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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-S-Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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Beta decay

Two body decays: A➙B+C EB =
m2

A +m2
B �m2

C

2mA
c2 p =

�
�(mA,mB ,mC)

2mA
c

�(mA,mB ,mC) = (mA +mB +mC)(mA +mB �mC)(mA �mB +mC)(mA �mB �mC)

d�

dE

Ee(MeV)

fixed energy of daughter particles (pure SR kinematics, independent of the dynamics) 

➾ non-conservation of energy?

Pauli ’30: ∃ neutrino, very light since end-point of spectrum is close to 2-body decay limit

ν first observed in ’53 by Cowan and Reines

N-body decays: A➙B1+B2+...+BN Emin
B1

= mB1c
2 Emax

B1
=

m2
A +m2

B1
� (mB2 + . . .+mBN )2

2mA
c2

X
How are neutrinos produced?

⇡ ! µ⌫ (more about pion decay later later) µ ! e⌫̄e⌫µ µ ! e�
need 2 neutrino flavors

and flavor conservation since

mec
2 ⇥ 511 keV � Ee � 53 MeV ⇥

m2
µ +m2

e

2mµ
c2electron energy from decay of muon at rest:

Fermi theory ’33

Lederman, Schwartz, Steinberger ’62: p ⌫̄µ ! nµ+ p ⌫̄µ ! n e+but X

L = GF (n̄p)(�̄ee) exp: GF=1.166x10-5 GeV-2

(paper rejected by Nature: declared too speculative !)

40
19K ! 40

20Ca
+ + e� 64

29Cu ! 64
30Zn

+ + e� 3
1H ! 3

2He+ + e�
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Why Gauge Theories?
How are we sure that muon and neutron decays proceed via the same interactions?

τμ ≈ 10-6s   vs. τneutron ≈ 900s 

L = GF  
4

[mass]4
[mass]�2 [mass]3/2⇥4

� / G2
Fm

5

[mass]

for the muon, the relevant mass scale is the muon mass mμ=105MeV:

for the neutron, the relevant mass scale is (mn-mp)≈1.29MeV:

�µ =
G2

Fm
5
µ

192⇡3
⇠ 10�19 GeV

�n = O(1)
G2

F�m5

⇡3
⇠ 10�28 GeV

ex: what about π± decay τπ ≈10-8s? Why                                    ? 
�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
⇠ 10�4

What about weak scattering process, e.g .                    ?e⌫e ! e⌫e

[mass]�2
[mass]�2⇥2 [mass]2

� / G2
FE

2 non conservation of probability 
(non-unitary theory)

inconsistent at energy above 300GeV
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Electroweak Interactions
charged W ➾ must couple to photon:

➾ non-abelian gauge symmetry [Q,T±]=±T±

2. No additional “matter” (SM: Glashow ’61, Weinberg ’67, Salam ’68):  SU(2)xU(1)     
➾ extra force

1. No additional “force”: (Georgi, Glashow ’72) ➾ extra matter

SU(2)

[T a, T b] = i✏abcT c

[T+, T�] = Q [Q,T±] = +± T±

T± =
1p
2
(T 1 ± iT 2)

TrirrepT
3 = 0

0

@
XL

⌫L
eL

1

A

0

@
XR

⌫R
eR

1

A➾ extra matter

SU(1, 1)

[T+, T�] = �Q

[Q,T±] = +± T±

non-compact

unitary rep. has dim ∞

[Q,T±] = +± T±

only one unitary rep.

of finite dim. = trivial rep.

E2

[T+, T�] = 0

2D Euclidean group

Q = T 3? Q = Y ? Q = T 3 + Y !

as Georgi-Glashow

➾ extra matter
Q(eL) = Q(⌫L) Gell-Mann ’56, Nishijima-Nakano ’53

� / G2
FE

2 � / g4
E2

m2
W (E2 +m2

W )

GF / g2

m2
W
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Electroweak Interactions
Gargamelle experiment ’73 first established the S(2)xU(1) structure

νµ e- → νµ e-

Xe-

νµ

W - e-

νµ

e- e-

νµ νµ

!X
e- e-

νµ νµ

Z

idea: rely on a particle that doesn’t interact with photon and a NC process!

loop-suppressed contribution from W: e-

νµ

W -

e-

νµ

W -

μ

νe

http://cerncourier.com/cws/article/cern/29168
http://cerncourier.com/cws/article/cern/29168


Christophe Grojean SM, EWSB, Higgs  Mainz, August 201822

Field SU(3) SU(2)L T 3 Y
2 Q = T 3 + Y

2

ga
µ (gluons) 8 1 0 0 0

(W±
µ , W 0

µ) 1 3 (±1, 0) 0 (±1, 0)

