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the CP asymmetry in K — ptp~ decays in the context of MSSM are also given, and can

be up to eight times bigger than in the SM.
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1 Introduction

Leptonic decays of pseudoscalar mesons with down-type quarks are known to be very
sensitive to the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM), due

L This factor comes

to, among others, enhancement factors proportional to (tan6 I5} /Mj).
from the so-called non-holomorphic Yukawa terms at large tan 3 [1-6],2 which are triggered
by the supersymmetric (SUSY) p term, and hence the non-SUSY two-Higgs-doublet model
cannot produce this enhancement [5]. The best known example is B — p*p~ [1-6, 10—
18]. If Minimal Flavour Violation (MFV) is imposed, then BY — pu*pu~ is the dominant
constraint in P — ptpu~ decays. This is due to the stronger Yukawa coupling of the b-
quark compared to the s-quark, and to the better experimental precision in BY — ptu~
compared to Bg — . However, in the presence of new sources of flavour violation, the
sensitivity of each mode depends on the flavour and C'P structures of the corresponding
terms. Hence, a priori, B — utu~, BY — putu=, K3 — ptp~, and K9 — pu~
are all separate constraints that carry complementary information in the general MSSM.
The observables related to these decay modes are typically branching fractions and CP
asymmetries. Even though the muon polarization could carry interesting information, it
cannot be observed by current experiments.

In this paper, we focus on the MSSM effects in the Kg — ™ decay. The Standard
Model (SM) expectation is (5.18 + 1.501,p & 0.02sp) x 1072 [19-21], where the first un-
certainty comes from the long-distance (LD) contribution and the second one comes from
the short-distance (SD) contribution. On the other hand, the current experimental upper
bound is 8 x 10719 at 90% C.L., using 3fb~! of LHCb data [22]. The LHCb upgrade
could reach sensitivities at the level of about 1 x 107! or even below, approaching the SM
prediction [23].

We predict the branching ratio B(Kg — pTp”) under consideration of MSSM con-
tributions and taking into account the relevant experimental constraints on the branching
fractions B(KY — putp~), B(BY = 77v;) and B(K™ — u*v,), the CP violation parame-
ters e} /e and e, the Kngg mass difference, AMyg = MK% —MKg > 0, and the Wilson
coefficient C7 from b — sy. We use the Mass Insertion Approximation (MIA) [24], treating
the mass insertion terms as phenomenological parameters at the SUSY scale. The details
of the formalism are given in section 2. The subsets of the MSSM parameter space are
studied in scans performed on Graphics Processing Units (GPU), as detailed in section 3.
The results are shown in section 4 and conclusions are drawn in section 5.

2 Formalism

2.1 Definitions

In this paper, we follow the notations of refs. [25, 26]. We denote the right-handed down
and up squarks as D and U. On the other hand, the two left-handed squarks have the

!Note that this enhancement factor is not present in the up-type quark case.
2The higher-order contributions have been derived up to two-loop level in refs. [7-9].



same mass because of the SU(2);, doublet, and they are denoted as (). The average of the
Q, D, and U-squark masses squared are denoted by mZQ, ﬁzfl, m2, respectively.
The mass insertions (hereafter MIs) are defined as:

[(M%))LLLJ' (mQQ)ji

LL\ _ _
(6d )ij = mQQ = mé ) (2.1)
5LL [(M%])LL]W (Vm2QVT)]Z
(04 )ij = ﬁz% mg@ ) (2.2)
SRRy _ [(M%)RRL]‘ _(mB)i
(047);; = = DY (2.3)
/ my my

where V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix and M%ﬂ are the 6 x 6 squark
mass matrices. Note that the indices ij are inverted for LL. Comparison with the SUSY
Les Houches Accord 2 convention [27] is given in the appendix of ref. [25].

The running coupling constants a;, ag, and as are defined as

2 12
g1 59
== == 2.4
N T 34 (24)
2 2
92 g
==L == 2.5
(0%) 4’7'(' 47T’ ( )
2 2
93 gs
=22 === 2.6
(0% A 471'7 ( )

where ¢', g, and g5 are the U(1)y, SU(2)1, and SU(3)¢ group coupling constants, respec-

tively. In the following, these couplings are evaluated at the pSUSY

SUSY — m

2.2 Observables

scale, where we define

As will be shown in the next subsections, the main MSSM contribution to B(K3 — uu™)

2
is proportional to {(55L(RR)) " tan3 BMg/Mi . In order to constrain those parameters,

the following observables are calculated in addition to B(Kg — utpT):

e Observables sensitive, among others, to the off-diagonal mass insertion terms
<55L(RR)>12: B(KY - ptu™) , ek /ek, ex, and AMg 3

e Observables sensitive to tan 3 and the heavy Higgs mass: B(BT — 77v;), B(KT —
ptuy), ACy.

The definitions of B(BT — 7tv,), B(K™ — utv,), and C; are given in ref. [25] and
the remaining observables are defined in the following subsections. The CKM matrix is
fitted excluding measurements with potential sensitivity to MSSM contributions.

The constraints we impose on physics observables sensitive to the MSSM same param-
eters as B(K3 — pp™) are listed in table 1, where the EXP/SM represents the measured

3The contributions to B(K — mvw) are controlled by an additional free parameter, the slepton mass,
and O(1) effects are possible in this scenario [28].



Observable Constraint
B(KY — ptp=)BXP/SM unconstrained
B(KY sty )FXP/SM 1.00 £0.12 (+) [21, 36, 37]
0.84 4 0.16 (=) [21, 36, 37]
AMEPRP/SM 1+1
EXP/SM 1.05 £ 0.10 [37-39]
A(eh Jer ) EXP—SM [15.5 + 2.3(EXP) 4 5.07(TH)] x 10~* [37, 40]
B(Bt — 7Hy, )EXP/SM 0.91 4 0.22 [37]
B(K+ — ptu,)EXP/sM 1.0004 + 0.0095 [37]
AC; —0.02 £ 0.02 [41]
tan B:M4 plane ATLAS limits for hMSSM scenario [42]
LSP Lightest neutralino
Bg 14 3(TH) [43, 44]

Table 1. Physics observables constraints imposed in this study. The two different constraints on
B(KY — ptp=)FPXP/SM arise from an unknown sign of Al ineq. (2.16) (see refs. [21, 36]).

value over the SM prediction with their uncertainties. Due to the poor theoretical knowl-
edge of AMp, we assign a 100% theoretical uncertainty; thus, the constraint imposed on
this observable penalizes only O(1) effects. It is not counted as a degree of freedom in the
x? tests, so that the AMy constraint can only make the bounds tighter, but never looser.
Remaining constraints can in principle be satisfied by adjusting the other parameters of
the model. In particular, B physics constraints not included in our list can be satisfied
by parameters unspecified in our scan, for example by setting d13 =~ d23 =~ 0 and small
A;. The relation of eq. (2.2) may induce non-zero up-type MIs in the B sector and hence
modify Bg( a w ™, however, we checked that these effects can be safely neglected in
the scenarios we studied. The large SUSY masses in our scan are typically beyond the
reach of LHC.

