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Hyperon nonleptonic decays that change strangeness by two units, such as E — Nz and
Q™ — nK~,Az~, 2™z, are highly suppressed in the standard model. Only a few of them have been
searched for to date, leading to experimental upper bounds that are many orders of magnitude above the
expectations of the standard model. This leaves ample opportunity to look for indications of new physics in
these processes. At the same time, most, but not all, AS = 2 interactions beyond the standard model are
severely constrained by kaon-mixing data. We present two scenarios where new physics satisfying the
kaon-mixing constraints can enhance the hyperon decay rates to levels that can be probed in future searches
by BESIII and LHCb and at the proposed Super Tau-Charm Factory. Both scenarios require significant

fine-tuning.
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I. INTRODUCTION

The nonleptonic decays of light hyperons that modify the
strangeness quantum number by two units have very small
rates in the standard model (SM). Hence, such AS =2
processes could serve as an environment in which to search
for hints of new physics beyond the SM. This was first
investigated in Ref. [1], focusing on the 2, which has spin
1/2, turning into a nucleon N and a pion z. In the spin-3/2
sector, the Q~ hyperon can also be used to test for new
physics in AS = 2 interactions via the decays Q= — nK~,
Arn=, Zr, X 1.

The latest searches for E — Nz were conducted decades
ago [2,3] and came up empty, implying the branching-
fraction bounds B(E® — pz~),,, < 8 x 107° and B(E~ -
N )exp < 1.9 % 107 [4] both at the 90% confidence level
(CL). In the Q™ case, only Q= — Az~ has been searched
for [3], also with a null outcome, which translated into
B(Q™ = An7)p <29 x 1070 at 90% CL [4]. As these
results are above the SM expectations by up to 10 orders of
magnitude, the window to discover new physics in such
AS = 2 decays is wide open. Efforts to pursue this may be
made in ongoing experiments, such as LHCb and BESIII.
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The former, short of discovery, could improve the preced-
ing limits by 3 to 4 orders of magnitude after upcoming
upgrades [5]. At et e facilities, BESIII [6] might be able to
improve on the E bounds, and farther in the future the Super
Tau-Charm Factory [7] would expectedly have much
enhanced sensitivity to both the = and Q™ channels [8].
All of this has prompted us to revisit these rare processes in
hopes of learning new information about them.

There are relations among several of them, and we
identify the independent ones here. For the hyperons in the
octet of ground-state spin-1/2 baryons, the AS = 2 non-
leptonic decays into two-body final states that are kine-
matically allowed are E° — pz~,na° and E~ — na~.
Within or beyond the SM, the leading operators contrib-
uting to these flavor-changing neutral-current processes are
of dimension six and consist of four light-quark fields,
which can only be the down-type ones. Thus, the operators
entail the conversion of two s-quarks into two d-quarks,
altering isospin by Al = 1. It follows that, in light of
isospin symmetry of the strong interactions, the invariant
amplitudes for E — Nr satisfy

\/EMEO—mn'O + MEO—UM’ + ME'—mn' =0. (1)

As a consequence, it suffices to examine the amplitudes for
just two of them, which we choose to be 20 = pa~
and E- — nx~.

In the decuplet of ground-state spin-3/2 baryons, only
the Q™ undergoes predominantly weak decay. The final
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states of its AS = 2 nonleptonic two-body modes are
nK=,Az=,X%~, and T~ 7% as well as X9z~ and
270, the T* = £(1385) resonances being also members
of the decuplet. The amplitudes for Q= — X%z, 2~ 7" obey
the isospin relation

Mg + Mg-_3-0 =0, (2)

and so we need not discuss the latter. The same can be said
of Q= — 07~ T+ 70,

The structure of the paper is as follows. In Sec. II we
address the AS = 2 nonleptonic hyperon decays (NLHD)
within the SM. Specifically, we start by updating the short-
distance predictions for 2 — Nz and subsequently treat
their Q™ counterparts. Moreover, we explicitly look at long-
distance effects brought about by AS = 1 operators acting
twice, which turn out to be numerically important. Since
these processes have relatively low rates already, we do not
consider modes with three or more particles in the final
states, which have less phase space. Beyond the SM, in
Secs. T A and IIIB we explore how a Z' boson and
leptoquarks, respectively, may give rise to substantially
amplified contributions to the AS =2 NLHD. We present
our conclusions in Sec. IV. In three appendices we
summarize the numerical values we use for input para-
meters, collect the rate formulas for the Q= modes, and
provide further details of the Z’' model.

II. AS=2 NONLEPTONIC HYPERON DECAYS
IN THE STANDARD MODEL

A. Short-distance contributions
In the SM the effective Hamiltonian for AS = 2 tran-
sitions among light quarks is approximately given by [9]

2

NecGEme .
HiAS/‘[=2 = CCTFZC(Vchcs)ZQLLa (3)

which involves a QCD-correction factor 7., the Fermi
constant G, the charm-quark mass m,., the elements V,,
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, and

QLL = aVOIPLSZZ)/QVPLS = tkLnomyaPLWnW}/aPLWm (4)

with P; = (1 —ys)/2, the subscripts &, [, n, 0 =1, 2, 3
being implicitly summed over, f;;,, =0 except for
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FIG. 1.

tyy33 = 1, and the light-quark fields v ,3 =u, d, s. In
Eq. (3) we have retained only the charm-quark portion, as it
dominates the SM short-distance (SD) predictions for the
hyperon decays of interest and the neutral-kaon mass
difference AM g = Re(K°|Hs—»|K®)/mo, the correction
from the top and charm-top contributions being merely at
the percent level [9,10].

To deal with the hyperon amplitudes generated by H3M_,
requires the hadronized form of Q;;. It transforms like
(27;,1%) under the chiral-symmetry group SU(3), X
SU(3)z and has a leading-order hadronic realization
[1,11] expressible as

O = A fatiine [B27(EBEY), . (€BEY),,
+ 3275nx§0z51k§3\;l(Trvw)a(Trxz>a} ’ (5)

where A, is the scale of chiral-symmetry breaking, f,

denotes the pion decay constant, ,327 and 327 are parameters
to be fixed below, B and ¢ stand for 3 x 3 matrices
incorporating the fields of the lowest-mass octet baryons
and mesons, respectively, r, v, w, x, z =1, 2, 3 are also
summed over, and (7,,,,)* is a Rarita-Schwinger field [12]
for the spin-3/2 decuplet baryons and has completely
symmetric SU(3) indices (7, v,w), the components being
explicitly listed in Ref. [11]. Under SU(3), x SU(3)x
rotations B — UBU', ¢ » LEUT = UERT, and (T,,,)* —
U,,0,,.0,.(T,..)?% where U € SU(3) is implicitly defined
by the ¢ equation, £ € SU(3),, and R € SU(3),. We take
A, = 4nf,, in line with naive dimensional analysis argu-
ments [13,14]. Note that Eq. (5) does not contain a term
directly connecting the decuplet and octet baryons because it
is necessarily of higher order in the chiral expansion, needing
one derivative of the £ or & matrix to contract the Lorentz
index in 7“ [15], as y,T* = 0,T* = 0 [12,16].

