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Abstract

We present general four-loop template 3-functions and anomalous field dimensions for
renormalisable scalar-fermion theories in three dimensions. By imposing A/ = 1 and
N = 2 supersymmetry, we obtain relations between the template RGE coefficients, valid
in any renormalisation scheme. Directly in d = 3, we identify a new theory with a non-
trivial IR fixed point that is under perturbative control in a large-N limit. We provide
up-to-date numerical results for all required massive tadpole master integrals up to four
loops and complement them with analytic expressions where available.
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1 Introduction

Studying quantum systems in three dimensions is of strategic interest for many aspects of
modern physics. For instance, continuous phase transitions in condensed-matter systems can
be described as critical points in the systems three-dimensional continuum limit. Prominent
examples include scalar O(N') models [1-15], and gapless Dirac electrons characterized by the
generalized Gross—Neveu universality class [16-24]. At high temperatures, four-dimensional
quantum systems reduce effectively to three dimensions once the heavy Matsubara modes are
integrated out [25-28]. The resulting three-dimensional effective field theory governs the
infrared dynamics, making its renormalisation-group flow essential for high-quality resum-
mations [29,30]. Moreover, non-perturbative phenomena such as confinement and dynamic
symmetry breaking, which are complicated to capture in four dimensions, can be modelled
in three-dimensional theories, see for instance [31-36]. Furthermore, theories in three di-
mensions are interrelated by a web of dualities [37-41]. Such dualities include strong-weak
dualities, which make non-perturbative effects tractable.

After half a century of intensive work, three-dimensional quantum field theories (QFTs)
have remained less well-understood than their four-dimensional counterparts in regard to
their critical phenomena. A key reason is that in four dimensions, the renormalisation group
(RG) flow is known for each interaction of any renormalisable QFT in the perturbative region.
While perturbation theory certainly has its limits, it also enables a strong theoretical under-
standing whenever it is applicable. In four dimensions, the perturbative renormalisation group
equations (RGEs) of any renormalisable QFT are readily available to high orders via template
expressions [42-69].

This approach of template expressions has proven useful for two main reasons. For one,
template RGEs are model independent results, which separate the problem of computing RG
flows from the difficulty of loop calculations. When implemented in software packages such
as [70-75], high-loop RGEs become available even with minimal know-how or computational
powetr.

The second advantage is that templates allow for an exhaustive and systematic study of
perturbative RG flows. This allows to formulate theorems valid for the entirety of renormalis-
able QFTs. Moreover, it can help to identify QFTs where the RG flow has very rare or unique
properties, and which are otherwise difficult to identify. An example in four dimensions would
be the Litim—Sannino model [76,77], which realises a perturbatively accessible UV fixed point.
In contrast, in this work, the template method will enable us to identify a three-dimensional
theory that features a novel IR fixed point under perturbative control at large N.

The main goal of this work is to bring the advantages of template RGEs into the realm of
three-dimensional QFTs. For the time being, we target gaugeless theories and a precision up to
four-loop order. Thus, the work can be understood as an extension of the studies of [78,79],
and a three-dimensional equivalent of [65, 66, 68]. We also aim to describe known critical
phenomena in a unified framework, namely the UV fixed points in purely scalar [80-84] and
purely fermionic theories [85-89].

This work is structured as follows: We introduce our notation and methodology in Sec. 2
and collect our main results in Sec. 3. As an important cross-check, we discuss the emergence
of supersymmetry in Sec. 4. In Sec. 5, we analyse the RG flow and find hitherto unknown
fixed points. A small outlook follows in Sec. 6. The App. A holds technical details of three-
dimensional four-loop integrals, which are key ingredients for the calculations in this work.
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2 Scalar-Fermionic Theory

We consider the most general three-dimensional, renormalisable QFT of scalars and spin-1/2
fermions with marginal interactions in three-dimensional Minkowski space

L= %au¢aau¢a + %Eiy TP - _Yabl](.ba(nbbw ’L/‘)J abcdef¢a¢b¢c¢d¢ ¢f y (1)

where ¢¢ are real scalar fields with a = 1, .., N;. In three dimensions, fermions are real rank-
two spinors given a suitable representation of y-matrices where (y°)T = —y and (y12)T = y1:2
which can be furnished via the Pauli matrices. The fermions v; and v; = 1/)“ v9 are enumer-

ated by flavour indices i = 1, .., Ny and spinor indices are kept implicit. We only include the
(abcdef)

>

marginal interactions ) and Y, which are totally symmetric in their indices n?¢?¢f = p
and YU = y (@) In the following, we condense our notation of fermion chains via

Yal b1i1i2 Ya2b2i2i3 L. Yanbninin+1 — Yalblazbz...anbn R (2)

where the fermion indices are suppressed altogether. This formalism allows us to compute
RGEs up to four-loop order in a very general manner. We utilise dimensional regularisation to
d = 3—2€[90,91], and the modified minimal subtraction (MS) scheme [92,93]. The technique
of infrared rearrangement with a common mass parameter [94] allows us to separate UV from
IR divergences while only computing tadpole integrals. The computation is conducted via the
MaRTIn framework [95-97], which we have extended to four loop-order. It leverages the FMFT
package [98] for efficient reductions of integrals to a basis of masters given in [99]. These
master integrals are computed numerically using the algorithm of [100] to high precision.
Where possible, analytic results are extracted using the integer relation algorithm PSLQ [101,
102]. This is sufficient to retrieve all template RGEs in analytic form. Details are relegated
to App. A, which serves as an update to [103]. As a result, the template RGEs are obtained
as contractions of the coupling tensors Y? and n®*“d¢f | which at this stage are fully model
independent but may be cumbersome to interpret in terms of a specific model. For this purpose,
we implement them in our in-house software FORGEr [75], which we plan to make openly
available in the future.

3 Template RGEs

In this section, we collect the template expressions for scalar and fermionic field anomalous
dimensions

(20)
. _ dlog \/_¢ P i Y¢ P (3)
¢ dlogu (47'5)24 ’

where ¢2are =(VZy)ap¢p and w?are = (VZy);jy; as well as B-functions for quartic Yukawa
and scalar sextic couplings

ab dYab ab ab ac bc bc ac 4.
Y =dlogu=mY +Yyy +rEY Y+ pb 4
bedef
paveter = L7 _ g o8 gveder . favedes 5)
dlogu ¢ n

in terms of their respective vertex corrections

co  A(20)

By = X (6)
x ;(4@2@
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up to four loops (¢ = 2). This ansatz incorporates the fact that odd-dimensional RGEs only
receive contributions at even loop orders, starting at two loops. For ease of notation, we
make heavy use of the symmetric permutation symbol S,,, which indicates that n inequivalent
permutations of the external indices (both scalar and fermionic) are to be added. For instance,
in (5) Sg indicates that the leg correction consists of six terms, where a is exchanged with the
other external indices:

S6Y‘;g,r’gbcdef :Y:;gngbcdef_i_yz)gngacdef +Y;gngabdef+yigngabcef +Y;gngabcdf+y,;gngabcde,
7

whereas other permutations among the indices b—f in the expression on the left-hand-side are
not considered as they do not generate new terms owing to the symmetry of 7.

Note that the results on 8y and 3, presented here also allow for the automatised extraction
of the RGEs of the operators ¢ and v (via By) as well as ¢°, ¢*, ¢3, ¢ and ¢! (via
) by utilising the dummy-field technique [47,60,104]. Also, these RGEs are implemented
in FoRGEr [75].

3.1 Anomalous Field Dimensions

The general shape of the two- and four-loop scalar field anomalous dimensions are

Yj)b(Z) — Yfi)l tI‘(YaCbC) , (8)

Y(;b Qo YE;,)I pacdefgpbedefe 4 Yf;’)z tr (v9ede) gr (vbede) + Yf;,)g, tr (voede) r (v bdee)
+ yf;’)“ tr (Y20 g (Yeede) + YE;’)S tr (yacbedede) YE;,)G tr (achieede)
+ YE;,)7 r ((yachddece) 4 yE;’)S tr ((yacdebede) 4 YE;,)9 tr (yaceebdde) ©

Here we have listed all possible contractions excluding contributions from tadpole diagrams
as they do not contribute to the anomalous dimensions. In the MS scheme, we find the explicit
coefficients

2 _ 1 4 _ 1 4 _ 2 @ _ 1 4 _ 1

Y1~ 12> Yo1= 1240, Vg2 = — 153 > Vo3~ "Taa> Ypa~— 332>

4 _ s @ _ 1 4 _ @ _ 1 @ _ 1
Yos="3160 Tee="18> Yer= 96> Tes= 72> Yoo="72- (10)

Analogously, the fermion anomalous dimension includes the contractions

YE;) — YE/i)l Yabab , (11)
YEZ) — Yg/ﬂ tr (Yabcd) yacbd 4 Yg/i)z tr (Yabcd) yabed YE;,)B tr (Yabac) ybded
+ YEE,)4 Yabcdcdab + YEZ)E, Yabbccdda + YEE,)E, Yabcdbdac + YE;% Yabcdabcd
4
+ YE/),)S Yabbcaddc (12)

up to four-loop order, which take the explicit values

@ _ 1 @4 _ 1 @ _ 2 @ _ 1 @ _ 1
Y1~ 12> Yy1= 736> Tyo2= —1o2 > Yy3= 27> Yya4= 216>

@ _ 2 4 _ 1 4 _ 1 @ _ 1
Tys="9>  Yye= 36 V7 = 72 Vs = 72 (13)

in the MS scheme.
It is worth noting that both anomalous dimensions in (9) and (12) are manifestly sym-
metric under exchange of their external indices. In general, anomalous dimension might also

4
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contain non-symmetric contributions, inherited from antisymmetric parts of the field strength
renormalisations v/Z 4 ,,. The scalar and fermion kinetic terms

L=37528,$,0" by + 52 V" a0 + ... (14)

ij
respectively, and fixed by the renormalisatizn of two-point functions. However, there is an am-
biguity in defining the field strength tensors vZ, oy such that Zy ,, = vz o vz ¢ > Which is
related to their antisymmetric part. This ambiguity has also been encountered in four dimen-
sional theories, see, e.g. [50,67,68,105,106].

The ambiguity leads to subtleties in theories with hidden flavour symmetries. Such kind
of QFTs contain several scalars or fermions that have identical quantum numbers, yet do not
transform together under a global symmetry. In this case a rotation among the fields is en-
coded in the theory, but involves a redefinition of couplings. As a result, fixed points in these
couplings do not possess conformal symmetry. Instead, 3-functions require a shift propor-
tional to antisymmetric leg corrections in order to preserve conformality [105,107,108]. In
four dimensions, such corrections start occurring from three-loop order. We eventually expect
the same phenomena to also occur in three dimensions, though they are still absent at four
loops.

have renormalisation constants Z;b and Z ; that are symmetric under (a «— b) and (i < j),

3.2 Quartic Yukawa Vertex

We now turn to the vertex corrections of the quartic Yukawa coupling. At two-loop order there
are only a few contractions

5(2)ab 2 2 2 2
}(] )a — ﬁ}(’,l) tr(Yabcd) ch + /51(/,2) tr (Yacbd) ch + ﬂl(/,B) chabcd + ﬁl(/,i SZYaccddb

+ /3}(],25) S4Yacbdcd ) (15)

which do not feature the sextic interactions 7) at all. We find the explicit values

(2) _ (2) _

1 1
2 Y3~ 2 Y,4_0’

@ _ @) _
0 ’ Y,2 2

V1= = B=1. (16)

At four-loop order, we find a more complicated shape with a total number of 132 coeffi-
cients, which we have categorised by the number of sextic interactions and fermion traces

sh(4)ab _ A(4)ab 5 (4)ab 5 (4)ab 5 (4)ab 5 (4)ab 5 (4)ab 5 (4)ab
Y - ﬁY,nZ + ﬁy,nl + ﬁY,(Z,Z,l) + ﬂY,(4,1) + ﬂy,(s,z) + ﬂy,(z,s) + ﬁY,Y5 : 17)

