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What is BSM?

+?
Nobody really knows…



Current status of BSM searches
Talk by P.Sphicas

See, however Nikitenko’s talk for an excess of events in a ~ 28 GeV dimuon mass region
observed in the 8 TeV data



What is BSM?

+

We can start by looking at experimental facts not 
addressed by SM…

Nothing ?



• Dark Matter 

Need for BSM (experiment)

mono-X searches@ LHC

Talk by Del Arbol
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• Neutrino masses

Type-II (scalar triplet)Type-1 (RH neutrino)
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Fig. 2: Feynman diagrams of lepton-number-violating see-saw signals at LHC.

λH , e.g.:

Γ(T++ → W+W+) ≈ λ2
HM/4π Γ(T++ → ℓ+

1 ℓ+
2 ) ≈ λ2

LM/4π

and similar for other components: T+ → W+Z , ℓ+ν and T 0 → ZZ , νν. Notice that the coupling λH to

the components of the Higgs doublet ‘eaten’ by the heavy vectors V = {W±, Z} become couplings to such

vectors.

The signals at LHC are therefore of 4ℓ, 4V , 2ℓ2V type. For example:

pp → T++T−− →

⎧

⎪

⎨

⎪

⎩

ℓ1ℓ2ℓ̄1ℓ̄2 ∝ λ4
L

W+W+W−W− ∝ λ4
H

ℓ1ℓ2W+W+ ∝ λ2
Lλ2

H

Observable lepton-number violating effects are present only if λL ∼ λH , again because both couplings are

necessary to violate lepton number.

The flavor of T → LL decays is predicted in terms of neutrino masses: mostly µ and τ if neutrinos have

normal mass hierarchy.

The pp → T++T−− → ℓ+ℓ+ℓ−ℓ− channel has a negligible background, after imposing Meff(ℓ+, ℓ+) =

Meff(ℓ−, ℓ−). The pp → ℓ+ℓ−νν̄ is much more difficult, and could emerge over the pp → W+W−, ZZ

backgrounds after cutting MT2 > MZ , where MT2 < M is the usual appropriate transverse mass variable for

a state containing two neutrinos. See [5] for extensive studies.

4 Type III see-saw

Generic neutrino masses can be mediated by three fermion triplets. Assuming that one of them is at the TeV

scale does not open any hierarchy problem, as light fermions are natural. Its Lagrangian is

L = LSM + N̄iD/N +

[

M

2
NN + λ Na(LτaH) + h.c.

]

.

One N can contribute only to the mass of one neutrino. We define the parameter m̃1 ≡ λ2v2/M (used also

in leptogenesis) that tells the contribution of the lighter N to neutrino masses; m̃1 is unknown in size and in

flavor. Presumably it is comparable to or smaller than observed neutrino masses, m̃1 <∼ 0.05 eV.

For any given m̃1 the coupling λ is fixed, up to some dependence on M that needs to be in the 100 GeV÷
1 TeV range to give signals at LHC. All components of N have the following decay mode:

Γ(N → LH) ∼
λ2M

16π
∼

1

10 cm
(

λ

10−8
)2

M

TeV
(1)

3
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LHC

Type-III (fermion triplet)

Need for BSM (experiment)

Lepton number violating signals at the LHC



• Neutrino masses (HL)2

⇤L
⇤L ⇠ 1014 GeV

Need for BSM (experiment)
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Fig. 1: The neutrino Majorana mass operator (LH)2 can be mediated by tree level exchange of: a fermion singlet (‘type-I

see-saw’); a fermion triplet (‘type-III see-saw’); a scalar triplet (‘type-II see-saw’).

One possibility is adding large Yukawa couplings λ′ of ‘pseudo-Dirac’ type, such that they do not give

neutrino masses, e.g. MνRν ′

R + λ′ν ′

RHL. This could be observed, but would have only an indirect connection

to neutrino masses.

A better possibility is adding a new broken gauge U(1) symmetry under which νR are charged (such that

they can produced at LHC in Z ′ decays): the anomaly-free possibilities are B − L, and flavor variants such as

B − 3Lµ, or such as Lµ − Lτ . Some right-handed neutrinos might be kept massless by the extra U(1), and get

weak-scale masses if U(1) is broken at the weak scale by some extra scalar Higgs. This would not give rise to

flavor-changing neutral currents, but would open a new hierarchy problem.

