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(1) In this lecture the building blocks for the two-loop
renormalization of the Sandard Model will be
introduced Two-loop Ward-Savnov-Taylor
identities and the compl ete set of counterterms
needed for two-loop renormalization will be
discussed.

(2] In this lecture a renormalization scheme will be
introduced, connecting the renormalized quantities
to an input parameter set of (pseudo-)experimental
data.

® In this lecture the set of techniques needed to compute
decay rates at the two-loop level will be derived.
The main emphasis of the lecture will be on the two
Sandard Moddl decaysH — vy andH — gg.
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Basics

The minimal Higgs sector of the SM is provided by the Lagrangian

Ls = —(DuK) (DuK) — 1K TK — (A/2)(KTK)?, (1)
where the covariant derivative is given by
i i
D.K = (au - Eng‘ﬁa — Eg’Bﬁ) K, %))
g’/g = —sind/ cos 9, 6 is the weak mixing angle, 7 are the standard Pauli

matrices, B, is a triplet of vector gauge bosons and BZ a singlet. For the
theory to be stable we must require A > 0. We choose 2 < 0 in order to
have SSB. The scalar field in the minimal realization of the SM is

_ 1 C+igo
<=5 i) ©

where ¢ and the Higgs-Kibble fields ¢o, ¢1 and ¢ are real. For ;> < 0 we
have SSB, (K)o # 0. In particular, we choose ¢ + i¢o to be the component of
K to develop the non-zero VEV, and we set (¢o)o = 0 and (¢)o # 0. We then
introduce the (physical) Higgs fields as H = { — v. The parameter v is not a
new parameter of the model; its value must be fixed by the requirement that
(H)o = 0 (i.e. (K)o = (1/v/2)(v,0)), so that the vacuum doesn't
absorb/create Higgs particles.



Tadpoles do not depend on any particular scale other than their internal
mass, and cancel in any renormalized self-energy. However, they play an
essential role in proving the gauge invariance of all the building blocks of the
theory.

e |n order to exploit this option, we will now consider a strategy to set the
Higgs VEV to zero.

We will define the new bare parameters M’ (the W boson mass), M,, (the
mass of the physical Higgs particle) and : (the tadpole constant) according
to the following “3; scheme”:

M'(1+43) = gv/2 v o= 2M'(1+4)/9
(M/)? = A(2M'/g)? = A = (g™ /2m)?
0 = P +3 (M) W= =M

4)



The new set of bare parameters is therefore g, g’, M’, M/, and ;. Remember
that 3 is not an independent parameter and it appears in the Higgs doublet K
via¢ =H +v, withv = 2M’(1 + 3)/g. As a consequence, all three terms of

the Lagrangian Ls in Eq.(1) depend on this parameter. In particular, the
interaction part of £Ls becomes

L=

—1PKTK = (A/2)(KTK)? (5)
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while the term of Ls involving —(D,.K)"(D,K), yields a (lengthy)
(Bi-independent expression, plus the following terms containing (::

B x [igseM’ (¢~ W, — "W, ) (A, — E—Zzu)
gM
== )
2,24

M/Z
0

M’ , -
+azyaﬁ¢o + MW, 0up— + MW, 004 ], @)

2,72,

0

(2w iw, +

> (B +2) Wy W, +

where, as usual, W,f = (B}, ¥ iB2)/Vv’2, and

(iﬁ) B <§Z _cjo> (E%) : ®)



Where else, in the SM Lagrangian, does the parameter g; appear? Wherever
v does — as it can be readily seen from Eq.(4). Let us now quickly discuss
the other sectors of the SM: Yang—Mills, fermionic, Faddeev—Popov (FP) and
gauge-fixing. The pure Yang—Mills Lagrangian obviously contains no s
terms.

The gauge-fixing part of the Lagrangian, L4, cancels in the R¢ gauges the
gauge—scalar mixing terms Z—¢o and W *—¢* contained in the scalar
Lagrangian Ls. These terms are proportional to gv /2, i.e., to M’(1 + /3) in
the 3: scheme. The gauge-fixing Lagrangian Ly is a matter of choice: we
adopt the usual definition

1 1
Lo = ~C:C- — 5C; — 5CL, ©

with
1

1
Co=——0uA,, Cr= 1y W Z + gz ¢o, Ci = ——W;F +ewM'os
&a & Ew : 10)



(note: no S terms), thus canceling the L£s g-independent gauge—scalar
mixing terms proportional to M’, but not those proportional to M’ 3
(appearing at the end of Eq.(7)), which are of O(g?).

Alternatively, one could choose M’(1 + ) instead of M’ in Eq.(10), thus
canceling all £Ls gauge—scalar mixing terms, both proportional to M’ and
M’ 3, but introducing then new two-leg 3; vertices. We will not follow this
latter approach.

e Of course it is only a matter of choice, but the explicit form of L
determines the FP ghost Lagrangian.

The parameter ; shows up also in the FP ghost sector. The FP Lagrangian
depends on the gauge variations of the chosen gauge-fixing functions Ca, C;
and C+.



If, under gauge transformations, the functions C; transform as

G — G + (M + gLy A, (11)
with i = (A,Z, %), then the FP ghost Lagrangian is given by

Lee = X; (M; + gLi) X;. (12)

With the choice for Lg given in Eq.(9) (and the relation gv /2 = M'(1 + 3)) it
is easy to check that the FP ghost Lagrangian contains the 3; terms

Lep = — (M/)zﬁt (§WY+X+ +&wX X7+ szZxZ/Cg) to (13)

where the dots indicate the usual s—independent terms. Had we chosen Ly
with M’(1 + /3) instead of M’ in Eq.(10), additional 3; terms would now arise
in the FP Lagrangian.

In the fermionic sector, the tadpole constant 3; appears in the mass terms:

~_ (—atu + Bdd) = — (1 + ) (Mulu + medd) (14)
V2 ,

(v =2M'(1+ 6)/9), where o and 3 are the Yukawa couplings, and my, mq
are the masses of the fermions. The rest of the fermion Lagrangian does not
contain f, as it doesn’t depend on v.
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In the B scheme we have (many) two- and three-leg 3 vertices containing
also non-scalar fields. Note that three-leg 3; vertices introduce a fourth
irreducible topology for O(g*) self-energy diagrams containing f vertices,
namely:

O O —O—



Define 3 = By, + 5, 9% + 5, g* + - - -. We will now fix the parameter 3 such
that the VEV of the Higgs field H remains zero order by order in perturbation
theory. At the lowest order, the only diagram contributing to (H)o is the one
depicted in Eq.(15),

H —e (15)

which origins from the term in Lg linear in H, — (6 + 1)(3 + 2)(M/?M’ /g)H.
Therefore, at the lowest order we can simply set 5 = 0, i.e. 5, = 0.
Up to one loop, the diagrams T4 and T, contributing to the Higgs VEV are

To: ———eo+ T{: —— (16)

1 T
P =y (2Mfg|v|;2) ' , an

so that



Up to terms of O(g?), (H)o gets contributions from the following diagrams:

Tg: —o (1) +

T/ —Q 2 +
TS —@(1/2) + %(1/2),

plus reducible diagrams (analogous to those appearing in T4—T- of section
2.4) which add up to zero because of our choice for 3, and 3. Note the new
diagrams in T4, with three-leg /3 vertices, not present in the 3, case (T3). The
parameter 3, can be set in the usual manner, requiring

3

1 T,+ T3 3 -
ZTi/ =0, = pB,= 2n)i (2M2’g3M3'2> - Eﬂtl- (18) %
i H



Consider the (doubly-contracted) WST identity relating the Z self-energy
MNuw,zz (P), the ¢o self-energy My, 4, (P), and the Z—¢o transition My, 24, (P):

PuPoMuwzz(P) + MGMueso(P) + 2ipuMolMyuzs,(p) = O. (19)

Each of the three terms in Eq.(19) contains contributions from the tadpole
diagrams, but they add up to zero, within each term. For example, at the
one-loop level, the first term in Eq.(19) contains the tadpole diagrams

and
V4 Z Z Z (20)

which cancel each other.



In the B scheme, all three terms of Eq.(19) contain the two-leg 3; vertices
already at the one-loop level. Similar comments are valid for the WST identity
involving the W self-energy.

Concerning renormalization, the constraints imposed on f; in the previous
sections are the renormalization conditions to insure that (O|H|0) = 0, also in
the presence of radiative corrections. In particular, the renormalized
parameter is 87 = 6 + 66 = 0. The equivalent of Eq. (4) for the
renormalized parameters is just the same equation with the tadpole
constants set to zero.

