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Abstract: <span>Effective field

theory techniques allow reliable quantum calculationsin general relativity at
low energy. After areview of these techniques, | will discuss the attempts to
define the gravitational corrections to running gauge couplings and to the
couplings of gravity itself. | will also describe an attempt to understand the
relation between the effective field theory and Asymptotic Safety in the region
where they overlap.<br>

<br></span>
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The effective field theory of general relativity,
running couplings, and Asymptotic Safety

1) Some motivations

2)GR asan EFT

3) Gravitational corrections to gauge coupling running?

4) Can we define a good running G in the perturbative region?

5) AS to one loop matching to EFT

Overall goal: Understanding how gravity works in the perturbative regime
Does gravity lead to well-defined corrections to running couplings?

v) John Donoghue

M . . dar at g avr 9] 2
“Running” work with M. Anber (Toronto) Perimeter, May 9, 2013
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A motivation for the gravity and running couplings:

- . “VIE W - TR . week ending
PRL 96. 231601 (2006) PHYSICAL REVIEW LETTERS 16 JUNE 2006

Gravitational Correction to Running of Gauge Couplings

Sean P. Robinson™ and Frank Wilczek
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,

Cambridee, Massachusetts 02139, USA
(Received 30 March 2006; published 15 June 2006)

We calculate the contribution of graviton exchange to the running of gauge couplings at lowest
nontrivial order in perturbation theory. Including this contribution in a theory that features coupling
constant unification does not upset this unification, but rather shifts the unification scale. When
extrapolated formally, the gravitational correction renders all gauge couplings asymptotically free
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A hint of asymptotic freedom for all couplings

when the energy approaches the Planck scale, and soon
after that one loses the right to neglect higher-order gravi-
ton exchanges. Though neglect of additional corrections is
not justified beyond E << My, il is entertaining to consider
some consequences of extrapolating Eq. (2) as it stands to
these energies, taking into account ag << 0. The integral on
the right-hand side converges as E — oo, and so Eq. (20)
arises as an asymptotic relation. Thus, the effective cou-
pling vanishes rapidly beyond the Planck scale, rendering

the gauge sector approximaltely free at these energies. In
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A Rough History:

Prehistory: Fradkin, Vilkovisky, Tseytlin, Diennes, Kiritsis, Kounnas...

Claims that couplings do run:

Start of “modern era”:
- analysis using cutoff regularization

S. P. Robinson and F. Wilezek, “Gravitational correction to running
contributions to quantum electro

Lett, 96, 231601 (2006) [arXiv:hep D. J. Toms, “Quantum gravitational

1
dynamics,” Nature 468, 56-59 (2010), [arXiv:1010.0793 [hep-th

of gauge couplings,” Phys. Rev

th /0509050
H. -J. He, X. -F. Wang, Z. -Z. Xianyu, “Gauge-Invariant Quantum Gray
via Vilkoviskv-DeWitt Method and

ity Corrections to Gauge Couplings
aXiv: 1008, 1839 hep-th

Claims that couplings do not run i Cimasons b Socaw Chip
-analysisin dimensional regularization Y. Tang, Y. -L. Wu, “Quantum Gravitational Contributions to Gauge
Field Theories
arXiv:1012,0626 (hep-ph

S. Folkerts, D. F. Litim, J. M. Pawlowski, “Asymptotic freedom of Yang

. Mills theory with gravity,” [arXiv:1101.5552 [hep-th
| { O8, OGS . . -
Claims that running couplings do not work

D.J 1 Q - ‘hys. R
D T6 04 \ S M) M. M. Anber, J. F. Donoghue, M. El-Houssis i ing couplings a

1 WMLOr mixin n tiw ItAational corrections Lo « ||i|:| I constant
I \. | A ; Phys. | D83 0 arXiv:101 p-th

o I | N. E. Mavromato On the Interpretation of Gravitational
. . ti to G I X | h

Agreement

D. J. Toms, “Quadratic divergences and quantum grav-
itational contributions to gauge coupling constants,”
Phys. Rev. D 84, 084016 (2011).
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What is going on?

1) Dim-reg vs cutoff regularization — why the difference?

2) Running with (Energy)?
- dimensional coupling constant

3) Why don’t other similar effective field theories use running couplings?

4) Application in physical processes
- does the running coupling work?
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Also motivation from gravity itself:

Many attempts to define a running G(E):
- some are pretty clearly wrong
- some are more sophisticated

Asymptotic safety:

Hypothesis of UV fixed point

L A 9 . Pa
(T(.\.(:.(','./),,) = _-a(T(_]'(;/IH'('r' _)
e M H

Dimensionless running couplings— running to UV fixed point

\ \ * -‘-r ~ 2 :l ~ ~
A— AT, G=6Gu* -G, ¢—c

i

Goal is to make gravity UV finite — G is weaker at high energies

Weinberg
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AS is now a developing subfield: Reuter,
- various truncations, methods Percacci,.....
- Euclidean “Exact Functional Renormalization Group™

— - o) N - . (1'\
G =Gp” T G G(p) = :
I GG, ") 1 + aGyp?

Running occurs even in the perturbative regime:

For example, Cosmological Constant

rd L Reuter - CC ~ density of water
oA mmmemm T when at atomic scale!
0.2p=---~ .

%04 0.6 .08 -1 v=t/mh
- 2Fp=====m——T - - . .
| SRR L L Applications — cosmology
N Pt L i.e. Entropy generation

| T from variable CC. (Reuter)

FIG. 3. Solution (4.5) to the naive flow equation for different

initial values A(¥) and G(0) =1

Can we see indications of AS in Lorentzian perturbation theory?
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General Relativity as a quantum Effective Field Theory

We do have a quantum theory of GR at ordinary energies
[t has the form of an Effective Field Theory

Rigorous well-established procedure

EFT falls apart beyond Planck scale

Well-defined calculations at ordinary energy

A lot of portentous drivel has been written about the quantum theory of gravity, so I'd
like to begin by making a fundamental observation about it that tends to be
obfuscated. There is a perfectly well-defined quantum theory of gravity that agrees
accurately with all available experimental data.

Frank Wilczek

Physics Today

August 2002
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Key Steps
1) High energy effects are local (when viewed at low E)
Example = W exchange

} => local 4 Fermi interaction

Even loops
=> local mass counterterm

17’ o z‘;
Low energy particles propagate long distances:
Photon:

]
E +— Not local | :
«“Evenin loops— cuts, imag. parts....

* ¥

Result: High energy effectsin local Lagrangian

= g,L, + g,L,+ g,L; +

Evenif you don’t know the true effect, you know that itis local
-use most general local Lagrangian

Page 14/105



Pirsa: 13050003

Key Steps
1) High energy effects are local (when viewed at low E)
Example = W exchange

} => local 4 Fermi interaction

Even loops
=> local mass counterterm
& e r
Low energy particles propagate long distances:
Photon:

]
E +— Not local | :
«“Evenin loops— cuts, imag. parts....

