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1 Introduction

During Run—1 LHC has discovered a resonance which is a candidate for the Higgs boson of the
Standard Model (SM) [1, 2]. The spin-0 nature of the resonance is well established [3] but there is
no direct evidence for New Physics; furthermore, the available studies on the couplings of the res-
onance show compatibility with the Higgs boson of the SM. One possible scenario, in preparation
for the results of Run—2, requires a consistent theory of SM deviations. Ongoing and near fu-
ture experiments can achieve an estimated per mille sensitivity on precision Higgs and electroweak



(EW) observables. This level of precision provides a window to indirectly explore the theory space
of Beyond-the-SM (BSM) physics and place constraints on specific UV models. For this purpose,
a consistent procedure of constructing SM deviations is clearly desirable.

The first attempt to build a framework for SM-deviations is represented by the so-called -
framework, introduced in refs. [4, 5]. There is no need to repeat here the main argument, splitting
and shifting different loop contributions in the amplitudes for Higgs-mediated processes. The «-
framework is an intuitive language which misses internal consistency when one moves beyond
leading order (LO). As originally formulated, it violates gauge-invariance and unitarity. In a Quan-
tum Field Theory (QFT) approach to a spontaneously broken theory, fermion masses and Yukawa
couplings are deeply related and one cannot shift couplings while keeping masses fixed.

To be more specific the original framework has the following limitations: kinematics is not
affected by k-parameters, therefore the framework works at the level of total cross-sections, not
for differential distributions; it is LO, partially accomodating factorizable QCD but not EW correc-
tions; it is not QFT-compatible (ad-hoc variation of the SM parameters, violates gauge symmetry
and unitarity).

However, the original k-framework has one main virtue, to represent the first attempt towards
a fully consistent QFT of SM deviations. The question is: can we make it fully consistent? The
answer is evidently yes, although the construction of a consistent theory of SM deviations (beyond
LO) is far from trivial, especially from the technical point of view.

Recent years have witnessed an increasing interest in Higgs/SM EFT, see in particular refs. [6—
8], refs. [9-15], refs. [16, 17], ref. [18], ref. [19], ref. [20], refs. [21, 22], ref. [23], refs. [24-26]
and refs. [27-32].

In this work we will reestablish that Effective Field Theory (EFT) can provide an adequate
answer beyond LO. Furthermore, EFT represents the optimal approach towards Model Indepen-
dence. Of course, there is no formulation that is completely model independent and EFT, as any
other approach, is based on a given set of (well defined) assumptions. Working within this set we
will show how to use EFT for building a framework for SM deviations, generalizing the work of
ref. [33]. A short version of our results, containing simple examples, was given in ref. [34] and
presented in [35, 36].

In full generality we can distinguish a top-down approach (model dependent) and a bottom-
up approach. The top-down approach is based on several steps. First one has to classify BSM
models, possibly respecting custodial symmetry and decoupling, then the corresponding EFT can
be constructed, e.g. via a covariant derivative expansion [37]. Once the EFT is derived one can
construct (model by model) the corresponding SM deviations.

The bottom-up approach starts with the inclusion of a basis of dim = 6 operators and proceeds
directly to the classification of SM deviations, possibly respecting the analytic structure of the SM
amplitudes.

The Higgs EFT described and constructed in this work is based on several assumptions. We
consider one Higgs doublet with a linear representation; this is flexible. We assume that there are
no new “light” d.o.f. and decoupling of heavy d.o.f.; these are rigid assumptions. Absence of mass
mixing of new heavy scalars with the SM Higgs doublet is also required.

We only work with dim = 6 operators. Therefore the scale A that characterizes the EFT cannot
be too small, otherwise neglecting dim = 8 operators is not allowed. Furthermore, A cannot be too



large, otherwise dim = 4 higher-order loops are more important than dim = 6 interference effects.
It is worth noting that these statements do not imply an inconsistency of EFT. It only means that
higher dimensional operators and/or higher order EW effects (e.g. ref. [38]) must be included as
well.

To summarize the strategy that will be described in this work we identify the following steps:
start with EFT at a given order (here dim = 6 and NLO) and write any amplitude as a sum of
k-deformed SM sub-amplitudes (e.g. t,b and bosonic loops in H — yy). Another sum of «-
deformed non-SM amplitudes is needed to complete the answer; at this point we can show that
the k-parameters are linear combinations of Wilson coefficients.

The rationale for this course of action is better understood in terms of a comparison between
LEP and LHC. Physics is symmetry plus dynamics and symmetry is quintessential (gauge invari-
ance etc.); however, symmetry without dynamics does not bring us this far. At LEP dynamics
was the SM, unknowns were My (as(Mz),...); at LHC (post the discovery) unknowns are SM-
deviations, dynamics? Specific BSM models are a choice but one would like to try also a model-
independent approach. Instead of inventing unknown form factors we propose a decomposition
where dynamics is controlled by dim = 4 amplitudes (with known analytical properties) and devi-
ations (with a direct link to UV completion) are (constant) combinations of Wilson coefficients.

Our extended x-framework is a novel technical tool for studying SM deviations; what should
be extracted from the data is another story. There are many alternatives, starting from direct extrac-
tion of Wilson coefficents or combinations of Wilson coefficients. We do not claim any particular
advantage in selecting generalized k-parameters as LHC observables. Only the comparison with
experimental data will allow us to judge the goodness of a proposal. Our belief is based on the fact
that SM deviations need a SM basis.

On-shell studies at LHC will tell us a lot, off-shell ones will tell us (hopefully) much more [39—
43]. If we run away from the H peak with a SM-deformed theory, up to some reasonable value
s < A%, we need to reproduce (deformed) SM low-energy effects, e.g. VV and tt thresholds. The
BSM loops will remain unresolved (as SM loops are unresolved in the Fermi theory). That is why
we need to expand the SM-deformations into a SM basis with the correct (low energy) behavior. If
we stay in the neighbourhood of the peak any function will work, if we run away we have to know
more of the analytical properties.

The outline of the paper is as follows: in section 2 we introduce the EFT Lagrangian. In
section 3 we describe the various aspects of the calculation; in section 4 we present details of the
renormalization procedure, decays of the Higgs boson are described in section 5, EW precision
data in section 6. Technical details, as well as the complete list of counterterms and amplitudes are
given in several appendices.

2 The Lagrangian

In this section we collect all definitions that are needed to write the Lagrangian defined by

N, n
a; —n
L=t Y Y g 0", eR))
n>4 i=1



where .Z} is the SM Lagrangian [44] and a are arbitrary Wilson coefficients. Our EFT is defined
by eq. (2.1) and it is based on a number of assumptions: there is only one Higgs doublet (flexible),
a linear realization is used (flexible), there are no new “light” d.o.f. and decoupling is assumed
(rigid), the UV completion is weakly-coupled and renormalizable (flexible). Furthermore, neglect-
ing dim = 8 operators and NNLO EW corrections implies the following range of applicability:
3TeV <A <5TeV.

We can anticipate the strategy by saying that we are at the border of two HEP phases. A “pre-
dictive” phase: in any (strictly) renormalizable theory with n parameters one needs to match n data
points, the (n+ 1)th calculation is a prediction, e.g. as doable in the SM. A “fitting” (approximate
predictive) phase: there are (Ng+Ng+ - -+ = o) renormalized Wilson coefficients that have to be
fitted, e.g. measuring SM deformations due to a single ¢®) insertion (Ng is enough for per mille
accuracy).

2.1 Conventions

We begin by considering the field-content of the Lagrangian. The scalar field ® (with hypercharge

1/2) is defined by

M ;40

oo L [(HF2L+i0 2.2)
V2 V2ip~

H is the custodial singlet in (2;, ® 2g) = 1 @ 3. Charge conjugation gives ®{ = g;; @7, or

ot
cpcz—1< V2io ) 2.3)

V2 \H42% —i¢
The covariant derivative Dy, is
i i
D#CID:<8u—2gOBZ'ca—2gngg)<l>, (2.4)
with g, = —s, /c, and where t* are Pauli matrices while s, (c,) is the sine(cosine) of the weak-
mixing angle. Furthermore
1
+ _ 1 :p2 _ 3 0 _ 3 0
Wu—ﬁ(Buq:zBu), Z,=cyBy—s,By, A ,=s,By+c,B,, (2.5)
F{, = 0uBy —dyBj, +g,e“ BB, F.,=0duB)—0,B). (2.6)
Here a,b,---=1,...,3. Furthermore, for the QCD part we introduce
Gy, =0ugy—ovel+esf e g 2.7)
Here a,b,---=1,...,8 and the f are the SU(3) structure constants. Finally, we introduce fermions,
u 1
v = o= (7)1 29)
d : 2
L
and their covariant derivatives
D#WL:(8ﬂ+gB;LE)WLvl :0>"'73



79— L 0=-Lg1, (2.9)

2 2
Dyvg = (u + 8B 1) wg, =0 (a#0), (2.10)
oL <g3 0) @2.11)
2\ 0 g,
with g; = —s, /c, A; and
M=1-20,, AM3=-20u, MM=-2Q4. (2.12)
The Standard Model Lagrangian is the sum of several terms:
Lsuw=Lym+ Lo+ Lo+ Low+ % (2.13)

i.e., Yang-Mills, scalar, gauge-fixing, Faddeev-Popov ghosts and fermions. Furthermore, for a
proper treatment of the neutral sector of the SM, we express g, in terms of the coupling constant g,

g =g (1+&T), (2.14)

where I is fixed by the request that the Z — A transition is zero at p> = 0, see ref. [45]. The scalar
Lagrangian is given by

Ly = — (Dud))TD#(I)—,uQ(I)T(I)—%}»(dDJf(ID)Z. 2.15)

We will work in the fj,-scheme of ref. [45], where parameters are transformed according to the
following equations:
A

1 ,M
g2

M? A —.
, 18 p

w=pn—2 (2.16)
Furthermore, we introduce the Higgs VEV, v = v/2M /g, and fix 3, order-by-order in perturbation

theory by requiring (0|H|0) = 0. Here we follow the approach described in refs. [45, 46].

2.2 dim = 6 operators

Our list of d = 6 operators is based on the work of refs. [47-50] and of refs. [51-54] (see also
refs. [55, 56], ref. [57], refs. [58-62], refs. [63—-65] and ref. [66]) and is given in table 1. We are not
reporting the full set of dim = 6 operators introduced in ref. [48] but only those that are relevant for
our calculations, e.g. CP-odd operators have not been considered in this work. It is worth noting
that we do not assume flavor universality.

We need matching of UV models onto EFT, order-by-order in a loop expansion. If
L={0 l(d), . ﬁ,(,d)} is a list of operators in V(4 (the space of d-dimensional, gauge invariant op-
erators), then these operators form a basis for V(@) iff every ¢@) € V() can be uniquely written as
a linear combination of the elements in L.

While overcomplete sets (e.g. those derived without using equations of motion) are useful for
cross-checking, a set that is not a basis (discarding a priori subsets of operators) is questionable,
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O15 =80y =g (®'®) GV Gy,

017 =80 =g (P'®) FPWF),
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Oy =g Oqw = gq oV dg 7. P°Fy,

Oy =g Oy = gq, 0"V uy ®F),

Ohs =g 0uc =8q 0"V ughe @Gy,
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O10=8*Opy = g* C[DJ’DLH) dugyhug
O =g Opua = ig* (' D, @) g ¥ dy
Ou=g 0y =2 @' D o7, w1t
O16 =8 Oyw = g (@' @) F'HVF,

O3 =g Oywp =g P " DF;"F),

Or =g Ouww =gq 0" ug T, PFy,

Oy =g0ip = gL o*V IR @°F),

O =g Oqp = gq, 0" dg @°F),,

O =g 0ac = gq 0" dgh PGy,

Table 1. List of dim = 6 operators, see ref. [48], entering the renormalization procedure and the phenomeno-
logical applications described in this paper.

e.g. it is not closed under complete renormalization and may lead to violation of Ward-Slavnov-
Taylor (WST) identities [67—69]. Finally, a basis is optimal insofar as it allows to write Feynman
rules in arbitrary gauges. Our choice is given by

a;
Ly = Lout Y, 13 6. 2.17)

In table 1 we drop the superscript (6) and write the explicit correspondence with the operators of
the so-called Warsaw basis, see ref. [48]. We also introduce

=" L=
Fo\a) R
L L

where u stands for a generic up-quark ({u, c, ... }), d stands for a generic down-quark ({d,s, ... })
and 1 for {e,u,...}. Asusual, fj g = 1 (1£9°) £. Furthermore,

(2.18)

»' D" @ = o'D,®— (D, @) @ (2.19)

We also transform Wilson coefficients according to table 2. As was pointed out in table C.1 of
ref. [70] the operators can be classified as potentially-tree-generated (PTG) and loop-generated
(LG). If we assume that the high-energy theory is weakly-coupled and renormalizable it follows
that the PTG/LG classification of ref. [70] (used here) is correct. If we do not assume the above but
work always in some EFT context (i.e. also the next high-energy theory is EFT, possibly involving
some strongly interacting theory) then classification changes, see eqs. (A1-A2) of ref. [15].



M

ga = ay g ar = —ayo g°as = —agp gV2ay=—3jai
M, 1 1

8\@6!5 au¢ gﬂa(, = —ﬁdadq) g2a7 = —aél) 8208 = —aé,q)

g ag = —day) 826110 = —dpu gzan = —dyd g2012 = —dyud

2 _ 3 2 _ 3 2 _ _

8 a13 = —dy 8714 = —lyq 8 ajs =§s %G gaie = a¢w

gaiy = a¢B gaig = %WB gV2ap = alw gV2axy = auw

gV2ay = adw gV2an = alB gV2ax = auB g\ﬁam— aqB

g azs = 8sduG g aze = 8sddG

Table 2. Redefinition of Wilson coefficients.

2.3 Four-fermion operators
For processes that involve external fermions and for the fermion self-energies we also need dim = 6
four-fermion operators (see table 3 of ref. [48]). We show here one explicit example

1 g%g,
Fa T © Wl g M2 all

886
8M2

1 g°¢ 4
16 a2 Gavaa?- @ 7

Voudd = ™y ® my

4

L1e%
8 M
1 g%g, 4V

calrr eyt By e ny

(2.20)

giving the uudd four-fermion vertex. Here 7. = 1/2 (14 ) and g, is defined in eq. (2.28).

2.4 From the Lagrangian to the S-matrix

There are several technical points that deserve a careful treatment when constructing S-matrix
elements from the Lagrangian of eq. (2.17). We perform field and parameter redefinitions so that
all kinetic and mass terms in the Lagrangian of eq. (2.17) have the canonical normalization. First
we define

B = 12 (2.21)

2/\2 +Bha B}i:(lerRﬁh >ﬁh
and f3,, is fixed, order-by-order, to have zero vacuum expectation value for the (properly normal-
ized) Higgs field.

Particular care should be devoted in selecting the starting gauge-fixing Lagrangian. In order
to reproduce the free SM Lagrangian (after redefinitions) we fix an arbitrary gauge, described by
four & parameters,

(2.22)

1 1
Lot =—C"C —56522—5(5/%’

Gt = —Ewdu Wi +EMoT, §Z8Z+§o 0, Ga=EaduA,. (2.23)



ARw = ayw ARz7 = az; ARAA = aan
ARH:—%aq)D—l—aq,D ARy =0 ARy = —%a@

ARy= = %aq)w ARy, = %azz ARy, = %aAA

AR, = —3 ay, ARy = 5 agy ARp, = gy + g ago — dy

AR&W = “low AR.§Z = —dzz AR&A = —Qxp

ARg, = agw AR, = %aq,D—kazz ARMH:%%D—Z%D—HZ%%
ARy = —2ayw ARCG :—ia¢D+§§ (Apa—077)+5,C, Anz

Table 3. Normalization conditions.

The full list of redefinitions is given in the following equations, where we have introduced

Ry = M?/A2. First the Lagrangian parameters,

M = M2, (l—i—dRMHRA) . M*=M2(1+dRyR,), M;=M' <1+dRMI_RA) ,

¢, = (1+dch RA> g, s, = (l—i—dRse RA) 5, .
secondly, the fields:

H=(1+dRgRy) H 0= (14+dRypR,) §° 0% = (1+dRyRyp) 6+
Zy=(14+dRzzRA) Z, A= (1+dRaaRN) A, Wi = (1+dRy=Ra) Wi
X = (1+dRRA ) X* Y= (1+dRy,Ra) Y, Yy = (1+dRy,Ra) Y,y

where X*, Y, and Y, are FP ghosts. Finally, the gauge parameters, normalized to one:
& =1+4+dRg Ry i=A,Z,W,£,0.

We introduce a new coupling constant

1 TeV >
g6::0.0606< © > :
V2 Gy A2 A

where Gy is the Fermi coupling constant and derive the following solutions:
de‘ RA =& 6 ARI' s
where the AR; are given in table 3. One could also write a more general relation

Z,=RzzZF+RzaA*, A, =RazZF +RaaAF,

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

where non diagonal terms start at ¢’(g?). In this way we could also require cancellation of the

Z—A transition at €(g,) but, in our experience, there is little to gain with this option. We have



introduced the following combinations of Wilson coefficients:

i) _ _
dyy7 = SG a¢B +CG a¢w _SB CO aq)WB,
_ ) _
aan = €, Ay + S, dow +8,Cy dows »

S,
aAZ - 269 §0 <a¢w _a¢B) + (263 - 1) a¢WB . (231)
With our choice of reparametrization the final result can be written as follows:

L (@} Ap}) = 2 (1B} {P}) +8,0ns (9uZy 0" A" = 0,2, 0" A" ) + 2 (1B}, {7}) .
(2.32)
where {®} denotes the collection of fields and {p} the collection of parameters. In the following
we will abandon the ®, p notation since no confusion can arise.

3 Overview of the calculation

NLO EFT (dim = 6) is constructed according to the following scheme: each amplitude, e.g.
H —| f), contains one-loop SM diagrams up to the relevant order in g, (tree) contact terms with
one dim = 6 operator and one-loop diagrams with one dim = 6 operator insertion. Note that the
latter contain also diagrams that do not have a counterpart in the SM (e.g. bubbles with 3 external
lines). In full generality each amplitude is written as follows:

d=Y g+ LYY & G.1)
n=N

where g is the SU(2) coupling constant and g42; = 1/(v/2 Gr A?)X. For each process the dim = 4
LO defines the value of N (e.g. N=1for H — VV, N =3 for H — yy etc.). Furthermore, Ng = N
for tree initiated processes and N — 2 for loop initiated ones. The full amplitude is obtained by
inserting wave-function factors and finite renormalization counterterms. Renormalization makes
UV finite all relevant, on-shell, S-matrix elements. It is made in two steps: first we introduce

counterterms
D =7 Pren, P = Zp Pren (3.2)
for fields and parameters. Counterterms are defined by
2
§ 4 6
Zi=1+ 1 (429 + g,z . (3.3)

We construct self-energies, Dyson resum them and require that all propagators are UV finite. In a
second step we construct 3 -point (or higher) functions, check their ¢*) -finiteness and remove the
remaining ¢©) UV divergences by mixing the Wilson coefficients W;:

Wi= Yz Wi (3.4)
J

Renormalized Wilson coefficients are scale dependent and the logarithm of the scale can be re-
summed in terms of the LO coefficients of the anomalous dimension matrix [11].

Our aim is to discuss Higgs couplings and their SM deviations which requires precise defini-
tions [71-73]:



Definition The Higgs couplings can be extracted from Green’s functions in well-defined kinematic
limits, e.g. residue of the poles after extracting the parts which are 1P reducible. These are well-
defined QFT objects, that we can probe both in production and in decays, from this perspective, VH
production or vector-boson-fusion are on equal footing with gg fusion and Higgs decays. Therefore,
the first step requires computing these residues which is the main result of this paper.

Every approach designed for studying SM deviations at LHC and beyond has to face a critical
question: generally speaking, at LHC the EW core is embedded into a QCD environment, subject
to large perturbative corrections and we expect considerable progress in the “evolution” of these
corrections; the same considerations apply to PDFs. Therefore, does it make sense to ‘fit” the EW
core? Note that this is a general question which is not confined to our NLO approach.

In practice, our procedure is to write the answer in terms of SM deviations, i.e. the dynamical
parts are dim = 4 and certain combinations of the deviation parameters will define the pseudo-
observables (PO) to be fitted. Optimally, part of the factorizing QCD corrections could enter the
PO definition. The suggested procedure requires the parametrization to be as general as possible,
i.e. no a priori dropping of terms in the basis of operators. This will allow us to “reweight” the
results when new (differential) K -factors become available; new input will touch only the dim = 4
components. PDFs changing is the most serious problem: at LEP the e *e ™ structure functions were
known to very high accuracy (the effect was tested by using different QED radiators, differing by
higher orders treatment); a change of PDFs at LHC will change the convolution and make the
reweighting less simple, but still possible. For recent progress on the impact of QCD corrections
within the EFT approach we quote ref. [23].

4 Renormalization

There are several steps in the renormalization procedure. The orthodox approach to renormalization
uses the language of “counterterms”. It is worth noting that this is not a mandatory step, since one
could write directly renormalization equations that connect the bare parameters of the Lagrangian
to a set of data, skipping the introduction of intermediate renormalized quantities and avoiding any
unnecessary reference to a given renormalization scheme.

In this approach, carried on at one loop in [74], no special attention is paid to individual Green
functions, and one is mainly concerned with UV finiteness of S-matrix elements after the proper
treatment of external legs in amputated Green functions, which greatly reduces the complexity of
the calculation.

However, renormalization equations are usually organized through different building blocks,
where gauge-boson self-energies embed process-independent (universal) higher-order corrections
and play a privileged role. Therefore, their structure has to be carefully analyzed, and the language
of counterterms allows to disentangle UV overlapping divergences which show up at two loops.

In a renormalizable gauge theory, in fact, the UV poles of any Green function can be removed
order-by-order in perturbation theory. In addition, the imaginary part of a Green function at a given
order is fixed, through unitarity constraints, by the previous orders. Therefore, UV-subtraction
terms have to be at most polynomials in the external momenta (in the following, “local” subtraction
terms). Therefore, we will express our results using the language of counterterms: we promote bare

—10 -



quantities (parameters and fields) to renormalized ones and fix the counterterms at one loop in order
to remove the UV poles.

