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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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Outline
 Lecture #1

From Fermi theory to the Standard Model
Chirality, fermion masses, spontaneous symmetry breaking
Custodial symmetry
Gauge boson masses, unitarity and the Higgs boson

 Lecture #2 
Higgs phenomenology (decay and production at colliders) 
Higgs quantum potential (vacuum (meta)stability, naturalness)
Hierarchy problem

 Lecture #3
Supersymmetry
Composite Higgs
Extra dimensions 

 Lecture #4
Connections particle physics-cosmology
Quantum gravity: landscape vs swampland
BSM searches beyond colliders: AMO, EDMs, nñ, GW, PBH
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Some numerical values used in these lectures…

mp = 938MeV mn = 939MeV m⇡± = 139MeV m⇡0 = 134MeV mK± = 494MeV mK0 = 498MeV

me = 511 keV mµ = 106MeV m⌧ = 1.8GeV

mu = 2.3MeV md = 4.8MeV mc = 1.3GeV ms = 100MeV mt = 173GeV mb = 4.2GeV

Fundamental constants

1 eV = (6.6⇥ 10�16 s)�1 1 eV = (2.0⇥ 10�7 m)�1 1 eV = 1.8⇥ 10�36 kg 1 eV = 1.2⇥ 104 K

Natural units

Mass spectrum

Astrophysics

c ⇠ 3⇥ 108 m.s�1

~ ⇠ 10�34 J.s

e ⇠ 1.6⇥ 10�19 C

GN ⇠ 6.67⇥ 10�11 N.kg�2.m2

kB ⇠ 1.38⇥ 10�23 J.K�1

M� = 2⇥ 1030 kg M� = 6.0⇥ 1024 kg M� = 7.3⇥ 1022 kg

hd���i = 1.5⇥ 106 km hd���i = 3.8⇥ 105 km

hT surface
� i = 5778K



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018!4

Ask questions!
Your work, as students, is to question all what 

you are listening during the lectures...
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H
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WZ

σ
[p

b
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10−3

10−2

10−1

1

101

102

103

104

105

106

1011 Theory

LHC pp
√

s = 7 TeV

Data 4.5 − 4.9 fb−1

LHC pp
√

s = 8 TeV

Data 20.3 fb−1

LHC pp
√

s = 13 TeV

Data 0.08 − 36.1 fb−1

Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!

the same set of eqs. describe phenomena over 15 orders of magnitude

!5
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The SM and... the rest of the Universe

[and we all have to return our royalties!]
is not enough

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

 neutrino masses 
 matter-antimatter asymmetry 
 Dark Matter 
 Dark Energy 
 Quantum gravity

{

!6
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Buil$ng % SM

!7
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Beta decay & Fermi Theory

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

Fermi theory ’33 L = GF (n̄p)(�̄ee) exp: GF=1.166x10-5 GeV-2

40
19K ! 40

20Ca
+ + e� 64

29Cu ! 64
30Zn

+ + e� 3
1H ! 3

2He
+
+ e�

n
W±
�⇥ p+ e� + �̄e
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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

Need to go beyond Fermi
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Why Gauge Theories?

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

[mass]�2
[mass]�2⇥2 [mass]2

� / G2
FE

2
n

p

e-

νe

W-

Gauge theory
� / g4

E2

m2
W (E2 +m2

W )

• match with Fermi theory at low energy 
    (we say that the Fermi theory is an effective theory  
       of the weak gauge theory at low energy) 

• good high energy behaviour

GF =

�
2g2

8m2
W

exp. mW=80.4 GeV 
��g ≈0.6, ie, same order as e=0.3 
unification EM & weak interactions
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From Gauge Theory back to Fermi
We can derive the Fermi current-current contact interactions by “integrating out” the gauge bosons, 
i.e., by replacing in the Lagrangian the W by their equation of motion. Here is a simple derivation (a 
better one taking into account the gauge kinetic term and the proper form of the fermionic current 
will be presented in the lecture,  for the moment, take it as a heuristic derivation)

