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Incomplete list of final states that benefit from energy upgrade

Higgs-bottom coupling

b
b Higgs-top coupling

Off-shell Higgs (Width)

Higgs selfcouplingBoosted Higgs in H+jet

HZ final state

[Kauer, Passarino ’12]
[Caola, Melnikov ’14]

[Plehn, Salam, MS ’09]

[Englert, McCullough, MS ’13]

[Dolan, Englert, MS ’12 ’12]

CP Higgs

[Klamke, Zeppenfeld ’07]

[Baur, Plehn, Rainwater ’02 ’03]

[Baglio et al ’13]

[Butterworth, Davison, 
Rubin, Salam ’08]

[Banfi, Martin, Sanz ’13]
[Harlander, Neumann ’13]

[Grojean, Salvioni, 
Schlaffer Weiler ’14] [Plehn, Rainwater, Zeppenfeld ’01]

[Moretti, Petrov, Pozzorini, MS ’15]
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Effective
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SUSY, CW, …
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Theory

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
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� > �
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(195)

µ ⇠ 1 (196)
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EFT

‣ interpretation requires communication between different scales 
as well as theorists and experimentalists

 Improved/Unified way of interpretation of measurements

Connecting measurements with UV physics

Kappa

Framework

Simplified 

Models

Full (UV) 

Model

Complexity/Flexibility

‣ NP models simple 
rescaling of couplings

‣ No new Lorentz 
-structures or 
kinematics

‣ SM degrees of 
freedom and 
symmetries

‣ New kinematics/
Lorentz structures

‣ New low-energy 
degrees of 
freedom 

‣ Subset of states of 
full models, 
reflective at scale 
of measurement

‣ Very complex and 
often high-dimensional 
parameter space

‣ Allows to correlate 
high-scale and low-
scale physics
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Standard Model
BSM ‣ interpretation of measurement is hypothesis test  

requires two competing hypotheses



Kappa framework EFT framework

Simplified models UV models

Information extraction in different frameworks

MSSM, NMSSM, string pheno, …
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EFT fit for hadron collider needs to address:

Basis

Precision

Practicality 

Validity

‣Complete
‣ Inspired by UV physics?

‣Manageable number of 
operators for fit

‣Validity range of EFT set by kinematic of measurement

‣Resummation of large log (RGE improved pert. theory)

‣ Full NLO

Several available:
Warsaw Basis [1008.4884]

SILH Basis
Primary/Higgs Basis

[hep-ph/070164]
[1405.0181]

hello bonjour hola

bon giorno

shalom

hej
ni hao
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Flavor diagonal still complex:

Agnostic operator basis highly complex:

2499 non-redundant parameters at dim-6

Basis and choice of operators to consider

59 operators

• Focus on operators with Higgs 
involvement (new kid on the block)

constrained by LEP at permille level

• Focus on operators that are 
probed predominantly at LHC

Choose SILH basis:

here 

[Peskin, Takeuchi ’91]

pp ! Hjj (208)

pp ! HV (209)

pp ! ttH (210)

cT ⇠ T (211)

cB + cW ⇠ S (212)

15

pp ! Hjj (208)

pp ! HV (209)

pp ! ttH (210)

cT ⇠ T (211)

cB + cW ⇠ S (212)

15

and 

[Giudice, Grojean, Pomarol, Rattazzi ’07]
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Validity and Relevance of EFT

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

b¯bb¯b (195)

pT,H . 2mt (196)

2mt . pT,H . 2m
NP

(197)

2m
NP

. pT,H (198)

H ! ⌧+⌧� (199)

H ! WW ⇤ (200)

H ! ZZ⇤ (201)

L = L
SM

+

X

i

g2i
⇤

2

NP

Oi (202)

14

Lagrangian dim-6:

EFT used to set limits on UV models from non-observation of new physics
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FIG. 1: New Physics interpretation of constraint on new op-
erators C(ΛNP)⟨ÔNP⟩ ∼ (gNP/ΛNP)

2 (black line). The red
vertical line indicates the validity cut-off of the effective the-
ory. Only the parameter space captured the by green-shaded
area is constrained using the effective theory approach.

est new particle mass, but if this mass scale is resolved
by the LHC, the only theoretically correct way to con-
strain models is to include the full model dependence on
the propagating degrees of freedom. While the numer-
ical effects can be small depending on the model, their
full inclusion is well possible given the state-of-the-art of
current Monte Carlo event generators.

