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1 Introduction

The determination of renormalisation group equations (RGEs) has remained an active field,
driven by applications in precision calculations, critical phenomena, model building, grand
unification, UV completion and many more. While a plethora of perturbative results exist
for theories of special interest, there is also a solid underpinning of two-loop RGEs for all
renormalisable quantum field theories (QFTs) [1-8], as well as three-loop order expressions
for the gauge sector [9-12]. This is possible due to considering a template action [1-3, 8, 12]
of generalised couplings and fields, in which any renormalisable QFT can be embedded. For
such a model, loop integrations and spinor summations can be performed explicitly when
computing RGEs, while retaining contractions of the generalised couplings. Thus, results
are universally reusable with the reduced complication of inserting embedded couplings
into template expressions. In fact, this step can be automatised by existing software tools,
such as [13-16]. An extension of template framework to the next loop order represents a
monumental step which would benefit for all research areas making use of QFT. However,
due to the maximal generality of the template action, the computations required involve
a high number of Feynman diagrams, which are by themselves technically challenging at
three-loop level. Moreover, additional complications due to the 5 problem arise [17]. It is



hence appealing to cut corners by computing RGEs directly for QFTs of interest instead,
which however fails to deliver a contribution to the bigger picture.

And yet, such efforts are not in vain. An approach alternative to computing RGEs in
the template QFT directly is to formulate a general ansatz for them instead, consisting of all
possible combinations of coupling contractions with unknown coefficients. One thus obtains
(- and y-functions depending on these open parameters, which can be compared term by
term to existing literature results. The advantage is that such results do not need to be as
general as the template theory itself. In fact, input models can be relatively simple, as long
as each of them contains enough distinctive features and they are available in sufficient
numbers. Hence, the problem of conducting a massive and complicated calculation is
broken down into several smaller and independent steps, from which a general result can
be collected.

The approach has previously been employed in, e.g., [12, 18, 19] to study Weyl consis-
tency conditions [20, 21], as well as in [22, 23] to compute pure scalar RGEs, and [21] to
gain three-loop Yukawa (S-functions for complex scalars and chiral fermions. The former is
paving the way to obtain general 4-loop gauge S-functions — with SM expressions already
available [24] — and eventually general 3-loop Yukawa [-functions. However, three-loop
RGEs for the scalar potential are not covered in these efforts. On the other hand, the scalar
sector is often not technically natural due to the lack of a protective symmetry, and hence
cannot be neglected in RG studies. Therefore, we target scalar quartic and cubic couplings
as well as mass terms in this work. Following up on the pure scalar results [22, 23, 25, 26], we
also include fermionic contributions through Yukawa interactions and masses, while leav-
ing the entirety of the gauge sector for future studies. As our input, we utilise three-loop
results in the Two-Higgs-Doublet Model (THDM) [27], the Standard Model (SM) [28-32],
Gross-Neveu-Yukawa theories [33, 34] as well as supersymmetric RGEs [35, 36].

This paper is organised as follows: sections 2 and 3 introduce our notations and con-
ventions. In section 4-7, renormalisation group equations the general scalar-Yukawa mod-
els are obtained. As an application, three-loop RGEs for the Litim-Sannino model in the
gaugeless limit are computed for the first time in section 8, before concluding with section 9.

2 Setup

In this work, we consider a general QFT consisting of Weyl fermions 1; and real scalar
fields ¢, with the Lagrange density

1 b 1 1
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(2.1)

featuring Yukawa couplings y®¥, scalar quartic and cubic interactions Agped; hape as well
as fermion and scalar masses m* and mgb. Here, ¢ denotes the two-dimensional Levi-
Civita symbol contracting spinor indices, which are not shown explicitly. Each of these
interactions are symmetric under permutation of their fermionic (7,7, k,[,...) and scalar
indices (a,b,c,d,...), respectively. Moreover, fermion indices in this convention run over



Weyl components as well as their conjugates. This accounts for the additional factor % and
6" = o or o* in the kinetic term, as well the missing complex conjugation of the fermion
mass and Yukawa interactions. Fields and couplings

O =07,y Ga(hier) =y da(Wey®)  and  mI* (ievn) = my, (Weyh)  (2.2)

with raised fermionic indices denote the conjugation of Weyl components. This distinction
is convenient to ensure that index contractions as in m% m;, are due to the propagation of
a fermion (1; 7). Since v; already contains all Weyl fermions as well as their conjugates,
Y" has the same degrees of freedom. Raising and lowering of fermionic indices merely
represents a pairwise permutation of components in 1, such that (2.2) holds. Note that
our notation is very close to the one suggested in [12], where each component of a fermion
¥ contains both a Weyl spinor and its conjugate. Raising and lowering of fermionic indices
in [12] is made explicit by multiplication with the Pauli matrices o;.