The lattice values for (¢ /e )M

used are from refs. [29-32], although the conclusions
of our study remain largely unchanged if we use the xpp value from refs. [33-35] instead.
The values of 6];:(XP/ SM and A(h /e )FXP—SM are discussed in more detail in the following

subsections.

23 K — putpu~

The |AS| = 1 effective Hamiltonian relevant for the K — ¢/ transition at the Z boson
mass scale is

Her = —CaQa — CaQa — CsQs — CsQs — CpQp — CpQp + Hee, (2.7)

where C4, Cg and Cp are the axial, scalar and pseudoscalar Wilson coefficients. The
right-handed and left-handed axial (Q4, Q4), scalar (Qg, Qs) and pseudoscalar (Qp, Qp)



operators are given by:

Qa = (57" Prd)(Cyu756), Qa = (57" Prd) (Cy,750),
QS = ms(EPRd)(zg)v QS - ms(EPLd) (26)7
Qp = ms(ngd)@’%f), Qp = ms(EPLd)(Z’%f), (2.8)

where Py g are the left and right-handed projection operators. For B(K3, — utu™),!

there are two contributions from S-wave (Ag 1) and P-wave transitions (Bg 1), resulting in:®

- - faM3B
B(Kg,L —ptpT) = ’TS,LF(K&L —ptp) = TS,L% (|AS,L|2 +BZ|BS,L|2) (2.9)
with
msMg = 2m -
Ag = ——"TIm(Cp — Cp) + =—LIm(C4 — Cn), 2.10
S ms+md(P P) M (Cy — Ch) (2.10)
2G2.M2,m meM -
Bo = ZZFEPWTp pp - MsK poioo 6 911
s T2 My S g+ my e(Cs s): (2.11)
and
2GE M m ms Mg ~ 2m .
A, = 2GEMymy g ms M A 2my, B 2 1o
L 2 Mgy Lyy ms+dee(CP Cp) M Re(Cy — Ca), (2.12)
msMK ~
B = o g5~ Cs); 2.13
L e g (Cs —Cs) (2.13)
where
8=\ f1- (2.14)
v RV .
M
Here, the long-distance contributions are [19-21, 45]:
2G2 M2,m ‘ - -
2G2 M2, m . - -
I A = (054 = 3.961) x 107 (GeV) 2 (216)
with®
Bt — oy me m2. 21 B(KQ — yy)EXP o
ST GEME, fie My [H(0)~ \ M ME )\ My - : :

2 B(Kg — yy ) EXP
Mg TL ’

i i27ra0

A =——"°9  A(M?
Ly G%ngfKMKA( K)

(2.18)

4The electron modes are suppressed by m? / mi, and we do not consider them in this paper.

5Qur result agrees with refs. [45-48]. However, it disagrees with notable literature [6, 25] after discarding
the long-distance contributions. We found that C)" should be —CT)! in eq. (3.45) of ref. [25], and (Cp—C%p)
should be (Cp — Cp) in eq. (2.4) of ref. [6].

®Note that B, is denoted by A in refs. [21, 45].



where a two-loop function Z(a, b) from the 27+ 2y intermediate state is given in refs. [19, 49],
a pion one-loop contribution with two external on-shell photons is represented as H(0) =
0.331 4 40.583 [19], and a one-loop function A(s) from the 2v intermediate state is given
in refs. [50, 51]. Here, op = 1/137.04, fx = (155.9 £0.4) MeV [37], and 7g , are the KgL
lifetimes. Note that there is a theoretically and experimentally unknown sign in A% Ty
which is determined by higher chiral orders than O(p*) contributions [52, 53], and they
provide two different constraints on B(KY — ptp~)FXP/SM in table 1. This sign can
be determined by a precise measurement of the interference between K9 — pTu~ and
K9 — pTp~ [21]. In addition, in the MSSM, the correlation between B(K2 — utp™) and
B(K? — pp~) depends on the unknown sign of A’LLW. In the following, we derive some
relations between the two branching fractions, for a better interpretation of the results of
our scans. In the case in which new physics enters only in C’S and C’p = C’g (pure left-
handed MSSM scenario), the following relations between the branching fractions of Kg
and K9 decaying into u*u~ can be established:

B(KY — ut ) o2 |[NEP) + (ASRy)” — 2Mk [A%%Mlm(és) B2Re (N§ )Re(és)]

2 = 2 INE
M2 { [1m<cs>} + 52 [Re(Cs)] } (2.19)
2 ~ 2 INE LD
+MK{[Re(cS)} +82 [Im(cs)] }—2,4 DyRe (NFP),  (2.20)
with
sp _ 2my _ 2my,
and
NLD _ QGQFMI%Vmu B~ NLD _ QG%’Mgvmu AP 999
ST = e Bswe NOU= e Ao (2.22)

where my terms are discarded for simplicity. The long-distance term Re (NI%D) holds the

unknown sign from AY__, which changes the correlation significantly, as will be shown.

Lyy?
On the other hand, if new physics produces only Cs and Cp = —Cyg (pure right-handed

MSSM), the two branching fractions are

B(K$ — putp”) «<B. |N§ D| + (ASSM) — 2Mg [AIm(Cy) + B2Re (N§") Re(Cs)]

+ ME {[Tm(Co)* + 62 [Re(Cs)*} (2.23)
B(K} — ptu™) o \N%D| + (A7 SM) — 2MgRe(Cs) [AT% — Re (NEP)]
+ ME {[Re(Cs)]? + 52 Im(Cs)*} - 245RRe (NEP) . (2.24)

It is shown that B (Kg — ;ﬁ'u‘) is the same as the pure left-handed one by a replacement
of Cg — Cyg, while B (Kg — u+u_) is not; the final terms of the first line have opposite



sign. Hence, the relations between the two branching fractions are different for left-handed
and right-handed new physics scenarios.
For those cases, the experimental measurement of B(K? — u*u~) [37],

B(KY — pu)PXP = (6.84 £ 0.11) x 1079, (2.25)

imposes an upper bound on B(K2 — utp~). This bound can be alleviated if |Cs| #
|Cp| or if new physics is present simultaneously in the left-handed and right-handed
Wilson coefficients.

