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Some of the most precise measurements of Higgs boson couplings are from the Higgs decays to
4 leptons, where deviations from the Standard Model predictions can be quantified in the framework of the
Standard Model effective field theory (SMEFT). In this work, we present a complete next-to-leading order
(NLO) SMEFT electroweak calculation of the rate for H → lþl−Z which we combine with the NLO
SMEFT result for Z → lþl− to obtain the NLO rate for the H → 4 lepton process in the narrow width
approximation. The NLO calculation provides sensitivity to a wide range of SMEFT operators that do not
contribute to the rate at lowest order and demonstrates the importance of including correlations between the
effects of different operators when extracting limits on SMEFT parameters. We show that the extraction of
the Higgs trilinear coupling from the decay H → lþl−Z; Z → lþl− in the narrow width approximation
strongly depends on the contributions of other operators that first occur at NLO.
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I. INTRODUCTION

Since the discovery of the Higgs boson at the LHC
in 2012 there has been an intense effort, both theoretically
and experimentally, to obtain precise measurements and
predictions for Higgs properties. The mass is measured
to Oð0.1%Þ [1,2] and Higgs coupling measurements to
3rd generation fermions and gauge bosons vary from
Oð5% − 20%Þ accuracy [3,4] with prospects for future
measurements at the HL-LHC at the few percent level [5].
One of the most precisely measured quantities is the
branching ratio of the Higgs boson to 4 leptons, which
is known to Oð10%Þ [6,7]. At lowest order (LO), this rate
is sensitive to the Z boson coupling to the Higgs boson
and has been extensively used to probe anomalous
Higgs -gauge boson couplings [8–12]. Including a subset
of higher order corrections, the Higgs decay to 4 leptons
has been used to indirectly probe the Higgs tri-linear
coupling [13–15]. The decay to 4 leptons also depends

on the couplings of the leptons to the Z boson, but these
interactions are stringently restricted by Z pole measure-
ments [16] and thus play a smaller role.
In the Standard Model (SM), the rate, along with the

differential distributions, for H → 4 leptons is well known
to next-to-leading order in the electroweak theory [17] and
can be straightforwardly obtained from the public code,
PROPHECY4f [18]. To look for effects beyond SM physics
through precision measurements of Higgs decays, it is use-
ful to employ the SM effective field theory (SMEFT) [19],
where new physics effects are expressed as an expansion
around the SM,

L6
SMEFT ¼ LSM þ

X
i

Ci

Λ2
Oi þ � � � ð1Þ

where Oi consists of the complete set of dimension-6
SUð3Þ × SUð2Þ ×Uð1Þ invariant operators constructed out
of SM fields, Λ is an arbitrary scale typically taken as
1 TeV, Ci are the unknown Wilson coefficients that contain
information about the UV structure of the theory and we
neglect higher dimension operators. Since there is no hint
of new physics at the LHC, we assume that the scale Λ is
well separated from the weak scale. We note that at
dimension-6, observables only depend on the ratio,
Ci=Λ2, and so deriving a sensitivity to a new scale requires
assumptions about the couplings Ci.
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In this work, we computeH → lþl−Z, (l ¼ e, μ), in the
SMEFT at NLO in the electroweak couplings in order to
probe effects of beyond the Standard Model (BSM) physics
through a precision measurement of the decay rate.
This extends the NLO electroweak SMEFT calculation
of H → ZZ [20] to the relevant case for the physical mH.
The leading order (LO) SMEFT rates and kinematic
distributions are altered by the NLO electroweak correc-
tions, but even more interesting is the sensitivity to new
interactions that first enter at NLO SMEFT. There are
66 independent CP conserving operators in the Warsaw
basis that contribute at NLO, which potentially dilutes the
sensitivity to any specific operator (such as the operator
generating the Higgs tri-linear coupling). We employ the
narrow width approximation to relate H → lþl−Z to
H → lþl−Z; Z → lþl−, using the known NLO dimen-
sion-6 results for Z → lþl− [21–23].
In Sec. II, we review the dimension-6 SMEFT as used in

this paper and in Sec. III we describe the NLO electroweak
calculation of H → lþl−Z. The virtual contributions can
be obtained from the NLO electroweak calculation of
eþe− → ZH [24,25] by crossing, while the real emission
contribution requires integration over the four-body final
state phase space. Section IV contains numerical results in a
format that can be easily implemented into Monte Carlo
codes. We also demonstrate the interplay of the narrow

width results forH → 4 leptons with precision Z pole limits
from Z → eþe− and discuss the accuracy of the narrow
width approximation for obtaining an NLO SMEFT result
for H → lþl−Z; Z → lþl−. We emphasize the need to
consistently include NLO electroweak effects in SMEFT
studies and provide an outlook of future prospects for
including NLO SMEFT results in global fits and projec-
tions in the conclusion.

II. SMEFT BASICS

In our calculation we use the SMEFT dimension-6
Lagrangian of Eq. (1) expressed in terms of the Warsaw
basis [26,27], following the notation of [28]. We do not
impose any flavor structure on the SMEFT operators,
however we take the CKM matrix to be diagonal; this
choice effectively restricts the number of flavorful oper-
ators that can appear in the calculation [23,29]. We chose to
work in the ðGμ; mW;mZÞ input scheme and the vacuum
expectation value, vT , is defined to be the minimum of the
potential at all orders in the loop expansion.
The presence of the SMEFT operators changes the

relations between the SUð2Þ and Uð1Þ gauge couplings g2
and g1 entering the Lagrangian, α, and our input param-
eters. The new relationships, valid to Oð1=Λ2Þ, are [30,31]

g2 ¼ 2MWð
ffiffiffi
2

p
GμÞ1=2

�
1þ 1

2
XH

�
;

g1 ¼ 2ð
ffiffiffi
2

p
GμÞ1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z −M2
W

q �
1þ 1

2
XH

�
−

1

2ð ffiffiffi
2

p
GμÞ1=2Λ2

�
4MWCϕWB þ M2

Zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z −M2
W

p CϕD

�
;

4πα ¼ Gμ

ffiffiffi
2

p
ð1þ XHÞ4M2

W

�
1 −

M2
W

M2
Z

�
−

2M3
W

M2
ZΛ2

n
MWCϕD þ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z −M2
W

q
CϕWB

o

v2T ¼ ð1þ ΔrÞffiffiffi
2

p
Gμ

ð1 − XHÞ ð2Þ

where

XH ≡ 1ffiffiffi
2

p
GμΛ2

n
Cll½1221� −

�
Cð3Þ
ϕl ½11� þ Cð3Þ

ϕl ½22�
�o

: ð3Þ

The indices ½ii� and ½ijji�, etc, are flavor indices. We note
that e ¼ ffiffiffiffiffiffiffiffi

4πα
p

is not an independent parameter of the
model (e is defined as the coupling of the electron to
the photon in SMEFT). Since the vev, vT , is defined to be
the minimum of the potential, the relationship between vT
and Gμ receives corrections at one-loop that have SMEFT
contributions along with the well known SM result. An
explicit expression for the dimension-6 one-loop SM and
SMEFT results forΔr can be found in the appendix of [20].

III. CALCULATION

Feynman diagrams contributing to the tree level SMEFT
amplitude are shown in Fig. 1. The 4-point vertex
(lþl−ZH) is specific to the SMEFT, as is the ZγH vertex.
Sample NLO virtual contributions are shown in Fig. 2,
where we have illustrated the novel contributions to the
Higgs tri-linear vertex, to the triple gauge boson vertices,
and the new structure resulting from 4-fermion top quark
operators. There are 66 CP conserving dimension-6
SMEFT operators contribute to the NLO result and the
combinations of operators thatH → lþl−Z depends on are
given in the appendix.
At NLO, the calculation of the virtual contributions

to H → lþl−Z, (l ¼ e; μ), is performed using the
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FeynRules [32] → FeynCalc [33,34] → Package X [35]/ Looptools
[36]/Collier [37] pipeline. The dimension-6 coefficients are
renormalized in MS, using the results of [38–40], while the
gauge boson masses are renormalized on-shell. All fer-
mions except for the top quark are consistently treated as
massless in computing the virtual corrections.
The leading order and one-loop virtual results for

HðpHÞ → lþðpeþÞ þ l−ðpe−Þ þ ZðpZÞ can be found from
those for1

eþðp1Þ þ e−ðp2Þ → Zðp3Þ þHðp4Þ; ð4Þ

expressed in terms of the usual Mandelstam variables,
s ¼ ðp1 þ p2Þ2, t ¼ ðp1 − p3Þ2, u ¼ ðp3 − p1Þ2. Analytic
results for the UV renormalized one-loop contributions to
the Higgstrahlung process of Eq. (4) can be found at [41].
To obtain the crossed result for the Higgs decay, the
replacements

s → m2
ee ¼ ðpeþ þ pe−Þ2; t → m2

13 ¼ ðpeþ þ pZÞ2;
u → m2

23 ¼ ðpe− þ pZÞ2; ð5Þ

must be made. The H → μþμ−Z amplitudes can then be
obtained by consistently swapping lepton flavor indices
1 ↔ 2 in all coefficients. The virtual contribution is UV
finite, but contains IR poles from diagrams of purely
electromagnetic origin that are canceled by real photon

emission. Our results for the decay width are consistently
expanded to Oð1=Λ2Þ in the SMEFT expansion.
The 1 → 3 amplitude is written schematically as,

A3 ¼ ALO þAV; ð6Þ

where we denote the 1 → 3 leading order matrix element
as ALO and the one-loop virtual contribution as AV . The
corresponding contribution to the matrix element squared is

jA3j2 ¼ jALOj2 þ 2ReðALOA�
VÞ; ð7Þ

from which the width follows from the usual 1 → 3 phase
space integration.
Infrared singularities arise from the real photon emission

contribution H → lþl−Zγ, and are isolated using dimen-
sional regularization in d ¼ 4 − 2ϵ dimensions and dipole
subtraction techniques [42–44]. We denote the 1 → 4 real
emission matrix element as A4. All integrands are implic-
itly expanded to order Oð1=Λ2Þ. The soft and collinear
singularities are regulated by subtracting a function that has
the same IR pole structure as A4, then adding back the
contribution after integrating analytically,

Z
dΓ4 ¼

1

2mH

Z
dΦ4ðjA4j2 − jAsubj2Þ

þ 1

2mH

Z
dΦ3

	Z
dpγ ⊗ jAsubj2



: ð8Þ

Here the integrals over dΦ3 and dΦ4 indicate integration
over the three-body and four-body phase space, respec-
tively, and

FIG. 2. Representative diagrams from SMEFT dimension-6 operators that contribute at one-loop, but not at LO. The circles represent
contributions proportional to the SMEFT coefficients shown in the figure.

FIG. 1. Diagrams contributing at LO in the dimension-6 SMEFT, where the circles represent dimension-6 SMEFT contributions.

1pH is incoming, while peþ ; pe− and pZ are outgoing. In the
scattering process, p1 and p2 are incoming, while p3 and p4 are
outgoing.
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jAsubj2 ¼ 2e2
plþ · pl−

ðplþ · pγÞðpl− · pγÞ
: ð9Þ

In MS, the integrated subtraction term is [44]

1

2mH

Z
dΦ3

	Z
dpγ ⊗ jAsubj2



¼ α

4πmH

	Z
dΦ̃3jALOj2

Z
1

0

dz
�
GðsubÞðm̃2

llÞδð1 − zÞ þ ½Ḡðm̃2
ll; zÞ�þ

�

× Θcutðpl− ¼ zp̃l− ; plþ ¼ p̃lþ ; pγ ¼ ð1 − zÞp̃l−Þ


þ ðpl− ↔ plþÞ; ð10Þ

where m̃2
ll ≡ ðp̃l− þ p̃lþÞ2 is independent of the z

integral,2 the ½�þ indicates the usual plus distribution,R
dz½ḠðzÞ�þΘðzÞ ¼

R
dzḠðzÞ½ΘðzÞ − Θð1Þ�, and α is de-

fined in using the SMEFT relations of Eq. (2). The function
Θcut indicates the definitions of the momenta pl− , plþ ,
and pγ that are subject to phase space cuts, which are
not the same as the original four-body phase space
momenta [43,44]. Note that for fully inclusive observables
with no phase space cuts such as the total width, ΘðzÞ ¼
Θð1Þ and so Ḡ does not contribute. The functions G and Ḡ
are given by [43,44]

Gðm̃2
llÞ ¼ Γð1þ ϵÞ

�
4πμ2

m̃2
ll

�
ϵ
�
1

ϵ2
þ 3

2ϵ

�
þ7

2
−
π2

3

Ḡðm̃2
ll; zÞ ¼ P̂ff

	
−ð4πÞϵ
ϵΓð1− ϵÞþ ln

�
m̃2

ll

μ2

�
þ lnzþ2 lnð1− zÞ




þð1þ zÞ lnð1− zÞþ1− z ð11Þ

where P̂ff ¼ ð1þ z2Þ=ð1 − zÞ, we expand in ϵ and drop all
terms of OðϵÞ, and μ is an arbitrary renormalization scale.
The IR singularities in the virtual contributions cancel
with the singularities in G. However, additional collinear
singularities proportional to ϵ−1P̂ff appear in noninclusive
observables from real emission, which are encoded in Ḡ.
This divergence can be reabsorbed by expressing Ḡ
using the lepton mass as a regulator by applying the
techniques of [44],

ḠMRðm̃2
ll; zÞ ¼ P̂ff

	
ln

�
m̃2

ll

m2
l

�
þ ln z − 1




þ ð1þ zÞ ln ð1 − zÞ þ 1 − z; ð12Þ

where ml is the lepton mass, thus replacing the divergence
in ϵ → 0 with a logarithmic divergence in the mass of the
lepton, which plays the role of a physical cutoff.

IV. RESULTS

The experimental values of the input parameters are,

mexp
W ¼ 80.379 GeV;

mexp
Z ¼ 91.1876 GeV; Gμ ¼ 1.16638 × 10−5 GeV−2;

mH ¼ 125.1 GeV; mt ¼ 172.76 GeV;

mμ ¼ 105.7 MeV; me ¼ 0.511 MeV; ð13Þ

where the lepton masses only enter in the logarithmic
corrections coming from real photon emission. The masses
mW and mZ that we use to derive our results are

mZ ¼ mexp
Zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 

Γexp
Z =mexp

Z

�
2

q ¼ 91.1535 GeV;

mW ¼ mexp
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 

Γexp
W =mexp

W

�
2

q ¼ 80.352 GeV; ð14Þ

where the modifications of Eq. (14) approximate finite
width effects [45].

A. Standard Model results

The distribution of the produced lepton pair in the SM
is shown in Fig. 3 and the NLO effects are of Oð20%Þ at
both high and low mll. We observe that the distributions
for eþe−Z and μþμ−Z are slightly different due to
logðm2

ll=m
2
eÞ and logðm2

ll=m
2
μÞ effects in the real photon

emission contributions. With our inputs, the integrated SM
NLO rate is ΓSM

NLOðH → lþl−ZÞ ¼ 2.997 × 10−3 MeV,
where the logðm2

ll=m
2
lÞ contributions cancel in the total rate.

B. NLO SMEFT rates for H → l+l−Z
The width for H → lþl−Z at tree-level in the SMEFT is

well known [46,47],
2The tilde over dΦ̃3 is to emphasize that this integration is over

the lepton momenta p̃lþ and p̃l− .
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ΓSMEFT
LO ðH → lþ

i l
−
i ZÞ

ΓSM
NLOðH → lþ

i l
−
i ZÞ

¼ 1 TeV2

Λ2

�
−0.0851CϕB þ 0.0199CϕD þ 0.119Cϕ□

þ 0.0268CϕW − 0.0510CϕWB − 0.00691Cϕe½ii�
þ 0.00859Cð1Þ

ϕl ½ii� − 0.111Cð3Þ
ϕl ½ii� − 0.119Cð3Þ

ϕl ½jj�
þ 0.119Cll½1221�

�
; ð15Þ

where we used the flavor index i to refer to the lepton
produced in the decay [li ¼ ðe; μÞ] and the flavor index j to
refer to the lepton not produced in the decay [lj ¼ ðμ; eÞ].

The SMEFT contributions change the shape of the mll
distributions, as illustrated in Fig. 4. We write the mll
SMEFT distributions as,

dΓNLO

dmll
¼ dΓSM

NLO

dmll
þ
X
i

Ci

Λ2

dΓSMEFT
i;NLO

dmll
; ð16Þ

where ΓNLO contains both the LO and the NLO contribu-
tions. The upper portion of Fig. 4 is

Ri;NLO ¼ ð1 TeVÞ2 d
dCi

	
dΓNLO

dmll


 =	dΓSM
NLO

dmll




Ri;LO ¼ ð1 TeVÞ2 d
dCi

	
dΓLO

dmll


 =	dΓSM
LO

dmll



ð17Þ

The lower portion of Fig. 4 shows the relative effect of the
NLO contributions for specific operators,

NLO
LO

¼ d
dCi

	
dΓNLO

dmll


 =d
dCi

	
dΓLO

dmll



ð18Þ

For OϕB, the NLO corrections suppress the SMEFT
contribution at larger values of mll while the corrections
from OϕWB enhance the rate at small mll, but suppress it
for mll > 12 GeV. For both of these operators, we see
that the NLO corrections significantly change the shape
of the distribution, due to the presence of new kinematic
structures.
Figure 5 shows the mll distributions resulting from

representative 2-fermion and 4-fermion operators. The
4-fermion operators shown involve top quark loops that
first occur at NLO and are enhanced at large mll, while the
2-fermion operators suppress the rate relative to the LO.

FIG. 4. The contribution of the coefficients CϕB (left) and CϕWB (right) to the differential decay width at LO and NLO, normalized to
the SM contribution with the definitions of Eqs. (17) and (18). The vertical line at 12 GeV shows the typical experimental cut.

FIG. 3. The impact of the NLO corrections on the differential
decay width dΓSM=dmll in the Standard Model.
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Our results for the total width for H → lþl−Z are
presented as a series of tables. The NLO prediction for the
decay width H → lþl−Z is parametrized as,

ΓNLOðH → lþ
i l

−
i ZÞ ¼ ΓSM

NLOðH → lþ
i l

−
i ZÞ

þ δΓSMEFTðH → lþ
i l

−
i ZÞ

¼ 2.997 × 10−3 MeVþ
X
k

βðlÞk Ck

Λ2
;

ð19Þ

and βð0Þk ; βð1Þk are the tree level and one-loop plus real
SMEFT contributions. Table I contains the effects of

operators that contribute at LO and the results are sum-
marized in Fig. 6. The y-axis is of Fig. 6 is,

��ΓSMEFT
i;NLO

��
ΓSM
NLO

¼
�
1 TeV2

Λ2

� ��βð0Þi þ βð1Þi

��
ΓSM
NLO��ΓSMEFT

i;LO

��
ΓSM
NLO

¼
�
1 TeV2

Λ2

� ��βð0Þi

��
ΓSM
NLO

: ð20Þ

Tables II and III contain the numerical contributions to the
total width from operators that first arise at NLO.

C. NLO SMEFT rates for H → l+l−Z with mll cuts

Since CMS and ATLAS generally impose a cut of
mll > 12 GeV in their measurements of the H → 4 lepton

FIG. 5. LHS. Contributions from 2-fermion operators that contribute at LO with the definitions of Eqs. (17) and (18). The vertical line
at 12 GeV shows the typical experimental cut. RHS: Contributions from 4-fermion operators involving top quark loops that first appear
at NLO.

TABLE I. Contributions from operators appearing at LO to the
decay width ΓðH → lþ

i l
−
i ZÞ at LO and NLO to order Oð1=Λ2Þ

for Λ ¼ 1 TeV, using the definition of Eq. (19) and ΓSM
NLO ¼

2.997 × 10−3 GeV. The flavor index i corresponds to the pro-
duced lepton ðe; μÞ, and j is the lepton that is not produced, ðμ; e).
Coefficient,
Ck

βð0Þk

ΓSM
NLO



1 TeV2

Λ2

� βð0Þk þβð1Þk

ΓSM
NLO



1 TeV2

Λ2

� βð1Þk

ΓSM
NLO



1 TeV2

Λ2

� βð0Þk þβð1Þk

βð0Þk

CϕB −0.0851 −0.0749 0.010 0.88
CϕD 0.0199 0.0152 −0.0047 0.76
Cϕ□ 0.119 0.126 0.0061 1.051
CϕW 0.0268 0.0164 −0.010 0.61
CϕWB −0.0510 −0.0474 0.0035 0.93
Cϕe½ii� −0.00691 −0.00611 0.00080 0.88

Cð1Þ
ϕl ½ii� 0.00859 0.00578 −0.0028 0.67

Cð3Þ
ϕl ½ii� −0.111 −0.117 −0.0060 1.054

Cð3Þ
ϕl ½jj� −0.119 −0.125 −0.0056 1.047

Cll½1221� 0.119 0.123 0.0035 1.029

FIG. 6. Impact of NLO corrections on the contributions of
operators that occur at LO in the decay H → lþl−Z. The y-axis
is defined in Eq. (20) and the numerical values are given in
Table I. The flavor index i corresponds to the produced lepton
ðe; μÞ, and j is the lepton that is not produced, ðμ; e).
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width [6,48], we also provide results with this cut. We
denote this width as Γ̃≡ R

mll>12 GeV dΓ in the following.
After imposing this cut, the logarithms of the lepton mass
that canceled in fully inclusive measurements no longer
cancel, and so the eþe− and μþμ− channels differ at NLO
due to the real emission contributions. In the SM, with our
inputs, we find

Γ̃SM
NLOðH → eþe−ZÞ ¼ 2.582 × 10−3 MeV;

Γ̃SM
NLOðH → μþμ−ZÞ ¼ 2.616 × 10−3 MeV: ð21Þ

For those operators first appearing at one-loop, there are
no real emission contributions and so the widths for the
eþe− and μþμ− channels are the same at this order. We
write these contributions in Tables IV and V. The effect of
this cut is to significantly enhance the relative importance
of the NLO contributions for many of the operators, in
some cases by as much as a factor of 2. This can be seen
by comparing the far right columns of Tables VI and VII.

The importance of the experimental cut on mll is seen
clearly in Fig. 7.

D. Narrow width approximation
to H → l+

i l
−
i Z;Z → l+

j l
−
j

We use the narrow width approximation to compute the
decay of H → lþ

i l
−
i Z; Z → lþ

j l
−
j at NLO electroweak

order in the SMEFT,

ΓðH → lþ
i l

−
i l

þ
j l

−
j Þ ¼ ð2 − δijÞΓðH → lþ

i l
−
i ZÞ

× BRðZ → lþ
j l

−
j Þ: ð22Þ

The NLO branching ratio (BR) of Z to leptons is para-
metrized as

TABLE II. Contribution to the width ΓðH → lþ
i l

−
i ZÞ from

SMEFT bosonic and two-fermion operators first appearing at
NLO using the definitions of Eq. (19). We normalize to the NLO
SM width and set Λ ¼ 1 TeV. The flavor index j corresponds to
the lepton that is not produced.

Coefficient
βð1Þk

ΓSM
NLO



1 TeV2

Λ2

�
Coefficient

βð1Þk

ΓSM
NLO



1 TeV2

Λ2

�
Cϕ −2.42 × 10−3 CW 6.58 × 10−4

Cð1Þ
ϕl ½jj� −3.94 × 10−5 Cϕu½33� −6.37 × 10−3

Cð1Þ
ϕq ½33� 5.66 × 10−3 Cð3Þ

ϕq ½33� −7.13 × 10−3

CuW ½33� −2.73 × 10−3 CuB½33� 2.86 × 10−4

Cuϕ½33� 8.09 × 10−4 Ĉ2f
1

8.25 × 10−5

Ĉ2f
2

−1.20 × 10−4

TABLE III. Contribution to the width ΓðH → lþ
i l

−
i ZÞ from

SMEFT four-fermion operators first appearing at NLO using
the definitions of Eq. (19) and i ¼ 1, 2. We normalize to the NLO
SM width and set Λ ¼ 1 TeV. The flavor index i corresponds to
the produced lepton ðe; μÞ, and j is the lepton that is not
produced, ðμ; e).

Coefficient
βð1Þk

ΓSM
NLO



1 TeV2

Λ2

�
Coefficient

βð1Þk

ΓSM
NLO



1 TeV2

Λ2

�
Ceu½ii33� −1.63 × 10−3 Cqe½33ii� 1.70 × 10−3

Clu½ii33� 2.02 × 10−3 Cð1Þ
lq ½ii33� −2.11 × 10−3

Cð3Þ
lq ½ii33� 2.31 × 10−3 Cð3Þ

lq ½jj33� 3.25 × 10−4

Cle½iiii� 2.10 × 10−6 Cll½iiii� 3.01 × 10−7

Cee½iiii� −3.10 × 10−5 Ĉ4f
1

1.07 × 10−5

Cll½1122� −2.61 × 10−3 Cll½i33i� −2.12 × 10−5

Ĉ4f
2

−8.63 × 10−6 Ĉ4f
3

−6.85 × 10−6

TABLE IV. Contribution to the width Γ̃ðH → eþe−ZÞ from
SMEFT bosonic and two-fermion operators first appearing at
NLO with a cut of mee > 12 GeV using the definitions of
Eq. (19). We normalize to the NLO SM width Γ̃SM

NLOðH →
eþe−ZÞ ¼ 2.582 × 10−3 MeV and set Λ ¼ 1 TeV. The H →
μþμ−Z results can be obtained by rescaling these by
Γ̃SM
NLOðH → μþμ−ZÞ=Γ̃SM

NLOðH → eþe−ZÞ ¼ 0.987. The flavor in-
dex j corresponds to the lepton that is not produced.

Coefficient
β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

�
Coefficient

β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

�
Cϕ −2.47 × 10−3 CW 7.37 × 10−4

Cð1Þ
ϕl ½jj� −4.08 × 10−5 Cϕu½33� −6.50 × 10−3

Cð1Þ
ϕq ½33� 5.79 × 10−3 Cð3Þ

ϕq ½33� −7.30 × 10−3

CuW ½33� −2.40 × 10−3 CuB½33� 2.13 × 10−4

Cuϕ½33� 8.29 × 10−4 Ĉ2f
1

8.38 × 10−5

Ĉ2f
2

−1.23 × 10−4

TABLE V. Contribution to the width Γ̃ðH → eþe−ZÞ from
SMEFT four-fermion operators first appearing at NLO with a cut
ofmee > 12 GeV using the definitions of Eq. (19). We normalize
to the SM width Γ̃SM

NLOðH → eþe−ZÞ ¼ 2.582 × 10−3 MeV and
set Λ ¼ 1 TeV. The H → μþμ−Z results can be obtained by
rescaling these by Γ̃SM

NLOðH → μþμ−ZÞ=Γ̃SM
NLOðH → eþe−ZÞ ¼

0.987. The flavor index i corresponds to the produced lepton
ðe; μÞ, and j is the lepton that is not produced, ðμ; e).

Coefficient
β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

�
Coefficient

β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

�
Ceu½ii33� −1.64 × 10−3 Cqe½33ii� 1.72 × 10−3

Clu½ii33� 2.03 × 10−3 Cð1Þ
lq ½ii33� −2.13 × 10−3

Cð3Þ
lq ½ii33� 2.32 × 10−3 Cð3Þ

lq ½jj33� 3.32 × 10−4

Cle½iiii� 2.38 × 10−6 Cll½iiii� 3.84 × 10−7

Cee½iiii� −3.51 × 10−5 Ĉ4f
1

1.22 × 10−5

Cll½1122� −2.66 × 10−3 Cll½i33i� −2.40 × 10−5

Ĉ4f
2

−9.79 × 10−6 Ĉ4f
3

−7.75 × 10−6
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BRðZ → lþ
i l

−
i Þ ¼ BRSMðZ → lþ

i l
−
i Þ

þ δBRSMEFTðZ → lþ
i l

−
i Þ;

¼ 0.033670þ
X
k

αðlÞk Ck

Λ2
ð23Þ

where have inserted the most accurate theoretical prediction
[49] for the SM contribution in Eq. (23). Numerical values

for the αðlÞk at both LO and NLO can be found using the
results of [21–23].
At LO, it is straightforward to assess the accuracy of the

narrow width approximation, both in the SM and in the
SMEFT. In Fig. 8, we show the invariant mass distribution
of the eþe− pair for H → eþe−μþμ− for the complete four-
body decay3 and in the narrow width approximation for the

SM (LHS) and the contribution from a representative
SMEFT coefficient (RHS).4 In general, the narrow width
approximation for Higgs decays in the SMEFT could fail
due to contributions from interactions in the SMEFT that
are not present in the SM [50]. However, at LO the narrow
width approximation is extremely accurate for the operators
that contribute to the H → 4 lepton process. This motivates
our use of the narrow width approximation in our NLO
SMEFT calculation.
In Fig. 9, we show the region where the prediction for

Γ̃ðH → eþe−ZÞ in a 2-parameter SMEFT fit is within
10%[48] of the NLO SM prediction, including the cut
mll > 12 GeV. On the left-hand side (lhs), we see how the
NLO corrections can significantly change the correlation
between operators. On the right-hand side (rhs) of Fig. 9,
we show the correlation between the effects of 2 operators
(O ∼ t̄tēe) that first arise at NLO and here we see the
impact of the correlation between operator contributions
and the significant effect of including the NLO results both
in H → eþe−Z and in Z → eþe− to obtain a consistent
NLO prediction in the narrow width approximation.
Figure 10 employs Higgs data from all production

channels relevant for the decay H → 4 leptons, adapting
the fit of [51] for Higgs decays and the fit of [21] to include
the EWPOs. The resulting predictions are parametrized as,

μ≡
	

σij→H

ðσij→HÞjSM


	
BRðH → lþl−ZÞ

BRðH → lþl−ZÞjSM




×

	
BRðZ → lþl−Þ

BRðZ → lþl−ÞjSM



; ð24Þ

TABLE VI. Contributions from operators appearing at LO to
the decay width Γ̃ðH → eþe−ZÞ at LO and NLO with a cut of
mee > 12 GeV using the definitions of Eq. (19).

Coefficient,
Ck

β̃ð0Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð0Þk þβ̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð0Þk þβ̃ð1Þk

β̃ð0Þk

CϕB −0.0830 −0.0392 0.044 0.473
CϕD 0.0203 0.0112 −0.0091 0.551
Cϕ□ 0.122 0.126 0.0035 1.029
CϕW 0.0172 −0.0260 −0.043 −1.52
CϕWB −0.0511 −0.0271 0.0241 0.529
Cϕe½11� −0.00789 −0.00712 0.00077 0.903

Cð1Þ
ϕl ½11� 0.00980 0.00687 −0.0029 0.700

Cð3Þ
ϕl ½11� −0.112 −0.115 −0.0023 1.020

Cð3Þ
ϕl ½22� −0.122 −0.124 −0.0018 1.015

Cll½1221� 0.122 0.122 −0.00035 0.997

TABLE VII. Contributions from operators appearing at LO to
the decay width Γ̃ðH → μþμ−ZÞ at LO and NLO with a cut of
mμμ > 12 GeV using the definitions of Eq. (19).

Coefficient,
Ck

β̃ð0Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð0Þk þβ̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð1Þk

Γ̃SM
NLO



1 TeV2

Λ2

� β̃ð0Þk þβ̃ð1Þk

β̃ð0Þk

CϕB −0.0819 −0.0399 0.042 0.488
CϕD 0.0200 0.00994 −0.010 0.496
Cϕ□ 0.120 0.125 0.0050 1.042
CϕW 0.0169 −0.0251 −0.042 −1.480
CϕWB −0.0505 −0.0304 0.020 0.601
Cϕe½22� −0.00779 −0.00709 0.00070 0.910

Cð1Þ
ϕl ½22� 0.00968 0.00685 −0.0028 0.708

Cð3Þ
ϕl ½22� −0.111 −0.115 −0.0045 1.041

Cð3Þ
ϕl ½11� −0.120 −0.125 −0.0041 1.034

Cll½1221� 0.120 0.122 0.0020 1.017

FIG. 7. Impact of NLO corrections on the contributions of
operators that occur at LO in the decay H → lþl−Z and
demonstrating the effect of the cut on mll. With a small abuse
of notation, in this figure NLO/LO is defined as an inclusive

analogue of Eq. (18), i.e. ðβð0Þk þ βð1Þk Þ=βð0Þk and ðβ̃ð0Þk þ β̃ð1Þk Þ=β̃ð0Þk

for the gray and blue columns, respectively, where βðlÞk is defined
in Eq. (19).

3We emphasize that this includes all leading order contribu-
tions, including H → Zγ → lþl−lþl−.

4The narrow width result shown in Fig. 8 uses LO predictions
everywhere in order to be self-consistent.
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where each expression in the square brackets is linearized
in the dimension-6 SMEFT coefficients. The term with
σij→H represents the various Higgs production channels,
and we include only the Cϕ contribution in this piece.
Figure 10 shows the 95% CL limits on Cϕ and on two

4- fermion operators involving the top quark (which are
chosen to be operators that do not contribute to Higgs
production) using the narrow width approximation to
obtain consistent NLO fits. The figure demonstrates the
interplay of Higgs and electroweak data.

FIG. 8. LO comparison of the full four-body H → eþe−μþμ− and the narrow width approximated H → eþe−Z; Z → μþμ−
differential rates for the SM and for the contribution proportional to CϕWB.

FIG. 9. Regions where Γ̃ðH → eþe−ZÞ is within 10% [48] of the NLO SM prediction, applying the realistic experimental cut of
mee > 12 GeV. The blue and orange curves show the NLO and LO ΓðH → eþe−ZÞ results, respectively. The green curve shows the
NLO result for H → eþe−Z; Z → eþe− in the narrow width approximation.
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V. CONCLUSIONS

We computed the NLO electroweak corrections to the
Higgs decays H → lþl−Z and H → 4 leptons in the
SMEFT. We included the contributions coming from all
the dimension-6 operators, without any assumptions on
their flavor structures, but dropping contributions propor-
tional to the off-diagonal elements of the CKM matrix. The
H → 4 lepton decay rate was calculated using a narrow
width approximation, by combining the H → lþl−Z rate,
calculated here, and the Z → lþl− rate, known in the
literature. For both processes, the rates are known at full
NLO in the SMEFT up to dimension-6. In Sec. IV D we
show that at LO the narrow width approximation is very
accurate in reproducing the contribution of the operators
that affect H → 4 leptons.
The effects of the NLO SMEFT contributions can be

significant and affect both the total rate and the shape of the
mll distributions, along with introducing a dependence on
operators that do not contribute at LO. Mirroring the
experimental collaborations, we notice that, by considering
a lower cut on the final lepton invariant mass mll >
12 GeV, the importance of NLO contributions to H →
lþl−Z is enhanced for many operators. Our numerical
results demonstrate the large correlations between the
effects of different operators and show that single operator
fits can be significantly misleading.
These results are important for the study of Higgs

physics at the LHC and future colliders, as they provide
precise information on the type of new physics that is

accessible in these searches. Furthermore, the calculation
presented in this paper is a fundamental component of an
eventual SMEFT global fit that is accurate to NLO.
Results for the numerical contributions to the total width

for H → lþl−Z are given in Sec. IV, while analytic results
for the virtual NLO contributions used in this work can be
found at [41].
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FIG. 10. χ2 fit to LHC data for H → lþl−Z; Z → lþl− and to EWPOs using NLO predictions in the narrow width approximation.
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APPENDIX: OPERATOR COMBINATIONS

In this appendix we report the operator combinations contributing to the total width for H → eþe−Z. The width for
H → μþμ−Z is found by making the change, 1 ↔ 2, in the lepton flavor indices. At LO, there are 10 operators that
contribute to the decay,

CϕD; Cϕ□; CϕWB; CϕW; CϕB; Cϕe½11�; Cð1Þ
ϕl ½11�; Cð3Þ

ϕl ½11�; Cð3Þ
ϕl ½22�; Cll½1221�: ðA1Þ

At NLO, an additional 20 2-fermion operators contribute to H → eþe−Z,

Cϕd½ii�; Cϕu½ii�; Cð1Þ
ϕq ½ii�; Cð1Þ

ϕq ½ii�; i ¼ 1; 2; 3

Cϕe½jj�; Cð1Þ
ϕl ½jj�; j ¼ 2; 3

Cð3Þ
ϕl ½33�; CuW ½33�; CuB½33�; Cuϕ½33�: ðA2Þ

At NLO, there are 34 new 4-fermion operators that contribute to H → eþe−Z, where we note that Cee and Cll obey the
symmetries CX½kkii� ¼ CX½iikk�, CX½ikki� ¼ CX½kiik�, i, k ¼ 1, 2, 3, X ¼ ðeeÞ; ðllÞ,

Cld½11ii�; Clu½11ii�; Cle½11ii�; Ceu½11ii�; Ced½11ii�; Cð1Þ
lq ½11ii�;

Cð3Þ
lq ½11ii�; Cqe½ii11�; Cee½11ii�; Cll½11ii�; i ¼ 1; 2; 3

Cee½1jj1�; j ¼ 2; 3

Cð3Þ
lq ½2233�; Cll½1331�: ðA3Þ

Finally, we note that there are 2 additional CP conserving and 4 × CP violating operators that contribute at NLO

CP Conserving∶ CW; Cϕ

CP Violating∶ CW̃; CϕW̃; CϕB̃; CϕW̃B: ðA4Þ

This yields a total of 66 × CP conserving operators contributing at NLO.
At NLO, we notice that in many cases the analytical contribution of different operators to the process is the same. Thus,

we found it useful to write the results in terms of combinations of operators which contribute at NLO,

Ĉ2f
1 ¼ Cϕe½22� þ Cϕe½33� þ Cϕd½11� þ Cϕd½22� þ Cϕd½33� − 2Cϕu½11� − 2Cϕu½22� − Cð1Þ

ϕq ½11� − Cð1Þ
ϕq ½22� þ Cð1Þ

ϕl ½33�
Ĉ2f
2 ¼ Cð3Þ

ϕl ½33� þ 3Cð3Þ
ϕq ½11� þ 3Cð3Þ

ϕq ½22�
Ĉ4f
1 ¼ Cld½1111� þ Cld½1122� þ Cld½1133� − 2



Clu½1111� þ Clu½1122�

�
− Cð1Þ

lq ½1111� − Cð1Þ
lq ½1122� þ 2Cll½1133�

þ Cle½1122� þ Cle½1133� −
3M2

W

ðM2
Z −M2

WÞ
�
Cð3Þ
lq ½1111� þ Cð3Þ

lq ½1122�
�
;

Ĉ4f
2 ¼ 2



Cee½1122� þ Cee½1133�

�
− Cqe½1111� − Cqe½2211� − 2



Ceu½1111� þ Ceu½1122�

�
þ Ced½1111� þ Ced½1122� þ Ced½1133� þ Cle½2211� þ Cle½3311�;

Ĉ4f
3 ¼ 2



Cee½1221� þ Cee½1331�

�
: ðA5Þ
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