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We derive bounds from oblique parameters on the dimension-6 operators of an effective field theory of
electroweak gauge bosons and the Higgs doublet. The loop-induced contributions to the ΔS, ΔT, and ΔU
oblique parameters are sensitive to these contributions, and we pay particular attention to the role of re-
normalization when computing loop corrections in the effective theory. Limits on the coefficients of the
effective theory from loop contributions to oblique parameters yield complementary information to direct
Higgs production measurements.
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I. INTRODUCTION

With the discovery of a particle with the general appear-
ance of a Higgs boson, the focus has turned to the detailed
measurements of the properties of the Higgs boson candi-
date. This involves the measurement of as many Higgs pro-
duction and decay channels as possible, along with the
limits inferred from precision electroweak measurements
[1]. Currently, all measurements are within ∼2 − 3σ of
the predictions of the Standard Model (SM). A deviation
from these predictions could be a signal of physics beyond
the Standard Model.
A search for new physics in the Higgs sector can either

involve examination of specific models or the use of effec-
tive field theories which respect the symmetries of the low
energy physics. In this paper, we follow the later approach
and assume that the Standard Model is a good approxima-
tion to physics at the weak scale and that all new physics is
at a high scale. If the new physics is at a scale much higher
than that probed experimentally, then an effective theory
can be written in terms of an expansion in higher-dimension
operators,

L ∼ LSM þ Σi
fi
Λ2

Oi þ…: (1)

The lowest-dimension operators, Oi, which contribute to
processes involving gauge bosons are dimension 6. The
complete set of SUð3Þ × SUð2ÞL ×Uð1ÞY operators is
quite large [2,3], but the assumption of flavor conservation,
CP conservation, and SM physics in the lightest two fer-
mion generations reduces the set of allowed operators con-
siderably [4]. In this work, we further restrict the set of
operators to those involving only the Higgs doublet and
electroweak boson sectors [5–9]. The Lagrangian of
Eq. (1) is valid at low energy (∼mZ) and reflects our igno-
rance of high scale physics.
At each order in the expansion in 1=Λn, divergences

appear in loop diagrams, which can be absorbed by

renormalizing the coefficients of the operators appearing
at one lower level in the loop expansion but at the same
order in 1=Λn, yielding a theory that is finite order by order
in the expansion in 1=Λ. The low energy effective field
theory has the advantage that it can be matched to many
possibilities for high scale physics. The Lagrangian of
Eq. (1) can be used at energy scales much below Λ, where
the observed physics approximates the SM up to small cor-
rections. A specific model of new physics will predict the
coefficients at the high scale, fiðΛÞ. The predictions must
then be matched with experimental limits from low energy
measurements, fið∼mZÞ and the renormalization group
used to run the coefficients from the scale of the high
energy predictions to that of the lower energy measure-
ments [10–14].
New physics in the electroweak sector can be restricted

by measurements of the oblique parameters, ΔS, ΔT, and
ΔU, by restrictions on the deviations of the three gauge
boson vertices and Higgs branching ratios from the
Standard Model predictions, along with many SM proc-
esses. These effects and the resulting limits on the coeffi-
cients, fi, of the dimension-6 operators have been studied
by many authors [9,15–23]. The new feature of our work is
a careful study of the dependence of the predictions on the
renormalization scheme required by the effective theory
formalism [5,24,25]. A complete analysis would include
fermion operators and a careful choice of basis. Such a
study is not necessary to illustrate our main point, however,
which concerns the numerical effects of the renormalization
scheme in the effective framework.
In Sec. II, we review the low energy effective Higgs

electroweak theory and make the connection between
our notation and the commonly used strongly interacting
light Higgs (SILH) basis [26]. Section III contains analytic
results for the oblique parameters, along with a discussion
of the pinch technique needed to obtain gauge invariant
results. Detailed appendices contain analytic results for
the contributions toΔS,ΔT andΔU, as well as the required
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pinch contributions, in an Rξ gauge. Numerical fits to the
coefficients of the effective operators resulting from the
oblique parameters and a discussion of the dependence
on the renormalization scheme used to render the effective
field theory finite are given in Sec. IV. As pointed out in
Refs. [24,25], our limits are considerably weaker than those
obtained using only the contributions to the oblique param-
eters proportional to logðΛÞ given in Ref. [8]. We also com-
pare the restrictions on the fi couplings from the oblique
parameters with those obtained from the the deviations of
the experimental results from Standard Model predictions
of Higgs branching ratios. Finally, Sec. V contains some
conclusions.

II. EFFECTIVE THEORY

The effective Lagrangian we consider contains the
SUð2ÞL ×Uð1ÞY gauge fields and the Higgs SUð2ÞL dou-
blet Φ. We assume that fermion interactions with the gauge
bosons are those given by the Standard Model and that all
new physics respects the SUð2ÞL ×Uð1ÞY gauge invariance
and conserves C and P. Possible new physics effects in the
fermion sector are not considered here.
There are four operators which affect the gauge boson

2-point functions at tree level [5,27],

ODW ¼ − g2

4
Trð½Dμ; σa ·Wa

νρ�½Dμ; σb ·Wb;νρ�Þ

ODB ¼ − g02

2
ð∂μBνρÞð∂μBνρÞ

OBW ¼ − gg0

4
Φ†Bμνσ

a ·Wa;μνΦ

OΦ;1 ¼ ðDμΦÞ†ðΦΦ†ÞðDμΦÞ; (2)

where1

Dμ ¼ ∂μ − i
g
2
Bμ − i

g0σa

2
Wa

μ Bμν ¼ ∂μBν − ∂νBμ

W�
μν ¼ ∂μW�

ν − ∂νW�
μ ∓ igðW3

μW�
ν −W3

νW�
μ Þ

W3
μν ¼ ∂μW3

ν − ∂νW3
μ − igðWþ

μ W−
ν −Wþ

ν W−
μ Þ: (3)

OBW gives B −W3 mixing at tree level and contributes to
ΔS, while OΦ;1 affects mZ, but not mW , at tree level and
thus contributes to ΔT.
There are six bosonic operators which contribute to the

oblique parameters at one loop,

OWWW ¼ −i g
3

8
Trðσa ·Wa;μ

ν σb ·Wb;ν
ρ σc ·Wc;ρ

μ Þ

OW ¼ i
g
2
ðDμΦÞ†σa ·Wa;μνðDνΦÞ

OB ¼ i
g0

2
ðDμΦÞ†BμνðDνΦÞ

OWW ¼ − g2

4
Φ†σa ·Wa;μνσb ·Wb

μνΦ

OBB ¼ − g02

4
Φ†BμνBμνΦ

OΦ;2 ¼
1

2
∂μðΦ†ΦÞ∂μðΦ†ΦÞ: (4)

The effects ofOBB andOWW on three-gauge boson vertices
can be eliminated by wave function renormalization and
coupling redefinition, leaving only contributions to effec-
tive VVH vertices.
In addition, there are two operators that are neglected in

our analysis,

OΦ;3 ¼
1

3
ðΦ†ΦÞ3 OΦ;4 ¼ ðDμΦÞ†ðDμΦÞðΦ†ΦÞ: (5)

OΦ;3 only affects the Higgs self-interactions and is irrel-
evant for the oblique parameters. By using the equations
of motion, OΦ;4 can be written as a linear combination
ofOΦ;2 and dimension-6 Yukawa operators. The latter have
no effect on the self-energies of gauge bosons, and thus
OΦ;4 can also be excluded from our operator basis.
Finally, the Lagrangian for Higgs physics we consider is

L ¼ LSM þ fDW

Λ2
ODW þ fDB

Λ2
ODB þ

fBW
Λ2

OBW þ fΦ;1
Λ2

OΦ;1

þ fΦ;2
Λ2

OΦ;2 þ
fWWW

Λ2
OWWW þ fW

Λ2
OW þ fB

Λ2
OB

þ fWW

Λ2
OWW þ fBB

Λ2
OBB: (6)

The relationship between the coefficients of Eq. (6) and
those of the SILH Lagrangian are given in Appendix A
for convenience.

