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“Yang-Mills+Higgs had to be true”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

☛ answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

• non-linear realisation of gauge symmetry in a Yang Mills+scalar 
sector is compatible with                                                                                         

• massive gauge bosons, but no ghost problems at small distances

�H� �= 0

☛ "spontaneous" symmetry breaking

☛ renormalizability, unitarity
2

[Weinberg `67]



SM seemingly complete after July 4th 2012, evidence for JCP= 0+ and 
couplings to (longitudinal) massive gauge bosons

“Yang-Mills+Higgs had to be true”
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SM seemingly complete after July 4th 2012, evidence for JCP= 0+ and 
couplings to (longitudinal) massive gauge bosons

“Yang-Mills+Higgs had to be true”

Higgs properties sui generis:  
particle relates to unitarity conservation and an excitation of an 
isotropic and translationally invariant background field.
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SM seemingly complete after July 4th 2012, evidence for JCP= 0+ and 
couplings to (longitudinal) massive gauge bosons

“Yang-Mills+Higgs had to be true”

Higgs properties sui generis:  
particle relates to unitarity conservation and an excitation of an 
isotropic and translationally invariant background field.
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“Yang-Mills+Higgs IS true” 



What’s the Higgs we are dealing with?? 

5

similar analyses by  [Ellis, You `12] 
[Masso, Sanz `12] 

[Carmi, Falkowski, Kuflik, Volansky `12] 
[Klute, Lafaye, Plehn, Rauch, Zerwas `12] 

[Corbett, Eboli, Gonzalez-Fraile, et al. `12] 
[Espinosa, Grojean, Mühlleitner, Trott `12] 

Is it a doublet?  

Is there more than just a (SM) Higgs? 

Is there a relation with dark matter? 

What triggers symmetry breaking? 

What can we say about all that at the end of 
the high luminosity phase and how can 
future colliders help us?
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similar analyses by  [Ellis, You `12] 
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[Espinosa, Grojean, Mühlleitner, Trott `12] 

Is it a doublet?  

Is there more than just a (SM) Higgs? 

Is there a relation with dark matter? 

What triggers symmetry breaking? 

What can we say about all that at the end of 
the high luminosity phase and how can 
future colliders help us?

What’s the Higgs we are dealing with?? 

Higgs EFT

Higgs width

multi-Higgs 
phenomenology



Fingerprinting the Higgs

7

Is there evidence for new 
degrees of freedom?
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Is there evidence for new 
degrees of freedom?

Yes.No.

Higgs Effective Field Theory

[Buchmüller, Wyler `87] [Hagiwara, Peccei, Zeppenfeld `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
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  → Verónica’s talk



Fingerprinting the Higgs

7

Is there evidence for new 
degrees of freedom?

Yes.No.

Higgs Effective Field Theory concrete models
• Higgs portals

• (N)MSSM

• compositeness

• …

[Buchmüller, Wyler `87] [Hagiwara, Peccei, Zeppenfeld `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] 

L = LSM +
�

i

ci

�2
Oi

  → Verónica’s talk



Fingerprinting the Higgs

8

see also [Ellis, You `12][Masso, Sanz `12] 
[Corbett, Eboli, Gonzalez-Fraile, et al. `12] 
[Espinosa, Grojean, Mühlleitner, Trott `12]

(middle row), and c̄b, c̄t and c̄H (bottom row) 10 The purple line represents the combination
of LHC signal-strength constraints with the ATLAS 8-TeV TGC measurements, the blue line
the combination of CMS 7- and 8-TeV constraints, and the red line uses all the sets of LHC

TGC constraints. We use the signal-strength information on the W+W�(⇤)
, ZZ(⇤), ��, Z�, and

⌧+⌧� final states, whose likelihoods are obtained as explained in [14]. We observe that the
constraints on the coe�cient c̄

3W , which only a↵ects TGCs, is at the same level as some of the
other coe�cients whose operators also a↵ect Higgs physics.

Figure 6: The marginalised 95% CL ranges for the dimension-6 operator coe�cients
obtained by combining the LHC signal-strength data with the ATLAS 8-TeV TGC data
(purple bars), the CMS 7- and 8-TeV TGC measurements (blue bars), and their combi-
nation (red bars). Note that c̄�,g are shown ⇥100, so for these coe�cients the upper axis
should therefore be read ⇥10.

The results in Fig. 5 are summarised in the marginalised 95% CL ranges displayed in Fig. 6.
Again, the LHC signal-strength data are always included, in combination with the ATLAS 8-
TeV data (purple bars), the CMS 7- and 8-TeV data (blue bars) and all the LHC TGC data
(red bars). As already mentioned, the LHC TGC data enables a competitive model-independent
bound on the coe�cient c̄

3W .

3.2 Inclusion of Higgs Associated Production Constraints

We now include in our analysis the constraints from the kinematics of associated Higgs pro-
duction, following the analysis of [14] 11. Fig. 7 displays the marginalised �2 distributions for
each of the dimension-6 coe�cients c̄W , c̄HW and c̄HB (top row), c̄g, c̄� and c̄

3W (middle row),

10We note that the constraints on the last three operators are relatively weak, but include them for
information.

11The applicability of the e↵ective field theory approach to this associated production analysis is
discussed in the Appendix.

13

[Ellis, Sanz, You `14] 



How high can we go?

9

11

typical coe�cients, like couplings of the kind y, f 0
X and loop factors 1/(16⇡2). In detail, we replace

fermions : �f = � v2

2⇤2

f 0
LR

y
! v2

2⇤2
⇤[f ]

WW,ZZ : �V = � v2

2⇤2
f 0
�2 ! 2

v2

2⇤2
⇤[Vm]

gg : �g = � v2

2⇤2

4 · 16⇡2

⇣g
f 0
GG ! 4

⇣g

v2

2⇤2
⇤[GG]

�� : �� = � v2

2⇤2

2 · 16⇡2

⇣�

f 0
BB + f 0

WW

2
! 1

⇣�

v2

2⇤2
⇤[WW/BB]

, (2.13)

where GG denotes the gluonic contact term. The factors ⇣g = A1/2(4m
2
t/m

2
h) ' 4/3 and ⇣� =

(4/3)A1/2(4m
2
t/m

2
h) +A1(4m2

W /m2
h) ' �6.5 account for the total SM loop amplitude, see Eqs.(4.3) and (4.4).

In the e↵ective Higgs–gluon and Higgs–photon couplings the input values � already separate the contact terms

from the loop terms, induced by modified htt and hWW couplings. Therefore, we can directly identify �g,�

with the corresponding contact terms without evaluating loop and contact terms individually. While we only

show the contribution of top and W loops in the formulae above, in the SFitter analysis all loop contributions

are properly taken into account. The projected limits on the ⇤⇤ parameters as defined above are collected in

Table III and Fig. 2.

As we can see, the e↵ective new physics scales that can be probed in the Higgs sector extend to a range from

several hundred GeV to maximum values beyond a TeV. However, bounds on new particle masses exchanged

at the Higgs vertex may be reduced significantly by small couplings M ⇠ ⇤⇤
p

g2/16⇡2 as shown later in this

section. Thus, it depends on the specific model to what extent precision Higgs analyses may explore high-mass

domains in new physics scenarios beyond direct searches at high-energy colliders.