Obviously, the absorption of UV divergences into local counterterms does not exhaust the
renormalization procedure, because we have still to connect renormalized quantities to experimen-
tal data points, thus making the theory predictive. In the remainder of this section we discuss
renormalization constants for all parameters and fields. We introduce the following quantities

AUV:g—yE—lnn—lnu—}% Ay () = 2 — 95 —Inm—In - @.1)
€ uz’ € uz’
where € =4 —d, d is the space-time dimension, ¥ = 0.5772 is the Euler - Mascheroni constant and
UR is the renormalization scale. In eq. (4.1) we have introduced an auxiliary mass ¢ which cancels
in any UV-renormalized quantity; pr cancels only after finite renormalization. Furthermore, x is
positive definite. Only few functions are needed for renormalization purposes,

_pf d 1 _ 2 2 . N B m?
Ao(m)—ﬁ/d qq2+m2——m |:AUV<Mw>+a?) (m)} s (lg (m)—l—ln%, (42)
By (—s;my, mz)zg d'q——— : > =Auv (M\Z)v> +By (—s5m1,ma), (4.3)

ir (¢*+m7) ((g+p)*+m3)
where the finite part is
) 1 2 .2 2 A 2 2 —A—=i0
B{‘)“(—s;ml,mz):2—lnmlgnz— —fulnm—;, R=Dpritm—s : ,
£ 2 K my; K 2mymy

4.4)
where p? = —s and A> = A (s, m}, m3) is the Killen lambda function. Furthermore we introduce

2
Lg =InER (4.5)

My

with the choice of the EW scale, x = M%V, in eq. (4.1).

Technically speaking the renormalization program is complete only when UV poles are re-
moved from all, off-shell, Green functions, something that is beyond the scope of this paper. Fur-
thermore, we introduce UV decompositions also for Green functions: given a one-loop Green

function with N external lines carrying Lorentz indices i}, j = 1,...,N, we introduce form factors,
A
Sprn = Y SaKl - (4.6)
a=1

Here the set K%, with a = 1,...,A, contains independent tensor structures made up of external
momenta, Kronecker-delta functions, elements of the Clifford algebra and Levi-Civita tensors. A
large fraction of the form factors drops from the final answer when we make approximations, e.g.
vector bosons couple only to conserved currents etc. Requiring that all (off-shell) form factors
(including external unphysical lines) are made UV finite by means of local counterterms implies
working in the Rg¢ -gauge, as shown (up to two loops in the SM) in ref. [75].

A full generality is beyond the scope of this paper, we will limit ourselves to the usual 't
Hooft-Feynman gauge and to those Green functions that are relevant for the phenomenological
applications considered in this paper.
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4.1 Tadpoles and transitions

We begin by considering the treatment of tadpoles: we fix Bh, eq. (2.21), such that

(0|H|0) = 0 [45]. The solution is

5 . =) =1(6)

B =ig" My, (ﬁh + 8 B ) 5
where we split according to the following equation (see eq. (4.1))

=) n n n
B’ =B" sy (M%) + B+ B

4.7)

(4.8)

The full result for the coefficients [3(”) is given in appendix A. The parameter I', defined in

eq. (2.14), is fixed by the request that the Z — A transition is zero at p*> = 0; the corresponding

expression is also reported in appendix A.

4.2 H self-energy
The one-loop H self-energy is given by

2 2

_ 8 _ 8 4) (6)
Sttt = 7622 2 = 7 (T -+ B

The bare H self-energy is decomposed as follows:
z"gll%l = Z"gI?I;UV AUV (M\2V> + Zglgl;ﬁn .
Furthermore we introduce
i1 (5) = A0 (5) M3y + T, ) 5.
The full result for the H self-energy is given in appendix B.

4.3 A self-energy
The one-loop A self-energy is given by

2
u 8 uv uv
San = To 22 Yanr  Zaa =MaaTHY,

where the Lorentz structure is specified by the tensor
T = —so"Y —p' p",
and p2 = —s. Furthermore the bare ITpa is decomposed as follows:
Maa = I+, T, T =TI,y Aoy <M5v> +IL -
It is worth noting that the A—A transition satisfies a doubly-contracted Ward identity
PuSiapy =0.

The full result for the A self-energy is given in appendix B.
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4.12)

(4.13)

(4.14)

(4.15)



4.4 W,Z self-energies

The one-loop W,Z self-energies are given by

2
Svy = 1§,r2 v, EZyy =Dy 8" +Pyyptp", (4.16)

where the form factors are decomposed according to

Dyy =D{} +¢DY),  Pyy =P\ +¢PY. (4.17)
We also introduce the residue of the UV pole and the finite part:
DU = DY} oy ov (M) 4D . @19

etc. The full result for these self-energies is given in appendix B. We also introduce
DU () = A 30 (6) My 10, (5)s = A, ()M, + | Q) ,(0) + LY | 54 6(s2).
Lz — —éln (—#) ClgNgen, L =0. (4.19)
4.5 Z—A transition

The Z—A transition (up to one loop) is given by

2

Sin = e Ton+ 8 T axe. Eyn = TZa T +Pzaphp¥,  (4.20)
4 6 4 6

Mya =TI + 8, T3 Pza =Py +8,Py). (21

where we have included the term in the bare Lagrangian starting at &(g, ). The full result for the
Z—A transition is given in appendix B.

4.6 The fermion self-energy

The fermion self-energy is given by

2
St = % [Ar+ (Vi—Ary) ip] (4.22)
with a decomposition
Ar=AY g, A9 (4.23)

etc. The full result for the fermion self-energies (f = v,1,u,d) is given in appendix B.

4.7 Ward-Slavnon-Taylor identities

Let us consider doubly-contracted two-point WST identity [67-69], obtained by connecting two
sources through vertices and propagators. Here we get, at every order in perturbation theory, the
identities of figure 1. WST identities [67—69] require additional self-energies and transitions, i.e.
scalar-scalar and vector-scalar components

2 2
__& (4) (6) . 8 (4) (6)
5ss = T 72 [Zss T8 Zss] . Sys=i 1672 [sz + 8 sz] . (4.24)
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-/vv\‘wv- —0
7 7 7 ¢0 ¢0 7 ¢0 ‘DO
lN\/\‘\/WI +n/vv\.---- +---‘vw--+—-'--- —0
lNV\‘VW‘ +n/vv\‘---- +---‘vw--+--'---- ~0
A z A o0
-/vv\'vvv- +-Nv\‘---- ~0

Figure 1. Doubly-contracted WST identities with two external gauge bosons. Gray circles denote the sum
of the needed Feynman diagrams at any given order in EFT.

4.8 Dyson resummed propagators

We will now present the Dyson resummed propagators for the electroweak gauge bosons. The
function IT! ; represents the sum of all 1PI diagrams with two external boson fields, i and j, to all
orders in perturbation theory (as usual, the external Born propagators are not to be included in the
expression for H} 7). We write explicitly its Lorentz structure,

M,y vy = Dyy 8uv +Pyy pupv, (4.25)

where V indicates SM vector fields, and py, is the incoming momentum of the vector boson. The
full propagator for a field i which mixes with a field j via the function IT} ;1s given by the perturba-
tive series

o n+1
Ai=Ai +8q Y TTY T Ak (4.26)
n=0 1=1 ki
= Ai + AT Ay + Ay Z Hﬁkl Agyky H}inii +...

ki=i,j

where ko = k1 = i, while for [ #n+ 1, k; can be i or j. A; is the Born propagator of the field i.
We write
A=A [1— (TTA),] ' (4.27)

and refer to A; as the resummed propagator. The quantity (ITA); is the sum of all the possible
I

products of Born propagators and self-energies, starting with a 1PI self-energy IIj;, or transition

I
IL;,
product of other elements in the sum.

and ending with a propagator A;;, such that each element of the sum cannot be obtained as a
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In practice it is useful to define, as an auxiliary quantity, the “partially resummed” propagator
I

for the field i, A;;, in which we resum only the proper 1PI self-energy insertions IT;;, namely,

A —1
Ai =y [1-TIA] . (4.28)

If the particle i were not mixing with j through loops or two-leg vertex insertions, A;; would co-
incide with the resummed propagator A;. Partially resummed propagators allow for a compact
expression for (ITA);;,

(TTA);; = ITA; + TTA T A (4.29)
so that the resummed propagator of the field i can be cast in the form

A I 1A 1l -1

Aii = Ay [1 - (Hii + HijAjoji) Aii] (4.30)
We can also define a resummed propagator for the i-j transition. In this case there is no corre-
sponding Born propagator, and the resummed one is given by the sum of all possible products of
1PI i and j self-energies, transitions, and Born propagators starting with A; and ending with A;;.
This sum can be simply expressed in the following compact form,

Aij = AqITj A5 4.31)
4.9 Renormalization of two-point functions

Dyson resummed propagators are crucial for discussing several issues, from renormalization to
Ward-Slavnov-Taylor (WST) identities [67—-69]. Consider the W or Z self-energy; in general we

have

\a% g2
y _
uv (9) = 1o

The corresponding partially resummed propagator is

DYV (s) 8uv +PYV (s) pupv] - (4.32)

'A% 6,LLV 82 pvY PuPv

uv 2 g2 2 2 2 2
s MG+ gz DVY 107 (2 (£ DV (5 MG+ E5 DYV — 85 PV )
(4.33)
We only consider the case where V couples to a conserved current; furthermore, we start by in-

A

cluding one-particle irreducible (1PI) self-energies. Therefore the inverse propagators are defined
as follows:

* H partially resummed propagator is given by

A _ 1
g Ayh(s) = —¢g *Zn (s—Mﬁ) Tt (4.34)
A partially resummed propagator is given by
A 1
—24-1 )
8 “AA()=—g s (ZA - WHAA) . (4.35)
e W partially resummed propagator is given by
oA _ 1
8 ZAW]W(S) =—g " Zw (S—Mz) - @DWW~ (4.36)
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* Z partially resummed propagator is given by

oAl _ 1
g Ay (s) = 8?2z (s—M§) = {5 Dzz. 4.37)
e Z—A transition is given by
2
Siv+Siv" S = S T Auy, (438)
where Slzje is given in eq. (4.20) and
Tt = s 42 Sy + 8, |8 92 Sy — an, (425 +020) pupy] - (4.39)
 f resummed propagator is given by
Gf_l (p) =7 (lﬁ +mf) Zs — S, (4.40)
where the counterterms are
_ = _ 1
Ze =7ty +ZLtY", Ze =ZiiY +ZrtY Yizi (1£7°), 441
1 g (4) (6) g
Zi=1-5 1 [dzIf +g,dZ\ AUV] Come= My (14 225 Aoy ) (4.42)

where My denotes the renormalized fermion mass and I = L,R. We have introduced counterterms

for fields
2

O =ZoOun, Zo—1+75 (425 +,d25)) Auy. (4.43)
The bare photon field represents an exception, and here we use
& (4 (©)
Ay =ZANP+Za2ZS0, Zag = 1o (42 +8,4Z.0) ) Auv. (4.44)

In addition, bare fermion fields y are written by means of bare left-handed and right-handed chiral
fields, wr, and wgr. The latter are traded for renormalized fields.
For masses we introduce

2
M =ZuM2, Zu=1+7 g nz (le(\j) +g, dzf\?) Avv (4.45)
and for parameters
g (1, (©)
P=Zppen Zp=1+7o— (475" +¢,d7” ) Auv. (4.46)

The full list of counterterms is given in appendix C. It is worth noting that the insertion of dim = 6
operators in the fermion self-energy introduces UV divergences in A1£6), eq. (4.23), that are pro-
portional to s and cannot be absorbed by counterterms. They enter wave-function renormalization

factors and will be cancelled at the level of mixing among Wilson coefficients.
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4.10 One-particle reducible transitions
Our procedure is such that there is a Z—A vertex of 0(g,)

7ZA
Vuv =g Tuvasz, Tyy=—s auv —PuDv, (4.47)

inducing one-particle reducible (1PR) contributions to the self-energies. Since p*T,, = 0 we
obtain

2
TAA _ 88 85 S i,
PR 1672 ¢, s—MgaAZ ZA
2
S 4
12 _ 88 saAZH(Z/ia

IPR 1672 ¢,

2
ZA 88 2 (4)
I1 T 167!:62 S, ax Iy s (4.48)

411 A-A,Z—A,Z—7 and W — W transitions at s =0

The value s = 0 is particularly important since S, T and U parameters [76] require self-energies and
transitions at s = 0. We introduce the following functions:

X X X 1 X
By (—s;m1,my) =By (0;m1, my) —sBgy (05 my, mp) + Esng'; (0:my,my) +0(s>), (4.49)
where, with two different masses, we obtain

i 2 _fin
ms5a myp)—miya mi
B?)n (0;”11 s ”12) e ( ; ; ¢ ( ) ’
my n

' 1 1 i X
op (05 m1,ma) = — 272)% [2 (m} —m5) +m5 ay (my) —mf ay (ml)}

R oty (1) +md iy (mo) |

' 1 10 i X
B0 ) = s 5 (o) -l () — i o)
my —ny;

|
i)’
2

2mtal (my) +2m5afy (my) —m? — mﬂ
m3ai (my) —m? aly (ml)} . (4.50)

For equal masses we derive

1

By (0;m,m) =1—ay (m), Bg‘;(O;m,m):—W,

B (05 m, m) = 4.51)

30m*”
After renormalization we obtain the results of appendix D, with IT defined in eq. (4.12) and A, Q
defined in eq. (4.19). Furthermore Ny, is the number of fermion generations and Ly is defined in
eq. (4.5). All functions defined in eq. (4.51) are successively scaled with M. In appendix D we
have used s =s,, ¢ = ¢, and x; are ratios of renormalized masses, i.e. x; = My /M, etc.
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The expressions corresponding to dim = 6 are rather long and we found convenient to intro-

duce linear combinations of Wilson coefficients, given in eq. (4.52).

— 2 2
a¢w — S9 aAA +C950 aAz+C6 aZZ
2
a¢WB == 2CQS9 (aAA _azz) + (1 —ZSG)LIAZ

Aou = % (aq)uv _a¢uA)

ay! = ag) =5 (agrv +a1»)

1
aéq) = % (a¢uv + apua — Aodv _aq)dA)

Alw = Sy Alwe 1 Cy Alpw

Adw = Sy Adws 1+ C, Adpw
Auw = Sy Auws 1+ Cy Aupw
Aopwp = CqAopwa — Sq Apwz

a¢D - aq)DB - 885 a¢B
aé;J)D =4ayw — agp
(3) 3)
oqW = 4a¢q +261¢W
(+) (+)

Aywps = owp + 4a¢D

a

— 2 2
a(])B — CB aAA —CQSG aAZ +S€ azz

aga = 5 (dgan — agav)
3
a<(l>l) = (ag1v +aq1x +agy)
3
aéq) = %; (%dv +agpda +aouv +a¢uA)

g = Sy dipw —Cydiws

ddp = Sy ddpw — Cyddws
QAyp = —S, Aupw +Cy duws
Aow = Sy dywa T Cy Apwz
ét«)o =4ayw +agp

a(3) = 4(,1(3) +2a4w

a (4.52)

olw ol

= _ ()
Aywps — owp — 4a¢D
a(a) = ayp —d

ows — “oB ow

The results for dim = 6 simplify considerably if we neglect loop generated operators, for instance

one obtains full factorization for ITx (0),

2
6 Y 4
T (0) = ~8 % gy TTA (0)

(4.53)
[’}
and partial factorization for the rest, e.g.
2
6 ¢ 4 s 6)nf
I3 (0) = —48%0@11(211(0) + g %" (o)
0 0
2 S,
_g (1 —LR) - Z (a¢1v+261¢u\, +a¢dv>
CO gen
2s
3 Ci Z [2‘13“ (Mu) aguy +agy' (Md) agav +apy (Ml) aq)lv} (4.54)
6 gen
M)"(0) = — o (1— 14¢2 14+18¢) Ly — & (548¢2) (1-Lg)N
ZA ()—_ﬂ( - Cs)_24( + Ce) R_§( + ce)( —Lg) gen

o (3+4¢) La (M) — o (5+82) Xl (M) — 3¢ (14+42) X alf (Ma)

gen
1

+24

(14 18¢2) af (M)

gen gen

(4.55)

The rather long expressions with PTG and LG operator insertions are reported in appendix D.

Results in this section and in appendix D refer to the expansion of the 1PI self-energies; inclusion

of 1PR components amounts to the following replacements

[H(lpR)

) = I (0)s - =5

(0)s)°
s—M§

+0(s) = T (0) s+ O(s),
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2
Dy "(s) = Ay (0)+ {94 (0) - [N (0)| Js+0(5). (4.56)

4.12 Finite renormalization

The last step in one-loop renormalization is the connection between renormalized quantities and
POs. Since all quantities at this stage are UV-free, we term it “finite renormalization”. Note that
the absorption of UV divergences into local counterterms is, to some extent, a trivial step; finite
renormalization, instead, requires more attention. For example, beyond one loop one cannot use
on-shell masses but only complex poles for all unstable particles [71, 77]. Let us show some
examples where the concept of an on-shell mass can be employed. Suppose that we renormalize a
physical (pseudo-)observable F,

2

F=Fy+ o [P ) +g, D (m?)| + 6(g). 4.57)

where m is some renormalized mass. Consider two cases: a) two-loop corrections are not included
and b) m appears at one and two loops in Fir, and F51 but does not show up in the Born term Fg. In
these cases we can use the concept of an on-shell mass performing a finite mass renormalization at
one loop. If my is the bare mass for the field V we write

2

8
m% :MCZ)S {1 + @ Re):vv;ﬁn

. } = Mg + 8" AM?, (4.58)
s=Mgg

where Mg is the on-shell mass and X is extracted from the required one-particle irreducible Green
function; eq. (4.58) is still meaningful (no dependence on gauge parameters) and will be used inside
the result.

In the Complex Pole scheme we replace the conventional on-shell mass renormalization equa-
tion with the associated expression for the complex pole

2 2

m = M2 1+%Rezw;ﬁn (M%S)] — md = sy [1+1‘6gnzzvv;ﬁn (Més)} . (459

where sy is the complex pole associated to V. In this section we will discuss on-shell finite renor-
malization; after removal of UV poles we have replaced mg — mye, etc. and we introduce

2
My ren = My.05 + fgj?z (d.ﬁfﬁjﬂ +g, dff}ﬁi) (4.60)

and require that s = My .os is a zero of the real part of the inverse V propagator, up to&’ (gzgﬁ).
Therefore we introduce

2
8 4 6
M2, = M3y 05 [1 e CE +g6dgg43v)] ,

2
8r 4 6
MI%Iren - MI%I;OS [1 + 16:’12 (dgl(vll){ +g() dgj(v[;):| )

2
Cl(;en = CW |:1 + lg6rj;2 (dﬁ‘”gi) +g6 dgg?)] 9 (461)

where ¢ = MVZV; os/ M%; os and s = M7 o will be a zero of the real part of the inverse Z propagator.
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Finite renormalization in the fermion sector requires the following steps: if M¢.os denotes the
on-shell fermion mass, using eq. (4.41), we write

My |42 ) + g, d 2 )} = A (Mf%os) +Mi.os Vi (Mf{os) (4.62)
and determine the finite counterterms which are given in appendix E.

4.12.1 G; renormalization scheme

In the Gr-scheme we write the following equation for the g finite renormalization

g X
ron = Bexp+ ey (4210 +5,d2Y) (4.63)

where gexp Will be expressed in terms of the Fermi coupling constant G¢. The u -lifetime can be
written in the form
oM g

T, 19278 32M*

(1+6y) - (4.64)

The radiative corrections are §,;, = 5,?[ + 8g where g is the sum of vertices, boxes etc and SL\LV is
due to the W self-energy. The renormalization equation becomes

\(;%:Sg]‘; {1+16gz2 {5G+A;22ww(0)]}, (4.65)
where we expand the solution for g
Zren = 4V2Ge My 0 { 1+ ifg;f [5 + A;Z Zww ﬁn<0)} } (4.66)
Note that the non universal part of the corrections is given by
S =065 +g,8%, 8 =6+ ! ;;Sﬁ Inc?, (4.67)
0

but the contribution of dim = 6 operators to muon decay is not available yet and will not be included
in the calculation. It is worth noting that eqs. (4.61)—(4.65) define finite renormalization in the
{G¢, My , Mz} input parameter set.

We show few explicit examples of finite renormalization, i.e. how to fix finite counterterms.
From the H propagator and the definition of on-shell H mass one obtains

M%v 0s
42y = 25 Re Ay, (Mh.os) +Re T, (Mios) (4.68)
H;0S
where My is the renormalized H mass and My . og is the on-shell H mass. ;From the W propagator
we have
dzW —Re AWl (M3 Re Ty .. (M3 4.69
My = R€Ayww . (Mw:o0s | TRe Iy, (Mw;os ) - (4.69)
(From the Z propagator and the definition of on-shell Z mass we have
1
d2{) = S Re|dZ}) — L AL, (Mb.os) T, (M.0s)| (4.70)

with ¢}, = Mg, o5 /M3 os- All quantities in eqgs. (4.68)—(4.70) are the renormalized ones.
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4.12.2 o renormalization scheme

This scheme uses the fine structure constant ¢¢. The new renormalization equation is

2.2 o HAA(O)
=4 1——
g°s; mx[ 1 2 ,

4.71)

where ot = agep(0). Therefore, in this scheme, the finite counterterms are

a R a R a
g%en = gi I:l + Mdffg] ’ Cgen =G I:l + Md«@pce] s Mren = MZ;OSC§ I:l + Sndfwa] )
4.72)
where the parameters ¢, and g, are defined by
4ro 1 To
2 Q2
_ 47 2—1li— [1-4 . (4.73)
BT % [ ﬁGFM;oJ

The reason for introducing this scheme is that the S, T and U parameters (see ref. [76]) have been
originally given in the { &, G, Mz} scheme while, for the rest of the calculations we have adopted
the more convenient {Gy, My , Mz} scheme. In this scheme, after requiring that M%;os is a zero
of the real part of the inverse Z propagator, we are left with one finite counterterm, d.2°,. The latter
is fixed by using G and requiring that

1 2 2 1
7 Gy = waz {1 + 1§n2 [5(; - WAWW(O) — (dZw +dZuy, ) AUV} } : (4.74)
where we use
I o
8 = 8ren <1 + 16rennz ngAUV> ) 8ren = 8a (1 + gdgg) ) (4.75)

for UV and finite renormalization.