@L
@W+

µ
= 0 ) W�

µ =
g

m2
W

J�
µThe equation of motion for the gauge fields:

Plugging back in the original Lagrangian, we obtain an effective Lagrangian (valid below the mass of the 
gauge bosons):

L =
g2

m2
W

J+
µ J�

⌫ ⌘µ⌫

L = �m2
WW+

µ W�
⌫ ⌘µ⌫ + gW+

µ J�
⌫ ⌘µ⌫ + gW�

⌫ J+
⌫ ⌘µ⌫

Which is the Fermi current-current interaction. The Fermi constant is given by
(the correct expression involves a different normalisation factor) 

GF =
g2

m2
W

J+µ = n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + . . . and J�µ =
�
J+µ

�⇤

In the current-current product, the term                                 is responsible for beta decay, while the 
term                                 is responsible for muon decay. Both decays are controlled by the same 
coupling, as indicated by the measurements of the lifetimes of the muon and neutron.

(n̄�µp)(⌫̄e�
⌫e)⌘µ⌫

(µ̄�µ⌫µ)(⌫̄e�
⌫e)⌘µ⌫
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Why non-abelian Gauge Theories?
EM = exchange of photon = U(1) gauge symmetry

EM U(1) but

EM field and covariant derivative

if

≠0 if local transformations

{

the EM field keeps track of the phase in 
different points of the space-time

� � ei�� ⇤µ⇥ � ei� (⇤µ⇥) + i(⇤µ�)⇥

⇥µ�+ ieAµ� � ei�(⇥µ�+ ieAµ�)

Aµ ⇥ Aµ � 1

e
⇥µ�

Fµ⇥ = �µA⇥ � �⇥Aµ ! Fµ⌫

photon do not interact with itself because it doesn’t carry an electric charge 
W carries an electric charge since it mediates charged current interactions 

W interacts with the photon ☛ non-abelian interactions

W-

W+

γ
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the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

The Standard Model

[Gargamelle collaboration, ’73]Fig. 14: First νµe elastic scattering event observed by the Gargamelle Collaboration [10] at CERN. Muon neutrinos enter the

Freon (CF3Br) bubble chamber from the right. A recoiling electron appears near the center of the image and travels toward the

left, initiating a shower of curling branches.

By analogy with the calculation of theW -boson total width (2.43), we easily compute that

Γ(Z → νν̄) =
GFM3

Z

12π
√

2
,

Γ(Z → e+e−) = Γ(Z → νν̄)
[
L2

e + R2
e

]
. (2.47)

The neutral weak current mediates a reaction that did not arise in the V − A theory, νµe → νµe,
which proceeds entirely by Z-boson exchange:

νµ

νµ

e

e

This was, in fact, the reaction in which the first evidence for the weak neutral current was seen by the

Gargamelle collaboration in 1973 [10] (see Figure 14).

To exercise your calculational muscles, please do

Problem 3 It’s an easy exercise to compute all the cross sections for neutrino-electron elastic scattering.

Show that

σ(νµe → νµe) =
G2

FmeEν

2π

[
L2

e + R2
e/3

]
,

σ(ν̄µe → ν̄µe) =
G2

FmeEν

2π

[
L2

e/3 + R2
e

]
,

σ(νee → νee) =
G2

FmeEν

2π

[
(Le + 2)2 + R2

e/3
]

,

σ(ν̄ee → ν̄ee) =
G2

FmeEν

2π

[
(Le + 2)2/3 + R2

e

]
. (2.48)

