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1 Introduction

In the Standard Model (SM) the width of the Higgs is small (∼ 4 MeV) compared to

the Higgs mass of mh ∼ 125 GeV. The width is known to high accuracy in terms of the

parameters of the SM, and this makes it interesting to study perturbations due to physics

beyond the SM on the total and partial widths. Although difficult to directly measure,

the Higgs width is essential to inferring the full set of partial widths from the observed

branching ratios — which match well with SM predictions for the Higgs at the ∼ 10%

level. Precise knowledge of the Higgs width is a key requirement to accurately interpreting

experimental results on Higgs decays now and in the future. This remains true when the

SM is extended into the Standard Model Effective Field theory (SMEFT).

The SMEFT is defined under the assumptions that: physics beyond the SM is present

at scales Λ >
√

2 〈H†H〉 = v̄T , no light (m� v̄T ) hidden states are lurking in the particle

spectrum with couplings to the SM, and a SU(2)L scalar doublet with hypercharge yh = 1/2

is present in the low energy limit defining the EFT.1 The SMEFT extends the SM with

operators Q(d)
i of mass dimension d

LSMEFT = LSM + L(5) + L(6) + L(7) + . . . , (1.1)

L(d) =
∑
i

C
(d)
i

Λd−4
Q(d)
i for d > 4.

The operators Q
(d)
i are suppressed by d−4 powers of the cut-off scale Λ and the C

(d)
i are the

Wilson coefficients. In this work we use the non-redundant L(6) Warsaw basis [2]. This basis

removed some residual redundancies (see also [3, 4]) in the over-complete basis of ref. [5].

We often use the notation C̃ = Cv2
T /Λ

2 for dimensionless rescaled Wilson coefficients. In

this work we report the corrections to the two and four body decay of the Higgs width

through vector currents, i.e the interference effects of L(6) with the SM prediction of the

Higgs Width. We neglect odd dimension operator effects from L(5) as this operator violates

lepton number and does not interfere in the processes that we calculate at tree level. This

same reasoning applies to neglecting L(7) corrections. We neglect corrections due to L(8), as

including a consistent and complete set of such corrections is beyond the scope of this work.

A key strength of a SMEFT analysis of experimental data is that it represents a

consistent general low energy (or infrared — IR) limit of physics beyond the SM, so long

1More precisely the direct meaning of this standard assumption is that the local operators are analytic

functions of the field H in the SMEFT. The analyticity of the local contact operators making up the SMEFT

is a basic feature of this theory. This basic EFT point was discussed in the recent SMEFT review [1].
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as its defining assumptions are satisfied, and all operators at each order in the power

counting of the theory are retained. This is the approach we adopt in this paper. A

further strength of the SMEFT is that it addresses a key challenge to the program of

studying the Higgs precisely to look for deviations in its properties as a sign of physics

beyond the SM. The difficulty of directly measuring the Higgs width experimentally (model

independently) in the LHC environment is well known. For some related results see refs. [6–

10]. This fact is also relevant when considering successor machines for a future precision

Higgs phenomenology program. It is important to stress that the perturbations to the

Higgs width are systematically calculable and of a limited form in the SMEFT, when the

assumptions of this theoretical framework are adopted. Due to this, even when the Higgs

width is difficult to directly measure, it is possible to bound it indirectly due to calculating

directly its allowed perturbations in the SMEFT.

In this paper, we report a consistent calculation of the width of the Higgs to order

1/Λ2 for a set of two and four body decays (through vector currents) in the SMEFT.2

Our results are presented in a semi-analytic fashion, with inclusive phase space integrals

explicitly evaluated and reported. Our results allow the total inclusive width, partial widths

and branching ratios to be determined as a function of the Wilson coefficients without a

Monte Carlo generator being run. This allows the Wilson coefficient space of the SMEFT

to be sampled efficiently in global studies of the properties of the Higgs, and combined with

other particle physics experimental results. We believe this is of some value going forward

in the LHC experimental program.

A key observation feeding into the important impact of the calculation reported here

is the relative success of the narrow width approximation in the SM and the SMEFT. The

narrow width approximation in the SM relies on the fact that SM interactions are of limited

mass dimension (d ≤ 4) for its numerical adequacy in predicting many experimental results

This is the case as renormalizability leads to hγγ and hγZ effective vertices being one loop

effects. In the SMEFT, the presence of interaction terms of mass dimension d > 4 leads to

a more serious breakdown of the narrow width approximation, primarily due to neglected

interference effects using this approximation. This is despite the fact that the SU(2)×U(1)

gauge bosons remain narrow, with Γ/M � 1. In this work we incorporate off-shell effects

neglected in the narrow width approximation, and a consistent set of interference effects

present in the SMEFT at LO for the processes we calculate, to address this issue.

The outline of this paper is as follows. In section 3 we define how the

{α̂ew, m̂Z , ĜF , M̂h} and {m̂W , m̂Z , ĜF , M̂h} electroweak parameter input schemes are re-

lated to Lagrangian parameters. In section 4 we define some common Lagrangian parameter

shifts, including vertex corrections, widths, and shifts to the propagators as combinations

of Wilson coefficients. In section 5 we define the consistent leading order results for the

SMEFT corrections to a critical set of two and four body decays of the Higgs. This in-

cludes an extensive discussion of the results for four body Higgs decays, and the required

2Four body decays where a vector is emitted off the fermion pair produced by the Higgs is considered

beyond the scope of this work. Such corrections are suppressed by small yukawa couplings, and also

(generally) kinematically suppressed. These results, as well as a set of other interference effects that are

also omitted here, will be included in a follow up work.
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determination of the phase space integrations over four body phase space. In section 6

we discuss the numerical results and quantify the impact of different contributions, with

special attention to the terms that are usually neglected when using the narrow width

approximation for the W,Z bosons. Finally in section 7 we conclude.

2 SM and SMEFT theoretical conventions

The SM Lagrangian [11–13] notation is fixed to be

LSM = −1

4
GAµνG

Aµν − 1

4
W I
µνW

Iµν − 1

4
BµνB

µν +
∑
ψ

ψ i /Dψ, (2.1)

+(DµH)†(DµH)− λ
(
H†H − 1

2
v2

)2

−
[
H†j d Yd qj + H̃†juYu qj +H†je Ye `j + h.c.

]
.

The chiral projectors have the convention ψL/R = PL/R ψ where PR = (1 + γ5) /2, and the

gauge covariant derivative is defined with a positive sign convention

Dµ = ∂µ + ig3T
AAAµ + ig2τ

IW I
µ/2 + ig1yiBµ, (2.2)

with I = {1, 2, 3}, A = {1 . . . 8} , τ I denotes the Pauli matrices and yi the UY(1) hy-

percharge generator with charge normalization yi = {1/6, 2/3,−1/3,−1/2,−1, 1/2} for

i = {q, u, d, `, e,H}. Notation for L(6) largely descends from ref. [2] with φ replaced by H

for the Higgs SU(2)L field. We use the Hermitian derivative conventions

H† i
←→
D µH = iH†(DµH)− i(DµH)†H, (2.3)

H† i
←→
D I

µH = iH†τ I(DµH)− i(DµH)†τ IH. (2.4)

The normalization of τ I is such that tr[τ IτJ] = 2 δIJ. Our conventions are consistent with

ref. [1], and we refer the reader to this work for more notational details. We use the notation

kαij = (ki + kj)
α and k2

ij = (ki + kj)
2 for the Lorentz invariant four vector and its square,

with final state spinor pairs produced from the decay of a vector boson. For example, in

the massless fermions limit, pairs (ū(ki), v(kj)), (ū(kk), v(kl)) can be produced by vectors

carrying four momentum k2
ij = 2ki · kj , k2

kl = 2kk · kl.

3 Input schemes and analytical results

Operators in L(6) can have a significant impact on the determination of Lagrangian param-

eters from experimental imputs. The SMEFT has a significant input parameter scheme de-

pendence of this form. An input parameter scheme is an (informed) choice, with no scheme

carrying unique benefits. In any case, scheme dependence cancels out when experimental

measurements are directly related to one another, by-passing Lagrangian parameters. As

generally this is not done, in this work we present the Higgs width in two input parameter

schemes, to avoid drawing overly scheme dependent conclusions. For more discussion on

the benefits of the schemes used see refs. [16, 20]
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For the {α̂ew, m̂Z , ĜF } input parameter scheme many of these results are summa-

rized in ref. [1], which in turn is based on [14–19]. The corresponding results in the

{m̂W , m̂Z , ĜF } input parameter scheme largely descend from ref. [20]. Here we collect and

complete the theoretical results used for a self contained presentation, and to define a con-

sistent LO set of analytic results of the SMEFT. These results are then used to consistently

define the Higgs width with leading SMEFT corrections.

Our notation follows the “hat-bar” convention of refs. [1, 15, 16]. Lagrangian param-

eters directly determined from the measured input parameters are defined as having hat

superscripts. Lagrangian parameters in the canonically normalized SMEFT Lagrangian

are indicated with bar superscripts. The differences between these parameters come about

due to the SMEFT perturbations of the SM. With this convention, a leading order shift in

a SM Lagrangian parameter (P ) due to the SMEFT, when such a parameter is determined

from an input parameter set, is given by

δP = P̄ − P̂ . (3.1)

Note the sign convention applied to these shift definitions, and that in the SM limit (Ci → 0)

hatted and bar quantities coincide and the SM inference from experimental results (at tree

level) is recovered. The implementation of this convention has some historical legacies. δGF
is dimensionless while GF has mass dimension minus two requiring a further dimensionful

rescaling from a naive implementation of this convention.

In unitary gauge, the Higgs doublet is expanded as

H =
1√
2

(
0

[1 + CH,kin]h+ v̄T

)
, CH,kin ≡

(
C̃H� −

1

4
C̃HD

)
, (3.2)

to obtain a canonical normalization. Here 〈H†H〉 has been defined to include corrections

due to L(6) so that v̄T ≡ (1 + 3CH v̄
2/8λΛ2)v̄ where

√
2〈H†H〉SM ≡ v̄. Below, we include

cross terms in theoretical predictions, where higher order SM perturbative corrections

interfere with the L(6) corrections. We note that the total contribution to S matrix elements

is gauge invariant order by order in the SMEFT power counting expansion; i.e. the ASM
amplitude contributing to an S matrix element through ASM ×A(6)/Λ2 is separately gauge

invariant, as is A(6)/Λ2 alone.

The gauge fields are redefined into script fields to canonically normalize the SMEFT,

including L(6) corrections, as

GAµ = GAµ
(

1 + C̃HG

)
, W I

µ =WI
µ

(
1 + C̃HW

)
, Bµ = Bµ

(
1 + C̃HB

)
. (3.3)

The modified coupling constants are simultaneously redefined

g3 = g3

(
1 + C̃HG

)
, g2 = g2

(
1 + C̃HW

)
, g1 = g1

(
1 + C̃HB

)
, (3.4)

so that the products g3G
A
µ = g3GAµ , etc. are unchanged.

The rotated script field eigenstate basis for {W3
µ,Bµ} in the SMEFT to L(6) is given

by [14, 15] [
W3
µ

Bµ

]
=

[
1 −1

2 C̃HWB

−1
2 C̃HWB 1

] [
cos θ sin θ

− sin θ cos θ

][
Zµ
Aµ

]
. (3.5)

– 4 –
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The LSM + L(6) rotation angle is

tan θ̄ =
ḡ1

ḡ2
+
C̃HWB

2

(
1− ḡ2

1

ḡ2
2

)
. (3.6)

The mass eigenstate fields of the SM {Zµ, Aµ} are defined via the CHWB → 0 and

{cos θ, sin θ} → {cos θ, sin θ} limit of eq. (3.5) where cθ = cos θ = g2/
√
g2

1 + g2
2, sθ = sin θ =

g1/
√
g2

1 + g2
2. The relation between the mass eigenstate fields in LSM and LSM + L(6) is

explicitly [21]

Zµ = Zµ
(

1 + s2
θ̂
C̃HB + c2

θ̂
C̃HW + sθ̂cθ̂C̃HWB

)
,

+Aµ
(
sθ̂cθ̂(C̃HW − C̃HB)−

(
1

2
− s2

θ̂

)
C̃HWB +

δs2
θ

2sθ̂cθ̂

)
, (3.7)

Aµ = Aµ
(

1 + c2
θ̂
C̃HB + s2

θ̂
C̃HW − sθ̂cθ̂C̃HWB

)
,

+ Zµ
(
sθ̂cθ̂(C̃HW − C̃HB)−

(
1

2
− s2

θ̂

)
C̃HWB −

δs2
θ

2sθ̂cθ̂

)
. (3.8)

These expressions hold in both input parameter schemes using notation defined in the

following section. L(8) corrections to this formalism where recently reported in ref. [22]

In addition to the electroweak input parameters we discuss below in detail, we also

require experimental inputs to fix {mt, αs,mc,mb,mτ , V
ij
CKM ,∆α

(5)
had, · · · }. Barred mass

parameters are generally defined to be the pole masses in LSMEFT , including L(6) cor-

rections. For recent discussion and results on CKM parameters in the SMEFT from an

input parameter perspective, see refs. [21, 23]. Note that we generally neglect terms in the

SMEFT corrections to SM results relatively suppressed by small quark masses.

