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Beyond the Standard Model

Why? Why not?
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naturalness

dark matter unificationmotivated
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naturalness

light particle is natural if symmetry is enhanced 
when the particle becomes massless 

Pion, photon, neutrino, top quark, electron, …
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dark matter

5 or 6 times of ordinary matter density is not made of 
SM fermions (protons, neutrons, electrons, neutrinos) 

new particle or new paradigm?
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unification of gauge couplings

charge quantization is one of the puzzle in the SM

anomaly cancellation could have worked differentlyK. S. Jeong / Physics Letters B 769 (2017) 42–47 45

Fig. 1. RG flow of gauge couplings αi = g2
i /4π in the MSSM. Dotted gray lines cor-

respond to the running of SU(3)C , SU(2)L and U(1)Y , respectively, for low energy 
SUSY where the heavy Higgs doublet and all sparticles are degenerate around TeV. 
Colored lines show how gauge coupling unification is affected by sparticle masses 
in high scale SUSY where the heavy Higgs doublet and sfermions are degenerate at 
msusy = 200 TeV. Colored solid lines are obtained for M2 = msusy, M3 = 2msusy and 
µ = 230 GeV, while dashed ones are for M2 = M3 = µ = msusy. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

We now perform a simple numerical discussion of the sparticle 
spectrum required for EWSB and gauge unification. The EWSB re-
lation Eq. (28) is combined with the unification condition Eq. (17)
to uniquely fix the values of µ and msusy:

msusy

m∗
≈ 0.1 × 103

(
M3/M2

2

) 28
19

(
κ tanβ

300

) 12
19

,

|µ|
m∗

≈ 0.4
(

M3/M2

2

) 28
19

(
κ tanβ

300

)− 7
12

, (29)

for κ tan β ! 1, and α of order unity. Here we have taken into 
account that low tan β is favored to accommodate the 125-GeV 
Higgs boson in high scale SUSY, for instance, tan β smaller than 4
for msusy above a few tens TeV [37], and that one has g2

3/g2
2 =

2 around 100 TeV. We emphasize that high scale SUSY can be 
reconciled with gauge unification when the higgsinos are much 
lighter than other sparticles. For instance, EWSB and unification 
are achieved for µ around a few hundred GeV and msusy =
10–100 TeV. If M3/M2 gets larger, the required value of µ and 
msusy increase by the same factor.

Fig. 1 shows RG flow of gauge couplings in the MSSM. High 
scale SUSY with light higgsinos can lead to gauge coupling unifi-
cation, where the three gauge coupling unify as precisely as in the 
conventional TeV SUSY. In Fig. 2, the shaded region is compatible 
with gauge unification. Here we have used the fact that the SUSY 
particle mass msusy and the higgsino mass parameter µ are fixed 
according to Eq. (29) once the EWSB and unification conditions are 
imposed.

Finally we discuss dark matter and collider signs in high scale 
SUSY under consideration. The LSP, which is stable under R-parity 
conservation, is the higgsino or the gravitino. For |µ| ≪ msusy, the 
lightest neutralino and chargino are mostly pure higgsino, and are 
nearly mass degenerate:

%m ≡ mχ+
1

− mχ0
1

= %mtree + %mloop, (30)

Fig. 2. High scale SUSY with light higgsinos for gauge coupling unification. The 
heavy Higgs doublet and sparticles except for higgsinos have masses around 
msusy. For msusy ≫ |µ|, EWSB requires a large Higgs mixing parameter, |B| tanβ ≈
m2

susy/|µ|. Here we have taken 50 ≤ |B| tanβ/msusy ≤ 500 for models where 
anomaly or gauge mediation is sizable, taking into account that high scale SUSY 
above a few tens TeV can accommodate the observed 125 GeV Higgs boson for 
tanβ ! 4. Then, EWSB occurs in the region between the two thick lines, and light 
higgsinos lead to successful gauge coupling unification in the shaded region for 
0.5 ≤ M3/M2 ≤ 5.

where the tree-level contribution is due to mixing with the bino 
and wino, and is positive unless the bino and wino mass have a 
different sign

|%mtree| ≃ 30MeV
(

105GeV
M2

)∣∣∣∣1 + 0.3
M2

M1

∣∣∣∣ , (31)

while the radiative mass difference comes mainly from gauge bo-
son loops [38], and is approximated by

%mloop ≈ 260MeV
( |µ|

100GeV

)0.15

, (32)

for µ below about TeV. Hence, the mass difference is expected to 
be positive and larger than the pion mass, for which the light-
est chargino dominantly decays to the lightest neutralino and the 
charged pion. The decay time of the lightest chargino is about 
0.3 × 10−10sec × (%m/300MeV)3 for %m not close to the pion 
mass. It would thus be difficult to probe at the LHC, but e+e− →
γχ0

