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1 Introduction

The operation of the Large Hadron Collider (LHC) at CERN has opened a new era in
high energy physics. There are many important topics for LHC physics, particularly in
hunting Higgs boson(s) and searching for new physics signals beyond the standard model
(BSM). However, the existence of large standard model (SM) background makes such
studies difficult. In this regard, the next-to-leading order (NLO) corrections to the standard
model calculations are necessary and helpful, because these corrections may provide a much
improved scale dependence and more reliable estimations in separating SM background
from new physics signals. Since the Les Houches workshop in 2005, many NLO corrections
in processes with four or more final state particles at the LHC have been successfully
performed. They are, e.g., pp — ttbb+ X [1-3], pp — V + 3jets [4-6], pp — W* +4jets [7],
pp — V'V +2jets [8-12], pp — tL+ 2jets [13-15], pp(p) — WHW ~bb [16, 17], pp — bbbb+ X
[18, 19] and pp — W~y + jet [20]. However, a few SM processes of similar complexity,
which are relevant to search for Higgs boson(s) or detection of new particles in physics
BSM, are still not available at NLO level [21], such as pp — tttt.

Recently, automatic one-loop calculations have become a feasible task after several new
and efficient algorithms have been proposed. Some of the most notable methods are the
Unitarity [22-26] based techniques such as the Ossola, Papadopoulos, and Pittau (OPP)
reduction method [27-32], which reduces the computation of one-loop amplitudes to a



problem with a complexity similar to a tree level calculation. Most of the aforementioned
processes are computed within this method or its variations. Such approaches rely on
the master integrals of one-loop amplitudes that can be simply represented as a linear
combination of up to 4-point scalar integrals, i.e., those of boxes, triangles, bubbles and
tadpoles. A one-loop amplitude A can be written as

A= Z d; Box; + Z ¢; Triangle; + Z b; Bubble; + Z a; Tadpole; + R.

In the OPP framework, the coefficients d;, ¢;, b;, a; and Ry (R = Ry + R2) can be ob-
tained from the cut constructible (CC) part of the amplitude, where the numerators of
loop integrals are dealt with in 4 dimensions, and Ry should be derived separately [33].
With the ultraviolet nature of Ry [1, 2, 34], we can establish Feynman rules for this part.
Here we directly call Ry the rational term R for brevity. In fact, this approach is more
efficient than applying the Unitarity reduction method in d = 4 — 2¢ dimensions in prac-
tical calculations [21]. Algebraically, even in other methods, such as the conventional
Passarino-Veltman reduction procedure [35-37], calculations of R are also useful in multi-
leg processes [1, 2].

Several previous works studied calculations of the Feynman rules for R, and a set of
Feynman rules for R in the Standard Model (SM) under one 5 strategy in the 't Hooft-
Feynman gauge, R¢ gauge, and Unitary gauge has been reported [38-40], and a package
R2SM written in FORM is also available [41]. Moreover, some simplifications in extracting
rational terms were suggested recently in ref. [12]. The primary aim of the present paper is
to give our result in another ~5; regularization scheme, i.e. the 't Hooft -Veltman ~5 scheme.
In addition, we would also like to check the results presented in refs. [38, 39].

This paper is organized as follows. In section 2, we recall the theory for the rational
part R, and set our regularization schemes and ;5 strategies. The notations and Feynman
rules are given in section 3. Our results in two 75 schemes are expressed in section 4.
Finally, a summary is given in section 5.

2 The theory of R and regularization schemes

In this section, we will describe the origin of the rational part R, and discuss the dimensional
regularization scheme (DREG) in two 5 strategies. Due to the divergences in a one-loop
calculation, we compute our one-loop integrals in d = 4 — 2¢ dimensions to regularize the
divergences that appear in 4 dimensions. A generic N-point one-loop (sub-)amplitude reads
N(q)
D1Ds...Dy

where the bar means quantities defined in d dimensions, while the tilde in d —4 dimensions.

