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Outline

1 Weak boson pair (+jets) production processes at the LHC

unitarizing resonances in weak boson fusion

indirect effects in QCD Wγ(+jet) and WZ(+jet) production

2 Unravelling resonance JCP properties from semi-hadronic ZZ decays

(sub)jet methods

strategy-adapted observables
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Expecting data
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LHC Phenomenology

• need to reliably simulate and interpret (B)SM LHC physics...

(new, better, beloved, ...)
electroweak model

⊗
physics already there
(i.e. QCD, Zs, Ws, ts)

?
=⇒

• apply asymptotic perturbative expansion and factorization

σ =
X

a,b,{c}

Z
· · ·
Z

dx1 dx2 dLIPS fa/P(x1, µF ) fb/P(x2, µF ) |Mab→{c}(µF , µR)|2 Θ(cuts)F(jets)

hard
interaction

beam remnants
→ underlying event

|M|2(αn
s )

pro
ton

proton

. . .

shower, hadronization

hard process sets the stage

new particles ∼ new large scale

1.) exploit known radiation patterns

2.) assess theoretical uncertainty

3.) improve perturbative precision
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What do we currently know?
no viable test of the Fermi-scale and beyond! But we may expect . . .

L = LSM w/o Higgs + L[SU(2)×U(1)/U(1)]� �� �
new resonances?

+
1

Λ2
UV

L(6) + . . .

� �� �
non-SM interactions?

What can we guess from theory
Require new propagating degrees of freedom [Cornwall, Levin, Tiktopoulos ’73]

Chapter 4

Kaluza-Klein Scattering

So far, only a symmetry breaking mechanism has been constructed. With the Kaluza-

Kleins in the spectrum and the Higgs vanished, the theory’s high energy behavior will

be different from the Standard Model. With the decoupling of the Higgs as a limiting

process, one expects a good high energy behavior up to the theory’s intrinsic 5d cut-off
in the light of [31].

’Benchmark’ tests of the trustability of a theory at high energies are elastic scattering

processes of longitudinally polarized gauge bosons. The longitudinal polarization vector

of a gauge boson with fourmomentum kµ is characterized by

ε2
L = −1 εµ

Lkµ = 0

It becomes increasingly parallel to kµ at energies E larger than their masses

εµ
L(k) =

kµ

m
+O

�m

E

�
(4.1)

Therefore, each diagram in fig. 4.1 contributes parts growing with ∼ E2
and ∼ E4

.

Unless this growth is cancelled, the unitarity violation bounds |�a�| < 0.5 [32] are

violated immediately
1
.

Mfi
E→∞−→ ∞ =⇒ a� =

1

32π

� 1

−1

d cos θ MfiP�(cos θ)→∞ (4.2)

Hence, such a cancellation is a conditio sine qua non for the theory to be trustable.

In the Standard Model these cancellations are a consequence of the underlying, spon-

taneously broken gauge symmetry. As it turns out, this is also true for the Higgsless

scenarios, where the 5d gauge symmetry protects the effective 4d theory from the bad

high energy behavior.
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j(k2)

Aa
i (k1)

Ad
l (k4)

Ac
k(k3)

Ae
k

Figure 4.1: Tree level gauge boson scattering topologies.

1
Here P� is the �th Legendre Polynomial. As all gauge boson helicities are equal no reduced Wigner

functions are to be included.

∝ (energy)2

Higgs mass in the SM is a very relevant operator

LSM ⊃ Λ2
UV

H
†
H EWSB & MPlanck, MGUT, . . . → HIERARCHY PROBLEM

Ameliorate with approx. global symmetries or non-canonical scaling
[SUSY...] [Agashe, Contino, Pomarol ’04] [Luty, Okui ’04]

Framework for fully-computable strong interactions motivated from AdS/CFT
[Witten ’98] [Arkani-Hamed, Porrati, Randall ’01] [Rattazzi, Zaffaroni ’01] [Csaki, Grojean, Pilo, Terning ’04]
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Phenomenological aspects of strongly
interacting sectors

˙
J

µ
A
(p)Jν

A
(−p)

¸
= (p2

g
µν − p

µ
p

ν)

 
F 2

π

p2 +
X

n

F 2
n

p2 −m2
n

!

