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A Homage To Alberto Sirlin (1930-2022)
“Pioneer” and Master of EW Radiative Corrections  

2

Important	original	contributions	to	SM	Renormalization,	Phenomenology,	Precision	
Measurements	&		“New	Physics”	searches	including:	Muon	decay	→ GF,	Nuclear	Beta	Decays,	Vud
W	&	Z	Masses,	Neutrino	Scattering,	Atomic	physics,	Tau	decays	…		Rare	Pion	Decays…

Pioneer	Experiment	Goals	(Test	Lepton	&	CKM	Universality)
1)  Re/𝝁 = 𝑩𝑹 𝝅% → 𝒆% 𝝂 𝜸 exp/ 𝑩𝑹 𝝅% → 𝝁%𝝂 𝜸 exp 10-15	x	improvement		Phase	I
𝟐) 𝑩𝑹(𝝅% → 𝝅𝟎𝒆%𝝂(𝜸))exp→ Vud Pristine	Theory	(Unique).					3-10	x	better!	Phase	II	&	III



Popular Experimental Hints of New Physics

Anomalous Magnetic Moments  Δ𝑎𝜇 = 𝑎𝜇𝑒𝑥𝑝− 𝑎𝜇𝑆𝑀= 251(41)exp(43 )x10-11
th 4.2𝜎! e+e- data vs Lattice QCD 1.5𝜎?

Dae=ae
exp-ae

SM= - 87(28)exp(23)α(2)thx10-14

Δ𝑎𝑒 (-2.4𝜎 or +1.6𝜎) depends on 𝛼 from	Cs	vs	Rb		differ	by	5.5 𝜎
*Recent	Result:	Fan,	Myers,	Sukra,	Gabrielse improvement	of		ae

expby	factor	of	2.2		agreement!		with	2008	exp

B→ 𝐾(∗)𝑙 + 𝑙 − decays & Possible electron-muon universality breakdown    3𝜎?

* CDF II mW=80.433(9)GeV vs Global EW Fit (without Mw
exp) →mW=80.359(3)GeV 7 sigma difference!!

First Row CKM Unitarity Violation? (see C.-Y. Seng, Mod. Phys. Lett. (2022) for a recent review)
Current |Vud|2 +|Vus|2+|Vub|2 = 0.9985(6)?  ~2.5𝜎 effect Vud = 0.97373(31) from beta decays  (Nuclear Unc?)

Vus = 0.2243(5) from K 𝜇2  & Kl3 ave.
Vub~ 4x10-3 negligible effect

Axial Current      |Vus|/|Vud|= 0.23131(51) from K 𝜇2 /𝜋𝜇2 + unitarity → 𝑉𝑢𝑑 = 0.97428(11)  Vus=0.22536(47)
Vector  Current |Vus|/|Vud|=  0.22910(77) from Kl3 /𝜋𝑒3+unitarity → 𝑉!" = 0.97475(17) Vus=0.22331(72)

2.4𝜎 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒
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Radiative	Inclusive	Charged	Pion	Decays																						
(Current	Status	PDG	2022).

• 𝑩𝑹 𝝅! → 𝝁!𝝂 𝜸 exp= 0.9998770(4)
Determines  |f𝝅Vud|=127.13(0.02)(0.13)RCMeV
Lattice Flag Ave. f 𝜋= 130.2(0.8)MeV → Vud =0.9764(60)(2) not competitive by factor 20

Vud=0.9740(27)	→ f 𝜋= 130.5(0.4)MeV

• 𝑩𝑹 𝝅! → 𝒆! 𝝂 𝜸 exp= 1.2325(23)x𝟏𝟎"𝟒vs			𝑩𝑹 𝝅! → 𝒆! 𝝂 𝜸 SM= 1.2350(1)x𝟏𝟎"𝟒

(Includes 𝑩𝑹 𝝅! → 𝒆!𝒆"𝒆!𝝂 exp= 3.2(5)x𝟏𝟎"𝟗 part of radiative inclusive).

