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Figure 3: Comparison of MiNNLOPS and NNLOPS predictions for e
+
e
�
bb̄ production

with the fiducial cuts quoted in table 1.

= 80.379 GeV, �W = 2.085GeV, mZ = 91.1876 GeV, �Z = 2.4952 GeV, mH = 125.09 GeV
and �H = 4.1 MeV. We compute the EW coupling as ↵EM =

p
2GFm

2

W
(1 �m

2

W
/m

2

Z
)/⇡

and the mixing angle as cos2 ✓W = m
2

W
/m

2

Z
. The H ! bb̄ branching ratio is set to Br

H!bb̄

= 0.5824. Similarly to what is done in the validation section, in pp ! HZ ! e
+
e
�
bb̄ we

include contributions in which the Higgs boson is radiated from a heavy quark loop, setting
the pole mass of the bottom quark to mb = 4.78 GeV and the pole mass of the top quark
to mt = 172.5 GeV. The bottom Yukawa coupling is set to yb(mH) = 1.280 ⇥10

�2, which,
however, as pointed out in section 2.4, cancels out in the ration of eq. (2.5) when combining
production and decay events. We employ Pythia8 [132] with the Monash tune [150] for
all matched predictions. We do not include any effect from hadronization, underlying event
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Source: ArXiv:2112.04168 (S. Zanoli et al.).
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cle, including a discussion of the normalisation chosen for the individual effective inter-
actions. Section 3 contains a brief description of the basic ingredients of the SMEFT
calculations for pp ! Zh and h ! bb̄ and their combination and implementation in our
NNLO+PS event generator. The impact of the SMEFT corrections on kinematic distribu-
tions in pp ! Zh ! `

+
`
�
bb̄ production at NNLO+PS is presented in Section 4 by using

simple benchmark scenarios for the Wilson coefficients. We conclude and present an outlook
in Section 5. The lenghty analytic expressions for the squared matrix elements that are
relevant for our work are relegated to Appendix A, while Appendix B contains numerical
estimates of higher-order QCD corrections associated to the subset of the SMEFT opera-
tors that are considered in this paper. The discussed corrections have been neglected in our
phenomenological study because they all turn out to contribute less than a percent once
existing experimental limits on the relevant Wilson coefficients are taken into account.

2 Preliminaries

In this article we consider the following set of dimension-six operators

QH2 = (H
†
H)2 (H

†
H) , QHD = (H

†
DµH)

⇤
(H

†
D

µ
H) ,

QbH = yb(H
†
H) q̄LbRH , QbG =

g
3
s

(4⇡)2
yb q̄L�µ⌫T

a
bRHG

a,µ⌫
, (2.1)

QHG =
g
2
s

(4⇡)2
(H

†
H)G

a

µ⌫G
a,µ⌫

, Q3G =
g
3
s

(4⇡)2
f
abc

G
a,⌫

µ G
b,�

⌫ G
c,µ

� ,

which appear in the full SMEFT Lagrangian

LSMEFT �

X

i

Ci

⇤2
Qi . (2.2)

Here 2 = @µ@
µ, �µ⌫ = i/2(�µ�⌫ � �⌫�µ) with �µ the usual Dirac matrices, H denotes the

SM Higgs doublet, qL is the left-handed third-generation quark doublet, bR is the right-
handed bottom-quark singlet, while gs =

p
4⇡↵s and G

a
µ⌫ denote the coupling constant and

the field strength tensor of QCD, respectively. The definition of the covariant derivative
is Dµ = @µ � igsG

a
µT

a with T
a being the SU(3) generators and f

abc denote the fully
antisymmetric QCD structure constants. The bottom-quark Yukawa coupling is defined
as yb =

p
2m̄b/v, with the MS bottom-quark mass m̄b and the Higgs vacuum expectation

value (VEV) v, while ⇤ denotes the new-physics mass scale that suppresses the dimension-
six operators Qi entering (2.2) and Ci are the corresponding Wilson coefficients. Notice
finally that in the case of QbH and QbG the sum over the hermitian conjugate in (2.1) is
understood.

