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1. Introduction

The increasing experimental precision at current and future collider experiments renders highly

accurate theoretical predictions for electroweak observables essential for phenomenological anal-

yses. Such high-precision calculations at the multi-loop level require an algebraically consistent

treatment of W5 (cf. Refs. [1, 2]). The only known framework providing this consistency at all

orders of perturbation theory is the Breitenlohner-Maison/’t Hooft-Veltman (BMHV) scheme (see

Refs. [3, 4]), which has accordingly moved into the focus of current studies. Its price is the loss of

manifest gauge and BRST invariance at the regularised level, which must then be reinstated through

dedicated symmetry-restoring counterterms in the course of renormalisation.

Over a series of works, we have studied the BMHV scheme and the associated symmetry-

restoration procedure in detail (see Refs. [2, 5] for reviews). These efforts can be organised along

three complementary directions, which also provide the structure of these proceedings. The first

concerns the details of the �-dimensional realisation of the regularisation — in particular the

construction of �-dimensional Dirac spinors and the choice of evanescent gauge interactions —

studied in Ref. [6]. The second concerns the multi-loop behaviour of the scheme, established

through the full 3- and 4-loop renormalisation of an Abelian chiral gauge theory in Refs. [7] and [8],

respectively; these constitute the highest-order applications of the BMHV scheme to date and build

upon Ref. [9]. The third is the extension to non-Abelian and phenomenologically relevant theories,

culminating in the complete 1-loop renormalisation of the Standard Model (SM), see Refs. [5, 10].

While the finite symmetry-restoring 1-loop counterterms in the SM have previously been

evaluated in Ref. [11] in the background field gauge and using a different methodology, our studies

(see Ref. [5] and the forthcoming publication [10]) employ 'b -gauge and additionally supply the

complete set of divergent counterterms, which constitutes a necessary prerequisite for the 2-loop

renormalisation. Furthermore, we provide the first analysis of non-vanishing evanescent gauge

interactions in the SM, including the flexibility to render the vector-like photon and gluon currents

either 4- or �-dimensional. The BMHV regularisation of non-Abelian toy models has been studied

at the 1-loop level in Refs. [12–14], and at the 2-loop level in Ref. [15] (see also Ref. [16]). Finally,

recent applications of the BMHV scheme to effective field theories can be found in Refs. [17–29].

In these proceedings, we summarise the current status of our research and highlight the most

recent developments. We first briefly review the BMHV scheme, the induced breaking of gauge

and BRST symmetry, and our methodology for its restoration (Sec. 2). We then discuss in turn the

realisation of the BMHV regularisation (Sec. 3), the multi-loop behaviour of the scheme (Sec. 4),

and its application to the SM (Sec. 5). As the first two aspects have been treated thoroughly in the

works cited above, they are only briefly reviewed, whereas the SM application — representing the

most recent progress — is discussed in more detail. Nonetheless, we restrict ourselves to the central

intricacies of the BMHV treatment of the SM and to a representative excerpt of the 1-loop results,

following Ref. [5], and defer a complete account to the forthcoming publication [10].

2. The BMHV Scheme and Symmetry Restoration

In the BMHV scheme, W5 is kept strictly 4-dimensional and consistently embedded into the

4-dimensional subspace of dimensional regularisation (DReg). It thus still anticommutes with

3
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the 4-dimensional component of the Dirac matrices but commutes with the evanescent ones, i.e.

{W5, W
`} = 0 and [W5, Ŵ

`] = 0. Abandoning in this way the full anticommutativity of W5 with W` in

� dimensions violates gauge and BRST invariance at the regularised level. The breaking originates

from the non-vanishing evanescent components of the �-dimensional fermion kinetic term — and

of evanescent gauge interactions, if present — which mix chiralities, see Refs. [2, 5, 6] for details.

Restoring a consistent quantum theory therefore requires reinstating the broken Slavnov-Taylor

identity through symmetry-restoring counterterms.

