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Introduction to the Standard Model: Theory (15 : 32)

♠ Gauge symmetry: SU(3)C × SU(2)L × U(1)Y

L ⊃ −1

4
Fµνa Faµν︸ ︷︷ ︸
SU(3)C

−1

4
Wµν
i Wi µν︸ ︷︷ ︸
SU(2)L

−1

4
BµνBµν︸ ︷︷ ︸
U(1)Y

⇓ ⇓
Gµa|a=1,...8 W±µ , Zµ, Aµ

♠ The Higgs sector:

• The minimal choice H =

(
G+

(H + iG0)/
√

2

)
for SU(2)L × U(1)Y → U(1)EM .

L ⊃ (DµH)†DµH − V (H)

for Dµ ≡ ∂µ + igW i
µT

i + ig′12Y Bµ and V (H) = µ2|H|2 + λ|H|4 with YH = 1
2

• If µ2 < 0 then 〈0||H|2|0〉 = −1
2
µ2

λ ≡
v2

2 (spontaneous symmetry breaking, the
origin of mass), v ' 246 GeV

• Boson masses: mh =
√

2λv, mW± = 1
2gv and mZ = mW/cW , for cW ≡ cos θW =

g/(g2 + g′ 2)1/2
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♠ Fermions × 3 (3 generations)

fermion T T3
1
2Y Q

νi L
1
2 +1

2 −1
2 0

li L
1
2 −1

2 −1
2 −1

ui L
1
2 +1

2
1
6

2
3

di L
1
2 −1

2
1
6 −1

3

li R 0 0 −1 −1

ui R 0 0 2
3

2
3

di R 0 0 −1
3 −1

3

νi R 0 0 0 0

i = 1, . . . , Nf = 3, ψL,R ≡ 1
2(1∓ γ5)ψ (parity violation), Q = T3 + 1

2Y
Neutrino masses:

• Dirac mass: fij L̄i Lνj R H̃ + H.c. for H̃ ≡ iτ2H?

• Majorana mass: 1
2Mij νi R C νj R + H.c.
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Gauge transformations:

ψ(x)→ exp

{
−igT iθi(x)− ig′1

2
Y β(x)

}
ψ(x)

Gauge interactions:

L ⊃
∑
ψ

ψ̄iγµDµψ for Dµ ≡ ∂µ + igW i
µT

i + ig′
1

2
Y Bµ

Yukawa interactions: L ⊃ −
∑3
i,j=1

(
Γ̃ijūi RH̃

†Qj L + Γijd̄i RH
†Qj L + H.c.

)
⇓

if 〈H〉 6= 0 then mq 6= 0

Lq mass = −
3∑

i,j=1

(
ūi RMu

ijuj L + d̄i RMd
ijdj L + H.c.

)
for

Mu ∝ vΓ̃, Md ∝ vΓ
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 u1

u2

u3


L,R

= UL,R

 u
c
t


L,R

 d1

d2

d3


L,R

= DL,R

 d
s
b


L,R

U†RM
uUL = diag(mu,mc,mt) D†RM

dDL = diag(md,ms,mb)

⇓
Γ̃,Γ diagonal

• charged currents:
∑
ūi Lγ

µdi L = (ū, c̄, t̄)LU
†
LDL︸ ︷︷ ︸

UCKM

γµ

 d
s
b


L

• neutral currents:
∑
ūi Lγ

µui L,
∑
d̄i Lγ

µdi L remain unchanged upon UL,R, DL,R

transformations
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UCKM :

• unitary complex N × N matrix, qi L → eiαiqi L ⇒ 1
2(N − 1)(N − 2) phases in

UCKM

• N ≥ 3 ⇒ CP violation in charged currents

♠ Masses in the SM: mV ∝ gv mh ∝ λ1/2v mf ∝ gfv
Leptons:

mνe∼< 3 eV mνµ∼< 0.2 MeV mντ ∼< 18 MeV
me = 0.5 MeV mµ = 105.5 MeV mτ = 1.78 GeV

Quarks:
mu ' 2 MeV mc ' 1.2 GeV mt ' 174 GeV
md = 5 MeV ms = 0.1 GeV mb = 4.3 GeV