2.2. Strongly interacting Higgs field

While originally light Higgs bosons were foreign to concepts of strong electroweak symmetry breaking, the

continuing support for light Higgs bosons by electroweak precision analyses [42] and finally the LHC discovery

of a light, narrow single Higgs boson [2] suggested concepts within which a single light state is embedded in a

heavy strongly interacting sector.
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FIG. 2: E↵ective new physics scales ⇤⇤ extracted from the Higgs coupling measurements collected in Table I. The values

for the loop-induced couplings to gluons and photons contain only the contribution of the contact terms, as the e↵ects

of the loop terms are already disentangled at the level of the input values �. (The ordering of the columns from left to

right corresponds to the legend from up to down.)

[CE, Freitas, Mühlleitner, Plehn, Rauch, Spira, Walz `14]

O ⇠ v2/⇤2
⇤

see also [Ellis, You `12][Masso, Sanz `12] 
[Corbett, Eboli, Gonzalez-Fraile, et al. `12] 
[Espinosa, Grojean, Mühlleitner, Trott `12]
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How high can we go?



How can we interpret EFT measurements?

11

5

ΛNP [GeV]

g
N
P

EFT valid

Limit from 
measurement Unconstrained  

by measurement

NP models 
constrained

EFT not valid

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.
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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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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 /
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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-
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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-
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at which we evaluate the running of αs in SM-like sim-
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ŝ, which is also chosen to be the
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√
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

√
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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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full inclusion is well possible given the state-of-the-art of
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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.
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√
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

√
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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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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-
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GF /
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physics scale and the resulting EFT at (i) ΛNP = 14 TeV,
outside the kinematic LHC coverage of the run 2 start-
up energy
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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-
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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 =
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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
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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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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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we use these results for all contributing quark flavour-
changing partonic subprocesses (and neglect the factor
GF /
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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”.
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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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FIG. 4: Transverse momentum of Higgs bosons produced in
pp → H + jet production for two choices of the Wilson co-
efficients and ΛNP = 14 TeV as detailed in the text. The
lower panel shows the differential impact of the RGE running
analogous to Fig. 2.

We have validated this result against an independent
calculation in general Rξ gauge [28] using the Feyn-
Rules [23] and FeynArts/FormCalc [27] packages.
Note that due to the combination of couplings and gluon
field strength tensors in Eq. (11), the anomalous dimen-
sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
perform a MS renormalisation of the Higgs- and gluon
wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
to two choices of Wilson coefficients

scenario 1: Cg = 10 , (13)

scenario 2: Cg = 100 , (14)

for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
adequate.

B. Impact of Operator Running and Mixing: Higgs
Associated Production

The importance of operator running and mixing in sep-
arating IR effects at the electroweak scale from funda-
mental physics at a scale ΛNP has been discussed in the
context of the Higgs branching ratio to photons and elec-
troweak precision observables in [10, 12].
A process that turns out to be seminal for the dimen-

sion 6 analysis of the Higgs sector is associated produc-
tion pp → HZ [13, 14, 32, 33]. Associated production
has a relatively large cross section and it will typically
be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
tions to be well-pronounced. This fact allows to access a
plethora of new physics scenarios in a direct or indirect
way [33].
For the sake of clarity we limit ourselves to quark-

induced production and the closed set of operators under
RGEs [10, 11]

ÔW =
g2

2Λ2
NP

Ĥ†ĤŴ a
µνŴ

a µν , (15)

ÔB =
g′2

2Λ2
NP

Ĥ†ĤB̂µνB̂
µν , (16)

ÔWB =
gg′

Λ2
NP

Ĥ†taĤŴ a
µνB̂

µν , (17)

FIG. 5: Transverse momentum distribution of the Higgs bo-
son in the high pT regime relevant to boosted analyses [31] in-
cluding a toy Monte Carlo data sample (for details see text).
We show two scenarios referring to different choices of the
Wilson coefficients that are mixed under the RGE flow.
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We have validated this result against an independent
calculation in general Rξ gauge [28] using the Feyn-
Rules [23] and FeynArts/FormCalc [27] packages.
Note that due to the combination of couplings and gluon
field strength tensors in Eq. (11), the anomalous dimen-
sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
perform a MS renormalisation of the Higgs- and gluon
wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
to two choices of Wilson coefficients

scenario 1: Cg = 10 , (13)

scenario 2: Cg = 100 , (14)

for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
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mental physics at a scale ΛNP has been discussed in the
context of the Higgs branching ratio to photons and elec-
troweak precision observables in [10, 12].
A process that turns out to be seminal for the dimen-

sion 6 analysis of the Higgs sector is associated produc-
tion pp → HZ [13, 14, 32, 33]. Associated production
has a relatively large cross section and it will typically
be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
tions to be well-pronounced. This fact allows to access a
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Ĥ†taĤŴ a
µνB̂

µν , (17)

FIG. 5: Transverse momentum distribution of the Higgs bo-
son in the high pT regime relevant to boosted analyses [31] in-
cluding a toy Monte Carlo data sample (for details see text).
We show two scenarios referring to different choices of the
Wilson coefficients that are mixed under the RGE flow.

 [CE, Spannowsky `14]

7

scen 2

scen 1

pT,H [GeV]

ra
ti
o

21.751.51.2510.750.50.25

1

0.98

0.96

scen 2, fixed

scen 2, RGE

scen 1, fixed

scen 1, RGE

SM pp → Hj,
√

s = 13 TeV

pT,H [GeV]

d
σ
/d

p T
,H

[f
b
/2

0
G

eV
]

21.751.51.2510.750.50.25

10

1

10−1

10−2

10−3

10−4

10−5

10−6

10−7

FIG. 4: Transverse momentum of Higgs bosons produced in
pp → H + jet production for two choices of the Wilson co-
efficients and ΛNP = 14 TeV as detailed in the text. The
lower panel shows the differential impact of the RGE running
analogous to Fig. 2.

We have validated this result against an independent
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Note that due to the combination of couplings and gluon
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sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
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wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
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for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
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arating IR effects at the electroweak scale from funda-
mental physics at a scale ΛNP has been discussed in the
context of the Higgs branching ratio to photons and elec-
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A process that turns out to be seminal for the dimen-
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has a relatively large cross section and it will typically
be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
tions to be well-pronounced. This fact allows to access a
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a µν , (15)
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Ĥ†taĤŴ a
µνB̂

µν , (17)

FIG. 5: Transverse momentum distribution of the Higgs bo-
son in the high pT regime relevant to boosted analyses [31] in-
cluding a toy Monte Carlo data sample (for details see text).
We show two scenarios referring to different choices of the
Wilson coefficients that are mixed under the RGE flow.

L(Q2 =?)

[Isidori, Trott `13] [CE, Spannowsky `14]



How can we interpret EFT measurements?