Ay = [ d%G D= (q+pe)* — (mk)*, G=q+4 (2.1)

All quantities of the external particles such as external polarization vectors and external
momenta p; are maintained in 4 dimensions.

In numerator the function N(g) can be split into a 4-dimensional part N(g) and a
(d — 4)-dimensional part N(¢2,¢,q), i.e.,

N(q) = N(q) + N(@, €,q). (2.2)



Here the N(G2, €, q) part is related to R:

R= /ddq N(@eq) (2.3)
DiDsy...Dy

Feynman rules for the R effective vertices can be obtained from all possible one-particle
irreducible Green functions, which are enough up to 4 external legs in the SM, accounting
for the ultraviolet nature of the rational terms.

The d-dimensional momentum ¢, the d-dimensional metric tensor gz, and the d-
dimensional Dirac matrices 7 are all split into a 4-dimensional part and a —2e-dimensional
part

_ﬂ = Q,LL + ~,L~L7 gﬁlj = g,uz/ + gﬁﬁa ’7[1, - r)/y, + 5/[1, (24)

Instead of performing supersymmetry-preserving but technically complicated dimen-
sional reduction (DRED) [42], we use DREG for convenience. Therefore, the d-dimensional
metric tensor g,,,, the —2e-dimensional tensor g,,,, and the 4-dimensional tensor g, satisfy
following relations:

g,upgﬁ = Guv, Qupéﬁ = g;w, g,upgﬁ =0, gppf]ly) = Guvs

gup95 = Juv, ﬁupﬁfj = Juv> gﬁ =d, gﬁ =4, gﬁ = —2e. (2'5)
In our regularization we set d > 4, so that
¢ =+ (2.6)

To maintain the advantages of the helicity method for loop calculations, we choose the
four dimensional helicity (FDH) [43-46] and 't Hooft-Veltman (HV) schemes [47] in the
present paper

N(52
R‘ :/dd(j_ (@)
HV DlDQ...DN
_N(¢%e=0,q)
R‘ = [ g% ‘' 2 2.7
FDH qDng...DN 27)

The last comment in this section refers to our 5 strategies. We choose two schemes
here. One scheme is identical to that used in refs. [38, 39], which was proposed by Kreimer,
Korner, and Schilcher [48-50] and we call it the KKS scheme for brevity, and the other one
is the 't Hoof-Veltman scheme [47, 51-58], which gives new results in the present paper.
These two schemes are algebraically consistent, at least at one-loop level. In the KKS
scheme, we define a unique generator which anti-commutates with all other generators in
Clifford algebra, as 75. So the anti-commutation relation {vs,5z} = 0 is maintained. To
obtain the anomaly, we give up the cyclic relation in the ordinary Dirac trace, and use a
projection relation onto four dimensional subspace

TT(757,D1 s 7}7%) = 757’(73(’)/5)’7p1 s Wﬂ%)’ (2'8)



where P(v5) = 4il Eun popspa Y234 with Lorentz indexes of the totally antisymmetric
tensor €, yppuspq all in 4 dimensions. To perform calculations for some specific processes
unambiguously, we choose a unique “special vertex”, called the“reading point”, in all Feyn-
man diagrams. All v5’s are anti-commuted to reach the “reading point” before performing
the d-dimensional algebra calculation. This treatment generally produces a term that is
proportional to the total antisymmetric & tensor with different “reading points”. The
HV scheme defines 75 = Z! Eprpopapa Y2 AH3 44 in d dimensions. Therefore, the anti-
commutation relation is violated by

{57} =0, [5, 9] = 0. (2.9)

This definition explicitly forbids us to deal with covariant ~ algebra and often makes calcu-
lations very inconvenient. Nevertheless, it is to date the only known scheme within DREG
that has been demonstrated to be consistent in all orders. Actually, the violation of anti-
commutation also needs to include an extra finite renormalization by hand in calculations
to restore the Ward identities. For instance in the W boson decays to hadronic partons,
the Ward identity is spoiled in the HV 75 scheme at one loop level. The O(ay) corrections
should include an axial-vector current renormalization

C
ren (1 — O‘SQWF(1 + AHV)> I‘B%re, (2.10)

2— . . . . .
where Arpy is defined in the next section and Cp = J\;chl is implicitly understood. This
non-anticommuting 75 scheme was also discussed from the action principles in ref. [59].