Bosons:
mW± = 80.4 GeV mZ = 91.2 GeV mh ≥ 115 GeV

⇓
Fine tuning:

mνe

mt
∼< 0.5 · 10−11 ⇒ gνe

gt
∼< 0.5 · 10−11
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♠ Theoretical limits on the SM Higgs boson mass (Why LHC?):

• Unitarity:

a0(W+
LW

−
L →W+

LW
−
L )

s�m2
h−→ 1

8π2

(mh

v

)2

=⇒ mh∼< 700 GeV

• Perturbativity:

λ ∝
(mh

v

)2

=⇒ mh∼< 700 GeV

• Triviality and vacuum stability:

Ellis et al. 2009

B.G. and J. Wudka, ”Bounds on the Higgs-Boson mass in the presence of nonstandard interactions”,

Phys.Rev.Lett.88:041802,2002
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Introduction to the Standard Model: Experimental constraints (15 : 45)

• Perfect agreement with the existing data
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• The scalar sector weakly constrained

– Higgs-boson representation:

ρ ≡ m2
W

m2
Z cos2 θW

, SM ⇒ ρ = 1 +O(α)

for general Higgs multiplets: ρ =
∑
i[Ti(Ti+1)−T 2

i 3]v
2
i∑

i 2T 2
i 3v

2
i

data: ρ = 1.0002

{
+0.0024
−0.0009

⇒ T = 1
2 (doublets are favored)

– Higgs-boson interactions: no direct tests of the scalar potential

• Higgs-boson production at LEP: mh∼> 115 GeV
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• Indirect Higgs-boson-mass limits (through radiative corrections):

+ · · · ∝ ln
(
m2
h

v2

)
(Veltman’s screening)

⇒ mh∼< 200 GeV
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Reasons to go beyond the Standard Model (15 : 50)

♠ Gauge-Higgs sector:

• The hierarchy problem A:

⇒ m2
h = m

(tree) 2
h − c · Λ2

if mh ' 100 GeV and c ' g2
t

4π2 ' 1
40 then 1 =

(
10m

(tree)
h

1 TeV

)2

−
(

1.6Λ

1 TeV

)2

If Λ � 1 TeV then a fine tuned cancellation is needed to obtain mh ' 100 GeV,
e.g. for Λ = MPl = 1018 GeV one has

1 =

(
10m

(tree)
h

1 TeV

)2

− 2.5 · 1030 ⇒ to avoid fine tuning Λ∼< 5mh∼< 1 TeV

The New Physics is expected at E ' 1 TeV

• The hierarchy problem B: Why v �MPl ?
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• Why is there only one Higgs boson?

– The Higgs field was introduced just to make the model renormalizable (unitary)
– There exist many fermions and vector bosons, so why only one scalar? Why, for

instance, not a dedicated scalar for each fermion family?

• The strong CP problem:

– symmetries of the SM allow for

tr
(
FµνF̃

µν
)
≡ 1

2
εµναβtr (FµνFαβ)

P−→ −tr
(
FµνF̃

µν
)

– odd under CP

Lθ = θ
g2
s

32π2
F aµνF̃ aµν ⇒ neutron− EDM Dn ' 2.7 · 10−16θ e cm

⇓

data: Dn∼< 1.1 · 10−25 e cm ⇒ θ∼< 3 · 10−10

The strong CP problem: why is θ so small?
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♠ The flavour sector:

• parity violation:

W+µ ūiγµ(1−γ5)dj
P−→ W+µ ūiγµ(1+γ5)dj

Maximal parity violation, why?

• Charge quantization, why qu = 2
3, qd = −1

3 and ql = −1?

• Number of generations, why N = 3?

• Why is the top quark so heavy (mt ' 174 GeV while mb ' 4.3 GeV) ?

mt ' v = 〈0|H|0〉 ' 246 GeV

⇓

top quark is very different (possibly sensitive to the spontaneous symmetry
breaking)
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♠ Fine tuning of Yukawa couplings:

mνe

mt
∼< 0.5 · 10−11 ⇒ gνe

gt
∼< 0.5 · 10−11

♠ Parameters of the SM:

me mµ mτ mu mc mt

mνe mνµ mντ md ms mb

g, g′︸︷︷︸
(αQED,sin θW )

, gs︸︷︷︸
(αQCD)

, mh, λ︸ ︷︷ ︸
(µ,λ)

, UCKM︸ ︷︷ ︸
θ1,2,3,δCP

21 parameters !
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♠ Cosmology:

• Dark matter and dark energy

Ωi ≡
ρi
ρc

for ρc ≡
3H2

0

8πGN
data ⇒ ΩΛ = Λ

3H2
0
' 70%, ΩDM ' 27% and ΩB ' 3%
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• SM has no candidate for dark matter

• ΩΛ = ρΛ
ρc
' 0.7 ⇒ ρΛ ' 10−120M4

Pl = (10−3 eV)4 while typical scale of

the SM is O(100 GeV)! Fine tuning again!

