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Abstract

The amplitude for Higgs decay to two photons is calculated in renormalizable and unitary gauges using dimen-
sional regularization at intermediate steps. The result is finite, gauge independent, and in agreement with previously
published results. The large Higgs mass limit is examined using the Goldstone-boson equivalence theorem as a check
on the use of dimensional regularization and to explain the absence of decoupling.



1 Introduction

One of the primary ways to search for the Higgs boson at the CERN Large Hadron Collider is via its decay to two
photons. That decay is induced by quantum loop corrections involving the W boson and fermions, primarily the top
quark. The gauge invariant decay amplitude is given by
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M = F(ky - kog"” — Kbk )en (k1) (k2) (1)
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where F includes contributions from W loops and fermion loops:

F = Fw(Bw) + Y N.Q}Fy(By) (2)
n

and N, is a color factor (N. =1 for leptons, N. = 3 for quarks),

4m? 4m?«
Bw = m%V, By = e, (3)
with

Fw(B) = 2+33+38(2-28)f(B) (4)
Fr(B) = =281+ (1-p)f(B) (5)

where

arcsin?(877) for f>1
= 2

18 { —% {ln i@ —am for <1 (6)

The value of Fyy in the limit of small Higgs mass was first calculated by Ellis et al. [1] and found to have a
numerical value of 7. The general result for arbitrary my was later calculated by Shifman et al. in 't Hooft-Feynman
linear and non-linear gauges [2]. This result agrees with Ref. [1] in the small Higgs mass limit. It leads to the predicted
decay rate:
2y Cr 7
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That prediction not only tests the Standard Model, but also provides a test of additional “New Physics” effects that
might contribute at the loop level and modify the decay rate.

A recent pair of papers [3, 4] has questioned the correctness of the W loop contribution to H — 7 and the validity
of dimensional regularization. These papers disagree with the results in Refs. [1, 2]. For this reason it is timely to
revisit the calculation of this process and to settle the issue of the correct expression for the decay amplitude. We also
discuss the use of dimensional regularization, and the behavior of the amplitude in the limit that the Higgs boson is
much heavier than the loop particles.

T(H = 77) = |FP? (

2 Unitary gauge

We begin by calculating the diagrams in Fig. 1 in unitary gauge [5] using dimensional regularization [6]. To the best
of our knowledge, this is a new calculation; we present the details in Appendix A. Although the unitary gauge is often
avoided in W boson loop calculations because of the large amount of algebra and high degree of ultraviolet divergences
encountered, the use of modern computing algorithms and dimensional regularization make such calculations relatively
straightforward. The advantage of the unitary gauge is that it involves only physical particles and avoids ghost and
Goldstone boson loops. Hence the number of Feynman diagrams is minimal. We find the standard result (given in

Eq. (4)), ,
eg

M= (47)2my

2+38+38(2—B)f(B)] (k1 kag"” — k5 kY )€ (k1)ey (K2) (8)
where 3 = 4m¥,/m?%. This result agrees with Refs. [1, 2]. The use of dimensional regularization ensures a result
that respects electromagnetic gauge invariance; that is, the amplitude vanishes if either photon polarization vector is
replaced by its four-momentum.
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Figure 1: Feynman diagrams for H — ~+ in unitary gauge.

3 Renormalizable gauge

We repeat the calculation, this time in renormalizable gauges [7] (Re gauge, for arbitrary &), again using dimensional
regularization. There are many more diagrams than in unitary gauge, as shown in Fig. 2. To the best of our knowledge,
this calculation has been performed previously only in 't Hooft-Feynman gauge (£ = 1), first in Ref. [1] in the limit of
a light Higgs boson (see also Ref. [8] for non-linear gauge), and later in Ref. [2] for arbitrary Higgs mass.

SANANANNAN Y
(e)
p SN )
//// I
- |
H------ < |
\\\ :
DAVAVAVAVAVAVE
) (g) h)
p
7 e
ST Py ;
/’ N /
\ :
H----- ! H----- :
\
/
\\ 4 .
S - 7 T AARANANNNAN Y
(i) 0

Figure 2: Feynman diagrams for H — 77 in the R¢ gauge. Diagrams that can be obtained by exchanging the two
photons and by charge conjugation are omitted. Instead, we include a factor of 2 in diagrams (a,f,g,h) and a factor
of 4 in diagrams (c,d,e,j) to include the contributions from these diagrams. Diagram (j) also contains a factor of —1
from the ghost loop.