Moreover, some issues about dimensional renormalization with ~5 can also be found in

refs. [59-65].

3 Notations and Feynman rules

In this section, we will briefly describe our notations and tree level Feynman rules that will
be used in the next section.

Two parameters, A\ijy and g5s, are introduced in our formulae to denote the different
DREG and 75 schemes. Here, Ay = 1(0) corresponds to the HV (FDH) regularization
scheme, while gbs = 1(—1) corresponds to the KKS (HV) 75 scheme. Our notations are as
follows: L1 =e,Ly = p,L3 = 7,Ly = Ve, L5 = vy, Lg = v7,Q1 = u,Q2 = d,Q3 = 5,Q4 =
¢,Q5 = b,Q¢ = t. In addition, e; = e,e2 = p,e3 = T,v1 = Ve, V9 = vy, 13 = v, U} =
u,Us = ¢,Us =t, Dy =d, Dy = s,D3 =b. The vector boson fields are denoted by A,Z and
W# with the generic symbol V', and the physical scalar Higgs field and the scalar goldstone
bosons are written as H, ¢°, and ¢T, respectively. Fermions are also generically symbolized
by F', while the mass, charge, and the third isospin component of F' are denoted by mpg,
Qr, and Isp, respectively. ¢, and s, respectively denote sine and cosine of the Weinberg
angle. N is the number of colors and V,, 4, refers to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements. QF = H;“ are the chiral projector operators. Finally, g5 is the
coupling constant of strong interaction, while e is the coupling constant of QED.
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Figure 1. All possible non-vanishing 2-point vertices in QCD.

As we use FeynArts [66, 67] to generate all Feynman amplitudes, our conventions
for tree level Feynman rules follow ref. [68]. Due to the violation of anti-commutation
relation in HV ~5 scheme, i.e. {75,7z} # 0, some modifications to conventional Feynman
rules are introduced. For coupling to left-handed fields the symmetrically defined vertex
3 (14+75)9: (1 —5) = vu(1 —75), instead of 7z(1 —5), should be used [69]. Especially, the
tree level Feynman rules of vertices F/F'Z should be modified as follows

ie e

(39 — 55Qr7) — (I3, — 55,QF7a) , (3.1)

wew wew

and similarly to Fy FoWW ™ vertices.

4 Results

In this section, our results in 't Hooft-Feynman gauge are presented. It is easy to check
that if one sets gbs = 1, the results in [38, 39] are all recovered.

4.1 Effective vertices in QCD

In this subsection, we give a complete list of all non-vanishing R effective vertices in QCD,
where all the internal lines in one-particle irreducible diagrams represent QCD particles.

4.1.1 QCD effective vertices with 2 external legs

All possible non-vanishing 2-point vertices in QCD are shown in figure 1.

Gluon-Gluon vertex. The corresponding effective vertex is shown in figure 1 (a) with
the following expression

igiNe P’ p* — 6mg

Vert(G2, Gh) = 0 |7y g Ay (guwd® —pupe) + D0 G| - (41)
Q (&

4872 2
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Figure 2. All possible non-vanishing 3-point vertices in QCD.

Quark-Quark vertices. The corresponding diagram is shown in figure 1 (b) with the

following expression

Ay dgs NZ—1
Vert(Qf, @) = | é’ﬂQ Sy 07 b (=B +2ma) M. (4.2)

4.1.2 QCD effective vertices with 3 external legs

All possible non-vanishing 3-point vertices in QCD are shown in figure 2.