In the B scheme, the one-loop renormalization of the W and Z masses
involves the diagrams

(a) (c) (b) CP (d) T - (21)

Both (a) and (b) diagrams are gauge-dependent, their sum is
gauge-independent on-shell, and the 3 tadpole (d) is chosen to cancel (b).
But, the mass counterterm is now gauge-independent, as it contains both (a)
and the two-leg 3 vertex diagram (c).
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Diagonalization of the neutral sector

The Z—~ transition in the SM does not vanish at zero squared momentum
transfer. Although this fact does not pose any serious problem, not even for
the renormalization of the electric charge, it is preferable to use an alternative
strategy. Consider the new SU(2) coupling constant g, the new mixing angle
g and the new W mass M in the [h scheme:

g(1+r) o' =—(sind/cosh)g
2M/G A= (GM,/2M)" 42 = fn — EM7

g
v

(22)

(note: gsinf/cos 6 = §sinf/cosf), where T =T1 > +T2G* +--- is anew
parameter yet to be specified. This change of parameters entails new A,, and
Z , fields related to B} and B, by

g —sind B3 '
(%)=(Gn5 oo )(ab) <23>@

n

> N|



The replacement g — g(1 + I') introduces in the SM Lagrangian several
terms containing the new parameter I'. In our approach T is fixed,
order-by-order, by requiring that the Z— transition is zero at p? = 0 in the
¢ = 1 gauge. Let us take a close look at these ‘T terms’ in each sector of the
SM.
e The pure Yang—Mills Lagrangian
1 1
EYM = 7ZF3UF3U - 4F F[.(AJ,U7
with F2, = 9,B2 — 9,B3 + ge®™B}BS and FP, = 9,BY — 9,BY, contains
the following new I' terms when we replace g by g(1 +1):
ALyi=iGCo [0, Z, (WiW, — WS W, ) —Z,(W,o,W, — W, 3,W,) +
+Z (W OW,, — W, 9,W,5)] —iglSe [0,AL (Wi W, — W, W,,)
AL (WFa.W,, — W, 8,W,5) + AL (W, 0.W,, — W, 9,W,})]
_ 1
+8°T(2+N)[5
+C(Z Wi Z, W, —Z,Z,WIW, ) +§5 (KMWJK,,W’ AAW

(24)

(W, W, WEW, — WWWEw,))

+80C0 (AuZL (W, W, + W, W, ) — 2A,Z W, W, )],

where 55 = sinf and €y = cosf. As these terms are of O(g%) or O(g*), they
do not contribute to the calculation of self-energies at the one-loop Ievel but
they do beyond it.

W)

(2



New coupling constant in the j;

scheme
The 3 scheme equations are the following
g = g@a+n g’ = —(sinf/cosh) g (26)
v o= 2M(1+3)/§ A= (@M /2N p = -1(M])2

(Note: gsin#/cosf = gsinf/cosf.) The new fields A, and Z,, are related to
BS and B, by Eq.(23). Thus, we obtain the following results:



e The replacement g — g(1 + I') in the pure Yang—Mills sector introduces
new I vertices collected in ALyw, which does not depend on the parameters
of the 5 schemes. ALyy will not be given here.

e The new I' terms introduced in Ls by eqgs. (26) can be arranged once again
in the three classes
ALs=ALY? + ALl +acd ™, (27)

according to the number of fields appearing in the I terms. The explicit
expression for AL‘,(SZ)t is, up to terms of O(g*),



ALOT — T [7 M'S2TALA, — % (2 +T¢ch + 4&) (28)

S — = o=
W’ 2 (14 TCF +200) AuZyu 4 0o (S0 + coii) (1+5)

—M' (2+T +43)W, W, + (W, 0,0 +W, 0,07 ) (1 + ,@)}

with ) = sind and €y = cos 4, etc.



e Our recipe for gauge-fixing is the same as in the previous sections: we
choose the R¢ gauge Ly to cancel the zeroth order (in §) gauge—scalar
mixing terms introduced by Ls, but not those of higher orders. Here, this
prescription is realized by Ly with

- 1, = M/ 1 -
OBy Co= 0.2+ G0, Ci=—0W, +EM b,

&2 &w
(29)

-1

C
A &

clearly I'-independent.



The new I' terms of the FP ghost Lagrangian in the 8; scheme are:
ALep = ALEYD + ALHETY (30)

where the two-field terms are

ALED = —(L+/)TR7 {gzxz (xz 42 XA) T w ( Xy XX )]
(31)
Like in the scalar sector, the I' and f; factors are entangled.



We conc lude this analysis with the fermionic sector

. As in the Yang—Mills case, the fermion — gauge boson Lagrangian Lz does
not depend on the parameters of the 5; scheme. Its expression in terms of
the new coupling constant § contains new I terms.

The neutral sector redia gonalization

induces no I terms in the fermion—scalar Lagrangian Lss , which contains,
however, the /3 vertices (the ratio M’ /g is now replaced by the identical ratio
M’/g).



The -3 mixing

A comment on the presence of 3; factors in the new I' vertices is now
appropriate. Consider the scalar Lagrangian Ls. The interaction part of Ls,

Ls = —p’KTK = (A/2)(K'K)?,
does not i_nduce I terms. On the other hand, E'S gives rise to [ terms: as
M’/g = M’ /g, these j3; terms are simply expressed in terms of M’/g instead
of M'/g.
The derivative part of the scalar Lagrangian,
—(DuK)'(DuK),

induces both I and ; vertices, plus mixed ones which we still call T vertices
(see the f; factors in the two-leg I terms of A[:(S”ffz)).



It works like this: first, we replace g — g(1 + ') and g’ — —g(Sy/Co) in
—(D,.K)T(D,K), splitting the result in two classes of terms, both written in
terms of g, with or without I".

Then we substitute in both classes v — 2M’(1 + ;)/g: the class containing
Iis, up to terms of O(g*), ALs ; [Eq.(27)], and includes also 3 factors, while
the class free of I' has the same f3 vertices as Eq.(7) with g, 6, M’, A, and
Z, replaced by g, , M’, A, and ZJ. The upshot is that you need both the
results for the new I vertices derived in the previous section 1 (containing ),
and the expressions for the 5 terms.

The I' and 3 terms of the Faddeev—Popov sector are intertwined just as in
the case of the scalar Lagrangian.



WSTI for two-loop gauge boson
self-ener gies

WSTI

The purpose of this section is to discuss in detail the structure of the
(doubly-contracted) Ward-Slavnov-Taylor identities (WSTI) for the two-loop
gauge boson self-energies in the Standard Model, focusing in particular on

the role played by the reducible diagrams. This analysis is performed in the
't Hooft—Feynman gauge.



Definitions and WST identities

Let I be the sum of all diagrams (both one-particle reducible and
irreducible) with two external boson fields, i and j, to all orders in perturbation
theory (as usual, the external Born propagators are not to be included in the
expression for IT;)

9" o
ﬂij = Z W [‘]ij" . (32)
n=1

In the subscripts of the quantities I'Iﬁ”) we will also explicitly indicate, when
necessary, the appropriate Lorentz indices with Greek letters. At each order
in the perturbative expansion it is convenient to make explicit the tensor
structure of these functions by employing the following definitions:



Nvw =DW o + P pupy N = —ipaMs G N =RE,  (33)
where the subscripts V and S indicate vector and scalar fields, Ms is the
mass of the Nambu—GoIdstone scalar S, and p is the incoming momentum of
the vector boson (note: I'IM sv = —I'I("VS)

The quantities Dy, Pjj, Gjj, and R;; depend only on the squared
four-momentum and are symmetric in i and j. Furthermore, D and R have the
dimensions of a mass squared, while G and P are dimensionless.



The WST identities require that, at each perturbative order, the gauge-boson

self-energies

satisfy the equations

pll pV HS]VAA =0
Pu Pv nEuzAZ + |pM Mo I_IN Ado =0
Pupy M UZZ+M0 ng‘¢ +2|puM0nuz¢o

PPy M + M2 + 2ip, M, , =

0

0, (34)



which imply the following relations among the form factors D, P, G, and R

DX +p? P =0 (35)

DY +p? P + MEG) =0 (36)
p?DY +p*PY + MER(,, = —2M§ p?GYY), (37)
p? D +p* Pl + M2RIY = —2M?p?G{[) . (38)

The subscripts A, Z, W, ¢ and ¢q clearly indicate the SM fields. We have
verified these WST Identities at the two-loop level (i.e. n = 2) with our code
G aphShot .



WSTI at two loops: the role of
reducib le diagrams

At any given order in the coupling constant expansion, the SM gauge boson
self-energies satisfy the WSTI (34). For n > 2, the quantities Fli(j”) contain
both one-particle irreducible (1PI) and reducible (1PR) contributions. At
0(g?), the SM I‘Iﬁ“) functions contain the following irreducible topologies:

eight two-loop topologies,

three one-loop topologies with a 3, vertex,

four one-loop topologies with a I'; vertex,

and one tree-level diagram with a two-leg O(g*) 5 or I vertex .



Reducible O(g*) graphs involve the product of two O(g?) ones:

two one-loop diagrams,

one one-loop diagram and a tree-level diagram with a O(g?) two-leg
vertex insertion,

or two tree-level diagrams, each with a O(g?) two-leg vertex insertion.

There are also O(g*) topologies containing tadpoles but, as we discussed in
previous sections, their contributions add up to zero as a consequence of our
choice for ;.

In the following we analyze the structure of the ©(g*) WSTI for photon, Z,
and W self-energies, as well as for the photon—-Z mixing, emphasizing the
role played by the reducible diagrams.



