Title: Mechanisms of Asymptotic Safety
Date: Nov 05, 2009 03:00 PM

URL: http://pirsa.org/09110042
Abstract:

Pirsa: 09110042 Page 1/69



Mechanisms of Asymptotic Safety

lolger Gies

Friedrich Schiller University Jena

Heisenberg-
Programm

Gravity & Astrid Eichhorn, Michael Scherer arXiv:0907.1828, PRD in press
Exira-Dim YM PRD 68, 085015 (2003)
Fermionic SM & Joerg Jaeckel, Christof Wetierich PRD 69, 105008 (2004)
Conformal VEV & Stefan Rechenberger, Michael Scherer arXiv:0901.2459, 0907.0327

Pirsa: 09110042 Page 2/69



Challenges, Riddles, Problems....
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Challenges, Riddles, Problems . ..

e quantum field theory —— gravity
(non-renormalizability ?)

e ftriviality problems in the SM
(Higgs sector & U(1) gauge)

e hierarchy problems
(gauge hierarchy, cosmological coincidence)

e ~ fine-tuning problems
(Higgs mass, cosmological constant)

e abundance of parameters in the SM
(large mass hierarchies, origin of flavor physics)

- D:4:DF!G,cr
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QFT — Gravity

(GOoBOFE. SAGNOTTI'85'86; vaN DE VEN'32)

> perturbative quantization fails

2100 1 209 1 2 >
50 — - 2880 (16:2 /d4x T ] b s+
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Triviality problem

> QED: perturbation theory predicts its own failure (Lanoaw'ss)

(GELL-MANN, LOW'S54)

A
= 30 In E 3[] — ﬁ

B
¢ &R

> e& and mg fixed:
— AL >~ mgexp (% E'H) ~ 10%72GeV (2 loop)

Landau pole singularity

> lim (A/mg) — ~c: —> eg—0

Triviality
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Triviality problem

—— ...scale of maximal UV extension

> triviality of the scalar Higgs sector:

4l | L1 | | | E | | EEE
109 105 109 10l 10195 10l8
A (GeV)

(HaMBYE, RIESSELMANN'97)

|

SM Higgs mass bounds from Landau pole position
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Hierarchy problem Ayy > Apw

> renormalization of the scalar mass (e.g.. Ayyv = 10'°GeV)

g ~ mp2 — =
\—v—f \—F/ -
“»-10469\‘2 ,\_1{}32(:‘19\‘{2

,\__1032(1____10_35)(3&\;2

> RG viewpoint (9; = k %)

e.g.. Yukawa theory:
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..~ Finetuning Problem

> “coupling™ g := h’;’:z, “3 function™: d;g = 3(9)

m,i
252 >3
> critical exponent ©
Jg
s 1 : 3

—  © ~ measure for the required finetuning

e.g-, cosmological constant near the Gau3ian fixed poini: © — 4
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Abundance of

Parameters
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SM parameters
from
EW precision data

[GFITTER]

SUSY > 100

Strings >
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Spacetime Dimensionality
> (perturbative) QFT:

ri( ‘j.] — Z Ng [r__‘},'] - Z Ny_ r_i( VC,_)

— RG crifical dimension:

D [ 4 (gauge + matter, Yukawa/Higgs)
RG.cr =\ o (gravity, pure fermionic matter)

> (macroscopic) universe:

D=4

“It is not known whether the fact that space time has just four dimensions is a mere coincidence or

Pirsa: (& Reically connected with this property.” (J. Zinn-JusTin, N “QF T AND CRITICAL PHENCOMENA") Page 11/69



“I know of only one promising approach to this problem ...~

(S. WEINBERG, IN “CRITICAL PHENOMENA FOR FIELD THEORISTS™ (1976))
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Asymptotic Safety
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Necessity of Renormalizability

» |R physics well separated from UV physics

(...cutoff A independence)

e # of physical parameters A < ~x ..or countably ~

(. . . predictive power)

—  realized by periurbative RG . ..

