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Introduction

a In the meson sector there’s a well-known observed process that
changes the strangeness quantum number by two units (AS=2): the
neutral kaon mixing with its antiparticle, K°<> K©.
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Introduction

a In the meson sector there’s a well-known observed process that
changes the strangeness quantum number by two units (AS=2): the
neutral kaon mixing with its antiparticle, K°<> K©.

a But no AS=2 transition among baryons has yet been seen.

PDG 2022

a To date, there have been some searches for AS=2 baryon decays:

=Odecay pr— s2 < 8 x 1076 00%
pe U, 2 < 1.3 x 103
P T, 2 < 13 x 103

=" decay nrn— S22 < 1.9 x1075  90%
ne Te 52 < 32 x 1073 90%
npo 2 < 15 % 90%
pwT T 2 < 4 x 104 90%
pr_ e U, 2 < 4 x 104 90%
prpuT U, 2 < 4 x 10~4 90%
P L < 4 x 108 90%

Q~ decay Ax— 2 < 29 x 106 90%
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a In the meson sector there’s a well-known observed process that
changes the strangeness quantum number by two units (AS=2): the
neutral kaon mixing with its antiparticle, K°<> K©.

a But no AS=2 transition among baryons has yet been seen.

PDG 2022

a To date, there have been some searches for AS=2 baryon decays:
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Introduction

a For the nonleptonic modes, the existing experimental limits are far
above the expectations of the standard model.
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Introduction
a For the nonleptonic modes, the existing experimental limits are far
above the expectations of the standard model.

» Thus there’s still ample opportunity to look for signs of new physics
In AS=2 hyperon nonleptonic decays.

a New physics might enhanced their rates to levels potentially within
reach of BESIIl and LHCb. Alves Junior et al., 1808.031;375

» At least they could improve on the current experimental limits by up to 3 or
4 orders of magnitude.

a Further in the future, the Super Tau-Charm Factory could expectedly
probe these hyperon decays better.
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Introduction

a Kinematically allowed, AS=2 nonleptonic hyperon decays:
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Introduction

a Kinematically allowed, AS=2 nonleptonic hyperon decays:

* Spin-1/2 hyperons: E° = pn—,nn’, E- — nw
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Introduction

a Kinematically allowed, AS=2 nonleptonic hyperon decays:

* Spin-1/2 hyperons: E — pan—,nn’, E- — na~

Isospin symmetry implies that their amplitudes are related:

\/§MEO—>n7r0 _I_ MEO——>p7r— _|‘ ME‘——HL?T‘ =0
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Introduction

a Kinematically allowed, AS=2 nonleptonic hyperon decays:

* Spin-1/2 hyperons: EY — pan—,nn’, ZE- — na~

Isospin symmetry implies that their amplitudes are related:

\/§MEO—>TLWO + MEO—>p-n-— + ME——)nﬂ-— =0

* Spin-3/2 hyperons: Q7 — nK ,An~, X7, X7
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Introduction

a Kinematically allowed, AS=2 nonleptonic hyperon decays:

* Spin-1/2 hyperons: EY — pan—,nn’, E- — na~

Isospin symmetry implies that their amplitudes are related:

\/§MEO—>nﬂ'0 + MEO—>p7r— + ME_—>’I’L7T_ =0

* Spin-3/2 hyperons: Q7 - nK ,An", X7, X~ 7"

Isospin relation: Mg- 50— + Mg-_5—n0 = 0

J Tandean 26 Apr 2023
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o Standard model predictions
» Short-distance contributions
» Long-distance contributions
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AS=2 nonleptonic transitions in standard model

a Nonleptonic AS=2 interactions at short distance (SD) in the SM arise from
box diagrams involving up-type quarks and the W boson in the loops.

a The effective Hamiltonian at low energies
2

J F #2112 *2y72 " ”
%i\g=2 — 4772 ncchchsS(mc) I T’ttvtdvtss(mt) + 2nCtVCdVCSthVtSS(wC,mt) QLL

QLL == E'yaPLs E’)/QPLS
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AS=2 nonleptonic transitions in standard model

a Nonleptonic AS=2 interactions at short distance (SD) in the SM arise from
box diagrams involving up-type quarks and the W boson in the loops.

