CERN-THESIS-2023-347

13/06/2023

@)

Sensitivity study of dimension-6

operators in the W*Z

polarization phase space

Bachelor-Arbeit
zur FErlangung des Hochschulgrades
Bachelor of Science
im Bachelor-Studiengang Physik

vorgelegt von

Gregor Daberstiel
geboren am 22.10.2001 in Dresden

Institut fiir Kern- und Teilchenphysik
Fakultat Physik
Bereich Mathematik und Naturwissenschaften
Technische Universitat Dresden

2023



Eingereicht am 6. Juni 2023



1. Gutachter: Dr. Frank Siegert
2. Gutachter: Prof. Dr. Arno Straessner



Abstract

English

Resulting from the Higgs mechanism of electroweak symmetry breaking in the
standard model (SM) vector bosons (VB) gain mass and an additional degree
of freedom in their possible polarization states. This third - longitudinal - pola-
rization is inherently connected to the Higgs mechanism and opens the door for
searches for possible new physics beyond the SM. A model independent approach
to characterize deviations from the SM is Standard Model Effective Field Theory
(SMEFT). It extends the SM by introducing higher dimension operators into the
Lagrange density.

This thesis studies W*Z production processes in a phase space sensitive to VB
polarization in the light of possible sensitivity to SMEFT contributions. Eight di-
mension 6 operators are separately simulated with the help of the event generator
SHERPA at leading order with fully leptonic decay channels. Their influence on
multiple observables at current Wilson coefficient bounds is assessed.

Even though further studies have to be conducted to better understand remaining
issues connected to simulation of propagator contributions and closure between
different contribution extraction approaches during the simulation of the SMEFT
model, five of the eight studied operators show shape effect contributions in mul-
tiple observables. Fits of the operator contributions to the SM with basic binning
led to tighter bounds on the Wilson coefficients of the O3 and the Oy;, operators,
suggesting sensitivity of the studied W*Z polarization phase space to SMEFT con-
tributions. Tighter bound setting of more operators seems to be possible if more

sophisticated binning and bin optimization methods were applied in the future.



Deutsch

Als Resultat des Higgs-Mechanismus der elektroschwachen Symmetriebrechung im
Standardmodell (SM) erhalten Vektorbosonen (VB) Masse und einen zusétzliche
Freiheitsgrad in ihren moglichen Polarisationszusténden. Diese dritte - longitudina-
le - Polarisation ist inharent mit dem Higgs-Mechanismus verbunden und eréffnet
die Moglichkeit, nach moglicher neuer Physik jenseits des SM zu suchen. Ein mo-
dellunabhéngiger Ansatz zur Charakterisierung von Abweichungen vom SM ist die
sogenannte SStandard Model Effective Field Theory”(SMEFT). Sie erweitert das
SM durch die Einfithrung von Operatoren hoherer Dimension in die Lagrangedich-
te.

Diese Arbeit untersucht die W* Z-Produktionsprozesse im Phasenraum, der emp-
findlich fiir die VB-Polarisation ist, im Hinblick auf mogliche Sensitivitat gegentiber
SMEFT-Beitragen. Acht Operatoren der Dimension 6 werden separat mit Hilfe des
Ereignisgenerators SHERPA in fithrender Ordnung mit vollstdndig leptonischen Zer-
fallskanédlen simuliert. Ihr Einfluss auf mehrere beobachtbare Grofien bei aktuellen
Grenzwerten der Wilson-Koeffizienten wird bewertet.

Obwohl weitere Studien durchgefiihrt werden miissen, um noch bestehende Pro-
bleme im Zusammenhang mit der Simulation von Propagatorbeitragen und der
Ubereinstimmung zwischen verschiedenen Ansétzen zur Extraktion von Beitrigen
wahrend der Simulation des SMEFT-Modells besser zu verstehen, zeigen finf der
acht untersuchten Operatoren Beitragseffekte in mehreren beobachtbaren Grofien.
Ein Fit der Operatorbeitréage an das SM mit einfacher Binning-Methode fithrten zu
engeren Grenzwerten fir die Wilson-Koeffizienten der Operatoren O,q3 und Oy,
was auf Sensitivitit des untersuchten W= Z-Polarisationsphasenraums gegeniiber
SMEFT-Beitragen hindeutet. Eine genauere Grenzwertsetzung fiir weitere Opera-
toren scheint moglich zu sein, wenn in Zukunft Binoptimierungsmethoden ange-

wendet werden.
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1 Introduction

The standard model of particle physics (SM) is one of the most accurate and well
tested theories in all of physics. With the discovery of the Higgs boson in 2012 [1]
and the associated confirmation of the Higgs mechanism of electroweak symmetry
breaking (EWSB), the latest piece has been added to the picture we have of the
particle world. The model, however, remains incomplete. Only three of the four
known fundamental forces are implemented into the theory. Gravity in its modern
form of general relativity remains to be adapted into the framework of a quantum
field theory (QFT) and its effects at large scales, especially those connected to dark
matter and dark energy, remain unexplained. Experiments also showed deviations
from theoretical calculations regarding the gyromagnetic ratio of the muon [2, 3].
In light of those observed phenomena further and more accurate measurements
have to be conducted to probe the SM and find possible new physics beyond our
current understanding. One of the tools at a physicist’s disposal is the Large
Hadron Collider (LHC) at CERN, whose four primary experiments ATLAS, CMS,
ALICE and LHCb already showed great success in, for example, helping to discover
the aforementioned Higgs boson. The data acquired during the particle collisions
may show further deviations from the SM and shed light on possible new theories
beyond the SM (BSM). A promising possibility amongst the wide variety of pos-
sible processes is vector boson scattering (VBS) in which two or more vector bosons
(VB) interact with each other via multiple possible gauge couplings. Because of
VB properties resulting from electroweak symmetry breaking and its effects on
possible polarization states of the particles it is a perfect candidate to probe not
only the SM but especially the contained Higgs mechanism and find possible new
physics connected to it. Since these processes are quite rare, the focus of this thesis
will be diboson processes which exhibit similar final states and properties as VBS
processes. One of way to quantify deviations from the SM is the effective field
theory (EFT) approach. It parameterizes deviations from the SM stemming from
resonances beyond the energy scale which is currently reachable in experiments.

To study these processes simulations with different EF'T operators are performed.



Using the Monte-Carlo event generator SHERPA different models will be simulated,
which can later be analyzed and discussed.

The goal of this study is to test a phase space currently being investigated at
ATLAS in relation to VB polarization for its sensitivity to selected EFT operators
and set bounds on the Wilson coefficients accompanying the operators. For this
purpose, in the first part of this thesis, the necessary theoretical and experimental
foundations are laid. Subsequently, in the second part, the explicit implementation
in SHERPA is discussed.



2 Theoretical Background

2.1 The Standard Model

This chapter is based upon the content of [4]. A full introduction to the SM, its
effects and additional caveats not discussed in this chapter can also be found there.
The foundational model which modern particle physics is built upon is the SM.
It is able to describe three of the four known fundamental interactions: The elec-
tromagnetic and the weak interaction, which combine to the electroweak (EW)
interaction through the Higgs mechanism, and the strong interaction. The de-
scription is based upon local gauge symmetries which can be expressed in a fairly

condensed notation as
U(l)y ® SU(2), ® SU(3)¢, (2.1)

utilizing the mathematical framework of group theory. The first two terms in the
tensor product refer to the EW interaction in the form of the unitary group of
degree one U(1)y and special unitary group of degree two SU(2),. The last term
is related to the strong interaction in the form of the special unitary group of
degree three SU(3)¢.