— ...and by “Asymptotic Safety”

(WEINBERC 786)
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Necessity of Renormalizability

« |R physics well separated from UV physics

» # of physical parameters A <
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—  realized by perturbative RG . ..
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Necessity of Renormalizability

* |R physics well separated from UV physics

(...cutoff A independence)

e # of physical parameters A < x ...or countably ~

(. . . predictive power)
o
—  realized by perturbative RG ...

— ...and by “Asymptotic Safety”

(WEINBERC 76)
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Asymptotic Safety

g.
I
or
S2
o ©®
® el
o
.. Sy

“Theory Space”™
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Asymptotic Safety

effective action ',

“Theory Space”™
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Asymptotic Safety

RG step

functional RG: (WETTERICH 93)

s — % Tr 9:Be(T + Re) ™

(WILSON'T 1; WEGNER, HOUGHTON'73; POLCHINSKI' 84)

81
“Theory Space”™
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Asymptotic Safety

or
3
. ® -
Fixed Point
&

e ©®

'Y -

° gj

“Theory Space”™
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Asymptotic Safety

9
-
‘H—"-\-\.

repuisive, “irrelevant
= e <0
= .\\ UV atiractive, “relevant”
' ©>0
==
ar
=7

“Theory Space”
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Asymptotic Safety

critical surface S

e “ * : H\
4 @ N

e
—— = \\
e
e \
S

o
2

[ ]
® -
# a
3 =)

“Theory Space”™
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Asymptotic Safety

A=dmS=#9s>0

o
&2

L ]
3 -
L ] a
Y =)

“Theory Space”™
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Asymptotic Safety

(A independence \/)
(# phys. parameters < < V')

(universality & predictivity v')

“Theory Space”
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Asymptotic Safety

> FP regime:

g = Bl (g —g.j) +---

> stability matrix

> critical exponents:

{©} = spect(—BY/)

“Theory Space”™
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Mechanisms of Asymptotic Safety I:
Dimensional Balancing
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Non-Gauf3ian Fixed Points
> coupling g with canonical dimension 6z(D) in
spacetime dimension D:

[9] = 05(D)
> critical RG dimension: LB
lrjsf\'(DFl‘G, o) =0 g

> perturbative 7 function in Drg_grit, €-9-:

Jgaogz—f—

- 1T Dg < 0: theory is asympitotically free (and safe) Page 27169



Non-Gauf3ian Fixed Points

> away from Dgg_or (+ analyticity in D):

b(D)

= k%3(D)

> dimensionless coupling in units of a given scale k

==
9= 15@D)

> RG flow of dimensionless coupling:

d

kag = g = —0g(D)g + bo(D) g°

Pirsa: 09110042 Page 28/69



Non-GaulRian Fixed Points

> RG flow of dimensionless coupling:

d

kg=dg= —s(D)g +bo(D) g
dk -~ i Boiins
dimensional running fluctuation-induced running
— NGFP g. for: sign(dg( D)) = sign(by(D))
—> q. > 0o 05(D).bo(D) < O

B

irsa: 09110042 Page 29/69



Example: Quantum Einstein Gravity

> effective action in Einstein-Hilbert truncation

= 1— D ‘al — \ (REUTER'96)
= 16-G. /d x/g(—R + 2\)

{Dou, PERCACCI'97)

> running dim’less Newton's constant | |
in D= 4: g= szk (Souma’'99)

(LAusScHER. AEUTER'01702)

= 5‘? =3 (HEUTER, SAUERESSIZ 01)
dfg == 29 == 18 92 + 0(93) /\k =0 (NIEDEAMAIER 02)
(Lim’03)

A B (CopELLO, PERCACCI 06)

(CopeLLo,PERCACCI RAHMEDE 07°08)
(MACHADQ, SAUERESSIG'07)

g (BENEDETTI, MACHADO, SAUERESSIG 09)
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Example: Quantum Einstein Gravity

(BeuTER, SAUESESSIG 01)

> larger “theory space™:

H:‘.‘
H.-
RS
H-?
- critical exponents:
R® A g P g ROR + 7 mare (e.g. f(R) truncation)
" C_L;rfprrthJJ""# H“uH””
= Re 61_2 ~24
. 63 ~Fh
> many tests of robustness
e::-S 5 =

e larger truncations
e regulator/gauge dependencies, efc.

