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Quantum gravity contributions to the gauge
and Yukawa couplings in proper time flow
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We derive quantum gravity contributions to the beta functions of the gauge and Yukawa couplings of a
matter theory using the Schwinger proper-time flow equation. Working in the Einstein-Hilbert truncation,
we investigate the gauge fixing and regulator dependence of the corresponding renormalization group
equations. We quantify the sensitivity of our results to unphysical parameters by evaluating the
gravitational correction to the running matter couplings at the interactive fixed point of gravity and we
compare our findings with existing determinations in alternative schemes. We finally confront the derived
contributions with the typical size they should assume to generate observable low-scale predictions in the
Standard Model and in several scenarios of new physics.
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I. INTRODUCTION

Asymptotic safety (AS) is the property of a quantum
field theory to develop a non-Gaussian UV fixed point of
the renormalization group (RG) flow of the action [1].
Strong indications based on the exact renormalization
group (ERG) [2,3] point to AS being a property of quantum
gravity [4-15], which can render it nonperturbatively
renormalizable. A profound consequence of the asymp-
totically safe UV behavior of quantum gravity is that a
particle theory in four space-time dimensions coupled to
the gravitational action may also end up being asymptoti-
cally safe if the combined system of gravity and matter
develops a fixed point in the energy regime where gravi-
tational interactions become strong [16-29].

We focus in this work on a renormalizable matter theory
with gauge and Yukawa interactions. In the presence of a
UV fixed point for quantum gravity the corresponding RG
equations receive trans-Planckian contributions that, at the
leading order, take the form
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dgi (matter)

&I gl —f.q. 1
it fq9i (1)
dyj (matter)

dt = ﬂj - fyyj7 (2)

where ¢ = In k denotes the renormalization scale, g;_; 3. .
and yj_; 3 . are, respectively, the set of gauge and Yukawa

matter)

couplings, and ﬂl(.. j
matter theory without gravity.

InEgs. (1)and (2), f, and f, indicate leading gravitational
corrections to the running of the gauge and Yukawa
couplings. They are expected to be “universal,” in the sense
that they multiply linearly all matter couplings of the same
kind, because gravity does not distinguish between internal
degrees of freedom in the matter sector. As they are functions
of the fixed points of the operators of the gravitational action,
however, f, and f, are not universal in the sense of being
independent of computational choices like the renormaliza-
tion scheme, background metric, regulator functional shape,
and gauge-fixing parameters. In the framework of the ERG,
where several f, determinations, often obtained under
distinct choices, exist [6,7,12,16,17,22,26,30-39], it was
established that this parameter is likely not negative,
irrespective of the selected RG scheme [21,26]. In
Ref. [21] it was shown that f, = 0 identically corresponds
to respecting a particular classical symmetry of the gravi-
tational action. Interestingly, however, f, # 0 was found to
arise even outside of ERG calculations, for example, in a
perturbative and mass-independent scheme based on

stand for the beta functions of the

Published by the American Physical Society


https://orcid.org/0009-0006-3429-9006
https://orcid.org/0000-0001-8457-2847
https://orcid.org/0000-0002-2255-5272
https://orcid.org/0000-0001-6571-6382
https://orcid.org/0000-0002-8761-6953
https://ror.org/03a64bh57
https://ror.org/03a64bh57
https://ror.org/02pq29p90
https://ror.org/00nzsxq20
https://ror.org/03eqd4a41
https://crossmark.crossref.org/dialog/?doi=10.1103/xyg5-lvq4&domain=pdf&date_stamp=2026-07-20
https://doi.org/10.1103/xyg5-lvq4
https://doi.org/10.1103/xyg5-lvq4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

GABRIELE GIACOMETTI et al.

PHYS. REV. D 114, 016020 (2026)

dimensional regularization [40,41], see also [42-50].
Incidentally, a large positive f, would render the entire
gauge sector of the Standard Model (SM) asymptotically
free thus lending credit to the consistency of AS as a
desirable UV completion.

The gravitational contribution to the Yukawa coupling,
fy» was investigated in several papers in the context of the
ERG [18,24,25,38,51,52]. While these results were some-
what inconclusive in establishing the sign of f, over the full
range of possible values for the fixed point of the
cosmological constant, the leading order at A — O appears
to be negative in most calculations. On the other hand, a
recent study [53], which includes the complete set of
operators contributing to the Yukawa-coupling beta func-
tion at next-to-leading order, seems to confidently assess
that the critical exponent is large and positive when
computed at the asymptotically free Yukawa-coupling
fixed point, both under the assumption of a minimal matter
content coupled to gravity, and in the framework of the SM,
again lending consistency to the validity of AS as a viable
UV completion of the SM.

Intruth, f, and f are not observable quantities, and as such
they are expected to present a certain level of gauge and
scheme dependence. However, any piece of information
about their size and sign obtained from first principles may
lead to great progress in our understanding of some of the
open issues that mar the SM at extremely high energies. This
isbecause f; and f are responsible for several of the very few
observable signatures of asymptotically safe quantum gravity.
More specifically, the a priori free couplings of a matter
Lagrangian become predictions if they correspond to irrel-
evantdirections of the RG flow ata UV fixed pointinduced by
interactions with quantum gravity. Such predictions of the
scale-invariant theory can in turn be tested by phenomeno-
logical means after following the RG flow of the matter
couplings down to accessible energies. By means of a
consistent heuristic determination of the gravitational con-
tributions to the matter beta functions at the fixed point
(fg» fy» as well as their counterpart for the scalar sector), it has
been possible to infer a ballpark prediction for the value of the
Higgs mass (more precisely, of the quartic coupling of the
Higgs potential) a few years ahead of its discovery [54] (see
also Refs. [55-57]). A retroactive “postdiction” of the top-
quark mass value was extracted in Ref. [58] and a gravity-
driven prediction of the top/bottom mass ratio of the SM was
obtained in Ref. [59]. Potential imprints of UV fixed points on
the flavor structure of the SM and, in particular, the Cabibbo-
Kobayashi-Maskawa matrix, were found in Ref. [60], and
equivalent analyses for the Pontecorvo-Maki-Nakagawa-
Sakata matrix elements were performed in Refs. [61,62].
Predictions based on heuristic determinations of f, and f\
were also extracted for several beyond-the-SM (BSM)
scenarios in relation to neutrino masses [61,63-65],
flavor anomalies [66,67], the muon anomalous magnetic

moment [68], baryon number [69,70], and dark matter [71].
The asymptotically safe SM was studied in Ref. [38].