a The effective Hamiltonian at low energies
2
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AS=2

QLL == E'yaPLs E’yaPLs

a It yields the SD contribution to neutral-kaon mixing
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AS=2 nonleptonic transitions in standard model

a Nonleptonic AS=2 interactions at short distance (SD) in the SM arise from
box diagrams involving up-type quarks and the W boson in the loops.

a The effective Hamiltonian at low energies
2

%SM

AS=2

QLL == E'yaPLs E’yaPLs

a It yields the SD contribution to neutral-kaon mixing

’\/\/\/M\//\« s
K?° i; 6,0 K" K°
ANAANAN d

o This Hamiltonian also contributes to
AS=2 nonleptonic hyperon decays.
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AS=2 nonleptonic hyperon decays in standard model

* To address the hyperon decays requires the baryonic realization of Q;,
which transforms as (27.,1z) under the flavor SU(3), xSU(3)r symmetry.
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AS=2 nonleptonic hyperon decays in standard model

* To address the hyperon decays requires the baryonic realization of Q;,
which transforms as (27, 1r) under the flavor SU(3), xSU(3)z symmetry.

* T he leading-order chiral realization of Qy; is
OLL - Axfﬁ tkl,no [627 (g—B—gT)nk (£B€T)ol + 527€nm€oz£lk£Ivl (T—r'vw)g(Trmz)c}

B27 and d27 are parameters to be estimated, A, is the scale of chiral-symmetry breaking,

and f_ is the pion decay constant. He & Valencia, 1997
Abd El-Hady, JT, Valencia, 1999

The baryons and mesons are collected into

[ Z° A
—=+-—= =7 p A+ et VZKT
V2 V6 s . /3 ,
- - a2 — ¥e — | V270 ——=n" V2K°
"’ . 6 V2 ¢ eXp(2f>’ ’ V3 2
2 K~ 21:_{0 - 8
\ = = —yzA VERT Ve V3
! ! = A" —_ _ 1 1 _
Ty =ATT, T112Z_3A+’ lezzﬁAUa Thoo=A", T113‘7§Z*+’ T123“%2*0’ Tops=32"
1 k(3 1 —k — o —
Tias= 55" Toga=58" ) Thay =1

Under chiral symmetry B—UBUT, ¢ — LEUT=UERT, (Trow)” = UrnUpaUwz (Traz)"

U e su(3) implicitly defined by the ¢ equation, L € sU(3)., and & e SU(3)xg.
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Short-distance contributions

¢ The amplitudes for 2 — N« comprise S- and P-wave parts.

¢ The amplitudes for Q= — B¢ are dominated by the P-waves.
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Short-distance contributions

¢ The amplitudes for 2 — N7 comprise S- and P-wave parts.
¢ The amplitudes for Q= — B¢ are dominated by the P-waves.

¢ The P-waves involve vertices from the strong chiral Lagrangian
Ly D Te(D By vy { Ay B} + F By [ A, B) " enkins & Manohar, 1997
+ ekln C [(Crnvw)C ("Llfwl)c ka _I_ Bk'v (“‘llw)g (Tnvw)g]

D, F, and ¢ are constants and A_=i(¢a ¢t —¢0.¢) /2
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Short-distance contributions

¢ The amplitudes for 2 — N7 comprise S- and P-wave parts.
¢ The amplitudes for Q= — B¢ are dominated by the P-waves.

¢ The P-waves involve vertices from the strong chiral Lagrangian
Ls D Tr(D By*v,{ A, B} + F By*v,[ A, B]) " enkins & Manohar, 1997
+ Ekln C [(Crnvw)C (~’4'wl)g ka _|_ Bkv («Lllw)g (Tnvw)q]

D, F, and ¢ are constants and A_=i(¢a ¢t —¢0.¢) /2

a The SD contributions to the amplitudes

ll

=

(a) (b) (c)

Feynman diagrams for the (a) S-wave and (b) P-wave of 2 — N# and (c) the P-wave
of Q= — B¢, each hollow square symbolizing a coupling induced by #H

AS=2
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Short-distance contributions to hyperon amplitudes
a S-wave amplitudes

A{SM SD) _ A(SM.SD) Csn

—

= n o \/§

1 2.9 r \2 £20
Csm = ??cc.GF'mc( C’&L’ES) fﬂ.ﬁi?/ﬂ
a P-wave amplitudes

(SM,5D) D _|_ F m‘f‘f —|_ mE . (SM,SD) D - F T?Iriﬁ,'i' —I_ ??I’E
BED P — Can E’E—n — ‘ Cam
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Short-distance contributions in SM

a Branching fractions

B(Z = pr7)d = 3.0x 107",
B(EZ™ = nn )l =7.9%x107'".
B(Q™ = nK7 )i = (1.4,94) x 1077,
B — X077)% = 4.6 x 107'%.

