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Vector Boson Scattering

2

• Vector Boson Scattering (VBS) contains

• the triple gauge boson vertices

• the quartic gauge boson vertex

• the interaction of the Higgs boson with the gauge boson of the weak interaction

2 Theoretical Framework

Figure 2.1: Feynman graph of a general VBS process

The vector bosons resulting from massive resonances fly in nearly opposite direction,
called back-to-back. Since the final state leptons are products of the decay of these
bosons, they are expected to show a similar angular distribution, and thus a separation
in � leading to a peak for |��| = ⇡ (see figure 2.4)

In this thesis only the same sign WW (WWss) and the WZ (WZ) channel are
considered so that the final states are

jje±⌫
e

e±⌫
e

, jje±e⌥e⌥⌫
e

.

There are some other ⇠ ↵6
W

processes with the same final state which are not gauge
invariant dividable. Those processes (see figure 2.3) are included in the used samples.

2.3 Anomalous quadric gauge coupling
The Standard Model was up to now in good agreement with experiments. However
it’s possible that this is only correct up to an unknown center of mass energy scale
⇤. New effects or completely new physics could occur beyond this energy so it’s not
possible to extend the Standard Model to this energy scale without further testing. It’s
possible that this new physics has effects on the experimental accessible energy range.
The aim is to built an effective field theory[7] to parametrize this effects to the low
energy regions. This introduces more degrees of freedom to the Standard Model.

Figure 2.2: Feynman graphs for all possible VBS channels
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Vector Boson Scattering
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• in Standard Model without a Higgs, the VBS cross section would violate unitarity

• probe for SM as well as other higgsless models

• can also be used to examine physics beyond the SM such as anomalous quartic gauge couplings (aQGCs)

• plan is to measure WW -> WW in the same sign channel

• building on that, extraction of electroweak contribution to the process and limits on aQGCs2 Theoretical Framework
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Figure 14: Cross sections (in nanobarns) for the five di�erent scattering processes of longi-
tudinal weak gauge bosons: SM with a 120 GeV and a 1 TeV Higgs in the upper line, in the
middle: SM without a Higgs without and with K-matrix unitarization, respectively. In the lower
line, the case of �4,5 switched on are shown, on the left without, on the right with K matrix
unitarization. The contribution from the forward region is cut out by a 15 degree cut around
the beam axis.
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Figure 2.5: Cross sections for different gauge boson scattering processes. Left:
without a Higgs boson. Right: with Higgs boson of mass 120GeV. (Graphics
taken from [10])

unitarity (see figure 2.5).[9] The additional Higgs boson exchange channel includes a
further resonance and cancels the raise of the cross section for high energies.

The new implemented operators of an effective Lagrangian, as explained in sec-
tion 2.3 lead to a significant change of the effects for high energies and can therefore
break unitarity again. Thus an other unitarization mechanism is needed to restore
unitarity. This can be done by slightly changing some properties of the Higgs boson
or by other unknown effects of the new physics. Either way real processes obey the
unitarity requirement.

However in Monte-Carlo generated samples (see chapter 4) unitarity can be broken
and for comparability unitarization has to be done by other mechanisms to avoid a
large overestimation of the high energy cross sections. Therefore a criterion is needed
to test if the unitarization was successful. The optical theorem of scattering theory
[9] implies that unitarity is given if the normalized eigenamplitude a

IJ

=

1
32⇡A

IJ

with
spin I and weak isospin I is in the Argand circle. This corresponds to the relation

�

�

�

�

a
IJ

� i

2

�

�

�

�

 1

2

. (2.8)

For elastic scattering one can show that the following relation can also be used as
unitarity criterion[9]

|< a
IJ

|  1

2

. (2.9)

There are several ways to ensure these relations. The following sections will shortly
present the 2 approaches being used in this thesis.

2.4.1 Form factors
The general approach of the form factor method is to multiply a function of the center
of mass energy to suppress high energy events. VBF@NLO (see section ??), one of the
used generators has implemented this approach using the function (see figure 2.6)

F =

✓

1 +

s

⇤

2
FF

◆�n

with the parameters ⇤

LL

and n. This realizes a soft cut off. The parameter n should
be greater than 2, n = 2 is used in this thesis and determines the shape of the function.
⇤

FF

on the other hand defines the energy scale for the cut off and has to be adjusted
to each situation so that the projections of the matrix element on the first partial wave
fulfills equation (2.9). Since the higher order partial waves are always smaller and
the same form factor is multiplied to the hole matrix element unitarity is given. The
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General event layout

2.5 Signal Characteristics at the LHC
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Figure 2.5: Schematic of a vector boson scattering event in a generic collider de-
tector. “1” and “2” are charged leptons from vector boson decays. “3” and “4” are
tagging jets (see text). The angular correlations �'``, ⇣ and �⌘tagjets are inscribed
for reference.
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• two highly energetic jets (called tagging jets) (3,4)