• 𝑩𝑹 𝝅! → 𝝅𝟎𝒆!𝝂 𝜸 exp=1.036(6)x𝟏𝟎"𝟖 𝑷𝑰𝑩𝑬𝑻𝑨 𝑬𝒙𝒑. Determines|𝒇!𝝅(0)Vud|=0.9740(27)

f!'(0)=1-O(10-5) Behrends − Sirlin Theorem (1960)
make certain BRs are Radiative Inclusive!

𝝅 ± Lifetime : 𝝉𝝅= 2.6033(5)x10-8sec   New Measurement Warranted? 5
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Calculations of electroweak radiative corrections and
reliable estimates of their underlying theoretical uncer-
tainties are crucial ingredients for precision tests of the
standard model. An important case is provided by zI2 de-
cays, z lvI, where I =e or p. Recently, experiments at
TRIUMF [1] and PSI [2] have reported

I ((r ev, +(z ev, y)R,/„=
I ((r pv„+(z p v„y)
=1.2265 ~ 0.0034 ~ 0.0044x 10 (TRIUMF),

R,(„=1.2346 ~ 0.0035+.0.0036 x 10 (PSI),
for the ratio of radiative inclusive decay rates. Those re-
sults represent about a factor of 3 (error) improvement
when compared with the previous experimental value [3]
R, „=(1.218+ 0.014) x IO . Future measurements are
expected to further reduce the uncertainty in R,g„. How-
ever, already at the level in (1), e-p universality is
well tested and "new physics" scenarios are very con-
strained [4].
To fully utilize the results in (1), the theoretical pre-

diction for R,/„ must be known to at least the same level
of precision and preferably much better. That entails the
inclusion of electroweak radiative corrections which in
the case of R,/„ have long been known from the pioneer-
ing work of Herman [5] and Kinoshita [6] to be large,——4%. The main purpose of this Letter is to scrutinize
the O(a) radiative corrections to (r(2, incorporate higher
order eAects, and most importantly, argue that the under-
lying theoretical uncertainties give rise to less than a
~ 0.05% error in the standard model prediction for R,/„.
Radiative corrections are also important for the extrac-

tion and application of electroweak parameters. In the
case of x„2 decays, one obtains the pion decay constantf, defined by the weak axial-current matrix element

(01&,(0) I ~(p) & =(f.p, ,
by comparing the experimental rate [7]

r((r (t( v„(y) ) = (2.5284 ~ 0.0023) x 10 ' MeV

(2)

(3)
with theory. However, electroweak radiative corrections
must be properly accounted for in extracting f, [8,9].
After determining f, one can test the Goldberger-

Treiman relation [10]

Qmo2 3

r(~o- yy) =
32(r f (s)

both of which are expected to hold up to the (1-2)% lev-
el. In addition, one can employ f to predict the tau par-
tial decay rate [12,13]

r(z—(rv, (y)) = " " m,' 1—G.'f.'I I"I'
16m

m2''
[i+O(a)] .

m,
(6)

Of course, the full O(a) corrections to the decay
z (zv, (y) as well as the parameters in (4) and (5)
should be included for precise confrontations [8,
i4, is].
Extensive studies of the O(a) radiative corrections to

(r(2 decays already exist [5,6,8, 16-19]. Here, we summa-
rize those calculations, describe how they should be uti-
lized, and assess their level of theoretical uncertainty.
Combining the known short- and long-distance radia-

tive corrections for the inclusive decays (z Iv((y) =(z
lvI+n lvl y, ignoring for now pure structure depen-

dent bremsstrahlung, we find

1f,g p„= (m„+mp)gg,
2

and the PCAC (partially conserved axial-vector current)
anomaly [11]prediction

r ((r—lv((y) ) = " " f'm mp 1—G('
I I'ud I

' mI
2m~

mz
mp

0 3x 1 ——~—ln
2

2 2
mp mt mp+Cl+C2 2 ln 2m mp mI

2mt e+C3 2
+ 1+—F(x)

mp 7r
(7a)
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Re/𝝁= 𝜞 𝝅Y → 𝒆Y 𝝂 𝜸 /𝜞 𝝅Y → 𝝁Y𝝂 𝜸
Test of Electron-Muon Universality