Pirsa; 09110042 (CopeLLo, PERCACC!. RAHMEDE 07 '08; MACHADO, SAUERESSPEI@TY69



Example: Quantum Einstein Gravity

> ghost sector:

Olgl) M)|Olgl e~

> gauge fixing and Faddeev-Popov operator (background gauge):

= 1 = T+p-
Ff-‘[g' h] = J.‘IBWGN (Dyhﬂ-b‘ = TDﬁhVV)

1+p

-Mpu = gppggkbk(gpuDu'+ngp) = gpag#ADlgﬂ'U

Pirsa: 09110042 Page 32/69



Example: Quantum Einstein Gravity

> ghost sector:

(Olgl) /Dgn[ﬂ det(—M)| Olg] e

> gauge theories: Gribov problem (GRizov'78)

fi!

[J.PawLowski@ERGO08]

exists also in gravity (Das.Kagy79) -
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Example: Quantum Einstein Gravity

> constrained integration domain to first Gribov horizon Q: (Grimov'78)

Olgl) / Dg 5[F]| det(—M)| O[g] e~°

> Gribov region

Q = {g| Fulg] = 0. —M > 0}

> d€) can dominate at strong coupling
due to entropy [ Dg (ZWANZIGER 04)

> ghost enhancement

. 1
dEt(—_‘L’I)!g—*O —'H—r‘}c

Pirsa: 09110042 Page 34/69




Example: Quantum Einstein Gravity

> first test: ghost-curvature coupling (EGHHORN, GIES, SCHERER'09)
F g — f/d"'x\/?é"ﬁcp
> [(] = 0, power-counting marginal

> RG flow at NGFP (Landau-Dewitt gauge):

e ===

d ( = f(A.)C £ %
~ —1.404¢ E
:e' ! \

_sgt

> ghost-curvature coupling is asympitotically free and RG relevant
... but subject to gauge constraints

— asymptotic safety remains robust

irsa: 09110042 Page 35/69



Pi

IIIII

Example: Extra-dimensional Yang-Mills theory

“To see how this works in practice,
let us consider the theory . .. in five dimensions.” (WENSERG'76)

>D>4:[g] =(4— D)/2:

S— f dPx - Al b A BA OF A
X

pr' pr
> D — 4 = e expansion, dim’less coupling: g° ~ kP—*g° (PESKIN80)
22N
HG® = Bp = (D —4)g° — 13:—...

> UV fixed point:
g% = (247x%/11N)e

foralle...?

: 09110042 Page 36/69



Example: Extra-dimensional Yang-Mills theory

o> naive e expansion:

— nonperturbative problem for ¢ > 1

— mass-dependent RG scheme required for threshold behavior
(CAVE: mass gap)

irsa: 09110042 Page 37/69



Example: Extra-dimensional Yang-Mills theory

> D = 4: Yang-Mills mass gap M

—  threshold behavior for k2 < M

—  freeze-out of couplings in the IR

— IR fixed point expected

> combined evidence for
threshold/decoupling behavior from
* FRG (background gauge)

(REUTER, WETTERICH 97 ;GIES'02) l

» DSE (Landau gauge) =
(V.SMEKAL HAUCK. AL KOFER'S7,.._)
» FRG (Landau gauge)

(PAWEOWSKI ET AL'05,._.)

-0 l@TTICE (Laudau gauge) page 3669

(CuccHERL MENDEZ'OT ... . )



Example: Extra-dimensional Yang-Mills theory
> conjecture from D = 4 IR behavior + D-analyticity: (Gies'03)

existence of D,

D>D
> D
I2(97) A — D=D
X < D,
//{/
—
o= g*/(4x)

—  no asympiotic safety for D > D,

irsa: 09110042 Page 39/69



Example: Extra-dimensional Yang-Mills theory

> functional RG calculation: (GIES'03)

pr' py

gluonic truncation: g :deka(Fz). F? = F2 F?

