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Why Supersymmetry?

1) It is the most general symmetry of the S-matrix

2) Nima’s argument:  spins in nature so far:

0 ,  1/2  ,  1 ,  3/2  ,2
3) It is a fundamental ingredient of String Theory



Maximal supersymmetry: 32 SUSY generators
Compactified to 4D:  N=1 may survive (or not)

But SUSY recovered at sufficiently high energy

String-M-Theory
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Low energy   
Supersymmetry:  

•  1) Stabilizes the Higgs mass

•   2) Accurate gauge coupling unification

•   3)  Neutralinos candidates for dark matter

•   4) Predicts the existence of  fundamental 
         scalars (and the Higgs looks like one)

� =
m2

H

M2
W

g2
2

4
� 0.27

(compared to g21 = 0.11 , g22 = 0.42)

125 GeV  135 GeV
Consistent with SUSY!!
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…plenty of new particles to discover   



 9

mg̃ & 2 TeV m�1 . 0.8 TeV

No trace so far!!
See M.Reece talk
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mH ' 125 GeV

Independently of LHC limits,
   implies heavy sparticles….

Pardo,Villadoro 2015
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My expectations 
 35 years ago.....

mq̃,Mgluino, . . . ⇠ 300 GeV

L.I in proceedings of
‘Problems in Unification and

Supergravity’ , La Jolla, January 1983



The SM rules!
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No hint either for alternative new physics

But negative experimental results are also very important!
(Recall Michelson-Morley: NO aether)
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SUSY
(be patient)

SUSY
(non-minimal)

Relaxion

Composite
Technicolor

LED
Clockwork

Conformal
Twin HClockwork

Agravity
LST

RS

See Delgado and Reece talks

RPV
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SUSY
(be patient)

SUSY
(non-minimal)

Relaxion

Composite
Technicolor

LED
Clockwork

Conformal
Twin HClockwork

Agravity
LST

RPV

   It is important to pursue the quest…

RS

See Delgado and Reece talks
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N. Craig,
Paris 2018
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For MSS � 1010 GeV ! mH = 126± 3 GeV

High Scale SUSY?Simple option:
Arkani-Hamed,Dimopoulos ’04

Hall,Nomura ’09

Stabilizes Higgs
 potential at 
high scales
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Experimentally favored

Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan⇥ = {1, 2, 4, 50}. The thickness of the lower boundary at
tan⇥ = 1 and of the upper boundary at tan⇥ = 50 shows the uncertainty due to the present 1⇤
error on �s (black band) and on the top mass (larger colored band).

by tuning ⇥� or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling ⇥ has implications for any model that can predict ⇥. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

⇥(m̃) =
1

8

�
g2(m̃) + g⇥2(m̃)

⇥
cos2 2� . (70)

24

Giudice, Strumia ’11

But fine-tuning then required….

Arvanitaki et al ’12
Hall and Nomura’11

Arkani-Hamed,Dimopoulos, 04
Giudice, Romanino’04
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Perhaps SUSY is not enough…..
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Back to basic questions:
•  1) Why there are three generations?

•   2) Why there is a Higgs?

•   3) Why the EW scale is so small compared to the Planck scale?

•   4) Why the c.c. is so small?

•    5) Is there a reason why                       ?

•    6) Is the naturally criterium right?

        

m⌫ ' ⇤1/4
4
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The m2
H
� ⇤4 plane

The two most offending physical quantities:
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Effective field theory 
    allows all these
         possibilities
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Experimentally:
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The String Landscape  

Leading idea for the cosmological constant problem:

10272000 4D F � theory vacua estimated
Taylor,Wang 2015
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The String Landscape  

V =
X

a

Ga|F a
4 |2 � ⇤0

Quantized fluxes

very likely vacua exist with  small c.c. matching
 cosmological observations    

Bousso,Polchinski 2000
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Galaxy formation constraints the c.c.

Probability distribution of the c.c.

Weinberg 1987

Existence of this huge landscape combined with anthropic
arguments provides for an understanding of the size of the c.c.
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Anthropic EW?

Damour,Donoghue 2007

Meissner 2014
Donoghue et al 2009

Depends on 
delicate 
interplay
of Nuclear Physics, 
Yukawas,
gauge couplings….

