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Outline of the Lectures

@ Introduction (today)

o The CKM matrix (parametric input for precision predictions)
o Wilson coefficients (perturbative physics)
o Hadronic matrix elements (non-perturbative physics)
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Outline of the Lectures

@ Introduction (today)

o The CKM matrix (parametric input for precision predictions)
o Wilson coefficients (perturbative physics)
o Hadronic matrix elements (non-perturbative physics)

@ Meson Mixing (today)

® B Decays (today/tomorrow)
o B— D™¢vand Ry
© Bs = ptp”
o B— Kvi
o B— K*07¢~ and Ry
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Outline of the Lectures

@ Introduction (today)

o The CKM matrix (parametric input for precision predictions)
o Wilson coefficients (perturbative physics)
o Hadronic matrix elements (non-perturbative physics)

@ Meson Mixing (today)

® B Decays (today/tomorrow)
o B— D™¢vand Ry
© Bs = ptp”
o B— Kvi
o B— K*07¢~ and Ry

@ Kaon and Pion Decays (tomorrow)

o Rare kaon decays K — nvi
o Lepton universality in pion decays 7+ — etv vs. 7t — utv
o Pion beta decay n* — 7%etv

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 2/101



Introduction

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 3/101



“Fishing Expeditions”
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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A = Mpianek ~ 10" GeV)

Praobe more generic new physics
sa|eds saIsfyd mau Jaybiy o1 yoeey

\/
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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A > Mpianek ~ 10" GeV)

» Test (approximate) accidental symmetries of the SM

Baryon Number: e.g. proton decay

(A ~ Agut ~ 10" GeV)

Lepton Number: e.g. neutrinoless double beta decay
(A ~ Aseo-saw ~ 10'2 GeV)

Flavor: e.g. flavor changing neutral currents

(A ~10% — 108 GeV)

CP: e.g. electric dipole moments
(A ~10% = 10® GeV)

Praobe more generic new physics
sa|eds saIsfyd mau Jaybiy o1 yoeey

\/
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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A > Mpianek ~ 10" GeV)

» Test (approximate) accidental symmetries of the SM

Baryon Number: e.g. proton decay

(A ~ Agut ~ 10" GeV)

Lepton Number: e.g. neutrinoless double beta decay
(A ~ Aseo-saw ~ 10'2 GeV)

Flavor: e.g. flavor changing neutral currents

(A ~10% — 108 GeV)

CP: e.g. electric dipole moments
(A ~10% = 10® GeV)

Praobe more generic new physics

» Test “ordinary” Standard Model processes

sa|eds saIsfyd mau Jaybiy o1 yoeey

Higgs precision program; Electroweak precision
Y observables; muon anomalous magnetic moment; ...
(A ~10° GeV)
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Flavor in the Standard Model and Beyond
Vacuum

stability?
Lsy ~ AN + N2H? + AH?

Hierarchy
problem

Strong CP
problem

+ WPV + (D.H)® + (F..)? + F.F*

+ Y HOW

SM flavor
puzzle
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Flavor in the Standard Model and Beyond

Hierarchy
CC problem

problem
Lsw ~ N + NPH + \H

Vacuum
stability?

Strong CP
problem

+ WPV + (D.H)® + (F..)? + F.F*

T 1 2 1 dimé
+ YHWW + K(LH) + 13 ;oi"“ + -

Neutrino
masses
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Flavor in the Standard Model and Beyond
Vacuum

stability?
Ly ~ A? -|—I'A2H2 -{-AH4

Hierarchy
problem

Strong CP
problem

+ WPV + (D,H)? + (F.)® + F.F™

+YHIV + —(LH)Z + a2 Zod""‘i

Neutrino
masses

+ light new physics

SM flavor

Flavorful new
puzzle

physics?

Flavorful
portals?
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Two Basic Flavor Questions

T ! 2 ! dimé
+YHurw + 4 (LH? + 5 go,m + -

Neutrino
masses

+ light new physics

SM flavor

Flavorful new
puzzle

physics?

Flavorful
portals?

Q1: What is the origin of the hierarchical flavor structure of the SM?

Q2: Are there new sources of flavor violation beyond the SM?
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Searching for New Physics with Flavor

Example: heavy new physics in rare B decays
b s b t s b S
G u = NP g

1 g4 Iﬂ2t CNP
V*
G 1672 m2, m2, Vs 0

A

measure calculate precisely get information on
precisely the SM contribution NP coupling and scale
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Searching for New Physics with Flavor

Example: heavy new physics in rare B decays
b s b t s b S
G w = NP g

1 g* m Cnp
~ L9 My e g P
G 1672 m2, m2, Vs 0

A

measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

Mismatch between experiment and SM prediction
indicates new physics and provides a scale!
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The Need for Precision

To maximize the sensitivity to new physics we need

o precision measurements of flavor observables
— lectures by Jim

o precision theory prediction of the observables
— these lectures
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The Need for Precision

To maximize the sensitivity to new physics we need

o precision measurements of flavor observables
— lectures by Jim

o precision theory prediction of the observables
— these lectures

precision theory predictions require

@ high precision parametric input (in particular CKM)
@ higher order perturbative calculations
@ control over non-perturbative QCD uncertainties
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The Weak Effective Hamiltonian

see e.g. Buras hep-ph/9806471 [hep-ph] for a review

Starting point for many theory predictions is the
“weak effective Hamiltonian”

4G
<f|Heff|’ = Z)\CKM Ck ,“

Ag‘}gM = combination of CKM matrix elements relevant for a given
flavor changing process

o Ck(u) = Wilson coefficients that encode the short distance physics
(the weak interactions in the SM)

o (f|Ok(u)|i) = matrix elements of local made from light SM
fields (light quarks, leptons, gluons, photon)

o Wilson coefficients and operator matrix elements depend on the
renormalization scale
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The CKM Matrix

no FCNCs at tree level
. ®,
% %
% %
@ Q"
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The CKM Matrix

no FCNCs at tree level

transitions among the
generations are mediated by
the W bosons and their
relative strength is
parametrized by the

CKM matrix
Vud Vus Vub
V= Vcd Vcs Vcb
Vier Vis Vi
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The CKM Matrix

no FCNCs at tree level

transitions among the
generations are mediated by
the W bosons and their
relative strength is
parametrized by the
CKM matrix

Vud Vus Vub
V= Vcd Vcs Vcb
Vier Vis Wb

~
R4

< \\‘\\ - .
.< @ CKM matrix is unitary and
’ determined by 4 independent

parameters

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 11/101



Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb

Vie Vis Vo

1 0 0 Ci3 0 s13e*"5 Ci2 S12 0
=10 Co3 So3 | - 0 . 1 0 -l —S12 Cq2 0
0 —sp3 Co3 —813 e’ 0 C13 0 0 1

sj = sin(6j), cj = cos(6jj)

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 12/101



Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb
Vierk Vis Vi
1 0 0 Ci3 0 s13e*"5 Ci2 S 0
=10 Co3 So3 | - 0 N 1 0 -l —S12 Cq2 0
0 —So3  Co3 73136’6 0 Ci3 0 0 1
C12C13 _ S12C13 ~ spze”
= | —512C23 — C12523513€"°  C12C3 — 512523513€°  Sp3Ci3
S12S23 — C12C23513€"°  —S23C12 — S12C23513€"°  Co3C13

sj = sin(6j), cj = cos(6jj)
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Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb
Vierk Vis Vi
1 0 0 Ci3 0 s13e*"5 Ci2 S 0
=10 Co3 So3 | - 0 N 1 0 -l —S12 Cq2 0
0 —So3  Co3 73136’0 0 Ci3 0 0 1
C12C13 _ S12C13 ~ spze”
= | —512C23 — C12523513€"°  C12C3 — 512523513€°  Sp3Ci3
S12S23 — C12C23513€"°  —S23C12 — S12C23513€"°  Co3C13

sj = sin(6j), cj = cos(6jj)

(many equivalent parametrizations possible)
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Parametrization of the CKM Matrix

Wolfenstein Parametrization: introduce the parameters \, A, p, n

Sj2=A, Sp;3= A)? , S136i5 = A/\s(p—F i77)
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Parametrization of the CKM Matrix

Wolfenstein Parametrization: introduce the parameters \, A, p, n

Sj2=A, Sp;3= A)? , S13ei5 = A/\s(p—F i77)

measurements show that A ~ 0.2 < 1 is a good expansion parameter

1— A2 A AX3(p — in)
V= ) 1— 75X A2 + 0\
AN(1 —p—in) —AN? 1
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Unitarity Triangles

The CKM matrix is unitary — relations between CKM elements

Vg Vip + Ved Vp + Via Vi, = 0

three complex numbers adding up to 0
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Unitarity Triangles

The CKM matrix is unitary — relations between CKM elements

Vg Vip + Ved Vp + Via Vi, = 0

three complex numbers adding up to 0

It is convenient to normalize

) one side to 1
Via Vi Vi Vir VgV
* 54— —_Ud "ub
%d "{'b p + 17 VCd V:b
p=p(1+0(3), 7=n(1+ O
OB 5L0) p=n( (X)), a=n( (A7)
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Experimental Status of the CKM Matrix

global fits

of all data give ] R
overall consistent . oy % ]
picture within 10 - % .
O(10%) uncertainties X 1
05 |- - ]

