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Guiding principles

- Causality

» Unitarity (conservation of probability)
- Symmetry
» space-time: Lorentz invariance

* Internal: gauge invariance

* Renormalisability

» Minimality / Occam's razor



Symmetry transformations

Discrete transformations Continuous transformations
Parity: ¢'(¢, X) = Pp(t,x) = ¢(t, — X) Space-time symmetry : ¢'(x) = ¢d(x — a)
Time-reversal: ¢'(t, x) = Tp(t, X) = ¢p(—t, X) Internal symmetry : @'(x) = e g (x)
Charge-conj.: ¢'(t,X) = Cop(t,X) = ¢ (¢, X) m $(x) "
¢’ (x
o d(x)
> Re ¢(x)

¢ (x) = e'“¢(x)

Given a system is invariant under such a transformation <> symmetry

Transformation of a quantum state:

¢'>=Ul|p>

If symmetry: <@'|¢p'>=<p|UU|p>=<¢p|p> — U'U=1 .ie. Uisunitary



Group theory

- Mathematical language of symmetry transformations: group theory

k£ N

- Group: set with operation “-”, such that g; = g, - g, is also element of the group, where

- 81 (82 83) = (81 &) - &3 ) -
» unity element e is element of agroup: ¢ - g = ¢ (examples: integers with addition,

| rotations in 2D, modular arithmetic,...)

~ for every group element thereisaninverse: g-g " =¢
. Abelian group: g+ 8 = &+ & tor all group elements Example: U(1) of QED
- Non-abelian group: g; - g; F g; - &; for any two group elements Example: SU(3) of QCD
* Lie group: “a group on which you can make differential calculus” /™ T“: generators of the group
= any group element can be obtained as U(x) = 1 + a“(x)T* + ... = ¢ * WI"
=17 =1-U() — linear combination



The Standard Model

Symmetry;

SUB3)e x SU2)L x U(1)y =225 SU(3)e x U(1)gm

Matter content:

- 3 families of matter particles (quarks and leptons) in “fundamental representations”
- 8+3+1 Gauge fields in “adjoint representations”
- 1 Higgs doublet in “fundamental representation” of SU(2) acquires vacuum expectation

— electroweak symmetry breaking (EWSB)



Some SU(N) group theory

SU(N): NxN unitary matrices U with determinant1: UU' = U'U =1, det(U)=1.

This is a Lie group, thus every group element can be obtained as [U = e'@ ! (summation over a)

T“: generators of the group with commutator |[T%, T?] = i f*¢ T¢ conventional normalisation:
Tr (T°T%) = - 5%

a=1..N°—1 NxN matrices

=0 SU@3)e xSU2), xU(1)y

\— structure constants

38 + 3 + 1 = 12 generators

— gauge bosons



Some more SU(N) group theory

All particles are embedded in a representation D(U ) of the gauge groups.

(D : G — invertible matrices)

E.g. "fundamental representation”: D(U) = U;; for all U in SU(N)

- fundmental rep: w — ' = Uy , where yis N-component column vector, called “N”
- anti-fundmentalrep: v - ' =y U " where y Is N-component row vector, called "N”
- singlet rep: O — ¢ =¢, ie. D(U) =1, called “1”

. adjoint rep: W W=UWU', where W = Wij is a matrix, i,j = 1...N, called N2 — 17

In the SM matter particles (fermions, Higgs) transform in the fundamental rep or as singlet.

Gauge bosons always transform in the adjoint representation.
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Field content of the SM

Source: The Particle Zoo

=
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Field content of the SM

field spin
(1), (2), (), »
L 5/ L
quarks UR CR tR 1/2
dR SR br 1/2
1 (), (h), (%), v
eptons e /), woJ) T /),
€R MR TR 1/2
bt
Higgs-doublet ( 0 ) 0
/L
Gl
gauge bosons w
By,




Field content of the SM

field spin
U C t
1/2
(a), (2), (), v
quark UR CR tp 1/2
dR SR br 1/2
Ve v, U,
1/2
wes (), (0), (%), v
€R HR TR 1/2
Higgs-doublet ( 0