3.1 {α̂ew, M̂Z , ĜF , M̂h} input parameter scheme

For the {α̂ew, M̂Z , ĜF , M̂h} input parameter scheme, in unitary gauge, we define

ê =
√

4πα̂ew, v̂T =
1

21/4
√
ĜF

, s2
θ̂

=
1

2

[
1−

√
1− 4πα̂
√

2ĜF M̂2
Z

]
, M̂2

W = M̂2
Zc

2
θ̂
,

ĝ1 =
ê

cθ̂
, ĝ2 =

ê

sθ̂
, ĝZ = − ĝ2

cθ̂
,

and c2
θ̂
≡ 1− s2

θ̂
. It is convenient to define

δGF =
1√
2

(
C̃

(3)
Hl
ee

+ C̃
(3)
Hl
µµ

− 1

2
(C̃ ′ ll

µeeµ
+ C̃ ′ ll

eµµe
)

)
, (3.9)

δM2
W

M̂2
W

= −
s2θ̂

4 c2θ̂

(
cθ̂
sθ̂
C̃HD +

sθ̂
cθ̂

2
√

2 δGF + 4C̃HWB

)
, (3.10)

δs2
θ =

s2θ̂

8c2θ̂

[
s2θ̂

(
C̃HD + 2

√
2 δGF

)
+ 4C̃HWB

]
, (3.11)

δe

ê
= 0. (3.12)

– 5 –
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The U(3)5 limit used here treats the two flavour contractions of Qll as independent [24]

(C ll
mnop

δmn δop + C ′ ll
mnop

δmp δno)(l̄mγµln)(l̄oγ
µlp). (3.13)

We also define corrections to the Z and h mass parameters even though the corresponding

input parameter M̂Z , M̂h fix the location of the propagator pole, i.e. by definition a pole

in a resonance scan is such that δM2
Z = M̄2

Z − M̂2
Z ≡ 0 and δM2

h = M̄2
h − M̂2

h ≡ 0.

We define shifts to the Z, h masses as a convenient shorthand notation for common

combinations of Lagrangian parameters in LSMEFT. We are then faced with a notational

conundrum, as the natural notational choice in each case is zero by definition. We overcome

this challenge with a slight modification of notation compared to ref. [1] by defining

δm2
Z =

M̂2
Z

2
C̃HD +

23/4
√
πα̂ M̂Z

Ĝ
1/2
F

C̃HWB, (3.14)

δm2
h = M̂2

h

(
−3C̃H

2λ
+ 2C̃H� −

C̃HD
2

)
, (3.15)

where the lowercase m takes on an meaning distinguishing it from the uppercase MZ,h

resonance pole mass, whose shift vanishes by definition. One should note this notational

refinement when comparing to past works. See ref. [1] for more details.

3.2 {M̂W , M̂Z , ĜF , M̂h} input parameter scheme

In this scheme

ê = 2 · 21/4M̂W

√
ĜF sθ̂, v̂T =

1

21/4
√
ĜF

, s2
θ̂

= 1−
M̂2
W

M̂2
Z

,

ĝ1 = 2 · 21/4M̂Z

√√√√ĜF

(
1−

M̂2
W

M̂2
Z

)
, ĝ2 = 2 · 21/4M̂W

√
ĜF , ĝZ = − ĝ2

cθ̂
.

δGF , δm
2
h are unchanged from the expressions in eqs. (3.9), (3.15) and

δm2
Z =

M̂2
Z

2
C̃HD + 2 M̂Z M̂W

√
1−

M̂2
W

M̂2
Z

C̃HWB, (3.16)

δm2
W = 0, (3.17)

δm2
h = M̂2

h

(
−3C̃H

2λ
+ 2C̃H� −

C̃HD
2

)
, (3.18)

δs2
θ = −

M̂2
W

2M̂2
Z

C̃HD −
M̂W

M̂Z

√
1−

M̂2
W

M̂2
Z

C̃HWB, (3.19)

δe

ê
≡ δα

2 α̂
= −δGF√

2
+
δm2

Z

M̂2
Z

M̂2
W

2 (M̂2
W − M̂2

Z)
− C̃HWB

M̂W

M̂Z

√
1−

M̂2
W

M̂2
Z

. (3.20)

– 6 –
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4 Preliminaries: some common parameter shifts

For each input parameter scheme, the expression for a physical observable depends (in

part) on the shift in the usual SM Lagrangian parameters through the formulae in the

previous two sections. Here we give a common set of such shifts. The δP are a useful short

hand notation that can be used at times in a specific gauge, but do not span, and are not

equivalent to, a complete and well defined gauge independent operator basis for L(6) in the

SMEFT. The remaining SMEFT corrections to physical observables appear through the

direct dependence on the operators in calculated amplitudes, and through the expansion

of the W pole mass in the {α̂ew, M̂Z , ĜF , M̂h} input parameter scheme.

4.1 Effective Aµψ̄γµψ couplings

In either input parameter scheme we can define the Aµ effective couplings as

LA,eff = −ê
[
Qψ(1 + δe/ê) JA

µ

ψ

]
Aµ, JA

µ

ψ = ψ̄ γµ ψ, (4.1)

where Qψ = {2/3,−1/3,−1} for ψ = {u, d, e}. As class seven operators in the Warsaw basis

are of the form H† i
←→
D µHψ̄γµψ and the Higgs is uncharged under U(1)em, further flavour

non-universal contact operator contributions due to expanding out these operators are not

present. Chirality flipping dipole operators generate effective couplings of the photon field

to U(1)em charged fermions at L6. However, as these contributions interfere with the SM

amplitudes proportional to quark masses, even if the Wilson coefficient is not assumed

proportional to the Yukawa matrix to impose a controlled breaking of flavour symmetry;

these contributions are neglected.

4.2 Effective Zµψ̄γµψ and hZµψ̄γµψ couplings

The Z couplings are modified as

LZ,eff = ĝZ J
Zµ
ψprZµ, JZ

µ

ψpr = ψ̄p γµ

[
(ḡψV )pr − (ḡψA)pr γ5

]
ψr (4.2)

where ψ = {u, ν, d, e} with normalization gψ,SMV = T3/2 − Qψs
2
θ̂
, gψ,SMA = T3/2 and

2T3(ψ) = {1, 1,−1,−1} while F [C̃1, C̃2, C̃3 · · · ]pr ≡ (C̃ 1
pr

+ C̃ 2
pr

+ C̃ 3
pr

+ · · · )/4 yielding

δ(g`V )pr = δḡZ (g`,SMV )pr − F [C̃He, C̃
(1)
H` , C̃

(3)
H` ]pr −Q` δpr δs

2
θ, (4.3)

δ(g`A)pr = δḡZ (g`,SMA )pr − F [−C̃He, C̃
(1)
H` , C̃

(3)
H` ]pr, (4.4)

δ(gνA/V )pr = δḡZ (gν,SMA/V )pr − F [C̃
(1)
H` ,−C̃

(3)
H` ]pr, (4.5)

δ(guV )pr = δḡZ (gu,SMV )pr − F [C̃Hu, C̃
(1)
Hq,−C̃

(3)
Hq]pr −Qu δpr δs

2
θ, (4.6)

δ(guA)pr = δḡZ (gu,SMA )pr + F [C̃Hu,−C̃
(1)
Hq, C̃

(3)
Hq]pr, (4.7)

δ(gdV )pr = δḡZ (gd,SMV )pr − F [C̃Hd, C̃
(1)
Hq, C̃

(3)
Hq]pr −Qd δpr δs

2
θ, (4.8)

δ(gdA)pr = δḡZ (gd,SMA )pr − F [−C̃Hd, C̃
(1)
Hq, C̃

(3)
Hq]pr, (4.9)
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where ĝZ = −ĝ2/cθ̂ = −2 21/4
√
ĜF M̂Z = −

√
ĝ2

1 + ĝ2
2 and

δḡZ = −δGF√
2
−
δm2

Z

2M̂2
Z

+ sθ̂ cθ̂ C̃HWB. (4.10)

The SMEFT introduces hZµψ̄γµψ couplings that are forbidden in the SM due to it

being limited to d ≤ 4 interactions. We define these couplings as

LZh,eff =
2 ĝZ
v̂T
Zµ h ψ̄p γµ

[
δC̄hVψ

pr
− δC̄hAψ

pr
γ5

]
ψr, (4.11)

where as above

δC̄hV`
pr

= −F [C̃He, C̃
(1)
H` , C̃

(3)
H` ]pr, δC̄hA`

pr
= −F [−C̃He, C̃

(1)
H` , C̃

(3)
H` ]pr, (4.12)

δC̄hVν
pr

= −F [C̃
(1)
H` ,−C̃

(3)
H` ]pr, δC̄hAν

pr
= −F [C̃

(1)
H` ,−C̃

(3)
H` ]pr, (4.13)

δC̄hVu
pr

= −F [C̃Hu, C̃
(1)
Hq,−C

(3)
Hq]pr, δC̄hAu

pr
= F [C̃Hu,−C̃

(1)
Hq, C̃

(3)
Hq]pr, (4.14)

δC̄hVd
pr

= −F [C̃Hd, C̃
(1)
Hq, C̃

(3)
Hq]pr, δC̄hAd

pr
= −F [−C̃Hd, C̃

(1)
Hq, C̃

(3)
Hq]pr. (4.15)

In the results that follow, we calculate in the limit that final state fermions are ne-

glected. Using chiral eigenstates of the fermions is advantageous in some results, and we

note that the left and right handed SM couplings follow in the standard manner. The

chiral SMEFT corrections are

δgψL
pr

= δgψV
pr

+ δgψA
pr

, δgψR
pr

= δgψV
pr

− δgψA
pr

, (4.16)

δCψHL
pr

= δC̄hVψ
pr

+ δC̄hAψ
pr
, δCψHR

pr

= δC̄hVψ
pr
− δC̄hAψ

pr
. (4.17)

We introduce the convenient notation (ḡψa± )2 = |ḡψaL |2 ± |ḡ
ψa
R |2 for some common combina-

tions of the Z boson couplings that appear.

4.3 Effective Wµψ̄LγµψL and Wµhψ̄LγµψL couplings

In the case of the W effective couplings we define

LW,eff = − ĝ2√
2
W+
µ J
W+,µ

ψpr + h.c., (4.18)

JW
+,µ

`pr = ν̄pγ
µ
[
(g
W+,`
V )pr − (g

W+,`
A )prγ5

]
er, JW

+,µ

qpr = ūp γµ

[
(g
W+,q
V )pr − (g

W+,q
A )prγ5

]
dr.

In the SM

(ḡ
W+,`
V )SMpr = (ḡ

W+,`
A )SMpr =

(U †PMNS)pr
2

, (ḡ
W+q
V )SMpr = (ḡ

W+,q
A )SMpr =

Vpr
2
, (4.19)

where V = U(u, L)†U(d, L) is the CKM matrix, U = U(e, L)†U(ν, L) the PMNS matrix,

with U(ψ,L/R) the rotation matrix between the weak and mass eigenstates. For flavour

diagonal components

δ(g
W±,ψ
V )rr = δ(g

W±,ψ
A )rr =

1

2
C̃

(3)
Hψ
rr

− δGF

2
√

2
δrr, (4.20)

– 8 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
6

for ψ = {q, `} in the {M̂W , M̂Z , ĜF , M̂h} input scheme and

δ(g
W±,ψ
V )rr = δ(g

W±,ψ
A )rr =

1

2

(
C̃

(3)
Hψ
rr

+
1

2

cθ̂
sθ̂
C̃HWBδrr

)
− 1

4

δs2
θ

s2
θ̂

δrr. (4.21)

in the {α̂ew, M̂Z , ĜF , M̂h} scheme.

The SMEFT introduces hWµ
+ψ̄T+γµPLψ, hWµ

−ψ̄T−γµPLψ couplings as

LWh,eff = −
√

2ĝ2

v̂T
h ¯̀

p

[
W+
µ T

+ C̃
(3)
H`
pr

+W−µ T− C̃
(3)
H`
pr

]
γµ`r,

−
√

2ĝ2

v̂T
h q̄p

[
W+
µ T

+C̃
(3)
Hq
pr

+W−µ T−C̃
(3)
Hq
pr

]
γµqr, (4.22)

where 2T+ = τ1 + iτ2, 2T− = τ1 − iτ2. The off diagonal terms trivially follow. Again, we

note that the left and right handed δgW,ψL,R SMEFT corrections are the sum and difference

of the vector and axial W shifts respectively.

4.4 Effective hψ̄ψ couplings

The pole masses of quarks and leptons inferred from experimental results can define input

parameters m̂ψ. These inputs also determine the Yukawa couplings through the definition

Ŷψ = 23/4M̂ψ

√
ĜF (4.23)

with normalization

Lh,eff = −ghψ
pr
h ψ̄R

p
ψL
r

+ h.c. (4.24)

In the SM gSMhψ
pp

= Ŷψ
pp
/
√

2, and in the SMEFT [15]

δghψ
pr

=

Ŷψ
pr√
2

[
CH,kin −

δGF√
2

]
− 1√

2
C̃∗ψH
pr
. (4.25)

Note that in the U(3)5 limit C̃∗ψH
pr

is proportional to Yψ
pr

.

