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1 Introduction

After the end of the Lep era it became evident that including estimates of higher-order radiative cor-
rections into one-loop calculations for physical (pseudo-)observables could not satisfy anymore the need for
precision required by the forthcoming generation of experiments. Since LHC will be an arena for discovery
physics, high precision will not be mandatory during its first phase. However, according to some predesti-
nate design, hadron machines are alternating with electron-positron ones and, hopefully, ILC will come into
operation: here the highest available theoretical precision will play a fundamental role.

As a matter of fact, it is not clear what kind of scenario will arise after the first few months of running at
LHC. Any evidence of new physics will lead to a striking search for new theoretical models and their Born
predictions; the quake could be so strong to remove any interest in quantum effects of the Standard Model.
On the contrary, we could be back to the familiar landscape: effects of new physics hidden inside loops.

Since we have no firm opinion, we decided to follow the old rule si vis pacem para bellum, building the
environment that allows for a complete two-loop analysis of a spontaneously broken gauge field theory. This
construction requires several elements, and it is difficult to characterize our strategy with a single acronym;
although our work implies a lot of analytical aspects, the final step (computing arbitrary two-loop diagrams)
can only be done with an algebraic-numerical approach.

If one thinks for a while, everything is in the old papers of 't Hooft and Veltman [I], but translating few
formal properties into a working scheme is far from trivial. Most of the times it is not a question of How do
I do it?, rather it is a question of bookkeeping: Can I do it without exhausting the memory of my computer?,
or, Is there any practical way of presenting my results besides making my codes public?.

We devoted a first paper [2] (hereafter I) to deal with general aspects of a spontaneously broken gauge
theory. First of all, we showed how to treat tadpoles; although everybody knows how to do it, general results
are rarely presented in a way that everyone can use them. In addition, we analyzed how to perform an
order-by-order diagonalization of the neutral sector of a theory of fundamental interactions; once again, one
needs a comprehensive collection of results which allows for practical applications.

Alternative solutions to solving these problems exist, noticeably in the background-field formalism [3]
(compare also with Ref. [4]); our claim here is restricted to the construction of a set of procedures which do
not rely on other sources and cover broadly all the aspects, from generation of diagrams and renormalization
to evaluation (mostly numerical) of physical processes. In particular, our results show that the structure of
the counterterms at the two-loop level, as well as of the whole set of renormalized Green functions and the
Ward-Slavnov-Taylor identities [5], has (in the conventional approach) a degree of simplicity comparable to
the one obtained at one loop in the background-field approach.

Another perennial question is: what about renormalization, with or without counterterms? In a way, it
is a fake question, since the two approaches are fully equivalent as far as S-matrix elements are concerned.
In this paper we focus on the transition from bare parameters to renormalized ones, and in a third paper
(hereafter IIT) we will then discuss the ultimate step in any renormalization procedure: the transition from
renormalized parameters to a set of physical (pseudo-)observables. Perhaps, one should try to make a
clear vocabulary of renormalization in quantum field theory. A renormalization procedure is designed to
bring you from a Lagrangian to theoretical predictions; it includes regularization (nowadays dimensional
regularization [I] is easy to understand), a renormalization scheme and the choice of an input parameter
set. The scheme, being a transitory step, is almost irrelevant; it can be on-mass-shell or M S or based on
complex poles, but unless you do something illegal (resummations that are not allowed or similar things) it
really does not matter. Admittedly, one can define M S quantities as convenient tools, but it is the last step
that matters, at least as long as we have a convenient subtraction point (which we miss in QCD).

Renormalized quantities should always be expressed in terms of a set of physical quantities. One may
indulge to the introduction of an M S running electromagnetic coupling constant (importing a concept from
QCD to QED, which sounds strange anyway) but, at the end of the day, only cross sections matter.

In this paper, we have done one thing: all the two-loop Green’s functions of the theory are made finite
by introducing non-logarithmic counterterms and respecting unitarity. In addition, one can easily check that
renormalized Ward-Slavnov-Taylor identities are satisfied. Actually, we have done more, since all ultraviolet-
finite parts have been classified and an algorithm has been designed for their evaluation at any scale. What



is innovative in our approach, as well as in other modern approaches [6], is the idea that everything can be
generated (is generated) by a set of automatized procedures which deals satisfactorily with the somewhat
greater complexity of a two-loop calculation.

Furthermore, classification of ultraviolet divergencies is dynamically linked to a well-defined computa-
tional scheme. In other words, in our approach, the ultraviolet-finite parts are back in their privileged
position where they can play the role of creating the predictive power of the theory. There are, of course,
preliminary steps (not always the easy ones), but it is only the full control on the multi-scale level that pays
off.

The outline of this paper is as follows. After introducing our notation and conventions in Section [2]
we outline the strategy of our calculation in Section [3 where we classify all the ultraviolet-divergent parts
of the needed loop integrals. Next, in Section @] we choose the gauge-fixing Lagrangian and we define our
renormalization scheme. In Section Bl we review one-loop renormalization, and in Section [6] we show explicit
results for tadpole renormalization and neutral-sector diagonalization at two loops. Finally, we analyze
the ultraviolet structure of two-loop self-energies in Section [7] and we show explicit results for the two-loop
counterterms in Section 8l Section [ contains the summary, and several technical details connected with the
relevant kinematical limits, which represent the backbone of our computational techniques, are discussed in
the appendices.

2 Notation and conventions

Regularization. We employ dimensional regularization [I], denoting the number of the space-time dimensions
by n = 4 — e. In addition, we use a short-hand notation for regularization-dependent factors,
M? M?

AUV =7 + Inm + hl?, AUV(I) = AUV — 1I17, (1)
where v = 0.5772156--- is the Euler constant, u is the 't Hooft unit of mass, M stands for the bare
(renormalized) W-boson mass (we do not distinguish unless strictly needed) and x is a positive-definite
kinematical variable. In our conventions the logarithm has a cut along the negative real axis and it is
understood that for all masses: M? — M? — 6§, with § — 0.

Masses. We introduce a compact notation for ratios of squared masses,

2 2 2 2
_ M My IR _ Mg, 9
Ty = ek Lii = M2 Luyi = M2 Td,i = M2 (2)

Here M,, is the Higgs-boson bare (renormalized) mass and my ;, m,,; and mg; are the bare (renormalized)
masses of the charged lepton and the up and down quarks of the ith fermion doublet, with s = 1,...,3.
We consider the minimal representation for the Standard-Model scalar sector, defining My = M/cy for the
Z-boson bare (renormalized) mass. Here ¢y (sg) is the bare or renormalized cosine (sine) of the weak-mixing
angle 6. For notational clarity we frequently employ the notation

{m}lgmN =mi,Mmz,...,MN. (3)

3 Outline of the calculation

Our calculation builds upon an automatic strategy for generating Feynman diagrams and evaluating the
necessary one- and two-loop integrals. In addition, it does not rely on any black-box tool: diagrams are
generated through a set of FORM [7] routines implemented in the GraphShot package [§] and loop integrals
are computed through the FORTRAN/95 LoopBack [9] code.

The present work uses a set of results derived in a series of previous papers. The general strategy for
handling multi-loop multi-leg Feynman diagrams was designed in Ref. [10] and the whole body of results
necessary for evaluating two-loop two-point integrals can be found in Ref. [I1]. The calculation of two-loop



three-point scalar integrals is considerably more involved: infrared-convergent configurations are discussed
in Ref. [12] and infrared- and collinear-divergent ones are analyzed in Ref. [I3]. Finally, our method for
dealing with two-loop tensor integrals can be found in Ref. [I4] and results for one-loop multi-leg integrals
are shown in Ref. [15].

It is worth noting that in any spontaneously-broken gauge theory the large number of masses and external
kinematical variables leads to difficulties for the familiar analytical methods. Therefore, we use an alternative
approach (mostly numerical) which, however, does not imply a blind rejecting of analytical techniques; for
instance, in this work, we devote a special attention to the analytical extraction of leading and sub-leading
collinear logarithms, since they play a dominant role in any calculation [16].

If we focus on renormalization, we can safely state that all the necessary ingredients are available. Here
the crucial point is to connect a set of input experimental data (an input-parameter set, hereafter IPS) to
the free parameters of the theory:

— mass renormalization involves the calculation of self-energies [TO/TTI;

— renormalization of coupling constants requires additional elements, which depend on the choice of the
(pseudo-)observables (hereafter POs) in the IPS.

The most-obvious selection of an IPS is based on the choice of those data which are known with the best
experimental precision: the electromagnetic coupling constant, «, and the Fermi coupling constant, G.
(From the diagrammatic point of view, the whole set of renormalization equations (including finite parts)
requires the evaluation of two-loop vertex and box integrals, since « is defined by means of the Thomson-
scattering amplitude and G is extracted from the muon lifetime. However, it is possible to show that:

— neglecting O (mi /M 2) terms, where m,, is the muon mass, the evaluation of the muon lifetime can be
carried on through tadpole diagrams (zero external momenta);

— the relevant Ward-Slavnov-Taylor (hereafter WST) identities of the Standard Model imply a set of
algebraic cancellations involving vertex diagrams and wave-function renormalization factors for the
external legs. Here the role played by the parameter I introduced in I (all-order diagonalization of the
neutral sector) plays an essential role. As a result, one can write an electric-charge renormalization
equation which depends only on the photon vacuum-polarization function, as in QED.

We defer a complete discussion of this computation to a forthcoming paper (hereafter I11); for a short review,
see Ref. [I7]. For the present purposes, it is enough to say that the results collected in Refs. [I0/TT] allow to
complete the whole renormalization program. Of course, properties of two-loop vertex diagrams have to be
checked, and here we use the results of Refs.[T2[T3|14].

An important remark concerns tensor loop integrals, namely those configurations with a non-trivial spin
structure for the numerators. On the one hand, they can be reduced to scalar integrals if one uses the
standard methods of Ref. [18], supplemented by the sub-loop techniques of Ref. [19]. It is worth noting that
a complete scalarization for two-loop vertex diagrams requires the introduction of generalized scalar integrals,
to be evaluated in shifted space-time dimensions (the corresponding propagators are raised to non-canonical
powers). On the other hand, the number of terms generated by the reduction procedure increases rapidly in
any realistic computation.

In order to carry out a systematic check of our computation, we have used both approaches: a reduction
procedure followed by an extraction of the ultraviolet (hereafter UV) resides of the poles for the scalar
configurations and a direct computation of the UV divergencies for the tensor cases. Reduction techniques
can introduce negative powers of Gram determinants, which can be dangerous for the numerical stability
of the results. The approach we take in the present paper avoids these problems since scalarization is only
employed to prove that the relevant algebraic properties are satisfied.

One of the main goals of this paper is to show that UV divergencies at two loops can be removed through
suitable polynomial subtraction terms. Therefore, in this section we collect the results for the residues of
the UV poles of all the relevant one- and two-loop integrals employed in our calculation. However, we stress
that only a full control over the (less-trivial) UV-finite parts will finally allow for theoretical predictions. In
Subsection B we introduce general UV decompositions for one- and two-loop integrals. In Subsection



we present the relevant results for the one-loop ingredients. In Subsections [3.3] B.4] and we show the
necessary results for one-, two- and three-point two-loop integrals.

3.1 Ultraviolet decompositions

One-loop integrals. Any one-loop integral f! can be decomposed as[l

=D A k) B, (4)

k=—1

where {l} denotes a given set of arguments: powers of the inverse propagators, external kinematical variables,
masses of internal particles. z is some kinematical variable (usually M for tadpoles or a squared external
momentum) and the dependence on the dimensional regulator e and the regularization-dependent factors
introduced in Eq.() is entirely transferred to the universal UV factors,

FL@) =1~ 3 An@) + 38506 B@=1-2An@e @)= )

It is worth noting that, because of overlapping divergencies (UV-divergent one-loop sub-diagrams), we include
O (e) terms in all one-loop results.

Two-loop integrals. A generic two-loop integral f2 can be written as

0
U =" U k) F). (6)

k=—2
Here the two-loop UV factors read as follows:

F2y(a) = 5 — 2ovle)

€2

FRALG),  FL@) =1 A, F@)=1 (7)

€

Note that the product of two one-loop integrals can be written through the same UV decomposition of a
two-loop integral. Finally, in the following we collect two overall factors for one- and two-loop integrals,

€ 2e
mie) = . pale) = B = —ui(e). ®)

3.2 One-loop integrals

Tadpoles

A scalar one-loop tadpole, with the inverse propagator raised to an integer power «, is defined by
__d'q

(¢% +m?)*

Ap(a,m) = py(e) / 9)

Integration-by-parts (IBP) identities [20] allow to reduce any configuration with o > 1 to the case a = 1 by
means of a recursive application of the identity

Ao(am) = — — (2 )w_

D a1
a—1 @t m2

5 (10)

We factorize everywhere the scale dependence in order to deal with dimensionless loop integrals. Here we
introduce the function ag(a, m),
Ao(aam) = (m2)2—a ao(a,m), (11)

1The UV decompositions of Eqgs.( ])—() and the corresponding classification of UV poles are due to S. Uccirati.



and apply the UV decomposition defined in Eq.[ ) to the case ag(m) = ao(1, m),

1

aom) = 3 ao(ms k) B (M2). (12)
k=—1

The coefficients of the UV factors in Eq.([I2)) read as

2
ap(m; —1) = =2, ap(m; 0) = —1 +ln2

M2’
1 1 1 m? m?
1) == [—1-2¢@ (1——1—)1—], 13
QO(m ) ) 2(( )+ ) nM2 nM2 ( )
where ((z) is the Riemann zeta function.
Two-point integrals
Ultraviolet decompositions. For two-point integrals we introduce s = —p?, where p is the external momentum.

We extract form factors for tensor configurations and introduce scaled quantities according to the following
definitions:

- n qu Qv
Buler o5 (mhi) = (@) | 0 et

= 8270‘7[} b21 (Oé, 57 S, {m}12) pu DPv + 837o¢7ﬁ b22 (CY, 67 S, {m}12) 6;,Wu

Bt o) =) | g = e o
Bole 85, {mh2) = (9 / (g2 +m?)~ [?;ip)%rm%]ﬁ = 8" bo(a B, s, {m}12). (14)

Note that scaled one-loop form factors will often appear in the residues of the UV poles for two-loop integrals.
Reduction of higher-rank form factors to the scalar case can be obtained by means of well-established
techniques. UV decompositions read as

1
bi(a, 8,5, {m}hi2) = Y bi(a, B, s, {m}r2; k) FL(s), (15)

k=-1

where i = 0,1,21,22. The coefficients of the UV factors for the canonical scalar case (« = 3 = 1) read as
bO(la 17 S, {m}12; _1) = 25 b0(17 15 S, {m}IQ; O) = bgn(la 17 S, {m}12)7

bo(1,1, 5, {m}a; 1) = i (@) — b5 (1 15, m}s)]- (16)

We will need to consider additional cases, where one propagator is raised to a non-canonical power, i.e.
a = 2,0 = 1. Here results are given by

bo(2,1,8,{m}12; —=1) =0,  bo(2,1,8,{m}12; 0) = b(2, 1,5, {m}12),
1
b0(2,1,s,{m}12; 1) = —ZbB(Q,l,S,{m}lg). (17)
Note that Eq.(I1) holds strictly only when m; # 0, otherwise an infrared (IR) divergency arises and we need

a different decomposition. The finite parts and the O (e) terms introduced in Eqs.([I6) and () have the
following integral representations:

x)s

fin =— 1 :cnM fin s, {m = 1 xi(l_
bO (1,1,8,{771}12)— /0 d 1 s 5 bO (2,1, ,{ }12) /0 d X(;L‘) y

! 2 X(@) !
bG(1,1,8,{m}12) = — / dx In* ===/ b(2,1,s,{m}i2) =2 / dx
0 S 0



where the quadratic form x reads as

X(x):sx2—(s—l—m%—m%)x—i—m%—i& (19)

Finite components. For the finite parts we compute explicitly the integrals introduced in Eq.([IJ). For the
case « = 3 = 1 we obtain

bin(1,1,5,0,0) = 2 — Lo,

2 2
bi"(1,1,5.0,m) = —In— 42— (1-"2 1(1—1)
0(5757 am) n8+ ( s 3t m2 )

2 2 2
+1
bin(1, 1 ™ e g™y A+ L
0(7 ,s,m,m) n s + 6(8) nﬁ(mQ/s) 15
] 1 2 2 2 2 2 2
bgn(l, l,s,ml,mz) — __ {lnﬁ +lnﬂ + w (lnﬂ — Hﬂ)]
2 s S s s S
1
+2 - g)\l/z(s,mf,mg) L(s,m?,m3), (20)
where A(z,y, ) is the usual Kéllen function and we introduced
2 2
5, m m
Dy g4
ca s ) s+ id’
L(s,m},m3) =In — i 4 mf = NV (s, md, m%),
2m1 mo
Loy =In(—1—1i9), 0 — 04. (21)
For the regular (m # 0) case, where « = 2 and § = 1, we obtain
fin o S
bin(2,1,5,m,0) = —In (1— W) ,
. 1 B(m?/s) +1
bin(2,1,5,m,m) = — n ,
o )= B M B 1
bin(2.1, 5.m m),musmzmml(nmj_mm_ﬁ) (22)
0 9 Ly 9y 15 2) — )\1/2(s,m%,m§) ) 1> 2 2 s S .

