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• Introduction:  the Standard Model and the quest for new physics

• The ‘precision frontier’ and the role of Nuclear Science

• Selected topics from my research 

• My career path 
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The (known) building blocks of nature

Spin 1/2:  
ordinary matter 

+ 2 heavier 
generations

Spin 1: force carriers

Spin 0:  Higgs boson

V(H)

Massive EW gauge bosons 
(short range weak force)

Massive quarks 
and leptons

x xx

H=v
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• The Standard Model is remarkably successful, but … 

New physics: why?

Addressing these puzzles requires new physics
4

No Baryonic Matter,  no Dark Matter,  no Dark Energy,  no Neutrino Mass

Do forces unify at high E?  What is the origin of families? … 

X
Dark Matter 

(gravitational lensing)

Hot gas 
(X rays) 
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1/Coupling 

Λ

vEW

Unexplored

New physics: where?

~ 250 GeV

(mproton ~ 1 GeV) 

Standard 
Model

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?
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1/Coupling 

Λ

vEW

Energy Frontier
(direct access to UV d.o.f)

New physics: how?

• Two complementary paths to search for new physics 
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vEW

Precision Frontier
(indirect access to UV d.o.f)

New physics: how?

• Two complementary paths to search for new physics 
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1/Coupling 

Λ

vEW

Precision Frontier
(indirect access to UV d.o.f)

New physics: how?

A’

(direct access to light d.o.f.)

• Two complementary paths to search for new physics 



7

1/Coupling 

Λ

vEW

Precision Frontier
(indirect access to UV d.o.f)

New physics: how?

A’

(direct access to light d.o.f.)

The Precision Frontier cuts across AMO, HEP & NP 
Nuclear Physics plays a key role in this endeavor, 

through unique probes with high discovery potential   

• Two complementary paths to search for new physics 
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1/Coupling 

Λ

vEW

MGUT

20 TeV
1000 TeV

• Probes of new physics at the precision frontier can be grouped in three classes,  
pushing the boundary in qualitatively different ways and at different mass scales

The precision frontier
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The precision frontier

1.  Searches for rare or SM-forbidden processes that probe 
approximate or exact symmetries of the SM (L, B, CP, Lα):                           

0νββ decay,  EDMs, n-nbar oscillations, μ→e conversion, ep→τX, …
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1/Coupling 

Λ

vEW

MGUT

20 TeV
1000 TeV

• Probes of new physics at the precision frontier can be grouped in three classes,  
pushing the boundary in qualitatively different ways and at different mass scales

The precision frontier

1.  Searches for rare or SM-forbidden processes that probe 
approximate or exact symmetries of the SM (L, B, CP, Lα):                           

0νββ decay,  EDMs, n-nbar oscillations, μ→e conversion, ep→τX, …

2.  Precision measurements of SM-allowed 
processes:  β-decays (mesons, neutron, nuclei),  

muon g-2, PV electron scattering,  … 

3.  Searches / characterization of light and 
weakly coupled particles:  active ν’s,  sterile ν’s,  
dark sector particles and mediators,  axions, … 

(Strong connection with astrophysics)



Precision probes cluster around four interconnected questions

Shedding light on big questions
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Origin of neutrino mass

Precision probes cluster around four interconnected questions

Shedding light on big questions

No neutrino 
mass

The Standard Model

 ΔL=2

 ΔL= 0?
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Origin of neutrino mass

Precision probes cluster around four interconnected questions

Shedding light on big questions

Baryon asymmetry                
(violation of B, L, CP) 

Baryogenesis requires (Sakharov)

• B (L) violation

• C and CP violation

• Departure fro equilibrium 

Baryogenesis does not work in 
the Standard Model
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Origin of neutrino mass

Precision probes cluster around four interconnected questions

Shedding light on big questions

Baryon asymmetry                
(violation of B, L, CP) 

