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Introduction

* The good: QCD axion solution of strong CP problem
* Most likely candidate for existing in nature
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* The bad: Abbott relaxation of cosmological constant

 Doesn’t work

(Many other nice proposals |
won’t have time to review
here)

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

* The exotic: Self-Organised Localisation
* Requires eternal inflation (with notable exception for CC solution)

* Beyond cosmological solutions
 Exotic UV theories with EFT-violating UV/IR properties?



QCD axion

L D Aé‘cos (%)

* 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 V(D)

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

Pe

LD eM’¢+...4+A,cos (%)

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  aberte etai1608.05715
Graham, Kaplan, Rajendran 1902.06793



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

CosmO‘Oglca ‘ rE‘aXatlon [arXiv:1504.07551]

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

LD (M?+eM@)|h|* + eM>p+ ... + AS7"0" cos (%)
p

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

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

A;—nvn

* Backreaction when < h > ~v stops ¢ evolution e M3
at small electroweak scale v s
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CosmO‘Oglca ‘ re‘axatlon [arXiv:1504.07551]

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

<hS=0

LD ([MQ j|hl2 +-+ +A4 "™ cos (Z)

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

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

4—n..n
* Backreaction when < h > ~v stops ¢ evolution M3 ~ Ap ¢
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+ ... + AS7"0" cos ( e

* Higgs quadratic term scanned by axion-like field

¢ during inflation

* ¢ protected by shift symmetry, explicitly broken

by small parameter €

e Backreaction when(< h > ~vJstops ¢ evolution

at small electroweak scale v

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

b

A4—nvn
eM3 ~ P
Jp




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

COSmO ‘ Oglcal re | axath dominates relaxion, etc.

. . Very small € and natural scanning range lead to super-planckian field
e Assume Higgs mass is naturally | RS EE RS e e I e le[[ /-0

LD (M?+eM@)|h]> + eM?¢p + ... + Ay ™" cos (%) V(@)
p

* 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 e M3 p
at small electroweak scale v f
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Relaxation with particle production

* Generically expect shift-symmetric axion coupling to gauge fields

LD (M?+ eM@)|h]* + eM>p + ... + A, cos <Jib> i 4 QF,, F*
p

* Naturally leads to particle production

. . . . . ) A4
* Enhanced when reaching critical point b+ 3Hb— eM? + av (EB) L TPan (ﬂ) — 0
Hook and Marques-Tavares [1607.01786], TY [1701.09167] 7TfV fp fp
V()
ay 1 o2mév 4 '
~ — H 18
v & &y = 20

But neglects Schwinger effect!

Domcke, Mukaida 1806.08769
qb Domcke, Ema, Mukaida 1910.01205

$C= —M/e
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Relaxation with particle production

* Generically expect shift-symmetric axion coupling to gauge fields

LD (M?+ eM@)|h]* + eM>p + ... + A, cos <¢> OF,, I
fp 47TfV
* Naturally leads to particle production
4
°[Enhanced]when reaching critical point b+ 3Hb— eM? + av (EB) 4 Ay it ( ¢> 0
Hook and Marques-Tavares [1607.01786], TY [1701.09167] WfV fp fp

V()

Qv / o260 74 ]
8%
R v = QW;V¢H

But neglects Schwinger effect!

Heisenberg, Euler (1936)
[0) Schwinger (1951)

$C= —M/e



" Domcke, Mukaida 1806.08769
Schwinger effect — Jome e

* Non-perturbative production of fermions in strong electric and magnetic field
background

elpk .
* Constraint equation for E and B fields: E° + B> — {EB + D Z QiJ " =0

2H
duced i §= i
Induced current suppresses gauge boson production = o fpH
- 0p|Q;|)° EB B Tm;
0 z'de = (6 = th | — - i
¢OpQi/; 6 72 H c0 3 2D elp|Q;|E

e Standard Model fermions must be taken into account
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* Non-perturbative production of fermions in strong electric and magnetic field
background

epE .
» Constraint equation for E and B fields: E° + B* —{EB +[ = Z Qz'Jimd}Z 0

2H
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°[Induced current]suppresses gauge boson production §= o fpH
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¢OpGiJ 6 w2 5 o0 E 2D elp|Q;|E

. [Standard Model fermions}must be taken into account




Domcke, Schmitz, TY 2108.11295

Dark relaxion portal to dark photons

2

* Use the Schwinger effect to our advantage ina _ (€0p]Qi|)° EB B ) <_ Tm; )
efpQiJ,"" = = 7 coth 7 exp OO E

* Minimal “dark relaxion portal”

1 6 1
£o- —A"“’Aiw - X "“’X,’w[ A X, } +omy X, X"

6X,, ’W+Zm/w Oy + 1€Q; Al )1 .

