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We investigate spectral functions of matter-gauge theories that are asymptotically free in the ultraviolet
and display a Banks-Zaks conformal fixed point in the infrared. Using perturbation theory, Callan-
Symanzik resummations, and UV-IR connecting renormalization group trajectories, we analytically
determine the gluon, quark, and ghost propagators in the entire complex momentum plane. At weak
coupling, we find that a Kéllén-Lehmann spectral representation of propagators is achieved for all fields,
and determine suitable ranges for gauge-fixing parameters. At strong coupling, a proliferation of complex
conjugated branch cuts renders a causal representation impossible. We also derive relations for scaling
exponents that determine the presence or absence of propagator nonanalyticities. Further results include
spectral functions for all fields up to five loop order, bounds on the conformal window, and an algorithm to
find running gauge coupling analytically at higher loops. Implications of our findings and extensions to

other theories are discussed.
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I. INTRODUCTION

Connected two-point correlation functions are key
objects in quantum field theory. They describe the propa-
gation of particles and encode important physical informa-
tion such as the particle masses, bound states, or decay
widths. Gaining access to field propagators for timelike and
spacelike momenta is crucial for the understanding of
spectra and the unitarity in any given quantum field theory.
The latter is often accessed via the Kéllén-Lehmann (KL)
spectral representation [1,2]. For stable physical particles,
the KL representation is a positive-definite and normal-
izable function, which can be understood as a probability
density for the transition to an excited state with a given
energy. It then becomes an important task to clarify how
viable spectral functions arise within renormalizable quan-
tum field theories.

On a different tack, it is widely appreciated that ultra-
violet (UV) fixed points such as in asymptotic freedom
[3,4] or asymptotic safety [5—7] are mandatory for particle
theories to stay well defined and predictive up to highest
energies. UV-complete theories then arise from small
perturbations in the vicinity of UV fixed points. The latter
trigger the renormalization group (RG) flow of couplings
which, in principle, encode all physical information. In four
dimensions, all known UV-complete theories involve
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non-Abelian gauge fields [8,9], and, possibly, gravity
[10]. Hence, we are facing the intriguing conundrum that
spectral information related to the causality and unitarity of
theories is encoded in the correlation functions of primarily
gauge-variant quantities, e.g., [11].

An interesting step forward has been achieved recently in
the context of quantum gravity [12], where an interacting
UV fixed point has been found in Lorentzian signature.
Small perturbations trigger an RG flow which connects the
high energy fixed point with classical general relativity in
the infrared (IR), thereby providing the graviton propagator
at all scales. Curiously, the graviton is found to admit a
causal KL representation, opening a door to address aspects
of causality and unitarity of quantized gravity in a field-
theoretical setting.

In this work, motivated by these findings, we revisit
spectral functions of gauge theories with matter from first
principles, without gravity. We concentrate on theories
which asymptote into conformal fixed points in the UV and
the IR. The role models for this are SU(N) gauge theories
coupled to N fermions in the fundamental representation.
For small Ny, the theory is asymptotically free and
confining, such as in QCD, while for large N, asymptotic
freedom is lost and viable UV-completions have not been
found. For intermediate N £ however, the theory remains
asymptotically free and develops the interacting Banks-
Zaks (BZ) fixed point in the IR [13-15], whose running
coupling is illustrated in Fig. 1. For our purposes, the latter
offers several benefits and features:

(1) The theory is a perturbatively renormalizable and

unitary quantum field theory, courtesy of asymptotic
freedom, while the intricacies of confinement and
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FIG. 1. RG trajectory of a weakly coupled matter-gauge theory

with coupling a(u), interpolating between an asymptotically free
fixed point in the UV and an interacting conformal fixed point a,
in the IR with cross-over scale A..

chiral symmetry breaking are avoided, courtesy of
the BZ fixed point.

(i) The fundamental fields, gluons and quarks, remain
good degrees of freedom to parametrize the physics
both in the UV and the IR.

(iii) The theory can be brought under rigorous perturba-
tive control at all scales.

Our setup is conceptually similar to the scenario for gravity
[12] where the metric field is taken as the primary carrier of
the gravitational force at all scales, except that interactions
are parametrically small throughout. We expect that struc-
tural insights achieved here may also be of relevance in
gravity.

In this spirit, we investigate gluon, quark, and ghost
propagators and their spectral functions at weak coupling,
both analytically and numerically. To achieve accurate
results, we additionally exploit findings from perturbation
theory up to five loop for the running gauge coupling,
and up to four loop to account for self-energy corrections
[16-20]. Another key step is the Callan-Symanzik resum-
mation of self-energy logarithms, which provides analytical
access to the entire complex plane of propagators. In
places, we employ the large-N Veneziano limit, which
gives rise to a controlled expansion in the small conformal
parameter € < 1. At stronger coupling the BZ fixed point
disappears, and we investigate how the loss of conformality
correlates with the loss of a KL spectral representation. We
also derive general conditions, solely expressed in terms of
universal scaling exponents, which determine the presence
or absence of propagator nonanalyticities.

This paper is structured as follows. In Sec. II, we
introduce the BZ fixed point and the explicit analytic
coupling solution at two-loop order. We use the Callan-
Symanzik equation to resum the two-loop results and
obtain full analytical access to the complex momentum
plane of the field propagators. In Sec. III, we derive the

corresponding spectral functions, discuss the conditions for
their existence, and discuss their properties and dependence
on the gauge parameter. In Sec. IV, we extend our analysis
to higher-loop order and investigate the size of the
conformal BZ window from the perspective of existing
spectral representations of the field propagators. We fur-
thermore compare the perturbative results to ones obtained
with the functional renormalization group. In Sec. V, we
study general perturbative and resummed f-functions and
derive conditions for the absence of nonanalyticities. We
conclude in Sec. VI.

II. BANKS-ZAKS PHASE AND PROPAGATOR

In this section, we first recap the known properties of the
BZ fixed point and the analytic solution of the two-loop
p-function in terms of the W-Lambert function. We then
proceed to use the Callan-Symanzik equation for the
resummation of large logarithms and study all field
propagators analytically in the entire complex plane.

A. Setup

We are interested in four-dimensional Yang-Mills theo-
ries with gauge group SU(N,.) coupled to N, massless
Dirac fermions yw in the fundamental representation.
Modulo gauge-fixing and ghost terms, the perturbatively
renormalizable Lagrangian is given by

L= ~ 3 TR (F,u ™) + Te(ip) 1)

where F, is the field strength of the gauge bosons, and the
trace runs over the color and flavor indices. The theory has
a global U(Ny) flavor symmetry and is otherwise charac-
terized by the gauge and matter field multiplicities, and by
the gauge coupling g, which we scale with a perturbative
loop factor

a=g'/(16n). (2)

The dependence of the gauge coupling on the energy scale
u is expressed via the p-function f(a) = p?da(u?)/du®. In
perturbation theory, it is given by

pla) = Zjﬂna"“, (3)

with loop coefficients /3, known up to five-loop order in the
MS scheme [18].

Free or interacting renormalization group fixed points
with f(a,) = 0 are of particular interest [21], the reason
being that scale-invariance for any relativistic and unitary
four-dimensional theory that remains perturbative in the
UVor IR asymptotes into a conformal field theory [22-24].
The theory (1) always displays a free Gaussian fixed point
a, = 0. For sufficiently few matter fields, the one-loop
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coefficient f, is negative leading to asymptotic freedom
such as in QCD [3.,4]. Conversely, adding too many matter
fields implies that asymptotic freedom is lost and the theory
becomes IR free such as in QED.

The competition of gauge and matter field fluctuations
may also lead to interacting quantum fixed points (a, > 0).
At weak coupling, interacting fixed points are either of the
Banks-Zaks (BZ) or the gauge-Yukawa (GY) type [6,9].
BZ fixed points [13—15] are always IR in any quantum field
theory [6], while fixed points involving Yukawa inter-
actions may be either IR or UV [6,9], see [5,6,25-30]. It is
also well established that conformal windows with BZ
or GY fixed points exist at strong coupling, see e.g.,
[7,31-49]. For a recent conjecture of a BZ phase with
spontaneously broken scale symmetry, see [50].

Much less is known about the fixed points outside the BZ
or GY conformal windows. In pure Yang-Mills theory, it
has been suggested that its IR limit relates to a non-
perturbative fixed point, e.g., [51-53]. In a different vein, it
has also been speculated that a new strongly interacting UV
fixed points may arise in the many fermion limit [54-56],
though the viability for this has been called into question as
of late [49,57-62].

In this work, we focus on settings with a BZ fixed point
and exploit results from perturbation theory up to five loops
and suitable resummations thereof.

B. Banks-Zaks

Our starting point is a regime with a BZ fixed point
[13—15], which, furthermore, is under strict perturbative
control. If so, the running gauge coupling remains small
along the entire renormalization group (RG) trajectory
interpolating between asymptotic freedom in the UV and
a perturbatively controlled BZ fixed point in the IR. Most
notably perturbative methods are sufficient to analyze the
properties of the theory.

In this spirit, we notice that the f-function (3) features a
nontrivial BZ fixed point, which takes the form

_h

5" O(p7) (4)

a, =

to the leading orders in perturbation theory. The one- and
two-loop coefficients are given by

2N
B =- 3C€,
25N2—-11 3 -13N?
pr = ) + 3 €. (5)

Here, we introduced the Veneziano parameter &

11 N,
e !

ER (©

to replace the free parameters (N.,N;) by (N, e). The
parameter (6) may take values between [—o0, 4. For & > 0,
the theory is asymptotically free, corresponding to
Ny < %NC. Further, the one loop gauge coefficient is
parametrically small provided that

0<ex 1. (7)

Consequently, interacting fixed points in the regime (7) are
under strict perturbative control [15,30].

The fixed point (4) stems from a cancellation between
the one-loop term and the remainder of the p-function,
starting with the two-loop coefficient. Such a cancellation
leads to a reliable fixed point within perturbation theory if
P1/P> in (4) is parametrically small. This is precisely the
case when € < 1, and provided that the two-loop term /3,
remains of order unity and positive. The latter holds true in
general: for any 4d quantum gauge theory coupled to
matter with a parametrically small one loop coefficient /5,
the two-loop coefficient f, is of order unity, and strictly
positive [6]. Hence, BZ fixed points are invariably IR and
never UV.

A regime with arbitrarily small & can always be achieved
in the large-N Veneziano limit where N.,N; — oo with
Ny/N, fixed, and where the parameter (6) becomes
continuous, also reducing the number of free parameters
to one. In this work, we follow two strategies to determine
fixed points: First, we use the perturbative loop expansion
to determine fixed points from order to order. This provides
the fixed point as a rational function of ¢, and will mostly be
used when N., N, are finite. Alternatively, we may
determine the fixed point as a strict power series in &.
The latter mixes contributions from different loop orders
owing to the fact that loop coefficients f;/(N,)" contain
terms of different order in ¢, see Eq. (5). In the Veneziano
limit, this is sometimes referred to as the conformal
expansion.

Beginning with the loop expansion and neglecting three-
and higher-loop corrections, we can find an analytical
solution for the running coupling to study its properties in
the complex plane. At two-loop order, the value for the BZ
fixed point reads

4
a, = ¢ . (8)
No(75—26¢) =& (Y= ¢)
Further, its universal scaling exponent
P
6= , 9
da a=a, ( )

is given by
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W | co

at two-loop accuracy. The corresponding RG trajectory for
the running gauge coupling that connects the asymptoti-
cally free UV fixed point with the BZ fixed point in the
IR, as shown in Fig. 1, can be found analytically (see
Appendix A). It reads [63,64]

a.

aW) = WA W@

(11)

in terms of the principal branch of the W-Lambert function,
with

2\ 0 —
00 —ane(B) . =20 @

0 ap

and initial condition a(u3) = ay. As such, the expressions
(8) and (10) to (12) are the two-loop results for the BZ fixed
point and the running coupling for all scales.

The gauge coupling interpolates between asymptotic
freedom in the UV and the Banks-Zaks fixed point in the
IR. The transition between the two scaling regimes is
characterized by an RG invariant cross-over scale A,
indicated in Fig. 1. It can be written as

A, _ﬂ~expW>, (13)

where 0 < da(u) < a, denotes the initial deviation of the
gauge coupling from its free UV fixed point at the high
scale u, while f; < 0 denotes the one-loop gauge coef-
ficient, see (5). It is readily confirmed that dA./dIny = 0.
Notice that the expression (13) is parametrically the same
as for any asymptotically free gauge theory and coincides
with the definition for Agcp in perturbative QCD, as it
must, because the UV initial condition da does not know
that the theory achieves an interacting fixed point rather
than confinement in the IR.