As the scalars are expressed in terms of real components, the raised or lowered position
of their indices has no significance.! In the following, we suppress fermionic indices for con-
venience, where it is understood that, e.g., y%y’my¢ = y%J

abbreviation y%ylycy? ... = y®cd- is utilised.

y?k m* Y;,., and the additional

Connecting to the notation of e.g. [1-3], where Weyl fermions ¥; and their conjugates
U¥ are treated separately

L =iV, v; - 5 Yok @a(Le W) - §YT?k Ga(T3eT})

. - (2.3)
the relation
tr(y®ylycy?...) = te(YovY Ty eytd ) 4 tr(yYieytyteyd ) (2.4)

holds, while untraced products are simply expressed via YoYT0ye = yabe

Through the course of this paper, we determine the RG evolution for general QFTs
without gauge interactions at three-loop in perturbation theory. At this loop order, results
depend on the regularisation and renormalisation procedure, for which we employ dimen-
sional regularisation (DREG) [37, 38] and the MS scheme [39, 40]. Due to this choice,
there is also an inherent ambiguity in the treatment of ~s, which is discussed in the next
section. As all gaugeless and renormalisable QFTs can be mapped onto our template (2.1),
we aim to determine - and y-functions for its generalised couplings and fields. Overall, we
will proceed to formulate our ansétze for three-loop RGEs in terms of contractions of the
dimensionless couplings Agpeq and y® only, and employ the dummy field trick [4, 5, 41] to
extract [-functions for hgp., mzb and m*. To facilitate the evaluation, a modified version
of ARGES [15] is employed.

1For instance, quartic couplings Aqpeq appear with lowered, while Yukawas y® with raised scalar indices
in this work, which has no other significance but being a style preferred by the author.



3 Handling of ~5

The DREG procedure prescribes the evaluation of loop integrals in d = 4 — 2¢ instead of
four dimensions. However, this is incompatible with the spinor algebra of Dirac matrices
~H [42], as the definition

i y .
=51 €upa 'Y P with o123 = —€"1B =1 (3.1)

being the Levi-Civita symbol, is closely tied to four dimensions. Different approaches to

V5

reconcile the 5 problem — see [17] for a review and [43] for a recent list of works — in
general lead to ambiguous computational results; this includes renormalisation group equa-
tions, see e.g. [44, 45]. The source of these ambiguities is the occurrence of the expression

N vpo J—
tr [y Py 5] = { ne for..d - %’ . _ (3.2)
0 naively in d dimensions with {v#,v5} =0
in loop corrections. In [28, 46|, a semi-naive scheme has been chosen that renders the
ambiguity evanescent (x d—4) and hence drop out when computing three-loop Yukawa
p-functions. This scheme has also been employed in [27, 32-34], which serve as input in
this work. At four-loop order, the approach is not sufficient, but contributions affected by
the 5 problem in [12, 19, 24] have been fixed using Weyl consistency conditions.

In our setup, tensor structures that explicitly distinguish the chiralities of the included
fermion lines have to be considered in the ansatz in order to account for possible =5 cor-
rections. This could be achieved by inserting the quantity Xij = iéij on fermion lines,
providing opposite signs for left- and right-chiral fermions. Obviously, this is a direct adap-
tation of ~5 into the language of Weyl components. However, due to the absence of gauge
interactions, there are actually no 5 ambiguities in this work. Following the argumenta-
tion in [12, 19, 28, 46], a non-vanishing term (3.2) only occurs if there is a combination of
four independent momenta and/or Lorentz indices. All RGEs are independent of external
momenta, which can be set to zero in the final result. As gauge fields are not present in our
work, four independent loop momenta are required to generate an ambiguity from (3.2).
This, however, cannot occur at three-loop order as investigated here, but would become
relevant at four-loop. In fact, all ambiguous three-loop terms in the general Yukawa (-
function, as well as scalar and fermion field anomalous dimensions, have been identified
in [12, 19] to contain gauge interactions. Consequently, the -5 issue can be neglected both
in our ansatz as well as in the input data we use, as the gauge sector will be projected out.

