
HiggsPO event 
generator at NLO QCD 

Admir Greljo

LHC Higgs Cross Section WG2 meeting, 08/05/2017, CERN

1

in collaboration with: 
Gino Isidori, Jonas M. Lindert, and David Marzocca



• Introduction: Higgs PO framework recap 

• Implementation in a Monte Carlo tool 

• HiggsPO tool at NLO in QCD 

• Examples and validation 

• Conclusions

2

Outline

New



3

Experimental 
data

Theory

Fiducial cross sections,
distributions,
…

Couplings,
masses,
Wilson 
coeff.,
…

Q: How to get most 
out of the Higgs 
measurements?

Pseudo-Observables

General encoding 
of the experimental 

results

Applicable for 
large set of 

BSM theories

*limited set of idealised observables



• Construction of Higgs Pseudo-Observables (PO) in 
Higgs decays [1412.6038] and EW production 
[1512.06135]. Summarised in the Yellow Report 4, 
Chapter III.1 [1610.07922]  

1. h(125) is a spin 0 & zero width approximation  
            Factorisation of new physics effects in production 
and decay 

2. “On-shell” Higgs processes 
PO are defined as pole residues in scattering amplitudes  
- Well-defined from the point of view of QFT 
- Improvable with (NP-free) soft QCD and QED radiation
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Decomposition of the (helicity-conserving) amplitude:

Momentum expansion of the form factors around the physical poles:

Example: h→2e2μ

- Smooth kinematical distortions from the SM (heavy NP)
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Momentum expansion

Example: h→2e2μ
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V h

PO in EW Higgs production
• Production amplitudes related to decay amplitudes by 

crossing symmetry: 
- Flavour universal PO exactly the same 
- Different fermion currents - Quark contact terms

crossing symmetry

crossing symmetry

crossing symmetry

• Different kinematical regions
[1512.06135]
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Dedicated MC tool: HiggsPO
• Wish list for the Monte Carlo event generator: 

A. Simulate single Higgs production and decays 

B. Input parameters Higgs PO as defined in Yellow Report 4

C. Allow for inclusion of (NP-free) radiative corrections

D. Simple to use. Rely on the well-known MC frameworks (and formats)

• HiggsPO model (Implementation) 
1. FeynRules [arXiv:1310.1921]  

Define a set of effective interactions that at tree level generate exactly the scattering amplitude of 
interest (not to be used as a Lagrangian for arbitrary process and beyond tree level) 

2. Export model in the Universal FeynRules Output (UFO) [arXiv:1108.2040] 
To benefit from MG5_aMC@NLO [arXiv:1405.0301] or Sherpa [arXiv:0811.4622] frameworks 

3. Partonic level events (e.g. MadGraph5_aMC@NLO [arXiv:1405.0301])  
To be used for a set of well-defined processes. Input lines documented in the HiggsPO Manual for 
each process separately.

4. Partonic events passed to a general purpose event generator  
(e.g. Pythia [arXiv:1410.3012])  
Automatic inclusion of (NP-free) radiative corrections. Final output in the well-known format e.g. 
“___.hep” (the STDHEP format).



• Wish list for the Monte Carlo event generator: 
A. Simulate single Higgs production and decays 

B. Input parameters Higgs PO as defined in Yellow Report 4

C. Allow for inclusion of (NP-free) radiative corrections

D. Simple to use. Rely on the well-known MC frameworks (and formats)

• HiggsPO model (Implementation) 
1. FeynRules [arXiv:1310.1921]  

Define a set of effective interactions that at tree level generate exactly the scattering amplitude of 
interest (not to be used as a Lagrangian for arbitrary process and beyond tree level in HPO couplings) 

2. Export model in the Universal FeynRules Output (UFO) [arXiv:1108.2040] 
To benefit from MG5_aMC@NLO [arXiv:1405.0301] or Sherpa [arXiv:0811.4622] frameworks 

3. Partonic level events (e.g. MadGraph5_aMC@NLO [arXiv:1405.0301])  
To be used for a set of well-defined processes. Input lines documented in the HiggsPO Manual for each 
process separately.

4. Partonic events passed to a general purpose event generator  
(e.g. Pythia [arXiv:1410.3012])  
Automatic inclusion of (NP-free) radiative corrections. Final output in the well-known format e.g. 
“___.hep” (the STDHEP format).

9

Dedicated MC tool: HiggsPO
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 HiggsPO at NLO in QCD

• QCD Lagrangian (including ghost terms) taken from the SM.fr 
• SM fields defined in the mass (unitary) basis 
• Effective Lagrangian of the EW sector — “HPO couplings”  

(at tree level reproduce the correct amplitudes) 
• NLOCT package to calculate UV and R2 QCD counterterms 

[Degrande] 
• No UV renormalisation of HPO couplings 
• R2 terms for flavour dependent contact-terms (hZqq) put by 

hand in the UFO model

3

In fact, the HPO effective couplings in Eq. 1 do not require
UV renormalization at NLO QCD. Still, the inclusion of the
quark contact-term PO at NLO QCD requires dedicated so-
called R2 rational terms. 2 The contact-term R2 can easily be
derived from the R2 contributions of the related V fi f̄ j inter-
actions in the SM [11]:

R f̄i fiZh
2 =� ig2

s

3p2v
eZ, f i ,

R
ūid jW+h
2 =� ig2

s

3p2v
eW,ui

Ld j
L
e�ifWu ,

(6)

Technically, we employ the NLOCT package (version
1.02) [10] together with FEYNARTS (version 3.9) [17] to
generate all UV and R2 QCD counterterms for the SM inter-
actions. The resulting model is exported in the UFO format.
Since the present public version of the NLOCT package is
restricted to renormalizable interactions, we supplement the
R2 rational terms related to the contact-term PO shown in
Eq. (6) by hand. As already mentioned, UV counterterms
for any of the PO interactions are not needed.

The resulting NLO UFO model can directly be imported
into MADGRAPH5 AMC@NLO, where all required one-
loop amplitudes are automatically generated with MADLOOP
[18] and NINJA [19,22]. Infrared subtraction of the real con-
tributions is automatically performed á la FKS [13] in MAD-
FKS [12], where the corresponding real amplitudes are gen-
erated from the underlying UFO model. For the VBF Higgs
production process the colour suppressed and thus numeri-
cally very small pentabox contribution in the virtual ampli-
tude can either explicitly be included or excluded (default
in MADGRAPH5 AMC@NLO). The letter case results in a
formal mismatch of the IR poles of the virtual and real con-
tributions. At the same order of perturbation theory as VBF
Higgs production also Higgsstrahlung with hadronic decays,
i.e. pp ! (V ! qq̄)H, contributes to the same H +2 jet sig-
nature. Once VBF selection cuts (large invariant masses of
the leading jets and/or large rapidity separation of the lead-
ing jets) are applied, these contributions (and their interfer-
ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].

BP kZZ eZuL eZuR eZdL eZdR eWuL phiWuL

I 1 0 0 0 0 0
II 1 0.0195 0 0 0 0 0
III 1 0 0.0195 0 0 0 0
IV 1 0 0 0.0244 0 0 0
V 1 0 0 0 0.0244 0 0
VI 1 0 0 0 0 0.018 0
VII 1 0 0 0 0 0.018 p

2

Table 1 Benchmark points in the PO parameter space used to generate
events in pp ! ZH (I, II, III, IV and V), pp !WH (I, VI and VII), and
VBF (I, ...) processes.

resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.

