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Run-II Higgs Precision Era
•Run-I Higgs legacy:

✓ discovery of the Higgs!
✓ all measured rates and BRs are in very good agreement with SM

•Run-II Higgs prospects:
➡ precision probe of the Higgs sector
➡ as long as direct BSM searches indicate no clear signal:
➡ search and parametrize smooth deviations from the SM 
➡ has to be done in the most general and theoretically unbiased way 

Introduction
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Search for smooth deviations from the SM

In an EFT analysis further assumptions are needed:

- dynamical assumptions (e.g. if Higgs ∈ doublet)
- a basis has to be specified
- fix order in perturbation theory
- flavor assumptions

Run 2 (and beyond): High Precision Higgs era.

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings… 
The SM is complete.

So far, from direct searches:
⇤NP � mh (1)
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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A =i

2m2
Z

vF
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Scale of New Physics is high

(SM)EFT?
• dynamical assumptions (H ∈ doublet?)
• basis choice
• fix order in perturbation theory
• flavour assumptions
• ….

…still: EFT approach is of course very powerful!
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Pseudo Observables
How to parametrize smooth deviations from the SM 
in the most general and theoretically unbiased way? 

Experimental  
Observables

Lagrangian
parameters

Raw data on tape,  
reconstructed events  
fiducial cross sections, … 

Gauge structure, couplings,  
running masses,  
Wilson coefficients, …
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Pseudo Observables
How to parametrize smooth deviations from the SM 
in the most general and theoretically unbiased way? 

Experimental  
Observables

Lagrangian
parameters

Raw data on tape,  
reconstructed events  
fiducial cross sections, … 

Gauge structure, couplings,  
running masses,  
Wilson coefficients, …

Pseudo  
Observables

pioneered in the context of Z-pole PO  
 [Bardin, Grunewald, Passarino, ’99] 

Pole masses, decay width,  
kappas, form factors, …
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Pseudo Observables
How to parametrize smooth deviations from the SM 
in the most general and theoretically unbiased way? 

Experimental  
Observables

Lagrangian
parameters

Raw data on tape,  
reconstructed events  
fiducial cross sections, … 

Gauge structure, couplings,  
running masses,  
Wilson coefficients, …

Pseudo  
Observables

Pole masses, decay width,  
kappas, form factors, …

encode experimental information  
as idealised Observables 

can be matched to an explicit model 
(at the desired perturbative order) 
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Kappas

Coupling strength scaling factors

4

ATLAS-CONF-2015-007
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ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

κV < 1 BRi. ,u.
= 0κon = κof f

Figure 19: Results of fits for the generic model 2 (see text): the results indicated by a full box are obtained for
a benchmark model with e↵ective coupling strengths for loop processes allowing non-SM contributions, and a
floating BRi. ,u. allowing non-SM contributions to the total decay width. The fit results indicated by a full circle
represent a benchmark model where the total Higgs boson decay width is not modified with respect to the SM.
The hatched area indicates regions that are outside the defined parameter boundaries. The inner and outer bars
correspond to 68% CL and 95% CL intervals. The confidence intervals of BRi. ,u. and, in the benchmark model
with the constraints kW < 1 and |kZ | < 1, also kW and kZ , are estimated with respect to their physical boundaries
as described in the text. Numerical results are shown in Table 8.

45

7.8 Constraints on BRBSM in a scenario with free couplings 39

Parameter value
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+0.34 = 1.60tκ
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68% CL
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 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

Figure 16: Likelihood scans for parameters in a model with coupling scaling factors for the
SM particles, one coupling at a time while profiling the remaining five together with all other
nuisance parameters; from top to bottom: kV (W and Z bosons), kb (bottom quarks), kt (tau
leptons), kt (top quarks), kg (gluons; effective coupling), and kg (photons; effective coupling).
The inner bars represent the 68% CL confidence intervals while the outer bars represent the
95% CL confidence intervals.
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Figure 17: Likelihood scans for parameters in a model without assumptions on the total width
and with six coupling modifier ratios, one parameter at a time while profiling the remaining
six together with all other nuisance parameters; from top to bottom: kgZ (= kgkZ/kH), lWZ
(= kW/kZ), lZg (= kZ/kg), lbZ (= kb/kZ), lgZ (= kg/kZ), ltZ (= kt/kZ), and ltg (= kt/kg).
The inner bars represent the 68% CL confidence intervals while the outer bars represent the
95% CL confidence intervals.

CMS-HIG-14-009

LHC Run I legacy

• Based on the total signal 
strengths 

• Limited precision

Main problem: loss of information for NP effects modifying kinematical distributions!

σ(ii → h+X) × BR(h → ff )  =   σii   
  Γff   

  Γh   

   κii
2
 κff

2   

  κh
2   

 = σSM × BRSM 

Introduction

So far, possible non-standard properties of the Higgs boson (in process with a 
leading SM amplitude) have been analyzed from the experimental point of view 
using the so-called “kappa-formalism”: 

Main virtues:

Clean SM limit [best up-to-date TH 
predictions recovered for κi → 1]

Well-defined both on TH and EXP sides
(almost) Model independent

Main problem:

Loss of information on possible NP 
effects modifying the kinematical 
distributions

N.B.: easy to conceive NP effects 
showing up mainly in kin. effects 
rather than in total rates (e.g. CPV) 

G. Isidori –  PO in Higgs Physics                                                 HXSWG Jan 2016

02/26 
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Pseudo Observables

goal:  
encode all experimental information  

on a certain physical process  
in a few parameters  

with a well-defined theoretical interpretation 
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EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

VH VBF

Physical process: 2 on-shell EW currents + on-shell H
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EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

VH VBF

Physical process: 2 on-shell EW currents + on-shell H

same as:

EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

h

J�

J�’

Same as 4-fermion Higgs decays:
 [Gonzalez-Alonso, Greljo,  
Isidori, Marzocca, ’14,’15]
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EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

EW Higgs production

VH VBF

Physical process: 2 on-shell EW currents + on-shell H

same as:

EW Higgs production

2

h

Jq

V/J�

h

Jq

Jq’

The hard contribution to these scattering processes is:

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

h

J�

J�’

Same as 4-fermion Higgs decays:

EW Higgs Production and 
4-fermion Higgs decays

3

By crossing symmetry, all these processes are described in full generality
by the same correlation function
(in a different kinematical region and with different fermionic currents)

2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.

7

On-shell Higgs and two on-shell EW currents

h

Jq

V/J�

h

Jq

Jq’

h

J�

J�’

Use the same parametrization of Higgs decays
also for the production.

all three processes are described by the same correlation function:

(in different kinematic regimes and with different fermionic currents)  

 [Gonzalez-Alonso, Greljo,  
Isidori, Marzocca, ’14,’15]
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PO for VBF Higgs production

qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can be parametrized by

An.c(qi(p1)qj(p2) ! qi(p3)qj(p4)h(k)) = i
2m2

Z

v
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n.c.(q1, q2),

(2)
where q1 = p1 � p3, q2 = p2 � p4 and T µ⌫

n.c.(q1, q2) is the same tensor structure appearing
in h ! 4f decays. In particular, Lorentz invariance allows only three possible tensor
structures, to each of which we can assign a generic form factor:
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The form factor FL describes the interaction with the longitudinal part of the current,
as in the SM, the FT term describes the interaction with the transverse part, while FCP

describes the CP-violating part of the interaction (if the Higgs is assumed to be a CP-even
state).

The charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i
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W
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where, again, T µ⌫

c.c.(q1, q2) is the same tensor structure appearing in the charged-current
h ! 4f decays:
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(5)
The amplitudes for the processes with initial anti-quarks can easily be obtained from the
above ones.

The next step is to perform a momentum expansion of the form factors around the
physical poles due to the propagation of SM electroweak gauge bosons (�, Z and W±),
and to define the PO (i.e. the set {i, ✏i}) from the residues of such poles. We stop this
expansion neglecting terms which can be generated only by local operators with dimension
higher than six. A discussion about limitations and consistency checks of this procedure
is presented in Section 5. The explicit form of the expansion of all the form factors in term
of PO can be found in Ref. [1]1 and will not be repeated here. We report here explicitly
only expression of the longitudinal form factors, that play a key role in the following

1With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,
and analogously for the Gi.
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neutral currents:

qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can be parametrized by
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v
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where q1 = p1 � p3, q2 = p2 � p4 and T µ⌫

n.c.(q1, q2) is the same tensor structure appearing
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The form factor FL describes the interaction with the longitudinal part of the current,
as in the SM, the FT term describes the interaction with the transverse part, while FCP

describes the CP-violating part of the interaction (if the Higgs is assumed to be a CP-even
state).

The charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by
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d̄k(p3)�µui(p1)ūl(p4)�⌫dj(p2)T µ⌫

c.c.(q1, q2),

(4)
where, again, T µ⌫
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The amplitudes for the processes with initial anti-quarks can easily be obtained from the
above ones.

The next step is to perform a momentum expansion of the form factors around the
physical poles due to the propagation of SM electroweak gauge bosons (�, Z and W±),
and to define the PO (i.e. the set {i, ✏i}) from the residues of such poles. We stop this
expansion neglecting terms which can be generated only by local operators with dimension
higher than six. A discussion about limitations and consistency checks of this procedure
is presented in Section 5. The explicit form of the expansion of all the form factors in term
of PO can be found in Ref. [1]1 and will not be repeated here. We report here explicitly
only expression of the longitudinal form factors, that play a key role in the following

1With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,
and analogously for the Gi.
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charged currents:

qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can be parametrized by

An.c(qi(p1)qj(p2) ! qi(p3)qj(p4)h(k)) = i
2m2
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v
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where q1 = p1 � p3, q2 = p2 � p4 and T µ⌫

n.c.(q1, q2) is the same tensor structure appearing
in h ! 4f decays. In particular, Lorentz invariance allows only three possible tensor
structures, to each of which we can assign a generic form factor:
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The form factor FL describes the interaction with the longitudinal part of the current,
as in the SM, the FT term describes the interaction with the transverse part, while FCP

describes the CP-violating part of the interaction (if the Higgs is assumed to be a CP-even
state).

The charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i
2m2

W

v
d̄k(p3)�µui(p1)ūl(p4)�⌫dj(p2)T µ⌫

c.c.(q1, q2),

(4)
where, again, T µ⌫

c.c.(q1, q2) is the same tensor structure appearing in the charged-current
h ! 4f decays:
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The amplitudes for the processes with initial anti-quarks can easily be obtained from the
above ones.

The next step is to perform a momentum expansion of the form factors around the
physical poles due to the propagation of SM electroweak gauge bosons (�, Z and W±),
and to define the PO (i.e. the set {i, ✏i}) from the residues of such poles. We stop this
expansion neglecting terms which can be generated only by local operators with dimension
higher than six. A discussion about limitations and consistency checks of this procedure
is presented in Section 5. The explicit form of the expansion of all the form factors in term
of PO can be found in Ref. [1]1 and will not be repeated here. We report here explicitly
only expression of the longitudinal form factors, that play a key role in the following

1With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,
and analogously for the Gi.
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1) Decompose amplitude into flavour structures allowed by Lorentz symmetry

qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can be parametrized by

An.c(qi(p1)qj(p2) ! qi(p3)qj(p4)h(k)) = i
2m2

Z

v
q̄i(p3)�µqi(p1)q̄j(p4)�⌫qj(p2)T µ⌫
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The form factor FL describes the interaction with the longitudinal part of the current,
as in the SM, the FT term describes the interaction with the transverse part, while FCP

describes the CP-violating part of the interaction (if the Higgs is assumed to be a CP-even
state).

The charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i
2m2

W

v
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The amplitudes for the processes with initial anti-quarks can easily be obtained from the
above ones.

The next step is to perform a momentum expansion of the form factors around the
physical poles due to the propagation of SM electroweak gauge bosons (�, Z and W±),
and to define the PO (i.e. the set {i, ✏i}) from the residues of such poles. We stop this
expansion neglecting terms which can be generated only by local operators with dimension
higher than six. A discussion about limitations and consistency checks of this procedure
is presented in Section 5. The explicit form of the expansion of all the form factors in term
of PO can be found in Ref. [1]1 and will not be repeated here. We report here explicitly
only expression of the longitudinal form factors, that play a key role in the following

1With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,
and analogously for the Gi.
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VBF Higgs production
• Hard scattering at leading order (LO):  

2 q → 2 q + Higgs
• Many subprocesses:  

- neutral, charged currents, interferences
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In this expansion we neglected higher order terms which can be only generated by local
operators with dimension bigger than 6. For the same argument used regarding VBF, in
the following we focus our attention on the longitudinal form factors FL and GL, which
contains the quark contact terms. Note that having neglected the vector boson decays
and fixing it on-shell is the same as having fixed the q

2

2

of the final-state current on the
vector boson pole-mass.

3 Implementation of the NLO QCD corrections

4 Phenomenology of VBF production

The vector boson fusion production is the largest of all electroweak Higgs production
mechanism in the SM at the LHC. It is very relevant in the context of experimental Higgs
searches due to its striking signature, two highly energetic forward jets in the opposite
sides of the proton beam, which allows for the e↵ective separation from the backgrounds.
In this chapter, we study the phenomenology of VBF production in the PO framework.