47TfD

* Gauge boson production suppressed by Schwinger effect in unbroken phase

* Schwinger suppression lifted in broken phase by Standard Model fermions gaining mass

* No new source of vev dependence required!
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Dark relaxion portal to dark photons
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* Gauge boson production[suppressed by Schwinger effecﬂ in unbroken phase

* Schwinger suppression lifted in broken phase by Standard Model fermions gaining mass

* No new source of vev dependence required!



Domcke, Schmitz, TY 2108.11295

Dark relaxion portal to dark photons

* Use the Schwinger effect to our advantage 0,0, 7 = € Op|Qil)°

6 72

* Minimal “dark relaxion portal”
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* Gauge boson production suppressed by Schwinger effect in unbroken phase

* Schwinger suppression lifted in broken phase by Standard Model fermions[gaining mass}

* No new source of vev dependence required!



Dark relaxion portal to dark photons

ﬂechanism constraints

&

Sub-dominant energy density
Classic beats quantum

Sufficient kinetic energy in unbroken phase

Local minima

Distance between minima less than weak

scale

Inefficient dissipation in unbroken phase

Efficient dissipation in broken phase
Avoid tuning

Avoid eternal inflation
(Fragmentation)

N

/

ﬂ'\enomenologicalconstraints \

* Supernova

 Stellar cooling

e Reheating temperature

* Dark radiation thermal production

e Dark radiation non-thermal production

\u /




Dark relaxion portal to dark photons

* Benchmark point H M € A, Iy fp/ap

5-1072 GeV | 10° GeV | 1072 | 5-1072 GeV | 10 GeV | 10* GeV

* Parameter space scan fixing M
' -1.5
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Dark relaxion portal to dark photons

* Benchmark point H M € A, Iy fo/ap | Op
5-107Y GeV | 10° GeV | 107% | 5-107% GeV | 10? GeV | 10* GeV | 107

* Parameter space scan fixing M
-1.5

Satisfy mechanism constraints

¢ mechanism

Satisfy phenomenological constraints
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Self-Organised Criticality

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

Rational decision
making

rationality

Prisoner's dilemma (PD)

Bounded G ame
Theory behavior

Iterative PD
n-person PD

Irrational

C ion versus

competition

Time series analysis

ng and Weisenfeld
(1989)

Ordinary differential equations

Iterative maps Phase space

Nonlinear stiiy
Dynamics """

Population dynamics Chaos

Attractors

Multistability Bifurcation

Coupled map
lattices

Homeostasis

Feedbacks  Self-reference

Goal-oriented/
guided behavior

Sense Systems Entropy
making
Theory Autopoiesis

Information theory C°;’;]Z‘;?;lﬁ°"

Systemdynamics

Cybernetics

Complexity
measurement

order parameter

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

control parameter Wikipedia

Evolutionary
game theory

Dissipative

suctures  PAttern
Formation automata

;ame theory

Spatial fractals
Reaction-diffusion systems

Partial differential equations

Cellular

Spatial ecology

Self-replication
Spatial evolutionary biology

Geomorphology

Collective intelligence

Self-organized criticality
mace COllective
iti . based
renstten - Behavior  modeling
Synchronization  an¢ colony optimization

Particle swarm optimization

Percolation

Social dynamics

Herd
mentality

Swarm behavior

Motifs

Scaling

biology

Evolutionary col

Genetic algorith

it Ad apt

Evo-Devo Artificial intelligence

Agent-

Social network analysis

Community identification

Artificial neural networks

ane EVOlUtion &

Evolutionary robotics

Evolvability

Scale-free networks

netwol

Cent

Networks

Small-world

rks

trality

Graph
theory

Robustness/vulnerability

Systems

Dynamical networks

Adaptive networks

mputation

ms/programming

Machine

ation learning ik




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
Giudice, McCullough, TY 2105.08617



Phase Transitions (PT)

* Classical PT: varying background temperature

* Quantum PT: varying background field

(V? = p%)" + Ko

V()lg
v n
4

-
-
........




