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Why Supersymmetry?
Theoretical:

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

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

12 , 1, 2
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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:

o, 12,1, 3/2 ,2

3) It is a fundamental ingredient of String Theory



String-M-Theory
lld M-th.  E.xE; het.




Low energy O

Supersymmetry: -

1) Stabilizes the Higgs mass

2) Accurate gauge coupling unification T e |
) g g p g \ 40 Sbl?;.,;:;:::;_\"x",i;‘:/:—’.A‘_
. . 2 ==
3) Neutralinos candidates for dark matter. i 1 * - C=au s ECTaE N
T 10 101

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

\ _ s

M2, 4
(compared to g7 = 0.11 , g5 = 0.42)

125 GeV < 135 GeV
Consistent with SUSY!!




...plenty of new particles to discover

, \ pnomo

Copvrioht: STFC/Ben Gilliland
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No trace so far!!

See M. Reece talt
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Independently of LHC limits,
iImplies heavy spatrticles....
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Figure 1. Evolution of the (mass)2 of scalars as a function of the
scale. The results correspond to the boundary conditions at
My:m = My = My = 100GeV. Su(2)xU(l) is broken at the
right energy for a top quark mass m; ~ 100GeV.

can manage to break SU(2) x U(1) with smaller gaugino masses. In any case the
lower bound for the top quark mass applies: —.

my 55 GeV

If renormalized gluino masses are lighter than ~ 100 GeV, one needs
my; 2 100 GeV (in general even larger values) in order to get SU(2) x U{1) break-
ing at the appropriate scale.

The supersymmetric particle spectrum in this supergravity scheme is very
similar to the one in radiative global susy-GUT's.%® Since all the squarks and
sleptons of different families will be {approximately) degenerate there are negli-

gible flavor changing neutral currents. The only novel feature at low energies is LI in proceedings ()f
the existence of the trilinear scalar couplings associated to each Yukawa cou- . . . .
pling. These may have Interesting phenomenological consequences. Problems 1n UﬂlﬁC&thn and

Let us finally remark that this scheme for SU(2) x U(1) breaking is indeed o
very similar to the one propesed in Reference 3 in the context of global susy- Super gr av1ty : La Jolla, Januar y 1983
11



The SM rules!




No hint either for alternative new physics

B 13 TeV
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But negative experimental results are also very important!
(Recall Michelson-Morley: NO aether)
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See Delgado and Reece talke



See Delgade and Reece tallse



N. Craig,
Paris 2018

21 Increasingly Crazy
Approaches to the
Hierarchy Problem

3. Discrete symmetry

6. LST/Clockwork

_‘4

Classicalization

8. Disorder

10. Relaxation

11. NNaturalnsss

12
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14.

15.

16.

17.

18.

Conformal symmetry
Asymptotic fragility
Agravity

Lee-Wick Theory
Non-compact SN

Weak gravity conjecturs

Non-commutaiive QFT

. Weak scale from CC

. oelf-organized criticality




Simple option:

Mpyy=Myg at Mc
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Predicted range for the Higgs mass

nloani -Hamed, Dimoponlos, 04
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Supersymmetry breaking scale in GeV

But fine-tuning then required....
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Perhaps SUSY is not enough.....



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?

1/4 -

5) Is there areason why m, ~ A,

6) Is the naturally criterium right?

20



The two most offending physical quantities:

The m3; — Ay plane



2
Mp
logio(MF)
GeV Effective field theory
4 | —adll= g|lows all these o
possibilities
2
_ Mp
A -12 Vi
- p lOgl()(Al/4) p



Experimentally:

4

GeV

M
logi0(M)



logio(M ;)
GeV

Quantum
Effects!

m3; and Ay
unstable



Unnatural!!
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Leading idea for the cosmological constant problem

The String Landscape

e

A

10°72999 4D F — theory vacua estimated

Taylor, Wang 2015

26



The String Landscape

Quantized fluxes

Poletrinstoc 2000

4

Bousde
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cosmological observations
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very |
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Existence of this huge landscape combined with anthropic
arguments provides for an understanding of the size of the c.c.

Galaxy formation constraints the c.c.

Anthropic constraints on A

Aguirre, Rees, Tegmark, and Wilczek, astro-ph/0511774

' |

5
Weinberg 1987

06 -

04

observed value

02

Predicted probability distribution

4 :
0.1 1 10 100 1000 104

R=p, /§4Q3

Probabiligy distribution of the c.c.



logio(M7;)

GeV :
Anthropic c.c.

