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Habemus Higgs

“h” is SU(3)c x U(1)em neutral

“h” has S = 0 and P = 1

“h” couplings prop. to masses

“h” singlet under custodial symmetry
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The unbearable lightness of the Higgs
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Quadratic divergences “per se” do not mean much
(e.g. disappear in dimensional regularization)

If the SM is the ultimate (renormalizable) theory of everything:
Qmax → ∞" " mathematical problem"" (renormalization theory)

If the SM is the low energy limit of a more fundamental theory:
Qmax → mNP"" physical (calculability) problem IF mNP » mH
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μ2" " parametro del potenziale di Higgs (tree level)

M2 "" massa O(1016 GeV) particella con accoppiamento g all’Higgs
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Experimental “problems”

Gravity

Dark matter

Baryon asymmetry

Neutrino masses

Is SM the ultimate renormalizable 
theory of everything?



Experimental “hints” of physics beyond the SM

Neutrino masses

Quantum number unification

Is SM the ultimate renormalizable 
theory of everything?



Unification
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Theoretical puzzles of the SM

<H> « MPl

Family replication

Small Yukawa couplings, masses and mixings

Is SM the ultimate renormalizable 
theory of everything?



Theoretical problems of the SM

Landau poles

Strong CP problem

Naturalness problem

Cosmological constant problem

Is SM the ultimate renormalizable 
theory of everything?
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⇡ (125GeV)2
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–    <H> = 174 GeV
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Due comments

1. mNP is not precisely determined: any value of mNP is viable as 
long as a cancellation of one part out of

is accepted. 

E.g.

mNP > 1.5 TeV" ↔ "" Δ > 10

mNP > 5 TeV"" ↔ "" Δ > 100
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Due comments

2. The bound" " " " " " " " is model dependent

For example:

Supersoft theories

Soft theories

(e.g. supersymmetry with mediation scale M)
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Due comments

3. Though general, the above argument rests on assumptions

existence of superheavy physics

the cancellation in the Higgs mass is accidental

(dynamical mechanisms? environmental selection?)



Supersymmetry
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SUSY: fermion ↔ scalars; SUSY partners much heavier
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Theoretical motivations

Unification of fermions and bosons (we do have a boson after all)

Local supersymmetry = supergravity + crucial in string theory

Completes the list of possible symmetries of S (under hypotheses)

Powerful technical tool

Phenomenological motivations



m̃ . fewTeV?
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.

∆(m2
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t

+
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Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [165, 166].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [167]:

mh0 < mZ | cos(2β)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u−vu,H0

d −vd) ∝
(cos α,− sin α). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan β ≈ − cot α ≈ 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):
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This shows that mh0 can exceed the LEP bounds.
‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against

tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
effective potential (see previous footnote).

68
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The cancellation of quadratic divergences holds at all orders in perturbation theory

Calculability



SUSY

inflation
unification
neutrino masses
baryogenesis

?

–    <H> = 174 GeV

–    MPl

–    

SM

E

Can be extrapolated up to the Planck scale

SUSY 
particles



Unification
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+ MGUT prediction: ΛB < MGUT < MPl

inflation scale?



However

Not chiral (explicit, supersymmetric mass term for the Higgsinos)
" ➥ Giudice-Masiero, NMSSM

Correct symmetry breaking not guaranteed (CCLB minima)""
" ➥ radiative EWSB

L, B not accidental symmetries anymore 
" ➥ R-parity
" " ➥"Lightest Supersymmetric Particle (LSP) is stable (DM, missing ET)
" " ➥"SUSY corrections to SM processes only via loops

Trouble with supersymmetry breaking



Supersymmetry predicts m = m

Needs to be broken, hopefully spontaneously

Effective description in terms of O(100) parameters

Most of the parameter space not viable 

FCNC and CPV: useful constraint on supersymmetry breaking

Direct searches and indirect bounds: naturalness?
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How bad is it?



Supersymmetry is a soft theory
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M = mediation scale

E.g. in supergravity M = MPl  



A tale of naturalness

Supergravity (unavoidable mediation mechanism): ΛNP = M = MPlanck 

log = O(70) ⟹ natural expectation: mNP around MZ!
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[Giusti R Strumia, 1998]
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Figure 2: Left: naturalness scan of the CMSSM. Red points are excluded by LHC, black points
have been excluded earlier, green points are allowed. The darker pink region was excluded by
LEP and the pink region by early LHC (the red lines show the various bounds from ATLAS and
CMS). Right: “naturalness probability distribution” for the gluino mass in the CMSSM. Only
its tail was allowed after LEP, and the tail of the tail remains allowed after first LHC data.

