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Weak decays of hyperons—complicated

Non-

leptonic ' ® S/P puzzle
hyperon ) /Pp

decays: = 0 e .
B[' — Bf /(4
Inputs

Weak radiative hyperon e, - .
decays (WRHDs): mm—) : ® \WRHDs puzzle

B[‘—>Bf]/

Rare semi-leptonic decays
of hyperons:
» B; - Bgy" > Bsll and B; - Bsvv
> B; > Bflv

A coherent understanding of all three is compulsory, but remains challenging



Contents

= Background & purpose

= Theoretical framework

= Weak radiative decays of hyperons

=~ Rare semi-leptonic decays of hyperons

= Summary and outlook



Effective field theories: Bottom-up approach to new physics

Energy

New physics models or EFT

Anp Integrate out heavy NP particles Matching
E‘ SU3)c x 31'(2) LxUQ)y
8 dim-5, dim-6, - -- = dim-7 : O ppps -+
= Qo
0 =

Agpw Integrate outh, Z, W, t x Matching
- SU@e Uy
E  dim-3, dim-4, - -- 05 | dim-9 : (@l d)(al2s)(IT50)
- ~

A, Chiral symmetry breaking v Matching

SU@B)L x SU(3)r

= O@), 0", M g
| r K- = nHI
T 06", 06", N a

Kaon/Hyperon s - d/u decays

» Low-energy effective

Hamiltonian approach at scale
O(m)

s — dVV transitions:

Heg =(Cy;5M + 6CL)(dyu(1 = y5)s) ey (1 = ys)ve)

¥ (dy,(1 N Ty (1 = ys)v0) \

N
xPT

Perturbation calculation NP

» Chiral perturbation theory (xPT)
Is a powerful tool to deal with the
QCD non-perturbative effects



Chiral perturbation theory

ClLagrangian
L= Z ¢i (Q,A) O;i({¥})

Q: EXEetR, A: BEEEtT, C; c RBEREL, 0, BEZRIER
OPower counting rule Power counting:

Chiralorder: N = 4L — 2Ny — Ng+ X kV,, J
o@Q/n)"

OPower-counting-breaking problem

Mesons Baryons

Baryon /Meson system:

Chiral order (N)
= - 3] w = o [=2] -

Red dots: PCB terms

6
5
4
] S
2
1
0

0 1 2 3 0 1 2 3
Loops (L) Loops (L)



HB vs. Infrared vs. EOMS

LS,
Front. Phys.(Beifing) 8 (2013) 3
Extended-on-mass-shell [EOI‘\%}?
7F . . . . ]
Extended-on-mass-shell (EOMS) BChPT s
_ ) o ; 5F = . ,,o’
! -satisfies all symmetry and analyticity constraints oo .
] — -
-converges relatively faster--an appealing feature of o .-
1 o
ol .
0 1 2 3
Heavy baryon (HB) ChPT Infrared BChPT
- non-relativistic __ Heavy baryon (HB) -relativistic Infrared (IR)
- breaks analyticity of loop 6l . R -breaks analyticity of loop amplitudes s| . . . .
amplitudes sh o r : ; shoa s a
) 4o ’ -converges slowly (particularly in A4 . L
- converges slowly (particularly | ‘_/ N .
in three-flavor sector) 4o three-flavor sector) i
- strict PC and simple it -analytical terms the same as it e

nonanalytical results 0 1 2 3 HBChPT 0 1 2 3



Successful applications of EOMS LSG,
Front. Phys.(Beifing) & (2013) 3

e — )
k end ,2
PRL 101, 222002 (2008) PHYSICAL REVIEW LETTERS 28 NOVEMBER 2008 g

Leading SU(3)-Breaking Corrections to the Baryon Magnetic Moments
in Chiral Perturbation Theory

L.S. Geng,' J. Martin Camalich,' L. Alvarez-Ruso,'* and M. J. Vicente Vacas' Ba rynn magnetic moments

'Departamento de Fisica Tedrica and IFIC, Universidad de Valencia-CSIC, E-46071 Valencia, Spain
*Departamento de Fisica, Universidad de Murcia, E-30071 Murcia, Spain
(Received 9 May 2008; published 26 November 2008)

We calculate the baryon magnetic moments using covariant chiral perturbation theory (yPT) within the
extended-on-mass-shell renormalization scheme. By fitting the two available low-energy constants, we
improve the Coleman-Glashow description of the data when we include the leading SU(3)-breaking
effects coming from the lowest-order loops. This success is in dramatic contrast with previous attempts at
the same order using heavy-baryon yPT and covariant infrared yPT. We also analyze the source of this
improvement with particular attention to the comparison between the covariant results.

PHYSICAL REVIEW LETTERS 130, 071902 (2023)

PHYSICAL REVIEW LETTERS 128, 142002 (2022)

Cross-Channel Constraints on Resonant Antikaon-Nuclesn Scattering

. . . . Accurate Relativistic Chiral Nucleon-Nucleon Interaction up to
Jun-Xu Lu®," Li-Sheng Geng®,"***" Michnel Doering®.*” and Maxim Mai® o i Orde
Uil of Spece and Envirosment, Brijing 102206, Chime Next-to-Next to'l'eadlm r
kol af Physics, Beihang Universiry, Beijing 102206, Ch T yase - e R
"Peng Muanuw Collaborative Cemter fire Research and Edwearion, Belhang Urh 0 ®.7 Li-Sheng Geng® Jic Meng®,” and Peter Ring®
‘Brijing Ky Loboraiory of Advanced Nucleer Marerials i a1 vrersill, Beifimg 1027006, Ching - School '.”r Space and E mwaeval, Weilgang Uniersily, Befjing N2206, Ching -
Scloal of Phyvics and Micevelecteomics, m.w.—ﬁ.u’me:gyﬁ w n. scatterl n . “Schoot of Pliysics. Beill s ﬁiam‘m CIEO n scatterin
“irestinure fior Nuckear Stwdies and Deparweent of Physies, The Geirge Walwigion Lngiers (Euicd O R P Umiversité Paris-Sactay, CNRSTINPEY - @y, Frailt
Thomas Jefferson Nationa! Acceferator Facility, {2000 Jefferson Avenme, Newport News, Virgimia, USA *Beijing Key Labovatory of Advanced Nuclear Materials and Physics, Beibang Universicy, Seijing 102206, China
*Helmbalrz-festinn fir Strablen- und Kemplysik (Theoriel and Betive Cemter for Theovetical Phyvics. Usiversittt Fonm, *Sehoad af Plesics md Microclecironics, Zhengzhou Dniversity, Zhengzhou, Heman 450000, Ching
D330 3 Bonn, Gieemany “Snare Kev Laboratory of Nuclear Plysics and Techurog) pol of Phyvstes, Pekime University, Beiping NXS? 1, China
1

