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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 AS, AT, and AU
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 — 3¢ 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,

i

£N£SM+ZIA2

O+ ... (1)

The lowest-dimension operators, O;, which contribute to
processes involving gauge bosons are dimension 6. The
complete set of SU(3) x SU(2), x U(1), 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 (~m) and reflects our igno-
rance of high scale physics.

At each order in the expansion in 1/A", divergences
appear in loop diagrams, which can be absorbed by

1550-7998,/2014/89(1)/015016(18)

015016-1

PACS numbers: 12.60.Fr, 12.60.-i, 14.80.Bn, 14.80.Ec

renormalizing the coefficients of the operators appearing
at one lower level in the loop expansion but at the same
order in 1/A”", yielding a theory that is finite order by order
in the expansion in 1/A. 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 A, 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, f;(A). The predictions must
then be matched with experimental limits from low energy
measurements, f;(~m,) 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, AS, AT, and
AU, 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, f;, 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 to AS, AT and AU, as well as the required
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pinch contributions, in an R; 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 log(A) given in Ref. [8]. We also com-
pare the restrictions on the f; 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
SU(2); x U(1)y gauge fields and the Higgs SU(2), dou-
blet . We assume that fermion interactions with the gauge
bosons are those given by the Standard Model and that all
new physics respects the SU(2); x U(1), 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],

2

Opy = =2 Tr([D,. 0" - Wiy | [D*, 0" - W)
g/2
Ops =~ (9,B,,)(0"B")
Opw = —%@TBWM WA
Oy = (D,®)"(2PT) (D D), )
where'

g g o
w =0, —1>B,

Z Wi B,, =9,B,—0,B,
Wi, = 0,WE —0,Wi FigWa Wi — WiWi)
W3, =0,W; —0,W; —ig(WiWw, —WSW,). 3)

Opw gives B — W? mixing at tree level and contributes to
AS, while Oy ; affects my, but not my,, at tree level and
thus contributes to AT.

There are six bosonic operators which contribute to the
oblique parameters at one loop,

'"The convention for D, 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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3
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The effects of Opp and Oy, 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,

Og3 = *(‘1) D)} Og4 = (D,®)"(D'®)(®'®). (5)

UJ

Og3 only affects the Higgs self-interactions and is irrel-
evant for the oblique parameters. By using the equations
of motion, Og 4 can be written as a linear combination
of Og, and dimension-6 Yukawa operators. The latter have
no effect on the self-energies of gauge bosons, and thus
Ogp4 can also be excluded from our operator basis.
Finally, the Lagrangian for Higgs physics we consider is

L= Loy + fXZW Opw + I s 5 Opp + ff;f Opw + figl Os,
fizz O, + vagW Owww + ]X; Oy + {é Op
fWW —5 Oww + Tos 5 Ogg. (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

Iy (¢%) = ¢“Txy(¢°) — P p*Bxy(4*). (7
for XY = WW, ZZ, yy and Zy. The contributions (includ-
ing tadpole diagrams) to ITyy (g?) are given in Appendix B
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in the R; gauge.2 The I1yy functions are gauge dependent
and ultraviolet divergent.

The pinch contributions are defined in terms of the cor-
rections to the fy*P; f'V¥ vertices, where P; = T(1—ys).
Only left-handed contributions arise because there is
always a coupling to a W boson. The vertex corrections
are of the form

AT (@) = 7, PLAT (7). 8)
‘We normalize

AT (q?) = gTiATY () V=Zy

AT (p2) = %AF{V (). ©)

Expressions for the pinch contributions, AT} (¢?), in the R;
gauge are given in Appendix C.

Gauge invariant 2-point functions can be constructed by
forming the combinations’

Myw(q®) = Myw(q®) +2(¢* — my,) ALY (¢7)

M;(q%) = sz( %) +2¢(q* — mz) A7 (¢%)
11,7(¢*) = 2(¢°) + s¢*AT7 (¢°) + c(g* — m3) AT (¢%)
I, (p*) = W( ?) +25¢* A (¢), (10)

where ¢ = cos Oy and s = sin 0y,. We have explicitly veri-
fied the cancellation of the & gauge parameters.

This allows the construction of gauge invariant oblique
parameters [28],

aAS — (4) {ﬁzz<m%> ~ Ti,,(0) — T, (m3)

myz

A 2 o 2
—2sc<%) — 52 <%>} (11)
z z

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

“Results in the unitary gauge can be found in Ref. [29].