Gluon-Gluon-Gluon vertex. The corresponding diagram is shown in figure 2 (a) with
the following expression for Ny-flavor quarks

3
b e GNL (T NG o
Vert(Gy, G, G) = =02 ( Fu ) S ), (43
where
Vuup(plyp%p?)) - guu(pZ - pl)p + gup(p3 - p2)u + gPM(pl - p3)1/- (44)

Gluon-Quark-Quark vertex. The corresponding diagram is shown in figure 2 (b) with
the following expression

igd .. N2—

VeI‘t(GZ, Q%’ an) = Oim



Vector-Quark-Quark vertices. A typical Vector-Quark-Quark vertex is shown in fig-

ure 2 (¢) with the following expression

gr NZ-1
1672 2N,

T (UVQlQm + gbs aVQsz%) ' (4.6)

Vert(V,, Q;, Q?n) = 54 (14 Aagv)

The actual values of V, Q;, Qp, vV99m and aVQ@m are

o9 = —ieQq G,
aAQlQm — O’
ZQiQm _ €Sw (13Q, _ 5
v Co 25%; QQ; Im>
aZQlQm _ _ieI3Ql Sim
25wCw
WU, Dy _ 1/t ie
v l = VDm,Ul 2\/2811}’
WU D _ t ie
a l = _VDm’UZQ\/QS ,
w
+D.0 ie
UW DyUp _ VUm,Dl 2\/28 )
w
+D.i e
VDU = _yy, 225, (4.7)
Sw

Scalar-Quark-Quark vertices. The generic diagram is shown in figure 2 (d) with the

following expression

g3 NZ-1
872 2N,
<USQsz + ¢bs aSQlQm’YE)) ] (4.8)

Vert(S, Q%a@in) = 6% (1+ Apv)

The actual values of S, Q;, Qp, v599m and a5Q@m are

o iem =
HQQm — i Qz7 GHQiGQm _ 0,
2mw S
v¢0UlUm =0, a¢°UzUm — e my,
2myy Sq
0,7 em
p® DiDm 0, q? PiDm — Sim D,
2myy Sq
¢~ UiDm _ 1/t ie (
v = my, —mp,,)
Dm7Ul 2\/2mW$w L Y
¢~UDm _ /1 ie (
a = my, +mp,,)
Dm7Ul2\/2mWSw 1 m /)
+D,U. ie
’U¢ Ym VUm,Dl (mUm — le),
2v/2my Su
+D,0,m e
a” P = —Vu,..n; (mu,, +mp,) . (4.9)
2V/2m Suw
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Figure 3. All possible non-vanishing 4-point vertices in QCD.

Vector-Gluon-Gluon vertices. The generic diagram is shown in figure 2 (e) with the
following expression

. 9
b g b VQQ
Vert(Vu,G,“/,Gp) = —12;2 6" € p(pr—ps) Za Q@ (4.10)
1

with all of the expressions of V@@ given in eq. (4.7).

Scalar-Gluon-Gluon vertices. The generic diagram is shown in figure 2 (f) with the
following expression

2 _
Vert(S, G4, Gh) = 89;2 0 g Y <vSQlleQl), (4.11)
l

with all of the expressions of v5?Qt given in eq. (4.9).

4.1.3 QCD effective vertices with 4 external legs

All possible non-vanishing 4-point vertices in QCD are shown in figure 3.