The first two terms include contractions with the scalar sextic coupling

A(4)ab 4 4
/51((,3621 — 1(/;1) nacefghnbdefghycd + /5}(/,2) ,',)abefghncdefghycd , (18)

5(4)ab 4 4 4
ﬁ;}%tll — /31((,?3 ,',’abcdefchdefg + /51(/)2 52 ,',)abcdefchegfg + /31(/’5) 82 nacdengcdbefg

4 4
+ /51(/,6) 84 nacdengbcdefg + ﬂi(/j) nabcdeftr(Yegfg)ch
+ /51(22 ,nabcefgtr(ydefg) ch + /31(22 82 ,nacdefgtr (Ybefg) ch ) (19)

The next terms have both external fermion lines connected to the same Yukawa, while also
featuring two closed fermion traces
/31(:();’3’1) — 1({11)0 tr (Yabef) tr (chef) yed 4 /51(:{1)1 tr (Yabef ) tr (Ycedf) yed

+ B, o (Yoo e (Y ) yed o B g (voedS ) (veder ) yed
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+ B, oo (Yoo or (veeds ) yed o B S, r (vobe ) (v ref ) yed

+ /55‘1)6 tr (Yo ) e (vodef ) yed + /31(,?1)7 tr (Yo ) er(y 2/ de) yed

+ /35‘1)8 tr (v ) er (v de) yed + /5&‘1)9 Sytr (Yo ) er (yhedf)yed, (20)

or one such trace

A(4)ab 4 4 4
ﬂi(/,():,l) — }(/’2)0 tr (Yabefcdef) ch + ﬂl(/,z)l tr (Yabcdefef) ch + /51(/,2)2 tr (Yabceeffd) ch

+ﬁ(4) tr(Yabcedfef)ch +ﬁ1(/j12)4tr(yaebecfdf)ycd +ﬁ(4) Sztr(Yaebfcdef)ch

Y,23 Y,25
+ /5&‘2)6 tr(yaebfeedf Y yed 4 /51({‘2)7 tr(yoebfefde)yed /55‘2)8 Sy tr(yacbedfef)yed
+ oo Sptr(yacteel df Yyed o pif) r (yacbdefef)yed 4 ) oy (yaccdbfef ) yed
+ Py g, tr (vocerbdef Yyed 4 gU0. gy (yacesbedf Y yed 4 pUH) gr (yaccebfdf ) yed
+ B, 8, tr(yoedebres ) yed. 21

Note that contributions o< tr (Y?’) or higher odd numbers of Yukawas are not a priori excluded
in three dimensions. Such terms emerge in diagrams that contain traces over an odd number
of y matrices, which, in contrast to four dimensions, do not vanish in three dimensions. Rather,
they give expressions containing fully antisymmetric Levi—Civita tensors, e.g.

tr(yHy"yP) =—2ie"? . (22)

This excludes many possible contractions. After integration of the fermion loop with an odd
number of y matrices, one of the loop momenta is spent and the remaining three need to be
contracted with the Levi—Civita tensor for it not to vanish due to the antisymmetry. Thus, only
the contractions

5(4)ab 4 4 4
ﬁl(/,();,z) — 1(/,136 tI.(Yabcdef) chef + /31((’?27 tr (Yabcedf)chef + /31(/,3)'8 tr(Yacbedf) chef

+/3(4) Sztr(Yadeef)YCdef+ﬁ(4) S4tr(Yacdfef)chde

Y,39 Y,40
+ [51(/‘21 84 tr (Yadcfef)chde + /51(/‘22 84 tr(Yafcdef)chde
+ /31(:23 Sytr (Yafdecf)chde (23)

do not vanish. There are further contractions with a single fermion loop

A (4)ab 4 4 4
/‘:5}(/,();,3) — 1(/}34 tr(yabcd)yefcdef + /31(/,435 tr(Yabcd) Yceefdf + [31(//26 82 tI.(Yabcd) Ycedfef

+ /31(227 tr(yacbd)yefcdef + /51(/28 82 tr (Yacbd)Yceefdf + /5}(]‘29 82 tr (Yacbd) Ycedfef

+ﬁ1(:5)0 84 tr(Yacde)chdfef +/~:51(/?5)1 S4 tr(Yacde)Ymicfef

+ ﬁl(/le)Z S, tr(Yacde) ybfedef 4 /51(/?5)3 S, tr(Yacde)Ybfcfde

+ /51(:5)4 84 tr(Yacde)deefcf + /51(;15)5 54 tr(Yacde)Ybfefcd

+ ﬂl(/j‘s)é 84 tr(Yacde)Ybfdecf + /‘3}(’?5)7 SZ tr(Yacde)Ycifbcef

+ ﬁl(/j‘S)B 54 tr(Yacde) ydfbfee | /51(215)9 84 tr(Yacde)Ydebfef

+ /51(220 84 t1,(Yacde)Ydfbecf + ﬂl(/j‘é,)l 54 tr(chef) Yacbdef

+ ﬁl(/j‘é)z 54 tr(chef) Yacbedf + /31(;23 84 tr(Ycede)Yafbfcd

+ /51(/24 84 tr(Ycede)Yacbfdf + /31(/?6)5 S4 tr(Ycede)Yafbcdf



SciPost Physics Submission
+ ﬁl(fj26 S, tr(chef) yacdebf | /51(/?6)7 S, tr(chef) yacefbd
+ /51(/46)8 82 t1,(Ycede)Yafcdbf + ﬂl(/46)9 54 tr(Ycede)Yacdfbf
+ ﬁl(/47)0 tr (chef) chabef + ﬁl(/47)1 tr (chef) Yceabdf
+ /31((47)2 tr (Ycede) chabdf (24)
as well as a final family with no closed fermion loop at all
[31(/431;’3 _ 1((47)35 yacbdcedfef +ﬁ(4) Yacbddecfef +ﬁ(4) Yacbdceefdf
+ ﬁl(/47)6 54 Yacbddeefcf + ﬁl(/47)7 S4 Yacbdefcedf + ﬁl(/47)8 84 Yacbdefdecf
+ /51(/47)95 Yacbdefcdef + /5(4) 5 Yacbdefefcd + ﬂ(4) 5 Yacdebcdfef
+ ﬁi((4§2 Yaccdbedfef + /5(4) Yaccdbeefdf + /3(4) Yacdebdcfef
+ /31((25 84 Yacdebdefcf + /31(/48)6 84 Yacdebfcdef + ﬂX(/48)7 54 Yacdebffdce
+ ﬁl(/4£288 Yacdebfdecf + ﬁ(4) S Yacdebfcfde + [3’(4) S Yaccddebfef
+ /51(/49)1 Yaccdefbdef + /5(4) Yaccdefbedf + /5(4) Yacdecfbdef
+ /51(/49)4 Yacdecdbfef + /5(4) Yacdecfbfde + ﬂl(/49)6 Yacdedfbcef
+ /31(,49)78 Yacdeefbdcf + /5(4) S Yacdedfbfce + ﬂ(4) S Yacdedebfcf
+ /jl(/41)00 Yaccddeefbf + /51([41)0 Yacdeefcfbd + /31(/41)02 Yacdecfdebf
+ ﬁl(/41)03 84 Yaccdefdfbe + /5(4) Yacdecfefbd + [51(/41)05 84 Yaccdefefbd
+ /jl(/41)06 82 Yacdedfefbc + ﬂl(/41)07 84 chacbedfef + ﬁl(/41)08 84 chacbeefdf
+ﬂ1(,41)098 chaebcdfef +/31(/41)108 chaebcefdf + /51(/41)115 chaebecfdf
+/31((41)12 chaebfcdef +/31({41) 3 chaebfcedf + [5(4) chaebfcfde
+/j1(/41)158 chaebfefcd +/5§41)1 82 chacdebfef + /31(/41)1784 chacefbdef
+/51(/41)18 84 chacefbedf +ﬂ(4) S chaecfbdef + ﬁl(/4)208 chaecfbedf
+ /51(/41)21 chaeefbcdf + ﬂ(4) chaeefbfcd + /31(/'41)23 chabcedfef
+ [51((741)24 chabceefdf + /3(4) chabefcedf + /‘31(/41)26 chabefcdef
+ ﬁl(/41)27 SZ chabefefcd + [51((41)28 chefabefcd + ﬁl(/41)29 chefabcdef
+ ﬁl(/41)30 chefabcedf + ﬂ1(141)31 Ycedeabcfdf + ﬁi(/41)32 Ycedeabdfcf ) (25)
In the MS scheme, we find the explicit coefficients
(4 _ 1 (4) _ 0 4 __1 4 __1 4 __1
vy, ~ 38> Y2 > Y3 25 Y4 i) Y,5 7>
(4 _ 1 4 _ (4) _ 4) _ 4 _
ﬁ 8 Y,7_0’ Y,S_O’ Y,9_0’ Y,10 =0,
(4) _ 4) _ 4) _ 4 _1 @) 1
v,11 — 0, v,12 — 0, Y13 0, v,14 — 8> Yv,15 12>
@ _ _n? 4 _1 4) _ 0 (4) _1 4) _ 0
Y,16 — 32> Y,17 — 8> Y,18 — > Y, 19— 4> Y,20 — Y
4) _ (4) 4) _ 2 (4) 1 4) _
v,21 =0, Y,22 =0, v,23 —_%’ Y24 T 2 Y,25 =0,
4 __n? 4 __n? 4 __3 (4) _n? (4) _1
Y26~ 8> Y27 = T 16° Y28 = " 3> Y,29 — T 16 Y,30 7>
(4) =0 @ __1 @ __1 4 __1 (4) _3
Y,31 ’ Y,32 4> Y,33 20 Y,34 4> Y,35 4>
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@ _ 4 4 4 @ _
v,36 =0 y,37 =0, v3s=0> 39 =0, v40 = 0>
@ _ @ _ 4 4 @ _
1/41—0 va2 =0 vas =0 va4 =0 ya5 =0
ﬁ(4) _ @ _ @ __ @ _q @ __1
Y,46 v,47 = Vs Y,48 32> Y49 — V0 Y50 — 4>
@ __1 @ __3 @ _o @ __ @ _o
Y51~ " 8> Y,52 8> Y,53 ) Y,54 32> Y55 — Vs
[3(4) —_r @ __1 @ __1 @ __ /5(4) __r
Y56 — 32 Y,57 2° Y,58 3> Y,59 32> Y60 — 16’
@ _ = 4) 1 4) 0 /3(4) 1 4 _ 1
Y,61 32 Y,62 8> Y,63 ’ Y,64 12> Y65 — 82
@ __n 4 _ @ _ 4 _ @ __n
Y,66 — 32 Py =0, v,68 — Pyeo =0, v,70 — T 32>
@ _o @ __1 @ __1 @ _o @ _ _n_z
v,71 = Y Y,72 6> Y,73 8> Y74 = V> v,75 ~ T 32
@ __n @ _1 /3(4) -0 @ _1 @ __ 1
v,76 — 32> v,77 ~ 8> v,78 — V> v,79 — 8> Y,80 — 24>
@ __1 @ _ @ _9 @ _1 @ __1
Y81~ " 4> Y,82 ) v,83 — Y,84 — 8> v,85 — 4>
@ _1_n* (4) 1 @ _ 1 4 _1 4 _ 0
v,86 — 2 16° Y,87 8> Y,88 8> v,89 — 8> Y,90 —
@ _ @ _ @ __= @ __1 @ __=
Y91~ V> v92 — > Y,93 16> Y,94 8> v,95 — " 32°
@ __1 @ __3 @ __ @ __ 1 4
Y96~ 4> Y,97 8> Y,98 32> Y,99 12° Y,100 —
@ 4 _n 4 0 4 _n @ _p
y,101 — > Y,102 3 v,103 ) Y,104 32 v,105 — ¥
@ _g @ _q @ __n @ _1_n @ __
v,106 — > v,107 — ¥ Y,108 32 v,100 27 16 Y,110 — " 16°
@ __1 @ _1_ @ _q_ @ _1_r @ __1
y,111~ 4> v,112 ~ 2 Y,113 = 6 Y114 — 27 16 Y115~ " 4>
@ _ @ _ 4 _1 @ _q,_1n @ __
v,116 = 0 v117 =05 v,118 3> v119 = 1= % vi20 = 1
@ __= 4 _n 4 0 4 _n @ _p
v,121 — " 16° Y,122 32 Y,123 ’ Y,124 16 > v,125 — ¥
@ _p /3(4) _1 4 _1 4 1 @ _q_n
v,126 — V> Y,127 12 Y,128 3> v,129 ~ 3> Y,130 — 8>
@ _1 @ __n
Y,131 — 4> v,132 =~ 16 (26)
. . L - 4 L@ .
Especially noteworthy is the vanishing of the coefficients ﬁy’gé— Y432 which are the ones

featuring traces over an odd number of y matrices. Their vanishing implies that the results are
insensitive to complications arising from the naive dimensional regularisation scheme, which
clashes with the manifestly three-dimensional Levi-Civita tensor. In fact, the four-loop Yukawa
vertex corrections are the only place where such traces may have occurred in this work.