Implementation details

[AG, Isidori, Lindert, Marzocca] 
to appear soon

Note: Flavour dependent 
contact-terms terms are 
missing in similar UFO models 
(e.g. Higgs characterisation 
[1311.1829])
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Homepage: HiggsPO
HiggsPO can be downloaded from: http://www.physik.uzh.ch/data/HiggsPO/

http://www.physik.uzh.ch/data/HiggsPO/
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Homepage: HiggsPO
HiggsPO can be downloaded from: http://www.physik.uzh.ch/data/HiggsPO/

http://www.physik.uzh.ch/data/HiggsPO/
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W and Z boson PO

param_card.dat

The default values taken from the experimental report:  
[arXiv:1302.3415, hep-ex/0509008]

LEP-1 Strategy: on-shell Z decays

The goal was to parametrise on-shell Z decays as much model-independently as possible,
in a way which would decouple infrared radiation (QED & QCD) effects.

[Bardin, Grunewald, Passarino ’99]

3 Pseudo-Observables

There remains to be investigated the systematic errors arising from theory and
possible ambiguities in the definition of the MI fit parameters, the POs.

3.1 Definition of Pseudo-Observables

Independent of the particular realization of the effective couplings they are
complex-valued functions, due to the imaginary parts of the diagrams. In the
past this fact had some relevance only for realistic observables while for pseudo-
observables they were conventionally defined to include only real parts. This
convention has changed lately with the introduction of next-to-leading correc-
tions: imaginary parts, although not next-to-leading in a strict sense, are size-
able two-loop effects. These are enhanced by factors π2 and sometimes also
by a factor Nf , with Nf being the total number of fermions (flavour⊗ colour)
in the SM. Once we include the best of the two-loop terms then imaginary
parts should also come in. The latest versions of TOPAZ0 and ZFITTER therefore
include imaginary parts of the Z-resonance form factors.

The explicit formulae for the Zff vertex are always written starting from a
Born-like form of a pre-factor × fermionic current, where the Born parameters
are promoted to effective, scale-dependent parameters,

ρf
Z
γµ

[(

I(3)
f + i aL

)

γ+ − 2 Qfκf
Z
s2 + i aQ

]

= γµ

(

Gf
V

+ Gf
A

γ5

)

, (6)

where γ+ = 1 + γ5 and aQ,L are the SM imaginary parts. Note that imaginary
parts are always factorized in ZFITTER and added linearly in TOPAZ0.

By definition, the total and partial widths of the Z boson include all cor-
rections, also QED and QCD corrections. The partial decay width is therefore
described by the following expression:

Γf ≡ Γ
(

Z → ff
)

= 4 cf Γ0

(

|Gf
V
|2 Rf

V + |Gf
A
|2 Rf

A

)

+ ∆
EW/QCD

, (7)

where cf = 1 or 3 for leptons or quarks (f = l, q), and the radiator factors

Rf
V and Rf

A describe the final state QED and QCD corrections and take into
account the fermion mass mf .

There is a large body of contributions to the radiator factors in particular for
the decay Z → qq; both TOPAZ0 and ZFITTER implement the results that have
been either derived or, in few cases, confirmed in some more general setting by
the Karlsruhe group, see for instance [15]. The splitting between radiators and
effective couplings follows well defined recipes that can be found and referred to
in [4, 16]. In particular our choice has been that top-mass dependent QCD cor-
rections are to be considered as QCD corrections and included in the radiators
and not in the effective quark couplings.

The last term,

∆
EW/QCD

= Γ(2)
EW/QCD

−
αS

π
Γ(1)

EW
, (8)
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3 Pseudo-Observables
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where γ+ = 1 + γ5 and aQ,L are the SM imaginary parts. Note that imaginary
parts are always factorized in ZFITTER and added linearly in TOPAZ0.

By definition, the total and partial widths of the Z boson include all cor-
rections, also QED and QCD corrections. The partial decay width is therefore
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There is a large body of contributions to the radiator factors in particular for
the decay Z → qq; both TOPAZ0 and ZFITTER implement the results that have
been either derived or, in few cases, confirmed in some more general setting by
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∆
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non-factorizable SM corrections,
very small.

The PO are defined as

accounts for the non-factorizable corrections. The standard partial width, Γ0,
is

Γ0 =
GF M3

Z

24
√

2 π
= 82.945(7) MeV. (9)

The hadronic and leptonic pole cross-sections are defined by

σ0
h = 12π

ΓeΓh

M2
Z
Γ2

Z

σ0
ℓ = 12π

ΓeΓl

M2
Z
Γ2

Z

, (10)

where ΓZ is the total decay width of the Z boson, i.e, the sum of all partial
decay widths. Note that the mass and total width of the Z boson are defined
based on a propagator term χ with an s-dependent width:

χ−1(s) = s − M2
Z

+ isΓZ /MZ . (11)

The effective electroweak mixing angles (effective sinuses) are always defined by

4 |Qf | sin2 θf
eff = 1 −

Re Gf
V

Re Gf
A

= 1 −
gf

V

gf
A

, (12)

where we define
gf

V
= Re Gf

V
, gf

A
= Re Gf

A
. (13)

The forward-backward asymmetry A
FB

is defined via

A
FB

=
σ

F
− σ

B

σ
F

+ σ
B

, σ
T

= σ
F

+ σ
B

, (14)

where σ
F

and σ
B

are the cross sections for forward and backward scattering,
respectively. Before analysing the forward-backward asymmetries we have to
describe the inclusion of imaginary parts. A

FB
is calculated as

A
FB

=
3

4

σ
VA

σ
T

, (15)

where

σ
VA

=
GF M2

Z√
2

√
ρeρf QeQfRe

[

α∗(M2
Z
)Ge

V
Gf

A
χ(s)

]

+
G2

F M4
Z

8 π
ρeρfRe

[

Ge
V

(

Ge
A

)∗
]

Re
[

Gf
V

(

Gf
A

)∗
]

s |χ(s)|2. (16)

In case of quark-pair production, an additional radiator factor multiplies σ
VA

,
see also Eq.(53).

This result is valid in the realization where ρf is a real quantity, i.e., the
imaginary parts are not re-summed in ρf . In this case

Gf
V

= Re
(

Gf
V

)

+ i Im
(

Gf
V

)

= gf
V

+ i Im
(

Gf
V

)

, Gf
A

= I(3)
f + i Im

(

Gf
A

)

. (17)
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2.6 Zf̄f and W `⌫ PO

The PO describing on-shell Z ! ff̄ decays, gfZ , and W ! `⌫ decays, gfW , are related to
the PO used at LEP [8] by1

gfZ =
2mZ

vF
gLEPZf , gfW =

p
2mW

vF
gLEPWf . (19)

In the SM, at tree-level, gLEPZf = T 3

f �Qf sin
2 ✓W and gLEPWf = 1.

The external parameters, in the WZPole block, corresponding to gLEPZf and gLEPWf , and
their default values taken from the central values in Refs. [8, 9], are:

gZeL gZmuL gZtauL gZeR gZmuR gZtaR gZv gWe gWmu gWtau

�0.2696 �0.269 �0.2693 0.2315 0.232 0.2327 0.500 0.994 0.991 1.025

where we introduce only one common coupling for the three neutrino species. Moreover,
while in general gWf can be complex, we assume those to be real. It should be pointed
out that, while the Z-pole PO are taken directly from Ref. [8], the W ones are derived as

gW ` '
⇣

B(W!`⌫̄`)
B(W!`⌫̄`)SM

⌘
1/2

from the values of the measured branching fractions and the SM

prediction B(W ! `⌫̄`)SM = 0.1083 shown in Ref. [9]. This assumes that the real total
W decay width does not deviate from the SM, which is a good approximation given the
experimental results �exp

W /�SM

W = 0.997± 0.020 [10].
As input parameters, defined in the SMPARAM block, we use vF = 246.22 GeV from

the muon decay, ↵�1(mZ) = 128.941 and ↵s(mZ) = 0.119. The electroweak gauge bosons
masses and widths are also added as inputs from the experimentally measured values:
mZ = 91.186 GeV, �Z = 2.4952 GeV, mW = 80.385 GeV and �W = 2.085 GeV.