Alternatively, we can perform a conformal expansion
organized in powers of the Veneziano parameter e. We
expand the BZ fixed point and its critical exponent up to the
appropriate power of €. From two-loop perturbation theory,
we can obtain leading order expressions in ¢ for the BZ
fixed point

4 1
N a, :%€+O<82,N—%>, (14)

as well as its eigenvalue

8 !
=— — . 1
0 € +(’)<e ,NC) ( 5)

Higher-order expressions for the fixed point and the scaling
exponent up to five loop order in the Veneziano limit are
given in Appendix B. Inserted into (11) leads to the running
coupling at leading order in the Veneziano expansion.

For small ¢ < 1, the difference between loop expansion
and the Veneziano expansion is parametrically small. For
larger values of ¢, there is a quantitative difference between
the loop expansion and the Veneziano expansion due to the
fact that loop coefficients may contain different orders in &.
In this work, we display results in both expansions. In the
conformal expansion, we restrict ourselves to small & and
work exclusively in the N, — oo limit. In the loop
expansion, we also explore larger values of & as well as
small values of N,.

C. Gauge coupling in the complex plane

We now discuss the properties of the running coupling in
the complex p*/u3 plane. While a is uniquely defined for
p*/p3 > 0, uniqueness is lost in the complex plane pro-
vided there are branch cuts. There are two sources of
branching points:

(i) the branching point at 4?/u3 = 0 originating from

the power law in the definition of z in (12),
(ii) further branching points originating through the
W-Lambert function.
The branching point of the first type (i) is always present
and continues along y? /u3 < 0 until —co. This branch cut is
important for the physics as its discontinuity later results in
the spectral functions of the fields.

In contrast to that, the branching points of the second
type (ii)) may be absent or present including in larger
numbers, depending on the values for € and N,.. As we will
see, these types of branching points spoil the existence of a
standard KL spectral representation.

The principal branch of the W-Lambert function W (z)
has its branch cut starting at z = —1/¢ and is chosen to
continue along the negative z axis toward z = —oo. Thus, to
obtain the branch cut of Wy(z) we must have

) <~ (16)

In order for this equation to have a solution, the phase of
u*/p} must be given by

V(2 /3) = =5 @n + 1), (17)

with n an integer and 6 the eigenvalue of the BZ fixed point
given in (10) and (15). Using the principal branch, only
those solutions in (17) exist which contain a phase ¢ with
—n < ¢ < x. This leads us to the requirement

1 1
-——<?2 1<—, 18
|‘9|< n+ <7 (18)
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FIG. 2. Shown are the number of branching points in the
complexified y-plane of the running gauge coupling at two loop,
as a function of the Veneziano parameter e. A single branch cut at
weak coupling (0 < & < Eppanch cut) proliferates rapidly into many
more at stronger coupling (€pranch cut < € < Emax) before the fixed
point disappears (¢ = 4)-

which means the number of branching points originating
from the W-Lambert function is given by twice the amount
of odd numbers less than |6|. For the total number of branch
cuts, this means

#bp:1+2{|9|+1J.

5 (19)

The existence of nonanalyticities for @] > 1 was first
noticed in [11]. In Fig. 2, we show the resulting number
of branching points as a function of & using the two-loop
expression of the BZ eigenvalue (10). We observe a single
branch cut at y?/u3 = 0 at weak and moderate coupling
(0 < €& < Epranch cut)’ with

{ 22723  for N, =3, 20)
Ebranch cut =
branch €t =) 9 32850 for 1/N, = 0.

At stronger coupling (€pranch cut < € < €max)s and beyond
the threshold é&pnen cut» their number rapidly proliferates
into many more branching points with increasing e. Their
number diverges just when the fixed point ceases to exist
(e = €max ), With

28158 for N, = 3,
max — (21)

2.8846 for 1/N, =0,

at two-loop accuracy.

The presence of branch cuts signifies that the analytic
continuation of the running gauge coupling into the
complex plane is not unique, simply because the location
of branch cuts is ambiguous. In fact, even the number of
branching points may become ambiguous due to e.g., the
properties of the W-Lambert function. In Fig. 3, we
illustrate this ambiguity at two-loop, using € =2.7. In
the standard prescription in the left panel of Fig. 3, we
follow (11) and observe in total five branching points, four
of which are obtained from the W-Lambert function. The
plot in the right panel of Fig. 3 instead assumes the running
coupling to be given by

Ay

a 2 = D —— 22
o) = e @)
with
Pa
2
4
0
) 0 Tm 22 —%

-1

FIG. 3. Magnitude |a| and phase ¢, of the gauge coupling a in the complex plane of the RG scale y? at two-loop order. We use
€=27,u3 =1,and N, — co. In the left panel, we use the principal branch (11), and in the right panel, the modified prescription from
(22). Due to the properties of the W-Lambert function two branch points have disappeared in this modified version of the running
coupling. Branch cuts originating from the W-Lambert function (power law of x?) are drawn as black solid (dashed) lines.
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Since only Wy (z) has a branching pointat z = —1/e and all
other branches at z = 0, two branching points have moved
due to this prescription to the origin and their branch cuts
go along the negative axis toward —oo. Thus, the presence
of additional branch cuts turns out to make the running
coupling in the complex plane ambiguous.

D. Callan-Symanzik resummation

At this point, we want to compute the propagator for all
momenta using perturbative methods. We consider all
species of particles included in the theory, i.e., gluons,
quarks, and ghosts. Starting from corresponding two-point
functions, we follow, e.g., [16] and define

D2t (p) = / dxeP (TAS(x)AL(0)),
A (p) =i [ @t (T (x)2t(0),
Syp)=1 [ axer (pop,©). (@24

The tensor structures of the propagators follow from
general arguments such as Ward identities with only the
self-energies being undetermined,

5 PuP 1 p pu
Dit(r) =2 | (o + 25 el
" =p* L\ P I (P )

N0 P—
—p? 1+ 1L (p*,p%)
Sii s
Sij(p) (25)

Perturbative results for the self-energies I, for all the
propagators ¢ € {A, ¢,y } have been obtained in [16,65].
These contain logarithmic contributions of the form
log(—p?/u?) which diverge in the UV as well as in the
IR. These large logarithms lead to a breakdown of the
perturbative expansion and it is required to resum them in
order to obtain the correct large and small momentum
behavior.

A practical tool to resum logarithmic contributions lies in
the perturbative renormalization group for n-point func-
tions. It stems from the property of a bare n-point function
being independent of the renormalization scale u®. We
apply it here to the scalar parts of the propagators defined
with

1 1

- (26)
—p* 1+ Tly(p*, 4?)

G(/)(pz’ /"2) =

For the bare propagators G, the independence of u?
implies
W —5Gyp = d (24Gy) = 0. (27)
du> " d du?
Here, we denote the renormalized propagator as G, and Z,,
is the renormalization constant of the field ¢. The pertur-
bative propagator depends on the renormalization scale
only through the running coupling and the logarithmic
terms that we want to resum. Therefore, we obtain the

Callan-Symanzik (CS) equation

0 0
2 — G, =0, 28
(125254 Bla) = 0 )G (28)
with the anomalous dimension defined by
1 dz,
=—— ) 29
Yo Z;dlog u? (29)

Solving (28) results in the general form of the propagator
up to an integration constant. This integration constant can
be obtained from the perturbative result at the point where
the logarithmic corrections vanish, i.e., at —p? = .

To solve (28) we first note that

2
Gyla, p*.p?) = f—¢(ap192 L ),

(30)

with some function f, that only depends on the ratio
p*/u?. This allows us to trade u>-derivatives for
p’-derivatives,

— 214_
P apz

This differential equation can be solved by the method of
characteristics. To that end, we introduce a new momentum
dependent running coupling a(—p?)

add /-ﬁ dp?
a P ((1/) u? 1_72 '
The two-loop solution for a is given by the solution for a
upon the replacement of x? by —p? and u3 by u,.

0
ﬂ(a)a— Yo — 1>G¢(a,p2,/ﬂ) =0. (31)

(32)

a,

=P = W@ (33)
with

(34)
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This allows the elimination of the variable p? in favor of a.
The CS equation for G, (a, a, u*) then takes the form of an
ordinary first-order differential equation

0
——vys—1)G, =0. 35
(@) 2=10-1) G 3
Its solution G4(a, a,u?) is given by

C(/)(C_l,//lz)
Gy = —p?

exp (— j%m(a’)), (36)

with C, »(@. u*) an integration constant independent of a. At
two loop accuracy, and writing y4(a) = yfﬁl)a + O(a?), the
integral in (36) is given by
_ (1) _
a da’ Yp a
——rrpld) =——log—+
o« BB e e
The only remaining task is the determination of the
integration constant C¢(a,;ﬂ), This can be obtained by

}/¢(a*) log a— a,

a-—a,

(37)

comparing to the perturbative two-loop result at p> = —u?,
leading to

A N,

Cyla.p?) = ¢ (38)

1+1Ya +0Ya>

where the coefficients Hg) arise from a series expansion of
the self-energies at p> = —u?, namely

My(p? = —2) =1y a+0Ya> + ... (39)

We have included an overall normalization factor N,
which originates from the freedom to rescale wave-function
renormalization Z in (27). The coefficients H((/f) have been
computed in [16,65] up to four-loop order. The final result

for the CS resummed two-loop propagator is

1 Ny a\7y /b (a—a,\rela)/o
Y= T M, @2 \a z :
PT1 4T, a + 10, a* \4 a-a,

(40)

From this expression, we find the UV behavior at the
Gaussian fixed point and the IR behavior at the BZ fixed
point. Close to the Gaussian fixed point, the term

(a/ El)y(#})/ A in (40) dominates, while in the IR, the last
term in (40) corresponding to the BZ fixed point produces
an IR behavior characterized by the anomalous dimension
evaluated at the fixed point and its critical exponent. Using
the asymptotics of the running coupling in (AS), the
explicit large and small momentum asymptotics of the
propagator are

T T T T T T T T T T T T T Ty T T T T T T T Ty T T 77T
1015 - === =|
’ ===
K4 ==
’
. z
’ G
’ ’
108 - 5 ! .
/ 1
» 1
. ]
Y,
10t — p2GA(?) :
p*Galp
- - - UV asymptotics
----- IR asymptotics
—6 SO VT 1T T 1T S O 11T I W TV T| S N VU111 M S WU 11T R an}

0
1073 10-2 10~1 10° 10' 102 10%® 10* 10° 10°
(—p?)?

FIG. 4. The resummed gluon propagator (40) and its UV/IR
asymptotics (41) are shown as a function of (—p?)? in the
Veneziano limit (¢ = %, E= 1).1

G,=4 " g (41)

IR — (a
Ii_g (_ 2) }’(/;( +) for |p2| 0.

The large momentum asymptote is well known and relates
to the Oehme-Zimmermann superconvergence relation
[66-68]. Note that the critical exponent in (40) cancels
against the critical exponent from the power law of the
running coupling in the IR such that the leading power in
the IR limit of (41) is independent of the critical exponent.
The normalization factors N}pR and Ngv in (41) read

UV (1)
Ny [log(—p—;)}y“’ P for |p?| = oo,

‘:th

IR _
NIR = N,

9’

ell=a./a)yy(a.)/0 < a ) 7 IBi+r,(a.)/0
1+ a, + 0y a2 \a.
a, — a) rpla.)/0

Ay

N = Nyl 42)

and we choose the normalization factor A, such that
NV = 1. This choice will later ensure that the spectral
function is properly normalized.

The CS-resummed gluon propagator G, (p?) at two-loop
is shown in Fig. 4 in the Veneziano limit (¢ = %, E=1).We
observe that the propagator quickly approaches its asymp-
totic limits given by (41), with a smooth crossover regime
in between.'

'Here and below, we display propagators and spectral func-
tions as functions of (p?)?, which arises naturally in the argument
of the W-Lambert function, (33) and (34). This choice naturally
accounts for the parametrically slow running of the gauge
coupling. The range shown in Fig. 4 corresponds to scales
between p? = O(1073%) and p? = O(10°?). For smaller &, the
range quickly becomes larger.
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E. Propagators in the complex plane

Next, we need to understand the analytical properties of
propagators in the plane of complexified momenta p2. In
particular, we need to understand whether the propagator
admits branch cuts or poles. There are three possible origins
for the latter. These are

(1) branch cuts from the running coupling &,

(i1) branch cuts from the explicit power laws in (40),

(iii) poles from the self-energy term in (40).
Next, we discuss the different cases one by one.

Case (i). Branch cuts originating from the running
coupling @ have been discussed in Sec. II C. To apply these
findings to the propagator, we replace y> — —p? and p3 —
u?> aswellasa — aand a — ay. Then, the running coupling
leads to two kinds of branch cuts in the propagator:

(a) The branch cut at p?/u? <0 originating from the
power law in the definition of Z.

(b) Branch cuts for p?/u?> such that 7 < —1/e, which
originate from the branch cuts of Wy(z).

As discussed in Sec. II C, the branch cut (a) is important for

the physics. In turn, branch cuts of the type (b) are

“dangerous” in that they spoil the existence of a standard

KL spectral representation.

