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Outline

 Monday I
General introduction
Higgs physics as a door to BSM

 Monday II
Naturalness
Supersymmetry
(Grand unification, proton decay) � not covered in the lectures but see the notes

 Tuesday
Composite Higgs
Effective field theory

 Wednesday
Extra dimensions
Cosmological relaxation
(Quantum gravity) � skipped due to lack of time
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Extra dimensions
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5D field=infinite tower of massive 4D fields

depending of the energy available, you can 
probe more and more of these KK modes
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5D General relativity = 4D GR + U(1) gauge symmetry
gauge symmetries are emerging from 

gravitational interactions in extra dimensions?
beautiful idea of Kaluza & Klein

but
quantization? non-abelian structure? different gauge couplings?

no successful realization till now
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 Hierarchy problem, i.e., why is gravity so weak
 large (mm size) extra dimensions

 gravity is diluted into space while we are localized on a brane

 warped extra dimensions
 gravity is localized away from SM matter and we feel only the tail of the graviton

 Fermion mass hierarchy & flavour structure

 EW symmetry breaking

fermion profiles: 
      the bigger overlap with Higgs vev, the bigger the mass

Extra Dimensions for TeV/LHC Physics
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al structure in the theory of gravity, as op-
posed to all previous ideas that tried to intro-
duce new structure in the particle physics
sector associated with the electroweak scale.
ADD observed that with sufficiently large
dimensions, one can equate the fundamental
gravitational and weak interaction mass
scales. This follows from the relation be-
tween Planck scales given above; a large
volume permits MP to be large, whereas M,
the gravitational scale in the higher dimen-
sional theory, is far lower, on the order of 103

GeV. This does not resolve the hierarchy but
transforms it into a different problem, that of
explaining the very large size of the extra
dimensions. This proposal has many interest-
ing experimental consequences. It turns out
that with two extra dimensions, their size
would be on the order of a millimeter, which
is precisely the size that is explored in current
precision tests of gravity. This was one of the
chief reasons for the excitement associated
with these theories and motivated the work of
Adelberger (6), which ruled out deviations
from Newton’s law on scales of a millimeter.
Furthermore, large extra dimensions that ad-
dress the hierarchy problem would lead to
observable consequences at the same mass
scale we mentioned above in association with
supersymmetry. The same experiments that
search for supersymmetry can also search for
large extra dimensions. For the ADD scenar-
io, the signature would be missing energy;
particles can collide to produce gravitational
particles that escape into the extra dimension
and are therefore not observed. Phenomeno-
logical and astrophysical constraints and im-
plications of this scenario were considered in
(21, 22).

Certainly one unsatisfying feature of the
large-dimension proposal is the difficulty in
stabilizing large extra dimensions. But if one
has uniform isotropic extra dimensions, the
large volume is essential to explain the hierar-
chy. The weakness of gravity that we see as
four-dimensional observers is due precisely to
the fact that the gravitational force is spread out
over a large volume. Sundrum and I, in a theory
referred to as RS1 (3), realized that the very
different geometry we had found, given a brane
in a single extra dimension, can also address the
hierarchy but with a rather modestly sized extra
dimension if there is a second brane some
distance away from the first. The geometry is
very similar to RS2 but with space ending on
the second brane.

This is due to the form of gravity; the
strength of gravity decreases exponentially
with distance from the brane because of the
exponential rescaling of masses. The strength
of gravity is not uniform; the gravitational
force is weak away from the brane even
without diluting the force over a large vol-
ume. The proposal is the following. Suppose
that in addition to the Planck brane, which

traps gravity, there is an additional brane
separated from the first. Quarks, leptons,
photons, and other ingredients of the standard
model are stuck on this brane. Then the elec-
troweak force sees only the second (TeV)
brane, while gravity probes the entire space.
Because the electroweak mass scale decreas-
es exponentially with distance from the brane
that traps gravity, a hierarchy in masses on
the order of 1016 only requires a distance
scale of order log1016 ! 35. If one can
naturally stabilize the length at this value,
there is a natural solution to the hierarchy
problem. The large number that separates the
TeV and Planck scales arises from the fact
that the gravitational coupling changes so
rapidly (exponentially) over this relatively
modest distance. Unlike the previous scenar-
io, this is not a very large extra dimension but
one of a relatively natural size. In this picture,
there are separate physical theories confined
to the two different branes. The TeV brane on
which we live would house all the ingredients
of the standard model. The Planck brane
could be host to all sorts of other interactions
we don’t see. The only reason why the Planck
brane is important to us is that it traps gravity,
thereby explaining the hierarchy (Fig. 3).