Gluon-Gluon-Gluon-Gluon vertex. The corresponding diagram is shown in fig-
ure 3 (a) with the following expression for Ny-flavor quarks

- 4
ig
Vert <Gz, GY, G5, Gﬁ) = 48;2 (C1 guwpo + C2 GupGvo + C3 Guogup),  (4.12)



where

= Tr({T% T°H{T°, T}) (5N, + 2 v N, + 6N;)
Tr(TeTT’TY) + Tr(T“TdTbTC)> (12N, + 4\ny Ne. + 10Ny)

5ab50d 5@05bd + 5ad5bc) ’

Q

- (7
1Eb ) = Tr({T*, THT®, T}) (5N + 2Aiv N, + 6Ny)

(Tr (ToTPTeT) + Tr(T“TdTCT”)> (12N, + 4y N, + 10N;)

( sabged 4 sacsbd y sad 5bc) ’

= Cy(b e d) = Tr({T*, T"HT°,T"}) (5N.+ 2y Ne + 6Ny)

— (Tr(TTeTT) + Tr(T*T*TT%) ) (12N, + 4Ay N, + 10N;)

— (87g%0  gocghd 4 gedgte) (4.13)

Vector-Vector-Gluon-Gluon vertices. The generic diagram is shown in figure 3 (b)
with the following expression

. 2 _ _ _ _
Vert (Vl;u Vo, GZ’ GI;) _ _229;2 sab Z [(leQLQmUVQQle + aVIQlQmaV2Qle>

,m

1 —g5s 8aV1QlQmaV2Qle

(Guw9po + GupGvo + GuoJup) + 5

g,wgpa} : (4.14)

All of the expressions for vVQlQm,aVQlQm are given in eq. (4.7).

Scalar-Scalar-Gluon-Gluon vertices. The generic diagram is shown in figure 3 (c)
with the following expression

- 2
by — Y9 b 51Q1Qm ,,52QmQ 51Q1Qm ,52QmQ
Vert(Sl,Sg,GZ,Gy)—M;Q 0 2[3(01 Ve gy22 L — gP1i¥mg? !

,m

1—95 3 g
29 S 8aSlQlQmaS2Qle} gH/V' (4.15)

All of the expressions for vSQlQm,aSQlQ’” are given in eq. (4.9).

Vector-Gluon-Gluon-Gluon vertices. The generic diagram is shown in figure 3 (d)
with the following expression

3 _
g
Vert (Vuv Gy, GI;’ Gi) =~ 24;2 Z [TT(TQ{Tba 7°}) oV (9uv9po + GupYvo + GuoJup)
l
—i9 Tr (T[T, T°)) aVQlQlaWp(,] , (4.16)

with {A, B} = AB + BA and [A, B] = AB — BA. All of the expressions for vV @@t gV Q@i
are given in eq. (4.7).
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Figure 4. All possible non-vanishing 2-point vertices in EW.

4.2 Effective vertices in Electroweak part

A complete list of the non-vanishing R effective vertices in the Electroweak part is given

below.

4.2.1 Electroweak effective vertices with 2 external legs

All possible non-vanishing 2-point vertices in Electroweak (EW) are shown in figure 4.

Scalar-Scalar vertices. The generic effective vertex is shown in figure 4 (a) with the
following expression

P52
Vert (S1,8) = | , O, (4.17)

with the actual value of S7, S and C5152

cH" — ),

1 —6Agv 1 1 p2
cHi = 1 w1 K

2 <+2c§g>mw Toe )12t
2 2
1— gy 1

C¢O¢O _ mW mH 1 2

4 Te2 Ty o )W

1 P>
—(1 5s K
< +2012U>12+98 ’

,10,



oot _ m?, +m%{ N (3 —4uv)ch —2¢2 + (L —22v)

m
4¢2, 8 Ack W

1 p? 1 1+ gd5s 2 s D
(1 _
( * 2cgv> 12 7 2m2, { )y 2 (mel Mea ™ g

l

1+g5
3 ViV (5% (ot )

lm

1 — gbs p?

(4.18)

where

m? 2
K = o <m2—p>
S| (-

mé 5 p?

l

+ Ne g m2, (le - 6> . (4.19)
l

2
. . . m
To compare our expressions with that in ref. [39], we use mio = m2Z = W and mii = m%/v

Cw

in above expressions and fix the masses of neutrinos to be zero.

