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ABSTRACT: We assume that New Physics effects are parametrized within the Standard
Model Effective Field Theory (SMEFT) written in a complete basis of gauge invariant
operators up to dimension 6, commonly referred to as “Warsaw basis”. We discuss all
steps necessary to obtain a consistent transition to the spontaneously broken theory and
several other important aspects, including the BRST-invariance of the SMEFT action
for linear R¢-gauges. The final theory is expressed in a basis characterized by SM-like
propagators for all physical and unphysical fields. The effect of the non-renormalizable
operators appears explicitly in triple or higher multiplicity vertices. In this mass basis we
derive the complete set of Feynman rules, without resorting to any simplifying assumptions
such as baryon-, lepton-number or CP conservation. As it turns out, for most SMEFT
vertices the expressions are reasonably short, with a noticeable exception of those involving
4, 5 and 6 gluons. We have also supplemented our set of Feynman rules, given in an
appendix here, with a publicly available Mathematica code working with the FeynRules
package and producing output which can be integrated with other symbolic algebra or
numerical codes for automatic SMEFT amplitude calculations.
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1 Introduction and motivation

After the discovery of the Higgs boson, the picture of the Standard Model (SM) [1-3] being
a spontaneously broken gauge theory at an Electroweak Scale (EW) with v ~ 246 GeV
has been theoretically established and experimentally confirmed to a significant accuracy.
Nevertheless, new physics beyond the SM may be hidden in the experimental errors of
measurements that are becoming increasingly accurate at the LHC. Such phenomena can
be parametrized in terms of the so-called SM Effective Field Theory (SMEFT) [4-6],!
where, assuming A to be the typical energy scale of the SM extension, the observable
effects are suppressed by powers of the expansion parameter v/A. The SM’s weak response
to a more fundamental theory (effective or not) living at A may be due to the fact that such
a scale is far above the EW scale i.e., A > v, or because non-renormalizable, UV-dependent
couplings are, somehow, small.

Besides the verification of the SM gauge group and content, a renewed interest in
the SMEFT arises from the fairly recent completion of all gauge invariant, independent,
(mass) dimension-6 operators, first conducted in a study by Buchmiiller and Wyler [10] in
1985 and lately amended by the Warsaw university group [11] in 2010. We shall refer to
this set of operators as the “Warsaw” basis. In this basis there are 59+1 baryon-number
conserving? and 4 baryon-number violating operators.

If physics beyond the SM lies not too far from the EW scale, so that is invisible, but
also not too close to the EW scale, so that the effective field theory description (EFT)
does not fail, then SMEFT observables should encode possible deviations from the SM
to order (v/A)? no matter what the fundamental (UV) theory is. A serious attempt in
calculating such observables should start by first writing down the Feynman rules for
propagators and vertices for physical fields, after spontaneous symmetry breaking (SSB)
of the effective theory, in a way that consistently renders the theory renormalizable in
the “modern” sense - here of absorbing infinities into a finite number of counterterms
up to order (v/A)2. One major criterion for this to be realized is that the gauge boson

2 so that the theory satisfies usual power

propagators vanish for momenta p — co as p~
counting rules for renormalizability, as in the SM for example. In 1971, ’t Hooft [13] and B.
Lee [14] showed that this can be realized in a linear gauge which a year later extended to a
larger class of renormalizable gauges by Fujikawa, Lee, Sanda [15], and Yao [16]. This class
of renormalizable gauges, called R¢-gauges, can be parametrized by one or more arbitrary
constants, collectively written as £. In addition to the smooth behavior of the propagators,
R¢-gauges allow for eliminating “unwanted” mixed terms between physical gauge bosons
and unphysical (Goldstone) scalar fields in spontaneously broken gauge theories.

To the best of our knowledge, quantization of SMEFT in linear R¢-gauges does not
exist in the literature thus far. What complicates the picture of quantization in R¢-gauges,
or as a matter of fact in every other class of gauges, is twofold: a) field redefinitions
and reparametrizations and b) mixed field strength operators. A careful treatment of the

YFor reviews see refs. [7-9].
In counting, we include the lepton-number d = 5 violating operator [12] but do not count hermitian
conjugated operators and suppress fermion flavor dependence.



former to retain gauge invariance is necessary [17] while properly rotating away (but not
completely eliminating from vertices) the latter, results in SM-like propagators for physical
and unphysical fields. More specifically, in this paper we consider SSB of the “Warsaw”
basis theory and present a full set of Feynman rules in R¢-gauge in a mass basis, with the
following features:

e No restriction is made for the structure of flavor violating terms and for CP-, lepton-
or baryon-number conservation,

e SMEFT is quantized in R¢-gauges written with four different arbitrary gauge param-
eters, &,&z,&w, {q for better cross checks of physical amplitudes.

e Gauge fixing and ghost part of the Lagrangian is chosen to be SM-like and preserve
Becchi, Rouet, Stora [18], and Tyutin [19] (BRST) invariance.

e All bilinear terms in the Lagrangian have canonical form, both for physical and
unphysical Goldstone and ghost fields; all propagators are diagonal and SM-like.

e Feynman rules for interactions are expressed in terms of physical SM fields and canon-
ical Goldstone and ghost fields.

We are aware that in the literature there are many calculations done already within
SMEFT, including several articles with loop calculations usually performed in unitary or
non-linear gauges, see for example ref. [9] and references therein. However, we think that
a full set of Feynman rules written (and coded in the symbolic computer program) in
the Re-gauges, including in addition the most general structure of the flavor violating
terms, is something that can largely simplify further such analyses. Especially, having
such collection is useful because the number of primary vertices in SMEFT in R¢-gauges
is huge: 383 without counting the hermitian conjugates (surprisingly, for most SMEFT
vertices the Feynman rules are reasonably short, with an exception of self-interactions of
4, 5 and 6 gluons). An explicit diagrammatic representation for all interaction vertices
will minimize possible mistakes that arise from missing terms or even entire diagrams
in amplitude calculations. Furthermore, implementation of them as a “model file” to the
FeynRules package [20] produces an output ready to be further used in symbolic or numeric
programs for amplitude calculations.

The procedure we followed in deriving the SMEFT Feynman rules consists of the
following steps:3

1. within the “Warsaw” basis, given for reference in section 2, we perform the SSB
mechanism and further field and coupling rescalings with constant parameters which
have no effect on the S-matrix elements (up to O(A™3) corrections). They make all
bilinear terms of gauge, Higgs and fermion fields canonical [section 3],

2. we discuss “oblique” corrections to the SM vertices, coming from the constant field
and coupling redefinitions when moving from weak to mass basis [section 4],

3Steps 1 and 2 have been discussed in numerous earlier papers e.g., ref. [21], but we include them here
for completeness and consistency.
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Table 1. The SM matter content in the gauge basis. Isospin, colour and generation indices are
indicated with 7 = 1,2, « =1...3 and p = 1... 3, respectively.

3. we introduce suitable R¢-gauge fixing and ghost terms in the Lagrangian, in a way
that renders also the ghost propagators diagonal. The new terms eliminate the “un-
wanted” gauge-Goldstone mixing and establish BRST invariance. Thus, in the mass
basis of SMEFT all quadratic terms of physical (SM particles) and unphysical (Gold-
stone bosons and ghosts) become SM-like [section 5],

4. we evaluate Feynman rules for all sectors of the theory in Re-gauges. [appendix Al.

Then, in section 6 and in appendix B we describe the features of the SMEFT model file
for FeynRules package and a set of programs generating automatically relevant Feynman
rules, both in Mathematica and Latex/axodraw format. We conclude in section 7.

2 Notation and conventions for the SMEFT Lagrangian

Throughout this article we use the notation and conventions of ref. [11]. However, in order
to distinguish between the fields and parameters of the initial, gauge basis and the final,
mass basis, we use primed notation for fermion fields and their Wilson coefficients in the
former, reserving the “unprimed” symbols for the physical mass eigenstates basis, where
flavor space rotations have been performed. In addition, and not to clutter the notation
further as compared to ref. [11], we absorb the theory cut-off scale A in the definitions of
Wilson coefficients, rescaling them appropriately as Cg?) /A — 0(5), Cg?)/ A% — C’g?).

For completeness and reference, in tables 2 and 3 we list all, gauge independent,
dimension-6 operators of the “Warsaw” basis derived in ref. [11]. The only dimension-
5 operator, the lepton-number violating operator [12], reads

Qu = egpemn@ ™ ()T CIEy = (B0, C(@1L,) (2.1)

where C is the charge conjugation matrix in notation of ref. [11]. Then the full gauge
invariant Lagrangian, up to O(A~3), takes the form

£=rciy+cQR+3Y Q¢ + Y QY (2.2)
X f

where Qg?) denotes dimension-6 operators that do not involve fermion fields, i.e., opera-

tors entitled as X3, % »*D?, X202 columns of table 2, while Q;ﬁ) denotes operators that



contain fermion fields among other fields i.e., all other operators in tables 2 and 3. The

renormalizable part of the Lagrangian is (we suppress generation indices here),
e = Loa e Ly g g gy (Do) (DR) + mPete — Aol
SM — 4 4 W 4 pr up ¥ PP 2 Y e
+ il DIy, + eplbe’y + a1 Pay, + WpPuy + dplDdy)
— (IpLeeRy + qpuupp + @i lade) - (2.3)
As compared to ref. [11] we slightly change the notation for the gauge group generators
while keeping all other conventions identical. The covariant derivative then reads,

Dy =0, +ig' B.Y +igW!T! +ig,GT (2.4)

where the weak hypercharge Y assigned to the fields is given in table 1. In fundamental
representation, the generators for SU(2) read T! = 71/2 with 71 (I=1,2,3) being the
Pauli matrices and for SU(3) read 74 = A/2 with A\ (A=1,...,8) being the Gell-Mann
matrices. The field strength tensors are:

Ga, = 0,Gy — 0,Giy — g fAPCGEGY (2.5)
ij =9, W}~ BVWJ — geIJKWjof ,
B, = 8,B, — 3,B,,. (2.7)

Finally, we consider the SMEFT accurate up to O(A~3) corrections and therefore all rela-
tions obtained within it are accurate up to this level of approximation. We will implicitly
make use of this property in our derivations without making any further notice.

3 DMass eigenstates basis in SMEFT

As usual, in order to identify physical (and unphysical) degrees of freedom in the presence
of SSB, one needs to diagonalize the resulting mass matrices for all fields. However, in
SMEFT there is an extra intermediate step involving field rescalings, since SSB also affects
the canonical normalization of the kinetic terms. In the following sections we discuss this
procedure step by step.

3.1 Higgs mechanism

The relevant operator terms contributing to the Higgs potential are

L = (D) (D) + m(e1p) — (1)’
+C¥(plp)? + C (e ) Dl p) + CPP (¢! D) (' D*y) . (3.1)

Minimization of the potential results in a “corrected” vacuum expectation value (vev),

which reads [21],
2m? 3m3
= —_— ©
v =/ X + \/§A5/20 . (3.2)
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Table 2. Dimension-6 operators other than the four-fermion ones (from ref. [11]). For brevity we
suppress fermion chiral indices L, R.

Notice that in all our expressions and Feynman rules that follow we use only this vev. As
usual, we next expand the Higgs doublet field around the vacuum,

Pt
w= 3.3
%(v + H +i9°) (3.3)
The Lagrangian bilinear terms of the scalar fields are then given by,
Bilinear 1 1 wD, 2 e, 2 2 1 15 4 ©
Ly =3 1+§C ve = 2C%"v" ) (0,H)" + mef)\v+ C
1 L oD 2 042 “\(ALP+
+§ 1+ 50 v° ) (0 P°)° + (0,7 ) (0 P™). (3.4)
By rescaling the fields as
h=2,H, G'=Znod", GF=ao+, (3.5)
with the constant factors
1
Zp =1+ ZC‘PDUQ — C¥? | (3.6)
1
Zeo =1+ ZC@sz , (3.7)
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Table 3. Four-fermion operators (from ref. [11]). For brevity we suppress fermion chiral indices
L,R.

one obtains the physical Higgs field h and Goldstone fields G, G* with canonically normal-
ized kinetic terms. The tree-level squared mass of the normalized Higgs field h now reads,

m2
M? = 2m? [1 -z (307 - 4xce +AC@D)}
= \? - (3 C¥ —2XC% + ;CW) vt (3.8)

3.2 The gauge sector

The Lagrangian terms which are relevant for gauge boson propagators read,

1
Lew = jWiVW“” = B B" + (D) (D)

+ CW (PTo)W, Wi+ CP(ol) By BM + CPV B (i o)W, B

+C?P (o' D) (' D) | (3.9)
Lqcp = —ZGZ‘Z,GA“” +C?% (ol p)Ga, G (3.10)
where 7/ are the Pauli matrices. Other, potentially relevant operators of the theory, con-

taining éuw /I/I\?A{ and Gﬁy influence only CP-violating vertices. Their bilinear terms are

total derivatives and do not affect propagators. Therefore, we neglect them in our discus-
sion here.



To simplify the above expressions, it is convenient to introduce “barred” fields and
couplings, such as
W;{ = ZgWi, g = Zg_lg,
By=ZyB., §=2,9,
Gy =Z4.Gyl 35 =25 g5,

where for our constant, field and coupling rescalings, we choose

Zg=1- cWa? |
Zy =1—C%Pv?, (3.11)

Zy, = 1—C?%2.

We note that such transformations do not violate gauge invariance. They preserve the

form of the covariant derivative which now reads,
" _ 5 v Il | = AATA
D, =D, =0, +igB,Y +igW,T" +igsG,, T" , (3.12)

while the field strength tensors rescale the same way as their respective fields. The partic-
ular choice of eq. (3.11) renders the kinetic terms for the electroweak fields canonical, with
an exception of the mixed Q,wp operator in eq. (3.9). Furthermore, the last redefinition
of eq. (3.11) is sufficient to define massless physical, canonically normalized gluon fields, as

g =Gy . (3.13)

In terms of “barred” electroweak gauge bosons, BM and Wu, the bilinear part of the La-

grangian reads,

_ T _
" 1, < = - 1w} Le\ [ W3
£B111near - _ - Wll,Wl/'W + W2VW2/,W - _,ul/ B
W i ’ )73 B e1)\ B

2 3 o WK
+2 72, _“> ( 7 gi)( g ) , (3.14)
8 B, -39 g B

where we have defined,
e=C¥WEB 2, (3.15)

From eq. (3.14) one identifies immediately the physical charged gauge bosons Wj, as

1 - _
”r:i: _ ”rl ‘”r2
no 2( uq:l M)’ (316)

with the mass

My =-gv. (3.17)

DO |



The neutral gauge boson mass basis is obtained through the congruent matrix transforma-

tion [22], producing simultaneously canonical kinetic terms and diagonal masses. It reads,

(‘j_/*?):x(z“) ) (3.18)
B, A,

with the matrix X taking the form,

1 —5 cosf sinf
X = _ _ . (3.19)
—% 1 —sinf cos @

Straightforward calculation leads to a mixing angle [21, 23]

_I9
€ g
—|1—-= 2
+2< 92>, (3.20)

whereas for gauge boson masses we obtain

1 ; €qq’
My = VP +§% <1+_zgg) Zeo |

2 >+ g
My =0. (3.21)

~

Q|

tanf =

Qi

One can easily verify that the photon remains massless from the vanishing determinant of
the mass matrix in eq. (3.14). Note also that the X transformation affects the trace of this
matrix, thus producing the e-dependence for M.