Beifing 0009, Ching Jun-Xu Lu,"* Chun-Xuan \'-'mg.! Yang Xino

® (Received 9 Seplember 2022; revised 22 December 2022; sccepted 24 January 2023; published |7 Febraary 12 Fhysik Deparmmen. Technische Universitar Miinchen, D-85747 Garching, Germany
Chiral perurbation theory and its unitarized versions kave played an important roke in our esderstnding ® (Received 21 November 2021; revised 25 February 2022; accepled 21 March 2022; published 6 April 2022)

of the bow-energy strong interaction, Yet, so far, sach studics typically desl exchasively with pemarhative or L ) ’ L § . -

woagpermurbatioe . 5 his Leticr, e repeat o the first global sty af meson-baryin scamering up & We construct a relativistie chisal nucleon-nucheon inseraction wp 1o the nexi-io-sexi-to-leading onder in
ol Hoop ORSEE. 11 i Al thil covarii biaryon chiral perurtcatson theory, inciuding ki uniarzation for covarianl baryon chiral perusteation theory. We show that a good description of the e phase shifls up 1o
e nepalive slrangeness sockar, can describe moson-haron scaering data rermarkabdy well, This provides T, = N0 MeV and even higher can be achieved with a 7= /d.o.f. kess than 1. Both the next-to-leading-
a highly mostrivial check on the validity of this important kra-energy effective Field theory of QUL We order resulis and the next-io-nexi-io-leading -order resubis describe the phase shifis equally well up o
sk that the &N related quantities can be better described in comparison with those of lower-onder studies, Ty, = 200 MeW, bt for higher energies, the lanier bebaves benter, showing smisfactory convergence. The:
and with reduced wacerininiies due o the siringest consiminis from the £¥ and KN phase shifis. In relaiivisibe chiml poteniial provides the most essential inputs for relativisiic ab imio studies of nuclear

pamicalar, we fisd gt the wo-pele srucoare of A[14ES) persists up o one-loop erder reinforcing the

structune snd reactions, which has been in seed for almest two decades,
existence of rwo-pole structures. in dynamically generated states.
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What are weak radiative hyperon decays

O Weak radiative hyperon decays (WRHDs) are interesting physical processes

involving the electromagnetic, weak, and strong interactions

P
O s — d y transitions at the quark level [ \-‘- 4

S w d S u.ct d

L dd -12) &usu 1,
- +
u,ct w b X i \ “‘/ o
4 Y sd 4_ su
8 " s

O Six WRHDs channels of the ground-state octet baryons

A — ny > — ny =) — X0y

Xt — py =0 — Ay = - Xy




What are weak radiative hyperon decays

O The effective Lagrangian describing the B; — B, y WRHDs

EGF ~

£==Lp

2

a: partity-conserving amplitude
O Observables for the WRHDs
dar &Gy

(a+ bys)o" BiF,y,

b: partity-violating amplitude

2Re(ab™)

2 2 713
= +b[*)[1 + ———— cos 6] - kI,
2Re(ab*) Gy o o s mem?
= — = + |b]7) - |k, = 4/
@y al + bp x (|al 1b[°) - |kl Ikl 2m;

a,: the asymmetry parameter

6: the angle between the spin of the initial baryon B; and the 3-momentum k of

the final baryon B,




Why study WRHDs: the WRHDs puzzle

Hara’s theorem Y. Hara, PRL12, 378 (1964)

O Based on gauge invariance, CP conservation, and U-spin symmetry

O Hara' s theorem dictates that the WRHDs B — B’y and B’ - By must
be identical under the U-spin transformation s « d

€GF
2 >
_ eG
L. = b(poysE* Fuy — E5 0" yspFpy) —

Lyc. =a(po”L*F,, + £*0""pF,,)

?

leading to

b=—b, i.e. b=0



Why study WRHDs: the WRHDs puzzle

PHYSICAL REVIEW VOLUME 188, NUMBER 35 25 DECEMBER

Asymmetry Parameter and Branching Ratio of =+ — py*

LAWRENCE K. GERSHWIN,} MARGARET ALSTON-GARNJOST, ROGER O. BANGERTER, ANGELA BARBARO-GALTIERI,
TeErrY S. MasT, Frank T. Sornmitz, ANp RoserT D. TrIPP

Lawrence Radiation Laboralory, University of California, Berkeley, California 94720
(Received 25 August 1969)

An experiment to study the decay Zt — py was performed in the Berkeley 25-in. hydrogen bubble
chamber. An analysis was made of 48 000 events of the type K~ p—->E ~, &t — p+neutral w1th K-
momenta near 400 MeV/c. The 2’s produced in this momentum region are polarized becausg
ference of the ¥¢* (1520) amplitude with the background amplitudes. We have measuregefl
metry parameter « for 61 2+ — py events with an average polarization of 0.4. We foundig
SU (3) predlcts a value @ =0. A more restricted sample of events was used to determine the™s i
ing ratio. From 31 Z*— py events and 11 670 =+ — px® events, we found (Zt— py)/(ET— jm“)
= (2.76+0.51) <1073, The result is in agreement with the previous measurements.

1969



Why study WRHDs: the WRHDs puzzle

O The X* — p asymmetry parameter remains large and negative:

—0.652+£0.056stat+0.020syst.