SUB)c x SU((2), xU(1)y
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Field content of the SM

field spin  SUB)c x SU(2)L x U(1)y
U C t
() () (1) s a s
L 5/ L
quarks UR CR tp 1/2 3 1 4/3
dR SR bR 1/2 3 1 -2/3
o (), (D), (), 1 2
eptons e /), woJ) T /),
ER LR TR 1/2 1 1 -2
b+
Higgs-doublet 0 ) 0 1 2 1
/L
G, 8 1 0
gauge bosons w 1 3 0
B, 1 1 0

1 :singeet
) : doublet
3 : triplet
8 :octet
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Non-abelian gauge theories |

Consider: Zp... =y (id —m)y andwe demand y/totransformas N/N: yw =y,

y; under SU(N)
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Non-abelian gauge theories |

Consider: Zp...= i (id —m)y andwe demand y/totransformas N/N: y = .,y = w; under SU(N)

<3Dirae = ;(ido; —mé;)y; thisis invariant under global yy — Uy, but not under local U = U(x)
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Non-abelian gauge theories |

Consider: Zp...= i (id —m)y andwe demand y/totransformas N/N: y = .,y = w; under SU(N)
<3Dirae = ;(ido; —mé;)y; thisis invariant under global yy — Uy, but not under local U = U(x)
N - | .
minimal L =g, (il —mdp)y; with o — DI = 0"5;—ig V.

I.
coupling .

< Vi) = D TaVr(x)

a=1 ‘>

vector/gauge-field
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Non-abelian gauge theories |

Consider: Zp...= i (id —m)y andwe demand y/totransformas N/N: y = .,y = w; under SU(N)
<3Dirae = ;(ido; —mé;)y; thisis invariant under global yy — Uy, but not under local U = U(x)
ool C o 7 (i By —mbyy; with o — D! = 0'5;—igV" .
< Vi) = D TaVr(x)

a=1
This introduces a coupling between the the fermion and the vector field: '> |
vector/gauge-field

Z Dirac =2 Dirac + 7 nt with  Z int — & l/_/}/’uVMl// — & l/_/yﬂTal//Vﬁ
new Lagrangian is invariant under local gauge transformation
=y =Uy
- P_ L i
V,-> V,=UV, U ——0,U)U

g
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Non-abelian gauge theories |

We need to add a kinetic term for the gauge field to allow it to propagate " AN NN\

Generalisation of field-strength tensor

l l
F,uv = a,uAl/ o ayA,u — ;[D/,pDI/] — F,uy — E[Dﬂa Dy]
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Non-abelian gauge theories |

We need to add a kinetic term for the gauge field to allow it to propagate ~ A AN,

Generalisation of field-strength tensor

l l
F//tv = a//t141/ _ aDA,u — ;[D//NDD] — F/,w — E[D/p Dy]
-V, =T"V,

- F,=0V,-0V,—ig[V,V, — T°F¢,

k a _ a a abc Y7b y)c
F,=0,V, -0V, + gf A%
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Non-abelian gauge theories |

We need to add a kinetic term for the gauge field to allow it to propagate ~ A AN,

Generalisation of field-strength tensor

l l
F//tv = a//t141/ _ aDA,u — ;[D//NDD] — F/,w — E[D/p Dy]
-V, =T"V,

- F,=0V,-0V,—ig[V,V, — T°F¢,

k a _ a a abc Y7b y)c
F,=0,V, -0V, + gf A%

l
Under the gauge transformation V, = UV, U — —(()MU)UT we have ¥ — F/ = UFWUT
g
trace cyclic
el o~
Tr(F',,F"**) = Te(UF,, U UF*U") = T(U'UF,,U" UF*) = Tr(F,, F*) is gauge invariant
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Non-abelian gauge theories ll|

l ¢a
Kinetic term for non-abelian gauge bosons Ef ’
1 1
Py = — = Tr(F F*) = — — Tr(T°T")

2

2

a b,uv
Fo F

I
- Fi P
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Non-abelian gauge theories ll|

1 da
Kinetic term for non-abelian gauge bosons B f b
1 1
Lym = = = TrE, ) = — = To(T*T)F, Fo*

1
= —7 O,V = 0,V (V= V)

