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Combined results for each experiment

• In absence of other resonances Higgs is 
window to new physics

• Huge international and 
intergenerational success!

• First observed in clean final states: 
photons, ZZ, WW

• Now more channels, e.g. taus
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Results from Run 1: ‘The End of the Beginning’

Couplings

CP

Spin

width

Mass:

3



4

Organisation

Support Interpretation

ITNs:

MCNet


HiggsTools

HXWG

IPPP

YETI BUSSTEPP
RAL

WorkshopsHEJ

Sherpa

Herwig++

Jet substructure 
tools

Higgs couplings

Width

EFT vs non-EFT

SUSYPortals

Composite Higgs

ERC grant

VBFNLO
Simplified Models

S.Ex. Fellowships

BlackHat

Joint Exp-Theory

 Postdocs



Higgs-bottom coupling

b
b

Higgs-top coupling

Off-shell Higgs (Width)

Higgs selfcouplingct vs cg in H+jet

[Soper, MS ’10] [Englert, MS ’14]
[Englert, Soreq, MS ’14][Soper, MS ’11]

[Plehn, Salam, MS ’09]

[Englert, McCullough, MS ’15]

[Dolan, Englert, MS ’13 ’14]
[Barr, Dolan, Englert, MS ’14]
[Ferreira, Papaefstathiu, MS ’14]
[Dolan, Englert, Greiner, MS ’14]

[Schlaffer, MS, Takeuchi,  
Weiler, Wymant ’14]

[Buschmann, Englert, 
Goncalves, Plehn, MS  ’14]

CP Higgs

[Dolan, Harris, Jankowiak, MS ’14]

5

[Andersen, Arnold, Zeppenfeld ’10]

_

[Englert, Jaeckel, MS, Re ’11]

[Bernacek, Plehn, 
Schichtel, Tattersall ’14]

[Englert, MS, Wymant ’13]

[Artoisenet, de Aquino, 
Maltoni, Mattelaer ’09]

[Buschmann, Goncalves, 
Kutimalai, Krauss, Plehn, ’14] 

[Englert, Krauss, MS, Thompson ’14]

Invisible Higgs



6

Constraining the Higgs width at the LHC?

[Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14

By now ATLAS has performed same measurement
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• alternative method using interference effects directly see [Dixon, Li ’13]
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in off-shell region
using angular correlations of 4l decay products

CMS Measurement

CMS search region

[Kauer, Passarino 2011]

I. Count events in on-shell region 
fix signal strength

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

b¯bb¯b (195)

i =
gi

gi,SM
(196)

�(gp)⇥ BR(gd) (197)

µi,j = �H,i ⇥BRj ⇠ gggHgHZZ

�H
(198)
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 III. insert off-shell coupling measurement in
on-shell signal strength to bound width
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

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

h

< 4.2 ⇥ �SM

h

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

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

�
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
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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.

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

in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

ward due to negligible identical fermion interference.

i/(s�m2

h

+ i�
h

m
h

) away from the peak region s � m2

h

|D|2 =
1

s2

✓
1 +

m4

h

s4
�2

h

m2

h

◆
+O

✓
�4

s4

◆
(3)

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

d�
h

⇠ g2
ggh

(
p
s) g2

hZZ

(
p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between g
i

(m
h

)
and g

i

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

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

h

. More explicitly,
for �

h

> �SM

h

, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

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

> �SM

h

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

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

h

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

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

+
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Unfortunately, method has loop-holes:

• In SM couplings in on-shell and off-shell region intimately related 

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

outline to make this work self-contained (for additional
details see [11, 14, 17]):
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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
dimensional operators (unresolved new physics).

As we will see, in order to gain qualitative control of
new physics e↵ects in the Higgs o↵-shell region we can-
not rely on e↵ective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass e↵ects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [18] which has discussed the impact of new operators
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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-
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production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
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necessary ingredient for width measurement -> can be broken by BSM effects

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

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

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

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

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

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

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

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

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

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

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

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

h

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

h

.
There is an interesting possibility when we consider

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

�

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

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

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

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

cut [34].