1959) T. Kinoshita:  QED radiative corrections reduce Re/𝝁

6
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pion-nucleon 600-Mev scattering resonance and
hence occurs in the I= —,' state. Since o, ' repre-
sents only the partial cross section for magnetic
dipole photons leading to j = ~, I= -,' states, it is
certainly reasonable to assume that o, '&100 pb.
Hence we assume W, /)W»P &2. In order to esti-
mate R„we note that at 450 Mev lab energy the
total inelastic cross section for an incident g+-
proton state (I= ssstate) has been measured to
be less than 2.5 millibarns. Hence the partial
cross section o,'n must also be less than 2.5 mb.
Since the maximum possible partial inelastic
cross section v~

~ at this energy is 17.5 mb,
it is seen that R, &0.15. By definition W, satis-
fies the inequality S;&R,. We conclude that R„
R„W„and W, /(V»(' satisfy the relations R, =0,
R, &0.15, W, &R„and W, /~V»['&2. From these
relations and Eq. (2) it can be shown that cos(2()»)
&0.84. Therefore, the phase p» of the amplitude
T» must satisfy one of the two inequalities,

I P» - (), I & 17' or I g» - 52 - n I & 17',
where the small photon scattering phase 5, has
been neglected. Thus the phase relation charac-
teristic of the two-channel case is nearly satis-
fied here, even though several channels are im-
portant.
The amplitudes for production of a p-w' state

are linear combinations of the amplitudes for
production of I= 2 and I= ~ pion-nucleon states.
In the model of references 4 and 5 however, the

I=—,', j=, magnetic dipole state is neglected, so
that the phase p» of Eq. (3) above is equal to the
phase of the j = &„magnetic dipole amplitude for
the process y+p-p+sc. Similar results may be
obtained for the phases of other angular momen-
tum and parity states. In this manner polariza-
tion and angular distribution measurements of
photoproduction may be related to similar meas-
urements of pion-nucleon scattering.
An interesting discussion concerning this sub-

ject was had with Ronald F. Peierls.

Supported by the joint program of the Office of
Naval Research and the U. S. Atomic Energy Commis-
sion.
'K. M. Watson, Phys. Rev. 95, 228 (1954); see

also M. Gell-Mann and K. M. %atson, Annual Review
of Nuclear Science (Annual Reviews, Inc. , Stanford,
1954), Vol. 4, p. 219, Appendix.
F. Coester, Phys. Rev. 89, 619, (1953).

3 The choice is definite except that the phase of any
state (and hence of all nondiagonal elements of T in-
volving this state) may be increased by w without de-
stroying the symmetry of &. See reference 2.
4Ronald F. Peierls, Phys. Rev. Lett. 1, 174 (1958).
~ J. J. Sakurai, Phys. Rev. Lett. 1, 258 (1958).
8 P. C. Stein (to be published). Other experimental

references are listed in reference 4.
7Sellen, Cocconi, Cocconi, and Hart, Phys. Rev.

110, 779 (1958).
Blevins, Block, and Leitner, Phys. Rev. 112,

1287 (1958).
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As is well known, the ratio of probabilities for
w-e and w- p decays is given by'

neglecting electromagnetic corrections, if the
decay interaction is assumed to be

~p v m p,
'

where a= (1+fy,)/2 and I represents either muon
or electron. This interaction is consistent' with

the hypothesis of universal V-A interaction of
Fermi couplings. ' Recent experiments4 support
these assumptions strongly. The new measure-
ments are becoming sufficiently accurate to
justify a calculation of the effect of radiative
corrections. This problem has recently been
studied by Berman, ' who has found surprisingly
large corrections to z-e decay. In this note it is
attempted to understand the reason why the ra-
diative corrections are so large. We are also
interested to see whether the pion decay agrees
with the recently conjectured "theorem'~ that the
radiative correction to the total probability of a
decay process is finite in the limit where the

477

In a V-A theory by 3.9%  for point-like pions
to 1.2326x10-4 (ignoring strong interactions) 
for radiative inclusive decay rates. 

