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Particle Physics after LHC runs

1) The Higgs is an amazing success
2) No sign so far of SUSY.....

..........NOr any other new Physics
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T T T
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ADD QBH 2j 37.0 Ma 8.9 Tev n=6 1703.09127
ADD BH high ¥ pr zlep 22j - 32 M 82TeV n=6 My =3TeV.r01BH 1606 02285
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O Cittgq 2e.p 36.1 A 400TeV 1, 1707.02424
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E Colored scalar mediator (Dirac DM) O e, 1-4j Yos 36.1 - 1.67 Tev £=1.0, m{y) = 1 GeV 1711.03301
VWyy EFT (Dirac OM) Oep 1J.51] Yes 32 M, 700 GeV m{y) < 150 GeV 1608 02372
Scalar reson. ¢ — ty (DiracDM) O-1epr 1H01J  Yes 36.1 my 34Tev y = 04,1 %02 m(y) » 10 GeV 181209743
B Scalar LQ 1% gen 12¢ > 2j Yes 361 |LQmass 14 TeV LRS! 190200377
O Scalar LQ 2" gen 12u z2) Yos 361 LQmass 1.56 TeV g=1 190200877
S Scalar LQ 3" gen 2r 2b - 361 |Loymass 1.03 TeV HLQ; — br) =1 190208103
WS scalar LQ 3" gen 01eu 2b Yes 361 | LOjmass 970 GeV BLQ] — t7) =0 1902.08103
VLQ TT — He/Ze/Wb + X medti-channed 36.1 T mass 137 TeV SU(2) doubiat 1808.02343
VLQ BB — Wt/Zb + X muiti-channel 36.1 B mass 1.34 TeV SU(2) doubiet 180802343
ié VLQ T5a Topal Tops =+ We 4+ X 2(SS)23 e 21b,21] Yes 361 Ty mass 1.64 TeV B Tyy — We)w 1, o Ty s W) 1 1807.11883
VIQY - Wb+ X lepu =1b.z1 Yes 36.1 Y mass 185 TeV (Y — Wh)= 1, ce( W)= 1 181207343
VILQ B — Hb+ X Oep,2y 21b,21) Yes 798 B mass 1.21 TeV xgw05 ATLAS-CONF-2018-024
W VLQ QQ - WaWg e z4) Yos 203 Qmass 690 GoV 1509.04261
Il Excited quark q° — qg E 2) - 139 q' mass 6.7 TeV only u" and @', A = m{(q") ATLAS-CONF-2019-007
Excited quark ¢* — qy 1y 1j - 36.7 q" mass Te only v" and &', A = m{q’) 1709.10440
Excited quark b* — bg - 1b1j = 36.1 b mass 26 ToV 1805.09299
Excited leplon ¢* 3ep - - 203  mass 3.0TeV A=30TeV 1411.2921
S Excited lepton v* 3equr - - 203 ¥ mass. 1.6 Tev A=16TeV 1411.2021
B Type Il Seesaw Ve 22j Yos 798 |IN"mass 560 GeV ATLAS.CONF-2018.020
LRSM Majorana v 2u 2j 36.1  |INgmass 32TeV m{Wg) = 4.1 TeV, g = ga 1809.11105
g Higgs triplet H** — (¢ 234 e,u(SS) - - 36.1 H mass 870 GeV DY producton 171009748
Higgs triplet H** — (r et - - 203 | 400 GeV' OY producton, S(H;* = () = 1 1411.2021
Multi-charged particles 36.1 muli-charged particle mass 1.22Tev DY producton, igf = Se 181203673
Magnetic monopoles - - - 344 MONOPOke Mass. 237 TeV DY producton, gl = 1gp, spin 1/2 1605.10130
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The Naturality Crisis

Has the naturality criterium guided
us in the right direction?

Should we abandon some of our most cherised ideas:
** UV-IR independence

** Does Quantum Gravity really decouple?



There are hints of IR-UV connections In

the presence of Quantum Gravity

Dualities in String Theory connect light (IR) to heavy (UV)
modes

Scattering of BH’s at high energy (UV) give rise to
large BH’s (IR)

Holography (Bekenstein) seems to imply UV-IR connections
in any EFT:



Holography and IR-UV connection

e Such UV-IR connection suggested by the covariant entropy bound
(Bousso 1999) as applied to a spherical surface

* Beckenstein 1981: * The entropy in a region of space is bounded by the
BH entropy that can be stored in a region of the same size’

| '\"QVAW
EFT with UV cut-off Ayy
Sphere of radius L =1/A;p
 Maximal field theoretical entropy (extensive): VA e