Experimentally, one can also access an effective branching ratio of Kg — ptu~ [21]
which includes an interference contribution with K? — y*u~ in the neutral kaon sample.
We obtain

tlnax 71 tmax
B(KS — pmu et = 75 (/ dtersts(t)> !/ dt{F(Kg — ptp)e st
tmin

tmin

2 3 .
+ MRe [Z (ASAL _ /BiBZ'BL) eszMKt] eFS;FLt}E(t)] ’

8T
(2.26)
where the dilution factor D is a measure of the initial (¢t = 0) K°~K asymmetry,
KO - FO
_ T = 2.27
K%+ KO (2.27)

e(t) is the decay-time acceptance of the detector. The second line of eq. (2.26) corresponds
to an interference effect between K 2 and K9, and for D = 0, B(K g — wh ™ )er corresponds
to B(K3 — putu™). The current experimental bound [22],

B(KS — ptpu™)EXP < 8 % 10719 [90% C.L.], (2.28)

uses untagged K° and K° mesons produced in almost equal amounts, and hence D = 0
is assumed. A pure Kg — ptu~ background can be subtracted by a combination of
simultaneous measurement of Kg — mt7~ events and knowledge of the observed value
of B(KY — utp™) in eq. (2.25) [21]. The decay-time acceptance of the LHCb detector
is parametrized by £(t) = exp(—/3t) with 3 ~ 86ns~!, and the range of the detector for
selecting K% — wr T i tnin = 8.95 ps= 0.175 and tyax = 130 ps = 1.457s.

Given the potential measurement of an effective branching ratio by different dilution
factors D > 0 and D’ < 0 using K~ tagging and KT tagging [21], respectively, the direct
CP asymmetry can be measured using the difference B(K2 — ptp™)es(D) — B(KY —
putpu)eg (D), which is a theoretically clean quantity that emerges from a genuine direct
C'P violation. Here, the charged kaon is accompanied by the neutral kaon beam as, for
instance, pp — KK~ X or pp — KK+ X. Note that a definition of D’ is the same as D in
eq. (2.27) but charged kaons of opposite sign are required in the event selection. Therefore,
we define the following direct C'P asymmetry in Kg — ptp™:

B(Kg = 1 p")er(D) — BIKG — p pi” )er(D')

A KO +,,— , — . 2.29
cr(Kg = i )p.p B(KY — ptp)er(D) + B(KS — ptp~ e (D) (229




We discarded the indirect C' P-violating contributions because they are numerically negli-
gible compared to the C'P-conserving and the direct C'P-violating contributions [21].
Within the SM, the Wilson coefficients are,

ASM = =T (VisViaYe + Vi VeaYe) (2.30)
W
Casm = Cgsm = Cssm = Cpsu = Cpsm >~ 0, (2.31)

where Y; = 0.950 & 0.049 and Y. = (2.95 4 0.46) x 10~* [54]. Using the CKM matrix
tailored for probing the MSSM contributions, we obtain the SM prediction of Acp,

3.71(D — D) )
. 10.53 = 3.01) — 3.71(D + D)’
Acp(KY = prpm) = {10538 (1% - D) o (-)

(10.53 + 3.01) + 3.98 (D + D')’

(2.32)

o
Ly
is totally dominated by ng [21] and it will be sharpened by the dispersive treatment of

where (+) and (—) correspond to the unknown sign of A7 in eq. (2.16). The uncertainty

KY — ~(¥)~() [55]. If one considers the case of D' = —D achieved by the accompanying
opposite-charged-kaon tagging, the SM prediction of A¢p is simplified:
(~07043) x D. (4

Acp(Kg — putp ) plp = 0 (2.33)
(+0.75610:763) % D. (-)

In the MSSM, the leading contribution to C'4, induced by terms of second order in the

expansion of the squark mass matrix of the chargino Z-penguin, is [6, 56],

_ (042)2 [(MIQJ)LR];B, [(M?J)LRL?, Q . u
Ca= T 1602, M ! (952 "TQ) ’

Cy =0, (2.35)

(2.34)

where xg = m%/MQQ and z%¥ = m2/M2. The loop function I(z,y) [56] is defined in ap-
pendix B.1. Here, contributions from the Wino-Higgsino mixing are omitted. Setting
mé = m2 gives the MIA result of refs. [43, 57].

The leading MSSM contributions to Cg(py and C’g(p) in Kg — ptp~ and K9 — ptp~
are shown in figure 1. For Cg and Cg, we obtain

2 agaom,, puMs RR tan® 3 3 Q
o o)
5 3 M3, Mim? (%) (1+ egtan 5)%(1 + ¢, tan B) T
~9
_ 2as00my, ﬁ”Mng (5RR) (5LL)
3 M2, ms M3mi V4 /1A s
tan> 3
X H (xS,xQ> , 2.36
(14 egtan B)[1 + (&4 + eyy?) tan B](1 + €, tan j3) &> *d ( )
~ 2 asoomy, M LL tan3 8 s 4
fo= 2 ~ (s8,4)
s 3 M3 MimQQ (%), (1+egtan 5)%(1 + ¢, tan §) @ e

)
gasagmu my puMszmy;

- 3 M‘%V Mg fomé) (5£L)13 (5§R)32




SL/R ut
<~ SL/R
.. H A
K'Y g JEeRREEEEE
.® SR/L
CzH,/L
dr/L "W

Figure 1. Feynman diagram of the leading (pseudo-)scalar MSSM contributions to Kg — utpT
and K9 — p*pu~, which include a gluino and a heavy Higgs boson. The black dot is the corre-
sponding mass insertion term.

tan® s 4
X (1+egtan B)[1 + (€5 + eyy?) tan B](1 + € tanﬁ)H <$Q,$Q)

tan3 B[1 + (€, + ey y?) tan B2 "
(1 + egtan B)*(1 + ¢, tan ) E (xé,xQ)

tan? 3

(a2)2mum§ pA
8 M, Mflrhé

VisVid

(a2)2mu Mo (5LL

AMy, Mimg " )12 (14 €, tan B)2(1 + ¢ tanﬂ)G (:L‘é,fo‘) ’ (2.37)
with
= 23?: %%P’F <$3Q’$Cé2> ’ (2.38)
R 1€%>7rl;~%tlr <"’3€2’%) : (2.39)
“= _%’ (2.40)

where 23 = M3 /m2, :UdQ = mé/mg, x3Q = Mg/m%, x% = mz/ﬁ’%, :L“é = ,uQ/mé, T =
ﬁ”L%/Thé, 332@ = Mg/mé, and xé = ;ﬂ/mg). The loop functions F(z,y), G(x,y), and
H(xz,y) are defined in appendix B.1. These results are consistent with ref. [25] in the
universal squark mass limit after changing the flavour and its chirality for B? decay. Here,

we used the following approximation
T
a:ﬁ—g, My ~ My, (2.41)

where « is an angle of the orthogonal rotation matrix for the C' P-even Higgs mass, and
My (My) is a CP-even (odd) heavy Higgs mass. On the other hand, the contributions to
Cp and C p are

Cp=—-Cs, Cp=20Cs. (2.42)

Note that the Wilson coefficients in the MSSM are given at the ;SUSY scale, and there is
no QCD correction from the renormalization-group (RG) evolution at the leading order.