The normalisations of the dimension-six operators introduced in (2.1) deserve some
additional comments. First, the two mixed-chirality operators QbH and QbG include a
factor of yb which serves as an order parameter and explicitly appears in a broad class
of ultraviolet (UV) completions that match onto the set of operators in (2.1). See for
example the discussions in [23, 24]. Second, the factors of gs and 1/(4⇡)

2 that arise in

– 3 –
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the Fermi constant GF extracted from muon decay via v
2
= 1/

�p
2GF

�
. EW tree-level

corrections appearing in the SMEFT that modify the relation between the VEV and the
Fermi constant

�
see for example [7, 11]

�
are very small and hence neglected in our anal-

ysis. In practice, our implementation relies on the expressions for the squared matrix
elements provided in [27] which also have been used in the publications [18, 20, 21] to
obtain NNLO+PS predictions for pp ! Zh ! `

+
`
�
bb̄ production within the SM.

Given the simplicity of the replacement (3.1) it is straightforward to obtain an analytic
result for the factorisable corrections to the inclusive h ! bb̄ decay rate due to QH2, QHD

and QbH up to NNLO in QCD. The leading-order (LO) expression for the partial Higgs
boson decay width to massless bottom-quark pairs within the SM is given by

�(h ! bb̄)
LO

SM =
3y

2

b
mh

16⇡
. (3.3)

Using this expression the corresponding NNLO result takes the form [29–31]

�(h ! bb̄)
NNLO

SM =
�
1 +�

�
�(h ! bb̄)

LO

SM , � =
↵s

⇡
5.67 +

⇣
↵s

⇡

⌘2

29.15 . (3.4)

Here both the bottom-quark Yukawa coupling yb and the strong coupling constant ↵s are un-
derstood to be renormalised at the scale mh and we have assumed five active quark flavours
to obtain the numerical results for the expansion coefficients appearing in �. By means of
the replacement (3.1) one then finds

�(h ! bb̄)
NNLO,fac

SMEFT
=

�
1 + 2cfac

�
�(h ! bb̄)

NNLO

SM , (3.5)

where the expressions for cfac and �(h ! bb̄)
NNLO

SM
have already been given in (3.2) and (3.4),

respectively. Since in the limit of massless bottom quarks the inclusive h ! bb̄ decay rate
is known to O(↵

4
s) [32–34] an extension of (3.5) to N

4
LO in QCD would be possible.

Such higher-order QCD corrections are included in eHDECAY [35, 36], which allows to cal-
culate the factorisable SMEFT corrections to h ! bb̄ in the so-called strongly-interacting
light Higgs or SILH [23] basis of dimension-six operators. Since the aim of this paper is to
consistently achieve NNLO+PS accuracy for the fully differential decay rate of h ! bb̄ in
the SMEFT, the result in (3.5) will however be sufficient for our purposes.

3.2 Non-factorisable contributions to the h ! bb̄ decay

Insertions of the operator QbG lead to non-factorisable QCD corrections to the fully dif-
ferential h ! bb̄ decay rate. Examples of the respective Feynman diagrams are shown
in Figure 1. The relevant squared matrix elements are found by interfering the SMEFT
contributions with the corresponding SM amplitudes. The explicit expressions for the re-
sulting squared matrix elements can be found in Appendix A. The leading contribution
arises at O

�
y
2

b
↵
2
sCbG

�
from the interference of the h ! bb̄g amplitude in the SMEFT (up-

per left diagram) and the corresponding SM graphs. Notice that this real contribution is
IR finite and that the corresponding one-loop contribution to h ! bb̄ is identical to zero
since it only involves scaleless integrals. In the operator basis (2.1) the first non-factorisable
QCD corrections involving the operator QbG therefore appear at NNLO in QCD. In terms

– 5 –

• Higgs operators factorize: 

attain NNLO+PS precision we neglect corrections due to Q3G. In Appendix B we present
an estimate of this type of N3LO corrections that suggests that given the existing bounds
on the Wilson coefficient C3G, SMEFT contributions of O

�
y
2

b
↵
3
sC3G

�
can indeed only have

a very minor numerical impact on the h ! bb̄ decay distributions.