However, because this scenario relied cru-
cially on the separation of branes, it was essen-
tial to have a mechanism that could stabilize
this distance. Goldberger and Wise (23) showed
that this stabilization could be achieved in the
presence of an additional scalar field, which is a
particle whose energy is minimized for a par-
ticular value of the size of the fifth dimension.
Subsequently, much work was done on this
scenario. Recently, Giddings et al. (24) showed
an example of a stabilized hierarchy derived
explicitly from string theory based on an idea of
Verlinde (25).

As with the large extra dimension sce-
narios, the experimental consequences of
this warped geometry scenario (RS1) are
quite dramatic. Al-
though in the sim-
plest scenario no new
physics effects will
occur in gravity exper-
iments at a millimeter,
there will be signifi-
cant effects in high-
energy particle physics
experiments, should
this scenario be cor-
rect. In the version
of our theory present-
ed in (3), there would
be particles asso-
ciated with the gra-
viton (those that car-
rymomentum in the
fifth dimension) that
would be observed to
decay in the detector

into known particles such as an electron and
positron that we can observe. This is a very
distinctive signature; these particles would
have spin 2, like the graviton, and would
come with definite mass relations. There are
other possibilities as well. In a variant of the
original proposal (26), in which the second
brane does not end space but resides in an
infinite extra dimension (essentially combin-
ing RS1 and RS2), one would have missing
energy signatures identical to those one
would obtain with six large ADD-type extra
dimensions. Other ranges of parameters for
which low-energy tests, such as tests of grav-
ity over short distances, might be relevant
were considered (27).

Another remarkable feature of the warped
metric solution to the hierarchy problem
(RS1) is that the unification of couplings at a
high energy scale can be readily incorporated
(28, 29). This is possible because, unlike the
large extra dimension scenario, the TeV scale
is not the highest energy scale accessible to
the full higher-dimensional theory. Incorpo-
rating this feature means that RS1 can be
considered as a theory with all forces unified,
thereby achieving a major goal of particle
physics.

Another interesting feature of this scenar-
io is that because of the inclusion of high-
energy scales, conventional inflation (30) can
readily be incorporated. Moreover, it has also
been shown to reproduce the known low-
energy cosmology (24). This makes this the-
ory a realistic candidate for the solution to the
hierarchy.

Other Implications for Particle Physics
Extra dimensions can have other important
ramifications for particle physics in our ob-
servable world. We have already discussed
two ways in which they might address ques-
tions about the relative size of mass scales.
There is another big difference between phys-

Planck brane Tev brane

ψ(r)

Fig. 3. "(r) is the graviton wavefunction. Gravity is weak because of the
exponential suppression of "(r) on the TeV brane.
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localized away from SM brane
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ADD phenomenology

 Graviton production in colliders

 Virtual graviton exchange

KK grav.

photon
gluon

q
SLAC Summer Institute, SLAC, Aug.2-13,2004 8

Figure 2: Missing transverse energy spectrum for the monojet plus missing ET signature at the LHC assuming an integrated

luminosity of 100 fb−1 from Ref[18]. Both the SM backgrounds and the signal excesses from graviton emission in the ADD

model are shown. Here MD = M∗ and δ = n.

through graviton KK tower exchange as well as through the usual SM fields. As before, the amplitude for one KK

intermediate state is quite tiny but we must again sum over all their exchanges (of which there are very many) thus

obtaining a potentially large result. Unlike the case of graviton emission where the KK sum was cut off by the

kinematics here there is no obvious cutoff and, in principle, the KK sum should include all the tower states. One

problem with this is that this KK sum is divergent once n > 1 as is the case here. (In fact the sum is log divergent

for n = 2 and power law divergent for larger n.) The conventional approach to this problem is to remember that

once we pass the mass scale ∼ M∗ the gravitons in the ADD model become strongly coupled and we can no longer

rely on perturbation theory so perhaps we should cut off the sum near M∗. There are several ways to implement

this in detail described in the literature[13, 14]. In all cases the effect of graviton exchange is to produce a set of

dimension-8 operators containing SM fields, e.g., in the notation of Hewett[14]

L =
4λ

Λ4
H

T i
µνT µν

f , (10)

where ΛH ∼ M∗ is the cutoff scale, λ = ±1 and T µν
i,f are the stress energy tensors for the SM fields in the initial

and final state, respectively. This is just a contact interaction albeit of dimension-8 and with an unconventional

tensor structure owing to the spin-2 nature of the gravitons being exchanged. Graviton exchange contributions to

SM processes can lead to substantial deviations from conventional expectations; Fig 4 shows the effects of graviton

KK exchange on the process e+e− → bb̄ at the ILC. Note that the differential cross section as well as the left-right

polarization asymmetry, ALR, are both altered from the usual SM predictions.