* ¥

Result: High energy effectsin local Lagrangian

= gL, + g,L,+ g,L; +

Evenif you don’t know the true effect, you know that itis local
-use most general local Lagrangian

Page 15/105



Pirsa: 13050003

Key Steps
1) High energy effects are local (when viewed at low E)
Example = W exchange

} => local 4 Fermi interaction

Even loops
=> local mass counterterm
S o 2.
Low energy particles propagate long distances:
Photon:

1
E +— Not local Vo~ 3
_,'-.-.--- q k

““Evenin loops - cuts, imag. parts....

* ¥

Result: High energy effectsin local Lagrangian

= g,L, + g,L,+ g,L; +

Evenif you don’t know the true effect, you know that itis local
-use most general local Lagrangian

Page 16/105



Pirsa: 13050003

Key Steps
1) High energy effects are local (when viewed at low E)
Example = W exchange

} => local 4 Fermi interaction

Even loops
=> local mass counterterm
S o 2.
Low energy particles propagate long distances:
Photon:

|
E +— Not local V ~ .
«“Evenin loops— cuts, imag. parts....

* ¥

Result: High energy effectsin local Lagrangian

= g,L,+ g,L,+ g,L; +

Evenif you don’t know the true effect, you know that itis local
-use most general local Lagrangian

Page 17/105



Pirsa: 13050003

General Procedure

1) Identify Lagrangian
-- most general (given symmetries)
-- order by energy expansion

2) Calculate and renormalize
-- start with lowest order
-- renormalize parameters

3) Phenomenology
-- measure parameters
-- residual relations are predictions

Note: Two differences from textbook renormalizable field theory:

1) norestrictionto renormalizable terms only
2) energy expansion
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Weinberg

Gravity as an effective theory o

Both General Relativity and Quantum Mechanics known and tested over
common range of scales

Is there an incompatibility at those scales ?
Or are problems only at uncharted high energies?

Need to study GR with a careful consideration of scales
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Parameters

, TS | 2 2 , 1
,"3,'”.'”. / (/ J'\J!J _l/ \ ' *Ill) |' (& l])- + r':l)}j,’,/)’fif |. .
. 1 f!‘_ J
1) A = cosmological constant
Mp = 1.22 x 10" GeV

A= (1.2+£0.4) x 10~ 12371}

-this 1s observable only on cosmological scales
-neglect for rest of talk
-interesting aspects

2) Newton’s constant

R- = :_).T( n.
3) Curvature —squared terms c,, c,
- studied by Stelle

- modify gravity at very small scales 1,00 < 107
-essentially unconstrained by experiment
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Quantization

“Easy” to quantize gravity:

-Covariant quantization Feynman deWitt
-gauge fixing
-ghosts fields

-Background field method  ‘t Hooft Veltman
-retains symmetries of GR
-path integral

Ow = Guvt f"/)w,
Background field: Sy ,,-Jj,f\'/,'\" Lo

Expand around this background:

, 2R . (2
.“\_“_“ / 4[1! Y L ‘I__' 3 L‘J] ] L‘;L
" h, :
L, g R - 2R
1 :
L .:" / _,h..f" Y h, ! h h
R || W Ilh W) 4 (2h)hyy = hhy,) B
) . . . fonw | i w* o
Linear term vanishes by Einstein Eq. e =T
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Gauge fixing:
-harmonic gauge

Ghost fields:

) '_ ¥ )
L‘rffﬂuxf \ _ff!/

\ ) 1
e = Rt}

et Ny

vector fields
anticommuting,
in loops only

9

S~
S
P

Interesting note:
Feynman introduced
ghost fields in GR
before F-Pin YM
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Renormalization

One loop calculation: ‘t Hooft and Veltman

Zlp, J) = TrinD

Divergences are local:

[ Ly Tp

(1) I
ALy L 120 20)

N7

v | L —d
Y/ ¢ (
f

(TR

Renormalize parameters in general action:

L r) l

C v
OO0 T=¢
(r) l
. f"_’ + 9 9
- 1607 =¢

Note: Two loop calculation known in pure gravity

. 200 I
AL\ v — gl

28380(167w2)2 ¢

» O 3 T
L

) ]

Order (} s1x derivatves

dim. reg.
preserves
symmetry

Pure gravity
“one loop finite”]
since Ry, =0

Goroff and Sagnotti
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Renormalization

One loop calculation: ‘t Hooft and Veltman

Zlo,J ['rinl)

Divergences are local:

AL‘-JuII L L[I)_I } ‘—/I’m« I"m} ¢ l {/

|
1120 20)

(r) l

S P ———
OG0T =¢
.|.f'] Co + T -
- - 1G0T =¢

Note: Two loop calculation known in pure gravity

P 209 I e
_AL,_ v .‘;‘Il

28380(167w2)2 ¢

>y ) 3 T
L

) ]

Order (}’ s1x derivatves

dim. reg.
preserves
symmetry

Pure gravity
“one loop finite”]
since R, =0

Goroff and Sagnotti
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What are the quantum predictions?

Not the divergences
- they come from the Planck scale
- unreliable part of theory

Not the parameters
- local terms 1n L
- we would have to measure them

Amp ~ q: In( —q:) ’ \/—q’

Low energy propagation
- not the same as terms in the Lagrangian
- most always non-analytic dependence in momentum space
- can’t be Taylor expanded — can’t be part of a local Lagrangian
- long distance in coordinate space
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Corrections to Newtonian Potential JFD 1994

Here discuss scattering
potential of two heavy
masses.

ST 2m)4 W (p - p")(M(q))
(2m)8(E — E"{(fIV(q)li

Potential found using from

. I I " d3 ) i
Vix) / ’. e“V* M(q)

q i {¢ 3
2my 2mo | (2m)

Classical potential has been well studied

JFD. Holstein,
Bjerrum-Bohr 2002
Khriplovich and Kirilin
Other references later

Iwasaki
Gupta-Radford
Hiida-Okamura
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Parameter free and divergence free

Recall: divergences like local Lagrangian ~R?

Also unknown parameters in local Lagrangian ~c,.c,

But this generates only “short distance term”

Note: R? has 4 derivatives R* ~ ¢*
Then:
Treating R? as perturbation R?