III. RESULTS

We are interested in the contributions to the oblique
parameters from the operators of Eq. (6). The computation
requires both the gauge boson 2-point functions and the
pinch contributions in order to get gauge invariant results
]28 ]. The 2-point functions are defined as

Πμν
XYðq2Þ ¼ gμνΠXYðq2Þ − pμpνBXYðq2Þ; (7)

for XY ¼ WW, ZZ, γγ and Zγ. The contributions (includ-
ing tadpole diagrams) to ΠXYðq2Þ are given in Appendix B

1The convention for Dμ differs from that of Refs. [5,8,9], lead-
ing to some minus signs in the literature, relative to ours, which
are described in Appendix A.
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in the Rξ gauge.
2 The ΠXY functions are gauge dependent

and ultraviolet divergent.
The pinch contributions are defined in terms of the cor-

rections to the f̄γμPLf0Vμ vertices, where PL ¼ 1
2
ð1 − γ5Þ.

Only left-handed contributions arise because there is
always a coupling to a W boson. The vertex corrections
are of the form

ΔΓVff0
μ ðq2Þ ¼ γμPLΔΓ

Vff0
L ðq2Þ: (8)

We normalize

ΔΓVff
L ðq2Þ ¼ gTf

3ΔΓV
Lðq2Þ V ¼ Z; γ

ΔΓWff0
L ðp2Þ ¼ gffiffiffi

2
p ΔΓW

L ðq2Þ: (9)

Expressions for the pinch contributions,ΔΓV
Lðq2Þ, in the Rξ

gauge are given in Appendix C.
Gauge invariant 2-point functions can be constructed by

forming the combinations3

Π̄WWðq2Þ ¼ ΠWWðq2Þ þ 2ðq2 −m2
WÞΔΓW

L ðq2Þ
Π̄ZZðq2Þ ¼ ΠZZðq2Þ þ 2cðq2 −m2

ZÞΔΓZ
Lðq2Þ

Π̄γZðq2Þ ¼ ΠγZðq2Þ þ sq2ΔΓZ
Lðq2Þ þ cðq2 −m2

ZÞΔΓγ
Lðq2Þ

Π̄γγðp2Þ ¼ Πγγðp2Þ þ 2sq2ΔΓγ
Lðq2Þ; (10)

where c≡ cos θW and s≡ sin θW . We have explicitly veri-
fied the cancellation of the ξ gauge parameters.
This allows the construction of gauge invariant oblique

parameters [28],

αΔS ¼
�
4s2c2

m2
Z

��
Π̄ZZðm2

ZÞ − Π̄ZZð0Þ − Π̄γγðm2
ZÞ

− c2 − s2

cs
ðΠ̄γZðm2

ZÞÞ
�

αΔT ¼
�
Π̄WWð0Þ
m2

W
− Π̄ZZð0Þ

m2
Z

�

αΔU ¼ 4s2
�
Π̄WWðm2

WÞ − Π̄WWð0Þ
m2

W

− c2
�
Π̄ZZðm2

ZÞ − Π̄ZZð0Þ
m2

Z

�

− 2sc

�
Π̄γZðm2

ZÞ
m2

Z

�
− s2

�
Π̄γγðm2

ZÞ
m2

Z

��
: (11)

The oblique parameters effectively capture the new physics
consequences on low energy observables with the

assumption that all new physics is at a scale much larger
than MZ and that the new physics contributes only to
the 2-point functions. The nonpinch terms which contribute
to the vertex function are hence not included here but
generate additional contributions from the effective
Lagrangian, which is not captured in the STU formalism.
We parametrize the oblique parameters as

ΔS ¼ CS
1

ϵ

�
4πμ2

m2
Z

�
ϵ

Γð1þ ϵÞ þ RS

ΔT ¼ CT
1

ϵ

�
4πμ2

m2
Z

�
ϵ

Γð1þ ϵÞ þ RT

ΔU ¼ CU
1

ϵ

�
4πμ2

m2
Z

�
ϵ

Γð1þ ϵÞ þ RU; (12)

where

CS ¼
m2

H

8π

�
fB þ fW

Λ2

�
þ m2

Z

24πΛ2

�
fBð20c2 þ 7Þ − 3fW

þ 24ðs2fBB þ c2fWWÞ þ 36c2g2fWWW þ 8c2

g2
fΦ;2

�

CT ¼ 1

16πc2

�
9m2

W

�
fB þ fW

Λ2

�
þ 3m2

H
fB
Λ2

− 12
m2

W

g2
fΦ;2
Λ2

�

CU ¼ m2
Z

6πΛ2
s2fW: (13)

The logarithmic contributions to the oblique parameters
coefficients were obtained in Ref. [8] and are obtained
by the replacement in Eq. (12),

1

ϵ

�
4πμ2

m2
Z

�
ϵ

Γð1þ ϵÞ → ln

�
Λ2

m2
Z

�
: (14)

All other terms are dropped, which gives the leading log-
arithmic result,

ΔSLL → CS log

�
Λ2

m2
Z

�

ΔTLL → CT log

�
Λ2

m2
Z

�

ΔULL → CU log

�
Λ2

m2
Z

�
: (15)

We take as inputs

mH¼126GeV; mZ¼91.1875GeV; mW¼80.399GeV

GF¼1.16637×10−5GeV−2; mt¼173GeV: (16)

All other inputs are obtained using the tree level relation-
ships of the SM. Equation (15) becomes

2Results in the unitary gauge can be found in Ref. [29].
3Gauge invariant expressions for the 2-point functions are

found in Refs. [24,25]. Their construction differs from ours by
finite, gauge invariant terms, as explained in Appendix C.
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ΔSLL ¼ ½0.015fB þ .0014fW þ .0028fBB þ .01fWW

þ .006fWWW þ .0016fΦ;2�

·

�
1 TeV
Λ

�
2
�

logðΛ2=m2
ZÞ

logð1 TeV2=m2
ZÞ
�

ΔTLL ¼ ½0.013fB þ :007fW − :0047fΦ;2�

×

�
1 TeV
Λ

�
2
�

logðΛ2=m2
ZÞ

logð1 TeV2=m2
ZÞ
�

ΔULL ¼ ½0.0005fW �
�
1 TeV
Λ

�
2
�

logðΛ2=m2
ZÞ

logð1 TeV2=m2
ZÞ
�
: (17)

Numerical fits to the oblique parameters using the logarith-
mic contributions of Eq. (17) have been given in
Refs. [15,30]. The terms not associated with the divergen-
ces are4

RS ¼−4πv2

Λ2
fBW þRS1þRS2 logðcÞþRS3 log

�
mH

mZ

�

RT ¼− v2

2αΛ2
fΦ;1þRT1þRT2 logðcÞþRT3 log

�
mH

mZ

�

RU ¼ g2s2

c2
8πv2

Λ2
fDW þRU1þRU2 logðcÞþRU3 log

�
mH

mZ

�
:

(18)

Analytic results for RS, RS, and RU are given in
Appendix D. Numerically, we find

RS ¼ f−0.76fBW þ 10−3ð1.48fB − 1.4fW − 0.2fBB

− 0.71fWW þ 0.66fWWW þ 1.96fΦ;2Þg
�
1 TeV
Λ

�
2

RT ¼ f−4.0fΦ;1 − 10−3ð0.13fB þ 0.12fW − 3.97fΦ;2Þg

×

�
1 TeV
Λ

�
2

RU ¼ f0.20fDW þ 10−3ð−0.02fB þ 2.06fW þ 0.14fWW

þ 2.1fWWW − 0.25fΦ;2Þg
�
1 TeV
Λ

�
2

: (19)

The effective field theory is defined at the weak scale,
μ ∼mZ and encapsulates the effects of potential new phys-
ics which may occur at high scales. The divergences which
arise at one loop, Eq. (12), can be eliminated by renorm-
alizing the coefficients which enter the tree level results.

The theory is thus rendered finite order by order in the
expansion in powers of 1=Λ2 [5,7,24,25,31]. Using MS
renormalization, the renormalized coefficients relevant
for a study of the oblique parameters are

fBWðμÞ ¼ fBW − 1

ϵ
ð4πÞϵΓð1þ ϵÞCS

fDWðμÞ ¼ fDW − 1

ϵ
ð4πÞϵΓð1þ ϵÞCU

fΦ;1ðμÞ ¼ fΦ;1 − 1

ϵ
ð4πÞϵΓð1þ ϵÞCT: (20)

This renormalization prescription is equivalent to that of
Ref. [5]. The large logarithms of Ref. [8] have been elim-
inated by the renormalization of the tree level couplings,
and the only remaining contributions to the oblique correc-
tions are the finite contributions. Our final result, taking
μ ¼ mZ, as appropriate for the low energy effective
Lagrangian, is

ΔS ¼ RS ΔT ¼ RT ΔU ¼ RU: (21)

Note that this result is quite different from that of Ref. [8],
since the logðΛÞ terms have all been cancelled by the
renormalization of the tree level coefficients. This is in
agreement with the leading result of Ref. [10] for ΔS,
which was obtained by scaling the coefficients in a new
physics model from Λ to mZ.

IV. PHENOMENOLOGY

A. Results from fits to oblique parameters

We do a χ2 fit to the oblique parameters, using the results
of the GFITTER group [1],

ΔS ¼ 0.03� 0.10

ΔT ¼ 0.05� 0.12

ΔU ¼ 0.03� 0.10; (22)

with the correlation matrix

ρ ¼

0
B@

1.0 0.891 −0.540
0.891 1.0 −0.803
−0.540 −0.803 1.0

1
CA: (23)

The parameters fBW and fΦ;1 contribute to ΔS and ΔT at
tree level. We show the limits in Fig. 1.5 These coefficients
are highly restricted by the electroweak data, and we ignore
them in the remaining fits, where we obtain limits pairwise

4Since fBW , fΦ;1, and fDW contribute at tree level, we do not
consider the much smaller contributions of these operators at one
loop to the oblique parameters.

5Reference [32] has done a similar analysis, and our fit to fBW
and fΦ;1 agrees with theirs.
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on various coefficients. We do not perform a global fit
to the coefficients, since our point is simply to illustrate
the numerical effects of the renormalization. Taking the
95% confidence level limits, and assuming fBWðmZÞ
and fΦ;1ðmZÞ are Oð1Þ, the fit implies Λ > 1.8 TeV.

Even though they are numerically constrained, fBW and
fΦ;1 cannot be set to 0 at the beginning, since they play
a critical role in the renormalization, as seen in
Eq. (20) [24,25].
In Fig. 2, we show the allowed region for Λ ¼ 1 TeV in

the fBBðmZÞ and fWWðmZÞ plane, setting all other
coefficients to zero. The left-hand side shows the result
using the leading logarithmic result of Eq. (19). This
figure is in agreement with Fig. 6 of Ref. [16]. After
renormalizing the coefficients of the effective theory, as
in Eq. (21), the result is shown on the right-hand side
of Fig. 2. In Fig. 3 we show the allowed region for Λ ¼
1 TeV in the fWðmZÞ and fWWðmZÞ plane, setting all
other coefficients to zero. Again, the left-hand side
shows the result using the leading logarithmic result of
Eq. (19), while the right-hand side shows the result after
renormalization of the couplings. As emphasized in
Refs. [24,25], the limits are considerably weakened once
the renormalization procedure, Eq. (20), is applied. In
fact, taking fi ∼ 1, we see that no useful limits can be
inferred.

B. Implications for Higgs decays

In this section, we demonstrate the complementarity of
limits from oblique parameters to those obtained from mea-
surements of Higgs branching ratios.

In the effective theory, the decay H → WþW− is modified [6,9],6

μWW ≡ ΓðH → WþW−Þ
ΓðH → WþW−Þ∣SM

¼ 1

4 − 4xW þ 3x2W

�
2

�
xW þ 2fWðmZÞ

m2
W

Λ2
þ 2fWWðmZÞ

m2
W

Λ2
ð2 − xWÞ

�
2

þ
�
2 − xW þ 2fWðmZÞ

m2
W

Λ2
þ 2fWWðmZÞ

m2
W

Λ2
xW

�
2
�
− 2

g2
m2

W

Λ2
ðfΦ;1 þ 2fΦ;2Þ

∼ 1þ ½.0086fWWðmZÞ þ .017fWðmZÞ − .03fΦ;1ðmZÞ − .06fΦ;2ðmZÞ�
�
1 TeV
Λ

�
2

þO
�

1

Λ4

�
; (24)

where xW ¼ 4m2
W=m

2
H and we have made explicit the dependence of the coefficients on the scale. The fΦ;1 and fΦ;2 con-

tributions come from the Higgs wave function renormalization. Since we have assumed that there are no non-SM correc-
tions to the fermion-Higgs couplings, we can use the measurements ofH → WþW− from gluon fusion to limit fWW and fW
in Eq. (24) [33,34]:

μWW ¼ .68� .20 ðCMSÞ μWW ¼ .99� .30 ðATLASÞ: (25)

In Fig. 4, we show the allowed region in fWWðmZÞ vs fWðmZÞ fromH → WþW−. In this case, the limits from Higgs decay
and from the oblique parameters are similar. Note that the scale of Fig. 4, fi=Λ2 ∼ 200, makes these limits meaningless.

0.4 0.2 0.0 0.2 0.4

0.10

0.05

0.00

0.05

0.10

f BW

2
TeV 2

f
1 2

T
eV

2

FIG. 1 (color online). Limits from the oblique parameters on
fΦ;1 and fBW for Λ ¼ 1 TeV. These operators contribute at tree
level and are significantly restricted. The curves (from outer to
inner) are 99%, 95%, and 68% confidence level.

6Note our differing convention for the sign of fW from these references.
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Only fBB, fWW , and fBWðmZÞ contribute to H → γγ. Using the well-known SM results [35], we find

μγγ ≡ ΓðH → γγÞ
ΓðH → γγÞ∣SM

¼
�
1þ

�
Ireal

I2real þ I2imag

�
8π2v2

Λ2
½fBBðmZÞ þ fWWðmZÞ − fBWðmZÞ�

�
2

∼ 1þ 1.47

�
1 TeV
Λ

�
2

½fBBðmZÞ þ fWWðmZÞ − fBWðmZÞ� þO
�

1

Λ4

�
; (26)

40 20 0 20 40

40

20

0

20

40

f WW

2
TeV 2

f B
B 2

T
eV

2

(a)

400 200 0 200 400

400

200

0

200

400

f WW

2
TeV 2

f B
B 2

T
eV

2

(b)

FIG. 2 (color online). (a) Limits from the oblique parameters on fBB and fWW for Λ ¼ 1 TeV, using the leading logarithmic results of
Eq. (17). The curves (from outer to inner) are 99%, 95%, and 68% confidence level. (b) Same as (a) except using the renormalized values
of the coefficients, fBBðmZÞ and fWWðmZÞ, Eqs. (19) and (21).

40 20 0 20 40

40

20

0

20

40

f WW

2
TeV 2

f W

2
T

eV
2

(a)

400 200 0 200 400

400

200

0

200

400

f WW

2
TeV 2

f W

2
T

eV
2

(b)

FIG. 3 (color online). (a) Limits from the oblique parameters on fW and fWW for Λ ¼ 1 TeV, using the leading logarithmic results of
Eq. (17). The curves (from outer to inner) are 99%, 95%, and 68% confidence level. (b) Same as (a) except using the renormalized values
of the coefficients, fWðmZÞ and fWWðmZÞ, Eqs. (19) and (21).
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where

Ireal ¼ ΣfNCQ2
fF

real
1=2ðxfÞ þ Freal

1 ðxWÞ
Iimag ¼ ΣfNCQ2

fF
imag
1=2 ðxfÞ þ Fimag

1 ðxWÞ; (27)

xf ¼ 4m2
f=m

2
H, and expressions for F1=2 and F1 are found

in Ref. [35]. We can do a simple fit to the ATLAS and CMS
results for H → γγ [33,34]:

μγγ ¼ .77� .27 ðCMSÞ
μγγ ¼ 1.55� .31 ðATLASÞ: (28)

Figure 5 shows the 95% confidence level limits from the
gluon fusion of the Higgs boson, with the subsequent decay
to γγ, and contrasts the limit from the oblique parameters
(setting fBWðmZÞ ¼ 0). The error band on the H → γγ lim-
its is not apparent on this scale, and again it is clear that the
constraints from the oblique parameters cannot compete
with those from Higgs decay even though they have a dif-
ferent shape in the fWW and fBB planes.
In a similar fashion, we can find the contribution to

H → Zγ,

μZγ ≡ ΓðH → ZγÞ
ΓðH → ZγÞ∣SM

¼ 1þ 2Areal

A2
real þ A2

imag

2πsc
α

m2
Z

Λ2
g1 þO

�
1

Λ4

�
; (29)

where [6]

g1 ¼ fBðmZÞ − fWðmZÞ þ 4s2fBBðmZÞ − 4c2fWWðmZÞ
þ 2ðc2 − s2ÞfBWðmZÞ; (30)

and Areal and Aimag are the real and imaginary contributions
of the sum of the fermion and W loops to the SM H → Zγ
decay and can be found in Ref. [35]. In Fig. 6, we show
the limits on combinations of fiðmZÞ which influence
the decay H → Zγ. Neglecting all parameters except
fWðmZÞ and fBðmZÞ, Fig. 6 corresponds to

400 200 0 200 400

400

200

0

200

400

f WW

2
TeV 2

f W

2
T

eV
2

FIG. 4 (color online). 95% confidence level limits from the
measurement of gluon fusion production with H → WþW−
(black band), compared with the inferred limits from the oblique
parameters.
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f B
f W 2

T
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FIG. 6 (color online). Limits from oblique parameters which
influence the decay H → Zγ. The curves (from outer to inner)
are 99%, 95%, and 68% confidence level.
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W
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B

2
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2

FIG. 5 (color online). Comparison of limits from oblique
parameters (blue bands) and 95% confidence level limits from
the measurement of gluon fusion production and the subsequent
H → γγ decay (red vertical line).
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−80 < ½fBðmZÞ − fWðmZÞ�
�
1 TeV
Λ

�
2

< 35; (31)

which is not strong enough to give a limit on μZγ .

V. CONCLUSION

We have reexamined the prescription of Ref. [8] for
obtaining limits on the couplings of an effective low energy
theory of Higgs-gauge boson interactions by approximat-
ing ΔS, ΔT and ΔU by the leading logarithmic contribu-
tions. After renormalizing the coefficients of the operators
which affect tree level results, however, the remaining con-
tributions to the oblique parameters have no logarithmic
enhancement, and the leading logarithmic approximation
is inaccurate. We give both analytic and numerical results
for the oblique parameters. Fits to the couplings of the
effective theory using our prescription for ΔS, ΔT, and
ΔU show that no meaningful limit on the couplings which
contribute at one loop can be obtained from the oblique
parameters. This is in contrast to the couplings which con-
tribute at tree level, which are tightly constrained. This is in
agreement with the results of Refs. [24,25]. Limits on the
couplings, fi, can, however, be extracted from Higgs
decays and measurements of three-gauge boson vertices,
and a complete fit was given in Ref. [30].
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APPENDIX A: RELATIONS BETWEEN HISZ
AND SILH BASIS

In this appendix we present a prescription for converting
between our effective Lagrangian and others which are fre-
quently used in the literature. We begin by comparing our
results with those of Ref. [5], which we label as Hagiwara-
Ishihara-Szalapski-Zeppenfeld (HISZ). Reference [5] uses
as its convention DHISZ

μ ≡ ∂μ þ ig0 1
2
Bμ þ ig σa

2
Wa

μ, which
is opposite from ours. To convert our final results to those
of HISZ, the substitutions fWWW → −fHISZWWW , fW →
−fHISZW and fB → −fHISZB must be made in Eq. (12).
The HISZ operator basis [5] has 11 operators involving

Higgs and electroweak gauge fields:

OHISZ
DW ; OHISZ

DB ; OHISZ
BW ; OHISZ

Φ;1 ; OHISZ
Φ;2 ;

OHISZ
Φ;3 ; OHISZ

WWW; OHISZ
WW ; OHISZ

BB ; OHISZ
W ;

OHISZ
B :

The SILH operator basis [26] has the same number of oper-
ators (involving Higgs and electroweak gauge fields),

OSILH
H ; OSILH

T ; OSILH
6 ; OSILH

W ; OSILH
B ;

OSILH
2W ; OSILH

2B ; OSILH
BB ; OSILH

HW ; OSILH
HB ;

OSILH
3W ;

where we use the definition in Ref. [13]. The operators are
the same, but the normalization factors are more convenient.
The connections between operators are as follows:

• From SILH to our convention:

OSILH
H ¼ OΦ;2 OSILH

T ¼ OΦ;2 − 2OΦ;1 OSILH
6 ¼ 3λOΦ;3 OSILH

W ¼ 2OW −OWW −OBW

OSILH
B ¼ 2OB −OBB −OBW OSILH

2W ¼ 1

2g2
ODW − 2

g2
OWWW OSILH

2B ¼ 1

2g02
ODB OSILH

BB ¼ −4OBB

OSILH
HW ¼ 2OW OSILH

HB ¼ 2OB OSILH
3W ¼ 2

3g2
OWWW: (A1)

• From our convention to SILH:

ODW ¼ 2g2OSILH
2W þ 6g2OSILH

3W ODB ¼ 2g02OSILH
2B OBW ¼ −OSILH

B þ 1

4
OSILH

BB þOSILH
HB

OΦ;1 ¼
1

2
OSILH

H − 1

2
OSILH

T OΦ;2 ¼ OSILH
H OΦ;3 ¼

1

3λ
OSILH

6 OWWW ¼ 3g2

2
OSILH

3W

OWW ¼ OSILH
B −OSILH

W −OSILH
HB þOSILH

HW − 1

4
OSILH

BB OBB ¼ − 1

4
OSILH

BB OW ¼ 1

2
OSILH

HW OB ¼ 1

2
OSILH

HB :

(A2)
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The connections between coefficients are as follows:
• From SILH to our convention:

cSILHH ¼ 1

2
fΦ;1 þ fΦ;2 cSILHT ¼ − 1

2
fΦ;1 cSILH6 ¼ 1

3λ
fΦ;3 cSILHW ¼ −fWW cSILHB ¼ −fBW þ fWW

cSILH2W ¼ 2g2fDW cSILH2B ¼ 2g02fDB cSILHBB ¼ − 1

4
fBB þ 1

4
fBW − 1

4
fWW cSILHHW ¼ 1

2
fW þ fWW

cSILHHB ¼ 1

2
fB þ fBW − fWW cSILH3W ¼ 3

2
g2fWWW þ 6g2fDW: (A3)

• From our convention to SILH:

fDW ¼ 1

2g2
cSILH2W fDB ¼ 1

2g02
cSILH2B fBW ¼ −cSILHB − cSILHW fΦ;1 ¼ −2cSILHT fΦ;2 ¼ cSILHH þ cSILHT

fΦ;3 ¼ 3λcSILH6 fWWW ¼ 2

3g2
cSILH3W − 2

g2
cSILH2W fWW ¼ −cSILHW fBB ¼ −cSILHB − 4cSILHBB

fW ¼ 2cSILHW þ 2cSILHHW fB ¼ 2cSILHB þ 2cSILHHB : (A4)

APPENDIX B: SELF-ENERGIES IN Rξ GAUGE

In this appendix we present the detailed formulas of the self-energies that contribute to ΠXY defined in Eq. (17) in the Rξ

gauge. We use different gauge parameters ξW and ξZ for the W and Z bosons, respectively. ΠXY can be written as

ΠXYðq2Þ ¼ Σifi

�
Πi

XY;FGðq2Þ þ Πi
XY;ξðq2Þ

�
; (B1)

where XY represents γγ, Z γ, ZZ, and WWand Πi is the part of the 2-point function which is proportional to fi. ΠXY;FG is
independent of ξ and contains results in the Feynman gauge, and the second term collects terms that vanish when ξ ¼ 1. In
the following, we express our results in terms of scalar integral functions A0 and B0 [36]. Only nonzero contributions are
listed here. We separate the contributions in proportion to each fi:

OB:

Πγγ;FG ¼ − fB
Λ2

1

72π
q2αf3ð20m2

W þ q2ÞB0ðq2; m2
W;m

2
WÞ − 6A0ðm2

WÞ þ 2ðq2 − 6m2
WÞg; (B2)

Πγγ;ξ ¼
fB
Λ2

α

48πm2
W
f−2q2ð−2q2m2

WðξW − 2Þ þm4
Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2

W;m
2
WξWÞ

þ ðq6 − 4q4m2
WξWÞB0ðq2; m2

WξW;m
2
WξWÞ þ ð8q4m2

W þ q6ÞB0ðq2; m2
W;m

2
WÞ − 2q2m2

WðξW þ 5ÞA0ðm2
WÞ

þ 2q2m2
WðξW þ 5ÞA0ðm2

WξWÞg; (B3)