To each of these Lie groups there are associated generators that span the tangent
space of the underlying Lie manifold. To every one of those operators corresponds
a force carrying gauge boson with integer spin. The fundamental forces which
are already incorporated into the theory are mediated by vector bosons with spin
1. For electromagnetism this is the photon ~, for the strong interaction exist
eight gluons g and the weak interaction is mediated by the Z and W¥ boson.
Additionally to the vector bosons there exists a spin 0 scalar boson H that results
from the Higgs mechanism of electroweak symmetry breaking (EWSB) which is
discussed in Section [2.1.1] The full set of SM bosons and their charges can be
found in Table 2.2

Besides the bosonic part of the SM, there exist four different classes divided into
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three (known) generations of elementary fermions. These, depending on their
charges with respect to the fundamental forces, interact with the gauge bosons.
There are the quarks, which have a non-zero color charge and thus can interact
with the strong force. Due to their differing weak isospin they form a weak isospin
doublet, splitting into the sub classes of up and down type quarks and therefore
also interact with the weak force. Through their nonzero electric charge they
also interact with the electromagnetic force. Then there are the leptons which,
through weak isospin, again split into an isospin doublet of electromagnetically
charged leptons, e.g. the electron e, and uncharged leptons, e.g. the electron
neutrino v.. Both interact with the weak force, but only the electromagnetically
charged leptons interact with the electromagnetic force.

It was first shown by the Wu experiment [5] that only left-handed particles (and
right-handed antiparticles) interact with the weak force making the SM a chiral
theory. The full set of SM fermions and their charges can be found in Table [2.1]

2.1.1 The Higgs Mechanism
Following the EW symmetry part of the SM before EWSB,
U(l)y ® SU(2). (2.2)

the gauge bosons that mediate these interactions should be massless since massive
terms like $m., A, A" in the Lagrange density that transform under U(1) like A, —

A, = A, — 0,x are inherently not locally gauge invariant:

1 1 1
§mwAuAM - §m7(A” — dux) (A" = 0"x) # §m7AuA” (2.3)

While the photon follows this principle, the W* and Z boson have been observed
to be massive [0}, 7] and therefore stand in stark contrast to the prediction of this
version of the SM.

The solution to this conundrum lies in the introduction of a complex scalar field

which interacts with particles and generates the described mass terms in the Lag-

range density for the massive particles. A complex field

¢ = %(dn +i¢) (2.4)
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with its Lagrange density

£ = 3 (0n) (°60) + 3 (9un) (0962) — L2 (614 63) — 1A (67 + 63)°
(2.5)

is introduced which for values A > 0 and 2 € R has a finite minimum. If 2 > 0
the minimum occurs at the origin ¢;, ¢» = 0. For u? < 0 the potential assumes its

minimal value within the infinite set defined by

2 2___/’L2,_ 2
o1+ @5 = h\ =0 (2.6)

where v is the vacuum expectation value (Vev). By choosing one of these minima,
the global U(1) symmetry is spontaneously broken. Transforming into coordinates
such that (¢1,¢2) = (v,0) and expanding around the Vev such that ¢ = \%(77 +

v + i) the Lagrange density can be rewritten as

1 1 1
L= 5 (8;ﬂ7) (aﬂn) - §m727772 + 5 (auf) (6u§> - V;nteraction (27)
with m, = v2Av? and
1 1 1
V;nteraction = )\UT]3 + Z_L)\T/4 + 4_1)\53 + )\1”752 + 5)‘77252 (28)

where a mass term m,, is generated and triple and quartic self couplings between
the n and ¢ fields emerge in the interaction potential Viyeraction. 1he excitations of n
and ¢ play different roles: Whereas ¢ is a (virtual) Goldstone boson in the direction
in which the field is invariant and thus can be gauged by the right transformation,
the massive 7 is physical and a result of the symmetry breaking through the choice
of a specific ground state.

For a SM-like U(1) invariant theory with subsequent field B,, and coupling constant
g and field strength tensor F** = 0 B¥ — 0” B* one needs to replace the derivative
operators d, with covariant derivatives D, = 0, + ig5, and include the gauge

fields in the Lagrange density, leading to

L= P Fy + (D) (DP0) — 16 — Ao* (2.9)
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Expanding Equation (2.9), breaking the symmetry with p? < 0 as done before
without the fields and eliminating £ by choosing an appropriate gauge yields

1 1 1 1
L=- (@m) (8”77) — —m727772 — —F'LWFW, + 5921}23#3“ - V;nteraction<n7 BH)

2 2 4
(2.10)

where Vigteraction includes multiple interaction terms between the fields. By this
process, not only a mass term for n but also for B* emerges, making the corres-
ponding gauge boson massive.

It has to be noted that through the process of symmetry breaking additional phys-
ical degrees of freedom emerge. From the initial four degrees of freedom (7 , £ and
two polarizations from B,) only one is found in the gauge transformation that
eliminated the Goldstone boson €. As a direct result of a massive gauge boson
another degree of freedom arises, which can be interpreted as a third - longitudinal
- polarization. This will be discussed further in Section [2.1.3]

The last step to going from the toy model to the implementation of EWSB into
the SM is to not only consider a breaking of U(1)y but of the full U(1)y ® SU(2)_.
The model then is comprised of two complex scalar fields placed inside of a weak
isospin doublet. Following similar arguments as before the scalar field, after sym-

metry breaking and gauging three Goldstone fields, can be rewritten as

1 [P+ 10 1 0
T)=—= — — 2.11
) V2 <¢3 + l¢4> V2 (U + h@)) 24y
After introducing the covariant derivative for the U(1)y ® SU(2),

1 1
D,=0,+ 19w (c-W), + zg’ﬁYB“ (2.12)

mass is generated by terms generated through (D,¢)"(D"¢). Expanding the terms

and through comparing coefficients of those quadratic in the gauge fields

2 2
g (WOW R @@y 4 %(wa,ES) — ¢'B)(gwW®* — ¢'BY)

8
(2.13)
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the masses in front of the kinetic terms can be read off, yielding

1
mw = 5 gwv (2.14)

for the mass of the W= bosons taken from the first term. The second term is
not diagonal in the fields W®) and B, making it necessary to diagonalize it. This

results in the (mass) eigenvalues

m., =0 (2.15)

mz = 5\/ (95 +97) (2.16)

v
2

and its physical fields A, and Z, as eigenstates

An 1 JW + gw B,
(Z“> V) <9wW;53) - g’Bu> 210
Thus, after EWSB, the gauge bosons W* and Z of the weak interaction have ac-
quired mass as well as an additional degree of freedom in the form of a longitudinal
polarization while the photon v remains massless with its familiar two transverse
polarization states.

A more detailed derivation and discussion of the Higgs mechanism and its further

effects, like the Yukawa mechanism for fermion masses, can be found in [4] 8, 9].

With this mechanism the SM arrives at its current form with its set of particles
and their respective charges found in Table 2.1] and Table [2.2]

2.1.2 W*Z Production Processes

Probing the SM for deviations is particularly interesting in the EW sector, since it
is inherently connected to the EWSB and is therefore a promising starting point to
search for new physics. One of the most interesting processes to investigate is the
W=Z production process due to the possibility of W*W=*Z triple gauge coupling
at the leading order (LO) with 4 EW vertices. It thus makes for an interesting
candidate to study the gauge structure of the SM on the one hand as well as a wide
variety of properties like polarization on the other. The contributing diagrams at
LO are shown in Figure[2.1] In practice at the LHC at LO the involved annihilating
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Table 2.1: Fermions of the SM. Weak isospin is 0 for all right-handed particles.

Masses are taken from [10].

Type Particle Gen. Color Eclﬁzzgg IsozgfikLH Mass
up u 1 yes 2/3 1/2 2.2 MeV
down d 1 yes -1/3 -1/2 4.7 MeV
Quarks | charm ¢ 2 yes 2/3 1/2 1.28 GeV
strange s 2 yes -1/3 -1/2 96 MeV
top ¢ 3 yes 2/3 /2 173.1 GeV
bottom b 3 yes -1/3 -1/2 4.18 GeV
electron e 1 no -1 -1/2  0.511 MeV
muon p 2 no -1 -1/2  105.66 MeV
Leptons | tauon 7 3 no -1 -1/2 1.7768 GeV
electron neutrino v, 1 no 0 1/2 <l.1leV
muon neutrino v, 2 no 0 1/2 < 0.19 MeV
tauon neutrino v, 3 no 0 1/2  <18.2 MeV
Table 2.2: Bosons of the SM. Masses are taken from [10].
Type Particle Color Electric Weak Mass
Charge Isospin
photon ~y no 0 0 0eV
Vector Bosons gluon g yes 0 0 0 eV
W= boson no +1 +1 80.377 GeV
Z boson no 0 0 91.1876 GeV
Scalar Bosons | Higgs boson H  no 0 -1/2  125.25 GeV

quarks in the initial state are an ud pair for W+Z and dua for W~ Z production.