_ +0.00023 C _— - -

A = 0.22498+0,00023 S o W :
_ +0.0047 - - ot 1

A = 0821 5—0.0082 -0.5 ~ \ -
= _ +0.0112 i ]

p = 0.156277 g040 10l y g

— . i [ ‘ sol. wi'cos 2B < ]

il = 0.3551100" = oy A
_1-5 L ) I | | | ] ) | ‘ | ‘ I T - | 111 |7
-1.0 -0.5 0.0 0.5 1.0 15 2.0

http://ckmfitter.in2p3.fr/ P

http://www.utfit.org/
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Alternative Approach

global CKM fits include many loop observables which
might be affected by new physics

to avoid potential new physics contamination as much as possible,
use 4 measurements based on tree level decays that are
unlikely affected by new physics

Vis = 0.22431 +0.00085 , Vi = (40.8 +1.4) x 1073

Vb = (3.824+0.20) x 1072, v = (65.9+3.5)°
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Alternative Approach

global CKM fits include many loop observables which
might be affected by new physics

to avoid potential new physics contamination as much as possible,
use 4 measurements based on tree level decays that are
unlikely affected by new physics

Vis = 0.22431 +0.00085 , Vi = (40.8 +1.4) x 1073

Vb = (3.824+0.20) x 1072, v = (65.9+3.5)°
Vudgl—AE2 , Vis = A, Vi = [Viale™

)\2
Vea = =\, %511_57 Vo = |Va|

. 22 A2
Via = [Vip|A = [Vaw| e (1 - 7) o Vie = — Vil (1 - 7) = Vil A Vg =1, 9)

(see e.g. WA, Lewis 2112.03437)
[I prefer this approach; | think it is more “robust” und transparent]
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Quark Mixing Hierarchy

1;7 [Vual= [Vesl= [Vipl=
o |
‘qc: | Vusl= [Vegl= the measured CKM elements
e show a very hierarchical pattern
Q2 01t
ot [
S
[Veol® Vis| 2
© ’ 1 a2
Vi~ | X 1 X], x~02
AN
001F Vil B
: |Vub|I
1073
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Large Logs and EFTs

o Flavor change comes from
the weak scale
Hweak ~ 100 GeV

o But we observe flavor
changing processes of
hadrons at a low scale
Mhad ~ 1 GeV

Wolfgang Altmannshofer (UCSC)

Dragons
BSM
SMEFT 100 Gev 7.8 W, Z v, e pu, t+u,d,s,c,b,t+h
WEFT 7, & Vp € Hy T+ U, d, s, ¢ b
5 GeV

WEFT4 Gy v, & Vp €, U, T+u,d, s, c

ChRT Y, V;, €, 4 +hadrons
500 MeV
ChPT Vs Up €, Hy T
100 MeV
ED Y, Uy, €
< 1MeV TP
EH e
14

Falkowski Eur.Phys.J.C 83 (2023) 7, 656

(see lecture by llaria)
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Large Logs and EFTs

o Flavor change comes from
the weak scale
Hweak ~ 100 GeV

o But we observe flavor
changing processes of
hadrons at a low scale
Mhad ~ 1 GeV

o Higher order loop
corrections often come with
large logs

2
o log (—'u";eak>
uhad
Can be O(1) corrections that
need to be resummed.

Wolfgang Altmannshofer (UCSC)

Dragons
BSM
SMEFT 100 Gev 7.8 W, Z v, e pu, t+u,d,s,c,b,t+h
WEFT 7, & Vp € Hy T+ U, d, s, ¢ b
5 GeV

WEFT4 Gy v, & Vp €, U, T+u,d, s, c

ChRT Y, V;, €, 4 +hadrons
500 MeV
ChPT vV, e H,
100 MeV
ED Y, Y, €
< 1MeV TP
EH e
14

Falkowski Eur.Phys.J.C 83 (2023) 7, 656

(see lecture by llaria)
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Matching at Tree-Level

Buras hep-ph/9806471 [hep-ph]

Let's consider the effective Hamiltonian relevant for the decay ¢ — sud
(a simple example that illustrates many important features)

Integrating out the W boson at tree level gives one dim-6 operator and
the corresponding Wilson coefficient

C S
\C\/S/
W EE—
/d/g\u\
d u
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Matching at Tree-Level

Buras hep-ph/9806471 [hep-ph]

Let's consider the effective Hamiltonian relevant for the decay ¢ — sud
(a simple example that illustrates many important features)

Integrating out the W boson at tree level gives one dim-6 operator and
the corresponding Wilson coefficient

W B \\//
/a/g\u\
d u
4GFr . _ _ .
Hett = WVCS Viua(SvuPre)(Uy"Prd) + dim > 8
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Matching at 1-Loop

Buras hep-ph/9806471 [hep-ph]

What happens if we include 1-loop QCD corrections?

R
S
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Matching at 1-Loop

Buras hep-ph/9806471 [hep-ph]

We get two operators with different color structures

4G
Mo = =2 VisVua (G101 + C20%)

- _ Qg miv
02 = (Sa’YMPLCa)(Uﬁ’}/'U‘PLdB) s Cz = 1 —+ 771_ |Og F
2

O = (B PLes)(@sy" Pidh) , Cr = — 2% log ('”W>

(o and B are color indices that are summed over)
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RGE Running and Mixing

Buras hep-ph/9806471 [hep-ph]

o Including the higher order loops produces UV-divergencies that can
be taken care of by renormalizing the Wilson coeffcients

bare __ »C .
crre =z ¢,

o Need to introduce a matrix of renormalization constants, because
loops with a Wilson coefficient C; might produce divergencies that
can only be absorbed by C;
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RGE Running and Mixing

Buras hep-ph/9806471 [hep-ph]

o Including the higher order loops produces UV-divergencies that can
be taken care of by renormalizing the Wilson coeffcients
crre = 20

o Need to introduce a matrix of renormalization constants, because
loops with a Wilson coefficient C; might produce divergencies that
can only be absorbed by C;

o In the MS scheme one finds in our example

c _ _%1 1 -3
Zi =1 47re<—3 1)
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RGE Running and Mixing

Buras hep-ph/9806471 [hep-ph]

o Determine the corresponding anomalous dimension matrix for the
Wilson coefficients and determine their renormalization group

running
_ 9,20 _os (2 8 _os
LA das 47\ 6 -2 47 °
C() = Ul e)Cloo) . U o) = (242 .
as(p)

o [y = 23/3 is the 1-loop coefficient of the QCD beta function with
5 active quark flavors
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Connecting the High and Low Scales

é(,u) : <f|6(ﬂ)|’> = é(ﬂweak) : U(Nweak-#had) (f é(//had)‘/

o Determine Wilson coefficients by matching at the weak scale.
o Run to the low scale using RGEs. This resumms the large logs.

o Combine the Wilson coefficients with hadronic matrix elements
evaluated at the hadronic scale.
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Dealing with Non-Perturbative QCD

1) “Cheat”: Focus on observables that are vanishingly small in the
Standard Model

example: lepton flavor violating decays B — Ktu
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Dealing with Non-Perturbative QCD

1) “Cheat”: Focus on observables that are vanishingly small in the
Standard Model

example: lepton flavor violating decays B — Ktu
2) “Ratios”: Design observables where hadronic physics
(approximately) drops out

example: lepton flavor universality ratios

BR(B — Kuu) BR(7m — ev)
BR(B — Kee) © BR(m — uv)
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Dealing with Non-Perturbative QCD

1) “Cheat”: Focus on observables that are vanishingly small in the
Standard Model

example: lepton flavor violating decays B — Ktu
2) “Ratios”: Design observables where hadronic physics
(approximately) drops out

example: lepton flavor universality ratios

BR(B — Kuu) BR(7m — ev)
BR(B — Kee) © BR(m — uv)

3) Parameterize the hadronic matrix elements and determine them e.g.
with lattice QCD or

— see the discussion of hadronic contributions to (g — 2),,
by Martin and Aida

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024
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Parameterization of Hadronic Matrix Elements

examples of local matrix elements (f|O(x)|i)

o decay constants
(0|uy"~sd|n™) = if-pk
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Parameterization of Hadronic Matrix Elements

examples of local matrix elements (f|O(x)|i)

o decay constants
(0[ty"ysd|m™) = ifrph
@ transition form factors

2 2
mp—mp ,

<D’ ) ’E’) = fo(A(ps +pp) + [fold®) — £+ (d%)] 7

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 26/101



Parameterization of Hadronic Matrix Elements

examples of local matrix elements (f|O(x)|i)
o decay constants
(0|uy"~sd|n™) = if-pk

o transition form factors

2 2
mp—mp ,

<D’ ) ’E’) = fo(A(ps +pp) + [fold®) — £+ (d%)] 7

0 “Bag parameters” for meson mixing

05 - 4
(K°|(dy"PLS)(dv,.PLS)|K®) = = Bkmk 2
3
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Summary of the Introduction

Generic structure of a flavor changing amplitude:

4G .
(F[Henli) = FZACKM Ci(1) (f|Ok(p)i

o CKM matrix elements (can be a limiting factor for precision)

o Wilson coefficients / short distance physics (in almost all cases
under good perturbative control)

o hadronic matrix elements (can be a limiting factor for precision)
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Neutral Meson Mixing
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems

Bs — Bs mixing  bs < bs
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems
Bs — Bs mixing  bs < bs

By — By mixing  bd > bd
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems
Bs — Bs mixing  bs < bs
By — By mixing  bd > bd

K° — K° mixing sd < 3d
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems
Bs — Bs mixing  bs < bs
By — By mixing  bd > bd
K° — K° mixing sd < 3d

D° — D° mixing ¢l + Cu
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems
Bs — Bs mixing  bs < bs
By — By mixing  bd > bd