4.5 Massive boson propagator and width shifts

For a consistent treatment of the SMEFT corrections to the SM, the propagators need to

be expanded up to linear order in the Wilson coefficients, when a massive vector boson

mediates an experimental measurement [19]. For a massive boson B = {Z,W, h} we define

DB(k2
ij) =

1

k2
ij − M̄2

B + iΓ̄BM̄B + iε

[
1 + δDB(k2

ij)
]
. (4.26)

The propagator in unitary gauge is then

−i
k2
ij − M̂2

B + i Γ̂B M̂B + iε

[
gµν −

kνkµ

M̂2
B

(
1−

δM2
B

M̂2
B

)] [
1 + δDB(k2

ij)
]
. (4.27)
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Note that as we calculate in the massless limit of the final state fermions, the longitudinal

term ∝ kνkµ vanishes in this limit. The shift in the propagator is given by

δDB(k2
ij) =

1

k2
ij − M̂2

B + iΓ̂BM̂B

[(
1− iΓ̂B

2M̂B

)
δM2

B − iM̂BδΓB

]
. (4.28)

A useful result is

2Re
[
δDB(k2

ij)
]

=
2(k2

ij − M̂2
B)δM2

B − Γ̂B(Γ̂BδM
2
B + 2M̂2

B δΓB)

(k2
ij − M̂2

B)2 + M̂2
BΓ̂2

B

, (4.29)

which can be directly used if VCKM , UPMNS phases are neglected and one considers a

CP conserving set of Wilson coefficients in L(6). In a near on-shell region of phase space

k2
ij ' m̂2

B

2Re
[
δDB(m̂2

B)
]
' −

δM2
B

M̂2
B

− 2
δΓB

Γ̂B
. (4.30)

In the {α̂ew, M̂Z , ĜF , M̂h} scheme δM2
Z = δM2

h = 0, while in the {M̂W , M̂Z , ĜF , M̂h}
scheme δM2

Z = δM2
W = δM2

h = 0. The width shift should be included when studying

experimental results in any scheme for a consistent SMEFT analysis. This can be done

by expanding in the correction to the width, linearizing the dependence on the SMEFT

correction in the final result for an observable. This procedure is difficult to directly

carry out interfacing SMEFTsim [21] with MadGraph5 due to the implementation of

widths in MadGraph5. Our results present this result for inclusive quantities in a semi-

analytic form, determining this correction using direct numerical integration. This makes

the dependence on the total width clear in the case of inclusive quantities, and at least

clearer when considering non-inclusive quantities.

The decay of a Higgs boson to four fermion final states occurs through physical phase

space where some of the intermediate propagators are necessarily off-shell. The width of

the unstable SM Bosons remains parametrically less than the boson mass in the SMEFT,

as the corrections introduced to the widths and masses are a small perturbative correction.

As such, one can still expand in the small ratios ΓB/MB, δΓB/MB the modified propagator

of the SMEFT, finding

2Re
[
δDB(k2

ij)
]

= 2
δM2

B

M̂2
B

M̂2
B

k2
ij − M̂2

B

− 2
δΓB
ΓB

M̂2
BΓ̂2

B

(k2
ij − M̂2

B)2
+
δM2

B

M̂2
B

M̂2
BΓ̂2

B(k2
ij + M̂2

B)

(k2
ij − M̂2

B)3
+ · · ·

(4.31)

The off shell region of phase space where (k2
ij−M̂2

B) ' Γ̂BM̂B, and when k2
ij takes on other

values, is averaged over in a four body decay of the Higgs through intermediate vector

bosons V = {W,Z,A}. The effect of this averaging in the SMEFT, compared to the SM,

modifies the coefficient for δΓB/Γ̂B in an O(1) manner, and this deviation from a naive

expectation formed using eq. (4.30) is included in our results, see section 6.4.
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4.5.1 δΓZ

At tree level corrections to Z partial and total widths due to L(6) are

Γ
(
Z → ψψ̄

)
=

√
2 ḠF M̄

3
Z N

ψ
C

3π

(
|ḡψV |

2 + |ḡψA|
2
)
, (4.32)

δΓ
(
Z → ψψ̄

)
=

√
2 ĜF M̂

3
Z N

ψ
C

3π

(
2gψ,SMV δgψV + 2gψ,SMA δgψA

)
, (4.33)

δΓZ→Had = 2 δΓ̄ (Z → uū) + 3 δΓ̄
(
Z → dd̄

)
, (4.34)

δΓZ = 3δΓZ→`¯̀ + 3δΓZ→νν̄ + δΓZ→Had, (4.35)

Nψ
C depends on the SU(3)c representation of ψ. Off diagonal corrections due to local contact

operators are neglected, as they interfere with SM contributions that have a significant

numerical suppression. This reasoning is used in part to define a “pole parameter” set of

SMEFT Wilson coefficients in ref. [21], and our results are consistent with this reasoning.3

Similarly corrections due to four fermion operators modify the inference of a partial Z width

from an experimental cross section, with an intermediate Z boson. We also neglect these

corrections as they are kinematically suppressed beyond the power counting suppression.

4.5.2 δΓW

At tree level corrections to W partial and total widths due to L(6) are [19]

ΓSMW =
3 ĜF M̂

3
W

2
√

2π
, (4.36)

δΓW = ΓSMW

(
4

3
δgW,`V/A +

8

3
δgW,qV/A +

δM2
W

2M̂2
W

)
, (4.37)

δΓW→ψ̄pψr =
2NC ΓSMW

9

(
V ψ
prδg

W,ψ
V/A
pr

+ V ψ,†
pr δ(gW,ψV/A

pr

)† + |V ψ
pr|2

δM2
W

4M̂2
W

)
. (4.38)

V ψ corresponds to the CKM (ψ = q) or Hermitian conjugate of the PMNS (ψ = `) matrix.

in the {M̂W , M̂Z , ĜF , M̂h} scheme recall that δM2
W /M̂

2
W = 0.

5 Corrections to the partial and total Higgs decay widths

The total and partial Higgs width is also corrected in the SMEFT as follows.

5.1 δΓh→ψ̄ψ

The decays to ψ = {u, c, d, s, b, e, µ, τ} are each modified as

Γ̄
(
h→ ψ̄ψ

)
=
|gSMhψ |2

8π
Nψ
C M̄h

(
1−

4M̄2
ψ

M̄2
h

)3/2

,

δΓh→ψ̄ψ =
gSMhψ Re(δghψ)

4π
Nψ
C M̂h

(
1−

4M̂2
ψ

M̂2
h

)3/2

. (5.1)

3The neglect of flavour violating effects for the h interactions with fermions also follows from the structure

of flavour changing effects in the SM.
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5.2 δΓh→AA

The leading order SM prediction of Γ(h→ AA) is [25–27]

Γ̄SM (h→ AA) =
ᾱ2 ḠF

128
√

2π3
M̄3
h

∣∣∣∣∣∣
∑
ψ

Nψ
C Q

2
ψ F1/2(τψ) + F1(τW )

∣∣∣∣∣∣
2

, (5.2)

where τW = 4M̄2
W /M̄

2
h , τZW = M̄2

Z/(4M̄
2
W ) and τψ = 4M̄2

ψ/M̄
2
h , while

F1/2(τψ) = −2τψ − 2τψ(1− τψ)f(τψ), (5.3)

F1(τW ) = 2 + 3 τW [1 + (2− τW ) f(τW )] , (5.4)

f(τp) =


arcsin2

√
1/τp, τp ≥ 1

−1
4

[
ln

1+
√

1−τp
1−
√

1−τp
− iπ

]2

, τp < 1.
(5.5)

The correction in the SMEFT due to L(6) is given by

δΓh→AA = Γ̂SM (h→ AA)

(
2
δα

α̂
−
√

2δGF

)

+
α̂2 ĜF M̂

3
h

128
√

2π3
δ

∣∣∣∣∣∣
∑
ψ

Nψ
C Q

2
ψ F1/2(τψ) + F1(τW )

∣∣∣∣∣∣
2

−
α̂2 ĜF M̂

3
h

2
√

2π
Re

∑
ψ

Nψ
C Q

2
ψ F1/2(τψ) + F1(τW )

 C̃AA, (5.6)

where C̃AA = C̃HW /ĝ
2
2 + C̃HB/ĝ

2
1 − C̃HWB/ĝ1 ĝ2. Here the first line indicates the scheme

dependent linear expansion in SMEFT corrections feeding into the SM loop diagrams. The

second term indicates a shift due to a possible shift in the W mass, while the fermion mass

inputs are assumed to be pole masses. One loop calculations of this process in the SMEFT

were reported in refs. [28–32]. Such corrections are important, but they the same order (in

the SMEFT expansion and the loop expansion) as the scheme dependent corrections to the

SM results, which introduces scheme dependence that is only removed once a full one loop

improvement of SMEFT predictions is obtained. We consistently drop such loop suppressed

SMEFT effects in this work and only retain the contribution from the third line of eq. (5.6).

5.3 δΓh→gg

The LO SM result for Γ(h→ gg) is [33, 34]

Γ̄SM (h→ gg) =
ᾱ2
s ḠF

64
√

2π3
M̄3
h

∣∣∣∣∣∣
∑
ψ

F1/2(τψ)

∣∣∣∣∣∣
2

. (5.7)

The correction in the SMEFT due to L(6) is given by

δΓh→gg = Γ̂SM (h→ gg)

(
2
δαs
α̂s
−
√

2δGF

)
− α̂s ĜF

2
√

2π3
M̂3
h Re

∑
ψ

F1/2(τψ)

 C̃HG. (5.8)

– 12 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
6

5.4 δΓh→ZA

The leading order SM prediction of Γ(h→ ZA) is given by [27, 35]

Γ̄SM (h→ZA) =
ᾱ2 ḠF

64
√

2π3
M̄3
h

(
1−

M̄2
Z

M̄2
h

)3
∣∣∣∣∣∣
∑
ψ

Nψ
C Qψ

2 ḡψV
s2θ

Iψ(τψ, τZt)+IZW (1/τW , τZW )

∣∣∣∣∣∣
2

,

where

Iψ(a, b) = −4

∫ 1

0
dx

∫ 1−x

0
dy

1− 4xy

1− 4(a− b)xy − 4by(1− y)− i0+
, (5.9)

and τZt = m̄2
Z/4m̄

2
t and Iψ(τψ, 0) = F1/2(τψ). The remaining loop function is [27, 35]

IZW (a, b) =
−4

tθ̄

∫ 1

0
dx

∫ 1

0
dy

(5− t2
θ̄

+ 2a(1− t2
θ̄
))xy − (3− t2

θ̄
)

1− 4(a− b)xy − 4by(1− y)− i0+
. (5.10)

The correction in the SMEFT due to L(6) is given by

δΓ̄h→ZA =
α̂2ĜF

64
√

2π3
M̂3
h

(
1−

M̂2
Z

M̂2
h

)
δ

∣∣∣∣∣∣
∑
ψ

Nψ
CQψ

2ḡψV
s2θ

Iψ(τψ,τZt)+IZW (1/τW ,τZW )

∣∣∣∣∣∣
2

, (5.11)

−
α̂2ĜF M̂

3
h√

2π

(
1−

M̂2
Z

M̂2
h

)3

C̃AZRe

∑
ψ

Nψ
CQψ

2ḡψV
s2θ

Iψ(τψ,τZt)+IZW (1/τW ,τZW )

,
+Γ̂SM

(
2
δα

α̂
−
√

2δGF

)
,

where C̃AZ = C̃HW /(ĝ1ĝ2)− C̃HB/(ĝ1ĝ2)− C̃HWB(ĝ2
2 − ĝ2

1)/(2ĝ2
1 ĝ

2
2).

5.5 Four fermion decays δΓh→ψ̄ψψ̄ψ

Some of the largest partial widths that remain are due to h → V V? → ψ̄ψ ψ̄ψ, through

combinations of vector bosons V = {W±,Z,A}. These calculations, when the intermediate

gauge bosons are allowed to be off-shell, have been developed for the SM in refs. [7, 36–40].

Here we extend this approach to the SMEFT, avoiding an on-shell assumption and narrow

width approximation to ensure the consistency of the SMEFT corrections included in a

leading order analysis.

To define these corrections, it is useful to introduce the notation

[k2
ij ,V] = (k2

ij −m2
V) + iΓVMV , [k2

ij ,V†] = [k2
ij ,V]?,

and JV
ν

ψpra
(k2
ij) when the gauge boson V coupling to the current producing the final states

labeled with ψp,ra (of flavours p, r) carries four momentum squared k2
ij . The definition of the

propagator has assumed a width prescription that is consistent with the implementation

of widths for unstable states in MadGraph5.4 Further notation is defined as follows

T
∏
iV
αi
i∏

i ψ
risi
i

(k2
ij) =

∑
s

[∏
i(J
Vαii
ψpri

)

]
∏
i[k

2
ij ,Vi

2]
, (5.12)

4A generalization of the results to a different width prescription and the complex mass scheme is clearly

also of interest, but is beyond the scope of this work.

– 13 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
6

h

W−

W+

3

h
W−

13

h

W−

11Figure 1. Charged current contributions to h → 4ψ. The SM diagram also represents O(v̄2
T /Λ

2)

operator insertions perturbing the SM prediction through two charged current exchanges.

for example

T
Vµ1 (Vν1 )†

ψpr1 ψpr1
(k2
ij , k

2
ij) =

∑
s

[
(J
Vµ1
ψpr1

)(J
Vν1
ψpr1

)†
]

|[k2
ij ,V1]|2

. (5.13)

The flavour, colour and spin sums (denoted
∑

s) in each case are restricted to the allowed

final states. Note that we are not using a convention that repeated indicies are always

summed.5 At times the momentum dependence of the T are suppressed. Determining the

partial width from the expressions that follow is defined as

Γ̂ =
1

2M̂h

∫
d ps |A|2,

∫
d ps =

∫
(2π)4δ4(Ph −

∑
i

ki)
∏
ki

d3ki
(2π)32Ei

, (5.14)

for a 4 body phase space element with ki denoting the momentum of each final state spinor.