Infrared-divergent configurations. Two special cases requires a separate discussion: when m; = 0 in Eq.(I4)
and o = 2 or § = 1, an IR divergency shows up. Here we regularize IR divergencies by setting n = 4 + €,
and then we use the relation between the UV regulator ¢ and the IR one ¢, i.e. ¢ = —€. The results read as
follows:

2
bo(2,1,5,0,0) = = = Auy () = Lan + 1 [A2,(5) + 280y (5) Lan + L2, = C(2)]

2 2

2
bo(2,1,5,0,m) = i {——AUV(S)—lnm?— <1+m?> ln(l—%)

s—m? le
erl 1.5 m?2 1. m?
+§|:§<(2)+§AUV(S)+1H? (AUV(S)‘FElD?)

(1) (5] A (1)
1
2

+ - In? (1 - %) ~ Liy (S—Sm2) )H (23)

Here we used generalized Nielsen polylogarithms,

_1\n+p—1 L dx L )
Spp(2) = % /0 d? In" "z InP(1 - zx), Sn—1,1(2) = Li, (2) .. (24)



Three-point integrals

Ultraviolet decompositions. For three-point integrals we extract form factors for tensor configurations and
then we introduce scaled quantities. Our notation for a generic tensor structure with [ Lorentz indices is

Qua -+ -9
C a1, 2, a3,p1,p2, P,{m = e/d" ,
(01,02, 03, 2 B Arhizs) = 1l [ G e g+ P+ ma
(25)
where P = p; + ps2. Scaled quantities read as (we omit list of arguments)
Oy = s27 01722708 [021 P1uP1v + C22 p2uPos + Cos {pipatw | + 82T T 046,
C, = s¥ e (011 Piu + 012192“), Co = s*7 ™72 % ¢, (26)

where we have also introduced the symmetrized combination {p k},., = p, kv + p, k,. Three-point, scaled,
one-loop form factors will often appear in the residues of the UV poles for two-loop vertex integrals. Reduc-
tion of higher-rank form factors to the scalar case can be obtained by means of standard methods, and UV
decompositions read as

1

ci(on, a2, as, p1,p2, P, {m}i23) = Z ci(ar, ag, oz, p1,p2, P {m}123; k) Fi (s), (27)
k=—1
where i contains the information on the spin structure and s = —P?. Examples of UV decomposition are
1
00(171717p17p27p7 {m}123; _1)207 024(171717]917]927P7 {m}123; _1): 57 etc. (28)

3.3 Two-loop tadpoles
A special class of two-loop integrals is represented by tadpoles, defined by
d"qd"q2

_ - . 29
@) (@ +md) (=g <t 29

Tiji ({m}123) = pa(e) /

Any two-loop tadpole can be reduced to a single two-loop master tadpole (we choose the configuration with
i=k=1, j =2) and to products of one-loop tadpoles through iterated application of IBP identities. A few
examples are given in Appendix[Al The UV decomposition for the master tadpole reads as

Tio1 ({m}i23) = Z Tio1 ({m}r2s; k) FE(M?), (30)
j—

where the coefficients of the UV-divergent factors are given by

2

Tlgl({m}123;—2) = —2, Tlgl({m}lgg,;—l) = — (1 -2 111%) (31)

These relations hold if msy # 0, since a collinear logarithm is present when my — 0. When my = 0 we can
change integration variables and apply again IBP identities in order to use Eq.(3I)), i.e.

Ti21(m1,0,m3) = Ti12(my,ms,0) T121(mq, ms,0), (32)

and the (my,ms,0) configuration, which is collinear-free, can be computed as shown in Eq.[223) of Ap-
pendix [Al



3.4 Two-loop two-point integrals

Notation. We follow the notation of Section 7 of Ref. [I4] and we introduce scaled irreducible two-loop
two-point integrals. Note that when the squared external momentum vanishes, p? = 0, the tadpole-reduction
methods of Subsection can be easily employed. Otherwise, we extract s = —p? and accordingly define

1 1
S = s s{, S = s, Sy ==sg, Sy = =s§. (33)
s s
The alphameric classification of graphs can be found in Subsection 2.2 of Ref. [14]. For tensor configurations
we employ form factors according to Section 7 of Ref. [14],

rank 1~ §'(u]0) = 8{p 5'(01 ) = Sk
rank 2 — S'(p,v|0) = Si15 00 + Si11 Pu Dy, S| v) = Sz Suw + Sig1 Pu v,
SH0] p,v) = S99 0pv + S321 P Pvs (34)

with I = A,C, D, E, and we extract the scale dependence in complete analogy with Eq.([33).
Ultraviolet decompositions. The UV decomposition introduced in Eqgs.(@) and (@) reads as

0

sj(sqm}) = Y sj(s,{m};k) FP(s), (35)

k=—-2

where I = A,C, D, E classifies the family of integrals and j contains the information about the tensor
structure. It is worth noting that the following results can be written in a compact form through the
one-loop, two-point functions introduced in Subsection We shall be quoting the tensor configurations
relevant for our calculation.

A family
2
s (s, {mbiass —2) =2y L, (36)
-1 S
m?2 m?2 1
4 oy =S [—21 i } -
30 s 0 = 30 7 [ () 8] - ")
C family
1
s (s,{m}i234; —2) = —2, sT (s,{m}i234; —2) = 2 s5 (s,{m}1234; —2) = 1, (38)
58 (Sv{m}1234; _1) = _2b0(15 1757{m}34; 0) - 17
1
Sf (Sa {m}1234 ) _1) = - b1(17 17 S, {m}34; O) + ga
1
sS (s,{m}1234; —1) = —2b1(1,1,5,{m}34; 0) + 1 (39)
D family
s (s, {m}12345; —2) =0, s (s,{m}1i2345; —2) =0,
1 1
5710 (8, {m}12345; —2) = — > 5199 (8, {m}12345; —2) =0, 5599 (8, {m}12345; —2) = — >
s (8, {m}123a55 —2) =0, (40)



55 (s,{m}12345; —1) = 0, sp (s,{m}12345; —1) = 0,

1 3 1
5719 (8, {m}12345; —1) = — ibO(lalvsv{m}ﬁﬁ; 0) — 3’ 12 (8, {m}123455 —1) = — vk
1 3
Sao (8, {m}12345; —1) = — gbO(lalvsv{m}12; 0) — 3
S?jl (S, {m}12345; —1) = 0. (41)
E family
s (s,{m}i2343; =2) = 0, 57 (s,{m}12343; —2) = 0,
1 1
sti2 (s, {m}12343; —2) = 0, 5129 (5, {m}12343; —2) = — 7k 5599 (5, {m}12343; —2) = — >
SiEjl (s,{m}12343; —=2) = 0, (42)
sg (s,{m}i2343; —1) = —2bo(2,1,s,{m}34; 0),
st (s,{m}i2343; —1) = —b1(2,1,s,{m}34; 0),
sy (s,{m}i2343; —1) = — 2b1(2 ,8,{m}s4; 0),
1 m? + m2 1
stha (5, {m}1agaz; —1) = 5 ———2b0(2,1,5,{m}s4; 0) + §b21(27 1,5,{m}34; 0),
st (s, {m}i23az; —1) = — §b21(27 1,s,{m}as; 0),
1
STa9 (8, {m}12343; —1) = —b22(2,1,5,{m}s4; 0) — 16’
5791 (8,{m}12343; —1) = —b21(2,1,5,{m}34; 0),
1
5399 (8, {m}12343; —1) = —2b22(2,1,5,{m}34; 0) — 3’
5391 (8,{m}12343; —1) = —20b21(2,1,5,{m}34; 0). (43)

The results shown for the s family hold when m3 # 0.

Finite components. The UV-finite parts of two-point two-loop functions can be found in Ref. [10], Eq. (89)
and Eqgs. (146-147), for S = Si'1; in Ref. [I1], Subsection 5.8 for S§ = S§?!, Subsection 7.3 for SF = S§3!
and Subsection 7.8 for S§ = S221.

Special configurations. Some configurations where one or more masses vanish show overlapping UV and
IR divergencies and deserve a separate discussion.

As a non trivial example, we consider the scalar function of the C family evaluated at p? = 0 (s§), since
here the residue of the single UV pole can be IR divergent. Note that this function represents a tadpole,
and it can be treated by means of the methods of Subsection The residue of the double UV pole of s§
can be found in Eq.(38)) and the residue of the single UV pole is given in Eq.([39). The same UV components
arise when p? = 0 and ms3 = my is not vanishing,

2

sS(0,my, ma, ms, ms) = —2 F2,(M?) — F12(M2)(1 —2In M?)

+s ﬁn7 (44)

where sg, is finite when € — 0. However, reduction in sub-loops requires to evaluate cases where ms = my =
0. Here the residue of the single UV pole becomes IR singular, and the explicit expressions read as

1 m? m3
Sg(o,ml,mQ,0,0) = 2F32(M2> +2 |:1 + W (m% hlﬁé —mg ln Mé)} le(Mz) +FIR7
1 /2
Fin=-- (E—2AUV+1). (45)



Overlapping UV and IR divergencies appear also for special configurations of the scalar function of the E
family (s§), evaluated at arbitrary s, when mg = 0, i.e.

2

2 1
55 (,0,me,0,M,0) = T [Agv(s) — 6—2} +2 [

€

— —Auv(s)} {ﬁ [2AUV(S)—1—IIIJJ

2
+2In(z—1)+1n %} +Inz—In(z — 1)} + s§,(s,0,m2,0, M, 0),

2 2 1 1
5 (s.m1,ma,0,M,0) = —— [Agv(s) - 6_2} +2 [E _AUV(S)} {1 — [mw(s) 1
m2 m2 m2 m2
] Ol — 1)+ —2 M ™ _1}
A gy R R gy R
—i—lnx—ln(:v—1)}+s§n(s,m1,m2,0,M,O), (46)

where s£ is finite when e — 0 and z = M?/s. Note that here double poles arise, whereas the residue of the
double UV pole vanishes in Eq.(@2).

These spurious singularities are a consequence of the sub-loop reduction of Ref. [I9]. This technique
allows to handle integrals with irreducible scalar products in the numerator and introduces new propagators
with a corresponding zero mass. IR poles are then generated by the related integrals behaving as

a1
/0 d qq T (47)
The treatment of overlapping UV and IR poles is not free from ambiguities. Strictly speaking, the integrals
of Egs.(@3) and (8) cannot be defined in any strip of the complex n-plane. UV regulation requires n < 4
and IR one should be performed for n > 4. Therefore, one should first of all disentangle overlapping UV and
IR singularities. This can be achieved by means of the IBP identities introduced in Ref. [20], which allow
to write the original integral as a combination of objects which are UV or IR singular but never both. At
the end one can use the well-known relation between UV and IR regulators, i.e. € = —e. We verified that
this recipe gives the same result of the naive approach where one regularizes integrals for n < 4 without
separating the UV and the IR domains.

3.5 Two-loop three-point integrals

Notation. Our notation for three-point two-loop integrals can be found in Section 9 of Ref. [I4]. Here
P = p; + py and we extract s = —P? in order to define scaled functions. For scalar configurations we
introduce

vy = uf, Vo ¥ = sy, Vi rom = g7 2 gt (48)
For tensor integrals, first we introduce form factors according to Section 9 of Ref. [I4]. Then, we define
dimensionless functions in complete analogy with Eq.[@8). The (somehow redundant) definition of the
rooting of momenta in two-loop vertices has been introduced for all families in Ref. [I4]; we stick to the
notation used there and one should only remember momentum conservation, i.e. P = p; + ps.

Ultraviolet decompositions. The UV decomposition introduced in Eqgs.(@) and () reads as

0

vj ({momenta}, {m}) = Z v} ({momenta} , {m}; k) F(s), (49)
k=—2

where L = E,I,G,M, K, H classifies the family of integrals under consideration and j summarizes the
information about the tensor structure. Here we show only UV-divergent tensor configurations relevant for
our calculation.

E family

v (-5 =2) =1, vy (05 =2) =2, (50)



vy (p2, P,{m}1234; —1) = =20bo(1,1,p1, {m}34; 0) — 1,

1
vfl (anPa {m}1234; _1) = _b1(17 laplv {m}34; O) + gv
1
Zv

1

vy (p2, P {m}1234; —1) = =201(1, 1, p1, {m}34; 0) + T

1
Vg (P2, Py {m}123a; —1) = 2bo(1,1,p1,{m}34; 0) + <.

v1y (P2, Py {m}1234; —1) = bo(1,1,p1,{m}34; 0) +

2
I family
Ué( ’ _2> = 07 vilj ( ) _2) - 07
1
Vi (005 =2) =0, vigg(-r;—2) = ; Vo ( 7_2):_57
’Uiljk ( ) _2) =0,
vy (p1, Py {m}12345; —1) = —=2¢o(1, 1,1, p1,p2, P, {m}sss5; 0),
v{’L (pla Pa {m}12345 3 1) = _Cli(la 17 1ap15p25 Pa {m}345 3 0)5
véz (plaPa {m}12345a 1) _2cli(171517p15p25P5 {m}345; 0)7
1 m2 + m2
V114 (P1, Py {m}12345; —1) = 3 ———2¢y(1,1,1,p1, P, {m}345; 0)
1 p? 1 P2 —p2—p2
+6 p_Sl 021(1; 17 1ap15p25 P’ {m}345 ; 0) + 6 # 623(17 15 17p17p27 P7 {m}345 ; O)
1 p3
+ 6 c22(1,1,1,p1,p2, P, {m}sss5; 0),
2
viy; (p1, Py {m}i23as; —1) = -3 c2i(1,1,1,p1,p2, P, {m}s45; 0),
1
’U{24 (p17P7 {m}12345; _1) = _024(17 17 17p17p27P7 {m}345; O) - 1_67
Vi9; (p1, Py {m}12345; —1) = —c2:(1,1, 1, p1, p2, P, {m}345; 0),
1
v£24 (plaPa {m}12345; _1) = _2024(17 15 17p17p27P7 {m}345; 0) - gv
Vgo; (D1, Py {m}12345; —1) = —2¢2;(1,1,1,p1,p2, P, {m}345; 0).
G family
o5 (o3 =2)=0, v (-;-2)=0,
1
Vg (s —2) = ;o Viag (o3 =2) =0, gy ( 7_2):_57
’UZ-ij ( 5 _2) = O7
o5 (-5 —1) =0, of; (-5 =1) =0,
1 3
’Uf14 (pluplupu {m}12345; _1) = _5 b0(17 17]927 {m}45; O) - gu
1
Viha (P15 01, P, {m}i2345; —1) = T
1 3
V54 (P15 01, P, {m}i2345; —1) = ~5 bo(1,1,p1,{m}12; 0) — 3
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M family

/Uéu (plupu {m}123453 ) _1) = _200(27 17 17p17p27P7 {m}345; 0)7

vii (p1, Py {m}i23a53; —1) = —c14(2, 1,1, p1, p2, P, {m}345; 0),

v3; (p1, P,{m}i2sa53; —1) = —2¢14(2,1, 1, p1, p2, P, {m}345; 0),
1 m?2 + m2

0114 (1, Py {m}1234535 —1) = B ———2¢0(2,1,1,p1,p2, P, {m}345 0)
1 p? 1 P2 — p2 _ p2
+6 % c21(2,1,1,p1,p2, P,{m}s45; 0) + G MCQB(Z 1,1, p1,p2, P,{m}345; 0)
1 p}
+ 6 ? 622(27 15 17p17p27P7 {m}345 ) 0)7
2

v11,; (p1, P, {m}i23453; —1) = -3 2i(2,1,1,p1,p2, P, {m}s45; 0),
v19; (p1, P,{m}123453; —1) = —c2:(2,1,1, p1,p2, P, {m}sa5; 0),

Va9; (D1, Py {m}123453 5 —1) = —2¢24(2,1,1,p1, p2, P, {m}345; 0). (56)
vy (o5 —1)=0, wvi(-5-1)=0,

0114 (P p1, P {m}1a3as6 3 —1) = —%co(l, 1,1,p1,p2, P, {m}us6; 0),
v (03 —1) =0, viig (o5 —=1) = 0. (57)

4 MS renormalization at two loops

We now briefly summarize the notion of renormalization procedure. Any renormalization procedure for
a gauge theory requires three steps:

— the definition of the gauge-fixing term of the Lagrangian;
— the renormalization-scheme prescription;
— the choice of an IPS.