3.3 Gauge-Goldstone mixing

The operators relevant for Goldstone bosons kinetic terms give also rise to Goldstone-gauge
boson mixing. They read,

Ly D (Dup)' (Do) + C¥P (o' Dyp)* (o' Do) | (3.22)

which, in the presence of SSB, generate the “unwanted” terms

_ 9V S (auat _ ang— 9V w2 ((aug+ 1 —
Lompw = 12\@%(0@ a@)+2ﬁwu(a¢ + o)

— —/
- 28, Wiore + L2272 B, o"a". (3.23)

After expressing Lo_gw in terms of the physical gauge bosons and Goldstone bosons, one
arrives to the familiar expression,

La—_pw = iMy (WG~ — W, 0"GT) — My Z,0"G° . (3.24)

Thus, in mass basis all Wilson coefficients in the bilinear gauge-Goldstone mixing have been
absorbed in the definitions of fields and masses. As we discuss in section 5, such a property
essentially allows to adopt the standard R¢-gauge fixing also for SMEFT loop calculations.



3.4 Fermion sector

The operators relevant to fermion masses are
Ly =il Dl +éErDey+a, Dy + iy Duly + dp Ddfy)
—(lpTeepp +qpTuup &+ qp Tadp e + He)
+[(610) (I, €% e ) + (910) (@, 2 g 3) + (679) (a1, C'% diy ) + Hc|
+ [ @ )T e @ i)+ e (3.25)

where I, 4 and C'er, 0w C'% are general complex 3 x 3 matrices, C'" is a symmetric
complex 3 x 3 matrix and primed fields denote the fields in the interaction (gauge) basis
(group and generation indices are suppressed).

The fermion kinetic terms remain unaffected by SSB, while the mass terms read

1 _
Lmass = =5 T C M, v, — &y M ey — iy M, uy —dy, Mydy +He. , (3.26)
with the 3 x 3 mass matrices equal to
2
’ v /oo, U
M;:—UQCVV, Mé:ﬁ <FE_C€@2>7

(3.27)

2 2
M= (r —cw? M= (1, _cw? )
! ﬁ( 2) T v Ut 2

To diagonalize lepton and quark masses we rotate the fermion fields by the unitary matrices,

17/};( = U¢X ¥x (3'28)

with ¢ = v,e,u,d, X = L, R and the “unprimed” symbols denoting the mass eigenstates
fields. Then, the singular value decomposition for charged fermion mass matrices results in

UCTL MU, = M. = diag(me,m,,m;) ,
U:[L M, Uy,, = M, = diag(my, me,my) , (3.29)
US, MU, = My = diag(ma, my, my) |
while the diagonal neutrino mass matrix is obtained through
Ul M, U, = M,=diag(my,,my,,m,), (3.30)

with all fermion masses now being real and non-negative.

4 Corrections to the SM couplings

Corrections to the interactions described by the dimension-4 SM Lagrangian can come
either as genuine new vertices generated by higher order operators, or from the dimension-
4 vertices modified by the shifts in the fields and parameters necessary to express them

,10,



in the mass eigenstates basis. In this section we discuss the second class of (“oblique”)
corrections.

In terms of physical gauge bosons, the electroweak part of the covariant derivative (its
QCD part parametrized in terms of gs-coupling is unchanged compared to the SM), reads

AEW g S
D“ :au+lﬁ (T+W:_+T WH)

+i(ghi T? + § 1 V) Z, + (g2 T> + G %o V) A, . (4.1)

The pattern of electroweak symmetry breaking results in a conserved electric charge, iden-
tified through the standard relation () =73 + Y. The electromagnetic gauge invariance of
the broken theory manifests through the “corrected” electroweak unification condition,

e = g’ Koy = g Ko, (4.2)

which couples the photon only to the electric charge while keeping it massless. Using
eq. (4.2) and the property det X = 1 one can always express the covariant derivative in the
familiar form,

DEW =9, + i% (THWF +T"W,) +igz (T® —sin>0 Q) Z,, + ieQA,, , (4.3)

7

where the modified couplings now read,

__ g9 €gg
€= AR
V§*+g? 9°+g

N €gg
= +q2 1+ 2. 4.4
gz 3 +g ( P +92> (4.4)

In summary, after redefinitions of fields and couplings in mass basis, corrections to
gauge interactions originating from the shift in the gauge and Higgs sector parameters

depend only on two additional Wilson coefficients: C¥W 5

, responsible for the mixing of
electroweak gauge boson kinetic terms, and, C¥? appearing through the physical Z%-boson
mass (see eq. (3.21)). Furthermore, the C¥” operator breaks the custodial invariance as

this is described by the anomalous value of the p parameter,

_ Vel _ M3
|Inc.|? gaM3,

1
=14 50%P02. (4.5)

As it is well known, this is strongly constrained by precision EW experiments, at the level of
0.1% [24]. Consequently, sizable “oblique” corrections in the gauge sector could potentially
arise only from the gauge boson kinetic mixing e defined in eq. (3.15).

Another set of “oblique” corrections originates in the flavor sector of SMEFT after
diagonalization of the fermion mass matrices [see section 3.4]. In the SM, only the prod-
ucts Uy . Uq, and Ul ., Uy, appear in the charged quark and lepton current couplings after
flavor rotations: they are identified as the CKM [25] and PMNS [26, 27] mixing matrices,

— 11 —



respectively. However, in SMEFT the fermion-fermion-W= couplings contain additional
contributions from operators, without affecting the fermion bilinear terms of the model.
The relevant part of the Lagrangian has the form:

2
W a, A" { [UJL(Jl + 020 W<3>)UdLL P+ (”2U§RC ‘/’"dUdR> PR} d,
T or

g _ / ]
— LWy UL (40P,

G Pp e, + Hee. (4.6)
pr

As a result, one can identify the physical, although not unitary any more, mixing matrices
for quark and leptons, through:

Kekm = K = U] (1 +02C# 1)U, | (4.7)

Upyng = U = UeTL(]l +v20,¢l(3))UyL . (4.8)

In what follows we also redefine the Wilson coefficients of the operators involving
fermionic currents, by absorbing into them the fermion flavor rotations from gauge to the
mass basis. In this way we are able to express the mass basis Lagrangian entirely in
terms of the “unprimed” fields, Wilson-coefficients K-, and U-mixing matrices. In some
cases the redefinitions are not unique, as in the operators involving left fermion SU(2)
doublets one can adsorb into the Wilson coefficient either the rotation matrix of the lower
or upper constituent of the doublet. We choose it always to be the lower field (ey or
dr) rotation, as in this way flavor violating K or U matrices appear explicitly in less
experimentally constrained u-quark or neutrino couplings (see also discussion in ref. [28]).
Our redefinitions are collected in table 4.

Finally, Higgs boson interactions with fermions are affected by the transition to the
physical mass eigenstates both universally, due to the change of Higgs-boson normalization
in eq. (3.6), and in a flavor dependent way, due to the modified relation in eq. (3.27)
between fermion masses and the Yukawa couplings. The Higgs-fermion-fermion interaction
Lagrangian in mass basis is,

Ly = —€ M. 1—10‘/’@@2—1—0“’51}2 —C’eg"v—2 Preh+ H.c
v 0 1 NG .C.
M, 1 2
—U |:’U <1 — ZC('ODUQ + CSDDUQ) — CUL'D \’Uﬁ:| PRuh + H.C.
7 | Ma 1 oD 2 0, .2 d v?
—d|—(1—-=-C¥ i —C* — | Prdh+H.c. 4.
[v < 1 v+ C¥ v C 7| Ir +H.ec., (4.9)

with the diagonal fermion mass matrices above, defined in eq. (3.29). Note that the
dimension-5 operator in eq. (2.1), induces also a Higgs-neutrino-neutrino vertex but this is
highly suppressed since it is proportional to neutrino masses.
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Table 4. Definitions of the Wilson coefficients multiplying the fermionic currents in the mass basis.
We suppress the flavor indices for the two-fermion operators as the contraction is non-ambiguous
here. For the four-fermion vertices we assume summation over repeating indices.
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5 Gauge fixing and FP-ghosts in R¢-gauges

Compared to the SM, the procedure of gauge fixing in SMEFT involves additional features.
A consistent and convenient, for practical purposes, choice of gauge fixing conditions and
ghost sector should fulfil the following requirements:

e Cancel the unwanted Goldstone-gauge boson bilinear mixing, as in SM.

e Lead to SM-like propagators in terms of the effective mass basis parameters and
fields.

e Preserve the BRST invariance of the full Lagrangian in the presence of gauge fixing
and ghost terms.

Let us notice that the gauge basis Lagrangian in terms of barred couplings and fields,
as obtained through eq. (3.11), keeps the same form up to rescaling factors. For the
dimension-4 terms it reads,

@ _ L, 90-4 74 L owr 1 L, 925 5
L = _ZZQS G, G — ng W, Wi — ZZQ/ B, B"
_ _ 1

+ (D) (De) + mPplp — S\ (6'p)?

+ (I, DUy, + exDelr + a1 Dqy, + W Duly + drDdy)

— (I Tepp + T Tutly® + @ T adRp) | (5.1)
while all higher dimensional operators remain unaffected at the considered order. Each
term in the “barred” Lagrangian is still manifestly SU(3) x SU(2) x U(1) invariant, despite
the presence of Z-factors. Therefore, we may equivalently use this Lagrangian to gauge fix
the theory.

Our choice for the gauge fixing term in the electroweak sector reads

1 ~
Lop = —§FT£_1F, (5.2)

with the gauge fixing functionals F defined through

_ .
Fl auwlu —qu> \/SD
2 o, T/ 2H ~ §<I>++q>—

F= - " |- % V2 (5.3)
F3 0, W3H —§Z% o
FY 0, B" g Z2,®o

and a 4 x 4 symmetric matrix £ introduced as

Sw 0

Ew

0 x(gz )xT
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with X being the 2 x 2 mixing matrix of the neutral electroweak gauge bosons in eq. (3.19).
With such a choice in gauge basis, the transformations which diagonalize and rescale

the electroweak gauge and Goldstone bosons also bring the gauge fixing term in a familiar

form. After substituting the mass basis fields into eq. (5.3), we arrive at the expression

1
Lap = — ¢ ("W, +i6w My GF)(0" W, — igw MiwG™)
1 1
- Y 0\2 14 2
58, (0 Zu €2 MzG0)" — 5 (9 4,)°, (5.5)

which looks identical to the SM one in the standard linear R¢-gauges and has all terms
required to eliminate the “unwanted” Goldstone-gauge mixing of eq. (3.24), through a total
derivative. As previously mentioned in section 3.3, such a standard choice for R¢-gauges
is possible since, in mass basis, all Wilson coefficients of the “unwanted” terms become
absorbed in masses and fields.

The gauge fixing conditions violate gauge invariance and we need to introduce a ghost
term in the Lagrangian to compensate and restore (the more general) BRST invariance. A
convenient and consistent choice for a ghost term takes the form

Lrp=N"E(MpN), (5.6)

where the gauge basis ghost, anti-ghost fields are defined as N* = (N1, N2, N3 N), N =
(N1, N2, N3 NY), respectively and we have also introduced the symmetric 4 x 4 matrix,

B <12x2 O2x2 > ' (5.7)
02><2 (XT)_lx_l
The gauge fixing functionals F* chosen in eq. (5.3) are linear in the fields and therefore
the standard Faddeev-Popov (FP) treatment with determinants applies.* The explicit form
of My can be always obtained by performing an infinitesimal gauge transformation on F.
However, since we also wish to demonstrate the BRST invariance of the SMEFT action we
follow instead an equivalent derivation of Mp with the help of the BRST-operator, s. It
reads,

MZNI = sF" (5.8)

where lowercase Latin indices run in the electroweak space ({i,j}=1,2,3,0).

Despite the presence of (constant) mixing matrices in the gauge fixing functionals, the
s-operator transforms the fields included in F*, in a way identical to SM, as

s = —ig Yo NY —igTlp NT |
spl = +ig'pt YN +igefT! NT |
SBH = 8HN0 ,
sW) = 9,N' — g /KW /NK . (5.9)

“In the FP-treatment, it is clear that the matrix £ factors out from the determinant as det(EM F)=
det(E) det(M ), affecting the path integral with an irrelevant constant factor.
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Then, My reads explicitly,

13 2
0 —-W w2 o
. <1 w2 o -wlo
MpN = 9>N + go* Ko # N (5.10)
-Wi W, 0 0
0 0 0 0
H+v o0 AL I G ALS &
V2 g V2
3 I L e S
+ B - y N
o -z T iz2 T Z2,(H ) —LZ%(H +v)
=7 + — s/ +_H— =/ /o
%Zéo 2 \—/ED %Zé()(D \/Q(b _%Zéo (H +v) %Zéo (H +v)

Once again, the chosen form of eq. (5.6) with the presence of the matrix E , makes the
transformation which diagonalizes the gauge bosons kinetic terms and masses to diagonalize
also ghost bilinear terms. By defining ghost and anti-ghost fields in mass basis through the
relations

Sl
[\
[\]

(N'TiN?) = g7, — (N +iN?) =7, (5.11)
T

N3 B 772 N3 T_ ﬁZ -
o Gy PR

all occurrences of the X matrix in bilinear ghost terms become absorbed, leaving them
in a canonical form with squared masses §WM§V, & ZM% and zero for the corresponding
photon ghost. Again, the ghost propagators are SM-like (see appendix A.1). Nevertheless,
corrections from higher dimensional operators appear explicitly in ghost vertices as it was
also mentioned in ref. [29].

