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This thesis investigates the phenomenology of massive neutral spin-1 heavy resonances
(Z'-bosons) and their searches at the Large Hadron Collider. In particular the focus
here is on the detection of their decay into di-lepton pairs using the ATLAS and CMS
detectors in their upgraded setup for the 13 TeV centre of mass energy run (Run-II).

Theoretically motivated models with an extended Electro-Weak sector are introduced
and taken as benchmark to test the experimental sensitivity on different observables
like the differential cross section, the Forward-Backward Asymmetry and the transverse
momentum distribution, and in various phenomenological scenarios, covering the cases
of narrow, wide and multiple resonances.

The role of PDF and statistical uncertainties on both signal and background is discussed
extensively, including the contribution of photon initiated processes.
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“Speech has allowed the communication of ideas

enabling human beings to work together to build the impossible.
Mankind’s greatest achievements have come about by talking.

Our greatest hopes could become reality in the future

with the technology at our disposal, the possibilities are unbounded.

All we need to do is make sure we keep talking.”

Pink Floyd & Stephen W. Hawking
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Chapter 1

Introduction

1.1 The Standard Model and beyond

The great success of particle physics is the unified description of three fundamental
forces of Nature: the electromagnetic, the weak and the strong interactions between
elementary particles. The fermions, elementary particles that compose the matter, and
the bosons, the mediators of the three interactions, are well organized in a very elegant
picture that is the Standard Model (SM). Within the SM framework it is possible to
compute predictions for any observable that can be measured in an experiment. Exploit-
ing the perturbative expansion technique, in principle it is possible to reach any desired
level of accuracy. Practically as the perturbative expansion order grows, the technical
difficulty of the calculations rapidly diverges, such that at the current state of art in high
order calculations, it is generally not possible to go beyond 2-loop expansion (only for a
very limited class of processes it is possible to calculate a 3-loops expansion). Neverthe-
less, the accordance between theoretical calculations and experimental measurements is
impressive and spans a very large variety of elementary processes and several orders of

energy scale magnitude.

The challenge of modern physics is to expand further our knowledge of the fundamental
laws of nature, toward the direction of a Grand Unified Theory (GUT) that will provide
an unified description of all the forces in nature, thus including gravity with the electro-
weak and strong interactions, which will be valid at any energy scale. There are indeed
many experimental and theoretical reasons that lead physicists to think that there is
something lying beyond the SM. From the theoretical point of view, the naturalness
argument suggest that the SM is actually an effective theory valid up to a certain scale.
Even more solid experimental evidences, such as neutrino oscillations and Dark Matter

(DM), that cannot be accommodated in the SM, require an extension of the SM picture.

1
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The Large Hadron Collider (LHC) is the most powerful machine ever built in the history
of mankind with the purpose of probing the fundamental laws of nature at very high
energy scale. The hope of the scientific community is that the proton-proton collisions
occurring at unprecedented rate and centre of mass (c.0.m.) energies will produce signals
of new physics, that will be detected in one or more of the experiments installed across

the machine.

The Run-I of the LHC, performed at 7 and 8 TeV of c.o.m. energy, concluded with the
discovery of the last missing piece of the SM, that is the elusive Higgs boson. Detecting
the existence of this unique component of the SM was indeed crucial. On top of being
the sole fundamental spin-0 particle, its importance lies on its key role in the sponta-
neous Electro-Weak Symmetry Breaking (EWSB) mechanism, that is at the base of the
Electro-Weak (EW) theory.

After a short shut down, the LHC has restarted its program with an upgraded c.o.m.
energy of 13 TeV. The ongoing Run-II has the potential to surpass the barrier of our
knowledge represented by the SM description of elementary physics. The CMS and AT-
LAS experiments in particular have been designed to reach the maximum possible level
of sensitivity to high energy processes, and are currently probing the few TeV invariant
mass region. The aforementioned arguments and evidences have inspired several Beyond
Standard Model (BSM) theories that indeed indicate the TeV threshold as the energy

scale where new physics might naturally appear.

In this picture the Run-II era has been long awaited as the probable next turning point
in the quest for BSM physics. For this reason the preliminary phenomenological study
of possible signatures of new physics is mandatory and will ideally contribute to an

eventual experimental discovery.

1.2 New physics in the di-lepton channel

A very common prediction appearing in several BSM theories is the existence of new
heavy spin-1 neutral resonances, usually called Z’s. The enlarged symmetry groups of
GUT theories indeed generally allow new neutral resonances [5]. This is the case of string
theory motivated E6 and Left-Right (GLR) symmetric models, where the Z’ is associated
to an extra U(1)" gauge symmetry which can be broken at the TeV scale. Multiple
heavy Z's also arise from Kaluza-Klein compactifications in ED inspired models [6, 7],
or from composite constructions in strong interacting models [8-10]. Also in these two
approaches if the compactification or the compositeness scales respectively are at the

TeV scale, the associated Z’ boson can be observed at the LHC.
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The data collected during the Run-I and Run-II by the ATLAS and CMS collaborations
is used to set constrains on the parameter space of these popular models, and conse-
quently to raise the Z’ lower mass bounds. In this prospective, the forthcoming data
from the LHC might contain the first signal of BSM physics. An accurate analysis of

any deviation from the SM predictions is mandatory to disentangle a new physics signal.

Being a neutral colourless boson, a Z’ can be produced only though a quark-antiquark
interaction, thus there is no dependence on the CKM matrix entries in the relative
matrix element. The most sensitive experimental searches are performed looking at its
decay in the di-lepton channel. This pattern of production and decay is the Drell-Yan

(DY) process and is the golden channel for probing new physics in the neutral sector.

The detectors of ATLAS and CMS indeed show extremely good performances in the
detection and measurements of charged leptons kinematic quantities. The fiducial cross
sections measured by the experimental collaborations, usually covers the leptons param-
eter space with |n| < 2.5 and pp > 20 GeV [11]. More recent measurements analysis
done from the CSM collaboration, have extended the coverage in the high rapidity region
2.5 < |n| < 5, even if just in the electron channel [12].

As mentioned, the efficiencies of the lepton channels are very well understood. CMS
provides precise values for the efficiencies of both electron and muon channels as function
of the di-lepton invariant mass [11]. Those values have been released for the Run-I at 8
TeV, but since no sensible variations are expected for the Run-II, in the results obtained
in this work, these factors have been adopted independently on the c.o.m. energy. The
muon channel presents a slight better efficiency then the electron channel, thus in general
it is important to accumulate statistics for the off-line analysis. The electron channel
instead features a better resolution than the muon channel (~ 1.2% and ~ 3% of the
invariant mass respectively). This will be a very important feature for the interpretation
of the signal shape in likelihood fits. However for some phenomenological scenarios might
require extra caution with this respect. In some cases, i.e. when in presence of very
narrow resonances or very strong interference effects, the finite experimental resolution
and the related Gaussian smearing of the signal, might have important consequences
in the interpretation of a experimental analysis. Some of these issues will be discussed

more in details in Chapter 5.

The presence of a Z’ signal in the invariant mass spectrum is expected to assume the
shape of a Breit-Wigner (BW) distribution on a flat smooth background. Experimental
searches for these heavy objects are performed in the very high invariant mass region,
where generally no SM events are expected. The distribution of di-lepton events gener-
ated by a Z’ decay would appear as a “bump” in the tail of the invariant mass spectrum.

This kind of signal is associated to narrow Z’ resonances, which is the most common
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scenario that is expected to appear. Experimental analysis indeed have been optimised
to have the best sensitivity to this kind of signal. As will be discussed in Chapter 2,
specific procedures have been developed to perform model independent interpretation of
the experimental exclusions, such that for a given BSM model predicting a narrow reso-
nance it is often straightforward to extract bounds on the hypothetical Z’' mass [13, 14].
In this context of few signal events in almost null background, statistical arguments
suggest the use of Poisson statistics to compute the significance of a BSM signal [15, 16].
Under these hypothesis, the following approximated formula for the computation of the

significance « of signals arising from narrow resonances will be adopted:

ap=2(VS+B-VB) (1.1)

where S and B represent the number of BSM signal and SM background expected events

at a given luminosity respectively.

The other scenario that will be discussed in this work, concerns the possibility of deal-
ing with broad resonances. There are many theoretically motivated frameworks (strong
interacting models, contact interactions etc.) where a BSM signal in the di-lepton chan-
nel displays a non-resonant structure. The experimental detection of these objects is
more challenging and they often require dedicated analysis. They would indeed appear
not anymore as a visible “bump”, but instead as a shoulder or a departure from the
SM smooth falling curve. A model-independent approach for revealing the BSM signal
relies on the “counting” strategy. This procedure is performed applying a variable low
invariant mass cut on the data sample and moving this cut along the spectrum, in order
to detect an excess of events with respect to the SM expectations. The tail of the SM
spectrum in the high invariant mass region, where no events are experimentally detected,
is obtained fitting a specific functional form for masses above 400 GeV in the so called
“control region”, which is supposed to be new physics free [17]. This assumption is not
always immune of caveats, such that some caution is required when interpreting this

kind of experimental analysis.

The case of broad resonances, which reproduces also the effectively non-resonant case,
will be discussed more in details in Chapter 2, and the significance associated to the

excess in “counting” analysis will be assumed to follow the Gaussian statistics:

S

Niaw: (1.2)

aGg —

where again S and B represent the number of BSM signal and SM background ex-

pected events as a given luminosity respectively. The significances obtained using the
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number of events collected in the di-electron and di-muon channels can be combined
together to improve the overall sensitivity to new physics. Being independent events,

their significances can be combined using;:

ap(G),e t OPG).u

Aot — \/5 (13)

Another necessary ingredient for calculating correctly SM and BSM predictions are the
higher order radiative corrections. The DY channel has been studied in details and
currently perturbative corrections are available up to Next-to-Next-to-Leading Order
(NNLO) in the Quantum Chromo Dynamics (QCD) strong coupling (cg) expansion [18].
In the following of this work, when calculating the significances and the predictions for
the expected number of events, it has been used a k-factor obtained with the WZPROD
code evaluating the QCD NNLO corrections at different invariant mass points [19, 20].
At this level of precision, first order EW corrections should as well be included. The
effects of the EW interactions in DY processes at the LHC will be discussed more in

details in Chapter 3.

The sensitivity of high invariant mass searches is generally determined by the accumu-
lated statistics. In this mass region, where only few background events are expected,
the detection of an excess is interpreted evaluating the significance of that signal as
described above. A signal with a significance oo ~ 5 (corresponding to a 50 deviation
from the background expectations) is considered in all respect a strong evidence of new
physics: this is the required level of accuracy to claim the discovery of a new particle.
On the other hand, in order to exclude a particular realisation of a neutral resonance
decaying into two leptons, it is sufficient to estimate a significance below oy ~ 2 (i.e. a
20 deviation from the expected background): any signal below this threshold is indeed
classified as a statistical fluctuation. The LHC programme is aiming to collect as much
data as possible in the next years. The increase of integrated luminosity (£) along this
period is directly related to the expected number of events by N = £ o(pp — £70~ + X).
Following the approach described above, it is possible to estimate exclusion and discov-
ery limits as function of the collected integrated luminosity, and this is one of the final

goal of any phenomenological study.

As the integrated luminosity grows, also the sensitivity to possible new physics signals
increases consequently to the reduction of the statistical uncertainty of the data. In the
high luminosity stage, when diagnostic analysis and precision measurements are per-
formed, systematic effects are also to be included since they can be sizeable. The main

source of systematic uncertainty in hadron collisions (proton-proton collisions in this
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case) is represented by the determination of the behaviour of their fundamental compo-
nents. The kinematic properties of the partons inside the protons are described by the
Parton Distribution Functions (PDFs), which parametrise the partons strong dynamics
effects below the factorisation scale, that are not computable due to the breakdown of
perturbation theory. A more extensive discussion on the parton PDFs and on the pro-
cedures to extract their systematic uncertainties will be given in Chapter 2 for the usual
DY di-lepton final state, following the work presented in [1, 21-23], and in Chapter 3 for
the photon initiated di-lepton production, following the work presented in [3, 4, 24, 25].

The great sensitivity on possible new physics signals that is achieved in the di-lepton
channel reflects the remarkable work that has been done by the experimental groups in
collaboration with the theory departments. From the theory side, new ideas are contin-
uously emerging and require new phenomenological studies. The experimental analysis
are steadily challenged in this evolving scenario and often the formalisation of new pro-
cedures is required to improve the sensitivity of those analysis. This work will discuss
some non traditional scenarios, which depart from the usual single narrow Z’ resonance
framework. In Chapter 2 will be considered the phenomenology of wide resonances and
will be discussed the potential of the AFB observable in this context. In Chapter 4 a
new observable will be introduced, the AFP, to improve the discovery and interpretative
potential on broad resonances through leptons transverse momentum measurements,
following the work presented in [26]. In Chapter 5 will be explored the phenomenology
of two benchmarks models that feature a multiple resonant spectrum in their neutral
sector, following the work presented in [2, 27]. They will be the NUED model and the
4DCHM and the phenomenological scenarios obtained spanning their parameter space

will cover a large variety of possibilities and will offer several experimental challenges.



Chapter 2

Single Z’-bosons

2.1 Model Independent parametrization

Following the formalism of [5], single Z’ models can be described simply adding an extra

U(1) symmetry to the SM gauge group:

SU(3)e x SU2)r x U(L)y x U(1)’ (2.1)

The new gauge group is broken at the TeV scale, in order to generate a mass to the
associated Z’-boson. The specific symmetry breaking pattern defines the specific Z’ in-
teractions (couplings) with the SM matter. Being as general as possible, the Lagrangian
is parametrised using a minimal set of parameters. The effective interactions can be

written in the general form:

/
Lyc = %ZLM” (g{; - gfm‘r’) f (2.2)

where g{; 4 are the vector and axial couplings between the Z’ and the fermions, after an
overall gauge coupling ¢’ is factorised out. They are related to the left and right couplings

€r,r by the relation: g‘f/ A= e{ + 6{_2. Assuming universality amongst the three families

of quarks and leptons (gy, 4 = gy,4 = 9€/,A 3 gﬁi/,A =9va= 9%/,A S 9vA = gl;j,A = 9v,a
; g‘l’/‘j A= g‘y}: W= g‘”; 4), and assuming possible right handed neutrinos to be heavier
than the Z’ boson, the interaction is specified by eight model dependent couplings.
Those parameters are not completely independent since the left-handed fermions are
represented by a doublet of SU(2), thus they have the same charge (¢% = ¢ ; eEL =€),

leaving just five independent couplings.
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The symmetry breaking occurring to give mass to the associated Z’ is responsible for
the specific values of the couplings. An exhaustive description of the couplings structure
and parametrisation of the single Z’ models that will be used in the following is available

in [28]; some details are reported in Appendix A.

It is possible that the Z’ mixes with the SM neutral mass eigenstate represented by the
Z-boson. However there are strong constrains on this mixing coming from the anal-
ysis of high precision measurements performed at the Large Electron-Positron collider
(LEP) [29, 30]. Electro-Weak Precision Tests (EWPTSs) set an upper bound of the
mixing angle between the neutral bosons mass eigenstates: o« < 1073 [31, 32]. For
the present, corrections to the couplings of this order will be considered small and not

included in the first place.

In this minimal description, there is no extra matter to the SM content, thus the width
of the Z’ resonance is fixed by its couplings to the fermions which will be assumed

massless, following the relation:

/

g 2 2 v v
Dz = oMy 901 + g4%) +9(g%" +g47) +3(g8° +95°) +3(g0” +947)|  (23)

Each one of the single Z’ models is characterised by his natural value for the width,
obtained following the above formula and plugging in the specific Z’ couplings. Natural
values for the resonances width over mass ratios are given in table A.2 at the end
of Appendix A, and they are generally of the order of few percent of the Z’ mass
(Tz/ /Mg ~ 0.5 — 4%), except for the GSM-Q model where the resonance can be as
large as I'z/ /My ~ 12%.

Resonances with this profile are to be considered narrow, and model independent ap-
proaches can be used to interpret the data. Using the Narrow Width Approximation
(NWA) the experimental excluded cross section can be interpreted directly as lower
exclusion bounds for the corresponding Z’' masses within each model [1, 21-23]. An-
other approach that maximise the sensitivity to the signal is described in [13, 14] and
consist on fixing an invariant mass window around the Z’ peak to integrate the sig-
nal. This “optimal” cut in the invariant mass of the di-lepton pair is taken to be
|Mj; — Myz| < 0.05 X Econ where Ecq is the collider energy. This cut was designed so
that the error in neglecting the (model-dependent) Finite Width (FW) and interference
effects (between v, Z, Z’) is kept below O(10%) for all models and for the full range of
allowed Z' masses under study, following the recommendations of [13, 14]. CMS has
adopted this prescription to interface experimentally excluded cross sections and model

independent mass limits on single Z’ models [11].
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The experimental limits have been reproduced here for the thirteen benchmark models
predicting a Z’-boson characterized by a narrow width (I'z//Mz < 5%) summarized
in Appendix A, and the limits on My have been extracted by making use of the 95%
Confidence Level (CL) upper bound on the Z’-boson production cross section in DY,
o(pp — Z' — ete ", uT ). In order to reduce systematic uncertainties, the experimen-
tal analysis normalizes the Z’-boson production cross section in DY to the SM Z-boson
cross section on peak. As shown in Fig. 2.1, the 95% CL upper bound is indeed given
on the ratio R, = o(pp = Z' — eTe ", utpu~)/olpp = Z,v — eTe ", u ™). The use
of this ratio R, in fact cancels the uncertainty in the integrated luminosity and reduces

the dependence on the experimental acceptance and trigger efficiency.

The ratio R, is calculated at the NNLO in QCD using the WZPROD program [19,
33] (which has been adapted for Z' models and new PDF sets [28]) and the CTEQG6
package [34]. Similar computations have been performed in Ref. [35], albeit within
a different kinematical setup. There, the R, ratio is evaluated at NLO+NLL using
RESUMMINO. The NNLO QCD contributions give rise to a K-factor which depends on
the energy scale; this dependence is here fully taken into account. The NNLO prediction
for the SM Z,~ production cross section, o(pp — Z,y — IT17) with [ = e, p, in the
mass window of 60 to 120 GeV is 1.117 nb. Using all these ingredients at hand, the R,
ratio is computed as a function of the mass of the new heavy Z’-boson, M/, and the
corresponding limits are derived for all benchmark models, combining the significances
obtained in the di-electron and di-muon channels. Fig. 2.1(a) shows the bounds on all
E6 models, while Fig. 2.1(b) displays the results for the remaining two classes of models,
GLR and GSM. As previously mentioned, traditional experimental analyses work under
the hypothesis that the signal has a BW line shape and that the analysis is performed in
a restricted search window around the hypothetical mass of the Z’-boson. This approach
is theoretically motivated by the benchmark models, all predicting a narrow width Z’-

boson, and by the will to define a model independent procedure.

In order to extract limits on the mass of extra Z’-bosons, the total theoretical cross
section is computed in the di-lepton invariant mass interval around the peak given by
the “optimal” cut and then crossed with the 95% CL upper bound on the BSM cross

section derived from the experimental data analysis.

The first characterising element of this analysis is that it assumes a generic shape for

the signal, that is a BW convoluted with a Gaussian resolution function.

Low mass tails, due to PDF’s and model dependent effects like FW and interference
of the extra Z’ boson with the SM v and Z, are not considered. The analysis is, by
design, not sensitive to potential tails of the signal and the magnitude of such tails is

much less than the SM background. Attempting to make the experiment sensitive to
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the tails would render the analysis model dependent, thereby automatically restricting
the coverage of theoretical models where one could extract mass bounds in a consistent
way. The CMS approach consists thus in modelling the signal via a function which is
common to a large class of models predicting a single, rather narrow, Z’-boson. This
generic signal-shape (a BW normalized to the total cross section computed in NWA)
closely resembles the exact result where both FW and interference effects are accounted
for. This result is common to a large class of narrow single Z’-boson scenarios, as
extensively discussed in Ref. [13]. As to the SM background, the CMS collaboration
represents its shape by a functional form whose parameters are fixed via a fit to the
Monte-Carlo (MC) SM background estimate, and its rate is normalised to the data.
The normalization of the SM background is performed in a window of the di-lepton

spectrum taken around the hypothetical Z’-boson pole mass.

Having the functional forms for the Z’-boson signal and the SM background, an ex-
tended unbinned likelihood function for the spectrum of di-lepton invariant masses is
then constructed. If no evidence for BSM physics is observed, the 95% CL upper bound
on the cross section is derived. This result can then be used to extract limits on the
Z' boson parameters, i.e., mass and possibly couplings, from a number of new physics
models. However, a key point is that, in order to perform a consistent interpretation
of the data, the theoretical cross section within any given model must be computed by
minimising the model-dependent effects as well. This is indeed the role of the integration
range |M;; — Myz/| < 0.05 x Eqq advocated in Ref. [13] for computing the total cross

section in any given model, keeping FW and interference effects below O(10%).

The notable outcome of this procedure is that the theoretical cross sections of the Z’
bosons predicted within a variety of models belonging to the E6, GLR and GSM classes
of theories can all directly be compared with the 95% CL upper bound on the Z’-
boson cross section resulting from the experimental analysis performed by the CMS
collaboration. In definitive it allows the extraction of exclusion bounds on the mass of

the various Z’ bosons at once, without requiring dedicated analyses.

