
Michael Spannowsky

University of Durham

1Higgs workshop                    Zurich      Michael Spannowsky            08.01.2013                   

Jet observables 
for 

Higgs measurements



7 + 8 TeV data:

Recently observed clear excesses 
in 3 independent channels:

• 2 Photons

• 4 Leptons (electrons/muons)

• 2 Leptons (electrons/muons) + MET
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3.1.2 Higgs production at hadron machines

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

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

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

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

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

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

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

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

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

gluon − gluon fusion : gg −→ H (3.3)

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

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

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

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

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

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

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

Higgs production mechanisms listed above.
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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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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:

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

• Every measurement affected by 
production and decay

Need cross correlation between many channels:

Production

Decay into spec. 
channel

Sum of all 
possible decays

Uncertainty of all coupling measurements driven by total width, 
i.e. channel with largest BR: H-> bb
Hbb difficult but can use new techniques, i.e. Jet substructure!
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[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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[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was PRD 62 (2000); 
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• For light Higgs with 125 GeV CP can be measured using angular 
correlations of tagging jets in Gluon Fusion with 2 additional jets

[Englert, MS, Takeuchi 1203.5788]

Gluon-Fusion

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

• Event shape observables can be used to measure CP of Higgs

3

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

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

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

(5a)

and compute the weighted pseudorapidity and azimuthal
angle

⌘X =
P

i |q?,i| ⌘iP
i |q?,i| , �X =

P
i |q?,i|�iP

i |q?,i| ,

X = U, D. (5b)

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

BX =
1

QT

X

i2X

|q?,i|
p

(⌘i � ⌘X)2 + (�i � �X)2 ,

X = U, D (5c)

where

QT =
X

i

|q?,i| . (5d)

The central total broadening and wide broadening

are defined as [41, 44]

central total broadening: BT = BU + BD ,

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

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

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

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

L =
↵s

12⇡v
HGa

µ⌫Ga µ⌫ +
↵s

16⇡v
AGa

µ⌫G̃a µ⌫ , (6)

where Ga
µ⌫ , G̃a

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

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

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

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

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [59] event samples with Sherpa [60]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
�(Z ! ⌧+⌧�) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
�NNLO

tt̄ = 918 pb [33] in comparison with the cross sec-
tion by Sherpa after generator-level cuts �tt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

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

p
B with reasonable

signal-to-background ratio S/B. Hence we apply selec-
tion strategies and e�ciencies which closely follow the
parton-level analysis of Ref. [29] to obtain an estimate
of S/B, but our selection should be understood as place-
holder for a dedicated cut setup. The experiments S/B
will hence be di↵erent, yet the impact of S/B on the ob-
servables of Sec. II is identical and a comparison is still
meaningful.
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4

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

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

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

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

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

b-veto 5.10 1.65 3.81 1.59

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

2

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

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

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

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

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

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

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

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

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

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

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

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

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

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

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

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

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

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

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

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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Event shapes
• Event shapes well studied experimentally and theoretically

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

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 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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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
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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face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
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lated to the one proposed by Cabibbo and Maksymowicz
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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
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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
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

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

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

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

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

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

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

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

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
∆Φjj distribution suggests that broadening observables
[46] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p⊥,i · nT > 0

region U : p⊥,i · nT < 0
(5a)

and compute the weighted pseudorapidity and azimuthal
angle

ηX =

∑
i |q⊥,i| ηi∑
i |q⊥,i|

, φX =

∑
i |q⊥,i|φi∑
i |q⊥,i|

,

X = U,D. (5b)

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

BX =
1

QT

∑

i∈X

|q⊥,i|
√
(ηi − ηX)2 + (φi − φX)2 ,

X = U,D (5c)

where

QT =
∑

i

|q⊥,i| . (5d)