This regularisation-induced symmetry breaking complicates the renormalisation procedure: it

precludes the use of Ward and Slavnov-Taylor identities to simplify the calculation, induces a pro-

liferation of Lorentz covariants involving 4- and (�−4)-dimensional components (see Refs. [5, 8]),

and requires an explicit symmetry restoration. Our methodology for the latter uses the regularised

quantum action principle and has been developed and applied in Refs. [6–9, 13, 15, 16, 30–32]

(see particularly Refs. [2, 5] for detailed discussions); we review it only briefly here. The condition

imposed on the fully renormalised effective quantum action reads

LIM
�→ 4

(S� (ΓDRen)) = 0, (1)

where S� is the �-dimensional Slavnov-Taylor operator and LIM�→ 4 denotes taking the limit

� → 4 and dropping finite evanescent terms. By the regularised quantum action principle (see

Ref. [4] for DReg and Ref. [33] for DRed, and Refs. [2, 5] for reviews), the breaking is expressed

as a single insertion of a local composite operator Δ = Δ̂ + Δct = S� ((0 + (ct), so that

S� (ΓDRen) = Δ · ΓDRen. (2)

Combining Eqs. (1) and (2) yields the perturbative condition at loop order =,

LIM
�→ 4

(
Δ̂ · Γ (=)

DRen
+

=−1∑

:=1

Δ
(: )
ct · Γ

(=−: )
DRen

+ Δ(=)ct

)
= 0, ∀ = ≥ 1, (3)

which fixes the symmetry-restoring counterterms up to finite symmetric and finite evanescent terms

to which it is insensitive.

3. Implementation of the BMHV Regularisation

The extension of a 4-dimensional gauge theory to � dimensions is not unique: the choices

made affect intermediate expressions and counterterms, though never the predictions for physical

observables when carried out consistently, see Refs. [4, 34, 35] and Ref. [2] for a review. Two

sources of freedom are relevant here; both were studied in detail in Ref. [6] (see also Ref. [5]) and

amount to evanescent details of how the regularisation is realised.

Treatment of Fermions in�Dimensions: Properly regularised loops require fully�-dimensional

kinetic terms, and hence �-dimensional Dirac spinors k(G). When both chiralities k! and k' are

physical, two realisations are possible: working only with the physical components and combining

them into “natural” Dirac spinors (Option 1: k! +k' → k); or separating the two gauge multiplets

by pairing each with a sterile partner field to form two Dirac spinors (Option 2: k! + kst
'
→ k1

4
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and kst
!
+ k' → k2). Option 1 is the most natural and term-wise the most economical, whereas

Option 2 preserves global gauge symmetry at the cost of a proliferation of terms and, for massive

fermions, off-diagonal propagators together with mixed 4- and �-dimensional denominators that

considerably complicate loop integrations. If only one chirality is physical, a sterile partner field of

opposite handedness must be introduced.

Evanescent Gauge Interactions: The �-dimensional extension of the gauge interactions is

likewise ambiguous: a given interaction current admits many inequivalent but equally valid

�-dimensional formulations, differing by evanescent terms and constrained by hermiticity and

CPT invariance. For instance, for W`PL two motivated continuations are W`PL → W`PL =

PRW
`
PL + PLŴ

`
PL and W`PL = PRW

`
PL → PRW

`
PL = PRW

`
PL. A general Ansatz couples

the fermions to the evanescent components of the gauge fields through independent evanescent

generators (see Refs. [5, 6]). For Abelian gauge interactions, these evanescent contributions read

Lfermion ⊃ −6Ŷ8 9k8PR /̂�PRk 9 − 6Ŷ†8 9k8PL /̂�PLk 9 . (4)

Like the evanescent kinetic term, these interactions mix chiralities and thus constitute an additional

source of symmetry breaking. However, they also offer the opportunity to treat the vector component

of a gauge interaction uniformly �-dimensionally by assigning appropriate evanescent generators

(see Sec. 5.1). In contrast, the axial component cannot be continued uniformly to � dimensions

owing to hermiticity constraints (see Refs. [5, 6]).

4. The BMHV Scheme at the Multi-Loop Level

The multi-loop behaviour of the BMHV scheme is of particular interest for electroweak pre-

cision physics. To this end, we developed a fully automated computational setup based on the

computer algebra system FORM [36–38], described in Ref. [8], with a detailed account of the under-

lying methods given in Ref. [5]. This setup enabled the advance from the 3-loop (Ref. [7]) to the

4-loop (Ref. [8]) application of the BMHV scheme — the highest order reached to date.

