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Disclaimer:
  A Lot of  interesting HH physics I will not cover: 


       VBF-HH / V-HH / X→HH / X→YH / …


 See other talks at this conference:


    non-Resonant HH at CMS     Dutta


    non-Resonant HH at ATLAS Cortes


    Rare Higgs and BSM Higgs  Hirose


    Resonant searches                 Portales
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Higgs potential: 

HH Production in SM
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Expanding about minimum: V (�) ! V (v + h)

Higgs potential: 
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Expanding about minimum: V (�) ! V (v + h)

Higgs potential: 

µp
�
⌘ v 246 GeV

HH Production in SM

λ4h

Higgs mass term 
λhhh

HH-production HHH-production

Shape of potential gives relationship between λhhh and mh, v

- Measuring λhhh important because it probes the shape of the Higgs potential

- hh production interesting because it measures λhhh 
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Production mode
 Cross section 

(13 TeV)

ggF-HH 31 fb

VBF-HH 1.7 fb

V-HH 0.87 fb

tt-HH 0.76 fb

SM HH Production at the LHC
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Small in Standard Model.

 - HH production higher order in αEWK 

 - Reduced phase space: 2 heavy particles in final state.

 - Destructive interference among diagrams

arXiv:1212.5581
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p
1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of
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the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,
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a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows

5

h

h

g

g

t

h

h

h

g

g

t

h

h

g

g

t
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from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of
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Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect
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lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.
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In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets
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2
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, c2 = �2⇠ , MCHM5, fundamental representation . (7)
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In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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BSM HH Production

HH production significantly enhanced in many BSM models.  
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BSM HH Production

HH production significantly enhanced in many BSM models.  


Non-resonant HH enhancement: 

  - Generic in many BSM models 

     (composite higgs / little higgs /... )

  - Significant enhancements wrt SM 

  - Modify λhhh or activate new vertices
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Higgs Pair Production
• SM hh Production: 

• Extremely small SM expectation due to destructive interference among 
diagrams 

• BSM hh Production - hh production significantly enhanced in many BSM 
models 

• Resonant enhancements  

• KK-graviton G∗
KK predicted in the bulk Randall-Sundrum model 

• 2HDM (i.e: The heavy neutral scalar H of  two-Higgs-doublet models)… 

• Non-resonant enhancements 

•  Activating tthh vertex, altering λhhh, etc..
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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.

Absent in SM

2

(Absent in SM)
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Resonant HH production: 

 - Generically expected. (“Higgs Portal”)

 - Host of models (KK-gravitions /2HDM/....) 

 - Significant cross-section enhancement on resonance (up to pb) 

 - Exploit mX to reduce (and to model) backgrounds

X
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BSM HH Production

HH production significantly enhanced in many BSM models.  


Non-resonant HH enhancement: 

  - Generic in many BSM models 

     (composite higgs / little higgs /... )

  - Significant enhancements wrt SM 

  - Modify λhhh or activate new vertices
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Higgs Pair Production
• SM hh Production: 

• Extremely small SM expectation due to destructive interference among 
diagrams 

• BSM hh Production - hh production significantly enhanced in many BSM 
models 

• Resonant enhancements  

• KK-graviton G∗
KK predicted in the bulk Randall-Sundrum model 

• 2HDM (i.e: The heavy neutral scalar H of  two-Higgs-doublet models)… 

• Non-resonant enhancements 

•  Activating tthh vertex, altering λhhh, etc..
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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.

Absent in SM
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(Absent in SM)
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Sensitivities interesting already / Continue as dataset grows

BSM HH Production

HH production significantly enhanced in many BSM models.  


Resonant HH production: 

 - Generically expected. (“Higgs Portal”)

 - Host of models (KK-gravitions /2HDM/....) 

 - Significant cross-section enhancement on resonance (up to pb) 

 - Exploit mX to reduce (and to model) backgrounds

X
h

h

Non-resonant HH enhancement: 

  - Generic in many BSM models 

     (composite higgs / little higgs /... )

  - Significant enhancements wrt SM 

  - Modify λhhh or activate new vertices
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Higgs Pair Production
• SM hh Production: 

• Extremely small SM expectation due to destructive interference among 
diagrams 

• BSM hh Production - hh production significantly enhanced in many BSM 
models 

• Resonant enhancements  

• KK-graviton G∗
KK predicted in the bulk Randall-Sundrum model 

• 2HDM (i.e: The heavy neutral scalar H of  two-Higgs-doublet models)… 

• Non-resonant enhancements 

•  Activating tthh vertex, altering λhhh, etc..
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]
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1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)
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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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Survey of “Big 3” HH Analyses
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“4b”
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m34mHiggs

mHiggs

HH → 4b

b-tag jet

“3b”

Sideband (SB)

Phys. Rev. Lett. 129 (2022) 081802Phys. Rev. D 108 (2023) 052003  

Resolved and merged-jet channels both important: focus here on resolved

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
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Combination of three driven by of ττ decays: eτ / µτ / ττ 

Sensitivity driven by τhτh  ⇒ di-τ triggers critical !
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Combination of three driven by of ττ decays: eτ / µτ / ττ 

Sensitivity driven by τhτh  ⇒ di-τ triggers critical !