3.3 Contributions to pp ! Zh production

Let us first recall that the only effective dimension-six EW interactions that we are taking
into account in our analysis are related to the three operators QH2, QHD and QbH intro-
duced in (2.1) and that otherwise we only consider effective interactions that directly induce
QCD corrections. In particular, dimension-six SMEFT operators that lead to non-trivial
modifications of the hZZ vertex are not considered in our work.

With this simplification the dominant corrections to Zh production in the SMEFT are
associated to QH2 and QHD. These operators already provide a contribution at Born level
which can be obtained by the shift

g
2

hZZ
! g

2

hZZ

�
1 + 2ckin

�
, (3.8)

where ghZZ = 2m
2

Z
/v denotes the SM coupling between a Higgs and two Z bosons with mZ

the Z-boson mass. The coefficient ckin has been defined in (3.2). Applying the rescaling (3.8)
to the inclusive Zh production cross section in the SM one obtains the following formula

�(pp ! Zh)
NNLO

SMEFT =
�
1 + 2ckin

�
�(pp ! Zh)

NNLO

SM , (3.9)

for the SMEFT corrections to the cross section up to NNLO. An analogous expression also
holds at the differential level.

Let us also discuss the role of operators other than QH2 and QHD in associated Higgs
production with a vector boson. For massless bottom quarks neither QbH nor QbG furnishes
a non-zero contribution to pp ! Zh to all orders in the strong coupling constant ↵s due
to the mixed-chirality nature of the two operators. Insertions of QHG lead to a tree-level
and an one-loop correction to qq̄ ! Zhg and qq̄ ! Zh, respectively. After interfering these
amplitudes with their SM counterparts one obtains a contribution that is of O(↵

2
sCHG)

with respect to the LO Zh production cross section within the SM. While these corrections
are therefore formally needed to achieve NNLO+PS accuracy, we will show in Appendix B
that the contributions proportional to CHG cannot exceed the level of a few permille. This
renders them irrelevant for all practical purposes and we hence neglect them. We note that
by using the results of [50] their inclusion would be quite straightforward, but given their
subleading impact we refrain from doing so. Finally, the operator Q3G gives rise to tree-level
(one-loop) corrections to qq̄ ! Zhgg (qq̄ ! Zhg). Both contributions are of O(↵

3
sC3G) and

therefore we do not take them into account in our analysis. In Appendix B we nevertheless
estimate their potential size and show them to be negligible for our purposes. We finally add
that contributions to gg ! Zh production, which is loop suppressed in the SM, do either
vanish in the limit mb = 0 as for QbH and QbG or are at least of O(↵

3
s) like in the case

of QHG and Q3G. Contributions to the gg ! Zh process arising from (2.1) are therefore
phenomenologically irrelevant.
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Figure 1: Examples of SMEFT contributions to the fully differential h ! bb̄ decay rate
involving an insertion of the operator QbG (black square). The upper left (right) diagram
represents a tree-level (one-loop) contribution to the h ! bb̄g decay, the center left (right)
diagram yields a tree-level contribution to the h ! bb̄qq̄

�
h ! bb̄gg

�
process, while the

lower diagrams contribute to the h ! bb̄ amplitude at the two-loop level. Notice that the
quark flavours in the center left h ! bb̄qq̄ diagram can be q = u, d, s, c, b and that effective
five-point hbb̄gg vertices also contribute in the case of the h ! bb̄gg transition. See text for
further details.

of the inclusive LO SM decay rate (3.3), we find by integrating (A.1) over the three-particle
phase space the following compact expression:

�(h ! bb̄)
NNLO,non

SMEFT
= �non cbG�(h ! bb̄)

LO

SM , �non =

⇣
↵s

⇡

⌘2 m
2

h

3v2
, (3.6)

with
cbG =

v
2

⇤2
Re (CbG) . (3.7)

We emphasise that when taking the difference in the normalisation of the operator QbG

into account, the result (3.6) agrees with the expression derived in [12] after taking the
limit mb ! 0.