Fokker-Planck Volume (FPV) equation

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

e /

/

V

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

o [ h O(H*P) V'P OP (4
| SHP = — (0)
00 |82 0o T 3H] 4

- : \af

Classical drift
Q_uan'Fum 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)

¢

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

o[ h OH**P) V'P ) .
) — SHEP = HE
do | 8m? O T 3 2-¢ T 0

L OP
Ot

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



FPV dynamics

* @ is not the inflaton: spectator field scanning parameters

0

* Restrict to EFT field range f ¢ = 7 V =3HIME+ g2 flw(yp) . wip) = %Y

* Assume sub-dominant energy density

* Expand around constant inflationary background H, H(p) ~ Hy (1 + ;ﬁg};?)
* FPV becomes ad?’P  I(wWP) OP
N A ¢ + + .3wP —— i ——
209 0Oy oT
o= 3hH()1 -, fB= if_fz T = = 3H0 _ (:tlBSds S, — 871'2‘\‘[]';’
drtelfe 2 M; g2f2  3¢H, hH?
: T
Quantum Classical drift
diffusion Volume




FPV dynamics

* @ is not the inflaton: spectator field scanning parameters

* Restrict to EFT field range f ¢ = ; V = 3HIME+ g2 f'w(p) . w(p) =Y %y
 Assume sub-dominant energy density .
* Expand around constant inflationary background H|, H(p) ~ Ho (1 + ;ﬁgfg’?
* FPV becomes a0*P  O(wP) opP
2902 Oy oT
3hH? 3¢ f2 t 3Hy B35 8T M
o = ‘liof N —i , I'=— |, tp=— 0 = (1 d Sy = -
472e? f4 2 M2 tp g2f?  3¢H, hH?
8#21\[3

* Maximum number of e-folds for non-eternal inflation: ~..w. < Su. =

hH?




FPV dynamics

* @ is not the inflaton: spectator field scanning parameters

* Restrict to EFT field range f = ; V = 3HIME+ g2 f'w(p) . w(p) =Y %y
 Assume sub-dominant energy density .
* Expand around constant inflationary background H|, H(p) ~ Ho (1 + ;ﬁgfg’?
* FPV becomes a0*P  O(wP) opP
2002 ' Op oT
3hH; S 387t 3H 82 M;
o = _ ; P = == e 'R = —5—= — = ds — .
aeft 0 YT tr " g2f?2 3¢H, s = ThH?
8#21\[3

* Maximum number of e-folds for non-eternal inflation: ~..w. < Su. =

hH?




FPV dynamics

e Stationary FPV distributions P(p,T) = Z eMplp, \)

0"
§p//+w/p/+(w//+/8w_)\)p:()
ShHg ,, 3Ef? { 3H, o35S .
a=E— , f[f=--— , T=— lp = —— = -
42e? f4 2 M2 tr g2f?  3&H,

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

* Note: boundary conditions necessary input for solution

ds —

87T2 .\[]')2
hH?




FPV dynamics R

w(@)

3¢S
2 M2

e

I
=

Il

1.0 4
i C Qv

S q 0.8} :?'

1} f S06} | ;

| | . |

0: ] 0.4 E
A% o5 00 05 10 0.0L& A

@ -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?8 < 1. Peak is a distance 1/(«af) from the top with width

o~1/Vp.

e (Q?V regime: o’ > 1. Peak as close to the top as possible, with a distance compa-
rable to the width o ~ (a/B3)/3.



Junction conditions at phase transitions

: . 120
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* ¢ 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 O [V'P R D . | AP’ 208w’
fim [ d i D) =0 mp --
o /Q & {311 =rr )] ! Ple)  a

€



Junction condltlons at phase tran5|t|ons

om ; ] 1.2 T
I ] Qv
] 1.0}
. J C 1 1
/é'\ L — - ] i~ E l: 5 ‘i
T ] > 0.6f i Qv iflit
-04¢} ] I
: ] 4l |
~06} : 0411 Pl
~08} 5 0.2t P
B LN (IR AR, : i SO A
-1.0 -05 00 0.5 1.0 0057 ~0.5 0.0 0.5 1.0
[0/ @

* ¢ 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 O V/p h O _ AP’ 2AW
-» dd HP)| = - =
11_)11(1) _/(;,p( Qa [ 3H 87T2 ¢ ( )] ! ‘ P(e) @