The bosons decay either into a fermion-anti fermion pair in case of the Z boson

or into a lepton and an antineutrino or a quark and an anti isospin-partner pair

in case of the W= boson [11]. In this thesis, only the leptonic decay channels are

considered since they are easier to reconstruct and show only small backgrounds

because of missing hadronic jets.
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Figure 2.1: LO diagrams for the W*Z diboson process with fully leptonic final

states
1
(j/
%% w l
z U
q
l/
(a) s-channel diagram (b) t-channel diagram
U _
S iz
q .
71
A I l
W
w
Z
Z
l/
q q
l l
(¢) u-channel diagram (d) radiative diagram

2.1.3 Vector Boson polarization

The helicity operator is defined as the projection of the spin S onto the particles

direction of motion %

H=S5. (2.18)

Iy

Massive spin 1 particles can have three different helicity eigenvalues h € {£1,0}.
In the case of a massless boson, there is no way to transform into the rest frame
of said particle and therefore the helicity 0 state vanishes. Mathematically, this
is the result of a freedom of choice of a gauge in the plane wave equation for the

photon field.
For massive particles, the helicity operator is not Lorentz invariant due to different
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treatment of three-momentum and energy. Therefore, for massive spin 1 particles
a reference frame has to be chosen for a unambiguous definition of polarization.
As one of the effects of EWSB, the W* and Z bosons gain mass. An interesting
consequence of this is the introduction of a third - longitudinal - polarization degree
of freedom, as discussed in Section [2.1.1} corresponding to the h = 0 eigenvalue of
the helicity operator. The remaining two transverse polarization directions, which
correspond to the h = +1 eigenvalues, are present in both massive and massless
bosons. These polarization states are described by the polarization vectors ¢,

which for g = pZ can be written as

0 p

1 +1 110
Transverse: €,(+1) = — Longitudinal: €,(0) = — 2.19
u( ) \/5 _ g u( ) m | o ( )

0 E

= L 01 i0; = Ll(pn00E) e =— 1,0

— \/5 s 4y sV L Pz, V.Y, + 5 3 dyby
........... e L 9> Z v e e
S, =—1 i S.=0 :

transverse longitudinal transverse

Figure 2.3: The three possible helicity eigenvalues of massive vector bosons with
the corresponding polarization vectors. From [12].

The differential cross section can be expressed as a function of the polarization
fractions fr, fr, denoting the fraction of left and right handed transversal polar-
izations and fy the longitudinal polarization respectively. For massless fermions
in the rest frame of the parent W* boson the angular cross section distribution is
then given by

1 dO'Wzl:Z

: =-fL
owsz dcosOyfirte W 8

(1 cos Oy % ko W2 (2.20)

3 .
+ ng(l + cos szLe';tO W)2

3 .
.2 )WZ into W
+ Zf(] S1n GW Lep

as discribed in Ref. .
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2.2 Effective Field Theory

There are many approaches to search for new physics beyond the SM (BSM).
Direct measurements of particle resonances at the current collision energies or
even deviations in the high-energy tail for an explicit BSM theory are one way
to measure new particles and its corresponding interactions. This approach has
the disadvantage of only testing one specific theory and not a wide variety of
possible new theories whose effects all might lead to a similar deviation. A more
general approach and therefore a commonly more popular method is the effective
field theory (EFT) approach which for the SM is called Standard Model effective
field theory (SMEFT). Knowing the Lagrange density of the SM one can try to
parameterize small deviations from the expected theory in terms of new higher
order operators with the help of coupling coefficients. These deviations can only
accurately describe resonances which are beyond the collision energy of our current
detectors, meaning that only tail end resonance effects should be visible in current
experiments which can then be parameterized with SMEFT (Figure . This

Rate Known particle

Effective Field
Theory region

®Unknown heavy particle

Energy

Figure 2.4: Schematic idea of SMEFT. The vertical line represents the SMEFT
cutoff [14]

leads to a series expansion

1 1
Lsyerr = Lsm + KC 0¥ 4 — Az Zc o4 Z AR Z cg-k)O](»k) (2.21)

where the O§k) are the possible dimension k operators, the cg-k)

Wilson coefficients coupling the Operators to the SM. A is the SMEFT energy
cutoff which introduces the energy scale at which the operators become relevant.
The SM is then recovered as the low energy limit of the SMEFT theory.

The possible operators are a composition of differential, fermionic and bosonic

are the so-called
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operators, which combine to an operator with a dimension higher than those in the

dimension four SM. In this thesis, only dimension 6 operators will be considered.

As members of a linear vector space the operators can be written in different bases.

The most common basis used to study dim-6 SMEFT models is the Warsaw basis

[15, 16], which was also used in this thesis. All operators then result in corrections

X3 % and piD? P2p?

Qc fABGG;}qupGSu Qo (?P*?P){ Qey ('"%‘f?) (Epf--fg)

Qz | 17eGrerGer | Qo | (Frodle) || Qu | (') @u?)

Qw | EWrwewEel Qo | (#'De)" (o' Dug) || Qup (') (gpdr)

Q'{f Er.fﬁ'ﬁ?ﬁu [_.1_.,—!}1.0 W p}m

X2 P2 X 22D

Q-.,c(}' \',-9“99 G;},, GAm Qew (Ip()'“ver)’ir I '\PH’,;:; Qf:g) (@Ti H,u iﬁ')(?p’} #l.)
Qi | ¢eGaeY™ | Q| Goe)eBu | QY | (DI )T M)
Qo | clomiw | Quo | @o"Tu)368, | Qu | (0B, 0) e,
Qi | doWLwi | Quw | @omu)r'W}, | Q% | (#'iD, )@ )
Qy ' B B Qus |  (§po"ur)P Buy & | (¢'iD! o) (@ v a)
Q,;B' ol E}wBW Qic | (40" Tdy)p G;}u Quu | (ol Bﬂ @) (wpy*ur)
Qowp pirlp H'r;fv B Qaw | (God, )T "'V;fu Qya (¢l B u®) ('fp?"”d r)
Q'@ﬁ’B plrle ﬁ-’j{,,B"W Qan (qpo"*dr)p By Qpud i(gaTDu'\P) (@py*dy)

Figure 2.5: Boson-including dim-6 operators in the Warsaw basis

to existing or completely new vertices and Feynman rules. The final matrix element

for a single dim-6 Operator can then be written as

2c
|Mamerr|® = [Msul® + e | MsmM operator| +

which results in the cross section contribution

2
OSMEFT = OSM T COlinear T €~ Oquadratic

C
F |M0perator 2 (222>

(2.23)

For two choices of the Wilson coefficient there is effectively no contribution to

the cross section: Either the coefficient is zero outright or the contributions linear

and quadratic in the new operator matrix element exactly cancel out leaving no
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observable cross section contribution.

c=0 (2.24)
¢ = —op2 Tlnear (2.25)

O quadratic

One successful application of this formalism was the Fermi coupling for the weak
force in 8 decay before the discovery of the W* boson. The relevant SM interac-

tions are

L= (do,u + veo,u) W, + h.c. (2.26)

V2

and the resulting matrix element at LO is proportional to

1
w
with the W mass
my = 80 GeV. (2.28)

Since the W boson has a high mass, its propagator can, at low energies ¢> < m¥,,

be approximated with

Moc—— (2.29)

2
My,

which leads to an effective theory

C
»CEffective - F (da-pﬂ) (Dea-p€> (230)

where at one vertex effectively four fermions interact (see Figure [2.6). The Wilson

coefficient ¢ and cutoff A can then be matched to be

A =my. c— _Iw (2.31)
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Figure 2.6: Effective S~ decay

2.2.1 Relevant Operators

The relevant operators that could contribute to the W*Z production at LO are
listed below with their theoretical contributions. The exact contribution values

can be acquired from [17].