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

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

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

ggh

g
ZZh

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

�

<⇠ 2m
t

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

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

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

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

�

we can
map �

h

= 4.2⇥�SM
h

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

h

following [17] become
stringent.

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

2. BSM contributions to continuum ZZ and WW
production

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

h

6= �SM
h

and the correla-
tion of Eq. (2) and (4) is changed by new contributions
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

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

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

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

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

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

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

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

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

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

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

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

h

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

h

.
There is an interesting possibility when we consider

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

�

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

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

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

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

cut [34].

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

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

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

ggh

g
ZZh

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

�

<⇠ 2m
t

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

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

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

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

�

we can
map �

h

= 4.2⇥�SM
h

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

h

following [17] become
stringent.

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

2. BSM contributions to continuum ZZ and WW
production

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

h

6= �SM
h

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

L

t
R

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

L

t̄
L

/Zt
L

+ g
R

t̄
R

/Zt
R

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

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

t

<⇠ m(4`) 
1.6 TeV [17].

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

L

W
L

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

Indeed, the gg ! Z
L

Z
L

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

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

ential weak boson fusion distributions will be scrutinized at high

precision [28].

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

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

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

THEORIES

1. BSM contributions to Higgs production

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

Consider �, a scalar 3 under SU(3)
C

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

L
�

= |D
µ

�|2 � m̃2
�

|�|2 � �|�|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field � induces a contribution to single-Higgs
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limit obtained in [17]: Is the theory underlying the width
constraint well defined?

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

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

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

Consider �, a scalar 3 under SU(3)
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, coupled to the
Higgs sector via portal interactions (see, e.g., Ref. [30])
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

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

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

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

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

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

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

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

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

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

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

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

h

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

h

.
There is an interesting possibility when we consider

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

�

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

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

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

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

cut [34].

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

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

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

ggh

g
ZZh

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

�

<⇠ 2m
t

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

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

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

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

�

we can
map �

h

= 4.2⇥�SM
h

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

h

following [17] become
stringent.

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

2. BSM contributions to continuum ZZ and WW
production

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

h

6= �SM
h

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

Despite increased on-shell coupling (and 
Higgs width) negligible contribution in  

off-shell region

• Here only simplest toy model - thus question: WHEN IS WIDTH INTERPRETATION VALID

[Englert, MS ‘14]
[Logan, ‘15]
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• Width interpretation ONLY interesting if model-independent

Within a model width is fixed (not free parameter of theory), result of QFT

Width measurement is result of global coupling fit.

• But for classes of models a width interpretation is valid:

Necessary condition:

[Englert, Soreq, MS ’14]

complex valued double ratio

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

b¯bb¯b (195)

i =
gi

gi,SM
(196)

�(gp)⇥ BR(gd) (197)

µi,j = �H,i ⇥BRj ⇠ gggHgHZZ

�H
(198)

R(m2

ZZ) =
ggH(m2

ZZ)/ggHSM (m2
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ggH(m2

H)/ggHSM (m2

H)

' 1 (199)

14

color triplet scalar color triplet fermions

effective GGHH coupling
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T parameter links WWH and ZZH

Same tree-level coupling in 
production and decay

[Englert, MS ’14]

[Ellis, Campbell ’15]

assumed

• Way to close loophole of Caola-Melnikov method by using WBF process:

10

• Use LEP as off-shell Higgs factory: [Englert, McCullough, MS ’15]

Why off-shell LHC coupling measurement?  
 
LEP has already performed precise Higgs coupling 
measurements!  
 
Use LEP coupling measurements and plug into LHC 
signal strength measurement



Higgs self-coupling measurements

11

�L � 1

2

m2
hh2

+

r
⌘

2

mhh3
+

⌘

4

h4

� gmV V 2h� mf

v
¯ffh

� ↵s

12⇡
Ga

µ⌫Ga µ⌫
log(1 + h/v)

= �SM
= g

2 m
2
h
/m

2
W

= � ↵s

12⇡v
Ga

µ⌫Ga µ⌫h +
↵s

24⇡v2
Ga

µ⌫Ga µ⌫h2 + . . .

�

Potential needs at least 
dihiggs production!

11



3

� = 2⇥ �SM

� = 1⇥ �SM

� = 0⇥ �SM

� = �1⇥ �SM

mh = 125 GeV

pT,h [GeV]

d�
/d

p T
,h

[fb
/G

eV
]

5004003002001000

1

0.1

0.01

0.001

� = 2⇥ �SM

� = 1⇥ �SM

� = 0⇥ �SM

� = �1⇥ �SM

mh = 125 GeV

pT,h [GeV]

1/
�

d�
/d

p T
,h

[1
/G

eV
]

5004003002001000

0.01

0.001

0.0001

FIG. 2: Comparison of the (normalized) pT,h distributions in pp ! hh + X for di↵erent multiples of the trilinear Higgs
coupling � (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp ! hh + X. We choose mt =
175 GeV as in Ref. [14], from which we also obtain the
dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

Note that choosing a value di↵erent from �SM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain � in hypothesis tests using, e.g., the
CLs method [23].

We also show the result of Ref. [14] for comparison
and find excellent agreement in total, keeping in mind
that the results of Ref. [14] were obtained using the GRV
parametrizations of parton luminosities [24], which are
di↵erent from the CTEQ6l1 [25] set that we employ for
the remainder of this paper‡. Interference between the
di↵erent contributions depicted in Fig. 3 becomes obvious
for the di↵erently chosen Higgs self-couplings.

We also learn from Fig. 3 that the dihiggs cross sec-
tion has a fairly large dependence on the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

‡Using the integration-mode of FormCalc/LoopTools with the
CTEQ6l1 set we obtain perfect agreement.

son. The qualitative Higgs mass dependence for di↵erent
values of the trilinear self-coupling in Fig. 3 is easy to
understand: The Higgs propagator in Fig. 1 (c) is always
probed o↵-shell at fairly large invariant masses; this ren-
ders the triangle contributions subdominant compared
to the box contributions of Fig. 1 (b). For Higgs masses
close to the mass of the loop-dominating top quark, we
have s ' 4m2

t , which results in resonant contributions of
the three-point functions of Fig. 1 (c), well-known from
one-loop gg ! h production [26]. This ameliorates the s-
channel suppression of the trilinear coupling-sensitive tri-
angle graphs and causes the dependence of the cross sec-
tion on the trilinear coupling to become large at around
mh

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

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

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.

The above points su�ce to give a qualitative assess-
ment of the prospects of measurements of � in the pp!
hh + X channel:

• the Higgs bosons from inclusive dihiggs productions
are naturally boosted pT,h

>⇠ 100 GeV,

• interference leads to an a priori �-sensitive phe-
nomenology for mh ' 125 GeV,

• identical interference e↵ects also cause the bulk of
the sensitivity to � to follow from configurations
with pT,h ⇠ 100 GeV, while the pT,h shape at large
values becomes similar for di↵erent values of � due
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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 e↵ective

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

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (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 di↵erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e↵ective theory level.

