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4 Lectures

1) 29/09/20 10:00-11:00
EFT of weak interactions in the SM

2) 29/09/20 14:00-15:00

Exclusive leptonic and semileptonic charged-current decays

3) 01/10/20 10:00-11:00

Inclusive semileptonic decays

4) 01/10/20 11:00-15:00

B-anomalies
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Outline

» Flavor in the SM
» Flavor transitions in SM
» Introduction to EFT (muon decay)

» AB=1 EFT: operators, matching, mixing, ...
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Flavor in the
Standard Model
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Effective theories (EFT) and the Standard Model (SM)

Notions of matter
changed within last
100 years

elements +
molecules

nuclei + e~

pt+n+e”

quarks + leptons

s
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Effective theories (EFT) and the Standard Model (SM)

i ve
Notions of matter —
changed within last e
100 years > B-decay: n—p*+e” + e
» 4-Fermi-theory (1933/34)
elements + — _
molecules ~ GE[W(pH) TW(n)][er ve]

Fermi coupling G ~ 1/M?

» up- and down-Quarks are
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nuclei + e” » Quarks are bound by strong

force (Gluons) to hadrons
pt+n+e”

quarks + leptons

» Quarks have fractional electric charges Q, = +2/3 and Q4 = -1/3

Hi

5/32



Effective theories (EFT) and the Standard Model (SM)

Notions of matter
changed within last

100 years » [-decay: n—pt+e +ie
» 4-Fermi-theory (1933/34)
elements + _ B
molecules ~ GE[W(p*)TW(n)][er ve]

Fermi coupling G ~ 1/M?

atoms
» up- and down-Quarks are
constituents of nand p

nuclei + e” » Quarks are bound by strong

force (Gluons) to hadrons

pt+n+e” i i = =
» Quarks have fractional electric charges Q, = +2/3 and Qg = -1/3

» Conservation of charges in weak and strong interactions
particle zoo — described by symmetries (local gauge invariance)

_ » forces are transmitted by spin-1 gauge bosons
GUERS - [HRES > strong interaction: Gluons

» weak interaction: massive charged W and neutral Z bosons
> Fermi constant G o< g5/m%, is an effective coupling

s
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“General” principles employed in the SM

We try to test known principles and to find new ones at
microscopic length scales and high energy densities J
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“General” principles employed in the SM

We try to test known principles and to find new ones at
microscopic length scales and high energy densities J

relativistic quantum field theory + S-Matrix

» Lorentz symmetry imposes restrictions on interactions of fields

local gauge invariance provides fundamental interactions

» gauge fields + interactions are introduced automatically,
BUT gauge bosons are predicted to be massless

Spontaneous symmetry breaking (SSB)
(Englert/Brout-Higgs-Guralnik/Hagen/Kibble mechanism)
» requires postulation of (at least one) Higgs field (not strongly interacting)
» mass generation of gauge bosons and Quarks/Leptons
» masses of Quarks and Leptons o< to their coupling to Higgs

= Interaction with Higgs gives rise to different flavors
6/32



... the “current” SM

Spin 1/2

Leptons

Quarks

Higgs
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. the “current” SM

Relativistic invariance + renormalizability (< dim 4)

Spin 1/2 » 3 generations of massless Lepton’s and Quark’s
Leptons » Higgs potential:

~ 2 (HTH) - 2
N V(H) ~ i?(HTH) - A(HTH)
--- » Yukawa potential:

- - - LYukawa ~ EL( Yuﬁu,q + YDHdR) + ZL YLHKR

Quarks
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... the “current” SM

Gauge groups Relativistic invariance + renormalizability (< dim 4)

------ » 3 generations of massless Lepton’s and Quark’s
» Higgs potential:

Leptons

V(H) ~ y?(HTH) = A(HTH)?
» Yukawa potential:

EYukawa ~ 51_( YuF/UR + YDHdR) + ZL YLHKR

Local gauge invariance ‘ SU@B), ® SU2), @ U(1)y ‘

» 3gauge couplings:  gs, 9o, g1
» massless gauge fields
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... the “current” SM

Gauge groups Relativistic invariance + renormalizability (< dim 4)

------ » 3 generations of massless Lepton’s and Quark’s
» Higgs potential:

Leptons

V(H) ~ y?(HTH) = A(HTH)?
» Yukawa potential:

EYukawa ~ EL( YuF/UR + YDHdR) + ZL YLHKR

Local gauge invariance ‘ SU@B), ® SU2), @ U(1)y ‘

» 3gauge couplings:  gs, 9o, e
» massless gauge fields

SSB = Mass generation

» residual symmetry with massless photon:
SU2), ® U(1)y — U(1)em
» massive gauge fields: myy, my

» massive Leptons and Quarks: (but m, =0)

Y= Mepr, Ypo—>Masp, Yu—>Myuct

’ The SM has 2 + 3+ 9 + 4 = 18 parameters > Quark—m|xmg_: Vorm =38 x 3 unitary
4 parameters: NA P

omitting massive neutrino’s and 6qcp [Cabibbo/Kobayashi/Maskawa]
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Three generations in the SM

3 copies of matter fields (i = 1,2, 3) postulated as SU(2), doublets (Q, L) and singlets (u, d, £)

ui

Quarks: Q ;=
b (dL,i

L
)7 URis R, Leptons: LL,/‘=(€L ')7 LR
Ri
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Three generations in the SM
3 copies of matter fields (i = 1,2, 3) postulated as SU(2), doublets (Q, L) and singlets (u, d, £)

uL,i VL,
Quarks: QL,,‘ = ,  URi, dR’,' Leptons: LL’,' = , LR
ari O

Local gauge invariance implemented with the help of covariant derivative  (same for all 3 copies)