12

• evolution from renormalization group equations 

• consistent interpretation requires communication of resolved scales
[Grojean, Jenkins, Manohar, Trott `13] [Jenkins, Manohar, Trott `13] [Elias-Miro, Espinosa, Masso, Pomarol `13]

7

scen 2

scen 1

pT,H [GeV]

ra
ti
o

21.751.51.2510.750.50.25

1

0.98

0.96

scen 2, fixed

scen 2, RGE

scen 1, fixed

scen 1, RGE

SM pp → Hj,
√

s = 13 TeV

pT,H [GeV]

d
σ
/d

p T
,H

[f
b
/2

0
G

eV
]

21.751.51.2510.750.50.25

10

1

10−1

10−2

10−3

10−4

10−5

10−6

10−7

FIG. 4: Transverse momentum of Higgs bosons produced in
pp → H + jet production for two choices of the Wilson co-
efficients and ΛNP = 14 TeV as detailed in the text. The
lower panel shows the differential impact of the RGE running
analogous to Fig. 2.
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calculation in general Rξ gauge [28] using the Feyn-
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sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
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wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
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for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
adequate.
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mental physics at a scale ΛNP has been discussed in the
context of the Higgs branching ratio to photons and elec-
troweak precision observables in [10, 12].
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tion pp → HZ [13, 14, 32, 33]. Associated production
has a relatively large cross section and it will typically
be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
tions to be well-pronounced. This fact allows to access a
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way [33].
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Ĥ†ĤŴ a
µνŴ
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Ĥ†taĤŴ a
µνB̂

µν , (17)

FIG. 5: Transverse momentum distribution of the Higgs bo-
son in the high pT regime relevant to boosted analyses [31] in-
cluding a toy Monte Carlo data sample (for details see text).
We show two scenarios referring to different choices of the
Wilson coefficients that are mixed under the RGE flow.

 [CE, Spannowsky `14]

7

scen 2

scen 1

pT,H [GeV]

ra
ti
o

21.751.51.2510.750.50.25

1

0.98

0.96

scen 2, fixed

scen 2, RGE

scen 1, fixed

scen 1, RGE

SM pp → Hj,
√

s = 13 TeV

pT,H [GeV]

d
σ
/d

p T
,H

[f
b
/2

0
G

eV
]

21.751.51.2510.750.50.25

10

1

10−1

10−2

10−3

10−4

10−5

10−6

10−7

FIG. 4: Transverse momentum of Higgs bosons produced in
pp → H + jet production for two choices of the Wilson co-
efficients and ΛNP = 14 TeV as detailed in the text. The
lower panel shows the differential impact of the RGE running
analogous to Fig. 2.

We have validated this result against an independent
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Note that due to the combination of couplings and gluon
field strength tensors in Eq. (11), the anomalous dimen-
sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
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wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
to two choices of Wilson coefficients

scenario 1: Cg = 10 , (13)

scenario 2: Cg = 100 , (14)

for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
adequate.
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mental physics at a scale ΛNP has been discussed in the
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troweak precision observables in [10, 12].
A process that turns out to be seminal for the dimen-
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has a relatively large cross section and it will typically
be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
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ÔB =
g′2

2Λ2
NP
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field strength tensors in Eq. (11), the anomalous dimen-
sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
perform a MS renormalisation of the Higgs- and gluon
wave functions, as well as of the strong coupling gs.
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impact of the running for two scenarios that correspond
to two choices of Wilson coefficients

scenario 1: Cg = 10 , (13)

scenario 2: Cg = 100 , (14)

for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].
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of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
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calculation in general Rξ gauge [28] using the Feyn-
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Note that due to the combination of couplings and gluon
field strength tensors in Eq. (11), the anomalous dimen-
sion has no dependence on the strong coupling. This
is obvious in the background field method [10] but non-
trivial in Rξ gauge. To obtain the result of Eq. (12) we
perform a MS renormalisation of the Higgs- and gluon
wave functions, as well as of the strong coupling gs.
Analogous to our discussion in Sec. IV we show the

impact of the running for two scenarios that correspond
to two choices of Wilson coefficients

scenario 1: Cg = 10 , (13)

scenario 2: Cg = 100 , (14)

for ΛNP = 14 TeV, and comparing the differential impact
of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .

Hence, the standard limit setting approach is sufficiently
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of the operator running in Fig. 4.∥ As it becomes obvious
from Fig. 4 the RGE effects for H+jet production are at
the 1% level and therefore completely negligible in light
of expected theoretical uncertainties in this channel [30].

∥We use a purpose-built implementation of pp → H + jet based on
the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .
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be observed at high momentum transfers in boosted final
states [31], where we can expect new operator contribu-
tions to be well-pronounced. This fact allows to access a
plethora of new physics scenarios in a direct or indirect
way [33].
For the sake of clarity we limit ourselves to quark-

induced production and the closed set of operators under
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We show two scenarios referring to different choices of the
Wilson coefficients that are mixed under the RGE flow.
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wave functions, as well as of the strong coupling gs.
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of expected theoretical uncertainties in this channel [30].
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the vbfnlo [29] framework that includes the full numerical solution
of the RGE running resulting from Eq. (12). All relevant scales are
chosen to be µ = pT,H +mH .
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ÔWB =
gg′

Λ2
NP
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ÔB =
g′2

2Λ2
NP
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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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2.8 TeV in Fig. 7 (for details see the caption). Since
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eters. We proceed as outlined in the preceding section to
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the boundary condition CWB(µ) = 0. Note that this is
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plementary measurements [34] (strictly speaking, the Z
mass needs to be input as a boundary condition to the
RGE running).
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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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typical coe�cients, like couplings of the kind y, f 0
X and loop factors 1/(16⇡2). In detail, we replace

fermions : �f = � v2

2⇤2

f 0
LR

y
! v2

2⇤2
⇤[f ]

WW,ZZ : �V = � v2

2⇤2
f 0
�2 ! 2

v2

2⇤2
⇤[Vm]

gg : �g = � v2

2⇤2

4 · 16⇡2

⇣g
f 0
GG ! 4

⇣g

v2

2⇤2
⇤[GG]

�� : �� = � v2

2⇤2

2 · 16⇡2

⇣�

f 0
BB + f 0

WW

2
! 1

⇣�

v2

2⇤2
⇤[WW/BB]

, (2.13)

where GG denotes the gluonic contact term. The factors ⇣g = A1/2(4m
2
t/m

2
h) ' 4/3 and ⇣� =

(4/3)A1/2(4m
2
t/m

2
h) +A1(4m2

W /m2
h) ' �6.5 account for the total SM loop amplitude, see Eqs.(4.3) and (4.4).

In the e↵ective Higgs–gluon and Higgs–photon couplings the input values � already separate the contact terms

from the loop terms, induced by modified htt and hWW couplings. Therefore, we can directly identify �g,�

with the corresponding contact terms without evaluating loop and contact terms individually. While we only

show the contribution of top and W loops in the formulae above, in the SFitter analysis all loop contributions

are properly taken into account. The projected limits on the ⇤⇤ parameters as defined above are collected in

Table III and Fig. 2.

As we can see, the e↵ective new physics scales that can be probed in the Higgs sector extend to a range from

several hundred GeV to maximum values beyond a TeV. However, bounds on new particle masses exchanged

at the Higgs vertex may be reduced significantly by small couplings M ⇠ ⇤⇤
p

g2/16⇡2 as shown later in this

section. Thus, it depends on the specific model to what extent precision Higgs analyses may explore high-mass

domains in new physics scenarios beyond direct searches at high-energy colliders.