The amplitude for a spin-1/2 baryon, 8B, converting
into another one, B', and a pion can be put in the general
form iMg_ g, = gy (Agy — ysByy )ug comprising, in
succession, parity-odd S-wave and parity-even P-wave
portions [4]. For the former in the AS =2 case, H3¥,
in Eq. (3) with Q;; changed to O;; brings about the
diagram depicted in Fig. 1(a), leading to [1]

(sM;sD) _ q(smsp) _ Csm
AL, = A = A (6)
=D=;=

(c) (d) (e)

Feynman diagrams for the SM short-distance contributions to (a) S-wave and (b) P-wave & — N, (c) P-wave Q™ — B¢, and

(d) S-wave and (e) P-wave Q™ — Z*z. Each hollow square symbolizes a coupling induced by H3M_, in Eq. (3). Here and in Fig. 2, a
dashed line represents a pseudoscalar meson, a single (double) solid line represents a spin-1/2 (spin-3/2) baryon, and a thick dot

represents a strong vertex from L, in Eq. (7).
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where Cgy = 77..GEm2(V* 4V s )2f2B7/ 7. The correspond-
ing B pieces are calculated from pole diagrams, displayed
in Fig. 1(b), which depend on Cg), and also have a vertex
furnished by the leading-order strong-interaction chiral
Lagrangian [16,17]

L > Tr(DBy*ys{A,. B} + FBy“ys[A,. B])
+ H(Tklv)a}/ﬂyS (Avw)ﬂ(Tklw)a

+ €klnc[(B)kv(Alw)a(Tm/‘w)a + (Tnvw)a(Awl)aBﬂk]v
()

where D, F, H, and C are constants and A, =

i(£0,E" — E70,¢)/2. The results are [1]
(SM,SD) D+ F my + ms
B:'Op - CSMv
- V2 \mz—my
D-F =
B(.Sl\:,[ SP) = (mN s m_) Cswm, (8)
V2 \my—mg

where my and mz are isospin-averaged nucleon and Z~°
masses, respectively.

The mode Q~ — B¢, with ¢ being a pseudoscalar
meson, is made up of P-wave and D-wave transitions.
In the SM, the SD contribution to the former proceeds from
the pole diagrams exhibited in Fig. 1(c) which include not
only a weak coupling produced by HAS , but also a
strong vertex from the C term of Eq. (7). The D-wave piece
arises from a higher order in the chiral expansion and
hence will be neglected. Writing the amplitude accordingly
as iMgq-_py = Cyyitgupp,, with p being the four-
momentum of ¢, we then have

C(SMSD) _ _C ] G Com
" V2 mzg —my  3(mg—ms)|’
CSMSD) _ CCsm C(SMSD) _ —CCsu
A 2v/3(mg — my.)’ Xa- 6(mg —my-)’

©)

where Cgy = 7. GEm2(V?,V o) (262, /7 and my. is the
isospin-averaged mass of the X(1385) resonances.

As for Q~ — X977 it is described by S-, P-, D-, and
F-wave amplitudes. The first two of them can be expressed
as iMg_yo, = i (Ag, — 7sBs 1) ugq, and in the SM
the SD ones are determined from the leading-order dia-
grams in Figs. 1(d) and 1(e), respectively. Thus, we find

- —H (mg + m2*>é
3\/§ mg—mz* SM-

R(SMSD) _ _ Csm f(SM.SD)

P 4 \/§ ’ DI 4

(10)

The D-wave and F-wave terms occur at higher chiral orders
and will therefore be ignored.

The value of ﬁ27 can be inferred, with the aid of flavor-
SU(3) symmetry, from the Al =3/2 amplitudes for the
measured AS = 1 NLHD. This is in analogy to linking the
matrix elements for K°-K° mixing and the Al =3/2
component of K — 2z decay [18]. In the SM the pertinent
AS = 1 Hamiltonian at short distance is

AI=3/2 (11)

Hi¥=3/2.AS=1 = VB8(Cy +C,)GrV Vi Qasy -

where élz designate the main Wilson coefficients

and QAS ] - tkl nol//ky PLl//nl//lyaPLl//o’ with tkl no — =0
except for  Fio13 =731 = faui3 = 31 = T =
—Iy 3, = 1/6. This operator also transforms as (27, 1z)

under SU(3), x SU(3)g. Accordingly, the hadronic reali-

. AI=3/2
zation of Q AS:I/

is [1,11]

at lowest order in the chiral expansion

ONY? = AfFiua ol (EBE) 1 (EBET)
+527§nx§oz€ykzjwl( rzzw)n(Trxz)n]' (12)

Since experiments reveal that the AS =1 NLHD are
dominated by their (8;, 1) amplitudes, which are ~20
times bigger in size than their (27;,1;) counterparts,
theoretical examination of the latter suffers from large
uncertainties because of complications due to isospin-
mixing effects plus the ambiguity associated with the
S-wave/P-wave problem for the spin-1/2 hyperons
[19,20]. Nevertheless, there is one exception, namely, that
the S-wave amplitude for * — nz™ receives no (8, 1)
contribution in chiral perturbation theory up to second
order in external momentum or meson mass [17,21] and
therefore offers possibly the cleanest way to assess ﬁ27

From Xt — nz'™ measurements [4], we get A(CXP ) =

1.40(27) x 1078, From Eq. (11) with Q3—/* replaced by
Oiézi/z’ we derive Amleory) (C +C2)GFVZqusA fﬂﬁ27'
Equating these A’s, assuming that higher chiral orders
can be neglected, and using 0.64 < él + éz <0.72 com-
puted in Ref. [9] at leading order (for the renormalization
scale of 1 GeVand QCD scales of 215-435 MeV) and the f,,
G, and V7,V values collected in Appendix A, we then
extract

Br7 = 0.076(15). (13)

As for 327, at the moment it cannot be estimated
unambiguously from experiment because its role in the
observed Q~ transitions is minor compared to those of the

(8., 1) parameters. Since, like /3,7, it belongs to (27, 1)
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FIG. 2. Feynman diagrams for the SM long-distance contributions to (a) S-wave and (b) P-wave E — Nz, (¢) P-wave Q- — B¢, and
(d) S-wave and (e) P-wave Q~ — X*z. Each hollow square symbolizes a weak coupling supplied by Ei%[:l in Eq. (16).

interactions, to illustrate how 327 may influence the BE - P”_>§B[ =3.0x 10719,
Q™ channels of interest we set 327 = ﬁ27 or —ﬁ27. B(E" — nﬂo)ggl =3.0x 10716,
From Mg_, s, follows the rate I'y_ g3, = |p’[[|Ags [* X BE - na )2 =79 x 10-17. (14)

(E' + my) + |Bygw|*(E' — my )]/ (4nmy), where p’ (E') is
the three-momentum (energy) of 8B’ in the rest frame of B.