1 χ0
2 or γχ+

1 χ−
1 mediated by virtual Z boson may provide a 

visible signal in future linear colliders.
We first examine the gravitino LSP case, m3/2 < |µ|. In this 

case, the gravitino production from thermal scatterings can gen-
erate the right dark matter density. If the freeze-out temperature 
of the gravitino [39]

T f ≈ 1011GeV
( m3/2

10GeV

)2
(

100TeV
M3

)2

(33)

is higher than the reheating temperature Treh after inflation, the 
gravitino relic abundance is determined by

(3/2h2 ≃ 0.3
(

Treh

109GeV

)

×
(

10GeV
m3/2

)(
M3

100TeV

)2

, (34)

where the gravitino should be heavier than about 100 keV to be 
a cold dark matter [40]. The reheating temperature producing the 

furthermore, 
accidental observations

Qd =
1

3
Qe 2Qu +Qd +Qe = 0

1. three lines meet at one point

2. below Planck scale & avoid proton decay

0. two lines meet at one point (or ||)

K S Jeong (2017)
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naturalness

dark matter unificationsupersymmetry

flat/warped EXD
technicolor

little Higgs
composite Higgs

Higgsless model
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before/after Higgs discovery
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naturalness

dark matter unificationsupersymmetry

flat/warped EXD
technicolor

little Higgs
composite Higgs

Higgsless model



By A Pomarol

preferred

preferred

Supersymmetry
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naturally 
light 
Higgs 
masspNGB composite

How to make light Higgs to be natural?

Supersymmetry

(pseudo-Nambu-Goldstone Boson)



12

V (H) = �m2
h

2
|H|2 + �

4
|H|4
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V (H) = �m2
h

2
|H|2 + �

4
|H|4

Two mass terms used in the literature

This is the source of fine tuning  
to keep the weak scale

m2
h = �v2

Higgs mass prediction is obtained from it 
as v=174 GeV is fixed from W,Z mass 



�v2 = b
g2⇤

16⇡2
v2 log

✓
⇤

M

◆
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Supersymmetry

�m2
h

2
= m2

Hu
+ µ2

Composite Higgs

m2
Hu

|⇤ � c
m2

SUSY

16⇡2

�v2 = M2
Z + cy2t

m2
t

16⇡2
log

✓
mSUSY

mt

◆
�v2 = M2

Z

log

✓
⇤

mSUSY

◆

�m2
h

2

= �a
M2

16⇡2
log

✓
⇤

M

◆

�v2 = b(
v

f
)

2 M2

16⇡2
log

✓
⇤

M

◆
M = g⇤f

stop mass

top partner

spontaneous symmetry breaking scale
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Supersymmetry with no fine tuning predicts

v ⇠ mSUSY

4⇡�

Composite Higgs with no fine tuning predicts

v ⇠ M

4⇡�

⇠ m2
h

m2
SUSY

5

Lfine tuning 10�2 ⇠ 10�4

mSUSY = 1 TeV

mSUSY = 10 TeV

fine tuning ⇠ m2
h

M2

5

L

1

2

1

2

M � 1 TeV

fine tuning : a few %
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V (H) = �m2
h

2
|H|2 + �

4
|H|4

Supersymmetry : tree+1loop   tree+1loop

Composite Higgs : 1loop   1loop

50% 50%
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MSSM : stop at 5~10 TeV for H(125)

Composite Higgs : v ~ f relation is violated

mh ⇠ mSUSY is violated

No motivated models are in good shape now.
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Supersymmetry

pNGB composite
little Higgs

composite Higgs
technicolor

twin Higgs

twin SUSY

SUSY little Higgs

fat Higgs

Supersymmetric little twin composite Higgs?

strongly 
interacting

weakly 
interacting



19

Twin Higgs : Neutral Naturalness 
(assuming two copies of the SM)

SU(4) ! SU(2)⇥ SU(2)⇥ Z2

V = yHAqAtA + yHBqBtB �m2(|HA|2 + |HB |2) + �(|HA|2 + |HB |2)2

V1L =
3y2

8⇡2
⇤2(|HA|2 + |HB |2)

HA =
1p
2
(h+H) HB =

1p
2
(�h+H)

top loop cancelled by (our) colorless one

similar to tan beta=1 of THDM 
large invisible decay 
problem in cosmology, …
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Twin Higgs : Neutral Naturalness 
(assuming two copies of the SM)

SU(4) ! SU(2)⇥ SU(2)⇥ Z2

V = yHAqAtA + yHBqBtB �m2(|HA|2 + |HB |2) + �(|HA|2 + |HB |2)2

V1L =
3y2

8⇡2
⇤2(|HA|2 + |HB |2)

top loop cancelled by (our) colorless one

similar to tan beta=1 of THDM 
large invisible decay 
problem in cosmology, …

+m2
A|HA|2

explicit SU(4) breaking term
should be as large as the cutoff

|m2
A �m2|
|m2| ⌧ 1 for h to be SM like
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Higgs as pNGB

works in Nnaturalness

works in relevant Standard Model



Is there a third road?