3.3 Sextic Vertex
Finally, we turn towards the scalar sextic vertex corrections. The two-loop expression
A 5 . . o
ﬂy(lz)abcdef — ﬂ( )S ,nabcghlndefghl +/57(]’§ 815 tr (Yabgh) ncdefgh
2 2
/3( ) S tI.(Yagbh) ncdefgh + ﬁ;’i 890 tr (Yabcdegfg)
ﬂ(z)s tI.(Yabcgdefg) 27)
with the explicit coefficients
) _1 @ _ 2 _1
ﬁn’1_67 ﬂ ’ [5,7’3_5:

The four-loop corrections consist of several terms

B =-1, P = (28)

A(4)abedef _ A(4)abedef A(4)abcdef 5(4)abedef A (4)abedef A (4)abedef
ﬁ ﬁn 1,]3 +/5n n3 +/577 1)2Y2 +ﬁ77 nyZyZ +/5n ny4
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5(4)abed 5(4)abed 5(4)abed
+ ﬁn,yiycz;éf + /jn,ycéllycz ef + ﬂn’yi ‘ Ef > (29)

which read
5 (4)abced 4 ij ij 4 ij ij
/35”1)72 cdef _ /3( )S nabghl]nghl]klncdefkl +/j§”2) Sis naghl]knbhljklncdefkg
/3(4) ’510 ,nabcghi,r’ghijkl,r’defjkl + ﬁf}i‘i 860 naghijk,r’bcghil,ndefjkl

/5(4) Sis nabghijncdijklnefklgh’ (30)

4)abcd 4 .. . 4 N -
/3( 7)76;;2 ef _ /5( )S nabcghkndefljltr(yghu) +[51(’; Sio nabcghkndefzﬂtr (Yglh])
4 Lj ij 4 i o

B 5 b 44K) 4 B8, b st e (1)

4 .. .. 4 .. ..
+ﬁ( ) 815 nabghl]ncdefgktr(ykhl])+ﬁ( ) 330 nabcdghneghl]ktr(yeuk)

1,10 7,11
4 i j ij 4 i j i j
+/57(]’1)2 860 T)anghlndEgh]ktr(Yka) + ﬁr(”ig 860 nabcghl,ndegh]ktr(yfkl])
4 . .. . 4 . .. .
+ﬁ»f],£4 860 nabcghl,r’dghl)ktr(yef)k) + ﬁy() 358 T)anghl’f)dghl]ktl’ (Ye]fk)
4 .. .. 4 .. ..
+ /551,1)6 345 T)abgl]k’rfdhl]ktr (Yefgh) + /51(7 378 0 ,nabgl]kncdhl]ktr(yegfh) , (31)

ﬂ(4)ade€f /5(4) 845 nabghijtr(chgh)tr (Yefij)+/5(4) 545 nabcghktr (chdh)tr(yeifj)

n,MY2Y?2 1,18 7,19

+/J,T()4%08 nabcghktr(ycdgh)tr (Yeifj) + /31({21 Seo nabcghitr(ydeij)tr(yfghj)

¥ /55,4;2 Ssometehitr (V4T ) e (Y I80) 1 B, 8, mobeshicr (veT ) er (v 517
ﬂn ) S120 nabeshipy (Ydle])tr(Yf]gh) n /354%5 Sis nabcdghtr(thij)tr (Yefij)

+ /57()4;6 Sis nadeghtr(Yg‘hJ) tr(Yef”) + /37(]‘27 Sis nadeghtr (Yg“j) tr (Yefhj)

+ By Sus ety (YET) e (v iF7) 4 B, )5 mebedsr (y it e (v <if )

+/37(;208 nabcdghtr(Ygiij)tr(Yehfj)+/57(]4§18 abedghy (Yeijg)tr(yfijh)

+ B, 15 mehetsher (ve8 Y ar (1 790) 1 B0, 1 b (560 e (19

+ B, S0 meedshe (yeiis) (v hi) (32)

4)abed 4 4
/57(1 3](;: ef __ /37(,,3253 nabghl]tr(chefghu) + [51() ?26 " nabghl]tr (chghefl])

4 4 ;
+ ﬂ»f;,327 890 nabghljtr(chegfhl)) + /31(;,?28 8180 ’)’)abghl]tr(Yngher)

+ [57229 845 ,r)abghijtr(chdheifj) + ﬂy(;t)}os nabcghitr(ydefghjij)

4 . e 4 . s
+ ﬂf},il 860 nabcghltr (Ydeg]fhl]) + /51(7 4);28 0 nabcghltr(ydef]ghlj)

4 . Lo 4 . R
+ ﬂf} 338 nabcghltr (Ydef]g]hl) + [31(7’4)}4 860 nabcghltr(ydeg]f]hl)

4 . . L 4 . e
+ /37(] isS 07,)c1bcghltr (Yg]dhe]fl) + ﬂ’f} 4)16 5120 nabcghltr(yg]d]ehfl)

ﬂn 478 nabcghltr (thd]elf]) + /31(744)}8 8120 nabcghitr(thdiejfj)

4 U
+ ﬂf]’ig 815 T)adeghtr(Yefghlﬂ]) + /37(;,5)0 815 nabcdghtr (Yefl]ghl])

4 SR 4 U
+ /37(’,21 815 nabcdghtr(Yefglh]l]) + [31(7,5)2 515 T)adeghtI' (Yefgll]h])

9
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+ /57(;‘,23 Sis nabcdghtr(Yegijfhij) + /57(7?5)4 Sis ,nabcdghtr (Yelg]flh])
n /57(;15)5 Sis nabcdghtr(yeiijfjgh) 4 /31(;26 Sy nebedshyy (Yaglf]h])
+ /57(’427 Sso nabcdghtr(yeghifjij) + /37(;15)8 Sis nabcdghtr (Yegfhljlj)
+/37(f§9 Sis nabcdghtr(Yeifigjhj) + /57(:20 Sis ,nabcdgh r(Yelf]glh])
+/37(,‘21 Sis nabcdghtr(Yeifjgjhi) + /51(:) Ss nabcdghtr (Yelf]g]hl)
+ /57(;23 Sso nabcdghtr(Yegfihjij) + /31(;245 nabcdghtr (Yegflljh]) ) (33)
BT = ) Sygtr (o) e (v r (v/¥)
+ B, Soqtr (Y40 er (vEIH ) e (v 51)
ﬂn 67 Sigotr (Y“bgh) tr(YChdl) tr(Yegfl)
[577 o8 S120 tr(Y“gbh)tr(YChdl)tr(Yegfl) (34)

5 (4)abcd 4 ief hi 4 bgh def gihi
ﬂ;’;iycz ef — ﬁfhéQ 345 tr (Yabgh)tr(chglefhl) + ﬂé}o 845 tr (Ya g )tr(YC efglhl)

+ﬁ1(7‘21 Sus tr(Yagbh)tr (chgiefhi) + /57(;32 S tr (Yagbh)tr(chefgihi)

+ ﬁff;s 890 tr(Yabgh)tr (cheighfi) + /37(;24 Siso tr(Yabgh)tr (cheigifh)

+ /551435 8180 tI.(Yabgh)tI.(cheifigh) + ﬂ;‘26 8180 tr(Yabgh)tr(cheifghi)

+ /571 2 8180 tr(Yabgh)tr(chegflhl) /57(7‘,‘;8 890 tr(Yagbh)tr (cheighfi)

+ ﬁﬂ,79 Ss60 tr(Yagbh) tr(cheghlfl) + ﬁf}i‘S)O S50 tr(Yagbh) tr(cheifigh)

+ﬂ§’4§1 8360 tI.(Yagbh)tI.(cheifghi) +ﬂ£:,‘8)2 8360 tr(Yagbh)tr(chegfihi)

+/57(]4§38 Otr(Yabgh)tr (chdiehfi) + ﬂ»,(;248180 tr(Yabgh)tr (chdheifi)

+ Bras Siso tr (Y ) er (Y £ U ) 4 BN St (v esbh) gr (v esdheift)

+ /52427 8180 tr(Yaghi)tr (chdhegfi) + ﬂf}?s)s 8360 tr(Yaghi)tr (chdgehfi)

+ /57(;29 890 tr(Yaghi)tr(chdgefhi) + /51(]20 Siso tr(Yaghi)tr(chefdghi)

+/j,£:31 8180 tr(Yaghi)tr (chdhefgi) +/57("22 8180 tr(Yaghi)tr (chefdhgi)

+ /51(7‘,23 845 tr(ygihi)tr(yabcgdefh) + ﬁ7(7‘24 890 tr (Ygihi)tr(yabcdegfh)

B St ). o

5(4)abed 4 ii 4 ii
ﬂ;,l)/c; cdef — [3;,36 845 tr (Yabcdefghhug) +ﬂy(;,37 890 tr (Yabcdghefhug)

4 s 4 .
+ ﬁﬁl’gs 515 tr (Yabghcdhleflg) + /51(7’39 8180 tr (Yabcdegfhglhl)

4 bedegfhhigi 4 bed hihi
4 B Sigo tr (Yobodearhist) 4 g9 sy (yabedes shini)

4 i f hhi 4 bcdeghif hgi
+ﬂ1(7 302 8180 tr(Yabcdegglfh 1) +ﬂ7(],1)03 8180 tr(Ya cdeghif gl)

bedeghif ghi ) bedeggihifh
ﬁn 1048180 tr(Y“ cdeghifs l)"'ﬁn,los Soo tr(Y“ ‘ )

10
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+/5(4) Sgotr(yabcdeghigifh)+/5(4) Sgotr(yabcdeghihifg)

1,106 1,107
n /51%‘208 Soo tr(Yabcdgiegfhhi) n ﬁfﬁog Soo tr(Yabcdgiehfghi)
+ /51(310 890 tr(Yabcdhiegfghi) + /51(;’&1)11 Siso tr(Yabcgdefhhigi)
+ /51(;?12 Siso tr(Yabcgdefhgihi) + /977(,‘,11)13 Siso tr(Yabcgdefghihi)
+ /51({?14 Soo tr(Yabcgdehifghi) n ﬂq(;,?ls Siso tr(yabcgdegifhhi)
T /31(74316 Sis0 tr(Yabghcdeifigh) + /57(;}1)178180 tr(Yabghcdegfihi)
ﬂn ) s Siso tr(Yabghcdeifghi) + /977(,‘,‘1)19 Soo tr(Yabghcdeighfi)
+ /51({?20 Siso tr(Yabghcdegin'fi) n [5124’11)21 Soo tr(yabcgdgefhihi)
T ﬂﬁzz Soo tr(Yabcgdhefgihi) + /5?(323 Soo tr(Yabcgdhefhigi)
+ ﬁn ).+ So0 tr(Yabghcidefigh) n /51(7‘,?25 Soo tr(Yabghcgdefihi)
+ /31(;226 Soo tr(Yabghcidefghi) + ﬁf;‘,‘1)27 Soo tr(Yabghcideghfi)
+ /5?(74328 Soo tr(Yabghcgdehifi) + /5?(741)29 Soo tr(Yabghcidegifh)
ﬁn ).+ S360 tr(Yabghcgdheifl) /‘J’n ). Sss0 tr(Yabghcgdiehfi)
+ ﬁg?sz Sago tr (VPN ) 1 B Sy tr (Y APERALER)
+ /3’ o Saso tr(Yabghadgelfh) + /J’( s Saso tr(Yabghcidiegfh)
+ ﬁn,136 S3e0 tr (Yabcgghdhafl) 7(141)37 S360 tT (Yabcgghdiehfi)
+ ﬁg’?gg Sagotr (Yabcgghdielfh) n 139 Sagotr (Yabcghidgehfi)
+ B o Saeo tr (yebeshidhes/ 1) 1 g1 | Sy r (yabeshidheife)
+ ﬁ1(74i42 Sigotr (Yabcgdhgiehfl) 7(141)43 Sigotr (Yabcgdhhieifg)
ﬂn ) 1 S360 tr(Yabcgdhgielfh) n 145 Saco tr(Yabcgdhgheifi)
" /37(14246 S120 tr(Yagbgchdhelfl) n 147 Saco tr(Yagbgchdieifh)
+ ﬁn 148 S3e0 tr (YagbgChdlehfl) 7(141)49 Sigo tr (Yagbhcgdiehfi)

