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Fundamental interactions

Wilson: A fundamental theory has an UV fixed point

+ Short distance conformality

+ Continuum limit well defined

+ Complete UV fixed point

+ Smaller critical surface dim. = more IR predictiveness

+ Mass operators relevant only for IR

The Standard Model is not a fundamental theory
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SM couplings
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Free versus Safe

Wilson: A fundamental theory has an UV fixed point

Trivial fixed point

+ Non-interacting in the UV

+ Logarithmic scale depend.
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Asymptotic freedom

Interacting fixed point

+ |ntegrating in the UV

+ Power law

Asymptotic safety




Do theory like these exist?

Precise and/or nonperturbative exact results for UV interacting fixed points
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Planar diagrams dominate
Nucleons as solitons

Fermion loops are suppressed

Axial anomaly is suppressed
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Veneziano Limit
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Impossible in Gauge Theories with Fermions alone
Caswell, PRL 1974
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Condensed matter type unification across interactions

First 4D realisation of Wilson and We/nberé 'S safe paradigm
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Safe, naturally

e A theory without a UV cutoff is technically natural with(out) scalars
e No quadratic divergences can emerge because of IR/UV conformality
e Masses still sensitive to new physical thresholds

e New states needed to make the SM safe must be around the TeV corner

Abel, Sannino 1704.00700
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e Jest strong version of the Jack and Osborn a-theorem function

Antipin, Dondi, Sannino, Thomsen,1808.00482
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Safe

—

NAF

Safe QCD

+ Must exist a critical Safe Nf
+ Unsafe region in Nf-Nc

+ Continuous (Walking) transition?

Sannino, ERG 2016, Trieste

Antipin and Sannino, 1709.02354
Pica and Sannino 1011.5917, PRD
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Safe QCD: Conformal Window 2.0
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Mapping fundamental interactions, the history

Maps not only allow us to go from point A to point B but add an extra
dimension to discovery, exploration and insights.

F.S.

Google Earth

Claudius Ptolemy, 1 3th Century world map Thanks to GPS, satellites, computers, smart phones we travel with ease

Ptolemy’s world didn’t recognise the Pacific and American Landmass



Mapping fundamental interactions

Pre 2005

2005

Beyond QCD

Nf Freedom iIs lost
but no clue on what else

-+ 165

Freedom without mass

4+ ~12

Freedom with mass

Free electric

e

Free electric

Confinement and CSB

3 4 5 6 7 8 9 10

N

Orientifold theory dynamics and symmetry breaking
Francesco Sannino, Kimmo Tuominen

Published in Phys.Rev. D71 (2005) 051901



Mapping fundamental interactions

Much known and used diagram | |
2006 for fundamental interactions 2007/ Ploheer|ng | B5M )
Julius Kuti. San Diego attice studies
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Minimal walking on the lattice

Simon Catterall, Francesco Sannino
Phys. Rev. D76 (2007) 034504

Conformal window of SU(N) gauge theories...
Dennis Dietrich, Francesco Sannino

Phys.Rev. D75 (2007) 085018



Mapping fundamental interactions
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Evolution of the coupling constant in SU(2) with adjoint fermions
Ari |. Hietanen, Kari Rummukainen, Kimmo Tuominen.

Phys.Rev. D80 (2009) 094504

Conformal versus confining scenario in SU(2) with adjoint fermions
L. Del Debbio, B. Lucini, A. Patella, C. Pica, and A. Rago
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UV and IR Zeros of Gauge Theories at The Four L
Claudio Pica, Francesco Sannino
Phys.Rev. D83 (201 1) 03501 3. First hints of Asymp

Higher-Loop Corrections to the Infrared Evolutior
Thomas A. Ryttov, Robert Shrock
Phys.Rev. D83 (201 1) 05601 |



Mapping fundamental interactions

Millions of core super hours later. .. 2014 Safety guaranteed
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JHEP 1412 (2014) 178
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Paths to a Safe Standard Model

Large Nf resummation via vector-like fermions
[Mann et al. 1707.02942, Pelaggi et al. 1708.00437]

Safety via dynamical breaking at large Nf and Nc,
[Abel and Sannino 1707.06638]

U(1) is safe within Safe Pati-Salam
[Molinaro, Sannino, Wang, 1807.03669]

Perturbative safety of the SM
[Barducci et al. 1807.05584, Bond et al. 1702.01727 ]

Towards a fundamental safe theory of composite Higgs and Dark Matter
[Cacciapaglia, Vatani, Ma, Wu, 1812.04005]



Proof of principle
for
Safe Standard Model

A complete asymptotically safe embedding of the Standard Model
[Abel, Mglgaard, Sannino, 1812.04850]

See Steve’s (Abel) talk

Tetrad Model
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New coloured states
Light quarks
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Novel fundamental extensions of the SM

Calculable radiative symmetry breaking mechanisms
Cosmological models of inflation

Novel (astro) particle physics phenomena and models
Beyond asymptotic freedom

Below and above 4 space-time dimensions
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Frontier

Conformal window 2.0 on and off the lattice
Novel (super) fundamental theories
Gauge-gravity and gauge-gauge duality
Resurgence studies of large Nf theories
Safe amplitudes

Safe axions
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thank you

"Nothing is invented, for it's written in nature first. Originality consists
of returning to the origin.”

Antoni Gaudf
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Central charges

+ Positivity of coefficients related to the stress-energy trace anomaly

+ ‘a(R) Conformal anomaly of SCFT = U(1)r 't Hooft anomalies
[oroportional to the square of the dual of the Rieman Curvature]

a(R) = 3TrU(1)% — TrU(1) g

P ‘C(R),
[oroportional to the square of the Weyl tensor]

c(R) = 9TrU(1)3, — 5TrU(1) g
® ﬂb(R),
[proportional to the square of the flavor symmetry field strength]

b(R) = TrU (1) g F*
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a-theorem

For any super CFT besides positivity we have, following Cardy

Aa = ayy —arp > 0

| ,
Aa = ayyv—ampR = ——52 il [(3R: — 2)X(3R; — 5)) > 0

ri= dim. of matter rep.

+(-) for asymptotic safety (freedom)

Stronger constraint for asymp. safety, since at least one large R > 5/3
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Can be ruled out via a-theorem  a(R) = 3TrU (1)}, — TrU (1) g

AUV —safe — QIR —safe < 0

| Safe SUSY QCD does not exist

Generalisation to several susy theories using a-maximisation®

Intriligator and Sannino, 1508.07413, JHEP

SUSY GUTs + R charge are challenging

Bajc and Sannino, 1610.09681, JHEP
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Safe SUSY mechanics

To avoid the Intriligator-sannino constraints

+ At least one large R-charge for some of the fields

+» UV-Interacting to IR-Interacting can be achieved with moderate R-

Charges [First non-SUSY example Esbensen-Ryttov-Sannino 1512.04402 |

+ Adding IR/UV relevant operators to modify the flow

Bajc and Sannino, 1610.09681

Bajc, Dondi, Sannino, 1709.07436
Bond, Litim, 1709.06953
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6.12 am.: First apes appear, 28 M years ago
9.1'l p.m.: Humans and chimps diverge, 6 M years ago

| 1.52 p.m.: Anatomically modern human, 200k years ago
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One second before midnight
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