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• Trigger and selection cuts rely on 2 tagging 
jets and large MET:
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with advanced parameterizations of the ATLAS electron, muon and tau reconstruction and identification algo-
rithms given by the CheckMate tune [21]. The final state jets are clustered using the anti-kT algorithm in
FastJet [22] with R = 0.4.
To e↵ectively separate signal and backgrounds we use a Boosted Decision Tree (BDT) available through

Tmva [23] in the Root analysis framework [24]. We use a BDT with 400 trees which each contain 3 layers and
extensively test with di↵erent Monte-Carlo parameters to check that the trees are stable and not over-trained.
To calculate the reach of the LHC we use the CLs prescription [25] and display our results in terms of the
invisible Higgs width that can be excluded at the 95% confidence level.

All signal events are first required to pass a common set of trigger and selection cuts, including at least two
tagging jets and missing transverse energy with

pT,j > 20 (10) GeV |⌘j | < 4.5

/pT > 100 GeV ��/pT ,j
> 0.4 . (1)

The angular separation of the jets and the missing energy vector helps to reduce fake missing energy from
mis-measured jet momenta. For the signal selection we veto leptons, as described in the following Sec. III.
Events including leptons from W or Z decays will correspondingly serve as control regions. We note that while
the two tagging jets may appear too soft to be used as a trigger, we still require substantial missing energy,
/pT > 100 GeV. Consequently, one or both jets will by definition have significant pT that can be triggered on.
In addition to conservatively using jets with pT > 20 GeV we also present results with 10 GeV jets. This

allows us to estimate possible improvements from the jet kinematics or a central jet veto [26]. However, there
are significant doubts of how well this technique will work once pile-up is included. On the other hand, particle
flow has shown significant promise in managing the e↵ects of pile-up. This can especially be seen in boosted jet
studies. On the theory side the number and the kinematic features of 10 GeV jets are challenging to predict and
will induce large errors in the analysis. Concerning the experimental systematics and the theory uncertainty
we emphasize that our backgrounds are determined in a completely data driven way, as described in Sec. III.
Any source of soft or collinear QCD radiation will equally a↵ect both the background control regions and signal
regions.

The first set of variables we define are the usual variables used in many WBF analyses along with /pT due to
the invisible Higgs signal we are searching for,

{pT,j , |⌘j1 � ⌘j2 |, ⌘j1 · ⌘j2 , mj1j2 , ��j1,j2 , /pT } (default) . (2)

From the original analysis of the LHC sensitivity to an invisible Higgs [9] we quote the cut values with the
exception of a the maximum jet rapidity,

pT,j > 40 GeV /pT > 100 GeV mj1j2 > 1200 GeV

|⌘j | < 4.5 |⌘j1 � ⌘j2 | > 4.4 ⌘j1 · ⌘j2 < 0 . (3)

To easily compare the various results we always present the signal to background ratio after these default cuts.
The central jet veto is defined by vetoing events with a third central jet ⌘j1 > ⌘j3 > ⌘j2 where pT,j3 > 20 GeV [26].
For the box cuts defined above we order the jets in terms of decreasing pT to easily compare and check our
results against the original study.

Finally, the azimuthal angle between the tagging jets with its peculiar sensitivity to the Lorentz structure of
the event [9, 27] is added,

��j1,j2 < 1 , (4)

and we include these cuts in turn to give three baseline comparison points.

In a systematic analysis of the multi-jet kinematics we can in principle rely on Fox–Wolfram moments [28].
However, the invisible Higgs analysis is dominated by the 2-jet sample with a central jet veto, which can be easily
described in terms of a few tagging jet observables. We therefore use a BDT including simply the kinematic
variables

{pT,j1 , ⌘j1 , pT,j2 , ⌘j2 , ��j1,j2 , /pT } (2-jet) . (5)
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While the actual kinematic variables di↵er between our 2-jet setup and the default set in Eq.(2), we have checked
that in a multivariate analysis the two sets are equivalent. When looking at the 3-jet system we add

{pT,j3 , ⌘j3 , ��j1,j3} (3-jet) . (6)

For this set of variables we use a forward-backward selection where we define ⌘j1 = ⌘max (the most forward
jet) and ⌘j2 = ⌘min (the most backward jet). Any additional jets in the event are then ordered in terms of
decreasing pT . Consequently, with this selection, the events after a central jet veto and the exclusive 2-jet
sample are identical. We have checked that the forward-backward selection of the tagging jets gives a better
reach for the analysis than using a pT based selection.
At the matrix element level, the above variables without the missing transverse energy fully describe the

system. However, additional soft radiation will always be present and produce a transverse boost to the system.
This is why we add /pT to the set of variables which we will target with the help of a multivariate analysis setup.
In Sec.IV we will give a detailed argument why we can limit ourselves to the 2-jet and 3-jet samples described
above.

III. BACKGROUNDS

The background to the invisible Higgs signal is dominated by two sources, Z ! ⌫⌫ and W ! `⌫ where the
final state lepton is either outside the detector acceptance or fails to be reconstructed. The W and Z production
process in association with n jets can be mediated by a pure QCD process radiating the weak gauge boson,
� / ↵

n
s↵. Alternatively, there can be an underlying weak process with jet radiation, � / ↵

n�2
s ↵

3. The QCD
process will have a significantly larger rate, while the kinematics of the jet radiation will be more signal-like for
the weak production process [26]. Both QCD multi-jet and tt̄ production were found to contribute a negligible
background compared to W and Z production. In particular the multi-jet background where one jet is highly
mis-measured leading to a large /pT signal is very e↵ectively reduced by the ��/pT ,j

cut.

Our signal events have to pass a lepton veto, implemented in CheckMate [21]. The electron reconstruction
uses the ATLAS ‘loose’ working point and is parametrized as a function of pT and ⌘. The tau veto also relies
on the ATLAS ‘loose’ working point as a function of pT and has roughly 70% e�ciency for 1-prong and 65%
e�ciency for 3-prong hadronic tau decays. Both the Z ! ⌫⌫ background and W ! `⌫ background where the
lepton either fails to be reconstructed or falls outside of the detector acceptance are determined through control
regions. To determine the backgrounds we rely completely on events with a reconstructed leptonic Z or W

decay either after cuts or in a BDT trained with signal and background events. In both cases the backgrounds
can be understood in detail using real events. We demand that these control region events pass exactly the
same cuts as for the signal events. Leptons are required to fulfill

pT,e > 10 GeV |⌘e| < 2.5

pT,µ > 5 GeV |⌘µ| < 2.5

pT,⌧ > 20 GeV |⌘⌧ | < 2.5 . (7)

For the W background, we require an isolated muon or electron instead of a lepton veto. In addition, the
transverse mass of the lepton and the missing transverse momentum has to reconstruct the W -mass with
30 GeV < mT < 100 GeV. For the Z control region we require a pair of leptons of same flavor but opposite
charge instead of the lepton veto. Their invariant mass has to reconstruct the Z-mass, 66 GeV < m`` < 116 GeV.

Previous studies [9, 10] reduce the statistical uncertainty on the backgrounds by kinematically extrapolating
from control regions with large background populations to signal regions with far smaller backgrounds. Essen-
tially, the Monte-Carlo prediction is normalized to data in the control region and it is assumed that the shape
is described well enough to extrapolate to the signal region with far smaller background. However, we find that
the systematic uncertainty associated with such extrapolations can easily become the dominant error source at
the LHC, especially for the higher luminosity runs. In addition, reliably estimating the size of this extrapolation
uncertainty accurately will be a challenge once we have to decide if a measurement actually points to invisible
Higgs decays.
Another approach to estimate the Z ! ⌫⌫ background has been pioneered by the mono-jet searches at the

LHC. It uses a single hard photon as a template for the Z. Again the motivation to include these events is the

Construct observables for BDT
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pT,j > 20 GeV pT,j > 10 GeV

2-jets 3-jets 4-jets 2-jets 3-jets 4-jets

S/B after Eq.(1) 1/240 1/360 1/475 1/213 1/303 1/429

✏S 0.01 0.01 0.01 0.01 0.01 0.01

✏B 1.7⇥ 10�6 1.3⇥ 10�5 2.7⇥ 10�5 7.5⇥ 10�7 3.2⇥ 10�6 2.4⇥ 10�5

S/B 1/2.6 1/21 1/42 1/1.2 1/5 1/38

Table II. Signal and background e�ciencies and signal-to-background ratios for di↵erent jet multiplicities after the
acceptance cuts and after applying an optimized BDT discriminant. We choose the BDT discriminant such that ✏S = 0.01.

after the acceptance cuts of Eq.(1) decrease with the number of jets, leading to a statistical limitation of higher
jet multiplicities. Because of the color structure of the signal the geometric distribution of the jets is very
di↵erent for the signal and the background; this di↵erence is most pronounced for the two tagging jets and
gets washed out with any radiated jets. We test this by comparing the background e�ciencies from the BDT
for working point with a constant signal e�ciency of ✏S = 0.01. This point is close to the optimal choice for
an integrated luminosity of 10 fb�1. In the corresponding S/B values we indeed observe a dramatic drop for
the 3-jet and 4-jet samples, compared to the same ratio after acceptance cuts only. If, as it will turn out,
the 3-jet samples do not have significant impact on the final signal extraction we can safely neglect higher jet
multiplicities.
In the left panel of Fig. 1 we see that for jets with pT,j > 20 GeV the performance of the 3-jet analysis is

marginal. This is not entirely unexpected. we know that only a small fraction of signal events has an additional
jet, while the number of jets in QCD Z+jets production is logarithmically enhanced and follows a Poisson
distribution with a maximum at finite jet multiplicities [26]. As a matter of fact, this observation has been the
motivation for a central jet veto [26] and can be reproduced from Tab. II. Combining the 2-jet sample with the
3-jet sample shows hardly any improvement. We only start to see a slight di↵erence between the 2-jet sample
and the full sample when we look at higher signal acceptances, which is not the regime which gives us the best
reach for invisible Higgs decays for any of the three luminosity choices.
Using the same BDT setup as in Tab. II we can determine the composition of the di↵erent backgrounds to the

2-jet sample. We find that the QCD W+jets background is the largest with �B = 98 fb for a signal cross section
of �S = 80 fb. QCD Z+jets is the second-largest background with 50 fb, followed by electroweak Z+jets and
W+jets production with 37 fb and 27 fb. This means that for our working point the QCD production process
are slightly larger, but the electroweak processes are hardly suppressed.

The only obvious path to improve the LHC reach for invisible Higgs decays is to include more information on
jet radiation in the analysis. First, a lower transverse momentum cut on the tagging jets will increase the signal
statistics. Second, the structure of additional jet radiation will be more distinctive the more jets we include
in the corresponding analysis. In Tab. I we compare the 10 GeV and 20 GeV jet selection for the 2-jet BDT
analysis with the kinematic observables given in Eq.(5). Indeed, the experimentally challenging analysis setup
including softer jets can increase the LHC reach in the invisible Higgs branching ratio by some 50%.
In the right panel of Fig. 1 we compare the BDT with the box cuts using 10 GeV jets, as before. In addition

to the expected improvement in the 2-jet analysis we also observe a comparably dramatic e↵ect on the 3-jet
analysis. While it is still not competitive with the 2-jet analysis, it leads to a significant improvement at large
signal e�ciencies of ✏S > 2%. For the optimal working point an improvement by almost a factor of 2 compared
to the 20 GeV dominantly 2-jet analysis is shown in Tab. I.
In this case, where the 3-jet sample does allow for a significant improvement of the LHC reach we definitely

have to see what additional jets can contribute. In Tab. II we again show the signal-to-background ratios for
di↵erent jet multiplicities after acceptance cuts and after a BDT analysis of the kinematic features. While
for the 20 GeV case the dramatic loss of power occurred between the 2-jet and 3-jet samples, the softer jets
above pT,j = 10 GeV move this drop to between the 3-jet and the 4-jet samples. This shift reflects the fact
that for su�ciently low transverse momenta enough signal events will develop additional jet activity which is
di↵erent from the corresponding background patterns. In this case the relevance of the di↵erent backgrounds
get re-adjusted: while the dominant background remains QCD W+jets production with 37 fb, it is now followed
by electroweak Z+jets production with 23 fb and QCD Z+jets production with 19 fb. The electroweak W+jets
channel adds 14 fb to the combined backgrounds. Electroweak backgrounds exhibit a QCD structure very similar
to the WBF signal, making them more dangerous the more we rely on jet patterns for the signal extraction.

