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Overview

● Lattice QCD: methodology

● Λ → p: VUS, non-standard interactions, ν-scattering

● Σ → Λ system: unique opportunities

● Outlook and other prospects

Represented experiments: LHCb, BESIII, FAIR, ALADDIN
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The Lattice formulation is a non-perturbative, systematically-improvable approach to regularize
a quantum field theory; it provides a fundamental framework for the study of QCD at low energies

Lattice QCD: Why? How?

Why?

Numerical
approaches
required!

Credit: BNL

99% of our mass comes
from the strong force!

3



S. Bacchio –  FPBM2026 – MITP – 25/05/26           /40

Lattice QCD: Why? How?

Why?

From QCD To Lattice QCDHow?

➢ Continuous space-time

➢ Minkowski space-time

➢ Lie algebra

➢ Lagrangian

➢ 4D hypercubic lattice

➢ Euclidean space-time

➢ Lie group

➢ Lattice action

The Lattice formulation is a non-perturbative, systematically-improvable approach to regularize
a quantum field theory; it provides a fundamental framework for the study of QCD at low energies
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Semileptonic decays in Lattice QCD

The focus of this talk are baryon semileptonic decays, e.g. neutron beta decay.

Key feature: in absence of radiative 
corrections, the heavy W-boson 
enables exact factorization of the 
transition amplitude at tree-level.

Key ingredients:
- Hadronic matrix elements (QCD)
- Leptonic matrix elements (QED)
- CKM matrix elements (Weak)
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The correlation function between two states       allows for a spectral decomposition

Key tool: Euclidean correlation functions

Exponential 
suppression!

✔  Great for ground-states
✘  Awful for anything else!

Ground-state dominance

Loss of signal

Excited-state
contamination Key Challenges:

● Exponential growth of the 
noise with distance

● Reliably assessing 
ground-state dominance

Credit: BNL
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The correlation function between two states       allows for a spectral decomposition

Matrix elements are extracted from three-point correlation functions

Key tool: Euclidean correlation functions

Exponential 
suppression!

✔  Great for ground-states
✘  Awful for anything else!

Credit: BNL
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Accessible low-lying baryons with u,d,s,c

9

Spin 1/2

Spin 3/2
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From Three-point Functions to Nucleon Matrix Elements

~30M inversions!

Three-state fit

Desired matrix element:

Two-state fit
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Determination of Nucleon Matrix Elements

Analysis repeated on multiple ensembles Continuum limit
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Continuum limit

Continuum limit

And at finite momentum transfer
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Determination of Nucleon Matrix Elements

Analysis repeated on multiple ensembles Extrapolation to the continuum limit

Comparison with other works

[C. Alexandrou, S. B., et al. “Nucleon axial and pseudoscalar form factors using 
twisted-mass fermion ensembles at the physical point”. Phys. Rev., D109(3), 2024]
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FLAG: Biyearly review of lattice QCD 
results for well-established observables 
(QCD params., mesonic & baryonic)

“The PDG of Lattice QCD”

https://arxiv.org/abs/2411.04268
https://arxiv.org/abs/2411.04268
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And moments of PDFs and GPDs

By changing the insertion we can study moments of PDFs and GPDs

Unpolarized
=

Vector struct.

Helicity
=

Axial struct.

Transverse
=

Tensor struct.

[C. Alexandrou, S. B., et al. “Moments of the nucleon transverse 
quark spin densities using lattice QCD”. Phys.Rev.D 107(5), 2023]

Moments of GPDs

13
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By changing the insertion we can study moments of PDFs and GPDs

And moments of PDFs and GPDs

Unpolarized
=

Vector struct.

Helicity
=

Axial struct.

Transverse
=

Tensor struct.

[C. Alexandrou, S. B., et al. “Moments of the nucleon transverse 
quark spin densities using lattice QCD”. Phys.Rev.D 107(5), 2023]

Moments of GPDs

In summary: Ground-state matrix elements up to fourth Mellin moment for any Dirac structure 
are computable with standard three-point functions; and it is a very well-established approach.