We mainly concentrate our discussion on measuring the quark contact terms PO,
✏Zqi and ✏Wuidj . These are the residues of the single pole terms in the expansion of the
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) form factor. Intuitively, the best idealized observable at parton level (qq !
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the two fermion currents entering the process (p
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) are the momenta of the
initial (final) state quarks). The nontrivial task is to choose the proper pairing of the
incoming and outgoing quarks, given we are experimentally blind to their flavor. For
partonic processes receiving two interfering contributions when the final-state quarks are
exchanged, such as uu ! huu or ud ! hud, the definition of q

1,2 is even less transparent
since a univocal pairing of the momenta can not be assigned, in general, even if one
knew the flavor of all partons. This problem can be simply overcome at a practical
level by making use of the VBF kinematics, in particular the fact that the two jets are
always very forward. This implies one can always pair the momenta of the jet going,
for example, on the +z direction with the initial parton going in the same direction,
and viceversa. The same argument can be used to argue that the interference between
di↵erent amplitudes (e.g. neutral current and charged current) is negligible in VBF. In
order to check this we perform a leading order parton level MadGraph simulation of VBF
Higgs production in the SM imposing the basic VBF cut on the outgoing quark invariant
mass mjj > 500 GeV. In Fig. 1, we show the distribution in the opening angle of the
incoming and outgoing quark momenta for the two di↵erent pairings. Show in blue is
the pairing based on the leading color connection using the color flow variable while in
red is the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves, i.e.
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• Neutral currents

• Charged currents

2 Amplitude decomposition

Neglecting the light fermion masses, the electroweak production Higgs processes VH and
VBF, as well as four-fermion Higgs decays, can be completely described by the three-point
correlation function of the Higgs boson and two fermion currents

h0|T �
J

µ
f (x), J

⌫
f 0(y), h(0)

 |0i , (1)

where all the states involved are on-shell. In case of h ! 4`, 2`2⌫ decays both currents
are leptonic and all fermions are in the final state [1]. In case of VH associate production
one of the currents describes the initial state quarks –their o↵-shellness of order ⇤

QCD

can
be neglected given the much higher energy scales involved– while the other describes the
decay products of the vector boson. Finally, in VBF production the currents are not in
the s-channel as in the previous cases, but in t-channel. In particular each current is made
of an initial-state parton and a final-state jet: again we neglect the O(⇤

QCD

) o↵-shellness
of the quarks.

An important point to realize is that the correlation function entering in these di↵erent
processes is the same, except for changing the type of fermions. This implies that the
fermion-independent pseudo-observables present in the description of eq. (1) are the same
in all the processes, allowing to perform global analysis of production and decay in order
to extract the best sensitivity on the pseudo-observables.

As introduced in Ref. [1], we expand these amplitudes around the physical poles due
to the propagation of intermediate electroweak gauge bosons and define the PO from the
residues of these poles.

2.1 Vector boson fusion Higgs production

Higgs production via vector boson fusion (VBF) receives contribution both from neutral-
and charged-current channels. Also, depending on the specific partonic process, there
could be two di↵erent ways to construct the two currents, and these two terms interfere
with each other. For example, for uu ! uuh one has interference between two neutral-
current processes, while in ud ! udh the interference is between neutral and charged
current. In this case it is clear that one should sum the two amplitudes with the proper
symmetrization, as done in the case of h ! 4e in Ref. [1]. Here we describe how each
of these amplitudes can be parametrized in terms of PO. Let us start with the neutral-
current one. The amplitude for the on-shell process qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can
be parametrized by
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and T µ⌫
n.c.(q1, q2) is the same tensor structure appearing in

h ! 4f decays, see Ref. [1]. In particular, Lorentz invariance allows only three possible
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tensor structures, to which we can multiply a generic form factor:
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The form factor FL describes interaction with the longitudinal part of the current, as in
the SM, the FT term instead describes a coupling with the transverse part while FCP

describes CP-violating interactions if the Higgs is assumed to be a CP-even state. The
charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i
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(4)
where also in this case T µ⌫

c.c.(q1, q2) is the same appearing in the charged-current h ! 4f
decays:
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The amplitude for the processes with initial anti-quarks can be easily obtained from the
above ones.

The next step is to perform a momentum expansion of the form factor around the
physical poles, due to the propagation of the intermediate electroweak gauge bosons (�,
Z and W

±), and define the PO from the residues of such poles. We stop this expansion
up to terms which can be generated with local operators with dimension bigger than six.
The explicit form of the expansion can be found in Ref. [1].1 Such a set of PO account
for very general deformations from the SM prediction.

It is important to stress that these PO are exactly the ones appearing in the Higgs
decays. This is insured by the crossing symmetry between h ! 4f and 2f ! h 2f
amplitudes. One di↵erence with respect to four-fermion Higgs decays is that the VBF
process probes a di↵erent kinematical regime in q

2

1

, q2
2

(the q2i are spacelike in VBF, being
in the t-channel). This however doesn’t change the fact that the underlying correlation
function which is being probed is still the same as in eq. (1). This implies that all the
fermion-independent PO are expected to be measured higher accuracy in the h ! 4` and
h ! 2`2⌫ Higgs decays rather than in production. The parameters not entering in such
processes are the quark contact terms, ✏Zqi and ✏Wuidj . For this reason, in the following we
focus our analysis on these couplings in order to assess what is the LHC precision reach
in the extraction of these PO. This means that we consider only the longitudinal form
factors T µ⌫

n.c (q1, q2) = F

qiqj
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)gµ⌫ . By expanding it

1
With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,

and analogously for the Gi.
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4 Phenomenology of VBF production

The vector boson fusion production is the largest of all electroweak Higgs production
mechanism in the SM at the LHC. It is very relevant in the context of experimental Higgs
searches due to its striking signature, two highly energetic forward jets in the opposite
sides of the proton beam, which allows for the e↵ective separation from the backgrounds.
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initial (final) state quarks). The nontrivial task is to choose the proper pairing of the
incoming and outgoing quarks, given we are experimentally blind to their flavor. For
partonic processes receiving two interfering contributions when the final-state quarks are
exchanged, such as uu ! huu or ud ! hud, the definition of q

1,2 is even less transparent
since a univocal pairing of the momenta can not be assigned, in general, even if one
knew the flavor of all partons. This problem can be simply overcome at a practical
level by making use of the VBF kinematics, in particular the fact that the two jets are
always very forward. This implies one can always pair the momenta of the jet going,
for example, on the +z direction with the initial parton going in the same direction,
and viceversa. The same argument can be used to argue that the interference between
di↵erent amplitudes (e.g. neutral current and charged current) is negligible in VBF. In
order to check this we perform a leading order parton level MadGraph simulation of VBF
Higgs production in the SM imposing the basic VBF cut on the outgoing quark invariant
mass mjj > 500 GeV. In Fig. 1, we show the distribution in the opening angle of the
incoming and outgoing quark momenta for the two di↵erent pairings. Show in blue is
the pairing based on the leading color connection using the color flow variable while in
red is the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves, i.e.
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• Neutral currents

• Charged currents

2 Amplitude decomposition

Neglecting the light fermion masses, the electroweak production Higgs processes VH and
VBF, as well as four-fermion Higgs decays, can be completely described by the three-point
correlation function of the Higgs boson and two fermion currents

h0|T �
J

µ
f (x), J

⌫
f 0(y), h(0)

 |0i , (1)

where all the states involved are on-shell. In case of h ! 4`, 2`2⌫ decays both currents
are leptonic and all fermions are in the final state [1]. In case of VH associate production
one of the currents describes the initial state quarks –their o↵-shellness of order ⇤

QCD

can
be neglected given the much higher energy scales involved– while the other describes the
decay products of the vector boson. Finally, in VBF production the currents are not in
the s-channel as in the previous cases, but in t-channel. In particular each current is made
of an initial-state parton and a final-state jet: again we neglect the O(⇤

QCD

) o↵-shellness
of the quarks.

An important point to realize is that the correlation function entering in these di↵erent
processes is the same, except for changing the type of fermions. This implies that the
fermion-independent pseudo-observables present in the description of eq. (1) are the same
in all the processes, allowing to perform global analysis of production and decay in order
to extract the best sensitivity on the pseudo-observables.

As introduced in Ref. [1], we expand these amplitudes around the physical poles due
to the propagation of intermediate electroweak gauge bosons and define the PO from the
residues of these poles.

2.1 Vector boson fusion Higgs production

Higgs production via vector boson fusion (VBF) receives contribution both from neutral-
and charged-current channels. Also, depending on the specific partonic process, there
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with each other. For example, for uu ! uuh one has interference between two neutral-
current processes, while in ud ! udh the interference is between neutral and charged
current. In this case it is clear that one should sum the two amplitudes with the proper
symmetrization, as done in the case of h ! 4e in Ref. [1]. Here we describe how each
of these amplitudes can be parametrized in terms of PO. Let us start with the neutral-
current one. The amplitude for the on-shell process qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can
be parametrized by

An.c(qi(p1)qj(p2) ! qi(p3)qj(p4)h(k)) = i

2m2

Z

v

q̄i(p3)�µqi(p1)q̄j(p4)�⌫qj(p2)T µ⌫
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and T µ⌫
n.c.(q1, q2) is the same tensor structure appearing in

h ! 4f decays, see Ref. [1]. In particular, Lorentz invariance allows only three possible
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tensor structures, to which we can multiply a generic form factor:
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The form factor FL describes interaction with the longitudinal part of the current, as in
the SM, the FT term instead describes a coupling with the transverse part while FCP

describes CP-violating interactions if the Higgs is assumed to be a CP-even state. The
charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i
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W
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d̄k(p3)�µui(p1)ūl(p4)�⌫dj(p2)T µ⌫
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where also in this case T µ⌫

c.c.(q1, q2) is the same appearing in the charged-current h ! 4f
decays:
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The amplitude for the processes with initial anti-quarks can be easily obtained from the
above ones.

The next step is to perform a momentum expansion of the form factor around the
physical poles, due to the propagation of the intermediate electroweak gauge bosons (�,
Z and W

±), and define the PO from the residues of such poles. We stop this expansion
up to terms which can be generated with local operators with dimension bigger than six.
The explicit form of the expansion can be found in Ref. [1].1 Such a set of PO account
for very general deformations from the SM prediction.

It is important to stress that these PO are exactly the ones appearing in the Higgs
decays. This is insured by the crossing symmetry between h ! 4f and 2f ! h 2f
amplitudes. One di↵erence with respect to four-fermion Higgs decays is that the VBF
process probes a di↵erent kinematical regime in q

2

1

, q2
2

(the q2i are spacelike in VBF, being
in the t-channel). This however doesn’t change the fact that the underlying correlation
function which is being probed is still the same as in eq. (1). This implies that all the
fermion-independent PO are expected to be measured higher accuracy in the h ! 4` and
h ! 2`2⌫ Higgs decays rather than in production. The parameters not entering in such
processes are the quark contact terms, ✏Zqi and ✏Wuidj . For this reason, in the following we
focus our analysis on these couplings in order to assess what is the LHC precision reach
in the extraction of these PO. This means that we consider only the longitudinal form
factors T µ⌫

n.c (q1, q2) = F

qiqj
L (q2
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, q
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)gµ⌫ and T µ⌫
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)gµ⌫ . By expanding it

1
With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,

and analogously for the Gi.
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2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.
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Long-distance (non-local) modes (poles):
propagation of EW gauge bosons.

Short-distance modes:
contact terms, x and/or y → 0

includes

We perform a momentum expansion around the physical poles of the SM states:
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We neglect the regular terms and define the PO from the residues on the poles.
For example:

If needed, easy to add the next terms in the expansion, channel-by-channel.

for example for the longitudinal form-factors:
phenomenological analysis:
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Here PV (q2) = q2 �m2
V + imV �V , while g

f
Z and gikW are he PO characterizing the on-shell

couplings of Z and W boson to a pair of fermions: within the SM gfZ = g
c✓W

(T f
3 �Qfs

2
✓W

)

and gikW = gp
2
Vik, where V is the CKMmixing matrix.2 The functions�SM

L,n.c.(c.c.)(q
2
1, q

2
2) de-

note non-local contributions generated at the one-loop level (and encoding multi-particle
cuts) that cannot be re-absorbed in the definition of i and ✏i. At the level of precision
we are working, taking into account also the high-luminosity phase of the LHC, these
contributions can safely fixed to their SM values.

As anticipated, the crossing symmetry between h ! 4f and 2f ! h 2f amplitudes
ensures that the PO are the same in production and decay (if the same fermions species
are involved). The amplitudes are explored in di↵erent kinematical regimes in the two
type of processes (in particular the momentum-transfer, q21,2, are space-like in VBF and
time-like in h ! 4f). However, this does not a↵ect the definition of the PO. This implies
that the fermion-independent PO associated to a double pole structure, such as ZZ

and WW in Eq. (6), are expected to be measured with higher accuracy in h ! 4` and
h ! 2`2⌫ rather than in VBF. On the contrary, VBF is particularly useful to constrain
the fermion-dependent contact terms ✏Zqi and ✏Wuidj , that appear only in the longitudinal
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3) Define PO from the residues on the poles such that SM corresponds to ki ! 1, ✏j ! 0
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PO counting

Higgs (EW) decay amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
h ! gg,2eg,2µg kZZ,kZg

,k
gg

,eZZ
eZµL ,eZµR e

CP
ZZ ,d

CP
Zg

,dCP
gg4e,4µ,2e2µ eZeL ,eZeR

h ! 2e2n ,2µ2n ,enµn

kWW ,eWW eZn

µ

, Re(eW µL) e

CP
WW , Im(eWeL)

eZne , Re(eWeL) Im(eW µL)

Higgs (EW) production amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
VBF neutral curr.