Vector-Vector vertices. The generic effective vertex is shown in figure 4 (b) with the

following expression

)
Vert (Vip, Vo) = Z;Q (CY1V2 Pupy + CY1Y g,w> : (4.20)

with the actual values of Vi, Vs, CYlVQ and CXIVQ

AHV
CAA _ _
1 24 )

e - ! [<1+22Hv>p2 —m%v} . {Z [% <m% B zm
l

L™ o4g, 7
1+ 2\py) p? 1 Qr, 131
CAZ__Cw ( 2 3L 42
2 8sw 6 mw +4cw Zl: 25w QL’ v
2 2
2 p QqI3q 2 2 p
(=13 )]+ e [ (Ot - ) (= )]
1
cZz _ _C%UAHV
! 24s2 7

— 11 —
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R IC A RS> [(@le@ i ]
w

2452’

w

w-w+ _ 1 (1+2)\HV)P2_ 2 | 1+g5s 1 2_]92
% - 83121}[ 6 mw 2 3252 ; e ™ 3

2
P
N [VUZ,DMVLEM,UI (mZUl +mb,, ~ ', ﬂ . (4.21)

lm

CW7W+ o )\HV

Fermion-Fermion vertices. The generic effective vertex is shown in figure 4 (¢) with

the following expression

- 2 _ _ _
Vert (Fy, ) = Z;Q KC@FQQ* +cle2Q+) ;6+C§1F2} A, (4.22)

with the actual values of Fy,Fb, C’leQ, C_I:lFQ and CglFQ

) 2
oliUm _ 5 Uy
- 162,
2 2
CUOn _ 5 L |1+95s Iy, 1+ ¢5s 2Qu Iz, . Qr,
* 16 2 s2e 2 c2 c2

. my, Qu, 1+ g5s
CHm = g, (QUZ - Ism) ,

8¢, 2
2
CDle - QDZ
- M 16c2,”
cDDn _ 5 L1455 Lin, 1+¢5s 20nTsp, @b,
+ m 16 2 s2c 2 2 2

oo g 2. (VUH’DZVDng)] ’
g

Dy D, mp,Qp 1+ gds
C(] ! = 6lm 8ZC%U ! <QDZ - 2 I3Dl> )
Q7,

Cflim 7
16¢2,

= 5lm

- 12 —
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Figure 5. All possible non-vanishing 3-point vertices in EW.
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c 2

4.2.2 Electroweak effective vertices with 3 external legs

All possible non-vanishing 3-point vertices in EW are shown in figure 5.

Scalar-Fermion-Fermion vertices. The generic effective vertex is shown in figure 5 (a)

with the following expression

3 _ _
Vert (8,11, ) = ©, (€317 4 c3nPqr), (4.24)

,13,



With its actual values of S, F}, Fg, CfFlFQ and C’fFlﬁ?
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Vector-Fermion-Fermion vertices. The generic effective vertex is shown in figure 5 (b)
with the following expression
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Scalar-Scalar-Scalar vertices. The generic effective vertex is shown in figure 5 (¢) with
the following expression

- 3
Vert (S, Sa, S3) = :"2 0515253, (4.28)
with its actual values of Sy, Sa, S3 and 515253
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Vector-Scalar-Scalar vertices. The generic effective vertex is shown in figure 5 (d)
with the following expression

3
Vert (V,, Sy, S5) = ;2 cVsise, (4.30)

with the actual values of V', S7, S and CXSlSQ
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Scalar-Vector-Vector vertices. The generic effective vertex is shown in figure 5 (e)
with the following expression