3

relevant parameters randomly from the probability dis-
tributions we consider. Then we decide if the resulting
configuration can yield atoms or not. With a large sam-
ple for a fixed value of v we can obtain the probability
of having atoms by dividing the number of times we ob-
tained atoms by the total number of simulations. Using
the assumption of independence of the parameters intro-
duced above, the quantity we obtain from our simulations
then is

P (A|given v) =

∫

dΓi

∫

dgj

⎛

⎝

∏

i,j

ρ(Γi)ρ(gj)

⎞

⎠A(Γi, gj, v).

(4)
Now the likelihood function L(v) of Eq. (2) is obtained
by the product of P (A|given v) and the intrinsic proba-
bility distribution ρ(v). Under our assumption of a flat
ρ(v) ∼ const. in the range of interest, the likelihood func-
tion is then simply proportional to P (A|given v) of Eq.
(4).
From the shape of the likelihood function L(v) we can

infer which values of v are typical and which ones are
highly improbable. Since L(v) is a probability density
its shape itself is not a direct indicator of the most likely
values of v. A peak in L(v) for example does not indicate
the most likely values of v; more meaningful quantities to
give would be the median or other percentiles. A simpler
way to explore the order of magnitude of the most likely
values of v can be obtained by plotting our results for
L(v) on a log-log scale. Since any probability distribution
which has a finite value of its percentiles must fall of
faster than 1/v at large values of v, the log-log plots show
us if and when the likelihood function falls off faster than
1/v. If present, this point is then a reasonable estimate of
the most likely values of v. If L(v) does not fall off faster
than 1/v, no constraints on the Higgs vev arise from the
existance of atoms.

3. BRIEF SUMMARY OF ATOMIC
CONSTRAINTS

To the extent that we understand how the Standard
Model leads to the world that we observe, we should be
able to describe the world that would result if we instead
used parameters different from, but in the neighborhood
of, those seen in Nature. Surprisingly, the structure of the
elements changes dramatically for quite modest changes
in the quark masses. In a recent paper [1], Damour and
Donoghue have tightened and summarized the anthropic
constraints on quark masses2. Here we briefly summarize
these results.
The first constraint which results from the binding of

nuclei gives an upper bound on the sum mu +md. The

2 See also [2].
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FIG. 1: The anthropic constraints on mu, md, me in MeV
units.

key feature here is that the pion mass-squared is pro-
portional to this sum of masses, and as the pion mass
gets larger nuclear binding quickly becomes weaker. The
binding energy is small on the scale of QCD and is known
to have opposing effects from an intermediate range at-
traction and a shorter range repulsion. The attractive
component, heavily due to two pion exchange, is the most
sensitive to the pion mass and weakening it leads to a lack
of binding of nuclei. From [1] this constraint is

mu +md ≤ 18 MeV. (5)

The second constraint comes from the stability of pro-
tons. If protons could annihilate with electrons, p+e− →
n + νe, hydrogen would not exist. The proton and neu-
tron mass difference gets contributions from the quark
masses and from electromagnetic interactions. Using the
best present estimates of these, the constraint becomes
[1]

md −mu − 1.67me ≥ 0.83 MeV. (6)

The right hand side of the equation is linear in the elec-
tromagnetic fine structure constant. Modest variations
in this number would not influence our results signifi-
cantly. In providing this constraint, it has been assumed
that the neutrino masses remain negligibly small. This
feature is also anthropically required [7].
These constraints are summarized in Fig. 1. Note that

the up quark and electron masses are able to vary down
to zero mass, while the down quark mass is constrained
to be non-zero. The dimensional scale is set by the QCD
scale ΛQCD, so that these constraints could be rephrased

bounds on mu.md,me
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SUSY stability

? Unnatural
   again!!
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Consistency with  
Quantum Gravity 

 may hold the key...  



 36

Quantum Gravity versus 
Particle Physics 

•   We normally  assume that the SM is unified
 with  quantum gravity at the Planck scale 

•   Also asume that no trace of such quantum
 gravity embedding, other than boundary 
conditions, e.g. coupling unification, remains

•  So we can ignore quantum gravity effects at
  low energies
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•  The tacit assumption is the belief that any 
field theory you can think of can consistently
be coupled to quantum gravity. 