+ /57;,150 860 tr(Yagthldgehfl) ) (36)

The 150 coefficients contributing to the four-loop sextic vertex correction are found to be

/3(4) 48 i ﬁ(4) 0, [3(4) i /57(’42 — _g_; )
p4 =0, L 9, =0,
B ==5%, B =—1 /3,2‘24 =0, B =0,
/57(;‘27 = _% > ﬁ(?s =Y ﬂ(?9 =Y ﬁa(;,go =Y
/57(;‘22 =0, ﬂv(;,gz _%f > /3(24 _g_; ) /57(;25 =Y
/37(;‘27 =0, /51(;28 =Y /51(;29 = %’ /37(14,13)0 _% )
Pun=%.  PByn="% Biu=-1  B=T
Boar =1, Pus="5,  Budy=T% Brao =0,
/57(;4312 =Y /51(;43;3 =0, /5(24 = %’ ﬁr(;‘,td)fs =2- %2 )
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[51(726= _%2’ /35,‘27= _%2’ ﬂr(;‘,gS: ) /57(;29= ’ ﬁr(fs)o: )
B =—%.  Fn=0  Bh=—h BL=—h  Bk=0,
/37(726:_%’ /551?5),7 _%’ ﬂv(gs _%n ﬂ(29 _%’ /57(;,20 _%2’
B ==T  Bon=0.  Bin=-1 Biu=-f  Brs=0,
s =0 Py =0 Buss=—% =0, Prio =0
By =1, Prp=i:  PByp=0.  B5,=0. Prs =0,
By7s =0 Bam =00 PBip=0. B =0, Boao =0
/51(721_0> /57(,‘,22 3 /57(;23:0’ /57(;24:0’ ﬁff,gfl—%z,
P =0 Pogr=1.  Bss=F. Pp=T% Prso=Te-
ﬁr(;Bl:%’ /57(;‘22 %7 /31(733 %’ ﬂr(;?e)m ‘l" [57(;,25 0,
/51(7?9)’6_0’ /351‘27:%2’ /31(728:%2’ /51(729—%’ /51(7?00 T_é»
ﬂ(i?m:%’ /57(]‘,‘1)02 %, /3(‘303 zll’ /37(;‘204 zll’ /3(?05 711_;’
ﬁr(:i%:o’ /37(,‘207 e /57(308 71%: /57(;4%09 %Z’ /31(310 %n
Pun=%.  Bpi=0.  Bn=3  Bu=1-%, Bls=1,
ﬂv(;,?m:%’ /51(;?1)17 ETZ’ ﬂv(;,?lS ﬂTZ’ /57(;‘,?19 L, /37(;,?20 L,
ﬁr(:rizl:%’ ﬁy(;,?zz 0, /57(;‘223 %2’ /57(;‘224 L, /31(325 %2’
/37()‘,?26 _2"'%2’ /5(‘,‘1)27 1_%2’ /5(‘228 3> /3(‘229 2, /3(?30 3
P =%  Pon=%  Pawm=% Fu=%  Bls=1
Poe=%>  Bw=%  Pis=1  Blly="2+%, Blo=-1+F%,
/37(7‘241:1’ ﬁr(,‘,‘1)42:2’ /57(,‘243 %2’ /551‘244 %2’ ﬁa(ﬁz;s 3
ﬂ1(346:711_2’ /55;?1)47:%’ ﬂ(‘,?48 %2’ /57(;‘,?49 %2’ /37(;?50:0. (37)

Our results agree with the two-loop and partial four-loop terms of [79]. As for the four-
loop leg and Yukawa vertex corrections, we find large agreement but also minor discrepancies
with [78].! Note that in [78] the number of coefficients for [31(,4) is smaller; the additional
ones quoted in the present work all vanish. Both [78,79] were cross-checked against older
publications such as [82,109-112].

Another important cross-check is the emergence of ' =1 and N = 2 supersymmetry, to
which the next section is dedicated.

In passing, we observe that the RGE coefficients are purely rational at two-loop order,
and contain {, = 72/6 at four loops. The number content appears to get more complicated
at higher loops—a phenomenon also found in four dimensions. There, all coefficients are
rational up to two loops, while three- and four-loop corrections introduce {5 and {,, respec-
tively [66-68], and five and six loops even feature (s, {4, {7 and {35 [15,113-116]. In
contrast, the three-dimensional six-loop RGEs of [83] predict the appearance of In 2, Cata-
lan’s constant, and the Dirichlet beta function. This is a surprising result, which merits an

We thank I. Jack for helpful discussions and for revisiting the relevant expressions in private correspondence.
An ongoing re-examination indicates minor inconsistencies in [ 78], which are plausibly the reason for the remain-
ing discrepancies.
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independent verification.

4 Supersymmetry

We now impose A/ = 1 supersymmetry on the Lagrangian (1). It is generated via two super-
charges Q,, that fulfil B
{QuQp} =27,5Py- (38)

These supercharges and the corresponding supersymmetry generators can be defined via su-
perspace coordinates 0%, which are real, two-component Grassmann numbers

. Ja .
Q.= 504 +1i7"049,, D, = 504 —iy"6,9, . (39)
Thus, each matter superfield _ _
‘I’A:¢A+9¢A+%99FA (40)

consists of real scalar fields ¢,, two-component Majorana fields 1, and real auxiliary fields
F,, again using 6 = 07y°. A marginal superpotential takes the general form

W(®) = ;A5Pe, 8,08, (41)

with AABCP = A(ABCD) the real superquartic coupling tensor.
Integrating the superspace coordinates as well as the auxiliary fields, we arrive at a gener-
alisation of the three-dimensional Wess—Zumino model [117]

ESUSY=Jd29[ 5D q’ADa(bA"i'W(q’)] 13 1 Pa0" Pa+ zwAY“a Ya

— PP habpcip — 36 AN P adpdcdpdrdr (42)
Comparing this with (1) implies

YABCD AABCD, ,nABCDEF — SlO)LABCGADEFG. (43)

Therefore, at the loop level N'= 1 supersymmetry yields
— _ RABCD — (BABCD _ (A(ABCD)
YgB = Y;B =7y A =Py — Py )
ﬁ;ﬁ;BCDEF _ SZOAABCG[%}?EFG n ZSIOAABCGYgHAHDEF. (44)
At two-loop order, this leads to

(2) (2) (2) _ p2) _ (2) _ p2) _ (2) (2)
le’ vi=Bya=0, By,=Pys;= =06741

2 2 2 2 2 2
ﬁ( ) /3( ) _ ﬂ( ) _ 12/5( ) 24/3( ) Ep)l’ (45)

which fixes all RGEs up to a single coefficient. At four loops, there are 214 independent
relations all of which are compatible with the direct results of this work. We list them in a
separate file attached to the arXiv submission of the present work.

With A/ = 2 supersymmetry, there are four supercharges that satisfy the algebra

{Qal:Qﬁ]}_2Y B ij ;,L (46)

Herei,j = 1,2 form an SO(2) ~ U(1) R-symmetry. Thus, the algebra can be implemented with
complex 2-component superspace coordinates 6. This is analogous to A/ = 1 supersymmetry in

13
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four spacetime dimensions. Supercoordinates, superfields and all their components are com-
plex, and we need to carefully distinguish the contractions XY = Xy°Y and (XY) = XTy°Y
between two spinors X and Y for the remainder of this section. The superfields

By = pa+ V2(01a) +(00)F, +107"00,04 — 75(00)07" 9,1+ 3(00)(06)°9,0" w5 (47)

consist of complex scalars ¢, and F, as well as complex two-component Dirac fermions y,.
The superpotential reads
W(®@) = ;A%Pe, 0,00, (48)

Note that the R-symmetry enforces a holomorphy of the superpotential, meaning that tensors
ABED only couple to superfields @, but not their complex conjugates ®7. The Lagrangian then
reads

Lsusy = f d?0d*0* ¢, +J 2O wW(®) + f d*0* W*(®*) = 8,950" 0, +iXar"0uxa
—[3A P pa0p(xcap) +hie ] — s ABECAPEESY 0 00 b 0h o - (49)

In order to map the (N = 2)-supersymmetric theory (49) to the language of (1), we de-
compose the complex matter fields ¢ and y into real components ¢, ).

We first repackage the M complex scalar field ¢, and fermions y, into (M x 2)-dimensional
matrices

b =(pp0)* and Py =(xy 23" (50)
with a = 1, 2. The interaction terms of (49) can then be rewritten as
_ _1vABCD Za 7B 77,76 1 ~ABCDEF Ja B 17 76 Te 1€
Line = _ZYaﬂy(S ¢X¢B (wcwl)) 36 Mapysec ¢X¢B ¢C¢D¢]§?¢F D
with
Yiuleﬁp — JABCD Yéggp — (AABCDYx nﬁlczggF — AABCG () DEFGYs (52)

Next, we translate the pseudo-real fields ¢, into real components ¢, 1) as in (1), using the
embeddings

¢5 = (Rewy, Impy)* and Yy = (Re xa, Im x)*. (53)

Note that the scalar (a, b, c,...) and fermionic indices (i, j,...) running from 1...2M in (1)
are here split up in two indices A and a with the ranges M and 2. The bases (50) and (53) are
related via the rotation

. - 1 (1 i
P=X%ph, PI=Xx%yh,  where X:E(l _i). (54)

Finally, we obtain the mapping

ABCD _ B Y y& ABCD ABCDEF __ B 57 6 ¢ ~ABCDEF
Yaprs =X X pX X5 Yapipe s Napyoer =X aX pX X 56X Xy Toggsiey> (55

which refer the couplings Y and 7 in (1), again with their original indices being split up
Line =—3Y2ED $20 0 (pLpd) — GBCPEl ¢egl ol ddpidy . (56)

While these structures appear complicated, their practical evaluation in template RGEs is
straightforward: all internal contractions between two coupling tensors include a summation
over greek indices of the form

A... vA.. _ TA.. TA.. _ VA.. A By
Ya... Ya... - Yﬁ... Yy... XﬁaXYa - Yﬁ.., Yy... oy - (57)

14
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The Pauli matrix o; can be understood from the fact that propagators connect fields and their
complex conjugates, e.g. ¢, and ¢, and vice versa. Inserting (55) everywhere in our template
expressions, all internal contractions of greek indices are carried over the metric o;. Together
with (52), this enforces a holomorphic structure of RGEs: all A are only contracted with A* but
no other A. Many contractions in the template RGEs vanish in A/ = 2 supersymmetry because
they are incompatible with this holomorphic structure. In consequence, the superpotential
parameters do not receive vertex corrections [118,119]. Overall, the relations

3ABCD

Y(I)AB = }/d)AB = Yl/)AB , * — 0’ /5 ABCDEF ZAABCG HG(AHDEF)* (58)

must hold as long as the renormalisation scheme does not break the supersymmetry. At two-
loop order this implies
2 2 2 2 2 2 2 2 2
YO =rDn BA=BA=0,  BA=-3A-380=2/T,  BA=0. (59
It is obvious that (59) is less restrictive than its N’ = 1 counterpart (45). At four loops, 46

conditions arise, which are all fulfilled for our results and are listed in a separate file along
with the arXiv submission of the present work.