The smallness of the allowed region is a manifestation of the “little hierarchy problem”.

We now relax the restriction on A
0

and tan � (or equivalently B
0

) and study naturalness
proceeding along the lines of [1], as briefly summarized below.

We randomly scan the full theoretically allowed adimensional parameters of the model
(the adimensional ratios between m

0

, M
1/2, µ, A

0

, B
0

as well as the top Yukawa coupling
�t, all renormalized at the unification scale) determining the overall SUSY mass scale and
tan � from the potential minimization condition. Thanks to the last step, we sample the full
CMSSM parameter space according to its natural density (rare accidental cancellations that
make sparticles heavy happen rarely). We compute how rare are the still allowed sparticle
spectra, as in [1] that claimed that only 5% of the CMSSM parameter space survived to LEP.

More precisely we perform the following scan
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where the pedices ‘lin’ and ‘log’ respectively denote a flat probability distribution in linear or
logarithmic scale within the given range.

More formally, this is a Monte Carlo Bayesian technique that starts with an arbitrary
non-informative prior probability density function (implicitly defined by the ‘random scans’ in

3

[Strumia 2011]
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GSM gauge 
mediation

M

Lower M: how low?

-  MPl
-  MGUT

-  TeV

-  MGUT x loop

-  TeV / loop

m̃ =
↵
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F

M

extra U(1) 
tree level 
mediation

m̃ =
F

M

← sugra



Where does FT come from?
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How light can the stop be?



How light can the stop be?
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“Light” stops and mH = 126 GeV

In the MSSM (only SM superpartners)
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Minimal extension: λSHuHd (symmetries forbid μHuHd) 

harmless"" (unification OK)

welcome"" (μ = λ<S> ≈ susy scale)

 

“Light” stops and mH = 126 GeV: NMSSM
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“Natural” values of sparticle masses

M > 10 TeV + tuning < 10%: (less un)“natural SUSY”

μ ≲ 200 GeV

mstop ≲ 500 GeV

M3 ≲ 1.4 TeV

Need

(m3)2 « (m1,2)2 "" (by a factor about 5-10)

MSSM → NMSSM
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sleptons, EWinos possibly lighter



A motivated framework

NMSSM

With supersymmetry mediated at a low scale M

And lighter (m3)2 « (m1,2)2   (by a factor about 5-10)



Realizing natural susy?

Hidden 
sector

Observable 
sector

SUSY breaking MSSM?

M

?



 
M ≈ MV scale of U(1) breaking

massive vector of a
spontaneously broken 
non-anomalous U(1)

G ⊃ GSM x U(1)

↑

Tree-level extra U(1) gauge mediation for families 1,2

Z†

Z

Q†

Q
V

Q1,2 charged under U(1)
Q3 H NOT charged

m̃2
1,2 = q1,2 m̃

2

[Nardecchia R Ziegler]

[Anomalous case: e.g.      
Barbieri Ferrara Nanopoulos 

Dvali Pomarol]

third family, Higgs
are loop suppressed



Ren. Kähler + tree level + Tr(Ta) = 0  → Str M2 = 0

Supergravity: non-renormalizable Kähler:  Str ≠ 0

“Loop” gauge-mediation: loop-induced:  Str ≠ 0"" "

Anomalous U(1)’s: Tr(Ta) ≠ 0:  Str ≠ 0" " " " " "

Tree-level gauge mediation: Str = 0 " " " " " "

FCNC OK

FCNC OK

FCNC OK

FCNC ?



Masses2 (before EWSB)

" " " " " MSSM"" " " " extra = Φ+Φ 

" fermions" " 0" " " " " " M2

" scalars"" " 0 + m2 " " " " M2 - m2 

Play the role of gauge mediation messengers

Stop, gluino, and Higgs mass get a (suppressed) mass

Light Yukawas break U(1): understanding of SM flavour

Need of extra heavy (through U(1) breaking) fields

STr = 0

_



A simple and viable complete model

Hidden 
sector

Observable 
sector

SUSY breaking MSSM

?

M

Messengers
+MSSMSU(2)

SU(3)

SUSY [Caracciolo R]



Natural susy helps... to some extent

Arvanitaki Craig Dimopoulos Villadoro



Where does FT come from?
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Dirac gauginos

Sfermion masses super-soft
(larger natural M3)

Suppress flavour violation

R-symmetry conserved (useful 
for theory of susy breaking)

From N=2 in gauge sector
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μ/Bμ-like issue reintroduces a 
log(loop) enhancement

Tachyons?