D,® = (aM + ig1 YeBy + igor? W2 + igsTAGH | @

[ —

e N———
Uy SU@2), SU@3),

» some group-indices have been suppressed here

» hypercharges: Y fixed by requirement to have massless photon after EWSB

1

2 1 1 1
Yo=+—, Yu=+-, Yg=-=, Y =——, Yy =-1, Yy=+=
a=+g u=t+3 d="3 L=-3 o H=*5
Yo =Yg+ Yy = Yu-Yy and Y. = Yo+ Yy
» electric charge: Q=Y+73
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Three generations in the SM

3 copies of matter fields (i = 1,2, 3) postulated as SU(2), doublets (Q, L) and singlets (u, d, £)

Ui

Quarks: Q ;=
b (dL,i

L
), UR,i, dR,i Leptons: LL,/‘=(£L_)7 LR
Ri

Local gauge invariance implemented with the help of covariant derivative  (same for all 3 copies)

Dy ®aa = ([8u+ig1 Yq,B#]aaﬁaab + igebapTE WA + igsaaﬁrjbej)%,b
N
Uty su@), SU@3),

» actingon ¢ = {QLJ, UR,i d/q,,',...}
» &, 5 in fundamental representation: o —SU(2),, a— SU(3),
» gauge fields: B, Wﬁ, Gﬂ (transform as adjoint representation)

» gauge couplings: g1, 0o, 0s

» generators of SU(2),: 72 =09/2 (o2 : 2 x 2 Pauli matrices, a = 1,2, 3)
SU@),: TA=)4/2 (A : 3 x 3 Gellman matrices, A= 1, .. .8)
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Three generations in the SM

3 copies of matter fields (i = 1,2, 3) postulated as SU(2), doublets (Q, L) and singlets (u, d, £)

ui

Quarks: Q ;=
b (dL,i

L
)7 URis R, Leptons: LL,/‘=(£L ')7 LR
Ri

Gauge interactions of matter fields

3

Lgauge = Z (aL,iinL,i + Uﬂ,iiwun,[ + 837//$d97/ + Leptons), mEDH’Y”

i=1

local SU(2), invariance forbids mass terms ~ —mq [®, g + Prd, |
Lgauge is diagonal in generations
can rotate with unitary 3 x 3 matrices vavat=1s, (a=Q,u,d)

Q=vea, up = V8 ug, dh = V8 dg

and Lgauge remains diagonal = Q., ugp and dg are weak eigenstates ‘

huge global flavor symmetry of Lgauge: Ggm =U()y @ U(1)g @ U(1),.

Gravor = SU(3) g, ®SU(3)y, @ SU(3)p, @ SU(B)(, @ SUB)e, ® Ul ® G
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Yukawa couplings — origin of Flavor

Yukawa interactions of Higgs-doublet with quarks & leptons H = io?H*

Lyukawa = — Z (YU// OL/ ]URJ + YDY”[ELJH]CI’R’/ + Leptons)+h.c.
i,j=1

» 3 x 3 complex-valued Yukawa couplings Yy p = not generation-diagonal !!!

P invariant under global Ggy = U(1)y ® U(1)g ® U(1), but not under Gijayor Of Lgauge

= accidental global symmetries of SM (at dim-4 only): B = baryon number, L = lepton number
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Yukawa couplings — origin of Flavor

Yukawa interactions of Higgs-doublet with quarks & leptons H = io?H*

Lyykawa = — Z (YU// OL/ ]URJ + YDY”[ELJH]CI’R’/ + Leptons)+h.c.
i,j=1

» 3 x 3 complex-valued Yukawa couplings Yy p = not generation-diagonal !!!

P invariant under global Ggy = U(1)y ® U(1)g ® U(1), but not under Gijayor Of Lgauge

= accidental global symmetries of SM (at dim-4 only): B = baryon number, L = lepton number

Quark & Lepton masses when breaking the SU(2), x U(1)y - U(1)gnm

Higgs-field acquires vacuum expectation value v (VEv) _ 0 G*
(in Re-gauge) “\o/V2 (h° +iGP) /2

= [Q -(0,2)]=vd, and [Qic?(0,7)] =0T,

3 (UYyy VY —
Lok ~ - ( 1 [UL up,j 1 + o] [dL,' d,q"] P oo ) +h.c.|+ terms(ho, Go’i)
ukawa i,/Z::1 NG iYR,j NG i YR,j

= Quark masses are “generation-non-diagonal”:

Z’Yuy Z’Ybﬁ
Myl = =~ and [Mp];= :
[ [ U]U \/é [ D]I] \/é
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From weak — mass eigenstates

After EWSB mass terms of quarks are “generation-non-diagonal”

[ﬁvukawa = = Z ( Myl uriup; + [MD]/’jaL,idFl,j)"'h-C-] .o
i,j=1

Requires separate rotations for u; and d; to mass eigenstates v’, d’
up = Viug, dj = Ved, up = VB up, dp = V8 dg,
such that mass matrices are diagonal but each generation has different mass = flavor

v
M - VM VR - v vave a-u.D

10/32



From weak — mass eigenstates

After EWSB mass terms of quarks are “generation-non-diagonal”