In Section 2 we have argued that the Wilson coefficient of QbG is expected to be of O(1)

in a wide class of UV-complete theories if the operator is normalised as in (2.1). While there
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Here both the bottom-quark Yukawa coupling yb and the strong coupling constant ↵s are un-
derstood to be renormalised at the scale mh and we have assumed five active quark flavours
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where the expressions for cfac and �(h ! bb̄)
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respectively. Since in the limit of massless bottom quarks the inclusive h ! bb̄ decay rate
is known to O(↵

4
s) [32–34] an extension of (3.5) to N

4
LO in QCD would be possible.

Such higher-order QCD corrections are included in eHDECAY [35, 36], which allows to cal-
culate the factorisable SMEFT corrections to h ! bb̄ in the so-called strongly-interacting
light Higgs or SILH [23] basis of dimension-six operators. Since the aim of this paper is to
consistently achieve NNLO+PS accuracy for the fully differential decay rate of h ! bb̄ in
the SMEFT, the result in (3.5) will however be sufficient for our purposes.

3.2 Non-factorisable contributions to the h ! bb̄ decay

Insertions of the operator QbG lead to non-factorisable QCD corrections to the fully dif-
ferential h ! bb̄ decay rate. Examples of the respective Feynman diagrams are shown
in Figure 1. The relevant squared matrix elements are found by interfering the SMEFT
contributions with the corresponding SM amplitudes. The explicit expressions for the re-
sulting squared matrix elements can be found in Appendix A. The leading contribution
arises at O

�
y
2

b
↵
2
sCbG

�
from the interference of the h ! bb̄g amplitude in the SMEFT (up-

per left diagram) and the corresponding SM graphs. Notice that this real contribution is
IR finite and that the corresponding one-loop contribution to h ! bb̄ is identical to zero
since it only involves scaleless integrals. In the operator basis (2.1) the first non-factorisable
QCD corrections involving the operator QbG therefore appear at NNLO in QCD. In terms
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attain NNLO+PS precision we neglect corrections due to Q3G. In Appendix B we present
an estimate of this type of N3LO corrections that suggests that given the existing bounds
on the Wilson coefficient C3G, SMEFT contributions of O

�
y
2

b
↵
3
sC3G

�
can indeed only have

a very minor numerical impact on the h ! bb̄ decay distributions.

3.3 Contributions to pp ! Zh production

Let us first recall that the only effective dimension-six EW interactions that we are taking
into account in our analysis are related to the three operators QH2, QHD and QbH intro-
duced in (2.1) and that otherwise we only consider effective interactions that directly induce
QCD corrections. In particular, dimension-six SMEFT operators that lead to non-trivial
modifications of the hZZ vertex are not considered in our work.

With this simplification the dominant corrections to Zh production in the SMEFT are
associated to QH2 and QHD. These operators already provide a contribution at Born level
which can be obtained by the shift

g
2

hZZ
! g

2

hZZ

�
1 + 2ckin

�
, (3.8)

where ghZZ = 2m
2

Z
/v denotes the SM coupling between a Higgs and two Z bosons with mZ

the Z-boson mass. The coefficient ckin has been defined in (3.2). Applying the rescaling (3.8)
to the inclusive Zh production cross section in the SM one obtains the following formula

�(pp ! Zh)
NNLO

SMEFT =
�
1 + 2ckin

�
�(pp ! Zh)

NNLO

SM , (3.9)

for the SMEFT corrections to the cross section up to NNLO. An analogous expression also
holds at the differential level.