The BRST invariance of the SMEFT action not including the gauge fixing and ghost
sector, follows immediately from its gauge invariance. In order to establish BRST for the
gauge fixing and ghost sector, as well, we consider,

sN° =0, sN! = %EUKNJNK : (5.13)
sNi = pi(§-1g—1yii | (5.14)

Using eq. (5.8) and eq. (5.14), the property 1= (61T and the relation S(MFN) =0,
which is associated with the nilpotency of BRST, one obtains

1 o o .
sLor = —53(1?@({1)%]) — P (sF)
= —(sN')EVNEN® = —s(N'EVNGINY) = —s Lpp, (5.15)

Hence, the full Lagrangian now remains invariant under BRST-symmetry transformations.
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As easily noticed, the BRST transformation on all gauge basis fields, besides anti-
ghosts, is identical to SM. Therefore, for this set of fields it is nilpotent. The gauge fixing
functionals F*, although modified by the presence of new (constant) mixing matrices, are
still linear functions of the same fields as in SM (i.e., gauge and Goldstone bosons). Thus,
the BRST transformation for them is also nilpotent, satisfying s?F? = s(M}i;?Nj) =0,
which can be always verified explicitly. Finally, we note that the presence of constant
matrices in the transformation for anti-ghosts is in practice irrelevant. This is because
one can always introduce auxiliary fields [30, 31] in a suitable manner without eventually
affecting the gauge fixing and ghost terms. The choice

~ 1 PP
Lop = —-B'EF + 5BTEgEB , (5.16)

is equivalent to eq. (5.2) when the equations of motion are taken for the auxiliary fields B°.
Changing only the transformation for anti-ghosts, into sN* = B’ and introducing the new
one sB' = 0 for the auxiliary fields, one can verify that the action remains BRST-invariant.
Moreover, the BRST transformation on all fields is now nilpotent, that is

s? = 0. (5.17)

In the QCD-sector, an analogous discussion of the R¢-gauges is far more trivial. In
terms of barred fields and couplings, the gauge fixing and ghost terms read

Lor+ Lrp = —2§1GFAFA + gaMABRE (5.18)
with simply,
FA = 9,4,
MAPRP = P+ 9.0, 1450 P (5.19)

6 Feynman rules and Mathematica implementation

In appendix A we have collected the Feynman rules for SMEFT propagators and interaction
vertices in the R¢-gauges. Most of the vertices are reasonably compact and for many
processes they can be readily used even for manual calculations. We did not display
explicitly only the five and six gluon self-interactions as they are, after symmetrizing in
all Lorentz and color indices, very long and it is unlikely that they can be used in any
calculations without the use of computer symbolic algebra programs.

Apart from the printed version, we have developed a publicly available Mathematica
code calculating the same set of Feynman rules, such that its output can be directly fed to
other symbolic or numerical packages for high energy physics calculations. Our code works
within the FeynRules package [20] and is constructed as a “model file” for FeynRules
supplied with set of auxiliary programs performing the field redefinitions described earlier
in the paper. In addition, these programs perform some extra simplifications, on top of the
ones done by FeynRules, like Fierz transformations in four-fermion interactions assuring
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that all terms in a given vertex are always added with the same ordering of fermion indices,
whenever possible. Similarly, there has been made several simplifications in the gluon ver-
tices based on Jacobi identity. Our package contains also routines generating automatically
Latex output for SMEFT Feynman rules. If necessary, users can run the SMEFT-code to
obtain a subset of vertices for chosen Wilson coefficients, relevant just to their analysis.

The SMEFT package for FeynRules, with instructions for the user, can be downloaded
from http://www.fuw.edu.pl/smeft. In appendix B we describe how to install and run
our package.

Very recently it has appeared in the literature a Mathematica program, called
DsixTools [32] that calculates the Renormalization Group Equation (RGE) running of
Wilson coefficients for the operators listed in tables 2 and 3. This code is complemen-
tary to our SMEFT code when calculating renormalized amplitudes at leading and, up to
modifications, next to leading order in perturbation theory.

7 Conclusions

It is a central problem in particle physics today to categorize and parametrize New Physics
effects that are expected to arise by new effective operators at some scale A. In this article
we analyzed the structure of Standard Model Effective Field Theory (SMEFT) including
non-renormalizable operators up to dimension 6. For the first time in literature we derived
the complete set of Feynman rules for this theory quantized in linear R¢-gauges.

More precisely, we started from the well known “Warsaw” basis of ref. [11], where
the complete set of independent gauge invariant d < 6 operators is given, and identified
the mass eigenstate fields after Spontaneous Symmetry Breaking (SSB). In achieving that
goal, we performed constant and gauge invariant field and coupling redefinitions in such a
way that all physical and unphysical fields possess canonical kinetic terms. Furthermore,
we constructed gauge fixing functionals which in mass basis have a form of the linear Re-
gauges used routinely in the SM loop-calculations. A general set of different gauge fixing
parameters for each gauge field has been introduced, for completeness and for additional
cross-checks of the theory.

In order to restore the broken gauge symmetry after adding the gauge fixing terms, a
set of Faddeev-Popov ghosts has been introduced. The ghost Lagrangian has been chosen
such that the ghost propagators again have the SM-like structure, while the effect of higher
dimensional operators appears explicitly only in their interaction vertices. We also proved
that our SMEFT action preserves BRST invariance and provide the reader with pertinent
transformations in section 5.

In summary, after establishing all steps described above, the bilinear part of SMEFT
Lagrangian and all, physical and unphysical, field propagators expressed in terms of phys-
ical masses have exactly the same structure as in the SM (although certain relations of
masses and couplings, such as the p-parameter for example, are modified by the new oper-
ators). The effect of new d = 5 and 6 operators appears explicitly only in triple and higher
multiplicity vertices, either as modifications of the SM ones or as genwine new interactions
beyond the SM.
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http://www.fuw.edu.pl/smeft

Within the mass basis considered here, we constructed the complete set of Feynman
rules in the linear Re¢-gauges, not resorting to any restriction such as CP- or baryon-
lepton-number conservation. The Feynman Rules for the total 383 vertices (not counting
the hermitian conjugate ones), which are about four times more than the SM vertices,
are given in appendix A. All Feynman rules were derived using the FeynRules code and
a set of auxiliary programs created by the authors to perform field redefinitions, various
simplifications and an automatic translation to Latex/axodraw format. All propagators
and vertices are both listed explicitly in the appendix A and provided as a publicly available
Mathematica package, that can be downloaded from

http://wuw.fuw.edu.pl/smeft

The reader can consult appendix B for programming and installation details.

On the practical side, we believe that our SMEFT collection of Feynman rules should
significantly facilitate future phenomenological analyses, saving time in deriving from
scratch often lengthy expressions in a complicated theory. In addition, our Feynman rules
help to avoid possible mistakes and omissions of diagrams, which could easily happen when
taking into account only some parts of the full Lagrangian, as this is done in many studies
so far. Furthermore, the publicly available SMEFT “model file” for FeynRules package
that accompanies this article, can be directly used as an input file to other high energy
physics computational computer programs, again streamlining the calculation of future
SMEFT physical predictions.
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A  SMEFT Feynman rules

In this appendix we list the complete set of Feynman rules for SMEFT in the physical
(mass eigenstates) field basis and in R¢-gauges.

In our notation for interaction vertices, indices and momentum for each particle (exter-
nal leg) carry a common number label. External indices appear explicitly in the diagrams
but momenta are suppressed for a better visual result. The convention for number labels is
displayed below for the four possible topologies of SMEFT. Momenta are always considered
incoming.
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2 2
P2 Y P2
P1 p3 b1 b3
1 3 ] ——e9—~— 3
p P4
4

In addition to the notation defined in the main paper, we use the following symbols:

Index type Symbols

Flavor (generation) fis gi

Spinor Si

Color in triplet representation (quarks) m;

Color in adjoint representation (gluons) a;, b

Lorentz Wiy Viy 0y By e
Finally, 7,,, denotes the Minkowski metric tensor with signature (4, —,—, —).

An important remark should be made about Lorentz indices contraction. After all
the theoretical work, discussed in sections 4 and 5, deriving expressions for the Feynman
rules is straightforward but tedious. In order to save time and minimize the possibility of
misprints, Feynman rules were generated fully automatically by a specialized Mathematica
code directly producing Latex output. However, it was difficult to implement in such a
Mathematica to Latex translator the proper positioning of Lorentz indices, such that upper
and lower repeating indices are contracted. Thus, in the expressions of this appendix one
should assume that repeating Lorentz indices are always contracted in a covariant way,
even if they are not subscript-superscript pairs.

Although the final output for SMEFT Feynman Rules is automatized we have made
an effort to further simplify vertices manually whenever possible. For example, a great deal
of simplification happens in 4, 5, and 6-point gauge boson vertices.
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A.1 Propagators in the R¢-gauges
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Note that f above stands for any fermion in the theory, f = v, [, u,d. Apart from Kronecker
delta in flavor indices 09192, quark propagators should be multiplied by 62 in color
indices too.
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A.2 Lepton-gauge vertices
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A.3 Lepton-Higgs-gauge vertices

el2
Ls 5 Y5 0P °
+; fifeMug Y — Z f1f2 mye Y
@ll @l3 pe
ofl — <& - Go — P PLC g, — P, POy, — vp PROT
el2
1 . 0
_;6f1f2mlf1 _Zvéflfzc‘p mi,,
. .2
) oD ) e
ol — e - - h + Zdhfzc M, + E (PLCf2f1
el2
iv2 .
T miy, PRU};fl +Z\/§UU;1flc;l?2
i ---- Gt
2
11
_UU92f2¢3PLU;1fIC;;192 + Vngfng,PLU;lfl
i —e—e - - - - - GO

255’ . .
TR | VLT e

25%v

N /g2+g/2

M3 4 eW
Ug, g0 PLCglfl

— 23 —

+ PRO;;Pb)

(p3f31+*ﬂnf21%q)



el1

f2

- - — — Cr%

ef2

ef2

“"_—G+

"

1 ep* e . 11
(PLCSTS, + PrOYy,) +i (PgPL _1154PL) Ciirs

—t (pSPL - p4PL) Cﬁ?z +i (pspR - p4PR) Chir

w ep* ep
+ﬁ (PLCf2.f1 + PRChfz)

7
- (pSPL _p4PL> 0}01[;2 a (ﬁspR a 7;4PR) Cfffz

ep* e 11
+—5 (PLOR, — PrOSTy,) — (?sPL _?4PL) Chita

3iv ep® e
7 (PLCYf, + PrCY,)

+ivPRU;1f1 Coly, + “/5 (}%PL - p4PL) U;1f1 CwlB

g1f2 g1f2

— 24 —



v
_ _ . * l . *
- G+ +iUgy f, (¢3PL - p4PL) Uglf1C!301;2 +iUgs 1, (Z%PL - p4PL) Ugini C;pfgz
a-
12
_____ 0 * 11 *
G —Ugs 1o (]%PL - P4PL) U91f1020192 + Uga s (Z%PL - P4PL) Uglfl C;Pllgz
h
2
_____ h +ivy 92 + 9/2U92f2 U;1f1 C;Z;Q‘,’YMLPL — vy 92 + g/QngfZU;u'l C;Pllgz’YAMPL
Zy,
el2
\/ig/ v eWsx _pusv eW _psv
P st (O o Pu + 3,07 Pr)
\ M3 \/57
| — Ly (G ot P+ Cil, 0 Pr)
| g +7
\
L h
el2
‘\/57 v * v v
t = +g—/2p4 ( hast 0" P+ Chipy o™ PR)
g g
\/5_/ v e * v (=2 v
----- s )
VT Py 4 P TR
2 +iV/F 507" Pr
Ha

— 25 —



i1

et

el1

e — — . n
- G —igvUg, f, U;lfl 051927H4PL

— . — v Wk v L 1 .
- G —2V2pi C oMY Py, — igvC§, }2 Y Pr —igvC¥T, v Pr
+
Wil
el2
_____ 0 * @l3
e V2 (p,PL—p, L) Us 1, O3,
G+
2
_ 2@’ ng ; J“3UPL06V?*
— . -2 91f2 g91f1
AO Vg +g
. 2§ v 75:3% eBx 1\/§§glv @l3 3
- \/mpsUmfo PLOg1f1 - ,2+,/2U91f20f1g1’y Pr
g9 g g g
a-
2
2§ v Hav eW *
———=paUg s, 0" PLCy};
- vV +g”
T G Qg/ v Hnav eBx* i\/iglzv ©l3 a4
+ §2+gl2p4Uglf2U PLCg1f1 + g2+gl2U91fchlgl’Y Pr
0
Zu4

— 26 —



el2
v % """ h —2p3Ug 1, 53‘220“4”PR - iﬁngglfl C;pllizfy““PL
Wi,
2
e % “““ G° +2ipZUglf20“4”PLC§1M;1*
14

ef2
V25 L[ eWs pav W _usv
= ,,2p3 (szflo'u3 Fr, _C;1f2aus PR)

f1 A9 g=+g
e N M3 ’I,\/i_

| + Ly (3, 0" P — Cilh, 0" Pr)

I g°+g

\

G0

el2
V20 (oW e v
fi —-—a----- GO
(&
’L\/igl v CeB* u4uP CeB H4IIP
- §2+§’2p4 f2£19 L= U0 R
0
Zis

1 ep* e
7 (PLCY, — PrCY,)

(g}
=
(¢
V
I\\\\\
A R
| Q
(=]
Q
+

— 27 —



D (v} (v

~ = =
a v} aQ
V) [V} %)

GO

7 ep* e
7 (PLC3f, + PrCYY,)

3 ep* e
+— (PLCf2f1 - PRCf1f2)

V2

1 ep* e
7 (PrCyrT, + PrCYYy,)

L (poeeer — Preee,)
+ﬁ( LY fo 1 RY ¢ fo

31 . e
7 (PLCY, + PrCY,)

— 28 —



f2 ppen

(&
/
4
/
7’
/
i1 I cee gt
1
1
A
1
1
LG
ef2 /// o
/
/
/
/
/
o $----- el
1
1
A
1
1
e
ef2 /// ot
4
/
7’
/
| R " ,
1
1
1
1
\
L h
i I .ot
1
1
A
1
1
L G™
2 /// ot
4
/
7’
/
i1 ISR
0
Zus

2igg’

g2f2

+27,PRU;1 3 [05sa

91f2

+iPRU;1flc;ff2
+iPrUp 0 Colte
Uz, s Corgn"* Pr = 2igg’

- 29 —

VE+g®

J>+g

* 13
ng f2 Ug1 f1 C;Plg

13
Usa o Uglfl 051927#3PL

zfyﬂs PL



€f2 Azs
P . )
o1 —--- Ot _ 2igg o¥h ,yug P+ 2igg %3 7H3P _ 2igg C%°, ~M3 Py

! 72 Jrg,z f1f2 \/W f1f2 L 72 +g,Q Fir27
A
1
LG
ef? ,'/ G+
/ _ _ 2
/’ v (g/ B 92) pll u5P ¢ (g/ B 92) CcplS W-P
)/ — YR L= = — YR L
efl _4__G7 924,29/ 92+g/
i -7) .
§2+g,2 Cf1f2’y Pr
0
Ly
————— 0 - — * ! 5 . — — * l
vl G +ivg? + 9,2U92f2 Ugr le;z’yu Pr—ivg*+ glengzUth;ingy%PL