All Zf̄f and Wf̄f 0 PO, and the electromagnetic coupling e ⌘ p
4⇡↵(mZ), have

interaction order QED = 1. The strong coupling gs ⌘ p
4⇡↵s(mZ) has interaction order

QCD = 1.

2.7 Summary of implemented processes

Here we summarise all the Higgs decay processes into on-shell particles implemented in
our FeynRules code, together with the associated Higgs PO accessible in the parameter
card.

The Higgs PO relevant to Higgs decays to two fermions are

Process h ! bb h ! ⌧⌧ h ! cc h ! µµ
PO b, �b ⌧ , �⌧ c, �c µ, �µ

and their interaction order is YUK = 1. The PO relevant to the other Higgs decays, with
interaction order HPO = 1, are

1In Ref. [8] the gLEP
Zf PO are called gLf or gRf , depending on the specific fermion.
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Production: VBF, VH  
Decays: h → 4 l, h → 2q 2 l, h → 2 ν 2 l, 
h → 2 l γ, h →γγ param_card.dat

Higgs PO —
EW Higgs decays and 

production

param_card.dat
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MadGraph5_aMC@NLO Analytic calculation
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conclusion could be derived in presence of a violation of the
custodial-symmetry relations in Eqs. (33), (34) and (36).

6 Differential distributions for h → e+e−µ+µ−

In this section we illustrate the importance of studying
differential decay distributions for extracting the pseudo-
observables defined in Sect. 2. We concentrate on the Higgs-
boson decay to pairs of muons and electrons, which is par-
ticularly clean and possesses non-trivial kinematics. As a
first step, we calculate the modification of the total decay
rate to e+e−µ+µ− keeping only terms linear in ϵX and
δκZ Z ≡ κZ Z − 1. We find

$e+e−µ+µ−

$SM
e+e−µ+µ−

= 1 + 2δκZ Z − 2.5ϵZeR + 2.9ϵZeL − 2.5ϵZµR

+ 2.9ϵZµL + 0.5ϵZ Z − 0.9ϵZγ + 0.01ϵγ γ .

(38)

Obviously, the measurement of the total rate is not enough
to extract the pseudo-observables and one should exploit the
full kinematics of the process.

6.1 Analytic invariant mass distributions

In the following we derive fully analytic expressions for the
double differential decay distribution in each lepton pair’s
invariant mass. Starting with Eq. (8), we calculate the matrix
element squared and summed over the final lepton spins,

∑

s

AA∗ =
(

2m2
Z

vF

)2 ∑

f, f ′
tr(/p1γµP

f
/p2γµ1)

× tr(/p3γνP f ′
/p4γν1)

× T µν
f f ′ (q1, q2)T µ1ν1∗

f f ′ (q1, q2), (39)

where q1 = p1 + p2, q2 = p3 + p4, f = eL , eR ,
f ′ = µL , µR and P f , and P f ′

are the corresponding chi-
rality projection operators. After integrating over the angular
variables, we obtain an analytic formula for the double dif-
ferential decay distribution in q2

1 and q2
2 ,

d$

dq2
1 dq2

2
= '4l

∫
d(

∑

s

AA∗, (40)

where '4l is the final state four body phase space factor.
The CP-conserving part of the double differential distri-

bution can then be decomposed as

d$

dq2
1 dq2

2
= d$11

dq2
1 dq2

2
+ d$13

dq2
1 dq2

2
+ d$33

dq2
1 dq2

2
, (41)

where

d$11

dq2
1 dq2

2
= λp

210(2π)7mh

(
2m2

Z

vF

)2
128π2

9

× q2
1q

2
2

3 + 2β1β2 − 2(β2
1 + β2

2 )+ 3β2
1β2

2

(1 − β2
1 )(1 − β2

2 )

×
∑

f, f ′

∣∣∣F f f ′
1

∣∣∣
2
, (42)

d$13

dq2
1 dq2

2
= λp

210(2π)7mh

(
2mZ

vF

)2 128π2

3

× (q2
1q

2
2 )

3/2 1 + β1β2√
(1 − β2

1 )(1 − β2
2 )

×2
∑

f, f ′
Re[F f f ′

1 F f f ′∗
3 ], (43)

d$33

dq2
1 dq2

2
= λp

210(2π)7mh

(
2
vF

)2 128π2

9

×(q2
1q

2
2 )

2 3 + 4β1β2 − (β2
1 + β2

2 )+ 3β2
1β2

2

(1 − β2
1 )(1 − β2

2 )

×
∑

f, f ′

∣∣∣F f f ′
3

∣∣∣
2
, (44)

and

λp =

√√√√1 +
(
q2

1 − q2
2

m2
h

)2

− 2
q2

1 + q2
2

m2
h

,

β1(2) =

√√√√1 −
4q2

1(2)m
2
h

(q2
1(2) − q2

2(1) + m2
h)

2
.

(45)

Using the explicit expressions of F f f ′
1 and F f f ′

3 in Eqs. (9)
and (10) leads to a second order polynomial in κX and ϵX
for each value of q2

1 and q2
2 . Under the hypothesis of an

underlying EFT, only the interference terms of NP with the
SM amplitude are expected to be relevant in a large fraction
of the phase pace. If this were not the case, the approxima-
tion of neglecting terms in the amplitudes corresponding to
higher-dimensional operators would not be justified. How-
ever, we stress that our parameterization is equivalent to a
kinematical expansion of the amplitude around the physi-
cal poles of the SM gauge bosons. Sufficiently close to such
poles it is possible to disregard the non-pole enhanced terms
simply by kinematical arguments and organize a different
power-counting for the momentum expansion of the rate.
For instance, requiring the µ+µ− pair to be close the Z peak
allows us to consistently keep quadratic terms in δκZ Z , ϵZ Z ,
ϵZeL ,R , and ϵZγ , while neglecting all other quadratic terms as
well as the effect of D > 6 interaction terms. This fact could
allow, in the future, to perform consistency checks about the
validity of the EFT expansion.
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conclusion could be derived in presence of a violation of the
custodial-symmetry relations in Eqs. (33), (34) and (36).

6 Differential distributions for h → e+e−µ+µ−

In this section we illustrate the importance of studying
differential decay distributions for extracting the pseudo-
observables defined in Sect. 2. We concentrate on the Higgs-
boson decay to pairs of muons and electrons, which is par-
ticularly clean and possesses non-trivial kinematics. As a
first step, we calculate the modification of the total decay
rate to e+e−µ+µ− keeping only terms linear in ϵX and
δκZ Z ≡ κZ Z − 1. We find

$e+e−µ+µ−

$SM
e+e−µ+µ−

= 1 + 2δκZ Z − 2.5ϵZeR + 2.9ϵZeL − 2.5ϵZµR

+ 2.9ϵZµL + 0.5ϵZ Z − 0.9ϵZγ + 0.01ϵγ γ .

(38)

Obviously, the measurement of the total rate is not enough
to extract the pseudo-observables and one should exploit the
full kinematics of the process.

