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Hyperon history
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* Produce 1n pairs in strong interactions

* Decay via the weak interactions

(414 29 M
V” particles A. Pais, Phys.Rev. 86, 663 (1952)

G.D. Rochester, C. C. Butler, Nature 160, 855 (1947)

. » Strangeness(S): conserve in stron
Hyperon: heavier than proton & (3) g

interaction, violate in weak interaction
e Selection rule: AS =0, £ 1

M. Gell-Mann, Phys.Rev. 92, 833 (1953)
T. Nakano, K. Nishijima, Prog.Theor.Phys 10, 581(1953)



Hyperon decays

A »t »0 > =0
M(GeV) 1.116 1.189 1.192 1.197 1.315 1.322
7(1071%) 2632 0.802 7.4x10710 1479 290 1.639

[1]

Hyperon decays Semileptonic decays

v CKM matrix element V

* Simple environment

v SU(3) flavor symmetry * Decay dynamics (form factors)

v Source of CP violation J. D. Richman and P. R. Burchat,
Rev. Mod. Phys. 67, 893 (1995)



Experimental perspective

= Current status: long history, large uncertainties, not direct measurement......

Obstacles

» Dominant two-body decay backgrounds

AN-=>p+rn, X -n+n, 2 > A+71"

> Tiny branching fractions (10~ ~ 107°) Super 7-charm facility
Front.Phys 19, 14701(2024)



Theoretical perspective

¢ v leptonic part:
. lepton current: £y* (1 — }/5) Uy

S " u
B, > B,
sl hadronic part:
] « s — u transition, i y, (1 — }/5) s
 parametrized in terms of form factors
h — . — . qy qﬂ
(B, | By) = iy |1y, + if>0,, +f3 Uy — U817, t 18,0, Wy +83M Y5t
M, M, 1 1




Form factors

Cabibbo’s predictions: flavor SU(3) symmetry

f2(0)/£1(0)

f1(0 91(0) 91(0)/ f1(0)
A=op —\f ~/3F+2) F+2
0 p  —Ji —\/sF-D) F-D

2 _
=AW fiE-B F-3

Mso (pp+2un)

MA IQ
MP 2 . . .
* [sospin symmetry is considered.

F+D

n—p 1 F+D F+ D

My 2 nishes in mmetr
Mo (uptin) * g, vanishes in SU(3) symmetry.
Mp 2 x f; and g5 have little contributions
Mzo (pp—pn)
Mp 2 to the decays.
Mn (Bp—#n)
M, 2

N. Cabibbo, Phys. Rev. Lett. 10, 531-533 (1963)

N. Cabibbo et al., Ann. Rev. Nucl. Part. Sci. 53, 39-75 (2003)

Potential symmetry breaking m, > m; ~ m,

o Symmetry breaking of f: f; /f1SU(3)

e In SU(3) symmetry, (g,/f;)"" = (&1f;)"

PDG: (g,/f;)" "~ =12754+0.013, (g/f,

20_,y+

)50—>2+

Donoghue et al., PRD(1987); Schlumpf, PRD(1995);
Villadoro, PRD(2006); Faessler et al., PRD(2008)
Ledwig et al., JHEP(2008); L. S. Geng et al., PRD(2009);
Sasaki, PRD(2012); G.S. Yang et al., PRC(2015)

= 1.22£0.05



Form factors in QCD sum rules

pion electromagnetic
SUM RULES AND THE PION FORM FACTOR IN QCD form factor
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MESON WIDTHS AND FORM FACTORS AT INTERMEDIATE
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@ Radiative decay

light and heavy hadrons. The applications include the pion electromagnetic o
form factor!%° radiative charmonium decays such as J/1 — n.v,°' D and B & FCNC transition

semileptonic and flavor-changing neutral current (FCNC) transitions 1927197
and, more recently, the radiative decays ¢ — (n,n')y:"° o Strong decay

P. Colangelo et al., QCD sum rules, a modern perspective(2000) ™ Semileptonic decay



Semileptonic decays in QCD sum rules

Channel work
Meson
D —m,p, K® Dosch et al.(1991); Ball et al.(1993); 47X (2006);
D; — ¢ AR & R & K& (2006);
J/p — D& FEW & Hao Zou & BIEW & 229 & Bt (2006);
B -7, p, K Narison et al.(1992); Khodjamirian et al.(1993);

Colangelo et al.(1993); Kiselev et al.(2000); Azizi et al.(2009);
FN| (2014); Leljak et al.(2020);

Bc — D7 J/w77767X007BaBs

Baryon

s A HITA & HUIRT & HEAEK & XI4h (1996); Nielsen et al.(1999);
B4 & ZFEE & LH I & HidiE: & Yan-Sheng Yang(2020);

Ay —p HHIT & M F & Hua-Gang Yan(1998);

A= A Dosch et al.(1999);

Ac—n Z8Q & FF\FE (2023);

{E0q; e} — {Aqg: X, Eq, R} A & T & B> (2020)




Basic idea

three(two)-point

correlation function

Operator product
expansion

Complete relation

Quark-hadron duality

Phenomenological

T

mass, decay constant,

form factors, ...