1. Ouw : all channels, 10. O30 all channels

new diagram Figure [2.7]
11. Oup: u channel

2. Ogw: all channels,

new diagram Figure 12. Ogp: t channel

3. O all channels 13. Ogw: all channels

4. O. - u channel 14. Ogp: all channels
- Oy

5. Oq: t channel 15. Oy wa: all channels

6. Oge: all channels 16. QPWB: s, radiative channel
7. Ouq: t, u channels 17. Ow: s, radiative channels

8. Oyq3: all channels 18. Oy: s, radiative channel

9. Oyt all channels 19. O p: Z mass and propagator

The O,w and Ogw are particularly interesting since they introduce another tree
level diagram through a quartic vertex. Even though the O, p operator does not by
itself introduce a vertex or a contribution to one, it does contribute to the Z mass
and therefore its propagator [18]. These propagator changes as well as changes in

the coupling constants g and g’ are the case for other operators as well.
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S

Figure 2.7: Quartic vertex that leads to new diagram

_ 9

=2 2.32
Al gy (2.32)
s g
=7 2.33
1-— C%,B’U2 ( )
1
Mw = §§U (2.34)

1 C 2=~/ C 2
Mz = /3 + 3% (1 + M) (1 + ﬂ) (2.35)

2 §2 + g/2 4



3 Experimental Setup

In order to test the predictions made by the SM an experimental setup is needed
that is capable of observing very rare scattering events with low cross sections.
One of the experiments built to satisfy these criteria is the Large Hadron Col-
lider (LHC) at CERN. The LHC is a high energy circular collider in the vicinity
of Geneva which was built by a multinational collaboration and first put into
commission in 2010 with a centre of mass energy (CME) of 7 TeV. After several
upgrades in past years the so-called Run 3 started in 2022 at the current CME
of 13.6 TeV. It is built upon the preexisting infrastructure of the Large Electron
Positron Collider (LEP). The protons are guided around the 26.7 km long LHC
accelerator ring by the use of liquid helium cooled superconducting magnets which
hold the particle bunches in their circular paths and focus the beams to achieve a
peak luminosity of L = 103 —L at ATLAS and CMS - two of many experiments
conducted at LHC. [19]. An overview over the ATLAS detector will be given in
section 3.1

Improving our understanding of the lesser tested parts of the SM, like for example
the Higgs mechanism and its consequences, is often hard to achieve using experi-
mental data alone. To be able to test those most improbable processes reliably and
compare measurements to the theoretical predictions, event simulations have to be
involved. Generating events based on a given theory by the means of Monte-Carlo
methods (MC) can either shine a light on processes or observables that might be
of interest for further studies or show deviations between theory and measurement
outright after comparing the simulated events to experimental data. One of those
event generation tools is SHERPA. Along with MC event generation in general, it is

discussed in more detail in section [3.2

3.1 The ATLAS Detector

ATLAS (A Toroidal LHC ApparatuS), as the name suggests, is a cylindrical,

toroidal detector with multiple layers that serve different detection purposes and
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is discussed in the following sections. The coordinate system used is right-handed
with the x-axis pointing towards the collider arc centre, and the z-axis along the
tunnel. The full coordinate system is illustrated in fig. A more detailed

CMNS

Figure 3.1: The ATLAS coordinate system, from [20)]

introduction to the inner workings of the detector, that this introduction is also

derived from, can be found in [21} 22].

3.1.1 Inner detector

The innermost layer of the ATLAS detector enables the reconstruction of particle
tracks and vertices. It is immersed in a magnetic field of 2 T strength. Charged
particles are diverted on circular arcs by the Lorentz force which allows different
particle tracks to be recorded by the use of different detectors. Pixel detectors
lie close to the beam axis and have high granularity and semiconductor trackers
on the surrounding layer with segmented strip layers which together are able to
measure the radius R from the beam axis and the polar angle ¢ of the outgoing
particles up to a rapidity |n| = 2.5. In May 2014 the latest large modification of
the inner layer was completed. The added insertable B-layer is an innermost pixel

detector just 3.3 cm away from the beam axis.
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Figure 3.2: The ATLAS detector, from
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Figure 3.3: The inner detector, from
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3.1.2 Calorimeter System

The particle identification and energy measurement is mainly done in the calor-
imeter system. The basic measurement principle of the calorimeter system are
cascade like particle productions in showers. In the EM calorimeter this happens
through repeated bremsstrahlung induced photon emissions through electrons and
positrons, and photon induced electron-positron pair productions. In the hadronic
calorimeter a similar cascade it started through inelastic scattering of hadrons
with heavy nuclei which again produces hadrons fueling a chain reaction until the
disposed energy is below the pion production thresh hold. These two components
must provide good containment of the EM and hadronic showers, insuring that
the particles dispose all their energy in the calorimeter and limiting punch through
into the muon system. The full assembly is housed in different cryostats.

The EM calorimeter is highly granulated, making it ideal for precise measure-
ments of electrons and photons. It includes a barrel portion that spans up to
In| = 1.475, as well as two end caps on each side of the detector, spanning from
1.375 < |n| < 3.2. The EM calorimeter is composed of lead-liquid argon (lead-LAr)
detectors, with kapton electrodes that are accordion-shaped and lead absorber
plates that span its complete area.

The tile calorimeter is situated directly outside the EM calorimeter envelope and
encompasses the region up to |n| = 1.0 using steel absorbers and scintillating tiles
as the active medium for its barrel. Its two extended barrels cover the range
of 0.8 < |n| < 1.7. The Hadronic End-cap Calorimeter (HEC) includes two in-
dependent wheels per end-cap located just behind the end-cap EM calorimeter.
Each wheel contains 32 identical wedge-shaped modules and is divided into two
segments in depth, resulting in four layers per end-cap in total. The Forward
Calorimeter (FCal) is integrated into the end-cap cryostats since it provides uni-
form calorimetric coverage and reduces radiation background levels in the muon
spectrometer. It has a depth of approximately 10 interaction lengths and includes
three modules in each end-cap. The first module, made of copper, is designed
for electromagnetic measurements, while the other two, made of tungsten, are

primarily used to measure the energy of hadronic interactions.

3.1.3 Muon Chamber

Because of their comparatively higher mass with regards to the electron, muons

do not typically shower within the electromagnetic calorimeter and have to be
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Figure 3.4: The calorimeter system, from

detected separately in its own detector chamber. The muon chamber is based upon
the magnetic deflection of muons through both superconducting air-core barrel
toroid magnets and end-cap magnets in a tracking chamber. It is wrapped around
the calorimeter system and is able to detect muons up to a rapidity |n| = 2.7.
Muons are generally not stopped during the measurement making it the only SM

particle to leave the detector next to the undetected neutrinos.
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Figure 3.5: The calorimeter system, from

3.2 Monte-Carlo Event Generation and SHERPA

Monte Carlo (MC) event generation has become a quintessential tool in develop-
ment and interpretation of high-energy scattering experiments. Given the enorm-
ous amounts of possibly interesting final states and connected physical properties
predicted by the SM, detailed analyses have to be done to evaluate both theoret-
ical aspects, like for example predicted differential cross sections, as well as aspects
of implementation like calibration of reconstruction algorithms of the experiment.
The event generation is based upon (pseudo) random numbers which are used to
simulate scattering events following a set of cross sections. This is determined
by a set of Feynman rules given by the SM or different theories through a set
Lagrangian and is calculated by the use of a numerical phase space integrator.
There exist many different MC event generators that are able to simulate dif-
ferent processes of the SM. A very versatile generator is SHERPA (Simulation of
High-Energy Reactions of PArticles) . It is able to cover all reactions of the
SM and additional models like SMEFT can be implemented using the Universal
FeynRules Output (UFO). The SMEFTsim_topU31_MwScheme UFO model was

used to implement the SMEFT operators covered in this thesis. A comprehensive
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introduction to SHERPA can be found in its manual [25].