1.0+
& --=HB
e Data
+T 00 » NRCQM
~ PM I
S -05 i
! ¥PT
_ - BSU(3)
1.0 oM

0 10 20 30 40 50 60

lal* + |b|* (MeV)

Data: BES/I, PRL130 (2023) 21, 211901

HB YPT: E. E. Jenkins et al NPB 397, 84 (1993)

ByPT: H. Neufeld, Nucl. Phys. B 402, 166 (1993)

NRCQM: Qiang Zhao et al, CPC45, 013101 (2021)

PM1: M. B. Gavela et al PLB 101, 417 (1981)

PM2: G. Nardulli PLB 190 187 (1987)

VDM: B Zenczykowski, PRD 44, 1485 (19917)

XPT: B. Borasoy et al, PRD 59, 054019 (1999)

BSU(3): P Zenczykowski PRD 73, 076005 (2006)

QM: £. N. Dubovik et al, Phys. Atom. Nucl. 71, 136 (2008)

O Although some models predictions are in agreement with the measurement of the
large asymmetry for the X+ - p y decay, they explain poorly the data of other

WRHDs

15



Why study WRHDs: experimentally challenging

O Significant changes in the asymmetry parameters of 2° - 2 yand 2% - Ay

Fermilab (1990) NA48 (2004) NA48/1 (2010)
f 1 f
—0
@y (E" — Ay) I g i :
0.43 + 0.44 —-0.78 + 0.18 £ 0.06 —0.704 £ 0.019 + 0.064
Fermilab (1989) KTeV (2000) NA48/1 (2010)
o 4 o
Q}'(EO N Z(}‘}’) | i | |
0.20 £ 0.32 = 0.05 -0.63 + 0.09 -0.729 £0.030 +£0.076



Why study WRHDs--A - ny

O New BESIII measurement for the 4 - ny decay (PRL129(2022)21,212002)

Decay Mode A — ny A = Ay
Nst (x107) 6853.2 + 2.6 7036.2 + 2.7
est (%) 51.1340.01 52.53+0.01
PDG2022
Npt 723+40 498-+41 - o
EDT (%) 6.58+0.04 4.3240.03 IA;:iEI::{IJiJ;}FIT EVTS DOCUMENT ID TECN  COMMENT
BF ( % 10—3) 0'820i0'045i0066 0 862:I:0' UTl:I:O' 084 :"T-E:tg;itsdo not use the f::?l];:ing datl;lﬁ'zrsao\fl:rages. f?tgs. I|:1F|:;Eceth-_f it -
*832:1:0‘038:1:0,@ 1.78+0.24+ 014 287 NOBLE 92 SPEC See LARSON 93
o —=0.13+0.13+0.03 0.21+£0.15+£0.06
! < —0.16+0.10+0.05 >

» The branching fraction is only about one half of the current PDG average
» The asymmetry parameter a,, is determined for the first time

17



Why study WRHDs--A - ny

O None of the existing predictions can describe the new BESII|

measurement for the A - ny decay

Data: BES/Nl, PRL129(2022)21 212002

1.0f | ' ' ] HB yPT: E. E. Jenkins et al, NPB 397, 84 (1993)
L BYPT: H. Neufeld, Nucl, Phys. B 402. 166 (1993)
= 9-5: NRCQM: Qiang Zhao et al, CPC45, 013101 (2021)
? 0.0 ! PM1: M. B. Gavela et al, PLB 101, 417 (1981)
< [ PM2: G. Nardulli PLB 190, 187 (1987)
H -05} VDM: B Zenczykowski, PRD 44, 1485 (19917)
: XPT: B. Borasoy et al. PRD 59, 054018 (1999)
-1.0 } BSU(3): P Zenczykowski PRD 73, 076005 (2008)
0 . QM: £ N. Dubovik et al Phys. Atom. Nucl, 71, 136 (2008)

Vlal? + |b® (MeV)

18



Why study WRHDs

O New BESIII and CLAS data for the hyperon non-leptonic decays

BESIII: Nature Phys. 15, 631 (2019)  CLAS: PRL123,182301 (2019)
BESIII: PRL129,131801 (2022)

» Decay parameter for the A - pm~ decay

T ] T T T | T T T | T T T | T T T | T T T I T T

BES3 1.3 billion JW(Z/Z ) —_—— M(B; — Bfﬂ') — EGF”?ferf (As — Apys) B;
2Re(s - p) _ —
BES3 10 billion J/y(A/A) - Uy = — !,, s = Ag p = Aplcﬂ,/(Ef + my)
|s|” + |p|”
CLAS19 ——

» Featured by a larger statistics and a small
uncertainty and very different from previous

BES3 1.3 billion J/y(A/R) —0— PDG average
e P » A significant change for the baryon decay
o, ppeas R parameter of A - pm may greatly affect the
0.62 0.64 066 0.68 0.7 0.72 0.74 0.76 values of LECs hD, hF, and hyperon non-leptonic

o (A — prr) decay amplitudes as inputs for WRHDs



Why study WRHDs—theoretical tools

O Theoretically, two phenomenological models can explain the current experimental data of

WRHDs at least qualitatively except for the A - ny decay

» E. N. Dubovik et al, Phys. Atom. Nucl. 71, 136 (2008)
» P. Zenczykowski, PRD 73, 076005 (2006)

O Chiral perturbation theory (xPT) studies on the WRHDs

» B. Borasoy et al, PRD 59, 054019 (1999) (Tree level)
E. E. Jenkins et al, NPB397, 84 (1993)
J. W. Bos et al, PRD 51, 6308 (1995) (Loop level in the heavy

r
5 |
> J. W. Bos et al, PRD 54, 3321 (1996) baryon formulation)
» 1. W. Bos, etal, PRD57, 4101 (1998)

» H. Neufeld, NPB 402, 166 (1993) (Loop level in the covariant formulation)

20



Our purpose

Our goal is to study the WRHDs in covariant baryon chiral perturbation theory
(BxPT) with the extended-on-mass-shell (EOMS) renormalization scheme

® The work in the BXPT H. Neufeld, NPB 402, 166 (1993)

v The used low energy constants (LECs) and hyperon non-leptonic
decay amplitudes are out of date
v" No efforts were taken to ensure consistent power counting

Calculate the branchin -
Update the relevant LECs fractions and asymmet?y Compare our predictions