4 Scalar anomalous dimension

The canonical renormalisation procedure of the scalar fields entails the introduction of
symmetric field strength renormalisation matrices Z{‘fb = Z;fa via ¢q — VZ%4 ¢y in (2.1).
The running of this quantity under a change of the renormalisation scale u is then encoded
in the scalar field anomalous dimension

dv'ze -1 X Ao

o) ac Yab

=" 9 (\z9¢ = . 4.1
Tab dlnp ( )cb nz::l (47)2n (41)
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Figure 1. Fermionic (solid lines) and scalar (dashed lines) diagrams potentially giving rise to
three-loop corrections of scalar field anomalous dimensions. One additional diagram providing a
purely scalar contribution is not shown.

The one- and two-loop results v»'¢ and 4%2¢ of this quantity are known for arbitrary
renormalisable QFTs [1, 4], and the pure scalar (quartic) three-loop contribution to y#3¢
has been found in [22, 23, 25, 26]. Extending this progress with an arbitrary Yukawa
sector, we find 15 additional contractions, listed in figure 1. Among those are also (2) and
(9) which are manifestly asymmetric under exchange of external legs. While Z:fb = Zg’a,
the square root V79, is only symmetric up to an arbitrary an orthogonal transformation
of the scalar field species, which is translated into a potential asymmetry of 4% by virtue
of (4.1). Such rotations in the basis of scalar fields correspond to transformations of running
couplings, which drops out in physical observables and are absorbed by the antisymmetric
parts of the field anomalous dimensions [27, 32, 47]. We use [27] to fix all open coefficients,

where anomalous dimensions are chosen completely symmetric. This yields

1 5
7:51;36 = _7/\acde)\dengbcfg - 7)\acde)\bcdf tl“(yef)

16 32
5 9

+ g [Aacde tr(ybcde) + tr(yacde) /\bcde} + |:tr<yabcd> + E tr(yacbd):| tI‘(yCd)
3 abecedd o abcddc 3 abcded 7 acbedd beacdd

1 ™) e () = Sy e [y + (o)
3 1 7 3

2 tr(yacbdcd) 4+ = tr(yaccbdd) 4 - tr(yacdde) + [43 . 1] tr(yGCdde), (42)
4 32 4 2

employing the abbreviation y2¢d = y%ybycy? ... and (3 ~ 1.202 is Apéry’s constant. It is

found that the graphs (13)—(15) in figure 1 do not contribute to the anomalous dimension,
which can be readily understood from the momentum flow.



(16)

Figure 2. Three-loop diagrams giving contributions to the fermion field anomalous dimensions,
containing Yukawa and quartic interactions of fermions (solid lines) and scalar fields (dashed lines).

5 Fermion anomalous dimension

Similar to the scalar case, fermions are renormalised by introducing a field strength matrix
Y; — (VZ?¥),/4;. Dropping the indices for convenience, the fermion anomalous dimension
is defined via

avzv -1 & 49t
= (Vz©) 1:;1 (Lr)% (5.1)

Again, the leading and next-to-leading orders are available in full generality [1, 4]. Diagrams
contributing to the three-loop expression 7% containing Yukawa and quartic interactions
are listed in figure 2. Here, (8), (13) and (14) are not symmetric under permutation of their
external legs. Similar to the scalar case V' Z®, these are linked to a potential ambiguity
of an unitary transformation for fermionic field multiplets in the definition of V' Z¥, which
is unphysical, see [27, 32, 47] for a more detailed discussion. In this work, we use [27] to
determine all parameters, electing anomalous dimensions to be hermitian. This fixes the



ambiguous diagrams in figure 2 to be symmetrised, thus leading to the general expression

11
’7w73z = —an )\acdeAbcde (yab) + )‘ade (yade)

96
3
_ 372 tr(yaC) tr(ylw) (yab) + tr(yabcc ach)( )
3 4
— 372tl“(yab) {3 yaccb 3ycabc + yacbc + ycac } (5.2)
5 abbcca 1 abceba 5 abcbea 1 abccab
() e () — () ] ()
3 3 1
+ @ (yabbcac + yabaccb) + |:2<3 o 1:| ( abcabc) + 5 (yabacbc).

In particular, this means that the two diagrams depicted by figure 2 (13) do not contribute
to the fermion anomalous dimension, while (8) and (14) are symmetrised.

