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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



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 
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“Yang-Mills+Higgs IS true” 
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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] 

coupling measurements are determined by 

  
1. unitarity  

2. number of Higgs fields 

3. gauge representation 

4. experimental and theoretical extraction 

5. mechanism of  ELW symmetry breaking  

6. spectrum through quantum effects

non-resonant 
BSM beyond NW, 

𝛤H

EWSB 
specific couplings, top 

interactions

naturalness 
leaving footprints?

What’s next? Where can new physics hide? 

Phenomenology is 
dominated by 
interference
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The total Higgs width

Standard Model

(visible sector)

hidden valley

(invisible sector)

small⇥Osing
SM Osing

hid

only U(1) and sterile neutrino mixing + Higgs Portals � �|H |2|�|2

H
�

�
�H = �SM

H + �inv

→ a model-independent constraint on the total Higgs decay width 
is a game changer for particle physics and cosmology !

Why is this important ?
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A two-step programme in ZZ
2
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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
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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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The total Higgs width
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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
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ggh

(
p
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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-
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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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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and g
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s), measuring the signal strength µ in the o↵-
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. More explicitly,
for �

h

> �SM

h
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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 �
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< 4.2 ⇥ �SM
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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 �
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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
i

(m
h

)
and g
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(
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
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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 �
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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
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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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can expand the Higgs Breit-Wigner propagator D(s) =

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

q q!

g

g

e

⌫e

⌫µ

µ

W

W

h

t, b, q

g

g

e

⌫e

⌫µ

µ

W

W

Z

t, b, q

g

g

⌫e

e

⌫µ

µ

W

W

q q!

FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3
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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

[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 �
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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
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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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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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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

1. on-shell measurement

2

0.70.60.50.40.30.20.1

10

1

10

�1

10

�2

10

�3

10

�4

�h = 10⇥ �

tot

h , couplings rescaled

�

tot

h

p
s = 8 TeV

p(g)p(g)! e+e�µ+µ�

CMS search region

m(4`) [TeV]

d
�
/d

m
(
4
`)

[
a
b
/2

0
G

e
V

]

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

CMS have presented first results [18] using this strat-
egy, claiming �
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< 4.2 ⇥ �SM
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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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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
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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

The total Higgs width
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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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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-
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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⇠ g2
ggh

(
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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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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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-
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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Now, if there is a direct correspondence between g
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(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
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hZZ

> (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

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

�h > �SM
h ,

� � BR � [� � BR]SM

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

[Caola, Melnikov `13]  
[CMS-HIG-14-002] [ATLAS-CONF-2014-042]
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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 �
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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
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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
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, we need to have g2
ggh

g2
hZZ
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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. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4ℓ) ≥
330 GeV.

It is known that the interference between the trian-
gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid, and dashed),
yielding a well-defined SM cross section (orange). We also
show the parameter choice that corresponds to the CMS-like
exclusion of Γh ≃ 5 × ΓSM

h based on the strategy outlined
in [2] and the introduction.
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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 .

The total Higgs width

L = |Dµ�|2 � m2� + �|H |2|�|2
light (non-chiral) masses:
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…so much for the theory, but is this really a measurement of the width?

[CE, Spannowsky `14]
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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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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
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4ℓ) ≥
330 GeV.
It is known that the interference between the trian-

gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid and dashed;
the dashed line lies on top of the solid line), yielding a well-
defined SM cross section (orange). We also show the pa-
rameter choice that corresponds to the CMS-like exclusion
of Γh ≃ 5×ΓSM

h based on the strategy outlined in [2] and the
introduction.

Naive and inconsistent rescaling arguments violate unitarity in the 100 GeV region 
where the measurement picks up the sensitivity. We constrain unphysical models.

nested top scattering!

Higgs “off -shell” measurements
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…nonetheless rescaling arguments should not be a guiding principle!

unitarity &  

non-decoupling
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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) =
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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. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4ℓ) ≥
330 GeV.

It is known that the interference between the trian-
gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid, and dashed),
yielding a well-defined SM cross section (orange). We also
show the parameter choice that corresponds to the CMS-like
exclusion of Γh ≃ 5 × ΓSM

h based on the strategy outlined
in [2] and the introduction.
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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 .