Recent results in Nucleon Structure (arXiv #):

● Charges and σ-terms:   2412.01535 (ETMC), 2305.04717 2412.13138 (RQCD), 2303.08741 (Mainz),
   2105.12095 2305.11330 (PNDME), 1805.12130 (CalLat)

● Electromagnetic Form Factors:   2309.06590 (Mainz),  2507.20910 (ETMC),
         2311.10345 (PACS),  1906.07217 (MILC) 

● Axial Form Factors:  2305.11330 (PNDME), 2106.13468 2309.05774 (ETMC), 1810.05569 (RQCD),
                                          2207.03440 2503.18848 (Mainz)

● Second Mellin Moments:  1908.10706 2003.08486 2202.09871 (ETMC), 2011.12787 (NME),
      2005.13779 (PNDME), 2401.05360 (DE+US on BMW)

● Gravitational Form Factors:  2107.10368 2310.08484 (MIT), 2401.05496 (χQCD)
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What about other baryons?

Heavy baryons are easier, but there is also less motivation: they are harder to access experimentally.

Recent results for heavy baryons (arXiv #):

● Spectroscopy: 2411.18402 (CLQCD), 2309.04401 (ETMC), 2211.03744 (RQCD), 0906.3599 (BMW)

● Transition FF: 2507.09970 (Λ→N), 2504.07302 (ΞC→Ξ), 2107.13140 (ΛC→Λ*), 2103.07064 (ΞC→Ξ), 2107.13909 (ΛC→Λ),

   2103.08775 (ΛB→Λ*C), 2009.09313 (ΛB→Λ*), 1712.05783 (ΛC→N), 1708.04008 (Ξ→Σ, Σ→Ν), 1702.02243 (ΛB→ΛC),

   1611.09696 (ΛC→Λ), 1602.01399 (ΛB→Λ), 1503.01421 (ΛB→ΛC), 1306.0446 (ΛB→N).

● Structure: 2305.04717 (octet isovector charges), 1901.00018 (gΣΣ, gΞΞ), 1606.01650 (octet & decuplet charges),
1609.0398 (octet magnetic moment), 1310.5915 (charmed baryon EM)
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Test of CKM matrix unitarity

The CKM matrix is expected to be unitary in the SM. Currently the most stringent test
is the first-row unitary relation:

We aim to improve this determination!
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CKM matrix elements from decay rates

CKM matrix elements cannot be determined from first principles and require 
combining theoretical (lattice QCD) results to experimental inputs:

E.g. for lambda semileptonic decay

After integrating over the angular degrees of freedom, we obtain the expression

- Precise experimental inputs
- Necessary lattice QCD results

18
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Baryons vs mesons inputs

Meson (K→π) provide the most precise inputs, but are also the source of discrepancy.
Baryons provide valuable alternative approaches with fully independent systematics.

Results included in the PDG average

10
x

Lambda is to date the 
most precise input, but…

Until PDG25, all results 
dated before 1983.

Now there are new 
results by BESIII, LHCb, 
and more coming!
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Lattice QCD results on Lambda semileptonic decay

Ours was the first LQCD calculation of Λ → p  matrix elements and form factors (FFs)

20

2nd class

2nd class
mL suppressed

mL suppressed
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Lattice QCD results on Lambda semileptonic decay

- G1 and F1 dominate the decay rate 

- G2 and F3 are second-class FFs (baryon-masses-diff. suppressed)

- G3 and F3 are lepton-mass suppressed in the decay rate

Ours was the first LQCD calculation of Λ → p  matrix elements and form factors (FFs)
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… and combined with experiments to get Vus

We are not ready yet to provide final results, control of systematics is critical…
But we learnt useful things:

● (Sub-)percent level precision is within reach

● Baryon mass errors plays a critical role

● Non-perturbative approach is critical!
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1. It is a pure first-principle prediction independent of external inputs

2. At NLO, it does not depend on hadronic matrix elements

3. In presence of non-standard interaction it is sensitive to scalar and 
tensor interactions only at LO in ε

Ratio of muon-to-electron mode

A very interesting quantity is the ratio of muon-to-electron mode

Th
is

 w
or

k
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Lambda production in neutrino-nucleon scattering

24

DecayScatteringThe same FF can be used for a first-principle prediction
of Lambda production in neutrino-nucleon scattering!

PRELIMINARY
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Beyond the Lambda hyperon: the Sigma!

Still looking at the baryon octet, of main interest is the Sigma!

u→dd→u e.m.

d→u

s→u

s→u

Same quark content but Lambda is odd under exchange of u ↔ d,
while Sigmas are even under the exchange of u ↔ d.

25
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Beyond the Lambda hyperon: the Sigma!

Still looking at the baryon octet, of main interest is the Sigma!

u→dd→u e.m.

d→u

s→u

s→u

● Σ → n:  is the second most precise s→u decay

● Σ0→ Λ: is a Dalitz (EM) decay. Experimentally, allows 
to access vector couplings and form factors!