12
lOgl() (A1/4)



Dameoar, Donsgline 2007
Donogtine et al 2009

Wecosner 2014

logio(M ;)

Anthropic EW?

GeV Depends on
delicate

interplay

of Nuclear Physics,
Yukawas,

gauge couplings....

l0910 A1/4) bounds on my,"mg, Me



logio(Mz)

GeV

SUSY
stability

12
lOng (A1/4)




SUSY
stability

logio(Mz)

GeV

AnthlffOpics

12
lOng (A1/4)



SUSY stability “

H
oot t ? Unnatural
Y _________________ again!!
GeV U
E —

12
loglO(A1/4)



SUSY

logio(M2) | Further yet unknown
theoretical
4 | constraints? PP

GeV

Further yet unknown
theoretical

~_constraints?
(NOT anthropic)

-12
lOgl() (A1/4)






Quantum (Gravity versus
Particle Physics

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

sugz

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

e SO we can ignore quantum gravity effects at
low energies

36



* The tacit assumption is the belief that any
field theory you can think of can consistently
be coupled to quantum gravity.

|t has been realized In the last decade that
thisis NOT TRUE, e.g

/ dx*\/q 9u, 0" 0" ¢* / dz* 6,,0"pd" ¢*

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

SWAMPLAND

C. Vafa 2005 N



P b

The Swampland

&
s

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



P b

La Ciénaga

&
s

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



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

SU(2) with odd # Weyl
fermion doublets:

Swampland

SU(2) with even #
of Weyl
fermion doublets:

Landscape

Witten global quantum anomaly 1982









Swampland




@
Swampland
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Swampland

Regions in SM
parameter space
forbidden



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

Recent Review: Brewnan, Carta Vaja . arXiu 1711 00564

See C. Cheung talk UNDER
CONSTRUCTION

46



Some Swampland Conjectures

1) There are no exact global symmetries
Motivated by black-hole physics (no-hair).
Proven in string theory

2) All possible charges must appear in the full spectrum

4% F, F* QL/\/@R » Inconsistent !
g Y

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

3) No free parameters in the theory
All couplings are scalar fields.
e.g N=2 pure supergravity cannot exist (has no scalars)

N =2: g™ gl AF

47



Gravity as the weakest force

boai-tiamed, Mot Nicolis, Vaja 2006:  Oogari Vaja 2007

“In any UV-complete theory gravity must be
the weakest force”

WGC for a U(l)

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

<
M, —

48



C'onstder two particles with mass m and charge q

e —p

1 m? _ 4
FGzMger Fq_TQ

sl GO o 110 s 1118

e.q. electron

49



E.g., applications of the WGC to Cosmology

| Vid)
Azion inflation : V(p) = A*(1 cosif)) |
' ¢
Inflation needs f > M,
m < g M,
8 / \
| i
Azion Sinst < ?Mp

Potential under control Sipe; > 1 ==l | 5 Mp
Natural inflation, N — flation, ...inconsistent with WGC

Heidenreich, Reece, Rudelius 2015 _ _
Wontors, Unanga Vabesuela, 2015 Also constraints on relaxions 50



Generalizes to higher rank tensors and branes in ST

AY — CHP M, mass — T, tension

& <
> > 4
M,

Ooguri and Vafa 2016: X t610.01553

The equality is only achieved
for SUSY BPS states

(g dimension ful)

Strong
Corolarium !

51 (alse Bauks 2016, Frecvogel, Rleban 2016)

T
S < _
Mp g  for non-SUSY



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

f AdS : Vi <

1! \ /
\
() \
L

52



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

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)

Caveat: often not obvious to be sure of full stability....
53



Consequences for the SM

It we have a consistent theory; it is
consistent in any background:

If SM consistent, any compactification
OogeréYaga 2016 should be consistent

» The SM should not have any AdS

(stable) lower dimensional vacua



The Standard Model
Landscape in lower dimensions

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

rbéani-Famed, Dabboseliy, Nicolio Yilladero 2007 leeps-th:0703067:
Aranold, Forual, Wese 2000; hep- th:1010, 4502

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

the EW hierarchy....