Can the effects of graviton exchange be uniquely identified, i.e., separated from other new physics which induces

contact interaction-like effects, such as Z ′ exchange? This has been addressed by several groups of authors[15]. For

example, by taking moments of the e+e− → f f̄ , W+W− angular distributions and employing polarized beams it

is possible to uniquely identify the spin-2 nature of the graviton KK exchange up to ∼ 6 TeV at a
√

s = 1 TeV

ILC with an integrated luminosity of 1 ab−1. This is about half of the discovery reach at the ILC for ADD EDs:

L013

monojet+ET

Figure 1: Fig. 1a: Tree-level graviton exchange generating the dimension-8 operator T . Fig. 1b:

One-loop graviton exchange generating the dimension-6 operator �.

where f in any SM quark or lepton. As in the case of tree-level graviton exchange, the

coe⇧cient c� is fully sensitive to the ultraviolet completion of the theory and can be

related to the fundamental parameters MD and � only by specifying a cuto⇥ procedure.

4. Dijet events at large invariant mass and large rapidity separation. In this kinematic

regime, gravitational scattering can be reliably computed in the eikonal approximation [6].

This is because scattering processes at center-of-mass energy larger thanMD (the so-called

transplanckian region) are governed by classical dynamics and any quantum-gravity e⇥ect

is subdominant.

5. Black holes. Black-hole formation and decay is expected to occur in the transplanckian

region when the impact parameter becomes smaller than the corresponding Schwarzschild

radius [17]. Therefore it supplants gravitational scattering, in the limit of small rapidity

separation. While transplanckian gravitational scattering can be perturbatively calcu-

lated, black-hole formation occurs in the regime in which gravitational interactions are

strong.

Furthermore brane fluctuations (massless ‘branons’) give rise to the same e⇥ect 1 (as in � = 6)

and 2 (as in � = �4) [18]. In its first stage with low statistics, LHC is particularly sensitive to

the operator in eq. (2), because its high dimensionality means that the high energy of the LHC

collisions is the key factor.

In section 2 we show that the present low-statistics data about pp ⇥ jj already set a bound

on the coe⇧cient 8/M4
T of the e⇥ective operator (2) which is significantly stronger than those

obtained from any previous experiment, as summarized in table 1. In section 3 we discuss how

MT can be related to MD and �, and derive explicit expressions for the full graviton-exchange

amplitude, including both gravitons at the ultraviolet end of the spectrum and gravitons that

can be produced at LHC. In section 4 we compare the full amplitude to LHC data. Section 5

contains our conclusions.

2 Fit to the graviton-exchange e�ective operator

We compare the first LHC data to the new physics described by eq.s (2) and (3). Since the

�-dependent double trace term in T is irrelevant for collisions of particles with masses much

smaller than the LHC energy, our subsequent analysis applies to any number of extra dimensions

(larger than 2) as well as to branon e⇥ects.

3

Vacavant, Hinchliffe ’01
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Figure 1: (a) MHT distributions for ADD signal (MD = 2 TeV, � = 2) and relevant back-
grounds before any selection, after 200 pb�1 (b). Number of jets for signal and relevant back-
grounds, for MHT > 250 GeV and jets with transverse momenta larger than 50 GeV and
|⇥| < 3. Histograms are overlaid and normalized to the same area.

