‘5
where «;, = (2.01 £0.02) - 10-2(2/0.225)8. The charm-quark con-
tribution is Pc(Y) = (0.115 & 0.018) - (0.225/1)*. Using the CKM-
FITTER result, one obtains

ReYer=—3.07 x 1074 +2.51 x 10> (ReA; —Re Ag), (2.35)

where the first term in the right-hand side is the SM contribution,
and the minus sign between A; and Ay is due to the axial-vector
current. The SM value is obtained as

B(KL — 7 )sp, sm = (0.83 +0.10) x 1072, (2.36)

On the other hand, it is challenging to extract a short-distance
part in the experimental data B(K; — pt ™ )exp = (6.84 £0.11) -
10=2 [10], because of huge long-distance contributions through
K[ — y*y* — u*u~ [40]. An upper bound on the short-distance
contribution is [40]

BKr — putu )sp <2.5x 1079, (2.37)

Since the constraint is much weaker than the SM uncertainties, we
ignore them for simplicity and impose a bound on the Z couplings,

—1.08x 1078 <Re A, —Re Ag <4.05 x 1075, (2.38)

The real parts of the NP contributions are constrained by B(K; —
wrpo).

B(KL— 't )sp =k ( (2.34)

3. Analysis

In this section, we examine the general Z scenario. Although
the discrepancy of €’/e could be explained by the scenario, the
parameter regions would be constrained by €x, Amg and K; —
utu~. In particular, the interference between the SM and NP
contributions, Eq. (2.8), affects €k significantly. In this section, we
choose the NP scale, unp = 1TeV, as a reference. As we will see,
wide parameter regions are excluded. Thus, the discrepancy of €'/e
will be explained by tuning the model parameters. Let us introduce
a quantity which parameterizes the tuning®:

9 Our definition is almost the same as that in Ref. [45], where the authors discuss
correlations between the tuning parameter and flavor observables.

&= l‘l‘laX(S], &L, Eg), with & = NP (3.1)

K

(ex)? ‘

If e}}”’ is dominated by a single term, one obtains £ ~ 1 and there
is no tuning among the model parameters. If the maximal value
of (ex)? is about ten times larger than €XF, & ~ 10 is obtained;
the model parameters are tuned such that there is a cancellation
among (eK)iZ at the 10% level.

3.1. Simplified scenarios

First, we consider the following simplified scenarios (cf,,
Ref. [41]),

e left-handed scenario (LHS): Az =0,'°

e right-handed scenario (RHS): A =0,'!

e pure imaginary scenario (ImZS): ReA; =Re Agr =0,

e left-right symmetric scenario (LRS): A; = Ag.!?

As shown below, these scenarios do not require large parameter
tuning in €X¥. However, B(K — 7 vb) will turn out to be small.

In Fig. 2, the Z-penguin observables are shown as functions
of Ar g for LHS and RHS. In the green (light green) regions, the
€’/e discrepancy is explained at 1(2)o. They depend only on the
imaginary component of A . Obviously, €'/€ is enhanced by the
right-handed Z coupling, Ag, more than Aj.

The blue regions are excluded by the €k, and the orange re-
gions are by the B(K; — w™ ™). The constraint from € is much
severer in RHS than LHS due to the interference contributions,
Eq. (2.8). There is no constraint from Amg in the parameter re-
gions of the plots.

The red and black dashed contours represent B(K; — w%v)/
B(K; — n%7)sm and B(Kt — wtvd)/B(KT — wtvi)gy, re-
spectively. Here and hereafter, B(K; — 7%7%)sm and B(Kt —
wtvi)sm denote the central values of the SM predictions,
Eqgs. (2.30) and (2.31). It is found that B(K; — w°v¥) cannot be as
large as the SM value as long as €’/e is explained in LHS or RHS.
On the other hand, if the €’ /€ discrepancy is explained by LHS, the
NP contribution to B(K*T — tvd) is limited by B(K; — u ™).
In contrast, €x restricts RHS.

Next, we consider ImZS. Such a situation is often considered
to amplify (¢//€)np but suppress ef'. In the left panel of Fig. 3,
the Z-penguin observables are shown as functions of Im A g. The
most severe constraint is from €g due to the interference between
the SM and NP. The other bounds are weak and absent in the plot.
Since there are no real components of Aj g, B(Kt — wHvp) is
correlated with B(K; — 7%vb).

Finally, LRS is shown in the right panel of Fig. 3. Similarly to the
cases of RHS and ImZS, most of the parameter regions are excluded
by €x. The NP contributions to B(K; — ™) vanish because the
process is the axial-vector current.

In Fig. 4, contours of the tuning parameter & are shown for the
simplified scenarios: LHS, RHS, ImZS, and LRS on the plane of the
branching ratios of K — mwvv. We scanned the whole parameter
space of Ay r in each scenario and selected the parameters where
€’/e is explained at the 1o level, and the experimental bounds
from ey, Amy, and B(K; — ™) are satisfied (see the previous

10 This scenario is realized by chargino contributions to the Z penguin in the su-
persymmetric model [17,19,42-44].

1 Randall-Sundrum models with custodial protection [4546] can generate
large Agr. However, there are additional effects, e.g., from KK-gluon diagrams
for €RF.

