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The hierarchy problem

 Until now, there had been

a clear roadmap
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Pre-LHC: high
anticipation of
accompanying BSM
particles expected
to appear together
with the Higgs.
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...but the larger the
separation of scales,
the more unnaturally
fine-tuned the
underlying theory is!

The Higgs’ naturalness
problem is even more
perplexing in the absence
of new physics atthe LHC.
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The hierarchy problem

. . . e.g. 2205.05708 N. Craig - Snowmass review,
Take fine-tuning problems seriously. g R

1307.7879 G. Giudice - Naturalness after LHC
Example 1

1 e?
AE Coulomb — —

471‘80 Te |

(mecz)obs — (mec2)bar6 + AECOulOmb'

Avoiding cancellation between “bare” mass and divergent self-energy in
classical electrodynamics requires new physics around

e?/(dmegmec?®) = 2.8 x 10713 cm
Indeed, the positron and quantum-mechanics appears just before!

)
AE = AEcouiomp + AEpar = —iame& log
Tr

MeCTe
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The hierarchy problem

e.g. 2205.05708 N. Craig - Snowmass review,

Take flne_tunmg prOblemS SerIOUSly' 1307.7879 G. Giudice - Naturalness after LHC
Example 2
. . 3o
Divergence in pion mass: mii —m2, = 4—/&2
Iy

Experimentalvalue is m;+ —m7, ~ (35.5MeV)?,

Expect new physics at A~850 MeV to avoid fine-tuned cancellation.

p meson appears at 775 MeV!
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The hierarchy problem

Take fi . bl . L e.g. 2205.05708 N. Craig - Snowmass review,
ake me'tunmg pro ems Serious y 1307.7879 G. Giudice - Naturalness after LHC

Example 3

Divergence in Kaons mass difference in a theory with only up, down, strange:

1

1672 my fo2 G4 sin” O cos® O x A2

mKE — ng =

Avoiding fine-tuned cancellation requires A < 3 GeV.

Gaillard & Lee in 1974 predicted the charm quark mass!
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The hierarchy problem

Take fi t . bl . L e.g. 2205.05708 N. Craig - Snowmass review,
ake tTine- unlng pro ems Serious y 1307.7879 G. Giudice - Naturalness after LHC

Higgs?

Higgs also has a quadratically divergent contribution to its mass

A2
1672

9 3
(—6@;? +-¢°+ 9" + 6)\)

Am2, =
M 9 T4

Avoiding fine-tuned cancellation requires A < 0(100) GeV??

As A is pushed to the TeV scale by null results, tuning is around 10% - 1%.

Note: in the SM the Higgs mass is a parameter to be measured, not calculated. What the quadratic divergence
represents (independently of the choice of renormalisation scheme) is the fine-tuning in an underlying theory in
which we expect the Higgs mass to be calculable.
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The hierarchy problem

Naturalness from an EFT perspective:

=

)+ SO 0+ 0% 4+

L= A+ A20® + mO® + oW}y ~0

[ 1960s point of view: renormalisability of a finite number of parameters is essential }

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

Symmetries dictate EFT structure and natural expectations for sizes of coefficients



Loy =L+ Lo+ Lo+ Ly

L, = Qrin*DLQL + qriv*Dfiqr + Lriv* DLy, + lgiv" D[l
1 ' 1 a L 1 a ajLv

,CG = _EBLWBM — ZWﬂUW MY — ZG”VG ®

Ly = (Drd) (D™ ¢) — V(¢)

Ly = deLﬁbez + yuQLQf’CQE + yLEL¢ER + h.c. ,

The hierarchy problem

The “Standard Model”

[[.‘, = 1”'14 + ;"LEO{QJ -+ m(’){g] -+ 0{4]]-\' EO(

=

"}—i——i ‘ —,O{gj—l—.

[ 1960s point of view: renormalisability of a finite number of parameters is essential }

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

Symmetries dictate EFT structure and natural expectations for sizes of coefficients
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The hierarchy problem

Naturalness from an EFT perspective:

| ) ) | 1 . 1 ) |
L=A+A0® +mO® +0Y + E("){*’} + A—EO{-” + ﬁ—HO('} + FO{H] +.