Case (ii). The explicit power laws in (40) lead to branch
cuts when

a-—a,

<0. (43)

a-—a,

Since a > 0, the former is reached only if a <0, ie.,
Wy(Z) < —1. There are no values z where this equation is
fulfilled if the principal branch of the W-Lambert function
is used. Instead, the W-Lambert function only takes these
values in the branch W_,(z) for —1/e < z < 0. Hence, if
we stick to the definition (11) in the complex plane, this
does not play a role.
The second condition in (43) can only be fulfilled if
a>a ie. -1 <Wy(z) <0. (44)

These values are reached in the principal branch if

Losco (45)
e

Note that the phase for 7 where these branch cuts are
reached is the same as for the branch cuts originating from
the W-Lambert function, only the required absolute value
of 7 is different, see (16). Thus, the branch cuts originating
from the explicit power laws in (40) extend the branch cuts
originating from the W-Lambert function. Combining these
two sources of the branch cuts, we obtain branch cuts
starting at p?> = 0 and reaching up to p> = co, with the

complex phase of these cuts given by (17).
As discussed in Sec. II C this means that for small values
for ¢ only the standard branch cut at p> > 0 remains. On the

other hand, for larger values of ¢ we have inevitably
additional branch cuts in the complex plane, leading to a
propagator which is only analytic in separated and dis-
connected regions of the complex plane.

Case (iii). A last source of nonanalyticities are potential
poles from self-energy corrections. Poles arise whenever the
denominator of (38) vanishes in the complex plane. If they
exist, and depending on their location in the complex plane,
they correspond to either stable or unstable physical (bound)
states, or to stable or unstable (unphysical) tachyonic states.

For sufficiently small & — 0, we can strictly rule out the
existence of self-energy poles based on the following
observation: A zero in the self-energies can only arise if
the coupling in the complex plane becomes of order unity.
On the real axis, the coupling is bounded by the BZ fixed
point a,, which becomes infinitesimally small in this limit.
Hence, in the complex plane, the coupling can only become
of order unity if the denominator in (33) becomes suffi-
ciently small, which only happens at the branching point of
the coupling. However, since this branching point is only
reached for sufficiently large ¢ (e.g., Fig. 2), we conclude
that there are no poles from the self-energies for e — 0. For
larger ¢, the reasoning does not apply and we investigate the
poles from (38) numerically below, and separately for
gluons, fermions, and ghosts.

Our findings are illustrated in Fig. 5 where we show the
gluon propagator in the complex plane for different values
of £. Depending on the value of € we observe one or several
branch cuts. Additional branch cuts beyond the standard
one come in pairs symmetric about the real axis. The
power-law branch cuts (dashed) and the W-Lamber branch
cuts (solid) align and are connected at the branching point
where the coupling, and therefore the propagator, diverges.
It follows from our previous discussion of branch cuts of
running couplings in the complexified 4 plane that branch
cuts of propagators in the complexified p? plane also imply
ambiguities. Similarly, choosing the branch cuts appropri-
ately may lead to the disappearance of some of them.

III. SPECTRAL FUNCTIONS

In this section, we investigate the availability of Kéllén-
Lehmann (KL) spectral representations for gauge field,
quark, and ghost propagators. The KL representation [1,2]
is defined via

 di? py(2%)
Gy(p) = | — : 46
o) = [T (46)
with
py(22) = —=lim ImG 4(2* + in). (47)
n—0

In our conventions, the timelike momenta of the propagator
with the usual branch cut are on the positive real half axis
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FIG. 5. Magnitude |G| and phase ¢, of the gluon propagator in the complex plane at two-loop order. We use N, — o0, & = 1, as
well as € = 0.5 (top left), e = 2.5 (top right), and & = 2.7 (bottom). Branch cuts originating from power laws (the W-Lambert function)
are illustrated with dashed (solid) black lines. There is only one branch cut for ¢ = 0.5 while the other plots show additional branch cuts
related to the properties of the running coupling and the W-Lambert function.

and the spacelike momenta of the propagator are on the
negative real half axis. On the latter, we find the standard
Euclidean propagator, which is real. The propagator fulfills
the relation Gy(z*) = Gy(z)*.

In unitary theories with physical particles as asymptotic
states, spectral functions are positive. In contrast, for fields
that are not asymptotic states even the existence of a KL
representation is not guaranteed and if the spectral function
exists then it may be gauge-dependent, e.g., [12,69-73].
An example for a gauge-invariant and positive-definite
spectral function is the Higgs-Higgs bound state spectral
function [74]. In situations with complex conjugated
poles or branch cuts in the complex plane of the propagator,
the KL spectral representation needs to be generalized,
e.g., [75-78]. Recently, a lot of progress has been achieved
in the direct nonperturbative computation of spectral func-
tion, see [12,79-83]. For a recent discussion of unitarity and
causality criteria for propagators, see, e.g., [84].

A. Existence

In our setting, the existence of a KL representation cannot
be taken for granted, given that neither gluons nor quarks or
ghosts qualify as physical asymptotic states. Still, we are

interested in conditions under which their propagators can,
nevertheless, be represented by a KL spectral function. A first
such condition is that propagators only have a single branch
cut on the positive real axis, and are analytic otherwise. At
two-loop, we know that this holds for &€ < &panch cut> S€€ (20).
For & > &paneh cue this is spoiled by the existence of additional
branch cuts arising from the running coupling (19). The
standard KL representation is violated, and a spectral repre-
sentation would need to be modified, see for example [82] for
a respective generalization.

For the single branch cut, we need to check that the
spectral integral is convergent. For this we integrate the
propagator divided by p? — A% along the keyhole integra-
tion contour shown in Fig. 6. Assuming p? to have a
nontrivial imaginary part or being negative, the propagator
is analytic in the entire area enclosed by the integration
contour except at a pole at 4> = p2.2 Using Cauchy’s
residue theorem, we find

For p* > 0 we can add a small imaginary part, i.e., p> —
p* -+ i6 such that the pole is within the integration contour.
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FIG. 6. The contour integration of the propagator in the
complex plane.

2

/ a2 GZ"’ “ l = 27iG4(p?). (48)
r p-—4

with I = yroy_,07,0y,. Due to the asymptotic behavior of

the propagator in the UV, the integrand vanishes fast enough

on the outer contour integration y» and the integral over this

part vanishes. For the integration along y_, and y,, we have

Gy(2 o
/ dz? 2"’( Z:zi/ dz
- p -4 0

in the limit » — 0, since G,(z)* = G,(z"). Lastly, we
consider the small contour y,. Using the asymptotic proper-
ties of the propagator in the IR, see (41), we derive

G,(12) @
/d,lz 4 ;2:1“’*, (50)
Yr

p*— p*

,ImG (A2 + in)
p2 _ /12

(49)

with

1 — e—27iry(a.) 1\ 7pa)
Q, :N;SRe—lim <—2> ENEH))
1 +y,(a,) 2-0\1

From this expression, we see that the integral on y, only
vanishes if either
vpla,) £0, or yyla,) €N, (52)

Putting these results into (48) gives

We observe that a KL spectral representation for the
propagator is only fulfilled if Qj = 0, which corresponds
to the requirement that the spectral integral is convergent in
the IR. For an asymptotically safe theory, a similar condition
would appear for the contour yp corresponding to a con-
vergent spectral integral in the UV. With Q; =0, the
spectral density is given in (47). The case Qj # 0 would
require a generalization of the KL spectral representation,
which we do not consider here.

Remarkably, the different types of KL spectral functions
that emerge from the conditions in (52) have very different
properties. For y,(a,) =0, spectral functions have a
single-particle delta peak at vanishing spectral values,
which for y,(a,) =n with n € N* becomes the nth
derivative of a delta function at vanishing frequencies.
For —1 <y,(a,) <0 on the other hand, the spectral
functions still diverge for 4 — 0 but with vanishing
integration measure such that this pole does not contribute
to the KL spectral representation. For y,(a,) < —1, the
spectral functions become constant or vanish as 4 — 0.

We conclude that the existence of KL spectral repre-
sentations centrally depends on the anomalous dimensions
of fields at the BZ fixed point, see (52). To leading order in
€ and in the Veneziano limit, they are given by

2e 2
_8__85+0(82)3

2¢
71//(61*) = _%5 + 0(82)’
rea,) = 52— 2=&+ O(e?) (54)
“ar25 75 ’

Higher-order contributions in & also involve higher orders
in &£, which may become relevant quantitatively for large
gauge-fixing parameters. Here, we consider small & where

these effects play no role.
Focusing on the first conditions in (52), y,(a,) <0, the
ranges of £ that lead to well-defined spectral function are

Gluons : &€ > =3 4+ O(e),
Quarks : ¢ > 0+ O(e),
Ghosts : £ >3 + O(e). (55)

For these choices of gauge parameters (except for the
boundary value), the spectral function consists only of a
multiparticle continuum and not a single-particle delta-
peak. Only at the boundary value, the spectral function
contains a delta peak at vanishing frequencies correspond-
ing to a massless particle.

The second condition in (52), y4(a,) € N, singles out n
fine-tuned gauge parameters for which the spectral function
exists. For y,(a.) = n, the spectral function contains a
delta function with n derivatives at vanishing frequencies.
In the remainder of the paper, we focus on the first
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condition in (52) since it allows for a range of the gauge-
fixing parameter.

The conditions for existence (55) depend mildly on ¢ and
the order of the loop expansion. We do not display
expressions at higher loop order as these are rather lengthy.
However, we note that the bounds (55) only receive minor
corrections even at large e’

In summary, we find that sufficiently large gauge-fixing
parameters excluding Landau gauge are a necessity for the
existence of spectral functions for all fields, (55). On the
other hand, smaller gauge-fixing parameters including
the Landau gauge can be chosen as long as we demand
the existence of spectral functions only for the gluons
and quarks. These conditions must additionally be met with
the single branch-cut constraint. The latter imposes a
condition on the Veneziano parameter constant being
limited to small or moderate € < &praneh cut- Importantly,
the latter bound is independent of the gauge parameter,
while the other constraints discussed here are gauge
dependent.

B. Normalization

We now compute the sum rules for the spectral functions
under consideration from the known UV asymptotic
behavior of the propagators (41). Evaluating the KL
representation (46) for p?> — co we obtain

o dj?

) O )

. 2y &
lzlmG(/,(p)— 2%

p oo p

With (41), the sum rule for the spectral function reads

% d2 . )
|7 ) = fim g2y (s7)

Here we have used that the UV asymptotic behavior of the
propagator is normalized with Nyy 4 = 1, see the discus-
sion below (41). From this expression, we see that the
spectral function only has a proper normalization if the one-
loop coefficient of the anomalous dimension vanishes,

yﬁpl) = 0. For gluons, ghosts, and quarks, they are given by

&_3&9_1

By 4e '

w3 (1),

ﬁ] 48 N% ’

(1)

Ve 3

5 =563 (58)

For example, at ¢ =1 and N, =3, the bounds become
&> -2.7 for the gluon, £ > —0.08 for the quark, and & > 3.1
for the ghosts.

For each type of particle, there is one critical value £t
where a normalization of its spectral function can be
achieved. This value is different for all species,

' 4
W =-3+ 36
fs/nt =0,
gt =3. (59)

These values are exact to all orders in € and 1 /N since they
only depend on the one-loop coefficient of the field
anomalous dimension. For other values of the gauge-fixing
parameter, the norm of the spectral function either vanishes
or diverges,

0 e<gm,
=d2? : crit
00 E> j}}it.

If the spectral function exists and has a vanishing norm, it
must contain positive and negative parts.

We remark that £ it coincides with the gauge parameter
choice for which the anomalous dimension vanishes to
linear order in e. This is not a coincidence and originates
from the fact that the two-loop coefficient of the anomalous
dimension is only relevant at the next-to-leading order in
the Veneziano expansion. Hence, the zeroth-order coeffi-
cients of (59) and (55) in the Veneziano expansion must
agree. This has consequences for the term ((a — a,.)/(a —
a,))+@)/% in the CS resummed propagator, see (40). In the
Veneziano expansion, the eigenvalue of the BZ fixed point
6 is quadratic in e while the fixed-point anomalous
dimension y,(a,) is linear in & for general gauge para-
meters £. Thus, in general the exponent y,(a,)/6 diverges
for ¢ = 0. The only exception is given by (55) up to sub-
leading terms in &, which ensures that y ,(a,) = O(e?). This

explains why the spectral function is normalizable for ff/f“.

C. Gluons

We first discuss the gluon spectral function at the leading
order in the Veneziano expansion and at the two-loop order
in the loop expansion. For the Veneziano expansion, (11) is
used together with (14) and (15). Furthermore, the gluon
anomalous dimension and self-energy are expanded to the
leading order in €. In contrast, for the loop expansion, (11)
is used together with (8) and (10) and all quantities include
all two-loop contributions.