K° — K° mixing sd < 3d

D° — D° mixing ¢l + Cu

Meson mixing arises in the SM through “box-diagrams”
b, w St

/ﬁ>—0’\/\/\/\/\/\!b—>ﬁ
/ Vi [

_ | [
BY wucLty u, et BY

| |
| i
/

\ /’ Vl’; Vib \
‘;4—“\/\/\/\/\/\0—<J

SL w bL
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Time Evolution of Neutral Meson Systems

mass matrix 1= 1 = ( M M2 . decay matrix F=ft= (1 2
d r12 r
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Time Evolution of Neutral Meson Systems

mass matrix M= = (M Mz gecay matix Foft= (T T2
y

diagonalize the Hamiltonian

2 *  _ *
By=pB+qB , B.=pB-qB , (g) =2M12—’.r‘2
AMs = MY — ML ~ 2| M,
AMy = MY — M5 ~ 2|MZ,|
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Mixing Frequencies

— BY - Dyt — BY - BY - D;nt — Untagged

t [ps]

Al
[(B(t) — Dy nt) ~ e‘r5t<cosh(T‘°’t) + cos(AMy))
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Mixing Frequencies

— BY - Dyt — BY - BY - D;nt — Untagged

Al
[(B(t) — Dy nt) ~ e‘r5t<cosh(T‘°’t) + cos(AMy))

AM; = (17.765 £ 0.006)/ps , AMy = (0.5069 = 0.0019)/ps

(Heavy Flavor Averaging Group hflav.web.cern.ch)
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SM Predictions for B-Meson Mixing

A G
e mp,|VigVi|*So(mi /myy )ns fp,Bp, »
SM G%m%‘/ « 2 2/ 9 2 n
AM;™ = =5 ms, [VisVa|"So(mi; /miy )5 5, Bs. -

o Sy is a loop function that depends on the top mass. It correponds to
the Wilson coeffcient of a 4-fermion operator

(B'YMPLq)(B’Y“PLQ)

@ uncertainty in the top mass plays a very minor role
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SM Predictions for B-Meson Mixing

G2 m2 * ;
AMgM - g'/rQWde|‘/td‘/;b‘250(m?/m‘2’v)773fédBBd ’

SM G%m%‘/ « 2 2/ 9 2 n
AM;™ = =5 ms, [VisVa|"So(mi; /miy )5 5, Bs. -

o Sy is a loop function that depends on the top mass. It correponds to
the Wilson coeffcient of a 4-fermion operator

(B'YMPLq)(B’Y”PLQ)

@ uncertainty in the top mass plays a very minor role
o ng ~ 0.55: higher order QCD (with negligible uncertainty)
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SM G%m%‘/ « 2 2/ 9 2 n
AM;™ = =5 ms, [VisVa|"So(mi; /miy )5 5, Bs. -

o Sy is a loop function that depends on the top mass. It correponds to
the Wilson coeffcient of a 4-fermion operator

(B'YMPLq)(B’Y”PLQ)

@ uncertainty in the top mass plays a very minor role
o ng ~ 0.55: higher order QCD (with negligible uncertainty)
o CKM input gives ~ 5% uncertainty
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SM Predictions for B-Meson Mixing

G2 m2 * ;
AMgM - gWQWde|‘/td‘/tb‘250(m?/m‘2"/)773fédBBd ’

SM G%m%‘/ « 2 2/ 9 2 n
AM;™ = =5 ms, [VisVa|"So(mi; /miy )5 5, Bs. -

o Sy is a loop function that depends on the top mass. It correponds to
the Wilson coeffcient of a 4-fermion operator

(B'YMPLq)(B’Y“PLQ)

@ uncertainty in the top mass plays a very minor role

o ng ~ 0.55: higher order QCD (with negligible uncertainty)

o CKM input gives ~ 5% uncertainty

o hadronic matrix elements from lattice with ~ 5% uncertainty

fB,\/ By, = 210.6(5.5) MeV  fp.\/Bp, = 256.1(5.7) MeV

[see Flavour Lattice Averaging Group flag.unibe.ch for compilation of state-of-the-art lattice

results relevant for flavor physics and the corresponding original lattice references.]
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Probing New Physics with Meson Mixing

4 fermion contact interactions
leading to kaon mixing

Ci - _
2 (7. PLs) (" Pus)
&
A2
doPLSs)(ds PLSa)

(aPLS)(C_J'PLS)

G
el
g(E/:DLS)((?]PF;S)

Cs - .

72 (aP.35)(ds Pasa)

(analogous for other meson
systems)

[need hadronic matrix elements
for all operators from lattice]
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Probing New Physics with Meson Mixing

4 fermion contact interactions
[ Generic Flavor Structure Il NMFV

leading to kaon mixing
107 Re(Cq)  mmm Re(Co) C,
G (G, Pus) (G P.s) Im(Cq) = Im(Co) Ca,
N2
108
%(aPLS)(aPLS)
Cs - - 108
/TZ(daPLSB)(dBPLSa)
Ca - pu 10!
ﬁ(dPLS)(dPHS)
Cs - -
7z (dePLS3)(ds Pas) 10-1
1 2 4 5

(analogous for other meson
systems)
bounds on A in TeV assuming
[need hadronic matrix elements |Ci| =1 0or |Ci| =AM,
for all operators from lattice]
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Decays of B Hadrons
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The b Quark

L e
100 = 0.03
S mb(mb) = 4.18J:0'.02 GeV
N 10—
L ;
> [ m, =
3 1 et
c Fomg =
%) L
8 01? m/t [ ]
% E mg ¥
= i
@ 001
Q F
% [ myg I
o 107357 my l
F me =
107
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The b Quark

100 M T o
i mp(Mp) = 4.187393 GeV
N 10—
g E
% [ mp = .
) 1 Me forms bound states
c £ Mme u
7] .
Q » bottomonia:
1) 0.1 m, =
o ms % T(1s), T(2s), ...
1<
O 0.0l
o g
% [ My I
o 1073:7 mu l
g m, =
1074
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The b Quark

F o, -
100;

N 10—

L ;

> i

[}

O 1=

= £ m, ®

7]

L 01

7]

S

IS

o 0.0l

RS} F

s r

o 1073? my l
107

Wolfgang Altmannshofer (UCSC)

my

Ms

Me

Precision Flavor Theory

p(Mp) = 4187393 GeV

forms bound states

» bottomonia:
T(1s), T(2s), ...

» B mesons:
B+, B, B, B, ...
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The b Quark

F o, -
100;

N 10—

L ;

> i

[}

O 1=

= £ m, ®

7]

L 01

7]

S

IS

o 0.0l

RS} F

s r

o 1073? my l
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Wolfgang Altmannshofer (UCSC)

my

Ms

Me

Precision Flavor Theory

p(Mp) = 4187393 GeV

forms bound states

» bottomonia:
T(1s), T(2s), ...

» B mesons:
B+, B, B, B, ...

» B baryons:
Np, ...

» exotics?

SSI12024 35/101



» Decay of b quarks proceeds through the weak interactions
» Exchange of a heavy virtual W boson
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» Decay of b quarks proceeds through the weak interactions
» Exchange of a heavy virtual W boson

» Estimate the decay width

G2 b "
r(b— ctv) ~ 192’;3 my| Vep? U, w ,
l/lL<
v
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» Decay of b quarks proceeds through the weak interactions
» Exchange of a heavy virtual W boson

» Estimate the decay width

G2 b —
r(b— ctv) ~ 192’;3 my| Vep? U w ,
l/lL<
v

’
= r=—~0(10""s)
Fot

» small decay width =- sizable lifetime
» high sensitivity to new physics effects
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Charged Current Decays
- . » arise at tree level
P through W exchange
o’
’
P2

. Ab = ¢€) ~ Vop ~ 4 x 1072

,o
@ ©

(e.9. B— Duv)

@ @
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Charged Current Decays
- . » arise at tree level
P through W exchange
o’
’
P2

. Ab = ¢€) ~ Vop ~ 4 x 1072

,o
@ ©

(e.9. B— Duv)

Ab — u) ~ Vyp~4x1073
(e.9. B— muv)

@ @
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Flavor Changing Neutral Current Decays

» absent in the SM at tree level

(GIM mechanism)

@ @
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Flavor Changing Neutral Current Decays

» absent in the SM at tree level
(GIM mechanism)

» arise at the 1-loop level
—

Ab — s) ~ 161 ——5ViVp~25x107*

\
-
“

\« (e.g. B— K*utu™)

@ @
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Flavor Changing Neutral Current Decays

» absent in the SM at tree level
(GIM mechanism)

» arise at the 1-loop level
—

Ab — s) ~ 161 ——5ViVp~25x107*
“
“
\« (e.g. B— K*utu™)
A(b—> d)N1617VtEV[bN5X1075

‘ @ (e.9. B—mutu)
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Flavor Changing Neutral Current Decays

» absent in the SM at tree level
(GIM mechanism)

» arise at the 1-loop level
—

Ab — s) ~ 161 ——5ViVp~25x107*
“
“
\« (e.g. B— K*utu™)
A(b—> d)N1617VtEV[bN5X1075

‘ @ (e.9. B—mutu)

“rare decays”
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Classification of Charged Current Decays

» Semi-leptonic decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— Drv, B— D*uv, B — mev ...
inclusive: e.g. B — X;7v, B — Xeuv, B— Xyev ...
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Classification of Charged Current Decays

» Semi-leptonic decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— Drv, B— D*uv, B — mev ...
inclusive: e.g. B — X;7v, B — Xeuv, B— Xyev ...