"Gauge 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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assumption that all new physics is at a scale much larger
than M, 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

1 (dap®\
AS—CS—<”—‘2‘> (1 +€) + Ry
€ mZ
1 (dap?\
AT:CT<H/;) T(1+¢€)+ Ry
€ mZ
1[4\
AU = CU—<”—§‘) T(1+€)+ Ry, (12)
€ mZ
where
g i [ St fw £5(20¢ +7) = 3f
ST 8 | A? 247A2 7P v

8¢2
+ 24(s* fpp + * fww) + 362G fwww + ?quz}
1 S+ fw /B myy fon
Cr= 167¢? {9mw< A? - 3m %Az_n?F
my
67A2

Cy = s> fw- (13)

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

2\ € 2
1(4”’2‘ ) (1 +e) - 1n(A—2). (14)
€\ my my

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

A2
ASM — Cy log< 2>
my
2
ATH - C; 10g<A >
my
LL A?
AU - Cy log —2 (15)

We take as inputs
my=126GeV, mz;=91.1875GeV, my =80.399 GeV
Gr=1.16637x10GeV~2, m,=173GeV. (16)

All other inputs are obtained using the tree level relation-
ships of the SM. Equation (15) becomes
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ASEE = [0.015f5 4+ 0014 fyy + 0028 g5 + .01 fyyy
+.006f www + -0016f¢5]
' (1 TeV)Z{ log(A?/m?%) }
A log(1 TeV?/m3)
ATEL = [0.013f 5 + .007fy — 0047 f 5]

1 TeV\2[ log(A%/m2)
(5 et v

1 TeV\2[ log(A%/m>
AUt = [O.OOOSfW]< Ae ) [log(()lg(Te\/le/Z%)

]. (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 are

47p?

m
Rg= _TfBW + Rg1 + Ry, log(c) + Rg3 log <H>

U2
Ry =———5fo1+Rp + Ry log(c) + Rys log
2ah m,

52 8xv?
RU: c2 2 ——fpw + Ry + Ry, log(c +RU310g

(18)

Analytic results for Rg, Ry, and Ry are given in
Appendix D. Numerically, we find

Rs = {—0.76f gy + 1073(1.48f5 — 1.4fy — 0.2f 55

1 TeV\?2
—O.71fWW—|-0.66fWWW+1.96f¢w2)}< A >

(0.13f5 4+ 0.12fy —3.97f5,)}

RT == {_4Of(1’,l - 1073

" 1 TeV)\?
A

RU - {OZOfDW + 10_3(

—0.02f 5 + 2.06f + 0.14f

1 TeV) 2

+ 2.1 fwww —0.25f52)} <T (19)

The effective field theory is defined at the weak scale,
u ~ my 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.

*Since fBw, fo.1> and fpy contribute at tree level, we do not
consider the much smaller contributions of these operators at one
loop to the oblique parameters.
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The theory is thus rendered finite order by order in the
expansion in powers of 1/A? [5,7,24,25,31]. Using MS
renormalization, the renormalized coefficients relevant
for a study of the oblique parameters are

Fowlb) = Fow =+ (42)T(1 +€)C
1
fow(m) = fpow — - (4z)T(1 +€)Cy
foi(u) = fo1— é (47)T(1 + €)Cr. (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
u = my, as appropriate for the low energy effective
Lagrangian, is

AS = Ry AT =Ry AU = Ry,. (21)
Note that this result is quite different from that of Ref. [8],
since the log(A) 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 AS,
which was obtained by scaling the coefficients in a new
physics model from A to m.

IV. PHENOMENOLOGY

A. Results from fits to oblique parameters

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

AS =0.03 £0.10
AT =0.05£0.12
AU = 0.03 £0.10, (22)

with the correlation matrix

1.0 0.891 —0.540
p=1 0.891 1.0 —0.803 |. (23)
—-0.540 —0.803 1.0

The parameters fpy and fg contrlbute to AS and AT at
tree level. We show the limits in Fig. 1.° These coefficients
are highly restricted by the electroweak data, and we ignore
them in the remaining fits, where we obtain limits pairwise

SReference [32] has done a similar analysis, and our fit to fgy
and fg agrees with theirs.
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FIG. 1 (color online). Limits from the oblique parameters on
fao1 and fpy for A =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.

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 fgy(mz)
and fg(mz) are O(1), the fit implies A > 1.8 TeV.
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Even though they are numerically constrained, fzy and
fo.1 cannot be set to O 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 A = 1 TeV in
the fpp(mz) and fyw(my) 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 A =
1 TeV in the fy(my) and fyw(my) 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 f; ~ 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 — W W~ is modified [6,9],°

_ T(H - Wrwr)
A S~ WoW ey
1 mi, miy 2
Ty [2 <XW +2fw(mz) et 2fww(mz) A2 (2- xw))
m%v m%v 2 2 m%v
+ (2 — Xy + 2fw(my) el +2fww(my) FXW) ] TAA (fo1+2fa2)
1 TeV\?2 1

~ 1+ [.0086fww(mz) + .017 fy(mz) — .03f ¢ 1 (mz) — .06f5,(mz)] <A) + O<A4>’ (24)

where xy, = 4m3,/m3; and we have made explicit the dependence of the coefficients on the scale. The fg; and fg, 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 of H — W' W~ from gluon fusion to limit fyy and fy
in Eq. (24) [33,34]:

Uww = .68 .20 (CMS) uww =-99+.30 (ATLAS). (25)
In Fig. 4, we show the allowed region in fyy (mz) vs fw(mz) from H — W W~ In this case, the limits from Higgs decay
and from the oblique parameters are similar. Note that the scale of Fig. 4, f;/A? ~ 200, makes these limits meaningless.

®Note our differing convention for the sign of fy, from these references.
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FIG. 2 (color online).
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(a) Limits from the oblique parameters on f g and fyy for A = 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, fzp(my) and fyw(mz), Egs. (19) and (21).
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FIG. 3 (color online).
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(a) Limits from the oblique parameters on fy and fyy for A = 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, fy (m;) and fyw(mz), Egs. (19) and (21).

Only fgg, fww, and fgy(m) contribute to H — yy. Using the well-known SM results [35], we find

u = I'(H = yr)
" T(H = yy)lsm
_ {1 + ( Ircal >8”292
I %eal +1 izmag A2
1 TeV
~1+4 1.47< ©

) antonz) + fm) = Fawon)] + 0 5.

[fe(mz) + fww(mz) — fpw(mz)] }2

(26)
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FIG. 4 (color online). 95% confidence level limits from the
measurement of gluon fusion production with H - WTW~
(black band), compared with the inferred limits from the oblique
parameters.

where

Ireal = Z.]‘]\/'CQ]ZfFrle/?g(xf) + Fgeal(xw)
Timag = ZpNcQIFSE (x7) + F1™ (xyy). 27)
x; = 4m7/mi, and expressions for F , and F are found

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

p, =77+ .27
p,y = 1.55 + 31

(CMS)
(ATLAS). (28)

Figure 5 shows the 95% confidence level limits from the
gluon fusion of the Higgs boson, with the subsequent decay
to yy, and contrasts the limit from the oblique parameters
(setting fgw(mz) = 0). The error band on the H — yy 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 fy and fpp planes.

In a similar fashion, we can find the contribution to
H - Zy,

_ I(H - Zy)
Hor = U(H — Zy)lsm
2Aa  2mscmi 1
=1 =2 —= Ol— ), 29
" Afeal + Aizmag a A2 Nt A4 ( )

where [6]
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fww + fs
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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 — yy decay (red vertical line).

g1 = fg(mz) — fw(mz) + 4s>fpp(mz) — 4cfyy (mz)
+2(c* = 5%) fpw(myz). (30)

and A,y and Ay, are the real and imaginary contributions
of the sum of the fermion and W loops to the SM H — Zy
decay and can be found in Ref. [35]. In Fig. 6, we show
the limits on combinations of f;(m;) which influence
the decay H — Zy. Neglecting all parameters except
fw(myz) and fg(my), Fig. 6 corresponds to

400 - B

200 [~ B

—-200 q

—400 |- 4

P RS N P T SR
—400 —200 0 200 400
Sfww + fes N
—_——(TeV?Y
A2

FIG. 6 (color online). Limits from oblique parameters which
influence the decay H — Zy. The curves (from outer to inner)
are 99%, 95%, and 68% confidence level.
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1 TeV\?2
=80 < [fp(my) _fw(mz)]< A ) <35 3D
which is not strong enough to give a limit on y,.

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 AS, AT and AU 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 AS, AT, and
AU 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, f;, 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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OWWW'
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Op 1 = — OSILH
€37 3,6
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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 D% =0, + ig' 1 B, + ig% W4, which
is opposite from ours. To convert our final results to those
of HISZ, the substitutions fyww — —fiS%, fw —
—fSZ and fp — —fHI52Z must be made in Eq. (12).

The HISZ operator basis [5] has 11 operators involving
Higgs and electroweak gauge fields:

HISZ HISZ HISZ HISZ HISZ
ODW ’ ODB ’ OBW ’ O<I’,1 ’ O(P,Z ’
HISZ HISZ HISZ HISZ HISZ
O<I>,3 ’ OWWW’ OWW ’ OBB ’ OW ’
HISZ
OHISZ,

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

SILH SILH SILH SILH SILH

Oy, O, O™, Oy, Oy,
SILH SILH SILH SILH SILH

O O~ Opg. Opw. Opgs
SILH

O3w'

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:

O%LH =20y — Oww — Oy

2 1
SILH _
O = 247

Obps O%%H = —40p;p

(A

1
Opy = ~OFH + ; O + OF"

3¢
Opwww = - O3

1 1 1
OBB - —ZO%%H OW — EO?_]I{IVH OB — EOEIHEH

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

1 1 1
eyt = Ef@,l + fo2 ™ = —§f<1>.1 cg™ = gfm = —fww ™ = —fpw + fww
1 1 1
Sw =20 fpw Sp =2¢%fpp eyt = _ZfBB+ZfBW_ZfWW i —_fW + fww
g —_fB + few — fww et ——ngwww+692f1)w- (A3)

e From our convention to SILH:

1 1

_ cSILH _ cSILH _ _ SILH SILH _ SILH _ SILH SILH

Sow = 292 Ow fpp = 2g’2 B few=—cp " —cy Sfo1=—2c7 for=cy "ty
2 2

_ SILH CSILH _ © SILH SILH ___SILH SILH

Sfa3 =3Acg Swww = 37 3w 7 Cow Sww =—cy S =—cp " —4cpp
_ ~ SILH SILH __ 5 SILH SILH

fw =2cy" + 2w fp=2c3" +2c35". (A4)

APPENDIX B: SELF-ENERGIES IN R, GAUGE

In this appendix we present the detailed formulas of the self-energies that contribute to Ilyy defined in Eq. (17) in the R;
gauge. We use different gauge parameters &y and &, for the W and Z bosons, respectively. Ilyy can be written as

ny(qz) = Zifi{né(Y,FG(qz) + H&Y,g(‘lz)}v (BI)

where XY represents yy, Z y, ZZ, and WW and IT' is the part of the 2-point function which is proportional to f;. Iyy g¢ is
independent of £ and contains results in the Feynman gauge, and the second term collects terms that vanish when & = 1. In
the following, we express our results in terms of scalar integral functions A, and B, [36]. Only nonzero contributions are
listed here. We separate the contributions in proportion to each f;:

OB.

fp 1
I, rc = —AI; 7 q a{3(20mW + qz)BO(q mW’ mW) 6A0(mw) + 2(q - 6mw>} (B2)

f a
Ty = 32 gy, (247 (22475 (G = 2)  miy (&, + 4w = 5) + 4*)Bolg”. . miy )

+ (¢° — 4614mw§w)30<q27 miyEw. miyw) + (8¢ miy, + q°)Bo(q*, miy, my,) — 2¢7my, (Ew + 5)Ag(miy)
+2¢°my (Ew + 5)Ag(myEw)}. (B3)

f a
L, rG = Aﬁ CTT {3(4m3(my; + q*) — 2q*mj; + my; — 5my + q*)Bo(q*, my;, m3)

+3¢7(16(55% = 2)miy + ¢* (45> — 1)) Bo(q*. miyy. miy) + 3Ag(m3) (mfy + Sm3 — q°)
—3Ao(m%)(m% + 5m% + %) + 6¢*(1 — 4s*)Ag(m¥y) + 2¢*(—3m3, + (6 — 2452 )m3, — 3m% + 4¢°s?)},
(B4)
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/B a

P96ﬂcsm%v
+2(miy + ¢7(25% = 1))(=2¢7my (Ew — 2) + miy (& + 48w — 5) + q") Bo (g2, miy, miyéw)
— B> miy + ¢*)(miy + ¢*(25* = 1)) Bo(g?, miy, miy) + 2m3y, (Gw + 5)Ao(miy) (miy + (257 — 1))

7= {(m%, + qz(zsz - 1))(442m%4/§w - q4)Bo(q2, m%vav’ m%v‘fw)

—2miy (Ew + 5)Ag(miy&w) (miy + ¢*(25% = 1))}, (B5)
f a
Iy rc = A—i 1447 {(=3mi(m3 + ¢*) + 6my (—4q>m7 + m3 + q*) — 3(m3, — q*)(m7 — ¢*))Bo(q*. my;, m7)

+3¢*(q*(1 — 25%) — 8(55% — 4)miy) Bo(q*, miyy, myy) + 3Ag(myy) (m7 + q*)(my; — m7 + ¢7)
+ 340 (m%) (—=m3;(m% + q*) — 10g*m% + m3, + q*) + 64" (25> — 1)Ag(m3,)
+2¢*(3my (m75 + ¢*) — 2¢°((3 — 65> )myy, + ¢°s*) + 2q*m3 + 3m3)}, (B6)

fB a
oze = 12 48am}, (m

—2(m% — ¢*)(=2q*m}y (Ew — 2) + myy (&}, + 4w — 5) + ¢*)Bo (g%, m}y. m3Ey)
+ (8¢*my + ¢*)(m3 — ¢*)Bo(q*, myy. miy) + 2my, (Ew + 5)Aq(myy) (¢* — m3)

+ 2mi{&w + 5)(m5 — *)Ag(miyw)}. (B7)