We present the details in Appendix B. The contribution from loops of Goldstone bosons is

2
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The &-dependent term is cancelled by contributions from other diagrams. The first term in the brackets is responsible
for the first term in Eq. (8) of the complete result. This term, which survives in the limit 8 — 0, will be discussed in a
later section. The remaining diagrams in Fig. 2, together with the Goldstone boson loop diagrams, yield the standard
result given in Eq. (8).

4 Dimensional Regularization

Our calculations confirm the standard result for the amplitude for Higgs decay to two photons via a W boson loop
given in Eq. (8). The difference between the standard result and the result in Refs. [3, 4] is traced back to a certain
integral,
g, — 40,0
Lo,(n)= [ d¥ 2 __~—H*¥_ 10
o () / (2 — M2 +ic)® (10)

Refs. [3, 4] shun dimensional regularization, and therefore set n = 4 throughout their calculation. They argue
that symmetric integration implies that the numerator of the above integral vanishes, and, therefore, conclude that
I.,(4)=0.

The flaw in this argument is that there is a cancellation between two integrals, each of which is ultraviolet divergent,
so a regulator is needed to make sense of the calculation. Dimensional regularization provides a regulator which respects
gauge invariance [6], so it is ideal for such a calculation. Evaluating the integral using dimensional regularization yields

imn/2 n 1 \2 /2
Tul) = =5 T(3-3) (3) o 1)

which is finite and unambiguous for n = 4,

;2
i
L, (4) = _TQW (12)
Refs. [3, 4] state that the integral is defined only for n < 4, but Eq. (11) shows that it is defined in the neighborhood
of n = 4. There are poles at n = 6,8, ..., but the integral is finite and unambiguous in the neighborhood of n = 4.

It is incorrect to set this integral to zero for n = 4 as is done in Refs. [3, 4]. This is the reason electromagnetic
gauge invariance is lost at intermediate steps in that calculation.

5 Decoupling

The standard electroweak theory has only one fundamental mass scale, the Higgs vacuum expectation value v ~ 246
GeV (or, equivalently, G = 1/(v/2v?)). In addition, there are a variety of dimensionless couplings, such as the weak
gauge coupling g, Yukawa couplings y, and the Higgs self-interaction A. The various particles acquire their mass via
their coupling to the Higgs vacuum expectation value: mw ~ gv, my ~ yv, myg ~ Vv Av. An amplitude may vanish
if one of these dimensionless couplings is set to zero. This is sometimes called decoupling, although decoupling has
another, deeper meaning in quantum field theory, as we discuss below.

For example, consider the amplitude for the Higgs boson to decay to a pair of heavy fermions at tree level via the
coupling shown in Fig. 3. The amplitude for this process is proportional to ymy. Consider the limit of a Higgs boson
much heavier than the fermion, my/mpg — 0. This limit corresponds to y/ VA — 0, that is, the limit of vanishing
Yukawa coupling. The decay amplitude clearly vanishes in this limit. The decay of a Higgs to two photons via a heavy
fermion loop inherits this decoupling behavior from the tree-level process, as evidenced by the vanishing of Eq. (5) in
the limit 8 — 0.

In contrast, consider the amplitude for the Higgs boson to decay to a pair of W bosons via the coupling shown
in Fig. 3. Consider the limit of a Higgs boson much heavier than the W boson, my /mpg ~ g/\/X — 0. This is the
limit of vanishing gauge coupling. One might expect the Higgs to decouple from the W bosons in this limit. However,
the polarization vector of a longitudinal (zero helicity) W boson in this limit is approximately e(p) ~ p*/mw, so
the amplitude for Higgs decay to a pair of longitudinal W bosons is proportional to gmwpi - p2/m3, ~ m? /v. This
amplitude does not decouple. Hence the decay of a Higgs to two photons via a W loop also does not decouple, as
evidenced by the first term in brackets in Eq. (8).