The gluon propagator and its spectral function depend on
the gauge parameter £ and they show qualitative differences
depending on the chosen gauge. As discussed in the
previous section, the gluon spectral function only exists
for y,(a,) <0 or ys(a,) €N. At leading order in the
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FIG. 7. Gluon spectral function in the leading order Veneziano expansion (left) and in the loop expansion at two-loop order (right). In
the left panel, we are using & = -~ and N, — oo, while in the right panel we are using N. = 3 and Ny=16 (e = é) We display the

10
spectral functions as a function of (/12)5'.1

Veneziano parameter, we have y,(a,) < 0 for £ > —3. For
¢ = -3, the anomalous dimension vanishes at the BZ
fixed point and the spectral function contains a o-peak
in the IR. This o-peak is not present for other choices of the
gauge parameter. However, peaks related to derivatives
of o-distributions can be found by tuning & such that

yA(‘l*) eN.
In the left panel of Fig. 7, we show 4%p,(4%) in the
leading order Veneziano expansion at e = 1/10 for é = =3

as well as & = &4 = -3 +%¢.* For £ = -3, the spectral
function contains a d-peak at vanishing spectral values
> =0, while the continuum part is negative. Since
& = —3 < &1 the spectral function must have a vanishing
norm, see (59) and (60), and therefore it must contain
positive as well as negative contributions. In this case, the
negative continuum part cancels the positive contribution
from the §-peak. For & = £, the spectral function is very
different as it is positive but does not contain a §-peak in the
IR. Since —1 < y,(a,) <0, the spectral function p,(4?)
vanishes as 4> — 0 in Fig. 7.

In the right panel of Fig. 7, we show the gluon spectral
function at two-loop order. We use the values N, = 3 and
Ny =16, which corresponds to &= 1/6. The gauge
parameter is chosen at its critical value & = fﬁ{“ =-3+
g—‘e where the spectral function is normalized, as well as
slightly above and below. For & = £t the gluon spectral
function is positive definite and normalizable. While the
latter is guaranteed by the gauge choice, the former is
nontrivial. Even for very small changes below this critical
gauge parameter, & < £ the integral over the spectral

*We display 2%p4(2%) instead of py(A2), since p4(4%) contains a
prefactor 1/4> which leads to very large numerical values of
~1059% for (12)? < 1 and very small values of ~107°% for
(4%)? > 1. This is avoided by multiplication with A%. Since we
display 4%p,(4%), technically speaking we have 4%6(A?) — 0.
Nevertheless, for illustrative purposes we show the d-function as
a divergence at 1> = 0.

function vanishes and the spectral function must contain
positive and negative parts. For & > f{i‘, the integral over
the spectral function diverges which can be seen from the
slower fall-off in the UV. Also in the loop expansion, we
can tune the gauge parameter such that the spectral function
has a o&-peak at vanishing frequencies. This happens
however not at £ = —3 as in the Veneziano expansion
due to the subleading contributions that are taken into
account in the loop expansion.

Next, we comment on the existence of poles from self-
energy corrections. With increasing € we find no poles from
self-energies for any N, at least up until &pnen oot Where
additional branch cuts arise.’

We briefly discuss the comparison to the gluon spectral
function in the confining QCD region. There the spectral
function is analytically continued from the spacelike
momenta of the gluon propagator which has been obtained
by functional or Lattice methods in Landau gauge & = 0,
see, e.g., [69,75,85-87]. Then, the gluon spectral function
typically has a vanishing norm: it is negative in the IR and
UV, with a positive spectral density around the confinement
scale. In this respect, it is similar to the red dash-dotted curve
in the right panel of Fig. 7, where the gauge parameter is
chosen below its critical value & < &' = -3 +3%e. In
comparison to the Landau gauge, we have &t < 0 for
matter content of the BZ window but 0 < & for standard
QCD and this is the main contributor to the similarities
between the spectral functions.

D. Quarks and ghosts

We now discuss the spectral functions of the quark and
ghost fields. Also, these spectral functions are gauge-
dependent and in (55) and (59) we show the values of

The query for poles becomes ambiguous as soon as additional
branch cuts are present, the reason being that cuts can always be
chosen in such a way that poles are moved to a different sheet in
the complex plane, the sole exception being poles on the real axis.
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the gauge parameter for which these spectral functions exist
or are normalizable. These values for the gauge parameter
are different for the three species under consideration.

For the quark spectral function to exist in the Veneziano
expansion, we require £>0 or & tuned such that
7y (a.) € N. At this order, the gauge for which the quark
anomalous dimension at the fixed point vanishes and for
which the spectral function is normalizable coincide and is
given by the Landau gauge, £ = 0. Thus, we can obtain a
well-defined normalizable quark spectral function featuring
a o-peak in the IR. Inserting leading order expressions in
the Veneziano limit, we obtain for the quark propagator in
Landau gauge,

1 N,

PY1+ 10 a + O(e?)

v (61)

The exponents present in the CS resummed propagator (40)
become trivial in this gauge. Furthermore, the two-loop
self-energy only gives subleading corrections which should
be neglected at leading order in the Veneziano expansion.

Lastly, we observe that H.S,l ) x £ Hence, in the Landau

gauge, the one-loop self-energy becomes trivial and we are
left with a free propagator for the quark field. In conse-
quence, the spectral function p,, (4%) only contains a 5-peak
at 2> = 0 and vanishes everywhere else. This is displayed in
the left panel of Fig. 8. It is remarkable that the quark
propagator appears to be free within an interacting theory.
We emphasize that this is only present in the leading-order
Veneziano expansion and higher orders in & will inevitably
introduce a multiparticle continuum.

For the ghost spectral function in the Veneziano expan-
sion, the existence condition (55) requires £ > 3, unless we
tune the anomalous dimension such that y.(a,) € N. As for
the quarks, at leading order in the Veneziano expansion,
this coincides with the critical value £ for which the ghost
spectral function is normalizable. Thus, this value of the

{Quark, Loop expansion} 1
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Spectral function of the quark and ghost in the Veneziano expansion (left) and the spectral function of the quark in the loop
and N, — oo, while in the right panel we use N = 3 and N, = 16 (¢ = {). We display

gauge parameter gives rise to a normalizable ghost spectral
function featuring a d-peak in the IR. In contrast to the
quarks, the spectral function is nontrivial in this gauge. This

is due to the fact that TI" = —N.+ O(1/N,) for & =3.
Hence, the propagator and the ghost spectral function pick
up a nontrivial contribution from the one-loop self-energy
in the CS resummed propagator. The resulting spectral
function in the left panel of Fig. 8 shows a d-peak in the IR
and gives a negative continuum part thereafter. Thus, even
though the gauge parameter is chosen such that the spectral
function is normalizable, it does not imply that the spectral
function is positive as we observe that the continuum part is
strictly negative.

In the right panel of Fig. 8, we show the quark spectral
function at two-loop order. We use the values N, = 3 and
Ny =16, which corresponds to &= 1/6. The gauge
parameter is chosen at its critical value & = g,ri‘ = 0 where
the spectral function is normalized, as well as slightly
above and below. The spectral functions are very similar to
the gluon case in the loop expansion, c.f., the right panel of
Fig. 7. For & = Cv,r“, the quark spectral function is positive
definite and normalizable. For gauge parameters just below
the critical value, & < 55}“, the integral over the spectral
function vanishes and the spectral function contains pos-
itive and negative parts. For gauge parameters above the
critical value & > ﬁ,ﬁ‘, the integral over the spectral function
diverges. A remarkable difference to the gluon case is that
the quark spectral function approaches zero much slower in
the IR. The reason is that the quark anomalous dimension
evaluated at the BZ fixed point is tiny. In the Veneziano
expansion, it would be actually vanishing for & = fﬁ,‘i‘ and
in the loop expansion, it is only modified by subleading
corrections. We do not display the ghost spectral functions
in the loop expansion since they are very similar to the
quark spectral function.

Once more we have looked for poles from self-energies.
As for the gluons, we find that there are none in the quark
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propagator. However, we observe a tachyonic pole in the
ghost propagator as soon as &€ > 2.19 at N, = 3 and for
& > 2.25 in the Veneziano limit.

As a final remark, we comment on how results for gauge-
variant propagators and spectral functions can be used to
extract gauge-invariant, physical information. In [88-90],
and in the context of the Gribov-Zwanziger action, gauge-
invariant gluon and quark fields have been constructed out
of gauge-variant ones by providing them with a nonlocal
dressing. The thereby constructed propagators have been
found to be gauge invariant, and, curiously, identical to the
standard quark and gluon propagators in the Landau gauge.
At weak coupling, we expect that the findings of [88-90]
apply equally in our setting. Then, the green curve
displayed in the right panel of Fig. 8 precisely corresponds
to the quark spectral function in the Landau gauge. It is
positive and normalizable, and equal to the spectral
function of a nonlocal and gauge-invariant quark field.
Notice though that while the gluon spectral function in the
Landau gauge is positive, unlike the quark one, it is not
normalizable. As an aside, we also observe that non-
normalizable spectral functions genuinely arise for fields
which asymptote to strictly positive anomalous dimensions
in the UV, see Sec. III B.

IV. HIGHER LOOPS

Thus far we have studied the propagators and spectral
functions in the two-loop limit where we have full
analytic control. In this section, we address the effects
of higher-loop orders. We show how explicit analytical
solutions for the running coupling can be found in the
Veneziano expansion, and also report results from numeri-
cal and implicit solutions.

Further, f-function and field anomalous dimensions are
known up to five-loop order [18,20] while the finite parts of
the propagators have been computed up to four-loop order
[65]. These contributions become important for finite
values of the Veneziano parameter ¢, and when exploring
the size of the conformal window. Therefore, we derive
expressions for propagators and spectral functions to higher
orders and study the convergence at finite &.

A. Running coupling from higher loops

Here, we show that explicit analytic solutions for the
running gauge coupling can be found at any order in the
Veneziano expansion, generalising the two-loop result (11).
We explain the underlying systematics and illustrate the
construction in the Veneziano limit.

We begin by noting that the left- and right-hand sides
of (3) start out at order ¢ and £, respectively, indicating that
the RG running is at least as slow as €. We can make (3)
more amenable to a systematic solution as a power series in
¢ by performing a change of variables from a(u?) to a
rescaled version a(z), with

a(p?) = —a(2), (62)

and z = z(u?) as given in (12). The prefactor accounts for
the fact that a ~ € at a fixed point, while the substitution
u?> — z(u*) accounts for the parametrically slow running
<6(¢). In combination, the original #*>da/du?® beta function
(3) turns into

da(z) 3 p oaned
Nt 63
4 ;ﬂa (63)

where the rescaled loop coefficients

~ _ﬁ_n el
b= (64)

now involve the universal scaling exponent () as defined
in (9), and whose eg-expansion is given in (B3) and (B4). In
the Veneziano limit, any N .-dependence drops out and the
rescaled loop coefficients /3, are polynomials in &,

Ba€) = Bume" (65)

and whose leading order terms scale as f3;, 5, ~ O(1) and
Bz ~ O(e"2) with e.

The virtue of the rescaled f-function (63) is that its left-
and right-hand sides both start out at order unity. Hence,
expanding the running gauge coupling as a series in the
Veneziano parameter,

a(z) = i a,(z)e" !, (66)
n=1

leads to a hierarchy of differential equations for the
coefficient functions a, which can be solved recursively.
Using t = Inz we find

A D A2 y A3
0,0y = P1oai + Proay,

0lnsy = (2B1o@) + 3prod})a, + 1,[{ai,}]),  (67)

where the inhomogeneous terms /, are independent of a,
and only depend on the functions &;_,(z). The leading
order differential equation for a; is equivalent to the two-
loop p-function and integrated in terms of the W-Lambert
function

4 1

TI51+ Wolo) (68)

a(z)

All higher order corrections @, can be found by solving
first-order linear differential equations whose inhomo-
geneous term depends on the lower order solutions a;_,,
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see (67). For example, I, = [}1,1&% —l—/Afz_l&? +/A7’3.1&‘1‘, and
similarly to higher order. Using (67) with (68), the next-to-
leading order correction is found to be

_ 2192 1+ 32 Wy (2)[C + Wo(z)]
421875 [T+ Wo(z))?

a(2) . (69)

where C is an integration constant determined by the initial
condition a(u3) = ay. At z=0, we observe that the
solutions (68) and (69) match the exact fixed-point coef-
ficients at the corresponding order in &, see (B2). We also
have computed the next-to-next-to-leading order correction
analytically, though the result is not given explicitly as it is
rather lengthy without offering additional insights.

We emphasize that the explicit solution for the running
gauge coupling can naturally be extended beyond the
Veneziano limit. The key is to stick to & as the central
expansion parameter but to retain the parametric depend-
ence on N,. In the above, this turns the polynomials /3, (¢)
and the scaling exponent (¢) in (64), and the coefficients
,Bn.m in (65) into N .-dependent quantities, which then feed
into the solutions a,,, but without structurally changing the
hierarchy (67). Thus, the solutions at finite N. smoothly
approach the solution in the Veneziano limit for sufficiently
small &, as they must.