: : : ith those from other
and hyperon non-leptonic I & parameters, i.e, amplitudes ~

decay amplitudes a and b, of the WRHDs order
by order

approaches/experimental
data




WRHDs in the EOMS BxPT

Feynman diagrams

_ (l.tree) (2,tree)
app, =dpp +dpp

_ p.(2,tree) (2,loop)
bB"Bf - bB;'Bj' + bﬁfﬂf

+d

(2,loop)
BiB..f

Lagrangians

Order contributions
(1,tree)

(b)

(0
"!:&.5':]

@
‘EMB

bP bt
= 5 (Ba*(F*, B)) + ——(Ba*"'[F?, B]),
8mp Y Smp Hv

= \5GFJn§F¢(hDB[u%/{u, B} + h,rf][u*/lu, B]),

BiB;
LECs b_ and b{ :
the experimental data of Octet

harunn maanatir mgment

(a)

» NLO

latest experimental data on the B; —» B, n decays

)

LECs: five C' s

—_—T — g e e e P

L7 = C, ((Bo*"ysF 1y Q)(BA) - (Bo*"ysF,, AXBQ))

» Leading-order LECs hD & hF are determinated by fitting to the

b(z,tree)
BBy

LECs D and F have been

(0)
£,

§=1 "
LY = (Biy"D,B - myBB),

-

(2) F‘:;' i +
'!:M = T(”;:”; +x7),

D, _ F _
Ly = 5 (BY'yslu,. B) + 5 (By"yslu,. B),

= \’EGFm:'TF‘_ﬁ(hDB[u%Au,B] + hpBlu'Au, B))

determined in Ref. L. 5. Geng
et al, PRD 90, 054502 (2014)

(2,loop)
Ap.B,

(2,l00p)
B.B;

For the amplitude a,
weak vertex is ¥

22



ay

of

50 - 2%y and £° - Ay as a function of /|a|? + |b|?

1.5 1.5
e EOMS
1.0¢ - --=HB
;: 0.5F | e Data
= 05f » NRCQM
T o0} ! PMI
S ; PMII
= -0.5}F VDM
= : YPT
-1.0F BSU(3)
QM
_15 ................... _15 L L L
0 10 20 30 40 0 20 40 60 80
V la? + b (MeV) Y lal? + b2 (MeV)
» 0(p?) counter-term contributions are determined by fitting to =% - 2%y and z° - Ay for the
first time
» The EOMS xPT results manifest as correlations between branching ratios and asymmetry

parameters because of the long-standing S/P puzzle in hyperon non-leptonic decays



a, of the A - ny decay as a function of \/|a|? + |b|?

10f
~ 0.5F —coms
S [ oo e
= [ OD;I:
T oo b
< T
5—0_5_— gi‘um
-1.0f
0

\/ lal® + |b|* (MeV)

40

Data: BES/I, PRL129(2022)21,212002

HB XPT : £ E. Jenkins et al, NPB 397, 84 (1993)

NRCQM: Qiang Zhao et al, CPC45, 013101 (2021)

PM1: M. B. Gavela et al, PLB 101, 417 (1981)

PM2: G. Nardulli PLB 190, 187 (1987)

VDM: B Zenczykowski, PRD 44, 1485 (1991)

XPT: B. Borasoy et al, PRD 59, 054079 (1999)

BSU(3): P Zenczykowski, PRD 73, 076005 (2006)

QM: E. N. Dubovik et al, Phys. Atom. Nucl, 71, 136 (2008)

» Interestingly, only EOMS BxPT agrees with the latest BESIII measurement
» The prediction in the HB xPT with counter-term contributions is very close to the BESIII data
» The vector dominance model (VDM) and the pole model (PM Il) are disfavored by the BESIII data

24



a, of the other WRHDs as a function of \/|a|? + |b|?

a(Z%->ny)

1.0 1.0}
05 = 05
[= 1}
0.0} LY e
a!
-0.5 & -05 -
-1.0} _ | | -1.0
-1.0 : . . ' ' e '
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50 60
v laf + bl (MeV) laf? + |b]? (MeV) Yial? + b (Mev)
e EOMS » Forthe £° = n y decay, not yet measured, our result contradicts the predictions of PM |
=== HB and NRCQM
* 3:::"’:1” » Forthe 2~ — X7y decay, our prediction agrees better with the experimental
PMI measurement, and the current PDG data disfavor the results of PM Il and tree-level xPT
SB‘H'"' » Forthe X* — p y decay, the results predicted in all the xPT deviate from the PDG
YPT average but our prediction is closer
BSU(3)

QM Hara’s theorem: a,, for £ — X7y and Xt — py should not be too large.

25



What is still missing?

O For the Z* - p y decay, the results predicted in all the xPT deviate from the PDG
average but our prediction is closer

O Could this be somehow rescued?

> How about contributions of heavier resonances? Have been tried previously, but the
results are a disaster, e.g., B. Borasoy et al, PRD 59, 054019(1999)

N(1535) DECAY MODES
The following branching fractions are our estimates, not fits or averages
Mode Fraction (I;/T)

+ = r N= 32-52 %
aP* =—049 o = =084 . !
Uncertainties of the L= % 05 %

2" =012 o™ =—0.19 relevant LECs are . D
) ’ . I Np, 5=1/2 , Swave 2-16 %

important but G Np 532D ax
=0 =0 . . r No 2-10 %
a5 =015 a** =046 remain unstudied. o N(1840)z L2
Mo p7. helicity=1/2 0.15-0.30 %

M1 a7, helicity=1/2 0.01-0.25 %




Contributions of heavier resonances

Y

Y

°—>A;V}

—
—_
o

@, (

15

1.0¢
05¢
0.0
-0.5¢
-1.0¢

-1.5

0

..............