24 e /ex

New physics models affecting ¢’ /e have recently attracted some attention since lattice
results from the RBC and UKQCD collaborations [29-32] have been reported 2-30 be-
low [40, 58] the experimental world average of Re(e’ /ek) [37]. This is consistent with the
recent calculations in the large- N, analyses [59, 60]. Although the lattice simulation [32]
includes final-state interactions partially along the line of ref. [61], final-state interactions
have to be still fully included in the calculations in light of a discrepancy of a strong phase
shift dp [62—64]. Conversely combining large-N. methods with chiral loop corrections can
bring the value of € /e in agreement with the experiment [33-35].

In this paper, we used the hadronic matrix elements obtained by lattice simulations.
For the x? test, we use the following constraint,

e EXP-SM e EXP e SM
A (K> = Re <K> - <K> = [15.5 & 2.3(EXP) & 5.07(TH)] x 1074,
K K K

(2.43)

e SM ! SM < SUSY
@) -G -G 249
EK EK EK

where the SM prediction at the next-to-leading order in ref. [40] is used. The experimental

with

value of ek is used in the calculation of the ratio. The SUSY contributions to ex are given
in the next subsection.

Within the MSSM, the SUSY contributions to ¢’ /ex are dominated by gluino box,
chargino-mediated Z-penguin, and chromomagnetic dipole contributions. The first two
contributions are represented by the same |AS| = 1 four-quark effective Hamiltonian at
the SUSY scale, which is:

4
Hop = CF >3 {Cf@f +CIQ] + He,, (2.45)
\/i q =1
with
QY = (5d)y_4 (@D v ia> Q({ = (8d)y 2 (G0)y_4 5
Q3 = (Sadg)y_ 4 (@89a)y 44 QF = (Sadg)y 1 4 (@s0a)y_4 5
3 = (5 d)v A (QQ)V A Q% = (gd)erA (QQ)V+A7
Q4 = ( Sa B)V,A (Q6Qa)V,Aa QZ = (gadﬂ)v+A (QBQOC)V+A7 (2'46)

where (V' F A) refers to v,(1 F 7s5), and a and j are color indices.

The Wilson coefficients from the gluino box contributions are leading contributions
when the mass difference between right-handed squarks exists [65, 66]. They are shown
in appendix A.1l with their corresponding loop functions defined in appendix B.2.1. Here,
(04)13(04)32 terms are discarded for simplicity.

~10 -



The Wilson coefficients of the chargino-mediated Z-penguin are induced by terms of
second order in the expansion of MIA. These ones are shown in appendix A.2, where the
loop function I(x,y) is given by eq. (B.1).

The matching conditions to the standard four-quark Wilson coefficients [40] are

s1 =0, s2 =0,

83—é(0§”+20§1), 84:%<CE+QCZ>7

55 = % (C;‘ + 20?) , s6 = % (C; + 20‘3) : (2.47)
sr= (cr-cf), = (g -cf),

59—§<C§‘—C’§1), 810=§<C}f—0511>

The coefficients for the opposite-chirality operators, 51 10, are trivially found from
the previous ones by replacing 01172’374 — (5'1{27374. Using the Wilson coefficients § =
(51,582,...,510)" and 5 = (81, 39,...,510)7 at the pSUSY scale, the dominant box and
penguin contributions to ¢’ /e are given by [40]

/
= e G0 [ 3] e)

with
wy = (4.5340.02) x 1072, (2.49)
eFXP| = (2.228 + 0.011) x 1073, (2.50)
ReAFXF = (3.3201 £ 0.0018) x 10~7 GeV. (2.51)

The hadronic matrix elements at © = 1.3 GeV, including I = 0 and I = 2 parts, are [40]
<Q}z (M)T) :(0.345, 0.133,0.034, —0.179,0.152, 0.288, 2.653, 17.305, 0.526, 0.281) (GeV)3,
(2.52)

and the approximate function of the RG evolution matrix U (p, pSYSY) is given in ref. [40].

Next, the |AS| = 1 chromomagnetic-dipole operator that contributes to € /e is
Her = C, Q4 + Hee,, (2.53)
with

Q, = _MQTS)? (50" T y5d) G2 (2.54)

The complete expression for the Wilson coefficient C'g_ at the pSYSY scale is shown in
appendix A.3, where (d4)13(04)32 terms are discarded for simplicity. The corresponding loop
functions I(z,y), J(x,y), K(x,y), L(z,y), M3(z), and M4(z) are defined in appendix B.2.2.
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The chromomagnetic-dipole contribution to & /ex is [43]

ek
€K

R 11 M2M?
- Wt (14265) V3 MpMj nsBaImC; (2.55)

|eRXP | ReAFXP 6472 fr(ms+ myq)

chromo

where f, = (130.2 & 1.7) MeV [37], and [58, 67, 68]

Qe = 0.148 + 0.080, (2.56)

= | ’ B ’ e #

(2.57)

According to refs. [43, 44], the hadronic matrix element for the chromomagnetic-dipole
operator into two pions, B¢, is enhanced by 1/N, - MIQ( /M? from the large next-to-leading-
order corrections that it receives. Therefore, the leading order in the chiral quark model,
Bg =1, is implausible, and we consider Bg = 1 &+ 3 in our analyses.

The other contributions are negligible [65]. Note that the sub-leading contribu-
tions which come from the gluino-mediated photon-penguin and the chargino-mediated
Z-penguins induced by terms of first order in the expansion of the squark mass matrix,
have opposite sign and practically cancel each other [65].

Finally, the SUSY contributions to ¢’ /e are given as

Y
5/[{ SUS EIK
£K ek

Note that we discarded the contributions to €’ /e from the heavy Higgs exchanges, al-

5/
+ £ (2.58)

box+pen €K |chromo

though they give the strong isospin-violating contribution naturally: the contribution is
enhanced by tan® 8 for only down-type four-fermion scalar operators. These contributions
must be proportional to mgm, which cannot be compensated by tan3 3, so that they should
be the higher-order contributions for &} /e k.