Our goal in this work is to provide a determination of the
parameters f, and f, independently and complementarily to
the ERG. We do this by computing the Wilsonian flow of the
gauge and Yukawa couplings, coupled to Einstein-Hilbert
gravity, using the proper time (PT) flow equation. Rather than
treating the flow of the one-particle irreducible effective
average action, PT renormalization focuses on the flow of the
Wilsonian action generated by means of the scale-dependent
Schwinger PT regulator [72—78]. The PT flow was previously
explored in several contexts, from the study of renormaliza-
tion properties and determination of the scaling exponents at
criticality of quantum field theories [79-82], to the analysis of
AS in the conformal sector of quantum gravity [83—85], to the
recent determination [86] of the UV fixed points of the
gravitational Einstein-Hilbert action—a determination that
was shown to agree qualitatively with the ERG studies
reported above. Our paper also complements a recent study
that derived the gravitational corrections to the RG flow of
scalar matter interactions in the PT scheme [87].

We finally point out that, besides the accuracy in the
determination of various observables, such as the three-
dimensional Ising critical exponents, the PT flow is
expected to preserve gauge symmetry because of the nature
of its infrared regulator [88], and actually this was verified
in the determination of the first two perturbative orders of
the beta function of Yang-Mills theories [89,90]. In this
sense the PT flow equation represents a convenient quan-
titative tool for the determination of quantities, such as f,
and f, that are crucial in the study of the phenomeno-
logical implications of AS.

In this paper, we extend the study in Ref. [86] to the
gauge and Yukawa couplings of the matter sector, focusing
in particular on the gauge and regulator dependence of the
results. Our goal is threefold. Firstly, we aim at providing a
quantitative counterpart to the most recent derivations of f,
and f obtained in the context of the ERG [37,39,53]. We
shall highlight the similarities and differences that arise
from our distinct choice of regularization scheme.
Secondly, we provide the first, to our knowledge, deter-
mination of the Einstein-Hilbert contribution to the Yukawa
beta function, f', in the PT scheme and show that it features
a distinct behavior with respect to its gauge coupling
counterpart. Thirdly, we compare our PT flow determina-
tions of f, and f, with the expectations for their size that
were inferred in the phenomenological studies cited above.

The paper is organized as follows. In Sec. II we review
some of the main properties of the Schwinger PT flow
equation. We employ this framework in Sec. III to derive
quantum gravity contributions to the beta functions of the
gauge and Yukawa couplings in the Einstein-Hilbert
truncation. In Sec. IV we study the sensitivity of our
results to gauge-fixing parameters and PT regulator at the
interactive UV fixed point of Einstein-Hilbert gravity, both
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with a minimal matter content and in the SM. We also
confront our findings with phenomenological expectations
on the size of gravitational corrections stemming from the
requirement that the SM, and some of its well-studied
extensions, remain asymptotically safe (or free) in the deep
UV. We summarize our findings and present our conclu-
sions in Sec. V. In the Appendix we recall the beta functions
of the dimensionless counterparts of the Newton and
cosmological constant in the Einstein-Hilbert truncation.

II. SCHWINGER PROPER TIME

In this section, following the general steps outlined in
Ref. [86], we review some of the main properties of the
Schwinger PT flow equation.

We start by introducing the PT flow equation for the
Wilsonian action S, [72-78],

1 oo dS %
kdkSk = —EA ?Tr [kakpk‘kuv(s)e_ssk] N (3)

where s is the PT integration variable and energy scale k
parametrizes the RG flow. We indicate functional deriva-
tion with “prime” symbols, so that S represents the second
functional derivative (Hessian) of the Wilsonian action with
respect to the fields. The trace runs over all spatial,
momentum, and internal indices of S;(’ .

The integral in Eq. (3) is regularized by means of the
regulating function py 4 - (s), which smoothly vanishes for
s > 1/k* and s < 1/k¥y (kyy is the UV scale at which the
bare action is defined) and is essentially constant in
between, thus suppressing the integration of the field
modes with momentum larger than kyy and smaller than
the RG running scale k.

While, at least in principle, all observables determined
from the RG equation should be independent of the
arbitrary details of the regulator, in practice it is convenient
to select a regulator that simplifies the computation of the
integrals and therefore, in this work, we resort to the one-
parameter family of regulators considered in Ref. [86,91],

C(m, mZysk*) — T(m, mZ;skiy)
I(m) ’

(4)

Pk.kyy (S§ m, Zk) =

where I'(m) indicates the gamma function and I'(a, x) =
[ dir*~'e™" denotes the incomplete gamma function. The
parameter m > 2, conveniently restricted to integer values,
characterizes the smoothness of the shape of the regulator
in proximity of the scales 1/k? and 1/k. In addition, we
perform the rescaling k> — Zk* and kiy — Ziky in
Eq. (4) to get an effective suppression of the modes with
square momentum larger than k” in the presence of a field
renormalization Z; [77,86].

Under these assumptions, it is straightforward to compute
the derivative of p ;. (s) with respect to the RG scale ,

2(mZysk*)™ o
kOpr sy (5) = —We Ak (5)
which we plug into Eq. (3) to derive the flow equation of §;.

We shall also analyze the sharp limit of the regulator in
Eq. (4), obtained for m — oo,

. 1 1
Jim o, (5m 20 =0 =5) =0 = ).
(6)

where ©(x) is the Heaviside function. The derivative of the
regulator, Eq. (5), becomes in this case a Dirac delta
function and the PT flow equation assumes a simple form,

s

—k_
k()kSk = Tre Zkkz. (7)

It was shown in Ref. [90] that the sharp-limit flow in Eq. (7)
has the quality of reproducing the two-loop beta function of
Yang-Mills and scalar O(N) theory, unlike the “smooth”
regulator (4), which instead produces spurious O(1/m)
terms at the two-loop order.