5 Fixed Points

In this section, we investigate whether perturbatively accessible fixed points can arise directly
in d = 3 in the context of the renormalisable theories in (1). To this end, we analyse the leading
(two-loop) contribution to the quartic Yukawa and scalar sextic 3-functions from Sec. 3, which
we repeat here for convenience

1 1
(47.5)2 ;b — ESztr(Yaccd) de + —SzYadeCd

+ %tr(Y“de) yed + %Y‘fdabc‘i + %&Y“Cb‘“d, (60)
(4n)2ﬂ$bcdef _ %Slonabcghindefghi n %Sétr (Yaggh) pbedefh 4 %Slstf (Yagbh) pedefgh
— Sgotr (Ybedesfe) — 28, s tr (yabesdefs) | (61)
Schematically, RGEs take the form
B(a)=—-Ba’*+Ca’+0O(ah) (62)

where the first term is determined by (60) or (61). A fixed point o* arises at f(a*) = 0 and
exhibits a perturbative expansion a* = B/C + O(B?). For perturbation theory to be reliable
around the fixed point, the leading coefficient |B| should be small with respect to |C| and higher
order coefficients. For instance, the smallness of |B| could be the product of a cancellation of
terms or a large-N suppression in (60) and (61).

For purely scalar theories (Y = 0), the existence of a UV fixed point is long known [80-84],
and under perturbative control in a large-N limit. This is in contrast to renormalisable QFTs in
d = 4, where fixed points may only arise in the presence of a non-Abelian gauge sector [120-
122].

5.1 General Considerations

In the following, we will search for fixed points involving fermions. The leading-order f3
functions for Y does not involve 7). Thus, a fixed-point coupling Y* must emerge from Y itself.
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Crucially, all terms in (60) enter with positive coefficients, prohibiting any straightforward
cancellations among them. As a result, most QFTs exhibit a manifestly positive 3y, and the
emergence of a perturbative fixed point is highly non-trivial.

Nevertheless, there is a window of opportunity, which can be recognised by considering
the quantity [120,122]

d
dlogu

(4m)? tr (Y909) = (4m)%er (Y20 BEP)

— étr (Yaccb) tr (Yaddb) + é(Yabcd’ Yabcd)
+ %(Yinkl’ Yleij> + %(Yabcd, chab) + 2<Yaccb, deda) , (63)

with (A,B) = Zi,injBi j» i.e. the sum runs over indices not explicitly written in the brackets
(-,-). For the first term in the second line we have made the fermion indices explicit but sup-
pressed the scalar ones. For the first term in the second line we have made the fermion indices
explicit but suppressed the scalar ones. A requirement for a QFT to contain a perturbative
fixed point is that the absolute value of (63) can be made arbitrary small or even vanish. In
our case, this is signaled by a change of sign in (63) by any choice of Y.

The first two terms in (63) are manifestly positive while the situation is less clear for the last
three. If we fix the fermionic indices for the third and the scalar ones for the fourth and fifth
term, we observe that each can be written as a scalar product of the form (AB, BA) where A, B
are symmetric matrices. In case the product BA is antisymmetric, the last three terms of (63)
are negative. Matrices with these properties are part of a Clifford algebra {y*, y?} = 25421.

Thus, a promising candidate for negative contributions to the two-loop B-function is the
theory

L=20,¢73"¢;+iv);dv; =Y (p]v5d)hiribr) — 55m(d; ) (64)

with complex scalars ¢; and Dirac fermions 1); both in the spinor representation of SO(n).
Here we have the fundamental index A =1...n as well as i, j,k,l = 1,...d, for the spinor

reprentation, where d, = 2I¥/2 and ¢, = y!y°. The corresponding RGE

3
By =— [Z(n —9)+ g(n _ 3)dy] (4YT)2 + O(4-loop), (65)
is indeed negative for n > 3. Thus, we find that negative two-loop f3-functions are viable,
which motivates the existence of perturbative fixed points.
For any fixed point to be strictly perturbative, it needs to be under the control of a small
expansion parameter, €. Since we search for fixed points directly in d = 3, € must stem from
the parameters of the theory and arise within the leading order RGEs. For instance,

fo’a=—ea2+Ca3+... (66)

yields a fixed-point value a* = €/C + O(e?), suppressing higher loop contributions by ever-
increasing powers of €. A natural source of perturbative control originates from large field
multiplicities. Commonly, two realizations can be distinguished. Large-N expansions have
e o< N7! and become exact in the limit N — oco. A notable example is found in [80-82,
84]. On the other hand, Veneziano-type expansions [123] feature two large multiplicities
N, ; — oo with a fixed ratio such that e = N; /N, + const, see for instance [76,124]. In the
following, we will discuss some examples how large-N limits can be taken for the theories at
hand.
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A straightforward idea is to have both scalar and fermions in large multiplicities N, and
Ny, respectively, where Ny o< Ny o< N — 00. In this large-N expansion, the leading-order
contributions to 3y are given by an alternating bubble chain of fermions and scalars

D}Z (67)
and appear at every non-trivial loop order. Explicitly, they yield factors (N N,Y?2)" at (2n)-loop,
such that a ’t Hooft-rescaled coupling [125]

Y2 =N?y? (68)

has a finite -function for N — co. However, each diagram of (67) factorises into subgraphs
without logarithmic divergences, thus not contributing to the 3-functions.? At two and four
loops, this class of diagrams corresponds to the vanishing coefficients /51(,21) and /31(,?1)0 in (15) and
(20), respectively. The dominant contributions therefore stem from “next-to-leading order”

diagrams given by inserting (67) between two scalar, or two fermion legs, respectively

e

> (69)

corresponding to the non-vanishing coefficients ﬁ}(,ZZ), 1(,25) and [51(,41)6, 1(,4;0. For f3-functions

to remain finite at N — 00, we still require the rescaling (68). This, however, produces a
factor of e = 1/N for every dominant contribution (69), suppressing the entire 3-function by
1/N, i.e. By. o< €. We stress that taking the strict N — oo limit and only then searching
for fixed points is inconsistent, since the large-N rescaling renders the full S-function sublead-
ing and hence trivially vanishing. The correct procedure is to search for fixed points within
By2/€ = ZZI o V28 + O(€), keeping the leading 1/N contributions explicit before sending
N to infinity [84].

Another popular large-N-expansion is to only assign one large field multiplicity, for in-
stance Ny o< N — oo but not N;. In this case, the rescaling Y2 = NY? is sufficient. Leading-
order contributions do not merely arise through (67), but from many other graphs as well,
even at two loops. In the current e(x?rnple, the leading-order f3-functions include c(o?tribu-
2 2

v,2°

tions from both leg corrections o< y o1 and the non-vanishing vertex correction o< 3

5.2 Example: Perturbative IR Fixed Point

Let us choose the explicit example of a QFT with symmetry SO(3) x U(N), where complex
fermions and scalars both transform under the spinor representation of SO(3), but fermions
are in the fundamental of U(N), while scalars are singlets. Explicitly, the Lagrangian reads

L=08,¢70"b; + i dia— Y (¢; 050N WPakoyPa) = 551(P] D)’ (70)

with a =1,...,N labelling the U(N) flavour, i, j, k,[ = 1, 2 labelling the SO(3) spinor indices,
p =1)Ty% and A = 1,2,3 denoting the three Pauli matrices of dimension d, = 2. Using the
abbreviations

1 NY? n

= =1 d =1 1
N 5 aY (471)2 ) an a'r) (47_[)2 (7 )

€ =

2We remark that the vanishing is renormalisation-scheme independent. Although, e.g. in cutoff-schemes, mas-
sive tadpoles exhibit a pole, they do not enter the vertex counterterm. See [84] for a discussion in the scalar ¢°
theory.
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we find the RGEs

32
Bo, =—4€ af, + 4[6 + 1%+ (9(62)] a% — ?e ana% + g a%ay +O(a™), (72)
1
/jan = ?7(1127 +48aya, —288¢ a% — [2887‘[2 + O(e)] af, + anO(az) +0(a*). (73)

Note that the two-loop contribution of 8, is negative. This is due to fermions transforming
under a spinor representation of SO(n), as discussed earlier. However, the fact that the two-
loop coefficient is also suppressed o< € is a special feature of n = 3. This is evident from (65),
where dominant large-N contributions o< d, vanish at two loops and first reappear in the RGEs

at four loops. More precisely, there is a cancellation of terms o< ygf)l and o< /51(,22) . We could

have also assigned an additional multiplicity N; to the scalar field and observe an equivalent
cancellation between o< Ygi)l and o< ﬂi(,zg The special constellation of SO(3) spinors yields an
IR fixed point under perturbative control

« €

12(3 + 2)e?
_ 2 * __
p= 0D, ap=

"= 61 m)y +0(e). (74)

Since af) > 0, the scalar potential is bounded from below. The two eigenvalues of the

corresponding stability matrix S,,, = (3 84, /9 a,)|,. read
4e? 48¢
= + O 3 B ’ﬂ = + O 2 ) B)
1= =S4 0(E), = =+ 0(e) 75)

and reveal that the fixed point is totally IR attractive. The RG flow around the fixed point is
suppressed by o< €2 in one of the directions. This slow trajectory also connects the IR fixed

point with the Gaussian one (aj = a";] = 0). The situation is depicted in Fig. 1 for the case

€ = 10!, where the slow trajectory is marked red. We also show the purely scalar UV fixed
point [80-82,84] in this setting, which is not under strict perturbative control as the number
of scalars is not large. The UV fixed point is not directly connected to the IR one (74), but
flows into the Gaussian along ay = 0, which is coloured violet in Fig. 1. There are hints of
even more ultraviolet fixed points, though they lie beyond the perturbative region.

For completeness, we also investigate if our model predicts fixed points in d = 4 via di-
mensional continuation from d = 3 + 6. This is established by evaluating

0=25ay, + B, (76)

using the four-loop RGEs (72) and evaluating fixed points as a power series in 6. As the two-
loop coefficient of f3,, is negative, an interacting UV fixed point emerges at 0 < 6 < 1, which
needs to be tracked to 6 — 1. Conversely, there is no fixed-point solution for 6 < 0, excluding
fixed points in two dimensions. However, such phenomena are predicted in different three-
dimensional theories, see for instance [79] in the context of melonic CFTs. Back to the model

at hand, we find
o

ay = e +0(5%), (77)
highlighting that the dimensional continuation is not reliable in the limit € — 0 where pertur-
bative control is established in d = 3, but rather towards the upper bound € — 1. We find two
fixed-point solutions

g0 [50437 173 , _94+/577

=—+|— +0(1—¢) |62+ 0(5%),
YT 5T 5202 T e T T 289 ( 6)] (&%)
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ay - 10?

Figure 1: RG flow for the theory (70) with ¢ = 107}, showing the Gaussian fixed
point (ay = a";] = 0), the infrared fixed point (74), and the purely scalar ultraviolet
fixed point (aj = 0) [80-82,84]. Arrows point from the UV to the IR. The UV fixed
point is connected to the Gaussian only through the trajectory ay = 0 (violet). The
RG flow along the red trajectory is slower—around the IR fixed point, it is suppressed
by factor o< €2 as opposed to o< €.

ot = [3&«/577— 13)

_ 2
0 17 +0(1 6)i|5+0(5 ), (78)

where the coefficient oc 62 for aﬁ is known but omitted for brevity. Only a;;n describes a
stable fixed point as the leading coefficient of a, is negative. Computing the eigenvalues of
the stability matrix yields only one UV attractive direction

100874_376v577+£n2+0(1_€) 52+ O(5%). 79)
2601 289 16

A smooth limit 5 — 1 is not possible, given the UV fixed point turns marginal around 6 ~ 0.0175,
possibly hinting at a fixed-point merger. Although the precision is rather limited, there is no
indication that the UV fixed point survives the continuation to four dimensions.

