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Abstract

The gradient-flow formalism is applied to a non-Abelian gauge theory with scalar and
fermionic particles, dubbed “scalar QCD”. It is shown that the flowed scalar quark re-
quires a field renormalization, albeit only beyond the one-loop level. A pseudo-physical,
flow-time dependent renormalization scheme is defined, and the corresponding renor-
malization constant is evaluated at the two-loop level. We also calculate the gluon action
density as well as the condensates of the scalar and the fermionic quark at three-loop
level in this theory. The results validate the consistency of the gradient-flow formalism
in this theory and provide a further step towards applying the gradient-flow formalism
to the full Standard Model.
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1 Introduction

The gradient flow is an established tool in lattice gauge theory calculations [1-5]. It evolves
the regular four-dimensional fields into an auxiliary dimension, the flow time t, according to a
differential equation which is of first order in t. The effect of this evolution is a suppression of
the fields’ high-momentum modes, and thus a regularization of the associated ultra-violet (UV)
divergences.

Aside from an efficient method to determine the lattice spacing [2,6], or a non-perturbative
definition of the renormalized strong coupling [2], the gradient-flow formalism (GFF) also pro-
vides a way to facilitate the calculation and renormalization of operator matrix elements on
the lattice, as well as their combination with perturbatively evaluated Wilson coefficients. A
particularly welcome feature of the GFF is that it evades complications due to the breaking
of Poincaré invariance on the lattice. This opens efficient ways to compute matrix elements
of the energy-momentum tensor on the lattice, for example [7, 8], and most recently higher
moments of parton densities [9,10]. A key to these methods is the so-called short-flow-time ex-
pansion (SFTX), which allows one to express composite operators of the flowed fields in terms
of linear combinations of the regular operators. Proofs of the viability of this method have
been provided in Refs. [10-15]. It requires perturbative matching coefficients between flowed
and regular operators whose calculation leads to non-standard Feynman diagrams and inte-
grals. Nevertheless, the standard methods for perturbative QCD calculations can be adapted to
render such calculations possible at next-to-next-to-leading order (NNLO) and possibly even
beyond that [16-23].

Understandably, the majority of such applications has been focused on QCD up to now.
However, it is worth to consider also other theories, be it for theoretical reasons or due to their
phenomenological relevance, for example in combination with effective field theories. Gener-
alizations of the GFF have been considered in the context of super-Yang-Mills and other super-
symmetric theories [24-31], or scalar theories in three and four space-time dimensions [32-
36], for example.

In this paper, we consider the extension of QCD by the inclusion of scalar quarks. While
the phenomenological relevance of the literal interpretation of this theory is doubtful in the
light of current Large Hadron Collider (LHC) data, our results will be presented for a general
non-Abelian compact gauge group with a scalar field and an arbitrary number of fermionic
matter fields transforming in the corresponding irreducible representation. They can therefore
be easily interpreted in terms of the unbroken weak sector of the Standard Model (SM), for
example, and represent an important step towards a gradient-flow formulation of the full SM.
Nevertheless, for the sake of convenience, we will refer to the underlying theory as scalar
quantum chromodynamics (SQCD) in this paper, to the gauge bosons as gluons, and to the
fermionic and scalar matter fields as quarks and squarks (or scalar quarks), respectively.

While the generalization of the flow equations to SQCD is straightforward, and the renor-
malization of the strong and the scalar coupling is the same as in regular SQCD and can be
found in the literature, we will for the first time compute the flowed field renormalizations of
the quarks and the squarks in this theory, up to two-loop level. In addition to the MS scheme,
they will be presented in the so-called ringed scheme which is suitable also for a lattice re-
alization. As a first application, we will also determine the SFTX of the two squark bilinear
operators, namely the scalar and the Noether current.

The remainder of this paper is structured as follows. In the next section, we define the
flow equations for SQCD and provide the relevant Feynman rules. Subsequently, the concep-
tual aspects for the renormalization of the strong coupling and the flowed fields are discussed,
and the relevant renormalization constants are computed through NNLO in the strong and the
scalar coupling. As an application, we study the SFTX of the scalar bilinear operator and the
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Noether current for the scalar quarks, computing the matching coefficients to the correspond-
ing regular operators through NNLO in Section 4. The resulting flowed anomalous dimensions
of these operators are discussed in Section 5, before we present an outlook and our conclu-
sions in Section 6. In Appendix A, we collect the explicit results for the 3-functions which are
relevant for this paper, and in Appendix B, we describe the contents of the ancillary file which
accompanies this paper, and which provides our main results in electronic form.