The photon self-ener gy

The contribution of the 1PR diagrams to the photon self-energy at O(g*) is
given, in the 't Hooft-Feynman gauge, by (with obvious notation)

H(ZR _ 1 1 ﬂ (2R + 1 ﬁ(Z)R

MU,AA T (27T)4| pz v,AA p2 + Mg KHU,AA |

39)

where

n(Z)RAA — n(l) n(oj-g - n(Z)RAA — n(l) n(l) . + n(l) n(l)

Ho,AA Ho,AZ HsAdo T TV PoA *



It is interesting to consider separately the reducible diagrams that involve an

intermediate photon propagator (I:I‘j)ijA) and those including an intermediate

Z or ¢ propagator (ﬁfofAA). By employing the definitions given in the
previous subsection and eq. (35) with n = 1, one verifies that I:Iffi,,AA obeys

the photon WSTI by itself,

Theorem

. 2
pup. [0, =p* DR +p°PY] =0. (40)

rv,AA



This is not the case for ﬁfffAA, although most of its contributions cancel when
contracted by p,.p. as a consequence of eq. (36) (n = 1),

pu A28, = 02 ME (07 + ME) [6]". (41)

The only diagrams contributing to the A—¢o mixing up to O(g?) are those with
a W—¢ or FP ghosts loop, and the tree-level diagram with a I insertion. Their
contribution, in the 'tHooft-Feynman gauge, is

G = (2m)’isc [2Bo(p2, M, M) + 167r2r1] . (42)

A direct calculation (e.g. with Gr aphShot ) shows that this residual
contribution of the reducible diagrams to the O(g*) photon WSTI, eq. (41), is
exactly canceled by the contribution of the ©(g?) irreducible diagrams, which
include two-loop diagrams as well as one-loop graphs with a two-leg vertex
insertion.

°



Dyson resummed propagators and
their WSTI

Dyson resummed propagator s

We will now present the Dyson resummed propagators for the electroweak
gauge bosons. We will then employ the results of sec. 1 to show explicitly, up
to terms of O(g*), that the resummed propagators satisfy the WST identities.
Following definition (32) for IT;, the function I'I:j represents the sum of all 1PI
diagrams with two external boson fields, i and j, to all orders in perturbation
theory (as usual, the external Born propagators are not to be included in the
expression for IT}).



As we did in egs. (33), we write explicitly its ,

Lorentz structure

nll.w,w = D\I/v 5#:/ + |D\I/v Py Pv (43)
HI[,L,VS = *ipu Ms G\I/s nlss = Rlss ) (44)

where V and S indicate SM vector and scalar fields, and p,, is the incoming
momentum of the vector boson [note: I, s, = —IT}, vs].



We also introduce the

transver se and longitudinal projector s

thY = 6,uu o Pugu , | — pugu ,
p p
tpatal/:t;ul7 |pa|al/:|p,u’ tualau:()’

nluu,vv =Dty + L lww, L =D + P> Py .

(45)



The full propagator for a field i which mixes with a field j via the function I‘I}j is
given by the perturbative series

oc n+1

i = A + A Z H Z My Ak (46)

n=0 I-1 K
= Qi + DT A + D0 Y M A M B + -+,

ky=i,j

where kg = kny1 =i, while for| £ n + 1, k; can be i orj. Aj is the Born
propagator of the field i.



We rewrite Eq.(46) as

Ai = Ay [1—(M A)n]*l ; (47)

and refer to A; as the resummed propagator. The quantity (I A); is the sum
of all the possible products of Born propagators and self-energies, starting
with a 1PI self-energy I}, or transition I‘I}j, and ending with a propagator Aj,
such that each element of the sum cannot be obtained as a product of other
elements in the sum.



A diagrammatic representation of ([1A); is the following,

(|_| A)ii = O». ..... +O_._O>. +O_._._;_O>.+ ces

where the Born propagator of the field i (j) is represented by a dotted (solid)
line, the white blob is the i 1PI self-energy, and the dots at the end indicate a
sum running over an infinite number of 1Pl j self-energies (black blobs)
inserted between two 1P| i—j transitions (gray blobs).



It is also useful to define, as an auxiliary quantity, the partially resummed
propagator for the field i, Aj, in which we resum only the proper 1PI
self-energy insertions [}, namely,

-1

Ai = Ay [1 - A (48)

If the partlcle i were not mixing with j through loops or two-leg vertex
insertions, A; would coincide with the resummed propagator Aj.



A can be graphically depicted as



Partially resummed propagators allow for a compact expression for (I A);,
(MA) = MiAi + n:jAjj M A, (49)
so that the resummed propagator of the field i can be cast in the form
_ ~ -1
Aj = A [1 - (I-I:i + M4 n}i) Aii] : (50)

We can also define a resummed propagator for the i—j transition. In this case
there is no corresponding Born propagator, and the resummed one is given
by the sum of all possible products of 1PI i and j self-energies, transitions,
and Born propagators starting with A; and ending with Aj;. This sum can be
simply expressed in the following compact form,

Ay = A Ty Ay (51)



Dressed propagators

Suppose that we have a simple model with an interaction Lagrangian

L= 3 0(x) 6*(x). (52)
The mass M of the @ -field and m of the ¢ -field be such that the ¢ -field be
unstable. Let A; be the lowest order propagators and A; the one-loop
dressed propagators, i.e.

Ao — Ay

No=-—"°_ ANy=-—"2%_
® 1— Ao Xoo ¢ 1—A¢Z¢¢'

(53)

etc. In fixed order perturbation theory, the ¢ self-energy is given in Fig. 1.



c) skeleton

Figure: The ¢ self-energy with skeleton expansion, diagrams a) and
c), and insertion of a sub-loop X ¢4, diagram b).



¢ imaginary part
Note that the imaginary part of X4 is non-zero only for

—p®>9m?, (the three-particle cut of diagram b) in Fig. 1),
if m<M. (54)



When we use dressed propagators only diagrams a) and c) are retained in
Fig. 1 (for two-loop accuracy) but in a) we use Ao with one-loop accuracy:

5@ _/ d"gz
¢ - E)
(a2 +M2 - 125 Fo0(@2)) ((z+P)* +m?2)
Yoo (q2) = Bo(q3; m, m), (55)

where we assume p? < 0.



Since the complex ¢ pole is defined by

2

M? sy — ﬁzm(—shﬂ) —0, (56)
we write the inverse (dressed) propagator as
2 2
97 Xo0(d7) — Xoo(—Sm) 2
- - ] (a2 +5sw). (57)

expand in g as if we were in a gauge theory with problems of gauge
parameter dependence and obtain

5@ _ g2 / dq
(02 +su) ((a+p)* +m?)

9° Too(d?) — Z@@(*SM)]
16 72 g2 + su

x [1 + (58)



. 4
_ 1l 2 2 N2, 2 9 e (2. 2 2 2
_29 T Bo(l,l,p ,sM,m)+|—1GS (p ,m,m,sM,m,sM)
4 2
.9 2, 2 .M - B+1
+|—1680 (2,1,p ,sM,m) [AUV In—M2 +2 ﬂlnﬁ_l], (59)

where
2

2_q_oM
F=1-a—. (60)

M



More on dressed propagator s

Note that there is an interply between using dressed propagators for all
internal lines of a diagram and combinatorial factors and nhumber of diagrams
with and without dressed propagators.

Note that the poles in the q° complex plane remain in the same quadrants as
in the Feynman prescription and Wick rotation can be carried out, as usual.
Evaluation of diagrams with complex masses does not pose a serious
problem; in the analytical approach one should, hovever, pay the due
attention to splitting of logarithms.



Consider a By function,

Bo(p®; M1, Mp) = Ayy — X(X)
X(x) = —p®x* +(p +M2—Mf)x+Mf, (61)
where one usually writes
In X(X) =2 i8) +in(x - x_) +In(x — xy). (62)

Since Im x(x) does not change sign with in [0, 1] the correct recipe for
MZ=m?—im~is
in X80 —in[p2 [+ In(x = x-) + 6(-p?) [mx = x0) 4+ n(-x- . =)

+ 6(p?) [In(x+ —X) +n(—x_, x+)}. 7 (63)



In the numerical treatent, instead, no splitting is performed and no special
care is needed.

A t -channel propagator deserves some additional comment: one should not
confuse the position of the pole which is always at ;> — i ;. with the fact that
a dressed propagator function is real in the t -channel.



\ ’ \ ’
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A¢(m2) Zpo]e A¢(m2)
mAq,(sM)
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Ay(m?)

Figure: Diagram b) of Fig. 1 with one-loop dressed ¢ propagators is
equivalent, up to O (g*), to the sum of three diagrams with lowest

order propagators mu with the & mass replaced with the ¢ complex

pole. The Zpge vertex is given in Eq.(64)



Theorem

Therefore, using one-loop diagrams with one-loop dressed ® propagators is
equivalent, to O (g“), to use the sum of the three diagrams of Fig. 2 where ¢
propagators are at lowest order but with complex mass sy and where the
vertex Zpole is defined by

2
Zpole = # BO (_SM ) m7 m) . (64)



The charged sector

We now apply Eq.(48), Eq.(50), Eq.(51)) to W and charged Goldstone boson
fields. The partially resummed propagator of the charged Goldstone scalar
follows immediately from Eq.(48). The Born W and ¢ propagators in the 't
Hooft—Feynman gauge are

1) 1

v o nv _
Aalw_p2+M25 A¢¢—_p2+M2~

(65)

where, for simplicity of notation, we have dropped the coefficients (27)*i.



In the same gauge, the partially resummed ¢ and W propagators are

~ _ —1
A¢¢ = A¢¢ [1 — nl¢¢ A¢¢} ! = [pz + M2 — Rl¢¢j| (66)

A 1 PP Py
A= > (5, 1P Pvw .67
= o (o b))



Equation (67) assumes a more compact form when expressed in terms of the
transverse and longitudinal projectors t,, and I,..,

A tHv [+
py o
A = oo t W (68)
The resummed W and ¢ propagators can be then derived from Eq.(50),
2m2 il 2 171
n 2 2 | P M* (Guy)
Agyg=|p” +M *Rw*m (69)

e p*M?(Gly4)?

