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Higgs Searches using Jets
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• Excesses around 125 GeV driven by photon and lepton final states

• 2012 Data can bring evidence for existence of 125 GeV resonance

• However, not clear if resonance is SM Higgs ...

➡ Spin and CP
➡ Couplings to fermions, i.e. top, bottom, taus
➡ Couplings to gauge bosons

Need better 
understanding of 

hadronic final states
➡ Extended Higgs sector / new decay channels
➡ Higgs selfcoupling
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After finding a bump, we need to study its origin:

• If the Higgs is SM-like it has to show up in several channels 

3.1.2 Higgs production at hadron machines

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

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

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

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

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

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

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

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

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

gluon − gluon fusion : gg −→ H (3.3)

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

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

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

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

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

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

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

Higgs production mechanisms listed above.
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Higgs at the LHC

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3!)
t t̄H WW (2!)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2!)
qqH ττ (1!)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p
g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi

[Lafaye, Plehn, MR, Zerwas, Dührssen 2009]
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Some couplings/channels very 
challenging:

• Higgs decay to light fermions

• Extracting 

X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

9

• If observed in ZZ and photons:

Spin 1 ruled out by Landau-Yang theorem (photons)

CP-odd ruled out by Z decay (if no CP-violation in Higgs sector)

Channels are mutually related
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Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]
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X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

�i ⇠ g2d (156)

9

assumed:

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was PRD 62 (2000); 
Duehrssen (2005)]
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• Huge improvement from boosted Higgs 
analysis

• also for non-b decay modes due to 
better knowledge of total width 

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]

�(Z ! ⌫̄⌫) (85)

t, u
4

, d
4

(86)

mZ/2  m⌫4  mH/2 (87)

mt0 > 552 GeV (88)

t0t̄0 ! bW+b̄W� ! bl+⌫ b̄l�⌫̄ (89)

�g

g
(90)

6

To reduce uncertainty for 
all coupling, need to 

measure b and t coupling
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Boosted configurations help to overcome QCD backgrounds:

SM
BSM

SM
BSM

Jets Jets

high pT high pT

Proton

Proton

• overlapping radiation
• jet-parton matching breaks down
• need big jet cone

BSM
very heavy
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Jet 
constituents

Subjets

(Fat)Jet
order of recombination 
defined by some 
metric, e.g. kT distance

4

most ATLAS and CMS results on top tagging are at best published in internal notes, so we will be very
brief.

II. TOP TAGGING ALGORITHMS

Top tagging algorithms are typically based on two classes of observables. On the one hand, we can
generalize the well established event shapes to jet shapes, i.e. observables defined on calorimeter clusters
of the energy flow inside a geometrically large fat jet. Such jet shapes are directly accessible by the LHC
detectors. For our purpose the most relevant jet shape is the jet mass, on which all top tagging algorithms
are based. The second class of observables is the clustering history of all jet constituents. This history cannot
be observed directly. Instead, we have to rely on our understanding of QCD to simulate it, based on the
energy depositions we observe in the calorimeters (and trackers).

To backwards engineer the splitting history of a jet we can use our picture of collinear quark and gluon
splittings predicted by first principles QCD. The successive splitting of quarks and gluons radiated o↵ an
n-particle hard process (�n) factorizes in the soft or collinear limits into the simple form

�n+1

=

Z
�n

dp2j
p2j

dz
↵s

2⇡
P̂j1 j(z) , (1)

where pj is the momentum of the splitting parton and z is the energy fraction of one of the splitting products

j ! j
1

j
2

. The di↵erent splitting kernels P̂ (z) depend on the partonic quark or gluon process and are known.
They often diverge in the soft limit z ! 0, so we will encounter an overlapping enhancement and eventually
divergence for soft and for collinear radiation [17, 18]. The factorization shown in Eq.(1) describes the
splitting of parton radiation o↵ incoming as well as o↵ outgoing hard partons until the radiated partons
become soft enough to hadronize. The numerical implementation of Eq.(1) is the parton shower, and it
describes the transition from hard partons to a large number of hadrons which eventually decay and appear
in the calorimeters of the LHC experiments.

Inverting this successive splitting and hence extracting a hard parton momentum from a measured jet is
what jet algorithms do. Historically, an important issue is the infrared safety of observables and algorithms;
a soft or collinear splitting of any parton momentum cannot impact the macroscopic observables. While
some cone algorithms are not collinear save, recombination algorithms are. Such recombination algorithms
iteratively determine which of the observed calorimeter towers should be merged into subjets and which of
these subjets should then be merged together step by step, such that finally we arrive at few hard jets per
event. The end of this successive splitting can be defined in terms of a given minimum jet separation or a
given maximum number of jets. Di↵erent recombination algorithms are based on di↵erent subjet distance
measures:

kT dj1j2 =
�R2

j1j2

D2

min
�
p2T,j1 , p

2

T,j2

�
dj1B = p2T,j1

Cambridge/Aachen dj1j2 =
�R2

j1j2

D2

yj1B = 1

anti-kT dj1j2 =
�R2

j1j2

D2

min

 
1

p2T,j1

,
1

p2T,j2

!
dj1B =

1

p2T,j1

. (2)

These measures can be generalized to dj1j2 = �R2

j1j2
/D2 ⇥ min(p2nT,j1

p2nT,j2
) for n = �1, 0, 1. The kT -

algorithm [19] mimics the soft and collinear enhancement of the QCD splitting kernels in Eq.(1). For the
top tagging application it should best reconstruct the QCD splitting history. The Cambridge/Aachen (C/A)
algorithm [20] always combines the two closest (most collinear) subjets. It is sensitive to collinear but not to
soft splittings, but as we will see later it has some advantages in fat jet searches. The anti-kT [21] algorithm
first combines the hardest subjets, to define a particularly stable jet recombination with clean geometric jet
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Jet 
constituents

Subjets

(Fat)Jet
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For jet substructure study reverse cluster history
and analyze internal structure

Higgs jet QCD jet6 Theory Seminar             Berkeley     Michael Spannowsky            12/05/2011                   

Jet 
constituents

Subjets

(Fat)Jet
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Are we done?

In a perfect world (or an e+e- collider) this 
would be most of the story

However, at the LHC many sources of radiation:

• Pileup

• Underlying Event

• Initial state radiation (ISR)

• Hard radiation from many resonances in event

Need methods to separate final state radiation (FSR) from rest of event

20

III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]
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At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,
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where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.
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Can add up to 100 GeV of soft radiation per unit rapidity

[Dasgupta, Magnea, Salam JHEP 0802]

[Cacciari, Salam, Sapeta JHEP 1004]
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I. Measuring the Higgs-bottom coupling 
using boosted techniques

b b-

gH

bb
-

Signal: Background:
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Do I look like a Higgs jet or 
do I look like a gluon jet?

Novel techniques can help: ’’Mirror, mirror on the wall ...’’
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Do I look like a Higgs jet or 
do I look like a gluon jet?

Don’t answer:
To me you just look like 

a fat jet

Novel techniques can help: ’’Mirror, mirror on the wall ...’’
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Do I look like a Higgs jet or 
do I look like a gluon jet?

Don’t answer:
To me you just look like 

a fat jet

Novel techniques can help: ’’Mirror, mirror on the wall ...’’

Trailblazing analysis: [Butterworth, Davison, Rubin, Salam  PRL 100 (2008)]
confirmed by ATLAS [ATL-PHYS-PUB-2009-088]

First time idea: [M. H. Seymour, Z. Phys. C 62, 127 (1994)]
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HV - Higgs discovery channel

p p

b
e.g.   pp -> ZH bbar

Z -> l+l-

    H -> b,bbar

Collect FSR

Reject ISR and UE
R=1.2

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
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HV - Higgs discovery channel

mass drop:
1)  check for mass drop

mj1 < 0.66 mj

p p

b
bbar

Z -> l+l-

    H -> b,bbar

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]

2)  check “asymmetry”

physics scenario as well as the detector performance. Im-

portant details of the new physics model include the total

cross section of new physics, the fraction of new physics

produced that can be cleanly separated from standard

model backgrounds, the fraction of this sample that has

Higgs bosons resulting from new heavy particle decays,

and the fraction of these Higgs bosons that are boosted.

Important detector performance details include the b-tag

e⇧ciency, which includes tagging a jet as well as subjets,

the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta

pt ⇤ mh. When the Higgs decays to bb̄, this high

transverse momenta causes the b-jets to be highly col-

limated. Conventional search strategies to identify the

Higgs through the reconstruction of two separate singly

b-tagged jets generally fails since it is much more likely

for the b-jets to be merged into a single jet. Going to

smaller cone size would seem prudent, except that this

has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique

to identify subjets within a “fat jet” consistent with the

decay of a Higgs to bb̄ [1]. Identifying subjets inside a

fat jet that resulted from the decay of a massive particle

is not straightforward. Jet mass, determined by some

algorithmic prescription applied to the subjets, is one

indicator. However, the distribution that results from

ordinary QCD production still has a long tail into high

jet masses. For a jet with transverse momentum pt, jet

mass mj , and cone size R2
= �⇥2

+ �⌃2
, the leading

order di⇥erential QCD jet mass distribution goes as [5, 6]

d⇧ (R)

dptdmj
⇥ �sCi

⌅m2
j

 
ln

R2p2
t

m2
j

+O (1)

!
. (1)

The challenge is thus to reduce the QCD jet background

without losing significantly in mass resolution. Further,

when a jet with substructure is identified, we also need to

determine the “heavy particle neighborhood” – the region

to which QCD radiation from the Higgs decay products

is expected to be confined.

Analysis of jet substructure has received considerable

attention. Distinct algorithms have been proposed to

identify Higgs decaying to bb̄ [1, 7], fully hadronic decays

of top [7, 8, 9, 10], and even neutralinos decaying to three

quarks [11, 12]. Refs. [13, 14, 15] have also recently in-

troduced a more general “pruning” procedure based on

jet substructure to more easily discover heavy particles.

Our work employs a modified version of the iterative de-

composition algorithm introduced by Ref. [1], which uses

an inclusive, longitudinally invariant Cambridge/Aachen

(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new

physics and SM background processes, is a set of final

(post-showering and hadronization) particles. We gener-

ate signal events using Pythia v6.4 [19], while the back-

ground events are first generated at parton-level using

ALPGENv13 [20]. We use PYTHIA v6.4 for showering

and hadronization of all events. We also use the ATLAS

tune [21] in Pythia to model the underlying event. We do

not perform any detector simulation or smearing of jets.

A realistic ATLAS/CMS specific search in the spirit of

Ref. [2] is beyond the scope of this work. However, since

high pt jets result in a large amount of energy deposited

in the calorimeter cells where energy resolution is excel-

lent, we do not expect smearing to significantly modify

our results.