Unification prediction spoiled

Higgs quartic forbidden (extra 
model-building needed)

Dirac gauginos

Sfermion masses super-soft
(larger natural M3)

Suppress flavour violation, prod.

R-symmetry conserved (useful 
for theory of susy breaking)

From N=2 in gauge sector

exclude flavor violation is to communicate supersymmetry breaking from a flavor independent

interaction. Various possibilities include gauge mediation [14–16], anomaly mediation [1, 17]

and gaugino mediation [18,19].

As an alternative to F -term SUSY breaking, supersymmetry can also be broken by a D-

component vev of a hidden sector vector superfield, with gauge field strength W ′
α. However,

the lowest dimension gauge invariant operator which directly contributes to scalar masses

squared is
∫

d4θ
(W ′αW ′

α)†W ′βW ′
β

M6
Q†Q. (2.3)

If M ∼ MPl, this term will be subdominant to anomaly mediated soft masses, while in gauge

mediated models it actually contributes negatively to sfermion masses squared [20]. Since

D-terms do not break an R-symmetry, they cannot contribute to Majorana gaugino masses.

In our framework, D-terms can be the only source of supersymmetry breaking. We will

assume the presence of an hidden sector U(1)′ which acquires a D-component vev.5 With the

additional fields from the gauge extension, we can add the operator

∫

d2θ
√

2
W ′

αW α
j Aj

M
. (2.4)

As we shall discuss shortly in section 2.3, this operator is supersoft, in that it does not give

log divergent radiative contributions to other soft parameters, as would, e.g., a Majorana

gaugino mass. Including this operator, the Lagrangian contains the terms

L ⊃ −mDλj ãj −
√

2mD(aj + a∗j)Dj − Dj(
∑

i

gkq
∗
i tjqi) −

1

2
D2

j (2.5)

offshell, and

L ⊃ −mDλj ãj − m2
D(aj + a∗j)

2 −
√

2mD(aj + a∗j )(
∑

i

gkq
∗
i taqi) (2.6)

onshell, where mD = D′/M , a is the complex scalar component of A, and q represents all

fields charged under the group Gj . Notice that the gaugino now has a Dirac mass with

the ESP fermion ã. (We use tildes to designate fields which are R-parity odd.) Dirac gluino

masses were considered previously in theories with a U(1)R symmetry [21,22]. The possibility

of adding triplets to the theory, one of which could marry the SU(2) gauginos was considered

by [23], who noted that such masses could be explained by the presence of the term in (2.4).

However, the gaugino mass is only one effect of this term. We additionally have given a

mass to the real scalar piece of a, leaving the pseudoscalar massless. There are new trilinear

terms between a and the MSSM scalar fields which have no analog in the MSSM.

5The presence of such a D-term makes a kinetic mixing between U(1)′ and hypercharge potentially very

dangerous. However, if hypercharge arises as a generator of a non-Abelian symmetry such as a GUT, this will

naturally be absent and radiatively stable.

4

mD ⇠ ↵

4⇡

D

M

So far we have not included any explicit Majorana mass for the ESP fields. Since a is

massive, we can integrate it out, yielding the condition

∂L
∂Re(aj)

= 0 → Dj = 0. (2.7)

Since D-flatness is an automatic consequence of these fields, in the absence of a Majorana

mass, no low-energy D-term quartic couplings will be present, including the very important

Higgs quartic potential terms. In the presence of explicit supersymmetric Majorana masses

M1,2 for the U(1) and SU(2) ESPs, the quartic coupling will not vanish. For example, the

Higgs quartic coupling rescales as

g′2 + g2

8
→

1

8

(

M2
1 g′2

M2
1 + 4m2

1
+

M2
2 g2

M2
2 + 4m2

2

)

. (2.8)

As we will discuss shortly, there are the usual one-loop contributions to the quartic coupling,

including those from top loops, which become very important in this scenario.

2.2 Other supersoft operators

With the extended field content and the U(1)′ D-term, there is one other supersoft operator

which we can write:
∫

d2θ
W ′

αW ′α

M2
A2

j . (2.9)

While we have written it for the ESP fields, this term can be written for any real representation

of a gauge group. This term splits the scalar and pseudoscalar masses squared by equal

amounts, leaving some component with a negative contribution to its mass squared. If that

is the scalar, which already has a positive contribution, this is not troublesome. If, instead,

it is the pseudoscalar, then we must require a Majorana ESP mass from an N = 1 preserving

superpotential term, in order to prevent color and charge breaking.

