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Esthetic Reasons: 
certain puzzling aspects of the Standard Model 
that hint at a deeper explanation via new physics

Phenomenological Reasons: 
observations that require new physics beyond the 
Standard Model 

Yet we have very good reasons to think that 
Standard Model, and it breaks down 

below the Planck Scale

The Standard Model is not the ultimate theory
Coupling to gravity implies it breaks down at the 

Planck scale  of order 10^19 GeV



Esthetic Reasons



Esthetic Reasons 
For Physics Beyond the Standard Model

Fermion generation structure and mass/
mixing hierarchies

Vacuum metastability 

Gauge coupling unification

Strong CP problem

Naturalness problem



Fermion mass and mixing
hierarchies



Why 3 generations = carbon 
copies with different masses 
but exactly the same 
interactions? 

Why masses of quarks and 
leptons are so different? Is 
there a pattern? 

Why quark mixing matrix is 
hierarchical? Is there a 
pattern?  

Fermion generation puzzles



Why 3 generations = carbon 
copies with different masses 
but exactly the same 
interactions? 

Why masses of quarks and 
leptons are so different? Is 
there a pattern? 

Why quark mixing matrix is 
hierarchical? Is there a 
pattern?  

Fermion generation puzzles

but, maybe it’s just so...



Vacuum Metastability



Higgs potential develops another deeper 
minimum at large field values 

Degrassi et al.
1205.6497 

Esthetic Reasons - Vacuum Metastability  



Higgs potential develops another deeper 
minimum at large field values 

Degrassi et al.
1205.6497 

but, maybe nature does not care about our sense of security? 

Esthetic Reasons - Vacuum Metastability  



Gauge Coupling Unification



3 coupling constants in the 
Standard Model evolve with 
energy scale

They approximately unify (within 
20%) at energies near 10^14 GeV

This may be explained by a 
larger local symmetry, for 
example SU(5) or SO(10)

Also, explains electric charge 
quantization

Gauge couplings  unification 

Borrowed from L.Motl blog



Borrowed from L.Motl blog

Grand unification 
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Table 2.1: Representation of the SM fermionic fields under the SM gauge group.

The SM Lagrangian can be split as,

LSM = LV
SM + LF

SM + LH
SM + LY

SM. (2.1)

The first term is the pure gauge interactions:
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where gs, gL, gY are gauge couplings of SU(3)C⇥SU(2)L⇥U(1)Y . In my conventions

these are defined as the normalization of the appropriate gauge kinetic term. The

field strength tensors are given by
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where ✏ijk and fabc are the totally anti-symmetric structure tensors of SU(2) and

SU(3). The second term is the fermionic kinetic terms:

LF
SM = iq̄�̄µDµq + iuc�µDµū

c + idc�µDµd̄
c + il̄�̄µDµl + iec�µDµē
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I use the 2-component Weyl-spinor notation for fermions; in all instances I follow the

conventions of Ref. [1] . Each fermion is a 3-component vector in the generation space,
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Quantum numbers unification

but, maybe it’s all 

just accident?

Text



Strong CP Problem



The local symmetries of the Standard Model 
allow for one more renormalizable term 
(19th parameter θ) 

This term violates P and CP

Its effect would be to produce an electric 
dipole moment for the neutron

Esthetic Reasons - Strong CP Problem 



The  effect of θ would be to produce an 
electric dipole moment for the neutron

Current bounds on neutron EDM imply 
θ≲10^-9 

Strong CP Problem 



Naturalness Problem



 Instability of Higgs mass against radiative 
corrections suggests new states at 100 GeV

Coleman-Weinberg potential

In particular, the top SM quark contributes:

Generically, Higgs vev (and Higgs mass) parametrically close to the cut-off of 
the theory, unless other contributions to Higgs potential approximately cancel 

the top contributions

Esthetic Reasons - Naturalness Problem 



 Instability of Higgs mass against radiative 
corrections suggests new states at 100 GeV

< H >= 0

but we need

The hierarchy problem

V (H) = ��2
UV H

2 + ⇥H4

� ⇠ O(1) � ⇠ �O(1)

hHi ⇠ ⇤UV

generically

✏ ⇠ 10�34

hHi =
p
��UV

Tuesday, January 10, 2012

No EW breaking 

Esthetic Reasons - Naturalness Problem 

but, maybe nature does not care about our notion of naturalness.... 
well at least in one other case it seems so....



