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Semi-leptonic decays (SLDs)

More than 90 years of knowledge about SLDs
[Fermi, 1934] [Gamow,Teller,1936]

Detection of SLDs of strange mesons and
baryons and discovery of SU(3) symmetry of
hadrons
→ Cabibbo theory (CT) [Cabibbo,1963]

CT led to detailed description of SLD of
baryons and mesons
→ small number of parameters
→ predictions for

Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements

Fundamental tests of the SM’s flavour structure
through verification of CKM matrix unitarity
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Vus determination: current status

[PDG2024]

[HFLAV2023]

Varvara Batozskaya SLHDs with BESIII 2026/06/26, MESON2026 3 / 21

https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/2100284


Vus determination: current status

[PDG2024]

[HFLAV2023]

[PRL92(2004)251803]

Varvara Batozskaya SLHDs with BESIII 2026/06/26, MESON2026 3 / 21

https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/2100284
https://inspirehep.net/literature/623659


Vus determination
Using K → πlνl decays:

BKl3 =
τK

ℏ
G2
FM

5
K

192π3
SEW (1 + δlK + δSU(2))C

2|Vus|2f2+(0)IlK

Using Y1 → Y2lνl decays:

BSLHD =
τY1

ℏ
G2
F (1+δRC)

β5M5
Λ

60π3
|Vus|2

[
(1−

3

2
β)(f21 + 3g21)− 4βg1g2 +

2

7
β2F2 +O(β3)

]

where FF≡FF(q2), F2 = 3f21 + 3f1f2 + 2f2
2 + 6g12 + 6g22 + 21g1g2

with β = (MΛ −Mp)/MΛ ∼ 0.159 for Λ→ pl−ν̄l

Neglect β3 terms and q2 dependence for FFs, g2 = 0 → two ways to extract Vus

[Cabibbo,1963]

1 Inputs from experiment: {B, τY1
, gav = g1/f1} and theory: {f1 or g1}

2 Inputs from experiment: {B, τY1
} and theory: {f1, g1 → gav}
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Experimental facility:
BEPCII and BESIII
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BESIII @ BEPCII [Nucl.Instrum.Meth.A598(2009)7]

Beijing Electron-Positron Collider (BEPCII)
• e+e− collider with 2.0 GeV< ECMS < 4.95 GeV
• Lpeak = 1033cm−2s−1

• Data taking since 2009: NJ/ψ ∼ 1010 and Nψ(2S) ∼ 3 · 109

Beijing Spectrometer (BESIII)
• Optimized for flavour physics
• Covers 93% of 4π solid angle
• 1.0 T super-condacting

solenoid

• Momentum resolution:
σ(p)/p = 0.5% at 1 GeV/c

• Energy loss resolution: dE/dx = 6% for electrons
• Time resolution: 68 (65) ps in barrel (end cap)
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Modular method to study full process:
e+e− → (cc̄) → Y Ȳ → (BM)(B̄M̄)
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Production process [PRD99(2019)056008]

Spin 1
2
+ 1̄

2
baryon-antibaryon density matrix:

ρ
1/2,1/2

=
1

4

∑
µν̄

Cµν̄σ
Y1
µ ⊗ σ

Ȳ1
ν̄

Cµν̄ =

 1+αψ cos2θ 0 βψsin θ cos θ 0
0 sin2θ 0 γψsin θ cos θ

−βψsin θ cos θ 0 αψ sin2θ 0
0 −γψsin θ cos θ 0 −αψ−cos2θ


βψ =

√
1− αψ2 sin(∆Φ), γψ =

√
1− αψ2 cos(∆Φ)
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Strange baryon decays:
Y1 → Y2 +M

Y1 → Y2 + l− + ν̄l
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Non-leptonic decay
Momenta and masses: Y1(p1,M1)→ Y2(p2,M2) +M(p3,m3)

Decay can be described by transition matrix [PRL55(1985)162]:

⟨Y2(p2)|M|Y1(p1)⟩ =ū(p2) [AS +AP σ⃗ · n̂]u(p1)

Asymmetry parameters [PRD99(2019)056008]:

α =− 2
ℜ(AS ∗AP )
|AS |2 + |AP |2

=
|B 1

2
|2 − |B− 1

2
|2

|B 1
2
|2 + |B− 1

2
|2
,

β =− 2
ℑ(AS ∗AP )
|AS |2 + |AP |2

= 2

ℑ(B 1
2
B∗

− 1
2

)

|B 1
2
|2 + |B− 1

2
|2
,

γ =
|AS |2 − |AP |2

|AS |2 + |AP |2
= 2

ℜ(B 1
2
B∗

− 1
2

)

|B 1
2
|2 + |B− 1

2
|2
,

where β =
√
1− α2 sinϕ and γ =

√
1− α2 cosϕ
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Semi-leptonic decay
Momenta and masses: Y1(p1,M1)→ Y2(p2,M2) + l−(pl,ml) + ν̄l(pν̄l , 0)

FF for weak current-induced baryonic 1/2+ → 1/2+ transitions [EPJ C59 (2009) 27]:

⟨Y2(p2)|JV+A
µ |Y1(p1)⟩ =ū(p2)

[
γµ(f1(q

2)− g1(q2)γ5)−
iσµνqν

M1
(f2(q

2)− g2(q2)γ5)

+
qµ

M1
(f3(q

2)− g3(q2)γ5)
]
u(p1)

where qµ = (p1 − p2)µ
6 FFs define 3 vector and 3 axial vector helicity amplitudes:
Hλ2,λW

= HV
λ2,λW

+HA
λ2,λW

← {HV,A
1
2
1
, HV,A

1
2
0
, HV,A

1
2
t
} with HV,A

−λ2,−λW
= ±HV,A

λ2,λW

For Y1 → Y2e−ν̄e at O(m
2
e

2q2
)→ 0 =⇒ f3, g3 → 0

Main parameters:

gav(0) =
g1(0)

f1(0)
, gw(0) =

f2(0)

f1(0)
, gav2(0) =

g2(0)

f1(0)

FF parametrization: fi(q2) = f1(0)[1 + ⟨r2i ⟩q2]
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Baryon decays [VB,AKupsc,NSalone,PRD108(2023)016011]

• Transition from initial hyperon Y1 to final baryon Y2 can be described as:

σY1
µ −→ 3(q2 −m2

l )

4π3

3∑
ν=0

BµνσY2
ν

• Bµν can be obtained by inserting Pauli matrices for Y1 and Y2 in Tκκ
′,λ2λ

′
2 tensor

Bµν = 2π3

3(q2−m2
l
)

∑1/2

λ2,λ
′
2=−1/2

∑1/2
κ,κ′=−1/2

Tκκ
′,λ2λ

′
2σκ,κ

′
µ σ

λ′
2,λ2
ν

⇓

Bµν =

3∑
κ=0

Rµκ(Ω2)bκν(q
2,Ωl)

• Rµκ - 4× 4 rotation matrix with Ω2 ≡ {φ2, θ2, χ2}
• bκν coefficients correspond to Y1 → Y2 transition where Ω2 = {0, 0, 0}

• bκν(q2,Ωl)→ aκν(0) for Y1 → Y2 + π
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Joint angular amplitude
[VB,AKupsc,NSalone,PRD108(2023)016011]

Production matrix:
ρ
1/2,1/2

=
1

4

∑
µν̄

Cµν̄σ
Y1
µ ⊗ σ

Ȳ1
ν̄

Decay matrix:

σY1
µ →

3∑
µ′,κ=0

RµκbY1
κµ′σ

Y2
µ′

σȲ1
ν̄ →

3∑
ν̄′,κ̄=0

Rν̄κ̄aȲ1
κ̄ν̄′σ

Ȳ2
ν̄′

Joint angular amplitude of full decay chain takes into account polarisation,

entanglement and sequential decays

W(ξ,ω) =

3∑
µ,ν̄=0

Cµν̄

3∑
κ,κ̄=0

Rµκb
Y1
κ0Rν̄κ̄a

Y 1
κ̄0

ξ = (αψ ,∆Φ, gY1
av , g

Y1
w , gY1

av2, αY 1
) - set of measured parameters

ω = (θY1 , θY2 , φY2 , q
2, θl, θY 2

, φY 2
) - set of helicity angles
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Experimental results at BESIII
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e+e− → ΛΛ̄ → (pe−ν̄e)(p̄π
+) + c.c. [arXiv:2509.09266]

𝑒!

𝑒"

ΛΛ# θ
J/ψ

𝜑# 𝑝

𝑊"

𝜃$

𝑊%

𝜈̅& 𝑒!

𝜃&!

𝑝

𝜈̅&

𝑝̅

𝜋"

𝑝̅

𝜋"
𝜑$

𝜃$

𝑒!

