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A tell-tale story of the light Higgs boson

• well-defined massive gauge bosons ⟺ spontaneous symmetry breaking     
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The role of the Higgs boson

• unitarity in massive quark to gauge boson scattering
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-
ditions or limits. The boundary conditions if Eq. (14)
serve to introduce the UV boundary-localized operators
in the e↵ective theory, which are required by the varia-
tional principle.

As a concrete example we can consider a fermion with
bulk mass cfR

�1 on an RS1 background. Choosing
Dirichlet boundary condiditions for the left-handed Weyl
spinor on the IR brane, �(p, R2) = 0, yields the e↵ective
action for a left-handed UV brane source

Se↵ = �i

Z
d4

p

(2⇡)4
�

†(p) �̄

µ
pµ F̃2(p2)�(p) , (15)

with

F̃2(p2) =
1
p

J↵(pR̃)Y↵(pR)� J↵(pR)Y↵(pR̃)
J↵(pR̃)Y↵�1(pR)� J↵�1(pR)Y↵(pR̃)

, (16)

where ↵ = cf + 1/2 and p =
p

p

2. Eq. (16) should be
compared to the boundary-localized action obtained by
inserting the Dirac equation Eq. (7) into the boundary-
localized action (cf. Ref. [14]). Doing so, we identify
F̃2 as the inverse boundary-localized kinetic term, as ex-
pected.

B. Scalars & Vectors

The action for the scalar field is

S5d =
Z

d4
x

Z R1

R0

dz

p
g

⇥
@M�†

@

M�� V (�)
⇤

=
Z

d4
x

Z R1

R0

dz [] (17)

IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by
unitarity in the semi-classical limit. The case of massive
gauge boson in the Unhiggs scenario has been pioneered
in Ref. [5]. The Unhiggs model has then been discussed
in the context of soft wall scenarios in Ref. [6]. Unitar-
ity is hereby concerved by cancelling the modified scaling
behaviour of gauge boson boson propagator against on-
tact interactions and modified trilinear couplings in the
full 2 ! 2 amplitude. As an immediate consequence,
the cross section predictions for SM-like and Unhiggs-
like production of e.g. (unpolarized) WW ! WW do
highly resemble. We demsontrate this in Fig. 2, which
was produced with a Monte Carlo implementation of the
model of Ref. [5]. As a consequence, realistic production
processes, which are sensitive to unitarity cancellations
and, at the same time, experimentally well-observable at
the LHC such as V V jj (V = W,Z) production via weak
boson fusion [19], exhibt a phenomenology highly resem-
blent that of the SM.

Turning to the unitarity constraints resulting from
qq̄ !WW , it is a good warm-up excercise to recapitulate
the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)
within the SM [20, 21]. The cancellation of the ampli-
tude’s growth proportional to the center-of-mass energyp

s imposes the sum rules among the Feynman graphs1
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FIG. 3: Feynman graphs contributing to qq̄ ! WW in the
semi-classical approximation. (q, Q)L forms a SM-like quark
doublet under SU(2)L ⇥ U(1)Y .

1
We choose a sign convention so that all vertex couplings have a

positive sign.
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depicted in Fig. 3

[1](s)� 2mq

�
[3]L(s) + [3]R(s)

�
= 0 , (18a)

[3]R(s) + [3]L(s)� [4]L(t) = 0 , (18b)
[2](s)� [3]R(s) = 0 , (18c)

where the subscripts denote the vertices’ couplings’ chi-
rality and the brackets embrace all couplings of the re-
spective graph.The Feynman graphs are functions of the
Mandelstam ivariable s = (p1 + p2)2 and t = (p1 � p3)2.

Plugging in the SM couplings and the propagators for
the quantum fields with canonical scaling dimension, we
realize quickly that gauge invariance and spontaneous
symmetry breaking enforces cancellation requirements of
Eq. (18) for s, t � mH . Particularly interesting for our
consideration is the requirement Eq. (18a). It becomes
becomes trivial in the chiral limit since mq, [1]! 0, and,
for non-vanishing fermion masses, it relates the quark
mass to the gauge interactions.

V. THE MODEL

1. Gauge-Higgs sector

We will focus on a model with bulk gauge group
SU(2)L ⇥ SU(2)R ⇥ U(1)X [22]. Gauging the SU(2)R

is phenomenoglogically required to avoid large custodial
Isospin violation [23]. We introduce a bulk Higgs field
H, which transforms under the bi-fundamental represen-
tation of SU(2)L⇥SU(2)R with X charge zero [24]. can
then be arranged to trigger spontaneous SM-like bulk-
symmetry breaking SU(2)L ⇥ SU(2)R ! SU(2)L+R,
while a UV boundary-localized potential controls the
Higgs UV boundary condition (see e.g. [6]). Further-
more, we reduce the field content on the UV brane to
the electroweak gauge group SU(2)R ⇥ U(1)X ! U(1)Y

by choosing the appropriate Dirichlet boundary condi-
tions. These can e↵ectively be realized by introducing
a boundary-localized Higgs mechanism in the decoupling
limit [25]. Color interactions are not important for our
purpose, and we will hencefore neglect (bulk) QCD in-
teractions except for trivial color factors contributing to
the numerical values of the cross sections.

2. Fermion sector

To account for a chiral low energy fermion spectrum,
that is going to participate in the gauge interactions we
have to introduce two 5d vector-like bulk fermions and
project to the low energy spectrum by boundary con-
ditions or, equally e�cient, by assigning the repsective
orbifold parities.

We now move on to consider qq̄ ! WW scattering
in the e↵ective theory derived from the boundary ac-
tion of the soft wall set up with bulk gauge symmetry
SU(2)L ⇥ SU(2)R ⇥ U(1)X . We first have to construct

the e↵ective interactions from the 5d action by integrat-
ing out the bulk according to Eq. (2). This gives rise to
operators with an arbitrary number of fields by insert-
ing bulk propagators as is shown in e.g. Fig. 4(c), whose
structure is determined by the 5d gauge theory. We fix
the underlying 5d parameters to recover the Thomson
limit for the qq̄A vertex. This fixes the photons’ inter-
action with all other fields, and hence their charge, but
does not a↵ect the other couplings since the photon ex-
hibits a flat wavefunction, independent of the underlying
5d geometry. mention S,T Zbb!!! The e↵ective vertices
can be determined along the lines of Sec. II. The func-
tional form of the Lagrangian is not important for our
purposes and we apply the method of Sec. II directly to
the computation of the scattering amplitude of massive
quarks qq̄ ! WW to investigate the amplitude’s uni-
tarity behaviour to leading order approximation. The
Feynman graphs of Fig. 3 translates to amplitudes via
graphs analogous to Fig. 4(c).

VI. PHENOMENOLOGY

Appendix A: Gamma matrix conventions

In this paper we work with the mostly-minus conven-
tion for the metric gMN = diag(1,�1,�1,�1,�1). We
choose the Dirac matrices to be

�

µ =
✓

0 �

µ

�̄

µ 0

◆
, �5 =

✓
2 0
0 2

◆
(A1)

with

{�̄µ}µ=0,...,3 = {�µ}µ=0,...,3 = (� 2, �
i) , (A2)

where the �

i are the familiar Pauli matrices.
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FIG. 4: 4d e↵ective vertices for (a) the WWZ interaction, (b)
the qQ̄W interaction, and (c) the e↵ective four point inter-
action due to-bulk Higgs exchange, recovered from the pre-
scription of Eq. (2) in the soft wall geometry explained in
Fig. 1.
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supplemented by the respective Dirichlet boundary con-
ditions or limits. The boundary conditions if Eq. (14)
serve to introduce the UV boundary-localized operators
in the e↵ective theory, which are required by the varia-
tional principle.
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pected.
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IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by
unitarity in the semi-classical limit. The case of massive
gauge boson in the Unhiggs scenario has been pioneered
in Ref. [5]. The Unhiggs model has then been discussed
in the context of soft wall scenarios in Ref. [6]. Unitar-
ity is hereby concerved by cancelling the modified scaling
behaviour of gauge boson boson propagator against on-
tact interactions and modified trilinear couplings in the
full 2 ! 2 amplitude. As an immediate consequence,
the cross section predictions for SM-like and Unhiggs-
like production of e.g. (unpolarized) WW ! WW do
highly resemble. We demsontrate this in Fig. 2, which
was produced with a Monte Carlo implementation of the
model of Ref. [5]. As a consequence, realistic production
processes, which are sensitive to unitarity cancellations
and, at the same time, experimentally well-observable at
the LHC such as V V jj (V = W,Z) production via weak
boson fusion [19], exhibt a phenomenology highly resem-
blent that of the SM.

Turning to the unitarity constraints resulting from
qq̄ !WW , it is a good warm-up excercise to recapitulate
the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)
within the SM [20, 21]. The cancellation of the ampli-
tude’s growth proportional to the center-of-mass energyp

s imposes the sum rules among the Feynman graphs1
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FIG. 3: Feynman graphs contributing to qq̄ ! WW in the
semi-classical approximation. (q, Q)L forms a SM-like quark
doublet under SU(2)L ⇥ U(1)Y .
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We choose a sign convention so that all vertex couplings have a

positive sign.
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depicted in Fig. 3

[1](s)� 2mq

�
[3]L(s) + [3]R(s)

�
= 0 , (18a)

[3]R(s) + [3]L(s)� [4]L(t) = 0 , (18b)
[2](s)� [3]R(s) = 0 , (18c)

where the subscripts denote the vertices’ couplings’ chi-
rality and the brackets embrace all couplings of the re-
spective graph.The Feynman graphs are functions of the
Mandelstam ivariable s = (p1 + p2)2 and t = (p1 � p3)2.

Plugging in the SM couplings and the propagators for
the quantum fields with canonical scaling dimension, we
realize quickly that gauge invariance and spontaneous
symmetry breaking enforces cancellation requirements of
Eq. (18) for s, t � mH . Particularly interesting for our
consideration is the requirement Eq. (18a). It becomes
becomes trivial in the chiral limit since mq, [1]! 0, and,
for non-vanishing fermion masses, it relates the quark
mass to the gauge interactions.

V. THE MODEL

1. Gauge-Higgs sector

We will focus on a model with bulk gauge group
SU(2)L ⇥ SU(2)R ⇥ U(1)X [22]. Gauging the SU(2)R

is phenomenoglogically required to avoid large custodial
Isospin violation [23]. We introduce a bulk Higgs field
H, which transforms under the bi-fundamental represen-
tation of SU(2)L⇥SU(2)R with X charge zero [24]. can
then be arranged to trigger spontaneous SM-like bulk-
symmetry breaking SU(2)L ⇥ SU(2)R ! SU(2)L+R,
while a UV boundary-localized potential controls the
Higgs UV boundary condition (see e.g. [6]). Further-
more, we reduce the field content on the UV brane to
the electroweak gauge group SU(2)R ⇥ U(1)X ! U(1)Y

by choosing the appropriate Dirichlet boundary condi-
tions. These can e↵ectively be realized by introducing
a boundary-localized Higgs mechanism in the decoupling
limit [25]. Color interactions are not important for our
purpose, and we will hencefore neglect (bulk) QCD in-
teractions except for trivial color factors contributing to
the numerical values of the cross sections.

2. Fermion sector

To account for a chiral low energy fermion spectrum,
that is going to participate in the gauge interactions we
have to introduce two 5d vector-like bulk fermions and
project to the low energy spectrum by boundary con-
ditions or, equally e�cient, by assigning the repsective
orbifold parities.

We now move on to consider qq̄ ! WW scattering
in the e↵ective theory derived from the boundary ac-
tion of the soft wall set up with bulk gauge symmetry
SU(2)L ⇥ SU(2)R ⇥ U(1)X . We first have to construct

the e↵ective interactions from the 5d action by integrat-
ing out the bulk according to Eq. (2). This gives rise to
operators with an arbitrary number of fields by insert-
ing bulk propagators as is shown in e.g. Fig. 4(c), whose
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the underlying 5d parameters to recover the Thomson
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5d geometry. mention S,T Zbb!!! The e↵ective vertices
can be determined along the lines of Sec. II. The func-
tional form of the Lagrangian is not important for our
purposes and we apply the method of Sec. II directly to
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quarks qq̄ ! WW to investigate the amplitude’s uni-
tarity behaviour to leading order approximation. The
Feynman graphs of Fig. 3 translates to amplitudes via
graphs analogous to Fig. 4(c).