Fully exploiting the data set collected at the LHC during the 8 TeV run (roughly 20
fb~! of integrated luminosity), the single-Z’ model masses are thus constrained to be

heavier than 2.5 TeV, as visible in Fig. 2.1, and as reported explicitly in Table 2.1.

Adopting the same prescription, it is possible to evaluate the significance of the Z’
signal, as function of the Z’ mass and the experiment luminosity. Limits for the Run-II
energy at 13 TeV as function of the luminosity can be extrapolated for exclusion and
discovery bounds, requiring respectively a significance of 20 or 5o. The resulting mass
limits are set between 5 and 7 TeV for the exclusion, and between 4.5 and 6 TeV for

a discovery, assuming an integrated luminosity of 300 fb~!, as visible in Fig. 2.2 and
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FIGURE 2.1: (Colour online) (a) 95% CL upper bound on the Z’-boson production
cross section in DY normalized to the SM cross section on the Z-boson peak: R, =
olpp — Z' — 1717 /o(pp — Z,v — IT17) with | = e, u. The combined analysis of the
di-muon and di-electron channels has been produced by the CMS collaboration with
a data sample collected at the 8 TeV LHC, corresponding to an integrated luminosity
of 20.6 and 19.7 fb~! respectively [11]. Theoretical predictions for the class of the
E6 models are superimposed to extract the corresponding Z’-boson mass limits. As
described in the text, in order to match theoretical predictions and experimental results,
the optimal cut on the invariant mass of the di-lepton pairs has been implemented:
AM = |My — Mz/| <0.05 Eco for Econ = 8 TeV. (b) Same as (a) for the other two
classes of GSM and GLR models.

Class E6
U’(1) Models X o) n S I N
My [GeV] 2700 | 2560 | 2620 | 2640 | 2600 | 2570
Class GLR GSM
U’(1) Models R B-L | LR Y | SSM | 131, Q
My [GeV] 3040 | 2950 | 2765 | 3260 | 2900 | 3135 | 3720

TABLE 2.1: Bounds on the Z’-boson mass derived from the latest direct searches
performed by CMS at the 8 TeV LHC with integrated luminosity £ = 20 fb~!. Here
are considered thirteen different models with an extra U’(1) gauge group predicting
a new heavy neutral boson characterized by a narrow width. From left to right, the
columns indicate the My  limit in GeV within the E6, GLR and GSM class of models.

Fig. 2.3. The explicit values for both discovery and exclusion mass limits within each

model are reported in Table 2.2.

Up to date experimental bounds on narrow (i.e., where I'y/ /My ~ 1%) Z' resonances
have been released from CMS [36] and ATLAS [37] with the Run-II energy of 13 TeV
and an integrated luminosity of 13 fb~! and 36.1 fb~! respectively. The most stringent
bounds set the limit for the masses of these objects Mz > 4 TeV. The exclusion pro-
jections shown in Fig. 2.2 closely follow the recent experimental results, confirming that
the procedure described above for computing the aforementioned bounds closely follows

the experimental analysis.
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FIGURE 2.2: (Colour online) (a) Exclusion potential of the 13 TeV LHC for the E6 class

of models. The 20 contours are plotted as a function of Z’-boson mass and luminosity.

A combined analysis is performed over eTe™ and pu* ™ pairs and the A x e factor given

by CMS [11] at the 8 TeV LHC are assumed. (b) Same for the GSM and GLR classes

of models.
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FIGURE 2.3: (Colour online) (a) Discovery potential of the 13 TeV LHC for the E6 class
of models. The 50 contours are plotted as a function of Z’-boson mass and luminosity.
A combined analysis is performed over eTe™ and pt ™ pairs and the A x ¢ factor given
by CMS [11] at the 8 TeV LHC are assumed. (b) Same for the GSM and GLR classes

of models.

2.2 The Forward-Backward Asymmetry

In this section, the Forward-Backward Asymmetry (App) is defined and its role in Z'-

boson searches and in the interpretation of an observed resonance is discussed. In the

literature, the Arg has been long exploited to help disentangle the various theories

predicting an extra heavy neutral boson and tracing back the Lagrangian parameters

(see, for example, [38-40] and references therein). This is not an easy task and the

sensitivity of Apg measurements to new physics like additional Z’-bosons has therefore

received a lot of attention in the past years. For DY processes, App is defined from the

angular distribution:
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Class E6

U’(1) Models X o n S I N
My [GeV] 4535 | 4270 | 4385 | 4405 | 4325 | 4290
My [GeV] 5330 | 5150 | 5275 | 5150 | 5055 | 5125
Class GLR GSM
U’(1) Models R B-L | LR Y | SSM | T3, Q
My [GeV] 5175 | 5005 | 4655 | 5585 | 4950 | 5340 | 6360
My [GeV] 6020 | 5855 | 5495 | 6435 | 5750 | 6180 | 8835

TABLE 2.2: Projection of discovery limits (first row) and exclusion limits (second row)
on the Z’-boson mass from direct searches at the forthcoming Run-II of the LHC at 13
TeV. The designed value for the integrated luminosity is assumed: £ = 300 fb—!. Here
are considered thirteen different models with an extra U’(1) gauge group predicting
a new heavy neutral boson characterized by a narrow width. From left to right, the
columns indicate the Mz, limit in GeV within the E6, GLR and GSM class of models.

2

7d0 1 ‘§2 * 2 ] i
dcos 0, 43 Z ZU;BPJ[(l—i—cos 0,)Cd +2cos0,CY]  (2.4)

spin, col

> M

i

where 0; is the lepton angle with respect to the quark direction in the di-lepton centre-
of-mass frame, which can be derived from the measured four-momenta of the di-lepton
system in the laboratory frame. The App is indeed given by the coefficient of the
contribution to the angular distribution linear in cos ;. In Eq. (2.4), v/5 is the invariant
mass of the di-lepton system, and P; and P; are the propagators of the gauge bosons
involved in the process. At tree-level, the DY production of charged lepton pairs is
mediated by three gauge bosons: the SM photon and Z-boson and the hypothetical
Z'-boson. These three vector boson exchanges all participate in the matrix element

squared:

§— M2 (58— M?) + M;T; M;T;
Py = Refppy] = O MO M) ML (2.5)
(5= M2)2 4+ M2T2) (5= M2)2 + M2T2)

where M, and I'; are the mass and width of the gauge bosons involved and ¢,; =
{~,Z,Z'}. Finally, the factors C’gj and Ci{ in the angular distribution given in Eq. (2.4)
are coefficients which are functions of the chiral quark and lepton couplings, qi /R and

eiL/R, to the i-boson with i = {v, Z, Z'}:



Chapter 2 - Single Z'-bosons 14

CY = (dhq), + drak)(ehe] + eheh), (2.6)
CY = (¢hq), — drak)(ele] — ehed). (2.7)

One can conveniently compute the forward (F) and backward (B) contributions to the

total cross section integrating over opposite halves of the angular phase space:

1 A ~
do S P;; 4 .. .
dor = dcos b = L (-od + Y 2.8
o /0 deosg " 1927rl;i1+5ij <3 st A>’ (2.8)
O do § P, (4 . y
dop = [ ———rdcost = U (Z¢cd-cY 2.9
i /_1 deosf 1927”%;1%@ (3 s A>7 (2.9)

where ¢ and j sum over the mediating resonances, {~, Z, Z'}.

From the above expressions one can immediately see that the total cross section, o =
or + op, depends uniquely on the parity symmetric coefficient Cg. Conversely, the
difference between forward and backward cross sections, o — op, preserves only the
contribution proportional to the parity antisymmetric coefficient C4. This is the term
which is related to the Apg. One can thus define the App as the difference between

forward and backward cross sections normalized to the total cross section:

. . . 5 Py
=d dop = — J
o OF + doB Ton . 1+ 0y S >

Z?]

(2.10)

dop — do 3 = i
Arp = d&i n d&i ~ 9676 Z 1 +Z<sij Ci

i,j>i

with the SM background corresponding to ij = vy, ZZ,~vZ and the new physics given
by ij =~Z2',ZZ',Z'Z’'. In the light of the above discussion, the total cross section and
App depend on different combinations of Z’-boson couplings to ordinary matter. For
that reason, the App can give complementary information about the structure of such
couplings when compared to the total cross section. This feature has motivated several
authors to study the potential of the Apg observable in interpreting a possible Z’-boson

discovery obtained in the usual resonance hunt as in Ref. [38, 39, 41, 42]. On top of

interpretation purposes, the App can also be a powerful tool to search for new physics.
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2.2.1 The reconstructed App

The App is obtained by integrating the lepton angular distribution forward and backward
with respect to the quark direction. As in pp collisions the original quark direction is not
known, one has to extract it from the kinematics of the di-lepton system. This analysis
follows the criteria of Ref. [43] where the quark direction is inferred from the boost of
the di-lepton system with respect to the beam axis (z-axis). This strategy is motivated
by the fact that at the pp LHC the di-lepton events at high invariant mass come from
the annihilation of either valence quarks with sea antiquarks or sea quarks with sea
antiquarks. As the valence quarks carry away, on average, a much larger fraction of the
proton momentum than the sea antiquarks, the boost direction of the di-lepton system
should give a good approximation of the quark direction. A leptonic Forward-Backward
asymmetry can thus be defined with respect to the boost direction. In contrast, the
subleading number of di-lepton events which originate from the annihilation of quark-

antiquark pairs from the sea must be symmetric.

A measure of the boost is define through the di-lepton rapidity:

! [E“LPZ} (2.11)

=]
Y 211 E—PZ

where F and P, are the energy and the longitudinal momentum of the di-lepton system,
respectively. The quark direction is identified by the sign of y;;. In this way, one can
define the reconstructed forward-backward asymmetry, from now on called Afp. Namely
the Afp is defined using the 6 reconstructed angle, which is the angle between the final
state lepton and the incoming quark direction in the centre-of-mass of the di-lepton
system. As the App reconstruction procedure relies on the correlation between the boost
variable, y;;, and the direction of the incoming valence quark, it is therefore more likely to
pick up the true direction of the quark for higher values of y;;. Increasing the probability
of identifying the direction of the quark would lead to an observed value of Afp that
is closer to the ‘true’ value of App if one were able to access the partonic CM frame.
The trade-off occurs in the reduction of statistics which impacts the significances the
other way. The general definition of significance S between predictions of an observable

O with uncertainty 6O from two hypotheses is

g= 1N -0o (2.12)

/302 + 503
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FIGURE 2.4: (Colour online) (a)Upper plot: Probability of getting the correct direction

of the valence up-quark at the 13 TeV LHC via the boost direction of the di-lepton

system, given by the sign of the di-lepton rapidity ¥;;, as a function of the modulus

lyi7] = |yua| for six different invariant mass windows scanning from 500 GeV to 5000

GeV and beyond. Lower plot: Differential luminosity as a function of |y;;| for the

correctly assigned quark pair (dashed-line) and for the full sample (solid line). (b)
Same as (a) for valence down-quarks.

The statistical uncertainty on the App is given by:

4 opop (1— A%B) (1- A%B) (2.13)
L (O'F + O’B)3 ol N ’ '

0ArB =

where L is the integrated luminosity and N the total number of events. One can thus see
that the significance is proportional to the root of the total number of events. Imposing
a stringent cut on the boost variable, y;;, would then improve the reconstructed App
guiding it towards its true line shape, but it will decrease the statistics. In the next
subsection, the subtle balance between line shape gain and statistics loss in maximizing

the significance via the di-lepton rapidity cut will be discussed in detail.

2.2.2 On the di-lepton rapidity cut

As discussed above, since the true quark direction is not known in pp collisions, at the
LHC one has to extract it from the kinematics of the di-lepton system. The valence
quark direction here is approximated by the boost direction of the [T~ pairs with
respect to the beam axis, that is given by the sign of the di-lepton rapidity y;; defined
in Eq. (2.11). The correctness of this assignment as a function of y;; has been studied
in Ref. [43] for di-lepton events with invariant masses above 400 GeV. Here this issue

is analysed by investigating the energy scale dependence of the probability of getting
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FIGURE 2.5: (Colour online) Upper plot: Probability of getting the correct direction of

the valence quarks at the 13 TeV LHC via the boost direction of the di-lepton system,

given by the sign of the di-lepton rapidity y;;, as a function of the di-quark (or di-lepton)

invariant mass for five different cuts on the di-lepton rapidity. Lower plot: Differential

luminosity as a function of the di-lepton invariant mass for the correctly assigned quark

pair (dashed-line) and for the full sample (solid line). Here it is shown the average on
both up and down-quarks.

the true quark direction via the sign of y;;. In Fig. 2.4, the fraction of events with the
correctly assigned direction for up-quarks and down-quarks is shown, respectively, as
a function of |y;;| for different invariant mass windows of the di-lepton system. The
fraction of correctly assigned events increases with the rapidity, confirming the results

presented in literature [43].

The additional information contained in Fig. 2.4 is that such an increase depends on the
energy scale. For di-lepton invariant masses of TeV order the probability of getting the
true quark direction becomes more than 80% for a rapidity cut |y;;) > 0.8. For higher
invariant masses, beyond the present Z’-boson limits of O(3 TeV), the same probability
can be obtained by imposing a lower rapidity cut: |y;;] > 0.35. Moreover, up-quarks and
down-quarks respond differently to the |y;;| cut. The probability of getting the correct
direction is higher for up-quarks than for down-quarks, at fixed |y;;| value. In Fig. 2.5,
the fraction of correctly assigned events is shown as a function of the invariant mass for
five different cuts on the magnitude of the di-lepton rapidity, |y;;|. This time, the average
over up and down-quarks is considered. From here, one can see that, in searching for
extra Z'-bosons with masses larger than O(3 TeV) the |y;;| cut is not mandatory. The
true direction of the quark is indeed correctly guessed more than 70% of the times,
even if no cut is applied on the di-lepton rapidity. This means that, at high di-lepton
invariant masses, a lepton asymmetry with a well approximated shape should be visible
even without imposing ad hoc cuts. As will be discussed in the next two pages, the

advantage of not imposing a |y;7|-cut would be twofold: preserving a small statistical
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FIGURE 2.6: (Colour online) Upper plot: Reconstructed forward-backward asymmetry
as a function of the di-lepton invariant mass within the SM at the 13 TeV LHC with
a total integrated luminosity £ = 300 fb~! for a set of different rapidity cuts on the
di-lepton system. In the legend, |y..| corresponds to |y;;| defined in the text. The black
line represents the true App for comparison. Lower plot: Acceptance as a function of
the di-lepton invariant mass for the same set of di-lepton rapidity cuts as above.

error on that shape, owing to the much larger acceptance one should have in absence of
the |y;7| cut (see Figs. 2.6 - 2.7), and working with an event sample flavour independent
up to a large extent (see Fig. 2.7). This latter feature would guarantee a more model
independent procedure, as the different Z’ models have obviously different couplings of

the extra gauge boson to up and down-quarks.

Let us start to clarify these two points. In order to quantify the delicate balance between
Arp line shape and statistical error, the upper plot of Fig. 2.6 shows the shape of the
reconstructed lepton asymmetry, Agg, within the SM as a function of the di-lepton
invariant mass for a set of different cuts on |y;;|. The results are compared to the true
App, where the direction of the valence quark is taken directly from the MC event
generator. The lower plot of Fig. 2.6 displays the acceptance as a function of the same
variable M7 for the same set of |y;7| cuts. Comparing the two plots, one can see that Afy
tends to the true App with increasing the |y;7| cut, but at the same time the acceptance
heavily decreases. In particular, for masses above 2.5 TeV, applying the stringent cut
ly;7l > 0.8 used in literature, the number of events goes down by a factor of 3 while
the gain in shape is only about 20% of the true App value. With increasing mass, the

acceptance decreases indeed more rapidly with the |y;;| cut.

To visualize how the above features impact the App sensitivity to new physics, in Fig. 2.7
the reconstructed Ajp observable predicted by three representative Z’-models (E6-x,
E6-I and GLR-LR) is compared with the SM expectation at the 13 TeV LHC, assuming
a total integrated luminosity £ = 100 fb~!. As a new physics signal, an hypothetical
Z'-boson with mass Mz = 3 TeV is considered. The following results were derived

during the early stage of the LHC Run-II [11], when the chosen benchmarks with this
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FIGURE 2.7: (Colour online) (a) True App as a function of the di-lepton invariant mass
as predicted by the SM (black), the E6-x (orange), the E6-I (magenta) and the GLR-LR
(purple) models for a Z’-boson with mass Mz = 3 TeV. The results are for the LHC at
/5 =13 TeV and £ = 100 fb~!. Lower plot: the significance in distinguishing models
is displayed. The double colour in each bin visualizes the two compared models. (b)
Reconstructed forward-backward asymmetry as a function of the di-lepton invariant
mass as predicted by the SM (black), the E6-x (orange), the E6-I (magenta) and the
GLR-LR (purple) models for a Z’-boson with mass Mz = 3 TeV. The results are for
the LHC at /s = 13 TeV and £ = 100 fb~!. No cut on the di-lepton rapidity is
imposed: |y;;| > 0. Lower plot: the significance in distinguishing models is displayed.
(¢) Same as plot (b) with |y;;| > 0.4. (d) Same as plot (b) with |y;;] > 0.8.

value for the Z’-boson mass were still allowed. However the same conclusions hold for

benchmarks with Mz > 4 TeV, which is the current limit [36, 37].

To quantify the effect of the di-lepton rapidity cut on the significance either in searching

for new physics via App or in distinguishing between different Z’ models, results for the

commonly used |y;;| > 0.8 setup (Fig. 2.7(d)) are shown in comparison with the |y;;| > 0.4
(Fig. 2.7(c)) and with the no cut (Fig. 2.7(b)) scenarios. Furthermore in Fig. 2.7(a) the

ideal situation represented by the true forward-backward asymmetry, App is shown. As

one can see, imposing a strong di-lepton rapidity cut helps in recovering the true shape

and magnitude of the forward-backward asymmetry. However, the consequent decrease
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of the number of events is so substantial that the significance diminishes drastically with

increasing the |y;7| cut.

In addition, as previously anticipated, the implementation of the |y;;] cut accentuates
the flavour dependence of the results or, in other words, the model dependence of the
analysis. As the probability of guessing the correct direction of the quark in the re-
construction procedure of the App as a function of the |y;;| cut depends on the type
of quark (up and down-quarks react differently to the cut as shown in Fig. 2.4), the
reconstructed Apg shows an increased model dependence in its response to the |y;;| cut.
To exemplify this concept, consider for instance the third bin from the left in Fig. 2.7.
There (Fig. 2.7(a)), the E6-y and E6-I models are degenerate as far as the true asym-
metry is considered. When comparing the reconstructed asymmetry, once can see that
the two models are not degenerate any more in that bin. The splitting increases with
the |y;7| cut, as the two models react differently to such a cut, having different couplings
of the corresponding Z’-boson to up- and down-quarks. In order to minimize the pres-
ence of model dependent elements in the analysis, it is thus advisable not to include the

di-lepton rapidity cut. Hence, in the following such a restriction will not be imposed.

2.3 The role of Apg in 7' searches: narrow heavy reso-

nances

The App is the observable where the effects of the interference between new physics
and SM background are maximal. In the DY processes, these effects are of course
present also in the total cross section. They are readily seen in both cases in the di-
lepton invariant mass. As mentioned repeatedly, constraining the search window for
new physics within the interval |[M;; — Mz/| < 0.05 x E.o guarantees that FW and
interference effects are below the O(10%) level when compared to the complete new
physics signal. Such effects are instead an intrinsic part of the Apg and dominate its
dynamics. For such a reason, the App is an intrinsically model dependent variable and in
literature has therefore been traditionally considered for disentangling different models
predicting a spin-1 heavy neutral particle. Its role has therefore been cornered so far
to the interpretation of a possible Z’-boson discovery obtained via the default bump

search.

This part focuses on showing that Apg can also be used for searches, directly, as a
primary variable alongside the cross section itself. Firstly, Z’-bosons characterized by
a narrow width are considered. This is the most common kind of particle predicted by

theories with an extra U’(1) gauge group. This is also the scenario mostly studied in
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FIGURE 2.8: (Colour online) (a) Differential cross section as a function of the di-lepton
invariant mass as predicted by the E6-x model for a Z’-boson with mass Mz = 3 TeV.
The results are for the LHC at /s = 13 TeV. (b) Reconstructed forward-backward
asymmetry as a function of the di-lepton invariant mass as predicted by the E6-x
model for a Z’-boson with mass Mz = 3 TeV. The results are for the LHC at /s =

13 TeV. No cut on the di-lepton rapidity is imposed: |y;;] > 0. (c) Same as plot (a)
within the E6-I model. (d) Same as plot (b) within the E6-I model.

literature. The experimental searches for such an object are tailored on this expectation
and the corresponding results coming from the data collected at the 8 TeV LHC have
been summarized in Section 2.1. With respect to the ‘App search’, the Z’ models can
be divided into two categories: Z’' models with App centred on the Z’-boson mass and

Z' models with shifted Apg. The next two subsections describe their properties in turn.

2.3.1 7' models with App centred on peak

In this subsection, models where the App is peaked on the Z’-boson mass are described.
These models belong to the E6 class of theories which predict new narrow width spin-1
resonances. In the literature, it is known that such models contain one extra neutral
gauge boson whose width cannot exceed a few percent of its mass: I'z/ /My < 5%. Even
the inclusion of new Z’-boson decay channels into exotic states would not change this

estimate.
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FIGURE 2.9: (Colour online) (a) Binned significance as a function of the di-lepton

invariant mass as predicted by the E6-x model for a Z’-boson with mass Mz = 3 TeV.

The red line represents the significance corresponding to the invariant mass distribution.

The blue and green lines show the significance extracted by an ideal measurement of

true and reconstructed App, respectively. The results are for the LHC at /s = 13 TeV
and £ = 300 fb~!. (b) Same as (a) for the E6-1 model.

In Fig. 2.8 the shape of the App distribution as a function of the di-lepton invariant
mass, M;;, is compared with the differential cross section in the same variable. In
the plots is pictured the case of a hypothetical Z’-boson with mass Mz = 3 TeV in
two representative E6 models: E6-y and E6-I. The true and the reconstructed App
are displayed in Figs. 2.8(b) and 2.8(d) for the two chosen E6 models with and without
taking into account the interference between the extra Z’-boson and the SM background.
As one can see, the role played by the interference is extremely important. The App
shape is drastically modified by getting its peak heavily accentuated. In contrast, the
invariant mass distribution is almost interference free if the |M;;—Myz/| < 0.05 X Ecop cut
is imposed, as shown in Figs. 2.8(a) and 2.8(c) for the two representative E6 models. In
interpreting the experimental data coming from Appg measurements it is then mandatory

to include the interference, no matter what kinematical cut is applied.

In terms of significance, the search for narrow width Z’-bosons with App centred on
the Z’' mass is summarized in Fig. 2.9 for the two representative models E6-y and E6-1.
Within the E, model, the true App would give rise to a significance slightly lower than
that one coming from the usual bump search, as shown in Fig. 2.9(a). The reconstruction
procedure of the App depletes this result but still the two significances from cross section
and Ajp are comparable over the full di-lepton invariant mass range. Fig. 2.9(b) shows
that the E6-I model is more accessible through the App than the cross section. There,
indeed, the significance from the true Apgp is a factor two bigger than the significance
coming from the bump search. Once again, the App reconstruction pollutes the ideal
result. The significance from the reconstructed App gets reduced, but its value remains
anyhow only slightly lower than that one coming from the resonance search. The E6-1

model is not unique in this respect, also the E6-S model shares the same property.
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FIGURE 2.10: (Colour online) (a) Binned differential cross section as a function of the
di-lepton invariant mass within the E6-y model for a Z’-boson with mass Mz = 3 TeV.
Error bars are included. The results are for the LHC at /s = 13 TeV and £ = 300
fb=1. Acceptance cuts are imposed (see text). The lower plot shows the significance.
(b) Binned A}y as a function of the di-lepton invariant mass within the E6-x model for
a Z'-boson with mass Mz = 3 TeV. Error bars are included. The results are for the
LHC at /s = 13 TeV and £ = 300 fb~!. Acceptance cuts are imposed (see text). In
the lower plot, the blue histogram shows the binned significance while the green area

indicates the total significance integrated over that invariant mass region. (¢) Same as
(a) for the E6-I model. (d) Same as (b) for the E6-I model.

Similar trends are shown by all models belonging to the E6 class of theories and do not
change when a more realistic setup is considered. Implementing the acceptance cuts
extracted by the CMS analysis at the 8 TeV LHC (|| < 2.5 and p}. > 20 GeV with
| = e, i), the shape of the reconstructed App, Afp, including error bars would in fact
appear as in Fig. 2.10. The significances coming from the App and the cross section
are indeed equivalent in magnitude, if only the statistical error is included. In this
context the use of the Afp observable, when associated to the default resonance search,
could improve the discovery potential of new narrow width Z’-bosons. Further, being a
ratio of differential cross sections, the reconstructed A%y could help in minimizing the

systematic errors thus rendering the measurement much more accurate.
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FIGURE 2.11: (Colour online) (a) Binned differential cross section as a function of
the di-lepton invariant mass as predicted by the E6-y model for a Z’-boson with mass
My = 3 TeV. Error bars are included. The results are for the LHC at /s = 13 TeV
and £ = 30 fb~!. Acceptance cuts are imposed (see text). The lower plot shows the
significance. (b) Binned Ajp as a function of the di-lepton invariant mass as predicted
by the E6-x model for a Z’-boson with mass Mz = 3 TeV. Error bars are included.
The results are for the LHC at /s = 13 TeV and £ = 30 fb~!. Acceptance cuts are
imposed (see text). In the lower plot, the blue histogram shows the significance bin by
bin while the green area indicate the total significance integrated over that invariant
mass region. (c¢) Same as (a) for the E6-I model. (d) Same as (b) for the E6-I model.

This is in particular the case when in presence of an evidence for a new Z’-boson in the
resonance search at the 3-4o level. In these conditions, one could not claim the discov-
ery of a new gauge boson just looking at the resonant peak in the di-lepton invariant
mass distribution. However, if a signal of similar strength were to be discovered in an
independent observable, the suggestion of the possible presence of new physics would
turn into a robust claim. This is the role that the Apg would play. The differential
cross section and the Ay are plotted in Fig. 2.11 as a function of the di-lepton invariant
mass, My = V3, within the E6-x and E6-I models, at the 13 TeV energy of the LHC
Run-II with £ = 30 fb~!'. There, a new physics evidence at barely 4o in the bump
search could be reinforced by the simultaneous measurement of the reconstructed Argp,

showing a signal at the 20 level.
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FIGURE 2.12: (Colour online) (a) Binned differential cross section as a function of the
di-lepton invariant mass as predicted by the GLR-LR model for a Z’-boson with mass
Mz =3 TeV. Error bars are included. The results are for the LHC at /s = 13 TeV and
L = 300 fb~!. Acceptance cuts are included (see text). (b) Binned Ay as a function
of the di-lepton invariant mass as predicted by the GLR-LR model for a Z’-boson with
mass Mz = 3 TeV. Error bars are included. The results are for the LHC at /s = 13
TeV and £ = 300 fb~1. Acceptance cuts are included (see text). (c) Same as (a) for
the GSM-SSM model. (d) Same as (b) for the GSM-SSM model.

2.3.2 7’ models with shifted App

This section discusses the case of narrow width Z’ models where the Arg has a shifted
peak, that is, not centred on the Z’-boson mass. These models belong to the GLR class.
The same behaviour is also displayed by the SSM scenario taken as benchmark model

by the LHC experimental collaborations.

In principle, the reconstructed Ay could reveal the presence of a new spin-1 particle at
energy scales lower than its mass, as the shape of this observable as a function of the
di-lepton invariant mass is accentuated at mass scales smaller than M. This behaviour
is shown in Fig. 2.12(b) where is plotted the reconstructed App versus M;; = /5 for
the representative model GLR-LR. Again is assumed a Z’-boson mass Mz = 3 TeV. As
one can see, the peak of Afy is shifted on the left-hand side of the physical Z’-boson
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mass and it appears at around 2.6 TeV. However, the significance is quite low as shown
in Fig. 2.12(b), owing to the poor statistics in that region. For M;; values around the
physical mass of the Z’-boson, which are statistically relevant, the significance coming
from App is always much smaller than the significance obtained via the measurement of
the differential cross section, displayed in Fig. 2.12(a). For these kind of models, the Ay
observable is therefore not particularly appropriate for Z’ searches. The same conclusion
holds for the SSM (see Figs. 2.12(c) and 2.12(d)). Hence, this benchmark model is not
an advisable playground for studying the benefits of using the App in searching for new

Z'-bosons.

2.4 The role of Arg in Z' searches: wide heavy resonances

This section describes the role of the Ajp in searches for a new Z’-boson characterized
by a large width. Such a heavy and wide particle is predicted by different models. A
benchmark scenario for experimental analyses is the wide version of the SSM described
in Ref. [44]. The proposal is to have a heavy copy of the SM neutral gauge boson,
Z, with same couplings to ordinary matter and SM gauge bosons. Owing to the Z’-
boson decay into SM charged gauge bosons, whose rate grows with the third power of
the Z’-boson mass, the total width of the new heavy particle can be in principle quite
large: T'z//My ~ 50% and above. In reality, a word of caution should be spent at
this point. The triple Z'WW coupling is governed by the mixing of the extra Z’' with
the SM Z-boson. The actual size of this Z — Z’ mixing is strongly constrained by the
EWPT, see Ref. [45] for a review on these bounds. In this context, in order to simulate

phenomenological possible scenarios the Z’ width can be considered as a free parameter.

Under this assumption and for a I'z/ /My ratio of several tens of percent, the invariant
mass distribution of the two final state leptons does not show in the cross section a res-
onant (or peaking) structure around the physical mass of the Z’-boson standing sharply

over a smooth background.

For wide Z's, the experimental collaborations look for both resonances and effectively
very wide resonances in non-resonant searches. In the first case, ATLAS has provided us
with acceptance curves that can be used to rescale the limits obtained for narrow reso-
nances, for widths up to 5-10% of the mass at the most [37]. In the second (‘effectively’
non-resonant case, where the width-to-mass region can be over 10%), the experimental
analyses are essentially counting experiments. This consists in imposing a lower cut on
the di-lepton invariant mass and in integrating from there over the whole di-lepton spec-
trum, searching for an excess of events. Such an excess could appear as a shoulder over

the expected SM background in case of wide resonances or as a plateau standing over
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FIGURE 2.13: (Colour online) (a) Binned differential cross section as a function of the
di-lepton invariant mass as predicted by the GSM-SM model for a Z’-boson with mass
Mz = 1.5 TeV and I'z/ /Mz = 80 %. Error bars are included. The results are for the
LHC at /s = 13 TeV and £ = 300 fb~!. Acceptance cuts are included (see text). (b)
Binned A} as a function of the di-lepton invariant mass as predicted by the GSM-SM
model for a Z’-boson with mass Mz = 1.5 TeV and I'z//Mz = 80 %. Error bars are
included. The results are for the LHC at /s = 13 TeV and £ = 300 fb~!. Acceptance
cuts are imposed (see text).

the SM background in case of contact like BSM interactions. These last searches opti-
mize selection criteria in the context of particular specific models order to maximise the
discovery/exclusion potential at the LHC. However the experimental results obtained
following this approach heavily rely on the good understanding and control of the SM
background.

The typical shape of a non-resonant structure is plotted in Fig. 2.13(a), where is consid-
ered a Z'-boson with mass Mz = 1.5 TeV and width I'z//Mz = 80 %. As the line shape
of the resonance is not well defined and these parton level results could be worsened by
detector smearing effects giving rise to an even broader spectrum, the App observable
could help to interpret a possible excess of events. The results are shown in Fig. 2.13(b)

which shows that the Afg shape could be visible at the 20 level.

A framework, theoretically more grounded than the wide SSM, which predicts a heavy
and broad Z’-boson is the so-called non-universal SU(2) model (NU SM) [46, 47]. In this
theory, the third generation of fermions is subjected to a new SU(2) dynamics different
from the usual weak interaction advocated by the SM. On the contrary, the first two
families of fermions only feel the SM weak interaction. Owing to the non universality of
the gauge interactions, different consequences appear in this model. The CKM matrix is
not unitary anymore, although the unitarity violation is suppressed by the heavy scale
of the new physics. Also, Flavour Changing Neutral Currents (FCNCs) can generally
show up. In addition and of primary interest for this paper, a new spectrum of gauge

bosons emerges in the model. These new vector bosons can be either narrow or wide.
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The only constraint on the model parameters comes from the EWPTs which bound the
Z'-boson to have a mass My > 1.7 TeV. The constraints on mass and couplings of the
heavy Z’ boson are actually correlated. Usually, they are presented as a two-dimensional
contour plot. For the details of the analysis of direct and indirect limits on this model

see [47] and references therein.

Within this framework, a wide Z’-boson case with Mz = 5.5 TeV and '/ /My = 20%
is considered. This setup fulfils both the limits quoted in Ref. [47] and the direct limits
coming from direct searches at the 8 TeV LHC [11]. The latter analysis performed
at the LHC has been optimized for searches of new physics with no resonant peaking
structure. The outcome is that there are no events for di-lepton invariant masses above
1.8 TeV, and this limit has been taken into account when evaluating the Z’-boson mass
and width.

This model is a very good playground to test whether the Apg can be used as a primary
variable in searches for wide objects. In this case, in fact, the new physics signal appears
as an excess of events spread over the SM background. Almost no line shape is present
in the di-lepton invariant mass distribution usually measured. Searches are performed
relying on a pure counting strategy, a procedure which does not allow much interpreta-
tion of the hypothetical signal. The exploitation of the reconstructed Ay could help in

this respect.

Fig. 2.13 shows the Z’-boson spectrum (2.14(a)) and the reconstructed Afg (2.14(b)) as
functions of the di-lepton invariant mass. As one can see in Fig. 2.14(a), the signal cross
section slope might be lost or mistaken in the SM background normalization. Even if,
in the best case, a plateau would be visible over the SM background, its interpretation
would be very difficult. The same degree of difficulty would appear in interpreting the
depletion of events in the low invariant mass region. In principle such a depletion, due
to the negative interference between the extra Z’-boson and the SM background, could
give rise to a huge significance as shown in Fig. 2.14(a) (lower plot). However, the
experimental fitting procedure for this kind of scenarios is not fully settled yet. Severe
uncertainties could affect the functional form chosen to simulate the SM background
in the data-driven approach, as the new physics effects might invade the low mass
spectrum that is instead commonly assumed to be new physics free. The same would
happen for the alternative procedure based on the MC estimate of the SM background,
as this approach relies on the normalization of the MC prediction to the data around the
peak of the SM Z-boson and on the existence of a new physics free control region at low
invariant masses. Moreover, even in the ideal case in which all errors were under control,
the interpretation of such evidence would be quite complicated, having no defined shape

at all. In this context, the App can be of some help. Fig. 2.14(b) shows that the Afg
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FIGURE 2.14: (Colour online) (a) Binned differential cross section as a function of the
di-lepton invariant mass as predicted by the non-universal SM (NU SM) for a Z’-boson
with mass Mz = 5.5 TeV and 'z /Mz ~ 20 %. Error bars are included. The results
are for the LHC at /s = 13 TeV and £ = 300 fb~!. Acceptance cuts are imposed (see
text). (b) Binned Afg as a function of the di-lepton invariant mass as predicted by the
NU SM for a Z'-boson with mass Mz = 5.5 TeV and 'z /M7 ~ 20 %. Error bars are
included. The results are for the LHC at /s = 13 TeV and £ = 300 fb~!. Acceptance
cuts are imposed (see text).

observable has a sharper line-shape which can reveal the presence of a spin-1 particle
beyond error bars. Such a shape is quite shifted at low energy scales though, compared
to the Z’-boson mass. Hence, its extraction should enable one to help the discovery of
a new vector boson with very high mass. In short, here, the Apg measurement could
become particularly useful at the edge of the LHC discovery limits, when new particles

can be too heavy and broad to be easily detected via a standard resonant peak search.

The aforementioned scenarios are in fact particularly challenging for experimentalists.
The non-resonant analyses of wide objects have been performed by searching for a
smooth deviation from the SM background. The number of events above a given lower
cut on the di-lepton invariant mass is compared with the total number of expected
background events. An optimal minimum mass threshold is chosen to maximize the
sensitivity to new physics. Clearly, such an analysis depends quite strongly on the SM
background estimate. Usually, the simulated background is normalized to the event
number in a mass window of £ 30 GeV around the Z-boson mass. A control region
is then selected at higher di-lepton invariant masses in order to perform a data driven
modelling of the SM background and recast it in a functional form easy to implement
in the likelihood used for extracting the limit on the Z’-boson mass. The method is
based on the assumption that the control region is new physics free. But, this is not the
case for wide Z’-bosons. In these scenarios, the interference between the extra Z’-boson
and the SM ~, Z is so sizeable that it can invade the control region. Being absolutely

model-dependent, it can be either constructive or destructive. In any case, it would
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change accordingly the shape of the di-lepton spectrum. If the interference is negative,
it would led to a depletion of events at low mass scales on the left-hand side of the
Z'-boson resonance. This is exactly the example shown in Figs. 2.13 and 2.14 corre-
sponding to the SSM and NU SM scenarios, respectively. If not correctly interpreted,
these interference effects could induce one to underestimate the SM background with the
consequence of overestimating the extracted mass bounds. Having all these uncertainties
to deal with, the support of a second observable like the App is strongly recommended

for the non-resonant analyses.

2.5 On the robustness of Ay against PDF uncertainties

This section discusses how robust the shape of the forward-backward asymmetry is
against the theoretical uncertainties on the PDFs. The systematic error induced by
the PDF uncertainty on the differential cross section and on the reconstructed Apg is

compared with the statistical one.

The determination of the PDF uncertainty is obtained following [48, 49] and references
therein. Just some highlight of the key points of the procedure are given here. The
Hessian PDF uncertainty is computed for our two observables: di-lepton invariant mass
distribution and reconstructed Apg. For Hessian PDF sets, both a central set and error
sets are given. The number of error sets is twice the number of eigenvectors. For the
CTEQ6 PDF that are being used, the number of error sets is equal to 40. For a given
observable X, the Xii are defined to be the value of the observable using the PDF error
set corresponding to the “+” direction for the eigenvector ¢. The symmetric error on

the observable X is then given by:

N
1 _
AX =5\ D IX - X (2.14)
i=1

With this definition, one can compute the PDF uncertainty on any observable X or any
function f(X). For the differential cross section, X = o, Eq. 2.14 is directly applied.
For the App, the computation is slightly more involved since the observable is a ratio
of (differential) cross sections. In this case, the forward and backward (differential)
cross sections, op and opg, are considered as independent variables so as the observable
A = f(op,oB). According to Eq. (2.14), the PDF uncertainty on of and op is given
by:
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1

Aap:2

N 1 N
Z lor —oF; ;Aop = B Z\UBT —op; |2 (2.15)
i=1 i=1

In the Hessian approach, the correlation of the PDF degrees of freedom of any two
independent observables, X and Y, is expressed by the quantity cos ¢ given in Ref. [49]

and reported here below:

cos ¢ = _ DX X -Y). (2.16)

2 3 3 (2

The quantity cos ¢ characterizes whether the PDF degrees of freedom of X and Y are
partially or fully correlated (cos¢ = 1), fully anti-correlated (cos¢ = —1) or uncorre-
lated (cos¢ = 0). Such a quantity enters in the definition of the PDF uncertainty on

any function of two variables, Af(X,Y), as shown in the formula here below (see also

Ref. [49)):

Af(X,Y) =/ (AX0xf)2 +2AXAY cos pdx fOy f + (AY dy f)2. (2.17)

In this case the two independent observables, X = or and Y = op, are fully correlated
for all analysed Z’ models (cos ¢(op,0p) = 1) being evaluated at the same energy scale
when computing Afp as a function of the di-lepton invariant mass. Under this condition,

by applying the error chain rule as in Eq. (2.17), follows:

AO’F AJB

i =} (-t 22 - 22

. (2.18)

The sign appearing in the above formula is crucial for the Appg. It indeed clearly shows
that there is a partial cancellation of the PDF error on the reconstructed App due to
the fact that this observable is a ratio of (differential) cross sections. Compared to the
differential cross section, the App is then more robust against PDF uncertainties. This
is shown in Fig. 2.15 where the effect of PDF and statistical errors on the shape of the
di-lepton invariant mass distribution of the cross section and Appg are compared for two

reference models, E6-1 and E6-y.

As one can see, the behaviours of cross section and App are opposite. The differential
cross section in the di-lepton invariant mass is dominated by the PDF error on-peak and
in the low invariant mass region. In the region around the peak and for invariant masses

below the TeV region, the PDF uncertainty is a factor 2 bigger than the statistical
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FIGURE 2.15: (a) Differential cross section as a function of the di-lepton invariant mass
as predicted by the E6-x model for a Z’-boson with mass Mz = 3 TeV. The results
are for the LHC at /s = 13 TeV and £ = 300 fb~!. The solid line shows the central
value, the dotted line the PDF uncertainty. The inset plot displays the ratio between
PDF and statistical errors. (b) AjLp as a function of the di-lepton invariant mass as
predicted by the E6-y model for a Z’'-boson with mass Mz = 3 TeV. The results are
for the LHC at /s = 13 TeV and £ = 300 fb~!. The dotted lines show the PDF error

band, while the dashed lines define the statistical error band. (c) Same as (a) for the
E6-I model. (d) Same as (b) for the E6-I model.

error. On the contrary, the App is always dominated by the statistical error: on and
off-peak. Moreover, the PDF uncertainty is quite reduced owing to the minus sign in
Eq. (2.18). The shape of the App is thus not affected by the PDF error, so this observable
is theoretically well defined.

In the light of these results, consider again Figs. 2.10 and 2.11 which compare differential
cross section and App for two representative E6 models and for two luminosity regimes:
£ =300 fb~! and £ = 30 fb~! respectively. As stated previously, in the low luminosity
regime the App could help interpreting the data. As illustrated in Fig. 2.11, the App
significance could be in fact comparable to that found using the cross section from a
binned mass distribution. In case of an early discovery with a few events, the evidence
of new physics from the bump search alone would be insufficient to demonstrate the
presence of a new Z’. But, it could be reinforced by a further comparable evidence in

the independent variable A7}, 5, leading to a much more robust result.
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The role of Apg in searching for new Z’-bosons is not confined to support a not fully
convincing evidence in the usual bump search at low statistics. In this section, the main
message is that, even after the high luminosity objective is achieved for the current
LHC Run-II, the App may provide additional evidence of new physics and be very
useful in the interpretation of the origin of this new physics. As stated above, this time
the reason is the PDF’s uncertainty which will dominate the theoretical error on the
prediction of a new Z’-boson appearing as a resonant peak in the di-lepton invariant
mass distribution. To be more quantitative, consider Figs 2.10(a) and 2.10(c). There,
owing to the decreased statistical error when compared to Figs 2.11(a) and 2.11(c), there
is an a priori statistical significance S ~ 12 around the peak of the binned cross section
which would allow to claim for a new physics discovery. However, the total theoretical
error does not improve much with £, being dominated by PDF’s uncertainties. Indeed,
in this case, the PDF error would be two times the statistical one (see Fig. 2.15). The
capability of interpreting the results of an experiment is thus significantly reduced by
PDF’s uncertainties in the bump search. This result should be compared with the
outcome from an Aj; measurement, which is shown in Figs 2.10(b) and 2.10(d). Here,
owing to the higher luminosity, the experimental significance is about S ~ 7 (including
only the statistical error). Such an increase with £ would be moreover followed by a
proportional reduction of the theoretical error that in this case is purely dominated by
statistics. Up to a large extent, the App is therefore a PDF safe observable. For these
reasons, even if the large-x PDF’s uncertainties are considerably improved in the future,
it is likely that an Az measurement will prove to be useful evidence in any claims of

7' discoveries using the LHC data.

Of course, one needs to consider the energy scale dependence of the PDF errors, if no
refitting procedure is employed. Fig. 2.16(a) shows the PDF and statistical errors on
the total cross section integrated around the mass of the Z’-boson. The integration is
in the window £5% FE. around the hypothetical My where interference and finite
width effects can be neglected. The designed value for the luminosity £ = 300 b~ is
assumed in the evaluation of the statistical error and the value of M is varied to see how
statistical and PDF errors change in magnitude. Four benchmarks are considered: E6-
X, E6-I, GLR-LR and GSM-SSM. The figure shows that, up to roughly a 4 TeV scale,
the cross section is dominated by the PDF uncertainty. In contrast, the asymmetry
integrated in the same peak region is heavily dominated by the statistics for all possible

Z' masses, as shown in Fig. 2.16(b).

The strong dependence of PDF’s central values and errors on the di-lepton invariant
mass or energy scale also suggests that using as observable the ratio between the Z’'-
boson cross section and the on-peak SM Z-boson cross section R, might not be entirely

PDF safe. The two cross sections are indeed a few TeV a part. As a consequence,
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FIGURE 2.16: (Colour online) (a) Cross section integrated around the Z’-boson mass
(|IMy; — Mz/| < 0.05 x Econ) as a function of My as predicted by the E6-y, E6-I,
GLR-LR and GSM-SSM models. The results are for the LHC at /s = 13 TeV and
L = 300 fb~!. Solid lines represent the PDF uncertainty, dashed ones the statistical
error. (b) Afp integrated around the Z'-boson mass (|M;; — Mz/| < 0.05 X Egop) as a
function of My as predicted by the E6-x, E6-1, GLR-LR and GSM-SSM models. The
results are for the LHC at /s = 13 TeV and £ = 300 fb=!. Solid lines represent the
PDF uncertainty, dashed ones the statistical error.

the quantity cos¢, measuring the correlation between the two variables, is not anymore
equal to one as in the App case. Therefore, a cancellation analogous to that one in
Eq. (2.18) could not happen easily. This is another argument in favour of exploring the

App as a search variable.

2.6 The A}y for 7' searches and diagnostics

In this Chapter it has been considered the scope of using the Ajg in the di-lepton
channel for Z’-boson searches at the LHC. Such a variable has traditionally been used
for diagnostic purposes in presence of a potential signal previously established through
a standard resonance search via the cross section. In this respect, it has been shown
that not imposing the commonly used cut on the di-lepton rapidity (]Y;;] > 0) would
improve the Afpy discrimination between different Z’ models. In addition, based on the
observation that it is affected by systematics less than cross sections (being a ratio of
the latter), it has been considered the possibility of using the Ajy for such a purpose
for a variety of Z’ models embedding either a narrow or wide resonance. In the case of
narrow width Z’-bosons, it has been have proven that the statistical significance of the
Afp can be comparable with the usual bump search, for some models. In case of an
early discovery at low luminosity, an App measurement could indeed valuably support

an evidence in the bump search which by itself could otherwise be not robust enough.

In the case of wide Z’-boson, the Ajg could have a better sensitivity than the cross

section studies thanks to a more peculiar line-shape and lower systematic and PDF
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uncertainties. In essence the Afp in specific regions of the invariant mass of the re-
constructed Z’-boson could be sensitive to broad resonances much more than the cross
section, wherein the broad distribution of the signal seemingly merges with the back-
ground. Further, it has been emphasised that the Afy distribution mapped in di-lepton
invariant mass can present features amenable to experimental investigation not only in

the peak region but also significantly away from the latter.

Finally the A} 5 observable benefits from the partial cancellation of the PDF’s uncer-
tainties on cross sections, being a ratio of the latter, making it much more insensitive to
PDEF’s errors. In this sense the inclusion of the Af; would definitely improve searches
for wide resonances and contact interactions in the high invariant mass region where
the knowledge of the predicted (differential) cross section in any particular Z’ model is

subject to the large-x PDF errors.






Chapter 3

Photon-Initiated production of

di-lepton pairs

3.1 Photon collisions at the LHC

The upgrade in energy of the LHC to 13 TeV has opened the exploration of higher energy
scales that were barred during the past Run-I. As discussed in the previous chapter, a
crucial point in the search for BSM physics is the precise understanding of the behaviour
of the SM background, especially in the high energy regime where one expects that new
physics could appear. The LHC potential in BSM searches at the ongoing Run-II will
be further boosted by the increase of the collected data sample when the luminosity will
reach the project value £ = 300 fb~—!. In the high luminosity phase at the LHC, the
statistical errors will be greatly reduced. At the same time, the systematic effects shown
in Sect. 2.5 will become more and more important. In particular PDF uncertainties
are one of the major sources of theoretical systematics in hadron collisions at high
energies. The errors in measured data propagate in fact into the fitted PDFs. Great
improvements in this sense have been achieved recently by many PDF collaborations.
The parametrisation and modelling of quarks and gluons PDFs have been significantly
ameliorated by including also new high precision data from HERA and Fermilab (see
Ref. [50, 51] and references therein). This has led to a reduction of the uncertainties
on the d/u ratio, especially in the large-x regime (x > 0.4) closely related to the high

energy scales probed in parton-parton hard scatterings.

The advantage of such an improvement easily translates into an enhanced capability
of producing more accurate predictions for BSM signals and SM background at the
LHC. New physics signals require an accurate determination of the SM background and

uncertainties in the large-x PDFs could affect the interpretation of the LHC experiments

37
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searching for new particles at high mass scales. The bounds obtained in Chapter 2 show
that the interesting invariant mass region to search for extra heavy neutral spin-1 Z'-
bosons is My, 2 3 TeV. The simulation of events at this energy scale requires to have
large values of the fraction of longitudinal proton momentum taken by the colliding
quarks and antiquarks initiating the hard scattering for the Z’-boson production in the
DY channel. For this reason, the improved knowledge of the quark and antiquark PDF's

at large-x is extremely valuable.

With increasing the luminosity towards the LHC project value £ = 300 fb~!, the statisti-
cal error will get smaller and smaller at medium-large energy scales while higher energy
scales will be explored for the first time saturating the LHC potential in discovering
(or excluding) new physics. For the interpretation of the experimental results that will
be obtained with a very good statistical precision, it is important to have theoretical

predictions with a comparable level of accuracy.

Fixed-order perturbative QCD calculations for DY production are available at NLO
and NNLO accuracy, as well as EW NLO corrections for the complete di-lepton chan-
nel [52]. In order to be consistent with the partonic matrix elements, the PDF sets
should have both QCD and EW corrections in the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution kernels [53, 54]. To stay with QED effects, in addition to
the corrected kernels, the QED collinear singularity leads to the need of introducing the
photon distribution function which mixes with the quark (antiquark) PDF's and requires

to be determined by a fit to the experimental data, like the other PDFs.

This latter element leads to a novel source of theoretical systematics, and it will be
the central topic of this Chapter. One should in fact consider the Photon-Initiated (PI)
lepton pair production, pp — yy+X — [TI~+X with [ = e, u. This contribution sums to
the DY (differential) cross section and modifies the prediction of the SM background [3,
4, 24, 25).

The effect of PI contribution has been evaluated also in different processes, including in
the context of Higgs boson measurements. In particular, it has been computed for the
four-lepton final state as a background to the Higgs production where the Higgs boson
decays into a Z-boson pair giving rise ultimately to four leptons in the final state [55].
Other interesting channels where the PI processes have an effects are the two-leptons and
two-bosons final states [56-69]. High-energy QCD effects in the coupling of PI processes
to jets, for low but finite photon virtualities, have been studied in Refs. [70-75].
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FIGURE 3.1: PI processes with (a) two real photons, (b) two virtual photons, (c) one
Vlrtual and one real photon.

3.2 Photons from QED PDFs

The PI di-lepton production mode receives contributions from three different processes,
distinguished by the virtuality of the two initial photons giving rise to the v hard
scattering. When the two photons are both considered as proton constituents, one has
the so-called Double-Dissociative (DD) process. In this instance, the photon’s virtuality
is null so that the photon can be seen as real (resolved photon). When one photon is
resolved, thus being described by a QED PDF, and the other one is emitted from a
quark (antiquark) with a non-zero virtuality one has the so-called Single-Dissociative
(SD) process. The last contribution represents the case when both photons are radiated
off quarks (or antiquarks) and have non-zero virtuality. The Equivalent Photon Approx-
imation (EPA), described in Ref. [76], provides a method to treat the case of non-zero

virtuality. DD and SD processes require the knowledge of the QED PDFs.

Some popular sets of QED PDFs, which feature the photon as an additional parton inside
the hadron, from different collaborations are: MRST2004QED [77], CT14QED [78],
NNPDF3.0QED [79, 80], LUXqed [81] and xFitter_.epHMDY [82], with the last three of
them delivered in the LHAPDFv6 format [83]. Each PDF collaboration adopts its own
procedure and assumptions in the fitting of Deep Inelastic Scattering (DIS) and possibly
LHC data.

A first distinction can be made between inclusive sets, such as NNPDF3.0QED, xFit-
ter_epHMDY, CT14QED_inc and LUXqed, where the elastic component resulting from
interactions involving virtual photons is included, and inelastic sets, such as CT14QED
and MRST2004QED, where the elastic component is subtracted off. A separate eval-
uation of the DD and SD contributions will be possible only using the latter inelastic
category of QED PDFs.

Another main difference between the more recent QED PDF sets is related to the ap-
proach on the data fitting. The approach followed by the NNPDF and xFitter collabora-

tions is based on a global fit with a large set of observables, while the approach followed



Chapter 8 - PI production of di-lepton pairs 40

~ & Y "

v ) v )

FI1GURE 3.2: Photon Induced process contributing to the di-lepton final state.

by the LUX group consist on assuming a relation between proton structure functions
and photon distributions. A more exhaustive description of each PDF collaboration
procedure is available in the associated literature. It will be shown in Sec. 3.4 that
the two paths lead to quite different results in terms of central values and uncertainties

predicted for the PI contribution to the di-lepton channel.

Another difference on the PDF group choices concerns the delivery of the parton distri-
bution systematic uncertainties. The LUX collaboration has implemented the Hessian
procedure [48], while the NNPDF and xFitter collaborations use the replicas method [84].
The CT14QED release instead is accompanied by a table of 31 PDFs, each one obtained
imposing a progressive constrain on the fraction of total momentum carried by the pho-
ton. From the analysis of the collaboration the upper bound is set to be py < 0.11% at
68% CL [78]. The results obtained with this set will be extracted following this result.
The MRST2004QED set does not provide any systematic uncertainty estimation.

3.3 The effect of real and virtual photons

3.3.1 Results for inelastic QED PDF's

This section discusses in more details the three PI contributions appearing in Fig. 3.1
to the di-lepton final state. The hard scattering process induced by a photon-photon
collision and leading to the production of two opposite-sign leptons in the final state is
mediated by the exchange of a charged lepton in the ¢t- and u- channels. The lowest order
Feynman diagrams contributing to this process are shown in Fig. 3.2. The kinematics of
the photon induced scattering has been extensively studied in the literature. Its lowest

order matrix element squared at parton level can easily be computed as [85]:

U t

Mey = ) =2t (L4, (31)

where v and ¢ are the usual Mandelstam variables and e is the electron electric charge.
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Consider first the purely elastic contribution, given by two virtual photons radiated by
the electro-magnetic field of the proton. Generally the EPA is used in the literature
to evaluate the contribution to the di-lepton final state that comes from two initial
low-virtuality photons. In the EPA, the photon flux of the proton is estimated by semi-
empirical formulae built on the dipole approximation, whose parameters are fitted to the
deep-inelastic electron-proton scattering data [76]. The photon induced differential cross
section in the di-lepton invariant mass is obtained by multiplying the photon luminosity
by the matrix element of the hard photon-photon sub-process and integrating over the

phase space (for details see for example Ref. [86]):

dogpa 2 2/ M(yy = 1H10))? 2 2
My, = /dQ1/dQ2 dxidxsy 327 M, N(xlan)N(x%QQ) (3'2)

The integration over the virtuality of the photon Q? is performed between a Qfmn which

is determined by the kinematics, and a Q2. which is arbitrary. This is the main source

2
max

of uncertainty [87]. In order to estimate this error on the EPA predictions, the @
parameter is spanned the interval 0.5 GeV? < Q2. < 8 GeV2. This implementation has
been found to agree with that in Ref. [88]. The bulk of the effect comes from photons
with low virtuality, while photons with a virtuality greater than 2 GeV? do not give an

appreciable contribution.
Now consider the contribution to the di-lepton spectrum induced by two incoming real

photons (DD), which can be written as:

dopp
dMy,

— [[ dvidzagy S MOy 5 PO 00 QU 20Q) 33)
where the function f,(z, Q) is the photon PDF, the variables x1 9 are the fraction of
proton energies taken away by the two photons, () is the factorisation scale and the
observable My, is the di-lepton invariant mass. The results for the DD for two choices of
the factorisation scale (Q? = 8 and Q? = p2T) for the two inelastic PDF sets are visible
in Fig. 3.3(a), in comparison with the pure DY predictions (the latter is obtained with
the CTEQ6 package [34]).

Real photons extracted from the QED PDFs of one proton can interact with the low-
virtuality photons of the other proton, producing a real-virtual photon hybrid interaction
that is referred to as the SD contribution to the di-lepton final state. In order to estimate

this term one must integrate over one EPA flux and one photon PDF:
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FIGURE 3.3: (Colour online) (a) Predictions for the DD term obtained using the in-

elastic QED PDF sets (CT14QED, blue lines and MRST2004QED, green lines) for two

choices of the factorisation scale (Q% = 3, solid lines and Q* = p%, dashed lines), in

comparison with the pure DY predictions (black solid line). (b) Same as (a) for the SD

term and for two choices of the factorisation scale (Q? = 3, solid lines and Q? = §/4,
dashed lines).

dosp _ 2 IM(yy = 1T )
dMy, = /dQl // dzry1dxs 327 M), N($1,Q1)f7(£€27Q) + (ml AN ;C2)

(3.4)
where @ is the factorisation scale appearing in the resolved photon PDFs, and the Q?
integration is to be performed similarly to 3.2. The last sum accounts for the multi-
plicity of the process (virtual-real 4 real-virtual). The predictions for this term are of
course PDF dependent and the results for the two inelastic QED PDF sets are visible
in Fig. 3.3(b), for two choices of the factorisation scale (Q? = § and Q? = 3/4).

A more clear picture of the hierarchy of the three DD, SD and pure elastic contribution is
visible in Fig. 3.4, were the shaded areas represent a first example of the PDF error bands

associated with these predictions. The shaded area around the EPA curve represent the

2

‘ax 1N the integration of the photon spectra, as discussed

error obtained varying the
above and summarised in the legend. In order to estimate the systematic error on the
SD term, both the variation of Qimax on the contribution from the virtual photon, and

the PDF error on the resolved photon are considered.

Generally the largest effect comes from the DD term, however the SD term appears not
negligible in large part of the invariant mass spectrum. As visible in the inset plots in
Fig. 3.4 its relative size compared with the respective DD prediction varies between 30%
and 45% in the MRST2004QED set, and between 75% and 90% in the CT14QED set.
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FIGURE 3.4: (a) Individual PI contributions to the di-lepton spectrum for the LHC at
Vs = 13 TeV, computed with the MRST2004QED PDF set. From bottom to top, are
shown the contribution from two virtual photons in EPA (black solid line and shaded
area), from one real and one virtual photon (SD) (darker coloured line and shaded
area), and from two real photons described by QED PDFs (DD) (light coloured line
and shaded area). The top black dashed line is the reference DY spectrum. The top-
right inset plot shows the ratio between the SD and DD contributions as a function of
the di-lepton invariant mass. (b) Same as (a) with the CT14QED PDF set. The shaded
areas represent the error coming from photon PDFs and/or from the Q2. choice in
EPA.

3.3.2 Results for inclusive QED PDF's

The sum of the EPA, SD and DD terms can be directly compared with the result
obtained by evaluating the DD integration of Eq. (3.3) using inclusive sets, since they

already combine both the elastic and inelastic components.

As first cross-check that the separation of the various terms has been done correctly,
the sum of the DD, SD and EPA results obtained with the CT14QED set is compared
with the inclusive result from the CT14QED_inc set. In Fig. 3.5(a) is plotted the ratio
between those two results (blue line), showing that their differences are < 3%. This
ensures that double counting effects are well under control. In the same plot there is
also a first comparison between two predictions for the inclusive PI results obtained with
the LUXqed and the CT14QED _inc sets. The two central values are in good agreement,

as their difference is always < 7%.

In Fig. 3.5(b) the inclusive results for the PI predictions are given for the various PDF
sets (coloured lines) in comparison with the DY expectations (black line). The shaded
areas represent the systematic uncertainties on the PI predictions, that will be discussed

more in depth in Sect. 3.4.
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FIGURE 3.5: (a) Comparison between the full PI prediction from the CT14QED _inc

set and the LUXqed, and between the CT14QED_inc result and the sum of the EPA,

DD and SD terms obtained with the CT14QED set. (b) Full PI prediction for different
PDF sets (both inelastic and inclusive) in comparison with the pure DY term.

3.3.3 Factorisation scale and kinematical cuts

As discussed in the previous sections, when invoking the parton PDFs one has the
freedom to chose an appropriate factorisation scale. Same happens when using QED
PDF's and treating the resolved photon as a parton. The QCD factorisation theorem
applies also to QED corrections, thus collinear PI divergences (potentially dangerous
when probing high Q? scales) appearing as logarithms of the form alog(Q?/m?) can
be absorbed into the parton distributions functions, similarly to what happens with the

collinear logarithms of perturbative QCD [77].

The choice of the factorisation scale can affect the PI predictions. This is visible in
Fig. 3.6(a) where the DD result of MRST2004QED and the fully inclusive results of
NNPDF3.0QED and of CT14QED_inc, are plotted for two different choices of the fac-
torisation scale. This can be considered as a first indication of the systematic uncertain-
ties affecting the photon PDFs. The ratio between the cross sections computed within
the two factorisation frameworks is plotted in Fig. 3.6(b), revealing a first degree of
uncertainty which varies between 7% and 20% along the spectrum, depending on the
chosen QED PDF set.

Differently from the usual DY channel where the lepton pairs are generated by the
exchange of the SM ~ and Z-boson produced in s-channel, the PI processes instead
involve a t,u-channel exchanges of a light lepton. The consequent collinear divergence
can be regulated by introducing a cut-off. This problem is naturally solved once when
considering the detector physical acceptance. Imposing the fiducial cuts as specific for
the CMS detector, |n;| < 2.5 and péf > 20 GeV, the collinear divergence is controlled
adequately.
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FIGURE 3.6: (a) DD term computed with the MRST2004QED set and the fully in-

clusive PI result computed with the NNPDF3.0QED and CT14QED_inc sets for two

different choices of the factorisation scale (solid and dashed lines). (b) Ratio between
the curves in (a) for each PDF set.
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FIGURE 3.7: (a) Acceptance of the PI contribution to the di-lepton spectrum for

different cuts in 7, and p} with respect to the differential cross section obtained with

the standard acceptance cuts: |n;| < 2.5 and p}. > 20 GeV. (b) Same as (a) for the DY
processes.

One way to suppress the expected PI background, which can pollute BSM searches at
high invariant masses, is to apply specific kinematical cuts. In particular angular and
transverse momentum cuts are going to be considered here, as one expects the PI events

to be produced in a more collinear region.

The effect of the 1 and pl. cuts are shown in Figs. 3.7(a) and 3.7(b) for the PI and
DY contributions, respectively. The first one appears more sensitive to the pure angular
cuts encoded in the 7; constraint. For Mj; > 2 TeV, the cut on the lepton transverse
momentum is practically ineffective. Imposing an angular cut of || < 1.5 can reduce
the PI effect by about 60%. The same cut decreases also the DY differential cross section
by roughly 25% in the region of interest, say, M; > 2.5 TeV. So, despite the increasing
virtuality of the fermion exchanged in the ¢- and u- channels, the PI process does not

get suppressed much by the 7; cut with respect to the DY process.
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In essence, the number of PI events can be reduced imposing stronger angular cuts, but
the benefits of this might not justify the consequent loss of statistics in the DY channel
as this could contain BSM physics. An alternative strategy to adopt would be to include
the PI and its theoretical error in the SM background estimate.

3.4 The photon PDF uncertainty

In the previous section the variation of the factorisation scale has provided an indication
of the intrinsic uncertainty on the photon PDFs. However the PDF collaborations now
provide with more sophisticated procedures to estimate the uncertainty on their fits.

There are two common procedures to deliver the PDF errors.

The first one is based on the Symmetric Hessian method [89]. In this case the procedure
to estimate the error is slightly different compared with what shown in Sect. 2.5 for
the CTEQG6 package. In this Symmetric Hessian approach the PDF error of a generic

observable is estimated through a table of eigenvectors using:

N
AX = (X; — Xo)2 (3.5)

i=1

The second common delivery of the PDF uncertainties is through the “replicas” method [84].
Once again the PDF error is provided through a large set of PDF tables, and for any

observable can be estimated using:

1 N

AX = |+ ;(Xi — Xp)? (3.6)

An updated revision of the PDF4LHC format with the authors recommendations for

the PDF uncertainties delivery is available in [89].

The LUXqed set is delivered with a table of 100 Symmetric Hessian eigenvectors and
their predictions are visible in Fig. 3.8(a). The NNPDF3.0QED and the xFitter epHMDY
sets instead are provided with a set of 100 and 600 replicas respectively and their PI
spectra are plotted in Figs. 3.8(b) and 3.8(c).

The CT14QED set adopts a different approach for the estimation of the photon PDF
error. The package is provided with a table of 31 PDFs, each one obtained imposing a
progressive constrain on the fraction of total momentum carried by the photon. From

their analysis the upper bound is set to be p, < 0.11% at 68% CL [78]. The error bands
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FIGURE 3.8: Di-lepton spectrum from PI inclusive PDF sets, respectively (a) 100
Symmetric Hessian eigenvectors of LUXqed, (b) 100 replicas of NNPDF3.0QED, (c)
600 replicas of xFitter_epHMDY, (d) 31 tables of CT14QED_inc.

showed in the previous sections for the CT14QED set have been obtained following this
prescription. The predictions for the inclusive results obtained with the 31 PDF's of the
CT14QED _inc set are plotted in Fig. 3.8(d).

The results obtained for the inclusive results of PI contributions is visible in Fig. 3.5(b).
The central values and the photon PDF errors of each QED PDF sets, represented by
the shaded areas, present various differences. The QED PDF sets obtained through a
global fit approach (as NNPDF3.0QED and xFitter_epHMDY) predict a central value
for the PI effects that is up to one order of magnitude above the results obtained using
the QED PDF sets where more stringent constrains on the photon emissions are assumed

(as LUXqged and CT14QED).

The sum of the DY and PI central values and PDF uncertainties is given in Fig. 3.9(a).
Notice that the differences between the curves representing the LUXqged and CT14QED _inc
results are indistinguishable at this scale, as well as the their small PDF errors. The
other QED PDF sets results, due to their differences in the PI predictions, lead to some

discrepancies on the shape of the distribution at high invariant masses.
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FIGURE 3.9: (a) Complete result for the di-lepton spectrum obtained summing the DY

and the inclusive PI predictions for each QED PDF sets. The shaded areas represent

the uncertainties coming from photon PDFs. (b) Relative size of the photon PDF error

with respect to the complete di-lepton prediction for each QED PDF set. As visible in
the legend an appropriate scale factor has been applied to the curves.

These discrepancies are nevertheless consistent with the predictions obtained for the sys-
tematic uncertainties. Again the results obtained with different QED PDF sets vary in a
wide range. The assumptions and the constraints imposed during the fitting procedure
have a strong effects in the determination of the PDF errors. In Fig. 3.9(b) is plotted the
relative size of the photon PDF uncertainty with respect to the complete result, given
by the sum of the DY and the inclusive PI contributions. The most optimistic results
are given by the LUXqed set, where the PDF uncertainty is of the order of 0.1% along
all the spectrum. On top of it there is the CT14QED_inc PDF error that is predicted
to be between 1% and 4% of the complete di-lepton predictions. More conservative pre-
dictions are given by the xFitter_epHMDY set, where the photon PDF relative error is
of the order of 100%, and by the NNPDF3.0QED set, where the size of the systematics

reaches the dramatic value of 1000% of the central value.

Following these results, clearly the effects of the PI contribution and of its error are rele-
vant in the cases of QED PDF's obtained following the global fit approach of the NNPDF
and the xFitter collaborations. On the other hand, the assumptions and the constrains
assumed in the fitting procedure adopted by the LUXqed or CT collaborations produce
a lower PI central value and they also return a more precise parametrisation of the pho-
ton PDF, thus a smaller PDF uncertainty. The impressive results obtained following in
particular the LUXqed approach are persuading the other PDF collaborations to adopt
in their future fits the relation proposed in Ref. [81], which links the proton structure

functions to the photon PDF.
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3.5 Z'-boson searches and the SM background

In the previous section it has been shown that for some QED PDF's the di-lepton spec-
trum is dominated by systematic effects that will be mostly influential with increas-
ing the integrated luminosity. It is evident that if one assumes the LUXqed or CT
parametrisations, the PI effects would have no consequence on BSM searches. In the
NNPDF and xFitter approach instead the large systematic uncertainties make the di-
lepton high invariant mass region an unfriendly environment for the precise detection of
new physics signals. This is the scenario that will be considered in this section, where
the NNPDF3.0QED PDF set will be adopted in the analysis.

BSM searches are indeed performed simulating the SM background via a functional form
whose parameters are fitted to the MC predictions. The net result is then normalized to
the data in an invariant mass region, appropriately chosen, on the left-hand side of the
hypothetical Z’-boson mass. The shape or slope of the DY di-lepton spectrum can be
modified significantly by the PI contribution, including its error. The combined (DY +
PI) background decreases less steeply with the invariant mass than the default DY, and
so does the overall number of expected SM events. Once the DY and PI contributions
to the di-lepton final state are added up, the overall scenario becomes more difficult to
handle. The number of expected SM events and its uncertainty are shown in Fig. 3.10
before (3.10(a)) and after (3.10(b)) the inclusion of the PI process and its uncertainty.
The past LHC Run-I at 8 TeV and £ = 20 fb~! is considered as well as the ongoing
LHC Run-II with two representative luminosities, £ = 30 fb=! and £ = 300 fb~!. These
plots confirm that the number of SM background events is very poorly determined. For
the project luminosity £ = 300 fb~!, the evaluation of the pure DY contribution could
lead to the conclusion that the region above My = 3.6 TeV should be background free,
while adding the PI contribution and its PDF error one would realize that the SM events
could run over the spectrum up to M; = 5 TeV and beyond.

In this scenario, both the resonant search for a new heavy neutral gauge boson and
the non-resonant searches for contact interactions, to cite an example, can be strongly
affected by the PI contribution. In the resonant case, the incorrect estimate of the SM
background events would lead to either a pre-discovery enthusiasm while in presence of

a simple fluctuation or to mis-estimate the Z’-boson mass bounds.

In the non-resonant scenario one would encounter even more difficulties. The counting
strategy approach described in Chapter 2, relies on the good understanding of the SM
background, but as shown in the previous section, the high invariant mass region of the

di-lepton spectrum is actually dominated by systematic uncertainties coming from the
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FIGURE 3.10: (a) Number of SM events expected in the di-electron channel from the
DY process as a function of the lower cut on the di-lepton invariant mass. The error
bands include only the statistical error, as the PDF error is here sub-dominant. (b)
Same result with the inclusion of the PI contribution. In the error bands is now included
the overall PDF uncertainty in addiction to the statistical error. Standard acceptance
cuts are applied (|n;] < 2.5 and pt, > 20 GeV) as well as the declared efficiency of the
electron channel [11]. NNLO QCD corrections are accounted for in the DY term [19].

photon PDFs. Again an excess of events can be here mis-interpreted as new physics

while in presence of purely QED effects.

One can envisage two ways to keep under control this very large systematic uncertainty
on the di-lepton spectrum. The first one would be implementing dedicated kinematical
cuts in order to suppress the PI contribution, acting directly on the central value. This
possibility has already been discussed in Sect. 3.3.3 and it has been shown that leads to a
sensible reduction of the statistical sample. The second option is resorting to a different
observable, more robust against systematics. A possible candidate is the App of the final
state leptons [1, 21-23, 43]. For the default DY process, initiated by quarks (antiquarks)
pairs, this observable has been shown to be mildly dependent on PDF uncertainties and

robust against systematic errors, in general, being a ratio of cross sections.

The following sections are focusing on how new physics signals, which might appear in
these two observables, would respond to the noise coming from the PI contributions
and their PDF uncertainties. Both the scenarios of narrow and wide Z’-bosons will be
discussed. In particular the E6-x model [5, 28, 90, 91] will be representative of narrow
width Z'-bosons, and the GSM-SSM [44] with a large width imposed by hand will be the
representative benchmark for the study of the broad resonances and contact interactions

scenarios.
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FIGURE 3.11: (a) Differential cross section and (b) Afg as predicted in the E6-y

model with a Z’-boson of mass Mz = 3.5 TeV. The black solid line represents the

combined (DY + PI) background including PDFs uncertainty and the coloured lines

the full contribution including the Z’ signal. Standard acceptance cuts are applied
(|m| < 2.5 and p > 20 GeV).

3.5.1 PI effects on narrow Z’-bosons

Consider the extra heavy Z’-boson predicted by the E6-x model [5, 28, 90, 91], which
is characterized by a narrow width. The present mass bound for this particle is Mz >
2700 GeV [1].

The impact of the inclusion of the PI process in the SM background is shown in Fig. 3.11
where is displayed the differential cross section in the di-lepton invariant mass (3.11(a))
and the A%y (3.11(b)) in the same variable for My = 3.5 TeV. The error bands in the
plots represent the PDF uncertainties on the corresponding observables, dominated by

the photon PDF contribution.

The sizeable uncertainty generated by the inclusion of the QED effects is evident from
the plots. As expected the App is more robust against PDF errors than the invariant
mass spectrum, also in the instance of new physics. The inclusion of the PI lepton
pairs and their PDF uncertainties is crucial in the estimate of the significance of the
BSM signal. In Fig. 3.12 are considered the two cases where one (correctly) includes
the PI contribution in the SM background, quoting its uncertainties in the overall error,
(coloured lines) and where the PI events are considered as part of the new physics signal
and the QED PDFs uncertainty in not included in the overall error (black lines). This
comparison is shown for the the di-lepton spectrum (3.12(a)) and the Afy (3.12(b)),
for the luminosity £ = 300 fb~! (the project luminosity that will be reached in a three

years time). The significance of the observables is defined as:

_ =8|
T A+ B) (3.7)



Chapter 8 - PI production of di-lepton pairs 52

[$)]

3.0
— LHC@13TeV LHC@13TeV
4 — Model = E6-x 25 Model = E6-x
Mz =35 TeV Mgz = 3.5 TeV
2.0
5° o
fus]
k=3 2
- <15
2 S
1.0
Boo 3000 3500 4000 4500 %800 3000 3500 4000 4500
My [GeV] My [GeV]

(a) (b)

FIGURE 3.12: (a) Significance of the differential cross section and (b) of the Afg
as predicted in the E6-x model with a Z’-boson of mass Mz = 3.5 TeV. The black
line represents the case where only the default DY process is accounted for as a SM
background. The coloured lines represents the case where the combined (DY + PI)
process is taken into account as SM background. The integrated luminosity is £ = 300
fb~!. Standard acceptance cuts are applied (|n;| < 2.5 and p}. > 20 GeV) as well as the
declared efficiencies of the electron and muon channels [11]. NNLO QCD corrections
are accounted for in the DY term [19]. The overall significance is the combination of
the significances in the two lepton channels. The binning has been chosen to represent
an average of the two channel resolutions.

where S represents the BSM signal and B is the expected SM background. The overall
uncertainty is the quadratic sum of the statistical and PDF errors, A(S + B)? = A2, +
A%DF. The PDF error has been estimated as described in Sect. 3.4, while the statistical
error for the two observables is calculated as shown in Sect. 2.2.1. Even if quite basic,
this estimate of the total error and consequently of the significance gives already a fair

perspective of the impact of the PI contribution on the interpretation of BSM searches.

As one can see from the plots in Fig. 3.12, with increasing the luminosity the possibility
of detecting a new Z’-boson at higher mass in the di-lepton spectrum would in principle
grow, owing to the reduced statistical error. However, the PI contribution and its
theoretical error, both increasing with the energy scale, cap this potential enhancement.
In this respect, the App has the ability to cope with the QED theoretical error much
better. The PI contribution has no appreciable effect on the significance, as shown in
Fig. 3.12(b). Similar results will be found in next section, where the broad resonance

case will be discussed.

3.5.2 PI effects on wide Z’-bosons

As already mentioned, experimental searches for non-resonant objects in the invariant
mass distribution are usually performed adopting a counting strategy approach. That
means imposing a lower cut on the di-lepton invariant mass and summing over all events

from there on. One thus compares the observed number of events with the theoretical
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FIGURE 3.13: (a) Differential cross section and (b) reconstructed Forward-Backward

Asymmetry as predicted in the GSM-SSM model with a Z’-boson of mass Mz = 3 TeV

and I'/Mz = 20%. The black solid line represents the combined (DY + PI) background

including PDFs uncertainty and the coloured lines the full contribution including the
7' signal. Standard acceptance cuts are applied (|n;| < 2.5 and p}. > 20 GeV).

expectation. For any meaningful interpretation of BSM searches, it is then of great
importance to have a precise determination of the SM background in magnitude and
shape. In this case, the photon induced di-lepton events play a major role. They indeed

become relevant for My > 3 TeV, especially when considering their PDF uncertainties.

The benchmark for the analysis of the broad Z’ resonance scenario will be the wide
GSM-SSM model [44] where the resonance width has been fixed at I'/Mz = 20%. This

model indeed is often used as benchmark by the experimental collaborations.

Differential cross section and App distribution in the di-lepton invariant mass within
this model are shown in Fig. 3.13, where the error bands represent here the PDF uncer-
tainties. In contrast to the previous narrow-width case, now the noise on the spectrum
coming from the SM di-lepton production with the inclusion of QED effects is much
larger. Compared to the default DY background, the full SM background coming from
the combined (DY+ PI) process and depicted by the gray region around the central
value (black solid line) has a sizeable different magnitude and shape. Such shape could
easily fake either a broad resonance or a non-resonant type of new physics signal (like
the well studied contact interactions). Once again, the A}y looks much more solid in
presence of QED effects and related theoretical uncertainties as shown in Fig. 3.13(b).

This appears also in the estimate of the significance.

As for the previous narrow Z’-boson case, the significance of this type of BSM signal
is calculated for the di-lepton spectrum and the Afz. The results are shown in Fig.
3.14. As before the black and the coloured lines represent the projected result of a
traditional analysis and the result obtained including correctly the PI contribution in the
SM background expectation and its PDF uncertainty in the total error. In Fig. 3.14(a)

it is evinced that the increase in significance expected at higher luminosities for a given
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FIGURE 3.14: (a) Significance of the differential cross section and (b) of the Ajp as
predicted in the GSM-SSM model with a Z’-boson of mass Mz = 3 TeV and I'/Mz =
20%. The black line represents the case where only the default DY process is accounted
for as a SM background. The coloured lines represents the case where the combined
(DY + PI) process is taken into account as SM background. The integrated luminosity
is £ = 300 fb~!. Standard acceptance cuts are applied (|n;| < 2.5 and p}. > 20 GeV)
as well as the declared efficiencies of the electron and muon channels [11]. NNLO
QCD corrections are accounted for in the DY term [19]. The overall significance is
the combination of the significances in the two lepton channels. The binning has been
chosen to represent an average of the two channel resolutions.

mass My is hampered by the presence of QED effects. The situation is much cleaner for

the A, which is again very mildly affected by the uncertainties on the PI contribution.

The broad resonance case shares similarities with the non-resonant case. In this instance,
the theoretical interpretation of any excess of events in the di-lepton spectrum would
suffer the presence of large uncertainties in the SM background estimate. The accurate
knowledge of the latter is in fact limited by the QED PDF uncertainties, especially when
considering the usual di-lepton spectrum as primary observable. The Afy is clearly less
affected by QED effects and, particularly in presence of either a broad resonance or
a non-resonant type of new physics, it could help validate a possible excess of events
observed in the di-lepton spectrum that would otherwise be very difficult to interpret

owing to the large theoretical uncertainties.

An advisable strategy would then be working with both observables. The spectrum
should be used first to detect any excess, while the App should intervene in the post

discovery process of interpreting the obtained experimental results.

3.6 PI effects in the LHC Run-I1

The effects of PI processes to the di-lepton production channel at the LHC have been
discussed in this Chapter. The contributions of the photon interactions have been ob-

tained separating the effects of “quasi-real” and “real” photons, and they have been
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treated adopting the EPA and with the use of inelastic QED PDF's respectively. The
central values of the PI terms has been computed using various QED PDF sets and when
available the PDF uncertainties have also been estimated along following the appropriate

prescriptions.

The results obtained with elastic QED PDF sets from different collaborations were
compared. The central values and the PDF uncertainties obtained in the adopted scheme
of each PDF release (Hessian eigenvectors, “replicas”, etc.), show remarkable differences.
In some cases, in particular at high invariant masses, deviations from the pure DY
predictions can occur, and their size and the associated theoretical systematics, vary

significantly for different photon PDF's choices.

The sensitivity of BSM searches has been investigated for both resonant and non-
resonant objects, in light of the previous results, adopting the most conservative QED
PDF set.

Bump searches for resonant objects that follow a peaked BW shape are not much affected
by photon interactions, while counting experiments for non-resonant objects would suffer
a significant loss of sensitivity. The interpretation of experimental data can be supported
by introducing the A%y observable, particularly because of its favourable features con-

cerning systematic uncertainties.






Chapter 4

Constraining Z’-boson widths

4.1 The state of experimental searches

A 7' resonance can have a wide range of intrinsic widths, which depend on the scenario
considered. It can be narrow, as for example, in E6, Generalised Left-Right (GLR)
symmetric and Generalised Standard Model (GSM) scenarios [28|, where I'z/ /My ~
0.5 - 10%. Alternatively, it can be wide, as in Technicolour [92] scenarios, Composite
Higgs Models [93] or in more generic models where the Z’ boson coupling to the first
two fermion generations is different to that the the third generation [46, 47]. The Z’
can also interact with the SM gauge bosons in presence of Z/Z’ mixing [44]. In all of
these cases large I'z/ /M values, up to ~ 50%, are induced by the additional Z’ decay
channels available in all such cases. As shown in Chapter 2, very wide resonances do
not have a well-defined BW line-shape and appear as a broad shoulders over the SM
background.

If a Z' state were to be observed at the LHC determining the intrinsic width would be
an immediate objective. The width would provide information about the underlying
Z'" model and the coupling strength and quantum numbers of the Z’ in its interactions
with SM objects. The measurement of a width using the mass spectrum is limited by
the detector resolution in the case of a narrow resonance and for a very wide resonance

(that cannot be approximated by a BW) a model specific approach would be required.

The purpose of this chapter is to describe the role of an alternative observable to the
di-lepton invariant mass (Mj;) that could be used to extract information on the intrinsic
width of the Z’. The advantage of this approach is twofold. Firstly, one can use this new
observable to determine the intrinsic width of the resonance. Secondly, the latter can
potentially be used to perform a constrained fit to the cross section (or charge asymme-

try) in the di-lepton invariant mass, so as to disentangle the pure signal contributions

o7
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from dynamics resulting from FW and/or interference effects. This new observable is
the transverse momentum distribution of an individual lepton in the final state. The
corresponding (normalised) spectrum will be shown to exhibit a Focus Point (FP) that
is the same for all Z’ models considered, the latter thereby acting similarly to the Z’
pole in the di-lepton invariant mass. One can also define asymmetries around this FP,
Apps, that provide information on the underlying Z’ scenario, in terms of its quantum

numbers.

This is in principle analogous to the case of charge asymmetries, in practice through
the FP one achieves sensitivity to a different parameter. In fact, herein, is assumed
that a Z’ state has already been observed and a (tentative) value of its mass has been
extracted: this is a precondition for the exploitation of the FP and its asymmetries. With
this mind, such FP observables provide one with an additional powerful diagnostic tool
in understanding the nature of the Z’, quite uncorrelated to the aforementioned cross
section and charge asymmetries, as they show a strong sensitivity to its width, whichever
the actual value of it. This is extremely important as, on the one hand, I'z/ contains
information about all couplings of the Z’ state (hence about the underlying model) and,
on the other hand, neither fits to the cross section (wherein the dependence upon I'z/
really ought to be minimized in the search for the BW peak) nor mappings of charge
asymmetries (which are primarily sensitive to the relative sign of the above couplings)

offer the same scope.

4.2 The leptons transverse momentum spectra in Drell-

Yan production

The analysis that will be presented in this chapter has been performed using the numeri-
cal code documented in Refs. [1, 13]. Standard acceptance cuts on the leptons have been
required: pr > 20 GeV and |n| < 2.5. The acceptance pp cut is not really important
since a substantial p?in cut on the leptons (> 500 GeV) will be imposed when analysing
the transverse momentum distribution. In order to speed up the numerical simulation
(as the focus will be on very high invariant masses, of O(1 TeV)), an invariant mass cut

on the simulated events is imposed (M > 50 GeV).

Differential distributions for three Z’ benchmark models (E6-I, GLR-LR, GSM-SSM [1])
have been generated for different Z’ boson masses and widths. In computing the binned
number of events, all the contributions to the same final state are included: Z’ signal,
SM background and their mutual interference. Higher orders corrections have not been
considered in this work. Both NNLO QCD and NLO EW corrections can be large, but
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FIGURE 4.1: Distribution of number of events as function of (a) the pr of either

lepton and (b) of the di-lepton invariant mass as predicted in the SM and in three Z’

benchmark models with Mz = 4 TeV at the 13 TeV LHC with £ = 1 ab~!. For all

models the width of the resonance has been fixed at 1% of its mass. Acceptance cuts
are applied (|n] < 2.5), detector efficiencies are not accounted for.

they also contribute with opposite signs, leading to some cancellations [94]. However the
interest is in the very high pr region, where one can assume the NNLO QCD contribution
to appear as a (roughly) constant k-factor [18]. The asymmetry observable that will be
defined in the following will naturally provide a cancellation of this effect. NLO EW
corrections instead are expected to grow in magnitude with the energy, and they might
lead to observable effects. Yet, no public code is available at the moment for the NLO
calculation of EW radiative corrections to the leptons’ pr spectra in DY production
including real and virtual EW gauge boson emission, both of which are needed for an
accurate estimate of the effects under analysis, owing to the fact that the di-lepton final
state is treated inclusively in experimental analyses (i.e., no veto is enforced against real
radiation of EW gauge bosons). Hence, for the time being, these effects will be neglected

too.

In Fig. 4.1 are shown the pp and the invariant mass distributions. The data shown
have been binned by integrating in the py (M) variable and multiplying by the quoted
luminosity in order to obtain the number of events on the y axis. The error bars represent
the statistical error on the number of events observed in each bin and are given by the
square root of the number of events in each bin. As expected in the pr distribution, a
noticeable peak appears at pr &~ My /2 for all BSM scenarios considered with the slope
leading to it varying depending on the underlying Z’ model. The total number of events
is defined by the model cross section. The SM distribution by contrast monotonically
decreases. There is no point in pr amongst the various curves where all the differential

cross sections have the same magnitude.

An interesting feature appears when the distributions are normalised. Starting from the

differential distributions shown in Fig. 4.1(a) for each model in the legend, the number of
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FIGURE 4.2: Normalised distribution in pr of either lepton as predicted in the SM and

in three Z’ benchmark models at the 13 TeV LHC. For all models the width of the

resonance has been fixed at 1% of its mass. Acceptance cuts are applied (|n| < 2.5),

detector efficiencies are not accounted for. (a) pi* = 1000 GeV and Mz = 4 TeV, (b)
p=in = 1200 GeV and Mz = 5 TeV.
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FIGURE 4.3: (a) Number of events as function of pr of either lepton as predicted in

the SM and in three Z’ benchmark models with Mz = 4 TeV at the 13 TeV LHC

with £ =1 ab~!. The width of the resonances has been fixed at their natural value as

predicted by the model. Acceptance cuts are applied (|n| < 2.5), no detector efficiencies
are accounted for. (b) Normalized distribution of (a) with p&=i® = 1000 GeV.

events in each bin is divided by the total number of events that is obtained integrating the
cross section from the chosen p?m on. For this specific case p?m = 1000 GeV is chosen.
The results of this normalisation are shown in Fig. 4.2(a). The most interesting feature
in this plot is that around py = 1400 GeV all the curves have the same magnitude. This
intersection point is defined as the FP. The FP position strongly depends on the lepton
p?in cut that is chosen to maximise the sensitivity to the hypothetical Z’ boson. This
will be discussed more extensively in Sect. 4.4.2. For a Z’ mass of 5 TeV the optimal
choice is p%‘in = 1200 GeV. In this case a very similar behaviour is obtained, albeit with
the FP shifted to around 1.7 TeV, as plotted in Fig. 4.2(b). In these illustrations the
LHC energy has been taken to be 13 TeV and the CT14NNLO PDF set [95] has been

used with the factorisation scale fixed at Q = V/3.
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For completeness in Fig. 4.3 are shown the distributions for the number of events and
the normalized pr for the three benchmark models with the resonance widths fixed to
the natural values predicted by each model. The values for the resonance widths can be
significantly modified by the presence of new physics, therefore in order to be as general

as possible the Z’ width will be considered to be a free parameter.

In order to understand this feature in detail, in the following section will be discussed
its dependence upon the collider energy, the Z’ parameters (its mass and width), the
minimum p7 cut and the normalisation procedure as well as the role of the interference
between the Z’ diagram and SM topologies. The independence upon the choice of
PDFs and @ will not be discussed, but it comes straightforward considering that the
quark and antiquark behaviour inside the proton at the relevant x and @) values is well

determined [3].

4.3 Properties of the Focus Point

The presence of a FP in the leptons pp distribution after the normalisation procedure
described above, appears to be a very general feature. So general that also the SM
predictions, which do not feature any peaked structure, are crossing the FP, as well
as any other single-Z’ model. However the position of the FP is affected by other

parameters, as will be discussed in this section.

First thing to notice is that the FP is found to be is sensitive to the partonic (or collider)
energy. Fig. 4.4 (where again is assumed I'z/ /My = 1%) illustrates that the FP also
appears at 8 TeV for different models and Z’ masses considered. However the position of
the FP is not the same as the 13 TeV case, but still it maintains its model independence

feature.

The FP position is also very marginally affected by interference effects. In Fig. 4.5(a) is
plotted the same distribution as in Fig. 4.2 where, the histograms shown with a dashed
line correspond to the case where the interference interaction terms (between the Z’
diagram and the v+ Z ones) have been switched off in the MC event generator. Clearly
the contribution of the interference is negligible and it does not affect the position of
the FP.

The same result is visible in Fig. 4.5(b) where the dashed lines now represent the Z’
signal only, which has been determined by subtracting the SM background and its in-
terference with the BSM signal. The presence and the position of the FP are once more

unaffected by these changes: all the curves, representing either the full model or the pure
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FIGURE 4.4: Normalised distribution in pp of either lepton as predicted in the SM

and in three Z’ benchmark models at the 8 TeV LHC. For all models the width of the

resonance has been fixed at 1% of its mass. Acceptance cuts are applied (5| < 2.5),

detector efficiencies are not accounted for. (a) pi™ = 1000 GeV and Mz = 4 TeV, (b)
PRt = 1100 GeV and Mz = 4 TeV.
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FIGURE 4.5: As in Fig. 4.2(a) with dashed lines representing (a) the case without the
interference terms between the BSM and SM diagrams, and (b) the case of the pure Z’
signal.

Z' contribution, cross at the same point, demonstrating the stability of the FP man-
ifestation. In definitive, the FP position shows very little dependence on interference

effects, further illustrating the model independent nature of this result.

It is clear that one of the main parameters that defines the position of the FP is the
7' resonance mass. The effect of varying the Z’ mass is shown in the normalised pr
distributions of Fig. 4.6. The SSM benchmark model is used here and the width is fixed
at Uz /My = 1%. As visible, the position of the FP does depend on Z’ the mass.

The other main parameter affecting the FP position is, the choice of the low pr inte-
gration limit, which determines the curves’ normalisation factor. As shown in Fig. 4.7
the FP changes depending on the chosen low pr integration limit. The two different pr
choices in this figure can also be compared with the one in Fig. 4.4(a), where pr > 1000

GeV was chosen.



Chapter 4 - Constraining Z'-boson widths 63

0.30 |
_ Mz =40TeV
, — My=45TeV
0.25 My = 5.0 TeV
%' — SM
8020
2015 LHC@13TeV
~
g Model = GSM-SSM
5 010 M2/ Mz =1%
©
0.05
0.0 ‘ S
1300 1500 2000 2500 3000

pr [GeV]

FIGURE 4.6: Normalised distribution in pr of either lepton as predicted in the SM and

in in the SSM at the 13 TeV LHC. The mass of the resonances has been fixed at three

different values (4.0, 4.5 and 5.0 TeV) while its width has been fixed at 1% of its mass.
Acceptance cuts are applied (|n] < 2.5), detector efficiencies are not accounted for.

0.30 0.30
_ SM _ SM
~ E6-l ~ E6-l
025 — GLR-LR 025 — GLR-LR
= GSM-SSM = GSM-SSM
go20 go020 :
®0.15 ®0.15
~ ~ L
& &
2 0.10 5 010
© — © i
0.05 LHC@13TeV 0.05 r ‘ LHC@13TeV -
‘ Mz =4 TeV ‘ Mz =4 TeV
0.00 . 0.00
1000 1500 2000 2500 1500 2000 2500
pr [GeV] pr [GeV]

(a) (b)

FI1GURE 4.7: Normalised distribution in pr of either lepton as predicted in the SM

and in three Z’ benchmark models with Mz = 4 TeV at the 13 TeV LHC. For all

models the width of the resonance has been fixed at 1% of its mass. Acceptance cuts

are applied (|| < 2.5), detector efficiencies are not accounted for. (a) pi™ = 900 GeV,
(b) pin = 1100 GeV.

A correlation can be established between the FP location (for a given Z’' mass and LHC
energy) and the p%’i“ cut used for the normalisation procedure. Empirically the position
of the FP follows a simple linear relation F P = p?in + 10% Mz which is valid at the 13

TeV LHC.

Lastly, the most interesting feature of the FP is represented by its behaviour under
variation of the resonance width. For this purpose, one specific benchmark will be
considered, since similar results can be obtained in the other models. In Fig. 4.8 is
plotted the binned distributions of the number of events as function of the lepton prp
(4.8(a)) and of the di-lepton system invariant mass (4.8(b)) for the GSM-SSM model
and different choices of the resonance width (1%, 5%, 10% and 20% of the mass) keeping
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FIGURE 4.8: Distribution of number of events as function of (a) the pr of either lepton

and (b) of the di-lepton invariant mass as predicted in the SM and in the GSM-SSM

with My = 4 TeV at the 13 TeV LHC with £ = 1 ab~!. The width of the resonances

has been fixed at four different values (1%, 5%, 10% and 20% of the mass). Acceptance
cuts are applied (Jn] < 2.5), no detector efficiencies are accounted for.

the mass of the resonance fixed at 4 TeV. In this analysis the width of the resonance has
been enhanced by hand, that is the production cross section is unchanged, as well as the
partial widths into the SM final states. The branching ratios however scales inversely
with the width. This is representative of a scenario where extra decay channels are
accessible to the neutral resonance, which is a very common picture in many BSM

realisations predicting exotic matter.

As one can notice, the invariant mass distribution in Fig. 4.8(b) the loss of sensitivity
due to the width enhancement is substantial. Even for relatively low Z’ masses (4 TeV
in this example), it looks difficult to perform significant measurements on resonances
with T'z/ /My >5%. On the other hand, if one considers the pr distribution of either
lepton, the different curves in Fig. 4.8(a) are distinguishable even for '/ /My, > 10%.

After the normalisation procedure, the FP appears again as a common crossing point
of all the curves, representing different choices for I' /M. This is shown in Fig. 4.9
where the position of the FP do not depend on the resonance width. This is the key
feature that is exploited to define a new observable that can be used to constrain the

resonance width.

4.4 Exploiting the Focus Point features

This section will show how the value of the intrinsic Z’ width can be inferred from
the use of a novel asymmetry observable based upon the concept of the FP, which was

discussed in the previous sections.
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FIGURE 4.9: Normalized distribution obtained from Fig. 4.8(a) with pi2i* = 1000 GeV'.

4.4.1 Defining a new observable: App

For a given collider energy and Z’ mass, suitably normalised single-lepton pr distribu-
tions for various Z’ models all have the same magnitude at one point in the spectrum,
that is the FP. The pr value associated with it has been shown to not depend upon the
intrinsic Z’ width, in any of the models. For a fixed collider energy and a given Z’ mass

therefore, it is possible to define a unique FP that is common to a large class of models.

In order to define an observable based on the FP feature that can provide information
about the width of the resonance, let’s define two separate regions in the normalised pp
min

distribution. The “Left” (L) region going from the fixed p7
to above) up to the FP and the “Right” (R) region going from the FP up to the last

(the low pr limit referred

point in the distribution, which is assumed to be p** > My /2.

The Asymmetry around the Focus Point (App) is defined as the difference between the
integrated normalised distribution in the two regions, divided by the sum of the two

integrations. This can be written
App = —— (4.1)

with

29 dpr, 49 apr, 42
/ dpr pr / dpr pr (42)

where the two domains L and R are chosen as described above, i.e., L = [p%in,FP],
R = [FP, p7*], FP is the FP position in the pp axis, and N is the total number of events
in the (L + R) region that has been used in the normalization. The expression derived

for the new observable is notionally very similar to the Forward-Backward Asymmetry
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(Arp) [1, 21, 23]. In this sense, the formula for the statistical error on the App observable

is analogous to the one for the App:

[1— A2

This App observable can be used to estimate the width of the Z’ resonance, with the
positive feature of being unbiased by systematics and assumptions intrinsic to shape
dependent fitting procedures (such as assuming a BW resonance structure in the di-

lepton invariant mass spectrum).

In the following, the App values for different Z’ model and width choices will be estimated
in the 13 TeV LHC setup and for various Z’ masses. At this point, it is important to
mention that the definition of the L and R regions is crucial for a correct analysis of
the results. The precise steps to follow are: (i) extraction of the mass of the resonance
from the di-lepton invariant mass, possibly combined with the location of the maximum
of the pp distribution (which roughly coincides with My /2); (ii) definition of the FP

according to:

FP = p®n 4 10% M. (4.4)

While pii®* is essentially defined to be any point in transverse momentum past My /2
(as seen in the pp distributions the drop beyond this point is dramatic), there is some

freedom in the choice of p?in. For example, a high p%li“ would maximise the sensitivity

to any BSM physics while a low p%li“ would maximise the sensitivity to different BSM
scenarios. As discovery of some BSM physics is assumed to have already occurred from

the analysis of the Mj; spectrum, for our purposes a low p?in is indeed more appropriate.

In Tabs. 4.1-4.2 the calculated App observable for the SM background and for the usual
benchmark models is calculated for different widths assumptions. Two values for the
Z' mass are considered (My = 4 TeV and My = 5 TeV) and three possible choices
for the p?in for each mass. As expected, moving up the p%“in (and consequently the FP
location), the sensitivity to the presence of BSM physics increases, while going in the

opposite direction leads to an enhancement of the sensitivity on the Z’ boson width.

The statistical errors are also reported in the two tables and they are obtained for an
integrated luminosity of 1 and 3 ab™! respectively. The statistical error represents the
dominant uncertainty in the App observable. Being a ratio of cross sections systematic

uncertainties are indeed expected to cancel partially. Below are given two examples of
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the expected size of the PDF uncertainty, to compare with the central value and the

statistical error taken from Tab. 4.2.

My =5 TeV, 'y /My = 5%, p=in = 1.2 TeV, (4.5)
(App £ Agtar = Appr)sm = 0.87 £ 0.07 £ 0.01, (4.6)
(App % Agtat = Appr)ssy = 0.44 £ 0.12 4 0.06. (4.7)
MZ’ = 4 TeV
Model H FZ’/MZ’ = 1% ‘ FZ’/MZ’ = 5% ‘ FZ’/MZ’ = 10% ‘ FZ’/MZ’ = 20%
PRI = 900 GeV
SM 0.82+0.05
E6-1 0.44+0.07 0.72+0.06 0.77+0.06 0.80+£0.06
LR 0.02+0.07 0.55+0.07 0.68+0.07 0.76+0.06
SSM -0.2940.05 0.26+0.08 0.50+0.08 0.67£0.07
pEn = 1000 GeV
SM 0.81+0.08
E6-1 0.27+0.10 0.65+0.09 0.724+0.09 0.77+0.08
LR -0.1440.07 0.40+£0.10 0.58+0.10 0.702£0.09
SSM -0.3740.05 0.06+0.10 0.334+0.12 0.56+0.11
pEn = 1100 GeV
SM 0.79+0.11
E6-1 0.12+0.12 0.57+0.13 0.68+0.12 0.74+0.12
LR -0.2240.08 0.25+0.14 0.47+0.14 0.64+0.13
SSM -0.3840.05 -0.0840.12 0.16+0.15 0.43+0.16

TABLE 4.1: App and its statistical error for the SM and three benchmark models with
Mz = 4 TeV and four different widths repeated for three choices of pi®, for the LHC
at 13 TeV and £ = 1 ab™!. The FP position is obtained following Eq. 4.4.

4.4.2 Sensitivity of the App observable

In this section will be explored in more detail the potential of the new App observable in
discriminating amongst different Z’ models and amongst different widths. First consider
BSM scenarios within the same class, as shown in Fig. 4.10, where the usual normalised

pr distributions are plotted.

The distributions of the models in the E6 class present clear similarities and the same
behaviour is shown in the models belonging to the GLR class. In this sense the App
can potentially discriminate between the main classes of models, but cannot disentangle

the specific model within each class. In Fig. 4.11, the App and its statistical error (as
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MZ’ =5 TeV
Model || Tz /My = 1% | Tz /My = 5% | Tz /My = 10% | Tz /My = 20%
PR = 1100 GeV
SM 0.88+0.05
E6-1 0.71+0.07 0.84+0.06 0.85+0.05 0.87+0.05
LR 0.40+0.08 0.76+0.07 0.82+0.06 0.85+0.06
SSM 0.04+0.08 0.60+0.08 0.74+0.07 0.82+0.06
pn = 1200 GeV
SM 0.87+0.07
E6-1 0.62+0.10 0.81+0.08 0.84+0.07 0.85+0.07
LR 0.22+0.10 0.68+ 0.10 0.77+0.09 0.83+0.08
SSM -0.1440.09 0.44+0.12 0.64+0.11 0.77+0.10
pIEn = 1300 GeV
SM 0.86+0.09
E6-1 0.50+0.14 0.77+0.11 0.81+0.10 0.84+0.10
LR 0.06+0.12 0.58+0.14 0.7240.13 0.80+0.11
SSM -0.2440.09 0.27+0.16 0.52+0.16 0.70+0.14

TABLE 4.2: App and its statistical error for the SM and three benchmark models with
Mz =5 TeV and four different widths repeated for three choices of piin, for the LHC
at 13 TeV and £ = 3 ab™!. The FP position is obtained following Eq. 4.4.
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FIGURE 4.10: Normalised distribution in pr of either lepton as predicted in the SM

(black) and in three Z’ benchmark models (coloured) within the E6 class ((a)) and

GLR and GSM classes ((b)) with Mz = 4 TeV and p=® = 1000 GeV. The width of

the resonances has been fixed at 1% of their mass. Acceptance cuts are applied (|n| <
2.5), no detector efficiencies are accounted for. Here, /s = 13 TeV.

predicted for an integrated luminosity £ = 1 ab~!) are shown as function of the pi®

cut for different models within each class.

As expected, Z’ models in the same class have similar values for App, all falling within

the error bars already for Z’ masses of 4 TeV and narrow resonances. This is definitely

true for benchmarks in the E6 class and a similar behaviour is shown for two GLR

benchmarks as well (GLR-LR and GLR-B-L). However, as the resonance mass or width

increases, the differences between models tend to disappear. This, in essence, suggests
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FIGURE 4.11: App central value and statistical 1o error band as function of pIi® for

the LHC at 13 TeV and £ = 1 ab~!. The black line represents the SM while the

coloured lines represent three benchmark in the E6 class (a) and GLR and GSM classes

(b). The mass of the Z’ boson is fixed at 4 TeV and its width has been fixed I'/M =
1%. The values for the FPs are chosen in accordance to Tab. 4.1.

that this observable cannot be used to discriminate between models within the same

class.

Still, the discriminative power of App against the SM background and amongst classes
of models can be exploited, ultimately extracting constraints that can be imposed on the
resonance width. In Figs. 4.12—4.13 the predictions for the App and its statistical error as
a function of p?in are shown for the SM and for the three Z’ benchmarks representative
of each class of models. The results are shown fixing different widths, as visible in the
legends, and for two values of the Z’ mass (Mz = 4 - 5 TeV). As visible in Fig. 4.12,
for a Z’ boson mass around 4 TeV, the App observable can distinguish between different
models having 'z /My ~ 10% and in some cases up to 20% too. For a resonance mass
around 5 TeV (Fig. 4.13) instead, the sensitivity upon the different classes of models
holds up to I'z/ /My ~ 5%.