4.13 Wave function renormalization

Let us summarize the various steps in renormalization. Consider the V propagator, assuming that
V couples to conserved currents (in the following we will drop the label V). We have

= =8 A (s), (4.76)

where M is the V bare mass. The procedure is as follows: we introduce UV counterterms for the
field and its mass,

2 2
AS)| =Zo (s—ZuMi,) + % D(s) =s— M2, + % D(s)| 4.77)
and write the (finite) renormalization equation
2 2 g 2
Mien = Mos + 177 Re D (Mds) . (4.78)

21—



where Mogs is the (on-shell) physical mass. After UV and finite renormalization we can write the
following Taylor expansion:

A(s)

2
= (s — M) <1+ fg’;fz w> +0 ((s—Mdg)?) (4.79)

ren

where geyp is defined in eq. (4.63). The wave-function renormalization factor for the field ® will
be denoted by

) —1)2
Zon = (1 + lgg:;’z wq)) : (4.80)
For fermion fields we use eq. (4.41) and introduce
Vi(s) = — L Vi(s) (4.81)
ds

Next we multiply spinors by the appropriate factors, i.e.

ug(p) — (1 + Wev + Wia }'5) us(p) ue(p) — ue(p) (1 + Wiy — Wia ’)/5) , (4.82)

where the wave-function renormalization factors are obtained from eq. (4.22)

1
Wia = = Ag

S:Mf2 ’ 2

1
Wiv =3 [Vf+2Mng —om? vf’}

. (4.83)
s:Mtg

For illustration we present the H wave-function factor
Wi =Re (W g, W) |

Wi = dIli) (Mle;os) M. 05 +dAy) (MIZ{;OS) My .05 + I (MPZI;OS) —2d2V  (4.84)

and we expand any function of s as follows:
Fs) = f (M3s) + (s = Mds) df (Mgs) + 0 ((s = Mgs)?) . (4.85)

with f =TI, A" For the W, Z wave-function factor we obtain

Wg;) = ngf,)w (M\ZV;OS> M3;.0s +dA£;lf)w <M\27v;os> Mg, .08 +H&l/)w (Mvzv;os) *ngén)a

WY = a1ty (M35 ) M3os +dAY) (M3.05) Mivos +T1) (MB.os) —2d2(). (4:86)
Explicit expressions for the wave-function factors are given in appendix F.
4.14 Life and death of renormalization scale

Consider the A bare propagator

2

Ban=s+ 15 2aa(s) Zaals) = (R +¢,R) 9

4 X Ires
+ Z} (LY + g, Ld )mu]%JrzAb{,
xeZ
(4.87)

M| =
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where R(") are the residues of the UV poles and L") are arbitrary coefficients of the scale-dependent
logarithms. Furthermore,

{2} ={s,m? mG, mby, i, mi}. (4.88)
The renormalized propagator is

2 2

71 8 8
Banl g = PAT g ga Pan() =5 s ZRAL) (489)
Furthermore, we can write
o) = L (L 4g L) In 5 o (4.90)
xeZ ,LLR

Finite renormalization amounts to write X{} (s) = IT% (s) s and to use s = 0 as subtraction point.
Therefore, one can easily prove that

2 [ -] ~o. @1
including & () contribution. Therefore we may conclude that there is no tr problem when a sub-
traction point is available. After discussing decays of the Higgs boson in section 5 we will see
that an additional step is needed in the renormalization procedure, i.e. mixing of the Wilson coef-
ficients. At this point the scale dependence problem will surface again and renormalized Wilson
coefficients become scale dependent.

5 Decays of the Higgs boson

In this section we will present results for two-body decays of the Higgs boson while four-body de-
cays will be included in a forthcoming publication. Our approach is based on the fact that renormal-
izing a theory must be a fully general procedure; only when this step is completed one may consider
making approximations, e.g. neglecting the lepton masses, keeping only PTG terms etc. In partic-
ular, neglecting LG Wilson coefficients sensibly reduces the number of terms in any amplitude.

It is useful to introduce a more compact notation for Wilson coefficients, given in table 4 and
to use the following definition:

Definition The PTG scenario: any amplitude computed at &'(g" g, ) has a SM component of &'(g")
and two dim = 6 components: at & (g" 2 g, ) we allow both PTG and LG operator while at &(g" g, )
only PTG operators are included.

5.1 Loop-induced processes: H — yy

The amplitude for the process H(P) — A, (p1)A, (p2) can be written as
Afia = Tuna T, METHY = py pY — p1-p2 6. (5.1)

The S-matrix element follows from eq. (5.1) when we multiply the amplitude by the photon polar-
izations ey (p1) ey (p2); in writing eq. (5.1) we have used p - e(p) = 0.
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asn = W az;; = W axz = W3
ayn = Wy ayn = W5 ay = We
awg = W7 ajpw = W3 agws = Wo
adgpw = W10 duws = W11 duspw = W2
ary =Wi3 ago = Wia auy = Wis
agia = Wie  aglv = Wiy agy = Wig
ayda = Wi9  agdv = Woo Ayua = Wa1

1
Ayuv = Woo apL1dQ = Was éJQd =Wy

Table 4. Vector-like notation for Wilson coefficients.

Next we introduce dim = 4, LO, sub-amplitudes for t,b loops and for the bosonic loops,

3IM

§ a7 Tiwwio = 2 (MR — 402 ) Co (=M, 0,03 My, Mo M)

9OM

S 3 Tiwio = 24 (M40 ) Co (=M3;, 0,0: My, My, M)
b
1w 2 2 2

i Tino = =66 (M —2M3, ) Co (~M3,0,0: My My, Mw) ,  (5:2)
w

where Cy is the scalar three-point function. The following result is obtained:

3
Trian =i 157:2 (%(QJr& T’ >+tgg6 Tk, (5.3)

where the dim = 4 part of the amplitude

%(/iz = 255 (Z Z <7HtAA;L0 + %YA;LO) (5.4)
gen f
is UV finite, as well as .7 ()¢ which is given by
2

M,
Tl =21

m (52 agw +C; dgn + S, C, Apws ) - (5.5)

The .7 (©):0 component contains an UV-divergent part. UV renormalization requires

g 1
Z{rzfi = Trian [l +— 1672 <dZA+2dZH—|—3ng> AUV:| , (5.6)
2 gZ
— cren _ ren
¢ = (1+ £z, AUV> 8= g (1+ o, ngAUV> (5.7)

and we obtain the renormalized version of the amplitude
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3
. 8 (4 6 6), g 6
o= 1B (78 OBV g, T i B 5O

1677.'2 167 1672 86 - HAA ;div’
M2 ren
6 Hren 4 c 4
Tas)aiv = T Bov (M3 ) + - {[dZ< V—azll) +2az8) —2az)] an, - = dZ£e>aAz}AUV,
M2
6 H
%(AZ .ren = 2 I — (V) (5-8)
ren

ren etc. The last step in the UV-renormalization

where a,, = s,¢, ayws +c2 5 don +2 5 dow and c, = =}
procedure requires a mixing among Wilson coefﬁc1ents which cancels the remaining (dim = 6)

parts. To this purpose we define

W 82

W
W,-:ZZU Wi Z; = ij+16 de Auy . (5.9
j

The matrix dZ¥ is fixed by requiring cancellation of the residual UV poles and we obtain

T o = TR ZR : (5.10)

Elements of the mixing matrix derived from H — AA are given in appendix G. The result of
eq. (5.8) becomes
8 4) (6) R, H (©)a
Fian = iﬁ (%AA + 8¢ Tndin T8 Tuan 10 MR2> +igren8s Tiinn’ - (5.11)

Inclusion of wave-function renormalization factors and of external leg factors (due to field redefi-
nition described in section 2.4) gives

2
g 1 1
7 1= (wa gw )] [+, (o ras—an) | G2
Finite renormalization requires writing

M2 =M%, <1 + 1‘%6“2 ds%pr> ;

ren __ 8ren
=y <1+ 1667{2(1%09) )
g2
8ren = &F <1 + 716]7:7:2 dgg> , (5.13)

where g% =42 Gr M%V and c,, = Mw /Mz. Another convenient way for writing the answer is the
following: after renormalization we neglect all fermion masses but t,b and write

32 M2

8F Sy HAA H
. 1 . ren
Thian = i < Z Ky ‘Z»IAA;LO—’_lgFgG — Wi

81 M

I=W.t,b w
838 f f f
- SF 86 nic ren nic Ten nic Tren
+i 2 Z Ay Wi+ Tan Wo ' + Z Tina:t,i W10 | » (5.14)
i=13 i=12
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where Wilson coefficients are those in table 4. The k-factors are given by

proc

K= 1+g, A" (5.15)

and there are additional, non-factorizable, contributions. The k factors are

3 MIZJ C
HAA 2\ “w 2
AKt = EmdtWB—’_(Z_Sw)gaAZ+(6_SW)aAA
1 2,2 1
_5 |:Cl¢D+2SW (CW azz—at¢ —za¢g):| 577
w
3 Mfl c
HAA 2\ “w 2
1 1
—E [a¢D+253V (Cg\, Aazz +ab¢—2a¢5)} ST’
w
C
AKI\—;?A = (2+Sg\,)siwaAZ+(6+S\2V>aAA
W
1 5 5 1
5 |aso =252 (2ag5+¢} a2)| - (5.16)
w

where Wilson coefficients are the renormalized ones. In the PTG scenario we only keep a,ap ¢, don
and ay in eq. (5.16).

The advantage of eq. (5.14) is to establish a link between EFT and x-language of ref. [4],
which has a validity restricted to LO. As a matter of fact eq. (5.14) tells you that k-factors can be
introduced also at NLO level; they are combinations of Wilson coefficients but we have to extend
the scheme with the inclusion of process dependent, non-factorizable, contributions.

Returning to the original convention for Wilson coefficients we derive the following result for
the non-factorizable part of the amplitude:

Tile=Mw Y. Fi(a)a, (5.17)
ac{A}

where {A} = {aiws,abws,dsn,daz, a2, }. Finite counterterms, d 2y, ,d2, and dZ yy, are defined
in eq. (4.61) and in eq. (4.63). The results are reported on appendix H. In the PTG scenario all
non-factorizable amplitudes for H — AA vanish.

52 H—Zy
The amplitude for H(P) — A, (p1)Z, (p2) can be written as

AbNy = Mj Dury 8" + Pos, DY pY + Pz, P Py + Pk, Py Py + P, Py DY (5.18)

The result of eq. (5.18) is fully general and can be used to prove WST identities. As far as the
partial decay width is concerned only 222!, will be relevant, due to p - e(p) = 0 where e is the
polarization vector. We start by considering the 1PI component of the amplitude and obtain

Al | =My Ty 84+ T T, (5.19)
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where T is given by
M{TH = p4 pY — p1-p2 M. (5.20)

Furthermore we can write the following decomposition:

3
%535‘):1'%(%(;‘%&%&2 N rige, ZG0, o =i S5l san)

‘@}(116\)2 =3¢, S 7C0 <_M1?1707_M(%;MaM7M> Aaz

M2
700 _ ﬁ“ [259% (apw — ags) + (262 — 1) aq,WB} . (5.22)

Explicit expressions for %(fz), %(fz)’b will not be reported here. The 1PR component of the ampli-
tude is given by

uv
HAZ

1 ff (1PR) PR
o= " A (P p2) SE (p2) = ME 2G84 2T (523)
0

where ALY AOff denotes the off-shell H — AA amplitude. It is straightforward to derive
Doz = Doy + Dy =0 (5.24)

i.e. the complete amplitude for H — AZ is proportional to 7"V and, therefore, is transverse. UV
renormalization requires the introduction of counterterms,

1 2
T = T [1 +51 6g 5 (dZy +dZ +dZz — 6dZ,) AUV} : (5.25)
&r 8r
__ren ren o ren
Cy = C (1 + 612 dZ, AUV> ; g = &ren (1 + 612 dZ, AUV> (5.26)

and we obtain the following result for the renormalized amplitude:

grren _ gren g( )+ 9( ),b +i 9(6)# +i g?en <7'(6)
Az — 16 HAZ T 86 “/HAZ; fin 8ren 8¢ ~/HAz;ren 1612 86 Zuaz:div-

Miren (1 1
T = %(fz)";};wAUV (M\zyv) +— { [2 ng) —|—de) - EdZ,(‘j‘)V - 2dZ§f4)] a

HAZ:div M
ren

cten @
+2 fen dZCG (aAA - azz) } Ayv,
Se

M2

Hren

(6).a
%Az ;ren — M
ren

anz, (5.27)

where a,, = s,¢, dyws +c§ ayp + si asw and ¢, = cff“ etc. Once again, the last step in the UV-
renormalization procedure requires a mixing among Wilson coefficients, performed according to
eq. (5.9). We obtain

T = TunyN In ;‘E : (5.28)
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Elements of the mixing matrix derived from the process H — AZ are given in appendix G. After
mixing the result of eq. (5.27) becomes

Thing = lggeHZ <‘7H(A2 + 8 ‘?H(AZ) in T &6 e71-I(AZ> In ]‘l‘fIR > +i&ren & %(AZ) “ (5.29)

Inclusion of wave-function renormalization factors and of external leg factors (due to field redefi-
nition, defined in section 2.4) gives

1 g2 1
9;:2 { - E 1g6re;;12 (WH +Wa +WZ):| {1 + & <aAA +az; +ago— Z a¢D>:| . (5.30)

Finite renormalization is performed by using eq. (5.13). To write the final answer it is convenient
to define dim = 4 sub-amplitudes %IAZ;LO (I = W,t,b): they are given in appendix I. Another
convenient way for writing .7+ is the following:

83 I Mz W
ren __ - F HAZ . ren
gHAZ =1 TEZM Z KI <7.HAZ;LO—i_lgF(g() M

Z 1=W tb

g F g 6 nfc ren nfc ren nfc ren
Z HAZ; W, zw Z cZIAz;t,ivvi + Z %Az ;b, zW . (5'31)
i=1,4 i=11,12,22 i=9,10,20

The factorizable part is defined in terms of k-factors, see eq. (5.15)

AK?AZ _ (2at¢+4a¢m—a¢D+6ClAA+2aZZ) )

| =

1
Ak," = =2 (2apy —4agr + oo — 60 —20az5) |

1+6c2 1 1+4¢2 1 1+c2 —24c¢k
T2 ey 2 GoTy T I

HAZ
Ay~ =

2
w

1 s 1 1+15¢2 —24¢t
5 (1+12¢] —48¢) ) Fan+5 N N, (5.32)
\

2
v

In the PTG scenario we only keep ayy, @b, dop and ayo in eq. (5.32).
Returning to the original convention for Wilson coefficients we derive the following result for
the non-factorizable part of the amplitude:

Te=Y Fi(a)a, (5.33)

ac{A}

where {A} = {aytv,disw, rws, Qobvs Abws s Absw, Ao Aaz, dan,dzz }. In the PTG scenario there are
only 3 non-factorizable amplitudes for H — AZ, those proportional to ay¢v,agbv and aep. The full
results are reported on appendix H where

My M

Mg = — — —-. 5.34
AZ M\ZV M\ZV ( )
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53 H—-ZZ
The amplitude for H(P) — Z,,(p1)Z, (p2) can be written as

AﬁZVZ - @HZZ 5uv+'@}llzzpl P +'@1izzpl P2 +32}21%zp2 pl +'@szp2 p2 (5-35)

The result in eq. (5.35) is fully general and can be used to prove WST identities. As far as the
partial decay width is concerned only 222}, = 22,,, will be relevant, due to p - e(p) = 0 where e
is the polarization vector. Note that computing WST identities requires additional amplitudes, i.e.
H — ¢% and H — ¢%".

We discuss first the 1PI component of the process: as done before the form factors in eq. (5.35)
are decomposed as follows:

. Mg 4)1PI 6) 1PL,b . 6)1PI,
@}12 = _lgcj l 16 12 <@1gz)z + & @152)2 > +188 @152)2 a’
6

3
.8 4)1PI 6)1PI,b . 6)1PI,
2B = ives (P + 8 P ) +ige, 20T (5.36)

It is easily seen that only & contains dim =4 UV divergences. The 1PR component of the process

involves the A—Z transition and it is given by

uv
HZZ

_— R [%%X (P1, p2) Zay (p1) + T (P, p2) E25 (p2) |+ (5.37)

where the H — AZ component is computed with off-shell A. The r.h.s. of eq. (5.37) is expanded
up to 0(g3g,) and we will use

Dizz = Dugs + DibR . Pz = Py + Pex. (5.38)

Complete, bare, amplitudes are constructed

Mg a
@sz:_lgcg'i‘llgnz (9:2‘)2"‘85@122)2 )‘i‘lggﬁ@}gz)z s
3
Pz = ize— (P +8. Ph0" ) +i88 2" (5.39)

where the &(gg, ) components are:

2 2 2
6), M 1 My —2M;7 s S
-@}gz;'a—_ci <a¢m+4a¢D>+<M_M aZZ_MC%aAA_MCiaAza

6 0 [¢]
6), 1
P =2 LGz (5.40)
UV renormalization requires introduction of counterterms,
g 1
Foog = Duzz [l +— 672 <dZZ + 3 dZy — 3ng>} , (5.41)

where ¥ = 2, % and dZ; = dZ( ) +& dZ( ). We obtain

: M, e 4 6
Duzz = —18ren ﬁ +1 16“;?12 (-@P(IZ)Z + & ‘@]—(IZ>Z;ﬁn>
0
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3
. 6) ,ren, . 8 6
+18ren & @I-([Z)Z R 16r;12 86 @I—(IZ)Z;diva

3
Puzz =1 grj: (gzlgi)z‘h% y}(g)z;ﬁn)

3
tigrng, PO lg;;z 8 P2 . (5.42)

The explicit expressions for 5‘}52; 4 Will not be reported here. The last step in UV-renormalization

requires a mixing among Wilson coefficients, performed according to eq. (5.9). After the removal
of the remaining (dim = 6) UV parts we obtain

2
FE) o — FORIn % . (5.43)

Elements of the mixing matrix derived from H — ZZ are given in appendix G. Inclusion of wave-
function renormalization factors and of external leg factors (due to field redefinition, introduced in
section 2.4) gives

1 g2 1
g;?% 1— 5 lgéj_;z (WH+2WZ):| |:1 + 8 <2azz+a¢m - 4a¢D>:| . (5.44)

Finite renormalization is performed by using eq. (5.13). The process H — ZZ starts at 0(g),
therefore, the full set of counterterms must be included, not only the dim = 4 part, as we have done
for the loop induced processes.

It is convenient to define NLO sub-amplitudes; however, to respect a factorization into t,b and
bosonic components, we have to introduce the following quantities:

WH=WHw+WH(+Wnys Wz =Wz w+Wgz (+Wgz b+ Yoen Wzt
d;@og :d,ﬁpg;w +den d.ﬁpg;f dgce = dgce;w +d£pce;t+dgce;b +igendffcs;f

dféy)MW = dng;W +den dfl}pr;f
(5.45)
where W4 denotes the ¢ component of the & wave-function factor etc. Furthermore, } ., implies
summing over all fermions and all generations, while } ., excludes t and b from the sum. We can
now define k-factors for the process, see eq. (5.15):

M3
2 H
HZ7Z

1
AKI;D;NLO = atq) +2a¢D - Ea‘DD +2azz +S\2N aAA,

Hz7
A

Kp.1o = s@aAA—i— Az +Cy Sy Aaz + 2040, (5.46)

1
AKg;ZIZD;NLO - _ab¢+2a¢[‘_ §a¢D +2azz+53v Aan
A . 1 4 1 ) )
KW:D:no = 12 + 2 Aop T 2090+ Sy, dan
w
2 51 )
+SW 3CW+§07 aAz+<4+CW> dyy ,
w
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1
AKHZZ _at¢+2a¢m_§a¢D+2azz+Si]aAA,

t;P;NLO
1
AKE;ZIZJ;NLO = —ape+2ap0 — B dop +2az, + Si; daa s
HZZ 5
AKW P NLO 4a¢[] + 2 aq)D + 12“22 + 3S aAA (5.47)

and obtain the final result for the amplitudes

My g

o HZZ F HZZ 1

Duzz = lgFTKD L0+l7_7 Z KI;D;NLOQHZZ;NLO
Cw I=t,b,W

+i gi@éz)z Trifhe Y 2™ (@),

{a}
3
. a . 8f I
Puzz = 2lgFg(, IWZ\; 77:]; K]I-I;Zlf;NLO ‘@HZZ;NLO
I=t,b,W
f
—i—lﬁgé Y 2 (). (5.48)
{a}
Here we have introduced
g _ 1MV (8 Y 4z 44y dZ. —2Y dzZ (5.49
HZZ - 32 02 den Z.f Z My den Cy of Z g:f | - . )
W gen gen

Dimension 4 sub-amplitudes .@ézz; NLOS L@}IIZZ;NLO (I = W, t,b) are defined by using
2 2
My My

= M5 —4M3, =— —4—, 5.50
Ay = My 7 Azz w2, (5:50)
and are given in appendix I. Non-factorizable dim = 6 amplitudes are reported in appendix H, using

again eq. (5.50).

54 H—-WW

The derivation of the amplitude for H — WW follows closely the one for H — ZZ. There are
two main differences, there are only 1PI contributions for H — WW and the the process shows an
infrared (IR) component.

The IR part originates from two different sources. Vertex diagrams generate an IR Cy function:

c(—M2,M M2 M ,OM) n Py =L A ( 2 M2, M2 M ,o,M),
0 H w w Ba M2 ﬁw 1 R+ % w w
(5.51)
where we have introduced
M}, 1 M},
Bi=1-4—-, AR erln— (5.52)
The second source of IR behavior is found in the W wave-function factor:
Wy =252 AR+ Ww | . (5.53)
fin
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The lowest-order part of the amplitude is
Drow =—8M. (5.54)

The 0 (gg,) components of H — WW are:

MZ — 2 M3 1 §2
6), H W S
@}(lw)wa = <M +M> a¢W_Ma¢D+ZMa¢D_MC% aAA_MéaA27
)
1
P = 2o dav (5.55)

With their help we can isolate the IR part of the H — WW amplitude

_ 7lIR 1 1 ﬁW_l

9 —1 A 5.56
HWW IR HWW ﬁWMI%[ nﬁw+1 IR » ( )
1. gf 6),
L = 515553 M (i + 8, i)
1 g M
—l—ﬁi%gﬁ g0 [2 (Mg +M%V) M—? $2 gy — 452 Mfy agy — 25> M3 | . (5.57)
W

Having isolated the IR part of the amplitude we can repeat, step by step, the procedure developed

in the previous sections. There is a non trivial aspect in the mixing of Wilson coefficients: the

dim = 6 parts of H - AA, AZ and z@}(fz’)mww contain UV divercences proportional to W > 3; once

renormalization is completed for H — AA, AZ and ZZ there is no freedom left and UV finiteness

of H— WW must follow, proving closure of the dim = 6 basis with respect to renormalization.
We can now define k-factors for H — WW, see eq. (5.15). They are as follows:

M} 1
AKE\T::) =2 <H - SMW) (ann +anz +az;) + EMW agp = 2Mw aq0, (5.58)

AKE‘;VSV;NLO = agrv +agpta +agby +agba —dao +2ae0 — %aq)p
Sy Abws + Cy Abpw + 552 dan +5¢ Sy aaz + 565 azy
v 1 sy 23 35

AKW;D;NLo - % CTa¢D + ﬁa‘bﬂ - %aqﬂ)
W

1 1 1
+4 s@aAAJrﬁse <3C+49cw> 4t (9c§V +s§) azy
W

1
AKB\T;V;NLO = Ggiv +dgia +dgby +agba —Ade + 2090 — 5 %

2 2
+SW adWB + CW adBW + 5 SW aAA + SCW SW ClAZ + SCW aZZ 9

AKI\;\;‘/;VPV;NLO - 7a¢D - 2a¢D + 533\] Aan +5CW SW Az +5C\2V Aayzy . (559)

Next we obtain the final result for the amplitudes

3
. aww | . 8F HWW 1
Daww = _lgFMWKD;LO‘f‘l? KI;D;NLO@HWW;NLO
I=q,W
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3
.8 4) ;nf f
+ln_71;-@]-(l\’\2wnc 71'2 gﬁ Z -@HWWHC )7

{a}
. 1
Puww = 2igr g, m (S%V Aan +C3v Az7 +Cy Sy aAZ) Z HV{JWNLO HWW NLO
3
8 ;nf
i%Lg Y 2NN a), (5.60)
{a}
where we have introduced
g@ite _ Ly ST wy—d2 2d% 5.61
v = 35 Wzgen( wif —dZ my i — gif) - (5.61)

Dimension 4 sub-amplitudes -%iww;mo, L@,Iiww; o (L = W, t,b) are defined by introducing

2 2 My
My
and are given in appendix I. Non-factorizable dim = 6 amplitudes are reported in appendix H, using

again eq. (5.62).

