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Outline

Outline

Naturalness (or the natural solution to the hierarchy problem) has
been one of the driving forces for BSM for the last 40 years or so
So it is time to stop for a moment and gently think on it 1

The outline

Introduction
Naturalness in an effective theory
Naturalness in a fundamental theory
Naturalness in BSM
Naturalness in the MSSM
Conclusion

1This talk is partly based on a chat with Stefan Pokorski at
the cern cafeteria
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Introduction

Introduction

The Higgs has been found at LHC with a mass

mH = 125.9± 0.4 GeV

and approximately SM-couplings
No track of new physics found
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lsp
m⋅-(1-x)

mother
m⋅ = xintermediatem

For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Mariano Quirós (CERN/ICREA/IFAE) Naturalness in the SM and beyond 3 / 35



Introduction

The SM is consistent at high scales 2 depending on mt and mH
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But

IS THE EW SCALE NATURAL?
2D. Buttazzo et al. arXiv:1307.3536
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Naturalness in an effective theory

Naturalness in an effective theory

An effective theory is one with a physical cutoff Λ
There are “(finite) quadratic divergences” in the CW effective
potential as

1

32π2
∂StrM2

∂φ2
Λ2

In particular if the SM is an effective theory

Tree-level potential

V (H) = −m2|H|2 +
λ

2
|H|4

then “quadratic divergences” provide the Veltman correction

∆m2 = − 3

32π2v2
(
m2

H + 2m2
W + m2

Z − 4m2
t

)
Λ2

naturalness ⇒ Λ . 600 GeVMariano Quirós (CERN/ICREA/IFAE) Naturalness in the SM and beyond 5 / 35
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Naturalness in an effective theory

An effective theory is the low energy theory of a more fundamental
theory which UV completes it at scales larger than Λ
In an effective theory the cutoff is not a mathematical device which
regularizes the theory in the limit Λ→∞
In this sense unnatural theories are not related to theories with
quadratic divergences

In general naturalness problems should not be related to
regularization prescriptions

In particular using dimensional regularisation there are not quadratic
divergences (in d = 4)

In the UV completion “quadratic divergences” appear as finite
corrections proportional to the heavy masses or heavy scales of the UV
theory
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Naturalness in a fundamental theory

Naturalness in a fundamental theory

A fundamental theory is one which is valid at all scales
In the absence of a knowledge of the quantum theory of gravity it is
difficult to tell that a given theory is a fundamental one
However if we decouple gravity from the game we can
assume that some field theories are fundamental

For instance for the moment (except for the Landau pole
in the hypercharge coupling at trans-Planckian energies)
we can assume that the SM is a fundamental theory

In fact, the non-finding of new physics by LHC

supports this idea!!!

However as it is hard to swallow that there are not heavy states
coupled to the Higgs or new scales in the sector of quantum gravity
we prefer to view the SM as an effective theory Λ ' MP
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Naturalness in a fundamental theory

When is there a naturalness problem in a (fundamental) theory?

When there are light (e.g. Higgs in the SM sector) and heavy (e.g. in
GUT, gravitational sectors) scalars in the theory with hierarchically
different (square) masses

v2 ∼ m2 � M2

and with coupling g , which are connected by radiative corrections

|∆m2| = O
(

g2

16π2

)
M2 � m2

When there is a heavy dynamical UV scale in the theory, where a
non-perturbative CFT takes over, even if created by dimensional
transmutation and not corresponding to the mass of heavy states a

aMarques-Schmaltz-Skiba, arXiv:1308.0025
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Naturalness in a fundamental theory

Naturalness problem ⇒ fine-tuning problem

If |∆m2| � v2 then we have to tune |m2| ∼ |∆m2| � v2 such that

m2 + ∆m2 = O(v2)

