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Asymptotic safety

Why physics beyond the standard model.

@ abundance of parameters
@ origin of flavor physics
@ origin of neutrino physics

Conceptual issues
@ hierarchy problem (naturalness problem, fine-tuning problem)

Auv > Aew (3> Aacp)

@ triviality problem of U(1) and scalar Higgs sector
(“Landau pole singularities”)

Holger Gies Asymptotically safe scenarios in particle physics



Asymptotic safety

Triviality problem.

> QED: perturbation theory predicts its own failure (LANDAU'SS)
10
8
1 1 A N °
- =6In—, L=-5 4
62R e;"\ mgR 672 ,

50 100 150 200 250
> €3 and mg fixed:
= AL ~ mrexp (% eR) ~ 10%72GeV (2 loop)

Landau pole singularity

> lim (A/mg) — oo: = er—0

Triviality
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Asymptotic safety

Triviality problem.
> QED: perturbation theory predicts its 0

“const. physics”

1 1 A N,
s =% In—, fo f

62R en mgR 672

> e2 and mg fixed:
= AL ~ mrexp (% eR) ~ 10%72GeV (2 loop)

(HG,JAECKEL04)

Landau pole singularity

> lim (A/mg) — oo: = er—0
Triviality



Asymptotic safety

Triviality problem ...

— ...scale of maximal UV extension
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o> triviality of the scalar Higgs sector:
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(HAMBYE, RIESSELMANN'97)

— SM Higgs mass bounds from Landau pole position
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Asymptotic safety

Hierarchy problem A >> Agw.

> renormalization of the scalar mass (e.g., Ayy = 10'6GeV)

m2 ~ m3 - sm?
104GeV? ~10%2GeV?
~ivTe ~1032(1+...10*28>GeV2
. . . d 2
> RG viewpoint (9; = k) e o
e.g., Yukawa theory:
\ j
2 2 8n?
m m 1
Ozrs = 2 am t g2
k2h k2h 8 xSB UV stable
)’77,2'
---------- e

Holger Gies Asymptotically safe scenarios in particle physics



Asymptotic safety

.~ Finetuning Problem.

> “coupling”™: g := hg"—; “0 function”: 9;g = B(9)

uk
T — G«
o> critical exponent ©
a9
] 1 1 i -
xSB Ayv

= © ~ measure for the required finetuning
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Asymptotic safety

Renormalizability.

@ IR physics well separated from UV physics

(.. .cutoff A independence)

@ # of physical parameters A < o

(... predictive power)

— realized by perturbative RG ...

— ...and by “Asymptotic Safety”
(WEINBERG'76)

(GELL-MANN, Low’54)
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Asymptotic Safety.
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Asymptotic safety

Asymptotic Safety.

A RG step

°
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“Theory Space”
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Asymptotic safety

Asymptotic Safety.

Fixed Point

°
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“Theory Space”
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Asymptotic safety

Asymptotic Safety.

A
q UV repulsive, “irrelevant”
©<0
= o= UV attractive, “relevant”
\ ©>0
o ®
° >
[
[

“Theory Space”
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Asymptotic safety

Asymptotic Safety.

A critical surface S

°
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“Theory Space”
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Asymptotic safety

Asymptotic Safety.

A A =dimS =#0s>0

°
\/

“Theory Space”
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Asymptotic safety

Asymptotic Safety.

A ) (A independence \/)
g I (# phys. parameters < oo v')
(universality & predictivity v')

°
\/

“Theory Space”
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Asymptotic safety

Asymptotic Safety.

> FP regime:
qﬂ Btg,-:B,f(g/—g*,-)+...
> stability matrix
99
9% o> critical exponents:
'... 51 {©} = spect(-5B/)

“Theory Space”
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Scalar O(N) Theories

Asymptotically Safe Scalars ?

(SYMANZIK '70)
> no non-GauBian FP is know (LUSCHER ET AL’88)
> GauBian FP: asymptotically free ?

> polynomial potentials ?

2 A A A
U =+ At g0 o
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Scalar O(N) Theories

Asymptotically Safe Scalars ?

> functional RG:

(WEGNER&HOUGHTON'73,WETTERICH'93)

1

8trk = E Tr 81Rk(r5(2) + RK)71

1P|
Feff

. oo-dim. Theory space

> gradient expansion

rk[¢]=/x(uk(¢2)+;(au¢)2...)

> scaling variables:

p= gk 2R ulp) = K U()
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Scalar O(N) Theories

Flow in the FP regime.

> linearized flow, GauBBian FP u, = 0: (HALPERN& HUANG '95)
b _ _ K‘[RK] 2
tu(p) = Bu(p), B=—-4+2p0,— 5 (2pap + Na,,)
> critical exponents ©:
—wlymiyGunnsonmmdffmm -

-6 -4 -2 0 2

Holger Gies Asymptotically safe scenarios in particle physics



Scalar O(N) Theories

Flow in the FP regime.