In the appendix we transform this four body phase space into a form where Lorentz invari-

ants are integrated over in the phase space volume, to allow direct numerical evaluations.

A convenient trace product to define for a compact presentation is

Lαβk1,k2 = Tr
[
/k1γ

α /k2γ
βPL

]
. (5.15)

5.5.1 δΓh→WW?→ψ̄1ψ′
1 ψ̄2ψ′

2

The diagrams for pure charged current (CC) interference effects are shown in figure 1

We label h→WW? → ψ̄1ψ
′
1 ψ̄2ψ

′
2 as h→ F1(ψrs1 , ψ

tu
2 ). In the SM the corresponding

leading order result is

|AWW†ψrs1 ,ψtu2
|2SM = |AW

αβ(Wγδ)†

ψrs1 ,ψtu2
|2gαγgβδ,

|AW
αβ(Wγδ)†

ψrs1 ,ψtu2
|2 =

ĝ4
2 ḡ

4
2 v̄

2
T

16
T
Wα(Wβ)†

ψrs1
(k2
ij , k

2
ij)T

Wγ(Wδ)†

ψtu2
(k2
kl, k

2
kl). (5.16)

Here kij,kl are the momentum carried by theW propagators associated with the spinor pairs

(ū(ki), v(kj)), (ū(kk), v(kl)). The couplings in this expression are ĝ4
2 ḡ

4
2 as the ĝ2 couplings

are defined to be those that couple the vector to JW , while the remaining dependence

descends from the hW2 vertex.

5At times an Einstein summation convention is in place, particularly for flavour indicies for brevity of

notation. The presence of a summation or not is believed to be clear from the physics in each case.

– 14 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
6

The partial SM decay width at leading order is constructed from the one “kinematic

number”

NWW1 =

∫
d ps

ki · kl kj · kk
|[k2

ij ,W]|2|[k2
kl,W]|2

' 1.28× 10−6. (5.17)

We extract this number, and similar numbers below using various techniques to cross check

results. When considering SMEFT corrections, novel kinematic numbers result from the

novel populations of phase space due to the presence of local contact operators of mass

dimension d > 4. An extended set of such kinematic numbers is required for describing

four fermion Higgs decays in the SMEFT. Such corrections are a key difference from the κ

formalism developed in refs. [41–48].

We determine a kinematic number in a process using the Vegas algorithm and CUBA

numerical integration package [49] primarily. These results are also cross checked in Mad-

Graph5 [50] from leading order SM results. We have also (when possible) cross checked

these results with an independent evaluation using the RAMBO algorithm [51] to directly

determine the phase space integrals. In some cases, for phase space integrals that are highly

singular, or in the presence of multiple poles, the Vegas numerical approach was considered

an essential step to obtain a reliable determination of sufficient numerical accuracy. Some

details on these approaches are given in the appendix.

The SM result for the pure charged current partial width is

Γ(h→ F1(ψrs1 , ψ
tu
2 ))SM =

8Nψ1

C Nψ2

C ĝ4
2M̄

4
W

M̂h v̄
2
T

|(ḡW±,ψ1

L,rs )SM |2|(ḡW±,ψ2

L,tu )SM |2NWW1 . (5.18)

The L(6) SMEFT corrections can be classified by the phase space integrations they mul-

tiply. The partial width corrections that simply perturb the SM prediction proportional

to NWW1 are6

δΓ(NWW1 )

(Γ̂(h→ F1(ψrs1 , ψ
tu
2 ))SM

= 2
Re[δ(gW

+,ψ1

L,rs )]

Re[(gW
+,ψ1

L,rs )SM ]
+ 2

Re[δ(gW
−,ψ2

L,tu )]

Re[(gW
−,ψ2

L,tu )SM ]

+2

[
δM2

W

M̂2
W

− δGF√
2

+ CH,kin

]
, (5.19)

in the limit that we neglect phases in the CKM and PMNS matrices. The generalization

to the case where SM phases are not neglected is via

Re[δ(gW
+,ψ1

L,rs )]

Re[(gW
+,ψ1

L,rs )SM ]
→

Re[δ(gW
+,ψ1

L,rs )]Re[(gW
+,ψ1

L,rs )SM ]

|(gW
+,ψ1

L,rs )SM |2
+

Im[δ(gW
+,ψ1

L,rs )]Im[(gW
+,ψ1

L,rs )SM ]

|(gW
+,ψ1

L,rs )SM |2
.

(5.20)

6Note the hat notation on the predicted observable is again used here.
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The remaining corrections lead to non-SM phase space integrations due to the local

contact operators present in the SMEFT, and are given by 2M̂hδΓh→F1(ψrs1 ,ψtu2 ) which is

=
∑

n=ij,kl

∫
d ps|AWW†ψrs1 ,ψtu2

|2SM

8C
(3)
Hψn
op

(k2
n − M̂2

W )

ĝ2
2 (gW,ψn

L,op )SM
(δ1
nδ
r
oδ
s
p + δ2

nδ
t
oδ
u
p ) + 2Re[δDW(k2

n)]

 ,
−16 C̃HW

ĝ2
2 v̄

2
T

∫
d ps|AW

αβ(W γδ)†

ψrs1 ,ψtu2
|2 gαγ (kij · kkl gβδ − kβkl k

δ
ij). (5.21)

Here we have neglected interference effects due to SM phases in the propagator correction,

and final state fermion masses. The relevant inclusive phase space integrals can be

evaluated to be∫
d ps

ki · kl kj · kk
|[k2

ij ,W]|2|[k2
kl,W]|2

8(k2
n − M̂2

W )

v̂2
T

≡ NWW2 ' −4.83× 10−7, (5.22)∫
d ps

ki · kl kj · kk
|[k2

ij ,W]|2|[k2
kl,W]|2

2 Re[δDW(k2
n)] ≡ NWW3

δΓW

Γ̂W
+NWW4

δM2
W

M̂2
W

, (5.23)

' −1.22× 10−6 δΓW

Γ̂W
− 8.78× 10−6 δM

2
W

M̂2
W

,

−
∫

d psLαβki,kjL
γδ
kk,kl

gαγ(gβδkij · kkl − kβklk
δ
ij)

|[k2
ij ,W]|2|[k2

kl,W]|2v̂2
T

≡ NWW5 ' −8.15× 10−7. (5.24)

The shift in this inclusive partial decay width (δΓh→F1(ψrs1 ,ψtu2 )/(Γ̂(h → F1(ψrs1 , ψ
tu
2 ))SM )

can then be defined as

' δΓ(NWW1 ) +
∑
i=1,2

NWW2

NWW1

C̃
(3)
Hψi
op

(δ1
i δ
r
oδ
s
p + δ2

i δ
t
oδ
u
p )

ĝ2
2 (gW,ψi

L,op )SM
+
NWW3

NWW1

δΓW

Γ̂W
+
NWW4

NWW1

δM2
W

M̂2
W

+
NWW5

NWW1

C̃HW
ĝ2

2

,

' δΓ(NWW1 )− 0.38
∑
i=1,2

C̃
(3)
Hψi
op

(δ1
i δ
r
oδ
s
p + δ2

i δ
t
oδ
u
p )

ĝ2
2 (gW,ψi

L,op )SM
− 0.95

δΓW

Γ̂W
− 6.9

δM2
W

M̂2
W

−0.64
C̃HW
ĝ2

2

, (5.25)

The first term in this expression can be obtained from rescaling the SM result, which is

consistent with the approach in the κ formalism. When the population of phase space in

the SM and the SMEFT due to an interaction is the same, the ratio of kinematic numbers

is one. The ratios of the kinematic numbers in the remaining terms give some intuition as

to how the κ formalism fails due to the decay kinematics being able to differ in the SMEFT,

compared to the SM. When measuring a decay channel, assumptions on SM like kinematics

to define event rate acceptances is expected to require the introduction of further correction

factors when the ratio of the kinematic numbers is very far from one. The acceptance
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Figure 2. Pure Z neutral current contributions to h → 4ψ. The SM diagrams also represent

O(v̄2
T /Λ

2) operator insertions perturbing the SM prediction through diagrams with the same pole

structure as the SM.

correction will be strongly dependent on the detailed experimental signal definition and is

not determined in the calculation reported here. Our results are intended to define and

determine the theoretical inclusive total width and branching ratios in the SMEFT.

5.5.2 δΓh→ZZ?→ψ̄r
aψ

r
a ψ̄

s
bψ

s
b

A similar expression can be defined for h → ψ̄raψ
r
a ψ̄

s
bψ

s
b through neutral currents (NC).

There are several combinations of intermediate states when considering neutral currents;

we discuss each of the interference effects in turn.

We label the case where one includes the effect of intermediate Z bosons only with the

notation h→ F2(ψrra , ψ
ss
b ). The corresponding diagrams are shown in figure 2.

In the SM, this LO result is

|AZZψra,ψsb |
2
SM = |AZαβZγδψrra ,ψ

ss
b
|2gαγgβδ,

|AZαβZγδψrra ,ψ
ss
b
|2 =

ĝ4
Z ḡ

4
Z v̄

2
T

4

[
T
Zα(Zβ)†

ψra
(k2
ij)T

Zγ(Zδ)†
ψsb

(k2
kl)

(
1− δba δ

s
r

2

)]
, (5.26)

−
ĝ4
Z ḡ

4
Z v̄

2
T

16
δbaδ

s
r

[
T
ZβZα(Zγ)†(Zδ)†

ψra ψ
r
a ψ

r
aψ

r
a

(k2
ij , k

2
kl, k

2
jk, k

2
li) + h.c.

]
.

The second term in the expression above is complex. A relative sign in the two terms

is due to Fermi statistics, and there are relative numerical factors due to counting

Wick contractions. Here kij,kl,jk,li are the momentum carried by the Z propagators as-

sociated with the momenta of the final state spinors pairs (ū(ki), v(kj)), (ū(kk), v(kl)),

(v̄(kj), u(kk)), (v̄(kl), u(ki)).

It is useful to expand these results out explicitly obtaining

|AZZψra,ψsb |
2
SM =

2Nψa
C Nψb

C ĝ4
Z ḡ

4
Z v̄

2
T

|[k2
ij ,Z]|2|[k2

kl,Z]|2
ki ·kk kj ·kl

[
(ḡψa+ )2(ḡψb+ )2−(ḡψa− )2(ḡψb− )2

](
1− δ

b
a δ

s
r

2

)
,

+
2Nψa

C Nψb
C ĝ4

Z ḡ
4
Z v̄

2
T

|[k2
ij ,Z]|2|[k2

kl,Z]|2
ki ·kl kj ·kk

[
(ḡψa+ )2(ḡψb+ )2 +(ḡψa− )2(ḡψb− )2

](
1− δ

b
a δ

s
r

2

)
,

+

[
Nψa
C ĝ4

Z ḡ
4
Z v̄

2
T δ

b
a δ

s
r

[k2
ij ,Z][k2

kl,Z][k2
jk,Z]?[k2

li,Z]?
ki ·kk kj ·kl

[
|ḡψaL |

4 + |ḡψaR |
4
]

+h.c.

]
. (5.27)
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Integrating over phase space we extract the kinematic numbers, one finds

NZZ1 =

∫
d ps

ki · kk kj · kl
|[k2

ij ,Z]|2|[k2
kl,Z]|2

=

∫
d ps

ki · kl kj · kk
|[k2

ij ,Z]|2|[k2
kl,Z]|2

' 1.74× 10−7, (5.28)

NZZ2 =

∫
d ps

ki · kk kj · kl
[k2
ij ,Z][k2

kl,Z][k2
jk,Z]?[k2

li,Z]?
+ h.c. ' 6.84× 10−8. (5.29)

With these results the corresponding SM inclusive partial widths are constructed as

Γ(h→ F2(ψrra , ψ
ss
b ))SM = ΓZZ0 Nψa

C

[
Nψb
C NZZ1 (ḡψa+ )2(ḡψb+ )2

(
1− δbaδ

s
r

2

)]
,

+
ΓZZ0

4
Nψa
C δba δ

s
r N
ZZ
2

(
|ḡψaL |

4 + |ḡψaR |
4
)
. (5.30)

where ΓZZ0 = 32 ĝ4
Z M̄

4
Z/(M̂hv̄

2
T ). A subset of the SMEFT L(6) corrections to this partial

width directly follow as

δΓ(NZZ1 ,NZZ2 )

Γ̂ZZ0 Nψa
C

= Nψb
C NZZ1

[
δ(ḡψa+ )2(ĝψb+ )2+(ĝψa+ )2δ(gψb+ )2

]
(1− δ

b
aδ
s
r

2
), (5.31)

+2

(
C̃HD+CH,kin+2cθ̂sθ̂C̃HWB−

δm2
Z

M̂2
Z

− δGF√
2

)
Γ(h→F2(ψrra ,ψ

ss
b ))SM

Γ̂ZZ0 Nψa
C

,

+δbaδ
s
rN
ZZ
2

(
δgψaL (ĝψaL )3+δgψaR (ĝψaR )3

)
.

In addition there are the perturbations to 2M̂hΓ̂(h→ F2(ψrra , ψ
ss
b )) of the form7

+ĝ2
Z ḡ

4
Z v̄

2
T

∑
n={ij,kl}

δC̄ψnHL/R

gψn,SML/R

∫
d psT

Zα,(Zµ)†

ψ
L/R,rr
j ,ψ

L/R,rr
j

T
Zµ,(Zα)†

ψssk ,ψ
ss
k

[k2
n,Z],

−
ĝ2
Z ḡ

4
Z v̄

2
T

8
δba
δC̄ψaHL/R

gψa,SML/R

∫
d psT

(Zα)†,(Zα)†Zβ ,Zβ
ψ
L/R
a,rr ,ψ

L/R
a,rr ψ

L/R
a,rr ,ψ

L/R
a,rr

([k2
jk,Z]+[k2

li,Z]),

+
ĝ4
Z ḡ

4
Z v̄

2
T

4

∫
d psT

Zα(Zβ)†

ψra
T
Zγ(Zδ)†
ψtb

gαγgβδ
[
δDZ(k2

ij)+δDZ(k2
kl)
](

1− δ
b
aδ
s
r

2

)
,

−
ĝ4
Z ḡ

4
Z v̄

2
T

16
δba

∫
d psT

ZβZα(Zγ)†(Zδ)†

ψraψ
r
aψ

r
aψ

r
a

gαγgβδ
(
δDZ(k2

ij)+δDZ(k2
kl)+δDZ,?(k2

jk)+δDZ,?(k2
li)
)
,

−16C̃ZZ
ĝ2
Z v̄

2
T

∫
d ps|AZ

αβ(Zγδ)
ψra,ψ

s
b
|2gαγ(kij ·kklgβδ−kβklk

δ
ij)+h.c., (5.32)

where C̃ZZ = (c2
θ̂
C̃HW + s2

θ̂
C̃HB + cθ̂ sθ̂C̃HWB). This set of δΓ(h → F2(ψrra , ψ

ss
b )) pertur-

7Here we slightly abuse notation defining Γ̂ZZ0 = 32 ĝ4Z M̂
4
Z/(M̂hv̂

2
T ).
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Figure 3. Interference of Z,A,G neutral current contributions to h→ 4ψ.

bations numerically reduce to (neglecting fermion masses)

' Γ̂ZZ0

∑
{j,k}=a,b

δC̄
ψj
HL/R

ĝ2
Z

Na
C

(g
ψj ,SM

L/R )(gψk+ )2N b
CN

ZZ
3,L/R

(
1− δ

b
aδ
s
r

2

)
+

(g
ψj ,SM

L/R )3

4
δkj δ

s
rN
ZZ
4,L/R

,
+Γ̂ZZ0 Nψa

C

[
Nψb
C NZZ5 (ḡψa+ )2(ḡψb+ )2

(
1− δ

b
aδ
s
r

2

)
+δbaδ

s
r

NZZ6

4

[
|ḡψaL |

4+|ḡψaR |
4
]] δΓZ

Γ̂Z
,

+Γ̂ZZ0 Nψa
C

[
Nψb
C NZZ7 (ḡψa+ )2(ḡψb+ )2

(
1− δ

b
aδ
s
r

2

)
+δbaδ

s
r

NZZ8

4

[
|ḡψaL |

4+|ḡψaR |
4
]] δM2

Z

M̂2
Z

,

+Γ̂ZZ0 Nψa
C

[
Nψb
C NZZ9 (ḡψa+ )2(ḡψb+ )2

(
1− δ

b
aδ
s
r

2

)
+δbaδ

s
r

NZZ10

4

[
|ḡψaL |

4+|ḡψaR |
4
]] C̃ZZ

ĝ2
Z

. (5.33)

Here

NZZ3,L/R ' −9.76× 10−8, NZZ4,L/R ' −5.28× 10−8, (5.34)

NZZ5 ' −1.45× 10−7, NZZ6 ' −2.96× 10−9, (5.35)

NZZ7 ' −1.37× 10−6, NZZ8 ' −3.79× 10−7, (5.36)

NZZ9 ' −9.55× 10−8, NZZ10 ' −2.62× 10−8. (5.37)

5.5.3 δΓh→ZZ?×V V→ψ̄r
aψ

r
a ψ̄

s
bψ

s
b

In the SM, the amplitudes with V V = {Z A,AA,GG} are loop suppressed. This is not

the case in the SMEFT in general [52]. This leads to a more significant breakdown of

the narrow width approximation in the SMEFT. We include the tree level effects of these

processes due to L(6) interfering with the SM process through ZZ? for a consistent LO

SMEFT analysis. The corresponding diagrams are shown in figure 3 and we define

|AAZZZψrra ,ψ
ss
b
|2

2ĝ5
Z ê

3 v̂2
T (ĝ2/ĝ1)

= QψaCAZT
Aα(Zµ)†

ψrra ψ
rr
a

T
Zβ(Zµ)†

ψssb ψ
ss
b

(
1− δ

b
a δ

s
r

2

)
(PA ·PZgαβ−P βAP

α
Z ),

−δ
b
a δ

s
r

2
QψaCAZT

AβZα(Zµ)†(Zµ)†

ψrra ψrra ψrra ψrra
(PA ·PZgαβ−P βAP

α
Z )+h.c. (5.38)

Here the labeled momentum PZ is generated in the effective hAZ vertex associated with

CHAZ . This interference effect in the SMEFT with the SM neutral current mediated Higgs
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decay is given by

δΓh→F3(ψrra ,ψ
ss
b ) '

1

2M̂h

∫
d ps|AAZZZψra,ψ

s
b
|2, (5.39)

=
−ĝ2

ĝ1

v̂2
T ĝ

5
Z ê

3

2M̂h

C̃AZ (ĝψa,SMV ) (ĝψb+ )2Qψa N
ψa
C Nψb

C NAZZZ1

(
1− δba δ

s
r

2

)
,

− ĝ2

ĝ1

v̂2
T ĝ

5
Z ê

3

2M̂h

C̃AZ (ĝψb,SMV ) (ĝψa+ )2Qψb N
ψb
C Nψa

C NAZZZ1

(
1− δba δ

s
r

2

)
,

− ĝ2

ĝ1

v̂2
T ĝ

5
Z ê

3

2M̂h

C̃AZ δbaδ
s
r

[
(ĝψa,SML )3 + (ĝψa,SMR )3

]
Qψa N

ψa
C NAZZZ2 .

The kinematic numbers can be approximated as

NAZZZ1 ' 2.7× 10−6, NAZZZ2 ' 1.0× 10−7. (5.40)

We also define the following expression for interference with AA with the SM neutral

currents

|AZZAAψrra ,ψ
ss
b
|2

−2ĝ4
Z ê

4
= QψaQψbC̃AA

[
T
Zµ(Aα)†

ψrra ψ
rr
a

T
Zµ(Aβ)†

ψssb ψ
ss
b

(
1− δ

b
a δ

s
r

2

)]
(P 1
A ·P 2

Ag
αβ−P 1,β

A P 2,α
A ),

−δ
b
a δ

s
r

2
QψaQψbC̃AA

[
T
ZµZµ(Aα)†(Aβ)†

ψrra ψrra ψrra ψrra

]
(P 1
A ·P 2

Ag
αβ−P 1,β

A P 2,α
A )+h.c. (5.41)

This result contributes to a partial width as

δΓh→F4(ψrra ,ψ
ss
b ) '

1

2M̂h

∫
d ps|AZZAAψra,ψ

s
b
|2,

=
v̂2
T ĝ

4
Z ê

4

2M̂h

C̃AA
[
(ĝψa,SMV )QψaN

ψa
C (ĝψb,SMV )Nψb

C Qψb

](
1− δ

b
aδ
s
r

2

)
NZZAA1 ,

+
v̂2
T ĝ

4
Z ê

4

2M̂h

δbaδ
s
rC̃AA(ĝψa,SM+ )2Nψa

C Q2
ψaN

ZZAA
2 . (5.42)

where the numerical results can be approximated as

NZZAA1 ' −1.9× 10−6, NZZAA2 ' −1.9× 10−7. (5.43)

The operator QHG = H†HGAµνG
µν
A has a tree level interference contribution to h →

F5(ψrra , ψ
ss
b ) for quark final states. Due to the SU(3) generator of the gluon coupling to

fermions, only the single trace form is present, and the result is

|AZZGGψrra ,ψ
ss
b
|2

−2ĝ4
Z ĝ

2
s

= −δ
b
a δ

s
r

8
CHG

[
T
ZµZµ(Gα)†(Gβ)†

ψrra ψrra ψrra ψrra

]
(P 1
G · P 2

Gg
αβ − P 1,β

G P 2,α
G ) + h.c. (5.44)

which contributes to a h→ F5(ψrra , ψ
ss
b ) partial width as

δΓh→F5(ψrra ,ψ
ss
b ) '

1

2M̂h

∫
d ps|AZZGGψra,ψ

s
b
|2,

=
v̂2
T ĝ

4
Z ĝ

2
s

2M̂h

δbaδ
s
rC̃HG (ĝψa,SM+ )2NZZGG2 . (5.45)

The numerical results can be approximated as NZZGG2 ' −7.6× 10−7 = 4NZZAA2 .
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Figure 4. Top: NZZAA1 , Bottom Left: NZZAA2 , Bottom Right: NWWAA, as functions of the

fermions’ mass m. The green line includes the IR divergent log(m/MH) and log(m/MH)2 depen-

dence of eq. (5.50) while the red line neglects these contributions. The top plot shows a larger mass

range to demonstrate the approximately constant behavior for lower m, this behavior is observed

for NZZAA1,2 as well, but is cut off from the plots to better show the mass dependence and quality

of the fit including the IR divergent contributions.

5.5.4 IR behavior when interfering with tree level photon exchange

The numerical evaluation of the four body phase space integrations in the cases with

intermediate photons are more challenging than the remaining numerical evaluations. All

the kinematic numbers are extracted with a direct numerical evaluation with the Vegas

Monte Carlo integration algorithm and the CUBA package [49] and cross-checked both

with the RAMBO phase space generator and with the numbers extracted from massless

simulations in MadGraph5 with SMEFTsim. The numerical integration in Vegas was
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evaluated using both massless and massive phase space boundaries and validated with two

different phase space variable sets and numerical methodologies. In the case of extracting

an interference effect with a double photon pole, i.e. the results giving NZZAA1 , NZZAA2 ,

RAMBO did not converge with sufficient numerical accuracy to afford a cross-check of

results and the MadGraph5 simulation was found to be subject to significant numerical

uncertainties in the massless fermions case. Retaining fermion masses overcomes the latter

issue, and allowed us to confirm the Vegas results.

The reason these results are numerically challenging to determine is due to the IR

behavior of the corresponding phase space in the massless fermion limit. The phase space

volume in part is ∫ m2
h/2

0
dκ12

∫ (mh−
√

2κ212)2/2

0
dκ34

1

(κ2
12 + iε)

1

(κ2
34 + iε)

· · · (5.46)

where the photon invariant masses are κ2
12, κ

2
34. A logarithmic dependence on the final

state fermion masses results when integrating the phase space. We believe this is due to

soft and collinear emissions of the final state fermions. For example, consider the massless

fermion limit. The boundaries of the phase space volume are defined by

−κ2
12 < 0, (5.47)

2κ2
12 κ

2
23 κ13 < 0, (5.48)

(κ13 κ24 − κ14κ23)2 < 0 (5.49)

in this case. (See appendix A for details on the phase space integration.) The collinear

momentum configuration κ12 → 0 while κ34 → 0 on the phase space boundary leads to

fermion mass dependent logarithmic behavior. As does the case where κ12 → 0, while κ14 =

κ13 and κ24 = κ23. These momentum configurations are also allowed when fermion masses

are included in the final states, but the presence of such masses softens the logarithmic

singularity into logarithmic and dilog dependences on the fermion masses. An empirical fit

to the dependence on the fermion masses in the result is shown in figure 4. The functional

form fit to was

f(m) = c1 log
m2

M2
H

+ c2
m2

M2
H

log
m2

M2
H

+ c3 log2

[
m2

M2
H

]
+ c4

m2

M2
H

log2

[
m2

M2
H

]
+c5 Li2

m2

M2
H

+ c6
m2

M2
H

Li2
m2

M2
H

(5.50)

with free parameters ci.A constant term was also included and determined in the fit. This

expression should not be understood to imply that the massless limit is formally divergent,

as cancellations can occur between the logarithmic and polylogarithmic terms shown. The

massless limit is show in figure 4, and is empirically found to be finite in our numerical fit.

These fermion mass effects are numerically small enough to be neglected in the LO

analysis included here, so long as an appropriate theoretical error is included in the cor-

responding theoretical predictions. In the case of the decay through AZ the IR limit is

sufficiently regulated by the mass of the Z to further soften the logarithmic behavior.
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Figure 5. Neutral-charged current interference contributions to h → 4ψ. The SM diagrams also

represent O(v̄2
T /Λ

2) operator insertions perturbing the SM prediction with the same pole structure

as the SM.

It is important to note the interplay of these regions of phase space, where fermion

masses regulate IR behavior in this manner, also coincide with the final state photon being

reconstructed in the detector, not the experimental case where the photon has converted to

two distinct final state fermions. As such, the regulation of phase space is practically cut

off by detector effects and the signal definition, in addition to fermion masses, when this

particular decay is studied experimentally. We stress that the results in sections 5.2, 5.4

are not a double counting even in this collinear limit. The interference effects in each case

are with distinct processes, at tree or the loop level in the SM.