The main signals at LHC would be given by the extra Z ′ (kinetically mixed with hypercharge), that

decays into SM fermions f . As well known the manifestation is a peak in the ff̄ invariant mass. Bounds and

LHC prospects of such Z ′ have been studied in [4]. This Z ′ would decay also in right-handed neutrinos, that

would decay into LH i.e. into ℓ±W∓, νZ, νh. Therefore the signals are 2ℓ2V states, where ℓ denotes leptons

or anti-leptons and V = {W, Z, h}. The cross section depends on the unknown mass and gauge coupling of

the Z ′.

Other possibilities involve SU(3)L ⊗ U(1)X or SU(2)R extensions of the weak SU(2)L.

3 Type II see-saw

The scalar triplet T contains components with electric charge 0, 1, 2: T 0, T±, T±±. Their Lagrangian is

L = LSM + |DµT |2 − M2|T |2 +
1

2

(

λLLLT + MλH HHT ∗ + h.c.

)

Notice that lepton number is violated only if both the couplings λL and λH are present. For example, one

scalar triplet T can give all neutrino masses as mν = λLλHv2/M . The new light scalars T opens a new

hierarchy problem. Therefore this possibility is again unlikely, unless supersymmetry or some other solution is

also present. Anyhow the signals are well predicted.

Fig. 2a shows a Feynman diagram contributing to the most striking lepton-number violating signal. We

see that the production cross sections are entirely due to the electroweak couplings of the scalar triplet. They

can be computed as function of M , with the result shown in fig. 3. The smallness of neutrino masses, i.e. of the

λL,H couplings, does not make the signal rate small, but just makes the triplet life-time possibly long, although

not enough to give detectably displaced vertices.

The experimental signals are then determined by the decay modes of the triplet components T . Unfortu-

nately, the relative branching ratio of T → LL vs T → V V decays depends on the unknown couplings λL and

2
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Fig. 3: Cross sections for type-II scalar and type-III fermion triplet production at LHC. Should LHC reach only a fraction

r ∼ 1/2 of its planned energy, the reduced cross section are roughly obtained modifying the masses M on the horizontal

axis as M → r · M .

which (after the breaking of the weak symmetry) means N0 → Zν, hν, W±ℓ∓ and N± → hℓ±, Zℓ±, W±ν

with roughly equal branching ratios. Again, couplings to the components of H eaten by W± or Z become

couplings to W± and Z.

One N triplet has three components: N0 and N±. One loop corrections (essentially, the electro-magnetic

energy) induce a mass difference, MN± − MN0 ∼ αMW ∼ 166 MeV. This is larger than the pion mass, so

that two-body weak decays of N± are also allowed:

Γ(N± → N0π±) ∼ G2
F∆M3f2

π ∼
1

cm
. (2)

Fig. 4 shows the resulting life-time of N0 (from 0.1 mm to a meter) and of N± (from 0.1 mm to a few cm).

LHC detectors should allow to reconstruct the position of the secondary vertex with an uncertainty of about

0.5 mm and 0.1 mm, in the directions parallel and orthogonal to the beam axis respectively.

Fig. 2b shows a Feynman diagram contributing to the most striking lepton-number violating signal.

Lepton number is broken by the Majorana mass of N0, thereby at least one N0 must be present. The production

cross sections are again entirely due to the electroweak couplings of the fermion triplet and can be computed as

function of M , with the result shown in fig. 3. Again, the smallness of neutrino masses, i.e. of the λ coupling,

does not make the signal rate small, but just makes the triplet life-time possibly long. The production cross

sections of fermion triplets are about one order of magnitude larger than those of scalar triplets because, as

usual, scalar production is p-wave suppressed in the non-relativistic limit.

We list a few significant LHC signatures and their backgrounds:

– Signal with the highest rate: pp → N+N0 → ν̄W+W±ℓ∓ → ℓ 4j E̸T .

Bck 1) σ(pp → (t → b(W− → ℓν̄))(t̄ → b̄jj)) ≈ 160 pb.