Higgs “off -shell” measurements

cannot 
template individual 

topologies!
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The total Higgs width

• cannot control loop contributions in QCD processes at hadron colliders 

• width interpretation not possible in BSM scenarios without uniform 
convergence to the SM template, statistical pull always from σBR! 

• new contributions to continuum ZZ suppressed and bound to be small in light 
of electroweak precision constraints 

• interpreted SM-like width measurement this analysis is not competitive:         
2-like WWh coupling and zero hidden width bias gave 𝛤H<1.4 𝛤HSM already 
with very early data!
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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]

[Dobrescu, Lykken `14]

[CE, Spannowsky, Soreq `14]
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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 .

• remove loop argument with WBF: 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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The total Higgs width
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angles

cos θ1 =
p(e+) · pX
√

p2(e+)p2
X

∣

∣

∣

∣

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

[Kauer, Passarino `12]

[CE, Spannowsky `14]
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LEP as a off-shell Higgs factory
[CE, McCullough, Spannowsky `15]

• in models that allow a width interpretation, we can use LEP measurements as 
an input to break the on-shell signal strength degeneracy 

• “UV off-shell” measurement is replaced by “IR off-shell+UV sensitivity”
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Figure 5. Combined 2� LEP and current LHC signal strength constraints on the Higgs width in
the model with modified couplings and a UV cuto↵ (left) and a model with a mixed-in singlet scalar
(right). Please see the surrounding text for an explanation of the various contours.

constraints on the Higgs couplings shown in Fig. 4 to find the current constraints on the Higgs

width in these two models.

In Fig. 5 we show the 2� confidence contours on the total Higgs for both of the exam-

ple models described in Sec. 2. The constraint from current LHC on-shell signal strength

constraints is labelled µV V,ff,GG,�� . For reference the 2� limits at new physics scales of 1

TeV for a model with a universal rescaling of couplings are 0.73 . Rh(� = 1 TeV) . 1.87,

which is already competitive with constraints using other methods [4, 5]. For the model of a

mixed-in singlet scalar the limits are 0.63 . Rh(MS = 1 TeV) . 1.20. It is worth noting that

in this case the upper limit on the Higgs width is only strong due to the theoretical limitation

cos(✓)  1, thus in Eq. (4.3) we have Rh < 1/µmin.

4.2 Current Limits: hGG- and h��-Independent Combination

It is possible to construct less model-dependent constraints by focussing on specific channels.

For example, we may constrain the Higgs width in a model in which the hV V and hff

couplings have been modified by the same factor and the hGG and h�� couplings are allowed

to be rescaled independently as free parameters, thus this is applicable to scenarios where

the Higgs may be coupled to new colored fields.§ This is achieved by choosing production

channels and final state decays that are independent of the hGG and h�� couplings. We

consider the LHC constraints from Higgs associated production and bb decays, hV, h ! bb.

The best fit signal strength in this channel is µ = 1.01+0.53
�0.5 [30].¶

§An example of such a scenario would be the Higgs portal mixing with a singlet and Higgs couplings to

new colored scalars.
¶It should be kept in mind that the current constraints from WBF production with subsequent Higgs

decay to taus are marginally stronger than for associated production. However in this channel for typical cuts

– 10 –



18

LEP as a off-shell Higgs factory
[CE, McCullough, Spannowsky `15]

• in models that allow a width interpretation, we can use LEP measurements as 
an input to break the on-shell signal strength degeneracy 

• “UV off-shell” measurement is replaced by “IR off-shell+UV sensitivity”
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Figure 6. Combined 2� LEP and future LHC WBF (or current all-channels) constraints on the Higgs
width in the model with modified couplings and a UV cuto↵ (left) and a model with a mixed-in singlet
scalar (right).

benchmark is also motivated by the statistics-only scenario for the 300 fb�1 LHC, and in the

third we have doubled this uncertainty to demonstrate the impact systematic uncertainties

may have.

5.5 Reducing the Model Dependence in Future Higgs Width Constraints

In Fig. 6 we show the expected 2� confidence contours on the total Higgs width that could

be achieved with a future combination of WBF observations at the LHC with constraints

from LEP for both the models of Sec. 2. Although it may be possible to achieve smaller

uncertainties on the signal strength we will focus on the constraints determined from the

�µ2� = 40% band as this represents our most conservative estimate for the LHC at 300 fb�1

in the WBF channel.