6 Yukawa interaction and fermion masses

The S-functions of the renormalised Yukawa couplings y*” are defined via

dya —2n ont
B,a = = E 47 a 1
Y 11 4 1( ) Yy (6 )

and template formulas for the one- and two-loop expressions can be found in [2, 4, 5, 12].
The three-loop part ﬁgé consists of fermionic (5.2) and scalar leg contributions (4.2), as
well as proper Yukawa vertex corrections. In our setup without gauge interactions, the
latter are listed in figure 3 and give rise to 52 open parameters, considering that the vertex
is symmetric under permutation of its fermionic legs. This ansatz has been cross-checked
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Figure 3. Yukawa proper vertex diagrams at three-loop order, including scalar (dashed lines) and
fermionic propagators (solid lines).



with diagram list provided with [12]. Using [27], the three-loop expression

30 T 3
Bge $,3¢, b 1,30 a4 g0 (,yw,se) 9

a = Yty 8)\bdef)\cdef (y**)

1
+3 P\aeb FAbfed + Aabed tr(ybe)} {yCde +yel 43 yced]
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1 1
+ Aabcd |:5 yebcde + 3 ybeced + 5 ybeecd + 5 ybceed:|

1
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4 4yybedadeb _ 3 bedadbe | 6C5 — 5] ybedacdd 4 665 — 2] [ybcdacdb + ybcdabdc} (6.2)

2 2
3
+ ybc(yadd + ydda)(2 ycb _ 5 ybc) o ybc(yadc + ydca)y

+ [6<3 . 3] (ybcadbdc + ybdcdabC) 4 <ybcadcbd + ydbcdacb) _ ybcacddb o ybddcacb

bedabed _ o bebaded _ L becadar 3

+2y [ybcbaddc + ybddacbc]

db

1
+ [6C3 _ 2] (ybcadbcd + ydbcdabc) - (ybcabddc + ybddcabc) -3 (ybcacdbd + ybdbcacd)

2
1
+ ybc(yabd + ybda)ycd o 5(ybacccldb + ybccddab) o ybacdcdb o ybcdcdab
7 1
+ E( bacddcb + bcddcab) + 5(ybacddbc + ybcddbac> _ 2(ybadcdbc + ybcdbdaC)
3

_ 5(ybaddcbc + ybcbddaC) + ybacdbdc + ybdcdbac +3 [2C3 . 1] (ybadcbdc + ybdcbdaC)

3
+ §(ybacbddc + ybddcbaC) + Q(ybadbcdc + ybdbcdaC)

is obtained. This automatically provides the renormalisation group evolution for the

fermion mass term B3¢ after the replacement

¢
751%3 y’ =0, y* — m, Aabed = Pbed (6.3)

in (6.2). Furthermore, the result (6.2) has been cross-checked against [21, 28, 32, 46]. For
convenience, we have collected all coefficients of ﬁ;’é in the basis from [12] in appendix A.

7 Scalar quartic interactions

For scalar quartic interactions Agpeq, the S-functions

. d)\abcd
B)‘abcd -

= (4n) "B, (7.1)

n=1

dln
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Figure 4. Three-loop diagrams contributing to the scalar quartic vertex renormalisation, contain-
ing both quartic and Yukawa vertices. Solid [dashed] lines correspond to fermionic [scalar] propaga-
tors. The number of inequivalent permutations of the external legs for each diagram is also indicated.
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Figure 5. Three-loop diagrams contributing to the scalar quartic vertex renormalisation, contain-
ing only Yukawa couplings with a single fermion loop (solid lines) and scalar propagators (dashed
lines) propagators. The number of inequivalent permutations of external legs is listed below each
diagram.

have been computed for general QFTs at two-loop order [3-5, 12], and will now be ex-
tended to three-loop in the gaugeless limit via the ansatz (2.1). These expressions contain
scalar leg corrections (4.2) which have been already determined. Moreover, the expression
features proper scalar quartic vertex corrections that reflect the overall symmetrisation of
the quartic interaction terms. These are listed in figure 4 and figure 5, not including the
six pure quartic contributions given in [22, 23, 25]. Thus, 56 open parameters are implied.
Three-loop SM results [28-32] as well as - and ~-functions in Gross-Neveu-Yukawa the-
ories, in particular chiral Ising, XY and Heisenberg models [33, 34], can be utilised for
matching unknown coefficients. Additional input data can be extracted when comparing
to N' = 1 supersymmetric QFTs as detailed in appendix B. Overall, from the 56 open
parameters, 29 coefficients can be determined directly, and 14 supplementary conditions
apply, leaving only 13 pieces of information missing.

We are currently unaware of pre-existing calculation that would fix these open coeffi-
cients. No data from the THDM is available, as [27] does not include three-loop quartic S
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functions, while [48] lacks the Yukawa contributions in question. Moreover, no conditions
in [12] apply to coefficients at this loop order. Similarily, no three-loop quartic RGEs are
included in [21] either.