SM

J Tandean 26 Apr 2023

B(Z" = nr’) = 3.0x 107"

B(Q — An)a = 2.0x 107"
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Short-distance contributions in SM
a Branching fractions

B(Z = pr7)d = 3.0x 107", B(Z" = nr’) = 3.0x 107"
B(EZ™ = nn )l =7.9%x107'".
B(Q —nK )& = (1.4,94) x 10717, B(Q — An)a = 2.0x 107"

B — X077)% = 4.6 x 107'%.

SM

a But there are also long-distance contributions.
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Long-distance contributions

a The SM also generates AS=1 nonleptonic interactions described by the
leading-order weak chiral Lagrangian

‘CSAMS=1 — T‘I‘(hDé{sTf;,é, B} . n h’FE [S“’{;g, BD Bijnens, SonodJaéaniirSE: 1925
+ ho(Thin) (ETRE) . (Thio).

transforming as (8,1r) under SU(3)rL xSU(3)r and containing

parameters hp rc and a 3x3 matrix & with elements Ax = 62503 -
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Long-distance contributions

a The SM also generates AS=1 nonleptonic interactions described by the
leading-order weak chiral Lagrangian

[:SAI\';ZI — TI‘(hDé{ng;,f, B} . n h’FE [S“%g, BD Bijnens, Sonodjaér\]/\li:;? 1925
+ ho(Thin) (ETRE) . (Thio).

transforming as (8z,1gr) under SU(3)r xSU(3)r and containing

parameters hp rc and a 3x3 matrix & with elements Ax = 62503 -

o It can act twice to produce long-distance AS=2 contributions:

¥

Ll==--

Feynman diagrams for the long-distance contributions to the (a) S-wave and (b) P-wave
of 2 — N7 and (c) the P-wave of @~ — B¢, each hollow square symbolizing a weak
coupling supplied by £

AS—=1

Ve



Long-distance contributions to hyperon AS=2 decays

a S-wave amplitudes p@ian _ 1 12— B2 b — h2 ) B — b2
=p V2f |my—ms  2(mg —mz)  6(mz —my)

A(S\I LD) __ 1 h'QD _ hf? + h% - hjg’: 4 h'QD - Qh%—.
" V2f |m=—my  2(mg—my) 6(my—my)
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— F

B(mﬁ — my ) ms — my
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=t f fT
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2V2 f, (mz —my) |3(ma —my)  mz —my |
[C(SI\-LLD} _ Chc h_D — 3h-p B th
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Impact of long-distance contributions

o The predicted rates depend on the choices for h,, h;, and h_.

a If they’re fixed from a fit to the data on the S-waves of octet-hyperon
nonleptonic decays and the P-waves of Q~— 8¢ decays in the AS=1
sector, the branching ratios (including the SD contributions) are

= (1.6,0.03) x 1071°

SM

B(EZ —pr),, = (28,3.1) x 1077, B(=" — nr)
B(E~ —nr)_, = (1.2,1.8) x 107",

By~ —»nK™) = 36x10"", B(Q™ —Ar") = 86x 107"

S Sk

B(Q~ —-X77)_ = 15x1071,

S

a The = results are only somewhat larger than the corresponding SD
ones alone, but the O~ numbers far exceed their SD counterparts.
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Impact of long-distance contributions

a If hy, (- are fixed from fitting to the P-waves of AS=1 octet-hyperon
and Q~ nonleptonic decays, the resulting branching ratios are instead

B —pr7),, = (276,282) x 107",  B(E"—=nx’) = (09,1.2) x 107"
B(E™ = nr) = (1.1,1.2) x 107",
B(Q™ = nK )y, = 7.7x 107", B — An7 )y, = 1.3 x 107"

B(Q = X717 )y = 6.0x 107",

a These are all much higher than their SD counterparts.