NJ/ψ = 1010

Double-tag reconstruction:
→ Λ→ pe−ν̄e and Λ̄→ p̄π+

→ Λ→ pπ− and Λ̄→ p̄e+νe

Umiss = Emiss − c · |p⃗miss|
Within Umiss ∈ (−0.02, 0.02) GeV:

Ntot
sig = 1791± 47 with Npπ = 207± 30

and εsig = (8.58± 0.01)%
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Nsig = 1854± 49

Npπ = 448± 50

Nbkg = 0± 31
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Analysis results [arXiv:2509.09266]

First measurement of absolute branching fraction

B(Λ→ pe−ν̄e) = (8.16± 0.22± 0.15) · 10−4

Consistent with world averaged B(Λ→ pe−ν̄e) = (8.34± 0.14) · 10−4 [PDG2024]

Joint angular distribution allowed to extract two sets:

Observable This work Previous result Refs.
g−av 0.742+0.075

−0.057 ± 0.009 0.718± 0.015 [PDG2024]
g+av −0.706+0.069

−0.073 ± 0.014 −
⟨gav⟩ 0.729+0.048

−0.047 ± 0.007 −
g−w 0.93± 0.51± 0.17 0.15± 0.30 [FNAL,1990]
g+w 0.89± 0.49± 0.20 −
⟨gw⟩ 0.89± 0.35± 0.14 −
⟨gav⟩ 0.706+0.089

−0.086 −
⟨gw⟩ 0.77+0.53

−0.49 −
⟨gav2⟩ −0.19+0.65

−0.63 −


g2 = 0

 g2 ̸= 0

∗ ⟨gi⟩ is measured for both Λ → pe−ν̄e and Λ̄ → p̄e+νe, assuming g−avi = −g+avi , g
−
w = g+w

∗∗ αψ , ∆Φ and αΛ,Λ̄ are fixed to [PRL129(2022)131801]
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Determination of |Vus|
1 Assume SU(3) is conserved, f1 = −

√
3/2 [PRL92(2004)251803]

|Vus|SU(3) = 0.2199±0.0036BESIII BF±0.0087BESIII FF±0.0004τΛ ±0.0005RC (0.8σ)

2 Using LQCD FF prediction [PRL135(2025)231901]

|Vus|LQCD = 0.2332± 0.0039BESIII BF ± 0.0004τΛ ± 0.0006RC ± 0.0014LQCD (1.2σ)

0.22 0.23
|us|V

This work, input LQCD FF
0.0042±0.2332

ei < p eA RCabibbo, 
0.0034±0.2224

Cabibbo, hyperon av.
0.0027±0.2250

 lepton av.o

0.0014±0.2207

K meson av.
0.00085±0.22431

2|ub-|V2|ud1-|VCKM unitarity 
0.00137±0.22799

𝝈𝟐(𝐕𝐮𝐬)

ℬ!"#"
58.0%

ℬ!$!"
27.4%

LQCD
11.2%

Others
3.4%

[arXiv:2509.09266]
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e+e− → Ξ−Ξ̄+ → (Λe−ν̄e)(Λ̄π
+) + c.c. [arXiv:2512.15273]

NJ/ψ = 1010

Within Umiss ∈ (−0.03, 0.02) GeV: Ntot
sig ≃ 111± 13, εsig = (3.29± 0.03)%

Ξ− → Λe−ν̄e Ξ̄+ → Λ̄e+νe

First absolute B measurement
B = (3.60± 0.40± 0.10) · 10−4 (3.9σ)
Modular method allowed to extract:
gav = 0.18± 0.07± 0.02

∼ 2 · 103 Ξβ events → σ(gav) = 0.05 [SPS, 1983]
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Absolute B of SLHDs with NJ/ψ = 1010

Λ→ pµ−ν̄µ + c.c.
Ntot

sig ≃ 64± 9, εsig = (1.65± 0.01)%

First absolute B measurement
B = (1.48± 0.21± 0.08) · 10−4

(30% of precision improvement)
Lepton flavour universality test

Rµe ≡ Γ(Λ→pµ−ν̄µ)
Γ(Λ→pe−ν̄e)

= 0.178± 0.028

RµeSM = 0.16638± 0.00020 [hep-lat/2604.16025]

[PRL127(2021)121802]

[PRD107(2023)072010]