MULTIVERSE
NAT

URA
LNE

SS

?

by S Dimopoulos22

It is important  
to fill up  

the loophole  
in all possible  
explanation  

of the hierarchy
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Arkani-Hamed	 Cohen	 D’agnolo	 	 
Hook	 HDK	 Pinner,	 PRL	 (2016)



1m

1m
Higgs mass :
random dart to 1m*1m in the disk of the solar system

24



by N Arkani-Hamed25

if reheaton is a pNGB

Arkani-Hamed	 Cohen	 D’agnolo	 	 
Hook	 HDK	 Pinner,	 PRL	 (2016)

Dvali	 Redi	 PRD(2009)

N = 1032

N = 1016 N = 104

⇤⇤ = ⇤H = 1010 GeV

⇤⇤ = 100 GeV

⇤⇤ = 1016 GeV
⇤H = 10 TeV

scenario I scenario II

enorm
ous reduction of dof
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Abstract

We present a new mechanism to stabilize the electroweak hierarchy. 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
modification 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,
supersymmetric 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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seen as dark sectorseen as dark sector
dominantly reheated
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In this note, we consider the A�HH† coupling as a mechanism to reheat the universe. For simplicity, we will only
consider the closest positive and closest negative Higgs mass points. We will also discard any region of parameter
space which corresponds to 1/v2 scaling.

When scanning, we assume the very simple conditions that we are scanning the higgs mass squared by an amount
2m2

H . This is so that the first positive Higgs mass has a mass m2
H which is just negative us. The closest negative

Higgs mass has a mass 3m2
H . Note that when we have the Higgs obtain a vev, the mass of the physical Higgs is 2m2

H .
This tells us that the first positive mass Higgs will be lighter than our Higgs by 1/

p
2.

I. DECAYS

phiHHfigures/BRNew.pdf

FIG. 1: The three relevant decay diagrams when the Higgs mass is positive.
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As before, there are three diagrams relevant for the decay of � when the Higgs mass is negative. This is because
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• 177 GeV ⇠
p

2mH > m� > 2mW ⇠ 160 GeV : �(� ! W+W�). In this region, the decays into the positive and
other negative Higgs mass regions are all three body decays. Thus we win by a loop factor and our universe is
the universe that is reheated.

• 160 GeV ⇠ 2mW > m� > mW ⇠ 80 GeV : �(� ! W/ZW ?/Z?) ⇠ A2m3
�

m4
W

1
16⇡2 . This is a three body decay mode

and has the promising 1/v4 scaling. In this region, the decay into the positive Higgs mass sector is also 1/v4.
The only concern is the nearest positive Higgs mass sector which has the same scaling. However, they are down
by numerical factors as we have many more possible decay channels.

• 80 GeV ⇠ mW > m� : �(� ! bb) ⇠ A2m�

m2
H

y2
b . This two body decay mode is suppressed by yb ⇠ 10�2 and has

the undesired scaling of 1/v2. Because of the bottom yukawa supression, there is the possibility that it does
not dominate over any of the three body decay modes. A complete calculation would need to be done to find
the exact transition, but it will happen at a mass larger than 80 GeV. Any of the four body decay modes is
suppressed by phase space factors of order y2

b . Because 4 body decay modes also involve additional propagator
suppressions, they will be subdominant to this.

So in summary, we find that we can roughly live in the window 80 � 177 GeV. We can also live around the quark
thresholds.

II. COSMOLOGY

We first do a quick and dirty estimate of Ne↵. We will be making worst case estimates so that the real situation
will be slightly better. We notice that in the large v limits, that the decay width into any given sector with negative
Higgs mass sector goes as 1/v2 ⇠ 1/(2i + 1) and the decay width into any positive Higgs mass sector goes as 1/v4.
Since the positive Higgs mass sector scales away faster, we ignore them. We normalize the branching ratio such that.

Br0 = ↵ Bri>0 = 1/(2i + 1) (1)

The branching ratio into our sector, Br0, is larger by a factor of ↵ ⇠ 1
16⇡2

1
y2

b
⇠ 100 since we go into a three body

decay while the higher order terms go into bottom quarks. Note that after about i ⇠ 400, that we will start decaying
into the lighter generations and thus hit even small yukawa couplings but we will neglect this e↵ect.

What is important for us is the relative reheat temperatures of the various sectors. We have

⇢i

⇢0
=

T 4
�,i

T 4
�

=
Bri

Br0
=

1

↵(2i + 1)
(2)

We make the simplifying assumption that all sectors see the same amount of entropy dump after reheated. This is
essentially the statement that all of the sectors get hit by the QCD entropy dump so that they all cool just as slowly.
The fact that some of the higher i sectors will not be highly reheated and thus cool faster than us will be neglected.

What we measure when we look at Ne↵ is ratio of Hubble2 to what you expect from one neutrino species.