J Tandean



SM expectations for AS=2 nonleptonic hyperon decays

a Including uncertainties of the input parameters leads to

Decay mode Branching fraiztions _

SD SD+ LD (3) SD+LD (p)
=0 — pr~ (0.03,1) x 10719 (0.01,2.6) x 1014 (0.7,8.2) x 10713
=0 — nxd (0.03,1) x 10~1° (0.,0.9) x 10~1° (0.03,0.4) x 10~13
ET — nm (0.07,2.6) x 10716 | (0.01,1.3) x 10~ | (0.03,0.3) x 10712
Q- = nK (0.1,6.5) x 1017 (0.2,0.6) x 10712 (0.2,2.1) x 10712
Q™ — Ar (0.2,7.1) x 10717 (0.4,1.5) x 10713 (0.2,4.2) x 10713
Q- — X7~ (0.04,1.7) x 1017 (0.5,3.1) x 10714 (0.05,2.2) x 10~ 14

The 90%-CL intervals of branching fractions of AS = 2 nonleptonic hyperon decays
from the short-distance and complete contributions of the SM.

a Evidently, the LD contributions can greatly raise the SM predictions,
by up to 5 orders of magnitude.
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SM expectations for AS=2 nonleptonic hyperon decays

a Including uncertainties of the input parameters leads to

Decay mode Branching fraftions _

SD SD+ LD (3) SD+LD (p)
=0 — pr~ (0.03,1) x 10719 (0.01,2.6) x 1014 (0.7,8.2) x 10713
=0 — nxd (0.03,1) x 10~1° (0.,0.9) x 10~1° (0.03,0.4) x 10~13
ET — nm (0.07,2.6) x 10716 | (0.01,1.3) x 10~ | (0.03,0.3) x 10712
Q- = nK (0.1,6.5) x 1017 (0.2,0.6) x 10712 (0.2,2.1) x 10712
Q™ — Ar (0.2,7.1) x 10717 (0.4,1.5) x 1013 (0.2,4.2) x 10713
Q- — X7~ (0.04,1.7) x 10717 (0.5,3.1) x 10714 (0.05,2.2) x 10~ 14

The 90%-CL intervals of branching fractions of AS = 2 nonleptonic hyperon decays
from the short-distance and complete contributions of the SM.

a Evidently, the LD contributions can greatly raise the SM predictions,
by up to 5 orders of magnitude.

a Still, the enhanced results do not go above the 10712 level.

a Thus, it’s unlikely for the SM predictions to be tested anytime soon.
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a The striking dissimilarity between the two sets of SM total-predictions for = - Nit

> implies that future observations of them at the 10-12 range or below could offer
extra insight for dealing with the S-/P-wave problem in the AS=1 nonleptonic

J Tandean

Some upsides

Decay mode

Branching fractions

SD

SD + LD ()

SD + LD ()

=0 pT
=0 5 pg0

=~ = nnr_

(0.03,1) x 10713
(0.03,1) x 10712
(0.07,2.6) x 10716
(0.1,6.5) x 10717
(0.2,7.1) x 10717
(0.04,1.7) x 1017

(0.01,2.6) x 1014
(0.,0.9) x 107 1°
(0.01,1.3) x 1014
(0.2,0.6) x 10712
(0.4,1.5) x 10713
(0.5,3.1) x 10714

(0.7,8.2) x 10713
(0.03,0.4) x 10713
(0.03,0.3) x 10712
(0.2,2.1) x 10712
(0.2,4.2) x 10713
(0.05,2.2) x 10~ 14

decays of the octet hyperons.