)(‘]4 - 46]2’“%4/§W)BO(‘]2’ m%)vﬁfm m%vfw)

f a
Myw re = Aﬁ dand {12(m}, — ¢*mw)*By(q*, 0, m3,) — 3(=5q*m% — m3, (Tm% + 84*) + 4q*m},

+ 2miy (—14¢*m7 + my + 24*) + 4mw + m$)Bo(q*, miy, m7) — 3mzAq(my,)(3miy, + my + 5¢7)
— 3Aq(m3)(—myy, (3m7 + 4¢%) + 5¢>m7 + 4my, — m3) + 2q>m3(=3mi, 4+ 3m3 — q*)}, (B8)

/B«
e = A2 487rq2 {(miy

+ (m}y, — ¢*)(4g*m¥ &y + mE(4q* — 2m3 &) + my, & + my — 5¢*)Bo(q?, m%. my,Ew)
+ (¢ — myy) (=2my, (m7 — 2¢%) + 4q*m7 4+ my, + my — 5¢*)Bo(q*. my,. m3) + my, (Ey — 1)Ag(m3)(my, — ¢*)

q*)*(my, +5¢%)Bo(q*. 0. m3y,) + (q* — miy) (4g>my, &y + my, &y — 5% ) By (7. 0. my &)

+ m(my, — q*)Ag(myEyw) + mzAg(myy)(g* — miyy)}. (B9)
OW:
1
0, r = {\vg 7224 *a{3(20my, + %) Bo(q*, miy, myy,) — 6Aq(myy,) + 2(q* — 6my,)}, (B10)
fw «a

M, =75 s {—2¢% (=247 m3y (&w — 2) + my, (& + 4w — 5) + ¢*)Bo(q*. miy, mi &)
A= 48zmy,
2

+ (¢° — 4q*m3,&w) By (g%, m3,Ew . my ) + (8q*m3y, + q°)Bo (g, myy, myy) — 27 m3y (Ew + 5)Ag(m3y)
+2¢*m3y (Ew + 5)Ag(miyEw) (B11)

015016-10



ELECTROWEAK EFFECTIVE OPERATORS AND HIGGS PHYSICS PHYSICAL REVIEW D 89, 015016 (2014)

M, o=t @
712G T A2 088 e

— 3(4¢*(21 — 20s%)m3, + 48my, + q* (3 — 45%))Bo(q*, myy. my,) — 3A¢(m3)(my; + 5m3 — ¢*)
+340(m%) (m3, + 5m% + ¢%) + 6Ao(m3,) (24m3, + ¢ (3 — 452))
+ 2(q2(3m,2q + 3m% + 4q2(52 —1))+ 6q2(3 — 4sz)m%v — 72m“‘4,)}, (B12)

{=3(4m%(m3 + ¢*) — 2¢°m% + m}; — 5m% + ¢*)By(q*, m3;, m%)

Sfw a

F96ﬂsmwmz
+ (dmyy (Ew — 1) (m7(Ew +2) — ¢*(Ew +5)) + 4q7miy, (m7(Ew + 4) + 247 (Ew — 2))

—4(2q*m3 + q°))Bo(q*, miy, myyéw) + (9g*m3 — 8my, (3¢°m3 — 24%) + 24°)Bo(q°, miyy, miy)

+ Ag(miy) (miy, (4m37 (Sw +2) — 4¢*(Ew + 5)) — 10°m3)

+ Ag(miy&w) (miy (447 (Ew + 5) — 4m3 (Ew + 2)) + 10¢7m3) — 4g>mym3 (& — 1)}, (B13)

ILze= {q (29 %)(42 - 4m%vfw)Bo(‘I2’ m%v‘fw, m%véw)

f a
7 rc = AZW {3(my(m7 + ¢*) — 2my(—4q>m7 + m3 + q*) 4+ (m7 — ¢*)*(m3 + ¢*))Bo(q*. mp;. m3)

+3¢°By(q%, m¥,, m3,) (4m3, (4m? + ¢*(11 — 105%)) — 10g°m% + 48m3, + g*(1 — 25?))
= 3Ag(m3y) (m7 + ¢*) (myy — m + q%) + Ag(mZ) Bmi; (m7, + ¢*) = 3(=10¢°m7 + m3 + q*))
—6¢%Ag(m3,)(24m3, — 10m2 + ¢*(1 — 25%)) — 2¢*(3m% (m% + ¢°) + 6m3,(2m% + ¢*(1 — 25?))