Bck 2) σ(pp → 4j(W− → ℓν̄)) ≈ 4.5 pb.

Bck 3) σ(pp → (V → 2j)(V → 2j)(W− → ℓν̄)) ≈ 37 fb.

These backgrounds can be removed by imposing m2
T (ℓ, ν) ≡ 2Eℓ

T
/ET (1 − cos φT

eν) > M2
W .
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Production controlled by electroweak couplings



• Matter-antimatter asymmetry

• muon g-2

• ….

Need for BSM (experiment)



Need to measure 
Higgs, top mass 
and quartic coupling

Need for BSM (theory)
• Higgs potential metastability



Intriguing results from LHCb and Belle 
experiment with anomalies in B and D 
meson systems

Talks later today by 
Capriotti, Mihara, Kamenik• Flavour problem

R(D(⇤)) =
Br(B ! D(⇤)⌧⌫)

Br(B ! D(⇤)l⌫)

Need for BSM (theory)
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Figure 15: Experimental results on RD and RD⇤ and comparison with the SM prediction. Taken
from Ref. [17] (online update).

additional form factors).
The expressions of the di↵erential decay rates (including the angular dependence)

have been known for some time [86]. In the case of B! D⇤, it is possible to include the
subsequent decay D⇤ ! D⇡, which adds further kinematics variables (in particular the
angle between the D and D⇤ mesons – the corresponding expressions can be found in
Refs. [87–89]).

The decay rates for the heavy ⌧ lepton and the light e and µ leptons di↵er by terms
proportional to m⌧ , meaning that the ratios testing LU with these modes will involve
specific ratios of form factors (e.g. f

0

/f
+

for the D meson, A
0

/V for the D⇤ meson). This
implies that the SM predictions for the ratios RD, RD⇤ and RJ/ will not be equal to 1,
and that they will rely on information concerning ratios of form factors.

• For B! D`�⌫`, the form factors were evaluated by two di↵erent lattice collabora-
tions, MILC and HPQCD [48,90]. In Ref. [91], the results were combined together
with experimental information from B factories on f

+

(assuming no NP in decays
involving light leptons) that leads to very similar results for RD (but not for other
quantities like |Vcb|).

• For B! D⇤`�⌫`, the strong decay of the D⇤ meson makes the theoretical evaluations
of the form factors more complicated. In Ref. [92], these form factors were expressed
using the Heavy-Quark Expansion (HQE) supplemented with estimates of higher-
order corrections and combined with experimental results on B ! D⇤e�⌫e and
B ! D⇤µ�⌫µ, assuming that no NP is present in decays involving light leptons.
Concerns have been raised recently about HQE-based parameterisations of the
B! D(⇤)`�⌫` form factors, potentially a↵ecting the extraction of |Vcb| [93]. However,
fits using di↵erent HQE-inspired parameterisations and combining experimental
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Need for BSM (theory)
• Strong CP problem

Experimentally (neutron EDM) :

LQCD = q̄(i�µD
µ �mq)q �

1

4
Fµ⌫F

µ⌫ +
✓

32⇡2
F̃µ⌫F

µ⌫

✓ < 10�10

Most popular solution:   AXION

why is it so un-naturally small?

Peccei Quinn 77

Axion can be also DM candidate !



AXIONS

Promote the θ-term to a field “a”:

✓

32⇡2
F̃µ⌫F

µ⌫

✓eff ! ✓ +
< a >

fa

✓eff = 0

The field “a” has a potential just like Higgs and it is minimised for

It is a dynamical solution independent of the value of the original value of the θ-term

L
axion

=
1

2
@
µ

a@µa+
a

32⇡2f
a

F̃
µ⌫

Fµ⌫



• Gauge hierarchy problem (naturalness). Dominant 
guiding principle for BSM model building

The only dimensionful (quadratically divergent) parameter in the SM :

m2H2

Small value of this parameter in the SM (compared to, say, Planck scale) 
is un-natural due to huge fine-tuning

Need for BSM (theory)



• Cosmological constant problem

• Gravity (gravity waves)    see talk by N. Leroy

• Proton decay

• …

Not the main LHC focus…

Need for BSM (theory)



Scale of the new physics

• Proton Decay

• Neutrino mass

High scale?