A
MN\J/
&)
N T~
TOo S o
w \\
Q
o

iV G + 7%V Uy 1, Cirl 02V P — iV G% + §2Ugs 1, Uy, 1, Cilon ™ Pr

<
>
<
NMJ/
V)
N
o ~ o
>
>

M5

+iVg? + g7 CH A" PutiV/ g + 7 CFl " Puin/g? + 92 CF 7" Pr

v
=
o
~
W\N\J/N
\\
tNo Teel
(o1} ~
Q
o
Q
o

— 30 —



el? /h
/
/
/
/
/
/
o ——¥-e N
0
s
/
2 K GO
/
/
/
/
/
l/fl - - - - G—
+
Wus
2k ,'/ G~
/
14
/
7’
/
il —e— - - - h
+
Wi
ef? /// G°
/
/
/
/
/
efl - - - - G7
+
WP‘5
el /// G~
4
/
7’
/
efl ——& - - - - - h
+
Wi

VMSPL—’_?;\/WCflfz

+9Uqg, 1,Ug, 1,

—1gUgs, g1f1 CQ

— ~pll
+gcflfz

pll

_igcflfz

— 31 —

~

@l3

PV FCR,

ell | ps
091927 Pr,

*

@ll
192

,yl»"S PL

7“5 PL + Z]C}Pfh'y“s PR

"oP - Z‘gc;flefz WMS Pr

,}/NS PR



2 i >)A23
2a5
efl _____ GO + \[gg C(plB ’Ylm P

\/WUglﬁ fig1

' GT
2 Agg
o
f1 ---- G _ Z\fgg U 09013 n3 p
€ = = g1f2C 1907 L

/ 2 191

: 92 +g/

1

|

\

L h

V2g"?
NG

el _

Ugi 2 cere ¥ Pr,

fig1

AN
M
tNo I\\\\\

5 A
! Q
o

Q

vz ,// G~
’/
f / i\/ig/Q 13
e/l —+—& - - - - - h +772 = Ug, 15 C}olgl ’y”s Pr,
Vg +g
0
Zyis
el2 ,'/ GT
’/
vi ---- G- —iv25Ug, 5, C21 4 P
+
Wus

— 32 —



el? F G

I/fl ————— GO
+
Wiy
ef2 )/ h
/
/
/
/
/
/
1 —— - - - - - h
+
WHS

—iV/2gU;, 1, C7"% y#5 Pr,

g1f2

_i\/ggU;h C(Pm WHS Pr

g1f2

~2Uq, 1,0 PrCg 5,

,Z'\/ig (JH4H5PLC;:?1* _ C;f‘;z 0“4“5PR)

+\/§§ (Juws PLC;QV‘;I* + C;Y}‘gauws PR)

— 33 —



2igg’
99 U91 f20,M3/A5PLCeW*

VP ta® "

2ig>
+—F—Usnp ghare PLC;Y‘;:

—
+ 299 U, M35 P eW
91 /20 LCg1 f1

25>

VP

U Baps eW
9120 Pchlfl

2257’

gH3ks pp C;ZV‘;I*

— 34 —



2v/25>
e
/g2 + g/?

5 w
UWWQPLC;zfl*

A.4 Quark-gauge vertices

uf I VT 2ig°g"* v’ 5
1J2 1J2

3Vg? +3” 3(g2+3°)""

\/§7//U v u * v u v
- Y = P3 (Cf;/}/l o P + Cf1VJ“/2 o' PR)

ufs ) Vet g
3 ﬂgv

/gQ +g/2

C#PWB M3

5

vk (CHTio"" Pu+ O} fy,0" Pr)

7°) 7" P + 457" Pr)

i (6
GW f1f2 g

igg'v* W B 2 2 2
—/ — —
pr e (AR DR L)

2_ v u * v u 174
- fgv (Cf!}/ o™ P+ Cflv}/zau3 PR)

NCET A

27I”U v uB* v u v
figps (szf;’clgus PL+Cf1E;20u3 PR)

0 +
ufl ZMS gQ + ng
1. - - * :
+ 5“12 g%+ glszszfzm C;’;qgllfypr
1. - - * :
h 5“12 g%+ 9/2Kf192Kf291 C;’;q;fypr

1 )
+ 5 VF + TCR A P

. S22 2
a2 igg ws 19 g oWB
" 3@ )

P4 (C}l;?l*U“SVPL + C’?ﬁz U“SVPR)

M3

v

L V25

A% Vot
V2gv

/gQ +g/2

dn
v dBx* v dB v
b3 (Cf2f10'mS Pr + Cf1f2o'u3 PR)

— 35—



dr2
dh ng
42
uft W:a
ul?
uft W;j;
Ha
42
ult Ally
Wi,
dr2
uft st
ZB4

tovaraee ((

VEd?

_’_7
V7

3§2 + 9/2) ’YHB j - 2§/27M3PR)

.y 2
igg'v _ 2 . _
o g (8% v b gty )
g g
ﬁ_v v * v v
P (OB P O )

+ /= ~72
g2 +g/
\/5_/7} v * v v

1 1 -
+ 5 VG + g7 P+ GG+ g CF A" Py

1. - -
+ it VP 7O P

Zg v v uW *
77Kf1f2'7‘u3PL - 2")173K'91f2‘7MS PrCy/ 'y,

V2

9
- zvpgKflgl CdﬁZUMSVPR - %C(‘aud 7"* Pr

g 2\/5 f1f2

—V2gv (0”3“4PLC}‘2V}/1* + C}‘f};a“sw PR)

2gg'v W 2gg'v aw
Kg,p,0"" PLC, - Kf1910'u3u4PRCglf2

g1f1 \/W

2727] * 2727}
g Kglfzo'uslMPLCuW g Kf191UH3H4PRCgl‘/‘;2

a1 T \/W

— 36 —



dfz
" Wi V20 (S PLORY; + OfY, 054 P

Ha

A.5 Quark-Higgs-gauge vertices

f2
U .
Z\/i «
_TKf’zfl (mdfl PL - mufsz)
. * 3 * 3
+iv2v (wazc}ofqz (mdh Pr=may, PR) 7p3PLKf2glc}plqg1)
dfl - -- G~ i pudsx
= PRl
dr2
1 5 v »D 5
+56f1f2mdfl'y — Z(;flfQC Mdy Y
pql ©q3 pd
dfi ——e& - - - - - e 7Up3PLCf1f2 7vp3PLCf1f2 7vp3PRCflf2
42
7 . O
— o 0nfamay, — wp 1O may,
. .2
(Y @D 0w dp* do
T R G h + g 0nnC" My, + 5 (PLszfl + PRCflh)
ul?
1 5 v D 5 * 1
_;5f1f2muf1’7 + delfzcw My Y _UKf192p3PLKf2g1C;2q91
* 3 u
uff ——e - e + UKf192p3PLKf291 Cozor — Up:sPRC}P1f2
ul?
% . O
7;5.f1f2muf1 7“)5flfzcw WLuf1
. )
[ D 2% Up* u
i —e—e - - - - - h + delfzcw Mg + (PLCf;’fl + PRCffh)

V2

— 37 —



w1

. d
+’L11PRKf1 g1 Cgipfz

. 3 1 ud
+7’\/§Kf191 (pSPL *p4PL) C;quf2 + ﬁ (pSPR 7p4PR) C}Plf2

—wPL Ky, C;lgpft

I

+ﬁ (PLC?;PJ:; + PRC;:‘}Q)

w « . «
+E (PLC}Z}I + PRC}?}Z,) + Ky g, (¢3PL - ;%PL) Kyyq, ngqgll

. * 3 . u
+ Ky g, (PgPL _P4PL) Kf291Cg;2qg1 te (1”3PR _¢4PR) O}Plf2

v UP* U * 1
_ﬁ (PLCfffh - PRCf;pfz) — K (pspL _p4PL) K59, 05001

* 3 u
+ Ky gs (%PL _¢4PL> Kf2g1c.27pzq91 - (P3PR _p4PR) C}’;f2

3iv UO* U
+ﬁ (PLCf:;fl + PRCfffz)

— 38 —



dr2
dh ---- Gt
A
LG
42
dn J ————— G°
|
I
|
¥el
dr2
dh J ————— GO
|
I
|
L h
42
qfr —— - ---- h
|
I
|
L h
ul?
ul1 , Agg
I
I
|
L h

v dex d . 1
LG (PLCfffl + PRCffh) T (?3PL _¢4PL) Ciirs

~i (paPe—p, ) CR 4 (pPr— p, Pr) 7,

w depx d
+75 (Pecisy, + PaCiry,)

v dp* d 1
A (PLCf;pfl - PRCffh) - (¢3PL *3”4PL) Cilts

- (pspL - ¢4PL) Cﬁqu - <¢3PR - p4PR) Cﬁdfz

3w Ao d
VG (PLCf;pfl + PRCfffz)

_ V2

Va2 +g”?
\/5!? v * v v

Tt (Ciio P+ Ol a)

3 (0?2‘/}/1*0M3DPL + C?1V¥20u3uPR)

-39 —



ul?
\/§§ uW % v uW v
i (CRR o et Cyo" " P)
‘\/> 1z u * v 17
Y/ P - h + ﬁm (Cff}l "Y P+ CRj, 0t PR)

g°+g

+ Z'U\/melg?, Kf29109291 VP

- Z'U\/melg’szQ!h Czlpzqgj;l’YWLPL + Z.U\/-Wcﬁub’YH4PR

0
2y
42
27/ * v v
g (o vy s )
0
dfl A AHS I Jg—
: S (it
. 9> +g”
\
L h
42
\/ig * v v
vt (ORI P+ Ol P)
\/ig’ dB* v dB v
4 ——& - - h T E (szh " PL + Chpy0™ PR)
iV T T B + i T Py
2 R P
pa
ul?
w1 ---- G- +2\/§pZC}‘1V}/2 MY PR — iguK g, Kfyg, O 291'7H4PL - ngcf1f2 " Pr
Wi,
42
df - -- G- —2\/§pZszf* P ngCfle My — ing}Pldfz " Pr
Wi,

— 40 —



g1f2

dr2
fl— e a0 V2K P poes L (yp Pr)Ce
u ' - f191 ?3 L_¢4 L +\/§ ?3 R_]ﬁzx R Y it
A

v ok uW _psv
pSKglflcglfQG *Pr

29
uf2 /g2 +gl2

)
K}kgglcqu ~H3 P — — M9V (ouds "2 Pr

~
ﬂ\/W faf1

fig1

2g v * B v
+ /762_’_@,21)3[(91)"10;1)"20”3 Pr
f1 AO 2§/ uK* ,uguP CdW*
d X ©3 - /7§2+§,2p3 f2919 L%g1 f1
| 2g - wsv dBx
? - W%ngglg PrCy
LG __iV2gg'
/g2+*/2

2§ v * uW _pav
- p4Kg1flcg1fQU " Pr

u? 9 +g”
2§, v * uB v
— 71)4[{ f C f O'M4 PR
7 +§/2 g1f1~91f2
2§ vV ook v AW *
ah ---- G — =5 P1 K, 0" PLCy
G 9'2 291 g1 f1
257' e Hav p CdB*
+—= — P4l f39,0 L%g1f1
Vg2 +3?
0 . _2 ._2
Zia n iv2g"v K5 v tgv Ceude pa py

M4 S
VPt gt e G T g

4’2
—2p Ky, 4,0" 4 PLCYY " — 2D K g, g, O3y, 04" PR
ufl ---- h _\/77 ©q3 s ’Lg’U oud g
— 4 2gva1gng1f2'y Pr — ﬁcflfzry Pr
+
WHAL

— 41 —



ul?
IR U IR v * g’U wdx
dfl _____ GO +27'p4K91f1091VfV2 Hav PR+21p4K.f2910H4 PLClevﬁl - \/’C}pgf(i 7“4PR
14

ul?
25’ CuW S13v p oW sHsv p
— ot (Gl o P Ol )
f1 A°
u n3
! Zf * v u v
I - g2+gg v (CRT " Pr = Clj,0" Pr)
1
1
1
Xed
ul?
V2§ * pav av
B §2+g/2p (Cf2f " P = Oy PR)
fi —-—&----- GO
u
V25 Bx v
0
Zua
42
iv2g' AW AW
et (OR5 " P = O, Pi)
ah Aﬂg
1 ’L 2_ * v v
; Iy (Cor P = Cly o )
1
1
e

42
; 27 * v v
_ ’L\/ig (C}lzuf/1 Hav p, _C;}l‘/‘éa#cx PR)
g +g”
gt ——& - - - - - GO
i\/§7/ * v v
= 57/2 (ngBfl " pL — C?lezo'u4 PR)
g g
0
Zyy

— 492 —



w1

U
<
M
____»___J/
T~
1 RN
| T~
! Q
I o
Q
o

G+

f2 ) Gt

S

~

f1

Py
N
Q

o

f1

<
< QU
ey
EEEEEEEEE N B R o - - -
I \V\
! S e
I
! @Q
! +
>

GO
ul? /// G°
/
/
/
/
/
w1 \ ---- gt
1
1
A
1
1
L G™

+iPrKy g,

+iPRKf1 g1

3
V2

1

C;iffz — iPLKglfzc;fft
+2iPRKflglcsff2 = 2iPLKg 1, C
ngfh — iPLKglf'QC;ff*l
(PLC}T, — PrO},)
(PLCy, — PrCyS,)

V2

— 43 —



h
uf2 /,' Gt
/
|4
/
/
ufl - - - - (=
1
I
1
I
\
L h
ul? /// G°
/
/
/
/
/
uft ——%----- h
1
I
1
I
\
L h

<
=
<
j//\
N
>
>

I

I

\

L h

d’ i s
df l—-4——G+

A

L G™

7 Uk u
+ﬁ (Pch2<Pf1 + PRCf1(Pf2)

(PLORT, + PrCi,)

1
+7
V2

1

5 (PLCYT, — PrCy)

faf1 f1f2

31

+ﬁ (PLC?ff*l + PRC?:DJE)

1 dp* d
2 (PLCfffl *PRCffh)

— 44 —



dr2 ) at
’l
dh - - - - Q-
I
1
\
L h
da’ i ey
a’ - a°
I
1
\
G0
a2 i ey
a’ - a°
I
1
\
'h

U
j/;
M)
Q
o
>

dh

I
I
|
v h
df? i /b
dn W h
I
I
|
v h

{ dio d
+75 (PLCf;"f1 + PrCY7, )

dpx dy
+ (PLCf2f1 _PRCflfz)

3
V2

i dpx d
A (PLCfffl +PRCfff2)

+ (PLCd“"* — PRC% )

faf1 f1f2

-

3 dpx d
2 (PLCfffl +PRCfff2)

