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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 ?

2

[Weinberg `67]
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“Yang-Mills+Higgs had to be true”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

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

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

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

�H� �= 0

☛ "spontaneous" symmetry breaking

☛ renormalizability, unitarity
2

[Weinberg `67]



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

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

“Yang-Mills+Higgs had to be true”

Higgs properties sui generis:  
particle relates to unitarity conservation and an excitation of an 
isotropic and translationally invariant background field.
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The Standard Model: taking stock

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map
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SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map

all SM symmetries have been “used up” to 
guarantee renormalizability and a priori unitarity, 
we have no protection of a separation of scales 

☛ ultraviolet catastrophe of the 21st century
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Higgs physics: 21st century’s UV catastrophe?

� A0(m2
H) � A0(m2
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can expect top sector closely linked to the Higgs sector! 

• bosonic and fermionic thresholds enter differently, RS dependent 

• it is a relation of couplings rather than masses m � coupling � �H�

� (m2
H + 2m2

W + m2
Z � 4m2

t )� �� �
= 0 ?

� �2

�H�2

H H

H

H H

Z,W±

H

H

t

t

H

H

H̃

H̃

H

H

W̃ , Z̃

W̃ , Z̃

H H

t̃

5

+ extra stuff  ?!



☛ what are the ways out ?
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• Supersymmetry: “play with particle content”

enhanced external symmetry  
removes sensitivity to the UV, 

good properties persist when 
SUSY is softly broken, only 
logarithmic sensitivity to UV 
scales reintroduced light colored partners: not observed (yet)…

Stabilizing Hierarchies: SUSY
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• Supersymmetry: “play with particle content”

enhanced external symmetry  
removes sensitivity to the UV, 

good properties persist when 
SUSY is softly broken, only 
logarithmic sensitivity to UV 
scales reintroduced light colored partners: not observed (yet)…

identical!

[Arkani-Hamed `13]
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☛ what are the ways out ?
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• Conformal UV dynamics: “Dilaton” and/or “hierarchies are spurious”

vanishing explicit mass terms due 
to a UV conformal fix point 

Coleman-Weinberg sector 
generates scale dynamically and 
transmits it via marginal couplings

Stabilizing Hierarchies: Conformal dynamics

+ "resummation"
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Stabilizing Hierarchies: Compositeness

10

[Kaplan, Georgi `84] 
… 

[Giudice, Grojean, Pomarol, Rattazzi `07]
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[Kaplan, Georgi `84] 
… 

[Giudice, Grojean, Pomarol, Rattazzi `07]

11

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

fermions : �f = � v2

2⇤2

f 0
LR

y
! v2

2⇤2
⇤[f ]

WW,ZZ : �V = � v2

2⇤2
f 0
�2 ! 2

v2

2⇤2
⇤[Vm]

gg : �g = � v2

2⇤2

4 · 16⇡2

⇣g
f 0
GG ! 4

⇣g

v2

2⇤2
⇤[GG]

�� : �� = � v2

2⇤2

2 · 16⇡2

⇣�

f 0
BB + f 0

WW

2
! 1

⇣�

v2

2⇤2
⇤[WW/BB]

, (2.13)

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

2
h) ' 4/3 and ⇣� =

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

2
h) +A1(4m2

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

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

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

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

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

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

Table III and Fig. 2.

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

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

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

g2/16⇡2 as shown later in this

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

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

2.2. Strongly interacting Higgs field

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

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

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

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

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

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

right corresponds to the legend from up to down.)

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

new physics scale from Higgs coupling  measurements

f � (3.5)LHC

(20)ILC
v



A bottom-up (B)SM Higgs programme 

14

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 extraction 

5. mechanism of  ELW symmetry breaking  

6. spectrum through quantum effects
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exotics

non-resonant 
BSM beyond NW, 

𝛤H

EWSB 
specific couplings, top 

interactions

naturalness 
leaving footprints?

A bottom-up (B)SM Higgs programme 



Higgs couplings: gauge representation

16

Let’s try an additional 3 under SU(2)w 

…there’s a price to pay in the rho parameter: 

!

which is typically the reason why non-2 representations are dismissed


mW

mZ
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But you can fix this problem by requiring custodial isospin invariance 
!

!

!

yet the quantum theory will still feel the presence of a 3

[Georgi, Machacek `85]
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Let’s try an additional 3 under SU(2)w 

…there’s a price to pay in the rho parameter: 

!

which is typically the reason why non-2 representations are dismissed 

But you can fix this problem by requiring custodial isospin invariance 
!

!

!

yet the quantum theory will still feel the presence of a 3
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To reach Eq. (6) we have diagonalized the singlet mixing
by an additional rotation

H0 = cqH� + sqH⌅ ,

H 0

0 = �sqH� + cqH⌅ ,
(8)

with angle
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Note that mH0
0

< mH0 , and therefore mH0
0

will be the
observed Higgs boson.

We straightforwardly compute the couplings of the un-
charged states to the SM fermions f and gauge bosons
v, normalized to the SM expectation, as

cf,H0 =
cq

cH
,

cv,H0 = cqcH +
p

8/3 sqsH ,

cf,H0
0

= � sq

cH
,

cv,H0
0

= �sqcH +
p

8/3 cqsH .

(10)

The custodial triplet (H+
3 , H0

3 , H�

3 ) is gaugephobic and
the quintet fermiophobic with the additional assumption
of a vanishing leptonic Majorana operator. For the pur-
pose of our analysis this does not pose any phenomeno-
logical restriction. Since h⌅i is the order parameter that
measures the degree of triplet symmetry breaking, a mea-
surement of the H±± ! W±W± directly reflects the
phenomenology’s triplet character. Indeed, the vertex
we are predominantly interested in is given by

H±±W⌥

µ W⌥

⌫ :
p

2igmW sHgµ⌫ , (11)

and, as we mentioned in Sec. I, the relevant final states
to study this vertex are therefore “Emiss

T + `±`±” in as-
sociation with at least 2 jets. The 2 jets signature will
play the more important role.

Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2

p
2v⌅ � v� does

not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
implemented in FastJet [29] and selects jets with pT >
40 GeV in |⌘| < 2.5. Leptons are considered as isolated
objects if the hadronic energy deposit in within �R =

3
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will be the
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measures the degree of triplet symmetry breaking, a mea-
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Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2
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not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
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parameter choices of the SM typically predict the pres-
ence of new states in the hundreds of GeV region. Lighter
spectra are admissible by current collider constraints but
typically result from extremely small mixing of the cus-
todial triplets, one of which giving rise to massive gauge
bosons. While the triplet mass eigenstate is CP odd and
can only be produced via gluon fusion, the quintet state
is fermiophobic and can be constrained via a dedicated
measurement in WBF-type production in the near fu-
ture. The latter search is likely to put extremely tight
constraints on the GM model, especially if future mea-

surements of the 126 GeV Higgs candidate are consistent
with the SM predictions.
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To reach Eq. (6) we have diagonalized the singlet mixing
by an additional rotation

H0 = cqH� + sqH⌅ ,
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Note that mH0
0

< mH0 , and therefore mH0
0

will be the
observed Higgs boson.