» Purely leptonic decay modes
(only charged B mesons)

eg.B—71v,B— v, ..

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 39/101



Classification of Charged Current Decays

» Semi-leptonic decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— Drv, B— D*uv, B — mev ...
inclusive: e.g. B — X;7v, B — Xeuv, B— Xyev ...

» Purely leptonic decay modes
(only charged B mesons)

eg.B—71v,B— v, ..

» Purely hadronic decay modes
(both charged and neutral B mesons)

hundreds of possible final states
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Classification

» Semi-leptonic
(both charged

exclusive: e.g.
inclusive: e.g.
» Purely leptonic
(only charged

eg.B— v,k

» Purely hadroni
(both charged

hundreds of p¢

[K'm lpK'mw
[Kxtlp Knm
Depny Ko na*
KK
DK (892)°
Dntrr
[Km*]p winn
D'r*n*r nonresonant
Drip
D’ ay (1260)
Dlumt
D' (2010) 77
D'(2010) K*
Dy (2420)°%
Drtat
DKw
D}(2300)°K* , Dy D' x
D3(2460)°K" , Dy —= D
D;(2760)° K", D}’ — D x"
DK
DK
D3(2460)°K" , D" — D'
DK’
'K’
D' (2007)°r

Dy = D' (2010)

D' (2007)"wrt
D' (2007
D’ (2007)° K+

)’ K
) (wl
D' (2007 K
D 42mn)“1<*1< (892)"
D (2007 7w
D' (2007)° a; (1260)
D' (2007)'n~mn

D'(2010)
D(2010)" K"
D°(2010) 7

“
1

1
@

£16) %10
(T5=17)x 10
(5:6+21)x10°°

(54)x 107
3.0)x 10
(4£4)x 10

(12

(11£0.9) x 107
(1.35:40.22) x 100
(2:14)x10°
(2+22)x10"
(107:+0.05) x 102
(17£05) x 107
(61224)x10°
(23240.28) x 10
(36+12)x10°
<20x10°

(6=11) 10
<63x107

<49x107

<14x10°

(490 0.17) x 10
(27206) x 107
(24209) x10°
(15212) x 107
(08=17)x 10
(397°¢3) x 10
(2.6040.33) x 104
(21940.30) x 10
(78222)x10°
(1414 x 10
<106 102

(15204) x 107
(1034 0.12)%

(19405

(18+04)%
(57+12) x10°°
<36x10°°
<90x10°¢

Wolfgang Altmannshofer (UCSC)

n Flavor Theory

SSI12024 39



Classification of FCNC Decays (Rare Decays)

» Radiative decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— K*v, B — p, ...
inclusive: e.g. B — X7, ...
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Classification of FCNC Decays (Rare Decays)

» Radiative decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— K*v, B — p, ...
inclusive: e.g. B — X7, ...

» Semi-leptonic decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— Ku*u~, Bs — ¢ete™, B— K*vi, ...
inclusive: e.g. B — Xsu™u™, ...
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Classification of FCNC Decays (Rare Decays)

» Radiative decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— K*v, B — p, ...
inclusive: e.g. B — X7, ...

» Semi-leptonic decay modes
(both charged and neutral B mesons)

exclusive: e.g. B— Ku*u~, Bs — ¢ete™, B— K*vi, ...
inclusive: e.g. B — Xsu™u™, ...

» Purely leptonic decay modes
(only neutral B mesons)

egd. Bs —» putp=, By — 117, ...
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Application (Oth order picture)

» Charged Current Decays:

determination of CKM matrix elements

» Rare Decays:

search for new physics
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Application (Oth order picture)

» Charged Current Decays:

determination of CKM matrix elements

(but can also be used to probe new physics, if the new physics
is “strong” enough to compete with tree level W exchange)

» Rare Decays:

search for new physics

(but can also be used to determine CKM parameters,
if one assumes that the decays are free of new physics)
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Can’t discuss all the decay modes.

Will focus on a few examples in more detail:
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Can’t discuss all the decay modes.

Will focus on a few examples in more detail:

1) B — D(*)fl/ and RD(*)
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Can’t discuss all the decay modes.

Will focus on a few examples in more detail:

1) B — D(*)fl/ and RD(*)
2) Bs —
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Can’t discuss all the decay modes.

Will focus on a few examples in more detail:
1) B — D(*)fl/ and RD(*)

2) Bs —
3) B— Kvu
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Can’t discuss all the decay modes.

Will focus on a few examples in more detail:

1) B — D®¢v and Ry
2) Bs —

3) B— Kvu

4) B — K*¢(~ and Ry
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B — D(*)(/V and RD(*)
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The B — D¢y Decays

/_> . D meson

. muon

« neutrino

B meson

Vu
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Effective Hamiltonian for B — D™*)¢v in the SM

» Charged current decays
» Induced by tree level exchange of W bosons

b c
T
<,
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Effective Hamiltonian for B — D™*)¢v in the SM

» Charged current decays
» Induced by tree level exchange of W bosons

b c
¢ Vl/l/\mw P
<,

» characteristic energy scale of B decays: O(mg)
» characteristic energy scale of weak interactions: O(mw) > O(mg)
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Effective Hamiltonian for B — D™*)¢v in the SM

» Charged current decays
» Induced by tree level exchange of W bosons

b — b
Vl/l/\w L — ‘&2
m<u c v

» characteristic energy scale of B decays: O(mpg)
» characteristic energy scale of weak interactions: O(mw) > O(mg)

» decays can be described by an effective Hamiltonian
(“integrate out the W boson”)

Hett = Veo C (€7, PLb)({~" Puiv)

4Gr
V2

Wilson coefficient 4-fermion contact interaction
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Hadronic Matrix Elements

(D) ty|Heg|B) =
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Hadronic Matrix Elements

4Gr

D™ ¢y Ho| B
( [Hett| B) = N

Ve C(to|(Ey* PLi)[0) (D) 1(E7, PLb) B)
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Hadronic Matrix Elements

4Gr

D™ ¢y Ho| B
( [Hett| B) = N

Voo C (| (I PLv)[0) (D) |(C,, PLb) B)
Parameterization in terms of form factors
D—pbB: 2 i 2y _ 2m2B_m2D/J,
(D|&v*b|B) = f(q®)(ps + pp)* + [fold®) — f+()] 7

(v

"o |B) = —ig(q®) € €} (pp + Pp+)p o »

(D*|ev"y°b| B) = e f(¢*) + a+(¢*) €* pE (p5 + pp-)* + a—(¢*) " pp ¢*
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Expressions for the Decay Rates

T E Dl 2 2,2 5
dI'(B — Dlv) _ GEVa|* nigw m (w? — 172213 (1 + )2 G(w)?,

dw 4873
d0(B — D) GplVal*nwm% , 1/2 2.3 2
D) CrlVal o™l (2 4102 (1 1) 09 (1 - )
_ . 2
14 4w 1 —=2wrp- + 17} ]-'(w)Z,

w+1 (1—rp)?

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 47/101



Expressions for the Decay Rates

dI'(B — Dl G2| V| iy mS
(B = Div) _ FVeol® miw mp (w? — 1)*203 (1 +7p)? G(w)?,

dw 4873
d0(B — D) GplVal*nwm% , 1/2 2.3 2
D) CrlVal o™l (2 4102 (1 1) 09 (1 - )
_ . 2
14 4w 1 —=2wrp- + 17} ]-'(w)z,

w+1 (1—rp)?

» new: electroweak corrections (known and very small)
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Expressions for the Decay Rates

dI'(B — Dlp G2| V| iy mS
(B = Div) _ FVeol® miw mp (w? — 1)*203 (1 +7p)? G(w)?,

dw 4873
dT'(B — D*lp GZ|Va|? niw m3
( dw ! - 2 igggw > (w2 - 1)1/2 (w+ 1)2 7"%*(1 - TD*)Q

dw 1—2wrp« + TQD*
w+1 (1—rp)?

x [1+ F(w)?,

» new: electroweak corrections (known and very small)
» w: “recoil parameter” w = vg - V. ; (€quivalent to g?)
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Expressions for the Decay Rates

dI'(B — Dlp G2| V| iy mS
(B = Dlv)  Gp|Val|* ngw mp (w? — 1)*203 (1 +7p)? G(w)?,

dw o 4873
dT'(B — D*lp GZ|Va|? niw m3
( dw ! - 2 igggw > (w2 - 1)1/2 (w+ 1)2 7"%*(1 - TD*)Q

dw 1—2wrp« + TQD* 9
f
w41 (1 — ,,,.D*)Q (’UJ) )

X (14

» new: electroweak corrections (known and very small)
» w: “recoil parameter” w = vg - V. ; (€quivalent to g?)

» I'px) = mD(*)/mB
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Expressions for the Decay Rates

dI'(B — Dlp G2| V| iy mS
(B = Div) _ FVeol® miw mp (w? — 1)*203 (1 +7p)? G(w)?,

dw 4873
dT'(B — D*lp GZ|Va|? niw m3
( dw ! - 2 igggw > (w2 - 1)1/2 (w+ 1)2 7"%*(1 - TD*)Q

dw 1—2wrp« + TQD*
w+1 (1—rp)?

x [1+ F(w)?,

» new: electroweak corrections (known and very small)
» w: “recoil parameter” w = vg - V. ; (€quivalent to g?)
> Ipe = Mpx/Mp

» G, F: combinations of form factors
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Expressions for the Decay Rates

AT(B — D) Go|Va|2 iy my

dw - 4873 (w? =127 (L +7p)* G(w)?,
dI'(B — D*lp GZ|V|? n? 5
( (;?U ) _ 7l 1187:7?1::\;\/ mp (wQ . 1)1/2 (w + 1)2 r%*(l - TD*)Q

dw 11— 2wrp- + 13,

1
% +erl (1 —rp«)?