5.5.5 δΓh→WW?×VV→ψ̄s
aψ

s
a ψ̄

r
bψ

r
b

There is also a contribution due to the interference of the charged and neutral currents,

where V = {Z,A} in this subsection. The corresponding diagrams are shown in figure 5.

In the SM, as the couplings to ZA,AA,GG are loop suppressed, and the LO expression

is given by8

|AWWVVSM |2 = −
ĝ2

2 ḡ
2
2 ĝ

2
Z ḡ

2
Z v̄

2
T

8
T
Wµ(Zν)†(Wµ)(Zν)†

ψrs1 ψssa,L(ψrs1 )†ψrrb,L
(k2
ij ,k

2
jk,k

2
kl,k

2
li)+h.c. (5.51)

= 2ĝ2
2 ḡ

2
2 ĝ

2
Z ḡ

2
Z v̄

2
TN

ψ1

C |(ḡ
W±,ψ1

L,rs )|2(ḡψaL,ss)(ḡ
ψb
L,rr)

ki ·kkkj ·kl
[k2
ij ,W][k2

kl,W][k2
jk,Z]?[k2

li,Z]?
+h.c.

8The presence of a minus sign again follows from Fermi statistics, see ref. [7].

– 23 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
6

leading to the SM result

Γh→F6(ψrra ,ψ
ss
b ) =ΓWZψrs1 ,ψra,ψ

s
b
NWV1 , ΓWZψrs1 ,ψra,ψ

s
b
=

16ĝ2
2 ĝ

2
ZN

ψ1

C M̂2
W M̂

2
Z

M̂h v̂
2
T

|(ḡW±,ψ1

L,rs )|2(ḡψaL,ss)(ḡ
ψb
L,rr),

with the kinematic number

NWV1 =

∫
d ps

ki · kkkj · kl
[k2
ij ,W][k2

kl,W][k2
jk,Z]?[k2

li,Z]?
+ h.c. ' 1.33× 10−7. (5.52)

The SMEFT corrections to charged-neutral current interference are defined as

δΓh→F5(ψssa ,ψ
rr
b ) and is given by

δΓWZψrs1 ,ψra,ψ
s
b
NWV1 +

4C
(3)
Hψ1
rs

ΓWZψrs1 ,ψra,ψ
s
b

ĝ2
2 (ḡW,ψ1

L,rs )

∫
d ps

ki · kkkj · kl
(

[k2
ij ,W] + [k2

kl,W]
)

D[k2
ij , k

2
kl, k

2
jk, k

2
li]

,

+
4

ĝ2
Z

∫
d ps

ki · kkkj · kl ΓWZψrs1 ,ψra,ψ
s
b

D[k2
ij , k

2
kl, k

2
jk, k

2
li]

 δCψaHL
rr

(ḡψaL,rr)
[k2
jk,Z†] +

δCψbHL
ss

(ḡψbL,ss)
[k2
li,Z†]

 , (5.53)

+

∫
d ps

ki · kkkj · kl ΓWZψrs1 ,ψra,ψ
s
b

(
δDW (k2

ij) + δDZ,?(k2
jk) + δDW (k2

jk) + δDZ,?(k2
li)
)

D[k2
ij , k

2
kl, k

2
jk, k

2
li]

,

and also

+
8ĝ2

2 ĝ
2
Z

2M̂2
h

(
ĝ2
ZC̃HW

∫
d psT

Wα(Zν)†(Wβ)(Zν)†

ψrs1 ψssa,L(ψrs1 )†ψrrb,L
+ĝ2

2C̃ZZ

∫
d psT

Wµ(Zα)†(Wµ)(Zβ)†

ψrs1 ψssa,L(ψrs1 )†ψrrb,L

)
Kαβ ,

+
4ĝ4

2 ê
2

2M̂2
h

Qψb

(
ê2Qψa2C̃AA

∫
d psT

Wµ(Aα)(Wµ)(Aβ)

ψrs1 ψssa,L(ψrs1 )†ψrrb,L
− ĝ2

ĝ1
ĝ2
ZC̃AZ

∫
d psT

Wµ(Aα)(Wµ)(Zβ)†

ψrs1 ψssb,L(ψrs1 )†ψrra,L

)
Kαβ ,

+
2ĝ4

2 ĝ
2
s

2M̂2
h

C̃HG

∫
d psT

Wµ(Gα)(Wµ)(Gβ)

ψrs1 ψssa,L(ψrs1 )†ψrrb,L
Kαβ+

4ĝ4
2 ê

2ĝ2
Z

2M̂2
h

QψaC̃AZ

∫
d psT

Wµ(Aα)(Wµ)(Zβ)†

ψrs1 ψssa,L(ψrs1 )†ψrrb,L
Kαβ+h.c

where Kαβ = (kjk · kilgαβ − kαlik
β
jk), D[k2

ij , k
2
kl, k

2
jk, k

2
li] = [k2

ij ,W][k2
kl,W][k2

jk,Z]?[k2
li,Z]?

and

δΓ̂WZψrs1 ,ψra,ψ
s
b

Γ̂WZψrs1 ,ψra,ψ
s
b

=

[
−
δm2
Z

M̂2
Z

+
δM2

W

M̂2
W

−
√

2δGF + 2CH,kin + C̃HD + 2cθ̂sθ̂C̃HWB

]
,

+

[
2

Re[δ(gW
+,ψ1

L )rs]

(gW
+,ψ1

L )SMrs
+

δgψaL,ss

ĝψa,SML,ss

+
δgψbL,rr

ĝψa,SML,rr

]
. (5.54)
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This expression numerically reduces to

δΓh→F6(ψssa ,ψ
rr
b )

Γ̂WZψrs1 ,ψra,ψ
s
b

'
δΓ̂WZψrs1 ,ψra,ψ

s
b

Γ̂WZψrs1 ,ψra,ψ
s
b

NWV1 +

C̃
(3)
Hψ1
rs

(ḡW,ψ1

L,rs )

NWV2

ĝ2
2

+

 δC̃
ψa
HL
rr

(ḡψaL,rr)
+

δC̃ψbHL
ss

(ḡψbL,ss)

 NWV3

ĝ2
Z

,

+
C̃HW
ĝ2

2

NWV4 +
C̃ZZ
ĝ2
Z

NWV5 +
ê4QψaQψb

ĝ4
Z (ḡψaL,ss)(ḡ

ψb
L,rr)

C̃AANWV6 ,

+
ĝ2
s

ĝ4
Z (ḡψaL,ss)(ḡ

ψb
L,rr)

C̃HGN
WV
7 − ĝ2

ĝ1

ê3

ĝ3
Z

[
Qψa

ḡψaL,ss
+
Qψb

ḡψbL,ss

]
C̃AZ NWV8 ,

+

[
NWV9

δΓZ

Γ̂Z
+NWV10

δΓW

Γ̂W

]
+

[
NWV11

δM2
Z

M̂2
Z

+NWV12

δM2
W

M̂2
W

]
. (5.55)

With the (inclusive) kinematic numbers

NWV2 ' −7.21× 10−8, NWV3 ' −5.01× 10−8,

NWV4 ' −2.8× 10−8, NWV5 ' −2.6× 10−8,

NWV6 =
NWV7

4
' −1.8× 10−7, NWV8 ' 5.2× 10−8,

NWV9 ' −1.42× 10−11, NWV10 ' −1.37× 10−10,

NWV11 ' 4.77× 10−10, NWV12 ' 7.01× 10−10. (5.56)

The kinematic numbers NWV6,7,8 weak logarithmic dependence on the final state masses is

neglected here.

6 Numerical results and analysis of the contributions to h → 4f

Taking into account all of these results, the total Higgs width combining these decays is

given by

ΓSMEFT
h,full = ΓSMh +

∑
ψ={u,c,d,s,

b,e,µ,τ
}

δΓh→ψ̄ψ+δΓh→AA+δΓh→ZA+δΓh→gg+
∑

ψ1,2,3,4

δΓh→ψ̄1ψ2ψ̄3ψ4
, (6.1)

where
∑

ψ1,2,3,4
indicates a sum over all possible final state fermions kinematically allowed.

Due to the experimental definition of AA,ZA, gg final states, there is no double counting.

For reference, the total SM Higgs width is [53]

ΓSMh,full = 4.100 MeV. (6.2)

These corrections lead to branching ratio modifications of the Higgs decaying to a set of

final states S. We define this branching ratio in the SMEFT as

BrSMEFT
h→S = BrSMh→S

[
1 +

δΓh→S
ΓSMh→S

−
∑

S δΓh→S∑
S ΓSMh→S

]
. (6.3)
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The SMEFT branching ratio defined in this way retains the leading order interference effect

of A(6)(h → S) interfering with ASM (h → S). The SM Higgs has suppressions by small

Yukawa couplings Yb in dominant SM decays at leading order in perturbation theory, and

phenomenologically important contributions due to one loop decays. Retaining the leading

order ASM×A(6),?(h→ S) SMEFT effects retains a subset of Yukawa coupling suppressed,

andO(1/16π2 Λ2) corrections. Obviously this encourages developing the SMEFT to include

higher order corrections in time, to retain a full set of terms at each mixed order in pertur-

bation theory. As such results are not completely available at this time we perform a LO

analysis in this work retaining the leading ASM ×A(6),?(h→ S) contributions in each case.

The expressions derived in the previous sections allow to infer the relative SMEFT

correction to each partial Higgs decay width:

δΓh→S
ΓSM,tree
h→S

= 1 +
∑
i

a
(S)
i C̃i (6.4)

where a
(S)
i are input scheme-dependent functions of the SM parameters. The expression in

eq. (6.4) represents the leading relative SMEFT correction for each channel: in a realistic

numerical analysis, it can be assigned to the most accurate prediction available for ΓSMh→S ,

leading to the numerical estimate

ΓSMEFT
h→S = ΓSMh→S

[
1 +

∑
i

a
(S)
i C̃i

]
. (6.5)

The numerical values of the coefficients a
(S)
i found for all the decay channels considered

are reported in tables 7–10 in appendix A, with the numerical inputs reported in table 1.

Note that the fermion masses Mb,c,τ were used for the h→ f̄f channels but were neglected

in the h→ 4f estimates. The CKM matrix is always taken to be the unit matrix, thereby

omitting flavor changing channels. Finally, the top quark mass is relevant for the numerical

evaluation of the SM Higgs couplings to gg, Zγ, γγ (see section 5.2–5.4). In this section

we refer only to results obtained with the {M̂W , M̂Z , ĜF , M̂h} input parameter scheme

for concreteness. We find the main considerations illustrated here to be also valid for the

{α̂ew, M̂Z , ĜF , M̂h} input schemes result.

The SM predictions for 2-body decays (see e.g. table 7) are provided by the LHC Higgs

Cross Section Working Group [53, 54]. The SM predictions for the 4f channels (e.g. table 9)

are extracted with Prophecy4f 2.0 [7, 40, 55] using Monte Carlo settings consistent with

the Working Group recommendations [53].

The dependence on the Wilson coefficients has been cross-checked with MadGraph5

with the UFO model SMEFTsim A U35 MwScheme UFO v2.1, generating the interference con-

tribution to the partial widths for 5 values of each Wilson coefficient and extracting the

corresponding a
(S)
i via a linear interpolation. Agreement to 1% or better was found be-

tween the theoretical prediction and Monte Carlo result for all a
(S)
i , when corrections from

the W,Z propagators are neglected.
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M̂W 80.365 GeV [56]

α̂ew(MZ) 1/127.950 [57]

M̂Z 91.1876 GeV [57–59]

ĜF 1.1663787 ·10−5 GeV−2 [57, 59]

M̂h 125.09 GeV [60]

α̂s(m̂Z) 0.1181 [57]

M̂t 173.21 GeV [57]

M̂b 4.18 GeV [57]

M̂c 1.28 GeV [57]

M̂τ 1.77686 GeV [57]

Table 1. Numerical central values of the relevant SM parameters used as inputs for the estimate

of the leading SMEFT corrections. Only one among the values of M̂W and α̂ew is used as input,

depending on the scheme adopted. All the other parameters are common to the two input schemes

considered.

The dependence of the total inclusive width on the L(6) Wilson coefficients of the

SMEFT is found to be

δΓSMEFT
h,full

ΓSMh
' 1− 1.50 C̃HB − 1.21 C̃HW + 1.21 C̃HWB + 50.6 C̃HG

+ 1.83 C̃H� − 0.43 C̃HD + 1.17 C̃ ′ll
− 7.85 Ŷu

cc
Re C̃uH − 48.5 Ŷ d

bb
Re C̃dH − 12.3 Ŷ `

ττ
Re C̃eH

+ 0.002 C̃
(1)
Hq + 0.06 C̃

(3)
Hq + 0.001 C̃Hu − 0.0007 C̃Hd

− 0.0009 C̃
(1)
Hl − 2.32 C̃

(3)
Hl − 0.0006 C̃He,

(6.6)

using the {M̂W , M̂Z , ĜF , M̂h} input scheme. Here we have pulled out the explicit Yukawa

factor from the Wilson coefficient, consistent with the U(3)5 limit considered. In the

remaining results the Yukawa factor is included in the numerical a
(S)
i reported.