Several backgrounds important  arXiv:2404.12660 
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Combination of three driven by of ττ decays: eτ / µτ / ττ 

Sensitivity driven by τhτh  ⇒ di-τ triggers critical !

Several backgrounds important  arXiv:2404.12660 
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variable of interest. These models take into account the expected signal and background yields for given
values of ↵ and ✓, as well as the observed distribution of the discriminating variable in each channel – the
BDT output score distribution for each of the ML channels, and m�� for the ��+ML channels.

Upper limits are set on the HH signal strength, µHH (defined as the ratio of the HH production cross-
section, including only the ggF and VBF processes, to its SM prediction of 32.7 fb) at 95% CL, using the
profile-likelihood-ratio test statistic and the modified frequentist CLs technique [115] in the asymptotic
approximation [116]. Asimov datasets [116] are used to derive the expected limits, with all nuisance
parameters set to values derived from the fit to the data, and the parameters of interest fixed to the values
corresponding to the hypothesis being tested. The 95% CL limits on the signal strength for individual
channels, the statistical combinations of the ML and ��+ML signal categories, and the combination of
all channels, is shown in Figure 8. The overall combination yields an observed 95% CL upper limit on
µHH of 18, with expected upper limits of 11 in the absence of HH production, and 12 for the SM case. If
systematic uncertainties are neglected then the expected limit is 9 when assuming no HH production.

Figure 8: Observed (filled circles) and expected (open circles) 95% CL upper limits on the signal strength for HH

production in the background-only (µHH = 0) hypothesis. The dashed lines indicate the expected 95% CL upper
limits on µHH in the SM hypothesis (µHH = 1). The turquoise and yellow bands indicate the ±1� and ±2� variations
on the expected limit with respect to the background-only hypothesis due to statistical and systematic uncertainties,
respectively. Results are shown individually for the di�erent search channels, the statistical combination of ML and
��+ML channels separately, and the statistical combination of all channels. The Higgs boson is assumed to have a
mass of 125 GeV when deriving the predicted SM cross-section.

26

Submitted to J. High Energy Phys. HH→ ℓ / τ / γγ  + X
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If �� production is absent, the expected upper limit is 2.4 at 95% CL, and in the SM case the expected
upper limit is 3.4. The expected limit is improved by 17% with respect to the previous combination [4]:
13% from the improvements of the 11̄g+g�, 11̄WW and 11̄11̄ channels and an additional 4% from the
inclusion of the multilepton and 11̄✓✓ + ⇢miss

T channels. This analysis provides the best expected sensitivity
to the �� production cross-section to date. Figure 2 displays the limits from individual searches and their
combination1, highlighting the 11̄g+g� channel as the expected most sensitive in constraining `�� . The
?-value for the compatibility between the `�� measurements in individual searches and in the combination
is 16%. The observed and expected upper limits on fggF + VBF(��) from the combination are 86 fb
and 71 fb at 95% CL, respectively, derived excluding the theoretical uncertainties on the �� production
cross-section.

Figure 2: Observed and expected upper limits at the 95% CL on the signal strength for inclusive ggF and VBF
�� production from the 11̄g+g� , 11̄WW, 11̄11̄, multilepton and 11̄✓✓ + ⇢miss

T decay channels, and their statistical
combination. The <� is set at 125 GeV when deriving the predicted SM cross-section. The expected limit, along
with the associated error bands, is calculated under the assumption of no �� process and with all NPs profiled to the
observed data.

The self-coupling modifier ^_ is explored in the ggF and VBF �� production processes. Based on
the assumption that other Higgs boson couplings conform to the SM predictions, fitting the data yields
^_ = 3.8+2.1

�3.6, which is compatible with the SM prediction, with a ?-value of 53%. The expected value under
the SM assumption for ^_ is 1.0+4.7

�1.5. The observed (expected) constraints at 95% CL are �1.2 < ^_ < 7.2
(�1.6 < ^_ < 7.2), representing the best expected sensitivity to date to the Higgs boson self-coupling. The
values of the test statistic as a function of ^_ are shown in Figure 3(a), for the individual searches and
their combination, highlighting the 11̄WW channel as the most sensitive. Similarly, ^2+ is explored in the
VBF �� production process. Assuming the SM predictions of other Higgs boson couplings, the observed
(expected) value is ^2+ = 1.02+0.22

�0.23 (^2+ = 1.00+0.40
�0.36). The observed (expected) constraints at 95% CL are

0.57 < ^2+ < 1.48 (0.41 < ^2+ < 1.65). The values of the test statistic as a function of ^2+ are shown
in Figure 3(b), highlighting the 11̄11̄ analysis as the most sensitive, with a dominant contribution from
the boosted channel [26]. The deficit of the signal in this regime results in stronger constraints on ^2+

1 The test statistic and statistical uncertainties of the signal MC samples are updated in the 11̄✓✓ + ⇢miss
T result compared to

Ref. [30]
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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•  via Higgs pair production

• However, interferes with “box” 
diagram with top quarks!