» new: electroweak corrections (known and very small)
» w: “recoil parameter” w = vg - V. ; (€quivalent to g?)
> Ipe = Mpx/Mp

» G, F: combinations of form factors

if G, F are known, can use experimental data on the decay rates
to determine the CKM element V,
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Parameterization of the Form Factors

Boyd, Grinstein, Lebed hep-ph/9412324; Caprini, Lellouch, Neubert hep-ph/9712417; ...
... Flynn, Juttner, Tsang 2303.11285; Gubernari, Reboud, van Dyk, Virto 2305.06301

o One would like to work with a robust parameterization of the g2
dependence of the form factors

o Use a conformal mapping to the variable z, and use analytic
properties of the form factors to express them in a power series in z
with coefficients bounded by unitarity

VTTo-vE :
= eve O P T el
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Parameterization of the Form Factors

Boyd, Grinstein, Lebed hep-ph/9412324; Caprini, Lellouch, Neubert hep-ph/9712417; ...
... Flynn, Juttner, Tsang 2303.11285; Gubernari, Reboud, van Dyk, Virto 2305.06301

o One would like to work with a robust parameterization of the g2
dependence of the form factors

o Use a conformal mapping to the variable z, and use analytic
properties of the form factors to express them in a power series in z
with coefficients bounded by unitarity

_VItw-v2 _ 1 , .
ez O R & Ll

o For B — D the physical region corresponds to 0 < z < 0.064.
o P(z) = Blaschke factor that takes into account poles.
@ ¢(z) = outer function ensures unitarity bounds take a simple form.

(can also use HQET to constrain the form factor shapes)
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Lattice Determination of the Form Factors

FCAG2021
13 HARLULL .
C fo average ]
12 In ﬁﬁégaﬁ - L
F fi ENAL/MILC 15C +—o— E ]
[ fo HPQCD 15 85— .
11 [ FNAL/MILC 15C |6 E ) 3
Lo b s ]
3 r E ]
{09 | % o]
- r % o 1
08 [ ‘ :
07 s 3
0.6 E P T S T S T RS S R T S S H S AT S S ]
0 2 4 6 8 10 12

7 [GeV?)

percent level uncertainty from lattice form factors translates into
percent level uncertainty on Vg,

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 49/101



Lepton Flavor Universality Ratios

Take ratios of branching ratios with different leptons in the final state

BR(B — D™)7v)
Rpe =
BR(B — D) ¢v)
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Lepton Flavor Universality Ratios

Take ratios of branching ratios with different leptons in the final state

BR(B — D))
Rpey =
BR(B = Dir)

» LFU ratios do not depend on the CKM matrix elements
» Have reduced dependence on form factors
» can be predicted in the SM with high precision

RSV =0.298 +0.004 , RM =0.254 +0.005

[values adopted by HFLAV, based on many theory papers ... ]
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The Rp. Anomalies

world average from the heavy flavor averaging group

£ v T GG B oo ]
rd [t 24 Bellé BaBar o
035~ . LHCb® - R BR(B — D(*)T]/)
[ Bl ] _
s ] b = )
sk NP\ E BR(B — DX)tv)
0BE ¢{=p,e (BaBar/Belle)
C {=p LHCb
/
0.2~  4HFLAV SM Prediction R(D) =0.342_+0.026,,, —
- R(D) =0.298 +0.004 R(D* ) 0237 0015, 1
r L R(I?*) =I0.254It iol.oosl L I g( ;( 2) 35% L ]
0.2 0.3 0.4 05

R(D)

Ry® =0.3424+0.026 , R,P =0.287+0.012

combined discrepancy with the SM of 3.3¢
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The Rp. Anomalies

world average from the heavy flavor averaging group

£ ~ i T L Earows ™
rd [t 24 Bellé BaBar o
0351 » LHCb® ] R BR(B — D(*)TU)
[ Bale ] —
- ] P~ BR(B
g ] — D&y
03 Beld ‘ 3 ( ¢ )
0BE ¢=p,e (BaBar/Belle)
F l=np (LHCb)
0.2~  4HFLAV SM Prediction R(D) =0.342 +0.026,,, —
r R(D) =0.298 +0.004 R(_D )= 0287 + 0015, 1
: L R(I?*) =I0.254It iol.oosl L I g( X’) 35% L :
0.2 0.3 04 0.5

R(D)

Ry® =0.3424+0.026 , R,P =0.287+0.012

combined discrepancy with the SM of 3.3¢

Hint for new physics? Belle Il will clear this up soon.
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The Bs — putu~ Decay

/" . muon
B meson \/ . anti-muon
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SM Contribution

» Flavor changing neutral current process

» induced by Boxes and Z penguins

Bs v Bs
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SM Contribution

» Flavor changing neutral current process

» induced by Boxes and Z penguins

s w "o s I
BSD\T’:/\/NE BSW
b w " b "
» helicity suppressed decay (similar to pion decay):

B meson is spin 0, muons spin 1/2
— one muon has to be left-handed, other one right-handed

electroweak interactions only give muons of the same handedness
— branching ratio is helicity suppressed by m? /m3
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Penguin Diagrams .

https://www.symmetrymagazine.org/article/june-2013/the-march-of-the-penguin-diagrams
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Effective Hamiltonian for Bs — u . in the SM

» [ntegrate out the top, W, Z, ... to arrive at an effective Hamiltonian
that describes the Bs — u™u~ decay

4G &
Heft = \/— thVtS16 2 C"O(S’}/Dchb)(:U/V '75/1')
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Effective Hamiltonian for Bs — u . in the SM

» [ntegrate out the top, W, Z, ... to arrive at an effective Hamiltonian
that describes the Bs — u™u~ decay

4G &
Hett = \/—thbvts-16 2 C10(S’7aPLb)(:u’V ’75/1')

» In the SM there is a single Wilson coefficient that is relevant

Cio = - Y(x) = 317 (Yo(x,)+ %\q(x,)+...)

2
Sy W 47
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Effective Hamiltonian for Bs — u . in the SM

» [ntegrate out the top, W, Z, ... to arrive at an effective Hamiltonian
that describes the Bs — u™u~ decay

4G €2
Hett = \/—F thVts16 5 C10(87a PLb) (v y510)

» In the SM there is a single Wilson coefficient that is relevant

Cio = - Y(x) = 317 (Yo(xf)+ %n(x,)+...)

2
Sy W 47

» Sy is the sine of the weak mixing angle
» Yo and Y; are loop functions that depend on x; = m2/m?,

» known at NNLO in QCD and NLO in the electroweak interactions
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The Hadronic Matrix Element

4Gr

(1" 1~ [ Heti| Bs) = — N Vrersm 5 Cro(u* u™| (v y51)[0) (0|(87a PLb)| Bs)
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The Hadronic Matrix Element

4Gr

(1" 1~ [ Heti| Bs) = — Vib Vis 2= Cro(u* 1™ (v y51)[0) (0(870 PLb)| Bs)
N3 16

» Hadronic matrix element is given by the B meson decay constant
(0[(3v*b)|Bs) =0

(0[(87"5b)|Bs) = ifp. P,
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The Hadronic Matrix Element

4Gr

(1" 1~ [ Heti| Bs) = — N Vrers16 5 Cro(u* u™| (v y51)[0) (0|(87a PLb)| Bs)

» Hadronic matrix element is given by the B meson decay constant
(0[(3v*b)|Bs) =0

(0[(87"5b)|Bs) = ifp. P,

» decay constants can be determined on the lattice
fs, = (230.3+1.3)MeV , fg, =(190.0 £ 1.3)MeV (FLAG)

sub-percent precision!
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Branching Ratio Prediction

Effect of lifetime difference
of Bs and Bs-bar

Nt

2 Y(x) 1
BR(Bs — p*p )SM—TBS mBszs "16 2|Vrs Vip|? i4t Ty
S

— /)

helicity loop CKM suppression
suppression suppression

decay constant
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Branching Ratio Prediction

Effect of lifetime difference
of Bs and Bs-bar

Nt

G2 Y(x)? 1
2 t
BR(Bs — p" pi” )sm = 78,— mBszs "16 2|Vrs Vio| TS, 1oy

— /)

helicity loop CKM suppression
suppression suppression

decay constant

BR(BS — ;ﬁ;f)SM = (3.46 + 0.24) X 1079 (using my preferred CKM input)

a truly rare decay!
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Experimental status of Bs — u

CMS 140 o' (13 TeV)
R s e I REEESREEES S NS R S R
140~ Data —— Full PDF
oy B pp” s B N i
[ eemmen Combinatorial bkg ~ -----+ Semileptonic bkg
120? — Peaking bkg ]
% L ]
¢ 100 -
g ]
S 80 -
Z L ]
7] B ]
2 60p- -
= L ]
c L ]
L L |

i B

955 515253545556057058059
m,.- [GeV]

BR(Bs — p 117 )exp = (3.34 £0.27) x 107 (PDG average of ATLAS, CMS, LHCb)

In good agreement with SM prediction.
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b— svv
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The b — sviv Decays

o There are various hadronic versions of the decay

B—Kvi, B—K'vi, Bs— o¢vi, Np— Avp

o Similar story as we have seen before: integrate out W,Z,t and match
onto an effective Hamiltonian. One finds a single operator in the
Standard Model

_4Gr o
V2 4r

o Wilson coefficient is known at NNLO in QCD and NLO electro-weak
(Brod, Gorbahn, Stamou, 1009.0947, 2105.02868)

Vi Vip CL(8v" PLb) (77, (1 — 7s)v)

CPM = —6.322 4 0.031

+ o.o74‘ +0.009
t QCD EW

m,
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B — K Form Factors

Form factors are parameterized similarly to B — D:
polynomials in z with coefficients bounded by unitarity

fon () ()
kmrh
resonome’ cw
NG v o
(mg-mg)* (m&mh
N\1\\N\ o{ '\n‘keltd (m5+m“)l

1
F(P) = mzk:afpkf(z) ) ; o [2 <1
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B — K Form Factors from the Lattice

o Astonishing precision is achieved on the lattice
o Plots show 20 error bands!