4 Simulation and Analysis

All event simulations are set up in run cards in the .yaml file format that specifies
the setup of the event generator ranging from detector energies over particle se-
lectors to the setting of the activation of parton showering. After generating the
MC events on the HPC cluster TAURUS [26| they were run through a C++ analysis
within RIVET [27], which analyzed the event output regarding physical observables,
applied cuts for phase spaces of interest and filled the histograms. Those were plot-
ted within RIVET and analyzed further with fitting tools and scaled to luminosities
using Python. The following chapter will present and discuss the chosen setups

and their associated caveats for the SM as well as the SMEFT simulation.

4.1 Event Generation Setup

For all the following event generations SHERPA version 3.0.0 [28, 23 25| was
used with the LHC-ATLAS beam setup, which means

BEAMS : 2212 (4.1)
for a proton-proton collision and

BEAM_ENERGIES : 6500 (4.2)

for beam energies of 6.5 TeV per beam, resulting in a centre of mass energy (Ecms)
of 13 TeV. SHERPA uses two matrix element generators, COMIX and AMEGIC. In this
thesis both were used for the SM simulation and COMIX was used for the SMEFT
simulation. The used parton density function was PDFALHC21 40_pdfas and de-
fault renormalization, factorization and core scales were used. Multiple generation
level cuts were applied which can be found in Table [4.1] An additional split was
applied with the transverse momentum of the electron-positron pair in two separ-
ate run cards. The reasoning behind this step will be discussed in Section [4.1.1]
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Observable | Cut Comment
All leptons have a
minimum transverse momentum
The resulting lepton antilepton pair
has a minimum invariant mass

PT Leptons Z 5 GeV

MTLepton Antilepton 2 4 GeV

Table 4.1: Generation level cuts. The upper bound is always Econs.

The mass cut combined with the pr 7 cut discussed in Section helps to reduce
the effect of background processes in which a photon v instead of the Z boson

produces the final state leptons.

4.1.1 pT, Split

Figure shows that simulating events at event numbers of 10° following only the
setup discussed in Table leads to kinematic variables that have high uncertain-
ties in the high energy regions. To avoid generating a very high amount of events
to acquire the necessary low statistical MC uncertainty in the tail ends, the afore-
mentioned split was introduced to break up the event generation into two parts
- events with transverse Z momentum pr  below and above 150 GeV. Explicitly

this was done through generation level cuts following either

5 GeV < pr(e,et) <150 GeV (4.3)
or

150 GeV < pr(e ,e") < Ecus- (4.4)

In both cases the same number of events were generated and analysed. Afterwards
they were stack on top of each other to acquire a significantly lower statistical
uncertainties in the higher-energy regions.

To be able to implement this, a specific hard process had to be chosen to differen-
tiate the Z boson decay induced leptons from the W* boson decay induced lepton.

The decision fell on

93 93 -> 11 -11 13 -14 (4.5)
Order: {QCD: 0, EW: 4}, (4.6)
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4.1.1 pT, Split
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Figure 4.1: Plots for the verification of the consistency of the pry split. The ob-
servable shown is the transverse momentum prw over the five cuts
applied. The SM simulation without any Split has noticeably higher
uncertainties in the energy tail then the SM simulation with split.

translating to the process

p+p—e +e +pu 4,

(4.7)

with two protons in the initial state and an electron positron pair from the Z boson

and a muon-muon neutrino pair resulting from the W= decay, while allowing

only two vertices as expected on tree level (see Figure through the Order

parameters.

It was verified that this approach resulted in sensible and consistent results by
plotting both the fully simulated SM and the SM simulated with the pr z split in

Figure
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4.2 EFT Setup

In order to include another model on top of the SM in SHERPA, it is necessary to
load a Universal Feynman Output (UFO) model that implements the BSM physics
and in this case reparameterizes existing couplings and adds new vertices. In this
thesis the UFO model SMEFTsim_topU31_MwScheme from [24} 29, 130] is used with
topU31 denoting a U(2)? flavour symmetry in the quark sector and a U(3)? flavour
symmetry in the lepton sector as recommended by [31]. The MwScheme was used,
basing the calculations o n the input parameters my,, mz, Gp.

The chosen nonzero values for the setup parameters in the UFO_PARAMS block of
the run card can be found in Table [4.2]

Table 4.2: Block Inputs for the SMEFT Model. All other parameters are set to 0.

Block Parameter Value
SMEFT Cutoff A 1000 GeV
Yukawa Couplings | 4 4.18 GeV
Y 172.76 GeV
mass my 91.1876 GeV
my 172.76GeV
my 4.18 GeV
my 125.09 GeV
SMEFT Inputs myy 80.387 GeV
Gy 1.1663787 10> GeV >
Qg 0.1179 GeV

4.2.1 Chosen Operators

All theoretically contributing operators discussed in Section were input indi-
vidually into a separate run card and simulated with the SM. As suggested in Ref.
[18], which employed the event generator MadGraph to arrive at the results, only
a subset of the possible operators have nonzero cross section contributions to the
process. However, comparisons with the simulation in SHERPA showed partially
different results: The operators C,w, Caw, Cpua; Cun, Can, Cew, Cen, Cowp and
C, i lead to the error No Hard Process found in the integration. This was as-
sumed to be the result of no finite contribution to the cross section. Comparing
with the source code of the UFO model implementation, one possible reason for
this could be the set Yukawa couplings and masses. Because of negligible val-

ues compared to the beam energies, they are set to zero which means that terms
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in Feynman rules they contribute to vanish. The C,, and C,; operators caused
an infinite loop with the code "Amplitude: :GaugeTest(): zero result. Redo
gauge test.” outright so that integration could not advance. Further investiga-
tions into the reason behind the missing hard process showed that more operators
produce the aforementioned error if the Yukawa couplings present in the Feynman
rule contributions of the affected operators are set to a nonzero value. The issue
was noted in a solution has been proposed [32]. Because of the chiral coupling
structure of the operators with respect to the incoming partons also resulted in no
possible hard process.

Since no simulation with these Operators was possible, they were disregarded for

this thesis leaving only the following eight operators for further investigations:

1. Op 3. O 5. Opar 7. Ow

2. O 4 Oy 6. Opgs 8. O

4.2.2 EFT Orders

The number of different inserted SM and SMEFT vertices in contributing Feyn-
man diagrams is determined by different order parameters. In order to differentiate
between the linear interference contributions, resulting from the interference of SM
and a SMEFT diagrams, and quadratic pure new physics (NP) contributions, stem-
ming from the SMEFT diagrams alone, one needs to set up the SM and SMEFT
interaction orders correctly. After the process definition there are two possible set-
tings of interest, namely the Order and the Max_Amplitude_Order setting. Both
of them take a number of parameters regarding the possible interaction vertices
following from the different fundamental interactions.

The Max_Amplitude_Order parameter describes the number of vertex insertions
on matrix level. {QCD: 0, QED: Any}, for example, allows no QCD but any num-
ber of EW vertices at tree level for the given process. NP: x, NPcO: x allows for
x insertions of a vertex given by the SMEFT operator O with coefficient cO on
matrix element level.

The Order parameter sets the interaction order according to the squared mod-
ulus of the matrix element (cross section level). This is best understood with
an example: Given a Feynman diagram with one electroweak and one NP inser-
tion as seen in Figure [4.2] the SM vertex counts as gsy on matrix element and

gy = g%M on cross section level. The NP vertex insertion counts as ngg%M on
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matrix element and aypa,; = g3 pge,, on cross section level. Since the idea be-
hind the SMEFT NP vertex was originally an integrated out propagator, two SM
vertices are "hidden” inside the NP vertex and have to be included in the counting.