6.1 Analytic invariant mass distributions

In the following we derive fully analytic expressions for the
double differential decay distribution in each lepton pair’s
invariant mass. Starting with Eq. (8), we calculate the matrix
element squared and summed over the final lepton spins,
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where q1 = p1 + p2, q2 = p3 + p4, f = eL , eR ,
f ′ = µL , µR and P f , and P f ′

are the corresponding chi-
rality projection operators. After integrating over the angular
variables, we obtain an analytic formula for the double dif-
ferential decay distribution in q2
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2 ,
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AA∗, (40)

where '4l is the final state four body phase space factor.
The CP-conserving part of the double differential distri-

bution can then be decomposed as
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×2
∑
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and

λp =

√√√√1 +
(
q2

1 − q2
2

m2
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)2

− 2
q2

1 + q2
2

m2
h

,

β1(2) =

√√√√1 −
4q2

1(2)m
2
h

(q2
1(2) − q2

2(1) + m2
h)
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(45)

Using the explicit expressions of F f f ′
1 and F f f ′

3 in Eqs. (9)
and (10) leads to a second order polynomial in κX and ϵX
for each value of q2

1 and q2
2 . Under the hypothesis of an

underlying EFT, only the interference terms of NP with the
SM amplitude are expected to be relevant in a large fraction
of the phase pace. If this were not the case, the approxima-
tion of neglecting terms in the amplitudes corresponding to
higher-dimensional operators would not be justified. How-
ever, we stress that our parameterization is equivalent to a
kinematical expansion of the amplitude around the physi-
cal poles of the SM gauge bosons. Sufficiently close to such
poles it is possible to disregard the non-pole enhanced terms
simply by kinematical arguments and organize a different
power-counting for the momentum expansion of the rate.
For instance, requiring the µ+µ− pair to be close the Z peak
allows us to consistently keep quadratic terms in δκZ Z , ϵZ Z ,
ϵZeL ,R , and ϵZγ , while neglecting all other quadratic terms as
well as the effect of D > 6 interaction terms. This fact could
allow, in the future, to perform consistency checks about the
validity of the EFT expansion.
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simulate 500k events in each run. We set gWe = gWmu = 1 in the default param card.dat.
For ZZ = 1 and all other Higgs PO zero

�SM

eµ2⌫ |MadGraph

= 9.994(3)⇥ 10�6 GeV. (20)

On the other hand, parametrising the deviation in the total decay rate by

�eµ2⌫

�SM

eµ2⌫

=
X

i,j

Xeµ2⌫
ij ij ,  ⌘ �

WW , ✏We, ✏Wµ, ✏WW , ✏CP

WW

 
(21)

we find to be updated

Xeµ2⌫
MadGraph

=

0

BBBB@

1.0 �1.9 �1.9 0.74 0
0 1.7 0.37 �0.67 0
0 0 1.7 �0.67 0
0 0 0 0.20 0
0 0 0 0 0.081

1

CCCCA

eµ2⌫

. (22)

The statistical (MonteCarlo) uncertainty in the computation is reported in brackets.
To cross-check these results, we numerically integrate the analytic formulas for double

di↵erential distributions (see Ref. [1]) to obtain

�SM

eµ2⌫ = 9.992⇥ 10�6 GeV, (23)

and

Xeµ2⌫
Analytic

=

0

BBBB@

1.00 �1.92 �1.92 0.743 0
0 1.71 0.373 �0.680 0
0 0 1.71 �0.680 0
0 0 0 0.194 0
0 0 0 0 0.0805

1

CCCCA

eµ2⌫

. (24)

4.2 h ! e+e�µ+µ�

We use the same framework to simulate h ! e+e�µ+µ� decay:
> import model HiggsPO UFO
> generate h > e+ e- mu+ mu- YUK=0
> output heemumu
generating the amplitude in Eq. 11. We set gZeL = gZmuL =�0.2693 and gZeR = gZmuR =
0.23175 in the param card.dat and compute the total decay width (imposing no cuts)
for ZZ = 1 and all other Higgs PO set to zero: 2.3640(4) ⇥ 10�7 GeV. This is to be
compared with the numerical integration of the analytic formula for the double di↵erential
distribution from Ref. [1]: 2.3641 ⇥ 10�7 GeV. In order to impose cuts on Higgs decay
products, we simulate:

9

Example diagrams
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> import model HiggsPO UFO
> generate g g > h > e+ e- mu+ mu- YUK=0
> output ggHeemumu
where in the run card.dat we set No PDF and each gluon energy to mh/2. In this way,
Higgs boson is produced at rest in all events. In order to calibrate the decay widths
with the previous result, we first compute the total cross section for ZZ = 1 and all
other Higgs PO set to zero imposing no cuts. Then we generate 500k events for several
benchmark points imposing a cut of m`` > 5 GeV on the invariant mass of opposite sign
same flavour lepton pair. Bellow we report the decay widths and normalised di↵erential
decay distributions in e+e� invariant mass obtained both with MadGraph and with the
integration of the analytic formulas from Ref. [1]:

• Benchmark (a): ZZ = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2.3241(7)⇥ 10�7 GeV and analytic: 2.3232⇥ 10�7 GeV. See Fig 1 (a).

• Benchmark (b): ✏ZeL = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 1.4919(5)⇥ 10�6 GeV and analytic: 1.4917⇥ 10�6 GeV. See Fig 1 (b).

• Benchmark (c): ZZ = 1, ✏ZeL = 0.4 and all other Higgs PO zero. The decay width
in MadGraph: 7.449(2)⇥ 10�7 GeV and analytic: 7.447⇥ 10�7 GeV. See Fig 1 (c).

• Benchmark (d): ✏ZZ = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2.1368(7)⇥ 10�8 GeV and analytic: 2.1368⇥ 10�8 GeV. See Fig 1 (d).

• Benchmark (e): ZZ = 0.3, ✏ZZ = 1 and all other Higgs PO zero. The decay width
in MadGraph: 7.768(2)⇥ 10�8 GeV and analytic: 7.767⇥ 10�8 GeV. See Fig 1 (e).

• Benchmark (f): �CP

Z� = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 8.880(3)⇥ 10�10 GeV and analytic: 8.874⇥ 10�10 GeV. See Fig 1 (f).
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• Opposite sign same flavour lepton pair invariant mass cut:
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conclusion could be derived in presence of a violation of the
custodial-symmetry relations in Eqs. (33), (34) and (36).

6 Differential distributions for h → e+e−µ+µ−

In this section we illustrate the importance of studying
differential decay distributions for extracting the pseudo-
observables defined in Sect. 2. We concentrate on the Higgs-
boson decay to pairs of muons and electrons, which is par-
ticularly clean and possesses non-trivial kinematics. As a
first step, we calculate the modification of the total decay
rate to e+e−µ+µ− keeping only terms linear in ϵX and
δκZ Z ≡ κZ Z − 1. We find

$e+e−µ+µ−

$SM
e+e−µ+µ−

= 1 + 2δκZ Z − 2.5ϵZeR + 2.9ϵZeL − 2.5ϵZµR

+ 2.9ϵZµL + 0.5ϵZ Z − 0.9ϵZγ + 0.01ϵγ γ .

(38)

Obviously, the measurement of the total rate is not enough
to extract the pseudo-observables and one should exploit the
full kinematics of the process.

6.1 Analytic invariant mass distributions

In the following we derive fully analytic expressions for the
double differential decay distribution in each lepton pair’s
invariant mass. Starting with Eq. (8), we calculate the matrix
element squared and summed over the final lepton spins,
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f
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f f ′ (q1, q2)T µ1ν1∗

f f ′ (q1, q2), (39)

where q1 = p1 + p2, q2 = p3 + p4, f = eL , eR ,
f ′ = µL , µR and P f , and P f ′

are the corresponding chi-
rality projection operators. After integrating over the angular
variables, we obtain an analytic formula for the double dif-
ferential decay distribution in q2
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2
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where '4l is the final state four body phase space factor.
The CP-conserving part of the double differential distri-
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and
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(45)

Using the explicit expressions of F f f ′
1 and F f f ′

3 in Eqs. (9)
and (10) leads to a second order polynomial in κX and ϵX
for each value of q2