VI. PHENOMENOLOGY

Appendix A: Gamma matrix conventions

In this paper we work with the mostly-minus conven-
tion for the metric gMN = diag(1,�1,�1,�1,�1). We
choose the Dirac matrices to be

�
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0 �

µ
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µ 0

◆
, �5 =

✓
2 0
0 2

◆
(A1)

with

{�̄µ}µ=0,...,3 = {�µ}µ=0,...,3 = (� 2, �
i) , (A2)

where the �

i are the familiar Pauli matrices.
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FIG. 4: 4d e↵ective vertices for (a) the WWZ interaction, (b)
the qQ̄W interaction, and (c) the e↵ective four point inter-
action due to-bulk Higgs exchange, recovered from the pre-
scription of Eq. (2) in the soft wall geometry explained in
Fig. 1.
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Higgs boson production at the LHC

• constant terms constrain the Higgs boson to be lighter than ~ 1 TeV

• unitarity determines Higgs couplings to quarks and gauge bosons
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-
ditions or limits. The boundary conditions if Eq. (14)
serve to introduce the UV boundary-localized operators
in the e↵ective theory, which are required by the varia-
tional principle.

As a concrete example we can consider a fermion with
bulk mass cfR

�1 on an RS1 background. Choosing
Dirichlet boundary condiditions for the left-handed Weyl
spinor on the IR brane, �(p, R2) = 0, yields the e↵ective
action for a left-handed UV brane source
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2. Eq. (16) should be
compared to the boundary-localized action obtained by
inserting the Dirac equation Eq. (7) into the boundary-
localized action (cf. Ref. [14]). Doing so, we identify
F̃2 as the inverse boundary-localized kinetic term, as ex-
pected.
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full 2 ! 2 amplitude. As an immediate consequence,
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highly resemble. We demsontrate this in Fig. 2, which
was produced with a Monte Carlo implementation of the
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processes, which are sensitive to unitarity cancellations
and, at the same time, experimentally well-observable at
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semi-classical approximation. (q, Q)L forms a SM-like quark
doublet under SU(2)L ⇥ U(1)Y .
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Chapter 3

Elements of the calculation

3.1 Leading order contributions

The leading order contribution, at O(α3αs), to the processes pp, pp̄ → "−ν̄!γj + X and
pp, pp̄ → "−ν̄!"′−"+j + X yields the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)γ(q3)g(p1) (3.1a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)q̄(p1) (3.1b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)Q(p1) (3.1c)

in case of W−γj production, and the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)g(p1) (3.2a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)q̄(p1) (3.2b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)Q(p1) (3.2c)

for W−Zj production. There are three additional subprocesses, which can be recovered
from (3.1a) and (3.2a) by interchanging the momentum-assignment of the initial state,
pa ↔ pb, i.e. by interchanging the proton beams.

The three subprocesses are related by crossing symmetry. It is therefore enough to
only consider the qQ̄-induced processes. All other partonic subprocesses are then given
by analytical continuation of the qQ̄ scattering amplitude; the W+ cases can be treated
accordingly.

For the purpose of this thesis, we take the CKM matrix to be diagonal, and neglect
bottom contributions∗, i.e. q = (d, s), and Q = (u, c). The leptons are assumed to be

Q̄

q

g

W̃

Q̄
Q̄

q

W̃

g
Q̄

Figure 3.1: Feynman diagrams of the partonic subprocess qQ̄ → W̃−g. W̃ denotes the
effective polarization vector of the three-body decay current W̃ → !−ν̄!γ , and the four-body
decay current W̃ → !−ν̄!!′+!′− of fig. 3.2.

∗For a quantitative analysis of these approximations see below.
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Higgs boson production at the LHC

• constant terms constrain the Higgs boson to be lighter than ~ 1 TeV

• unitarity determines Higgs couplings to quarks and gauge bosons
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.
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• constant terms constrain the Higgs boson to be lighter than ~ 1 TeV

• unitarity determines Higgs couplings to quarks and gauge bosons
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-
ditions or limits. The boundary conditions if Eq. (14)
serve to introduce the UV boundary-localized operators
in the e↵ective theory, which are required by the varia-
tional principle.

As a concrete example we can consider a fermion with
bulk mass cfR

�1 on an RS1 background. Choosing
Dirichlet boundary condiditions for the left-handed Weyl
spinor on the IR brane, �(p, R2) = 0, yields the e↵ective
action for a left-handed UV brane source

Se↵ = �i

Z
d4

p

(2⇡)4
�

†(p) �̄

µ
pµ F̃2(p2)�(p) , (15)

with

F̃2(p2) =
1
p

J↵(pR̃)Y↵(pR)� J↵(pR)Y↵(pR̃)
J↵(pR̃)Y↵�1(pR)� J↵�1(pR)Y↵(pR̃)

, (16)

where ↵ = cf + 1/2 and p =
p

p

2. Eq. (16) should be
compared to the boundary-localized action obtained by
inserting the Dirac equation Eq. (7) into the boundary-
localized action (cf. Ref. [14]). Doing so, we identify
F̃2 as the inverse boundary-localized kinetic term, as ex-
pected.

B. Scalars & Vectors

The action for the scalar field is

S5d =
Z

d4
x

Z R1

R0

dz

p
g

⇥
@M�†

@

M�� V (�)
⇤

=
Z

d4
x

Z R1

R0

dz [] (17)

IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by
unitarity in the semi-classical limit. The case of massive
gauge boson in the Unhiggs scenario has been pioneered
in Ref. [5]. The Unhiggs model has then been discussed
in the context of soft wall scenarios in Ref. [6]. Unitar-
ity is hereby concerved by cancelling the modified scaling
behaviour of gauge boson boson propagator against on-
tact interactions and modified trilinear couplings in the
full 2 ! 2 amplitude. As an immediate consequence,
the cross section predictions for SM-like and Unhiggs-
like production of e.g. (unpolarized) WW ! WW do
highly resemble. We demsontrate this in Fig. 2, which
was produced with a Monte Carlo implementation of the
model of Ref. [5]. As a consequence, realistic production
processes, which are sensitive to unitarity cancellations
and, at the same time, experimentally well-observable at
the LHC such as V V jj (V = W,Z) production via weak
boson fusion [19], exhibt a phenomenology highly resem-
blent that of the SM.

Turning to the unitarity constraints resulting from
qq̄ !WW , it is a good warm-up excercise to recapitulate
the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)
within the SM [20, 21]. The cancellation of the ampli-
tude’s growth proportional to the center-of-mass energyp

s imposes the sum rules among the Feynman graphs1
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WA, Z
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q

q̄

W

W

Q
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FIG. 3: Feynman graphs contributing to qq̄ ! WW in the
semi-classical approximation. (q, Q)L forms a SM-like quark
doublet under SU(2)L ⇥ U(1)Y .

1
We choose a sign convention so that all vertex couplings have a

positive sign.

Chapter 3

Elements of the calculation

3.1 Leading order contributions

The leading order contribution, at O(α3αs), to the processes pp, pp̄ → "−ν̄!γj + X and
pp, pp̄ → "−ν̄!"′−"+j + X yields the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)γ(q3)g(p1) (3.1a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)q̄(p1) (3.1b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)Q(p1) (3.1c)

in case of W−γj production, and the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)g(p1) (3.2a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)q̄(p1) (3.2b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)"
′+(q3)"

−(q4)Q(p1) (3.2c)

for W−Zj production. There are three additional subprocesses, which can be recovered
from (3.1a) and (3.2a) by interchanging the momentum-assignment of the initial state,
pa ↔ pb, i.e. by interchanging the proton beams.

The three subprocesses are related by crossing symmetry. It is therefore enough to
only consider the qQ̄-induced processes. All other partonic subprocesses are then given
by analytical continuation of the qQ̄ scattering amplitude; the W+ cases can be treated
accordingly.

For the purpose of this thesis, we take the CKM matrix to be diagonal, and neglect
bottom contributions∗, i.e. q = (d, s), and Q = (u, c). The leptons are assumed to be

Q̄

q

g

W̃

Q̄
Q̄

q

W̃

g
Q̄

Figure 3.1: Feynman diagrams of the partonic subprocess qQ̄ → W̃−g. W̃ denotes the
effective polarization vector of the three-body decay current W̃ → !−ν̄!γ , and the four-body
decay current W̃ → !−ν̄!!′+!′− of fig. 3.2.

∗For a quantitative analysis of these approximations see below.

Chapter 3Elements of the calculation
3.1 Leading order contributions

The leading order contribution, at O(α 3αs), to the processes pp, pp̄ → "−ν̄!γj + X and

pp, pp̄ → "−ν̄!" ′−"+j + X yields the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)γ(q3)g(p1)

(3.1a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)q̄(p1)

(3.1b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)γ(q3)Q(p1)

(3.1c)

in case of W −γj production, and the partonic subprocesses

q(pa)Q̄(pb) −→ "−(q1)ν̄!(q2)" ′+(q3)"−(q4)g(p1)

(3.2a)

Q̄(pa)g(pb) −→ "−(q1)ν̄!(q2)" ′+(q3)"−(q4)q̄(p1)

(3.2b)

q(pa)g(pb) −→ "−(q1)ν̄!(q2)" ′+(q3)"−(q4)Q(p1)

(3.2c)

for W −Zj production. There are three additional subprocesses, which can be recovered

from (3.1a) and (3.2a) by interchanging the momentum-assignment of the initial state,

pa ↔ pb , i.e. by interchanging the proton beams.

The three subprocesses are related by crossing symmetry. It is therefore enough to

only consider the qQ̄-induced processes. All other partonic subprocesses are then given

by analytical continuation of the qQ̄ scattering amplitude; the W +
cases can be treated

accordingly.For the purpose of this thesis, we take the CKM matrix to be diagonal, and neglect

bottom contributions∗, i.e. q = (d, s), and Q = (u, c). The leptons are assumed to be

Q̄

q

g

W̃

Q̄

Q̄

q

W̃

g

Q̄

Figure 3.1: Feynman diagrams of the partonic subprocess qQ̄ → W̃ −g. W̃ denotes the

effective polarization vector of the three-body decay current W̃ → !−ν̄!γ , and the four-body

decay current W̃ → !−ν̄!! ′+! ′− of fig. 3.2.

∗For a quantitative analysis of these approximations see below.weak boson fusion

gluon fusion

[Harlander, Kilgore `02]
[Catani, de Florian, Grazzini, `03] 

[Moch, Vogt `05]
[Ellis, Campbell, Williams `11]

[Rainwater, Zeppenfeld `94] 
[Figy, Oleari, Zeppenfeld `03]

[Jäger, Oleari, Zeppenfeld `06] 
[Bolzoni, Maltoni, Moch, Zaro `10] 7



Higgs boson production at the LHC

• constant terms constrain the Higgs boson to be lighter than ~ 1 TeV

• unitarity determines Higgs couplings to quarks and gauge bosons

W

W

W

W
W

W

W

WH

W

W

W

Wγ
W

W

W

WZ

3

mh = 1 TeV, µ = 3 TeV, d = 1.7
mh = 1 TeV, d = 1

mh = 120 GeV, µ = 300 GeV, d = 1.5
mh = 120GeV, d = 1

center-of-mass energy
p

s [TeV]

cr
os

s
se

ct
io

n
�

[n
b
]

43.532.521.510.50

102

101

100

10�1

FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-
ditions or limits. The boundary conditions if Eq. (14)
serve to introduce the UV boundary-localized operators
in the e↵ective theory, which are required by the varia-
tional principle.
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from (3.1a) and (3.2a) by interchanging the momentum-assignment of the initial state,
pa ↔ pb, i.e. by interchanging the proton beams.

The three subprocesses are related by crossing symmetry. It is therefore enough to
only consider the qQ̄-induced processes. All other partonic subprocesses are then given
by analytical continuation of the qQ̄ scattering amplitude; the W+ cases can be treated
accordingly.

For the purpose of this thesis, we take the CKM matrix to be diagonal, and neglect
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effective polarization vector of the three-body decay current W̃ → !−ν̄!γ , and the four-body
decay current W̃ → !−ν̄!!′+!′− of fig. 3.2.
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• Higgs couplings
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SM-like Higgs couplings
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Figure 1: �W vs �t for the expected SM measurements (left) and the actual measurements (right), assuming mH = 126 GeV.

example, including all Standard Model Higgs couplings,
but no free coupling to photons we find three equally
likely points:

�W �Z �t �b �⌧ �2/d.o.f.
-0.03 -0.02 -0.25 -0.25 -0.90 27.7/49
-0.05 -0.04 -0.34 -1.73 -0.70 27.6/49
-0.29 -0.09 -1.65 -0.32 -0.70 27.7/49

In the second and third line the bottom and top
Yukawa coupling, respectively, have changed sign. As
expected, we cannot distinguish such alternative scenar-
ios with the current data.

Local picture — from the exclusive log-likelihood maps
we can extract individual Higgs couplings. We are di-
rectly sensitive to �W,Z,⌧ and can extract �t from the
e↵ective photon and gluon couplings as well as �b from
the total width. As we will see below, we can even con-
strain an additional free parameter �� .