. " | [ "
Vige ~ G*Mm  — q — ~ const. — G=Mmo’(x)

4 q-

Local lagrangian gives only short range terms
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What to expect:

General cxXpansion. . G M G(M +m) G h o
Vir) e ( — 4 b—=— | + cG"Mmod*(r)
I rc* rec?
yd / *\
\
. . Quantum '
Classical expansion - Short
expansion
parameter parameter range
il d
Relation to momentum space:
/' g qr ] |
J (2m)8 : [ql= P
" diyg iar 1 |
/ (27)3 ' q 2n2p2
[t cnrmy -
' G\ , , , . e B
Momentum space Vig™) ’m [] Fa' G(M +m ')\ q* + 0UGhg” In(—q°) + 'C :'r/“J
. . f’f'
amplitudes: / ,n
Classical quantum short
/ P range
Non-analytic analytic
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The calculation:
L S

Lowest order: (rny) W (ma2)
;\'I J'\':l

4

ko \ 4 ka ko k4
) (my) MC\, (ma) (my) bﬂ%m:.]

Vertex corrections: key j « k4 ka
i/ \

i )

- S oA
Vacuum polarization: (my) (ma) my) bae o (ma)
(Duff1974) ke A A ey kA Y8
» = 4
A..'_l\ | SSAS | (!‘.'-l ’ A-"Z hﬁ__ A-"
Box and crossed box (rmy) ! ' (m2) ) Ry (72)
ky erd o A-.Il \\A-;,
rd ~
N A N/
ko ka i
N (NH)@(HM) (rmy) }f”r_:)
Others: Ky ’4 \‘m Rl ‘\\
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The calculation:
L S

Lowest order: (rny) W (1m2)
;\'I J'\':l

ko \ 4 ke ko ke
) (my) MC:, (ma) (my) bﬂ‘m,]

Vertex corrections: key j « ky f ks
i/ A

'] )

- ok S
Vacuum polarization: (m1) (ma) my) bas ond (ma)
(Duff 1974) ko A A ks ' A
» «
A’.:I\W(A'.,t ) "-',’-' ﬁ_— ;‘--1
Box and crossed box (-;:a ) ! ' (-”;-.T,) .r’:_vlu) ' _.Q%' (m-‘_»)
1 h ub‘ 3 I( \
” ~

> O ka

T A . }/
1y o (g ) (my)
Others: - :‘@{}" ™

ks _
’ \ " ky ’ .
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

" 2 .T'Ilmi o) D o
"'!'n-u-'.wh{’]] ...Z(r_lH]iH-_J (—“—-I‘— | :I"'_'.ff_)
\q 3
(20 ]

J& y i
M3y 4+5(a)(9) 7 GTmymalog ¢~

Sum diagrams:

) Ghmymeo G(my + mo) 11 G h
Vr) L2 11+ 3 ' z -
" r 107 r=
L 4
- 4
Gives precession \
of Mercury, etc Quantum
(Twasaki ; correction

Gupta + Radford)
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

" 9 = (my + m2) D 9
Msay4500)(4) 2G°mymy | ——=—— + 7 logq"
lq 3

(0

DL y )
My 450a)(9) 7 GTmymzlog ¢°

Sum diagrams:

. Gimymes G(my + mo) 11 Gh
V(r) 2 11+3 ' = 5
r r 107 r=
.4 »
\
Gives precession \
of Mercury, etc Quantum
(Iwasaki ; correction

Gupta + Radford)
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Comments

1) Both classical and quantum emerge from a one loop calculation!
- classical first done by Gupta and Radford (1980)

I ) Unmeasurably small correction:
- best perturbation theory known(!)

3) Quantum loop well behaved - no conflict of GR and QM

4) Other calculations
(Radikowski, Duff, JFD; Muzinich and Vokos; Hamber and Liu;
Akhundov, Bellucci, and Sheikh ; Khriplovich and Kirilin )
-other potentials or mistakes

5) Why not understood 30 years ago?
- power of effective field theory reasoning
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

. 2 .T'IHH! Fmo) D o
'1{_|\|i|-.uhi’{] '..’(.'m]m-_:(————-:‘— s :I"'—'-'f_)
| o

12 4
Gomyms log g

M yanian (@)

i

59
‘)
)
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\
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“Breaking news” — finished last night
Loops without loops - dispersive techniques:

-on-shell cutinvolves gravitational Compton amplitude
\133:?:1 : ? ,

N {-t with l-} Z >< .\/ Y
?3 ?»" = + 4 +

l ' "/52‘ v \fT al3.~0
Pql s, t) , / e M v (P -k, P1—q.q "/1’)-\/1;; s, */-'-!":; (. k "*"[)[:,w. :‘[’\n_-n

On-shell gravity amplitudes are squares of gauge theory amplitudes — consistency check

Reproduce usual result

o GMm G(M +m) i1 Gh
Vir) | + 3

r reé 107 réc?

VERY strong check on loop calculation
Working on full modern helicity formalism calculation (with E. Bjerrum-Bohr and P. Vanhove)
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Loops without loops - dispersive techniques:

-on-shell cutinvolves gravitational Compton amplitude
! 14 :
with
ERE AL A X VY
s i = + 4 +

- l ' "/(.2!, “,,_\,7 3. ~0 ) )
l”q‘( S. f) : / I_ _\/I \ (I)] . **I.', !‘” *'f/, l}' ”/1'}_\/[“ (/3';. ”/l'. jf:; { f{. /\I ""'[)[};r"n i[ N~

On-shell gravity amplitudes are squares of gauge theory amplitudes — consistency check

Reproduce usual result

) GMm G(M +m) i1 Gh
Vi(r) 1 4+ 3

r re? 107 r2ed
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Graviton —graviton scattering

Fundamental quantum gravity process

Lowest order amplitude:

» 3 Cooke;

."h'r'

Behrends Gastmans
Grisaru et al

One loop:
Incredibly difficult using field theory
Dunbar and Norridge —string based methods! (just tool, not full string theory)

.P.i
1 7l S ———
l . M) ‘||‘.'{‘ ¢ . ]
‘\ Lexy ;iw loop
x* I | el
:‘ ud 1 stu
A I v
’ ' In u In( —t In 8 | f 7
- _’ — —
\ ( t su fu ) ( )
. Int—~u)In(—s Ini —£)In §) Ind ) Ind x)‘
) st fu s | ‘
lien
t I t w)(2t + w2t u — tu tu ut'y 4 t
’ (_ _} (|'I| - )
[ u
(f — w) (3012 1 160083y 5662 L 1600 u? b 1wt t
. 1 -
Wis u
12200 4 014383 + 146220262 + 014380 + 19220t
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Graviton —graviton scattering

Fundamental quantum gravity process

Lowest order amplitude:

y 8 Cooke:
i K°s
_tree - Behrends Gastmans
tu iy
Grisaru et al

One loop:
Incredibly difficult using field theory
Dunbar and Norridge —string based methods! (just tool, not full string theory)

f.i
l‘ v J—{ t [ J
WIT N
:\ il _] iW fowng
x3 (I I'(1
it Il (1 -2 ) o
’ Y Il —u In{ —t In( — s | t 7
‘_( { su tu ) _’(T _)