2.2. Strongly interacting Higgs field

While originally light Higgs bosons were foreign to concepts of strong electroweak symmetry breaking, the

continuing support for light Higgs bosons by electroweak precision analyses [42] and finally the LHC discovery

of a light, narrow single Higgs boson [2] suggested concepts within which a single light state is embedded in a

heavy strongly interacting sector.
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FIG. 2: E↵ective new physics scales ⇤⇤ extracted from the Higgs coupling measurements collected in Table I. The values

for the loop-induced couplings to gluons and photons contain only the contribution of the contact terms, as the e↵ects

of the loop terms are already disentangled at the level of the input values �. (The ordering of the columns from left to

right corresponds to the legend from up to down.)
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The LHC’s Pedigree On Triple H
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The Higgs self-interaction is a characteristic coupling that will allow to gain decisive insights into
the mechanisms of electroweak symmetry breaking if the coupling is measured at the LHC or a
future high energy collider. Since cross sections are typically small, analysis of multi-Higgs final
states that are sensitive to this particular coupling typically require large luminosities and energies.
Current analyses have therefore largely focused on investigating di-Higgs final states. In the present
paper, we re-evaluate the prospects of observing triple-Higgs final states at the LHC in a realistic
hadron-level analysis and discuss the prospects of observing such processes at the FCC-hh option.
We also comment on limits on new physics that can be formulated using triple-Higgs production.

I. INTRODUCTION

After the Higgs discovery in 2012 [1], the nature of the
mechanism of electroweak symmetry breaking remains
elusive. The discovery of the likely scalar and CP even
125 GeV boson [2] is currently limited to the gluon fusion
channels, which dominate Higgs production in the SM.
Nonetheless the observed particle’s couplings to massive
gauge bosons is established, making the particle’s rela-
tion with electroweak symmetry breaking and the gener-
ation of weak gauge boson masses evident [3].

The potential that underlies symmetry breaking of
SU(2)L⇥U(1)Y ! U(1)QED, however, remains opague.
One could object that the current statistics is too small
to allow the formulation of a finly grained picture (which
is certainly true to some extent), however, spontaneous
symmetry breaking and the accompanied R⇠ gauge-fixing
in perturbative scenarios determine the Higgs-gauge bo-
son and Higgs-fermion interactions predominantly as a
function of number of Higgs’ fields and their gauge rep-
resentation under the electroweak group, which links di-
rectly to the resulting theories’ high scale unitarity. The
potential that implements the Higgs mechanism via real-
ising SU(2)L⇥U(1)Y non-linearly with a scalar hHi > 0
is not relevant to leading order. In this sense, the ob-
servation of massive W s and Zs at UA1/UA2 and the
discovery of the Higgs boson only provides us with the
existence of hHi > 0 and the size of the Higgs potential’s
curvature in this (local) minimum, but not with a hint
on how this minumum comes about.

A neccessary condition for such a minimum to exist
is a non-zero self-interaction of the Higgs field. In the
minimal approach to symmetry breaking of the SM, this
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is triggered by an ad-hoc potential

V (H†H) = µ2H†H + ⌘(H†H)2

� 1
2
m2

hh2 +
r

⌘

2
mhh3 +

⌘

4
h4 , (1)

and physical Higgs’ trilinear quartic coupling are directly
linked to the Higgs mass and vacuum expectation value
(determined by, e.g., the W mass and gauge coupling)
⌘ = m2

h/2v2. Therfore, it is enough to consider di-
Higgs phenomenology to constrain deviations from the
SM Higgs self-interaction with the additional benefit that
there is a fair chance to observe diHiggs production at the
LHC eventually.

In a general bottom-up phenomenological analysis,
however, we might consider the complete Taylor Expan-
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FIG. 1: Representative Feynman diagram topologies con-
tributing to gg ! hhh. Diagrams of type (a) parametrise
the amplitude’s dependence on the quartic coupling, (b,c) on
the trilinear coupling and diagrams of type (d) only depend
on the Yukawa interactions.
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(Ĥ†Ĥ)3

single EFT direction!

Why is multi-Higgs pheno important ?



The Higgs trilinear coupling

17



The Higgs trilinear coupling

• large backgrounds, small signal, but feasible in                           ? 

• boosted regime unavoidable for         
4

400350300250200150100500

0.1

0.01

0.001

background
hh signal

pT,bb̄ [GeV]

1/
�

d
�
/d

p
T

,b
b̄

[1
/8

G
eV

]

(a)

400350300250200150100500

0.1

0.01

0.001

background
hh signal

mT2 [GeV]

1/
�

d
�
/d

m
T

2
[1

/8
G

eV
]

(b)

FIG. 1: Transverse momentum distribution of the reconstructed Higgs (i.e. the bb̄ pair) and the mT2 distribution after the
analysis steps described in the text have been carried out (see also Tab. I) but before cuts on either mT2 or pT,bb̄ have been
applied.

⌧+⌧� as already presently performed in the Z ! ⌧+⌧�

case [56, 57], this contamination could be reduced.
The bb̄ invariant mass is calculated from the four-vector

sum of the two b-tagged jets. Events are selected if they
satisfy 100 GeV < mbb < 150 GeV.

RESULTS

The numbers of events passing each of the selection cri-
teria are tabulated in Tab. I. We find that the transverse
momentum and mT2 observables are necessary for back-
ground suppression, and, hence, for a potentially success-
ful measurement of the di-Higgs final state in a hadron-
ically busy environment. The normalized mT2 and pT,bb̄

distributions after the selection shown in Tab. I are plot-
ted in Fig. 1. It can be seen that each of the two variables
o↵ers good signal versus background discrimination at
the large integrated luminosities anticipated at the high
luminosity LHC. We also observe that, mT2 and pT,bb̄ en-
code orthogonal information and they can be combined
towards an optimised search strategy.

We find it is straightforward to obtain signal-to-
background (S/B) ratios of ⇠ 1/5 while retaining ac-
ceptably large signal cross section. These ratios are re-
expressed in Fig. 1 which depicts the luminosity contours
that are necessary to claim a 5� discovery of di-Higgs pro-
duction on the basis of a simple ‘cut and count’ experi-
ment that makes the rectangular cut requirements that
both pT,bb̄ > pT,bb̄(cut) and mT2 > mT2(cut). Both axes

stop at rather low values of
�
pT,bb̄, mT2

�
since a tighter

selection would be dependent on the tail of the tt̄ dis-
tribution where S/

p
B does not provide an appropriate

indicator of sensitivity. We find that the HL-LHC has
good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section

FIG. 2: Luminosity in fb�1 required to reach S/
p
B = 5

for di-Higgs production based on simple rectangular cuts on
pT,bb̄ and mT2. Numbers in red show luminosities that would
require a combination of the ATLAS and CMS data sets from
a 3 ab�1 high luminosity LHC.

measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that

� ? �SM =) �(hh) 7 �(hh)SM . (6)

Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
trilinear coupling in the part of the pT,bb̄ distribution
which is relevant for this analysis, pT,bb̄ & 180 GeV.

As an alternative to a ‘cut and count’ analysis we
construct a two dimensional likelihood from (mT2, pT,bb̄)
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momentum and mT2 observables are necessary for back-
ground suppression, and, hence, for a potentially success-
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We find it is straightforward to obtain signal-to-
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measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that

� ? �SM =) �(hh) 7 �(hh)SM . (6)

Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
trilinear coupling in the part of the pT,bb̄ distribution
which is relevant for this analysis, pT,bb̄ & 180 GeV.