6 Conclusion

In this work, we derived general, renormalisation-scheme-agnostic template expressions at
four loops for all -functions and anomalous dimensions in any three-dimensional renormal-
isable theory with scalars and fermions. We explicitly computed all coefficients of the template
RGEs in the MS scheme and checked them against existing literature.

Our results are compatible with both A’ =1 and N = 2 supersymmetry to emerge with
general superpotentials. In fact, we have extracted algebraic relations required to hold in any
supersymmetry-preserving renormalisation scheme. Both N’ =1 and N = 2 can be extended
to four dimensions, where they correspond to N' = % and N = 1, respectively. Curiously,
N = % supersymmetry is violated in the MS at four-loop order [18,68], while its counterpart
in three dimensions is not. The source of the violation are terms stemming from odd spinor
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traces, which always vanish in four dimensions. At four-loop in d = 3, such terms do not
contribute, though they might play a role at higher loops. It would be interesting to see if such
terms eventually pose a problem for A/ = 1 supersymmetry in three dimensions.

As a direct application of our results, we have surveyed template RGEs for perturbative
fixed points in strictly three dimensions. In doing so, we discovered a systematic way to con-
struct theories with such critical points. This revealed a rare example of a QFT with an inter-
acting IR fixed point under strict perturbative control. Our search for such theories, however,
is not exhaustive, and other critical phenomena may yet be discovered.

A natural direction for future work is to search for a non-trivial UV fixed point, which
would render the theory asymptotically safe. Such a scenario is not unmotivated: UV fixed
points are found in purely scalar [80-82,84] and purely fermionic [85-89] theories in three
dimensions. In contrast, UV completion in four dimensions is a more complicated business:
at least a non-Abelian gauge sector is required [120], and even more restrictions apply for
non-trivial fixed points [121,122,126].

Our work has revealed that the perturbative landscape of critical points in three dimensions
is quite rich. This picture will become more complete once the catalogue of template RGEs is
extended to include gauge interactions. The gauge sector admits an exactly marginal Chern—
Simons term at level k amenable to a controlled large-k expansion. This, in turn, provides a sys-
tematic setting for perturbative tests of dualities between fermionic and scalar Chern—Simons
theories enjoying rich applications, e.g. in condensed-matter physics [38-41,127-129]. In
contrast, the gauge coupling is classically relevant and requires e.g. large-N expansions to
be studied with perturbative methods. A prominent example is QED5 [31-35, 130], sharing
phenomena such as confinement, chiral symmetry breaking, and asymptotic freedom with
real-world QCD,.

Acknowledgements

Y.S. acknowledges support from ANID under FONDECYT project No. 1231056 and Exploracion
Project No. 13250014. E.S. and M.U. are supported by the Mercator Research Center Ruhr
under Project No. Ko-2022-0012. M.U. is supported by the doctoral scholarship program of
the Studienstiftung des deutschen Volkes.

A Master integrals at four loops

In this Appendix, we collect the fully massive tadpole master integrals, required to compute
the template RGEs in dimensional regularisation and the MS scheme up to four loops. First,
in App. A.1, we provide an update on [103] by giving analytical results where available,
and complementing with some relations found by applying the integer relation algorithm
PSLQ [101, 102] to our high-precision numerical expansions. We show the numerical results
for all master integrals in App. A.2. Lastly, in App. A.3, we discuss alternative choices of mas-
ters, and connect with the basis used in the FORM package FMFT [98].

While we present analytic and numeric data in an odd dimension d = 3 — 2¢ here, let us
note that the equivalent information for an even dimension d = 2—2¢ had been listed in [131].
Taken together, this suffices for expansions around any integer dimension, given the existence
of dimensional recurrences [132] that allow to analytically map d «— d + 2.
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Figure 2: The master integrals up to four loops, labelled by their
respective  sector identifiers whose binary representation corresponds
to the propagators that are present, with momenta from the set
{kq,ko, ks, kg ki — kg ko — kg kg — kg, ki — ko, ki — kg, ky — ky — ks} in the
four-loop case. The dotted masters carry an additional pair of labels indicating
which propagator carries a non-unity power. For possible alternative choices of the
latter class, see the basis change relations of App. A.3.

A.1 Analytic Results in d =3 —2e

We treat here the set of master integrals displayed in Fig. 2. All our propagators 1/(1 + p; 2)
are Euclidean with unit mass. We normalise each L-loop tadpole with the (1-loop tadpole)?,
leading to

I].=1

(80)

for the 1-loop tadpole, exactly. For reference, in any other normalisation, the 1-loop tadpole
can be inferred from f dip/(1+p*) =nd2r(1—-d/2).
At two loops, the only master integral I, can be represented by a hypergeometric func-
tion [133], see also Sec. 6.2 of [134]. For its (fast) expansion around d = 3 — 2¢ dimensions,
we write

I7=

oo

2€ 2

v/ sinc(27e) P 2j+1

— 3 3
gj=j+2Fj+1(z,1,...,1;2,...,2;Z),

12 {§ - % i(—e)j gi— _coslme) exp [eln(?) + ZEZ €% (4 — 1)—6(2? ) ]} ,
j=1

in terms of generalized hypergeometric functions g; (which can be assigned transcendental

weight j, and evaluate rapidly), odd zeta values, and with sinc(x) =
=2 1In(?), g2 = ¥ Lir(1) - 3 0%(3), g = 5F4(3,1,1,1,1;2,2,2,2; §), etc.

&1

sin(x)

~— - We note

that

Another analytically known result is the three-spoked wheel at d = 3. From Broadhurst’s
work [135,136] we know the leading term of the fully massive 3d 3-loop tetrahedron I to
be a difference of two Clausen integrals

Igg = Ciep + O€),  with e = == Im[ Lip(w?) — Lip(w?)],

where w = e!@in(1/3) = (/8 + 1) /3.

For two other integrals, I5; and Igs, (which in fact constitute the first two instances

(81)

of a

class of necklace integrals), it can be shown that their expansion coefficients contain multiple
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zeta values (MZVs) only. The constructive proof follows from introducing two distinct masses,
and solving a differential equation in z = M /m in terms of harmonic polylogarithms, which
at z = 1 reduce to MZVs [137-139]. Recently, a recursive construction of the expansion
coefficients of the necklace integrals has been given, see App. A of [84].

Some further terms had contributed to specific physics questions and therefore been ana-
lytically identified before. See, e.g. [140], where the 4-loop integrals Ig4;, I993 and Igs, Were
needed up to their constant €Y coefficients (the e! terms of I 51 and I, had entered as well).

Using high-precision numerical results (for reference, we show 65 digits and a dozen e-
orders in App. A.2) generated by an in-house implementation [141] of Laporta’s difference
equation method [100], we have attempted to identify some numbers by the integer relation
algorithm PSLQ, implemented in Mathematica [142] as FindIntegerNullVector. We have
mostly searched at transcendental weight 2 (two €° terms are found with weight 3, Ios, and
I1016), and our (rather meager) findings are documented below. Note that some dilogarithms
with different arguments are related, such as Liz(%) + 2Li2(%) ={(2)—1n?(2) —lnz(%). In the
interest of compact formulae, for some integrals we pull out a rational prefactor that renders
the remaining expansion in pure-weight form.

1—2
I == {1-4m)e +4[31i,() + 210°) ¢, ] 2

+[8 85— 3 I°(2) +21n(3)¢, — 475 ] €

+[ =8 ga— % In*(X) +1n2(30)L, + 3§y —4In(2)75 | e

+[885— o5 In°(3) + 3 n*(30)0o + § In(30)04 — 21n%(20)05 + 40505 — 1245 | €°

+...}, (82)
Is; = % {1—4In2)e+4[ In%(2)+ ¢, ] e? + 8] — 1 n*(2) —In(2)0, — 2 {5 ]

+8[ 20Lis(3) + In*(2) — 41n%(2), + 271n(2)¢5 +11¢, | €*
+8[ 40Lis(3) — 2 In°(2) + § n*(2)¢, — 271n%(2)5 — 270505 — 22In(2){ 4 — 242 ¢ |5

+... } , (83)
1—2¢)?
Igy = (d—2e) 626) {[—21i,(3) - 3102(3) + 3¢, | €2
+ [ — 2 g4+ 2 Lig(3) + 14Liy(3) In(2) + 20 In3(2) — 4Liy(3) In(3) — 30 1n*(2) In(3)
+Z In(2)In%(3) - & In*(3)— 11 (), + B n(3)¢, + B G5 |2 +... 84)
Iss = (Cer) + O(€), (85)
15 . . .
1 = 3o T 200 =60 {3+ (e +[ —6Liy(3) +6Li () + 6Liy(3)
+5¢,—3n%(5) + 111n%(2) + 6In(2) In(3) | 2 + ... }, (86)
1+ 12€2
Logs = Tf {3 +I(2) e +[ 7Liy(3) + 4Liy(2) — 4Lin(3)
—50,+21In%(3) + 2In%(2) —4In(2)In(5) | 2 + ...}, (87)
1—2¢)®
losz = T2 {8 0, 4 Y221, 70,] €
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+ 3[40Li,(3) + § In*(2) ~ 8In2(2)C, + 21 In(2)5 — 2 ]

+ [ —228Li5(3) — 108Liy(3)In(2) — £ In°(2) + 101n°(2)¢, — £ n(2)¢5

— 10,0 B @)+ BB ]t + . ) (88)
Lo = 6—13 {[ -3t + ¥ — @), +310°(3) |+, (89)
L1910 = (c1010) + O(e€), (90)
L1909 = (c1009) + O(e€), (91)
I1920 = (€1020) + O(€), (92)
Io11 = (€1011) + O(€), (93)
I1022 = (€1022) + O(€), (94)

Isyy = (c511) + O(e), (95)

1 1 1 2 .1 1 C 1y, 3
Igg113= T2e—40) {Z +[— 7 +1n(g)]6 +[—L12(§) +Liy(g) + Liz(g) + 54>

—11n2(5) + 310%(2) + In(2) In(3) | + ...}, (96)

1 . . .
I1009.1.2 = 12e2 {[201009 — 9L12(%) + 4L12(%) + 5le(%) +{s

+2In%(5) —31n%(3) + $ In%(2) + 81n(2) In() | 2 + ...}, ©7)
1
hona2 = T35 {46101 = 10Lia(3) + 8Li(3) + 6Lia(§) + 35
+41n(5) — 51n%(3) + 3In%(2) + 16In(2) In(3) | €2 + ... }. 98)

Note that six constants c,, corresponding to finite (as d — 3) corner integrals of some sectors
s have not yet been identified analytically. Two of them (c;g99 and c1917) appear also in the
leading terms of the corresponding dotted master integrals, suggesting they are of weight 2.