I(ln- u)In(—=s In(=t)In{—s) Ind ) Inid \)‘
. tu s | ‘

st

t u t (2t u) (2¢4 Wi t*u® ‘Hu® 'ty . ,
f (= =) - (= v %)
( — w) (3 1 16008y 1 25668262 1 1609t + 3 1ut t
0] I\:
12011 O3 1162205 u? Vit 1022ut |

|~||-,I
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Graviton —graviton scattering

Fundamental quantum gravity process

Lowest order amplitude:

» 3 Cooke;

‘fﬁrr

Behrends Gastmans
Grisaru et al

One loop:
Incredibly difficult using field theory
Dunbar and Norridge —string based methods! (just tool, not full string theory)

A
1 loop,
{ g1 )
. 1t toon
, b | | el
{1 loop | stu
I8 11
> Il —u In{ —t In( — s | t 7
H ) (2
\ t u tu e
, In{—u)In(—=s In(=¢t)In{—s) Ind ) Inid \)‘
; st tu ts ; I
lier
t u t (2t u) (2t Wi tu* ‘u® ut) . ,
[ u
(¢ — w) (31EY 1 160085y 566E3u? | 16009t + 3 1ut | t
; 1) -
Wis u
2208 4 014368 + 146220362 + 01438 4 19220

|~||\,I
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Infrared safe: S
The 1/€ 1s from infrared

-soft graviton radiation

-made finite in usual way

1/€ -> In(1/resolution) (gives scale to loops)

-cross section finite

dor do do v
ase/ ... e rad L1 S—" o

xigh K*s | t t tu t u
| — | In=—1In ._f( —)

2048722 u? | G = = 25

t t 7 u , - _\_‘_"l,l‘..fh""l'\‘s',-
( In I ) Min(27) : In —; :
s s s s \2 0 O (vy)

* finite

Beautiful result:
-low energy theorem of quantum gravity
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Integrated curvature qualitatively explains IR issues:
- curvature builds up between horizon and spatial infinity
- singularities due to evolution of any curvature to
long enough distance

But how do we treat thisin EFT?

Maybe singularities can be treated as gravitational sources
- excise a region around the singularity
- include a coupling to the boundary
- analogy Skyrmions in ChPTh

Butdistant horizons?
- perhaps non-perturbatively small??
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Apparent conflict between EFT and gravity contribution
to running couplings:

Gravitational corrections modify different operator
- at higher order in energy expansion
- R? rather than R

But certainly logically possible
renormalize at higher energy scale E
Amp; = a.g*> + b,g°k*q’
= uhu:(l + %K“EJ) + b.g°k*(g* — E?)
i

= a;g*(E) + b,g*(E)x*(q* — E°),
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R+W

Result,—ALl this point the Gaussian integrals over the
quantum fields in Eq. (10) are formally defined, but the
resulting functional determinants contain ultraviolet diver-
gences. We subtract them at a reference energy E,. We find
the one-loop effective action at energy scale E is

2

. 1 | K 3 ) )
Senlg, a] ~ — < ,‘!1‘[—. T — -(E- — E})
., g g @nm)r

h" 'L‘-‘ a aab )
t s In—5 |F5, F*, (18)
4m)> E;]
where b, depends on the gauge and matter content inde-
pendently of whether gravitation is included in the calcu-
lation. Taking E differentially close to E,, we read off the
one-loop B function

by - \
B(g, E) 58— 35 8E”. (19)
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Conditions for success:
1) Definition 1s useful
- like @ (g%) sums up a set of radiative corrections
2) Definition 1s universal
- like a; (¢%) comes from the universal renormalization of a,

We will find two big obstructions

1) The crossing problem — kinematic
q* does not have a definite sign - renormalize at ¢~ = +E or ¢* = —E*.
- occurs differently in different processes — with different signs
- since really higher order operator
Amp; = a;g*> + b8’ k*¢*
2) The universality problem M.(I
- by/a; highly process dependent
- no definition works for other process
-since really not renormalization of original operator

& aon . B A .
+ —K l) + bg Kk (g E<)

a;

ul‘_u'(l‘.l + ]11'\"”‘.“\"“[‘ E?),

My claim: No definition is useful and universal (in perturbative regime)
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Conditions for success:
1) Definition 1s useful
- like @, (g%) sums up a set of radiative corrections
2) Definition 1s universal
- like a; (¢%) comes from the universal renormalization of a,

We will find two big obstructions

1) The crossing problem — kinematic
q* does not have a definite sign - renormalize at ¢° = +E or ¢* = —E*.
- occurs differently in different processes — with different signs
- since really higher order operator
Amp; = a;g*> + b8’ k*¢*
2) The universality problem M.(I
- by/a; highly process dependent
- no definition works for other process
-since really not renormalization of original operator

b, , . Ba A .
+ —K l) + big k(g E<)

a;

a,g*(E) + b,g*(E)*(g* — E?),

My claim: No definition is useful and universal (in perturbative regime)
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Standard EFT practice and Renormalization Group

— . U = expli—)
Closest analogy 1s chiral perturbation theory: PR

- also carries dimensionful coupling and similar energy expansion

L = PTr(0,Uo*UN+6,[Tr(0,U*UN 2 +6Tr(0,Ud,U) Tr(d* U Uty +......
- renormalization and general behavior is analogous to GR

1 r - rdy 19 r y v , » ré |
AL =t |[Tr(DU DU + 2T1(D,UD,UY) Tr(D*UD*UY)

RGE: (Weinberg 1979, Colangelo, Buchler, Bijnens et al, M. Polyakov et al)

- Physics 1s independent of scale u in dim. reg
- One loop — 1/ € goes into renormalizaton of ¢
- comes along with specified In ¢ and In g* dependence

- Even better at two loops
- two loops (hard) gives q*/e* terms — correlated with q* In? q? /u?

- cancelled by one loop (easy) calculation using ¢,
-RGE fixes leading (q* In g*)* behavior
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Direct calculation

____________________________

Vertex (fermions on shell) found to be:

M [ ) ) 9 1
L = U | ~vH r!tq']f H"q"““ (7}

with

2y _ l |] - i ll 27,2
alq”) = agp ! T 5 n ,.—_J—_J n(—q-/ )
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Physical process:

FIG. 4: Tree diagram for the on-shell scattering processes
III\H'\HIL’, fermion. The filled circle denotes the set of vertex
renormalization diagrams

Overall matrix element:

] ) ) ) ) 1 ]
M e Y +e‘alq”) R gy | u = uyu+ h.c. 4 couy" uury,u
A -
’: ] ) ) | ]
uy"u uy,u - ("i"f” e“apk” In( q- ;i'])
q- Think of the Lamb shift

Describes the two reactions:

q- S | t‘lll"/. 4 [ y f ! ;
O forf+f—=f+f

Renormalization of higher order operator:

, 1l 1, A
Cqy = Co — Qo -+ =Indr — =
- - P . -}
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Lamb shift analogy:

- Corrections to vertex diagram gives q? dependentterms

InfluencesS states only

- Not counted as a running coupling
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Similar in the modification of photon properties

¢ v<

7773 Y

Photon propagator correction:

= cx4gt . . ‘ "y .
= ok Like Cho = —kd, FP PR,

Again looks like contact interaction:

l

M = uy'u — |e® + e“enq” - WY, u + cyuy uuy,u
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Can this be packaged as a running coupling?