We straightforwardly compute the couplings of the un-
charged states to the SM fermions f and gauge bosons
v, normalized to the SM expectation, as

cf,H0 =
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,
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The custodial triplet (H+
3 , H0

3 , H�

3 ) is gaugephobic and
the quintet fermiophobic with the additional assumption
of a vanishing leptonic Majorana operator. For the pur-
pose of our analysis this does not pose any phenomeno-
logical restriction. Since h⌅i is the order parameter that
measures the degree of triplet symmetry breaking, a mea-
surement of the H±± ! W±W± directly reflects the
phenomenology’s triplet character. Indeed, the vertex
we are predominantly interested in is given by

H±±W⌥

µ W⌥

⌫ :
p

2igmW sHgµ⌫ , (11)

and, as we mentioned in Sec. I, the relevant final states
to study this vertex are therefore “Emiss

T + `±`±” in as-
sociation with at least 2 jets. The 2 jets signature will
play the more important role.

Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2
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2v⌅ � v� does

not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
implemented in FastJet [29] and selects jets with pT >
40 GeV in |⌘| < 2.5. Leptons are considered as isolated
objects if the hadronic energy deposit in within �R =
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(8)

with angle

sin \(H�, H0) =: sq

=
p

3r
3 +

h
2�1v2

��2(�3+3�4)v2
⌅+m2

�⌅
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. (9)

Note that mH0
0

< mH0 , and therefore mH0
0

will be the
observed Higgs boson.

We straightforwardly compute the couplings of the un-
charged states to the SM fermions f and gauge bosons
v, normalized to the SM expectation, as

cf,H0 =
cq

cH
,

cv,H0 = cqcH +
p

8/3 sqsH ,

cf,H0
0

= � sq

cH
,

cv,H0
0

= �sqcH +
p

8/3 cqsH .

(10)

The custodial triplet (H+
3 , H0

3 , H�

3 ) is gaugephobic and
the quintet fermiophobic with the additional assumption
of a vanishing leptonic Majorana operator. For the pur-
pose of our analysis this does not pose any phenomeno-
logical restriction. Since h⌅i is the order parameter that
measures the degree of triplet symmetry breaking, a mea-
surement of the H±± ! W±W± directly reflects the
phenomenology’s triplet character. Indeed, the vertex
we are predominantly interested in is given by

H±±W⌥

µ W⌥

⌫ :
p

2igmW sHgµ⌫ , (11)

and, as we mentioned in Sec. I, the relevant final states
to study this vertex are therefore “Emiss

T + `±`±” in as-
sociation with at least 2 jets. The 2 jets signature will
play the more important role.

Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2

p
2v⌅ � v� does

not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
implemented in FastJet [29] and selects jets with pT >
40 GeV in |⌘| < 2.5. Leptons are considered as isolated
objects if the hadronic energy deposit in within �R =

= (246GeV)2
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parameter choices of the SM typically predict the pres-
ence of new states in the hundreds of GeV region. Lighter
spectra are admissible by current collider constraints but
typically result from extremely small mixing of the cus-
todial triplets, one of which giving rise to massive gauge
bosons. While the triplet mass eigenstate is CP odd and
can only be produced via gluon fusion, the quintet state
is fermiophobic and can be constrained via a dedicated
measurement in WBF-type production in the near fu-
ture. The latter search is likely to put extremely tight
constraints on the GM model, especially if future mea-

surements of the 126 GeV Higgs candidate are consistent
with the SM predictions.
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dicate also without the subscript). Their masses are
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To reach Eq. (6) we have diagonalized the singlet mixing
by an additional rotation

H0 = cqH� + sqH⌅ ,

H 0

0 = �sqH� + cqH⌅ ,
(8)

with angle

sin \(H�, H0) =: sq

=
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Note that mH0
0

< mH0 , and therefore mH0
0

will be the
observed Higgs boson.

We straightforwardly compute the couplings of the un-
charged states to the SM fermions f and gauge bosons
v, normalized to the SM expectation, as

cf,H0 =
cq

cH
,

cv,H0 = cqcH +
p

8/3 sqsH ,

cf,H0
0

= � sq

cH
,

cv,H0
0

= �sqcH +
p

8/3 cqsH .

(10)

The custodial triplet (H+
3 , H0

3 , H�

3 ) is gaugephobic and
the quintet fermiophobic with the additional assumption
of a vanishing leptonic Majorana operator. For the pur-
pose of our analysis this does not pose any phenomeno-
logical restriction. Since h⌅i is the order parameter that
measures the degree of triplet symmetry breaking, a mea-
surement of the H±± ! W±W± directly reflects the
phenomenology’s triplet character. Indeed, the vertex
we are predominantly interested in is given by

H±±W⌥

µ W⌥

⌫ :
p

2igmW sHgµ⌫ , (11)

and, as we mentioned in Sec. I, the relevant final states
to study this vertex are therefore “Emiss

T + `±`±” in as-
sociation with at least 2 jets. The 2 jets signature will
play the more important role.

Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2

p
2v⌅ � v� does

not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
implemented in FastJet [29] and selects jets with pT >
40 GeV in |⌘| < 2.5. Leptons are considered as isolated
objects if the hadronic energy deposit in within �R =
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Note that mH0
0

< mH0 , and therefore mH0
0

will be the
observed Higgs boson.

We straightforwardly compute the couplings of the un-
charged states to the SM fermions f and gauge bosons
v, normalized to the SM expectation, as

cf,H0 =
cq

cH
,

cv,H0 = cqcH +
p

8/3 sqsH ,

cf,H0
0

= � sq

cH
,

cv,H0
0

= �sqcH +
p

8/3 cqsH .

(10)

The custodial triplet (H+
3 , H0

3 , H�

3 ) is gaugephobic and
the quintet fermiophobic with the additional assumption
of a vanishing leptonic Majorana operator. For the pur-
pose of our analysis this does not pose any phenomeno-
logical restriction. Since h⌅i is the order parameter that
measures the degree of triplet symmetry breaking, a mea-
surement of the H±± ! W±W± directly reflects the
phenomenology’s triplet character. Indeed, the vertex
we are predominantly interested in is given by

H±±W⌥

µ W⌥

⌫ :
p

2igmW sHgµ⌫ , (11)

and, as we mentioned in Sec. I, the relevant final states
to study this vertex are therefore “Emiss

T + `±`±” in as-
sociation with at least 2 jets. The 2 jets signature will
play the more important role.

Note that Eq. (11) implies that H±± can be enhanced
by up to a factor of two compared to the WBF produc-
tion of a neutral SM-like Higgs boson of the same mass.
The enhanced couplings Eqs. (10) and (11) are a direct
consequence of the larger isospin of the triplet that feeds
into the interactions via the gauge kinetic terms.