55




SM compactified to 3D on a circle

y Radius R 1s a massless scalar field

For R > 1/m€

only 7, g"”, v; relevant

A Compact Dimension 1
Vit Vboson ~ R6
R-. : R
R e !
Vf ermion ﬁ
1t \R One-loop Casimir potential

| (massless fields)

R ,' ' 56



The SM + gravity on a circle S*

fnloani-Famed et al, 2007
Consider the lightest sector : v, g,u,V1,2.3

The radius potential : One — l()()p Casimair eNnerqy
< >
213 Ay
V(R) =~ = —4 (72071?6) +Z (27 R)(—1)%n; p;(R)
From 4D c.c. Vi
T Y Z 2m* Ky (2w Rmn)
£~ (2m)* (2rRmn)?

v; with periodic b.c. contributes positively!!

57



The SM + gravity on a circle S*

Consider the lightest sector : 7, guu, V1 2.3

The radius potential : One — loop Casimir enerqy

2mr3 A r3 .
‘/(R) i R2 L. 4 <720’TR6> +Z(27TR)(—1) z‘I'I.i/).i(R)
A

From 4D c.c. Vi

T Y Z 2m* Ky (2w Rmn)
“~ (2m)* (2rRmn)?

v; with periodic b.c. contributes positively!!

_ : : : —(my¢/my)
Important: Effect of heavier part|c5I8es suppressed like €
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Constraints on neutrino masses

| £l B Amay = (7.53 £0.18) x 107> eV?,
Wk e 3 ATTL%Q — (2—1—1 = = 006) X 10_3 C\'r?‘ (NH)~
A | Am3, = (2.51 £0.06) x 10 eV? (IH).

Majorana: ruled out!!
There s always an AdS vacuum for any m,,

Dirac:

NH [H
No vacuum m,, < 6.7 meV m,, < 2.1 meV
dSz vacuum | 6.7 meV < m,, < 7.7 meV | 2.1 meV < m,, < 2.56 meV
AdS; vacuum m,, > 7.7 meV my,, > 2.56 meV

my,, < 7.7 meV (NH)
L.I, Martin-Lozano,
Valenzuela 2017 ’721/1 < 2.1 meV (IH)

Hamada, Shiv 2017

See Martin-Lozano parallel talk



Lower bound on the cosmological constant

Cosmological Constant + Majorana Neutrinos (NH) Cosmological Constant + Dirac Neutrinos (NH)

10! 10!

= 1077 = 107
E : > s 103
10~ [7p) g
o
£ |
5 Non AdSEVacuum
- z 10—4 1 (| 1
! 10-% 107" 1w 1w 1w o 1w 10 107 o i
Ay x 1097 (GeV?) As x 1077 (GeVT)
Majorana Dirac
oo ) To avoid AdS
a(ng)30(Xm;)* — b(nyg,m;)Xm;
a2 38472 Ay > m?
4 =~ My

L.I, Martin-Lozano, Valenzuela 2017 EXplalnS COlIlCldenCC. .

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



Hierarchy Problem,
Naturality
and the Swampland

65



SM without a Higgs is in the Swampland

No lepton masses, quarks dynamical mass

Below AQC’D : 4n3 Goldstone bosons

U(an)L X U(Qng)R — U(an)L+R

Leptons GB W,Z gl“/ Y

(Np — Np) =8ng — (4n] — 1 — 3+ 2+ 2) = 4ny(2 — ny)

Above AQCD . Quarks deconfine

quark/leptons Gauge g“”

(Ngp — Ng) = 32n, — 24 — 2

66



SM without a Higgs is in the Swampland

No lepton masses, quarks dynamical mass

Below AQC’D : 4n3 Goldstone bosons

U(an)L X U(Qng)R — U(an)L+R

Leptons GB W,Z gl“/ Y

(Np — Np) =8ng — (4n] —1—-3+2+2) =4ny(2 —nyg) <)
Above AQCD . Quarks deconfine

quark/leptons Gauge g“’”
(N — Ng) = 32n, —24—2 >0

* An AdS vacuum necessarily develops for 7iq > 3

E.Gonzalo, L.I. 2018 67



3D potential {54t

e D
80! — ng =2
: ~—
< 60 | | T MO
< | ) _
= 400 | \ LY - =
o~ : :
0 | |
| 2\ _ -
O \\ \\ N
-20;
10 107  10% . 01 100
Agep
R7'GeV]

Higgs is needed....if the number
of generations is 3 or more

68



Lower bound on Higgs vev

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

3D potential 1%

— (H)=0

80 \ — (H)=10"% h:< H >
60 : | |

40¢

R%V [d.o.f]

20!

o0l ]
10—12‘ | 1079 T 1076 ~0.001 AQC‘D 1 1000
(R7'[GeV])

To avoid AdS vacua : H| 2 Agcp




Hierarchy problem and the swampland

Dirac neutrinos(NH): my, =Y, < H >
my, <4.12x 1073V = 1.6A,"



Hierarchy problem and the swampland

Logyo((H) [GeV])

Dirac neutrinos(INH):

6““\ T T T T T T T LU T T T § T
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: AdS Vacuum
4_ 1
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2/ E
- £
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/ L 2
| , 5
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 Agop 7 / i -
7 : _
| /// AdS Vacuum |
— | /\\\ | L | L Lol \!\\\\\H‘ L Lol L Lol L Lo
20.001 0.010 0.100 1 10 100 1000

AY4meV]

my, =Y, < H >

—my, <4.12 x 1073V = 1.6A57*

Voo

< H><16-2

EW scales above 1 TeV
in the Swampland!!

(For firedY,
and Ay)



Logyo((H) [GeV])

Hierarchy problem and the swampland

Dirac neutrinos(INH):

6““\ T T T T T T T T T L T T T Xy T T

AdS Vacuum

AdS Safe

“Observed valuei N\
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s AQCD / /
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my, =Y, < H >

my, <412 x 1073V = 1.6AL*

Voo

< H><16-2

EW scales above 1 TeV
in the Swampland!!

No real fine-tuning......
EW scale tied up to Ay



Hierarchy problem and the swampland

Dirac neutrinos(INH):

6“”\ T
- AdS Vacuum
" i
______ (H) = 246G A
2/ =
| E
/ 'S AdS Safe
/ 2
- 1 D
/ 2!
g 4 ts
-~ Agep 7 / i
s 4 Anthropic -
4 boun AdS Vacuum
_ // . _
~%.001 0010 0100 1 10 100 1000
AY4meV]

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

my, =Y, < H >
my, < 4.12x 1073V = 1.6A,*

Voo

< H><16-2

EW scales above 1 TeV
in the Swampland!!

No real fine-tuning......
EW scale tied up to Ay



1/4
AH| _ (aA) —m,,)
H| — my

1

EW fine-tuning is related to the proximity
between neutrino masses and the c.c.!

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



Neutrino Physics

Surprising connection of neutrino
physics with the hierarchy prolem!



SUSY

logio(M2) | Further yet unknown
theoretical
4 | constraints? PP

GeV

Further yet unknown
theoretical

~_constraints?
(NOT anthropic)

-12
lOgl() (A1/4)






Is there a role for SUSY here!?
SM

T?/Zn new SM stable

. AdS vacua exist

15,

10!

a’V [dof]
=
N

Logo(a~'[GeV])
AdS minimum forms

SM in Swampland!

Gonzalo,Herraez,L.l. 2018



SUSY survives the test

SM

AT?/Zy SM stable vacuum exists

200 4

15.

10!

a’V [dof]
=
N

Logyo(a™"[GeV])

AdS minimum forms

SM in Swampland!

Gonzalo,Herraez,L.l. 2018

MSSM

o~
t
w

-20!

-30}

40 . .

AdS minimum unstable

Due to (negative) contribution
of sleptons and some squarks




Swampland




‘ Swampland




SM

Swampland

Constraints on
V's, Ay and

hierarchy still apply



MSSM consistent with Swampland:

* 1) MSSM scale must be below 10'° — 10'2GeV to avoid a second
SM minimum

e 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:

B.F

5 L N S
Leog, (a* " CV))

This is violated if e.g. 7705 =>> 15 but also depend e.g.

on Msgoldstinoy 13 /2 -
Gonzalo,Herraez,L.l. 2018



Keeps SM away

from the Swampland Explains residual

fine-tuning
SUSY+WGC*
Gauge coupling unification Constrains on neutrino masses
Coaizztrenna’:t:si:r??—l?dIdsa:r?Zss A‘ll/4 < M,
2L Requires existence of a Higgs for 3 or more gen.
c May lead to constraints on SUSY masses
54

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



The reports of my death have been greatly
exaggerated.

- Mark Twain -

quoteparrot.com







Experimental:

LHC,HL-LHC,

ILC, FCC,...
Also v's, DM, Cosmo..

ADDRESSS Model-building:
PUZZLE

OF EW » SUSY, gnd
SCALE alternatives

Revisit the concept
of naturally |
UV-IR connection,
Swampland




In the mean
time....

Keep your theories
away from the
swampland!
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