1 and q2
2 . Under the hypothesis of an

underlying EFT, only the interference terms of NP with the
SM amplitude are expected to be relevant in a large fraction
of the phase pace. If this were not the case, the approxima-
tion of neglecting terms in the amplitudes corresponding to
higher-dimensional operators would not be justified. How-
ever, we stress that our parameterization is equivalent to a
kinematical expansion of the amplitude around the physi-
cal poles of the SM gauge bosons. Sufficiently close to such
poles it is possible to disregard the non-pole enhanced terms
simply by kinematical arguments and organize a different
power-counting for the momentum expansion of the rate.
For instance, requiring the µ+µ− pair to be close the Z peak
allows us to consistently keep quadratic terms in δκZ Z , ϵZ Z ,
ϵZeL ,R , and ϵZγ , while neglecting all other quadratic terms as
well as the effect of D > 6 interaction terms. This fact could
allow, in the future, to perform consistency checks about the
validity of the EFT expansion.
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3 in Eqs. (9)
and (10) leads to a second order polynomial in κX and ϵX
for each value of q2
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2 . Under the hypothesis of an

underlying EFT, only the interference terms of NP with the
SM amplitude are expected to be relevant in a large fraction
of the phase pace. If this were not the case, the approxima-
tion of neglecting terms in the amplitudes corresponding to
higher-dimensional operators would not be justified. How-
ever, we stress that our parameterization is equivalent to a
kinematical expansion of the amplitude around the physi-
cal poles of the SM gauge bosons. Sufficiently close to such
poles it is possible to disregard the non-pole enhanced terms
simply by kinematical arguments and organize a different
power-counting for the momentum expansion of the rate.
For instance, requiring the µ+µ− pair to be close the Z peak
allows us to consistently keep quadratic terms in δκZ Z , ϵZ Z ,
ϵZeL ,R , and ϵZγ , while neglecting all other quadratic terms as
well as the effect of D > 6 interaction terms. This fact could
allow, in the future, to perform consistency checks about the
validity of the EFT expansion.
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> import model HiggsPO UFO
> generate g g > h > e+ e- mu+ mu- YUK=0
> output ggHeemumu
where in the run card.dat we set No PDF and each gluon energy to mh/2. In this way,
Higgs boson is produced at rest in all events. In order to calibrate the decay widths
with the previous result, we first compute the total cross section for ZZ = 1 and all
other Higgs PO set to zero imposing no cuts. Then we generate 500k events for several
benchmark points imposing a cut of m`` > 5 GeV on the invariant mass of opposite sign
same flavour lepton pair. Bellow we report the decay widths and normalised di↵erential
decay distributions in e+e� invariant mass obtained both with MadGraph and with the
integration of the analytic formulas from Ref. [1]:

• Benchmark (a): ZZ = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2.3241(7)⇥ 10�7 GeV and analytic: 2.3232⇥ 10�7 GeV. See Fig 1 (a).

• Benchmark (b): ✏ZeL = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 1.4919(5)⇥ 10�6 GeV and analytic: 1.4917⇥ 10�6 GeV. See Fig 1 (b).

• Benchmark (c): ZZ = 1, ✏ZeL = 0.4 and all other Higgs PO zero. The decay width
in MadGraph: 7.449(2)⇥ 10�7 GeV and analytic: 7.447⇥ 10�7 GeV. See Fig 1 (c).

• Benchmark (d): ✏ZZ = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 2.1368(7)⇥ 10�8 GeV and analytic: 2.1368⇥ 10�8 GeV. See Fig 1 (d).

• Benchmark (e): ZZ = 0.3, ✏ZZ = 1 and all other Higgs PO zero. The decay width
in MadGraph: 7.768(2)⇥ 10�8 GeV and analytic: 7.767⇥ 10�8 GeV. See Fig 1 (e).

• Benchmark (f): �CP

Z� = 1 and all other Higgs PO zero. The decay width in Mad-
Graph: 8.880(3)⇥ 10�10 GeV and analytic: 8.874⇥ 10�10 GeV. See Fig 1 (f).
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simulate 500k events in each run. We set gWe = gWmu = 1 in the default param card.dat.
For ZZ = 1 and all other Higgs PO zero

�SM

eµ2⌫ |MadGraph

= 9.994(3)⇥ 10�6 GeV. (20)

On the other hand, parametrising the deviation in the total decay rate by

�eµ2⌫

�SM

eµ2⌫

=
X

i,j

Xeµ2⌫
ij ij ,  ⌘ �

WW , ✏We, ✏Wµ, ✏WW , ✏CP

WW

 
(21)

we find to be updated

Xeµ2⌫
MadGraph

=

0

BBBB@

1.0 �1.9 �1.9 0.74 0
0 1.7 0.37 �0.67 0
0 0 1.7 �0.67 0
0 0 0 0.20 0
0 0 0 0 0.081

1

CCCCA

eµ2⌫

. (22)

The statistical (MonteCarlo) uncertainty in the computation is reported in brackets.
To cross-check these results, we numerically integrate the analytic formulas for double

di↵erential distributions (see Ref. [1]) to obtain

�SM

eµ2⌫ = 9.992⇥ 10�6 GeV, (23)

and

Xeµ2⌫
Analytic

=

0

BBBB@

1.00 �1.92 �1.92 0.743 0
0 1.71 0.373 �0.680 0
0 0 1.71 �0.680 0
0 0 0 0.194 0
0 0 0 0 0.0805

1

CCCCA

eµ2⌫

. (24)

4.2 h ! e+e�µ+µ�

We use the same framework to simulate h ! e+e�µ+µ� decay:
> import model HiggsPO UFO
> generate h > e+ e- mu+ mu- YUK=0
> output heemumu
generating the amplitude in Eq. 11. We set gZeL = gZmuL =�0.2693 and gZeR = gZmuR =
0.23175 in the param card.dat and compute the total decay width (imposing no cuts)
for ZZ = 1 and all other Higgs PO set to zero: 2.3640(4) ⇥ 10�7 GeV. This is to be
compared with the numerical integration of the analytic formula for the double di↵erential
distribution from Ref. [1]: 2.3641 ⇥ 10�7 GeV. In order to impose cuts on Higgs decay
products, we simulate:
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Example: h → 2e2μ
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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Figure 1: Normalised h ! e+e�µ+µ� di↵erential distributions in electron pair invariant
mass.
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1) MadGraph5_aMC@NLO

2) Analytic calculation

5

5 Conclusions

We have presented the implementation of the Higgs PO frame-
work for EW production processes in MADGRAPH5 AMC@NLO
at NLO QCD.
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Appendix A: Process generation within
MADGRAPH5 AMC@NLO

./bin/mg5_aMC

> import model HPO_ewk_prod_NLO

1. on-shell ZH production

> generate p p > z h HPO=1 QED=1 [QCD]

2. ZH production with leptonic decay Z ! e+e�

> generate p p > e+ e- h HPO=1 QED=2 [QCD]

3. VBF without V (! qq̄)H contribution

> generate p p > h j j $$ a z w+ w- \

HPO=1 QED=2 [QCD]

4. VBF with V (! qq̄)H contribution

> generate p p > h j j \

HPO=1 QED=2 [QCD]

> output

> launch

Appendix B: Validation results

Appendix B.1: Decay rates

For a first validation of the code we compare the results for
the total decay widths h ! V f̄ f 0 obtained from the HIG-
GSPO UFO model in MADGRAPH5 AMC@NLO at LO
and NLO against the LO analytical computation of the de-
cay width in the PO formalism. Moreover, the ratio KF of
the NLO result to the LO one is expected to be a simple uni-
versal factor KF = 1+as/p ' 1.038.

h !W+dū+W+dc̄+W+sū+W+sc̄

Total inclusive decay rates, in KeV, are:

kWW eWuL phiWuL LO (an.) LO NLO KF

1 0 0 259.0 259.4(2) 269.1(3) 1.037(1)
0 1 0 883.1 884.6(7) 918.1(8) 1.038(1)
1 0.54 0 2.678 2.681(2) 2.778(3) 1.036(1)
1 0.54 p/2 532.3 532.6(4) 552.7(7) 1.038(1)
1 �0.54 p/2 500.8 500.4(4) 519.7(6) 1.039(1)
1 �0.54 0 1030 1030(1) 1067(1) 1.036(1)

,

where in the first three columns we show the point in pa-
rameter space considered, in the fourth column the result for
the analytical computation, in the fifth and sixth the result
obtained with HIGGSPO at LO and NLO, and finally in the
last column we show the ratio between these two.

h !W�d̄u+W�d̄c+W�s̄u+W�s̄c

Total inclusive decay rates:

kWW eWuL phiWuL LO (an.) LO NLO KF

1 0 0 259.0 259.4(2) 269.1(3) 1.037(1)
0 1 0 883.1 883.0(7) 916.8(8) 1.038(1)
1 0.54 0 2.678 2.676(2) 2.782(3) 1.040(1)
1 0.54 p/2 500.8 501.1(4) 520.1(6) 1.038(1)
1 �0.54 p/2 532.3 531.8(4) 552.3(6) 1.039(1)
1 �0.54 0 1030 1030(1) 106.7(1) 1.036(1)

.