[ﬁvukawa = = Z ( Myl uriup; + [MD]I'jdL,idH,j)"'h-C-] o
=1

Requires separate rotations for u; and d; to mass eigenstates v’, d’
up = Viug, dj = Ved, up = VB up, dp = V8 dg,
such that mass matrices are diagonal but each generation has different mass = flavor

. 4
Mg - VMV - vevavg! a=U,D

Remember that gauge interactions Lgauge are invariant under Q; = VLO QL
but not under separate trafo of u; and d;

M

=
s (ULi (V¥ [V Uy
in
»

3 _
Lgauge = Z QL,iimQL,i t.o.. dat ,
i=1 i [V (Vi lew al

ij,k

expanding SU(2), indices: = =

= expanding SU(2), [o( o [VE VY] oy~ T Voxu dL]
charged flavor-non-diagonal

gauge interactions Cabibbo-Kobayashi-Maskawa (CKM)
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Flavor changes in SM - CKM matrix

Ui={uct): Vg Vus Vi d U; D;
Qu=+2/8  fows = Z(@eh) |V Ve Veo|rtp|s|wr \(

D; = {d,s, b}: v2 Ve Vis Vi b
Qy=-1/3 w=

~ Cabibbo-Kobayashi-Maskawa (CKM) matrix

» determined by Yukawa-couplings

» CP violation realized via complex phase in Vekm
[Kobayashi/Maskawa Prog.Theor.Phys. 49 (1973) 652]

» unitary matrix: Verm VgKM = 13x3 — in principle 18 — 9 = 9 real parameters

» phase transformations of five quark fields allow to remove unphysical dof’s (degrees of freedom)
= only 4 real parameters

= All information on quark Yukawa couplings € C is given by 6 + 4 = 10 real parameters:
they are the 6 quark masses and 4 CKM parameters

Testing the SM | search for all flavor-changing processes predicted and not predicted by the SM
and to (over-) determine CKM parameters
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The CKM matrix

» Cabibbo-Kobayashi-Maskawa matrix:

Vud Vus Vub
Vekm = Vea  Vos Voo

Vierk Vis Vi

> unitarity V0, Voxw = Laxa

of i-th and j-th rows/columns gives

6 Unitarity triangles (UT)

= most commoni=1,j=3:

I * * * _
T VadVab+ Ya Y + VigVe, =0

e )
VoV ViV
= 2 *
Y:d \(/:;‘; \éd Vcb

7 B~

0 1 Re
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The CKM matrix

» Cabibbo-Kobayashi-Maskawa matrix:
Vud Vus Vub
Vekm = Vea  Vos Voo
Ve Vis Vi
> unitarity V0, Voxw = Laxa
of i-th and j-th rows/columns gives
6 Unitarity triangles (UT)
= most commoni=1,j=3:
M ViV + Ya Yo + VigVey =0
(p:m) y
VoV th_vgn
\(/:d \(/:;; \éd \éb
7 B~
0 1 Re

3 x 3 matrix with 4 param’s
= convention dependence

some things are convention independent

(invariant under quark-field rephasing)

Plaquettes
Jjiki = = Im[V,, Vj/ Vi V/;]

with i+ jand k =/

= for 3 x 3 all the Jj.;y are equivalent

= a measure of CP violation

Jarlskog invariant  J = Jj

is twice the area of unitarity triangles:

= measured |J| ~ 2.8 x 1075

» there are many parametrizations of unitary
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Parametrizations of the CKM matrix

Standard parametrization from PDG (Particle Data Group)

i
Ci2Cy3 S12C13 syze”

_ is is
Vokm = | —S12C23 — C12523513€"°  Cy2Co3 — S12523513€’ S23C13

512523 — 13120233139"S —C12523 — 3120233139'5 C23C13

= uses 3 angles + 1 phase: s; = sin§; (ep? =1-(s)?

Wolfenstein parametrization expansion in A ~ Vys ~ 0.2 [Wolfenstein Phys.Rev.Lett. 51 (1983) 1945]

1- 12 A X A(p - in)
Vokm ~ -A - a2 A2A +0O ()\4)
MNA-p—in) -X2A 1

= uses Wolfenstein parameters A, A, p and n:
Vep AX3 (5 + im)V1 - A2AA

i5 * 3 .
| s13€" =V =AN(p+in) =
s V1= 22[1 - A222(p + in)

v,
sae Vsl a2
V Vgl + [ Vus?

= ensures p +im = —(V4 V;b)/( Vg Vc*b) independent of phase convention
= CKM in terms of X, A, p and 77 unitary to allordersin A\: p=p(1- >\2/2+ o), m=n(1- >\2/2+ )
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Now we know what “Flavor”
means in the SM

What flavor transitions
does the SM predict?
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Tree (CC) versus Loops (FCNC)

’ charged current (CC) Q; # Q; ‘ ’ neutral current (FCNC) Q; = Q; ‘
Tree: only U; » D; & D; — U; Loop: D — D; (& U; — U))
U, l U, D, U, > > D; D,
>wyw< >vvwvw< Di»{;}»q WW
D; v, D; U, w s v . v
| —<—§—<—§—<—I
My — £, My = MoMs, My - Mo + {~, Z, g} My — 2
My — Mp + £, {v,Z, g} = {00, vo, M3} My — Mo + {00, v, M3}
M® <’ (= mixing)
Amp ~ GrVj ~ GFV;Vic ~ GrO Y VaVy f(ma) gngg Vo Vi f(mayp)
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Tree (CC) versus Loops (FCNC)

charged current (CC) Q; # Q; ‘

Tree: only U; » D; & D; — U;