2.5 e and AMg

Although e is one of the most sensitive quantities to new physics, the SM prediction is
still controversial. Especially, the leading short-distance contribution to g in the SM is
proportional to |Vi|? (cf., ref. [69]), whose measured values from inclusive semileptonic
B decays (B — X 0~ 7) and from exclusive decays (B — D®¢~7 and Ay, — AL 7) are
inconsistent at a 4.1c level [38, 70]. A recent discussion about the exclusive |V| is given
in refs. [71-73].

In this paper, for the SM prediction, we use [39]

eSM = (2,124 0.18) x 1073, (2.59)
with
ex = eiPeeM (2.60)

where . = tan"1(2AMy /AT k) = (43.51 £ 0.05)° [37]. This value and the uncertainty
are based on the inclusive |Vy| [38], the Wolfenstein parameters in the angle-only-fit
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method [74], and the long-distance contribution obtained by the lattice simulation [32].
Combining the measured value in eq. (2.50), we impose

BXP/SM _ 1 05 + 0.10(TH), (2.61)
on the x? test, with
eIM _ SM | SUSY (2.62)

Note that we also impose Re(ex) > 0 from Re(ex) = (1.596 4 0.013) x 1073 [75].

Within the MSSM, the SUSY contributions to ex are dominated by gluino box dia-
grams. In this paper, however, we will focus on their suppressed region. The crossed and
uncrossed gluino-box diagrams give opposite sign contributions and there is a certain can-
cellation region [65, 76], and/or simultaneous mixings of (§7%) and (§1f) can also produce
the cancellation. Therefore, we also consider the sub-dominant contributions which come
from Wino and Higgsino boxes. The |AS| = 2 four-quark effective Hamiltonian at the
pSUSY scale is [77]

5 3
Hep = Z CiQi + Z CiQi +H.e., (2.63)
i=1 i=1
with
Q1 = (dyuPrs) (dy"Prs), Q2= (dPps) (dPLs), Qs = (daPrsp) (dgPrsa)
Qa4 = (dPps) (dPgs) Qs = (duPrss) (dsPrsa)
Q1 = (dy,Prs) (V" Prs), Q2 = (APgs) (dPps) Qs = (daPrsp) (dsPrsa)
(2.64)

)

The kaon mixing amplitude Mg( , AMy and g are given by

(K) <KO‘HGH‘FO>

M12 — W, (265)

AMjc = 2Re[M ), (2.66)
eivs m[M{y")] o susy

EK:K&@WZBW(?K N (267)

where k. = 0.94 + 0.02 [78]. Using the latest lattice result [79], for the hadronic matrix
elements, we obtain

(K°|Q(n)|K°) = (0.00211, —0.04231,0.01288,0.09571,0.02452) (GeV)4, (2.68)

with (K°|Q123(u)[K%) = (K°Q123(1)|K°), where y = 3GeV and we used m(u) =
(81.64 = 1.17) MeV and mg(p) = (2.997 = 0.049) MeV [79].
The leading-order QCD RG corrections are given by [80]

Ci(p) = ni* Cr(u®"%Y), (2.69)

C B C SUSY
(Cjz;) = Xogm35 X3 <C§EZSUSY§) ’ (2.70)
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<c4(u)> B <<n{<>-4 L)t - <n{<>%}> <o4<uSUSY>> | 2.11)

Cs () 0 (77{{)% Cs (SUSY)
with
K [s(mp) | [au(me) |5 [as(uV5Y)] 5
m _[as(ﬂ)] [as(mb)] [ as(my) ] , (2.72)
K %(1_m) 0
s = <(771 ) . (nf)é(Hm)) , (2.73)

Xy <; (—15 — v/241) ;(_15+m)>' 274)

1 1

The QCD corrections to C} 23 are the same as C o 3.

The Wilson coefficients from the |AS| = 2 gluino boxes are shown in appendix A.4
with their corresponding loop functions defined in appendix B.3.1. In the universal squark
mass limit, these results are consistent with ref. [25]. Here, the terms proportional to
[(M3)LR] 12 0T (64)13(0a)32 are discarded for simplicity.

The Wilson coefficients and their corresponding loop functions for the sub-leading
contributions to e are given in appendix A.5 and B.3.2, respectively.

3 Parameter scan

The MSSM parameter scan is performed with the framework Ipanema-3 [81] using a GPU
of the model GeForce GTX 1080. The samples are a combination of flat scans plus scans
based on genetic algorithms [82]. The cost function used by the genetic algorithm is the
likelihood function with the observable constrains. In addition, aiming to get a dense
population in regions with B (Kg — uh ) significantly different from the SM prediction,
specific penalty contributions are added to the total cost function. We also perform specific
scans at tan 8 ~ 50 and M4 ~ 1.6 TeV as for those values the chances to get sizable MSSM
effects are larger.

We study three different scenarios (for the ranges of the scanned parameters see
table 2):

e Scenario A: a generic scan with universal gaugino masses. No constraint on the Dark
Matter relic density is applied in this case, other than the requirement of neutralino
Lightest Supersymmetric Particle (LSP). The LSP is Bino-like in most cases, although
some points with Higgsino LSP are also found.

e Scenario B: a scan motivated by scenarios with Higgsino Dark Matter. In this sce-
nario, the relic density is mostly function of the LSP mass, which fulfills the measured
density [83] at mo ~ 1TeV [84-87]. Thus, we perform a scan with |u| = 1TeV
< M;. We assume universal gaugino masses in this scenario, which then implies that
M3z > 4.5TeV.
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Parameter Scenario A Scenario B Scenario C
me (2, 10] (2, 10] [4, 10]
mQ/fnz [0.25, 4] [0.25, 4] [0.25, 4]
Ms [2, 10] [4.5, 15] [4, 15]
tan 8 [10, 50] [10, 50] [10, 50]
My 1, 2] 1, 2] 1, 2]
| ] [1, 10] 1 [5, 20]
My oA My Sl M, 5
M g (u3Y5Y) sz (u°USY 3
2 s (STSTy M3 sy M
Bg [-2, 4] [-2, 4] [-2, 4]
Re (65" 51 0.2, 0.2] 0.2,02]  [-0.2,0.2]
Im | (S22 o1 0.2, 0.2] [0.2,0.2]  [-0.2,0.2]

Table 2. Scan ranges for scenario A, B (motivated by Higgsino Dark Matter) and C (motivated
by Wino Dark Matter). All masses are in TeV. The nuisance parameter Bg appears in the
chromomagnetic-dipole contribution to e /ek.

e Scenario C: a scan motivated by scenarios with Wino Dark Matter, which is possible in
mAMSB or pMSSM, although it is under pressure by 7-rays and antiprotons data [88].
In those scenarios, the relic density is mostly function of the LSP mass, which fulfills
the experimental value [83] at m,o ~ 3TeV [87, 89]. Thus, we make a scan with
My = 3TeV < |u|,My3. The Bino mass M; is set to 5TeV for simplicity. Since
it is only necessary in order to ensure that the LSP is Wino-like, any other value
above 3TeV (such as, e.g., an mAMSB-like relation M; ~ 9.7 TeV) could also be
used without changing the obtained results. The lightest neutralino and the lightest
chargino are nearly degenerate, and radiative corrections are expected to bring the
chargino mass to be &~ 160 MeV heavier than the lightest neutralino [90].
For simplicity, in all cases we set to zero the trilinear couplings and the mass insertions
other than (55L(RR)
treated as a real parameter, with both signs allowed a priori.
We also perform studies at the MFV limit, using RG equations induced MIs in CMSSM.