1960s point of view: renormalisability of a finite number of parameters is essential

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

(“quantum totalitarian principle”)

Symmetries dictate EFT structure and natural expectations for sizes of coefficients
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The Standard Model Effective Field Theory (SMEFT)

Lsyy =Ly +Ly+Ly+L,y | %o(m + %Om I %@m 4 %O(m + 'j
L - [} [ ]

] ) ] The hierarchy problem

L, = Qrin*DLQyL + qriv*Dfiqr + Lriv* DLy, + liv" D[l

]. v ]- a apy 1 a aly CES a ~a, v ‘ -
EG - _EB,U.VB’U' —_— ZW”UW MY ZGIJ/VG M _98_7TG#UG L L? Strong CP
Ly = (DLg) (D™ ¢) — V() problem

Ly = deLﬁbeQ + yuQL(f’CQE + yLELQﬁiR + h.c. ,

| . 1 . 1 1 1
L=A+A0% + mo® + oW 4 EO{"} + F0*“’*) + FO(” + FO{SJ + .

1960s point of view: renormalisability of a finite number of parameters is essential

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

(“quantum totalitarian principle”)

Symmetries dictate EFT structure and natural expectations for sizes of coefficients
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The hierarchy problem

Naturalness from an EFT perspective: Suppr?ssed!
’ \
= | 1 m A AQ 1‘13 A 4 .

1960s point of view: renormalisability of a finite number of parameters is essential

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

(“quantum totalitarian principle”)

Symmetries dictate EFT structure and natural expectations for sizes of coefficients



The hierarchy problem

Naturalness violation?

|
I |

| ) ) | 1 . 1 ) |
L=A+A0® +mO® +0Y + E("){*’} + A—EO{-” + ﬁ—HO('} + FO{H] +.

1960s point of view: renormalisability of a finite number of parameters is essential

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries

(“quantum totalitarian principle”)

Symmetries dictate EFT structure and natural expectations for sizes of coefficients

Tevong You



Tevong You

Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

Larger distances

Physical theories govern a
huge range of phenomena
across vast scales

Smaller
distances
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Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

Everything does not depend Larger distances

on everything else equally.

(Otherwise, we would need a

Theory of Everything to
calculate anything) Smaller ’

distances
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Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale

Strong / weak
interactions,

Tevong You

£
Planetary
dynamics,
thermodynamics,
fluid dynamics, ...
Chemistry,

atomic physics,
nuclear physics,

In all theories so far, no
contributions from smaller
scales compete with
similar magnitude to
effects on larger scales



Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale
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Unnatural Higgs means the next
layer is no longer predictive
without including contributions
from much smaller scales




Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

[- Indicates an unprecedented breakdown of the effective theory structure of nature J

'3
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Naturalness is still a fundamental problem

* Why is unnatural fine-tuning such a big deal? An intuitive picture:

* Indicates an unprecedented breakdown of the effective theory structure of nature

'3

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale

Unnatural Higgs means the next
layer is no longer predictive
without including contributions
from much smaller scales

[ * Beyond symmetry: could cosmology play a fundamental role in solving naturalness problems? }




Cosmological solutions to naturalness problems

The good: QCD axion solution of strong CP problem

The bad: Abbott relaxation of cosmological constant

The ugly: Cosmological relaxation of weak scale

The exotic: Self-Organised Localisation
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Cosmological solutions to naturalness problems

The good: QCD axion solution of strong CP problem
* Most likely candidate for existing in nature

The bad: Abbott relaxation of cosmological constant
* Doesn’twork

The ugly: Cosmological relaxation of weak scale
* Works, but wouldn’t bet on it yet

The exotic: Self-Organised Localisation
* Measure problem in eternalinflation landscape

T CASTWOUD
LEE VAN CLEEF
ELl WALLACH




QCD axion
L O A*cos (2)
p fp
* Needs no introduction — widely accepted cosmological solution

* First incarnation (Weinberg-Wilczek axion) ruled out = DFSZ / KSVZ
invisible axion

* Has a ‘halo of truth’ to it, but also lack of attractive alternatives

e Still a PQ quality problem: requires additional UV model-building



Abbott model (D)