In Subsection [LI] we define the gauge-fixing part of the Standard-Model Lagrangian and in Subsection [£.21we
discuss the renormalization scheme employed in this paper. This is a rather technical subject, but one should
realize that choosing a renormalization scheme is equivalent to changing the variables which describe the
degrees of freedom of the theory. Bare quantities are traded for renormalized ones through multiplicative
renormalization constants, and the latter are expanded in perturbation theory introducing counterterms.
The prescription imposed for the counterterms defines the so-called renormalization scheme.

Whatever the renormalization scheme employed, a theory becomes predictive when renormalized quanti-
ties are expressed in terms of the chosen IPS. As long as the same data are employed, different renormalization
schemes lead to the same theoretical predictions. Special care should be devoted to the choice of the POs
used as input: two predictions for the same PO differ by an amount proportional to the missing higher-order
corrections if they refer to different IPS. We will discuss this issue in details in III, where we will show
that a consistent description of unstable particles at two loops can be achieved in the framework of complex
poles [21].

4.1 Gauge fixing
We fix the gauge for the electroweak sector of the Standard-Model Lagrangian introducing six gauge
parameters & (i = A, Z, AZ, o°, W, ),

1
o= —ctem = S [@ + e,
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ch = —é&MAM — 642002, C7= _éauzu + &0 Myy®, Ct= —giwauwj +&, Mot (58)
Here A, Z,, and Wic are the fields for the photon and the Z and the W bosons and ¢° and ¢* are the fields
for the neutral and charged unphysical Higgs-Kibble scalars. For the QCD sector, we employ the usual 't
Hooft-Feynman gauge.

Note that gauge parameters are usually introduced in order to test predictions for physical (pseudo-

Jobservables (hereafter POs); S-matrix elements are gauge independent, and one can indeed check that
gauge-parameter dependence cancels out. Here, instead, the gauge-fixing term which defines what we call
the R, gauge is closely related to our renormalization strategy. We will discuss this issue in Subsection [4.2]
where we will introduce renormalized gauge parameters.
Dyson-resummed propagators in the R gauge. In this Section we illustrate the method of Dyson
resummation of higher-order corrections which plays a crucial role in any renormalization procedure, because
mass renormalization and wave-function factors for external legs naturally arise in this context. In the Re¢e
gauge, in addition, transitions between the vector gauge bosons and the Higgs-Kibble scalars, as well as a
mixing between the photon and the Z boson, take place at the Born level. Therefore, Dyson resummation
is a mandatory step already at lowest order in perturbation theory.

Here we show the Dyson-resummed propagators for the vector gauge bosons and the Higgs-Kibble scalars,
including all the allowed transitions. Furthermore, we provide the explicit expressions for the propagators
of the Faddeev-Popov ghost fields.

The charged sector: The Dyson-resummed propagator for the W boson reads as

Bur = Gl 7 0P (5“” + A p“p”)’ (59)

where we introduced

AV = _1 |:§2 -1+ (§W _§¢)2§‘%\/M2(p2+M2):| (60)
PP P2+ &2 M2 SV (P + Ew &, M?)2 :
Moreover, for the propagator of the ¢ boson we get
Z‘P‘P _ 1 p2 + ggv M2 (61)
2m)*i (P? + &w & M?)?
Finally, a W-¢ transition takes place,
N 1 Mé&w (& — &w) .
AV = _ WS i Py 62
e TR (02)

The neutral sector: Let us start with the Dyson-resummed propagators for the photon and the Z boson,

~AA 1 1 ~AA ~ZZz 1 1 ~ZZ
B = Gy O+ Bagmr)- B0 = oy g (O 4 B ). (9

where we defined

A fi -1 n 535%253 (p2 + 53;0 Mg)
w p? (p? + 280 M5)* 7
Mg (52 - 5@0)2 + giz 52 (p2 + 53,0 Mg)
(p2 + é.gao gZ M§>2 ’
and we introduced a combination of gauge parameters, £2 = £2/(1 + €2 £2,,). Furthermore, the propagator
for the ° boson reads as

~ZzZ 1

pp:pz_i_ggMg[

&€ -1+ & + M) (64)

Z«ﬂowo _ 1 p? + & Mg .
(2m)4i (p? + €5 &po MG)?

(65)
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In the neutral sector we have vector-scalar transitions,

ZAapO _ 1 Mo&z848az (fgaf) - fz) i Zzapo _ 1 Moy & (gwo - gz) i (66)
PTG T T B P + G Mg
as well as a mixing between the photon and the Z boson,
—Az 1 §aaz 53 (p2 + 53,0 Mg)

_ . 67
R G Y e S e VI PR (67)

Ghost fields: Finally, the gauge-fixing Lagrangian defines the propagators for the charged and neutral ghost
fields XT, Y7 and Y4,

Axi B 1 Ew AYZ B 1 ¢, AYA B 1 &,
o 2m)Yi p? + £, Ew M (2 p? 4+ €0 &y MY C(2m)4d p2

(68)

4.2 Definition of the renormalization scheme: M S and beyond

The orthodox approach to renormalization [6] 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 an IPS, 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 [22], 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;

— gauge independence of predictions for (pseudo-)observables.

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 divergencies 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). In this paper, we will express our results using the
language of counterterms:

— we promote bare quantities (parameters and fields) to renormalized ones;

we fix the counterterms at one loop in order to remove the UV poles from all one-loop Green functions;
— at this stage, we check that two-loop Green functions develop local UV residues;

— our final task is to fix the counterterms at two loops and to remove the UV poles from two-loop Green
functions.

Obviously, the absorption of UV divergencies into local counterterms does not exhaust the renormalization
procedure, because we have still to connect renormalized quantities to POs, thus making the theory predic-
tive. This will be the subject of III. In the remainder of this section we discuss renormalization constants
for all parameters and fields.

Renormalization constants

We relate bare quantities to renormalized ones introducing multiplicative renormalization constants Z; and
(if not otherwise stated) we expand them through the renormalized SU(2) coupling constant g,

z-—1+i 9i \" 5z (69)
v — 16 72 i
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where 5Zi(") are counterterms and the subscript ¢ refers to masses, couplings, gauge parameters and fields.
Let us make more precise the notion of renormalization constants.

— for the bare masses of the W boson (M), the Higgs boson (M,) and the fermions (my) we write

m = Z},L/Q mp, where m = M, M, ,m¢ and mj corresponds to one of the associated renormalized
masses. Z,, is expanded through Eq.(69).

— For the bare SU(2) coupling constant g and the bare cosine (sine) of the weak-mixing angle cg (sg)
we define p = Z, pr, where p = g,cq, ¢ and py is one of the related renormalized parameters. Z, is
expanded through Eq.(G9).

— For the bare gauge parameters introduced in Eq.(58) we use § = Z¢ £, where ¢ is one of the bare
gauge parameters and {5 is the associated renormalized quantity. Z¢ is expanded by means of Eq.(G9)
except for the case £ = £,,, where we use

o 2 n
_ 9 (n)
Zes =S <161;2> 57" . (70)
n=1

After the expansions, we use the freedom in choosing the values for the renormalized gauge parameters
and we set £ = 1, thus compromising between two alternative exigencies. On the one hand, countert-
erms for the gauge parameters are required to remove UV divergencies; on the other hand, we recover
part of the simplicity of 't Hooft-Feynman gauge.

— For a given bare field ¢ it is convenient to write ¢ = Z;/ 2 ®r, where ¢y is a renormalized field, and we
expand Z, through Eq.(69). The bare photon field A" represents an exception, and here we use

[e%e] 2 n
A=Ay Pz, 2= (1(951;2) 7 i

n=1

where A% and Z% are the renormalized fields for the photon and the Z boson. Note that Z,, is
expanded through Eq.(69).

In addition, bare fermion fields ¢ (we omit flavour labels) are written by means of bare left-handed
and right-handed chiral fields " and ¥*®. The latter are traded for renormalized fields ¢% and ¢%
expanding the renormalization constants through Eq.(69l),

1 1/2
5 AL, R =27 g, (72)

Finally, Faddeev-Popov ghost fields are not renormalized.

,(/JL,R _

UV decompositions for Green functions

Before defining our renormalization scheme, we introduce UV decompositions also for Green functions.
Given a one- (i = 1) or two-loop (i = 2) Green function with N external lines carrying Lorentz indices p;,
j=1,..., N, we introduce form factors,

A
Gl o yy = D GLKS . =12 (73)

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. Next, we introduce UV
decompositions for the form factors GY, in analogy with Eqs.(#)—(T),

1 loop — G} = Z G L FH(M2), 2 loops — G2 = Z G w F2(M?2). (74)
k=—1 k=-2
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The UV factors F}' (k= —1,0,1) and F? (k = —2,—1,0) can be read in Eqs. () and ().
Renormalization prescriptions: M .S and beyond

In the spirit of the UV decomposition of Eq.([74]), one could define a non-minimal (N M S) subtraction scheme
where the one- and two-loop counterterms are defined by

—1
1 loop — 62" = AzZM FL (M2), 2 loops — 62,7 = Y AZP) F2(MP), (75)
k=-—2

and are fixed in order to remove order-by-order the poles at € = 0 for any Green function. As a result, also
the product of a one-loop counterterm with a one-loop diagram (i.e., a one-loop counterterm insertion) has
the same UV decomposition of a two-loop function thus simplifying two-loop renormalized Green functions.
Even if we scale non-tadpole diagrams with s instead of M2, the difference is proportional to In M2/(s¢), a
non-local term which cancels in the total.

Although the NMS scheme has the virtue of respecting a universal UV decomposition, we adopt the
conventional M S choice, keeping the counterterms as simple as possible. Let us accordingly define

2
571 = <—— + O> AzZW, (76)
€

and we define the renormalization scheme choosing the explicit value for C. We define a minimal M .S
subtraction scheme,

5z = (_2 + AUV> AzW, (77)
€

and we fix the counterterms in order to remove the poles at ¢ = 0 for any one-loop Green function. Next,
we extend the scheme at two loops by introducing

(2)
1 AZ{
572 = (Z - AUV) < 5+ AZQ?) +A2,AZ3). (78)

Accordingly, we decompose the two-loop form factors,

1 A 1
Gi_(e_g_ UV> Gi;UV;1+<__AUV> Gi;Uv;2+Avai;Uv;3+Gi;F7 (79)

€ €

and we fix the counterterms in order to remove the poles at € = 0 for any two-loop Green function. Note
the correspondence with the decomposition in Eq.(74]),

2 _ 2 2 _ 2
Ga;UV;l_Ga;—27 Ga;Uv;Q_Ga;—l’
1
2 _ 2 2 _ 2
Ga;UV;3__Ga;—27 Ga;F_Ga;O' (80)
2

5 One-loop renormalization

In this section we collect all the one-loop results necessary for our renormalization procedure. Tadpole
renormalization (3 vertices) and neutral-sector diagonalization (I" vertices) are shown in Subsection 5.1 and
counterterms for parameters and fields are presented in Subsection

In Subsection we discuss the relevance of one-loop finite renormalization through some examples and
in Subsection 5.4l we analyze how counterterms affect WST identities. Renormalized WST identities riafferm
the basic simplicity of the one-loop structure of the theory. These results should provide a useful guide to
the two-loop renormalization.
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5.1 [ and I at one loop

Two key ingredients are the parameter (;, introduced in Sect. 2.3 of I (tadpole renormalization), and the
parameter I, defined in Sect. 3.1 of I (all-order diagonalization of the neutral sector). We recall that one
can define different tadpole schemes, and in I, we discussed the so-called 85, and (; schemes; since here no
ambiguities arise, we drop everywhere the subscript ¢ from 3. To show the one-loop results, we expand (
and I' in the unrenormalized SU(2) coupling constant g,

ﬁ = Z 9271 ﬁna r= Z g2n . (81)
n=1 n=1

The complete answer for 3; reads as

3

1
B = 7{3 Z {xiyiao(mdﬂ-) + a:u 100 (My i } Z . ;a0(miq)
i=1

16 12z,
1 /m—1  ay 1 3
—4—65(74— 5 )ao(Mo)—§(n—1+7)ao(M)—§ na (MH)}7 (82)

where we recall that z; = m?/M?, [; is the charged lepton and u;,d; are the up and down quarks of the ith
fermion doublet. The one-loop tadpole ag is given in Eq.(I3) and the explicit result for T’y is

n—2
16 72

Note that in Eqgs.(82) and ([83) we dropped the subscript R, since bare quantities disappear after the intro-
duction of renormalized parameters and fields.

Fl = ao(M). (83)

5.2 One-loop counterterms

In this subsection we provide the full list of one-loop counterterms in the M.S scheme. Counterterms
are defined in Egs.([69)—([72), and UV factors are extracted through Eq.(77). Here we introduce short-hand
notations for sums over fermions (I — charged leptons, u,d — quarks),

3 3 3
_ J J— J Jj_ J
= E :‘Tl,w X5 = E T is X = E :xd,i' (84)
i=1 i=1 i=1

Gauge parameters. Gauge-parameter counterterms can be expressed by means of field, mass and coupling-
constant counterterms,

1

AZg) = 5 Azl Az = Az,
W _ 1A, m__1 1 1) 1
azf) = S azfh, Az = -2 (AZ@O + Azl ) + Az,
1 1
azi) = S Az, azll) = -5 (azd) + azf). (85)

The gauge-fixing term defined in Eq.(58) is invariant under renormalization. We will discuss this issue in
Subsection 5.4

Gauge-boson and Higghs-Kibble fields.