For � = 1 TeV the 2� Higgs width constraints would be 0.71 . Rh . 2.59. The upper

limit is much weaker than the lower limit because the precision electroweak constraints prefer

increased Higgs couplings (see Fig. 4) and thus the combined constraint of Eq. (4.3) can

tolerate significant increases in the Higgs width. On the other hand, it is interesting that a

strong lower limit can be placed on the Higgs total width. For the model of a mixed-in singlet

scalar the lower boundary of the constraint is similar to the left panel. At MS = 1 TeV the

constraints are 0.61 . Rh . 1.67.

These potential future limits are quantitatively comparable to those obtained in Sec. 4.1

using current LHC data from global signal strength fits, however the purpose of the future

constraints considered here is to reduce the model dependence of the constraint. From this

perspective this combination of past LEP constraints with future LHC Higgs measurements

tailored to focus on hV V couplings is very attractive as both constraints depend only on these

– 15 –
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Is there evidence for new 
degrees of freedom?

Yes.No.

Higgs Effective Field Theory concrete models
• Higgs portals

• (N)MSSM

• compositeness

• …
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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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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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FIG. 8: Full di↵erential cross section at high invariant masses
for the SM and the two choices of m�. For m� = 500 GeV we
choose �� = 40 GeV to enhance visibility for the ratio plot
shown in the lower panel.

resonant extension of the SM Higgs sector. Our analy-

sis straightforwardly generalizes to the two Higgs doublet
model [48] and the nHDM [49].

V. SUMMARY AND CONCLUSIONS

Measurements at large momentum transfers as a probe
of non-decoupling o↵-shell Higgs contributions provide
an excellent testing ground of various scenarios of BSM
physics.

In this paper we have further examined the validity of
the interpretation of o↵-shell measurements as a probe
of the Higgs total width. In combination with a signal
strength µon

ZZ ' 1, we motivate the double ratio R(mZZ)
of Eq. (7) as guideline for when this interpretation is
valid, namely R ' 1 within uncertainties.

Furthermore, measurements at large invariant ZZ
masses in pp ! ZZ ! 4` at the LHC run 2 will have
significant impact on searches for BSM physics far be-
yond the interpretation in terms of the Higgs’ width. We
have discussed a wide range of BSM scenarios as exam-
ples that highlight this fact. In particular, we have pro-
vided a quantitative analysis of the high invariant mass
region of pp ! ZZ ! 4` in the context of the MSSM, a
general dimension six extension of the SM Higgs sector,
and resonant phenomena within Higgs portal scenarios.

Generic to all BSM scenarios is the model-dependence
of the o↵-shell region. If we observe an excess in the fu-
ture in the high mZZ region, the interpretation of such
an observation is not necessarily related to the Higgs but
could be a general e↵ect of the presence of new TeV-scale
dynamics. In particular, the “o↵-shell signal strength”
has no relation to on-shell Higgs properties such as the
width or even Higgs couplings, unless imposed by a choice
of a particular class of BSM scenarios such as Eq. (15).
An example of that, which we have not discussed in fur-
ther detail are electroweak magnetic operators or an ad-
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for the SM and the two choices of m�. For m� = 500 GeV we
choose �� = 40 GeV to enhance visibility for the ratio plot
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resonant extension of the SM Higgs sector. Our analy-

sis straightforwardly generalizes to the two Higgs doublet
model [48] and the nHDM [49].

V. SUMMARY AND CONCLUSIONS

Measurements at large momentum transfers as a probe
of non-decoupling o↵-shell Higgs contributions provide
an excellent testing ground of various scenarios of BSM
physics.

In this paper we have further examined the validity of
the interpretation of o↵-shell measurements as a probe
of the Higgs total width. In combination with a signal
strength µon

ZZ ' 1, we motivate the double ratio R(mZZ)
of Eq. (7) as guideline for when this interpretation is
valid, namely R ' 1 within uncertainties.