19

νµ e- → νµ e-

!13

Xe-

νµ

W - e-

νµ

e- e-

νµ νµ

!X e- e-

νµ νµ

Z



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018

the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

e+e- → W+W-

e+

e-

W+

W -

ν

e+

e-

W+

W -

Z, γ

Gauge Theory as a Dynamical Principle

!14
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a mass term for the gauge field isn’t 
invariant under gauge transformation

the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

the masses of the quarks, leptons and gauge bosons  
don’t obey the full gauge invariance 

is a doublet of SU(2)L but

spontaneous breaking of gauge symmetry

The SM and the Mass Problem

�
�e

e�

⇥

m�e � me

�Aa
µ = ⇤µ⇥

a + gfabcAb
µ⇥

c

!15
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"-

e-#e
⇒⇒

Conservation of momentum and spin
imposes to have a RH e-

Weak decays proceed only w/ LH e-

So the amplitude is prop. to me

Weak interactions maximally violates P

TH: Yang&Lee ’56. EXP: Wu ‘57

�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
/ m2

e

m2
µ

⇠ 2⇥ 10�5 ⇠ 10�4
obs

Extra phase-space factor

SM is a Chiral Theory

~B

60
27Co 60

28Ni ⌫̄e

e�

Jz=5 Jz=4 Jz=1

60
27Co 60

28Ni

⌫̄e

e�

Jz=5 Jz=4 Jz=1

X
P

60
27Co ! 60

28Ni + e� + ⌫̄e only LH e- produced 
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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

Fermion Masses
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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

v
2

2f2

◆
f̄LifRj +

✓
1 + 3cij

v
2

2f2

◆
yijp
2
hf̄LifRj

(*) e.g. Buras, Grojean, Pokorski, Ziegler ’11 

(*) 

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 

 Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

CMS-PAS-HIG-2014-005

(look also at t→hc ATLAS ’14)

Fermion Masses
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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

Quark mixings

Fermion Masses
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Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

!19

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

Spontaneous Symmetry Breaking

Gauge boson spectrum 

electrically charged bosons 

electrically neutral bosons
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Gauge invariance says:

!20

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 correctionnot 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

Interactions Fermions-Gauge Bosons 



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018!21

⇥ � 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

Custodial Symmetry
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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

!22

�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

Custodial Symmetry
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The longitudinal polarization of massive W, Z

symmetry breaking: new phase with more degrees of freedom

polarization vector grows with the energy

a massless particle is never at rest: always possible to distinguish   
(and eliminate!) the longitudinal polarization

c! c! c!

the longitudinal polarization is physical for a massive spin-1 particle

v! !0

(pictures: courtesy of G. Giudice)

!23

�� =

�
|⌃p|
M

,
E

M

⌃p

|⌃p|

⇥

3=2+1
Guralnik et al ’64
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The longitudinal polarization of W, Z

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Indeed a massive 
spin 1 particle has 

3 physical polarizations:

with

Why do we need a Higgs ?
The W and Z masses are inconsistent with the known particle 
content!  Need more particles to soften the UV behavior of 

massive gauge bosons.

2 transverse:

1 longitudinal:

( in  the R-ξ gauge, the time-like polarization (                                    ) is arbitrarily massive and decouple )

Bad UV behavior for 
the scattering of the longitudinal 

polarizations

38

Aµ = �µ eikµx
µ

�µ�µ = �1 kµ�µ = 0

kµ = (E, 0, 0, k)

kµk
µ = E2 � k2 = M2

�
�µ1 = (0, 1, 0, 0)
�µ2 = (0, 0, 1, 0)

�µ� = ( k
M , 0, 0, E

M ) � kµ

M +O( E
M )

�µ�µ = 1 kµ�µ = M

WL

WL WL

WL

in the particle rest-frame, no distinction between L and T polarizations 
in a frame where the particle carries a lot of kinetic energy, the L polarization 

“dominates”
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At high energy, the dominant degrees of freedom are WL

!25

The BEH mechanism: “VL=Goldstone bosons”