The discussion above has nothing to do with the Appelquist-Carazzone decoupling theorem [9], which is deeper
than taking the limit of vanishing coupling. This theorem states that the effects of heavy particles on light particles is
contained in an unobservable renormalization of the light-particle couplings, plus observable effects that decrease like
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Figure 3: Feynman rules for the Higgs coupling to fermions and W bosons.

an inverse power of the heavy particle mass. The heavy particle does not have vanishing coupling to the light particles
as its mass is taken to infinity. Refs. [3, 4] misconstrue the Appelquist-Carazzone decoupling theorem.

6 Goldstone-Boson Equivalence Theorem

A nice check of the large Higgs mass limit of the W loop contribution to H — v is provided by the Goldstone-
boson equivalence theorem [10, 11, 12]. This theorem states that at high energies (s > m¥,) S-matrix amplitudes
involving external longitudinal components of W* and Z bosons are equivalent up to O(my/1/5) to the corresponding
amplitudes in the Higgs-Goldstone scalar theory with Goldstone bosons replacing Wf and Z;. A nice feature of
replacing longitudinal gauge bosons with scalar Goldstone bosons is the ease of calculations.

Application of the Goldstone boson equivalence theorem to quantum loops was initiated in Ref. [13] where the
radiative corrections to H — WTW~ and H — ZZ were computed in the large Higgs mass limit employing the
Higgs-Goldstone scalar theory in the Landau gauge. In that gauge, gauge boson-scalar mixing is avoided and the
Goldstone boson propagators have zero mass.

For H — v+, relatively few Feynman rules are required in the Higgs-Goldstone boson scalar theory. They are given
in Fig. 4.
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Figure 4: Feynman rules for Higgs and Goldstone bosons in Landau gauge.

Employing those Feynman rules and combining the amplitudes in Fig. 5, one finds

eZ2gm? d*k k2ghv — AkMEY
Heu(kl)el,(kg)/ 17212 7 .

Map =1 (13)
Although the integral is finite, it contains canceling ultraviolet divergences. To avoid any ambiguity in the finite
part, one must be certain that electromagnetic gauge invariance is preserved. To do that requires a regulator, such as
dimensional regularization, which maintains the symmetry.
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Figure 5: Feynman diagrams for H — ~~ from Goldstone boson loops.

To proceed further, we combine the propagators in Eq. (13) using Feynman parameters and obtain

Mep = ie?g%eu(kl)eu(kz)/ol 2ydy/01 dw/ %% (14)

where
N () = 2gh” — 40" — 2ky - koy®z(1 — 2)g"" + kS kY y? 2 (1 — ) (15)
A= —miye(l - x) (16)

At this point, if one applies 4 dimensional symmetric integration to the first two terms in Eq. (15), they appear to
exactly cancel and one is left with an amplitude that is proportional to 3k - kag"” — ki kb rather than ki - kog” — kY kj
as required by electromagnetic gauge invariance. Clearly, the g"¥ term is problematic. One could merely accept the
correctness of the kYkb coefficient and adjust the g"” term accordingly. That would operationally work here, but it
would not in the unitary gauge. There, because of the high degree of divergence encountered, the coefficient of both
the g" and kYk} terms are ambiguous without the use of dimensional regularization. Consider, for example, the
integral Mi132 (and Mszi32) in Ref. [4], which can be written as

i2e? e [t lma 0?2gB — 40208
Mgz = _g —4/ dOél/ dovy J 3
mw (27T) 0 0 [62 — m%,v + 20[10[2(]{31 . kg)]

% (kragan — kingan) (k259> — k3 9s0) (17)

This integral contributes to both the ¢g"” and kYk% terms, and it is ambiguous without the use of dimensional regu-
larization. This is one of the integrals that contributes to the amplitude in the limit g — 0.
If instead of using 4 dimensional symmetric integration in Eq. (15), we employ dimensional regularization, with

d*e are
@) — o (18)
and 4
4007 — #29””, (19)
we find
Map = %eu(kl)ﬁu(kz)(g‘“’kl'k2—/€g/€lf)h(n) (20)
™) mw
2(n _ _n _m2 52
h(n) = = (QF(:)_F1§3 2)( 47TH) 21
h4) = 2 (22)