1976) WJM & A. Sirlin Theorem:   Strong interaction effects on mass singularities (ln(M/𝑚𝑙) 𝑡𝑒𝑟𝑚𝑠) present in 
partial decay rates but cancel 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑣𝑒 𝑑𝑒𝑐𝑎𝑦 𝑟𝑎𝑡𝑒𝑠 𝑖𝑛𝑓𝑟𝑎𝑟𝑒𝑑 𝑠𝑎𝑓𝑒 .

1993)  WJM & A. Sirlin: Radiative Corrections to 𝝅l2 Decays (generic SM formula) 
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Calculations of electroweak radiative corrections and
reliable estimates of their underlying theoretical uncer-
tainties are crucial ingredients for precision tests of the
standard model. An important case is provided by zI2 de-
cays, z lvI, where I =e or p. Recently, experiments at
TRIUMF [1] and PSI [2] have reported

I ((r ev, +(z ev, y)R,/„=
I ((r pv„+(z p v„y)
=1.2265 ~ 0.0034 ~ 0.0044x 10 (TRIUMF),

R,(„=1.2346 ~ 0.0035+.0.0036 x 10 (PSI),
for the ratio of radiative inclusive decay rates. Those re-
sults represent about a factor of 3 (error) improvement
when compared with the previous experimental value [3]
R, „=(1.218+ 0.014) x IO . Future measurements are
expected to further reduce the uncertainty in R,g„. How-
ever, already at the level in (1), e-p universality is
well tested and "new physics" scenarios are very con-
strained [4].
To fully utilize the results in (1), the theoretical pre-

diction for R,/„ must be known to at least the same level
of precision and preferably much better. That entails the
inclusion of electroweak radiative corrections which in
the case of R,/„ have long been known from the pioneer-
ing work of Herman [5] and Kinoshita [6] to be large,——4%. The main purpose of this Letter is to scrutinize
the O(a) radiative corrections to (r(2, incorporate higher
order eAects, and most importantly, argue that the under-
lying theoretical uncertainties give rise to less than a
~ 0.05% error in the standard model prediction for R,/„.
Radiative corrections are also important for the extrac-

tion and application of electroweak parameters. In the
case of x„2 decays, one obtains the pion decay constantf, defined by the weak axial-current matrix element

(01&,(0) I ~(p) & =(f.p, ,
by comparing the experimental rate [7]

r((r (t( v„(y) ) = (2.5284 ~ 0.0023) x 10 ' MeV

(2)

(3)
with theory. However, electroweak radiative corrections
must be properly accounted for in extracting f, [8,9].
After determining f, one can test the Goldberger-

Treiman relation [10]

Qmo2 3

r(~o- yy) =
32(r f (s)

both of which are expected to hold up to the (1-2)% lev-
el. In addition, one can employ f to predict the tau par-
tial decay rate [12,13]

r(z—(rv, (y)) = " " m,' 1—G.'f.'I I"I'
16m

m2''
[i+O(a)] .

m,
(6)

Of course, the full O(a) corrections to the decay
z (zv, (y) as well as the parameters in (4) and (5)
should be included for precise confrontations [8,
i4, is].
Extensive studies of the O(a) radiative corrections to

(r(2 decays already exist [5,6,8, 16-19]. Here, we summa-
rize those calculations, describe how they should be uti-
lized, and assess their level of theoretical uncertainty.
Combining the known short- and long-distance radia-

tive corrections for the inclusive decays (z Iv((y) =(z
lvI+n lvl y, ignoring for now pure structure depen-

dent bremsstrahlung, we find

1f,g p„= (m„+mp)gg,
2

and the PCAC (partially conserved axial-vector current)
anomaly [11]prediction

r ((r—lv((y) ) = " " f'm mp 1—G('
I I'ud I

' mI
2m~

mz
mp

0 3x 1 ——~—ln
2

2 2
mp mt mp+Cl+C2 2 ln 2m mp mI

2mt e+C3 2
+ 1+—F(x)

mp 7r
(7a)
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3629+ Leading Logs Summation, C2 calculated and expect C1 to largely cancel in ratio, we used
𝐶3 = 0 ± 10 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 → Re/𝝁 = 𝟏. 𝟐𝟑𝟓𝟐 𝟓 𝒙𝟏𝟎-4 1993 SM Prediction

Main effect  -3,
-
ln(.!