ΠγZ;FG ¼ fB
Λ2

α

288πcs
f3ð4m2

Zðm2
H þ q2Þ − 2q2m2

H þm4
H − 5m4

Z þ q4ÞB0ðq2; m2
H;m

2
ZÞ

þ 3q2ð16ð5s2 − 2Þm2
W þ q2ð4s2 − 1ÞÞB0ðq2; m2

W;m
2
WÞ þ 3A0ðm2

ZÞðm2
H þ 5m2

Z − q2Þ
− 3A0ðm2

HÞðm2
H þ 5m2

Z þ q2Þ þ 6q2ð1 − 4s2ÞA0ðm2
WÞ þ 2q2ð−3m2

H þ ð6 − 24s2Þm2
W − 3m2

Z þ 4q2s2Þg;
(B4)
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ΠγZ;ξ ¼
fB
Λ2

α

96πcsm2
W
fðm2

W þ q2ð2s2 − 1ÞÞð4q2m2
WξW − q4ÞB0ðq2; m2

WξW;m
2
WξWÞ

þ 2ðm2
W þ q2ð2s2 − 1ÞÞð−2q2m2

WðξW − 2Þ þm4
Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2

W;m
2
WξWÞ

− ð8q2m2
W þ q4Þðm2

W þ q2ð2s2 − 1ÞÞB0ðq2; m2
W;m

2
WÞ þ 2m2

WðξW þ 5ÞA0ðm2
WÞðm2

W þ q2ð2s2 − 1ÞÞ
− 2m2

WðξW þ 5ÞA0ðm2
WξWÞðm2

W þ q2ð2s2 − 1ÞÞg; (B5)

ΠZZ;FG ¼ fB
Λ2

α

144πc2q2
fð−3m4

Hðm2
Z þ q2Þ þ 6m2

Hð−4q2m2
Z þm4

Z þ q4Þ − 3ðm4
Z − q4Þðm2

Z − q2ÞÞB0ðq2; m2
H;m

2
ZÞ

þ 3q4ðq2ð1 − 2s2Þ − 8ð5s2 − 4Þm2
WÞB0ðq2; m2

W;m
2
WÞ þ 3A0ðm2

HÞðm2
Z þ q2Þðm2

H −m2
Z þ q2Þ

þ 3A0ðm2
ZÞð−m2

Hðm2
Z þ q2Þ − 10q2m2

Z þm4
Z þ q4Þ þ 6q4ð2s2 − 1ÞA0ðm2

WÞ
þ 2q2ð3m2

Hðm2
Z þ q2Þ − 2q2ðð3 − 6s2Þm2

W þ q2s2Þ þ 2q2m2
Z þ 3m4

ZÞg; (B6)

ΠZZ;ξ ¼
fB
Λ2

α

48πm2
W
fðm2

Z − q2Þðq4 − 4q2m2
WξWÞB0ðq2; m2

WξW;m
2
WξWÞ

− 2ðm2
Z − q2Þð−2q2m2

WðξW − 2Þ þm4
Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2

W;m
2
WξWÞ

þ ð8q2m2
W þ q4Þðm2

Z − q2ÞB0ðq2; m2
W;m

2
WÞ þ 2m2

WðξW þ 5ÞA0ðm2
WÞðq2 −m2

ZÞ
þ 2m2

WfξW þ 5Þðm2
Z − q2ÞA0ðm2

WξWÞg; (B7)

ΠWW;FG ¼ fB
Λ2

α

144πq2
f12ðm3

W − q2mWÞ2B0ðq2; 0; m2
WÞ − 3ð−5q4m2

Z −m4
Wð7m2

Z þ 8q2Þ þ 4q2m4
Z

þ 2m2
Wð−14q2m2

Z þm4
Z þ 2q4Þ þ 4m6

W þm6
ZÞB0ðq2; m2

W;m
2
ZÞ − 3m2

ZA0ðm2
WÞð3m2

W þm2
Z þ 5q2Þ

− 3A0ðm2
ZÞð−m2

Wð3m2
Z þ 4q2Þ þ 5q2m2

Z þ 4m4
W −m4

ZÞ þ 2q2m2
Zð−3m2

W þ 3m2
Z − q2Þg; (B8)

ΠWW;ξ ¼
fB
Λ2

α

48πq2
fðm2

W − q2Þ2ðm2
W þ 5q2ÞB0ðq2; 0; m2

WÞ þ ðq2 −m2
WÞð4q2m2

WξW þm4
Wξ

2
W − 5q4ÞB0ðq2; 0; m2

WξWÞ

þ ðm2
W − q2Þð4q2m2

WξW þm2
Zð4q2 − 2m2

WξWÞ þm4
Wξ

2
W þm4

Z − 5q4ÞB0ðq2; m2
Z;m

2
WξWÞ

þ ðq2 −m2
WÞð−2m2

Wðm2
Z − 2q2Þ þ 4q2m2

Z þm4
W þm4

Z − 5q4ÞB0ðq2; m2
W;m

2
ZÞ þm2

WðξW − 1ÞA0ðm2
ZÞðm2

W − q2Þ
þm2

Zðm2
W − q2ÞA0ðm2

WξWÞ þm2
ZA0ðm2

WÞðq2 −m2
WÞg: (B9)

OW :

Πγγ;FG ¼ − fW
Λ2

1

72π
q2αf3ð20m2

W þ q2ÞB0ðq2; m2
W;m

2
WÞ − 6A0ðm2

WÞ þ 2ðq2 − 6m2
WÞg; (B10)

Πγγ;ξ ¼
fW
Λ2

α

48πm2
W
f−2q2ð−2q2m2

WðξW − 2Þ þm4
Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2

W;m
2
WξWÞ

þ ðq6 − 4q4m2
WξWÞB0ðq2; m2

WξW;m
2
WξWÞ þ ð8q4m2

W þ q6ÞB0ðq2; m2
W;m

2
WÞ − 2q2m2

WðξW þ 5ÞA0ðm2
WÞ

þ 2q2m2
WðξW þ 5ÞA0ðm2

WξWÞg; (B11)
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ΠγZ;FG ¼ fW
Λ2

α

288πcs
f−3ð4m2

Zðm2
H þ q2Þ − 2q2m2

H þm4
H − 5m4

Z þ q4ÞB0ðq2; m2
H;m

2
ZÞ

− 3ð4q2ð21 − 20s2Þm2
W þ 48m4

W þ q4ð3 − 4s2ÞÞB0ðq2; m2
W;m

2
WÞ − 3A0ðm2

ZÞðm2
H þ 5m2

Z − q2Þ
þ 3A0ðm2

HÞðm2
H þ 5m2

Z þ q2Þ þ 6A0ðm2
WÞð24m2

W þ q2ð3 − 4s2ÞÞ
þ 2ðq2ð3m2

H þ 3m2
Z þ 4q2ðs2 − 1ÞÞ þ 6q2ð3 − 4s2Þm2

W − 72m4
WÞg; (B12)

ΠγZ;ξ ¼
fW
Λ2

α

96πsmWmZ
fq2ð2q2 −m2

ZÞðq2 − 4m2
WξWÞB0ðq2; m2

WξW;m
2
WξWÞ

þ ð4m4
WðξW − 1Þðm2

ZðξW þ 2Þ − q2ðξW þ 5ÞÞ þ 4q2m2
Wðm2

ZðξW þ 4Þ þ 2q2ðξW − 2ÞÞ
− 4ð2q4m2

Z þ q6ÞÞB0ðq2; m2
W;m

2
WξWÞ þ ð9q4m2

Z − 8m2
Wð3q2m2

Z − 2q4Þ þ 2q6ÞB0ðq2; m2
W;m

2
WÞ

þ A0ðm2
WÞðm2

Wð4m2
ZðξW þ 2Þ − 4q2ðξW þ 5ÞÞ − 10q2m2

ZÞ
þ A0ðm2

WξWÞðm2
Wð4q2ðξW þ 5Þ − 4m2

ZðξW þ 2ÞÞ þ 10q2m2
ZÞ − 4q2m2

Wm
2
ZðξW − 1Þg; (B13)