At this stage it is important to comment on the re-
lation of the Georgi-Machacek model with “ordinary”
triplet Higgs extension, e.g. when we just add a com-
plex scalar field to the SM Higgs sector with hypercharge
Y = 2 [15]. Such models introduce a tree-level custodial
isospin violation and consistency with EWPD imposes
a hierarchy of the vevs (sH ⌧ 1). Since we are forced
to tune the model already at tree level the additional
singly and doubly charged states tend to decouple from
the phenomenology apart from loop-induced e↵ects on
branching ratios (see e.g. [7] for reconciling the possi-
bly observed excess in H ! �� in this fashion). The
Georgi-Machacek model is fundamentally di↵erent in this
respect: due to the SU(2)R invariant extension of the
Higgs potential there are no tree-level constraints on v⌅.
In fact, only the generation of fermion masses requires
the presence of another doublet, and 2

p
2v⌅ � v� does

not lead to tree-level inconsistencies in the gauge sector.
At one loop, however, this picture changes. The presence
of a triplet requires the explicit breaking of SU(2)R in-
variance to tune the ⇢ parameter to the values consistent
with EWPD [8, 27] but still larger values of v⌅ remain
allowed in comparison to the simple complex triplet ex-
tension, where recent upper bounds for the triplet vev
read as vtriplet < 0.03⇥ (246 GeV) [7].

An analysis which measures H±±

5 ! W±W± is not
specific to the underlying model as Eq. (11) simply fol-
lows from the presence of a triplet Higgs in the parti-
cle spectrum that contributes to electroweak symmetry
breaking. Since the Georgi Machacek model accommo-
dates larger values of sH with a rich phenomenology we
take this particular model as a benchmark for our param-
eter fit in Sec. V. Our results generalize to any triplet
Higgs model implementation – they provide constraints
on this branching ratio, which are model-independent
statements as long as the narrow width approximation
can be justified.

III. RE-INTERPRETING SUSY SEARCHES

We are now ready to compute an estimate of the
performance of the CMS analysis of Ref. [25] when re-
interpreted in the Higgs triplet context.

We focus on the light lepton flavor channel of Ref. [25];
the additional ⌧ lepton channels are subject to large fake
background uncertainties and do not provide statistical
pull for our scenario in the first place. The CMS analysis
of Ref. [25] clusters anti-kT jets [28] with R = 0.5 as
implemented in FastJet [29] and selects jets with pT >
40 GeV in |⌘| < 2.5. Leptons are considered as isolated
objects if the hadronic energy deposit in within �R =
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ticles in H ! V V, V = Z, W±, especially because the
H±±W⌥W⌥ coupling can be enhanced in comparison
to HW+W� due to the model’s triplet character. Fur-
thermore, Ref. [25], which reports a SUSY search em-
ploying the 7 TeV 4.98 fb�1 data set, comprises signal
regions with relatively small HT � 80 GeV (compen-
sated with a larger missing energy requirement) which
can be exploited to formulate constraints on the triplet
model. This will be the focus of Sec. III. Subsequently,
in Sec. III A, we demonstrate that a slight modification
of the search strategy of Ref. [25] is su�cient to obtain
superior constraints on the triplet model even for a pes-
simistic estimate of reducible backgrounds and other un-
certainties. We also discuss in how far these estimates
can be improved by including the 8 TeV data set. In
Sec. IV we discuss an analysis on the basis of a WBF se-
lection at

p
s = 14 TeV center-of-mass energy, which will

yield strong constraints on the triplet models’ parameter
space.

As we will argue, the results of these sections are not
specific to a particular triplet model and largely gener-
alize to any model with Higgs triplets. Since the tree-
level custodial symmetry preserving implementation of
Higgs triplets exhibits a richer phenomenology, we specif-
ically analyze the impact of the described searches in
the context of the Georgi-Machacek (GM) model [11]
(which we quickly review in Sec. II to make this work
self-contained). In particular, we input the direct search
constraints for doubly charged scalars into a global scan
of the electroweak properties, also taking into account
EWPD. We give our summary in Sec. VI.

II. A CONSISTENT MODEL OF HIGGS
TRIPLETS

The Georgi Machacek model [11] is a tree-level custo-
dial isospin-conserving implementation of Higgs triplets
based on scalar content
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FIG. 1: Sample weak boson fusion diagram involved in the
production of H±±. We do not show the H±± decay. By
crossing one of the up-flavor quarks to the final state and
the non-connected down-flavor to the initial we recover the
Drell-Yan-type production modes.

� is a SM-like Higgs doublet necessary for introducing
fermion masses, and ⌅ combines the complex (�1, �2, �3)
and real (⇠1, ⇠2,�⇠⇤1) triplets such that an additional
SU(2)R can act in the usual fashion (⌅ ! UL⌅U†

R and
� ! ŨL�Ũ†

R) leaving custodial isospin unbroken af-
ter � and ⌅ obtain vacuum expectation values (vevs)
h⌅i = v⌅ , h�i = v� .

For the purpose of this paper we choose a Higgs sector
Lagrangian

L =
1
2
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+ � Yukawa interactions , (2a)

where we introduce the potential that triggers elec-
troweak symmetry breaking
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This choice reflects the properties of the Higgs triplet
model in a simplified way [11] and can be motivated from
imposing a Z2 symmetry [12].

D2, D3 are the gauge-covariant derivatives in the
SU(2)L doublet and triplet representations. Hypercharge
U(1)Y is embedded into SU(2)R as in the SM, the su(2)
generators in the triplet representation are
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The masses of the electroweak bosons mW , mZ after
symmetry breaking follow from the sum of the Higgs
fields’ vevs, constraining

(246 GeV)2 = v2
� + 8v2

⌅ . (4)

Defining the mixing angles

cos ✓H =: cH =
v�

vSM
,

sin ✓H =: sH =
2
p

2v⌅

vSM

(5)

turns out to be useful. Since custodial isospin is pre-
served, in the unitary gauge the Higgs masses group into
two singlets, one triplet and one quintet (the quintet in-
cludes our doubly charge scalar H±±

5 , which we will in-
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(a) Higgs to diphoton branching ratio enhanced:
1.3  ⇠H!��  2.3

(b) Higgs to diphoton branching ratio SM-like:
0.8  ⇠H!��  1.2

FIG. 7: Exclusion yield of the searches described in the previous sections when included to a model scan over the Georgi-
Machacek model. The parameter points are consistent with electroweak precision measurements, current direct LHC and
LEP constraints, and reproduce the signal strength of the measured Higgs boson in the observed weak boson decay channels
H ! W+W�, ZZ. The dotted contours represent the expected exclusion, the green and yellow regions reflect the ±1,±2
sigma uncertainty bands. The contours are, from top to bottom, the eight channel CMS SUSY search described in Sec. III,
the adapted 7 TeV WBF search described in Sec. III A (both 4.98 fb�1 luminosity) and the fully di↵erential search at 14 TeV
center of mass energy of Sec. IV (600 fb�1 luminosity).