U l

D D (] U,

J
D—>—®——D, /A\
i 5 j H
- /A\
.~ v v

’ neutral current (FCNC) Q; = Q; ‘

Loop: D,‘ g Dj (& U,' g U])
D—>—8—s D

l 1

My — (o, My — Mo Mg My - Mp +{v, Z, g} My — €8
My ~ My + € {7, 2,9} = {l,vo, Mg} My — My + {¢€, v, Mg}
M® < M° (= mixing)
Amp ~ GF C(Vj) ~GrC(V)) ~ GF C(Vj, ma) ~ Gr C(Vj, ma, mp)
» decoupling for mq « my, = effective theory a la Fermi [Fermi 1933/34]

works for all quarks except top quark (my, < my)

» short-distance (SD) couplings: C = Wilson coefficients
depend on SD-parameters = in SM: CKM and heavy masses: myy, mz, my

= extract in measurement and calculate in specific UV completions

» overall rescaling factor Fermi’s constant QF ~ GeV~2, measured in y — evevy,
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Overview of decay channels for CKM determination

. W* i
,

Nuclear 8-decay u

. W u wH
S
©) @l (@
©
Also many strategies with hadronic B decays B — M; M, [Figures from Lellouch 1104.5484]
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So far “CKM-picture” of SM works

= fit of CKM-Parameters ...

CKM matrix in terms of
4 Wolfenstein parameters

A~022, A p 7
= nowadays a sophisticated fit:

“combine and overconstrain”

Il numerous b-physics measurements

[experimental input from CKMfitter homepage]

|Viual (nuclei)

[Vas| £5=7(0)

[Veal (vN)

[Ves| (W — c5)

|Vas| (semileptonic)

|Ves| (semileptonic)

B(4p = pp70y)g2>15/B(Ap = Act™ ) g7

0.97425 = 0 = 0.00022
0.2163 + 0.0005
0.230 £ 0.011
0.947932 £0.13
(4.01 £0.08+£0.22) x 10~3
(41.00 % 0.33 +0.74) x 10~3
(1.00  0.09) x 10~2

B(B~ — 77 vs)
B(Dy — pvu)
B(D; - 77v,;)
B(D~ — p7v,)
B(K~ — e 7.)
B(K~ — p v,

(1.08 £0.21) x 10~*
(5.57 +0.24) x 103
(5.55 +0.24) x 102
(3.74£0.17) x 1074
(1.581 + 0.008) x 10~
0.6355 + 0.0011
(0.6955 = 0.0096) x 102
1.3365 £ 0.0032
(6.431 £ 0.094) x 102

| BB, — pp)

(28507 x 1079

[Vea| £277(0)
[Veal £275(0)

0.148 £ 0.004
0.712 £ 0.007

lex|

Amy
Amy
sin(28)ce)
(Ps) pscss]

(2.228 £0.011) x 10~
(0.510 = 0.003) ps—*
(17.757 £ 0.021) ps~!
0.691 £ 0.017
—0.015 £ 0.035

Si7, Cfr, €%, B, all charges
Sz ot Sy ChpuBopus all charges
BY = (pm)° — 3m

Inputs to isospin analysis
Inputs to isospin analysis

Time-dependent Dalitz analysis

B~ — DK™=
B- — DM K®)-
B~ — DOK®)~

Inputs to GLW analysis
Inputs to ADS analysis
GGSZ Dalitz analysis
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So far “CKM-picture” of SM works

— fit of CKM-Parameters ... 2003 - 2019 [ Unitarity: V,, Vit + Vi Vi + Vi Vi = o]

15 T T T I-5-H|um-|-||\-||m||w-.....
| resmetamms o ‘ [ i m otz s ] % :

i r : ; ]

L H - | ry \ -
10[ : i ]

1 [ ; S &AM,
[ 05 3
o8t Amy

= 0 = 00

[ o fl

sl <05 - —
REISNNTS S \ AV

r w"hf\gwﬂkﬁ 4

- Summer 19 H (&td.‘tgL;DQﬁl -

LP 2003 - ‘ i | ‘ |“\ -

15 | asboa b v b b b Bl
-1 05 0 05 1 15 2 -1.0 -0.5 0.0 0.5 1.0 15 20

P p

More on CKM fits http://ckmfitter.in2p3. fr/www/html/ckm_main.html
http://www.utfit.org/UTfit/
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http://www.utfit.org/UTfit/

Hierarchies in masses and CKM

The determinations in framework of SM show huge hierarchies
that can not be explained in the SM

» masses within each generation

» CKM matrix 1 A A3A
A~ 0.225 Vokm ~ | - 1 A2A
Cabibbo angle

A3A -N2A A

» in down-type FCNCs top-, charm- and up-contributions
b—s VipVis ~ =V Vi ~ N2A
Vub VJS ~MA

* * * 3
Vip Vt ~ Ve Vcd ~ Vi Vud ~ATA

S
4
Q

s—d Vo Vin =V, Vi~

csVed ® ~ Vus Vud

Vi Vi ~ A°A

= in s — d top part enhanced by m?, but CKM-suppressed

A*A ~ 0.0021 versus (mg/my)? ~ 0.0003

= CKM suppresses dim-6, such that dim-8 phenomenologically not negligible in AMy, ex, K* — 7 + v