Expected sensitivity for HL-LHC run:
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V. CONCLUSIONS

We have investigated how to improve the reach of the LHC to invisible Higgs decays in the classic weak-boson-
fusion channel [9]. Based on a multi-variate BDT analysis we found that we can probe signal rates almost twice
as small as with traditional cuts. In particular, at a 13 TeV LHC with 10 fb�1, we find that the reach improves
from an invisible branching of 47% to 28% at 95% C.L. For the high-luminosity LHC we expect a final reach
around 3.5%, significantly benefiting from the increased statistics. Making use of large expected event samples
in the coming LHC runs we completely rely on reconstructed W - and Z-decays for the background simulation,
minimizing systematic and theoretical uncertainties.
The central question in our analysis is to what degree a central jet veto can be improved by taking into account

the full information on the QCD jet radiation. For jets above 20 GeV we find that the 3-jet configuration
hardly contributes to the signal extraction unless we choose a working point with very large signal e�ciencies.
Correspondingly, the QCD Z+jets and W+jets backgrounds are slightly more dangerous than their electroweak
counterparts.
The main improvement of invisible Higgs searches at the LHC in this channel needs to incorporate more

information on the QCD activity in the signal and background events. This could be achieved by reducing
the jet threshold to 10 GeV. While this is clearly not a conservative requirement on the detectors and the
analysis strategy, methods to include soft jets are being tested for example in jet substructure studies. With
the additional jets the 3-jet topology does contribute to the signal extraction and should be included beyond a
central jet veto. The high-luminosity run will then be sensitive to branching ratios of 2.1%, also limited by our
understanding of the electroweak backgrounds.
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the LHC at 8 TeV and its DM discovery potential at 14 TeV, we aim for a general model-independent characterisation
of dark sectors with as few free parameters as possible, but without resorting to an e↵ective field theory description.
To achieve this we employ the simplified model approach which provides a microscopic QFT description of a minimal
set of interactions between the Standard Model partons and the dark sector particles. These interactions are mediated
by a complete set of four basic types of messenger fields, i.e. the scalar, pseudo-scalar, vector and axial-vector. One
naturally expects that the FCC should perform significantly better than the LHC for heavy mediators and heavy
dark matter particles, the primary aim of this work is to seek to quantify this improvement. Our work is another
step in the emerging program of DM studies at future colliders in the 100 TeV range, [5–7]. Related studies using
simplified models for constraining dark sectors at the LHC include Refs. [8–16], and we also refer the reader to the
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In DM searches at hadron colliders, the putative dark particles are pair-produced in collisions of the visible sector
particles – the Standard Model quarks and gluons. In the set-up we study here, there are no direct interactions
between the SM sector and the dark matter particles. Instead these interactions are mediated by an intermediate
degree of freedom – the mediator field. In general, one can expect four types of mediators, scalar S, pseudo-scalar P ,
vector Z 0 or axial-vector Z 00. The corresponding four classes of simplified models describing elementary interactions
of these four mediators with the SM quarks and with the dark sector fermions � are
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The coupling constant gDM characterizes the interactions of the messengers with the dark sector particles, which for
simplicity we take to be Dirac fermions �, �̄, the case of scalar DM particles is a straightforward extension of these
results.

The coupling constants linking the messengers to the SM quarks are collectively described by g
q
SM,

scalar & pseudo� scalarmessengers : g
q
SM ⌘ gq yq = gq

mq

v
, (5)

vector & axial� vector messengers : g
q
SM = gSM . (6)

For scalar and pseudo-scalar messengers the couplings to quarks are taken to be proportional to the corresponding
Higgs Yukawa couplings, yq as in models with minimal flavour violation [19], and we keep the scaling gq flavour-
universal for all quarks. For axial and vector mediators gSM is a gauge coupling in the dark sector which we also take
to be flavour universal. The coupling parameters which we can vary are thus gDM plus either gq or gSM, the latter
choice depending on the messengers.2

In general, the simplified model description of the dark sector is characterised by five parameters: the mediator
mass mMED, the mediator width �MED, the dark particle mass mDM, and the mediator-SM and the mediator-Dark
sector couplings, gSM, gDM. Out of these, the mediator width �MED, does not appear explicitly in the simplified
model Lagrangians (1)-(4) and should be specified separately. �MED accounts for the allowed decay modes of a
given mediator particle into other particles from the visible and the dark sector. In a complete theory, �MED can be
computed from its Lagrangian, but in a simplified model we can instead determine only the so-called minimal width
�MED,min, i.e. the mediator width computed using the mediator interactions with the SM quarks and the �̄, � DM
particles defined in Eqs. (1)-(4). Importantly �MED,min does not take into account the possibility of the mediator to
decay into e.g. other particles of the dark sector, beyond �̄, �, which would increase the value of �DM. In Ref. [4]
we have investigated the role of �MED as an independent parameter in the simplified models characterisation of dark
sectors by using a simple grid for �DM = {1, 2, 5, 10}⇥ �MED,min.

2
In Ref. [4] we have parametrised gDM for (pseudo-)scalar messengers as gDM = g� mDM/v to look symmetric w.r.t. (5), and have

treated g� as a free parameter. Here we do not impose this requirement and leave gDM as the free parameter.

3

Here we will not repeat this analysis, referring to [4] for a more general discussion of �MED; we will instead adopt
a reduced simplified description where the width is set to its minimal computed value �MED,min which amounts to
larger signal cross-sections (we will also check that �MED,min < mMED/2). For our simplified models we have

�MED,min = ��� +

NfX

i=1

Nc �qiqi (7)

where ��� is the mediator decay rate into two DM fermions, and the sum is over the SM quark flavours. Depending
on the mediator mass, decays to top quarks may or may not be open i.e. mMED should be > 2mt for an open decay.
The partial decay widths of vector, Axial-vector, scalar and pseudo-scalar mediators into fermions are given by,
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where mf denotes masses of either SM quarks q or DM fermions � and the coupling constant gf denotes either gSM
or gDM.
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FIG. 1: Representative Feynman diagrams for gluon and quark induced mono-jet plus MET processes. The mediator X can
be a scalar, pseudo-scalar, vector or axial-vector particle. The gluon fusion process involves the heavy quark loop which we
compute in the microscopic theory, while the quark-anti-quark annihilation is a tree-level process at leading order.

In this paper we will focus on jets plus missing energy searches, generalizing our earlier results [4] from the 8-14
TeV to 100 TeV colliders. The analysis in [4] was based on a mono-jet plus missing transverse energy (MET, or /ET )
signature – a popular choice used in searches for new physics including supersymmetry, extra dimensions and dark
matter at the Tevatron and the LHC [20–32]. Here we will update the experimental analysis techniques to take into
account both the leading and trailing jets in the final state to present a more realistic idea of potential limits. Hence
we will update our LHC 14 results [4] accordingly to provide a fair benchmark.

Depending on the choice for the mediator field di↵erent production mechanisms will contribute. For vectors and
axial-vectors the dominant mechanism is the quark-antiquark annihilation at tree-level. For scalars and pseudo-scalars
on the other hand, the loop-level gluon fusion processes are more relevant. The representative Feynman diagrams for
both channels are shown in Fig. 1. In comparing DM collider searches with direct and indirect detection experiments
it is important to keep in mind that our collider processes and limits continue to be applicable for discovery of any dark
sector particles escaping the detector. Hence dark particles produced at colliders do not have to be the cosmologically
stable dark matter.

Finally we would like to comment on the possible origin and the UV consistency of the simplified models (1)-(4).
The scalar and pseudo-scalar messenger fields in our simplified models (1)-(2) are singlets under the Standard Model.
How can this be reconciled with the fact that they are supposed to be Higgs-like, with the Higgs being an SU(2)L
doublet? In fact, the simplified models (1)-(2) can arise from two types of the more fundamental theories. The
simplest theories of the first type are the two-Higgs-doublet models [33]. In this case the mediators would originate
from the second Higgs doublet. The other type of models giving rise to our simplified models are even simpler in the
sense that scalar mediators (and the dark sector particles they are coupled to) can be genuinely neutral under the
SM but mix with the neutral component of the Higgs. Following the Higgs discovery there is a renewed interest in
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we will update our LHC 14 results [4] accordingly to provide a fair benchmark.

Depending on the choice for the mediator field di↵erent production mechanisms will contribute. For vectors and
axial-vectors the dominant mechanism is the quark-antiquark annihilation at tree-level. For scalars and pseudo-scalars
on the other hand, the loop-level gluon fusion processes are more relevant. The representative Feynman diagrams for
both channels are shown in Fig. 1. In comparing DM collider searches with direct and indirect detection experiments
it is important to keep in mind that our collider processes and limits continue to be applicable for discovery of any dark
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How can this be reconciled with the fact that they are supposed to be Higgs-like, with the Higgs being an SU(2)L
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MET+2jet more sensitive than MET+1j

• Most prominent search strategy for scalar mediators is 
to recoil against hard jet (mono-jet search)

• For CP-odd mediator 

Constraining Dark Matter Interactions with Pseudoscalar and Scalar Mediators
Using Collider Searches for Multi-jets plus Missing Transverse Energy

Oliver Buchmueller,1, ⇤ Sarah A. Malik,1, † Christopher McCabe,2, ‡ and Bjoern Penning1, §

1
High Energy Physics Group, Blackett Laboratory, Imperial College,

Prince Consort Road, London, SW7 2AZ, United Kingdom
2
GRAPPA, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, Netherlands

The mono-jet search, looking for events involving missing transverse energy (/ET ) plus one or two
jets, is the most prominent collider dark matter search. We show that multi-jet searches, which
look for /ET plus two or more jets, are significantly more sensitive than the mono-jet search for
pseudoscalar- and scalar-mediated interactions. We demonstrate this in the context of a simplified
model with a pseudoscalar interaction that explains the excess in GeV energy gamma rays observed
by the Fermi Large Area Telescope. We show that multi-jet searches already constrain a pseudoscalar
interpretation of the excess in much of the parameter space where the mass of the mediator MA

is more than twice the dark matter mass mDM. With the forthcoming run of the LHC at higher
energies, the remaining regions of the parameter space where MA > 2mDM will be fully explored.
Furthermore, we highlight the importance of complementing the mono-jet final state with multi-jet
final states to maximise the sensitivity of the search for the production of dark matter at colliders.

INTRODUCTION

Weakly interacting massive particles (WIMPs) are the
most studied and arguably the best motivated candidate
for particle dark matter (DM) as they are present in many
extensions of the Standard Model (SM). A particularly
appealing feature of WIMPs is that they should be de-
tectable with current or near-term experiments [1].

The plethora of DM models poses a challenge of how to
interpret DM searches in a generic way. One approach
is to classify the DM model by the particle mediating
the interaction. A particularly interesting class of mod-
els involves the exchange of a spin-0 s-channel scalar or
pseudoscalar mediator, since additional scalars and pseu-
doscalars are a generic prediction of extensions of the
Standard Model (SM) Higgs sector. Pseudoscalars are
also particularly interesting as they are a common feature
in many of the models proposed to explain the spatially
extended gamma-ray excess around the Galactic Centre
observed with the Fermi Large Area Telescope (Fermi-
LAT) [2, 3].

While scalars and pseudoscalars with a mass below
10 GeV can be probed by flavour-changing observables
at colliders [4], heavier pseudoscalars whose dominant
interaction is with DM are particularly di�cult to de-
tect. Pseudoscalar-mediated interactions result in a sup-
pressed tree-level spin-dependent interaction and an un-
observably small loop-level spin-independent interaction
at direct detection experiments, making this interaction
inaccessible for these experiments [5, 6]. The most promi-
nent collider search for DM production at the Large
Hadron Collider (LHC) is the mono-jet search [7–10],
which searches for events with a high momentum jet from
initial state radiation in combination with significant
missing transverse energy (E/T ). As we will demonstrate
(see also [11–13]), the mono-jet search has limited sensi-
tivity to pseudoscalar- and scalar-mediated interactions.

In contrast, we show that multi-jet plus E/T collider
searches significantly extend the sensitivity of the LHC
to these interactions. These searches are designed to
be inclusive and probe a large region of the topological
and kinematic phase space, probing jet-multiplicities � 2
with several kinematic variables, including E/T and the
scalar sum of the jets pT (HT ). Typically, the multi-jet
plus E/T final state has been used to search for supersym-
metry (SUSY) at the LHC. In this letter we demonstrate
that this final state also has excellent sensitivity to the
pair-production of DM from pseudoscalar and scalar me-
diators. This is because the production of pseudoscalar-
or scalar-mediators is typically dominated by gluon fu-
sion [14], which in turn generally leads to events with
higher jet-multiplicity in the final state [15].

As an example of the utility of the multi-jet plus E/T
searches, we apply our limits to a pseudoscalar model
that can account for the Fermi-LAT excess. We show
that current limits already exclude much of the Fermi-
LAT excess parameter space where the pseudoscalar’s
mass (MA) is more than twice the DM mass (mDM). Fu-
ture limits at

p
s =13 TeV will fully probe the remaining

parameter space where MA > 2mDM.

MONO-JET AND MULTI-JET SEARCHES

The benchmark pseudoscalar model that we consider
is a simplified model following the ansatz of the Minimal
Simplified Dark Matter (MSDM) models [16], which have
four free parameters: mDM, MA and two couplings gDM

and gSM. The interaction terms are

Lint = igDMA�̄�
5
�+ igSM

X

q

mq

v
A q̄�

5
q , (1)

where � is a Dirac fermion, the sum is over all quarks, mq

is the quark mass and v = 246 GeV is the Higgs vacuum
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FIG. 1. Comparison of the expected 90% CL exclusion con-
tours from our mono-jet (blue line) and MT2 (red line) anal-
yses. Regions below and above the lines are excluded in the
upper and lower panels, respectively. The expected MT2 lim-
its are significantly better than the expected mono-jet limits
over the entire parameter space.

find that the low and medium HT categories for two jets
provide a large fraction of the sensitivity for our pseu-
doscalar model. However, significant additional sensitiv-
ity is gained by the inclusion of low and medium HT cat-
egories with 3-5 jets. The higher-jet bins are particularly
important for our model since ⇠ 60% and ⇠ 30% of the
events in the low and medium HT categories have gluon-
fusion (gg) and quark-gluon (qg) production, which typi-
cally produce more jets in the final state. The remaining
⇠ 10% of events are from quark anti-quark (qq̄) or gluon
heavy-quark initial states. Having demonstrated the en-
hanced sensitivity ofMT2 over the mono-jet search, in the
following we will show only limits from the MT2 analysis.

CONSTRAINING THE FERMI-LAT EXCESS

The Fermi-LAT observation of a spatially extended
gamma-ray excess around the Galactic Centre has gener-

ated great interest since it may be explained by annihilat-
ing DM. Unfortunately, many indirect detection signals,
including the Fermi-LAT excess, do not give irrefutable
evidence for DM because of large astrophysical uncertain-
ties [31]. For instance, Ref. [32] suggests that the excess
could be explained by point sources (PS) that lie just be-
low the current Fermi-LAT threshold. While detecting
members of the PS population would corroborate an as-
trophysical origin for the excess, a complementary signal
in direct detection or collider experiments is required to
corroborate a DM origin.
A plethora of models involving a pseudoscalar me-

diator have been proposed to explain the Fermi-LAT
excess [6, 33]. As pseudoscalar-mediated interactions
are suppressed at direct detection experiments, collid-
ers are the most promising way to independently test
a pseudoscalar-mediated explanation for the gamma-ray
excess. We therefore investigate the implications of the
MT2 limits on the model defined by Eq. (1), which can
explain the Fermi-LAT excess.
We fit to the Fermi-LAT excess energy spectrum in [3],

assuming the DM halo follows a generalised NFW pro-
file with � = 1.26, rs = 20 kpc, r� = 8.5 kpc and
⇢� = 0.4 GeV cm�3. We shower the annihilation prod-
ucts with Pythia 8.186 [29]. For this model, we ob-
tain mDM = 44.9+5.3

�4.6 GeV. As in [3], we find that
values up to mDM ' 65 GeV provide a reasonable fit
(p-value > 0.05). For mDM = 45 GeV and the halo
parameters mentioned, the preferred annihilation cross-
section is h�vi = 3.2 ± 0.4 ⇥ 10�26 cm3 s�1. This is a
factor of two larger than values in Ref. [3] because we
assume � is a Dirac fermion while Ref. [3] assumed a
Majorana fermion.
The annihilation cross-section for ��̄ ! A ! qq̄ is

h�viq =
3m2
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g
2
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2
A�

2
A

s
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q

m
2
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(2)
This equation allows us to map h�vi =

P
qh�viq to the

parameters in our model. The shaded blue bands in
Fig. 2 show the region consistent with the Fermi-LAT
excess. In all panels, we assumed mDM = 45 GeV and
h�vi = 1.4 to 3.3⇥10�26 cm3 s�1. The lower value follows
from variations in the halo parameters, principally ⇢�
which may be as large as 0.56 GeV cm�3 [34] (the anni-
hilation flux � scales as � / ⇢

2
DMh�vi). The upper value

follows from the Fermi-LAT 95% CL upper limit on h�vi

from dwarf spheroidal galaxies [35].
To compare the region consistent with the Fermi-LAT

excess with the MT2 search, we establish both expected
and observed 90% CL limits. These are given by the
dotted black and solid red lines, respectively in Fig. 2.
To quantify the compatibility of the expected and ob-
served limits we also determine the expected ±1� and
±2� bands (shaded green and yellow respectively) with a
toy experiment technique using the reported background
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upper and lower panels, respectively. The expected MT2 lim-
its are significantly better than the expected mono-jet limits
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find that the low and medium HT categories for two jets
provide a large fraction of the sensitivity for our pseu-
doscalar model. However, significant additional sensitiv-
ity is gained by the inclusion of low and medium HT cat-
egories with 3-5 jets. The higher-jet bins are particularly
important for our model since ⇠ 60% and ⇠ 30% of the
events in the low and medium HT categories have gluon-
fusion (gg) and quark-gluon (qg) production, which typi-
cally produce more jets in the final state. The remaining
⇠ 10% of events are from quark anti-quark (qq̄) or gluon
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CONSTRAINING THE FERMI-LAT EXCESS

The Fermi-LAT observation of a spatially extended
gamma-ray excess around the Galactic Centre has gener-

ated great interest since it may be explained by annihilat-
ing DM. Unfortunately, many indirect detection signals,
including the Fermi-LAT excess, do not give irrefutable
evidence for DM because of large astrophysical uncertain-
ties [31]. For instance, Ref. [32] suggests that the excess
could be explained by point sources (PS) that lie just be-
low the current Fermi-LAT threshold. While detecting
members of the PS population would corroborate an as-
trophysical origin for the excess, a complementary signal
in direct detection or collider experiments is required to
corroborate a DM origin.
A plethora of models involving a pseudoscalar me-

diator have been proposed to explain the Fermi-LAT
excess [6, 33]. As pseudoscalar-mediated interactions
are suppressed at direct detection experiments, collid-
ers are the most promising way to independently test
a pseudoscalar-mediated explanation for the gamma-ray
excess. We therefore investigate the implications of the
MT2 limits on the model defined by Eq. (1), which can
explain the Fermi-LAT excess.
We fit to the Fermi-LAT excess energy spectrum in [3],

assuming the DM halo follows a generalised NFW pro-
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⇢� = 0.4 GeV cm�3. We shower the annihilation prod-
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values up to mDM ' 65 GeV provide a reasonable fit
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parameters mentioned, the preferred annihilation cross-
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factor of two larger than values in Ref. [3] because we
assume � is a Dirac fermion while Ref. [3] assumed a
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[Buchmueller, Malik, 
McCabe, Penning ’15]

Ajj multi-jet search can be more sensitive than 
the mono-jet search due to kinematic features, 
exploitable using MT2



[Khoze, Ro, MS ’15]
Measuring the mediator mass at the LHC

LHC 13 TeV 100 TeV

• See also [Andersen, Rauch, MS ’13] for e+e- collider
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Question 2: Electroweak Baryogenesis

Sakharov conditions:

• B violation

• CP violation

• Departure from thermal equilibrium

Baryon-to-photon ratio [Planck Data]

(for dynamical generation of Baryon asymmetry)

Sphaleron

not enough

not enough

Pre-inflation asymmetry would have been washed out

asymmetry parameter

⌫4 (193)

u4 (194)

d4 (195)

l4 (196)

mH2 < 250 GeV (197)

mH2 > 250 GeV (198)

H2 ! H1H1 (199)

bb̄bb̄ (200)

bb̄WW (201)

bb̄⌧⌧ (202)

bb̄�� (203)

⌘B � ⌘B̄
�

' 10�9 (204)
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CP

χ
R

χ
L
     +  

χ
L

Sphaleron

B

Bubble Wall

<φ> = 0 <φ> = 0

Sphaleron

[Morrissey, Ramsey-Musolf ’12]

[Cohen, Kaplan, Nelson ’91]
[Kuzmin, Rubakov, Shaposhnikov ’85]

1. Nucleation and expansion of 
bubbles of broken phase

2. CP violation at phase interface 
responsible for mechanism of 
charge separation

3. In symmetric phase, very 
active sphalerons convert 
chiral asymmetry into 
baryon asymmetry

chiral flux in front of wall

Electroweak Baryogenesis

4. To stop equilibration 
sphaleron transitions 
shut down
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How to modify the Higgs potential to get SEWPT?

tree-level

potential

(Higgs portal)

loop  
corrections

thermal 

corrections

loop:

tree-level: new scalars to modify tree-level potential

add new particles whose loops reduce vac. energy difference,  
so that W/Z loops create a barrier

thermal: add new bosons to the plasma to generate a thermal barrier 

non-ren operators, e.g. H  (SM with low cut-off)6

[Grojean, Servant, Wells ’05]

[Morrissey, Ramsey-Musolf ’12]

Search for new resonances or modified Higgs self-interaction
Search for new sources of CP violation
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Second largest 
production process

cross section varies 
a lot with lambda

small 
uncertainties

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro ‘14]

Higgs selfcoupling and Higgs gauge coupling
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Higgs selfcoupling in HHjj+X

[Baglio et al. JHEP 1304]

[Dolan, Englert, Greiner, MS]

[Contino et al. JHEP 1005]

• Want to study VVHH  
Directly related to long. gauge boson scattering

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

35

• In SM fixed:

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

35

• However in BSM models, e.g. composite (strongly coupled light) 
Higgs models, can be strongly modified

• Higher-dim operators momentum dependent -> enhanced in high-pT region

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2c2ws
2

w) (500)

VLVL ! hh (501)

ghhh ⇠

p
1� ⇠ (502)

ghhh ⇠
1� 2⇠
p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

t̃1 (506)

t̃2 (507)

BR(t̃2 ! t̃1 h/Z) (508)

BR(t̃1 ! c�0

1
) (509)

�t̃2 t̃1h ⇠

✓
2

3
sin2 ✓W �

1

4

◆
cos(2�)

2mtXt

m2

t̃1
�m2

t̃2

+
mt

2m2

Z

m2

LL �m2

RR

m2

t̃1
�m2

t̃2

(510)

�t̃2 t̃1Z ⇠
g

2mW
mtXt (511)

⇠ Xt (512)

35

• Separation of WBF and gluon fusion channel non-trivial
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Higgs selfcoupling in HHjj+X

4

Signal with ξ × λ Background S/B

ξ = 0 ξ = 1 ξ = 2 tt̄jj Other BG ratio to ξ = 1

tau selection cuts 0.212 0.091 0.100 3101.0 57.06 0.026 × 10−3

Higgs rec. from taus 0.212 0.091 0.100 683.5 31.92 0.115 × 10−3

Higgs rec. from b jets 0.041 0.016 0.017 7.444 0.303 1.82× 10−3

2 tag jets 0.024 0.010 0.012 5.284 0.236 1.65× 10−3

incl. GF after cuts/re-weighting 0.181 0.099 0.067 5.284 0.236 1/61.76

Signal with ζ × {gWWhh, gZZhh} Background

ζ = 0 ζ = 1 ζ = 2 tt̄jj Other BG

tau selection cuts 1.353 0.091 0.841 3101.0 57.06

Higgs rec. from taus 1.352 0.091 0.840 683.5 31.92

Higgs rec. from b jets 0.321 0.016 0.207 7.444 0.303

2 tag jets/re-weighting 0.184 0.010 0.126 5.284 0.236

incl. GF after cuts/re-weighting 0.273 0.099 0.214 5.284 0.236

TABLE I: Cross sections in fb of the hadron-level analysis described in the text, including results with modified Higgs trilinear
and V V †hh couplings. Signal cross sections already include the branching ratios to the h → bb̄, τ+τ− final states. The top four
rows refer to the WBF sample and the last line includes the re-weighted GF contribution. For details see text.

Due to the particular shape of the re-weighting in Fig. 1
we can always find a set of selection cuts for which effec-
tive theory and full calculation agree at the cross section
level. Such an agreement, however, is purely accidental
as it trades off a suppression against an excess in two
distinct phase space regions. An effective field theoretic
treatment of hhjj production without performing the de-
scribed re-weighting must never be trusted for neither
inclusive nor more exclusive analyses.

In the hadron-level analysis we cluster jets from the
final state using FastJet [49] with R = 0.4 and pT ≥
25 GeV and |ηj | ≤ 4.5, and require at least two jets. We
double b tag the event (70% acceptance, 1% fake) and
require the invariant mass of the b jets to lie within 15
GeV of the Higgs mass of 125 GeV.

To keep matters transparent in the context of the
highly involved h → τ+τ− reconstruction, we assume
a perfect efficiency of 1 for demonstration purposes
throughout.∗∗ We ask for two tau leptons that reproduce
the Higgs mass of 125 GeV within ±25 GeV. The precise
efficiencies for leptons in the busy hadronic environment
of the considered process at a 14 TeV high luminosity are
currently unknown, but we expect signal and background
to be affect in similar fashion. We remind the reader that
no additional requirements on missing energy or mT2 are
imposed, which are known to reconcile a smaller τ effi-

tive theory is an interesting question in itself, which we save for a
separate study [48].

∗∗We find the tau leptons to be rather hard, which can be used to
trigger the event via the two tau trigger with little signal loss.

ciency in the overall S/B [16].
The b jets are removed from the event and jets that

overlap with the above taus are not considered either.
We require at least two additional jets which are termed
“tagging jets” of the hhjj event.