(1) _ 23 () _ _se(dl1l
Azl =2, Az = (5 - - 2a),
(1) 1,411 2 (1) _ Ir1
AZ¢ 5(7—3—414—2309), AZL; _—1—5[%—Xl—3(xd+xu)],
1 5 1
AzZY = & AZD = AZL). (86)
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Masses and couplings. Here we discover a nice feature of the neutral-sector diagonalization introduced in
Sect. 3.1 of I, since in the full-fledged Standard Model we derive a QED-like relation involving AZél), AZ §;)
and AZ&Q,

31 7 1731 3
Az =25 L [ 3o 2Xf—6(X§+X3)}+—{—xH+Xl+3(Xd+Xu)},
123 2¢ 212
411 29 23 2 1
1) _ 2 1) _ % 1 1) _ 1 (1)
AZ<>_§(€%—7+§%), AZ§9)_—£AZ§9), AZY = Az - S AZY. (87)

In other words, electric-charge renormalization depends only on the photon vacuum-polarization function,
also in the (complete) Standard Model.

Higgs-boson field and mass.

3111 1 1
—X—3(X Xu)} AzM — 22y 2 ——X—(X Xu)} 88
1 d+ M =g 2034- 2IH 3 A d+ (88)

1r1
AzZP =-1-2|5
2lc
Fermion fields and masses. Here v is the neutrino field associated with the charged lepton [, and w and d
are up and down quarks belonging to the same doublet. Furthermore, g5 is the SU(3) coupling constant of
strong interactions. For left-handed spinor-field counterterms we get

1 1,11 26 16 g
414z ) AZ<1>:_(__ . __s),

3"' +2$l ur, 4 903+9+$ +Id+3g2

Az = AzZD AZD = AzZD. (89)

Expressions for the right-handed components are given by

41 4 1 4 g2

AZMY =0 AZWD =~ _ 4 g 48

ve = wn gz Tttty

1 1 11 1 1 4g
AzD = 2 14 s AZW =2 C oy g oI5 90
Tz it in Tg2 9 3T (90)

Finally, fermion-mass counterterms depend on the sum over the fermion families because of tadpole renor-
malization (the explicit expression for 51 can be found in Eq.(82]),

131 3
AZD =3 2+—{——+3—2Xl—6(X2+Xd)} = (2w — ),
cg Ty l2 4
22 131 3 2
AZ == —[—— 322 —6()(2 XQ)} —( . ) g s
e 3 09 + o 209 + I wt X4 1 Ty +2xq) + 92,
12 1731 3 2
1 0 2 S
N A 52 32X =6 (X34 X3)] + (ot ) 855, (91)

5.3 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 yerm it finite renormalization. Note that the absorption
of UV divergencies 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. The complete formulation of finite renormalization will be given in III.
However, let us show some examples where the concept of an on-shell can be employed. Suppose that we
renormalize a physical (pseudo-)observable F,

F=F +g2F1L(M2)+g4F2L(M2)7 (92)
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where M is some renormalized mass which appears at one and two loops in Fy; and F5; but does not show
up in the Born term Fy. In this case we can use the concept of an on-shell mass identifying M = Mg for
the two-loop term and performing a finite mass renormalization at one loop,

g2
16 72

M2 = 2| [ Rex()

M1V a2 2 2
s~ 0% | }=02o+ g2 anr?, (93)

where M, is the on-shell mass and ¥ is extracted from the required one-particle irreducible Green function.
Eq.([@3)) is still meaningful (no dependence on gauge parameters) and will be used inside the one-loop result,

F=F;+ 92 FlL(M?)S) + 94 {F2L(M<2)s) + FIIL( os) AMz} (94)
where OF,, (M)
Fy, (M?
FL(M50) = =35 laemnsz- (95)

Here we show some examples of one-loop finite renormalization.
W boson. For the W boson we write
2

g
1672

M2 = M2 [1 + (Re Sww — 5Z§}))], (96)

where the expression for the counterterm can be read in Eq.(8T). The quantity within square brackets in
Eq.(@g)) is finite by construction, and it is convenient to write the decomposition

Sww =X5, + 30 —2(8 +T1). (97)

B1 and T'; can be read in Eq.([82) and Eq.(83]), whereas the first two terms in the r.h.s. of Eq.(@1) refer to
fermionic and bosonic contributions. The fermionic part for one generation (one leptonic family, z; = m?/
M?, and one up-down quark doublet, x, = m2/M?, zq = m?2/M?) is

i = ﬁ{%(n— 2 — xl)xlao(ml)
+ g(:vu —Zg+n— 2>xda0(md) + (xd — T, +n— 2)xua0(mu)
+ g{(n— 1) (1 — x4 —;Cu) +2(xd +wu> — (:Cd —xu)z}bo(l,l, M? | my,,myg)
+ %[(n— 1) (1 —xl) + 2 — 2 — 1]b0(1,1, M2, O,ml)}, (98)

and the bosonic component reads as follows,

1 11 4
s [4(n 2)se+j%—4n—ﬁ+11]ao(%)

-
1 1 1 1
# (10 g gD+ g (1)
1

1 2 9
+n—1[4_c‘91__+4+(n_1)( 11+ 4s + )}bo(l,l,MQ,MO,M)
1 2
1(%_:6”—'—”_1)[)0(1’1’]\427MvMH)—4S§bo(1,1,M2,O,M). (99)
n_

Fermions. For a fermion f we obtain

g m,
m} = m3 0. [1+ 25 (3, - =], (100)



where the fermion-mass counterterms can be read in Eq.(@I]), and the physical mass in Eq.(I00) coincides
with the on-shell one. Using

1

5 N =107 =3, vp =11 —2Q; 53, (101)

2
Ql:_vauzgan:_
where I}g) is the third component of isospin, we provide the needed expressions for arbitrary up and down
partners in a given fermion doublet. For a generic up-type fermion we get

S = —%xHaO(MH) — %[1 + i(n— 2+xd)]ao(M) — %[1 + %Cz(n— 2) (vi + i)}GO(MO)

Ty

+ é{( ){459622 2 (v + i)} +2xu}ao(mu) + % {1 + %(n— 2+$d)]l‘dao(md)
+é{n—3+$[< 3)xd—n+2+$d}+wu—2xd}bo(11 my , M,mag)
e () - g ()] D
—|—é(4xu 2 )bo(1, 1, 2, My,,ma) =2 $3Q2bo(1,1, m2, 0,my) = B, (102)
For a d-type fermion, the result reads as
Y= —éxHao(MH) - %[1 + Iid(n - 2+$u)}a0(M) - 8173 {1 + %Cg(” - 2) (Ud + i)}GO(MO)

+ é{(n - 2) [455@3 + é(vé + %)} + 2$d}ao(md) + é{l + xid(n -2+ xu)}xuao(mu)

1 1
+§{n—3+—[(n—3>xu—n+2+xﬂ +xd—2xu}bo(1,1,m§,M,mu)

T4
b2 {1+( 2){1—L(v2+3)}—4(1}2+1)}b (1,1, m3, Mo, mq)
8c Q2 ngd d 4 d 4 o\t, 1, d>» 0, 1q
1 1
+ é(i‘rd — xH)bO(l, 1, md, M, ,mg) —2 ngZbo(l, 1, mi, 0,mq) — 1. (103)

Higgs boson. We also provide the result for the Higgs-boson mass,

M2 = M2, {1 + 12; (Re S — 52}2{)}, (104)

where the counterterm can be found in Eq.(8Y), and we use a decomposition similar to Eq.@), X, =
Shw + ¥ . For one generation of fermions we get

a 1
A BIEd—aomf j;dexf(i—z—)bo(n M2 my my) (105)

whereas the bosonic component reads as follows,

1 z 1 n—1 =« 3

Eb :—( -1 —H) M —(— _H) M, _ M

A U ao( )+c§:vH 52 + = ) ao(Mo) + Jxrao(M,)
1 2

=33 3 NjaLtaotmp) - 1= —(n =1+ 5011, M2 2, 0)

i=1,3 f=l,u,d H

2

9
H)}boa, L, M, Mo, Mo) + gabo(1, 1, M2, M, M,,).  (106)

[11 1 (n—l 3:8

32 T\ 2 "

The sum over the fermion masses in Eq.(I00) depends on the 8; parameter (see Eq.(82])), which we included
explicitly in the computation of the Higgs-boson self-energy.
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5.4 Ward-Slavnov-Taylor identities

Ward-Slavnov-Taylor (WST) identities play a crucial role in showing that the electroweak theory is
renormalizable and respects unitarity at the same time. In fact, we can prove with their help that transition
amplitudes are the same in every non-singular gauge. Having derived the one-loop counterterms, we analyze
how renormalization affects the WST identities of the theory; note that here we consider only a particular
class of WST identities, the so-called doubly-contracted ones with two external gauge-boson fields. Let us
consider the gauge-fixing functions C* of Eq.([G8) written in terms of bare quantities,

1 1 1
34 3 3

Then, we introduce renormalized quantities and we set the renormalized gauge parameters to unity,

ch = AL —€h,0,25, C7 = Ozl + oMy, CF = W= + MO E. (107)

1 1 1
Ch = —Z3.2;10,A, - (ZgZZgAl + 72 ZEAZ)@LZ#,
1 1 1
C% = =727 0, Zu + 22025 2, Ze o Moy,
1 1 1
Cr =237 ) 0W; + ZEZE Ze ,Mp™. (108)

Next, we associate a set of source vertices to the Fourier transform of a gauge-fixing function C“.

Let us consider C*, where we get the two source vertices of Fig.[Il A doubly-contracted two-point WST
identity is obtained by connecting two sources through vertices and propagators. Here we get, at every order
in perturbation theory, the identity of Fig. Bl ~We analyze the WST identity at O (¢?). After expanding

w

4. . 1/2 -1
OO\ et 2y 2
p lu‘
v 4 1/2,1/2
0--4-_--- (27r)zMZ¥, Zy " Ze,
p

Figure 1: Sources related to the gauge-fixing functions C* defined in Eq.([I08). The momentum p is flowing inwards.

w w w ® (4 w (4 (4
AN\/\‘WW +¢Nv\‘---o +0---'\NW +o---‘---o ~0

Figure 2: Doubly-contracted WST identity with two external C* sources. Gray circles contain all the irreducible
and reducible Feynman diagrams contributing to the needed Green functions. Black dotted circles represent sources.
Their expression can be read in Fig. [l

the renormalization constants Z; up to O (gz) we obtain

ct=-[1+ 1(95; (%M&Vl) —ozi)) 0wt + 1+ %;(%Mi}) n %6va}) sz |arg*. (109)

and we get the source terms of Fig. As a consequence, the doubly-contracted WST identity with two
external C* sources at O (g?) of Fig. Alreceives two different contributions, whose graphical representations
are given in Fig. @ In the first line we have Green functions containing Feynman diagrams at O (gz) and
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source vertices at O (1). The second line, instead, contains Green functions with Feynman diagrams at O (1)
and source vertices at O (¢9?). Finally we use Eq.(85),

Lz, 628 = _% (628 +62LD), (110)

1) _
6Z‘EW 9

and we are immediately left with the four contributions displayed in the first line of Fig. @l Note that

this is exactly the doubly-contracted identity with two external C*-source vertices which appears in the 't
Hooft-Feynman gauge. In order to get the complete set of doubly-contracted WST identities we insert the

W 4
| \VAVAVAV] u —(2m)*i ip,,

______ 4, o? |1 &) (1) )
[m] (2m) 1M167\'2 |:2 <6Z¢ +6ZM>+5Z§¢:|

Figure 3: Source vertices related to the gauge-fixing functions C*. We start from Fig. [[ and expand the renormal-
ization constants up to O (92). The black squares denote source vertices at O (1), whereas the white squares denote
source vertices at O (gz).

w w w ® ® w @ @
n/w\‘vvvu +n/w\‘---- +---'ku-+—--‘---- +

Figure 4: Doubly-contracted WST identity with two external C* sources at O (gz). Gray circles contain all the
irreducible and reducible Feynman diagrams contributing to the Green functions at O (92). Black squares and white
squares represent source vertices. Their expression can be read in Fig. B

explicit expressions for the one-loop counterterms of Eq.(88) in Eq.([I08]). Besides Eq.(I10) we get
W _ 150 M) _ 570 m_1s.m M _ 5,0 _ L5, 5,0
62 = 50280, oz), = —o2%), sz() = Zozl), ez’ =5z - 5(5%0 +620 ) (111)
Using Eq.(II0) and Eq.(III) in Eq.(I08) we finally obtain
C'=-0,A,+0(g"), C"=-0Z,+ M +0(g"), CE=-0WF+MpT+0(g"). (112)
The whole set of one-loop WST identities is given in Fig.[Bl whereas source terms can be read in Fig.[6l The

results are exactly the doubly-contracted identities with two external source vertices in 't Hooft-Feynman
gauge.
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A A

n/w\‘vvv- =0
Z z z @’ ©° z ©° ©°
n/w\‘vvv- +n/vv\‘---- +---‘ku-+--‘--

w w w ® ® w (4 (4
n/w\‘vvv- +n/w\‘---- +---‘ku-+—-‘---- -0
A z A @’

n/w\‘vvv- +n/vv\‘---

Figure 5: Doubly-contracted WST identities with two external gauge bosons at O (gz). Gray circles denote the sum
of the needed Feynman diagrams at O (g2). Source vertices are given in Fig.

A, Z,W 0

DA —(2m)%iip, m------ (2m)%i M/cq m------ (2m)%i M
<+ P

Figure 6: Renormalized source vertices for the WST identities of Fig.

6 [ and I' at two loops

The first step in extending our renormalization procedure beyond one loop has to do, once again, with
tadpole renormalization (8, Subsections [6.1] and [6.2) and neutral-sector diagonalization (I, Subsections

and [6.4]).

6.1 [9: reducible contributions

We consider the contributions of Fig. [7 to the reducible Green function with one external Higgs boson

at O (¢%),

9
Gril=> FliZ, (113)

=1

where the sum runs over the nine families of Feynman diagrams of Fig.[ll The sum over the first six families

is given by
3 1 2
HH;1
ZFz red — |:ZFj;irr:|(2 )Zp —|—M2 |:ZFI<: 1rr:|7 (114)
=1 k=1
where F irr ! denotes one of the three families of Feynman diagrams which contribute to the Green function

with two external Higgs bosons at O ( ) and F,” )iy 1S ONE of the two families of Feynman diagrams which

contribute to the Green function with one external Higgs boson at O (g). As a consequence of our choice for
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1

1
+1/2 ==-4 4+  =-=4 41/2 ---4 =0

:

°

O :

Figure 7: The reducible contributions to the renormalization of the Higgs-boson vacuum expectation value at O (g3).
Nine families of Feynman diagrams give a contribution. Dashed lines represent a Higgs boson. Dotted one-leg vertices
are (i-dependent vertices at O (g). Dotted two-leg vertices, instead, depend on (1 and on one-loop counterterms.
Combinatorial factors for two-loop reducible diagrams are given by the products of those for one-loop diagrams,
except for two cases, where we indicated explicitly the additional multiplicative factor.

b1 we get
UL+ R =0 — Zﬂ 2 =0. (115)

1;irr 2;irr

For the last three diagrams of Fig. [[] we obtain another vanishing component,

9 2

. 1 3 gM 1 i1 1
Y NN =— s [FH + RN =o0. 116
~ i;red (27‘()424 M (p2 4 7‘[13) 1;irr 2;irr ( )

As a result, 1 receives contributions only from irreducible diagrams.