Junctlon condltlons at phase tran5|t|ons
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* ¢ 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 O V/p h O _ AP’ 2AW
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Junction conditions at phase transitions

1.0} 107%™ Pv(cp)h
/ 0.8
Phase h

s ‘ S 0.6
> * 0.4
. .
oo 0.2} Prl(®) il
. | 0.0
Pe” Pr ®o Pe* e~ er @ e’
@ ®

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

Pu(¢r)=0 AP, = —PF,(¢r) AP, =0



Higgs mass naturalness

Ve, h) = — w(yp)

M4
g2

oM?*h*  A(h) h*
_PM (h) h

2

4

- Unbroken to broken transition not sufficient

- Use broken IR to broken UV phase transition

3,
—,3] 6_5./\? ‘ _3
[ = ' 1) — @~ 4
oun Ve U = € A[

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

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



Higgs mass naturalness

VI

Ve, h) =

]\[4

VI

|

J =

EW Phase

IM\

o M?*h?

A(h) h?
A

2

o
| @VT

4

- Unbroken to broken transition not sufficient

- Use broken IR to broken UV phase transition

—Bre 22 3
IR R Y

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

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



Cosmological constant

* Phase h: hidden vacuum with vanishing Cosmological Constant and superpotential by
supersymmetry and R-symmetry

* Phase v: visible vacuum with broken supersymmetry but SOL localises at critical point with

vanishing CC

>§ 4
\|
one>
P~ QT @c et
¢

* Note: phase v solution must be in C regime with appropriate boundary conditions



Cosmological constant

* Phase h: hidden vacuum with vanishing Cosmological Constant and superpotential by
supersymmetry and R-symmetry

* Phase v: visible vacuum with broken supersymmetry but SOL localises at critical point with
vanishing CC

( / Phase h
. < >
§ |
N
one>
Pe” ®r ®c @e"
@

* Note: phase v solution must be in C regime with appropriate boundary conditions
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Cosmological constant

* Phase h: hidden vacuum with vanishing Cosmological Constant and superpotential by
supersymmetry and R-symmetry

{

* Phase v: visible vacuum with broken supersymmetry but SOL localises at critical point with

|

vanishing CC
)
%

;§ 4
|
&
)= QT @c et
®

* Note: phase v solution must be in C regime with appropriate boundary conditions
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Cosmological constant

* Phase h: hidden vacuum with vanishing Cosmological Constant and superpotential by

supersymmetry and R-symmetry

* Phase v: visible vacuum with broken supersymmetry but @OL localises at critical point}with

vanishing CC

107272 Pu() )

Solution localised at critical
point:

1.01

0.8;

V()
~

$0.6]
@ 0.4f
0.2

1022 (@)

Ph(®)

- : . 0.0
Pe @r Pc Qe Pe

c Pe

&

* Note: phase v solution must be in C regime with appropriate boundary conditions 44



SOL take-home message

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

e SOL suggests our Universe lives at the critical boundary of coexistence of
phases

f‘r‘\
viv lv
V/

* Measure problem: ambiguous choice of time parametrisation (recall 5= —-
* Related to regularisation of infinite reheating surface
* We have not specified the inflaton sector: decoupled from our scalar

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




Exotic UV?

* Cosmological approach may not be the right solution

* Could some exotic UV theory have non-trivial UV/IR relations?

e.g. 1909.01365 Craig & Koren

* UV consistency conditions could constrain IR in surprising ways
* e.g. 5" force detection = Higgs mass upper bound from weak gravity conjecture

1402.2287 Cheung & Remmen

m < q Mp 1709.01790 Lust & Palti

1904.08426 Craig, Garcia Garcia, Koren

* Are there other low-energy measurements that could in principle restrict
Higgs mass spectrum by UV consistency?



Positivity bounds on Wilson coefficients

Energy

E<A

Lyv =7 | Unitarity | | Locality Causality

A2
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Light Higgs restricted by UV positivity

* Higgs coupling to scalar at dimension 10 can contribute to dimension-8 2 = 2 scattering amplitude in
broken phase

2
. e . (V)
e UV unitary, local, causal (Positivity bound): Cs + Cyo A_2 >0
Cg) \Y
5
Positive ~.° Pgsitivity satisfied
v Cg
LU
A C10
&
N Cg
R
v C1o0
Positivity violatéd Positive

Davighi, Melville, TY, in progress

C10
* IR measurement of suppressed cg/c19 = Higgs mass upper bound from UV consistency

» UV theories populating this region of EFT parameter space must have non-trivial UV/IR properties



Conclusion

* Cosmology could still lead to new insights on fundamental problems
* Alternatively, UV could be stranger than anticipated

* Some hints at potential UV/IR relations
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Junction conditions at phase transitions

Phase h
§ 4
N|
o
Qe QT Pc ()3
@

+

1.0;

0.8;
§ 0.6}
Q.