Before showing the results, we summarize the infor-
mation included in the two sets of points we will use in
the following. We list here only the aspects which are
relevant for the present work, and we refer the reader to
Ref. [8] for a detailed explanation of how these results
were obtained:

Direct ATLAS, CMS: The points that we consider corre-
spond to scenarios where the H 0

0 scalar is the observed
Higgs boson. Therefore we restrict to the case where
the other singlet H0 is heavier, and we require that
neither H0 nor H0

3 violate the LHC exclusion limits
on scalar production. This case has been discussed in
Ref. [8] in detail.

Consistency with 125 GeV signal: We require that the
tree-level couplings of H 0

0 with fermions and gauge
bosons, and the loop-induced coupling with gluons,
are such that H 0

0 reproduce the observed total sig-
nal strength as well as the individual signal strengths
for WW (⇠H!WW ) and �� (⇠H!��) decays. In par-
ticular, at this level we distinguish among a scenario
where we have room to reproduce an excess in the
photonic branching ratio and another where signal
strengths agree with the SM values within 20%. For
further details on the scan we refer the reader to
Ref. [8].

Oblique corrections: In our previous study we have also
taken into account constraints from electroweak pre-
cision measurements. In particular we studied both
cases where the T parameter is used or not, since at
one-loop the radiative corrections are not unambigu-
ously defined. In this work we have decided not to

consider this subtle but important issue, which we
instead discussed at length in Ref. [8]: therefore we
used the sets of points labelled in our previous paper
as “S. param included”, i.e. the results obtained here
are independent of any T parameter constraint or fine
tuning [27].

Non-oblique corrections (Zbb̄): In our previous work we
have not explicitly included constraints due to the
fermionic coupling of the custodial-triplet charged
states H±

3 . The presence of these states might change
significantly several observables involving b-quarks,
because of possibly large values for the H+

3 tb coupling.
One of the more important observables to look at is
Rb, defined as �(Z ! bb̄)/�(Z ! hadrons). Changes
in the SM value prediction of Rb induced by the GM
model have been computed in Ref. [42]. We have re-
produced these results, and checked that a large por-
tion of the points we will use in the following, that
were considered still allowed in our previous paper,
survive also the bounds from Z ! bb̄. ¶

¶ For the sake of completeness, we would like to point out that
recent results in the computation of 2-loop corrections for the
SM Zbb̄ coupling lead to sizeable e↵ects which have not been
taken into account in previous literature [44]. Including these ef-
fects goes however beyond the purpose of this study, although it
could be potentially relevant for constraints only due to non-
oblique corrections. We will however show that searches for
WBF-produced doubly charged states are very powerful as ex-
clusion tests for these models, and therefore our main results will
hold, regardless of the relative size of these loop e↵ects.

[on-going in ATLAS and CMS]
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similar analyses by  [Ellis, You `12] 
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coupling measurements are determined by 

  
1. unitarity  

2. number of Higgs fields 

3. gauge representation 

4. experimental extraction 

5. mechanism of  ELW symmetry breaking  

6. spectrum through quantum effects

non-resonant 
BSM beyond NW, 

𝛤H

A bottom-up (B)SM Higgs programme 



(B)SM Higgs couplings: experimental extraction

21

• new contributions become relevant at high luminosity & energy 
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FIG. 1: Feynman diagram
topologies contributing to
gg ! hZ at leading order
in general gauge.

extraction of new physics signatures from Higgs coupling
fits.

II. GLUON-INDUCED hZ PRODUCTION IN
THE BOOSTED REGIME

Given the importance of associated Higgs boson pro-
duction, the gluon-induced contribution to hZ produc-
tion was calculated some time ago [6]. The QCD cor-
rections to this process, however, have been made avail-
able only recently [7] in the mt ! 1,mb ! 0 approx-
imation. While the quark-induced subprocesses follow
a Drell-Yan-type paradigm with a moderate (next-to-
)next-to leading order K-factor of K ' 1.2 the gluon-
initiated contribution receives NLO radiative corrections
of K ' 2, similar to gg ! h production. We will not
delve into the details of perturbative corrections, but will
assume the total correction factor as reported in [7, 8] as
flat in the actual analysis. The characteristic leading or-
der (LO) features, which are central to the discussion in
this paper will also persist beyond LO.

Gluon-induced associated production is computed
from the Feynman topologies depicted in Fig. 1. The
special role of the top quark follows from the thresh-
old behavior of the amplitude which has a branch cut
s � 4m2

t , giving rise to an absorptive part of the ampli-
tude related to other physical process according to the
Cutkosky rules [9]. This can be seen in Fig. 2, where
we compare the di↵erent contributions to pp ! hZ at
the LHC for

p
s = 14 TeV.† While this may be con-

sidered common knowledge, it is granted little attention
in the estimation of Higgs signal rates and the coupling
extraction e↵ort. This is understandable in the light of
the limited LHC run I data which relies on total signal
counts and hence the high pT,h analysis currently has a
negligible impact on Higgs coupling extractions. How-
ever, this situation will change fundamentally with 14
TeV data and the high pT,h analyses will be central to

†
We have cross-checked these results against existing calculations in

the literature [6–8, 10, 11] and find excellent agreement.

the Higgs coupling extraction at a high luminosity run
which will crucially rely on exclusive selections and dif-
ferential Higgs cross sections.
We calculate the quark-initiated and one loop gluon-

initiated associated production amplitudes using the
FeynArts/FormCalc/LoopTools [13] frameworks.
We use a Monte Carlo calculation based on the vfbnlo
[12] framework to generate parton-level events in the Les
Houches standard [14] which we pass to Herwig++ [15]
for showering and hadronization.
We apply typical hZ final state selection cuts by

requiring exactly 2 leptons satisfying |⌘l| < 2.5 and
pT,l > 30 GeV and with invariant mass in the region
80 < m(l1, l2) < 100 GeV. We tag boosted Z-boson
candidates by requiring pT (l1 + l2) > 200 GeV. For the
h ! bb final state we combine jets using the Cambridge-
Aachen algorithm with radius R = 1.2 and require a
boosted Higgs boson candidate by requiring the jet pT
satisfies pT,j > 200 GeV. At least one fat jet is required
with ⌘j < 2.5 and the b-tagging is applied to this jet.
Jet substructure techniques are implemented as in the

BDRS analysis [5] with a double b-tag on the filtered
subjets. The doubly-tagged reconstructed Higgs jet has
to have mass in the window 115 < m(b, b) < 135 GeV.
We impose a 60% signal tagging e�ciency and a 2% fake
tagging rate.
After the analysis steps described above we find a sig-

nal cross section of � = 0.1 fb which contains the contri-
bution from the gluon-initiated sample. We also include
the relevant K factors. The di↵erential composition be-
fore cuts is shown in Fig. 2 and after cuts and BDRS
analysis is shown in Fig. 3.
Obviously due to the boosted selection (which cannot

be relaxed unless the tt̄ backgrounds are suppressed by
other means) remove the mt threshold behavior encoun-
tered in the gg subprocesses. Nonetheless the contribu-
tion is still non-negligible and the interplay of the box and
triangle contribution with a potentially enhanced contri-
bution can be used to formulate constraints on the in-
volved couplings at large LHC luminosity.