1o ot
1010
sb
109 o C o tau
8
10 o Mu
107
;
o d
s °ou

(¢}
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Effective theories:
Example muon decay
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Fermi theory for 1 —» evev,,

17 e
InSM p~ — e” ve v, attree-level ! q =Py =Py,
. W/i _ 4
via W*-boson exchange w Ve Pe + Pre
—_— .
q
i 92 -igh”
iAgm = i ( ’7) [U(pu )’YMPLU(pM)] ——— [U(Pe) Vv PLv(Pve)]
V2 " @ -m?,
% 1
~ I _ !
" am, (Vv P p][ev* Prye] +(9( /mw) Piry = 2(1 F75)
11l Expansion in the p-rest frame g2 < m‘Z,V (my, ~0.1GeV and myy ~ 80GeV)

= this corresponds to an OPE (operator product expansion), keeping only dim-6

20/32



Fermi theory for 1 —» evev,,

v, e
InSM p~ — e” ve v, attree-level ! q =Py =Py,
. W/i _ 4
via W*-boson exchange w Ve Pe + Pre
—_— .
q
i 92 — -igh”
iAgm = i ( ’7) [U(pu )’YMPLU(pM)] ——— [U(Pe) Vv PLv(Pve)]
V2 " @ -m?,
% 1
~ I _ !
" am, (Vv P p][ev* Prye] +(9( /mw) Piry = 2(1 F75)
11l Expansion in the p-rest frame g2 < m2W (my, ~0.1GeV and myy ~ 80 GeV)

= this corresponds to an OPE (operator product expansion), keeping only dim-6

Can reproduce with an Effective Theory (as Fermi anticipated)

4 _ _ -
[EEFT VA QVIJ—] Quis = [TuvuPrp] (€7 Prve] Yu ¢
» Cy. = Wilson coefficient = effective coupling constant e Ve

» Q@ =4-Fermi Operator (contact interaction)

) S . 4 _ _ 4Cy1L
iA = j|-i—C v P, ev'Pire] = Q
EFT ( 7 VLL)[ uwYuPL ][y Prve] N
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Fermi theory for 1 —» evev,,

17 e
InSM p~ — e” ve v, attree-level ! q =Py =Py,
. W = Do+
via W*-boson exchange W Ve Pe + Pre
—_— .
q
i 92 — -igh”
iAgm = i ( ’7) [U(pu )’YMPLU(pM)] ——— [U(Pe) Vv PLv(Pve)]
V2 " @ -m?,
% 1
~ w .
" am, (Vv P p][ev* Prye] +(9( /mW) Piry = 2(1 F75)
11l Expansion in the p-rest frame g2 < m‘ZN (my, ~0.1GeV and myy ~ 80GeV)

= this corresponds to an OPE (operator product expansion), keeping only dim-6
There is a full theory (the SM) and an effective theory that reproduces it for g2 « mf,v

Determine Cy;; from Matching both amplitudes  (due to renormalization beyond tree-level at scale 1y ~ myy)

V22 1
A A cSM - 5%

‘ M Cyyy ~ GeV 2 carries information on full theory ‘
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Fermi’s constant Gr from p-lifetime
Can determine Cy;; from precise measurement of T, = (2.1969811 £ 0.0000022) uis

Calculate p-lifetime from Aggt, neglecting QED corrections from photons

1 1 2
= - t
e . dg [Ager Al
5
- o [1+ 8¢9 )], =T .10
19273 mi

» Aq® (x) tiny phase-space corrections from e~ mass (m, and m,,,, neglected)
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Fermi’s constant Gr from p-lifetime

Can determine Cy;; from precise measurement of T, = (2.1969811 £ 0.0000022) uis

Calculate p-lifetime from Aggr, with QED corrections
1

T

I

—
=

I

1 2 1
5, > dM; |AEFT AEFT| + m > dMy...real emission + ...

m
= 192’;3 [1 + AQ(ae,X)] |Cvicf?

oo

n
with Ag(ae,x) = 3 (%) Ag™ (x), which depends on ae and x y ~0
s

n=0
> Aq(1)(x) =-1.8076
» Ag® (x) = (6.700 + 0.002)

[Kinoshita/Sirlin Phys. Rev. 113 (1959) 1652, Nir, PLB221 (1989) 184]

[Ritbergen/Stuart hep-ph/9904240]
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Fermi’s constant Gr from p-lifetime

Can determine Cy;; from precise measurement of T, = (2.1969811 £ 0.0000022) uis

Calculate p-lifetime from Aggr, with QED corrections
1

T

I

—
=

I

1 2 1
2, > drg |AEFT AEFT| + P > dn,...real emission + ...

m, 2
= 192.3 [1 +AQ(ae,X)] [Cviil

oo

n
with Ag(ae,x) = 3 (%) Ag™ (x), which depends on ae and
s

n=0
» ag™M(x)=-1.8076

[Kinoshita/Sirlin Phys. Rev. 113 (195§
» Ag® (x) = (6.700 + 0.002)

1652, Nir, PLB221 (1989) 184]
[Ritbgrgen/Stuart hep-ph/9904240]

The EFT allows to conveniently separate QED dynamics from Cy;, into Ag
! QED renormalization of Aq requires to choose scale p ~ my, to avoid large log’s In u/m,,

= Formally Cy;; (r) at low-energy scale, but trivial evolution to scale .y ~ my,

= GF = Cyy is also called Fermi’s constant, and it is best defined by

one finds from 7, that [ GF =|Cyis| = 1.1663787(6) - 1075 GeV’2]
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Fermi’s constant in the SM