Propose:

]

A(M?) =e? 1+ f«.h-'-'.u'-'}

Is the amplitude equal to?

. e*(M?) )
.\I ' . uy ’i'_lfr - |;_\I
L ’.lr J ) 4!‘ )] [.III’ t ,’ y l" 1 ’
1 L U~ i ’— o ‘[ ,J,\I () tll]""lr_‘lr"'.’
Lq° { }
Recall
M i le“~" 4 f’rfl:;'lh’q““] U — uy,u 4 h.c. 4 coty" utiy, u
L ;I-
FJ 7 ) ) ) )
uy"u uy,u - =} (r'.[ﬂ) e“agk” Inf q- jt"!)
{q- T

You can make the definitionwork for either process but not for both

- No universal definition

Pirsa: 13050003 Page 56/105



Can this be packaged as a running coupling?

Propose:

]

A(M?) =e? 1 + h(.h-'-'.u'-’}

Is the amplitude equal to?

. e*(M?)
'\I P 4 uwy i ”-,. I - | _\I‘
L o J ) i“‘ () [.III’ + | y [ 4 f
2 290 2212 _
[ (7, U T o M ) 0 forf+f—=f+]
Ul q-
Recall
[ 2 4 " N2 2 ] l .
M u|e“y" + e“alq” )k g™ J U — uy,u 4 h.c. + cxity! WUy, U
L ;{-
i !-' T ) ) ) ] )
uy"u uy,u - 4 (r'J(}f) e“agk” In(—q° jl'l)

r!“
You can make the definitionwork for either process but not for both

- No universal definition
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Other forms of non-universality:

Other processes have other divergences and other operators:

e D G

Lowest order:

L"f-w f;f'. f"“‘

i

Different higher order operatoris relevant
Lh.o = c3A" Yy, 0%
Calculation of the vertex corrections:
V=i [ev* + !’U":)" h_:P:.;,l " e

Different value for the correction (verified in Yukawa case)

f:u;“‘l - - HH["‘]
Different correctionto matrix element
) [ ) ] y | 1 ’ ’
M €€, (H"' L+ b0((qg+p1)°)8“(q +p1)°| Yu + h.c. + cyuy” (¢ + p, )Y ‘-J,u)
L J q + P.
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Other forms of non-universality:

Other processes have other divergences and other operators:

e S G

Lowest order:

L"f” f"f" f"l”

i

Different higher order operatoris relevant
Ch, = C3. 'IJ""_;;""""
Calculation of the vertex corrections:
V = @ [ev* + b(p?) h‘l"f*""“} u o

Different value for the correction (verified in Yukawa case)

Mr!"l - - ith/“ll
Different correctionto matrix element
y [ ) ) y | 1 5 ,
M C7€ €, (H“' ‘l F0((qg +p1)° )R (g + py )| +7 Y'u + h.c. + cauy” (¢ + p, ) "-“H)
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Standard EFT practice and Renormalization Group

L . U = expli—2)
Closest analogy 1s chiral perturbation theory: PR

- also carries dimensionful coupling and similar energy expansion

L = PTr(0,Uo"UN+6,[Tr(0,U*UN 2 +6Tr(0,Ud,U) Tr(d* U Uty +.....
- renormalization and general behavior is analogous to GR

1 r ’ 441D - v - » ré |
AL = T [Tr(D,UD"UY? + 2Tr(D,UD,U") Tr(D*UD U')

RGE: (Weinberg 1979, Colangelo, Buchler, Bijnens et al, M. Polyakov et al)

- Physics 1s independent of scale u in dim. reg
- One loop — 1/ € goes into renormalizaton of ¢
- comes along with specified In ¢ and In g* dependence

- Even better at two loops
- two loops (hard) gives q*/e* terms — correlated with q* In? q? /u?

- cancelled by one loop (easy) calculation using ¢,
-RGE fixes leading (q* In g*)* behavior
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This has been explored in depth:

FABLE I: Table of I =0 LI

For our purposes:

- Lowest order operator does not run

- Higher order operator gets renormalized

- With renormalization comes In u dependence

- Can exploit for leading high power x leading log

-Tracks higher order log dependence (g’ Ing? )

- Multiple higher order operators — different processes have different effects
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Consider gravity corrections to gauge interactions: (Anber,

El Houssienny,
JFD)

-we have done this in great detail for Yukawa
- | will be schematic for gauge interactionsin order to highlight key points

Lowest order operator:

. l
L" 0o = ‘{’{'.-."I‘."“ [.':f_., - __lFi[J'lT;‘J;r

Higher order operator

. > » N AT 8
L., i"__rf"“‘”f'()—,“! Lho = _I");riﬂj') [\F

Equations of motion

‘-)'." '1'” — JH
Equivalent contact operator:
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Test cases for running of G:

1) Graviton propagator — vacuum polarization

2) Graviton-graviton scattering

3) Massless scalars scattering gravitationally
a) identical scalars — permutation symmetry

b) non-identical scalars — channel dependence

4) Massive gravitational potential

Anber, JFD
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1) Vacuum polarization in the graviton propagator:

Including vacuum polarization and renormalizing

=

Tr! ., 7 ‘
AL “[ A"+—R,,I;R“I’]

l67-€ L120 20
we find the one-loop corrected propagator to be

Y
‘ , , L*"(q) = 9*" — gq*q"/q".
‘,"J')’»rjs my "'j)np_;u e "’1)”;’\ \r"l,“ \,\,.,—'I’J)J‘:ﬂ y { } ! / ’ /

#(I + 2B(g?)[L*“LP" + Lov L ) = - 55z6m(E) - o n(ST)
A ! Blg°) — L l‘l —‘L-
- Lobpur] - (29 pappur, ) = 5z 00 ()
M 248 ) [ y
Not a unique definition: ota") = o[ 1 + g6 w(SF)

a) 00,00 component (non-rel. masses)

"Tom e ["( ,,l; )]

b) Proportional to original propagator G(g®) = G(I + 2B(g")) rn‘(' ' ﬁ"'f '(%))