A.2 Numerical Results in d =3 — 2¢

The set of integrals shown in Fig. 2, normalised as explained in App. A.1, is given in numerical
form (we chose to display 65 digits and a dozen e-orders here) as
I7==-|--O.OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO6_2
+0.2500000000000000000000000000000000000000000000000000000000000000 € !
—0.9054651081081643819780131154643491365719904234624941976140143241 €°
+0.5934397470856236496391223902815076034600472955253082509885405908 €'
+0.5251256638778354408291337872361099256272931753611466089850628667 €2
—0.2788437506096102407141445292536236358584666452774108000652262493 >
+0.2926073291742066915409950970739643719627980344255053892062753660 *
—0.2856264372963059196619089701111391607001752566125685025299259469 €°
+0.2834364207812975553353317486987382069702727688705067664069713037 €°
—0.2823183334248609754685286237473843162701307612242510864301486310 ¢’
+0.2817775576953066862982151395694356907368102792289651965395515796 €®
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—0.2815116035637308218683520750434441111060181572146255407809751321 €’
+0.2813800985507556971174815239799876449109648586773520170404285604 € *°
—0.2813148194727843972356391513506495794244403642468997018218251014 ¢!
+0.2812823342607278074357898205544258655554486958992765555900329463 €12
+0O(e®®), (99)

Is; = +0.0000000000000000000000000000000000000000000000000000000000000000 € 2
+1.0000000000000000000000000000000000000000000000000000000000000000
—0.7725887222397812376689284858327062723020005374410210164827200379 €°
+18.956370878586148969220213800225348099194010336323334065444249376 ¢!
+12.953997746450372902176320540786378402211825755901955998180798480 €
+669.05034771806693731321903185766840312522392701336114447716631386 >
+444.89415559325150785202860137749965630519364783858533277236208970 ¢*
+24092.007211718789749846859965462563687694866316360095103864271184 ¢°
+16009.810767667604131357225297818641499713839801025801199038295364 €°
+867315.36329909805318301473851575870097154552876060974556661132462 ¢’
+576353.52036053109284462459645538347494190368660483692280046556921 €8
+31223348.500126351376419796700006734803281448919716289994427172171 €°
+20748736.474458606286130564570942662661432198543994751623706835629 €1°
+1124040529.9957259675717097477275074862039621670166784243500595915 !*
+ 746954536.67542227531774631666446702312890478025468939791172173897 €12
+0(e'), (100)

I, = +0.0000000000000000000000000000000000000000000000000000000000000000 &>
+0.0000000000000000000000000000000000000000000000000000000000000000 !
—0.5134339069363047459191745739301958898038835538905682145624149320 ¢°
+5.7095684615899292794862376279588751106060985499584093920508473919 €'
—37.648074995706791560142239266650126622503344413012137547297409871 €2
+224.09748146261060335877889602790798958489614465031252380780097021 €
—1339.4703001627123300036272073007602941947313396981280010338399715 ¢*
+ 8034.3777908087848490070116519359134599537706638758754531851698513 ¢
— 48203.858560109269901168864155866002112114048423199772229294827551 €°
+289221.32366907318778038693730181824862801656033781087842470320783 ¢’
—1735326.6669460210271940650616318339597050248542806279433969102276 €*
+10411959.374170972905026051700333844871033927354194847097605834640 ¢’
—62471756.376952049703149659518733718984948385239468448678541434518 ¢'°
+374830539.29383322923380951002583268565046696331749930000979367083 '
—2248983237.8671245141557536382160325513510430577744937226407723089 '
+0(e"), (101)

I¢3 = +0.0000000000000000000000000000000000000000000000000000000000000000 € >
+0.0000000000000000000000000000000000000000000000000000000000000000 ™~ *
—0.0217375763327503428408132521394582459517260422873373496515994940 €°
+0.0765336321133093854067600182595029834757335052149621362922698456 ¢
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Igy =

Igg3 =

+0.0579067747736512759094492759848848526298596795634080920929429833 €2
—0.4434602064084302101813748581409186969642656195400891131645164005 >
+0.3500576529478710482652721964962749809598095962196122929858767415 *
+0.1773796466935324822091222077716446916954673245127639216491696301 €°
—0.4059552861037855521858525807488028207138376797995537234907960572 °
+0.7699218077585947722881008308989432923624213682729622461460099026 €’
—1.1760399359044822280385045059917948165800135273220891962552311904 €2
+1.6603333219010436448891656413581396272998836796289177706714181052 ¢’
—2.2369416988852873423783274395913879713300015049468803030231520827 ¢'°
+2.9257651318163983863358564530958038058286056940021618955507476100 !
—3.7498542228612113820834815642900533679099159525722217434663717634 €
+0(e"), (102)

+0.0000000000000000000000000000000000000000000000000000000000000000 >
+ 2.8125000000000000000000000000000000000000000000000000000000000000
—0.2036341484269383147940901471001383931262652488532808473995985247 ¢°
+ 86.830821990825688152407740061694121553645153216845571942924644672 ¢*
+45.522230692605414940981730189798030051319531268529413323820472602 ¢
+3284.6509518299759688331483772804228891248191247538026964866027370 >
+1707.6271747695301363580569298170696889325884987221322680564534831 ¢*
+120965.23009891368364043141541466445366569800874277602462740376845 >
+62865.525276433278935959062135828719273709630748781527244190128748 €°
+4398212.5214601951029983541151813642863087358036782575241682867454 ¢’
+2285474.8672910275047270597406190813581312000598673699090087295818 €3
+159031061.91370649969772152140973597247543609306992574712616768782 ¢°
+82634137.312180982765576200986973126994428225019873189834485476525 ¢'°
+ 5736244853.4883876703118317390782206668123548049969920666901823029 !
+2980541539.2935515565764734020184945128433113892475869409749588342 ¢
+0(e), (103)

+0.0312500000000000000000000000000000000000000000000000000000000000 ¢ >
—0.1013662770270410954945032788660872841429976058656235494035035810 ¢ *
—1.0957787366268196443963067347565253672951367482995236383840337687 ¢°
+11.988553631020143167816608026973182815225793914343747814688812858 ¢*
—79.151364835440668791480916984517867501349251382810943942658357314 €2
+ 487.83612400927362669344992987484615725647953424090124006374839899 ¢
—2989.3390233560778834407224104486118851963625262762370320995333034 €*
+18204.857886630491581123986636721395745530266353973057516863279084 ¢
—110310.03517221441552909233975258092609023137581451468591330685173 €°
+ 666189.64569193289904643103435867746709680317986593812128779183593 ¢’
—4014457.4525299073181650930165489878509054857144628008599477613653 €°
+24156021.599416591381598834005462533839393530838310452192584817084 ¢°
—145213232.21636294012276746184248200041936436897499198738457431610 ¢'°
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+ 872387795.47742213680868952902550485931437677358266100637018603607 ell
— 5238760370.2398729650257527576865438683244611341317955180306061709 €12
+0(e"), (104)

Iys, =+ 0.0000000000000000000000000000000000000000000000000000000000000000 €2
+0.3084251375340424568385778437461297229785531064762747070754171680 ¢ !
—4.1508141380160501720998448422000725547169352752279686177416993597 €°
+31.549872818438118671926038980481234232483796715337834408322412566 €'
—201.94428993188771265169628751954548164802617562239654080941214975 €2
+1251.1106249388529983194838151460325056013459097478378746952587105 €>
— 7679.2285698054877882123267972199537878884542064350913339936505170 ¢*
+ 46784.291276688988776324235796576700031905651026805724193769803935 ¢
—283544.17917659161289206354386156257793904030712558899891781280316 €°
+1712620.2217882952272440262847646385364810974740862982219830815821 ¢’
—10321136.598061739253152188859812121503633063066634550550560999337 €*
+62108469.206188874366033370471042304178155102694369103139890778213 ¢°
—373377395.43947565307165093581883464861416426203157797322166945631 €'°
+2243170668.0603173448980298981419489016518432903259518811000880576 !
—13470649157.511402519190281333422453026122130453991960070579044314 '
+0(e"), (105)

I1016 = + 0.0000000000000000000000000000000000000000000000000000000000000000 € 2
+0.0000000000000000000000000000000000000000000000000000000000000000 €~ *
+0.1291074598213152985210243915418107780934739544429115056519581510 €°
—1.4002327916247422804946832553087161948787356659419769886224153744 €'
+7.5103317302403489479682855310196107940903895075113622512450558212 ¢
—30.581203881649301217638270485484486733381394563210204652763544763 >
+119.34371666980758851804197684594154288500290351725983919849159742 ¢*
—473.83200088109162748777101028461860653383739741623327329839716205 €°
+1893.0065880004566546212705978896481979625823885252498146564540508 €°
— 7569.2492900989746620567677098574739383386128210151792211363969055 €’
+30274.418687366965929260051380696998154657577652866727730385186415 €8
—121095.43259100558044613878373462644261728831481957865334109526317 ¢’
+ 484380.28642108088705607179109316179595637152946223431261309543764 1°
—1937521.1903508295691721694486375489159765845675501291899563752012 ¢!
+ 7750087.3348811980067177117038958220957816230453915036689522456936 €12
+0(e!), (106)

I910 = + 0.0000000000000000000000000000000000000000000000000000000000000000 ¢ >
+0.0000000000000000000000000000000000000000000000000000000000000000 ¢~
+0.1077181593584969503054046183107323659963422543199052556553408135 €°
—1.1383106814611776874204354292450638171490491591319502094309442455 €'
+5.9177711577329682890469542805919265891951819355675306389912313068 €2
—23.500169366616157711812375508797421753065961900022655168659367602 >
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+90.914306291025380471277814382348780721941463994588863226924531635 ¢*
—360.99399944354110004700148095866561235433900357907770714236127964 €>
+1443.2889586188541374640895803967584976583266622244019602317040984 €°
—5772.7004181579493311461507625186090988982823163866069740647383955 ¢’
+23091.170244635706758565295620033593422302637046443818601241130806 €°
—92365.778717827109562779987905542916390526176447345481835431655110 ¢’
+369465.02556030718025644834913038809138936156723952163272662034344 '°
—1477862.8970746061538057341441523035040975174056750015203737758566 €'
+5911455.3531390066593094940421493242899379246384144544598080274583 ¢'2
+0(e"), (107)

I1900 = + 0.0000000000000000000000000000000000000000000000000000000000000000 ¢ >
+0.0000000000000000000000000000000000000000000000000000000000000000 ¢ ~*
+0.0775372561143257787414875957509475136030747042669114989127188118 ¢°
—0.7850657447681336205546345615905118994345599157639593394166547118 €'
+3.8722298709211789417021618469188844495350964385827252241521873973 €2
—14.744516915743593992420720043299817304109704748147344597330876837 €3
+56.329113783251517965772891707247008179829270720151071201296625679 ¢*
—224.03852671930745085603347105013728614179314914336111824472881208 €°
+897.13525140407782743581125681903855418689494951104628022968245824 ¢°
—3590.0958059856141882975346425274876950412871465874589364432437758 ¢’
+14363.101087737689457143808807018859756156986396129353061044797683 €3
—57455.940326741319054090206598281326774322259729454478051332232608 €’
+229827.87320233764381767432547206151245440122393753223468345039659 €'°
—919315.70864167977095955636168590605802836527315067575419104058384 ¢'*
+3677266.4184890722403779284481428358149446265904798333230232155335 ¢'2
+0(e), (108)

I1020 = + 0.0000000000000000000000000000000000000000000000000000000000000000 €2
+0.0000000000000000000000000000000000000000000000000000000000000000
+0.0078616587307741514524519579553998692962244357731351282244807040 ¢°
—0.0420630557733301531767376865993991145551483376102269432397899465 €'
+0.0281445875447985958193247281655960473603619387876491701541532989 €2
+0.2003465303315888390661886952499613753047176444211517626682057632 ¢*
—0.3968729517094802727107857201381604256920771041700628254053286817 €*
+0.1182562596947772051669820853363639396307120368086953454399942155 ¢°
+0.2365939206518576854693178263124970235570895709756691393698854955 €°
—0.3939917897375007515335809037619681215676788745755882021500202668 €’
+0.7275037173721455913672060099659930078851570624796151275020549584 €®
—1.1372538459296036086584764985919372402976987302690776989688101408 ¢’
+1.7063379901963860713774018581756283820658877242779152371494355006 ¢°
—2.4892782234861849336164350445396682952280651446815716179829953351 !?
+3.5699703996281064802730751408113008636750539044563570413990335030 2
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Lo =

Tigoe =

Is; =

+0O(e®), (109)

+0.0000000000000000000000000000000000000000000000000000000000000000 € 2
+0.0000000000000000000000000000000000000000000000000000000000000000 !
+0.0049698068041011492163979479935232913687486244009787674397837111 €°
—0.0221871599216739679311204418032839563006731953374356775687891781 ¢!
—0.0104554874014880232655748601819752340362804370224375575296020832 €2
+0.1730719623993056502322942758452476334832374486853169923215250325 ¢>
—0.1917151879815380595480336530782280933876667192953262402261544328 €*
—0.2053931699093452903325942602701897663344101697595982728435894486 €°
+0.5246779153557774181816273804780701166197560800379185590905176793 €°
—0.5545337956637010742099086897697627011871819400496161843674813329 ¢’
+0.6061811472378074412415447883684687933065703366616370491854746376 €8
—0.4849138948221826458073564111976296403569150678740896226660036024 €’
+0.1765510035929661235124295875476157797303297604193881756940510938 ¢1°
+0.4143836233267367414226970576417150244387629019145900728606145804 1!
—1.4052442411781122895829493534226111430421991019412378791788684904 ¢
+0(e!), (110)