B0
µ 1 1 0 0 0

QL =

(

uL

dL

)

3 2

(

1
2

−1
2

)

1
6

(

2
3

−1
3

)

uR 3 1 0 2
3

2
3

dR 3 1 0 −1
3 −1

3

EL =

(

νL

eL

)

1 2

(

1
2

−1
2

)

−1
2

(

0

−1

)

eR 1 1 0 −1 −1

Φ =

(

φ+

φ0

)

1 2

(

1
2

−1
2

)

1
2

(

1

0

)

Φc =

(

φ0

φ−

)

1 2

(

1
2

−1
2

)

−1
2

(

0

−1

)

Table 1: Charges of Standard Model fields.

interaction:

∆L = ytQ
†
LΦctR + c.c. =

yt√
2
(t†L b†L)

(

v + h

0

)

tR + c.c. (48)

= mt(t
†
RtL + t†LtR)

(

1 +
h

v

)

= mt t̄t

(

1 +
h

v

)

(49)

where mt = ytv/
√

2 is the mass of the t quark.

The mass of the charged leptons follows in the same manner, yeE
†
LΦeR + c.c., and

interactions with the Higgs boson result. In all cased the Feynman diagram for Higgs
boson interactions with the fermions at leading order is

hf̄f : i
mf

v
. (50)

We see from this discussion several important points. First, the single Higgs
boson of the Standard Model can give mass to all Standard Model states, even to
the neutrinos as we will see in the next lecture. It did not have to be that way. It
could have been that quantum numbers of the fermions did not enable just one Higgs

10

Y Q = T 3 + Y

The SM particle content
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Interactions Fermions-Gauge Bosons
Gauge invariance says:

23

with

Going to the mass eigenstate basis:

Zµ = cW 3
µ � sBµ

�µ = sW 3
µ + cBµ

c = g�
g2+g�2

s = g��
g2+g�2

L = gW 3
µ

�
⇤

i

T3L i ⇥̄i�̄
µ⇥i

⇥
+ g�Bµ

�
⇤

i

yi ⇥̄i�̄
µ⇥i

⇥

electric charge

protected by U(1)em gauge invariance
➾ no correction

not protected by gauge invariance
corrected by radiative corrections + new physics

L =
⌅

g2 + g�2Zµ

�
⇤

i

(T3L i � s2Qi) ⇤̄i⇥̄
µ⇤i

⇥
+ gg�⇤

g2+g�2
�µ

�
⇤

i

Qi ⇤̄i⇥̄
µ⇤i

⇥

e =
gg��

g2 + g�2
= sg = cg�

Q = T3L + Y
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Higgs Mechanism
Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

Gauge boson spectrum

electrically charged bosons

electrically neutral bosons

24

SU(2)L � U(1)Y

H =

�
h+

h0

⇥

U(1)e.m.

⇥H⇤ =
�

0
v�
2

⇥
with v � 246 GeV

DµH = �µH � i

2

⇤
gW 3

µ + g⇤Bµ

⇤
2gW+

µ⇤
2gW�

µ �gW 3
µ + g⇤Bµ

⌅
H with W±

µ = 1⌅
2

�
W1

µ ⇥W2
µ

⇥

|DµH|2 = 1
4 g

2v2 W+
µ W�µ + 1

8

�
W 3

µ Bµ

⇥⇤ g2v2 �gg⇥v2

�gg⇥v2 g⇥2v2

⌅⇤
W 3µ

Bµ

⌅

Weak mixing angle

M2
W = 1

4g
2v2

Zµ = cW 3
µ � sBµ

�µ = sW 3
µ + cBµ

c = g�
g2+g�2

s = g��
g2+g�2

M2
Z = 1

4 (g
2 + g�2)v2

M� = 0
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Fermion Masses

SM is a chiral theory (≠ QED that is vector-like) 

meēLeR + h.c. is not gauge invariant

The SM Lagrangian doesn’t not contain fermion mass terms
fermion masses are emergent quantities

that originate from interactions with Higgs vev

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj
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Fermion Masses
In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass higgs-fermion interactions

both matrices are simultaneously diagonalizable 

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like partners  or for non-SM Yukawa 

yij

✓
1 + cij

|H|2

f2

◆
f̄LiHfRj =

yijvp
2

✓
1 + cij

v2

2f2

◆
f̄LifRj +

✓
1 + 3cij

v2

2f2

◆
yijp
2
hf̄LifRj

Look for SM forbidden Flavor Violating decays h → µτ and h → eτ

weak indirect constrained by flavor data (µ→ eγ): BR<10%

ATLAS and CMS have the sensitivity to set bounds O(1%)

ILC/CLIC/FCC-ee can certainly do much better 

(look also at t→hc ATLAS ’14)

http://arxiv.org/abs/1403.6293
http://arxiv.org/abs/1403.6293
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Fermion Masses
In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass higgs-fermion interactions