; o For the Q~ transitions, from the aforementioned ampli-
We can employ this to evaluate the contributions of Egs. (6)

. tudes it is straightforward to obtain the rates written in
and (8) to E — Nr, with the central values of 5,; aboveand ~ Egs. (B3)—(B4). With Egs. (9)-(10) and the central
of #ee, me, |VeyVes|, D, and F quoted in Appendix A,  values of the input parameters, including C and ‘H from

leading to the branching fractions Appendix A, we then find
B(Q™ - nK™)$y = (1.4,9.4) x 10717, B(Q - Az™)8 =2.0x 107",
B(Q - X77)8 = 4.6 x 10718, B(Q - Z077)3 =2.8x 1071, (15)

where the two entries for Q= — nK~ correspond to 5y = (1, —l)ﬁy, respectively.

B. Long-distance contributions

These 2 and Q™ modes are also affected by the pole diagrams depicted in Fig. 2, with two couplings from the lowest-
order AS = 1 chiral Lagrangian [17,22]

L35) = Tr(hpB{E'RE, B} + hpBIERE, B]) + he(Tun)"(ERE) 00 (Thao) (16)
which transforms as (8, 1z) under SU(3); x SU(3), and contains parameters /p, ¢ and a 3 x 3 matrix £ with elements

Kr; = 09303, The diagrams for the B’s and C’s in Figs. 2(b), 2(c), and 2(e) again include a strong vertex from Eq. (7) as well.
Accordingly, for E — Nz we derive the long-distance (LD) contributions

A (SM.LD) 1 {h% — h% i h3 — h% h2 — 9h% }

=p V2f, Imy —my  2(mg—mg)  6(mg —my)
ASMLD) _ 1 {h%) — ht n h — ht hp — 9h% } ’ (17)
V2f, lmz—ms  2(mg —my)  6(my —my)
B(SM,LD)_hD_hF <m5~|-mN> |:D(hD_3hF)_FhD+hF:| +D+F <m5—|—mN> |: h%)_9h%' h%—]’l%]
-0 — 9
=7 V2f, \mg—my) |3(mz—my) mg—msz|  2v/2f, \mz—my) |3(mzg—my) mz—mg
(smip) _ hp+hp (my+mz\ [D(hp +3hp) hp —hp D—F (my+mz\[ hp—h; hp — hi
B, = +F + . (18)
- V2f, \mg—mz) | 3(my—my) my—mg|  232f, \my—mz/ |3(my—my)  my—ms

where my is the average of the >0~ masses, and for the Q™ channels
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(SM.LD) Che {hD +3hr  hp—hyp 4he } C h2, — 92 12 — h2
nkK~ = - — ’
6V2f(mg —mz) [ma—my  mg—my  3(mg—ms)|  22f (mz—my) [3(mp —my)  ms—my
(SM,LD) _ ChC (hD - 3]’11:‘ _ 2hC >
A 6\/§fﬂ.(mg — mE*) mE —_ mA mQ — mz* ’
Ch hp+h 2h
comp) _ c { p+hp c } ’ -
6f(mq —mz:) |mg —my  3(mg —my-)
A(SMLD) _ h. < 1 1 )
X - - 5
3\/§f” mE* —_ mz* mg —_ mE*
- h2 : 1 o)
BEMLD) Hhe (msz +my ) ( B ) 20
9\/§f” meg — Mg+ Mg+ — NMy+ meo — My

where mz- is the isospin-averaged mass of the E(1530)
resonances, which are of spin 3/2 and also members of the
baryon decuplet.

The unknowns here are hp, r ¢, but they can be evaluated
from the available data on the AS = 1 processes A — N,
Y > Nz, E— Azn, and Q™ - AK~,Exr [17,22]. Thus,
performing a least-squares fit of the octet-hyperon S-wave
and Q~ P-wave decay amplitudes at leading order to their
empirical values [4] yields the numbers in Eq. (A2).
Subsequently, combining the central values of hpf
with Egs. (17)-(18), we arrive at B(E’ - pz~)ib =
2.7x 1075, B(E" - n;ro)ls“l]\),[ =4.8x107'%, and B(E~ —
nz” )5 = 1.5 x 10713, which exceed their SD counterparts
in Eq. (14) by up to ~20 times, implying that we need to put
together the LD and SD amplitudes. Since the relative
phase between the two is undetermined, we simply subtract
one from the other or add them up to find

[1]
(=}

B(E" — pr)gy = (2.8,3.1) x 10713,
B(E" - nn®)gy = (1.5.0.02) x 10713,
B(E~ - na)gy = (1.2,1.8) x 10715 (21)

In the case of Q= — B¢, the LD contributions turn out to
be significantly bigger than the SD ones, but the two are
not highly disparate in Q™ — X*z, similarly to & — Nx.
Explicitly, neglecting the SD ones in Q™ — B¢, with the
central values of &y in Eq. (A2) we have

B(Q™ = nK )gy = 3.4 x 10713,
B(Q™ — An7)gy = 8.2 x 10714,
B(Q™ — 2077 )y = 1.5 x 10714,
)

B(Q - =017 ) gy = (2.0,54) x 10717, (22)

where the first three results surpass the ones in Eq. (15) by
over 3 orders of magnitude.