Let us also discuss the role of operators other than QH2 and QHD in associated Higgs
production with a vector boson. For massless bottom quarks neither QbH nor QbG furnishes
a non-zero contribution to pp ! Zh to all orders in the strong coupling constant ↵s due
to the mixed-chirality nature of the two operators. Insertions of QHG lead to a tree-level
and an one-loop correction to qq̄ ! Zhg and qq̄ ! Zh, respectively. After interfering these
amplitudes with their SM counterparts one obtains a contribution that is of O(↵

2
sCHG)

with respect to the LO Zh production cross section within the SM. While these corrections
are therefore formally needed to achieve NNLO+PS accuracy, we will show in Appendix B
that the contributions proportional to CHG cannot exceed the level of a few permille. This
renders them irrelevant for all practical purposes and we hence neglect them. We note that
by using the results of [50] their inclusion would be quite straightforward, but given their
subleading impact we refrain from doing so. Finally, the operator Q3G gives rise to tree-level
(one-loop) corrections to qq̄ ! Zhgg (qq̄ ! Zhg). Both contributions are of O(↵

3
sC3G) and

therefore we do not take them into account in our analysis. In Appendix B we nevertheless
estimate their potential size and show them to be negligible for our purposes. We finally add
that contributions to gg ! Zh production, which is loop suppressed in the SM, do either
vanish in the limit mb = 0 as for QbH and QbG or are at least of O(↵

3
s) like in the case

of QHG and Q3G. Contributions to the gg ! Zh process arising from (2.1) are therefore
phenomenologically irrelevant.
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Figure 5: Same as Figure 4, but for m
bb̄j

using R = 0.4 (left panel) and R = 0.7 (right
panel). See the main text for further details.

corrections in the invariant mass distributions of the two b-jets arise at m
bb̄
' 40GeV (cf. the

right panel in Figure 3 and the two panels in Figure 4) and we impose pT,j > 25GeV, one
expects to see an excess of events at m

bb̄j
' 60GeV. Indeed, this is what is observed in the

left panel of Figure 5. It is also clearly visible from the two plots in Figure 5 that increasing
the jet radius from R = 0.4 to R = 0.7 will result in a migration of events to higher m

bb̄j

values, since a larger jet radius will collect more radiation, leading on average to a larger
three-jet invariant mass. We finally mention that in the recent ATLAS analysis [72] of
pp ! V h production with h ! bb̄ decay the mass m

bb̄j
of the three-jet system is already

used as an input to build the multivariate discriminant in the case of three-jet events
(see Table 5 of that publication). We believe that besides m

bb̄
the variable m

bb̄j
can play

an important role in the context of multivariate discriminants tailored to put constraints
on the Wilson coefficient of the operator QbG.

Let us add that apart from the m
bb̄

and m
bb̄j

spectra we have identified additional
kinematic distributions that are sensitive to the non-factorisable corrections resulting from
the operator QbG. For instance, also the transverse momentum pT,Z of the Z boson is
modified in a non-trivial fashion by cbG 6= 0. However, in view of (4.4) the effects in pT,Z

cannot exceed the percent level, and therefore this variable taken by itself will have only a
rather limited constraining power at the LHC. Similar statements apply to the transverse
momentum p

T,bb̄
of the b-jet pair. Incorporating the latter observables into a multivariate

discriminant may however enhance the overall sensitivity to BSM effects associated to
cbG 6= 0. An analysis of this issue is clearly beyond the scope of this article. Likewise
we also do not attempt to derive bounds on the Wilson coefficients cbH and cbG using
existing [1, 2, 71, 72] or hypothetical [3, 4] differential LHC data, leaving such an exercise
for future research.

– 17 –

Source: ArXiv:2204.00663 (U. Haisch et al.).

https://arxiv.org/pdf/2204.00663.pdf
https://arxiv.org/pdf/2204.00663.pdf


2. SMEFT Effects in Vh at NNLO+PS

11

2.1 QCD and Higgs Operators

Sources: 1ArXiv:2204.00663 (U. Haisch et al.).