EG I T I T I - —q] T I I T I T I L I
| SU(Z) ~—eD=: ' S I SU(3) p——— _

4 — s O=747 T — = —a TS T —X
— D=545 = D=51
— 4 £l 7] i — O

- O — g:l _.-{_,-'. - g —s E:‘ _

- D=3 i L

— D=

o==/(4m) cn=g1 4x)

>SSk D~ 5 ... no evidence for D, in gravily (Fiscses. Limw0s)
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Mechanisms of Asymptotic Safety II:

Conversion of Degrees of Freedom
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Example: Fermionic Systems

> for instance, Nambu—Jona-Lasinio / Gross-Neveu in 3 dimensions:

_ P _
B — /dSXt;*Ic? L+ > :\(L"Ei')z Foe > ==
BA
> dim’less coupling \ = k \
A —X—cX
> UV fixed point \. = 1/¢ A
> critical exponent © = 1
s “SB"

— asympitotically safe

(GAWEDZKI, KUPIAINEN'85; HOSENSTEIN, WARR, PARK'89; DE CALAN ET AL'91)
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Example: Fermionic Systems

> for instance, Nambu—Jona-Lasinio / Gross-Neveu in D dimensions:

== 5 E
= /deL'I@ U+ §)\(u*t*)z +..- » Nj=2-—-D
BA
> dim’less coupling \ = k”—2 )
I\ =(D—-2)A—c)?

> UV fixed point A\, = (D —2)/c A

> critical exponent© = 0D — 2

— asympitotically safe for all D?

irsa: 09110042 Page 43/69
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Example: Fermionic Systems

> Towards the standard model ... ? (HG. JASCKEL WETTERICH 04)

> U(1) x SU(N;) gauge symmeitry
+ chiral SU(MN; )L < SU(Ns)r flavor symmetry in D = 4

rk — [ (IZw@+Z1gA+ZBeB) W+ éIC’MJF}: = éB'uyBJU

+% [j\_ (V-A) + Ao (V+A) + A, (S—P) + \va [2(V-A)* 4 (1/ Nc)(V—A)I]

> pointlike four-fermion interactions

(VA) = (7,0) + (rus?)

(V+A) = (d7u¥)® — (Prursv)

(SP) = @V — @y’ = @) — (fwer)
(V-A) — (Ja#TEL)EfT(LWETﬂ)E

09110042 cf. top-quark condensation (Miganski, TABANASHI, YAMAWAK! 89; BARDEEN, HiLL LINDNPE;E84/69



Example: Fermionic Systems

> Fixed-Point Structure (e.g., for &2. g% — 0):
BA

RN — (d == 2);\." i 3 f\\kAF'\i f/\

o
> 2 FPs per A =1 “.. =
2 e ‘15
— 24 = 16 FP | @ © .’. = |
| # e~ @ 10 A S
= ' = = e
B> Ingeneral. £ Frs e - @ 5 _.-'5
S ~{-10
L£~vr M —— .,-‘-' \ : -10 HH"H-._L_H_ 5
of A's T / -
: . "
— new SM UV universality classes? AJ . ks 2
irsa: 09110042
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Example: Fermionic Systems

BUT:

o> conversion

GauBian FP

RG irrelevant

S—2F_D<1

irsa: 09110042

I_int = %Tx / dDX( i‘;—"i'_-')z

BA

Non-Gauf3ian FP

RG relevant

- 6=D—-2>0

—» "SB"
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Example: Fermionic Systems

> [nt can acquire marginal “nonlocal” subcomponenis at the NGFP:

== = = == 1 &y, H? -
r[m—E,\/d X(LL) —# Z[W(L L-)(—p)ﬁ?z__pz(r_t){p}
> Hubbard-Stratonovich transformation: (STRATONOVICH'ST. HUSSARD'SS)
1_(:.)‘\ ](‘ ) = = 1(0 )2_1m2 2+fh_*--*
2Lt_,(p U — o B Vo

irsa: 09110042 Page 47/69



Example: Fermionic Systems

> conversion of DoF: (ZINN-JUSTING?)