Although the preceding 4, r numbers give rise to a good
fit to the S-wave AS = 1 NLHD, they translate into a poor

|
representation of the P waves. On the other hand, it is
possible to come up with a satisfactory account of the
P waves but end up with a disappointing description of the
S waves. This is a well-known, longstanding problem
[17,20-22], which lies beyond the scope of our analysis.
Here we would merely like to see how different possi-
ble picks of hp g might alter the AS = 2 predictions.
In particular, fitting to the AS =1 octet-hyperon and
Q~ P waves produces the entries in Eq. (A3). These cause
the LD components in E — Nz to be much greater than the
SD ones, which now impact the branching fractions by no
more than 15%,

B(E - pa)gy = (2.85,2.91) x 10713,
B(EO — nﬂO)SM = (1.0, 1.4) X 10_14,
B(E™ - nz)gy = (1.1,1.2) x 10713, (23)
whereas the Q™ outcomes,
B(Q™ = nK )gy = 7.5 x 10713,
B(Q™ = An7)gy = 1.3 x 10713,
B(Q_ - Zoﬂ'_)SM = 57 X 10_15,
B(Q~ = 2077 )gy = (2.0,4.8) x 10717, (24)

are roughly comparable to those in Eq. (22).

To understand the parametric uncertainty of these SM
predictions and their correlations, we quote the 90% CL
intervals for each observable at a time in Table I, after
implementing the steps outlined in Appendix A. The
second column of the table lists only the SD contributions,
with 327 selected to have the same sign as ,327. For the third
column (labeled S), we incorporate the LD components,
taking them to have the same phase as the SD ones and
including the correlations between the values of A, y ¢ as
obtained from fitting the S waves of octet-hyperon non-
leptonic decays and P waves of Q™ — B¢ in the AS =1
sector. For the fourth column (labeled P), we repeat this

055012-5
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TABLE 1.

complete contributions of the SM, as explained in the text.

The 90% CL intervals of branching fractions of AS = 2 nonleptonic hyperon decays from the SD and

Branching fractions

Mode SD SD +LD (S) SD + LD (P)

g > pn (0.03,1) x 107 (0.01,2.6) x 1014 (0.7,82) x 10°13
20 > na® (0.03,1) x 1071 (0.,0.9) x 10~1 (0.03,0.4) x 10~13
E > onr (0.07,2.6) x 10716 (0.01,1.3) x 10714 (0.03,0.3) x 10712
Q - nk~- (0.1,6.5) x 10717 (0.2,0.6) x 1072 (0.2,2.1) x 10712
Q - Az (0.2,7.1) x 10717 (0.4,1.5) x 10713 (0.2,4.2) x 10713
Q - 207 (0.04,1.7) x 10717 (0.5,3.1) x 10714 (0.05,2.2) x 10714
Q - X0 (0.3,9) x 10717 (0.6,7.5) x 10717 (1,14) x 1077

exercise but with 327 and ﬁ27 having different signs, the SD
and LD parts being opposite in phase, and hp g from
fitting the P waves of both the AS = 1 octet-hyperon and
Q~ decays. As anticipated, for the last column the SD terms

are, on the whole, numerically insignificant relative to the
LD ones.

We complementarily show a number of pairwise
90% CL regions of quantities induced by the SM SD
contributions alone in Fig. 3, with 327 and ﬁy having the
same sign, and of the total SM branching fractions in Fig. 4,
after applying the procedure delineated at the end of
Appendix A. For the top (bottom) plots in Fig. 4 the
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FIG. 3. Distributions (top) of B(E® — pz~) and B(Q~ — Ax~) versus AM and (bottom) of the branching fractions of three pairs of

AS = 2 nonleptonic hyperon decays, all arising solely from the SD interactions in the SM. The blue thick vertical lines in the top graphs
indicate the experimental value, AM%". The large black dots mark the central values of our estimates.
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FIG. 4. Distributions of the SM branching fractions of different pairs of AS = 2 nonleptonic hyperon decays from the summed SD and
LD amplitudes, as explained in the text. The large black dots mark the central values.

parameter choices are the same as those for the S (P)
column in Table I specified in the previous paragraph.

In view of the smallness of the SM predictions in Table I,
it is unlikely that they will be testable any time soon. On the
upside, the striking dissimilarity between Eqs. (21) and
(23), and between the corresponding entries in the third and
fourth columns of Table I, implies that future observations
of 2 — Nz with branching fractions at the level of 1072 or
below could offer extra insight for dealing with the S-wave/
P-wave problem in the AS = 1 nonleptonic decays of the
octet hyperons. Furthermore, given that the measured
bounds on these AS = 2 decays are scanty and fairly weak
at the moment, the room for potential new physics hiding in
them is still substantial.

It is unfortunate that hadronic uncertainty plagues a good
number of hyperon decay modes, making it difficult to
tease out new-physics effects even in supposedly simpler
semileptonic modes such as X — puTu~ [23-26] or weak
radiative modes [27,28]. This implies that it is essential to
keep pursuing processes which in the SM are either
forbidden, such as those not conserving lepton flavor/
number [29-31] and decays into a final state containing
a dark boson/fermion [31-34], or very rare, such as the
AS =2 ones investigated here and flavor-changing

neutral-current decays with missing energy carried away
by a pair of invisibles [26,29,31,35-38]. It is therefore
exciting that there are ongoing and proposed quests for
some of them at running facilities [5,29,31]. It is also
encouraging that a couple of channels that have been
searched for experimentally [39-41] are now under consid-
eration by the lattice community [42]. In addition, the
aforementioned problem of AS = 1 NLHD and other aspects
of them continue to receive theoretical attention [43—46].

III. AS =2 NONLEPTONIC HYPERON DECAYS
FROM NEW PHYSICS

The study of AS = 2 processes within the SM presented in
the last section serves to guide us about what can be expected
with new physics (NP). An effective theory at the weak scale
required to satisfy the gauge symmetries of the SM will in
general contain four-quark operators of definite chiral
structure. The AS =2 ones will then contribute to both
K°-K° mixing and hyperon decays, and if the Wilson
coefficients are constrained by the former, the latter can
generally be anticipated to occur at most near SM levels.

Nevertheless, the currently huge window between the
SM predictions for the hyperon modes and their empirical
upper limits invites an exploration of NP scenarios that
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could populate it. It should be clear that, in order to achieve
this, fine-tuning will be necessary.

We have found two ways in which NP can avoid the
restriction from K°-K° mixing. The first one relies on fine-
tuning of model parameters that results in a cancellation
among different contributions to the mixing. This is
feasible because a four-quark operator comprising purely
left- or right-handed fields leads to a K°-K° matrix element
which is different than that of an operator consisting of
chirally mixed fields. In Sec. Il A we sketch a model
exemplifying how this could happen.

The second scenario was already pointed out in Ref. [1]
and involves NP which gives rise to |AS| = 2 four-quark
operators that exclusively violate parity and therefore do
not contribute to K <> K° transitions. This also entails
fine-tuning because SM gauge symmetries force any new
particles to have chiral couplings to quarks at the weak
scale. Cancellations between different operators are
then needed to eliminate the parity-conserving ones. In
Sec. III B we illustrate how this can be accomplished with
two leptoquarks.