The full diagram then leads to a cross section level squared matrix element like

Figure 4.2: Example diagram with the SM vertex insertion in black and the NP
vertex insertion in red

the one already seen in Equation (2.22)) with the corresponding cross section in

Equation ([2.23|) with corresponding coupling orders

(Manr|* o gorr = su (4.8)
IMsnuMup| o géygne = agyaip (4.9)
IMup|® o ghndar = adpanp (4.10)

By specifying both the Order and the Max_Amplitude_Order it is possible to
extract only the linear or quadratic SMEFT contribution of a given operator. This
method of decomposition of the linear interference contribution and quadratic pure
SMEFT contribution is similar to the one used in [33]. A corresponding setup for

the linear case would be

Max_Amplitude_Order:{QCD: O, QED: Any, SMHLOOP: O, NP: 1, NPcO:
(4.11)

Order:{QCD: 0, QED: Any, SMHLOOP: O, NP: 0.5, NPcO: 0.5} (4.12)
and for the quadratic case

Max_Amplitude_Order:{QCD: O, QED: Any, SMHLOOP: O, NP: 1, NPcO:
(4.13)

Order:{QCD: O, QED: Any, SMHLOOP: O, NP: 1, NPcO: 1} (4.14)

1}

1}



36 4.3 Rivet Analysis

allowing any number of EW vertices, no QCD vertices and only one NP insertion
at any point in the process. Another approach that could be taken is simulate the
full SM and SMEFT contribution together and extracting the linear and quadratic
terms in a way discussed in Section [4.3.2

With the discussed setup, simulations were done for both the SM as well as the
SMEFT operators. One million unweighted showered events were generated for
cach of the pr z splits of the SM and all sixteen operator contributions adding up
to two million events for the SM and four million for each of the eight operators.
For the Wilson coefficients of the operators a value of co = 10 was set up for all
operators to be able to see possible deviations in the phase space which might not
be visible at current bounds. Scaling down to the desired Wilson coefficient for
later comparisons should be more reliable then scaling up from it to a more visible
coefficient. A similar approach regarding the scaling of coefficients was taken in
[33]. The rescaling to the desired Wilson coefficients is discussed in Section [£.3.]]

4.3 Rivet Analysis

After the event generation, all events were analysed by RIVET using a preexisting
analysis taken from Ref. [34] in which different successively more restrictive cuts
are applied and all histograms used in further data evaluation are filled with the
events after the respective cuts. The applied cuts can be found in Table 4.3
The analysed samples are plotted utilizing the rivet-cmphistos and make-plots

scripts with respect to multiple different observables listed below.
o Transverse momenta of the
— W*Z system: prwz

— W# boson: prw

Z boson: pry,

— Charged lepton coming from the W¥* boson: DT, W lepton

o Invariant mass of the
— W*Z system myz
— Z boson: my,
— All resulting Leptons: mreptons

— Transverse mass of the W*Z system: mrwz
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— Transverse mass of the W= boson: mrw

e Ry = min (’;—2’, ;’—;): Ratio of W* and Z boson momenta

e pueT: Missing transverse momentum

o Pseudorapidity difference
— Anw, z: Difference between W= boson and Z boson pseudorapidity
— AW 1epton, z: Difference between charged W lepton and Z pseudorapid-
ity
— ANW 1epton, 7 leptons: Difference between charged W lepton and Z leading
lepton pseudorapidity
e Yw lepton: Rapidity of the charged W lepton

e Scattering angle

— of W* boson with respect to the beam axis

% in the lab frame: cos glab frame

* in the W*Z boson pair centre of mass frame: cos 0y 2 frame
— of Z boson with respect to the beam axis

* in the lab frame: cos gl2b frame

* in the W*Z boson pair centre of mass frame: cos §}' 2 frame
— of the charged W lepton

* in the W* boson rest frame with respect to the W+ boson mo-

; . W lab
mentum in the lab frame: cos Oy (57

% in the frame boosted first in to the W*Z centre of mass frame then
W# rest frame with respect to the W* boson momentum in the

W*Z centre of mass frame: cos HXVV%;;W w
— of the negatively charged Z lepton
* in the Z frame with respect to the Z in the W*Z frame: cos 6% lLil; frame

% in the a frame boosted first in to the W*Z then Z frame with

respect to the Z boson in the W*Z frame: cos g7 0t # frame

o AP ion. 7 lepton: Azimuthal angle difference between negatively charged Z

lepton and charged W= lepton with both being in the lab frame
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. AQSW%G;};;‘}‘% lepton: Azimuthal angle difference between the negatively charged

Z lepton and the charged W lepton in the W*Z frame

Table 4.3: Applied Cuts in the RIVET analysis
Cut 0: | Selection cut # charged leptons = 3
# neutrinos = 1
Cut 1: | Lepton cut DT, W lepton > 20 GeV
PT, Z lepton > 15 GGV
|771epton| < 2.5
mrw > 30 GeV
Ay(Z leptons) > 0.2
Ay(Z lepton and W lepton) > 0.3
Cut 2: | WZ system pr, wz < 70 GeV
Cut 3: | Transverse Z momentum | pr z > 100 GeV or
pr,z > 200 GeV

4.3.1 Contribution Merging

After simulating the contributions separately in the way discussed in Section [1.2.2]
and running them through the RIVET analysis the contributions are combined to
acquire the full simulation of the SM with the SMEFT operators as introduced
in Equation . To do this the histogram files in the .yoda file format were
stacked on top of each other using yodastack from the YODA data analysis tool [35].
The scaling to the appropriate Wilson coefficients was performed in the same step
by multiplying the linear contributions with §% and the quadratic contributions
with %. The division by 10 was done to remove the previous simulation coefficient
of 10 as noted in Section [4.2.2l The Wilson coefficients are chosen to be in line

with current experimental bounds and are presented in Table [£.4]

4.3.2 Interference Factor and Closure

Multiple tests were done to verify the consistency of the decomposition approach.
As previously discussed, the linear and quadratic contributions of the SMEFT op-
erators were simulated separately by specifying the order parameters as discussed
in Section [4.2.2] By simulating the SM with additional SMEFT operators up to
and including quadratic SMEFT order with both positive M (c) as well as negative

M (—c) Wilson coefficients of the same absolute value and combining both, so that
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Table 4.4: Bounds of all simulated operators. The lowest bound was selected from
all considered sources if multiple bounds existed.

Operator | negative positive
O.p 2.5 [36] 1.1 [36] |
Oge -0.41 [37]  0.79 [37]
Ot -0.23 [36] 0.098 [36]
O3 -0.29 [36] 0.1 [36]
Opqi -0.11 [36]  0.33 [36]
Opgs -0.14 [38]  0.11 [36]
Ow -0.15 [36]  0.04 [38]
Ow -0.17 [36]  0.18 [36]

with Equation ([2.23]) the contributions can be calculated as

(IM(c)? = IM(=¢)|?) = 2¢|MsyuMuyp| (4.15)

N — DN —

(M) + IM(=0)P) = ¢ [Mup[* (4.16)

This makes it possible to extract the contributions by the means of a full and not
by a separate simulation. Now a comparison between the two approaches of either
decomposing the simulation into linear and quadratic contributions or simulating
SM and SMEFT contributions in full and extracting the contributions afterwards
can be done to verify the validity of the decomposition method used further on in
the thesis. In theory these approaches should show the same results if the integ-
ration and generation behaves the same way. At first it had to be tested whether
the factor of two, that arises in the linear term of the quadratic binomial expan-
sion of the matrix element in Equation , is already included in the simulated
linear contribution or has to be added during the contribution merging. The use
of Equation makes this possible. Plotting the results in Figure shows
that the linear factor is already contained in the separately simulated linear term.
It has to be noted that some observables like Figure still show deviations espe-
cially at lower cuts which leads to the second test, which focuses on the quadratic
contribution.