Of course, extracting any smaller number of model pa-
rameters is technically easier and will lead to smaller er-
ror bars. For example, we can test a hypothetical uni-
versal form factor of all tree-level Higgs couplings,

�x ⌘ �H for all x . (4)

In Fig. 2 we show the expected and observed central
value and error bar on this form factor. Such a form fac-
tor is barely consistent with the Standard Model value
�H = 0. Its low central value is a result of all three third-
generation Yukawa couplings tending towards smaller
values. Quoting this result we need to keep in mind that
it is only sensible if all individual �x are consistent.

Two-parameter fits, on the gauge coupling side, are
motivated by electroweak precision data. In the absence
of new physics signals these measurements point towards
�W = �Z . We define

�W = �Z ⌘ �V

�b = �t = �⌧ ⌘ �f . (5)

While the vector boson coupling in Fig. 2 is measured
in complete agreement with the Standard Model the
Yukawa couplings have consistently low best-fit values.
However, within the uncertainties this is no problem.

Obviously, what we really want to extract (if possible)
is the set of all couplings individually. Figure 2 shows
the central coupling values for W and Z-bosons as well
as the third-generation fermions.
Comparing the expected to the observed uncertainties

we see that the two massive gauge couplings are extracted
very well after including the 8 TeV data. The indirectly
measured top and bottom Yukawa couplings come out
slightly low, but agree with the Standard Model expec-
tations within relatively large error bars. Those are due
to their indirect determination. A tau Yukawa coupling
is not experimentally established yet. For example com-
paring the measured value of �b with the ratio �b/W we
see no significant improvement. The ATLAS and CMS
measurements are still largely statistics limited, so form-
ing ratios does not help.
As widely discussed in the literature, the observed

number of Higgs events decaying to photons is slightly
larger than the Standard Model expectation. In Fig. 2
we see that without a free Higgs coupling to photons the
best fit resides around �W ⇠ 0. The central point for the
top Yukawa is �t ⇠ �0.25, enhancing the Higgs branch-
ing ratio to photons, but reducing the production cross
section from gluon fusion. However, the central value
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Figure 2: Results based on 2011 and 2012 data, for the SM
signal expectation and for the data (mH = 126 GeV). We also
show the form factor result �H and universal fermion and
boson couplings �V,f . The band indicates a ±20% variation.
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Figure 1: �W vs �t for the expected SM measurements (left) and the actual measurements (right), assuming mH = 126 GeV.
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tations within relatively large error bars. Those are due
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is not experimentally established yet. For example com-
paring the measured value of �b with the ratio �b/W we
see no significant improvement. The ATLAS and CMS
measurements are still largely statistics limited, so form-
ing ratios does not help.
As widely discussed in the literature, the observed

number of Higgs events decaying to photons is slightly
larger than the Standard Model expectation. In Fig. 2
we see that without a free Higgs coupling to photons the
best fit resides around �W ⇠ 0. The central point for the
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invisible branching ratios

[CE, Plehn, Zerwas, Zerwas `11]
[CE, Plehn, Rauch, Zerwas, Zerwas `11]

Standard Model

(visible sector)

hidden valley

(invisible sector)

small⇥Osing
SM Osing

hid

Lnew 6� ⌘|�SM|2|�hid|2 (allowed by gauge invariance & renormalizability)
???

[Bowen, Cui, Wells `07] [Patt, Wilczek `06].... 

H invisible

mixing



12

(in)visible non-standard branching ratios
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FIG. 4: Transverse mass or transverse cluster mass distributions after filtering and filtering+trimming, depending on the scenario of Fig. 1. We
assume BR(scenario (i)) = 1, i = (a)− (d) for illustration purposes.

which generalizes the invariant mass definition of Ref. [39] to
the present situation. In Ref. [39] an analogue definition of
the invariant mass is applied to H → ττ (see also [40]) with
full leptonic τ decays in the collinear approximation, i.e. the
individual /p-lepton correlation from each τ decay is incorpo-
rated. Applied to our signatures this corresponds to a leptonic
version of Fig. 1(a), and we can expect a good reconstruction
of the Higgs resonance for this decay scenario.

Another observable which reconstructs the mass of a heavy
decaying resonance from a kinematic endpoint measurement
is the so-called transverse cluster mass [41]

m2
T,c =

(√

m2
j + p2T,j + /ET

)2

−
(

pT,j + /pT

)2

. (5)

This observable is a good choice if there is a relatively
large amount of visible energy compared to invisible en-
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FIG. 4: Transverse mass or transverse cluster mass distributions after filtering and filtering+trimming, depending on the scenario of Fig. 1. We
assume BR(scenario (i)) = 1, i = (a)− (d) for illustration purposes.
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FIG. 4: Transverse mass or transverse cluster mass distributions after filtering and filtering+trimming, depending on the scenario of Fig. 1. We
assume BR(scenario (i)) = 1, i = (a)− (d) for illustration purposes.
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the present situation. In Ref. [39] an analogue definition of
the invariant mass is applied to H → ττ (see also [40]) with
full leptonic τ decays in the collinear approximation, i.e. the
individual /p-lepton correlation from each τ decay is incorpo-
rated. Applied to our signatures this corresponds to a leptonic
version of Fig. 1(a), and we can expect a good reconstruction
of the Higgs resonance for this decay scenario.
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FIG. 4: Transverse mass or transverse cluster mass distributions after filtering and filtering+trimming, depending on the scenario of Fig. 1. We
assume BR(scenario (i)) = 1, i = (a)− (d) for illustration purposes.
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the present situation. In Ref. [39] an analogue definition of
the invariant mass is applied to H → ττ (see also [40]) with
full leptonic τ decays in the collinear approximation, i.e. the
individual /p-lepton correlation from each τ decay is incorpo-
rated. Applied to our signatures this corresponds to a leptonic
version of Fig. 1(a), and we can expect a good reconstruction
of the Higgs resonance for this decay scenario.

Another observable which reconstructs the mass of a heavy
decaying resonance from a kinematic endpoint measurement
is the so-called transverse cluster mass [41]
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This observable is a good choice if there is a relatively
large amount of visible energy compared to invisible en-

[CE, Spannowsky, Wymant `12]

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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which generalizes the invariant mass definition of Ref. [39] to
the present situation. In Ref. [39] an analogue definition of
the invariant mass is applied to H → ττ (see also [40]) with
full leptonic τ decays in the collinear approximation, i.e. the
individual /p-lepton correlation from each τ decay is incorpo-
rated. Applied to our signatures this corresponds to a leptonic
version of Fig. 1(a), and we can expect a good reconstruction
of the Higgs resonance for this decay scenario.

Another observable which reconstructs the mass of a heavy
decaying resonance from a kinematic endpoint measurement
is the so-called transverse cluster mass [41]
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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FIG. 6: (a) Transverse cluster mass for scenario (c) with the additional requirement Eq. (7), and (b) the resulting branching ratio extraction
along the lines of Sec. IV.

this shape uncertainty as a flat profile which we assume de-
pendent on the integrated luminosity

∆(L) = 10%− 5%
√

L/1000 fb−1 (6)

to mimic an improved understanding of the measurement and
theoretical uncertainty in due time.
The expected 95% confidence level exclusion is shown in

Fig. 5. Direct measurements yield results BR ! 0.1, . . . , 1,
and are highly sensitive to the amount of hadronic energy that
we observe in the final state and the correlation of /ET with
the visible part of the final state.
We learn from Fig. 4(b) that the combination of little

hadronic energy, trigger criteria and detector effects together
with initial-state-radiation pollution results in an extremely
challenging signature at the hadronically busy LHC environ-
ment. As a direct consequence, only weak limits can be ob-
tained for decay scenario (b). This is mostly due to the very
limited possibilities to improve S/B and the poor mass res-
olution that can be obtained from a signature that predomi-
nantly governed by missing energy in a channel whose dibo-
son backgrounds’ also contain a sizable amount of /ET .
Turning to final states that contain more hadronic energy

Fig. 1(c) and (d), we can impose stronger limits from direct
measurements (BR ! 0.3). An optimal choice of observables
adopted to the specifics of Fig. 1(a) in comparison to (c) can
push the bounds to the 10% level.

An alternative route for putting limits on scenario (c), where
hadronic energy correlations in the fat jet’s substructure can
be resolved, is exploiting the fat jet’s “active area” (see also

Ref. [17]) in a way that also incorporates the correlation with
the missing energy. This is straightforwardly achieved by im-
posing an additional cut on the ratio of the fat jet’s trans-
verse momentum and the events reconstructed transverse clus-
ter massmT,c(/E, j)

pT,j/mT,c > 2 . (7)

The resulting mT,c is shown in Fig. 6 together with the pro-
jected BR extraction. While the reduction in statistics eventu-
ally compensates the enhancement in S/B (compare Fig. 6(b)
to Fig. 5(c)), we are able to approximately reconstruct our
light Higgs partnermA = 20 GeV from the jet substructure.
This is only feasible by exploiting visible final state energy
correlations – identical strategies proof unsuitable for scenar-
ios (a), (b) and (d).
A successful and intangible extraction of the light scalar

mass from the associated production channel hence depends
on a good understanding of the background at smallmT,c and
a sizable branching ratio H → AA → scenario (c). Current
fits limit the invisible branching ratio to be BR ! 0.5. Since
all of our signatures are missed in standard searches, our sce-
narios are constrained by this loose bound, so that there is the
possibility to find light scalars in that particular mass range in
the near future.

V. SUMMARY AND CONCLUSIONS

After the discovery of the Higgs-like resonance at around
125 GeV, a further investigation of the resonance’s com-
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to Fig. 5(c)), we are able to approximately reconstruct our
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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ATLAS: Status of SM Higgs searches, 4/7/2012 

mγγ spectrum fit, for each category, with 
Crystal Ball + Gaussian for signal plus  
background model optimised (with MC)  
to minimize biases 
Max deviation of background model from  
expected background distribution taken  
as systematic uncertainty 

Total after selections: 59059 events 

Main systematic uncertainties 

Higgs boson spin and CP 

• Landau-Yang: cannot be spin 1

• spin 2 is a theoretical stretch

• What’s the resonance’s CP ?

��jj in h+2j events
[Plehn, Rainwater, Zeppenfeld `01]
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tt̄+ jets Z+2 jets H+2 jets A+2 jets
σ [fb] σ [fb] σ [fb] σ [fb]

pT,j ≥ 40 GeV, |yj | ≤ 4.5, nj ≥ 2
2132.46 8.52 6.21 4.12

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

|mττ −mH | < 20 GeV, |yH | ≤ 2.5 99.86 2.29 3.99 1.82

∃ ja, jb : yja < yh < yjb 88.33 1.65 3.81 1.59

b-veto 5.10 1.65 3.81 1.59

TABLE I: Cut flow of the analysis as described in Sec. III B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO
QCD cross section. The tt̄ production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect
tau reconstruction efficiencies throughout. For the b-veto we assume a flat efficiency analogous to [29].
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FIG. 1: Normalized distributions of ∆Φjj

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.

13

but we want to measure that                                        
[CE, Goncalves, Mawatari, Plehn, in prep]

pp! (h! ⌧⌧)jj



ATLAS: Status of SM Higgs searches, 4/7/2012 

mγγ spectrum fit, for each category, with 
Crystal Ball + Gaussian for signal plus  
background model optimised (with MC)  
to minimize biases 
Max deviation of background model from  
expected background distribution taken  
as systematic uncertainty 

Total after selections: 59059 events 

Main systematic uncertainties 

Higgs boson spin and CP 

• Landau-Yang: cannot be spin 1

• spin 2 is a theoretical stretch

• What’s the resonance’s CP ?

��jj in h+2j events
[Plehn, Rainwater, Zeppenfeld `01]

4

tt̄+ jets Z+2 jets H+2 jets A+2 jets
σ [fb] σ [fb] σ [fb] σ [fb]

pT,j ≥ 40 GeV, |yj | ≤ 4.5, nj ≥ 2
2132.46 8.52 6.21 4.12

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

|mττ −mH | < 20 GeV, |yH | ≤ 2.5 99.86 2.29 3.99 1.82

∃ ja, jb : yja < yh < yjb 88.33 1.65 3.81 1.59

b-veto 5.10 1.65 3.81 1.59

TABLE I: Cut flow of the analysis as described in Sec. III B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO
QCD cross section. The tt̄ production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect
tau reconstruction efficiencies throughout. For the b-veto we assume a flat efficiency analogous to [29].