Using the {α̂ew, M̂Z , ĜF , M̂h} input scheme we find analogously

δΓSMEFT
h,full

ΓSMh
' 1− 1.40 C̃HB − 1.22 C̃HW + 2.89 C̃HWB + 50.6 C̃HG

+ 1.83 C̃H� + 0.34 C̃HD + 0.70 C̃ ′ll
− 7.85 Ŷu

cc
Re C̃uH − 48.5 Ŷ d

bb
Re C̃dH − 12.3 Ŷ `

ττ
Re C̃eH

+ 0.002 C̃
(1)
Hq + 0.06 C̃

(3)
Hq + 0.001 C̃Hu − 0.0008 C̃Hd

− 0.0008 C̃
(1)
Hl − 1.38 C̃

(3)
Hl − 0.0007 C̃He.

(6.7)

It is interesting to examine the impact of different contributions to the final result

and in particular of contributions that were previously neglected, to our knowledge, in the
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estimate of SMEFT corrections to h → 4f . In the SM, these decays are well-described in

a narrow-width approximation for the W,Z bosons, that gives

ΓNC,nw.
h→ψ̄aψaψ̄bψb = Γh→ZZ∗,Z∗→ψ̄aψaBrZ→ψ̄bψb + Γh→ZZ∗,Z∗→ψ̄bψbBrZ→ψ̄aψa (6.8)

for channels proceeding through NC, and analogously for charged currents.9 The same

approach is usually generalized to the SMEFT case, leading to estimates of the form

ΓNC,nw. SMEFT

h→ψ̄aψaψ̄bψb = ΓSMh→ZZ∗,Z∗→ψ̄aψaBrSMZ→ψ̄bψb

[
1 +

δΓh→ZZ∗,Z∗→ψ̄aψa
ΓSM
h→ZZ∗,Z∗→ψ̄aψa

+
δΓZ→ψ̄bψb
ΓSM
Z→ψ̄bψb

]

+ ΓSMh→ZZ∗,Z∗→ψ̄bψbBrSMZ→ψ̄aψa

[
1 +

δΓh→ZZ∗,Z∗→ψ̄bψb
ΓSM
h→ZZ∗,Z∗→ψ̄bψb

+
δΓZ→ψ̄aψa
ΓSM
Z→ψ̄aψa

]

− ΓNC,nw. SM
h→ψ̄aψaψ̄bψb

δΓZ,full

ΓSMZ,full
. (6.9)

The implementation of the narrow-width approximation in this context is not unique,

as there is some arbitrariness in the choice of the contributions included in each term.

However, the following classes of terms are often omitted in this approach:

1. Diagrams with intermediate off-shell photons.

Contributions containing the Zγ interaction are compatible with the narrow-width

assumption for NC, and could therefore be included, while γγ-mediated diagrams are

always missed in this approximation.

2. Interference terms between NC and CC contributions, that are not compatible with

the amplitude factorization into (h→ ψ̄ψV )× (V → ψ̄ψ).

3. Interference terms between ZZ diagrams with different current contractions in chan-

nels with 2 indistinguishable fermion pairs (ψ̄aψaψ̄
′
aψ
′
a vs ψ̄aψ

′
aψ̄
′
aψa).

4. Propagator corrections for the off-shell boson.

In the following we isolate and quantify the impact of each of these terms.

6.1 Photon-mediated diagrams

As mentioned previously, due to its coupling to Zγ and γγ the Higgs boson can decay to 4

fermions via electromagnetic currents, in addition to the weak ones. In the SM this effect is

negligible due to the hZγ, hγγ effective couplings being loop suppressed (this is essentially

an accidental suppression due to the d ≤ 4 operator mass dimensions of the SM, for a

related discussion see ref. [52]). In the SMEFT, in contrast, these interactions formally

arise at tree-level together with the leading corrections to the hZZ, hWW couplings. This

is the prime reason that the narrow width approximation fails more dramatically in the

SMEFT compared to the SM.

9For channels that allow both neutral and charged current contractions, the inclusive width is the sum

of two h→ ZZ∗ and two h→WW ∗ terms.
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h→ S
C̃HW C̃HB C̃HWB

Zγ γγ WW,ZZ Zγ γγ WW,ZZ Zγ γγ WW,ZZ

`+p `
−
p `

+
r `
−
r 1.04 −0.009 −0.78 −1.04 −0.03 −0.22 −0.70 0.02 0.30

`+p `
−
p ν̄rνr 0.52 −0.78 −0.52 −0.22 −0.35 −0.06

ūpupūrur 2.26 −0.04 −0.78 −2.26 −0.15 −0.22 −1.51 0.08 1.13

d̄pdpd̄rdr 1.53 −0.02 −0.78 −1.53 −0.07 −0.22 −1.02 0.04 0.63

ūpupd̄rdr 1.89 −0.03 −0.78 −1.89 −0.10 −0.22 −1.26 0.05 0.88

`+p `
−
p ūp,rup,r 1.65 −0.02 −0.78 −1.65 −0.07 −0.22 −1.10 0.04 0.71

`+p `
−
p d̄p,rdp,r 1.29 −0.01 −0.78 −1.29 −0.05 −0.22 −0.86 0.02 0.46

νpνpūp,rup,r 1.13 −0.78 −1.13 −0.22 −0.75 0.36

νpνpd̄p,rdp,r 0.76 −0.78 −0.76 −0.22 −0.51 0.11

`+p `
−
p `

+
p `
−
p 1.06 −0.29 −0.75 −1.06 −1.01 −0.22 −0.70 0.54 0.43

ūpupūpup 2.23 −0.08 −0.77 −2.23 −0.27 −0.22 −1.49 0.15 1.20

d̄pdpd̄pdp 1.48 −0.03 −0.76 −1.48 −0.09 −0.22 −0.99 0.05 0.65

ūpdpd̄pup 0.06 0.001 −1.47 −0.06 0.004 −0.008 −0.04 −0.002 0.02

`+p νpν̄p`
−
p −0.02 −1.49 0.02 −0.007 0.01 −0.07

Table 2. Contribution to a
(S)
HW , a

(S)
HB , a

(S)
HWB from Zγ, γγ and WW + ZZ mediated diagrams,

using the {M̂W , M̂Z , ĜF , M̂h} input scheme. The channels in the three blocks admit NC only with a

unique current contraction, NC with two possible contractions and both NC and CC. We distinguish

channels with same- or different- flavor fermion pairs (p 6= r). The double subscript p, r indicates

that both same and different flavor-currents are included. The most significant contributions are

highlighted in bold.

The calculation presented in this work includes for the first time the interference terms

1

ΓSM,tree
h→S

1

2M̂h

∫
dps |AZZZA|2 + |AZZAA|2 + |AWWZA|2 + |AWWAA|2, (6.10)

which are proportional to either CAZ or CAA and therefore affect the dependence on CHW ,

CHB, CHWB. Table 2 shows the numerical contribution of these diagrams to the coefficients

a
(S)
i in the linearized SMEFT expressions compared to the contributions from WW and

ZZ diagrams.10

It is immediate to see that the photon contribution to these quantities is significant,

especially for the Zγ terms that exceed in absolute value the ZZ,WW contributions in

most channels. In several cases, the Zγ contribution flips the overall sign in the Ci depen-

dence compared to the one when only including ZZ,WW currents. The photon effect is

largest for channels with NC only, and involving the up quark, due to a color factor and

electromagnetic charge enhancement. Channels allowing both NC and CC decay are largely

dominated by the CC diagrams, so both ZZ and photon contributions are suppressed.

10For comparison, the quantities in table 9 are given by the sum of these three contributions, plus the

corrections from the W,Z propagators.
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h→ e+e−ν̄eνe C̃HW C̃HB CHWB C̃HD C̃H� C̃
(1)
Hl C̃

(3)
Hl C̃He C̃′ll

|AZZ |2 −0.04 −0.01 −0.003 0.09 −0.008 0.009 −0.08 −0.08 0.14

|AWW |2 −1.49 2.00 −0.50 −2.00 3.00

AZZ · AWW 0.04 0.004 −0.07 −0.10 −0.04 −0.04 0.06 −0.14

AZZ · AHZff −0.005 −0.10 0.04

AWW · AHWff −1.77

AZZ(WW ) · AHW (Z)ff 0.03 0.15

Table 3. Contribution to a
(eeνν)
i from different interference terms. First block: ZZ and WW

mediated diagrams. Second block: diagrams involving contact operators. Corrections to the W,Z

propagators are omitted in this table. The most significant contributions are highlighted in bold.

h→ ūud̄d C̃HW C̃HB C̃HWB C̃HD C̃H� C̃
(3)
Hl C̃

(1)
Hq C̃

(3)
Hq C̃Hu C̃Hd C̃′ll

|AZZ |2 −0.03 −0.009 0.03 0.08 0.03 −0.24 −0.005 0.19 0.04 −0.02 0.12

|AWW |2 −1.45 1.95 −0.49 −5.86 3.91 2.93

AZZ · AWW 0.012 0.001 −0.02 −0.03 −0.009 0.10 0.004 −0.08 −0.05

AZZ · AHZff 0.003 −0.09 −0.02 0.008

AWW · AHWff −1.72

AZZ(WW ) · AHW (Z)ff −0.003 0.05

Table 4. Contribution to a
(ūud̄d)
i from different interference terms. First block: ZZ and WW

mediated diagrams. Second block: diagrams involving contact operators. Corrections to the W,Z

propagators are omitted in this table. The most significant contributions are highlighted in bold.

6.2 NC-CC interference terms

The channels h→ `+`−ν̄ν, h→ ūud̄d with 4 fermions of the same generation admit both

CC and NC diagrams. When assuming narrow W or Z bosons, one usually sums over

the 4 configurations in which either a Z or a W is nearly on-shell. By construction this

calculation neglects interference terms between diagrams mediated by W and Z.

Tables 3, 4 show a breakdown of the contributions to the quantities a
(S)
i for the relevant

operators Oi from different interference terms in the squared amplitude, obtained with the

full computation. The first three rows report the contribution from ZZ and WW mediated

diagrams, while the last three rows indicate the contributions from contact interactions

HV ff . All numbers are normalized to the corresponding SM tree level partial width, that

contains both ZZ, WW and interference terms. This table omits the contributions from

the W,Z propagator corrections as well as contributions from photon diagrams.

As the SM partial width for both channels is dominated by the WW diagram, correc-

tions to the latter are generally more important than corrections to the ZZ topology. The

interference between the two gives significant contributions to the dependence on CHWB

and on C
(1)
Hl in the leptonic case. The latter is due to an accidental cancellation between

the corresponding charged lepton and neutrino corrections in ZZ diagrams that does not

occur in the interference with W currents.
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Figure 6. Current contractions allowed in the presence of 2 pairs of identical particles in final

state.

h→ `+`−`+`− C̃HW C̃HB C̃HWB C̃H� C̃HD C̃
(1)
Hl C̃

(3)
Hl C̃He C̃ ′ll

AZZA†ZZ direct −0.70 −0.20 0.27 1.81 0.15 3.97 −1.47 −3.20 2.72

AZZA†ZZ cross −0.05 −0.01 0.16 0.19 0.13 0.47 −0.08 −0.25 0.28

AZZA†ZE direct −2.03 −2.03 1.63

AZZA†ZE cross −0.33 −0.33 0.17

AZZA†AA,ZA direct 0.94 −0.98 −0.62

AZZA†AA,ZA cross −0.17 −1.09 0.45

Table 5. Contribution to a
(eeee)
i from the interference of ZZ diagrams with ZZ, contact and

photon diagrams, for “direct” (A1234A1234,†) and “crossed” (A1234A1432,†) current contractions.

The most significant contributions are highlighted in bold.

6.3 Interference between NC diagrams with different current contractions

Decays with 2 pairs of identical particles in final state admit 2 independent neutral-current

contractions, depicted in figure 6 for the ZZ and contact-term cases. The same contractions

are allowed for photon mediated diagrams.

In the squared amplitude, the “direct” products A1234A1234,†, A1432A1432,† are related

by relabeling of the final states and give therefore identical results, while the “crossed”

interference A1234A1432,† provides an independent contribution, that is neglected in the

narrow width approximation.

In the complete calculation, the “crossed” interference terms are found to be most

relevant in the h → `+`−`+`− channel, particularly for diagrams involving the photon.

Table 5 shows a comparison of the contribution to a
(eeee)
i from direct and crossed amplitude

products for Z, γ and contact diagrams independently.

For the remaining channels h→ ν̄νν̄ν, ūuūu, d̄dd̄d we find that the size of A1234A1432,†

contributions is generally smaller, ranging between a few % and 20 % of the corresponding

“direct” contribution. The different behavior is due to two numerical effects: on one hand,

all “crossed” contributions in the quarks case are suppressed by a factor Nc = 3 compared

to the “direct” ones. In addition, the photon contributions are further reduced by factors

of |Qq| < |Qe| = 1.