As a testing ground for the multi-loop properties, we studied the BMHV renormalisation of a

right-handed Abelian chiral gauge theory: a physical right-handed fermion k' coupled to the* (1)
gauge boson �` through the hyperchargeY' and combined with a sterile left-handed partner fieldkst

!

to form a Dirac spinor k (see Refs. [7–9]). The singular counterterm action (
(=)
sct = (

(=)
sct,inv

+( (=)
sct,break

follows from ordinary 1PI Green functions and reads

(
(=)
sct,inv

=
62=

(16c2)=
∫

3�G

{
X/
(=)
�

(
− 1

4
�
`a
�`a

)
+ X/ (=)

k,: 9
k88 /�'8:k 9

}
, (5)

with �
`

'8 9
=

(
m`X8 9 + 86Y'8 9�

`
)
PR, and

(
(=)
sct,break

=
62=

(16c2)=
∫

3�G

{
X-̂
(=)
��

1

2
�` m̂

2�
` + X- (=)��

1

2
�`m

2
�
`

+ 62X-
(=)
����

1

8
�`�

`
�a�

a + X- (=)
kk,8 9

(
k88 /mPRk 9

)}
.

(6)
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The non-symmetric divergent counterterms in Eq. (6), as well as the finite symmetry-restoring

counterterms, can be extracted from Δ-inserted Green functions via Eq. (3); the latter take the form

(
(=)
fct

=
62=

(16c2)=
∫

34G

{
X�
(=)
��

1

2
�`m

2
�
` + 62X�

(=)
����

1

8
�`�

`
�a�

a + X� (=)
kk,8 9

k88 /mPRk 9

}
. (7)

Since (
(=)
sct,break

is accessible from both types of Green functions, its determination provides a strong

consistency check. The counterterm coefficients X/ , X- and X� are Laurent series in n = (4−�)/2
whose coefficients are expressed in terms of the hypercharge Y' and Riemann zeta values Z (:);
rather than restating them here, we refer to Refs. [7–9] for the explicit results up to = = 4 loops.

A central qualitative outcome of this analysis is the saturation of the counterterm structures:

the number of admissible local operators, for both the divergent and the finite symmetry-restoring

counterterms, is finite, being constrained by power-counting and renormalisability. This follows

because the symmetry breaking (Δ · Γ) (=) at each order can be expressed in terms of a finite basis

of local field monomials of ghost number 1, bounded by power-counting (see Refs. [5, 39]). This

guarantees renormalisability of the theory in the BMHV scheme, as at every order the symmetry

breaking can be removed by a finite number of symmetry-restoring counterterms.

5. The Standard Model in the BMHV Scheme

We now turn to the 1-loop renormalisation of the SM in the BMHV scheme, building on

the techniques and findings of the previous sections and following Ref. [5]. We first fix the

�-dimensional realisation of the BMHV regularisation (Sec. 5.1), then examine the resulting tree-

level symmetry breaking and the role of evanescent gauge interactions therein (Sec. 5.2), and finally

present an excerpt of the 1-loop counterterms together with a brief discussion of the impact of

different choices of evanescent gauge interactions (Sec. 5.3). The complete results and a detailed

discussion are given in Ref. [5] and will appear in the forthcoming publication [10].

5.1 Realisation of the BMHV Regularisation in the SM

We choose to construct “natural” �-dimensional Dirac spinors, i.e. to combine left- and

right-handed physical fermions whenever possible, corresponding to Option 1 of Sec. 3. In the

SM this choice is motivated by the fact that fermions acquire mass in the broken phase, causing

complications from massive fermion propagators in Option 2, where every physical chiral fermion

is instead paired with a sterile partner field (see Ref. [6]). Organising the leptons and quarks into

doublets then gives

;0� =

(
a�

4�

)0
, @

8,0
�

=

(
D8
�

38
�

)0
, (8)

where �, �,  , . . . ∈ {1, 2, 3}, 0, 1, 2, . . . ∈ {1, 2}, and 8, 9 , :, . . . ∈ {1, 2, 3} denote generation,

doublet, and fundamental colour indices. Including evanescent gauge interactions, a general Ansatz

for the �-dimensional fermionic Lagrangian is then given by

Lfermion = ;0� 8 /m;0� − ) �
UV,01

;0� PU /V�
PV ;

1
� + @

8,0
�
8 /m@8,0

�
− T �

UV,01,8 9
@
8,0
�

PU /V�
PV @

9 ,1

�
, (9)
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where U, V ∈ {!, '} denote chirality, with an overbar indicating opposite handedness (e.g. U = '

for U = !), and we collected all SM gauge bosons in a twelveplet {V�
` }12

�=1
= {�`,,

�
` , �

�
` }, with

corresponding generators for the leptons ) �
UV

and quarks T �
UV

(see App. A, Eq. (24) together with

Eq. (26) for their explicit form). The evanescent gauge interactions enter through Ŷ 5

01
, Ĉ�

01
, and

Ĉ�B,8 9 , so far constrained only by hermiticity, CPT invariance, and non-broken symmetries.