We group the hadronic output of Pythia into “cells” of

size �⇥��⌃ = 0.1�0.1. We sum the four momentum of

all particles in each cell and rescale the resulting three-

momentum such as to make the cells massless [8]. If the

cell energy is bigger than 1 GeV, the cells become the

inputs to the jet algorithm. We use the inclusive C/A

algorithm as implemented in FastJet [22] to cluster the

input cells in jets with R = 1.2. As we are trying to

identify the Higgs through its decay to bottom quarks,

the b-tag e⇧ciency is paramount. For simplicity we work

with a flat 60% acceptance, with a corresponding fake

rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-

tering, the two subjets j1 and j2 are labeled such

that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-

istence of a significant mass drop (mj1 < µmj) as

well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

�R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)
2

identical to Ref. [1]. Both subjets

are required to be b-tagged and the pt of the daugh-

ter jet j greater than 30 GeV. If these conditions

are satisfied, this stage of clustering (say, i-th) is

recorded and then the following is calculated:

Si =

min

⇣
p2

tj1
, p2

tj2

⌘

�
ptj1

+ ptj2

�2 �Rj1j2 . (2)

The quantity Si is an indicator of the similarity of

the two subjets and is weighted by their separation

�Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as

j has further subjets.

4. Select the stage of clustering for which Si is the

largest. We anticipate that the two b-tagged sub-

jets, at this stage, are most likely to have originated

2
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p p

b
bbar

Z -> l+l-

    H -> b,bbar

g

HV - Higgs discovery channel

Apply filtering and take 
3 hardest subjets

Use b-tagging on 2 
hardest subjets

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
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3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

BDRS Result

Confirmed in ATLAS full detector simulation

• LHC 14 TeV; 30 fb-1

• HERWIG/JIMMY/Fastjet 
cross-checked with 
PYTHIA with “ATLAS tune”

• 60% b-tag; 2% mistag

• Combination of HZ and HW 
channels

• Further improvements are 
possible [Soper, MS JHEP 1008 (2010)] 

[Soper, MS PRD 84 (2011)] 
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First studies of method using data:
• Jet mass in good agreement with MC
• y-splitter observable in good agreement with MC
• Massdrop + Filtering as predicted by MC
• Pileup under control so far:

(see ATLAS 1203.4606) 

All measurements indicate large potential for jet 
substructure techniques and good agreement with MC

10 Mean Mass With Multiple Proton-Proton Interactions

The results presented so far have been for events containing only one pp interaction; how-

ever even in this early period of running, the data contain events with multiple simul-

taneous pp interactions (pile-up) [47]. These additional collisions are uncorrelated with

the hard-scattering process that typically triggers the event. They therefore present a

background of soft, di↵use radiation that o↵sets the energy measurement of jets and will

impact jet-shape and substructure measurements. It is essential that future studies involv-

ing jet-substructure variables, such as those investigated here, be able to understand and

correct for the e↵ects of pile-up. Methods to mitigate these e↵ects will be essential for jet

multiplicity and energy scale measurements.

Substructure observables are expected to be especially sensitive to pile-up [8]. This is

true in particular for the invariant mass of large-size jets. Techniques such as the splitting

and filtering procedure used in this study reduce the e↵ective area of large jets and are

therefore expected to reduce sensitivity to pile-up.

The sensitivity of mean jet mass to pile-up is tested in this dataset. The correlation

of the mean jet mass of anti-k
t

jets with the number of reconstructed primary vertices is

presented in Figure 17 (left). All jets with a p
T

of at least 300 GeV in the rapidity range

|y| < 2 are considered. The mean mass of jets in the absence of pile-up and the variation

with pile-up activity show the expected dependence on the jet size. The mean mass in the
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Figure 17. The mean mass for jets with pT > 300 GeV as a function of the number of primary
vertices identified in the event. Comparisons show the e↵ect for anti-kt jets with di↵erent R-
parameters (left) and Cambridge-Aachen R = 1.2 jets with and without splitting and filtering
procedure (right). Each set of points is fitted with a straight line.
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Protons

ISR

ISR

FSR

FSR

O(1000) 
partices UE

UE

pdf
Fragmentation

Short distance 
physics

Underlying Event (UE) color 
correlations + Pile-Up

Long distance physics
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Shower deconstruction

• Maximal information approach to discriminate 
signal from backgrounds 

  -> UE, ISR, FSR, hard process

• We want one discriminating analytic function

• Have to respect experimental limitations

More information -> better discrimination

Our approach:

Playground: Boosted HZ final state 

[Soper, MS PRD 84 (2011)] 
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Recombine fat jet’s constituents to microjets
(kT, R=0.15, pT > 2 GeV)

bb-

microjets are basic elements of event/fat jet
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Figure 5: A shower history for a background event in which a high pT “any” parton, treated as a
gluon, splits to a b + b̄ pair. The QCD shower splitting of a b-quark is to a b-quark plus a gluon.
The b and b̄ quarks radiate gluons and one of the gluons splits into two “any” partons, treated as
gluons.

that this is a g � g + g splitting. Let the label of the daughter that carries the 3 color of

the mother parton J be A. We draw this daughter parton on the left in our diagrams. Let

the label of the daughter parton that carries the 3 color of parton J be B. We draw this

daughter parton on the right in our diagrams. We track the angle variables of two color

connected partner partons to parton J . Parton k(J)L carries the 3 color that is connected

to the 3 color line of parton J . Parton k(J)R carries the 3 color that is connected to the

3 color line of parton J . The labels k(J)L and k(J)R specify lines in the shower history

diagram, not necessarily final microjets. Given the labels of the color connected partners

to the mother parton J , we assign the color connected partons of the daughter partons.

The two daughter partons are color connected partners of each other and each inherits one

of the color connected partners of the mother. That is

k(A)L = k(J)L, k(A)R = B , (3.1)

and

k(B)L = A, k(B)R = k(J)R . (3.2)

If parton J is a b-quark, then it has a color connected partner k(J)R that carries the

3 color connected to the quark’s 3 color. There is no k(J)L partner. The b-quark can split

into daughter b-quark A and a daughter gluon B, which we draw on the right because it

carries the 3 color of the mother b-quark. The color connected partners of the daughter

partons are then

k(A)R = B , (3.3)

and

k(B)L = A, k(B)R = k(J)R . (3.4)

Similarly, if parton J is a b̄-quark, then it has a color connected partner k(J)L that carries

the 3 color connected to the b̄-quark’s 3 color. There is no k(J)R partner. The b̄-quark can

– 12 –

Fat jet: R=1.2, anti-kT

microjets 
R=0.15, kT

Build all possible shower histories

signal vs background hypothesis 
based on:

‣ Emission probabilities
‣ Color connection
‣ Kinematic requirements
‣ b-tag information

bb-
g

gg

ISR

g
ISR

UE

UE

ISR/UE hard interaction
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we will have the best statistical significance for a measurement if we make �C(B) as small as
possible. Thus we seek to choose the cut so as to minimize �C(B) with �C(S) held constant.
The solution to this problem is to choose C({p, t}N) such the surface C({p, t}N) = 0 is
a surface of constant ⇥MC({p, t}N). That is, we should use signal and background cross
sections in which the function that defines the cut is taken to be

C({p, t}N) = ⇥MC({p, t}N)� ⇥0 (8)

for some ⇥0. If we make any small adjustment to this by removing an infinitesimal region
with ⇥MC({p, t}N) > ⇥0 from the cut and adding a region having the same signal cross
section but with ⇥MC({p, t}N) < ⇥0, we raise the total background cross section within the
cut while keeping the signal cross section the same. Thus using contours of ⇥MC({p, t}N) to
define our cut is the best that we can do.

What value of ⇥0 should one choose? For a simple optimized cut based analysis with a
given amount of integrated luminosity, one would choose ⇥0 so as to maximize the ratio of the
expected number of signal events to the square root of the expected number of background
events. We discuss this further in Sec. XI.

Instead of using an optimized cut on ⇥MC to separate signal from background, one could
imagine using a log likelihood ratio constructed from ⇥MC. We do not discuss that method
in this paper.

Now we must face the fact that to construct ⇥MC({p, t}N), we would need two things:
the di�erential cross section to find microjets {p, t}N in background events and then the
di�erential cross section to find microjets {p, t}N in signal events. In each case, we would
consider this di�erential cross section in a parton shower approximation to the full theory.
Unfortunately for us, a parton shower produces d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N by
producing Monte Carlo events at random according to these distributions. If we have 10
microjets described by 4 momentum variables each and we divide each of these 40 variables
into 12 bins, then we have approximately 1240/10! ⇥ 1036 total bins (accounting for the
interchange symmetry among the 10 microjets). The parton shower Monte Carlo event
generator will fill these bins with events, but it will be a long time before we have of order
100 counts per bin in order to estimate d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N at each bin
center. Thus it is not practical to calculate ⇥MC({p, t}N) numerically by generating Monte
Carlo events. It is also not practical to calculate ⇥MC({p, t}N) analytically using the shower
algorithms in Pythia or Herwig. These programs are very complicated, so that we have
no hope of finding PMC({p, t}N |S) and PMC({p, t}N |B) for either of them.

D. Probabilities according to simplified shower

What we need is an observable ⇥({p, t}N) that is an approximation to ⇥MC({p, t}N) such
that we can calculate ⇥({p, t}N) analytically for any given {p, t}N . For this purpose, we
define a simple, approximate shower algorithm, which we will call the simplified shower
algorithm. We let P ({p, t}N |S) and P ({p, t}N |B) be the probabilities to produce the mi-
crojet configuration {p, t}N in, respectively, signal and background events according to the
simplified shower algorithm. Define

⇥({p, t}N) =
P ({p, t}N |S)
P ({p, t}N |B)

. (9)

6

We then define �kT,I to be the transverse momentum of all microjets that are part of the fat

jet but are not in the decay products of the initial hard parton. That is, �kT,I is the transverse
momentum of all microjets associated with initial state and underlying event radiation. We
demand that

k2
T,I < Q2/4 . (22)

For the probability density associated with the creation of the initial hard parton, we use
a factor

Ha = Npdf

�
p2T,min

k2
0

⇥Npdf 1

k2
0

�(k2
T,I < Q2/4) . (23)

Here k0 is the transverse momentum of the initial hard parton. The factor 1/k2
0 is an approx-

imation to the k2
0 dependence of the square of the hard matrix element. The hard scattering

cross section is also proportional to a product of parton distribution functions. We approx-
imate the dependence on the parton distribution functions by including a factor 1/(k2

0)
Npdf ,

where our default value for the exponent is Npdf = 2. (This value yields an approximation
to the one jet inclusive cross section at the Large Hadron Collider, as illustrated in Fig. 11
of ref. [43].) The parameter pT,min is the smallest allowed transverse momentum of Z-boson
against which the initial hard parton recoils, pT,min = 200 GeV, Eq. (2). The normalization
factor Npdf(p2T,min)

Npdf is chosen so that the integral of H from p2T,min to infinity is 1.