[’t Hooft ’74] [Witten ’79]

Chapter 5

Implementation into vbfnlo

5.1 The program vbfnlo

Vbfnlo [38] is a next-to-leading order QCD parton-level Monte-Carlo for vector boson
fusion processes (VBF) created by D. Zeppenfeld et al. This thesis focuses on weak
boson fusion processes, figure 5.1:

pp −→ W+ + W− +

�
2j

3j

�
+ X −→ e+ + νe + µ− + ν̄µ +

�
2j

3j

�
+ X (5.1a)

−→ W± + Z +

�
2j

3j

�
+ X −→ e± + νe + µ± + µ∓ +

�
2j

3j

�
+ X (5.1b)

−→ Z + Z +

�
2j

3j

�
+ X −→ e+ + e− + µ+ + µ− +

�
2j

3j

�
+ X (5.1c)

The third jet arises from additional gluons radiated off the quark legs in figure 5.1. It
is also possible to switch to pp̄ as initial state.

NLO-QCD corrections and model characteristics

There are several other topologies besides fig. 5.1 to be considered for the full processes
(5.1), e.g. graphs where one gauge boson is radiated off the quark leg and subsequently

Figure 5.1: Weak boson fusion topology calculated by Vbfnlo. The shaded area contains
the topologies of figure 4.1 in the physical basis and corresponds to the leptonic tensor, cf.
section 5.2.

q1

q2

q1

W±, Z

q2

W∓, Z

W±, Z

W∓, Z

l̄

ν, l

l

ν̄, l̄

production of longitudinally polarized gauge
bosons in experimentally clean channels

[Bagger et al. ’95] [CE, Jager, Worek, Zeppenfeld ’08]

New electroweak physics might be appartent 
or just around the corner at the TeV scale

Maybe too weakly coupled for direct low-
luminosity discovery, clean signatures < fb,    
or too large backgrounds

W±

φ0

A Z

precise predictions of processes involving
trilinear gauge boson couplings

[Baur, Han, Ohnemus ’93] [LEPWG ’06]
[Campanario, CE, Spannowsky, Zeppenfeld ’09 ’10]
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Indirect searches
non-standard trilinear couplings

Integrating out new high-mass degrees of freedom:

non-SM operators at low scales

Extend SM Lagrangian by the most general CP-conserving dim ≤ 6 operators
modifying the trilinear gauge vertices

LWWγ = − ie
ˆ
W
†
µνW

µ
A

ν −W
†
µAνW

µν

+ κγW
†
µWνF

µν +
λγ

m2
W

W
†
λµW

µ
ν F

νλ˜

LWWZ = − ie cot θw

ˆ
g

Z

1

“
W
†
µνW

µ
A

ν −W
†
µAνW

µν
”

+ κZ W
†
µWνZ

µν +
λZ

m2
W

W
†
λµW

µ
ν Z

νλ˜

34 3.1 Leading order contributions

quadrupole moment QW and magnetic dipole moment µW of the W boson,

µW =
e

2mW
(2 + ∆κ + λ) ,

QW =− e

m2
W

(1 + ∆κ− λ) .
(3.6)

The anomalous WWγ Lagrangian yields a modified WWγ vertex,

W−
µ (k1)

W+
µ (k2)

γρ(k3), Zρ(k3)

= gµ1µ2

�
(∆κ− 1 + (λk2 · k3)/m

2
W )kµ3

1

+ (1− (λk1 · k3)/m
2
W )kµ3

2

�

+ gµ2µ3

�
(−1 + (λk1 · k3)/m

2
W )kµ1

2

+ (1− (λk1 · k2)/m
2
W )kµ1

3

�

+ gµ1µ3

�
(1−∆κ− (λk2 · k3)/m

2
W )kµ2

1

+ (−1 + (λk1 · k2)/m
2
W )kµ2

3

�

+ λ/m2
W

�
kµ2

1 kµ3
2 kµ1

3 − kµ3
1 kµ1

2 kµ2
3

�
.

(3.7)

For ∆κ = λ = 0 we obviously recover the SM-vertex (2.25).
Retaining unitarity at high energies is a crucial ingredient to meaningfully model

beyond-the-SM physics in a Monte Carlo setting. If probability conservation is violated,
the cross section is dominated by the behavior at large invariant masses of the matrix
element, even though the parton luminosities are steeply falling. On the other hand, if
unitarity is conserved, the phenomenology gets no significant contribution from large
invariant masses by the same reason. Therefore, the parameters ∆κ = κ−1 and λ have
to be merely understood as low-energy limits of form factors, whose precise momentum
dependence highly depends on the BSM model. A phenomenological parametrization
is [12, 72]

∆κ =
∆κ0�

1 + m2
Wγ/Λ2

�nκ , λ =
λ0�

1 + m2
Wγ/Λ2

�nλ
, (3.8)

where mWγ denotes the invariant mass of the final state lepton-photon-neutrino system.
Unitarity requires nκ > 1/2 and nλ > 1, and customary choices are dipole profiles
nκ = nλ = 2. Note that, we have not included anomalous CP-violating operators, as
they are already heavily constrained from measurements of the neutron electric dipole
moment [21].

Numerical implementation

The Feynman rule resulting from (3.5) has been determined with FeynRules [73].
Algebraic checks and comparisons have been performed by means of FeynCalc [74].

Analysis with qq̄ → Wγ, WZ kinematically favored, but jet emission unsuppressed
at the LHC: [Baur, Han, Ohnemus ’93] [Baur, Han, Ohnemus ’95]

σ(Wγ + jet)/σ(Wγ) ∼ 3

→ necessary to precisely know anomalous couplings impact on Wγ+jet
NLO QCD precision mandatory
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Indirect searches
non-standard trilinear couplings

high-scale unitarity: anomalous parameters should be
understood as form factors, e.g.

(∆g
Z

1 , ∆κZ , λZ , ∆κγ , λγ) =
(∆g

Z,0
1 , ∆κ0

Z
, λ0

Z
, ∆κ0

γ , λ0
γ)

`
1 + m2

WZ
/Λ2
´2 ,

ΛLEP = 2 TeV

34 3.1 Leading order contributions

quadrupole moment QW and magnetic dipole moment µW of the W boson,

µW =
e

2mW
(2 + ∆κ + λ) ,

QW =− e

m2
W

(1 + ∆κ− λ) .
(3.6)

The anomalous WWγ Lagrangian yields a modified WWγ vertex,

W−
µ (k1)

W+
µ (k2)

γρ(k3), Zρ(k3)

= gµ1µ2

�
(∆κ− 1 + (λk2 · k3)/m

2
W )kµ3

1

+ (1− (λk1 · k3)/m
2
W )kµ3

2

�

+ gµ2µ3

�
(−1 + (λk1 · k3)/m

2
W )kµ1

2

+ (1− (λk1 · k2)/m
2
W )kµ1

3

�

+ gµ1µ3

�
(1−∆κ− (λk2 · k3)/m

2
W )kµ2

1

+ (−1 + (λk1 · k2)/m
2
W )kµ2

3

�

+ λ/m2
W

�
kµ2

1 kµ3
2 kµ1

3 − kµ3
1 kµ1

2 kµ2
3

�
.

(3.7)

For ∆κ = λ = 0 we obviously recover the SM-vertex (2.25).
Retaining unitarity at high energies is a crucial ingredient to meaningfully model

beyond-the-SM physics in a Monte Carlo setting. If probability conservation is violated,
the cross section is dominated by the behavior at large invariant masses of the matrix
element, even though the parton luminosities are steeply falling. On the other hand, if
unitarity is conserved, the phenomenology gets no significant contribution from large
invariant masses by the same reason. Therefore, the parameters ∆κ = κ−1 and λ have
to be merely understood as low-energy limits of form factors, whose precise momentum
dependence highly depends on the BSM model. A phenomenological parametrization
is [12, 72]

∆κ =
∆κ0�

1 + m2
Wγ/Λ2

�nκ , λ =
λ0�

1 + m2
Wγ/Λ2

�nλ
, (3.8)

where mWγ denotes the invariant mass of the final state lepton-photon-neutrino system.
Unitarity requires nκ > 1/2 and nλ > 1, and customary choices are dipole profiles
nκ = nλ = 2. Note that, we have not included anomalous CP-violating operators, as
they are already heavily constrained from measurements of the neutron electric dipole
moment [21].

Numerical implementation

The Feynman rule resulting from (3.5) has been determined with FeynRules [73].
Algebraic checks and comparisons have been performed by means of FeynCalc [74].

Bounds from combined LEP data [LEPWG ’06]

g
Z ,0
1 = 0.991+0.022

−0.021 κ0
γ = 0.984+0.042

−0.047 λ0
γ = −0.016+0.021

−0.023 68% CF

other parameters follow from gauge relations

We have performed a detailed investigation of the jet-inclusive signal processes,
also including anomalous couplings [Campanario, CE, Spannowsky, Zeppenfeld ’09, ’10]

[Campanario, CE, Kallweit ,Spannowsky, Zeppenfeld ’10]

Full inclusive analysis underway
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Indirect searches
non-standard trilinear couplings

Precision phenomenology of anomalous couplings, full O(α2
sα3) matrix elements
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Indirect searches
non-standard trilinear couplings

Precision phenomenology of anomalous couplings

∆κ0 = 0.019, λ0 = −0.0005
∆κ0 = −0.003, λ0 = −0.006
∆κ0 = −0.069, λ0 = −0.045
∆κ0 = −0.025, λ0 = −0.034