2 Flow equations and Feynman rules

We consider a gauge theory with a single scalar ¢ (squark) and n¢ fermions vy s (quarks), all
transforming in the fundamental representation of the gauge group. Including the gauge-fixing
terms and the corresponding Faddeev-Popov ghosts c, ¢, the Lagrangian reads

Lsocp = Locp +Lg
1 G 1 b
_ 7 2 ~a pab
Locp = —ZFstﬁv-l-)Zl/)le Py + 5p QALY +,EDE0e, D
=1

. Ap, s
£y =059 (i)~ Z2(o"9)*.
Here, A‘:L are the gauge fields (gluons),
DF =0 + g A%t Dab _ 5aba _ abcAc
u - u gB u > uw - uw ng > (2)

are the covariant derivatives in the fundamental and the adjoint representation, respectively,
and

Fl, = 8,A, — 0,A7 + g f ADA, (3)
is the field strength tensor. The t? are the generators of the gauge group in the fundamental
representation, and the f%¢ are the structure constants. We follow the conventions of Refs.

[4,18], which means that
[ta’tb]:fabctc, Tr(tatb)I—TR5ab, (4)

with the trace normalization Ty to be specified below. It is convenient to define the combina-
tions 5
8 A
ab = =8 B_ "B 5)

where g, and A, denote the bare coupling constants of the theory. Unless required, we will
suppress the flavor indices f on the quark fields in the following.

The gradient flow evolves the fields into an auxiliary dimension, the so-called flow time t.
The evolution is governed by the flow equation, which is a first-order differential equation in
t, and associated “initial conditions”, which establish the contact to the regular fields at t = 0.
In the case of the flowed gluon and quark fields B, x, and y, the flow equations are given by

0=20,By—D*G) —«xD’5,B) = Fy,
0=0,y —Ay +gBK8“BZt“x =Fy, 6)
0=23,7 —)ZZ—gBK)ZEMBﬁta =7,

and the initial conditions are

Bi(t=0,x)=A5(x), x(t=0,x)=v(x), z(t=0,x)=1p(x). 7)
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The gauge parameter x will be chosen equal to one in our calculations. The flowed field-
strength tensor is given by

G, =0,Bs—9,B + g f "B} B, (8)

and the flowed covariant derivatives in the fundamental and adjoint representation are defined
as

DF =0, +gB%%, DF=17,-gBt", D®=5%3,—g,fB. (9
w= uT &b, p= 9u—80, w ,ung w
Furthermore, we introduced the short-hand notation
_ yFyF N _ G FSHF
A—DMDH, A—DMD“. (10)

For the flowed scalar fields ¢, ¢, we employ the following flow equations (see also Refs.
[32,35]):

_ a,a,, — _ T N T a,a — Tt
0=0,0—Ap+gpKg B tp=F,, 0=0p'—p'A—ggrp'g B t"=F,, (1)
with the boundary conditions

p(t=0,x)=p(x), ¢ (t=0,x)=¢"(x). (12)

The flow equations can be implemented in the Lagrangian by introducing Lagrange multi-
plier fields Lﬁ, As, Ag, m, and 1T, and defining

Lp= —2f AT LFg], £, = f dt[AF,+F2], L, :f dt[n'F,+Fin], 13)
0 0 0
where summation over flavor indices is understood. The flowed Lagrangian then reads
’C:’CSQCD+[‘B+‘C)( +’C’<,0’ (14)

where the first term is the regular (i.e., unflowed) part of the Lagrangian given in Eq. (1), and
the remaining terms incorporate the flow equations in Egs. (6) and (11).

Using Egs. (13) and (14), one can derive Feynman rules for the flowed fields along the
lines of Ref. [4]. In addition to generalized propagators for the flowed fields, they also involve
so-called flow lines, corresponding to mixed two-point functions of the flowed field and its
associated Lagrange multiplier. They couple to one another or to flowed fields via flowed
vertices which involve integrations over flow-time parameters. For details, we refer to Ref.
[18], where also the complete set of Feynman rules for the non-scalar part of Eq. (14) can be
found. For the regular SQCD Feynman rules involving scalars, on the other hand, we use’

k. R
. ~
p 1 S L AB
5 }---*----2 ; =5i]~—ze_(t+s)p2, FaN Y (5ij5kz+5i15jk),
3 bl } \
[ ~ g
, 1 M a //j
by o
H, a N :igB(ta)ij (pu_q“)z /\\ =g§{ta,tb}ij 5‘[“,.
A N
J b )

b

(15)

1All diagrams in this paper are produced with the help of FEYNGAME [37-39].