B. Gauge coupling in the complex plane

In the analytic W-Lambert solution at two-loop order,
we observed branching points in the complex plane for
€ > Epranch cut = 2.3285 at N, — oo, see Fig. 2. We will
now extend this result to higher-loop orders. We can do this
either analytically in the Veneziano expansion, or numeri-
cally in the loop expansion. We choose the latter since we
expect Epranch cut 1O Temain at rather large values at higher
orders. The existence of additional branch cuts in the
former is solely tied to the argument of the W-Lambert
function and the dependence of z on y?. This suggests a
generalization of (19) to higher loop orders by replacing the
two-loop eigenvalue with the appropriate eigenvalue at
higher loops.

We check the existence of branch points with numerical
integration curves in the complex plane of a(u). We choose
a closed half-circle integration contour with the straight line
slightly above the real axis and the half-circle closing in the
upper half. In the case of a branch cut, this closed
integration contour returns a nonvanishing imaginary part
and in the case of a pole in the complex plane, the
integrated solution gives the residuum of the complex
pole. We evaluate this complex integral as a function of the
Veneziano parameter ¢ for each loop order. The value
Epranch cut 15 defined as the lowest ¢ at which branch cuts or
complex conjugated poles appear in the complex plane.

We show the results of our numerical investigation in
Table I for N, — o0 and N, = 3 together with values of the

TABLE I. Values of ¢ where branch cuts occur (&, 4nch cur) and
where the BZ fixed point disappears (g,,,) at different loop
orders for N, — oo (top) and for N, = 3 (bottom). The values of
emax Marked with an asterisk occur due to a FP merger.

Veneziano limit Epranch cut Emax

2-loop 2.3285 2.8846
3-loop 2.7240 3.5889
4-loop 2.7265 3.4601
5-loop e 1.1774*
5-loop Padé [1,3] 2.0646
5-loop Padé [2,2] 1.4609*
5-loop Padé [3,1] 0.7203*
N, = 3 Ebranch cut Emax

2-loop 2.2723 2.8158
3-loop 2.6798 3.5520
4-loop 2.6817 3.0538*
5-loop e 1.2019*
5-loop Padé [1,3] 2.2183
5-loop Padé [2,2] 1.6993*
5-loop Padé [3,1] 0.7304*

Veneziano parameter e.,, where the BZ fixed point
vanishes. From two- to three-loop order, both ¢.,, and
Epranch cut 1NCrease, while from three- to four-loop order,
both values barely change at all. The reason is that the four-
loop coefficient of the f function is strongly suppressed in
this regime of N, and N.. A remarkable difference at four-
loop order is that for N. = 3 the BZ fixed point disappears
with a fixed-point merger, instead of a divergence of the
fixed-point value. The suggested generalization of (19) to
higher loops by adapting the eigenvalue is in good agree-
ment with Table I provided we use the full eigenvalue and
do not expand in € or N.,.

The inclusion of the five-loop order has the biggest
impact on €,,,x and &panch cut- Lhe BZ fixed point vanishes
already at very small values of ¢ via a fixed-point merger.
The existence of branch cuts in the complex plane does not
provide a stronger bound on &. At five-loop order, we also
include the Padé approximants [n, m] defined by

n i
2 i=07i4

- 70
14+>", 6a (70)

ﬁ[n,m] =a

where the coefficients y; and §; are determined such that the
perturbative expansion agrees with the original f-function
up to order a"*"*!. In Table I, we show our results for the
five-loop Padé approximants [1, 3], [2, 2], and [3, 1]. In all
cases, the fixed point vanishes before additional branch-
cuts show up in the complex plane of the coupling. The
average value ¢, of the five-loop Padé approximants is
larger than that of the standard five-loop f-function, which
might hint that the standard five-loop gives a too small
value for e, Our results are well compatible with the
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Padé estimations from [47] where it was estimated that
Emax > 1.3 for N, - oo and ¢,,,, > 1.5 for N, = 3.

C. Callan-Symanzik with higher loops

The resummation of the propagator via the CS
equation at n-loop order is performed in full analogy to
Sec. II D. The first hurdle is to solve the integral in (36), for
which we use the partial fraction decomposition of the
integrand,6

(1
rpla) 7y volai) 1
o ha o ama Y

In this expression, the sum goes over all nontrivial
fixed points a;, of the f-function and 6; denotes their
eigenvalues

9B,
" Oa

0; (72)

a=a; x

The general result of the integration boils down to

. (1) _
a dd’ ) (a)
——y4(d') ==—log( —
a (d/) ¢( ) :Bl a
y()(ai.*) a— a; s
+ E /9" 10g<a—a- ) (73)

The asymptotic UV behavior at the Gaussian fixed point
and the IR behavior at the BZ fixed point are extracted as
follows. Close to the Gaussian fixed point, the first term in
(73) dominates and reproduces the known UV behavior of
the propagator. Close to any of the nontrivial fixed points,
the term in the product of (73) corresponding to the
fixed point dominates. In particular, in the IR close to
the BZ fixed point we obtain the correct IR behavior
including corrections to the two-loop behavior found
previously.

The integration constant is again obtained via compari-
son to the perturbative propagator. Our final result for the
CS resummed propagator is

0

7@ )
1 N, a\ 7 a—a; .\ 5
G )M II—=) . (74
’ a" <a> (“‘%*) (74)

Py n)a ;

The large and small momentum asymptotics of the propa-
gator agree structurally with (41), amended by improved
values for the fixed point, eigenvalue, anomalous dimen-
sions, and self-energies. The normalization factor A PRE
again chosen such that Nyy 4, = 1, see (41).

®Note that this result in general only holds if the anomalous
dimension and the p-function are used at the same loop order.

D. Existence of spectral functions

The existence of the spectral function is related to the
value of y,(a,), see (52) in Sec. Il A. We display the
values of £ for which the spectral function stops to exist,
corresponding to y,(a,) = 0. These values are written in
the Veneziano expansion with subleading N, corrections,
&y P = Gy A G /NG 4 -+, and for the leading
contribution we find

o (€) & =3 + 0.267¢ + 0.241£2 — 0.0436¢°,

£, (e) 2 0014562 — 0.00518¢,

£ () ~ 3 — 0.0267¢ — 0.168¢> + 0.0540¢. (75)

This expression includes contributions up to &* or equiv-
alently up to five-loop order. For & < &i***, the spectral
function of the field ¢ does suffer from a divergence in the IR
and does not exist, with the exception of certain fine-tuned
values where y,(a,) € N, see (52). We compare (75) to éfpﬁ‘
where the spectral function is normalizable as given in (59).
For gluons and ghosts, we observe that &P < £ and
thus a normalizable spectral function exists for these species
in the Veneziano limit. This is not the case for the quarks
since for & — 0, we have &, > 1. A normalizable
spectral function for the quarks field, therefore, does not
exist in the Veneziano limit as it requires infinite N .

For a better understanding of the behavior of the quark
spectral function, we consider finite N, corrections. The
next-to-leading order contributions are given by

P () & 0.117€ + 0.262¢% — 0.137¢3,

E1°77 (€) & —0.04¢€ + 0.0201€ + 0.00999¢°

£ (6) & —0.0117¢ — 0.23262 — 0.011763.  (76)

c,1

no-spec
vl
linear e contribution at 1/N2, while it starts with a positive

€% contribution in Sf('fpec. Hence, for finite N, it might be

Most importantly, the quark term ¢ has a negative

possible to tune & such that &, < &7 and a normal-

izable quark spectral function exists. However, for a proper
analysis we should take into account that field multiplicities
are integers. The smallest possible Veneziano parameter
emin for each N, is given by

if N. = even,

1
N,
Emin — ¢ 77
{ﬁ if N, = odd. 7

Using this in (75) and (76) for the quark, we find

0.0145 __ 0.0452

if N. = even,

no—spec (8 ) ~ N% N? (78)
v min/ ™~ 000363 _ 0.0206 _
N—% - N—? lf Nc = Odd
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The leading contribution to &, is always positive and

thus we still find &, > £ meaning that a normal-
izable quark spectral function is not well-defined. For small
N, &er™ becomes negative but that is outside of the
validity of the expansion.

As a further check, we performed a scan for integer N . up to
including N. = 15 and all integer N/ such that & > 0. There
are only two combinations which lead to a negative quark
anomalous dimension consistently at different loop orders.
These are (N, N;) = (3,16) and (N, N;)=(5,27).
At five-loop order, the quark anomalous dimension is also
negative for (N.,N;) = (2, 10), however, it is positive at
four-loop order. We conclude that all other integer choices and
in particular the Veneziano limit lead to a positive quark
anomalous dimension. As such, a normalizable quark spectral
function is absent for these settings. Instead, the quark spectral
function may only be defined for gauge parameters not equal
to the critical value fj,ri‘. The spectral function then has either a
diverging or a vanishing norm.

E. Convergence

Next, we assess the radius of convergence of the loop
expansion in terms of the Veneziano parameter e.
Remarkably, the convergence depends strongly on the field
species. A central quantity that enters the computation of
the spectral function is the field anomalous dimension
evaluated at the BZ fixed point, y,(a, ). We evaluate y,(a,)
for each field at each loop order and determine the maximal
& for which the change due to the next loop order remains
below 10%. The results are shown in Table II for N. = 3
and N. — oo, and we discuss our findings for the different
particle types one by one.

A relatively stable picture is obtained for gluons. Allowing
a change of 10%, we are able to consider Veneziano
parameters of the order of e~ 1 suggesting a radius of
convergence roughly in line with the expected size of the
conformal BZ window Table 1. This result is qualitatively
independent of sending N, — oo or N, being finite.

For quarks, this observation is rather different. Going
from two-loop to three-loop, the 10% change of the
anomalous dimension is ill defined for N. — oo since
the three-loop result does not match the two-loop anoma-
lous dimension at & = 55,“‘ for ¢ — 0. This is because

fa)le g =0@)+0(3) (9

W
i c

The universal £ contribution is only found from the three-
loop perturbation theory onwards and has not converged
yet at two—loop.7 Since the £ contribution vanishes, the
two-loop result of the loop expansion does not contain the

"For & = .ff,,ri‘, the &3 is already obtained at three-loop since the
one-loop coefficient of the anomalous dimension vanishes.

TABLE II.  Values for € at which the next loop order leads to a
change of the anomalous dimension by more than 10% at
&= :S;f“. The top table shows the results for N, =3 and the
bottom table for the Veneziano limit N. — oo.

My 3 Gluons Quarks Ghosts
2-loop 0.20 6.7 x 1073 1.0 x 1072
3-loop 1.5 0.12 1.73
4-loop 0.95 0.19 0.65
£} /n.—0 Gluons Quarks Ghosts
2-loop 0.22 - 1.1 x 1072
3-loop 1.6 8.2 x 1072 0.81
4-loop 1.0 0.30 0.83

correct leading-order contribution of the Veneziano expan-
sion. This has already been discovered in Sec. III D where
we noted that the Veneziano expansion of the quark
propagator at two-loop does not give rise to any nontrivial
corrections and we are left with a one particle pole.

At finite N, the quark anomalous dimension at the BZ
fixed point carries a universal and nonvanishing &> piece.
Thus, the leading order of the Veneziano expansion is
contained in the two-loop result for finite N, and we obtain
a well-defined &5 for quarks, see Table II. For N, = 3,
the numerical value for €5%00,
reachable if Ny is an integer.

Higher loop corrections enhance the observed conver-
gence for the quarks at N, — oo as well as finite N,.
Including up to five-loop corrections, the anomalous
dimension does not become as stable as for the gluons,
however. Asking for a 10% change of the anomalous
dimension, we find si‘i“lgop ~0.3.

A possible explanation for the reduced convergence of
the quark anomalous dimension at the BZ fixed point might
be related to the nonexistence of a normalizable quark
spectral function in the Veneziano limit. For its existence
we require y,(a,) < 0. While this is true at two-loop
for N, — oo, it can only be achieved at higher loop orders
if e < 1/N, and N not an integer except for a few cases
given at the end of Sec. IVD. Thus, the two-loop
approximation shows a qualitative difference compared
to higher loop orders possibly leading to the observed
convergence properties.

Finally, the convergence of the ghosts lies somewhat in
between the quarks and ghosts. Even though the two-loop
approximation converges substantially worse than higher-
order results, it still gives a good convergence up until
€~ 0.01. Including higher-order corrections, the conver-
gence becomes similar to the observed convergence of the
gluons. As for the quarks, we can interpret the bad
convergence of the two-loop approximation by the fact
that the ghost spectral function in the Veneziano expansion
at two-loop does not include all nontrivial contributions

is rather small and not
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which are present at higher loop orders. In Sec. I D we
have seen that the only nontrivial correction comes from the
self-energy, while other corrections, in particular correc-
tions due to y,(a,) # 0 at & = £ at higher loop orders are
absent. Starting from three-loop onwards, these corrections
are taken into account.