Has crossing problem: which sign of q* should be used? Also know that
Wi drop outin

If Euclidean-ized, q* = -qz- the effective strength increases pure gravity
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1) Vacuum polarization in the graviton propagator:

Including vacuum polarization and renormalizing

o

: T ,.7 ‘
AL “[ R‘+—R,,,,-R“f’]

l672e L120 20
we find the one-loop corrected propagator to be

Y
‘ , , L*"(q) = 9*" — q*q"/q~.
f"j)’».js my !'-‘!')rnl{a_;u 4 "'1)'.;- \nl,“ \,\,.,—'I’J)P: ey { } ! / " l

] y ) ; ‘ (
— (1 + 2B(G)[LHLPY + Lov LBH (@) = - g=0(=F) - 20 (=F)
i 2 Bl(g~) e l‘ll —.L
— I'u;»'l‘;u-] — r-’“(f ’!'r.,r:'['_“.-. g :n,—,‘ 1 (.,, )
M 248 ) [ .
Not a unique definition: ota") = o[ 1 + g6 w(SF)

a) 00,00 component (non-rel. masses)

b) Proportional to original propagator G(g*) = G(1 + 2B(g")) rn‘(' - ﬁ"'f l(%))

Has crossing problem: which sign of q* should be used? Also know that
Wi drop out in

If Euclidean-ized, q* — -qg- the effective strength increases pure gravity
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2) Lets look at graviton —graviton scattering

Lowest order amplitude:

__!“”n

M y
! ooy / "..'h|;_,'(“ { u )
A\ Loy ‘I.-li loop
K* 1%(1 el [
A1~ loop {f (stu
dm) | | [}
’ In( —u In{ —t In{ —s) I ,( t H)
I t st su tu s s N
) (lll‘ u)In(—s In( —¢)In{ —s) In{ ) In(—s ‘
st tu ls ‘
her
i { u (¢4 2u)(2t + u) (287 + 283 — t2u? + 2tu® + 2u?) , y
J (——) - (Iu - |7 )
8 S | u
(t—w) (34187 4 16093 4 25660%u% + 1609tu® + 31luty
S 1l:

10224 1 9115343 L1622¢2u? + 01130® + 19220
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4) Two different types of massless particles

A+B - A+B

Y

IK“SuU

:’\'th\x -
41

) K 1 /s? w | . X | . -
M, =i | =(— In(=s5) In(—=1) + — In(—w) In(—1) —(s" + 1w’ + 1s5u)In(—=1) + —(s°In*(—5) + w-ln*(—u))
‘ (4m) L8\ 1 [ 161 16

us . , , 1 . 1 ' .
b e (sIn“(=s) + fln-(=1) + uln-(=u)) + =—(7lus 11r<) In(=1) = =(s-In(=35) + u- In(—wu)) |, (4
161 240 16

This reaction is not crossing symmetric
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Components of log in matter coupling
W R

Lowest order: (rny) W (ma2)
;\'I !\-Il

4,

ko \ 4 kea k2
) (”'l)MC\, (ma) _42/3 (’,,1]ﬂ"l."]
Vertex corrections: ky 4 ks ky A ks

1] ‘\ . ] \
ken ke , b | 1,
Vacuum polarization: (,,,,]~ 4(,,,_.,. +43/15 L. ,Jr
(Duff 1974) ko A A s b d A
A S > 4 ». 4
ko  eanne k. ) k2 ka
Box and crossed box (my) ! \ (ma) t94/3 my) % (m2)
ky = k3 ke ks
Py > b4 »
koo

>k
ko \ ‘A'I /
ey g +44-56 (ma) 4 (mz)
Others: {k. :(@\(m ) }\

’ v s ,ﬂ‘.| N
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Summary — gravitational running in EFT

1) No useful, universal running coupling seen in perturbative calculations
2) Kinematic ambiguity resurfaces

3) Tasks for asymptotic safety program
- continuing back to Lorentzian spacetimes
- addition of matter couplings
- universality of effects
- matching to perturbative results
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Summary — gravitational running in EFT

1) No useful, universal running coupling seen in perturbative calculations
2) Kinematic ambiguity resurfaces

3) Tasks for asymptotic safety program
- continuing back to Lorentzian spacetimes
- addition of matter couplings
- universality of effects
- matching to perturbative results
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5) Gravity matter coupling — non-relativistic masses:

Recall: V(r) Ghimgymeo [[ : :,,(r'(ff.'| o) 11 h

{ .
r r 107 r2

Including all diagrams:

o . 11 &
(lt,' — (4 i T o
107 r

Excluding box plus crossed box:

M7 G
( ll'|:}")" f:' {I }

60 r

Vac. pol. + vertex corrections:

D 167 G
(r(f] = (s l - ——
lom r
- Only vacuum polarization”
e , 13 G
“G(r) = G l <1 — —
l-lf.’ r
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Asymptotic Safety in practice/ to one loop

Defining a Euclidean theory — scaling to u = 0, u = o:

Integrate out modes above u

>\

S

UV fixed point = finite bare theory

p2=

Thanks for discussion
with Percacci,
Cordello, Reuter

but they are not to

be held responsible

(r' (’v/’“_’
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Asymptotic Safety in practice/ to one loop

Defining a Euclidean theory — scaling to u = 0, u = o:

[ntegrate out modes above u

>\

S

UV fixed point = finite bare theory

p2=

Thanks for discussion
with Percacci,
Cordello, Reuter

but they are not to

be held responsible

(r' (r'/.':
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Asymptotic Safety in practice/ to one loop Thanks for discussion
with Percacci,
Cordello, Reuter
Defining a Euclidean theory — scaling to g = 0, u = oo: but they are not to
[ntegrate out modes above u be held responsible

>\

__z- G = G

S

UV fixed point = finite bare theory
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Asymptotic Safety in practice/ to one loop
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Asymptotic Safety in practice/ to one loop

Defining a Euclidean theory — scaling to g = 0, u = co:

[ntegrate out modes above u

>\

SR

UV fixed point = finite bare theory

Thanks for discussion
with Percacci,
Cordello, Reuter

but they are not to

be held responsible
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In practice:

Expand around background field Yap = Yap T hogs

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T
/&l---—--.—.-—-.._

AL = h(p) Mgy (p)h(p)

Calculate effective action variation with scale
) r | T ] () \/

I , r ! My,

/ “},” 10} ) /) | ‘l/{,,} / “/" i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

Cutol type Ib. d-4

oG 167 ~, G = Gp”
i~ 2G = —G7
it L5
Running G ¢, -
| + 3t Gy p?
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In practice:

Expand around background field 9o = Jap t Nag

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T
A te—

AL = /1{/;_)_\/{,,}(/))/:(/:)