4


https://scipost.org
https://scipost.org/SciPostPhysCore.8.1.032

e SciPost Phys. Core 8, 032 (2025)

Here, i,j,k,l are color indices of the fundamental representation, a, b are color indices of
the adjoint representation, u, v are Lorentz indices, s and t are flow-time variables, and the
momenta p and g are assumed outgoing. The Feynman rules for the flowed vertices read

i, a
%%b
\\A 5 ) w
b S :igB(ta)ijJ ds(2pu+(1—1<)qu),
A 0
j/
i, a
%g%
\‘A S o0
O =_igB(ta)jiJ d5(2p“+(1—r<)q“),
p};w 0
j’

(16)
__—>;__Z. = g{ta,tb}l] 5,uvf dS,
0

oo

_1;__i :gé{taatb}l] 5[,“/f dS,
0

v, b

where the arrows next to the lines, indicating that the corresponding line is a flow line, point
towards increasing flow time. Dashed arrows indicate that the line can be a flowed propagator
or a flow line.

3 Renormalization constants

It is well known that the renormalization of the fundamental parameters of the flowed La-
grangian is the same as for the regular theory [4]. Since we assume the quarks and the squark
to be massless, the only fundamental parameters of our theory are the coupling constants af
and ai. Their renormalization in SQCD is known through three-loop level [40] in the MS
scheme, which, however, is only defined perturbatively. The GFF, on the other hand, allows
for a definition of the strong coupling which can be implemented both perturbatively and
non-perturbatively:

al (6) _ oo o E(t) _ _ 3my
- :Cls (t)— Eo(t), with Eo(t)— @, (17)
where )
g a a
E(t) = 5(G},(0G;,(0)), (18)
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is the gluon action density, and n, is the dimension of the adjoint representation of the gauge
group. The perturbative expression for E(t) within QCD, and thus the conversion between the
MS and the GF scheme, is currently known through NNLO [16] and has been used for a novel
extraction of the QCD scale Aqcp, in the MS scheme [41] and the MS coupling a,(M;) [42]. In
Section 3.1, we will generalize this result to SQCD. A similar non-perturbative definition is also
possible for the scalar coupling a;,, of course, but it requires the calculation of ((¢'(t)¢(t))?),
which is beyond the scope of the current paper.
Concerning the renormalization of the flowed fields, we write

1/2

a,R __ a
Byt =Z7,/"Bj,
=2 x5, 1 =21, (19)

R _ ~1/2 R _ »1/2 7
o =2, =29

It was shown in QCD that the flowed gluon does not require renormalization [4, 5], and since
the same arguments apply to SQCD, we can set Zz = 1 to all orders in perturbation theory.

On the other hand, the flowed quark field turns out to require a non-trivial renormalization
Z,. A particularly useful renormalization condition which can be implemented both on the
lattice and in perturbation theory is the so-called ringed scheme, defined as

2n.ng
(4rt)2’

ng

Z, > (g (0P (0) = (20)
f=1

where n. is the dimension of the fundamental representation of the gauge group. In QCD,
Z ,, is known through NNLO [5, 18]. In this paper, we will generalize this result to SQCD, see
Section 3.2.

The flowed squark renormalization Z,, has not been considered before. Its NNLO expres-
sion will be one of the main results of our calculation. We provide it in a scheme analogous to
the fermionic case by requiring the renormalization condition

nC
3212’

Z, (o' (De(D) = (21)

where the r.h.s. is defined such that Z°(p =1+ higher orders.

3.1 The strong coupling of scalar QCD in the gradient-flow scheme

In order to generalize the result for Eq. (18) to SQCD, we need to take into account diagrams
with closed squark loops. The only such diagram which gives a non-zero contribution up
to the two-loop level is shown in Fig. 1 (a); all others which could be generated from the
Feynman rules vanish because they lead to scaleless loop integrals. Two three-loop diagrams
with squark loops are shown in Fig. 1 (b), (c). Since the associated loop integrals are UV
divergent before the renormalization of a;, we adopt dimensional regularization and evaluate
them in D = 4 — 2¢ space-time dimensions.