ΠZZ;FG ¼ − fW
Λ2

α

144πq2s2
f3ðm4

Hðm2
Z þ q2Þ − 2m2

Hð−4q2m2
Z þm4

Z þ q4Þ þ ðm2
Z − q2Þ2ðm2

Z þ q2ÞÞB0ðq2; m2
H;m

2
ZÞ

þ 3q2B0ðq2; m2
W;m

2
WÞð4m2

Wð4m2
Z þ q2ð11 − 10s2ÞÞ − 10q2m2

Z þ 48m4
W þ q4ð1 − 2s2ÞÞ

− 3A0ðm2
HÞðm2

Z þ q2Þðm2
H −m2

Z þ q2Þ þ A0ðm2
ZÞð3m2

Hðm2
Z þ q2Þ − 3ð−10q2m2

Z þm4
Z þ q4ÞÞ

− 6q2A0ðm2
WÞð24m2

W − 10m2
Z þ q2ð1 − 2s2ÞÞ − 2q2ð3m2

Hðm2
Z þ q2Þ þ 6m2

Wð2m2
Z þ q2ð1 − 2s2ÞÞ

− 72m4
W þ 3m4

Z þ 2q4s2 − 2q4Þg; (B14)

ΠZZ;ξ ¼ − fW
Λ2

α

48πq2s2m2
Z
fðm2

Z − q2Þðq6 − 4q4m2
WξWÞB0ðq2; m2

WξW;m
2
WξWÞ

− 2ðm2
Z − q2Þð5q4m2

Z − 2q2m2
Wð2m2

ZðξW þ 1Þ þ q2ðξW − 2ÞÞ
þm4

WðξW − 1Þðm2
Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ þ q6ÞB0ðq2; m2

W;m
2
WξWÞ

þ ðm2
Z − q2Þð10q4m2

Z þ 8q2m2
Wðq2 − 2m2

ZÞ þ q6ÞB0ðq2; m2
W;m

2
WÞ

− 2A0ðm2
WÞðm2

Z − q2Þðm2
Wðm2

Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ þ 5q2m2
ZÞ

þ 2ðm2
Z − q2ÞA0ðm2

WξWÞðm2
Wðm2

Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ þ 5q2m2
ZÞ þ 4q2m2

Wm
2
ZðξW − 1Þðq2 −m2

ZÞg; (B15)

ΠWW;FG ¼ − fW
Λ2

α

144πq2s2
f3ðm4

Hðm2
W þ q2Þ − 2m2

Hð−4q2m2
W þm4

W þ q4Þ þ ðm2
W − q2Þ2ðm2

W þ q2ÞÞB0ðq2; m2
H;m

2
WÞ

− 12s2m2
Wðm2

W − q2Þ2B0ðq2; 0; m2
WÞ þ 3ð4q4m2

Z þm4
Wð8m2

Z þ q2ð59 − 8s2ÞÞ − 5q2m4
Z

þm2
Wð10q2m2

Z − 6m4
Z þ 2q4ð2s2 þ 15ÞÞ þ ð4s2 − 2Þm6

W þ q6ÞB0ðq2; m2
W;m

2
ZÞ

− 3A0ðm2
HÞðm2

W þ q2Þðm2
H −m2

W þ q2Þ
þ 3A0ðm2

WÞðm2
Hðm2

W þ q2Þ þm2
Wðq2 − 6m2

ZÞ − 5q2m2
Z þ 5m4

W − 2q4Þ
þ 3A0ðm2

ZÞðm2
Wð6m2

Z − q2ð4s2 þ 19ÞÞ þ 5q2m2
Z þ ð4s2 − 6Þm4

W − q4Þ
þ 2q2ð−3m2

Hðm2
W þ q2Þ þm2

Wð36m2
Z − 3q2Þ − 3q2m2

Z þ 21m4
W þ 2q4Þg; (B16)
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ΠWW;ξ ¼ −fW
Λ2

α

48πq2s2m2
Z
fðm2

W − q2Þ2ð2m2
Wð5q2 −m2

ZξZÞ þ ðq2 −m2
ZξZÞ2 þm4

WÞB0ðq2;m2
W;m

2
ZξZÞ

− q2ðq2 −m2
WÞð−2q2ðm2

WξW þm2
ZξZÞ þ ðm2

WξW −m2
ZξZÞ2 þ q4ÞB0ðq2;m2

WξW;m
2
ZξZÞ

− ðm2
W − q2Þðm2

W −m2
ZÞð4q2m2

WξW þm4
Wξ

2
W − 5q4ÞB0ðq2;0;m2

WξWÞ
þ ðm2

W − q2Þð4q2m2
W þm4

W − 5q4Þðm2
W −m2

ZÞB0ðq2;0;m2
WÞ

þ ðm2
W − q2Þð−4q4m2

Z −m4
WξWð2m2

Z þ q2ðξW − 4ÞÞ þ 5q2m4
Z

þm2
Wð−4q2m2

ZðξW − 1Þ þm4
Z þ q4ð2ξW − 5ÞÞ þm6

Wξ
2
W − q6ÞB0ðq2;m2

Z;m
2
WξWÞ

− ðq2 −m2
WÞð4q4m2

Z þm4
Wð4m2

Z − 13q2Þ− 5q2m4
Z − 2m2

Wð−q2m2
Z þm4

Z − 7q4Þ− 2m6
W þ q6ÞB0ðq2;m2

W;m
2
ZÞ

þm2
WA0ðm2

ZÞðm2
W − q2Þðm2

WðξW − 2Þ þm2
Z þ q2ð−ðξW þ 10ÞÞÞ

þm2
Wðm2

W − q2ÞA0ðm2
ZξZÞðm2

W −m2
ZξZ þ q2ðξW þ 10ÞÞ−m2

Zðq2 −m2
WÞA0ðm2

WξWÞðm2
Wð1− ξWÞ þ q2ðξZ þ 10ÞÞ

þm2
ZA0ðm2

WÞðq2 −m2
WÞðm2

Wð1− ξZÞ þ q2ðξZ þ 10ÞÞ þ 2q2m2
Wm

2
Zðq2 −m2

WÞðξW þ ξZ − 2Þg: (B17)

OBB:

Πγγ;FG ¼ − fBB
Λ2

α

4πm2
H
q2fm2

HA0ðm2
HÞ þ 6m2

WA0ðm2
WÞ þ 3m2

ZA0ðm2
ZÞ − 2ð2m4

W þm4
ZÞg; (B18)

ΠγZ;FG ¼ fBB
Λ2

α

4πcsm2
H
ðc2 − 1Þfm2

Hm
2
Zð−m2

H þm2
Z þ q2ÞB0ðq2; m2

H;m
2
ZÞ −m2

ZA0ðm2
ZÞðm2

H þ 3q2Þ

þm2
HA0ðm2

HÞðm2
Z − q2Þ − 6q2m2

WA0ðm2
WÞ þ 2q2ð2m4

W þm4
ZÞg; (B19)

ΠZZ;FG ¼ fBB
Λ2

α

4πc2m2
H
ð1 − c2Þf2m2

Hm
2
Zð−m2

H þm2
Z þ q2ÞB0ðq2; m2

H;m
2
ZÞ þm2

HA0ðm2
HÞð2m2

Z − q2Þ

−m2
ZA0ðm2

ZÞð2m2
H þ 3ðm2

Z þ q2ÞÞ − 6q2m2
WA0ðm2

WÞ þ 2ð2q2m4
W þ q2m4

Z þm6
ZÞg; (B20)

ΠWW;FG ¼ − fBB
Λ2

α

4πm2
H
ðc2 − 1Þm4

Zf2m2
Z − 3A0ðm2

ZÞg: (B21)

OWW :

Πγγ;FG ¼ − fWW

Λ2

α

4πm2
H
q2fm2

HA0ðm2
HÞ þ 6m2

WA0ðm2
WÞ þ 3m2

ZA0ðm2
ZÞ − 2ð2m4

W þm4
ZÞg; (B22)

ΠγZ;FG ¼ fWW

Λ2

α

4πsm2
H
cfm2

Hm
2
Zð−m2

H þm2
Z þ q2ÞB0ðq2; m2

H;m
2
ZÞ

−m2
ZA0ðm2

ZÞðm2
H þ 3q2Þ þm2

HA0ðm2
HÞðm2

Z − q2Þ − 6q2m2
WA0ðm2

WÞ þ 2q2ð2m4
W þm4

ZÞg; (B23)

