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Fundamental theory (up to Gravity)

+ Grand unified theories
+» Safe theories

+ Composite (Goldstone) Higgs
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Standard Model SM + Z

Exp tests of theory via {Cp}



4 Energy

Jop - down 2

MPlanck —— Gravity scale

Dream of a theory of everything

+ String theory
+ Alternative quantum gravity approaches

+ No Lagrangian approaches

/L\/\/eaker predictive power for {Cp} ]
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Wait in the sky

R. Feynman

If it disagrees with experiment, it's wrong.

Wait on Earth Scan the s/<y
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Freedom

Ihe elementary constituents are interaction “free”

Quantum Chromo Dynamics (QCD)

April 2016
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v pp —> tt (NNLO)
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Safety

Ihe elementary constituents have “safe” interactions
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Asymptotic safety guaranteed

Daniel F. Litim® and Francesco Sannino®
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“Better be asymptotically safe than asymptotically sorry”
A. Bond




SM Is Incomplete

+ Dark matter & energy

Iark Energ){

+ Matter over antimatter
Dark Matter
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+ Quantum Gravity
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Fundamental Interactions

Wilson: A fundamental theory has an UV fixed point

* Short distance conformalrty

* Continuum limit well defined

* Complete UV fixed point

* Smaller critical surface dm. = more IR predictiveness

* Mass operators relevant only for IR

The Standard Model is not a fundamental theory



Free versus Safe

Wilson: A fundamental theory has an UV fixed point

Trivial fixed point Interacting fixed point
* Non-interacting in the UV * Integrating In the UV
* Logarithmic scale depend. * Power law
PR 0.4 R
0.3 Asymptotic freedom O.3E Asymptotic safety
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Constructing a safe theory

Precise and/or nonperturbative exact results for UV interacting fixed points



-xact 4

D Interacting UV Fixed

oiNt

Antipin, Gillioz, Mglgaard, Sannino 1303.1525 PRD

Litim and Sannino, 1406.2337, |[HEP

Pelaggi, Sannino, Strumia, Vigiani, 1 701.01453

L=—-F*4+iQv-DQ+vy(Q; HQr + h.c.)+
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Veneziano Limit

Normalised couplings

X :gzNC . :yQNC ahZUNF UN%
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Small parameters

L andau Pole !




Can NL hel
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Impossible in Gauge Theories with Fermions alone
@ =L PRL |9/4




Add Yukawa




NLO - Fixed Points

Gausslan fixed point ooaf

(ag, ay) = (0,0)

Interacting fixed point
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L inearised RG Flow
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Stability Matrix
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Scaling exponents: UV completion

Figen values of M
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NINLO - The scalars

The scalar self-couplings

B, = —(11 + 2¢) ozz + @(Oz + 4 Single trace

B, = 12a; + day, (ar, + day, + va)| Double trace

Only single trace effect on Yukawa

(20e — 93 385 23 2 [ —— m—
A 5<2> = <\ ¢ - ag + (49 + 8¢)ay 0y — (—8 + o€ + %) a,f/ — 1‘{(44—+ 86)ofy
701 53 112 27 1
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Double-trace coupling Is a spectator




NNLO - All direction UV Stable FP

Fixed point
oy = 0.4561€ +0.7808 ¢* 4 3.112¢€> + O(¢*)
ar = 0.2105€ 4 0.5082 €* 4-2.100 € + O(€*)
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Double - trace and stability

- \/20+6\/ﬁ) e + O(e)

* _.
a/vl,vQ o

s the potential stable at FP?

+ Which FP survives!?



Modull

Classical moduli space

V=uTr(H'H)?*+v(Tr H'H)?
Use U(Nf)xU(Nf) symmetry H, = diag(h4, ..., hy;)

Np Np 2
V=u) hi+uv (Zh?) 22> h2 —1)
1=1 1=1

TV vanishes on Hc it will vanish for any multiple of it

Litim, Mojaza, Sannino 1501.0306 | JHEP



Ground state conditions at any Nf

,\ ap, >0 and ap, + a, ‘, H.  0;;
apb <0 and o+ a,/Ngp >0 H, x 6;1
Vo = (4W)2ﬁ£ah + a Jo of + o <0<oaf+ o

Stability for
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UV critical surface

(Irrelevant directions implies UV lower dim. critical

Un
¥ n [ M .
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Phase Diagram
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Separatrix = Line of Physics

Globally defined line connecting two FPs

0.02

By (ay)
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Complete asymptotic safety

Litim and'Sanning, 4862557 =SS

Gauge + fermion + scalars theories can be fund. at any energy scale
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Scalars are needed perturbatively to make the theory fundamental
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Condensed matter type unification across interactions

First 4D realisation of Wilson and Weinberg's safe paradigm




Higgs as shoelace



Large charge IImit



State - operator correspondence

Cardy 84, 88

A on R4+l b A =1y Ega

Ega  Energy of states living on a d-sphere of radius 1y

Reason

Rd+1 is conformally equivalent to R X Sd(l”o)



| arge charge safety

Orlando, Reffert, Sannino 2019
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Safe

NAF

Safe QCD

e Must exist a critical Safe Nf
* Unsafe region in Nf-Nc

* Continuous (VWalking) transition?