Although there is no symmetry which allows the terms in (2.4) but forbids those in (2.9),

these terms are technically independent, as (2.4) will not generate (2.9) and vice versa.

2.3 Radiative Corrections

Below the scale M , where (2.4) is generated, the gaugino has a mass, so we would naively

expect that it would give a logarithmically divergent “gaugino mediated” contribution to the

scalar masses squared. However, from a general argument, we can see that this is not the

case.

We have a renormalizable effective theory with only soft supersymmetry breaking. Fur-

thermore the supersymmetry breaking can be parametrized by a spurion W ′
α/M = θαmD,

and written as the gauge invariant, supersymmetric term of (2.4), with mD = D′/M . If this

soft supersymmetry breaking introduces divergent corrections to the soft masses of squarks

and sleptons, we should be able to write down a supersymmetric, gauge invariant counterterm

5

�m̃2
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4⇡
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*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Giving up the ET-miss signature: RPV

Baryonic RPV + Leptonic RPV = proton decay

Leptonic RPV well constrained



Giving up the ET-miss signature: RPV
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Unification?

A solution in SO(10)

RPV and GUT: the problem
•Is it possible to obtain the obtain the BNV operator without generating the 
LNV ones in GUT?

A natural framework for baryonic R-parity violation in grand unified theories

PACS numbers:

I. INTRODUCTION

Supersymmetric scenarios without R-parity have re-
ceived a renewed interest after the negative results of
SUSY searches at the LHC [1–6]. R-parity accounts
for the stability of the lightest supersymmetric particle
(LSP), whose escape from the detector gives rise to the
prototypical supersymmetry signal: missing energy. R-
parity violation (RPV) may allow supersymmetric par-
ticles to evade the latter, stringent searches. In particu-
lar, it has been argued that scenarios in which R-parity
is violated through baryon-number-violating interactions
could be particularly suited to hide supersymmetric sig-
nals into QCD backgrounds, thus implying a significant
reduction of the current LHC lower bounds on the mass
of the superpartners. Hence the intense research activity
on the subject in the last year [7–26].

In order for baryon number violating RPV operators
to be sizeable enough to hide supersymmetric particles,
lepton nunber violating operators should be very sup-
pressed, possibly absent. The simultaneous presence of
�B ⇤= 0 and�L ⇤= 0 interactions is in fact extremely con-
strained by matter stability. Let us remind in fact that
R-parity was originally introduced in order to obtain (ac-
cidental) lepton and baryon number conservation in the
MSSM, thus protecting it from renormalizable sources of
potentially way too large proton decay rate and neutrino
masses. However, it is known that it su⇤ces to assume
the absence of R-parity lepton number violating opera-
tors, by means of a “leptonic R-parity”, to get rid of such
sources [].

Introducing baryonic RPV is therefore relatively safe
if leptonic RPV is absent. On the other hand, one can
wonder whether such an asymmetry between lepton and
baryon number violating operators is compatible with
grand unification theories (GUTs). After all, one of the
motivations to persist on supersymmetric models despite
the squeezing of the allowed, natural parameter space
is the very success of supersymmetric grand unification.
This is the issue we would like to address in this paper.
While leptonic RPV in GUTs has been investigated in a
number of papers, see e.g. [5, 27–34], much less attention
was devoted to baryonic RPV.

In the presence of grand unification, the natural expec-
tation is that baryonic and leptonic RPV couplings are
either absent or simultaneously present, as quarks and
leptons share the same grand-unified multiplets [35–40].
Indeed, SU(5) invariance forces baryonic RPV to be ac-
companied by leptonic RPV. However, a source of the
asymmetry between the two types of RPV can be gener-
ated by SU(5) breaking.

To be more specific let us state our problem in the
following terms: we would like to find a supersymmetric

GUT whose low-energy limit, well below the unification
scale MG, is described by the MSSM field content and
gauge group and by a superpotential whose renormaliz-
able part is given by

W ren
e� = WMSSM + ⌅⇥⇥

ijku
c
id

c
jd

c
k, (1)

where ⌅⇥⇥
ijk is antisymmetric in the flavour indices j, k.

The extra operator violates R-parity and baryon number
(�B = �1). Since grand unified gauge groups trans-
forms leptons into baryons (preserving B�L in the min-
imal case of SU(5)), one would expect that operator to
be accompanied by RPV and lepton-number violating
(�L = 1) operators such as ⌅ijkeci lj lk and ⌅⇥

ijkqid
c
j lk.