Results. The cut flow of the outlined analysis can be
found in Tab. I. There we also include analyses of sig-
nal samples with changed trilinear and V V †hh couplings.
The latter modifications have to be interpreted with cau-
tion: The V V †hh couplings are purely electroweak and
identical to the couplings of two Goldstone bosons to
two gauge bosons. In the high energy limit the Gold-
stone equivalence theorem tells us that a modification of
V V †hh away from its SM value is tantamount to unitar-
ity violation, which explains the large growth of the WBF
component for ζ ≠ 1 (such an issue is not present for
ξ ≠ 1 even though the electroweak sector is ill-defined).
The energy dependence of the matrix element is effec-
tively cut-off by the parametric Bjorken-x suppression of
the parton distribution functions in the hadronic cross
section. In models in which unitarising degrees are non-
perturbative such a behavior is expected at least quali-
tatively. We leave an in depth theoretical discussion on
approaches to parameterising such coupling deviations to
future accords.
As can be seen from Tab. I, the hhjj analysis in the

bb̄τ+τ−jj channel will be challenging. However, we re-
mind the reader that no additional selection criteria have
been employed that are known to improve S/B in “or-
dinary” hh → bb̄τ+τ− analysis [15, 16]. The arguably
straightforward strategy documented in Tab. I should
rather be considered establishing a baseline for a more

3

on the tagging jets [26] is insufficient to tame the back-
ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¶ The
most promising avenue is therefore a generalisation of the
boosted final state analysis of Ref. [15] to a lower pT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on the hh → bb̄τ+τ− final state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the effect of modified Higgs
trilinear coupling. The GF event generation employs the
FeynRules/Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-induced hhjj pro-
duction in themt → ∞ limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we use Sherpa [32] and MadEvent v5,
considering tth, tt̄jj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tt̄. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tt̄jj [34]. We adopt the a total flat K factor of 1.2
for Zh + 2j motivated from Ref. [35]. We have checked
that all other backgrounds are completely negligible. The
QCD corrections for the signal are known to be small for
the WBF contribution [21, 22]. It is reasonable to expect
that the corrections for the GF contributions will be sim-
ilar to the pp → hjj following the arguments of Ref. [36],
however, we choose to remain conservative and do not
include a NLO K factor guess for the GF contribution.

We correct the deficiencies of the GF event genera-
tion in the mt → ∞ limit via an in-house re-weighting
library which is called at runtime of the analysis. We in-
clude the effects of finite top and bottom quark masses,
which are treated as complex parameters. The value
of the Higgs trilinear coupling can be steered exter-
nally. For the generation of the matrix elements we used
GoSam [37], a publicly available package for the auto-
mated generation of one-loop amplitudes. It is based on
a Feynman diagrammatic approach using QGRAF [38]
and FORM [39] for the diagram generation, and Spin-
ney [40], Haggies [41] and FORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done using Samurai [42], which uses a d-dimensional
integrand level decomposition based on unitarity meth-
ods [43]. The remaining scalar integrals have been eval-
uated using OneLoop [44]. Alternatively, GoSam of-
fers a reduction based on tensorial decomposition as con-
tained in the Golem95 library [45].The GoSam frame-

¶However, it might be able to compensate this by folding in matrix
elements to the analysis, generalizing the approach of Ref. [27].

work has been used recently for the calculation of signal
and background processes important for Higgs searches
at the LHC [46].

The maximum transverse momentum of the Higgs
bosons is a good variable to compare effective with full
theory. For inclusive hhjj production we find a re-
weighted distribution as depicted in Fig. 1. Qualita-
tively, the re-weighting pattern follows the behaviour
anticipated from pp → hhj production [15] and pp →
hjj [26, 47]. As expected, the shortcomings of the ef-
fective calculation for double Higgs production are more
pronounced than for single Higgs production: Already
for low momentum transfers the effective theory deviates
from the full theory by factors of two, making the correc-
tion relevant even for low momenta, where one might ex-
pect the effective theory to be in reasonably good shape.
It is precisely the competing and mt-dependent contri-
butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the effective theory overestimates the
gluon fusion contribution by an order of magnitude.∥
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FIG. 1: max pT,h distribution and effective theory vs. full
theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-

So far very rudimentary analysis:

• Very bad S/B, but expected to 
improve easily…

• Analysis in
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• For kinematic distributions full loop  
recommended in gluon fusion

000

WBF only

GF+WBF

•  For 4b analysis, see [Bishara, Contino, Rojo ’16]
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[Dolan, Englert, Greiner, Nordstrom, MS ’15]

Reduction of GF HHjj 
‘background’ highly challenging
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limit on coupling modification
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and for 3000 ifb
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• For light Higgs with 125 GeV CP can be measured using angular 
correlations of tagging jets in Gluon Fusion with 2 additional jets

Gluon-Fusion

[Plehn, Rainwater, Zeppenfeld PRL 88 (2002)]

3

fall into the vicinity of two reconstructed kT jets [48]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
��jj distribution suggests that broadening observables
[49] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p?,i · nT > 0
region U : p?,i · nT < 0

(5a)

and compute the weighted pseudorapidity and azimuthal
angle

⌘X =
P

i
|q?,i| ⌘iP
i
|q?,i|

, �X =
P

i
|q?,i|�iP
i
|q?,i|

,

X = U, D. (5b)

⌘i and �i are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

X

i2X

|q?,i|

p
(⌘i � ⌘X)2 + (�i � �X)2 ,

X = U, D (5c)

where

QT =
X

i

|q?,i| . (5d)

The central total broadening and wide broadening
are defined as [41, 44]

central total broadening: BT = BU + BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [41]. Therefore,
we generate MLM-matched [50] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [51] in the
e↵ective ggH and ggA coupling approximation [52]

L =
↵s

12⇡v
HG

a

µ⌫
G

a µ⌫ +
↵s

16⇡v
AG

a

µ⌫
G̃

a µ⌫
, (6)

where G
a

µ⌫
, G̃

a

µ⌫
are the gluon field strength and the

dual field strength tensor, respectively, and v denotes
the Higgs vacuum expectation value. We subsequently
shower the events with Pythia [53]. We normalize the
event samples to the NLO QCD cross section, which we
obtain by running Mcfm [54] for the gluon fusion contri-
butions, and Vbfnlo [55] for the weak boson fusion con-
tributions. The interference e↵ects are known to be neg-
ligible for weak boson fusion cuts [56]. Note that there is
no WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [57, 58].

We find a total Higgs-inclusive normalization (consid-
ering

p
s = 14 TeV) of �H = 3.2 pb. For the CP odd

scalar we use �A = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of di↵erent shapes instead of a combination of shapes and
di↵erent total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [59] event samples with Sherpa [60]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
�(Z ! ⌧

+
⌧
�) = 0.23 pb. For the tt̄ sample we extract

the NNLO-inclusive tt̄ K factor from the cross section
�

NNLO

tt̄
= 918 pb [33] in comparison with the cross sec-

tion by Sherpa after generator-level cuts �tt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

The purpose of this paper is a comparison of the CP

and GF/WBF discriminative power of the observables of
Sec. II. The possibility to perform Higgs searches in this
channel has already been demonstrated in the literature
[29, 40] and so we have a situation in mind, when the
Higgs is well established in this particular channel, i.e.
has a large enough significance S/

p
B with reasonable

signal-to-background ratio S/B. Hence we apply selec-
tion strategies and e�ciencies which closely follow the
parton-level analysis of Ref. [29] to obtain an estimate
of S/B, but our selection should be understood as place-
holder for a dedicated cut setup. The experiments S/B

will hence be di↵erent, yet the impact of S/B on the ob-
servables of Sec. II is identical and a comparison is still
meaningful.
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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.

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 → 4ℓ [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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(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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Higgs has CP-odd as well as CP-even interactions

Assume, only CP-violating interactions in fermion sector  
(e.g. CP no good quantum number in Higgs sector)

2

While the Higgs decay mode h ! �� followed by conversion of both photons to e
+
e
� pairs has recently been

suggested as a possible final state for probing Higgs CP properties [27, 28], we instead elect to utilize the h ! ⌧⌧

decay mode. The majority of previous studies on CP in h ! ⌧⌧ focus on methods for measuring the polarization
properties of the Higgs decay products [29–33]. This requires knowledge of the impact parameter or rest frame of the
⌧s, both of which are di�cult quantities to reconstruct in a hadron collider environment (although see [34, 35]).

Any collider study of Higgs CP properties must be compared with measurements from other sources. Particularly
relevant are measurements of electric dipole moments (EDMs) [36, 37], which lead to very strong constraints on mixing
between CP-even and CP-odd Higgs components. These constraints, however, rely on the existence of SM-strength
interactions of the Higgs to electrons, an assumption that cannot be put to the test at the LHC. Constraints from
EDM experiments are therefore complementary to the analysis strategy followed here. Conceivably, we might discover
evidence for CP violation in gluon fusion, which, together with a null signal from EDM experiments, would reveal
invaluable information about Higgs couplings to the first generation.

We find that using a set of cuts modeled on the current CMS h ! ⌧⌧ analysis [38] that data from the 8 TeV run
of the LHC is already su�cient to exclude a CP-odd Higgs boson at nearly 95% C.L.. This can be compared with
current bounds presented in ref. [39, 40], which reinterpret current data to set limits on Higgs CP properties using
measured rates for Higgs production and find constraints at a similar level. Note however that arguments based upon
rates alone will always have a flat direction due to possible rescalings of the couplings and Higgs width, and so a
di↵erential analysis strategy such as ours should be more robust.

The rest of this paper is organized as follows. In Section II we introduce the parameterization of CP violating e↵ects
which we will study: the Standard Model Lagrangian augmented with CP-violating terms and higher dimensional
operators encoding the e↵ects of particles running in loops. In Section III we discuss our methodology and simulations.
In Section IV we present our results for the expected limits from current LHC data and projections for the limits that
can be set with the 14 TeV dataset, before presenting our conclusions and possible directions for future research in
Section V.

II. THE MODEL

There is a wide variety of models in the literature that lead to CP violation in the Higgs sector, such as generalized
Two-Higgs Doublet Models, the CP violating Minimal Supersymmetric Standard Model (often studied in the CPX [41]
scenario), and other supersymmetric models that involve R-parity violation [5]. Such scenarios involve a rich UV
spectrum of states that is the subject of various LHC searches. In this article we wish to be as model independent as
possible and so keep only the 126 GeV Higgs as part of the spectrum, assuming that other BSM states are either out
of direct reach of the LHC or that their e↵ects are subdominant for this analysis.

Our model consists of the Standard Model but with the Lagrangian augmented in the following way to include
CP-violating couplings. Following [23] we include couplings between Standard Model fermions and the resonance h

which we associate with the Higgs boson:

L
hf̄f

= cos↵ yf  ̄f fh+ sin↵ eyf  ̄f i�5 fh . (1)

We have introduced a mixing angle ↵ such that cos↵ = 1 (equivalently ↵ = 0) corresponds to a Standard Model-like
CP-even Higgs, while sin↵ = 1 (equivalently ↵ = ⇡/2) corresponds to a CP-odd pseudoscalar. This allows us to
study the CP properties of the resonance h as a continuous function of the mixing angle ↵. We will also assume that
yf = eyf = mf/v. Having fixed the interactions with fermions allows us to derive the dimension five operators that
govern the interaction of h with massless vector bosons, obtaining [42, 43]

Lhgg = cos↵
↵S

12⇡v
hG

a

µ⌫
G

a,µ⌫ + sin↵
↵S

4⇡v
hG

a

µ⌫
eGa,µ⌫ (2)

for the gluonic interactions, where v is the vev of the SM Higgs, and eGµ⌫ = 1

2
✏µ⌫⇢�G

⇢� is the dual field-strength
tensor. Note that when generating events for our analysis we do not integrate out the top quark, keeping its full mass
dependence throughout, so that the e↵ective operators in Eqn. 2 should be understood as convenient shorthand.

The leading order contribution to the interactions of the Higgs with the massive vector bosons is given by:

LhV V � cos↵
2m2

W

v
hWµW

µ + cos↵
2m2

Z

v
hZµZ

µ (3)

We neglect higher-order terms, which are loop suppressed by O (↵EW ) relative to this, although see [19] for a discussion
of how large these terms can become in some BSM models. Note that while the SM matter fields also induce dimension
five operators that lead to the decay h ! ��, they do not play a role in this article.
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FIG. 4: The projected 95% exclusion confidence limit on the mixing angle ↵ that can be set as a function of the integrated
luminosity at the 14 TeV run of the LHC.

could also be gained by using likelihood methods as in [64]. We are thus hopeful that it may be possible to improve
upon our projections. With a similar analysis it may even be possible to extract information from the h ! bb̄ decay.

V. CONCLUSIONS

Measuring the detailed CP properties of the Higgs is one of the most important aspects of the precision Higgs
program in the upcoming 14 TeV run at the LHC. Previous theoretical and current experimental analyses have
focused on exploiting the Higgs couplings to massive vector bosons. However, the CP-odd couplings to W and Z are
suppressed, so that analyses based on these couplings project out much of the physics of interest. Instead, we focus
on Higgs interactions that have the same parametric strength for the CP-even and odd Higgs components. This led
us to consider Higgs production in association with two jets, followed by Higgs decay into a pair of ⌧ leptons. Our
analysis exploits the jet correlations in Higgs production, and is thus relatively independent of the CP nature of the
h⌧⌧ coupling. Changes in the h⌧⌧ coupling will change the statistics, but not a↵ect in any fundamental way our
ability to set a limit on the CP mixing in this channel.