Sannino, ERG 2016, Trieste

Antipin and Sannino, 1709.02354
Pica and Sannino |01 1.5917/, PRD



Safe QCD: Conformal Window 2.0

ol S —
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Safe QCD
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Sannino, ERG 2016, Heidelberg
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Antipin and Sannino, 1 709.02354 N,

Palanques-Mestre, Pascual, Commun. Math. Phys. 84
Gracey, PLB, 96, Holdom PLB 201 | Scalars are not needed at large Nf

Pica and Sannino 101 1.5917, PRD



Analytic Coupling Structure of Large Ny (Super) QED and QCD

Nicola Andrea DonNDIY, Gerald V. DUNNEZ, Manuel REICHERTY, and Francesco SANNINOY ¢
2 Physics Department, University of Connecticut, Storrs CT 06269-3046, USA
¥ CP3-Origins € Danish IAS, University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark
© SLAC, National Accelerator Laboratory, Stanford University, Stanford, CA 94025, USA

~ 47 |
Y
o N 5(R) 3l |
A2
8
(1) 14 K“ 15 15
BQED(K)N45W2 111(7—}-{ + g K—>7

Non-abelian gauge theories

0 K2 O(G)
~Y 1 — .« e
BQCD(K) 24 5,(R) n(3—K)-+ , K —=3
S2(R)
np — — —
K, 3 —exp [ 16C2(G) Nf]

30 orders in PT to reproduce the first singularity




N .'.‘i’-’_ -
3 43 1"‘..
: 3
b o . LY AS ~
'S N5 3 \ .‘/-‘J )
- w. v . - Q' E Py
AT : 2T
. Jiguw : ~
e

Kowalgla, Sessolo | /712.06859

, Sannino, Thomsen, Zhi-Wei Wang 1803.09770%

-

Alanne, Blasi | 806.06954

Artist: Kaca Bradonjic
o A , ,‘g'!,' e ,~.‘}“.'.7“;1."-‘ _.'_.'§

Y




Novel avenues

Safe extensions of the Standard Mode
Solving large Nf QFT

Gauge-gravity & gauge-gauge dualrty
Conformal window 2.0
Safe QCD on the lattice
Safe amplitudes

Quantising gravity at large Nf




[ hank you

"All theories are equals but some theories are more equal than others.”

Inspired by George Orwell's “Animal Farm”



Supersymmetric (un)safety

Intriligator and Sannino, 1508.0741 3
Bajc and Sannino, 1610.0968 |

Bajc, Dondi, Sannino, |1 /09.0/436

Exact results beyond perturbation theory



Central charges

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

* A(R) Conformal anomaly of SCFT = U(1)r 't Hooft anomalies

[proportional to the square of the dual of the Rieman Curvature]

a(R) = 3TxU(1)% — TrU(1) g

* <(R)
[proportional to the square of the VWeyl tensor]

c(R) = 9TxU(1)3, — 5TxU(1) g
» 'b(R)’

[proportional to the square of the flavor symmetry field strength]

b(R) = TrU (1) g F*?



a-theorem

For any super CFT besides positivity we have, following Cardy

ACLECLUV—CL[R>O

|
Aa = auy —aiR = *5 Z |74 ] [(3R7; —2)A3R; —5))>0

= dim. of matter rep.

+(-) for asymptotic safety (freedom)

Stronger constraint for asymp. safety, since at least one large R > 5/3



SQCD & related theories are unsafe

Can be ruled out via a-theorem a(R) =3TxU(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, 1508.0/4 13, JHEP

SUSY GUTs + R charge are challenging

Bajc and Sannino, 1610.09681, JHEP



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 [512.04402 ]

® Adding IR/UV relevant operators to modify the flow

Intriligator and Sannino, JHEP 1508.0741 |
Bajc and Sannino, JHEP 1610.0968 |

Bajc, Dondi, Sannino, JHEP 1709.07436
Bond, Litim, PRL1709.06953
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Log(ﬂ/ﬂO) Sannino & Shoemaker; 1412.8034, PRD



Safe QCD

Sannino, |51 1.09022

A
ChSB/Confinement
New coloured states
Light quarks
Higgs mechanism
Top
>
1 GeV ~ TeV Before Planck K
Top partners
Colorons
Pica & Sannino, 101 1.5917 PRD Gluino-like

Unexpected