III. IMPLICATIONS FOR SM RATES AT THE
LHC

This result has implications for the extraction of SM
Higgs rates in the boosted pp ! hZ, h ! bb channel.
Currently rates are calculated in this channel by apply-
ing the selection cuts for boosted associated production
to pT distributions calculated at NLO which only include
the quark-initiated component. NNLO corrections are
taken into account by simply applying an overall rescal-
ing to the distributions with the required K-factors, en-
suring that the total associated production cross section
matches the NNLO results. Gluon-initiated hZ is tech-
nically NNLO, hence the current methods overlook the
di↵erences in distributions between quark-initiated and
gluon-initiated processes. These di↵erences are signifi-
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factor of i. This manipulation causes the result to in-
crease by a factor of about 35 for M& =1 TeV. For com-
parison, also the contribution from quark-antiquark an-
nihilation is shown (dotted line). Note that, in contrast to
quark-antiquark annihilation, gluon fusion yields the
same contribution in proton-antiproton collisions.
From Fig. 2 it is apparent that the triangle-box in-

terference is, for the most part, destructive. This can be
worked out already on the basis of squared matrix ele-
ments. To that end, we define the relative phase angle P
between the triangle and the box amplitude TT and T~
by
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Figure 3 displays the variation of cosI)) with the mass m
of a single internal quark assuming an exemplary situa-
tion where s =4MH with MH =200 GeV and where the Z
and the Higgs boson are emitted perpendicularly to the
gluons in the center-of-mass system. Figuratively speak-
ing, 'TT and 'Tz point in two directions in the complex
plane which are opposite within a tolerance of less than
50'. The two inflection points at m =Mz /2 and
m =MB /2 (see arrows) are due to imaginary parts in Tz
which are switched off as the internal quark becomes too
heavy to be pair-produced through Z- and Higgs-boson
decay, respectively. Eventually, above the threshold
m =')/s /2 both V'r and T~ are real and opposite in
sign. In fact, as has already been mentioned in Ref. 13,
the leading terms in the large-m expansions of Tr and
'Ts are both proportional to 1/m but, apart from finite-
width effects, they cancel each other leaving behind terms
of O(1/m ).
Figure 4 shows the transverse momentum distributions

for pp~ZH+X at &s =40 TeV arising from gluon
fusion (solid lines) and quark-antiquark annihilation (dot-
ted lines) for mI =80, 140, 200 GeV and MB=30, 100,
500 GeV. They are all finite in the limit p, ~0. Taking
into account the triangle diagram along (dashed line)
greatly overestimates the contribution from gg ~ZH
throughout, especially for large p, . While qq~ZH is in-
sensitive to m„ashas been explained in the Introduction,
gg ~ZH attains relative importance as m, increases. The
channel qq~ZH is, however, clearly dominant in the
high-p, range, p, &400 GeV, independently of MH. The
only chance for gluon fusion to be competitive is in the
window 200 GeV&p, &400 GeV if m, is close to 200
GeV and MH &300 GeV. The spikes in the p, spectra
from gg~ZH may be understood as genuine threshold
effects and they are located at
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where s is suSciently large to create toponium provided
that no energy is used up for longitudinal motion in the
ZH system. These ser rations disappear for
2m, Mz+M&, when toponium can already mix with
ZH produced at rest.

FIG. 4. Transverse-momentum distributions for
pp~ZH+X at &s =40 TeV from gluon fusion for m, =80,
140, 200 GeV (solid lines) and from quark-antiquark annihila-
tion (dotted lines) for (a) MH =30 GeV, (b) MH =100 GeV, and
(c) MH =500 GeV. Lower curves correspond to smaller values
of m, .

(B)SM Higgs couplings: experimental extraction

[Kniehl `90] [Matsuura, Hamberg, van Neerven `90]
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factor of i. This manipulation causes the result to in-
crease by a factor of about 35 for M& =1 TeV. For com-
parison, also the contribution from quark-antiquark an-
nihilation is shown (dotted line). Note that, in contrast to
quark-antiquark annihilation, gluon fusion yields the
same contribution in proton-antiproton collisions.
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the leading terms in the large-m expansions of Tr and
'Ts are both proportional to 1/m but, apart from finite-
width effects, they cancel each other leaving behind terms
of O(1/m ).
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500 GeV. They are all finite in the limit p, ~0. Taking
into account the triangle diagram along (dashed line)
greatly overestimates the contribution from gg ~ZH
throughout, especially for large p, . While qq~ZH is in-
sensitive to m„ashas been explained in the Introduction,
gg ~ZH attains relative importance as m, increases. The
channel qq~ZH is, however, clearly dominant in the
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where s is suSciently large to create toponium provided
that no energy is used up for longitudinal motion in the
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ZH produced at rest.
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II. GLUON-INDUCED hZ PRODUCTION IN
THE BOOSTED REGIME

Given the importance of associated Higgs boson pro-
duction, the gluon-induced contribution to hZ produc-
tion was calculated some time ago [6]. The QCD cor-
rections to this process, however, have been made avail-
able only recently [7] in the mt ! 1,mb ! 0 approx-
imation. While the quark-induced subprocesses follow
a Drell-Yan-type paradigm with a moderate (next-to-
)next-to leading order K-factor of K ' 1.2 the gluon-
initiated contribution receives NLO radiative corrections
of K ' 2, similar to gg ! h production. We will not
delve into the details of perturbative corrections, but will
assume the total correction factor as reported in [7, 8] as
flat in the actual analysis. The characteristic leading or-
der (LO) features, which are central to the discussion in
this paper will also persist beyond LO.

Gluon-induced associated production is computed
from the Feynman topologies depicted in Fig. 1. The
special role of the top quark follows from the thresh-
old behavior of the amplitude which has a branch cut
s � 4m2

t , giving rise to an absorptive part of the ampli-
tude related to other physical process according to the
Cutkosky rules [9]. This can be seen in Fig. 2, where
we compare the di↵erent contributions to pp ! hZ at
the LHC for

p
s = 14 TeV.† While this may be con-

sidered common knowledge, it is granted little attention
in the estimation of Higgs signal rates and the coupling
extraction e↵ort. This is understandable in the light of
the limited LHC run I data which relies on total signal
counts and hence the high pT,h analysis currently has a
negligible impact on Higgs coupling extractions. How-
ever, this situation will change fundamentally with 14
TeV data and the high pT,h analyses will be central to

†
We have cross-checked these results against existing calculations in

the literature [6–8, 10, 11] and find excellent agreement.