We have carried out a detailed simulation of the signal and backgrounds taking detector e↵ects such as acceptances
and fake rates into account and used a multivariate analysis to achieve excellent discriminating power in the mixing
angle ↵. We have presented estimates of the constraints that can be set using the current 8 TeV dataset, as well as
20 and 50 fb�1 of data at 14 TeV, corresponding to approximately one and two years of running. We find that the
8 TeV dataset should be able to achieve nearly 95% C.L. exclusion of a CP-odd Higgs relative to a CP-even one. This
should improve even further with the 14 TeV run such that ↵ � 0.7 could be excluded with 50 fb�1 and ↵ � 0.3 with
500 fb�1. By including other Higgs decay modes, e.g. H ! ��, the exclusion reach can be extended even further.
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FIG. 1: Observable distributions for the signal and background. From the top-left and proceeding clockwise: mjj , ��jj ,
sin(|��jj |/2) and �⌘jj . For each figure the yields are normalized to the expected yields at 8 TeV for the gluon fusion channel
at 20 fb�1 with ↵ = 0. Samples have been passed through the detector pseudo-simulation and subjected to the full selection
on all channels. The loose WBF selection and the additional category selections are applied in all cases.

we show are for events that have been showered and smeared using our detector pseudo-simulation. We have also
investigated the pT distribution of the leading jet, which shows some limited sensitivity to ↵ near the peak of the
distribution.

As a cross check of the possible performance gain that can be had by utilizing other observables we have applied
a boosted decision tree (BDT) that was trained to discriminate a fully simulated gluon fusion sample with ↵ = 1.2
from one with ↵ = 0. To train this decision tree, we used 18 observables obtained from the pseudo-simulation. These
include the two leading jet ⌘’s and pT ’s, the 3-vectors for the visible components of the ⌧ decays, the kinematically
fitted mass m⌧⌧ , the Higgs pT constructed from the MET and the visible decay products, the MET, the transverse
mass of either lepton combined with the MET, and the mjj , �⌘jj , and ��jj variables. The training was performed
separately for each channel, so as to improve the individual performance of each observable. The performance gain
of these variables with respect to sin (|��jj |/2) is shown in Fig. 2 for both 8 and 14 TeV.

As part of the optimization studies for the WBF selection, a BDT was used to train both the WBF and gluon
fusion signals against a weighted sum of all the backgrounds using the same variables as described in the previous
paragraph. After the optimization, only marginal gains were found beyond the addition of four main variables, mjj ,
|�⌘jj |, the di-⌧ mass m⌧⌧ , and ��jj . The addition of ��jj , in particular, brought a performance improvement of
20% in the WBF sensitivity. In both CMS and ATLAS, this variable had been used minimally, so as to avoid spin
sensitivity and to avoid complications resulting from theoretical modeling of the second jet in gluon fusion. Once
��jj was added, it was further found that a category-based analysis binning in mass, ��jj , mjj and �⌘jj performed
as well as a BDT trained on the full set of observables.
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we show are for events that have been showered and smeared using our detector pseudo-simulation. We have also
investigated the pT distribution of the leading jet, which shows some limited sensitivity to ↵ near the peak of the
distribution.

As a cross check of the possible performance gain that can be had by utilizing other observables we have applied
a boosted decision tree (BDT) that was trained to discriminate a fully simulated gluon fusion sample with ↵ = 1.2
from one with ↵ = 0. To train this decision tree, we used 18 observables obtained from the pseudo-simulation. These
include the two leading jet ⌘’s and pT ’s, the 3-vectors for the visible components of the ⌧ decays, the kinematically
fitted mass m⌧⌧ , the Higgs pT constructed from the MET and the visible decay products, the MET, the transverse
mass of either lepton combined with the MET, and the mjj , �⌘jj , and ��jj variables. The training was performed
separately for each channel, so as to improve the individual performance of each observable. The performance gain
of these variables with respect to sin (|��jj |/2) is shown in Fig. 2 for both 8 and 14 TeV.

As part of the optimization studies for the WBF selection, a BDT was used to train both the WBF and gluon
fusion signals against a weighted sum of all the backgrounds using the same variables as described in the previous
paragraph. After the optimization, only marginal gains were found beyond the addition of four main variables, mjj ,
|�⌘jj |, the di-⌧ mass m⌧⌧ , and ��jj . The addition of ��jj , in particular, brought a performance improvement of
20% in the WBF sensitivity. In both CMS and ATLAS, this variable had been used minimally, so as to avoid spin
sensitivity and to avoid complications resulting from theoretical modeling of the second jet in gluon fusion. Once
��jj was added, it was further found that a category-based analysis binning in mass, ��jj , mjj and �⌘jj performed
as well as a BDT trained on the full set of observables.
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Hypothesis testing with Event shapes

• Event shapes well studied experimentally and theoretically

• Event shape measurements established in experimental 
collaborations already now 
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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 → 4ℓ [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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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 → 4ℓ [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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Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
∆Φjj distribution suggests that broadening observables
[46] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p⊥,i · nT > 0

region U : p⊥,i · nT < 0
(5a)

and compute the weighted pseudorapidity and azimuthal
angle

ηX =

∑
i |q⊥,i| ηi∑
i |q⊥,i|

, φX =

∑
i |q⊥,i|φi∑
i |q⊥,i|

,

X = U,D. (5b)

ηi and φi are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

∑

i∈X

|q⊥,i|
√
(ηi − ηX)2 + (φi − φX)2 ,

X = U,D (5c)

where

QT =
∑

i

|q⊥,i| . (5d)

The central total broadening and wide broadening
are defined as [39, 42]

central total broadening: BT = BU +BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [39]. Therefore,
we generate MLM-matched [47] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [48] in the ef-
fective ggH and ggA coupling approximation and shower
the events with Pythia [49]. We normalize the event
samples to the NLO QCD cross section, which we obtain
by running Mcfm [50] for the gluon fusion contributions,

and Vbfnlo [51] for the weak boson fusion contribu-
tions. The interference effects are known to be negligible
for weak boson fusion cuts [52]. Note that there is no
WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [53, 54].
We find a total Higgs-inclusive normalization (consid-

ering
√
s = 14 TeV) of σH = 3.2 pb. For the CP odd

scalar we use σA = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of different shapes instead of a combination of shapes and
different total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [55] event samples with Sherpa [56]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
σ(Z → τ+τ−) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
σNNLO
tt̄ = 918 pb [33] in comparison with the cross sec-

tion by Sherpa after generator-level cuts σtt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

Our event selection follows closely the parton-level
analysis of Ref. [29]. We reconstruct jets with the anti-
kT jet algorithm [57] with parameter D = 0.4 as imple-
mented in FastJet [58]. We additionally impose typical
weak boson fusion cuts to suppress the background to a
manageable level. More specifically, we require at least
two jets with

pT,j ≥ 40 GeV, and |yj| ≤ 4.5 , (6a)

and the two hardest (“tagging”) jets in the event are
required to have a large invariant mass

mjj =
√
(pj,1 + pj,2)2 ≥ 600 GeV . (6b)

After these cuts the signal is still dominated by the
tt̄+jets background. This background, however, can be
efficiently suppressed with a b veto from the top decay.
The reconstructed taus need to be hard and central to

guarantee a good reconstruction efficiency

pT,τ ≥ 20 GeV, and |yτ | ≤ 2.5 . (7a)

transverse thrust
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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 → 4ℓ [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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FIG. 2: Correlation of the thrust event shape with ∆Φjj angle
as defined in Eq. (4) in terms of the 2d differential probability
distribution 1/σ d2σ/(d∆Φjj dT⊥,g)

As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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∆Φjj angle as defined in Eq. (4) in terms of the 2d differential
probability distribution 1/σ d2σ/(d∆Φjj dTC,m)
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As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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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-
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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

Sensitivity for discrimination between CP-even and CP-odd 

(normalized signal rates)
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Higgs is lightest 
state (PGB) of 
new strong 
resonances

Question 3: Composite Higgs models

In minimal realisation Higgs couplings follow well-defined 
(global) pattern:

Indirect limit via Higgs coupling measurements
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Separation of GF vs WBF important to improve coupling measurement

Possible to construct discriminating observable based on matrix element information:

2

mations of the signal event generation, especially for the
GF contribution, and we also include the impact of finite
detector resolution.

Equipped with these insights, we discuss the impli-
cations of the matrix element method for pp ! (h !

��)jj + X for the 8 TeV run and current results [1, 2]
in Sec. III. We conclude this work with a summary in
Sec. IV.

II. HIGGS IN ASSOCIATION WITH TWO JETS
AT 14 TEV

A. The Matrix Element Method

Let us introduce the observables that we are going to
study in the remainder of this paper. The GF/WBF
discriminating likelihood is defined

Q̃n(p�
1 , p�

2 , {pj
n})

= � log

dLIPS(��jn) |MWBF(pp ! (h ! ��)jn)|2

dLIPS(��jn) |MGF(pp ! (h ! ��)jn)|2

�

= � log

|M

WBF(pp ! (h ! ��)jn)|2

|MGF(pp ! (h ! ��)jn)|2

�
, (2.1)

where we denote the (partonic) jet multiplicity by n,
dLIPS is the di↵erential phase space weight for the par-
ticular kinematics (which is identical for all processes we
consider and hence drops out of the ratio), and |M|

2 de-
notes the respective matrix elements, already include the
parton distribution functions (pdfs). We implement the
CTEQ6l1 set [15] in the ratio of Eq. (2.1).

Eq. (2.1) provides a one-dimensional probability dis-
tribution, which expresses statistical compatibility with
either of the two hypotheses in the best suitable way, by
definition. By including Q̃n to the event selection, we
can optimize Q̃n 7 hQ̃ni

WBF,GF depending on the pu-
rification requirement. The expectation values h.i follow
from MC simulations of signal and background, similar
to the construction of simple binned log-likelihood ratio
hypothesis tests [16].

We apply the e↵ective top approximation in the fol-
lowing for the GF contribution and the h ! �� decay
via operators [17]

L �
↵s

12⇡v
Ga

µ⌫Ga µ⌫h +
↵em

2⇡v
Fµ⌫Fµ⌫h

�
e2

t � 7/4
�

. (2.2)

New degrees of freedom which alter the GF contribution
and/or modify the Higgs couplings to weak bosons can

be included as a global factor in the ratio of Eq. (2.1).
A global factor merely shifts the Q̃ by a constant fac-
tor, which is irrelevant for the probabilistic discrimina-
tion of GF vs. WBF. The model-specific details enter the
sampling of hQ̃ni

WBF,GF and in the individual normal-
izations.

The matrix elements that enter Eq. (2.1) are functions
of parton-level kinematics and we have to define an al-
gorithm which maps the fully showered and hadronized
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FIG. 1: Exclusive number of jets distribution for the LHC
running 14 TeV. The selection cuts are described in the text.

jet final state to a suitable set of (massless) kinemat-
ics, which also includes information about the events ini-
tial state. We do this in the following way: We first
cluster jets with FastJet [18] and reconstruct the iso-
lated photons according to the respective analysis re-
quirements (see further below). We count the number
of jets passing the pT,j threshold in the events. We then
re-distribute the transverse recoil against unresolved ra-
diation. The jets’ momenta along the beam axis we re-
construct from massless calorimeter cell entries at a given
pseudo-rapidity. We scale the energy of the resulting ob-
jects such that p2 = 0. From the sum of these objects,
we get an overall energy reconstructed boost of the con-
sidered particle system, which allows to define two mo-
mentum fractions of initial state momenta. This way,
starting from an exclusive number of reconstructed jets
nj and photons n� , that comply with the analysis require-
ments we end up with a set of parton level four momenta
which we use for the calculation of the ratios Q̃n. This
procedure is obviously not limited to MC studies and can
be incorporated by experiments straightforwardly.

To discriminate signal from background we generalize
Eq. (2.1) to the S/B, S/

p
B-improving likelihood

Q̃b
n(p�

1 , p�
2 , {pj

n}) = � log

"�
|M

WBF(pp ! (h ! ��)jn)|2 + |M
GF(pp ! (h ! ��)jn)|2

 

|M2�(pp ! ��jn)|2

#
. (2.3)
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ics, which also includes information about the events ini-
tial state. We do this in the following way: We first
cluster jets with FastJet [18] and reconstruct the iso-
lated photons according to the respective analysis re-
quirements (see further below). We count the number
of jets passing the pT,j threshold in the events. We then
re-distribute the transverse recoil against unresolved ra-
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cluster jets with FastJet [18] and reconstruct the iso-
lated photons according to the respective analysis re-
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FIG. 6: The matrix element observables Q̃2, Q̃3, Q̃
b
2, and Q̃b

3 for 8 TeV, employing the Higgs search’ 2-jet category cuts of
Ref. [1].
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FIG. 7: Exclusive number of jets distribution for LHC 8 TeV.