{HASENFRATZ HASENFRATZ, JANSEN, KUTT, SHEN'91)

fermionic «* systems = Yukawa systems

LEONR)(F) —  S(06f + gmP &R + e
> D<4:
non-Gaulian FP GauBian Yukawa FP
pert. non-renormalizable pert. super-renormalizable
> D=4:

non-GauBian FP potentially destabilized by triviality of Yukawa & ©*

e.g., for NJL, see (km Kocic Kocut'94)
irsa: 09110042 Page 48/69
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Mechanisms of Asymptotic Safety Ili:

Conformal Vacuum Expectation Values
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Example: Yukawa Systems

> nonperturbative features of the functional RG

1
Kk = 3 Tr AR + Ri)™

large coupling threshold behavior
g>1 eqg.,
(r(E) 0% Rk)—1 1
: p? +(gv)?
\ /
\ 7T e —
irsa; 09110042 \_'.-'I ".J Page 50/69




Example: Yukawa Systems

> standard threshold behavior
B

s

g \;7k

— decoupling of massive modes in the IR for kK — 0

irsa: 09110042 Page 51/69



Example: Yukawa Systems

> If v ~ k: conformal threshold behavior (GIES. SCHERER'09)

‘B

» IR/UV

i

gv/k
— can induce conformal FP behavior in both IR/UV

irsa: 09110042 Page 52/69



Example: Yukawa Systems

> running of VEV in Yukawa systems:

2 2
v v . : .
—= 2 — — fermion fluctuations + boson fluctuations

e ——

irsa: 09110042 Page 53/69



Example: Yukawa Systems

> running of VEV in Yukawa systems:

2 2
v v : . .
é-)fF e T fermion fluctuations + boson fluctuations
s K
> K~ R—V: i

fermionic fluctuations *
domintate .‘I‘e

\ bosonic fluctuations
\ domintate
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Example: Z> invariant Yukawa System

> Zs invariant Yukawa system at NLO derivative expansion

Ik :fd“x (Z;'k (8p0)2 + Uk(p) + Zy ki + iﬁk@u—'r)

> no non-GauBian FP in symmetric regime! (GiEs, SCHERER'09)

> new effective couplings in broken regime. e.g.,

irsa: 09110042 Page 55/69




Example: Z> invariant Yukawa System

> existence of NGFP depends on N;:

2 2 = %)

V V e = Y %
s e | o — ;‘ 1 \‘.\ k
Uiz = - = CND = % )

\ 3
3 L
Y A
\ k™ =
: E
% L . -
H ‘ — = £
fermionic Huctuations | % bosonic fluctuations

domintate

> Conformal-VEV behavior and NGFP for:

Ny < N o, ~0.3

irsa: 09110042

\\ i \, domintate

{GIES. SCHERER'09)
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Example: Z> invariant Yukawa System
> “proof of principle”: fixed-point properties for, e.g.. N = 1/10:

NLO: k*=0.00163, \;=4277. h?=191.22

n,=0.086. 5, —=0565 (<11

> critical exponents:
01 =1619F-0.280i. ©3 = —3.680

o 2 relevant directions

irsa: 09110042 Page 57/69



Example: Z> invariant Yukawa System
> cf. Yukawa system near Gaul3ian FP:

3 physical parameters : V. Migp. Miiggs

> Yukawa system near non-Gaulian FP:

2 physical parameters : V. Migp

—> Miiggs IS @ prediction

irsa: 09110042 Page 58/69



Example: Z> invariant Yukawa System

> typical flow, Nf = 1/10, migp = 20v:

SR e i S ey e e o - B T & & %

> predicted Higgs mass:
!T'.HIQQS — Vv 6.845 e SMGGV
> top quark mass is dynamically bounded from below

finite RG time for crossover

> hierarchy/fine-tuning problem slightly less severe:

irsa: 09110042 Page 59/69
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Example: chiral Yukawa System

> chiral U(NL)L_ U(1 )R Yukawa Syﬁtem: (Gies. AECHENBERGER. SCHERER'09)

== f dx{{(Z w207 + Zaxlmihim) + Zo k(8™ ) (9 67)

+ Uk (6% &%) + hitrd® 8 — ﬁk-u'_f@anrg}.