B. Signal

We also need a factor to represent the hard scattering process that creates the Higgs
boson. For this purpose, we use a factor

HH = Npdf

�
p2T,min +m2

H

k2
H +m2

H

⇥Npdf 1

k2
H +m2

H

�(k2
T,I < Q2/4) , (24)

as in Eq. (23). Here kH is the transverse momentum of the Higgs boson, mH is the Higgs
boson mass, kT,I is the total transverse momentum of all partons emitted in the initial state,
and Q2 is defined in Eq. (21). The remaining factors provide an approximation to the
dependence on the parton distribution functions, as in Eq. (23). The default values of the
parameters are Npdf = 2 and pT,min = 200 GeV.

V. INITIAL STATE AND UNDERLYING EVENT RADIATION

We have seen how to model the hard interaction that creates either a high pT QCD parton
or a Higgs boson. Now we need to model initial state and underlying event radiation, defining
an emission probability HIS as illustrated in Fig. 7. Consider the probability for the emission
of a gluon with positive rapidity from an initial state parton that participates in the hard
interaction. Since the gluon has positive rapidity, this emission is predominantly from the
active parton a from hadron A. We use b as the label for the other active incoming quark,
from hadron B. We take pa to be in the + direction and pb to be in the � direction.5 We

5 We use momentum components p± = (p0 ± p3)/
⇥
2

14

where x is the momentum fraction of the parton after emitting the gluon, zx/(1 � z) is
the momentum fraction of the emitted gluon, x/(1 � z) is the momentum fraction of the
parton before emitting the gluon and the functions f are parton distribution functions.
(See Eq. (8.26) of Ref. [39]). When k2

J ⇤ Q2 we have z ⇤ 1 and R ⇥ 1. However, the
approximation R ⇥ 1 breaks down for values of k2

J/Q
2 at which initial state radiation is still

significant. We do not want our simplified shower model to depend on parton distribution
functions, so we make a rather crude approximation,

R =
1

(1 + cR kJ/Q)nR
, (31)

where our default values for the parameters are cR = 2 and nR = 4. The power nR = 4 gives
us an asymptotic power k�6

J , as in Eq. (23). We chose cR = 2 in order to match roughly
with results from running Pythia.

With this factor R included, we should have a fairly good approximation for the emission
probability as long as k2

J is large enough for the emission to be purely perturbative. To
give ourselves some flexibility at small k2

J , we replace k2
J by k2

J + ⇥2
p in the argument of �s

and the factor 1/k2
J . Our default value for the parameter here is ⇥2

p = 1 GeV2. Then the
perturbative H is frozen when kJ gets to be much smaller than ⇥p. We then add back a
simple non-perturbative function that gives us a chance to adjust the amount of radiation
for smaller values of kJ .

This gives the complete initial state emission probability

HIS =
CA

2

�s(k2
J + ⇥2

p)

k2
J + ⇥2

p

1

(1 + cR kJ/Q)nR
+

cnp(⇥2
np)

nnp�1

[k2
J + ⇥2

np]
nnp

. (32)

Our default values for the non-perturbative parameters are cnp = 0.5, ⇥2
np = 0.5 GeV2, and

nnp = 2. It is intended that, with adjustment of parameters, we can include perturbative
radiation from the active initial state partons together with radiation at central rapidities
and small transverse momenta that is associated with the underlying event and with event
pileup. Our choice for the parameters is based on comparisons with results from Pythia,
including the representation in Pythia of the e�ects of the underlying event.

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting that we model as g ⌅ g + g is represented
by a function Haaa or Hgaa as illustrated in Fig. 8. We call these the conditional splitting
probabilities. Here the condition is that the mother parton has not split already at a higher
virtuality. The plain parton lines represent partons with flavor “any.” We treat these partons
as being almost always gluons, so that Haaa and Hgaa are the same and approximate the
probability for a g ⌅ g + g splitting.

Let us examine what we should choose for H for a g ⌅ g + g splitting, that is for Haaa

or Hgaa. We take the mother parton to carry the label J and we suppose that the daughter
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(for more detail see [Soper, MS PRD 84 (2011)])

FIG. 11: Splitting functions for final state QCD splittings of a quark or antiquark, including a b

or b̄ quark.

This gives a splitting probability H:

Hggg = 8⇡CA
↵
s
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◆
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Here we evaluate ↵
s

at the virtuality scale of the splitting. When there is no color connected
parton visible, we are forced to simplify this to

H
no-k = 8⇡CA

↵
s
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J)
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J
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Here there is no restriction on the angles ys,�s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes
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B. Splitting probability for q ! q + g and q̄ ! q̄ + g

Quarks and antiquarks can radiate gluons. These splittings are represented by the split-
ting probabilities Hqqg and Hq̄gq̄ that are illustrated in Fig. 11. We treat the splitting of
a bottom quark as identical to the splitting of a light quark, neglecting the bottom quark
mass. We take the splitting probability to be

Hqqg = Hq̄gq̄ = 8⇡C
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◆
. (55)

The derivation follows the derivation that led to Eq. (52). Here kg is the transverse momen-
tum of the gluon, kq is the transverse momentum of the quark or antiquark, and kJ is the
transverse momentum of the mother quark. Then using kq/kJ ⇡ z and kg/kJ ⇡ (1� z), the
factor containing these ratios gives the collinear splitting function

Pqq = CF
1 + z2

1� z
(56)
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FIG. 6: Probability to create the initial parton in the hard interaction. The left hand vertex is for
the background process, the right hand vertex is for the signal process.

among the corresponding momenta:

pJ = pA + pB . (19)

This means that p2J > 0 even if p2A = 0 and p2B = 0. In shower generation (as distinguished
from shower deconstruction) one does not do this. One wants p2 = 0 for all intermediate
partons since one does not know the virtualities of daughter partons at the time that the
splitting is generated. When all partons have p2 = 0, one has to take some momentum from
somewhere in order to balance momentum. If we did that for shower deconstruction, the
required treatment would be di�cult. For shower deconstruction, we simply use Eq. (19)
and allow all partons to have p2 > 0. Then each parton (or jet) is characterized by four
variables, one of which is p2.

With this choice, each parton is described by four variables: its virtuality µ2, its rapidity y,
its azimuthal angle �, and the absolute value k of its transverse momentum. The (+,�, 1, 2)
components of the momentum of the parton are then

p =

�
1⇥
2

⌃
k2 + µ2 ey,

1⇥
2

⌃
k2 + µ2 e�y, k cos�, k sin�

⇥
. (20)

We are now ready to turn to the vertices of our shower history diagrams.

IV. THE HARD INTERACTION VERTEX

We first need a factor to represent the hard scattering process that creates the starting
high pT parton that forms the fat jet, or, more exactly, forms the part of the fat jet that is
not from initial state emissions. This factor is represented by the “star” vertex, as in Fig. 6.
We consider first the hard vertex for background events.

A. Background

First, we impose a requirement that the scattering process that creates the starting high
pT parton is indeed the dominant hard scattering process in the event. We define Q2 to be
the square of the transverse momentum of the fat jet plus the square of its mass,

Q2 =

⇤
⇧

i⇥fat jet

⇥pT,i

⌅2

+

⇤
⇧

i⇥fat jet

pi

⌅2

. (21)
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where x is the momentum fraction of the parton after emitting the gluon, zx/(1 � z) is
the momentum fraction of the emitted gluon, x/(1 � z) is the momentum fraction of the
parton before emitting the gluon and the functions f are parton distribution functions.
(See Eq. (8.26) of Ref. [39]). When k2

J ⇤ Q2 we have z ⇤ 1 and R ⇥ 1. However, the
approximation R ⇥ 1 breaks down for values of k2

J/Q
2 at which initial state radiation is still

significant. We do not want our simplified shower model to depend on parton distribution
functions, so we make a rather crude approximation,

R =
1

(1 + cR kJ/Q)nR
, (31)

where our default values for the parameters are cR = 2 and nR = 4. The power nR = 4 gives
us an asymptotic power k�6

J , as in Eq. (23). We chose cR = 2 in order to match roughly
with results from running Pythia.

With this factor R included, we should have a fairly good approximation for the emission
probability as long as k2

J is large enough for the emission to be purely perturbative. To
give ourselves some flexibility at small k2

J , we replace k2
J by k2

J + ⇥2
p in the argument of �s

and the factor 1/k2
J . Our default value for the parameter here is ⇥2

p = 1 GeV2. Then the
perturbative H is frozen when kJ gets to be much smaller than ⇥p. We then add back a
simple non-perturbative function that gives us a chance to adjust the amount of radiation
for smaller values of kJ .

This gives the complete initial state emission probability

HIS =
CA

2

�s(k2
J + ⇥2

p)

k2
J + ⇥2

p

1

(1 + cR kJ/Q)nR
+

cnp(⇥2
np)

nnp�1

[k2
J + ⇥2

np]
nnp

. (32)

Our default values for the non-perturbative parameters are cnp = 0.5, ⇥2
np = 0.5 GeV2, and

nnp = 2. It is intended that, with adjustment of parameters, we can include perturbative
radiation from the active initial state partons together with radiation at central rapidities
and small transverse momenta that is associated with the underlying event and with event
pileup. Our choice for the parameters is based on comparisons with results from Pythia,
including the representation in Pythia of the e�ects of the underlying event.

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting that we model as g ⌅ g + g is represented
by a function Haaa or Hgaa as illustrated in Fig. 8. We call these the conditional splitting
probabilities. Here the condition is that the mother parton has not split already at a higher
virtuality. The plain parton lines represent partons with flavor “any.” We treat these partons
as being almost always gluons, so that Haaa and Hgaa are the same and approximate the
probability for a g ⌅ g + g splitting.

Let us examine what we should choose for H for a g ⌅ g + g splitting, that is for Haaa

or Hgaa. We take the mother parton to carry the label J and we suppose that the daughter

16

b

b-

ISR
ISRg

g

UE

UE

UE

� (85)

Ha (86)

HH (87)

6

� (85)

Ha (86)

HH (87)

6

� (85)

Ha (86)

HH (87)

HIS (88)

6

(fitted to Pythia8)

ISR vs Hard scale cut

momentum of all microjets associated with initial state and underlying event radiation. We
demand that

k2

T,I < Q2/4 . (22)

For the probability density associated with the creation of the initial hard parton, we use
a factor

Hg = N g
pdf

✓
p2T,min

k2

0

◆Ng
pdf 1

k2

0

⇥(k2

T,I < Q2/4) . (23)

Here k
0

is the transverse momentum of the initial hard parton. The factor 1/k2

0

is an approx-
imation to the k2

0

dependence of the square of the hard matrix element. The hard scattering
cross section is also proportional to a product of parton distribution functions. We approx-
imate the dependence on the parton distribution functions by including a factor 1/(k2

0

)N
g
pdf ,

where our default value for the exponent is N g
pdf

= 2. This value yields an approximation to
the one jet inclusive cross section at the Large Hadron Collider, as illustrated in Fig. 11 of
ref. [45]. The parameter pT,min

is the smallest allowed transverse momentum of the Z-boson
against which the initial hard parton recoils, pT,min

= 200 GeV, Eq. (2). The normalization
factor N

pdf

(p2T,min

)Npdf is chosen so that the integral
R
dk2

0

H from p2T,min

to infinity is 1.
There is an additional normalization factor that we omit because it cancels between the
hard scattering cross sections for background and for signal.