Abv_, T \Owe)
P2+ M2 - Ry,

-1
W57 T MZ Dy + 14 p? +M? — Ly — ] - (70)




The resummed propagator for the W—¢ transition is provided by Eq.(51),

—1
_ —ip,MGl,, s o p*M?(Glyy)°

[ - _ R . A
AW¢’_p2+M27R'¢¢ p°+ M — Lyw b2+ M2 Ry, (71)
We will now show explicitly, up to terms of O(g*), that the resummed
propagators defined above satisfy the following WST identity:

Theorem

PPy Ay, +ipuMAL, —ip, MAY, +M* Ay =1, (72)



which, in turn, is satisfied if
2
p*M? (Glyg)” + M?Rig + p°Liwy — RisLiw +2p°M*Glyy = 0. (73)

This equation can be verified explicitly, up to terms of O(g*), using the WSTI
for the W self-energy: at ©O(g?) Eq.(73) becomes simply

MRS + p’LG, + 2p°M?GY), =0, (74)

which coincides with eq. (38) for n = 1.



To prove Eq.(73) at O(g*) we use (forsimplicity of notation, in this section we
dropped the coefficients (2)%.)

2
p°M? (Gf,) +M?RE) + L) - RO, +20°M7G(F, =0.  (75)



The LQ basis

For the purpose of the renormalization, it is more convenient to extract from
the quantities defined in the previous sections the factors involving the weak
mixing angle 6. To achieve this goal, we employ the LQ basis, which relates
the photon and Z fields to a new pair of fields, L and Q:

(%)= () (&) @



Consider the fermion currents j}* and j coupling to the photon and to the Z.
As the Lagrangian must be left unchanged under this transformation, namely
2 Z, 4+ Ay = jF L.+ & Qu, the currents transform as

H-Cs M m



If we rewrite the SM Lagrangian in terms of the fields L and Q, and perform
the same transformation (76) on the FP ghosts fields [from (Xa,X;) to

(X, Xo)], then all the interaction terms of the SM Lagrangian are independent
of A. Note that this is true only if the relation M /c = My is employed,
wherever necessary, to remove the remaining dependence on 6. In this way
the dependence on the weak mixing angle is moved to the kinetic terms of
the L and Q fields which, clearly, are not mass eigenstates.

The relevant fact for our discussion is that the couplings of Z, photon, X; and
X, are related to those of the fields L and Q, X, and Xq by identities like the
one described, in a diagrammatic way, in the following figure:






As the couplings of the fields L, Q, X, and Xq do not depend on 6, all the
dependence on this parameter is factored out in the coefficients in the

r.h.s. of these identities.

Since 6 appears only in the couplings of the fields A, Z, X, and X; (once
again, the relation M /c = My must also be employed, wherever necessary), it
is possible to single out this parameter in the two-loop self-energies of the
vector bosons. Consider, for example, the transverse part of the photon
two-loop self-energy DY (which includes the contribution of both irreducible
and reducible diagrams). All diagrams contributing to D2 can be classified in
two classes: those including (i) one internal A, Z, X, or X; field, and (ii)
those not containing any of these fields. The complete dependence on 6 can
be factored out by expressing the external photon couplings and the internal
A, Z X4 or X; couplings of the diagrams of class (i) in terms of the couplings
of the fields L, Q, X, and Xq, namely



DY = 52 | S 4 12 45247 (78)

where the functions f* (i = 1,2, 3) are 6-independent. Similarly, we can
factor out the ¢ dependence of the transverse part of the two-loop photon-Z
mixing and Z self-energy,

DY =2 [%fl +157 4+ 757 4 s } : (79)
c|C
D@ = L | Lzz yqze | 2pzz y apzz  o8g2 (80)
2z = 2 | g2t 2 8 4 ’



6. Analogous relations hold for the longitudinal components of the two-loop
self-energies.

We note that DY and D{? also contain a third class of diagrams containing
more than one internal Z (or X;) field (up to three, in D2). However, the

diagrams of this class involve the trilinear vertex ZHZ (or X;HXz), which does
not induce any new ¢ dependence.

where, once again, the functions f* and f** (i =1, ..., 5) do not depend on



However, from the point of view of renormalization it is more convenient to
distinguish between the # dependence originating from external legs and the

one introduced by external legs. We define, to all orders,
)
DAAZSZHQQ:MPZZSZZ (16#2) gg e<tp
n=1
Dpr = Sy =3 S 9 ) ™
AZ—E AZ;@(t—E; <Fﬂ'2> zAZ exts

1 l o gz n
Dz, = - Yiziet = 2 Z 16 71_2) ):g]z);@m

Cc
n=1
z(n) et — ):(32) ot — S ”é"o ext pzs
):gnz Jext = ):(33 ext 25 Z(Q ext +s n((DnQ) ext p (81)



Furthermore, our procedure is such that

2
):g:g) ext — n(n) et P s (82)
with I'Ig':2 o fegular at p? = 0. At O (g?) the external quantities are

g-independent while, at O (g*) the relation with the coefficients of
Eqgs.(78)—(80) is

NG o0b® = o5 fA + 18 + 107,

zggm:_z(f F 7Y — P 122 4 S (B0 £57) 4+ s (B 4+ £49)
Z(Z) _ 1 £aa AZ zz AA AZ 2z
33 ext — 2( + 207 +107) 1" =217 4+ 13

+ 8% (—f 4+ 2607 +£57) + 8% (24 + 2647 + £77)
+ 8% (8% + 2147 +127), (83)

and s, ¢ in Eq.(83) should be evaluated at O (g°).



Consider the process ff — hh; taking into account Dyson re-summed
propagators and neglecting, for the moment, vertices and boxes we write

M(Ff — hh) = (27)*] [—ez QQn* ® v AL,
e -

- % Qi v ® 7" (Vh + anys) Aza
e —

- % Q" (v +arvs) @ v Aga

2
- % Y (vt +asy5) @ 7 (v + ans) A;Z:| (84)

where f and h are fermions with quantum numbers Q, I3, i = f, h;



furthermore we have introduced

vi = lgr — 2Qys%, ar = I3, (85)

with e? = g2 s2. Always neglecting terms proportional to fermion masses it is
useful to introduce an effective weak-mixing angle as follows:

Definition

2 2 Maz ; ext } 2
Sef =S |1 — —————— Vi = I3t — 2 Qr Sgy- 86
off [ T STy o)’ 1l Qr Ser (86)



The amplitude of Eq.(84) can be cast into the following form:

= . 1 e?QiQ
— 4 i i h
M(ff = hh) = (27)"i [ ey 1—-8?Maec  P?
2
- 4902 Y (Vs +arvs) ® ¥ (Va + ans) A;z]- (87)

The functions Maa: e, Maz . ex @nd X2 . o« Start at O (gz) in perturbation theory.
Eq.(87) shows the nice effect of absorbing — to all orders — non-diagonal
transitions into a redefinition of s? and forms the basis for introducing
renormalization equations in the neutral sector, e.g. the one associated with
the fine-structure constant «. Questions related to gauge-parameter
independence of Dyson re-summation, e.g. in Eq.(86), will not be addressed
here. :
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The QED case

To understand renormalization at the two-loop level we consider first the case
of pure QED where we have

Moen (s, M) = )(s,m) + n®(s, m), (88)

16 256 256 74

where p? = —s and where we have indicated a dependence of the result on
the (bare) electron mass. Suppose that we compute the two-loop contribution
(3 diagrams) in the limit m = 0. The result is

n@(s,0) = — g +0(1), (89)

where n = 4 — e. This is a well-known result which shows the cancellation of
the double ultraviolet pole as well as of any non-local residue. The latter is
related to the fact that the four one-loop diagrams with one-loop counterterms
cancel due to a Ward identity. Let us repeat the calculation with a non-zero
electron mass;

°
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16 w2
where p? = —s and where we have indicated a dependence of the result on
the (bare) electron mass. Suppose that we compute the two-loop contribution
(3 diagrams) in the limit m = 0. The result is

n®(s,0) = - g +0(1), (89)

where n = 4 — e. This is a well-known result which shows the cancellation of
the double ultraviolet pole as well as of any non-local residue. The latter is
related to the fact that the four one-loop diagrams with one-loop counterterms
cancel due to a Ward identity. Let us repeat the calculation with a non-zero
electron mass;

°



after scalarization of the result we consider the ultraviolet divergent parts of
the various diagrams. Collecting all the terms we obtain

1 In5(m)+1
2ﬂ() B(m) -1

Note that the m dependent part is not only finite but also zero in the limit
s — 0; indeed, in the limit s — 0 and with 4?> = m?/s — i § we have
g+1 1

ﬁzzip—z'—u+o(m2), ﬁlnﬁ—l 5z 91)

2
N@(s, m) = —% 4 (1+24 %) +100™ | +oq).

(90)

so that

n@(o,m =~ 2 4 n(o,m). (92)



Eq.(92) is the main ingredient to build our renormalization equation and
contains only bare parameters, in the true spririt of the fitting equations that
express a measurable input, « in this case, as a function of bare parameters,
e and m in this case, and of ultraviolet singularites.