the Higgs coupling extraction at a high luminosity run
which will crucially rely on exclusive selections and dif-
ferential Higgs cross sections.
We calculate the quark-initiated and one loop gluon-

initiated associated production amplitudes using the
FeynArts/FormCalc/LoopTools [13] frameworks.
We use a Monte Carlo calculation based on the vfbnlo
[12] framework to generate parton-level events in the Les
Houches standard [14] which we pass to Herwig++ [15]
for showering and hadronization.
We apply typical hZ final state selection cuts by

requiring exactly 2 leptons satisfying |⌘l| < 2.5 and
pT,l > 30 GeV and with invariant mass in the region
80 < m(l1, l2) < 100 GeV. We tag boosted Z-boson
candidates by requiring pT (l1 + l2) > 200 GeV. For the
h ! bb final state we combine jets using the Cambridge-
Aachen algorithm with radius R = 1.2 and require a
boosted Higgs boson candidate by requiring the jet pT
satisfies pT,j > 200 GeV. At least one fat jet is required
with ⌘j < 2.5 and the b-tagging is applied to this jet.
Jet substructure techniques are implemented as in the

BDRS analysis [5] with a double b-tag on the filtered
subjets. The doubly-tagged reconstructed Higgs jet has
to have mass in the window 115 < m(b, b) < 135 GeV.
We impose a 60% signal tagging e�ciency and a 2% fake
tagging rate.
After the analysis steps described above we find a sig-

nal cross section of � = 0.1 fb which contains the contri-
bution from the gluon-initiated sample. We also include
the relevant K factors. The di↵erential composition be-
fore cuts is shown in Fig. 2 and after cuts and BDRS
analysis is shown in Fig. 3.
Obviously due to the boosted selection (which cannot

be relaxed unless the tt̄ backgrounds are suppressed by
other means) remove the mt threshold behavior encoun-
tered in the gg subprocesses. Nonetheless the contribu-
tion is still non-negligible and the interplay of the box and
triangle contribution with a potentially enhanced contri-
bution can be used to formulate constraints on the in-
volved couplings at large LHC luminosity.

III. IMPLICATIONS FOR SM RATES AT THE
LHC

This result has implications for the extraction of SM
Higgs rates in the boosted pp ! hZ, h ! bb channel.
Currently rates are calculated in this channel by apply-
ing the selection cuts for boosted associated production
to pT distributions calculated at NLO which only include
the quark-initiated component. NNLO corrections are
taken into account by simply applying an overall rescal-
ing to the distributions with the required K-factors, en-
suring that the total associated production cross section
matches the NNLO results. Gluon-initiated hZ is tech-
nically NNLO, hence the current methods overlook the
di↵erences in distributions between quark-initiated and
gluon-initiated processes. These di↵erences are signifi-
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FIG. 2: Invariant hZ mass mhZ (left) and pT spectra (right) for pp ! hZ production at
p
s = 14 TeV, also comparing to the

quark-induced leading order contribution.

cant, as demonstrated in Fig. 2.
Schematically, if we denote the application of typical

selection cuts on an hZ production process at the LHC
as C[�] and the BDRS analysis on the bb final state as
B[�], then with current methods the boosted associated
production cross section at the LHC after selection cuts
is calculated as

�Cuts = Ke↵ ⇥ C[�NLO
qq (pp ! hZ)] , (1)

where �qq is the NLO quark-initiated associated produc-
tion cross section. After applying the full BDRS analysis
the resulting cross-section is

�BDRS = Ke↵ ⇥ B[C[�NLO
qq (pp ! hZ, h ! bb)]] , (2)

where the subscript qq denotes the quark-induced process
with distributions calculated at NLO and the e↵ective K-

SM gg
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FIG. 3: Invariant truth-level hZ mass for pp ! (h ! bb̄)(Z !
µ+µ�, e+e�) production at

p
s = 14 TeV. These results are

a direct reflection of Fig. 2 after the analysis cuts and the
reconstruction have been applied. NLO correction factors as
reported in Refs. [7, 8] have been included to reflect the proper
signal composition.

factor is calculated from the inclusive cross sections as

Ke↵ =
KNNLO

qq ⇥ �NLO,Inc
qq +KNLO

gg ⇥ �NLO,Inc
gg

�NLO,Inc
qq

, (3)

where the superscript Inc represents the fact that these
quantities are calculated at the inclusive level. How-
ever, because the di↵erential distributions for the boosted
quark-initiated and gluon-initiated contributions are dif-
ferent they behave di↵erently under the selection cuts
and BDRS analysis, invalidating the approach sketched
above. To obtain a more accurate result the cuts and
BDRS analysis should be applied to events originating
from both production mechanisms. Doing this we calcu-
late

e�Cuts = KNNLO
qq ⇥ C[�NLO

qq (pp ! hZ)]

+KNLO
gg ⇥ C[�LO

gg (pp ! hZ)] , (4)

for the boosted cross section and

e�BDRS = KNNLO
qq ⇥ B[C[�NLO

qq (pp ! hZ, h ! bb)]]

+KNLO
gg ⇥ B[C[�LO

gg (pp ! hZ, h ! bb)]], (5)

for the cross section after applying the BDRS analysis.
Comparing the two methods we find e�Cuts/�Cuts ⇡

1.09, constituting a ⇠ 9% enhancement to the total Higgs
associated production cross section after applying a typ-
ical set of cuts for boosted Higgs production at the LHC.
This arises as a greater fraction of the gluon-initiated
events survive the selection cuts than for quark-induced
events, which can be understood from the pT distribution
in Fig. 2 where, for a pT cut at 200 GeV, a greater frac-
tion of the total gluon-initiated events will remain than
for the quark-initiated events simply because the gluon-
initiated distribution is peaked at greater pT than the
quark-initiated distribution.
For the BDRS analysis we find e�BDRS/�BDRS ⇡ 0.99

showing that the previous e↵ect is almost completely o↵-
set because a smaller fraction of gluon fusion-initiated

(B)SM Higgs couplings: experimental extraction
• new contributions become relevant at high luminosity & energy 

• quantum interference is your friend, and can be sizable in analyses of tails 

• e.g. BDRS-like analyses of          production: our only shot at                !                 
Massive      backgrounds, but manageable when the Higgs is boosted!

[Banfi, Martin, Sanz `13], [CE, McCullough, Spannowsky `13]

hZ

[Butterworth, Davison, Rubin, Salam `08]
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FIG. 5: Parameter dependence of RBDRS as defined in Eq. 13
at 14 TeV after including K-factors and BDRS cuts with the
gluon-initiated contribution included (solid black) and omit-
ted (dashed red). This is a striking example of the importance
of including the gluon-initiated process in parameter fits in-
volving associated production at the LHC. For example, for
the parameter point �V = 0, �t = �1 (cV = 1, ct = 0), omit-
ting the gluon-initiated process would lead to a purely SM-
like cross-section, whereas if it is included the cross section is
almost doubled.

While the significance of the h ! bb signals from Run
I of the LHC is relatively weak, Run II will lead to in-
creased sensitivity in this channel and understanding sig-
nals or limits on new physics from the Run II Higgs search
data will require interpreting the data in terms of well-
motivated new physics models. There are many models
one could consider, however we will only consider one
particularly well-motivated model with interesting modi-
fications to Higgs physics: the Type II 2HDM, where the
Higgs sector is identical to the MSSM.