B. Signal

We also need a factor to represent the hard scattering process that creates the Higgs
boson. For this purpose, we use a factor

HH = NH
pdf

✓
p2T,min

+m2

H

k2

H +m2

H

◆NH
pdf 1

k2

H +m2

H

⇥(k2

T,I < Q2/4) , (24)

as in Eq. (23). Here kH is the transverse momentum of the Higgs boson, mH is the Higgs
boson mass, kT,I is the total transverse momentum of all partons emitted in the initial state,
and Q2 is defined in Eq. (21). The remaining factors provide an approximation to the
dependence on the parton distribution functions. The default values of the parameters are
NH

pdf

= 2 and pT,min

= 200 GeV as in Eq. (23).

V. INITIAL STATE AND UNDERLYING EVENT RADIATION

We have seen how to model the hard interaction that creates either a high pT QCD parton
or a Higgs boson. Now we need to model initial state and underlying event radiation, defining
an emission probability H

IS

as illustrated in Fig. 7. Consider the probability for the emission
of a gluon with positive rapidity from an initial state parton that participates in the hard
interaction. Since the gluon has positive rapidity, this emission is predominantly from the
active parton “a” from hadron A. We use “b” as the label for the other active incoming
quark, from hadron B. We take p

a

to be in the + direction and p
b

to be in the � direction.
We suppose that the emitting parton “a” has a color connected partner with label k. For
the processes that we examine, the initial state partons are likely to be quarks, so there
is only one color connected partner. The emitted parton carries the label J . As a simple
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treat the Higgs boson decay as if the invariant mass of its decay products can be anything
within a ±�mH window around the physical Higgs mass, mH . Thus we artificially modify
the di↵erential decay probability to

He�S = 16⇡2

⇥(|mb¯b �mH | < �mH)

4mH �mH

. (104)

Our default value for �mH is 10 GeV.

IX. b-TAGS

We have described in Sec. II B how we assign b-tags T, F, or none to microjets produced
by Pythia or Herwig in a way that mimics imperfect b-tagging in an experiment. Tags
T or F are assigned only to microjets that are among the three highest pT microjets in the
event and, additionally, have pT > ptagT , where we take ptagT = 15 GeV.

In this section, we examine how to assign probabilities that a given b-tag value will
be generated in the simplified shower. We seek to simulate the probabilities with which
the algorithm specified above generates tj values T, F, or none when operating on events
generated by the full Pythia or Herwig.

We suppose that we are given a microjet state, with momenta pj for each microjet and
with a T or F b-tag for each microjet that has large enough transverse momentum. We
need to estimate the probability Pj(T) that microjet j receives a tag tj = T and and the
probability Pj(F) that microjet j receives a tag tj = F. Then if, in fact, tj = T, we include
in P ({p, t}N |S, h) (for a signal history h) or P ({p, t}N |B, h) (for a background history h) a
factor Pj(T). If tj = F, we include factor Pj(F).

How should we calculate Pj(T) and Pj(F)? We note that the situation is simpler than
for a real Pythia or Herwig shower because each microjet consists of precisely one parton
and each parton i has a definite flavor fi which can be b or b̄ or could be a flavor that is not
b or b̄, namely q or q̄ or g. We make the definition as follows, using the probabilities P (T|b)
and P (T|⇠b) defined in Sec. II B:

• If a microjet j is a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P (T|b) and tj = F with a probability Pj(F) = 1� P (T|b).
• If microjet j is not a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P (T|⇠b) and tj = F with a probability Pj(F) = 1� P (T|⇠b).

X. CONSTRUCTING SHOWER HISTORIES

We have now described how to calculate a probability P ({p, t}N |S, h) for each signal
history h and a probability P ({p, t}N |B, h) for each background history h. We simply look
at the diagram that describes the shower history and associate a factor with each element of
the diagram. Now we need to generate shower histories. Because our method for combining
daughter jets to form a mother jet is so simple, we can construct a set of possible shower
histories in a fairly simple fashion.

We begin with a list of the starting microjets. We divide these into two sets in all
possible ways. One set consists of decay products of partons emitted as initial state or
underlying event radiation, the second consists of the decay products of the parton (a gluon
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FIG. 16: Splitting probability He�S for Higgs boson decay.

emissions. We get a Sudakov factor for each one, times a factor for not having an emission
between the last one and k2

cut

. The product of these is exp(�S
IS

) where

S
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]nnp

#
. (100)

The factor exp(�S
IS

) is independent of the splitting values k2

JA
, k2

JB
, . . . , k2

Jn
. It does depend

on the hard scattering scale Q2, which varies from event to event. However, note that Q2

is independent of the shower history and is the same for shower histories that represent
background and signal processes. Thus the factor exp(�S

tot

) will cancel exactly between
signal and background factors in our observable �, so we can simply replace

exp(�S
IS

) ! 1 . (101)

VIII. HIGGS DECAY PROBABILITY

A light Higgs boson decays most often into b+ b̄. Since we consider only the b+ b̄ decay
mode, it su�ces to treat the Higgs boson as if it always decayed to b + b̄. In the sections
on splittings in a parton shower, we have specified a conditional splitting probability H, the
probability for a splitting at a given virtuality µ2

J if the parton has not split at a higher µ2

J .
The total splitting probability is then He�S, where e�S is the probability that the parton
has not split at a higher µ2

J . In this section, for the Higgs decay, we specify the total decay
probability He�S, depicted in Fig. 16.

The light Higgs boson is a very narrow object. In the narrow width approximation, the
di↵erential decay probability is

He�S = 16⇡2 �(m2

b¯b �m2

H) . (102)

The normalization is arranged so that the total probability that the Higgs decays, using the
integration measure in in Eq. (70), is 1:

1

4(2⇡)3

Z
dm2

b¯b

Z
dz

Z
d' He�S = 1 . (103)

Although a low mass Higgs boson is a very narrow object, the precision of its mass recon-
struction is limited by detector resolution e↵ects and by the loss of momentum resolution
caused by grouping final state particles into microjets. To take these issues into account, we
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IX. b-TAGS

We have described in Sec. II B how we assign b-tags T, F, or none to microjets produced
by Pythia or Herwig in a way that mimics imperfect b-tagging in an experiment. Tags
T or F are assigned only to microjets that are among the three highest pT microjets in the
event and, additionally, have pT > ptagT , where we take ptagT = 15 GeV.

In this section, we examine how to assign probabilities that a given b-tag value will
be generated in the simplified shower. We seek to simulate the probabilities with which
the algorithm specified above generates tj values T, F, or none when operating on events
generated by the full Pythia or Herwig.

We suppose that we are given a microjet state, with momenta pj for each microjet and
with a T or F b-tag for each microjet that has large enough transverse momentum. We
need to estimate the probability Pj(T) that microjet j receives a tag tj = T and and the
probability Pj(F) that microjet j receives a tag tj = F. Then if, in fact, tj = T, we include
in P ({p, t}N |S, h) (for a signal history h) or P ({p, t}N |B, h) (for a background history h) a
factor Pj(T). If tj = F, we include factor Pj(F).

How should we calculate Pj(T) and Pj(F)? We note that the situation is simpler than
for a real Pythia or Herwig shower because each microjet consists of precisely one parton
and each parton i has a definite flavor fi which can be b or b̄ or could be a flavor that is not
b or b̄, namely q or q̄ or g. We make the definition as follows, using the probabilities P (T|b)
and P (T|⇠b) defined in Sec. II B:

• If a microjet j is a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P (T|b) and tj = F with a probability Pj(F) = 1� P (T|b).
• If microjet j is not a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P (T|⇠b) and tj = F with a probability Pj(F) = 1� P (T|⇠b).

X. CONSTRUCTING SHOWER HISTORIES

We have now described how to calculate a probability P ({p, t}N |S, h) for each signal
history h and a probability P ({p, t}N |B, h) for each background history h. We simply look
at the diagram that describes the shower history and associate a factor with each element of
the diagram. Now we need to generate shower histories. Because our method for combining
daughter jets to form a mother jet is so simple, we can construct a set of possible shower
histories in a fairly simple fashion.

We begin with a list of the starting microjets. We divide these into two sets in all
possible ways. One set consists of decay products of partons emitted as initial state or
underlying event radiation, the second consists of the decay products of the parton (a gluon
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FIG. 16: Splitting probability He�S for Higgs boson decay.

emissions. We get a Sudakov factor for each one, times a factor for not having an emission
between the last one and k2

cut

. The product of these is exp(�S
IS

) where

S
IS

=
R2

F

2⇡

Z Q2/4

k2cut

dk̄2

"
C

A

2

↵
s

(k̄2 + 2

p

)

k̄2 + 2

p

1

(1 + cR k̄/Q)nR
+

c
np

(2

np

)nnp�1

[k̄2 + 2

np

]nnp

#
. (100)

The factor exp(�S
IS

) is independent of the splitting values k2

JA
, k2

JB
, . . . , k2

Jn
. It does depend

on the hard scattering scale Q2, which varies from event to event. However, note that Q2

is independent of the shower history and is the same for shower histories that represent
background and signal processes. Thus the factor exp(�S

tot

) will cancel exactly between
signal and background factors in our observable �, so we can simply replace

exp(�S
IS

) ! 1 . (101)

VIII. HIGGS DECAY PROBABILITY

A light Higgs boson decays most often into b+ b̄. Since we consider only the b+ b̄ decay
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The total splitting probability is then He�S, where e�S is the probability that the parton
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probability He�S, depicted in Fig. 16.