On the other hand, it is known that the e↵ective theory
of Eq. (3) insu�ciently 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.

has maximum contribution for 
[Georgi et al. `78]

s = (ph,1 + ph,2)2 = 4m2
t

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

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

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

B. Parton-level considerations

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

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

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
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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.
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of double Higgs production, before we review inclusive
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in Sec. II C. We discuss boosted Higgs final states in pp →
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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.
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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
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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. 6: Comparison of the (normalized) leading order max pT,h distributions in pp → hh+ j +X for different multiples of the
trilinear Higgs coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities), and pT,j ≥ 20 (100) GeV in
the upper (lower) row, respectively. Factorization and renormalization scales are chosen µF = µR = pT,j + 2mh.
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FIG. 7: Comparison of the (normalized) dihiggs lego plot separation in pp → hh + j +X at LO for different multiples of the
trilinear Higgs coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities), and pT,j ≥ 100 GeV in the
upper (lower) row, respectively. Factorization and renormalization scales are chosen µF = µR = pT,j + 2mh.

keep mHH small -> retain sensitivity for high-pT Higgs

Additional jet can help to suppress 
backgrounds:
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S/B ~ 1/2
S/B ~ 3/2

Unfortunately rate small

• Want to study VVHH  
Directly related to long. gauge boson scattering  
Though strongly modified in comp. Higgs models

• In SM fixed:

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

35

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2c2ws
2
w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

˜t1 (506)

˜t2 (507)

BR(

˜t2 ! ˜t1 h/Z) (508)

BR(

˜t1 ! c�0
1) (509)

�t̃2 t̃1h ⇠
✓

2

3

sin

2 ✓W � 1

4

◆

cos(2�)
2mtXt

m2
t̃1
�m2

t̃2

+

mt

2m2
Z

m2
LL �m2

RR

m2
t̃1
�m2

t̃2

(510)

�t̃2 t̃1Z ⇠ g

2mW
mtXt (511)

⇠ Xt (512)

35

• Unfortunately gluon fusion dominating over WBF 
Usual WBF cuts, e.g. central jet vetos not 
applicable.

• WBF only measurable for large enhancement of 
SM coupling value

More jets more fun:
First to calculate HH+jet and HH+2jets beyond effective theory
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Higgs selfcoupling in ttHH

no destructive 
interference

different shape

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro ‘14]
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Enhanced selfcoupling can be measured in tthh
[Englert, Krauss, MS, Thompson ’14]



Evidence for Dark Matter 
overwhelming:

Dark Matter

IWLC 2010 5

Several ways to look for 
Dark Matter

Higgs/Scalars and their Dark Matter relation

• Spiral Galaxy rotation curves

• Gravitational lensing

• Acoustic peaks

Which way more 
sensitive depends mostly 
on nature of mediator
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Effective theory approach:

Going beyond:

• Parametrise interactions in 
terms of eff. operator

• Simplest way of 
capturing interactions

• However, only valid if interaction not resolved

Used to be preferred choice of experiments

to present results

• At colliders momentum transfer too large 
for EFT approach

[Buchmueller, Dolan, McCabe ’13][Fox, Williams ’12]

Need simplified models

LHC-DM Forum



Dark matter could interact with SM via scalar mediator

• CP-even scalar, e.g. Higgs portal, or CP-odd scalar

• Dark Matter interacting via CP-odd scalar difficult to find

➡ Direct detection interaction velocity suppressed

➡ Difficult to produce at colliders, e.g. LEP

➡ But might give visible signal in indirect detection  
  “Coy Dark Matter” and can fit GC excess

[Boehm, Dolan, 
McCabe, MS, 
Wallace ‘14]

18



Searching scalar DM-mediators in mono-jets 

4 relevant parameters for phenomenology

simplified model

19

[Buckley, Feld, Goncalves ’14]
[Harris, Khoze, MS, Williams ’14]



• For light Dark Matter and heavy mediators the LHC can provide 
complementary information to DD and ID experiments

• A joint effort of all possible ways to look for (coy) Dark Matter is 
needed to maximize our chances to find it

20

[Harris, Khoze, MS, Williams ’14]



Summary

• IPPP has many staff members involved in this 
line of research

• Higgs and Dark Matter Phenomenology hot topics 
for upcoming runs

• For a successful program close collaboration between 
experimentalists and theorists essential
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• Scalar sector most interesting for coming years,  
i.e. strong crosstalk between different experiments