12 |n axial-symmetric scenarios, A; = —Ag, there are no NP contributions to K —
Tvb.
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Fig. 2. The Z-penguin observables are displayed in LHS (left panel) and RHS (right). In the green (light green) regions, the €’/e discrepancy is explained at 1(2) o. The blue and
the orange shaded regions are excluded by ex and B(K; — ut ™), respectively. The ratios of B(K; — m%vd)/B(K; — 7°vd)sy and B(Kt — 7t vd)/B(KT — mHvi)sy
are shown by the red solid and black dashed contours, respectively. The NP scale is wnp = 1TeV. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)
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Fig. 3. The Z-penguin observables are displayed in ImZS (left panel) and LRS (right). Notations of the lines and shaded regions are the same as in Fig. 2.

section for the experimental constraints). Then, & was estimated
at each point. Several parameter sets predict the same B(K+ —
wtvd) and B(K; — 7%vD). Among them, the smallest & is chosen
in Fig. 4 for each set of B(KT — wtvd) and B(K; — 7%D). In
most of the allowed parameter regions, £ = (1) is obtained. Thus,
one does not require tight tunings in these scenarios.

In the figures, B(K; — 7%v?) is smaller than the SM value
by more than 30%. Hence, the scenarios could be tested by the
KOTO experiment. On the other hand, B(KT — wTvv) depends
on the scenarios. In LHS, we obtain 0 < B(K* — 7tvv)/B(Kt —
7 vi)sm < 1.8. In RHS, B(Kt — wTvd) is comparable to or
larger than the SM value, but cannot be twice as large. In ImZS, the
branching ratios are perfectly correlated and displayed by a line in
Fig. 4. Then, B(K*t — st vD) is not deviated from the SM one. The
right panel of Fig. 4 is a result of the tuning parameter & in LRS. It
is found that B(K; — w°vv) does not exceed about a half of the
SM value. On the other hand, B(K* — 7 TvD) is comparable to or

larger than the SM value, but cannot be twice as large, as is similar
to RHS.

3.2. General scenario

Let us consider the full parameter space in the general Z sce-
nario. Both A; and Ap are turned on. Then, B(Kt — wtvp)
andjor B(K; — %) can be enhanced if the tuning for €}’ is
allowed.

In Fig. 5, the branching ratios of K — wvv and the tuning
parameter are shown for the case of (¢//€)np = 15.5 - 104 and
€R’ =0.37-1073. The flavor-changing Z couplings, and namely the
NP contributions to K — v, are limited by B(K; — u* ™) and
the tuning parameter.

In Fig. 6, contours of the tuning parameter & are shown on the
plane of the branching ratios of K — mwvv. The whole parameter
space of the general Z scenario is scanned. In the colored regions,
€’/e is explained at the 1o level, and the experimental bounds
of €k, Amg, and B(K; — u ™) are satisfied (see the previous
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section for the experimental constraints). For each set of B(K+ —
wtvd) and B(K; — 7%D), the smallest £ is chosen among the
parameter sets which predict the same branching ratios.

Compared to the simplified cases in Fig. 4, B(K; — 7%vD)
can be enhanced. The tuning parameter is not necessarily very
large if only one of B(K; — 7%) and B(K, — utu~) is en-
hanced. However, & > 30-40 is required to amplify both of them. If
£ <10 (5) is allowed, B(K; — w9vD) can be as large as 6 x 10710
(2 x 10~19), In other words, ©(10)% tunings are required to en-
hance B(K; — m%v¥) by an order of magnitudes compared the
SM prediction. The KOTO experiment can probe such large branch-
ing ratios in the near future.

4. Conclusion and discussion

The recent discrepancy of €’/€ may be a sign of the NP contri-
bution to the flavor-changing Z coupling. In this letter, we revis-

ited the scenario with paying attention to the interference effects
between the SM and NP contributions to the AS = 2 observ-
ables. They affect €x significantly once the right-handed coupling
is turned on. Consequently, B(K; — w9v¥) is smaller than the SM
prediction in the simplified scenarios as long as €’/¢ is explained.

In the general Z scenario, B(K; — m9v¥) can be large if pa-
rameter tunings are allowed. It was found that the branching ratio
can be enhanced by an order of magnitudes compared to the SM
prediction if the NP contributions to €x are tuned at the O(10)%
level. It can be as large as 6 x 10719 (2 x 10719) for £ ~ 10 (5),
which implies that the NP contributions to €x are tuned at the 10%
(20%) level. The KOTO experiment could probe such large branch-
ing ratios in the near future.

In the analysis, the NP scale was set to be 1TeV. The NP con-
tributions to €x as well as the tuning parameter depend on it
through the interference terms of the SM and NP (see Eq. (2.12)).
For punp > 1TeV, AT is enhanced as the NP scale increases. Hence,
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one naively expects that tighter tuning is required in €x. However,
renormalization group corrections could be larger in such a case.
Such contributions will be studied elsewhere (see also Ref. [48]).

5. Note added

While resubmitting the manuscript, Ref. [48] appeared on the
arXiv. In comparison with our analysis, the differences are as fol-
lows:

e we considered O; and Op operators with the first leading
logarithmic renormalization group contribution In(unp/mw)
which comes from Fig. 1(e). Hence, the operator (9;3), the op-
erator mixing among them through the renormalization group
above the electroweak scale, nor running effects of the cou-
pling constants are not considered in our analysis;

e a conservative constraint from B(K; — putu™) [40] is im-
posed here, while Ref. [48] has also adopted an aggressive
bound [49];

e the present analysis focuses on the parameter region where
the €’/e discrepancy can be explained at 1o level.

The loop function E(x, unp) in Eq. (2.9), which comes from Op
and Og, is in agreement with a result of Ref. [48], which comes
from (9;_,13 and Oyygq, at the first leading logarithmic approximation.
Notice that pnp corresponds to .
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