The light Higgs boson is a very narrow object. In the narrow width approximation, the
di↵erential decay probability is
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The normalization is arranged so that the total probability that the Higgs decays, using the
integration measure in in Eq. (70), is 1:
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Although a low mass Higgs boson is a very narrow object, the precision of its mass recon-
struction is limited by detector resolution e↵ects and by the loss of momentum resolution
caused by grouping final state particles into microjets. To take these issues into account, we
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so
that the splitting probability di⇤erential in the splitting variables µ2

J ,��,�y is

dP = dµ2
J d�� d�y J He�S (69)

and the total splitting probability is
⇥

dP =

⇥
dµ2

J

⇥
d��

⇥
d�y

�

s

J He�S . (70)

Here H (from Sec. VI) is the conditional splitting probability for a mother parton to split if it
has not split at a higher virtuality than µ2

J and e�S is the probability, derived (approximately)
from H, that the mother parton has not split at a higher virtuality. In defining S, we will
approximate the jacobian J by the approximate version J0 in Eq. (68) and will further
approximate H to a function H0 that is simple when written in terms of the splitting
variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother parton J did not split at a virtuality
above µ2

J . Thus the Sudakov factor is exp(�S), where S is the probability for the mother
parton to have split at a value of µJ that is greater than the value at which the splitting
did, in fact, occur. The corresponding Sudakov factors are associated with the propagators
in our shower history diagrams. For instance, for an a or g parton, the factors exp(�Sa)
and exp(�Sg) are indicated in Fig. 12. The splittings are treated as g ⇤ g + g splittings
and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S ⇥
⇥
dµ̄2

J ⇥(µ2
J < µ̄2

J)

⇥
d�ȳ

⇥
d��̄

�

s̄

J(p̄A, p̄B)H(p̄A, p̄B)⇥({p̄A, p̄B} ⌅ fat jet) . (71)

Here p̄A and p̄B denote the momenta of the daughter partons in a possible splitting and µ̄2
J ,

�ȳ, ��̄ and s̄ denote parameters of the possible splitting, while J is the jacobian for the
change of integration variables to µ̄2

J , �ȳ, ��̄ and s̄ at fixed mother parton variables kJ , yJ ,
and �J .

The theta function ⇥({p̄A, p̄B} ⌅ fat jet) is present for the following reason. Parton J
has, in each interval of virtuality dµ̄2

J , a probability to emit a soft, wide angle gluon that is
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Signal hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g ⇤ b+ b̄ or a ⇤ b+ b̄ splitting or a Higgs boson decay
to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
⇤CA

4b20
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⇤
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2
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k/4
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.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The di⇥erence
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement ⇥k ⇤ R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ2
J and

include a factor e�Sa , e�Sg , or e�Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ2

J .
In principle, we should also include a factor

↵
dH representing the probability that parton

J did finally split at virtuality µ2
J . We do not know the splitting angle ⇥ for this splitting.

We do know that ⇥ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if ⇥ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

↵
dH

by integrating the di⇥erential splitting function over the region ⇥ < Rmicrojet.6 We do not, in

6 Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys,⇤s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

Hno-K =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kskh
�
�
µ2
J < k2

J

⇥
. (48)

B. Splitting probability for b � b+ g and b̄ � b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g � b+ b̄
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilities Hbbg and Hb̄gb̄ that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history
diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.
We take the splitting probability to be

Hbbg = Hb̄gb̄ =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kbkg

⇥2bk
⇥2gb + ⇥2gk

�(kg < kb)�

⇤
2
µ2
J

kJ
<

µ2
K

kK

⌅
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition
kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in which b labels
daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner
of the b or b̄ quark.

C. Splitting probability for g � b+ b̄

We need one more QCD splitting probability, for f � b + b̄ for a high transverse mo-
mentum f = a or f = g parton. We model this as a g � b + b̄ splitting since we treat
f = a partons as being almost always gluons. Now, a g � b + b̄ splitting is rare compared
to g � g + g splittings, so we could simply approximate the probability for a g � b + b̄
splitting by zero. However, g � b + b̄ is the main background for the H � b + b̄ signal, so
we need to keep track of g � b+ b̄ splittings even if they have a small probability.
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FIG. 11: Splitting functions for final state QCD splittings of a quark or antiquark, including a b

or b̄ quark.

This gives a splitting probability H:
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Here we evaluate ↵
s

at the virtuality scale of the splitting. When there is no color connected
parton visible, we are forced to simplify this to

H
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Here there is no restriction on the angles ys,�s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

H
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B. Splitting probability for q ! q + g and q̄ ! q̄ + g

Quarks and antiquarks can radiate gluons. These splittings are represented by the split-
ting probabilities Hqqg and Hq̄gq̄ that are illustrated in Fig. 11. We treat the splitting of
a bottom quark as identical to the splitting of a light quark, neglecting the bottom quark
mass. We take the splitting probability to be

Hqqg = Hq̄gq̄ = 8⇡C
F
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The derivation follows the derivation that led to Eq. (52). Here kg is the transverse momen-
tum of the gluon, kq is the transverse momentum of the quark or antiquark, and kJ is the
transverse momentum of the mother quark. Then using kq/kJ ⇡ z and kg/kJ ⇡ (1� z), the
factor containing these ratios gives the collinear splitting function

Pqq = CF
1 + z2

1� z
(56)
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FIG. 6: Splitting functions for final state QCD splittings that are modeled as g ⌅ g + g

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]

⇥ kskh[(ys � yh)
2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,

2 ps · pk ⇥ kskk ⇥
2
sk ,

2 ph · pk ⇥ khkk ⇥
2
hk ,

(31)
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so
that the splitting probability di⇤erential in the splitting variables µ2

J ,��,�y is

dP = dµ2
J d�� d�y J He�S (69)

and the total splitting probability is
⇥

dP =

⇥
dµ2

J

⇥
d��

⇥
d�y

�

s

J He�S . (70)

Here H (from Sec. VI) is the conditional splitting probability for a mother parton to split if it
has not split at a higher virtuality than µ2

J and e�S is the probability, derived (approximately)
from H, that the mother parton has not split at a higher virtuality. In defining S, we will
approximate the jacobian J by the approximate version J0 in Eq. (68) and will further
approximate H to a function H0 that is simple when written in terms of the splitting
variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother parton J did not split at a virtuality
above µ2

J . Thus the Sudakov factor is exp(�S), where S is the probability for the mother
parton to have split at a value of µJ that is greater than the value at which the splitting
did, in fact, occur. The corresponding Sudakov factors are associated with the propagators
in our shower history diagrams. For instance, for an a or g parton, the factors exp(�Sa)
and exp(�Sg) are indicated in Fig. 12. The splittings are treated as g ⇤ g + g splittings
and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S ⇥
⇥
dµ̄2

J ⇥(µ2
J < µ̄2

J)

⇥
d�ȳ

⇥
d��̄

�

s̄

J(p̄A, p̄B)H(p̄A, p̄B)⇥({p̄A, p̄B} ⌅ fat jet) . (71)

Here p̄A and p̄B denote the momenta of the daughter partons in a possible splitting and µ̄2
J ,

�ȳ, ��̄ and s̄ denote parameters of the possible splitting, while J is the jacobian for the
change of integration variables to µ̄2

J , �ȳ, ��̄ and s̄ at fixed mother parton variables kJ , yJ ,
and �J .

The theta function ⇥({p̄A, p̄B} ⌅ fat jet) is present for the following reason. Parton J
has, in each interval of virtuality dµ̄2

J , a probability to emit a soft, wide angle gluon that is
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.
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We will insert a splitting probability into each integration over the splitting variables, so
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Here H (from Sec. VI) is the conditional splitting probability for a mother parton to split if it
has not split at a higher virtuality than µ2

J and e�S is the probability, derived (approximately)
from H, that the mother parton has not split at a higher virtuality. In defining S, we will
approximate the jacobian J by the approximate version J0 in Eq. (68) and will further
approximate H to a function H0 that is simple when written in terms of the splitting
variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother parton J did not split at a virtuality
above µ2

J . Thus the Sudakov factor is exp(�S), where S is the probability for the mother
parton to have split at a value of µJ that is greater than the value at which the splitting
did, in fact, occur. The corresponding Sudakov factors are associated with the propagators
in our shower history diagrams. For instance, for an a or g parton, the factors exp(�Sa)
and exp(�Sg) are indicated in Fig. 12. The splittings are treated as g ⇤ g + g splittings
and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like
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Here p̄A and p̄B denote the momenta of the daughter partons in a possible splitting and µ̄2
J ,

�ȳ, ��̄ and s̄ denote parameters of the possible splitting, while J is the jacobian for the
change of integration variables to µ̄2

J , �ȳ, ��̄ and s̄ at fixed mother parton variables kJ , yJ ,
and �J .

The theta function ⇥({p̄A, p̄B} ⌅ fat jet) is present for the following reason. Parton J
has, in each interval of virtuality dµ̄2

J , a probability to emit a soft, wide angle gluon that is
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Background hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g ⇤ b+ b̄ or a ⇤ b+ b̄ splitting or a Higgs boson decay
to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
⇤CA

4b20
�

⇤
µ2
J < min

⇤
kJ
2kK

µ2
K , k

2
J⇥

2
k/4
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1

�s(k2
J⇥

2
k)

log

⌥
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�s

�
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�

kJ
2kK
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K , k

2
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2
k/4
⇥⇥

�

⌦

+
1

�s(µ2
J)

� 1

�s

�
min
�

kJ
2kK

µ2
K , k

2
J⇥

2
k/4
⇥⇥
⌃

.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The di⇥erence
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement ⇥k ⇤ R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ2
J and

include a factor e�Sa , e�Sg , or e�Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ2

J .
In principle, we should also include a factor

↵
dH representing the probability that parton

J did finally split at virtuality µ2
J . We do not know the splitting angle ⇥ for this splitting.

We do know that ⇥ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if ⇥ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

↵
dH

by integrating the di⇥erential splitting function over the region ⇥ < Rmicrojet.6 We do not, in

6 Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.

28

FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys,⇤s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

Hno-K =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kskh
�
�
µ2
J < k2

J

⇥
. (48)

B. Splitting probability for b � b+ g and b̄ � b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g � b+ b̄
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilities Hbbg and Hb̄gb̄ that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history
diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.
We take the splitting probability to be

Hbbg = Hb̄gb̄ =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kbkg

⇥2bk
⇥2gb + ⇥2gk

�(kg < kb)�

⇤
2
µ2
J

kJ
<

µ2
K

kK

⌅
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition
kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in which b labels
daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner
of the b or b̄ quark.

C. Splitting probability for g � b+ b̄

We need one more QCD splitting probability, for f � b + b̄ for a high transverse mo-
mentum f = a or f = g parton. We model this as a g � b + b̄ splitting since we treat
f = a partons as being almost always gluons. Now, a g � b + b̄ splitting is rare compared
to g � g + g splittings, so we could simply approximate the probability for a g � b + b̄
splitting by zero. However, g � b + b̄ is the main background for the H � b + b̄ signal, so
we need to keep track of g � b+ b̄ splittings even if they have a small probability.
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FIG. 11: Splitting functions for final state QCD splittings of a quark or antiquark, including a b

or b̄ quark.