�Ne↵ =
X

i

⇢i

⇢⌫
=

X

i

g?,i

g?⌫

T 4
�,i

T 4
⌫

⇡
104X

i=1

13

2 ⇤ 7/8

1

↵(2i + 1)
=

34

↵
⇡ 0.3 (3)

m2
H > 0
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FIG. 2: Feynman diagrams for the most important decays in
the �model. The left (right) column is for hHi 6= 0

�
hHi = 0

�
.

The top (bottom) row is for m� � |mH |
�
m� ⌧ |mH |

�
.

ical Higgs mass in sectors with hHi 6= 0, the reheaton
decay widths scale as �m2

H<0 ⇠ 1/m2
hi

and �m2
H>0 ⇠

1/m4
Hi

in sectors with and without electroweak symme-
try breaking, respectively. Thus the reheaton preferen-
tially decays into sectors with light Higgs bosons and non-
zero vevs. If, instead, the reheaton were heavy enough
to decay directly to on-shell Higgs or gauge bosons, the
branching fractions would be democratic into those sec-
tors, and the energy density in our sector would not come
to dominate the energy budget of the universe.

In the scalar case the decays are di↵erent, but the scal-
ing of the decay widths is exactly the same. This can be
seen once more by integrating out the Higgs and gauge
bosons in all the sectors:

LhHi6=0
� � C�

1 a yq
v

m2
h
� q qc ;

LhHi=0
� � C�

3 a g2

16 ⇡2
1

m2
H

� Wµ⌫Wµ⌫ ,
(5)

where again the C�
i are numerical coe�cients, and Wµ⌫

is the SU(2) field strength. As in the fermionic case, this
Lagrangian leads to decay widths that scale as �m2

H<0 ⇠
1/m2

hi
and �m2

H>0 ⇠ 1/m4
Hi

in sectors with and without
electroweak symmetry breaking, respectively, through
the diagrams shown in Fig. 2. We have not included
the one-loop decay � ! � � in Eq. (5) for sectors with
hHi 6= 0. This operator scales as 1/m2

h and is important
for sectors with N & 108; we find that this is never the
leading decay once the bounds on N discussed in Sec. III
are taken into account.

Before moving to a more detailed discussion of signals
and constraints it is worth pointing out two important
di↵erences between the � and ` models that will lead us to
modify the latter. Given the scaling of the widths we can
approximately neglect the contributions to cosmological
observables from the hHi = 0 sectors. In the simple case

that the vevs squared are equally spaced, v2
i ⇠ 2 i ⇥ v2

us,
as in Eq. (1) with r = 1, we find that the branching ratio
into the other sectors is

P
1/i ⇠ log N .

In the � model, this logarithmic sensitivity to N is not
realized. Since the reheaton decays into sectors with non-
zero vevs via mixing with the Higgs, the decays become
suppressed by smaller and smaller Yukawa couplings as
hi becomes heavy. After the charm threshold is crossed
m� < 2 mci we can neglect the contribution of the new
sectors to cosmological observables (with one exception
that we discuss in the next section). This behavior is
displayed in the left panel of Fig. 3, where we show the
fraction of energy density deposited in each sector.

The second important di↵erence is that in the ` model
the reheaton couples directly to neutrinos and, in the sec-
tors with electroweak symmetry breaking, it mixes with
them. This leads to two e↵ects. First, the physical re-
heaton mass grows with N , implying that the structure
of the ` model forces the reheaton to be heavy at large
N , and can be inconsistent depending on the value of �.
Additionally, this mixing can generate a freeze-in abun-
dance [7] of neutrinos in the other sectors from the pro-
cess ⌫us ⌫us ! ⌫us ⌫i via an o↵-shell Z0. Tension with
neutrino overclosure and overproduction of hot dark mat-
ter leads to an upper bound on the maximum number of
sectors. In practice, it is hard to go beyond N ' 103.

However, there is a simple extension of the ` model
that at once mitigates its UV, i.e., large N , sensitivity
and solves the problems arising from a direct coupling
to neutrinos. If the reheaton couples to each sector only
through a massive portal (whose mass grows with vi),
then the branching ratios will scale with a higher power
of the Higgs vev after integrating out the portal states.
As an example, consider introducing a 4th generation of
vector-like leptons (L4, L

c
4), (E4, E

c
4), and (N4, N

c
4 ) to

each sector. Then relying on softly broken U(1) sym-
metries, we can couple the reheaton to L4 only via the
Lagrangian

LL4 � Lmix + LY + LM , (6)