Furthermore, measurements at large invariant ZZ
masses in pp ! ZZ ! 4` at the LHC run 2 will have
significant impact on searches for BSM physics far be-
yond the interpretation in terms of the Higgs’ width. We
have discussed a wide range of BSM scenarios as exam-
ples that highlight this fact. In particular, we have pro-
vided a quantitative analysis of the high invariant mass
region of pp ! ZZ ! 4` in the context of the MSSM, a
general dimension six extension of the SM Higgs sector,
and resonant phenomena within Higgs portal scenarios.

Generic to all BSM scenarios is the model-dependence
of the o↵-shell region. If we observe an excess in the fu-
ture in the high mZZ region, the interpretation of such
an observation is not necessarily related to the Higgs but
could be a general e↵ect of the presence of new TeV-scale
dynamics. In particular, the “o↵-shell signal strength”
has no relation to on-shell Higgs properties such as the
width or even Higgs couplings, unless imposed by a choice
of a particular class of BSM scenarios such as Eq. (15).
An example of that, which we have not discussed in fur-
ther detail are electroweak magnetic operators or an ad-
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FIG. 8: Individual and combined “signal” contributions, as well as full di↵erential cross sections in the portal-extended SM
for cos2 � = 0.9 and two choices of heavy boson masses m� = 350 GeV and m� = 500 GeV for SM-like width values
��(m�) = 0.1 �SM

h (m�).

Consequently, we have two mass states with a SM-like
phenomenology; such models have been studied in detail
and we refer the reader to the literature [49–51].

We focus on scenarios

mh = 125 GeV : coupling suppression cos� (19)
m� > mh : coupling suppression sin � (20)

and keep the Higgs width identical to the SM (this could
be facilitated by another portal interaction to light SM-
singlet states). This will modify the on-shell Higgs phe-
nomenology and we choose µon

ZZ = cos4 � = 0.81, which is
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 [52]) and lim-
its set by electroweak precision constraints; see also [53]
for a detailed discussion of currently allowed parameter
range, and [50] on constraints that can be obtained by
measuring the heavy Higgs boson

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

��(m�) = sin2 � �SM
h (m�) (21)

in the following. The results for two representative
choices of m� are shown in Fig. 8.

The structure in the “H + �” signal results from a
destructive interference of the Higgs diagrams in the in-
termediate region mh <

p
ŝ <⇠ m� as a consequence of

the propagator structure and will depend on how we for-
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FIG. 9: Full di↵erential cross section at high invariant masses
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choose �� = 40 GeV to enhance visibility for the ratio plot
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FIG. 2: Signal-signal (h + H) interference as a function of the total heavy Higgs decay width for the two parameter choices
detailed in the text.

serves to reflect all relevant electroweak contributions in
the high energy limit. In fact, this prescription is similar
to the GPR implementation: Rewriting the propagator
s � sH of Eq. (11) using the definition of Eq. (11) lets
Eq. (13) emerge in the bar-scheme. Note, however, that
the substitution of Eq. (13) does not imply an analytical
continuation of production and decay subamplitudes to
complex masses.

Since we consider the fully leptonic final state (we ne-
glecting QED contributions), it should be noted that the
Z boson decay su↵ers from similar shortcomings as dis-
cussed above [36]. We have explicitly checked the phe-
nomenological impact of the analytic continuation in the
complex mass scheme and find a completely negligible ef-
fect on the pp ! 4` phenomenology and employ a naive
Breit-Wigner distribution for this part of the amplitude
throughout to allow for a consistent Higgs-specific com-
parison.

IV. SIGNAL-SIGNAL INTERFERENCE

Let us first turn to “signal-signal” interference, i.e. the
interference between the two Higgs bosons [22, 48, 49],
of which the light SM state mh = 125 GeV acts as back-
ground. It should be noted that such an analysis without
including the gg ! ZZ continuum is incomplete [30, 38],
although in practical analyses as performed by ATLAS
and CMS such a discrimination is implicit.

In Fig. 2 we show the relative deviation [�(h) +
�(H)]/�(hH), which is directly sensitive to the discussed
interference. It can be seen that in the ZZ threshold re-
gion the interference e↵ect can become of the order of

30%, and depends crucially on the h signal distribution
as can be seen from comparing the two parameter choices
in Fig. 2.