•   It has been realized in the last decade that
this is  NOT TRUE , e.g

•  Most field theories cannot be consistently 
coupled to quantum gravity, they belong to the

                 SWAMPLAND
C. Vafa  2005

Z
dx4pg gµ⌫@

µ�@⌫�⇤ 6=
Z

dx4 �µ⌫@
µ�@⌫�⇤
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The Swampland 

The space of field theories which cannot be 
embedded into a consistent theory of

 quantum gravity
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La Ciénaga

The space of field theories which cannot be 
embedded into a consistent theory of

 quantum gravity



Witten global quantum anomaly 1982

Landscape

SU(2) with even # 
 of Weyl 

fermion doublets:

SU(2) with odd # Weyl  
fermion  doublets:

Swampland

Analogy in QFT:  sometimes inconsistency takes 
some time to be realised….

= 0



SM



SM

Landscape



SM

Landscape

Swampland



SM

Landscape

Swampland
?



SM

Landscape

Swampland

Regions in SM 
parameter space 

forbidden
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Some  Swampland Criteria  

•  These are conjectures, many of them 
suggested by black-hole quantum physics

•  No counterexample to these criteria has
 been found within string theory

Brennan,Carta,Vafa . arXiv:1711.00864Recent Review:

See C. Cheung talk 
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1) There are no exact global symmetries 

2) All possible charges must appear in the full spectrum

3) No free parameters in the theory

Some  Swampland Conjectures  

Motivated by black-hole physics (no-hair). 
Proven in string theory 

1

4g2

Z
Fµ⌫F

µ⌫ +
1

2

Z p
GR Inconsistent !

Motivated by black-hole physics.  Gauge bosons imply 
existence of charged particles.

All couplings are scalar fields.
e.g N=2 pure supergravity cannot exist (has no scalars)

N = 2 : gµ⌫ , µ
3/2, A

µ
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Gravity as the weakest force
Arkani-hamed, Motl, Nicolis, Vafa 2006;    Ooguri,Vafa 2007

‘’In any UV-complete  theory gravity must be
the weakest force’’ 

WGC for a U(1)
•  In any UV complete U(1) gauge theory there must exist at least 
one charged particle with mass M such that:

M

Mp
 g
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Consider two particles with mass m and charge q :

Fq =
q2

r2FG =
1

M2
p

m2

r2

FG  Fq �! m  qMp

e.g. electron
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E.g., applications of the WGC to Cosmology

m  g Mp�

Sinst  1

f
MpAxion

f . MpPotential under control Sinst > 1

Inflation needs f > Mp

Axion inflation :

Natural inflation, N � flation, ...inconsistent with WGC
 Heidenreich, Reece,Rudelius 2015 
Montero,Uranga,Valenzuela 2015 Also constraints on relaxions
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Generalizes to higher rank tensors and branes in ST

Aµ �! Cµ..⇢ ; M, mass �! T, tension

(g dimensionful)
T

Mp
 g

Ooguri and Vafa 2016:
The equality is only achieved  

for SUSY BPS states

T

Mp
< g

arXiv:1610.01533

for non-SUSY
Strong 

Corolarium !!
(also Banks 2016, Freivogel, Kleban 2016)
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AdS : Vmin < 0

Non-SUSY AdS flux vacua are unstable and 
cannot have CFT dual
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AdS : Vmin < 0

There cannot be stable non-SUSY

AdS vacua  in quantum gravity

(If you find one in your theory, then it is 
inconsistent with quantum gravity)

Non-SUSY AdS flux vacua are unstable and 
cannot have CFT dual

Caveat: often not obvious to be sure of full stability….



Consequences for the SM

 If we have a consistent theory, it is 
consistent in any background:

If SM consistent, any compactification 
 should be consistent

The SM  should not have any AdS
 (stable) lower dimensional vacua 

Ooguri,Vafa 2016
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The Standard Model 
Landscape in lower dimensions

There is a SM landscape of vacua
 (even without any string theory arguments)

Arkani-Hamed,Dubovsky,Nicolis,Villadoro 2007: hep-th:0703067:   

We will see this ‘AdS phobia’ puts 
constraints on neutrino masses, the c.c., 

the EW hierarchy….

Arnold,Fornal,Wise 2010: hep-th:1010.4302:   
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SM compactified to 3D on a circle

R � 1/me

�, gµ⌫ , ⌫i

For

only relevant

R
R

R

RR

R

Vboson ⇠ � 1

R6

Vfermion ⇠ 1

R6

One-loop Casimir potential

Radius R is a massless scalar field

(massless fields)
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The SM + gravity on a circle S1

The radius potential :

Consider the lightest sector : �, gµ⌫ , ⌫1,2,3

�, gµ⌫

One� loop Casimir energy

⌫iFrom 4D c.c.

⌫i with periodic b.c. contributes positively!!