— 45 —



ul? A23
Qiggl K K C<Pq1 Hs p
T s o M e B g1 Vepa T UL
w1 -<-- gt 9°+9g _

2igg’ . 3 2igg u
- Kf1g2Kf2g1C;pzq91’7H3PL - ——=C7 ’yue'PR

1

i 7 +9” N
1

I

’/ i (g/Q _ 92)
Ky 0, K5, C2L A#5 P
f192 88 fo91 1Y L

! + = — 929
o SR N
i (g’2 _ §2) i (§’2 _ gz)
4+~ ‘K K: v AP 4+ L CF" M5 Pp
\/W 19283 f2g1 %9291 7 +§’2 f1f2
ZO
K5
0
a2 Au:«;
2igg’ 1 2igg’ 3 2igg’ d
f1 - - - 1t _ pql | p3 g3 K3 _ © n3
d ! - G §2+§/2 f1r27 Pr+ \/W f1f27 Pr 72 +§’2 f1r2 Pr
A
1
1 G_
1
dr2 ) at
” ‘ (g’Q B §2) C«pql ms p : (ng B §2) Cgoq3 5y
: =t ORI PL = — == O 7" Pr
, = 2 “Nif 2 N
dfl —-<-——G— gz+g/2 1J2 92‘1'9,2 1J2
: (gl2 B §2) pd _ ps
+ VE+5? ChpY"* Pr
ZO

ul? /// G°
/
/
/
,l . — — * 1
uft ——% - — - - - Go +ivVg® + QIQKflgszzglc;qugl'Y%PL
- Z V §2 +§/2Kf192K;2QIC;’;nglfyM5PL +/L v §2 + gl2cfluf2ny5PR
0
Ly

— 46 —



ul? )/ h

/
/
/

/

/

ufl . h Fin gQ + gl2Kf192Kf291C;pzq9117u5PL
—q /gQ =+ §/2Kf1g2 K;2g1 O;qug31 ,yus P+ /§2 4 g/2c}p1uf2,yu5 Pr

0

Zus

""" G° —|—i\/WC}PI%W%PL+i\/WCfqu2’y”sPL +iVg? + §2C%% A" Pg

fir

[SH
=
QL QL
MN\J/ NN\J/
&) N
N N
To ~ o ) ~ .
w \\ w \\
= Q
o

i N R VR RO PV + PO PN+ 3RO A P
ul? /// Go
/
/
/
/
/
w1 -<-- G- +§Kf1gzK;zglcf2q911'Y#5PL + gc}o17;27#5PR
Wi
uf2 /II G7
’/
i ——& - - - - - h =Ky, g K;2g1 C;qugll'yus Pr, — igc}elufé’yus Pr
W+

M5

— 47 —



f2 )/ GY

U

dh - - - G +gcf<ﬁqu12,yu5 P+ gcfcpldfz,yus Pr
+
Wiy
df2 pen
’/
=% h 7igc}p1qf12 VP, — Z‘gc}pldfz 7"° Pr
+
Wi

ul? i >)A25
p—; —
df1 _____ GO + \/igg K* Ccpq3 'YHSPL o g9 Capud*’yp,ng

\/W f291~ f191 V2 !724‘57/2 faf1

uf? Azs
. — )
dhn 4\‘ -—-- G —MK}* CeB yH3p 99 Ceud*ms pp

\/.W 291~ f191 \/E §2+§/2 farr Y

V25" 3 g d
f1 - - - (- __VAaY  p* »q3 s 9  ~puds_ps
d G \/WKfzglcﬁgfy P \/5 §2+§/2 fafr 7V Pr

<
W\NJ/D
N RS
=] RS
o S S
Q
[=}

— 48 —



h
df? ) G+
//
14
,/
/
ufl - - - G
+
WHs
d’ s
//
/
//
/
ufl ————— GO
+
WH.‘S
/
a2 h
//
/
//
/
w1 ——% - - - - - h
+
WMS
ul? e
//
/
/
/
dfl . h
s

. —12
n zx/ig K

Vi rgr e

P

Cv’q3 7#5PL _ 9

V2y/g? +g"”

—iV2GK 5,4, CP% 4#5 Py

g1f2

—iV2GK 5, CF93 A5 Py Mg s

g1f2

g1f2

\/E fif2

. _ 3 Zg ud
—Z\/igKflglcq’q AH5 Py — 70f11f27”5

— 49 —

g C«pud* s

\/5 fof1 7

7

Pgr

pud* (s
fafr 7

Pgr

Pr

Pr



*i\/ig (OMMS PLCEVJ“? - C}lefv2 atake PR)

_ = sHaks W
ﬂg (U ! PLC}Lzh + 0?172‘7“4“51313)

_2§Kg1f20H4H5PLC;1‘/}/1* — 29Ky g, UH4HSPRCZVJ‘{
1f2

_ 2v2g7’

Vg +g”

A & C}g/}/l*

2./952
Lo2V25
/g2 + g/?

gHaks pp C}L;}/l*

— 50 —



f1 - - 2igg’ 7‘77
[ ---@Q° _i[{ H3HS5 uW = 22.99/
g PO = g K Pl
+
Wiy
2ig? ig°
+ K 4 s uW 2i9 5
\/W 9120 PLCg 5 + \/WKflglffM%PRCgF;z
£ 0
d’ Apis
f1 - 72__/ _ 299
. N 239 ks T W 235"
\/WKglfzg PLCglfl - \/WKflglausuSPchF;Q
Wi
2§2 =)
K Haps uW 29 5
91f20 PLC Kf191UH4HOPRC;il‘/‘;2

I — -
/75724‘@’2 g1f1 T /7§2+§/2

—Z\/Eg (Juws PLC?;‘;f _ C}il‘/‘;z ohars PR)

— 51 —



W+

122

0
AHS

a2

---- G

+\/§§ (0'“4“5 Py 0}1:‘;1*

+ C?ﬁz oHaks PR)

_ 2V2g7

Vi +g”

ohsks pp C}l?‘/‘;l*

2v/2g°
Lo2V25
Vi +g”

otaks pp C;l;‘;l*

A.6 Quark-gluon vertices
uf2,
~iG:0, 1, Tdona V" = VIR Ty (CHTL 0" Pr + O}, Pr)
f1 a3
uml g;U'S
dlz,
L dG* el
—i9s0f1 2 Ty ma V™ — ﬁvpg,ﬁgi’"? (Cf2f1 o P + Cflf?‘juSVPR)
i, 95
dfz,
a 9 P q P
u{él | gﬂg +2p§Trzim2K91fzgu5VPLC;1Gft - 2p§szim2Kflglch"2UH3VPR
|
i
1
1
PGt

— 52 —



1
ull,

f1

U,

f1

Uiy

dir

dir

2
ul?,

GO

2
ufz,

>

Uiy

ay
Gy

diz,

s

dfz,

s

as
G

as
Gus

asg
Gus

as
Gus

as
s

VPR)
uG oHs

) " P — Cf1f2

(C;2f1 o

v as

) Tm1m2

72\/§p3

qu 0’”3DPR)
G*O—M’VPL +Ch,

C?Z’fl

V2T, (

e by ul G M3//44P )
2 szcjcl C}”le
T HSHALP
b ag + g
f 401 Tmim (
3a
i\/i’l)gs a I R

dG M3VPR)
MY pL — Cflfza
dG*o_
' Cfol
Va3 (
+iV2D5 T8 s

v )
3 * dG 3

dG ;_LguP C %

2]) ] o Cf o r + o FR
\/> V; mimo ( 2 f1 f1fa

— 53 —



dfz,
dj, 943 ~iV/205s fagasn Totims (09 PLCSSH, + Cf 0t Pr)
9ui

dfz, 95

<,

- b G
+2iGs fazasvr Koy £, Ty moa 024 Pr, 051 f’;

ufl 924
mq 4 .
X — 21gs fazasty Kf191T75111m20#3#4PRCg1C}2
1
A
1
1
Nex
ul?, \ i gis
a _ b G G
u;,}l X i +\/§95fa3a4b1Tm11m2 (UHSH4PLC}L2H - C}quUMSMPR)
1
1
1
|
L G°
ul?, i i 95
a . _ b G* G
ull, . gid —iV/2G, fagastn Tt (0794 PLCYSH: + C G0t Pr)
1
1
1
|
L h
iz, \ i gi3
a — b dG dG
dff}l g”i _\/595fa3a4b17'm11m2 (JHSI’MPLszfj - Cf1f20M3M4PR)

GO
— 54 —



as

dfr%z u's

i, Gius —iV/2Gs fazasvy Tt ms (0“3#4PLC}15¢J; + 0?320“3“4PR)

A.7 Higgs-gauge vertices

Nes
I
! —i\v + 3iCY — ivC#H (p1 ~p1+2p1-p2+p2-p2+p3-p3+ )\v2)
| i oD 2
GO _____ & - — —— - h + ZCW (3A’U — 4p1 . pg)
o
Y —i\v + 3i0°C? — wC¥Y (p1-p1+2p1-p2+p2-p2+ps-ps+ )\v2)
: i D 2
Gt --»-®----- h +ZCLP (AU _2(171'103+p2'173))
' h
I B
; —3iv + 15iv°C¥
| —ivC?" (3]91 -p1+2p1 - p2+2p1 - p3+3p2-p2 +2p2 'p3+3p3'p3+9>\v2)
h----- *----- h + %C‘PD (9\0® — 4(p1 - p2 +p1 - p3 + p2 -p3))
G+

P S22 2
o g9 w1 g gg v CPWB (pp1 _
——( )+ 7@2 157" (py" —p5")

G+

v

Y

Y RAVAVAVAY S e
Y
| 2

(p1-p2 — p1 - p3)C?”

— 55 —



AO

p1

AO

1

AO

H2

-t - — - —

§

W+

K3

Y U RRAVAVAVAC VaVaVAVF AR

W+

M2

G-

ZO

w3

_|_

2(g +g”

~4(g’+g

+

4ig"%v

w
WC“’ (P2 ph* — 1 pamluips)
4ig*v  _,p
# LSO G )
4igg'v wB
- W ’ (pitngl — D1 P2Mp o)
'l 2 . —
+MC“OW 1,01 +MC«J§ ay, By
> +g"” Pr P2 Cuapzonfn 3+ g"? P17 P2 Cprpzanpy
4igg'v WB_ai_p
o W v p11p216#1M20<1B1
i3°g'v

Lgu

_12

2

)
)

1._ 1. O 1.
+ 4G VN gy + 5192?1377#2/%3099 — —ig 0 Ny CF

e
2 g2+g/2 H1H3

_12 _ _
5207 " (num (9' (4p1 - p3 + 5°0%) + 45”1 -ps)

w3 #1) + 2igv ©WB_aj

B1
P17DPs \/W P1 P3 €pipgarpy

D
8

. w . W«
+ 4ivC¥ (p53p§2 — D2 P3Nuaps) + 4ivC* Y2 1p§1 €uapzar B

4iGg’
99 v CsoW( n3 o

pP1"p3s — D1 'p377u1u3)

gZ +g12
PR—)
- %CWE (pT3pgl — D1 D3Mpips)
2iv (ng _gQ) eWB ( p3, Hi
Wc (PY°P5" — P1 - P3Ny )
ey . a—; _
% BB s % DY s s
2iv (*’2 - *2) _
#vajgp?lpglemusmm

__/2
19g v 1._ 35 /= — D
Npaps — Zlgv Vg% + glznuzl%cw

2 g2 _|_§/2
.y
ig'v _ 2 _
TGt P (s (—45°p2 - s = 452 - pa + 50
+37
_ /2 2ig’v W
+4 (92 + g/ ) pg?’ng) - = = C¢WBp£211p§1 Cuopzar By
/g2 + g/2

— 56 —



W (o 2 v o 42 o0
+§ (g TG ) Nuous + b (g + 37 ) Tuops C
3iv® [ 2 D
+ s (92 +4q ) Nuzng C¥
4i§2v w
70 + P45 T (Ph°ps® — P2 P3Nusps)
p2
4i§l2” OB [ p3, 2
WC (P2°P5* — P2 P3Nuaps)
P
gg v W B _ _/2
A 2, e g™ (eana (Steps 430 £9%07) ot
4G°0 oW o
+ ch p21p§1€#2u3a151
42@121} B, a1, B1
W P2 P3 Cuapsarpy
4igglv WB_a
+ ch P3PS €urpzan

9

G, . o Gv? b . .
+§(p‘1”—p‘2“)+§0"’ (3ph? +ph*)

Q
1
1
|

3

>

ig 1. | 1.
! +o (P1° = ph°) + Sige*C7 (B — ph?) — Cige® O (b — ph?)

I
I
I
1 1 - m
| —5 Ve + 3% (B = ph?) = SvVe + g0 (0 - ph?)
I
I

1o /o =5 oD u 99'v* $WB [ Lz
GO - - SN 20, — 5V V@GR — == O (0 — ph?)