This gives a splitting probability H:

Hggg = 8⇡CA
↵
s

(µ2

J)
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◆
. (52)

Here we evaluate ↵
s

at the virtuality scale of the splitting. When there is no color connected
parton visible, we are forced to simplify this to

H
no-k = 8⇡CA

↵
s

(µ2

J)
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kskh
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1� kskh
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◆
. (53)

Here there is no restriction on the angles ys,�s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

H
no-K = 8⇡CA

↵
s

(µ2

J)

µ2

J

k2

J

kskh


1� kskh

k2

J

�
2

⇥
�
µ2

J < k2

J

�
. (54)

B. Splitting probability for q ! q + g and q̄ ! q̄ + g

Quarks and antiquarks can radiate gluons. These splittings are represented by the split-
ting probabilities Hqqg and Hq̄gq̄ that are illustrated in Fig. 11. We treat the splitting of
a bottom quark as identical to the splitting of a light quark, neglecting the bottom quark
mass. We take the splitting probability to be

Hqqg = Hq̄gq̄ = 8⇡C
F

↵
s

(µ2

J)

µ2

J

kJ
kg

"
1 +

✓
kq
kJ

◆
2

#
✓2qk

✓2gq + ✓2gk
⇥

✓
2
µ2

J

kJ
<

µ2

K

kK

◆
. (55)

The derivation follows the derivation that led to Eq. (52). Here kg is the transverse momen-
tum of the gluon, kq is the transverse momentum of the quark or antiquark, and kJ is the
transverse momentum of the mother quark. Then using kq/kJ ⇡ z and kg/kJ ⇡ (1� z), the
factor containing these ratios gives the collinear splitting function

Pqq = CF
1 + z2

1� z
(56)
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Signal hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g ⇤ b+ b̄ or a ⇤ b+ b̄ splitting or a Higgs boson decay
to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is
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(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The di⇥erence
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement ⇥k ⇤ R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ2
J and

include a factor e�Sa , e�Sg , or e�Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ2

J .
In principle, we should also include a factor

↵
dH representing the probability that parton

J did finally split at virtuality µ2
J . We do not know the splitting angle ⇥ for this splitting.

We do know that ⇥ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if ⇥ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

↵
dH

by integrating the di⇥erential splitting function over the region ⇥ < Rmicrojet.6 We do not, in

6 Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys,⇤s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

Hno-K =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kskh
�
�
µ2
J < k2

J

⇥
. (48)

B. Splitting probability for b � b+ g and b̄ � b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g � b+ b̄
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilities Hbbg and Hb̄gb̄ that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history
diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.
We take the splitting probability to be

Hbbg = Hb̄gb̄ =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kbkg

⇥2bk
⇥2gb + ⇥2gk
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K
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⌅
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition
kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in which b labels
daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner
of the b or b̄ quark.

C. Splitting probability for g � b+ b̄

We need one more QCD splitting probability, for f � b + b̄ for a high transverse mo-
mentum f = a or f = g parton. We model this as a g � b + b̄ splitting since we treat
f = a partons as being almost always gluons. Now, a g � b + b̄ splitting is rare compared
to g � g + g splittings, so we could simply approximate the probability for a g � b + b̄
splitting by zero. However, g � b + b̄ is the main background for the H � b + b̄ signal, so
we need to keep track of g � b+ b̄ splittings even if they have a small probability.
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FIG. 6: Splitting functions for final state QCD
splittings that are modeled as g ⌅

g +
g

VI.
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In this section, we define the main part of the simplified shower, QCD
shower splittings.

A.
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),
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FSR evolution
analogously
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Event selection cuts

‣ Cluster hadrons to ‘detector cells’ 0.1 x 0.1, ET > 0.5 GeV

‣ lepton pT > 15 GeV

‣ two hardest leptons mZ +- 10 GeV

‣ at least 1 fat jet (anti-kT, R=1.2, pT>200 GeV)

Normalize signal/background cross section 
to the NLO results obtained from MCFM

is because if the problem is simple, one can solve it with simple cuts and the method that

we propose is not necessary.

The method that we propose is quite general, but in order to explain it with reason-

able clarity, we need to consider a specific process. As outlined above, we should pick a

complicated process. However, if we did that, it would be di⇥cult to explain the method.

For that reason, we choose a simple process.

The simple process that we use as an example is the search for the Higgs boson using

the process p+ p ⌅ H + Z +X where the Z-boson decays to µ+ + µ� (or e+ + e�) while

the Higgs boson H decays to b+ b̄. Competing backgrounds are p+ p ⌅ jets +Z +X and

also p+ p ⌅ Z+Z+X where the second Z-boson decays hadronically. The ratio of signal

cross section to background cross section that we start with after event selection cuts is

very small, smaller than 1/1000. That is, of course, a disadvantage for having the method

work well, but it does not hurt in explaining the method.

2.1 Event selection

In order to make the Higgs boson easier to find, we demand that the Z-boson against

which it recoils has a large transverse momentum. Specifically, we select events consistent

with a leptonically decaying Z-boson for which the leptons are central (|yl| < 2.5), fairly

hard (pT,l > 15 GeV). The invariant mass of the leptons is required to recombine to the

Z-boson mass

|ml+l� �mZ | < 10 GeV . (2.1)

The reconstructed Z-boson is required to be is highly boosted in the transverse plane,

pT,l+l� > pT,min ⇤ 200 GeV . (2.2)

We next combine final state hadrons in simulated detector cells of size 0.1 ⇥ 0.1 and

adjust the absolute value of the momentum in each cell so that the the four-momentum

is massless. We remove cells with energy less than 0.5 GeV. We then use these cells as

input to the anti-kT jet-finding algorithm with a large e�ective cone size, R = 1.2. We find

the jet with the highest transverse momentum of all such jets in the event and require its

transverse momentum to be larger than pT,min.

Those selection cuts force the Higgs boson to recoil against the Z-boson with a large

transverse momentum, so that the decay products of the Higgs boson are fairly well colli-

mated.

We denote the cross section for signal events that pass these cuts by �MC(s) and denote

the cross section for background events that pass these cuts by �MC(B). With some help

from next-to-leading order calculations, we estimate 2

�MC(S) = 1.48 fb ,

�MC(B) = 2610 fb ,

�MC(S)

�MC(B)
=

1

1760
.

(2.3)

2[NOTE: How we did it.]
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imperfect b-tagging (60%,2%) no b-tag required

Results of shower deconstruction (SD)

section but with ⇥MC({p, t}N ) < ⇥0, we raise the total background cross section within the

cut while keeping the signal cross section the same. Thus using contours of ⇥MC({p, t}N )

to define our cut is the best that we can do.

What value of ⇥0 should one choose? For a simple optimized cut based analysis with

a given amount of integrated luminosity, one would choose ⇥0 so as to maximize the ratio

of the expected number of signal events to the square root of the expected number of

background events. We discuss this further in section 14.

Instead of using an optimized cut on ⇥MC to separate signal from background, one

could imagine using a log likelihood ratio constructed from ⇥MC. We do not discuss that

method in this paper.

Now we must face the fact that to construct ⇥MC({p, t}N ), we would need two things:

the di�erential cross section to find microjets {p, t}N in background events and then the

di�erential cross section to find microjets {p, t}N in signal events. In each case, we would

consider this di�erential cross section in a parton shower approximation to the full theory.

Unfortunately for us, a parton shower produces d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N
by producing Monte Carlo events at random according to these distributions. If we have 10

microjets described by 4 momentum variables each and we divide each of these 40 variables

into 12 bins, then we have approximately 1240/10! � 1036 total bins (accounting for the

interchange symmetry among the 10 microjets). The parton shower Monte Carlo event

generator will fill these bins with events, but it will be a long time before we have of order

100 counts per bin in order to estimate d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N at each

bin center. Thus it is not practical to calculate ⇥MC({p, t}N ) numerically by generating

Monte Carlo events. It is also not practical to calculate ⇥MC({p, t}N ) analytically using

the shower algorithms in Pythia or Herwig. These programs are very complicated, so

that we have no hope of finding PMC({p, t}N |S) and PMC({p, t}N |B) for either of them.

2.4 Probabilities according to simplified shower

What we need is an observable ⇥({p, t}N ) that is an approximation to ⇥MC({p, t}N ) such

that we can calculate ⇥({p, t}N ) analytically for any given {p, t}N . For this purpose, we

define a simple, approximate shower algorithm, which we will call the simplified shower

algorithm. We let P ({p, t}N |S) and P ({p, t}N |B) be the probabilities to produce the mi-

crojet configuration {p, t}N in, respectively, signal and background events according to the

simplified shower algorithm. Define

⇥({p, t}N ) =
P ({p, t}N |S)
P ({p, t}N |B) . (2.9)

This function, ⇥({p, t}N ) without the “MC” subscript, is the observable that we use. We

may call the calculation of ⇥({p, t}N ) shower deconstruction.

The parton state with N microjets is a possible intermediate state in a parton shower.

We seek to determine the probability that this intermediate state with parameters {p, t}N
is generated. We try to build enough into the simpler shower to provide a reasonable

approximation to QCD and the rest of the standard model. Furthermore, we can define

the shower so that the deconstruction is as simple as we can make it, even if that means that

– 7 –FIG. 1: d�
MC

(B)/d log� for background events (upper curve) and d�
MC

(S)/d log� for signal
events (lower curve) for samples of signal and background events generated by Pythia. We use
the cuts described in Sec. II A.

This function, �({p, t}N) without the “MC” subscript, is the observable that we use. We
may call the calculation of �({p, t}N) shower deconstruction.

The parton state with N microjets is a possible intermediate state in a parton shower.
We seek to determine the probability that this intermediate state with parameters {p, t}N
is generated. We try to build enough into the simpler shower to provide a reasonable ap-
proximation to QCD and the rest of the standard model. Furthermore, we can define the
shower so that the deconstruction is as simple as we can make it, even if that means that
the corresponding shower algorithm is not so practical as an event generator. For instance,
an implementation of the simplified shower algorithm as an event generator might generate
weighted events in a way that makes unweighting the events costly in computer time. Addi-
tionally, probability conservation might be only approximate, so that the generated weights
for di↵erent outcomes do not sum exactly to one. No matter: we are not going to use the
simplified shower algorithm to generate events anyway. Additionally, we can ignore any
factors in P ({p, t}N |S) and P ({p, t}N |B) that are common between them for each {p, t}N
since such factors cancel in �.

Our construction will be far from perfect, and it can be useful even if it is not perfect.
We will use Pythia to measure the cross section d�

MC

(S)/d log� to have signal events with
a given value of � and the corresponding cross section d�

MC

(B)/d log� to have background
events with this value of �. In Fig. 1, we show these two functions for the simplified shower
as defined in the following sections. In this illustration, we see that increasing � favors signal
compared to background.

There is another way to present the results in Fig. 1 that is more informative. Let us

7

FIG. 17: Plot of s2/b versus s, where s and b are defined in Eq. (10). We use samples of signal and
background events generated by Pythia as in Fig. 1. This is the same plot as in Fig. 2 except that
we plot s2/b instead of s/b. The total signal cross section with the cuts used is �

MC

(S) = 1.57 fb.
We also show a point corresponding to a signal cross section �

BDRS

(S) = 0.22 fb and background
cross section �

BDRS

(B) = 0.44 fb that we obtained using the method of Ref. [4].