_§ " (aﬂvg _ ayva) Vb,,u L

9 H
/ g
T abcfade V/I; VIS Vd,'u Ver

4

determined by
gauge structure

a __ a a abc y/b y/c
Fﬂy—aﬂVy—OyVﬂ+gf VMVU
<
_  ra rauv
4F//wF

Kinetic-term

trilinear interactions

quartic interactions

23



Non-abelian gauge theories ll|

1 ¢a
Kinetic term for non-abelian gauge bosons 2 f ’
1 1 1
—— — b ba — ’
<L YM ) TI'(FMUFMV) — 5 TI’(TaT ) F;ly FOHY — _ Z F/jly Jaspv
1 k
— _Z (aﬂVZ’ — ayvﬁ) (0" VEar — g VEH ) Kinetic-term Vuoronnel,
Vs, ko
8 b T
> A~ Jabc (a,uvzsl — ayvﬁ) %l trilinear interactions v

/ : .
> 52 Vaor ks
5 b ysc y/d L _ v .
E— ,//t €,V Lu 3,p
1 abcfade Vﬂ VV V&RV quartic interactions

determined by

gauge structure Va Vi

1
L =Lvmt Lpipe = — 5 Tr(F F*) + Y (D —mo,) ¥ gauge-invariant fermion

1
L =Lyt Loke = — > Tr(F, F*) + (D, ®)"(D*®) — m* ®'® gauge-invariant complex scalar
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The Standard Model

Symmetry;

SUB3)e x SU2). x U(1)y =225 SU(3)e x U(1)gm

Matter content:

- 3 families of matter particles (quarks and leptons) in “fundamental representations”
- 8+3+1 Gauge fields in “adjoint representations”
- 1 Higgs doublet in “fundamental representation” of SU(2) acquires vacuum expectation

— electroweak symmetry breaking (EWSB)
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QCD

- QCD =invariance under local SU(3)
. quarks transform in fundamental rep of SU(3) — triplets, i.e. they carry an additional colour-charge index
. the corresponding gauge field (=gluons) transforms in the adjoint rep. of SU(3), i.e. as 8

26



QCD

- QCD =invariance under local SU(3)
. quarks transform in fundamental rep of SU(3) — triplets, i.e. they carry an additional colour-charge index
. the corresponding gauge field (=gluons) transforms in the adjoint rep. of SU(3), i.e. as 8

. 1 _ .
QCD Lagrangian for one quark-type of mass m: | Zocp = —ZG%WG;‘V + i, (iP; —m O;) W
| < |
_ gluon-colour index, a=1...8 quark-colour index
L1=1,2,3

where Gy, =0,G} - 9,G; + g, f*“G,G;,  DI=0"5;+igtiG¥

% 8s2 J L generators of SU(3) in

structure constants of SU(3) strong coupling “constant™ a¢ = — fundamental rep: 3x3 matrices

A1
< [ta’ tb] — ifabctc

27



QCD

- QCD =invariance under local SU(3)
. quarks transform in fundamental rep of SU(3) — triplets, i.e. they carry an additional colour-charge index
. the corresponding gauge field (=gluons) transforms in the adjoint rep. of SU(3), i.e. as 8

U

QCD Lagrangian for f={u,d,c,s,t,b} quarks: Zocp = —%G“’“’Gﬁ + Z 1/7]; (ib;; — m/ 0;;) y/]f
f

é’ 6 identical copies



QCD Feynman rules

o lgs}/lut]g
5 ((p+ m)
kj o .9 .
ps—me e all the same
| g, (g’“‘”(p q)y + 8" (q — V' + g™ (r— p))
5ab _lg/w
2 o
p- T 1€
_lgs (fabefcde(g,upgva g,ua 1/,0)
_l_facefbde(g,uvgpa . g,ua I/p)
+fadefbce(g,uygpa g,upgya))

d

— Gavin’s QCD course after the coffee break | .4




The Standard Model

Symmetry;

SUB3)e x SU2). x U(1)y =225 SU(3)e x U(1)gm

Matter content:

- 3 families of matter particles (quarks and leptons) in “fundamental representations”
- 8+3+1 Gauge fields in “adjoint representations”
- 1 Higgs doublet in “fundamental representation” of SU(2) acquires vacuum expectation

— electroweak symmetry breaking (EWSB)
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The unbroken Standard Model