• Interesting kinematic behavior: 
for λ = 5 × SM value, HH pair 
produced with very low energy

1

1 Introduction
Since the discovery of the Higgs (H) boson [1–3], many of its properties have already been
measured with high precision [4–6]. One important property that remains largely unknown is
the H boson self-coupling. A precise measurement of this coupling is necessary to determine
the shape of the Higgs potential, and thus verify that the mechanism breaking the electroweak
gauge symmetry is indeed the Higgs mechanism [7–12] of the standard model (SM) [13–15].
The SM predicts the existence of trilinear as well as quartic H boson self-couplings. Due to the
very low cross section for triple H boson production, the quartic self-coupling will not be ex-
perimentally accessible at the CERN LHC, even with the full integrated luminosity of 3000 fb�1

scheduled to be delivered after the high-luminosity LHC upgrade [16, 17]. The strength of the
trilinear self-coupling, however, can be determined using measurements of H boson pair (HH)
production.

In the SM, most HH pairs are produced in two types of processes. The Feynman diagrams for
the dominant “gluon fusion” (ggHH) process at leading order (LO) in perturbative quantum
chromodynamics (QCD) are shown in Fig. 1. The left “triangle” diagram amplitude varies pro-
portionally to the H boson self-coupling (l) and the Yukawa coupling of the top quark (yt),
while the right “box” diagram amplitude is insensitive to l and varies as y2

t . The triangle and
box diagrams interfere destructively, so the ggHH cross section exhibits a strong dependence
on l and yt. The ratios of l and yt to their SM expectations are denoted as kl and kt , re-
spectively. By definition, these “coupling strength modifiers” have values kl = 1 and kt = 1
in the SM. The ggHH cross section in the SM has been computed to be 31.1+2.1

�7.2 fb at next-to-
next-to-LO (NNLO) accuracy in QCD using the FTapprox scheme, in which the true top quark
mass is used for the real radiation matrix elements, while the virtual part is computed using
an infinite top quark mass [18]. The SM cross section for the subdominant “vector boson fu-
sion” (qqHH) process has been computed at next-to-NNLO accuracy in QCD and amounts to
1.73 ± 0.04 fb [19].
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Figure 1: Leading order Feynman diagrams for SM nonresonant HH production via gluon
fusion, including the “triangle” diagram (left) and the “box” diagram (right).

Deviations of these coupling strength modifiers from unity not only affect the rate of HH pro-
duction, but also the kinematic distributions of the HH signal. The HH invariant mass (mHH)
is particularly sensitive to changes in kl and kt , as these couplings affect the triangle and box
diagram amplitudes differently. Because SM ggHH and qqHH production do not include a
heavy resonant particle, and typically result in a broad mHH distribution, they are referred to as
“nonresonant”. Changes in kl and kt also influence the rate of single Higgs boson production
as well as the Higgs boson decay branching fractions [20, 21].

The presence of undiscovered particles or interactions, predicted by a variety of theoretical
models beyond the SM, may alter the HH production rate as well as observable kinematic dis-
tributions. Such particles could give rise to loop diagrams similar to those shown in the upper
row of Fig. 1. These diagrams may significantly enhance the HH production rate, as they occur
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•  via Higgs pair production

• However, interferes with “box” 
diagram with top quarks!

• Interesting kinematic behavior: 
for λ = 5 × SM value, HH pair 
produced with very low energy
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1 Introduction
Since the discovery of the Higgs (H) boson [1–3], many of its properties have already been
measured with high precision [4–6]. One important property that remains largely unknown is
the H boson self-coupling. A precise measurement of this coupling is necessary to determine
the shape of the Higgs potential, and thus verify that the mechanism breaking the electroweak
gauge symmetry is indeed the Higgs mechanism [7–12] of the standard model (SM) [13–15].
The SM predicts the existence of trilinear as well as quartic H boson self-couplings. Due to the
very low cross section for triple H boson production, the quartic self-coupling will not be ex-
perimentally accessible at the CERN LHC, even with the full integrated luminosity of 3000 fb�1

scheduled to be delivered after the high-luminosity LHC upgrade [16, 17]. The strength of the
trilinear self-coupling, however, can be determined using measurements of H boson pair (HH)
production.