Calculate effective action variation with scale
) r | T ] ‘) \/

I , I l My,

/ ”'“ 1} ) /) | 1‘/{{}} / (')/; i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

Cutol type Ib. d-4

oG 16T -, G = Gp”
!r.r. _)(l - pr (’_
(f[i Lom
Running G ¢, s
| + 3t Gy p?
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In practice:

Expand around background field 9o = Jap t Nag

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T

M

AL = /1{/;)_\/{,,}(/))/:(/:)

Calculate effective action variation with scale } - e
1 Lo : _y
[ : r ! My,
/ ”'“ 1} ) /) | \/{,,} / “/" i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

¥y

Cutol type Ib. d-4

oG 16T -, G = Gps
J”- _)(l - - (’_
)t L5
Running G ¢, o
| + 2t Gy p?
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In practice:

Expand around background field 9o = Jap t Nag

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T
/IA---—--.—.—.._

AL = /1(/;)_\/{,,}(/))/1(/:)

Calculate effective action variation with scale
) r | T ] ‘) \/

I , I ! My,

/ {4}'” W ) /) | ‘l/h,} / ‘I)[" i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

Cutol type Ib. d-4

“(; ' 1‘”— ” (; (,'/;_
- 2G - —G~
‘}/’ l}:
. . ("
Running G G(n) e
l + H-Gap?
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In practice:

Expand around background field Jap = Yap T hogs

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T

M

AL = /’{/’-)'”{ﬂ}(/’]/'(/’)

Calculate effective action variation with scale } - T
1 Lo : _y
I , r ! My,
/ ”'“ 1} ) /) f ‘l/{;,} / “/" i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

¥+

Cutol type Ib. d-d

L& 167 -, G=Gp
!r.r. _)(r — = (’_
()[! Lo
Running G ¢, o
| + 3t Gyp?
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Comments:

Many acknowledged challenges:
[nfinite number of couplings
Different truncations

Dependence on cutoff function

Different Newton couplings

Much work to address challenges

Cummmypen 9.4
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Comments:

Many acknowledged challenges:
Infinite number of couplings
Different truncations

Dependence on cutoff function

Different Newton couplings

Much work to address challenges

Commnypan 9.4
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Comments:

Many acknowledged challenges:

Infinite number of couplings

Commnpan 9.4

Different truncations

Dependence on cutoff function

Different Newton couplings

Much work to address challenges
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In practice:

Expand around background field 9o = Jap + hag

Define function that suppresses all low momentum modes, integrate out high modes
- bi-linear — mass-like @)

T

M

AL = /1{/;)_\/{,,}(/))/:(/:)

Calculate effective action variation with scale } e
T Lr 1 _y
I , r ! My,
/ ”'“ 1} ) /) f ‘l/{,,} / “/" i}

Truncate action to manageable set of terms
- simplest is just the Einstein action
- locate UV fixed pt.

T

Cutol type Ib. d-4

oG 167 ~, G =Gy
T 26 — —GF
()[! Lo
. . ("
Running G ¢, e
I 4 ‘.ll}:rr'\‘”-
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Matching to Effective Field Theory

- one-loop running downto i = 0

Running of effective action:

1 N
O iy = —5 0 Trin [D() + My,

Expand w.r.t background field to get individual matrix elements
- evaluated with running coupling

1, 1
D+ My D+ My,

1 -~ 9 -
(l); _\/’ = _SCT'H(IIH)I:)! Tf' [‘

[ntegrate from fixed point downto u =0

Y VI 1 / rf;!( 2(,0) ) / fflq | 1 !.{ )
. f = o= r ] | — — a.mp
=3 2/ M H) ¥ opn J (2m)4q° 4 U (¢ ) (q + p)? \1’“,}{w p)?) I
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Matching to Effective Field Theory

- one-loop running downto u = 0

Running of effective action:

1 -
Oy Ty = —5 0 Trin [D() + My,

Expand w.r.t background field to get individual matrix elements
- evaluated with running coupling

L 1
D+ My D+ My,

1 -~ 9 =
()f _\/l = _SCT‘H(IIH)I:)’ Tf' [‘

[ntegrate from fixed point downto u =0

Y M4 1 / rf/! G2(11) 7, / fflt[ 1 1 £ )
M0 = Mx+= G*(p) p— a.m
pem 2/, M Fl e o (27m)4 q* + My, (¢° ) | (q+p)?+ Myy((g+p)?) it
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Matching to Effective Field Theory

- one-loop running downto u = 0

Running of effective action:

1 . -
O iy = —5 0 Trin [D() + My,

Expand w.r.t background field to get individual matrix elements
- evaluated with running coupling

1, 1
D+ My D+ My,

J- -g') 9 »
o M= —3(,'“(11“)6), Ir [\

[ntegrate from fixed point downto u =0

" - 1 / r/;!( 2(,) ‘) / fflq | | “ )
. . = - -] — , N | — { )
p=U 2/, 1 K ¥ o {.3.)1 ,!- } U (q ) ( (q + p \1'“,}[w p) I
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Matching to Effective Field Theory

- one-loop running downto i = 0

Running of effective action:

1 . -
Oy Ty = —5 0 Trin [D() + My,

Expand w.r.t background field to get individual matrix elements

- evaluated with running coupling

1, 1
D+ My D+ My,

J- -') 9 -
O M =—zG"(1”)0, Tr [‘

[ntegrate from fixed point downto u =0

)

1 P ,rf‘” " [ ’ fill[ 1
.\/I,rf 0= Myo+= —G(p) p— YR 2\ ( 2
Y (2m)% q% + My,y(q%) (¢ + p)*?

au .

—f(q,p)
T .\1’“,}“([ T 1’}_} [[

Page 93/105



Matching to Effective Field Theory

- one-loop running downto u = 0

Running of effective action:

1 . -
o, F{F} = =5 d; Trn hD(f.J] -+ ‘\[“,}]

Expand w.r.t background field to get individual matrix elements
- evaluated with running coupling

L o 1
D+ My D+ My,

O M = —é(_;f(,ﬁ)f), Tr [\‘

[ntegrate from fixed point downto u =0

Y Mo+ 1 /" f;f( 2(17) J / fi’q ] 1 £(a.p)
o P = . x - r I L= —J\q, P
pm 2/)0 1 . «);f (27)4 ¢ q* + M,y (q%) (g +p)? + My ((g +p)?) hi
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Matching to Effective Field Theory

- one-loop running downto i = 0

Running of effective action:

1 N
Oy Ty = —5 0 Trin [D() + My,

Expand w.r.t background field to get individual matrix elements
- evaluated with running coupling

1, 1
D+ My D+ My,

| ,
O M = —3(,'"(;1“)6), Tr [‘

[ntegrate from fixed point downto u =0

Y Y +l /'\ ff; Lo [ ] J / fflq | 1 “ )
o P = x - r I L= — I\ q, )
= 2)0 M ad r);f (2m)1 ¢ q* + My (q%) (g +p)? + My ((g +p)?) Fed
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Reproduces structure of effective field theory

Y, o+ 1 /-‘ ‘f;;(r‘,( ] 13 / f!h‘! 1 1 f }
’ . y 4 ~ - - y =t , | J .. _— - i - .,.. e ———— . - —— - v ) ( A )
— 2/ M f ;:l;r‘ (2m)1 q% + M, (q%) (¢ + p)* + My ((g + p)?) &

External momentum can be continued to Lorentzian space

Long distance parts of loops reproduced
-atlow scales G(pu) ~ Gy = const.