> linearized flow, GauBBian FP u, = 0: (HALPERN& HUANG '95)
b _ _ K‘[RK] 2
tu(p) = Bu(p), B=—-4+2p0,— 5 (2pap + Na,,)
> critical exponents ©:
—slymmiyGommmyGrmmmnffimi -

¢ ¢ v 9 g
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Scalar O(N) Theories

Flow in the FP regime.

> linearized flow, GauBBian FP u, = 0: (HALPERN& HUANG '95)
b _ K‘[Rk] 2
tu(p) = Bu(p), B=—-4+2p0,— 5 (2pﬁp + Na,,)
> critical exponents ©:
—slymmiyGommmyGrmmmnffimi -

¢ ¢ B ¢
> Halpern-Huang potentials with “FP-distance parameter” r

2kr ©—-4 N 2
_ a6t .= _
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Scalar O(N) Theories

Halpern-Huang Potentials.

> Halpern-Huang potentials
2kr ©—-4 N 2
_ -6t e

@ asymptotically free for © > 0 VAREVIRVEREVRN.
@ nonpolynomial for © # (4 — 2n)

u(p>1) ~ p* exp(Bp)
30

@ SSBfor © € (0,2) »s ©=3
e UV — IR: 20
nonperturbative problem! 15 O=1
10
5 /
T : 25 3

Holger Gies Asymptotically safe scenarios in particle physics



Scalar O(N) Theories

Halpern-Huang “Phenomenology”.

(HG'01)

++ from large-N flow

@ small masses are “natural”

4 _(m
N N2

@ hierarchy separation “built in”

0/2

N2 (©-2)/2
|:|n <1 aF 2>:|
mg

_ N
~ 3272

Pmin(K)
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Scalar O(N) Theories

Halpern-Huang “Phenomenology”.

(HG'01)

@ # of physical parameters = # of ©'s>0

A=dmS —
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Fermionic Theories

Asymptotically Safe Fermion Interactions ?

> Nambu—Jona-Lasinio / Gross-Neveu in 3 dimensions, [\] = —1:
- 1. -
Mk :/¢|M+§A(ww)2+...
] p
> dim’less coupling A = k A
O\ =\ — k)2

> UV fixed point \. = 1/x A

> critical exponent © = 1 /

— "xSB"

—asymptotically safe

(GAWEDZKI, KUPIAINEN'85; ROSENSTEIN, WARR, PARK'89; DE CALAN ET AL.'91)
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Fermionic Theories

Towards the standard model ...

> U(1) x SU(N;) gauge symmetry (HG JAEGKEL WETTERICH 04)
+ chiral SU(M)L x SU(M)r flavor symmetry

/1/) (iZy@ + Z19A+ ZEeB)  + —F’“’Fz + éB’”’BW
+% [Af (V=A) + X, (V+A) + X, (S=P) + Ava [2(V=-A)2I+ (1 /Nc)(V—A)]}

> pointlike four-fermion interactions

(V-A) = (7,0)? + (97u159)

(V+A) = () — (rs9)?

(S-P) = (@)% — (P3s9P)? = (PFYP)? — (P@ysyf)?
(V-A)* (D7 T?0)? + (D75 T?0)?
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Fermionic Theories

Fixed-Point Structure.

o> flow structure (&2, g% — 0)

Ot\j = (d — 2))\,‘ + )\kAfd)\/ A

> 2 FPs per A
— 2* =16 FP

>
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Fermionic Theories

# of Physical Parameters.

> # of FP’s with
f relevant directions:

4

)

= 4 FP’s with
only 1 parameter
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Fermionic Theories

Naturalness ?

> FP vector )\, is an eigenvector of the stability matrix (e?, g> — 0):
Bij /\*j = -2 )\*i, @/\* =2< emax

...> SM hierarchy problem
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Fermionic Theories

Naturalness ?

> FP vector )\, is an eigenvector of the stability matrix (e?, g> — 0):
B/X\j = =2\, O =2< Oma

...> SM hierarchy problem

5
Oma
4
> + gauge interactions 3
e.g., U(1) coupling>0 2 —_—
1
— Oy

0 025 05 075 1 125 15
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Fermionic Theories

Conclusions

@ Asymptotic-Safety scenarios offer new routes to old puzzles
@ strong-coupling dynamics can induce UV stability

[ SU@

— shift of critical dimension
e.g., YM in ED (HG'03)

Dy ~5 \ \ B

I
5 10 15

a=g/(4m)

@ more operators # more parameters

@ strongly-coupled Yukawa systems
@ large anomalous momentum dependencies
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Fermionic Theories

Strategies.

safe route to UV

(UV extension)

IR stable deformation

SM universality class

Holger Gies Asymptotically safe scenarios in particle physics



Fermionic Theories

Strategies.

safe route to UV .
UV stable deformation
(UV extension) _
(strong dynamics ?)

IR stable deformation

'

SM universality class
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