Lmix = �� Sc
X

i

�
L4 H

�
i
� µE

X

i

�
ec E4

�
i
,

LY = �
X

i

h
YE

�
H† L4 Ec

4

�
i
+ Y c

E

�
H Lc

4 E4

�
i

+ YN

�
H L4 N c

4

�
i
+ Y c

N

�
H† Lc

4 N4

�
i

i
,

LM = �
X

i

h
ME

�
Ec

4 E4

�
i
+ ML

�
Lc

4 L4

�
i

+ MN

�
N c

4 N4

�
i

i
� mS S Sc ,

where we have assumed universal masses and couplings

27

A�H†H

�SLH

scalar reheat

fermion reheat population of the sectors



8

�������

���

���

���

�

�

�� ��� ��� ��� ��� ���

���

���

���

���

���

���
���

FIG. 5: �Ne↵ contours as a function of reheaton mass and the r parameter defined in Eq. (1). �Ne↵ ' 0.03 corresponds to
the sensitivity of CMB stage 4 experiments. The current upper bound at the CMB epoch is around 0.6. The left panel is for
the � model with a = 1 MeV. The right panel is for the L4 model with �⇥ µE = 1 MeV, ML = 400 GeV, ME,N = 500 GeV,
YE = YN = 0.2, and Y c

E = Y c
N = �0.5. As discussed in the text, the L4 result is valid for a large range of N , namely

30 . N . 109. Both figures were made using the zero temperature branching ratios of the reheaton; see the end of Sec. II for
a discussion.

worth discussing. In the L4 case the plot is valid for a
large range of N , namely 30 . N . 109. The upper
bound is determined by requiring � . 4 ⇡/

p
N and mix-

ing between ec and the vector-like leptons less than 1%.
It is trivial to go beyond N = 109, and even possible to
reach N = 1016, by lowering the reheaton coupling – this
comes at the expense of an overall decrease in reheating
temperature, even though the result for �Ne↵ would not
change. For N < 30, �Ne↵ is smaller than shown in the
figure. In the � case, the results are more sensitive to N ,
as shown in Eq. (10). We chose the largest N that is both
compatible with overclosure (see the next subsection) and
also interesting from a model building perspective, given
the relation to the Planck/GUT hierarchy (N = 104).

The shapes of the �Ne↵ contours are easy to explain
in terms of kinematics. In L4 the allowed region cor-

responds to the reheaton decaying to our sector via a
two-body channel, versus a three-body decay into all
the other m2

H < 0 sectors. This is highlighted by the
mS = mW2 line in the plot. In the � model the sit-
uation is di↵erent. The mixing with the Higgs natu-
rally introduces a number of mass thresholds that re-
duce �Ne↵ . At very low � masses, decays to a pair of
b-quarks are kinematically allowed only in our sector. As
the � mass increases, the reheaton can mix resonantly
with our Higgs and subsequently decay to a pair of W

or Z bosons. The last aspect of these results that is not
captured by the simple estimate in Eq. (10) is the fact
that (�Ne↵)CMB > (�Ne↵)BBN. It is easy to show that
this must be the case by appealing to conservation of en-
tropy in each of the sectors. If we compute the ratio of
�Ne↵ in sector i at the two di↵erent epochs, we obtain

�
�N i

e↵

�
CMB�

�N i
e↵

�
BBN

=
gi

⇤
�
T i

CMB

�

gi
⇤
�
T i

BBN

�
✓

gus
⇤S (T us

BBN)

gus
⇤S (T us

CMB)

◆4/3
 

gi
⇤S

�
T i

BBN

�

gi
⇤S

�
T i

CMB

� gus
⇤S (T us

CMB)

gus
⇤S (T us

BBN)

!4/3

'
 

gi
⇤S

�
T i

BBN

�

gi
⇤S

�
T i

CMB

�
!1/3

� 1 . (11)

The first term in the first equality counts the number of relativistic degrees of freedom in sector i at the two dif-
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different phase of deconstruction

phase A : extra dimension

phase B : Nnaturalness

�Ne↵ ⇠ O(1)

4.4 + 3 = 7.4

photon neutrino

Br(i=2)~ 0.1

VEV 

no VEV 
dark radiation

generic prediction
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Cosmological solution 
to the naturalness

Relaxion

Nnaturalness

It might explain no new physics at the LHC 
Cosmological observables might be interesting
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Why is it working?

Reheaton is pNGB (not Higgs itself)

The presence of light scalar can be 
explained by pNGB idea 

and  

extra assumption of decay via Higgs can 
explain why it decays predominantly to 

the lightest Higgs sector
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the classical scaling dimensions. All of the SM gauge and Yukawa interactions are marginal operators and
Higgs self coupling |H|4 is also the marginal operator. The Higgs boson mass term |H|2 is the only exception
and is the relevant operator with the parameter of mass dimension 2. The hierarchy problem is the problem
of quantum field theory with relevant operators.

LH = L2 + L4

L2 = m2|H|2

L4 = �|H|4

Before the Higgs discovery, the vacuum expectation value (VEV) of the Higgs boson was known and the

ratio m2

� was fixed. The physical Higgs mass at the vacuum is

m2
h = �2m2 = 4�hHi2.

The quartic coupling � is a free parameter in the SM and can take any value. Thus the physical Higgs
mass is a free parameter in the SMl.