All calculations in this paper are carried out by using the tool chain first described in Ref.
[18], albeit slightly updated. It is based on qgraf [43,44] for the generation of the Feynman
diagrams, tapir [45] for inserting the Feynman rules, exp [46] for the identification of the
integral topologies, FORM [47,48] for all algebraic operations, and Kira+FireFly [49-53] for
the reduction to master integrals. At two-loop level, all master integrals are known in analytic
form [2,17]. At three-loop level, we evaluate all integrals using ftint [23], which uses
pySecDec [54-57] to perform a sector decomposition [58,59] and to evaluate the coefficients
of the Laurent series in € numerically.
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(a) (b) (©
Figure 1: Contributions to E(t) involving squarks at (a) next-to-leading order (NLO)
and (b), (c) NNLO. The spiral lines are gluons, the dashed lines are squarks, and
the solid lines are quarks. The lower vertex marked ® denotes the flowed operator
G,,(t)G"7(t), the other vertices are regular QCD vertices.

After renormalization of the strong coupling according to Eq. (A.1), we obtain the result

E(t):aSEo(t) (1+€1+€2+h.0.) , (22)
with .
11 l . o
en = [ei,n_i + eg,nliLm 4+t eg,':lll.th] alai™, (23)
i=0
and
u?
Lut:1n2u2t+yEzlnE, (24)
t

where y; = —T/(1) = 0.577216... is the Euler-Mascheroni constant, and we have implicitly
defined the t-dependent energy scale u,. Here and in the following, a, and a, denote the MS
renormalized couplings defined in Eq. (A.1), with their dependence on the renormalization
scale u suppressed, and “h.o.” denotes terms of higher orders in a, and a;,. For the constant
terms up to three-loop level (n < 2) in Eq. (23), we obtain

5
_ QcD
e;p==e — —T3,
10 10 36 R
e20 = €9 — T3 [0.7639 C, + 0.34532 Cy — Ty (0.0976 n¢ + 0.0238)] , (25)
e;; =0, otherwise,

where the color factors are

Cp=Tr— , Cp=2Tgn,, T =

1 26)
ne 2

The coefficients e%: P and egoc D correspond to the pure QCD result as obtained in Refs.

[16,18]. Since we adopt a different normalization in this paper, let us quote them again here:
13 11 3 2
QCD
ey =—+—In2—-1In3|Cy—=Tyny,
10 ( 9 6 4 ) AT g R

oD y 43 1 5.5 o 27)
ez = 174865 C — (1.97283..) TaCang + ( {3 = 5o | TaGene + | 52— 57 | Tan

R™f>

where ¢, = >, _;1/k" is Riemann’s zeta function with {, = n?/6 = 1.64493... and
{53 =1.20206... The exact expression for the TR Cyn; term can be found in Ref. [18].
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(a) (b)
Figure 2: Contributions to ( )Z"'(t)ﬁF x(t)) involving squarks. The notation is the same
as in Fig. 1, only that the vertex marked ® now denotes the operator ¥ (t)y(t). In
addition, lines with an arrow next to them are the associated flow lines (the arrow
denotes the flow direction), and the symbol o marks a flow vertex.

The logarithmic terms of Eq. (23) can be derived from the renormalization-group equation
(RGE)

+ ﬁs(aw a?L)

i +ﬁl(asaal)ii|E(t):0) (28)
dag da,,

d
2_E(t)=
S (t) 3L,

with the beta functions 8° and % defined in Eq. (A.2). For n < 2, this leads to

11 1 2
=By, =B t2B5en, e = (B3 29
eg.ll) =0, otherwise.

The coefficients ﬁisj are collected in Eq. (A.3).

Since E(t) and the strong beta function in the MS scheme are independent of a, through
three-loop level, our results allow us to evaluate the beta function of the strong coupling in
SQCD in the gradient-flow scheme. In analogy to Eq. (A.2), we write

3
,uzdi‘lﬂaSGF(u) =%’ a;)=—ea’ — Z B (al)" +h.o. (30)
n=0

The first two perturbative coefficients are scheme independent, of course, thus
GF _ s GF _ s
20 = P> s0 = P3o> D
while the three-loop coefficient is given by
GF _ 2
a0 = Bag—e10B30 + (620 - 310) B3o- (32)

3.2 The flowed fermionic field renormalization

Additional diagrams beyond pure QCD which contribute to the vacuum expectation value
(VEV) of Eq. (20) in SQCD occur only at three-loop level and beyond. Two examples are
shown in Fig. 2. They affect the MS part of the renormalization constant as well as the finite
part which characterizes the ringed scheme. Writing