As an alternative to a ‘cut and count’ analysis we
construct a two dimensional likelihood from (mT2, pT,bb̄)
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applied.
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that are necessary to claim a 5� discovery of di-Higgs pro-
duction on the basis of a simple ‘cut and count’ experi-
ment that makes the rectangular cut requirements that
both pT,bb̄ > pT,bb̄(cut) and mT2 > mT2(cut). Both axes

stop at rather low values of
�
pT,bb̄, mT2

�
since a tighter

selection would be dependent on the tail of the tt̄ dis-
tribution where S/

p
B does not provide an appropriate

indicator of sensitivity. We find that the HL-LHC has
good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section

FIG. 2: Luminosity in fb�1 required to reach S/
p
B = 5

for di-Higgs production based on simple rectangular cuts on
pT,bb̄ and mT2. Numbers in red show luminosities that would
require a combination of the ATLAS and CMS data sets from
a 3 ab�1 high luminosity LHC.

measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that

� ? �SM =) �(hh) 7 �(hh)SM . (6)

Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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analysis steps described in the text have been carried out (see also Tab. I) but before cuts on either mT2 or pT,bb̄ have been
applied.
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case [56, 57], this contamination could be reduced.
The bb̄ invariant mass is calculated from the four-vector

sum of the two b-tagged jets. Events are selected if they
satisfy 100 GeV < mbb < 150 GeV.

RESULTS

The numbers of events passing each of the selection cri-
teria are tabulated in Tab. I. We find that the transverse
momentum and mT2 observables are necessary for back-
ground suppression, and, hence, for a potentially success-
ful measurement of the di-Higgs final state in a hadron-
ically busy environment. The normalized mT2 and pT,bb̄

distributions after the selection shown in Tab. I are plot-
ted in Fig. 1. It can be seen that each of the two variables
o↵ers good signal versus background discrimination at
the large integrated luminosities anticipated at the high
luminosity LHC. We also observe that, mT2 and pT,bb̄ en-
code orthogonal information and they can be combined
towards an optimised search strategy.

We find it is straightforward to obtain signal-to-
background (S/B) ratios of ⇠ 1/5 while retaining ac-
ceptably large signal cross section. These ratios are re-
expressed in Fig. 1 which depicts the luminosity contours
that are necessary to claim a 5� discovery of di-Higgs pro-
duction on the basis of a simple ‘cut and count’ experi-
ment that makes the rectangular cut requirements that
both pT,bb̄ > pT,bb̄(cut) and mT2 > mT2(cut). Both axes

stop at rather low values of
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since a tighter

selection would be dependent on the tail of the tt̄ dis-
tribution where S/
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indicator of sensitivity. We find that the HL-LHC has
good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section

FIG. 2: Luminosity in fb�1 required to reach S/
p
B = 5

for di-Higgs production based on simple rectangular cuts on
pT,bb̄ and mT2. Numbers in red show luminosities that would
require a combination of the ATLAS and CMS data sets from
a 3 ab�1 high luminosity LHC.

measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that
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Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
trilinear coupling in the part of the pT,bb̄ distribution
which is relevant for this analysis, pT,bb̄ & 180 GeV.

As an alternative to a ‘cut and count’ analysis we
construct a two dimensional likelihood from (mT2, pT,bb̄)
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]
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Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
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self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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FIG. 3: Expected confidence levels for the analysis of
Sec. IIIA as a function of the trilinear Higgs coupling λ.

The cut flow for the described analysis steps is shown
in Tab. I.

B. Discussion

At a center-of-mass energy of 14 TeV, the signal cross
section for tt̄hh is in the sub-femtobarn range before de-
cays are included. Therefore, the reconstruction requires
an approach that on the one hand retains an as large as
possible signal yield and on the other hand triggers in
the high-luminosity regime. We therefore focus on the
Higgs decays to bottom quarks and semi-leptonic t̄t de-
cays. Other channels can be combined with the one we
focus on to improve the sensitivity on measuring the self-
coupling.
Already after fulfilling the trigger requirement, mini-

mal jet cuts and 5 b tags we find S/B ≃ 1/15 for the
backgrounds we consider. To confirm the measurement
of a di-Higgs event both Higgs bosons have to be fully
reconstructed. At this stage we find S/B ≃ 1/9 with 5
b tags and S/B ≃ 1/6 with 6 b tags respectively. We
show the reconstructed masses of the hardest and second
hardest Higgs boson in Fig. 2. Due to the partly invis-
ible decay of B-mesons, mH is systematically shifted to
slightly lower values. This is why we choose mH = 120
GeV for the minimisation procedure. In measurements,
the experiments can compensate for this systematic shift
in the invariant Higgs mass using b-jet calibrations. Fur-
ther, at this point with the chosen b-tagging-efficiency
working point W+jets backgrounds are already sublead-
ing. Thus, choosing a higher b-tagging efficiency working
point at cost of a larger fake rate could be beneficial in
this analysis to retain a larger signal yield and improve
the statistical significance expressed in S/

√
B.

In a further step we then perform a leptonic or
hadronic top quark reconstruction using the remaining
measured final state objects. This can help to further
suppress potentially large reducible QCD-induced back-
grounds, e.g. W+jets. However, for the top-rich irre-

ducible backgrounds we focus here mostly on, an im-
provement in S/B cannot be achieved using the signal-
sparing χ2 minimisation we apply.
From Tab. I it becomes obvious that the signal vs.

background ratio is expected to be in the 10% range for
λ = λSM. After 3/ab we expect 13 signal events in-
cluding the reconstruction of a top quark and 22 signal
events reconstructing only the two Higgs bosons. While
the signal yield is too small to claim a discovery at this
stage the number of observed events is high enough to
formulate an expected 95% confidence level limit on λ
assuming yt = ySMt . In order to do this, we employ the
CLs method [28, 29] inputting the expected number of
signal and background events for a luminosity of 3/ab
including the reconstruction of at least one top quark.
The result is shown in Fig. 3; and we obtain

λ ! 2.51 λSM at 95% CLs. (10)

Together with analyses of the bb̄γγ and bb̄ττ channels
that yield a confidence interval λ " 1.3 λSM [9, 14], de-
pending on systematic uncertainties, tt̄hh will allow us to
extend the sensitivity range and in fact to almost entirely
cover the parameter λ at the end of LHC run 2.

IV. SUMMARY AND CONCLUSIONS

With current Higgs property measurements strongly
indicating a SM-like character of the discovered Higgs bo-
son, analysis strategies for parameters relevant for elec-
troweak symmetry breaking that remain unconstrained
in standard Higgs searches will play a central role in
the search for new physics beyond the SM during run
2. Constraining the Higgs self-interaction as one of the
most interesting couplings in this regard is a experimen-
tally challenging task and will require a large accumu-
lated data set.
As we have discussed in this letter, the role of pp →

tt̄hh production in this regard is twofold: Firstly, it pro-
vides an additional channel that can be added to a global
Higgs self-coupling analysis across the phenomenologi-
cally viable channels. Signal vs. background ratios indi-
cate that top-pair associated Higgs pair production can
provide significant statistical power to increase the sen-
sitivity to this crucial coupling at a targeted 3/ab and
extend the sensitivity coverage to the Higgs trilinear cou-
pling. Secondly, if we face a situation with λ " λSM,
pp → tt̄hh provides the leading channel, where we can
expect to observe an excess over the SM expectation.
A negative search outcome in GF and WBF dominated
search strategies in addition to an excess in tt̄hh final
states would therefore be a strong indication of λ > λSM,
eventually allowing us to put strong constraints on BSM
scenarios such as composite Higgs models.
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Is it a doublet?  

Is there more than just a (SM) Higgs? 

Is there a relation with dark matter? 