While omitting such evanescent interactions typically yields the most compact counterterms

(see Refs. [5, 6]), the SM raises the question of whether it is advantageous to treat the photon and

gluon interaction currents fully �-dimensionally, since QED and QCD are vector-like theories.

This is achieved by coupling all four chiral components of the fermion current to the photon through

identical electric charge generators Q 5

UV,01
= C3

,,UV,01
+Y 5

UV,01
, and analogously to the gluon via

the standard strong generator C�B . A minimal Ansatz, which ensures hermiticity and that the sterile

right-handed neutrinos remain non-interacting, is given by the two-parameter family

Ŷ 5

01
= 2QEDY 5

',01
, Ĉ�01 ≡ 0, Ĉ�B,8 9 = 2QCD C

�
B,8 9 , (10)

with 2QED, 2QCD ∈ R, interpolating between purely 4-dimensional (2- = 0) and fully�-dimensional

(2- = 1) photon and gluon interactions, while entirely excluding evanescent weak interactions; see

Refs. [5, 10] for further discussion. Using Eq. (10) in Eq. (9) and transforming to gauge boson mass

eigenstates, we obtain

• photon interaction current

− 4&;
01;

0
�
/�;1� + (1 − 2QED)4&;

01;
0
�
/̂�;1�

− 4&@

01
@
8,0
�
/�@8,1

�
+ (1 − 2QED)4&@

01
@
8,0
�
/̂�@8,1

�
,

(11)

• /` interaction current

B,

2,
4&;

01;
0
�
//;1� −

6,

2,
C3!,01;

0
�
//PL;

1
� − (1 − 2QED)

B,

2,
4&;

01;
0
�
/̂/;1�

+ B,
2,

4&
@

01
@
8,0
�
//@8,1

�
− 6,
2,

C3!,01@
8,0
�
//PL@

8,1
�
− (1 − 2QED)

B,

2,
4&

@

01
@
8,0
�
/̂/@8,1

�
,

(12)

• ,±` interaction current

− 6,√
2
(C1!,01 + 8C2!,01) ;0� /,+PL;

1
� −

6,√
2
(C1!,01 − 8C2!,01) ;0� /,−PL;

1
�

− 6,√
2
(C1!,01 + 8C2!,01) @

8,0
�
/,+PL@

8,1
�
− 6,√

2
(C1!,01 − 8C2!,01) @

8,0
�
/,−PL@

8,1
�
,

(13)

• gluon interaction current

−6BC�B,8 9@
8,0
�
/��@

9 ,0

�
+ (1 − 2QCD)6BC�B,8 9@

8,0
�
/̂��@

9 ,0

�
. (14)

The / and,± currents, in contrast, cannot be rendered uniformly �-dimensional by any choice of

evanescent generators, as their axial parts obstruct this (see Refs. [5, 6, 10]).

7
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5.2 Regularisation-Induced Symmetry Breaking in the SM

At tree level, only the evanescent part of the fermionic Lagrangian Lfermion contributes to the

BMHV-induced symmetry breaking, while the remainder of the SM Lagrangian stays manifestly

BRST invariant in � dimensions. For the general Ansatz of Eq. (9), the breaking reads

Δ̂ = S� ((0) = S�
( ∫

3�G Lfermion

)

= −
∫

3�G 2�

{
@
8,0
�

[
PR

(
T �
',01,8 9

←
/̂m + T �

!,01,8 9

→
/̂m − T �

!',01,8 9

(←
/̂m +

→
/̂m
))

PR

+ PL

(
T �
',01,8 9

→
/̂m + T �

!,01,8 9

←
/̂m − T �

'!,01,8 9

(←
/̂m +

→
/̂m
))

PL

]
@
9 ,1

�

}

− 8
∫

3�G 2�

{
@
8,0
�

[(
T �
',02,8:T �

'!,21,: 9 − T �
'!,02,8:T �

!,21,: 9 − 8����T�
'!,01,8 9

)
PL /̂V�

PL

+
(
T �
!,02,8:T �

!',21,: 9 − T �
!',02,8:T �

',21,: 9 − 8����T�
!',01,8 9

)
PR /̂V�

PR

]
@
9 ,1

�

}

+
{
(@,T �) → (;, ) �)

}

=: Δ̂1

[
2, ;, ;

]
+ Δ̂1

[
2, @, @

]
+ Δ̂2

[
2,V, ;, ;

]
+ Δ̂2

[
2,V, @, @

]
, (15)

with generalised structure constants provided in Eq. (25).