Σ+ → Λe+νe + c.c.
Ntot

sig ≃ 15± 7, εsig = (7.40± 0.01)%

First absolute B measurement
B = (2.93± 0.74± 0.13) · 10−5

(25% of precision improvement)
Combining with B(Σ− → Λe−ν̄e) and τΣ± :

R =
Γ(Σ−→Λe−ν̄e)
Γ(Σ+→Λe+νe)

= 1.06± 0.28

(1.8σ in absence of 2nd-class currents)
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Search for SLHDs with NJ/ψ = 1010

[PRD104(2021)072007]

Ξ− → Ξ0e−ν̄e
⇒ constraint on SU(3)-violating mechanism
Upper limit on B < 2.59 · 10−4 @ 90% C.L.
(×10 more stringent than previous result)

[PRD10(1974)3545]

Ξ0 → Σ−e+νe + c.c.
⇒ violation of ∆S = ∆Q rule
Upper limit on B < 1.6 · 10−4 @ 90% C.L.
(×10 more stringent than previous result)

[PDG2020]

[PRD107(2023)012002]
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Summary and outlook
With 1010 J/ψ events collected by BESIII
• First absolute BF for Λ and Ξ− is measured
• Axial-vector gΛ,Ξav and weak magnetism gΛw

couplings are determined
• First measurement of weak electricity

coupling gav2 is performed for Λβ decay
• Two |Vus| values for SLHD is extracted

∗ Experimental and LQCD input would
allow for |Vus| result with a sensitivity
comparable to that of kaon decays

[arXiv:2509.09266]

Analysis method is directly applicable to other SLDs including heavier baryons
[VB,AKupsc,NSalone,PRD108(2023)016011]

• BESIII → more interesting results are coming using collected statistics
• BEPCII-CW upgrade: Lpeak = 1033 → 1034 cm−2s−1

Future prospects for:
∗ Super J/ψ Factory [FrontPhys(Beijing)19(2024)14701] [arXiv:2502.08907]

∗ CBM at GSI/FAIR [NuclPhysNews35(2025)18] [arXiv:2512.15986]

Stay tuned!
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Backups
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SLD of Λ and Λ̄
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Kinematic variables of Λ SLHD
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Baryon decays

• Initial baryon Y1 with spin-density matrix ρκκ
′

1 transforms to final baryon Y2 with

spin-density matrix ρλ2λ
′
2

2

ρ
λ2λ

′
2

2 = Tκκ
′,λ2λ

′
2ρκκ

′

1

• Transition tensor:
Tκκ

′,λ2λ
′
2 = 1

4π

∑
λW ,λ

′
W
T
κκ′,λ2λ

′
2

λW ,λ
′
W

(q2,Ω2)LλW ,λ′
W
(q2,Ωl)

• Hadronic tensor
T
κκ′,λ2λ

′
2

λW ,λ
′
W

(q2,Ω2) = Hλ2λW
H∗
λ′
2λ

′
W
D1/2∗
κ,λ2−λW (Ω2)D1/2

κ′,λ′
2−λ′

W
(Ω2)

• Lepton tensor with ε = m2
l /(2q

2)

LλW ,λ′
W
(q2,Ωl) =

8(q2−m2
l )

4π

[
ℓnf
λW ,λ

′
W
(Ωl) + εℓfλW ,λ′

W
(Ωl)

]
• nonflip(λW = ∓1) : |hl

λl=∓ 1
2
,λν=± 1

2

|2 = 8δ(λl + λν)(q2 −m2
l )

• flip(λW = 0, t) : |hl
λl=± 1

2
,λν=± 1

2

|2 = 8δ(λl − λν)ε(q2 −m2
l )
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Rotation matrix Rµκ

• 4D rotation matrix Rµκ(Ω) with Ω ≡ {φ, θ, χ}
1 0 0 0
0 cos θ cosχ cosφ− sinχ sinφ − cos θ sinχ cosφ− cosχ sinφ sin θ cosφ
0 cos θ cosχ sinφ+ sinχ cosφ cosχ cosφ− cos θ sinχ sinφ sin θ sinφ
0 − sin θ cosχ sin θ sinχ cos θ


• BESIII: Rµκ(Ω2) = Rµκ(φ2, θ2, 0)
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Decay matrices

Y1 → Y2 + π

aκν ∝


1 0 0 αD
0 γD −βD 0
0 βD γD 0
αD 0 0 1



Y1 → Y2 +W−
off-shell(→ l−ν̄l): bSLW

κν = bnf
κν + εbfκν

bnf
κν =


bnf
00 −ℜ(Inf

01) ℑ(Inf
10) bnf

03
−ℜ(Inf

10) ℜ(Enf
00 + Enf

11) −ℑ(Enf
00 + Enf

11) ℜ(Inf
13)