ΠZZ;FG ¼ fWW

Λ2

α

4πs2m2
H
c2f2m2

Hm
2
Zð−m2

Hþm2
Zþq2ÞB0ðq2;m2

H;m
2
ZÞþm2

HA0ðm2
HÞð2m2

Z−q2Þ

−m2
ZA0ðm2

ZÞð2m2
Hþ3ðm2

Zþq2ÞÞ−6A0ðm2
WÞðq2m2

W þm4
ZÞþ2ð2q2m4

W þq2m4
Zþ2m2

Wm
4
Zþm6

ZÞg; (B24)
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ΠWW;FG ¼ − fWW

Λ2

α

4πs2m2
H
f−2m2

Hm
2
Wð−m2

H þm2
W þ q2ÞB0ðq2; m2

H;m
2
WÞ þm2

HA0ðm2
HÞðq2 − 2m2

WÞ

þ 2m2
WA0ðm2

WÞðm2
H þ 3ðm2

W þ q2ÞÞ þ 3A0ðm2
ZÞðq2m2

Z þm4
WÞ − 2ðm4

Wðm2
Z þ 2q2Þ þ q2m4

Z þ 2m6
WÞg:

(B25)

OWWW :

Πγγ;FG ¼ fWWW

Λ2

q2s2g4w
16π2

f3ðq2 − 4m2
WÞB0ðq2; m2

W;m
2
WÞ − 6A0ðm2

WÞ þ 6m2
W − q2g; (B26)

ΠγZ;FG ¼ − fWWW

Λ2

cq2sg4w
16π2

fð12m2
W − 3q2ÞB0ðq2; m2

W;m
2
WÞ þ 6A0ðm2

WÞ − 6m2
W þ q2g; (B27)

ΠZZ;FG ¼ − fWWW

Λ2

c2q2g4w
16π2

fð12m2
W − 3q2ÞB0ðq2; m2

W;m
2
WÞ þ 6A0ðm2

WÞ − 6m2
W þ q2g; (B28)

ΠWW;FG ¼ − fWWW

Λ2

g4w
16π2

f−3s2ðm2
W − q2Þ2B0ðq2; 0; m2

WÞ þ 3ð−m2
Wðm2

Z þ 2q2ðs2 − 2ÞÞ
þ ðs2 þ 1Þm4

W þ q4ðs2 − 1ÞÞB0ðq2; m2
W;m

2
ZÞ þ 3A0ðm2

ZÞðs2m2
W − q2ðs2 − 1ÞÞ

þ 3q2A0ðm2
WÞ − 6q2m2

W þ q4g: (B29)

OΦ;2:
7

ΠZZ ¼ fΦ;2
Λ2

m2
Z

144π2q2
½3ðm4

H − 2m2
Hðm2

Z þ q2Þ þm4
Z þ 10m2

Zq
2 þ q4ÞB0ðq2; m2

H;m
2
ZÞ

− 3ðm2
H −m2

Z − 2q2ÞA0ðm2
HÞ þ 3ðm2

H −m2
Z − q2ÞA0ðm2

ZÞ − 2q2ð3m2
H þ 3m2

Z − q2Þ�; (B30)

ΠWW ¼ fΦ;2
Λ2

m2
W

144π2q2
½3ðm4

H − 2m2
Hðm2

W þ q2Þ þm4
W þ 10m2

Wq
2 þ q4ÞB0ðq2; m2

H;m
2
WÞ

− 3ðm2
H −m2

W − 2q2ÞA0ðm2
HÞ þ 3ðm2

H −m2
W − q2ÞA0ðm2

WÞ − 2q2ð3m2
H þ 3m2

W − q2Þ�: (B31)

APPENDIX C: PINCH TERMS IN Rξ GAUGE

Analytic results for ΓV
L as defined in Eq. (9) are given here in the Rξ gauge and contain both a pinch contribution and a

nonpinch contribution,

ΓV
L ¼ ΓV

LðpinchÞ þ ΓV
LðnonpinchÞ: (C1)

The “pinch” contribution is defined as in Refs. [37,38] to be the contribution of the 3-point interaction which exactly cancels
the internal fermion propagator. We note that ΓV

LðnonpinchÞ is gauge invariant. References [24,25] included this nonpinch
contribution in their definition of Π̄XY . From here on, we use ΓV

L to denote the pinch contribution only, as is used in the
definition of the oblique parameters in Ref. [28]. We use different gauge parameters ξW and ξZ for the W and Z bosons,
respectively, and they cancel separately in our final result. ΔΓV

L can be written as

ΔΓV
L ¼ ΔΓV

L;FG þ ΔΓV
L;ξ; (C2)

7The contributions to ΠZZ and ΠWW from OΦ;2 are gauge independent without the addition of tadpole diagrams. Since the tadpole
diagrams cancel in the calculation of the oblique parameters, we do not include them for the OΦ;2 2-point functions. The tadpole
contributions are included in the 2-point functions listed above for all other operators.
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where V represents γ, Z, and W. The first term ΠXY;FG contains results in the Feynman gauge and is independent of ξ. The
second term collects terms that vanish when ξ ¼ 1. In the following, we express our results in terms of scalar integral
functions A0 and B0 [36]. Only nonzero pinch contributions are listed here, and we separate the contributions in terms
proportional to each of the individual fi:
OB:

ΔΓγ
L;ξ ¼

fB
Λ2

α

96πsm2
W
fq2ð8m2

W þ q2Þð−B0ðq2; m2
W;m

2
WÞÞ þ ð4q2m2

WξW − q4ÞB0ðq2; m2
WξW;m

2
WξWÞ

þ 2ð−2q2m2
WðξW − 2Þ þm4

Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2
W;m

2
WξWÞ

þ 2m2
WðξW þ 5ÞA0ðm2

WÞ − 2m2
WðξW þ 5ÞA0ðm2

WξWÞg; (C3)

ΔΓZ
L;ξ ¼

fB
Λ2

α

96πcm2
W
fðq4 − 4q2m2

WξWÞB0ðq2; m2
WξW;m

2
WξWÞ

þ ð4q2m2
WðξW − 2Þ − 2m4

Wðξ2W þ 4ξW − 5Þ − 2q4ÞB0ðq2; m2
W;m

2
WξWÞ

þ ð8q2m2
W þ q4ÞB0ðq2; m2

W;m
2
WÞ − 2m2

WðξW þ 5ÞA0ðm2
WÞþ2m2

WðξW þ 5ÞA0ðm2
WξWÞg; (C4)

ΔΓW
L;FG ¼ − fB

Λ2

α

8π
c2m2

ZðB0ðq2; 0; m2
WÞ − B0ðq2; m2

W;m
2
ZÞÞ; (C5)

ΔΓW
L;ξ ¼

fB
Λ2

α

96πq2
fð−4q2m2

WξW −m4
Wξ

2
W þ 5q4ÞB0ðq2; 0; m2

WξWÞ

þ ð4q2m2
WξW þm2

Zð4q2 − 2m2
WξWÞ þm4

Wξ
2
W þm4

Z − 5q4ÞB0ðq2; m2
Z;m

2
WξWÞ

þ ð−4q2m2
W − 4q2m2

Z þ 2m2
Wm

2
Z −m4

W −m4
Z þ 5q4ÞB0ðq2; m2

W;m
2
ZÞ

þ ð4q2m2
W þm4

W − 5q4ÞB0ðq2; 0; m2
WÞ þm2

WðξW − 1ÞA0ðm2
ZÞþm2

ZA0ðm2
WξWÞ −m2

ZA0ðm2
WÞg: (C6)

OW :

ΔΓγ
L;ξ ¼

fW
Λ2

α

96πsm2
W
fq2ð8m2

W þ q2Þð−B0ðq2; m2
W;m

2
WÞgþð4q2m2

WξW − q4ÞB0ðq2; m2
WξW;m

2
WξWÞ

þ 2ð−2q2m2
WðξW − 2Þ þm4

Wðξ2W þ 4ξW − 5Þ þ q4ÞB0ðq2; m2
W;m

2
WξWÞ

þ 2m2
WðξW þ 5ÞA0ðm2

WÞ − 2m2
WðξW þ 5ÞA0ðm2

WξWÞÞ; (C7)