As expected, no significant effect is found in this case.

and (651),, which is given by the relations in eq. (2.2), and u is

For the squark masses, we use mg = m,, # mg. This set up is motivated by the SUSY
SU(5) grand unified theory, where @@ and U-squark are contained in 10 representation
matter multiplet while D-squark is in 5 representation one. In general, their soft-SUSY
breaking masses are different and depend on couplings between the matter multiplets and
the SUSY breaking spurion field.

4 Results

In the following, we show the main results of our scans. The points with y? < 12.5,
corresponding to 95% C.L. for six degrees of freedom, are considered experimentally viable.
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The number of degrees of freedom has been calculated as the number of observables, not
counting the nuisance parameter B, the rigid bound on the tan 8:M 4 plane, and AMp,
which are not Gaussian distributed. Therefore, the x? requirement corresponds to a 95%
C.L. or tighter. Similar plots are obtained if one uses a looser bound on the absolute x?
accompanied with a Ay? < 5.99 across the plane being plotted. Due to the large theory
uncertainty, B(K? — u*u~) can go up to &~ 1 x 1078 at 20 level. Values slightly above
that limit can still be allowed if they reduce the y? contribution in other observables. The
allowed regions are separated by the sign of A‘iw in eq. (2.16). We also show results for
Acp, which could be experimentally accessed by means of a tagged analysis.

LL(RR))

4.1 Effects from (5(1 separately
2

We first study separately the effects of pure left-handed or pure right-handed MIs, to study
the regions of the MSSM parameter space in which either LL MIs or RR MIs dominate.”
The obtained scatter plots for B(KY — ptp™) vs. B(KS — ptp~) and B(K2 — ptu™)
vs. € /ek are shown in figure 2 and figure 3 for Scenario A, figure 4 and figure 5 for
Scenario B, and figure 6 and figure 7 for Scenario C. The points in the planes correspond
to predictions from different values of the input parameters. One should note that in such
cases, the SUSY contributions to ex can be suppressed naturally in a heavy gluino region
(Ms 2 1.5mg) [65, 76].

In Scenario A (see figure 2) and Scenario C (see figure 6), we can see that the 95%
C.L. allowed regions for B(KY — pp™) in light of the constraints listed in table 1 are
approximately [0.78,14] x 10712 for LL-only contributions, and [1.5,35] x 107!2 for RR-
only contributions, without any need of fine-tuning the parameters to avoid constraints
from B(K? — wtp~). The MSSM contributions are similar for RR and LL, and the
differences on the allowed ranges for B(Kg — pt ) arise from the interference with the
SM amplitudes in Kg( L~ ™, which are shown in section 2.3. The allowed regions for
scenarios A and C are very similar to each other, although marginally larger on A. It can
also be seen that, in Scenario B (see figure 4) the maximum departure of B(K3 — uu™)
from the SM is smaller than in the other scenarios, since Cis p o< 1 and p is small relative
to squark and gluino masses. In the contributions to (& /e )5VUSY, the chromomagnetic-
dipole contribution can be significant in both LL-only and RR-only cases when ptan 8 and
B¢ have large values, while the box contributions can be significant only via LL MIs [65].

Note that the penguin contributions to (g% /e )SUSY

are neglected in our parameter scan.

The effective branching fraction and C'P asymmetry are shown in figure 8 for Scenario
A .Note that the negative value of B(Kg — uT e is compensated in data by inclusion
of the background events from K% — ptp~, so that the overal K — putpu~ is always
positive. Correlation patterns of Acp with other observables can be seen in figure 9, where
we choose D' = —D and D = 0.5 for simplicity . We find that C'P asymmetries can be up
to ~ 6 (at D = 1), approximately eight times bigger than in the SM. The largest effects

are found in left-handed scenarios.

"As an example, MFV models the LL MIs can become non-zero after RGE, which does not happen for
RR MIs.
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Figure 2. Scenario A B(K$ — ptp~) vs. B(K) — ptp~) for (67%),, # 0 and (Ms-p) > 0 (upper
left), (67%),, # 0 and (Ms - u) < O (upper right), (67%),, # 0 and (Ms - u) > 0 (lower left), and

(657) 5 # 0 and (M- ) < 0 (lower right). The cyan dots correspond to Af__ > 0 and the orange

crosses to A’L‘W < 0. The vertically hatched area corresponds to the SM prediction for A’ZW >0
and the inclined hatched area corresponds to the SM prediction for Aﬁ,w < 0.

4.2 Floating LL and RR Mls simultaneously

A priori, one possibility to avoid the constraint from B(K? — u*u™) is to allow simulta-
neously for non-zero LL and RR mass insertions. This way both Cgp) and C‘S( p) are non
zero and egs. (2.19)—(2.24) do not hold. Omne can then find regions in which the MSSM
contributions to B(K2 — ptu~) do not alter B(KY — T p™) significantly.

For instance, if one chooses

Re [(‘%L)m] = —Re [(5:") 1) Im [(0d") o) =Im [(34™) 12) (4.1)

then the SUSY contributions to B(K? — u*u~) are canceled, while the SUSY contri-
butions to B(KJ — ptu~) are maximized (see egs. (2.9)—(2.13)). However, it is known
that in those cases the bounds from AMp and e are very stringent. Using genetic algo-
rithms with cost functions that target large values of B(Kg — ptp™), we find fine-tuned
regions with B(Kg — wutp™) > 10710, or even at the level of the current experimental
bound of 8 x 10710 at 90% C.L. [22], which are consistent with all our constraints. These
points are located along very narrow strips in the (65’:) 13 VS (5§R)12 planes, as shown
in figure 10. The figure corresponds to Scenario C as it is the one with higher density of
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Figure 3. Scenario A % vs. B(Kg — ptp~) for (67%),, # 0 and (Ms - p) > 0 (upper left),
(67%),, # 0 and (Ms - ) < O (upper right), (6f%),, # 0 and (Ms - u) > 0 (lower left), and
(657),, # 0 and (M3 - u) < 0 (lower right). The cyan dots correspond to A7 _ > 0 and the orange

Ly
crosses to A’iw < 0. The deep purple band corresponds to the experimental results and the hatched

area to the SM prediction.

points at large values of B(Kg — u ) and the pattern observed in Scenario A is nearly
identical. A particularly favorable region corresponds to |(61%)12| ~ 2|(65%)12| ~ 0.03
and arg [(05%)12] ~ —arg [(65%)12] 4+ 7, which is in the vicinity of eq. (4.1), and with
SEL given by the symmetry relation of eq. (2.2). They also favor narrow regions in the
squark vs. gluino masses planes as shown in figure 11. We checked that the values close
to the experimental upper bound can still be obtained even if the constraint on AMp is
significantly tightened.