In Fig. 1, we displayed the � distribution for signal and background. We used this
information to display s/b as a function of s in Fig. 2. In order to understand the statistical
significance of a counting experiment with a simple cut on �, we have seen above that one
wants to look at the maximum of s2/b. For that reason, in Fig. 17, we display the information
from Fig. 2 as a plot of s2/b versus s. We have used here the function �({p, t}N) from our
simplified shower algorithm. If we could somehow use �

MC

({p, t}N), using the same Monte
Carlo that we use to generate events, we would obtain a curve for s2/b versus s that is
everywhere higher. No algorithm could produce a curve above this limiting curve, but we
have no way of determining the limiting curve.

We see in Fig. 17 that one can achieve a fairly good statistical significance with, say,
an integrated luminosity of

R
dL = 30 fb�1. With s2/b ⇡ 0.26 and this luminosity we

have N(S)/
p

N(B) ⇡ 2.8. We can compare to the method of Ref. [4] (BDRS). Applying
this method with our data sample, we find a signal cross section �

BDRS

(S) = 0.22 fb and
background cross section �

BDRS

(B) = 0.44 fb. We have plotted this point in Fig. 17. The
corresponding statistical significance with

R
dL = 30 fb�1 is 1.8. Of course, this analysis

ignores all systematic uncertainties.
In the analysis presented above, we include events with zero, one, and two b-tags. Then

shower deconstruction has to overcome a signal to background ratio of about 1/1700 in the
complete event sample in order to extract a few events with a signal to background ratio of
order 1. One suspects that, in fact, the events with zero or one b-tags do not contribute much
to the discriminating power of the method. Accordingly, we now explore what happens when
we give shower deconstruction an easier job by restricting the event sample to just events in
which there are two b-tagged microjets among the three microjets with the highest transverse

34

BDRS

Shower 
deconstruction
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Monte-Carlo uncertainties

FIG. 20: d�
MC

(B)/d log� for background events and d�
MC

(S)/d log� for signal events for samples
of signal and background events generated by Pythia and by Herwig. We use the cuts described
in Sec. II A and, in addition, require that at least two of the three highest pT microjets with
pT > 15 GeV have positive b-tags. The solid (blue) lines are for Pythia while the dashed (red)
lines are for Herwig. At small �, the background curves are on the top and the signal curves are
on the bottom.

FIG. 21: Plot of s2/b versus s for events with two positive b-tags. We compare the distribution
of s2/b for events generated with Pythia as in Fig. 19, to the same distribution using events
generated with Herwig. We normalize the total signal and background cross sections with these
cuts to be �

MC

(S) = 0.39 fb, �
MC

(B) = 11 fb. We also show points that we obtained using the
method of Ref. [4]. Using Pythia we found �

BDRS

(S) = 0.22 fb and �
BDRS

(B) = 0.44 fb, as in
Fig. 19, while using Herwig we found �

BDRS

(S) = 0.20 fb and �
BDRS

(B) = 0.49 fb.
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Lots of room for improvement:

Matrix
element

FSR
simulation

ISR
simulation

UE
simulation

Simulation of 
experimental 
issues, e.g. b-

tagging

Modular build -> improvements are additive
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Nasty backgrounds.....

ttbb
Bredenstein et al.,
 PRL 103 2009;
Belivacqua et al.,
JHEP 0909 2009
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W�H production (dashed) and the pT of the harder jet in
W�jj production with pT,j > 20 GeV (dotted).

top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp� tt̄bb̄ irreducible QCD background
pp� tt̄Z irreducible Z-peak background (2)

To account for higher-order e�ects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after bottom acceptance
cuts |yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 [22]. This
conservative rate estimate for very hard events implies a
K factor of �NLO/�LO = 2.2 which we need to attach to
our leading-order background simulation — compared to
K = 1.3 for the signal. Finally, the tt̄Z background at
NLO is normalized to is 1.1 pb [23]. All hard processes
we generate using MadEvent [24], shower and hadronize
via Herwig++ [25] and analyze with FastJet [26].

The QCD background tt̄jj exceeds the tt̄bb̄ rate by
about a factor 200; unless we apply flavor tagging outside
the top quarks we will be swamped by QCD jets. Requir-
ing two b tags will suppress tt̄jbjb by a factor 1/2500, i.e.
below the scale dependence of the tt̄bb̄ rate. In our par-
ticular analysis there is a few-percent chance of the b jet
from the leptonic top ending up in the fat Higgs jet. Com-
bined with one b tag this gives a reduction factor around
1/1000, again good enough to neglect it. For charm-
flavored tt̄cbc̄b the mis-tag probability is only 1/25, but
the starting rate is already at the same level as tt̄bb̄.

Another obvious background is Wjj production. Its
rate drops from roughly 15 nb to 40 pb when we in-
crease the jets’ minimum transverse momentum from 20
to staggered 200/300 GeV, mimicking our boosted Higgs
and top jets. The leptonic W branching ratio and two
bottom tags then reduces it to 3.2 fb. Our top tagger
described below gives a mis-tagging probability around
5.5% (including underlying event), the Higgs mass win-
dow another 10%, i.e. the final Wjj rate is only 0.016 fb.
The charm-flavored Wcj rate starts o� with 1/6 of the

signal tt̄bb̄ tt̄Z
events after acceptance eq.(3) 24.4 222.6 7.0
events with one top tag 10.5 83.8 3.0
events with one mrec

bb = 110 · · · 130 GeV 3.0 14.7 0.43
subjet pairings mrec

bb = 110 · · · 130 GeV 3.2 15.9 0.47
subjet pairings after b tags 0.76 1.95 0.06

TABLE I: Number of events or mrec
bb histogram entries per

1 fb�1 including underlying event. Counting the three lead-
ing subjet pairings in the modified Jade distance means that
below row four the number is only approximately the number
of events in 1 fb�1.

Wjj rate, but a tenfold mis-tagging probability, which al-
together leaves us with a total W+jets background well
below 0.05 fb.

Finally, a lower limit mrec
bb > 110 GeV keeps us safely

away from CKM-suppressed W � bc̄ decays where the
charm is mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states we see in Fig. 1: the leading
top quark and the Higgs boson both carry sizeable trans-
verse momentum. In our search we first require two hard
jets with a cone radius R =

�
y2 + ⇥2 < 1.5 and a lepton:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,� > 15 GeV |y�| < 2.5 . (3)

The maximum jet rapidity y is limited by the two bot-
tom tags inside the fat Higgs jet. We then focus on the
structure of the two jets, as shown in Tab. I:
(1) one of the two jets passes the top tagger. If two jets
pass we choose the one closer in the two masses.
(2) the Higgs tagger runs over all remaining jets with
|y| < 2.5. It includes a double bottom tag.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

Top and Higgs taggers — In contrast to other Higgs
physics [9] or new physics [15, 16] applications our Higgs
and top taggers cannot rely on a clean QCD environ-
ment: on the one hand their initial cone size has to be
large enough to accommodate only mildly boosted top
and Higgs states, so additional QCD jets will contam-
inate our fat jets [28]. On the other hand, the small
number of signal events does not allow any sharp rejec-
tion cuts for dirty QCD events. Therefore, the taggers
need to be built to survive busy LHC events.

Our starting point is a C/A jet algorithm with R =
1.5 [27]. For a top candidate which typically has a jet
mass above 200 GeV we assume that there be a complex
hard substructure inside the fat jet and apply a mass
drop selection to all splittings mhard � msoft

j forming
the fat jet; among all splitting we search for those with

maxmsoft
j < 0.8 mhard . (4)

Lazopoulos et al.,
PLB 666 2008

Bevilacqua et al., 
PRL 104 2010

tth (Signal)
Beenakker et al.,

PRL 87 2001;
Reina et al.,
PRD 65 2002

Dittmaier et al,
PRL 98 2007

K=1.57 K=2.3 k=1.53K=1.0

negligible after 
b-tags and 
taggers

II. Measuring the Higgs-top coupling using 
boosted techniques
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]
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given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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[Plehn, Salam, MS PRL 104 (2010)]
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2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,! > 15 GeV |y!| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

pT distributions relevant for tth

background

signal
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Problems in event reconstruction:

- (b-)jet multiplicity
- reconstruction efficiency

Boost should help
but

need tagger for this 
environment
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

fat jet
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

subjet subjet 
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

How does the HEPTopTagger work?

jet

UE/ISR

b
W1

W2

Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)

p̄

p
v 10�4 (74)

⇥ =
nB � nB̄

n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

III. Apply jet grooming to get top decay
    candidates
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I. Find fat jets (C/A, R=1.5, pT>200 GeV) 

II. Find hard substructure using mass drop criterion

IV. Choose pairing based on kinematic correlation, e.g. top mass,                             
     W mass and invariant subjet masses
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How does the HEPTopTagger work?
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Undo clustering,

�U < 0.02 (64)

U = 0 (65)

BR(H ⇤ ⌅v⌅̄4 ⇤ 4l)

BR(H ⇤ ZZ ⇤ 4l)
⌅ 1 (66)

mH = 200 GeV (67)

BR(H ⇤ ⌅4⌅̄4) ⌅ 0.1 (68)

|Ui⇥4 | (69)

BR(u4 ⇤ q +W) ⌅ 1 (70)

⇤u4b (71)

Vu4b (72)

p̄ (73)
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v 10�4 (74)

⇥ =
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n�
(75)

JGen4 = 30⇥ JSM (76)

⇥bh
2 ⌅ 0.0224 (77)

⇥ = (5.14± 0.25)⇥ 10�10 (78)

W�Jet (79)

das ist sch�n wei§

⇧(pp ⇤ jet ⌅ll
+) ⌅ 496 fb (80)

⇧(pp ⇤ b ⌅ll
+) ⌅ 4.4 fb (81)

⇧(pp ⇤ t ⇤ b ⌅ll
+) ⌅ 13.2 fb (82)

mdaughter1 < 0.8 mmother (83)

S/
⇧
B10 fb�1 ⌅ 6 (84)

5

to keep both daughters

III. Apply jet grooming to get top decay
    candidates

42Theory Seminar             Sussex      Michael Spannowsky            18.06.2012                       



IV. check mass ratios
Cluster top candidate into 3 subjets
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Figure 3: Distribution of all events in the arctanm13/m12 vs m23/m123 plane. We show tt̄ (left). W+jets (center) and
pure QCD jets (right) samples. More densely populated regions of the phase space appear in red.

2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12, m13, m23) satisfy one of the following three criteria, accept them as a top candidate:

0.2 < arctan
m13

m12
< 1.3 and Rmin <

m23

m123
< Rmax

R2
min

⇤
1 +

�
m13

m12

⇥2
⌅

< 1�
�

m23

m123
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< R2
max

⇤
1 +

�
m13

m12
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⌅

and
m23

m123
> 0.35

R2
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�
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m23

m123
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< R2
max
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1 +

�
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m13
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⌅

and
m23

m123
> 0.35 (A1)

with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt +AW �mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
assuming p2

i ⌅ 0 give

m2
t ⇤ m2

123 = (p1 + p2 + p3)2 = (p1 + p2)2 + (p1 + p3)2 + (p2 + p3)2 = m2
12 + m2

13 + m2
23 , (A2)
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IV. check mass ratios
Cluster top candidate into 3 subjets
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Figure 3: Distribution of all events in the arctanm13/m12 vs m23/m123 plane. We show tt̄ (left). W+jets (center) and
pure QCD jets (right) samples. More densely populated regions of the phase space appear in red.