This fine-tuning IS NOT natural

Tuning /⇒ (automatically) naturalness problem

If m2, ∆m2 = O(v2) the tuning in

m2 + ∆m2 = O(v2)

from experimental error in v2, e.g. using

mZ = 91.1876± 0.0021 GeV

IS natural
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Naturalness in a fundamental theory

i) Simplest example: SM+coupled heavy scalar

Typical example is the SM Higgs (H) in the presence of a heavy complex
scalar (S) as

V (H,S) = −m2H2 +
λ

2
H4 + M2|S |2 + g2H2|S |2

At tree level

v2 =
m2

λ

At one loop, from the one-loop tadpole diagram in MS at Q = M

v2 =
m2 + ∆m2

λ
, ∆m2 =

g2

16π2
M2, naturalness⇒ g . 4πmH/M
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Naturalness in a fundamental theory

Second example: Nν = 3 right-handed degenerated neutrinos νR

ii) L = LSM + hνH ¯̀
LνR + MνTR νR

At Q > M propagating νR
At Q < M νR integrated out
At Q = M the integration of νR leaves threshold effect such that

∆m2 = −Nνh
2
ν

4π2
M2

Using a degenerate spectrum mν ' 0.05 eV

naturalness ⇒ M . 5× 106 GeV

SM+right-handed neutrinos with masses ∼ 106 GeV
and nothing else at all

is natural
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Naturalness in a fundamental theory

Third example: massive matter uncoupled to the Higgs

iii) L = LSM + MΨ̄Ψ

No loop corrections from CW in the system SM + Ψ
While the full quantum theory of gravity is unknown, low energy
gravitational interactions can mediate corrections to m2

The main contribution comes from
the three-loop diagram a

∆m2 ∼ h2t
(16π2)3

M6

M4
P

Naturalness ⇒ M . 1014 GeV

aA. de Gouvea and D. Hernndez,
arXiv:1402.2658
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Naturalness in a fundamental theory

Fourth example: MSSM 3

iv) MSSM: m0 = m1/2 = µ ≡ M

For Q > M: MSSM
For Q < M: SM
At Q = M matching SM ≡ MSSM and using the SM potential

V = −m2|H|2 +
λ

2
|H|4

∆m2 = − 1

32π2
(
6λ+ 3/2g2

1 + 9/2g2
2 − 12h2t

)
M2

It corresponds to the Veltman condition for Λ = M

∆m2 = − 3

32π2v2
(
m2

H + 2m2
W + m2

Z − 4m2
t

)
Λ2

for the SM with cut-off Λ = M
3G. Nardini, I. Masina, MQ, in progress
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Naturalness in BSM

Naturalness in BSM

If we believe there is BSM physics at the Planck (or GUT) scale, then
In the absence of a concrete (fundamental) UV completion describing
the gravity degrees of freedom

the theory below MP is an effective theory

Several possibilities for the theory after imposing the requirement of
naturalness

Either the Higgs is composite, for scales Λ & Λcomp the Higgs dissolves into
its constituents and there is a phase transition at Λ ' Λcomp to the theory of
constituents

Or the Higgs is fundamental in which case there should exist a symmetry
such that

∂StrM2

∂φ2
= 0

The paradigm of these theories is SUSY
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Naturalness in BSM

In both cases there are constraints from naturalness

For a composite Higgs

The scale Λcomp is dynamical
and naturalness requires

Λcomp . O (TeV )

Prototype theories are
technicolor or the modern
warped dimensional (RS)
models based on the AdS/CFT
duality
pros: Mechanism already used
by nature: QCD
cons: Theory non-perturbative
beyond Λcomp; UV completion
not known; difficulties in
encompassing EWPD,. . .