The di↵erent treatment of the on-shell region in the
discussed width schemes induces a O(20%) deviation as
a function of the H width for light states mH

<⇠ 350 GeV.
The small relative deviation of the BW and the MS
scheme is directly related to selecting a phase space re-
gion s ⇠ m2

H , which induces a modification ⇠ �2
H/M2

H

into the comparison. This ratio is su�ciently small to
not have a significant impact of the H on-shell region for
the considered parameter range. The main di↵erence of
the GPR scheme in comparison to the other schemes is a
quantitatively changed behavior for s ⇠ mh. The larger
�H , the bigger this relative di↵erence, a point already
stressed in the SM analysis of [38].

V. SIGNAL-SIGNAL-BACKGROUND
INTERFERENCE

A crucial question, given the results of the previous
section, is in how far does the overall sensitivity to in-
terference and the scheme dependence of the previous
section translate into a modification of the total cross
section when all interference e↵ects are included?

On the one hand, interference of signal and background
in gg ! ZZ is known to be a sizable e↵ect at large in-
variant final state masses [22, 24, 26], ultimately as a
sign of unitarity and gauge invariance of the full scatter-

[Goria, Passarino, Rosco `10]
[Seymour `95]
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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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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

[ATLAS PHYS-PUB 2014-19]
•          : 1.3σ  at  3/ab, limited statisticsbb̄��
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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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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
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.
Acknowledgements. CE is supported by the Institute

for Particle Physics Phenomenology Associateship pro-
gramme.
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on the tagging jets [26] is insufficient to tame the back-
ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¶ The
most promising avenue is therefore a generalisation of the
boosted final state analysis of Ref. [15] to a lower pT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on the hh → bb̄τ+τ− final state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the effect of modified Higgs
trilinear coupling. The GF event generation employs the
FeynRules/Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-induced hhjj pro-
duction in themt → ∞ limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we use Sherpa [32] and MadEvent v5,
considering tth, tt̄jj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tt̄. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tt̄jj [34]. We adopt the a total flat K factor of 1.2
for Zh + 2j motivated from Ref. [35]. We have checked
that all other backgrounds are completely negligible. The
QCD corrections for the signal are known to be small for
the WBF contribution [21, 22]. It is reasonable to expect
that the corrections for the GF contributions will be sim-
ilar to the pp → hjj following the arguments of Ref. [36],
however, we choose to remain conservative and do not
include a NLO K factor guess for the GF contribution.

We correct the deficiencies of the GF event genera-
tion in the mt → ∞ limit via an in-house re-weighting
library which is called at runtime of the analysis. We in-
clude the effects of finite top and bottom quark masses,
which are treated as complex parameters. The value
of the Higgs trilinear coupling can be steered exter-
nally. For the generation of the matrix elements we used
GoSam [37], a publicly available package for the auto-
mated generation of one-loop amplitudes. It is based on
a Feynman diagrammatic approach using QGRAF [38]
and FORM [39] for the diagram generation, and Spin-
ney [40], Haggies [41] and FORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done using Samurai [42], which uses a d-dimensional
integrand level decomposition based on unitarity meth-
ods [43]. The remaining scalar integrals have been eval-
uated using OneLoop [44]. Alternatively, GoSam of-
fers a reduction based on tensorial decomposition as con-
tained in the Golem95 library [45].The GoSam frame-

¶However, it might be able to compensate this by folding in matrix
elements to the analysis, generalizing the approach of Ref. [27].

work has been used recently for the calculation of signal
and background processes important for Higgs searches
at the LHC [46].

The maximum transverse momentum of the Higgs
bosons is a good variable to compare effective with full
theory. For inclusive hhjj production we find a re-
weighted distribution as depicted in Fig. 1. Qualita-
tively, the re-weighting pattern follows the behaviour
anticipated from pp → hhj production [15] and pp →
hjj [26, 47]. As expected, the shortcomings of the ef-
fective calculation for double Higgs production are more
pronounced than for single Higgs production: Already
for low momentum transfers the effective theory deviates
from the full theory by factors of two, making the correc-
tion relevant even for low momenta, where one might ex-
pect the effective theory to be in reasonably good shape.
It is precisely the competing and mt-dependent contri-
butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the effective theory overestimates the
gluon fusion contribution by an order of magnitude.∥
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FIG. 1: max pT,h distribution and effective theory vs. full
theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-
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Signal with ξ × λ Background S/B