We note that the authors in ref. [38] provide a SM prediction for ex less consistent
with data than the one we used. That prediction is obtained using |V | from exclusive
decays. If we use that value instead of eq. (2.61),

BXPISM _ 1 41 4 0.16(TH), (4.2)

then we can accommodate more easily LL and RR MIs of similar sizes, and fine-tuned
regions with B(Kg — pFp~) > 10710 are found with higher chances. The shapes of the
strips in the mass insertion planes do not change substantially.
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Figure 4. Scenario B, motivated by Higgsino Dark Matter with universal gaugino masses, B(K g —
ptu=) vs. B(K? — ptp~) for (07%),, # 0 and (Ms - p) > 0 (upper left), (67%),, # 0 and
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inclined hatched area corresponds to the SM prediction for A‘zw <0.

4.3 Non degenerate Higgs masses

The results so far have been obtained in the MSSM framework, in which |Cg| ~ |Cp|.
This is due to the mass degeneracy My ~ M 4. In models in which such degeneracy can
be broken, the constraint that B(KY — p™p™) imposes to B(K2 — putp™) relaxes the
more those two masses differ. This degeneracy is broken in MSSM at low values of My,
and requiring tan 8 to be small to avoid constraints from tan 3 : M4 planes from LHC.
Those regions are more difficult to study, since it would require a detailed specification of
the MSSM and test it against bounds of the Higgs sector. The mass degeneracy is also
broken in extensions such as NMSSM. According to our scans, on those cases one could,
in principle, reach values of B(KY — ptp~™) > 10710 for mass differences of O(33%) or
larger without fine-tuning the MIs.

5 Conclusions

We explored MSSM contribution to B(KY% — utu~) for non-zero (65%)15 and (65%)y
mass insertions, motivated by the experimental value of €/ /ek, and in the large tan
regime. The expressions for the relevant MSSM amplitudes have been provided. We find
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Figure 5. Scenario B, motivated by Higgsino Dark Matter and universal gaugino masses, i—i vS.
B(K$ — ptp) for (65%),, # 0 and (Ms- ) > 0 (upper left), (67%),, # 0 and (Ms- ) < 0 (upper
right), (657),, # 0 and (Ms - p) > 0 (lower left), and (67%),, # 0 and (Ms - 1) < 0 (lower right).
The cyan dots correspond to A‘Lﬂy,y < 0 and the orange crosses to AZW > 0. The deep purple band
corresponds to the experimental results and the hatched area to the SM prediction.

that MSSM contributions to B(Kg — pp~) can surpass the SM contributions [B(K2 —
pt )M = 5.18 x 107'?] by up to a factor of seven (see figure 2), reaching the level
of 3.5 x 107! even for large SUSY masses, with no conflict with existing experimental
data, and are detectable by LHCb. This is also the case even if ¢/ /e turns out to be
SM-like as predicted by refs. [33-35]. Figures of correlations between B(Kg — uu™)
and other observables have been provided for different regions of the MSSM parameter
space, and can be used to understand which scenarios are more or less favoured, depending
on the experimental outcomes. The 3.5 x 107! bound is due to the combined effect of
AMp, ek, and Kg — uTp~ constraints. Such bound is not rigid, and fine-tuned regions
can bring the branching fraction above the 10710 level, even up to the current experimental
bound; the largest deviations from SM are found at |(655)12| &~ 2|(65)12] ~ 0.03 and
arg [(05%)12] ~ —arg [(65)12] + 7 for large squark and gluino masses. We also find that
the C'P asymmetry of K — up~ can be significantly modified by MSSM contributions,
being up to eight times bigger than the SM prediction in the pure LL case. Finally, we
remind that, for simplicity, we have restricted our study to the main contributions in the
large tan S regime. Discarded terms could, in principle, provide even more flexibility to
the allowed regions.
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cyan dots correspond to A’Zw > 0 and the orange crosses to A’Ew < 0. The vertically hatched area

corresponds to the SM prediction for Aﬁw > 0 and the inclined hatched area corresponds to the

.. u
SM prediction for AL,W < 0.
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A  Wilson coefficients

A.1 |AS| =1 gluino box contribution

The Wilson coefficients of the gluino box contributions to & /ex are
2 1 5
01— (as) sLL ( Q q) _ < >
U= Svager O e | 1gf (59:98) = g (a7.95) |

(as)? 700 L (@
O3 = sncram O [ (a808) + o (a2 |
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Figure 7. Scenario C, motivated by Wino Dark Matter, % vs. B(K$ — ptp~) for (07%),, #0
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(Ms- 1) > 0 (lower left), and (65%) , # 0 and (Ms- ) < 0 (lower right). The cyan dots correspond
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experimental constraints defined in section 2. The up-type MI (65%),5 is given by eq. (2.2). The
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A.2 |AS| =1 chargino-mediated Z-penguin contribution

The Wilson coefficients of the chargino-mediated Z-penguin are

u __

(a2)? sin® O [(M) 1] ys [(ME) ] 1 ( 2 ’x2>

L 12VeGr M, M
d_ (a)? sin® Oy [(MQU)LRJ ;3 [(M )LR] 13
Cl = 4 l ( 2 71"2)
24V2G p M, M;
u o (a2)? 4 . [(M2U)LR]23 [(MU)LR] 13
37—16\/§GFM§V 1—35111 Ow M} l( 2,352)
d _ _% _ g s 2 [(MU)LR] 23 [(MU)LR] 13 ”
C3 - 16\&GFM5V (1 3 S 9W> M4 l ( .’L'z) s
03,4 = (711727374 =0. (A.2)

A.3 |AS| =1 chromomagnetic dipole contribution

The Wilson coefficients of the chromomagnetic dipole contributions to €’ /e are

Cy = ST (shry P[00 ) 1 (o,af)]

g 3 M§’ 121 +egtan 8
o m%n (3R thtﬁnﬁ (1 (4,49) +97 (u,49)]
o [(Mb)Lr] Ms[ Mb)val, [k (o9,0) + oL (a8,02)
_ 0‘3777 m; (0477 o [M3 (2d) +9My ()]
¥ 0‘3777 md (OF1) |, [Ms (23) + 9My (23)] - (A.3)