Some observables show differences between the two contribution approaches not
only at linear order. Especially at quadratic order like in Figure [{.5a] which was
calculated following Equation , large deviations appear. Investigations into
this, comparing integration and generation level cross sections between the two
contribution calculations in Table showed significant differences at both levels.
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Figure 4.3: Plots for the verification of the factor 2 in the linear contribution in
the SMEFT simulation. The observable shown is the scattering angle
of the lepton coming from the W¥ boson in the W¥ boson rest frame
COS Oy 1eptonW rest frame OVer the five cuts applied.

Further studies revealed that the simulation included scattering contributions in

Table 4.5: Integration and generation cross sections for single and full simulated

contributions as well as their respective ratios g Full
eparate
integration generation

Full simulation linear:
Linear separate:
Linear ratio:

(—0.0431 £ 0.0004) pb
(—0.0436 £ 0.0004) pb
0.988 £ 0.014

(—0.0436 = 0.0004) pb
(—0.0419 + 0.0004) pb
1.040 & 0.015

Full simulation quadratic:
Quadratic separate:
Quadratic ratio:

(0.0256 £ 0.0003) pb
(0.0291 + 0.0003) pb
0.881 £0.012

(0.0253 £ 0.0003) pb
(0.0281 #+ 0.0003) pb
0.901 +0.013

which the Z boson was replaced by a ~ which is massless. It therefore resonates
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Figure 4.4: Plots for the verification of the factor 2 in the linear contribution in the
SMEFT simulation as well as the general closure between the separate
linear contribution simulation and the extracted linear contribution
from the full simulation as described in Section £.3.2l The observable
shown is the transverse momentum pyw over the five cuts applied.

at lower energies and therefore only contributes before the first cut like in Fig-
ures and
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4.3.2 Interference Factor and Closure
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ratic contribution simulation and the extracted quadratic contribution
from the full simulation as described in Section [£.3.2l The observable
shown is the scattering angle of the W* boson in the W*Z frame
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over the five cuts applied. Especially in cut 0 the devi-

ation surpasses 200 with deviations lowering at higher cuts.
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Figure 4.6: Plots for the verification of the closure between the separate quadratic
contribution simulation and the extracted quadratic contribution from
the full simulation. The observable shown is the mass of the W*Z
system my,z over the five cuts applied. In cut 0 two peaks at around
80 GeV and 170 GeV can be seen. The second is assumed to be the
(expected) resonance of the combined masses of the W* and Z boson
at 171 GeV. The first, since it is approximately at the W mass is
assumed to be the resonance of the W* boson and a second massless
particle which might be the photon. At higher cuts only tail events
can still be seen resulting in smaller deviations in the left histogram

part.
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4.4 Sensitivity Observations and Fitting

Only observables based on the measurement of events that passed the third selec-
tion cut at prz = 100 GeV or prz = 200 GeV were considered for the sensitivity
study and during the fit. This was done since this hard cut is the one that distin-

guishes this polarization phase space from comparable ones.

4.4.1 Luminosity Scaling

In order to prepare the data for fitting, the cross section had to be scaled with
the luminosity to receive the number of expected events. Before that, additional
correction factors had to be applied. At first, only one of four possible flavour
combinations (lllv = eeur,) was simulated which results in an additional factor
of four since at the energy scales at the LHC the masses of leptons and muons are
negligible and all flavour combinations have similar cross sections. Since the data
was taken at LO, NLO correction factors have been applied leading to a factor
of 8% = 3.5 |39]. The detector efficiency has also been taken taken into account
leading to scaling the simulation by a factor of 0.5 derived from Ref. [40]. The
full Run 2 luminosity of the LHC is around 140 fb~'. By multiplying the cross
section with the product of these factors, the rescaling to number of expected
events is achieved which can be seen in Figures and [5.6b] With rebinning like
in Figures and higher significance per bin can be achieved since relative

AN scales with \% and therefore decreases with

statistical uncertainty per bin =g =

increasing event number N.

4.4.2 Fitting Procedure

The selection of observables used for fitting is based on pointwise significance of
the bin entry at current bounds and the contribution’s distribution shape. The

significance of the bin entry deviations with respect to the SM is calculated by

7 Nsyverr — Nsu
ANs

and allows to get a rough estimate on the effectiveness of the fit regarding the
setting of new bounds between the possible choices of observables.

The distribution shape can be better seen with the help of the ratio between the
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full SMEFT simulation and the SM

_ Nsuerr
Nsm

since the shape is not distorted by the uncertainty. For each operator one observ-
able which showed high pointwise significance at the current bounds was chosen
to be run through the fitting program. Only the events after the third cut at 100
and 200 GeV are studied. The fitting program takes the SM and the SMEFT con-
tributions as well as their respective MC uncertainties as input and runs through
different Wilson coefficients until an upper and a lower limit with the desired sig-
nificances of 20 are found. The bin uncertainties are computed by the program

itself following Poisson statistics and do not have to be specified beforehand.



5 Results and Conclusion

5.1 Results

5.1.1 Operators

Even though a large number of operators should contribute to the process in theory
it was seen that only a subset generates a hard process in SHERPA. Investigations
into the implementation found that non contributing operators had either Yukawa
couplings set to zero resulting in contributions vanishing on the integration level,
or Gauge test errors occurring that made simulations with these operators im-
possible. Comparisons with sources which looked at the W*Z production process
in MadGraph [18] showed different contributing operators in some cases. This in-

consistency between SHERPA and MadGraph requires further investigation.

5.1.2 Closure

Currently it is unclear why the separately simulated quadratic contribution is not
including the photon resonance. Observables like Figures and still show
significant deviations after the first cut which may not be explained by the addi-
tional photon contribution. Understanding the nature of these deviations between
the two generation methods is crucial to understanding the EFT implementation

into SHERPA and needs further investigation beyond this thesis.

5.1.3 EFT Sensitivity

Across all eight studied operators, EFT induced deviations from the SM are vis-
ible. For the EFT cross section in Equation to be the same as the SM cross
section the scaled linear and quadratic terms would need to cancel each other
which is not possible for all but the two specific values of the Wilson coefficients in

Equation (2.24]). Therefore nonzero contributions resulting in nonzero deviations
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are expected in all cases.

Equally distributed deviations, which result in flat lines in the ratio plot like in
Figure that are independent of the observable range are expected, since in
many cases the operator’s Feynman rule contributions have the same shape as
the SM. Therefore the operator only adds to the coupling factor in front of the
shape defining terms in the Feynman rule with a strength defined by the Wilson
coefficient.

More interesting for the study of this particular phase space are the observables
which show a clear shape effect. In these, the deviation changes over the the ob-
servable range since in these cases the EFT operator modulates a new shape on
top of the existing SM distribution which is easier to spot and more significant to
fit.

In all of the following plots the SM is plotted with EFT contribution correspond-
ing to the current positive and negative bound denoted as positive and negative

contribution respectively.

OapD:

The O,p operator shows in Figure sensitivity in both the low and high pr #
cut as well as in the standard and rebinned version with a clear shape effect. A
shape effect is also visible in Figure [5.5] even though the significance is low at the
chosen luminosity of 140 fb™* in this case. Similar arguments can be made for the
Oyq1 operator whose plots and discussion can be found in the Appendix @

The O,p operator is particularly interesting since the operator only affects propag-
ator mass corrections which with the current understanding according to the
SMEFT documentation ([30], Section 6.1) should only work up to linear order
O(A™?). Therefore the O,p operator, that only affects the Z propagator should
not have a quadratic contribution. However, it seems that the quadratic contri-
bution for example in Figure is nonzero. This apparent contradiction with
respect to the UFO implementation requires further investigations into the origin

of these contributions.