W+

t
b

�(t ! bWT ) =
g2

64⇡

2(m2
t �m2

W )
2

m3
t

�(t ! bWL) =
g2

64⇡

m2
t

m2
W

(m2
t �m2

W )
2

m3
t

at threshold (mt ~ mW) 
democratic decay 

at high energy (mt >> mW) 
WL dominates the decay

At high energy, the physics of the gauge bosons becomes simple

 ~~ why you should be stunned by this result: ~~

daughter

mother
daughter

g

we expect: 
(dimensional analysis) 

instead

� ⇠ g2 mmother

� / m3
mother means g / m like the Higgs 

couplings!

very efficient way to get energy from the mother particle ⌧ ⌧ ⌧naive

Goldstone equivalence theorem
W±L, ZL ≈ SO(4)/SO(3)

This is the physics that was understood at LEP 
The pending question was then: is there something else? 

That was the job of the LHC
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Bad high-energy behaviour for  
the scattering of the longitudinal 

polarizations

Extra degrees of freedom are needed to have a good description 
of the W and Z masses at higher energies

kµ

l�

p�

q�

WL

WL WL

WL

A = g2
E4

4M4
W

violations of perturbative unitarity around E ~ M/√g (actually M/g)

Call for extra degrees of freedom

A = �µ� (k)�
⇥
�(l)g

2 (2⇥µ⇤⇥⇥⌅ � ⇥µ⇥⇥⇤⌅ � ⇥µ⌅⇥⇥⇤) �
⇤
�(p)�

⌅
� (q)

!26

NO LOSE THEOREM

numerically: E ~ 3 TeV       the LHC was sure to discover something!

�
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What is the SM Higgs?
A single scalar degree of freedom that couples to the mass of the particles 

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

growth cancelled for  
a = 1 

restoration of 
perturbative unitarity

A =
1

v2

�
s� a2s2

s�m2
h

⇥

h
W+ W+

W- W-

!27

LEWSB = m2
WW+

µ W+
µ

✓
1 + 2a

h

v
+ b

h2

v2

◆
�m  ̄L R

✓
1 + c

h

v

◆

⌃ = ei⇡
a�2/v parametrises the coset SO(4)/SO(3)

L =
v2

4
TrDµ⌃

†Dµ⌃

m2
WW+

µ W+
µ +

1

2
mZZµZ

µ

1

2
(@⇡)2 +

1

v2
@2⇡4 + . . .

⌃ = 1

g = g0 = 0
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b a

a

For b = a2: perturbative unitarity in inelastic channels WW � hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW � WW

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

What is the Higgs the name of?

LEWSB = m2
WW+

µ W+
µ

✓
1 + 2a

h

v
+ b

h2

v2

◆
�m  ̄L R

✓
1 + c

h

v

◆
A single scalar degree of freedom that couples to the mass of the particles 
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For b = a2: perturbative unitarity in inelastic channels WW � hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW � WW

a c

For ac=1: perturbative unitarity in inelastic WW � ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

What is the Higgs the name of?

LEWSB = m2
WW+

µ W+
µ

✓
1 + 2a

h

v
+ b

h2

v2

◆
�m  ̄L R

✓
1 + c

h

v

◆
A single scalar degree of freedom that couples to the mass of the particles 
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For b = a2: perturbative unitarity in inelastic channels WW � hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW � WW

a c

For ac=1: perturbative unitarity in inelastic WW � ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

What is the Higgs the name of?

LEWSB = m2
WW+

µ W+
µ

✓
1 + 2a

h

v
+ b

h2

v2

◆
�m  ̄L R

✓
1 + c

h

v

◆

Higgs couplings  
are proportional  

to the masses of the particles

Higgs

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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1 2 3 4 5 10 20 100 200

1/
2

 o
r (

g/
2v

)
�

-210

-110

1
W Z

t

b

�

68% CL
95% CL
68% CL
95% CL

CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM

�� / m�

v
, �2

V ⌘ gV V h

2v
/ m2

V

v2

co
up
lin
g

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”
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True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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“It looks like a doublet”
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A single scalar degree of freedom that couples to the mass of the particles 
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HEP with a Higgs boson

The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→µτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics


