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Standard model EFT corrections to Z boson decays
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We compute the one-loop corrections to Z decay properties from dimension-six operators in the
Standard Model effective field theory (SMEFT) that contribute also to anomalous 3-gauge boson couplings
and examine the relative sensitivity of the two processes to the anomalous couplings. The size of the
contributions is of order a few percent, of the same size as Standard Model electroweak corrections. This is
part of a program of computing electroweak quantities to one-loop in the SMEFT: these calculations are
needed for a future global fit to limit the coefficients of the dimension-six Wilson coefficients consistently

at one-loop.
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I. INTRODUCTION

The development of the precision electroweak program
at the LHC is a major task for the coming decade. At
present, the interactions of the Higgs boson and the
electroweak gauge bosons appear to have approximately
Standard Model (SM)-like interactions, and there is no sign
of new massive particles. These points together imply that
deviations from the SM can be analyzed in an effective field
theory framework [1,2].

In the Standard Model effective field theory (SMEFT),
deviations from the SM are parametrized in terms of a
tower of higher dimension operators, OZ s

cio4
L:LSMJFZdzkﬁ, (1)

where the operators, O‘,f, contain only SM fields and are
invariantunder SU(3) x SU(2) x U(1). The complete set of
dimension-six operators was first compiled in Refs. [3,4]
and the Feynman rules in this basis (“Warsaw basis”) are
conveniently given in Ref. [5]. The new physics is com-
pletely contained in the coefficient functions, C¢. The scale
of the assumed UV complete theory is A, and we assume
A > v =246 GeV. For a weakly coupled theory, the
corrections to SM predictions are dominated by the dimen-
sion-six contributions.
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Predictions for Higgs production and decay, along with
VvV (W, Z, y) interactions are well known at tree level in
the SMEFT [1,2,6,7]. Including also contributions to the
oblique parameters, limits on the allowed sizes of the
SMEFT coefficients can be extracted in a global fit to Higgs
signal rates and gauge boson pair production [8-11]. A
precision Higgs and electroweak physics program, how-
ever, requires SMEFT calculations beyond the leading
order if matching between the experimental results and
theory is to eventually be done at the few percent level.

The program of calculating SMEFT quantities beyond
leading order is in its infancy. One-loop calculations exist
for H — yy [12-14], H — bb [15,16], and the unphysical
H — ZZ and H - WTW~ processes [17,18]. The one-

loop Yukawa, y;, and 4 = 1;17%, contributions to Z decays
are also known [19]. In addition to effects in the electro-
weak sector, one-loop contributions from top-quark oper-
ators can significantly affect Higgs production rates at the
LHC [20,21].

In this paper, we compute the one-loop corrections to the
partial Z decay widths due to the dimension-six operators
that contribute to pp - WtW~ and compare the sensi-
tivity of the two processes. These operators are particularly
interesting because for transverse gauge boson production
they contribute to different helicity amplitudes [22,23],
such that their interference with the SM does not grow with
energy unless decays or higher order corrections are
considered [24,25]. Along with anomalous 3-gauge boson
couplings, we include in our calculation the shifts in the Z
decay widths due to anomalous fermion couplings, which
have important contributions not only to the Z widths [26]
but also to gauge boson pair production [23,27,28]. Low
energy data places strong limits on deviations from the SM,
and information from Z decays is particularly interesting
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due to the precision of the LEP measurements. Consistent
fits to the LEP data require the inclusion of the complete set
of SMEFT operators, along with the one-loop predictions.
Our calculation is a step in this direction and is related to
previous studies of the loop effects of gauge boson self-
couplings on precision electroweak observables [29-33].
In Sec. II, we review the basics of the one-loop SMEFT
calculation, and in Sec. ITI, the calculation of Z — ff in the
SMEFT is summarized, with analytic formulas presented in a
series of Appendices. Numerical results are given in Sec. I1I.

II. SMEFT AT ONE-LOOP

In this work we consider modifications of the Zff
and WrW-V (V=2Z, y) vertices. We consider only
operators that contribute both to gg — W+W~ [23,28] and
to Z— ff.

The fermion vertices can be parametrized as

Li=g,2, [ (gff + 59?) furafr

+ [gﬁf +6g7 } TRy fr+(f —>f’)}

+%{Wﬂ [(1 +5QXV)J_CL7/;4]NL+59}}€V}R7/M]€}Q} +H.c.},

(2)

where g, = e/(cwsw) = g/cw and f (f') denotes up-type
(down-type) quarks. The SM fermion couplings are

z z
ng = —s3,Q; and gLf = T{;—s%va, (3)

where T§ = +1 and Q; are the weak isospin and electric
charge of the fermions, respectively.

Assuming CP conservation, the most general Lorentz
invariant 3-gauge boson couplings can be written as [34,35]

Ly = —igwwy <9Y(W;TUW_”VD - W, WHvY)

lV
KWW VR S W W) ()
w

where gyw, = e and gywz = gcy. For the 3-gauge boson
couplings we define g =1+ 8g;, k¥ =1+ k", and in
the SM, 8g{ = 6k = AV = 0. Because of gauge invariance
we always have §gf = 0. We assume SU(2) invariance,
which implies that the coefficients are related by

Z Zf
59?/ = 59Lf - 59Lf )

S2
8gf = oK” + L5k,
C
w
=27, (5)

leaving three independent effective couplings.
We work in the Warsaw basis [3,4], and the dimension-
six operators contributing to the 3-gauge boson vertices are

OW — eabcwszfﬂwzﬂ’

OHWB = q)Tan)WZUB”D, (6)
where D, ® = (0, — i§0 W, — i%Bﬂ)Q, Wi, = 0,Wg —
O, W4 + ge®**WhWr¢, and @ is the Higgs doublet field with
a vacuum expectation value (®) = (0, v/+/2)T. Two other
operators involving the Higgs and gauge bosons make
important contributions to the effective Zff vertices,

Opw = (OT®)We, war
OHB = ((DT(I))B”DB’“’. (7)
Opw and Oyp contribute to the one-loop renormalization
of the input parameters, as discussed in the next section.
We take as our input parameters My, Mz, and G,. All

other parameters are defined in terms of the input param-
eters. The Lagrangian of interest to us is

1 1 1
L= —Z WZVW;:U - ZB#DBIIV + E (CHWOHW + CHBOHB
+ CrywgOnws + CwOy). (3)

We define “barred” fields, W, = (1 — Cyyv*/A*)W, and
B, = (1 - Cypv*/A?)B,, and “barred” gauge couplings,
g= (14 Cyyv?*/A?*)g and § = (1 + Cyv*/A?)g, so
that W,g = W,g and B,g = B,g. The barred fields have
their kinetic terms properly normalized and the covariant
derivatives have the canonical form. The masses of the W
and Z fields (poles of the propagators) are, in terms of the
barred couplings [5,36],

=2,2
qgv
M3, =2,
W=y
PP+PA)r v, 1
M%:%+ﬁ §(9/2+92)CHD+59/9CHWB .

©)

The extra terms in the definition of the Z mass are due to the

rotation, (W3, B,) = (Z,.A,), thatis proportional to C .

We can define cos 0y, = ¢y in terms of My, and M,
M2 - S 2
R e
M7 (31 + ) Cw

d 5s€v o 50%4, C . ith E 9
and 5+ = — 75+ Comparing with Eq. (9),

w

2
SwCw U
2 wew
5SW—_762 2 AZCHWE: (11)
w T Sw

In Eq. (11) we can use cyy = %_Z to (9(/1\_22)

'We will neglect the contribution to M, that is proportional
to CHD'
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We find the following mappings between the SMEFT
coefficients, Cyyp and Cy, and the effective couplings:

57 — 5sW
Cly
ok? = =255,
2 2
5Ky:_CW_SW5 2
2
Sw

W= %3MWCW,

sg) = 853,
Sgp =0,
5q7r = Q053 (12)

The shifts including the SMEFT operators that we have
omitted can be found in Refs. [27,37].

0 0 0
Ml—loop_< +5CHWB8CH B+5G”%+5M )

Here M, is the amplitude for y — f( p)f(p"), which is

[ M3, My ?
M :2MW \/EGQ 1——W_—W—CHWB
Y uxf M% M, A2

< a(p)¢*(p + p")v(p'). (15)

in the SMEFT. In Eq. (14), Z; and Z; are the wave function
renormalizations of the external Z boson and the fermions.
We use on-shell renormalization for all quantities, except
for the Wilson coefficients which are renormalized using
MS subtraction. In general, the coefficients are renormal-
ized as [36,38]

1

%yijcja (16)

Ci(u) = Coi —
where u is the renormalization scale, y;; is the one-loop
anomalous dimension, and &' =¢™! —yp + log(4n) is
related to the regulator e for integrals evaluated in d =
4 — 2¢ dimensions.

MZW

RC(ZfM() + M

/g

Crws MW { f <
+ 21) -3
V2A2 M, O

o 1
oM +5M@m+iézz+5zf> My—-M,

III. RESULTS

At tree level, the decay amplitude for Z — f(p)f(p') in
the SMEFT is (including only those terms that contribute
also to 3-gauge boson vertices),

M %vo>
M,

M0:2MZ()\/ \/EG/JO{T{;_Q]‘<

MWO MWOU }
+0 \ 1= C u(p)d*(p+p')o(p').
fMZO M%OAz HWB ) ( ) ( )

(13)

where the subscript “0” indicates the unrenormalized tree

level value, and in the Cpyp term we can take v? = ﬁl o

At one-loop, there are contributions from corrections to
the input parameters and fields to M, Z — y mixing, and
the one-particle irreducible loop corrections to the decay,
M. The virtual decay amplitude is

H}/Z (M%)

M2 +M,. (14)

The renormalization of G, in the SMEFT, including both
logarithms and constant contributions, can be found in the
Appendix of Ref. [17]. The shifts in the SM input parameters
as well as the external field wave function renormalizations
follow from the two-point functions in Appendix B.

We calculate the contributions to Eq. (14) to (’)(ﬁ)
neglecting higher order terms whose impact would be
expected to be comparable to that of dimension-eight oper-
ators. The one-particle irreducible (1PI) loop amplitude M is
given in Appendix C. We use FEYNARTS [39] and FEYNCALC
[40,41] to calculate loop amplitudes with the SMEFT package
for FEYNRULES [42,43]. Explicit analytic expressions for the
loop integrals have been computed using the FEYNHELPERS
interface [44] between FEYNCALC and PACKAGE-X [45]. As a
check of our calculation, we demonstrate that the UV poles in
Eq. (14) cancel completely in Appendix A.

There are IR divergences arising from loops with
massless photons, appearing in the fermion wave function
renormalization and M. We regulate these divergences
with a photon mass, Mf. We find

M; My [ ¢ M3
¥ 02 log 3 +log )y |1~ 23 G, 1—M—§V[T§—Qf<1-—W>}

V4 V4

M3y,

)] 1)

093003-3



SALLY DAWSON and AHMED ISMAIL

PHYS. REV. D 98, 093003 (2018)

The above divergences give f-dependent terms in the decay width, which are in turn canceled by real photon emission
that contributes to both soft and collinear singularities. The SMEFT calculation of Z — ffy proceeds analogously to the
well-known SM result [46] with additional terms proportional to Cyypg. The result is

_ AG2 M3, M, ; 3E2 3E, M, 3
IM(Z = fFr)P = “TQ}{(Tg - Ossiy) [— log()(3 +log ) + ﬁ — log(6) (_Mz + log (—2E0 = 1) - Z)
E, 57> 87 y 2w Swv? f
i T Te) [T 0+ R o7 =208 . "

where 53 :1—M—%" cw =YvinE (18) and 6, and E, are
w M W =, q. 0 0

the angular and energy cutoff for observing the photon, and
depend on the detector sensitivities [47,48].

After summing Eq. (17) and the contributions from virtual
and real photon emission, taking into account the fermion
wave function renormalization, there is no f dependence,
verifying the cancellation of the IR divergences. In our
numerical results below, we take 8, = 1°and E, = 1 GeV.

A. Effective Z vertices

From Eq. (14), we obtain the contribution to the Z — ff
decay width from Cpyyp, Cyw, Cyp, and Cyy, still working
|

|
to O(ﬁ) We write our result in terms of effective fermion
couplings as

G, M}
EZENC(g)),

F(Z_)fz]l):6\/§” c

(19)

where i = L, R indicates the fermion helicity and we
neglect fermion masses. For a fermion with charge O and

weak isospin T, the effective coupling is

o =@+ (* TAGV)ZD@;TD

[_0-23CHWB Qj}f + 1-STg(jHWB Q;‘

+ (=1.9Cuwp(T5)? + 0.15Cyp + 0.15C 1y + 11.0Cyyp + 0.19Cy) Q2
+ T4(=0.67Cpp — 0.69Cyy — 49.0C 5 — 0.85Cy) 0,

+ (T)2(0.0084C 5 + 0.029Cy — 0.23C 5 + 0.032Cy,)] }

where

D(Q;. T%) = Q% — 8.7T503 + (17(T%)? - 76) Q% + 660T5 0 — 1400(T% )2

(20)

(21)

The relatively large size of the Cpyyp coefficients is due to the fact that they contribute at tree level. For our numerical results

we use
TABLE I. LEP and SLD measurements of the effective Z couplings to fermions.
Parameter SM prediction Measurement Correlations
9 9 9l gi Ik 9k Ik
' 0.50199 £ 0.00020 0.50075 £ 0.00077 1.00
d —0.26919 £ 0.00020 —0.26939 £0.00022  —0.32 1.00
9 —0.42114 £ 0.00045 —0.4182 +0.0015 0.05 -0.27 1.00
97 0.34674 £+ 0.00017 0.3453 £0.0036 —0.02 0.04 —-0.09 1.00
A 0.23208 4+ 0.00018 0.23186 £ 0.00023 0.25 0.34 —-0.37 0.07 1.00
A 0.077420 £ 0.000052 0.0962 £ 0.0063 0.00 -0.33 0.88 —-0.14 -0.35 1.00
9% —0.15470 £ 0.00011 —0.1580 + 0.0051 0.00 0.08 -0.17 0.30 0.08 -0.13 1.00
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G, = 1.1663787(6) x 10~° GeV~2,
M, =91.1876 & .0021 GeV,
My, = 80.385 + .015 GeV,
My =125.09+021£0.11 GeV,

M, =173.1 £ 0.6 GeV. (22)
In particular, the SM fermion vertex couplings are
I 1 TeV\? 6 s 4 -5
g‘i = (glz,)SM 1 + 59%” + A {—60 x 10 CHB —-2.1x10 CHW + 1.6 x 10 CHWB -23x10 Cw} s
) [ ) 1 TeV\?2
g = (95)sm |1+ 8% + A {0.0019Cy + 0.0019Cyy + 0.043Cxywp + 0.0023Cy }
[ 1 TeV)?2 1
% = (9%)sm |1 + 8g%¢ + A {=0.0020Cy5 — 0.0020Cyy — 0.033Cxywp — 0.0025Cy } |,
[ 1 TeV\2 4 4
¢ = (g% )sm |1 + Sg7* + A {9.3x107*Cyp + 9.3 x 107*Cyy + 0.021Cxyp + 0.0011Cy } |,
[ 1 TeV\?2 |
g% = (g%)sm |1 + 895" + A {=0.0020Cy5 — 0.0020C gy — 0.034Cywp — 0.0025Cy } |,
b a ’ 1 TeV)? i i )
94 = (gD)sm |1 + 6974 + A {3.7x 107*Cyp + 3.6 x 107*Cyy + 0.0080Czyp + 4.5 x 107*Cy } |,
~no | ’ 1 TeV)?2
7= (g 1+ 6959 + —0.0020Cy5 — 0.0020Czw — 0.034C g — 0.0025Cy } | . 23
R R)SM R A

For b, the coefficient in front of Cy, is 2.7 x 10~ rather
than 4.5 x 10~ because of top mass effects. The tree level
contributions of Cpyp are contained in the égifR contri-
butions as given in Eq. (12).

These effective couplings are bounded by LEP measure-
ments at the Z pole. We proceed to take the limits of [49] on
the Z-fermion couplings to constrain the SMEFT operators.
We minimize a y? function constructed using the LEP
measurements of the quantities (g%, g%, g%, 9%, g%, g%, g%)
and their correlations shown in Table I, including the
uncertainties on the input parameters. While Z pole mea-
surements constrain all of the operators in Eq. (23), we focus
on the implications of our calculation for the operators Oy,
Oyg, and Oy, which do not contribute to Z decay at tree
level. We seek to minimize the quantity

(r*)Lep = (Gsmerr — f_jexp)TV_l (GsMEFT = Jexp)»  (24)

where § = (¢4, 95, 9%, 65, gr» gh» g%) and V is the covari-
ance matrix constructed from the errors and correlations
above. We use Eq. (23) together with the SM predic-
tions of Table I to calculate ggyppr. Since we set light
fermion masses to zero in our SMEFT analysis, the
effective couplings for the down (up) quark apply
equally to the b (c¢) quark, with the exception of the
b; for which top quark corrections apply as specified
below Eq. (23).

|

In Fig. 1, we show the resulting 90% C.L. limits in two-
dimensional planes of the coefficients of these operators
along with that of Oyyp, which affects electroweak cou-
plings at tree level. The coefficients of all other operators are
set to zero. We compare our results to processes in which the
SMEFT operators contribute at tree level. The limit of [28],
set using LHC Run I data [50-53], is converted in our
notation to

1 Tev)2
—0.17<CW< Ae > <0.18. (25)

For Oy, we use the limits of [28] obtained by using 8 TeV
LHC gauge boson pair production in leptonic final states
[50-53].

For Oyp and Oyyy, we use limits [ 18] from the calculation
of H— yy [12,14,18] in the SMEFT, as compared to

measurements of H — yy at Runs 1 and 2 of the LHC
[54-56]. The SMEFT calculation of H — yy [18] gives

. T'(H - yy)
T T(H = r7)lsm

| TeV)? | TeV)?
— 1-40.15C —13.08C
HB< A > HW( A >
| TeV\?
+22.4OCHWB( Ae ) . (26)
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A=1TeV

0.041

0.021

-0.02f :
— Z decay (this work)
--- S, Gfitter [57]

~0.04f - LHCRun I W [28]
-1.0 -0.5 0.0 0.5 1.0
Cw
FIG. 1. Limits on the coefficients of the operators Oy and

Opwg which contribute to Z decay at one-loop and tree level,
respectively. All other operators are set to zero, and the region
between the solid brown lines is allowed by Z pole measurements
given our calculation. For comparison, the region between the
dashed blue lines is allowed by the same LEP precision data
considering only the impact of the operator Oy 5 that modifies
the S parameter. The region between the magenta dotted lines is
allowed by measurements of V'V production at the LHC, to which
Oy contributes at tree level. The region in the plane that is
allowed by all measurements is shown in red.

Then, using the average y,, = 1.09 £ 0.10 of current LHC
Higgs measurements [54-56], we find

1 TeV)2 1 TeV\2
C 0.33C _
HB < A > + HW < A )

1 TeV> 2

—0.003 <

< 0.007, (27)

—0.55Cy w5 <

or taking only one nonzero coupling at a time with the
conservative bound |u,, — 1| < 0.29,

‘CHB<1 TeV>2
A

c 1 TeV)?2
()

Oywp corresponds to the oblique parameter S [57,58],
whose limit we take from the Gfitter Collaboration [59]
of § =0.04 +0.11 to set the 26 bound,

< 0.007,

< 0.02. (28)

—0.004 < Cpyp < 0.006. (29)

The existing bounds in Fig. 2 are stronger than those
that we obtain directly from Z pole measurements.

A=1TeV

15F

1.0’ -

051

-0.51
— Z decay (this work )

--- H- yy[18]

—1 0» ~

-1.5F,
-0.10

-0.05 0.00 0.05 0.10
CHB

FIG. 2. Limits on the coefficients of the operators Oyp and Oy
which contribute to Z decay at one-loop. The solid brown lines are
as in Fig. 1. (The allowed region is between the lines.) For
comparison, the region allowed by the more constraining meas-
urement of the H — yy signal strength is shown in red between the
blue dashed lines.

Nevertheless, they provide complementary information,
and in particular in Fig. 2, the interplay between the limits
on Cy and Cyyp demonstrates the power of electroweak
precision measurements to constrain couplings that only
contribute at loop level. In the case of the operators Cyp
and Cyw which directly affect H — yy, Higgs precision is
already significantly more effective than Z pole measure-
ments in setting limits, due to the loop suppression of these
operators’ contributions to Z decay.

IV. CONCLUSIONS

Precision measurements of electroweak physics will
eventually necessitate higher order calculations of beyond
the Standard Model (BSM) contributions. The SMEFT
framework takes a general approach to potential new UV
physics by parametrizing its effects in terms of higher
dimension operators involving the SM fields. In this work,
we have furthered the applicability of the SMEFT to probe
new physics by considering the one-loop corrections to Z
decay from operators which contribute to gauge boson
production.

While the contributions of the operators Oy, Oy, and
Opyw are small relative to those of the operators that modify
the Z coupling to fermions at tree level, the relative size of all
of the SMEFT operators is fixed by the new physics. In
particular, integrating out a heavy SM singlet scalar could
naturally give these operators without changing the leading
Z couplings to the fermions [60]. In such a scenario, it would
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be essential to have the higher order contributions of the
BSM physics to all possible processes. In this regard our
calculation provides a useful prediction, relating the effects
of new physics in Z decay to those in other electroweak
processes provided the states responsible for deviations
from the SM are heavy enough to be integrated out.

A full calculation of Z decay at one-loop in the SMEFT
would provide even more complete information about the
influence of higher dimensional operators on Z physics.
With this as well as other higher order calculations of
electroweak processes, in the future a global fit at next-to-
leading order in the SMEFT could be performed to bound
the sizes of all possible dimension-six SMEFT operators.

|
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APPENDIX A: UV POLES

The cancellation of UV poles follows from the individual
contributions. Numerically with A = 1 TeV, the pieces are
as follows:

1
6CHWB = E{Qf((27 X IO_S)CHB + (27 X IO_S)CHW + (46 X 10_4)CHWB + (26 X IO_S)CW)} + O(GO),

oM,
aCHWB
oM, .. 1 s p o
56 9Gu = {21 < 107)(Q/(Chws +8.8) = 40T{) (£ = 5.5)} + O("),
i

M, 1

VA
oM?

6M2 = _{Qf((_]4 X ]0_4)§CHW - (32 X 10_4)CHW - (67 X ]0_4)CHWB —+ (77 X 10_4)CW
€ .

+ Chp((=3.9 x 1076 = 9.1 x 107%) — (1.4 x 107°)Cpyypé — (1.5 x 1073)& + 1.2 x 1072)
+ T4((7.7 X 1079)ECHw + (1.8 X 1079 Cpy + (5.3 X 1075) Cpyyys — (4.3 x 1074)Cyy
+ Cpp((22 x 1073)E+ 5.1 x 1073) + (4.1 x 1073) Cpypé + (8.2 x 1074 = 6.5 x 1073} + O(€),

gggv M3, = % {(=92x 107)Cy + Cryp(5.3 x 1074 = (5.2 x 1075)¢€) + Chy ((1.5 x 1074)E + 3.0 x 107)
+ (1.3 x1073)E= 1.2 x 1072} + O(Y),
—My%{;%) = %{(3.7 x 1075)ECHwp — (2.3 x 107 Cpyyp + (1.9 x 107)Cyy + Cryy ((=3.5 x 1075)¢&
—52x107%) 4+ Cyp((3.5x 1075)E+52 x 107%) — (1.7 x 1074)E 4+ 1.3 x 1073} 4+ O(€°),
Zy

2

1 .
—Mo = —{T{;((—77 X 10_5)§CHW - (18 X 10_4)CHW - (13 X 10_4)CHWB —+ (32 X 10_4)CW
€ R

4+ Cpp((=22 x 1079)E = 5.1 x 1075) = (6.7 x 107°)Cryyyé — (7.8 x 1074)E = 3.1 x 107%)
+ Q7((1.7 x 107%)ECyy + (4.0 x 1079)Chyy + (2.1 X 107°)Cyyyp — (7.0 x 107%)Cyy
+ Chp((4.9 x 1070)E + 1.1 x 107) — (4.7 x 1078 Cyypé + (1.7 x 1074)E + 6.9 x 107)} + O(€?),

ZMy = g{Q}(lﬁ X 107 — (4.3 x 107°)Cpyg) + Q}T-§((1.9 x 10™)Cpyp — 8.3 x 1074)

+ O, T (2.6 x 1073 = (3.0 x 107)Chyy) — (1.6 x 107)T4} + O(e°),

1
M]I—
€

{Q3((43 x 107)Cpyyy — 1.3 x 1074)E + Q,TH((3.0 x 1074) Cppyyp — 2.6 x 1073)¢

+T5((83 x 1074)EQ% + (12 x 1074 Cyy + (2.4 x 1072)& + Cyyp((—1.9 x 1074)£03
+(2.5x1073)E+7.6 x 1073) +2.3 x 1073)} + O(€).

The sum vanishes for any given fermion.

APPENDIX B: TWO-POINT FUNCTIONS

In this Appendix, we show the two-point functions in R gauge due to the SMEFT operators that also contribute to gauge
boson pair production. Previous results for the gauge boson two-point functions in other operator bases appear in [31,61].
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In D = 4 — 2¢ dimensions, the two-point function for a massless fermion with weak isospin TJ; and charge Qy is

2(p) = +2V2A0(M}8)G, TS

p2

(Ap(MZ)((D = 2)M% = p*)(M3,Q; + MY(TS = 0;))(V2G, (M3, Q5 + M3(T5 - Q)

1 (MAO(M%nGﬂT?((D _ )M}, - )
812

1
M42

+ 2MWQfCHWB\/M% - My))

Ag(MZB)(D = 2)M3, 03 (V2G, (My — Mz)(My + Mz) + 2My Cyy /M7 — M3,)
MZP
Ao(M3E) (M3, 0y + ME(TS = 01))(V2G, (M}, 0 + M3(TS = Oy)) + 2MywQCrws/M% — M3)
M}
By (0, M3, MZB)M3y (& — 1)03(V2G, (My — Mz)(My, + M7z) + 2My Crry/M% — M3)
M3
| 2V2Bo(p?.0. M3)G, T (P = M3y ) (D = 2) M, + p?)

p2

(Bo(p?,0.M%)(My = p)(Mz + p)((D = 2)M} + p*)(M3,Q; + M3(T} = 0;))(V2G, (M5, 0;

— 2V2B,(p. 0. M}E)G, TS (p* — M)

M4 p2

+ M%(T§ = 0y)) +2My Qs Chwsy/ M7 — M3,))

+—5— (Bo(p?.0. M2B)M3,Q3(B(D — 2)M% — p*(D + & = 3))(V2G,(My — M) (My + M)

M2 p2

+2MywChwp\/ M3 — M3,))

+i<Bo<p 0. M2E)(M2E — p) (M3 05 + MA(TL — 0,))(V2G, (M0, + M3(T, - 0,))
My Q; Crs /M5 — M) + A; (Col0. 2. 2. M2, M2, O)M3y (& — 1) Q3(p? — BM2)

X (\/EGﬂ(MW_MZ)(MW+MZ)+2MWCHWB\/M%_M%V))>' (B1)

We have regulated IR divergences with a photon of mass M,/ and use standard FEYNCALC notation [40] for the Passarino-
Veltman functions.
This leads to the wave function renormalization

Zy = 87z 12 < (Qf(\/EGy(MW Mz)(My + Myz) + 2MywCrwp\/ M7, — M3,) (2¢e(M7, (log(B) — log(¢))
+ M3 (log(M3/) + og(s€))) + 2M3 (& — Ve + MY{(2(r — 1)é + 3)e - 26))
- 2QfT£(\/§Gu(MW —Mz)(My + Mz) + My Cywpr/ M7 — Myy)(28e(2log(M7/p?) + log(n&)) —
+ (2(r — 1)E+3)e) = V2G, T ((2M3, + M3) (2ée(log(n8)) + 2&((y — 1)e — 1) + 3¢) + 4M3, Ec log (M3, /1)

+2M e log<M%/u2>>> : (B2)

For the b, , there are corrections proportional to the top mass, leading to an additional wave function renormalization which
in Feynman gauge is
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1 N G.M%(2e 1°g(1(;_§) —2ye+e€—2elognm +2)
TS = ——) + X . (B3)

Z, =7 —
b f(Qf 3 2 16v/27%€

The transverse W two-point function is

1 18v2B,(p?,0,0)(D — 2)G, M3, p* 1

Iy (p?) = (- -
W 16p27* D-1 (D—1)M%

x (V2G,(My — M) (My + M) + 2My\/ M5 = M3, Cryp) (& = 1)(p* — MyE)?)
3 612A4(M3})G, M3, (M7 — (D —2)p?) n 6V2By(p*, 0, M3)G, M3, (M7 — p)(My + p)(M} + (D - 2)p?)

(Co(0, p*. p*.0.0, M3,€)(My, — p*)

D-1 D-1
1
“D-1 (Bo(p?, My, M3,) M3, (8(D — 1)(=M}; + M3, + p*)Crywp®
1
+V2G,(p* = 2(M}; + (3= 2D)M3y) p* + (MG = M§y)?))) + — (Ao (M) (V2G, M5, (MG — M5,

D-1

— (D =2)p*) =2(D - 1)p*(4M73, + p*)Chy)) — (Bo(p*. M3y, M3)My(My, + My — p)(My

1
(D= 1)M}
+ Mz + p)(My — M) — PZ)(36%<D - 2)\/ GﬂM%VM%CWPZ + \/EGuMW(Mévtv

+2(2D = 3)(M% + p*)M3, + M% + p* +2(2D = 3)M%p?) + 24/ M% — M3, (M}, + (2D — 3)(M% + 2p*)M3,

+p*+ (2D = 3)M7p*) Crrwp)) (Co(0. p?, p*.0,0, M3, ) (M5, — p*)* (M3,

T
+2(2D = 3)p* M3, + p*)(V2G,(M% — M%) — 2My\/ M% — M3, Cryyy) (6 — 1))
1
+ m(Bo(PZ,M%v& MEEMy (MY, — p*)(V2G, My + 24/ M5 — My, Chws)
Z
1
(D —1)M;,

X (V2G,Myy +2\/ M3 = M3y Cpyy) (Miy + (4D — 6)p* = 2MZEM5, + (p* = M3E)%))
1
“D_1 (Ao(M7€)(2(2(D = 1)Cpywp* + My M3 — M3, Crwpp® — Myy\/ M5 — M3y, Cryi)

+V2G,((&= )M}, = 2p*(D + &= 3)M3, + p*(4D + £~ 17))))

X (p* = 2M3, + MR)EP? + (M3 = M3)°E)) + (Bo(p? My, MEE) My (M3, = )’

- m@&)@z, 0, M3,) <18\7§(D - 2)\/G_ﬂMW<MW —Mz)(My + Mz)(My — p)*p*Cy(My + p)*

+V2G,(My = M) (My + My) (M3, + p*) (2D + & — 4)M}, — 2p*(4D + & — 6)M3, + p*(2D + & — 4))
+ M/ M5 — M5, (M5, + p*)Crwp((2D + 2& = 5)My, — 2p*(6D + 2& — 9)M3, + p*(2D + 2& - 5))))

1
~(D-1)M}
+2D = 3)M3, — p*(2D + & = 4)) = My \[ M5 — M3, Crpyp((& = 2)EM, + 2p* (82 + D(E +2) = 3)Mj,
+ p*(2D +2£ -5))))

(2By(p*. 0. M%&) (My — p)(My + p)(V2G,(My — Mz)(My + Mz)(EMy, — p*(& + 26
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+ (Ao(M%€)(V2G, ((E+1)MS, + (4(D~2)p* = 2ME) M3,

(D-1)M;,
+(2M5p*e—p* (4D +E=T)) M3, — (D= 1)My p*) M5, +2(=(D = 1) M5 Cpyyy p*

+2M%}VM%\/ M%_M%V(pz_M%V)CHWBg‘i‘M%V\/ M%— M3, (My —p)(My+ p)Crwp((E+1)M3,+ p*(4D+E-1)))))

1
o (Ag (M) (36Y/2(D =2) /Gy My Coy '+ 2y (3= 2D) [ M3 = M3y Cogs My +4(D=1)p* Cyy My

+(3-2D)\/ M% = M3, p*Cryys) + V26, (E+ 1)MYy, — M} M3, — (M% +2p*(2(D = 3)D+E+3))M3, + p* (4D +£-7))))
1 4

_W(AO(M%)MW(36\/§(D_2)\/G_ﬂM%VM%(M%V_M%_pz)CWp2+\/§GMMW((§+ 1M,

+2(2(D=2) (M7 + p*) = MZE)My, + ((9—4D)M +2p*(2(D =2)* + E) M5 — p* (4D +E=T) )My, — My (M7 + p?))

+24/MZ =M%, Chwp((E+1)MS + (2D —E=5)M%+4(D=2)p* )M}, + (=2(D=2)M% + p>(2D(2D —7) + £+ 13) M,

—p*(4D+£=7))M}, —2(D—-1)M7p%))) + (Bo(p? . M5. M3y &) My (My — p)(My + p)

1
N
< (=36, My (M) = 2M2 4 p2) (M~ (4D = 6)p2 =203 £ M3+ (1P = M3 )

2 M — M Coy (M, — EME(E+2) = p(E=2)) MYy + (264 )M+ 22 (—E+ D(E+2)~ 32
+p4<1—2:>>M%V—M%+p6+<2D—5>M%p4+3<3—2D>Mép2>>>), (B4)

which yields the mass shift

5M%v = HYV;/W(M%V)
1 (AO(Mg)(ﬁGﬂ(M%, — (D= 1)M3%) = 10(D — 1)M%,Cyy)

~ 1622 D—1
6v2Ay(M%)G, (M3} — (D - 2)M3,) 1
D—1 D-1

+ \/EG,,(4(D =3)(D = 1)M}, + M% + M%) + 4M (2D — 3)Crwp\/M% — M3, —2(D — 1)My Chy)))

(Ao (M3)(=36V2(D — 2)/G,M},Cy

— 2A0(M3%,E)M3,(V2G, + 2Chy) + (M2)(36V2(D - 2)\/G, M}, M%Cy,

1
GRS

+ xsz,,(—4(D -2)(D = 1)M}, + 4(D = 2)M3,M% + M%) — 4M y Crywpr/ M2 — M%,(2(D = 2)(D — 1)M3,
18v/2By(M%,,0,0)(D — 2)G, M3,

+(3=2D)M3))) = Ag(MZEM3y(V2G,, + 2Cpy) —

D—-1
L 6v2B,(M3,. 0, M3)G,(My — Agw)(:WT + My)((D —2)M3, + M7) n # (16By(M2, 0, M2, )M,
- V4
X (V/2G, (M, = M) = 2My o[ MG = M3)) = o (Bo (M3 M, M3 (VIG, (4(D — 1)y
MYy — AME M) = 8(D — D)M3, Coy (MY — 203,)) + m (Bo(M3y, My M3) (413, — M2)
x (36V2(D - 2)\/G,M3,M3Cy + V2G,(4(D — 1)M}, + 4(2D — 3)M},M% + M%)
+4My Crywp\/ M% — M2,(2(D — 1)M?, + (2D — 3)M§)))>. (B5)
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The transverse Z two-point function is

1 1
1z, (p*) = 3 2( D _I)Mz(BO(pZ,O,O)(D—2)(\/§Gﬂ(16OM“‘,V—ZOOM%M‘%V—F103M4Z)
VA

1
+40My (8M3, — 5M2% )/ M% — M2, Crys) p2) +m(2AO(M%)(D—2)(\/§G”(32M§V
VA

1

—40MEM3, + 1TM7) +8My (8M3, — 5M7%)\/ M% — M3y, Crwp)) —W(Bo(Pz,M%M%)
- VA

x (V2G, (2M3(~64M}, +80MZM3, + (9D — 43)M?%) — (D —2)(32M7, — 40M3 M3, + 1TM%) p?)

1
8,y (85~ SM3) M~ M3 (4083 (D= 2)p)Cua) by (3Aa(M2E) (VG M+ 27
z
X ((Crw = Crp)Miy + 1/ M5 — M3y CrywgMy +M5Cpp))) +7(D— e
z

X (4M3, — p?)(36V2(D =2)/G,p* Cyy M3y + 41/ M — M3, (2(D — 1 )M}, + (2D = 3) p*) CrwsMy

3V2By(p? M3 £ M3E)G, (MY — p*)(p? —4M3€)
(D —I)M%

(3By(p* . M3, M7,))

+V2G,(4(D—1)M}, +4(2D =3) p> M3, + p*))) +

1
+ (D— l)p2 (3A0<M%>(\/§Gﬂ(_M% +M%+P2)M%+8(D— 1)p2<(CHW_CHB)M‘21V

1
+ /M5 =My CrwMy +M5Cyp))) —W@BO(PZ,M%{,M%)(\&GM(P“
—2(Mp +(3-2D)M3)p* + (M3 —M7)*)M7 +8(D — 1) p* (=M + M7 + p*) ((Crw — Cup) M3y
1
+ /M5 = M5y CrwMy +M5Cyp))) +W(3AO<M%1)(\/§GMM%(M%I -M3—(D-2)p?)
=2(D=1)p*(4MZ+ p*)((Crw — Crp) M3y + 1/ M5 = M3, CrywpMy +M5Chp)))

|
(D-1)M3p*

+2p*(2D =& =3)M5, + p*) +2My\| M7 = M3, (M7 = p) (M7 + p) Crwi ((§ = 1) My,

+2(D-2)p*(§+1)Mj, +(3-2D)p*))) -

+ (6Bo(p* M3, . M3,€) <\5Gﬂ(—M4z +p*+2M5, (M7= p) (M7 + p))((E—=1)*My,

W(6AO(MW§)( ((D=-1)M5Cypp*

- (D_ I)M%V(CHB —CHW)P4+MW\/ M%_M%V(M%+ (D_Z)p2>CHWBp2
+ M3y MG = M3, (M7= p) (M7 + p)Chrws(E—1)) + V26, (2(Mz = p)(Mz+ p) (£~ 1)M,
—(Mz=p)(Mz+p)(E=1)MZ+ p*(4D +&E=T)) M5, + (D - 1)M3p?)))

+ (6A0(M3,)(36V/2(D —2)\/G, M}, Cy p* +V2G ,(2(ME (£~ 1)

D—1)M2p?
—p*(2(D=3)D+E+3))My, + (—(E=1)M —2p* M7 + p* (4D +E=T)) My, + M3 p?)
+2MW\/M%—M%VCHWB<<M%<5—1>—p2<4<D—3>D+5+7>>M%V+<2D—3>p2<M%+p2>>>)), (B6)

which yields the mass shift
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M7, = T, (M3)

— - o (- (340083 (VEG, 05 - 0 - 13

—-10(D-1) (MWCHWB\ [M% — M3, + M%,(Cyyw — Cyg) + M%CHB))>

1

- BoE <2A0(M2T)(D -2) (\/EGﬂ(32M‘V‘V — 40M2, M2 + 1TM%) + 8My C oy (8M3, — SM2)\/ M2 — Mgv))
VA

— m (6A0<M%V)(36\4/§(D -2) \/Gin%)VM%CW

+V2G,(=4(D = 2)(D — )M}y + 4(D = 2)M3M% + M%) — 4My Cpyyyr/ M% — M3, (2(D — 2)(D — 1)M3,
+ (3 -2D)M2))) + 6A¢(M3,£)(V2G, M3 + 2(My Crwg\/ M7 = M3y + M3y (Chw = Cyp) + M5Chp))

+ 3A0(M%)(\/§Gﬂ(M%I —2M%) — 8(D — 1)(MyCrwp\/M% — My, + M3, (Cyw — Cyp) + M3Cyyp))
D—-1
+ 3A0(M%§)(\/§G”M% +2(MwCrwg\/ M% — M3, + M3, (Cyyw — Cyp) + M5Cyp))

N By(M2%.0.0)(D —2)(v2G,(160M}, — 200M3,M% + 103M%) + 40M y, Cpyyyp (8M3, — SM%) /M2 — M3)
D—1

1
o+ (3Bo(M3, M3y M3)(V2G, (4(D = )M} + My = 4M3M3) = 8(D = 1) (M}, = 2M3)
1

x (MyCrwg\/ M% — M3, + M3, (Cuw — Cup) + M5Cyp))) + ————5
(D-1)M7

x (V2G,(2M3((43 — 9D) M3, + 64MY, — 80M3, M%) + (D — 2)M%(32M7, — 40M3,M% + 17M3))
+ 8My Crwp(8Miy — SM3)\| M7 — My, (D = 2)M7 + 4M7))) + ————>
(D —1)M7

x (M% — 4M%,)(36V2(D - 2)/G,M3,M%Cy + V2G,(4(D — 1)M}, + 4(2D — 3)M3,M% + M%)

My o /M — M3,(2(D — 1)M3y + (2D 3>M%>>>) (B7)

(Bo(M3, M7, M7)

(3Bo(M%, M3, M%)

and the wave function renormalization
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_ oz, (p?)
p2 pzzM%

_ 1 (3V2A(M3)G (M5 —ME)  6Ag(M3E)((Crw = Crup) My + /M5 = M3, CriwsMy + M3 Cy)
4877 (D-1)M% M,
+BO(M§,M%,M%)(D —2)(V2G,(32M}, —40M%Z M3, + 1TM%) + 8My (8M3, — 5M%) /M% — M%,C )
(D-1)M;,
D —2)B,(M2%,0,0)(v/2G,(160M?%, —200M2 M3, + 103M%) 4+ 40Myy, (8M3, — 5M%)\/M% — M%,Crwg
+ 0 zZ 14 w zZwW Z w Z Z w
D-1
N By(M2%.0,0)(D —2)(V2G,(160M¢, — 200M%M3, + 103M3) +40Myy (8M3, — 5M%) /M% — M3, C )
(D-1)M2

5ZZ:

1
(D-1)M;,

—40MEIM3, + 1TM%)) +8My, (8M3, — 5M%)\/ M% — M3%,(4M% + (D —=2)M%)Crws))

+m(3AO(M%‘1)(\/§Gﬂ(MH_MZ)(MH+MZ) +2(D=1)((Cuw — Cup) M5,

+ (B)(M%, M3, M%) (V2G,,(2(64M}, — 8OMLM3, + (43— 9D) M%) M3 + (D —2) M3 (32M3,

1

M2% —M3,CrysM MiC —_—
+/ Mz =My CrwpMy + M7 HB)))"’(D_I)M%

o
=

(3Bo(M7. M3 M7)(8(D = 1)M%((Crw — Crup) M3y

+1/ M% = M3, CrrypMy + M%Cryp) = V2G, M3 (M3, - 2M3))) (3B(M7%. M7, M7)

L
D-1
* (V2G, (M} = 4MoM +4(D = 1)M3) = 8(D = 1) (M} = 2M3)((Chw = Cup) M3y

1
+/ M7 =My CrwsMy +M5Cpp))) +m(336(M%,M%V,M€V)(M%—4M%V)
VA

x (36V2(D —2)\/G,M%Cy M3, + 41/ M% — M3, (2(D — 1)M3, + (2D = 3)M%) CrywsMy

+V2G,(4(D—1)M}, +4(2D = 3)MEM3, + M%) + - (3Bo(M%. M3, M%)

(D-1)M7
X (=72V2(D =2)\/G,(2M3}, — M) Cyy M3, — 81/ MG — M3, (3D = 5)M3, + (3—2D)M%)CrrwsMy

+6ﬂBo(M%,M%V§,M%V§>G,,(M%—4M%V§)

+V2G,((44-28D)M}, + 16(D —2)MIM3, +3M3))) o

M)+ My /M = M3, Cy (6= 1My +2(D—2)M3(E+ 1)M3, + (3-2D)M3)))
m(leo(M%v)MW(—IS{fZ(D -2)/G,M},CyM% + \/MCHWB
x (&= )My + (3=2D)M3) + V3G, My (M3, (£~ 1) - M3(2D + £~ 4))))

; (uBo(M%,M%v,M%V@(xszﬂ(MW—Mz><MW+Mz><<§—1>2M‘¢V+2M%<2D—5—3>M%v

+

+ (1240(M3,8) (V2G,,(M3(2D + &= 4) = My (6= 1)) M3y + (D= 1)CpupM

(D-1)M;

—<D—1>M%V<CHB—CHW>M§+<D—2>wa/M%—M%VcHWBM%—M%\/M%—M%VCHWB@—1>>>)). (B8)
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The y — Z two-point function is

vZ

T 4872 (D — 1)MyM>
4 3A0(M%§)(2CHWBM%V +2vy M% — M%V<CHB — Cyw)My — M%CHWB)pZ
M,
N 20B,(p?,0,0)(D = 2)My (V2G,\/M% — M3,(5M% — 8M3,) + My (16M3, — 13M%)Cyyp) p?

(D-1)M
+ 6By(p?, My, M3) (=M + M7 + p?*) 2ChwpMiy + 24/ M7 — M3y (Cyp — Cw)My — M5 Cryyp)

+ 6Ag(M%)(—2ChwpM3, + 24/ M% — M3, (Cyw — Cup)My + M%Cryp)

_ 3A0(M3)2M7 + p*)(=2CuweMiy + 2/M5 = Miy(Chw — Cup)Mw + M7Chws)
M3

(4Bo(p*, M3, M3)My (4M3 + (D = 2)p*)(V2G,\/ M3 — M3, (5M%, — 8M3,)
1
(840(M%)(D = 2)My (V2G| M2 — M3, (8M3, — SM3)

D-1)M3
(3By(p*. M3, M3, ) (4M3, — p?)

1

RGENE

+ My (16M3%, — 13M2)Crws)) +

My (13M% - 16M3,)C _——
+ My (13M7 w)Crws)) (D — )My

x (=36V2(D = 2)\/G,\/ My — M}, p*Cy M3, + 2(2M3, — M%) (2(D — 1)M3, + (2D = 3)p*) CrywsMy

1
—V2G,\/M% — M3,(4(D = )M}, +4(2D = 3)p*M3, + p*))) +

(D - 1)MWM%P2

X (V2G,\/ M3 — M3, (p* + M3, (M2 - 2p%)) (€ = 1)>M}, +2p*(2D — & = 3)M3, + p*)

— My (M2 = 2p2)M3y + M3p2)Crrs (6 = 12 MYy +2(D = 2)p(& + M3, + (3 - 2D)p*)
1

~(D-1)M3p?

-2(D - 1)\/ M% — M3, p*(Cyp — Cyw)My + (D = 2)M%p*Chws)
+V2G, My M — M3 ((M% = 2p*) (& = 1)M3}, + p*((3 = 2D)M% + p*(4D + £ =17)))))
1
+ BoIER (6A0(M%)(36V/2(D = 2)\/G, M}y My — M3, Cyyp* + V2G,Myr/M% — M3,
- zP

x (4D + & =T)p* = MZp* + M3 (M7( = 1) = 2p*(2(D = 3)D + £ + 3)))
+ Chwp((2p*(4(D =3)D + £ +7)

(6By(p*, M3y, M3,€)

(6A0(M%v§>((_(M% - 2P2)CHWB(§ - I)Mﬁv - pZCHWB<‘:M% +2(D - 2)P2>M%v

= M3(& = 1))Mj, - p*((2D(2D =5) + & +4)M7 +2(2D = 3)p* )M, + (2D — 3)M%p4)))), (B9)
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which yields the on-shell mixing

H;/Z(M%) =

1 3V2By (M2, M%.E, M%.EYG, /M2 — M%,(M% — 4M?,E) M>
<_ \/_ 0( Z Wf Wf) y72 Z W( Z Wé) Z—|—9A0(M%_I)

4872 (D —1)My
X (2ChwpM3y + 24/ M — M5, (Cyp = Cyw)Mw = M5Cpyp) + 3A0(M%8) (2CuwsMiy

+24/ M7 = M3y (Cyp = Cyw)My — M5Crws) + 6Ag(M7)(=2ChwsMjy

+ 24/ M3, — M3y (Chw = Cyp)My + M7Cpwg) + 6Bo(M7, M3y, M7)(MF; — 2M7)(=2CwsMyy
+24/M7 = My (Chyw — Cup)My + M7Chwg) + ﬁ@OBo(M%»OvO)(D - 2)My

X (V2G,\/M% — M3, (5M% — 8M3,) + My, (16M3, — 13M§)CHWB))

1

RE

(4Bo(M%, M3, M3)My (AM3 + (D — 2)M3) (V2G| M% — M3, (5M3 — 8M3,)

L (8A0(M2)(D — )My (VG \ /M2, — My (8317, — 5M2)

(D 1)M3
1
(D= )My

x (36V2(D = 2)/G M3\ M% — M}, Cy M3, — 2(2M73, — M%) (2(D — 1)M3, + (2D — 3)M%)CrrwsMy
+V2G,\/M% — M}, (4(D — 1)M}, + 4(2D = 3) MM}, + M3)))

1
(D—1)MyM?%

+2(D = 2)M3(E+ 1)M}, + (3= 2D)M3%) — V2G,\/ M% — M3, (& — 1)°M}, +2M%(2D — & - 3)M5,

1
DI (6A0(M3,)(=36V2(D = 2)\/G, M3\ M% — M3,CyyM%
Z

+V2G,My\/ M3 — M3y (M3 (4(D = 3)D + &+ 7) — M3(4D + &= 8)) — Cyyp((8(D = 3)D + &+ 15) M7,

—M%(4D? — 6D + £ —2)M3, + (2D = 3)M%))) +

+ My (16M3%, — 13M3%)Crws)) +

+ My (13M7 = 16M3,)Cws)) + (3Bo(M3, My, M) (4M5, — M7)

n (6Bo(M2. M3y M3y £) My — M) (Myy + M) (MWCHWB«: ~ 1,

+M3))) -

CEDE (6A0 (M)

X (\/EGIIMW\/ M2Z — M3,(M3%,(E=1) = M%2(2D + £ —4)) + ((Cuws — Cuwsé) M3y
+ M%Chywp(2D + E - 4)M3, +2(D — I)M%\/ M% — M3, (Cyp — Cyw)My — (D — 2)M%CHWB)))>' (B10)

APPENDIX C: VERTEX FUNCTIONS

The one-loop amplitude for Z(p + p’) — f(p)f(p’), the decay of a Z boson to a pair of massless fermions with weak
isospin T§ and charge Qy, is

M, = Va(p)¢(p + p')o(p), (C1)

where the vertex function is
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VBa (VBN My MG, TS — 4V M 2 : 2
V:4X23/4M%7[2 < D—1 +2\/§C0(M2707070707Mz)(D_8)(QfMW

+ M2(TS — 07))2(2G,(Q;M3, + ME(TS — Q) + 3\/§MW\/ M3 — M3,Q;Crwg) My

+4Cy(M3%.,0,0,0,0, M%ﬁ)M%vQ%(\@Gu(MW —Mz)(My + M) (Q;M3, + M%(Téf - 0y))

+ My \/M% = M3, (30, M3, + M%(2T5 = 30;))Craws) (B(=D + 25+ 8) + 2)M? + 8v2By(0.0, M3) (0, M3,
+ MY(TS = 04))2(2G, (O M3y + M3(TS = Qf)) + 3V2Myy\/ M3 — M3, QCrpyys) M3

— 4v/2C00(0, M3, 0, M3.0,0)(D = 2)(Q M5, + MY(T] = Qf))*(2G,(Q; M, + MY(T, - Q)

+ 3V2My\/ M% — M0 Cryyp)M% + 8Co(M%,0,0,0,0, M3,) (2MS, — (D — 8)MEM3, + 2M4M3,) TS

X (V2G,(M3(Qy = T4) = M3y(Qy = 2T%)) = My M3 = M3, (Qy = 2T%) Criyys) M,

I (4Co(M%,0,0, M}, M3, 0)M3,T5 (3V2(3D — 8) /G, M3}, CyM? + 2v/2(D — 2)G,, My (M3, + 2M3)

D-2
6v2(D - 3),/G,M%CyM;,
+2(D = 2)\/ M2 — M3, (M3, + M2)Cyyy)M2) + 8B,/(0.0, M%V)M%VT§< ( 3)\/_—2*; W

+ /M = M3, ((4(Qf — 2T)TS + 2)M3y, + M3(4(Q; — 2TH) TS + 1)) CypMy + 2V2G, (M3, + M)

< ((2(Q; — 2TL)TS + 1)M3, + 2M3TL (T Q»))M% i (Bo(M2. M3y M3,) T}

(D-2)(D-1)

x (=6V/2(D — 1)(3D — 8)\/G,M%(2M}, — M%) CyM3y, — 2(D — 2)\/ M% — M3,(4(D — 1)M},
+2(D = 3)MIM3, + (3 = 2D)M3) CrwsMy — V2(D = 2)G,(2M}, — M2)(4(D — )M}, + 4(2D — 3)MIM?,
+ M3))M7%) — 16B,(0,0, M%ﬂ)M%vQ%(\@Gu(MW —Mz)(My + Mz)(Q;M3, + M%(T% - 0r))

+ My \[ M3 = M3, (3Q M3y, + M3(2T% = 30;))Criwz) (B + 1)M% — 4By (0. M3B, M35 M3, 0%
x (V2G,(My — Mz)(My + M2)(Q;M3, + M3(TS — Q;))

+ My M3 — M3,(3Q M3, + M%(2TS = 3Q;)) Cow) (6 — 1)M3,

+ ﬁ (2By (M3 M3y M3, &) T} (ﬂGﬂ<MW = Mz)(My + Mz)((§ = 1M}, +2M5(2D = £ = 3)M5, + M3)

+ My M2 — M3, Crwp((€ = 1My, +2(D = 2)M3 (£ + 1)M5,

1
+ (3= 2D)ME)M3) + - (240 (M3 &) TS (Myy /M, = M3y Conys(M3(=8(D = )T + 4(D - 1), T}

+2D = 3) = M}(E = 1)) + V2G,(—(& = )M}y, + M3(=4Q,T} + 4(=2(D = 1)T}* + DQ;T} + D) + & — 6)M3,
—4(D = 1)M3(Qy — T{)TS))M3) + 2A0(M3,) T} <4(—2M%v - M3)T}(V2G,((Qy = 2T5) M5, + M3(T - 0y))
4 MM = M (07 = 2T1)Copu) + =355 (=692 = 4)(D = 1) VG, M3, Co

— (D =2)\/M} = M}, Chyys((4D = & = 3)MG, + (2D = 3)M3) = V2(D = 2)G, My (4D — & = 3)M5,

+ M%(4D + £ - 6>))))M%
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—2V240(M3)(Q M}, +M3(T - 1)) (2G, (0 M3, +M3(T - 0)))

+3V2My | MG = M3, QCrrvg) +2V2A0 (M3E) (Q, M3y, +M3(T - Q) (26, (Q M3, + M3(T] - 0)))
+3V2My\ | M%— M3, QCrrivs) +8Ao (M2B)M3, 03 (V2G,, (My — M) (My + M) (Q M3, +M3(T5 - Q)

+ My M= M3, (30 M3, + M3(2T5 =30;)) Crawi) +2Bo(M2.0.0) M3, M(V2G , (Myy — M) (Myy + M)
X (Qy M3y +M3(T5 = Qp)) + My M = M3, (30, M5y, + M3(2T% =30,)) Crys) (-D+26+7) 0% +V2(D—6)
X ((T§= Q)M+ M3, 0 M) (26, (Q My +M3(T = Q) +3V2 My \ | MG = M3, 0 Criyp)

FAMME(D—T)MB— 203 T2 (VG (Q; —2TL) My + M(T —Qf>>+MW\/M%—M%V<Qf—2T§>cHWB>)).

(C2)

For the b;, there are also top mass effects, and the vertex function in Feynman gauge is

V:

A 2 2 _ap 2 2 A ;i
216 x 2 MR (—108M7(2y/ M7 — My, CrywpCo(M7. 0,0, My, My, M7) My,

+2v2G,(Co(M3,0,0. M3y, M3y, M7)Mj, + Bo(0, M7, M) — M5C1(0, M3, 0, M7, Mjy,. M3,)

4 (D= 2)Con(0. M3, 0. M3 My M3y )M+ 20/ 05— M, o Bo(0. M3, M)

+2D\/ M7 = M3y CrwpCoo(0. M7, 0. M7, M3, M3y)) — 4/ M5 — M3y, CrryypCoo (0, M7, 0. M7, M3, M3)
+3V2/G,M%Cy(Co(M%.0,0, M3y, M3, M3)M?3, + By (0, M3, M3,)

+ (M7 = 2M5,)C1(0. M7, 0. M7 M3y, M3y) + (D — 4)Coo(0, M3, 0, M7, M3, M5, )) ) M5,

+ 18M%(4V2(D - 6)G,Co(M%.0,0, M3, M3, M3, )M}, + 4D\/MCHWBCO(M%, 0.0, M}, M}, M},)M3,
=244/ M% — M3%,CywpCo(M3%,0,0, M3, M3, M%) M3,

~V2G,((4(D = 6)M% + (D + 2)M3)Cy(M2,0,0, M3, M3, M%) + 8(D — 2)Coo(0, M%, 0, M3, M3, M3)) M3,
—4DM?\/M% — M3,CywCo(M%,0,0, M3, M3, M3, )My + 24M2\/ M% — M3, Cy5Co(M%,0,0, M3, M2, M3,)M y,
— 8M%\/ M7 — M3y, CryysCo(M3,0,0, M7, M7, M3y, )My

—8Dy/ M7 — M3y CrwpCoo(0. M7, 0. M3, M7, M) My, + 16 M7 = M3y CrwpCoo(0. M7, 0. M3, M7, M7) My,
+4(V2G, (4M}y — M%) + 4My\/M% — M3, Crys)Bo(0, M3, M3,) + (D — 6)(V2G,(4M3, — M2)

+ AM o\ MG — M3y Cry) Bo(M%, M3, M%) + 232G, M3 ((2(D — 3)M3 + M%) Co(M%, 0,0, M3, M3, M3,)

+ (D = 2)Coo (0. M7, 0, M5, M7, M7)))My, + 4(6/ M7 — M3, Cryyys M,
+V2G, (My = Mz)(My + M7)(2M3, + M3))(((D = 6)8 — 2)Co(M3.0.0,0,0, M35) M3 + 4By (0.0, M3)
+ (D = 6)By(M%,0,0) — 2(D — 2)C(0, M%,0, M%3,0,0)) M3, + 108M3M%(2v/2G,, My (My, — M) (My, + My)

(M3, = M2\ M3 — M3, Cop) Co M3 0.0, M3y M3y M3 )My + 108M3M3(v/2G, (M3 — 2013,

= 2My\/ M5 — M3, Criwi) Coo (0, M7.0. M7, My, M3,) + ISM%M%(4(\/§G;4(MW —My)(My + M)
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+ My M% — M3,Cryy)Bo(M%, M3, M%) + (V2G,,(

(M3, — 4M3, ) M7 + 4M3, (My, — M7)(My + M)

+ 4My (M3, — M%)\/ M% — M3,Cyyp)Co(M%.0,0, M7, M7, M53,) — 8(\/§Gﬂ(MW —Mz)(My + M)
+ My \/M% = M3, Crrwp) Coo (0, M3, 0, M3y, M3, M3)) — (2M3, + M3)*(V2G,,(2M5, + M3)

+6My\/MZ — M2,Crywg) (D = 8)Cy(M3,0,0,0,0, MZ)M% + 4B((0,0, M%) + (D — 6)By(M%,0,0)

—2(D =2)Cy(0, M%,0,M%,0,0))).
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[1] G.F. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi, J.
High Energy Phys. 06 (2007) 045.

[2] L. Brivio and M. Trott, arXiv:1706.08945.

[3] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621
(1986).

[4] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, J.
High Energy Phys. 10 (2010) 085.

[5] A. Dedes, W. Materkowska, M. Paraskevas, J. Rosiek, and
K. Suxho, J. High Energy Phys. 06 (2017) 143.

[6] A. Falkowski, Pramana 87, 39 (2016).

[7] R. Contino, M. Ghezzi, C. Grojean, M. Mhlleitner, and M.
Spira, Comput. Phys. Commun. 185, 3412 (2014).

[8] A.Butter, O.J. P. Eboli, J. Gonzalez-Fraile, M. C. Gonzalez-
Garcia, T. Plehn, and M. Rauch, J. High Energy Phys. 07
(2016) 152.

[9] 1. Ellis, C. W. Murphy, V. Sanz, and T. You, J. High Energy
Phys. 06 (2018) 146.

[10] L. Berthier, M. Bjrn, and M. Trott, J. High Energy Phys. 09
(2016) 157.

[11] A. Falkowski, M. Gonzlez-Alonso, and K. Mimouni, J.
High Energy Phys. 08 (2017) 123.

[12] C. Hartmann and M. Trott, Phys. Rev. Lett. 115, 191801
(2015).

[13] C. Hartmann and M. Trott, J. High Energy Phys. 07 (2015)
151.

[14] A. Dedes, M. Paraskevas, J. Rosiek, K. Suxho, and L.
Trifyllis, J. High Energy Phys. 08 (2018) 103.

[15] R. Gauld, B.D. Pecjak, and D.J. Scott, Phys. Rev. D 94,
074045 (2016).

[16] R. Gauld, B.D. Pecjak, and D.J. Scott, J. High Energy
Phys. 05 (2016) 080.

[17] S. Dawson and P.P. Giardino, Phys. Rev. D 97, 093003
(2018).

[18] S. Dawson and P.P. Giardino, Phys. Rev. D 98, 095005
(2018).

[19] C. Hartmann, W. Shepherd, and M. Trott, J. High Energy
Phys. 03 (2017) 060.

[20] C. Degrande, J. M. Gerard, C. Grojean, F. Maltoni, and G.
Servant, J. High Energy Phys. 07 (2012) 036; 03 (2013) 32.

[21] E. Vryonidou and C. Zhang, J. High Energy Phys. 08 (2018)
036.

[22] A. Azatov, R. Contino, C. S. Machado, and F. Riva, Phys.
Rev. D 95, 065014 (2017).

[23] J. Baglio, S. Dawson, and I. M. Lewis, Phys. Rev. D 96,
073003 (2017).

[24] A. Azatov, J. Elias-Miro, Y. Reyimuaji, and E. Venturini, J.
High Energy Phys. 10 (2017) 027.

[25] G. Panico, F. Riva, and A. Wulzer, Phys. Lett. B 776, 473
(2018).

[26] S. Dawson and G. Valencia, Nucl. Phys. B439, 3 (1995).

[27] Z. Zhang, Phys. Rev. Lett. 118, 011803 (2017).

[28] A. Alves, N. Rosa-Agostinho, O.J.P. Eboli, and M. C.
Gonzalez-Garcia, Phys. Rev. D 98, 013006 (2018).

[29] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld,
Phys. Lett. B 283, 353 (1992).

[30] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld,
Phys. Rev. D 48, 2182 (1993).

[31] S. Alam, S. Dawson, and R. Szalapski, Phys. Rev. D 57,
1577 (1998).

[32] H. Mebane, N. Greiner, C. Zhang, and S. Willenbrock,
Phys. Lett. B 724, 259 (2013).

[33] H. Mebane, N. Greiner, C. Zhang, and S. Willenbrock,
Phys. Rev. D 88, 015028 (2013).

[34] K.J.F. Gaemers and G.J. Gounaris, Z. Phys. C 1, 259
(1979).

[35] K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa,
Nucl. Phys. B282, 253 (1987).

[36] R. Alonso, E. E. Jenkins, A.V. Manohar, and M. Trott, J.
High Energy Phys. 04 (2014) 159.

[37] L. Berthier and M. Trott, J. High Energy Phys. 05 (2015) 024.

[38] C. Grojean, E. E. Jenkins, A. V. Manohar, and M. Trott, J.
High Energy Phys. 04 (2013) 016.

[39] T. Hahn, Comput. Phys. Commun. 140, 418 (2001).

[40] R. Mertig, M. Bohm, and A. Denner, Comput. Phys.
Commun. 64, 345 (1991).

[41] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 207, 432 (2016).

[42] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, Comput. Phys. Commun. 185, 2250 (2014).

[43] N.D. Christensen, P. de Aquino, C. Degrande, C. Duhr, B.
Fuks, M. Herquet, F. Maltoni, and S. Schumann, Eur. Phys.
J. C 71, 1541 (2011).

093003-18


https://doi.org/10.1088/1126-6708/2007/06/045
https://doi.org/10.1088/1126-6708/2007/06/045
http://arXiv.org/abs/1706.08945
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP06(2017)143
https://doi.org/10.1007/s12043-016-1251-5
https://doi.org/10.1016/j.cpc.2014.06.028
https://doi.org/10.1007/JHEP07(2016)152
https://doi.org/10.1007/JHEP07(2016)152
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP09(2016)157
https://doi.org/10.1007/JHEP09(2016)157
https://doi.org/10.1007/JHEP08(2017)123
https://doi.org/10.1007/JHEP08(2017)123
https://doi.org/10.1103/PhysRevLett.115.191801
https://doi.org/10.1103/PhysRevLett.115.191801
https://doi.org/10.1007/JHEP07(2015)151
https://doi.org/10.1007/JHEP07(2015)151
https://doi.org/10.1007/JHEP08(2018)103
https://doi.org/10.1103/PhysRevD.94.074045
https://doi.org/10.1103/PhysRevD.94.074045
https://doi.org/10.1007/JHEP05(2016)080
https://doi.org/10.1007/JHEP05(2016)080
https://doi.org/10.1103/PhysRevD.97.093003
https://doi.org/10.1103/PhysRevD.97.093003
https://doi.org/10.1103/PhysRevD.98.095005
https://doi.org/10.1103/PhysRevD.98.095005
https://doi.org/10.1007/JHEP03(2017)060
https://doi.org/10.1007/JHEP03(2017)060
https://doi.org/10.1007/JHEP07(2012)036
https://doi.org/10.1007/JHEP03(2013)032
https://doi.org/10.1007/JHEP08(2018)036
https://doi.org/10.1007/JHEP08(2018)036
https://doi.org/10.1103/PhysRevD.95.065014
https://doi.org/10.1103/PhysRevD.95.065014
https://doi.org/10.1103/PhysRevD.96.073003
https://doi.org/10.1103/PhysRevD.96.073003
https://doi.org/10.1007/JHEP10(2017)027
https://doi.org/10.1007/JHEP10(2017)027
https://doi.org/10.1016/j.physletb.2017.11.068
https://doi.org/10.1016/j.physletb.2017.11.068
https://doi.org/10.1016/0550-3213(95)00042-Q
https://doi.org/10.1103/PhysRevLett.118.011803
https://doi.org/10.1103/PhysRevD.98.013006
https://doi.org/10.1016/0370-2693(92)90031-X
https://doi.org/10.1103/PhysRevD.48.2182
https://doi.org/10.1103/PhysRevD.57.1577
https://doi.org/10.1103/PhysRevD.57.1577
https://doi.org/10.1016/j.physletb.2013.06.021
https://doi.org/10.1103/PhysRevD.88.015028
https://doi.org/10.1007/BF01440226
https://doi.org/10.1007/BF01440226
https://doi.org/10.1016/0550-3213(87)90685-7
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.1007/JHEP05(2015)024
https://doi.org/10.1007/JHEP04(2013)016
https://doi.org/10.1007/JHEP04(2013)016
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1140/epjc/s10052-011-1541-5
https://doi.org/10.1140/epjc/s10052-011-1541-5

STANDARD MODEL EFT CORRECTIONS TO Z BOSON ...

PHYS. REV. D 98, 093003 (2018)

[44] V. Shtabovenko, Comput. Phys. Commun. 218, 48 (2017).

[45] H. H. Patel, Comput. Phys. Commun. 197, 276 (2015).

[46] R. K. Ellis, W.J. Stirling, and B.R. Webber, Cambridge
Monogr. Part. Phys., Nucl. Phys., Cosmol. 8, 1 (1996).

[47] B. A. Kniehl, Nucl. Phys. B357, 439 (1991).

[48] M. D. Schwartz, Quantum Field Theory and the Standard
Model (Cambridge University Press, Cambridge, 2014),
ISBN: 1107034736; 9781107034730.

[49] S. Schael et al. (SLD Electroweak Group, DELPHI,
ALEPH, SLD, SLD Heavy Flavour Group, OPAL, LEP
Electroweak Working Group, and L3 Collaborations), Phys.
Rep. 427, 257 (2006).

[50] V. Khachatryan ef al. (CMS Collaboration), Eur. Phys. J. C
76, 401 (2016).

[51] G. Aad et al. (ATLAS Collaboration), J. High Energy Phys.
09 (2016) 029.

[52] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 93,
092004 (2016).

[53] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
77, 236 (2017).

[54] G. Aad et al. (ATLAS and CMS Collaborations), J. High
Energy Phys. 08 (2016) 045.

[55] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. D 98,
052005 (2018).

[56] A.M. Sirunyan et al. (CMS Collaboration), arXiv:1804.02716
[J. High Energy Phys. (to be published)].

[57] M.E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964
(1990).

[58] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

[59] J. Haller, A. Hoecker, R. Kogler, K. Mnig, T. Peiffer, and J.
Stelzer, Eur. Phys. J. C 78, 675 (2018).

[60] J. de Blas, J. C. Criado, M. Perez-Victoria, and J. Santiago,
J. High Energy Phys. 03 (2018) 109.

[61] C.-Y. Chen, S. Dawson, and C. Zhang, Phys. Rev. D 89,
015016 (2014).

093003-19


https://doi.org/10.1016/j.cpc.2017.04.014
https://doi.org/10.1016/j.cpc.2015.08.017
https://doi.org/10.1016/0550-3213(91)90476-E
https://doi.org/10.1016/j.physrep.2005.12.006
https://doi.org/10.1016/j.physrep.2005.12.006
https://doi.org/10.1140/epjc/s10052-016-4219-1
https://doi.org/10.1140/epjc/s10052-016-4219-1
https://doi.org/10.1007/JHEP09(2016)029
https://doi.org/10.1007/JHEP09(2016)029
https://doi.org/10.1103/PhysRevD.93.092004
https://doi.org/10.1103/PhysRevD.93.092004
https://doi.org/10.1140/epjc/s10052-017-4730-z
https://doi.org/10.1140/epjc/s10052-017-4730-z
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1103/PhysRevD.98.052005
https://doi.org/10.1103/PhysRevD.98.052005
http://arXiv.org/abs/1804.02716
http://arXiv.org/abs/1804.02716
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://doi.org/10.1007/JHEP03(2018)109
https://doi.org/10.1103/PhysRevD.89.015016
https://doi.org/10.1103/PhysRevD.89.015016