10 20

vV lal? + |b|? (MeV)

30

40

a'r(EO—)EOy)

1.5¢

1.0}
0.5}
0.0%

-05}

tol

-150L_

0

20

40

v lal? + |b|? (MeV)

Solid and dashed lines in red represent the EOMS results with/without heavier

resonances, respectively.
In the figure on the right, we show that after considering the uncertainties of input

quantities (LECs), the experimental data can also be well described.
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Contributions of heavier resonances

1.0 29 ' S '
| 2.0} * 1o s
= 05 15¢ > [
2 1.0 ?‘; ”
T oo / MR ) T ool
a osf [ [
§-0s) S oof - = - BBt
_10f © -05¢ 1ol .
L 1 L4 L | _1_0 N 1 L 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 0 10 20 30 40
Vlal® + |b]* (MeV) Vlal® + b2 (MeV) Y laf + b (MeV)

» Contributions of %_states can improve the present EOMS results (solid lines in red)

» Uncertainties of resonance contributions are not fully taken into account
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Why to study the rare semileptonic s — d transitions

[0 s — d transitions are highly suppressed in the SM

NP

[0 As such, they are ideal for tests of the SM and searches for BSM

® G. Buchalla and A. J. Buras,NPB 548 (1999) 309-327
® V. Cirigliano et al., Rev.Mod.Phys. 84 (2012) 399

® Hai-Bo Li, Front.Phys.(Beijing) 12 (2017) 5, 121301
® A. A. Alves Junior et al, JHEP 05 (2019) 048



s — dvv transitions: K* - w*vv and K; - n’vv

d V ety @PRL. 126 (2021) 12,121801t;
MGZ Q @JHEP 06 (2021) 093 mg" PRL. 122 (2019) 021802;

. and JHEP 11 (2020) 042 s V and ArXiv: 2411.11237 (new data)
0ld: BR(K; —» mvv) < I x 107 (p0% C.L.)
New data (in progress)
SM Data
M Data https://nad8.web.cern.
ch/Welcome/papers/ New: BR(K, — m®v¥) <|2.2 x 10 (90% C.L.)
Overview.html|
BR(K" —» " vv) x 1011 BR(K; —» m°vv) x 101!

O The K — mvV results imply that there is still room for new physics (NP),
but maybe not so much. In addition, they are only sensitive to the
vectorial (parity even) couplings of the s — d currents. .



s — dvv transitions: K* - w*vv and K; - n’vv

] Latest experimental results

BWL ETET . A

=71 @PRD 63 (2001) 032004 (GRS &R @Pro 84 (2011) 052009
SM Data SM Data
]
0(1) 0(109) 0(1) 0(10%)
BR(K" —» " n®vv) x 1014 BR(K, —» n°n®v¥) x 1013

O Although the K — mrvv modes receive contributions from both the vectorial
and the axial-vectorial type of NP, the current results provide little constraints
on them.

O Note that the nonperturbative inputs in previous works are roughly estimated.



s — dvv transitions: B; —» Bvv

O Hyperons might be a game changer

» Having spin % (instead of spin 0), they lead to different decay modes, observables, as well as

sensitivities to the vectorial and the axial-vectorial structure of the s - d currents

O Experimentally and theoretically more challenging, compared to their
kaon siblings

» No direct data yet, but promising data from BESIII
Hai-Bo Li, Front.Phys.(Beijing) 12 (2017) 5, 121307
> On the theory side, the first studies just appeared

Xiao-Hui Hu et al, CPC43(20719)093104; Jusak Tandean, JHEPO4(20189)104;
Jhih-Ying Su et al,y, PRD 102 (2020) 075032: Gang Li et al, PRD 100 (2019) 075003

» More theoretical studies are needed

v Constraints from/compare with more kaon modes
v The state of the art results from covariant baryon chiral perturbation theory for the relevant form factors

Li-Sheng Geng et al, PRD 79, 094022 (2009), T. Ledwig et al,, PRD 90, 054502 (2014) -



s > dutu transitions: K; - pu'p and K-> ntutu

Os — du*u~ transitions dominated by long-distance contributions

O The branching ratio of the K; — ptu~ decay and the leptonic forward-
backward asymmetry (Ag) of the Kt - tu*tu~ decay have been
measured

Apg(K' > m'p"'u Yoy = 0

+ —_— . _9
BR(K; » p"u sy = 7.64(73) x 10 |App| (K* — ﬂ'+ﬂ+ﬂ_)exp —2.3x1072, at90% CL

BR(K, — f' 1 )exp = 6.84(11) X 10°° NA48/2 collaboration, PLB 697, 107 (2011)
[App| (K" > T B )exp = (0 +0.7) x 1072
NA48/2 collaboration, JHEP 11 (2022) 011, JHEP 06 (2023) 040

O They cannot probe all the interesting axial-vectorial, scalar operators,
and their spin flip structures

PDG 2024



s - dpu*u” transitions: B; - Bpu™pu~

O Experimentally, no direct data for the leptonic forward-backward
asymmetry (Agp) of the B; - B,u*u~ decay yet, but promising

measurement from LHCb

LHCb collaboration, JHEPO5(2019)048

O On the theory side, only Prof. Xiao-Gang He and his collaborators have
studied the rare hyperon decay =t — putp~

Xiao-Gang He et al., PRD 72 (2005) 074003

Xiao-Gang He et al., JHEP10 (2018) 040

(p|3’}f“3\2+) = —U,y" " ux,
p

ET o putus

VS.

VS.

(Ba(p2)ldyusIBi(p1)) = wa(p2) | fi(q7) vy + f2(q”)

Ty
M, !

. g

q + M, Gu ui(p1)

K, -»utuy~and Kt - ntutu~




Our purpose

® Study the hyperon rare decays and improve the QCD non-perturbative contributions.
® To investigate wthether the anticipated data of hyperon rare decays can better
constrain new physics or not, compare with their kaon counterparts.