55 H—bb(t™t)and H— 41

These processes share the same level of complexity of H — ZZ(WW), including the presence of
IR singularities. They will be discussed in details in a forthcoming publication.

6 ElectroWeak precision data

EFT is not confined to describe Higgs couplings and their SM deviations. It can be used to refor-
mulate the constraints coming from electroweak precision data (EWPD), starting from the S, T and
U parameters of ref. [76] and including the full list of LEP pseudo-observables (PO).

There are several ways for incorporating EWPD: the preferred option, so far, is reducing (a
priori) the number of dim = 6 operators. More generally, one could proceed by imposing penalty
functions @ on the global LHC fit, that is functions defining an w -penalized LS estimator for a set
of global penalty parameters (perhaps using merit functions and the homotopy method). One could
also consider using a Bayesian approach [78], with a flat prior for the parameters. Open questions
are: one ¥ at the time? Fit first to the EWPD and then to H observables? Combination of both?

In the following we give a brief description of our procedure: from eq. (4.12) and eq. (4.48)
we obtain

SIPHIPR () — [HlPI (0)+g Se ax, TIE(0 )] s+ 0(s?) =45+ O(s%). (6.1

(From eq. (4.20) and eq. (4.48) we obtain

YIPIFIPR (5) = [HIPI(O) + 8,50 axn, TINA (O )] s+O(s%) =Tgp s+ O(s°). (6.2)
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From eq. (4.16) and eq. (4.48) we derive

S .
Dy R (5) = Azz(0) + | Qz2(0) — g, Ci ax TIZA(0) | s+ O(s%) = Azz(0) + Q5,(0) s+ O(57).
)
(6.3)

Similarly, we obtain
Dy (5) = Aww (0) + Qww (0) s + O (s°). (6.4)

The S, T and U parameters are defined in terms of (complete) self-energies at s = 0 and of
their (first) derivatives. However, one has to be careful because the corresponding definition
(see ref. [76]) is given in the {a, Gz, Mz} scheme, while we have adopted the more convenient
{Gy, My , Mz} scheme. Working in the ot-scheme has one advantage, the possibility of predict-
ing the W (on-shell) mass. After UV renormalization and finite renormalization in the o -scheme
we define M\zv;os as the zero of the real part of the inverse W propagator and derive the effect of
dim = 6 operators.

6.1 W mass

Working in the or-scheme we can predict My . The solution is

My o o [ 1 AW Lde a®) A® Lidea®) A®

W— 9+; c —Egﬁa@ B MW+Z ( -+ g6a¢1> 1 Mw+< -+ g6a¢q) q Mw
Z gen

+g, [A}(f) Mw+Y <A1(6) My + AP Mw)] } . 6.5)

gen

where éi is defined in eq. (4.73) and we drop the subscript OS (on-shell). Corrections are given in
appendix J. The expansion in eq. (6.5) can be improved when working within the SM (dim = 4), see
ref. [44]: for instance, the expansion parameter is set to a(Mz) instead of ¢¢(0), etc. Any equation
that gives dim = 6 corrections to the SM result will always be understood as

o
O=0" +=g 00 (6.6)
imp T

in order to match the TOPAZ0/Zfitter SM results when g, — 0, see refs. [79-81] and refs. [82, 83].

6.2 S, T and U parameters
The S,U and T (the original p -parameter of Veltman [84]) are defined as follows:

1 1
aT = MTDWW(O) — ﬁDzz(O) ,
w Z
o 62 a2
53 S = Q72(0) — = 74 (0) — T1aA(0),
482¢2 8, ¢,
o R A
12 U= Qww(0) =& Q22 T174(0) — ] TTxA (0), (6.7)
2]

where all the self-energies are renormalized and §, is defined in eq. (4.73). One of the interesting
properties of these parameters is that, within the SM, they are UV finite, i.e. all UV divergences
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cancel in eq. (6.7) if they are written in terms of bare parameters and bare self-energies. When
dim = 6 operators are inserted we obtain the following results:

aT=a7Ytag 7,
. 1-2¢2 6
OZS = OCY( )—4g6TsaAz+OCg6y( )7
676
@ 1-282 ©)
OCUZOWZ/ _4g6 ~ A3 aAZ_"achZ/ (6.8)
$6C;

and the introduction of counterterms is crucial to obtain an UV finite results. Explicit results for
the T parameter are given in appendix K where, for simplicity, we only include PTG operators in
loops.

7 Conclusions

In this paper we have developed a theory for Standard Model deviations based on the Effective
Field Theory approach. In particular, we have considered the introduction of dim = 6 operators
and extended their application at the NLO level (for a very recent development see ref. [85]).

The main result is represented by a consistent generalization of the LO x-framework, currently
used by ATLAS and CMS. We believe that the generalized k-framework provides a useful technical
tool to decompose amplitudes at NLO accuracy into a sum of well defined gauge-invariant sub
components.

This step forward is better understood when comparing the present situation with the one at
LEP; there the dynamics was fully described within the SM, with My a(Mz), ... as unknowns.
Today, post the LHC discovery of a H-candidate, unknowns are SM-deviations. This fact poses
precise questions on the next level of dynamics. A specific BSM model is certainly a choice but
one would like to try a more model independent approach.

The aim of this paper is to propose a decomposition where dynamics is controlled by dim = 4
amplitudes (with known analytical properties) and deviations (with a direct link to UV completions)
are (constant) combinations of Wilson coefficients for dim = 6 operators.

Generalized k-parameters form hyperplanes in the space of Wilson coefficients; each k-plane
describes (tangent) flat directions while normal directions are blind. Finally, x-planes intersect,
providing correlations among different processes.

There are many alternatives for extracting informations on Higgs couplings from the data,
all of them allowing a theoretically robust matching between theory and experiments; one can
start from direct extraction of Wilson coefficents or use combinations of Wilson coefficients. We
do not claim any particular advantage in selecting generalized x-parameters as LHC observables.
Our NLO expressions have a general validity and can be used to construct any set of independent
combinations of Wilson coefficients at NLO accuracy.
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8 Note added in proof

In order to compare our results with those in ref. [85] we have to take into account the different
schemes adopted, in particular the different treatment for the Z—A transition. Therefore, we define

2
o%\:f =2+ <§)> Clq)wﬁq;w +a¢3ﬁ¢3 +%G¢WB6¢W37 (8.1)

where g, is given in eq. (2.14). Furthermore, we define

s2 s

dyp = é Cus , dyw = Chw , dows = _iCHWB . (8.2)
When our results are translated in terms of the C-coefficients of ref. [85] we find perfect agreement
for the universal part of the running (the Ly -terms in our language), i.e. for those logarithms that
do not depend on the renormalization scheme (Gg-scheme in our case). We would like to thank
Christine Hartmann and Michael Trott for their help in clarifying the issue.
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A B,andT
In this appendix we present the full result for Bh, defined in eq. (4.7). We have introduced ratios of
masses
My Mg
Xyp=——, Xf=— (A1)
My My
etc. The various components are given by
Y = — Y (o +3x3+3x0) + ! (12424 +32%) + ! 6y
-1 & 1 d u 8 H H 8 Cg
ﬁ(4> B 71 1+202
0 2 ot
(4> o 1 fin 6 3 fin 2 1 6+C§xﬂ fin
Bﬁn = 71a0 (MW) ( JFXH)*gaO (MH) .XHfg C4 aO (MZ)
]
+ Z [3 ag" (Mu) xﬁ + 3a(ﬁ)" (Md) xﬁ +a3“ (Ml) xlz] (A.2)
gen

12+ x4

1 1
a¢w+§(36+2XH+3x3)a¢W71 Z [3(4au¢+4a¢m +4a¢W*a¢D)X§

6) 1
B =5
1 8 cg &
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-3 (4ad¢ —4dayn—4agw +a¢D)x§ + (4ayo +4apw —agp 74aL¢)x]2

3 1 1
+E (4ago +4agw +agn +85§a¢3—806 Sea¢WB)C—4+§(4a¢g—a¢,})(12—2xﬂ +7x2)
6
1 X
,5(4a¢g+a¢n+96c§a¢)é
1 1
B =3 (82 g +4 (14268 don +4 (14262 +6¢3) agw + (1~ 264 don — 8¢, 5, dows =
6
6 in L o 1 g 12+x
[3ﬁ(n) =3aj (MH) aq,xH—Zag (Mw) (18+xH)a¢w—§a8 (MZ) 5 Ha¢w

2]

1 . .
+Z Z [3 (4auy+4apn+4ayw —a¢D)a8“ (Mu) le, —3(4agy —4agn —4agw +a¢D)a8“ (Md) xﬁ
aen

+(4agn +4agw — agp 74a[_¢)a3" (Ml) xlz]

—— (4agn+4agw +agp +85§a¢3 —8¢, 8, apwe) cjagn (MZ) — — (4aen — agp) ay” (MW) (6—x4)

16 1 16
1 - X 1 A
+§ (4aen +a¢D)a3“ (MZ) C—g 3 (28a¢n +12ayw — 7a¢D)a8“ (MH) xfl (A.3)

6

We also present the full result for I, defined in eq. (2.14). We have

1 1 1
rf=—g I =g T =gd ) (A4)

e _ 1 r© _1 6) _ 1 gn
-1 _7ZH¢W 0o = qu)w Fﬁn = Zﬂlo (M) Ayw (A.5)

ie. T=TW (1+2g, apw).

B Renormalized self-energies

In this appendix we present the full set of renormalized self-energies. To keep the notation as
compact as possible a number of auxiliary quantities has been introduced.

B.1 Notations

First we define the following set of polynomials:

where s =s, and c =¢,

Fi=1-6c F{=4-9¢ Fj=Il-c
F§{=2-15¢c F{=2+4+3c Fi=11-3s
F¢=8-3s
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where we have introduced
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Fj=1+2¢ Fb=1+3c F)=1+18c

F=1+c Fb=1+4c Fi=1-2s

Fo =1+24s5%c Fb=1+Fic F§ =1+4Fc

F§=3+4c Fby=5+8¢ Fb =1-40c+36sc

Fb,y=1+20c—12s¢ Fby=5-20c+12sc¢ Fj =5-3s

Fbs=1-12Fc Fig =3+8sc Fi, = 13+4F4c

Fig = 19— 18s Fiy=1-12¢7 By, =1-24¢3

F, = 1+4Fjc F}, =1+8Fic? Fb, =4-3s

F, =5+12¢2 Fbs =5—4Fic Fb = 13— Fis

F, =21 —4Fis Fbg =39 —40s Fby = 1—4sc

F,=3—10c F} =3-2s F}, =c+2s

Fiy=4-7Tc F, =2+c¢

ve=1-— %sg
f
where Q) = —1, Q, = % and Q4 = —%; IE’ is the third component of isospin
vég =43 (Vﬁ +vd) vg?1 =l +2v2 4y

Go=1-3vq G =3-v Gy =5-3v,
G3=20-3v3ly  Ga=1+V Gs = 1+v3
G =1+v2 G7 =9+ v Gg =22
Gy =2-v} Gip=2-v} Gh=1-v
Gp=1-—vw, Giz=14+w, Guyu=1-vq
Gis=14+vq Gig=1-3v Gir=14+wv
Gig=2+4+vy+vqe Grg=3-5v, Gy =3—vqg
Gy =3+v Gy =9-5vy—vqg—3v; Gu=vy—Vvq
Gy =2—-vy Gys =2+vy Gy =2—vg
Go7 =2+4vq Gyg =2—-v Ga9 =24V
G3p=2+3v; G31 =6+5vy G3 =6+vg
Gy =1-v} Gy =1-2v Gis=1+2v
Gy =1+7v Gy7=3—4v Gy =3+4v
G39 =843V, Gy =1-7v; Gy =7—wv;
Gp=1-v2 Gp=1-2v, Gy =1+42v,
Gus =3 —4v, Gus =3+4vy Ga7 =3+13v,
Gag =4+3vy Gao = 16+9v, Gso=3—13v,
Gs; = 13—-3v, Gsy =1-v3 Gs3=1—2vq4
Gss=1+2vq Gss =2+3vq Gse =3 —4vq
Gs7 =3+4vq Gsg =3+5vq Gso =8+9vg
Geo =3—5vq Go1 =5-3vq
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where we have introduced

M;
—_— etc.
M

Xt

Hp = 32 +3x§ +x]2

Hy =3x} +3x§ +x]4

Hy =4x2 +x3 +3x7

—39_

Hy = —2x2+x3 Hy =242 +x3 Hs = 10x2 +x3 + 97
Hg = —x2 +x§ Hy =2 er‘z1 Hg = x} 72x§xﬁ er:‘1
Ho =143 Hig=1-x3 Hip =2 —xj —x
Hip =2+x3 Hiz3=2-x3 Hig=1+x2
His=1-x2 Hig=2—x2 —x} Hi; =2+4x2
Hig=2-x2
where we have introduced
My
Xp = — etc.
M
Ip=2+x L =2-x DL=1+2x
3=2+43x Iy=4—x} Is=4+x>
lg=1+2x2 Li=1+x2 Ig=2+3x
lo=1+2x3 TLo=1+x3 I;;1=2+3x]
where we have introduced
My K
Xy = 572 Xy = Y
Jo=2+x} Ji=12+x h=2-x}
J3=4-7x} Jy=4-5x) Js=12—x}
Jo=2+11x4  J;=3+4x} Jg=4+5x
Jo =10 4x; Jio =36+ Ji =4+3xs
J12:2+xﬁ J|3:3+xﬁ Jig =4+xs
Jis =6—x3 Ji6 =8 —xs J17 =84xs
Jig =10 —x2 Jig =12+ xg Joo=2-3x%
T =12 —xg Jon =1245xs  Joz3=12—x%
Joy =32-3xs o5 =32+xs Jo6 =48 + x5
Jy7 =2x5 —xf, Jog = 2x5 +xﬁ Jyg =5x5 —xf,
J30=19-3x2  J3 =58-3x% J3=70-3x%
Ji3=106—-3x% J3q = x5 —x7 Jis =1+x3
J36 =8+3x% Jyp=1lxs — x5 Jag = 12xs — 27 x5 + x4



J39=1—2xg Jao=1+2x5 J41:1+2x57x%
Jgp =14 10xs T3 = 1+ 10xs — 257 —2x% x5+ Jag = 1 +18xg
J45 =2 —68xs 7x£[ Jag =3+ 5xs Jy7 =42 +xﬁ
Jig =9 —5xg Jy9 =1-+5xg Jso =3+xs
Js1 =7—5xs Jsp =8 —5xg Js3 =134 5xg
Js4 =20 —3x3 Jss =23 —15xg Jse =14 3xg
Js7=1—"Txs Jsg =1—9xs Jso =1—5xs
Joo=1—3xg Jor =1 —xg Joo = 1+xs —x3
Jo3 = 1 +4xg Joa = 1+9xg Jos = 1+ 12xg
Joo = 1+ ldxs Jo7 = 14 1dxs — x3 Jog = 1 +22x5 —2x% — 14x% x5 + x4
Joo =2—56xs —x%  Jj0=2—xs J71 =2+3xs
J7p =24 5xg J73 =3+ 1dxs J74 = 8+ 24x5 — 3
J75 =20 —x% J76 = 1+ x5
K0:x5+2xﬁ K1:x5+2x‘21 K2:x5+2x]2
K3:x576x12 K4 = x5 +x12 Ks =2xg 7x12
Kg =2 —xg K7 =2+xs
Lo= —x% + Xg L= —2x% + xg L, :x% + xg
L3 = —x% +2Xxg Ly :xﬁ +2Xxg Ls =xl*— 2Xxg xE +x§
L¢ = —x% +xg L= —2)6%J +xs Lg :xlzJ +xg
L9:—x%+2xs Ll():xﬁ—szx% +x§ L :—x%-‘rxs

L= —2x]2) +Xs L3 :Xlz) +Xs Liy= —x% +2xs

4 2 4,2
Lis =xp — 2xs x5 + x5

B.2 Renormalized self-energies

The (renormalized) bosonic self-energies are decomposed according to

2
g 4 4 6 6
Dij(s) = 7 |8 ()M + 11 (5) s+ 5, (87 () M3 +110 (5)s) | (B.1)
while the (renormalized) fermionic self-energies are decomposed as
2
8 4y, 4. 4 6) . 6) . 6
Si=75 Vilipralipy 5P My g, (V0 ipralipy +xmw)| @2
In the following list we introduce a shorthand notation:
By (m1, my) = By (—s5my, m2) (B.3)
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and several linear combinations of Wilson coefficients

— 2
a¢w =C azz+soaAA +CSSQQAZ

(

agwe = (1 —2s§) anz +2¢,8, (axn —azz)
Ayw = Sg dowa T Cq dowz

aga = 5 (agar —dgav)

alt) = 1 (aguv +agun — doay — doan)

(3)

Gous =2 (%q (1)

+a¢q

)

ag1 = 5 (ag1a — ao1v)

a&fﬂ = 1 (ag1v +agia +aov)
Ay = S, Alwe 1+ Cy Alpw

Quw = Sy Auws 1+ Cy Aupw
adw =S, Adws +Cy ddpw
aﬁ)w = 4a§)31) +2a4w

a(gt,),) —I—a(;,>D =8ayw

Aowas = Aowa — 259 dyp
dlon = d1p — Ao

ddeon = dd¢ — Ao

— 2 a2
a‘DB —CoaAA‘FSanZ*CsSeaAZ

Aows = Cydopwa — Sy dowz

(@)

Aowe

== a¢B —Clq)w
agu = 5 (@ouv —dgus)
3
()~ 1 (Clq)dv +agda + douv +a¢uA)

doq = %
agava =2 (o) —ayy)

All functions in the following list are decomposed according to

ag = ay) =3 (apy +ap,)
Aglva =2 (aéj) —aéll))
g = —C, diwg + S, Alpw
Gup = Cy Quwp — Sy Aupw
adg = —C4ddws 1 S, ddpw (B.4)
agfq)w = 4a§)3q) +2a4w
am) - aq(,\_;v)n =2ayp
Aywap = 48, Qowa — cg ayp
Quoo = Auo + Ao
(B.5)

where Fj is the constant part (containing a dependence on Ug), F; contains (finite) one-point func-
tions and F the (finite) two-point functions. Capital letters (U etc.) denote a specific fermion, small
letters (u etc.) are used when summing over fermions.