A.4 |AS| = 2 gluino box contribution

The Wilson coeflicients of the gluino box contributions to ex are

0= =R [0, o (). (A4)
1=~ (65 (3] o () (A5)
s COMULMP R (A0
G = 0L [(07),, ) ol (o) (A7)
Co=C3=Co=C5=0 (A.8)
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A.5 Sub-leading contributions to ex

The Wilson coefficients of the Wino and Higgsino contributions are

Qg 2 (Oé )2 2
€y = ~2 (5t 1 o) (a3 — 20 [(655),, 40 (1)

6y, 8my,
(062)2 *\2 m4
= g VsV 3 (el (A9)
~ (a2)2 *\2 mg taHQB m? H2A? noop
@ = 8 eoVia) (1 + €4 tan 8)% My, mm, fs <xQ’ x“) ’ (A.10)
Cy=C3=04=C5=C,=Cy=0. (A.11)

Note that a tan® 3 enhanced contribution to ex comes from the exchange of neutral
Higgses, which is discarded because of (04)5 (dq)3; = 0 in our analyses. For the Wilson
coefficient, we obtain

Cy ~ Cy ~ 0, (A.12)
Cy ~ _8(a5)2a2 m§ tan? ! /2;2%% :
I My, (14 €gtan B)2[1 + (g + eyyy) tan ]2 MGmems

X [(0F5) g5 (05%) 5y (9F%) 5 (0F) ) H (2, 2) B (w3,25) (A.13)

Ci=03=05=0C1=C3=0, (A.14)

where the approximation in eq. (2.41) is used, and the loop function H(z,y) is given in
eq. (B.4). Note that the C'P-even and C'P-odd Higgs contributions to Cy (Cy) are canceled
out by each other.

B Loop functions

B.l K°— putp~

The loop functions I(z,y), F(x,y), G(z,y), and H(x,y) are given by

o) = @ =ylame [+ -2a]ylny @ty ey

R B TR Vo o T Ty R
(B.1)

B rlnx ylny
ey = e vt oD (B.2)
zlnzx ylny 1
Glew) = @G—102a—y)  G-1Py—2) @-Dy—1) (B-3)
H(z,y) = rzlnx (x4 xy —2y*) Iny 20—y —1 (B.4)

(z—12@x—-y?2 (y-1P@-y?2 (@-1y-12z—y)

where I(1,1) = —1/12, F(1,1) = 1/2, G(1,1) = —1/6, and H(1,1) = 1/12.
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B.2 ¢&f/ek
B.2.1 |AS| =1 gluino box contributions
The loop functions f(z,y) and g(x,y) [66] are

o) = e e ey

o) = R R G T B
which lead to

f(%x):1+4x—52a:(1—|;2la;£2+x)1nx2i32 <:1c) (B.7)

sy =" [5— 4z —Z:Ziti()i +27)Inz] _ —%Bl (i) ' B8)

The loop functions Bj o(x) are consistent with ref. [77] for the universal squark masses case.

B.2.2 Chromomagnetic-dipole operator
The loop functions I(z,y), J(z,y), K(z,y), L(x,y), Ms(x), and My(z) are given by

B (3x2fyf2xy)lnx_ ylny
Iwy) = (z =Dz —-y)?  (y— 13z —y)?

-2+ (=54 z)x+ 9y + (2+2)zy — (5+ 2)y?

2z~ o)a— Py~ 1) ’ 9

@) = -~ Jr(j:i)gi)z((z +$) A (v — ?1J)231(nwy— y)?
e @) = ;5:6) ’ (B.10)
Ked) = Gyt 7 G T e G (B4
o) = G G e B
My(x) = -1+ 9z + 9m21;(;7f31—;—56x2(3 + ) lnx’ (B.13)
Mi(x) = —1 -9z + 9:32(4:; ;i31;56;r(1 + ) lnac’ (B.14)

which lead to

K(.) = —5+4x+2fi:i§1+2m)1nx:;% (313) (B.15)
L(x,m):1+4x—52x<1—|;21x)512+x)1nx:_ach2 (i) (B.16)

The above M 3 4(z) are consistent with ref. [77] in the universal squark masses case.®

8We found that in eq. (14) of ref. [77], Ma(x) = —xB2(z) should be replaced by Ma(x) = —Ba(x)/x,
which has been pointed out in ref. [91].
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B.3 ex
B.3.1 |AS| = 2 gluino box contributions
The loop functions gg)(az), gfll)(x, y), and gél)(x, y) are given by

11+ 144z + 272% — 223 (13 + 17x)

9 () = 108(1 — z) T8 —ap M (B.17)
gfﬁ(x, y) = — i —ng)/;?lx_ 7 {2?(5+4 72) +y[2+ T(z — 3)z]}
T3y _yi:;;?ly_ nE {?G+7y) + 22+ 7(y - 3)yl} (B.18)
+ 3(1_m)2(196_yy)2(x_y)2 (z+y—132%— 13y +8ry + 1502y + 150y% — 142%y?) |
s (w,y) = — " _wZz)J?)lle_ — [22(11 + 2) + (z — 5) (2 + 2)y]
T 9y _yi:)c;ay_ mE [y* (11 +y) + (y = 5)(y + 2)z] (B.19)
zy

(5z+5y+T72°+Ty* —32xy+ 3%y +3zy* +227y?) .

9(1—2)2(1—y)*(z—y)?
B.3.2 Wino and Higgsino contributions

The loop functions gég, gg)(az), fi(z) and fs3(x,y) are given by

(1) B rzlnzx ylny
952 ("9) = VW GGt T o) -
11— 7(x +y) + 2(z% + y?) — 102y + 5xy(z +y) — 22>
i 6(1— 2)(1 — y)?
z?lnx y?lny
2z —y)(1—2)t 2(y—2)(1-y)*
_2+45(z +y) — (2® +yP) — 22zy + Sey(x + y) + 2277

121 - (1 - 9’ - B

oD (a) = —5— ?2?1—_15,;2 +2% 56((13 _+ j;) Inz, (B.21)

filz) = — 4(ff;)2 -3 - e (B.22)
o) = - ZE D Pl

f3(z) = x26(_18_xx_) 417 - (?xfx; In z, (B.24)

where lim f3(z,y) = f3(z).”
y—=T

We found that in eq. (A.15) in ref. [25], fa(z) = (® — 62 — 17)/[6(1 — 2)*] — 3z + V) Inz/(1 — x)°
should be replaced by eq. (B.24).
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