However, most of BSM predict the quartic coupling. Di↵erent models predict di↵erent ranges of the
preferred Higgs mass. On the contrary there is no theory predicting the quadratic term and the term is
adjusted to provide the physical Higgs mass by the cancellation of the bare mass term and the calculable
corrections if the quartic coupling is fixed. † Calculable corrections are much bigger than the needed physical
Higgs mass and it is the fine tuning problem of the Higgs mass or electroweak symmetry breaking.

Let us write down all the couplings as dimensionless, c2 = m2

⇤2
UV

where ⇤UV is the UV cuto↵ of the theory.

Integrating out the high energy modes, c2 is enhanced by a factor ⇤2
UV

⇤2
IR

and the term becomes more and more

important as we go to low energy. the operator of these kinds is the relevant operator. If H has no other
interaction, the accidentally small c2 would be enough to explain the smallness of H mass. ‡

In the Standard Model, H has an order one Yukawa coupling to top quark and the renormalization group
equation of c2 is entangled with marginal couplings. The resulting low energy c2 becomes very sensitive to
the change of high energy c2. The di↵erent scales mix and the separation of scales does not work [5].

2.1 Conventional approach I : Weak scale supersymmetry

In supersymmetry, the Higgs mass is tied up to the Higgsino mass µ and is protected against the quantum
corrections once it is kept to be small. µ is generated only after supersymmetry breaking and thus it can be
linked to other soft supersymmetry breaking parameters.

Fermion mass can be protected by the chiral symmetry and light fermion mass is natural according to ’t
Hooft criterion. Supersymmetry protects the scalar mass by relating its mass to the fermion mass.

If supersymmetric partners are at around the weak scale, the lightness of the Higgs boson is well un-
derstood. In addition, in its minimal supersymmetric extension of the Standard Model (MSSM), the Higgs
quartic couplings are linked to the gauge couplings by supersymmetry. Only after the supersymmetric
particles (top squark) are integrated out, the deviation is determined from the top quark loop and is loga-
rithmically proportional to the mass separation of top squark and top quark in the leading order. If the top
squark mass is at around the top quark mass, the predicted upper bound on the Higgs mass is m2

h  M2
Z .

To increase the Higgs mass from 91 GeV to 125 GeV, the top squark should be at around 5 ⇠ 10 TeV. Then
the heavy top squark give huge corrections to the quadratic terms in the Higgs potential and this raised the
question of why the weak scale is so much di↵erent from the top squark mass.

Before the Higgs discovery, most supersymmetric theories predicted the discovery of the Higgs boson at
LEP, certainly below 115 GeV. The preferred range of the Higgs mass in the MSSM was at around MZ ,
e.g., 100 to 110 GeV and even 115 GeV was on the edge. Currently observed Higgs mass 125 GeV implies a
fine tuning of order 10�3 to 10�4 in the MSSM with 5 ⇠ 10 TeV top squark and the result is not so much

†If both of them are calculable and predicted, it gives a wrong prediction on the Higgs VEV and is ruled out.
‡One possible way out is to make the SM Yukawa and gauge couplings to be relevant.
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10 The Standard Model of elementary particles
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get

�m2
h
=

dm2
h

d log µ̄
=

3m2
h

8⇡2

⇣
2�+ y2

t � 3g2

4
� g02

4

⌘
, (2.19)

i.e. the running of the mass parameter m2
h is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get

�m2
h = Re ⇧hh|p2=m2

h
=

y2

2(4⇡)2
Re

⇥
�✏ + (m2

h � 4M2)B0(mh;M,M) � 2A0(M)
⇤

=
y2

2(4⇡)2

⇣
�✏ + (6M2 � m2

h) log
m2

h

µ̄2
+ f(mh,M)

⌘
, (2.20)