The amplitude is gauge invariant for all n and continuous at n = 4. In the n = 4 and large Higgs mass limit (8 — 0),
it confirms the result in Eq. (8) and the non-decoupling of the W loop. It also confirms the result, given in Eq. (9), for
the contribution from Goldstone boson loops in Laudau gauge (R gauge for £ = 0), as well as a similar calculation in
Ref. [14]. Dimensional regularization played a crucial role in preserving electromagnetic gauge invariance and providing



a unique Standard Model result. This is a specific example of the general comments on dimensional regularization
made in Section 4.

This calculation gives us yet another way to understand the non-decoupling of the W loop contribution to H — ~y~
in the limit ¢ — 0. Due to the Higgs coupling to Goldstone bosons shown in Fig. 4, the amplitude is proportional to
Av, which does not vanish in the limit g — 0.

7 Conclusions

We have calculated the W boson loop contribution to Higgs decay into two photons in the unitary and renormalizable
(R¢) gauges of the Standard Model. Using dimensional regularization, we were able to preserve electromagnetic gauge
invariance throughout the calculations and confirm the classic results of Refs. [1, 2]. In so doing, our results can also
be viewed as a test of dimensional regularization, a technique that has been applied to many electroweak and QCD
calculations. Its success here provides a further validation of that important prescription.

Using the Goldstone boson equivalence theorem, we were able to provide an additional check of the large Higgs
mass limit of our calculation in a computationally simple manner. That approach illustrated how and why a naive
interpretation of decoupling fails and further demonstrates the utility of dimensional regularization in maintaining
electromagnetic gauge invariance.

Having confirmed the validity of Refs. [1, 2] and its unique Standard Model prediction for the Higgs to two photon
decay rate, we anxiously await discovery of the Higgs scalar particle and experimental test of its two photon branching
ratio.

While this work was being written up, a preprint by the authors of Ref. [2] appeared [15]. It also criticizes the
claims in Refs.[3, 4] and discusses the Goldstone boson equivalence theorem and non-decoupling. In another preprint
[16], a different gauge invariant regulator is used to arrive at the same gauge invariant result as ours.

After this work was submitted for publication, a preprint by F. Jegerlehner [17] was posted, which reaches con-
clusions in agreement with ours. In addition, we received a private communication by R. Jackiw, in which he gives a
general discussion of finite loop ambiguities in quantum field theories and the need to resolve them by physics input
or symmetry considerations [18]. As we have shown, for the H — 7+ amplitude under consideration, the requirement
of electromagnetic gauge invariance resolves any ambiguity and leads to a unique finite result.
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A Unitary Gauge

In the unitary gauge, ghosts and Goldstone bosons are absent. There are two W loop diagrams for the decay, shown
in Fig. 1. Another diagram can be obtained by exchanging the two photons in the first diagram. Since it gives the
same amplitude, we simply include a factor of 2 in the following calculation.

The momenta of the particles are labeled in Fig. 1; k1 and ko are the momenta of the photons, so

B=k=0, (23)

and
eu(kr)ky = e (k2)ky =0, (24)

since we are dealing with real photons. The four momentum of the Higgs particle is k1 + k2, so
2(k1 : kg) = m?{ (25)

where my is the mass of the Higgs boson.
It is straightforward to write down the amplitude. After some algebra, the total amplitude is

dn
iM = /# (IMagh + iMaophp” + iMspkY + iMaklp” +iMskLRY) e, (ke (ko) (26)



