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Recap from Last Time ..\X‘(IT

Karlsruhe Institute of Technology

Gauge Field Theories:

T,t) — Y (Z,t) = (T, ¢

w(a_i ) v (ﬂi ) =e ib< >ﬁ ——» (Local Gauge Invariance)
P(E,t) = P (2, t) = (L, t)e™

C% — D, = C{% — ieAM —— » (Covariant Derivative)
D, — D/{L =D, —10,9

Ay AQL = A, ‘4‘({,8#79

F = [DM, D,] = (%AV — &/Au —————» (Field Strength Tensor)
g = FF’W = /85y

L= @y*D, —m) — }lFWFW ——» (Lagrange Density)

2 Institute of Experimental Particle Physics (IEKP)



Quiz of the Day

* What is the main characteristic of a Lie group?

* |ntuitive experimental evidence for parity violation & propagator structure
of the weak |A.

* The W boson only couples to left-handed particles! Does the Z boson
also couple only to lefi-handed particles?
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Schedule for Today

Review of Lie-Groups:

« U(1) & SU(2)
* (Non-) Abelian Gauge
theories

Sketch of the Electroweak
Sector of the SM:

* Left (Right)-handed States

* Local SU(2) x U(1)
Symmetry

* Weinberg Rotation

Phenomenology of
Weak Interaction

Institute of Experimental Particle Physics (IEKP)



Review of Lie-Groups ﬂ(".

Karlsruhe Institute of Technology

Marius Sophus Lie
(*17. December 1842, + 18. February 1899)
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Unitary Transformations ..\X‘(IT

rrrrrrrrrrrrr itute of Technology

—® U(1) phase transformation

Y(Z,t) = ¢'(3,t) = eY(&, 1)

* U(1)is a group of unitary transformations in R™with the following
properties:

GecU(n) GtG =1, det G = +£1

* Splitting an additional phase from G one can reach that detG = 1:

U(n)=U(1) x SU(n)

dethi/ Xethﬂ

(Unitary Transformations) (Special Unitary Transformations)
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Infinitesimal — Finite Transformations ..\X‘(IT

Karlsruhe Institute of Technology

* The SU(n)can be composed from infinitesimal transformations with a
continuous parameter 9 € R:

Gy = I+ tdinst (Yn €R, t € M(nxn))

inf

Glg, = (L +i%mt)" = > cWnnt

|—> t generators of G.

|—> t define structure of G.

* The set of G forms a Lie-Group.

* The set of t forms the tangential-space or Lie-Algebra.
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Properties of t ..\X‘(IT

Karlsruhe Institute of Technology

* Hermitian:
GG =1,
= (I, — i) (I, + ivt) =L, + i (t — tT) + O(v?)
H_I
t=t"

* Traceless (example SU(n)):
det G = det (I, + ivt)
= 1+Tr(t) + O(W?) =1 Tr(t) =0

* Dimension of tangential space:

(* x % %k *\ * m real entries in diagonal. « U(n) has n? generators.
" * * 1/2-n(n — 1) complex « SU(n)has (n? — 1)
X * entries in off-diagonal. generators.

* LK
K *x" ) « -1 for SU(n) for trace req.
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Examples that appear in the SM ( U(1) ) ..\X‘(IT

Karlsruhe Institute of Technology

| U(1) Transformations (equivalent to O(2)):
* Number of generators: 12 =1 NB: what is the Generator?

5’3
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Examples that appear in the SM ( U(1) )

AT

Karlsruhe Institute of Technology

U(1) Transformations (equivalent to O(2)):

* Number of generators: 12 =1 NB: what is the Generator? —® The generator is 1.

10

5’3
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Examples that appear in the SM (SU(2)) ..\X‘(IT

Karlsruhe Institute of Technology

| SU(2)Transformations (equivalent to O(3)):

* Number of generators: (22 ~1)=3 i.e. there are 3 matrices{t; }, which form a basis
of traceless hermitian matrices, for which the following relation holds:

G — ot 2105t

* Explicit representation:

tj=50; (j=1...3) (3 Pauli Matrices)

[ti, t5] = €i5ntr

1 1 Institute of Experimental Particle Physics (IEKP)



Examples that appear in the SM (SU(2)) ..\X‘(IT

Karlsruhe Institute of Technology

| SU(2)Transformations (equivalent to O(3)):

* Number of generators: (22 — 1) =3 i.e. there are 3 matrices{t; }, which form a basis
of traceless hermitian matrices, for which the following relation holds:

G — ot 2105t

* Explicit representation:

tj=50; (j=1...3) (3 Pauli Matrices)

[, B | = G tbn > « algebra closes.
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Examples that appear in the SM (SU(2)) ..\X‘(IT

Karlsruhe Institute of Technology

| SU(2)Transformations (equivalent to O(3)):

* Number of generators: (22 — 1) =3 i.e. there are 3 matrices{t; }, which form a basis
of traceless hermitian matrices, for which the following relation holds:

G — ot 2105t

* Explicit representation:

tj=50; (j=1...3) (3 Pauli Matrices)

s, B | = G 0bn > « algebra closes.