A. Z' contributions

We entertain the possibility that there exists a spin-1
massive gauge field Z' which is associated with a new
Abelian gauge group U(1)" and couples to SM quarks in a
family-nonuniversal manner, but has negligible mixing
with SM gauge bosons. After the quark fields are rotated
to the mass eigenstates, the Z’' gains flavor-changing
interactions at tree level with generally unequal left- and
right-handed couplings [47]. Here we focus on the dsZ’
sector specified by the Lagrangian

Lz = —dy? (g Py + grPr)sZj +He.,  (25)

with g; and g being constants and P = (1 + y5)/2. We
suppose that additional fermionic interactions that the Z’
may possess already fulfill the empirical restraints to which
they are subject, but on which we do not dwell in this paper.
With the Z' mass, m, assumed to be big, from Eq. (25)
one can come up with tree-level Z'-mediated diagrams
contributing to the sd — 5d reaction and described by

2 2
, 9191 + 9r9rr | 9LIRLLR
HE ., = 26
AS=2 Zm%, + m%, ( )

at an energy scale y < my, with

Orr = EIYaPRSEi}’aPRS» Qrr = C_iYaPLSC_lJ’aPRS- (27)
To examine the effects of H%_, on hadronic transitions,
we need to take into account the QCD renormalization-

group running from the m scale down to hadronic scales.
This modifies Eq. (26) into [48,49]

W nLL9; Qrr + NrrIk Qrr
AS=2 Zm%/

Qrr + Mg Q)
+9L9R(77LR ;1; LR LR)’ (28)
Z/

where #7;; = ngr and n(L/% are QCD-correction factors

and Q) , = dP;sdPgs.

The chiral realization of Q,; for hyperons is already
given in Eq. (5). Hence, since Qpp transforms like
(1.,27g) under SU(3), x SU(3), rotations and the strong
interaction is invariant under a parity operation, the lowest-
order chiral realization of Qg is

Orr = Ny fotiine B27 (& BE) (€' BE),,
+ 32752)652251;](&%(Trvw)”(Trxz)n]' (29)

For Q(L';e, which belongs to (8;,8;) and is even under
parity, the leading-order baryonic chiral realization relevant
to the decays of interest is

/ l Ar = -
Ol'k = 5 M 3o (P (EBEN) . (€'B),.

+ (§'BE) w(EBE ) o) + BiR (Eunlet i
+ ijlxiozkagjvl)(Trvw)n(Trxz)r,}’ (30)

where ﬁé’g and Sgg will be estimated shortly. Being parity

even, O(lee at tree level impacts only the P waves of
E — Nz and Q™ — B¢, X'

It is worth commenting that the ﬁgg portion of
Eq. (30) can alternatively be expressed in terms of
traces, in light of the relation ty;,,(EBET), (6TBE), =
Tr(REBETRE BE) = Tr(REBEN)Tr(RETBE) and the same
expression but with & and &' interchanged.l We further
note that Q;; rrrr and Qjp are all invariant under the
CPS transformation [50], which is the ordinary CP
operation followed by switching the d and s quarks, as
are their chiral realizations O;; ggz and Opy.

With these operators, we can produce diagrams like
those in Fig. 1 but with the weak couplings (hollow squares)
now induced by Hg’H in Eq. (28). Subsequently, for
2 — Nr we arrive at

'One could construct other parity-even (8, 8x) combinations:
Tr(RERZ))Tr(BB), Tr[B(ETRZRET + ERZTRE)B], Tr[(ETRIRET +
ERYTRE)BB], and Tr(REBERETBE™ + RETBETREBE). However,
the E° - n matrix elements of the first three vanish, whereas
that of the fourth is not independent from <n|(’)(L/3e 2% because
of the equation Tr[REBERETBET + KETBEREBE + B{ETRIRET +
ERERE, BY] = Tr(REBETRE BE + RETBEREBE') + Tr(KERE') x
Tr(BB).
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A(EZO’) —A _’r)l CrLL — CRR

P - 2\/5 ’

mg

(7)) , D+F (my+mg
B, = 2 2 ,
w0, = (CrL + Crr +2C18 +2¢]p) 5 \mm—my
( ) D-F (mN + m3>

Bs, = (crp + crgp +2cpp +2c s
= (crL RR LR x) 232 -
(31)
where
471”7LL9L ") 4ﬂﬂ(L;q9LgR 25
CLL(RR) = 7][7:,527, CLrR = i ﬂss
A A
(32)
As for the Q™ channels, we find
4 CLL +CRR+2CLR+2C/LR
G:nl(‘ = C
2V2(mz = my)
_ ELL+ERR+25LR+2Z‘2R
(7) Crp + Crp + 288 + 285
Crrt =C ,
4v/3(mg — my.)
C(g/)_ _ _CELL+ERR+25LR+25/LR’ (33)
Xz lz(mg - mz*)

~ (7! —H m + m - - ~ ~

[EBEZZ*” o3 <mz mi) (Crp + Crg + 288 + 281 5),
(34)

where

2
Ernam = 47NLL97 (r) 25, & 4”’7(L;engR fz
- V3 > LR —
m%, mZ,

(35)

For the coefficients in Egs. (32) and (35), numerically we
utilize n;; = 0.65, .z = 0.99, and 7}, , = —5.08 evaluated
at the scale 4 = 1 GeV, which is compatible with the fact
that we implemented the techniques of chiral perturbation
theory to determine the baryonic matrix elements, upon
setting my =5 TeV and employing the formulas pro-
vided by Ref. [48]. This m, choice escapes the limitations
from Z’ searches in hadronic final states at colliders [4]. As

regards ﬁgg and Sgg, first we remark that the bag model®

predicts ﬁ27 = 327 =0 but ﬁgg = Zﬁgg =—-0.15 and

’A textbook treatment of the bag model can be found in
Ref. [51].

5gs = 2043 = —0.11. These and Eq. (13), along with the
expectation of naive dimensional analysis [13,14] that they
equal unity, then suggest that we may adopt

,Bss = 23%8 = 388 = 25;58 =1 or -1 (36)

for our numerical work.