• The effects from the QCD operators lead to non-trivial shape changes that 
depend on the jet clustering parameter 1.R

dσ/dmbb– j  [fb/GeV] pp→Zh→ℓ+ℓ-bb– , √s–  = 13 TeV
SM
cbG = 400

10-6

10-5

10-4

10-3

10-2

10-1

dσ/dσSM

150 GeV < pT,Z < 250 GeV, R = 0.4

mbb– j  [GeV]

 0.7
 0.8
 0.9

 1
 1.1
 1.2
 1.3
 1.4
 1.5

 50  100  150  200  250  300  350  400

dσ/dmbb– j  [fb/GeV] pp→Zh→ℓ+ℓ-bb– , √s–  = 13 TeV
SM
cbG = 400

10-6

10-5

10-4

10-3

10-2

10-1

dσ/dσSM

150 GeV < pT,Z < 250 GeV, R = 0.7

mbb– j  [GeV]

 0.8
 0.9

 1
 1.1
 1.2
 1.3

 100  150  200  250  300  350  400

Figure 5: Same as Figure 4, but for m
bb̄j

using R = 0.4 (left panel) and R = 0.7 (right
panel). See the main text for further details.

corrections in the invariant mass distributions of the two b-jets arise at m
bb̄
' 40GeV (cf. the

right panel in Figure 3 and the two panels in Figure 4) and we impose pT,j > 25GeV, one
expects to see an excess of events at m

bb̄j
' 60GeV. Indeed, this is what is observed in the

left panel of Figure 5. It is also clearly visible from the two plots in Figure 5 that increasing
the jet radius from R = 0.4 to R = 0.7 will result in a migration of events to higher m

bb̄j

values, since a larger jet radius will collect more radiation, leading on average to a larger
three-jet invariant mass. We finally mention that in the recent ATLAS analysis [72] of
pp ! V h production with h ! bb̄ decay the mass m

bb̄j
of the three-jet system is already

used as an input to build the multivariate discriminant in the case of three-jet events
(see Table 5 of that publication). We believe that besides m

bb̄
the variable m

bb̄j
can play

an important role in the context of multivariate discriminants tailored to put constraints
on the Wilson coefficient of the operator QbG.

Let us add that apart from the m
bb̄

and m
bb̄j

spectra we have identified additional
kinematic distributions that are sensitive to the non-factorisable corrections resulting from
the operator QbG. For instance, also the transverse momentum pT,Z of the Z boson is
modified in a non-trivial fashion by cbG 6= 0. However, in view of (4.4) the effects in pT,Z

cannot exceed the percent level, and therefore this variable taken by itself will have only a
rather limited constraining power at the LHC. Similar statements apply to the transverse
momentum p

T,bb̄
of the b-jet pair. Incorporating the latter observables into a multivariate

discriminant may however enhance the overall sensitivity to BSM effects associated to
cbG 6= 0. An analysis of this issue is clearly beyond the scope of this article. Likewise
we also do not attempt to derive bounds on the Wilson coefficients cbH and cbG using
existing [1, 2, 71, 72] or hypothetical [3, 4] differential LHC data, leaving such an exercise
for future research.

– 17 –

Source: ArXiv:2204.00663 (U. Haisch et al.).

Figure 1: Examples of SMEFT contributions to the fully differential h ! bb̄ decay rate
involving an insertion of the operator QbG (black square). The upper left (right) diagram
represents a tree-level (one-loop) contribution to the h ! bb̄g decay, the center left (right)
diagram yields a tree-level contribution to the h ! bb̄qq̄

�
h ! bb̄gg

�
process, while the

lower diagrams contribute to the h ! bb̄ amplitude at the two-loop level. Notice that the
quark flavours in the center left h ! bb̄qq̄ diagram can be q = u, d, s, c, b and that effective
five-point hbb̄gg vertices also contribute in the case of the h ! bb̄gg transition. See text for
further details.

of the inclusive LO SM decay rate (3.3), we find by integrating (A.1) over the three-particle
phase space the following compact expression:

�(h ! bb̄)
NNLO,non

SMEFT
= �non cbG�(h ! bb̄)

LO

SM , �non =

⇣
↵s

⇡

⌘2 m
2

h

3v2
, (3.6)

with
cbG =

v
2

⇤2
Re (CbG) . (3.7)

We emphasise that when taking the difference in the normalisation of the operator QbG

into account, the result (3.6) agrees with the expression derived in [12] after taking the
limit mb ! 0.