Specifying the evanescent generators according to Eq. (10) and expanding the breaking into its

* (1). , (* (2)! and (* (3)2 components with gauge bosons �`,, �
` , ��

` and corresponding ghosts

2�, 2�
,

, 2�
�

yields

Δ̂ =

∫
3�G

[
Δ̂. (G) + Δ̂, (G) + Δ̂( (G) + Δ̂., (G) + Δ̂.( (G) + Δ̂,( (G)

]
. (16)

The individual contributions are given by Eqs. (27)–(32) in App. B.

A noteworthy observation concerns the QCD sector: although the strong interaction is vector-

like and can be treated fully �-dimensionally (see Eq. (14)), a breaking ∝ 6B is always present at

tree level. Switching off evanescent strong interactions (2QCD = 0) leaves the contribution

Δ̂( (G) = −(1 − 2QCD)6BC�B,8 92�� m̂`
(
@
8,0
�
Ŵ`@

9 ,0

�

)
, (17)

while treating it fully �-dimensionally (2QCD = 1) removes this term but generates mixed breakings

Δ̂.( (G) = 82QCD6.6B
(
Y@

'
− Y@

!

)
01
C�B,8 92�@

8,0
�

[
PR /̂��

PR − PL /̂��
PL

]
@
9 ,1

�
, (18)

Δ̂,( (G) = −82QCD6,6BC
�
!,01C

�
B,8 92

�
,@

8,0
�

[
PR /̂��

PR − PL /̂��
PL

]
@
9 ,1

�
. (19)

In fact, no choice of evanescent gauge interactions eliminates all strong contributions simultaneously,

so the QCD sector cannot be omitted from the symmetry-restoration procedure: the full Standard

Model must be treated as a whole.

This conclusion changes in the gaugeless limit of * (1). and (* (2)! (6. = 0, 6, = 0)

combined with a fully �-dimensional QCD current (2QCD = 1): here Eqs. (17)–(19) vanish

8
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identically, eliminating the QCD contributions to the breaking altogether. In this scenario no

gauge symmetry is broken at all — only global symmetries are affected by the BMHV scheme —

so that gauge symmetry-restoring counterterms are avoided entirely; this case is studied, e.g., in

Refs. [23, 25]. By contrast, the same gaugeless limit with a purely 4-dimensional gluon current

does require gauge symmetry-restoring counterterms, since the breaking in Eq. (17) persists.

5.3 Excerpt of the 1-Loop Counterterms in the SM

The 1-loop counterterm action of the SM decomposes into a divergent contribution

(
(1)
sct = (

(1)
sct,fermion

+ ( (1)sct,gauge + (
(1)
sct,Higgs

+ ( (1)
sct,Yukawa

+ ( (1)
sct,ghost

+ ( (1)sct,ext, (20)

and a finite symmetry-restoring contribution

(
(1)
fct

= (
(1)
fct,fermion

+ ( (1)
fct,gauge

+ ( (1)
fct,Higgs

+ ( (1)
fct,Yukawa

+ ( (1)
fct,ext

, (21)

each organised sector by sector. Their determination requires the evaluation of 66 Green functions

in total (36 ordinary and 30 Δ-inserted, counting lepton and quark functions separately), ranging

from two- to five-point functions. To illustrate the characteristic intricacies of the BMHV renor-

malisation of the SM — in particular the impact of the evanescent parameters 2QED and 2QCD —

we discuss a selected excerpt from the fermion sector, the gauge sector, and the external sources;

the corresponding coefficients are collected in App. C.

In the fermionic sector, the finite symmetry-restoring counterterms include

(
(1)
fct,fermion

⊃ 1

16c2

∫
34G

{
X�
(1)
;,01

;0� 8 /m;1� + X�
(1)
@,01

@
8,0
�
8 /m@8,1

�

}
, (22)

with coefficients given in Eqs. (34)–(35). Evanescent gauge interactions induce here a globally non-

invariant field renormalisation: the coefficients do not commute with the left-handed generators

) �
!

and T �
!