10 15 20 "0
¢ [GeV?] ¢ [GeV?]

S
o
=)
-
5

20

[plots based on HPQCD 2207.12468, Fermilab/MILC 1509.06235,
Gubernari, Reboud, van Dyk, Virto 2305.06301]
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Standard Model Prediction for B — Kvi

. . o
o SM t?ranchlpg ratio > 03 B o Ky
predicted with ~ 8% R
precision o
— 0.25F
BR(B" — KTvi) = §‘ P
>
-~
= (4.464+0.36) x 107° L o1
+T 0.10F B* > 1ty - K*'vy
Q
o For the charged B g 0.05F
decays need also to take R . X : .
into account a 0 5 10 15 20
“long-distance” q [GeV’]
contribution from
Bt —» 1ty — Ktup [work in progress with Gadam and Toner]
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Error Budget

higher order QCD

BR(B" — Ktvir) =

form factors

—(4.46+0.36) x 10°°

. . Vil
o Uncertainty is
dominated by CKM input

@ Uncertainties for
B — K*vv and
Bs — ¢v somewhat
higher because of less
precise form factors [work in progress with Gadam and Toner]
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Evidence for B — Kvi

Belle 11 2311.14647

SM Average
)05 3204

.49

i
4

H T
| Belle Igmg?ﬁagfil‘::ﬁlbmed} < 200 + l}ﬂ“eﬂprelim:nm- B =K v
H I ) ) Ldt =362 b = BB
i Belle II (362 fbl, hadronic) S
_O'[_ Y mg.n.h.u:m S S ok + == BB
: 1 Belle IT (362 fb7, mdnsne) 3 = Continum
i i 27407 T syt © b Dua
I Belle 1 (63 fb'! inclusive) =100
H 1 10415 PRLI27, 181802 k5]
: g
: i Belle (711 fb!, semileptonic <
e Tioe ey~ leptonic) g %
i L e Belle (71l b1, hadronic) g
H ! 29416 PRDSY, 111103 (‘g

_,.__ ! BaBar (418 fb !, semileptonic) 0
: ! 02408 PRDS2,1 5
P e— BaBar (429 ﬂJ ‘, hadronic) =
; 1 1518 PROSY, 11205 Z 0
i 1 I I =9

5t . . .
0 2 4 6 8 10 0 5 10 15 20
10°x Br(B*"—=K " vp) @, [GeV?/c]

» Evidence for B — Kvr at 3.50 above background and 2.70 above
the SM prediction.

» Excess of events is particularly pronounced around g° ~ 4 GeV?.
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A Hint for Light New Physics?

» Instead of fitting the excess with a continuous 3-body spectrum from
B — Kvi one gets a better fit with a new resonance B — KX

WA, Crivellin, Haigh, Inguglia, Martin Camalich 2311.14629
1.0

—— Best fit
*20
*lo

4
@

10° x Br[B - KX]

0.0 0.5 1.0 2.0 2.5 3.0

15
my [GeV]
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A Hint for Light New Physics?

» Instead of fitting the excess with a continuous 3-body spectrum from
B — Kvi one gets a better fit with a new resonance B — KX

WA, Crivellin, Haigh, Inguglia, Martin Camalich 2311.14629

1.0
—— Best fit . . B
+20 B—KZ
08 +1o y 1 9 B-K'Z P /
combination > /
g E
< . <!
10 N /
o <
o :EN 0|
x B
Xoa <
S o
— =5
0.2 /
S/
{
0.0 - -3 P P
0.0 0.5 1.0 15 2.0 2.5 3.0 -3 -2 -1 0 1 2 3
my [GeV] (852 + g¥m, /A% x 108

» Could be for example a Z’ or ALP with mass around 2 GeV
» Constraints from B — K*v© narrow down couplings
see also Bause et al. 2309.00075; Allwicher et al. 2309.02246; Felkl et al. 2309.02940;
McKeen et al. 2312.00982; Fridell et al. 2312.12507; Ho et al. 2401.10112; Gabrielli et al. 2402.05901;
Hou et al 2402.19208; Bolton et al. 2403.13887; He et al 2403.12485; Marzocca et al 2404.06533;
Eguren et al 2405.00108; Buras et al. 2405.06742; ...
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SM Prediction for Ap — Avi

@ SM branching ratio
predicted with ~ 15%
precision

BR(Ap — Avp) =

= (7.714+1.06) x 10~°

o Need FCC-ee/CEPC in
Z-factory mode to
access this decay
experimentally
Amhis et al. 2309.11353

dBR(A, — Avi)/dg? [107° GeV~?]

() 5 10 15 20
2 2
q~ [GeV~]

[work in progress with Gadam and Toner]
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Error Budget

higher order EW
BR(/\b — /\1/17) = higher order QCD

=(7.71+£1.06) x 107

form factors

o Lattice calculations of
Ap — N form factors are
less established and
currently have larger
uncertainties

Detmold, Meinel 1602.01399; [work in progress with Gadam and Toner]
Blake et al. 2205.06041
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B — K**¢~ and RK(*)
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The B - K*(— Km)u"n~ Decay

excited

pion

(O

B meson
muon

-
e

. anti-muon
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The B - K*(— Km)u"n~ Decay

» kinematics described by 4 variables

invariant mass squared of the two muons: g2
threeangles: 0 < Oy~ <m, 0<bp<m, —T<dp<T

— many observables accessible from the angular distribution
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The B - K*(— Km)u"n~ Decay

Ck

2
g)

» self tagging:

K*x~ final state for B°
K~ =t final state for B°

— in principle easy access to CP asymmetries
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The B — K*ut i~ Angular Decay Distribution

v d'F -
(6x/ QP d cos 6, d cos O dop

_ 9 2
- 32_7_(_I(q aefaeK*qu)
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The B — K*ut i~ Angular Decay Distribution

v d'F -
(6x/ QP d cos 6, d cos O dop

_ 9 2
- 32_7_(_I(q aeﬁaeK*qu)

(G, 00, 0K+, b) =
= [{sin? Ok« + I cos® Ok + (IS sin® Ok + I cos® O+ ) cos 26,
+ I sin? Ok sin® 0, cos 2¢ + 14 sin 20+ sin 20, cos ¢
— I sin 20k~ sin B cos ¢
— (7§ sin? O+ + IS cos? Ok~)cos b, + 1, sin 20k~ sin O, sin o}

— s sin 20k sin 20, sin  — I sin® Ok« sin® O, sin 26

The I's are moments of the angular distribution.
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Effective Hamiltonian for B — K*¢* ¢~ in the SM

4G
\/é th ts16 > Z C/(9I

i=7,9,10

Heft =
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Effective Hamiltonian for B — K*¢* ¢~ in the SM

4Ge

Hett = Vio Vi ts1a_2 Z CiOi +
\/é 16 i=7,9,10
magnetic dipole operators semileptonic operators

br

N NS
ya aN

C7(30,, Prb)F* Co(57, PLb)(4"0)

Cio(37,, PLb) (4" ~5L)

SL
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B — K* Form Factors

Hadronic matrix elements are parameterized in terms of form factors

o _ . . . * Az(q2)
(K (k)|57,(1 = )b B(p)) = _“u(mB + 7nK*)A1(q2) +i(2p — @)l q) m
. « 2m g« 2 2 w oo 2V(G)
(e ) T [A0) — Ao?)] + e R

(K*(K)|30,,q" (1 +75)b| B(p)) = i€uwpoe™ p’k? 2T1(q?)
2

* * * q
+To(¢%) [e,(mB —mic.) = (€ ) (2 = @),] + Ta(@*)(€" - @) | g — ——— (20— D)
TTLB mK*

Predictions exist from lattice QCD and
other non-perturbative methods (light cone sum rules)
most recent fit to a z-parameterization by Gubernari, Reboud, van Dyk, Virto 2305.06301
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Non-Local Effects

So far we discussed the local contributions

B L% ""’ia( ),J:‘ M
(illustrations by Danny van Dyk)
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Non-Local Effects

So far we discussed the local contributions

there are also non-local effects coming from 4-quark operators; often
referred to a “charm loop” effects.