Low scale?

(HL)2

⇤L
⇤L ⇠ 1014 GeV

uude

M2
NP

MNP ⇠ 1016 GeV

• CC problem 

• Naturalness

MNP ⇠ 10�3 eV

MNP ⇠ 1 TeV



How do we actually 
build models?



Two approaches to BSM

• UV guides/predicts IR (strings, GUTs, 
naturalness)

• IR constraints UV (experiments drive 
theory)



Naturalness principle
Small value for the coupling is natural if it is associated 
to the symmetry

’t Hooft

the rho meson (QCD) to cutoff the EM contribution to the charged pion mass

 the fermion mass parameters are protected by chiral symmetry

• Un-naturalness (apparent fine-tuning of the 
parameter) may signal new physics

integral, then the quadratic divergencies of Eq. (3.25) vanish. If one uses a di↵erent UV
regulator then to check that the quadratic divergencies which multiply the T 2 corrections
cancel one would need the thermal factors that we have neglected in Eq. (3.25). To simplify
our computation, we will work with dimensional regularization, where Eq. (3.25) holds
exactly.

At this stage one can apply the hypothesis of vector meson dominance, which is valid at
T = 0. We should then compute the integrals

Z d4K

(2⇡)4

 
F 2

⇢

K2 + M2
⇢

� F 2
A

K2 + M2
A

!

. (3.26)

After performing the sum over Matsubara frequencies one then gets the T = 0 contribution
(already evaluated in the previous subsection), plus the pure thermal part. However, since
the masses of the vector resonances are much bigger than the temperatures we are consid-
ering, M⇢, MA � T , the thermal corrections associated to those particles are suppressed as
⇠ exp (�M⇢,A/T ).

Thus, collecting all the thermal corrections, we get

M2
⇡±(T ) =

 

1� T 2

6f 2
⇡

!

M2
⇡± +

e2T 2

4
, (3.27)

plus subleading corrections. Therefore, we have checked our formula (2.30) for the N = 2
case.

It is worthwhile emphasizing that since the thermal corrections to the second term of
Eq. (3.25) factorize, our results are also valid if we use a better evaluation of the spectral
functions than the ones given in Eqs. (3.12)-(3.13).

C. Results

At zero temperature, the di↵erence of the squared pion masses in the chiral limit is given
by the result of Das et al., Eq. (3.17). Using the relations (3.14) to eliminate the parameters
of the axial vector meson, A, it can be written as

M2
⇡± �M2

⇡0 =
3↵

4⇡
M2

⇢

F 2
⇢

f 2
⇡

ln
F 2

⇢

F 2
⇢ � f 2

⇡

, (3.28)

where ↵ is the electromagnetic coupling constant. Although this result was obtained in the
chiral limit, it can be used to give an estimate of the electromagnetic mass di↵erence of
pions. The di↵erence of the squared pion masses is

M2
⇡± �M2

⇡0 ⇠ 2M⇡�M⇡ . (3.29)

Taking the physical value of the pion mass M⇡ = 135 MeV, and the following values for the
other parameters involved: F⇡ = 92.4 MeV, M⇢ = 770 MeV, F⇢ = 153 MeV and ↵ = 1/137,
one gets �M⇡ = 4.8 MeV, which is in very good agreement with the experimental value
(�M⇡)exp = 4.6 MeV.

12

⇤2
NP <

�M2

↵



The only dimensionful (quadratically divergent) parameter in the SM :

m2H2

Small value of this parameter in the SM (compared to, say, Planck scale) 
is un-natural due to huge fine-tuning

• new physics at the TeV scale to cancel the UV sensitivity of the Higgs mass?

m2 = m2
0(1 + f1(�, gi) log

�2

m2
0

)� f2(�, gi)�
2

In a cutoff scheme,  with cutoff ⇤

m0 is bare mass parameter

              is renormalised (measured) mass parameterm



Approaches to Higgs naturalness

1.Symmetry (SUSY, conformality)
2.Form-factor (Composite Higgs/TC)
3. Low UV scale (extra-dimensions, RS,…)