* | H self-energy

@ _1pLr
My = EFOCT
(4)
HHH;I
4 L1 o n
Mg,y = 5 - BY (Mo, Mo) + B

3
¥ B (M) -

gen

HH ;0 =2

—4]

1
—EZHOLR

gen

1
(M, M)~ 5 Y 57 BE" (M, M)

gen

3
S Y B (Mg M)

gen

11 3
+§C—4(2—3LR)—§J0LR+2ZH]LR

gen



(4)
Ay
HH ;2 3 =

= _ithn (M, M) — gxﬁBgn (My, My) +2 Y 5! B (M, M)
1 1
+6 Xy B (Mu, M) +6 Y xiBG" (Ma, My) — 5(12+C4xﬁ)6733"(M0,M0)

gen gen

6 1
Mo = —4agw (1-2Lg) - 5022 (2-31Lg)
Lr

1

+§ [(Saq:w +agp + 8a¢u) + (4J3 Ao — J4a¢D) C2:| 2
1 _

2 [(aéwl +4a¢g) Hy+4 (—3x§ age+ 3x121 aug —x%am)] Lr

gen

11 - 1 .
H£IH;1 =52 agp ag“ (M) — 3 (a¢p 74a¢D)xﬁ ag" (MH)

6 1 in
T = 5 [320w — (apo —4a90) 12| BE (M, M)

1 1
~3 [—8 (Baz, +agw +apn) + (agp +4asn) czxﬁ] 2 B (Mo, Mp)

3 _
+§ ((lq)D 74a¢g)xg Bgn (MH N MH)

e (- . 3, (- .
~1 Z(aéw)b —4a0) ¥ BY (M, M) — 7 Z(aéw)b —4agyo) g BY" (Mg, My)

gen gen

3 -
~1 Z(aéw)n +4ayen)xi B (My, My)

gen

6 1 L
Ag-llzl;o =5 {(6a¢+a¢Dx3)+(6J6a¢—|—J7a¢D —3Jga¢g—6J9a¢w)62] C—g
1 1
+Z (16&22 +4a¢w +3a¢D +4a¢g) C74 (2 — 3LR) + (20a¢w —dyp +4a¢g)
+Z[(a(;¢)]3 +4aen)Hy +8(73»x2|1 ad¢+3xﬁ aug fxf‘alq,)] Lr

A§-I61)-I;1 =4 foamag“ (Ml) —12 Zxﬁauq,ag“ (Mu) +12 Zxﬁadq,ag" (Md)
gen gen

gen
3
~7 [20a¢ + (agp — 4a¢D)xﬁ] xﬁ agn (MH)
1 1
—— [czaq,Dx,% —6(4a, +agp 72c2a¢)] Cjag“ (Mp)

4
—6(ag —2aow) ag" (M)

3
ASB{;Z =1 [96% +(—12a¢yw + T agp —28a¢g)x]2{] xZ[ Bg“ (MH , MH)
1 - 1
+E [4c2a¢bxﬁ — 12(“&)13 +8ay, +4ayn) — (aéw)D *4a¢g)c4xﬁ] = Bi" (Mo, My)

1 ;
3 [4Jloa¢w — (a¢D —4a¢D)J5] B?)n (M, M)

+ Y (@l —4arn) i B (M, M)

gen

+3 Y (b —4aaeo) X4 BY (Mg, My)

gen
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+3 Y (alh + 4aues) 3t BE (Mu, My)

gen

* | A self-energy

2 2
@) 32,
I =3P+ 22 P Ngen (1 —3Lg) 145 -8
AA0 s R+27S gen ( R)+ w 9genx5
2 2
4 s 8y M 2 fn
M, =4l () S ¥ = sale (M)
S gen 'S
2y e ) S Yl (o)
—— ) —s"ay (My)— = sTagy (Mg
9 on X 4 9gen X
W _ s
nA“:fJHB Z KZB (My, M)

gen

——Z KOB (Mu, My) — Z KlB (Mg, Mq)

gen gen

16
27
1 Lr

~3 {JB czaq,B —Jis s agws + (3C4a¢D +sagwa) — (J12a0s +J18 a¢w)szc2 2

6 1
HE\}\ 0~ Ngen dywap (1 - 3LR) + 2 a(bWAD Z Hp Apwap

gen Xs

+2 Z(_xﬁ aqwg + 2xﬁ Auws _xlzalwa) sLr

gen

1 fin 1 2 fin 4 .X12 fin
5 daadg (MO) + EXH Aaan A (MH) - g Z x*%:w;m a (Ml)

gen S

1

H/('\6/)\;l - 2
4 o ]

-5 Z aq)wAD LlO Mu) 9 Z — Aywap a()n (Md)

gen gen 7S

1
+ |:J16SCCI¢WB +J17sza¢w + (x5 agp — 2a¢D)c2} x—agn (M)

S

6 _1
HAA;Z — 5

1.
3 [4]14sca¢w3 +(7c2a¢D+4s2a¢w)J11] x—Bg“ (M, M)
S

2 1
) Z(9sx§xs agws +Ki apwan) o B{" (Md , Md)
S

gen

4 1
+§ Z(9sx12]xs auws —2Ko agwan) o B{" (My, My)
S

gen

2 1
2 2(35)612)(5 arys +Kadgwap) ;Bgn (M1 , M])
s

gen

e | Z—A transition

4 1s ) Is_,
H(z/i 0= §;Ngenvsge)n(1—3LR)—65F2LR

2 2 2 2y S 1 2
- 2 ———(36 Ji9) —
+3 gg,(xl Vi +vaxg + Vux“)cxs 9( <+ 19)CxS
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4) 4 s b _fin 2 SXq fin
n) =-2 1 gy 2y ¢ M,
ZA1 T T3 ox 0 (M )+3 Z SVdao (Mq)
2 2
4 S Xy fin 2 1 fin
by Vu 4y (Mu)+* Vidg (Ml)
3 on CXs 3 fon CXs
) 1
HZA;2:§Z—K2v1Bﬁ (M, M, +3Z — Kovu By (Mu, My)
gen S gen S

N
+= Z KlvdBO (Md,Md)—6(6J11c2+J17);B3“(M,M)
S

gen

1
H(Z6/l;0 = 36 [14453 czaq,WAB —4Jyescagws — 144F§szca¢wz +36F}57C20¢D
2 (+) 1
+(d¢o —2s a(bWD)Jlg} sexs

Y [F8La¢D +4(3ags — agw +36s202a§3B)32c+ 12(Jjpaps +J18dgw) s° ¢

L
+2(J20 - 6153 2+ 3F}é) saq,wg} —Rz
sc
1 2 2
+m [3 Cagp V(ge)n —4(3agwe V(ge)n —32(—cagwz +Sagwar) SC) s] c

N
+4(G3zayw —Fl]’oaq,D)sz}

(1-3Lg)
1 2 2 2 2 2
+— s [4 (agp +4cagw, —4sagwas) Has™ ™ 4 (=24 x5 apq +48x; agy —4Goxg dgw
gen

—12Gy F agw —8Ga 2 gy — 24Hs aly) +24Hyaly) +Hs agy — 4K3dp1y) s

+3(—cagp +4sagys) (v +vgx3 +2Vuxﬁ)c} vox
S

1
+— B {8sa¢1v -3 [—(alwg 7 +4scale)x12— (3vqagws +4scadgw)x(21

gen

L
+(3Vu Auws +85C5lu13w)xﬁ] } 7R

_5 Z Aodv +2a¢uv) (] —3LR)

gen

11

© _
Mya =~ 12

1
e 00) = -3 (1)
1
3 {2F7a¢0 +16 [a¢w +3 (cag)vgB +sa¢WB)szc] §* — 6 (xsags —J17 aq,w)szc2

1 .
2 fin

—(6 T — scda, a, M
( JZIY J24) §C ¢WB}SC 3 ( )

—— Z{ [c agp Vi — 4 (cagws Vi +2 (ag1v +263a¢wz — 2562a¢WAB)s)s}

gen

b 2 i fin
+(4Gyagw —Fgagp) s }scxs apy (Ml)
1
BT {[362vda¢D—4(3cvda¢WB+2(3a¢dv+263a¢wz—2sc2a¢WAB)s)s]

gen

2

X
d

+(4Goagw — Fﬁaq,D)sz} ox

ag* (Mq)

|
) Z{ [302 Vuagp —4(3cvuagws +2(3aguy +4c3a¢wz —4sc2a¢WAB)s)s}

gen
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x5

4G apy —Floagn) s | ——a (M,
+(4Graow —Figaon) s Scxsao( u)

6 1
H(Z/)\;z =5 {748 [c3a¢w + (cagy +sa¢WB)sz] J11s20+(a¢,) 725241&);)]))]17 +6(J11F§)c2a¢D
1
4(61n s> ] } (v, M
+4(6J225" —Ios) scagwes sex, DO ( )
1
+12 {f[czaq,ovl74(ca¢WBV1+2(a¢1V+2c3a¢WZ72sc2a¢WAB)s)s]K2

gen

1.
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C Listing the counterterms

In this appendix we give the full list of counterterms, dropping the ren-subscript for the parameters,

Sy = Syren €tc. To keep the notation as compact as possible a number of auxiliary quantities are

introduced. First we define the following set of polynomials:

¢}

where x = sﬁ:

Ag=1-x A§=55-36x A§=10-9x
A¢=5-2x Af=7-4x  A¢=3-2x
Ab=19-72x Al =19+9A%x A5 =29-2A%x

Ab=2—x Ab=53-26x  Al=19-36x
AL =61+36A%x AL =56-29x Al =13+ 12A8x
Ab=3+2A8x Aby=14-9x Ab =2-3x
Aby=1-4A8x Al =29+4A%x A}, =50-23x
Ab =29+ 18A8x Ab=1-x Ab =3 Adx
Abg =3 Adx Aby=1-Alx
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B}, =132 - B4x?
B?3 =447
Bl =12—B¢x?
Bly =3 —4x?
Blz’2 =20+9x7
B =1-6x2
Bl = 1241142
B’3’1 =56+9x7
B}, =3—x2
B%, = 10+3x
Bj, =8+9x2
By =9—11x?
BYs =33-7x2

b _ 2
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Or 2
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vd> vé%% = +2vﬁ +vq
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A§=19—18x
A{=1-2x
A§=2-Abx

AS, =19-24A%x
ASy=1-Alx
Af; =3+x

b
A§y =97 —4Abx
AS; =97 —4Abx

ASe =9 —dx

ASy =19—4Ab x
AS, =29 —24x
ASs=2—Abx

— b
A =293 — 12A%,x
A = 1+2A557

AG =1—4A%x
BY =22+9x
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B} =96 — B{x?
BY, =196 — B¢’
BY, = 6By’
BY, =30 - B4x?
BS, =7+8x?
Bb, =55-3x2
Bge =24

BS, =23 -3x2
B}, = 144 —B§x?
Bl =622

BS, =22-3x2
BY =22
Bj, =31-6x2

B), =40+33x%
BY, =204 — B¢x?
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My
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Ci=8

C4 =53~ 12vigdy — 3vien
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C.1 dim =4 counterterms

Ef =2—9xx}
E{ =8—9xx}
E¢ =2+

EYy =4+ 643 +3%x3
E{y =8—3xx}
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First we list the SM counterterms. In the following we use s =s, and ¢ = c,,.
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C.2 dim = 6 counterterms

To present dim = 6 counterterms we define vectors; for counterterms

1 1
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C

CT\=dZy CT,=dzj) CT3=dz{ CTy=dzy CTs=dz
CTe=dz{) CT;= dzg? CTy=dZy) CTy=dz{" CTp=dz}}
CTy =dzZy), CTp=dZ\%) CTi3=dz\y CTu=dzy) CTis=dzZ)
CTis=dzy) CTi;=dZy] CTiy=dz\ CTiy=dzy) CTy=dz)
and for Wilson coefficients
ay =W ayn = Wa ayp = W3 ayw = Wy
ags = Ws agwe = W avo =W7(q, u) age = Ws(q, d)
aLy = Wo(4,1) ag,q) Wio(q) q(,l) =Wu(l) agu = Wi2(u)
aga = Wi3(d) ag1 = Wi4(1) aéq) Wis(q) 5,1) =Wis(1)
ayw = Wi7(q, u) agw = Wig(q,d) aw=Wio(4,1) ays = Wao(q, u)

agg = Wai(q, d)

), =Was(A,1,Q,u)

ajp = Wa(A,l)

The result is given by introducing a matrix

dpldq :W23(A717d7Q) a(l

CTi= ) MW+ Y Y Mfj(label) W, (label)

j=1,6

Jj=7,25 gen

where, without assuming universality, we have

Y My, (label) Wi (label) =

gen

Y MfY),(label) W1 (label) =

gen

M7 (1) Wiz (u) + M5 (c) Wia(c) + M, () Wia(t)

etc. In the following we introduce all non-zero entries of the matrix M*'.
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(C.9)
(C.10)

(C.11)

(C.12)
(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

Mo (u,d) Wig(u,d) +Mfo(c,s) Wig(c,s) + Mo (t,b) Wio(t,b)

(C.19)



. M?ti entries

* MS!, entries

M12 = *6{4A31*B3C }:2

1
b2
13: ngen { _BSC}?

gen

M?E4 == {x(gle)n - [CZX(gle)an[ +2(252x§;26)n +D§)] 62}
gen
Lfoa 8BL) 4 (Bl 2 + BV ) 2] &2 1
+8 [ Agx; +8BY) + (—Blys* + 11)0]0};2
1
3

{ons
{c [ (16+C0xﬂ)} cZ}Ngen
{ngen [4xgen xgo,le)n xﬁ] & } 52

{6A [Agxﬂ+2B7) (4B —BLs?) 2} Cz}ciz
{ 16[ —c xH]c +[2 ASxH] CO}Ngen

Mf_t6 = 72{2)%16)“ — [4x(gze)n x(glgnxﬂ z}sc

gen

1
+ {2A5CE+ [16A5 72 — (AGCE2 +3249)| ¢ } Ngen

12
L( . 1
+8{2A%+{2B6€ — (-Ag + B} - By P 2} =
sc

M(]:,t7 (q’u) = *3.}63 M‘I:ES (qu) :3)((21 M(l:t9 (2’71) :x12
a a2 ! ct 20 4 221 !
M§' (q) = 2{C2+6D25 }Cj My (1) = —g{Vl —6¢ xl}ci

1 _ 1
MY, (u) = —2{ —6¢%x } 2 M5 (d) = Z{Vd —602x§} 2

20 _ 1 1
Mf, (1) = g{Vl *602’612}:2 M{Y s (Q)=2{ §’+D702}§

)

2 1
t 2
M{l6 (1) = g{VlJr"‘DgC }?2

3, 35 1 2
M§Y; (q,u) = —5% M?IS(qad)zixd Mfo (A1) = Pl

1
MSt, — 3{1 BY }—
21 = TERC 5

H

1
MY, = {—2{4%@1—)&%%} + [3— (o —Bh,?) 2} Cj} 2
H

gen

—_64—



1 1
{22[4x§e)n ngle)an} + {18— (Sxﬁ +B[17662)62:| 6—4} —

X

1 1
MS; = {—Z[4x(gze>n x(glgan} {3 (Bbs +B17c ) 2} 0—4}7

X

1
Mis =3 {4 [~k ) g

1 1
Mg% = —3{4—62)6&})726% Mg% (q7u):—3{8xﬁ—xg}x—2xﬁ
H H

1 1
MSs(a,d) = 3{8x3 -} 5ad  MSL(A )= {8 -
H H

* MS!, entries

1
)
32*ngen *{ 9 +Bigc }:2

gen

16 1
M33 = 9 Ngenc + - Z gen 24 {3A 22C }C2

gen

M, = Tt 2 20 +0f]

gen

6{[18 B20+2B21s2] [2A‘1‘4x3—B’1’0s2+B’1’1]c2}

+%{3[8 —(Ch)] 22+ [~16A%,+3C{] | Neen

Mgfs = Z{nge)n — [4x£gze>n —x(gle)n xﬂ 2 } 52

gen
1 . 1
+< {oA5;— [~(-2A7,3 + 4B, — Bbs?) @+ (2B ” + BY)| 2}

2
—é{—lq —czxﬂ [2 Ast]CO}Ngeﬂ

Mg&, = — Z{nge)n — [4X§;Ze>n — xge)nxﬂ 2 } sc

gen

1
36{6A‘ 8+[48A§c2x3 (3AGCAx2 +32A5 )} };Ngen

1 . . 1
o { s+ [Bhis? — (—AG ) +BY - BEsh) ] 2] —
sc

1
M$'o (q) = 2{ §+6D‘2102} 2 MY, (1) =

1 1
Mgflz (u) = -2 {v; —6c2xl21} 2 M§f13 d)=2 {vg —6c2x§} 2

2,1 1 2 1
MS', (1) = g{"l —6¢ xl}ci Mgfls(Q):z{ 5+Dijc }07 M§f16(1)25{Vi+Dﬁc }67

1 1
M$'; (g, u) = ) Afxp M§g(q.d)=-Afxg  M§o(A,1)= A4x1

MSho(q,u) =4scxy  MSh (q.d)=2scxj  MSL, (A, 1) =2scxf
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. Mﬁti entries

1
ngen {2A09+3B25c } o

gen

1
b 2
43 = ngen {3A§3_B31C }C7

gen

Mﬁ; = Z{ & x(gle)Il 242 [2 52 xge)n + Dg} }02

gen

1 . X 1
ts {6A§2 + [7(72Aﬁ4xﬁ —BYys® +B))® + (B, +Bl§852)] 02} 2

—é{16[ —c2x3] [ Asxﬁ'st} Co}Ngeﬂ

Mﬁfs = Z{nge)n — [4x<gze>n — x<gle)n xﬂ A2 } 5%

gen

1 1
5 {6A5 - (A5 +2B%) — (4BE B ) | 5

1

~5 —16 [270 xﬂ}c + [2 Asxﬂ] C“}Ngen

Mﬁfﬁ = — Z{2x§;e)n - [4xge)n *Xge)n xﬂ 2 } sc

gen

1 1
T {2A‘ g+[16Agc2x,§ (A4COXH+32AL)]C2};Ngen

12
1 . 1
+6 {2A§1 + [ZBgosz —(—A{xE +BS — B§s2)cz} cz} —
sc

1 2 I
Miio(a) = 2{Cs+6D5} 5 My ()= {v —6¢ |

1 |
Mg"tn(u) - _2{VLT —6c2xﬁ} 2 Mg Y3 (d) = 2{VE —6czx(21} 2

L»J\I\J

_ 1 1 2 1
ME, (1) = {V1 —602x12} ) MSs(q) = {Ca 9Dg 2} 2 M6 (1) = 3 {Vl+ _902x12} =
. Mgg entries

5 1 1
ME, == MEL=—— A5, —
52 3 5, 3= 4 24 62

8 1 1 1
M54 = gNgen*ZX(ge)n‘i‘g {15+B§3C2} C7
gen

t s t 2
Mg = - MS'5(q) =2DF  M§'s(1) = ngsl

3 3 1
MS'y; (q,u) = —Exﬁ Mgfls(qﬂd)zi'xczl MSg (A1) = 5% i

« M entries
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1 11 1
t
MG = —54 A2 1~ 36{ 3¢ vgon 4 A% }ENge“

1 S
Mg = 5 {64A55 et [24‘92 vieh +C$] } ~Ngen

1 b 2] 218

8{ —6[AgsBjs —2Bls | ¢ }E

b2 2] 218
1

36{3ct8[16s +3Ca] } Ngen

| 1
Mgis = 7 {3A?6C8_2 [1285262+(—8C§52+3Cg)} 62} 2 Neen
1 b b 4 2 *1
_12{ 56_2[_(3Bl3+12334s —Blys?) + (—12Bs* + By) ¢ } } 2

[

W

IS

45
Mg () ==32  Mg(d)=

2s
MEt — ¢ Mg () ===
6,15 (q) . 6, 16( )= 3

1 s 1
Mgli7(q,u) = Z{8C2+3vu}zxﬁ Mgfls(%d):—z{“c +3"d} o

1 s 1
M (A1) = 72{462+V1}EX12 Mgh (q,u) = 1 {3Vu*852}x3

Mg (a,d) {3"d_4s} Mgl (4.1) 4{Vl 4Y}
. M% entries
5s
My =-¢3
1
73 = Zx Cl’l+7{ 4c V(ge>n+clo} 62 Ngen 48 {A30+B40C }7

1 s 1 1
t b 2 2
M5, = {Ag3 ~3Bbc }72 - {—4cgc +C‘,‘0} - Neen

1¢ . b o) 8 1 2 1 $
o) s )

1 1 1 1
M@ = - {ctrepsct) 5 Mt =gy o)
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1 ! 3,
M) = — {4+t 5 M@ =—3xv;

_ 1 _
MS'g(q,d) = S xgvy M9 (A1) = lezvl

S,2 3s
M%,tZO((Lu):_*EVu)Cu M721(q’d):_zg"dxd

ls
MSh, (A1) = _ZElelz

. Mgg entries

1
b 2
ngen *{ 57 +2Bigc }67

gen
2 1 1 1
83 = ngen+ {74C2V(ge>n+C?0}C*2Ngenfﬁ{A38 3B45C }6—2

M§f4 = Z{cz x(gle)n xﬁ +2 [2 s x(g%:)n + Dg} } ¢

gen
1 2 nb _pb 2y 2 2 1
+g{ §6+[_(_2AL1‘4'XH+B11_B505 )c* + (BY; —2Blgss )} }?2
! Cly+2 (16 —8c*x2 +Cix2)? — (C4y) | 2 iN
6 10 H 00 13 o2 gen

Mgfs = Z{nge)n — [4)6(;@)n — x(glgn xﬂ A2 } 5%

gen

1 1
-z {9A§4+ {—(—2/\?47& +4B} —Blys’) 2+(B24_2Bﬁ652)} 02} 2

’—‘O\

6{ 16[ —c xﬂ]c +[2 Asxu] Co}Ngen
Mg = Z{ 2 — [4xfen — xpen 3| ¢ pse
gen

1 1
+8{ 35+ [Bébﬂsz_( Ang +Bb Bgsz)cz} cz};
1

12{[16(2 ASx2) P — (—AGCEx2 +2C +16C”111s2)] 2
2 1
2 (=85 vgen +C) | } - Neen
1 1 1
2 2.2
Mio(a) = {5+ 1205} 5 Mgl () = —5 {128 +ch)
ct — 2 2 1 ot B ) 1
MS"IZ(H) - 7{\]" —12c x”} 67 M8,13 (d) = {Vd —12¢ xd} 2

1 | 1
ML) = 3 { —2dd 5 M@ = {cg+2pie)

Ly~ 2 1 3.,
Mgfw(]) - _g{vl _ZDSC }67 M§T17(q7u):_§xuvu
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« MS!, entries

3 _ 1 B
8 18 (q d) = Egid 819 (}L 1) xl 4

3 2 3s 5

MgﬁtZO(q’u) = T M 821 (q.d)= —7 2 VdX
Is o
M822()‘71) = 75 EV])C]

1
2
92: E,xgen *{ 9+B18C}02

gen

) 1
b 2
M93 - xgen 48 {3A B31C }C—z

gen

1 1 5
M5y = 5 Y{ctxbent +2 [26%xgen + D] 2
gen
1
b 2 b 21 2
1 {3A40 [( gy +2B5)) + (—Blgs +B11)C]C }?2

+1{C‘1’+ [8c2 (16+C0xH)] c2}Ngen

[=))

1 1 2 |
MSES ) {ngge)n - {4 Ege)n nge)nxi] cz}s2
1

+55 {647 — [ (Agx] +2BY) — 4B} —BS ) |}

_12{_16 [2_62)63}62_'— [2 SxH]CO}Ngen

1 1 2 1
Mgf6 ) {Zx(ggn — [4x(ge)n —x(ge)n xﬁ] cz}sc
gen
1 ca c 2.2 c 2 1
+ﬂ{2A5c0+ [16A5 23 - (A5 Ch3 +3249)| ¢ }QNgen
1 1
E{2A§9+ [2B6s — (- Agxﬁ-i-B?—Bgsz)cz} cz}—
sc
M (q) = {esrepsl L Mg )= — L fvr —e22l L
9,10 4 2 9,11 ="3 Iy =2

_ 1 N 1
M2 (u) = 7{V“ 7662%} 2 M3 (d) = {Vd 7602x§} 2

1 1 I
M8E14 1) = 3 {Vl_ —6c2x12} 2 Mg,tls (q) = {CtBl_’_D(lzcz} >

ct .
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3, 1 S o |
MG, = 1% Mf 3 :—@{7‘?60 xn}g
1 1 1s
M1o4**2{7+E80}67 Mms*—gg
1 2 wal 21 L ct 1 a 211
M{(5(Q, D) = Z{1+[3XH+E3]C }Cj Mlo,lo(Q):*Z{“*ElzC }67
ct 1 ct 1
Mio,13 (D) = {2+E116 }Cz Mip,15(Q) = {4 Efyc }67