• Inflation: period of fast expansion of the very early Universe, a(t) ' exp
(√

Λ
3 t
)

Again the SM has no means to explain the inflation. For a typical inflaton
mϕ ∼ 1013 GeV and λ ∼ 10−13, so probably the SM Higgs boson is not an inflaton
(however see discussion on ξH†HR).

• Baryogenesis and SM CP violation η ≡ nb−nb̄
nγ
' nb

nγ
' 6 · 10−10

The Sakharov’s necessary conditions for baryogenesis:

– B number violation
– C and CP violation
– Departure from thermal equilibrium

SM:

– B number violation: OK
– C and CP violation: too weak CP violation ∝ ImQ, for Q ≡ UudUcbU?ubU?cd
– Departure from equilibrium: no electroweak phase transition for mh∼> 73 GeV

Conclusion: the SM does not explain the baryogenesis
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Models of New Physics (16 : 05)

♠ Extra Higgs bosons

• Multi-doublet models favored by the ρ measurement and CP violation

• An example of extra Higgs boson scenario: the 2 Higgs Doublet Model:

V (φ1, φ2) = m2
1|φ1|2 +m2

2|φ2|2 +m2
3(eiδ3φ†1φ2 + e−iδ3φ†2φ1)+

+λ1(φ†1φ1)2 + λ2(φ†2φ2)2 + λ3(φ†1φ1)(φ†2φ2)+

+λ4(φ†1φ2)(φ†2φ1) + λ5

[
eiδ5(φ†1φ2)2 + H.c.

]
+

+λ6(φ†1φ1)
[
eiδ6φ†1φ2 + H.c.

]
+ λ7(φ†2φ2)

[
eiδ7φ†1φ2 + H.c.

]
where m2

i , λi and δi real

under CP: φi(t, ~x)
CP−→ eiαiφ?i (t,−~x) for i = 1, 2

• explicit CP violation: δi 6= 0

φ†1φ2
CP−→ ei(α2−α1)φ†2φ1

University of Warsaw, Konwersatorium im. Leopolda Infelda, April 8th, 2010, 17



• spontaneous CP violation (δi = 0)

〈φ1〉 =

(
0
v1√

2

)
〈φ2〉 =

(
0

v1e
iθ

√
2

)

Difficulties of extra-Higgs-boson scenarios:

• many new parameters (m2
i , λi, δi)

• tree-level FCNC to be suppressed

Mu
ij =

NH∑
α=1

Γ̃
(α)
ij

vα√
2
∝ Γ̃

(1)
ij v1+Γ̃

(2)
ij v2+· · · , Md

ij =

NH∑
α=1

Γαij
vα√

2
∝ Γ

(1)
ij v1+Γ

(2)
ij v2+· · ·

♠ Extra gauge symmetries

• GUTs, e.g. SU(5): unification of gauge couplings, . . .

• L−R symmetry, SU(2)L × SU(2)R × U(1): spontaneous parity violation

• SU(2)L × U(1)× U(1)′: just extra Z ′
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♠ Extra dimensions (more spatial dimensions)

Motivations:

• Unification of gravity and gauge interactions in gAB (T. Kaluza 1921)

• Quantization of gravity (strings)

• Solution (amelioration) of the hierarchy problem
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φ(x, y) = φ(x, y + 2πL) ⇒ φ(x, y) =

+∞∑
n=−∞

φn(x)ei
n
Ly

where φn(x) are called Kaluza-Klein modes.