1.Antropic multiverse
2.NNnaturalness with many SM copies
3. Relaxion and cosmological scanning  

Single vacuum solutions

Many vacua solutions (recent developments)



• SM tuning : no predictions for the BSM physics

• SUSY:            by supersymmetry

• Tuning via conformal symmetry: 

• Composite Higgs/TC : Higgs is not fundamental

m0 = 0, � is dropped

f2 = 0

m2 = m2
0(1 + f1(�, gi) log

�2

m2
0

)� f2(�, gi)�
2

Single vacuum solutions:



Many vacua solutions:

nNaturalness 1607.06821
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Abstract

We present a new solution to the electroweak hierarchy problem. We introduce N copies of the
Standard Model with varying values of the Higgs mass parameter. This generically yields a sector
whose weak scale is parametrically removed from the cuto↵ by a factor of 1/

p
N . Ensuring that

reheating deposits a majority of the total energy density into this lightest sector requires a modifi-
cation of the standard cosmological history, providing a powerful probe of the mechanism. Current
and near-future experiments will explore much of the natural parameter space. Furthermore, su-
persymmetric completions which preserve grand unification predict superpartners with mass below
mW ⇥Mpl/MGUT ⇠ 10 TeV.

I. MECHANISM

This letter describes a new mechanism, dubbed
“Nnaturalness,” which solves the hierarchy problem.
It predicts no new particles at the LHC, but does
yield a variety of experimental signatures for the next
generation of CMB and large scale structure experi-
ments [1, 2]. Well-motivated supersymmetric incarna-
tions of this model predict superpartners beneath the
scale mW ⇥ Mpl/MGUT ⇠ 10 TeV, accessible to a future
100 TeV collider [3, 4].

The first step is to introduce N sectors which are mu-
tually non-interacting. The detailed particle content of
these sectors is unimportant, with the exception that
the Standard Model (SM) should not be atypical; many
sectors should contain scalars, chiral fermions, unbroken
gauge groups, etc. For simplicity, we imagine that they
are exact copies of the SM, with the same gauge and
Yukawa structure.

It is crucial that the Higgs mass parameters are allowed
to take values distributed between �⇤2

H and ⇤2
H , where

⇤H is the (common) scale that cuts o↵ the quadratic di-
vergences. Then for a wide range of distributions, the
generic expectation is that some sectors are accidentally
tuned at the 1/N level,

��m2
H

��
min

⇠ ⇤2
H/N . We iden-

tify the sector with the smallest non-zero Higgs vacuum
expectation value (vev), hHi = v, as “our” SM. This
picture is illustrated schematically in Fig. 1.

In order for small values of m2
H to be populated, the

distribution of the mass parameters must pass through
zero. For concreteness, we take a simple uniform distri-
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FIG. 1: A sketch of the Nnaturalness setup. The sectors have
been ordered so that they range from m2

H ⇠ ⇤2
H to �⇤2

H . The
sector with the smallest vacuum expectation value contains
our copy of the SM.

bution of mass squared parameters, indexed by an integer
label i such that

�
m2

H

�
i
= �⇤2

H

N

�
2 i + r

�
, �N

2
 i  N

2
, (1)

where i = 0 = “us” is the lightest sector with a non-
zero vev:

�
m2

H

�
us

= �r ⇥ ⇤2
H/N ' �(88 GeV)2 is the

Higgs mass parameter inferred from observations. The
parameter r can be seen as a proxy for fine-tuning,1 since

1 There are a variety of other ways one might choose to imple-
ment a measure of fine-tuning in this model. For example, one
could assume the distribution of Higgs mass squared parameters
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Nnaturalness

N ima Arkani-Hamed,1 Timothy CoheN ,2 Ra↵aele Tito D’AgNolo,1

ANson Hook,3 HyuNg Do Kim,4 and David PiNner 5

1 School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540, USA
2 Institute of Theoretical Science, University of Oregon, Eugene, OR 97403, USA

3 Stanford Institute for Theoretical Physics, Stanford University, Stanford, CA 94305, USA
4 Department of Physics and Astronomy and Center for Theoretical Physics,