2,=¢,2,, (33)
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where Z, is the MS renormalization, and adopting the notation of Eq. (A.8) for Z +» we find
for the MS coefficients up to NNLO in a, and ay:

QCD CD
Yy,10 = Yx 10° Y%,20 = Yg,zo +0.1771 G T, 34)
Yyij =0 otherwise,
where y ; D refers to the QCD results obtained in Refs. [5,18]:
3
C
Y? 1]3 ZCF >
ocp (11112 223)(:6 +(3 1ln2)C2+11CT )
== — — ng.
Tr20 =\ 2 96 ) A F 327 2 P gq PR
The conversion factor to the ringed scheme reads, in our notation,
3
CX = 1 - as (Yx,lo L“t + ZCF 1113 + CF 1112)
Yy.,10
+ag { (Yx 10 ﬂzo) Lut + [Yx 10 (/3’20 Tx, 10) In3 (36)
+ §Yx,10 (/520 - Yx,lo) In2— Yx,zo]Lm +—— 16 +h.o.,
where v, ;; and ﬂisj are given in Egs. (35) and (A.3).
For the non-logarithmic term at NNLO, we find
2
@ =c?) [ —03748Ci Ty, (37)
where the QCD part was obtained in Ref. [18]:
Cj((z,)QCD = CACF CX;A + C Cl F + CFTRnfCX R> (38)
with?
Cya=—23.7947, 1 b =30.3914,
131 46 944 160 2 172 104
CX:R__E-F?gZ —1In 2+T1 Z—Tl 3+Tln21n3 (39)

1 112
—L81n23+§Li2(1/9) %L12(1/3)+TL12(3/4) —3.92255...,

where Li,(x) is the dilogarithm.

3.3 The flowed scalar field renormalization

Adopting the renormalization scheme defined in Eq. (21) for the scalar quark, we need to
compute the scalar squark density up to three-loop level when aiming for the NNLO renormal-
ization constant. The relevant Feynman rule for the operator ¢ '(t)¢(t) is the same as for the
regular operator ¢ ¢:

:’Y \\ (40)

2The factor —1/18 should read 1/18 in Eq. (B.3) of Ref. [18] (Eq. (131) in the arXiv version up to v2).
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(@) (b) (© (d)
Figure 3: Sample contributions to (¢(£)¢(t)) at order a, asay, a2, and a/z1 (a—d).
The notation is the same as in Fig. 1. All “mixed” diagrams with both a quartic scalar
and a gauge vertex such as diagram (b) evaluate to zero individually. Diagram (d) is
the only non-vanishing three-loop diagram without a gauge coupling.

Sample diagrams contributing at NLO and NNLO are shown in Fig. 3. In analogy to the
fermionic case, we factorize the ringed renormalization constant into an MS part Z,, and
a conversion factor

Zo=CpZy. (41)
Adopting again Eq. (A.8), we find for the MS coefficients through NNLO:?
3 11 9 65 7 9 1 1
—2(_Z 4 - _Z o Z 4=
Y20 =C2( 5T a2 In3) + GCa( o~ g2+ In3)+ CFTR(32 + 8nf), w2
1 .
Y02 = “128 (n.+1), Y,ij =0, otherwise.

This means that the squark field renormalization is only required at the two-loop level and be-
yond. The color factor (n.+1) of Eq. (42) arises from the contraction of the four-squark vertex
with another pair of Kronecker-6s; an overall factor n. is taken into account in Eq. (21). Out
of 377 three-loop diagrams, only the one shown in Fig. 3 (b) contributes to y,, o,. Remarkably,
diagrams with both a scalar and a gauge coupling vanish individually at three-loop level, so
that v, ;; = 0 as indicated in Eq. (42).

For the conversion factor to the ringed scheme, we find

2
{o=1—a,Ce(1+21n2)+ a2 {7} — L, [y 00+ B3 Ce(1 +21n2)]}
@

, (43)
+aj [0%02 — Lp,tY(p,OZ] +h.o.,

where ﬂ;o is given in Eq. (A.3), and

Cfaz,)zo =3.2133C2 — 4.268C,Cy + Cp Ty (1.086n; + 0.4547)

cffj)z =0.025391 (n,+1) .