26 Apr 2023
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Some upsides
a The striking dissimilarity between the two sets of SM total-predictions for = - Nit

Decay mode Branching fraftions i

SD SD + LD (8) SD + LD (P)
=0 — pr~ (0.03,1) x 10715 (0.01,2.6) x 10714 (0.7,8.2) x 10713
=0 — nx¥ (0.03,1) x 10712 (0.,0.9) x 1071° (0.03,0.4) x 10713
ET —nmT (0.07,2.6) x 10716 | (0.01,1.3) x 10~ | (0.03,0.3) x 1012
O~ = nK~ (0.1,6.5) x 1017 (0.2,0.6) x 10712 (0.2,2.1) x 10712
Q- — A~ (0.2,7.1) x 10717 (0.4,1.5) x 10713 (0.2,4.2) x 10713
Q- — X7~ (0.04,1.7) x 10717 (0.5,3.1) x 10714 (0.05,2.2) x 10~ 14

> implies that future observations of them at the 10-12 range or below could offer

extra insight for dealing with the S-/P-wave problem in the AS=1 nonleptonic
decays of the octet hyperons.

o The smallness of the SM predictions, which are below the available
experimental bounds by up to ten orders of magnitude, suggests that

the window to discover new physics in these hyperon decays 1s still
wide open.

J Tandean 26 Apr 2023
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Z model

o We assume that a spin-1 massive boson Z‘ exists, associated with a new Abelian
gauge group U(1)’ and coupled to SM quarks in a family-nonuniversal manner.

a This implies that the Z‘ has flavor-changing interactions at tree level with the
quarks’ mass eigenstates.

J Tandean 26 Apr 2023
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Z model

o We assume that a spin-1 massive boson Z‘ exists, associated with a new Abelian
gauge group U(1)’ and coupled to SM quarks in a family-nonuniversal manner.

a This implies that the Z‘ has flavor-changing interactions at tree level with the
quarks’ mass eigenstates.

a The Z couplings to the d and s quarks Loy = —d7V (9. P, + gpPr)s Zy + Hee.
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Z model

o We assume that a spin-1 massive boson Z‘ exists, associated with a new Abelian
gauge group U(1)’ and coupled to SM quarks in a family-nonuniversal manner.

a This implies that the Z‘ has flavor-changing interactions at tree level with the
quarks’ mass eigenstates.

a The Z couplings to the d and s quarks Loy = —d7V (9. P, + gpPr)s Zy + Hee.

o They lead to the low-energy effective Hamiltonian

919 + 97 9rR N 9198 (MLrQLr + MR Q:[,R)

4 _ .
HAs—o = ML1 9112 9
ms, ms,
OQpp = dy*Ppsdy,Pys. Qrp = dy*Ppsdy,Pps Lr = APy s dPps

a It contributes to neutral-kaon mixing

Z/
K° K° KY

3

J Tandean 26 Apr 2023 43
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Z model
a The Hamiltonian also contributes to the nonleptonic AS=2 decays of hyperons.

a Their evaluation requires the baryonic realization of the 4-quark operators

ORR = Axf:li rk-l_.no [‘éﬂ? (STgé)nk (STBi)OE + 32’? g-jzxgizgvkgwi (T’"Uw)ﬂ(Trern]

Ol{fﬂ% - %‘i}{f’? rkf,?l-O{BgE? [(gﬁg-r)nk (gTBg)oI + (51-?6)?1& (£B£T>OJ =0 k.<

+ 5;2 (gn-:régz glk.g-wf + 6-1-11"603 g-vkglrl) (.T?"'TJU--‘) ! (.T?"IZ )n }
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Z model
a The Hamiltonian also contributes to the nonleptonic AS=2 decays of hyperons.

a Their evaluation requires the baryonic realization of the 4-quark operators

Opp = Aqug Lkt no {3}2? (STEQM (&'B 5)0; + 097 &1 €L E i (T’rvw)ﬂ(Trrz)n]

OV = EA S o] B[ (€BEY),, (€1BE),, + (€'BE),, (¢BEN) ]
+ 55:3) (g?l-xggzgtrkg-u'! + g-jlrgazg-le‘slrI) (TT'UH-‘)?]{TTIZ)?]}