III. APPLICATION TO HIGGS IN
ASSOCIATION WITH TWO JETS AT 8 TEV

We can straightforwardly adopt the strategy of
Sec. II A to the current 8 TeV setup. The ATLAS se-
lection for the two jet category of the h ! �� search is
as follows [1]: We cluster anti-kT jets [34] with Fast-

Jet [18] for D = 0.4 and select at least two jets with
pT,j � 25 GeV and pT,j � 30 in the more forward region
2.5  |⌘j |  4.5. The hardest jets are required to have
a rapidity gap |�⌘jj | � 2.8 and the dijet system has
to recoil against the diphoton system in the transverse
plane ��(jj, ��) � 2.6. Again as in Sec. II we require

a Higgs mass reconstruction within 20 GeV interval cen-
tered around mh = 126 GeV.

The exclusive number of jets for this selection is again
shown in Fig. 7; and we find agreement of our analy-
sis with the experiment’s quoted number of 3 expected
events in 4.7 fb�1. Obviously, there is again no need to
go beyond n = 3.

Finally we again analyze the potential S/B improve-
ment (where B refers to the irreducible background for
our purposes), which is the key limiting factor when deal-
ing with the small event rates for the 8 TeV run. Fig. 6
shows a similar behavior as Fig. 5, we infer that we can at
least gain a factor of 100% in S/B without cutting into
the signal count in the currently applied selection. All
remarks of the 14 TeV results generalize to the lower en-
ergy of 8 TeV, and again the GF and WBF signals rates
are a↵ected identically by selecting events according to
Q̃b

2,3.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have applied the matrix element
method to pp ! (h ! ��)jj production and investi-
gated the prospects to separate the GF and WBF contri-
butions. This is of utmost importance for CP analyses of
the newly discovered particle, as well as for the measure-
ment of its couplings to known matter. The same method
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a rapidity gap |�⌘jj | � 2.8 and the dijet system has
to recoil against the diphoton system in the transverse
plane ��(jj, ��) � 2.6. Again as in Sec. II we require

a Higgs mass reconstruction within 20 GeV interval cen-
tered around mh = 126 GeV.

The exclusive number of jets for this selection is again
shown in Fig. 7; and we find agreement of our analy-
sis with the experiment’s quoted number of 3 expected
events in 4.7 fb�1. Obviously, there is again no need to
go beyond n = 3.

Finally we again analyze the potential S/B improve-
ment (where B refers to the irreducible background for
our purposes), which is the key limiting factor when deal-
ing with the small event rates for the 8 TeV run. Fig. 6
shows a similar behavior as Fig. 5, we infer that we can at
least gain a factor of 100% in S/B without cutting into
the signal count in the currently applied selection. All
remarks of the 14 TeV results generalize to the lower en-
ergy of 8 TeV, and again the GF and WBF signals rates
are a↵ected identically by selecting events according to
Q̃b

2,3.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have applied the matrix element
method to pp ! (h ! ��)jj production and investi-
gated the prospects to separate the GF and WBF contri-
butions. This is of utmost importance for CP analyses of
the newly discovered particle, as well as for the measure-
ment of its couplings to known matter. The same method

• Method separates GF vs WBF and reduces backgrounds 
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�(jet +MET) [fb]

13 TeV LHC

pT,j > 250GeV |y| < 1.5 ✏(�(g, q)) ' 50% ✏(�(g, q)) ' 10%

pp ! (S ! x̄x)j 190 139 46.5 8.17

pp ! (S ! x̄x)g 96.5 78.6 36.7 6.77

pp ! (S ! x̄x)q 93.3 60 9.27 1.14

pp ! (Z ! ⌫̄⌫)j 2830 2170 430 62.2

pp ! (Z ! ⌫̄⌫)g 334 245 122 24.6

pp ! (Z ! ⌫̄⌫)q 2460 1890 299 40.3

S/B 0.067 0.064 0.11 0.13

Table 1: Production cross sections for a top-philic scalar mediator of mass mS = 200 GeV

that decays predominantly into dark matter, see eq. 5.1, and the dominant Standard Model

background Z + jet at
p
s = 13 TeV.

�(pp ! Hjj) [fb]

13 TeV LHC

pT,j > 50 GeV, �Rjj > 2.0 ✏(WBF) ' 50% ✏(WBF) ' 10%

WBF pp ! Hjj 880 440 91

GF pp ! Hjj 900 180 15

GF pp ! Hqq 22 11 2.2

GF pp ! Hgg 450 61 1.8

GF pp ! Hqg 360 90 8

S/B 0.98 2.5 6.1

Table 2: LO production cross sections for gluon- and weak boson fusion of a Higgs boson

with mass mH = 125 GeV, separated into the respective partonic subprocesses. The two

columns on the right show the results after applying a double quark tag with a combined

e�ciency of 50% and 10% respectively.

To show the benefit of our approach we calculate the weak boson and the loop-induced

gluon-fusion contributions to pp ! Hjj. The former allows to measure Higgs-gauge boson

couplings and shows very small theoretical uncertainties [50–52].

The number of signal events depends on the sum of production processes p and Higgs

decay channel H ! Y Y :

�(H)⇥ BR(Y Y ) ⇠
 
X

p

g
2
p

!
g
2
HY YP

modes g
2
i

, (5.2)
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need separate production modes to 
optimise coupling measurements 
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FIG. 2: 2-jet and 3-jet likelihoods Q̃2,3 for the cuts as described in the text and
p

s = 14 TeV. We show the influence of various
event generation modes, where “2j” refers to generating pp! hjj ! ��jj events from 2 jet matrix elements+parton shower,
“matched” refers to a matched 2j/3j sample, and “full t, b” stands for 2-jet events, including the full one loop mass dependence,
interfaced to the parton shower. We also show the influence of detector and photon resolution e↵ects.
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FIG. 3: Purification of GF vs. WBF on the basis of the likelihood Q̃2,3.

For the numerical implementation of Eqs. (2.1) and
(2.3) we rely on a combination of MadGraph v4 [19]
and Vbfnlo [20].

B. Event generation and selection

We generate two and three jet CKKW-matched [21]
and un-matched samples with Sherpa [22], which imple-
ments the e↵ective top approximation in the gluon fusion

channels [23]. The events are generated with Sherpa’s
default CT10 [24] pdf set to avoid biasing the analysis of
the likelihood distributions.

It is known that the e↵ective theory does not pro-
vide a valid description of the phenomenology as soon
as we are sensitive to momentum transfers larger than
the top mass, e.g. pT,j � mt. Cross sections, on the
other hand, are reproduced at the percent level, which
follows from smaller e↵ective theory cross sections for
pT,h . mt cancelling the excess with respect to the
full calculation for pT,h & mt. For large momentum
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event generation modes, where “2j” refers to generating pp! hjj ! ��jj events from 2 jet matrix elements+parton shower,
“matched” refers to a matched 2j/3j sample, and “full t, b” stands for 2-jet events, including the full one loop mass dependence,
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For the numerical implementation of Eqs. (2.1) and
(2.3) we rely on a combination of MadGraph v4 [19]
and Vbfnlo [20].

B. Event generation and selection

We generate two and three jet CKKW-matched [21]
and un-matched samples with Sherpa [22], which imple-
ments the e↵ective top approximation in the gluon fusion

channels [23]. The events are generated with Sherpa’s
default CT10 [24] pdf set to avoid biasing the analysis of
the likelihood distributions.

It is known that the e↵ective theory does not pro-
vide a valid description of the phenomenology as soon
as we are sensitive to momentum transfers larger than
the top mass, e.g. pT,j � mt. Cross sections, on the
other hand, are reproduced at the percent level, which
follows from smaller e↵ective theory cross sections for
pT,h . mt cancelling the excess with respect to the
full calculation for pT,h & mt. For large momentum

Q̃n = � log

|MWBF(pp! (h! ��)jn)|2

|MGF(pp! (h! ��)jn)|2

�

Higgs reconstructed, but no transfer function for jets:

[Andersen, Englert, 
MS ’13]
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FIG. 6: The matrix element observables Q̃2, Q̃3, Q̃
b
2, and Q̃b

3 for 8 TeV, employing the Higgs search’ 2-jet category cuts of
Ref. [1].
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FIG. 7: Exclusive number of jets distribution for LHC 8 TeV.

III. APPLICATION TO HIGGS IN
ASSOCIATION WITH TWO JETS AT 8 TEV

We can straightforwardly adopt the strategy of
Sec. II A to the current 8 TeV setup. The ATLAS se-
lection for the two jet category of the h → γγ search is
as follows [1]: We cluster anti-kT jets [33] with Fast-

Jet [17] for D = 0.4 and select at least two jets with
pT,j ≥ 25 GeV and pT,j ≥ 30 in the more forward region
2.5 ≤ |ηj | ≤ 4.5. The hardest jets are required to have
a rapidity gap |∆ηjj | ≥ 2.8 and the dijet system has
to recoil against the diphoton system in the transverse
plane ∆φ(jj, γγ) ≥ 2.6. Again as in Sec. II we require

a Higgs mass reconstruction within 20 GeV interval cen-
tered around mh = 126 GeV.
The exclusive number of jets for this selection is again

shown in Fig. 7; and we find agreement of our analy-
sis with the experiment’s quoted number of 3 expected
events in 4.7 fb−1. Obviously, there is again no need to
go beyond n = 3.

Finally we again analyze the potential S/B improve-
ment (where B refers to the irreducible background for
our purposes), which is the key limiting factor when deal-
ing with the small event rates for the 8 TeV run. Fig. 6
shows a similar behavior as Fig. 5, we infer that we can at
least gain a factor of 100% in S/B without cutting into
the signal count in the currently applied selection. All
remarks of the 14 TeV results generalize to the lower en-
ergy of 8 TeV, and again the GF and WBF signals rates
are affected identically by selecting events according to
Q̃b

2,3.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have applied the matrix element
method to pp → (h → γγ)jj production and investi-
gated the prospects to separate the GF and WBF contri-
butions. This is of utmost importance for CP analyses of
the newly discovered particle, as well as for the measure-
ment of its couplings to known matter. The same method

S/B % 100%
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Quark and Gluon tagging to purify Hjj signal
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[Ferreira de Lima, 
Petrov, Soper, MS ’17]

Quark-gluon tagging becomes viable tool, 
particularly well suited for VBF topology

assuming no interference between the di↵erent production mechanisms, where g denotes the

Higgs couplings involved. The sum in the denominator runs over all kinematically accessible

decay modes. Hence, the precision in measuring any Higgs boson coupling benefits from

separating the production mechanisms.

We generate the events using Sherpa, including the full top loop dependence and require

at least two C/A R = 0.4 jets with pT,j > 50 GeV, |yj | < 4.5 and �Rjj � 2.0. After the

initial event selection cuts we already find a cross section ratio between gluon and weak boson

fusion of ⇠ 1. For this analysis we do not decay the Higgs boson, as this approach can be

applied irrespective of the decay mode of interest. Hence, we abstain from considering other

Standard Model backgrounds which would depend strongly on the Higgs decay.

In table 2 we show by how much this ratio can be improved after applying a double quark

tag on the two hardest jets of the event. We find that the gluon fusion contribution can be

confidently reduced and even be rendered irrelevant if the WBF rates allow for tight quark

tagging.

To give an example how quark-gluon tagging can improve Higgs coupling measurements,

we can consider the process pp ! jj(H ! ZZ
⇤ ! 4l). In general this process is not

necessarily considered a prime channel to measure the Higgs boson coupling to massive gauge

bosons. Although the process is almost free from reducible backgrounds [53], due to e�cient

cuts on the four and two-lepton systems, the total rate after hard WBF cuts is quite small

(⌧ 0.1 fb). Using quark-gluon tagging allows us to retain a larger cross section while keeping

at the same time gluon-fusion induced Higgs production under control. For the branching

ratios of the Higgs and Z bosons we assume Br(H ! ZZ
⇤) ' 2.62 ·10�2 and Br(Z ! l

+
l
�) '

0.06, where l represents electrons and muons. The number of measured events is calculated

as

N(WBF) ⌘ ✏(WBF) · �(WBF) · Br(H ! 4l) · L, (5.3)

and

N(GF) ⌘ ✏(GF) · �(GF) · Br(H ! 4l) · L, (5.4)

resulting for an integrated luminosity L = 1000 fb�1 in N(WBF) ' 83 and N(GF) ' 85

before applying quark gluon tags on the accompanying jets. After applying quark-gluon

tagging, for the working point ✏(WBF) ' 50% (10%) of table 2, we findN(WBF) ' 42 (9) and

N(GF) ' 17 (1). While the application of quark-gluon tags do not improve on S/
p
S +B, for

which we find S/
p
S +B ' 6.4 before and S/

p
S +B ' 5.4 after quark-gluon tagging with

✏(WBF) = 50% respectively. However, the combination of measurements including quark

gluon tagging at di↵erent working points allows to improve the limit setting on deviations

from Standard Model Higgs couplings.

The analytic dependence of the number of observed events on the coupling modifications

can be parametrised as

Ntot = �g
2
hgg

�g
2
hV V

N(GF) +�g
4
hV V

N(WBF), (5.5)

– 23 –
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where �gi ⌘ gi,mod/gi,SM and we assumed for simplicity that all Higgs-gauge boson couplings

are modified the same way, i.e. �ghWW = �ghZZ = �ghV V . Note that interference between

WBF and GF is highly suppressed [54].