SM NLO uncertainty µ = 50...200 GeV

✄✂ �✁NLO
anom. W−γj @ LHC

µR = µF = 100 GeV

pγ
T [GeV]

dσ
/d

pγ T
[fb

G
eV
−

1
]

8007006005004003002001000

1

0.1

0.01

0.001

∆κ0 = 0.019, λ0 = −0.0005
∆κ0 = −0.003, λ0 = −0.006
∆κ0 = −0.069, λ0 = −0.045
∆κ0 = −0.025, λ0 = −0.034

SM NLO uncertainty µ = 40...160 GeV

anom. W−γj @ LHC

µR = µF = 100 GeV✄✂ �✁NLO

|η� − ηγ |

dσ
/d

(|η
�
−

η γ
|)

[fb
]

43.532.521.510.50
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40

30

20

10

0
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Direct searches: a Technicolor paradigm
(minimal) Higgsless Phenomenology [Csaki, Grojean, Pilo, Terning ’04]

PLR × SU(2)L × SU(2)R × U(1) bulk-gauged RS2 setup, broken by BCs

SU(2)R × U(1)→ U(1)Y on Planck brane z = R

SU(2)L × SU(2)R → SU(2)D on TeV brane z = R
�

[CE, Jager, Zeppenfeld ’08]
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Direct searches: a Technicolor paradigm
(minimal) Higgsless Phenomenology

strong sector “naturally” encodes unitarity conservation à la Sturm-Liouville

gWWZZ =
X

k≥1

g
2
W

k
WZ

O(s)

2(m2
Z

+ m
2
W

)gWWZZ =
X

k≥1

g
2
W

k
WZ

 
3m

2
W

k
−

(m2
Z
− m

2
W

)2

m2
W

k

!
O(
√

s)

 0.1

 1

 10

 1000

 [n
b]

s1/2 [GeV]

|cos | < 0.999

 0.1

 1

 10

 1000
 [n

b]

s1/2 [GeV]☛
✡

✟
✠→ phenomenology dominated by first non-SM resonance (↔ unitarity)

“robust” against model-specific modifications (fermion sector)
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Longitudinal gauge boson scattering @ LHC

Chapter 5

Implementation into vbfnlo

5.1 The program vbfnlo

Vbfnlo [38] is a next-to-leading order QCD parton-level Monte-Carlo for vector boson
fusion processes (VBF) created by D. Zeppenfeld et al. This thesis focuses on weak
boson fusion processes, figure 5.1:

pp −→ W+ + W− +

�
2j

3j

�
+ X −→ e+ + νe + µ− + ν̄µ +

�
2j

3j

�
+ X (5.1a)

−→ W± + Z +

�
2j

3j

�
+ X −→ e± + νe + µ± + µ∓ +

�
2j

3j

�
+ X (5.1b)

−→ Z + Z +

�
2j

3j

�
+ X −→ e+ + e− + µ+ + µ− +

�
2j

3j

�
+ X (5.1c)

The third jet arises from additional gluons radiated off the quark legs in figure 5.1. It
is also possible to switch to pp̄ as initial state.

NLO-QCD corrections and model characteristics

There are several other topologies besides fig. 5.1 to be considered for the full processes
(5.1), e.g. graphs where one gauge boson is radiated off the quark leg and subsequently

Figure 5.1: Weak boson fusion topology calculated by Vbfnlo. The shaded area contains
the topologies of figure 4.1 in the physical basis and corresponds to the leptonic tensor, cf.
section 5.2.

q1

q2

q1

W±, Z

q2

W∓, Z

W±, Z

W∓, Z

l̄

ν, l

l

ν̄, l̄

=⇒

pseudorapidity
azim

uthal angle

VBF signatures in general [Bagger et al. ’94] [Rainwater, Zeppenfeld ’99]

color singlet t-channel exchange (s-channel interference negligible)
large Feynman-x to produce heavy resonance on-shell

Altarelli-Parisi splitting: p
jet

T
∼ mW

two energetic back-to-back jets to “tag” event
electroweak decay products hard and central☛

✡
✟
✠color correlations and kinematics are significantly different from

QCD backgrounds
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LHC pheno
Full signal and background analysis for all WBF VV �jj channels at the LHC
all finite width and off-shell effects included beyond any approximation for signal
and backgrounds [VBFNLO group ’08] [CE, Jager, Worek, Zeppenfeld ’08]

Two minimal scenarios: heavy and broad techni-π-like (isoscalar) resonance ∼ 1
TeV, and narrow AdS/CFT – inspired techni-ρ (isovectorial)