Sprr ~ (AyvL)’
» Blackhole entropy (like the surface) Seu ~ L°M;

SerT < Spy == | Ay, < (—/\IR)U?)]W;/3

Correlation between UV and IR cut-offs
Cotien, Zaplan, Nelson (1999), Colien, Zaplan (2019), Bantbs, Drapper (1919) 5




coupled to Quantum Grawty
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Swampland Program

» 1) Understand how Quantum Gravity may affect EFT’s
below the Planck scale

o 2) See if these QG effects may address some of the
fundamental questions of Particle Physics and Cosmology

 3) Improving in this way our understanding of QG itself



Methodology

 One asumes that String Theory is a consistent theory of QG.
* One identifies general properties/patterns of QG/ST vacua

» Often these properties are formulated in terms of a conjecture
which one tries to test against:

- large sets of known string vacua

- known semiclasical properties of Black-Holes

* One tries to derive consequences for the observed universe

Paltc, arXeu:1905. 06259
van Beest, Calderon, Winfendenedlc and Valensuela  arXew: 2102, OIIT

Gravia, Fevide; ar X 2I07.00057
“arlow, Heidenneich, Reece, Budelio arXiu 2201, 05550
8

Reviews:



Some Swampland Conjectures

1) There are no exact global symmetries Banks, Divon 1958

Motivated by black-hole physics (no-hair).
Consistent with string theory. Also discrete. %o, Oogur: 2015

* Recently extended to ‘generalized symmetries’ and to topological
symmetries (‘Cobordism Conjecture’) MHamara Vaja 2019

: Honterno, Vafa 2020
2) Completeness conjecture:  Potesinctc 2003 4

Particles of all possible charges must exist
(not necessarily light!!)

Shown this is connected to the absence
of topological symmetries.  Evidence in String Theory.

9



3) The Weak Gravity Conjecture

Aloani-thamed, WMo, Ticolis, Vaja 2006;  Ocguni Vaja 2007

WGC for a U(I):

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

Gravity weaker than Coulomb: Fo < Fq —r m < qu

10



Clash with naturality in field theory?

First observation, m? < g* M?
p
charged scalars: pd —_—
Quadratically Loga}rithmically
U(I) with a scalar: Dhewns, @ 2012
A2
2 2 2 712
om (47T)2(ag +b)\)<gMp
92
if ¢/ =0 — A° < (471)° (H) M

Can lower the cut-off arbitrarily ! Address hierarchy problem...

Things are a bit more complex: ¢* — 0 limit is singular !

(Also expected, since as ¢* — () one recovers a global symmetry!!)

11



4) The (sub)lattice WGC

» Simplest WGC is not what seems realised in string theory

Heidenneict, Reece, Rudelins 2016
ndniole et al, 2018

e Sublattice conjecture: for any point in the gauge lattice there is a
superextremal charged particle

* Consistent with ‘completeness conjecture’  * * * * * * °

g° — 0 — A full tower of charged states becomes massless

12



5) Distance Swampland Conjecture

: 2 .
» Towers of massless fields as g© — 0 is an example of a more
general phenomenon:

Moduli space of scalars: as we move In moduli space by
A a tower of states becomes exponentially massless

°
|

m(Q) ~ m(P)e ¢
Ooguré, Vaga 2006

Grim, Palti Yalewsuela 2019
Gendler Valeusucta 2021

The effective field theory becomes inconsistent

 Has been checked in many string theory examples

7-b) Emergent string conjecture: this tower is either a

KK or a string tower
Lee, Lenche, Weigand2019

13



Anti de Sitter De Sitter

Conjectures Conjectures

AdS

Non-SUSY . Trans-Planckian
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6) Non-SUSY AdS conjecture

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

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

Ooguni Vafa 2016

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

* True within known flux string vacua. No counterexample found.

|5



/) AdS Distance Swampland Conjecture

Laust, Paltc. Vafa 2009

* One cannot go smoothly from AdS to Minkowski:

™

Consider family of AdS vacuawith A, . — 0




/) AdS Distance Swampland Conjecture

Lust, Palte, Yaja 2019
* One cannot go smoothly from AdS to Minkowski:

wr

Consider family of AdS vacuawith A, . — 0

! \ \Gmn infinite tower of states with mass scale 717 behave as

m ~ [Ae|— 0

There is good evidence from AdS string vacua

 Also conjectured to be true for dS vacua

(not tested in string theory in which no(?) dS vacua have been found as yet)