“dp 0 | l(,‘.. / d'q 1 1 F(a.p)
— e |...] ™~ =Gy ~o 4, P
Jo H /“/" 2 ‘\. (2m)* ¢* (g +p)* b

High energy dependence on G (i) appears local at low energy
- match to coefficients of EFT

More formally shown by ‘non-local heat kernel expansion”  Satz, Cordello, Mazzitelli

Cordello, Zanusso
Regularized version of EFT
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Reproduces structure of effective field theory

M o+ 1 /-‘ ‘f;;(r‘,( \ 7 / f!‘f! 1 1 f }
’ . y 4 ~ - - I - ’ ] J = — N , s ——— — ..l._.. s — - ..._.... y ( . )
p 2/ M H | op J (2m)tq? + My (q®) (g +p)* + My ((g +p)?) o

External momentum can be continued to Lorentzian space

Long distance parts of loops reproduced
-atlow scales  G(pu) ~ Gy = const.

“dp 0 | l(,‘.. / d'q 1 1 F(a.p)
— p—|[...] ~ =G% — q,p
Jo 1 /();1‘ 2N | @m)iq? (q+p)? s

High energy dependence on G (i) appears local at low energy
- match to coefficients of EFT

More formally shown by ‘non-local heat kernel expansion”  Satz, Cordello, Mazzitelli

Cordello, Zanusso
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Reproduces structure of effective field theory

M o+ 1 /-‘ ‘f,;(r‘,( \ 7 / ff‘;} 1 1 f }
’ . y 4 ~ y - ’ J , — s —— ,_......_._.. —— ._......l__ s —— ..‘....... e ————— _. ..._. ) ( . )
o= 2/ M f ;:),u‘ (2m)1 q% + My, (q%) (g +p)* + My ((g + p)?) e

External momentum can be continued to Lorentzian space

Long distance parts of loops reproduced
-atlow scales G(pu) ~ Gy = const.

.f//,ﬂ d . } l(w'i / (flf[ 1 | . )
b l.uel ™ —(xa; = a.n
Jo H /“/" 2N ) (2n)tq? (g +p)* i

High energy dependence on G (i) appears local at low energy
- match to coefficients of EFT

More formally shown by ‘non-local heat kernel expansion”  Satz, Cordello, Mazzitelli

Cordello, Zanusso
Regularized version of EFT
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Reproduces structure of effective field theory

M o+ 1 /-‘ ‘f;;(r‘,( \ ) / f/‘fl 1 1 f }
’ . y 4 ~ - - v - , | J - —— e— ....;...._._..._......__.._ — ......_.l.... S— _.___._.__‘......._....._........_...... s —— _...;_.. ) ( A )
#=3 2 )0 M f ;:),u‘ (2m)1 q% + M, (q%) (¢ + p)* + My ((g +p)?) 11

External momentum can be continued to Lorentzian space

Long distance parts of loops reproduced
-atlow scales  G(pu) ~ Gy = const.

“dp 0 | l(,‘.. / d'q 1 1 £(a.p)
— p—|...| ~ =G% - q.p
Jou Mo 2N | eryi e q+p !

High energy dependence on G (i) appears local at low energy
- match to coefficients of EFT

More formally shown by ‘non-local heat kernel expansion”  Satz, Cordello, Mazzitelli

Cordello, Zanusso
Regularized version of EFT
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But not clear that Weinberg’s original goal is satisfied

l ¢\ ‘) (l
o(N.G.ci.pa) = —|)rr(—l. Gus, ¢, 4
= H

) All processes well behaved

This is not the form of the Lorentzian result in the perturbative region

In principle, end up with EFT with infinite numbers of local terms in Lagrangian,
but with related coefficients and with regularized loops.

Will this make infinite number of reactions well-behaved in all kinematic regions?
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Reproduces structure of effective field theory

Y o+ 1 /-‘ ‘f;;( r‘,( ] 7 / ff‘;[ | 1 f }
’ . y ~ - v - , ] J , - it .....,._.._.._. , . - ‘__ ) ( . )
= 2/ M f f:l,u‘ (2m)1 q% + M3 (q%) (¢ + p)* + My ((g + p)?) &

External momentum can be continued to Lorentzian space

Long distance parts of loops reproduced
-atlow scales  G(p) ~ Gy = const.

dp 0 } l(,‘., / d'q 1 1 £ !
—_— Y. ™~ =Gy o 4, P
Jo H /‘.)/" 2 ‘\. (2m)4 ¢* (g +p)* b

High energy dependence on G (i) appears local at low energy
- match to coefficients of EFT

More formally shown by ‘non-local heat kernel expansion”  Satz, Cordello, Mazzitelli

Cordello, Zanusso
Regularized version of EFT
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But not clear that Weinberg’s original goal is satisfied

l .\ ‘) (1
(T(\ G, 1, /)”) - —)U(_I (r'/f—. (\','. 4
el 2

) All processes well behaved

This is not the form of the Lorentzian result in the perturbative region

In principle, end up with EFT with infinite numbers of local terms in Lagrangian,
but with related coefficients and with regularized loops.

Will this make infinite number of reactions well-behaved in all kinematic regions?
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Summary of AS section

AS appears capable of reproducing EFT
In principle predictive (relationships among couplings). In practice, not yet.

But, Euclidean running with ¢ does not translate into running with energy
in the physical perturbative region

Implication - not appropriate to assume running G. A in FLRW applications

Still unsure if Weinberg’s asymptotic hypothesis emerges from present AS practice
- well defined Lorentzian QFT at high scales?
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Overall:

EFT treatment useful in perturbative region

Running couplings with gravity fail two criteria:
Not useful — do not encapsulate a well defined set of quantum corrections
- e.g. the crossing problem even within related reactions

Not universal—not a renormalization of the basic coupling
- quantum effects very different in different reactions

Many cutoff calculations mis-applied
Asymptotic Safety

- compatible with EFT treatment
- but no special definition of running couplings in perturbative region.
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