O s — d vv transitions dominated by short-distance contributions

= 7 v

K

Ki — nvis

V.S

e +
Kt = otz b

- o_n
K ->rnave

Channels oCL + CR sct - CF Channels  6C% +Cf oCl - CF
A — nvy l/ l/ Kt = ntvi '/ X ____________________________________
: ~10-15 |
" — pvv v v K; — n'vi v X BRgy~10 ~ |
------------------------------------------- 5 BRgyp <43 x107°
=053y vV 4 K* > atatyy vV v Compared to hyperons,
=5 Aw V v T K, —n'n X /1 very weak constraints on NP
36




Our purpose

Os — du'p transitions dominated by long-distance contributions

________________

Channels E 5C|0 + C;f} E‘SCH} - CIU CS + C& CS - C.;'

AppEr — ). VLV v v
BRK, - ptw) | X |V X
App(KT — ;fr"p:*p‘)i X X v X

________________

Use the low energy
effective Hamiltonian
approach to derive the
relevant physics

Compare hyperon
- decays with kaon
decays to contrain NP

Deal with the non-
4 perturbative effects
model-independently

37



Low-energy effective Hamiltonian approach

10
GF L AL *

Oin SM Hor = 2 Y coi+ Y chok, Ag = VoV,

i=1 f=eu,1
» s > dvv transitions

1 : = . _
S (%X({ * X’) 0y, = a(dyu(1 = ys)s) ey (1 = ys)ve)
JTsin w i

» s —> df ¢ transitions

Short-distance 0, = ﬁmf‘?” w(1+y5)sF* 0 = a(dy(1 - y5)s) (EAC) 010 = a(dy,(1 = y5)s) (T ¥yst")
2
Long-distance  Af, = -& Or By g’ (a + bys)Bi Ty — G rByy,(c + dys)B Ty

q2
O 1n BSM (NP)

» The NP operators can be obtained by a chiral flip in the quark current, and one
also has scalar, pseudoscalar and their primed operators

Os = a(d(1 +y9)s)(F€), 05 =a(d1 —ys)s)(E¢7), Op=a(d1+ys)s)(Eyst?),  Op=a(dl —ys)s)(Eyst")

» Tensor operator does not contribute to s — d¢* ¢~ transitions
J. Martin Camalich et al, PRL.113(2014)241802



s — dvv transitions: hyperon vs. kaon

Decay modes An Stp =-y- =0x0 =0A
102 x BR(By — Bowir)®™  6.26(16) 3.49(16) 1.10(1) 0.89(1) 5.52(13) b .
10% x BR(B; — Bowp)BESIL <3 <04 — <09 <08 f
10% x |6CE + CE < 1.6 < 1.7 - <10 <18 = > >
10% x |5CE — CR <13 <34 - <52 <86 & o Ko mmvy
|
Decay modes Ktgt K= Ktatq0 Kipn"=0 EE;;
BRM 8.55(4)x 1071 2.89(1)x1071  8.35(22)x1071%  2.59(3)x 1013 oY
BRE*P < 1.78x107% < 3.0x107? < 4.3x107° <81x1077
sCL +Cf (—3.4,0.6) (—11.5,9.4)  (—2.2,2.2) x 106 — '1910 -5 0 5
sk — Cf — — (-1.1,1.1) x 10°  (-2.7,2.7) x 10° 5Cy +Cy

» Branching ratio results predicted in SM for B, — B,vv decays are ~10"*3, consistent
with those predicted in the following Refs:

Xiao-Hui Hu et al., CPC43(2019)093104; Jusak Tandean, JHEP04(2019)104;
Jhih-Ying Su et al.,y, PRD 102 (2020) 075032; Gang Li et al., PRD 100 (2019) 075003

» &Cj, + C}, is constrained more stringently by the kaon modes
» B, — B,vv are better than their kaon siblings to constrain 6C%, — CF,



s - du*u~ transitions: hyperon vs. kaon

— Essentially, the cases 1 and 2 are
i caused by the S/P wave puzzle.

Avr (5F oty 1
BR(Ky—ptp~) App (Kt —atptu) ro prTp)
Case 1 Case 2
SM predictions  7.64(73) x 10~ 0 —1.4x 1077 0.2 x107°
Data 6.84(11) x 107¥ (—2.3,2.3) x 1072 (—2.3,2.3) x 1072
Cs + C§ - (—=1.7,1.7) (—6.8,6.8) x 10* (—9.3,9.3) x 10°
Cs — Cjy (—0.12,0.12) — (—1.3,1.3) x 10* (—1.8,1.8) x 10°
6C10 + Cg — — (—1.2,1.2) x 10° (—1.8,1.8) x 10*
6C10 — Cyg (—2.35,0.59) - (—5.8,5.8) x 10* (—1.5,1.5) x 10°

e,

» Here, we are assuming a hypothetical measurement of Apz(Z* — pu*u™) thatis
/dentical toK* - mtutyu.
» Current kaon bounds except for the 6¢,, + €, scenario are a few orders of

magnitude better than those of £* — pu*u~ if measured up to the same precision.



Impact of renormalization groups on NP constraints

O For this purpose, we must work in the SMEFT. The Lagrangian of SMEFT describing
the NP contributions to down-quark FCNC semi-leptonic decays is

Lnp = % Z CiQi,

ng 98 = (gtal) (Bt - Q™ = (armray) (Frwts) ., (3.1,-1)

. . — . ) ’ ! 3

e ) () A=) ) g (1)

Q::;H = (”L:::fn-"”dj:') ( ;ﬂnfn’) QH:}: = (fﬂ"i?) (dr‘?‘IL) - er ~ (1,1,-1)
Qe = (erfL) (GLdr) .

O We work in the basis where the down type quark mass matrix is diagonal. At the
electroweak scale v one has

Yl 2: Pu 'r[1] \t:;] al sl 2: Pz [ ¥
[rﬂ( !J].ud;;“ - {,Q)” lql_‘g [( g + ( g T ( qe ] sdpp ? [( El].n.d;ru - ‘I-z,-\r ."1_2 ( ed T C -!'r!'],,d““ 3
e 2r v? (3) i 2 v y
10C |u]_,,,a,,,, = m A2 [—( -C fq T C :;c} s’ C m]mu;,, = ﬁ AZ [Cea — C 'r"!].-ur.fj:p ’

o . 27 , o i, 27 ©? ,

~(hll.htfj”i - [( P].-:rfﬂ_g.: - _J— ? [(hd‘flmhw ! -(-"P'].l-c!;.ru = [( ] sajip - j'\_ [ I"'J‘l] sddpp’
a—('rL . 2w £l2 (|lj ([” (r” - 27 ! (

[ 4‘;].!-‘(&”/ - .!-,'2)‘! "\2 [ iq - £q j| dui 1 [ Ly ]sefrtu - 2)‘ '&2 [ £ F] dur