Take into account NLO QCD effects through efficient scale choices
[Bozzi et al. ’07] [CE, Jager, Zeppenfeld ’08]✞✝ ☎✆pp → e−µ+ /ET jj

Figure 7: Invariant mass distribution of the two charged leptons (a) and cluster transverse mass
distribution of the W+W− system (b) for the pp → W+W−jj process after imposing all levels
of cuts.

reduced backgrounds, so that even a relatively small number of excess signal events should
be observable. The W±Zjj channel per se is not sensitive to a scalar resonance like a
1 TeV Higgs boson. Similarly, the ZZjj mode is barely sensitive to the W± KK mode. It
is however the combined analysis of all channels that eventually allows to select between
the models as distinct realizations of electroweak symmetry breaking.

In addition to the signal and background rates listed above, we have studied various
kinematic distributions for each production process. Representative results are presented
in the following, with histograms corresponding to the cross sections listed in Tables 3−7.
Due to the large tt̄ + jets cross sections, the W+W−jj mode constitutes the biggest
challenge. In Fig. 5 (a), we have shown the invariant mass distribution of the two charged
leptons in pp→W+W−jj after the application of general selection cuts. At this level of
cuts, the tt̄ + jets background was still sizeable. If additionally all process-specific cuts of
Eq. (24) are imposed, the tt̄ + jets cross sections can be further reduced, while the signal
distributions are barely affected, cf. Fig. 7 (a). In Fig. 7 (b), the cluster transverse mass
of the produced W+W− system, defined by

m2
T (WW ) = [

�
m2(��) + p2

T (��) + |pmiss
T |]2 − [�pT (��) + �p miss

T ]2 , (27)

is shown. Similar to the m�� distribution, QCD and EW V V jj backgrounds are small,
and tt̄ + jets is well under control. The Kaluza-Klein scenario we consider exhibits a
pronounced resonance peak, well above the backgrounds. The heavy Higgs cross section
is distributed more broadly in mT (WW ), but still well distinguishable.

The heavy Higgs scenario can also be well identified in the ZZjj production modes,
which are, however, less sensitive to Kaluza-Klein resonances as discussed above. Fig-
ure 8 (a) shows the invariant mass distribution of the four charged leptons in pp →

20
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LHC pheno
Full signal and background analysis for all WBF VV �jj channels at the LHC
all finite width and off-shell effects included beyond any approximation for signal
and backgrounds [VBFNLO group ’08] [CE, Jager, Worek, Zeppenfeld ’08]

Two minimal scenarios: heavy and broad techni-π-like (isoscalar) resonance ∼ 1
TeV, and narrow AdS/CFT – inspired techni-ρ (isovectorial)

Take into account NLO QCD effects through efficient scale choices
[Bozzi et al. ’07] [CE, Jager, Zeppenfeld ’08]✞✝ ☎✆pp → e±µ+µ− /ET jj

Figure 9: Invariant mass distribution of the two tagging jets (a) and cluster transverse mass
distribution of the ZZ system (b) for the pp→ ZZjj → 2�2ν jj process after imposing all levels
of cuts.

Figure 10: Cluster transverse mass distribution of the W+Z system (a) and invariant mass
distribution of the two tagging jets (b) for the pp→ W+Zjj process after imposing all levels of
cuts.

22
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LHC pheno
Full signal and background analysis for all WBF VVjj channels at the LHC
all finite width and off-shell effects included beyond any approximation for signal
and backgrounds [VBFNLO group ’08] [CE, Jager, Worek, Zeppenfeld ’08]

Two minimal scenarios: heavy and broad techni-π-like (isoscalar) resonance ∼ 1
TeV, and narrow AdS/CFT – inspired techni-ρ (isovectorial)

Take into account NLO QCD effects through efficient scale choices
[Bozzi et al. ’07] [CE, Jager, Zeppenfeld ’08]✞✝ ☎✆pp → e−e+µ+µ−jj

Figure 8: Invariant mass distribution of the four charged leptons (a) and of the two tagging jets
(b) for the pp→ ZZjj → 4� jj process after imposing all levels of cuts.

ZZjj → 4� jj after all process-specific selection cuts have been applied. The impact of
the heavy Higgs resonance is evident at mZZ = 1000 GeV, where all backgrounds are
small. The Kaluza-Klein cross section exceeds the QCD and continuum EW results, but
does not exhibit a characteristic resonance behavior. The Higgsless model’s excess over
the EW continuum can be understood from the absence of an iso-scalar exchange con-
tribution to weak gauge boson scattering, which in the SM enters with an amplitude of
opposite phase as the gauge boson exchange graphs. Another distinction can be observed
in the invariant mass distribution of the tagging jets displayed in Fig. 8 (b). The excess
events from enhanced VBF production correlate with large dijet invariant masses, while
the QCD background mostly resides at mjj < 1 TeV and rapidly falls off as mjj increases.