S 1 _1
A stronger version states that: @ = 5 (for AdS) <5 (for dS)



8) dS Swampland Conjecture

Any scalar potential V (¢) in a consistent
theory of quantum gravity must obey

VV(p)| > cV(p) orelse..... min(V;V;V(p) < —c V()

| Ocguni, Dalti, Shin Yafa 2018
== NO long-lived dS vacua

Weaker: ‘Asymptotic dS conjecture’: only true at large distance in
moduli space. Well tested in ST

This is conjectured to apply also to AdS:

VV(9)] = c [V(9)

18



9) ‘Festina Lente’'(dS)  %uter. van @it tente 2019

e Suggested by impossing decay through Schwinger pair creation of
Nariai charged extremal dS BH’s.

* Any charged particle must obey

T

Il
(h
1!

(292 V0)1/4 < m |< V2gM,

Fulfilled by the SM:

m ~1072GeV > 262V ~ 107 5GeV Fgptiasiican g
Semperamans amat,& tandem potieturamatay
Nonbcnéaﬁhliqﬁfq,_ AN Wi

 Extremely strong conditions, see later



Some
Applications

To Particle
Physics




|) Constraints on neutrino masses

We seem to live in a dS space with A = (2.4 x 10 %eV)*

However compactifying the SM on a circle of radius R
one may get AdS 3D vacua with i~ Famed. Dallosedin,

~ Weicolio Villadero, 2007
MK = TN,y

1) non-SUSY AdS stable vacua are in the Swampland
2) AdS Distance conjecture

Conjectures forbid these vacua

g

Constraints on SM physics

L. 9. Martin-Lozane Valensuela 2017  E. Gouzalo, L. 7 Yalenguela 021



Below electron threshold :

me/m, ~ 10° : large region of energies with only v, g"¥, v;




Casimir Energy

y




I f lightest neutrino v 1sMajorana :

few light fermionic degrees of freedom(2)

Majorana vy excluded

24



I f lightest neutrino vy is Dirac (4 degrees of freedom
VA

Ty, > (Ac.c. ) L/4

AdS minimum avoided in 3D if m,, < Vcl.(/f




** Neutrinos and have amass: M, < 0.007 eV

Y

** This would give an explanation for the remarkable
1/4
m, ~ V.l

** Bound not far away from cosmological results from CMB and galaxy surveys
(combined with neutrino oscilation data):

my,, < 0.02 eV (95%.1.)

** Majorana neutrinos are allowed if there is e.g. some hidden sector very light
fermions with neutrino-like masses



Quintessence

** In the pressence of a quintessence scalar, the 2-field potential in 3D has no
stable AdS minima and the AdS conjectures cannot be applied directly.

** One may obtain however similar bounds from the ‘refined’ dS conjecture which
states that for large fields, even for negative AdS potentials

, c~1 E. Gougale, L. 7 Valenguela 2021

2.0 [
| meV |
40:‘

1.5

. 1o il
B |
b= | |
0.5 20)
| My, |
0.0 |
: 10_‘
~0.5] | |
10.30 10.35 10.40 10.45 10.50 10.5! 0 04 o000l o010 o100 1
Log,, (R[GeV™1]) c

co = |U'|/|U| ~ 0.6, mg ~ 10~ *2GeV



2) Some ‘Festina Lente’ implications

* Any charged particle in dS must obey Wonterne, van Riet Yentse 2019
Montero, van Riet Yaja Venke 2022

(29> Vo))V* < m

* Improves the c.c. problem by 84 orders of magnitude!:

m4

o < 2962 ~ (MeV)* ~ 107% M

« EW interaction must be in broken phase since

< Hy >= n;e > 0.1 MeV

(&

» Limits inflation strongly: Higgs must have large vevs during
inflation...