SUQB)-XSUR2); X U(l)y

Gﬁ: SU(3), bosons, 8 gluons
W/ft: SU(2); bosons, WY W' W? bosons

= 0,G — 8I/GZ B,: U(1)y boson
= 0, W, — O,W + goe?*WIW,
= 0,B, —0,B,

structure constants gauge couplings



Chiral fermions

Wu experiment 1957: weak interactions violate parity conservation
charged currents only involve left-handed particles (right-handed anti-particles)

under SU(2); left-handed fermions: doublets, while right-handed fermions: singlets

field spin SU@3)¢ SU(2), Y
( U ) ( C ) ( t ) 1/2 2 . 1/3 assign hyper-charge Y such that
d L 5/ b/, O=1I + —
quarks UR CR tp 1/2 3 1 4/3 — 13 N
4 °R Or 1/2 ) ! 2/3 (J=electromagnetic charge
Ve Y Vr 1/2 1 2 1 (Gell-Mann - Nishijima relation)
leptons e ), v/, T ),




Chiral fermions Il

. . . . 1 —vs 1+ s
Starting from a Dirac y fermion we define  y; = 5 W, WYr= 5 '
< J = generation flavour=e, u, 7, u, ¢, t chirality = helicity
[ ; _
o (Wl \ e buptype =ep 7w WYpy «  Ruplype =e,U,7,u,c,1
Y, = - |
J L down-type =v,, v, , U, d,S,b J
Vi) ~—_" yP e T T T W R down-type= d,s,b
R— ~_ yp =
-l
no right-handed neutrinos
SU(2); X U(1)y - invariant covariant derivatives:

SU(2); generstor I' = %ai (Pauli matrices)

— y >
. U(l t
D/If _ aﬂ +ig, 5 1Bﬂ (1)y generator

33



The unbroken Standard Model

classical __
gSM — g YM T g Dirac T

= 2 [c]I’; o''D qL + uRTaﬂD uR dga/“‘Dﬂdf,
i=1

| ~auvra | yx7i poyyyi 1 puv
Py = —5G MG~ W W —~B"B,,

+1'5*D Ll + e} o*D el |

with the gauge covariant derivative:

D,=0,+ zgSTaGZ + 1921’ W, + zglalBM

structure constants gauge couplings

= F-F-V, V-V-V (TG) and V-V-V-V (QG) couplings are related!

34



The unbroken Standard Model

classical __
Zsm = ZLymt ZLpirac T -

— | ~auva | yx7i poyayi 1 puy
3YM — __G GIMU_ZW W,MI/_ ZB B//”/

o . .+ . ot ,
y 6'D,q; +up o"Dup +dy "D, dy

+1'5*D Ll + e} o*D el |

still: W, W'**" terms not allowed by gauge invariance
— no vector-boson mass terms allowed

also: no fermion mass terms allowed as myy = m (1/7L1//R + l/_/Rl//L) would mix
left- and right-handed fields,

-

Solution: Spontaneous Symmetry Breaking (SSB)

35



Spontaneous Symmetry Breaking

Key idea: Lagrangian is invariant under gauge symmetry, but vacuum is not = vacuum breaks symmetry.

source: wikipedia

unbroken symmetry broken symmetry

Goldstone theorem: for every broken generator there is a massless mode

<

Goldstone theorem combined with gauge theories: massless goldstone modes are absorbed

(=eaten) to become longitudinal modes of the gauge bosons associated to the broken generators.

@@

36

source: quantumdiaries.org



D,M

The Higgs mechanism

classical __
°CZSM _gYM_I_gDirac_'_fZHiggs_'_“'

Higgs potential:

P (x)

complex scalar SU(2)-doublet @ (x) =
$°(x)

— 0 . Gawa ng
~ M+lg27 M+17 U

37/



The Higgs mechanism

classical __
gSM _gYM_I_gDirac_'_gHiggs_'_"'

¢ (x)
0 | 2
¢-(x) <A<c1>> =—(8) with v ==

O
D,=0,+ig W' +ilp, V2 V4
2 2 vacuum expectation value

_ r _(1 0)(0)_
such that Q <®> = I3+§ <D> = =0

complex scalar SU(2)-doublet @ (x) =

0 0] \v

Qvacuum electrically neutral / invariant under U(1)gy,

vacuum NOT invariant under SU(2); X U(1)y transformations
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The Higgs mechanism

Expand P-field around minimum: @ (x) =

<h’>=<y'>=<¢p*>=0

(

1

V2

O ()
(v + h%(z) + ix"(x))