Impact of renormalization groups on NP constraints

O Example: s —» dvv transitions

We consider a Z° model in which a single Z'~(1,1,0) gauge boson couples to left-
handed leptons. The Lagrangian for this model is

i1 -7 1 I af 28 g aa
£Zf=(ﬂffﬁ’“a""h+@ﬁd Yidg + g7 0], ‘P)ZL

2 v?

| (1) . 27 '{.’2 o
[d'( L} sdip = 2/\” 1'"1.2 {(ﬁ"’f :| sdviv ’ [( R] sdvp = ﬁ Al—‘.g [( “rf]sriuu
QL™ = (@ ai) (F7ul?) Qi = (& diy) (Lt
H _ H : VU __ ,Sd VvV :
By fine-tuning the couplings gi“ g} gx'g1", one can obtain E.E. Jenkins et al., JHEP 10 (2013) 087
- E.E. Jenkins et al., JHEP 01 (2014) 035
3Cy,(A) — CLL(A }] s 70 ["CL{“,- (A) + Ci(A Lﬂ.y,; =0 R alonsoetal, IHEP 04 (2014) 159
When running the RG equations from the NP scale A to the electroweak scale v:

. . 21 v? , 5 dCi(p .
Assuming that A = 10v, one [f‘»‘Ci('“) +55f(?’}]3d,,u = 2NNz 0.0203’ ()] lﬁr,u% =7;C5(A) = Ci(A)
obtains o 2

\rR _ _" +(1)
[ﬁ (W }] sdvii f-fz)u A2 |:2 02C, lq (Aj] sdvis



Impact of renormalization groups on NP constraints

SCE (v) + CR (4 _ %m0 0.02C) (A ‘ The renormalization group effects lead to an
[ (v) (v }].;M e2)\; A2 [ . )de?' ‘ indirect relation between bound of NP, which is

o v? (1)
[fChw) - )] = 575 2020 )] . 8CL, — CR)~100(8CL, + CR,
e* A A

® we see that the loop effects of the RGE generate a non-vanishing vectorial contribution at the scale v,
which is about 1% of that of the axial-vectorial contribution.

Decay ::,?dm K+t ; Kpn° ; K*ntz® ; Kpnz’ _ As shown in the left table, K" - #*vv data
BR® 8.55(4) %1071 2.89(1)x 107"  8.35(22)x 1071  2.59(3)x 107" . L R .
BRE*P! < 1.78x10710 < 3.0x1079 < 4.3%x107° <81x1077 ?"e',ds the bOl.:lnd on ‘SC“'P T C"f’ at 0(1)'U5mg th,e
§CE — R - - (-LL,1)x10° (-2727) % 10° | the bound on 8C}, — €3, at the order of 102.
_ Deoymods ___ An  Wp EH EW =4 The indirect bound (102) on 8C%, — CR is stronger
1013 x BR(B; — Bawi)®™  6.26(16) 3.49(16) 1.10(1) 0.89(1) 5.52(13 .
v DR 2 B ' ' L3RI than the direct bound of 10° that could be
10% = BR(B; — Bowr)™™ < 0.3 < 0.4 — =< 0.9 < 0.8 b . d b 'th f t BESl” d 't f 'th
0 [aCL - OF <15 <17 - <o < O© tained by the fu ure ata from the
10° x [oCL — Cf s a4~ a2 -ss hyperon modes shown in the left table.

® From the perspective of a UV theory, it is important to consider the loop effects from
renormalization group evolution when connecting the low-energy EFT to new physics model. .



Impact of renormalization groups on NP constraints

-
Decay modes An Ytp =-x- =00 =0A
10 x BR(B; — Bovi)™  6.26(16) 3.49(16) 1.10(1) 0.89(1) 5.52(13)
10° x BR(B; — Bovw)BESIL <03 <04 - <09 <08
10° x [6CL + CF <16 <17 - <10 <18
10° x [0CL — CF <13 <34 -~ <52 <86

For hyperon rare decays,
the anticipated BESIII
BR~107°

®However, when connecting the low-energy EFT to new
physics model, hyperons could better constrain some

combinations of Wilson coefficients if a sensitivity of 107°
for the branching fractions is achieved by hyperon

factories (BESIII) in the future.
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Summary and outlook

O EOMS xPT has improved the previous studies in WRHDs and non-

perturbative contributions of the rare hyperon semi-leptonic decay B; —
Bsy" — Bfll
f f

O We plan to apply the EOMS xPT to study the S/P puzzle and CP violation
In non-leptonic hyperon decays



Why CP violation

® Explaining the matter-antimatter asymmetry

® Testing SM and searching for NP

® CPV has been observed in the K[1], B[2] and D[3| Discovery of CP violation @ 1980
mesons sequentially during the past 60 years

e CPV attributed to an irreducible phase in the

CKM quark-mixing matrix

® The CPV in the baryon system has not yet
Cronnin  Fitch

Mechanism of CP violation @ 2008

been established

. Rev. Lett. 13, 138-140 (1964)
. Rev. Lett. 87, 091801(2001);
. Rev. Lett. 87,091802 (2001)

. Rev. Lett. 122, 211803 (2019)

a7

Kobayashi Maskawa



Many studies on baryon CPV

Experiment measurements

LHCb,Nature Phys. 13, 391-396 (2017)
LHCb,JHEP 06, 108 (2017)
LHCb,JHEP 03, 182 (2018)

LHCb,Phys. Lett. B 787, 124-133 (2018)  Beauty baryon| .