In summary, we have established that the convergence of
field anomalous dimensions at the BZ fixed point and of
spectral functions with the conformal parameter ¢ depend
strongly on the type of field. A reliable estimate for the
radius of convergence or the nonperturbative size of the BZ
conformal window cannot be obtained in this manner. To
put this outcome into perspective, we compare results with
a similar type of analysis that has been performed recently
in 4d supersymmetric gauge-matter theories with an inter-
acting conformal fixed point [7]. In supersymmetry, the
chiral superfield anomalous dimensions are known exactly,
and the quality of perturbative approximations can be
checked. Good convergence is observed at weak coupling
while at strong coupling, convergence depends more
substantially on the type of matter field. In particular,
examples are found where three loop is a good approxi-
mation for some superfield anomalous dimensions but not
for others, and many cases exist where three loops fail
miserably in estimating the nonperturbative radius of
convergence [7]. We conclude that the disparities in the
convergence for different fields observed in this study
appear to be a genuine feature of 4d QFTs with conformal
fixed points [6,9], supersymmetric or otherwise, rather than
a specific feature of this theory.

F. Spectral functions at higher loops

The spectral functions of the fields are obtained from
(74) via numerical integration of the gauge coupling in the
complex plane. From our analysis in Sec. IV B, we know
that there are no additional branch cuts and poles in the
complex plane for small ¢ and therefore we know that this
numerical integration is justified. We compute the spectral
functions of the gluon, quark, and ghost at two-, three-,

T T T T
Gluon, e =1, N, — o0

102 E E
1073k L ) E
Q& £ 4. E
~ r ”4{1'. |
J1074E f’-"" 4
=< 6

1072 & E

1076 ; | | | | | | ;

10 10™* 1072 10° 102 104 108
()\2)92-10013

four-, and five-loop order and consider finite N, as well as
N, — o0. The five-loop order only includes the five-loop
contribution in the beta function and anomalous dimen-
sions, while the five-loop self-energy corrections are
missing. We expect that these are subleading since also
the lower-order finite parts only play a subleading role.

In Fig. 9, we show the gluon spectral functions as a
function of (42)%-, The left panel displays the loop
expansion in the N, — oo limit and we have chosen ¢ = 1
around the convergence value €.,,, see Table II, which is
well within the conformal BZ window, see Table 1. In the
right panel of Fig. 9, we show the loop expansionat N. = 3
and Ny = 16 corresponding to & = 1/6. The gauge param-
eter is always chosen on the critical value according to (59)
leading to normalizable spectral functions. The gluon
spectral function is positive definite and converges well.
Only the leading-order is significantly different from the
higher orders at small spectral values.

In Fig. 10, we show the loop expansion of the quark
spectral functions in the N, — oo limit at ¢ = 1/10 and at
N. =3 and Ny = 16. We have chosen a smaller ¢ in the
N, — oo limit compared to the gluon due to the slower
convergence of the quark spectral function. We observe that
the leading-order behavior differs qualitatively from higher
orders, in particular for N, — oo. There, the higher-order
quark spectral functions do not exist due to the wrong sign
of the fixed-point anomalous dimension, see (52). In
consequence, the spectral functions shown in the left panel
of Fig. 10 have been obtained from the discontinuity of the
propagator via (47) but integrating over them with (46)
does not give back the propagator. This strong difference
between the leading and higher orders is explained by the
fact that the quark spectral function does not obtain any
nontrivial corrections at the leading order in the Veneziano
expansion.

In Fig. 11, we show the loop expansion of the ghost
spectral functions for N, — oo at e = 1 in the left panel and
at N.=3 and Ny =16 in the right panel. The ghost
spectral function shares a similar property in that it also is

E T T T T E|

H Gluon,ezé,NC:?, ]

1074 E
1070 El
= F ]
3 r b
x107
1077 ¢ E
10—8 d L L L L L L L |

10=¢ 107* 1072 10° 102 104 108
()\2)02-100p

FIG. 9. Gluon spectral functions in the loop expansion at & = 55{“ for N, — oo with e =1 (left) and at N, =3 with N, =16
(e = 1/6) (right). The asterisk at the highest expansion order indicates that the highest order contribution the finite parts is missing.
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FIG. 10. Quark spectral functions in the loop expansion at £ = 5,”‘ for N, — oo with & = 1/10 (left) and at N. = 3 with N, = 16
(e = 1/6) (right). The asterisk at the highest expansion order indicates that the highest order contribution the finite parts is missing. The

red color that the spectral function is not integrable in the IR.

not positive definite beyond two-loop. However, the ghost
anomalous dimension stays negative at loop orders higher
than two, only the two-loop result becomes positive. Thus,
we find the opposite of the quark case and in the left panel
of Fig. 11 the ghost spectral function is well-defined
for all but the two-loop result. Furthermore, this means
that we obtain a normalizable, but not positive de-
finite ghost spectral function for € = 1. The sign change
in the ghost spectral function can be avoided by using a
smaller e.

We furthermore checked the existence of poles from
the self-energies. We restricted our search to values of
€ < Epranch et Ziven in Table I, for reasons detailed in
footnote 5. In this regime, we find that the quark and
gluon propagators never have a pole from the self-energies
at any loop order and at any N,. For the ghost propagator,
we already observed a tachyonic pole from self-energies at
two-loop for ¢ > 2.2, see Sec. III D. At three- and four-loop
order, instead, we find a pair of complex conjugated poles.
These poles show up for € > 2.66 (three-loop, N. = 3),

e> 271 (three-loop, N.= o0), &> 2.62 (four-loop,
[ \ T T —
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FIG. 11.

N. =3), and ¢ > 2.68 (four-loop, N. = ), see Table III.
Overall, and for any N and loop order, we find

€ poles

< 0(1072), (80)

€branch cut

stating that poles in the ghost sector only arise very close to
the boundary &,,,ch cor Where additional branch cuts arise.
At this point perturbation theory has become unreliable,
and the conformal window ceases to exist.

In summary, up to including four-loop orders, we have
established that neither the gluon nor the quark self-energy
corrections lead to bound state (or tachyonic) poles in their
propagators. Our result is valid for any & < €punch cut
(Table I) covering the entire BZ conformal window.
Further, poles in the self-energies of the ghost propagator
(Table III), only arise at strong coupling and very close to
the onset of branch cuts (Table I) where perturbation theory
becomes unreliable. We therefore conclude that the theory
does not offer hints for bound states for any UV-free
trajectory connecting with the BZ fixed point in the IR.

Ghost, € =

1 _
1N, =3

USLELE LLLLI

Ll

1076 ¢ E
= F E
= [ i
=~ 1077 £ | —— 2 loop 3
F|--- 3loop 1
[|-----4loop
1078 ¢
t | | | | i |
1076 10=* 1072 10° 102 10* 10
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Ghost spectral functions in the loop expansion at & = £t for N, — oo with € = 1 (left) and in the loop expansion at N, = 3

and N; = 16 (¢ = 1/6) (right). The asterisk at the highest expansion order indicates that the highest order contribution the finite parts is
missing. The red color that the spectral function is not integrable in the IR.
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TABLE III. ~ As soon as € > €y, the ghost propagator devel-
ops poles through self-energy corrections. At two-loop, the pole
is tachyonic, while at three- and four-loop order, we find a pair of
complex conjugated poles. Self-energy corrections do not induce
poles in the quark and gluon propagator.

€poles N.=3 N.=o0
2-loop 2.19 2.25
3-loop 2.66 2.71
4-loop 2.62 2.68

G. Functional renormalization group

We use the functional renormalization group (fRG) as a
nonperturbative method to compare to the perturbative
analysis. The main goal is to understand how the CS
resummation that was necessary for perturbation theory to
get rid of large logarithms is reflected in another method.
Therefore we only compute here the flow of the gluon two-
point function in a simple approximation.

The fRG is based on a flow equation for the scale-
dependent effective action Iy, the Wetterich equation
[91-93]

1
0tl—‘k = ETrgkatRk. (81)

The flow equation interpolates between the classical
action S at the initial scale k;, and the full quantum
effective action I' in the limit K — 0. The RG time ¢ is
defined as ¢ = In k/k;,. The regulator R; implements the
Wilsonian integration-out of momentum shells and G, is
the full field dependent propagator, G, = (F,(cz) +Ry)7!,
where T\") = 5"T /5"

The fRG equation is a one-loop equation but takes into
account higher-loop orders via resummation. For example,
at the initial scale k;, the two-point function F,(f), which
enters on the right-hand side of (81), is given by the
classical two-point function S(>). However, already after
one RG step at k;, — dk, the two-point function is modified
and includes the quantum corrections from the integrated
out RG step. This emphasizes that the propagator at
vanishing RG scale G;_ is already the resummed object
that we want to compare to and it does not contain large
logarithms.

The flow equation for the gluon two-point function is
obtained from (81) via two field derivatives. Since
Euclidean signature is used in the flow equation, we only
compute and compare the gluon propagator for space-like
momenta at k =0. The flow of the gluon two-point
function depends on all propagators G, the three- and

four-point vertices, F,(f) and F,((4), as well as on the regulator
function R;. To simplify our computation as much as
possible, we approximate the vertices with the classical

vertices, '™ = §() and use the perturbative two-loop
trajectory (11) as an input. Furthermore, we choose the
regulator proportional to the two-point function

2
Re(p) =T (P)rew). with x=73.  (82)

and use a Litim-type cutoff [94,95] for the shape function
re(x) = (1/x=1)0(1 — x). (83)

With this setup, we can evaluate the diagrams numerically
for all spacelike momenta. We parametrize the transversal
part of the gluon two-point function with

T = Zy () 2, (84)

where Z, ;(p) is the momentum dependent gluon wave-
function renormalization, whose flow follows straightfor-
wardly

(AA)
ol
0,Zas(p) = ’pZ" : (85)

where the right-hand side is given by one-loop diagrams.
We integrate (85) on the perturbative two-loop trajectory
from (11) to k =0 where Z,(p) = Z,1—o(p) is the full
wave-function renormalization and the full propagator
function is given by G, = 1/(Z4(p)p?), which we can
compare to the CS resummed propagator given in (40). The
overall normalization of the wave function renormalization
is arbitrary and we choose the same normalization as in the
perturbative computation, see (42).

The resulting gluon propagator is displayed in Fig. 12
and compared to the perturbative resummation at one-loop,
i.e., setting Hf) =0 and y,(a,) = Epa* in (40). The
approaches agree remarkably well and we only find small
differences due to the different regularization schemes. It
has to be remarked that the UV and IR asymptotic behavior
has to be identical as it is fully determined by the universal
one-loop anomalous dimension and f-function in the UV,
and by the fixed-point anomalous dimension in the IR,
see (41). Only the normalizations Nz and Nyy are
nonuniversal and depend on the unphysical choice a(u),
see (42). In Fig. 12, we have chosen a(u) ~ 0.138a, in the
perturbative computation such that the UV and IR normal-
izations match. Consequently, only in the region around
p =~ 1 do we encounter differences due to the regularization
scheme. Most notably the fRG computation displays a
bump in the propagator while the CS resummation is a
monotonic interpolation between the IR and UV asymp-
totes. In the fRG, the individual contributions from the
quark and the gauge loops are monotonic in their momen-
tum dependence but the overlay creates the bump at the
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FIG. 12. Gluon propagator computed from the fRG in com-
parison with the perturbative result for & = %, N. =100, and

E=1.

transition scale. In the CS, a nontrivial structure can arise
from the self-energy-contribution or additional terms com-
ing from the integral of the anomalous dimension (73) at
higher loop orders. While these nontrivial structures are
present at higher loop orders, the resulting modifications
around p =~ 1 are very small and would not be visible in
Fig. 12. In particular, we do find a visible bump using CS at
higher loop orders in contrast to the fRG result.

V. EXTENSIONS

We have seen that the running of couplings in the plane
of complexified RG momentum yx? offers important
insights into the existence of a spectral representation for
field propagators because branch cuts of the former trans-
late directly into branch cuts of the latter. In previous
sections, we have exploited this link to find branch cut
conditions (Table I) both analytically (at two-loop) and
numerically (for higher loops), and to link these to the size
of universal scaling exponents (19).

In this section, we extend the scope and derive criteria for
branch cuts in more general theories, expressed again in
terms of universal scaling exponents. This will be done for
general perturbative n-loop p-functions as well as for
suitably resummed expressions, and their solutions.

A. Branch cut conditions from higher loops

We consider a general quantum field theory with a single
coupling of canonical mass dimension d, whose perturba-
tive n-loop f-function is given by

, da

g2 = Pla) = daa +hat 4t Buat (86)
If d,, can be taken as a small parameter (such as ¢ =4 —d
in the conventional e-expansion [96]), the flow (86) can be
integrated analytically, and order by order in d,, using
the method described in Sec. IVA. Here, we solve this

differential equation implicitly using the partial fraction
decomposition for the inverse of the f-function,

11 1/6,
@ da 2a—a 7

Once more, a;, denote all nontrivial zeros of the
p-function, i.e., all nontrivial fixed points, and 6; the
corresponding eigenvalues (9). For (87), we assumed that
there are no degenerate fixed points. The differential
equation can now be integrated,

a —

1 a 1 a; . u?
ot —log— " —log™.. (88
da Oga0+zi:9' OgaO_ai,* Og,u% ( )

l

Using the eigenvalue sum rule

> 16, =-1/d,. (89)

which holds true at any finite loop order (see Appendix C),
the result simplifies into

Zélog

For dimensionless couplings d, = 0, the sum rule (89)
reads instead

l—a;./a u
— = log—5. (90
1—a;./a /4% )

> _1/6:=pa/pi. (01)

and (90) has an additional term 1/4,(1/ay— 1/a) on the
left-hand side to account for the logarithmic running at the
Gaussian fixed point.

