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QEG CORRECTIONS IN YANG-MILLS THEORIES AND QED
ourLine

OUTLINE
» Introduction

» Einstein-Yang-Mills system

» Construction of a background gauge invariant ghost action
» Discussion of the gravitational correction at 1-loop level

» QED coupled to QEG

» Discussion of the fixed point structure
» Predictability of the fine structure constant
« Comparison to SM values

» Summary
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QEG CORRECTIONS IN YANG-MILLS THEORIES AND QED
LINTRODL‘CTION

QUANTUM EINSTEIN GRAVITY (QEG)

Quantum Einstein Gravity = Asymptotically Safe theory of
quantum gravity with the metric as fundamental degree of
freedom.

Asymptotic Safety = UV completion of a QFT at a non-Gaussian
fixed point of the RG flow with a finite dimensional UV critical
hypersurface Sy

» NGFP = FP of the flow with at least one non-zero coupling

» Suv = set of all points mapped onto the FP by the inverse
RG flow

» dim.“yv = number of critical exponents with positive real
part < predictivity of the theory
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L InTRODUCTION

QUANTUM EINSTEIN GRAVITY
How to find out whether such a theory exists?

Tool to analyze the RG flow: ERGE for Gravity

Oy = %STr[(F,(f) + Rk(A)YlatRk(A)}

> exact equation suitable for non-perturbative calculations

» usually it can be only solved for truncations of I'y, = can only
collect evidence for a NGFP in different truncations

Example for gravity: Einstein-Hilbert truncation

TP [g) 4T84 G, =

R(g) + 2A(k) )+ 5+ S
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LINTRODUCTION

RG FLow OF THE EINSTEIN-HILBERT TRUNCATION

» we find a NGFP in the EH truncation

» its UV critical hypersurface is two dimensional
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
L TRuNCATION & GAUGE FIXING

THE EINSTEIN-YANG-MILLS SYSTEM

T =P 4+ DM 4 T8 4 S = Ty + Sy
with

/99" g F, Foy

_ _ A4 Z
2a 20y M

Zr(k
Ky, 4] = 2540

Motivation:

> FEH contains the all essential features of gravity close to the

non-Gaussian fixed point (NGFP)

» in pure YM theory I')YM approximates the perturbative 2-loop
result within a few percent
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
RUNCATION AUGE FIxiNa
Lt &G F

GAUGE FIXING

Gauge conditions:

Gauge parameters chosen to ap = 1 = ayy
Notational remark: Different covariant derivatives
» V=0+4
» D=0+7T
»D=0+T+A4
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
JONSTRUCTION OF THE GHOST ACTION
Lc GHOST A

PROBLEMS WITH GHOST ACTION

Standard ghost action is of the form (A= A+ a, v = g+ h):

Salh.0.€.C.2. 5552 = - [0 Vi (€ G2 Ot
po
5 OF, <o 0G? b e 0G? b
C (9hpa 5YM(E)’7PU + X 6&3 6D(C)Au + X 8@3 6YM(Z)AM>
Problem:

0p(C)A), = Lo Al = CPO,AL + (0,CP)Al

is not an SU(NV)-vector = background gauge invariance is broken!
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
L CONSTRUCTION OF THE GHOST ACTION
:

WARD OPERATORS
Ward operators that generate gauge transformations of the fields
® = (A,~,C,C,%, %) are defined as

Wi (v) = — / d'z <5D(v)q>i(x) &bf(x))

Waat) = = [ (5020 o)

They satisfy the algebra

Wp (1), Wp(w2)] = Wp([v1, v])
Wym(A), Wym(A2)] = Wym(fAie)
Wo(v), Wym(N)] = Wym(LA)

Structure of full gauge group: G = Diff x SU(N),, .
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
L CONSTRUCTION OF THE GHOST ACTION

BAcK TO THE GHOST ACTION

YM gauge transformation of the problematic term:
Sym(N)op(C)A) = Wym(A)Wp(C) A
= CPOL(f*™ N As) + (8,C7) f " NP AS
# [N (CPO,AL + (0,07) A7)
= Wn(C)Wym(A)A;
broken gauge invariance of ghost action
— non-vanishing commutator [Wp(v), Wynm(\)]