IV. DIJETS AND CONTACT INTERACTIONS
AT THE LHC

Let us come back to the contact interaction model in-
troduced in Sec. II. To make our discussion transparent,
we use these results for all contributing quark flavour-
changing partonic subprocesses (and neglect the factor
GF /

√
2 in the operator definitions). We define the new

physics scale and the resulting EFT at (i) ΛNP = 14 TeV,
outside the kinematic LHC coverage of the run 2 start-
up energy

√
s = 13 TeV and (ii) at the maximum energy

of a low statistics phase during run 2 following Sec. III
in a toy MC analysis. To take into account the opera-
tor mixing and to reflect the energy dependence of the
Wilson coefficients when probed at different centre-of-
mass energies

√
ŝ, we can solve the RGE resulting from

Eqs. (8) and (10) and evaluate the effective Lagrangian at
a specific energy scale on an event-by-event basis. Setting
the correct scale at which we evaluate {Ci(µ)} involves
some freedom, similar to choosing an appropriate scale,
at which we evaluate the running of αs in SM-like sim-
ulations of hadron collider processes. In this particular
case we choose µ =

√
ŝ, which is also chosen to be the

relevant scale for parton densities and the running of the
strong coupling.
In Fig. 2 we display the differential impact of taking

into account the RGE-improved separation of ΛNP =
14 TeV from the scale at which the effective Lagrangian
is probed as a function of the jets’ transverse momentum
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FIG. 2: Transverse momentum distribution of dijet events at
the LHC with

√
s = 13 TeV. We show the SM and two scenar-

ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale

√
ŝ. The

ratio panel gives the differential impact of including the RGE
running, displaying the ratio of “fixed” and “RGE”.

pT,j .¶

Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.

Validity and Relevance of EFT
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erators C(ΛNP)⟨ÔNP⟩ ∼ (gNP/ΛNP)

2 (black line). The red
vertical line indicates the validity cut-off of the effective the-
ory. Only the parameter space captured the by green-shaded
area is constrained using the effective theory approach.

est new particle mass, but if this mass scale is resolved
by the LHC, the only theoretically correct way to con-
strain models is to include the full model dependence on
the propagating degrees of freedom. While the numer-
ical effects can be small depending on the model, their
full inclusion is well possible given the state-of-the-art of
current Monte Carlo event generators.
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some freedom, similar to choosing an appropriate scale,
at which we evaluate the running of αs in SM-like sim-
ulations of hadron collider processes. In this particular
case we choose µ =
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ŝ, which is also chosen to be the

relevant scale for parton densities and the running of the
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In Fig. 2 we display the differential impact of taking

into account the RGE-improved separation of ΛNP =
14 TeV from the scale at which the effective Lagrangian
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FIG. 2: Transverse momentum distribution of dijet events at
the LHC with

√
s = 13 TeV. We show the SM and two scenar-

ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale

√
ŝ. The

ratio panel gives the differential impact of including the RGE
running, displaying the ratio of “fixed” and “RGE”.

pT,j .¶

Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.
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full inclusion is well possible given the state-of-the-art of
current Monte Carlo event generators.

IV. DIJETS AND CONTACT INTERACTIONS
AT THE LHC

Let us come back to the contact interaction model in-
troduced in Sec. II. To make our discussion transparent,
we use these results for all contributing quark flavour-
changing partonic subprocesses (and neglect the factor
GF /

√
2 in the operator definitions). We define the new

physics scale and the resulting EFT at (i) ΛNP = 14 TeV,
outside the kinematic LHC coverage of the run 2 start-
up energy

√
s = 13 TeV and (ii) at the maximum energy

of a low statistics phase during run 2 following Sec. III
in a toy MC analysis. To take into account the opera-
tor mixing and to reflect the energy dependence of the
Wilson coefficients when probed at different centre-of-
mass energies

√
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ulations of hadron collider processes. In this particular
case we choose µ =
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relevant scale for parton densities and the running of the
strong coupling.
In Fig. 2 we display the differential impact of taking
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FIG. 2: Transverse momentum distribution of dijet events at
the LHC with

√
s = 13 TeV. We show the SM and two scenar-

ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale

√
ŝ. The

ratio panel gives the differential impact of including the RGE
running, displaying the ratio of “fixed” and “RGE”.
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Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.
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√
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ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale
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Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.
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As a result, each measured event probes a different combination of operators
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measurement

at characteristic 
scale of event

Coefficients of 
operators at New 

Physics scale

In general higher-order corrections induce 
scale dependence and mixing of operators  

• scale hierarchies similar to flavor 
physics mW/mb~20  

• evolution from renormalization group 
equations 
 
 