ξ = 0 ξ = 1 ξ = 2 tt̄jj Other BG ratio to ξ = 1

tau selection cuts 0.212 0.091 0.100 3101.0 57.06 0.026 × 10−3

Higgs rec. from taus 0.212 0.091 0.100 683.5 31.92 0.115 × 10−3

Higgs rec. from b jets 0.041 0.016 0.017 7.444 0.303 1.82× 10−3

2 tag jets 0.024 0.010 0.012 5.284 0.236 1.65× 10−3

incl. GF after cuts/re-weighting 0.181 0.099 0.067 5.284 0.236 1/61.76

Signal with ζ × {gWWhh, gZZhh} Background

ζ = 0 ζ = 1 ζ = 2 tt̄jj Other BG

tau selection cuts 1.353 0.091 0.841 3101.0 57.06

Higgs rec. from taus 1.352 0.091 0.840 683.5 31.92

Higgs rec. from b jets 0.321 0.016 0.207 7.444 0.303

2 tag jets/re-weighting 0.184 0.010 0.126 5.284 0.236

incl. GF after cuts/re-weighting 0.273 0.099 0.214 5.284 0.236

TABLE I: Cross sections in fb of the hadron-level analysis described in the text, including results with modified Higgs trilinear
and V V †hh couplings. Signal cross sections already include the branching ratios to the h → bb̄, τ+τ− final states. The top four
rows refer to the WBF sample and the last line includes the re-weighted GF contribution. For details see text.

Due to the particular shape of the re-weighting in Fig. 1
we can always find a set of selection cuts for which effec-
tive theory and full calculation agree at the cross section
level. Such an agreement, however, is purely accidental
as it trades off a suppression against an excess in two
distinct phase space regions. An effective field theoretic
treatment of hhjj production without performing the de-
scribed re-weighting must never be trusted for neither
inclusive nor more exclusive analyses.

In the hadron-level analysis we cluster jets from the
final state using FastJet [49] with R = 0.4 and pT ≥
25 GeV and |ηj | ≤ 4.5, and require at least two jets. We
double b tag the event (70% acceptance, 1% fake) and
require the invariant mass of the b jets to lie within 15
GeV of the Higgs mass of 125 GeV.

To keep matters transparent in the context of the
highly involved h → τ+τ− reconstruction, we assume
a perfect efficiency of 1 for demonstration purposes
throughout.∗∗ We ask for two tau leptons that reproduce
the Higgs mass of 125 GeV within ±25 GeV. The precise
efficiencies for leptons in the busy hadronic environment
of the considered process at a 14 TeV high luminosity are
currently unknown, but we expect signal and background
to be affect in similar fashion. We remind the reader that
no additional requirements on missing energy or mT2 are
imposed, which are known to reconcile a smaller τ effi-

tive theory is an interesting question in itself, which we save for a
separate study [48].

∗∗We find the tau leptons to be rather hard, which can be used to
trigger the event via the two tau trigger with little signal loss.

ciency in the overall S/B [16].
The b jets are removed from the event and jets that

overlap with the above taus are not considered either.
We require at least two additional jets which are termed
“tagging jets” of the hhjj event.

Results. The cut flow of the outlined analysis can be
found in Tab. I. There we also include analyses of sig-
nal samples with changed trilinear and V V †hh couplings.
The latter modifications have to be interpreted with cau-
tion: The V V †hh couplings are purely electroweak and
identical to the couplings of two Goldstone bosons to
two gauge bosons. In the high energy limit the Gold-
stone equivalence theorem tells us that a modification of
V V †hh away from its SM value is tantamount to unitar-
ity violation, which explains the large growth of the WBF
component for ζ ̸= 1 (such an issue is not present for
ξ ̸= 1 even though the electroweak sector is ill-defined).
The energy dependence of the matrix element is effec-
tively cut-off by the parametric Bjorken-x suppression of
the parton distribution functions in the hadronic cross
section. In models in which unitarising degrees are non-
perturbative such a behavior is expected at least quali-
tatively. We leave an in depth theoretical discussion on
approaches to parameterising such coupling deviations to
future accords.
As can be seen from Tab. I, the hhjj analysis in the

bb̄τ+τ−jj channel will be challenging. However, we re-
mind the reader that no additional selection criteria have
been employed that are known to improve S/B in “or-
dinary” hh → bb̄τ+τ− analysis [15, 16]. The arguably
straightforward strategy documented in Tab. I should
rather be considered establishing a baseline for a more