> N scaling:

2
a—20 . ()} + M

-

> LO derivative expansion: conformal-VEV & NGFP for

1< M <57

: 09110042 Page 60/69



Example: chiral Yukawa System

> fixed-point properties at LO: (GiEs, RECHENBERGER, SCHERER' 09)
20 = -
e e g.m:
Lo: o° -4 4 = -
05 _:' - :g;
ﬂ'ﬂ;) 596 15 2 35 el ° :?,gi -

— only 1 relevant direction = 1 physical parameter

> predictions of top and Higgs mass for Np = 10:

Miop = 9.78v ~ 1422GeV., Mhiggs = 0.97v ~ 239 GeV

> BUT: FP destabilized by massless Goldstone & fermion DoF at NLO

Pirsa: 09110042 Page 61/69
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Conclusion

e several mechanisms of asympiotic safety available

» Dimensional Balancing
o Conversion of Degrees of Freedom
e Conformal Vacuum Expectation Values

e asympitotic safety has to potential to solve

o triviality problems
¢ hierarchy/fine-tuning problems
e issue of abundant parameters

e provides a new/enlarged view on the question why

DFIG.::r —4—0
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Example: Fermionic Systems

> for instance, Nambu—Jona-Lasinio / Gross-Neveu in 3 dimensions:

= e B
[k = /dsx-t-;*l-:? v+ M) +... ., N=-1
BA
> dim’less coupling \ = k \
A —X—cX
> UV fixed point \. = 1/c A
> critical exponent © = 1
s “\SB"

— asympitotically safe

(GAWEDZKI, KUPIAINEN'85; HOSENSTEIN, WARR, PARK'89; DE CALAN ET AL.'91)
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Mechanisms of Asymptotic Safety II:

Conversion of Degrees of Freedom

Pirsa: 09110042



Example: Extra-dimensional Yang-Mills theory
> conjecture from D = 4 IR behavior + D-analyticity: (GiEs'03)

existence of D,

D>D
> D
3,2(9%) \ = D=D
X D < D,
//{/
: =
' a=g*/(4x)

—  no asymptotic safety for D > D,

irsa: 09110042 Page 65/69



Example: Quantum Einstein Gravity

(BEUTER, SAUEDESSIG 01)

> larger “theory space™:

Rl‘.‘
H.-
RS
H-_.*
i B critical exponents:
R Y s i S g ROR + 7 more (e.g. f(R) fruncation)
B2 C_MEJTC'““-*'*’ H“u Ruv
- Re 91_2 ~24
: 63 ~15
> many tests of robustness
9}3 :E —4

e larger truncations
e regulator/gauge dependencies. efc.

Pirsa: 09110042 (CoDELLO, PERCACC!, RAHMEDE 07 08; MACHADO, SAUERESSPajEFY/69



Hierarchy problem Ayy > Agw

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

g ~ mp2 —— S
\—v—/ \_"V"_', - -
%104(39\.(2 ,\_1{}32(39‘\{2

~1032 (1—...10—25)(39\!2

> RG viewpoint (9; = k %)

P
[ wE
SRz )

e.g.. Yukawa theory:

P m?
gl = R T a2
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Triviality problem

— ...scale of maximal UV extension

> triviality of the scalar Higgs secior:

D,"|"|"|="|-":_
109 109 109 101° 1015 1018
A (GeV)

(HaMBYE, RIESSELMANN'97)

—  SM Higgs mass bounds from Landau pole position
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Triviality problem

... scale of maximal UV extension

> triviality of the scalar Higgs sector:
o