Quark mixings
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Rho parameter

Custodial Symmetry

28

⇥ � M2
W

M2
Z cos2 �w

=
1
4g

2v2

1
4 (g

2 + g�2)v2 g2

g2+g�2

= 1

2x2 matrix explicitly invariant under

SO(4) ⇥ SU(2)L � SU(2)R

SU(2)L

SU(2)R

�
i�2H� H

⇥
= �

�†� = H†H

�
1

1

⇥

V (H) = �
4

�
tr�†�� v2

⇥2

SU(2)L � SU(2)R

Higgs doublet = 4 real scalar fields

is invariant under the rotation of the four real components

H =

�
h+

h0

⇥

V (H) = �

�
H†H � v2

2

⇥2

Consequence of an approximate global  symmetry of the Higgs sector
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Custodial Symmetry
Higgs vev

The hypercharge gauge coupling and the Yukawa couplings break the custodial SU(2)V,  which will 
generate a (small) deviation to ρ = 1  at the quantum level.

ρ = 1

unbroken symmetry in the broken phase

29

�H⇥ =
�

0
v�
2

⇥
��⇥ = v�

2

�
1

1

⇥

SU(2)L � SU(2)R ⇥ SU(2)V

�
W 1

µ ,W
2
µ ,W

3
µ

⇥
transforms as a triplet

(Zµ �µ)

⇤
M2

Z 0
0 0

⌅⇤
Zµ

�µ

⌅
=

�
W 3

µ Bµ

⇥⇤ c2M2
Z �csM2

Z
�csM2

Z s2M2
Z

⌅⇤
W 3µ

Bµ

⌅

The SU(2)V symmetry imposes the same mass term for all W i thus c2M2
Z = M2

W
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3 broken gauge directions = 3 eaten Goldstone bosons

Counting the degrees of freedom

 3 eaten
Goldstone bosons

SU(2)L ⇥ U(1)Y ! U(1)EM

H =

 
h+

h0

!  Higgs doublet = 4 real scalar fields

One physical degree of freedom
the Higgs boson

broken phaseunbroken phase

4 massless gauge bosons 8 dof
2 complex scalar doublet 4 dof

3 massive gauge bosons 9 dof
1 massless gauge boson 2 dof

1 real scalar field 1 dof
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Playing with the Goldstone’s
� ! ei↵�L = @µ�

†@µ�� �

✓
|�|2 � 1

2
f2

◆2
U(1)

� =
1p
2
(f + h(x)) ei✓(x)/f

h ! h

✓ ! ✓ + ↵f

U(1) non-linearly realized
shift symmetry forbids any mass term for θ

L =
1

2
@µh@

µh+
1

2

✓
f + h

f

◆
@µ✓@

µ✓ � �

✓
f2h2 + fh3 +

1

4
h4

◆

if the U(1) symmetry is gauged
the Goldstone boson is eaten and becomes the long. pola. of the massive gauge boson

SU(N)→SU(N-1)

φ→ UN−1φ = UN−1e
iπU †

N−1UN−1φ0 = eiUN−1πU
†
N−1φ0

π → UN−1πU
†
N−1

φ = eiπφ0

φ = exp




i
f





−π0 π1
. . .

...
−π0 πN−1

π"1 . . . π"N−1 (N − 1)π0













0
...
0
f





(N2 − 1)−
(
(N − 1)2 − 1

)
= 2N − 1

〈φ〉 =





0
...
0
f





SU(N)→ SU(N − 1)

17 EWPT

broken symmetry operators scale Λ

B,L (QQQL)/Λ2 1013 TeV

flavor (1,2nd family), CP (d̄sd̄s)/Λ2 1000 TeV

flavor (2,3rd family) mb(s̄σµνF µνb)/Λ2 50 TeV

mγ < 6× 10−17 eV

mW± = 80.425± .038 GeV

mZ0 = 91.1876± .0021 GeV

30

Goldstone bosons

φ→ UN−1φ = UN−1e
iπU †

N−1UN−1φ0 = eiUN−1πU
†
N−1φ0

π → UN−1πU
†
N−1

φ = eiπφ0

φ = exp




i
f





−π0 π1
. . .