Indeed, in minimal SU(5) grand unification dci and li are
unified in a 5i and qi, uc

i , e
c
i are unified in a 10i and the

three above operators all come from ⇥ijk10i5j5k, which
gives ⌅ijk = 1

2⌅
⇥
ijk = ⌅⇥⇥

ijk = ⇥ijk. In this case, the
bounds from matter stability require ⇥ijk to be smaller
than at least 10�10 for any value of i, j, k and for su-
perpartners around the TeV scale [28]. Such a tiny cou-
pling would be irrelevant for collider physics since the
LSP would be stable on the scale of the detector size.
Hence, obtaining sizeable ⌅⇥⇥ in the presence of vanishing
⌅, ⌅⇥ is not a trivial task.

To our knowledge, such a problem was only considered
in the context of SU(5) by Smirnov and Vissani [28] and
by Tamvakis [41]1. In [28], the vanishing of ⌅ and ⌅⇥ was
achieved through by fine-tuning independent parameters,
similar to the one necessary to achieve doublet-triplet
splitting in the Higgs sector. In ref. [41], a mechanism
similar to the missing-partner solution of the 2–3 splitting
in SU(5) [42, 43] was considered, at the price of introduc-
ing a number of relatively large representations. In this
paper we will show that the superpotential in Eq. (1) can
be obtained without the need of fine-tuning in a relatively
simple SO(10) model involving only fundamental, spino-
rial, and adjoint representations, provided that a vev for
the adjoint along the T3R direction can be achieved.

Also, we point out some phenomenological conse-
quences of the non-generic flavour structure of the GUT-
induced ⌅⇥⇥ couplings. In particular, just due to some
mild minimality assumptions, in a large class of GUT
models where ⌅⇥⇥ is generated without fine-tuning one
ends up with a flavour structure of the type ⌅⇥⇥

ijk ⇥
�i(⇥j⇤k � ⇥k⇤j), where �i, ⇥j and ⇤k are 3-vectors in
flavour space, thus leading to specific correlations among
the low-energy couplings.

1 There also exist models of baryonic R-parity violation in Flipped-
SU(5) [32, 41] and SU(5)� SU(3) [22].

•In minimal SU(5), at the renormalizable level the only term able to generate 
RPV is ⇤ijk 5i5j10k

Yukawa sector
•MSSM chiral superfields are in non pure embedding of 16i � 16� 16� 10

•Assuming that the Higgs up and down are in       , we get at the ren. level10v

6

by means of the following superpotential

W 10
non-pure = µ1010 10 + ⇥i16i16H10

⌅
�
2 µ10 dc

10 + V16 ⇥id
c
16i

⇥
d

c
10

+
�
2 µ10 l10 + V16 ⇥il

c
16i

⇥
l10 , (24)

where the subscripts denote the SO(10) origin and we set
the SU(5)-preserving VEV �16H ⇥ V16. From Eq. (24)
one can readily identify the heavy components9

dc
h0 = cos ⌃ dc

10 + sin⌃ ⇥̂id
c
16i

, (25)
lh0 = cos ⌃ l10 + sin⌃ ⇥̂il16i , (26)

where tan⌃ = 1
2V16⇥/µ10 and, analogously to the previ-

ous case, we employed the normalized vectors ⇥̂i ⇥ ⇥i/⇥,
with ⇥ ⇥

⌅⇤
i ⇥2

i . It follows then that the orthogonal
components

dc
�0 = � sin ⌃ dc

10 + cos ⌃ ⇥̂id
c
16i

, (27)
l�0 = � sin ⌃ l10 + cos ⌃ ⇥̂il16i , (28)

are massless up to EW-symmetry breaking e⇥ects and
thus the 10 has a projection only onto the light fields dc

�0

and l�0 .
Summarizing, we have 16 ⌃ dc

�, u
c
�, e

c
� and 10 ⌃ dc

�0 , l�0 ,
so that the operator 16 16 10 leads exclusively to uc

�d
c
�d

c
�0

when 16 and 10 are projected onto the light states. [Met-
tere la struttura generale di ⇧�� = �⇥⇤ ???]

Collecting all the ingredients so far, we arrive to the
following superpotential

W�B=1 = µ1616 16 + �i16i45R16
+ µ1010 10 + ⇥i16i16H10 + ⌅ 16 16 10 , (29)

which defines the core of the �B = 1 operator genera-
tion. For completeness, the superpotential in Eq. (29)
should be augmented with

Wextra = WGUT-break + W2–3 + WY , (30)

where the extra terms provide the GUT-symmetry break-
ing, the standard 2–3 splitting and the Yukawa sector
responsible for the SM-fermion masses.