Idea: reparametrize the gauge group such that the mixed
commutator vanishes.
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L(\),EG- CORRECTIONS IN YANG-MILLS THEORIES
L CONSTRUCTION OF THE GHOST ACTION

MODIFIED DIFFEOMORPHISMS

Who(v) = Wp(v) + Wym(A - v)
Definition of invariant functional F' is unchanged
Wo(0)F =0 A Wyn(A)F =0
SWp(0)F=0 A Wym(AD)F =0
Modified algebra:
Wo(01), Wp(12)] = W ([v1,02]) = Wyna(vavs - F)

W (M), Wy (A2)] = Wya(FAide)
Wb (v), Wym(A)] = 0

With these modified generators we can construct a background

gauge invariant ghost action the standard way!
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
L CONSTRUCTION OF THE GHOST ACTION

BACKGROUND GAUGE INVARIANT GHOST ACTION

_ _ _ - 0F, —
Sgh[ha (l,C,C, Za Z; ga A] = - /d4$ \/5 <CV 6D(C)’7P0'+

e
_ F, oG — lek ,
C 8hp65YM(z)fypa+z o —6p(C) AL + £ oar o ova()AL)

Now we have
Op(C) AL = LoAb — vV, (ALCY)
= CPOp AL + (0,CP) AS — 9, (ALCP)—frd AC AdCP
=7 ;’NC’)

which manifestly transforms tensorial under SU(N)
transformations and diffeomorphisms!
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LQEG. CORRECTIONS IN YANG-MILLS THEORIES
L COMPUTATIONAL REMARKS

SOME COMPUTATIONAL REMARKS
» Classical ghost sector (no evolution)

Ry (A R (A
0y, = %Tr v(2§ k( )v - (2; - g(h gh)
L+ Re A) Sgh +R; (Agh)
» spectrally adjusted cutoff operator
A _ z—11(2) _ z—-1c2)
A=Z T} Agy, = Zoh Sgh
— admits a simple spectral representation of the RHS

Different degrees of RG improvement:
» O; acts only on explicit k-dependence < 1-loop calculation
» J; acts in addition on Z-factors
» J; acts also on fg) in A
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
LDISCUSSION OF THE RESULT

1-Loor RESULT

Switching to dimensionless couplings

~9 >
@(k) = Zg;f(hg) g(k) = k2 ¢ A(k) = k2 (k)

we obtain the 1-loop result

6 ®1(0) 11N

3t9\2{M = =

where

o RO)(z) — 2ROV ()
d1 ::/ d
i(w) o U RO(2) +w
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LQEG CORRECTIONS IN YANG-MILLS THEORIES
LDISCUSSION OF THE RESULT

CLASSICAL REGIME
Newton's constant

G(k) =~ Gy = const, g(k) = Gok?

For an Abelian field (N = 0) we obtain

6 P10
;( ) Go K gt

Degin = —
with solution
Fna(k) = g (0) - exp (—wyna(k/mp1)?)
= g8a(0) - [1 = wymi(k/mp1)? + Ok /mify)|

where mp; = Go_l/2 and wyy = 301(0) /7.
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LQEG. CORRECTIONS IN YANG-MILLS THEORIES
L DiscussioN oF THE RESULT

ASYMPTOTIC SAFETY

Free Maxwell field does not destroy NGFP of the EH truncation.
Therefore in the UV

g(k) - ¢* = Gk)=g"/k> -0 as k— o0

which implies

6 ®1(0)
81&9\2(1\/[ = —71( ) \2(M
™
with solution
_ 6 ®1(0)
gon(k) oc k7O, Oyy = 10 g

> total system has a NGFP with (g3, =0, ¢* > 0,\* > 0)
> gravity speeds up approach of asymptotic freedom in the YM
sector (power law instead of logarithmic)
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L(\),EG- CoupPLED TO QED
LB—FUI\ICTIONS OF THE COUPLED SYSTEM

GRAVITY CORRECTION TO THE (-FUNCTION OF QED

1-loop QED S-function with gravity correction:

6

Orav = By = (Ah(oz)—ﬂ@%(())g) a with A= inp

3T

» fermionic and gravitational contributions compete in effect

> in the perturbative approach: g = Gok?. Gravitational
contributions will always dominate for large k, so that
a— o =0fork— o0