Coming back to the original purpose, the sensitivity of Agpp upon the resonance width is
now discussed. In Figs. 4.14 the App discriminative power is shown against the resonance
width within each class for two choices of the Z’ boson mass. The App observable seems
to fulfil the task: within each class of models it is possible to set important constraints on
the resonance width. In the case of resonances of the order of 4 TeV, exploiting 1 ab™!
of integrated luminosity, one would be able to constrain Z’ widths up to I'z//Mz ~ 10%
within the E6 class of models and up to I'z//Myz ~ 20% within the other classes. For
resonances of the order of 5 TeV similar results are obtained, assuming an integrated

luminosity of 3 ab™!.

In summary, the new kinematic asymmetry Agp, based around the FP appearing in
the normalised transverse momentum distribution of either lepton in DY processes, has

quite remarkable features, as it is sensitive on the width of the Z’-boson in a wide range.
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FIGURE 4.12: App central value and statistical 1o error band as function of p%‘i“ cut
for the LHC at 13 TeV and £ = 1 ab—!. The black line represents the SM while the
coloured lines represent the three benchmark models. The mass of the Z’ boson is fixed
at 4 TeV while its width over mass ratio I'z//Mz has been fixed to 1% (a), 5% (b),
10% (c) and 20% (d). The values for the FP are chosen in accordance to Tab. 4.1.

This makes the App a suitable observable for the analysis of any Z’ resonance which
may be discovered at the LHC. Furthermore it could also be used to put constrains
in the possible range of widths of a Z’ signal. This information can be imported in
experimental analysis to significantly improve the fit of a resonance peak in the invariant

mass spectrum.

4.5 The App for Z’ searches and diagnostics

In this Chapter is has been shown how the analysis of the transverse momentum distri-
bution of either lepton in DY processes can be used in BSM searches for the detection
and the diagnosis of resonant Z’ decays. In particular, after a simple normalisation pro-
cedure, the appearance of a FP can be exploited together with the model independent

features of the latter, such that a new kinematic asymmetry, the App, is defined.

The most remarkable features of the FP are its insensitivity to the underlying Z’ model

as well as quantities which carry (theoretical) systematic errors such as PDFs and their
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FIGURE 4.13: App central value and statistical 1o error band as function of p'" cut

for the LHC at 13 TeV and £ = 3 ab—!. The black line represents the SM while the

coloured lines represent the three benchmark models. The mass of the Z’ boson is fixed

at 5 TeV while its width over mass ratio I'z/ /M7  has been fixed to 1% (a) and 5% (b).
The values for the FP are chosen in accordance to Tab. 4.2.

factorisation and renormalisation scales. Hence, this FP displays model-independent
characteristics, as it is only sensitive to the collider energy (which is known) and the
mass of the intervening Z’ (which is expected to be extracted from the di-lepton invariant

mass).

In fact, while the FP location is stable against variations of the Z’ boson width, the App
strongly dependent upon the width. The combination of these features makes of App a
suitable observable to determine the characteristics of any Z’ which may be discovered
at the LHC. In addiction, the App shows a good sensitivity to wide resonances which
are generally beyond the sensitivity of the usual “bump” searches, and furthermore the
its measurement can be used effectively to constrain the width parameter in the fit of a

resonance peak of a Z’ signal.

The effectiveness of the new variable is also expected to grow with the increase of the
LHC luminosity, such that its importance will be appreciated after a few years of Run-I1
(i.e., after some 300 fb~! of data) or else rather immediately at a future High-Luminosity
LHC (HL-LHC) stage (i.e., starting from 1 ab~! of data), depending on the Z’ mass,
width and couplings.
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FIGURE 4.14: App central value and statistical 1o error band as function of p%i“ cut
for the LHC at 13 TeV and £ = 1 ab™!. The black line represents the SM while
the coloured lines represent four different widths (1%, 5%, 10% and 20%) of the Z’
resonance in the E6-I (a), GLR-LR (c¢) and GSM-SSM (e) model with a mass of the
Z' boson fixed at 4 TeV. The values for the FP are chosen in accordance to Tab. 4.1.
Similarly the same exercise is repeated for the E6-I (b), GLR-LR (d) and GSM-SSM (f)
model with a mass of the Z’ boson fixed at 5 TeV and and £ = 3 ab~'. The values for

the FP are chosen in accordance to Tab. 4.2.
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Multiple Z’-bosons

5.1 Introduction

The experimental analyses have been designed to address the Z’-boson search in the
single-resonance scenario and prescriptions to bridge the data analysis results and the
theoretical interpretation within explicit Z’-boson theories. In this chapter is discussed
the case of spectra with multiple Z’-bosons [2, 27]. Herein, further challenges appear as,
in several well-motivated theoretical models, such Z’ states can be quite close in mass
and mix with each other so that different scenarios might emerge. Two such resonances
may be wide and close enough in mass so as to appear as a single broad resonance in the
di-lepton invariant mass spectrum. These resonances may interfere strongly with each
other and/or with the SM background, thereby further blurring the usual procedures

adopted in profiling a possible excess.

These features are illustrated here within two classes of popular models: the Non-
Universal Extra Dimensional (NUED) scenario and the 4-Dimensional Composite Higgs
Model (4DCHM). The first belongs to the multi-Z’ weakly coupled class of theories while
the second is an example of a strongly interacting theory. It will be shown that NUED
extra gauge bosons can be searched for and theoretically interpreted using the tradi-
tional techniques currently employed by the CMS experiment. In contrast, the 4DCHM
requires a modified approach for setting limits on masses and/or couplings of the extra

heavy gauge bosons.

73
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5.2 The NUED model

One of the flawed parts of the SM concerns the understanding of the gravitational
interactions. Such interactions in fact destroy the renormalisability of the theory and
give rise to the hierarchy problem. As these quantum gravity effects seem to imply the
existence of extended objects living in more than four dimensions, a possible solution
to these problems is provided by a scenario of large Extra Dimensions (EDs) and a low
scale quantum gravity in the TeV region [6, 7]. Within this scenario, a natural question
is how to detect the EDs. The answer can only be given for specific classes of models,
as it depends on the details of the realisation of the EDs and the way known particles
emerge inside them. The theoretical scenario analysed here is based on the model of
Refs. [96-100], when embedded in the framework described in Refs. [6, 7]. This setup
is called the NUED model. Here, all SM fermions are totally localised on the brane
whereas all SM gauge bosons are fully propagating into the bulk. One of its simplified
versions, called NUED(EW), predicts that only the EW SM gauge bosons are allowed
to propagate in the EDs as proposed in Ref. [101]. Our study is representative of both

models, the original and the simplified one.

In these two scenarios, two fundamental energy scales play a major role. The first one,
M = I71, is related to the inner structure of the basic objects of the theory, that
are assumed to be elementary strings. Their point-like behaviour is viewed as a low-
energy phenomenon: above Mg the string oscillation modes get excited making their
true extended nature manifest. The second important scale, R™!, is associated with
the existence of a higher dimensional space: above R~ new dimensions open up and
particles, called KK excitations, can propagate in them. The number of EDs, D, which
are compactified on a D-dimensional torus, can be as large as six [6] or seven [7]. Here,
the NUED model in 5 dimensions will be discussed. The particle content of this model
can be described as follows. The gravitons, represented as closed strings, can propagate
in the whole higher-dimensional space, 3+d|+d . Here, 3+d) defines the longitudinal
dimension of the big brane, which contains the small 3D brane where the observed SM
particles live. The symbol d; indicates the EDs transverse to the big brane, which are
felt only by gravity. The SM gauge bosons, represented as open strings, can propagate
only on the (3+d))-brane. The SM fermions are localised on the 3D brane, which
intersects the (3+d))-dimensional one. They do not propagate in EDs (neither dj nor

d, ), hence they do not have KK-excitations.

From this picture it is clear that in the scenario considered here D = d = 1. Assum-
ing periodic conditions on the wave functions along each compact direction, the states
propagating in the (4 + D)-dimensional space are seen from the 4D point of view as a

tower of states having a squared mass:
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n2
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(5.1)
with mg the 4D mass and n a non-negative integer. The states with n # 0 are called
KK states. Since, in the class of NUED models in 5D, KK modes exist only for the
gauge bosons, while fermions have no KK states, obviously, the particle content is very
different from the ordinary SM inventory. The fermionic sector remains practically
unchanged, but for each gauge boson it is present a zero mode, together with a tower of
complementary particles of higher mass, M. The usual interpretation in terms of 4D
particles is that the zero modes are the known SM gauge bosons, while the KK states are
their heavier copies. Hence, more explicitly, in the NUED model all SU(3)xSU(2)xU (1)
SM gauge bosons propagate into the bulk 5D space and therefore have KK-excitations.
In the more recent NUED(EW) construct, only the SU(2) x U(1) EW gauge bosons can
propagate in the compactified ED and acquire KK excitations [101]. In both models
the fermionic content is totally confined on the 3D brane. These two scenarios share
most part of their features and just differ for the gluon contribution to fully hadronic or
semileptonic processes at the LHC which are not addressed in this analysis. This means

that the results presented here are valid in both scenarios.

Assuming that leptons and quarks are localised on the brane is quite a distinctive fea-
ture of the class of NUED models, giving rise to well defined predictions. An immediate
consequence of the localisation is that fermion interactions preserve the momenta in
the four-dimensional world but violate the energy-momentum conservation along the
additional fifth dimension. One can thus produce single KK excitations, for example,
via ff — V[(g})( where f, f’ are fermions and Vf(g})( represents a massive KK excitation
of W, Z,~, g gauge bosons. Conversely, gauge boson interactions conserve the momenta
along all 4+1 dimensions, making the self-interactions of the kind VV — VI({T}% forbid-
den. Owing to these interactions, KK states or their indirect effects could have been
detected at LEP and/or LHC in principle. An updated review on both indirect and di-
rect exclusion limits on KK-particles, predicted within the class of NUED models, can be
found in Ref. [102]. The indirect limits come from the EWPTs at LEP, as the presence
of KK excitations can in principle affect the computation of the low-energy precision
observables through the (re-)definition of the Fermi constant, G, weak mixing angle

and masses of the SM vector bosons.

The constraints on Mgk extracted from the EWPTs have a strong dependence on
the realisation of the scalar sector in the 5D NUED model(s). There are no physical
considerations dictating that the Higgs boson should be a brane field or the zero mode
of a bulk field. It is very common in the literature to consider a scenario where both

these options are realised, the discovered Higgs being a mixture of these. The relative
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Model sinf  EWPT LHC (pp—(*17) LHC (pp — jj)

NUED 045 3.8 TeV 3.8 TeV -
NUED 1.0 54 TeV 3.8 TeV -
NUED(EW) 0.45 3.8 TeV 3.8 TeV 3.25 TeV
NUED(EW) 1.0 5.4 TeV 3.8 TeV 3.25 TeV

TABLE 5.1: Summary of EWPTs and LHC (8 TeV and £ = 20 fb~1) 95% CL exclusion
bounds on the mass of KK excitations of SM gauge bosons within the NUED model
and its simplified version NUED(EW) as described in the text.

<¢2>
<¢p1>

Here, ¢1 is the bulk field, so for sin 8 = 0 only a bulk Higgs state exist. The important
point here is that, for sin 8 # 0, the Vacuum Expectation Value (VEV) of the brane

contribution of the two fields is parametrised by tan 8 =

or, equivalently, sin 5.

field can cause mixing between the different modes of the gauge bosons and the weak
eigenstates are no longer mass eigenstates. The ensuing diagonalisation to determine
the mass eigenvalues leads to a model dependent redefinition of gauge boson masses and
couplings, which receive additional corrections from the KK states due to the rotation
in state space. The strength of these corrections depends on the contribution of the
brane Higgs field, being proportional to powers of sin 5. These effects induce additional
corrections to the EWPT observables measured at LEP. Depending on the Higgs sector
realisation, the indirect limit from LEP is therefore R~' > 3.8-5.4 TeV. This has left
very little room for KK states discovery at the 7, 8 TeV LHC. During the past run, direct
searches performed with total integrated luminosity £ = 20 fb~! have been able to set
exclusion bounds comparable to those coming from EWPTs. The analysed processes are
the DY Zg}(, ’yg}( production in both di-lepton and di-jet channels. Tab. 5.1 summarises
the present indirect and direct bounds on the mass of the KK states within the two
considered frameworks. In the table, the blank entries in the first two rows indicate that
the corresponding bounds have not been extracted yet. From Tab. 5.1, one can deduce
that the search window in the ongoing Run-II at the upgraded LHC is R~! > 3.8 TeV
for NUED model(s) in 5D.

In the following subsections is considered the case of the DY channel mediated by the
KK excitations of the SM neutral gauge bosons, Zg})( and ’yﬁ?}o where n defines the
excitation number of the resonance in the tower. For each level of the ED tower of states,
the two resonances are very close in mass so their spectrum would appear degenerate
in any experimental search. In order to validate the numerical procedures in view of
our LHC Run-II studies, first some of the experimental limits quoted in Tab. 5.1 will be
re-obtained independently. In Sect. 5.2.1, the scope of the LHC upgrade will be assessed

in excluding or discovering the NUED models. In particular in this analysis FW and

interference effects are taken into account, as they play a crucial role.
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5.2.1 DY Process: present bounds and ”bump” searches

In this section, discovery prospects and exclusion limits are derived for the LHC with
the 13 TeV energy of the Run-II and for luminosity ranging from £ = 30 fb=! and £ =
300 fb~!. The DY process giving rise to electron and muon pairs in the final states is
considered. In the ED scenario, this process can be mediated by the KK excitations of

the SM neutral gauge bosons:

PP = Vs Z Ve, Ziere = 1T (5.2)

with | = e, u. As the mass bounds on the KK modes coming from the LHC Run-I
are pretty high, only the first level of the ED tower of KK states has some chance to
be detected (or excluded) at the ongoing LHC Run-II. For this reason this analysis is

limited to the production and decay of the extra 'y}< K Z}( x from now on called simply

VKK LKK-

Before entering the details of the analysis, some preliminary exercises will be carried out
in order to illustrate the phenomenology induced by the possible existence of EDs. In
particular, the effects coming from FW and interference of the extra gauge bosons with
the SM ones will be underlined with their consequences on the signal shape. The FW
effects are what typically one expects for (rather) narrow resonances, as the width of the
NUED and NUED(EW) extra gauge bosons is below ~ 6% of their mass: I'y, . /M,
=4.2% and 'z, /Mz, , = 6%. In contrast, in Fig. 5.1(a), is clearly visible the effect of
the interference between the KK modes (first level of the ED tower) and the SM gauge
bosons on the signal line-shape is quite distinctive of NUED models. The presence of a
pronounced dip (a sort of inverted peak) appearing before the resonant structure around
the pole mass of the new gauge bosons is indeed quite characteristic. The contributions
of the different components to the total differential cross section are visible in Fig. 5.1(b).
One feature of this model is here explicit: there is no individual contribution shaping
the inverse peak (positioned at around 2.2 TeV for this benchmark point), rather the
latter emerges as a global dynamics due to a cumulative effect driven by the various
negative contributions coming from the interferences between the SM neutral bosons
with their associated KK excitations. This happens because this is the case of maximal
interference since the chiral couplings of the heavy excitations are the same as those of

their SM counterpart, up to a rescaling factor of v/2.

Despite the large interferences that could happen before the appearance of the resonant
peak, whose position and magnitude strongly depend on the specific model, the extrac-

tion of mass bounds on the KK resonances can still be performed in a model independent
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FIGURE 5.1: (a) Differential cross section as a function of the di-lepton invariant mass
for the NUED model with R~! = 3.8 TeV. The blue line represents the full result
while the red line does not include interference effects. (b) Same as in plot (a) for
each individual contribution to the total differential cross section. The colour code is
described in the legend.
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FIGURE 5.2: (a) Ratio of the complete cross section over the NWA result as a function of
the symmetric integration interval taken around the Z’ pole mass, | My — Myz/| < Am,
for the NUED model with R~! = 3.8 TeV. LHC at 8 TeV (solid line) and 14 TeV
(dashed line) energies are considered. The red vertical lines represent the integration
interval | My — Mz/| < 5%FE.on adopted by CMS at the 8 TeV LHC (solid) and 14 TeV
LHC (dashed), when extracting the Z’ mass limits within a given model by crossing
the computed theoretical cross section with the 95% CL upper bound on the BSM
cross section derived from the data analysis. (b) Ratio of the complete cross section
integrated over the mass interval |My; — Mz/| < 5%FEcon over the NWA result as a
function of the inverse of the compactified extra dimension length R. The red vertical
line represents the actual limit on R~! according to Ref. [102].

way up to a large extent. Altogether, in fact, the model dependent FW and interference

effects can be kept below O(10%) of the total cross section when integrating the di-lepton

spectrum in the invariant mass interval | My — Myz/| < 5% Egon around the hypothetical

pole mass, My, of the two (almost) degenerate KK excitations belonging to the first

level of the ED tower of states. Here, E.q is the collider energy. The integration interval

is the one proposed in Ref. [13] for computing the total theoretical cross section within

a large class of single Z’'-boson models and adopted by the CMS collaboration [11].
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FIGURE 5.3: Required luminosity for the exclusion (plot (a) ¢ = 2) and discovery
(plot (b) o = 5) limits in the NUED model as a function of the inverse length of the
compactified extra dimension. The horizontal lines are fixed to be £ = 300 fb—!, which
is the design luminosity that will be achieved at the end of Run-II. They intercepts the
curve of the model giving an exclusion (discovery) limit R~! > 6.9 (6) TeV.

It should be noted that if a sizeable interference dip appears at rather low di-lepton
invariant masses, as in NUED models, it could affect the estimate of the SM background
shape, a priori, and its normalization. This would suggest to modify the present selection
of the mass region where the SM background is normalized to data and shift it away

from the peak.

With respect to the experimental analysis for single narrow resonances described in
Chapter 2, the multi-resonant NUED models behave exactly in the same way as the
singly resonant E6, GLR and GSM classes. By virtue of this feature, limits on the
degenerate multi-resonant KK modes can thus be extracted from the CMS data analysis
of the di-lepton spectra, directly and unambiguously. To support this statement, in
Fig. 5.2(a) is plotted the ratio of the full cross section over the NWA result as a function of
the symmetric integration region around the pole mass of the degenerate KK excitations
belonging to the first level of the ED tower of states. The vertical red line represents the
di-lepton invariant mass interval proposed in Ref. [13] for computing the total theoretical
cross section. This shows that, if one restricts the integration region, the difference
between complete cross section and NWA result, normalized to the NWA cross section,
is indeed below O(10%). The NWA cross section shown in Fig. 5.2 is the sum of the two
NWA cross sections corresponding to the two KK excitations of the SM photon and Z
boson. It has been checked that the latter result does not change with respect to the
length scale R of the extra dimension. In Fig. 5.2(b) is plotted the deviation of the full
result from the one computed under the NWA as a function of the parameter R~!. Here
the red vertical line represents the actual limit on R~! according to Ref. [102]. Again
the deviations are below O(10%) in the full range of R values which can be explored
at the LHC Run-II. This is due to the fact that the interference pattern is such that

the interference effects become sizeable at low invariant masses, away enough from the
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resonant peak. This feature is extremely model dependent. The composite Higgs models
case will be presented in the next section where the position of the interference with
respect to the resonant peak will be indeed completely different, motivating different

approaches for the multi-Z’ hunt at the LHC and leading to different conclusions.

Remaining within ED models, the prescription of [13] works perfectly. The current
bounds on the mass of the KK excitation of SM photon and Z boson have been re-
obtained. As previously mentioned, the most recent bound from the LHC data at 7, 8
TeV gives R~ > 3.8 TeV [102]. This limit has been closely reproduced using the CMS
setup (for details see Ref. [11]), hence validating the adopted procedure. In the calcu-
lation NNLO corrections are included and the two channels (eTe™, u™p™) significance

have been combined with their individual acceptances and efficiencies as quoted in [11].

Applying the same setup, the prospects of discovery and exclusion of KK excitations
can be projected for the 13 TeV LHC Run-II. The results of this analysis are presented
in Fig. 5.3, where the left panel (5.3(a)) shows the projected exclusion bounds and
the right one (5.3(b)) the projected discovery potential as a function of the collected
luminosity at the ongoing 13 TeV run of the LHC. The horizontal lines are fixed to be
L = 300 fb~!, which is the design luminosity that will be achieved at the end of Run-II.
In absence of any signal, one will be able to push the exclusion limit on the mass of the
KK excitations of the photon and Z boson up to R~ > 6.9 TeV. In the positive case
of a signal, the sensitivity of the LHC will allow the discovery of the first EW neutral
states of the ED tower up to around 6 TeV. This analysis has been performed in the
traditional way valid for narrow resonances. Such an approach would not be appropriate
in two cases: if the branching of the Z’-boson(s) into electron and muon pairs were not
high enough to generate a cross section much bigger than the SM background and/or if

the new resonance(s) were rather wide.