• large pseudo rapidity gap between jets

• large invariant mass of dijet system

• two leptons that lie between the tagging jets (1,2)

4

2.2 Vector Boson Scattering

The last two terms in the Lagrangian are the kinetic terms of the gauge bosons where
the field strength tensors are defined by

B
µ⌫

= @
µ

B
⌫

� @
⌫

B
µ

W a

µ⌫

= @
µ

W a

⌫

� @
⌫

W a

µ

+ g
W

✏abcW b

µ

W c

⌫

using the gauge fields W a

µ

(a = 1, 2, 3) and B
µ

.
These gauge fields can be identified with the physical gauge bosons using the fol-

lowing equations:
✓

A
µ

Z
µ

◆

=

✓

cos ✓
W

sin ✓
W

� sin ✓
W

cos ✓
W

◆✓

B
µ

W 3
µ

◆

W±
µ

=

1p
2

(W 1
µ

⌥ iW 2
µ

) .

So the photon � and the Z0 boson result from a rotation by the so called electroweak
mixing angle or Weinberg angle ✓

W

= 0.502 of the gauge fields B
µ

and W 3
µ

and both
charged W

µ

fields are linear combinations of W 1
µ

and W 2
µ

. weak eigenstates?

2.1.2 Electroweak symmetry breaking
One Problem of this theory was, that all particles are assumed to be massless. Mass
terms are not invariant under the transformation given in (2.1) and therefore break the
SU(2)

L

⇥ U(1)

Y

symmetry.
This is solved by the electroweak symmetry breaking through the Higgs mechanism[4,

5]. This predicts a symmetrical higgs field with a non-invariant lowest energy state.
This would give masses to bosons and fermions would gain mass by interacting with a
excitation of the Higgs field – the Higgs boson H. The Standard Model requires such
a Higgs boson and after 40 years of search in 2012 CERN announced they had found
a new particle which most likely is a so called low energy Higgs boson.

But there are also more general approaches for electroweak symmetry breaking by
a ⌃ field. The Higgs field on the other hand is a special case of a ⌃ field with special
predictions.

2.2 Vector Boson Scattering
To study the electroweak symmetry breaking vector boson scattering (VBS) is a very
important process being realized at the LHC. Furthermore vector boson scattering
includes triple and quartic gauge couplings and Higgs channels. In this process one
quark from each proton emits a gauge boson which interact with each other and decay
afterwards (see figure 2.1).

There are several possible channels for the interaction between the gauge bosons.
The Standard Model predicts a quartic boson coupling or the exchange of a � or Z0

gauge boson or a Higgs boson (see figure 2.2). Vector boson scattering requires six
weak interactions, so it’s a ⇠ ↵6

W

process with a very small cross section. Thus it was
not jet measured.

A very important experimental signature of vector boson scattering are the two
very forward jets, called tagging jets resulting from the quarks that emitted the gauge
bosons. So the pseudorapidity difference of the jets |�⌘

jj

| is expected to be rather
high. In most analysis only the leptonic decay channel of the bosons is considered
to reduce background processes resulting in a di-leptonic final state. This leptons are
assumed to be inside the tagging jets measured by the lepton centrality ⇣

ll

defined as:

⇣
ll

⌘ min

n

min{⌘l

1, ⌘
l

2} � min{⌘jet

1 , ⌘jet

2 }, max{⌘jet

1 , ⌘jet

2 } � max{⌘l

1, ⌘
l

2}
o
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Object Selection

• Jets

• calibrated (2011 input)

• pT > 30 GeV

• |η| < 4.5

• not LooserBad

• |JVF| > 0.5

• Overlap Removal

• jets near electrons (0.3)

• jets near muons (0.3)

5

• Electrons

• scaled and smeared

• author 1 or 3

• OQ good

• pT > 15 GeV

• |η| < 2.47, excluding crack 
region

• tight++ (using macro)

• |z0theta| < 0.5

• |d0_sig| < 3

• etcone30/pt < 0.14

• ptcone30/pt < 0.13

• overlap removal

• electrons near muons (0.1)

• Muons

• scaled and smeared

• STACO

• combined + tight

• pT > 15 GeV

• |η| < 2.5

• MCP Recommendations

• |z0theta| < 0.5

• |d0_sig| < 3

• etcone30/pt < 0.14

• ptcone30/pt < 0.15
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CutFlow

• Baseline Selection

• GRL

• Pileup Reweighting

• Detector Quality

• MET Cleaning(0)

• Primary Vertex

• Trigger

• N_Lep(2)

• N_Jets_MinGeV(2, 30)

6

• Signal Regions

• N_Leptons (according to channel)

• Trigger Match

• Lep2_pT > 20 GeV

• M_ll > 20 GeV

• Lepton same sign cut

• MET > 40 GeV

• Z_Window veto (ee only)

• M_jj > 150 GeV

• Lep_Centrality > -0.5

• Delta_AbsEta_jj > 2.4

• M_jj > 500 GeV
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Modeling of tagging jets
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Modeling of tagging jets
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• tagging jets seem sufficiently well modeled

• most of the time there is a forward jet and a rather central jet
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Central Jet Veto

• Idea: signal is characterized by colorless exchange -> no jet activity between tagging jets expected

• could a veto on additional jets help against background?