3
Vert (S, Viy, Vay) = Z:Q cViVe g, (4.32)

with the actual values of S, Vi, V and C5V1V2
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Vector-Vector-Vector vertices. The generic effective vertex is shown in figure 5 (f)

with the following expression

3
Vert (Vi, Vay, Va,) = CX;,YQVS, (4.35)

with the actual values of V7, V5, V3, and CV1V2V3
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Gluon-Quark-Quark vertices. In previous subsection, we have listed all mixed R
QCD/EW vertices with internal QCD particles. The remaining non-vanishing mixed R
QCD/EW vertices with EW internal particles are those Gluon-Quark-Quark vertices. Its
generic diagram is shown in figure 5 (g) with the following expression

Vert (G2, Q}, Q3,) = 19;2 Ty (99 4 CFOnaT) . (4.38)

The actual values of Q;, Q. CQZQ’" and CQZQ’" are
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g

4.2.3 Electroweak effective vertices with 4 external legs

In this part, we list all possible non-vanishing 4-point vertices in EW, which are shown in
figure 6.

Scalar-Scalar-Scalar-Scalar vertices. The generic effective vertex is shown in fig-
ure 6 (a) with the following expression

- 4
Vert (51, Sa, 53, 54) = 1:2 /51525354 (4.40)
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Figure 6. All possible non-vanishing 4-point vertices in EW.
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Vector-Vector-Vector-Vector vertices. The generic effective vertex is shown in fig-
ure 6 (b) with the following expression
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Scalar-Scalar-Vector-Vector vertices. The generic effective vertex is shown in fig-
ure 6 (c¢) with the following expression

- 4
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with the actual values of Sy, Sa, Vi, Vo and C5192V1V2
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2
Sw

All possible non-vanishing R effective vertices in SM are listed above. Our results are
the same as those in refs. [38, 39] in the same =5 scheme. In addition, all terms proportional
to e evidently vanish in the formulae after including all fermions in SM. This is guaranteed
by the cancelation of gauge anomaly in SM.

5 Summary

In summary, we have studied Feynman rules for the rational part R of the Standard Model
amplitudes at one-loop level in the 't Hooft-Veltman ~5 scheme. Comparing Feynman rules
obtained in this scheme for quantum chromodynamics and electroweak 1-loop amplitudes
with that obtained in another v5 scheme (the KKS scheme) in refs. [38, 39|, we find the
latter result can be recovered after setting gbs = 1 in our results. As an independent
check, we also calculated Feynman rules in the KKS scheme, and found results completely
in agreement with the analytical expressions given in their updated version, as mentioned
in ref. [39].

With these rational terms, one can simplify fermion chains or Dirac traces in 4 dimen-
sions at the amplitude level, resulting in more convenient general calculations for multi-leg
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processes, compared with directly solving d dimension Dirac algebras. To clarify some
existing ambiguities in DREG, we give our results in FDH and HV DREG, as well as in
KKS and HV ~5 schemes. To be more reliable, our results are checked and found to be in
agreement with previously published works (see refs. [38, 39]) in the KKS 75 scheme. In
particular, the expressions for R in the HV ~5 scheme are given in this paper to meet the
needs of some specific NLO calculations.

As the HV ~5 scheme is the only rigorously proved consistent regime to all orders, our
results in this v5 scheme are surely useful and necessary in clarifying the 5 problem in
DREG. The only dimensional regularization dependent terms (except scaleless bubbles)
in one-loop calculations are rational terms R. These Feynman rules are also helpful in
eliminating or finding the uncertainties arising from freedoms in DREG. For instance, in
NLO QCD corrections to the W boson hadronic decays, the rational terms R in HV and
KKS 75 schemes are different (see eq. (4.6)), being right-handed in HV scheme while left-
handed in KKS scheme. These differences are the only differences after including virtual
parts, counter terms, and real radiations in these two =5 schemes. Actually, the violation
of the anti-commutation relation between 75 and 7, in HV spoils the Ward identity, and a
finite renormalization is needed in this scheme to obtain the same expressions in HV and
KKS (see the details in ref. [70]).
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