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THIS IS THE CASE FOR ...

The size of the Universe

The mass of all known particles

e



't Is fair to say that we do not understand them at all




In our current theory of Nature we cannot compute them, but we can
estimate them using symmetry (i.e. dimensional analysis)




Estimated size of the Universe
107°° m

Estimated mass of the heaviest particle

107° ke




Size of the observable Universe
2
10°" m
Mass of the heaviest particle

10~2° kg

-



Measurement Estimarte

10°" m 107°° m

107" ke 107 % kg
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The size of the Universe _— Cosmological Constant

The mass of all known particles =—> HIggs boson mass




The size of the Universe _— Cosmological Constant

A =[E*
The mass of all known particles =—> HIggs boson mass
my, = [E*




ALL KNOWN SYMMETRIES OF NATURE




Largest known energy scale

Mpy




ALL KNOWN SYMMETRIES OF NATURE




Measurement Estimarte

10°" m 107°° m

107" ke 107 % kg
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ALL KNOWN SYMMETRIES OF NATURE




Dimensional Analysis

| s B 4 V7
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Dimensional Analysis

Measurement

(Cl -+ Co + ) — 10_120

(&1 —+- Ao —+ ) — 10_34

— !: y






What happens it we simply accept this accidental cancellatione




Ingredient 1: Selection Rules of Symmetries




Selection Rules of Symmetries

A=1D

Implies that A and B transform in the same way under all symmetries
Including broken ones




Ingredient 2: Separation of scales




EFFECTIVE THEORIES IN PARTICLE PHYSICS

RENORMALIZATION SYMMETRIES FROM COARSE GRAINING

(a) " (b) m

PRECISION CALCULATIONS
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AND BEYOND

POST-NEWTONIAN EXPANSIONS
B a o O T LANDAU THEORY OF FERMI LIQUIDS

LARGE SCALE STRUCTURE

125 '.'.::1:;.
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HIggs Mass
Squared

my | H|*

WEAK FORCE, STRUCTURE OF NUCLEI, COMPLEX
CHEMISTRY, ...



SYMMETRY-BASED ESTIMATE
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Symmetry~10 Experiment




Planck

New
Symmetry

mi — O Special

SM

.
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We have been looking
for answers at energies
close to the Higgs mass
for more than 40 years

: Higgs Boson
and we have
not found them

mi, | H|*




't doesn’t work at all for the cosmological constant

A ~ (0.1 meV)*
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https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

]. We tune

2. There 1s no mass scale beyond the SM
[1305.6939]

3. The Higgs mass and the CC are inputs

4. UV/IR Mixing [1209.01365]

5. Swampland on steroids



https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

]. We tune

2. INn 4D you get GR with

gNosts
3. The Higgs mass and the CC are inputs
4. UV/IR Mixing [12092.013635]

5. Swampland on steroids



https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

We tune

INn 4D you get GR with
gNOosts

We don't know any
theory of QG that does it

UV/IR Mixing [1909.01365]

Swampland on steroids



https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

]. We tune

2. INn 4D you get GR with
gNosts

We don't know any
theory of QG that does it

4. Possible, but we don't
have any idea how to
0. write a theory that works



https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

]. We tune

2. INn 4D you get GR with
gNosts
3 We don't know any
| theory of QG that does it
4. Possible, but we don't
have any idea how to
0. write a theory that works
6. There is a landscape
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https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365

A CHANGE OF PERSPEGIVE—__




Causally
Disconnected
Universes with

different values of
the Standard Model
oarameters,
populated by
INnflation



One day it can be
tested
experimentally

Currently our most
concrete
explanation for the
cosmological
constant

It probbably exists
INndependently of
the problem
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Inflation
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Tunneling
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SCANNING

d*zv—G (A +mj |H|?

A17 TN h,

A27 T h

A37 T h
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If you have exponentially many universes, i
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f you have exponentially many universes, |

E, e

to find o

s Not strange
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Caveats on eternal inflation, dS and AdS
vacua:

[Ooguri, Vafa '06], [Garg, Krishnan '18],
[Obied, Ooguri, Spodyneiko, Vafa '18],
[Ooguri, Palti, Shiu, Vata '18]

[Dvali '21],[Dvali, Gomez '13-'14],
[Dvali, Gomez, Zell "17], [Dvali ‘20]

s there a landscapee

1.  Noftf that many e-folds needed to populate o
landscape [RTD, Mangini, Rigo, Wang, '24]

2. Noft every landscape is a multiverse




Symmetry Landscape

s special in the underlying s special just for the
theory of Nature evolution of the universe




HIggs Mass
Squared

my | H|*

WEAK FORCE, STRUCTURE OF NUCLEI, COMPLEX
CHEMISTRY, ...