3 1 1
Mf5,17(Q, U) = gxﬁ M{515(Q, D) = T3 {2A§6 +3E3c2} =

3
1 s  —1
MG, (Q,D) = {2 Ef;c }7 M6 (A, 1,D,Q) ==Y —
16 2 X

MS(24(q,u,Q,D) Z—

gen

 M¢! , entries
1 1 1
ct 2 ct L)
Mii, = i) Mll,s—**n {4+9c xD}?2

1

1 4
t 2 t 4
Mfi, = {ZAEH—E?C }— M= s

2
Me = 2 ag M (Q D)—_l 2
11,6 = g H2s8¢ ns(Q:D)==7x

1 1s
Mf} 13 (D) = {4*E‘1‘2€2}7 Mf] 5 (QvD)Zzzxg

C

[N

. M?zl entries
MSL, = -2 MSL :_f{l 2 2}
12,2 4xD 123 7 +9c"x; o
2

1 5 1 5
M124*ﬁ{ 22+E§c}c—2 M125,§Ags

4 1
M(I:Eb = 76‘3‘("3 M(I:E,S (QvD) = *ZX%

1
2+ Efy )
{+14C 2

O\\»—

1 1
M5 1 (Q) = ~6 {2+E11C }Cz M5 15(Q) =

3 3
M717(Q, U) = le% M%JS(QvD):—gxg

ct .
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3 1 1
ct 2 ct 2 2
Miz, = R M13’3_TS{5_6C )CU}?2
MCt _ _i S_Ea 2 i M(‘,t _
1347~ " 3¢y 2 136 =

M{5;(Q,U) = {1+[3xﬁ+E‘fs]cz}ci2 M} 10(Q ):i{S*ELfscz}é

-b\»—t

1 1 1
{ t
M{3 1, (U) = 4{2 Ef;c }Cg M7 45 (Q) = {8 Efgc }c2

1 3
Ml3 17(Q,U) ~ 16 {ZA +3Efgc }02 M?E,IS(Q,D)ngxg

3

M} (Q,U) = ! {10 Efc }iz Mf$,,(Q,U,q,d) = Sy
’ 16 2 o XU
3
1 X
p 2'717(2aU = A -
25 i
. M‘ff”.entries
M, = 23 M= i{16+9c2x2}i
v 72 vl 2
1 16
t 2 t 4
M Sacse Mt (Q,U) 1o
146 = 25 147(Q, V)= 7%

o MSL. ; entries
Mt :lx2 Mt :—i{1—|—902x2}l
15,2 4 U 15,3 72 U C2
1 o 1 4 )
M1547ﬁ{A‘C‘3+EgC };2 M1557§A§6s

4 1,
M$g76 = _§Agsc Mﬁg’7 (Q,U) = 2%

1 1 1 1
ot ot
Mis 10 (Q) = ~5 {2 Ef;c } 2 Misgs Q) = ~5 {2 Ej ¢ } 2

3 3
ML QU = 5 M§ QD) =-x

ct :
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3, 20 1
M(I:E,ZZZXL M]63——6{11—20 xL}C—Z
1 2 l t 9S
Mgy = *Z{II*Egc }67 M?G,GZ*EE
1 2 wal 211 ct 3 a 211
Mf§o (A, L) = **{1+[3XH+E22}C }7 M16,11(L):**{4*Ez4c }7
4 c 4 c
1
4—E4 }
{ 24 € 2

3 1 3 K
¢
Mf6.19 (A, L) = T {2A4+E250 }Ci Mg 2 (A, L) = 6 {6 Efgc }C3

-lk\w

3 1
M%,M (L) = 7 {2 Efsc } 2 M?t6 16 (L) =

3
3 Xd
Mf§ 23 (A,L,d,q) = 52* Mf§ 5 (A, L, q,u) **Z*

en AL gen

ct :
U M17,i entries

1 1 1
M), = ZXE M17%—*§{4+02X5}:2

1
M}, = {ZAfu —E‘écz} 2 MY s = 45
1
{ t >
Mi7e = 2A%ssc  Mijo(A,L)=—x
1 35 5
M} 14 (L) = {4 Ej c }Cz M} 5 (A, L) = e
o MEL , entries
MISZ_ZXL M183:*§{1+C XL}Cj
1 c a 2 1
M184*§{A44+E7C }c7 My s = 2A5s°

1
3 ’
Mfge =4s’c  Mfgo(A,L) = -

1 1 1 1
¢ 2
Mig 1 (L) = 2{2 E%sc }72 Mg 16 (L) = *5{2*E§7C }c7

)

35
Mg 19 (A, L) = —ox MS§ 5, (A, L) = B Exf

oo W

ct :
U MZO, ; entries

MSh 19 (A, L) = 42 (C.20)
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D Self-energies at s =0

In this appendix we present the full list of bosonic self energies evaluated at s = 0. We have
introduced a simplified notation,

Bg‘l‘)(ml,ml) :B?);,(O;ml,mz)

etc. We introduce the following polynomials:

where s =s,, c = ¢, and

Mg =5-3c¢
M) =1-2¢
M§ =5+4c
M =17+ 16¢
Mg:1+s
M}, =17-8¢

M§=1+18¢

M =1+24s%c
M¢=2-Mjc

M§ =5+8¢

M{, =1-40c+36sc
Mg =11+4c

M, = 1-2Méc

M§, =4+c
b
M, =7 —2M}s

M$, =5-35¢+8sc
M§,=1—4sc
M§; =4+3c¢
Mg, = 29— 16¢
Mg, =49 —34¢
No=1-3x%vq
N3 =20-3v
Ng = 1+ v}
Nog=1-—v;
Nip=1-vqg
Nis=1+wv
Nig=2-vqg
Ny =3—-5v,

Nog =4+vy+vq
N27 =38—15v, —3Vd—9V1

Ml =4-9c
M) =1-3s

M5 =7-10c
M:=4-c

M,=31—-1lc M{=4-5

M11’0:3+c

M§, = 15+Mc

My =8-5¢c Mb, =41-24s

M§ =1+4c
M =1+3Mjc
M{=3-c
M, =7-38¢
M¢, =3-2Mj¢
Mg = 1+10s
M{y=2—c
M§, =5-2c¢
M5 =9—2M}s
Mg =39 —40s

Mg, =2-3M ¢
M, =5-2M’, ¢
M§; =37 —48s
Mg, =79 —40c

Ni=3—-v
Ny=1+v2
N7:9+vggn
Nig=1-vy
Niz=1+4vq
Nig=2—vy
Nig=2-v
Ny =3—-vqg

M = 1+6¢?
Mg =1 +4Mbc
M§ =3+4c
M{, =c-2
M, =9—8s
Mg, = 1+2Ms
M, =3—M’c
Mgy =6—-Mbe
M5 =18 —1lc¢
Mg =1+c

Mg, :3_M1f1C
_ b

M5 =9 —8M?,c
_ b

Mg =37 —2M?, s

Ny =5—-3x%vy
Ns=1+v}

Ng =38+ 3vhdn
Nip=1+wy
Ny =1-3v,
N7 =24+vy+vq
Nop =243V
N3 =3+wv,

N25 :9—5Vu—Vd—3V1 N26:10+3V1

Nog = vy — Vg
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Oozx12+3x§+3xﬁ O|:x§+xl21 02:)‘5*3)“121

03 =323 -} 04 = (2~ )2
Po=1-x3 P =2—x3 —x} Py =3-2x% —x}
=6—Tx} +xh Py=10—11x% +x3 Ps=2—5x% +3x}
Pg = 12— 13x% 4+, P7=12—11x% —x} Pg =8 —5x% —3x}
Po=1-3x%+3xh —x§ Pro=42-41x% —x) Py=1-x}
Py =7—6x3 Pi3=9—x% Piy =20 —21x% +x3;
Pi5s =5 — 67 +xi Pis =78 —79x% P17 = 10+3x3

Pig = 11— 18x2 +7x4  Pig=20—23x% +3x% Py =32-45x
Py = 80— 797

With their help we derive the vector-vector transitions at s = 0

* | A self-energy

32,

4 1
HE\/)A;()(O) = _63 Ngen(l—LR) 3S2(7—9LR)
er)x 1(0) =357 ap" ( Zsz o (
gen
_72‘5‘2 ﬁ" Mu _725,2 ﬁn
gen gen

6 16 1
I 0(0) = =5 Neendgwan (1~ Ly) - gcza@ (7-9Lg)
42 62 < p s + (P agy +P ) Lr
= |sa a a a a
B OWA T 1 2 (DB H 1 3dows 1468 4dow _1 02
2
+3(ca¢wa +7sagw) szZ adWBxd 2ayws X2 +apyp x7) s (1 —Lg)

gen

2
) 1 x ) 11
HA(AZA,I(O) = EﬁPOQAAag (MH) 2 zaAAao (MO)
H

1 2
~3 {202 ags +3c% agy —2(3cagys +53a¢w)s} af (M) — 5 Z(%WAD +95agys X3) all (Mq)

gen

2 ) 4 i
_g Z(aq)WAD +3SGIWB)C12)(18“ (M]) — 6 Z(2a¢WAD — 9SduWBX121)tl?)n (Mu)

gen gen

nz(f/)\,Z(o) =0
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Z—A transition
IT

1 1s 1
) o(0) = — giNgenvfge)n(l—LR)—gf(l—i-LR) 35¢(7-9Ly)

4 1s X
I3, (0) = ¢ = Mga Z Vi
éen

—72 vua Z Vda d

gen gen
4
H(Z./l,2(0) =0

o 21 11 11
Iy} 4(0) = 35 €00 (1=Lr) = 52 —agn (1 +Lr) = &~ agp (7-9Lg)

sc
— {3M§a¢WB—2(—3a¢B +agw — 3652 ¢ aé)“aB)sc—6(P1a¢B +P4a¢w)r
H

2
C LR
—(Ps— 6Pgs?) R
(Ps —6Pgs )x%_la¢w3:| 2

1 1
— [Mgaq,WA + M scagw; —2853ca¢3 c} -

1
36 { [3ca¢D vée)n 4 (3ayws vge)n —32(—cagwz +Sapwan)sc)s|c

N
+4 (N3 dgw — M agn)s” | =2 (1- L)

1
T {—3 {—(alWB Vi +4scalBW)x12 —(3vqgagws +4scadBW)x§ + (3vuauws

gen

1
+850auEW)xﬂ +8(ag1v +agav +2a¢uv)s} - (1-LgR)

2
¢ 1 x . 11
H(Z/i;l(O):ZﬁPoaAzag (M) — 7 = axaf’ (Mo)
H

1

24 (8M2v aan — 8M§scay, +MSagy, +48MS 5% ¢ azz);aS"(M)
R AN A 3 o2

B c“agp Vi —4(cagws Vi +2(ap1y +2¢ agwz —25¢" gwas)5) S

gen
1

+3 (s Vi +45Cagy) 53 — (4N agy — Mg%n)sz};agn(Ml)

1

36

gen

{— [3czvd agp —4(3cvqagws +2(3agdy +2C3(1¢WZ — 2562a¢WAB)s)s]

1
9(3VdadWB+4scadBW)sxd (4Ngagw — Mfaq,D)sz}s—aO (Md)

36 Z{ [Sszuaq,D —4Bcvyagws +2(3aguv +47° Aowz, —4sc2a¢WAB)s)s]

gen

1
+9Bvyayws + 8scaUBW)sxﬁ +2(4Nyagw — Mgaq,.))sz} e ag" (Mu)

6
H(Z12,2(0) =0
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* | Z self-energy

6
11 1
- = P (0] l L
teao1Pts ; o(1—Lg)
2 2
4 | . 1 1 3 X, n
A(zz);l(o):*27208 (M)+§ — (M1)+2Zc—;a3 (My)
gen gen
2
3 Xd g
2y € iy
+2 gen Cz ao ( d)
2, 1 L 1 1 1
*g(c ) 11) (MH)*g(C +2m C11) ay' (Mo)
) 1 IR
AZZ'Z(O): 1+(2PQ—PQC )CH) 5 Xy ?BOP(MHvMO)
’ 12 x5 —1 C

©) 11 Lk 1 1
Ay7.0(0) = -3 )FPS%D 2 (4agn +agn) = (2-9Lg)

1 1 1
1 (4Pg X2 ago +P7agn) 227

H

1
+- Z 2435 agq — 2432 agy + 87 g1, — Opagn + 1201 dguva) = (1-Lg)

gcn

1 1

4
c B 1
+24 {9 1P0a¢DxH 8 (4ayn+agp)c +8(4a¢g+a¢D)W it
1 5 1 1
1 {(4“¢D+a¢n) +8(4ay0 +a¢o)m i1 = 40" (Mo)
x2 xﬁ .
+4 Z 8(1¢1A a¢D) (M] + - 4 Z qu,dA a¢D) fm (Md)
gen gen
)C2 -
+4Z8a¢uA ag) 5y’ (Mu)
gen
AY) (0) = — ! (4ayn + agn ) + (4agn + agn ) (2Pg — Py c? x2) e x2 iBﬁ“(M M)
772 - 24 0 6D 60 oD 0 0 H xﬁ—l Hl -6 Op H>» M0
2 1 1
Q(Z“Z);O(O):7(3—5LR)—§s2(7—9LR) 26 2 (11+6Lg)
1 N 1 N
T fzenN7LR 36(N8+6L1r) £
4 11 : 11 1 X
Q5.1(0) = — 15 5 Mha 3"<M>—5;6ﬁa3"wo>
122 Neag (M) — 42 Nyag" (My)
gen gen
1 X Nsal (My) + 5 (et ) ol (M)
5 12 1—c2x27 0 0 VH

gen
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4) 1 2 1

2.2y € 2 n
Qy) ,(0) = 2 |1 CRo—Poctx) g & B3 (M. o)
1 CZ 2 1 fin
78(5+x%771P0xH)674B0p(MH7M0)
6 1 2 11
Q<zz);o(O) —gNgen%DVEge)n(l*LR)+EC*2‘1¢D(2+3LR)

1 1
+§a¢D (3—5LR) - 6s2a¢D (7—9LR)

1 1 gen
72 2a¢D(11+6LR) % 2 Nos Lr aon
m, 1 Nee
—Z l—LR Ngg dyq + == 7 (N7 +6L1r) a¢D

gen
3 L
- Z[3N10a¢u —3Ni2ay4 —3N17a§,q) N3 a( ) (aq(,l) —a¢1v)N9] TR

gen

1
+9 Z[9N16a¢u —9Nigapq —3Nj9as — Nz()aé)l) —9N24aqu) +N26a§,1) —3L1ra¢v} —

gen

6 11
Q71(0) = —5; — Miyago dy ()
1 1 1 .
24[ (495 +agp) c* +(4“¢D+“¢D)W] 540" (M)
1 I B
24 (4a¢L +a¢D) Waon (MO)
1 2 1 fin
_ﬁ [4C a¢DV1+(8N9a¢1—N14a¢D +4N15a¢1VA)} C7a0 (M])
gen
1 2 1 fin
5 |:4C Vda¢l>+(24N12a¢d+12N13a¢dvA*N22ﬂ¢n)} C—zao (Md)
gen
— LY (82 vuaon — (24N1gdpu — 12Ny aguva + Noja )iaﬁ"(M)
24 uop 10 4pu 11 4ouva 21 4pp 62 0 u
gen
(6) 1 2 1
Qy7.,(0) = YT (4ago+agn) + (4agn+agn) (2P —Poc X) 1 i | =5 Bln (M, Mo)
1 ? 1
12 5(4a¢g+a¢D) (4a¢g+a¢D) IP()xH 7B0p (MH,M())
* | W self-energy
A(4) _ 1 1
wiv0(0) = 2Lg c 5 (1 6LR)+6 1P10+6200(2 3LR)
gen
) 2 % g 11
Ayw.1(0) = 32-1% (My) 3122 f3a0" (Mo)
1 2 1 i
u fin
_EZ 5 20200 (Mu)— sz O3a (Md)
gen “‘u gen ‘u d
+= Zx ) s ey L ain )
14 21 s 0
gen 3 x]%fl $2
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4
4 1 s ., 1o )
Bihv:2(0) = =13 g Miy Bl (M, Mo) + 15 —— PoBly (M. M)

H

2 i 1 ; 1 A
f§s2B3‘l’)(0,M)+ 5 Y O4B (My, Ma) + A Y 5B (0, M)
gen gen

6 11 11
Ay 0(0) = — 3 2o (1= 6LR) + 55— den (11— 15Lg)

1
% {26 a¢WB+(3a¢D—4C Apn +4cza¢w)s] 6%(2_3LR)

1 c 1
+E |:40S61¢w3 + (4P]0a¢w +4Pq oo +P14a¢[)) x%ifl] ;

1 1
+5 (3ap+8agw) Lr + 3 Z(zxfaff +0pagy +601a)) (2—3Lg)

0q
gen
©) Iy % ® 4
AWW;I(O):fEsz_x 0244y af" (My)
gen “‘u
3)
,,Z og%qw )+ = le mw o (My)
gen éen
1 . . . .
5 4M‘16szaAA+3M§la¢D+20M§2c2aZZ+4M§6scaAZ
52 1 ﬁn
_(80¢W_2P12a¢D+Pl3a¢D)27_1 2% (M)
2
e i
—g(a¢wn+4a¢t)x%7_1ag“(MH)
1 i i i i 1
+E(8Mj7s2aAA724M°1862azzfMEOa@74M§3scaAz)@ag"(M0)
(6) _
AWW;Z(O)_fZqu,qWB (My, Mg) + ~ Zx] ¢1WB (0,M)

gen gen

1 A
-3 [Mfgsca,\z + (—cza¢D +4s2aAA)] B?)B (0,M)

1 _ 1
t55 (aéwz) +4a¢U)
H

54 Py B (M,MH)

—1

4
. Ky N
+54 (165% * agy — My agp — 4MS, sagwa — 4MSs cdgwz) = BGn (M, Mo)

L (2+57Lg)

4 4
Qizv)w 0(0) 9Ngen(1*3LR)* 18

2
4 12 NN
Qs;v)wn(o) = *szizilag (MH)+57 9sap" (Mo)
H

" (My +Z (Mq)
gen ll ;,en
52 1
3 Za (39+ PIG) ay' (M)
o 12 —1
(4) 1 S4 c fin 1 1 fin
Qyw.2(0) = %A |4BOS(M7M0)+8-)627_1P15BOP(M7MH)

H
1 1 1

JE— fin c fin
Tue Py B3 (M, My ) — & 2 Ma7 Bop (M, Mo)
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4 1
+- s*Bin (O,M)+§s2Bﬁ“(O,M)

3
+= ZOlB (M, Mg) + ~ leB (0,M)
gen gen
42041305 My, My) — lzleB (0,M)
gen gen

2 8
Q‘g’?’)w 0(0) = _§SzaAA (1 _9LR> - §Ngend¢w (] —3Lg)

1 2
18a¢g(2+3LR) 9(*Cazz+2SQAZ)C

1 3

+g(xl%—l

Lgr
Prgagw —6M5gscagws +3M5gaow) 2

_,Z ag) +3 é‘;)(l—3LR + = Z’J’xdadw 342 auw-‘rx] arw)Lr

gen gen

2
X
{41317 apw + (4a¢D le,)] xiz —
H

Qs’?’)w,l(o) = 1

ag" (M)

1.
{4M35 scan, +4Msg s ann — (Mg dop — 12M§4azz)cz] ﬁag“ (M)

2l - 2l = 2l

[12M36c a;, —4M37s An +4M39 SCauy +M40a¢D

2

s J
—(4agn —4Pyagw —Paragp) 5 } 703" (M)
x5—1]s

xlz] fin
- Z 2a¢qw+3xdadwf3x auw)xzizao (My)

gen llixd
2
+= Z 2a¢qw+3xdadwf3x auw)ﬁa}}" (Md)

gen u d

- Z ZaMW +3xfary)al (M)

gen

Qv »(0) 7—7204%qu (My, My) —*le MWB (0, M)

gen gen

1 . . . 1
55 [45% can —4MSy s, — (M7a90 +12M5; az0) | — Bl (M, Mo)

1 1

12 [4P18a¢w +(4a¢u—a¢D)P15] ] Bﬁn (M,MH)
1 X

+6 [Mfgsca,\z + (—c2a¢D +4s2aAA)] B (0, M)

4= [M§3scaAz +2(fc2a¢D +4s2aAA)] Bg; (0,M)

_ 1 N
owp T 4do0) et PoBie (M, My)
H

1 st
—4— (1657 * agn — MS, agn — 4MSy sagwa —4MSs cagws) = BiY (M, M)

+— Z ¢1w+3xlalw)xlBOp(O M)

gen

= ZOla¢q)W 3013 dgw — 301 22 auw) B (Ma, M)

g,en
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E Finite counterterms

In this appendix we present the list of finite counterterms for fields and parameters, as defined in
section 4.12. It should be understood that only the real part of the loop functions has to be included,
i.e. Bo =Re B etc.

4 1 1 4
dfi(\/l\?v = BT [3c2x3+(3+12862)] 27 6(1 —3LR)Ngen

1 1
+g(6—7c) LR+6Z3xd+3x +x7)(2-3Lg)

gen

+= 22 x5+ x2) x5 ol " (My) +222+xd )x2a8n(Mt)

g,en gen

1 1
+6 Y- xp)xfaf (M) — 7l [czxf, (1+6662)] c—ao (Mw)

gen

1 1 1
(3—x2)xkafr (My) + — (1-19¢% +245% ?) Cjag“ (Mz)

2 2
—45?Bfn (—M2 ;o,MW)

+- Z[ (1+x7) xl]B <—M\2N;07M1)

gen

ys Z[z xd—xzf(xzfxd)}B <M\27v§Mt7Mb>

gen
1 1
+3 [1 +48s2c4+4(4729c2)02} By <7M%V - My ,MZ)

L
+35 [12 (4—x§)xﬂ B (—M%N;MW : MH)

dfgj): { 321—V1 cxl 921—Vdcxd QZI_V Cxu

gen gen gen
1
2y 2| .2
+2[97—12(11—3s )s]s }72

1 2 1 1
(19— 1852 %LR+ 5 [0-16¢) + (G +3vi+3vD)] 5 (1-3Lg) Neen

12 72
]‘ n
—55 L= (= vD)] adar (vr)

5 X[~ ()] ar (M)

s X0+ (3] el ()

4L {c4xﬁ+(1718c +24s2¢2)} cl " (My)

214 {2+ [1+48s2c4+2(31—40c2)c2]}cia0 (My)
21—4(3702xﬁ)x3[a3" (MH)
—2s2Bg“<—M%V;O,MW) = 2213“( M3:0,0)

gen

1
t15 [2—(1 —I—xlz)xﬂ Bir (—M\ZN;(LMI)

gen

1
()l (M) +

1 1
—53 X[vh —2@ VD) | 5 BY (M3 vy, by

gen
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1
_,Z[l_ﬂld 2—V(21)c2x§] B (—M%;Mme)

gen

,,Z[ 1+V 2(2— Vg) 2 2}

gen

1 2
B <7M27Mt7MK>

4o 2[2 x5 - xzf(xzfxd)]B““( MZ;M[,Mb)

éen

1 -
F— {1 14852t +4(4— 2962)02] By (-M%V : My, MZ)

24
1
+ﬂ{ —(4—x2) xH]B (—M%V;MW,MH)
1 [
ﬁ{l [ 17+12c e } -Z}C—ZB?,“ <—M%;MW:MW)
1 22, 4.4y 1 L 2
ﬂ(12—4c x5 +c¢ xH)C—ZBS (_MZ;MHvMZ>
1 2 1

dgé4) = <4)—§(1—3LR)Ngen_%(2+57LR)

+- Z{ —2 + l—xd+x )]xdao (Mb)
gen u d

_,Z{ 2+{2xd+(1—xd+ﬂ ]}a?)"(Mt)

X4

1 x%x 2y .2 6
+ {SXL —(ll—xﬂ)}xﬂao"(MH)
H
1 1
*ﬁ{” [167(69+862)c‘2] cz}sfao (Mz)

1 L
24{ 7s2c2x§+8 ad 1S A+ {1+(13*7462)C2}}52c2“g (Mw)

—25°Bfin (—M%v ;0, Mw)

1 .
o L2 () g | B (M3 :0,0)
12 &

1
+7 [Z—xczl—xﬁ—(xz—xd) ]B (—M%WMan)

gen

1 1
+az [1+48s2c4+4(4 29¢%)¢ ] 4Bg"<—M%¢;Mw7MZ>

1 .