This behavior is completely independent of the gauge boson decay, as illustrated by
Fig. 9 (a), where the mjj distribution is shown for the ZZjj → 2�2ν jj mode. Apparently,
the shapes of the invariant mass distribution are identical to the ZZjj → 4� jj case. The
overall normalization differs due to the Z → νν̄ branching ratio exceeding the one for
Z → �+�−. Fig. 9 (b) illustrates the cluster transverse mass of the ZZ system in the
2�2ν jj decay mode. Similar to the mZZ distribution in pp → ZZjj → 4� jj, the heavy
Higgs cross section dominates over all backgrounds. However, the Higgs resonance does
not manifest itself in a pronounced peak, but is smeared out over a large range in mT (ZZ).

The most distinctive signatures of iso-vector Kaluza-Klein excitations are observed
in the W±Zjj mode, since these heavy spin-one states contribute to resonant W±Z
scattering, which does not occur in scenarios with a scalar Higgs boson. This is illustrated
by Fig. 10 (a), which shows the cluster transverse mass distribution for the W+Zjj case.
The mT (WZ) distribution exhibits a characteristic peak at about 700 GeV due to the
impact of the first massive Kaluza-Klein excitation W2. The QCD and EW backgrounds
as well as the heavy Higgs cross section are smoothly distributed over mT (WZ). As

21
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High L = 300 fb
−1 discovery reach

Process σS σB S/B S/
√

B S/
√

S + B NSM
signal Nbkgd.

W±Zjj 0.68 0.39 1.7 18.9 11.4 204 117
W+W−jj 0.40 0.78 0.5 7.9 6.4 120 234

ZZjj → 4� jj 0.009 0.021 0.4 1.1 0.9 3 6
ZZjj → 2�2ν jj 0.05 0.10 0.5 2.7 2.2 15 30

Table 10: Cross sections for the Higgsless Kaluza-Klein scenario and overall background for
various channels (in fb), after all selection cuts have been applied. Also listed are several ratios
for signal and background rates together with the number of signal and background events for an
assumed integrated luminosity of 300 fb−1 at the LHC.

These two channels provide excellent possibilities for the study of strongly interacting
gauge boson systems via scalar resonances, see Table 9. Particularly encouraging is the
signal rate for the ZZjj → 2�2ν jj mode. The absence of a significant enhancement
in the WZjj channel is a crucial factor in identifying the iso-scalar character of such a
resonance.

A 5σ statistical significance, defined here as S/
√

B = 5σ, for a signal with a heavy
Higgs boson can already be obtained with an integrated luminosity of 240 fb−1, 35 fb−1,
and 75 fb−1, respectively, for the ZZjj → 4� jj, the ZZjj → 2�2ν jj, and the W+W−jj
processes. It should be noted, however, that event rates for ZZ → 4 charged leptons are
very small, and Poisson significances would be substantially smaller. W±Zjj production,
with heavy Higgs boson contributions entering via t- and u-channel exchange diagrams
only, is hardly affected by the Higgs resonance. No significant deviation from background
is expected in this channel for the heavy Higgs scenario.

In contrast, the Warped Higgsless Kaluza-Klein model with a tower of additional vec-
tor resonances can be studied most easily via the W±Zjj and W+W−jj modes, as shown
in Table 10. In the W±Zjj channel, the first of the Wk resonances, W2, can be ob-
served. Two Zk resonances, which are difficult to disentangle, Z2 and Z3, are accessible
in the W+W−jj process. A 5σ statistical significance for the Higgsless signal, calculated
using the same formula as in the heavy Higgs boson case, can be obtained with a mini-
mal integrated luminosity of 25 fb−1 and 125 fb−1, respectively, for the W±Zjj and the
W+W−jj processes for our choice of the model parameter R = 9.75 × 10−9. The two
ZZjj channels are much less sensitive to this model, since in these production modes the
Wk Kaluza-Klein excitations occur only in t- and u-channel exchange diagrams. A similar
study for the W+W−jj channel in the context of a Higgsless Kaluza-Klein scenario has
been performed in Ref. [77], yielding a signal significance of comparable size.