In the SM, most HH pairs are produced in two types of processes. The Feynman diagrams for
the dominant “gluon fusion” (ggHH) process at leading order (LO) in perturbative quantum
chromodynamics (QCD) are shown in Fig. 1. The left “triangle” diagram amplitude varies pro-
portionally to the H boson self-coupling (l) and the Yukawa coupling of the top quark (yt),
while the right “box” diagram amplitude is insensitive to l and varies as y2

t . The triangle and
box diagrams interfere destructively, so the ggHH cross section exhibits a strong dependence
on l and yt. The ratios of l and yt to their SM expectations are denoted as kl and kt , re-
spectively. By definition, these “coupling strength modifiers” have values kl = 1 and kt = 1
in the SM. The ggHH cross section in the SM has been computed to be 31.1+2.1

�7.2 fb at next-to-
next-to-LO (NNLO) accuracy in QCD using the FTapprox scheme, in which the true top quark
mass is used for the real radiation matrix elements, while the virtual part is computed using
an infinite top quark mass [18]. The SM cross section for the subdominant “vector boson fu-
sion” (qqHH) process has been computed at next-to-NNLO accuracy in QCD and amounts to
1.73 ± 0.04 fb [19].
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Figure 1: Leading order Feynman diagrams for SM nonresonant HH production via gluon
fusion, including the “triangle” diagram (left) and the “box” diagram (right).

Deviations of these coupling strength modifiers from unity not only affect the rate of HH pro-
duction, but also the kinematic distributions of the HH signal. The HH invariant mass (mHH)
is particularly sensitive to changes in kl and kt , as these couplings affect the triangle and box
diagram amplitudes differently. Because SM ggHH and qqHH production do not include a
heavy resonant particle, and typically result in a broad mHH distribution, they are referred to as
“nonresonant”. Changes in kl and kt also influence the rate of single Higgs boson production
as well as the Higgs boson decay branching fractions [20, 21].

The presence of undiscovered particles or interactions, predicted by a variety of theoretical
models beyond the SM, may alter the HH production rate as well as observable kinematic dis-
tributions. Such particles could give rise to loop diagrams similar to those shown in the upper
row of Fig. 1. These diagrams may significantly enhance the HH production rate, as they occur
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6 Single- and double-Higgs combination results

Following the prescriptions described in Section 2 the double-Higgs and single-Higgs analyses summarised
in Table 1 are combined to derive constraints on ^_. Several fits to data are performed with different
assumptions about the coupling modifiers to other SM particles.

At first, only possible deviations of ^_ from its SM value are considered, assuming that all other Higgs
boson interactions proceed as predicted by the SM. The values of twice the negative-logarithm of the profile
likelihood ratio (�2 ln⇤) as a function of ^_ are shown in Figure 5 for the single-Higgs and double-Higgs
analyses, and their combination.

(a) (b)

Figure 5: Observed (a) and expected (b) values of the test statistic (�2 ln⇤), as a function of the ^_ parameter for
the single-Higgs (blue) and double-Higgs (red) analyses, and their combination (black) derived from the combined
single-Higgs and double-Higgs analyses, with all other coupling modifiers fixed to unity. The combined result for the
generic model (free floating ^C , ^1, ^+ and ^g) is also superimposed (green curve). The observed best-fit value of ^_
for the generic model is shifted slightly relative to the other models because of its correlation with the best-fit values
of the ^1, ^C and ^g parameters, which are slightly below, but compatible with unity.

The combined observed (expected) constraints obtained under this hypothesis are �0.4 < ^_ < 6.3
(�1.9 < ^_ < 7.6) at 95% CL. All the expected constraints reported in this section are derived from an
Asimov dataset generated for the SM assumption that corresponds to all coupling modifiers equal to unity.
The result is driven by the double-Higgs combination as can be seen in Figure 5. The expected test statistic
(�2 ln⇤) curve in Figure 5(b) exhibits a ‘two-minima-like’ structure due to the quadratic dependence
of the observed signal yields on the parameter of interest ^_ (partially resolved by the <�� kinematic
information used in the fit). The observed curve is more parabolic because the best-fit value of ^_ is close
to the value where the predicted double-Higgs cross-section, shown in Figure 4(a), reaches its minimum.

The main advantage of adding the single-Higgs analyses is the possibility of relaxing assumptions about
modifiers for couplings to other SM particles. First, the assumption about the Higgs boson to top-quark
coupling modifier, ^C , can be released. Thanks to the strong constraints on ^C from the single-Higgs
measurements, the constraints on ^_ obtained from a fit with a floating value of ^C are almost as strong as
those obtained with its value fixed to unity, as reported in Table 2. Two-dimensional contours of �2 ln⇤ in
the ^_–^C plane are shown in Figure 6. All other coupling modifiers are fixed to unity in this fit.
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ATLAS searches for HH

• Combined bb + bb, bb + ττ, and bb + γγ to achieve limits < 3 × SM!

• Self-coupling constrained to be −1.4 < λ < 6.1 × SM value
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[1] Phys. Lett. B 843 (2023) [ATLAS HDBS-2022-03] (arXiv:2211.01216)

Nov. 2022

Figure 32: Observed and expected 95% CL upper limits on `�� for double Higgs boson production in the
�� ! 11̄WW, �� ! 11̄g+g�and �� ! 11̄11̄ decay channels and their statistical combination. The expected
limit is derived assuming `�� = 0 [190].

8.2 Self-coupling constraint from single Higgs boson measurements and combination with
double Higgs boson searches

An alternative and complementary approach to study the Higgs boson self-coupling was proposed in
Refs. [177–182]. Processes involving a single Higgs boson do not depend on _��� at LO, but the Higgs
trilinear self-coupling has to be taken into account in the calculation of the complete NLO EW corrections.
In particular, _��� contributes via Higgs boson self-energy loop corrections and additional diagrams, as
illustrated for different production modes by the examples in Figure 33.
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Figure 33: Examples of one-loop _��� -dependent diagrams for (a) the Higgs boson self-energy, and for single
Higgs boson production in the (b) ggF, (c) VBF, (d) +�, and (e) CC̄� modes. The self-coupling vertex is indicated by
the filled circle [190].
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CMS searches for HH
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targeting ttH events in the H ! gg and multilepton final states are the most sensitive to this
process among the ttH categories considered for this combination. The HH contamination in
the ttH-enriched categories is either modeled, as in the ttH(gg) categories, or its impact on the
results is studied and found to be small. In particular, a possible ignored HH contamination
in the ttH multilepton analysis categories is estimated to be at most of 5% with respect to the
total ttH signal yield in the categories. This possible contamination is expected to cause a shift
of the 2s kl exclusion interval of 0.3 and 0.1 towards higher values of kl for the combination of
single H channels and for the combination of single H and HH channels, respectively.

7 Results
The profile likelihood scan of the kl parameter is shown in Fig. 4, comparing the separate com-
binations of the single H channels or the HH ones to the full combination of the two, assuming
in all cases the other H couplings equal to their SM predictions. The observed kl from the com-
bination of the HH channels is found very close to unity, and the observed exclusion intervals
at 95% CL is found to be �1.7 < kl < 7.0, in agreement with the corresponding exclusion
expected under the assumption of the SM of �2.3 < kl < 8.0. The observed kl from the com-
bination of the single H channels is found larger than one, although within the observed and
expected 95% CL exclusion interval, which are �1.8 < kl < 12.0 and �4.5 < kl < 11.7, respec-
tively. For this reason, the profiled likelihood obtained considering both the single H and HH
channels is very flat around the minimum. The observed (expected) exclusion intervals from
single H and HH combination at 95% CL is �1.2 < kl < 7.5 (�2.0 < kl < 7.7)
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Figure 4: Observed profiled likelihood scans of kl comparing the full combination of single H
and HH to the combinations of only single H or only HH channels.

The two-dimensional likelihood scan of the kl and kt parameters is shown in Fig. 5. A large de-
generacy of the ggHH cross section with respect to kl and kt limits the HH channels sensitivity
to kl. In that case the constraints on kt come mostly from the contamination of single H events
in the HH enriched categories, and from the H branching ratios dependence on kt , especially
in the H ! gg channel. Instead, the single H combination provides an stringent constraint on
kt , which is fully exploited in the combination of the single H and HH channels.
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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• CMS adds HH → 4W/2W2τ/4τ and 
bb+ZZ* searches to combination, 
also gets limits around 3 × SM!

• CMS (like ATLAS) combines HH+single Higgs, gets −2.3 < λ < 7.8 × SM

HIG-23-006

https://cds.cern.ch/record/2292733?ln=en
https://cds.cern.ch/record/2882424
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Sensitivity on HHH coupling

Similar behavior for ggF and VBF (destructive Interference)
opposite behavior for ttHH (constructive interference, 
                                           enhancement if  >1) 
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Measuring λhhh
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•  via Higgs pair production

• However, interferes with “box” 
diagram with top quarks!

• Interesting kinematic behavior: 
for λ = 5 × SM value, HH pair 
produced with very low energy

1

1 Introduction
Since the discovery of the Higgs (H) boson [1–3], many of its properties have already been
measured with high precision [4–6]. One important property that remains largely unknown is
the H boson self-coupling. A precise measurement of this coupling is necessary to determine
the shape of the Higgs potential, and thus verify that the mechanism breaking the electroweak
gauge symmetry is indeed the Higgs mechanism [7–12] of the standard model (SM) [13–15].
The SM predicts the existence of trilinear as well as quartic H boson self-couplings. Due to the
very low cross section for triple H boson production, the quartic self-coupling will not be ex-
perimentally accessible at the CERN LHC, even with the full integrated luminosity of 3000 fb�1

scheduled to be delivered after the high-luminosity LHC upgrade [16, 17]. The strength of the
trilinear self-coupling, however, can be determined using measurements of H boson pair (HH)
production.