⇥

kZZ,kZg

,k
gg

,eZZ
⇤

eZcL ,eZcR
h

e

CP
ZZ ,d

CP
Zg

,dCP
gg

i

and Zh eZuL ,eZuR ,eZdL ,eZdR eZsL ,eZsR

VBF charged curr. [ kWW ,eWW ] Re(eWcL) [e

CP
WW ], Im(eWuL)

and Wh Re(eWuL) Im(eWcL)

EW production and decay modes, with custodial symmetry

Amplitudes Flavor + CP Flavor Non Univ. CPV

production & decays kZZ,kZg

,k
gg

,eZZ e

CP
ZZ ,d

CP
Zg

,dCP
gg

VBF and VH only eZuL ,eZuR ,eZdL ,eZdR

eZcL ,eZcR

eZsL ,eZsR

decays only eZeL ,eZeR , Re(eWeL) eZµL ,eZµR

Table 2: Summary of the effective couplings PO appearing in EW Higgs decays and in the VBF and
VH production cross-sections (see main text). The terms between square brakes in the middle table are
the PO present both in production and decays. The last table denote the PO needed to describe both
production and decays under the assumption of custodial symmetry.

30

[…] : present both in production and decays. 

➡ Flavor-independent PO probed in h→4f 
➡ in EW production focus on quark contact terms

[…] : present both in production and decays. 
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Matching PO to effective couplingsMatching Higgs pseudo observables to effective couplings

When working at the leading order, the pseudo-observables defined in [1]1 are in one-to-one
correspondence with the following effective interactions:

Leff = ZZ
m2

Z

v
ZµZ

µh+ WW
2m2

W

v
W+

µ W�µh+

� ✏��
2

h

v
Aµ⌫A

µ⌫ � ✏Z�
h

v
Zµ⌫A

µ⌫ � ✏ZZ

2

h

v
Zµ⌫Z

µ⌫ � ✏WW
h

v
W+

µ⌫W
�µ⌫+

� ✏̃��
2

h

v
Aµ⌫Ã

µ⌫ � ✏̃Z�
h

v
Zµ⌫Ã

µ⌫ � ✏̃ZZ

2

h

v
Zµ⌫Z̃

µ⌫ � ✏̃WW
h

v
W+

µ⌫W̃
�µ⌫+

+
X

f

✏Zf ij
2h

v
Zµf̄

i�µf j+

+ ✏Weij
2h

v
W+

µ ⌫̄eiL�
µejL + ✏Wui

Ld
j
L

2h

v
W+

µ ūiL�
µdjL + ✏Wui

RdjR

2h

v
W+

µ ūiR�
µdjR + h.c. ,

(1)

where f = eL, ⌫L, eR, uL, dR, Vµ⌫ = @µV⌫ � @⌫Vµ, and Ṽ µ⌫ = 1
2✏

µ⌫⇢�V⇢�. In general, the
couplings in the last row are complex while all the others are real. If the Higgs is a parity-
even state and CP is conserved then all couplings are real and ✏̃X = 0. One can further
reduce the number of independent couplings by assuming flavour symmetries, in order to
impose absence of flavour violating Higgs couplings (i.e. diagonal contact terms, see [1])
or even flavour universality (i.e. contact terms proportional to the identity). Assuming
also custodial symmetry, or an underlying linear EFT, further reduces the number of
independent parameters; more details can be found in [1].

Note that other couplings often used in the literature, such as

Lred = 2
h

v

⇥
✏Z@ZZ

µ@⌫Zµ⌫ + ✏Z@�Z
µ@⌫Aµ⌫ + ✏W@W (W+µ@⌫W�

µ⌫ + h.c.)
⇤
, (2)

do not give independent contributions to the pseudo-observables, rather they contribute
to the ZZ,WW and to the contact terms, see Section B.2 of [1].

Feynman Rules

Vertices hh(k)W+µ(q1)W�⌫(q2)i (all momenta outgoing):

i

✓
WW

2m2
W

v
gµ⌫ + ✏WW

2

v
((q1 · q2)gµ⌫ � qµ2 q

⌫
1 ) + e✏WW

2

v
✏µ⌫⇢�q2⇢q1�

◆
✏⇤1µ(q1)✏

⇤
2⌫(q2) . (3)

Vertices hh(k)Zµ(q1)Z⌫(q2)i:

i

✓
ZZ

2m2
Z

v
gµ⌫ + ✏ZZ

2

v
((q1 · q2)gµ⌫ � qµ2 q

⌫
1 ) + e✏ZZ

2

v
✏µ⌫⇢�q2⇢q1�

◆
✏⇤1µ(q1)✏

⇤
2⌫(q2) . (4)

Vertices hh(k)Zµ(q1)�⌫(q2)i

i

✓
✏Z�

2

v
((q1 · q2)gµ⌫ � qµ2 q

⌫
1 ) + e✏Z�

2

v
✏µ⌫⇢�q2⇢q1�

◆
✏⇤Zµ(q1)✏

⇤
�⌫(q2) . (5)

1
[1] M. Gonzalez-Alonso, A. Greljo, G. Isidori, D.Marzocca, Pseudo-observables in Higgs decays,

arXiv:1412.6038.

1

• at LO there is a direct correspondence between PO and these effective couplings  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• can easily be implemented in any Monte Carlo (via publicly available UFO model) 
…tested within Sherpa & MadGraph_aMC@NLO
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Measurement of PO in VBF

4

VBF Higgs production
• Hard scattering at leading order (LO):  

2 q → 2 q + Higgs
• Many subprocesses:  

- neutral, charged currents, interferences

In 
progress

h

In this expansion we neglected higher order terms which can be only generated by local
operators with dimension bigger than 6. For the same argument used regarding VBF, in
the following we focus our attention on the longitudinal form factors FL and GL, which
contains the quark contact terms. Note that having neglected the vector boson decays
and fixing it on-shell is the same as having fixed the q

2

2

of the final-state current on the
vector boson pole-mass.

3 Implementation of the NLO QCD corrections

4 Phenomenology of VBF production

The vector boson fusion production is the largest of all electroweak Higgs production
mechanism in the SM at the LHC. It is very relevant in the context of experimental Higgs
searches due to its striking signature, two highly energetic forward jets in the opposite
sides of the proton beam, which allows for the e↵ective separation from the backgrounds.
In this chapter, we study the phenomenology of VBF production in the PO framework.

We mainly concentrate our discussion on measuring the quark contact terms PO,
✏Zqi and ✏Wuidj . These are the residues of the single pole terms in the expansion of the

F

ff 0

1

(q2
1

, q

2

2

) form factor. Intuitively, the best idealized observable at parton level (qq !
hqq hard scattering) relevant for the form factor measurement is the double di↵erential
cross section d

2

�/dq

2

1

dq

2

2

, where q

1

= p

1

� p

3

and q

2

= p

2

� p

4

are the momenta of
the two fermion currents entering the process (p

1

, p
2

(p
3

, p
4

) are the momenta of the
initial (final) state quarks). The nontrivial task is to choose the proper pairing of the
incoming and outgoing quarks, given we are experimentally blind to their flavor. For
partonic processes receiving two interfering contributions when the final-state quarks are
exchanged, such as uu ! huu or ud ! hud, the definition of q

1,2 is even less transparent
since a univocal pairing of the momenta can not be assigned, in general, even if one
knew the flavor of all partons. This problem can be simply overcome at a practical
level by making use of the VBF kinematics, in particular the fact that the two jets are
always very forward. This implies one can always pair the momenta of the jet going,
for example, on the +z direction with the initial parton going in the same direction,
and viceversa. The same argument can be used to argue that the interference between
di↵erent amplitudes (e.g. neutral current and charged current) is negligible in VBF. In
order to check this we perform a leading order parton level MadGraph simulation of VBF
Higgs production in the SM imposing the basic VBF cut on the outgoing quark invariant
mass mjj > 500 GeV. In Fig. 1, we show the distribution in the opening angle of the
incoming and outgoing quark momenta for the two di↵erent pairings. Show in blue is
the pairing based on the leading color connection using the color flow variable while in
red is the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves, i.e.

6

In this expansion we neglected higher order terms which can be only generated by local
operators with dimension bigger than 6. For the same argument used regarding VBF, in
the following we focus our attention on the longitudinal form factors FL and GL, which
contains the quark contact terms. Note that having neglected the vector boson decays
and fixing it on-shell is the same as having fixed the q

2

2

of the final-state current on the
vector boson pole-mass.

3 Implementation of the NLO QCD corrections

4 Phenomenology of VBF production

The vector boson fusion production is the largest of all electroweak Higgs production
mechanism in the SM at the LHC. It is very relevant in the context of experimental Higgs
searches due to its striking signature, two highly energetic forward jets in the opposite
sides of the proton beam, which allows for the e↵ective separation from the backgrounds.
In this chapter, we study the phenomenology of VBF production in the PO framework.

We mainly concentrate our discussion on measuring the quark contact terms PO,
✏Zqi and ✏Wuidj . These are the residues of the single pole terms in the expansion of the

F

ff 0

1

(q2
1

, q

2

2

) form factor. Intuitively, the best idealized observable at parton level (qq !
hqq hard scattering) relevant for the form factor measurement is the double di↵erential
cross section d

2

�/dq

2

1

dq

2

2

, where q

1

= p

1

� p

3

and q

2

= p

2

� p

4

are the momenta of
the two fermion currents entering the process (p

1

, p
2

(p
3

, p
4

) are the momenta of the
initial (final) state quarks). The nontrivial task is to choose the proper pairing of the
incoming and outgoing quarks, given we are experimentally blind to their flavor. For
partonic processes receiving two interfering contributions when the final-state quarks are
exchanged, such as uu ! huu or ud ! hud, the definition of q

1,2 is even less transparent
since a univocal pairing of the momenta can not be assigned, in general, even if one
knew the flavor of all partons. This problem can be simply overcome at a practical
level by making use of the VBF kinematics, in particular the fact that the two jets are
always very forward. This implies one can always pair the momenta of the jet going,
for example, on the +z direction with the initial parton going in the same direction,
and viceversa. The same argument can be used to argue that the interference between
di↵erent amplitudes (e.g. neutral current and charged current) is negligible in VBF. In
order to check this we perform a leading order parton level MadGraph simulation of VBF
Higgs production in the SM imposing the basic VBF cut on the outgoing quark invariant
mass mjj > 500 GeV. In Fig. 1, we show the distribution in the opening angle of the
incoming and outgoing quark momenta for the two di↵erent pairings. Show in blue is
the pairing based on the leading color connection using the color flow variable while in
red is the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves, i.e.

6

• Neutral currents

• Charged currents

2 Amplitude decomposition

Neglecting the light fermion masses, the electroweak production Higgs processes VH and
VBF, as well as four-fermion Higgs decays, can be completely described by the three-point
correlation function of the Higgs boson and two fermion currents

h0|T �
J

µ
f (x), J

⌫
f 0(y), h(0)

 |0i , (1)

where all the states involved are on-shell. In case of h ! 4`, 2`2⌫ decays both currents
are leptonic and all fermions are in the final state [1]. In case of VH associate production
one of the currents describes the initial state quarks –their o↵-shellness of order ⇤

QCD

can
be neglected given the much higher energy scales involved– while the other describes the
decay products of the vector boson. Finally, in VBF production the currents are not in
the s-channel as in the previous cases, but in t-channel. In particular each current is made
of an initial-state parton and a final-state jet: again we neglect the O(⇤

QCD

) o↵-shellness
of the quarks.

An important point to realize is that the correlation function entering in these di↵erent
processes is the same, except for changing the type of fermions. This implies that the
fermion-independent pseudo-observables present in the description of eq. (1) are the same
in all the processes, allowing to perform global analysis of production and decay in order
to extract the best sensitivity on the pseudo-observables.

As introduced in Ref. [1], we expand these amplitudes around the physical poles due
to the propagation of intermediate electroweak gauge bosons and define the PO from the
residues of these poles.

2.1 Vector boson fusion Higgs production

Higgs production via vector boson fusion (VBF) receives contribution both from neutral-
and charged-current channels. Also, depending on the specific partonic process, there
could be two di↵erent ways to construct the two currents, and these two terms interfere
with each other. For example, for uu ! uuh one has interference between two neutral-
current processes, while in ud ! udh the interference is between neutral and charged
current. In this case it is clear that one should sum the two amplitudes with the proper
symmetrization, as done in the case of h ! 4e in Ref. [1]. Here we describe how each
of these amplitudes can be parametrized in terms of PO. Let us start with the neutral-
current one. The amplitude for the on-shell process qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can
be parametrized by

An.c(qi(p1)qj(p2) ! qi(p3)qj(p4)h(k)) = i

2m2

Z

v

q̄i(p3)�µqi(p1)q̄j(p4)�⌫qj(p2)T µ⌫
n.c.(q1, q2),

(2)
where q

1

= p

1

� p

3

, q
2

= p

2

� p

4

and T µ⌫
n.c.(q1, q2) is the same tensor structure appearing in

h ! 4f decays, see Ref. [1]. In particular, Lorentz invariance allows only three possible

3

tensor structures, to which we can multiply a generic form factor:

T µ⌫
n.c.(q1, q2) =


F

qiqj
L (q2

1

, q

2

2
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qiqj
T (q2

1

, q
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2

)
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·q
2
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µ⌫ � q

2

µ
q

1

⌫

m

2

Z
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qiqj
CP (q2

1

, q

2

2

)
"

µ⌫⇢�
q

2⇢q1�

m

2

Z

�
.