Concretely, we obtain the three-loop S-function of the scalar quartic as

§§bcd - 761636)‘650‘1 + 71?5 Aaecd + Ve

A A3y2 A A2yt A Ay
6abcd + /Babcd + /Babcd + Babcd + ﬁabcd

,3¢
d)’Se)\abed + 736 )\abce

(7.2)

where the pure scalar part has been computed earlier [22, 23, 25] and reads

. 1
52{52\; = 12C3 AaefgAvehiAcfhjAdgij — 3 [AaefgAbfghAceijAdhij + 5 perm.]

1 3
+5 [AavefAegijAfhijAcdgh + 2 perm.] — 3 [NabefAenijAghijAedrg + 2 perm.]  (7.3)

1
- 5 [Aabef)\cegh)\ghijAdfij +5 perm-] +2 [)\abef)‘cegh)\fgij)\dhij +11 perm-] .

Insertions of a single Yukawa bubble tr(yQ) give rise to the correction
A A3y2 ;
'Babcdy =2 {)‘abEfAcegh)\dfgi tr(yh’) +5 perm.}

1

— 5 [Aabef)\ceghAdghi tr(yﬁ) + 11 perm.} .

Further, A? tr(y?) tr(y?) and A? tr(y?) terms contribute to the S-function via

A2yt 1
Bibea’ = ~1 [AabefAcdgh + 2 perm.

[ tr(e0) te(y™) + 28 tr(y") tr(y™)|
+ [AabefAcdgh + 2 perm. [(3@, — 1) tr(y®97) + 2tr(y efgh)}
+ [AabefAcdeg + 2 perm. | {285 (yf9h) it (yfhgh)} (7.5)
+ [)\aefg/\befh (tl“(ycgdh) + 3tr(y6dgh)) +11 perm.}
+2 [Nabe fAcegn (tr(y¥") + (3¢ — 2) tr(y™")) + 11 perm.| .
While terms of the form A tr(y?)? are absent, Atr(y?) tr(y*) and Atr(y%) contractions read
ﬁ;\é&yG =3 [)\abef tr(yfg) tr(y 960‘1) + 11 perm]
+2 [Aapey tr(y”?) tr(y?**?) + 5 perm |
- [)\abef (4 tr(y©e/199) 4- 3tr(y0dggef)) + 11 perm.}
[ abef (C(13 tr ycdgefg) 10 tr(ycgdegf)) +5 perm.}
e 57 - (3 36) w9 5 o]

+ [)\abef tr (0(18 cdgegf 4 C19) Y nggef) + 11 perm.}

(17 — —Cg +2c(13) + 20(15)> [)\abef tr(ycegdfg) +5 perm.}

~12 -



where the coefficients corresponding to contractions figure 4 (13), (13), (18), (19) and (2

+ C(24) [)\abef tr(ycegdgf) + 11 perm. }
[17 — —Cg +2c 24)] [/\abef tr(ycgegdf) +5 perm.}

3
+ 63 + c (13) + c(15)> [Aaefg tr(yPede/9) + 11 perm.}

2 2

(34 19¢3 + 6(13) +cas)) |:)‘ae o tr(yPe99) +3 perm.]

8y
X

+(2-9G+1+ C(13) + 0(15)) [Aaefg tr(y**¥9) 4 23 Perm-} ; (7.6)

4)

could not be determined completely, and are retained as c(13y, ¢(15), ¢(18), ¢(19) and c(24).

Finally, pure Yukawa terms tr(y*) tr(y*), tr(y?) tr(y®) and tr(y®) are given by

B

while no one-particle-irreducible diagrams are formed by tr(y?
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:tr(yabeec‘iff) +5 perm.} + {tr(yabc‘ieeff) +11 perm.}

—g tr(y I Ie) + cpaq) tr(y®tedelel) + 11 perm}

[0(38) tr(ye/ febeed) 4 C(39) tr(ye/foecdy 4 23 perm.}

oy br(yeSebied) — ng pr(yyf Febeed) 4 93 perm}

:0(42) tr(y ST + tr(yreetl ) 411 perm.}

23 1

c(aa) tr(y erPlecd) 4+ <2

[— (8+2cas)) tr(yaefbcfed) + csg) tr(y“efbcefd) +5 perm.}
:0(49) tr(yaebecffd) + c(50) tr(yaefbfced) + c(s51) tr(yaefbecfd) +23 perm.}