In the SM, most HH pairs are produced in two types of processes. The Feynman diagrams for
the dominant “gluon fusion” (ggHH) process at leading order (LO) in perturbative quantum
chromodynamics (QCD) are shown in Fig. 1. The left “triangle” diagram amplitude varies pro-
portionally to the H boson self-coupling (l) and the Yukawa coupling of the top quark (yt),
while the right “box” diagram amplitude is insensitive to l and varies as y2

t . The triangle and
box diagrams interfere destructively, so the ggHH cross section exhibits a strong dependence
on l and yt. The ratios of l and yt to their SM expectations are denoted as kl and kt , re-
spectively. By definition, these “coupling strength modifiers” have values kl = 1 and kt = 1
in the SM. The ggHH cross section in the SM has been computed to be 31.1+2.1

�7.2 fb at next-to-
next-to-LO (NNLO) accuracy in QCD using the FTapprox scheme, in which the true top quark
mass is used for the real radiation matrix elements, while the virtual part is computed using
an infinite top quark mass [18]. The SM cross section for the subdominant “vector boson fu-
sion” (qqHH) process has been computed at next-to-NNLO accuracy in QCD and amounts to
1.73 ± 0.04 fb [19].

t
H

g H

g H

yt l
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g H
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Figure 1: Leading order Feynman diagrams for SM nonresonant HH production via gluon
fusion, including the “triangle” diagram (left) and the “box” diagram (right).

Deviations of these coupling strength modifiers from unity not only affect the rate of HH pro-
duction, but also the kinematic distributions of the HH signal. The HH invariant mass (mHH)
is particularly sensitive to changes in kl and kt , as these couplings affect the triangle and box
diagram amplitudes differently. Because SM ggHH and qqHH production do not include a
heavy resonant particle, and typically result in a broad mHH distribution, they are referred to as
“nonresonant”. Changes in kl and kt also influence the rate of single Higgs boson production
as well as the Higgs boson decay branching fractions [20, 21].

The presence of undiscovered particles or interactions, predicted by a variety of theoretical
models beyond the SM, may alter the HH production rate as well as observable kinematic dis-
tributions. Such particles could give rise to loop diagrams similar to those shown in the upper
row of Fig. 1. These diagrams may significantly enhance the HH production rate, as they occur
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6 Single- and double-Higgs combination results

Following the prescriptions described in Section 2 the double-Higgs and single-Higgs analyses summarised
in Table 1 are combined to derive constraints on ^_. Several fits to data are performed with different
assumptions about the coupling modifiers to other SM particles.

At first, only possible deviations of ^_ from its SM value are considered, assuming that all other Higgs
boson interactions proceed as predicted by the SM. The values of twice the negative-logarithm of the profile
likelihood ratio (�2 ln⇤) as a function of ^_ are shown in Figure 5 for the single-Higgs and double-Higgs
analyses, and their combination.

(a) (b)

Figure 5: Observed (a) and expected (b) values of the test statistic (�2 ln⇤), as a function of the ^_ parameter for
the single-Higgs (blue) and double-Higgs (red) analyses, and their combination (black) derived from the combined
single-Higgs and double-Higgs analyses, with all other coupling modifiers fixed to unity. The combined result for the
generic model (free floating ^C , ^1, ^+ and ^g) is also superimposed (green curve). The observed best-fit value of ^_
for the generic model is shifted slightly relative to the other models because of its correlation with the best-fit values
of the ^1, ^C and ^g parameters, which are slightly below, but compatible with unity.

The combined observed (expected) constraints obtained under this hypothesis are �0.4 < ^_ < 6.3
(�1.9 < ^_ < 7.6) at 95% CL. All the expected constraints reported in this section are derived from an
Asimov dataset generated for the SM assumption that corresponds to all coupling modifiers equal to unity.
The result is driven by the double-Higgs combination as can be seen in Figure 5. The expected test statistic
(�2 ln⇤) curve in Figure 5(b) exhibits a ‘two-minima-like’ structure due to the quadratic dependence
of the observed signal yields on the parameter of interest ^_ (partially resolved by the <�� kinematic
information used in the fit). The observed curve is more parabolic because the best-fit value of ^_ is close
to the value where the predicted double-Higgs cross-section, shown in Figure 4(a), reaches its minimum.

The main advantage of adding the single-Higgs analyses is the possibility of relaxing assumptions about
modifiers for couplings to other SM particles. First, the assumption about the Higgs boson to top-quark
coupling modifier, ^C , can be released. Thanks to the strong constraints on ^C from the single-Higgs
measurements, the constraints on ^_ obtained from a fit with a floating value of ^C are almost as strong as
those obtained with its value fixed to unity, as reported in Table 2. Two-dimensional contours of �2 ln⇤ in
the ^_–^C plane are shown in Figure 6. All other coupling modifiers are fixed to unity in this fit.
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ATLAS searches for HH

• Combined bb + bb, bb + ττ, and bb + γγ to achieve limits < 3 × SM!

• Self-coupling constrained to be −1.4 < λ < 6.1 × SM value
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[1] Phys. Lett. B 843 (2023) [ATLAS HDBS-2022-03] (arXiv:2211.01216)
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Figure 32: Observed and expected 95% CL upper limits on `�� for double Higgs boson production in the
�� ! 11̄WW, �� ! 11̄g+g�and �� ! 11̄11̄ decay channels and their statistical combination. The expected
limit is derived assuming `�� = 0 [190].