Once the flow equation (3) is established, one can derive
the flow of the couplings in Egs. (1) and (2) by matching
the coefficients of the operators associated with each
coupling on both sides of the flow equation. The traces
are evaluated by using the heat kernel expansion [92],

(4;)2 zoo: " / d*x\/qgTra,(x). (8)
n=0

For an operator of the form S} ~ —J1 + U, we recall the
explicit expression of the first few terms:

Tre™*S =

ag =1, alzgl—[U,

CZZI%[UZ-I-éD[U +1—12£2ﬂ,,9/’”—éR[U
+1<%Riﬁw—%Rﬁy—i-%Rz—%DR)..., 9)

where 1 =V, V¥, Q, =[V, V] and R, R,,, and R4,

are the standard curvature scalar and tensors.

III. QUANTUM GRAVITY CONTRIBUTIONS TO
THE RUNNING GAUGE AND YUKAWA
COUPLINGS

In this section, we derive the contribution of quantum
gravity to the beta functions of gauge and Yukawa
couplings using the PT flow equation.

A. Gauge coupling

We consider an Abelian gauge theory with running
coupling gy. The universal nature of the gravitational
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interaction implies that the contribution to the beta function
arising from graviton loops should be the same for any

gauge coupling, independently of the group structure.
The running gauge coupling can be extracted in different
ways. One could derive the flow from the three-point
function and/or the four-point function of matter/gauge
boson interactions. This choice, which was explored, e.g.,
in Ref. [34] in the context of the ERG, would require the
introduction in the action of matter fields (scalars and/or
fermions) charged under the Abelian gauge symmetry. A
more common choice [19,21,40,93,94], which we adopt in
this work, is to extract the coupling directly from the gauge
field propagator, after a rescaling of the field A, — A,/gy.
Of course, gauge invariance should guarantee that the beta
function of gy does not depend on the way it is extracted. In
the presence of gravity, this is not obvious, because of the
perturbative nonrenormalizability of the gravitational inter-
action. On the other hand, in Ref. [95] the Ward identities
|

s=— 1 [ @esar-2n)

167G

+32G

are shown to be respected at one- and two-loop order in
quantum electrodynamics coupled to Einstein gravity,
while in Ref. [96] the Slavnov-Taylor identities are shown
to hold at one-loop order in non-Abelian, Yang-Mills
theories.

Following common practice, we adopt the background
field method to compute f,. The metric tensor g,, and
gauge field A, are thus split into a background and a
fluctuation,

G = G + Py A, = Aﬂ +a,. (10)

For the rest of this subsection we shall indicate all back-
ground quantities with a bar.

We consider the following bare Wilsonian effective
action:

d*x\/gg" F ,F,

1 _
+Z/d4x ggﬂygxﬂFukFyﬂ +2—§/d4X\/§(§”DDMCZu)2

+S ghost + Smaner-

The first term in Eq. (11) denotes the Einstein-Hilbert
action with Newton constant G and cosmological constant
A. The second addend is the gauge-fixing term, where

F,M = (gayégby - a)gaﬂbﬂ)ha/)" (12)

a and w are gauge-fixing parameters, and the covariant
derivative D), is constructed with respect to the background
metric g,,,
D/Ahaﬂ - aﬂhaﬁ - fZahaﬁ Fy[}haa (13)
In the second line of Eq. (11), ), = d,A, — d,A, denotes
the field strength tensor of the Abelian gauge field, and & is
the gauge-fixing parameter of the Abelian sector. Once
more, the covariant derivative is defined with respect to the
background metric, l_)uay =0,a, — f“,’jﬂag. We do not write
|

(11)

[

explicitly in Eq. (11) the ghost terms relative to the
gravitational and Abelian gauge fixing. It is well-known
that ghost loops do not contribute to the running of the
Abelian gauge coupling, which is the quantity we seek to
calculate here. We indicate for completeness possible
contributions from the matter sector as S but, as
was discussed above, we will not use them to extract the
gravitational contribution to the gauge beta function.

We expand the action (11) to the second order in
fluctuations of the metric and gauge field (gauge-fixing
terms do not need to be expanded as they are second-order
by construction),

SO = 55 + 85 + S (14)

where

1 1 . 1
Sin = 322G x\/_{ (=h, DR + hOIR) + 2 (R —2A) <huyh”” - 5112)

I [ - - - 1 - _
Iy DDVl — WD Dy + Ry~ by RHG = by Rl +— (D, a)Dyh)z}

ov'tpu

FrEPhy,h,, + ; FF,

o[l

1 1 1
<h;’h/m—§hhw> 6F/),,F/)or <h hhv __h2>:| (15)
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2 1
52;3:—5 / d*x\/g(hF,,—2h,,F)+2h,,F;)D'a*,  (16)

1 N
S —/d“x\/_{ (D,a*")? +§(—aﬂDa”+aMD/‘D”ay) )
(17)

In Egs. (15)—(17), the curvature tensors are constructed
with respect to the background metric g,,, we have defined
h=h, and we have introduced the d’Alambertian,
0= DD,

The action in Eq. (14) can be recast into a 2 x 2 Hessian
block matrix, following the procedure delineated, e.g., in
Ref. [97]. One writes

l]_l]aﬂm/ [H]a/}a h
S(z) d4 , hh ha 24 ,
32 x\/—( aﬂ ) HZ[;[,J IH]ﬁZ a,
(18)
where matrices H take the form,
H=-KO+2V°Ds + U, (19)

and matrices [, V, and potential U can be extracted, with
some work, from Egs. (15)—(17). Tensor manipulations in
this paper are performed with the help of the xAct [98—101]
Mathematica package.

We perform the calculation in the de Donder gauge,
® = 1/2. Moreover, we adopt a flat Euclidean background,
which simplifies the inversion of operators enormously.
With this choice, one can set

g/w = 5;41/’ R= O’ DuDu = —PuDv- (20)
Our background choice implies that the calculation is by
necessity off shell, since the flat metric is not a solution to
the Einstein equations of motion with nonzero cosmologi-
cal constant. A direct consequence of this observation is
that our result for the beta function will be dependent on the
gauge fixing of the gravitational sector [40,44].