Arkani-Hamed et al. 2007
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The SM + gravity on a circle S1

The radius potential :

Consider the lightest sector : �, gµ⌫ , ⌫1,2,3

�, gµ⌫

One� loop Casimir energy

⌫iFrom 4D c.c.

⌫i with periodic b.c. contributes positively!!

Important: Effect of  heavier  particles suppressed like e�(mf/m⌫)
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Majorana

(�2� 2 + 2)

✓
r3

720⇡R6

◆

� gµ⌫ ⌫M1
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Majorana

� gµ⌫

Majorana ⌫1 forbidden!!

(�2� 2 + 6)

✓
r3

720⇡R6

◆

⌫M1,2,3

Ooguri,Vafa 2016
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Dirac

� gµ⌫

(�2� 2 + 4)

✓
r3

720⇡R6

◆

⌫D1

m⌫1 = 0
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Constraints on neutrino masses

Majorana:  ruled out!!   
There is always an AdS vacuum for any m⌫1

Dirac:   

L.I, Martin-Lozano, 
Valenzuela 2017

Hamada, Shiu 2017 See Martin-Lozano parallel talk
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Lower bound on the cosmological constant

To avoid AdS

First particle physics argument for a non-vanishing c.c. 
(independent of cosmology)

⇤4 & m4
⌫

Explains coincidence!!
L.I,Martin-Lozano, Valenzuela 2017

Majorana Dirac
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Hierarchy Problem, 
Naturality 

and the Swampland
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U(2ng)L ⇥ U(2ng)R �! U(2ng)L+R

SM without a Higgs is in the Swampland

No lepton masses, quarks dynamical mass 

Below ⇤QCD : 4n2
g Goldstone bosons

Above ⇤QCD :

(NF �NB) = 32ng � 24� 2

Quarks deconfine

Leptons GB

(NF �NB) = 8ng � (4n2
g � 1� 3 + 2 + 2) = 4ng(2� ng)

W,Z gµ⌫ �

quark/leptons Gauge gµ⌫
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U(2ng)L ⇥ U(2ng)R �! U(2ng)L+R

SM without a Higgs is in the Swampland

No lepton masses, quarks dynamical mass 

Below ⇤QCD : 4n2
g Goldstone bosons

Above ⇤QCD :

(NF �NB) = 32ng � 24� 2

Quarks deconfine

Leptons GB

(NF �NB) = 8ng � (4n2
g � 1� 3 + 2 + 2) = 4ng(2� ng)

W,Z gµ⌫ �

quark/leptons Gauge gµ⌫

<0

>0
•  An AdS vacuum necessarily develops for ng � 3

E.Gonzalo, L.I. 2018
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Higgs is needed….if the number 
of generations is 3 or more

3D potential

⇤QCD
��-�� ��-� ��-� ��� ���

-��

�

��

��

��

��

���

���



h =< H >

Lower bound on Higgs vev

|H| & ⇤QCDTo avoid AdS vacua :

As we turn the Higgs vev on, with SM Yukawa fixed, 
 the goldstones  start becoming heavy: fewer bosons

3D potential

⇤QCD��-�� ��-� ��-� ����� � ����
-��

�

��

��

��

��

���



Hierarchy problem and the swampland

Dirac neutrinos(NH): m⌫1 = Y⌫ < H >

m⌫1 . 4.12⇥ 10�3eV = 1.6⇤1/4
4
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Dirac neutrinos(NH): m⌫1 = Y⌫ < H >

m⌫1 . 4.12⇥ 10�3eV = 1.6⇤1/4
4

< H >. 1.6
⇤1/4
4

Y⌫

EW scales above 1 TeV 

in the Swampland!!

(For fixed Y⌫

and ⇤4)����� ����� ����� � �� ��� ����-�

�

�

�
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Hierarchy problem and the swampland

Dirac neutrinos(NH): m⌫1 = Y⌫ < H >

m⌫1 . 4.12⇥ 10�3eV = 1.6⇤1/4
4

< H >. 1.6
⇤1/4
4

Y⌫

EW scales above 1 TeV 

in the Swampland!!

No real fine-tuning......
EW scale tied up to ⇤4
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Hierarchy problem and the swampland

Dirac neutrinos(NH): m⌫1 = Y⌫ < H >

m⌫1 . 4.12⇥ 10�3eV = 1.6⇤1/4
4

< H >. 1.6
⇤1/4
4

Y⌫

EW scales above 1 TeV 

in the Swampland!!