Historically:

I\/\ul’rlverse '

+An’rhroplc se\ec’no '

Recently:

 New class of -
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GENERAL STRUCTURE i e
= «/i F
SM Landscape

Symmetric Sector

Mq < Mp;




SM Landscape

Symmetric Sector

An event triggered by the

Mq <K Mpy symmetric sector selects
the observed

g,




[Agrawal, Barr, Donoghue, Secke
'97],[Arvanitaki, Dimopoulos,
Gorbenko, Huang, Van Tilburg '16],

Anthropic Selection [Arkani-Hamed, RTD, Kim, *20],
[Giudice, Kehagias, Riotto, '20],

[Dvali, Vilenkin '03], [Dvali '04],

o geo . [Geller, Hochberg, Kuflik,' 18],
Statistical Selection [Giudice, McCullough, You, '21],

[Graham, Rajendran, Kaplan, '15],
[Arkani-Hamed, Cohen, RTD, Kim,
. . Pinner, "16], [Csaki, RTD, Geller,
1 Dyndmlcal Selection Ismail, '20], [Strumia, Teresi, '20],
| [RTD, Teresi, '21],




SM Landscape

Symmetric Sector

ANg < Mp

Sensitive 1o
the

h HIggs Mass
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General QFT question relevant beyond
naturalness:

Does anything change in Nature as we
vary the Higgs mass squarede



Does anything change ‘ﬁ
as we vary the Higgs masse |

LOCAL NON-LOCAL

On-shell N-point

TI’[G /\ G] — Gé functions of massive SM

oarticles
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QCD Theta Angle

' J 5 - | -
% - -
~ /‘-"f\;. ;
~ ! - .
PR 7 -

NEUTRON ELECTRIC
DIPOLE MOMENT

HIiggs Mass Squared

2 0

WEAK FORCE,
STRUCTURE OF
NUCLEI, COMPLEX
CHEMISTRY, ...




QCD Theta Angle Higgs Mass Squared

SYMMETRY-BASED ESTIMATE SYMMETRY-BASED ESTIMATE




QCD Theta Angle Higgs Mass Squared
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SLIDING NATURALNESS

[RTD, Teresi] ‘21 .

~,
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SLIDING NATURALNESS

Landscape of Higgs Masses and theta-angles populated by inflation

—M7? <my < M;
—nm <6<

(h) ~ v
0 <1




SLIDING NATURALNESS

After reheating and a time

teo ~ 1/H(AQCD) ~107° s

All patches where the Higgs vev (h) ~ v

0 <1
Oy —
(h) ~ v <H > =N
0 <1 |soutside of a certain range
(h) ~ v
hmin 5 h S hcrit <1

And theta is large
H < emax (h) ~ v

crunch




CRUNCHING

Negative Cosmological Constant

~ @ Mp » 4

s



(et b

SLIDING NATURALNESS

i

Only universes with the observed value of the weak scale can liv
cosmologically long times. Today the multiverse looks like:

e\ -
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Naa R
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h) > v h) ~ v

0 <1




SLIDING NATURALNESS [RTD, Teresi] ‘21

Addition fo the SM: Two very weakly coupled scalars

D+




A

SLIDING NATURALNESS [RTD, Teresi] ‘21

Approximately decoupled from each other

V:ng_ —|—V¢+ —|—VH¢_ —|—VVH¢Jr

Wt



SLIDING NATURALNESS [RTD, Teresi] ‘21

_ = V¢_ VH¢_

Crunch




SLIDING NATURALNESS [RTD, Teresi] ‘21

Vo =Vy_ +VHe_

(h) > v

Crunch

Wt



SLIDING NATURALNESS [RTD, Teresi] ‘21

Vi=Ve, +Vue,

h) <wv or  f> 1010

Crunch




SLIDING NATURALNESS [RTD, Teresi] ‘21

Vi=Ve, +Vue,

(h) 2 v and 0 <1071

\

N

Crunch

N



SLIDING NATURALNESS [RTD, Teresi] ‘21

F T F,




SM Landscape




HOW DO WE OBSERVE THIS GENERAL IDEA<
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SM Landscape

Symmetric Sector

ANg < Mpy




G ALPS

FF +yLHE® m < v~ 174 GeV

H1H2 m S v~ 174 GeV




WE DO NOT UNDERSTAND AT ALL

The size of the Universe

The mass of all known particles
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Landscape “* local, unitary
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BACKUP
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(GG) = (yu +ya) (h) [2((R)6

Non-triviall

]. U(1)a breaking that can interfere with QCD
INstantons

2. Sensitivity to the Higgs mass (U(1)a breaking and/
or SU(3) running)
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SIMPLE UV COMPLETION [RTD, Teresi] ‘21

Wy = L + pd? + \o°

o~ L/p D~ /A




SIMPLE UV COMPLETION [RTD, Teresi] ‘21

Wy = L + pd? + \o°

Crunch
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Potential V(¢_)
Potential V(¢.)