*ﬁ [127(47)53))(3,] Bi" (*M&/;MwaMH>
I 2nin

122xlB (050, M) + 3 5B (050, My )

gen

,,Z —x24x2) S?, (0: M, My)

gen

24< ) BS; (0: My M)

+32 (9 8s) Bin (05 My , Mz)

1
azy) =1 {zczxg_z[3<_xg+4xg>x§+s<—x§+4xﬁ>xﬁ

gen

1 1
+(—xH+4x1)x1} —(1+2c )}?LR

H
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a7 =

1 1
—5(42eh) 5 - (2 3Lg)

9
g™ Eth"( MI%UMH:MH)

2
**Z XH+4xd)7 (*MI%[;MbaMb)
H

gen

_,Z xH+4-x) ( MH,Mt,Mt)

gen

—72 xH—|—4xl)—B (~M: v, m)

gen
I

+Z 12— (4=}t | 5 BY (s M , My )
H

1

1 L
+o (-4 +ct g +125) 5 BY (—Mfl Mz, MZ)
8 Xg €

8
§(l¢w (l — 3LR)Ngen

J
36 [3c a3+ 4(243x2) P age+4 (3 + 12867 agy +3(9 - 857 Jag|

{ZOC a¢D+6ZC apw Xj +ISZC adwxdeSZc auwx2

gen gen gen

= agws (10—31Lg)

1 ls
+2 {302xﬁ+(15+4c2)} Ay 73(57652)%,)} Lr+ = 3:

4
a xl +3( xd—o—xu)aéq)w} (2—-3Lg)— 3 Z(aé31>+3aé3q>)(l—3LR)
gen

gen
gen
—72 3adwxd +3auwx -(2- xd Xy )aéq)w} x(zlagn (Mb)

gen

P
[3 le (2— xl) Suxl ao (M])
{
[

+= Z 3agw X3+ 3ayw X2 + (2+x3 —x2) q<>3q)w}x2"3" (M)
gen

1
+ﬁ [aéW)D —T2ayw +3apn — (3*x§)a¢a] Xqap (My)

1 _ 1
+ﬂ [ czaéw)l)xi +40scagws —4(1 +60¢:2)a¢w +4(2 —xﬁ)czaq,g —(21 —20s2)a¢D} C—zag“ (Mw)

1 1 .
+24 [(17136 12452¢ )a¢D+4(178c2)sa¢WA+4(11732c2)ca¢wz] S (Mz)

3
+- Z[ (1 =03 +x2) agy x5 =3 (1+x3 —x2) ayw X2+ (2 — x5 —x2 — (xﬁ—xg)z)aéq)w]

gen

><Bﬁ“( M%V;M{,Mb)

4= Z{[ (1) 7] aghy, +3 (1 =) e} B (~M 50, 0)

gen

1

+24 {aéWLxH +4 [12 (4—x§)x3] agn—4(3 —xﬁ)aq,b + 16(9—4x5)a¢W}B3" (—M%V;Mw , MH>
l
24

+4 {1 +2(3— 20c2)c2] sa¢WA} 61733" (—M%, My, MZ)

{[1+48s 41 4(4-29%)¢ ]a¢D+44[1—2(1+4c) ]ca¢wz

—2agyap BE® <7M\2V .0, Mw)
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1 52

dzl® = 15 23 Gao (2~ 15L)
! {9a< ) _64cq +[(1+4c2)vd+(3+4c2)vl+(5+862)v ]a
144 OWD ow u| %o

—4 [(1+8c2)vd+(3+8c2)vl+(5+16c2)vu]sa¢WA—4[(5—862)Vd+(7—8c2)vl
1
+(13— 16cz)vu] Cagyz 164 [(vl + vy +2Vu)} S2C2a¢3} 2 (1 =3Lg)Ngen
72 {3C aéWLxH 3¢ aiWLxﬂ+6Zc a(Mle 2420 aq,lvxl Vi — 7220 Vda¢dvxd
gen gen gen

—72 Z vy amwxﬁ +12 Z[(l +8cH)vgxa+ (34+8cH) v+ (5+16¢2) vuxﬁ] scza¢WA

gen gen
+12 Z{(S —8cH)vaxd+ (7T—8cH) v+ (13— l6cz)vuxﬁ] A agwz +18 Z(xg +x121)c2a§)3q)w
gen gen

—192 Z(xlzvl +vgxd +2vux2)s? ctags — 8 [1 +(31 +36C4)6’2] 52 apn

gen

— + + +c7)cT) 7| scan, — + —S87) 87| 7T ayy
817+ (43+36(1+c%)c?)? 8(29+36(1—s%)s*| 5% c?

_ [3 Z(l +4ch)Pvgxi+3 Z(3+4c2)czx12v1

gen gen

1

+3Y (5+8c) cFvuxl —2(52— (149—12(11—3s2)52)s2)]a¢D}—2

gen C

o |
72

gen

dagy +4agis +4agiyvi+12a5q4 +12a9ua +12vgagay + 12 vu aguy

—16¢ a( ) _48¢ aéq) 24¢* a¢1xl —72¢* a¢dxd+720 a¢uxu+24c aél)xl

1
+72(x3 —xﬁ)czaé,q) +3(343 +3x2 +x12)cza¢D] 2 (1-3Lg)

l
48 {120 a¢WxH — IZZCGIBWXI v — 36chdadBde+36chuauwx2

gen gen gen

+12202a|wx12+36202adwx(21 —36Zc2auwxﬁ —4 |:7+4(14+362)C2:| Scayy,

gen gen gen

4 [19—4(8—3s2)s ]szaAA 4 [3c2 24 (31—4(1 +3s2)s2)s2] az
1
— {9czxi+(25+4(4—9s2)s2)] aq,D} C—ZLR

1
+24 {78a¢1\,vl 6a1wx1 8a¢1+8a(> 64s2c2a¢BV1+{17(3+4c2)vl]a¢[,

gen
+2(1—x3) 5’1>W+4(3+8c )sagwavi+4(7—8c¢ )caq,wvl}xl ap’ (M)

1
+24 {18adwxd 18auwx 24a¢d+24a() 24Vda¢ﬂ|v76452c2vda¢B

gen
+{37(1+4c2)vd} agp +6(1—x3+x2) s,q>w+4(1+8c )SVd dowa

+4(5- 8C2) CVq dywr }xﬁ agn (Mb)

1
2 {fISadWxﬁ 18auwx 24a¢u+24a()+24Vua¢uv+1285202Vua¢B

gen
e 2 - B (3) 2
3—(5+8¢%) vu|agp —6(1 425 )a¢qw 4(5+16¢7)svyagwa
—4(13—1662)cvua¢wz}x ao (Mt)

1
+48 [aéWLxH T2ayw +3agn — 4(3*Xﬁ)a¢u] xﬁa(ﬁ)" (MH)
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1
4— [12a¢D—c afpt,)ng—Q—lZscaAz—i-lZs Apn +4(3—c xH)a¢D+12(5+c )azz} xHaO (MH)

e}

1 _
~78 {czaéw)])xi—f—ét [11 +8(8+3(1+202)cz)c2] SCaxy

— o0

1544(7-6(5-2)¢ )2}c2azz+4[61—12(11—2(5—2s2)s2)s2]s2aAA

44
{63 —16(12— (11— 3s2)s2)s2] agp —4(2 —xﬁ)czaw} Cizag" (M)

OWD

+418 {c4a<+) xH+4[8*(31*2452)S ]S aAA+4[117(41724L )c ]scaAz
14 [12 (65—24¢%) ¢ }c gy +(1— 152 +245%¢ )a¢D—4(2—c2X5)cza¢m}CLMS" (Mz)
BB 01 B
4 &
<BY (M3 My, M)
—4% gen{12calex12V1+ [(3+4c )+2(3+4c)c xl}%nvl

—4 [(3+8C )+2(3+8c%)¢ xlz] sa¢WAv1—4[(7—86 )+2(7-8¢%)¢ xﬂ Cagwz V]

+(1—4c¢ xl)a< ) +8(1—4c xl)a¢1A+8(1+2c2x12)a¢1VV1

OWD
1
+64(1+20 )s I a¢BV1}—2Bg“ (fM%;Ml,M1>
C
1
~3 {36cvdadwx§+ [(1-‘,-40 y42(1+42)¢ xﬁ] vda¢D—4[(l+8c2)
gen
+2(1+8c¢ )czxﬁ]svdaq,WA [(ngc )+2(5-8c%)c¢ xﬁ]cvda¢wz+3(174c 2y al )

OWD

1
+24(1 —4c2x§)a¢dA +24(1 +262x§)vda¢dv +64(1 +262x§)szczvda¢3} -
c
><Bﬁ“( M%;Mb,Mb)

1
+25 {36cvuaUBqu [(5+8c)+2(5+8c2)c2xﬁ]vua¢D+4[(5+16c2)

gen

+2(54+16¢%) ¢ xﬁ} SVy Gowa +4[(13—16c2)+2(13 16¢%) ¢ xﬁ} CVy dywsz
_ 1
=3(1 —4czxﬁ)aéw)n —24(1 —4c2xﬁ)a¢uA —24(1 +262xﬁ)vua¢uv —128(1 +2C2xﬁ)s262vua¢3} 2

x Blin (—M%;M“Mt>
1 3 n
+— B {[27 (1+x12)x12} aél)w +3(1 fxlz)alwxlz}B(ﬁ) <7M%V;O,M1)

gen

| -
fﬁ (agWL+4a¢V)C—ZBg (-m3:0,0)

1
~78 [48( — 22 ay +(12—4% 52 —I—c4xﬁ)a(jL> +4(12—4c¢ xH+c4xﬁ)a¢D] -

OWD

xBY (—M3: My, Mz
1
+48 {aéw)r)xﬁ +4 [12— (4—xi)xﬂ aon —4(3—x2) agp + 16(9—4xﬁ)a¢W}Bg" (—M\ZN;MW , MH)

1
g {14482 44290 gy +44 1 —2(1+40%) 2 capus

1
+4 [1 +2(3 —2062)02] sa¢WA} By (M3 M MZ)

1

18 { [1+4(47 (17+ 12c2)cz)c2] agp + 12 [5+4(6+(3+402)02)c2] SCasy
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1
12 [7—4(5+(9—4c2)c2)c2] ay+4 [33—4(29—3(11 —4s2)s2)52] San | >

x B (—M% My | Mw)

—dywap Bg" (—M%\, 0, MW>

1 1
) (czaZZ 723caAZ+s2aAA)+ %“‘DD (2+3LgR)

4 2 3
—5 dow (1=3L)Neen — 5 Y'(a} a\) +3al))(1-3Lg)

gen

|:3C a¢wxﬂ+3Zc ary X +9Zc adwxd 920 Auw Xy +(9 38¢2 )scan;

gen gen gen

1
—Lg

+(15— 322 )c az; — (29 — 3252 )s aAA} 5
c

-5 [3a1wx] +(1+x) 5’1” xpa" (My)

gen
3
+- Z{ (1 =23 +x2) agw 3 —3(1 423 —x2) apw 32 + (2 —x3 — xﬁ—(xﬁ—xﬁ)z)aq()q)w}

gcn

xB{" <7M%V;Mt7Mb>

1 x 3 n
2 Z{3adwx§+3auwxﬁf [2 % +(1*Xd + Xy )] éq)w}x(zjag (Mb)
u

gen XX

4

1 X4
+Z {3adwxﬁx§+3auwxﬁ — [2 ol +@2x34(1 fx§+xﬁ)xﬁ)] a‘gfq)w}ag" (M)

gen u d

2

1 > L\ () 21 2 fin
+— { 104a¢w+11a¢D+4[8 — —(ll—xﬂ)]a¢g+(1+8 o )a¢WDxH}xHa0 (My)

48 x2—1 xp—1

418{[1+(27 88c2) ¢ ]a¢D74[4+(378s2)s2]szaAA+4[llf3(l7 4c%)c ]scaAZ

4
+4 [217(8978c2)c ]c gy + 4 {877

xH

(11+7x5)] 2 ag
oo o) !
,(778)ﬁ)s c a¢WDxH}:aO (Mw)
+418{[1+(16 (69+8()2)62)C2}a¢D—4[4—(3+252)S2:|SZaAA+12[7—(254—262)62}02&22

14 [11 — (41 —2(2—62)62)62] ScaAZ} 21 7 ag’ (Mz)

+112 {[2-0rad)af] agly, +30 =) e } BY (~M3,:0, )

gen
1 _

5 {abn i 4 12— (4 =) [ age — 4 (3 —xF) ago + 16 (9 — 43 g } B (—MG, s My . My )
T a852e 41 4(4-29¢%) P agy +44[1-2(1+42) | ca
48 oD oWz

1
+4 [14—2(3—2002)02] sa¢WA}c—4Bg“ (—M%V;MW,MZ>
—Adowap Bg" <_M\2V ; 0, MW)

-7 Z 2ac(p3q)w Biy (05 My, My)

gen

Zaq)lwxl B (O;O,Ml)

gen
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1
+6 [ c a¢D+4s asm+2—c¢ )scaAz} Bop (0 0 Mw)

Lon 0 (- n

tog 1) (alh + 4ags) BEL (0: My , Myy)
! {16s ¢t agy — 4[772(47s2)s2} sa WA74[972(1+s2)s2] Cdywr
T 0 0 o

S fin
7(97852)a¢n} 5 Bl (0: My M)

A2y = dagy

! a1 a1 a1 . |
-3 [4(1+2c ) g o A4 10¢%) o +(3-2¢%) 5 oo +4(—¢ +4xz)azz] 5 (2-3Lg)

2 2 2
1 X X A
+§ {192)72 Z czadq,x(zi - 192x—; Zc2au¢xﬁ -I—64x—2 ZczaL¢x12

H gen H gen H gen

1 _
722[ —xo 4+ 4x3) G +3(— x§+4xﬁ)xﬁ+(fxi+4x12)xl2] ;cza‘g’W)D
H

gen

1
-8 Z(alqulz +3ad¢ux§ —3ayenxt)c® — 24 [11 A4 (1426 x—z] ap+8 [302x£ —(1+ 802)] Agw
H

gen

1
+8 [llc -4Y ( 3xd+3xu+x1)—202—(1+262)} agn
H

gen

[21(; (5 4c )] a¢D} C%LR

X2 w2 2

X;
_ 2% Zadq,x(zjag" (Mb)-f‘]z—Zauq)x aO (Mt) %Zan)xlzagn (M])
H gen XH gen X zon
3116 I 5 o
_g 162022_82C a¢+( C +4 )a(j)D (MZ)

1 1
+6(—2a0w +a9) 7 4" (Mw) + g (Tagox; — 28 agexy + 120ag) af’ (M)
H

S TR ) ases] + (- +axd) ;WL} B (M3 My M)

gen

_ .x N
- 2{4[ —xf +4xd) auon | + (= +4x) afy, | 5 B (M M, M)
H

gen

2
2 2 (5) VM pn 2.
R Z{ |: XH+4X1)QI¢D]+( .XH+4X1) ([)WD}XTBO (7MH,M]7M1>
H

gen

1 1 - | , 1 1
TS {( 462 4 *x +12x—a)a§,WL+4(74c ¢+ 12 ) ayo + 48 (—c +2;)azz]c—4

H H
B (*Mﬁ My, MZ)
LI 2 2y 2] 1 2y 1 2y 1
5 ahwn it +4 12— (4=xd)ad] 5 don 43 —d) 5 aon +16(9—433) = apn
xH xH xH

B <—M%I;Mw , Mw>

T3 (— 4a¢wa +3a¢DxH — 12a¢uxH +32ay) B (—MEI ; My, MH)
F Wave-function factors

In this appendix we present the full list of wave-function renormalization factors for H,Z and W
fields. For the W factor we present only the IR finite part.
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1 2, 4.2, 2\.2 N

-3 {;’(3xd+3xu+xl)c +(1+2¢%) C—ZLR

+2 Z (—Mz;Mb,Mb> quB“‘”‘(—Mz,Ml,Mt)
gcn gcn

11
T leB (= o) =5 B (M Mz, M)

gen

9
gxg B (—Mﬁ;MH,MH)

- Z —xg +4x3) x5 Bf (—Mﬁ;Mb,Mb)

gen

. (—M%I;Mw 7 Mw) +

gen

) Z xH +4xl X B

gen

*EZ 3% +4x2) 2Bl <MH,M[,M[>
MI:MI)

1
+Z[12 (4—x2 xH]Bﬁ“ MH,MW,MW)

1 -
5 (12=4c +chx) Bl (—M: Mz )

1 S 1 1
5(1-2¢) 5 -2 [(9+vl +3v3+3v2 )] — (1=3Lg) Ngen
I I
+6(1—2oc +185%¢?) Slr
1 1 2 fin 1 1 1 fin
+E( —C xH)xHa() (MH) 12( —c? )67“0 (MZ)
1
+ﬁ [(1+v1 } ( MZ;MI,MI)

6 ZZB (—M%;0,0)

gen

+4 [ 1+vd)] L (M2 My, My )

gen

1 .
- Z[ (1+v )] c—ng“(—M%;Ml,Mt)
gen

1
12

n 2
+g ;4 Y Bl (—M3:0.0)
gen

+112 [(1 Fv3) —2(2— v )clez] Lng <7M2;M1,M1>

gen

1
4o Z[H—vd) 2(2—Vd)62x3] Bl (M3 My, M)

gen

1
+-— Z[ 22— V)czxﬂ 4B8'£)(—M%;Mt,Mt)

gen

1
(1-40¢> +365>¢?) 5 B (—Mz;MW,MW)

1 n
+55 {1+4 [4—(17+12c2)c2] C2} B (—M%;MWMW)

1
5 2= cxd)ad By <7M2;MH,MZ)

1

1
12 (12—4cx2 4+ c*xh 6—483; (—M%;MH,MZ)
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4 9 4
Wg\/) _ _7(1_36 2)_fLR—§(1—3LR)Ngen
i le M1 + = Z xd aO (Mb)
éen gen

1 1 1
=5 Y08 =)kl (M) + 5 [P+ (1-26D)] il (Mw)

gen

1 1 52
+— 2 (1 —xﬁ)xﬁag" (MH) 1 (9—8s2) Cjag“ (MZ)

—452 B (—M%,;O,MW)

+- Zz+x1 )BE" ( M%V;07M1)

gen

5 D32 B (M M, My )
gen
1 2y 2] 1 o 2
-3 [1 4852 ¢ +2(3+16c)c]c—4B0 <7MW,MW,MZ)
1
+12 (2 —x2) 2B (—M2 ;MW,MH)

+ Z[ (143 xl]B <7M2;0,M1>

gen

+5 ZZ x5 —x2— (2 —x3)%) Bl <—M%V;Mt,Mb>

gen

1 1
+E[1+48s204+4(4 29¢%) ¢ ] Bﬁ“<—M2;MW,MZ)

s [12- =22 B (M v,

1
W = dayy +— (2~ 3Lg)
1 _
-3 {—2 Z(3x(21 +3x2 —‘,—xlz)czaé)w)D +8 Z(alq,gxlz +3ad¢Dxc2[ —3ayenxl)c?
gen gen

1
+[562x§ +(1 —4c2)} agp —4 [7sz3 _2(1—'—262)] a¢D+8(1+862)a¢w} CTLR

1 1 .
a¢Da0 (MZ) + < (agp 74a¢D)xg agn (MH)

1
82 8(

- 3 _
T Z[aé)w)n +4au¢u] x4 B (—Mé s M, Mt) T3 Z[aéw)D —4ad¢u] 3B (—Mﬁ s My, Mb)
gen

gen

1 B
+5 [agW)D —4al¢3] 2B (—MfI M, Ml>

gen

1 1.
~3 {24azz+8a¢w fcza¢Dxﬁ+4(27c2xﬁ)a¢D} -~ B{" <7MI%I;MZ,MZ>

1 )
~2 {32a¢w —(2—x%)agp +4(2—x3)a¢m} B{" (—M}ZI;MW , MW)

3
—= (app —4ay0) 53 BY' (*MI%I s My, MH)

W oo

_= { [ x3+4x§)ad¢u]+(fxﬁ+4x§) éwzj}de (Mﬁ;Mb,Mb)

gen

772{ [ x£+4x121)au¢m]+(*x}2[+4xﬁ) g)WL} 2B ( MlgliMhMt)

gen
_Z Z{ [ (—x2 +4x12)a1¢g] + (x4 4xf )aéW)D}xl B <—M12{§M17M1>
gen
4 4

l 1
16 [48( — ) agy +(12—4c 4% +¢ xH)aét,)D—Q-4(l2—4c Xt xH)aq,j} =
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By (*Mﬁ;Mz,MZ)
1 A
g { ot 412 (=) xE doo — 43— ) g +16(9— 4} g } B, (—M7: My M)
9
16( 4a¢,wa+3a¢DxH—12a¢DxH+32a¢)xHB ( MEI;MH,MH>
6 11
WZ - 18 2
1
9Zaq,v+a¢1A+a¢1vv1+3a¢dA+3a¢uA+3vda¢dv+3vua¢uv)—2(l—3LR)

gen

oo (2 + 3LR)

—7 {9agw>,) (1446 va+ (B+4e) v+ (5+8¢) va agn
—4 [(1 +8)va+B+8cH)vi+(5+ 16c2)vu] SAgwa
—4 [(5 —8c) g+ (7—8c) v+ (13— 1662)Vu] Clgwy

1
+64 {(V1+Vd+2Vu)]S ¢ a¢B}C (1 =3LR)Ngen

1

BT { 6anlexl V| — 1826vdadgwxd+ 18 chuauswxﬁ

gen gen gen

-8 [4+3(2+c2)c2] SCang —2 {362)& +(15+4(7-3(6-c*) ) A az
1

-1 —20c% + 18s2c2)a¢D +4(5—6s4)s2aAA} —Lr
C

1 1
+*[ 4c2azz+8scaAz+4szaAA+(1*zcz)“‘b”] 2
C

18
1 -
+51 [aq,n 8cagwz — c2aq(;£)x£ +dsagys — 125 agy +4(1 —czxﬁ)aq,g} 2 afin (My)

OWD

1 1
~2 [a¢D+16ca¢wzfc2a(+) xH+4sa¢WA+12s ags +4(1—c xH)aq,D} — i (MZ)
—(c? Aow + SCaows +5° o) ag (Mw)

1 _
+24 [aéw)r) +8aya +8agyvi+ 120a13Wx12V1 +64s202a¢B vi+(3 +402)a¢D V)

gen

1
—4(3+8€2)SQ¢WAV1—4(7—8C )caq,wzvl] B ( M%;MI,MI)

1 =)
BT [3 Gowp

gen

1.
—4(1 +8€2)svda¢WA —4(5- 862)cvda¢wz} —ZBS“ (—M% My, Mb>

+24apq, +24vgagay +36¢vq adBWxg + 64 7 czvda(pB +(1 +4cz)vda¢D

1
+— 3a( ) +24agua +24Vua¢uv_36cvl}augwx +128s%¢ Vua¢B+(5+8c2)vua¢D

24 [ owp

gen
1 .