Under assumptions (20), and after rescaling the photon
field a, — v/ 16xGa,, it is possible to bring Eq. (19) to its
canonical form in a general covariant gauge by contracting
it with the inverse operators [94],

PO = g g 4 g — g P g — (1 - a)
" g* pP p* + g* pP p* + ¢ pep* + ¢ p p*

p2

P = (162G)™! (g/’” —(1-¢) ”;fa). (22)

As a consequence, potential U undergoes a rescaling and its
diagonal blocks become

Wi = P, (23)
Wiz = PhacUss. (24)

Following standard procedure, we next absorb the linear
VoD, term into a redefinition of the covariant derivative, as
first prescribed in Ref. [102]. One can define

50
Ve = P Viee. (25)
POUV P KOpY
YOH — P VO (26)

As a result, one obtains a new Laplacian operator and a
canonical Hessian,

H=-0+W. (27)

The new potential, W, is block diagonal in field space and
takes the form

- 4

Wk — w4 VWWZ,;”K( 1;“’ ) (28)
- 4

Was = Wag + W"”v;,gﬂy< ?f ) (29)

where, in the language of perturbation theory, the trace of
the first addend on the rhs of Eq. (28) provides the
“tadpole” diagram contribution to the background
F /wF " operator, whereas the traces of the second addends
in Egs. (28) and (29) correspond to the “sunset” diagrams.

Finally, we compute the heat kernel expansion in Eq. (8)
by making the identification S} = H. The first order in the
expansion reads,

Tra; = -TtW = 12A + 8aA + 122G (1 + a)F,,F*. (30)

Note that the gauge parameter £ cancels out of Eq. (30),
which implies that the result is gauge-fixing independent in
the Abelian sector. Incidentally, Eq. (30) agrees with
previous determinations in the same scheme [93,94].

The terms containing the cosmologlcal constant in
Eq. (30) emerge from the trace of the W* block (28).
Conversely, the coefficient left to multiply the field strength
tensor operator F' mF’“’ arises from the trace of the W~/
block (29). The contributions from tadpole and sunset in
Eq. (28), both in size equal to 12zG(1 + @), cancel out. As
a consequence, due to the block-diagonal nature of the
trace, we do not expect the gravitational contribution to the
photon two-point function to depend on the cosmological
constant at any order in the heat kernel expansion. This is
confirmed with a direct calculation, which shows that
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| R
Tra,|f, pw = =TrW"[p pw =0, forn>1.  (31)
v n' v

We perform the integral on the rhs of Eq. (3) and extract
the beta function from the anomalous dimension of the two-
point function on the lhs. Defining 14 = —kd;Z,; and
By, = 1/2n,4gy, one computes

Z - -
kakSk|f:mFm = kak (%/CF‘XFW/F}W)

1 mds _ S//
- —EA ~ Tr[kOupr g, (s)e™ 5] |-

v (32)

The regulator-dependent gravitational contribution to the
beta function (1) finally reads

3mG

=5rm—1 1 79 (33)

fq

where G = Gk? is the dimensionless Newton constant. In
the limit of sharp regulator, m — oo, one finds

36
C 2r

fq (14 a). (34)
The result is positive for @ > —1 and shows remarkable
stability under our regulator choice for m z 20, where it
essentially comes to coincide with the sharp regulator limit.
For m = 10 the difference to the sharp limit is about 10%
and for m = 20 it is 5%.

We note that f, arises from the quadratic divergence
element of the heat kernel expansion, Tra; in Eq. (30), and
it is thus proportional to the trans-Planckian fixed-point
value of G. This is in agreement with the leading term of
known ERG calculations at a =& =1 [19,21], which
differs from Eq. (33) in the form of the regulator only.
Equation (33) is independent of the cosmological constant.
However—as was discussed, e.g., in Ref. [19]—the
dependence on the cosmological constant can be reintro-
duced via renormalization-group improvement of the cal-
culation, i.e., by including the scale derivative of Z; and the
anomalous dimension of the graviton in Eq. (4).

The next-to-leading order in the heat kernel expansion,
Tra,, may include in principle a GAF,, F* term, corre-
sponding to the logarithmic divergence. However, in flat
background, expansion orders beyond the first do not give
corrections to the F /wF # operator. This is a consequence of
the Ward identity; the photon remains strictly massless in
the action (15)—(17), unlike the graviton, which acquires
instead an effective mass proportional to the cosmological
constant. It was shown in Refs. [40,41], that the logarithmic
divergence can be computed in the (gauge-fixing
independent) framework of the Vilkovisky-DeWitt

geometrical action [103-105], that is to say, by adding
to Egs. (15)—(17) terms originating from a metric con-
nection applied to field space, which end up generating an
effective mass for the photon.

Despite the fact that our f, results are, quite expectedly,
gauge-fixing choice dependent, it is important to be aware
that this is the usual situation with beta functions of
marginal couplings that depend on dimensionful coeffi-
cients like Newton and the cosmological constant. To this
regard, we reiterate that the couplings of the effective action
are not observable physical quantities—which should be
completely independent of the choices made for computa-
tional convenience—only the critical exponents are physi-
cal. We expect that the gauge dependence of the beta
function will be, at least in part, absorbed in computations
of observable quantities like, e.g., the S-matrix. On the
other hand, some residual gauge and regulator dependence
may also be possibly interpreted as indication of an
insufficient truncation in the action.

B. Yukawa coupling

We now compute the contribution of minimally coupled
Einstein-Hilbert gravity to the running of the Yukawa-
coupling operator. We add the following term to the bare
effective action:

sz/fw@w% (35)

where ¢ is a scalar field, which we choose to be real
without loss of generality, and y is a Dirac fermion. We
limit ourselves to computing the graviton tadpole correc-
tions to Eq. (35), which provides the dominant term at
|A] <1 and allows for a straightforward resummation of
heat kernel terms to all orders in A. As before, we work in
the background field method,

p=d+p.  (36)

I :gyu+huuv l//:li/"i_&//’

with flat background metric g,, = J,, and arbitrary back-

ground matter fields ¥ and ¢ (note that we indicate the
background fields in the Yukawa operator with a tilde to
avoid confusion with the Dirac conjugation of the
fermions).