...
−π0 πN−1

π"1 . . . π"N−1 (N − 1)π0













0
...
0
f





(N2 − 1)−
(
(N − 1)2 − 1

)
= 2N − 1

〈φ〉 =





0
...
0
f





SU(N)→ SU(N − 1)

17 EWPT

broken symmetry operators scale Λ

B,L (QQQL)/Λ2 1013 TeV

flavor (1,2nd family), CP (d̄sd̄s)/Λ2 1000 TeV

flavor (2,3rd family) mb(s̄σµνF µνb)/Λ2 50 TeV

mγ < 6× 10−17 eV

mW± = 80.425± .038 GeV

mZ0 = 91.1876± .0021 GeV

30

φ→ UN−1φ = UN−1e
iπU †

N−1UN−1φ0 = eiUN−1πU
†
N−1φ0

π → UN−1πU
†
N−1

φ = eiπφ0

φ = exp




i
f





−π0 π1
. . .

...
−π0 πN−1

π"1 . . . π"N−1 (N − 1)π0













0
...
0
f





(N2 − 1)−
(
(N − 1)2 − 1

)
= 2N − 1

〈φ〉 =





0
...
0
f





SU(N)→ SU(N − 1)

17 EWPT

broken symmetry operators scale Λ

B,L (QQQL)/Λ2 1013 TeV

flavor (1,2nd family), CP (d̄sd̄s)/Λ2 1000 TeV

flavor (2,3rd family) mb(s̄σµνF µνb)/Λ2 50 TeV

mγ < 6× 10−17 eV

mW± = 80.425± .038 GeV

mZ0 = 91.1876± .0021 GeV

30

(N-1) complex      
and 1 real      

scalars

~⇡
⇡0

SU(N-1)

SU(N)/SU(N-1)

φ→ UN−1φ = UN−1e
iπU †

N−1UN−1φ0 = eiUN−1πU
†
N−1φ0

π → UN−1πU
†
N−1

φ = eiπφ0

φ = exp




i
f





−π0 π1
. . .

...
−π0 πN−1

π"1 . . . π"N−1 (N − 1)π0













0
...
0
f





(N2 − 1)−
(
(N − 1)2 − 1

)
= 2N − 1

〈φ〉 =





0
...
0
f





SU(N)→ SU(N − 1)

17 EWPT

broken symmetry operators scale Λ

B,L (QQQL)/Λ2 1013 TeV

flavor (1,2nd family), CP (d̄sd̄s)/Λ2 1000 TeV

flavor (2,3rd family) mb(s̄σµνF µνb)/Λ2 50 TeV

mγ < 6× 10−17 eV

mW± = 80.425± .038 GeV

mZ0 = 91.1876± .0021 GeV

30

∫
d4k

(2π)4
k2

(k2 −m2)2
∝ Λ2

δm2 =
(
1
4(9g

2 + 3g′2)− 6y2t + 6λ
) Λ2

32π2

m2(v) = m2(Λ) +
(
1
4(9g

2 + 3g′2)− 6y2t + 6λ
) Λ2 − v2

32π2

V = 1
2

(
1
4(9g

2 + 3g′2)− 6y2t + 6λ
) Λ2

32π2
h2

M2
W = 1

4g
2h2, M2

Z = 1
4(g

2 + g′2)h2, M2
t = 1

2y
2
th

2, M2
H = λ(3h2 − v2), M2

G = λ(h2 − v2)
3× 2 3 4× 3 1 3

V = −
Λ4

128π2
STr 1 +

Λ2

64π2
STrM2(φ) +

1

64π2
STrM4(φ) ln

M2(φ)

Λ2

V =

∫
d4kE
2(2π)4

STr ln(k2E +M2(φ))

16 Goldstone

π →
(

UN−1

1

)(
π0 π
π† π0

)(
U †
N−1

1

)
=

(
π0 UN−1π

π†U †
N−1 π0

)

%π

SU(N − 1)

SU(N)

SU(N − 1)

29

� ! exp i

✓
~↵

~↵†

◆
exp i

✓
~⇡

~⇡†

◆
�0 ⇡ exp i

✓
~⇡ + ~↵

~⇡†
+ ~↵†

◆
�0

linear transformation of the Goldstone under the unbroken sym.

non-linear transformation 
of the Goldstone
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Playing with the Goldstone’s

L =
v2

4
TR

�
Dµ⌃

†Dµ⌃
�

m2
WW+

µ W�µ +
1

2
m2

ZZµZ
µ

⌃ = 112

⌃ ! gR⌃g
†
L

SU(2)L ⇥ SU(2)R
SU(2)V

h⌃i = 112

Dµ⌃ = @µ⌃� igW a
µ
�2

2
⌃+ ig0⌃

�3

2
Bµ

unitary gauge gauge-less limit
g = g0 = 0

1

2
(@µ⇡

a)2 +
1

6v2
(⇡a@µ⇡

a)2 � 1

6v2
(⇡a)2 (@µ⇡

a)2

non-linear sigma model with a cutoff 4πv ≈ 3TeV
effective theory valid in the energy domain

(thanks to g≈0.6)
mW ⌧ E ⌧ 4⇡v = 8⇡mW /g