• consistent interpretation requires 
communication of resolved scales

[Grojean, Jenkins, Manohar, Trott ’13]
[Jenkins, Manohar, Trott ’13]
[Elias-Miro et al ’13]
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FIG. 6: (a) Scatter plot indicating the exclusion contours for (CW , CB , CWB = 0) from pp → HZ as detailed in the text. We
choose ΛNP ≃ 2.4 TeV, which is the maximum energy scale probed in a toy MC experiment with statistics of L ≃ 1500/fb
(only taking into account branching ratios Z → e+e−, µ+µ− and H → bb̄) following Sec. III. (b) Same as (a) but choosing
ΛNP ≃ 14 TeV, strictly outside the LHC 13 TeV coverage. To allow for direct a comparison we rescale the Wilson coefficients
by [14 TeV/maxminv]
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FIG. 7: Induced (CW , CWB) contour at the scale ΛNP that
results operator mixing of the scan shown in Fig. 6(b).

but we stress that this is a random choice at this stage,
which is solely motivated by having an ad hoc EFT va-
lidity over the entire LHC run 2 energy range.
We compare ΛNP = 14 TeV with ΛNP = mmax

inv ≃
2.8 TeV in Fig. 7 (for details see the caption). Since
we only probe a single observable at this stage we have
to make an assumption to reduce the numbers of param-
eters. We proceed as outlined in the preceding section to
perform a measurement of (CW (µ)), CB(µ)) subject to
the boundary condition CWB(µ) = 0. Note that this is
merely a choice to obtain an acceptable ρ parameter at
this stage and CWB can be constrained from other com-
plementary measurements [34] (strictly speaking, the Z
mass needs to be input as a boundary condition to the
RGE running).
The difference between choosing ΛNP outside the LHC

coverage and as the maximum available energy is of

course that the larger the ratio of pT /ΛNP becomes, the
more important the deviation from the standard analysis
that does not include the RGE running becomes.
Even though CWB = 0 is a boundary condition at

the measurement scale, operator running still induces
CWB ̸= 0 at the UV scale. To give an estimate of numer-
ical size, we show the induced exclusion contour in the
(CW , CWB) plane for the ΛNP = 14 TeV in Fig. 7.

VI. CONCLUSIONS

Coupling measurements at the 10% level can be ob-
tained during the LHC run 2 [35]. This is the level of sys-
tematic uncertainty that can be expected from weak and
strong operator running and mixing effects in the dimen-
sion 6 extension of the SM sector and other new physics
scenarios as we have discussed using three instructive ex-
amples. Those particular examples comprehensively dis-
cuss the impact of QCD and electroweak operator mix-
ing and running, especially for a class of phenomenolog-
ically highly relevant operators in the Higgs sector. As
such they stand representative for other (possibly more
complex) processes where we expect our findings to hold
qualitatively as well. If the RGE-induced effects become
of the order of the expected sensitivity, the resummation
effects are relevant in reaching a consistent interpreta-
tion of new physics searches. We stress that there might
well be additional sources of corrections of that size from
additional one-loop effects.

A measurement of differential distributions constrains
effective Lagrangians at different energy scales. These
measurements can be consistently combined by using
RGEs to evolve results to a well-defined and separated
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but we stress that this is a random choice at this stage,
which is solely motivated by having an ad hoc EFT va-
lidity over the entire LHC run 2 energy range.
We compare ΛNP = 14 TeV with ΛNP = mmax

inv ≃
2.8 TeV in Fig. 7 (for details see the caption). Since
we only probe a single observable at this stage we have
to make an assumption to reduce the numbers of param-
eters. We proceed as outlined in the preceding section to
perform a measurement of (CW (µ)), CB(µ)) subject to
the boundary condition CWB(µ) = 0. Note that this is
merely a choice to obtain an acceptable ρ parameter at
this stage and CWB can be constrained from other com-
plementary measurements [34] (strictly speaking, the Z
mass needs to be input as a boundary condition to the
RGE running).
The difference between choosing ΛNP outside the LHC

coverage and as the maximum available energy is of

course that the larger the ratio of pT /ΛNP becomes, the
more important the deviation from the standard analysis
that does not include the RGE running becomes.
Even though CWB = 0 is a boundary condition at

the measurement scale, operator running still induces
CWB ̸= 0 at the UV scale. To give an estimate of numer-
ical size, we show the induced exclusion contour in the
(CW , CWB) plane for the ΛNP = 14 TeV in Fig. 7.

VI. CONCLUSIONS

Coupling measurements at the 10% level can be ob-
tained during the LHC run 2 [35]. This is the level of sys-
tematic uncertainty that can be expected from weak and
strong operator running and mixing effects in the dimen-
sion 6 extension of the SM sector and other new physics
scenarios as we have discussed using three instructive ex-
amples. Those particular examples comprehensively dis-
cuss the impact of QCD and electroweak operator mix-
ing and running, especially for a class of phenomenolog-
ically highly relevant operators in the Higgs sector. As
such they stand representative for other (possibly more
complex) processes where we expect our findings to hold
qualitatively as well. If the RGE-induced effects become
of the order of the expected sensitivity, the resummation
effects are relevant in reaching a consistent interpreta-
tion of new physics searches. We stress that there might
well be additional sources of corrections of that size from
additional one-loop effects.