(3)
The form factor FL describes interaction with the longitudinal part of the current, as in
the SM, the FT term instead describes a coupling with the transverse part while FCP

describes CP-violating interactions if the Higgs is assumed to be a CP-even state. The
charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) !
dk(p3)ul(p4)h(k) can be parametrized by

Ac.c(ui(p1)dj(p2) ! dk(p3)ul(p4)h(k)) = i

2m2

W

v

d̄k(p3)�µui(p1)ūl(p4)�⌫dj(p2)T µ⌫
c.c.(q1, q2),

(4)
where also in this case T µ⌫

c.c.(q1, q2) is the same appearing in the charged-current h ! 4f
decays:
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The amplitude for the processes with initial anti-quarks can be easily obtained from the
above ones.

The next step is to perform a momentum expansion of the form factor around the
physical poles, due to the propagation of the intermediate electroweak gauge bosons (�,
Z and W

±), and define the PO from the residues of such poles. We stop this expansion
up to terms which can be generated with local operators with dimension bigger than six.
The explicit form of the expansion can be found in Ref. [1].1 Such a set of PO account
for very general deformations from the SM prediction.

It is important to stress that these PO are exactly the ones appearing in the Higgs
decays. This is insured by the crossing symmetry between h ! 4f and 2f ! h 2f
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fermion-independent PO are expected to be measured higher accuracy in the h ! 4` and
h ! 2`2⌫ Higgs decays rather than in production. The parameters not entering in such
processes are the quark contact terms, ✏Zqi and ✏Wuidj . For this reason, in the following we
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The form factor FL describes interaction with the longitudinal part of the current, as in
the SM, the FT term instead describes a coupling with the transverse part while FCP

describes CP-violating interactions if the Higgs is assumed to be a CP-even state. The
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d̄k(p3)�µui(p1)ūl(p4)�⌫dj(p2)T µ⌫
c.c.(q1, q2),

(4)
where also in this case T µ⌫

c.c.(q1, q2) is the same appearing in the charged-current h ! 4f
decays:

T µ⌫(q
1

, q

2

) =


G

ijkl
L (q2

1

, q

2

2

)gµ⌫ +G

ijkl
T (q2

1

, q

2

2

)
q

1

·q
2

g

µ⌫ � q

2

µ
q

1

⌫

m

2

W

+G

ijkl
CP (q

2

1

, q

2

2

)
"

µ⌫⇢�
q

2⇢q1�

m

2

W

�

(5)
The amplitude for the processes with initial anti-quarks can be easily obtained from the
above ones.

The next step is to perform a momentum expansion of the form factor around the
physical poles, due to the propagation of the intermediate electroweak gauge bosons (�,
Z and W

±), and define the PO from the residues of such poles. We stop this expansion
up to terms which can be generated with local operators with dimension bigger than six.
The explicit form of the expansion can be found in Ref. [1].1 Such a set of PO account
for very general deformations from the SM prediction.

It is important to stress that these PO are exactly the ones appearing in the Higgs
decays. This is insured by the crossing symmetry between h ! 4f and 2f ! h 2f
amplitudes. One di↵erence with respect to four-fermion Higgs decays is that the VBF
process probes a di↵erent kinematical regime in q

2

1

, q2
2

(the q2i are spacelike in VBF, being
in the t-channel). This however doesn’t change the fact that the underlying correlation
function which is being probed is still the same as in eq. (1). This implies that all the
fermion-independent PO are expected to be measured higher accuracy in the h ! 4` and
h ! 2`2⌫ Higgs decays rather than in production. The parameters not entering in such
processes are the quark contact terms, ✏Zqi and ✏Wuidj . For this reason, in the following we
focus our analysis on these couplings in order to assess what is the LHC precision reach
in the extraction of these PO. This means that we consider only the longitudinal form
factors T µ⌫

n.c (q1, q2) = F

qiqj
L (q2

1

, q

2

2

)gµ⌫ and T µ⌫
c.c (q1, q2) = G

ijkl
L (q2

1

, q

2

2

)gµ⌫ . By expanding it

1
With respect to [1] we modified the labels of the form factors: F1 ! FL, F3 ! FT and F4 ! FCP ,

and analogously for the Gi.

4

Practical problem:
•                                  not directly measurable  
•  not even         measurable  (in particular not in H→WW)
• construct proxy:          
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Figure 2: Leading order parton level simulation of the Higgs VBF production at 13 TeV pp
c.m. energy. Shown here is the density histogram in two variables; the outgoing quark pT and
the momentum transfer

p
�q2 with the initial “color-connected” quark. The left plot is for the

SM, while the plot on the right is for the specific NP benchmark.
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So, for a near-threshold Higgs, �Ei ⌧ E 0, one has q2 ⇡ �p2T . To illustrate this we show
in Fig. 2, a density histogram in two variables; the outgoing quark pT and the momentum
transfer

p�q2 obtained from the correct color flow pairing. Again, the left and the right
plots are for the SM and the specific NP benchmark, respectively. The plots indicate the
strong correlation of the jet pT with the momentum transfer

p�q2 associated with the
correct color pairing. It is very important that the same is true even in the presence of
new physics contributions to the contact terms. Therefore, we encourage the experimental
analysis to report the unfolded measurement of the double di↵erential distributions in the
two VBF tagged jet pT ’s: F̃ (pTj

1

, pTj
2

). On the one hand, this observable is closely related
to the form factor entering the amplitude decomposition, FL(q21, q

2
2). On the other hand,

the extraction of the PO from the form factor has to be done in such a way to preserve
the validity of the momentum expansion, which can be obtained by setting an upper cut
on the jet pT . As an example, in Fig. 3, we show the prediction in the SM (left plot) and
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Measurement of PO in VBF

4

VBF Higgs production
• Hard scattering at leading order (LO):  

2 q → 2 q + Higgs
• Many subprocesses:  

- neutral, charged currents, interferences

In 
progress

h

In this expansion we neglected higher order terms which can be only generated by local
operators with dimension bigger than 6. For the same argument used regarding VBF, in
the following we focus our attention on the longitudinal form factors FL and GL, which
contains the quark contact terms. Note that having neglected the vector boson decays
and fixing it on-shell is the same as having fixed the q

2

2

of the final-state current on the
vector boson pole-mass.

3 Implementation of the NLO QCD corrections

4 Phenomenology of VBF production

The vector boson fusion production is the largest of all electroweak Higgs production
mechanism in the SM at the LHC. It is very relevant in the context of experimental Higgs
searches due to its striking signature, two highly energetic forward jets in the opposite
sides of the proton beam, which allows for the e↵ective separation from the backgrounds.
In this chapter, we study the phenomenology of VBF production in the PO framework.

We mainly concentrate our discussion on measuring the quark contact terms PO,
✏Zqi and ✏Wuidj . These are the residues of the single pole terms in the expansion of the
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) form factor. Intuitively, the best idealized observable at parton level (qq !
hqq hard scattering) relevant for the form factor measurement is the double di↵erential
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the two fermion currents entering the process (p
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) are the momenta of the
initial (final) state quarks). The nontrivial task is to choose the proper pairing of the
incoming and outgoing quarks, given we are experimentally blind to their flavor. For
partonic processes receiving two interfering contributions when the final-state quarks are
exchanged, such as uu ! huu or ud ! hud, the definition of q

1,2 is even less transparent
since a univocal pairing of the momenta can not be assigned, in general, even if one
knew the flavor of all partons. This problem can be simply overcome at a practical
level by making use of the VBF kinematics, in particular the fact that the two jets are
always very forward. This implies one can always pair the momenta of the jet going,
for example, on the +z direction with the initial parton going in the same direction,
and viceversa. The same argument can be used to argue that the interference between
di↵erent amplitudes (e.g. neutral current and charged current) is negligible in VBF. In
order to check this we perform a leading order parton level MadGraph simulation of VBF
Higgs production in the SM imposing the basic VBF cut on the outgoing quark invariant
mass mjj > 500 GeV. In Fig. 1, we show the distribution in the opening angle of the
incoming and outgoing quark momenta for the two di↵erent pairings. Show in blue is
the pairing based on the leading color connection using the color flow variable while in
red is the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves, i.e.
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• Neutral currents

• Charged currents

2 Amplitude decomposition

Neglecting the light fermion masses, the electroweak production Higgs processes VH and
VBF, as well as four-fermion Higgs decays, can be completely described by the three-point
correlation function of the Higgs boson and two fermion currents

h0|T �
J

µ
f (x), J

⌫
f 0(y), h(0)

 |0i , (1)

where all the states involved are on-shell. In case of h ! 4`, 2`2⌫ decays both currents
are leptonic and all fermions are in the final state [1]. In case of VH associate production
one of the currents describes the initial state quarks –their o↵-shellness of order ⇤

QCD

can
be neglected given the much higher energy scales involved– while the other describes the
decay products of the vector boson. Finally, in VBF production the currents are not in
the s-channel as in the previous cases, but in t-channel. In particular each current is made
of an initial-state parton and a final-state jet: again we neglect the O(⇤

QCD

) o↵-shellness
of the quarks.

An important point to realize is that the correlation function entering in these di↵erent
processes is the same, except for changing the type of fermions. This implies that the
fermion-independent pseudo-observables present in the description of eq. (1) are the same
in all the processes, allowing to perform global analysis of production and decay in order
to extract the best sensitivity on the pseudo-observables.

As introduced in Ref. [1], we expand these amplitudes around the physical poles due
to the propagation of intermediate electroweak gauge bosons and define the PO from the
residues of these poles.

2.1 Vector boson fusion Higgs production

Higgs production via vector boson fusion (VBF) receives contribution both from neutral-
and charged-current channels. Also, depending on the specific partonic process, there
could be two di↵erent ways to construct the two currents, and these two terms interfere
with each other. For example, for uu ! uuh one has interference between two neutral-
current processes, while in ud ! udh the interference is between neutral and charged
current. In this case it is clear that one should sum the two amplitudes with the proper
symmetrization, as done in the case of h ! 4e in Ref. [1]. Here we describe how each
of these amplitudes can be parametrized in terms of PO. Let us start with the neutral-
current one. The amplitude for the on-shell process qi(p1)qj(p2) ! qi(p3)qj(p4)h(k) can
be parametrized by
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h ! 4f decays, see Ref. [1]. In particular, Lorentz invariance allows only three possible
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The form factor FL describes interaction with the longitudinal part of the current, as in
the SM, the FT term instead describes a coupling with the transverse part while FCP

describes CP-violating interactions if the Higgs is assumed to be a CP-even state. The
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The amplitude for the processes with initial anti-quarks can be easily obtained from the
above ones.

The next step is to perform a momentum expansion of the form factor around the
physical poles, due to the propagation of the intermediate electroweak gauge bosons (�,
Z and W

±), and define the PO from the residues of such poles. We stop this expansion
up to terms which can be generated with local operators with dimension bigger than six.
The explicit form of the expansion can be found in Ref. [1].1 Such a set of PO account
for very general deformations from the SM prediction.

It is important to stress that these PO are exactly the ones appearing in the Higgs
decays. This is insured by the crossing symmetry between h ! 4f and 2f ! h 2f
amplitudes. One di↵erence with respect to four-fermion Higgs decays is that the VBF
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in the t-channel). This however doesn’t change the fact that the underlying correlation
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fermion-independent PO are expected to be measured higher accuracy in the h ! 4` and
h ! 2`2⌫ Higgs decays rather than in production. The parameters not entering in such
processes are the quark contact terms, ✏Zqi and ✏Wuidj . For this reason, in the following we
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Figure 3: Double di↵erential distribution in the two VBF-tagged jet pT for VBF Higgs pro-
duction at 13 TeV LHC. The distribution is normalized such that the total sum of events in all
bins is 1. (Left) Prediction in the SM. (Right) Prediction for NP in ✏WuL = 0.05.
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Putting together these two relations, one finds

q2i ⇡ �p2Ti �
p2Ti�Ei

2E 0
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+O(p4Ti/E
02) ⇡ �p2Ti , (19)

where in the last step we assumed�Ei ⌧ E 0, i.e. the Higgs being produced near threshold.
In order to confirm the above conclusion, in Fig. 2 we show a density histogram in

two variables: the (observable) pT of the outgoing jet and the (unobservable) momentum
transfer

p�q2 obtained from the correct color flow pairing (the left and the right plots
are for the SM and for a specific NP benchmark, respectively). These plots indicate a
very strong correlation of the jet pT with the momentum transfer

p�q2 associated with
the correct color pairing. We stress that this conclusion holds both within and beyond
the SM. Therefore, we encourage the experimental collaborations to report the unfolded
measurement of the double di↵erential distributions in the two VBF tagged jet pT’s:
F̃ (pTj

1

, pTj
2

). This measurable distribution is indeed closely related to the form factor
entering the amplitude decomposition, FL(q21, q

2
2), and encode (in a model-independent

way) the dynamical information about the high-energy behavior of the process. More-
over, as we will discuss in Section 3.3, the extraction of the PO in VBF must be done
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in the specific NP benchmark (right plot) of the normalized pT -ordered double di↵erential
distribution.