Equation of motion (momentum along 5th D → mass in 4D):

(∂µ∂µ + ∂y∂y)φ(x, y) = 0 ⇒
[
∂µ∂µ +

(n
L

)2
]
φn(x) = 0 ⇒ mn =

n

L

• n = 0 → massless modes: e.g. gravity & electromagnetism (Kaluza & Klein),

• n > 0 → massive modes: “high” scale physics.
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An example of Kaluza-Klein expansion: scalar field for δ = 1:

L =
1

2
ηAB∂Aφ∂Bφ for A = 0, 1, 2, 3, 5

φ(t, ~x, y) = φ(x, y) space time M4×S1 ⇒ φ(x, y+2πL) = φ(x, y)

⇓

φ(x, y) =

+∞∑
n=−∞

φn(x)ein
y
L

L =
1

2

+∞∑
n,m=−∞

[
∂µφn∂

µφm +
nm

L2
φnφm

]
ei(n+m) yL

S =

∫
d4x

∫ 2πL

0

dyL =
2πL

2

∫
d4x

∞∑
n=−∞

[
∂µφn∂

µφ?n −
(n
L

)2

φnφ
?
n

]
=

=

∫
d4x

{[
1

2
∂µϕ0∂

µϕ0

]
+

∞∑
n=0

[
∂µϕn∂

µϕ?n −m2
nϕnϕ

?
n

]}

for ϕn ≡
√

2πLφn and m2
n ≡

(
n
L

)2
• The lightest KK particle (n 6= 0) is stable =⇒ a candidate for DM.
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? Large extra dimensions (ADD): a solution to the hierarchy problem B
Arkani-Hamed, Dimopoulos & Dvali, 1998

SADD =
M2+δ

2

∫
d4x

∫ 2πL

0

· · ·
∫ 2πL

0︸ ︷︷ ︸
δ

dδy
√
−g4+δR4+δ +

∫
d4x
√
−g4LSM

• SM localized on the 3-brane (M4)

• All (δ) extra dimensions of size L

• Only gravity propagates in the bulk (ds2 = g4µν(x)dxµdxν − δabdyadyb)
M2+δ

2

∫
d4x

∫ 2πL

0

· · ·
∫ 2πL

0︸ ︷︷ ︸
δ

dδy
√
−g4+δR4+δ −→

M2+δ(2πL)δ

2

∫
d4x
√
−g4R4 + · · ·

⇓

M2
Pl = M2+δ(2πL)δ

Trade: the hierarchy for the volume
The 4 + δ gravity scale M , can be as low as 1 TeV, then L = 10−17+30/δ cm

L =

{
1013cm δ = 1 excluded
10−2cm δ = 2 allowed
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Graviton interactions:

• gMN(x, y) = ηMN + hMN(x,y)

Mδ/2+1

• KK graviton modes

hMN(x, y) =
∑
~n

h~nMN(x)exp

(
i
2π~n · ~y
L

)

with m~n =
√
~n2

L for ~n = (n1, . . . , nδ).

• KK – Tµν coupling

L~nint = − 1

2MPl

[(
hµν,~n + hµν,−~n

)
Tµν
]

+ · · ·

δ 2 6
L 10−4 m 10 fm = 10−14 m
L−1 2 · 10−3 eV 20 MeV
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Gravity modified at distances ' L

V (r) =

{
− m1m2

Mδ+2
S

Lδ
1
r ∼ −

GNm1m2
r for r � L

−m1m2
M2+δ

1
r1+δ for r � L

The Eot-Wash Group: submillimeter tests of gravity

V (r) = −GN
m1m2

r

(
1 + α e−

r
λ

)
ADD with δ = 2 ⇒ λ = L , α = 4.
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Experimental signature:

• Virtual graviton-exchange effects, e.g. g + g → h?n → µ+µ−:

Leff ∝
TµνT

µν

Λ4

• Direct graviton production, e.g. qq̄ → hng (monojet plus missing transverse
energy):

σtot ∝
∑
n

σ(pp→ hn + g) ∝ 1

M2
for σ(pp→ hn + g) ∝ 1

M2
Pl

– Number of KK modes that are kinematically available in qq̄ → hng: N ∼ (EL)δ,
so for δ = 2 and E = 1 TeV, N ' 1030.

– Graviton lifetime:

τ~n ∼
M2
Pl

m3
~n

∼
(

TeV

m~n

)3

103 sec

– LHC-sensitivity to M in TeV for
√
s = 14 TeV (95% CL for exclusion)

process
√
s TeV L fb−1 δ = 2 δ = 4 δ = 6

pp→ hn + g 14 100 4-8.9 4.5-6.8 5.0-5.8
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? Warped extra dimensions (RS II): a solution to the hierarchy problem B
Randall & Sundrum, 1999, D = 4 + 1 (”The wood has warped in drying.”)