* Any non-Abelian theory must be confining or broken !!
(off diagonal generators are charged particles)

28



3)Hierarchy problem and the swampland

Dirac neutrinos(NH):

log|Hy

GeV

(fized Yukawa couplings)

AdS conjectl,élres

1/4
Mneutrino S A /

-12
loglO(A1/4)

=Y, < H>
my, < 4.12 x 107%eV = 1.6A./"

\

< H><16-2




3)Hierarchy problem and the swampland

Dirac neutrinos(NH): my, =Y, < H >
(fized Yukawa couplings) Mo, 5 119 % 10_3€V _ 16A}l/4
AdS conjectl,élres * 1/4
E A4
a < H><1.6
Mneutrino < A4 E YV
log|Ho|
O | —— .;..E.?(.P. ..................... .
; Festina Lente:
GeV Festina Lente m, = Ye < H >
' Melectron > gt/2AM*
A 1/4
< H >> el/2224
-12 10910(A1/4) Ye
c.c. problem improved by many orders of magnitude:
4
m
‘Festina lente’: Ape. € —7 ~ (MeV)* < M;L

g



Additional lower bound on Higgs vev

3D SM Casimir radion potential: AdS vacua develop, due to an excess of
pseudo-Goldstone bosons below Agc p

100-— ‘ e — ™\
: — (H)=0

80:— — (H)=10"%

60! F| (H) =10~

40!

R°V [d.o.f]

20!

-20} _
102 10° 10  0.001Agpcp! 1000 E. Gougalo, L. 9, (2015)
(R™GeV])

AdS vacua dissapear if ‘H| Z AQCD



Swampland conditions strongly constraint the |Ho| — Ac.c.plane

GeV
Mneutrino S A1/4 E
log|Hy|

. Exp.

o e UL
log(Agcp) :
|H| 2 Agcp

-12

loglo(A1/4)

..and suggest a correlation Mgy ~ AM!



4) Towers of states and holography

dS distance conjecture:  Miower S VOO‘M;_%‘ as Vo — 0

Vo
At what scale?
May be derived from holography: Ay < A}f Mg/ ? Castellans, Fevaey, L. 9 (2021)
Natural infrared cut-offs: Arp ~ V7 r=1/2 (dS horizon)

r = 1/4 (scale of potential)

Scale of a (e.g. KK) tower is related to Ay by: My per ~ A?]O‘V a=1/2-1/6

one recovers from holography My .er 5 VO&M;_45‘ with & = 2ra



GeV

0421/4.

e towers L~ V_1/4 m,, '

e towers L ~ Lgs

Apv ~ Ay M2/3




Arp Apy (Va) || Miower | a=1/2 a=1/4 a=1/6
1/2
Ajp =3 || =107% eV | 1072 GeV || Mier | 10720 eV | 10726V | 10-2 GeV
A2 vyt | =102 eV | 10® GeV || Miower | 1072 eV 103 5 GeV | 108 GeV

UV cut-offat Ayy ~ 10° Ge/

& — 1/2 — Miower ~

N A1/4

/

Q= 1/4 — Mtower ~ Vol/SMZ}/Q ~ TeV

—@=— Towers of light states at interesting scales may be present

1

a = — wn particular Mgg ~ m,

2

Castellane, Fevaes, L. (2081)

Wontens Vo Valensucla (2022)

D1 f ferent motivation and Ay compared to LED !

‘Dark Dimension’




c
8 —
w
O
g
=



e
i

<

M.Merian
(1621)



The upside-down universe

Ay =

Y

1/3 2/3
(Arg)Y 32/

* Since both are related, Ayy and A;p are equally fundamental

» So we should perhaps ask instead e.g. why mpg > A}/f ?

« If there is a KK tower beyond the SM with o = 1/4
Mg ~ Vi/* ~ 10712GeV
1/8
My < Mgg ~ Vo/ M;/2 ~ 3 TeV Castellane Fevacs, L. (2021)
My ~ Vol/le]?/S ~ 2.4 x 10%GeV

e Scales derived from the c.c. and not viceversa!!

 Reminiscent of T. Banks 2000 ideas in hep-th/0007146



Conclusions

* Quantum Gravity constraints effective field theories and may
affect SM physics and cosmology in ways not previously foreseen

* We have described several possible phenomenological implications
like

- Bound on lightest neutrino: 1, < Al/* (shouldhave 4 d.o.f,
o e.g. Dirac)

- Hierarchies of EW and c.c. scales very constrained

- The c.c. problem drastically improved (FL):A. . < m?

- Smallness of Ac.c. suggests the possible existence
of towers of light particles in our universe in a range

1072V < Mipwer < 10° GeV

Y



» Some of the Swampland conjectures are on very solid grounds
(global symmetries, completeness, WGC, distance conjecture....)

 Much work is needed to better establish (or not) others like the AdS
and dS conjectures, as well as FL. These are in fact the ones which
have more phenomenological applicability.

* Much work is needed both in the formal and phenomenological sides in
order to progress in understanding how QG affects the EFT’s which are
relevant for the SM and cosmology



Thant gou !/



