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Outline of the talk

1. a few words on the nomenclature:
(a) beta decays,
(b) semileptonic decays,
(c) leptonic decays, and
(d) the different physics they access,

2. beta decays, quark-lepton universality (qLU), and the CKM matrix (Vud),

3. leptonic decays and lepton universality (LU),

4. the path forward.
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Nomenclature (with examples)

(a) Beta decays: historically involved nuclei [critical in the discovery of the electron (1897)]:

Ex:

u
d
u

e−

ν̄e

W −

u
d
d

n β decay: . . . give access to study
quark-lepton (Cabibbo)
universality (CKM Vud) by
comparison to a purely
leptonic process:

µ

νµ

e

ν̄e

W −

Jµ

Je

Note: β decays have been broadened to include mesons: M → M ′ + e± + νe(ν̄e).

(b) Semileptonic decays are a superset of β decays: weak decays that may have any flavor
lepton pairs in the final state, alongside a hadron. (µ, τ : not in ordinary nuclei)

(c) Leptonic decays open the opportunity to study lepton universality (LU)

Ex:
u

d̄

νe

e+

W +

π+
e2 decay

via comparisons across
lepton generations:

u

d̄

νµ

µ+

W +

π+
µ2 decay
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Some examples of decay channels of interest

Note: pure leptonic decays cannot occur in baryons (or nuclei) due to barion number
conservation, so mesons are unique in the coexistence of semileptonic and leptonic decays.
This makes them particularly effective subjects for precision tests.
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β decays and quark-lepton universality
the most precise path to CKM Vud ,
and a test of CKM matrix unitarity
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Beta decays: qℓ (Cabibbo) universality (an experimenter’s view)

Because of weak interaction mixing of quark flavors, the qq′W and ℓℓ′W vertices differ by a
factor: the CKM matrix element Vqq′ in processes like these:

u
d
u

e−

ν̄e

W −

u
d
d and µ

νµ

e

ν̄e

W −

The muon decay rate defines the weak
constant GF . ⇒ Precise
determination of the β decay rate
yields Vud , after corrections.

Suitable processes for precise determination of Vud are
(a) Superallowed Fermi 0+ → 0+ nuclear beta

decays,
(b) neutron beta decay,
(c) “mirror” nuclear beta decays,
(d) pion beta decay.

None of these is perfect in every way, so all are pursued.

Why do we care to know Vud so precisely?
▶ ∆Vud dominates the uncerainty in

∆V1 = 1 − (V 2
ud + V 2

us + V 2
ub) .

▶ Deviation from ∆V1 = 0 would allow room
for a 4th quark generation,

▶ Sensitive to non-(V − A) interactions and
certain BSM processes
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D. Počanić (UVA) β-decay, lepton universality: qLU and Vud 15 Sep ’25 / CKM2025 6 / 19



Beta decays: qℓ (Cabibbo) universality (an experimenter’s view)

Because of weak interaction mixing of quark flavors, the qq′W and ℓℓ′W vertices differ by a
factor: the CKM matrix element Vqq′ in processes like these:

u
d
u

e−

ν̄e

W −

u
d
d and µ

νµ

e

ν̄e

W −

The muon decay rate defines the weak
constant GF . ⇒ Precise
determination of the β decay rate
yields Vud , after corrections.

Suitable processes for precise determination of Vud are
(a) Superallowed Fermi 0+ → 0+ nuclear beta

decays,
(b) neutron beta decay,
(c) “mirror” nuclear beta decays,
(d) pion beta decay.

None of these is perfect in every way, so all are pursued.

Why do we care to know Vud so precisely?
▶ ∆Vud dominates the uncerainty in

∆V1 = 1 − (V 2
ud + V 2

us + V 2
ub) .

▶ Deviation from ∆V1 = 0 would allow room
for a 4th quark generation,

▶ Sensitive to non-(V − A) interactions and
certain BSM processes
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Beta decays of interest in determining Vud

We compare the fractional uncertainties in extracting Vud from the leading β decay processes:

0.00
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0.10

0.15

0.20

0.25
Fr
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. U

nc
 (%

)

0 + 0 + Neutron Mirror Pion

Experiment Radiative Nuclear

0−→ 0−

[from 2023 White Paper]

Pion β decay (π+
e3) wins hands down in SM theoretical reliability, but is handicapped by 10−8 branching ratio.

Note: at 10−4 precision level, |Vub|2 ≃ 5 × 10−5 does not play a role ⇒ back to Cabibbo 2×2 mixing.
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Superallowed Fermi 0+ → 0+ nuclear beta decays
[For the most comprehensive summary see: Hardy & Towner, PRC 102 (2020) 045501.]

0+ → 0+ decays connect T = 1 isospin analog states through a pure V weak interaction.
CVC ⇒ ft (Fermi function × t1/2) is a constant ∝ GF ; with O(10−2) corrections:

Ft = ft(1 + δ′
R)(1 + δNS − δC )

= K
2G2

V (1 + ∆V
R )

,

δC isospin-breaking correction
δ′

R , δNS transition-dep. corr’s
∆V

R transition-indep. rad. corr

A real tour de force, but with
significant criticism. The result:

Vud = 0.97367(11)exp(13)∆V (27)NS
[32]total [or O(3 × 10−4)]
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Vud from neutron decay
Neutron (JP = 1/2+) decay combines the Fermi (V ) and Gamow-Teller (A) terms. Rate/lifetime of
neutron decay is given by:

Γn = 1
τn

= (1 + 3λ2)G2
F V 2

ud
2π3 f Z=1

Fermi(Emax) yielding |Vud |2 = 5024.7 sec
τn(1 + 3λ2)(1 + ∆R) .