What triggers symmetry breaking? 

What can we say about all that at the end of 
the high luminosity phase and how can 
future colliders help us?

What’s the Higgs we are dealing with?? 
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H
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�

�H = �SM
H + �inv

→ a model-independent constraint on the 
total Higgs decay width is a game changer 

for particle physics and cosmology !

4

pmiss
T [GeV] Ngg

inv NV
inv �NBkg exp. Rpp

inv obs. Rpp
inv

120 5694 1543 12820 3.5 4.4

220 904 286 1030 1.7 1.6

350 110 45 171 2.2 3.3

500 15 9 73 6.0 1.4

TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv for each
reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg
4

HGa
µ⌫G

µ⌫,a, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠
10�5mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,

0.0 0.2 0.4 0.6 0.8 1.0
-0.010

-0.005

0.000

0.005

0.010

Brinv

c g
g

FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [7, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are

�LS = �1

2
m2

SS
2 � 1

4
�SS

4 � 1

4
�hSSH

†HS2 ,

�LV =
1

2
m2

V VµV
µ+

1

4
�V (VµV

µ)2+
1

4
�hV V H

†HVµV
µ,

�Lf = �1

2
mfff � 1

4

�hff

⇤
H†Hff + h.c. . (5)

The partial Higgs decay width into dark matter �(H !
��) and the spin–independent �–proton elastic cross sec-
tion �SI

�p can be easily calculated in terms of the param-
eters of the Lagrangian, and we refer to Ref. [7] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �SI

�p are proportional to
�2
H��; therefore, the ratio r� = �(H ! ��)/�SI

�p depends
only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:

BRinv
� ⌘ �(H ! ��)

�SM
H + �(H ! ��)

=
�SI
�p

�SM
H /r� + �SI

�p

(6)

with �SM
H the total decay width into all particles in the

SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧ 1

2MH , and assuming
the visible decay width equals to the SM total width

[Djouadi, Falkowski, Mambrini, Quevillon `12]
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The total Higgs width at the LHC?

A two-step programme in ZZ
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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.

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
h

⇠ 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!
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e
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W
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h
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W
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W
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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.

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-
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

[Kauer, Passarino `12][Caola, Melnikov `13]  
[Campbell, Ellis, Williams `13]
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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.

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
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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-
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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
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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 �
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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
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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.

CMS have presented first results [18] using this strat-
egy, claiming �
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< 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
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, (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 �
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/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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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.
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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

[Kauer, Passarino `12][Caola, Melnikov `13]  
[Campbell, Ellis, Williams `13]
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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.

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
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
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hZZ
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, (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 �
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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tributing to gg ! ZZ with leptonic Z boson decays in the
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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
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Now, if there is a direct correspondence between g
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and g
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(
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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 �
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. More explicitly,
for �
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, we need to have g2
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> (g2
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to keep µ = µSM fixed, which in turn implies �
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.
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
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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.

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
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h,g

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh
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hZZ
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, (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 �
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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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
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s
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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
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, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ
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to keep µ = µSM fixed, which in turn implies �
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> �SM
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.
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
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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.

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
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
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hZZ
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, (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 �
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
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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.

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-
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
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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 �
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. More explicitly,
for �
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, we need to have g2
ggh
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> (g2
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to keep µ = µSM fixed, which in turn implies �
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.
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

[Kauer, Passarino `12][Caola, Melnikov `13]  
[Campbell, Ellis, Williams `13]
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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.

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
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, (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 �
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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-
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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
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Now, if there is a direct correspondence between g
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and g
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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 �
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. More explicitly,
for �

h

> �SM

h

, we need to have g2
ggh

g2
hZZ
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to keep µ = µSM fixed, which in turn implies �
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.
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
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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.

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
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
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hZZ
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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 �
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⇠ 10�4, we
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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.
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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
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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
off-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 (ℓ) ≥ 10 GeV, |y(ℓ)| ≤ 2.5,
∆R(ℓℓ′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

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∗ → 4ℓ in the the Higgs on-shell region scales as3

σh,g × BR(H → ZZ → 4ℓ) ∼
g2ggh g

2
hZZ

Γh
, (2)

where we denote the relevant couplings by gX . 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 Γh/mh ∼ 10−4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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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.

3We 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 off-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

dσh ∼
g2ggh(

√
s) g2hZZ(

√
s)

s
dLIPS×pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson Γh. More explicitly,
for Γh > ΓSM

h , we need to have g2gghg
2
hZZ > (g2gghg

2
hZZ)

SM

to keep µ = µSM fixed, which in turn implies σh > σSM
h .

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

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? 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 off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher

dominated by Higgs signal
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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.

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
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ggh

g2
hZZ
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, (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 �
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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.
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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
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(
p
s) g2

hZZ

(
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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 �
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> �SM
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, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
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)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
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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.

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
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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
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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.
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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
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(
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hZZ

(
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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

for off-shell an on-shell Higgs couplings are correlated:

�h > �SM
h ,

� � BR � [� � BR]SM

�� ggghghZZ > [ggghghZZ ]SM �� � > �SM

[Kauer, Passarino `12][Caola, Melnikov `13]  
[Campbell, Ellis, Williams `13]

[CMS-HIG-14-002] [ATLAS -CONF-2014-052]
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 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 λ [32]. 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 Γh > ΓSM

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 [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), 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 off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(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 [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4ℓ) ≥ 330 GeV]a

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

170 GeV ≃ 1.0 ≃ 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

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 mh ≃ 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 Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) 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 ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ≫ 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ≫ ΓSM

h with-
out modifying the high invariant mass regime of pp → 4ℓ
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, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] 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
difficult [38] 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 [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4ℓ, the findings of this sections straightforwardly gener-
alize to ZZ → 2ℓ2ν and WW .

[CE, Spannowsky `14]

• cannot control loop contributions in QCD processes at hadron colliders 
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• should not play unitarity violating games at high momentum transfers
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 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 λ [32]. 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 Γh > ΓSM

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 [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), 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 off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(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 [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4ℓ) ≥ 330 GeV]a

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

170 GeV ≃ 1.0 ≃ 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

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 mh ≃ 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 Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) 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 ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ≫ 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ≫ ΓSM

h with-
out modifying the high invariant mass regime of pp → 4ℓ
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, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] 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
difficult [38] 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 [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4ℓ, the findings of this sections straightforwardly gener-
alize to ZZ → 2ℓ2ν and WW .

[CE, Spannowsky `14]

• cannot control loop contributions in QCD processes at hadron colliders 
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 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 λ [32]. 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 Γh > ΓSM

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 [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), 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 off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(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 [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4ℓ) ≥ 330 GeV]a

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

170 GeV ≃ 1.0 ≃ 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

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 mh ≃ 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 Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) 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 ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ≫ 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ≫ ΓSM

h with-
out modifying the high invariant mass regime of pp → 4ℓ
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, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] 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
difficult [38] 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 [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4ℓ, the findings of this sections straightforwardly gener-
alize to ZZ → 2ℓ2ν and WW .

[CE, Spannowsky `14]

• cannot control loop contributions in QCD processes at hadron colliders 
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 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 λ [32]. 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 Γh > ΓSM

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 [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), 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 off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(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 [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4ℓ) ≥ 330 GeV]a

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

170 GeV ≃ 1.0 ≃ 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

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 mh ≃ 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 Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) 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 ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ≫ 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ≫ ΓSM

h with-
out modifying the high invariant mass regime of pp → 4ℓ
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, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] 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
difficult [38] 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 [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4ℓ, the findings of this sections straightforwardly gener-
alize to ZZ → 2ℓ2ν and WW .