The data sample was then cleaned from leptonic events using the “Indirect Lepton Veto” ap-
proach, where two variables are exploited:

• Jet Electromagnetic Fraction (JEMF), defined as the fraction of jet energy collected
by the electromagnetic calorimeter over the total energy in electromagnetic and hadronic
calorimeter. High-energy electrons and photons can be rejected by requiring a JEMF
lower than 0.9. Instrumental background (as noise in calorimetric cells, beam halo
events or cosmic rays), that may lead to fake jets, was reduced with a cut JEMF >
0.1;

• Track Isolation Veto (TIV). A hollow cone 0.02< DR <0.3 was defined around each
track with pT > 10 GeV. The sum of the transverse momenta pj

T of all the tracks
inside the cone with pT > 1 GeV was calculated and the TIV variable defined as:

TIV =
1

pT(tk 1) Â
R⇤DR

pj
T ,

where pT(tk 1) is the highest transverse momentum of tracks in the cone and the
cone lower bound excludes the track itself. Rejecting tracks with TIV < 0.1 resulted
in a reduction of W(µ⌅)+jets and top pair events by factors 9 and 5, respectively.

In order to suppress cosmic background, at least one vertex coming from the interaction point
and at least two tracks with pT > 5 GeV inside the leading jet cone were requested.

To improve the background rejection, the most energetic jet in the event (leading jet, jet 1) was

CMS PAS EXO 09-013

eV splitting  
between KK modes

 1/MPl couplings of 
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 Black Hole production

classical production (can be very large 103-4 pb), 
Hawking thermal decay, ie, large decay multiplicity
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FIG. 1: a) Parton-level production cross section, b) differen-
tial cross section dσ/dMBH at the LHC, c) Hawking temper-
ature, and d) average decay multiplicity for a Schwarzschild
black hole. The number of extra spatial dimensions n = 4 is
used for a)-c). The dependence of the cross section and Hawk-
ing temperature on n is weak and would be hardly noticable
on the logarithmic scale.

radius, and given by [5]:

TH = MP

(

MP

MBH

n + 2

8Γ
(

n+3
2

)

)
1

n+1

n + 1

4
√

π
(3)

(see Fig. 1b). As the parton collision energy increases,
the resulting black hole gets heavier and its decay prod-
ucts get colder.

Note that the wavelength λ = 2π
TH

corresponding to
the Hawking temperature is larger than the size of the
black hole. Therefore, the BH is, to first approxima-
tion, a point-radiator and therefore emits mostly s-waves.
This indicates that it decays equally to a particle on the
brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra an-
gular modes available in the bulk. Since there are many
more particles on our brane than in the bulk, this has the
crucial consequence that the black hole decays visibly to
standard model (SM) particles [4, 9].

The average multiplicity of particles produced in the

process of BH evaporation is given by: 〈N〉 =
〈

MBH
E

〉

,

where E is the energy spectrum of the decay products.
In order to find 〈N〉, we note that the BH evaporation
is a blackbody radiation process, with the energy flux
per unit of time given by Planck’s formula: df

dx ∼ x3

ex±c ,
where x ≡ E/TH , and c is a constant, which depends on
the quantum statistics of the decay products (c = −1 for
bosons, +1 for fermions, and 0 for Boltzmann statistics).

The spectrum of the BH decay products in the massless
particle approximation is given by: dN

dE ∼ 1
E

df
dE ∼ x2

ex±c .
In order to calculate the average multiplicity of the par-
ticles produced in the BH decay, we use the average of
the distribution in the inverse particle energy:

〈

1

E

〉

=
1

TH

∫ ∞

0
dx 1

x
x2

ex±c
∫ ∞

0
dx x2

ex±c

= a/TH , (4)

where a is a dimensionless constant that depends on the
type of produced particles and numerically equals 0.68 for
bosons, 0.46 for fermions, and 1

2
for Boltzmann statistics.

Since a mixture of fermions and bosons is produced in
the BH decay, we can approximate the average by using
Boltzmann statistics, which gives the following formula

for the average multiplicity: 〈N〉 ≈ MBH
2TH

. Using Eq. (3)
for Hawking temperature, we obtain:

〈N〉 =
2
√

π

n + 1

(

MBH

MP

)

n+2
n+1

(

8Γ
(

n+3
2

)

n + 2

)
1

n+1

. (5)

Eq. (5) is reliable when the mass of the BH is much
larger than the Hawking temperature, i.e. 〈N〉 ( 1; oth-
erwise, the Planck spectrum is truncated at E ≈ MBH/2
by the decay kinematics [10]. The average number of
particles produced in the process of BH evaporation is
shown in Fig. 1d, as a function of MBH/MP , for several
values of n.