No real fine-tuning......
EW scale tied up to ⇤4

L.I.,Martin-Lozano, Valenzuela 2017; E.Gonzalo, L.I. 2018
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EW fine-tuning is related to the proximity      
between neutrino masses and the c.c.!

|�H|
|H|  (a⇤1/4

4 �m⌫1)

m⌫1

L.I.,Martin-Lozano, Valenzuela 2017; E.Gonzalo, L.I. 2018

Hex +�H  a⇤1/4
4

h⌫1



|�H|
|H|  (a⇤1/4

4 �m⌫1)

m⌫1

EW fine-tuning
Dark Energy Neutrino Physics

Surprising connection of neutrino 
physics with the hierarchy prolem!
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Is there a role for SUSY here?
SM

AdS minimum forms

-�� -� � �

-�

�

�

��

��

��

MW

q1,2

�, gµ⌫

SM in Swampland!
Gonzalo,Herraez,L.I.  2018

T 2/ZN new SM stable

AdS vacua exist



SUSY survives the test

SM

AdS minimum forms

-�� -� � �

-�

�

�

��

��

��

MW

q1,2

�, gµ⌫

A T 2/Z4 SM stable vacuum exists

SM in Swampland!

-�� -� � �-��

-��

-��

-��

�

��

��

MSSM

AdS minimum unstable
Due to (negative) contribution 
of sleptons and some squarks

�, gµ⌫

q1,2

l̃, q̃3

Gonzalo,Herraez,L.I.  2018
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MSSM

Landscape

Swampland
SM

Constraints on

⌫0s,⇤4 and

hierarchy still apply



MSSM consistent with Swampland:
•  1) MSSM scale must be below                            to avoid a second                      
SM minimum

•   2) Charge/color breaking minima in 4D and lower D must lie
         above the  SM Higgs vacuum to avoid additional AdS.
         This implies a relatively heavy spectrum at the few TeV level.

•   3) There may be sum rule constraints on the SUSY spectrum,
        In particular, maintaining the Higgs upper bound requires:
        

1010 � 1012GeV

X

B,F

(m2
B � m2

F ) > 0

This is violated if  e.g.                            but also depend e.g. 
on                        

mg̃ � mq̃
msgoldstino,m3/2, ..

Gonzalo,Herraez,L.I.  2018
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SUSY+WGC*
 Symbiosis

Explains residual
fine-tuning  

Keeps SM away
 from the Swampland 

Gauge coupling unification
Dark matter candidates 

Consistent with Higgs mass

Constrains on neutrino masses

⇤1/4
4 & m⌫i

Requires existence of a Higgs for 3 or more gen.
May lead to constraints on SUSY masses 

*Should try to gather more evidence for these conjectures and their application to the SM !!





‘’ Reports of my 
 death have been 
         greatly  
    exagerated’’

SUSY
Particle Fever



ADDRESS
PUZZLES
OF  EW
SCALE

Experimental:
 LHC,HL-LHC,
 ILC, FCC,…

Also ⌫0s,DM,Cosmo..

Model-building: 
SUSY, and 
alternatives

Revisit the concept
 of naturally 
UV-IR connection, 
Swampland
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Keep your theories 
away from the 
swampland!

In the mean 
time….
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Thank you !!



SPLE Advanced Grant

Swamp rangers 
L. E. Ibáñez 

F. Marchesano 
A. M. Uranga

Vistas over the Swampland
Madrid, 19-21 September 2018

Instituto de Física Teórica UAM-CSIC presents:  

Swamp lookouts
N. Arkani-Hamed (IAS - Princeton) 
T. Banks (Santa Cruz & Rutgers U.) 
R. Blumenhagen (MPI - Munich) 
T. Crisford (DAMTP - Cambridge) 

U. Danielsson (Uppsala U.) 
A. Hebecker (Heidelberg U.) 
M. Kleban (New York U.) 
D. Lüst (LMU & MPI - Munich) 
M. Montero (ITP - Utrecht) 

E. Palti (MPI - Munich) 
M. Reece (Harvard U.) 
G. Remmen (UC - Berkeley) 
T. Rudelius (IAS - Princeton) 
G. Shiu (UW - Madison) 

P. Soler (Heidelberg U.) 
C. Vafa (Harvard U.) 
I. Valenzuela (ITP - Utrecht) 
T. Van Riet (KU Leuven)

https://workshops.ift.uam-csic.es/swampland