+ o+ o+ o+ + o+ o+ o+

— (4+c5)) [tr(yabecffde) +11 perm-}

[ 3
+ |¢53) tr(yabecefdf) + (3 — 5(3 + 0(13)) tr(yabecfedf) + 11 perm}

3
—6¢s + 5¢013) + 20(15)> tr(y®e/beled)y 411 perm.}

+ c(s5) {tr(y“ebfcedf) +2 perm.} + c(s6) [tr(y“ebecfdf) +5 perm.} . (7.7)

~13 -

)* bubbles. For notational



compactness, we have not inserted the relations

1 1 13 3

ca9) = 5¢as) + 5¢as) ~cas) — 5 F §C3,

C(51) = —5—6(3+ €(13) + C(15) + ¢(13) + 2 C(37) + €(39)
— C40) T C2) — 4y + 3[cs) + Cag) + 0y 5

3
C(53) = 14 (1 - 5(3 — C49) — 6(50)) — 8¢z — 12¢38) + 2 c(ug)

—4(casy + cas) + c39) + C2))
c(s5) = —4(11 + 15¢3 + c13) + c15) + ¢(37) + C(a2))
— 2cg) — 8(c3s) + ¢(39) + Clag) + ¢(50)) »
cs6) = 213 — 1+ 5(c(13) + cas)) + 8 czry + 12 ¢(38)
+ 4(c(39) + ca2)) — 2 caa) + 16(cra9) + c(50)) -

It may be possible to recover additional restrictions when comparing diagrams (38) with
(49), (44) with (53) and (55), as well as (41) with (52) in figure 5 with a more sophisticated
analysis of momentum integrals. Similar relations arise between diagrams (35), (43) and
(46), as well as (3) and (4) in figure 4. However, this is insufficient to resolve all open
parameters and will not be attempted here.

Just as in the Yukawa case, the renormalisation group equations for scalar cubic cou-
plings hgpe and scalar masses mgb can be obtained from eq. (7.2)ff. using the dummy field
method [4, 5, 41]. This entails substituting external scalar indices by dummy ones: &, cor-
responding to a classical, non-propagating and uncharged singlet. Using the substitutions

30
Aabes = Nabes Aabos = 2m2b7 yg = I, 73@3 =0 (79)

on both sides of eq. (7.2)ff. allows us to extract RGE parameters with positive canonical
mass dimension. The last condition in (7.9) reflects that there is no field strength renor-
malisation for the dummy field. In general, the procedure will generate several distinct

terms from permutations of the external indices in () For instance, the correction

abed®
Brapea = -+ T C(23) {Aabef tr(y©e9997) + 11 perm.} +... (7.10)
from (7.6) will lead to a contribution to the scalar mass RG evolution that reads

Bz, = -+ + Can) Aabes tr(mymy?’) + ciog) mZ; tr(y o9 4 yPe9097) (7.11)
+ cag) haeg tr(my9 + 4P 9my9!) - co) hpey tr(my©9a9 4y omysl)

which is significantly less compact. Hence, the overall expressions for 3, and 5mib are
rather long compared to eq. (7.2)ff. and are omitted. For the sake of reducing the cross
section of transcription errors alone, the author recommends to automate the application
of the dummy field method onto the latter equations instead.
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8 Example: Litim-Sannino model

In this section, we apply the obtained results by computing the three-loop RGEs of the
Litim-Sannino model [49, 50] with vanishing gauge couplings. The model is described in
terms of the Lagrangian

L=t [Tidw] +tr[9,HO"H| —m?er [HH]|
—ytr [@HPR U +TOH P, xp] —utr [HTHHTH} —vtr [HTH} tr [HTH] (8.1)

and exhibits a U(N.) x U(Ny)r x U(Ny)g global symmetry. The Dirac fermions ¥ and
complex scalars H are N, x Ny and Ny x Ny matrix fields, respectively. Pr r = %(1 F5)
n (8.1) represents the left- and right chiral projectors. Moreover, we employ the limit

Ny, — oo, while the quantity
Ny 1

—- - — 8.2
=N 3 (8.2)
remains finite, along with the rescaled couplings
N, 12 N N2y
oy = Ne¥ _ Npu = (3.3)

@mz T an? (dm)?’