LHCb,JHEP 08, 039 (2018)
LHCb,Eur. Phys. J. C 79, no.9, 745 (2019)
LHCb,Phys. Rev. D 102, no.5, 051101 (2020)

LHCb,Eur. Phys. J. C 80, no.10, 986 (2020) ch
Belle,Sci. Bull. 68, 583-592 (2023)

arm baryon | °

BESIII,Nature Phys. 15, 631 (2019)
BESIII,Phys. Rev. Lett. 125, no.5, 052004 (2020)
BESIII,Nature 606, 64 (2022) "

BESIII,Phys. Rev. Lett. 129, 131801(2022)
BESIII,Phys. Rev. Lett. 129, 212002(2022)
BESIII,Phys. Rev. Lett. 130, 211901(2023)
BESIII, arXiv:2408.16654(2024)

/peron

Theoretical studies

Y.K. Hsiao et al, Phys.Rev.D 95 (2017} 9, 093001
Shibasis Roy et al, Phys.Rev.D 101 (2020) 3, 036018
Shibasis Roy et al, Phys.Rev.D 102 (2020) 5, 053007
lgnacio Bediaga et al, Prog.Part.Nucl.Phys. 114 (2020) 103808
Zhen-Hua Zhang et al, JHEP 07 (2021) 177

Zhen-Hua Zhang et al, Eur.Phys.).C 83 (2023) 2, 133
Jian-Peng Wang et al, Arxiv: 2211.07332

Yin-Fa Shen et al, Phys.Rev.D 108 (2023) 11, L111901
Jian-Peng Wang et al, Arxiv: 2411.18323

Jian-Peng Wang et al, Chin.Phys.C 48 (2024) 10, 101002
Ji-¥in Yu et al, Arxiv: 2409.02821

Zhen-Hua Zhang, Phys.Rev.D 107 (2023) 1, L011301
Cai-Ping lia et al, JHEP 11 (2024) 072

Xiao-Gang He et al, Science Bulletin 67 (2022) 1840-1843
Nora Salone et al, Phys.Rev.D 105 (2022) 11, 116022
Tandean J et al, Phys.Rev.D 67 (2003) 056001

Jusak Tandean, Phys.Rev.D 69 (2004) 076008

In this presentation, we will

focus on the hyperon system.
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Discovery of baryonic CP violation

-

-

N, = pK ntn”
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Hyperon non-leptonic decays

\

BI—)B}PH

— Decay amplitudes: M = GymZ - Bs(As — Apys)B;

S=AgandP = A, -2

Ef'l'm'r

Asymmetry parameters: a’ + % +y? =1
_ 2Re(S"P) g = 2Im(S°P) __ISI2=IP?
TSP T ISP P T ISIP+IPP

sAeosp o1uolda|-uou uoiadAy

a+a B4 s C
_ Acp =22 fo Bgp = 222

r+r
~ (—2(A;Assin(dg — 63) sin(dg — o)
B} B} sin(d) — 63) sin(op — ¢5))

/A + B

® The direct CPV is multiplicatively
suppressed by both the strong
interaction phases & as well as by the
Al = 3/2 suppression A;/A,~B5/B,~1/20

® CPV observables of the largest signal
CPV observables: are defined by a combination of the

ecay asymmetry parameters a« and 8
a—a a—a o],

-oposed T.D.Lee and C.N.Yang.

General Partial Wave Analysis of the Decay of a Hyperon of Spin 1/2

Published in: Phys.Rev. 108 (1957) 1645-1647

& DOI [= cite @ reference search

T.D. Lee (Princeton, Inst. Advanced Study), Chen-Ning Yang (Princeton, Inst. Advanced Study) (1957)

) 214 citations




Why study the hyperon non-leptonic decays

O CP violation has not yet been established in the baryon sector. Hyperons are a
good opportunity to observe the CPV in the baryon systems.

Jusak Tandean et al , PRD 67 (2003) 056001

Salone N et al , PRD 105 (2022) 11, 116022

Xiao-Gang He et al, Sci.Bull. 67 (2022) 1840-1843

-

BESIII Collaboration,arXiv:2312.17486

CPV observables SM predictions BESI || data
Az (—3~3)x107° (-25+46+12)x1073
A5 (0.5~6) X 1075 (6+13.4+56)x1073
B, (-38~-03)x10™* (12+34+08)x 1072

4 BESII
4
—5M

0.0
ooz W BSM

0.02 T
0.01
0.00

=0.01

-0.02: -5

0.04

0.03

0.02

—-0.02

O BESIII experiment cannot test the CPV in SM. It is hopeful in the future super
tau-charm factories.

O Large theoretical uncertainties are related to the S/P puzzle



Non-leptonic decay amplitudes—S/P puzzle

OAmplitudes of hyperon non-leptonic decay

. 2 R
M(B; = Bgm) = iGpm; By (As — Apys) B;
Here, both S-wave amplitude Ag and P-wave amplitude A, are functions of LECs hD and hF

O The so-called S/P puzzle: if the two LECs hD and hF can describe well
the experimental S-wave amplitudes, they reproduce very poorly the P-
wave amplitudes

As a result, we only updated the values of hD and hF by fitting to the
experimental S -wave amplitudes for hyperon non-leptonic decays



Why study the hyperon non-leptonic decays

Theories Experiments

O yPT is a powerful tool for hyperon non- =~ B The recent BESIII measurements of
leptonic decays. Previous theoretical asymmetry parameters associated with
studies in HB XPT neglected the the S{P puzzle deviate from previous
contributions of either counterterms or experlmenta.l V3|UES -
intermediate decuplet-baryons. i

O Previous theoretical studies satisfies asn e
A[ = 1/2 rU|e‘ BES3 1.3 billion Bl /T —

0.62 0.64 L‘IBG 068 0.7 0?2 0?4 {J?E
A = pr)

Borasoy B et al. EPIC 6 (1999) 85-107 O Ratio of asymmetry parameter reported
HB XPT: 4 El-Hady A, PRD 61 (2000) 114014 recently from BESIII violates A7 = 1/2 rule
(=1, satisfies)
(ano)/ (an-) = 0.870 £ 0.012%5
BESIII: PRL 132 (2024) 10, 101801




What to do next

O Step 1: Investigate the S/P puzzle (ongoing)

v' Study the hyperon non-leptonic decays in covariant baryon chiral
perturbation theory (BxPT) with the extended-on-mass-shell (EOMS)
renormalization scheme

v Consider the effects of the Al = 1/2 rule violation

v Consider the contributions of counterterms, intermediate octet, and
decuplet-baryons, even intermediate resonant states

O Step 2: Revisit CP violation (To be done)

v' Taking the S-wave and P-wave amplitudes provided in covariant baryon
chiral perturbation theory as inputs to predict the CP violation of hyperon
non-leptonic decays.