A measurement of differential distributions constrains
effective Lagrangians at different energy scales. These
measurements can be consistently combined by using
RGEs to evolve results to a well-defined and separated

maxQ2 = 2.4 TeV =� LBSM(2.4 TeV)

High-dim operators often momentum dependent

Sensitivity of measurement in tail of distribution

RG running potentially less important 

as scale separation can be small (model dependent)

Here maxQ=14 TeV

T= C   = 0 at low scaleWB but induced and allowed at high scale

Finite NLO pieces can be sizeable
[Hartmann, Trott ’15]

[Gauld, Pecjak, Scott ’16]
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Results for linearised LO EFT approach

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
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parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Wilson coefficients can be (over) constraint in many decay and production 
processes:
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Production:
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We assume that production and decay factorise to good approximation

4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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for measurements at 14 TeV, independent of the Higgs
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In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process
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TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

signal strength:
36 indep. meas. (300 ifb)
46 indep. meas. (3000 ifb)
differential:
88 indep. meas. (300 ifb)
123 indep. meas. (3000 ifb)

[Englert, Kogler, Schulz, MS 1511.05170]
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most likely and practical pT,H unfolded

high correlation 
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To show benefit of differential distribution need observable

• Different observables can give different results for fit

• 2->2 scattering leaves only 2 degrees of freedom,  
but 2->3 (tth, vbf) more complex

• However, exp. need to be able to provide unfolded distributions
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Three sources of uncertainties

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.
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ŝ) (203)

C
3

(

p
ŝ) (204)

p
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Theoretical uncertainties
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Flat over pT,H range…
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Systematic uncertainties
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events to consider a channel
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We generated pseudo-data for the extrapolation to 300 and 3000 ifb
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signal strength measurement differential measurement

green = 300 ifb orange = 3000 ifb
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Grey: signal strength only
Orange: differential distributions

66% CL (dark), 95% CL (middle), 99% CL (light)

at 14 TeV and 3000 ifb

Parametrisation of cross sections with 
Professor and fit using Gfitter
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Signal strength only differential distributions

7/8 TeV (blue)

14 TeV, 300 ifb (green)

14 TeV, 3000 ifb (orange)

Setup allows to address most fundamental question for high-energy physics:

• Which theory calculations most important?
• Which systematic uncertainties most limiting?
• Where can we improve knowledge most?

17Vienna           European Central Seminar      Michael Spannowsky             01.12.2016                   



Interpretation of results

Composite (SILH) Higgs:

One expects

10

statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV

FIG. 6: Matching the constraints on |c̄g| . 5 ⇥ 10�6 of
Fig. 4 onto stop contributions using Eq. (11) for identified
soft masses mQ̃ = mt̃ = m. For details see text.

theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-

counting arguments of Ref. [9, 107, 108], one typically
expects

cg ⇠ m2
W

16⇡2f2

y2t
g2⇢

, (10)

where g⇢ . 4⇡ and the compositeness scale is set by
⇤ ⇠ g⇢f . So our constraint translates into ⇤ & 2.8
TeV, which falls outside the e↵ective kinematic coverage
of the Higgs phenomenology at the LHC. This means that
new composite physics with a fundamental scale ⇤ & 2.8
TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
such as weak-boson fusion [109] or Drell-Yan production
[110].
Matching, say, the MSSM stop contribution on the c̄g

operator, we have (see e.g. [61, 111, 112] for a more
detailed discussion)
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
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tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
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have been investigated with similar findings in the liter-
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provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
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reach of the LHC. This way, the EFT framework allows
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fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
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are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
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more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
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straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
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tities.
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e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV
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Fig. 4 onto stop contributions using Eq. (11) for identified
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theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-
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where g⇢ . 4⇡ and the compositeness scale is set by
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TeV, which falls outside the e↵ective kinematic coverage
of the Higgs phenomenology at the LHC. This means that
new composite physics with a fundamental scale ⇤ & 2.8
TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV
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Fig. 4 onto stop contributions using Eq. (11) for identified
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respectively. To ensure the validity of our EFT approach
based on di↵erential distributions, we have to make the
strong assumption that all supersymmetric particles are
heavier than the momentum transfer probed in all pro-
cesses that are involved in of our fit [40, 113] (see also
[47, 114] for discussions of (non-)resonant signatures in
BSM scenarios and EFT). For convenience, we addition-
ally assume that all supersymmetric particles except the
lightest stop t̃1 are very heavy and decouple from cg.
The largest value for pT,H we expect to probe during the
LHC high-luminosity runs, based on our leading-order
theory predictions is 500 GeV. And we can therefore
trust the e↵ective field theory approach for mt̃1 > 600
GeV. For instance, fixing the soft masses mQ̃ = mt̃ = m,
µ = 200 GeV and tan� = 30 we can understand the con-
straints on cg as constraints in the At �m plane, Fig. 6.
Similar interpretations are, of course, possible with the
other Wilson coe�cients.