+0.0000000000000000000000000000000000000000000000000000000000000000 € 2
+0.0000000000000000000000000000000000000000000000000000000000000000 €~
+0.0009137653616418094002736626931788099695908996557191386726549905 €°
—0.0018954360966446162828353001997718110866304367021524775390047257 ¢!
—0.0111610370205852109677424037081480594931790404185888768789339302 €2
+0.0247097124237810080182937710123133941654128465632925095048110995 €°
+0.0409629053668332103291869868461450002335192144119277054313161684 ¢*
—0.1047105248579111155379936351124082341509153797401766843986975108 €°
—0.0211895768856691406309490143053716581246410403040032880889871551 €°
+0.1225861577274033934820248818626847974700299128363948071955439078 ¢’
—0.0810541046563265505633632098547768710852600184275122534971389645 €®
+0.0986846249444064804510300279069038848531358154735920399312757952 ¢’
—0.0755812774255241876014006273876997366040860222222252240392019801 €'°
+0.0404086327599496956553015158739085139114155476373797680019449253 ¢!
+0.0181108246869346685800390875841064878677340480222443554113786474 12
+0(e'®), (111)

+0.0000000000000000000000000000000000000000000000000000000000000000 € >
+ 0.0000000000000000000000000000000000000000000000000000000000000000
+0.0007652924327752750641180337499004334480825547740395167556522498 €°
—0.0014466499930356254239057454215807741287799876415127826228993859 ¢!
—0.0096933643047541598467607892194657353106745005248510009426732767 €2
+0.0191185860160505124609009500375183175419573812629700802185490906 €>
+0.0386859239613796596681008332932349941003126485299013296093935054 ¢*
—0.0831822741079942849356017478540266825037580457727156448365481056 €
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—0.0352226534095132742579651027313373549102143974217382043839387510 €°
+0.1063919856752840340832932068029899586735166124141740818936028108 ¢’
—0.0519182918329414326567615077737025117141420605336303704421997953 €®
+0.0645974715850955373802690549089026672938473373221210540491044436 €’
—0.0399381145624023517077105230914568694287417489845575678601720904 ¢°
+0.0115770193015759899260813518671910205481315225299908764467143430 ¢!
+0.0320755141779737283305714138110235068992289879490912429628390464 '
+0(e"), (112)

Iga1.1.3 = +0.0000000000000000000000000000000000000000000000000000000000000000 € 2
— 0.1250000000000000000000000000000000000000000000000000000000000000 € *
+0.0831453659370775325917636058840055357250506099541312338959839409 ¢°
—1.6932674288524445117588019822518530483034181177209921975753613853 €'
—3.2873099987095956757969436032513632205869735813843805919151186840 >
—66.298328503263960090119748112261655672352259963505396717687144909 €>
—96.630750999254542885355770263334341035175205442121094205658938580 ¢*
— 2388.4074978095403861182590067087856017068388258287281938603256469 €
—3527.9159122619659626052440964830539457349635722103171019158907893 €°
—85801.071023612001597007103390458643386194213667744152423047192495 €’
—127732.99889707414580430981391920038874571978301857534998816909204 €8
—3085942.3716941658254169908206653236880253507731325991666076560171 ¢°
—4609946.8913558213933828964531599275298079479584314873449846338921 €'°
—111047726.53424458907817209967551477807411801018468144152073393845 ¢!
—166142837.53863023678900006636933327135430444322233045270433463931 ¢'2
+0(e"), (113)

I1009.1.2 = + 0.0000000000000000000000000000000000000000000000000000000000000000 € >
+0.0000000000000000000000000000000000000000000000000000000000000000 ¢+
+0.0122708448416023818590539285032346817103352542129458892187383173 €°
—0.0772945419272941552494559081789631104038042676481336126865453872 ¢!
+0.1310729016018951094007039791555048446906345110550299042607664414 €2
+0.0830032872542511616855400933461805257194802909378379914072997302 >
—0.4111859770696879562995085686276732339664519748331157849692640167 €*
+0.2917361299698484839244198340902152100296371115094273579909835713 €°
—0.0205038890492164145365517692299900817070599213718630657116308488 €°
—0.0307315741851277041939370700380270957342428390264537014132059621 ¢’
+0.1949950842652080071368994870681490446705959741792342456942626159 €8
—0.3613091678052469235941959651868445479905362991134840668607979518 €’
+0.5699806769206655392130335637412118814029072304169966209653863902 ¢1°
—0.8262326961919464825959457166218723815675068128659463659934200323 ¢!
+1.1449693539833461550233201217755443550688994668592872703388835156 12
+0O(e®®), (114

I911.1.2 = + 0.0000000000000000000000000000000000000000000000000000000000000000 ¢ >
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+ 0.0000000000000000000000000000000000000000000000000000000000000000 €~
+0.0013216583759421658118506617173625472155572471312453246441417419 €°
—0.0033507404000985557252297500849167327978275069712719316921827004 €'
—0.0142926531059601236805432650181191646140667173169650719097336794 €2
+0.0413104817431111762739064636103173511549751706483265167763975196 >
+0.0377135785410811595328655073702917287830658903769998836376738191 €*
—0.1573556992565570036175903501572181529739317604477866745204907716 >
+0.0414759973036337189114289633954007080383918115298857956550595447 €°
+0.1226262841962267645440916235676111767421788867801026236777617409 €’
—0.1364222632033876822770604902541541035318635610199698354583333333 ¢°
+0.2031939873871243350447990605419256585523672682057470307937052264 €°
—0.2302775006009696797498707121925476230892866400467845530823192245 €1°
+0.2316650722837236128103411749222982108670696573669340323366752891 €'
—0.1869974032359585443277596524323931419741320429847105134435046407 2
+O(e®). (115)

A.3 Alternative Choices for Dotted Masters

Other possible choices (than our Ig4q.1.3, I1009.1.20 and Ip11.1.2 shown in Fig. 2) for the dotted
masters can be inferred from linear relations among the integrals. Some relations follow from
simple dimensional analysis (by hitting the corner integral with mass derivatives), such as

— 35— 2V + 56 4+ 104 —
(d—3)(5 2d)%+5%+10% 0, (116)
(d 4)\JJ+2\JJ+2 0, (117)

(2d — 7)@+4@ @u@ 0. (118)

Other relations can be derived via IBPs, such as

_ 3d—8 _2(d-3) (d —2)?
(d_4)@+2@+2@_ 4 3 T 8d—3)
(2d —5)(2d —7) 5
- 20(d—3) @+4(d—3)@' (119)

Together with (118), the latter relation can be used to, e.g. exchange our master integral
choice I1pg9.15 (cf. Fig. 2) with I;p99.35 (dot on peripheral line) or I1gp9 4, (dot on central
line). Using (117) one could exchange our master integral choice I4;1.1.2 (dot on wheel rim)
with Iy;1.35 (dot on spoke), and this was in fact the choice that had been made in [103]. See

Fig. 3 for these alternatives.
Complementing the numerical values given in App. A.2, the set of integrals shown in Fig. 3,
normalised as explained in App. A.1, reads

Iga1 1225 = + 0.0000000000000000000000000000000000000000000000000000000000000000 € >
+0.0625000000000000000000000000000000000000000000000000000000000000 €~
—0.6040726829685387662958818029420027678625253049770656169479919704 ¢°
+3.1373605441116099188382190205459542027769621086311522682676003976 ¢
—15.885416717551890444418348328393253414936556051759548770547048412 ¢>
+93.509375705771447578789720067526519068828346301523273248419193672 ¢
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S © ® &

841.1.2.2.2 1009.3.2 1009.4.2 1011.3.2

Figure 3: Alternative choices for dotted masters. Note that the integral I;gg9.4. iS
part of the basis chosen in the package FMFT [98,99], replacing I;g9 1o of the basis
displayed in Fig. 2, with (119) available for an analytic basis change if needed.

—572.19703031228359037116640617257898326632059721487646153543470002 ¢*
+3480.3990754148449408540368192153171743667570129729798005081543164 €°
—21062.986323836129637697215490837708009126049163472340560077645509 €°
+127099.61453565029192365687159979514077091358767833659046460858525 ¢’
— 765483.58462235532454874866636800968746991956462733860804422070006 €®
+4604446.2295570334941617667543539370014334240175354316208367114885 ¢’
— 27672859.043230567239071208262871965643678284586875509825534236953 €°
+166221885.33565129774414802676815154161852223454430668049440402418 €1
—998070242.07861762945540535384139899608977615937233463511828075970 ¢ 2
+0(e), (120)

I1009.3.2 = + 0.0000000000000000000000000000000000000000000000000000000000000000 € >
+0.0000000000000000000000000000000000000000000000000000000000000000 € ~*
+0.0070021517316387759710681723384149836640891376613641574589887600 €°
—0.0348569502098203174519581609509179307107150912672971844319319560 €'
+0.0066782570271397328406301341440248816602066735159673784899475292 ¢
+0.2176664006631901242938439382471244390241609311923495535494055913 €3
—0.3436146816801707440014497167090786998580751462449871159221207082 ¢*
—0.0659377567081129949421115716133928605947320455729317236431903845 €>
+0.5398496020239930726778100845766925862193550883471538537922137203 €°
—0.7405524537812277214709126164272416892154711344744790725009108792 ¢’
+0.9893079792739452964641686060197536814706119684687792556501604199 2
—1.1108281816246770590945834642794379624655136705782229354643392417 €’
+1.0797935182782644554226543577665330590758569047351996620835347067 ¢'°
—0.7998052109587316960084105177949934814042124565789472929742073172 ¢!
+0.1451124926213349020905107593334406886159813285453769932904080455 ¢
+0(e™), (121)

Io09.4.2 = +0.0000000000000000000000000000000000000000000000000000000000000000 € >
+0.0000000000000000000000000000000000000000000000000000000000000000 ¢~ *
+0.0144495732846386993631355370611788194335554120923996271197880225 €°
—0.0960246521820132496869442239690335419856138455691845241557340034 ¢!
+0.1943187713867845561995474156467677097139053842748334924626077260 €
—0.0229433824022631209419209055032504868955620199524947734501373514 €3
—0.3169806080837646907090547580234107010275900806158698163055841856 ¢*
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L3 =

+0.2428594072354530612446395857166714585948493823513205757801371155 €°
—0.0165391210030964755320404737440152258881175536050481939706941450 €°
+0.0492308350000877054279582616731134676605650817809574261407026963 €’
—0.0407325003760186678056982514031275497857980541371802222547916244 €°
+0.1309172439091162975945805834185044225790276005445749853299939813 ¢’
—0.3276143718715897541983640342925565315783230168159076865624568021 €'°
+ 0.6887088774895604633408062420692657287010516178062228109246240777 !
—1.2861800480195147212729027941862276320096833942216440147381497066 €2
+0(e®?), (122)

+0.0000000000000000000000000000000000000000000000000000000000000000 €2
+0.0000000000000000000000000000000000000000000000000000000000000000 €~
+0.0011632450261084087963483122793990984688170650692440590757501135 €°
—0.0027730327566372790239325228232019539837604662964671396524281775 €'
—0.0131222505164578558833646068761524087047466965316893844238565403 €2
+0.0347700120550536255766658141303312315503631166718944218547629133 €3
+0.0395007898674554609254119419358418580063381986606539885707739970 ¢*
—0.1370560736796537010967404330561048235809400437273387021274583855 €°
+0.0154697904649096998467904665734445839370760587294752110466098463 €°
+0.1247847333277001165325814120255775892839862232330078432290152719 ¢’
—0.1150209588414096713120758053313742010020332106988278243164106808 €®
+0.1605302124395917832930675222277283145757455345188452070587676099 €’
—0.1663608924247299043012709052312741274024635476176109817366588309 €°
+0.1520777429726108814134369414461750810826415540097491797876830949 '
—0.1012410940263608590410179666371974051082046060713183532853150240 €2
+0(e™). (123)
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