S =

∫
d4x

∫ +π

−π
dy
√
−g(2M3R− Λ)+∫

d4x
√
−gvis(Lvis − Vvis) +

∫
d4x
√
−ghid(Lhid − Vhid)

⇓

if Λ < 0 and Vhid = −Vvis = 24M3k then

gMN =

(
e−krc|y|ηµν

r2
c

)

for Λ = −24M3k2
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Seff ⊃ 2

∫
d4x

[∫ +π

−π
dyM3rce

−2krc|y|
]√
−ḡ R̄+ · · · for ḡµν(x) = ηµν + hµν(x)

⇓
To reproduce GR

M2
Pl = M2rc

∫ +π

−π
dy e−2krc|y| =

M3

k
(1− e−2krcπ)

The hierarchy within the RS II:

v = e−krcπv0 = 246 GeV

• If ekrcπ ' 1016 (krcπ ' 40), then v0 could be O(MPl)

• One can assume that the 5d theory has a single scale ' MPl (so no hierarchy),
while the E-W scale is generated through the warping!

L ⊃ − 1

MPl
Tµνh(0)

µν −
1

Λ
Tµν

∞∑
n=1

h(n)
µν

for Λ ∼MPle
−krcπ ∼ 1 TeV with mn ∼ Λ ∼ 1 TeV.
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Experimental signature:

• virtual graviton-exchange effects, e.g. the Drell-Yan production q+q̄ → h?n → l+l−:
from

L ⊃ − 1

MPl
Tµνh(0)

µν −
1

Λ
Tµν

∞∑
n=1

h(n)
µν

LHC-sensitivity to Λ (95% CL for exclusion)

process
√
s TeV L fb−1 Λ TeV

pp→ l+l− 14 100 7.5
pp→ γγ 14 100 7.1
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? The gauge-Higgs unification: a solution to the hierarchy problem A
(Manton, 1979 & Hosotani, 1983)

The strategy for D = 4 + 1:

• SM Higgs in the fundamental representation of SU(2). For A5 (adjoint) to have
iso-doublet components at least G = SU(3)w is required:

AaM →

 AaM AâM

AâM AaM


• The initial gauge group G broken to SU(2)L × U(1)Y by the Scherk-Schwarz

mechanism.
Periodicity:

AM(x, y + 2πR) = TAM(x, y)T †

Orbifold boundary conditions:

Aµ(x,−y) = +PAµ(x, y)P † A5(x,−y) = −PA5(x, y)P † ,

where T and P are elements of a global symmetry group (e.g. gauge).
For SU(3)→ SU(2)L × U(1)Y : P = T = exp(iπλ3) = diag(−1,−1, 1)

• SU(2)L × U(1)y → U(1)EM by 〈A(0)
5 〉 through 1-loop effective potential (the

Hosotani mechanism).
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Advantages and difficulties:

• Solution to the hierarchy problem (m2
h ∝ Λ2) for U(1) gauge symmetry:

Aµ(x, y)→ Aµ(x, y) + ∂µλ(x, y) and A5(x, y)→ A5(x, y) + ∂yλ(x, y)

forbids a mass term for A5, however vanishing of the mass for the zero mode of

A5 is not protected: A
(0)
5 (x) → A

(0)
5 (x), so after the compactification m2

A5
could

be generated in the perturbation expansion:

m2
A5
∝ 1

L2

No hierarchy problem: the Higgs boson mass is calculable and finite.