[CE, Spannowsky `14]

[Dobrescu, Lykken `12] 
[Bechtle, Heinemeyer, Stål, Stefaniak, Weiglein `14]

— in a QFT the Higgs width is not a free parameter 

— interpreted SM-like width measurement this analysis is never competitive:      
2-like VVH coupling and zero hidden width bias already yields 𝛤H<1.4 𝛤HSM 
with small statistics

• cannot control loop contributions in QCD processes at hadron colliders 



• can remove loop issues: adapt to weak boson fusion + custodial isospin 
(small interference with GF, GF can be suppressed, H couplings to ZZ and 
WW directly reflect electroweak properties)
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p(e+) · pX
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∣
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Z→e+e−
, (15)

cos θ∗ =
p(Z → e+e−) · b

√

p2(Z → e+e−)b2

∣

∣

∣

∣

X

, (16)

where . . . |R refers to the rest frame R in which the angle
is defined. pµ(X) = pµ(e+) + pµ(e−) + pµ(µ+) + pµ(µ−)
coincides in the on-shell region with the Higgs boson’s
rest frame, and b is an arbitrary three-vector along the
positive beam direction. As defined, cos θ∗ correlates the
production mechanism with the resonance’s decay prod-
ucts by projecting onto the beam-component of the 4-
lepton system. While cos θ∗ is known to be flat, cos θ1 is
sensitive to the CP properties of the Higgs boson when
produced in the on-shell region, see Figs. 8 and Ref. [49].
As can be seen, on top of a cross section increase due to
the higher dimensional operator structure [19], there is
complementary information in the spin/CP observables.5

V. OFF-SHELL MEASUREMENTS IN WEAK

BOSON FUSION

The potentially unknown loop contributions that can
decorrelate the on-shell and off-shell region in gluon fu-
sion are not present in weak boson fusion, assuming in-
deed a CP even SM-like Higgs boson. In these chan-
nels, the method of Ref. [11] becomes largely model-
independent except for a potential asymmetric deviation
of the WWh and ZZh couplings. This directly links to
the T parameter and a deviation at tree level is expected
to be small.
Furthermore, the weak boson fusion topology allows

to suppress gluon fusion contributions using forward tag-
ging jets in opposite detector hemispheres with large in-
variant mass and rapidity gap [50]. By imposing an ad-
ditional central jet veto [51], the gluon fusion events are
almost entirely removed from the sample [52] and the im-
pact on a correlation of the on- and off-shell regions will
be unaffected by unknown physics beyond the SM as a
consequence.
In Fig. 9, we show the result of such an analysis at

NLO QCD [24, 53] (we choose a common rescaling of
gZZh and gWWh to achieve µ ≃ 1 in the on-peak region).
The selection cuts are identical to CMS’ choice for the
Z reconstruction and lepton selection. We lower the 4ℓ
mass cut to m(4ℓ) ≥ 130 GeV to increase the statistics as
much as possible. In addition, we employ typical WBF

5Not included in Fig. 8 is the WBF contribution that can give rise
to an additional ∼ 10% effect. We have checked the angular distri-
butions with a modified version of Vbfnlo and find no significant
impact on the quoted results.
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FIG. 9: Weak boson fusion analysis of the off-shell measure-
ment of Ref. [11]. We apply hard weak boson fusion cuts to
suppress a pollution from gluon fusion and include the statis-
tical error based on a measurement with 600/fb. For details
see text.

cuts [50, 51, 53] as outlined above

pT (j) > 20 GeV, ∆R(jj) ≥ 0.6, |yj | < 4.5,

∆y(jj) ≥ 4.5, yj1 × yj2 < 0, m(jj) ≥ 800 GeV , (17)

and a jet veto

|yvetoj | < 2.5, pvetoT (j) > 50 GeV, ∆y(jvetoj) > 0.3 .
(18)

The leptons need to be well separated from the jets
∆R(ℓj) ≥ 0.6 and need to fall inside the tagging jets’
rapidity gap. We furthermore reject events with m(4ℓ) >
2 TeV to avoid picking up sensitivity from the region of
phase space where the off-shell modification probes the
unitarity-violating regime.
Obviously, when performed in the WBF channel (our

reasoning also applies to the WW channel), we observe
a similar behaviour, however, at a much smaller cross
section σ(WBF) ≃ 0.04 fb at 14 TeV (already summed
over light lepton flavours ℓ = e, µ) [24]. Nonetheless such
a measurement can be used to obtain a fairly model-
independent measurement of the total Higgs width fol-
lowing [11] at large integrated luminosity, especially when
statistically independent information frommultiple WBF
channels is combined.

VI. SUMMARY AND CONCLUSIONS

After the Higgs discovery with a mass of mh ≃
125 GeV and TeV scale naturalness under siege, the to-
tal Higgs width is one of the most sensitive parameters
to light physics beyond the standard model with a re-
lation to the electroweak scale. A model-independent
constraint on Γh would have a huge impact on BSM
physics. Correlating on- and off-shell Higgs production

250 GeV ILC

  → Mark’s talk



27

Large momentum transfers → BSM 7

10.90.80.70.60.50.40.30.20.1

100

10

1

0.1

0.01

0.001

SM cont.
cb

ct

cHB

cHW

cW

cB

cg

cγ

cH

cT

SM Higgs

√
s = 13 TeV

2mt

m(4ℓ) [TeV]

d
σ
/d

m
(4

ℓ)
[a

b
/2

0
G

eV
]

(a)

10.90.80.70.60.50.4

2.5

2

1.5

1

0.5

ct

cg

cH

SM

m(4ℓ) [TeV]

ra
ti
o

to
S
M

(b)

FIG. 6: (a) Individual cross section contributions to
p(g)p(g) → ZZ → e+e−µ+µ− as a function of the param-
eters of Eq. (15), subject to the constraint µon

ZZ = 1. Note
that cT shifts mZ away from its SM value, which is tightly
constrained by the T parameter [35]. The modification of the
intermediate Z boson mass is not reflected in the SM con-
tinuum distribution, which is purely SM. We also show the
impact of the dominant LSILH operators in the full cross sec-
tion, taking into account all interference effects, relative to the
SM expectation in panel (b). We choose Wilson coefficients
of size civ

2/f2
≃ 0.25 in both panels.

within the H → ZZ limits as reported in latest coupling
fits in the ZZ category (see e.g. [4]). This choice is also
consistent with the non-observation of a heavy Higgs-like
particle with a signal strength of ∼ 10% of the SM expec-
tation in a region where the narrow width approximation
is valid (see e.g. recent searches by CMS [43]) and limits
set by electroweak precision constraints.
Since the light Higgs width quickly decouples this

choice is irrelevant for the phenomenology at high invari-
ant mass. To keep our discussion transparent, we choose

a trivial hidden sector phenomenology by using

Γφ(mφ) = sin2 χΓSM
h (mφ) (21)

in the following. The results for two representative
choices of mφ are shown in Fig. 7.
The structure in the “H + φ” signal results from a

destructive interference of the Higgs diagrams in the in-
termediate region mh <

√
ŝ <∼ mφ as a consequence of

the propagator structure and will depend on how we
formulate the Higgs width theoretically.‡ From a phe-
nomenological perspective this structure is numerically
irrelevant.
Apart from the obvious additional resonance, we do

not find a notable deviation from the SM away from the
Breit-Wigner “turn on” region m(4ℓ) >∼ mφ. Away from
all s-channel particle thresholds, i.e. for invariant masses
m(4ℓ) ≫ mφ, the amplitude becomes highly resemblant
to the SM amplitude as a consequence of the linear mix-
ing: If we write the SM top-triangle subamplitude as
C(ŝ,m2

t ) and remove the Z boson polarization vectors,
we have an amplitude

Mµν = gµνC(ŝ,m2
t )