2V +9”

! _
: G i (g/Q _ gQ) 1
v sV P LV + g7 (0 — ph?)
n : o iggl’UQ (g/Z _ 92)
R AR _ cfWB (phs — ph3)
2 (32 +3g°)"? b
GO

—3iX + 9iv°C¥ —i(3p1 - p1 + 2p1 - p2 + 2p1 - p3 + 2p1 - pa
GO ----- *----- G° + 3p2 - p2 + 2p2 - p3 + 2p2 - pa + 3ps - p3 + 2p3 - pa + 3pa 'p4)C¢D
+iC?P (—p1 P2 —p1-Ps — 1 pa— P2 Ps — P2 pa — ps - pa+ 3\0°)

— 57 —



—iA+3iv°C% —i(p1-p1+2p1-p2+p2-p2+p3-p3+2ps-pat+pa-pa)CF

GO ----- - <-- GF .
1 v ~pD 2
i +§C (=p1-ps —p1-ps—p2-ps —p2-pat )
A
1
LG
LG
|
A
! —2i\ + 6iv°C¥
Gt ——>-®-<-- (G~ —2i(p1p1+p1-ps+P1L-patp2-p2+p2-ps+p2-patpsps+pa-pa)CF
| —i(p1 -3 +p1-pa+p2-ps+p2-pa)CFP
!
VG
ek
I
|
1
! —iX + 9iv”C¥
G - M h —iC*" (p1p1+2p1-p2+D2- P2+ Ps-pa +2ps - pa+pa-pa+22\0°%)
: +iC?P (=p1-pa — ps - pa + W°)
|
I
L h
1
=
1
A
| —iX + 9iv°C?
GF -4 h —iC* (p1-p1+2p1 - p2+p2-p2+ps-ps+2ps - pa + pa- pa + 220°%)
1 .
1
: +§C¢D(*p1~p3*p1'p4*p2'p3*p2~p4+)\v2)
|
I
v h
h

—3iX + 45i0°C%¥ — iC®™ (3p1 - p1 + 2p1 - p2 + 2p1 - p3 + 2p1 - pa
h----- *----- h +3p2 - pa+ 2p2 - P3 + 2p2 - pa + 3p3 - ps + 2ps - pa + 3pa - pa + 12X0°)
+iC?P (—p1 P2 —p1+Ps —p1pa— P2 Ps — P2 - pa — p3 - pa+ 3\0°)

— 58 —



2ig%g"” 4ig”?

eW ¢ pa,
A22 +W’7u1uz + Wc (PP — 1 - P2y o)
4ig* B
+ ch (PY?Ph" — p1 - P2Tuips)
4igq’ /2 _ _
A% b -~ Gt - (T%CWWB (nmm (g’ (p1-p2+3°v°) +3°m1 -pz)
! +3
I 12 ~
' (o +97) preett) + e
: 1 P2 §2+§/2 1 P2 Cpipsanpy
G 45° B 495" e
+ P +7° c” ptlllpglemlmalﬁl + Z+q° c” p?1p§16M1H20¢151
ey
I
1
I
:
h -
40 e 99V D
" W G +\/WC j2
!
G
Nea
|
A
0 : 1
Go oo f_*__Gi _§(P1'P2—P1'Ps—pz'p4+p3'p4)C¢D
I
|
1
I
L h
) 4"?,2 W ¢ po, p1
AL, +Wc (PY°P5" — p1 - P2Muyps)
4ig* B
+ WCW (P2Ph' = P1 - P2Nusps)
0 AANANE - - — - 0 4igg’ wB
Ay, , ¢ el WP p D)
I
! 4ig” oW 4ig? B
1 + c¥ 1,01 + Cc¥Bpor B1¢
! P+ P17 P2 Cuipzai by Z+g° P17 P2 Cpipzan By
I ~0 .y ~
G 4igg WB
: - ch p‘flpgleﬂlﬁaalﬁl

— 59 —



/2

4ig

w
A22 +ch (PL*P5" = P P2npips)
4ig* B
+ W 7 (PPpst — p1 P2t ps)
4igg’ wB
""" h — 5 C"E (PPt — pi - patu )
—9 —/2 1 2 H1p2
: g+y )
X 4ig’ W oo 4ig B ooy B
E + W v pllpglqtluzalﬂl + ch D1 P2 €pipnan By
i h 4135 o WB, o
| a WOW pllpgleﬂlﬂzalﬂl
' A0
G 7 L_TTE L en
: 9 §2 +§,2 77/»‘1#4 SW H1H4
1 —
_ /2
| T ek 9_2 550" (4 (92+g’ )p?“pﬁ”
---- G 2(32+397?)
/2 _ _
— N1 pia (g' (4p1 - pa + %) +45°m -m))
2g WB a1 B
——— c? p11p4leu1u404131
Wi, Vg2 +g”
. L 9°7 L _ig°g’ o0
: G~ 9 g2 +g’2 Nt pa QW,OMUML
1 =2
Y _ig*gv? P
I = —=Nuapa
I 8 g2 +g/
! .—
_____ 1 B 2
h + - g_ —7 cvWB (4 (92 + g/ )pqmpifl
2(9° +97)
/2 _ _
— T pa (g' (4p1 - pa + 30°) + 45°p1 -m))
W+ 22§ WB_«a
Ha + — . -2 ’ pllpfl €uipaarfr
VI +g
GO
|
1
1
| ig® 1. 55 D
_____ . WJLS +777M3#4 - 17'9 v 77#3#4C<P
. oW o
=+ 4ZC¢W (pg‘lpﬁf?’ — p3 -p477u3u4) + 4iC*¥ p31p£1 €usgpgan By
W

— 60 —



Gt -->-

AO

1

AO

p1

—— - = ——— - — - —

——— - — - —

Wi,
W
h

Wi,
Wi
GO
_____ GO
2,
feas
.
2,

ig? 1

"‘777#3#4 + *@20277#3#4 cP

2

oW W
+ 4iC¥ (p§4pg3 —P3- p477,u3u4) +4iC* pglpfl Cuzpac B

)

1g .2 2 o 1.2
5 Muzps +29°0 7]#3#40% - Jgv 7]#3M4CW

2

D
4

. w . W (e}
+4iC? (p5*ph® — p3 - panugps) + 4C7 pslpfl Cuzpacr B1

4igg’ w
-‘rWC(P (PY*PhY — P pamlui )
4igg’ B
- ch (P Ph" — P1 - Pamluspg)
2 (g/Q . g2)
wB
ch (P‘f‘kpﬁfl — P 'p477u1u4)
4igg" oW 499" 0B
+W ’ p?lpflemwalﬁ - §2+§’2C¢ ptlllpfleﬂllhlalﬁl
2i (g’2 - gz) _
WB,_«
+ ch p11p§1€u1u4a151
——r (=12 -2
199 (g g ) S Ty
4572-1-57’2 Muipa = 599V Npapa
499" ~ow
+ ch (PY*PY" — P1 - Panuypg)
4igg’ B
- ch (PP — P1 - Pamuipg)

2% (§/2 _ §2>

(§2 + §/2)2

_12 _ _
e (77#1u4 (9’ (p1-pa+3°) +3°m ~p4)

o | 2 4igg’ W o
- (92 +g, )p‘lMle) + 7C¢Wp11p§1€ﬂlﬂ4alﬁl

495" B
g +g”

2% (g/2 _ g2)

g +3”

92 + g/2

a1, B1
P1 Py €pipaarfy

©WB_ai, B
C P1 Py €pypgarfr

— 061 —



G- P

4igg"  ow
, +WC¢ (PP — p1 - Pauy g

4i99" o
W TP PEY = P patiu )
2 (g’2 - g2)
4igg
ZO

wa 2 (g’2 - g2) B a8
* WC@ D1 Pyt €ptpgan By

W B
CP7 2 (P Pyt — p1 - panpypug)

4igg’

B
7 +9° c* ptlllpfl €pypaan By

w B
+ c¥ p?1p416#1#4(11/31 -

L 99" P s (
N A N e
—/
9 - _r2 _
————— Wi I O (Mg (—497ps 1~ 457ps - pa + 50
2 (92 + g/ )

_ _r2 : 2§, w «
+4 (92 + g, ) ngpZd) + 7C¢WBp31p£1 Cuzpacy B1

_ 12
292 + g/ ) 77M3M4C¢D

——— - — - —

Ha

h igg’” igg *v*

— e Mgy — — =gy C
2 gQ +§/2 K34 2\/@ K314
_ i§v2 (6§2 + 5§/2) n o¥P

K34

8 /g2+g/2

_ ig’ CPWB (
2 (gQ + g12)3/2

wd

M3

_ 12 _
Nus (—492173 pa— 4G "ps - pa + g4v2)

o 2 2ig WB
+4 (92 + g/ ) ngpZ:;) - ——C" pglpfl €uzpacr B1

/gQ +g/2

ZO

Ha

— 62 —



2

+% (8 +3°) Mo + % (2 +37) MuanaC*”
E o + % PV (P PE® — ps - panuspa)
’ %03 (4 PE? — D3 Patluss)
GO - ' 25, - %C*’W (muases (=ps-pa+ 570" + 5% +aplip}? )
%wapglpflﬁuwwlﬂl
0 -
Dus + %ngiﬂglpflewwmﬂl
+ %CwWBpglpfleuawalm
i(s%- 572)2 1 )
+WTMSH4 + 52’1)2 (57/ - §2) Musa CF7
. + %CW (P54 — ps - Panusps)
? g;%g; PE (phAP® — ps - Pamlaps)
Gt e 7, - mcw (musns (~20 (205 -pa +5%%)
—4g%ps pa+ "7 +510?) +4 (5 + 07 )
ZB4 + % wwpglpf%uammﬁl
2 _
+ gjog'g/Q apog1p§1 €pzpgar B
- % wWBpglpflﬁusuzxmﬁ
+% (5 +5°) mass + 0° (7 +5°) Masa O
4 517”2 (4 +5°) tuanaC*”
i g + %C“’W (P5*PY® — P3 - Pafusps)
.2
o | B 4 OB G i)
w3 n % oW B (mw4 (*4}73 pa +§72v2 +glzvz) +4p‘3‘4pff3)
ZB4 5_7243_79‘;2 «prglpfl Cuzpgar By
.2 _
+ %CWBPglpflfusmmm
+ %C¢WBpg1pf1€%Malﬁl

— 063 —



AO

M1

AO

K1

AO

1

Az
- - - G
Wi,

W\A?\M Wik
Zs

—_—— - — - —

- - - G

W+

Ha

Ha

VE+d?

2i5°g'v owB
—=5C" (n#1#2pllt4 + 77#1#2]754 - mtlluzxpllt2 - 77#2#41751)

g2 +g/2
2ig2glv WB « le%
- WOP (P71 = P2") €prpapsan
4i£7§/1) oW Ha 4 3 3
C (MuansPt™* = MurpsPE™ = MuapaPL° + Ny pa P

2i§21} WB
+ MusuaPs’ — MuspaPy’) + —F——=C"" 7 (

My HspTAL — Ny M4p§t3 )

4igg'v Vo oa o o
g2 + g’ C Py + 15" +05") €prpapson
g g
Zigzv WB a
- ch D1 €pgpapzan
2igv WB (-2 2
+WC“’ (9 Mns P = G M waPY

_2
+ gl (nu1u4pz3 - 77M3N4p51” ))
2Zg’U ©W B

-2 « 12 o
- G2 + g’ €p1papzan (9 Pyt +gl P41>

1gu

+7C¢D (P + p5*)

qgu
+5C77 (2p1* — p*)

— 064 —



——— - — - —

- 1
. % h ~5i9v0"7 (21" = pit = pi")
Wi,

WL 4ig2v

oW 114 Ha M3 M3
(MuansPs = NuzpzP3" = MuapaP2” + Npopa Py

2igg'v  _own u "
+ 77#3#41052 - 77#3#41722) - T (Mp2paPs® — Nugpa?s®)
h =-=--- W Vi +3?
3

4i§2v oo o o

" gl 0 ) e,
g g
2igg'v WB

_ 70@ palﬁ

VA N 4 Cpapapzar
- 9°+g

W+

H2
2§25 PWB 14 s o o
o _§2 +g7 (Mu2nsP5™* + MuopaPs® — Nuspa (P5° +P57))
O Zyis e
B 2ig%g'v ¢V~VB( L P
§2+§’2 3M2Ma0]
0
Zpia
| GO
I
1
I
|
1
1
D ¢° —SoVF GO (gt )
0
Ziia
P G
|
A
: —r2 _ 72)
G == s TG Y (g g PP pha
2 g2 +g/2 1
0
Ziia

— 65 —



1
AR A " — 30V + 3P0 (39— pht — 9
Zp,
1
| G
1
Y
1
1.
Gromm g h +5ivVg? + g2 (ot — )
Zp,
GD \\ /l GO
\ 7/
\ 7/
\ 7/
\ /
G ----- $o---- G° +18ivC¥
1
1
1
|
'h
GO \\ ,/ G+
\\ //
\ |4
GO ----- $-~-- G +6ivC*
1
1
1
|
L h
G+ \\\ /II 07
\‘ ’/
Gr WG +12ivC?
1
1
|
1
'h

— 66 —



+18ivC?¥

+18ivC¥

+90ivC?

g9’ P (

M1

Pyt —p5t)

2099 _0roD (gt 1 gt — pht — gt

— 67 —



0 _
Ay, -*--G
+
W,
0 / _
A,U«z ,/ G
7
14
/
/
7
0
AM _____ h
+
W,
GD \\ /l GO
\ /
\ /
\ /
\ /
0 \\ II +
A% W\?M Wi
W,
G+ \\ // G7
\ /
\ 7
4 14

A9 W\?M Wi,
Wis

VE+d?

Vi "

25°9' W B (

s ws s 1
Muapa P + Mg paPs” = MurpsPL> = MuopsPs')

s ws o 1
Nuapa P + My paPs” = MuapsPL> = MuopsPs')

+g2 + g/2
2§2g/ W B a a
+ WO¢ (P71 = P2") €prpapsan
_ 2i5°g W (
g2 +g/2
2i§2§, W B a o
- W v (P17 = P2") €prpapsan
4Z§§/ oW (

+ 77#4#51721 - 77#4#517?1) +

4igg’

2ig>

+

APWB o

2G>

W (% (o3 (o3
Ce7 (p1" +pst +05") €uipspany

- W D1 €prpspaan

4igg"  ow (

+ 77/44#5?21 - 77u4u5pg1) -

4igg’ W
2Z§2 CchB aq

+

_l’_

— 68 —

2ig?

P1 €uipspacn

M5 5 Ha Ha
Nu1paP1” = Mprpals” — MpapsP1” T MuipsPs

WB
¢ (ﬂmmplfs - 77#1M5p§t4)

w5 s a pa
NurpaP1 — MuapaPs” — MuipsP1 + NMuipsPs

eW B M5 M4
(N1 paPY® = My s V™)

w
c¥ (p(lll +p$1 —|—p?1) Cuipspaan



A9, WAgAM wih
Wis

_ 47'§g/ oW (

s
Nu1paP1

+ Npaps P — MpapsP') +

M5 Ha Ha
= NurpaPs” — MpapsP1" + NpapsPs

2ig° oW B (

4iggl W (% (o3 (o3
+ ——=_c*vV P + 05" + 05" €urpspac

2ig> oW

B_aj
N P11 €uipspaan
Vg +g

29 wB (-2 _2
—W ¢ (9 Ny paPL® = J My s PL*
_2
+ g/ (Mpr s D5* — mmpé”))
2g WB 9 a1 =2 a
ta217 e psnaon (g P+ p51)
2ig WB (-2 _2
+ch (g NprpaPy® = G Mpaps Pt

/2
+ g/ (M1 psPs* = Nuansph’ ))

21§ WB _2 « 12 «
ﬁcw Cpypspgon (g pll +gl p51>

_g2+g/

+Wﬂuws

— 069 —

2ig%g'v c#P

77M1M4pl1L5 - 77#1#5pét4)



SR A h +5 O (W 9~ 2f)

W+

M5

GO - h +2077 (20" — p® — pi?)

GY -7 o GT +20°7 (205° — pl® = pi°)

W+

M5

[ ig
Gt --> h —5 C7P (2 — b —ph?)

+
Wi
GO - W/tl 72‘@2”77#4#5 ceP

M5

— 70 —



4ig?