» ¢ structure constants of SU(2).
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Non-Abelian Symmetry Transformations ..\X‘(IT

Karlsruhe Institute o f Technolo ay

» Example O(3) (90° rotations in R3):

Z A

T Wﬂﬂﬂm—“ -

AN
L'
y
switch z and y: X —~ Y
1 [
ém

5’3
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Non-Abelian Symmetry Transformations

AT

Karlsruhe Institute o f Technolo ay

» Example O(3) (90° rotations in R3):

Z A
I
oV g L ey
/\; .
L' x
y
switch z and y: X Zp Y
1 [
ém

15

=

5’3
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Non-Abelian Symmetries Transformations ..\\J(IT

Karlsruhe Institute of Technology

» Example O(3) (90° rotations in R3):

Z A
<

*’W—Z’g

k

AN
"X

switch z and y:

3 cyclic N
/74 permutation: — —

¢N

DN =N
k
b
v

5’3
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Non-Abelian Symmetries Transformations ..\\J(IT

Karlsruhe Institute of Technology

» Example O(3) (90° rotations in R3):

Z A
<

*’W—Z’g

k

AN
"X

switch z and y:

cyclic

3
é gz, permutation:

z g L uy

\J

DN =N
k
b
v

5’3
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Examples that appear in the SM (SU(3)) ..\X‘(IT

Karlsruhe Institute of Technology

| SU(3)Transformations (equivalent to O(4)):

* Number of generators: (32 —1) =8 (— 8 Gell-Mann Matrices)

1 8 Institute of Experimental Particle Physics (IEKP)



Abelian vs. Non-Abelian Gauge Theories

AT

eeeeeeeeeeeeeeeeeeeeeeeeeee

Abelian: Non-Abelian:
W(Z,t) = Y (Z,t) = e P(&, 1) W(E,t) — P (L) = e"=*=¢)(Z, 1)
(T, t) = '(T,t) = Y@, t)e™ ™ (T, t) = P (F,t) = (L, t)e” et

o0, —+ D, =0, —teA,
D, — D!, = D, —id,V

A, — A=A, +10,0

F., =[D,, D, =08,A4, —0,A,

Fu, —F., =F,

L =1 (@vy*D, —m)p— F, FH

o, =D, =0, —igW,at,

D, — D:JJ =D, —1[Vata, D]

W, —= W, =W, +i[0ata, W, ata]
+;a,u (ﬁata)

F.. =Dy, D)) =09,W, -0, W,
— 19 [W/Jn WV]

Fu — F, = Fu—i[Jata, Fl.]

:E(i’VMDM - m) w_gllFa,quaMV

19
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The SM of Particle Physics ﬂ(".

Karlsruhe Institute of Technology
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Constituents and Interactions of the SM ﬂ(".

Karlsruhe Institute of Technology

Fermions Bosons

" Quarks
ol |
<
||
\ -3 SU(2)
g Leptons
o[~ HEE x
<
ool T
\

45 (Fermion fields) 12 (Gauge fields)

Force 1
carriers ——p [J ( 1 )

X

2 1 Institute of Experimental Particle Physics (IEKP)



Constituents and Interactions of the SM

XIT

Karlsruhe Ins e of Technology

22

( Leptons

Fermions

Bosons

Force 1
carriers ——p []J ( 1 )

X
3w SU(2)

X
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Phenomenology of Weak Interaction

* From the view of a high energy physics scattering experiment:

. — ]
920 GeV

23 Institute of Experimental Particle Physics (IEKP)
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wis  —— D
920 GeV
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Parity Violation

* Coupling only to left-handed particles (right-handed anti-particles):

spin =y
@ >

direction of motion

+

* Maximally parity violating!
* Intrinsically violating CP as well!

25

H1 Collaboration

E 120 I | I I I I
£ i
%8 i Ep—vX _
100 O H1 HERAI —
i m H1 HERAII |
{0 __ ep - vX __
- O H1 HERAI -
i ® [I1 HERAII ]
60 —
- EEIPDF 2012 i
40— = Linear Fit _|
20— 7
. Q? > 400 GeV? 17
i y<09 7 é
= 1
| | | | | | | | | | m
100 50 0 50 100
P, [%]
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Heavy Mediators

* Mediation by heavy gauge bosons:

E ]

do/dQ” / pb GV~

1
=]

1
L

1
Qi
a0 &
u e
H E
0O

my = 85.385 + 0.015 GeV
26

Neutral and Charged Current

- +
., Hlep Hl e™p
T &s _ ONC98-99 *NC 94-00
o, "CC98-99 wCC 94-00
-‘.
L ]
]

Vs =319 GeV
y=0.9

H1 FDF 2000

10° 10*

Q° /GeV-

H1 Collaboration
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The Model of Weak Interactions ﬂ(".