(44)

The logarithmic term is consistent with the RGE

d ., -
uzd—wzgo(w(t)w(t)) =0, (45)

from which one derives

o . o 5
[8LM +p (as,ax)aas +p (Ols,a/x)a—a)t _Ytp(as;al)] {,=0, (46)

3The analytical expressions quoted here are actually obtained from the two-loop calculation of Section 4.2. The
three-loop calculation of (¢ '(t)¢(t)) allows us to reproduce this result in numerical form.

10
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A A < Al
A N TAL

S A A N

A oY @ e

\ '/,k/ /,k/

R g

_ A A &
(a) (b) (© (©

Figure 4: Sample diagrams contributing to the SFTX expansion of ¢ '(t)p(t) at two-
loop level. In total, we find 532 diagrams at this order (11 at one-loop level), includ-
ing those which vanish due to closed flow-time loops.

where 7, is defined according to the generic form of Eq. (A.7), with the coefficients given in
Eq. (42).

4 Short-flow-time expansions

As an application of our results, we will derive the SFTX of two bilinear flowed squark opera-
tors.

4.1 The scalar bilinear

The first operator we consider is the scalar squark bilinear. Neglecting linear and higher terms
in t, its SFTX takes the form

2,0 (Dp(0) = %co(t)]l NGNS (47)

The coefficients c,(t) and c;(t) can be evaluated by applying the method of projectors [60]
(see also Ref. [22], for example). It implies that cy(t) is obtained from the VEV of the operator
on the Lh.s. Using Eq. (21), it immediately follows that

e

co(t) = 3902’

(48)
to all orders in perturbation theory. The coefficient c;(t) is determined by the matrix element
of ¢ with two external (regular) ¢ fields, evaluated at zero momentum. Sample diagrams
are shown in Fig. 4. Requiring c,(t) to be finite determines the MS renormalization constant
Z 44 for the unflowed operator ¢ ¢ through two-loop level. As usual, we express it in terms
of the perturbative coefficients of the anomalous dimension Yore, see Egs. (A.7) and (A.8),
and find* 3 )
Yorp,00 =0, TYeig10= ZCF’ Tg1g00= ~g (n.+1),
5

143 71 5
—3—2c§ + = CuCr— Ce T ),

192

+ 49
96 ' 24 “9)

Yotp,20 =

5 1
Y916,02= Tog (ne+1), 7Ypip11= _ZCF (n.+1).

Since y 414 is related to the Higgs mass anomalous dimension in the Standard Model [62,63],
we checked our result by reproducing the SU(2) part of the latter.

“There actually is a result for Y ¢t in the literature from more than 35 years ago [61], which, however, disagrees
with our findings.
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The renormalized expression for ¢, (t) is then given by

oo

Cl(t): Z Cl,nma:agg) (50)

n,m=0

with the coefficients up to NNLO (n + m = 2) given as

5 1
c100=1, ¢1,10 = —Cr Z+21n2 , 1,01 = g(nc"‘l) ,

C120= Cﬁ(—%— %gz + %1n2—§1n22+ §1n21n3— %mg— %1&3
+ %L12(1/4)) + CACF(—% — 614@ — %ln2+ %lnzz—glnzan}
+ Z—ZlnB + 3%mzs + %Liz (1/4)) + CFTR(—g—z — 31—252 + %mz (51)
_%1113 + gLiZ (1/4)) + CFTRnf(% + %gz) +c@,

1,02 = (nc+ 1)(—% - %gz + 0;2,2,2),

3 3 3
Cl,l] = CF(nC+ 1)(§ + gln2—%1n3— §L12 (1/4)),

where c(zz)z and cfpz)zo are given in Eq. (44), and we have set u = u, for the sake of brevity, see

Eq. (24). The result for general values of u can be reconstructed from the relation

0
da

d o . %
Zd_uzcl(t) = |:3L/_Lt + B°(as, az) : + ﬁk(as,ax)a—ak] a(t) =rygigr(t), (52)

which follows from the renormalization scale independence of the 1.h.s. of Eq. (47). For con-
venience of the reader, we include the explicitly u-dependent terms in the ancillary file accom-

panying this paper, see Appendix B.