To make a prediction, the running of « in this case, is a different issue: the
scattering of two charged particles is proportional to

2

e
m =e’ [1+f(3)+f2(3)+ ],
() = 1o N(s) + (166?)2 nos)+0(e?). (@9



Renormalization
Renormalization amounts to substituting

e’ =4ra—a’NM(0) + % { [H(”(O)}2 — r|<2’(0)} +O (a4) . (94)

with the following result

672_ Q Lq@ a2 (o) (1)
1—1(s) _4”0‘{1+47THR )+ (77) OO

+19(s) +0 (o)},
nM(s) = N(s) — N™(0). : (95)



If our result has to be ultraviolet finite then the poles in N™(s) should not
depend on the scale s. This is obviously true for the one-loop result but what
is the origin of the scale-dependent extra term in Eq.(90)? One should take
into account that

81 4 1
nosm) = -3¢+ 5['“%””2_”’“ ?EQCJ
20 4 16 m?
BERERE I (%6)

and that m is the bare electron mass. To proceed step-by-step we introduce
a renormalized electron mass which is given by

e? 6 . .
m = mg [1 + 1672 (— - + finite part)]. (97)




If we write m?> = m2 (1 + §) then

2

mg
B(m) = B(Mg) — ﬁ(m s S+0 (62)
Bm)+1  Bme)+1 4 2
In S =1 =" m =1~ Ay O (5 ) (98)

Inserting this expansion into our results we obtain

2 2
ez[ 1 1In%

nQED(SamR):ﬂ__ "5t 12
Ll oimioomiy 1 A(me) 1
3\4 2 s s2 J B(m ) ﬁ(mR)
5,1 1 mé]
36 127" 3s
et 1 1
T 51 52 " 255 M (S me)) ' (99)



showing cancellation of the ultraviolet poles in I'Ig”)(s, mg) with n = 1, 2. Of
course Eq.(97) is not yet a true renormalization equation since the latter
should contain the physical electron mass me and not the intermediate
parameter mg but the relation between the two is ultraviolet finite. All of this is
telling us that a renormalization equation has the structure

1
Pphys = f (? ) pbare) ) (100)

where the residue of the ultraviolet poles must be local. A prediction,

1
0 (g ) pbare) = O(pphys), (101)

gives a finite quantity that can be computed in terms of some input parameter
set.



The SM case

In the full standard model the one-loop result is

1 1 1 1

n® =ni+>" n® + g + niy.. (102)

|

We introduce
M2 2
Xw = 2. X = ﬂ, etc,
s M2
M Bx) +1

Aypy = In In %, Lg(x) =In 103
w=7+Inm+ 2 5(x) B(x)—1 (103)



In the limit s — 0 we have
2
f):(L))s(O) -3 <* T + Auv) ;

4 2 4
nl(l)(o) = § (— z + AU\/) + = 9 + lnX|7

nY) = 20 (— % +Auv) 20 + 1—6 In X +3 4 Xp -

27

First we consider fermion mass renormalization, obtaining

g ﬁ)

mfz :mfZR (1+2 1672 €

with renormalization constants given by

(104)

(105)



fermion mass renormalization

lepton
| 31 1 3
JZmz—EFXH —3§+3+ZXL
2 2 2
+2X—L+6X—B+6X—T—§XH—SXH’1, (106)
XH XH XH 4‘



b quark

LIPS R S (107)
H



t quark

- (108)



Consider the fermionic part of M relative to one fermion generation (11, |, t
and b) and perform fermion mass renormalization; we obtain

now _,no

fer

g AN

ferm ferm»

(109)

where

I‘Ig) = 39—2 (— z + Auv) (In XL —|— |n Xg -|- |n XT)

160 16

l 4
7—27 7—XW(XL+3XB+§XT)+§(1*2XWXL 8XWXL)
_ 4
+3 5 Hoxwx) L (xwxL) + 9 B (XwXs ) Lg(XwXs)

+ 267 0xe) L), )



3 _ 1 _ - _ -
and — ¢ xwXiXg T+ ¢ “xwXeXg T4 26 xwXrXg T 4 3¢ XwXe

- %c’zxwxB + gc’zxwxT — BXw XXX — BXw X XEXG A -
+ 2x2x2x — %x\,z\,xT2 —2x2x3 — 16x\f,xfx,jl). (111)



When we add the two-loop result we obtain

gt
(16 72)

2
g n(l)

o2 Mer > N® = one loop +

+

P

The two residues are given by

11
@_ 11
R™ =~ 256
11 207 9 9
(1) - v -~ —4 1 v -2
R™ = 256 A * 27628 T 54° X~ 128° w
+ 3 X Sx xzx’l+ix Ko — oy x2x L
64WL 16WLH 64WB 16WBH

g4
[R(z) €2+ RW ¢

—1+nﬁn]. (112)



D Xt — XXX Xt XX
* 54 16 VAT T g T 10g T
‘|‘ixw+ix|_+ —==X8 + —5= 13
32 512 1536 1536
+ B (%w)Ls(Xw) (77718 + 634c XuXy 4 %c"‘xvzva
- ic’zxw 9 22 + 3 X x x2x7t + 9 x
32 64~ "W 128"Vt 16”7 WtTH T 12877
- 3xwxzx’lJr I X x x2x71+ix Xt
16 V7B T g™ 1 TR T 3 W
+ 3 = XwXn — 1—3xW + 3 2 — Sx2xlx
128 384 32 WA T g WAL
+ 392xwx5 - ngzvxssz’l + S%XWXT - ngzvxszH’l
+ 9xzx’l-i- 9 2y + = L 2)
16" T e T 16

(114)



Theorem
Therefore mass renormalization has removed

all logarithms in the residue of the simple ultraviolet pole for the
fermionic part

while 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 ghosts

and only one mass is available.



Example

The situation is illustrated in Fig. 3 where the cross denotes insertion of a
counterterm 6Zy; the latter is fixed to remove the ultraviolet pole in the W
self-energy and one easily verifies that the total in the second and third line of
Fig. 3 (¢ and X self-energies, respectively) is not ultraviolet finite.
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The procedure has to be changed if we want to make the result in the
bosonic sector as similar as possible to the one in the fermionic sector. With
this goal in mind we introduce the following counterterms

W, =Z2WE o =2%¢" M, =Z.2M]. (115)

Our solution is to work in a R¢s-gauge where the gauge-fixing term (limited to
the charged sector) is

-t

C
&w

O Wy + §o My, ¢ (116)



We also introduce additional counter-terms for the gauge parameters,
fn=Z5&,  &=2Z. (117)
Our scheme is further specified by imposing the condition

h=8=1 (118)



Dropping from now on the index R for renormalized fields and parameters we
define the counter-Lagrangian to be

2 .
o= 1o [C8 48"+ c8],  ch=ofOjof,  (119)
167

®; being a vector or scalar field. We define §Z factors in the MS-scheme as

Z=1+15=5027, (120)



and obtain

cOMY = [5zw (0% +M2) + 62 MVZV] S + 2825 Py po,
cO% = _ [52¢(p2 FMZ) + M2 (62 + 2525)},
€OL? = (625 — 6Z5)iM,, Py (121)



These counter-terms are used to remove all poles from the transitions in the
charged sector. After including the tadpole contribution and using Eq.(118)

we find

11
62\5 = E,
2 3 4 _ 5 _ _
6Z§:7§+§C 4XHlsz 2+X|_72X|_2XH1
+ 3Xg — B6X2Xyy T 4 3 — BXZXy T + 3/4%u + 3%, 1,
11
(;ZW = ?
0Zy =2+C % —x — 3xs — 3xr,
2 _4 _ _ _
6Zw =-3-3c 4le+gc 2 X+ AT — 3%
+ 12x2x; 1 — 3%y + 12x2x; L — §xH —6x, L. (122)

2



Theorem
An important result follows, namely both

A (743 R A 4 ¥ 4l VP (123)

are ultraviolet finite so that the gauge-fixing term remains unrenormalized.



To continue our derivation we consider the ghost Lagrangian and the
associated counter-terms,

1

Zy; &w

Lq=2ZxXE O =282y ey M2 | X*E. (124
¢ ¢ VMw

To this Lagrangian corresponds an operator

cO% = _ [(5zx —0Z8) (PP + M2) + (62w + 6Z§ + 6Z5) MVZV]. (125)



A simple calculation shows that, with the choice

520 = 2, (126)
6
also the ghost Lagrangian is ultraviolet finite. The correct combination of
mass counterterms is illustrated in Fig. 4. Note that in the MS scheme we
define

g2

z2=14 16

2 1

Note that the two-loop part of I remains unchanged since modifications are

of O (g°) while for I‘Ifi,)S we have to repeat the calculation, working in the new
gauge.



The bare propagators for charged fields in the R¢c gauge are

BN = e [%a-l-;ii;&vjwpu N
Jo 0 2 ety e )

where the last propagator refers to the ghost - ghost transition.



One example will be enough to describe the procedure. Consider the
following integral, corresponding to a ¢ loop in the AA self-energy:

| :/dnq (@P+&M2)((q+p)° + & M)
. (A2 + &w&p M2 )2 ((a + p)? + EwésM2 )2
X (20, +pyu) (290 + pu). (129)

We expand the propagators,

(@ + & My) ™ = (@ + M)~

2
ok M (o M)

(@° +&wEsMZ) K =(@®+M2)

2
— K go e (A2 + 9ZE)ME (07 + M2) ™!+ -+ (130)




and obtain
luy = loduw + 11 PuPy, (131)

with form factors

lo =lo(¢ = 1) +in°g® AlpdZ;,

1n-2 n—1
Alo = 2 ——7 Ao(L,My) — ——= My, Bo(1,1,p*, M. M,,)

1 1

+ 7 == Mi, (0° + M) Bo(1.2,p", M, M,,). (132)

where M,, is the bare W mass. Collecting all diagrams, renormalizing the W
mass and inserting the solution for the renormalization constants we find the

expression for the bosonic, one-loop, AA self-energy:



n % 6-3a
o5 — — + 8x -
p uv w + (133)



Including both components and taking into account the additional contribution

arising from renormalization we finally get residues for the ultraviolet poles
which show the expected properties:

@_ _ 55
RY=—-768
@ 11 1199 131 ., 3 13
RY = To2 2+ 27628 ~ 5012° T 512 T 1536
7
+ 1536 (134)

Eq.(134) shows complete cancellation of poles with a logarithmic residue;

furthermore the two residues in Eq.(134) are scale independent and cancel in
the difference M(p?) — M(0).