8.2 Self-coupling constraint from single Higgs boson measurements and combination with
double Higgs boson searches

An alternative and complementary approach to study the Higgs boson self-coupling was proposed in
Refs. [177–182]. Processes involving a single Higgs boson do not depend on _��� at LO, but the Higgs
trilinear self-coupling has to be taken into account in the calculation of the complete NLO EW corrections.
In particular, _��� contributes via Higgs boson self-energy loop corrections and additional diagrams, as
illustrated for different production modes by the examples in Figure 33.
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Figure 33: Examples of one-loop _��� -dependent diagrams for (a) the Higgs boson self-energy, and for single
Higgs boson production in the (b) ggF, (c) VBF, (d) +�, and (e) CC̄� modes. The self-coupling vertex is indicated by
the filled circle [190].
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HDBS-2022-03

than expected. To reduce model dependence, two-dimensional contours of �2 ln⇤ in the ^2+–^_ plane are
presented in Figure 3(c). The ?-value of the compatibility between the combined measurement and the
SM prediction is 78%.

(a) (b)

(c)

Figure 3: Expected values (dashed lines) of the test statistic (�2 ln⇤) as functions of (a) ^_ and (b) ^2+ . These results
are shown for the decay channels 11̄WW (purple), 11̄g+g� (green), multilepton (cyan), 11̄11̄ (blue) and 11̄✓✓ + ⇢miss

T
(brown), as well as their combination (black). The observed values from the combined data are depicted by solid
black lines. These results are computed with the assumption that all other Higgs boson couplings follow the SM
predictions. (c) Expected 95% CL constraints in the ^2+–^_ plane, derived from the decay channels and their
combination, are illustrated using dashed lines. The observed constraints from the combined dataset are depicted by
a solid black line. The SM prediction is marked by a star, and the combined best-fit value is indicated by a cross.

For the HEFT interpretation the three most sensitive �� decay channels, 11̄g+g�, 11̄WW and 11̄11̄, are
combined. The VBF �� process is ignored due to its minimal impact on 2⌘⌘⌘ (^_) compared to the
dominant ggF �� process. One-dimensional constraints are evaluated separately for the coefficients 266⌘⌘
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Hot off the press!

ATLAS-CONF-2024-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://cds.cern.ch/record/2898670/files/ATLAS-CONF-2024-006.pdf
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"The Americans have need of the telephone, but we do not. We have plenty of messenger boys.”

- Chief Engineer of the British Post Office, 1876


"The horse is here to stay, but the automobile is only a novelty—a fad.” 

- Advisor to Henry Ford's lawyer, 1903


"I think there is a world market for maybe five computers."

- President of IBM, 1943


"Our children will enjoy in their homes electrical energy too cheap to meter.”

- Chairman of the U.S. Atomic Energy Commission, 1954


"Nuclear-powered vacuum cleaners will probably be a reality in 10 years."

- President of Lewyt Corporation, 1955


"Man will never reach the moon, regardless of all future scientific advances."

- Inventor of the vacuum tube, 1957


“There is practically no chance communications space satellites will be used to provide better 
telephone, telegraph, television or radio service inside the United States.”


- FCC Commissioner, 1961

”The Japanese auto industry isn't likely to carve out a big slice of the U.S. market for itself."


- Business Week, 1968

"We will never make a 32-bit operating system."


- Bill Gates, 1989

"Bitcoin is a fraud."


- CEO of JPMorgan Chase, 2017 (Now offering Bitcoin to clients) 

Predicting future is an easy way to embarrass yourself:
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Study of the spin of the Higgs-like particle in the H ! WW (⇤) ! e⌫µ⌫

1

channel with 20.7 fb�1 of ⇧s = 8 TeV data collected with the ATLAS

2

detector

3

The ATLAS Collaboration

4

Abstract

5

Recently, the ATLAS collaboration reported the observation of a new neutral particle

6

in the search for the Standard Model Higgs boson. The measured production rate of the

7

new particle is consistent with the Standard Model Higgs boson with a mass of about 125

8

GeV, but its other physics properties are unknown. Presently, the only constraint on the

9

spin of this particle stems from the observed decay mode to two photons, which disfavours

10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the

11

H ⌅ WW (⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive

12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and

13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X

14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one

15

assumes pure gg production.

16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
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Higgs Couplings 2014

Future of HH ?

 No bbττ

 4b: resolved only / resonant only / mHH > 500 GeV 

          O(100) events in SR 

 bbγγ: 4 events in SR / µ < 240 (!)

 No MVAs

 X→HH limits end at 1 TeV

 No λ limits

 Only ggF

 Projections focused on the “Big-Two” HH analyses 

     (non-resonant 4b thought impossible)

  …

HH 10 years ago…

ATL-PHYS-SLIDE-2014-694
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Future of HH ?

 No bbττ

 4b: resolved only / resonant only / mHH > 500 GeV 

          O(100) events in SR 

 bbγγ: 4 events in SR / µ < 240 (!)