—72m3, + 3m% + 2¢*s* —2¢*)}, (B14)
8l fW a 6 _ dg*m Bold?. m2 2
A T - {(m% — ¢*)(¢® — 4q* m3, &) Bo(q* . miyy &, my,Eyy)

—2(m3—q )(561 my = 2q°miy (2mz(&w + 1) + ¢*(Ew — 2))
+ miy (Ew — )(m%(l —&w) +@*(Ew +5)) + 4°)Bo(q*. miyy, mi, &)
+ (m3 — ¢*)(10g* m3 + 8¢°miy, (q* — 2m3) + q°)By(q*, myy, miy)
_ZAO(mW)(mZ )(mw(mz(l —&w) +qz(§w +5)) +5q2m%)
+2(m7 — q*)Ag(miyw ) (miy (mz(1 = &w) + ¢*(Gw +5)) + 5¢°m7) + 4g>miym3(&w — 1)(¢*> —m3)}.  (B1S)

f a
Myw rg = AVZVW{ (my(m¥y + q*) — 2m3; (—4q*my, + my, + ¢*) + (m§, — ¢*)*(m}, + ¢*))Bo(q*. m3;, my)

— 125 my, (miy — ¢*)*Bo (g%, 0, miy,) + 3(4q*m3 + miy, (8m3 + ¢*(59 — 85%)) — 5¢°m,
+miy(10g°m7 — 6m3 +2¢*(25% + 15)) + (4s> = 2)m, + ¢°)Bo(q*. miy, m3)
= 3Ag(mz;) (miy, + ) (mp; — miy, + ¢°)
+ 3Ag(miy) (my (my + ¢*) + miy (q° — 6m3) — Sq°m3 + Smiy, — 2¢*)
+ 3A(m7) (my (6m7 — ¢*(4s> + 19)) + 5¢°m3 + (45> — 6)my, — q*)
(-

+2¢*(=3m3(m¥, + ¢*) + m3,(36m2Z — 3q¢°) — 3¢°m% + 21my, + 2q*)}, (B16)
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f a
s =~ s { (= 2 220y (547 = ) + (7 = ) iy B2y )
Z

= q*(q* —myy)(=2q* (miy €w + m3E7) + (miydw — m%E2)* + ") Bo (> miyEw. m7&7)

— (mfy — ¢*) (myy, — m%) (4> miy &y + myy &y — 5¢*)Bo (4%, 0, )

+ (miy — ¢*) (4q*my, + miy, — 5¢*) (miy, — m3)Bo(q”, 0, myy)

+ (myy — ¢*)(—4q*m% — miy &y (2m3 + ¢* (Ew — 4)) + 5¢°m},

+ myy (—4q*m% (Ew — 1) + m} + ¢* (2Ew — 5)) + m$, & — ¢°)Bo (g% m5. my )

— (g% — miy) (4q*m3 + miy, (4m3 — 13¢°) — Sq*m — 2miy(—q*m7 + my —Tq*) — 2m§, + q°)Bo(g*, miy, m7)

+ miyAg(m3) (miy — ¢*) (my (Ew — 2) + m7 + ¢*(—(éw + 10)))

+ m%v(m%v - qz)AO(m%SZ)(m%V - m%étz + qz(fw +10)) — m%(qz - m%v)Ao(m%vfw)(m%v(l —&w) + ‘12(52 +10))

1 mAo(miy) (g2 — miy) (i (1 — &7) + q2(&7 +10)) + 2q2miymy(q? — miy) (Ew + &, —2)). (B17)
OBB
f a
I, r¢ = _%Mm}{ q*{myAg(myy) + 6miyAg(miy) + 3mzA¢(m7z) — 2(2my, + my)}, (BI18)
f a
M6 =738 oy (€~ DMy G2)Bo (42, iy ) = m A () (s + 3¢
+ mpAg(myy) (my — q7) — 6q°miy Ao (myy) + 247 (2miy, + m3)}, (B19)
/BB a

Uz r6 = A2 dnim2 (1- cz){Zm%m%(—m%{ + m% + qz)Bo(qz, m%{, m%) + m%IAO(m%{)(zm% - 512)
et my

— mzAg(m)(2myy; + 3(m% + ¢°)) — 6q°miyAg(miy) + 2(2¢°miy, + g*my + my)}, (B20)
My rg = — 2287 (c2 = 1)m {2m2 — 3Aq(m2)). (B21)
‘ A? dxm?,
OWW
f a
Ty = =03 5 ¢ Ao () + 63y Ao (miy) + 3m3 A (m3) = 2(2my + m)}, (B22)
H
I1 —MLc{m2m2(—m2 +m2 4 Z)B( 2 12 m2)
7ZFG = )7 47zsmi, H H z T 4q7)bo\g~, My, mz
— mzAo(m3)(my + 3¢%) + myAg(my)(m5 — q*) — 6q7myAg(myy) + 2¢*(2my, +m3)},  (B23)
f a
My =10 {2l (i -+ 0+ 47 Bo iy m3) i Ao ) (2o — )
H

—mzAg(m7)(2my +3(m7 + %)) — 6Aq (miy) (q°miy + m7) +2(2¢°miy, + g*my + 2miymy +mf)},  (B24)
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fww a
Myw re = TN dnsted {=2mpm3,(—m3; + m§y, + ¢*)Bo(q*, mi;. m3,) + mpAg(mg;) (g — 2ms,)

+ 2mi, Ao (miy) (miy + 3(my + ¢2)) + 3A0(m3) (g*m3 + miy) — 2(mi, (m7 +2¢°) + q°m3 +2mf) }.