We emphasize that, throughout this paper, we ignore
time evolution: as the BH decays, it gets lighter and hot-
ter and its decay accelerates. We adopt the “sudden ap-
proximation” in which the BH decays, at its original tem-
perature, into its decay products. This approximation
should be reliable as the BH spends most of its time near
its original mass and temperature, because that is when
it evolves the slowest; furthermore, that is also when it
emits the most particles. Later, when we test the Hawk-
ing mass-temperature relation by reconstructing Wien’s
dispacement law, we will minimize the sensitivity to the
late and hot stages of the BHs life by looking at only
the soft part of the decay spectrum. Proper treatment
of time evolution, for MBH ≈ MP , is difficult, since it
immediately takes us to the stringy regime.

Branching Fractions: The decay of a BH is ther-
mal: it obeys all local conservation laws, but otherwise
does not discriminate between particle species (of the
same mass and spin). Theories with quantum gravity
near a TeV must have additional symmetries, beyond
the standard SU(3) × SU(2) × U(1), to guarantee pro-
ton longevity, approximate lepton number(s) and flavor
conservation [11]. There are many possibilities: discrete
or continuous symmetries, four dimensional or higher di-
mensional “bulk” symmetries [12]. Each of these possi-
ble symmetries constrains the decays of the black holes.
Since the typical decay involves a large number of par-
ticles, we will ignore the constraints imposed by the few
conservation laws and assume that the BH decays with
roughly equal probability to all off ≈ 60 particles of the
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FIG. 1: a) Parton-level production cross section, b) differen-
tial cross section dσ/dMBH at the LHC, c) Hawking temper-
ature, and d) average decay multiplicity for a Schwarzschild
black hole. The number of extra spatial dimensions n = 4 is
used for a)-c). The dependence of the cross section and Hawk-
ing temperature on n is weak and would be hardly noticable
on the logarithmic scale.
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(see Fig. 1b). As the parton collision energy increases,
the resulting black hole gets heavier and its decay prod-
ucts get colder.

Note that the wavelength λ = 2π
TH

corresponding to
the Hawking temperature is larger than the size of the
black hole. Therefore, the BH is, to first approxima-
tion, a point-radiator and therefore emits mostly s-waves.
This indicates that it decays equally to a particle on the
brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra an-
gular modes available in the bulk. Since there are many
more particles on our brane than in the bulk, this has the
crucial consequence that the black hole decays visibly to
standard model (SM) particles [4, 9].

The average multiplicity of particles produced in the

process of BH evaporation is given by: 〈N〉 =
〈

MBH
E

〉

,

where E is the energy spectrum of the decay products.
In order to find 〈N〉, we note that the BH evaporation
is a blackbody radiation process, with the energy flux
per unit of time given by Planck’s formula: df

dx ∼ x3

ex±c ,
where x ≡ E/TH , and c is a constant, which depends on
the quantum statistics of the decay products (c = −1 for
bosons, +1 for fermions, and 0 for Boltzmann statistics).

The spectrum of the BH decay products in the massless
particle approximation is given by: dN

dE ∼ 1
E

df
dE ∼ x2

ex±c .
In order to calculate the average multiplicity of the par-
ticles produced in the BH decay, we use the average of
the distribution in the inverse particle energy:

〈

1
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=
1
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∫ ∞

0
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x
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0
dx x2

ex±c

= a/TH , (4)

where a is a dimensionless constant that depends on the
type of produced particles and numerically equals 0.68 for
bosons, 0.46 for fermions, and 1

2
for Boltzmann statistics.

Since a mixture of fermions and bosons is produced in
the BH decay, we can approximate the average by using
Boltzmann statistics, which gives the following formula

for the average multiplicity: 〈N〉 ≈ MBH
2TH

. Using Eq. (3)
for Hawking temperature, we obtain:

〈N〉 =
2
√

π
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(

MBH

MP

)

n+2
n+1

(

8Γ
(

n+3
2

)

n + 2
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1
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. (5)

Eq. (5) is reliable when the mass of the BH is much
larger than the Hawking temperature, i.e. 〈N〉 ( 1; oth-
erwise, the Planck spectrum is truncated at E ≈ MBH/2
by the decay kinematics [10]. The average number of
particles produced in the process of BH evaporation is
shown in Fig. 1d, as a function of MBH/MP , for several
values of n.

