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Higgs limits

• bounds and couplings are determined by measurements of

• two possibilities for heavy Higgses:

1)                         2)        �p < �SM
p BRd < BRSM

d

[Atlas Conf-2011-163]

p,d = (�p ⇥ BRd)/(�p ⇥ BRd)SM fixed as a consequence of EWSB 
and fermion masses in the SM

non-standard/
anomalous/exotic 
Higgs !!



a theoretical baseline: the Higgs portal

•         is a singlet under the electroweak group and can act as a portal to a 
hidden sector:                           

[Schabinger, Wells `05] 
[Patt, Wilczek `06]...
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• 2 Higgs states and modified production cross sections and decay widths
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“SM”

model invisible branching ratios

cascade decays

“distributed”           unitarizationVLVL
EWPD

[Espinosa et al. `12]
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heavy hidden Higgs states?

3

which we take to be positive. Note that since φ does not
develop a vacuum expectation value, there is no mixing
of the two scalar states. Accordingly cross sections and
decay rates are not modified by mixing effects.

If unbroken, the global U(1) symmetry forbids decays
of φ into SM particles. Hence, in order to re-introduce
such decays we need U(1) breaking couplings to SM par-
ticles. The SM gauge symmetries forbid couplings of SM
matter and gauge fields to φ on the renormalizable level.
We will therefore consider the following dimension 5 cou-
plings (which automatically also explicitly break the U(1)
symmetry),

L ⊃
∑

i

λij

M
φDL,iHΨR,j + h.c.

+
[
κγ

M
(φ + φ")FµνFµν +

κ̃γ

M
(φ − φ")Fµν F̃µν

]

+
[
κg

M
(φ + φ")GµνGµν +

κ̃g

M
(φ − φ")GµνG̃µν

]
(5)

where DL denotes the left-handed fermion doublet and
ΨR the right handed fermions. In our effective theory
approach we can choose suitable λij to avoid flavor, lep-
ton number and baryon number changing processes [26].
F̃ , G̃ are the dual QED and QCD field strength tensor‡.
These higher dimensional operators allow φ to decay back
to visible SM matter.

Since we take the Higgs to be responsible for elec-
troweak symmetry breaking the partial decay widths for
h → V V are fixed. However, we can model modifica-
tions of the branching ratios and the total decay width
by introducing an additional contribution to the coupling

Lggh = χ
αs

12πv
hGµνGµν , (6)

(see Ref. [27] for theoretical bounds) or operators of the
form

LHHqq =
βQL

M2
H†HQ̄L /DQL. (7)

Of course one can also add similar couplings for the right
handed quarks and leptons.

A. Hidden Higgses

If the global U(1) symmetry of the φ-field is unbroken
or extremely weakly broken, i.e. the couplings given in
Eq. (5) vanish or are very small, φ is stable with respect
to decays into Standard Model particles. Accordingly,

‡If kinematically possible, i.e. for very high Higgs masses, one could
also add an additional term for decays to W±, Z. This however
would not lead to a phenomenologically very different situation.

Γinv/Γtot = 0.9
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FIG. 1: Required size of the Higgs portal coupling η to achieve
an invisible branching ratio of BR(invis) = 90%. We choose
mφ = 10 GeV, the result is however rather independent of
this choice.

the decay h → φ"φ (possible as long as mh ≥ 2mφ) is
invisible.

Such invisible decays make search strategies based on
visible SM particles more difficult. Naively, one can again
use that current Higgs searches are already sensitive to
cross sections lower than the SM cross section. Using
this one can reinterpret the limits on σh/σSM

h as limits
on σhBR(h → SM)/σSM

h .
The partial decay width for h → φ"φ is given by

Γinv =
η2v2

16π

[(m2
h − 4m2

φ)]1/2

m2
h

. (8)

As can be seen from Fig. 1 at low Higgs masses quite
moderate values of η are sufficient to achieve dominantly
invisible decays, allowing to evade search strategies based
on SM particles for now. Even when we later on look at
modified decays to SM particles this makes it more diffi-
cult to hide the Higgs in the high mass region. Above the
V V -threshold, however, the hidden sector decay width
has to compete with a much larger and rapidly grow-
ing ∼ m3

h decay width into SM particles. This requires
fairly large values of the Higgs portal coupling η ! 1 for
mh ! 180 GeV and even η ! 4π for mh ! 450 GeV. The
reason for this is as simple as compelling: Unitarization
of V V scattering requires a sufficiently large coupling of
the Higgs to energetic longitudinal V s resulting also in
a large particle decay width of the Higgs into those if
the Higgs is heavy. The required large couplings to hide
the Higgs into invisible decays are at odds with pertur-
bativity unless they are connected to spontaneous sym-
metry breaking. Therefore, at large Higgs masses hiding
the Higgs into invisible decays is difficult from a model
building point of view. For low Higgs masses the Higgs
can be easily hidden in invisible decays and alternative
strategies [29, 30] based on missing energy (/ET ) searches
then become necessary.