Oge:

The O, operator shows no shape effect in both Figures[5.6/and 5.7} In both cases
the ratio with respect to the SM seems to stay at around 1.1 for the negative and

0.85 for the positive contribution. Similar arguments can be made for the Oy
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Figure 5.1: The quadratic contribution scaled to the current upper bound of ¢ =
0.11 of the O,p in the cos Oy 7 e W observable

and O3 operators and are discussed in Appendix @

Otpqgl

The O,43 operator has a high influence in the investigated phase space. As can be
seen in Figure the deviations are very high in both the high bin and rebinned
distributions with pointwise significances of up to 3¢ and 8¢ for the current bounds.
Additionally, the contribution stemming from the negative bound seems to make
the cross section negative which would be nonphysical and, if significant, would
make it possible to put even tighter constraints on the negative Wilson coefficient

for this operator.

OW:

The deviations produced by Oy are most prominent and significant in the tails
of the distribution. Since SMEFT parameterises those high energy deviations as
shown in Figure [2.4]it is expected to receive a distribution as shown in Figure|5.9
Interestingly, since in this case both the contributions stemming from the negative
and positive bound are positive and have the same shape, the linear contribution
is negligibly small compared to the quadratic contribution. Plotting only the in-
dividual contributions against each other in Figure [5.2] confirms this. This leads
to the conclusion that, unless the Wilson coefficient is four orders of magnitude

smaller then the current bounds used in this study and the quadratic contributions
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is strongly suppressed, the linear contribution can be neglected in further simu-
lations, leaving only the quadratic contribution to be studied. This was already
suggested in Section 9.2.7 of Ref. [33].
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3 . " "
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104 E J_r’_'_ﬁ——__—— E|
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(a) prz > 100 GeV, rebinned (b) prz > 200 GeV, rebinned

Figure 5.2: Plots of the linear and quadratic Oy operator contributions of the
observable pr .

Ow:

Similarly to Ow, the Oy; operator shows significant deviations in the high energy
tail in Figure .10l Again, the quadratic contribution is two to three orders of
magnitude larger than the linear contribution. With similar arguments as before,
the linear contribution can be neglected as long as the Wilson coefficient is not
decreased by three orders of magnitude.

5.1.4 Fitting

The results for each operator are found in Table 5.1l Even though the scaling
to event number was done based on rough estimates of detector effects and NLO
corrections, the results show a good estimate as to how sensitive the phase space
is to SMEFT effects and whether further investigations into the studied operators
is fruitful.

At the current binning only the Wilson coefficients of Oy, and O3 operators were
harder constrained with respect to the old coefficients. The fit at the higher cut
value of 200 GeV only had a positive impact in the positive contribution of Oy .

However, the fit was done with crude and unoptimized bin sizes and numbers.



5.1.4 Fitting

= T T LI e e e = ETTTT T LA e e e e T
TQ* 5[ linear contribution —— Tﬂ- F linear contribution ——
= 107 e quadratic contribution —— - 1073 quadratic contribution ——
£ Lt -
ok %o |
P '
5 10 % ? g 5 1075 =
[ 3 ‘:
10 E? | 1070
1077 =
E T 1077 E
i, LA
E L RN A ¥ L ey
Lo-10¢ - I I I = Lo-10¢ I \_L
5000 — = 5000 £ - =
g E 1 8 E e
N m.,_ﬁﬂflﬂrj W nl Fﬂ : Z o 1
£ °F o |_| Lr‘ H \.‘ JJ U;[ 2 \h‘ =
~5000 o -5000 (
[P I PRI I | | NI oot B Lo b LI i ey
0 100 200 300 400 500 600 o 100 200 300 400 500 600
pr [GeV] pr [GeV]
(a) pr.z > 100 GeV, rebinned (b) prz > 200 GeV, rebinned
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Even at this stage many operators which could not be further constrained lie
close compared to the old bounds which might make it possible to constrain more

operators in this phase space with further bin optimizations.
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5.1.4 Fitting
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5.1.4 Fitting
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5.1.4 Fitting

Table 5.1: Fit results for all studied operators compared to the old bound used in
plotting. The prz > 200 GeV fit of the O, did not converge and no
value could be found.

Old Bound New Bound Ratio to Old Bound
Operator Cut
Lower Upper | Lower Upper | Lower Upper

o prz > 100 GeV | -2.5 1.1 7.0 2.0 2.8 1.8
P pr,>200GeV | 25 L1 | <11 40 | 46 3.6
o prz >100 GeV | -041  0.79 | -15 2.9 3.6 3.6
O pprz>200GeV | <041 079 | -2.6 5.0 6.3 6.3
o prz > 100 GeV | -0.23  0.098 | -11 4.7 48 48

A pp, >200GeV | -0.23  0.008 | - : : -
o prz > 100 GeV | -0.29 0.1 5.5 1.9 19 19
A, >200GV | 029 01 | 95 33 | 33 33
o prz>100GeV | -0.11 033 | -0.32 079 | 29 2.4
P pn, >200GeV | 011 033 | -1.0 1.8 9.3 5.6
O prz >100 GeV | -0.14  0.11 |-0.054 0.037 | 0.38 0.34
P pr,>200GeV | -0.14 011 | -0.076 0.045 | 0.54 0.41
o, Pz > 100 GeV | -0.15  0.04 | -0.20  0.16 1.3 4.0
prz >200GeV | -0.15  0.04 | -0.35 0.10 | 23 2.5
o- prz > 100 GeV | -0.17  0.18 |-0.088 0.093 | 0.52 0.52
Vo prz>200GeV | 017 0.18 |-0.088 0.093 | 0.52 0.52




6 Summary and Outlook

W#*Z production connected to VB polarization is an active field of research in
which BSM physics might be conceivably be observed. One way to look for BSM
effects is the SMEFT approach for parameterizing deviations from the SM in high
energy regions. In this thesis, SMEFT was used by looking at dimension six oper-
ators which contribute to the W*Z production process at LO and their effects in
a phase space sensitive to VB polarization in quality and quantity were studied.
The phase space indeed seems to be sensitive to SMEFT contributions. A subset
of operators - namely Ogq1, Opgz, Ow and Oy, - indeed showed qualitative shape
effects and sensitivity in both angular as well as energy variables. Other operat-
ors did not indicate sensitivity beyond flat contributions. The fitting results of
the operator in this VB polarization phase space have promising results. Even
with comparatively basic binning it was possible to constrain the Oy, and Ogg3
operators tighter compared to previous values. With further bin optimization it
might be possible to set even tighter bounds on operators which are already tightly
constrained by analyses from other phase spaces.

However, problems with the simulation in SHERPA, inconsistencies regarding the
documented behaviour of propagator simulations compared to the actual simula-
tion in light of the O, p contributions as well as inconsistencies during comparisons
with similar studies done with different event generators require further investig-
ations in the event generation setup and procedure used to generate and analyse
the simulated events. On the one hand it is still not clear why certain operators
do not give a hard process in SHERPA and why the operators that do, differ from
the ones that MadGraph identifies as giving finite contributions. On the other hand
the closure between different simulation methods of the EFT contributions is not
reached, showing that the implementation of the SMEFT UFO models is not yet
fully understood.

If the issues regarding the gauge loops are fixed, the operators which showed this
issue might also be of interest for further study in this phase space. Further stud-

ies into the EFT effects on this phase space should also include the addition of
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multiple operators simultaneously to see interference effects between combinations

of two operators.



A Additional Plots and Discussions

Operators at Current Bounds

O(pl 1

Similarly to Oge, the Oy operator shows next to no shape effect in Figure .
The ratio seems to stay at around 1.02 for the positive and 0.94 for the negative

contribution.
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Figure A.1: Plots of the chosen observable for the fit of the O operator. The

; WZ into W
observable shown is cos Oy T 0 .

O3

Similarly to O, and O, the O3 operator also shows next to no shape effect in
Figure The ratio with respect to the SM seems to stay at around 1.15 for the

positive and 0.95 for the negative contribution.
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Cjwa

Similarly to Og,p a clear shape in the ratio plot is observed in both the higher
binned and rebinned version of the observable plot in Figure
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