Figure 15: Sensitivity bands for the process pp ! (h ! ZZ
⇤ ! 4l)jj after applying

quark-gluon tagging with three di↵erent working points, assuming a integrated luminosity of

L = 1000 fb�1. There is a four-fold ambiguity for the couplings ghV V and ghgg, for which the

same number of events as in the Standard Model (corresponding to the point ghV V = 1 and

ghgg = 1) are observed. Coupling modifications are defined as �gi ⌘ gi,mod/gi,SM.

In figure 15 we show the couplings that can be excluded to roughly 95% C.L. by requiring

|Ntot � NSM |/
p
NSM . 2. While the sensitivity bands widen for smaller ✏(WBF), smaller

gluon fusion contributions change the cross section dependence on ghgg, thus, increasing

sensitivity along otherwise blind directions of coupling combinations. That is, assuming that

the experimental results obtained by using three di↵erent working points are all consistent

with the Standard Model, one can exclude every combination of couplings that is outside of

the intersection of the three bands in figure 15.
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GF and WBF for H->bb
[Mangano et al. ’03]

[Englert, Mattelaer, MS ’15]

• considered to be impossible
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FIG. 2: Distribution of events for both the matrix element method likelihood ratio (left) and shower deconstruction (right)
after the analysis steps described in Sec. III have been carried out.
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FIG. 3: Expected background distribution of the shower de-
construction output for luminosities of 20 fb−1 and 200 fb−1.
Note that the statistical uncertainty becomes negligible. For
the 200 fb−1 case we also compare the background fit to the
Higgs signal distribution (multiplied by a factor 100). Ex-
ploiting the different shape of the signal above a well-modeled
background is key to the limit setting described in the text.
The (asymmetric) error bars on each bin are calculated using
quantiles following the ATLAS statistics recommendations
[41] inputting the expected background count.

in H → γγ searches). Concretely we find the signal to be
clustered around log(χSD) ≃ 6 while the background dis-
tribution is a smooth Gaussian-like distribution of Eq. (6)
in the search region log(χSD) > 5.

At a luminosity <
∼ 100 fb the total number of signal

events, as well as the different shape of the signal distri-
bution, Figs. 3 and 4, becomes resolvable on the basis of
the binned log likelihood method of [39, 42] (we stress
again that the error bars in Figs. 3 and 4 are purely ex-
emplary; the correct combined background+signal distri-
butions are sampled in using the methods of [39, 42] and
taken into account in the limits we quote). This means
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FIG. 4: Expected signal distribution of the shower decon-
struction output for 100 and 200 fb−1. We also plot sig-
nal pseudo-data to highlight the expected scatter of the sig-
nal events for the ideal scenario of a perfect background fit.
The (asymmetric) error bars on each bin are calculated us-
ing the ATLAS statistics recommendations [41] inputting the
expected signal count.

we can start excluding the SM at 95% confidence level
in case the Higgs has a suppressed bottom Yukawa inter-
action, Fig. 5. On the other hand, assuming a SM-like
Higgs boson, we can turn this exclusion into a coupling
measurement. Projecting to 600 fb−1, we obtain a con-
straint

0.82 < yb/y
SM
b < 1.14

at 95% confidence level by propagating the impact of the
modified bottom Yukawa interaction through the Higgs
production and decay phenomenology while keeping all
other Higgs couplings fixed to their SM values.
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we can start excluding the SM at 95% confidence level
in case the Higgs has a suppressed bottom Yukawa inter-
action, Fig. 5. On the other hand, assuming a SM-like
Higgs boson, we can turn this exclusion into a coupling
measurement. Projecting to 600 fb−1, we obtain a con-
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b < 1.14

at 95% confidence level by propagating the impact of the
modified bottom Yukawa interaction through the Higgs
production and decay phenomenology while keeping all
other Higgs couplings fixed to their SM values.

• Use Event Deconstruction to improve
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Indirect limit on total width of the Higgs boson

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0)⌫ (500)

�on�peak

gg!H!ZZ ⇠
g2ggHg2HZZ

�H
(501)

�o↵�peak

gg!H!ZZ ⇠ g2ggHg2HZZ (502)

35

Measure coupling off-shell -> limit denominator on-shell

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0)⌫ (500)

�on�peak

gg!H!ZZ ⇠
g2ggHg2HZZ

�H
(501)

�o↵�peak

gg!H!ZZ ⇠ g2ggHg2HZZ (502)

35

[Caola, Melnikov 2013]indirect width measurement a la 

less freedom to break relation (-> less model dependence) in WBF

Same tree-level coupling in production and decay

T parameter links WWH and ZZH

assumed

[Ellis, Campbell ’15][Englert, MS ’14]
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Question 3: Models with new resonances

New resonances can affect gauge-boson scattering

Leads to unitarity sum rules
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FIG. 1: Sample Feynman diagrams contributing to WW ! WW , the t-channel diagrams are not shown.

If additional resonances in V V scattering are present,
an identification will depend on their mass, width and
coupling strengths, fixed through high scale unitarity as
a function of their spin: The naive growth proportional to
s
2 and s of the amplitude, depicted in Fig. 1, in the high

energy limit "
µ

L
(p) ⇠ p

µ
/mV is mitigated by imposing

sum rules that link quartic and trilinear gauge and Higgs
couplings (see also [15–17] for a similar discussion of the
pure Higgs-less case).
For SM-like WW scattering, the sum rules read
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2
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+
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and for WW ! ZZ (and crossed) scattering these are modified to
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In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].

for the role of new resonances in electroweak symme-
try breaking. It is intriguing that both ATLAS and
CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ

scattering. In the high energy regime the Higgs exchange
diagrams conspire

M(ZLZL ! ZLZL) ⇠ s+ t+ u = 4m2
Z
, (2)

i.e. the scattering amplitude becomes independent of
the center of mass energy. Hence, on the one hand, in
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In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].

for the role of new resonances in electroweak symme-
try breaking. It is intriguing that both ATLAS and
CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ

scattering. In the high energy regime the Higgs exchange
diagrams conspire

M(ZLZL ! ZLZL) ⇠ s+ t+ u = 4m2
Z
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i.e. the scattering amplitude becomes independent of
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that custodial SU(2) is intact, which, in addition to the
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unitarity sum rules are independent of custodial isospin
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SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
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FIG. 2: W 0 and Z0 couplings to SM W and Z bosons as func-
tion of the Higgs coupling deviation following from Eq. (1).

scenarios where unitarity in WW and WZ scattering is
enforced by iso-vectors, we do not expect new resonant
structures in pp ! 4`+2j. On the other hand if unitarity
is conserved via the exchange of iso-scalar states, this
channel will provide a phenomenological smoking gun.
Obviously this is not a novel insight and under discussion
in the context of e.g. Higgs portal scenarios [23]. We will
not investigate the ZZ channel along this line in further
detail.

For the purpose of this paper we start with a mini-
mal, yet powerful set of assumptions, that can be recon-
ciled in models that range from (perturbative and large
N) AdS/CFT duality over SUSY to simple Higgs por-
tal scenarios. We will focus on a vectorial realization of
unitarity, assuming an electroweak doublet nature of the
Higgs boson.‡ This represents an alternative benchmark
of new resonant physics involved in the mechanism of
EWSB which has been largely ignored after the Higgs
discovery so far.

The first rules Eq. (1a), (1c) are typically a conse-
quence of gauge invariance [16] while the second rules
(1b), (1d) reflect the particular mechanism of EWSB.
Similar sum rules exist for massive qq̄ ! VLVL scatter-
ing, linking the Yukawa sector to the gauge sector [25].
We are predominantly interested in a modified Higgs phe-
nomenology in the standard WBF search channels. It
is however important to note that the latter sum rules
also predict new resonant states in Drell-Yan type pro-
duction [26] (for a recent comprehensive discussion see
also [27]) or gluon fusion induced V V jj production. For
this analysis, gluon fusion events can e�ciently be re-
moved by imposing selection criteria [28]; this process is
neglected further on (see below).

The presence of unitarizing spin one resonances is tan-

‡See [24] for a detailed discussion of WBF signatures in Higgs triplet
scenarios.

tamount to a modification of the 4-point gauge interac-
tions when we choose the trilinear couplings to be SM-
like. In higher dimensional and dual composite Higgs sce-
narios this fact is typically encoded in multiple definitions
of the tree-level Weinberg angle and a resulting constraint
from the ⇢ parameter. The quartic gauge couplings are
currently not well constrained and we use this freedom
to saturate the above sum rules via a non-standard value
of gWWWW and gWWZZ . The numerical modifications
away from the SM values as a function of the modified
Higgs couplings is small ' 0.1%, especially in the vicinity
of the SM when gWWZ0 = gW 0WZ = 0 are small and well
within the latest quartic coupling measurements’ uncer-
tainty as performed during the LEP era [29].§

II. RESULTS

A. Details of the simulation

Using Eq. (1), we have a simple parameterization of
new physics interactions in terms of mass and width of
the new vector state, and Higgs coupling modification
parameter. Since we do not specify a complete model
we treat the extra boson widths as nuisance parame-
ters. In concrete models the width can span a range
from rather narrow to extremely wide. Masses are typi-
cally constrained by electroweak precision measurements.
Since the sum rules give an independent prediction, we
will not consider these corrections further.

We use a modified version of Vbfnlo [30] to simulate
the weak boson fusion channel events for fully partonic
final states inputting the relevant model parameters men-
tioned above. Since WBF can be identified as “double-
DIS” we can e�ciently include the impact of higher order
QCD corrections on di↵erential distributions by dynam-
ically choosing the t-channel momentum transfer of the
electroweak bosons as the factorization and renormaliza-
tion scales [31] irrespective of new resonant structures
in the leptonic final state [32]. We generate the gluon
fusion contribution using again Vbfnlo, but find that
they are negligible for typical WBF requirements. As
benchmarks we consider the following parameter points,

§On a theoretical level, a modification of the quartic interactions
away from the the SM expectation introduces issues with Ward
identities which ultimately feed into the unitarity of the S matrix
beyond the tree-level approximation. Hence, Eqs. (1) need to be
understood as an e↵ective theory below the compositeness scale.
In concrete scenarios motivated from AdS/CFT, the fundamental
scale can be as high as 10 TeV [9, 16] and the SM-like ward iden-
tities need to be replaced by the corresponding 5d AdS relations.
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Sample lepton cuts WBF cuts mT,3l

WZ+jets 2.20 0.61 0.47

tt̄+jets 0.013 0 0

mW 0,Z0 = 700 GeV, ↵ = 0.9 2.58 0.75 0.59

mW 0,Z0 = 1000 GeV, ↵ = 0.9 2.32 0.67 0.51

mW 0,Z0 = 1500 GeV, ↵ = 0.9 2.22 0.63 0.48

mW 0,Z0 = 2000 GeV, ↵ = 0.9 2.23 0.63 0.48

mW 0,Z0 = 700 GeV, ↵ = 0.5 4.01 1.22 1.06

mW 0,Z0 = 1000 GeV, ↵ = 0.5 2.82 0.84 0.68

mW 0,Z0 = 1500 GeV, ↵ = 0.5 2.40 0.69 0.54

mW 0,Z0 = 2000 GeV, ↵ = 0.5 2.31 0.66 0.50

TABLE III: Results for 3 lepton search. The cross sections are
given in femtobarn, corresponding to proton-proton collisions
at

p
s = 14 TeV. Further details on the cuts can be found in

the text.
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FIG. 6: Projections of the 3l + /ET + jj 95% confidence
level contours for 100/fb (green), 500/fb (orange) and 3000/fb
(red). The Higgs coupling deviation is ↵2 = 0.95.

The signal extraction is performed over a mass window of
0.3⇥mW 0 in the transverse mass Eq. (7). The calculated
significance follows from:

S =
N(BSM)�N(WBF,SM)p

N(bkg,non-WBF) +N(WBF,SM)
, (8)

where the individual Ns refer to the signal counts at a
given luminosity. Using this measure we can isolate a
statistically significant deviation from the SM WBF dis-
tribution outside the Higgs signal region, taking into ac-
count the irreducible background in the WZ channel.

Already for a target luminosity of run 2 of 100/fb, a
large parameter region can be explored in the 3l+ /ET+jj

channel. A crucial parameter in this analysis is the width
of the additional resonance, which we take as a free pa-
rameter in our analysis. With an increasing width the

signal decouples quickly, but stringent constraints can
still be formulated at a high-luminosity LHC, especially
if new physics gives rise to only a percent-level defor-
mation of the SM Higgs interactions, see Fig. 6. Note
that the signal decouples very quickly with an increased
value of the width. Hence, if there in scenarios where
the extra vector bosons have a large coupling to the top
as expected in some composite models, the sensitivity
in the WBF search might not be su�cient to constrain
the presence of such states. It is worthwhile to stress
the complementarity of the WBF searches as outlined
in the previous sections to the aforementioned Drell-Yan
like production in this regard. Both ATLAS and CMS
have published limits of searches for W

0 and Z
0 reso-

nances in third quark generation final states [39–42]. If
the states we investigate in this paper have a sizeable
coupling to massive fermions, these searches will even-
tually facilitate a discovery. In this case, however, the
search for WBF resonances still provides complementary
information about the nature of electroweak symmetry
breaking. In particular WBF production will act as a
consistency check of the excesses around 2 TeV seen by
CMS and ATLAS [20, 21].