After an expansion in the fluctuating fields, the Hessian
takes a 3 x 3 matrix form,

1
S@ — .G | EValhap, 6y, 59)
Wi W G\ [ B
x| M Mg, M || dw | (37)
Wy Mgy gy ) \ 0P
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The off-diagonal term mixing gravity and matter, extracted
from Eq. (35), reads

dow).  (38)

<u

2 y ~ o~ = ~
St = / d4x\/§§h(5w7¢w+w5¢w+

It is easy to see that no graviton loop originating from
Eq. (38) can provide a contribution to the renormalization
of the background Yukawa operator, yijr ¢ i, at the leading
order in G of the heat kernel expansion. Thus, we can safely
focus on the contributions belonging to the H;’}"
whose expansion was given in Eq. (15).

term,

The Hessian takes then the form,
H=-0O+W, (39)
where
WP = (A + 8aGyyr ijr) O%Prv (40)

and

a—1
O(l/)’;w — _(gaﬂgﬂu + gavgﬁy) + p2 [2g;wpap/3 _ (g/h/papﬂ + g(lypﬂpﬂ + g/)'ﬂpapu + g(mp[)’puﬂ . (41)

In this case, Eq. (8) reduces to

Tre™s5 =

44 T —S(A+8ﬂGyl/:/$l/~/)O. 42
(4ﬂs)2/ o Tre (42)

The operator O can be decomposed as
O=-=20-X)=-2aX==2[[+ (a—1)X]. (43)
Here I is the identity on symmetric rank-two tensors,

Haﬂ o

W = (8200 + 628)). (44)

SR

and

1
X = 2 (O p*py + 8PP py + 8ip°p,

+ 820’ p, — 29,, 0" PP). (45)

With this definition one has

X=X, ([I-X)?=I-X, ([I-X)X=0. (46)
Therefore, X and I— X are complementary projectors.
Notice that these are not the usual trace and traceless
projectors. Rather, X projects onto the momentum-longi-
tudinal sector associated with p,,, while I — X projects onto
its complementary subspace. In d = 4, the dimension of
such subspaces are, respectively, 6 and 4. Using
the decomposition above, the trace of the exponential
of the operator O is given by the sum of the exponentials
of the two eigenvalues, multiplied by their corresponding
multiplicities:

Tre—s(A+82Gyi d9)O _ 60250 g25(87Gyir D)

+ 4€2asA€2as(8nny:/477!i/)’ (47)

where we have used the fact that A is a constant with
respect to both momenta and fields and therefore commutes
with both of them.

After expanding Eq. (47) we retain the linear order in the
Yukawa operator and perform the heat kernel integral, thus
finally obtaining a closed-form expression for the tadpole
contribution to the Yukawa beta function (2) valid to all
orders in A = Ak2,

(48)
Taking the sharp-regulator limit, m — oo, one gets
2G . ,: ;
fy=——(3e*" 4 2ae**"). (49)
T

Equations (48) and (49) are negative for & > 0. In Fig. 1
we show the regulator dependence of —f, at the baseline
value of Newton constant, G = 1, for different values of the
cosmological constant. Solid and dashed blue lines show
the Feynman gauge, a =1, for A=0 and A= -4,
respectively. Corresponding f', values in the Landau gauge,
a = 0, are given by the dotted and dot-dashed red lines,
respectively. Negative values of the cosmological constant
induce an exponential suppression of the gravitational
contribution to the Yukawa coupling, which, in the sharp
regulator limit, can thus become comparable in size to the
typical anomalous dimensions of renormalizable matter
couplings in the absence of gravity. We will analyze the
phenomenological consequences of this suppression
in Sec. IV.
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FIG. 1. —f, as a function of the regulator m for G = 1. Solid
blue: @« = 1, A = 0; dashed blue: a = 1, A = —4; dotted red:
a =0, A =0; dot-dashed red: a = 0, A = —4.

IV. EXPECTATIONS FOR f, AND f, IN PARTICLE
PHYSICS

In this section, we evaluate the values of f, and f at the
interactive UV fixed point of the Einstein-Hilbert action,
(A*,G*) # (0,0), which was recently computed in the PT
flow analysis of Ref. [86]. We take the gauge and regulator
dependence of the G and A beta functions at face value,
neglecting in a first approximation the fact that they were
obtained in a pure gravity setting and thus do not include
the effects of the Abelian gauge ghosts, which might induce
some corrections. Additionally, the beta functions of the
gravitational couplings are modified by the inclusion of
matter fields, in similar fashion to the beta functions
derived in the context of the ERG, e.g., in Ref. [22]. In
light of the universality of gravitational interactions, the
matter content is treated generically by adding an appro-
priate number of real scalar (Ng), Dirac fermion (Np), and
vector (Ny) fields. We report for completeness, in the
Appendix, the beta functions of the gravitational sector
computed in Ref. [86]. Their regulator dependence at
selected a-gauge fixing and matter content is shown in
Fig. 5 of Appendix.

A. Minimal matter content

We start our discussion by showing the parametric
dependence of f, and f, in a model with minimal matter
content, Ng = Np = Ny = 1, to allow for direct compari-
son of our PT scheme with recent ERG-based studies with
the same matter content [37,39].

The dependence on the gauge-fixing parameter « of the
gravity fixed point G* is recalled for convenience in
Fig. 2(a) and the dependence of A* is presented in

Fig. 2(b). As can be seen in Fig. 5 of Appendix, G*,
and A* are monotonic functions of the regulator, so that it is
sufficient to show two benchmarks values; m = 3 (dashed
red) and m — oo (solid blue).

In Fig. 2(c) we show the dependence of f; on the gauge-
fixing parameter « for the same two choices of regulator m.
The size of f; shows relative stability under variations of m,
with fluctuations of approximately 25% around the aver-
age, and also under gauge-fixing choices, which induce
size variations that do not exceed an overall 75%. We also
find remarkable agreement with recent ERG studies
[37,39], which computed f, at « =& =0. It gives yet
another encouraging indication that the result in the gauge
sector is relatively independent of the selected renormal-
ization scheme.