Altogether, a reasonable number of signal events can be achieved at the LHC for
an integrated luminosity of 300 fb−1, see Tables 9 and 10. Our cuts have considerably
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isovectorial

Level of cuts tt̄ tt̄j tt̄jj Sum (tt̄ + jets)

Inclusive 13850 13260 1600 28710
Inc. + Vbf 1.967 131.4 95.3 228.667
Inc. + Lep. 0.0490 3.02 24.34 27.4090

Inc. + Vbf + b−Veto 0.915 38.57 24.57 64.055
Inc. + Vbf + CJV 1.967 35.82 5.41 43.197

... + b−Veto 0.915 18.24 4.87 24.025
... + Leptonic 0.000844 0.0518 0.329 0.381644

Table 8: Cross sections (in fb) for the tt̄ + nj production processes, where n = 0, 1, 2, with
mt = 172.5 GeV and mH = 100 GeV, after different levels of selection cuts have been applied.
Statistical errors in all cases are well below 1%.

Process σS σB S/B S/
√

B S/
√

S + B NSM
signal Nbkgd.

ZZjj → 4� jj 0.048 0.021 2.2 5.7 3.1 14 6
ZZjj → 2l2ν jj 0.27 0.10 2.7 14.8 7.7 81 30

W+W−jj 0.51 0.78 0.6 10.0 7.8 153 234

W±Zjj 0.031 0.386 0.1 0.9 0.8 9 116

Table 9: Cross sections for the heavy Higgs boson signal and overall background for various
channels (in fb) after all selection cuts have been applied. Also listed are several ratios for signal
and background rates together with the number of signal and background events for an assumed
integrated luminosity of 300 fb−1 at the LHC.
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✞✝ ☎✆combined LHC analysis at high rates is highly sensitive to the realization of EWSB
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Penalty of purity. . .

WBF cross sections are small: robust against QCD corrections,

BR(Z → ��) = 0.0336

tiny leptonic branching ratios limits non-WBF searches, e.g. gg → H → ZZ → 4µ

throw away ≈ 99.9% of the signal!

use subjet techniques to ameliorate BR-suppression via a hadronically-decaying
Z while sufficiently reducing the backgrounds

[Butterworth, Davison, Rubin, Salam ’08] [Soper, Spannowsky ’10] [Hackstein, Spannowsky ’10]

works to reconstruct SM-like produced Higgs resonance mH � 350 GeV

S/B ∼ 0.5, 5σ @ 10 fb−1

H → ZZ → 4µ standard candle for spin and CP determination for mH � 300 GeV
[Buszello et al. ’02] [Gao et al. ’10] [DeRujula et al. ’10]

[Cabibbo, Maksymowicz ’65] [Dell’Aquila, Nelson ’85]

Can we supplement additional information from X → 2j + �+�−, where X is a
“Higgs-look-a-like”?
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General JCP production and decay

[Cabibbo, Maksymowicz ’65] [Dell’Aquila, Nelson ’85]
[Gao et al. ’10] [DeRujula et al. ’10]
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mass design-energy. Hence, there is sufficient potential
to revise semi-hadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with

Φ

µ−

µ+jα

jβ
θ�

θh

X

Z Z

p

p

êz

êz�

θ�

Φ1

FIG. 1: Spin- and CP-sensitive angles of Ref. [24] in pp →
X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows

cos θh =
pα · pX�

p2
α p2

X

����
Zh

, cos θ� =
p− · pX�

p2
− p2

X

����
Z�

, (1c)

cos θ� =
pZ� · êz�
�

p2
Z�

����
X

, cos Φ̃ =
(êz × êz�) · (p− × p+)�

(p− × p+)2

����
X

,

(1d)

cos Φ =
(pα × pβ) · (p− × p+)�
(pα × pβ)2 (p− × p+)2

����
X

, (1e)

where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.

Impose rapidity ordering yα < yβ

Assume minimal effective interactions to
analyze angular correlations
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Details on the analysis

Include full off-shell effects in production and decay for the signal and the
backgrounds (Z+jets, t t̄ , WZ , ZZ )
Perform boosted fatjet/subjet analysis to reconstruct hadronic Z

[Butterworth, Davison, Rubin, Salam ’08]
1 Full event simulation with MadEvent + Pythia/Herwig++ [Sjostrand et al. ’06] [Bahr et al. ’08]

2 Normalize to NLO results, include HCAL granularity [MCFM, HIGLU, VBFNLO, Cacciari ’08]

3 ask for a “fat” jet with large pT > 150 GeV, C/A R = 1.2, and 2 isolated muons
pT > 15 GeV