ℑ(Inf
10) ℑ(Enf

00 − Enf
11) ℜ(Enf

00 + Enf
11) −ℑ(Inf

13)
bnf
30 −ℜ(Inf

31) ℑ(Inf
31) bnf

33



bfκν =


bf00 −ℜ(If01) ℑ(If10) bf03

−ℜ(If10) ℜ(E f00 − E f11) −ℑ(E f00 − E f11) ℜ(If13)
ℑ(If10) ℑ(E f00 + E f11) ℜ(E f00 + E f11) −ℑ(If13)
bf30 −ℜ(If31) ℑ(If31) bf33


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Semi-leptonic decay
Momenta and masses: Y1(p1,M1)→ Y2(p2,M2) + l−(pl,ml) + ν̄l(pν̄l , 0)

FF for the weak current-induced baryonic 1/2+ → 1/2+ transitions [EPJ C59 (2009) 27]:

⟨Y2(p2)|JV+A
µ |Y1(p1)⟩ =ū(p2)

[
γµ(f1(q

2)− g1(q2)γ5)−
iσµνqν

M1
(f2(q

2)− g2(q2)γ5)

+
���������
qµ

M1
(f3(q

2)− g3(q2)γ5)
]
u(p1)

where qµ = (p1 − p2)µ
For Y1 → Y2e−ν̄e at O(m

2
e

2q2
)→ 0 =⇒ f3, g3 → 0

Hλ2λW
= (HVλ2λW

+HAλ2λW
) with (λ2 = ±1/2;λW = t, 0,±1): HV,A

λ2λW
≡ H

V,A
λ2λW

(F
V,A
1,2 (q2))

vector helicity amplitudes axial-vector helicity amplitudes
HV

1
2
1
=

√
2Q−

(
−FV1 −

M+

M1
FV2

)
, HA

1
2
1
=

√
2Q+

(
FA1 −

M−
M1

FA2

)
,

HV
1
2
0
=

√
Q−
q2

(
M+FV1 + q2

M1
FV2

)
, HA

1
2
0
=

√
Q+

q2

(
−M−FA1 + q2

M1
FA2

)
,

HV
1
2
t
=

√
Q+

q2

(
M−FV1 + q2

M1
FV3

)
, HA

1
2
t
=

√
Q−
q2

(
−M+FA1 + q2

M1
FA3

)
where Q± = (M1 ±M2)

2 − q2 ≡ M2
± − q2, H

V,A
−λ2,−λW

= ±HV,A
λ2,λW
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Form factors
Neglecting possible CP-odd weak phase, FF(l−, ν̄l)=sign FF(l+, νl)
In limit of exact SU(3) symmetry, g2 and f3 → 0

FF parametrization for hyperons [PLB478(2000)417][EPJC81(2021)226]:

FV,Ai (q2) =
FV,Ai (0)

1− q2

M2
V,A

1

1− αBK
q2

M2
V,A

=⇒ FV,Ai (q2) = FV,Ai (0)
[
1 + rV,Ai q2 + ...

]

with rV,A = 2/m2
V,A [AnnRevNuclPartSci34(1984)351] [AnnRevNuclPartSci53(2003)39]

• ∆S = 0: mV = 0.84 GeV [RivNuovoCim2(1972)241], mA = 1.08 GeV [BNL-24848]

• |∆S| = 1: mV = mK∗(892) = 0.89 GeV, mA = mK∗(1270) = 1.27 GeV

Decay B(×10−4) gDav(0)
[a] gDw (0)[a]

M1 −M2 Ref.[MeV]
Λ→ pe−ν̄e 8.32(14) 0.718(15) 1.066 177 [1, 2]

Σ+ → Λe+νe[b] 0.20(05) 0.01(10) 2.4(17) 74 [1]
Ξ− → Λe−ν̄e 5.63(31) 0.25(5) 0.085 206 [2, 3]

[a]gav = FA1 (0)/FV1 (0) and gw = FV2 (0)/FV1 (0)
[b]Since FΣ

1 = 0, gav and gw are defined as FV1 /FA1 and FV2 /FA1 , respectively

[1] PTEP2022 083C01(2022) [2] AnnRevNuclPartSci53(2003)39 [3] ZPhysC21(1983)1
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