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter

Portals to the dark sector: 
 Neutrino, Vector, Higgs,  Axion, … 
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Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter
Baryon asymmetry                

(violation of B, L, CP) 

Shedding light on big questions

0νββ
Charged LFV
(μ→e, e→τ)

EDMs,  …, 
n-n oscillations

_

1. Rare / forbidden processes

PV electron scattering, 
Muon g-2,  β-decays,  …

2. Precision measurements

Searches for dark 
bosons (e-scattering), 

neutron 
interferometry …

Absolute ν mass, 
ν scattering, sterile ν,…

3. Light & weakly coupled

Precision probes cluster around four interconnected questions
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Precision frontier and BSM

• Three classes of probes  

• Searches for rare / SM-forbidden processes

• Precision measurements of SM-allowed processes  

• Search / characterization of light weakly coupled particles 

• Shedding light on four interconnected scientific questions 

• Why is there more matter than antimatter in the present universe? 

• How do neutrinos get their masses and what are their values?  

• Are there new forces in nature,  weaker than the weak force?

• What is the nature of dark matter?
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Precision frontier and BSM

• Three classes of probes  

• Searches for rare / SM-forbidden processes

• Precision measurements of SM-allowed processes  

• Search / characterization of light weakly coupled particles 

• Shedding light on four interconnected scientific questions 

• Why is there more matter than antimatter in the present universe? 

• How do neutrinos get their masses and what are their values?  

• Are there new forces in nature,  weaker than the weak force?

• What is the nature of dark matter?

Topics from my research:  
precision tests  of weak 

interaction
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Precision tests of the 
Standard Model with beta decays



• Beta decays have played a central role in the development of the SM 

• Nowadays: tool to challenge the SM & probe possible new physics
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Beta decays in the SM and beyond



Beta decays in the SM and beyond
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 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  ~1/v2 Vij Lepton Flavor Universality (LFU)

Cabibbo universality 

• In the SM,  W exchange  ⇒  universality relations

Cabibbo-Kobayashi-Maskawa 
(unitary) matrix 
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dj

ui
g Vij

g

 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  ~1/v2 Vij Lepton Flavor Universality (LFU)

Cabibbo universality 

• In the SM,  W exchange  ⇒  universality relations

• BSM effects ε~ (v/Λ)2,   can 
spoil  universality.  Precision of 
0.1-0.01% probes Λ > 10 TeV

dj

uiεL,S,P,T   
dj

uiεL,R   

Cabibbo-Kobayashi-Maskawa 
(unitary) matrix 



Probing Cabibbo universality

15

Extract Vud=CosθC and  Vus=SinθC  from various decays 
and check their squares sum to 1

Input from many experiments and theory papers 

CKM element Hadronic matrix 
element

Radiative corrections:
(α/π)~ 2.⨉ 10-3  and smaller effects 



with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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0.222
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V
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-

2

Vus

Vud

 K→
 μν 

/ π→
 μν 

 

(0.22%)

K→ πlν (0.25%)

unitarity0+ → 0+ (0.031%)
Neutron (0.043%)
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VC-Crivellin-Hoferichter-Moulson  2208.11707 
and references therein

β decays and CKM unitarity

• ~3-σ  ‘anomaly’ points toward vertex 
corrections with Λ~10 TeV (hard to 
probe even at the LHC)

• Experimental opportunities in 
neutron decay,  nuclear decays,  π & K 
decays,  all with clear target goals 

• Theory opportunities: fully controlled  
uncertainties in radiative corrections 
to neutron and nuclear decays

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4
with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to
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possible at the NA62 experiment. Further, once the experimen-
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Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
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VC-Crivellin-Hoferichter-Moulson  2208.11707 
and references therein

β decays and CKM unitarity

• Two ‘anomalies’

• At face value point toward vertex 
corrections with Λ~10 TeV (hard to 
probe even at the HI-LUMI LHC)

dj
uig Vij

g

W e−

νe
_

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4



Pion decay and Lepton Flavor Universality 
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⇒

 π+ 

e+

⇒

νe  

• Re/μ = Γ (π→eν)/Γ(π→μν) helicity 
suppressed the SM (V-A),  zero if me→ 0

• σexp~15σth ⇒ pristine LFU test possible 

VC & I. Rosell  0707.3439

PIENU Coll. 