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

central total broadening: BT = BU +BD ,

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

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

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

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

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

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

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

Backgrounds

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

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

B. Selection Cuts and Analysis Strategy

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

pT,j ≥ 40 GeV, and |yj| ≤ 4.5 , (6a)

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

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

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

guarantee a good reconstruction efficiency

pT,τ ≥ 20 GeV, and |yτ | ≤ 2.5 . (7a)
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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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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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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-
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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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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)
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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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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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FIG. 3: Correlation of the cone thrust minor event shape with
∆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-

(theorist’s approach)

(compromise between theory and experiment)
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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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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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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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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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mations of the signal event generation, especially for the
GF contribution, and we also include the impact of finite
detector resolution.

Equipped with these insights, we discuss the impli-
cations of the matrix element method for pp ! (h !
��)jj + X for the 8 TeV run and current results [1, 2]
in Sec. III. We conclude this work with a summary in
Sec. IV.

II. HIGGS IN ASSOCIATION WITH TWO JETS
AT 14 TEV

A. The Matrix Element Method

Let us introduce the observables that we are going to
study in the remainder of this paper. The GF/WBF
discriminating likelihood is defined
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where we denote the (partonic) jet multiplicity by n,
dLIPS is the di↵erential phase space weight for the par-
ticular kinematics (which is identical for all processes we
consider and hence drops out of the ratio), and |M|2 de-
notes the respective matrix elements, already include the
parton distribution functions (pdfs). We implement the
CTEQ6l1 set [15] in the ratio of Eq. (2.1).

Eq. (2.1) provides a one-dimensional probability dis-
tribution, which expresses statistical compatibility with
either of the two hypotheses in the best suitable way, by
definition. By including Q̃n to the event selection, we
can optimize Q̃n 7 hQ̃niWBF,GF depending on the pu-
rification requirement. The expectation values h.i follow
from MC simulations of signal and background, similar
to the construction of simple binned log-likelihood ratio
hypothesis tests [16].

We apply the e↵ective top approximation in the fol-
lowing for the GF contribution and the h ! �� decay
via operators [17]
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New degrees of freedom which alter the GF contribution
and/or modify the Higgs couplings to weak bosons can

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

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

jet final state to a suitable set of (massless) kinemat-
ics, which also includes information about the events ini-
tial state. We do this in the following way: We first
cluster jets with FastJet [18] and reconstruct the iso-
lated photons according to the respective analysis re-
quirements (see further below). We count the number
of jets passing the pT,j threshold in the events. We then
re-distribute the transverse recoil against unresolved ra-
diation. The jets’ momenta along the beam axis we re-
construct from massless calorimeter cell entries at a given
pseudo-rapidity. We scale the energy of the resulting ob-
jects such that p

2 = 0. From the sum of these objects,
we get an overall energy reconstructed boost of the con-
sidered particle system, which allows to define two mo-
mentum fractions of initial state momenta. This way,
starting from an exclusive number of reconstructed jets
nj and photons n� , that comply with the analysis require-
ments we end up with a set of parton level four momenta
which we use for the calculation of the ratios Q̃n. This
procedure is obviously not limited to MC studies and can
be incorporated by experiments straightforwardly.

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

p
B-improving likelihood
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FIG. 6: The matrix element observables Q̃2, Q̃3, Q̃
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3 for 8 TeV, employing the Higgs search’ 2-jet category cuts of
Ref. [1].
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FIG. 7: Exclusive number of jets distribution for LHC 8 TeV.