L. F. Abbott, Phys. Lett. B 150
\ (1985) 427

Po

LD eM’¢+...4+ A, cos (}f)

Vacuum energy relaxed by ¢

Periodic potential barriers suppressed by Hawking temperature

Unsuppressed for small enough vacuum energy density = trapped at small CC

However, ends in cold empty universe

Reheating requires e.g. null energy condition violation  amverte etal 1608.05715

Graham, Kaplan, Rajendran 1902.06793



P. W. Graham, D. E. Kaplan and S. Rajendran,

CosmO‘Oglca | re‘axathn [arXiv:1504.07551]

e Assume Higgs mass is naturally large at cut-off M

LD (M?+eM¢)|h|* + eM’p+ ...+ A" cos (fﬁ)
P

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €

] . Arﬁl—n,vn
e Backreaction when < h > ~v stops ¢ evolution M3~ P

at small electroweak scale v fp
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CosmO‘Oglca | re‘axathn [arXiv:1504.07551]

* Assume Higgs mass is naturally large at cut-off

LD + eMcb)\h\Q +eM3p+ ... + Ai_”v” COS (fﬂ)
P

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €
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e Backreaction when < h > ~v stops ¢ evolution M3 ~ Ap v
at small electroweak scale v —
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CosmO‘Oglca | re‘axathn [arXiv:1504.07551]

e Assume Higgs mass is naturally large at cut-off M

Lo ([M2 @j\h\? +DPg)+ ... + A" cos (fﬁ)

. [Higgs quadratic term}scanned by axion-like field
é during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter

] . A4—nvn
e Backreaction when < h > ~v stops ¢ evolution M3~ P

at small electroweak scale v fp



Cosmological relaxation

e Assume Higgs mass is naturally large at cut-off M

LD (M?+eM¢)|h|* + eM’p+ ...+ A" cos ( ¢

* Higgs quadratic term scanned by axion-like field

¢ during inflation

* ¢ protected by shift symmetry, explicitly broken

by small parameter €

* Backreaction when[< h > ~v}stops ¢ evolution

at small electroweak scale v

P. W. Graham, D. E. Kaplan and S. Rajendran,
[arXiv:1504.07551]

b

A4—n,vn
eM3 ~ P
Jp




Constraints: H < v, classical rolling vs quantum, inflaton energy density

COS mO ‘ Oglca | re ‘ axatl O dominates relaxion, etc.

. _ Very small € and natural scanning range lead to super-planckian field
* Assume Higgs mass is naturally | excursions, exponential e-foldings...

L5 (M + eM@)|hf + €M)+ .. + A" cos (2) V@

Tr

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €

] . A4—n,vn
e Backreaction when < h > ~v stops ¢ evolution M3~ P

at small electroweak scale v fp
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2) Self-organised criticality / vacuum metastability



Critical points

* To be at the critical point of a classical phase transition requires tuning

* Living near criticality is highly non-generic! . o



Higgs potential near criticality?

 2) Higgs mass

| ‘ | -
e . \V

* Tuned close to boundary between ordered and disordered phase



Self-Organised Criticality

* Many systems in nature self-tuned to live near criticality

Social dynamics

Prisoner’s dilemma (PD)

Collective intelligence

Rationaldecision 1. tive PD
making

Herd
Self-organized criticality mentality

prase  COllective At
wansion - Bahavior  modsing

Synchronization  znt ¢olony optimization

n-person PD

Bounded Game )
rationality Irrational

Theory behavior

Cooperationversus  Spatial/network
competition game theory

Particle swarm optimization
Swarm behavior

Evolutionary
game theory

Time series analysis Scale-free networks

Small-world

Ordinary differential equations
networks

Social network analysis

ng and Weisenfeld

( I 9 89) lisrativ maps fihazssrace y Community identification ~ Centrality
et Nonlinear stuiiy Emergence Motifs Graph
“* b . analysis over scale Networks weoy
ynamics Séaling
Chaos Robustness/vulnerability