Note the difference for phiWuL= p/2 (CP violation).

h ! Zūu+Zc̄c

Total inclusive decay rates are:

kZZ eZuL eZuR LO (an.) LO NLO KF

1 0 0 19.83 19.84(2) 20.58(2) 1.037(1)
0 1 0 219.7 219.3(2) 228.2(2) 1.040(1)
0 0 1 219.7 219.6(2) 228.0(2) 1.039(1)
1 0.3 0 3.480 3.481(3) 3.606(5) 1.036(1)
1 �0.3 0 75.72 75.75(6) 78.64(7) 1.038(1)
1 0 0.3 55.72 55.70(5) 57.97(5) 1.038(1)
1 0 �0.3 23.48 23.51(2) 24.37(3) 1.037(1)

.

h ! Zd̄d +Zs̄s

Total inclusive decay rates are:

kZZ eZdL eZdR LO (an.) LO NLO KF

1 0 0 25.59 25.60(2) 26.56(2) 1.037(1)
0 1 0 219.7 219.3(2) 228.2(3) 1.040(1)
0 0 1 219.7 219.6(2) 227.7(2) 1.037(1)
1 0.34 0 101.1 101.1(1) 104.7(1) 1.036(1)
1 �0.34 0 0.8869 0.8872(7) 0.9211(8) 1.038(1)
1 0 0.34 41.85 41.84(3) 43.55(4) 1.040(1)
1 0 �0.34 60.12 60.18(5) 62.38(6) 1.037(1)

.
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5 Conclusions

We have presented the implementation of the Higgs PO frame-
work for EW production processes in MADGRAPH5 AMC@NLO
at NLO QCD.

Acknowledgements thanks

Appendix A: Process generation within
MADGRAPH5 AMC@NLO

./bin/mg5_aMC

> import model HPO_ewk_prod_NLO

1. on-shell ZH production

> generate p p > z h HPO=1 QED=1 [QCD]

2. ZH production with leptonic decay Z ! e+e�

> generate p p > e+ e- h HPO=1 QED=2 [QCD]

3. VBF without V (! qq̄)H contribution

> generate p p > h j j $$ a z w+ w- \

HPO=1 QED=2 [QCD]

4. VBF with V (! qq̄)H contribution

> generate p p > h j j \

HPO=1 QED=2 [QCD]

> output

> launch

Appendix B: Validation results

Appendix B.1: Decay rates

For a first validation of the code we compare the results for
the total decay widths h ! V f̄ f 0 obtained from the HIG-
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and NLO against the LO analytical computation of the de-
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1 0 �0.34 60.12 60.18(5) 62.38(6) 1.037(1)
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h !W+dū+W+dc̄+W+sū+W+sc̄

Total inclusive decay rates, in KeV, are:

kWW eWuL phiWuL LO (an.) LO NLO KF

1 0 0 259.0 259.4(2) 269.1(3) 1.037(1)
0 1 0 883.1 884.6(7) 918.1(8) 1.038(1)
1 0.54 0 2.678 2.681(2) 2.778(3) 1.036(1)
1 0.54 p/2 532.3 532.6(4) 552.7(7) 1.038(1)
1 �0.54 p/2 500.8 500.4(4) 519.7(6) 1.039(1)
1 �0.54 0 1030 1030(1) 1067(1) 1.036(1)

,
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h ! Zūu+Zc̄c

Total inclusive decay rates are:

kZZ eZuL eZuR LO (an.) LO NLO KF

1 0 0 19.83 19.84(2) 20.58(2) 1.037(1)
0 1 0 219.7 219.3(2) 228.2(2) 1.040(1)
0 0 1 219.7 219.6(2) 228.0(2) 1.039(1)
1 0.3 0 3.480 3.481(3) 3.606(5) 1.036(1)
1 �0.3 0 75.72 75.75(6) 78.64(7) 1.038(1)
1 0 0.3 55.72 55.70(5) 57.97(5) 1.038(1)
1 0 �0.3 23.48 23.51(2) 24.37(3) 1.037(1)

.

h ! Zd̄d +Zs̄s

Total inclusive decay rates are:

kZZ eZdL eZdR LO (an.) LO NLO KF

1 0 0 25.59 25.60(2) 26.56(2) 1.037(1)
0 1 0 219.7 219.3(2) 228.2(3) 1.040(1)
0 0 1 219.7 219.6(2) 227.7(2) 1.037(1)
1 0.34 0 101.1 101.1(1) 104.7(1) 1.036(1)
1 �0.34 0 0.8869 0.8872(7) 0.9211(8) 1.038(1)
1 0 0.34 41.85 41.84(3) 43.55(4) 1.040(1)
1 0 �0.34 60.12 60.18(5) 62.38(6) 1.037(1)

.

Example diagram

5

5 Conclusions

We have presented the implementation of the Higgs PO frame-
work for EW production processes in MADGRAPH5 AMC@NLO
at NLO QCD.

Acknowledgements thanks

Appendix A: Process generation within
MADGRAPH5 AMC@NLO

./bin/mg5_aMC

> import model HPO_ewk_prod_NLO

1. on-shell ZH production

> generate p p > z h HPO=1 QED=1 [QCD]

2. ZH production with leptonic decay Z ! e+e�

> generate p p > e+ e- h HPO=1 QED=2 [QCD]

3. VBF without V (! qq̄)H contribution

> generate p p > h j j $$ a z w+ w- \

HPO=1 QED=2 [QCD]

4. VBF with V (! qq̄)H contribution

> generate p p > h j j \

HPO=1 QED=2 [QCD]

> output

> launch

Appendix B: Validation results

Appendix B.1: Decay rates

For a first validation of the code we compare the results for
the total decay widths h ! V f̄ f 0 obtained from the HIG-
GSPO UFO model in MADGRAPH5 AMC@NLO at LO
and NLO against the LO analytical computation of the de-
cay width in the PO formalism. Moreover, the ratio KF of
the NLO result to the LO one is expected to be a simple uni-
versal factor KF = 1+as/p ' 1.038.
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Example diagram

3

In fact, the HPO effective couplings in Eq. 1 do not require
UV renormalization at NLO QCD. Still, the inclusion of the
quark contact-term PO at NLO QCD requires dedicated so-
called R2 rational terms. 2 The contact-term R2 can easily be
derived from the R2 contributions of the related V fi f̄ j inter-
actions in the SM [11]:

R f̄i fiZh
2 =� ig2

s

3p2v
eZ, f i ,

R
ūid jW+h
2 =� ig2

s

3p2v
eW,ui

Ld j
L
e�ifWu ,

(6)

Technically, we employ the NLOCT package (version
1.02) [10] together with FEYNARTS (version 3.9) [17] to
generate all UV and R2 QCD counterterms for the SM inter-
actions. The resulting model is exported in the UFO format.
Since the present public version of the NLOCT package is
restricted to renormalizable interactions, we supplement the
R2 rational terms related to the contact-term PO shown in
Eq. (6) by hand. As already mentioned, UV counterterms
for any of the PO interactions are not needed.