)

would-be Goldstone bosons

39



The Higgs mechanism

Expand @-field around minimum:  ® ()

<h’>=<y'>=<¢p*>=0
age 7 N\

transformation —

i 0
="unitary gauge” V2 \V+ ho(x)

would-be Goldstone bosons

40



The Higgs mechanis

Expand P-field around minimum: @ (x) = (

<h’>=<y'>=<¢p*>=0
gauge /\ 1 0
transformation —

M

would-be Goldstone bosons

="unitary gauge” - \/5 v + ho(x)
- - 2 7.0N2 u’ 0\3 u’ 0nd _ "0
l. Higgs potential V= u~(h"”)” A (h”)° 4 (W) =—(h")"+ ...
yd AN e
Vi
DN RN



(Gauge boson masses

_|_
Expand P-field around minimum: @ (x) = ( Lyt h%(x(';j) 20 () )
<h’>=<)'>=<¢p*>=0 V2 —
tgaug? t'/\‘— | 0 would-be Goldstone bosons
="unitary gauge” - \/5 Vv + hO(X)

_____——» mass terms for W, B!l

o L (& Y I ( v )2 & 81% (W3’”)
D) (D, ®) = — [ ==v | (W?+ W2)+— W3, B +
1. kinetic term  ( )'(D,D) ( > V) Wi+ W) ) < u ﬂ) 29, g2 BH

<> redefine! < diagonalise!

42



(Gauge boson masses

*()) )

Expand P-field around minimum: @ (x) =

1 0
— (v + h" (x
<h’>=<)'>=<¢p*>=0 \/5( ( ) v\
gauge /\ i 0 would-be Goldstone bosons
transformation — 0
="unitary gauge” \/5 v+ h(x)

_____——» mass terms for W, B!l

o L (& Y I ( v )2 & 81% (W3’”)
D) (D, ®) = — [ ==v | (W?+ W2)+— W3, B +
1. kinetic term  ( )'(D,D) ( > V) Wi+ W) ) < u ﬂ) 29, g2 BH

<> redefine! < diagonalise!

Zy\ [ cosBy sinby W
A, —sin@y, cos Oy B,
A~ N

physical fields unbroken fields 43



(Gauge boson masses

_|_
Expand P-field around minimum: @ (x) = ( 1y h%(a:(;v) 0(2)) )
<h’>=<)'>=<¢p*>=0 V2 —
tgaug? t'/\‘— | 0 would-be Goldstone bosons
="unitary gauge” - \/5 Vv + hO(X)

_____——» mass terms for W, B!l

I (& ) L (v & 88 3
: : U T _ [ 52 2 N e 3 2 162 14
. kinetic term  (D"®)"(D,®) = ; ( ; v) (W + W) + ; (2> <Wﬂ,Bﬂ> ( . ) ( ) +

8182 B

<> redefine! < diagonalisel

_ 0 A#
=M%VW;W” +_(A”’Z”)<O M2) (Z”)+

/Z
W/;—L _ L(W/} ~ iW/f) Z, _ ( C(.)SQW sin9W> Wj’
\/5 A, —sin @y, cos Oy, B,
A N

physical fields unbroken fields 44



(Gauge boson masses

_|_
Expand P-field around minimum: @ (x) = ( 1y h%(:gv) 0(2)) )
<h’>=<y'>=<¢*>=0 V2 —
tgaug? t'/\‘— | 0 would-be Goldstone bosons
="unitary gauge” - \/5 Vv + hO(X)

_____——» mass terms for W, B!l

2 2 2
1 (v g  &£&\ [ Wi
) (W12+W22)+5(5> (w2.5,) S )+
8182 81

< diagonalisel
0 0 7
0 A _|_ coe
0 M) \z
o2
52 EVW mixing angle
: . /Z cos @y, sin6b 1%
= couplings and gauge (Aﬂ> _ ( O 9W> (;)
— S11 COS
boson masses are related! p 4 w p

P N

physical fields unbroken fields 45



Gauge-Higgs couplings

Expand P-field around minimum: @ (x) = (

<h’>=<y'>=<¢p*>=0

gauge | 0
transformation — 0
="unitary gauge” \/5 v+ h(x)

1 0 0 AH
.. + g2 —
II. kinetic term  (D*®)"(D,®) = My, W; W™ + E(Aﬂ, Z,,,)<O M%) (Zﬂ)

would-be Goldstone bosons

(diagonalised) ) 2 2 2, 2
V + 21,2 —+
+ 2 ot 4 & 4g2thZZ b ELpopowrw- 4 SLT02,2,04077
+ +
AN AN
W, Z, Wy /A ~h?