3.2 Implementation of the NLO QCD corrections in VBF

Inclusive VBF Higgs production in the SM is very stable with respect to higher order QCD
corrections [?,?,?]. Employing a fixed renormalization and factorization scale µ = mW

inclusive NLO QCD corrections are at the level of XX% with remaining scale uncertainties
of a few percent. At the NNLO QCD level these uncertainties on the inclusive cross section
are further reduced well below 1% [?,?]. However, in more exclusive observables, like the
pT spectra of the VBF jets, or when more exclusive experimental selection cuts are applied,
sensitivity to QCD radiation is more severe [?], yielding sizeable NLO correction factors
while NLO scale uncertainties remain small (below 10%). Recently the dominant NNLO
QCD corrections have been calculated fully di↵erentially [?] pointing towards a non-trivial
phase-space dependence

.... compared to the inclusive results.
In the following we will illustrate an improved perturbative convergence for exclusive

VBF observables when using a dynamical scale µ0 = HT/2 in contrast to a fixed scale µ =
mW . In particular here we will focus on the pT spectra of the VBF jets, as inputs for a fit
in the PO framework. To this end we employ the fully automated Sherpa+OpenLoops
framework [?,?] for the simulation of VBF production at LO and NLO QCD in the SM.

In the following chapter we will detail a fit of Higgs PO based on LO predictions of
VBF using the scale choice and setup developed in this chapter. Here we already note,
that this fit is hardly e↵ected by the overall normalization of the predictions. Thus, with
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Figure 4: One- (left) and two-dimensional (right) NLO correction factors and scale un-
certainties for EW production of pp ! h + 2 jets in the SM in function of pT,j

1

and pT,j
2

employing a central scale µ0 = HT/2.

bands correspond to 7-point renormalization (only relevant at NLO) and factorization
scale variations µR,F = ⇠R,Fµ0 with (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1),
(0.5, 0.5). Thanks to the dynamical scale choice NLO corrections to the one-dimensional
distributions are almost flat and amount to about �15%, while the dependence in the
two dimensional distribution remains moderate with largest corrections for pT,j

1

⇡ pT,j
2

.
In the following section we will detail a fit of Higgs PO based on LO predictions of VBF

using the scale choice and setup developed in this chapter. Here we already note, that this
fit is hardly a↵ected by the overall normalization of the predictions. Thus, with respect
to possible small deviations from the SM due to e↵ective form factor contributions we
expect a very limited sensitivity to QCD e↵ects assuming a similar stabilization of higher
order corrections as observed for the SM employing the scale choice µ0 = HT/2. In order
to verify this assumption and to improve on the Higgs PO fit, we are currently extending
the simulations within the Higgs PO framework to the NLO QCD level. To this end,
the framework has been implemented in the OpenLoops one-loop amplitude generator
in a process independent way. Here, the O(↵S) rational terms of R2-type required in
the numerical calculation of the one-loop amplitudes in OpenLoops have been obtained
generalising the corresponding SM expressions [40]. The implementation of the dipole
subtraction and parton-shower matching in the Sherpa Monte Carlo framework is based
on the model independent UFO interface of Sherpa [41] and is currently being validated.
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to possible small deviations from the SM due to e↵ective form factor contributions we
expect a very limited sensitivity to QCD e↵ects assuming a similar stabilization of higher
order corrections as observed for the SM employing the scale choice µ0 = HT/2. In order
to verify this assumption and to improve on the Higgs PO fit, we are currently extending
the simulations within the Higgs PO framework to the NLO QCD level. To this end,
the framework has been implemented in the OpenLoops one-loop amplitude generator
in a process independent way. Here, the O(↵S) rational terms of R2-type required in
the numerical calculation of the one-loop amplitudes in OpenLoops have been obtained
generalising the corresponding SM expressions [40]. The implementation of the dipole
subtraction and parton-shower matching in the Sherpa Monte Carlo framework is based
on the model independent UFO interface of Sherpa [41] and is currently being validated.
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of all partons. This problem can be overcome at a practical level by making use of the
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in VBF. In order to check this, we perform a leading order (LO) parton level simulation of
VBF Higgs production (pp ! hjj at O(↵3)) employing MadGraph5 aMC@NLO [23]
(version 2.2.3) at 13 TeV c.m. energy together with the Higgs PO UFO model. In this
simulation we impose the basic set of VBF cuts,

pT,j
1,2 > 30 GeV, |⌘j

1,2 | < 4.5, and mj
1

j
2

> 500 GeV. (17)

In Fig. 1, we show the distribution in the opening angle of the incoming and outgoing
quark momenta for the two di↵erent pairings. The left plot shows the SM, while the
right plot shows a specific NP benchmark point. Depicted in blue is the pairing based on
the leading color connection using the color flow variable in the event file, while in red
we show the opposite pairing. The plot shows that the momenta of the color connected
quarks tend to form a small opening angle and the overlap between the two curves,
i.e. where the interference e↵ects might be sizable, is negligible. This implies that in the
experimental analysis the pairing should be done based on this variable. Importantly,
the same conclusions can be drawn in the presence of new physics contributions to the
contact terms.

There is a potential caveat to the above argument: the color flow approximation
ignores the interference terms that are higher order in 1/NC . Let us consider a process
with two interfering amplitudes with the final state quarks exchanged, for example in
uu ! uuh. The di↵erential cross section receives three contributions proportional to
|F ff 0

L (t13, t24)|2, |F ff 0

L (t13, t24)F
ff 0

L (t14, t23)| and |F ff 0

L (t14, t23)|2, where tij = (pi � pj)2 =
�2EiEj(1 � cos ✓ij). For the validity of the momentum expansion it is important that
the momentum transfers (tij) remain smaller than the hypothesized scale of new physics.
On the other hand, imposing the VBF cuts, the interference terms turn out to depend
on one small and one large momentum transfer. However, thanks to the pole structure of
the form factors, they give a very small contribution.

Even though in some experimental analyses, after reconstructing the momenta of the
two VBF tagged jets and the Higgs boson, one could in principle compute the relevant
momentum transfers q1 and q2, adopting the pairing based on the opening angle, in
an hadron collider environment like the LHC this is unfeasible. Furthermore, for other
Higgs decays modes, such as h ! 2`2⌫, it is not possible to reconstruct the Higgs boson
momentum. Therefore, we want to advocate the use of the pT of the VBF jets as a proxy
for the momentum transfer q21,2. The quality of this approximation can be understood
by explicitly computing the momentum transfer q21,2 in the VBF limit |pT| ⌧ Ejet and
for a Higgs produced close to threshold. Let us consider the partonic momenta in the

c.o.m. frame for the process: p1 = (E,~0, E), p2 = (E,~0,�E), p3 = (E 0
1, ~pT,j

1

,
q
E 02

1 � p2T,j
1

)

and p4 = (E 0
2, ~pT,j

2

,
q

E 02
2 � p2T,j

2

). Conservation of energy for the whole process dictates
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preserving the validity of the momentum expansion: the latter can be checked and en-
forced setting appropriate upper cuts on the pT distribution. As an example of the strong
sensitivity of the (normalized) F̃ (pTj

1

, pTj
2

) distribution to NP e↵ects, in Fig. 3, we show
the corresponding prediction in the SM (left plot) and for a specific NP benchmark (right
plot).

3.2 NLO QCD corrections in VBF
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1

= 400 GeV and �10% for
pT,j

2

= 150 GeV [32].
In the following we will illustrate that the perturbative convergence for exclusive VBF

observables can be improved when using a dynamical scale µ0 = HT/2 (with HT being
the scalar sum of the pT of all final state particles) with respect to a fixed scale µ0 = mW .
In particular, here we will focus on the pT spectra of the VBF jets – as inputs for a
fit of the Higgs PO. To this end we employ the fully automated Sherpa+OpenLoops
framework [33–38] for the simulation of EW production of pp ! hjj at LO and NLO QCD
in the SM. Before applying the VBF selection cuts defined in Eq. 17 we cluster all final
state partons into anti-kT jets with R = 0.4 and additionally require a rapidity separation
of the two hardest jets of �⌘j

1

j
2

> 3. This additional requirement, could slightly reduce
the capability of di↵erentiating di↵erent tensor structures [19], however, such a cut is, on
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other hand, without such a cut NLO predictions for the pT spectra of the jets become
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In Fig. 4 we plot the pT distributions of the hardest and the second hardest jet using
a dynamical scale µ0 = HT/2. On the left one-dimensional pT spectra are plotted, while
on the right we show the corresponding two-dimensional NLO correction factors KNLO =
�NLO/�LO. Here CT10nlo PDFs [39] are used both at LO and NLO and uncertainty

5 In fact, in most VBF analyses an even tighter selection of �⌘j1j2 > 4.5 is imposed.
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to possible small deviations from the SM due to e↵ective form factor contributions we
expect a very limited sensitivity to QCD e↵ects assuming a similar stabilization of higher
order corrections as observed for the SM employing the scale choice µ0 = HT/2. In order
to verify this assumption and to improve on the Higgs PO fit, we are currently extending
the simulations within the Higgs PO framework to the NLO QCD level. To this end,
the framework has been implemented in the OpenLoops one-loop amplitude generator
in a process independent way. Here, the O(↵S) rational terms of R2-type required in
the numerical calculation of the one-loop amplitudes in OpenLoops have been obtained
generalising the corresponding SM expressions [40]. The implementation of the dipole
subtraction and parton-shower matching in the Sherpa Monte Carlo framework is based
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• mild NLO QCD corrections: max ~15-35% 
•  NNLO ~10% shape effects 
•  NLO EW ~10-15% shape effects
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Measurement of PO in VH
Practical problem:

•  process governed by
•  not measurable in all decay modes (V=W or H→WW) 
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Figure 7: The correlation between the Zh invariant mass and the pT of the Z boson in Zh
associate production at the 13TeV LHC in the SM (left plot) and for a BSM point ZZ = 1,
✏ZuL = 0.1 (right plot). A very similar correlation is present in the Wh channel.

structure of the form factors appearing in Eq. (9), namely F qiZ
L (q2) or G

qijW
L (q2), see also

Ref. [52]. The invariant mass of the V h system is given by m2
V h = q2 = m2

V +m2
h+2pV ·ph.

In the c.m. frame, we have pV = (EV , ~pT, pz) and ph = (Eh,�~pT,�pz) and

m2
V h = m2

V +m2
h + 2p2T + 2p2z + 2

q
m2

V + p2T + p2z

q
m2

h + p2T + p2z
|p

T

|!1�! 4p2T . (23)

For pz = 0 this equation gives the minimum q2 for a given pT, which can be seen as the left
edge of the distributions in Fig. 7. This is already a valuable information, especially to
address the validity of the momentum expansion. For example the boosted Higgs regime
utilized in many bb̄ analyses implies a potentially dangerous lower cut-o↵ on q2: here a bin
with pT > 300 GeV implies

p
q2 & 630 GeV, which might be a problem for the validity

of the momentum expansion.
In the Wh process, for a leptonic W boson decay, the pT,W can not be reconstructed

independently of the Higgs decay channel. It is tempting to consider the pT of the charged
lepton from the W decay as correlated with the Wh invariant mass. However, we checked
explicitly that any correlation is washed out by the decay.

4.2 NLO QCD corrections in VH

At the inclusive and exclusive level QCD corrections to VH processes are well under
control [26,27,53]. The dominant QCD corrections of Drell-Yan-like type are known fully
di↵erentially up to NNLO [54–56] and on the inclusive level amount to about 30% with
respect to the LO predictions for both Wh and Zh. Remaining scale uncertainties are at
the level of a few percent.

In Fig. 8 we illustrate the NLO QCD corrections to Zh in the SM looking at di↵erential
distributions in pT,Z and mZh, while the qualitative picture is very similar for Wh. The
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NLO QCD corrections

•canonical scale in VH is 
•but stabilisation of shapes with 
•QCD corrections mostly affect overall normalisation
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Figure 8: NLO correction factors and scale uncertainties for pp ! ZH in the SM in
function of pT,Z (left) and mHZ employing a central scale µ0 = HT/2.

employed setup is as detailed already in Section 3.2, while here we do not apply any phase-
space cuts. Although the natural scale choice for VH clearly is µ0 = Q =

p
(ph + pZ)2,

here we employ a scale µ0 = HT/2. With this scale choice the resulting di↵erential
distributions (to be utilized in the Higgs PO fit) are almost free of shape e↵ects due to
higher-order QCD corrections. A study of a similar stabilization including deformations
in the Higgs PO framework will be performed in the near future.

In the case of Zh besides Drell-Yan-like production there are loop-induced contribu-
tions in gg ! Zh mediated by heavy quark loops, which in particular become important
in the boosted regime with pT,H > 200 GeV [57,58].