In this limit, two-loop results are available from [51]. At three-loop, all unknown coefficients
drop out and one obtains

15 1 11
’YH‘Sloop —4ad w5 ay+{5au 39 (183+10e)ay] < 5 +e> 0‘3’

1 , 1217 41 3 5\ ] (11
7q}‘3—100p:|:_4au+(11+26)auay+<128+32 —372 >Oéy:| +€>Oéy,

) 11
6%‘31001) —8a ay+5( —i—e) a2a2+12< 5 e) (8+e)aua2

+<11+ )(1583+23 23 2>a4
2 T )\ 32 TATRY )M

1711 \?2
Bau | 100p = 1040, +34 a0, +(889+166¢) o 2—8<2+e> (21—26¢)c;

Y Y
2601 283
- (16+86+3C3(11+26)) (114-2¢)

Bl 3100p = 12000 +480ca +(T72+384(3) i, +66 vy +192a0y

427 11
+416> agag—i— <788—|—1526—|—96C3 (2 —|—e)> ozvozuozg

1 11

%4—187 +192g3< )) oo

11

5 ) <552+1126+60C3< ))aua
)(1897+4386 96C3< ) ol

( ) (1 (4] )

_|_

_l’_

OO\'—‘/\/—\/—\

N": w"“
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11
m28, ‘3_100p =120a,02 424002 +33a2 0, + <394+ T6€+48(3 <2 +6>> auafj

427 , 1/11 11 ,
+ <2+41€) a0y — T (2+e> (1897—1—4386—96(3 (2 —|—e>> o, (8.4)

as a consequence of (4.2), (5.2), (6.2) and (7.2)ff. These results are compatible with [23, 26].

9 Discussion and outlook

In this work, we have investigated the three-loop renormalisation group evolution of general
QFTs with scalars and fermions, featuring Yukawa, scalar quartic and cubic interactions,
as well as fermion and scalar mass terms. Using literature results, we have completely
determined the general result for all field anomalous dimensions, Yukawa and fermion mass
[-functions, as well as terms oc A%, o< y2A3 and oc y*\? for scalar quartics. In the scalar
potential, the number of unknown parameters has been vastly reduced to 13, which can be
fixed by future calculations. That is, either by direct computation of the diagrams listed
herein, or as a side product of determining RGEs in specific theories. Unfortunately, there is
little hope to utilise Weyl consistency conditions [12, 20, 21] to constrain these coefficients,
as five- and four-loop gauge and Yukawa [-functions would be required. Rather, it is the
other way around that computations of the latter profit from three-loop quartic RGEs. The
results obtained here may already be sufficient to completely determine three-loop RGEs
for certain QFTs. Trivial examples include the works [28-34] used as input, and it was
demonstrated in section 8 that this selection is not exhaustive. In the absence of fermion
masses, only three unknown parameters remain in the general RG evolution of scalar mass
and cubic interactions.

Once the remaining parameters in this setup are determined, the next step towards
a complete three-loop result would be the inclusion of gauge interactions. The gauge -
function itself is already known at three-loop [9-12], and progress towards a general four-
loop expression is being made [12, 19, 24, 44, 45]. In particular, a basis of tensor structures
has been formulated in [12], which also covers three-loop fermion and scalar anomalous
dimensions, as well as Yukawa S-functions. The work spells out explicitly how involved the
determination of these fully general RGEs is — an effort likely to be eclipsed by the three-
loop quartic S-functions, for which a complete basis remains to be determined. This vision
profits from the gaugeless contribution to be handled separately here in this work. As for
the coefficients involving gauge interactions in 4®3¢, 4¥:3¢ and 535, substantial amount may
be fixed using the explicit computation [27] and the conditions in [12]. Likewise, as the SM

gauge group is relatively large and structurally diverse, one should be cautiously optimistic

3¢

that available results [28-32] determine a sizeable number of contributions to 85 .
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A Conversion to Weyl consistency condition basis

In this appendix, we provide the results (6.2) in the basis of [12], wherein Weyl consistency

condition between four-loop gauge, three-loop Yukawa and two-loop quartic RGEs have
been studied. With the help of the program [16], we obtain the 86 coefficients
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Our findings are not in contradiction to the general 265 Weyl consistency condition formu-
d t)g;)g fit their direct prediction therein. While the two-loop

lated in [12]. In fact, b

3)

226 N
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quartic RGEs merely reduce the number of conditions by 4, the results (A.1) leave only
219 such conditions. In particular, the direct predictions of coefficients are updated to

4 27 4 1 4 1 4 4 1
gés) = T géo) = 9 gé7) = 1y 951)0 = —4, ggl)Q = 1’
4 4 5 3 3 3 3
955)8 =0, 956)0 = Ty Ug = -3, UA(L = Ty UéQ) = —12,
3 5 3 17 3 19 3 3 3
0l = 1 0y = 48’ 0y = 16’ n = 1 niy =0, (A-2)
3 3 17 3 3 3
‘352)2 =0, 52)3 =5 52)4 = —17, ‘352)5 =5 052)6 =2,
3
052)7 =0.