The resulting NLO UFO model can directly be imported
into MADGRAPH5 AMC@NLO, where all required one-
loop amplitudes are automatically generated with MADLOOP
[18] and NINJA [19,22]. Infrared subtraction of the real con-
tributions is automatically performed á la FKS [13] in MAD-
FKS [12], where the corresponding real amplitudes are gen-
erated from the underlying UFO model. For the VBF Higgs
production process the colour suppressed and thus numeri-
cally very small pentabox contribution in the virtual ampli-
tude can either explicitly be included or excluded (default
in MADGRAPH5 AMC@NLO). The letter case results in a
formal mismatch of the IR poles of the virtual and real con-
tributions. At the same order of perturbation theory as VBF
Higgs production also Higgsstrahlung with hadronic decays,
i.e. pp ! (V ! qq̄)H, contributes to the same H +2 jet sig-
nature. Once VBF selection cuts (large invariant masses of
the leading jets and/or large rapidity separation of the lead-
ing jets) are applied, these contributions (and their interfer-
ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].

BP kZZ eZuL eZuR eZdL eZdR eWuL phiWuL

I 1 0 0 0 0 0
II 1 0.0195 0 0 0 0 0
III 1 0 0.0195 0 0 0 0
IV 1 0 0 0.0244 0 0 0
V 1 0 0 0 0.0244 0 0
VI 1 0 0 0 0 0.018 0
VII 1 0 0 0 0 0.018 p

2

Table 1 Benchmark points in the PO parameter space used to generate
events in pp ! ZH (I, II, III, IV and V), pp !WH (I, VI and VII), and
VBF (I, ...) processes.

resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.
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as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
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Carlo integrations.
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XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
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scale for both processes are chosen as µ = µR = µF = HT/2,
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R2 rational terms related to the contact-term PO shown in
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the leading jets and/or large rapidity separation of the lead-
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ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].

BP kZZ eZuL eZuR eZdL eZdR eWuL phiWuL

I 1 0 0 0 0 0
II 1 0.0195 0 0 0 0 0
III 1 0 0.0195 0 0 0 0
IV 1 0 0 0.0244 0 0 0
V 1 0 0 0 0.0244 0 0
VI 1 0 0 0 0 0.018 0
VII 1 0 0 0 0 0.018 p

2

Table 1 Benchmark points in the PO parameter space used to generate
events in pp ! ZH (I, II, III, IV and V), pp !WH (I, VI and VII), and
VBF (I, ...) processes.

resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.

4

Benchmarks: I, II, III, IV, V

300 400 500 600 700 800

10-5

10-4

0.001

0.010

10-5

10-4

0.001

0.010

m Zh [GeV]

dσ
/d
m
Zh

[p
b/
G
eV

]

pp → Zh @ 13 TeV

300 400 500 600 700 800
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

m Zh [GeV]

N
LO

/
LO

Fig. 1 Invariant mass distribution of the ZH system in pp ! ZH pro-
duction at 13 TeV. Solid (dotted) lines show NLO (LO) + PS predictions
for five benchmark points in the PO parameter space listed in Table 1.
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4 Computing Simplified Template cross sections at NLO
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in a 0-jet and �1-jet categories, for simplicity of this prelim-

Benchmarks: I, VI, VII

200 300 400 500 600 700 800

10-4

0.001

0.010

0.100

10-4

0.001

0.010

0.100

mWh [GeV]

dσ
/d
m
W
h
[p
b/
G
eV

]

pp → Wh @ 13 TeV

200 300 400 500 600 700 800
0.6

0.8

1.0

1.2

1.4

0.6

0.8

1.0

1.2

1.4

mWh [GeV]

N
LO

/
LO

Fig. 2 Invariant mass distribution of the WH system in pp !WH pro-
duction at 13 TeV. Solid (dotted) lines show NLO (LO) + PS predictions
for three benchmark points in the PO parameter space listed in Table 1.

inary analysis we neglect this jet categorization. An overall
selection on the Higgs rapidity |YH |< 2.5 is applied.

The pp ! Zh events are generated in the same way de-
scribed in Section 3 and subsequently analyzed in order to
apply the selection cut on YH described above and separate
them in the different pZ

T bins. In this way we obtain the cross
section in each STXS bin as a quadratic function of the Higgs
PO, normalized to the SM value the result is:

R0�150 =k2
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(7)

where Rx ⌘ si/sSM
i in each STXS bin.
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Technically, we employ the NLOCT package (version
1.02) [10] together with FEYNARTS (version 3.9) [17] to
generate all UV and R2 QCD counterterms for the SM inter-
actions. The resulting model is exported in the UFO format.
Since the present public version of the NLOCT package is
restricted to renormalizable interactions, we supplement the
R2 rational terms related to the contact-term PO shown in
Eq. (6) by hand. As already mentioned, UV counterterms
for any of the PO interactions are not needed.

The resulting NLO UFO model can directly be imported
into MADGRAPH5 AMC@NLO, where all required one-
loop amplitudes are automatically generated with MADLOOP
[18] and NINJA [19,22]. Infrared subtraction of the real con-
tributions is automatically performed á la FKS [13] in MAD-
FKS [12], where the corresponding real amplitudes are gen-
erated from the underlying UFO model. For the VBF Higgs
production process the colour suppressed and thus numeri-
cally very small pentabox contribution in the virtual ampli-
tude can either explicitly be included or excluded (default
in MADGRAPH5 AMC@NLO). The letter case results in a
formal mismatch of the IR poles of the virtual and real con-
tributions. At the same order of perturbation theory as VBF
Higgs production also Higgsstrahlung with hadronic decays,
i.e. pp ! (V ! qq̄)H, contributes to the same H +2 jet sig-
nature. Once VBF selection cuts (large invariant masses of
the leading jets and/or large rapidity separation of the lead-
ing jets) are applied, these contributions (and their interfer-
ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].
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resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.
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generate all UV and R2 QCD counterterms for the SM inter-
actions. The resulting model is exported in the UFO format.
Since the present public version of the NLOCT package is
restricted to renormalizable interactions, we supplement the
R2 rational terms related to the contact-term PO shown in
Eq. (6) by hand. As already mentioned, UV counterterms
for any of the PO interactions are not needed.

The resulting NLO UFO model can directly be imported
into MADGRAPH5 AMC@NLO, where all required one-
loop amplitudes are automatically generated with MADLOOP
[18] and NINJA [19,22]. Infrared subtraction of the real con-
tributions is automatically performed á la FKS [13] in MAD-
FKS [12], where the corresponding real amplitudes are gen-
erated from the underlying UFO model. For the VBF Higgs
production process the colour suppressed and thus numeri-
cally very small pentabox contribution in the virtual ampli-
tude can either explicitly be included or excluded (default
in MADGRAPH5 AMC@NLO). The letter case results in a
formal mismatch of the IR poles of the virtual and real con-
tributions. At the same order of perturbation theory as VBF
Higgs production also Higgsstrahlung with hadronic decays,
i.e. pp ! (V ! qq̄)H, contributes to the same H +2 jet sig-
nature. Once VBF selection cuts (large invariant masses of
the leading jets and/or large rapidity separation of the lead-
ing jets) are applied, these contributions (and their interfer-
ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].