Let us briefly comment on the various terms. The
breaking of the SO(10) symmetry to the SM gauge group
can be obtained at the renormalizable level by consider-
ing the most general interactions among the representa-
tions 16H , 16H , 45H and 54H ⌥ WGUT-break [40, 47, 48].
On the other hand the shape of W2–3 and WY are closely

9 Notice that the mass matrix for the dc-like states is 5 � 5 since
dc
16i

, dc
16 and dc

10 are mixed together upon GUT-symmetry
breaking. So, for instance, it is not true that two massless eigen-
states dc

⇥ and dc
⇥0 are projected separately onto dc

16 and dc
10. This

complication, however, does not change qualitatively our discus-
sion. The general mass matrix is reported for completeness in
Appendix A.

related, since they depend on the embedding of the Higgs
doublets developing the EW-symmetry-breaking VEV.
Were latter into a 10v one can refer to the standard ref-
erences for the 2–3 splitting (see e.g. [49, 50]), while the
Yukawa superpotential reads

WY = yij16i 16j 10v + zi16i16 10v , (31)

to be discussed in detail in Sect. IV A.
It is important to stress that the model specified in

Eqs. (29)–(30), although entirely realistic, is only “tech-
nically” natural, as every GUT. Indeed, in order to
achieve the splittings within the GUT multiplets, without
fine-tuning the parameters of the superpotential, one has
to forbid specific interactions. We do not entertain here
any symmetry argument behind the origin of the missing
interactions, but just notice that small parameters in the
superpotential are protected by supersymmetry10.

A. The decoupling limit

The implications of the minimal model of Eqs. (29)–
(30) can be best understood in the decoupling limit,
where the the vector-like states in V are decoupled with
respect to the GUT scale, namely µ10, µ16 ⇧ V16, VR.
In such a case one can formally integrate out the heavy
fields 10, 16 and 16 by imposing the equations of motion
at the SO(10) level11, thus obtaining at the leading order
in V/µ

10 ⇤ � 1
2µ10

(⇥i16H16i)10 , (32)

16 ⇤ � 1
µ16

(�i45R16i)16 , (33)

where the subscripts denote the proper SO(10) contrac-
tions and the 16 should be set to zero at this order. Sub-
stituting back Eqs. (32)–(33) into Eq. (29) and Eq. (31)
we get respectively

W e⇥
�B=1 = � 1

4µ10
(⇥i16H16i)

2
10

� 1
2µ2

16µ10
⌅ (�i45R16i)

2
16 (⇥k16H16k)10 , (34)

and

W e⇥
Y = yij16i 16j 10v�zi16i

1
µ16

(�j45R16j)16 10v . (35)

Let us discuss in turn the two contributions.

10 At this point we are making a “philosophical” distinction be-
tween small parameters and fine-tuning between superpotential
parameters.

11 Namely �W
�10 = �W

�16 = �W
�16

= 0.

•Remember that light MSSM chiral superfields are “selected” by

•Possibility to fit the mass texture of quarks and charged leptons at the 
renormalizable level

µ1616 16 + µ1010 10 + ↵i16i45R16 + �i16i16H10
[Di Luzio Nardecchia R]

10i5j5k = uc
id

c
jd

c
k +Qid

c
jLk +QiLjd

c
k + Ec

iLjLk

4

A. Adjoint vev along the T3R direction

In this case, the operator relevant for the necessary
splitting of leptons and baryons is ↵a16 45H16a, with
45H assumed to get a vev h45Hi = V45T3R in the T3R

direction. On top of the three 16a needed to reproduce
the SM chiral field content, the “matter” content nec-
essarily involves a 16 � 16 and a 10 (the latter in order
to be able to write a RPV source in the form 16 16 10).
As mentioned, the SO(10)-breaking sector must involve
a 16H � 16H getting vev along the SM-singlet compo-
nents. The case in which the role of 16H � 16H is played
by 16 � 16 can be in principle considered, but here we
will assume for simplicity that this is not the case. The
minimal matter content relevant to our goal is then

16a, 16, 16, 10 45H , 16H , 16H . (8)

The three possible sources of the RPV operator uc
id

c
jd

c
k

are 16 16 10, 16a16 10, 16a16b10. The last one is not ideal,
as it generically also generates lepton number violating
operators, unless a specific flavour structure is specified.
On the other hand, it is relatively easy to use 16 16 10
or 16a16 10. In both cases the superpotential leading, at
low energy, to Eq. (1), is essentially unique.