where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

Add heavy Dirac fermion of mass M >> mh with coupling y

h h

y �  ̄ +M  ̄ 
<latexit sha1_base64="DhAlNTFpFxaeBG+LzwHvu3p9BwQ=">AAACJXicbVDLSgMxFM34rPU16tJNsAiCtcyIoMuCCG6ECvYBnaFk0kwbmmRCkhGG0q/wI/wGt7p2J4Ir8U9M21nY1gP3cjjnXm5yIsmoNp735Swtr6yurRc2iptb2zu77t5+QyepwqSOE5aoVoQ0YVSQuqGGkZZUBPGIkWY0uB77zUeiNE3Eg8kkCTnqCRpTjIyVOu5ZBoNyIPs0KEMYREjBQGo6bafwbk7quCWv4k0AF4mfkxLIUeu4P0E3wSknwmCGtG77njThEClDMSOjYpBqIhEeoB5pWyoQJzocTr41gsdW6cI4UbaEgRP178YQca0zHtlJjkxfz3tj8T+vnZr4KhxSIVNDBJ4eilMGTQLHGcEuVQQbllmCsKL2rRD3kULY2CRnrkR8ZDPx5xNYJI3ziu9V/PuLUvUmT6cADsEROAE+uARVcAtqoA4weAIv4BW8Oc/Ou/PhfE5Hl5x85wDMwPn+Be7uo6Y=</latexit><latexit sha1_base64="DhAlNTFpFxaeBG+LzwHvu3p9BwQ=">AAACJXicbVDLSgMxFM34rPU16tJNsAiCtcyIoMuCCG6ECvYBnaFk0kwbmmRCkhGG0q/wI/wGt7p2J4Ir8U9M21nY1gP3cjjnXm5yIsmoNp735Swtr6yurRc2iptb2zu77t5+QyepwqSOE5aoVoQ0YVSQuqGGkZZUBPGIkWY0uB77zUeiNE3Eg8kkCTnqCRpTjIyVOu5ZBoNyIPs0KEMYREjBQGo6bafwbk7quCWv4k0AF4mfkxLIUeu4P0E3wSknwmCGtG77njThEClDMSOjYpBqIhEeoB5pWyoQJzocTr41gsdW6cI4UbaEgRP178YQca0zHtlJjkxfz3tj8T+vnZr4KhxSIVNDBJ4eilMGTQLHGcEuVQQbllmCsKL2rRD3kULY2CRnrkR8ZDPx5xNYJI3ziu9V/PuLUvUmT6cADsEROAE+uARVcAtqoA4weAIv4BW8Oc/Ou/PhfE5Hl5x85wDMwPn+Be7uo6Y=</latexit><latexit sha1_base64="DhAlNTFpFxaeBG+LzwHvu3p9BwQ=">AAACJXicbVDLSgMxFM34rPU16tJNsAiCtcyIoMuCCG6ECvYBnaFk0kwbmmRCkhGG0q/wI/wGt7p2J4Ir8U9M21nY1gP3cjjnXm5yIsmoNp735Swtr6yurRc2iptb2zu77t5+QyepwqSOE5aoVoQ0YVSQuqGGkZZUBPGIkWY0uB77zUeiNE3Eg8kkCTnqCRpTjIyVOu5ZBoNyIPs0KEMYREjBQGo6bafwbk7quCWv4k0AF4mfkxLIUeu4P0E3wSknwmCGtG77njThEClDMSOjYpBqIhEeoB5pWyoQJzocTr41gsdW6cI4UbaEgRP178YQca0zHtlJjkxfz3tj8T+vnZr4KhxSIVNDBJ4eilMGTQLHGcEuVQQbllmCsKL2rRD3kULY2CRnrkR8ZDPx5xNYJI3ziu9V/PuLUvUmT6cADsEROAE+uARVcAtqoA4weAIv4BW8Oc/Ou/PhfE5Hl5x85wDMwPn+Be7uo6Y=</latexit><latexit sha1_base64="DhAlNTFpFxaeBG+LzwHvu3p9BwQ=">AAACJXicbVDLSgMxFM34rPU16tJNsAiCtcyIoMuCCG6ECvYBnaFk0kwbmmRCkhGG0q/wI/wGt7p2J4Ir8U9M21nY1gP3cjjnXm5yIsmoNp735Swtr6yurRc2iptb2zu77t5+QyepwqSOE5aoVoQ0YVSQuqGGkZZUBPGIkWY0uB77zUeiNE3Eg8kkCTnqCRpTjIyVOu5ZBoNyIPs0KEMYREjBQGo6bafwbk7quCWv4k0AF4mfkxLIUeu4P0E3wSknwmCGtG77njThEClDMSOjYpBqIhEeoB5pWyoQJzocTr41gsdW6cI4UbaEgRP178YQca0zHtlJjkxfz3tj8T+vnZr4KhxSIVNDBJ4eilMGTQLHGcEuVQQbllmCsKL2rRD3kULY2CRnrkR8ZDPx5xNYJI3ziu9V/PuLUvUmT6cADsEROAE+uARVcAtqoA4weAIv4BW8Oc/Ou/PhfE5Hl5x85wDMwPn+Be7uo6Y=</latexit><latexit sha1_base64="DhAlNTFpFxaeBG+LzwHvu3p9BwQ=">AAACJXicbVDLSgMxFM34rPU16tJNsAiCtcyIoMuCCG6ECvYBnaFk0kwbmmRCkhGG0q/wI/wGt7p2J4Ir8U9M21nY1gP3cjjnXm5yIsmoNp735Swtr6yurRc2iptb2zu77t5+QyepwqSOE5aoVoQ0YVSQuqGGkZZUBPGIkWY0uB77zUeiNE3Eg8kkCTnqCRpTjIyVOu5ZBoNyIPs0KEMYREjBQGo6bafwbk7quCWv4k0AF4mfkxLIUeu4P0E3wSknwmCGtG77njThEClDMSOjYpBqIhEeoB5pWyoQJzocTr41gsdW6cI4UbaEgRP178YQca0zHtlJjkxfz3tj8T+vnZr4KhxSIVNDBJ4eilMGTQLHGcEuVQQbllmCsKL2rRD3kULY2CRnrkR8ZDPx5xNYJI3ziu9V/PuLUvUmT6cADsEROAE+uARVcAtqoA4weAIv4BW8Oc/Ou/PhfE5Hl5x85wDMwPn+Be7uo6Y=</latexit>