In Fig. 7 we show the cross section for a 2 TeV reso-
nance in WBF correlated with the Higgs boson on-shell
signal strengths for the scenario where the extra reso-
nances width solely arises from the partial width to SM
gauge bosons. This is optimistic in the sense that the ex-
pected signal rate is maximised; the Higgs phenomenol-
ogy is only modified via the interactions with the gauge
bosons (see above). As can be seen from the inclusive
cross section in Fig. 7 the expected cross section before
reconstruction is far to small to account for a ⇠ 1 fb
signal cross section required to explain the ATLAS and
CMS anomalies. If these excesses become statistically
significant, this means that the observed particle(s) do
not stand in relation relation to longitudinal gauge boson
unitarization. Alternative scenarios are discussed in [43].
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FIG. 7: Cross section of 2 TeV diboson resonance in WBF
for single lepton inclusive cuts at 8 TeV center of mass energy.

2 TeV resonance
in WW channel
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Sample lepton cuts WBF cuts mT,2l

(h ! WW )jj GF 0.03 < 0.01 < 0.01

tt̄+jets 82.76 0.22 0.17

WW+jets 6.32 1.72 1.09

WZ+jets 0.47 0.07 0.04

ZZ+jets 0.64 0.12 0.06

Z+jets 0.08 < 0.01 < 0.01

mW 0,Z0 = 700 GeV, ↵ = 0.9 6.37 1.84 1.24

mW 0,Z0 = 1000 GeV, ↵ = 0.9 5.89 1.68 1.18

mW 0,Z0 = 1500 GeV, ↵ = 0.9 5.80 1.67 1.13

mW 0,Z0 = 2000 GeV, ↵ = 0.9 5.84 1.64 1.09

mW 0,Z0 = 700 GeV, ↵ = 0.5 8.43 2.30 1.73

mW 0,Z0 = 1000 GeV, ↵ = 0.5 6.85 1.96 1.41

mW 0,Z0 = 1500 GeV, ↵ = 0.5 6.44 1.78 1.22

mW 0,Z0 = 2000 GeV, ↵ = 0.5 6.36 1.77 1.17

TABLE I: Results for 2 lepton search. The
cross sections are given in femtobarn, corre-
sponding to proton-proton collisions at

p
s =

14 TeV. Further details on the cuts can be
found in the text.
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(a) 95% confidence level (dashed) and 5� discovery (solid)
contours in the mass-width plane of the 3l + /ET + jj analysis
for an integrated luminosity of 100/fb and ↵ = 0.9 (red) and

↵
2 = 0.95 (green).
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(b) 95% confidence level exclusion contours for 700 GeV (blue),
1000 GeV (red) and 1500 GeV (yellow) for a nominal luminosity

of 100/fb.

FIG. 5: Projections of the 3l + /ET + jj analysis for a small integrated luminosity of 100/fb.

Sample lepton cuts WBF cuts m4l

ZZ+jets 0.25 0.074 0.054

↵ = 0.9 0.23 0.075 0.053

↵ = 0.5 0.24 0.078 0.058

TABLE II: Results for 4 lepton search. The cross sections are
given in femtobarn, corresponding to proton-proton collisions
at

p
s = 14 TeV. The t- and u-channel mass scales have no

significant impact. Further details on the cuts can be found
in the text.

E. Setting limits with 3l + /ET + jj production

Combining the analyses of the previous sections, we
can see that the potential presence of new vector reso-
nances for ⇠ 10% Higgs coupling deviations can be highly
constrained with the 3l+ /ET + jj channel. Although we
believe that more advanced limit setting procedures that
deal with full correlations can eventually be used to con-
strain iso-triplet states in the 2l + /ET + jj and 4l + jj

final states, the 3l + /ET + jj provides the most direct
avenue to constrain such a scenario.

We thus quote an expected significance using 3l+ /ET +
jj final states (Sec. IID) on the basis of mass, width and
modified Higgs coupling strength in Figs. 5(a) and 5(b).

[Englert, Harris, 
MS, Takeuchi ’15]



Simplified models: Pheno of extended Higgs sectors
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Simplified Models

A.  Singlet extension (Higgs portals):


B.  Higgs doublet extension:


C.  Higgs triplet extension:

Choose custodial symmetry as guiding principle for extensions (Practicality):

indicates that an approximate global

symmetry exits, broken by the vev to the diagonal ‘custodial’ 
symmetry group

Thus the Higgs field transforms

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0)⌫ (500)

�on�peak

gg!H!ZZ ⇠
g2ggHg2HZZ

�H
(501)

�o↵�peak

gg!H!ZZ ⇠ g2ggHg2HZZ (502)

H1 � H0 = SU(2)L ⇥ SU(2)R ⇥ U(1)X (503)

} (504)

U(1)Y (505)

(2, 2)⌦ (1, 1) ' 3� 1� 1 (506)
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Singlet extension:

Doublet extension:

[Robens, Stefaniak ‘15]

[Dumont, Gunion, Jiang, Kraml  ’14]

Hjj in singlet extension

Ajj in doublet extension
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Triplet extension

8

(a) Higgs to diphoton branching ratio enhanced:

1.3  ⇠H!��  2.3

(b) Higgs to diphoton branching ratio SM-like:

0.8  ⇠H!��  1.2

FIG. 7: Exclusion yield of the searches described in the previous sections when included to a model scan over the Georgi-
Machacek model. The parameter points are consistent with electroweak precision measurements, current direct LHC and
LEP constraints, and reproduce the signal strength of the measured Higgs boson in the observed weak boson decay channels
H ! W

+
W
�

, ZZ. The dotted contours represent the expected exclusion, the green and yellow regions reflect the ±1,±2
sigma uncertainty bands. The contours are, from top to bottom, the eight channel CMS SUSY search described in Sec. III,
the adapted 7 TeV WBF search described in Sec. III A (both 4.98 fb�1 luminosity) and the fully di↵erential search at 14 TeV
center of mass energy of Sec. IV (600 fb�1 luminosity).

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

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

0
0 scalar is the observed

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

0
3 violate the LHC exclusion limits

on scalar production. This case has been discussed in
Ref. [8] in detail.

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

0
0 with fermions and gauge

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

0
0 reproduce the observed total sig-

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

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

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

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

±
3 . The presence of these states might change

significantly several observables involving b-quarks,
because of possibly large values for the H

+
3 tb coupling.

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

¶
For the sake of completeness, we would like to point out that

recent results in the computation of 2-loop corrections for the

SM Zbb̄ coupling lead to sizeable e↵ects which have not been

taken into account in previous literature [44]. Including these ef-

fects goes however beyond the purpose of this study, although it

could be potentially relevant for constraints only due to non-

oblique corrections. We will however show that searches for

WBF-produced doubly charged states are very powerful as ex-

clusion tests for these models, and therefore our main results will

hold, regardless of the relative size of these loop e↵ects.

Georgi-Machacek doubly charged Higgs can be entirely excluded at LHC

[Englert, Re, MS ’13]

[CMS-PAS-SMP-13-015]

2

ticles in H ! V V, V = Z, W
±, especially because the

H
±±

W
⌥

W
⌥ coupling can be enhanced in comparison

to HW
+
W
� due to the model’s triplet character. Fur-

thermore, Ref. [25], which reports a SUSY search em-
ploying the 7 TeV 4.98 fb�1 data set, comprises signal
regions with relatively small HT � 80 GeV (compen-
sated with a larger missing energy requirement) which
can be exploited to formulate constraints on the triplet
model. This will be the focus of Sec. III. Subsequently,
in Sec. III A, we demonstrate that a slight modification
of the search strategy of Ref. [25] is su�cient to obtain
superior constraints on the triplet model even for a pes-
simistic estimate of reducible backgrounds and other un-
certainties. We also discuss in how far these estimates
can be improved by including the 8 TeV data set. In
Sec. IV we discuss an analysis on the basis of a WBF se-
lection at

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

yield strong constraints on the triplet models’ parameter
space.

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

II. A CONSISTENT MODEL OF HIGGS
TRIPLETS

The Georgi Machacek model [11] is a tree-level custo-
dial isospin-conserving implementation of Higgs triplets
based on scalar content
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FIG. 1: Sample weak boson fusion diagram involved in the
production of H

±±. We do not show the H
±± decay. By

crossing one of the up-flavor quarks to the final state and
the non-connected down-flavor to the initial we recover the
Drell-Yan-type production modes.

� is a SM-like Higgs doublet necessary for introducing
fermion masses, and ⌅ combines the complex (�1, �2, �3)
and real (⇠1, ⇠2,�⇠

⇤
1) triplets such that an additional

SU(2)R can act in the usual fashion (⌅ ! UL⌅U
†
R

and
� ! ŨL�Ũ

†
R
) leaving custodial isospin unbroken af-

ter � and ⌅ obtain vacuum expectation values (vevs)
h⌅i = v⌅ , h�i = v� .

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

L =
1
2
Tr

⇥
D2,µ�†

D
µ

2 �
⇤
+

1
2
Tr

⇥
D3,µ⌅†Dµ

3 ⌅
⇤
�V (�,⌅)

+ � Yukawa interactions , (2a)

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

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

(246 GeV)2 = v
2
� + 8v

2
⌅ . (4)

Defining the mixing angles

cos ✓H =: cH =
v�

vSM
,

sin ✓H =: sH =
2
p

2v⌅

vSM

(5)

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

±±
5 , which we will in-

2

ticlesinH!VV,V=Z,W±,especiallybecausethe
H±±W⌥W⌥couplingcanbeenhancedincomparison
toHW+W�duetothemodel’stripletcharacter.Fur-
thermore,Ref.[25],whichreportsaSUSYsearchem-
ployingthe7TeV4.98fb�1dataset,comprisessignal
regionswithrelativelysmallHT�80GeV(compen-
satedwithalargermissingenergyrequirement)which
canbeexploitedtoformulateconstraintsonthetriplet
model.ThiswillbethefocusofSec.III.Subsequently,
inSec.IIIA,wedemonstratethataslightmodification
ofthesearchstrategyofRef.[25]issu�cienttoobtain
superiorconstraintsonthetripletmodelevenforapes-
simisticestimateofreduciblebackgroundsandotherun-
certainties.Wealsodiscussinhowfartheseestimates
canbeimprovedbyincludingthe8TeVdataset.In
Sec.IVwediscussananalysisonthebasisofaWBFse-
lectionat

p
s=14TeVcenter-of-massenergy,whichwill

yieldstrongconstraintsonthetripletmodels’parameter
space.

Aswewillargue,theresultsofthesesectionsarenot
specifictoaparticulartripletmodelandlargelygener-
alizetoanymodelwithHiggstriplets.Sincethetree-
levelcustodialsymmetrypreservingimplementationof
Higgstripletsexhibitsaricherphenomenology,wespecif-
icallyanalyzetheimpactofthedescribedsearchesin
thecontextoftheGeorgi-Machacek(GM)model[11]
(whichwequicklyreviewinSec.IItomakethiswork
self-contained).Inparticular,weinputthedirectsearch
constraintsfordoublychargedscalarsintoaglobalscan
oftheelectroweakproperties,alsotakingintoaccount
EWPD.WegiveoursummaryinSec.VI.

II.ACONSISTENTMODELOFHIGGS
TRIPLETS

TheGeorgiMachacekmodel[11]isatree-levelcusto-
dialisospin-conservingimplementationofHiggstriplets
basedonscalarcontent
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FIG.1:Sampleweakbosonfusiondiagraminvolvedinthe
productionofH±±.WedonotshowtheH±±decay.By
crossingoneoftheup-flavorquarkstothefinalstateand
thenon-connecteddown-flavortotheinitialwerecoverthe
Drell-Yan-typeproductionmodes.

�isaSM-likeHiggsdoubletnecessaryforintroducing
fermionmasses,and⌅combinesthecomplex(�1,�2,�3)
andreal(⇠1,⇠2,�⇠⇤

1)tripletssuchthatanadditional
SU(2)Rcanactintheusualfashion(⌅!UL⌅U†

Rand
�!ŨL�Ũ†
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modelinasimplifiedway[11]andcanbemotivatedfrom
imposingaZ2symmetry[12].
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symmetrybreakingfollowfromthesumoftheHiggs
fields’vevs,constraining

(246GeV)
2

=v
2
�+8v

2
⌅.(4)

Definingthemixingangles

cos✓H=:cH=
v�

vSM
,

sin✓H=:sH=
2
p

2v⌅

vSM

(5)

turnsouttobeuseful.Sincecustodialisospinispre-
served,intheunitarygaugetheHiggsmassesgroupinto
twosinglets,onetripletandonequintet(thequintetin-
cludesourdoublychargescalarH±±

5,whichwewillin-

Use H++ in GM Model in WBF
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Summary

•XJJ, in particular GF or WBF, one of most 
important event topology at LHC

•Allows to relate to most fundamental questions in 
nature in plethora of ways

•Process ideally suited for upcoming higher 
energies and higher luminosities of LHC
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