10.90.80.70.60.5

0.125

0.1

0.075

0.05

0.025

0

CP odd A
CP even H

directly global thrust T⊥,g

1σ
d
σ
/d

T
⊥

,g
[1

/0
.0

2]

10.80.60.40.20

0.15

0.1

0.05

0

CP odd A
CP even H

directly global thrust minor Tm,g

1/
σ

d
σ
/d

T
m

,g
[f
b
/0

.0
4]

10.80.60.40.20

0.15

0.1

0.05

0

CP odd A
CP even H

central total broadening BT

d
σ
/d

B
T

[f
b
/0

.0
4]

10.80.60.40.20

0.15

0.1

0.05

CP odd A
CP even H

central wide broadening BW

1/
σ

d
σ
/d

B
W

[f
b
/0

.0
4]

3210-1-2-3

0.1

0.08

0.06

0.04

0.02

0

CP odd A
CP even H

∆Φjj

1/
σ

d
σ
/d

∆
Φ

j
j

[1
/0

.5
03

]

FIG. 1: Normalized distributions of ∆Φjj

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.
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IV. RESULTS

A. CP even vs. CP odd

We are now ready to study the sensitivity of the shape
observables of Sec. II quantitatively. Imposing the se-
lection cuts of the previous section, we show normalized
signal distributions in Fig. 1 for the CP even and odd
Higgs cases. As done in Refs. [35, 37, 64] we consider
∆Φjj ∈ [−π,π].
Fig. 1 reveals a substantial dependence on the CP

quantum numbers of the Higgs and the sensitivity in
the azimuthal angle correlation carries over to the event
shapes. This is evident when comparing to, e.g., thrust,
Eq. (2): a CP even Hjj event has tagging jets which are
preferably back-to-back. Given that the tagging jets are
by construction the leading jets in the event, we observe
a more pencil-like structure for the thrust observable in
Hjj than we see in the CP odd Ajj case. In this con-
text, the thrust–∆Φjj correlation is particularly interest-
ing, Fig. 2. Indeed, thrust and ∆Φjj are fairly correlated
as expected after the above points. This also means that
it should be possible to carry over theoretical and exper-
imental improvements of either observable to the other
one.
Another way to understand the special relation of

thrust and ∆Φjj from a different vantage point is by
investigating the jet emission pattern of Higgs+2 jets
events. Due to the observed Poisson-like scaling pattern
in the exclusive number of central non-tagging jets in
Higgs+2 jets events once the cuts of Sec. III B are ap-
plied [19, 29, 61, 62, 65], the two-jet topology plays a
special role. The two jets recoiling against the Higgs
therefore largely determine the orientation of the thrust
axis, and, given that both observables are defined in the
beam-transverse plane, we observe a direct connection of
thrust with ∆Φjj . This, however, is affected and washed
out by soft radiation (non-resolved jets) included in the
first observable. Suppressing the latter by admitting a
more accentuated role to the two tagging jets, when turn-
ing to, e.g., cone thrust minor, we see a more direct cor-
relation with ∆Φjj , Fig. 3.

Fig. 1 gives, of course, a wrong impression of the even-
tual discriminative power as the normalization relative to
the background and the backgrounds’ shape are not in-
cluded. Fig. 4 draws a more realistic picture by compar-
ing the differential cross sections of the Ajj+background
and the Hjj+background. In particular, the background
mimics the ∆Φjj distribution of the CP even Hjj events
and most of the discriminating power comes from a criti-
cal signal-to-background ratio S/B. Systematic uncer-
tainties can easily wash out the small excess around
|∆Φjj | # 2 for Ajj production in comparison to Hjj.
A more quantitative statement, however, requires a ded-
icated Monte Carlo analysis taking into account exper-
imental systematics and we cannot explore this direc-
tion in our analysis in extenso. The broadening observ-
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FIG. 5: ∆Φjj distribution including the background after the
cuts of Sec. III B.

ables, on the other hand, lift the ∆Φjj signal-background
shape-degeneracy especially in the CP-even Higgs case.

We perform a binned log-likelihood hypothesis test as
considered in Refs. [53, 66] to provide a statistically well-
defined estimate of when we will be able to tell apart the
CP quantum numbers of a 125 GeV SM-like Higgs reso-
nance. At the same time this provides a statistically well-
defined picture of which observable is particularly suited
for this purpose. Shape differences and different normal-
izations (i.e due to the missing WBF component in Ajj
production) are incorporated simultaneously in this ap-
proach. We comment on the discriminative power that
solely arises from the different shapes later in Sec. IVB.
In performing the hypothesis test we treat each individ-
ual bin in Fig. 1 as a counting experiment. Thereby we
do not include any shape uncertainties, which can be dif-
ferent for each of the considered observables.

Hence, some words of caution are in place. On the one
hand, sensitivity from e.g. soft radiation pattern that
contributes to the overall sensitivity of the event shape
observables can be weakened by pile-up (cf. Sec. IVD).
On the other hand, increasing S/B to enhance sensitiv-
ity in ∆Φjj heavily relies on jet vetos which can be the-
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Higgs CP with event shape-like observables

• Event shape observables do much better than           at the inclusive level !��jj
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FIG. 4: Distributions of the event shape observables of Sec. II including the background after the cuts of Sec. III B.

2

Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].

8

oretically challenging. Also, the experimental resolution
(which should be reflected by the binning in Figs. 4 and 5)
is currently not known.
We plot the confidence levels obtained from the hy-

pothesis test in Fig. 6 as a function of the integrated
luminosity. When the confidence level (i.e. the proba-
bility of one hypothesis to fake the other one) is smaller
than 2.72 · 10−7 one speaks of a 5σ discrimination, implic-
itly assuming Gaussian-like probability density functions.
We see from Fig. 6 that event shapes indeed provide a
well-suited class of CP discriminating observables, super-
seding ∆Φjj within the limitations of our analysis men-
tioned above. Fig. 6 strongly suggests that event shape
observables should be added to the list of CP-sensitive
observables which need to be studied at the LHC to mea-
sure the Higgs’ CP.

B. Higgs-lookalike CP odd

In fact, Fig. 6 being the result of a comparison that
reflects both different shape and normalization of the
Ajj and Hjj samples, the sensitivity that arises only
due to shape differences (cf. Fig. 1) is not obvious.
Also, from a phenomenological point of view (and this
was one of our assumptions in Sec. III B), the resonance
will have been discovered before we address its spin and
CP. Therefore the normalization of the signal will be ex-
tracted from data, and only the subsequent measurement
of shapes will be used to extract information on spin and
CP. Hence, it is reasonable to study the discriminative
power of the event shapes in comparison to ∆Φjj when
the overall normalization after cuts of pseudoscalar and
scalar are identical. This is plotted in Fig. 7. Again we
see that the event shape observables are good discrimina-
tors (the comments of the previous section are applicable

504540353025201510

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

central wide broadening
total central broadening

thrust
thrust minor

∆Φjj

5σ limit

luminosity L [1/fb]

co
n
fi
d
en

ce
le

ve
l

FIG. 6: Sensitivity of a binned log-likelihood shape compar-
ison of the observables of Figs. 4 and 5. The dotted line
corresponds to a 5σ (2.72 · 10−7 confidence level) discrimina-
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here as well). This also tells us that a significant share
of the discriminative power found in the previous section
stems from the distributions’ shape. Especially the jet
broadenings, which exhibit a different background distri-
bution compared to signal for Hjj as opposed to ∆Φjj ,
should therefore be stressed as a discriminative observ-
able when considering systematics.

C. Toward discriminating gluon fusion and weak
boson fusion contributions

Having established the event shape observables as CP-
discriminating quantities, we move on and discuss the po-
tential of these observables to help separating WBF from
GF, hence contributing to more precise determination of
the Higgs couplings according to Eq. (1). We show nor-
malized signal distributions for the individual WBF and
GF contributions in Fig. 8 and we see a similar behavior
as encountered in Fig. 1.
It is known that unless we include a non-renormalizable

SU(2)L axion-type dimension 5 operator ∼ HWW̃ ,

where W̃ is the dual SU(2)L field strength, the ∆Φjj

distribution is almost flat in WBF [30]. While such an
operator should be constrained experimentally, a size-
able CP-violating coupling is not expected from a the-
oretical perspective. Actually, the strategy outlined in
Secs. III B, IVA and IVB does not suffer from draw-
backs when including explicit CP violation in the gauge
sector and remains applicable in a straightforward way.
In fact, the relative contribution of WBF and GF to the
cross section heavily influences the quantities Eqs. (2)-
(5), and therefore drives the observed sensitivity in the
context of CP analyses, Fig. 7.
Keeping that in mind, we can use the correlations

• event shape observables also serve to 
separate WBF/GF contributions

/{⌧ rec.}
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Higgs CP with event shape-like observables

• Event shape observables do much better than           at the inclusive level !��jj

[CE, Spannowsky, Takeuchi ’12]
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FIG. 4: Distributions of the event shape observables of Sec. II including the background after the cuts of Sec. III B.

2

Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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oretically challenging. Also, the experimental resolution
(which should be reflected by the binning in Figs. 4 and 5)
is currently not known.
We plot the confidence levels obtained from the hy-

pothesis test in Fig. 6 as a function of the integrated
luminosity. When the confidence level (i.e. the proba-
bility of one hypothesis to fake the other one) is smaller
than 2.72 · 10−7 one speaks of a 5σ discrimination, implic-
itly assuming Gaussian-like probability density functions.
We see from Fig. 6 that event shapes indeed provide a
well-suited class of CP discriminating observables, super-
seding ∆Φjj within the limitations of our analysis men-
tioned above. Fig. 6 strongly suggests that event shape
observables should be added to the list of CP-sensitive
observables which need to be studied at the LHC to mea-
sure the Higgs’ CP.

B. Higgs-lookalike CP odd

In fact, Fig. 6 being the result of a comparison that
reflects both different shape and normalization of the
Ajj and Hjj samples, the sensitivity that arises only
due to shape differences (cf. Fig. 1) is not obvious.
Also, from a phenomenological point of view (and this
was one of our assumptions in Sec. III B), the resonance
will have been discovered before we address its spin and
CP. Therefore the normalization of the signal will be ex-
tracted from data, and only the subsequent measurement
of shapes will be used to extract information on spin and
CP. Hence, it is reasonable to study the discriminative
power of the event shapes in comparison to ∆Φjj when
the overall normalization after cuts of pseudoscalar and
scalar are identical. This is plotted in Fig. 7. Again we
see that the event shape observables are good discrimina-
tors (the comments of the previous section are applicable
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FIG. 6: Sensitivity of a binned log-likelihood shape compar-
ison of the observables of Figs. 4 and 5. The dotted line
corresponds to a 5σ (2.72 · 10−7 confidence level) discrimina-
tion.
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FIG. 7: Sensitivity of a binned log-likelihood shape compari-
son of the observables of Figs. 4 and 5 and identically chosen
signal normalizations according to Hjj, Tab. I. The dotted
line corresponds to a 5σ (2.72 ·10−7 confidence level) discrim-
ination.

here as well). This also tells us that a significant share
of the discriminative power found in the previous section
stems from the distributions’ shape. Especially the jet
broadenings, which exhibit a different background distri-
bution compared to signal for Hjj as opposed to ∆Φjj ,
should therefore be stressed as a discriminative observ-
able when considering systematics.

C. Toward discriminating gluon fusion and weak
boson fusion contributions

Having established the event shape observables as CP-
discriminating quantities, we move on and discuss the po-
tential of these observables to help separating WBF from
GF, hence contributing to more precise determination of
the Higgs couplings according to Eq. (1). We show nor-
malized signal distributions for the individual WBF and
GF contributions in Fig. 8 and we see a similar behavior
as encountered in Fig. 1.
It is known that unless we include a non-renormalizable

SU(2)L axion-type dimension 5 operator ∼ HWW̃ ,

where W̃ is the dual SU(2)L field strength, the ∆Φjj

distribution is almost flat in WBF [30]. While such an
operator should be constrained experimentally, a size-
able CP-violating coupling is not expected from a the-
oretical perspective. Actually, the strategy outlined in
Secs. III B, IVA and IVB does not suffer from draw-
backs when including explicit CP violation in the gauge
sector and remains applicable in a straightforward way.
In fact, the relative contribution of WBF and GF to the
cross section heavily influences the quantities Eqs. (2)-
(5), and therefore drives the observed sensitivity in the
context of CP analyses, Fig. 7.
Keeping that in mind, we can use the correlations

• event shape observables also serve to 
separate WBF/GF contributions
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FIG. 8: Normalized distributions of ∆Φjj and of the event shape observables of Sec. II for separate weak boson fusion and
gluon fusion contributions in case of the CP even SM Higgs. The cuts of Sec. III B have been applied.

C. Toward discriminating gluon fusion and weak
boson fusion contributions

Having established the event shape observables as CP-
discriminating quantities, we move on and discuss the po-
tential of these observables to help separating WBF from
GF, hence contributing to more precise determination of
the Higgs couplings according to Eq. (1). We show nor-
malized signal distributions for the individual WBF and
GF contributions in Fig. 8 and we see a similar behavior
as encountered in Fig. 1.