Before calculating the hyperon rates, we also need to pay
attention to potential restrictions implied by kaon-mixing
data. This is because the interactions in Eq. (28) affect
the neutral-kaon mass difference AMy = 2ReM g and
the CP-violation parameter |¢| =~ [ImMgg|/(vV2AMSY) via
2mgoM% . = (K°|HZs_,|K?). Thus, the Z' contribution is

Z/
MKK
_ neL (9 + 9%)(Que) + 29r9r (Mir(Qrr) + M1r(Qrr))
4mK0 m%/

(37)

where  (Q) = (K°|Q|K").  Numerically (Q;;) =
0.002156(34) GeV*, (Q,z) = —0.0482(28) GeV*, and
(Qrr") = 0.0930(30) GeV* computed at u =3 GeV in
Ref. [52]. In Eq. (37) we additionally use #;; = 0.74,
nrg = 0.89, and 7}, = —2.07, all at y =3 GeV as well.
With these numbers, it turns out that MZ %k goes to zero for
certain values of g; /gr where one of the two couplings is
small relative to the other. In Appendix C we look at an
illustrative Z’' model that shows in some detail how this can
be realized.

More generally, we may let g; and g vary freely under
the experimental requisites. In the instance that these
couplings are real, since the latest SM estimate AMSM =
5.8(2.4) x 1072 MeV from lattice-QCD studies [53]
is still much less precise than its measurement
AMZ? =3.484(6) x 10712 MeV [4], we may impose
-1 < AM%Z /AM$® < 0.5, which is consistent with the
20 range of AM %" — AMSM, but there is no constraint from
€. For an example of this case, we pick the first option in
Eq. (36) and by, = —f3y;, as well as m, /g, >5 TeV,
which reflects our assuming |g;| < 1 to guarantee pertur-
bativity, with m, =5 TeV. This results in the allowed
(blue and red) regions of m /g; versus gg/g; displayed in
Fig. 5. The vertical span of the red area in this figure
corresponds to

1.0 x 1078 < B(E® —
12x 108 < BE* -
33x 107 <B(E" -

pr),y <1.6% 1077,
nn’), <1.9x 1077,
nn), <52 %1078, (38)

*By interchanging g; and gg, one could have another allowed
region, which has the same shape and size. For g; x < O there are
also two regions fulfilling the AM g requirement.
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B(E'»pr) =10710

B(2"pr) =108

3386 3.388 3.390 3.392 3394 3.396
10° g4/,

FIG. 5. Sample region of my/g; versus gr/g; which can
yield B(E® — pz~), between 1070 (blue) or 10~# (red) and
1.6 x 1077 and simultaneously satisfy the AMj requirement
described in the text.

34x107°<B
12x10°<B
41x107<B
1.8x10° < B

Q > nk7), <54x1078,
Q - An7), <2.0x 1078,
Q - X77), <65x 107,
Q - 3077), <28x107%.  (39)

~—~~ o~~~

These are far greater than their SM counterparts in Egs. (23)
and (24) and might be sufficiently sizable to be within
reach of LHCb [5] and BESIII [8] in their future searches
and of the proposed Super Tau-Charm Factory [8]. It should
be pointed out, however, that in specific Z' models the
hyperon rates may be comparatively less enhanced due to
various restraints on the Z’ couplings, such as the model
discussed in Appendix C, which yields B(E® — pz~), ~
4 x 10719,

B. Leptoquark contributions

By introducing more than one leptoquark (LQ) it is
possible to generate an effective four-quark AS = 2 inter-
action that is parity violating and hence eludes the kaon-
mixing requirement. The LQs of interest here, with their
SM gauge-group assignments (SU(3)., SU(2),,U(1)y),
are §; ~ (3,1,4/3) and R, ~ (3,2,7/6) in the nomencla-
ture of Ref. [54]. They can have renormalizable interactions
with SM fermions according to

ELQ = ?fod_j-exS‘] =+ Y?Eq_ijex =+ H.C., (40)

where Y and Y are Yukawa coupling matrices, ¢ ; and d;
represent a left-handed quark doublet and right-handed
down-type-quark singlet, respectively, and e, is a right-
handed charged-lepton singlet. Working in the mass basis
of the down-type fermions, we rewrite Eq. (40) as

Y, T \c <4/3 —p5/3
Liq = YER(D)°Pxt, 81 + Y ((Verm) i TeRY
+D;R;?)Pyt, + Hec., (41)

where j, k, x = 1, 2, 3 here denote family indices and are
summed over, the superscripts of §; and R, indicate the
electric charges of their components, and U;,3 = u, c, 1,
Dis3=d, s, b, and ¢1,3 = e, u, 7 refer to the mass
eigenstates. Although these LQs could have other cou-
plings with SM fermions or engage in scalar interactions
[54], for our purposes we do not entertain such possibilities,
considering only the minimal ingredients already specified
in £y above.

From Eq. (41), with the LQs taken to be heavy,
we can derive box diagrams which lead to the effective
Hamiltonians

o _(SYEVEP (S
AS=2 1287%m?, KT 128 my,
* * 2
o Dor(VermY™) 1 (Verm Y™ )anl” - _
Hacn= 1287r2m%2 uy"Pycity,Pyc,

(42)

where Q; ; zr have been written down in Eqgs. (4) and (27).
Evidently L affects not only AMy via AM%Q) =
Re (K| HE2_,|K®) /mgo but also its charmed-meson ana-
log, AMp,.

It is interesting to notice that, since YXX and YR besides
the LQ masses are free parameters, the model parameter
space contains regions in which (> YRR<YRR)2/ m%l +
(32, YIRY3E*)?/my s highly suppressed or vanishes,
rendering Hk%:z mostly or purely parity odd and therefore
AM%Q) is also suppressed or vanishing. In such instances
the AM g limitation can be evaded.” In the remainder of this
section, we explore this scenario and for simplicity set

msl = }’nR2 = mLQ and
0 0 vy, 0 0 yu

YRR =10 0 iy, |, Y=*=]0 0 vy, [. (43)
0O 0 O 0O 0 O

with y,;, and y,, being real constants, ensuring that
(2 YEEYER)? + (3 (Yiys)* = 0. Hence,
0 0 Vudyd'r + Vusysr
0 0 Vcdydr + Vcsysr . (44)
0 0 thydr + Vtsysr

Vekm Y™ =

“Invoking two scalar LQs to decrease certain quantities
and increase others has previously been applied to other con-
texts [38,55].
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It follows that now

HR y,zhy ST

AS=2 128 2 (QLL

Qrr)- (45)

(Vudydr + Vusysr)z(vﬁcﬁdydr + stysr)z

Hid, =
ac=2 12877 mi
X ﬁyaPLCﬁyaPLC. (46)
Since Q;; — Qrg = —dy®sdy,yss is parity odd, HYZ_, no

longer influences K°-K° mixing. On the other hand, the
contribution to AMp, is still present, but this will be avoided

if one of the brackets in HI&%:Q is zero. Thus, we opt for
ViaYar + Vusyse = 0, which causes Hk%:z =0 and

2
v dydr

H —
A= 1287 mi V2,

(Qrr — 2rer) (47)

at a scale p < myq. Moreover, given that V,, and V
are real in the standard parametrization, y,, and y,, stay real
as well, and with V,;/V, =4.33 from Ref. [4] the
perturbativity condition |y, ,,| < v/4z implies the requisite
lva:| < 0.819.