We emphasize that, throughout this paper, we ignore
time evolution: as the BH decays, it gets lighter and hot-
ter and its decay accelerates. We adopt the “sudden ap-
proximation” in which the BH decays, at its original tem-
perature, into its decay products. This approximation
should be reliable as the BH spends most of its time near
its original mass and temperature, because that is when
it evolves the slowest; furthermore, that is also when it
emits the most particles. Later, when we test the Hawk-
ing mass-temperature relation by reconstructing Wien’s
dispacement law, we will minimize the sensitivity to the
late and hot stages of the BHs life by looking at only
the soft part of the decay spectrum. Proper treatment
of time evolution, for MBH ≈ MP , is difficult, since it
immediately takes us to the stringy regime.

Branching Fractions: The decay of a BH is ther-
mal: it obeys all local conservation laws, but otherwise
does not discriminate between particle species (of the
same mass and spin). Theories with quantum gravity
near a TeV must have additional symmetries, beyond
the standard SU(3) × SU(2) × U(1), to guarantee pro-
ton longevity, approximate lepton number(s) and flavor
conservation [11]. There are many possibilities: discrete
or continuous symmetries, four dimensional or higher di-
mensional “bulk” symmetries [12]. Each of these possi-
ble symmetries constrains the decays of the black holes.
Since the typical decay involves a large number of par-
ticles, we will ignore the constraints imposed by the few
conservation laws and assume that the BH decays with
roughly equal probability to all off ≈ 60 particles of the

Dimopoulos, Landsberg, ’01

 String resonance production

ADD phenomenology

 Supernova cooling: M*>100 TeV (for 2 xdim)
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The Darwinian solution to the Hierarchy 
Other origin of small/large numbers according to Weyl and Dirac:

hierarchies are induced/created by time evolution/the age of the Universe

 mH(t): 
 Higgs mass-squared promoted to a field.
 The field evolves in time in the early universe and scans a vast range 

of Higgs mass. But “Why/How/When does it stop evolving?”
 The Higgs mass-squared relaxes to a small negative value
 The electroweak symmetry breaking stops the time-evolution of the 

dynamical system

Graham, Kaplan, Rajendran ’15

Self-organized criticality
dynamical evolution of a system is stopped at a critical point due to back-reaction

Can this idea be formulated in a QFT language? 
In which sense is it addressing the stability of small numbers at the quantum level? 

hierarchies result from dynamics not from symmetries anymore!
important consequences on the spectrum of new physics

Espinosa et al ’15m2
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H(now) = �(125GeV)

2



Christophe Grojean BSM CERN, July 2016

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes
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where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
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gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
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one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
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the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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~interesting cosmology signatures~
◎ BBN constraints

◎ decaying DM signs in "-rays background
◎ ALPs

◎ superradiance

~interesting signatures @ SHiP~
◎ production of light scalars 

by B and K decays

II

Hierarchy problem solved
by light weakly coupled new physics 

and not by TeV scale physics

need to make sure that
the relaxion doesn’t overshot the bumps

need friction to absorb its kinetic energy when rolling down its potential
Hubble expansion: energy makes the Universe expanding
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Phenomenological signatures
Nothing to be discovered at the LHC/ILC/CLIC/CepC/SppC/FCC!

only BSM physics below Λ 
two (very) light and very weakly coupled axion-like scalar fields

m� ⇠ (10�20 � 102)GeV

m� ⇠ (10�45 � 10�2)GeV

interesting signatures in cosmology
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The hierarchy problem made easy

we don’t know why gravity is so weak?
ie we don’t know why the masses of particles are so small?

only a few eletrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction

Several theoretical hypothesis
new dynamics? new symmetries? new space-time structure?
 modification of special relativity? of quantum mechanics?
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The quest for BSM...
So in this [election quest] , we cannot sit back and hope that everything 
works out for the best. We cannot afford to be tired, or frustrated, or 
cynical. No, hear me — between now and [November the next discovery], we 
need to do what we did [eight years ago and] four years ago: We need to knock 
on every door. We need to get out [every vote bit of data]. We need to pour 
every last ounce of our passion and our strength and our love for [this 
country physics] into [electing Hillary Clinton as President of the United 
States of America understanding Nature and discovering new physics.] 

freely inspired from M. Obama

(Philadelphia, July 25, 2016)
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One day, one of you might be in his position...

Hopefully, that day you’ll remember 
what you have learnt during your stay at CERN

B. Clinton, Davos 2011
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Thank you for your attention.
Good luck for your studies!

if you have question/want to know more

office hours: main auditorium, wednesday July 27, 6pm