V. DISCUSSION, CONCLUSIONS AND
OUTLOOK

Even though current measurements as performed by
ATLAS and CMS show good agreement with the SM
hypothesis for the small statistics collected during LHC
run 1, the recently discovered Higgs boson remains one of
the best candidates that could be a harbinger of physics
beyond the SM. If new physics is heavy enough, modi-
fications to the Higgs boson’s phenomenology from inte-
grating out heavy states can be expressed using e↵ective
field theory methods.

In this paper we have constructed a scalable fitting
framework, based on adapted versions of Gfitter, Pro-
fessor, Vbfnlo, and eHdecay and have used an abun-
dant list of available single-Higgs LHC measurements to
constrain new physics in the Higgs sector for the results
of run 1. In these fits we have adopted the leading order
strongly-interacting light Higgs basis assuming vanishing
tree-level T and S parameters and flavour universality of
the new physics sector. Our results represent the latest
incarnation of fits at 8 TeV, and update results from the
existing literature. The main goal of this work, however,
is to provide an estimate of how these constraints will
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the liter-
ature [21, 23, 106], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV
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constrained
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FIG. 6: Matching the constraints on |c̄g| . 5 ⇥ 10�6 of
Fig. 4 onto stop contributions using Eq. (11) for identified
soft masses mQ̃ = mt̃ = m. For details see text.

theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-

counting arguments of Ref. [9, 107, 108], one typically
expects

cg ⇠ m2
W

16⇡2f2

y2t
g2⇢

, (10)

where g⇢ . 4⇡ and the compositeness scale is set by
⇤ ⇠ g⇢f . So our constraint translates into ⇤ & 2.8
TeV, which falls outside the e↵ective kinematic coverage
of the Higgs phenomenology at the LHC. This means that
new composite physics with a fundamental scale ⇤ & 2.8
TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
such as weak-boson fusion [109] or Drell-Yan production
[110].
Matching, say, the MSSM stop contribution on the c̄g

operator, we have (see e.g. [61, 111, 112] for a more
detailed discussion)
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[Drozd, Ellis, Quevillon, You ’15]
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in off-shell region
using angular correlations of 4l decay products

CMS ‘width’ Measurement

CMS search region

[Kauer, Passarino 2011]

I. Count events in on-shell region 
fix signal strength
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 III. insert off-shell coupling measurement in
on-shell signal strength to bound width

2

0.70.60.50.40.30.20.1

10

1

10

�1

10

�2

10

�3

10

�4

�h = 10⇥ �

tot

h , couplings rescaled

�

tot

h

p
s = 8 TeV

p(g)p(g)! e+e�µ+µ�

CMS search region

m(4`) [TeV]

d
�
/d

m
(
4
`)

[
a
b
/2

0
G

e
V

]

FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

CMS have presented first results [18] using this strat-
egy, claiming �

h

< 4.2 ⇥ �SM

h

at 95% confidence level
by injecting a global Higgs signal strength µ ' 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3

�
h,g

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh

g2
hZZ

�
h

, (2)

where we denote the relevant couplings by g
X

. The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg ! ZZ⇤ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �

h

/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

q q!

g

g

e

⌫e

⌫µ

µ

W

W

h

t, b, q

g

g

e

⌫e

⌫µ

µ

W

W

Z

t, b, q

g

g

⌫e

e

⌫µ

µ

W

W

q q!

FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.
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We mainly focus on the final state e+e�µ+µ�

in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

ward due to negligible identical fermion interference.
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

d�
h

⇠ g2
ggh

(
p
s) g2

hZZ

(
p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

(
p
s), measuring the signal strength µ in the o↵-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson �

h

. More explicitly,
for �

h

> �SM

h

, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

to keep µ = µSM fixed, which in turn implies �
h

> �SM

h

.
Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put di↵erently,
how solid is a limit on �

h

obtained this way once we in-
clude unknown new physics e↵ects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V ⇤ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher

+

[Caola, Melnikov 2013]
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• Only if 
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flat directions
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Framework

Simplified 

Models

Full (UV) 

Model

Example ‘width-measurement’
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Measure coupling off-shell -> limit denominator on-shell
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(501)

�o↵�peak
gg!H!ZZ ⇠ g2ggHg2HZZ (502)

35

• Assuming global 
coupling rescaling

• Only if 
assuming  no 
flat directions

• Eg. Higgs portal, 
NP can contribute 
on-shell but not 
off-shell

• Eg. Higgs triplet, 
new scalar below 
measurement 
range cancels on-
shell enhancement