1/50…but can be improved significantly… 1/4
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Figure 2: Production cross sections for p p ! t q H versus Ct, for
p
s = 8 and 14 TeV. The inside

plot is an enlargement of the positive Ct region.

the top-quark mass. The other relevant parameters entering our computation are set as follow
[1, 2, 28, 29]:

mH = 125 GeV, mt = 173.2 GeV,

MZ = 91.188 GeV, MW = 80.419 GeV,

mb = 4.7 GeV, and ↵S(MZ) = 0.118 .

The SM H ! �� branching ratio BRSM
�� was obtained by HDECAY [30], while the model

dependent BR�� versus Cf has been evaluated via the leading-order H partial widths [31],

improved by normalizing the result by a factor BRSM
�� /BR

Cf=1
�� (where BR

Cf=1
�� is the leading-

order evaluation of the SM branching ratio). For reference in the following discussion, the
relevant SM cross sections � and BR�� are (summing up cross sections over the two charge-
conjugated channels)3

�(q b ! t q0H)SM ' 15.2 fb at
p
s = 8 TeV (6)

�(q b ! t q0H)SM ' 71.8 fb at
p
s = 14 TeV (7)

BRSM
�� ' 2.29 · 10�3 (8)

In Figure 2, we plot the p p ! t q H production cross-section versus Ct, for
p
s = 8 TeV and

14 TeV. Throughout this work we focus on the range

�1.5 < Ct < 1.5 , (9)

3The contribution to the p p ! t q H cross section of the amplitude where the Higgs is radiated by the initial
b-quark line is small (at the per-mil level in the Ct range relevant here), and will be neglected in the present
analysis.

5

• cross sections are small but highly 
sensitive through interference  

• somewhat reminiscent of radiation 
zeros in                

[Fisher, Becker, Kirkby `95]

[CE, Re `14]

[Biswas et al. `13]
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the involved statistical uncertainty of such a measurement with an SM-consistent outcome, we include toy data and the 95%
Bayesian confidence level error bars around the central values. We use these distributions and MC-sampled toy measurements
to compute a confidence level interval for the top quark Yukawa coupling (see text); the ct = 0.5 sample includes a modified
h → γγ branching ratio. Note that the signal hypotheses overlap.
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FIG. 5: Same as Fig. 4 for a measurement performed in channel 2 as defined in the text.

(inverted) shape at small values and provides increased
statistical pull. Despite that in this case S/B is not as
optimal for the SM scenario as before, we add statisti-
cal information that efficiently constrains ct across the

two regions. We end up with confidence levels for our
benchmark point

ct ! 0.5 at 95% CLs [99% CLs] . (5)
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(inverted) shape at small values and provides increased
statistical pull. Despite that in this case S/B is not as
optimal for the SM scenario as before, we add statisti-
cal information that efficiently constrains ct across the

two regions. We end up with confidence levels for our
benchmark point

ct ! 0.5 at 95% CLs [99% CLs] . (5)

• angular observables! 

• even in rare (but clean!) 
final states                      at 
95..99% confidence level

ct � 0.5

W±� ; �y(tH) ⇠ 0
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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] 

coupling measurements are determined by 

  
1. unitarity  

2. number of Higgs fields 

3. gauge representation 

4. experimental and theoretical extraction 

5. mechanism of  ELW symmetry breaking  

6. spectrum through quantum effects naturalness 
leaving footprints?

A bottom-up (B)SM Higgs programme 



• 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.
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to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
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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
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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 ⇠
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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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250 GeV linear collider 
full EW corrections [Craig, CE, McCullough `13]
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Higgs couplings: a probe of naturalness

worst case: dark sector enforces 
naturalness, e.g. the twin Higgs
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Summary & Conclusions

• The Higgs sector and the Higgs interactions are the best places to 
look for BSM physics, there’s a lot left to do 

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

• exploit interference-induced sensitivity in fully differential 
measurements 

• high momentum transfers with reasonable statistics 

• more sensitive new resonance searches 

• there is already a case for 250 GeV linear collider for Higgs 
spectroscopy! (→ width & naturalness)