Determination of Cy;; can be used to determine short-distance parameters of SM:

V22 1
Tree-level matching of the SM: ~ C$M = 2 - = |v=246.2GeV
8mz, 212

vV2gs
Beyond tree-level matching: cM = 8m§2 [1 +Ar(ae, My, mz, Mg, M) ]
w

» radiative corrections to tree-level W= exchange in Ar(ce, myy, mz, my, my)

» u-lifetime important measurement to fix SM parameters like my,, mz, my
in electroweak-precision fits of SM
; ; ; _ oSM NP
» if New Physics (NP) only contributes to C,, = Cy}} + Cy;
; e M NP
= constraints from muon-liftime apply to sum Gr = |C3M + CYP

= CNP depends on fundamental parameters of NP scenario
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Fermi’s constant beyond the SM

Let’s assume only left-handed v’'s = then only one additonal AL = 0 operator

4 3 _
[CEFT =7 [(CWL + CWL) Qui + Cspr OSFIL]] Qspr = [VuPru][ePLre]

leads to modification of p-lifetime

~1/200
1 m, (0 > |Csal” 18 me .
™o 1927T3[1+Aq (X)] ICviLl +T+§E Re (Cyi1Csp) x [1+0 (%) ]
2
{6F)

> g;"’ denotes that only Ag(9) (x) is used when additional Qgp, included

= theory less precisely known compared to only Q,,;

» one observable not enough to fix two complex-valued numbers

= measure other observables in d°'/(dEe dcos®) — Michel parameters

» in SMEFT (v < A): G} ~ 1/v2 and additional suppression of ©2/A? for CYf, and Cgg,

= in 7, the |Cgpy|? ~ v*/A* compared to v2 /A2 — negligible

= one might neglect Re (CVLLC;:,L) ~ 12 /A2, because helicity-suppressed
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Michel parameters

More observables to discriminate SM and NP effects = measure angular distribution

aer 2 2p Xo 25
AL N 1_ 2P ax - 2009 _ “x+2%4x—
[dxdcosﬂ X {3( x)+ L (ax-3) 37 2(1 X)iP#.Ecosﬂ[1 x4 S (4x 3)]}

in restframe of muon & electron polarisation insensitive detector
maximum electron energy EX® = (m?2 + m2)/(2m,,)

reduced electron energy x = Ee/EZ"® and xg = me/ EZ'®

¥ is direction of electron w.r.t. muon polarization P,

» degree of muon polarisation P,, = |P,,]

A\ A A 4

Angular observables p, 1, £, 4 known as Michel parameters

[Michel ProcPhysSocA63 (1950) 514, Bouchiat/Michel PR106 (1957) 170, Kinoshita/Sirlin (1957) PR107 593 & PR108 844 ]
inSM: p=¢5=3/4, ¢=1, n=0
= measurements with electron polarisation depend on further Michel parameters
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Michel parameters

More observables to discriminate SM and NP effects = measure angular distribution

2
[% - x2{3(1 _x)+%”(4x—3)+3,, %(1 CX)£PyE cosﬂ[1 x4 ?(4)(_3)]}]

in restframe of muon & electron polarisation insensitive detector
maximum electron energy EX® = (m?2 + m2)/(2m,,)

reduced electron energy x = Ee/EZ"® and xg = me/ EZ'®

¥ is direction of electron w.r.t. muon polarization P,

» degree of muon polarisation P,, = |P,,]

A\ A A 4

Angular observables p, 1, £, 4 known as Michel parameters

[Michel ProcPhysSocA63 (1950) 514, Bouchiat/Michel PR106 (1957) 170, Kinoshita/Sirlin (1957) PR107 593 & PR108 844 ]
inSM: p=¢5=3/4, ¢=1, n=0
= measurements with electron polarisation depend on further Michel parameters

Il SM particularly simple = few parameters and correlations between many observables
» few parameters = theory control needed only for few observables for good determinations

» correlations = allow stringent tests of SM

» more parameters/operators in new physics scenarios lead to less predictivity
= less stringent tests possible and more measurements needed
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Effective theory
for AB =1 decays
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B-Hadron decays are a Multi-scale problem ...

.. with hierarchical interaction scales

electroweak IA >>  ext. mom’ain Brestframe >>  QCD-bound state effects
my =~ 80 GeV mg ~ 5 GeV Aqcp ~ 0.5 GeV
my ~ 91 GeV 8 aco
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B-Hadron decays are a Multi-scale problem ...

... with hierarchical interaction scales

’

N

electroweak |A >> ext. mom'ain Brestframe = decoupling heavy particles
my ~ 80 GeV mg ~ 5 GeV W, Z-boson, top-quark
my ~ 91 GeV

Lerr ~ Gr Vo * [Z claff+ Y €;Q+CC+(QCD & QED-peng)]
9,10 74,89

semi-leptonic ‘ ’ el- & chr-mgn dipole ‘ ’ charged current ‘ ‘ QCD & QED -penguin ‘




B-Hadron decays are a Multi-scale problem ...