Field ¢_ Field ¢,
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SLIDING NATURALNESS [RTD, Teresi] ‘21

He

ST _




SLIDING NATURALNESS [RTD, Teresi] ‘21

os (P | P ~
V. = | -0 ) GG
He Sm \ F F
Small Breaking of Shift-Symmetry at low Energy Familiar from QCD
My/Fy <1 Fy < fx

M_/F_ <6 My < mg




A

SLIDING NATURALNESS [RTD, Teresi] ‘21

a5 (o4 O ~
VH¢ — QT F_|_ | il | 0) GG
] 5 _
¢+ | ¢+ ¢—

~ Nyon() | (050 + 55 ) + 0% +--

Wt



SLIDING NATURALNESS [RTD, Teresi] ‘21

Vie =~ e Ayop ((h

b
F

Potential V(¢_)

Field ¢_

N



SLIDING NATURALNESS [RTD, Teresi] ‘21

Vie =~ e Ayop ((h

b
F

(h)=V

(h)<Vv

Potential V(¢_)

Field ¢_

N



SLIDING
NATURALNESS [RTD, Teresi] ‘21

V4 ~ A4
e, ~ Agep((h) p Ot 1 %%
F. F_f

Potential V(¢.)

Field ¢,

N



SLIDING
NATURALNESS [RTD, Teresi] ‘21

V4 ~ A4
e, ~ Agep((h) p Ot 1 %%
F. F_f

(hY=zv, 0«1
(hY<v or 6~1

Potential V(¢.)

Field ¢

Wt
A ) ..‘e



(%o Y

SLIDING NATURALNESS [RTD, Teresi] ‘21

m? A\
o4+
qu:: — T 9 ¢3: A ¢il:
a5 (o4 O ~
VH¢:: o 87'(' F_|_ | F_ | (9 GG

Solve Strong-CP and Hierarchy problem!




SLIDING NATURALNESS

0y angle today

1079

[RTD, Teresi] ‘21

excluded by EDMs

o| S ,
5| & g
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Scalar mass Mg, eV



[RTD, Teresi] ‘21

Classically scale invariant
(or supersymmetric)

I3 Break scale invariaonce
—  but not shift symmetry

M Breaks scale invariance
— and shift symmetry

VCbi =

m A
B ONE ¢2 ¢4

o TE 47+



. A A A A A . A

Vs, = Af cos (%) + A5 cos (]2 | 6’2>

A1 > Ao 1> J2



. A A A A A . A

Vs, = Af cos (%) + A5 cos (]2 | 6’2>

A1 > Ao 1> J2

RUTa




[Arkani-Hamed, RTD, Kim, 20]

Protected by the L2 symmeiry

H{Hy - —H{H>5

H1H2 without Z2 first considered as
‘paleo’-trigger in: [Espinosq,
Grojean,Panico, Pomarol, Pujolas '135],
[Dvali, Vilenkin '01]. Today these models

require two coincidences of scales to be
alive at the LHC.




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

VH1H2 — m%lHl‘Q T mg‘HQ‘Z |

+)\3‘H1‘2‘HQ‘2 —+ )\4|H1H2‘2 —+ (—(H1H2)2 —+ hC)

HyHy (B + As|Hi1|* 4+ A7 |Ha|?)
B,u — )\6,7 = ()




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

m3; ~ Ao < mi = (125 GeV)?




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

For quarks and leptons we choose the phenomenologically
safest Z2 charge assignments

Hy — —Hs, (qu°) — —(qu®), (qd°) — —(qd°), (le°) — —(le)

This gives

Vo = YuqHou® + YyqHld® + Y IH] e




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

mA=16O GeV, V1/V=O.2 mA=16O GeV, V1/V=O.3 mA=16O GeV, V1/V=O.5

LEP H*

40550 100 150 200 250 300 %50 100 150 200 50 300 %50 100 150 200 250 300

my+(GeV) my+(GeV) my+(GeV)

Sharp target for HL-LHC and FCC
which can’'t be decoupled!
(See also the next slide)




|[Arkani-Hamed, RTD, Kim, ’20]

mA=mH+85 GeV

0.6+ , S— 0.6p——

LEP+LHC yy

0.4 0.4 0.4
\& _ \& \&
— 0.3} — 0.3 — 0.3
Y, : Y, Y,
0.2f--mmmmmmeN ot NI 0.2 0.2
0.1 -ssememmeee s 0.1} 0.1
20 40 3]0 80 100 120 20 40 3]0 80 100 120 20 40 3]0 80 100 120

MmMa=mp+=135 GeV

mua=my+=135 GeV Mua=my+=135 GeV

{HLELHC iy

Min[t~>H*b,b-sy] LEP+LHC yy

' L
Min[t->H*b,b->#]s
'

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
ma=mpy+=174 GeV ma=mg+=174 GeV ma=mg+=174 GeV

/ Min[taH*b/es vl

LEPALHC yy

Min[t->#"b,b->sy] i}a

.
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-
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-
lowm=

,,,, B oA

20 40 60 80 100 120
mp(GeV)