For a fundamental Higgs

SUSY theory soft breaking
terms (e.g. squark masses) mf̃
should be

mf̃ . O (TeV )

Prototype theory of SUSY is
the minimal supersymmetric
extension of the SM (MSSM)
pros: theory perturbative up
to MP ; gauge coupling
unification at MGUT , matches
UV completions of gravity
(string theories),...
cons: supersymmetry
breaking, flavour problems,...
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Naturalness in MSSM

Naturalness in MSSM

Gauge unification for SM (dashed) and MSSM (solid)
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Naturalness in MSSM

but...
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Naturalness in MSSM

and...
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lsp
m⋅-(1-x)

mother
m⋅ = xintermediatem

For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Mariano Quirós (CERN/ICREA/IFAE) Naturalness in the SM and beyond 18 / 35



Naturalness in MSSM

Present bounds are already a naturalness hazard
In view of future stronger bounds people are re-analyzing and trying
to improve naturalness in the MSSM (and minimal extensions)
One idea to alleviate the fine-tuning is if the high supersymmetry
scale is the Focus Point (FP) of the RGE 4 for large tanβ
As experimental data suggest that gluinos and sfermion masses may
be much larger than the weak scale
These particles would decouple at some scale Q0 � QEW , and
therefore the matching between the SM and the SUSY extension
should be performed at the scale Q0, at which the heavy particles are
decoupled
The matching condition yields a relationship between the SM Higgs
boson potential parameters

V (H) = −m2|H|2 +
λ

2
|H|4,

where m2(QEW ) = 1
2m

2
H , and the supersymmetric parameters at Q0

4J. L. Feng, K. T. Matchev and T. Moroi, hep-ph/9909334
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Naturalness in MSSM

m2
H/2 =

m2
HD

(Q0)−m2
HU

(Q0)

tan2 β − 1
−m2

HU
(Q0)− |µ(Q0)|2

λ =
1

4
(g2

1 + g2
2 ) cos2 2β +

3h4t
8π2

X 2
t

(
1− X 2

t

12

)
, Xt =

(At − µ/ tanβ)

Q0

For a heavy supersymmetric spectrum, i.e. large soft-breaking terms
a ≡ (m2

Q , m
2
U , m

2
HU
, Ma) at the high scale M (messenger scale) at

which they are generated, one expects m2
HU

(Q0) to be large, thus
triggering a huge fine-tuning in matching equation

Sensitivity

∆ = max
a
{∆a}, ∆a =

∣∣∣∣∂ logm2
H

∂ log a

∣∣∣∣
The naturalness problem in MSSM thus translates into sensitivity w.r.t.
(m2

Q , m
2
U , m

2
HU
, Ma) at the high scale M
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Naturalness in MSSM

The value of m2
HU

at the scale Q0 can then be computed on general
grounds as

m2
HU

(Q0) = m2
HU

+ η0Q(M)(m2
Q + m2

U + m2
HU

) +
∑
a

η0a(M)M2
a

+
∑
a 6=b

η0ab(M)MaMb +
∑
a

η0aA(M)MaAt + η0A(M)A2
t
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Naturalness in MSSM

At the FP

m2
HU

(Q0) = 0

invariant under

(m2
Q , m

2
U , m

2
HU
, Ma, At)→ (λ2m2

Q , λ
2m2

U , λ
2m2

HU
, λMa, λAt)

and for large tanβ the EOM is

m2
H

2
'

m2
HD

(Q0)

tan2 β
− |µ(Q0)|2, m2

3 ' m2
HD
/ tanβ

So that for

mHD
' tanβmH , µ ' mH

fine-tuning is minimized
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Naturalness in MSSM

A scatter plot of the sensitivity ∆ with respect to the soft-breaking
parameters (m2

Q , m
2
U , m

2
HU
, Ma) at the messenger scale M would

show, for large tanβ, a minimum fine-tuning for configurations of
(m2

Q , m
2
U , m

2
HU
, Ma) such that there is the FP at the scale Q0

m2
HU

(Q0) = 0

For a given messenger scale M the configuration which provides
minimum fine-tuning in solving the EOM has a fixed relationship
between the different parameters (m2

Q , m
2
U , m

2
HU
, Ma)

This relationship has to be provided by the theory at the scale M
If we consider a particular theory of supersymmetry breaking

there is a hidden fine-tuning we are not considering

or perhaps it is

implemented by the symmetries of the UV theory
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Naturalness in MSSM