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

We can straightforwardly adopt the strategy of
Sec. II A to the current 8 TeV setup. The ATLAS se-
lection for the two jet category of the h ! �� search is
as follows [1]: We cluster anti-kT jets [34] with Fast-
Jet [18] for D = 0.4 and select at least two jets with
pT,j � 25 GeV and pT,j � 30 in the more forward region
2.5  |⌘j |  4.5. The hardest jets are required to have
a rapidity gap |�⌘jj | � 2.8 and the dijet system has
to recoil against the diphoton system in the transverse
plane ��(jj, ��) � 2.6. Again as in Sec. II we require

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

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

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

b
2,3.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have applied the matrix element
method to pp ! (h ! ��)jj production and investi-
gated the prospects to separate the GF and WBF contri-
butions. This is of utmost importance for CP analyses of
the newly discovered particle, as well as for the measure-
ment of its couplings to known matter. The same method
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• Method separates GF vs WBF and reduces backgrounds 
• Possible to loosen WBF-cuts in 8 TeV analysis to increase 

statistics and significance for CP measurements

[Andersen, Englert, MS 1211.3011]

• Often used for leptonic (clean) final state (incl. Tevatron)

Example: Hjj with Higgs decay to photons

[Kondo (1988); Campbell, Giele, Williams (2012); Gainer, Freytas (2012); Madweight; ...]
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Shower/Event deconstruction

• Maximal information approach to 
discriminate signal from backgrounds 

  -> UE, ISR, FSR, hard process

• Pattern matching algorithm with one 
discriminating analytic function

• Have to respect experimental limitations

Features of observables can be 
combined and improved

Our approach:

Playground: Boosted HZ final state 

[Soper, MS PRD 84 (2011); Soper MS 1211.3140] 
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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
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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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emissions. We get a Sudakov factor for each one, times a factor for not having an emission
between the last one and k2
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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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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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. 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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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
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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:

Hggg = 8⇡CA
↵
s

(µ2

J)

µ2

J

k2

J

kskh


1� kskh

k2

J

�
2

✓2hk
✓2sh + ✓2sk

⇥

✓
2
µ2

J

kJ
<

µ2

K

kK

◆
. (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)

µ2

J

k2

J

kskh


1� kskh

k2

J

�
2

⇥

✓
2
µ2

J

kJ
<

µ2

K

kK

◆
. (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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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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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
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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)
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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
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J < min

⇤
kJ
2kK

µ2
K , k

2
J⇥

2
k/4

⌅⌅

⇥
⇧

1

�s(k2
J⇥

2
k)

log

⌥

 �s(µ2
J)

�s

�
min
�

kJ
2kK

µ2
K , k

2
J⇥

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.
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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

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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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
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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
no-K = 8⇡CA
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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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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

Sb =
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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. 6: Splitting functions for final state QCD
splittings that are modeled as g ⌅

g +
g

VI.
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SPLITTINGS

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

A.
Splitting

probability
for g ⌅

g +
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The splitting vertex for a QCD
splitting g ⌅

g +
g is represented by a function H

ggg 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 H
ggg 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: k
s <
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By definition, k
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probability is then dominated by graphs in which parton s is emitted from
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formed from
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and parton k =

k(J)L , while if s =
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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
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2 ph · pk
2 ps · ph 2 ps · pk
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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
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FSR evolution
analogously

Wrapping up all factors gives weight for shower history

Here 
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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)
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imperfect b-tagging (60%,2%) no b-tag required

Results for Higgs boson:

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 
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Results for top quarks:

pTj > 200 GeV, R=1.5 CA pTj > 500 GeV, R=1.2 CA

microjets: kT, R=0.2, pT>5 GeV
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good

bad



Shower deconstruction can be used to measure 
parameter of the theory, e.g. W mass.
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Significance for different hypotheses for Mw:



shower deconstruction -> event deconstruction in 2013

Close collaboration with ATLAS Glasgow: 
shower deconstruction is being tested in data

matrix 
elements Shower 

Deconstruction
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Conclusions

‣ New methods and observables can help 

‣ To confirm it is Higgs boson its couplings and quantum 
numbers have to be measured

‣ Measuring hadronic decays and Higgs production in (partly) 
hadronic final states is paramount for this program

‣ Jets in Higgs physics will be active field for long time to come
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‣ Sensitive observables can be constructed in automized way
Event Deconstruction
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