In Section 2 we have argued that the Wilson coefficient of QbG is expected to be of O(1)

in a wide class of UV-complete theories if the operator is normalised as in (2.1). While there
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values, since a larger jet radius will collect more radiation, leading on average to a larger
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and m
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spectra we have identified additional
kinematic distributions that are sensitive to the non-factorisable corrections resulting from
the operator QbG. For instance, also the transverse momentum pT,Z of the Z boson is
modified in a non-trivial fashion by cbG 6= 0. However, in view of (4.4) the effects in pT,Z

cannot exceed the percent level, and therefore this variable taken by itself will have only a
rather limited constraining power at the LHC. Similar statements apply to the transverse
momentum p
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discriminant may however enhance the overall sensitivity to BSM effects associated to
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Source: ArXiv:2204.00663 (U. Haisch et al.). Source: ArXiv:0802.1189 (M. Cacciari et al.).

Figure 1: Examples of SMEFT contributions to the fully differential h ! bb̄ decay rate
involving an insertion of the operator QbG (black square). The upper left (right) diagram
represents a tree-level (one-loop) contribution to the h ! bb̄g decay, the center left (right)
diagram yields a tree-level contribution to the h ! bb̄qq̄

�
h ! bb̄gg

�
process, while the

lower diagrams contribute to the h ! bb̄ amplitude at the two-loop level. Notice that the
quark flavours in the center left h ! bb̄qq̄ diagram can be q = u, d, s, c, b and that effective
five-point hbb̄gg vertices also contribute in the case of the h ! bb̄gg transition. See text for
further details.

of the inclusive LO SM decay rate (3.3), we find by integrating (A.1) over the three-particle
phase space the following compact expression:

�(h ! bb̄)
NNLO,non

SMEFT
= �non cbG�(h ! bb̄)

LO

SM , �non =

⇣
↵s

⇡

⌘2 m
2

h

3v2
, (3.6)

with
cbG =

v
2

⇤2
Re (CbG) . (3.7)

We emphasise that when taking the difference in the normalisation of the operator QbG

into account, the result (3.6) agrees with the expression derived in [12] after taking the
limit mb ! 0.

In Section 2 we have argued that the Wilson coefficient of QbG is expected to be of O(1)

in a wide class of UV-complete theories if the operator is normalised as in (2.1). While there
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Figure 1: Examples of SMEFT contributions to the fully differential h ! bb̄ decay rate
involving an insertion of the operator QbG (black square). The upper left (right) diagram
represents a tree-level (one-loop) contribution to the h ! bb̄g decay, the center left (right)
diagram yields a tree-level contribution to the h ! bb̄qq̄
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h ! bb̄gg

�
process, while the

lower diagrams contribute to the h ! bb̄ amplitude at the two-loop level. Notice that the
quark flavours in the center left h ! bb̄qq̄ diagram can be q = u, d, s, c, b and that effective
five-point hbb̄gg vertices also contribute in the case of the h ! bb̄gg transition. See text for
further details.

of the inclusive LO SM decay rate (3.3), we find by integrating (A.1) over the three-particle
phase space the following compact expression:

�(h ! bb̄)
NNLO,non

SMEFT
= �non cbG�(h ! bb̄)

LO

SM , �non =

⇣
↵s

⇡

⌘2 m
2

h

3v2
, (3.6)

with
cbG =

v
2

⇤2
Re (CbG) . (3.7)

We emphasise that when taking the difference in the normalisation of the operator QbG

into account, the result (3.6) agrees with the expression derived in [12] after taking the
limit mb ! 0.