In Fig. 6 we show contours of the total h ! bb rate
at the 14 TeV LHC without (above) and with (below)
the e↵ects of gluon-initiated processes included. It is im-
mediately apparent that away from the decoupling limit
(↵ = ��⇡/2) the SM-like regions of parameter space are
significantly di↵erent if gluon fusion is included. Near the
decoupling limit the inclusion of gluon fusion leads to a
significantly smaller region of parameter space with SM-
like rates which would lead to significantly stronger con-
straints on 2HDM parameter space in the case of SM-like
rates in the h ! bb channel during Run II of the LHC.
We can study the approach to the decoupling limit by
writing ↵ � � = � � ⇡/2 and considering the parameter
dependence of RBDRS. Assuming we are close to the de-
coupling limit and expanding to first order in � we find
that with the gluon-initiated process omitted

µbb(qq ! hZ) ⇡ 1� �(0.2 cot� + 0.7 tan�) , (16)

whereas with the gluon-initiated process included

µbb(qq, gg ! hZ) ⇡ 1� �(0.6 cot� + 0.7 tan�) , (17)
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FIG. 6: Contours of the total signal strength relative to the
SM in the h ! bb channel with BDRS analysis applied for
a Type II 2HDM with gluon fusion omitted (above) and
included (below). In this calculation we have rescaled all
couplings, but not included triangle diagrams with gg !
A⇤ ! hZ, which may become important if the additional
pseudoscalar A is light. Including gluon fusion in associ-
ated production leads to significant modifications of the total
h ! bb rate at the LHC in the type II 2HDM. In particu-
lar, once gluon fusion is included deviations in the total rate
are more rapid as one moves away from the decoupling limit
↵ = � � ⇡/2. This is due to the rapid growth in gluon fu-
sion cross-section away from the SM Higgs couplings as the
mild SM amplitude cancellation is spoiled. Once gluon fusion
is included the SM-like solutions of the Type II 2HDM are
significantly di↵erent than one finds under the assumption of
only Drell-Yann production.

and the dependence on deviations from the decoupling
limit is much stronger at low tan�. This is not surprising
as the gluon-initiated associated production introduces
strong dependence of the cross section on the Higgs-top
quark coupling, which in this limit is given by ct ⇡ 1 +
� cot�.

Looking away from the decoupling limit in Fig. 6 the
inclusion of gluon-initiated associated production radi-
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creased sensitivity in this channel and understanding sig-
nals or limits on new physics from the Run II Higgs search
data will require interpreting the data in terms of well-
motivated new physics models. There are many models
one could consider, however we will only consider one
particularly well-motivated model with interesting modi-
fications to Higgs physics: the Type II 2HDM, where the
Higgs sector is identical to the MSSM.
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the e↵ects of gluon-initiated processes included. It is im-
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(↵ = ��⇡/2) the SM-like regions of parameter space are
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decoupling limit the inclusion of gluon fusion leads to a
significantly smaller region of parameter space with SM-
like rates which would lead to significantly stronger con-
straints on 2HDM parameter space in the case of SM-like
rates in the h ! bb channel during Run II of the LHC.
We can study the approach to the decoupling limit by
writing ↵ � � = � � ⇡/2 and considering the parameter
dependence of RBDRS. Assuming we are close to the de-
coupling limit and expanding to first order in � we find
that with the gluon-initiated process omitted
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whereas with the gluon-initiated process included
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↵ = � � ⇡/2. This is due to the rapid growth in gluon fu-
sion cross-section away from the SM Higgs couplings as the
mild SM amplitude cancellation is spoiled. Once gluon fusion
is included the SM-like solutions of the Type II 2HDM are
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and the dependence on deviations from the decoupling
limit is much stronger at low tan�. This is not surprising
as the gluon-initiated associated production introduces
strong dependence of the cross section on the Higgs-top
quark coupling, which in this limit is given by ct ⇡ 1 +
� cot�.
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inclusion of gluon-initiated associated production radi-

2HDM ty
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(B)SM Higgs couplings: experimental extraction
• new contributions become relevant at high luminosity & energy 

• quantum interference is your friend, and can be sizable in analyses of tails 

• e.g. BDRS-like analyses of          production: our only shot at                !                 
Massive      backgrounds, but manageable when the Higgs is boosted!

[Banfi, Martin, Sanz `13], [CE, McCullough, Spannowsky `13]

hZ

[Butterworth, Davison, Rubin, Salam `08]

[CE, McCullough, Spannowsky `13]
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The total Higgs width
Why is this important ?
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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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The total Higgs width
[CMS, Pheno 2014]

[CMS PAS HIG-14-002]

Conclusions 

R. Covarelli 16 

` First experimental constraint on Higgs total width using 
H*(126) → ZZ events has been presented  

` Mild model-dependence 
` Just based on Higgs propagator structure 
` Assumptions on gg → ZZ continuum production beyond LO 
` Assumption of SM production of qq → ZZ and, in general, no other 

BSM sources enhancing high-mass ZZ yields 
` Combining 4l and 2l2Q final states  

` Using variables related to ZZ inv. mass and kinematic discriminants 
` Small deficits in signal regions observed in both channels 

` Combination results:  
` */*SM < 4.2 (8.5 expected) @ 95% CL 
��������������������������������������Æ�* < 17 MeV (35 MeV expected) @ 95% CL 
` Direct measurements at the peak set a limit of * < 3.4 GeV 

 
 
 
 

[CMS, Moriond 2014]

�H < 4.2 �SM
H



27

The total Higgs width[CMS PAS HIG-14-002]

�H < 4.2 �SM
H
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The total Higgs width

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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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
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◆
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�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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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

[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) =
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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

[Kauer, Passarino `12][Caola, Melnikov `13]  
[Campbell, Ellis, Williams `13]
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
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hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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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�
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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

[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
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hZZ
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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 �
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/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

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

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

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

h

< 4.2 ⇥ �SM

h

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

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

�
h,g

⇥ BR(H ! ZZ ! 4`) ⇠ g2
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hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

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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s
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Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

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

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

h

. More explicitly,
for �
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> �SM
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, 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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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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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

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
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
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g2
hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

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
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Now, if there is a direct correspondence between g
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(m
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)
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
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

dominated by h signal threshold effects and unitarity driven 
interference, but de-coupling of width 
parameter

[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
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) =

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

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.