It is worth remarking that in general, below the high
scale (unp) at which new physics is integrated out, the
effects of QCD renormalization-group running on the
Wilson coefficients C;; and Cgg of Q;; and Qgg in
the effective Hamiltonian Hy containing them are known
to be the same [48,56,57], which reflects the fact that the
strong interaction conserves parity. This means that the
QCD-evolution factors, 7;; and nzr, which accompany
these operators in H.y are also the same, #;; = ngg-
Then, in the case where C;; = —Cgrr at uyp, at lower
energies Hg is of the form 7,;C;; Q1 + NrrCrr Crr =
NCrr(Qrr — Qrr). Accordingly, in our particular LQ
scenario, Eq. (47) translates into (K°|HLQ ,|K?) =0 at
any scale u < myq.

From the last two paragraphs and the chiral realizations
of Q1 rr in Egs. (5) and (29), we get the S-wave amplitude
terms for 2 - Nz and Q™ — X*7x,

A(_O ) — ALQ _ ﬂ27’7LLf72zV5dy31

P 16v2ami V2,
5(LQ) _ 327’7LLf %Vidy?h (48)
T 16V3aml GV,

In contrast, being parity odd, Hk%zz in Eq. (47) does

not modify the P-wave parts, and consequently [EB(ELOE) =
Bl = cl? = ¥ = cl? 849 =0

With B,; = 0.076 as before, 1,; = 0.68 for myo =
1 TeV, and |y, | < 0.8, from Eq. (48) we arrive at
B(E® — pr)q < 3.4 x 1078,
Lo <6.9x107%,
Lo <2.0x107%,
Lo = 5.7 x 107, (49)

B(E® - nn°

B(E™ - na~

)

)L

)L
B(Q™ — =077)
with the upper values exceeding the corresponding SM
predictions in Eqs. (23)—(24) and Table I by 5 orders of
magnitude or more. Some of these enhanced results might
soon be probed by LHCb [5] and BESIII [8].

Finally, we comment that although the LQs considered
here influence various other low-energy processes, such as
s — dy, dg and the anomalous magnetic moment of the 7
lepton, we have checked that the effects are not significant
with the parameter choices we made. These include the
special textures of the Yukawa matrices in Eq. (43) which
also help the LQs evade the constraints from collider
searches [4].

IV. CONCLUSIONS

We have explored the AS =2 nonleptonic decays
of the lowest-mass hyperons within and beyond the SM.
Concentrating on two-body channels, we first updated the
SM predictions for £ — Nz and subsequently addressed
those for Q= — nK~, Axr—, Zr, X* . Furthermore, we inves-
tigated the impact on these processes of long-distance
diagrams involving two couplings from the AS =1
Lagrangian in the SM. The LD contributions turned out to
be much bigger than the SD ones on the whole, but they can
raise the branching fractions of the majority of these decay
modes merely to the 107!2 level, making the SM predictions
unlikely to be tested in the near future. Beyond the SM, new
physics may bring about substantial amplifications, although
restrictions from kaon mixing play a consequential role.
We showed that a Z’ boson possessing family-nonuniversal
interactions with quarks can give rise to rates of the AS = 2
hyperon transitions which greatly surpass the SM expect-
ations and a few of which could be within reach of BESIII
and LHCb. We also demonstrated that a model with two
leptoquarks can achieve similar outcomes. Although these
two cases are very distinct in their details, both require some
degree of fine-tuning to make the hyperon modes potentially
observable not too long from now.
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APPENDIX A: NUMERICAL INPUT

For our SM estimates, we use f,=(92.07+
0.85) MeV and m, = (1.27 £ 0.02) GeV, as well as G =
1.1663788(6) x 107> GeV~2, from the Particle Data Group
[4], which also supplies the CKM factors V7,V =
0.21923(62) and |V V.| =0.21890(61) and the values
of hadron masses and hyperon lifetimes. For other para-
meters relevant to the SD amplitudes, we employ

By = 0.076 £ 0.015,
Nee = 1.87 £0.76,

D = 0.81 £0.01,
C=-17+03,

8y, = £(0.076 £ 0.015),

F =0.47+£0.01,

H=-26+0.5, (A1)
where 7. was computed in Ref. [10] and D and F (C) are
inferred at leading order from the data [4] on semileptonic
octet-baryon decays (strong decays T — B¢ of the dec-
uplet baryons), but we have adopted H = 3C/2 from the
nonrelativistic quark model [16] because it also predicts
2D = 3F and C = —2D which are reasonably fulfilled by
Eq. (A1) and an empirical tree-level value of H is not yet
available.

For hp, hp, and he, which enter the LD amplitudes,
we use one of two sets of numbers resulting from fitting
to either the S waves or the P waves of AS =1 non-
leptonic octet-hyperon decays and also to the P waves of
AS=1 Q — B¢p. The central values and variance-
covariance matrices for these two cases are, respectively,

(hp. hp. he) = (—1.69,3.96,3.75) x 1078,

0.189 0.023  0.005
c=]0023 0050 —0.006 | x 10716,
0.005 —0.006 0.121
(A2)
(hp. hp. he) = (—4.33,5.67,3.40) x 1078,
0610 —0.756 0.130
o= | -0756 0952 —0.164 | x 1071°,
0.130 —0.164 1.256
(A3)

obtained from weighted least-squares fits, after the exper-
imental errors in the weights were increased to 20% to

account for those errors being far smaller than the expected
theoretical uncertainty [22].

To estimate the ranges in Table I, we first assume that the
errors in the input parameters listed in the previous two
paragraphs are Gaussian. We then combine these errors by
generating a large sample of k observable values and
extracting from them the confidence-level regions. The
90% CL interval range is determined by dropping the
lowest and highest 5% of the simulated values.

For the graphs in Figs. 3 and 4, we define a distance
between each generated pair (0;,0;); and their mean
(bi, 1] ]) as

d(k) = Z(o; - 5,.)2;; (0;—0;).
ij

(A4)

where 2, is the numerically estimated variance-covariance
matrix for the pair. Then we select the 90% of points closest
to their mean.