4.2 The Noether current

The second example we consider is the Noether current for the squark, given by the operator
R
¢ " D F¢. Its Feynman rules are

vy \I\ =i5ij(p_Q)u:

F (53)
LA

—
P'(H)D (1)
/1/ ~ v\ =
Yy DS 26560,
ip J:q

I, a

where the momenta are assumed outgoing.
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Neglecting again higher orders in t, the SFTX of the flowed version of this operator reads

2,6" (O DEp()=d()¢ DT, (54

with the coefficients up to NNLO given by

d(t)= Z dpmag ay’, doo =1, dip=—Cp(1+2In2), dy; =0,

n,m=0
111 1 13 7 33
d20=c§(———§2+—1n2——1n22+21n21n3——1n3—21n23
128 8 2 8 8 8 32
3 231 1 19 11 9
+ ZLiy (1/4) |+ CACp| === —={,— —1In2+ —In*2—=1n2In3
2 ip(1/ )) A F( 756 8C2 g n2+—In gn2ln (55)
21 9 5 9 . 7 5 2
+1—61D3+3—21H 3+3—2L12(1/4))+CFTR(E+3—2nf)+c%20
+d10B3 Ly »
7 (2)) ( 3 1 9 . )
dppo =+ 1) ——=+ , dy; =Cpl —— =0y + —Li, (1/4) |,
w=et (g +ey),  dn=G—s - 356+ 53t (1/4)
where Cfoz)ZO’ cfng)z, and f35, are given in Eqs. (44) and (A.3), respectively. The logarithmic term

which follows from the renormalization scale invariance of both the Lh.s. of Eq. (54) and the
regular Noether current. It is worth noting that the NLO coefficient d,, arises completely from
the ringed-scheme conversion of Eq. (43), while it vanishes in the MS-scheme.

5 Flowed anomalous dimension

The gradient flow can be viewed as a renormalization scheme. The corresponding renormal-
ization group equation for a set of flowed operators O = (O, - - ) in this scheme can be written
as

d -~ N
t; O =70(0), (57)

where the flowed anomalous dimension matrix ¥ can be expressed in terms of the matching
matrix {(t) of the SFTX, defined as

O() = ¢(n0. (58)
Setting u? ~ 1/t, one finds [19, 22]

O RPO RO I Y ’
=[5 PP ) e | o oo, 59

were the partial derivative w.r.t. t takes into account any power-dependence of {(t) on t, and
v is the anomalous dimension of the regular operator O, i.e.’

—0=—0. (60)

Note that Ref. [22] defines y with the opposite sign.
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For the Noether current in Eq. (54), we have

O =2, (0D (1),  ()=d(), 7=0,

o q. i (61)
O=¢"'D  ¢(1), t 00 =740(1).

In this case, the first term in brackets of Eq. (59) does not contribute. Given the result in
Eq. (55), we can determine ¥, through (’)(a;a]l) withi+j=3:

oo
-~ - -~ n_m [y —_ —_ —_ — o — S
Ya= Z Yd,nmds ay » Ya,00=7Yd10=7Yd,00 =7a,11 =0, Y20 = By dios
n,m=0

Ta,30 = B3gdio + ﬁzlo dy; — B3 (dlzo —2dy), Tao1 =2 ﬂ;o doy + (/3%1 +B5o) di1
Ya12 =2 ﬁﬁ dop + ﬂég diq, Yda,03=2 /56\2 dos -

(62)

In the above relations, the renormalization scale is chosen to be u = u,, such that L,, =0, see
Eq. (24); the full relation can be found in the ancillary file to this paper, see Appendix B.

For the scalar bilinear of Eq. (47), on the other hand, we need to take into account the
mixing with the unit operator. Therefore, in this case we set

N 1 1 0
O(’f):(iw(t)w(o)’ “”:(%co cl(t))’ =T

1 d (63)
o(t)= (quqb%), ta(’)(t)Z?c(’)(t).
This leads to o 0 o . .
Ye= e +71) T —¢()rgre G (0, (64)
with
o _ [(ps @ a2 @ 1
n=-|(s -+ aal)cl(t)]cl (). (65)

This can be easily expressed in terms of the coefficients ¢ ;;, /,’»isj, and /5% from Egs. (51), (A.3),
and (A.4), similar to Eq. (62).

6 Conclusions and outlook

We have presented the generalization of the GFF formalism to a gauge theory with scalar par-
ticles. Aside from possible phenomenologial applications, for example the Higgs sector of the
SM, our results validate the consistency of the formalism in this context. We show that, simi-
lar to the fermionic case, the flowed scalar field requires renormalization, albeit only beyond
NLO. In addition to the MS scheme, we define a quasi-physical scheme for the scalar quarks,
defined at non-zero flow-time, and analogous to the ringed scheme for fermions. It leads to
renormalization group invariant Green’s functions of the scalar field and can be implemented
both perturbatively and on the lattice. We evaluate the corresponding renormalization con-
stant through two loops.