• all plots done after M_JJ > 150 GeV cut
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Properties of Central jets
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• central jets sufficiently well described by MC
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Properties of Central jets
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• central jet veto worsens the relative error on the measurement of ssWW EW+QCD

• decided to drop central jet veto
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anomalous Quartic Gauge Couplings

• studies done by Carsten Bittrich

•  way to describe physics beyond the kinematic reach of the LHC

• effects from new physics are described by effective Lagrangian

• extension of the effective Lagrangian via terms containing additional dimension eight operators

• gives changed parameters:

12

2.3 Anomalous quadric gauge coupling
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Figure 2.3: Feynman graphs of other processes being gauge invariant to vector
boson scattering.

One approach is to built an effective Lagrangian with additional operators of higher
dimension. Dimension erklären?Due to this higher dimension these operators have coefficient of inverse
power of mass so the operators with the lowest dimension are dominant

L
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= L
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+

X

i

c
i

⇤

i

O
i

(2.2)

Most of the SM operators are of dimension four and since only operators with even
dimension satisfy conservation of lepton and baryon number1 the new operators have
to be at least dimension six operators. Those new operators effect also double and
triple gauge boson couplings so these can be easier studied in other processes.

Dimension eight operators have no effects in double or triple couplings so they
have to be searched for in quartic gauge couplings. Vector boson scattering allows this
examinations. In general these are the possible operators for the quartic gauge boson
vertex gilt das auch für

WWss?, Quelle: eboli
paper. kann man
einfach die Vorzeichen
ändern?
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With equation (2.2) these lead to an effective Lagrangian for the this vertex

LV V V

0
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0
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0 + cV V
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In the Standard Model renormalizability and gauge invariance under the SU(2)
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cos

2 ✓
W

cWZ

0,SM

= � 2

cos

2 ✓
W

cWZ

1,SM

= g2
W

using g
W

the coupling constant. If operators of higher order are included this coeffi-
cients differ from this value.

cV V

0

i

= cV V

0

i,SM

+ g2
�cV V

0

i

.

For simplicity’s sake only those operators that do not include derivations of the gauge
fields are considered here. There are two possibilities to define these operators depend-
ing on the way the electroweak symmetry is broken.

If the electroweak symmetry is linearly broken by a Higgs field including a light
Higgs boson only two operators are possible

1
The proof for this can be found in [8]
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In the Standard Model renormalizability and gauge invariance under the SU(2)
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.

For simplicity’s sake only those operators that do not include derivations of the gauge
fields are considered here. There are two possibilities to define these operators depend-
ing on the way the electroweak symmetry is broken.

If the electroweak symmetry is linearly broken by a Higgs field including a light
Higgs boson only two operators are possible

1
The proof for this can be found in [8]
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Used Models

• VBF@NLO

• implements a light SM Higgs boson

• anomalous gauge couplings parameterized with 

• Unitarization done via Form Factors

13

• WHIZARD

• Higgs Boson represented by scalar sigma-resonance with mH = 126 GeV 

• Extension of Lagrangian with anomalous couplings:

• Unitarization done via K-matrix formalism

2.4 Resonances and unitarity
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using the higgs doublet field � and its covariant derivative D
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�. Those operators lead
to the following variations of the coefficients

�cWW

i

=

g2v4f
i

8⇤

4
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i

16 cos

4 ✓
W

⇤

4
=

�c
i

, lin
2 cos

2 ✓
W

.

If EWSB is due to a heavy Higgs boson or without Higgs boson one has to follow
a more general approach using a ⌃ field for a non-linear realization of the EWSB. One
can also show that the energy scale ⇤ must be below 4⇡v ⇡ 3 TeV. folgendes erwähnen? :

couples only to
longitudinal gauge
bosons (couplings to
transversal gauge
bosons are
subdominant) [0806]

Only 2 operators fulfill SU(2) symmetry

L(4)
4 = ↵4[Tr(V

µ

V
⌫

)]

2 ,

L(4)
5 = ↵5[Tr(V

µ

V µ

)]

2 ,

using V
µ

⌘ (D
µ

⌃)⌃. Those generate four gauge boson interactions with

�cWW

i

= g2↵
i+4 ⌘ �c

i,no-lin

(2.4)

�cWZ

i

=

g2

2 cos

2 ✓
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↵
i+4 =

�c
i,no-lin

2 cos

2 ✓
W

.