Phenomenological Reasons



Phenomenological Reasons 
For Physics Beyond the Standard Model

Neutrino Oscillations 

Dark Matter in the Universe

Inflation

Baryon Asymmetry



Neutrino Oscillations



In the Standard Model, there is left-handed 
but no right-handed neutrinos. Therefore 
neutrinos are massless by construction

Pheno Reasons - Neutrino Oscillations 
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It was discovered back in 
the 90s that neutrino 
oscillate = neutrino of 
different flavors change 
into one another

This happens when mass 
eigenstates are different 
than flavor eigenstate

Implies at least 2 
neutrinos have masses

 Neutrino Oscillations 



Trivial to add a singlet 
right-handed neutrino 
νc  and write new 
Yukawa couplings 

But neutrino masses are 
so much smaller the we 
suspect a different 
mechanism is in play

Neutrino Oscillations 
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But neutrino masses are 
so much smaller the we 
suspect a different 
mechanism is in play

Neutrino masses 
probably signal the 
presence of non-
renormalizable operator 
beyond the SM

Neutrino Oscillations 
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Dark Matter



Galactic rotation curves 

Gravitational lensing

CMB fluctuation spectrum

Pheno Reasons - Dark matter

Several independent pieces of evidence

Taken together, no doubt dark matter
 is out there in some form



1) galaxy rotation curves
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The Evidence for DM
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Slide borrowed from M. Cirelli



 Gravitational Lensing

Strong Lensing Weak Lensing



 Gravitational Lensing

Strong Lensing Weak Lensing



Allows one to 
understand now 
present day galaxies 
are compatible with 
order 10^-5 
fluctuations at last 
scattering surface

Dark matter predicts 
even-numbered CMB 
peaks are enhanced, 
and odd-numbered 
are suppressed

 Dark Matter from CMB

Borrowed from S. Carroll’s blog



Planck Collaboration: Cosmological parameters

Table 2. Cosmological parameter values for the six-parameter base ⇤CDM model. Columns 2 and 3 give results for the Planck
temperature power spectrum data alone. Columns 4 and 5 combine the Planck temperature data with Planck lensing, and columns
6 and 7 include WMAP polarization at low multipoles. We give best fit parameters (i.e. the parameters that maximise the overall
likelihood for each data combination) as well as 68% confidence limits for constrained parameters. The first six parameters have
flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration parameters, and foreground parameters
(see Sect. 4) are not listed for brevity. Constraints on foreground parameters for Planck+WP are given later in Table 5.

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028
⌦ch2 . . . . . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063
⌧ . . . . . . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089+0.012

�0.014

ns . . . . . . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073
ln(1010As) . . . . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024

�0.027

⌦⇤ . . . . . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012
zre . . . . . . . . . . . . . . . . 11.35 11.4+4.0

�2.8 11.45 10.8+3.1
�2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2
109As . . . . . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12

�0.14 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025
⌦mh3 . . . . . . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057
YP . . . . . . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012
Age/Gyr . . . . . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54
r⇤ . . . . . . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60
100✓⇤ . . . . . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062
zdrag . . . . . . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58
rdrag . . . . . . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59
kD . . . . . . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063
100✓D . . . . . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034
zeq . . . . . . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60
100✓eq . . . . . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011
rdrag/DV(0.57) . . . . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

changes to compensate. The degeneracy is not exact; its extent
is much more sensitive to other details of the power spectrum
shape. Additional data can help further to restrict the degeneracy.
Figure 3 shows that adding WMAP polarization has almost no ef-
fect on the⌦mh3 measurement, but shrinks the orthogonal direc-
tion slightly from ⌦mh�3 = 1.03 ± 0.13 to ⌦mh�3 = 1.04 ± 0.11.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, ⌦m,
are only tightly constrained in the combination ⌦mh3 discussed
above, but the extent of the degeneracy is limited by the e↵ect
of ⌦mh2 on the relative heights of the acoustic peaks. The pro-
jection of the constraint ellipse shown in Fig. 3 onto the axes
therefore yields useful marginalized constraints on H0 and ⌦m
(or equivalently ⌦⇤) separately. We find the 2% constraint on
H0:

H0 = (67.4 ± 1.4) km s�1 Mpc�1 (68%; Planck). (13)

The corresponding constraint on the dark energy density param-
eter is

⌦⇤ = 0.686 ± 0.020 (68%; Planck), (14)

and for the physical matter density we find

⌦mh2 = 0.1423 ± 0.0029 (68%; Planck). (15)

Note that these indirect constraints are highly model depen-
dent. The data only measure accurately the acoustic scale, and
the relation to underlying expansion parameters (e.g., via the
angular-diameter distance) depends on the assumed cosmology,
including the shape of the primordial fluctuation spectrum. Even
small changes in model assumptions can change H0 noticeably;
for example, if we neglect the 0.06 eV neutrino mass expected
in the minimal hierarchy, and instead take

P
m⌫ = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s�1 Mpc�1 (68%; Planck,
P

m⌫ = 0). (16)
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 Dark Matter from CMB



Inflation



Universe is very homogenous, and on average flat

Temperature of cosmic microwave background at opposite 
parts of the sky is correlated

We think these regions of the sky were once causally 
connected, and then blown apart via superluminal 
expansion == inflation

Simplest model is the one with a scalar field slowly 
rolling down the potential hill

Inflation



Inflation
Quantum fluctuations of the inflaton field should 
seed density perturbations in the matter of the 
universe

These can be seen at their early stage of the 
evolution in the CMB



Inflation
Quantum fluctuations of the inflaton field should 
seed density perturbations in the matter of the 
universe

These can be seen at their early stage of the 
evolution in the CMB



Inflation
Zeroth order prediction is scale-invariant spectrum 
of perturbation 

Due to inflaton rolling down the potential hill, there 
should be small departure from scale invariance, that  
is spectral index less than 1

Planck Collaboration: Constraints on inflation 5

It is convenient to expand the power spectra of curvature and
tensor perturbations on super-Hubble scales as

PR(k) = As

 

k
k⇤

!ns�1+ 1
2 dns/d ln k ln(k/k⇤)+ 1

6 d2ns/d ln k2(ln(k/k⇤))2+...

, (10)

Pt(k) = At

 

k
k⇤
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1
2 dnt/d ln k ln(k/k⇤)+...

, (11)

where As (At) is the scalar (tensor) amplitude and ns (nt),
dns/d ln k (dnt/d ln k) and d2ns/d ln k2 are the scalar (tensor)
spectral index, the running of the scalar (tensor) spectral index,
and the running of the running of the scalar spectral index, re-
spectively.

The parameters of the scalar and tensor power spectra may
be calculated approximately in the framework of the slow-roll
approximation by evaluating the following equations at the value
of the inflation field �⇤ where the mode k⇤ = a⇤H⇤ crosses the
Hubble radius for the first time. (For a nice review of the slow-
roll approximation, see for example Liddle & Lyth (1993)). The
number of e-folds before the end of inflation, N⇤, at which the
pivot scale k⇤ exits from the Hubble radius, is

N⇤ =
Z te

t⇤
dt H ⇡ 1

M2
pl
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�⇤
d�

V
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, (12)

where the equality holds in the slow-roll approximation, and
subscript e denotes the end of inflation.

The coefficients of Eqs. 10 and 11 at their respective leading
orders in the slow-roll parameters are given by

As ⇡ V
24⇡2M4

pl✏V
, (13)

At ⇡ 2V
3⇡2M4

pl
, (14)

ns � 1 ⇡ 2⌘V � 6✏V , (15)
nt ⇡ �2✏V , (16)

dns/d ln k ⇡ +16✏V⌘V � 24✏2V � 2⇠2V , (17)

dnt/d ln k ⇡ +4✏V⌘V � 8✏2V , (18)
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V
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where the slow-roll parameters ✏V and ⌘V are defined in Eqs. 5
and 6, and the higher order parameters are defined as

⇠2V =
M4

plV�V���
V2 (20)

and

$3
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plV

2
�V����

V3 . (21)

In single field inflation with a standard kinetic term, as dis-
cussed here, the tensor spectrum shape is not independent from
the other parameters. The slow-roll paradigm implies a tensor-
to-scalar ratio at the pivot scale of

r =
Pt(k⇤)
PR(k⇤)

⇡ 16✏V ⇡ �8nt , (22)

referred to as the consistency relation. This consistency relation
is also useful to help understand how r is connected to the evo-
lution of the inflaton:

��

Mpl
⇡ 1p

8

Z N

0
dN
p

r . (23)

The above relation, called the Lyth bound (Lyth, 1997), im-
plies that an inflaton variation of the order of the Planck mass
is needed to produce r & 0.01. Such a threshold is useful to
classify large and small field inflationary models with respect to
the Lyth bound.