0.4;

0.2

0.0

10723 P,(¢)

- Phase v must be in C regime

- Boundary conditions pick out
diffusionless solution over Gibbs
solution

Pe

N_E-e (e — or)
/)h(“r) — Rp 811 4
T YE — PT
(8] 2
/
A= YIS ERY
(¢E — ¢r)

-Require flux at phase v boundary

or Pc Pe"
@
Wi (‘r:) - 7: \
/Phase Y \
)Py (=1)=0 , 2)P/(1)=—k,,
3) PY(er) = Py (er) 4 Pf'(er) = Py (pr) = kn,
Pi(p, ) = €75 [gf (V) Ai(x) + g7 (V) Bi(z)] ,

14 2aX—-2afyp
= (2a23)%/3

/




Deriving positivity bounds

Residue theorem isolates coefficient of simple pole in Laurent expansion

- R Ll L’l-
. FR) 2 an (22 F. 4 a,(2-2) ra 4 e

me

]‘Cgc—ngz > §-§:—‘.§(%)=b.
c

Analyticity of f(z) allows deformation of the contour in complex plane

/R
|-®4>7~e?: > §%f—.§(%)-—b.

| ,

Use contour integrals to isolate higher-dimension operator contributions to amplitudes

Analyticity of amplitude allows deformation of contour to high energies sensitive to UV properties



Effective field theory (EFT)

* EFT Lagrangian can be written schematically as

Looy Lomy Lo®

L=A+A0? +moO® + OW 1 ._O(')) T A2 A A

A

* 1960s point of view: renormalizability of a finite number of
parameters a key criteria for sensible quantum field theory

* Modern point of view: our quantum field theories are really effective
field theories. Include all operators allowed by symmetries.



Effective field theory (EFT)

* EFT Lagrangian can be written schematically as

[c = A* + A209 + mO® + 0<4>]+ K0“) + —

Y

Non-renormalizable (though renormalizable order-by-order)

* 1960s point of view: renormalizability of a finite number of
parameters a key criteria for sensible quantum field theory

* Modern point of view: our quantum field theories are really effective
field theories. Include all operators allowed by symmetries.



Effective field theory (EFT)

* EFT Lagrangian can be written schematically as

,A T T e
[.C == N N2@) L O\ L) o K(’)(") il VO(()) e F(”)(‘-’ = \—4(9“‘) il }

* 1960s point of view: renormalizability of a finite number of
parameters a key criteria for sensible quantum field theory

* Modern point of view: our quantum field theories are really effective
field theories. Include all operators allowed by symmetries.




We've always been doing EFT...

e ...even before we knew what an EFT was:
* e.g. QED EFT = QED + Euler-Heisenberg + Fermi theory

EFTr — ‘ pv
iaep - EE’XPD/\ALJ_)_ - F’)L_{J_% - ;.:F/-/w;

ngrr;;l)theory " Z‘ Ch) t(— P'E)( y Y-"\_E\) I*= {11,"5,1{,,,%,‘6;,6,..}
) ¢

E:Ii(::nberg ' (F_ + LF ) 923-‘ _F /-‘)t " + ...

(1936) N

* EFT fits to experimental data established V-A structure
e Standard Model is a UV completion of this EFT at higher energies

evong You



Tevong You

We've always been doing EFT...

Wilson coefficients: generated by
“integrating out” UV physics

e ...even before we knew what an EFT was:
* e.g. QED EFT = QED + Euler-Heisenberg + Fermi theory

TFT . — \ pv
iaep - EE’XPD/\A(:}_)_ - F’)L_‘B% - ;.:F/ww;

Flegrgg)theory . E m L( P—X)(S_{ r"\_E) P=>{1L,is,1§,,,x,$;,6,,.}

Euler- ._(;’ _.‘, f" (2') ?‘P
Heisenberg + ...