6.2 [s: irreducible contributions

In order to derive B2 we take in account only irreducible diagrams and we write
2 2
Giid Z Flin = (117)

where the sum is over the six families of irreducible diagrams of Fig. Bl Note that here we are dealing
with three kinds of diagrams. The first three families contain two-loop diagrams at O (93). The fourth and
the fifth family contain one-loop diagrams obtained with the insertion of a dotted vertex which represent
a 1, I'1 or one-loop counterterm insertion. Explicit expressions for 5; and I'; can be read respectively in

Eqgs.(82) and (83]). One-loop counterterms are given in Eqgs.(85)—[B8), Eqgs.(®9)—-(@0) and Eq.(@1). The last
family contains one diagram with a Gs>-dependent vertex. Here we present the UV divergent residue for (3
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w00 D

Figure 8: The irreducible contributions to the renormalization of the Higgs-boson vacuum expectation value at
@ (gs). Six families of Feynman diagrams give a contribution. Dotted vertices depend on 31, I'1 or the one-loop
counterterms. The black-square vertex, instead, represents a [2-dependent vertex.

neglecting the fermion masses, except for the top-quark mass m;. Although not reported in this paper, the
full result is available. As usual, we write the decomposition

1 Bo.
b= <E _AUV) ( 27:“ +52;UV72) +AL Baiovs + B (118)
The expression for (5.1 is given by
1 g9 1122 1 . 1)
62;”’1_1287#1{:@{( 165 " 2 ¢ 4c9+xf Ty
1 /1851 9z 1531 13xt 65 1 s 5 27
P — S -9 —a?—9 ——)
21:H( 8 &§ 2ch Ak 2 a4 T mTHTR
153 111 431 3z Ty 151 25
————————— ) + (S o0 2)
4( 12 16c;l na g )Ty UTa T3
45 g2 z?
a8 2], 119
+64x * 9% x4 (119)
The expression for (s, 2 reads as
1 (3,1 a2} 1 1
vr=——{ (- 2% + 30} + <)
Prsuv.a 128#4{95%(1602 T T+ 3T+
1 ( AT1 19w, 2871 v 22 1511 35 19 ,
— = - — - — T — =5 — — Tt + —T
Ta\ 6§ 809 24¢h 2 3¢ 24 46!
15 5, 127 91 3z 231 3 o 143\ w3 3,
Zait =) +s(5 -5 - S - tmosal 4 ) 2 (S — w1 - &
i 6) (4cg S ada AT T or) Tigl\g TOm ) T gt
Inér 1 .1 5, 1y 1, 131 3, 3
(g -ete ) (2 3
+4c§[ za\ga ) T U e Tttty
1(171 13) 3 } 1 {9 91+3;5H+13 92+92}
————— + =z NTy|—= ~——5 +—Ty — =X T
s\2¢2 3 67" 8L 2 4l 82 47T 8T ¢
9 1 3 1 91 2 131 9 g2 x?
2 t s 't
ooy — 2t 5oy — 9L — = — o] —sD 2L 120
o in e 4dcpa? 8ciuy +2:C% 2 4z, *3 92 Ty (120)
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Now, the expression for 35. ., 3 is given by

1 1,181 9z 1322 171 791 9 22
ﬁ2;uv,3: |: ( e

B -+t —=——-———=—= x ——2x3—5)

12874 Lx, \ 64 cg 16 cg 16 cg 32 cg 16 cé 8" 2 8t

1 31 171 3 x 3 51

(1425 -2 132, — 922 ——) d (——— 3 —5)
+16( s d@  Cn T TyE) Tyt\Tyg T

27 4 gg xf

il 12——] 121
+ 128$H+ 92 xy (121)

It is worth nothing that, as a consequence of our choice for 32, reducible Feynman diagrams containing a

: - o

H VH

o —O0©——0

T

O
O

T
T

Figure 9: O (g3 ) tadpole insertions contributing to the reducible two-point Green function at O (gk) The gray circle
denotes the three-point Green function, with an additional Higgs boson line, at O (gk_3). These diagrams cancel as
a consequence of our choice for 82. Dotted and squared vertices are the same introduced in Fig. 8

tadpole subdiagram at O (¢g)* should not be included in any computation (this is displayed in Fig. [).

6.3 I's: reducible contributions

Let us start with the reducible contributions of Fig. 10, whose contribution to the Green function with one
A A z A z z A ©° z
aiti= W@QNV@Wy + W@W@W + W@)--@w
P
—

Figure 10: Reducible contributions to the Green function with one external photon and one external Z boson at
@) (g4). Gray circles denote the sum over the irreducible Feynman diagrams at O (92).

external photon and one external Z boson at O (94) can be written through the two-point Green functions
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at one loop involving neutral gauge bosons,

. 1 g 1 . . 1 . 0. 1 o, .
Az 2 AA;l Az 1 Az;1 zz;1 ApT ;1 z;1

pvsred T (2W)4i{Gua;irrEGau;irr + Gua;irrpg ¥ M_02 Gau;irr + Gus;airr p2 ¥ Mg Gf;irr } (122)
We extract form factors as

G2 = G2 (") b + G220 pupy  (i,j vectors),

fo;z = G;j;z (p?)ipy (¢ vector, j scalar) (123)
and obtain AZ;2/ 2 1 Azl 2 aa;1, oy 1 2751, 2 1
Gi%al?) = Gt 0 Gl 0) 7 + G5l 0) oy | (124)
The photon self-energy shows factorization,
Goti (%) = pT (p?). (125)

It follows that Eq.([I24), at p?> = 0, can be written as

. 1 . . . 1
G0 = o Gii O 0 + GIL O3 | (126)

Following our choice for 'y we have G3%1(0) = 0. As a consequence, the reducible contributions of Eq.(T24)

vanish. Therefore, I'y is fixed through irreducible Feynman diagrams,

G 2(0) = G47i2(0) = 0. (127)
6.4 I's: irreducible contributions
To fix I'y we use
13
Calir (0) = F;515.(0) =0, (128)
i=1

where the sum is over the form factors of the thirteen families of irreducible diagrams of Fig. [4 Here we
get three kinds of diagrams. The first eight families contain two-loop diagrams at O (94). Next, we have
four families of one-loop diagrams obtained by inserting a vertex which depends on 31, I'1, or on a one-loop
counterterm. Note that these diagrams depend also on the counterterms for the gauge parameters §Z¢,.
Obviously, there will be no track of the gauge parameters in the final results since we made the identification
& = 1. Nevertheless, gauge-parameter counterterms play an essential role in making every Green function
UV-finite. Finally, the last family contains a single Feynman diagram with a I's-dependent vertex.
The contribution of the thirteenth family of Fig. [I4]is given by

Fp232(0) = —(2m)big M2y /c(,{r2 + (cg‘rf + 2r151)
Iy
1672
Using Eq.([I29) in Eq.([I28) we get

12 AZ ;2
1 ©Co Zi: F, 7‘irr(0)
! d‘127 — (cgff + 21—‘151)

1
+ 502D - 62D + 2870 + 521 + 5 (622 +02)]}. (129)

BTG gl
1 J550 1 1 W, L0 5,0
— o5 0210 = 02 + 202V + 2] +5 (6282 +027)]. (130)
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I'5 can be expressed through a linear combination of products of one- and two-loop scalar integrals, evaluated
at zero-momentum transfer. As usual, we write the decomposition

1 Is.
F2 - (6_2 - AUV> <M + F2;UV,2) + A?]V FQ;UV,S + FQ;F7 (131)

€

where the UV residues are

169 137 111

L BT A 132
BVl T IE36AT T BV T gLt VY3 T 204874 (132)

7 Two-loop self-energies

In this section we will show that two-loop self-energies develop UV poles whose residues are polynomials in
the external momentum (local residues). Therefore, a suitable choice for the counterterms in the M S scheme
removes UV divergencies also at two loops. We generate the needed Feynman diagrams with GraphShot [8]
and express every two-loop two-point Green function through scalar integrals using standard tensor-reduction
techniques. Finally, we extract UV residues by means of the results collected in Section

In Subsection [Z.J] we introduce our notations, and in Subsection and Subsection [[.3] we review the
transverse form factors for the photon self-energy and the transition between the photon and the Z boson.
Explicit results for the transverse components of the Z- and W-boson self-energies and for the Higgs-boson
self-energy are shown in Subsection [[4] Subsection and Subsection

7.1 Notation

Reducible two-loop two-point Green functions with two external boson lines are displayed in Fig. [l
They are UV finite by construction, since one-loop counterterms have already been fixed. Therefore, we can
limit our discussion to irreducible two-loop two-point Green functions, which can be written through the
form factors introduced in Eq.([I23),

13

GIil(s) =D _FIi2 (). (133)

k=1

Here i and j are the external fields, the subscript a labels the form factor and the sum runs over the thirteen
families of Feynman diagrams of Fig. [4l We shall organize the list of results according to the following
decomposition:
ij ;2 o i7;2;b ij 5251 173251 ij;2;5tb

GZJ; irr(s) - GZJ; irr OS(S) + szj; irr CP(S) + GZJ; irr q(s) + szj; irr (5)5 (134)
where we split the complete result into purely-bosonic diagrams (bos), diagrams with one lepton sub-loop
(lep), diagrams with one light-quark sub-loop (Ig; u, d, ¢ and s) and diagrams with one top-bottom sub-loop
(tb). Furthermore, we extract UV poles using Eq.(79) and we always leave out an overall factor (27r)*i. In
the following we show results neglecting the masses of the leptons and the five light quarks. Note, however,
that the full result is available.

7.2 The photon self-energy

When computing the photon self-energy at a given order in perturbation theory we adopt the convention
of excluding diagrams which contain light quarks coupled to photons or gluons with no other hard scale.
In this case the correct treatment requires the use of non-perturbative dispersion relations [23]. So there
are two preliminary steps: first, we exclude from the computation two-loop diagrams which contain only
light quarks and photons (or gluons). Next, we derive again one-loop counterterms for light-quark fields and
masses neglecting one-loop diagrams which contain only light quarks and photons (or gluons). The results
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Figure 11: Reducible contributions to the two-point Green function with external boson fields ¢ and j at O (94).
The dotted two-leg vertex represents a (31-, I'1- or one-loop-counterterm-dependent vertex.

for up- and down-quark fields reads as

AZ&?-%(%%+1—5+1—503+%+$0, AZ;i)—i($é+%+gc§+xu+xd>,
Azg;)_i(%é—%Jrl—;czmxu), Azgg_i(%é—g+gc§+2xd). (135)
Light-quark mass counterterms are given by
Azf,;{:—%(—2%“0—&3)+%[%%+1—2(X5+X§)—%Xﬁ}+%(x,,—xu+:cd),
=o)L P o) 2] o) o

Two-loop result

Before showing explicit expressions for the individual components of Eq.([I34) let us recall that scaled masses
are defined by z; = M?/M?, where M is the renormalized W-boson mass, and where y; = M?/s, with
s = —p?; p is the external momentum. Each term in the r.h.s. of Eq.(I34) develops a non-local residue
containing the (logarithmic) function

M, (137)
Blx) -1

where 3 can be found in Eq.(21]). We will show explicitly that non-local residues cancel when summing up
all the contributions, and UV poles will be subtracted by polynomial counterterms.

Lg(z) = In

Two light-quark doublets

GAAi2ila (s) = 9 GAAi 25l (s) = _&_S (138)

d;irr;uv;l d;irr;uv;3
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g, 421 s (115 731 3 La(yw) 7 s 1
A2l (o 989_{_(_ L 2) S 2 4 Lolyw {__ M2(_ 3 )}} 139
d;lrr;UV;Q(S) 7T4 8 108 8 + 8 Cg + CG +2 + /B(yw) 8+ 4+ yW ( )
Top-bottom doublet
GAA;2;tb 72GAA;2;tb o 9483 3 140
d;irr;UV;l(S) - d;irr;UV;?)(S) - _?m& ( )
aA:2:th 20s71 /731 o\ 1 13
Gd;irr;UV;2(S): v} {a[ﬁ(gg-ﬁ-%)-ﬁ-g(g—?xtﬂ
3 3 1 Log(yw)[ s M? 9
(1= ) - GO 1 0
T3 2" ) Y 5 Blye) L 8T 2 PR
3 3 s g?
2 2
+3M yw(1—§xt—1xtﬂ +%g—;}. (141)

Note the presence of mixed electroweak-QCD corrections proportional to the strong coupling constant gs,
which do not show up in Eq.([I39) because they are subtracted from the light-quark components.

Three lepton doublets

AA;2;lep AA;2;lep 9453 3
Gd;i;r;UV;l(S) = 2Gd;i;r;7uv;3(s) == ] msv (142)
9. 452 1 3 1 La(yw) [ s 1
GAAi2ilep (o) —Se{i(1 15—) 2y 2w [—— MQ(— 3 )” 143
asinesov2(®) = T g (LT ) R T TS B VI (143)
Bosonic contributions
4.2
;2; bos g's 47
Gsfirr;U\?;l(S) = 7_‘_4‘9 ﬁ S, (144)

4.2
;2;bos g Sy s 21 1 3 2 3 1 2
Gitiiva) = T g (-7 + ) + M (1 e )

lLﬁ(yW) [5 %2(_14_3%_3@?) +M2yw(—3+gxt+3xf)}}, (145)

4 Byw) L8 2 2 16 8 8 16
4.2
;25 bos - g Sy 33
Gs;Airr;Uv;B(S) - 4 m S. (146)
Total contributions
The sum of the four components gives
4.2
.2 g~ sy 25
Gsfirr;uv;l(s> == ?ﬁ 5, (147)
. 452 433 1131 35 13 16 g2
GAA~72 :gsei(_ - - vr 2 v __S) 148
a2 = T T g TP T Ty ) (148)
4.2
.2 g s; 15
Gsfirr;uv;?)(s) = _ﬂ_—fﬁs (149)
Non-local residues cancel and the UV residue can be reabsorbed by the counterterm contributions,
4
Ggfi;f;;;:/;a(s) =52 AZE!QA);G? a=1,23. (150)

T 25674

An alternative method
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Figure 12: Counterterm-dependent Feynman diagrams with a <pi loop. Dotted vertices represent counterterm
insertions.

Here we outline another strategy to verify the cancellation of logarithmic residues. Let us consider Fig. 12]
corresponding to two Feynman diagrams with a Higgs-Kibble ¢* loop and a one-loop counterterm insertion.
The contributions of these two diagrams is given by

4.2 (1)
2 959 4a-n n (2q +p) (2q +p)l/ 1 1 1 (SZAA
HAA /d 0 K 6ZM +6ZY +06Z0 + — ] (5D

wrid = gt ¢+ M)[(qg +p)* + M7

AA§2__9483 4—n/dn (2Q+p)u(2Q+p)u
(

2 2 1 2 (1) 1)
iz = Tgpzt F AR (g 2 g [0+ MY 02D + 02 (621 1 262(] ) [ (152

After summing Eqs.([[5I)-({52) the terms which depend on 5Z£,1) cancel out,

HAA;2+HAA;2_ 9453 4—n/dn (2q+P)u(2Q+P)u
22 (

w2 = 162! N+ M) [(q +p)? + D7
5z M2
x [o2 + 52D + 224 - T (524 +202V)). (153)
Moreover, after using the relation
1
02§ = —52() — 56213, (154)

the answer contains only the W-mass- and gauge-parameter-dependent counterterms,

. . 452 12 (2¢ +p)u(2¢ +p)
HAA4,2 HAAA,Q _ 9 3 (62(1) 25Z(1)) 4—n/dn I v ) 155
w1 T T am T &, ) M q(q2+M2)2[(q+p)2+M2] (155)

Furthermore, all Feynman diagrams with the insertion of counterterms can be paired like in Fig. [I2]1 and we
can repeat the argument for any of the pairs. Consequently, counterterms for masses and gauge parameters
suffice in removing logarithmic residues. Here we outline the procedure: we take in account the irreducible
Green function at O (92) which are written as follows:

Gl (5) = Galiie () + Gl (), (156)
where the first term receives contributions from the three lepton families and the top quark (light-quark

components are subtracted), whereas the second one gets contributions from bosonic loops. The essential
point is that only bare quantities appear in Eq.([I50); in other words, the gauge-fixing terms are

1
&4

1

1
£

¢ = &

AL — & ,0,78, 7 = OuZh + Lo Myp™®,  C* = OWiEt + MO0, (157)
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where we used the superscript b to denote bare quantities. Next, we use fermion mass renormalization,

1/2 .. .
mb = Zm/ m, where the renormalization constant is expanded as

2
_ 9 o0 4
Zm =1+ 63 §ZL) +0 (g%, (158)

and the counterterms for lepton and top masses can be read in Eq.([@1). We rewrite the first term in the

r.h.s. of Eq.([I50) as
GAdiLifer ) _ aailifer (o) | A qaa2ifer () (159)

d;irr d;irr;ren d;irr;ren
where functions in in the r.h.s. of Eq.(I59) depend on renormalized quantities. The first term in r.h.s. of
Eq.(I59) represents the one-loop fermionic contribution to the renormalized photon self-energy, whereas the
second term gives an additional contribution to the two-loop result.