• Chance for an extra source of CP violation: 5D QED compactified on a circle
spontaneously breaks CP if at least two fermions are present:
B.G. and J. Wudka, ”CP violation from five-dimensional QED”, Phys.Rev.Lett.93:211603,2004

• Troubles with ρ ≡ m2
W/(m

2
Z cos2 θ) = 1:

B. G. and J. Wudka, ”5-Dimensional Difficulties of Gauge-Higgs Unifications”,

Phys.Rev.Lett.97:211602,2006

• The minimal realistic model: SO(5)× U(1) ⇒ non-universality in t, b couplings.
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? Näıve approach to the hierarchy problem

m2
h = m

(B) 2
h + δ(SM)m2

h + · · ·

δ(SM)m2
h =

Λ2

π2v2

[
3

2
m2
t −

1

8

(
6m2

W + 3m2
Z

)
− 3

8
m2
h

]

mh = 130 GeV ⇒ δ(SM)m2
h ' m2

h for Λ ' 580 GeV

• The Veltman condition
No Λ2 terms at the 1-loop level:

3

2
m2
t −

1

8

(
6m2

W + 3m2
Z

)
− 3

8
m2
h = 0 =⇒ mh ' 310 GeV

• SM + singlets ⇒ less divergence + DM

B.G. and J. Wudka, ”Pragmatic approach to the little hierarchy problem: the case for Dark Matter

and neutrino physics”, Phys.Rev.Lett.103:091802,2009

V (H,ϕi) = −µ2
H|H|2 + λH|H|4 + µ2

ϕ

Nϕ∑
i=1

ϕ2
i +

λϕ
24

Nϕ∑
i=1

ϕ4
i + λx|H|2

Nϕ∑
i=1

ϕ2
i
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with 〈H〉 = v√
2
, 〈ϕi〉 = 0 for µ2

ϕ > 0

δ(ϕ)m2
h = −Nϕ

λx
8π2

[
Λ2 −m2 ln

(
1 +

Λ2

m2

)]

• 2HDM + singlets ⇒ less divergence + DM + CPV
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Future perspectives with the LHC (16 : 25)

CERN (Geneva), pp collider, 7 TeV + 7 TeV (
√
s = 14 TeV), Ltot ∼ 10− 100

fb−1/year, (L ∼ 1033 − 1034 cm−2 s−1), detectors: ATLAS, CMS, LHCb, ALICE
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♠ Higgs search

• Expected number of Higgs-boson events: 103− 106 per Ltot = 10 fb−1 ( 1 year at
the beginning) for 115 < mh < 1000 GeV.

• Combining the capabilities of ATLAS and CMS only Ltot ∼ 10 fb−1 (1 year of
operation at low luminosity) is needed for the SM Higgs boson discovery in the
mass range 115 < mh < 1000 GeV at the 5σ level.
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The most pessimistic scenarios:

• SM Higgs boson observed with 115 GeV ≤ mh∼< 160 GeV (production rates and
couplings (BR) as in the SM).

• No Higgs boson observed:

– New physics (strongly interacting Higgs boson sector) to be observed in
WLWL →WLWL.

– N extra singlets of SU(2)× U(1) (Binoth & Van der Bij) O(N) model with ~ϕ:

Lint ∝ ω~ϕ2 |H|2
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• Curvature-Higgs mixing (G. Giudice, R. Rattazzi and J. Wells, Nucl.Phys.B595:250,2001,

D. Dominici, B. G. and J. F. Gunion, M. Toharia,”The Scalar sector of the Randall-Sundrum

model”, Nucl.Phys.B671:243,2003) and large extra dimensions (ADD)

S =
M2+δ

2

∫
d4xdδy

√
−gR+

∫
d4x
√
−gindLSM − ξ

∫
d4x
√
−gindR(gind)|H|2

KK expansion:

gAB = ηAB + hAB for hAB =

+∞∑
n1=−∞

· · ·
+∞∑

nδ=−∞

h
(n)
AB(x)

V 1
δ /2

ein
jyj/L

⇓

– There are scalar modes in h
(n)
AB : H(n)

– Higgs-curvature mixing =⇒ Lmix = −m2
mixh

∑
~nH

(n) for m2
mix ∝ ξ
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For ξ = 1 and M = 2 TeV, B(h→ inv) ≡ Γ(h→inv)
Γ(h→all)
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Optimistic scenarios:

• non-standard Higgs bosons

• superparticles

• 4th generation of quarks and leptons

• Z ′, WR, · · ·

• KK resonances

• radion, . . .
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Summary (15 : 28)

• SM drawbacks:

– the hierarchy problem
– lack of dark matter
– lack of dark energy
– baryogenesis (?)
– the strong CP problem

• Alternatives:

– The Randall-Sundrum model (warped extra dimensions)
– The gauge-Higgs unification (warped?)
– Large extra dimensions (ADD)
– Näıve strategies
– · · ·
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