B)" {& Of@
(illustrations by Danny van Dyk)
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The g? Spectrum

— 5
f\ll - E
= r ]
[}
3 i ]
8 3L B
o - ]
(]
= C ]
X N ]
o . . ) b
= low g region high g° region]
2 || -=—— -
*1 B
X ]
T A
e 4
> ]
o8] ]
I

0 20
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b — st¢ Amplitudes

2mpM M
ASF = N { (G F Co)Fa(?) + =5 |G FX(@) — 167 —=Ha (@) | ¢ + O(a?)
q* Mo

» Local (Form Factors):  F(g%) = (MA(R)|3T’ b|B(k + q))
» Non-Local : Hi(q”) = ipj/d“x T (M (R)|T{jtn (), C; ©:(0) }|B(q + R))

(talk by Javier Virto at Flavour@TH workshop, CERN May 11, 2023)
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Parameterization of the Charm Loop

() L5
0
3[1'\ H2s) D[ Er\:kh
oo o & KXo > N &w;) = 1 \ Kdi)
fheory coleulaions N
ot Lo vegbegt [ 9
(Mg-my)” (mgrme)”

» Proposed parameterization analogous to the local form factors.
» Works for g below the DD branch cut.

Bobeth, Chrzaszcz, van Dyk, Virto 1707.07305; Gubernari, van Dyk, Virto 2011.09813;
Gubernari, Reboud, van Dyk, Virto 2206.03797

2\ _ 1 H M H2
H(q )_—BH(Z)(bH(Z);/Bk pi(2) %WH <1
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Additional Charm Loop Effects?

» The charm loop also gives “triangle diagrams” involving e.g.
intermediate DsD states
Ciuchini, Fedele, Franco, Paul, Silvestrini, Valli 2212.10516

B Ktﬂ

» E.g. decay B — DsD* followed by rescattering DsD* — K(*)*

» This gives anomalous thresholds that distort the analytic structure
(Mutke, Hoferichter, Kubis 2406.14608)

» How disruptive is this to the proposed parameterization?
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Lepton Flavor Universality Ratios

» Hadronic uncertainties drop out almost entirely in lepton flavor
universality ratios

BR(B — K*pu* i)

Ry- =
X~ BR(B— K ete)
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Lepton Flavor Universality Ratios

» Hadronic uncertainties drop out almost entirely in lepton flavor
universality ratios

 BR(B— K*yut ™)

Ry =
X~ BR(B— K ete)

» Analogously for the B — K¢ ¢~ decays

BR(B — Ku*tu™)

Ry, =
X~ BR(B— Kete")
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Lepton Flavor Universality Ratios

» Hadronic uncertainties drop out almost entirely in lepton flavor
universality ratios

BR(B — K*pu* i)

F]’ x —
K~ BR(B— K-ete")

» Analogously for the B — K¢ ¢~ decays

BR(B — Ku*tu™)

Ak = BR(B — Kete™)

» Standard Model Predictions Bordone, Isidori, Pattori 1605.07633
R = 1.0040.01 , RN =1.00+0.01, RE"T—091+0.03

(The numbers in square brackets indicate the g? region)
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Lepton Flavor Universality Tests in b — sé¢

LHCb 2212.09152, 2212.09153

14 LHCb Ry low-g* = 0.99475%7
9 fb_l Ry central-g” = 0.949109%8
Ry low-¢* = 0.92710:9%

Ry central-g° = 1.027+0:97

1.2

& I
5ol —P
= ] t
0.8_—
[ i SDf/[ta Y2=1.6,p=0812 0 =02
0.6_‘

Ry low-¢> Ry central-¢> Rp- low-¢°> Ry central-¢°

Rk and Rk~ are consistent with SM expectations at the ~ 5% level
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Kaon and Pion Decays

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 84/101



Probing New Physics with Rare Kaon Decays

Standard Model

1 Gr 1 i
s ~er vz Ve @saTev e
1 Gy Al
b=d ~ T6r2 3 0V BoTevy e
1 1 1
s 162f‘4bvfs—m ~ Mg
t d

“the rarer the better”

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory
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o The K — nvi decays are among the theoretically cleanest flavor
changing neutral current processes.
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o The K — nvi decays are among the theoretically cleanest flavor
changing neutral current processes.

o Relevant hadronic matrix element can be extracted from data.

BRu<—+ﬁma_.:RU(_*”””

R(K — wtv)
/

Want to predict this

x BR(K — 7fv)

Can be calculated
with high precisions ~ ¢an be measured
with high precisions

o Hadronic matrix element drops out in the ratio, up to iso-spin and
QED corrections which are under good control. (Mescia, Smith 0705.2025)
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K™ — 7Tvi in the SM

Brod, Gorbahn, Stamou 2105.02868

2 2
ImA ReAd Red
(fol) +( A‘”(PL.+§PL.#)+ /IS‘X,) .

Br (K™ — n'vi(y)) = k(1 + Apm)

o k4: prefactor that includes the hadronic matrix element extracted
from K — /v decays.
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K™ — 7Tvi in the SM

Brod, Gorbahn, Stamou 2105.02868

2 2
ImA Red Red
(_fxl) +( ZC(P6+§PC‘H)+ ¢ ”X,) .

Br(K* — x*vi(y)) = k(1 + Apm) E -

o k4: prefactor that includes the hadronic matrix element extracted
from K — /v decays.

@ X;: dominant top loop contribution, known at NLO in QCD and EW.
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K™ — 7Tvi in the SM

Brod, Gorbahn, Stamou 2105.02868

2 2
ImA Red, Red
(_fxl) +( ‘; (Pe+6Pey) + — ”X,) .

Br (K™ — v (y)) = ke (1 + Apn) E =

o k4: prefactor that includes the hadronic matrix element extracted
from K — /v decays.

@ X;: dominant top loop contribution, known at NLO in QCD and EW.

o Pg: short distance charm loop contribution, known at NNLO in QCD
and NLO EW.
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K™ — 7Tvi in the SM

Brod, Gorbahn, Stamou 2105.02868

2 2
ImA Red, Red
(_fxl) +( ‘; (Pe+6Pey) + — IX,) .

Br (K™ — v (y)) = ke (1 + Apn) B =

o k4: prefactor that includes the hadronic matrix element extracted
from K — /v decays.

@ X;: dominant top loop contribution, known at NLO in QCD and EW.

o Pg: short distance charm loop contribution, known at NNLO in QCD
and NLO EW.

o §P.,: long distance light quark contributions; estimated using chiPT,
and target for lattice calculations.
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K™ — 7Tvi in the SM

Brod, Gorbahn, Stamou 2105.02868

2 2
ImA Red, Red
(_fxl) +( ‘; (Pe+6Pey) + — IX,) .

Br (K™ — v (y)) = ke (1 + Apn) B =

o k4: prefactor that includes the hadronic matrix element extracted
from K — /v decays.

@ X;: dominant top loop contribution, known at NLO in QCD and EW.

o Pg: short distance charm loop contribution, known at NNLO in QCD
and NLO EW.

o §P.,: long distance light quark contributions; estimated using chiPT,
and target for lattice calculations.

o Agpy: known NLO QED corrections
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Prediction and Error Budget

Brod, Gorbahn, Stamou 2105.02868
BR(K' — ntv¥) = 7.73(16)(25)(54) x 107"

o first uncertainty from perturbative physics, second from
non-perturbative physics, third from input parameters.
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Prediction and Error Budget

Brod, Gorbahn, Stamou 2105.02868
BR(K' — ntv¥) = 7.73(16)(25)(54) x 107"

o first uncertainty from perturbative physics, second from
non-perturbative physics, third from input parameters.

+0.04,,

cu

10" x BR(K* — 7*v9) = 7.73 £ 0.12 00 = 0.01yew +0.11p, +0.245p
+0.13, £0.46,4 +0.185 + 0.03;  0.05,,, + 0.15,,_ + 0.05,, .

o uncertainty is dominated by CKM; “intrinsic” theory uncertainty is
only a few percent.
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Experimental Situation

JHEP 06 (2021) 093
NA62 experiment has g
evidence for the decay T o6
0.04 -
0.02 i
o
BF?(K+ — 7T+I/l_/) = 002
004 ) R . o
= (1 Oﬁtgg Zt 09) X 10_11 15 20 = * Sfr* mome:‘t)um [Ge{"lsc]
=107 ¢
Expect 15% uncertainty with - KOTO Exclusion o0 L
the full data set. T, [
% 10-9 = Grossman-Nir Exclusion
A E
(Unfortunately no prospects ;
for further improvement v B R
because of cancellation of 7
the HIKE proposal)
0! o]

5 10 15 20 25 30 35
Br(K*—n*vv) x 10"
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K, — 7% in the SM

Brod, Gorbahn, Stamou 2105.02868

Ima, \*
Br (KL — 7!'01”7) = KLV ey (/l_stXf)

o Decay is CP violating and depends to an excellent approximation
only on the top contribution
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K, — 7% in the SM

Brod, Gorbahn, Stamou 2105.02868

Ima, _ \°
Br (KL — J‘TOV17) =KLV e (ll_stXt)

o Decay is CP violating and depends to an excellent approximation
only on the top contribution

o As in the case of the charged kaon decay, hadronic matrix elements
can be obtained from data (with small isospin and QED corrections)

BR(K, — n'v¥) = 2.59(6)(2)(28) x 107"

10" x BR(K; — 7°v¥) = 2.59 + 0.06, ocp + 0.01yew +0.02,,
+0.16; +0.224 + 0.04; + 0.02,,, .

o Intrinsic theory uncertainty only few percent;
uncertainty from CKM input ~ 10%
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Experimental Situation
. |
:_%l
o The KOTO experiment at Unagecd k) I 70

J-PARC is searching for the I [ | l
K. — 7% decay

o Very challenging experiment! Csl: w
Veto: R

Undetectable
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Experimental Situation

[
o The KOTO experiment at vnageed k) I 49
J-PARC is searching for the 1
K. — 7% decay [ |
o Very challenging experiment! Csl:
Veto: R

o Current best limit

Analysis of 2021 Data

Y

Undetectable

BR(K, — 7°vi) <2.0x 107° < 500 :
s 450 i e 4.5
é’ 4‘,}‘,}§ Observed, Expected [Data] 4
3505 |0 0.9 s
= 309;28 1:23 00220006 | Lo

; 250y 44704900103 9 5

31 E_€Rat

é 2007E ignal region 0 U 2
1505 - 0.255+0.058 15
10055 1
=0E 0 0
7E 0.195+0,083 g's
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Experimental Situation
o The KOTO experiment at Untagged K7 I A ..