./
)=-16,

-
= −3.72%



2007 Cirigliano and Rosell evaluate Re/𝝁= 1.2352(1)x10-4 in SM using Chiral Pert. Theory.  
Small uncertainty (Pioneer uses ±1.5𝑥10"(). Could be slightly further improved using RGE 
to include NLO corrections.

First Row CKM Unitarity  

A. Sirlin: (1973-1978) Standard Model Semi-Leptonic Radiative Corrections Finite & 
Calculable  2.32% 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 normalization using G𝝁=1.1663787(6)x10-5 GeV-2   based on

tµ=2.1969803(22)x10-6sec (today’s value from MuLAN 2010 )
3 Generation CKM mixing via unitary matrix VCKM

|𝑽𝒖𝒅𝟎 |2+|𝑽𝒖𝒔𝟎 |2+|𝑽𝒖𝒃𝟎 |2=1     First Row Bare Natural Relation  
EW Radiative Corrections Finite and calculable relative to tµ .  Different weak U(1)Y
hypercharges lead to different RC.
𝒖𝒅 𝑳 𝒀 =

𝟏
𝟑
𝒂𝒏𝒅 𝝊𝒆 L Y=-1 doublets → divergences become ln(mZ/mp) corrections

20 sigma quantum loop confirmation of SM radiative corrections!
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SIRLIN’S UNIVERSAL ΔV
R TO NUCLEAR & NEUTRON BETA DECAYS

Universal ΔV
R = a/2p[3ln(mZ/mp)+ln(mZ/mA)+2C+AQCD]

3a/2pln(mZ/mp) short-distance not renormalized by strong int.
[a/2p[ln(mZ/mA)+2C+AQCD] Induced by axial-current loop

mA=1.2GeV  long/short distance matching scale 
C=0.8gA(µN+µP)=0.891 (long distance gW Box diagram)     
AQCD= -as/p(ln(mZ/mA)+cons)=-0.34  QCD Correction

[a/pln(mZ/m)]n leading logs summed via renormalization group ≃+0.001
Next to leading short distance logs~-0.0001,   small?
and -a2ln(mp/me)=-0.00043 estimated (for neutron decay)
Czarnecki, WJM, Sirlin (CMS)(2004)  

2006   matching short and long distance gW (VA) Box Diagram 1+ RC =1.0390(4) WJM &Sirlin
*2018 DR(dispersion Relation) give I+RC =1.0399(2)) Seng, Gorchtein, Patel, Ramsey-Musolf (PRL2018)

ΔV
R è 0.02467(22) → Vud=0.97370(14)   |Vud|2+|Vus|2+|Vub|2=0.9985(5)

3 sigma tension with Unitarity!   Quit while you are ahead. 8



Status of First Row CKM Unitarity (The Cabibbo Anomaly)

• |Vud |=0.97373(14)(27)NS Superallowed (15 Nucl. 𝛃 Decays)   Hardy &Towner.  Unitarity→ 0.9742
• |Vud|= 0.97330(30)τn(30)gA)(10)RC neutron PDG  world ave.
• |Vud|= 0.97390(270)exp(10)th. 𝜋𝑒3 𝜋 +→ 𝜋0𝑒𝜈 𝛾 Very Clean Theory ± 0.01% but BR ~ 10−8!

• |Vus |= 0.2243(6)ave 1.6 PDG Scale factor from average of  Kl3 → 0.2234(6) & K𝜇2 →0.2252(6) tension

|Vub|= 4x10-3.  negligible effect on unitarity sum

|Vud|2+|Vus|2 |Vub|2=0.9985(5) 3 sigma deviation  (Cabibbo Anomaly)
• Recent shorter neutron lifetime and larger gA favors larger Vud + unitarity restored?