[Englert, MS ’14]

[Logan ’15]
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• Uninteresting
width not a free 
parameter of the 
theory

width derived and 
fully determined
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coupling rescaling
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assuming  no 
flat directions

• Eg. Higgs portal, 
NP can contribute 
on-shell but not 
off-shell

• Eg. Higgs triplet, 
new scalar below 
measurement 
range cancels on-
shell enhancement

[Englert, MS ’14]

[Logan ’15]

• Uninteresting

Coupling assumptions strong

LEP limits stronger than LHC

[Englert, McCullough, MS ’15]

width not a free 
parameter of the 
theory

width derived and 
fully determined

F = V = cos�

�1

�2

tan�  4

G/H = SU(3)L/SU(2)L

(2, 2)⌦ (2, 2) ' 3� 3� 1� 1

(3, 3)⌦ (2, 2) ' 5� 3� 3� 1� 187

V � ⌘�|�s|2|�h|2

0.73 �SM . �h . 1.87 �SM

�H  4.2 �H,SM

37
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Limit on invisible branching 
ratio from global Higgs fit

• Extend SM EFT by light degree of freedom, e.g. fermionic DM candidate
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Flat reduction of event 
count in all channels

All/many operators need to 
conspire to compensate for 

loss in total rate

Most operators mom. 
dependent. Rate compensated 

by large increase in tail 

• In Kappa framework for Run 1:  
BR < 0.34 at 95% CL  
(assumed kV < 1)
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Summary

The LHC’s high-energy regime will allow us to improve 
our understanding of nature using the well-defined 

framework of effective theories

Global fits allow to address most fundamental questions of HEP 
community, i.e. where can we improve effectively and efficiently 

Most simplified models are EFTs  
-> complexity of EFT affects our interpretation

[McCullough, 
Englert, MS ’16]
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7/8 TeV signal strength fit result

blue marginalisedgrey individual constraint
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25

1. Is measurement well defined?

modifying couplings violates unitarity 
of fermion-gauge interactions

while CMS test-hypotheses 
certainly ill-defined

not killer at accessible energies
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2. But how model independent is constraint?

We have seen SM on-shell and off-shell region intimately related by 
unitarity requirements for fermion-gauge interactions

Direct correlation of on-shell             and off-shell
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

outline to make this work self-contained (for additional
details see [11, 14, 17]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3

�
h,g

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh

g2
hZZ

�
h

, (2)

where we denote the relevant couplings by g
X

. The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg ! ZZ⇤ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �

h

/m
h

⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
i/(s�m2

h

+ i�
h

m
h

) away from the peak region s� m2
h

|D|2 =
1
s2

✓
1 +

m4
h

s4

�2
h

m2
h

◆
+O

✓
�4

s4

◆
(3)

which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3
We mainly focus on the final state e+e�µ+µ� in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

ward due to negligible identical fermion interference.

duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

d�
h

⇠ g2
ggh

(
p

s) g2
hZZ

(
p

s)
s

dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

(
p

s), measuring the signal strength µ in the o↵-
shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson �

h

. More explicitly,
for �

h

> �SM
h

, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

to keep µ = µSM fixed, which in turn implies �
h

> �SM
h

.
Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put di↵erently,
how solid is a limit on �

h

obtained this way once we in-
clude unknown new physics e↵ects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?

It is the purpose of this letter to address these ques-
tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V ⇤ to both Higgs and continuum ZZ, WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
dimensional operators (unresolved new physics).

As we will see, in order to gain qualitative control of
new physics e↵ects in the Higgs o↵-shell region we can-
not rely on e↵ective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass e↵ects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [18] which has discussed the impact of new operators
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tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
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to gg ! V V ⇤ to both Higgs and continuum ZZ, WW
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necessary ingredient for width measurement -> can be broken by BSM effects

Consider Higgs-portal (toy) model:
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

production due to the interaction �v|�|2h, as shown in
Fig. 6. The physical mass m2

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

> 0.
The new contribution gives an additional and poten-

tially large constructive or destructive contribution to
gg ! h, depending on the sign and size of � [31]. To
enforce SM-like signal strengths µ ' 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have �

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg ! ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [32] but
has also been discussed in non-supersymmetric models
[30, 31]; e↵ectively we have achieved a decorrelation of
g

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

), and the measurement
can no longer be interpreted as a Higgs width constraint.