o Theresulting amplitudes  p@) _ p@) _ g
=P = n ‘2 2 !
BY) = (c C 2¢ 2c) N -
=0p ( L T Crr T 2CLp T LR) 2\/§ (T?IE — my
' D—F (m N+ mz
BZ), = (cpr +Crr +2cpp +2¢] ( : *)
& = (cor +car LR LR) 02 \my —ms
cZ) _ ¢ Crp +Cpr +2¢ g+ 2¢p _c Crp + Crr +2¢p + 2C1p )
nkK— _ ‘ , AT g 5 A
2\/§ (mg — ml.\_:) 6\/2(??‘151 — T?I—E*) _ L(R) ,2 3
. . . . CLL(RR) = 2 Ir Bor
C{Z") _ CCLL+CRH+2CLR+2CLR (]-Z.r
Am 43 (mg — mz-) | O Am nLR 9r9r f2 40
- -~ ~ - LR — w88
) _ _cSL T CrrT 2CLp + 2C m,
X0m- 12(mg — mgz-) 0)
AT g2 . A Am ??LR 9rL9r
c = ) f%6,, CLr = 12 5393
LL(RR) — 7 097 m2
m2, A
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Constraints on Z couplings from kaon mixing

o Kaon-mixing observables

E !
2m o M7

KK

o Z contribution

AMyg =2Re Myr  |e| =~ |Im Mgg|/ (V2 AMET)
= (KM 5o K)

Mer (9 +02)(Qrr) + 29,98 (ML p(Qrr) + 1r(QLR))

(Q) = (KYQIKY Mgz =

Amgco '.]'TI-QZJ'

a It can be suppressed but fine-tuning of

the Z’' couplings is needed.
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Constraints on Z couplings from kaon mixing
a Kaon-mixing observables AMyg =2Re Mg |e| = [Im Mgg|/ (V2 AMET)

2M o ﬂ’ff?f{ = (K 0|H§S:2|K °)
a Z contribution .
o~ Y A7 (9% + 92)(Qrr) + 29198 (1Lr{Qrr) + Mr(Q1r))
(Q) = (KV|Q|KT) KK dmgco m2,
a It can be suppressed but fine-tuning of 301
the Z' couplings is needed. }
25}
=
£ 20}
s
SV 15¢
a The hyperon branching fractions can be f
10f

substantially amplified relative to their

B(='pr) =108
SM values.

3385 3390 3395 3400
3
1.0(1.2)x 1078 < B(Z% — prr~ (n7Y)) ,, < 1.6 (1.9) x 1077 10° gplg,

34(1.2) x 107° < B(Q~ = nK—(A77)), < 5.4(2.0) x 1078
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Leptoquark model

= We assume 2 scalar leptoquarks (LQs), with their SM (SU(3)¢,SU(2)1, U(1)y)
group assignments: S; ~ (3,1,4/3) and R, ~ (3,2,7/6).

= They have renormalizable interactions with SM fermions:

L, —YRRd"eS—I—YLR q; R,e, + H.c.

a The LQs generate separate contributions to nonleptonic AS=2 interactions,
and the second LQ also affects charmed-meson mixing.

LQ (X e Yiw* Yin)? (D, Yih Y5i)?
Has=2 = 12872 m%l Crr T 12872 m?%, e
LR * LR 2
%Ac_z — [ Za: (‘/CKMY ) (‘/( P\MY )233] E,YT[PLC ﬂ’Y,qPLC

12872 mj3,,

a It turns out to be possible to arrange the elements of the Yukawa matrices
of the two LQs such that the AS=2 Hamiltonian becomes purely parity-
violating and consequently yields no contribution to kaon mixing.
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Leptoquark model

a Example 00 y, 00y,
Mg, = MRy =1MLQ Y* =100 4y, Y =100y,
00 0 00 0
a These imply
(5,4 742)2 4 (5, YR YE)2 = 0
2 .2
Has—o = 122?:;;;%@ (Qrr — QrR)

a This Hamiltonian does not affect kaon mixing and hence evades its constraints.

o But the charmed-meson constraint translates into a restriction on the size of the
Yukawa matrix elements.

a Consequently

< 34x107%, B(Z* — nr < 6.9x 107"

< 2.0x 1078,

D)LQ

B(Eﬂ — p?r_)LQ

B(E — n.?r_)LQ

a These are also much higher than their SM counterparts.
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Conclusions

o Hyperon nonleptonic decays that change strangeness by two units are
expected to have tiny branching ratios in the SM.

a Such processes are, therefore, potentially sensitive tools in the search for
new physics beyond the SM.

o Although constraints from kaon-mixing data are consequential, it is
possible for new physics to boost the rates of AS=2 nonleptonic hyperon
decays to levels that can be probed in future quests by BESIII and LHCb
and at the proposed Super Tau-Charm Factory.
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