If the RPV operator originates from 16 16 10, we are
lead to a superpotential in the form

W1 = �16 16 10 + ↵a16 45H16a
+ �a16H16a10 +M161616 . (9)

The RPV operator arises from 16 16 10 because of the
mixing between 16a, 16, 10 induced by the terms
↵a16 45H16a and �a16H16a10 after SO(10) breaking.
The first term only a↵ects the singlet fields uc, dc, ec,
while the second term only a↵ects the dc, l fields. The
light quark doublets qa are not mixed by either operators,
and therefore lie in the 16a. One lepton doublet acquires
a component in the 10 because of the �a h16Hi 16a10 mix-
ing. One lepton singlet and one up quark singlet acquire
a component in the 16 because of the ↵a16 h45Hi 16a
mixing. The down quark singlets spread in the 16a, 16,
and 10 as they are a↵ected by both mixing terms. As
a consequence, the operators qidcj lk and eci lj lk are not
generated by 16 16 10, while uc

id
c
jd

c
k are. A more detailed

discussion can be found in Appendix A.
Notice that the two vectors ↵a and �a need to be lin-

early independent in order to obtain �00
ijk 6= 0. This

can be seen as follows. If ↵a and �a were parallel, it
would be possible to choose a basis for the 16a such that
↵1,2 = �1,2 = 0. In such a basis, the first two families
of the light fermions are contained in 161,2 and only the
third family mixes with 16 and 10. There is therefore
only a single light eigenstate dcl with components in both
16 and 10. The coupling �00

ijk then vanishes because the
antisymmetry in j, k requires two di↵erent light eigen-
states to have components in 16 and 10. Another way of
rephrasing this result is that �00

ijk vanishes in the U(2)-
symmetric limit, where U(2) acts on 161,2 [52–55]. If the

size of U(2) breaking is set by the light Yukawa couplings
of the SM, baryonic RPV will necessarily end up being
correspondingly suppressed.

There is no room for a light Higgs field with the spec-
trum in Eq. (8) and the superpotential in Eq. (9). An
additional 10H must therefore be added in order to ac-
commodate it. The MSSM Yukawas are then gener-
ated by terms in the form y161610H or ya16a1610H or
yab16a16b10H . Doublet-triplet splitting should be ac-
counted for separately, but all the ingredients for the
Dimopoulos-Wilczek mechanism are available [50, 56–
63].
In Eq. (9) we have included only interactions coupling

16H , 16H , 45H to two matter fields, as anticipated. A
mass term in the form 1616a can be eliminated by a SU(4)
rotation of the four spinorials 16, 16a, a = 1, 2, 3. Pos-
sible �a16a16 10 and �ab16a16b10 terms are not allowed
as they would give rise to q dcl operators. On the other
hand, terms such as 16H16 10, 16 45H16, M10102, would
not modify our conclusions.

The second case we consider is associated to the fol-
lowing superpotential

W2 = �a16a16 10 + ↵a16 45H16a
+ �16H1610 + � 16H1610 +M161616 . (10)

The RPV operator arises from 16a16 10 because of
the mixing between 16a, 16, 10 induced by the terms
↵a16 45H16a and �16H1610 after SO(10) breaking. The
light lepton and quark doublets are fully contained in the
16a, so that no lepton number violating operators can be
generated. The two vectors ↵a and �a need to be linearly
independent in order to obtain �00

ijk 6= 0.
The light Higgs could be in principle accommodated

in the 10, 163 and 16 (in the basis in which ↵1,2 = 0)
and doublet-triplet splitting achieved for free if � = 0.
In such a case, however, the light down singlets would
be contained in 161,2 and 10 and no down quark Yukawa
would be generated. Therefore, we need to assume � 6= 0
(or, equivalently, a non-vanishing mass termM10102) and
to add an additional 10H to accommodate the light Higgs
fields. The MSSM Yukawas are then generated by terms
in the form y161610H or ya16a1610H or yab16a16b10H .

A mass term in the form 1616a in Eq. (10) can be
eliminated by a SU(4) rotation of the four spinorials 16,
16a, a = 1, 2, 3. Possible �a16H16a10 and �ab16a16b10
terms are not allowed as they would give rise to q dcl
operators. The presence of the terms �16 16 10, �16 16 10,
↵1645H16 would not a↵ect the conclusions above.

B. Adjoint vev along the TB�L direction

In this case, the operator relevant for the necessary
splitting of leptons and baryons in the unified multiplets
is ↵a10 45H10a, with 45H assumed to get a vev h45Hi =
V45TB�L in the TB�L direction. On top of the three
16a needed to reproduce the SM chiral field content, the



Giving up the ET-miss signature: stealth susy

RP is conserved

Lightest Visible Supersymmetric Particle decays into a “hidden sector” 
singlet with small splitting S → S + LSP (gravitino) 

Small ET-miss because of small Δm 

~



How does SUSY compares with competitors?