It is known that unless we include a non-renormalizable
SU(2)L axion-type dimension 5 operator ∼ HWW̃ ,

where W̃ is the dual SU(2)L field strength (which also
arises in the SM at the loop level similar to Eq. (6)),
the ∆Φjj distribution is almost flat in WBF [30]. While
such an operator should be constrained experimentally,
a sizeable CP-violating coupling is not expected from a
theoretical perspective. Actually, the strategy outlined
in Secs. III B, IVA and IVB does not suffer from draw-
backs when including explicit CP violation in the gauge
sector and remains applicable in a straightforward way.
In fact, the relative contribution of WBF and GF to the
cross section heavily influences the quantities Eqs. (2)-
(5), and therefore drives the observed sensitivity in the
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FIG. 9: Comparison of the wide broadening for the tracks
which are not part of the tagging jets for WBF and GF.

context of CP analyses, Fig. 7.

Keeping that in mind, we can use the correlations
observed in Fig. 8 to separate GF from WBF. There
is no meaning in performing a hypothesis test, so we
limit ourselves to a discussion of the normalized dis-
tributions in the following. Forming ratios of different
cut-scenarios in an ABCD-type approach, e.g. compar-
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Why is WBF / GF separation important?

• we always observe superpositions of Higgs boson production

• GF is sensitive Yukawas, WBF is sensitive to          couplings, same order of 
magnitude in typical Higgs searches.

• systematic limitation of Higgs coupling extraction!

W,Z

[Andersen, CE, Spannowsky, in prep]
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• alternative to event shapes:

• use rec. higgs also for discrimination

• construct likelihood based on 
matrix elements for fixed 
multiplicities

• by definition maximum 
discrimination
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OUTLINE

• A tell-tale story of Higgs physics

• Higgs couplings

• Higgs Spin & CP

• Higgs self-interactions
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coupling � (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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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

[Plehn, Spira, Zerwas `96] .... [Dolan, CE, Spannowsky `12]
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• massive quark loops are 
resolved for 

• NLO QCD corrections are 
large ~2

• good a priori sensitivity to        
for 

pT,h & mt

[Baur, Plehn, Rainwater `03, `04]

[Dawson, Dittmaier,  Spira `98]
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

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

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

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

B. Parton-level considerations

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

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

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 3: Comparison of pp ! hh + X. 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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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 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 m2
h = 4m2

t

[Dolan, CE, Spannowsky `12]

[Georgi et al. `78]

for dihiggs production this becomes

sensitivity to the trilinear coupling for                          is in the boosted regime

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

mh ' 125 GeV

20



Self-coupling measurements with “ISR” [Dolan, CE, Spannowsky `12]

• inclusive cross sections are small, need as many channels as possible to 
improve constraints!

• phase space in inclusive dihiggs production is limited due to small phase space 
for the back-to-back configuration at rather small invariant masses 

• open up the phase space by accessing small invariant masses in a collinear 
configuration:

2mt

h
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j

+
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h
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• need to work a little harder:
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FIG. 4: Sample Feynman graphs contributing to pp! hh + j + X. Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the pT,j spectrum for pp! hh+j+X
production. Shown are distributions for the e↵ective interac-
tion (obtained with MadGraph v5 [33] via FeynRules [40]
and Ufo [41]), and the full one-loop matrix element calcula-
tion. We again choose mt = 172.5 GeV and mb = 4.5 GeV
using CTEQ6l1 parton densities and µF = µR = pT,j + 2mh.

better understood. We choose a large enough Higgs
mass window for the reconstruction, in order to avoid
a too large systematic pollution due to our assumption
(in Ref. [44] CMS quotes a O(20%) of the reconstructed
Higgs mass).

In more detail, we require two tau jets, reproducing the
Higgs mass within 50 GeV, m⌧⌧ = mh ± 25 GeV. Then
we use the Cambridge/Aachen algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be su�ciently isolated from the taus. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mH±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an e�ciency of 70% and a fake
rate of 1% following Ref. [46]. The results are shown in
Tab. VI.

III. HIGGS PAIR PRODUCTION IN
ASSOCIATION WITH A HARD HADRONIC JET

A. Parton-Level considerations

The qualitatively poor agreement of the e↵ective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the e↵ective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp ! hh + X , the disagreement of full and e↵ective
theories is large (Fig. 5).

Given these shortcomings of the e↵ective theory, we
implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
have checked our phase space implementation for the

+ quark & gluon 
induced
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FIG. 8: Comparison of pp! hh + j + X production cross sections for three di↵erent values of the Higgs self-coupling and two
values of min pj

T (we choose identical input parameters as for Fig. 5).

e↵ective theory’s matrix element against MadEvent.
Some of the contributing Feynman graphs to the dom-
inant gg-initiated subprocess are shown in Fig. 4; note
that again only a subset of the contributing diagrams
is sensitive to non-standard hhh couplings. Interference
between these and the remaining contributions is again
obvious from Fig. 8 especially at around mh

<⇠ mt, which
can again be explained along the lines of Sec. II B.

In comparison to pp ! hh + X , we find sizably larger
dependence on � of the total cross section, Fig 8. For
pT,j � 20 GeV we have ��/�SM ' 100% for a variation
0  �  2�SM. This is due to the larger available phase
space for the dihiggs system. The intermediate s chan-
nel Higgs in Fig. 4 (a), (d) is probed at smaller values
compared to Fig. 1 (c), suppression is ameliorated and
(destructive) interference becomes more pronounced.

With a dihiggs system that becomes less back-to-
back for increasingly harder jet emission, the character-
istic dip structure encountered in the pT,h spectrum of
pp ! hh + X is washed out (Fig. 6). Characteristic
imprints can still be observed in the dihiggs invariant
mass or, equivalently, in the dihiggs separation in the
azimuthal-angle—pseudorapidity plane, Fig. 7.

Again we draw a couple of conclusions for the cross
section with pT,j > 100 GeV. This characterizes the
region of phase space where we can potentially overcome
the large contributing backgrounds in processes like pp!
bb̄bb̄ + j + X due to the exponential drop-o↵ of the jet’s
transverse momentum distribution.

• The dihiggs+jet cross section has a comparably
large dependence on the value of the trilinear cou-
plings as compared to pp ! hh + X (��/�SM '
45% when varying � 2 [0, 2�SM]),

• the sensitivity to non-standard values of the trilin-
ear coupling arises from phase space configurations

where the two Higgs bosons are close to each other
in the central part of the detector, i.e. for rather
small values of the invariant masses,

• as a consequence, the hadronic higgs decay prod-
ucts are likely to overlap, and to fully reconstruct
the busy hh decay system we need to rely on jet-
substructure techniques.

Let us again comment on the impact of higher order
QCD contributions. A full NLO QCD computation for
pp! hh+j+X is yet missing, but most pp! V V +j+X
(V = W±, Z, �) production cross sections, which have
similar properties from a QCD point of view, are known
to NLO QCD precision [48]. Also, the NLO QCD cross
sections for pp! V h+j+X (V = W±, Z) have been pro-
vided in Ref. [49]. Given that the QCD sector is largely
agnostic about the matrix elements’ precise electroweak
properties (taken apart the partonic composition of the
initial state), it is not a big surprise that all these produc-
tion cross sections exhibit a rather similar phenomenol-
ogy at NLO QCD. The total inclusive K factors range
around K ⇠ 1.3 and result from unsuppressed parton
emission. It is hence reasonable to expect the QCD cor-
rections to pp ! hh + j + X to be of similar size, and
parton shower Monte Carlo programs to reasonably re-
produce the dominant kinematical properties.

B. Boosted Higgs searches in association with a jet

1. hh + j ! bb̄bb̄ + j

From Fig. 6 we see that the Higgs bosons are again nat-
urally boosted and applying a BDRS-inspired approach
allows to improve S/B while the Higgs bosons can ac-
cess intermediate invariant masses in a collinear config-

O(100%)

O(40%)

22
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FIG. 5: Comparison of the pT,j spectrum for pp! hh+j+X
production. Shown are distributions for the e↵ective interac-
tion (obtained with MadGraph v5 [33] via FeynRules [40]
and Ufo [41]), and the full one-loop matrix element calcula-
tion. We again choose mt = 172.5 GeV and mb = 4.5 GeV
using CTEQ6l1 parton densities and µF = µR = pT,j + 2mh.

better understood. We choose a large enough Higgs
mass window for the reconstruction, in order to avoid
a too large systematic pollution due to our assumption
(in Ref. [44] CMS quotes a O(20%) of the reconstructed
Higgs mass).

In more detail, we require two tau jets, reproducing the
Higgs mass within 50 GeV, m⌧⌧ = mh ± 25 GeV. Then
we use the Cambridge/Aachen algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be su�ciently isolated from the taus. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mH±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an e�ciency of 70% and a fake
rate of 1% following Ref. [46]. The results are shown in
Tab. VI.

III. HIGGS PAIR PRODUCTION IN
ASSOCIATION WITH A HARD HADRONIC JET

A. Parton-Level considerations

The qualitatively poor agreement of the e↵ective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the e↵ective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp ! hh + X , the disagreement of full and e↵ective
theories is large (Fig. 5).

Given these shortcomings of the e↵ective theory, we
implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
have checked our phase space implementation for the
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Self-coupling measurements with “ISR” [Dolan, CE, Spannowsky `12]

• need to work a little harder
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better understood. We choose a large enough Higgs
mass window for the reconstruction, in order to avoid
a too large systematic pollution due to our assumption
(in Ref. [44] CMS quotes a O(20%) of the reconstructed
Higgs mass).

In more detail, we require two tau jets, reproducing the
Higgs mass within 50 GeV, m⌧⌧ = mh ± 25 GeV. Then
we use the Cambridge/Aachen algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be su�ciently isolated from the taus. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mH±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an e�ciency of 70% and a fake
rate of 1% following Ref. [46]. The results are shown in
Tab. VI.

III. HIGGS PAIR PRODUCTION IN
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A. Parton-Level considerations

The qualitatively poor agreement of the e↵ective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the e↵ective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp ! hh + X , the disagreement of full and e↵ective
theories is large (Fig. 5).

Given these shortcomings of the e↵ective theory, we
implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
have checked our phase space implementation for the
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Self-coupling measurements at the hadron level

• We’re dealing with small xsections, hence need to look for large BRs for 
theoretical improvements: 

• MC with unweighted event output for                                                                
interfaced to Herwig++                 for shower & hadronization

• backgrounds from MadEvent                  and Sherpa

• apply fatjet/subjet methods [Butterworth et al.  `08] 
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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

h! bb̄, W+W�, ⌧+⌧�

pp! hh + X, pp! hh + j + X
[Bähr et al. `08]

[Alwall et al. `11] [Gleisberg et al. `09]
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ξ = 0 ξ = 1 ξ = 2 bb̄ττ bb̄ττ [ELW] bb̄W+W− ratio to ξ = 1

cross section before cuts 59.48 28.34 13.36 67.48 8.73 873000 3.2 · 10−5

reconstructed Higgs from τs 4.05 1.94 0.91 2.51 1.10 1507.99 1.9 · 10−3

fatjet cuts 2.27 1.09 0.65 1.29 0.84 223.21 4.8 · 10−3

kinematic Higgs reconstruction (mbb̄) 0.41 0.26 0.15 0.104 0.047 9.50 2.3 · 10−2

Higgs with double b-tag 0.148 0.095 0.053 0.028 0.020 0.15 0.48

TABLE III: Signal and background cross sections in fb for hh → bb̄τ+τ− for boosted kinematics. The Higgs self-coupling is
scaled in multiples of the Standard Model value λ = ξ × λSM, Eq. (4). The background comprises tt̄ with decays to t → bτντ ,
and bb̄τ+τ− for pure electroweak and mixed QCD-electroweak production, normalized to the respective NLO rates. The
bb̄W+W− NLO cross sections are provided in [28] (K # 1.5), for the mixed and the purely electroweak contributions we infer
the corrections from Zbb̄ (K # 1.4) and ZZ (K # 1.6) production using Mcfm [40, 41].

ciency and can therefore increase the sensitivity of the
following searches [44].

1. hh → bb̄bb̄

As already pointed out, the Higgs bosons are natu-
rally boosted, and requiring two fatjets subject to BDRS
tagging [18] can improve the very bad S/B in the con-
ventional pp → b̄bb̄b+X search without losing too much
of the dihiggs signal cross section.

In the analysis, we veto events with light leptons
pT,l > 10 GeV in |y| < 2.5 to reduce tt̄, where the
leptons are again assumed isolated if ET,had < 0.1ET,l

within R < 0.3. We need to make sure that the events
we want to isolate pass the trigger level. For this reason,
we recombine final state hadrons to jets with R = 0.4 and
pT > 40 GeV and require at least four jets and the fol-
lowing staggered cuts: pT,j1 > 100 GeV, pT,j2 > 70 GeV,
pT,j3 > 50 GeV. All jets have to be within detector cov-
erage |y| < 4.5.