2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j1, j2 with mj1 > mj2 , we require mj1 < 0.8 mj to keep j1 and j2. Otherwise, we
keep only j1. Each subjet ji we either further decompose (if mji > 30 GeV) or add to the list of relevant
substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution Rfilter =
min(0.3,�Rjk/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to mt.

4. construct exactly three subjets j1, j2, j3 from the five filtered constituents, ordered by pT . If the masses
(m12, m13, m23) satisfy one of the following three criteria, accept them as a top candidate:
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with Rmin = 85%⇥mW /mt and Rmax = 115%⇥mW /mt. The numerical soft cuto⇥ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined pT of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �mt +AW �mW +Ah� cosh. In that case, the tagging e⇤ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
mt. This allows us to apply e⇤cient orthogonal criteria based on the reconstructed mW and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m123 = mrec

t as well as mjk = mrec
W for one (j, k)) we can exploit one

more mass or angular relation of the three main decay products. Our three subjets jk ignoring smearing and
assuming p2

i ⌅ 0 give
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III. Measuring CP and Higgs couplings 
using event shapes

• CP and Spin measurements of heavy Higgs well 
studied in 4 lepton or lljj modes.

• For light Higgs with 125 GeV CP can be measured 
using angular correlations of tagging jets in WBF/GF

• Separation of WBF and GF important for coupling 
measurements, due to

[Englert, MS, Takeuchi 
1203.5788]
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Measuring Higgs CP and couplings with hadronic event shapes

Christoph Englert,1, ∗ Michael Spannowsky,1, † and Michihisa Takeuchi2, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, United Kingdom

2Institute for Theoretical Physics, Heidelberg University, 69120 Heidelberg, Germany

Experimental falsification or validation of the Standard Model of Particle Physics involves the
measurement of the CP quantum number and couplings of the Higgs boson. Both Atlas and Cms

have reported an SM Higgs-like excess around mH = 125 GeV. In this mass range the CP properties
of the Higgs boson can be extracted from an analysis of the azimuthal angle distribution of the two
jets in pp → Hjj events. This channel is also important to measure the couplings of the Higgs
boson to electroweak gauge bosons and fermions, hereby establishing the exceptional role of the
Higgs boson in the Standard Model. Instead of exploiting the jet angular correlation, we show
that hadronic event shapes exhibit substantial discriminative power to separate a CP even from a
CP odd Higgs. Some event shapes even show an increased sensitivity to the Higgs CP compared to
the azimuthal angle correlation. Constraining the Higgs couplings via a separation of the weak boson
fusion and the gluon fusion Higgs production modes can be achieved applying similar strategies.

I. INTRODUCTION

Experimental searches for the Standard Model (SM)
Higgs boson [1] performed by Atlas and Cms [2, 3],
based on a combination of luminosities of up to about
2.3 fb−1 per experiment [4], exclude a SM-like Higgs bo-
son between 141 GeV and 476 GeV at 95% confidence
level (CL). By the end of December 2011 both Atlas

and Cms updated the Higgs search using the entirely
available data set, refining the analyses with integrated
luminosities of up to 5 fb−1 [5–7], depending on the chan-
nel. This allowed to raise the lower Higgs mass bound
from LEP2 of 114.4 GeV [8] to 117.5 by Atlas. By now
the Higgs is excluded at 95% CL from 129 (127.5) GeV
to 539 (600) GeV by Atlas (Cms). Strong bounds as
low as fractions σ/σSM <∼ 0.3 for some Higgs mass ranges
have been established. However, both Atlas and Cms

have also presented tantalizing hints of a mH " 125 GeV
Higgs boson, with local significances of 2.5σ and 2.8σ
respectively. Together with the recently reported 2.2σ
excess from updated searches by the Tevatron experi-
ment [9], the hints for a light Higgs around this particular
mass seem to consolidate and various new physics inter-
pretations of the excess have already been considered in
Refs. [10–13]. While a 5σ discovery could be achieved in
the near future, all properties of this newly discovered
state other than its mass are going to be rather vaguely
known due to limited statistics (see e.g. Ref. [14]). The
question of wether we indeed observe the SM Higgs can
only be addressed with higher luminosity and larger cen-
ter of mass energy.

A crucial step towards a further validation of the SM
Higgs sector after the discovery of the resonance is the
determination of its spin, its CP quantum number and its
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couplings to fermions and gauge bosons. In fact, because
the observed resonance seems to decay into photons, the
Landau-Yang theorem [15, 16] excludes the resonance to
be a spin-1 particle∗. This leaves the measurement of
the resonance’s couplings and CP the theoretically most
interesting ones.
In the SM, the Higgs boson is the (indispensable)

remnant of the SU(2)-doublet Higgs field after sponta-
neous symmetry breaking. To establish that a single
Higgs field is responsible for the generation of fermion
and electroweak-gauge-bosonmasses, eventually, the cou-
plings of the Higgs boson to all SM particles have to be
measured accurately. The major production processes of
a light Higgs boson at the LHC are the gluon fusion (GF)
[17] and the weak boson fusion (WBF) [18, 19] chan-
nels. The GF channel is induced by heavy fermion loops
connecting the initial state gluons with the Higgs boson,
while the WBF channel relies on the large Higgs cou-
pling to electroweak gauge bosons to produce the Higgs
in association with two tagging jets. When extracting its
couplings from data, the production of the Higgs boson
and its decay cannot be treated independently [20]: The
observed number of Higgs bosons depends on the cou-
pling responsible for Higgs boson production gp and the
size of the coupling which dials the Higgs decay into a
specific final state gd, so schematically we observe

σp · BRd ∼ g2p
g2d
ΓH

. (1)

Note that even if gp = gd the total width of the Higgs
boson ΓH is sensitive to all Higgs couplings, but a direct
measurement of ΓH is not possible at hadron colliders
due to systematics.
A channel, which is phenomenologically well-suited

to study longitudinal gauge boson scattering [21] and

∗However, spin-0 or higher spin states are not excluded and an ex-
perimental validation is desirable.
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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 → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

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

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

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

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

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

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

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

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

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

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

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

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

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

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

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

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

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

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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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,
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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-
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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
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. (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]
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pµj , pµ> =
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∆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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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].
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in the context of kaon physics [26–28] are statistically
limited even at
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higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
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boson production cross section [38]. This impressively
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early data.
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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
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point of view, the phenomenology of event shapes [39]
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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
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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
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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.
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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< =
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j∈{jets: yj<yh}

pµj , pµ> =
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∆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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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
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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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sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at
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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
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outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.
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definition is similar to Eq. (3), but only particles which
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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

transverse thrust 
minor
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tt̄+ jets Z+2 jets H+2 jets A+2 jets
σ [fb] σ [fb] σ [fb] σ [fb]

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

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

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

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

b-veto 5.10 1.65 3.81 1.59

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

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.
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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 → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

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

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

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

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

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

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

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

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

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

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

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

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

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

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

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

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

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

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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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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4

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

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

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

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

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

b-veto 5.10 1.65 3.81 1.59

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

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

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

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

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

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

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

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

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

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

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

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

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

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

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

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

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

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

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

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

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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gp,WBF in Eq. (1), the uncertainties of different Higgs
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channel are correlated and the extraction of the individ-
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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
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higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
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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
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demonstrates that experimental systematics in this im-
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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-
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in the context of CP analyses. From a perturbative QCD
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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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number of the produced Higgs. The correlation of in
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structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
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resummed to NLL beyond the leading color approxima-
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handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
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discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate
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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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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
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number of the produced Higgs. The correlation of in
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solved jets. It is precisely the hadronic energy flow which
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based observables. In particular, provided that the ob-
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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
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Higgs+2 jets events in Sec. IV, where we also investigate
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that can arise in the suggested analysis in Sec. IVD.
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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
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∑
i |p⊥,i · nT |∑
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. (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< =
∑
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pµj , pµ> =
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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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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
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reason to believe that our results can be significantly im-
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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
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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-
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in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
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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)
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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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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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(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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FIG. 10: Event shape observables computed from the jet constituents as outlined in Sec. IVD.

To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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FIG. 8: Normalized distributions of ∆Φjj and of the event shape observables of Sec. II for separate weak boson fusion and
gluon fusion contributions in case of the CP even SM Higgs. The cuts of Sec. III B have been applied.

observed in Fig. 8 to separate GF from WBF. There
is no meaning in performing a hypothesis test, so we
limit ourselves to a discussion of the normalized dis-
tributions in the following. Forming ratios of different
cut-scenarios in an ABCD-type approach, e.g. compar-
ing 0.1 ≤ BW ≤ 0.5 with the complementary region
in a background-subtracted sample allows to extract the
WBF and GF contributions (we stress again that interfer-
ence is negligible for the chosen cuts). An assessment of
the uncertainty of such an extraction, however, requires
a realistic simulation, taking into account experimental
systematics, and is beyond the scope of our work.

D. Impact of pile-up

A potential drawback, which has not been discussed
in depth so far, arises from the unexpectedly high pile-
up activity reported by both Cms and Atlas for the
2011 run. Because soft tracks enter the evaluation of
the event shape observables, which contain information
about CP or WBF vs. GF, (cf. Fig. 9), we expect pile-
up to have an impact on the event shape phenomenology.
Especially in the forward region of the detector pile-up
subtraction is not available. A way to weaken the phe-
nomenological impact of pile-up is to use jet constituents
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FIG. 9: Comparison of the wide broadening for the tracks
which are not part of the tagging jets for WBF and GF.

as input for the even shape observables. This can dis-
tort many of the theoretical properties of event shapes
(in particular resummation becomes more involved due
to introduction of new scales to the problem). Hence,
the potential theoretical improvements are bound to the
experimental capabilities to subtract or reduce pile-up by
the time the resonance is established.
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FIG. 10: Event shape observables computed from the jet constituents as outlined in Sec. IVD.

To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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oretically challenging. Also, the experimental resolution
(which should be reflected by the binning in Figs. 4 and 5)
is currently not known.
We plot the confidence levels obtained from the hy-

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

B. Higgs-lookalike CP odd

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

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

C. Toward discriminating gluon fusion and weak
boson fusion contributions

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

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

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

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

Sensitivity for discrimination between CP and CP-odd 
(normalized signal rates)
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Conclusions
‣ LHC is QCD and BSM machine -> new heavy particles? many jets! 

‣ Many different substructure approaches, very active field

‣ Boosted scenarios can be superior way to look for new physics

‣ Great improvements in simulation of hadronic final states

➡ Precision (NLO, NNLO, NLL, ...), Shower, Multijet merging,...

‣ First jet measurements confirm theory predictions

‣ Jet substructure important for Higgs measurements
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