... with hierarchical interaction scales

e N

electroweak |A >>  ext. mom’ain Brestframe = effective theory
my ~ 80 GeV mg ~ 5 GeV at scales below mp
my ~ 91 GeV

Lerr ~ Gr Vam <[ Y, €7 Q"+ 3, Ci@+CC+(QCD & QED-peng)]

9,10 77,89
‘ semi-leptonic ‘ ’ el- & chr-mgn dipole ‘ ‘ charged current ‘ ‘ QCD & QED -penguin ‘
b - S b S b S \b\-/uc/ b S
/\ § v gg /l\ /\
| | q q
u,c S
C; = Wilson coefficients contain short-dist. pmr’s (heavy masses m;, ... — CKM factored out)

and leading logarithmic QCD-corrections to all orders in as
= in SM known up to NNLO QCD and NLO EW/QED

Q, = dim-6 operators flavor-changing coupling of light quarks
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Tree-level = “current-current” op’s in the SM

SM = Full theory: in b-rest frame external momenta g ~ mﬁ < m2W = expand W-propagator

. g * 1 — _
iAsm = = Vop Vcsm[SWPLC][CV”PLb]
a <<mW 4g’,:

2
Voo Vis [y PLel[ey" PLb] + O(b)
V2 m2,
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Tree-level = “current-current” op’s in the SM

SM = Full theory: in b-rest frame external momenta g2 ~ m2 « m2, = expand W-propagator

b 1, ¢
. X g . 1 _ _
iAsm = = Vop VCSW[SWPLC][CV“PW]
a <<mW 4g’,:

2
Vo Ves [SvuPre][ey Prb] + O (b )
T s V2 © m2,

he same result can be obtained from an EFT Lagrangian
cQ gFVV*CQ Q, = [sv,P, “P b
2L = cs Y22 2—[5# Lc][cy" PLb]

b u,c
\I/ [ZZEFT NG
/u,{.\s\ iAgrr = - C2[SyuPrc][cy! PLb]
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Tree-level = “current-current” op’s in the SM

SM = Full theory: in b-rest frame external momenta g2 ~ m2 « m2, = expand W-propagator

2
) B 1 _
iAsm = ==V Vis———[SyuPrc][cy” PLb]
2 @ -m,
<, 4g’,: _ _ m?
v 2V Vi [SyuPLel[CyH Pb] + O =2
. V2 my

The same result can be obtained from an EFT Lagrangian

uc

4 _ _
[L:EFT = 0202 = %Vcbvgs 0202] 02 = [S’Y#PLC][C’YHP[_b]

IAgFT =

~ G [SvuPLc][cy" PLb]
Requiring equality of amplitudes (Greens funct’'s) = Matching
! 4 F .
JiSM = f4EFT = Co = —‘?E%E*b%bbz5 (or C& = —1)
% * 4 F %
VapVes » ~VipVis + - = C2:+%th\/rs (or Co = +1)
used here V, Vo < Vy Vig and V,, Vi < Vi V

cb “cs
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Matching at higher orders

Benefit of EFT’'s = can resum large log’s to all orders in perturbation theory (PT)

n
agln”(nr:’b)—ag[ln(%)+ln(n’?):|, In(%)m—ZB
w Ho w w

Matching [Ci(uo, my) = C,.(O) + 4a_sci(1) +.. J order by order Lo = factorisation scale
T
b u,
b u,c b uc
s
L o + COx +CT
ik s uc s ol S
+ Counter Term (=CT)
» generates additional operator Q, = [Sav.PLcs][Csv" PLba] a, 8 = color indices
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Matching at higher orders

Benefit of EFT’'s = can resum large log’s to all orders in perturbation theory (PT)
n
ag Inn(ﬂ): |:In(mb)+|n('uo):| , In(ﬂ)m—Z.S
m myy
Matching [C;(uo, my) = C(O) as Cm ]ﬂ)ﬁ'e?ﬁm\] = factorisation scale

UC b uc
[0} mb )
= (e

my T o ! Cm/\ + COx +CT

» generates additional operator Q, = [Sav.PLcs][Csv" PLba]

a, B = color indices
» allows to separate log’s of full theory side into Wilson coefficients C(") and ...

» 1-loop matrix element oc C(®) of EFT has same In(my /o)
since EFT should reproduce IR of full theory (otherwise wrong EFT)

» CM(ug) can be determined perturbatively only with choice: 1o ~ my
otherwise large log’s will enter C() (1g)
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Matching at higher orders

Benefit of EFT’'s = can resum large log’s to all orders in perturbation theory (PT)
n
ag Inn(@): |:In(mb)+|n('uo):| , In(ﬂ)m—ZS
m myy
Matching [C,(uo, my) = C(O) as Cm ]ﬂ)ﬁ'e?ﬁﬂrde\] = factorisation scale

UC b uc
[0} mb )
= (e

my T g ! Cm/\ + COx +CT

» generates additional operator Q, = [Sav.PLcs][Csv" PLba]

a, B = color indices
» allows to separate log’s of full theory side into Wilson coefficients C(") and ...