We verified that, after adding the second term in the r.h.s. of Eq.[I589) to two-loop diagrams, the answer
is free from logarithmic residues. Therefore, fermion-mass renormalization removes all logarithms in the
residue of the simple UV pole for the fermionic part.

However, a non-local residue remains in the bosonic part. Unfortunately, a simple procedure of W-mass
renormalization is not enough to get rid of logarithmic residues in the bosonic component and the reason is
that in a bosonic loop we may have three different fields, the W, the ¢ and the charged ghost fields, and
only one mass is available. The situation is illustrated in Fig. [[3] where the black dot denotes insertion of a
counterterm 07,,. The latter is fixed in order to remove the UV pole in the W self-energy and one verifies
that the total in the second and third line of Fig. (p and X self-energies, respectively) is not UV finite.
The procedure has to be changed if we want to make the result in the bosonic sector as similar as possible

1
w 5Zz(v1)

(O

1
@ 87y

>O—> + @

Figure 13: W-mass counterterm insertion in the charged one-loop transitions. The W — W one is UV finite, whereas
the same is not true for ¢ — ¢ and ghost-ghost transitions.

to the one in the fermionic sector. A diagrammatic interpretation of the method is displayed in Fig. For
the bosonic part we have to take into account Dyson-resummed propagators. Let us consider the following
integral, corresponding to a ¢ loop in the photon self-energy,

AA;l _ (. b\2/.b\2, 4—n n [q2 + (fev)QMz?][(fJ‘f'P)z + (flv)v)?sz]
Hy ™ = () (56)"n / P B e M (g + ) + €L, ENTY]

We introduce renormalized quantities for the gauge parameters and the W-boson mass,

MY = Z\PM, &y =Zenbw,  Ep = Ze o, (161)

(2qH +pﬂ)(2QU +p1/)' (160)
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and expand the renormalization constants,

2
Zi=1+ 15502V + 0 (g?). (162)
For the propagators we get
2
@+ M) = (7 + M) = 55 (026 +0Z¢, +0Zu)MP (@ + M) P+ (163)

Therefore, each one-loop bosonic diagram can be written as

;1 ;1 ;2
Hg;Airr (8) = HdA;Airr;rcn(S) + AH?;Airr; ;rcn(s)7 (164)
where the second term in the r.h.s. of Eq.[I64]) gives an additional contribution to the two-loop photon
self-energy which depends on the W-mass and gauge-parameter counterterms. Collecting all the diagrams,
we get
i1ib ;1;b 325b
Gs;Airr OS(S) = Gs;Airr H re?ls(s) + AG;‘;Airr H re?ls(s)' (165)
We verified that W-mass and gauge-parameter renormalization removes all the non-local residues also for
the bosonic component of the photon two-loop self-energy.

We emphasize the importance of using the Ree gauge of Eq.(58)): renormalization of gauge parameters
is essential in removing UV divergencies at one loop; furthermore, unitarity requires that any subtraction
term must be local.

Summarizing, we have been able to verify that the electroweak theory can be made (two-loop) UV finite
by adding local counterterms with two different methods, each leading to the same result. In other words,
the well-known one-loop result that self-energies suffice in performing renormalization can be extended up
to two loops. Although counterterms have been explicitly included it remains true that:

— In extracting « from Thomson scattering at zero momentum transfer we find four classes of two-loop
diagrams:

I) irreducible two-loop vertices and wave-function factors, product of one-loop corrected vertices
with one-loop wave-function factors;
IT) one-loop vacuum polarization ® one-loop vertices or one-loop wave-function factors;
III) irreducible two-loop AA, AZ, A¢° transitions;
IV) reducible two-loop AA, AZ, A¢° transitions.

We have verified that the non-vanishing contribution originates from IIT and IV only and, within these
terms, only the reducible and irreducible AA transition survives. For this result the role of I" is vital.

— In extracting the Fermi coupling constant from the muon lifetime all corrections to

Gr 92

V2 8M2

which do not originate from the W self-energy and that are UV (and IR) finite at one loop remain
finite at two loops after one-loop renormalization (i.e. two-loop counterterms are not needed),

(1+ Ag) (166)

The proof has been obtained by using GraphShot [§], generating the whole set of corrections. The result
follows by algebraic methods (see Appendix [D)), i.e. full reduction of tensor structures without using the
explicit expressions for the scalar integrals.
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7.3 The v-Z transition

For the transition between the photon and the Z boson we show again all the various components of
Eq.(34).

Two light-quark doublets

2

(s) = L% 3(_cgs + MT) (167)

GAZ;Q;lq ZQGAZ;2;lq J 2
(s) 4 ¢y 64

d;irr;uv;l d;irr;uv;3

9. 4 137 1 251 M? /29
G723l :g_S_G{i(l___ 40d 2) _(_ 32)
d;lrr;UV;Q( ) 4 co L 54 256 Cg + 12809 16 \ 32 + 3¢y
1 Ls(yw) { c 2 3 ¢ 2 2 93 (5 o, 11
L)+ ) (15)] - (G- 1)) o
T8 B) 8 T 16" 2) T M uw(1+3e) |+ 3s(5% — og5) 5 (168)
Top-bottom doublet
AZ;2;th AZ;2;th 94 sg 3 2 M?
Gd;irr;UV;l(S) = 2Gd;irr;UV§3(S) - Fa 128 (_COS+ 2 )’ (169)

g439{5(1 137 1 13 , 251 17)

GAZ:2;td _ 9 05 (2 00 19 a9l A
darmove(®) = 7302\ T 3002 T 128 T 11520 t 256
M?,29 9 3 3
5 (ﬁ — gcgfﬂt — 3Cg$? + 303 — th + §xf)
1 Lg(yw)[ s o M?/ 3 9 9 3
16 ﬁ(yV:V) {—gcg + T(_Z - Echt +3ci2? 4 5 + i 517?)
9 9 9 3 g? 5 11
+ My (1= Geon = et +36 - g+ qat) |+ Ga(gd— 575) ) (470
Three lepton doublets
Az ;2;lep AZ;2;lep g4 S0 3 2 M2
Gd;irr;UV;l(S) = 2Gd;irr;UV;3(8) = Fam(_CO‘S + 7)7 (171)

9. 4 271 1 M2 /2
Gttt - 525 0 S+ 1)+ 2 ()

d3irr; Uv;2 T o S 16c2 8 32 \32
1L s M2/ 3
+ 5 ;(;yw)) [—gcg + = (_Z + ) + M2y (1+3)] . (172)
w
Bosonic contributions
4
.2 bos g se 1 1s/ 943 529
Galiteivva(s) = 71 ¢ 61 [5 (_K +119¢5 — 703) - 3M2}7 (173)

9. 4 1 21 M? 29 9 3 3 3
Finvea) = T {515 (i~ 598) + T (g b+ gebal 36+ g - gad)

dsirr; Uv;2 i L5120 2 2 s\ 32tR 4 167" 8
1Lﬁ(yw)[s 5  M? (3 9, 355 o 9 3 2)
1 Byn) LB 9+ T\ + 809:10,5 160%1 — € 16wt+ Sxt
+ M2y, (—1 + gcgart + ECfo — 3¢5+ gart - ixf)}} (174)
8 16 32 16 ’
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.2 bos gt so 1 15 1886 9 529 4 5
Ginie) = S o |25 (——— + 38365 — ==cj) — 3027 (175)
Total contributions
The sum of the four components gives
4
Az 2 g* se s 943 529
diiresovin(8) = F@ﬁ(_ 13 +107¢5 — 09) (176)
4 2
Az g*sg s 43 1991 13, 331 5, 17 95(20 9 11)}
K ==——|—=—-—= - — Ids (222 2 177
ariove() = a Gl T T a e e Tt T e 39 g)) 47
4
Az:2 g se s ( 1886 2 929 4)
. =2 (- 311cy 178
d;lrr;UV;?)( ) 7T4 co 1536 3 + 3 —= % )> ( )
and can be absorbed by the contribution of the counterterms,
G;‘Zuyff 751:/ a(S) AZAZZ) ay a = 17 27 3 (179)

256 4

7.4 The Z-boson self-energy

The explicit expressions for the individual components of the Z-boson self-energy are rather lengthy. Here
we provide the total result for the coefficients of the UV factors and we show that non-local residues cancel,

AL g' {1(1681_5453 3, 5813 4

d;irr;ovii\S 576 4 4 Cy 1
M2(10385 9 1 25 1 xt2 9 1 9 xy
32

— 529¢ )

288  8chrz 4 Sxy ol 2c42?  dcjry

59 1 4667 1 1 w? 1 1 a2 4251
8 chH 576 cg 4033311 cga:H 32 cz 18 cz

1771 2 2 4 1 2 3
—%cﬁ—l—% 9—18—+18xt +9—+9£+9I—t—gx—t

1 5 9 , 23 117 2) g2 2( 3z 3 )}
- P T2 2 M2t
., 1607 64t T 167t 32t ’

4
g s 1991 17 7 13 331 17
Gifitiovale) = Zig g (-8 + Ty g + Feboe v 3eb — bt i = )

ey

+%2( 5 379# 19 @y 289 1 33831 @y
32 96 cexH 16 chH 48 chH 2304 cg chH
1 xf 71 3 Ty 8 x; 41 35 x4 1 xf

T3, (MUge, 2@ 4G 3G 8w 3om

152 321 9 3 63 22 25 21

______ - _ Y e 2
Sz, 3z, 320t T T T 95T T 1927 128%)

g_S(£ 11 5 4) g_SM (lx_t_i )] 181
+ 192 +48 T 8z, 128740 (181)
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2 o' [ s (1681 5453, 5753 4
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59 1 4667 1 1 a? 1 1z 4251

T S, "6 A 18z, Gin 328 18&
1;;109+% 9—18—24—18 i +g%+g;—;+ %—%g
b, P B %@g) sLar(-28 L Sa)) asy
As evident, the two-loop counterterms contain only local residues,
G hlo) = i [s 2280 - 257 (280 + 028~ 20280,)| (183

7.5 The W-boson self-energy

For the W-boson self-energy we provide the total result which shows once again absence of non-local residues.

4

, g1 25 M?49 9 1 25 1
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2 92 1 5 9 93 117 g2 342 3
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7.6 The Higgs-boson self-energy

Here we provide the result for the Higgs-boson self-energy, showing the absence of non-local residues,

. 4 43 1 S 371 7 9
GHH.,.2A :g_{i(_ ol oy ol 1 _2)
ov i (8) = 27 [ 62 16 s 816"
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256 \ 8 cp 2 c 2 cg 2¢
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: ! 7 4311 8=z 1011 3 25 27
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i) = a5 (T3 T wa T s 2 Tt Tt T Y
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1024\8 ¢f 2 & 22 2c e
27 3 g2
+ 2324 + 9233 — 922, + garfl) - mg—‘;sxt] (190)
Therefore, we can employ a non-local subtraction term,
4
i25ctey 9 (2) (2) (2)
G(Ij‘lj;irr;a (S) - 256 4 SAZH?U« - MIQJ (AZH?U« + AZMH;a):|' (191)

8 Two-Loop Counterterms

In this Section we provide the full list of two-loop counterterms (for reason of space fermion masses other
than the top-quark one are not shown, except for the first result).
Let us start with field counterterms, where the sum over the fermion masses was defined in Eq. (&),

25
AZZ =T, (192)
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For the W-mass counterterm we get
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For the cosine of the weak-mixing angle we obtain
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Counterterms for the Higgs-boson mass read as
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(208)

(209)

(210)

(211)

(212)

(213)

(214)

(215)

(216)

The equalities in Eq.([86) and in Eqs.(2I4)—(216) are related to the custodial symmetry SU(2), ® SU(2), —
SU(2)y. Finally, gauge-parameter counterterms can be expressed by means of Eqs.([[92)-(2TI6]), similarly to

the one-loop case,

T o SR e !
5253:%{529_%[5253)]2}7 67 — 7@ ] 52 [5ZA1A>+62<1}
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628 = —% 622 + 62D + g{ [62"] g [5Z§})r} + 3525,1)52&1),

@ _ i @ @ osr@] L 3 wm1? ]°
628 = — [52@0 +02%) 257 } + 8{[52@0} + [5ZM } }
1 1
+ 3023624 — 562 [52;13 + 5Z§}>]. (218)

After deriving the relations for the two-loop gauge-parameter counterterms, we can verify immediately an
important result: the doubly-contracted WST identities with two external gauge-boson fields have the same
form derived in 't Hooft-Feynman gauge. The gauge-fixing functions given in Eq.([G8) are expressed by
means of bare quantities. After introducing renormalized quantities, the gauge-fixing functions change; their
expression, order-by-order in perturbation theory, can be read in Eq.(I08). By expanding Eq.(I08) up to
two loops, and using the expression of Eqs.([2ZI7)—(2I8)) for the gauge-parameter counterterms, we derive

C*=—-0,4,+0(¢%), C7=-0,Z,+ M +0(g°), CF=-0,W,+M>+0(¢% (219
and the doubly-contracted WST identities are formally equivalent to those of Fig. Bl at O (94).

9 Conclusions

In this paper, we have collected all the ingredients that are needed to construct a two-loop renormalization
procedure for the minimal Standard Model and to work out the details for constructing theoretical predictions
for physical (pseudo-)observables.

The procedure covers broadly (and not relying on other sources) all aspects of the problem, from diagram
generation, to definition of the renormalization scheme, to evaluation (mostly numerically) of Green functions,
including all customary approximations that are usually made as the small fermion-mass approximation (with
particular attention to the analytical extraction of collinear logarithms). Our scheme can deal with arbitrary
scales and goes beyond the introduction of M S couplings in the electroweak sector.

Among the technical aspects which we consider to be innovative and that we have introduced in this
paper we point out a universal ultraviolet decomposition of one- and two-loop diagrams which is closed with
respect to multiplication and a non-negligible simplification in the structure of renormalized Green functions
due to the (possible) introduction of a non-minimal M S prescription. We also present residues of ultraviolet
poles, up to two-loop vertices, in terms of familiar one-loop functions.

Techniques for expanding one- and two-loop diagrams in different regions, small fermion masses or small
momentum transfer or both, have been introduced and discussed as well as their relevance to renormalization.

Applications, as well as the introduction of unstable particles in the renormalization procedure, will be
presented in a third, forthcoming, paper.