Using equations (2.3) and (2.4) one can speculate about the validity of the following
relation

g2↵
i+4 = �c

i,no-lin

?
= �c

i,lin

=

g2v4f
i

8⇤

4

↵
i+4

?
=

v4f
i

8⇤

4
(2.5)

using the vacuum expectation value v and the energy scale for new physics ⇤. To make
this independent from this energy scale ⇤ a new parameter ˜f

i

is introduced as

˜f
i

⌘ f
i

· TeV4

⇤

4
. (2.6)

This changes equation (2.5) to

↵
i+4 =

v4

8 (TeV)

4
˜f
i

⇡ 4.59 · 10

�4 · ˜f
i

. (2.7)

vorhergesagten Grenzen
aus theorie nennen?

2.4 Resonances and unitarity

stimmt diese aussage:
Die
Unitaritätsbedingung
besagt, dass der
Wahrschein-
lichkeitsstrom erhalten
bleiben muss. In diesem
Fall hieße deren
Verletzung, mehr
Teilchen wechselwirken,
als eigentlich zur
Verfügung stehen.
[quelle: Diplom vbfnlo
autor]

The standard model without a Higgs boson predicts a raise of the vector boson
scattering cross section for high energies. This would imply a diverging of the cross
section in the high energy regions and therefore break unitarity [9, 10]. Although it was
not modeled to do so a light Higgs boson would prevent the divergence and thus restore
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Scenario

• Center-of-mass energy: 8 TeV

• final state: 

• Fiducial volume:

14

DRAFT

4.2 Used samples

for an explanation of the variables see appendix ??:
auf Anhang verwiesen

p
T

(l1) > 25GeV p
T

(j1) > 30GeV
p
T

(l2) > 20GeV p
T

(j2) > 30GeV
|⌘(l)| 2 [0, 1.37] [ [1.52, 2.47] |⌘(j)| < 5

M
ll

> 20GeV M
jj

> 500GeV
⇣ > �0.5 |⌘

jj

| > 2.4

ET, miss > 40GeV .

In the WZ channel the following cuts were used:

p
T

(l1) > 25GeV p
T

(j1) > 30GeV
p
T

(l2) > 20GeV p
T

(j2) > 30GeV
p
T

(l3) > 20GeV
|⌘(l)| 2 [0, 1.37] [ [1.52, 2.47] |⌘(j)| < 5

M
ll

> 20GeV M
jj

> 500GeV
⇣ > �0.5 |⌘

jj

| > 2.4

ET, miss > 40GeV .
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VBF@NLO
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• Delta Phi and invariant mass of tagging jets are most sensitive variables
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Whizard
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• Δφ of leptons and invariant mass of tagging jets are most sensitive variables
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Cross section comparison
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Used models
WW -channel
WZ-channel

Comparison aQGC
Next steps

predicted correlation of ↵i+4 and fi:
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˜fi with ˜fi = fi ·

TeV4

⇤

4

e. g.) ↵4 = 0.05
?
⇡ ˜f0 = 100

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5

 5.5

-800 -600 -400 -200  0  200  400  600  800
 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5

 5.5
-0.4 -0.3 -0.2 -0.1  0  0.1  0.2  0.3  0.4

cr
os

s 
se

ct
io

n 
sig

m
a 

in
 fb

f0 / Lambda4 * (TeV)4

unitarized samples, WWss channel

alpha4

VBFNLO Fit
Whizard Fit

VBFNLO cross-sections
Whizard cross-sections

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

-800 -600 -400 -200  0  200  400  600  800
 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8
-0.4 -0.3 -0.2 -0.1  0  0.1  0.2  0.3  0.4

cr
os

s 
se

ct
io

n 
sig

m
a 

in
 fb

f1 / Lambda4 (TeV)4

unitarized samples, WWss channel

alpha5

VBFNLO Fit
Whizard Fit

VBFNLO cross-sections
Whizard cross-sections

Comparison of dependency of cross sections on ↵4 and f0 with ↵5 = f1 = 0

(left) or ↵5 and f1 with ↵4 = f0 = 0 (right) for di↵erent generators. (—):
VBF@NLO, (—): Whizard
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Conclusion
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• want to measure the VBS cross section

• after that extract electroweak contribution and set limits on aQGCs

• tagging jet kinematics seem to be well modeled by MC, data driven background estimation is on 
its way

• Central Jet Veto does not help with measurement of VBS cross section, seems also to be the 
case for the electroweak contribution extraction

• studies on generator level show that Δφ of leptons and invariant mass of the tagging jets seem to 
be the best distributions to separate different strengths for aQGCs

• differences for generators are still under investigation 
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Thank you for your attention!
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Properties of Outlier jets
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Properties of Outlier jets
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