Physics Case 1: Test LFUV at precision of theory
• Lepton Flavor Universality test in

This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.

Will be (by far) the most precise test of Lepton Flavor Universality

15 x worse than theory

4

Current Expt. Avg.

SM Theory

Goal of PIONEER

exp 4
/

exp
/

Current Result (PDG):  R (1.2327 0.0023) 10  ( 0.19%)

( 0.09%

)

0.9990 0.0009

PEN, PIENU goals ( R

)

0.1%

e

e

e

x

g
g

m

m

m

 

 



 

(dominated by PIENU expt.)

“This just demands to be tested better!
A clean generic way to look for new physics.         
Theory vs Experiment in high precision test.”

David Hertzog

π+~ud
_
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• PIONEER @ PSI will match theoretical 
uncertainty.  Order of magnitude gap — 
room for surprises!  Will probe scales     
ΛA ~ 30 TeV  or  ΛP ~ 1000 TeV (helicity!) 

Physics Case 1: Test LFUV at precision of theory
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A next-generation rare pion 
decay experiment

David Hertzog
hertzog@uw.edu

University of Washington
SNOWMASS 2021(2)

A Growing Collaboration:  New members very welcome !!

Plot by 
Joshua 

Labounty

π+~ud
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• Undergrad + graduate school at University of Pisa,  Italy
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My career path

• Visiting grad. student at UMass Amherst

• Postdoc at Vienna (Austria) + Valencia (Spain) (1.5 
years each), as part of a European Training Network 

• Postdoc at Caltech (2.5 years) 

• Scientist at Los Alamos National Laboratory (16 years)

• Faculty at INT & UW Physics (2.5 years) 



Concluding comments

1/Coupling 

M

vEW

• Precision frontier:  vibrant particle and 
nuclear physics program (experiment and 
theory) probing uncharted territory in the 
search for new physics 
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• Sheds light on several 
unsolved mysteries  
about our universe

Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter
Baryon asymmetry                

(violation of B, L, CP) 

Shedding light on big questions

0νββ
Charged LFV
(μ→e, e→τ)

EDMs,  …, 
n-n oscillations

_

1. Rare / forbidden processes

PV electron scattering, 
Muon g-2,  β-decays,  …

2. Precision measurements

Searches for dark 
bosons (e-scattering), 

…

Absolute ν mass, 
ν oscillations, ν scattering, sterile ν,…

3. Light & weakly coupled

FSNN probes cluster around four interconnected questions



Thank you!

Bruno Touschek 
(1921-1978)

T. D. Lee in a drawing 
by Bruno Touschek 
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Backup
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1/Coupling 

M

vEW

Precision Frontier
(indirect access to UV d.o.f)

More on the precision frontier

• Important feature: can probe 
new physics originating at very 
high mass scale 

• How so?  Through quantum 
mechanical effects 

• Practical definition:  searches for new phenomena through precision 
measurements or the study of rare processes at low energy 
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How does it work?
• Key point: particles of mass M affect physics at E << M by inducing

• a shift in coupling constants of known interactions

• new local interactions suppressed by powers of E/M
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How does it work?
• Key point: particles of mass M affect physics at E << M by inducing

• a shift in coupling constants of known interactions

• new local interactions suppressed by powers of E/M

You are familiar with this concept from perturbation theory in QM 
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How does it work?
• Key point: particles of mass M affect physics at E << M by inducing

• a shift in coupling constants of known interactions

• new local interactions suppressed by powers of E/M

You are familiar with this concept from perturbation theory in QM 

 Sensitivity to high-energy states through sum over complete set of states
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