Next, we apply the implicit function theorem to (90).
Assuming a function F depending on two variables,
F(a,p?), it states that for any point (a,f*) where
F(a,u?)|, ;> is analytic with

a’
- 0
F(a,p*) =0, and a #0, (92)
a

there is an analytic function a(u?) in the neighbourhood of
(a, p?) fulfilling F(a, u?) = 0. Thus, everywhere where the
given requirements of the implicit function theorem are
fulfilled, we can solve for an analytic function a(u?).
Possible singularities and branching points can only occur
at points where one of the requirements in (92) is violated.
However, we emphasize that there are not necessarily
nonanalyticities if (92) is violated. We can only exclude
nonanalyticities if (92) is fulfilled, and find candidate
nonanalyticities if it is violated.
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In our case, the function F(a,u?) is given by

2 _ Qi

H 1 a
F(a,ﬂz)zlog/?—2§l S (93)

0 i a

As expected, F(a,p?) is not analytic at a = 0. The two-
loop running coupling can be applied locally around a = 0
at general loop orders. Using the properties of the two-loop
running coupling, we conclude that the nonanalyticity at
a = 0 corresponds to a branching point. This is in agree-
ment with common expectations of a vanishing radius of
convergence of the perturbative series and also the occur-
rence of a branch cut in the propagator for timelike
momenta.

The point a = 0 is not the only nonanalyticity appearing
in the running coupling. There are additional points due to

oOF 1
da  pla)

= 0. (94)

This can only be fulfilled if a — oo since we are assuming
f(a) to be a polynomial, see (86). To see where a — oo can
be fulfilled, we solve F(a,u?) =0 for y? in the limit of
a — oo. This leads to the equation

-\ —1/6; 2
H(l —“”*) _£ (95)
ao 0

; Il

Each complex x? that solves this equation is a candidate for
a branch cut or singularity. The determination of which
kind of singularities can be found at these points is more
difficult than at a = 0. This is because all higher-order
derivatives of F by a vanish at a — oo, thus, the Jacobian
vanishes to all orders. In the two-loop case, the points with
a — oo corresponds to W(z) = —1, where the W-Lambert
function has a branching point. This behavior might
generalize to higher orders and the points fulfilling (95)
might lead to additional branching points in the com-
plex plane.

We now translate the condition (95), into a strict relation
for the eigenvalues. In a first step, we assume that all the
fixed points are real and we write the factors (1 —
ai./ag)"% as rie7(@i)/% where @(a;,) is the complex
phase of the factor (1 — a, . /ay) and r; is the absolute value
of the total factor. If @, , < a, then the factor is positive and
complex phase is zero, ¢(a;,) = 0, while if a;, > a, then
the factor is negative and ¢(a;.) = 7. Note, that we are
using the principal branch of the roots. Furthermore, the
factors g and e'/(#1%) are real and positive. Thus we end
up with the equation

a;>do

‘ 1
2= Cexp(—iz »_ ). 96
u exp( in 9,') (96)

i

where the sum runs only over the eigenvalues belonging to
fixed points with a;, > a,. The complex phase of x? is
between —z and z, and therefore the equation has no
solutions in the principal branch if

a;.>ay 1

7 > 1. (97)

i

In this case, we have no branching points in the complex
plane. Conversely, branching points might appear if the
sum over the inverse eigenvalues is smaller than unity. For
beta functions at two- and three-loop order, this relation
was observed in [11].

Let us now extend this argument to also include fixed
points in the complex plane. Since the f-function is real,
complex fixed points and their eigenvalues always appear
as complex conjugate pairs. In (95), they show up as

Ay cc =1/ 0cc (a*,cc)-r 18
| = e | = nee)
ag ag

> <ifp(a*.cc) B l.fp(a*,cc)>

= rg. exp P 0.,

cc

2 Im(6
_ rgc exp< q)(a*'(cgc)l];]( cc)>’ (98)

which establishes that their combined complex phase is
vanishing and thus they do not contribute to the complex
phase on the right-hand side of (96). In summary, (97) also
holds in the presence of complex conjugated fixed points
and the sum only runs over the eigenvalues 0; belonging to
real fixed points with a;, > a,.

We emphasize that a solution to (95) only give candi-
dates for branch cuts and it is not clear if these candidates
are realized in the explicit solution of the A-function
equation. Intuitively, one can imagine that the branch point
is located in a different branch of the solution.

We evaluated (97) for the gauge f-function in the BZ
phase and computed the critical Veneziano parameter for
which branch cuts appear in the complex plane at each loop
order. The values for €y,nch cut agree exactly with the ones
found numerically in Table I. We also numerically explored
p-functions with arbitrary coefficients and observed that the
branch point candidates that we obtain from (95) indeed
always give rise to a branch cut. While it seems intriguing
that a violation of (97) always gives rise to a branch cut in
the complex plane, this stems from a numerical search and
should not be taken as a general statement.

In summary, we conclude that if (97) is fulfilled then there
are no additional nonanalyticities in the complex plane.
Conversely, if (97) is violated, we cannot make a definite
statement but our numerical analysis suggests that additional
nonanalyticities are very likely. We also emphasize that (97)
is independent of the mass dimension of the coupling a.
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B. Veneziano limit and fixed point merger

In the Veneziano limit, and for small € <« 1, it is worth
pointing out that the condition (97) is always fulfilled and
the BZ fixed point is guaranteed to be free from additional
nonanalyticities in the complex plane. This can be appre-
ciated as follows. For small € <« 1, the leading eigenvalue
reads g, = 55:€% + O(e?). We choose 0 < ay < a, pz to
ensure that the coupling runs from close to the free fixed
point into the BZ fixed point. In consequence, Oy, provides
a parametrically large contribution ~1/¢> to the sum
in (97). This contribution could be tamed by another
eigenvalue of the order 1/¢%. Within perturbation theory,
this would require the existence of a second fixed point,
parametrically close to the BZ fixed point. In particular, this
necessitates that the two-loop coefficient f, becomes
parametrically small with the Veneziano parameter.
However, this is impossible: the two-loop coefficient f3,
is of order unity and positive, for any 4d quantum gauge
theory coupled to any type of matter as long as the one-loop
coefficient f; is parametrically small or vanishing [6]. We
conclude that the BZ fixed point is guaranteed to be free
from additional nonanalyticities in the complex plane in the
Veneziano limit, and for small e.

For large ¢, on the other hand, the propagators contain
branch cuts as shown in Table I. An exception arises at five-
loop order, where the BZ fixed point disappears into the
complex plane at moderately small & due to a fixed point
merger before the branch cut bound appears at the previous
loop order. With this motivation in mind, let us briefly
discuss how (97) behaves in the vicinity of a general fixed-
point merger. In fact, (97) is not required to be continuous
function of ¢ close to a merger. Consider two fixed points a;
and a, merging at the point a,,. For any such system, the
P-function can be expanded around the fixed point merger
a=a,,

ﬁ(a) = 52 + 500(61 - am) + Cl(a - am>2
+ela—ay)’+ ..., (99)

where 0 is a small parameter. It describes how two fixed
points a; and a, merge in dependence of an external
parameter and become complex afterwards. The coefficients
0 and c; are functions of this external parameter. At the
fixed point merger, we must have § =0 and we can
expand this problem in powers of &, in particular
ays = a, +bs+ O(5?), and b of order unity. Note that
all the terms in the first line of (99) are of order &%, while the
term in the second line is subleading of order 6°>. Computing
the eigenvalues of the fixed point a;, as an expansion in o
gives

(100)

In general, ¢ and ¢, are not going to vanish at the fixed point
merger. Thus, the inverse eigenvalues do not cancel each
other in (97) and give a finite contribution. However, after
the fixed point merger, they do not contribute to (97) any
more, see the discussion around (98), and (97) has a
discontinuity. Remarkably, it is the first subleading contri-
bution parametrized by the coefficient ¢, that is responsible
for the discontinuity since the leading contributions cancel.
We can apply this to the fixed point merger of the BZ
fixed point at the five-loop order of perturbation theory.
There we have the situation that we have exactly two
positive fixed points that merge at e = 1.2019 at N. = 3,
see Table 1. After the fixed point merger, there is not a
single critical exponent contributing to (97), and nonethe-
less no proliferation of branch cuts before the merger. In
fact we can numerically compute > ;1/0;~12.5 just
before the fixed point merger. This agrees with the analytic
considerations of (100) when we expand the five-loop
p-function around a fixed point merger. This discontinuity
prevents the existence of a branch cut regime before the BZ
fixed point disappears. In comparison in four-loop case at
N. = 3, the BZ fixed point also vanishes with a fixed point
merger at €,,, = 3.0538 but in contrast shows a prolifer-
ation of branch cuts already at epgneh et = 2.6817, see
Table I. Matching the four-loop case to the merger template
in (100), we obtain >, 1/6; =~ 0.46 right at the merger and
hence the discontinuity is small enough in order to allow for
the existence of a branch cut regime before the merger.

C. Branch cut conditions from resummations

We consider a general quantum field theory with a single
coupling of vanishing canonical mass dimension whose
[n, k] Padé-resummed (n + k)-loop f-function is given by

_a2r1+r2a+---+yna"“
1+51(1+"'+5ka ’

da
2 -

d_,uz = f(a) (101)
The coefficients y; and 6; are uniquely linked to the original
p-function coefficients.” If k <n + 1, the partial fraction
decomposition for 1/f takes the form

1 1 72— 7161 Z 1/6;
pla) ya? y%a " A (102)
Using the sum rule
1 Y161 — 72
E —=—-—" 103
0 o (103)

which is valid for k < n, this equation is readily integrated,
and we write the result as F(a,u?) = 0 with

A canonical mass dimension d, # 0 will alter some inter-
mediate expressions, such as (102) to (104), without affecting the
final results and conclusions.
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2 a
B2o1(1 1 po1-4
F(Ll"uz)zlog—z——(a—o—g) —Zalog T (104)

Applying the implicit function theorem to F indicates
that a first nonanalyticity arises at a = 0, as expected,
corresponding to a branch cut on the negative half axis.
To find further nonanalyticities, we have to solve
0,F = 1/p(a) = 0, which identifies two potential sources
for nonanalyticities:

(i) The limit @ - oo is a solution. In consequence,
(104) falls back onto the nonresummed setting (95),
and we find that the condition (97) entails the same
nonanalyticities as in ordinary perturbation theory.

(i) New types of solutions are given by the roots of the
denominator, 1 + > ;a' = 0.

A notable difference between these is that case (i) leads to
one condition for the absence of nonanalyticities in terms of
the critical exponents, while case (ii) leads to n conditions
where n is the number of roots of the Padé denominator.

To simplify the analysis of (ii), we assume that the

denominator only has real roots which we denote by a;, i.e.,
14> 6;(a;)" = 0. This leads for each root @, to

at ~1/6;
e A i f W
i) 1) R (105)
H -4 I

<

The real parts as well as the combined contributions from
the complex conjugated fixed points can be absorbed by an
appropriate choice of y3. Compared to (95), there is a new

contribution if 1 — Z— < 0. Since a; can be negative, this
J

implies that now also negative fixed points can contribute.
Eventually, we find for each root a; a condition to avoid
additional nonanalyticities

a;>ay 1 a;za; 1

o> 1 ifa;z0.  (106)

i 0; i
Notably, in the case where @; < 0 also negative fixed points
with aj < a; contribute. This condition has to be fulfilled
for each root a; as well as (97) to guarantee the absence of
additional nonanalyticities. Conversely, there are not nec-
essarily additional analyticities if one of these conditions is
violated, we only find a candidate for a nonanalyticity.
Indeed, we did some numerical studies with arbitrary
p-function coefficients and found cases where one con-
dition was violated but no additional nonanalyticities
showed up in the complex plane.

In summary, we found conditions for the absence of
additional nonanalyticities in the complex plane of the
coupling for perturbative p-functions (97) as well as
resummed f-functions (97) and (106). If one condition is
violated, we can find a candidate for a nonanalyticity with

(95) for perturbative f-functions and with (95) and (105) in
the case of resummed p-functions. If the nonanalyticity is
realized has to be checked on a case by case basis. Within the
numerical search of perturbative f-functions, we found that
all candidates were indeed realized by the solution. We
remind the reader, that the nonanalyticities in the complex
plane of the coupling which propagate to the field propa-
gators via the CS resummation, see Sec. IID, and the
absence of nonanalyticities in the field propagators is a
necessary but not sufficient criterion for the existence of a
KL spectral representation, see Sec. III A.