For the events that pass the trigger cuts, we apply
a “fatjet” analysis, i.e. require at least two jets with
pT,j > 150 GeV and R = 1.5 in the event. We apply
the BDRS approach to both of these fatjets using µcut =
0.66 and ycut = 0.09. The reconstructed Higgs jets need
to reproduce the Higgs mass within a 20 GeV window:
115 GeV ≤ mh ≤ 135 GeV, and we additionally require
that the two hardest filtered subjets are b-tagged.

We generate the backgrounds with exclusive cuts to
make our cut-analysis efficient, yet inclusive enough to
avoid a bias. More precisely we demand two pairs of b
quarks to obey Rbb < 1.5, pT (bb) ≥ 100 GeV, m(bb) ≥
50 GeV, while pT,b ≥ 20 GeV, and |yb| ≤ 2.5. The
(anti-)bs are generated with Rbb ≥ 0.2.

The results are collected in Tab. II. Again, while the
cuts allow an improvement in S/B by an nearly an order
of magnitude, we are still left with a small signal rate on
top of a very large background so that this channel is in
the end also not promising.

2. hh → bb̄τ+τ−

A promising channel is dihiggs production with one
Higgs decaying to a pair of τ leptons. This decay chan-
nel in association with two jets is one of the main search
channels for single light Higgs production [47, 48] and has
recently been used to put bounds on Higgs production
by Cms [49]. The reconstruction of τ leptons is delicate
from an experimental point of view, and current analysis
strategies mostly rely on semi-hadronic τ pair decays in
the context of Higgs searches (see e.g. Ref. [49]). The τ
identification is performed using likelihood methods [50]
which do not allow a straightforward interpretation in
terms of rectangular cuts used in e.g. Ref. [48]. Con-
sequently, with likelihood τ taggers unavailable to the
public, a reliable and realistic estimate is hard to obtain.
For this reason, we choose a τ reconstruction efficiency of
80% with a negligible fake rate. This is not too optimistic
in the light of the likelihood approaches of Ref. [50], bear-
ing in mind that our analyses are based on end-of-lifetime
luminosities, for which we may expect a significant im-
proved τ reconstruction when data is better understood.
We choose a large enough Higgs mass window for the
reconstruction, in order to avoid a too large systematic
pollution due to our assumption (in Ref. [49] CMS quotes
a O(20%) of the reconstructed Higgs mass).

In more detail, we require two τ jets with pT ≥ 20 GeV,
reproducing the Higgs mass within 50 GeV, mττ = mh±
25 GeV. Then we use the C/A algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be sufficiently isolated from the τs. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mh±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an efficiency of 70% and a fake
rate of 1% following Ref. [51].

We generate the bb̄ττ and pure electroweak bb̄ττ back-
grounds with exclusive cuts to make our cut-analysis rea-
sonably efficient , yet inclusive enough to avoid a bias.
More precisely we demand the two b quarks to obey
Rbb < 1.5, pT (bb, ττ) ≥ 100 GeV, m(bb, ττ) ≥ 50 GeV,
while pT,b,τ ≥ 20 GeV, and |yb,τ | ≤ 2.5. The bs and

bb⌧⌧

• unboosted searches hopeless execpt for         

• boosted searches better

(assuming small tau fake rate)

[Dolan, CE, Spannowsky `12]

mh = 125 GeV
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ξ = 0 ξ = 1 ξ = 2 bb̄τ+τ−j bb̄τ+τ−j [ELW] tt̄j ratio to ξ = 1

cross section before cuts 6.45 3.24 1.81 66.0 1.67 106.7 1.9 · 10−2

2 τs 0.44 0.22 0.12 37.0 0.94 7.44 4.8 · 10−3

Higgs rec. from taus + fatjet cuts 0.29 0.16 0.10 2.00 0.150 0.947 5.1 · 10−2

kinematic Higgs rec. 0.07 0.04 0.02 0.042 0.018 0.093 0.26

2b + hh invariant mass + pT,j cut 0.010 0.006 0.004 <0.0001 0.0022 0.0014 1.54

TABLE V: Signal and background cross sections in fb for hh+ j → bb̄τ+τ−+ j for boosted kinematics. The Higgs self-coupling
is scaled in multiples of the Standard Model value λ = ξ × λSM, Eq. (4). The QCD corrections to tt̄ + j have been discussed
in Ref. [56] (K # 1.1). For the pure electroweak production we take the results of [52] as a reference value (K # 1.3). The
corrections to mixed production are unknown and we conservatively use a total inclusive QCD correction K = 2.

2. hhj → bb̄τ+τ−j

We follow closely the steps described in Sec. IID 2 and
Sec. III B 1.

We generate the backgrounds with the following
parton-level cuts to have a reasonably efficient analy-
sis, yet inclusive enough to avoid a bias. We require
pT (bb̄, ττ) ≥ 100 GeV and m(bb, ττ) ≥ 90 GeV (100 GeV
in case of tt̄+ j), while |yb,τ | ≤ 2.5 and pT,b,τ ≥ 20 GeV.
The bs and τs are separated by Rbb,ττ ≥ 0.2. The addi-
tional jet is generated with pT ≥ 80 GeV in |yj | ≤ 4.5
and is separated from the bs by ∆R ≥ 0.7. Signal events
are generated with pT,j ≥ 80 GeV.

We require exactly two τ jets in an event in |yτ | < 2.5
with pT ≥ 20 GeV and assume an identification efficiency
of 80% each. The τs have to reconstruct to an invariant
mass of mh±25 GeV. Then we use the C/A algorithm to
reconstruct fatjets with R = 1.5 and pT,j > 150 GeV and
require at least 1 fatjet in the event which is sufficiently
isolated from the τs. Then we apply the Higgs tagger
described in Sec. IID and require the reconstructed Higgs
jet have a mass of mh±10 GeV and pT,H > 150 GeV. To
suppress the large tt̄ background we reject events where
the invariant mass of the two reconstructed Higgs bosons
is below 400 GeV. After removing the constituents of
the reconstructed Higgs bosons from the final state we
cluster the remaining final state constituents using the
anti-kT algorithm R = 0.4 and pT,j > 30 GeV. Finally,
we require at least one jet with pT > 100 GeV.

We find that these cuts can suppress the backgrounds
confidently as long as the τ fake rate is sufficiently small.
Due the large invariant mass of the final state, several
high-pT jets and possibly leptons from the τ decays we
expect that these events can be triggered on easily. The
full analysis flow can be found in Tab. V. The initial
background contributions are significantly lower, as this
final state does not have a dominant purely QCD-induced
component. In total we end up with an estimate on
S/B # 1.5. This means that with a target luminosity
of 1000 fb−1, constraints can be put on λ in this channel.

IV. SUMMARY

We have studied the prospects to constrain the trilinear
Higgs coupling by direct measurements at the LHC in
several channels, focussing on mh = 125 GeV. This is
also the mass region which is preferred by electroweak
precision data, and where we currently observe excesses
in data both at the LHC and the Tevatron. Depending on
the particular decay channel, we find a promising signal-
to-background ratio at the price of a very small event
rate.

Higgs self-coupling measurements for a SM Higgs in
this particular mass range are typically afflicted with
large backgrounds, so that achieving maximal sensitivity
requires the combination of as many channels as possi-
ble. For dedicated selection cuts we obtain signal cross
sections in Higgs pair production of the order of 0.01 to
0.1 fb and measurements will therefore involve large data
sets of the 14 TeV run with a good understanding of the
involved experimental systematics.

Searches for unboosted kinematics of the Higgs bosons
do not allow any constraint on the trilinear coupling or
total cross-section to be made. However, requiring the
two Higgses to be boosted and applying subjet methods
to boosted pp → hh+X and pp → hh+j+X production,
we find a sensitive S/B particularly for final states involv-
ing decays into τs. A necessary condition for sensitivity
in these channels is a sufficiently good τ reconstruction,
but more importantly, a small fake rate. Unfortunately,
while boosting the Higgses increases S/B, it leads us into
a region of phase space which lacks sensitivity to the tri-
linear coupling.

In addition to inclusive dihiggs production we find that
dihiggs production in association with a hard jet shows
an improved sensitivity to the trilinear Higgs coupling.
However to exploit this scenario still requires the use of
boosted techniques which require thorough evaluation on
data.

Assuming the efficiency for τ -tagging and the hadronic
Higgs reconstruction as outlined in this work are con-
firmed using data, the bb̄τ+τ− and bb̄τ+τ− + j channels
can be used to constrain the Higgs self-coupling in the
SM at the LHC with a data set of several hundred in-
verse femtobarns. The analysis strategies developed in
this paper will also help to improve bounds on dihiggs

(assuming small tau fake rate)bb⌧⌧ + j

bb̄�� [Baur, Plehn, Rainwater `03, `04]



What about Higgs boson imposters / BSM Higgs sectors ?

21

Dilaton composite Higgs

• PNGB of spontaneously broken 
conformal invariance

• couples to

Tµ
µ ⇠ m2

W W+
µ W�µ

+

m2
w

cos

2 ✓w
ZµZµ

+

X

f

mf
¯ff + . . .

• entire Higgs doublet is a set of 
NGB, e.g. 

• gauging a subgroup: breaking 
global invariance and the NGB 
picks up a mass + EWSB

• partial compositness: heavy 
fermions through mixing

• new heavy fermionic resonances

SO(5)! SO(4)
' SU(2)L ⇥ SU(2)R

8

higher. This of course is due to the double suppression
coming from the factor v2/f2 associated with each dila-
ton decay to massive final states. Thus, massive final
states such as bbWW and bb⌧ ⌧̄ are suppressed by the
same amount relative to the SM. What’s the xsec for

��jj like? — 16fb. As it will never be feasible to pick
out the relatively few gggg or bbgg events from the enor-
mous QCD background, one does not expect any signal
to be observed in the case where the 125 GeV boson is a
pseudo-dilaton.

In Fig. 5 we show the e↵ects of turning on and o↵ stu↵..

• anything else

Summary

Similar to single dilaton production, the cross-section
for di-dilaton production is much larger than in the Stan-
dard Model. However, when the suppression associated
with non-gluonic final states is taken into account, all
possibly observable final states are too suppressed by
their branching ratios to give a signal at the LHC. While
this is disappointing from the point of view of measur-
ing interesting e↵ects such as the dilaton’s anomalous
derivative couplings, this fact useful in distinguising be-
tween the pseudo-dilaton and other contenders for the
125 GeV boson.

B. Composite dihiggs production

We move on the other model where the light
Higgs boson as pseudo-Nambu Goldstone boson trig-
gering electroweak symmetry breaking. The composite
Higgs [40, 54] relies on gauging the electroweak inter-
actions as a subgroup of a larger spontaneously broken
global symmetry group, e.g.

SO(5)! SO(4) ' SU(2)L ⇥ SU(2)R , (3.7)

which contains the gauged SU(2)L. Gaugeing a subgroup
is tantamount to explicit breaking, and the Nambu-
Goldstone bosons that arise from gobal symmetry break-
ing pattern Eq. (3.7) (and that transform as a bidoublet
under SU(2)L ⇥ SU(2)R and are thus identified with
the Higgs doublet) pick up a mass from a Coleman-
Weinberg potential [55] that involves both gauge and
fermion loops [54, 56, 57]. To incorporate proper hy-
percharges we need to extend the symmetry group to
SO(5) ⇥ U(1)X , and we identify hypercharge as Y =
X + T 3

R just like in other models of strong symmetry
breaking [36]. This mechanism is elegantly described by
holographic approaches [39], where symmetry breaking is
realized via the Hosotani mechanism [58] in gauge-Higgs
unified models.