Three-point correlation function

I,(q%, 43 4% = izjd“x dy et e) < 0| T{ (1], 00 ()} 10 >

J1o: Interpolating currents for the initial and final state baryons

J,: weak transition current
; b T b
] = €a c <qla Cg,ul/qj ) Gﬂyysqlf

J, = uy,(1 —ys)s

Pu(S15 52, q%)
(51— gP)(s2 — ¢3)

dispersion relations I1(¢7,95,9°) = stl Ja’sz

10



IL(q7.95.9°) =i Jd“x d*y "=t < 0| T{jy(y)j,(0)j/(x)} |0 >

operator product expansion:
vacuum condensate

dispersion relations
P H(% q2 2)—2Cdﬂ(% %)<0|0d(0)|0>/v

ds, p,-: spectral density

o0 dS JOO p/?CD(Sl,Sz, q2) QCD
1
sgnin (Sl - Q%)(SZ - %2)

Pt 45, 9% = [

min
81

o = \2
PR(s1, 53, G = pE(s1,.530g%) + PS5, 53,47 + Sy 53, 47 + PO sy, 55,47 + T (51, 53, )

SESE S

N

11



Phenomenological side

I(q7. 93.9%) = [d“x d*y e'C0FEY) < 0| T{jy(1)j,(0)j{(x)} 0 >

dispersion relations > |H) (H| =

[Phe(g2, g2, 4%) = Z <0[j1By(q) > < By(g2)1J,|Bi(q)) > < By(g)]j 0>
po ~ (g7 — M})(g3 — M3)

+higher resonances and continuum states,

< By(gy) liiy, (1 —75) s|By(q)) >

14

<0]j;|B{p) > = Au(p)

= i,(¢,) [fl(qz)}/ﬁ ifs(q*)o,, Ji]/ll +f3(q2)ﬁ1 uy(qy)

v

—i5(q,) [gl(qz)y//t + igz(qz) 4 83(612)_ Ysui(qy) -

"M, M; |

1o (a4 + M, ) [fl(qz)n + (g0, +f3(6]2)—] 7 (i, + M)
(qf — M?)(qg3 — M3)
(;12 +M2> [gl(q )7, +i8(q%)0,, ;, + 23(q")~+ ]75/11 (;11 +M1>

(gt — M)(g; — M3)

n°"(g%, g3, q%) =

12



Borel transformation

Suppress the higher excited states and continuum states contributions

—1) 2\n+1 0 n
BN =0 = lim e ( - QZ) 50
,H = 00 .

n/Q*=1/M;

Quark-hadron duality

Establish the equivalence between two sides

ds,
spin (57— ‘112)(52 - qzz)

s PGy, 9%)
HEhe(q%, q22, q2) ~ J dSl[ U 1

min
1

s?(z): threshold parameters

13



Symmetry breaking of vector form factor f,(0)

negative corrections

/!

A— N Y=+ N E—A E—-X / Refs
£1(0)/£7°¢) /
QCDSR 0.963 £0.061 0.993 £0.059 0.993 £0.061 0.956 £+ 0.049 This work
Quark model 0.987 0.987 0.987 0.987 J. F. Donoghue et al., PRD(1987)
Quark model 0.976 0.975 0.976 0.976 F. Schlumpf, PRD(1995)
lattice QCD 0.975£0.01 0.973 £ 0.007 S. Sasaki, PRD(2012)
1/N, expansion  1.02 £ 0.02 1.04 + 0.02 1.10 £0.04 1.124+0.05 | R. Flores-Mendiet et al., PRD(1998)
xPT 1.027 1.041 1.043 1.009 G. Villadoro, PRD(2006)
XPT 1.001109013  1.087%0057  1.04010903%F  1.01709% L. S. Geng et al., PRD(2009)

N

QCDSR and 1/N, expansion suggest

relatively larger breaking in 2 — 2.

\

positive corrections

14



Axial-vector form factor g,(0)

A— N Y>> N ZE—A 2= X Refs
91(0)/ f1(0)
QCDSR 0.708 £ 0.047 —0.3274+0.046 0.271 £0.045 |1.293 £+ 0.100 This work
Cabibbo model 0.731 —0.341 0.195 1.267 N. Cabibbo et al., Annu. Rev(2003)
Quark model 0.724 —0.260 0.265 1.20 A. Faessler et al., PRD(2008)
Soliton model 0.68 —0.27 0.21 1.16 T. Ledwig et al., JHEP(2008)
Soliton model 0.718 £ 0.003 —0.340 +0.003 0.250 +0.002 |1.210 +£ 0.005 G.S. Yang et al., PRC(2015)
1/N, expansion 0.73 —0.34 0.22 1.03 R. Flores-Mendiet et al., PRD(1998)
lattice QCD —0.287 4 0.052 12484002 | O Guadagnol et al., NPB(2007)
S. Sasaki et al., PRD(2009)
Exp 0.718 £ 0.015 —0.340+0.017 0.25£0.05 1.22 +0.05 PDG(2022)
(91/11) ., =1.2754%0.013
 The results are generally consistent. * [n SU(3) symmetry:

EO—>Z+

. (gl/fl)n_)p slightly deviates from the (gl/fl)E_)Z (81/1)" " = (a11)

15



Weak magnetism form factor f,(0)

A= N Y=+ N E—=A E—=X Refs

£2(0)/ f1(0)

QCDSR 0.752 +0.074 —-1.042+0.090 0.118+0.032 1.957 +0.255 This work

Cabibbo model 1.066 —1.292 0.085 2.609 N. Cabibbo et al., Annu. Rev(2003)

Quark model 1 —0.962 0.129 2.402 A. Faessler et al., PRD(2008)

Soliton model ~ 0.637 £0.041 —0.709 £0.036 —0.069 £0.027 1.143 £ 0.061 G.S. Yang et al., PRC(2015)

Soliton model 0.71 —0.96 —0.02 2.02 T. Ledwig et al., JHEP(2008)

1/ N, expansion 0.90 —1.02 —0.06 1.85 R. Flores-Mendiet et al., PRD(1998)

lattice QCD —1.52+0.81 S. Sasaki et al., PRD(2009)

Exp 1.32+0.81  —097+0.14 —0.24+0.25 2.0+ 0.9 M. Bourquin et al., Z. Phys. C(1983)
PDG(2022)

Theory Experiment

significant disparities

large uncertainties

16



fl(QQ)

g° dependence of the form factors

w Employ BCL parametrization to extrapolate the form factors:

2.5

2.0 4

1.0 1

0.5 1

0.0 4

—0.5 A

—1.0

—1.5 1

-2.0

/

-
D —

T
—0.04

1)
f;(qz) — 1 qzl/(m )2 { 1 + al(z(qza Z'()) - Z(Oat()))}
_ pole
— A=>p N
— X0 =y 15
= = A
— = 30 /
/'_/,/4 1.0
M w\o\ —0.5 -
.“—".\"\'-\»\
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T
—0.02
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g° dependence of the differential decay width helicity amplitude

- |V 2, 00 , (form factors)
dI' (B, - B,Xv us| 49 -

Differential decay width: (B = Bitv) - (- E)ZH'[{
dq? 38473 M3 7

0.7  Hnv#n———»—7r——

0.6]
05}
0.4]
0.3]

0.2f

dr/dg® x 10716 GeV
dr/dg® x 10716 GeVv

01f

O_O1"“1‘“‘1‘/“1““1““1““1“ 0_0'1“‘ P RS H S SRS R W
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.00 0.01 0.02 0.03 0.04 0.05 0.06
qZ(GeVz) qZ(GeVZ)
0.30 -

P B S

0.25f
0.20}
0.15}

0.10}

dr/dg® x 10716 GeV
dr/dq® x 107'¢ GeV

0.05f

0.001
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not include g2 dependence

Branching fractions
of the form factors

QCDSR QCDSR? = Exp
B(A — pe~,) x 1074 8.09 +0.73 7.12 £ 0.65 8.34 +0.14
B(A = pu~9,) x 1074 1.44+0.13  |1.15+0.11 1.51+0.19
B(X~ — ne~v,) x 1073 1.06 & 0.20 0.87 £ 0.14 1.017 4 0.034
B(X~ — nu~,) x 1074 517+1.03  |3.74+0.59 4.540.4
B(X° = pe~1,) x 10713 2.67+£0.49 |2.184+0.34 2.46 £ 0.32* R M. Wang, M.Z. Yang, H.B. Li,
B(X° — pu~i7,) x 10713 1.30£0.25 |0.94+0.15 1.13 £ 0.15* 2nd X.D. Cheng, PRD2019)
B(E™ = Ae %) x 1074 5.4140.79  |4.6740.63 5.63 +0.31
B(E~ — Ap~p,) x 1074 1.66 £0.26  |1.24+0.17 3.5%55
B(E® = Tte 7,) x 1074 2.48+0.24  |2.3940.25 2.52 4 0.08
B(E® - Stu~p,) x 1076 2.184+0.24  |1.9140.20 2.33 +0.35
B(E- = X% 7,) x 107° 8.07+£0.77 |7.7240.81 8.7+1.7
B(E~ - X% ,) x 1076 1.1240.12 0.97 £ 0.10 < 800

« Contributions from the g dependence of the form factors: 10% ~ 30% .

e Much more impact to ¢ mode.



Summary

e We calculated the transition form factors of hyperon semileptonic decays
in the frame work of QCD sum rules.

® We analyze the flavor SU(3) symmetry breaking effects based on the
relevant form factors.

e We derive the branching fractions of hyperon semileptonic decays and the
tensor form factor related to the new physics beyond the standard model.

e Potential improvement: inverse problem, NLO corrections......

Thanks
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