Transitions

A final comment concerns the Z -photon transition which is not zero, at

p? = 0, in any gauge where ¢ # 1 even after the 'y re-diagonalization
procedure.

However, in our case, the non-zero result shows up only due to a different
renormalization of the two bare gauge parameters and it is, therefore, of

@) (g“); it can be absorbed into ', which does not modify our result for I
since there are no ';-dependent terms in the AA transition (only '3 appears).



renormalization procedure

One should observe that our procedure is completely equivalent to consider
one-loop diagrams with the insertion of one-loop counterterms and one may
wonder why

we have not included 6Zw, 624, §Zx and also a 0Ze,

arising from charge renormalization and a §Z, from the renormalization of the
photon field.



about counter terms

The argument goes as follows: first we consider the relevant vertices with
counterterms:

AWW = Z,, Z}/*Z, ® Born,
Add =Z421/*Z. ® Born,
AW ¢ = (Zw Zy Za Zu)*/? Ze ® Born,
AXX* =2,2Y?7. ® Born. (135)



Next, we consider the ultraviolet divergent part of the corresponding one-loop
diagrams and obtain:

2
__9° v
VUV — 1671'2 € bl (136)
where
11 11
Vasy = — =3 Oas (P2 +2p1)y + =3 oy (p1+2p2)s

11
+ 3 98y (PL— P2)a
SVAPE — (2 +C % —x — 3% — 3x5) (P1 — P2)as

VX = 2p1a,

3 41 5 _, _x2 x2 x2 3 3
St —ZePo2 el 62 4 = 4 Zx
2 Xu 4C Xu Xu Xu + X + 47"

5
+xL+3xT—|—3xB—§). (137) é

OVEL® =idar M, (



With these results we can prove that

570 + % 524 =0, (138)

i.e. that, like in QED, charge renormalization is only due to vacuum
polarization. Note that the 'y prescription is crucial for proving the Ward
identity of Eq.(138). Consider now the one-loop photon self-energy in our
gauge; for instance, the diagrams with a ghost loop have vertices
proportional to Zy (thanks to Eq.(138)) and ghost propagators given by

A% — 1 Ew

= 2 e (139)

Clearly, §Zx gives no contribution. The same holds for all other diagrams and

for the remaining counterterms, §Z, and 5Zy . In conclusion, in computing 1

we can forget about one-loop diagrams with field and charge counterterms

and only worry about mass renormalization which we do, in some

unconventional way, by expanding the explicit expression for H(l)(s). %



Inclusion of Ayy

In the previous section we have performed renormalization in the MS scheme
and here we proceed by extending the same procedure to the MS scheme.
The counterterms in the two schemes are connected by the simple relation
0gs = — % 0Zus and what we may show that not only the double and single
ultraviolet poles of MN(s) have scale independent, local, residues but also the
terms proportional to powers of Ay, have the same property.



Fermion mass fitting equations

For the complete answer we need fitting equations that relate the bare
masses to the physical ones since the renormalized mass is only an
intermediate parameter which is bound to disappear in the expresion for any
physical observable. For a generic u — d doublet we obtain

h 92
- pnys
Me =M™+ 16 72 i )m:mphys7
2
b2
M ren = M pnys { 1 + 89 ; [= - azh]} (140)

]’T'If2 m=mphys



W mass fitting equations

The relation between renormalized and physical W mass is

gz [Re):ww(_ M\%/ phys) _ 5ZM] }’ (141)

+ 16 72 M2

2 2
IVIW ren = IVIW phys{l
W phys

where the quantity within square brackets is ultraviolet finite by construction
and where
Tww =Y Tow + Zow — 2(Ba + ). (142)

gen



Definitions

Writing a renormalization equation that involves Ge should not be confused
with making a prediction with the muon life-time.

In the following section we present few examples that are relevant in
evaluating Ag (see Eq.(145)) up to two-loops and therefore in contructing
one of our renormalization equations.

— The Lagrangian of the Fermi theory which is relevant for our pourposes
can be written as:

e

Le = Loeo + NG Eumu YA Y e 7 Ve Yres . (143)

where v; = 1 + 9s.



To leading order in G¢ and to all orders in « the muon lifetime takes the form

1 GEm,
T—H_Fo(l+Aq), o= 19023

(144)
The standard model weak corrections to 7, are conventionally parametrized
by the relation

Ge g2
7 = B (1+ Ag). (145)

Our goal will be to derive an explicit expression for Ag so that one can use
Eq.(145) as a relation where on the left hand side there is a quantity whose
value is obtained by experiment and where on the right hand side we have

bare quantities. é




Ther quantity Ag may be written as the sum of various contributions, which
are

Ag = Ag"F + AgY + Ag® + Ag®. (146)

The various terms arise from wave-function renormalization factors, weak
vertices, boxes and the W self-energy. Self-energy corrections always play a
special role and will be dicussed separately, although they are crucial in
establishing gauge parameter independence.



Strategy of the calculation

In the standard model and in the £ = 1 gauge the lowest order amplitude is

2
i 1 - « o «
Mouso = (27)'1 5 e 0(P) 7 7+ U(PL)T(P) 7 71 Vi)

Gr _ a _ a _
~ \/—% U(Pu, ) 7™ 7+ U(Pw) T(Pe) v 74 V(Pre) = M, (147)

where we have introduced Q = p, — pe.



Note that at one loop we have

1_ m g

- 14+2Ag% + AgW 148
7 = 1920 oMz (L T2A9T + AT, (148)

and we have to separate the pure e.m. corrections evaluated in the Fermi
theory to obtain Ag™™). To obtain the amplitude which generates the one-loop
weak correction we consider first

MW 1= MSM 1 Msub;l, (149)

where Msup. 1 IS obtained by

grouping the one-loop SM corrections with one photon line connected to
external fermions and one W line,

by shrinking the W line to a point and by replacing the correspondlng w
propagator with 1/M?.



At the one-loop level and after the substitution g®/(8 M?) — G¢ /+/2 we obtain

Msub;l = MF;l«, (150)

where the latter generates 'y Aq‘Y. In the subtracted amplitude the soft
terms have disappeared and we generate Ag™ with the help of

MPM = lim Msu1, (151)

pi,m; —0

i.e. we only retain the lading part, with vanishing lepton masses and external
momenta, which amounts to neglect corrections of O (Q, mZ/MZ). One-loop
diagrams with no photons only have an hard component and do not need a
subtraction.



Figure: Infrared divergent one-loop box.



This amplitude contains two structures,

Mo=T7" v uTr* vV, M =Ty 7P uTy v % v,
(152)

However, M; is simply related to the current ® current structure as it will be
illustrated by considering the case of the one-loop box with W, v exchange.
We neglect for the moment all coupling constants and write

sub _ ax Jo alp Boa
Mg, == [ o Vv e’

=T(Pv, )7 7+ Y Y7 u(p), 3797% =T(pe) v 47 v 74 v (Pue)-

(153) é

Ja/\,@



After integration we obtain

M = _in?Bo(2,1; 0,0,M)J** 3Are,

box.

It can be shown that

Jo&\ﬁ JB)\a — B(l) Mo,

where BY is obtained with the help of a projection operator,

(154)

(155)



S (JW’ J8re _ g Mo) -0,

spin

P =V(pre) v v+ u(Pu,) U(Pu) 7 7+ u(pe)- (156)

After a straightforward algebraic manipulation one obtains (in the limit
Q? —0)

BW = (n—2)% (157)

which, after multiplication by Bo(2,1; 0,0,M) and in the limitn — 4
reproduces the correct result, proportional to Bo(2,1; 0,0,M) — 1/2.



Alternatively we start from the expression for the v, W box without nullifying
the soft scales,

1 _ .
o q « B
Mbox,yy, = / d dod1do03 U(pv,) v 7+ [*' (d+pu) +n u} 7" u(py)

X T(Pe) 7" [=1 (@ + o) +Me| 1 2 v(puc). (158)



where we introduce

do=0° di=(q+pu)’+ms, do=(q+P)*+M? ds=(q+pe)’+ms,

(159)
(P =Pu)* =P%  (Pu—pe)’ = Q% (160)
A standard decomposition gives
1 _ 1 i1 q-P
dodid2ds ~ P2 4+ M2 [dodldg d1d»ds dodldzdg]' (161)



— The first term in the decomposition (in the limit |P?| < M?) is the QED
vertex in the local Fermi theory that can be computed with standard
techniques;

— The last two terms inside the square bracket of Eq.(161) are finite in the
soft limit so that the extra contribution from the infrared SM box can be
evaluated for m,,, me = 0 and Q% P? = 0.

In this limit only the term with three propagators survives and gives the
well-known result.

With this technique (extracting instead of subtracting) we circumvent the
puzzling procedure of Eq.(151) where the subtracted term is zero in
dimensional regularization. However, the two procedures are totally
equivalent.