(B25)
Owww:
Swww 45> g
I, r¢ = VXV;W 1622 {3( 4mW)BO(q mW’ mw) 6A0(mw) + 6mW q } (B26)
 fwwweq sgw
Myzre === 15— o3 {(12mf = 3¢°)Bo(g*, miy, miy) + 6Ag(mrsy) — 6miy + g7}, (B27)
Nl - Swww sz]zgfv 2B (d?. m2 m> 6A 2 6m2 2 B28
225G = T AT e {( —3q%)Bo(q°, miy, myy) + 6Ag(my,) — 6miy, + g°}, (B28)
f g
Myw re = VX;/W = 5{—3s 2(mfy — q*)*Bo(q*, 0, myy) + 3(—my,(m7 4 2¢*(s* — 2))
(2 + Dy + q4<s2 — 1) Bola?, my m2) + 3Ag(m2) (5%, — (s> — 1))
+3q7Ag(miy) — 67 miy, + q*}. (B29)
Os, !
Sfoo m% 4 20,2 2 4 2 2 4 2 2 2
Za v 144n2 4 3(my — 2mg(m7 + q°) + m7 + 10mzq” + q*)Bo(q*, my, m7)
= 3(mpy — m5 —2¢7)Ag(myy) + 3(my — m3 — q*)Ag(m3) — 24> (3mp; + 3mZ — ¢°), (B30)
I :Jﬁim%v [3(m}; — 2m2,(m¥, + ¢*) + mY, + 10m3%,¢> + q*)Bo(q*, m2,, m%,)
wW =02 14472 H a\My + 4 w wd q )bolq~, my, my
— 3(my — my, —2q7)Ag(mpy) + 3(my — miy, — ¢*)Ag(myy) — 2¢° (3mp; + 3my, — ¢7)]. (B31)

APPENDIX C: PINCH TERMS IN R; GAUGE

Analytic results for I') as defined in Eq. (9) are given here in the R gauge and contain both a pinch contribution and a
nonpinch contribution,

I} =T} (pinch) + I'} (nonpinch). (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 I'} (nonpinch) is gauge invariant. References [24,25] included this nonpinch
contribution in their definition of I1yy. From here on, we use I'} to denote the pinch contribution only, as is used in the
definition of the oblique parameters in Ref. [28]. We use different gauge parameters &y and &, for the W and Z bosons,
respectively, and they cancel separately in our final result. A} can be written as

ATY = ATy + AT .. (C2)

"The contributions to I1;; and Iy from Og, 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 Og, 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 y, Z, and W. The first term Ilyy r; contains results in the Feynman gauge and is independent of . The
second term collects terms that vanish when £ = 1. In the following, we express our results in terms of scalar integral
functions Ay and B, [36]. Only nonzero pinch contributions are listed here, and we separate the contributions in terms
proportional to each of the individual f;:

Op:
v _ e«
L™ A2 96ﬂsm%v
+ 2(—=2¢2my, (Ew — 2) + my (& + 4Ew — 5) + q*)Bo(q?. myy, myEy)
+ 2miy (Ew + 5)Ag(miy) — 2miy (Ew + 5)Ag(myyéw) }. (C3)

{4*(8my, + ¢*)(—=Bo(¢*. my,. my)) + (4q*m3éw — q*)Bo(g*, mi & . my,Ewy)

f a
AF{,é = A_gm {(q* —4¢°miéw)Bo(q?, miy&w, miyéw)

+ (4g>m3, (Ew — 2) — 2mY, (&, + 4&w — 5) — 2¢*)Bo (g% mb,, m3,Ey)
+ (8¢ miy + q*)Bo(q*, my,, miy,) — 2miy, (Ew + 5)Ag (myy)+2mi, (Ew + 5)Ag(miw) }, (C4)

/B @

w _
Al'} g = v

c*m7(Bo(q*. 0. mi,) — Bo(q*, miy,. m3)), (C5)

w o fB a
AFL'f N P96ﬂq2
+ (4g*m§,Ew + m%(4q* — 2m,Ew) + my, & + my, — 5¢%)Bo(q?, m5, mi, &y )
+ (—4q°my, — 4q*m3 + 2miym7 — my, — my + 5¢*)Bo(q°, miy, m3)

+ (4¢*myy, + my, — 5¢*)Bo(q*. 0, my,) + miy (& — 1)Ag(mZ)+m7Ag(mi,éw ) — mzAq(my)}. (C6)