Generic composite Higgs is supersoft 

if mNP = mass of first resonances ≈ compositeness scale, as expected

Compositeness scale > 5 TeV
" ➥"1% fine-tuning (comparable with natural susy)

But               needs (mNP)2 « (5TeV)2 
" ➥"soft, with M = compositeness scale (better)
" ➥"tension moves to smallness of (mNP)2

m2
h = �m2

h

m2
h = �m2

h ⇡ m2
h

⇣ mNP

0.5TeV

⌘2



Is the naturalness criterium really relevant?

Though general, the naturalness argument rests on assumptions

the cancellation in the Higgs mass is accidental

environmental selection

only understanding available for cosmological constant

existence of superheavy physics

maybe there are no dofs much heavier than TeV

then quadratic corrections do not matter



No superheavy physics?Finite Naturalness and new physics

Neutrino mass models add extra particles with mass M

M <⇠

8
><

>:

0.7 107GeV ⇥ 3p� type I see-saw model,
200GeV ⇥p

� type II see-saw model,
940GeV ⇥p

� type III see-saw model.

Leptogenesis is compatible with FN only in type I.

Axion and LHC usually are like fish and bicycle because fa >⇠109GeV. Axion
models can satisfy FN, e.g. KSVZ models employ heavy quarks with mass M

M <⇠
p
�⇥

8
><

>:

0.74TeV if  = Q� Q̄
4.5TeV if  = U � Ū
9.1TeV if  = D � D̄

Inflation does not need big scales and anyhow flatness implies small couplings.
Absolute gravitational limit on HI and on any mass [Arvinataki, Dimopoulos..]

�m2 ⇠ y2t M
6

M4
Pl(4⇡)

6
so M <⇠�1/6 ⇥ 1014GeV

Dark Matter: extra scalars/fermions with/without weak gauge interactions.

Strumia

What about gravity? → Adimensional gravity

renormalizable gravity + no mass scale inducing physical quadratic corrections

(but a ghost) r ≈ 1.3



m2h «  δm2h accidentally or because of unspeakable reasons 

Dark matter and unification keep part of spectrum near TeV 

–    SUSY + R

–    <H> = 174 GeV

–    MPl

SM

E

Squarks 
Sleptons 
Heavy H

Gauginos 
Higgsinos

–    SUSY

Giving up naturalness: Split Supersymmetry

[Arkani-Hamed Dimopoulos
Giudice R

Arkani-Hamed Dimopoulos Giudice R]



An (almost) troubleless MSSM
Issues

Potentially > 100 parameters (CMSSM)

FCNCs and CP-violation in particular EDMs                                   
(SUSY breaking mechanism, symmetries)

Proton decay from dimension 5 operators                                           
(non minimal models)

Gravitino and moduli problem (low reheating T)

Fine-tuning (NMSSM)

Successes of the MSSM

Gauge coupling unification

Natural dark matter candidate (with R-parity)
fermions

scalars



Back to the MSSM

Arvanitaki Craig Dimopoulos Villadoro

Sfermion (stop) masses from mH = 126 GeV



 
M ≈ MV scale of U(1) breaking

massive vector of a
spontaneously broken 
non-anomalous U(1)

G ⊃ GSM x U(1)

↑

Tree-level extra U(1) gauge mediation 
for ALL families

Z†

Z

Q†

Q
V

[Nardecchia R Ziegler]

[Anomalous case: e.g.      
Barbieri Ferrara Nanopoulos 

Dvali Pomarol]

m̃2
f = qf m̃

2

Mg ⇠ ↵

4⇡

k

h

F

M



Expectations and constraints
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Theoretical Prediction
gluino (NLO+NLL)
stop (NLO+NLL)
stau; dir. prod. (NLO)
stau (NLO)
|Q| = 2e/3 (LO)

Theoretical Prediction
gluino (NLO+NLL)
stop (NLO+NLL)
stau; dir. prod. (NLO)
stau (NLO)
|Q| = 2e/3 (LO)

gg~gluino; 50% 
gg~gluino; 10% 
g; CSg~gluino; 10% 

stop
stop; CS
stau; dir. prod.
stau
|Q| = 2e/3



In conclusion

Maybe Nature is telling us something about NP and SUSY in particular...

At least, NP is not vanilla supersymmetry

Perhaps NP is not natural

Hopefully, unlike the Higgs, is unexpected

Looking forward to 8 TeV → 13/14 TeV