APPENDIX B: RATES OF Q- DECAYS
The amplitudes for Q= — B¢ and Q= — 07~ are

iMqg-_py = CypilgudDys
iMq-_ 50 = U3 (Agr — 75By ) Ugas (B1)
where C%(/,, Ay, and By, are constants, p stands for the
momentum of ¢, and the D-wave term in Mg-_,s,, and the
D-wave and F-wave ones in Mg-_s0,- have been
neglected. To calculate the corresponding rates, we need

the sum over polarizations, ¢, of a spin-3/2 particle of
momentum k and mass m given by

3/2 7.
> w(ko)i(k.g) = (kK+m) (ﬂ Grgn - gﬂﬂ) ,

¢=-3/2 3
kHkY
m?

N (B2)

After averaging (summing) the absolute squares of the
amplitudes over the initial (final) spins, we arrive at

E + msg
12ﬂ'l’7[g

PR S+ 2
T T2wmi, 4mém§*0

~6 | =42

R A - ~

N (f#+ 5ﬂ3> By
4QO2*0

Fo_wy = PP |Cyy*. (B3)

572 ) s P

[ e

>This can be found in, e.g., Ref. [58].
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where 2. = (mg &+ mg)? — m2- and € (P) is the energy

(three-momentum) of the daughter baryon in the Q~
rest frame.

APPENDIX C: SIMPLE Z' POSSIBILITY

For a particular example of the Z’ scenario considered in
Sec. III A, we suppose that under the U(1)" gauge group the
left- and right-handed quarks in the first (second) family
carry charge Q = 1(—1), whereas the other SM fermions
are singlets. It is straightforward to see that with these
charge assignments the model is free of gauge anomalies.
Accordingly, with the covariant derivative of fermion f
having the form D,f D (d, + ijQ:Z,)f, the Z' inter-
actions with the quarks are described by

—Loz = §(uf Yy, — cry'cy +dpy'dy — siy's)
+(L - R)Z,
= g[ULy"Vy diag(1, ~1,0)VjU,
+ Dry"Vi diag(1, —1,0)V¢D; + (L — R)]Z),

where § denotes the U(1)" gauge coupling constant, the
primed quark fields are in the flavor basis, U and D
represent column matrices with elements (U, U,, U;) =
(u,c,t) and (D, D,,D3) = (d, 5, b) in the mass basis, and

Vi g and V{ ; are 3 x 3 unitary matrices which connect the
fields in the two bases and also diagonalize the quark-mass
matrices M, and M, via diag(m,,m.,m,) = VZTMMV%
and diag(my, mg, m,) = V4 M V.

Since Vy“ are linked to the CKM matrix by
V¢ = V4V gu, the expression for V¢ is fixed once VY
has been specified and vice versa, but this does not apply to
Vid and there is freedom to pick their elements. This is
because M, , are arbitrary as long as they satisfy the above-
mentioned diagonalization equations and can be arranged
to have the desired textures by introducing the appropriate
Higgs sector. To suppress other effects of the new Higgs
particles, including flavor-changing neutral currents which
might be associated with them, they are assumed to be
sufficiently heavy.

Thus, for our purposes, we can choose

cosff g sinfpp O
Vig=| —sintjp costip 0],
0 0 1
(C1) cos 64 e”sin@d 0
Vé = | —e7sing%  cosé% 0 |. (C2)
0 0 1
with which Eq. (C1) becomes
|
—L,z = glay"(C{ Py + CyPr)u—cy' (€ Py + CyPg)c + [y (S} P + S} Pr)c +H.c|} Z,
+ 3{l(IVual® = V) E5 4 2Re(V})V o)L 1d Ly dy + € idry"dR}Z,
+ g{[(|vuv|2 - ‘Vcs|2)cg1u‘ + ZRe(VZchs)yﬁEynsL - %%Q}MSR}Z;
T (V> = Ve )Y +2Re(V3, V)L by b, Z,
+ Q{[(VZqu.v - V?chs)‘fZ + (VZchs + Vﬁdvus)yZ]aV"SL + eiwy;ieaynsR + H-C-}ny
+ ViV = ViaVer) €L + (VigVes + VigVip)-L11dy"by, +Hee } Z,
+ g{[(‘/;rvub - stVcb)(flLl + (V;s'vcb + stvub)ylul]gynbL + H'C'}ZI s (C3)

where the 0’s and w are real quantities, % = cos(20%), and .5 = sin(20%). Taking 6% and 6% to be tiny or vanishing then

leads to

—Lyz = gluy"u —cy"c + (|Vual* = |Veal?)dry'dy + €4dry"dg)Z,,

+ 3l
+ g[(‘/Zqus -
+

Vus|2 - |Vcs|2>EyﬂsL - %%ﬁyﬂsR + (|Vub|2 - |Vcb|2)EyﬂbL}Z:1
VZchs)Z}/”SL + eiwyﬁd_RynsR + HC]Z:7
g[(VZdvub - V:dvcb)d_LynbL + (Vﬁsvub - V:svcb)qynbL + H'C']Z}/’]v

(C4)

where the ucZ' part has dropped out, avoiding the limitation from D°-D° mixing. Comparing the dsZ’ portion of Eq. (C4)
with Eq. (25), we identify g; = §(V:,V, — Vi, Ves) and gg = €474, Selecting o = Arg(V:,V,s — V?,V,,) and a
suitable 64, we can then acquire the special g; /g ratio which renders M?K in Eq. (37) vanishing.
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It is interesting to point out that, after the CKM
parameters from Ref. [4] are incorporated, the terms £, D
—§(0.011 —0.003i)d; Z'b;, + §(0.040 + 0.0008i)5,.2'b; +
H.c. can be shown to elude B, -B,; mixing constraints if
g/my < 0.1/TeV, as new-physics effects of order ~10% in
the mass differences AM,, are still permitted [59].
Moreover, although a flavor-changing coupling and a
flavor-diagonal one from Eq. (C4) can translate into
operators contributing to four-quark penguin interactions
[9], the impact can be demonstrated to be weaker than

that of the SM by at least an order of magnitude if
G/my < 0.1/TeV. In addition, the flavor-conserving cou-
plings in Eq. (C4) can escape the restraints from Z’ searches
in hadronic final states at colliders provided that the
Z' mass is around 5 TeV or more [4].

Last, from Eq. (C4) one can derive long-distance
contributions to AS = 2 transitions involving two AS=1
Z'-mediated couplings or one of them and one AS =1
coupling from the SM. One can deduce from the preceding
two paragraphs, however, that such LD effects are unim-
portant relative to the SD interactions in Eq. (28).
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