In Section 2 we have argued that the Wilson coefficient of QbG is expected to be of O(1)

in a wide class of UV-complete theories if the operator is normalised as in (2.1). While there
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corrections in the invariant mass distributions of the two b-jets arise at m
bb̄
' 40GeV (cf. the

right panel in Figure 3 and the two panels in Figure 4) and we impose pT,j > 25GeV, one
expects to see an excess of events at m
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' 60GeV. Indeed, this is what is observed in the

left panel of Figure 5. It is also clearly visible from the two plots in Figure 5 that increasing
the jet radius from R = 0.4 to R = 0.7 will result in a migration of events to higher m

bb̄j

values, since a larger jet radius will collect more radiation, leading on average to a larger
three-jet invariant mass. We finally mention that in the recent ATLAS analysis [72] of
pp ! V h production with h ! bb̄ decay the mass m

bb̄j
of the three-jet system is already

used as an input to build the multivariate discriminant in the case of three-jet events
(see Table 5 of that publication). We believe that besides m

bb̄
the variable m

bb̄j
can play

an important role in the context of multivariate discriminants tailored to put constraints
on the Wilson coefficient of the operator QbG.

Let us add that apart from the m
bb̄

and m
bb̄j

spectra we have identified additional
kinematic distributions that are sensitive to the non-factorisable corrections resulting from
the operator QbG. For instance, also the transverse momentum pT,Z of the Z boson is
modified in a non-trivial fashion by cbG 6= 0. However, in view of (4.4) the effects in pT,Z

cannot exceed the percent level, and therefore this variable taken by itself will have only a
rather limited constraining power at the LHC. Similar statements apply to the transverse
momentum p

T,bb̄
of the b-jet pair. Incorporating the latter observables into a multivariate

discriminant may however enhance the overall sensitivity to BSM effects associated to
cbG 6= 0. An analysis of this issue is clearly beyond the scope of this article. Likewise
we also do not attempt to derive bounds on the Wilson coefficients cbH and cbG using
existing [1, 2, 71, 72] or hypothetical [3, 4] differential LHC data, leaving such an exercise
for future research.
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2 Anomalous Couplings

The anomalous V V h couplings are given by [6]

Lanom. =�
1

4
g
(1)
hzz

Zµ⌫Z
µ⌫
h� g

(2)
hzz

Z⌫@µZ
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h+

1

2
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(3)
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ZµZ
µ
h

�
1

2
g
(1)
haz

Zµ⌫A
µ⌫
h� g

(2)
haz

Z⌫@µA
µ⌫
h ,

(14)

where Vµ⌫ = @µV⌫ � @⌫Vµ for V = Z,A are the usual field strength tensors. This results in the
Feynman rules [6] for the V V h vertices given in Table 1. We use the usual abbreviations cw = cos(✓w)
and sw = sin(✓w) throughout these notes.

Diagram Expression
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Table 1: Feynman rules for the V V h vertex with the anomalous couplings. All momenta are taken to
be outgoing.

3 Subsection SMEFT Operators
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where Vµ⌫ = @µV⌫ � @⌫Vµ for V = Z,A are the usual field strength tensors. This results in the
Feynman rules [6] for the V V h vertices given in Table 1. We use the usual abbreviations cw = cos(✓w)
and sw = sin(✓w) throughout these notes.
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(ū�µ

u) , QHd =

✓
H

†
i

$
DµH

◆�
d̄�

µ
d
�
,

QHe =

✓
H

†
i

$
DµH

◆
(ē�µ
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2.2 EW Operators

• Fortran implementation…

• Next step: generate phenomenology plots. 
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• The associated Higgs production (Vh) channel is interesting phenomenologically, since 
it allows to measure the Higgs couplings precisely. 

• Indirect effects of heavy new physics at the LHC can be parameterised in a model-
independent way using the Standard Model Effective Field Theory (SMEFT). 

- The effects of QCD and Higgs operators in Vh have been implemented 
at NNLO+PS in the MiNNLOPS framework.

- We are extending this to include the effects of electroweak operators as well. 

• Using spinor-helicity amplitudes, the electroweak SM helicity structure can be replaced 
by new helicity structures without having to recompute the QCD corrections.
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Thank you for your attention!