The crucial parameter, that parametrically measures
deviations of the physical Higgs’ couplings to SM matter
and parametrizes the model’s oblique corrections, is given

h

h

j

i

j

j

j

FIG. 6: Schematic representation of the 2h + ng irreducible
one-loop (sub)amplitude and for the involved fermion flavors
in MCHM5, the gluon lines should be understood as o↵-shell
currents contruting to e.g. qq̄ ! hhg. The amplitudes in-
volving the trilinear Higgs vertex (i.e. the irreducible h + ng
(sub)amplitudes) are flavor diagonal due to diagonality at the
gluon vertices /Af̄ifj / �ij .
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FIG. 7: Branching ratios for the mh = 125 GeV Higgs as a
function of � in MCHM5.

by
p

⇠ = v/f , where f is the analogue to the pion decay
constant. Consistency with experimental data can there-
fore be achieved without tuning, which makes this model
class a promising candidate for a BSM Higgs sector.
In these composite Higgs models one generates fermion
masses (at least partially) via linear mixings with com-
posite fermionic operators instead of Technicolor-type in-
teractions to avoid bounds ⇠ ⌧ 1. In total this amounts
to a highly modified dihiggs phenomenology compared
to the SM expectation, which has already been discussed
in Ref. [59–62]. In Ref. [63], the e↵ect of the light ad-
ditional fermionic degrees of freedom in MCHM5 (where
the Zb̄b coupling is protected from large unwanted cor-
rections [57]) have been included to inclusive dihiggs
predictions beyond low energy e↵ective Higgs theorems
(LET) [31, 50, 64]. The additional resonances that run in
the gluon fusion loops strongly enhance the cross section,
and, therefore, can be highly constrained by applying the
strategies that involve jet recoils in dihiggs production
discussed in Ref. [18].
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FIG. 3: Dilaton production from gluon fusion.

ken the self-couplings of � would be derivative in nature.
However, we also consider the introduction of explicit
sources of scale symmetry breaking [43] through the op-
erator �OO(x), where the scaling dimension of the oper-
ator O 6= 4. We consider two scenarios where there is a
small parameter in which to expand the dilaton e↵ective
potential in the presence of the operator O. The first
is when the L is nearly marginal, so that its anomalous
dimension � = |�O�4|⌧ 1, and the second is when the
parameter �O is small in units of f . Writing the trilinear
coupling as �

6

m2
�

f �3 one obtains for �

� = (�O + 1) + . . . , �O ⌧ 1 (3.3)

where we must have at � � 2 by the conformal algebra
and unitarity. If �O = 2 we obtain the Standard Model
result, rescaled by the ubiquitous factor of v/f . As an
exemplar of this limit we therefore take the SM limit.
When � ⌧ 1 we have

� = 5 + � + . . . , � ⌧ 1, (3.4)

so that when the deformation is nearly marginal there is
a substantial increase in the trilinear coupling. In this
case we take � = 5, which is 66% larger than the SM
trilinear up to factors of v/f . However, we will see that
this particular choice does not make a di↵erence to the
final phenomenology.

New heavy states will also generally induce dimension
six operators, the most interesting of which for us is [49]

LD6 = �?????
↵s

4⇡f2
c��GG�2(Ga

µ⌫ )2 . (3.5)

Note that we define the the D6 operator with a minus
sign, so that c��GG > 0 complies with the LET paradigm.
The coupling coe↵ecient c��GG can be generated by box
diagrams of new heavy states similar to Eq. (3.2), and will
result in interference with the triangle diagrams which
are sensitive to variations in the trilinear couplings. It
is, however, important to keep in mind that the higher

dimensional interactions with the gluon and the photon
fields arise from integrating out the conformal dynam-
ics and do not need to follow the LET paradigm, which
predicts a unique coupling structure of the hnGa 2

µ⌫ inter-
actions as a consequence of m / hhi for all fundamental
masses in the SM¶. In our implementation of the dila-
ton model, we add one extra particle with couplings set
to match the total-cross section derived from the e↵ec-
tive field theory. This particle also propagates in the box
diagrams responsible for Eq. 3.5, so that its magnitude
should be correctly taken into account. We also explore
the possibility that the dimension six operator is negligi-
ble, corresponding to setting c��GG.

We now turn to anomalous derivative couplings of dila-
tons. The recent proof of the a-theorem [52, 53] led to
the discovery of anomalous four-derivative interactions in
the low-energy dilaton theory. These take the form

LD7,D8 � 2(aUV � aIR)(2(@�)2⇤�� (@�)4). (3.6)

Only in the first term gives rise to a trilinear interac-
tion. This operator is dimension seven and therefore
suppressed by ⇠ 1/f 3. On the other hand, as these inter-
actions are derivative their largest e↵ects will be seen in
the high pT regime. It is precisely this regime of boosted
kinematics that we exploited in [18] in order to suppress
backgrounds to a manageable level. Since the symme-
try breaking scale f is known from measurements of the
production cross-section and branching ratios of the dila-
ton, any visible deviations from SM-like behaviour in the
high pT region tells us about the anomaly coe�cients of
the UV theory. It is thus whether such deviations are
visible for reasonable values of the anomaly coe�cients
aIR and aUV . In order to proceed further we must there-
fore provide an estimate of �a = aUV � aIR. We recall
from [52] that real scalars contribute as = 1

90(8⇡)2 , Weyl
fermions aF = 11

2
1

90(8⇡)2 and gauge fields aV = 62
90(8⇡)2 .

If we consider a strongly interacting SU(N) gauge the-
ory, then there will be N 2 � 1 gauge fields, and the the-
ory will be approximately conformal if there are ⇠ 11N
flavours of Weyl fermion. Taking N = 4, 5, 6 we ob-
tain aUV = 0.033, 0.053 and 0.076. We will initially take
�a = 0.05. We also consider a ’large’ anomaly coe�cient
scenario, where we take �a = 0.2.

To implement this model we have taken our Standard
Model implementation of double Higgs production, and
rescaled the Higgs/dilaton couplings to massive parti-
cles by v/f (including the trilinear self-couplings), and
take the couplings to the gluons and photons to be given
by 3.2. These operators represent the e↵ects of heavy
particles which are necessary to restore scale invariance
at a high scale which we do not directly probe running in

¶It is intriguing to realize that there is, in fact, a connection between
LET and the vanishing trace anomaly Eq. (3.1) for infrared photons
limQ2

!0

˙
0|T µ

µ |��
¸

= 0 [50, 51].

[Dolan, CE, Spannowsky, in prep.]
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pp! �� (no branching ratios)
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FIG. 4: Comparison of �(��) ⇥ BR(�1)BR(�2)
to the values of the SM as a function of pT,�

for �a = 0.05 (left panel) and �a = 0.2 (right
panel) and cS = 7, c��GG = 1. The comparison of
�a = 0.05, 0.2 is depicted in Fig. 5.

loops. Thus we expect the e↵ective field theory to give
reasonably accurate results in this case.

Note that when computing the cross-section and
branching ratios earlier in order to fix the value of f we
assumed five species of light quarks, and use the e↵ective
theory for the top quark. This is fine for cross-sections,
but our analyses depend on the pT spectrum resultant
Higgses, which is poorly reproduced in the e↵ective the-
ory. Thus, for Standard Model particles propagating in
loops we use the full loop calculation, while the e↵ects
of the heavy particles are approximated using the e↵ec-
tive theory. In that case it is more appropriate to set
nlight = 6 in order not to double count the contribution
of the top quark in Eq. 3.2. This results in cG = 7, while
cEM is unchanged.

When calculating (di↵erential) cross-sections we do not

�a = 0.05, c��GG = 0

�a = 0.05

�a = 0.10

pT,� [GeV]

� d�
/d
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⇣ d�

�
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FIG. 5: Comparison of �(��) for di↵erent values of �a and
c��GG as a function of pT,� for cS = 7 fixed. The blue dotted
line gives a comparison of �a = 0.1 to �a = 0.05 for cS, c��GG

fixed, which and shows the dependence on the trilinear cou-
pling.

rely on the e↵ective theory , but rather add in an extra
new particle which represents the cumulative e↵ects of
the strong dynamics at a higher scale. The couplings of
this new particle are determined by matching onto the
D5 operator in the e↵ective theory. This also generates
the correct contributions from the other higher dimen-
sional operators, such as the coe�cient c��GG discussed
above. At some stages we ’turn o↵’ the contributions
from operators of dimension greater than five, in order
to elucidate their e↵ects.

We summarise the parameter values we use regarding
double dilaton production in Table I directly below. We
show c��GG in brackets to indicate that we usually use
the value derived by matching with the e↵ective field the-
ory, but sometimes switch its e↵ect o↵ altogether.

Parameter Value Parameter Value

f 850 GeV � 3 (SM), 5

cS 7 cEM -17/9

�a 0.05 (0.2) c��GG (0)

TABLE I: Parameters used in the calculation of double-
dilaton production in Section IIIA

Figure 4 shows the di↵erential distribution for cross-
section times branching ratio for a number of final states,
normalised to those of the Standard Model, in both the
low and high anomaly coe�cient scenarios. One can
clearly see the e↵ects of the higher dimensional opera-
tors changing the the pT spectrum entering at around
200 GeV. While those final states involving either 2 or 4
gluons boosted with respect to the SM, the final states
that have proved useful in previous analyses of dou-
ble Higgs production are suppressed relative to the SM,
even though the total cross-section for �� is considerably

9

We introduce a set of composite vector-like fermions
that forms a complete 5 under SO(5). The 5 decom-
poses under the unbroken SU(2)L⇥SU(2)R,  ⌘ 52/3 =
(2, 2)2/3 + (1, 1)2/3. Obviously, the 52/3 contains a weak
doublet of fields with the same quantum numbers as the
left-handed SM doublet qL = (tL, bL)T right handed chi-
rality top quark, and we can therefore understand the
mass of the top quark as a mixing e↵ect,

� Lm = yf( ̄L⌃T )(⌃ R) + m0 ̄L R

+ �Lq̄LQR + �R
eTLtR + h.c. , (3.8a)

where the non-linear Higgs field ⌃ is parametrized via the
SO(5)/SO(4) coset space generators and can be chosen
(see e.g. Ref. [63])

⌃ = (0, 0, sin(h/f), 0, cos(h/f)) . (3.8b)

Expanding the non-linear sigma model we recover the
interactions with electroweak gauge bosons as well as the
Higgs self-couplings relevant to this study

Lh =
1
2
(@µh)2 � m2

h

2
h2 � 1� 2⇠p

1� 2⇠
h3 + . . .

+
g2f2

4
sin2

✓
h

f

◆ ✓
W+

µ W�µ +
1

cos2 ✓w
ZµZµ

◆
, (3.9)

i.e. we need to rescale the SM trilinear hV V vertices by
a factor

p
1� ⇠ and we have sin2(hhi /f) = v.

Following Ref. [63], we do not include another 5�1/3

multiplet for generating the bottom quark mass, but in-
clude it by breaking partial compositeness with an ex-
plicit coupling of the Yukawa-like interactions. Expand-
ing Eq. (3.8) in the mass diagonal basis we obtain the
masses of the fermionic mass spectrum and interactions
hf̄ifj and hhf̄ifj (where i, j run over the fermion fla-
vors) which are relevant for dihiggs(+jet) production
from gluon fusion, which is the dominant production
mechanismk.

In general, the composite Higgs interactions Eq. (3.8)
will not be flavor-diagonal in the space of states that con-
tains the composite multiplet augmented by tL,R. Con-
straints from both direct detection of flavor constraints,
which have been discussed in detail in Ref. [63]. For
the remainder of this section we will choose parameters
points that are in agreement with these constraints to
discuss the composite Higgs model’s implications on di-
higgs and dihiggs+jet phenomenology.

kDihiggs production from weak boson fusion [65] is suppressed, also
because in addition to the hV V vertices the hhV V vertices are
rescaled by 1 � 2⇠ with respect to the SM. Unitarization of the
VLVL ! VLVL, qq̄ amplitudes is partially taken over by the ex-
change of techni-⇢ like resonances. These can be studied in the
weak boson fusion channels [66].
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FIG. 8: Comparison of composite dihiggs production pT,H

spectra with the SM for ⇠ = 0.25.

We include take into account all non-diagonal cou-
plings and keep the full mass dependence in the calcula-
tion beyond any approximation. This results in computa-
tionally intense calculations, especially for the pentagon
part in gg ! ghh and box gg ! hh (sub)amplitudes
where non-diagonality of the hf̄ifj vertices increases the
feynman graph combinatorics, Fig. 6.

The result in comparison to the SM is shown in Fig. 8
for pp ! hh + X production. We find that for a
typical mass spectrum mt ' 174 GeV and the light-
est composite fermion mlightest ' 1500 GeV we find
agreement with the enhaced cross sections as reported
in Ref. [63], �(hh)/�SM(hh) ⇠ 3. The phase space de-
pendence of this enhancement is rich and non-trivial as
a consequence of the non-diagonal couplings and addi-
tional mass scales that show up in the box contributions,
which also interfere with modified trilinear interactions.
Hence, it is di�cult to comment on quantitative simi-
larities of the composite Higgs phenomenology for dif-
ferent parameter choices. However, since the compos-
ite scale needs typically to be large in order to have
agreement with direct searches and flavor bounds, the
inclusive pp ! hh + X composite phenomenology will
be dominated by modifications with respect to the SM
at medium pT,h ' 100 GeV. This phase space region
is mostly sensitive to modifications of the tth coupling
and the modified trilinear h vertex. At large pT,H we
encounter an enhancement due to the presence of new
massive fermions in the box contributions.

We find a similar enhacement of the pp ! hh + jet
production cross section, with pT,j � 80 GeV, as can
be expected from an initial-state radiation approxima-
tion. Obviously, in dihiggs+jet production, we probe
all involved degrees of freedom in a similar fashion as
compared to dihiggs production. Interference e↵ects in
MCHM5 between new fermionic degrees of freedom sub-
ject to modified and new interaction vertices and mod-
ified Higgs trilinear vertices does typically not result in

entirely different di-”Higgs” phenomenology

' 3

�(hh + j)/�(SM) ' 4.6 !!!