In several appendices we have presented examples of our computational techniques. Although there is no
substitute for the original FORM codes in modern technology, we are confident enough that the examples
shown here suffice in illustrating our methods. The parallel development of GraphShot and of LoopBack is
aimed to give to most complete documentation for obtaining all results which are too long to be presented
here; if we ask the question ‘might the theory in general be a lot simpler than we thought?’ we may conclude
that we have a ‘nearly nifty’ formulation @yshowing that the Standard Model is canonically as simple as
QED, even at the two-loop level.
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Figure 14: The irreducible contributions to the Green function with one external photon and one external Z boson
at O (g4) (denoted by the superscript 2). Thirteen families of Feynman diagrams give a contribution (each gets a
subscript-label). Dotted vertices depend on 31, I'1 or the counterterms at O (92). The black-square vertex represents
a vertex which depends on I'2 or the counterterms at O (94).
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A Reduction of vacuum bubbles

Following the definitions of Section B3] we give few examples of relations between two-loop vacuum
bubbles and the master bubble, which we select to be T121. For instance, we have

1
To11(mg, my, mg) = — oy [Ao(l,ml)Ao(z,mg) + Ao(1,m3) Ap(2, m2)
3
+ (n = 3) Ti11(m3, m1, ma) + (m3 +m3 — m?) Th12(ms, m1, mz)|,
1
T Jma, :——[A 1,m2) Ao(2,
112(m3 my m?) m% — mg — m% 0( m2) 0( ml)
— Ao(1,m1) Ag(2,m2) — Ao(1,m3) Ao(2,m1) + Ao(1,m3) Ao(2,m2)
+ (m3 — m3 +m3) Tiz1 (ms, my, ma) |,
1
m2 —m3 —m3

x {(m3 4+ m3 = m3) [A0(1,m1) Ap(2,ma) + Ao(2,m1) Ao(1,ms)|

(2 — n) Tlll(mg, my, m2) =

— (m{ +m3 —m3) [A0(27m2) Ao(1,m3) + Ao(2,m1) Ao(1, mz)]

+ [(m% — m§)2 — mﬂ Tlgl(mg, m, mg)} + Ao(l, m3) A0(2, mg)
— Ao(l,ml) A0(2,m2) +2mf T121(m3,m1,m2). (220)

Vacuum bubbles with arbitray powers can always be reduced to a combination of products of Ay functions
and of T1o1. This results are relevant for processes where all external scales can be put to zero.

An efficient algorithmic solution of the IBP equations for vacuum bubbles must be able to isolate special
cases; an example is given by the following two cases:

T112(0 m, m) Ao(l m) A0(2 m)

2 2

m3
T112(0,m1,mo) = 2 ) 2 Ao(1,m1) Ao(3,m2) — Ao(2,m1) Ao(2,m2) — T121(0,m1,m2). (221)

my

We can now compute the master vacuum bubble of Eq.([30), which is representable as

71 m2 1
T1ﬁ2nl(mlum27m3)ETl2l(m17m2um3;0):§_§C( ) —1In W(l—i——l W)—i—/ dzT(z), (222)
0
T(m):—% Inm32 —In Q)((x) —In|P(x)] hnmg—l—lnX}—i—%ln2 |P(z)| 4+ Lia (]\ZL—% %),(223)
2 _ 2 2
Q) =T, T pla) = Q) + A X, (224)

with X = x (1 — z); special cases are given in Appendix

B Singularities whose origin is infrared

As mentioned in Section 2] after reduction we may have a migration of poles, from the IR to the UV; in
this appendix we collect two examples.
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B.1 Evaluation of s¢(s =0; mj,m2,0,0)

In this appendix we consider the following integral, belonging to the C-family (Sect. 5 of Ref. [12]),

—€/2
5%(s =03 m1,m2,0,0) = =2 (7 M?)~ /da:/ dy/ dz 1—:17} (1—y)/?

2

x [m? V1€+(——§)VC } (225)
€

When s = 0 and mgz = my = 0 we have V, = (1 — y) m2 and the first term in square brackets in Eq.(225)) is

singular at y = 1. Furthermore,

2 m2 m%

x(1—x)m§—]\”;2 + e (226)

We now perform the (trivial) z integration and the y integration using, e.g.,

/1 (-2 =—2, (227)
0

€

where we have naively assumed the relation €, = —¢,5. The last x integration is finally performed by using
the following relation, valid for any monomial V' (z),

M2 z d
Yol -1+ 2 2]V, 228
@)= [+ v @ (228)
Now, after integration by parts we obtain
(ﬂ.MZ)e . 2 2 2 2 m%
——— 59(0,mq1,m2,0,0) = = {1 271 ——27 o1 229
F(l—l—e)s( 1T, 2 ) €2+ + m3 —m M?2 m3 —m SVE] + OF (229)

Note that the residue of the double pole has changed sign with respect to the non-IR configuration.

B.2 Evaluation of s%(s,mi, m2,0,my,0)

Another example is represented by sZ(s, m1, ma,0,my4,0) where we have to compute the following three-

fold integral,
1 1 y —¢/2
/ d:c/ dy/ dz {3: (1- 3:)} (1—y)?(y—2) Vi, (230)
0 0 0

where the quadratic form Vj (see Sect. 6 of Ref. [12]) is defined as,

M2
Ve=22—az+b(1—y), a—l—% b—mQT, (231)

with m2 given in Eq.([226). After changing variable, ¢’ = 1 —y, in Eq.([230) we use a functional relation valid

for quadratic forms,

e 4 y 1 a e

After inserting this result in Eq.(230) and after integration by parts we obtain the result,

(ms)* & 2 1 1 1 9
ymi,ma, 0,my,0) = — = — {—— 1-=-)In(1—a)—(1—=)In(—
F(l—i—e)s (8,m1,m2,0,m4,0) ae2+ a+( a) n( a) — ( a) n(—a)
2 2 2
_ 2m1 5 m 2m2 . mz} +o(), (233)
ms — mj s ma —m3 s

where, once more, a = 1 —m3/s; this function, for a non-IR configuration (m3 # 0), shows only a single
pole at n = 4; in the case m3 = 0 (coming from reduction of integrals with irreducible scalar products in the
numerator) there is, instead, a double pole.
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Note that all these features arise from the reduction of S7 (1,1,---) and of SF(1,1,---); in the case of
pure QED all these terms are absent and, as a matter of fact, they are also absent in the doubly contracted
Ward identity for the AA transition, even in the full standard model. It is only in the evaluation of II(s) —
vacuum polarization in the full standard model — that they are needed; here, for the first time, the explicit
form of the two-loop, two-point, form factors is actually needed and represents a severe test for the final
result.

There are virtues and vices in any reduction algorithm; note, however, that a check on any calculation
cannot do without reduction, i.e. without the possibility of expressing the result in terms of a basis.

C The limit my — 0

All diagrams contributing to a certain Green function are generated by our code GraphShot; the output
of GraphShot is fully general and fermion masses are kept in the final answer. However, in most cases, we
are interested in taking the limit my — 0, f # t, extracting at the same time all the collinear logarithms.

After renormalization, we aim to compute physical observables with an algebraic-numerical approach; all
contributions that are potentially large, e.g. collinear logarithms, are extracted with the use of an analytical
calculation and only the collinear-free reminder is subject to a numerical evaluation. In few cases even
this last step can be avoided given that also the finite part (in the collinear limit) is expressed in terms of
polylogarithms. In this way we are always able to produce and explicit proof of the expected cancellations:
no power behavior in a gauge theory etc.

Collinear logarithms has two different origins; for instance they are present in the vacuum polarization
function due to QED effects; for two loop irreducible contributions, however, they are sub-leading; e.g. the
correction factor is proportional to g* Inm? and not to g* In? m?. Thus, cancellation of the leading part is
an important test of the calculation.

Otherwise, collinear logarithms (sometimes even power behavior) may be induced by the reduction pro-
cedure in different pieces of the final answer, although the total is collinear free. In this cases, where there
is no enhancement, one could as well set m¢ to zero from the very beginning and control cancellation of
collinear poles in n — 4. The equivalence of the two formulations has not yet received a satisfactory answer.

To discuss the collinear limit we introduce scaled variables,

S

Z; = m 5 Ll =In Zi. (234)
S

and collect our results.
— Miscellanea

The following expansions (see Eq.([2I]) for the corresponding definitions), which have been implemented in
GraphShot, are very useful in deriving the limit of Green functions for small values of the light fermion
masses:

Blzr) +1

B(z) T = L i 2 (1+Lj+im)—22 {7+6(L,»+m)} +0(28),  (235)

Al/z(l,zt,zb) =1—z—2+0 (zg’) ,

_ 1 2p 2\
A2 S [1 - } O (3 236
( 7Zt72b) 2z —1 Zt—1+ 2z —1 + (Zb)7 ( )
while, for a massive top quark, we obtain
1 1 Zp z2 3 1 3
L(1 =——Li——-Ly+1 —1)— - 1+ = O . 237
(L2 2) = =5 Le =g Lo+ In(z = 1) = 55 — o7 ( “L2zt—1>“L (z0) . (237)
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— O (e€) one-loop functions

O (¢€) one-loop functions, Egs.([I8)—(I7), are expanded as follows:
bo(2 1,y my) = 4C(2) + Lf = 227 [2— 4(2) + Ly — L],
b1, 1,s,myp,my) = —8+8C(2) = 22 24 8((2) — 2Ly + L3] — 4im,
o1, 1,5,0,my) = ~8+8((2) — 27 [2+8¢(2) — 2Ly + L3] — i,

1 1
b (1,1, 5, mp, my) = -5 (Ly + Ly) — 3 (25— 2¢) (Ly — Ly) + 2 — A\Y2(1, 2, 2¢) L(1, 2, 2¢). (238)

1
b5(2,1, s, mp, my) = —4 {—Lt +1In(z — 1) + B b(2,1, s, my, myp)

1 1 1 . 1 .
L [—Lt + LR 2+ 7B (L L s memy) + 5 5(2, 1,S,mt,mb)} }
1
by(2,1,5,my,0) = 2Li (—) —In*(zp — 1) + L} (239)
’ 1-— zf ’

— Vacuum bubbles

For vacuum bubbles, see the definition in Eq.(3I]), we introduce variables

m2

and derive the following results,
1 3
Tf(ovavo) = T97 9 €(2),
1 3
Tf(oszvo) = 97 §<(2) + L _['iv
1 3
Tf(07mt70) = T97 9 C(2)+ L - ‘Cfv
1 1 1 .
Tr(0,myp, My, ) = =5 + 5C2) + Ly = 5 L5,
1 1 1 9
Ty(0,mp, M,) = —5 +5.0@) + £ (1= Lo — 5 £5) + 5 £2,
1 1 1
Ty (My,my,my) = =5 + 5¢(2) + Ly (1 — L~ 551) +35
1 1 1 9
Tf(Mvafamf):__+_<(2>+Ef (1_£H__Lf)+ LH’
2 2 2
T5(0,my, M,) = —2 + 2 ¢2) + £ (1 Ly 15»)+ c2 (241)
rU,my, H) 2 2 f 2 f 2 H*
Here, f is a generic light fermion, f # ¢. For the ¢ — b doublet we obtain instead,
1 1 1 1
T¢(M, = ——((2)+ Ly — = L2~ L L £2 Lipg (1 - —
(M, my,me) = =5 = 5 C(2) + Lo — 5 Ly t—l[t bt Lot 12( xt)}
1 .
- xt_lng(l—:vt),
1 1 1 1 .
Ty (0,m,mi) = =5 +56@) + Lo (1= 5 Lo = L0) + 5 £2, (242)

and the above list includes all possible cases to be found at two loops.
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— Vertices and self-energies

For all the diagrams at two loops where we have large values of one of the external |p?| and small values for
some of the internal masses it will be convenient to extract the large logarithms by defining regular functions.
Note that individual scalar contributions may even show power behavior: such is the case, for instance, for
Vg when pi 5 = 0 and mg = ... = ms = m when m? < |P?|. In this case the behavior is |P?|/m?.

In computing the vacuum polarization function we have introduced few objects that are special in the
sense that some of the masses that appear in the argument list are zero as a consequence of the algorithm
of reduction in sub-loops. This special feature modifies the singular structure of the function and introduces
finite reminders that should not be confused with the reqular ones for which a regulator exists; something
that is usually mispresented is that m = O(eregulated) is different from m — 0. Introducing the collinear
factor

» 1
Ogi:—L,»+LFLf+§L2, (243)
we derive the following results, where {0},, stands for n zero masses:

sE;ﬁn(s,MZ,mf,mf,mf,mf) =s"i" (s, M,,{0}4) + Cg,

SE;ﬁn(Sa M, ,mg,myg,0, mf) = SE;rcg(Sv M,, {0}4) + Cg’
s (s, 0, My, ,my,my,my) = s°37%(s, My, {0}a) + CF,
SE;ﬁn(Sv M, .0, mfvmfvmf) = SE;reg(S’ M,,, {0}4) + O‘{W
SE;hn(Sv My, ,0,myz,0,mys) = s"7"%(s, M, ,{0}4) + O‘{V?
. ) Lf —I—L?c
SE’SPCC(S,mf,mf,O,MW,O) _ SE,SPCCR(S, {0}37MW70) + 71 . (244)
w—
SE’ﬁn(S vamu;mdvmu;md) 57 reg(vaW7{0}4) + O‘(/ivv
SE7ﬁn( md;muvmdvmu) E ng(S7MW7{O}4)+O;/7
E ﬁn(s vamuamd7md7md) = E rcg(S7MW7{O}4) +Cg/7
SE’ﬁn(S,MW,mdamuumua u) =s" reg(saMw7{0}4) +Cy,
SE;ﬁn(SaM mu;muvmdvmu) 57 reg(vazv{O}4) + OZ’
SE;ﬁn(S,MZ,mu,mu,muy u) = s rcg(vazv{O}4)+Oga
sZ30 (5 M, ma, ma, My, ma) = s7378(s, M, {0}4) + C2,
"0 (s, M, ma, ma, ma, ma) = 5" "¢ (s, M, {0}4) + C3,
‘s . L,+L?
sPI%PE (g gy, My, 0, M, 0) = s71%P¢°R (5 {0}5, M, 0) + ;1“7
w —
. o L L?
SESPC (g iy mg, 0, M, ,0) = sZi5P°CR (s £0}s M, ,0) + le, (245)
W —
SE;ﬁn(S,MW,mtambamtamb) = SE;reg(Svavmtuovmtvo)
Ly 1 1
1— =Ly — L;—L :|7
+2t_1 5 b xt—l(xt t w)
. . 1
sE‘ﬁ“(s,MW,mt,mb,mmmb) — SE,reg(&MW’mt, {0}3) — Ly (1 — Ly — 3 Lb) + 2t : Ly Ly,
t
. . 1
7 (s, M, my, my, mp,myp) = 7778 (s, M, {0}4) — Ly (1 —L;— B Lb) )
E;fin E;re 1 1
s (S,Mzambvmb;mtvmb)zs ’ g(vazv{O}vat70)+—1Lb 1_LZ_§Lb ’
Zt —
) ) L L?
S s g, 0, M,y 0) = 570 s, {0}, My, 0) + 0 (2140

Zt—l '
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D The limit p? — 0

There are several places where one needs Green functions, self-energies in particular, evaluated at p? = 0;
e.g. renormalization of the electric charge requires the vacuum polarization function subtracted at p? = 0
and corrections to G require the W — W self-energy in the same limit.

Of course, evaluation of two-loop two-point functions at p? = 0 follows a slightly different and somehow
independent approach. Every two-loop two-point diagram at p?> = 0 is a vacuum bubble that can be reduced
to one master integral by means of integration-by-part identities. However, we have opted for a different
approach where we start from the result at arbitrary p? and perform the limit p? — 0; in this way we have
a powerful check on the correctness of the original procedure.

D.1 One-loop functions

For most of the functions appearing in an arbitrary self-energy the limit s = —p? — 0 is almost trivial;
nevertheless we report the corresponding expansions:

1 1 1
B zm) Lp(zm) = —5 Zyt — B Zl — 50 s (247)

with z,, = m?/s and L,, = In z,.

1 1
(2 L s,m? ) = 25t L+ g 2t (Lo = 1)+ 35 2” (Em = 3)) (248)

where L,, = In z,,,. Similarly we obtain

1 1 1 21
be(1,1 =12 + =2 'L+ — 22 (L — 1)+ — 23 (L — —
O( , L, 8, M am) m+3zm +30Zm ( )+2102m ( 14)5
b5(1,1,5,0,m?) = =2+ 2L, — L? —z_1(§—L )—2—2(5—1/: )
0 ) Ly 9y Yy m m m 2 m ™m 18 3 m)s
5
b5(2,1,5,m%0) =22 (L — 1) + 2,2 (L, — 5). (249)

The expansions for b§ with unequal masses are rather long and will not be reported here.