where

iMy = — 2629 1
miy, (P2 —mi)[(p — k1)? = mi|[(p — k1 — k2)? — miy|
X {2(p - k1)* = 2(p- k1) (p - k) +2(p* = 3miy) (p - k1) (p - k2)
=3(p” —miy)(p- k1)* + (0° — mip)(p - k2)* + [(0* — miy)® +2(1 = n)miy] (p- k1)
—(p? = miy)*(p - k2) + miy [((n — Dmi, +m3y) (0° — miy) + 4mmi] } (27)
) 4e?g m? +2(n — 1)m3,
Mo = =)= k) — ] — ki = ko) — 3] 2%)
iMsg = ¢ g 1
v (P2 = mip)[(p — k1) = mip][(p — k1 — k2)? — miy]
[( )2 = 3(p* = 3miy)(p- k1) — (0° + Tmiy) (p - k2) — 5p°miy
+2(p-k1)(p- ka2) + 2(p - k1)* — 4(2n — 3)miy | (29)
My = — e2g 1
miy (P2 —m)[(p — k1)? —my][(p — k1 — k2)? — mjy ]
x [(* = miy)(* — 4miy) — (3p® — 17miy ) (p - k1) — (p* — miy ) (p - k2)
+2(p - k1) (p - ko) +2(p - k1)?] (30)
iMs :4629 p? + 3m%v (31)

mw (p* —miy)[(p — k1)> = miy][(p — k1 — k2)> — miy ]

We rewrite M7, M3 and M, as:

Z,M1:2629 {_2p-(k1—k2)+m%1_ mi, _2p- (k1 = ko) —m —4miy,
myy, 4(p? — miy) (p — k1)? — miy A[(p — k1 — k2)? — miy]

_4(m%{ +2m2, ) (p- ko) — 4(1 — n)ymf, — m¥y

Ap? —miy) [(p — k1 — k2)? — miy]

B 4m3miy, (32)
®? = miy) [(p — k1)? —miy] [(p — by — k2)? — miy]
My = e%g { 1 N 1 N 4m?,
miy [2(0% —miy)  2[(p— ki — k2)? —miy] (0% —miy) [(p — k1) — miy]
smi + Tmi, N amiy, [2(1 — n)mE, — m¥] (33)
WP (=R — k)2 =m0 —m) [(p— k1)? = m ][0 — k1 — k2)? — m]
My — e%g {_ 1 3 1 3 4m?,
w207 —mE) 2=k — ke =m0 — k)2 —mE (o — k= k2)? = md,]
Im2 4+ 7m?
+ 2 H i (34)

(p? —miy) [(p = k1 — k2)* — miy ]

The integral M; — M5 can be expanded using Passarino-Veltman integrals [19]. These integrals can further be reduced



to the scalar integrals Ag, By and Cy. The results are

d"p , e’g
—(m¥ + 6miy) Bo(miy, miy, miy)] g™ (35)
d"p o e’g 2 2 2 2 2
WMZP D m [((m3 + 6miy) (1+ Bo(mi, miy, miy)
+2miy Co(m, 0,0, miy, miy, miy)) (mpgh” — 2k5'kY) — 4miym gh”
dnp y 62
Wy
+ (96mév + Qm%Vm?{ - m%l) Bo(m%, m%,v, m%,v)} kb kY (37)
d” e?
/ (27r§)" Myksp? = W [16m‘2,[, — 184¢(miy) + (m3 + 14m%V)B0(m§{,m‘2,V,m‘2,V)] kS kY
w
(38)
d’p v 629 2 2 2 2 2 2 2 v
WM5/€2 kY = M [430(0, miyy, miyy) + 16my,Co(miy, 0,0, miy, miy, mw)} k5 ky
(39)
Using Bo(0,z,z) = Ag(x)/x — 1, these add up to
629 1 2 2 2 2 2 2 2 2 2
M = Wm [mH + 6miy — 6myy (my — 2mW)Co(mH,O,O,mW,mW,mW)]
H
x (mE g™ — 2k kY) en(kr)ey (k2) (40)
The expression for the Cj function is known to be
-2 4m?
2 2 2 2\ _ w
Co(m¥y, 0,0, miy, my, miy) = m—%{f ( w2, ) (41)
where .
arcsin®(3~2) for f>1
= 2 42
18 —% [ln im% - iw] for <1 (42)
The final result is
2
€ v v
M= m [2 +38+3(28 - 52)10(5)} (k1 - k2)gh” — kgkl] Eu(kl)eu(]@) (43)
where
4m?
B=—F (44)
mi
B R¢ Gauge