2.3. Ending inflation and the epoch of entropy generation

The greatest uncertainty in calculating the perturbation spectrum
predicted from a particular inflationary potential arises in estab-
lishing the correspondence between the comoving wavenumber
today and the inflaton energy density when the mode of that
wavenumber crossed the Hubble radius during inflation (Kinney
& Riotto, 2006). This correspondence depends both on the infla-
tionary model and on the cosmological evolution from the end
of inflation to the present.

After the slow-roll stage, �̈ becomes as important as the cos-
mological damping term 3H�̇. Inflation ends gradually as the
inflaton picks up kinetic energy so that w is no longer slightly
above �1, but rather far from that value. We may arbitrarily
deem that inflation ends when w = �1/3 (the value dividing
the cases of an expanding and a contracting comoving Hubble
radius), or, equivalently, at ✏V ⇡ 1, after which the epoch of
entropy generation starts. Because of couplings to other fields,
the energy initially in the form of scalar field vacuum energy
is transferred to the other fields by perturbative decay (reheat-
ing), possibly preceded by a non-perturbative stage (preheating).
There is considerable uncertainty about the mechanisms of en-
tropy generation, or thermalization, which subsequently lead to
a standard w = 1/3 equation of state for radiation.

On the other hand, if we want to identify some k⇤ today with
the value of the inflaton field at the time this scale left the Hubble
radius, Eq. 12 needs to be matched to an expression that quan-
tifies how much k⇤ has shrunk relative to the size of the Hubble
radius between the end of inflation and the time when that mode
re-enters the Hubble radius. This quantity depends both on the
inflationary potential and the details of the entropy generation
process and is given by

N⇤ ⇡ 71.21 � ln
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(24)

where ⇢end is the energy density at the end of inflation, ⇢th is
an energy scale by which the universe has thermalized, a0H0 is
the present horizon scale, Vhor is the potential energy when the
present horizon scale left the horizon during inflation, and wint
characterizes the effective equation of state between the end of
inflation and the energy scale specified by ⇢th. In predicting the
primordial power spectra at observable scales for a specific in-
flaton potential, this uncertainty in the reheating history of the
universe becomes relevant and can be taken into account by al-
lowing N⇤ to vary over a range of values. Note that wint is not
intended to provide a detailed model for entropy generation, but
rather to parameterize the uncertainty regarding the expansion
rate of the universe during this intermediate era. Nevertheless,
constraints on wint provide observational limits on the uncertain
physics during this period.

The first two terms of Eq. 24 are model independent, with the
second term being roughly 5 for k⇤ = 0.05 Mpc�1. If thermaliza-
tion occurs rapidly, or if the reheating stage is close to radiation-
like, the magnitude of the last term in Eq. 24 is less than roughly



Inflation
High-scale inflation predicts another kind of effect 
== tensor modes, due to gravitational waves 
propagating during inflation

Discovery possible, but not yet established



Baryon Asymmetry



Today, the universe consists of matter and almost no 
anti-matter 

Inflation must have wiped out any original baryon 
asymmetry and make the universe matter-antimatter 
symmetric

Some mechanism operating during subsequent 
evolution must have produced the small baryon 
asymmetry (of order 10^-10)

After matter and anti-matter annihilated away, the 
small asymmetry became the matter we see around

Baryon asymmetry



Sakharov conditions: needs C and CP violation, as well 
as departure from thermal equilibrium

All these conditions satisfied in the Standard Model

But, CP violation in the CKM matrix is too small to 
explain the observed asymmetry 

There must be another source of CP violation from 
beyond the Standard Model. 

Baryon asymmetry