The dependence of f, on a is shown in Fig. 2(d). f, is
negative and, similarly to f,, shows relative stability under
the choice of regulator and gauge-fixing parameter. We
observe approximately 25% swings above and below the
average value of f over the full a range. As one can evince
from Eq. (48), the fixed-point value of the cosmological
constant can have a significant impact on the size of f,. On
the other hand, as Fig. 2(b) shows, in minimal matter
A*>0.Asa consequence, f ¥ receives an enhancement and
settles at relatively large negative values.

B. Standard model

We next proceed to analyze the parametric dependence
of f,and f in the SM; Ny =4, N, =45/2, Ny = 12. As
before, we recall the dependence on the gauge-fixing
parameter a of the gravity fixed point G* in Fig. 3(a)
and the a-dependence of A* in Fig. 3(b), at two benchmark
values of m. We have checked that across the full «
spectrum, the anomalous dimension of the graviton, 75
in Eq. (A3) of Appendix, remains firmly around —2.

The a-dependence of f, is shown in Fig. 3(c) form =3
(dashed red) and m — oo (solid blue). Unlike the case of
minimal matter, the result appears to be highly sensitive to
the gauge-fixing choice. We observe a rollercoasterlike
behavior, with an initial drop in f, at small a, followed
by a sharp rise. This behavior finds an easy explanation in
Fig. 3(a). The fixed-point value G* [86] drops sharply for
a < 0.3 and then stabilizes up to a =~ 2. As Egs. (33) and
(34) show, at seemingly constant G, a ends up affecting f p
linearly, hence the sharp rise.

Unlike in the case of minimal matter, with SM content
we do not agree quantitatively with the ERG study in
Ref. [39] at a = 0. The discrepancy of the two results,
about a factor of 30, is unlikely to be due entirely to the
difference in the adopted regularization procedure, and it
may be due, at least in part, to the different values of the
gravitational fixed points (A*, G*) in ERG and PT flow.

Finally, in Fig. 3(d) we show the a-dependence of —f.
For both choices of the regulator the result is negative and
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FIG. 2. Dependence on the gauge-fixing parameter a of the gravity fixed point (a) G* and (b) A* in the minimal matter model.
Dependence on the gauge-fixing parameter a of (c) f, and (d) —f, in the minimal matter model. Blue solid line indicates the sharp
regulator (m — o), while dashed red line corresponds to a specific choice of the regulator parameter, m = 3.

shows a remarkable stability under variations of the gauge
fixing parameter at @ 2 0.5. On the other hand, it is also
clear that the regulator m has significant impact on the size
of f,. In particular, one can see that f, is exponentially
suppressed at m — oo by the larger, negative values of the
cosmological constant, cf. Fig. 3(b). It can make f, smaller
than f, by one-to-few orders of magnitude.

C. Asymptotic safety of the matter couplings

In this subsection, we roughly compare the values
obtained for f, and f in the PT renormalization scheme
with typical expectations derived from several phenom-
enological studies of AS in the gauge/Yukawa sector of the
SM and beyond.

It has long been known that a trans-Planckian interactive
fixed point for the hypercharge gauge coupling
of the SM would provide an elegant and predictive solution
to the triviality problem (see, for example, Ref. [34]).
Phenomenological considerations imply that such a solution
is obtained if the second term on the rhs of Eq. (1) cancels the

first, i.e., for a positive f,~ 1072 (more precisely, f g =
0.0096 if the SM RG flow is calculated at one loop, in the
absence of additional interactions all the way up to the
Planck scale, and assuming that gravity decouples sharply at
Mp = 10" GeV). While significantly smaller f,, values
would not be sufficient to tame the UV singularity of the
hypercharge gauge coupling, values larger than 10~ would
enforce asymptotic freedom, rather than safety, with the
hypercharge gy — 0 in the deep trans-Planckian regime.

Similar considerations apply for the Yukawa couplings
of the SM and beyond, although the question of which f
value can enforce AS in the Yukawa sector strongly
depends on the particular Yukawa coupling and the
particular model under consideration.

In Table I we summarize the values of f, and f that are
required to enforce AS in the SM and BSM scenarios of
phenomenological interest analyzed in the literature. For
example, it was shown in Ref. [64] in the B — L model
[106,107] that, while f, > 0.0097 would make the hyper-
charge gauge coupling asymptotically free, values in the
range 0.01 < f, < 0.05 would guarantee that the B — L
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FIG.3. Dependence on the gauge-fixing parameter a of the gravity fixed point (a) G* and (b) A* in the SM. Dependence on the gauge-
fixing parameter a of (¢) f, and (d) —f, in the SM. Blue solid line indicates the sharp regulator (m — o), while dashed red line

corresponds to a specific choice of the regulator parameter, m = 3.

Abelian gauge coupling gy and kinetic mixing g, assume
asymptotically safe perturbative values in the trans-
Planckian UV. As those fixed points corresponds to
irrelevant directions of the RG flow, they provide unique
predictions for the corresponding couplings at every scale,
even below Mp. In the same model, values in the range
—0.005 < f,, < 0.005 guarantee the trans-Planckian safety
of the Yukawa coupling yy, which connects the Majorana
neutrinos to a heavy scalar that may trigger electroweak
symmetry breaking via a first-order phase transition in the
early Universe. Because of this first-order phase transition,
the predictions of AS in the B — L model could potentially
be tested in future observations of the gravitational-wave
background [64]. In another example, it was shown in
Ref. [71], in a model based on SU(6) Grand Unified Theory
(GUT), that in presence of trans-Planckian interactive fixed
points for the Yukawa couplings of the SU(6) model, a dark
matter candidate can unexpectedly emerge after the spon-
taneous breaking of the GUT gauge group down to the SM,
with specific testable properties. For this to occur, 0.003 <
y < 0.05 is required.