● Σ±→ Λ: are charge-conjugated semileptonic decays, 
very sensitive to isospin breaking corrections!
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The  Σ± → Λ  decay rates

What are the differences between the two decay rates in Σ±→ Λ ? 

29
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The  Σ± → Λ  decay rates

What are the differences between the two decay rates in Σ±→ Λ ? 

And many cancellations happen once we take the ratio:

Higher order corrections cancel up to isospin-breaking effects 
because hadronic matrix elements are the same in isoQCD
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The  Σ± → Λ  decay rates

Using the Ademollo-Gatto theorem (based on CVC) we can expand also the vector coupling:
zero for this process!

31
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The  Σ± → Λ  decay rates

In conclusions, we obtain:
NNLO effects estimated to contribute at 0.2%

Leading corrections are percent-level isospin-breaking effects in g1

Using the Ademollo-Gatto theorem (based on CVC) we can expand also the vector coupling:
zero for this process!
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The  Σ± → Λ  decay rates

PDG ave.

Most reliable exp.

SM prediction (Δg=0)
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The  Σ± → Λ  decay rates

PDG ave.

Most reliable exp.

SM prediction (Δg=0)
Predicted huge 
isospin breaking 
corrections on g1!

Possible explanations of the tension:
● LIBE:  a very few diagrams survive in the g1 splitting
● Exp. systematics:  most probable? Needs new results!
● New physics: would be interesting to compute which 

non-standard interactions survive at leading order in the ratio.
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Candidate: pion-cloud effects

35

[arXiv:2503.09891]

In the case of the nucleon, pion-cloud effects are 
expected to contribute between 1.4% to 2.6% on gA 

In Σ± → Λ ratio, pion-cloud effects are expected to be about 4x larger (5.6% to 10.4%):

Σ± → Λ:

 n → p:
vs 2x 2x

arXiv:2202.10439

https://arxiv.org/abs/2202.10439
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Why QCD+QED?

QCD+QED is the first-principles framework 
with the necessary parameters 

for a sub-percent matching to nature.

set matchingTheory parameters:
E.g. external inputs:

At percent level, isoQCD results 
might have sizeable scheme- 

dependent systematic effects

0% 1% 2% 3%

QCD+QED isoQCD

scheme-dependent
 deviationQCD

QCD+QED

isoQCD

Scheme-dependent

systematic uncertainty

Fixed by nature

State-of-the-artLattice QCD
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Radiative SU(2)-breaking

Mass
split.

Muon
g-2

Leptonic
decays

Lattice QCD has reached a mature stage:

● Physical point ensembles & high-precision:

● Leading order isospin-breaking effects (LIBE):

● Benchmark calculations & scale-setting:

Towards lattice QCD + QED

37

Today, computing LIBE
is not only becoming feasible,

but a necessary next step!

Isospin mass-splitting
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The challenge in radiative corrections

38

w/o QED The exchange is the most challenging:
➢ Breaks lepton-hadron factorization
➢ Breaks Minkowski → Euclidean map 

These 
are

feas
ible

Proposed solution:

[Matteo Di Carlo, https://indico.global/ 
event/16051/contributions/149080/]

https://indico.global/event/16051/contributions/149080/
https://indico.global/event/16051/contributions/149080/
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Conclusions

Lattice QCD allows for first-principles, non-perturbative, and systematically-improvable results.
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Qualitative Results

Increasing Quality / Time / Effort / Computational Resources / Motivation

< 10% accuracy ≃ 1% accuracy < 1% accuracy
1 ensemble

Heavy pion mass
No control of systematics

Few ensembles
Good understanding

of systematics

Many ensembles
Full control of systematics 

in isosymmetric QCD

Inclusion of QED and isospin 
breaking corrections!

(so far not always possible)
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Qualitative Results

Increasing Quality / Time / Effort / Computational Resources / Motivation

< 10% accuracy ≃ 1% accuracy < 1% accuracy
1 ensemble

Heavy pion mass
No control of systematics

Few ensembles
Good understanding

of systematics

Many ensembles
Full control of systematics 

in isosymmetric QCD

Inclusion of QED and isospin 
breaking corrections!

(so far not always possible)

Constructive feedback loop with experiments 
is vital for our field!

Lattice QCD Experiments

provides theoretical inputs

provides precise result to validate 
the SM / direct searches of BSM
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