If we neglect, for the moment, issues related to gauge parameter
independence it is convenient to define a G constant that is totally process
independent,

2
_ s _ 9 5
so=sior, oo (1), w=X () @
(162)

Alternatively, but always neglecting issues related to gauge parameter
independence, we could resum ds by defyning Gr = Gr /(1 + dg).



In one case we obtain

2 2

_ 9 g -1
G=sme [1 167r2M2):WW(0)] ’
2
Zuw(0) = Z0,(0) + 2 £2,(0),

16 72

where X, is the W self-energy,

(163)



whereas with resummation we get

L T -1
Gr = gm2 [1 167r2M2):WW(0)] '
2
Tuw(0) = Z4(0) + 15— [E5(0) - £, (0)0]. (164)
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Introduction & Motivation Calculation & Techniques Results & Discussion Summary & Conclusion

Calculation & Techniques

2-loop contributions are computed numerically:

m Diagrams: GraEhShot

S. Actis, A. Ferroglia, G. Passarino, M. Passera, C.S., S. Uccirati

Form3 based package for automatic generation and
manipulation of 1- and 2-loop Feynman diagrams:

insert Feynman-rules, perform traces, remove reducible

scalar products, symmetrize integrals, reduction, counter terms,

renormalization,...

m ~ UV-finite integrals classified into:
scalar, vector and tensor type integrals
~+ mapped on form factors

m Form factors are evaluated numerically in parametric space
m Before num. integration: Cancel collinear sing. + Study threshold

For a moment consider H — ~~ without loss of generality

C. Sturm Brookhaven Forum, Terra Incognita: from LHC to Cosmology, November 7th, 2008

Two-loop electroweak corrections to Higgs production and decay at LHC ,BROOKHPVEN G



Generating the Amplitude:

reduction

Generic child topologies of the V# parent topology. The five-line V¢
diagram is obtained by removing one line of the V¥ diagram; the second
line contains the child topologies of V¢ (V*, S and B x B). The third line
contains the topologics S*, B x A and 7, obtained by removing one line
from the diagrams above. The arrows indicate the correspondences between
parent and child topologies.

Recursive Reduction



Generating the Ampitude

Strategy

group diagrams into families, paying attention to permutation of
external legs

P2 P1
P2 P2 P2 P2 -



Rooting

Strategy
mapping onto a standard rooting for loop momenta




Symmetry

Strategy
apply symmetries to identify identical objects

my P1 ms 7]
m m,
) 2 _p 4
m my m mp
5 1
P2 P1

qr— —02—P
02 — -1 —P



List-of-dia grams: all what is needed
TA TB
- —D
sA sc <E <o
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A Selfenergies, vertices and tadpoles

In this section we collect our conventions for the diagrams involved in the paper.

s LD . [1] — @* +
f faradiia e {BDGIER

S g LD L] A
Fo= e Tt o { Cas g

Figure 25: The one-loop sclfenergy and vertex. f is a generic polynomial in the loop momentum g. The dimension

A Uhe apmcetime tare o A e R T e ronorrliaation calo
N
£, oy gy L1 a2) L 2
LS (ars a2)] —@— — Jaramaras LD wien : 2
s -
- L s ¢ ) 1 ai + mi
i e e f(@1.a2 . 2 (@1 — q2)% + m3
I/ (a1, @) —@—  faraaras {000 i [
S5 ry [4] (a= + P)? + m3
. S i .
L. > LB e e S (a1, a2) i S St e
1 Car, aa0) = L [t SR = R YU
s ry — a3 + m3
r 1 i 2e - +
. _ow ity S (s @)
1/ (a5 a2)] - - = L faraaras JSTSTD L e !
|
Figure 26: The irreducible 1 1~ f is a generic polynomial in the loop momenta g1 and ga.
The dirmension of the Space time 18 7 4 ¢ and 1 14 the ronormalisation scalo
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B Properties of projectors .

In this appendix we briefly ize a general based on the work of Ref. [52]. Amplitudes
for two loop 1 > 2 processes are decomposed Into form factors which have Lo be extracted with proper
projection ¢ Tet us tensor, NCpoint functions in 7 (N=bnm—aro

S — £ / ang (&) = (@ +p1+ - ) 2, (234)




Any Feynman diagram G with L internal legs and | loops is representable in n dimensions as

_ (i a2\l n dxg 6 (1 —xg)
o= (ir )r(L_E|>/u"/2(v—io)'-*"'/2’

where T is the Euler gamma-function and where the integration measure can be written as

(165)

(166)



Furthermore, the polynomials V and U are defined by

1

2 2

V=2 mix+ D qixi—U§ Bjj ai - g xix;,
i i ij

U= Z H X =det (Urs), Urs = in Mir Mis » (167)

T €T i

where 7 is the projection of line i along the loop s. Furthermore, T is a co-tree and Bjj are the parametric functions
for the given diagram. Although these functions can be determined completely by the topological structure of the
diagram G we give a practical example of how to construct U and V for the two-loop diagram of Fig. 2

rp+p



After introducing Feynman parameters the integrand contains a factor 1/D4 with

D=

-

Il
1N

X (Q.z + m.z) ) 1 =r1, Ox=r1—"r2, 43 =Tz, dg=Tr2+p, (168)

where s is the independent integration momentum around the loop s, x; are Feynman parameters with >=; x; = 1.
The part of D which is quadratic in ry > will be written as

rUr,  Up =x 4%, Up=Xx+x+x5 Up=Uy=—x. (169)
Next we rewrite Uj; as a sum,
4
Uj =D mimx, (170)
1=1
and derive the coefficients n as

mi1 =M1 =mn32 =na2 =+1, mp=-—1,m3 =mn4 =m2=0. (171)



Furthermore, let U be the determinant of the matrix U;;, thus

U = det (Uij) = X1 Xp34 + X2 X34,

where X | = Xj + X + - - - + X;. Momenta p; will then be defined with py =

change of variables in the r; -integral is then performed:

(172)

p and p; = 0 fori < 4. The following

4 2 2
— X;
-> > ij it ( ) =rf - Z:; x4pH mar (U 1)11 =1 —x Uz pH. (173)

j=1 t=1

Similarly we change variable also in the r-integral,

4 2
B o3 S el (U1, =t x 2

j=1r=1

X
12 pH (174)



We derive the following result:

4
in (qiz+mi2) —»rtUr+V,
i=1

which defines the polynomial V as
4
i=1

After a diagonalization of the symmetric matrix U,

-1
Z(A )i’ Uirjr A i = Ui Gij s

we perform a change of variables with unit Jacobian, s; = Zj Aij T, and use

/. |Ijl ds; [IZIZ UiSiz +V}7NL = / II—[ ds; ds; [Ulsf

i=2

_ I (N, 2)
=iz"2y 1"/2 (N —n/2) /Hds, ZUS +v}"/2 M et

r(Np)

1
2 2 2.2
:g Xj M + X4 P —Ux12x4p.

|
+3ust+v

2

™

(175)

(176)

177)

(178)



to obtain the result of Eq.(165). Note that UV-singularities come from U. We also define
V2 2 2
V=U Xm0 af x| =0 Byai-gixx
i i ij

and obtain

dxg 6 (1—
G:(iw"/2)|F<Lfﬂl>/ %6 9 XG)L -
2 un/2+1)1-L (Vfio) -n/

(179)

(180)



All-y ou-can-do-anal ytic

rule-of-the-game
Adelante Numerics, cum judicio

uv

e UV poles, of course

e beware, overlapping
divergencies

upshot
Cancellations, if any, enforced analytically



All-y ou-can-do-anal ytic

rule-of-the-game
Adelante Numerics, cum judicio

uv IR/Coll
e UV poles, of course ¢ IR poles, of course
e beware, overlapping e Collinear logs, of course

divergencies

upshot
Cancellations, if any, enforced analytically



Collinear

Example
double divergency ~» double subtraction

1 1 1 1
dxd = [ dxd
/0 Y XyACY) + AB(xy) /0 y{xyA(x,y) OBy
1 1
xyA(x,0) + AB(x,0) )+ T YAQY) + AB(0) ’+

1
xyA(0,0) + \B(0,0) } A0

e Firstterm — setA=0 '
e Second (third) term — integrate in y(x) ~ In A %
e Lastterm — integrate inx andy ~> In? \




Extracting Collinear diver gencies

Theorem
Coefficients of collinear logarithms are integrals of one-loop
functions

P2 P2
Ms M4 m2 1 Ms
P = In ?/dy —P m, + finite part
- . 0 :

..oo'm
mos (1y)py Ms
% p1 yp1



Extracting Collinear diver gencies

Example
Sometimes the answer is explicit

P2
o M m?  m? s m2  m?
I VI — Iy (—) n™
S i S s 2\Mm2 +< s s>
me . /'S s
el [”3 (z) + 252 (jg2)

M2

. /'S o
—In o Li, <W> } + finite part %



General results |

Coll. behavior of
arbitrary two-loop
g -scalar, UV-finite
diagrams

+ coll. fin.




General results I
Generalization to
tensor integrals

X
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General results Il
w=—P2/M? |, =
In(1 — w) P2

m JJJJJ\‘
Vi = [PM?+2P%q1-p1—4(qyp1)?] % ,
m _L"\,LL

1 1 .
= 2(1—%IW>LL’ +2{1+%Iw (Iw—l)—l—ng(w)] (L+L)

P2 +2zp:1

- 2/ldz [(1-z)P?L+ (P?+2q-p2)L]




Extracting Ultraviolet diver gencies

me 2 [1]=q2+m?
V' — P 1 d"g; d"qz [2]=(grq§)2+m§
— my — _4 ’ [3] =Qq;+m
O = WRIEIAE  GE.