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

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

h

< 4.2 ⇥ �SM

h

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

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

�
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⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh

g2
hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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⇠ 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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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
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, 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
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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⇠ 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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s
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Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

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

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

h

. More explicitly,
for �

h

> �SM
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, we need to have g2
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g2
hZZ

> (g2
ggh
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to keep µ = µSM fixed, which in turn implies �
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> �SM
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.
Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

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

h

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

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

[CE, Spannowsky `14]

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

�h > �SM
h ,

� � BR � [� � BR]SM

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

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

87654321
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tt̄ → ZZ Yukawa
tt̄ → ZZ Gauge

tt̄ → ZZ full

tt̄ → ZZ

√
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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. 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
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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.
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We mainly focus on the final state e+e�µ+µ�

in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

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

d�
h

⇠ g2
ggh

(
p
s) g2

hZZ

(
p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

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

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

h

. More explicitly,
for �

h

> �SM

h

, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

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

> �SM

h

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

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

h

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

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V ⇤ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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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. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

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

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh

g2
hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.
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We mainly focus on the final state e+e�µ+µ�

in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

ward due to negligible identical fermion interference.
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as
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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 �
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, we need to have 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. 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. 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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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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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 �
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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. 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. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

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

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh
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hZZ
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, (2)

where we denote the relevant couplings by g
X

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

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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/m
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.
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We mainly focus on the final state e+e�µ+µ�

in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

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

d�
h

⇠ g2
ggh

(
p
s) g2

hZZ

(
p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

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

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

h

. More explicitly,
for �

h

> �SM

h

, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

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

> �SM

h

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

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

h

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

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V ⇤ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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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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energy. We demonstrate unitarity cancellations between the
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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. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3
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ggh
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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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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-
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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 �
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, we need to have 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. 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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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. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

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

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

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

h

/m
h

⇠ 10�4, we
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-
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as
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s), measuring the signal strength µ in the o↵-

shell and on-shell regions simultaneously allows to set a
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for �
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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. 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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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
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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 .
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

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

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

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

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ ≃ 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

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

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

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

cut [35].

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

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh ≃ 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

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

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

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

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

h with-
out modifying the high invariant mass regime of pp → 4ℓ
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

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

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

[CE, Spannowsky `14]

see also [Ghezzi, Passarino, Uccirati `14]
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

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

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

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

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ ≃ 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

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

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

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

cut [35].

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

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh ≃ 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

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

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

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

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

h with-
out modifying the high invariant mass regime of pp → 4ℓ
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

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

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

[CE, Spannowsky `14]

see also [Ghezzi, Passarino, Uccirati `14]



33

The total Higgs width

• cannot control loop contributions in QCD processes at hadron colliders

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

5

g

g

H
φ

φ

φ

g

g

H

φ

φ

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]

see also [Ghezzi, Passarino, Uccirati `14]
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

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

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

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

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ ≃ 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

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

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

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

cut [35].

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

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh ≃ 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

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

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

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

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

h with-
out modifying the high invariant mass regime of pp → 4ℓ
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

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

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

[CE, Spannowsky `14]

see also [Ghezzi, Passarino, Uccirati `14]
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the SM hypothesis

• interpreted SM-like width measurement this analysis is never competitive:      
2-like WWh coupling and zero hidden width bias gave 𝛤H<1.4 𝛤HSM already 
yesterday

5

g

g

H
φ

φ

φ

g

g

H

φ

φ

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]

see also [Ghezzi, Passarino, Uccirati `14]
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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 .

• cannot control loop contributions in QCD processes at hadron colliders 

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

• unknown BSM contributions become unconstrained for bounds approaching 
the SM hypothesis 

• nothing wrong with the generic strategy: 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)

34

The total Higgs width
[CE, Spannowsky `14]

8

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
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• no sensitivity to the quartic coupling at present and future colliders

• look at the trilinear Higgs coupling and keep fingers crossed!
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The Higgs self-coupling(s)

• no sensitivity to the quartic coupling at present and future colliders

• look at the trilinear Higgs coupling and keep fingers crossed!

• large backgrounds, small signal, but feasible in                           ? 
….[Plehn, Baur, Rainwater `03] 

[Dolan, CE, Spannowsky `12] 
[Papaefstathiou, Yang, Zurita `13] 

[Barr, Dolan, CE, Spannowsky `13] 
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The Higgs self-coupling(s)

• no sensitivity to the quartic coupling at present and future colliders

• look at the trilinear Higgs coupling and keep fingers crossed!

• large backgrounds, small signal, but feasible in                           ? 

• boosted regime unavoidable for         4
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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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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-
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good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section
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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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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. 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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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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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.∥

max pT,h [GeV]
ra

ti
o

6005004003002001000

1

0.1

0.01

effective theory

full theory

max pT,h [GeV]

1/
σ

d
σ
/
m

ax
p T

,h
[f
b
/5

0
G

eV
]

6005004003002001000

0.1

0.01

0.001

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
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• gluon fusion contribution beyond EFT is      
key to this channel, legacy of 

3

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-

4

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…challenging, but deserves attention!
37

[Figy `08] 
[Baglio, Djouadi, Gröber et al. `13]

bb̄��

�

⇣ ⇥ SM

[Dolan, CE, Greiner, Spannowsky`13]



38

model-independent  top-Yukawa constraints 
• of course          production 

• but also           production    

tt̄h [Plehn, Salam, Spannowsky `10] [Soper, Spannowsky `12,`14]  
[Artoisenet et al. `13] 

thj [Farina et al. `12] [Biswas et al. `13] [Ellis et al. `13]



38

model-independent  top-Yukawa constraints 
• of course          production 

• but also           production    

tt̄h [Plehn, Salam, Spannowsky `10] [Soper, Spannowsky `12,`14]  
[Artoisenet et al. `13] 

thj [Farina et al. `12] [Biswas et al. `13] [Ellis et al. `13]

1.510.50

150
125
100
75
50
25
0

p
s = 8 TeV

p
s = 14 TeV

Ct

�
(f
b
)

1.510.50-0.5-1-1.5

1200

1000

800

600

400

200

0

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]

[Biswas et al. `13]
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3The contribution to the p p ! t q H cross section of the amplitude where the Higgs is radiated by the initial
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FIG. 4: Lego-plot separation and rapidity difference of the reconstructed Higgs boson and b-tagged jet. We show the expected
distribution for a target luminosity of 3/ab after the selection criteria detailed in the text have been applied. To get an idea of
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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h → γγ branching ratio. Note that the signal hypotheses overlap.
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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
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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.
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• 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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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 extraction 

5. mechanism of  ELW symmetry breaking  

6. spectrum through quantum effects naturalness 
leaving footprints?

A bottom-up (B)SM Higgs programme 



40

Higgs couplings: a probe of naturalness



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

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

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

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

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

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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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 ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

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

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

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

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

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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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
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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
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. (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.

ar
X

iv
:1

30
5.

52
51

v1
  [

he
p-

ph
]  

22
 M

ay
 2

01
3

IPPP/13/30, DCPT/13/60, MIT-CTP 4462, RU-NHETC-2013-12

A New Probe of Naturalness

Nathaniel Craig,1, ⇤ Christoph Englert,2, † and Matthew McCullough3, ‡

1Institute for Advanced Study, Princeton, NJ 08540, USA
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854, USA

2Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, Durham DH1 3LE, UK

3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: May 24, 2013)

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

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

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

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

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

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

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2
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where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

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

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

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

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

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

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

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

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

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

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

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

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

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

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

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

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

10-25% tuning

IPPP/13/30, DCPT/13/60, MIT-CTP 4462, RU-NHETC-2013-12

A New Probe of Naturalness

Nathaniel Craig,1, ⇤ Christoph Englert,2, † and Matthew McCullough3, ‡

1Institute for Advanced Study, Princeton, NJ 08540, USA
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854, USA

2Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, Durham DH1 3LE, UK

3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: May 24, 2013)

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

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

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

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

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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