In the R gauge, the number of diagrams increases, because Goldstone bosons and ghosts enter at one loop. We show
the diagrams in Fig. 2.
To simplify the calculation, we divide the W boson propagator into two parts

—l v q"'q” —i el - q"q”
72<g# _(1_5) ) 3 (g# ) >+ 3 (45)

2 2 2 2 2 2
q= — myy q° — Emiy q° — myy, my, q* — Emiy, myy

The first term on the right-hand side is a propagator in the unitary gauge. The second term has a ¢* — {ém; in the
denominator, and thus can be combined with Goldstone boson and ghost propagators that appear in other diagrams,
to simplify the calculation.



Using this method, the diagrams with W propagators are divided into several parts. For example, the diagram in
Fig. 2(a) has 8 pieces. We denote them by M,;;, where i, j, k = 1,2 according to which term on the right-hand side of
Eq. (45) the W-propagator takes.

My = M1 + Miiz + Migr + Marr + Miss + Maia + Mooy + Moz (46)
with
PaPy (p—k1)x(p—Fk1)p (p—k1—k2)s(p—ki1—ks)s
d"p Jay — 5 Grp — 3z Y& — poos:)
= o1/ aBY8Appur w W 2 ke (k 47
Mlll / (277')" p2 _ mIQ/V (p _ k1)2 _ m%}v (p — kl — k2)2 — mIQ/V EP‘( 1)6 ( 2) ( )
dn g, N = po‘g)’Y g)\p _ (pfkl)xz(P*kl)p (p7k17k2)5gp7k17k2)5
p aByorpur 2 m, m3, m2,
= oy BV App ke (k 48
Miia / (2r)n pP?—mi,  (p—k)2—m}, (p—ki—k2)?—Em, en(kr)ev(k2) (48)
papy  (P=krp—k1)p (p—k1—ks)s(p—k1—ks)s
d"p Goy = oz T2 968 — m2
— | L oy aBvdrpur w (1% 2 ke 19
Mi2 /(27T)n pP—miyy (p—k)?—E&miy  (p— k1 —k2)? —miy eu(kr)ew (k) (49)
PaP~y (p—k1)x(p—k1), (p—k1—k2)s(p—k1—k2) 3
d"p . 9T Tz 958 — 25
= o1/ By Appr w Z 2 ko)e (k 0
Mo / (2m)n p2—ém, (p—k1)%—m, . p——" €u(k1)ey (ko) (50)
dqr Paby (p_kl))\gp_kl)p (;D*klfkg)(;gpfklsz)ﬁ
p aBfySrpur ™ m m
M :/ oY1/ By App w W 2 e (ke (k -
222 (2m)n p2 — §m%/v (p—k1)? — Smf,v (p— k1 — ko)? — fm%v pu(k1)en (k2) (51)
where

VR — —ie?gmy g [(2p — k1)" g — (p+ k1) g — (p — 2k1)7g"]
X [—(p— k1 + k2)°" — (p — k1 — 2k2)Pg"® + (2p — 2k1 — k2)” g"°] (52)

denotes the contribution from the vertices. A factor of 2 is included to take into account the diagram with the two
photons exchanged. This diagram can be obtained by ki <+ k2 and u <+ v. Since we are only interested in terms that
are proportional to either g"” or k' kY, the contribution from this diagram is the same.

There are also diagrams with both W and Goldstone boson propagators. We use the same notation, but with the
subscript 0 to denote a Goldstone boson propagator:

M. = Miig + Mizo + Maig + Mazg (53)
M, = Migo + Mago (54)
My = Mior + Mig2 + Magr + Maga (55)
My = Moo + Moo (56)
My = Moo (57)

For M., we have

PaPy _ (p=ki)x(p—k1)p
2

dm Gay — m2 9xp m 1
Mo =/ P (—4)V7erdony 5 o 5—€ulk1)en(ka) (58)