An important constraint for hidden Higgses comes
from direct searches of associated hidden Higgs produc-

“easy” to hide a light Higgs

�(H !
V
LV

L ) ⇠ m 3
H /m 2

V �inv ⇠
⌘2v2

mh

L = LSM + ⌘|�h|2|�s|2 + @µ�?
h@µ�h �m2|�h|2

• accommodate heavy hidden Higgs non-perturbatively and non-locally

•                     scale away gauge boson interactions consistently

L � H† �
DµDµ + µ2

�2�d
H [Stancato, Terning `08] 

[CE, Spannowsky, Stancato, Terning `12] 
1 < d . 1.5

[Falkowski, Perez-Victoria `08, `09] 
anomalous couplings

anomalous propagators

�

[H] = d
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unparticle-like Higgs

5
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FIG. 2: Observed (solid) and expected (dashed) 95% confidence level exclusion for σ/σUnh for (a) CMS and (b) ATLAS.
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FIG. 3: Combined observed (solid) and expected (dashed)
exclusion by ATLAS and CMS for σ/σUnh.

for µ > mh than encountered in the SM, we are there-
fore not able to put bounds on the Unhiggs model in
these particular regions for the individual analyses. CMS
and ATLAS, however, observe these excesses in different
Higgs mass regions. This allows us to constrain the full
considered Higgs mass range in the Unhiggs model from
the combination of the ATLAS and CMS searches, yield-
ing σ/σSM < 1 over the entire mass range 200 GeV ≤
mh ≤ 400 GeV. This is shown in Fig. 4, where we
scan the observed 95% CL on d over the mass range
200 GeV ≤ mh ≤ 400 GeV (again for µ = 600 GeV). The
shaded areas represent Higgs mass regions where ATLAS
and CMS cannot constrain the Unhiggs model individu-
ally. The combination of the two experiments amounts
to a combined bound of d ∼ 1.06. In the region where no
bound can be imposed by the ATLAS experiment, the
observed exclusion is σ/σSM # 1.5, which results from
a rather large # 1.8σ upward fluctuation. This excess
weakens the observed CMS exclusion in the combination,
which holds also vice-versa for mh # 325 GeV in a more
pronounced way.

In Fig. 5 we show the dependence of σUnh/σSM on µ
for a representative value of the Higgs mass. From this
figure we see that a variation of µ in the signal hypothesis
leaves our findings for d largely unmodified unless we face
a situation where the conformal symmetry breaking scale
µ is close to the Unhiggs pole mass. If we consider the
situation µ < mh there is an additional contribution to
the width [24], which eventually can yield σUnh/σSM >
1. Consequently this region is already now excluded at
the 95% confidence level by the combination, and the
observed limits on d are slightly larger than for µ > mh,
with a stronger dependence on µ.
In total, the resulting SM bounds translate into only

mild bounds on Unhiggs production, i.e. d >
∼ 1.1. Ex-

pecting d = O(1) in the Unhiggs scenario, these con-
straints are not strong enough to rule out the exis-
tence of the Unhiggs scenario. This, however, should
be possible with the future increase of luminosity and
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FIG. 4: Observed exclusion of the Unhiggs model (µ =
600 GeV) for ATLAS (green, dashed), CMS (blue, dotted)
and the mark data excesses σ/σSM > 1, so that bounds on
Unhiggs production cannot be imposed by ATLAS (blue) and
CMS (red) individually.

[CE, Spannowsky, Stancato, Terning `12] 
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FIG. 5: Representative σUnh/σSM as a function of d and µ for
mh = 350 GeV. The observed exclusion by the combination
coincides with σUnh/σSM = 0.5.

center of mass energy.

V. SUMMARY AND CONCLUSIONS

The LHC has tested Standard Model Higgs production
at 7 TeV center of mass energy with a luminosity of about

5 fb−1. Significant bounds on the SM Higgs could be
established in 2011 by both ATLAS and CMS. The com-
bination of both data sets allows to impose constraints
σ/σSM < 1 over the range 200 GeV <

∼ mh
<
∼ 400 GeV in

the pp → ZZ +X → 4"+X channel. We show that we
can reproduce the experiments sensitivity to very good
approximation, thus allowing us to understand the ob-
served underproduction if a Higgs is realized in this par-
ticular mass range in terms of Unhiggs symmetry break-
ing. We find that the data only mildly constrains the
Unhiggs scenario d >

∼ 1.1, with a very flat dependence
of these results on the high scale conformal symmetry
breaking scale as long as µ > mh.
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Higgs profiling
[Atlas Conf-2011-163]

�[pp! H
1

! F ]

�[pp! H
1

! F ]

SM

=

cos

2 �

1 + tan

2 � [�

hid

1

/�

SM

tot,1]
 R

�[pp! H
1

! inv]
�[pp! H

1

]SM

=
sin2 � [�hid

1

/�SM

tot,1]
1 + tan2 � [�hid

1

/�SM

tot,1]
 J

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

• constraining invisible decays 
necessary for coupling 
measurements

• exploit all available sensitivity



constraining invisible Higgs decays
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challenging:
pile up, systematics of CJV

[Monte Carlo]
[CE, Jaeckel, Re, Spannowsky `11]



Let’s say 125 GeV is real!  What’s next.....

• 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].
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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.
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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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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-

My take on this:

• (dominant) QCD radiation 
pattern knows about CP

• color coherence

• QCD ➞ energy momentum

• global energy flow w/o Higgs is 
a probe of CP 
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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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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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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 can also help 
serve to separate WBF from GF              
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• Higgs hunters are off the leash

• we are theoretically biased towards a light SM-like Higgs but it’s 

important not to miss potentially important channels

• invisible decays

• non-standard decays

• if a light Higgs particle is discovered (and the hangover has faded) we 

have to face the fact that there’s a long way to go

• precise measurements of the couplings and (exotic) branching ratio

• (direct!) measurement of spin & CP
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