We therefore need to measure:

(a) n lifetime, τn, and

(b) λ = GA/GV (decay correlations)
G̃A

GA = λGV
G2

V + 3G2
A ∝ 1

τnV 2
ud

1

λ

G̃V

(a) is already under control (UCNτ , 2025):

τn = 877.83+30
−28 s

[UCNτ Collab, PRC 111 (2025) 045501]
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Vud from neutron decay: λ = GA/GV

aCORN
aSPECT

PERKEO III

Nab (a) – plan [under way]
pNab (A) – plan [proposed]

a . . . e -ν correlation
A . . . β asymmetry

Recall: |Vud |2 = 5024.7 sec
τn(1 + 3λ2)(1 + ∆R) .

Currently running: Nab (SNS) . . . [W. Schreyer’s WG1 talk]
In preparation: pNab (SNS) . . . mod. Nab apparatus: A

PERC (Munich) . . . an all-new facility
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Vud from mirror nuclei and pion decay

Will skip these due to time constraints, and direct the interested reader to these papers:
▶ on mirror nuclei, see the comprehensive review:

“Ft values of the mirror β transitions and the weak-magnetism-induced current in
allowed nuclear β decay”, by Severijns, Hayen, De Leebeeck, Vanlangendonck, Bodek,
Rozpedzik, and Towner, Phys. Rev. C 107 (2023) 015502,
and references therein.

▶ On pion beta decay and the CKM Vud :
“The pion beta and radiative electronic decays” , by D. Počanić, SciPost Phys. Proc. 5
(2021) 024,
“Experimental study of rare charged pion decays”, by D. Počanić, E. Frlež, A. van der
Schaaf, J. Phys. G: Nucl. Part. Phys. 41 (2014) 114002,
and references therein.
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Leptonic decays
and lepton universality
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π+
e2 decay: SM calculations, lepton universality
▶ Early evidence for V − A nature of weak interaction.

Rπ
e/µ = Γ(π → eν̄(γ))

Γ(π → µν̄(γ)) = g2
e

g2
µ

m2
e

m2
µ

(1 − m2
e/m2

µ)2

(1 − m2
µ/m2

π)2
(
1 + δRe/µ

)
▶ Modern SM calculations: Rπ

e/µ = Γ(π → eν̄(γ))
Γ(π → µν̄(γ)) CALC

= 1.2352 (1) × 10−4 §

∼ 2.5 × 10−5

▶ Strong SM helicity suppression amplifies sensitivity to PS terms (“door” for New Physics) by
factor 2m2

π/[me(mu + md)] ≈ 11, 000.

▶ Rπ
e/µ tests lepton universality: in SM e, µ, τ differ by Higgs couplings only; there could also be

new S or PS bosons with non-universal couplings (New Physics); repercussions also in the
neutrino sector, SUSY, ALPS . . .

▶ Experimental world average is 23× less accurate than SM calculations! [1.2327(23) × 10−4]
▶ 2 current (PEN/PSI, PiENu/TRIUMF) and 1 planned (PIONEER/PSI) experiments.

§ A great deal of recent theoretical work regrettably omitted here due to time constraints.
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The PEN/PiBeta apparatus
• πE1 beam at PSI
• stopped π+ beam
• active target det.

• central tracking
• beam tracking
• fast-digitized wf’s

• 240-elem. spherical pure CsI calorimeter
• tightly controlled temp/humidity/gains

AD AT

mTPC
PMTVACUUM

MWPC1

MWPC2

PH

BC

~3 m
flightpath

CsI

pure

π
+

beam

10 cm

PEN detector
Runs 2-3

BC: Beam Counter
AD: Active Degrader

mTPC: mini-Time Projection ChamberAT: Active Target

PH: Plastic Hodoscope (20 stave cylindrical)
MWPC: Multi-Wire Proportional Chamber (cylindrical)

PEN goal:
∆R/Rπ

e/µ

≃ 5 × 10−4

[unblinding shortly]
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PiENu experiment at TRIUMF

▶ Goal: ∆B/B ≃ 0.001
▶ Excellent E resolution
▶ Very precise tracking with

Si-strip detectors and MWPCs
▶ Data taking completed in 2012
▶ O(107) πe2 events collected
▶ analysis is ongoing.

First result:
1.2344(23)stat(19)syst × 10−4

[Aguilar-Arevalo et al, PRL 115 (2015) 071801].

[PiENu final data analysis is ongoing.]
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PIONEER: a new ambitious rare pion decay experiment

[slide from Chloé Malbrunot]
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Future prospects
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Near-term outlook: CKM Vud

▶ CKM unitarity is currently violated by
∼ 2σ − 3σ. Nuclear, K and n decays are
under scrutiny.

▶ With improved accuracy, n decay should
dominate Vud determination.

▶ Diverse experimental techniques are
needed to sort inconsistencies in the data.

▶ A combination of experiments, including
Nab, pNab and PERC, are aiming for:
∆λ/λ ∼ 2 · 10−4, ∆b, ∆bν ∼ 10−3;
τn experiments aim for: ∆τn ≲ 0.3 s.

▶ Nab is taking data; its design allows for
pNab with modest changes.

▶ It remains to be seen if mirror nuclei beta
decays will become competitive.

PDG 2024

PD
G

20
24

Nab + pNab
(goals, combined)
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Near-term outlook: lepton universality

▶ PEN and PiENu are expected to wrap up data analysis and publish their final Rπ
e/µ

values soon,

▶ PIONEER will converge on a final design, seek/obtain funding, and hopefully start
building the final apparatus.

▶ work involving heavy flavor LU (not covered in this talk) will continue.

And to finish on a lighter note:
the CKM matrix is not the only one that has
a unitarity triangle.
Here’s one for lepton universality:
[courtesy of Ritchie Patterson]
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