(2m)" pP—my  (p—k)?-miy (p— ki —k2)? —Emiy
an Jory — Paby (P—k1)/\2(p—/€1)p 1
p rayAppuv 2 m m
= | L (—gq)ylerren W W k1)ey (k 59
Mg / (27T)"( ) p2 _ m%v (p _ k1)2 _ gm%/v (p —ky — k2)2 — gm%v E#( 1)5 ( 2) ( )
PaP~y (p=k1)x(p—Fk1)p
dnp oy A ouy mZ 9xrxp — . 1
Mo = e Y Gy R R e )
n PaP~ (p*kl)k(p*kl)p
Maso Z/&(—ZL)V/MAPW 3 iy 5 mj‘/ 5 ! 5 5 €u(kr)en(k2) (61)
(27T)n b= {mW (p - kl) - {mW (p — k1 — k2) - fmw
and
1 a v
VNI = 2 gy (p 20y = 2ka)* [(2— k1) — (0 + k) g — (0~ 2k T g7 (62)



Similarly for Mc 7 4. These terms all include a factor of 2 from exchanging the external photons. Diagrams (c) and
(e) have another factor of 2, due to contributions from diagrams with opposite charge in the loop.
Diagrams in Fig. 3 (b, d, i) only have two propagators. We denote them by

My = M+ Mg+ Moy + Moy (63)
Mg = Mg+ Mgy (64)
M = Mo (65)

The notation is similar to before. For example,

M :/ WW gmw g ST P2 —m3, (p— k1 — k2)2 — m2, eu(kr)e (ka) (66)
d"p . o Lt % (piklihzigiiklih)ﬂ
Mis :/ ie“gmyy g SHY 3 (k1)ey (ko) (67)

(2m)n p?—m3, (p— ki —ko)? —Emiy, “n
PaPy (p—k1—k2)s(p—k1—k2)p
d'p . 0B auw mz- 958~ p—
Moy = / it e (k) (68)
PaPy (p—k1—k2)s(p—ki1—k2)p
Mooy = dnp . 2 a,BSHV,'yé miy miy k k 69
= (2m)" ©gmwg p* = fm%v (p— k1 —k2)? — fm%v culkr)e (k2) (69)

and Suv.~6 = 29096 — YuyGvs — GusGuv- Similarly for Mg and M;.
Lastly, there is a ghost loop diagram:

(p— k)" (p — k1 — ko)”
= &mip)(p — k1)? — Emi][(p — k1 — k2)? — Emiy ]
M has a factor of —1 from the ghost loop. Diagrams (d) and (j) contain a factor of 4 from exchanging the external

photons and from charge conjugation.
Some of these terms vanish:

d"p _.

Mg = Moo = Magg = Moy =0 (71)

Now we can start to combine these terms. First of all, the sum of M17; and M7 should reproduce the full result
in Eq. (40), because the first term in the W propagator is the same as a propagator in the unitary gauge. Since the
result must be £-independent, we expect all the other terms cancel.

In the remaining terms, certain combinations will give simple results. For example, the contribution from pure
Goldstone boson loops is gauge invariant:

Mooo + Moo = My, + M;
e2gm?, d"p { dpt(p — k1)¥
mw @2m)m | (p? = Em)[(p — k1)? — Em3y][(p — k1 — ka2)? — Emiy ]

gt
e R R g k)
2
- FE%W [1+ 26mfy Co(my, 0,0, Emiy, Emiy, Emiy)] (k1 - ka)g™ — K5y Jew (K1 )ew (k) (72)

All the remaining terms with no 1 in the subscript should be combined. We find

Mag + Magg + Maga + Moz + M
_; €% [ dp [ AmEp* (p — k1)¥
mw ) (20" (0% = Em)[(p — k1)? = Emi)l(p — k1 — k2)? — Emiy]
3pt(p — k1)” 3pt(p —ka

)I/
TR el ki~ B —End] P~ Em) (o~ k)E — &nidy]) 4

kl)ey(kg) (73)
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The last two terms cancel each other under p; <> p2, p <> v and momentum shifting. The first term then gives