B Comparison to supersymmetric RGEs

The non-renormalisation theorem [52, 53] suggests that only superfield anomalous dimen-
sions ’yAB, contribute to the S-functions of superpotential parameters, while quantum cor-
rections to the vertex renormalisations are finite. Expressions for the superfield anomalous
dimensions are available at three-loop [35, 36] or using dimensional reduction (DRED) [54,
55] and the DR scheme. In renormalisable QFTs without gauge interactions, DRED is
equivalent to DREG since no e-scalars are introduced, up to ambiguities due to the «5 which
are absent in our setup as argued earlier.? At two-loop order, this is verified explicitly by
the scheme conversions provided by [57]. Therefore, we can express N' = 1 QFTs in the lan-
guage of a non-supersymmetric ones, see for instance [57, 58|, and directly compare our MS
ansatz against the supersymmetric RGEs in the DR scheme — similar to the conduct in [5,
18, 21]. The perturbatively renormalisable N' = 1 superpotential of dimensionless couplings

1
W= EYAB%A@B%, (B.1)

only contains Yukawa interactions Y4P¢ and is holomorphic in the chiral superfields ® 4.
Here, the corresponding complex conjugate Yukawa interaction will be denoted as Yapc,
counting only over antichiral fields ®”. Each superfield ®4 contains the complex scalar
¢4 and Weyl fermion ¢4 as well as auxiliary fields. Integrating the latter out from the
action, one obtains the Yukawa and quartic interactions

1

%YABC (Pa¥BeYe) +hec. and ZYABEYECD (babp 0 D) - (B.2)

As the g-function for the Yukawa interaction is given by
BABC _ ,YADyDBC i 7BDYADC 4 ,YCDYABD7 (B.3)
the renormalisation group evolution of the quartic A5 cD = YABEY Lo p is constructed via

ﬁABCD _ (,YAFyFBE + 7BFYAFE> Yicp + yABE (YEFD 7FC T Yeor 7FD)

ABF_E (B-4)
+2Y"" v p Yeep -

2See [56] for a recent overview of various regularisation schemes.
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@ Cla9) = —2¢(r) — 4c9) — 2¢13) — Cla)

B e =48
_@_ c32) = —1 = 2¢a)y = 2cqp)

R S = ca) = —2 = €y — C(30)

B cam) =1

_@ Ca1) = —2 = 2¢(2) — ¢y — ¢(20)
== cuz) = —2¢()

— LA cas) = =8 = 2¢(12) — C(20)
—na Cug) = 1

Cs2) = L — ¢y = ¢9) = c1s)

_@ csa) = —6(142¢3) — 2c(11) — ca2) — 2 ¢28)

Table 1. Relations between coefficients for tensor structures in figure 4 and figure 5 (left), inferred
from comparison with supersymmetric RGEs. The corresponding graphs on the right contain round

vertices denoting an insertion of Y4B¢ while squared nodes mark Y, pc interactions.
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Here, ’yAB denotes the chiral superfield anomalous dimensions, with the three-loop part
given by [35, 36]

(47_‘_)6,7143 — YACDYDEFYFGHYGHIYEIJYBCJ

_ é YACDY Y EFGY 0 vy H I Y
_ i YACDYDEFYEFGYGHIYHIJYBCJ (B.5)
+ 243 VALY prYpan Y PO Y P gy
To compare to non-supersymmetric RGEs, the QFT defined by the action
L= "$40up + i Dty
1 (B.6)

— 5 [ Gavheve) +u A (duhevs)] — 1 M en (6465 6% D).

consisting of Weyl fermions ¥4 and complex scalars ¢ 4 is analysed. The S-function of the
quartic /\ABCD can be computed using eq. (7.2)ff. After insertion of the supersymmetry
relations

yABC = yABC y* B¢ = Yape, AMBop =Y Ypop (B.7)

the result can be directly compared to (B.4), constraining unknown coefficients ¢, of
tensor structures (n) in figure 4 and figure 5. However, certain features are inaccessible:
contractions (5), (18), (19), (23), (24), (27), (30), (33), (37)—(40), (42), (44), (48)—(51),
(53), (55) and (56) vanish, since all scalars are complex and the Yukawa interaction
reflects the holomorphism of the superpotential. Choosing a basis of contractions of YAB¢

and Y pc, after the insertion of (B.7), the extracted relations are listed in table 1.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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