BP kZZ eZuL eZuR eZdL eZdR eWuL phiWuL

I 1 0 0 0 0 0
II 1 0.0195 0 0 0 0 0
III 1 0 0.0195 0 0 0 0
IV 1 0 0 0.0244 0 0 0
V 1 0 0 0 0.0244 0 0
VI 1 0 0 0 0 0.018 0
VII 1 0 0 0 0 0.018 p
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Table 1 Benchmark points in the PO parameter space used to generate
events in pp ! ZH (I, II, III, IV and V), pp !WH (I, VI and VII), and
VBF (I, ...) processes.

resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.
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Fig. 1 Invariant mass distribution of the ZH system in pp ! ZH pro-
duction at 13 TeV. Solid (dotted) lines show NLO (LO) + PS predictions
for five benchmark points in the PO parameter space listed in Table 1.

3.1 Benchmark points

3.2 Associated HV production

3.3 Vector boson fusion Higgs production

4 Computing Simplified Template cross sections at NLO

As an example of a possible application of the HIGGSPO
tool, we compute the simplified template cross sections (STXS)
for Zh production as a function of the Higgs pseudo-observables
at NLO in QCD. The STXS, defined in Chapter III.2 of Ref. [9],
are cross sections defined in some simple and idealized bins.
The choice of such bins is aimed at optimizing the sensitiv-
ity on the BSM while minimizing the necessary acceptance
corrections (thus theory dependence) by choosing simple se-
lection cuts to a phase space close to the realistic fiducial
region. Several stages with more and more granular bins are
envisaged with increasing luminosity.

In the case of ZH production, with Z ! `+`�,2n decays,
the kinematical variable chosen for the binning is the pT of
the Z boson, with bins 0�150�250�400�• GeV. Further-
more, a possible split of the [150-250] GeV bin is envisaged
in a 0-jet and �1-jet categories, for simplicity of this prelim-
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Fig. 2 Invariant mass distribution of the WH system in pp !WH pro-
duction at 13 TeV. Solid (dotted) lines show NLO (LO) + PS predictions
for three benchmark points in the PO parameter space listed in Table 1.

inary analysis we neglect this jet categorization. An overall
selection on the Higgs rapidity |YH |< 2.5 is applied.

The pp ! Zh events are generated in the same way de-
scribed in Section 3 and subsequently analyzed in order to
apply the selection cut on YH described above and separate
them in the different pZ

T bins. In this way we obtain the cross
section in each STXS bin as a quadratic function of the Higgs
PO, normalized to the SM value the result is:

R0�150 =k2
ZZ + kZZ(27.2eZuL �28.1eZdL �13.8eZuR +4.68eZdR)

+102[6.01(e2
ZuL

+ e2
ZuR

)+4.68(e2
ZdL

+ e2
ZdR

)] ,

R150�250 =k2
ZZ + kZZ(80.2eZuL �70.8eZdL �37.1eZuR +13.6eZdR)

+103[4.46(e2
ZuL

+ e2
ZuR

)+3.19(e2
ZdL

+ e2
ZdR

)] ,

R250�400 =k2
ZZ + kZZ(182eZuL �145eZdL �83eZuR +31eZdR)

+104[2.24(e2
ZuL

+ e2
ZuR

)+1.47(e2
ZdL

+ e2
ZdR

)] ,

R400�• =k2
ZZ + kZZ(607eZuL �344eZdL �236eZuR +145eZdR)

+105[2.45(e2
ZuL

+ e2
ZuR

)+1.38(e2
ZdL

+ e2
ZdR

)] ,

(7)

where Rx ⌘ si/sSM
i in each STXS bin.

Benchmarks

[AG, Isidori, Lindert, Marzocca] 
to appear soon
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In fact, the HPO effective couplings in Eq. 1 do not require
UV renormalization at NLO QCD. Still, the inclusion of the
quark contact-term PO at NLO QCD requires dedicated so-
called R2 rational terms. 2 The contact-term R2 can easily be
derived from the R2 contributions of the related V fi f̄ j inter-
actions in the SM [11]:
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Technically, we employ the NLOCT package (version
1.02) [10] together with FEYNARTS (version 3.9) [17] to
generate all UV and R2 QCD counterterms for the SM inter-
actions. The resulting model is exported in the UFO format.
Since the present public version of the NLOCT package is
restricted to renormalizable interactions, we supplement the
R2 rational terms related to the contact-term PO shown in
Eq. (6) by hand. As already mentioned, UV counterterms
for any of the PO interactions are not needed.

The resulting NLO UFO model can directly be imported
into MADGRAPH5 AMC@NLO, where all required one-
loop amplitudes are automatically generated with MADLOOP
[18] and NINJA [19,22]. Infrared subtraction of the real con-
tributions is automatically performed á la FKS [13] in MAD-
FKS [12], where the corresponding real amplitudes are gen-
erated from the underlying UFO model. For the VBF Higgs
production process the colour suppressed and thus numeri-
cally very small pentabox contribution in the virtual ampli-
tude can either explicitly be included or excluded (default
in MADGRAPH5 AMC@NLO). The letter case results in a
formal mismatch of the IR poles of the virtual and real con-
tributions. At the same order of perturbation theory as VBF
Higgs production also Higgsstrahlung with hadronic decays,
i.e. pp ! (V ! qq̄)H, contributes to the same H +2 jet sig-
nature. Once VBF selection cuts (large invariant masses of
the leading jets and/or large rapidity separation of the lead-
ing jets) are applied, these contributions (and their interfer-
ence with VBF topologies) are very small []. For simplicity
in the simulations presented in section 3.3 we disabled those
contributions. In case the Higgsstrahlung subprocess is not
considered as a dedicated background in a VBF analysis, it
should be included in the VBF process, see Appendix A,
2 These R2 contributions can be understood as the missing (4�D)-
dimensional contributions, by construction not necessarily automati-
cally generated within numerical one-loop generators. These contribu-
tions are universal and can be restored from process-independent effec-
tive counterterms [5, 7, 21].
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I 1 0 0 0 0 0
II 1 0.0195 0 0 0 0 0
III 1 0 0.0195 0 0 0 0
IV 1 0 0 0.0244 0 0 0
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VI 1 0 0 0 0 0.018 0
VII 1 0 0 0 0 0.018 p
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Table 1 Benchmark points in the PO parameter space used to generate
events in pp ! ZH (I, II, III, IV and V), pp !WH (I, VI and VII), and
VBF (I, ...) processes.

resulting in additional PO contributions that are automati-
cally generated. We employ the described implementation in
MADGRAPH5 AMC@NLO for the numerical predictions
of electroweak Higgs production processes (VBF and VH)
at NLO QCD matched to Pythia 6 [23] as presented in the
following section.

As a cross check and for future applications within other
Monte Carlo frameworks, we implemented the HPO Lagrangian,
as given in Eq. 1, together with the R2 contributions for the
contact-terms in OPENLOOPS [2, 8]. We compared the am-
plitudes for the Higgsstrahlung and VBF Higgs processes
at the amplitude level and found perfect agreement. Here,
for the letter we included the pentabox contribution and the
pp ! (V ! qq̄)H subprocess. Furthermore, we compared
NLO fixed-order differential cross sections obtained with MAD-
GRAPH5 AMC@NLO against SHERPA+OPENLOOPS and
found agreement within the statistical uncertainty of the Monte
Carlo integrations.

3 Results

We consider EW Higgs production at the LHC with
p

S =
13 TeV. As parton distribution functions (PDFs) we employ
XXX and use the value of aS they provide. SM input pa-
rameters are chosen in accordance with the defaults of the
HIGGSPO UFO model. Renormalization and factorization
scale for both processes are chosen as µ = µR = µF = HT/2,
where HT is the scalar sum of the pT of all final state parti-
cles.
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• HiggsPO: Event generator for Higgs Pseudo-
Observables (PO) framework 

• Publicly available at:  
http://www.physik.uzh.ch/data/HiggsPO/  
with the instructions note. 

• Higgs decays fully implemented in Version 1.0 

• Higgs EW production available in Version 1.1 

• Upgrade to NLO in QCD available in Version 1.2
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