[Dolan, CE, Spannowsky, in prep.]



SUMMARY

• Well, this one we ordered and we finally got it

• .... but this is not the end!

• What are the properties of this resonance? Is it really a 30 yr old idea 
coming to life, or is it something more involved?

• spin and CP

• couplings, (exotic) branching ratios

• reconstruction of the symmetry-breaking potential

28

• New insights in phenomenological QCD and its interplay with the ELW 
sector allows to sharpen the LHC search potential

• subjet technology

• (non-global) event shape observables, matrix element 
method

tim
e
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Higgs subjet taggers in a nutshell

• apply fatjet/subjet methods   (in a nutshell)

{Trigger}

b

b̄

[Butterworth, Davison, Rubin, Salam `08]

1. mass drop

2. check asymmetry

mj1 < 0.66mj

min(p2
T,j1, p

2
T,j2)

m2
j

�R2
j1,j2 > ycut

3. apply “filtering” to clean up UEV

4. take 3 hardest subjets 

5. b tagging on the two hardest ones

R = 1.2 . . . 1.5
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Comparing phenomenology: the CLS method
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1� CLS+B discovery potential

CLS+B false rejection (type II error)

CLB exclusion potential

1� CLB false discovery (type I error)

A modified Frequentist analysis: the CLS method [LEPHWG ’98] [Read ’00]

data gives a downward fluctuation wrst to “B” ; exclusion of �(S) = 0 at 95% CL
this is a statement about observing a similar or stronger exclusion in the future,
not about the existence of ”S” however
CLS = CLS+B/CLB and define confidence 1� CLS � CL

exclusion @ 95%: CLs  0.05 false exclusion is not more than 5% of
the potential exclusion
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invisible Higgs boson searches at the LHC
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pile up, systematics of CJV, forward JES
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Higgs hide outs

A known example is the NMSSM for tan� ' 5, mA ' 10
[Ellwanger, Gunion, Hugonie `05]
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FIG. 2: Distributions of the electromagnetic radius R
el and the energy isolation

E
iso , Eqs. (6), (7). To determine E

iso we choose

r
1 =

0.2 and
r
2 =

0.4 for illustration
purposes and

we emphasize that our results are qualitatively
unaltered

for different r
1 , r

2

choices.

Muons and electrons are reconstructed from
their ecal

four-vectors and their MC-generated energies. For the

purpose of our analysis we are predominantly interested

in the light leptons’ four-momenta granularized on the

ecal grid. In the actual experiment it is the combination

of calorimeter entries and tracking information which al-

lows precise reconstruction of the light leptons’ four mo-

menta. Here we implicitly assign the total energy of the

lepton, as determined from
the above combined measure-

ment, to the ecal hit. We define an electron or a muon

to be isolated if the hadronic energy deposit within a

cone of size R
=

0.3 is smaller than 10%
of the lepton

candidate’s transverse momentum.

Jets are constructed out of the rest of the massless four

vectors. In particular, we use the anti-k
T algorithm

with

R = 0.7 as implemented in
FastJet [26].

B.
D
iscrim

inating
ditau

jets

Usually τ decays are classified in so-called ‘n-pronged’

decays, where ‘n’ specifies the number of isolated charged

tracks associated with the τ -jet. Even for a ditau jet, the

associated number of charged tracks still remains a pow-

erful differentiator. In this work, however, we emphasize

the prongness of the energy deposited in the calorimeters

to isolate a ditau jet.

Let us first note that the various decay modes of the

tau particle can be summarized as follows [27]:

τ ±
→

e ±
, µ ±

+
/p
T

35%
,

τ ±
→

hadrons +
/p
T

65%
,

(5a)

which is tantamount to ditau jet branching ratios

ditaus decay leptonically
12.25%

,

ditaus decay semi-leptonically
45.5%

,

ditaus decay hadronically
42.25%

. (5b)

Naively
one expects that the leptonic or the semi-

leptonic decay channels of the ditau resonance can eas-

ily be tagged due to one or more associated leptons [21].

However, that is not the case for a moderately hard ditau

resonance, which only gives rise to soft leptons. Similar

decay patterns are also observed in the case of B
and

D
mesons and a tagging algorithm

based on identifying

these soft leptons would give rise to large fake rates. In

our analysis, we treat all decay modes listed in Eq. (5)

on an equal footing.

Before introducing new variables, let us first show that

the traditional calorimeter based algorithms for identify-

ing tau-jets are not that potent as far as tagging a ditau

jet is concerned. To do this, we consider the electromag-

netic radius

R j
em = ∑

α p
T,α ∆R(α, j)

/
∑

α p
T,α ,

(6)

and the jet energy isolation

E j
iso =

∑
r1≤

∆
R(α,j)≤

r2
p
T,α

/
∑

α p
T,α ,

(7)

associated with a jet j. Here the index α runs over only

the ecal cells of the jet, and ∆R(α, j) is the angular dis-

tance of the α−th ecal cell from
the jet. Note that both

these quantities enter the tau-jet discriminating likeli-

hood of Ref. [8] and play crucial roles in tagging a tau

jet. As shown in Figure 2, ditau jets do not show
suffi-

ciently different profiles from
ordinary QCD jets in either

of these distributions. Consequently, it is evident that a

naive application of single tau strategies to ditau jets re-

sults in a bad tagging performance.

Both
R
el and E

iso are designed to find a clean jet, i.e.

a jet where most of the energy is deposited in only a few

calorimeter cells that are also in close proximity to each

other. A
tau jet is such a jet since the hadronic decay

mH � mA

33
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A known example is the NMSSM for tan� ' 5, mA ' 10
[Ellwanger, Gunion, Hugonie `05]
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ditaus ZZj WZj WWj tt̄

1.00 1.00 1.00 1.00 1.00

n! = 2,
0.416 0.217 0.130 0.011 0.026

Z mass reconstruction with e+e− or µ+µ−

max (p!
T , p!′

T ) ≥ 80 GeV, pZ
T ≥ 150 GeV 0.216 0.048 0.035 0.00019 3.9 10−4

nj ≥ 1 with pj
T ≥ 30 GeV, no ∆R(j50, Z) ≤ 1.5 0.199 0.0402 0.029 0.00019 3.0 10−4

/pT
≥ 50 GeV, |∆φ(/p, Z)| ≥ 2 0.172 0.033 0.021 0.00015 4.6 10−5

τ3/τ1|ecal ≤ 0.5 (leading jet) 0.125 0.011 0.0084 5.4 10−5 2.1 10−5

pj
T /mj ≥ 7 (leading jet) 0.083 0.0018 0.0020 3.0 10−6 7.2 10−6

cross section [fb] 1.32 0.45 1.83 0.18 0.29

TABLE I: Acceptances for the different steps of the analysis described in Sec. III. The last row gives the cross sections after
all steps have been carried out, including the K factors from QCD corrections (for details see the text).

Figure 7 (compared to the good resolution in purely lep-
tonic final states as considered in Ref. [41]). Nonetheless,
side-band analyses seem very promising. When restrict-
ing mcluster

T (j1j2) < 160 GeV we find σ(signal) = 0.50 fb
and σ(background) = 0.12 fb, which yields S/

√
B ! 5

for L = 12 fb−1.

IV. TOWARD LOW pT DITAU TAGGING

In this section we combine the (sub)jet observables of
Sec. II B to a likelihood,

L = f (τ3/τ1|ecal)× f(pj
T /mj)× f(charged tracks) (12)

where the f(.) is the probability distribution of the re-
spective observable in Figures 3 and 5. In Eq. (12) we
have also included the number of charged tracks distribu-
tion, which adds additional discriminative power on top
of τ3/τ1 and pj

T /mj according to Figure 6.
From this likelihood we can construct a single quantity

d by a standard procedure (an exercise similar to that is
done for b-tagging [43]), which discriminates ditau jets
from light flavor, c and b jets,

d = p(light flavor)
L(ditau)

L(ditau) + L(light flavor)

+ p(c)
L(ditau)

L(ditau) + L(c)
+ p(b)

L(ditau)
L(ditau) + L(b)

. (13)

The function p(.) denotes the a priori probability of hav-
ing a light flavor jet, a c jet, or a b jet. Therefore,
p(light flavor) + p(c) + p(b) = 1. We choose these proba-
bilities by counting the color and flavor degrees and com-
pletely disregard the parton distributions in the initial
states:

p(c) = p(b) = 3/23 , p(light flavor) = 17/23 . (14)

Since the distributions of the QCD jets are less sensitive
to the flavor content of the jets, this choice has only a
small impact on the actual distribution of d. The result
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FIG. 8: Combined discriminator, Eq. (13), that results from
the likelihood of Eq. (12).

of the choice in Eq. (14) is shown in Fig. 8. Considering
jets with pT ≥ 30 GeV with d > 0.7 gives a ditau-tagging
efficiency of 66% (58%) and with an average mistagging
probability of 7% (6% ) if charged tracks are included
(not included).

The tagging efficiency is, of course, a function of the
considered jet’s transverse momentum as shown in Fig-
ure 9. For larger transverse momenta, pj

T /mj looses its
discriminative power, while the discriminative features of
the τ3/τ1 observable remain intact.

V. SUMMARY AND CONCLUSIONS

Non-standard Higgs sectors with non-standard Higgs
decays require dedicated analysis strategies in order not
to miss evidence of new physics when analyzing early
LHC data. In this letter we have argued, that straightfor-
wardly applying tau recognition algorithms to jets which
actually consist of a boosted tau pair does not lead to a
satisfactory signal-over-background discrimination. Con-

pp! (Z ! 2`) + /ET + j + X
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TABLE I: Acceptances for the different steps of the analysis described in Sec. III. The last row gives the cross sections after
all steps have been carried out, including the K factors from QCD corrections (for details see the text).

Figure 7 (compared to the good resolution in purely lep-
tonic final states as considered in Ref. [41]). Nonetheless,
side-band analyses seem very promising. When restrict-
ing mcluster

T (j1j2) < 160 GeV we find σ(signal) = 0.50 fb
and σ(background) = 0.12 fb, which yields S/

√
B ! 5

for L = 12 fb−1.

IV. TOWARD LOW pT DITAU TAGGING

In this section we combine the (sub)jet observables of
Sec. II B to a likelihood,

L = f (τ3/τ1|ecal)× f(pj
T /mj)× f(charged tracks) (12)

where the f(.) is the probability distribution of the re-
spective observable in Figures 3 and 5. In Eq. (12) we
have also included the number of charged tracks distribu-
tion, which adds additional discriminative power on top
of τ3/τ1 and pj

T /mj according to Figure 6.
From this likelihood we can construct a single quantity

d by a standard procedure (an exercise similar to that is
done for b-tagging [43]), which discriminates ditau jets
from light flavor, c and b jets,

d = p(light flavor)
L(ditau)

L(ditau) + L(light flavor)

+ p(c)
L(ditau)

L(ditau) + L(c)
+ p(b)

L(ditau)
L(ditau) + L(b)

. (13)

The function p(.) denotes the a priori probability of hav-
ing a light flavor jet, a c jet, or a b jet. Therefore,
p(light flavor) + p(c) + p(b) = 1. We choose these proba-
bilities by counting the color and flavor degrees and com-
pletely disregard the parton distributions in the initial
states:

p(c) = p(b) = 3/23 , p(light flavor) = 17/23 . (14)

Since the distributions of the QCD jets are less sensitive
to the flavor content of the jets, this choice has only a
small impact on the actual distribution of d. The result
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FIG. 8: Combined discriminator, Eq. (13), that results from
the likelihood of Eq. (12).

of the choice in Eq. (14) is shown in Fig. 8. Considering
jets with pT ≥ 30 GeV with d > 0.7 gives a ditau-tagging
efficiency of 66% (58%) and with an average mistagging
probability of 7% (6% ) if charged tracks are included
(not included).

The tagging efficiency is, of course, a function of the
considered jet’s transverse momentum as shown in Fig-
ure 9. For larger transverse momenta, pj

T /mj looses its
discriminative power, while the discriminative features of
the τ3/τ1 observable remain intact.

V. SUMMARY AND CONCLUSIONS

Non-standard Higgs sectors with non-standard Higgs
decays require dedicated analysis strategies in order not
to miss evidence of new physics when analyzing early
LHC data. In this letter we have argued, that straightfor-
wardly applying tau recognition algorithms to jets which
actually consist of a boosted tau pair does not lead to a
satisfactory signal-over-background discrimination. Con-

pp! (Z ! 2`) + /ET + 2j + X

pp! (Z ! 2`) + /ET + j + X
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