Besides QCD corrections also EW corrections give relevant contributions and shape
e↵ects to VH processes due to Sudakov logarithms at large energies. They are known at
NLO EW [59,60] and decrease the LO predictions by about 10% for pT,Z = 300 GeV and
by about 15% for pT,W = 300 GeV. We stress that, as in the VBF case, the dominant
NLO EW e↵ects are factorizable corrections which can be reabsorbed into a redefinition
of the PO.

4.3 Prospects for the Higgs PO in Zh at the HL-LHC

In order to estimate the reach of the HL-LHC, at 13 TeV and 3000 fb�1 of integrated
luminosity, for measuring the Higgs PO in Zh production, we consider the all-leptonic
channel Z ! 2`, h ! 2`2⌫. The 8 TeV ATLAS search in this channel [51] estimated 0.43
signal events with 20.3 fb�1 (Table X of [51]). By rescaling the production cross section
and the luminosity up to the HL-LHC we estimate approximately ⇠ 130 signal events at
the SM rate. Assuming a sample of this size we perform a fit of the pT distribution of the Z
boson. In order to control the validity of the momentum expansion we apply an upper cut
of pmax

T = 280 GeV, which corresponds approximately to q2 ⇡ 600 GeV (see Fig. 7). We
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(ph + pZ)2,
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distributions (to be utilized in the Higgs PO fit) are almost free of shape e↵ects due to
higher-order QCD corrections. A study of a similar stabilization including deformations
in the Higgs PO framework will be performed in the near future.

In the case of Zh besides Drell-Yan-like production there are loop-induced contribu-
tions in gg ! Zh mediated by heavy quark loops, which in particular become important
in the boosted regime with pT,H > 200 GeV [57,58].

Besides QCD corrections also EW corrections give relevant contributions and shape
e↵ects to VH processes due to Sudakov logarithms at large energies. They are known at
NLO EW [59,60] and decrease the LO predictions by about 10% for pT,Z = 300 GeV and
by about 15% for pT,W = 300 GeV. We stress that, as in the VBF case, the dominant
NLO EW e↵ects are factorizable corrections which can be reabsorbed into a redefinition
of the PO.

4.3 Prospects for the Higgs PO in Zh at the HL-LHC

In order to estimate the reach of the HL-LHC, at 13 TeV and 3000 fb�1 of integrated
luminosity, for measuring the Higgs PO in Zh production, we consider the all-leptonic
channel Z ! 2`, h ! 2`2⌫. The 8 TeV ATLAS search in this channel [51] estimated 0.43
signal events with 20.3 fb�1 (Table X of [51]). By rescaling the production cross section
and the luminosity up to the HL-LHC we estimate approximately ⇠ 130 signal events at
the SM rate. Assuming a sample of this size we perform a fit of the pT distribution of the Z
boson. In order to control the validity of the momentum expansion we apply an upper cut
of pmax

T = 280 GeV, which corresponds approximately to q2 ⇡ 600 GeV (see Fig. 7). We
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tions in gg ! Zh mediated by heavy quark loops, which in particular become important
in the boosted regime with pT,H > 200 GeV [57,58].

Besides QCD corrections also EW corrections give relevant contributions and shape
e↵ects to VH processes due to Sudakov logarithms at large energies. They are known at
NLO EW [59,60] and decrease the LO predictions by about 10% for pT,Z = 300 GeV and
by about 15% for pT,W = 300 GeV. We stress that, as in the VBF case, the dominant
NLO EW e↵ects are factorizable corrections which can be reabsorbed into a redefinition
of the PO.
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luminosity, for measuring the Higgs PO in Zh production, we consider the all-leptonic
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signal events with 20.3 fb�1 (Table X of [51]). By rescaling the production cross section
and the luminosity up to the HL-LHC we estimate approximately ⇠ 130 signal events at
the SM rate. Assuming a sample of this size we perform a fit of the pT distribution of the Z
boson. In order to control the validity of the momentum expansion we apply an upper cut
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Figure 8: NLO correction factors and scale uncertainties for pp ! ZH in the SM in
function of pT,Z (left) and mHZ employing a central scale µ0 = HT/2.

employed setup is as detailed already in Section 3.2, while here we do not apply any phase-
space cuts. Although the natural scale choice for VH clearly is µ0 = Q =

p
(ph + pZ)2,

here we employ a scale µ0 = HT/2. With this scale choice the resulting di↵erential
distributions (to be utilized in the Higgs PO fit) are almost free of shape e↵ects due to
higher-order QCD corrections. A study of a similar stabilization including deformations
in the Higgs PO framework will be performed in the near future.

In the case of Zh besides Drell-Yan-like production there are loop-induced contribu-
tions in gg ! Zh mediated by heavy quark loops, which in particular become important
in the boosted regime with pT,H > 200 GeV [57,58].

Besides QCD corrections also EW corrections give relevant contributions and shape
e↵ects to VH processes due to Sudakov logarithms at large energies. They are known at
NLO EW [59,60] and decrease the LO predictions by about 10% for pT,Z = 300 GeV and
by about 15% for pT,W = 300 GeV. We stress that, as in the VBF case, the dominant
NLO EW e↵ects are factorizable corrections which can be reabsorbed into a redefinition
of the PO.

4.3 Prospects for the Higgs PO in Zh at the HL-LHC

In order to estimate the reach of the HL-LHC, at 13 TeV and 3000 fb�1 of integrated
luminosity, for measuring the Higgs PO in Zh production, we consider the all-leptonic
channel Z ! 2`, h ! 2`2⌫. The 8 TeV ATLAS search in this channel [51] estimated 0.43
signal events with 20.3 fb�1 (Table X of [51]). By rescaling the production cross section
and the luminosity up to the HL-LHC we estimate approximately ⇠ 130 signal events at
the SM rate. Assuming a sample of this size we perform a fit of the pT distribution of the Z
boson. In order to control the validity of the momentum expansion we apply an upper cut
of pmax

T = 280 GeV, which corresponds approximately to q2 ⇡ 600 GeV (see Fig. 7). We
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NLO QCD corrections in PO

•NP shapes largely unaffected by QCD corrections 
•detailed study in preparation
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Figure 5: Differential pT,Z distributions in the process pp ! ZH in the SM (left) and including an
example of NP within the PO framework with kZZ = 1,eZuL = 0.0195 (right). Shown are LO (red) and
NLO (blue) predictions and corresponding (7-pt) scale variations employing a central scale µ0 = HT/2.

choice similar conclusion also hold at the differential level with residual NLO scale uncertain-569

ties at the 10% level.570

As already discussed above, similar to the factorization in QED, the dominant QCD corrections571

are universal and factorize from any new physics effects in EW Higgs production. Conse-572

quently, with respect to possible small deformations from the SM, parametrized via effective573

form factor contributions in the PO framework, we expect a very limited sensitivity to QCD574

effects assuming a similar stabilization of higher order corrections as observed for the SM. In575

order to verify this assumption (and to make a corresponding tool available), the PO frame-576

work has been implemented in the Sherpa + OpenLoops [32,33,34,35] framework, where the577

implementation within Sherpa is based on a model independent UFO interface [36]. As in illus-578

tration, in Fig. 5 we compare the NLO QCD corrections to the pT distribution of the Z-boson579

in pp ! ZH between the SM and a NP point with kZZ = 1,eZuL = 0.0195. Despite the very580

different shape of the two distributions, higher order QCD corrections are very similar and do581

only show a very mild shape dependence. Detailed studies for VBF and VH including parton582

shower matching are under way.583

After the inclusion of NLO QCD corrections the dominant theoretical uncertainties to Higgs584

observables in VBF and VH are of EW type and dominated by large EW Sudakov logarithms585

at large energies [37,38,39]. The dominant NLO EW effects are factorizable corrections which586

can be reabsorbed into a future redefinition of the PO.587
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• process independent implementation of Higgs PO @ NLO QCD in Sherpa+OpenLoops
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Prospects for HL-LHC
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Figure 4: Prospects for measuring Higgs PO in electroweak Higgs production at the HL-
LHC at 13 TeV with 3000 fb�1 of integrated luminosity. For VBF and Zh we considered the
h ! 2`2⌫ channel (with Z ! 2` in Zh) while for Wh we considered only the clean h ! 4`,
W ! `⌫ channel. The solid (dashed) intervals represent the 1� (2�) constraints in each PO,
where all the others are profiled. The red bounds are from VBF, the blue ones for Zh and the
green ones for Wh production. More details are in the main text.

control variable is a priori unknown and we encourage the experimental analysis to report
the results as a function of this cut. Only after the analysis was performed, we would be
able to check Eq. (13).

We choose the binning in the double di↵erential distributions in the two VBF tagged
jet pT ’s as {30�100�200�300�400�600} GeV. We use our implementation of PO in the
Sherpa [] event generator to simulate VBF Higgs events over the relevant PO parameter
space in proton-proton collisions at 13 TeV c.m. energy. We employ the CT10nlo PDF
set and use Hjj

T /2 ⌘ |pj1T + pj2T |/2 for the factorization and renormalization scales. For
the VBF selection cuts we set: pjT > 30 GeV, |⌘j| < 4.5, mjj > 500 GeV and |�⌘jj| > 3.
The last cut, while it could slightly reduce the capability of di↵erentiating di↵erent tensor
structures [12], is necessary to reduce the background and the theoretical error due to the
scale uncertainty, see Sec. ??.

Analyzing the simulation output, we find the expressions for the number of expected
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LHC will be able to measure all the 
contact terms with percent accuracy!
Same conclusion also if no information on the 
total rate is retained.

Figure 5: Prospects for measuring Higgs PO in electroweak Higgs production at the HL-
LHC at 13 TeV with 3000 fb�1 of integrated luminosity. For VBF and Zh we considered the
h ! 2`2⌫ channel (with Z ! 2` in Zh) while for Wh we considered only the clean h ! 4`,
W ! `⌫ channel. The solid (dashed) intervals represent the 1� (2�) constraints in each PO,
where all the others are profiled. The red bounds are from VBF, the blue ones from Zh and the
green ones from Wh production. More details can be found in the main text.

3.3 Prospects for the Higgs PO in VBF at the HL-LHC

The extraction of the PO from the double di↵erential distribution F̃ (pTj
1

, pTj
2

) has to be
done with care. Here we make an attempt to perform such analysis. In the following we
estimate the sensitivity of the HL-LHC, operated at 13 TeV with 3000 fb�1 of data, on
measuring the PO assuming maximal flavor symmetry in a seven dimensional fit to ZZ ,
WW , ✏ZuL , ✏ZuR , ✏ZdL , ✏ZdR and ✏WuL . The ATLAS search for h ! WW ⇤ reported in
Ref. [42] considers the VBF-enriched category in which the detection of two jets consistent
with VBF kinematics is required. The expected yields in this category are reported in
Table VII of Ref. [42]. After the final selection cuts at 8 TeV with 20.3 fb�1 of integrated
luminosity, the expected number of Higgs VBF events in the SM is 4.7 (compared to 5.5
background events) in the eµ sample. Rescaling the number of expected events with the
expected HL-LHC luminosity (3000 fb�1) and cross section, we expect about 2000 SM
Higgs VBF events to be collected by each experiment. In the following, we make a brave
approximation and neglect any background events in the fit and assume that the HL-LHC
will observe a total of 2000 events compatible with the SM expectations.
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VBF: LO fit of the 2D pT distribution.
Zh, Wh: LO fit of the 1D pTV distribution.

With 3000 fb-1:  ~ 2000 events in VBF (h→2l2ν)
                       ~ 130 events in all leptonic Zh
                       ~ 67 events in all leptonic Wh

We fix:
control the momentum expansion validity.

As anticipated, a key point to be addressed for a consistent extraction of the PO is
the validity of the momentum expansion. In order to control such expansion, we set an
upper cut on the pT of the leading VBF-tagged jet. The momentum expansion of the
form factors in Eq. (6) only makes sense if the higher order terms in q21,2 are suppressed.
This requirement leads to the consistency condition,

✏Xf
|q2max| . m2

Z gfX , (20)

where q2max is the largest momentum transfer in the process. A priori we do not know the
size of ✏Xf

or, equivalently, the e↵ective scale of new physics. However, a posteriori we
can verify by means of Eq. (20) if we are allowed to truncate the momentum expansion to
the first non-trivial terms. In practice, setting a cut-o↵ on pT we implicitly define a value
of

p�q2max. Extracting the ✏Xf
for pT,j < (pT,j)max ⇡ p�q2max we can check if Eq. (20)

is satisfied. Ideally, the experimental collaborations should perform the extraction of the
✏Xf

for di↵erent values of (pT,j)max optimizing the range according to the results obtained.
In the following exercise we set (pT,j)max = 600 GeV which, a posteriori, will turn out to
be a good choice in absence of any sizeable deviations from the SM.

In our analysis we choose the binning in the double di↵erential distributions in the
two VBF tagged jet pT’s as {30� 100� 200� 300� 400� 600} GeV. We use the UFO
implementation of the Higgs PO in the Sherpa Monte Carlo generator [34,41] to simulate
VBF Higgs events over the relevant PO parameter space in proton-proton collisions at
13 TeV c.m. energy. Here we employ the VBF selection cuts as listed in Eq. (17) with the
additional requirement �⌘j

1

j
2

> 3. We verified that the results of the fit are independent
on the precise value of this last cut. Renormalization and factorization scales are set to
µR/F = HT/2, as discussed in Section 3.2.