Population dynamics Systems

biology

Dynamical networks

Multistability Bifurcation

Adaptive networks

Coupled map
lattices

Homeostasis Attificial neural networks

Feedbacks  Self-reference

Evolutionary computation

Goal-oriented/
guided behavior

Sense Systems Entropy
making
Theory Autopoiesis

Genetic algorithms/programming

Artificial EVOIUtion & Machine
life Adaptation learning

Evo-Devo Artificial intelligence

Systemdynamics

Spatial fractals

Cybernetics Reaction-diffusion systems

Computation
theory

Partial differential equations

Information theory

Evolutionary robotics

Dissipative Percolation

swuctures P Attern
“ Cellular
Formation automata

Self-replication

Complexity
measurement

Evolvability

order parameter

Spatial ecology

https://www.quantamagazine.org/to
ward-a-theory-of-self-organized-
criticality-in-the-brain-20140403/

Spatial evolutionary biology

Geomorphology

control parameter



Self-Organised Criticality

* Fundamental self-organised criticality in our universe?

* Need a mechanism for self-organisation of fundamental parameters

e.g. Self-Organized Criticality in eternal inflation landscape: J. Khoury et al 1907.07693,
1912.06706, 2003.12594

* Self-Organised Localisation (SOL):

e cosmological quantum phase transitions localise fluctuating scalar fields during
inflation at critical points



Phase Transitions (PT)

 Classical PT: varying background temperature

* Quantum PT: varying background field

V(s

V = ('?/)2 — ,02)2 + K

=] >

=
........




Fokker-Planck Volume (FPV) equation

* Langevin equation:|classical slow-roll|+|Hubble quantum fluctuations

o(t + At) = o(t) — At + nas(t)

SH

* Volume-averaged Langevin trajectories: FPV for volume distribution P (¢, t)

o [ h O(H*P) V'P opP N
SHP = —— H(o) = \/ 52
0o |82  0¢ i ESH} +3 3M

- : \(%

Quantum Classical drift
) ) Volume term
diffusion term term




Fokker-Planck Volume (FPV) equation

* Langevin equation:|classical slow-roll|+|Hubble quantum fluctuations

o(t + At) = o(t) — At + nas(t)

3H
* Volume-averaged Langevin trajectories: FPV for volume distribution P(¢, t)

o [ h O(H?**P) V'P .
. . HSP = HS
0o | 812 D¢ ey |

0P
Ot

* Ambiguity in choosing time “gauge” dte/dt = (H/Hy)'



FPV dynamics

* ¢ is not the inflaton: apeiron field scanning parameters

e Restrict to EFT field range f ¢ = ? V = 3H2M?2 + 2 f'u(e) . w(yp) = Z Ew
n=1

* Assume sub-dominant energy density

* Expand around constant inflationary background H, H(p) ~ Hy (1 + W

. v 0*P w'P P
FPV becomes gc? N O(w'P)  BwP — or
2 Op? o | OT
3hH, 3617 f 3Hy, «afBS,, ’ 87> M,
o = . = —— b = — Sy = '
a2 DT e R= 022 3¢H, s ThH?
i T
Quantum Classical drift
diffusion Volume




FPV dynamics

* ¢ is not the inflaton: apeiron field scanning parameters

* Restrict to EFT field range f ¢ = % V =BH{ME+ g flwle) . wip) =Y E&J

* Assume sub-dominant energy density

* Expand around constant inflationary background H, H(p) ~ Hy (1 + W)

. v O0?P w'P )P
FPV becomes ﬁ(? N O(w'P) | BwP — or
2002 | Dy oT

3hH} 3¢ )2 t 3H 5S4 8w M?

a = 3 : - ? “:? = Ei ) T = — ) tﬁ’ = [‘] — AP, !S‘{f.'-: p— , !

dr2e? f4 2 M? tr g>f?  3¢H, hH?
8?T2ﬂff§

* Maximum number of e-folds for non-eternal inflation: Newa. < 5. ==




FPV dynamics

* Stationary FPV distributions  P(o,7) =) e p(o, \)
A

%p”+w’p’—!—(w”+ﬁw—/\)p:0

ShH 3¢

3 H 3
o= f==-2_ T 3 aBSq4s

t
— \ — — . Lp = -
gm2e2ft 7 U T M2 th T g2f2 3¢H,

e Largest eigenvalue )\ = )\,.. inflates most
* Eigenvalue determines peak location