. In particular, the contributions ∝ 2QED 6
2
.

(see Eqs. (34)–(35)) violate global (* (2)!
symmetry, so that they cannot be shifted into the vertex corrections by any finite symmetric

counterterm. This clearly favours 2QED = 0; for 2QCD the situation is more nuanced, though setting

it to zero likewise reduces the number of terms.

In the gauge sector, the finite symmetry-restoring 1-loop counterterms are entirely free of 2QED

and 2QCD contributions. The singular counterterms, in contrast, do involve them; owing to their

length, we refrain from showing them here and refer to Refs. [5, 10] for their explicit form. Again,

2QED = 0 is clearly favoured: it considerably reduces the number of terms, and no choice exists

for which the �` contributions become fully �-dimensional. For the gluon, both 2QCD = 0 and

2QCD = 1 reduce the number of terms compared to a generic choice; 2QCD = 1 is, however, slightly

favoured, as it yields a fully �-dimensional gluonic contribution.

In non-Abelian gauge theories, the BRST transformations themselves renormalise. In the

BMHV scheme, this manifests not only in the usual divergent counterterms for the external sources

coupled to the SM BRST transformations, but also in finite symmetry-restoring corrections,

(
(1)
fct,ext

=
1

16c2

∫
34G

{
8X�

(1)
',,

6, C
�
!,012

�
,

[
'0
;,�PL;

1
� + '

8,0
@,�

PL@
8,1
�

]

+ 8(1 − 2QCD)X� (1)',B
6BC

�
B,8 92

�
�'

8,0
@,�
@
9 ,0

�
+ h.c.

}
,

(23)
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with coefficients provided in Eq. (36). For these external-source counterterms, the most favourable

choice turns out to be 2QCD = 1, while they are independent of 2QED.

A complete survey of the evanescent parameters across the full counterterm action shows that

the most economical expressions are obtained for (2QED = 0, 2QCD = 0), i.e. with evanescent

gauge interactions switched off entirely, closely followed by (2QED = 0, 2QCD = 1), which renders

the QCD tree-level current fully �-dimensional. The complete set of 1-loop counterterms and

a thorough discussion are given in the thesis [5], with an extended treatment to appear in the

forthcoming publication [10].
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A. Standard Model Generators

As introduced in Sec. 5.1, all SM gauge bosons are collected in the twelveplet {V�
` }12

�=1
=

{�`,,
�
` , �

�
` }; the corresponding lepton and quark generators are collected analogously as

) �
UV,01

=




6.Y;
UV,01

, � = 1

6, C
�
,,UV,01

, � ∈ {2, 3, 4}
0, � ∈ {5, ..., 12}

, T �
UV,01,8 9

=




6.Y@

UV,01
X8 9 , � = 1

6, C
�
,,UV,01

X8 9 , � ∈ {2, 3, 4}
6BC

�
(,UV,8 9

X01, � ∈ {5, ..., 12}
. (24)

These satisfy the commutation relations [) �
UV
, )�

UV
] = �

���)�
UV

and [T �
UV
,T �

UV
] = �

���T�
UV

,

with structure constants

�
���

=




6, Y��� , �, �, � ∈ {2, 3, 4},
6B 5

��� , �, �, � ∈ {5, . . . , 12},
0, else.

(25)

The generators of the three SM gauge groups — hypercharges, weak and strong generators —

take the following block form in “chirality space”,

(
Y 5

UV,01

)
=

(
Y 5

!,01
Ŷ 5

01(
Ŷ 5 †)

01
Y 5

',01

)
,

(
C�,,UV,01

)
=

(
C�
!,01

Ĉ�
01(̂

C�†
)
01

0

)
,

(
C�(,UV,8 9

)
=

(
C�B,8 9 Ĉ�B,8 9(̂
C�B
†)

8 9
C�B,8 9

)
,

(26)

with the off-diagonal blocks Ŷ 5

01
, Ĉ�

01
, and Ĉ�B,8 9 parametrising the evanescent gauge interactions

introduced in Sec. 5.1 (restricted by hermiticity, CPT-invariance and non-broken symmetries).
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B. Standard Model Symmetry Breaking at Tree-Level