×

(

cos2 χ

ŝ−m2
h + imhΓh

+
sin2 χ

ŝ−m2
φ + imφΓφ

)

→
gµν

ŝ
C(ŝ,m2

t ) for ŝ≫ m2
h,m

2
φ, (22)

which is just the SM contribution evaluated at large√
ŝ. This qualitative argument is numerically validated

for the full cross section in Fig. 8. The differential
mZZ distribution approaches the SM distribution rather
quickly, especially because consistency with the 125 GeV
signal strength measurements and electroweak precision
data [46] imposes a hierarchy cos2 χ≫ sin2 χ.
Eq. (22) suggests that the more interesting parame-

ter choice for modified interference effects at large in-
variant masses is a larger mixing. In this case, how-
ever, the Higgs on-shell phenomenology would vastly
modified too. Larger values of sin2 χ also imply ten-
sion with electroweak precision data and direct search
constraints, unless we give up the simplified model of
Eq. (17). This is beyond the scope of this work. Quanti-
tatively a larger mixing only shows a moderate increase
for m(4ℓ) >∼ 400 GeV (we include a maximum mixing an-
gle cos2 χ = 0.5,mφ = 350 GeV to Fig. 8), which results
from Breit-Wigner distribution of the state φ; for maxi-
mal mixing this has a larger signal strength compared to
the cos2 χ = 0.9 scenario.
In summary, we conclude that the basic arguments

that have been used in the interpretation of SM mea-
surements [13–16, 19, 20] remain valid in this minimal

‡A survey of dip structures in cross sections has been presented in
Refs. [44, 45].
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ZZ = 1. Note
that cT shifts mZ away from its SM value, which is tightly
constrained by the T parameter [35]. The modification of the
intermediate Z boson mass is not reflected in the SM con-
tinuum distribution, which is purely SM. We also show the
impact of the dominant LSILH operators in the full cross sec-
tion, taking into account all interference effects, relative to the
SM expectation in panel (b). We choose Wilson coefficients
of size civ
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≃ 0.25 in both panels.

within the H → ZZ limits as reported in latest coupling
fits in the ZZ category (see e.g. [4]). This choice is also
consistent with the non-observation of a heavy Higgs-like
particle with a signal strength of ∼ 10% of the SM expec-
tation in a region where the narrow width approximation
is valid (see e.g. recent searches by CMS [43]) and limits
set by electroweak precision constraints.
Since the light Higgs width quickly decouples this

choice is irrelevant for the phenomenology at high invari-
ant mass. To keep our discussion transparent, we choose

a trivial hidden sector phenomenology by using

Γφ(mφ) = sin2 χΓSM
h (mφ) (21)

in the following. The results for two representative
choices of mφ are shown in Fig. 7.
The structure in the “H + φ” signal results from a

destructive interference of the Higgs diagrams in the in-
termediate region mh <

√
ŝ <∼ mφ as a consequence of

the propagator structure and will depend on how we
formulate the Higgs width theoretically.‡ From a phe-
nomenological perspective this structure is numerically
irrelevant.
Apart from the obvious additional resonance, we do

not find a notable deviation from the SM away from the
Breit-Wigner “turn on” region m(4ℓ) >∼ mφ. Away from
all s-channel particle thresholds, i.e. for invariant masses
m(4ℓ) ≫ mφ, the amplitude becomes highly resemblant
to the SM amplitude as a consequence of the linear mix-
ing: If we write the SM top-triangle subamplitude as
C(ŝ,m2

t ) and remove the Z boson polarization vectors,
we have an amplitude

Mµν = gµνC(ŝ,m2
t )

×

(

cos2 χ

ŝ−m2
h + imhΓh

+
sin2 χ

ŝ−m2
φ + imφΓφ

)

→
gµν

ŝ
C(ŝ,m2

t ) for ŝ≫ m2
h,m

2
φ, (22)

which is just the SM contribution evaluated at large√
ŝ. This qualitative argument is numerically validated

for the full cross section in Fig. 8. The differential
mZZ distribution approaches the SM distribution rather
quickly, especially because consistency with the 125 GeV
signal strength measurements and electroweak precision
data [46] imposes a hierarchy cos2 χ≫ sin2 χ.
Eq. (22) suggests that the more interesting parame-

ter choice for modified interference effects at large in-
variant masses is a larger mixing. In this case, how-
ever, the Higgs on-shell phenomenology would vastly
modified too. Larger values of sin2 χ also imply ten-
sion with electroweak precision data and direct search
constraints, unless we give up the simplified model of
Eq. (17). This is beyond the scope of this work. Quanti-
tatively a larger mixing only shows a moderate increase
for m(4ℓ) >∼ 400 GeV (we include a maximum mixing an-
gle cos2 χ = 0.5,mφ = 350 GeV to Fig. 8), which results
from Breit-Wigner distribution of the state φ; for maxi-
mal mixing this has a larger signal strength compared to
the cos2 χ = 0.9 scenario.
In summary, we conclude that the basic arguments

that have been used in the interpretation of SM mea-
surements [13–16, 19, 20] remain valid in this minimal

‡A survey of dip structures in cross sections has been presented in
Refs. [44, 45].

[CE, Soreq, Spannowsky `14]

see also [Coleppa, Mandal, Mitra `14] 
[Azatov, Grojean, Paul, Salvioni `14]
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Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.
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Figure 3: Posterior probability as a function of ct, assuming the constraint ct + cg = 1, for

the 8TeV CMS data set. At 95% we find ct 2 [�4.7, 0.5][ [1, 6.7] (unshaded region), at 68%

ct 2 [�4,�1.5] [ [2.9, 6.1]. The red line shows the expected probability for the SM signal.
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Summary & Conclusions

• there are more questions than answers…. 

• run II & HL-LHC will give us more insights into the SM-likeness of 
the Higgs 

• high momentum transfers with reasonable statistics 

• fully-differential EFT-based approaches 

• new analysis strategies, new channels 

• there is already a case for 250 GeV linear collider for Higgs 
spectroscopy! (→ non-resonant naturalness!) 

• say something about the self-interactions at 3/ab?     → FCC-ee/hh?  



• obviously direct LHC measurements will have their sensitivity 
saturated by systematics ⇒ lepton collider physics 

• don’t forget the B0 functions !
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
‡Electronic address: mccull@mit.edu

challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

10-25% tuning
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have heightened the urgency of the electroweak hierarchy
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beyond the specifics of particular UV-complete models
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dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
‡Electronic address: mccull@mit.edu

challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2
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At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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250 GeV linear collider 
full EW corrections [Craig, CE, McCullough `13]
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Benefits of precision: Higgs naturalness

worst case: dark sector enforces 
naturalness, e.g. twin Higgs models

[Chako, Gho, Harnik `05]
TLEP


