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Scales in Fundamental Physics
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Pressing questions
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{"V\/ The universe accelerates. Simplest explanation a
non-vanishing constant vacuum energy A .
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** Why and how is the c.c. so small and non-
vanishing??
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Natur ahty: One would expect something of oder the cut-oft
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Pressing questions

** Why and how is the EW scale so small
compared to the Planck/Unification scale?

Mw <K Mp

Naturahty: Fundamental scalars like the Higgs are unprotected
against quantum corrections and push
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The Standard Model




Why a Higgs exists at all?
The Standard Model

Gepofa

Why there are 3 generations?



Naturality has been at the forefront of (almost) all our
attempts to understand hierarchies in the last decades

Has the naturality criterium guided
us in the right direction?

Perhaps we have to abandon some of our
most cherised ideas:

** Uniqueness of solutions: the landscape

** UV-IR independence



Leading idea for the cosmological constant problem

The String Landscape
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Leading idea for the cosmological constant problem:

The String Landscape
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The String Landscape
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— Quantized fluxes

|l ZGa|Fﬂ2 M AO Bowsso, Polchinsli 2000
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> very likely vacua exist with small c.c. matching

cosmological observations




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
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06 -

04

observed value

02 -

Predicted probability distribution

i
0.1 1 10 100 1000 104

R =p -_,".f 4Q3

Probability distribution of the c.c.



The Electro-Weak Hierarchy Problem

Supersymmetry:

2) Accurate gauge coupling unification

3) Neutralinos candidates for dark matter

4) Built-in in String Theory

sleptons
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but.....no trace of SUSY so far

Squark-gluino-neutrslino mode!. miy =0 GeV
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suggests very heavy spectrum (if at all)
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SUSY (or some other BSM physics) could

be around the corner.

But at least some ammount of fine-tuning
Seems necessary

Have to reconsider the naturality criterium?
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It 1S time

for new
(possibly wild!!

1deas!!
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Consistency with
Quantum Gravity
may hold the key...




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



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

e |t has been realized in the last decade that
this is NOT TRUE

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

SWAMPLAND

C. Vafa 2005




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









Analogy in QFT:

Anomalies

AnNnomalous _r’&,r_ng_r_r_na_l\/ free




Simple example in the swampland

A U(1)x theory with Weyl fermions with charges

(g =2) + 8x(g=—1)
Anomaly = 2° + 8(—1)° = 0

I SN



Simple example in the swampland

A U(1)x theory with Weyl fermions with charges

/[&\ Gl it o Gt
Anomaly = 2° — 8(—1)° = 0

BUT COUPLED TO QUANTUM GRAVITY......

e !

s Anomaly(grav) =TrQx =2 — 8 # 0

U(1)x

This model is in the swampland

(But will not be the type of inconsistencies we will deal with....)

(Charge quantization in SM verifies 1Y = 0)









Swampland
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Swampland

SM

Landscape

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: &rwewan, Carta Yafa . ardiu-1711. 00564 A

UNDER
CONSTRUCTION




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_12 i QL/\/ER » Inconsistent !
g K

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 gk, A



Most usefull:

The Weak
Gravity
Conjecture

sbani - hamed et al, 2006




Gravity as the weakest force

boai-tiamed, Motl, Nicolics, Vaja 2006:  OogariVaja 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:



Generalizes to higher rank tensors and branes in ST

A — CHP M, mass — T, tension

—T el
LG
M,
Ooguri and Vafa 2016: aXet610.01553

The equality is only achieved
for SUSY BPS states

(g dimension ful)

Strong

Corolarium !
(atas Bank, 2006, Freivogel, Kteban 2016)

T
pniggl < 1
Mp g  for non-SUSY



Decay of AdS flux vacua may occur through membrane
(bubble) nucleation

bubble wall T < @
AdS vacuum
—<

( AdS with )

\Iess ﬂuy

In non-SUSY AdS membranes with /' < () necessarily
nucleate instantaneously

Maldacena, Wicthelson, Streminger 1998
Non-SUSY AdS flux vacua are unstable

This makes such theories not to have a holographic dual:

-

No AdS/CFT dual: not

consistent with quantum gravity
38




AdS Phobia Conjecture:
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There cannot be stable non-SUSY
AdS vacua in quantum gravity

(Not only for string flux vacua)

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

39



General non-SUSY AdS stable vacua
are in the swampland
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General non-SUSY AdS stable vacua
are in the swampland

(independently whether is a flux vacuum or not)

[Landscape only Minkowski and de Sitter !!
(...or SUSY AdS)



AdS phobia and 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

=)

Oogari Vaja 2016



The Standard Model
Landscape in lower dimensions

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

Akoani-Famed, Dubsusky, Nicolie Yelladons 2007 hep-th:0703067:
Aol Fornal, Wese 2010 hep-th:1010. 4302

We will see AdS phobia puts constraints
on neutrino masses, the c.c., the EW
hierarchy and more
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Will focus first in lightest SM sector

my ~ A

Vs Guv




SM compactified to 3D on a circle

Radius R is a massless scalar field

For R > 1/m€

only 7, ¢, v; relevant

R Vboson R6
R-. , R
- e !
Vf ermion ﬁ
ft \R One-loop Casimir potential

. (massless fields)



The SM + gravity on a circle S*

Consider the lightest sector : v, guu,v1.2.3

The radius potential : One — loop Casimir energy
< >
, 27("1'3./\4 /
V)~ T =4 (gagm) L LR )
From 4D c.c. Vi
Vs Y = 2m* Ks(2rRmn)

pLH) = :FZ (2m)? (2rRmn)?

\
n=1

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



The SM + gravity on a circle S*

Consider the lightest sector : v, guu,v1.2.3

The radius potential : One — loop Casimir enerqy
< >
21r°Ay
V(R) ~ = —4 <7>O~r]?6> +Z 27 R)(—1)%n;p; (R)

T

From 4D c.c. Vi
V> Yuv = 2m* Ky(2rRmn)

R) = A ' —
PLH) :FZ:I(QW)'2 (2mr Rmn)?

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

Important: Effect of heavier particles suppressed like 6_(mf /)
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Constraints on neutrino masses

| " Am3, = (7.53+£0.18) x 107> V2,
g ' Am2, = (2.44 +0.06) x 107% eV? (NH),
"Tam . Am3, = (2.51 £ 0.06) x 107 eV? (IH).

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

Dirac:

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

my, < 7.7 meV (NH)

: Alternative to see-saw!!
L.I, Martin-Lozano,
Valenzuela 2017 'I'I-l.yl < 21 IneV (IH) (lightest neutrino)



Cosmological Constant + Dirac Neutrinos (NH)

4
1

38472

z
:
.
z
o
z
3,
S
=
4
g
8
S
g
g
:




Scales in Fundamental Physics

GeV
1019 M,
M
1016 S
Mecur

Explore now the

" radius potential for
10°

1073

Mepw

AQCD

=i

10 11

my, ~ A1

Vs Guv




The 3D SM at smaller radius R

-—r T T T T T T T T T T
[ §)
sot| R°V(R)
| My
— 40 (Normalized
S | to d.o.f.)
& o
ol \V/
Large R 0 5 OA'QO‘D — Small R
e Vi Log.n( R~ [GeV]) sre—

Hamada, Shiv 2017

No new minima
E.Gonzalo,A.Herraez,L.l. 2018



....but photon Wilson line degree of freedom..... Hamada, Shiv 2017

RV dof 0 \

-10

Ol

Logy (1! [GeV))

...make (??) unstable the potential: OK with WGC but lose
predictions!!
Conservative: search for new SM

vacua with no Wilson line d.o.f. *S Wiliop 200 / 4N

E.Gonzalo,A.Herraez,L.l. 2018



Simplest:

New 2D SM vacua on TQ/Z4

Project under /2 rotations

ity
Y2 — Y1
o(zi, Y1, y2) = €91%¢(zi, —y2, Y1)
Only 2D surviving
L scalar is the torus area
Ly (:l?i: U1, yQ)) — Clqaeljag'd—" (.T, —1Y9, yl) (and the nggs)

qoe !
€ =SM gauge rotation (Needed to get constraining compactifications)



A dangerous vacuum for the SM

Chose gauge action inside SU(3):

N7 (T--ig U1 yg) _ ei(q'“‘quFquS)Ci%%'l';'j-v‘ (:;1?, — 1, yl)

The Casimir potential depends then only on 2 colours of

20—

quarks, gauge and Higgs bosons (NO leptons)

15/

My l

- AdS minimum appears,
e irrespective of
| neutrino masses

\\\\\\\\\\\\\\\\\




A dangerous vacuum for the SM
Chose gauge action inside SU(3):

/] ('Iz' U 'yg) _ E‘i(Q3T3+QsT8)

2-.10'3, /

e T3 (z, —y2, Y1)

The Casimir potential depends then only on 2 colours of
quarks, gauge and Higgs bosons (NO leptons)

. l
15/ My

AdS minimum appears,

10!

e irrespective of
5| f neutrino masses
O: i

| v, gt ] SM IN
—50 ‘

U B - SWAMPLAND!"!




In fact we already knew that the SM in 4D
may have AdS vacua:

The SM may have a second high scale minimum:

() J— e oo

_ Inswbiliy .7 -5 167

178 =

168 —
120

Degrassc et al. 2015

- y ' - ; i :
10’ (55

- -1 | K23
Met=stbility- - A

S — "W - “—— FI— V- —1 A
122 124 126 128 130D

Higgs pok mass M in GeV

Pregent vacuum

......
-~
~

-
-~
>, Possible future |
"
L vacuum

]
\ '
. '
3 ; >
. H
A
\ '
b :
N ‘
v

b @

SM in swampland unless.... NEW PHYSICS
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Does SUSY SM do any better?
Same T?/Z, compactification

SM MSSM

. 00— x ]
? ] 10
15/ My, j
ﬁ : o) 1y 41,2
= q1,2 | < '
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~ 5 =
N@ S T o~
L _20j l7 3
ol |
i 1224 1 -30!
| 7,9 | 30,
_5l ] : ,
i 40 |
—~10 -5 0o s -10 N 0 >

Logyo(a”"[GeV])

AdS minimum forms AdS minimum unstable
Due to (negative) contribution

of sleptons and some squarks



Does SUSY SM do any better?

Same T?/Z, compactification

SM MSSM

20 4 20 7
15) My 10
| | o: . qi1,2
10 j N 7,9
= | 1,2 ] = [
S o ] = -10}
=~ 5l |
| -20| L, qs
O: | i
| v, g*" | ~301
-5} ] j ]
i 40 |
10 5 o s -10 '5 1Gv0 S
Loglo(a_l[GeV]) ogyp(a” [GeV])
AdS minimum forms AdS minimum unstable

Due to (negative) contribution
of sleptons and some squarks

The SUSY SM survives the test

E.Gonzalo,A.Herraez,L.l. 2018



SM

MSSM

Landscape

Are there regions in SM
parameter space
forbidden?

Swampland



Low energy predictions and B-L
If the MSSM includes a discrete gauge subgroup of 7(1)5_;

\Ij(xia Y1, y2) — 6%QB_L€/L.%03¢(:C7 — Y2, yl)

E.Gonzalo,A.Herraez,L.l. 2018

0f o .
/ Predictions from

ol / | absence of neutrino
S / vacua recovered
™ o0l

e -
oL/
—0 -5 ' 0 2
10,,(0~ [GeV])

Suggests MSSM comes along witha U(1)p_ 1,

(at some scale)




Hierarchy Problem,
aturality
and the Swampland




A hint that WGC is at odds with naturally

A U(1) coupled to a charged scalar
2 Lt 2 2
m* < g" M7

BUT: m diverges quadratically and g logaritmically!

Bizarre.... m Cheung,Remmen 2014
(@é '//

[} - - /
AR




SM without a Higgs is in the Swampland

No fermion masses
Below Agep

U(6)L X U(G)R T U(6)L_|_R

306 Godstones —3 —1 = 32 massless scalars
6 massless leptons — 24 fermionic d.o.f.

b St R ki e (32—|—2—|—2)—24 - Ll

3[D: ¢ Ifthey all contribute to the Casimir energy,
An AdS vacuum necessarily develops!



3D SM without a Higgs

Leptons+quarks

Leptons+Goldstones AQC D |

Small R
* 10-12 1079 107 0.001 1 1000 *

Log;o(R™'[GeV]) W+ ) Z°

An AdS minimum forms

Higgs is needed!!



80!
' h -
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O’ L
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e _
: \K\ 1 gen
~
O_ den N
_20'_ Bgen
10-12 10-° 106 0001 1 1000

Log;o(R™[GeV])
Higgs is needed....if the number
of generations is 3 or more

E.Gonzalo, L.I. 2018



Lower bound on Higgs vev

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

100/ ( ™
» — h=0
' — h=10""
80 v | h=< H >
: — h=10""% \
60" aahad
, — h=10""v /
) i /
% 402 I h:10_32}
%i | — h=10"%
20+
’ \ N\ \
_opl
102 10°  10° 0001 1 71000

LOglO(R_l [GeV])

To avoird AdS vacua :

H| 2 Agep



Hierarchy problem and the swampland

Dirac neutrinos(NH): m,, =Y, < H >
my, <412 x 107%eV = 1.6A,"*

Y

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



Hierarchy problem and the swampland

Dirac neutrinos(NH): my, =Y, < H >
my, <412 x 107%eV = 1.6A,"*
6
: AdS Vacuum
A l AL/4

i 4
- = < H><1.6
R Ik A -~ Y,
S E
& / T AdSSafe .~ EW scales above 1 TeV
0 )’ £ in the Swampland!!
- Aqep / : o
I / i ]
, // AdS Vacuum (For fized Y,
3001 0010 0100 1 10 100 1000 and Ay)

AY4meV]

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



Hierarchy problem and the swampland

Log,,(H[GeV

Dirac neutrinosINH):

| .
: AdS Vacuum
4_ 1
h=246GeV 7 A
2/ E
- s
. / iT  AdS Safe
/ b
: 1 O
/ P 5
0 / fe
- Aqep 7 / i
/ 1
_ /// AdS Vacuum
— | /\\\ A L P | L MR | \;\\\\\\\‘ L P | L PR | L Lo
20.001 0.010 0.100 1 10 100 1000
AY4meV]

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

my, =Y, < H >

oy, <412 x 1073V = 1.6A57*

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 neutrinosINH):

6““\ T TTTTTT T T T T T T T T T T y T
| e
: AdS Vacuum
4!
—~ | /
Z h=246GevV 7
& T A A B
T 2 | 2
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0 / s
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2001 0010 0100 1 10 100 1000
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L.l.,Martin-Lozano, Valenzuela 2017; E.Gonzalo, L.I. 2018

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



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

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



 The EW stability may be explained by the
requirement of no AdS neutrino vacua

 However in addition SUSY is required to
avoid additional AdS vacua

» Unfortunatelly the scale of SUSY is not
determined by AdS phobia

* Avoiding charge/colour-breaking (AdS) minima
suggests a not too light SUSY spectrum



Summary of Q.G. Constraints

* 1) Bounds on neutrino masses: no Majorana masses (unless new
physics). For Dirac (or pseudo) neutrinos:

m,, <4.1x107%eV (NH) ; m,, < 1.0 x 107 %eV (IH)

e 2) Lower bound on the cosmological constant

ANy 2

Y

4
m,,

First argument for non-vanishing A4 purely on the basis of Particle
Physics

 3) AHiggs-less SM would be in the swampland and
| < H > |2 Agep (2f ngen > 3)



* 4) Bounds on neutrino masses imply upper bound on the

EW scale 1/4
AH| _ (aAy* —m,,)
H| ~ my,

o If true, this would redefine our notion of fine-tuning of the EW
scale: So talking about naturalness makes sense only within the
class of allowed theories

The EW scale and the c.c. scales are tied up BUT:

 5) SM requires necessarily an extension.

* 6) A natural extension surviving all tests so far is SUSY

* 7) AMSSM extension including U(l)B_L is favored: extra ZO/



Conclusions

e 1) Quantum gravity constraints effective
fleld theories

* 2) Anumber of conjectures exist on those
constraints. The strongest support comes from
no counterexamples in String Theory

e 3) In particular, AdS-phobia OV conjecture
states that no consistent non-SUSY, stable,
AdS vacua can exist.



* 4) When applied to SM compactifications to
3D and 2D a number of constraints appears

It is surprising how a rather abstract condition like
absence of non-SUSY AdS vacua is able to yield
reasonable (not wild) constraints on actual Physics



Outlook

e Need to understand better the theoretical
basis of the swampland conjectures

e Understand better the stability of the vacua
eExplore further SM vacua and constraints

 Can we say something about scale of
SUSY?

o Study implications on our views on
naturality. The EW fine-tuning could be
a mirage!!






Instituto de Fisica Teorica UAM-CSIC fresents:

Mﬂ&[‘ru{; 1 21 Seftemger 2018 https,//zv?rkshgps.ift.u;_;m—_g:ic.es{fwampland

. § . % IR
N ¥

¥ Lk
Swamp lookoutfggé_

N. Arkani-Hamed (IAS - Prinqg n
T. Banks (Santa Cruz & Rutgé
R. Blumenhagen (MPI - Munich)
T. Crisford (DAMTP - Cambliidge) b
U. Danielsson (Uppsala U.) 1 § )
A. Hebecker (Heidelberg U.) ¥ \
M. Kleban (New York U.) o .
D. List (LMU & MPI- Munich)
M. Montero (ITP - Utrec!;;t) ;
E. Palti (MPI - Munich) =
M. Reece (Harvard U.) ‘
G. Remmen (UC - Berkele N 7
T. Rudelius (IAS - Pfigce\to«“ )
G. Shiu (UW - Madisof '
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