Current degree of Unitarity violation in the eye of the beholder.
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Potential improvement of   𝜞(𝝅→𝒆𝝂 𝜸 )
𝜞(𝝅→𝝁𝝂 𝜸 )

, f𝝅, Vud & RV≡
𝜞(𝑲→𝝅𝒆𝝂 𝜸 )
𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )

→ 𝑽𝒖𝒔
𝑽𝒖𝒅

10

SM:  f𝝅Vud = 127.13(0.02)(0.13)RCMeV → f𝝅= 130.49(13)MeV ±0.1% vs lattice130.2(8)MeV ±0.6%

RC𝜋= 0.0332(3)

𝕀𝜋=7.376x10-8 phase space suppression

Combined with Kl3 decay rates leads to RV= Vus/Vud=0.22908(66)𝜋(41)K(20)lat(2)𝜏𝜋(1)RC

Recall  RA -> 𝑽𝒖𝒔
𝑽𝒖𝒅
=0.23131(45) from K𝝁2/𝛑𝝁2 2.3 sigma difference currently

PIONEER GOALS



RA ≡
𝜞(𝑲→𝝁𝝂 𝜸 )
𝜞(𝝅→𝝁𝝂 𝜸 )

vs RV≡
𝜞(𝑲→𝝅𝒆𝝂 𝜸 )
𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )

Axial current CKM   𝑽𝒖𝒔
𝑽𝒖𝒅
= 0.23131(45).

Vector Current CKM   𝑽𝒖𝒔
𝑽𝒖𝒅

= 0.22908(66)𝜋(41)K(20)lat(2)𝜏𝜋(1)RC

Reduction of  pion beta decay by about a factor of 3 would make them comparable
Reduction by a factor of 10 would be unique Vud determination

Current Difference:  Lattice 𝒇�𝑲(0) problem?  
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Status of SM Charged Pion & Kaon Radiative Inclusive Decay Rates
& Future Improvements expected from the PIONEER Exp. at PSI

1)  BR(𝝅 → 𝝁𝝂(𝜸))exp = 0.9998770(4) → 𝜞(𝝅 → 𝝁𝝂(𝜸)) = 2.5280(5)x10-14 MeV→ f𝝅|Vud|=127.13(1)exp(17)𝑹𝑪MeV
𝝅 ± Lifetime : 𝝉𝝅= 2.6033(5)x10-8sec 𝜞(𝑲 → 𝝁𝝂(𝜸)) = 3.379(7)x10-14 MeV.  → fK |Vus|=35.09(4)exp(4)RC MeV

𝜞(all)=2.5284(5)x10-14 MeV  (unc. ±𝟎. 𝟎𝟐%) RA ≡
𝜞(𝑲→𝝁𝝂 𝜸 )
𝜞(𝝅→𝝁𝝂 𝜸 )

→ 𝑽𝒖𝒔
𝑽𝒖𝒅
=0.23131(45)

𝝉𝝅 Improvement by order of magnitude?                 𝒇𝑲|𝑽𝒖𝒔|
𝒇&|𝑽𝒖𝒅|

= 0.27602(29)exp(24)RC + Lattice fK/f𝝅 = 1.1932(19) + unitarity & |Vub|2 ≈ 𝟎
useful but not required                                                Vud =0.97426(10) Vus=0.22543(43) SM Prediction     Deviation → “New Physics” 

2) Electron Decay Mode:  𝜞(𝝅→𝒆𝝂 𝜸 )
𝜞(𝝅→𝝁𝝂 𝜸 )

=1.2352(1)x10-4    very precise (radiative inclusive) SM theory prediction.  Universality Test

1.2327(28)x10-4 Exp.	→ Pioneer	goal	factor	10	-15	improvement
Constrains	many	examples	of	BSM	new	physics	see	(Bryman	et	al.	Ann.	Rev.	N&P)

3)	Pion	Beta	Decay:		Current 𝑩𝑹(𝝅 → 𝝅𝟎𝒆𝝂(𝜸))exp=1.038(6)x𝟏𝟎8𝟖 → Vud=0.9740(28)exp(1)thvery clean precise theory
BR(𝝅 → 𝝅𝟎𝒆𝝂(𝜸))= 𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )

𝟏.𝟎𝟎𝟎𝟏𝟐𝟑𝟐𝟕𝜞 𝝅→𝝁𝝂 𝜸
= 𝜞(𝝅→𝒆𝝂 𝜸 )
𝜞(𝝅→𝝁𝝂 𝜸 )

x 𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )
𝜞(𝝅→𝒆𝝂 𝜸

|𝐞𝐱𝐩 RV ≡
𝜞(𝑲→𝝅𝒆𝝂 𝜸 )
𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )

→ 𝑽𝒖𝒔
𝑽𝒖𝒅
=0.22908(66)𝝅(41)K(20)Lat.