Seoul National University, Seoul 151-747, Korea
5 Princeton Center for Theoretical Science, Princeton University, Princeton, NJ 08544, USA

Abstract

We present a new solution to the electroweak hierarchy problem. We introduce N copies of the
Standard Model with varying values of the Higgs mass parameter. This generically yields a sector
whose weak scale is parametrically removed from the cuto↵ by a factor of 1/

p
N . Ensuring that

reheating deposits a majority of the total energy density into this lightest sector requires a modifi-
cation of the standard cosmological history, providing a powerful probe of the mechanism. Current
and near-future experiments will explore much of the natural parameter space. Furthermore, su-
persymmetric completions which preserve grand unification predict superpartners with mass below
mW ⇥Mpl/MGUT ⇠ 10 TeV.

I. MECHANISM

This letter describes a new mechanism, dubbed
“Nnaturalness,” which solves the hierarchy problem.
It predicts no new particles at the LHC, but does
yield a variety of experimental signatures for the next
generation of CMB and large scale structure experi-
ments [1, 2]. Well-motivated supersymmetric incarna-
tions of this model predict superpartners beneath the
scale mW ⇥ Mpl/MGUT ⇠ 10 TeV, accessible to a future
100 TeV collider [3, 4].

The first step is to introduce N sectors which are mu-
tually non-interacting. The detailed particle content of
these sectors is unimportant, with the exception that
the Standard Model (SM) should not be atypical; many
sectors should contain scalars, chiral fermions, unbroken
gauge groups, etc. For simplicity, we imagine that they
are exact copies of the SM, with the same gauge and
Yukawa structure.

It is crucial that the Higgs mass parameters are allowed
to take values distributed between �⇤2

H and ⇤2
H , where

⇤H is the (common) scale that cuts o↵ the quadratic di-
vergences. Then for a wide range of distributions, the
generic expectation is that some sectors are accidentally
tuned at the 1/N level,
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min

⇠ ⇤2
H/N . We iden-

tify the sector with the smallest non-zero Higgs vacuum
expectation value (vev), hHi = v, as “our” SM. This
picture is illustrated schematically in Fig. 1.

In order for small values of m2
H to be populated, the

distribution of the mass parameters must pass through
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FIG. 1: A sketch of the Nnaturalness setup. The sectors have
been ordered so that they range from m2

H ⇠ ⇤2
H to �⇤2

H . The
sector with the smallest vacuum expectation value contains
our copy of the SM.
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where i = 0 = “us” is the lightest sector with a non-
zero vev:
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= �r ⇥ ⇤2
H/N ' �(88 GeV)2 is the

Higgs mass parameter inferred from observations. The
parameter r can be seen as a proxy for fine-tuning,1 since

1 There are a variety of other ways one might choose to imple-
ment a measure of fine-tuning in this model. For example, one
could assume the distribution of Higgs mass squared parameters
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Need to change dramatically the cosmological history and hierarchy problem 
is rephrased into question on how to reheat only sectors with fine-tuned Higgs mass.
For this “reheaton” field is introduced which decays predominantly to small Higgs mass sector



relaxion mechanism in a nutshell

Higgs mass-squared promoted to a field
The field evolves in time in the early universe and scans a vast range of 
Higgs mass
The Higgs mass-squared relaxes to a small negative value
The electroweak symmetry breaking stops the time-evolution of the 
dynamical system

Example of self-organised criticality when the dynamical evolution of a 
system is stopped at a critical point due to back-reaction

Many vacua solutions:

m2H2



Relaxion mechanism
Minimal model:    SM + QCD axion + inflaton

 1504.07551

• During inflation axion slow-rolls and scans Higgs mass

• Once mass gets negative, Higgs obtains a vev

• Axion potential barriers (linear in the vev) grow and stop scanning

  m2
� ⇠ mqf� ⇠ yq < h > f� yqf

3
� < h > cos

�

f

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, thereby scanning the physical

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.
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1
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(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, thereby scanning the physical

Below QCD scale:

3

Higgs mass. At some point in the � potential, the quadratic term for the Higgs crosses zero and the Higgs develops a
vacuum expectation value. As the Higgs vev grows, the e↵ective heights of the bumps, ⇤4, in the periodic potential
grow. When the bumps are large enough they become barriers which stop the rolling of � shortly after m2

h crosses
zero. This sets the Higgs mass to be naturally much smaller than the cuto↵ (see Figure 1). Since it is the axion which
is responsible for the dynamical relaxation of the weak scale, we call it the relaxion.