V@ g”

+ Mpans P4°

4ig®

2igg’

+2i§2m7u4u5 ceP

w 7
O (MuspaDs® = MuapaPh® = MpspsPs™ + Nusps D5
13 %ggl eW B I “3
— MuansPs>) — C (MususP5* — NuausP5")

Vg +g°
w
C?" (ps" + 15" +05") €uspgpaan

APWB

oy
B Ps Cuspzpaar
V3©+g

4ig*

- /g2 +gl2

+ Muans Py°

4ig*

2igg’
+ 99

4ig*

Ve a

+ 77/44#5?23 — NuapsPs

4ig*

2igg’

W M5 M5 Ha Ha
(Mspals® = MuspaPy® — MpspsPs™ + Nugps D5

2igg’
— MuansP5°) + _LQ_QC@WB (
Va*+g

w
C?" (ps" +pi" +15") €ususpacn

pa w3
NugnsPs' — MuapsP5>)

wWB

o1
— D5 Cuspzpaay
V3©+g

W M5 M5 Ha 14
C (MuspeaPs® = NugpaDy® — MususPs” + MuapsDs

H3) _ ZZggl oW B (

W (3 (o3
c* (ps* +pfl +P5") €usugpaar

pa w3
NuzpsPs — NMuapsPs )

LpWB aq

D D5 Cuspzpacn

— 71 —



W+

122

_ +
G \ W,
\
Al
\
\
\
0 _ — _ _ _ 0
G Zpua
0
Zus
' +
h | Wi
\
\
\
\
\ 0
G o Zyis
0
Zys

2
+4ig70 (Mo ps Muspa + MuspaMusus — 2MuzpsMuaps) C7

+

4ig%g" v

2g2g1

2g2g1

2ig°g’ ©$WB (

g +g°

_|_

7+

4ig3g'v

2i5°5_ o B

w
(Mpr s Mo pea + Muspauops — 2N o Muaps ) CF

w

WB
¢ (77#3#4p55 + 77#3#517?4 ~ Nuaps (pZB +p§3))
WB o o
2 ? (pg* 7p51)€M4M3M50¢1

77#3#41”55 + 77M3H5pg4 — Nuaps (pZB erlgs))

aq (o5}
) (ps —Ps )€H4H3H50¢1

W
(2Mp1 s Mg s — MprpaMusins — MpapsMaps ) C

— 72 —



Al 14
AO oo h pp—— @D
o =197 VN1 s C
0
s
GO e
\ /
\ /
\ /
\ /
0 Vo 1 = —
G h —3 VI + g0 (B + p5® + 05— 3p4°)
0
Zys
at G
\‘ P/
) \\ // 9/2 _ 92 D
GO -----&----- h _70@ (pl’u') _ le’)
INEr G
0
Zys
h \\ /l h
\ /7
\ /7
\ /
\ /
. \\ // 1
__________ — — D 5
G h —5 VG + g0 (B3p" —ph® — p — i)
0
s
Qo \\\ ,,/ Gt
\ /
\\ 1 4
Ny _ 1
Qo - - e +?\/WCMD (p5° — p4°)
ZO

— 73 —



1 4
\ /
\ /
+ o N7
G - - - -- G
0
ZMS
G '
\\ /h
. /
/
A | /
\
\ //
G+ e \ s
————— h
0
ZP'S
GO \ / _
\\ // G
\ /
\\ y
\\ /l
GO ----- '
+
W,
0
Zus
G7 \\ ’
\ /l G7
\ /
Al 4
\ /
\ /
G+ N N/
+
WM4
0
ZHES
G-\ '
\ ! h
. ’
/
Al /
\
\ //
GO _____ A/
+
Wl’%l
ZO

M5

+

MCwD

(pM5+ 5 __ 5 5
V04 ph® — ph —pi®)

1
+-i\/g2 + g2C¥P (pts
5tV geC?m (py® —ph®)

1.,
*ilgv\/mmw ceP

12

igv (3° - %)

\/W 77#4#50

wD

1
113 — —
2 gv \/mes ceP

— 74 —



e + 3._  Z -
G > Wi, _ilgv V§*+ 9/277M4H5C¢D

4igtv o
_W (MuzpsMpapa + MuzpaMusus — 2Mp2ps Mpans) C
Go Y / h
\ /
\ /
\ /
\ /
G() _____ L ZO +i —2 _12 C(pD
b4 WG +7G ) NMuaps
2,
G7 \\ II h
\\ ,
1 /
\ /
\ /
o 0 (2
Gt --»- Z, +wv (g' - 92) 77#4#50ka
0
Zys
b\ ! h
\ /
\ /
\ /
\ /
h----- § 70 (=2, =2 »D
K4 +30 (g" + G ) Nuaus C
0
Zys

— 75 —



GO\ /GO

GO ----- *--- Gt

GO \ , GO
\ /
\ /
\ /
\ /
\ /
A
(C *oooo- a°
7\
/ \
/ \
/ \
/ \
/ \
/ \
h, h

— 76 —

+90:C¥

+18iC¥

+12iC*

+36iC¥

+18iC¥

+6iC*



\ /
\ /
Al 14
\ /
\ 7’
A
GFH--»-%-=-
7\ - - G_
7/ \
o +12iC*%
\
K \
\
o b
0
G \\ /l h
’
\ ’
\ ’
\ /
\ /
N/
GO _____ *----
I ~h
AR '
A +18iC*
\
/ \
/ \

\
_ /
G \\ // h
\ ’
A ’
\ /
I
Gt N
/A ~h
/AR
A +18iC¥
\
’ \

ho----- * - -
---h
+90iC?

7’

/

14
/
0 !

Ay, - <-- gt =
VAR + 8ig2gl2
AN > +7°? Tz C7
/ \ g
7 \

— 77 —



25°9' D
- Wﬁm K6 c¥

2ig°g’ D
Nu1pe c¥

_i'_i

—2ig% 156 C 7
G~ lan
\‘ ’/
0 e _
G h _29277u5us ce
Wi Wi
+2igz77#5 16 PP

— 78 —



4i—2—/2 -
- 9.9 (nmuenlwus + NuipsMuape — 277#1#2”#5#6) c*

2+

4ig°g' w
_ﬁ (nmuenuzus T+ Ny s Mpape — 277#1#2”#5#6) c”

4ig*g"” W
7% (77M1M677M2M5 + Ny s Mpaps — 277#1/»‘4277#5#6) c”

. w
+47'.92 (77#3#6 Nuaps + Mugps Mnaps — 2Mpspa 77#5#6) c?

. w
+4192 (MugneMuaps + MugusMuape — 2MuspaMusue) c*

- 79 —



._2 w
+49g" (Mg peMuans + Musps Muans — 2Nuspausug) CF

GO \ , GO
\ /7
\ /7
\ /
\ /
\\ // 23—/
0 + 419°g w
A*‘l W“4 +W (277#1M677#4#5 — NuapsMpape — 77#1#4”#5#6) c”
- 0
Wi Zg
Gt G
Al 14
AO N W+ 41§3§/ oW
K1 K +W (271 w6 Mwans = Mur s Muaps — Muapalusug) C
- 0
Wi e
b\ ' h
\ /
\ /
\ /
\ /
AO N W+ 4Zg3g/ oW
K1 Ha +W (2041 w6 Mpaps — Mur s Muane — MprpaMusus) C
- 0
Wis s
G\ ex

7ig§/nu1uﬁcwD

— 80 —



4ig9' (5* - 7°)
R

wD
N1 s C

. D
—iGG N1 11 CF

SR
+50V5 + 7 Mg C77

g(s% -7

Jri

wD
NuspeC

1. = - D
—5i9V g’ + 7Nz C¥

— 81 —



=2 ~2

I D
MuspeC

/gQ +g12

GO _____ 1 — — _
+39V5 + T *Nusus CF7

W+

s

3. -
—3i9V g + 3 Nusue CF7

GO

GO _____ 4’Lg4
_W (MuspeMuaps + MuspsMiape — 2Mpsmais e ) oo
0
Zus
G
G+ - - 4294
—W (MusneMuaps + Muzps Mpane — 2z naMus ) ce
ZO

s

— 82 —



_____ 4ig* w
h 7@ (77#3M677M4M5 + NuapsMpape — 277#3#4”#5#6) c”
2,
GD \\ // GO
\ /
\ /
\ /
\ /
e BREEE G +3i (77 +57) Mo C°7
0 0
Zu5 Zue
G°
GO oo +i (5% = 8°) Mua C77
Zps
G+ \\\ /II G_
\‘ ’/
N 2
2i (g - g2)
Gt (
nusuacwD

+ §2 + g/Z

ZO

M5

+i (§2 + §/2) nususcyﬂj

— 83 —



+i (§l2 - gz) nusuach

ho----- +31 (5% + 5 tusna 7"

ZO

s

A.8 Gauge-gauge vertices

R
194G )
2+ §/2 (Murpe (P1 — pZ)MS + Nugns (P2 — pS)M1 + Mg (P3 — pl)’u)

B 6ig’
N R
N Fuans (05 D1 - D3 — PE 1 - P2) + Nugps (P5>D1 - p2 — PY?p2 - p3))
W, i§2v2 W (
(7 +32)""

72 _92
+ Nugur (=7 PE2 — G p‘f"’))

w P
(P8 Y2 ps® — Py pE* Y + My s (P12 - D3 — P5°p1 - p3)

_92 12 _12 12
Nur o (G P+ G7D5%) + Nons (G PE* — 7 P5Y)

0 -
AMl W,us 27/.61 W
= ¢ (Euwwam (PY'p2-ps+p3'p1-ps+p3'pL-p2)
V2 +3?
+ €prpsarpr (P1 — p2)'u3p(111p§1 + €uapgar sy (P2 — p3)ulpglp§1
+ €ugprarpr (P3 — pl)szglpfl)

.2 2 .
gv c¢WEB

a1
N Curpapzar Py
V3-+g

+

— 84 —



W+

ig®

7 (nuluz (pl - pZ)Ms + Nuops (p2 - 103)M1 + Nz (pS - pl)‘m)
/g2 + g/2

6i5  w
- WC (P5' PV ph® — o 52PN + My (P12 - s — Ph°p1 - ps)

- FNuzng (P51 P3 — PE P1 - P2) + Mgy (P5°P1 - p2 — Pi*p2 - p3))
m2 igg' v’ oW B
_ —on3/2
(3 +3)

_ —_/2
+ Mgps (5P — G pi“"))

12 _12 _12
(77u1u2(9/ P = 3PE®) + s (7 D5 + G7D5Y)

AO

ZO
M1 M3 2ig W
Vet g/z’c (6M1M2u3a1 (P p2 - p3 +pa'pL-ps +p5ip1 - p2)
+ €uypzai By (pl - p2)#3p pgl + €uopzai By (p2 - p3) 1pa1p61
+ €uzpiar b (p3 _pl) P3 1p,81)
s 2 _
99 v WB
- 157 C?" 7 €urpnpuzon P3
22
Z9 g
24 9’2 (M1 paMuaps + My ps Mo — 2Mpxpa Muspea)
6z‘§§’2 w
~215°C <77u1u3 (P57pi" — pYph" — PPl — ps®ph?)
+ Ny ps (PP — P12PE° — P57 DY — PP ph®)
+ Mo (P55 — P p5* — Pl py* — ph pi*)
+ Nuopa (P4 P — Py Ph® — Py py° — i pi®)
= Murps (P4°(p3 + pa)"* + (p3 + pa)*?p5*)
A, — Nuana (P51 (1 + p2)"* + (p1 + p2)" )
+ Ny s Mpopa (Pl “pa+p2 ‘p3) + M paMpops (pl - p3 + P2 'p4)
— Ny po Mg pa (P1 - P3 + P1 - pa +p2 - p3 + p2 'P4))
W+
" " 2@39/ v? WB
- —=—=C (M pa Mz + My s Muapa — 277#1#2”#3#4)
(72 +9 2’
2igg”° W
Wi, - mc €prpspaor (P12 (s — pa)™t + (ps — pa)™ (p1 +p2)™)

*(
+ €uopzpaar (p l(pd 7p4) (p3 *]74) (pl +p2)a1)
+ €usprpaar (P54 (p1 — p2)™ + (p1 — p2)"* (ps +pa)™")
)

+ €paprpzay (P2 (01 — p2)™ + (p1 — p2)"? (p3 + pa)™?

« B
F Ny s €papacs f1 P2 1104 + Mt pa €z g p1 P2 Pz

B
+ Nuans 6H1u4£¥131p(111p4 F Mpopa €p pz s f1P1 1p31

B
- 277#1#26#3#4a151p§ p4 277#3#46#1M2&151p11p21

+ €urpopspa (P1-D3 + P2 -pa—p1-pa—p2 'ps))

— 85 —



Z§3g/

_W (2N waMpzps — Murps Mpzpa — Mpapz Mpzia)
6i5°5
+ WC‘ Nuyue (PLPD5* + DYDY + ph®pi* — pi®ph?)
+ My s (P25 + DY PE* + p52ph* — pi®ps?)
F Npoa (05 DY° + 05 Py° + i ph® — ph' py?)
+ Nuspa (P8 PV + P51 DY + Pt ps® — pytpli?)
+ Ny g (057 (p2 + 03)" + (p2 + p3)*°ph*)

Wi, + Nusus (P (01 + p)"* + (p1 + pa)" ' pi*)
T NuapaTuzpa (p1-ps +p2-pa) — Nu1pspzpag (p1-p2 + p3 - pa)

+ Ny paMaps (PL - P2 + D1 - P34 pa - P2 + pa 'p3)>

" ig*g*v? (§’2 - g
@y
.
224 - % W (emuzusm( *( ) )
+ €usprpacn (P3* (P — pa)™ + (p1 — pa)"** (p2 + p3)™*)
+( ) )
)

) o

20 pa Mo s — Mt s Muapsa — Npuan Mz pea)

(5]

P2 — + (p2 — p3)™ (p1 +pa)™")

+ €pgprpaar (P57 (P1 — pa)™* + (p1 — pa)"? (p2 +p3)™!
+ €papapzon Py (P2 — p3)™ + (p2 — ps)™ (p1 + pa)™!
+ My e €u3u4a1ﬂ1pglp§1 + 77#1#3‘5#2#4&16117;1?21

+ Npapa 6#1#3&1ﬁ1P?1p§1 + 77#3#4@1#2(115117‘111?51

— 2 s €panser $195 D5 — s paa 1 DY DY

+ €prpapgps (P1 P2 +P3 - Pa — P1 - p3 — P2 'p4))

.2
—1g" (NuypaMuans + MurpsMuapa — 2Ny o Mg pia)

_— ~W
+ 6igC <77mu3(p§2pf — piPpht — pi2pht — ph2pht)
PPt — pi?ph® — phPpi® — piPph?)