4 Undo last clustering, require “mass drop”

mj1 < 0.67 mj (fat jet) , ∆R
2
j1 j2

min(p2
T ,j1

, p
2
T ,j2

) > 0.09 mj (fat jet)2

5 “Filter” jet, i.e. recluster constituent with higher resolution (remove UEV),
impose Z mass constraint

6 Reconstruct X mass peak and center of mass system (crucial!)
7 S/B improvement via “pruning” and “trimming” [Ellis et al. ’09, ’10] [Krohn et al. ’10]
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Tracing sensitivity. . .
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mass design-energy. Hence, there is sufficient potential
to revise semi-hadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with
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FIG. 1: Spin- and CP-sensitive angles of Ref. [24] in pp →
X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows

cos θh =
pα · pX�

p2
α p2

X

����
Zh

, cos θ� =
p− · pX�

p2
− p2

X

����
Z�

, (1c)

cos θ� =
pZ� · êz�
�

p2
Z�

����
X

, cos Φ̃ =
(êz × êz�) · (p− × p+)�

(p− × p+)2

����
X

,

(1d)

cos Φ =
(pα × pβ) · (p− × p+)�
(pα × pβ)2 (p− × p+)2

����
X

, (1e)

where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.
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Tracing sensitivity. . .
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mass design-energy. Hence, there is sufficient potential
to revise semi-hadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with
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FIG. 1: Spin- and CP-sensitive angles of Ref. [24] in pp →
X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows

cos θh =
pα · pX�

p2
α p2

X
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, (1c)
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, cos Φ̃ =
(êz × êz�) · (p− × p+)�
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,

(1d)

cos Φ =
(pα × pβ) · (p− × p+)�
(pα × pβ)2 (p− × p+)2

����
X

, (1e)

where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.
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mass design-energy. Hence, there is sufficient potential
to revise semi-hadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with
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FIG. 1: Spin- and CP-sensitive angles of Ref. [24] in pp →
X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows
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where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.
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êz�

θ�

Φ1

2

mass design-energy. Hence, there is sufficient potential
to revise semi-hadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with
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FIG. 1: Spin- and CP-sensitive angles of Ref. [24] in pp →
X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows
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where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.
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The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp→ X →
ZZ → �+�−jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation∗. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V → V V and qq̄ → WW scattering amplitudes by a
singly-dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non-trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
different from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20], or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In sec. II, we out-
line the necessary technical details of our analysis. We
review the effective interactions, from which we compute
the production and the decay of the resonance X with
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X → ZZ → µ+µ−jj. Details on the angles’ definition and on
the assignment of jα and jβ are given in the text. An angle
analogous to Φ1 can be defined with respect to the leptonic
decay plane. We refer to this angle as Φ̃.

∗We normalize the cross section to SM Higgs production at the
parton level.

quantum numbers JCP = 0±, 1±, 2+. We also comment
on the signal and background event generation, the cho-
sen selection criteria, and we introduce the CP and spin-
sensitive observables and their generalization to semi-
hadronic final states. We discuss our numerical results
in Sec. III; Sec. IV closes with a summary and gives our
conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the Kaon sys-
tem (see, e.g., Refs. [4, 8, 23] for their application to
the X → ZZ). In this paper we focus on the angles
of Refs. [24] as sensitive observables, which also have
been employed in the recent X → 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let pα, pβ , and p± be the three-momenta of
the (sub)jets jα and jβ and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = pα + pβ , pZ� = p+ + p− , (1a)

as well as the lab-frame X three-momentum

pX = pα + pβ + p+ + p− . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz� . The angles of Fig. 1 are then defined as
follows
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where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles θh and θ� are defined in their mother-Z’s
rest frame, and all other other angles are defined in the
rest frame of the particle X, where pZ� = −pZh . It is
also worth noting, that the helicity angles correspond to
the so-called Collins-Soper angle of Ref. [25], evaluated
for the respective Z boson.
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Include backgrounds

Bulk of sensitivity is lost due to hard
central requirements and degeneracies

Z+jets fakes Φ̃ (systematics ∼ 30%)

residual discriminative power for 0±
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Side benefit...

Sensitivity to shower strategy
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Summary & Conclusions

Measuring diboson + jet production processes at the LHC will contribute to
understand the mechanism of EWSB (better)

WBF is perturbatively under control and exhibits experimentally clean signatures

theoretical (inclusive) diboson production has reached the perturbative precision to
measure deviations in various phase space regions.

New strategies in jet physics (theoretically) suggest (re)introduce new processes

supplement information on J
CP of a singly-produced resonance

important if LHC is not reaching its design-center of mass energy

we provide an observable which is sensitive to parton showering
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