46



LYukawa

¢ = io” P

__ Yukawa terms
W o
g%ﬁl/{ssma = Z yMm T Zz Dirac + 7 Higgs + 7 Yukawa

Yukawa couplings /

47



¢ = io” P

Yukawa terms

classical __
gSM = Z yM T Zz Dirac T Zz Higgs + 7 Yukawa

Yukawa couplings /

48



Yukawa terms

classical __
gSM = Z yM T Zz Dirac T Zz Higgs + 7 Yukawa

Yukawa couplings /

: _ f U f
to be precise: mi. = —=Y;

» due to unitarity these matrices drop out

3 : : : _ :

. L W I, rr\T v in NC interactions: no FCNCs in the SM
diagonalised: Mg = ﬁ E :Uik Ykem (Umz’ ) = \/5)\@' w2 noN-trivial matrix remains in CC
k,m

interactions: CKM matrix

D g — Timothy’s Flavour Physics course starting on Monday
O = 107D 49




Fermion-gauge couplings
Z célaMssical =Z YM Z Dirac + 7 Higgs + 7 Yukawa
4
3
= Z [qj&”Dﬂqu; + u;jaﬂDﬂufe + d;jaﬂDﬂdﬁ
i=1

+1'5* Dl + e o"D el |

< cos Oy, sin9W> <W3> W, = . (W, ¥ iW;)
U H

—sin 6y, cos Oy,

50



Fermion-gauge couplings

classical __
A SM =7 YM Z Dirac + Z Higgs + Z Yukawa

3
= Y [4}'3D,q} +u} o"Duly +dy 6"D,d}

=1 f

+1'6*DIi + el 0" D e |

KJJW\<
Z,\ [ cosOy sindy\ (W, .1 | o _
(Aﬂ> - <—sin9W COS 6’W> (BZ) W,u — ﬁ (Wﬂ + lWﬂ) f

_ H 2 2 + Ut - 8182 _
PLbirae = - T A+ I8 Z+ TE W+ TE W =

|

QN
N
AN
=
4

gauge coupling of remaining U (1)em



Fermion-gauge couplings

classical __
A SM =7 YM Z Dirac + Z Higgs + Z Yukawa

3
=) [qja-ﬂpﬂq;; + u;,*o-mﬂu;, +d;jamﬂd;,

=1 f

+1'6"D 1l + e} o"D,el ]

Kiw\f\<
Z,\ [ cosOy sindy\ (W, .1 | o _
(Aﬂ> - <—Sin9W COS 6’W> (BZ) W,u — ﬁ (WM + lWﬂ) f

Pbitac = -+ I A+ T Z + TE W+ W = -2y ek 4

Foo = 5= D 50" = a'rsy, ar=1 ;e:
NC AN foIS7F) f
Vekm gauge coupling of remaining U (1)Em




Fermion-gauge couplings

classical __
A SM =7 YM Z Dirac + Z Higgs + Z Yukawa

cos Oy,

—s1in Oy,

sin Oy,

cos Oy,

)

53



Zy\ [ cosOy sindy
A, ~ \—=sinf, cos6y

Low =t e|OW) =W WA + WIW, P + h.c.|

+ecoty [(aﬂwy+ —O,WHWHZY + WIWSZ" + h.c. ]

)

Fermion-gauge couplings

classical __
gSM =Z YM

—e*/(4sinOy) (W, W,f — W, WHW,W, + h.c.]
—e* 14 (WFA, — WHA WAV — WV AH)
—e*l4 cot* Oy (WSZ, — WSZ)WHZ — W ZH)

+e2/2 cotOy (WA, — WA YW HZY — WZ") + h.c.