Moo + Mago + Magz + Mozo + M,
e’y v v
=- @m)2my {2 [1+ 26mi, Co(m3;,0,0,Emiy, Emiy, Emiy)] (k1 - k2)g"” — kY EY ]
+miy Bo(miy, émiy, émiy )9 } e (k) (k2) (74)
The first term on the right-hand side cancels the contribution from Mgyg and Mgg. The second term with a By
function is cancelled by Mg + Majo + Mo1g + Mo1g. In fact,

Moz + Maia + Maig + Moo

e2g d'p |1 1 1
=—i— — (p"kY — kbp”
zm%/ / 2m) [2 (p"ky 20") (p2 —Em%,v + (p—Fr —Fa)? — 5m‘%v)

— (p"kY — p"p") miy ( ! - ! )
' (p—Fk1) —miy \p? —&miy  (p— ki — k2)? —Emi,
(Em3y, — sm3,) (kY — k5p¥) < 1 1 >
— - (ky — ko)g™
(p? —&m3y)[(p — k1 — k2)? — Em3, ] p- (k= k2)g p? —&mi, * (p— k1 — k2)? —Em3y,

1 y 1 L
~(-omio+ gmi) o (e - rm o)

_ mygt ( 1 B 1 )
(p— k1) —miy \p? —émiy,  (p— k1 — k2)? — Em3y,
m2 (1= &m2, + im2) + 4ém?, —2m%)p - k
e <p2€—) el — 3@ _(;i)zw_ gmgvf)p 9] culkr)e(he) (75)

+

It’s not hard to see that under k; <> ko, p <> v and momentum shifting, all terms except the last term cancel out.

We have )

(&
Moz + Maiz + Maig + Moo = fgm%BO(m%ﬁ Emiy, Emiy ) g™ e, (k). (ko) (76)
(47‘1’) mw
All the remaining M’s should cancel. We find
Mz + Mai + Myt + Mai1 + Miig + Mig = —(Mia1 + Mior) (77)
and
Mg + Migo = —2Myg2 = =2 Mooy (78)

These all add up to zero, as expected. Thus we see that all terms except M1; + My11 are cancelled. We then obtain
the same result as in Eq. (40).

References
[1] J. R. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106, 292 (1976).
[2] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin, V. I. Zakharov, Sov. J. Nucl. Phys. 30, 711-716 (1979).
[3] R. Gastmans, S. L. Wu, T. T. Wu, [arXiv:1108.5322 [hep-ph]].
[4] R. Gastmans, S. L. Wu, T. T. Wu, [arXiv:1108.5872 [hep-ph]].
[5] S. Weinberg, Phys. Rev. Lett. 27, 1688 (1971).
[6] G.’t Hooft and M. J. G. Veltman, Nucl. Phys. B 44, 189 (1972).
[7] K. Fujikawa, B. W. Lee and A. I. Sanda, Phys. Rev. D 6, 2923 (1972).
[8] M. B. Gavela, G. Girardi, C. Malleville and P. Sorba, Nucl. Phys. B 193, 257 (1981).

11



[9] T. Appelquist, J. Carazzone, Phys. Rev. D11, 2856 (1975).
[10] J. M. Cornwall, D. N. Levin, G. Tiktopoulos, Phys. Rev. D10, 1145 (1974).
[11] C. E. Vayonakis, Lett. Nuovo Cim. 17, 383 (1976).
[12] M. S. Chanowitz and M. K. Gaillard, Nucl. Phys. B 261, 379 (1985).
[13] W. J. Marciano, S. S. D. Willenbrock, Phys. Rev. D37, 2509 (1988).
[14] J. G. Korner, K. Melnikov and O. I. Yakovlev, Phys. Rev. D 53, 3737 (1996) [arXiv:hep-ph/9508334].
[15] M. Shifman, A. Vainshtein, M. B. Voloshin, V. Zakharov, [arXiv:1109.1785 [hep-ph]].
[16] D. Huang, Y. Tang and Y. L. Wu, arXiv:1109.4846 [hep-ph)].
[17] F. Jegerlehner, arXiv:1110.0869 [hep-ph].
[18] R. Jackiw, Int. J. Mod. Phys. B14, 2011-2022 (2000). [hep-th/9903044].
[19] G. Passarino and M. J. G. Veltman, Nucl. Phys. B 160, 151 (1979).

12