In the absence of a particular theory of supersymmetry breaking at
the scale M

the hidden fine-tuning is uncomputable and we can not
consider it

Instead of making a scatter plot of sensitivity we can study the
existence of FP’s for different models of boundary condition. In
particular 5

CMSSM models

Gauge mediation models

Mirage mediation=gravity mediation+anomaly mediation
models

5A. Delgado, MQ, C. Wagner, arXiv:1402.1735
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Naturalness in MSSM CMSSM

universal boundary conditions

mQ = mU = mHU
≡ m0, Ma ≡ m1/2 (contours of fixed m1/2/m0 )

0.15

0.5

1

1.5

2

2.5

6 8 10 12 14 16
!2

!1

0

1

2

log10!M"GeV#

A t
"m 0

Mariano Quirós (CERN/ICREA/IFAE) Naturalness in the SM and beyond 26 / 35



Naturalness in MSSM CMSSM

non-universal Higgses: M = 1016 GeV

mQ = mU ≡ m0, mHU
= mHD

≡ mH , Ma ≡ m1/2 (fixed m1/2/mH )
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Naturalness in MSSM CMSSM

non-universal gauginos: M = 1016 GeV

mQ = mU = mHU
≡ m0, Ma ≡ δam1/2, At = −2.5m0 (fixed m1/2/m0 )
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Naturalness in MSSM CMSSM

non-universal gauginos: M = 1016 GeV

mQ = mU = mHU
≡ m0, Ma ≡ δam1/2, At = 0 (fixed m1/2/m0 )
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Naturalness in MSSM Gauge Mediation

Gauge mediation

Supersymmetry is broken in a hidden sector by fields

Xi = Mi + Fiθ
2

It is communicated to the messenger fields by superpotential couplings

W = ΦIXΦI + λUHUOD + λDHDOU + XOOUOD

ΛG = NF/4πM, ΛS = ΛG/
√
N

m2
Q = 2

(
4

3
α2
3 +

3

4
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2 +

1

60
α2
1

)
Λ2
S

m2
U = 2

(
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α2
3 +

4

15
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1

)
Λ2
S

m2
HU

= 2

(
3

4
α2
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3

20
α2
1

)
Λ2
S

Ma = αaΛG , At = 0, m2
HU

= (1 + λ) m2
L, λ = λ2U
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Naturalness in MSSM Gauge Mediation
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Naturalness in MSSM Mirage Mediation

Mirage mediation

Mirage mediation assumes that the contributions from gravity and
anomaly mediation are comparable in size
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Naturalness in MSSM Mirage Mediation
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Naturalness in MSSM Conclusion

Conclusion

In the SM

If the SM is a fundamental theory (up to the Landau pole at
trans-Planckian energies for g1) there is no problem with naturalness
However some miracles should happen in particular in the quantum
theory of gravity

No massive (Planckian) particles strongly coupled to the Higgs or
massive Planckian particles with couplings

g . 4πmH/MP ' 10−15!!!

No large dynamical scales

These miracles do not happen if there is a GUT [e.g. SU(5)] at very
high scale
These miracles do not happen in the known version of quantum
gravity: string theory. The Kaluza-Klein modes of gauge bosons are
strongly (gauge) coupled to the Higgs
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Naturalness in MSSM Conclusion

If we do not believe in miracles. . .

We should protect the SM naturalness by BSM

Either the scale of new physics is at the TeV (composite Higgs)
Or there is a symmetry protecting the SM quadratic sensitivity
(supersymmetry)

Anyway we might need BSM to complete the SM: Dark Matter,
Baryogenesis, strong CP problem, flavour problem,. . .
This NP should be at the TeV scale to not perturb naturalness

The next run of LHC should be essential to explore the few TeV region

If NP is found then we should try to interpret it as part of the
solution to the naturalness problem
If no NP is found then

We have to expect some miracle from the quantum theory of gravity
Or we admit the theory is fine-tuned
Or some other solution to the naturalness problem, as landscape
(anthropic solution...) is at work
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