 No MVAs

 X→HH limits end at 1 TeV

 No λ limits

 Only ggF

 Projections focused on the “Big-Two” HH analyses 

     (non-resonant 4b thought impossible)

  …

HH 10 years ago…

ATL-PHYS-SLIDE-2014-694

Spectacular progress in last 10 years !

   ~ 100 × gain in HH sensitivity 

Past

https://cds.cern.ch/record/1952581/files/ATL-PHYS-SLIDE-2014-694.pdf


54

Future of HH ?



55

Future of HH ?

2016 result

Nature 607, 60–68 (2022).

Combined HH Sensitivity

https://arxiv.org/abs/2207.00043
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Combined HH Sensitivity
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naive scaling ~1/sqrt(L)

Run-2 result
— HL-LHC Projection
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Future of HH ?
Combined HH Sensitivity

2016 result

naive scaling ~1/sqrt(L)

Run-2 result
— HL-LHC Projection

HH→bbττ HH→bbbbHH→bbγγ

HH parking
• Most promising channels are HH → 4b, 2b2τ, 2b2γ 
• Significant gain in signal efficiency (~30%) 

- lower HT requirement (280 GeV) at L1 compared to standard triggers 

- require two loose ParticleNet b-tagged jets to control HLT rate  

• Efficiency studied on 2023 data and simulated samples with Run 3 conditions
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Study of HH production has a long and rich future


BSM sensitivity interesting already

    - Searches in essentially all relevant HH final states 

    - Constraints on non-resonant production as low as 2.5 × σhh


Will continue to be exciting with remainder of Run-3 Data


Lots I couldn’t cover: VBF-HH / V-HH / X→YH / …


Measurement of λhhh flagship of HL-LHC

    - Big-three well-established, will continue to improve 

    - Predictions suggest combined sensitivity marginal at HL-LHC

    - Critical to get hadronic triggers right: 4b / τhτh 

    - Really nice to have “Big-Four”  (bbWW ? / “ℓτγγ” ? /  others ?)

Conclusions
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Lot of recent work on techniques to validate data-drive background
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ATLAS: ℓτγγ
Submitted to J. High Energy Phys. 
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CMS: HH→bbWW
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18

are set on nonresonant and resonant Higgs boson pair production at 95% CL using the modified537

frequentist CLs method in the asymptotic approximation.538

The observed (expected) upper limit on the inclusive pp ! HH cross section is 14 (18) times539

the value expected by the SM (Fig. 9). The observed (expected) limit on the HH production540

via VBF is 277 (301) times the SM value and is shown in Fig. 10. In this case the SM value541

is assumed for the ggF HH process. Figs. 9 and 10 show the contributions from individual542

channels as well.543

0 10 20 30 40 50 60 70 80

Theory
σ HH) / →(pp σ95% CL upper limit on 

Observed: 19
Expected: 27
dilepton

bbWW

Observed: 28
Expected: 27
single-lepton

Observed: 14
Expected: 18
Combined

Observed          expected   σ 1 ±

Median expected  expected   σ 2 ±

CMS
 = 1tκ = λκ

 = 12Vκ = Vκ

 (13 TeV)-1138 fb

Figure 9: Observed and expected 95% CL upper limits on the inclusive nonresonant HH pro-
duction cross section obtained for both single-lepton and dilepton channels, and from their
combination. The green and yellow bands show the 1 and 2 s confidence intervals, corre-
sponding to 68 and 95% CL.

0 200 400 600 800 1000

Theory
σ qqHH) / →(pp σ95% CL upper limit on 

Observed: 468
Expected: 434
single-lepton

bbWW

Observed: 385
Expected: 424
dilepton

Observed: 277
Expected: 301
Combined

Observed          expected   σ 1 ±

Median expected  expected   σ 2 ±

CMS
 = 1tκ = λκ

 = 12Vκ = Vκ

 (13 TeV)-1138 fb

Figure 10: Observed and expected 95% CL upper limits on the nonresonant HH production via
vector boson fusion cross section obtained for both single-lepton and dilepton channels, and
from their combination. The green and yellow bands show the 1 and 2 s confidence intervals,
corresponding to 68 and 95% CL.

Figures 11 and 12 show the limits on the inclusive and the VBF production cross section as a544

function of kl and k2V modifiers, respectively, assuming standard model values for all other545
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ATLAS: Summary plots

https://atlaspo.cern.ch/public/summary_plots/
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VBF Constraints
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Rui Zhang                    LHC Seminar: Recent HH results and the combination

bbbb results
๏ Fit mHH (resolved) and BDT (boosted) to extract results

22

95% CL interval: 0.55 < κ2V < 1.49, leading channel in κ2V

95% CL interval: -3 < κλ < 11

Dominant uncertainties:
Xbb calibration
Background estimation
Signal cross section calculation

Constraints on coefficients are derived under HEFT and SMEFT.
Cross-section limits are placed in seven HEFT benchmark scenarios.

Read for more

Factor 2.5 improvement in 
μHH and 2-3× improvement 
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