If a coupling admits an interactive fixed points it is
dubbed in Table I as ““safe,” whereas if it admits a Gaussian
fixed point along a relevant direction it is dubbed as “free.”
If a coupling admits a Gaussian fixed point of the irrelevant
type it is dubbed as “zero.” We reiterate that zero and safe
fixed points that correspond to irrelevant directions of the
RG flow provide the predictions of the theory, uniquely
determined by the size of the gravitational corrections f,
and f,. We investigate here whether the f, and f,
computed in the PT scheme can be found, marginally at
least, in agreement with the expectations of the models in
Table 1.

In Figs. 4(a) and 4(b) we show, respectively, isocontours
of f, in the Feynman (¢ = 1) and Landau (a = 0) gauge, as
a function of the fixed-point values A*, G* of the Einstein-
Hilbert action. Note that in our derivation f, does not

depend explicitly on A. We also show on the plots the
fixed-point values corresponding to the models introduced
in Table I, obtained from the zeros of Egs. (A1) and (A2) in
the Appendix. The SM and the B — L model (Ng =6,
Np =24, Ny = 13) feature similar particle content and
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TABLEIL Typical values of f, and f, required to enforce AS in the SM and particle-physics models of phenomenological interest. gy
is the hypercharge gauge coupling and y,, y, are, respectively, the top and bottom quark Yukawa couplings. In the B — L model
[106,107], gx and g, are Abelian gauge couplings corresponding, respectively, to the U(1),_, gauge and the kinetic mixing between
U(1)y and U(1),_;. y, and yy are, respectively, the Yukawa couplings of the Dirac neutrino to the Higgs boson and of the heavy
Majorana neutrino to a U(1)z_; -charged scalar SM singlet. In the SU(6) GUT model described in Ref. [71], g¢ is the non-Abelian gauge
coupling of the GUT group and, in the fifth column, we indicate additional Yukawa couplings connecting the scalar and fermion

multiplets of the GUT theory.

Model Sy Predictions fy Predictions

SM f, =0.0096 gy safe [-1074,1073] y, safe
[58,59,61] fq > 0.0096 gy free [-1074,1074] y;, safe
B-L Sy =10.0097 gy, 9x» g safe fy=10.002 Vi Vy» Yy Safe
[64,108] [0.0097, 0.05] gy free; gy, g, safe [-0.004, 0.005] y, safe; yy safe/zero

SU(6) GUT [71]

fe20 ge free

[0.003, 0.04] v, safe GUT Yukawa sect. safe/zero

thus sit close to each other, at the top left corner of the plots.
The SU(6) GUT model of Ref. [71], with Ng¢= 131,
Np =381/2, Ny, =35, sits at the bottom right corner,
and we show for completeness also the particle content
of vanilla SU(5) GUT, with Ng = 34, N, =24, Ny, = 24.

Qualitatively, the two plots show very similar informa-
tion, independent of the gauge-fixing choice. As was
shown in Sec. IV B, the fixed-point G* generates f g > 1
in the SM and in its closely related cousin, the B — L model,
see Figs. 3(a) and 3(c). If we take our calculation at face
value, a comparison with Table I shows that there is likely no
room for a perturbative interactive fixed point with pre-
dictivity features in the Abelian gauge sector of both models.
On the other hand, since the gauge-coupling beta functions
admit a Gaussian (zero) fixed point, asymptotic freedom in
the Abelian gauge sector remains an open possibility. In the
latter case, the critical exponent of the corresponding
relevant direction would be dominated by the value of f.
In this sense, the observed values of f, render the PT
renormalization scheme entirely consistent with the expect-
ations of the asymptotically safe SM [38,39,53].

In GUT based models SU(5) and SU(6) we observe, due
to their richer particle content, smaller values of A", G*
with respect to the SM. While reducing G* can bring f g
down by up to an order of magnitude with respect to the SM
(or the B — L model), the gravitational contribution to the
gauge sector remains substantial in GUTs. This is not really
a problem, as the unified gauge coupling is already, in most
cases, asymptotically free in a GUT.

The conclusions drawn above need a word of caution.
They are derived under the approximations used in this
work, based on the fixed points of the standalone Einstein-
Hilbert action [86]. As we have discussed in Sec. III A, an
extended truncation of the action or the implementation of
RG improvement may produce a reduced value of f, for
these models, for example by reintroducing an explicit
dependence on the cosmological constant.

One can follow similar lines for the discussion of the
Yukawa sector and in this regard we present in Figs. 4(c)
and 4(d), respectively, isocontours of f in the Feynman

(¢ =1) and Landau (a = 0) gauge, as a function of the
fixed-point values A*, G* of the Einstein-Hilbert action. It
is well-known that the negative values typically obtained
for the leading gravity correction to the Yukawa coupling in
the ERG (and, now, PT scheme) are phenomenologically
problematic at the Gaussian fixed point of the asymptoti-
cally safe SM. In fact, at the Gaussian fixed point the
negative sign will dominate the critical exponent and make
the Yukawa coupling irrelevant (we referred to solutions of
this class as “zero” in Table I, as they are protected from
appearing at any sub-Planckian scale). Additionally, Table I
also shows that negative values of f, are incompatible with
the viability of the dark matter predictions associated with
AS in the Yukawa sector of the SU(6) model introduced in
Ref. [71]—which require f, > 0—and with phenomeno-
logically viable Yukawa couplings in generic GUT models.

In general, when taking the f, calculation at face value,
we observe that a large, negative A* < 0 can induce a
significant suppression of the gravitational contribution to
the running Yukawa coupling. This leaves in principle the
door open, in the SM and the B — L model, to the existence
of perturbative, predictive fixed points of the Yukawa
couplings that might lead to observable features. For
example, f, =~ —107* could imply that either the top or
the bottom Yukawa coupling of the SM (or both [62]) are a
prediction of the scale-invariant UV completion. In the
B — L model, f, ~—1073 could imply that the size of the
Mayorana-neutrino Yukawa coupling becomes a predic-
tion, with the enticing possibility of discriminating different
scenarios through gravitational wave signals [64]. That
said, one should remain aware that the predictions drawn
here are intended to be qualitative indications that need to
withstand further quantitative scrutiny. This is because, on
the one hand, when the tadpole contribution to the Yukawa
coupling is highly suppressed by a nonperturbative A* < 0,
the impact of extended truncations of the gravitational
action and of additional diagrams in the Yukawa-coupling
computation may become substantial. But, perhaps more
importantly, in light of the fact, observed in a recent state-
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of-the art analysis of the Yukawa sector in the ERG [53],
that a next-to-leading order resummation of operators
contributing to the Yukawa coupling can flip the sign of
the critical exponent at the Gaussian fixed point. This
happens even in the parameter-space region with |1~\*| <1,
where the negative sign and approximate size of the
gravitational contribution have been established at the
leading order under different choices of regulator and
gauge fixing. Given the qualitative similarities between
PT flow and ERG we observe in our study, it is reasonable
to expect that the higher-order sign flip may be as well a
feature of the former, as it is of the latter. We leave a more
detailed analysis of this issue for future work.