P1 X [5] = (02+P)?+mZ

1
— Ce /odx /dss(Y1aYZ,Y3) [X (1 — X)]—E/Z (l . yl)e/z_lv—l—e

The single pole can always be expressed in terms of 1L.

| m2 L m32 _p Mg 2 .
V' = {} X m, + finite part
m3 P1
2



Checks

Off-shell WSTIs involving special sources; contracted sources
— black circles, physical ones — gray boxes



Tasting numerical evaluation

Finite parts

Write the finite part of a FD in one of the following forms:
@ | dx Vg) V(x) > 0;
@ [dxQ(x) In"V(x);
© Jax 9 (¥)  £(x) = IN"(1+X). Lin(x). Snp(x)

Typical integrand with k Feynman variab les:

z/t 2V M(zy, . z) NV (2e, L 24,
p=-1-2, {Z} c [Ovllk

V quadratic with respect to a subset of {z} in which each z? is
proportional to one squared external momentum.

°



bite-and-run strategy |
Multiv ariate Polylogs

e V is not complete
e y=—1and m =0 (m > 0 similar)

1 1 a
ax+b_ Xa In(1+BX>
e y=—2and m =0 (m > 0 similar)
1 axay

(axy +tbx+cy+d)2  ad-bc

« {1y (@d_bo)x
b (axy +bx +cy +d)




bite-and-run strategy Il

Multiv ariate PolyLogs

e V is complete

V(z) = z'Hz+2K'z+L=(z' -ZYH(z-Z)+B

= Q(z) +B,
Z = —K'H !, B=L-K'HK,
P'9,Q(z) = —Q(z). P=—(z—-2)/2,
1
Vi) = (3-7'3) [dyy' @y 8"

1o (g 1 Q
eg.V = (1 P‘@Z)Q|n<1+8>



Around threshold

ANNA
VVWW.

H

YU




Singularities

e FD have a complicated analytical structure

¢ A frequently encountered singular behavior is associated
with the so-called normal thresholds: the leading Landau
singularities of self-energy-like diagrams

e which can appear, in more complicated diagrams, as
sub-leading singularities.



1/ -behavior

- m — —

LT

\_/

X ﬁ:
reg. part

+ <atﬁ 0



Origin of 1/

¢ (1-loop diagrams) ® (H wave-function FR)

W o
H O H

e (1-loop diagrams) ® (W mass FR)

7
W
W( ) H
X mmen W
W "

e Pure 2-loop diagrams



Logarithmic singularities

Remnant of
— Coulomb —
singularity




Cure for logarithmic singularities

Comple x W Mass
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Solutions

RM scheme - none

e where masses are the real on-shell ones; it gives the
extension of the generalized minimal subtraction scheme
up to two loop level.

e start by removing the Relabel in those terms that, coming
from finite renormalization, violate WSTIs.

o split the amplitude

Asri .
ANO = 3 % +AcosIn (3 —10) + Arem
i=w,z ™



Solutions

RM scheme - none

e where masses are the real on-shell ones; it gives the
extension of the generalized minimal subtraction scheme
up to two loop level.

MCM scheme - minimal

e start by removing the Relabel in those terms that, coming
from finite renormalization, violate WSTIs.

o split the amplitude

Asri .
ANO = 3 % +AcosIn (3 —10) + Arem
i=w,z ™



Solutions

MCM scheme - minimal

o After proving that all coefficients, gauge-parameter
independent by construction, satisfy the WST identities, we
minimally modify the amplitude introducing the
complex-mass scheme of for the divergent terms.

GeM )
1+ oo 2Rez (M2)

m? = M? =

GeSsw

me = s {1+2\/, 22(1(3)}



Solutions

pitfalls
A nice feature of the MCM scheme is its simplicity

MCM scheme - minimal

e The MCM, however, does not deal with cusps associated
with the crossing of normal thresholds.

e The large and artificial effects arising around normal
thresholds in the MCM scheme (or in RM scheme) are
aesthetically unattractive.

¢ In addition, they represent a concrete problem in assessing %
the impact of two-loop EW corrections on processes
relevant for the LHC.



Solutions

pitfalls
A nice feature of the MCM scheme is its simplicity

MCM scheme - minimal

e The MCM, however, does not deal with cusps associated
with the crossing of normal thresholds.

MCM scheme - minimal

e The large and artificial effects arising around normal
thresholds in the MCM scheme (or in RM scheme) are
aesthetically unattractive.

¢ In addition, they represent a concrete problem in assessing %
the impact of two-loop EW corrections on processes
relevant for the LHC.



Solutions

CM scheme - complete

e The procedure described for the divergent terms has been
extended to the remainder Argm. In particular, all two-loop
diagrams have been computed with complex masses for
the internal vector bosons.

e In the full CM setup, the real parts of the W and Z
self-energies induced by one-loop renormalization of the
masses and the couplings have to be traded for the é
associated complex expressions.



Solutions

CM scheme - complete

e The procedure described for the divergent terms has been
extended to the remainder Argm. In particular, all two-loop
diagrams have been computed with complex masses for
the internal vector bosons.

CM scheme - complete

e In the full CM setup, the real parts of the W and Z
self-energies induced by one-loop renormalization of the
masses and the couplings have to be traded for the é
associated complex expressions.



EW on gluon-gluon fusion

S gLt
[ WW 77 it
6/~\ 75Ew,total
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EW on decay (77)
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Corrections to gg — H Method for NLO EW Threshold behaviour Results Conclusions

Threshold behaviour for H — ~~

Comparison of EW corrections to H — ~+ around the WW threshold,
obtained using different schemes for treating unstable particles

WW

Vq

\&

5 [%]
X

real masses
— MCM (div.)
— CM (all)

-8

| | | | | | | | |
0 152 154 156 158 160 162 164 166 168 170
M, [GeV]

e Result obtained with real masses divergent at WW ; good approx. below;
completely off above threshold, since no cancellation mechanism occurs

e Result in MCM setup finite, shows cusp; result in CM setup is smooth

e At threshold, result in MCM setup — 3.5%; result in CM setup — 2.7%
= prediction at the % level requires complete CMS implementation

1
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EW on K-factor s - uncer tainty

We introduce two options for including NLO electroweak
corrections

e CF (Complete Factorization):
o Gij — o (1 + 5EW(M§)) Giji
e PF (Partial Factorization):

o Gy — o (G + 02(1)0eu(M) G| .

Can we do it better? Babis, Radja and Frank say yes
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EW on K-factor s - LHC
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Result:
The hadronic process pp — H + X

m Use Fortran program HiggsNNLO by M. Grazzini
m K-factor: Ratio cross section with higher orders over LO result

2.7

\s=14TeV  MRST2002
2.6

K factor

1. NNLO QCD
——— NNLOQCD + NLOEW

18 L L L L L L L
100 150 200 250 300 350 400 450 500
M, [GeV]

m Uncertainty band: Variation of ugr, ur, PF, CF
m Central value for cross section is shifted by 2-5% (v, = 120 Gev)
C. Sturm Brookhaven Forum, Terra Incognita: from LHC to Cosmology, November 7th, 2008

Two-loop electroweak corrections to Higgs production and decay at LHC BROOKHPAVEN 1]
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EW on K-factor s - Tevatron
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Corrections to gg — H

Method for NLO EW

Threshold behaviour

NLO EW corrections at the Tevatron

K factor

Results

Impact of NLO EW effects at Tevatron Il, /s = 1.96 TeV,
100 GeV < My < 200 GeV (using HIGGSNNLO, by M.Grazzini)

4 F
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28 |

MRST 2002

f_IQKIV B
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Conclusions

My [GeV] | dcr[%] | dpr [%]
120 +4.9 +1.6
140 +5.7 +1.8
160 +4.8 +1.5
180 +0.5 +0.1
200 -2.1 —-0.6

e Uncertainty band shows stronger sensitivity on the Higgs mass, once

NLO EW effects are included

e Impact of NLO EW corrections smaller respect to NNLL resummation

Cat ani, de Fl ori an, Grazzi ni

, Nason’ 03 (+12 % for My = 120 GeV)

e 95 9% CL exclusion of a SM Higgs for My = 170 GeV, % effects relevant;

CM result employed by Anast asi ou, Boughezal

prediction o is 7 — 10% larger than o used by TEVNPH WG

,Petriello’ 08,



Corrections to gg — H Method for NLO EW

NLO EW corrections at the LHC

K factor

Impact of NLO EW effects at LHC, /s = 14 TeV,
100 GeV < My < 500 GeV (using HIGGSNNLO, by M.Grazzini)

2.6 | —— NNLOQeD
—— NNLOQCD +NLOEW

MRST 2002

pp=H | X F=14TeV

. . . . . . .
100 150 200 250 300 350 400 450 500
My [GeV]

Threshold behaviour Results Conclusions
My [GeV] | dcr [%] | der [%]
120 +4.9 +2.4
150 +5.9 +2.8
200 -2.1 -1.0
310 —-1.7 -0.9
410 -0.8 -0.8

e Uncertainty band shows stronger sensitivity on the Higgs mass, once

NLO EW effects are included

e WW and tt thresholds visible, but smooth having introduced

everywhere CMs

e Impact of NLO EW corrections comparable to that of NNLL
resummation Cat ani , de Fl ori an, G azzi ni, Nason’ 03 (+6 % for
My = 120 GeV); for large My NLO EW corrections turn negative,
screening effect with NNLL resummation
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