J-PARC is searching for the I [ | l
K. — 7% decay -
o Very challenging experiment! cst mm|
Veto: I Undetectable

o Current best limit

Analysis of 2021 Data

BR(K, — 7°vp) <2.0x107° 5 500 5

= 4505 i ol E 4
E 4‘,}‘,}§ Observed, Expected @ 45
s & 35025 o 0.9\ 135

o KOTO can still improve by < 30020273 2922099° ] biind region3
1 order of magnitude g 2505 A0490:0. 2225

é 200:5' _‘ﬁ- \gn_\reglon 0 O 2
o KOTO Il proposal to observe the 50¢ ﬁ s 15

decay at the SM rate Ls L
50F o g 0.5

F 0.195+0.083 o

772000 3000 4000 5000 6000
Zyx (mm)
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Charged pions don’t have much to decay into.

Only a handful important decays modes in the SM:
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Charged pions don’t have much to decay into.

Only a handful important decays modes in the SM:

o 7t — ptv  (branching ratio ~ 99.9...%)
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Only a handful important decays modes in the SM:

o 7t — ptv  (branching ratio ~ 99.9...%)

o © e (branching ratio ~ 107%)
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Charged pions don’t have much to decay into.

Only a handful important decays modes in the SM:

o 7t — ptv  (branching ratio ~ 99.9...%)
o © e (branching ratio ~ 107%)

o = — 7’e"» (branching ratio ~ 10~8)
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Charged pions don’t have much to decay into.

Only a handful important decays modes in the SM:

o 7t — ptv  (branching ratio ~ 99.9...%)
o © e (branching ratio ~ 107%)

° (branching ratio ~ 10~8)

(+ additional photons or e* e~ pairs)
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Lepton Universality in Pion Decays

o 7t — (*v is the textbook example of a helicity suppressed decay

2

2
Mrt — ty) ~ %|Vud|2ffmﬂm§ (1 - %)

™
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Lepton Universality in Pion Decays

o 7t — (*v is the textbook example of a helicity suppressed decay

G2 m2\?
P = £0) = OF [VigPRome? (1 - m_g>
o Take electron to muon ratio to get rid of CKM factors and the pion
decay constant

BR(rt — etv)  m2 (m2 — m3)?

An = BR(r — ptv)  m2 (m2 —m2)?

(1 + Arad)
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Lepton Universality in Pion Decays

o 7t — (*v is the textbook example of a helicity suppressed decay

G2 m2\?
P = £0) = OF [VigPRome? (1 - m_g)
o Take electron to muon ratio to get rid of CKM factors and the pion
decay constant

BR(rt — etv)  m2 (m2 — m3)?

An = BR(r — ptv)  m2 (m2 —m2)?

(1 + Arad)

o The by far largest uncertainty comes from higher order QED

2
o Leading effect for point like pions: Arpg = —’;‘—j log (%}) ~-3.7%
(Kinoshita '59)
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SM Prediction of R,

Resum the logs, and include structure dependent QED corrections
using chiral perturbation theory at 2-loops

Marciano, Sirlin '93; Cirigliano, Rosell '07

RM = 1.23524(15) x 10~* % IN% ;2
Probably the most precisely known % """ % """ ‘ﬁ%

hadronic observable!
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Existing Measurement from PIENU

o look for mono-energetic
positrons from the decay
of stopped charged
pions

o Compatible with the SM
prediction, but 1 order of
magnitude larger
uncertainty

-
o
)

y
- ?,
T 1 T

Counts/(0.25 MeV)

10

PIENU 1506.05845

R. = (1.2344 + 0.0023 + 0.0019) x 10~*

Wolfgang Altmannshofer (UCSC)
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Existing Measurement from PIENU

10°

o look for mono-energetic S10°L m iy e

positrons from the decay % 3%

of stopped charged S0

pions ngW

o

o Compatible with the SM~~ © 10

prediction, but 1 order of 1

magnitude larger 0 10 20 30 40 50 60 70 80 90 100

uncertainty

Energy in Nal + Csl (MeV)

PIENU 1506.05845

R. = (1.2344 + 0.0023 + 0.0019) x 10~*

PIENU result corresponds to a test of

1 — e universality of the weak interactions at the 102 level

Wolfgang Altmannshofer (UCSC)

Precision Flavor Theory
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The PIONEER Experiment

Goal is to match the theory uncertainty and thus test lepton universality of
the weak interactions with an order of magnitude better precision

2203.01981

PSI Ring Cyclotron Proposal R-22-01.1
PIONEER: Studies of Rare Pion Decays

W. Altmannshofer," H. Binney,® E. Blucher,® D. Bryman,*® L. Caminada,®
S. Chen,” V. Cirigliano,® S. Corrodi,® A. Crivellin,® 1011 S. Cuen-Rochin,'?

A. DiCanto,' L. Doria,'* A. Gaponenko," A. Garcia,? L. Gibbons,'¢ C. Glaser,'
M. Escobar Godoy,! D. Géldi,** S. Gori,! T. Gorringe,' D. Hertzog,? Z. Hodge,?
M. Hoferichter,® S. Ito,?' T. Iwamoto,?? P. Kammel,? B. Kiburg," K. Labe,'0
J. LaBounty,> U. Langenegger,® C. Malbrunot,” S.M. Mazza,' S. Mihara,>' R. Mischke,’
T. Mori,? J. Mott,'* T. Numao,” W. Ootani,?* J. Ott,! K. Pachal,” C. Polly,*®
D. Pocani¢,'” X. Qian,'® D. Ries,?® R. Rochnelt,> B. Schumm,' P. Schwendimann,?
A. Seiden,' A. Sher,” R. Shrock,?! A. Soter,'® T. Sullivan,® M. Tarka,' V. Tischenko,'?
A. Tricoli,"® B. Velghe,”> V. Wong,” E. Worcester,'* M. Worcester,?® and C. Zhang'?
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The PIONEER Experiment

CALORIMETER

at = p—et
~0-52 MeV in CALO
) 2cm
at—ety
70c ~70 MeV in CALO
2cm 48120 pum thick
silicon layers
NOT TO SCALE ATAR capability to suppress
“__decays in flights and pileup
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Precision Test of First Row CKM Unitarity

|Vud|2 + |Vus|2 + |Vub|2 =1 0228

0.226
0 |Vyp|? ~107° and can be

neglected

o current best determination of
V¢ from nuclear beta decays
and neutron decay 0.222

o V,s/ Vg from leptonic
kaon and pion decays 0.229
K — v vs. m — v 960  0.965 V0.97o 0.975

ud

Cirigliano, Crivellin, MH, Moulson 2022

§ 0.224

o Vs from K — /v decays

o combination gives a2 — 3
sigma deficit from unitarity
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Pion Beta Decay

Pion beta decay could give the theoretically cleanest determination of V4

@ Master formula cirigliano, Knecht, Neufeld, Pichl 2003, Czarnecki, Marciano, Sirlin 2020, Feng et al. 2020

G| Vua P M2 |17 (0)/?

e (1 + AR e

Mrt = et re(y)) =

— need branching fraction and pion life time from experiment

o (Theory) inputs

Phase space I, = 7.3766(43) x 1078, uncertainty from A = M, — Mo

Form factor f7(0) =1 —7 x 10~6

—» protected by SU(2) Ademollo—Gatto theorem (Behrends—Sirlin)

Radiative corrections A%; = 0.0334(10) GhPT, Girigliano et al., AT; = 0.0332(3) lattice QCD,

Feng et al.

@ Resulting Vs extracted from piBeTA 2004

Vig " = 0.97376(281)er (9)-, (47) oz (28)1,., [287ora

Vi = 0.97386(281)g(9)r, (1 4)az¢(28)1,,1283t0ral

Martin Hoferichter, seminar at UC Santa Cruz 8/9/24

Wolfgang Altmannshofer (UCSC) Precision Flavor Theory SSI 2024 99/101



PIONEER Phase Il and Phase Il

: . :Eeooo nt—> e’y
Experimental signature of beta G LWW{HI IL
. o
decay of a stopped pion: ‘9% - GEANTMC |
€ 2000
two (almost) back to back photons %o ""ies 10 175 180
0(r1y2) (deg)

from the 7 plus a very soft positron
PiBeta hep-ex/0312030
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PIONEER Phase Il and Phase Il
““Ey”wsz H

[}
o
[s]
o

Experimental signature of beta

Number of Events

H . — GEANT MC
decay of a stopped pion: e DA -
two (almost) back to back photons 960 165 170 175 180
0(y172) (deg)

from the 7 plus a very soft positron
PiBeta hep-ex/0312030

o PiBeta experiment made a measurement with 102 precision
BR(rt — 7%e*r) = 1.036(4)(5) x 1078

o In phase Il and lll, PIONEER aims at measuring 7+ — 7%etv
1 order of magnitude more precisely than PiBeta and thus get a V4
that rivals the determination from nuclear decays.
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Tight Lines!
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