To qualitatively understand why the scalars are sup-
pressed at large invariant masses, let us consider the ratio
of the o↵-shell gg ! h subamplitudes for scalars and tops
(assuming m

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

) denotes the characteristic scalar three-
point function following the Passarino-Veltman reduc-
tion [33]. The �-induced amplitude is suppressed ⇠ s�1,
leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around m

h

' 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of �

h

.
There is an interesting possibility when we consider

larger � masses and larger couplings �. For invariant
masses s2 � 4m2

�

we can have a sizeable constructive
interference of the � diagrams with the top loops and as a

m� µ (h peak) �h/�SM
h �/�SM [m(4`) � 330 GeV]a

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

170 GeV ' 1.0 ' 1.7 +6%
a
We impose the cut set used by CMS [17] without the Mela

cut [34].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, �h/�SM

h and high invariant mass cross
section � for the CMS selection cuts.

result the cross section for large m(4`) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of g

ggh

g
ZZh

to keep
µ ' 1, Tab. I. Similar e↵ects show up for light spectra
m

�

<⇠ 2m
t

, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although �

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

with-
out modifying the high invariant mass regime of pp! 4`
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 17].

Even though Eq. (5) is a toy model to demonstrate
the limitations of total Higgs width measurements in
the gg ! 4` channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [32, 36] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
di�cult [37] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [38]. Quite naturally, details quickly
become highly model-dependent. By fixing m

�

we can
map �

h

= 4.2⇥�SM
h

onto � and obtain �/�SM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of �

h

following [17] become
stringent.

Even though we have limited our discussion to ZZ !
4`, the findings of this sections straightforwardly gener-
alize to ZZ ! 2`2⌫ and WW .

2. BSM contributions to continuum ZZ and WW
production

Our previous example shows that new contributions
to gg ! h can significantly loosen the bounds on the
Higgs width interpretation. In a similar fashion we can
imagine a situation where �

h

6= �SM
h

and the correla-
tion of Eq. (2) and (4) is changed by new contributions

5

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

q q!

g

g

e

⌫e

⌫µ

µ

W

W

h

t, b, q

g

g

e

⌫e

⌫µ

µ

W

W

Z

t, b, q

g

g

⌫e

e

⌫µ

µ

W

W

q q!

g

g

H
�

�

�

g

g

H

�

�

FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).
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can no longer be interpreted as a Higgs width constraint.

To qualitatively understand why the scalars are sup-
pressed at large invariant masses, let us consider the ratio
of the o↵-shell gg ! h subamplitudes for scalars and tops
(assuming m

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

) denotes the characteristic scalar three-
point function following the Passarino-Veltman reduc-
tion [33]. The �-induced amplitude is suppressed ⇠ s�1,
leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around m

h

' 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of �

h

.
There is an interesting possibility when we consider

larger � masses and larger couplings �. For invariant
masses s2 � 4m2

�

we can have a sizeable constructive
interference of the � diagrams with the top loops and as a

m� µ (h peak) �h/�SM
h �/�SM [m(4`) � 330 GeV]a

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

170 GeV ' 1.0 ' 1.7 +6%
a
We impose the cut set used by CMS [17] without the Mela

cut [34].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, �h/�SM

h and high invariant mass cross
section � for the CMS selection cuts.

result the cross section for large m(4`) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of g

ggh

g
ZZh

to keep
µ ' 1, Tab. I. Similar e↵ects show up for light spectra
m

�

<⇠ 2m
t

, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although �

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

with-
out modifying the high invariant mass regime of pp! 4`
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 17].

Even though Eq. (5) is a toy model to demonstrate
the limitations of total Higgs width measurements in
the gg ! 4` channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [32, 36] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
di�cult [37] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [38]. Quite naturally, details quickly
become highly model-dependent. By fixing m

�

we can
map �

h

= 4.2⇥�SM
h

onto � and obtain �/�SM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of �

h

following [17] become
stringent.

Even though we have limited our discussion to ZZ !
4`, the findings of this sections straightforwardly gener-
alize to ZZ ! 2`2⌫ and WW .

2. BSM contributions to continuum ZZ and WW
production

Our previous example shows that new contributions
to gg ! h can significantly loosen the bounds on the
Higgs width interpretation. In a similar fashion we can
imagine a situation where �

h

6= �SM
h

and the correla-
tion of Eq. (2) and (4) is changed by new contributions
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tt̄ ! ZZ cross section: The s channel Yukawa cou-
plings of t̄

L

t
R

h+h.c. conspire via a coupling relation with
the weak gauge interactions g

L

t̄
L

/Zt
L

+ g
R

t̄
R

/Zt
R

when
�t,�u ⇠ s. A simple rescaling of one part of the ampli-
tude is tantamount to unitarity violation in the Fermion-
gauge interactions. This leaves a crucial question of the
limit obtained in [17]: Is the theory underlying the width
constraint well defined?