VI. DISCUSSION AND CONCLUSIONS

We have put forward a comprehensive study of unitary
and asymptotically free quantum gauge theories with
Banks-Zaks fixed points in the IR. By construction, these
theories are conformal both in the asymptotic UV and the
asymptotic IR, connected by a perturbatively controlled
separatrix inbetween (Fig. 1). As such, weakly interacting
quarks and gluons remain good degrees of freedom to
describe the system at all scales. A central question is
whether the field propagators allow for a Killén-Lehmann
spectral representation. To that end, we performed a detailed
investigation of the propagators in the complex momentum
plane, both analytically and numerically, using results from
perturbation theory for the running gauge coupling (up to
five loop) and self-energy corrections (up to four loop).
Performing a Callan-Symanzik resummation of large log-
arithms from self-energy corrections also proved important.

At weak coupling, and in the Veneziano limit, the
smallness of the conformal expansion parameter ¢ ensures
strict perturbative control. In this regime, we find that the
running of the gauge coupling along the entire UV-IR
connecting separatrix can be determined analytically as a
systematic power series in ¢. Propagators in the complex
plane are dominated by the running gauge coupling, while
the finite self-energy corrections turn out to be parametri-
cally subleading after the large logarithms have been
resummed. Most notably, this does not introduce new poles
or cuts in the complex plane as long as interactions remain
weak. If, additionally, field anomalous dimensions in the
deep IR are either negative or integers, the availability of a
Killén-Lehmann spectral representation is guaranteed.

On the other hand, the complex structure of propagators
changes significantly as soon as interactions become
strong. This qualitative change shows up through new
branch cuts and poles (Fig. 5) once interactions exceed a
characteristic strength (€ > €pranch cut)- Invariably, a stan-
dard Kéllén-Lehmann spectral representation is lost even
before the fixed point disappears. These new effects
originate from the running coupling, whose nonanalytic-
ities in the complex plane transfer directly to the field
propagators. In addition, new poles arise in ghost propa-
gators from self-energy corrections at strong coupling
€ 2 €poles (see Table IIT) where perturbation theory becomes
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unreliable. Despite of their different origins, we notice that
€branch cut ANd Epgles ONly deviate at the percent level or
below, (80). We take the interaction-induced proliferation
of cuts and poles (Fig. 2) and the qualitative change in the
propagators to indicate that the BZ conformal window is
smaller than expected from beta functions (Table I).
Further, and even though all theories are characterized
by the scale A, (13), the spectral representation of
propagators does not offer indication for bound states with
masses « A.. This result holds true for any setting with
€ < Epoles> and covers all theories whose RG flow termi-
nates at the BZ fixed point in the IR.

Even though weakly coupled quarks and gluons are ideally
suited to describe the system at all scales, it is important to
remember that their propagators are not gauge invariant
variables. Interestingly, however, the complex structure of
poles and cuts induced by the running coupling is insensitive
to gauge dependences. Still, field anomalous dimensions
which control the scaling of propagators in the deep IR, are
manifestly gauge dependent and influence the existence,
normalizability, and positive definiteness of spectral func-
tions. This is illustrated in Figs. 7-11, where we have
computed quark, gluon, and ghost spectral functions for a
range of loop orders, Veneziano parameters, and gauge-fixing
parameters. As a consistency check, we have also used the
fRG to compute the mid-momentum regime of propagators
and found that results (Fig. 12) compare very well with those
from the Callan-Symanzik flow (Fig. 4), as they must. We
further noticed that the apparent convergence of the loop
expansion is different for different fields (Table II), in
qualitative agreement with findings elsewhere [7]. Most
importantly, we find a wide range of parameters where all
field propagators simultaneously have a well-defined KL
spectral representation. This key result indicates that spectral
representations—ordinarily adopted for the study of scalar
theories or for correlation functions of gauge-invariant
quantities—may very well be of use for the study of gauge
theories with matter and ghosts.

While our results have been achieved specifically for
SU(N.) gauge theories with N, Dirac fermions in the
fundamental representation, they equally hold true for any
other 4d gauge-matter theory with a weakly interacting
Banks-Zaks fixed point. The reason for this is that the
running of the gauge coupling is invariably dictated by the
W-Lambert function to any loop order, see (62), (68) and
(69), leading to identical complex structures for propaga-
tors. This is particularly true in the Veneziano limit where
large-N equivalences among SU, SO, and Sp gauge
theories coupled to matter also ensure identical field
anomalous dimensions in the deep IR [30,97]. We therefore
conclude that any 4d QFT with a weakly interacting Banks-
Zaks fixed point universally admits a KL spectral repre-
sentation for their propagators.

Since the loss of a KL spectral representation and the
emergence of complex conjugated propagator poles and

branch cuts are intimately linked to the running coupling in
the complex plane, we have extended investigations toward
theories with more general beta functions. As a first step,
we looked into the complex structures of theories with
finite order perturbative (86) or resummed p-functions
(101) and identified conditions for the absence of non-
analyticities in terms of universal scaling exponents char-
acterizing the fixed points of the theory, see (97) and (106).
We also studied fingerprints for fixed-point mergers (100)
which should prove useful for investigating endpoints of
conformal windows [27,49,98].

It will be interesting to expand our investigations toward
theories with several running couplings such as 4d gauge-
Yukawa theories [5,28,30], and more strongly coupled
theories including Einstein Hilbert [12] or higher curvature
gravities. On a different tack, it will also be important to
extend our studies toward gauge-invariant objects such as
bound state correlation functions and scattering amplitudes,
or with the help of dressing functions [88-90]. The
resummed field propagators presented here are basic
building blocks for this, and it will be intriguing to observe
how gauge dependences ultimately cancel out. We hope to
come back to these topics in the future.
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APPENDIX A: RUNNING GAUGE COUPLING

At two-loop, the p-function for the running gauge
coupling (3) can be solved explicitly. Starting from

da
,uzﬁ:ﬁlaz—i—ﬁza{ (A1)
1
we first display the implicit solution of (Al) which is
obtained by integrating the differential equation,

1 .= 1 /1 1 2
—log 470 _ L (Z_— = log 'u—z . (A2)
0 a,—apa pi\a aqg U
where a, = —f,/p, is the BZ fixed point and § = 7/,
the corresponding eigenvalue. An explicit solution to this

equation can be found by usage of the W-Lambert function
W(z), which is defined as the solution to the equation

(A3)

To bring (A2) into this form, we exponentiate it and
introduce the new variables
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a, —da
w = s gy =
a ag

a, — Ay

(A4)

The solution can then be read-off,

2\ 0
a, 7
= = oo [ s AS
Crrwi T (»3) (A3)

see also (11). Equation (A3) has a countable infinite number
of complex solutions leading to infinitely many branches
W;(z). Using that the coupling a is real for all 4% /u3 > 0 and
thatay < a,, it follows that the principal branch W (z) is the
unique solution for 0 < z < oo. This explicit solution can be
extended to three-loop order with the help of a Padé
approximant [64]. In this way, we can write

_ a2ﬁ1ﬁ2 + (ﬁ% _ﬂlﬂS)a + O(Cls),

ﬁ(a) B2 — Pza

(A6)

which allows for an explicit solution of the type (AS) with
a* = (B1f2)/ (P13 = p53) and 0 = B/,

At two-loop, the asymptotic properties of the gauge
coupling can be obtained directly from the asymptotic
behavior of the W-Lambert function,

logz —loglogz + O(1) for z » o,
wo<z>={ 22~ loglogz +0(3) (A7)

7+ O(%) for z = 0.
For the running coupling, this gives us the asymptotic
behavior

1
~ Bilog(kP/ul) for |ﬂ2| - ™

a(u?) =
a, — a,wye™ (}’j—z)a for |u?| — 0.
0

(A8)

Both asymptotes can also be directly extracted from the
p-function by linearising and solving the f-function around
the given fixed point.

At higher loop orders, the algorithm of Sec. IV A can be
used to find explicit solutions for the running gauge
coupling in a systematic expansion in & < 1.

APPENDIX B: FIVE LOOP
FIXED POINT AND EXPONENT

In the Veneziano limit, the BZ fixed point expands as
N.a, = Z&,ﬁe",
n=1

for small €. Using the five-loop beta function [18,20], the
first four coefficients of the BZ fixed point are found to be

(B1)

. 4

al = %,

L. 2192

= 01875

. 5844232 1408

& = 3373046875 T 421875

4o 2226607268 N 935296 . 45056

47 2669677734375 ' 791015625 7% 31640625 >

(B2)

Similarly, the universal scaling exponent expands as

0="> 0" (B3)
n=2
and its first four coefficients are found to be
. 8
0, = ——
27 05
. 208
37 16875°
» 2934256 2816 :
+ 72373046875 126562577
. 4771112816 722432 180224
57 4449462890625 47460937577 ' 94921875
(B4)

APPENDIX C: SUM RULES FOR
SCALING EXPONENTS

We are going to establish a series of sum rules
for universal critical exponents related to fixed points
of perturbative n-loop p-functions. We assume that the
p-function takes the shape

Bla) = pra* + pra* + - + ,a"'. (Cl)

=
Il

Besides the double-zero at a = 0, the beta function has
n — 1 nontrivial zeros a; , in the complexified a-plane, with
scaling exponents

_ 9(a)
9, — aa *.

a=a:
i

(€2)

Of physical interest are the real zeros, and in particular the
one closest to the origin.

Sum rules for scaling exponents are found by starting
from the partial fraction decomposition for the inverse
p-function,
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which is then integrated in the complex plane along a circle
including all poles of (C3) with its radius going to infinity.
Since the finite order f-function is a polynomial of at least
quadratic order, its inverse goes to zero fast enough at
infinity such that its integral along the curve vanishes,

j{da_:

On the other hand, for each term on the right-hand side
of (C3) we can use the residue theorem. This leads to our
first sum rule for critical exponents

(C4)

1_b (C5)

i 91' ﬁ%

If the coupling a has a nontrivial mass dimension d, and
the f-function is given by (86), then the corresponding sum
rule reads

1 1

—=——, C6
Zi: 0 da (€0)
instead, see (89). Also for resummed p-functions of the
type (101), an analogous sum rule can be derived straight-

forwardly, see (103).
We can derive further identities by exploiting that

a

da——-=0, (C7)
p(a)

provided the f-function is two-loop or higher. Multiplying

(C3) by a and using the residue theorem once more, we
obtain the sum rule

(C8)

29 ﬁl

It states that the sum of inverse scaling exponents, weighted
by the corresponding fixed point coupling, is given by the
inverse one-loop coefficient.

Generalizing to multiplications with higher powers of a
and assuming that the p-function is evaluated at high
enough loop orders, we also obtain the sum rules

Z%_o.

i

(©9)

It states that the sum of inverse scaling exponents, weighted
by any integer power 1 < m < n of the corresponding fixed
point coupling, vanishes. These sum rules and variants have
been tested numerically, and are used throughout the
main text.

APPENDIX D: ANOMALOUS DIMENSIONS AND
SELF-ENERGIES

In this appendix, we summarize expressions for the
anomalous dimensions and the self-energies up to two-loop
order. Five loop results for the f-function and anomalous
dimensions, and four loop results in the self-energies can be
found in [18,20] and [16,65], respectively.

The one and two-loop coefficients of the field anomalous
dimensions

v4(a) = yg(bl)a + y((;)az + ...

are given by

a _& 2N,
44 — (2E2 + 1164+ 95)N2 (IN?
2 M- QEFNEFIN: | ~1)e. (D1
8 2
for the gluons, by
(1) _ &(1-NP)
i 2N,
0L Nep v svg+ 120 (o)
AT 2 ©
for the quarks, and by
m_3-¢
C - _ch
4 4
-5 5N2
@ _¢ e (D3)

re =76 T2

for the ghosts. Similarly, the one and two-loop self-energy
corrections

,(p? = —p?) = H((ﬁl)a + l_I((ﬁz)a2 + ...

read
0 Ne . 10N,
) = ——¢ —41) -
A 2 (367 + 6 ) 9 £,
@ 1311\ 605 115,
I 3¢+ —— |N2+22 N
(gﬁ 32 +226 - 24 485 ¢

2

2
—%5(19%3 +139) +&§3(5 —-1)

re(f- - €+ 1),

287N2 51v2
24

(D4)

for the gluons,
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1y _ E(Ne=1)
m,’ =>-°—>
v 2N,
9 1
n? = &N+ 2£(13 - 645) (N2 - 1)

N2 -1
32N2

(S(N2 + 1) = 4885) + Le(N2 = 1), (DS)

- 8

for the quarks, and

Y = -n,,
n® =3, ) 4 Mo _oary
< 16 3 64 3
N2 95N>
e 113) = /< D
+ g (6025 +113) - =<, (D6)

for the ghosts.
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