* Note: boundary conditions necessary input for solution

S{f s —

87 M
hH?




FPV dynamics

* Stationary FPV distributions  P(o,7) =) e p(o, \) N
I\ Discriminant D>0 for

positive solution:

g p” _|_ w"p" + (w” + /800 — /\) p — 0 #\D:u,-'fz-l—Qr.r(}a—,Bu.:—w”/)

2
3hH} 3Ef? t 3H 3.5 4s 372 M 2
X = 5 2{}4 . i}? — ;—% , I'= — ., tp = 5 ﬂz — (:}'L d g, — 37 Ju(;f;-
d2e? f 2 M; tRr g f 3EH “ds hH?

e Largest eigenvalue )\ = )\,.. inflates most
* Eigenvalue determines peak location

* Note: boundary conditions necessary input for solution



FPV dynamics

* Stationary FPV distributions  P(o,7) =) " p(p, ) - ~
\ Discriminant D>0 for
positive solution:
(@7 ,

S P W (W Bw— N p =0 =m0

3hH} 317 t 3Hy, «afBS,. T2 M

o= ‘ , f=-— |, T=— ., tp= ~ = - q, —
4?1'262.}04 9 ﬂjg tp gffz SfH{) ~ds hH2

e Largest eigenvalue )\ = )\,.. inflates most

€.8. [D:O at Y = 1 ‘ }"IIIHX —

* Eigenvalue determines peak location

* Note: boundary conditions necessary input for solution




FPV dynamics

* Stationary FPV distributions  P(o,7) =) " p(p, ) - ~
\ Discriminant D>0 for
positive solution:
8 f

P W (@ fw = A)p =0 =D

3hH} 317 t 3H, «fBS, w2 M2

o= ‘ , b=-— , T=— ., 1lgp= — = _ P

A72e2 f4 2 M2 tR g2 f?  3&H, ds hH2

e Largest eigenvalue )\ = )\,.. inflates most

€.g8. [D=O at (p == 1 ‘ ')"-max =/

* Eigenvalue determines peak location

Y
202

%p”+w/’/+ W +Bw—=Np=0 mmhp \=pw(p)+w(Q)

* Note: boundary conditions necessary input for solution




FPV dynamics

* Stationary FPV distributions  P(o,7) =) " p(p, ) - ~
\ Discriminant D>0 for
positive solution:
0

S P W (W Bw— N p =0 =m0

3hH} 317 t 3Hy, «afBS,. Q2 M2

o= ‘ , p=-— , T=— ., Ip= — = _ p

A72e2 f4 2 M2 tR g2 f?  3&H, ds hH2

e Largest eigenvalue )\ = )\,.. inflates most

* Eigenvalue determines peak location

O+ (S B-Np=0 mm A= fu(p) + (D) -y —

202

* Note: boundary conditions necessary input for solution




. . _ _3hH}
FPV dynamics e
e Qv
2' .................. ‘ 08 ':: E
- zoe
s | z Q. i
02; |
2% 5 00 05 10 0.0L+ | -
o -1.0 -0.5 0.0 0.5 1.0
®
e ('regime: aff < 1. Peak is located as far down the potential as allowed by boundary
condition.

e QV regime: aff > 1, o?f <« 1. Peak is a distance 1/(«f3) from the top with width

o~ 1/V/p.

o O’V regime: o?f > 1. Peak as close to the top as possible, with a distance compa-
rable to the width o ~ (a/3)'/3.

b o

Iy

~
(]

=

SN



FPV dynamics

Sas
s
=
=
-
Sds £
0O,
ﬁ D
Q
7.
1
No Slow-Roll FP
1 : ;
ds
1 —1/2 1/2
Sis  Sas 1 S48




Junctlon cond|t|ons at phase tran5|t|ons

: . 1.2
04:- 5 Qv
02} ] 1-0'5
L ] C
0.0} ] 0.8}
S -02f s i P
= : 06} aviiffii
 _04f =0 i
-08} 02} ] ‘
qob L N MY
-10 05 00 0.5 1.0 “10 ~05 0.0 0.5 10
@ @

* ¢ triggers 15t order quantum phase transition at ¢,
* Discontinuity in V’ leads to discontinuous P’