D.2 Two-loop functions

For two-loop functions we rewrite scaled functions, e.g. 438 in terms of the original ones, e.g. S4: when
p ) ) )

a Taylor expansion is needed we derive it in terms of vacuum bubbles. Consider an example; given

. fin _ s
gAifi (s,mi1,ma, m3g) = s 1 [LW <§ -3 ; m?) + 2 Ly, ; mel- —L‘2,V ; m?
+7>UV SA(Samlum27m3):|7 (250)

where the operator P, acts as
PUV E_n = 0, PUV AUV = 0. (251)

we use the first few terms in the expansion, e.g.
" 4
S%(s,my,mg,m3) = T111(m1, m3, ma2) + |:T121(m1;m37m2) - T121(my, m3, ma)
4
+ E mg T131(m1, ms, mz):| s+ O (52) . (252)

IBP techniques are then use to reduce vacuum bubbles to our master integral Ti21(m1, ms, ma). Therefore,
one function suffices in deriving the final result. This sort of results is relevant whenewer we need corrections

48



to the limit s — 0 or when we want to prove that vacuum bubbles give the correct limit of the theory. For
tensor integrals some additional work is needed; first we give an example,

Hov
q; 45 .
d"qp d" =TY my,ms, ma) OHY, 253
/ q1 qz (q%+m%)n1 (qg +m§>n2 ((th _q2)2+m§)n3 nl,ng,ng( 1 3 2) ( )

and derive the reduction of vacuum bubble form factors in terms of scalar vacuum bubbles,

11 _ 2
nTm,ng,ns - Tn1_177n2)n3 —my Tnlmz,nsv
1 1 1 1
12 _ 2 2 2
nTnl,ng,ng - 5 Tn1*111n27n3 + 5 ni,n2—1l,ng = 5 Tn17n2,n371 + 5 (mS —my = m2) Tnl,n2,n37
22 _ 2
nTnl,ng,ng - T’Il1,’ﬂ2—1,’ﬂ3 — My Tﬂlﬂlz,nsv (254)

where all T" have argument mq, mso, m3. Suppose now that we have to compute

SP(u]0) = /dnfh d"qa qff

x (a2 +m3) (e +p) +md) (@ —a)*+md) (6 +md) (2 +p)2+md)| , (255)

in the limit p? — 0. the recipe is simple: expand the propagators, e.g.

—k —k —k—1
((a+p?+mi) " =(gg+mi)  — (@ +2p-q) (G +mi) " +..., (256)
to obtain
n ST (0, {m}) = —Tiz1(m1, msg, ma) — 3Th21(m1, m3, m2)
+ (m} — m3 + m3) Taz1 (m1, mg, ma) + 2m7 Tsa1(m1, ma, ma) — Ag(2,m1) Ao(3,m3),
n S5 (0,{m}) = =3 Tho1(m1, m3, ma2) + 2m3 Taz1 (m1, m3, ma)
— T311(ma,m3, ma) + (m7 —m3 + m3) Tsa1(m1, m3, ma2) — Ag(2,m3) Ao(3,m1). (257)

For tensor integrals of higher rank we need to define the T%*! form factors as

a4 ay q)
d"q1 d"q Lt = Tkl my,ms, Ma) 0, 0,
f R e T e A

+ T;];kflll,n2,n3 (ml? ms, m2) 6Na 6”6

+ Tijkl (m1 ,ms, mg) 5#5 51,0” (258)

c¢ini,n2,ng

with the following results:

n2 Tj%zflﬂlzxns = _nTél;%?l;nzﬂls - nTCl‘l;%i,ﬂzﬂls
+Tn171,n271,n3 - mg Tn1717n2,n3 - m% Tnl,ngflﬂm + m% m% Tn1,n2,n37 (259)
1
(n - 1) Tcll;gi,ng,ng = (1 - n?) Tél;gi,ng,ng + Z Tn1*21n27"3
1 1 1 1 1 1
+(§ - E)Tnlfl,ngfl,ng - 5 Tnlflﬂm,ns*l + {(E - §)m% + 5 (m§ - m%)] Tn1*17n21n3
1 Lo 2 2 n—1 , 45 1 2 2 2
+Z Tnl,n2,n372 + 5 (ml +my — mB) Tnl,n2,n371 + [ mimy + Z /\(mla m27m3>} Tnlﬂm,ns
1 1 1 1 1
+Z Tnl,n272,n3 - 5 Tnl,n271,n371 + [(ﬁ - 5) m% + 5 (mg - mg):| Tnl,n271,n3 (260)
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1 1
n (n - 1) (n + 2) T1122 ) nTn1—27n2>n3 - (1 -5 n) Tnl_lynQ_lynS

B;ni,n2,ng 4 2

1 1 1 1 1
2 nTﬂl 1,n2,m3—1 — [(5 n— 1) mg + 5 (mf - mg) Tﬂl—lynzﬂls + Z nTnlyn2_27n3 - 5 nTnlynQ_lynS_l
1 1 1 1
[ 2 + 5 (m% - mg)] TnlynQ_lynS + Z nTn1>n27n3—2 - 5 n (mg - m% - mg) Tﬂlﬂlz,ns—l
1
[ (1 —n)mimj — 1 nA(m3, m3, mg)} Ty noomss (261)
1222 _ 1222 1222
TA ym1,n2,m3 TB ;Mn1,n2, nsy TC ni,maz,n3
1 1 1 1
+§ Tnlfl,n271,n3 - 5 mg Tnlfl,ng,ng, + 5 Tnl,n272,n3 - 5 Tnl,ngfl,ngfl
1 1
+§ (mg -2 m% - m%) Tn1>n2*1>n3 + 5 mg Tnlﬂm,ns*l + 5 m% (m? + mg - mg) Tnl,nmns (262)
1
Tcl‘23121,n2,n3 - (n + 1) T;2%z21,n2,n3 + % Tnl_lynQ_lynS
1 1 1
_% mg Tnl Lingmg T 57— 2n Tﬂlﬂlz—?ﬂls - % TnlynQ_lyn3_l
171,
+ﬁ |:§ (m3 ml :| ni,n2—1,n3
1 1
+% mg Tnl,n2,n371 - 2_ g ( § m% - m%) Tnl,ng,ng,; (263)
2 T1222 o ET _ l 2 T
(n+ ) Binimang — 9 n1—1l,n2—1,n3 2 Mg Lny—1,n2,n3
1 1 1 1
+§ Tnl,n2—2,n3 - 5 TnlynQ_lyn3_l - 5 m% + m% - 5 m% TnlynQ_lynS
1 1
+§ m% Tnlyn27n3_1 - 5 m% (mg - m% - m%) Tnlyn27n37 (264)
2 2222 2222 2222
TA ini,noe,ng —TLTB ;m1,n2,n3 TC ni,n2,n3
+Tn1,ng—2,n3 -2 m2 TnlynQ_lynS + m2 Tﬂlﬂlz,ns? (265)
1
TC2237,21,77,2,713 - (n + 1) T§23121,n2,n3 + E Tnl,n272,n3
1 1
-2 ﬁ m% Tnl,ngfl,ng + ﬁ m% Tn11n2>n37 (266)
(n + 2) T§2%L21 no,ng Tﬂlﬂlz—?ﬂls -2 m% Tﬂlﬂlz—lﬂls + m% Tnlyn27n3' (267)
For instance, we obtain
E 1 1 2 4
$51(0.{m}) = 4 (- = —=) [Tuar = 2m3 Thas +m3 Tz . (268)

— Laurent expansion

There are cases, however, where a Taylor expansion is not allowed. Consider S°(s, m1,ma,{0}2) which
contains propagator factors ¢35 and (g2 + p)2. The limit p> — 0 is IR divergent and the corresponding
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singularity should not be regularized by ¢, a fact that would change the pole structure of the diagram, but
a Laurent expansion around p? = 0 is needed. In the following list, where we define

2 2 m2
— w i _ 7
LW =In T, Em =In M—‘?V7 Eml =1In Ma/ N (269)
and where L, is given in Eq.([21), we present the relevant limits:
" 23 1 107 9
Seiin(s 0,m,{0}2) = Ly Lan — (Lw + Lan) | = — Lm | — = L2, — — 4+ = ((2)
6 2 12 2
1
+2£m+§£,2n+(9(s),
c; fin 23 T2 1 9
S (Samlvaa{O}Q):LWLan_LW |:__£m1 _(Eml +£m2) :| __LW
6 Tr1 — T2 2
23 To 113
+ Lan |:_ _Eml - (£m1 _Lm2) T —Jig] - ﬁ +3<( )+3‘Cm1
in To
- 5 Egnl T1ﬁ21(0a may, m2) + T1 — o |:_£m1 Emz + 4£m1 - 2£m2 - Egnl
—¢(2) = 1= 2[5 (0,m1,ma) | + O (s). (270)
Note that these functions are of O (1112 s) for s — 0. Furthermore,
- 7 1 11 49
58755 (5,0,m, {0}) = L Lan = (L = Lan) (5 = Lwz ) = 5 (L3 + L2+ £2) + = L = 3.
3 2 12
2;fin 4 Lo 2 2 9
5§58 (s, m, m, {0}3) = Lu Lan — (Lw = Lun) (5= L ) = 5 (2 +Lan+£m) + 2L 7
. 7 T
SSE1ﬁn(Sum17m27{O}3):LWLan_(LW_Lan) (g_ﬁ’m,l) + 2 (Eml _Emg)
T, — T2
1/, 9 9 49 11
2 (LW+Lan+£m1) 12 ts 6 Em
To 11 2 2
Tr1 — T2 [ 6 (Eml Emg) 2 (Eml £m2)} ' (271)

D.3 Limit my — 0 of p*> — 0

After performing the limit p?> — 0 we still would like to set light fermion masses to zero, whenever
possible. Such is the situation for our main traget, the inclusion of o and of G in the IPS. Functions for
which a Laurent expansion is needed include all cases where we have a vacuum bubble T}, ,n, (0, m, M), or
permutations of it, and n; > 2. For expanding these functions we have developed a special technique, based
on the idea of writing differential equations for diagrams [24]. This technique works in all cases where we
know how to compute integration constants.

— Ti91(m, M, m) with m — 0

Consider the following example: T1a1(m, M, m) with m — 0. We write the equation

d
dm T2

We use IBP identities to express the r.h.s of Eq.(272) in terms of Tyo1(m, M, m). Using Eq.(3I]) we make
the ansétze,

Tlgl(m M m) —T221(m, M, m) — T122 (m, ]\47 m) (272)

Ty(m, M, m) Zan (MZ> + Lo Zb (W)n+£$n > en (%)n (273)

n=0
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insert into Eq.(272) and derive

1 3
a0 = Ty(0,M,0) = —3 = 5¢(2) + £ — £3, (274)

where Ly, = Inm?/M? and L, = InM?/M?. Here, the integration constant is known, see Eq.(242).
Furthermore, we have

1
@ =2+2Ly,  az=—3 [-2@‘(2)—5—251”—25@—4@0},

1 92
as=—3 [—12<( )= 5 — 8Ly —12L% — 24as
32

by =0, b = -2, bo=—-3+2L,, bgz—?—FSEM,

Co = 0, Cc1 = 0, Cy = —1, C3 = —4, (275)
etc.

— T¢(m,M,0) with m — 0
Similarly to the previous case, we obtain
m2\" m2 "
n=0 w

with coefficients ag = Tf(0, M, 0) again given in Eq.([242)) and

1 /1 1 /1
ar =14 Ly, a2:§<§+£M)7 a3:§<§+£M)u

1 1
b0=0 by =—1 by = —= by = —=. 277
) 1 ) 2 2; 3 3 ( )
— small, unequal, masses
For small, unequal, masses we write two differential equations,
d d
pr) Th21(ma, M, ma) = —=Tao1(my, M, my), pre) Th21(ma, M, ma) = =Tiaa(my, M, my), (278)
my my
and introduce the ansatz
m? 4+ m3 m} 4+ mé m? m3 m$ m? + m3
Ty(ma, M, m2) = ao + a1 1M2 £+ az 1M4 £t ay 11/142_’_&4%4_&5 im3 1M6 :
m? m? m2m3 m} mims mim?3 m$
1 1 {b my o, M o TUL g TS, TS _1}
+nM3V 1M2+2M4+3 +4M6+5M6+6M6
m2 m2 m2m?2 mi m2ma mim?2 m8
1 2 [b my g, M2y p, T2y, My 2}
+DM3V 1M2+2M4+3M4+4M6+5M6+6M6
2 2 2,2 2
my ma mims 2 1+ mp
+In ) In ) [61 e + comiym; VG (279)
The solution is ag = T7(0, M, 0) (Eq.([242)) and
1 /1
a1 =14+ Ly, a2—§(§+EM), az =2+ C(2) + L2, + 2ao,
1 /1 9
a4:g §+L‘M , as =54+2¢(2) + Ly +2 L5, + 4ao,
1 1
b1:_17 b2:_1+‘£M7 b3:_§7 b4:_1+2‘cl\/ﬁ b5:_4+2‘£M7 b6:_§7
C1 = —1, Cy = —2. (280)
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— one small mass

For one small mass, m < my, mo, we obtain

m?\" m?\"
Tf(m,ml,mQ):Zan (W) + Lo, an (W) ) (281)
n=0 w n=1 w
with a solution ag = T;(0,m1,m2) and
X9 Xro 1 2 T2 i) i) i) 1 Xro
S NG R IR RS RRCE NS R SRS )
o Xro 1
h=hyxfxx
2 5 2 1 1 2
ws = L1 Lo (3%+2%)+Ll <_§%+5_2>+c; <3%+2%)
7 23 T2 x2 To x2 9 a9 11 x2 To
Lo (—L22 223 y3c9) 22 Lop) 22 y322 202, 0 622 4422
+ 2( 2 X4 X3)+ i+ mHBntsm i tofxtixs)
x2 x x2 z x 11
het (3 r2g) 0 (BE 2 E) e
3 2 23 3 2 11
3 2 3 2
9 5 x5 T2 37 x5 5 T2
L4 (mﬁ“?ﬁ“’ﬁ)“z (‘Eﬁ‘“’ﬁ‘ﬁ)
x5 x2 T r3 59 22 49 x 11
100 FFHIAUOF AR [+ G T B T T o5
3 2
.%'2 ZCQ To
3 2 3 2 2 11
where we have introduced
2 2
mi= ., X =z -z, L =lha, L‘mzln%. (283)
w w

E Finite mass renormalization in II*

As we have discussed in the previous sections there is full control upon finite parts at arbitrary scale. In
the following My = M/cg, M being the renormalized W boson mass; furthermore, M,, (etc) is the H boson
(etc) renormalized mass. Consider, for example, the subtracted two-loop photon self-energy, as defined in
sect. 6 of I,

1
I (5) = 10 e () = 1100 e (0) = 5 4 (5) + F5*(5) + 53 ' (s). (284)
0
Before using IT%(s) for physical predictions all renormalized masses must be replaced by on-shell masses,
using My = Mos + O (92) in one-loop terms and M, = My in two-loop terms (see Section (53] Eqgs.(I00Q),
@6) and (I04))). For instance, the effect of finite mass renormalization on II(s) = IT%(s) —I1%(0) is as follows;
define UV finite factors

2
g
M? =M (1 += 6M2> : (285)
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etc. In the massless limit for fermions we get

4
M (s) — TV (s) + L 52 ATI(s), (286)
T

1 1 :
ATl(s) = 7 > omi+ g ow (1+122w) SM2bin(2,1,5, M, M,,)
l

4 ) 3 1 2 1
—3 2 Am? b (2,1, 5, mp,m4) — 1 <xw + Z) SM? + 3 <xT + 6) oms3, (287)

with z; = m?/s. The complete expression for II(s) is too long to be reported here and can be found at
http://www.to.infn.it/~giampier /REN/pis.ps.
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