Karlsruhe Institute of Technology

Sheldon Glashow Steven Weinberg
(*5. December 1932) (*3. Mai 1933)
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SU(2) Space of Weak Isospin AT

Karlsruhe Institute of Technology

* Example: Transforms like a spin
Y2 object in space of

” .
L = <€>L —®» * [eft-handed er. & v form isospin doublet. weak Isospin.

er ~ —® * right-handed cr forms isospin singlet.

* Left- & right-handed components of fermions can be projected conveniently:

5
6L:<4L12 )6

5
ER — (H; )6

* Lagrangian w/o mass terms can be written in form:

5

@’y'u (;Ll ) UV = gLVMVL

e =er, +er 5

Lo =Y y"0u 01 + ery*Ouer = epy*0,er, + Y0, v + eryH 0 er

28 Institute of Experimental Particle Physics (IEKP)



Covariant Derivative of SU(2) x U(1) ﬂ(“.

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only."

A
- I

O _gel(a, e

1) Note a different sign convention.
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Covariant Derivative of SU(2) x U(1)

AT

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only.”

A
- I

L35 gl (o, i)

0 1

tT =ty +ity = (o

) (ascending operator )

t7T =t —1ty = ((1) 8) (descending operator)

Wittt = o (Wit + Wot™) + Wit

1) Note a different sign convention.

30
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Covariant Derivative of SU(2) x U(1) ﬂ(“.

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only."

A
- I

O _gel(a, e

1) Note a different sign convention.

3 1 Institute of Experimental Particle Physics (IEKP)



Covariant Derivative of SU(2) x U(1) ..\X‘(IT

Karlsruhe Institute o f Technolo ay

Covariant derivative corresponding
to SU(2) acts on isospin doublet only."

AN
- I

E?X@)XU(D =P (au T i% Y B, + igWﬁta) Yr+eryH (&L T iQQYRBu) €R

& /
Y

Covariant derivative
corresponding to U(1)
acts on isospin doublet
(as a whole) and on
isospin singlet.

1) Note a different sign convention.

32
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Covariant Derivative of SU(2) x U(1) ..\X‘(IT

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only."

AN
o I
LB =g yp (f% +i$YLB, + igWﬁta) Y tery! ((% + igz/YRBu) eR
N J
'
SU(2) x U(1) Hypercharges Covariant derivative
Particle Yr/L I3 Q corresponding to U(1)
% —1 +1/2 acts on isospin doublet
er —1 —1/2 (as a whole) and on
°R 0 —1 isospin singlet.

@ = I3+ (Gell-Mann Nischijama)

1) Note a different sign convention. 1
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Covariant Derivative of SU(2) x U(1) ..\X‘(IT

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only."

A
- N
LB =g yp (f% +i$YLB, + igWﬁta) Y tery! ((% + igz/YRBu) eR
- /
Y
SU(2) x U(1) Hypercharges Covariant derivative
Particle Yr/L I3 Q corresponding to U(1)
v -1 +1/2 0 acts on isospin doublet
er —1 —1/2 —1 (as a whole) and on
°R 2 0 —1 isospin singlet.

@ = I3+ (Gell-Mann Nischijama)

1) Note a different sign convention. 1
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SU(2) x U(1) Interactions

AT

Karlsruhe Institute of Technology

* Charged current interaction:

LES == 5 |7 (W) er + e (Wiy) v
< ~ J A\ ~ J
e —> UV vV — €

* Neutral current interaction:

2"

LYF == (SW2 =4 B,) )+ (4W2 + 4 B

\ J
N\ S

~
O(Z'u

35
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SU(2) x U(1) Interactions

AT

Karlsruhe Institute of Technology

* Charged current interaction:

LES == 5 |7 (W) er + e (Wiy) v

A\ / < >4

Y Y
e -V vV — e

* Neutral current interaction:

2"

LYF == (SW2 =4 B,) )+ (4W2 + 4 B

\ J
N\ S

~
O(Z'u

Z,\ _ (cosOw —sinby
A,)  \sinfy cos O

36

W,
BH

(Weinberg Rotation)
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SU(2) x U(1) Interactions ..\X‘(IT

Karlsruhe Institute of Technology

* Charged current interaction:

£65 = = Jo[v (W) ex+ex (W) v

Y Y
e -V vV — e

* Neutral current interaction:

NCET
L1y =— 9 Zy (Vypv)
VPP +9? o, 5 .
+ ; [(Cos Oy — sin HW) Z,, + 2sin Oy cos QWAM} (ervuer)
g . - .
4 \/ ) [ -9 Sln2 QW Z,u + 2sin QW COS QWAM] (GR’V,ueR)

What is the expression for ¢ ? 1
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SU(2) x U(1) Interactions ..\X‘(IT

Karlsruhe Institute of Technology

* Charged current interaction:

£65 = = Jo[v (W) ex+ex (W) v

Y Y
e -V vV — e

* Neutral current interaction:

NCET
L1y =— 9 Zy (Vypv)
VPP +9? o, 5 .
+ ; [(Cos Oy — sin HW) Z,, + 2sin Oy cos QWAM} (ervuer)
g . - .
4 \/ ) [ -9 Sln2 QW Z,u + 2sin QW COS QWAM] (GR’V,ueR)

What is the expression for e ? > c = /g2 + g2 sin Oy cos Oy 1
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Skewness of the SU(2) x U(1) ..\X‘(IT

Karlsruhe Institute o f Technolo ay

* Gauge boson eigenstates of the symmetry do not correspond to the
eigenstates of the IA:

Z,\ (cosby —sinfy WS
A,) \sinfy cos Oy B,

* Fermion eigenstates of the SU(2) do not correspond to the fermion
eigenstates of the SU(3)

Vud Vus Vub
Mcekm = Vea Ves Ve
Via Vis Vi

C1 S1C3 5153

)
)

= —81Cy  C1C2C3 — 82830 C1ca83 + Socsel
—S8189 C€1S9C3 + 02536"5 18283 — cocze’

c; = cost; ; s; =sind; (i = 1...3)
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Self-Interactions ..\X‘(IT

Karlsruhe Institute of Technology

1 1
gauge __ a apry j93%
L = - Tr (W, werr) 4 BB ' B, — A,
Wi — Z,

Triple Gauge Quartic Gauge
Couplings: . Couplings:

Y

S B o °

%4 A

* SU(2) is a non-abelian gauge symmetry, which leads to dedicated self
interactions with a predefined structure.

Which couplings are allowed (at tree level), which are not? 1
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Self-Interactions ..\X‘(IT

Karlsruhe Institute of Technology

1 1
gauge __ a apry [12%
L - 2Tr (Wi, W) 4BWB ' B, — A,
Wi — Z,
Triple Gauge Quartic Gauge
Couplings: . Couplings:
Y
S B o °
%4 h
YWW  ZWW ZXZ WWZy WWryy WWZZ
Z S N WPEW 2%
Which couplings are allowed (at tree level), which are not? 1

4 1 Institute of Experimental Particle Physics (IEKP)



Concluding Remarks ..\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

42 Institute of Experimental Particle Physics (IEKP)



Concluding Remarks ..\g(“.

Karlsruhe Institute o f Technolo ay

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

43 Institute of Experimental Particle Physics (IEKP)



Concluding Remarks _\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
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Concluding Remarks _\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
* Fermions can change flavor at |A vertex
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Concluding Remarks _\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
* Fermions can change flavor at |A vertex
* No parity conservation
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Concluding Remarks _\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
* Fermions can change flavor at |A vertex
* No parity conservation

* No CP conservation
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Concluding Remarks ..\g(“.

Karlsruhe Institute of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
Fermions can change flavor at |A vertex
No parity conservation

No CP conservation

No “EWK symmetry conservation”
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Concluding Remarks ﬂ(“.

Karlsruhe In: e of Technology

* SU(3) x SU(2) x U(1) gauge symmetries of the SM are internal
continuous symmetries (corresponding to Lie-transformations).

» Of those symmetries the “SU (2)-part” has the most peculiar behavior:

* Fermions can change charge at |A vertex
Fermions can change flavor at |A vertex
No parity conservation

No CP conservation

No “EWK symmetry conservation”

* Brief review of the EVWWK sector of the SM (still w/o mass terms):

* Projection to left(right)-handed states.

* Local gauge symmetry for SU(2) x U(1) (and covariant derivatives).
* Rotation of eigenstates of the symmetry into eigenstates of the IA.

* Gauge symmetries imply dedicated self interactions of gauge bosons.
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Sneak Preview for Next Week ﬂ(“.

Karlsruhe Institute of Technology

* Up to now the problem of mass has been completely ignored.

* Discuss how mass terms in the Lagrangian density will compromise local
gauge symmetries.

* Discuss the dynamic generation of mass via spontaneous symmetry
breaking.
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Backup & Homework Solutions ..\X‘(IT
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