Analyzing the simulation output, we find expressions for the number of expected events
in each bin as a quadratic polynomial in the PO:

N ev
a = TXa , with  ⌘ (ZZ ,WW , ✏ZuL , ✏ZuR , ✏ZdL , ✏ZdR , ✏WuL)

T , (21)

where a is a label for each bin. Assuming that the HL-LHC “would-be-measured” dis-
tribution is SM-like and describing the number of events in each bin with a Poisson
distribution, we construct a global likelihood L and evaluate the best-fit point from the
maximum of the likelihood. We then define the test statistic, ��2 = �2 log(L/Lmax), as
a function of the seven PO. For more details on the statistical analysis see App. A.

In Fig. 5, we show in red the 1� (��2  1) and 2� (��2  4) bounds for each PO,
while profiling over all the others. The expected uncertainty on the ZZ,WW is rather large
(with a loosely bounded direction: �ZZ ⇡ �3�WW ), however in a global fit to all Higgs
data, these PO are expected to be much more precisely constrained from h ! 4`, 2`2⌫
decays. The most important conclusion of this analysis is that at the HL-LHC all five
production PO can be constrained at the percent level. In the following we test the
robustness of this conclusion.

The likelihood obtained from the PO fit is highly non-Gaussian, which is mainly due
to the fact that Eq. (21) is quadratic in the PO, and thus the ��2 is approximately a
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Consistency condition:

q2max ≃ 600 GeV

Check!

Assume: flavour universality & CP 

Very simplified study: 

• ignore backgrounds 

•assumed systematic uncertainty due  
to missing higher orders: 10%  
(However, still statistics limited!) 

•assume SM rates @ HL-LHC
‣ for  VBF: h→2l2v     ~2000 signal events (SM)
‣ for  ZH: h→2l2v     ~130 signal events (SM)
‣ for  WH: h→4l        ~ 67 signal events (SM)  

•percent level constraints on PO feasible!
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Match PO to toy model: Z’
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Figure 10: We show the expected 95 % CL bound in the plane (gdR , guR) ⌘ gH(gdRZ0 , g
uR
Z0 )

for MZ0 = 700 and 2000 GeV on the left and right plots, respectively. All the bounds are
obtained analysing 2000 VBF Higgs production events as discussed in Sec. 3.3. The solid red
line represents the bound obtained in the Z 0 model, while the solid blue (dotted blue) are the
bounds obtained in the Higgs PO fit with quadratic (linear) dependence on the PO.

Comparing the two methods we conclude: (i) for both masses the quadratic PO fit pro-
vides a reasonable approximation of the model fit, while the linear fit largely overestimates
the errors; (ii) the PO fit performs better for MZ0 = 2000 GeV than for MZ0 = 700 GeV,
as expected from the momentum expansion validity arguments (we recall that we set the
cut pT,j < 600 GeV); however, also for MZ0 = 700 GeV the quadratic fit does provide
a fair approximation to the model fit. In particular, in this case we see that the bound
from the PO fit is stronger than in the model, which can be understood by the fact that
in VBF the Z 0 is exchanged in the t-channel, and therefore its main e↵ect is to reduce
the amplitude for high values of q2.

5.2 E↵ect of the Z0 in Zh

In order to assess the validity of the momentum expansion in associated production, it
is convenient to look first at the underlying partonic cross section. In Fig. 11 we show
the partonic cross section dd̄ ! Zh, as a function of the Zh invariant mass, for the two
benchmark points of Z 0 model introduced above.

Both benchmark points have been chosen such that they generate the same contact
term when the Z 0 is integrated out, ✏ZdR = 1.68 ⇥ 10�2, which is within the 2� bound
of our PO fit. The width of the Z 0 has been fixed to 100 GeV and 200 GeV for the
light and heavy scenario, respectively. Using Eq. (31) and assuming no other decay mode
is present, this corresponds to gH ' 0.097 (3.0) in the light (heavy) scenario. We have
checked that our conclusions do no change by varying the total width, as long as the
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•for                    PO nicely reproduce limits obtained in explicit model
• if possible always perform quadratic fit of PO

Introduction

2

Search for smooth deviations from the SM

In an EFT analysis further assumptions are needed:

- dynamical assumptions (e.g. if Higgs ∈ doublet)
- a basis has to be specified
- fix order in perturbation theory
- flavor assumptions

Run 2 (and beyond): High Precision Higgs era.

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings… 
The SM is complete.

So far, from direct searches:
⇤NP � mh (1)

To eq.(8) I added a (flavour universal) local interaction
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4
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Scale of New Physics is high

To be more specific, we consider a Z 0 which contributes to the form factor F ff 0

L of
hJµ

f (q1)J
⌫
f 0(q2)hi as

FL(q
2
1, q

2
2)

ff 0
= F ff 0

L,SM(q
2
1, q

2
2)�

v

mZ

gH

"
gfZ0g

f 0

Z

PZ0(q21)PZ(q22)
+

gfZg
f 0

Z0

PZ(q21)PZ0(q22)

#
, (29)

Such a contribution could arise, for example, from the following interaction terms,

L � �2gHmZZ
µZ 0

µh+
X

f=fL,fR

gfZ0 f̄�
µfZ 0

µ , (30)

where all the fields are canonically normalized and in the mass basis. Using Feyn-
Rules [64] (package version 1.6.16) we obtain an UFO [11] representation of this Z 0-
model and perform exactly the same analysis previously applied to the PO for VBF
and VH production. This allows us to derive bounds on the combination of couplings
gf ⌘ gHg

f
Z0 for a set of benchmark Z 0 masses, MZ0 . In this simple model the Z 0 only

decays to a pair of fermions as well in Z + h. The corresponding partial decay widths,
assuming the Z 0 is much heavier than the daughter particles, are

�(Z 0 ! f̄f) =
Nc MZ0

24⇡
|gfZ0 |2 , �(Z 0 ! Zh) =

MZ0

48⇡
g2H , (31)

where Nc is the number of colors. In order to simplify the analysis, we assume that the Z 0

is a narrow resonance (�Z0 ⌧ MZ0). This allows to interpret bounds from the VBF and
VH analyses in terms of the gf parameters. Using the above relations, we have checked
that this condition is satisfied for the benchmark scenarios we consider in the following.
Expanding the form factor from Eq. (29) for q21 ⌧ M2

Z0 and �Z0 ⌧ MZ0 and keeping only
the leading deviation from the SM, we find:

✏Zf = gHg
f
Z0
vmZ

M2
Z0

= gf
vmZ

M2
Z0

. (32)

5.1 E↵ect of the Z0 in VBF

We consider the case where the Z 0 couples to both the down and up right-handed quarks,
with two independent couplings, gdRZ0 and guR

Z0 . In addition, we fix the Z 0 mass to two
benchmarks values: (a) 700 GeV and (b) 2000 GeV. The main results of the analysis are
shown in Fig. 10.

On the one hand, we perform a fit to the Higgs PO ✏ZuR and ✏ZdR , while fixing all
other PO to zero, and translate this bound on the relevant parameter space of the Z 0

model, namely the {gdR , guR} plane. We report the results of the fit obtained with full
quadratic dependence on the PO, as well as the results in which Nev is linearized in �X

and ✏X . In both cases, 95% CL bounds are obtained by requiring �2 logL/Lmax  5.99.
On the other hand, using exactly the same binning and statistical treatment, we directly
fit the Z 0 model parameters.
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To be more specific, we consider a Z 0 which contributes to the form factor F ff 0
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Such a contribution could arise, for example, from the following interaction terms,

L � �2gHmZZ
µZ 0

µh+
X

f=fL,fR

gfZ0 f̄�
µfZ 0

µ , (30)

where all the fields are canonically normalized and in the mass basis. Using Feyn-
Rules [64] (package version 1.6.16) we obtain an UFO [11] representation of this Z 0-
model and perform exactly the same analysis previously applied to the PO for VBF
and VH production. This allows us to derive bounds on the combination of couplings
gf ⌘ gHg

f
Z0 for a set of benchmark Z 0 masses, MZ0 . In this simple model the Z 0 only

decays to a pair of fermions as well in Z + h. The corresponding partial decay widths,
assuming the Z 0 is much heavier than the daughter particles, are

�(Z 0 ! f̄f) =
Nc MZ0

24⇡
|gfZ0 |2 , �(Z 0 ! Zh) =

MZ0

48⇡
g2H , (31)

where Nc is the number of colors. In order to simplify the analysis, we assume that the Z 0

is a narrow resonance (�Z0 ⌧ MZ0). This allows to interpret bounds from the VBF and
VH analyses in terms of the gf parameters. Using the above relations, we have checked
that this condition is satisfied for the benchmark scenarios we consider in the following.
Expanding the form factor from Eq. (29) for q21 ⌧ M2

Z0 and �Z0 ⌧ MZ0 and keeping only
the leading deviation from the SM, we find:
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5.1 E↵ect of the Z0 in VBF

We consider the case where the Z 0 couples to both the down and up right-handed quarks,
with two independent couplings, gdRZ0 and guR

Z0 . In addition, we fix the Z 0 mass to two
benchmarks values: (a) 700 GeV and (b) 2000 GeV. The main results of the analysis are
shown in Fig. 10.

On the one hand, we perform a fit to the Higgs PO ✏ZuR and ✏ZdR , while fixing all
other PO to zero, and translate this bound on the relevant parameter space of the Z 0

model, namely the {gdR , guR} plane. We report the results of the fit obtained with full
quadratic dependence on the PO, as well as the results in which Nev is linearized in �X

and ✏X . In both cases, 95% CL bounds are obtained by requiring �2 logL/Lmax  5.99.
On the other hand, using exactly the same binning and statistical treatment, we directly
fit the Z 0 model parameters.
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To be more specific, we consider a Z 0 which contributes to the form factor F ff 0

L of
hJµ

f (q1)J
⌫
f 0(q2)hi as

FL(q
2
1, q

2
2)

ff 0
= F ff 0

L,SM(q
2
1, q

2
2)�

v

mZ

gH

"
gfZ0g

f 0

Z

PZ0(q21)PZ(q22)
+

gfZg
f 0

Z0

PZ(q21)PZ0(q22)

#
, (29)

Such a contribution could arise, for example, from the following interaction terms,

L � �2gHmZZ
µZ 0

µh+
X

f=fL,fR

gfZ0 f̄�
µfZ 0

µ , (30)

where all the fields are canonically normalized and in the mass basis. Using Feyn-
Rules [64] (package version 1.6.16) we obtain an UFO [11] representation of this Z 0-
model and perform exactly the same analysis previously applied to the PO for VBF
and VH production. This allows us to derive bounds on the combination of couplings
gf ⌘ gHg

f
Z0 for a set of benchmark Z 0 masses, MZ0 . In this simple model the Z 0 only

decays to a pair of fermions as well in Z + h. The corresponding partial decay widths,
assuming the Z 0 is much heavier than the daughter particles, are

�(Z 0 ! f̄f) =
Nc MZ0

24⇡
|gfZ0 |2 , �(Z 0 ! Zh) =

MZ0

48⇡
g2H , (31)

where Nc is the number of colors. In order to simplify the analysis, we assume that the Z 0

is a narrow resonance (�Z0 ⌧ MZ0). This allows to interpret bounds from the VBF and
VH analyses in terms of the gf parameters. Using the above relations, we have checked
that this condition is satisfied for the benchmark scenarios we consider in the following.
Expanding the form factor from Eq. (29) for q21 ⌧ M2

Z0 and �Z0 ⌧ MZ0 and keeping only
the leading deviation from the SM, we find:

✏Zf = gHg
f
Z0
vmZ

M2
Z0

= gf
vmZ

M2
Z0

. (32)

5.1 E↵ect of the Z0 in VBF

We consider the case where the Z 0 couples to both the down and up right-handed quarks,
with two independent couplings, gdRZ0 and guR

Z0 . In addition, we fix the Z 0 mass to two
benchmarks values: (a) 700 GeV and (b) 2000 GeV. The main results of the analysis are
shown in Fig. 10.

On the one hand, we perform a fit to the Higgs PO ✏ZuR and ✏ZdR , while fixing all
other PO to zero, and translate this bound on the relevant parameter space of the Z 0

model, namely the {gdR , guR} plane. We report the results of the fit obtained with full
quadratic dependence on the PO, as well as the results in which Nev is linearized in �X

and ✏X . In both cases, 95% CL bounds are obtained by requiring �2 logL/Lmax  5.99.
On the other hand, using exactly the same binning and statistical treatment, we directly
fit the Z 0 model parameters.
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consider parameter space:

matching
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HPO vs. SMEFT
• HPO and SMEFT interpretation go hand in hand
• add a given perturbative order HPO can be matched to coefficients of dim-6 of SMEFT

HPO dim-6 EFT  
(Higgs Basis)

44

Higgs PO in the linear EFT
• Higgs PO can be expressed as linear combinations of the Wilson 

coefficients of the EFT Lagrangian 
• Example: Tree-level matching with “Higgs basis” [LHC HXSWG 2, 2015]

Matching to the linear EFT (Higgs Basis) Backup

35

10

cients in the Higgs basis is

kZZ = 1+dcz +g2cz⇤ ,

kWW = 1+dcw +g2cw⇤ ,

eZ f =
2mZ

v

✓
dgZ f +

g2

2
(T f

3 �Q f s2
q )cz⇤+

e2Q f

2
cg⇤

◆
,

eW f =

p
2mW

v

✓
dgW f +

g2

2
cw⇤

◆
,

eZZ = eSM�1L
ZZ � g2 +g02

2
czz , (A.2)

eZg = eSM�1L
Zg � gg0

2
czg ,

egg = eSM�1L
gg � e2

2
cgg ,

eWW = eSM�1L
WW � g2

2
cww ,

where the dependent couplings dcw,cww,cw⇤,cg⇤ are given,
in terms of the independent ones, by [9]

dcw = dcz +4dm ,

cww = czz +2s2
q czg + s4

q cgg , (A.3)

cw⇤ =
1

g2 �g02
⇥
g2cz⇤+g02czz � e2s2

wcgg � (g2 �g02)s2
wczg

⇤
,

cg⇤ =
1

g2 �g02
⇥
2g2cz⇤+(g2 +g02)czz � e2cgg � (g2 �g02)czg

⇤
.