2.3. The hierarchy problem: is Nature natural? 11

together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass di↵erences between di↵erent scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as

�m2
h
=

dm2
h(µ̄)

d log µ̄
=

y2

(4⇡)2
(m2

h � 6M2) + · · · . (2.21)

The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads

m2
h(⇤SM) ' m2

h(⇤NP) � #⇤2
NP log

⇤NP

⇤SM
. (2.22)

where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning

� =
d logm2

h(⇤NP)

d logm2
h(⇤SM)

/ ⇤2
NP

m2
h(⇤SM)

, (2.23)

which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di
NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental

Let’s accept    and focus on the remaining partsµ
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get

�m2
h
=

dm2
h

d log µ̄
=

3m2
h

8⇡2

⇣
2�+ y2

t � 3g2

4
� g02

4

⌘
, (2.19)

i.e. the running of the mass parameter m2
h is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get

�m2
h = Re ⇧hh|p2=m2

h
=

y2

2(4⇡)2
Re

⇥
�✏ + (m2

h � 4M2)B0(mh;M,M) � 2A0(M)
⇤

=
y2

2(4⇡)2

⇣
�✏ + (6M2 � m2

h) log
m2

h

µ̄2
+ f(mh,M)

⌘
, (2.20)

where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

Leading log effects in “pure SM” (no other physics above mh):

No hierarchy problem: corrections are ~ mh2  !

m2
h(µ)�

⇤�
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Below the sparticle mass scales, 
the correction is negligible

m2
h(mSUSY) = m2

h(⇤) + �m2
h(⇤ ! mSUSY)

� 6y2t
8⇡2

m2
SUSY log(

⇤

mSUSY
)

O(m2
SUSY)=

Fine tuning is determined at the sparticle mass scales,

Focus on the couplings

bounds from direct search
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�m2
h(mSUSY) = cy2t⇤m

2
SUSY

yt⇤ = yt(µ = mSUSY)

If    is drastically different at           , 
EWSB can be natural with heavy stops.
yt mSUSY,mt

mSUSY

yt

mt
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�m2
h(mSUSY) = cy2t⇤m

2
SUSY

yt⇤ = yt(µ = mSUSY)

If    is drastically different at           , 
EWSB can be natural with heavy stops.
yt mSUSY,mt

mSUSY

yt

mt M

marginal relevant
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Higgs as pNGB

For the relevant operators, it is more 
important (relevant) at IR

yt ⇠ O(1)

does not work well since

ge↵(µ) = c
⇤

µ
c = ✏ ⌧ 1
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Suppose the dimension of spacetime changes 
from D to 4 at the scale M and below.

can be order one if

This is very compatible with pNGB idea 
of having suppressed coupling at ⇤

yt(e↵) = ✏ ⌧ 1

yt = ✏
mSUSY

M
✏ ⇠ M

mSUSY
⌧ 1
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[HQtc] = 3 [yt] = 1

[H⇤HAµA
µ] = 2 [g] = 1

[�] = 2[(H⇤H)]2] = 2

In 4 spacetime dimensions

[Qtc] = 2

[Aµ] = 0

[H] = 1 [yt] = 1, [g] = 1, [�] = 0

d�

d logµ
= c�2

multiplicative running 
make it even smaller

Possible strongly interacting theory above M
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[HQtc] = 3 [yt] = 1

[H⇤HAµA
µ] = 2 [g] = 1

[�] = 2[(H⇤H)]2] = 2

In 4 spacetime dimensions

[Qtc] = 2

[H] = 1

multiplicative running

Possible strongly interacting theory above M

+rt

[yt] = 1� rt

[g] = 1� rA

[Aµ] = rA
d�

d logµ
= c�2
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X

X

t

t

H

H

strongly 

interacting
yt ⇠ ✏ ⌧ 1

weakly 

interacting yt ⇠ O(1)

mSUSY

M
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[HQtc] = 3 [yt] = 1

[H⇤HAµA
µ] = 2 [g] = 1

[�] = 2[(H⇤H)]2] = 2

In 4 spacetime dimensions

Classical scaling dimension in d spacetime dimensions

[Qtc] = D � 1

[H] = [Aµ] =
D � 2

2
[yt] = 2� D

2

[g] = 2� D

2

[�] = 4�D

vanishing dimension : Lorentz violation(?)
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Phenomenology

Couplings are suppressed at and above M

�(tt̄) / M2

E4 for E � M

M � 1 TeV from the LHC

Cross sections are suppressed accordningly
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Summary

Light Higgs might be due to smaller 
couplings at high energy

It is consistent with Higgs being a pseudo-
Nambu-Goldstone boson at high energy

To realize the idea in the SM, 
we can take several possibilities 

(strongly interacting QFT above M, 
spacetime dimension 4 to 2 above M)