* Requiring continuity of FPV across the critical point gives a junction
condition to satisfy

' Pcte ;. VIP h O AP 2AW
ll_l;[(l] /{; d@‘()qﬁ 3H 8’?T2 o (H P)} =0 ‘ P(p.) o«

£



Junction cond|t|ons at phase tran5|t|ons

1.2

Q%V
1.0
e
0.8}
Soalh L
=06 QVE.: ]
0.4}
0.2} .' :
-1.0 -05 0.0 0.5 1.0 "21.0 -05 0.0 0.5 1.0
i} @

* ¢ triggers 15t order quantum phase transition at ¢,
* Discontinuity in V’ leads to discontinuous P’

* Requiring continuity of FPV across the critical point gives a junction
condition to satisfy

pete 9 ViP R0 AP’ 2AwW’
50 /;, Q‘C)@ 3H 8’?T2 Ao ( )} ! ‘ P(p.) &

€




Junctlon cond|t|ons at phase tran5|t|ons

1.2~

04;- Qv
0.2} . 1.o-§ ]
0.0} @ 0.8}
S -02} s P
= : Soe6l aviifli
 _04f T il
-08} 02} ] ‘
S 1] S D EP /M
-10 05 00 0.5 1.0 “10 ~05 0.0 0.5 10
@ ¢

* ¢ triggers 15t order quantum phase transition at ¢,
* Discontinuity in V’ leads to discontinuous P’

* Requiring continuity of FPV across the critical point gives a junction
condition to satisfy

' Pcte ;. VIP h O AP 2AW
ll_l;[(l] /{; d@‘()qﬁ 3H 8’?T2 o (H P)} =0 ‘ P(p.) o«

£




Junction conditions at phase transitions

1.0} 107%"° P (@)
/ 0.8} (
Phase h

5 ‘ §0.6-
< Q 0.4 )
. .
Q\(\"’E’e 0.2l Pn(®) J k
. 0.0 N
Qe QT @c Q" () QT Pc Pe
() P

* Coexistence of branches of different phases, require continuity of
Py, and Py + Py, in FPV at ¢ 7: flux conservation junction conditions

Pyor)=0 AP = —P/(¢7) AP, =0



Junction conc

?“’356\1
Qe fbr @c Q"
()
Solve FPV: 51" +wp/ + (W' +fw = Np=0,  wily) =0

Pulep) =0 pupr) =0. Pr(er)
o) (sle =)
.I”JJ("IJ) _ 7!\}} s111 —
n ;:‘:f'.' — T
Y i
)‘ =5 7
2 (T:'Ii, — Y1 )-

itions at phase trans
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Higgs mass naturalness

Kewp + kop? + ... for p<0 (unbroken EW: (h)=0)
Ve, (h) R 0 e (B —
ﬂ’{il ﬂf?f 2 )\ h h4 M4 Kew® +h-[];~;.a. +... for 0<p<p, (IR phase: (h)=v)
V ( } (P l _|_ ' —Ko + Ky + Kap® + ... for any ¢ (UV phase: (h)=c,wM)
p, h) = w(p) —
5‘9) qﬂ (‘0 2 4 ) B w"(U) o w”((]) o Ak o —)\L_-Vf_if:\_, ) o (:‘f“.,
Ay - Rpw — gf ’ Rg = 295 3 Rip = Ra— Ry Ry = f » Ruy — Rgw — 2
- Unbroken to broken transition not sufficient
Q ] - Use broken IR to broken UV phase transition
g |

V(e)| e =Y

Y+ = M2

- Need lower instability scale A;: ~TeV through
VL fermions

- (Naturalness motivation: scalars and vectors
heavy, only VL fermions at TeV scale)




Higgs mass naturalness

Kewp + kop? + ... for p<0 (unbroken EW: (h)=0)
Ve, (b)) o . i
ﬂ'{4 ﬁfl?} 2 )\ h h4 MY Kew® +h.mgo. +... for 0<p<¢; (IR phase: (h)=v)
V( h) W( ) (’D l e ' —Ko + Ky + Kap® + ... for any ¢ (UV phase: (h)=c,wM)
14 g2 ¥ 2w WO W) Dy
ok Rgw — yf ) Ro = 295 ) Rig — Ko — (AT Ky — f Y Ruy — ﬁ»l-:w_T