S1pht — phtpht — plitpht — phtplt)

lpl;B pglpZS plsiflpg?) pﬂlpHS)

)#3 u4)

+ Ny pa
+ Npops (P
+ Npopa (P
Wi = Mz (P4 (P3 + pa)™* + (ps + pa
- Uu3u4(p21 (p1 +p2)"* + (p1 + p2
+ Mur g Muaps (PL - P4+ P2 P3) + My pia Muops (P1 - P3 + P2 - pa)

AA,.\,_\

)u1 uz)

— Ny poMugpa (P1 - P3 +P1 - Pa + P2 - p3 + p2 ~p4)>

ns
+2igC"”" <6u1u3u4a1 (PY? (p3 — pa)®* + (p3 — pa)"? (p1 + p2)*")

+ €uopzpaay (pgl (p3 - p4)al + (p3 - p4)M1 (pl + p2)al)
+ €ugprpaar (054 (P1 — p2)™* + (p1 — p2)"* (ps +pa)™")

+ €paprpzan (P4* (P — p2)™ + (p1 — p2)"* (ps + pa)™)
+ 77#1#36H2H4a151p31174 + nH1H46M2#3¢1131p21p§1
oy a1, B1
F Npops € pacr f1P1 p4 F Npopa €papsar f1P1 Py
B
- 277#1#26,&3#4041[3117? p4 277#3#46M1#20t151p11p21

Wi

+ €pypopgps (P1 D3+ D2 Ppa—p1-ps— D2 'pS))

— 86 —



W+

M1

AO

w1

w-

H2

ZO

4

M5

ZO

M3

W+

pa

ig*

+m (s pa Mz s + My Mozina = 2 o M)

6@3 w M2 L4 2 L 2, pa M2 L4
*Wc Nuips (P57 — PY2P5* — PE2pY* — p5?ph?)
F Murpa (P7PY = PUPY° — PSP — PP p°)

+ Nuaps (P5 PY* — Py pE* — pi py* — ph pit)

(
+ Nuppg (DA D5 — DY DY® — P ph® — pi py?)
— Ny pz (4% (D3 + pa)** + (p3 + pa)*®ps*)
— Ny (o (D1 + p2)"? + (p1 + p2)"' pi?)

+ Ny s Mpapa (P1 - P4+ P2 - P3) + Ny pa Mpops (P1 - P3 + P2 - Pa)
— Ny paMuspa (D1 - P3 + D1 - Pa+ P2 - p3 + p2 ~p4)>

2ig g vt g/:sv wB
c* (77H1H477H2H3 + NpypsMpaps — 277#1#2”#3#4)

(72 +9 2)?
2ig* N o
g T g C <€#1#3u4ﬂ1 ( (p3 *]74) ! (p3 7p4)u2 (pl +p2) 1)
+ €uspzpaar (Po' (p3 — pa)™ + (ps — pa)" (p1 +p2)™")
+ €usprpaar (P5*(p1 —p2)™ + (p1 — p2)"* (ps +pa)™")
+ €psprpaar (P4° (p1 — p2)™ + (p1 — p2)"* (ps +pa)™")

B Jé]
+77u1u3€u2u4a1ﬂ117§1p41 + 77#1#4eu2u304151p31p31
a1, B1 a1, B1

F Mpops€prpacr f1P1 Py + NMuzpa€pypzar f1P1 P

B1 B
— 2Ny g €uspaon F1P3  Pa' — Mg g €py o 1 DT Do

+ €pypapgps (P1 D3+ P2 -Pa—Pp1-pa— p2 ’P3))

6i5°g’ w
ﬁc (M1 s Muaia = MurpaMuans ) (1 — p2)"™®
(9% +97)

+ (nulusnMSWL - 77#1#4”#3#5)( )
)

+ (Mops Musa — MuapaMusps ) (P2 — p3)™*

+ Ny pra Mzps (201 — P2 — D30 = Ny s Maas (201 — p2 — p3)™*

p3)"®
+ NuipsMpopa (2p2 — 3)”5 nu1u377u2u5(2p2 —p1— ]93)#4
+ Ny Mgia (203 — P1 = P2)"® = My o Mugiis (203 — p1 — p2)™*)
21—2 —13

w
((Musps €prpzpaar = Mugpa€upansar ) (P1 — p2)a1

(g +g/2)3/2

a1
+ (Muops €prpapacs — Mpopa €y pspzar ) (P1 — P3)

@l
+ (M1 s €paapans = My paCuspspzar ) (P2 — P3)
aq
= 2(Mpuy 2 Epgpapsar + Murps€uspapsar + NMuops €pr pansar ) (Pa + Ps)

+ 2€u1 popans (P1 — p2)u3 + 2€u1 pgpans (P1 — 173)#2 + 2€usugpans (P2 — P3)

— 87 —

H1y



AO

M1

W+

AO

1

W+

AO

K1

M3

122

K3

4

M3

ZO

Ha

67,73 g w
3/2 C™ (M1 paMuzns — MurpgMuapa) (P — p2)t*®

(§2 +g12)
+ (Mur pa Mg s — Mur g Mpaps ) (P1 — ps)™?
+ (MuopaMusus — MuapsMuaps ) (P2 — ps)™

4

+ Ny s Mpaps (201 — P2 — D5 = My paMuons (201 — P2 — p5)M3

ps)"
+ Npy s Muops (2p2 - 5)H4 — NpipsTNpapa (2}?2 —p1— pS)HS
+ 77#1#277;‘3#5 (205 — p1 — P2)"* — Ny po Mpwapss (205 — P1 — p2)**?)
21

w
((Muaps €urpansar — Muaps €urpapaas ) (P1 — p2)a1

(3> + 9’2)3/2

oy
+ (Muops €prpapsar — Mpopa €y pspzar ) (P1 — P5)

oy
+ My s €papansar — Mpapa€uspspsar ) (P2 — Ps)
ai
= 2(Nur po €pgpapsar T Mt s Cpangpac T Muops €un pgpaar ) (P3 + Pa)

+ 2€u1 popga (P1 — pZ)HS + 264 papans (P1 — pS)Mz + 2€usu5pans (P2

9y
vl
+ My g Mz pea (P4 — P3)"° + M jia Mg s (P2 — P3)
+ Npr o Magis (P5 — P2)"* + Ny s Muzpa (p5 — p2)"°
+ Npr s Mazis (P5 — P3)** + Nt s Muapa (P — p3)"*2
+ Ny o Maaps (202 — P4 — P5)™® = My s Mg s (2pa — p2 — p3)™®

+ Ny s Maaps (203 — Pa = P5)™* = My s Mg s (205 — P2 — p3)™

+ (MuzpaMugns + MuzpsMuans — 2MuzpsMuans ) (P1 + 2p2 + 2p3)™)

2ig° g’ oW

VP

+ Npur pa Mg s (P2 — 02)"° + Ny pa Mo s (P — p2)***

H2

X (Mpapa€prpspsar (P1 — P2 — Pa) ™ 4 Muops €urpspaas (P1 — P2 — Ps)

+ Nuspa€prpapsar (1 — D3 — Pa)™" + Nugps €uy popacs (P1 — D3 — Ps)

+ (M1 €uspansor + Murpus €pzpansar — 2Mpsps €urpapsar ) (P4 — Ps)
+ (M1 pa €papapsar + My ps Cuspspacr = 2Mpaps €pypapsar ) (P3 — D2)
+ 260 uopapa (P2 — P3)"° + 264, popaps (2 — p3)*™

+ 260 ugpans (05 — Pa)" + 2€u1 papaps (P5 — pa)*™?)

6ig's’  w s
+ﬂ (M1 s Muzpa — My paMugpa) (P — Pa)
(@ +37)
+ (Mur s Ma s — Mt o Mg ) (P1 — ps)™*
+ (Muos Musna — MuapaMusus ) (P4 — ps)™

3

+ Ny po Mpraps (201 — Pa — Ps = My ps Muans (2P1 — Pa — p5)M2

ps)"
+ N s Mo (202 — 5)H3 = Ny s Mg g (204 — 1 — p5)u2
+ 77#1#477;‘2#5 (2p5 — p1 — Pa)"® — Ny pa Mg s (205 — P1 — pa)**®)
2ig'g’ o

w

372 ((Muops €urpapaas = Mugps €u papaar ) (P1 — Pa)
12)3/

(9> +97)

oy
+ (Muopa €prpgnsar — Muapa€urpopsar ) (PL — Ps)
ai
+ (M1 s €papapsar — My pa Cuspanzar ) (Pa — Ps)
ag
- 2(nM1M4€u2H3#5a1 + N ps €popapaar + Mpaps €papapgar ) (P2 + P3)

a1

a1

al

—ps)

al

+ 2€u1 popgua (P1 — p‘l)#5 + 264 popspus (P1 — p5)u4 + 2€usu5pans (P4 — P5)

— 88 —

K1y

H1y



6ig” w
( - + Ny ps Mz s (P3 _pl)u4

t——2—C

+ Nt pig Mo (P3 — p2)

N1 paTusus (P3 — P1)

+ MuspaMusps (P3 — p2)"*

+ My g Maps (P2 — 21" + M g Mo s (P2 — p1)"*
W:z W, + My paMuzps (P4 — P2)"° + Mg g Muaps (P2 — p2)™*
+ My s Musps (201 — D3 = Pa)"? — Ny o Muapss (2p4 — p1 — p2)**?
+ Mugus Muspa (2p2 = P3 = D)™ — Ny o Mg s (203 — p1 — p2)*™*
Wi Wi + (77;‘1#3737#2#4 + N paMpzns — 2N paMuspa)(Ps + 201 + 2p2)"°)

+ \/%CW

X (M1 s €papapsar (P1 +p3 — ps) ™!
a + Npapus € papsor (P2 + 03 = P5) ™+ Mg pa €1 papsar (P2 + pa — ps)™*

+ 260 uopzns (1 — P2)"* + 2€0, popans (1 — p2)**°

+ 264, ugpans (P4 — P3)"* + 2€usu3 a5 (P2 — p3)*!

+ (Musps €prpopacs + Muaps €urpangar — 2Muspa €prpapsar)(P1 — D2)
)(pa —p3)*")

al

+ N1 pa €popgusar (P1 + P4 — ps)

ZO

aq

+ (77#2#5€M1H3u40<1 + Mg ps Cuspzpacs — 2Ny ps Cuzpapsan

.5
%CW (M1 paMuans = Mur s Muana)(P3 — pa)®
(9% +97)
+ (Muyps Muzps = MuypaMuans ) (Ps — ps)"™
+ (Maa o Mz )(pa — ps)*?
+ Ny s Maaps (203 — pa — ps)™?
+ Ny pa Mg s (204 — D3 — Ds)
+ N1 s Mpapa (2175 p3s — p4)
2ig°
(g +3%)°"?

+ (Muopa €ur pgnsan

T NprpaMpzps
- nu2u3nu4u5(2p3 —pa— ps)’”
— NuopaMusps (2P2 — P3 — ps)*
— NuousMuspa (205 — P3 — p4)u1)

w2

K2

ay

w
((Mpops €prpapaas = Mpips Cpopspaar ) (D3 — Pa)

—ps)™!

a1

) (s

+ (77#2#36#1H4u5041 - 77#1#36#2#4#5a1)(p4 —ps)

T Nuipa€papspsay

ay
= 2(Muspa€prpopsar T Musps Cprpopaas + Mpaps Cu papgar ) (01 + P2)

+ 2€u; popapa (p3 — p4)H5 + 2€u; popaps (p3 — ps)M + 2€u; popaps (pa — p5)“3)

0 +
Ay, Wi, 3,2
12:1g°g w
- W (Murps (2NpopaMuspe — MuapsMuaps — MuzpeMuans)
40 W+ + My s (2Nuops Musue — MuapsMusps — Muzps Musps)
Bl w4
+ M1 s (2Muzpe Mugpa = MuzpsMuans — MuzpaMuspe)
+ Ny pe (277#21% NMuspa = NMuopallusps = Muops 77#4#5)
Wu_ WM_ = 2Ny oo (277u3u4 NMuspe — NMuspsNuane — Mispe 77#4#5))
5 6

— 89 —



W;; WJ»S 12 4/
g9 ~w
_WO (77#1 n2 (277M3#577M4#5 ~ NuzpaTpsps — NMuzps 77#4#6)
AO W + Np1ps (277M2M6 Nuaps = Mpaps Mpape = Npzpa 77#5#6)
- - + M pa (2Mpz s Musps — MuoneMuans — Muans Musie)
+ M s (2Mpz s Muans — MuoneMuana — Muana Musie)
W 70 = 20y s (2MuopsMuaps — MuzpsMuspa = MuzpaTugns))
s M6
+ -
Wuz M3 19ia°
g w
_WC’ (M1 (2Mpzpa s e — Muzis Muane — MuzieMiaps )
W+ W + Np1pa (277M2M3 Nuspe = MuapeMusps — Nuaps 77#3#6)
" - + Nuips (277M2M6 Nuzpa = NMpapzMpape = Nuzpa 77#3#6)
+ Nuipe (277M2M577M3M4 — Nuapalpzps — 77#2#3”#4#5)
70 70 = 20y o (2MuspaMusue — Musps Muaps — Muane Muans))
M5 M6
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Caution: very long expression, part proportional to CC in 4-
gluon vertex not displayed.
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g 9o Caution: very long expression, 6-gluon vertex not displayed.

A.11 Four-fermion vertices
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A.12 Lepton and baryon number violating vertices
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B SMEFT Mathematica package for FeynRules

To install and run the code calculating the SMEFT Feynman rules, the user should perform
the following steps (tested on Linux systems, with small modifications applicable also on
MS Windows or OS-X operating systems):

1. Download and install properly the FeynRules package. The latest version can be
found at http://feynrules.irmp.ucl.ac.be. SMEFT package has been tested
with FeynRules v2.3.

2. Download the SMEFT package from http://www.fuw.edu.pl/smeft. Unpack the
SMEFT files to Models/SMEFT sub-directory of previously installed FeynRules pack-
age.

3. Update, at the top of master file smeft_initialize.m, the variable $FeynRulesPath,
to reflect the actual location of installation of FeynRules on given system.

4. Set the control variable SetRxiGaugeStatus to False or True, requesting respectively
evaluation of Feynman rules in unitary or Re-gauges (of course only in the second
case the Goldstone boson and ghost vertices are produced, at the cost of longer CPU
time).

5. To obtain Feynman rules just for a chosen subset of higher dimensional operators,
edit the variable ActiveOperatorList in file smeft_initialize.m by uncommenting
the names of the Wilson coefficients which should be neglected.

6. Run in the Mathematica notebook the command
<< smeft_initialize.m

It loads FeynRules and starts the calculations. These can be time consuming, from
minutes on fast computer with unitary gauge selected, to even few hours on a slower
machine with R¢-gauges.

After running the code, calculated Feynman rules for various classes of interactions are
stored in FeynRules format in separate disk files (with names of all files displayed on the
screen after the calculations are finished) and can be quickly reloaded and reused without
rerunning the whole time-consuming code.

The auxiliary programs included in SMEFT package produce also automatically the
Latex/axodraw files with all calculated vertices (excluding only the longest five and six
gluon vertices), for easier visual reference. Note however that automatic line breaking in
very complicated formulae may be far from perfect and requires, in few cases, manual
improvement.

Open Access. This article is distributed under the terms of the Creative Commons
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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