The alert reader might object at this stage that such
a question, in fact, is also well-motivated for Higgs
couplings measurements as performed by ATLAS and
CMS [27] when Higgs couplings are varied independently
throughout the SM Lagrangian. This is certainly true
if one would like to understand deviations from an elec-
troweak precision point of view. However, the situation
for Higgs � ⇥ BR phenomenology is fundamentally dif-
ferent. The relevant scale at which couplings are eval-
uated is the Higgs mass and � ⇥ BR phenomenology is
manifestly free of UV problems to leading order in the
electroweak perturbative series expansion.4 This needs
to be contrasted with an o↵-shell measurement that in-
tegrates over an invariant-mass region 2m

t

<⇠ m(4`) 
1.6 TeV [17].

To address this question quantitatively, we show the
zeroth partial wave projection as a function of the par-
tonic center of mass energy in Fig. 5. Unitarity is violated
when a0 > 0.5 [29], and to contextualize our gg ! ZZ
findings with the SM Higgs sector we also show curves
for SM W

L

W
L

scattering that violates unitarity at low
scales if the Higgs contribution is neglected.

Indeed, the gg ! Z
L

Z
L

scattering is sensitive to the
coupling rescaling as can be seen from Fig. 5, however the

4
This will dramatically change when the measurements of di↵er-

ential weak boson fusion distributions will be scrutinized at high

precision [28].

partial wave does not get close to 0.5. The amplitude is
su�ciently diluted by loop factors 16⇡2 ⇠ 160. Once this
factor is resolved the unitarity bound becomes relevant.
This, however, corresponds to a regime where the narrow
width approximation is violated entirely.

Although the limit in this channels is not a✏icted with
probability non-conservation, it should be clear that the
invoked rescaling leads to an ill-defined electroweak sec-
tor as demonstrated in Fig. 4, the triangle and box con-
tributions remain intimately related. If high invariant
mass measurements in the gg ! ZZ channel yield a
statistically significant increase over the SM, the inter-
pretation in terms of a modified Higgs width becomes
model-dependent.

III. DECORRELATING ON-SHELL AND
OFF-SHELL MEASUREMENTS IN BSM

THEORIES

1. BSM contributions to Higgs production

The interplay in the absorptive parts of gg ! ZZ
linked by unitarity in the high invariant mass regime and
non-decoupling of top loops tells us that the limit setting
procedure outlined in the introduction is based on a con-
sistency argument for the electroweak sector and is very
specific to masses that are generated through chirality-
changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.

Consider �, a scalar 3 under SU(3)
C

, coupled to the
Higgs sector via portal interactions (see, e.g., Ref. [30])

L
�

= |D
µ

�|2 � m̃2
�

|�|2 � �|�|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field � induces a contribution to single-Higgs

where
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

production due to the interaction �v|�|2h, as shown in
Fig. 6. The physical mass m2

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

> 0.
The new contribution gives an additional and poten-

tially large constructive or destructive contribution to
gg ! h, depending on the sign and size of � [31]. To
enforce SM-like signal strengths µ ' 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have �

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg ! ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [32] but
has also been discussed in non-supersymmetric models
[30, 31]; e↵ectively we have achieved a decorrelation of
g

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

), and the measurement
can no longer be interpreted as a Higgs width constraint.

To qualitatively understand why the scalars are sup-
pressed at large invariant masses, let us consider the ratio
of the o↵-shell gg ! h subamplitudes for scalars and tops
(assuming m
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= y
t

v/
p

2, � = y
t

for simplicity):
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where C0(s, m2
t

) denotes the characteristic scalar three-
point function following the Passarino-Veltman reduc-
tion [33]. The �-induced amplitude is suppressed ⇠ s�1,
leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around m

h

' 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of �

h

.
There is an interesting possibility when we consider

larger � masses and larger couplings �. For invariant
masses s2 � 4m2

�

we can have a sizeable constructive
interference of the � diagrams with the top loops and as a

m� µ (h peak) �h/�SM
h �/�SM [m(4`) � 330 GeV]a

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

170 GeV ' 1.0 ' 1.7 +6%
a
We impose the cut set used by CMS [17] without the Mela

cut [34].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, �h/�SM

h and high invariant mass cross
section � for the CMS selection cuts.

result the cross section for large m(4`) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of g

ggh
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ZZh

to keep
µ ' 1, Tab. I. Similar e↵ects show up for light spectra
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high invariant mass search region has a slightly smaller
cross section although �
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� 1, outside the current
CMS exclusion.
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out modifying the high invariant mass regime of pp! 4`
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 17].

Even though Eq. (5) is a toy model to demonstrate
the limitations of total Higgs width measurements in
the gg ! 4` channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [32, 36] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
di�cult [37] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [38]. Quite naturally, details quickly
become highly model-dependent. By fixing m
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Despite increased on-shell coupling (and 
Higgs width) negligible contribution in 

off-shell region

Note, shown here only simplest toy model
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