Z Dirac + 7 Higgs + 7 Yukawa

_J(
A P\_rw\_crj
p L
9
W, W,
Wy W,
/ g W;
Z 1%

54



SM input parameters

classical

-Unbroken theory £sm

- Couplings: g1, 7, &5
- Parameters of the Higgs potential: i, A

. Yukawa couplings: ylf;
 After EWSM:
- Couplings: g1, &7, ¢ Or Qpp, SIN Oy, A
- EW boson masses: n1,o, myy, m,, my

- CKM matrix elements: V ~n

= Important tree-level relations between input parameters: e.g.: cos 6y,

= EW couplings and EW boson masses are not independent

= Yukawa couplings and masses are not independent

= These tree-level relations receive higher-order corrections:
in general depend on all inputs.
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EW input schemes

= Common input schemes: ¢ = V4ra, g1 = e/ cosby, g» = e/sin b
» 12(0), mw, mzi-scheme:  a(0) ~ 1/137 = 0.0073... (Thomsen limit: @ — 0)

, (Gumw mzhscheme:  al, =4/2/xG,misin? 0y, ~ 1/132 = 0.0076...
y 1a(mz), mw, mzi-scheme: a(m,) ~ 1/128 = 0.0078...

8 2
from: |—=G.|* = 9—3\2 = | M

V2 My
where: G, = 1.1663710"°GeV ~~

(relation between squared matrix elements for the
muon decay In the Fermi theory to corresponding
W-exchange matrix elements in the low-energy limit)

= Additional inputs: {72 7}
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EW input schemes

= Additional inputs: {72 7}

= Common input schemes: ¢ = V4ra, g1 = e/ cosby, g» = e/sin b
» 12(0), mw, mzi-scheme:  a(0) ~ 1/137 = 0.0073... (Thomsen limit: @ — 0)

, (Gumw mzhscheme:  al, =4/2/xG,misin? 0y, ~ 1/132 = 0.0076...
y 1a(mz), mw,mzj-scheme: a(m,) ~ 1/128 = 0.0078...

2 . . ~
8 Q 2 1 Y92 2 M 9 (relation between squared matrix elements for the < 7, e*
W2 =12 = 1m DA

from: |ﬁ m2, muon decay In the Fermi theory to corresponding

W-exchange matrix elements in the low-energy limit)
where: G, = 1.1663710°GeV 2

= Differences between these scheme at 5-7% level (scheme uncertainties).
= Scheme dependence reduced when including higher-order corrections.
= One scheme might be more appropriate than others for different processes.
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EW input schemes

= Additional inputs: {72 7}

= Common input schemes: ¢ = V4ra, g1 = e/ cosby, g» = e/sin b
» 12(0), mw, mzi-scheme:  a(0) ~ 1/137 = 0.0073... (Thomsen limit: @ — 0)

, (Gumw mzhscheme:  al, =4/2/xG,misin? 0y, ~ 1/132 = 0.0076...
y 1a(mz), mw,mzj-scheme: a(m,) ~ 1/128 = 0.0078...

. 8 2 g% 2 2 (relation between squared matrix elements for the e pe et
from: |_Gu| - —2‘ — ‘M‘ d in the Fermi th di - ' —— w
\/§ m, muon decay In the rermi theory to corresponding e T p——

4 W-exchange matrix elements in the low-energy limit)

where: G, = 1.1663710"°GeV ~~

2 47 2 %% 2 %4 %4 2
__ TTAA cw (277 (Mz)  Ep (My) Yy (0) — Xy (My)
ANLO. MG VEG 1w Ar A= -9 (g2 - ) 2O
sty n Sw Hyw . :
19w ~7 50) | O‘2 (6 n (i ZQLSW log ng) (depends on all
sw Mz dwsy 257y parameters of the SM)

- Gﬂ-scheme incorporates these universal corrections into LO couplings

= improved perturbative convergence for processes dominated by SU(2)
interactions at (or above) the EW scale.
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Conclusions

Symmetry:

SU3)e x SU2)r x U(1)y =25 SU(3)e x U(D)em
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Questions!?
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SM input parameters

= (Generally, only a well defined set of independent input parameters are
“free” parameters of the model

= derived parameters are only short-hands to keep the notation tidy.

= when performing measurements (comparing data with theory), only
input parameters of used calculation can be extracted from data.



peXterna

Mixed EW Input schemes

»natural -

0 consider a mixed scheme

(on-shell) photons effectively couple with @ — 0

O(a(0)alg,as) wrt O(a(0)as)
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