(1936)

* EFT fits to experimental data established V-A structure
e Standard Model is a UV completion of this EFT at higher energies



Wilson coefficients: UV-IR connection
Energy

zF . —_— [
150 - @D.® -nTw - RLF

E < My

s - = {4,%,%,, Y b5, 6]

) =\ @) VA Ap
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Wilson coefficients: UV-IR connection
Energy

Mh ESM=£m+£g+£h+£y ,

Ly = Qriv*DiQr + qriv*Dffqr + Lyiv* DL Ly + lgin* Dilg
1 1
Le = — BB — ~Wo W™

4 4 H
Ly = (Dy¢)'(D*¢) =V (9) 2 1, )
A+ had A c U T < 9/ +... P
EY = dequqR -+ yuQLd) dr + yLLL¢lR + h.c. , M::) ol ‘;‘_M: 4. .

E < MW 122—: CE"WDMK -mEY - i}:/m_;’f‘v

" 210 = T {4,% %, Y s, 60}
- X% X%

) =\ @) VA Ap
[J‘ %(‘E«f",ﬂ) “ %R,v*' E,t ]4—




Wilson coefficients: UV-IR connection

Energy
A EUV =7
EFT_ Gt L B06) L T om L B ne
My Lsy =Lm~+Ly+Lr+ L, +KO +FO +FO +FO +...

Ly = Qrin*DEQL + qriv*Diiqr + Lriv* DLy + lpiv* Dl
1 v 1 a apy

Lo =~ BuB" — (Wi, W

Ly = (Dy¢)'(D™¢) - V(9)

Ly = yaQrdqy + yuQré°qh + yrLrdlp + he. |

E < MW 122—: gl’err"% -mEY - iFﬂ"Frv

= {iljfrfr:xr}‘;:&w]

~ 2. %(E ne)(Ery)

DY —_— [2% Vv S
. /é; G A RFTRET



Wilson coefficients: UV-IR connection

Energy
A ‘CUV =7
EFT C5 n(5) C6 .~ (6) €7 A7) 8 ~(8)
Mh ESM—Lm‘l‘Eg'l'[fh"'Ly +KO FO +FO == &%

Ly = Qriv*DiQr + qriv*Dffqr + Lyiv* DL Ly + lgin* Dilg
1 v 1 a apv

Lo = —ZBWB“ - ZW‘“’W H

Ly = (Do) (DM¢) —V(9)

Ly = yiQrogh + yuQro°qh + yrLrdlr + h.c. ,

E < MW 122—: CE"WDMK -mEY - i}:/’w_;’f‘v

= {iljfrfr:xrxhérv]

~ 2. %(E ne)(Ery)

" — @ v 2
. /é; G A RFTRET



Wilson coefficients: UV-IR connection

b—>——>—pu" b 1
!
10 >ZM<
‘CU'V :? 5—< < u+ 3 +

Energy

Ly = Qriv*DiQr + qriv*Dffqr + Lyiv* DL Ly + lgin* Dilg
1 14 1 a apy

Lg= _ZB/,WBM - ZWI—WW #

Ly = (D) (D"¢) —V(9)

Ly = yiQroqs + y.Qré‘qs: + yrLrdlr + h.c. ,

FTr  — — .
oo - CIDL - T - 3 ELF

E < My,

= {iljfrfr:xrxhérv]

~ 2. %(E ne)(Ery)

" — @ v 2
) /61{4' (E‘M-"F)l ' g/l\:?]:r“'¥ ,th - o

EFT C5 n(5) C6 .~ (6) €7 A7) 8 ~(8)
ESM—£m+£g+£h+£y +KO FO +FO == &%



Positivity bounds on Wilson coefficients
Energy

’ Cr C, C C
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E<A




Positivity bounds on Wilson coefficients
Energy

E<A

‘ Cs C, C “
Lon = A1+ A20@ £ ;mO® L 0@ 1 S506) L B0n6E) L Tom | Boe) |
IR + +m + + A + A2 + e A40




Positivity bounds on Wilson coefficients

Energy

E<A

b—>—

Lyy =7

S —<—

A2

Lir = A+ A20® +mO® + 0W + 200 1+ £0© 4 L0

A3

€8 1(8)
."

Matching explicit UV
models populates a
subspace of Wilson
coefficient space



Positivity bounds on Wilson coefficients
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Positivity bounds
forbid signs of
Wilson coefficients
assuming only
general principles in
the UV