- Unbroken to broken transition not sufficient

- Use broken IR to broken UV phase transition

B — B 6_%1\?
Y4+ = ﬂ,er

! ——— %&: V]

\S\] - - Need lower instability scale A;: ~TeV through
Ve ‘ VL fermions

T.
—1 0 § { . - (Naturalness motivation: scalars and vectors

" |
(’0 N \O/*' heavy, only VL fermions at TeV scale)




SOL take-home message

* Scalar fields undergoing quantum fluctuations during inflation can be localised
at the critical points of quantum phase transitions: SOL

phases

32 )

* Measure problem: ambiguous choice of time parametrisation (recall 5= —-

* SOL suggests our Universe lives at the critical boundary of coexistence of }
. . e geo o . 2 *1[1‘)2 )
* Related to regularisation of infinite reheating surface

* We have not specified the inflaton sector: decoupled from our scalar

* SOL prediction is quantitative but dependent on chosen solution of measure
Kproblem: exponential localisation can remain a feature /




Vacuum metastability bound 0m saety e e, T

2108.09315 Khoury, Steingasser.

* Upper bound on Higgs mass landscape from vacuum metastability
* Agnostic about underlying mechanism; predicts light new physics

1 —
Meis = — 3 /8; : € 32 lu“% '
2 K

Vet
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3) Axion-Higgs criticality / future colliders



Axion-Higgs criticality model

2412.03542 Detering, TY

* Vector-like fermions previously used to lower vacuum instability scale
e Axions are also motivated, naturally light candidates for new physics

e Axion coupled to the Higgs can lower the vacuum metastability bound

1 | : 1 f
V(H,S) = —§m?qHZ + i)\Hil +mgf? (1 — COos (?)) — iAf(HZ — v%) cos (? — 5) :



Axion-Higgs criticality model

2412.03542 Detering, TY

* For large decay constant f, axion-Higgs potential simplifies:

1 1 1 1 1
V(H,S) = —§m%H2 + Z)\H4 + §m2552 — EA"SH2 + §A”UQS,

2
crit

2

2
My > Mt

2
mH<m

Veff




Axion-Higgs criticality model

2412.03542 Detering, TY

* Natural parameter space, 10 MeV — 10 GeV, can be entirely covered!

10_4 m%i/mgrit
X
0.20 — 10°
o 10—1
| -2
0.15 10
) 10—3
- 4107*
= 0.10
17 o 10—5
_ jl 10-°
0.05 ! _ 10—7
o 10—8
. e .""_" S || 10_9
0-00 10 20 30 40

MS in GeV MS in MeV
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Future colliders can answer definitive questions

e.g. What is the vacuum instability scale in the SM?

. ‘ ‘ ' ‘ ' ‘ ' ‘ ' ‘ ' Snowmass 2021
0.02 —' Amy, = 20 (Present) Dunsky, Harigaya, Hall
h Amy, Aag(myg) = 20 (Present)
- § ] See also e.g. 2203.17197
0 01 ..... Amh,Aas(mz), amg =20 (Prebent) i Franceschini, Strumia, Wulzer
el Amy,, Aag(my), Am, = 20 (Future) ~
A 0
—0.01 —
—0-02 ‘_ 1 I L1l 1 L 11 ||\| L L1l 1 1 \\\||.||‘.-~h\-.:.\-.\-|-|7---'|'| ll\|\|| | I 111l | T
10° 101° 102 101 10

Uncertainty can be reduced from 0(10°) down to a factor of ~2! Potential implications for BSM.


https://www.snowmass21.org/docs/files/summaries/TF/SNOWMASS21-TF8_TF5-EF3_EF5-NF3_NF0-RF4_RF0-CF1_CF3-012.pdf

Conclusion

* The hierarchy problem is now an even bigger fundamental problem
 Self-organised criticality predicts Higgs mass set by metastability
* Lowered vacuum instability scale predicts accessible new physics

* See recent review of Higgs metastability bound:
* 2503.22787 Detering, Enguita, Gavela, Steingasser, TY
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