The (rel)axion barrier height depends on the Higgs vev through its dependence on quark masses [15]. When the
Higgs vev is near its standard model value, the potential barrier is approximately

⇤4 ⇠ f2
⇡m2

⇡ (3)

times dimensionless ratios of quark masses. Since m2
⇡ changes linearly with the quark masses it is proportional to the

Higgs vev. Therefore ⇤4 grows linearly2 with the vev.
During inflation, the relaxion must roll over an O(1) fraction of its full field range, ⇠ (M2/g), to naturally cross the

critical point for the Higgs where m2
h = 0. Note that for the early universe dynamics, one can consider the potential

to be just gM2� or g2�2 since the field value for � ⇠ (M2/g) makes these equivalent. Our solution is insensitive to
the initial condition for � (as long as the Higgs starts with a positive mass-squared), because � is slow-rolling due
to Hubble friction. This places the slow-roll constraints on � that g < Hi and g < (H2

i Mpl/M
2), where Hi is the

Hubble scale during inflation and Mpl is the reduced Planck mass. It will turn out that these constraints are trivially
satisfied. A requirement on inflation is that it lasts long enough for � to scan the entire range. During N e-folds of
inflation, � changes by an amount �� ⇠ (�̇/Hi)N ⇠ (V 0

�/H2
i )N ⇠ (gM2/H2

i )N . Requiring that �� & (M2/g) gives
the requirement on N

N & H2
i

g2
. (4)

There are three conditions on the Hubble scale of inflation. First is that the vacuum energy during inflation is greater
than the vacuum energy change along the � potential, namely M4, so

Hi >
M2

Mpl
(vacuum energy) (5)

The second constraint is the requirement that the Hubble scale during inflation is lower than the QCD scale (so the
barriers form in the first place):

Hi < ⇤QCD (barriers form) (6)

where ⇤QCD is taken to be the scale where the instanton contributions to the axion potential are unsuppressed.
We expect numerically, ⇤QCD ⇠ ⇤. Finally, a condition could be placed on the Hubble scale by requiring that �’s
evolution be dominated by classical rolling (and not quantum fluctuations – similar to a constraint of �⇢/⇢ < 1 in
inflation) so that every inflated patch of the universe makes it to the electroweak vacua

Hi <
V 0
�

H2
i

! Hi < (gM2)
1
3 (classical beats quantum) (7)

We’ll see below that this constraint will be a bit stronger than the previous one, but in some cases it can be avoided.
The slow-rolling of � stops when ⇤ has risen to the point such that the slope of the barriers ⇤4/f matches the slope

of the potential, gM2. This occurs at

gM2f ⇠ ⇤4. (8)

From the three conditions Eqns. (5), (7), and (8), we have a constraint on the cuto↵ M :

M <

 
⇤4M3

pl

f

! 1
6

⇠ 107 GeV ⇥
✓

109 GeV

f

◆ 1
6

(9)

2 We are ignoring the logarithmic contribution from the running of the QCD scale. Also, when the Higgs mass squared is positive, and
the vev is tiny due to QCD e↵ects mixing with the Higgs, a better description of the pion is to say it is eaten by the weak gauge bosons.
Nevertheless, in that regime the coe�cient of this potential still depends on the Higgs mass, but is negligible.



Relaxion mechanism
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2
⇡

f
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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�) +
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, thereby scanning the physical



Conclusions

• No NP from the LHC so far

• However,  new ideas continue to emerge in theoretical 
community

• A lot of new physics is still to be tested !



The topics to be discussed 
include:

  1 DM (Theory, Observations, 
Detection)

2 Structures in the Universe 
3 New observational probes of 

the Universe
4 Multimessenger cosmology 

(Gravitational waves, Cosmic rays, 
Neutrinos)

5 Unknown physics in the 
Universe