Our results constitute an important step towards a gradient-flow description of the full SM,
which paves the way for novel perspectives on calculations within Standard Model Effective
Field Theory (SMEFT), for example.
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A Renormalization constants

The couplings are renormalized by

2,76\ € 20TE\€
u-e u-e
a? = ( 47 ) ZS(aS) ak)as: ai = ( 47 ) I:Zsl(as)as +Z)L(a5) a}L)a)L] > (A]')

where the dependence of the renormalized couplings a; and a, on the renormalization scale
u has been suppressed. It is governed by the renormalization group equations

_a =p° (as’al)=_ea _Zzﬂln —i ; az” l’

n=2i=0 (A.2)
aA = ﬂ (as,a3) =—€a; — Zzﬂln —i ; a3
n=2i=0
The coefficients for the strong beta function through two-loop level, i.e. n = 3, are [64]
1/11 4 1
Boo =~ (?CA_ 3R~ gTR) ,
1 34 20 2 A
/3;0 16 [ _(4CF+?CA) TRTlf—(4CF+ gCA) TR:| B (A.3)
ﬁfj =0, otherwise,

where ng is the number of quark flavors, and we only take into account a single scalar quark
field, see Eq. (1). For the scalar coupling, the coefficients through two-loop level are [61,65]

12C2 —3CpCp + 12C; Ty

A [ gp—
20 4(n.+1) ’
3 1 3 (A4)
/3’111=§CF> ﬁ())tzz_g(nc‘l'l)—g,
[3’;} =0, otherwise.
The renormalization constants in Eq. (A.1) are then given by
s B A A A
Zi=1—a,~2—d? ( 20) /330 , Zy=l—a——a, =2, Zg=—a,—=2. (AS5)
e % €2 26 € € €

Though well known, let us emphasize the non-multiplicativity of the a, renormalization, man-
ifest through the non-vanishing expression for Z;,, and caused by diagrams like the one shown
in Fig. 5.
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Figure 5: Example diagram for the origin of the non-multiplicative renormalization
Zs of the scalar coupling a; .

The anomalous dimension y of a particular quantity is related to the corresponding renor-
malization constant Z by
2

d
—Z=—vZ. A.6
W El =" (A.6)
We write it as
o0
Yy=- Z YnmagaT . (A7)
n,m=0

The generic form of an (gauge independent) MS-renormalization constant is then given by

_ Y10 Yo1 of 1 2 A Y20
Z=1-a"=—aq,~ = +q (ﬁ[ylo +Byror + ﬁ;o}’lo] - z)

1 Yo2 1 Bliroy ru (A8)
2 2 A
+a1(262 [Ym"‘ﬂoz}’m]_ 26)"'%‘1/1 (?[YOlYlO"‘ 5 ]— 2€)+h-0-

B Ancillary file

For the reader’s convenience, we provide the results of this paper in an ancillary file in
Mathematica format. A list of the results and their corresponding expressions in the ancillary
file is found in Table 1.

The mixing coefficients ¢; and d are provided in both the ringed scheme of the scalar
quarks as well as in the MS scheme. The parameter Xzetaphi allows to switch between the
schemes; setting Xzetaphi=0/1 corresponds to the MS/ringed scheme. The flowed anoma-
lous dimension ¥, is only given in the ringed scheme.

The results depend on the variables listed in Table 2. Results in the ringed scheme depend
on the numerically known coefficients cfpz’g)z and Cfoz,)zo (see Eq. (44)). They can be inserted by
applying the Mathematica replacement rule ReplaceC2.
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Table 1: The expressions of the ancillary file that encode the main results of this

paper.

expression meaning reference

Et E(t) Eq. (22)

zetachi {X Eq. (36)
gammaphiphi 7yg4ig Eq. (49), Eq. (A.7)
Zphiphi Zyigp Eq. (47)
gammaphi Yo Eq. (42), Eq. (A.7)
Zphi Z, Eq. (41)

zetaphi Q'(p Eq. (43)

cl cq(t) Eq. (47)

d d(t) Eq. (54)
tildegammad {4 Eq. (62)

Table 2: Notation for the variables in the ancillary file.

symbol meaning definition
ncl n.+1 Section 3
tr Tx Eq. (4)
ctf Cp Eq. (26)
ca Cyp Eq. (26)
na na Section 3
Lmut Ly Eq. (24)
as s Eq. (5)
al a Eq. (5)
nf ng Eq. (1)
ep € Section 3.1
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