𝜞(𝝅 → 𝝅𝟎𝒆𝝂 𝜸 )=BR(𝝅 → 𝝅𝟎𝒆𝝂(𝜸))/𝝉𝝅

Pioneer (Phase 2): factor of 3 improvement in 𝑩𝑹(𝝅 → 𝝅𝟎𝒆𝝂(𝛾))exp+	improvement	in	Kl3	&	Lattice	→ 𝑹𝑽 factor	3	improvement
Pioneer (Phase 3) Overall	factor	10	improvement?	→ Potentially	best	determination	of	Vudbut	difficult	systematics
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Slide from V. Cirigliano’s Pioneer talk

Cabibbo universality and BR(π± →π0e±ν(γ))

RV is nearly 
competitive with RA.

 3x improvement in 
PIBETA BR, would 
lead to competitive                

Vus/ Vud  @ 0.2%.

Realistic 
short term goal

Marciano,  
hep-ph/0402299

Czarnecki, Marciano, Sirlin 
1911.04685

• Status of  Vud and Vus determinations:  tension with SM hypothesis

χ2/dof = 2.8, S=1.67

Bryman, VC, Crivellin, Inguglia  2111.05338
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Summary of Charged Pion Properties & PIONEER Goals
𝝉𝝅= 2.6033(5) x 10-8 sec. Known to ±0.02%.   Defines Potential Sensitivity Goals
3 (radiative inclusive) Decay Modes 2 Axial & 1 Vector Current Primary Amplitude

1) BR(𝝅 → 𝝁𝝂(𝜸)) = 0.9998770(4)    Γ(𝜋 → 𝜇𝜈(𝛾)) = 2.5280(5)x10-14 MeV
SM prediction = 1.5642(3)x10-18/MeV x|Vudf 𝜋|2
Lattice Flag Ave. f 𝜋= 130.2(0.8)   Vud =0.9764(60)(2)
Vud= 0.97373(30) → f 𝜋= 130.56(4)

1st row unitarity & Vus/Vud=0.23131(45)→ Vud=0.97426(10)→ f 𝝅=130.48(1)MeV
2) 𝜞(𝝅 → 𝒆𝝂(𝜸))/𝜞(𝝅 → 𝝁𝝂(𝜸))=1.2352(1)x10-4     SM prediction

1.2327(28)x10-4 Current	Experimental	determination

3) BR(𝝅 → 𝝅𝟎𝒆𝝂(𝜸))= 𝜞 𝝅→𝝅𝟎𝒆𝝂 𝜸
𝜞 𝝅→𝝁𝝂 𝜸

= 𝜞 𝝅→𝒆𝝂 𝜸
𝜞 𝝅→𝝁𝝂 𝜸

x 𝜞 𝝅→𝝅𝟎𝒆𝝂 𝜸
𝜞 𝝅→𝒆𝝂 𝜸

|𝐞𝐱𝐩

RV ≡
𝜞(𝑲→𝝅𝒆𝝂 𝜸 )
𝜞(𝝅→𝝅𝟎𝒆𝝂 𝜸 )

→ 𝑽𝒖𝒔
𝑽𝒖𝒅
=0.22908(66)𝝅(41)K(20)Lat.							Reduce	𝝅e3 &	Kl3		uncertainties

Pioneer: expect phase 2 factor of 3 improvement in 𝑩𝑹(𝝅 → 𝝅𝟎𝒆𝝂(𝛾))exp &	Vud+		Kl3?, Lattice?→ RV
Phase 3 Long term goal:  factor of 10 improvement in BR 𝝅 → 𝝅𝟎𝒆𝝂 𝜸 & 𝑽𝒖𝒅!  Unique Capability  
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