We stress here that the choice of keeping cz⇤ as an inde-
pendent coupling instead of dcw implies that the pseudo-
observables kZZ and kWW are not in one-to-one correspon-
dence with the dcz and dcw couplings, and also the contact
terms eV f are not in one-to-one correspondence with the cV f

coefficients defined in Ref. [9]. Even though this choice is
not optimal for our purposes, the relations between observ-
ables presented in Sec. 2 are of course independent on this
basis choice.

The CP-conserving anomalous TGC are defined by the
Lagrangian

L TGC = iedkg AµnW+µW�n + igcq dkzZµnW+
µ W�

n

+ igcq dg1,z(W+
µnW�µ �W�

µnW+µ)Zn + (A.4)

+ i
gcq
m2

W
lZW+

µnW�nr Zµ
r + i

e
m2

W
lgW+

µnW�nr Aµ
r .

In general, at dimension-6 in the linear EFT, dkz = dg1,z �
t2
q dkg and lg = lZ . Moreover, in this basis also dg1,z and

dkg are dependent couplings:

dg1,z =
1

2(g2 �g02)

⇥
�g2(g2 +g02)cz⇤�g02(g2 +g02)czz+

+ e2g02cgg +g02(g2 �g02)czg
⇤
, (A.5)

dkg = �g2

2

✓
cgg

e2

g2 +g02
+ czg

g2 �g02

g2 +g02
� czz

◆
,

while only lZ is an independent coupling. Since we are in-
terested in studying the constraints from TGC on Higgs ob-
servables it is convenient for us to exchange the two inde-
pendent Higgs couplings cz⇤ and czz in favour of these TGC
using Eq. (A.5). By doing so and substituting the result in
Eq. (A.3) we obtain the relations of Sec. 2. We also checked
independently those relations by employing a basis of mani-
festly SU(2)L ⇥U(1)Y invariant operators.

Once the per-mil constraints from LEP-1 measurements
have been imposed, the TGC can be constrained from a fit
to LEP-2 data on s(e+e� !WW ) and single W production.
We use the results of the fit performed in Ref. [8]:
0

@
dg1Z
dkg
lZ

1

A =

0

@
�0.83±0.34
0.14±0.05
0.86±0.38

1

A ,

r =

0

@
1 �0.71 �0.997
. 1 0.69
. . 1

1

A . (A.6)

The large allowed range for dg1,z and lZ is due to an approx-
imately blind direction in LEP-2 WW data corresponding to
lZ ⇡ �dg1,z [14]. This implies a very loose bound on dg1,z
upon marginalizing on lZ . Since in a wide class of explicit
ultraviolet completions of the linear EFT lZ is expected to be
loop suppressed compared to dg1,z and dkg , it is worth con-
sidering explicitly the case lZ = 0. In this limit the bound on
dg1,z is much stronger:
✓

dg1Z
dkg

◆
=

✓
�0.06±0.03
0.06±0.04

◆
, r =

✓
1 �0.5
. 1

◆
. (A.7)

References

1. M. Gonzalez-Alonso, A. Greljo, G. Isidori and D. Marzocca, Eur.
Phys. J. C 75 (2015) 3, 128 [arXiv:1412.6038].

2. G. Isidori and M. Trott, JHEP 1402 (2014) 082 [arXiv:1307.4051].
3. G. Isidori, A. V. Manohar and M. Trott, Phys. Lett. B 728 (2014)

131 [arXiv:1305.0663].
4. R. Contino, M. Ghezzi, C. Grojean, M. Muhlleitner and M. Spira,

JHEP 1307 (2013) 035 [arXiv:1303.3876].
5. A. Pomarol and F. Riva, JHEP 1401 (2014) 151

[arXiv:1308.2803].

[Gupta, Pomarol, Riva, 2014]
[LHC HXSWG 2, 2015]
[Efrati, Falkowski, Soreq, 2015]

of 2-derivative Higgs couplings to gauge bosons. In the Higgs basis, these effects are parametrized
by the following independent couplings:

δcz, czz, cz!, cγγ , czγ, cgg, c̃gg, c̃zz, c̃γγ, c̃zγ,

δyu, δyd, δye, sinφu, sinφd, sinφℓ. (3.2)

The couplings in the first line are defined via the Higgs boson couplings to gauge bosons:

∆LD=6
hvv =

h

v

[
2δcwm

2
WW+

µ W−
µ + δczm

2
ZZµZµ

+cww
g2L
2
W+

µνW
−
µν + c̃ww

g2L
2
W+

µνW̃
−
µν + cw!g

2
L

(
W−

µ ∂νW
+
µν + h.c.

)

+cgg
g2s
4
Ga

µνG
a
µν + cγγ

e2

4
AµνAµν + czγ

egL
2cθ

ZµνAµν + czz
g2L
4c2θ

ZµνZµν

+cz!g
2
LZµ∂νZµν + cγ!gLgYZµ∂νAµν

+c̃gg
g2s
4
Ga

µνG̃
a
µν + c̃γγ

e2

4
AµνÃµν + c̃zγ

egL
2cθ

ZµνÃµν + c̃zz
g2L
4c2θ

ZµνZ̃µν

]
,

(3.3)

where the dependent couplings δcw, cww, c̃ww, cw!, and cγ! can be expressed by the independent
couplings as

δcw = δcz + 4δm,

cww = czz + 2s2θczγ + s4θcγγ ,

c̃ww = c̃zz + 2s2θc̃zγ + s4θc̃γγ ,

cw! =
1

g2L − g2Y

[
g2Lcz! + g2Y czz − e2s2θcγγ − (g2L − g2Y )s

2
θczγ

]
,

cγ! =
1

g2L − g2Y

[
2g2Lcz! + (g2L + g2Y )czz − e2cγγ − (g2L − g2Y )czγ

]
. (3.4)

The coupling in the second line of Eq. (3.2) are defined via the Higgs boson couplings to fermions:

∆LD=6
hff = −

h

v

∑

f∈u,d,e

δyf e
iφf mff

cf + h.c.. (3.5)

Following my assumption of flavor universal coefficients of dimension-6 operators, each δyf and
φf is a real number. Moreover, the couplings in Eq. (3.5) are diagonal in the generation space,
therefore flavor violating Higgs decays are absent (see Refs. [28,29] for a discussion of such decays
in the EFT language).

The complete Higgs interaction Lagrangian relevant for this review is given by LSM
h + LSM

vff +
∆LD=6

hvv +∆LD=6
hff and is parametrized by the independent couplings in Eq. (3.2). The effect of these

couplings on the LHC Higgs observables will be discussed in the following sections. But before
that, a comment is in order on other effects of D = 6 operators that could, a priori, be relevant.
First, in the Higgs basis there are corrections to the Z and W boson interactions in Eq. (2.14),
parametrized by vertex corrections δg. These would feed indirectly into Higgs observables, such as,
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TGC bounds (lZ ' �dg1,z unconstrained), EW plus Higgs
data leave open the room for sizable h ! 4` contact terms
(eZ`), provided they are flavor universal and with the specific
L–R alignment shown in Fig. 1 (left). In principle, h ! 4`
data can be used to remove the degeneracy in the EFT pa-
rameter space implied by the TGC flat direction; however,
the present level of precision is not good enough. As a re-
sult, the uncertainty on the contact terms reflects into a poor
knowledge of kZZ , as shown in Fig. 6 (top). If the TGC di-
rection is closed (by model-dependent dynamical consider-
ations suggesting lZ = 0), the contact terms are bounded at
the few percent level, as shown in Fig. 1 (right), and have a
minor impact in the determination of kZZ , as shown in Fig. 6
(bottom).

The phenomenological implications for h! 4` decays of
the EW bounds on the Higgs PO are summarized in Fig. 2–4.
On the one hand, the uncertainty of the predictions thus ob-
tained determine the level of precision necessary, in future
h ! 4` analyses, to improve our constraints on the Higgs
linear EFT. In this respect, we confirm the conclusion of
Ref. [6, 26] that shape-modifications in h ! 4` are signif-
icantly constrained in the linear EFT regime, although we
find that deviations from the SM as large as 10% (20%) are
still possible for lZ = 0 (lZ 6= 0).

On the other hand, these predictions can be interpreted as
a series of tests that, if falsified by future h ! 4` data, would
allow us not only to establish the existence of NP but also
to exclude that h is the massive excitation of a pure SU(2)L
doublet. In this respect, we stress the firm prediction on the
lepton-flavor universality ratios in Fig. 2, and the bounds on
the normalized dilepton invariant-mass spectrum in Fig. 5.
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Appendix A: Higgs PO, TGC, and the Higgs basis

A dimension-6 operator basis particularly useful to imple-
ment experimental constraints on the EFT, at tree-level ac-
curacy, is the so-called Higgs basis, developed by the Higgs
cross section LHC Working Group [11]. This basis has been
developed following a similar logic to the so-called ”BSM
primaries” approach of Ref. [8, 9] (see also Ref. [13]): the

coefficients are specifically built to be directly related to the
observables which provide the best constraints on the EFT.
This basis is defined from an effective Lagrangian describing
interactions between mass eigenstates fields with canonical
kinetic terms, in the unitary gauge. For the list of the inde-
pendent couplings and their definition we refer to Ref. [11].
The Z and W couplings are defined from the Lagrangian

L d=6
Z f f = Â

f

p
g2 +g02Zµ f̄ dgZ f gµ f , (A.1)

L d=6
W f f 0 =

gp
2

W+
µ n̄Lgµ dgW`eL +

+
gp
2

�
W+

µ ūLgµ dgWqLVCKMdL +W+
µ ūRgµ dgWqR dR

�
,

where f = eL,R,n ,uL,R,dL,R and fermion fields all have an
implicit flavor index. For our purposes it is worth stressing
that the fermion couplings to Z and W bosons are chosen
as independent couplings in this basis. Only the Z couplings
to neutrinos and the W couplings to left-handed quarks are
dependent of the others:

dgZn = dgZeL +dgW` , dgWqL = dgZuL �dgZdL . (A.2)

This implies that, at tree-level, SLD and LEP-I pseudo-ob-
servables from the Z-pole and from W decays can be directly
related to these couplings. In particular deviations in the Z
couplings can be constrained at the per-mil level while devi-
ations in the W couplings only at the percent level [13].

The tree-level matching between the Higgs pseudo-ob-
servables of Ref. [1] and the EFT coefficients in the Higgs
basis is

kZZ = 1+dcz +g2cz⇤ ,

kWW = 1+dcw +g2cw⇤ ,

eZ f =
2mZ

v

✓
dgZ f +

g2

2
(T f

3 �Q f s2
q )cz⇤+

e2Q f

2
cg⇤

◆
,

eW f =

p
2mW

v

✓
dgW f +

g2

2
cw⇤

◆
,

eZZ = eSM�1L
ZZ � g2 +g02

2
czz , (A.3)

eZg = eSM�1L
Zg � gg0

2
czg ,

egg = eSM�1L
gg � e2

2
cgg ,

eWW = eSM�1L
WW � g2

2
cww ,

LO matching
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HPO vs. SMEFT
• HPO and SMEFT interpretation go hand in hand
• add a given perturbative order HPO can be matched to coefficients of dim-6 of SMEFT

HPO EFT
‣ Basis and EFT independent

‣ directly related to physical  properties of 
process at hand

‣ allows to classify ALL information that can 
be experimentally obtained from a given 
process

‣ defined at all-orders in perturbation theory

‣ allows to relate different process classes with 
same operators (e.g. ttbar and VBF)

‣ combined predictions/limits across different 
classes of processes

‣ allows for studies of UV completion
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Conclusions

•Higgs Pseudo Observables (HPO) offer a framework for model independent  
parametrisation of NP effects in Higgs decays and Higgs EW production

•based on physical properties of the Green functions
•can easily be matched to specific models
• trivial factorization of soft QCD and QED radiation
•LL+NLL EW effects via redefinition of PO
•can be extended to VBF-V

•FeynRules model for Higgs PO @ LO+PS is publicly available at: 
http://www.physik.uzh.ch/data/HiggsPO/  
…can easily be used within Sherpa or MadGraph_aMC@NLO  
…NLO QCD+PS will follow soon!
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