ΔΓZ
L;FG ¼ − fW

Λ2

α

4πs2
cm2

ZB0ðq2; m2
W;m

2
WÞ; (C8)

ΔΓZ
L;ξ ¼

fW
Λ2

α

96πq2mWðcmW −mZÞ
fðq6 − 4q4m2

WξWÞB0ðq2; m2
WξW;m

2
WξWÞ

þ ð−2m4
WðξW − 1Þðm2

Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ
þ 4q2m2

Wð2m2
ZðξW þ 1Þ þ q2ðξW − 2ÞÞ − 2ð5q4m2

Z þ q6ÞÞB0ðq2; m2
W;m

2
WξWÞ

þ ð10q4m2
Z þ 8q2m2

Wðq2 − 2m2
ZÞ þ q6ÞB0ðq2; m2

W;m
2
WÞ

þ A0ðm2
WÞð−2m2

Wðm2
Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ − 10q2m2

ZÞ
þ A0ðm2

WξWÞð2m2
Wðm2

Zð1 − ξWÞ þ q2ðξW þ 5ÞÞ þ 10q2m2
ZÞ − 4q2m2

Wm
2
ZðξW − 1Þg; (C9)
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ΔΓW
L;FG ¼ fW

Λ2

α

8πs2
c2m2

Zfðs2 − 2ÞB0ðq2; m2
W;m

2
ZÞ − s2B0ðq2; 0; m2

WÞg; (C10)

ΔΓW
L;ξ ¼ − fW

Λ2

α

96πq2s2m2
Z
fðm2

W − q2Þð2m2
Wð5q2 −m2

ZξZÞ þ ðq2 −m2
ZξZÞ2 þm4

WÞB0ðq2; m2
W;m

2
ZξZÞ

þ q2ð−2q2ðm2
WξW þm2

ZξZÞ þ ðm2
WξW −m2

ZξZÞ2 þ q4ÞB0ðq2; m2
WξW;m

2
ZξZÞ

− ðm2
W −m2

ZÞð4q2m2
WξW þm4

Wξ
2
W − 5q4ÞB0ðq2; 0; m2

WξWÞþð4q2m2
W þm4

W − 5q4Þðm2
W −m2

ZÞB0ðq2; 0; m2
WÞ

þ ð−4q4m2
Z −m4

WξWð2m2
Z þ q2ðξW − 4ÞÞ þ 5q2m4

Z

þm2
Wð−4q2m2

ZðξW − 1Þ þm4
Z þ q4ð2ξW − 5ÞÞ þm6

Wξ
2
W − q6ÞB0ðq2; m2

Z;m
2
WξWÞ

þ ð4q4m2
Z þm4

Wð4m2
Z − 13q2Þ − 5q2m4

Z − 2m2
Wð−q2m2

Z þm4
Z − 7q4Þ − 2m6

W þ q6ÞB0ðq2; m2
W;m

2
ZÞ

þm2
WA0ðm2

ZÞðm2
WðξW − 2Þ þm2

Z þ q2ð−ðξW þ 10ÞÞÞþm2
WA0ðm2

ZξZÞðm2
W −m2

ZξZ þ q2ðξW þ 10ÞÞ
þm2

ZA0ðm2
WÞðm2

WðξZ − 1Þ − q2ðξZ þ 10ÞÞ
þm2

ZA0ðm2
WξWÞðm2

Wð1 − ξWÞ þ q2ðξZ þ 10ÞÞ − 2q2m2
Wm

2
ZðξW þ ξZ − 2Þg: (C11)

OWWW :

ΔΓγ
L;FG ¼ − fWWW

Λ2

3α

8πs
q2g2wB0ðq2; m2

W;m
2
WÞ; (C12)

ΔΓZ
L;FG ¼ − fWWW

Λ2

3α

8πs2
cq2g2wB0ðq2; m2

W;m
2
WÞ; (C13)

ΔΓW
L;FG ¼ fWWW

Λ2

−3α
8πs2

q2g2wðc2B0ðq2; m2
W;m

2
ZÞ þ s2B0ðq2; 0; m2

WÞÞ: (C14)

APPENDIX D: ANALYTIC RESULTS FOR OBLIQUE PARAMETERS

The finite contributions to the oblique parameters are

RS1 ¼
m2

Z

24πΛ2

�
29

3
ð5c2 þ 1ÞfB − c2ð64c2 þ 15ÞfW þ 72ðs2fBB þ c2fWWÞ þ 72c2fWWWg2

þ 3

�
mH

mZ

�
2

ðc2fB þ s2fW − 8c2fWW − 8s2fBBÞ þ
�
mH

mZ

�
4

½ð2c2 − 3ÞfB þ ð2s2 − 3ÞfW �

þ − 48ðs2fBB þ c2fWWÞ þ 2

�
mH

mZ

�
2

½ð2s2 þ 1ÞfB þ ð2c2 þ 1ÞfW þ 12ðs2fBB þ c2fWWÞ�

þ
�
mH

mZ

�
4

½ð2s2 þ 1ÞfB þ ð2c2 þ 1ÞfW �
�
mH

mZ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 −

�
mH

mZ

�
2

s
cos−1

�
mH

2mZ

�

− 2½ð32c2 þ 1ÞfB þ 36c2fWWWg2 − ð32c4 þ 8c2 − 1ÞfW �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 − 1

p
sin−1

�
1

2c

��

þ fΦ;2
Λ2

m2
Ws

2

72π2α

�
79 − 27

�
mH

mZ

�
2

þ 6

�
mH

mZ

�
4

− 6

�
12 − 4

�
mH

mZ

�
2

þ
�
mH

mZ

�
4
��

mH

mZ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 −

�
mH

mZ

�
2

s
cos−1

�
mH

2mZ

��
; (D1)
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RS2 ¼
m2

Z

12πΛ2
f−ð1þ 30c2ÞfB − ð1 − 10c2ÞfW − 36c2g2fWWWg; (D2)

RS3 ¼
m2

H

24πΛ2

�
ðfB þ fWÞ

�
m4

H

m4
Z
− 12

�
þ 2ðs2fB þ c2fWÞ

�
m4

H

m4
Z
þ 12 − 18

m2
H

m2
H −m2

Z

�

þ 24ðs2fBB þ c2fWWÞ
�
m2

H − 4m2
Z

m2
Z

��

− fΦ;2
Λ2

m4
Zs

2c2

12π2αðm2
H −m2

ZÞ
×

�
mH

mZ

�
2
��

mH

mZ

�
6 − 7

�
mH

mZ

�
4

þ 24

�
mH

mZ

�
2 − 36

�
; (D3)

RT1 ¼
m2

Z

32πΛ2

�
15fB þ

�
3 − 23c2

s2

�
fW

�
þ 5m2

H

32πc2Λ2
fB − 5m2

Zs
2

32π2αΛ2
fΦ;2; (D4)

RT2 ¼
m2

W

8πs2Λ2

�
5fB − 3

�
m2

W

m2
H −m2

W
þ 2ðc2 þ 4Þ

3s2

�
fW

�
þ 3m4

W

8π2αΛ2ðm2
H −m2

WÞ
fΦ;2; (D5)

RT3 ¼ − 3

8πc2
m4

H

Λ2ðm2
H −m2

ZÞ
�
fB þ m2

W

m2
H −m2

W
fW

�
þ 3m4

Hm
2
Zs

2

8π2αΛ2ðm2
H −m2

ZÞðm2
H −m2

WÞ
fΦ;2; (D6)

RU1 ¼
m2

Z

24πΛ2c4

��
48c6fWW −

�
mH

mZ

�
2

ð2s2c4fB þ 2ðc4 þ c6ÞfW þ 24c6fWWÞ

−
�
mH

mZ

�
4

ðs2c4fB þ ðc4 þ c6ÞfWÞ
��

mH

mZ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 −

�
mH

mZ

�
2

s
cos−1

�
mH

2mZ

�

þ 4

�
−24c4fWW þ 2

�
mH

mZ

�
2

c2
�
fW þ 6fWW

�
þ
�
mH

mZ

�
4

fW

��
mH

mZ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 −

�
mH

mZ

�
2

s
cos−1

�
mH

2mW

�

− 2½ð80c8 þ 116c6 þ 90c4 þ 22c2 − 11ÞfW þ 216fWWWg2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 − 1

p
sin−1

�
1

2c

�

þ 2
h
ð−40c4 þ 6c2 þ 1Þ s

2

c2
fB þ 36c2ð4c2 − 1ÞfWWWg2

i ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 − 1

p
cos−1

�
1

2c

�

þ
�
2

3
c2ð240c6 − 121c4 − 62c2 þ 33Þ þ 11π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 − 1

p
ð8c4 þ 2c2 − 1Þ

�
fW

− ð84c6 − 95c4 þ 9c2 þ 2ÞfB þ 96s2c4fWWWg2þ3
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