» in the Asymptotic Safety scenario we find a second fixed point:
As g — ¢*, a can approach o # 0 with Ah(a*) = %L(I)%(O)
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LQEG CouPLED TO QED
LB*FUNCTIONS OF THE COUPLED SYSTEM

FERMIONIC CONTRIBUTIONS

Perturbative calculations in pure QED show

2 [« «

Ba(@)],o = Ah(a)a = a lg <_> L % (_)2 . 0(0[3)]

s s

Properties of h(«):
» K (a) >0 = FP condition satisfied for some o*
» ha) = afora <1

= using the one-loop approximation h(«) = « will give a
qualitatively reliable picture of the full beta-function.
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LQEG CouPLED TO QED
Lﬂ—FUNCTIONS OF THE COUPLED SYSTEM

A SIMPLE 2D TRUNCATION

Org = [2+ B1(0)g]g

O = (Aoz - g@%(O)g) !

» backreaction to the gravitational S-function is neglected
» flow can be solved analytically
» results are in agreement with full EH-truncation in the gravity

sector
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LQEG CouPLED TO QED
LFLO\V OF THE 2D TRUNCATION

FLow OF THE 2D TRUNCATION

B 1 ) S AN
W (S
201 /////%/4///// &\é&

15¢

» Three kinds of possible UV behavior
» Enhanced predictivity of AS scenario w.r.t. NGFP,
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LQEG CouPLED TO QED
LFLow OF THE 2D TRUNCATION

ASYMPTOTICALLY SAFE TRAJECTORY

B4 can be solved in isolation:

G0k2
g(k) = T3 GF
g

Gy is the IR value of the running Newton constant.

Unique trajectory which is asymptotically safe w.r.t. NGFPs:

11 7 3 .. g*)
o1+ L) om (111 2l -
a(k) a*< +G0k2>2 1(’ R U N

a(k) is a prediction, when Gy was determined by experiment!
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LQEG CouPLED TO QED
LFLow OF THE 2D TRUNCATION

ASYMPTOTICALLY SAFE TRAJECTORY FOR k ~ m,

2
For k = m. we have —-‘% =g* (ml") ~ 10** = expand o F; for
large arguments:

ﬁzg{l%cﬂ?) e w( )]

» in the IR the result is of the same form as in pure QED
a(k)~' = —Aln(k) + const

» putting in numbers we obtain aI_Rl ~ 1091 np
(cp. to ajy ~ 137 in real Nature).
= for np = 13 prediction consistent with real value
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L QEG CoupLED TO QED
L FLow oF THE 2D TRUNCATION

INCLUDING OTHER CHARGED PARTICLES

Within the SM or MSSM the same argumentation holds true for
the weak hypercharge o with 1-loop S-function 9;a1 = Aa?:

‘ A Oél(Mz)il
SM | - 25.7 P (Mz)~! ~ 59.5
MSSM | 32 41.3

These estimates for o turn out too large compared to the
experimental value. Possible conclusions:

» Asymptotic Safety w.r.t. NGFP is possible if there exist
(not too many) more U(1) charged particles.

» the known particle content of the SM suggests Asymptotic
Safety w.r.t. NGFP; when coupled to QEG.

23/25



QEG CORRECTIONS IN YANG-MILLS THEORIES AND QED
L(\),EG- CoupPLED TO QED
LFLow OF THE 3D TRUNCATION

EINSTEIN-HILBERT + QED: NUMERICAL RESULTS
Suv of NGFPs in g-A-a—coupling space:

» long classical regime needed to drive « to small values

» numerical result for “realistic trajectory™: aI_RI ~ 10.93
= running of A negligible
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LSUMMAR\'

SUMMARY
Yang-Mills Theories
» we find a non-vanishing gravity contribution to the YM-beta
function setting in already at one-loop order

> the correction is consistent with the Asymptotic Safety
scenario of QEG and supports asymptotic freedom of YM

Quantum Electrodynamics

» Fermionic and gravitational contributions to the running of «
compete in effect

» for SM values the gravitational ones are dominant, resulting in
Asymptotic Safety w.r.t. NGFP; = « is a free parameter

> an exact balancing of both contributions is possible <
Asymptotic Safety w.r.t. NGFPy = « can be predicted

» coupling a theory to Asymptotically Safe gravity may provide
a mechanism able to reduce the number of free parameters.
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