(—4q*my, &y — my, &y + 5¢%)Bo(g?. 0, my,Ey)

fw a
AT =2W =
LS A2 9675

+ 2(=2¢*m3, (Ew — 2) + my, (& + 4Ew — 5) + ¢*)Bo(q*. myy,, mi, &)
+ 2miy (Ew + 5)Ag(miy) — 2miy (Ew + 5)A¢(miyéw)). (C7)

ey {q*(8m3y, + ¢*)(—Bo(q*. myy,, myy) }+(4g* m§yEw — q*)Bo (g%, my & . miyEwy)

fw a
AF%,FG = —PWCW%BO(Q27 m%v my ) (C8)

7 fw a 6 4.2 2 2 2
=2 _4 B b 9,
L&~ A2 967rq2mW(cmW —my) {(q g miy&w)Bo(q”, myEw, myEw)

+ (=2miy (&w — 1)(mz(1 = &) + ¢*(&w +5))

+4qmiy (2m3 (Ew + 1) + ¢* (6w — 2)) = 2(S5q*m3 + ¢°))Bo(q”, miy, miyéw)

+ (10g*m3 + 8¢ myy (q* — 2m7) + q°)Bo(q*, miy, miy)

+ Ag(miy) (=2mi (m7(1 = &) + ¢*(éw +5)) — 10g°m3)

+ Ag(miy&w) 2miy (m5(1 = Ew) + ¢* (Sw + 5)) + 10¢°m3) — 4g>miym3 (& — 1)}, (C9)

015016-14



ELECTROWEAK EFFECTIVE OPERATORS AND HIGGS PHYSICS PHYSICAL REVIEW D 89, 015016 (2014)
fw «a

A6 = 32 s *mz{(s* —2)Bo(q*, myy, m7z) — s*Bo(q*,0,miy,) }, (C10)
f a
A, = _A_ZW {(m}y — ¢*)2my(5¢* — m3&7) + (g% — m53E7)* + my,)Bo(q?, miyy, m3E7)

+ (=247 (miyéw + m3&z) + (myéw — m5&2)* + q*)Bo(q*, miyw, m3&z)
— (myy, — m3)(4q’my & + my &y — 5¢%)Bo(q, 0. myy&w)+(4q°miy, + my, — 5¢*) (my, — m7)Bo(q*, 0. miy)
+ (—4q*my — my&w(2m5 + ¢*(Sw — 4)) + 5¢°m;,
+ my (—4gmy(&w — 1) + m3 + ¢* (28w — 5)) + m§&5 — 4°)Bo(q*, m5, my&y)
+ (4q*m3 + mi, (4m7 — 13¢°) — 54> my — 2miy, (—q*m3 + m3y —7q*) — 2m§y, + q°)Bo(g*, miy,. m3)
+ miyAg(m3) (miy (Sw — 2) + m7 + ¢*(—(&w + 10)))+miAg(mzEz) (miy — m7Ez + ¢*(Ew + 10))
+ mzAo(miy) (miy (&7 — 1) — ¢*(&7 + 10))

+ mAg(myEw) (m3y, (1 — Ew) + ¢* (&, + 10)) = 2¢°myym% (Ey + £, — 2)}. (C11)
Owww:
f 3a
AT pg = VXZW s 2g2Bo(q*, m3y,, my,), (C12)
f 3a
AI—%,FG = _—‘XZW Q752 qugngo((]z, m%v m%v) (C13)
W Jwww =3a 5 5, 2 .2 2 2 2 2
Al re = )7 g2 g (c*Bo(q*, myy,m7) + 5°Bo(q”, 0, my)). (Cl14)

APPENDIX D: ANALYTIC RESULTS FOR OBLIQUE PARAMETERS

The finite contributions to the oblique parameters are

2
mz

Rs1 = 247\2 { (524 1)fp — 2 (64c* +15) fyy + T2(s* f g + A fww) + T2 fwwwg?

+3 <%>2(02f3 + 52 fw — 8¢ fyw — 85 fp) + <@>4[(202 —3)fp+ (257 = 3)fw]
z mgz

+ —48(s%fpp + fww) + 2<nnzﬂ>2[(252 + 1) fp+ 2+ 1) fy + 12(s* f g + ¢ fww)]
z

() 15 4 1 et Dl (2 4 () eos (1)

1
—2[(32¢* + 1)fp + 36¢* fwwwg® — (32¢* + 8¢2 — 1) fy] V4c* — 1sin™! <2—> }
c
fao miys® 2 my\*
79 —27 6 —=
+ A2 72 2 mZ + mZ

_6<12_4<@>2 N (@>4) <@> 4- <@)2cos—1 (ﬁﬂ (1)
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