V. SUMMARY AND CONCLUSIONS

In this work, we have employed the Schwinger PT flow
equation to derive the quantum gravity contributions to the
beta functions of the gauge and Yukawa coupling of a
matter theory. Following common practice in the literature
on AS, we have dubbed these gauge group- and

flavor-independent corrections to the running couplings
as f, and f. Working with a flat background metric and in
the Einstein-Hilbert truncation, our results show explicitly
the gauge-fixing and PT-regulator dependence of f, and f.
To quantify the sensitivity of our results to these unphysical
parameters, and facilitate a direct comparison with recent
determinations of f, and f, in the ERG, our results are
computed at the interactive fixed point of the quantum
gravity action, which was derived by one of us in the PT
scheme in a recent study.

We found remarkable agreement with existing, leading-
order ERG determinations, especially in the case of a
minimal matter content (one vector field, one Dirac
fermion, one real scalar) where, given equivalent choices
for the truncation and background metric, we obtain
comparable values of f, and f, at the Reuter-like UV
fixed point of the Newton and cosmological constants.
These results make a strong case that—despite AS being
typically associated with the functional RG—the same
asymptotically safe behavior of the gravity-matter system
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emerges independently of the specific choice of regulari-
zation technique.

On a less positive note, our PT flow calculation confirms
the leading negative sign of the gravitational tadpole
contribution to the Yukawa coupling, which was long
observed in the ERG and persists for A resummed to all
orders in the heat kernel expansion. Such negative sign is
phenomenologically problematic at the Gaussian fixed
point of the asymptotically safe SM, where it dominates
the critical exponent and consequently renders the Yukawa
coupling irrelevant. Given our findings, it appears that a
next-to-leading order analysis, featuring the full resumma-
tion of off-diagonal operators along the lines of Ref. [53],
becomes necessary to prove the phenomenological viability
of the Yukawa sector in PT flow as well.

The above considerations reflect in our phenomenologi-
cal analysis, where we have compared the determinations
of f,and f with typical expectations for their sign and size
extracted in heuristic studies of the observational properties
of the SM and/or BSM scenarios embedded in an asymp-
totically safe, quantum scale invariant trans-Planckian UV
completion. While the size of f, at the gravity fixed point is
entirely consistent with the ansatz of the asymptotically
safe SM—where, by construction, the gauge couplings are
all asymptotically free and stem from a relevant Gaussian
UV fixed point [38]—accommodating interactive fixed
points of the irrelevant kind for the matter sector—which
would spawn some of the spectacular signatures predicted
in the literature in presence of a properly scale-invariant UV
completion—appears to be a real challenge in this scheme,
at least under the assumptions adopted in this work.

As for the Yukawa coupling, the leading negative sign of
Sy prevents the appearance of relevant Gaussian fixed
points in the asymptotically safe SM but some interesting
predictions may instead stem from irrelevant interactive
fixed points, which appear in new physics scenarios like,
e.g., the B — L model. Needless to say, such indications are
still very qualitative and need to be anchored in firmer
quantitative ground. To this regard, our study can be
extended along different directions. It would be interesting
to compute the PT flow of f, and f, in concomitance with
the flow of the gravitational action, so to estimate the
respective backreaction. Extended truncations of the grav-
ity and matter actions, nonflat backgrounds, higher order

|

effects via RG improvement, and the aforementioned next-
to-leading order resummation of operators, are very likely
to have an impact on the sign and size of the trans-
Planckian matter beta functions and may generate values
more in line with expectations of predictivity arising in the
SM and BSM scenarios. Overall, we think our study
reinforces the generality of the AS ansatz and provides a
possible first step towards a systematic adaptation of the
results obtained in the context of the ERG to alternative
regularization schemes.
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APPENDIX: FIXED POINTS OF THE GRAVITY
SECTOR

In this appendix, we recall the beta functions of the
dimensionless parameters A and G of the Einstein-Hilbert
action, which were computed in Ref. [86]. The matter
content is added to the beta functions via the number of real
scalar (Ng), Dirac fermion (Np), and vector (Ny) fields.
One obtains

. . G?
Pe = 2G+ﬂgG+§(2ND +Ng—4Ny), (Al)

- G GA

ﬁ/'\ = (?]G _2)A+CD+E(NS_4ND +2Nv) +E(2ND+NS_4NV)’ (A2)
where [86]
v G 2m™ (2R 4 m) ™" (4A + (a—3)m) . 2(Ta = 9)m™ (<A 4 m) ™ (4l + (& — 3)m)
“ T 12a(m—-1) a-3 (a—3)?

427-17

—6(3a —2)m™(m — 2ad)' =™ — 50m™ (m — 22)' =" + (—?,a)m , (A3)
a —_—
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and

GI'(m—-2 4A 2=m - - 4al Zom
¢:_747§Ilz1(m)) {—2m’” (—a_3+m> —6m™ (m—2ah)>™" —10m™ (m—2A)*>"" —2m™ (—ai?’—i—m) + 16m2}

(A4)

In Fig. 5(a) we show the dependence of the fixed point value G* on the regulator parameter m, assuming minimal matter
content (Ng = N = Ny, = 1), for three different values of the gauge fixing parameter . The dependence of A* on the
regulator parameter m for the same three values of « is shown in Fig. 5(b).

Figures 5(c) and 5(d) show the m-dependence of G* and A*, respectively, assuming the SM matter content (Ng = 4,
Np =45/2, Ny = 12).
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