Inserting the choice of evanescent generators from Eq. (10) into the BMHV-induced tree-level

symmetry breaking of Eq. (15), and expanding the gauge twelveplet accordingly, yields

Δ̂. (G) = −6. 2�

{
;0�

[
PR

(
(1 − 2QED)Y;

',01

←
/̂m +

(
Y;
!,01 − 2QEDY;

',01

)→/̂m
)
PR

+ PL

(
(1 − 2QED)Y;

',01

→
/̂m +

(
Y;
!,01 − 2QEDY;

',01

)←/̂m
)
PL

]
;1�

}

+ 82QED6
2
.Y;

',02

(
Y;
' − Y;

!

)
21
2�;

0
�

[
PR /̂�PR − PL /̂�PL

]
;1�

− 6. 2�

{
@
8,0
�

[
PR

(
(1 − 2QED)Y@

',01

←
/̂m +

(
Y@

!,01
− 2QEDY@

',01

)→/̂m
)
PR

+ PL

(
(1 − 2QED)Y@

',01

→
/̂m +

(
Y@

!,01
− 2QEDY@

',01

)←/̂m
)
PL

]
@
8,1
�

}

+ 82QED6
2
.Y

@

',02

(
Y@

'
− Y@

!

)
21
2�@

8,0
�

[
PR /̂�PR − PL /̂�PL

]
@
8,1
�
, (27)

Δ̂, (G) = −6, C�!,012�,
[
;0�

(
PR

→
/̂mPR + PL

←
/̂mPL

)
;1� + @

8,0
�

(
PR

→
/̂mPR + PL

←
/̂mPL

)
@
8,1
�

]
, (28)

Δ̂( (G) = −(1 − 2QCD)6BC�B,8 92�� m̂`
(
@
8,0
�
Ŵ`@

9 ,0

�

)
, (29)

Δ̂., (G) = − 82QED6.6,

[ (
C�!Y;

'

)
01
2�, ;

0
� PR /̂�PR;

1
� −

(
Y;
'C

�
!

)
01
2�, ;

0
� PL /̂�PL;

1
�

]

− 82QED6.6,

[ (
C�!Y

@

'

)
01
2�,@

8,0
�

PR /̂�PR@
8,1
�
−

(
Y@

'
C�!

)
01
2�,@

8,0
�

PL /̂�PL@
8,1
�

]
,

(30)

Δ̂.( (G) = 82QCD6.6B
(
Y@

'
− Y@

!

)
01
C�B,8 92�@

8,0
�

[
PR /̂��

PR − PL /̂��
PL

]
@
9 ,1

�
, (31)

Δ̂,( (G) = −82QCD6,6BC
�
!,01C

�
B,8 92

�
,@

8,0
�

[
PR /̂��

PR − PL /̂��
PL

]
@
9 ,1

�
. (32)

C. Selected BMHV Counterterm Coefficients in the Standard Model

Before displaying the coefficients of the selected counterterms shown in Sec. 5.3, a few

definitions are in order. The quadratic Casimirs are given by

�2

(
�!

)
X01 = C�!,02C

�
!,21 =

3

4
X01, �2

(
�!

)
X�� = Y���Y���

= 2 X��,

�2

(
�B

)
X8 9 = C

�
B,8:C

�
B,: 9 =

4

3
X8 9 , �2

(
�B

)
X�� = 5 ��� 5 ���

= 3 X��.

(33)

Furthermore, we work in 'b -gauge and introduce the modified gauge parameter b� := 1 − b, so

that Feynman gauge corresponds to b� = 0.
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The coefficients of the finite symmetry-restoring counterterms for the lepton and quark kinetic

terms in the fermionic sector (Eq. (22)) are then given by

X�
(1)
;,01

= − 2QED6
2
.

[
b�

3
(Y;

!Y;
')01 − 2QED

3 − b�
3
(Y;

')201
]
, (34)

X�
(1)
@,01

= − 2QED6
2
.

[
b�

3
(Y@

!
Y@

'
)01 − 2QED

3 − b�
3
(Y@

'
)201

]

− 2QCD6
2
B

[
b�

3
− 2QCD

3 − b�
3

]
�2(�B),

(35)

whereas for the external sources they read

X�
(1)
',,

=
1 − b�

4
62
,�2(�!), X�

(1)
',B

=
1 − b�

4
62
B�2(�B). (36)
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