» 1-loop matrix element oc C(®) of EFT has same In(my /o)
since EFT should reproduce IR of full theory (otherwise wrong EFT)

» CM(ug) can be determined perturbatively only with choice: 1o ~ my
otherwise large log’s will enter C() (1g)

‘ Matching determines Wilson coefficients at high scale pg ~ my,
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Renormalization Group (RG) equation

» main purpose of RG eq.: relating couplings (Wilson coefficients) at different scales
» effect of RG eq.: resummation of large log’s to all orders in coupling (as or ae)
RG equation derived from requirement that “bare” (effective) couplings are p-independent

pdi Ci(w)= ['yr(u)]ij Ci(n) ~j = anomalous dimension matrix (=<ADM)
n

Formal solution of system of coupled 1st order ordinary differential equations (ODE)

Ci(n) = [U(1, o)1 Ci(ko)s (U, po)]jj = Ty eXP[[L:’YT(#')dM']
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Renormalization Group (RG) equation

» main purpose of RG eq.: relating couplings (Wilson coefficients) at different scales
» effect of RG eq.: resummation of large log’s to all orders in coupling (s or ce)
RG equation derived from requirement that “bare” (effective) couplings are u-independent

pdi Ci(w)= [wr(u)]ij Ci(n) ~j = anomalous dimension matrix (=<ADM)
n

Formal solution of system of coupled 1st order ordinary differential equations (ODE)

[Ci(u) = [U(k: 10)]; Ci(ko)s (U, po)]jj = Ty exp[f“:vr(u')du']}

In case of two operators Q, and Q,, leading order RG equation

p~ My, po~My, n=as(u)/as(u)~0.55, n.= (028 £y 12/23)/2

Ci(n) = n+Ci(po) +n-Co(po) ~ +1.11C4(up) —0.26Co(110)
Co(p) = n-Ci(po) +n+Co(po) ~ -0.26Ci(po) +1.11Co(10)

SM matching: CM(uo) =0+ O(as) and CM(uo) =1+ 0O(as)

= non-zero C; at scales p < po from “Mixing of Q, into Q,”
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Examples of mixing of Q, , into ...

QCD penguin operators: b - sqq b

Qy5 = [57uPb] X o[G0V Pucmya]
q

Que) = [BaruPLbs] X[A57" Pu(my9a]
q

Ho~ Mp,  pg ~ My, using C(?,’ZI,S,B('U'O)

Co(k) = +0.0010[1 ~1.5Cy (o) + 12.6 Co (ko) » 1 is contribution from CSY , (110

> because CM(y0) =1,

C4(/L) =-0.0017{1-2.0 C1 (NO) +16.0 CZ(N‘O)]
] main contr'n from mixing with Q,
]

[
Cs (1) = +0.0004 [1 - 1.5 Cy(po) + 19.2 Co (o)
[

Ce (1) = -0.0027 [1 — 1.5 Cy (p0) + 12.6 Ca(p10) > C1SM(N0) =0 (as) < CEM(,U'O)

at jio: -3 CSY = CV = %Eo(xt) and  Ey(x)~ -0.39

These operators are most relevant for
B— K+ (mp,...)or B> K"+ (m,p,...)




Examples of mixing of Q, , into ...

Electro- and chromo-magnetic dipole operators: b - s+ and b —» sg

Q7’Y = my [EO‘MVPHb] FM

mb[SaU PRT bB]GZV

e
@n? %o Gary

W~ My, o~ My, using c?gﬂ(uo) =-0.19 and CSM(MO) =-0.05

Cr (1) » —0.13+0.02 Cy (110) - 0.19 Co(pg) ' -0.32

Cog(11) » —0.03+0.10 Cy (19) - 0.09 Ca(p) 2 -0.12
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Examples of mixing of Q, , into ...

Electro- and chromo-magnetic dipole operators: b - s+ and b —» sg

——— mp[So* Prb]F .

o, -

mb[SaU PRT bB]GZV

@ %o Gary

W~ My, fo ~ My,  using C?y(;to) =-0.19 and CSM (o) =-0.05

Cr (1) » —0.13+0.02 Cy (110) - 0.19 Co(pg) ' -0.32

Cog(11) » —0.03+0.10 Cy (19) - 0.09 Ca(p) 2 -0.12

= a 10% change in CYP (1) ~ 0.1 w.r.t. SM gives
» 6% effect on C7 (1)
» 12% on Br(B — Xs7) o< |C7(u)?

example of strong “indirect constraints” on Cy(ug) from Br(B — Xs7)
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Examples of mixing of Q, , into ...

Semileptonic: b —» st~

¢

[Qg— S’Y#PLD Z ]

In SM (i = 5 GeV, po = 160 GeV)
CPW0)=0, TP (o) =1, CTV(1o) =233, C{’(uo)=05, " (uo)=15
The LL + NLL piece

Co (1) = 450 C* (1g) + 1.89CY” (o) + 0.04C{" (o) ~0.03C{" (o) + €5V (1)

SMo 1189 + 0.92-0.02+1.47 =426

Note: Here used Chetyrkin/Misiak/Minz [hep-ph/o612313] operator definition of @y, ..., Qg
Q, = [7,PTc][CyP.T?b]  and @, = [8vuPLc][Ev" PLb]

@Lo: C9=2¢® and TP =c?/3+c”
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Have EFT Lagrangian!
What next?
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Outlook ...
What is achieved via EFT:

decoupled heavy degrees of freedom for process <« my,
restricted to most relevant dim < 6 operators

>
>
» RG equation resums large log’s a In(mp/my,)" to all orders in as
>

EFT allows to include BSM effects via new operators model-independently

Need predictions of observables

» example of muon decay is “trivial” as only QED involved = in principle perturbative

» processes with quarks involve QCD: quarks are not free, but confined at « myy,

11l external states are mesons/baryons = nonperturbative
= hadronic matrix elements needed examples for b — s
» decay constants (0|5 ~*...b|B(p))
» local form factors (M(p")|s~*...b|B(p))
» nonlocal objects [ dx € (M(p")| T{[gv*ql(x), [§+*...b](0)|B(p))

Nonperturbative methods and/or reliable parametrizations + phenomenology required
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