—4(5+ 16C2)SVU agwa —4 (13— 16c2)cvu aq,wz] C—ZBS" (fM%;Mt , Mt>

1 1 5
+35 Z(aéw)])+4a¢v) Bl (—M ;0,0)

1 1

24 [48azz+( —szﬁ)cza((bw)DxH—l—élQ czxg)czaq,gx,_[] B (—M%;MH,MZ)
+ﬁ {12 [5+4(3702)cz] scaAz+12(7f4(4+c2)c2] ay,

1

—4 [35 — 12(4—s2)32] s an, + (1 —40¢? +36s202)a¢D} C—ZBS" (—M%;MW , MW>

1
+24 {1266113lele+ [(3+4c )+2(3+4c e xﬂ agp V)

gen

—4 [(3+8c‘ Y+2(3+8c%)c xl]sa¢WAvlf4[(7 8¢2,rp)+2(7—8c%)c xl}caq,wzvl
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wi) =

+(1—4c%x )éWLJrS(l74c2x12)a¢1,\+8(1+2c2x12)a¢1vvl

1
+64(1+2¢ xl)szc a¢BV1} C—4B8‘l‘) (—MZ;M],MI)

1
+24 {36cvdadBWx§+ [(1+4c )+2(1+4c e xd} Vd don

gen
—4 [(1+8c‘ Y+2(1+8c%)¢ xd} SVg agwa —4 [(578C2,rp)+2(578C2)6‘2x§:| CVddowz

+3(1—4c2x3)al ) +24(1-4c23) agan +24 (1+2623) Vg agay

dWD
64(1+2 2 LB (M3 My M
+(+cxd)scvda¢3‘—40pf s My, My
1
~5 {36CVuaUBqu [(5+8C )+2(5+8c%)¢ xﬁ} Vu dop

gen

4 [(5+16c )+2(5+16¢%)c xﬁ]svua¢WA+4[(13—16c2)+2(13—16c )czxﬁ]cvuaq,wz
—3(1—42x2)al,) —24(1 - 4232 agur — 24 (1+22x2) Vy dguy

¢WD

1 .
7128(l+2c X )szczvua¢3}—4B3‘; <7M%;Mt,Mt)
c
Lyl +a iB —M3;0,0
+12 Z(a¢WD+ a¢V) ARE

1
[48(2—6 X2 az+(12—42 2 +¢ xH)aéWL+4(12 4c xH+c4xg)a¢D] a

tu
xB) (7M§ - My, MZ>

+% { [1 +A(d—(17+ 12c2)c2)c2] aen+ 12 [5 +4(6+ (3+4c2)c2)02] SCaaz
1
+12 {7—4(5—0—(9—462)62)02} Pay, +4 [33—4(29—3(11 —452)s2)52] szaAA} ~
C

T <—M%;MW , Mw)

| 1
- 243L
) 18 %0 (2+3Le)
N

6 [30 a¢WxH+3ZC ary Xj +9Zc adwxd 926 auwx +(9- 38¢7 )scay

gen gen gen

(3agy, +ajp,) (1= 3LR)Ngen +

1
—Lg

+(15-32¢%) P ay, — (29— 325%) 5> aAA] .
C

2
_6 [9cza¢n —39scagws 4652 A, + (1 —4252)a¢w}

+z Zaq)lwxl (Ml)

gen

5 LE—2)al, daf ()

gen

1
LY Rl B ()

~3 [aéw)be-i-Saq,w +a¢D—4(l—xH)a¢D} xHaO (MH)
1 _
+ﬂ [czaiw)])xg 74(17x£)cza¢g+(1+802)a¢b +4(5— 1402)scaAz

1
+4(9—16¢%) c*ay, —4(15—165%) 52 aAA] — ap (M)
C

+é [3a1wxl2+(2+x;‘) E,I)W]B (—M%V;O,Ml)

gen
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1
+§ Z[3adwxﬁ—3auwxﬁ+(2+(xﬁ—x§)2) éq)w] Bir (—M%\,;MhMb)

gen

+ﬂ [48a¢w + (foﬁ)aéw)])xﬂ +4(2— xH)aq,DxH} Bl (fM%V s Myy MH>
1
24

1
+4[5-2(5-2(9+42c%) ) ?| cagw, +16(3—457) s> c*agy b — BEN (—M3, s My , My
(4 (] !

{[1 482 +2(3+ 1662)02} agp +4 [1 201 —4c4)c2] Sdpwn

—2agyap B (stv .0, Mw)

3
+= Z[ (1—x3+x2) agyx3 —3(1+x3 —x2 )auwxﬁJr(foﬁfxﬁf(xﬁfxg)z)aéq)w]
gen
Bl <7M3V;Mt,Mb>
+= ZH (142 Xl] §>1>w+3( xl)alwxl}B0p<7M\2N;0»Ml)

gen

1 1
~3 [12(3—2c Y az, +4(3—257) 5% axn +4(5—1264)scaAz+(9—832)s2a¢D] —4a8“ (Mz)
c
1 (-) 2
+24 {a¢WDxH+4[12 (4- xH)xH} aor —4(3—x3) agp +16(9 —4x7) aq,w}B (—MW;MW7MH>
1
+24{[1+48Y2c4+4(4 29¢%) ¢ ]a¢D+44 {1—2(1+4c2)c2] Cagwz

1
+4[142(3-20¢%) 2 sapun } Bl (M3 M Mz )

G Mixing of Wilson coefficients

In this appendix we present the entries of the mixing matrix, eq. (5.9), that can be derived from the
renormalization of H — VV.

G.1 Notations

First we define

R]

Ri=1+2c2 RI=7-12¢2 R§=23-12¢2
RI=13-9¢2 Ri=1-12¢2 R¢=7+6¢7
Ré=77+48¢> R¢=5-12¢ R{=11-4c2

R§ =5-+48¢
R)=1+6s Rb=1-3s2 Ry =11-12s?
RS =1-¢? R =13-18R¢c*>  RE=4146R{c?
R =65—-6R§c> RE=9-44 R, =7-65
R, =11-9s Riy=2-¢2 RS, =43-18s7
RS, =31-8R§c?> R4, =7-8c* RS, =179+ 16R¢ c?

RO =77—12R¢c* Rb =T79-4R¢c*  Rp, =7c%+35
RO =35+3R4c®>  Riy=107-32R¢c* RE, =267 —4R¢c?
RS, =7-78¢

21
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R{=1+2c*—4Rfs*c? R{=3-4R}s R§=1-2¢

R{=7+6R}s? R§=9-16¢2 R¢=4-3¢
R¢ =3 —4R5¢? RS =17+2R4 2 R§=1-2¢?
R§ =11 —R%¢? RS, =1+RE? R§, =91 — 18RS s?
R¢, = 1 +8RYs? R§; =5+5c2—12R§s? 2 R§, =27+ 128522
R =1-4s R¢; = 19— 8R}s? R§; =1-Rb 2
R¢y = 117 — 4R, 5 RSy = 1+4s? RS, = 1 +R%, 2
RS, =1+8¢? RS, = 1+¢? RSy =3-5¢?
RS, =1-7¢ RS =5—11¢2 RS = 1+Rb; 2
RS, =3 —Rb, 2 RSy =27—48¢>+128s* RSy =9+8¢*
R§, = 13 —Rb 2 RS, =58 +Rb 2 RS, =3¢ + R, s
R§; =2+ R§, = 14— Rb; ¢ R§s =54+ Rbyc?
R§, =55 R, c? R, =7—2RS, 2
So=3x3+3x2+x2 S =513 +x2 So=x3+x2
S3=x3 +5x2 Sa=3x§ +3x% +xf

With their help we derive the relevant elements of the mixing matrix.

G.2 Mixing matrix

w32,

1 1
dZu ES Ngen+4(RL+RLC XH) Cz
dZYYz = —(6—x2)s>c?
az¥ = — L 00 4R L Nen— - (6RS P2 4RS)
13 24 V'8 sc ¢ 2V 2T T

dZy, = (*x% —2RG)s”

w 1 1 1
dZ,, = 12 (9+V(ge)n) Ngen + B (3Rgc’2x3 +R9) 2
azV L g2 @) 1 L ere2e22 !
23 = 24( Vgen 185 Vgen+R4) Ngen_ﬁ( Rgs“c —R9)
dzw (1) 2.(2) R 1 1 c 222 c 1
3,1 12 ( gen +SS Vgen + 4) Ngen — 6 (6R25 C xH +R10) ;
w L 1 1 K
dZS,Z 12 (Vgen +RC) CNgen-‘r g (6RCC )CH c1‘1) E
wo_ L eyl 1
dZs53 = ﬁ(g"’gen +Riy ) 5 Ngen + 5 0 (3Rlzc X% +2R§ )—
W 16 5 §2
dZ,, = BN Ngen 3 (3R150 X2 — 16)7
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80 1 §2

w

A2y, =—5 3 17 Ngen + 3 (3R15€ X —R§g) > 2
w 805’ . I
dZ,5 = 9 ?Ngerﬁ' 3 (3R{y s> cxj —RS)) — e

1
dZ44_ ZSO+ 12(9c X% +7RS )

gen

W 10 2
dZy< = — —
4.5 3 2
4 6= Sy A+ Rzz Ngen
gen
4 17 = Z A 53 Ngen

gen

dZ4 18~ Ngen - Z"l

gen

dZ4 19 — 2 R22 Ngen 3 Z S]

gen

W 21
dZ4,2o 3¢ zRL4NgCn 3252

gen

W 1
dZy5) = 2~ Ro; Neen — 3) S3

gen

21

w
A2y =32 $sNgen—3)S2

gen

1 1 2 . 1
azy, = 75(3vfge>n+24s2v£,e>n+R§8)Ngen+ﬁ(12s2c6xﬁ 9IRS 22 —

w 1 1 1
dZS,Z = _ﬂ (2V<ge>n—9€2 CZV(ganH +2R29) Ngen
1 1

*24( Socxi + RS +3Rg, ¢t Xn)cz

- Z(zso +Soc2x2 —48,¢%)

gen

W
dzl, =
53 = 144

1 2 4 4 1
+52 (6RS s> c*xd +2RG, 242 — 56);

W 11
Zs54= 38 2

W 2
dZi5 =4c
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. 2 |
(3¢? vé,(,,)nxH +3RG % -3 R%3 vée)n —24R5; § vée)n —RSs) o Ngen

1
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H Non-factorizable amplitudes

In this appendix we present the explicit expressions for the non-factorizable part of the
H — AA,AZ,7Z7Z and WW amplitudes.

H.1 Notations

It is useful to introduce the following sets of polynomials:

where s =s, and c = ¢,
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H.2 Amplitudes

We use the following notazion: A/fx (ayws) is the non-factorizable part of the Z o amplitude that
is proportional to the Wilson coefficient a, vz etc.

T =My Ty, P = T (H2)
w
with V=7, W, while z{j&ﬂ Az should be multiplied by My to restore its dimensionality. Further-
more, A, is defined in eq. (5.34), A,, in eq. (5.50) and Ay in eq. (5.62). The function Cy in
this appendix is the scalar three-point function, scaled with My. The amplitudes are listed in the
following equations:
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J Corrections for the W mass

In this appendix we present the full list of corrections for My in the ¢ -scheme, as given in eq. (6.5).
In this appendix we use s =§, and ¢ = ¢, where éi is defined in eq. (4.73). Furthermore, in this
appendix, ratios of masses are defined according to
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Qj=23-4¢ QI =77-12¢

Qh=21-4c* Qh=65-12c¢* Q) =109—-6Qfc?
QG =5-2c" Qh=62-Qfc?

Qy=2-¢2 Q§=12c>+29s Q5 =19-Qfc?
Q=75-16c* Q§=22-Qfc* Qs=52-Qbc?
Q=5-2 Q5=32-Q5% Q5 =7-Q5%c
Q5 =1+2Q}¢?

Ql=1-2c  Qf=119-128Q5c* Qf=29-QSs
Qf=43-6Q5c* Qf =15-Q5c? Qd =61-12Q5c?

QI =2+3Q5c* Q=1-4 QG =1-5c
Qi=5-4c Qfy=7-4¢ Q! =9-8¢
Qf,=13-8c> Qf,=19+4Q5c> Qf,=1-2Q5¢°

Qs =T-05¢  Qfg=7-Q5¢

- 138 -



Qy=16Q¢s—Qfc Q{=1+16c>-4Qdsc Q5 =1+62Qdsc—2Q4c’

Q5 =1+Qfc? Q5 =9-28s Q¢ =20Q¢s+Qdc

Q=59Q¢s+Qlc Q5=5-8¢? ¢ =9—128Q9s°

Q5 =3Qdc+32Q¢s Q5 =4Qds—Qdc ¢ =4Qds—Qdyc
12*4Q05*3Q 1¢ le*SQOS*lec 14:1*2‘3

15*1*2Q13C Qig=12- Q14SC*6Q150 17*12*6Q15"2+Q‘116“

With their help we derive the correction factors:

1 1 & 1
A My = B (<M3:0,0) < 55— + B (0:0,M)

4
7}6
2—c2™

1 1

L Loa Lo i
“'i n(M]) szcle +ﬂ|: _VIC xl 85 i| On (M]) 5732_6

1
[xl +c2ad —2sc }Bg" (—M%V;O,M])

24 22
1 c
+m |:6Cxl +Q0+(176X1)V1C+3(V +Vd) :| 2@
1 2y 2] nyfin 2 1
18 [(1*4X1)+(1+2x1)"1}30 <*MZ§MI,MI> 222
AW LT2 2] oo s o . 1
g Mw = -3 [xd xu} ag (Mu) mxu—b—g (x5 —x3) Bop (O,Mu,Md) 2 a2

4 1

72

X5 — X3
L= ()]l (M) 8~ & [+ — (3 2]
3 4 —Xu)| ag d Szczxd 3 Vu Xy +vgxg — (g xu)
4
! 2 42 R L
—7 {9Vdc xqg+8s'c +]8xﬁ—xﬁs aOH(Md) 22_c2

1 1
~3 [2563 — (xﬁ —xﬁ)2 - (xﬁ +xﬁ)cz] Bg" (M%\, My, Md) a2

1 , 1 2
g [ =)+ (42 Vi B (M3 Mo Mo ) 55—
_ L [(1—4x2)+(1+2x2)v2] Bi" (—M%;MU,MU) L
16 4 ui s2 52 —¢c?
AW My = B (—M3 10, My ) & — LB (050, M )73264
B W — Dy WY W) C 6 (] s Vo W S27C2

1 1

1
gl (V) 5 o QB (<M M Mz) g

48
o EBfm . 1 4_i eBﬁn 2. i
48Q4 OP(OsMW7MZ) SZ—C2S 48Q5 0 MZ,MW7MW

1 2
2.
12— 4xH+xH]B (—MZ,MH,MZ)S—Zm

1
T [x —402x3 + 12sc3} Bg" (—M2 ;MW,MH>
1

—C

1
s2c?

1
T [xf[ 2622 +¢ }ng (0; My , My) PR

1 22 4 2.4 c® fi 1 1
+@ [36 x;—8c —s xH—Sx%_Cz}aon (MH) 22_2

-139 -

2

Llg2 g222 X, 1
+== {9xu—9vcxu+18s xd 3254 c?+18 5 xzs agn(Mu);2m

22 2

22_2

J.2)

J.3)



1 s2ct fin 1 1
s { fcﬁQi} a'Mw) 53—
1 2 c
+a [ng(10079Ag)s c] S5

1 2

A My = — L [8a{)) —apn | BE (—113:0.0) 5 5

A My =

48

32

1
2
7%1))61] $2 52— 2

[9x1 don —8Q5 agn +48 (al} +al} +ag) s* +72(al} Lr
2 ()

1
+-= [cxlzaq,,) 8V1cx| a¢1v+8v1 cxl ol +852¢° a¢D+64s4caé31)+Q?]V1x|2a¢D

48
(1) 1 c
+8 (aq)l —aq,l)cxl} " (M) 20 a2

T 144

1 3
+ﬁ [662)612 agp — Qg A2 agp — 32Qgsa<l) — Qg vacagp —Qf3Vucagn
2.(3)

+8(1—6x%)vc? a¢1V78(176x1)v1 ¢ ag

—(1 —6x1 ) QS vicagp +8 (122a(§)1) +a‘§>l) +a¢1)s2 +48 (a‘ill) —aq,])clez

3)] 1 1
—24 (V2 +v3)c? g } 20 a

1 3 1 1 1 1 c
g~ o) 5+ g [Qlova + Q] 5 5 Neenaon

1
+9— [QTI Vi dgp +2Q‘1'2V1x]2a¢n +(1 74x12)ca¢D —8(1 +2x12)vlca¢1\,

3 - 1 c
+8( +2xl)vl ca( )+8( (1) a¢1)(1—4x12)c} B{) <—M%;M17Ml> 57S2—62

! [caq(fq) 3sxd}é

3
—0—144 {9cxda¢.) 72Vdcxda¢dv +72Vdcxda§,q)+8szc agp +64s caéq +3Q10deda¢D
1 c

+72(a, é,q) faq,d)cxd} ag’ (Mq) 272

{9cx agp — 72Vucx aguy +72vy cxuag,q)+32s C a¢D+256s4ca§,3q)+3Q?3Vuxl2]a¢D

(1) 2 I c
=72 (ayq —aq,u)cxu} ap* (My) 20 a2

1
144

+48 [24v cx, aéq)-i-24vdcxda¢q +Q10vdxda¢D +Q13vux ayp

+4(1-6x3) vy caggy +4(1 —6X2) Vu Cguy

1 c
+4(a¢dA+a¢uA)c+24(a§,q)—a¢d)cxd 24(aéq>—a¢u)cx +3(xd + x5 )ca¢D 2o a2

c

1
BT {QdeJFQBVu} 29_2 5 Neen dop

1
+5¢ [3 (1—43) capp — 24 (1+2x3) va cagay +24(1+2x3) v caly + (1+2x3) Qo va don
c

1 1

1
+5¢ [3 (1—4x2) capp — 24 (1+202) vy caguy +24(1+252)v2 cafy) + (1+222) Q3 vu don
1 c

—24(Clq(’q)—a¢u)(l_4x ) :| (_Mz,Mu,Mu> s7 m

1
T [16(3 éq)faéq)+a¢d72£l¢u)s +72(a§)q>fa¢d)xdf72(aéq)fa¢u) 2

~ 140 -

J.4)

J.5)



e
+9 (xﬁ+xﬁ)a¢D:| sfz HLR (J.6)

OF j 2 !
Ay’ My = —@QTBB“ (—Mw,MwJVlz) 7.2 %

1 e pfin . S4 1 e npfin 2. 1 c
~ 23 UBop (05 Mw , Mz) 72 %>~ 55 QBo (—MZ,MW ; Mw) 272 %
1 00 c* 1
12 BOP( ’ ’Mw) 2 —c2 Ggp 48 [%D
2

1
2, 4] pfin 2,
+2a¢g} [1274xH +xH} By (*MZ,MI—LMZ) 22_2

1 1
4xHa¢D+15c a¢D] aO (MH) —zxg

L 1 [33a¢n+8a¢g] ao (MZ) .

96[
4422 12503 | B (MR My M b
Xy c xH scd 0 weMw, Mu ) 5 5 ayo

[xﬁ 202 xH+c ]Bg; (O;MW,MH) ) oo

i 1
2ex2 agn — (39agy —4agn) s> + (Slagy 74a¢5)s] ap (My) Ep
1 1
$3c s2—c?

s2 4

[3sc3xﬁa¢D—3Q‘f7a¢D (19ayp +4a¢g)s c—(182ayp +6a9n —9A, a¢D)s 63]
[32s c a¢g+32 ¢ a¢g+2(a¢D +2a4n)c xﬁ

1 1
(5&4)[) +4a¢g)s XH} (MH) 37@

1 s
+— [IGﬁaM—Q%%D—Z(IS%D +a¢g)s303} fin (MW)
H
2Q15a¢,D a¢D+2a¢D)c xH (139a¢D+8a¢D) } ag" (MZ) gaa a2

9

N

1 )] 1 2
7f[25+9xﬂ agp — (5a¢o*11a¢m)3]7zichR

1
(agp —2ayn) cf(33a¢D+2a¢D)s + (5lagp +2agn)s ]2— J.7

3%

+

K T parameter

In this appendix we present explicit results for the T parameter of eq. (6.8). For simplicity we only
include PTG operators in loops. We have introduced s =§,,c =¢,, ¢ = ¢,, and
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