6.4 Propagator corrections to the off-shell boson

Finally, the complete calculation allows to extract the exact dependence on the W,Z prop-

agator corrections. In the narrow V width approximation, neglecting for simplicity the
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h→ S δΓZ/Γ
SM
Z δΓW /Γ

SM
W h→ S δΓZ/Γ

SM
Z δΓW /Γ

SM
W

`+p `
−
p `

+
r `
−
r −0.82 `+p `

−
p `

+
p `
−
p −0.74

ν̄pνpν̄rνr −0.82 ν̄pνpν̄pνp −0.68

`+p `
−
p ν̄rνr −0.82 ūpupūpup −0.78

ūpupūrur −0.82 d̄pdpd̄pdp −0.77

d̄pdpd̄rdr −0.82 `+p νpν̄r`
−
r + h.c. −0.92

ūpupd̄rdr −0.82 ūpdpd̄rur + h.c. −0.92

`+p `
−
p ūp,rup,r −0.82 `+p νpūp,rdp,r + h.c. −0.92

`+p `
−
p d̄p,rdp,r −0.82 ūpupd̄pdp −0.03 −0.89

ν̄pνpūp,rup,r −0.82 `+p `
−
p ν̄pνp −0.04 −0.91

ν̄pνpd̄p,rdp,r −0.82

Table 6. Coefficients of δΓV /Γ
SM
V appearing in the relative SMEFT correction ΓSMEFT

h→S /ΓSMh→S ,

using the {M̂W , M̂Z , ĜF , M̂h} input scheme. We distinguish channels with same- or different-

flavor fermion pairs (p 6= r). The double subscript p, r indicates that both same and different

flavor-currents are included.

off-shell boson’s contribution, one would just have (see also eq. (6.9)):

ΓSMEFT
h→V V ∗→4f

ΓSMh→V V ∗→ff
= 1− δΓV

ΓSMV
+ . . . (6.11)

Once all the contributions are taken into account, the coefficient of δΓV /Γ
SM
V in this

expression generally deviates from −1. Table 6 shows the values obtained in this work.

We use the {M̂W , M̂Z , ĜF , M̂h} input scheme, so the only relevant corrections are due to

shifts in the width of W,Z, as δMZ = δMW = 0.

For completeness, we also report here the numerical expression of the width shifts in

terms of Wilson coefficients, in the same scheme:

δΓZ

ΓSMZ
= 0.46C̃HWB − 0.07C̃HD − 0.18C̃

(1)
Hl − 1.37C̃

(3)
Hl − 0.18C̃He

+ 0.47C̃
(1)
Hq + 1.61C̃

(3)
Hq + 0.24C̃Hu − 0.18C̃Hd + C̃ ′ll, (6.12)

δΓW

ΓSMW
=

4

3

(
C̃

(3)
Hq − C̃

(3)
Hl

)
+ C̃ ′ll. (6.13)

6.5 Summary of the impact of various contributions to h → 4f

In this section we have examined the impact of various classes of terms in the squared

amplitude to the final SMEFT calculation for h → 4f , and in particular those that are

usually omitted in narrow W,Z-width calculations.

We find that the largest among the latter contributions are those from photon-mediated

diagrams. These have a very significant impact on the determination of the dependence
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on the Wilson coefficients CHW , CHB, CHWB in the h → 4f partial widths. This effect

can be a few times larger in absolute value compared to the contribution from ZZ,WW

diagrams only and is most relevant for channels proceeding via NC.

The accurate estimate of the corrections due to W,Z propagator shifts is also found

to be important, as it leads to a O(20 − 30)% difference in the dependence on δΓV /Γ
SM
V

with respect to the naive narrow-width estimate.

The interference among NC and CC diagrams, when present, is found to affect signif-

icantly the CHWB dependence, as well as that on CHB and C
(1)
Hl in the leptonic channels.

Its contribution is subleading (between a few % and O(15)%) for all other parameters.

Finally, the interference between two different NC contractions contributes only to

O(10)% or less of the dependence on all Wilson coefficients, with the exception of the

`+`−`+`− channel, where the “crossed” photon diagrams effect is unsuppressed.

7 Conclusions

We have calculated and presented the Higgs width in the SMEFT for a set of two and

four body Higgs decays. Our results are presented in a manner that more than one input

parameter scheme can be used. The resulting dependence on the Wilson coefficients in the

Higgs width, and branching ratios, is significantly different than the partial results in the

literature, and significantly different than various results obtained using the narrow width

approximation. The main reason for this difference is more naive narrow width approaches

miss large interference effects which introduce a leading dependence on Wilson coefficients

in the SMEFT in some final states.

The numerical size of the corrections we have determined, in the perturbation of the

Higgs width depends upon the Wilson coefficients. Determining constraints on the Wilson

coefficients in a consistent global SMEFT analysis is an active pursuit in the theoretical

community. Some combinations of the parameters perturbing the Higgs width are signifi-

cantly constrained by EWPD and diboson production data. We leave a combined analysis

of the constraints inferred on physics beyond the SM, combining EWPD, diboson data,

and Higgs data to future publications.

These results we have presented allow the inclusive branching ratios and total width

of the Higgs, constructed from the processes reported here, to be determined without a

Monte Carlo generation of phase space being performed for each Wilson coefficient value

chosen.11
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A Tables of numerical results

In this appendix we report tables that summarize the SM partial width and relative SMEFT

corrections for all the Higgs decay channels considered in this work.

We parameterize each partial width as in eq. (6.5), with the SM result taken to be the

current best estimate, as provided by the LHC Higgs Cross Section Working Group [53, 54].

The SMEFT corrections are tabulated reporting the values of the coefficients a
(S)
i for

each channel S and L(6) coefficient Ci. These are determined directly from our tree-level

calculation and have been cross-checked with MadGraph5 and the SMEFTsim packages.

We give results both in the {M̂W , M̂Z , ĜF , M̂h} (table 7, 9) and in the {α̂ew, M̂Z , ĜF , M̂h}
(table 8, 10) input schemes.

We note that the scheme dependence is particularly large for the coefficients CHWB,

CHD, C
(3)
Hl and C ′ll and stronger in the 4-fermion decay channels that are dominantly

mediated by charged currents. These discrepancies are mostly due to the different definition

of the weak mixing angle (or equivalently, of the weak gauge couplings g1, g2) and of MW

in the two schemes. Numerically, for the δs2
θ correction we find:

δs2
θ = −0.39C̃HD − 0.42C̃HWB (M̂W scheme) (A.1)

δs2
θ = 0.17C̃HD + 0.79C̃HWB + 0.76C̃

(3)
Hl − 0.34C̃ ′ll (α̂ew scheme) (A.2)

As δs2
θ enters directly the Z couplings to fermions, the large numerical difference between

these two results directly propagates to the 4-fermions partial widths mediated by neutral

currents.

The total decay width of the Z boson has also a significantly different dependence on

these 4 parameters in the two schemes. When α̂ew is an input, one has numerically

δΓZ

ΓSMZ
= −0.82C̃HWB − 0.67C̃HD − 0.19C̃

(1)
Hl − 2.06C̃

(3)
Hl − 0.19C̃He

+ 0.47C̃
(1)
Hq + 1.61C̃

(3)
Hq + 0.26C̃Hu − 0.19C̃Hd + 1.35C̃ ′ll

(A.3)

which can be compared to the result for the M̂W input scheme in eq. (6.12).

The shift in MW (see eq. (3.10)), on the other hand, has a very significant impact on

the predictions for the total W width and for the 4-fermion Higgs decays proceedings via

charged currents. In the α̂ew scheme one has

δΓW

ΓSMW
= −3.97C̃HWB − 1.80C̃HD − 3.52C̃

(3)
Hl + 1.33C̃

(3)
Hq + 2.10C̃ ′ll . (A.4)

Comparing this result to eq. (6.13), one finds that the dependence on CHWB and CHD is

present only in the α̂ew scheme, and at the same time corrections due to C
(3)
Hl and C ′ll are

very scheme-dependent.

These effects are all reflected in the tables presented in this appendix.
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h→ S ΓSMh→S (MeV) C̃HW C̃HB C̃HWB C̃HG C̃HD C̃H� C̃
(3)
Hl C̃′ll Re C̃dH Re C̃uH Re C̃eH

b̄b 2.38 −0.5 2 −2 1 −2

c̄c 0.12 −0.5 2 −2 1 −2

τ+τ− 0.26 −0.5 2 −2 1 −2

gg 0.33 619

Zγ 6.32 ·10−3 −243 243 162

γγ 9.31 ·10−3 −231 −805 431

Table 7. Partial SM Higgs decay width and coefficients a
(S)
i in the relative SMEFT correction for

2-body decay channels, using the {M̂W , M̂Z , ĜF , M̂h} input scheme and including all contributions.

The SM values are taken from the tables provided by the LHCHXSWG and include higher order

corrections [53, 54].

h→ S ΓSMh→S (MeV) C̃HW C̃HB C̃HWB C̃HG C̃HD C̃H� C̃
(3)
Hl C̃′ll Re C̃dH Re C̃uH Re C̃eH

b̄b 2.38 −0.5 2 −2 1 −2

c̄c 0.12 −0.5 2 −2 1 −2

τ+τ− 0.26 −0.5 2 −2 1 −2

gg 0.33 619

Zγ 6.32 ·10−3 −246 246 155

γγ 9.31 ·10−3 −233 −765 422

Table 8. Partial SM Higgs decay width and coefficients a
(S)
i in the relative SMEFT correction for

2-body decay channels, using the {α̂ew, M̂Z , ĜF , M̂h} input scheme and including all contributions.

The SM values are taken from the tables provided by the LHCHXSWG and include higher order

corrections [53, 54].
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B Four body phase space integrations

B.1 Analytic results

Integrating four body phase space is a formally solved problem. Executing such integrations

in the SMEFT still presents technical challenges. Our interest in the four body phase

space volume is to describe the decays of the form h→ ψ̄ψ ψ̄ψ. When directly numerically

integrating this phase space volume, we use the approach in ref. [61], which relies on ref. [62].

It is helpful to transform the phase space integral to an integration over the set of

independent Lorentz invariants κij , the scalar product of the two four vectors ki and kj ,

instead of angular variables which are not Lorentz invariant. There are five independent

invariants of the form {κ12, κ13, κ14, κ23, κ24, κ34} that are present in four body decays,

subject to the momentum conservation condition

m2
h =

∑
i

m2
i + 2

∑
i<j

κij . (B.1)

When an index is repeated, we use the convention that κ2
i = κii Although closely related

in the massless limit the notation κij and k2
ij are distinct. The massless limit relationship

between the quantities is k2
ij = 2κij .

The phase space volume in these variables [62] is∫
d ps =

∫
(2π)4δ4(Ph −

∑
i

ki)
∏
ki

d3ki
(2π)32Eki

,

=
1

28m2
h π

6
√
−DetM4

∫
δ4

∑
i<j

κij − (m2
h −

∑
i

m2
i )/2

∏
i<j

d(κij). (B.2)

where the determinant is on the real symmetric matrix constructed of the Lorentz invariants

M4 =


κ2

1 κ12 κ13 κ14

κ21 κ2
2 κ23 κ24

κ31 κ32 κ2
3 κ34

κ41 κ42 κ43 κ2
4

 . (B.3)

The momentum configuration is physical so long as the matrix M4 has one positive and

three negative eigenvalues [61, 62]. Imposing this condition on the momentum is aided by

performing a Gram-Schmidt diagonalization of the momentum vectors. The basis vectors

of the Lorentz space of the κij can be chosen to be independent. This is easily done

by imposing the condition that one vector is time-like and three are space-like. Then the

physical momentum configurations defining the phase space are defined by the simultaneous

set of conditions

κ2
1 > 0,

κ2
1 κ

2
2 − κ2

12 < 0,

κ2
1 κ

2
2 κ

2
3 − κ2

1 κ
2
23 − κ2

2 κ
2
13 − κ2

3 κ
2
12 + 2κ12 κ23 κ13 < 0, (B.4)
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and

κ2
1 κ

2
2 κ

2
3 κ

2
4 − κ2

1 κ
2
2 κ

2
34 − κ2

1 κ
2
23 κ

2
4 + 2κ2

1 κ23 κ24 κ34 − κ2
1 κ

2
3 κ

2
24 − κ2

12 κ
2
3 κ

2
4 + κ2

12 κ
2
34

+2κ12 κ13

[
κ23 κ

2
4 − κ24 κ34

]
− 2κ14 (κ12 κ23 κ34 − κ12 κ24 κ

2
3 − κ13 κ

2
2 κ34 + κ13 κ23 κ24),

+κ2
13

[
κ2

24 − κ2
2 κ

2
4

]
+ κ2

14

(
κ2

23 − κ2
2 κ

2
3

)
< 0 (B.5)

In the limit that all final state masses are taken to vanish k2
i → 0 and these conditions can

be simultaneously solved to give the phase space volume:

B.1.1 Region 1

0 ≤ κ12 ≤
m2
h

2

0 ≤ κ34 ≤
1

2
(mh −

√
2κ12)2)

0 ≤ κ13 ≤
1

4

(
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h − 2κ12 − 2κ34

)
−
m2
h

4
β

(
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h

2

)
1
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(m2
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−
m2
h

4
β

(
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m2
h

2
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≤ κ14 ≤

1

4
(m2

h − 2k12 − 4κ13 − 2κ34) +
m2
h

4
β
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k12, κ34,

m2
h

2

)
1

2(k13 + κ14)2

[
A− 2

√
B
]
≤ κ23 ≤

1

2(κ13 + κ14)2

[
A+ 2

√
B
]

(B.6)

B.1.2 Region 2
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[
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√
B
]

(B.7)

where,

β(a,b,c) =

√
1− 2(a+b)

c
+

(a−b)2

c2

A=κ13(κ13 +κ14)
[
m2
h−2(κ12 +κ13 +κ14)]−2κ34[κ12(κ13−κ14)+κ13(κ13 +κ14)

]
B= 2κ12κ13κ14κ34

[
m2
h(κ13 +κ14)−2(κ12 +κ13 +κ14)(κ13 +κ14 +κ34)

]
(B.8)
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Retaining final state masses is numerically required when the double photon pole is

present in some interference cases. The conditions above can be directly imposed on a

numerical integration over the κij variable set in this case, modifying the allowed phase

space volume further.
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