Assuming a new resonance has been discovered in the described bump hunt during the
LHC Run-IT at low luminosity, the next step would be tracking the underlying theory
predicting such a particle. The next sub-section focuses on profiling the new resonance(s)
during a successive LHC run at higher luminosities. In particular is considered the case
where a (degenerate) peak is clearly seen at large di-lepton invariant masses in the
standard bump search. Under this circumstance, the dip at low invariant masses could
be used to characterise the signal in such a way to confirm EDs as the underlying BSM

scenario.
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5.2.2 DY Process: profiling KK modes

Here is addressed the question of how to profile the KK excitations in the case of their
discovery in the standard bump search. A distinctive features of NUED models is the
appearance of a sizeable dip before the resonant structure, as already pointed out in
Refs. [101, 103, 104]. This characteristic is common to multi-Z’-boson models, even if
the distance between dip and peak is highly model dependent, and helps disentangling
them from singly resonant Z’-boson scenarios. This behaviour is quantified in Fig. 5.4
where is shown a comparison between the signal shape predicted by the NUED models
and the SSM, which is used as the primary benchmark by the LHC experimental collab-
orations. In the multi-Z’ boson case the depletion of events is much more pronounced
and concentrated in a smaller region before the peak. The statistical significance of the
dip is indeed much bigger in the NUED models, as shown in Figs. 5.4(b) and 5.4(d). Of
course, the significance scales with the luminosity. In Fig. 5.5 is shown the integrated
luminosity that is required to exclude the SM background hypothesis at 95% CL, ow-
ing to the depletion of events caused by the destructive interference between the new
Zik and vg i bosons and their SM counterparts, as a function of the KK mode mass.
These contours have been evaluated by integrating the differential cross section in a
symmetric invariant mass window around the dip, taken between the point where the
new resonance peak(s) crosses the SM background and the symmetric counterpart. For
the design luminosity £ = 300 fb~!, the dip could be detectable for all KK-mode masses
that can be possibly discovered at the LHC Run-II thus allowing to interpret the data

accordingly and pin down the existence of EDs.

Another way of profiling a resonance(s), very known in the literature, is to introduce
the App. Unfortunately in the ED case, the shape of the App distribution as a function
of the di-lepton invariant mass is in fact not statistically significant for the designed
luminosities achievable at the LHC in the near future. Different types of asymmetry,
measured in a different channel, could however play that role. In Ref. [105] it has been
shown that, combining the charge and spin polarization asymmetries in the ¢¢ channel,
it is possible to identify the presence of the two quasi-degenerate states vxx and Zi g
in a resonant signal at the LHC. The measurement of such asymmetries would then
allow one to distinguish the quasi-degenerate double resonant spectrum, predicted by
the NUED model(s), from a “standard” single Z’-boson that could present a similar

signal in a bump hunt analysis.
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FIGURE 5.4: (a) Signal shape within the NUED models for R~1 = 3.8 TeV and (b) its
significance for an integrated luminosity £ = 30 fb~!. (c) Signal shape within the SSM

with Mz = 3.8 TeV and and (d) its significance for an integrated luminosity £ = 30
fb=1.
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FIGURE 5.5: Required luminosity for excluding the background hypothesis at 95% CL

owing to the depletion of events caused by new physics. The blue (red) line repre-

sents the di-electron (di-muon) final state for which the corresponding experimental
acceptance and efficiency have been implemented.

5.3 The CHM scenario

One way to alleviate the hierarchy problem present in the SM, which manifests itself
through the appearance of quadratically divergent radiative corrections to the Higgs

mass, therefore implying a huge degree of fine tuning if the SM is extrapolated up to
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the Planck scale, is to protect the mass of the scalar with a symmetry. This is in fact
the same mechanism through which in the SM the fermion and gauge boson masses are
shielded from these virtual corrections, that is, by means of a chiral and gauge symmetry,
respectively, while the scalar mass is left unprotected. Supersymmetry (SUSY) is the
most common manifestation of this paradigm. The boson-fermion symmetry present
in the theory guarantees the stability of the Higgs mass via cancellations between the
top and the stop loop contributions to the two point function of the Higgs (pole) mass.
However, this is not the only solution. An alternative proposal is to assume that the
Higgs boson is a composite state, arising from some unspecified strong dynamics at a
scale higher than the EW one. In order to realise the Higgs boson as a spinless light state
(that is, lighter than other resonances that might be present in the strong sector), it
can be postulated to be a Nambu-Goldstone Boson (NGB) arising from the spontaneous
breaking of a global symmetry in the strong sector. The NGB will eventually acquire a
(small) mass through an explicit, but weak, breaking of the global symmetry, becoming
a Pseudo-NGB (PNGB). This automatically solves the hierarchy problem since all the
radiative corrections affecting the Higgs mass will be saturated at the composite scale,
that is, its mass will not be sensitive to virtual effects above it, and also it agrees with the
historical pattern that has so far seen all the (pseudo)scalar particles known in Nature
to be composite states. This idea goes back to the ’'80s [8] and strongly resembles the
dynamics with which it is possible to explain the lightness of the pions with respect
to other mesons like the p’s, that is, by postulating the former to be a PNGB of the
spontaneous breaking of the QCD chiral symmetry.

One of the most economical breaking patterns that can be imagined is the one that
develops just four PNGBs, that is, the minimum number to be identified with the
SM Higgs doublet. Together with the requirement of a custodial symmetry to protect
the EW p parameter from large deviations, this automatically leads to the choice of
SO(5)/S0O(4) as the most simple realisation of the PNGB paradigm. This coset choice
was introduced and discussed in [9]. Beside a theoretical appeal, the importance of such
a theory is that it is testable at the LHC. If the hierarchy problem is in fact solved by a
new strong dynamics, this will manifest itself also through new resonances that should
be, for a reason of fine tuning, around the TeV scale. This is in fact the case for the
copies of the SM quarks (especially of the top quark, given the dominant role it plays
in the virtual corrections to the Higgs mass), that are called top partners, which are
expected to be at an energy scale which is actually presently being tested at the LHC.
In general, also copies of the SM gauge bosons might be present, although at a mass
higher that the spin 1/2 states, due to their contribution to the EW oblique observables,

which push these states to a somewhat higher, nevertheless accessible, mass scale.
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Despite the assumptions made in the experimental searches, that usually allow for
the presence of just one extra particle in order to derive limits which are as model-
independent as possible, it is important to stress that in realistic CHM realisations these
states are present with a higher multiplicity and this is valid both for spin 1/2 and for
spin 1 resonances. This feature might cause model-dependent behaviour from the pure
sum of the various signal contributions, up to more involved interference effects between
these states and the SM, or between themselves. In order to quantify these effects a spe-
cific composite Higgs realisation is chosen. This section focuses on the so called 4DCHM
proposed in [10]. The 4DCHM can be described as two non-linear o-models, one for
the SO(5)/SO(4) breaking pattern while the other for the SO(5)r ® SO(5)r/SO(5)r+r
one. This construction develops 10+4 NGBs, 10 of which will be absorbed adding a
complete SO(5) multiplet of resonances living in the Adj[SO(5)], giving therefore rise
to 10 massive degrees of freedom, identified with 4 neutral and 6 charged (conjugated)

spin 1 physical states. The remaining 4 play the role of the Higgs fields.

Let us briefly describe the characteristics of the 4 neutral spin-1 states, which are the
subject of this section !. The group SO(4) is isomorphic to SU(2);, ® SU(2)r and
two resonances do correspond to the neutral component of the (3,1) and (1,3) triplets,
degenerate in mass before the explicit breaking of the SO(4) global symmetry. The other
two neutral resonances arise from the neutral component of the SO(5)/S0O(4) coset, with
a mass /2 times higher than the ones just described. However, just one of these states
will couple to the light fermions, reducing therefore the number of resonances playing a
role in this analysis to 3. For a complete description of the models see Ref. [10] (see also
[93] for additional Z’ studies in DY channels). Neglecting the SO(4) explicit breaking,
the masses of the SO(4) and SO(5)/SO(4) resonances are given by fg, and v2fg,,
respectively, where f is the (compositeness) scale of the spontaneous strong symmetry
breaking and g, the gauge coupling of the extra SO(5) group. The explicit breaking of
the SO(4) symmetry will occur by introducing the SM SU (2),®U (1)y interactions, with
coupling strength gg and ggy, respectively. This will cause a linear mixing between the
SM W3, Y and the neutral component of the (3,1) and (1,3) triplet of SU(2),®SU(2)g,
generating therefore a positive shift of the masses of these extra states. The mixing angles
between the SM and extra states will be approximately 6 ~ go/g, and ¢ ~ goy'/g,. This
will make these two states to acquire a mass fg,/cosf and fg,/cos, while further

corrections of the order of ¢ = v%/f? will appear after EWSB, being v the SM Higgs

!Actually, in order to guarantee a correct hypercharge assignment to the SM fermions, an extra
U(1)x group needs to be added, bringing to 5 the number of neutral resonances. Under the assumption
of equal couplings for the SO(5) and U(1)x groups (adopted in [93] as a specific parameter choice
of the model described in [10]), two of the mass eigenstates can be redefined to be the ones aligned
with the hypercharge direction, TV = T3F 4+ T and the orthogonal combination respectively. Under
this assumption, the latter will not couple to the constituents of the proton and it will be neglected
throughout this analysis (this happens in the minimal realisation where just the third generation of
fermions mixes with the extended sector).
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VEV. These EWSB effects will be the only source of corrections to the mass of the coset
resonances, which will retain therefore a mass of v/2f gp, modulo corrections of order §.

The squared masses of the interested gauge bosons at O(§) are given by [93]:

2 2 4
m scc
M2, ~ =L (1 - 2%y,
2 cy dcgy
2 2 4
m ssc
M}, ~ —2(1— 200 (5.3)
Z3 Cg( 4020 )7
1,1 1
M2, ~2m? |1+ —(— + — ,
5 mp + 16(629 + 262¢ )5

with tan6 = go/g, and tany = \@goy/gp (The numbering is due to the fact that Z7 4
are the states which are inert for the purpose of this work). With similar considerations
it is possible to derive the couplings of these resonances to the light quarks and leptons.
These expressions, derived at O(§), are available in Appendix B. Note, however, that in
all the following results both the masses and relevant couplings have been derived in a

numerical way, without relying on any expansion approximation.

Beside masses and couplings to SM fermions, of great relevance for this analysis are the
widths of the extra gauge boson resonances. They can easily vary from a few percent of
the masses of the Z’s up to values comparable with the masses themselves. Recall in fact
that, generally in CHMs, extra fermions (top partners) are present. They are coupled to
the extra vector bosons, with a coupling strength oc g,, where the proportionality factor
will be given by a combination of mixing angles, which will rotate the gauge states into
the physical ones. It is therefore easy to understand that, if the new gauge bosons can
decay into a pair of heavy fermions, the partial width in these final states can indeed
be larger than the one into SM fermions, since go, goy < g,. This has been studied in,
e.g., [93], where it is shown that the width of the extra resonances can be considered as

a free parameter, depending essentially only on the mass scale of the top partners.

In order to present our results for this multi Z’ model, it is necessary to assess what
are the current constraints on the mass spectrum of the 4ADCHM arising from LEP,
SLC, Tevatron and LHC data. As it is well known, extra gauge bosons give a positive
contribution to the Peskin-Takeuchi S parameter, which will set a limit on the masses
of these extra states and hence on the compositeness scale f. Following the guidance
of [106] the choice of f > 750 GeV and my > 2 TeV would prevent large corrections to
the S parameter. Corrections to the T' parameter are slightly more involved, since they
strongly depend on the extra fermionic content of the model but it can be estimated

that a value of the top partners masses bigger than 800 GeV can be a choice compatible
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with the EWPTs. The ~ 2 TeV bound on the Z’s mass is somewhat comparable with
the one that can be obtained recasting LHC searches for narrow high mass di-lepton
and W Z resonances. These searches set in fact a limit for a Z’ with SM couplings
to the light quarks and leptons around 2.5 TeV [107, 108]. After rescaling the signal
rates, taking into account different couplings and Branching Rations (BRs) to the di-
lepton final states, as well as summing over the possible contributions of the Z§7375, these
searches set a mass limit of ~ 2 TeV for the masses of the (quasi) degenerate narrow
Z4 5 (the bound weakens for large width resonances, see later). This the value that will

be considered as a limit on the Z’ masses.

Direct searches for extra quarks are also relevant in constraining the 4DCHM parameter
space. For example, the CMS limits on pair produced top partners, decaying into third
generation quarks plus a SM boson, varies from 800 GeV [109] in the case of an exotic
fermion with electric charge 5/3 to 782 GeV [110] and 785 GeV [111] in the case of
extra fermions with the top and bottom quark electric charge, respectively 2 3. While,
in principle, different extra fermions can feed the same final states giving rise to higher
exclusion bounds, as lower limits on their masses, the limits just mentioned will be
adopted. This is motivated by the fact that, for a Z’ with a mass larger than 2 TeV, it is
enough to have a top partner not lighter than 1 TeV in order to have the aforementioned
effects of the extra fermions onto the Z’s widths. For this reason, in presenting the
following results, beside fixing the Z’ masses above the 2 TeV value, the I'/M ratio of

each state will be arbitrarily taken.

5.3.1 The 4DCHM phenomenology

The phenomenology of the 4DCHM in the DY channel at the LHC is presented in this
subsection. This channel could contain, a priori, the production and decay of all five
extra heavy vector bosons predicted by the ADCHM. However, the lightest BSM neutral
resonance, Z1, is inert and the Z) is not coupled to first and second generation fermions.
In the following therefore these extra states will be neglected and the focus will be on
the three remaining ones: Zj, Z and Z. The mediators of the leptonic DY channel,

which give rise to di-eletron and di-muon final states, are depicted as follows:

pp =, Z, Zh, Z4, Z — 11 (5.4)

2Note that in the latter two cases the extra quarks can decay either via charged or neutral currents.
The reported bounds are the most stringent ones considering all possible BR combinations.

3While this work was in its completion phase, CMS released new limits on the mass of the 5/3
charged quark obtained with early 13 TeV data. These limits, depending on the chiral structure of the
top partner, span from 940 to 960 GeV [112]



Chapter 5 - Multiple Z'-bosons 87
Benchmark || f [GeV] | g, | Mz, [GeV] | Mz, [GeV] | Mz, [GeV]
F 1200 1.75 2192 2258 2972
G 2900 1.00 3356 3806 4107
H 700 3.00 2129 2148 2971

TABLE 5.2: 4ADCHM parameter space points associated to the benchmarks F, G and
H mentioned in the text.

with | = e, u. For the experimental setup, will be taken as a reference the last analysis of
di-lepton spectra performed by the CMS collaboration in its search for exotic signatures
given in Ref. [11]. The values of the acceptance-times-efficiency factor for electrons and
muons are based on that publication. In order to illustrate the phenomenology of the

4DCHM, the three benchmark points shown in Tab. 5.2 are selected.

To begin with, note that the lightest relevant vector boson, Z}, is less coupled to all the
fermions than the Z% (see [93] for the analytical expressions of the relevant couplings).
Moreover, the heaviest resonance Zf is both too heavy and weakly coupled to the proton
constituents to be produced at a significant rate. For these reasons, to a first approx-
imation, one can consider a scenario where just one extra heavy Z’ is produced, that
is, the Z5. This framework could not be fully representative of a general CHM as it is
missing the possible multi-resonant structure of such theories with the corresponding in-
terference effects. Nonetheless, it is adopted in the literature (see for instance Ref. [113])
as a first stage towards the complete picture. The framework where only the Z4 might
be observed at the LHC is a part of the parameter space which already contains some
notable features of CHMs. In the next sub-section, this reductive but already explicative

scenario will be studied.

5.3.1.1 4DCHM: the singly resonant Z; reduction and the NWA

In this sub-section a simplified version of the 4DCHM is considered, where only one
extra gauge boson can be detected at the LHC. Taking the Zj boson as the new heavy
spin-1 resonance is the most natural choice for this setup, as previously explained, and
exploiting its features represents a useful term of comparison with the literature (see
Ref. [113-115]) and a valid warming up in view of the study of the full picture. First of
all is important to check if in this singly resonant framework the commonly used NWA
could be a viable method for computing the theoretical cross section. The benchmark
F of Tab. 5.2 will be considered here (which is essentially the (f) point corresponding to
Fig. 12 of Ref. [93]: see Tabs. 19 and 22 therein for its features). The ratio x =I'y, /My,

is now fixed to be 5%. This quantity is a free parameter in this model. It can range from
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FIGURE 5.6: 4DCHM benchmark F of Tab. 5.2 considering only the Z} boson as active
with My, = 2258 GeV and I'z;, /My, = 5%. (a) Differential cross section integrated in
a di-lepton invariant mass window Am around the Z4 pole mass and normalized to the
result computed in NWA. The solid line represents the ratio between the signal cross
section, computed by taking into account only FW effects, and its NWA. The dashed
line displays the ratio between the signal cross section, computed by accounting for both
FW and interference effects, and its NWA. The vertical red line flags up the optimal
mass interval which keeps the interference and FW effects below O(10%) in the case of
narrow single-Z’ models belonging to the E6, GLR and GSM classes of models [13]. (b)
Differential cross section in the di-lepton invariant mass Mj;. The solid line represents
the signal in FWA. The dashed line is the complete signal, including both FW and
interference effects. The grey dashed line shows the BW line shape normalized to the
total cross section in NWA. The dotted line is the SM background. The two vertical
dashed lines represent the position of the maximum in the first two cases.

very low values (z ~ 1%) to much higher values (x ~ 20%) depending on the opening

of some decay channels for the Z} boson, such as a decay into new heavy fermions.

First consider the effects of the variation of the di-lepton invariant mass window around
the Z4 pole mass, |M; — M Z§| < Am, and compare three quantities: the complete cross
section, the cross section without the interference term between the new Z% boson and

the SM Z and 7 and the pure Z} signal computed in NWA.

As shown in Fig. 5.6(a), integrating the differential cross section over a di-lepton in-
variant mass region equivalent to three widths (Am ~ 340 GeV) would be enough to
reproduce the NWA in absence of interference effects (solid line). These latter terms
completely change this picture. The dashed line shows that in presence of interference
one can never reproduce the NWA result within a few percent accuracy. The minimum
difference between the complete result and the NWA is around 30% in this representative
case and happens for a rather narrow integration window, i.e., |My — M Zé] < 200 GeV.
Unfortunately, not even the more sophisticated approach of Ref. [13], indeed designed for
narrow single-Z’ models and working rather well for the multi-resonant NUED model(s)
(see Sec. 5.2.1), seems to be applicable in the present context. As exemplified by the
red vertical line, the difference here between the NWA and the full result is of O(70%).
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The wider the integration window, the bigger the discrepancy. This means that the
interference contribution is overall destructive when one computes the total cross section.
This feature is displayed in Fig. 5.6(b) where is shown the di-lepton invariant mass
distribution with and without interference. The purpose of this plot is to illustrate the
change in the shape of the signal that one obtains when considering the contribution
of the Zj alone (with its finite width) and when adding the interference with the SM
background. The latter produces a typically negative(positive) correction below(above)
the Z4 pole. Also notice the ~ 15 GeV shift of the maximum between the two curves.
The main message here is that the interference eats part of the "bump” at lower masses
and shifts the maximum of the curve to higher values of the di-lepton spectrum. The
resonant structure is thus no longer symmetric but has a sharp edge on the left-hand
side of the peak. No matter what the selected mass window around the pole mass is,

the signal depletion will persists and the complete result will never match the NWA.

In conclusion, the crude NWA is not the correct mathematical tool to be used within
the 4DCHM. This has two immediate consequences. First of all, the theoretical cross
section for the signal cannot be computed in NWA when crossing it with the 95% CL
upper bound on the BSM cross section derived by the experimental collaborations in
order to extract bounds on the mass and/or couplings of the extra heavy gauge bosons.
If doing so, the mass limits would be in fact overestimated. For this particular case,
already a theoretical error of +30% on the cross section evaluated via NWA would
imply a positive shift in the Z5 mass bound of around 160 GeV. If one adopted the
mass interval |My — M Z§| < 5%£FE¢on, presently used by the CMS collaboration when
interpreting the results of the data analysis within narrow single Z’-boson models (see
red line in Fig. 5.6(a)), the shift would increase to 450 GeV. Hence, some caution shall
be used against simplistic approaches exploiting the NWA, thereby implicitly assuming
that FW and interference effects are negligible. These are indeed not appropriate for
CHMs in general. Neither the cross section nor the peak position coincide in the two
cases. Consequently, neither the exclusion limit nor the discovery estimate in mass would

be accurate.

The additional consequence of the non-applicability of the NWA is that the signal shape
assumed by the CMS experimental collaboration, that is a BW convoluted with a Gaus-
sian resolution function, is not always appropriate for this model. The interference
indeed may distort this symmetrical function around the hypothetical Z’-boson pole
mass. This effect might have consequences in the shape analysis of the di-lepton invari-
ant mass spectrum which is performed via the likelihood approach as already mentioned
in Sect. 5.2.1. For Z'-boson that are not very narrow, characterized for example by a

ratio FZé/Mzg = 5% as in Fig. 5.6(b), the line-shape distortion of the signal would be
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observable if the invariant mass resolution in the di-electron channel is smaller/compa-
rable to that. In this circumstance, such an alteration of the signal compared to the

BW hypothesis would affect the limit setting procedure, in presence of data points.

Aiming to be as general as possible, in the following sections the full (differential) cross
section is evaluated including both FW and interference when discussing the 4ADCHM
phenomenology. As a final remark, is important to point out that the single Z’ boson
reduction of CHMs can be partial, as it is for the 4DCHM. Being applicable only to
restricted regions of the parameter space, it cannot be representative of the full dynamics
of a CHM. In the next sub-section, the complete version of the 4DCHM which gives rise

to a multi-resonant peaking structure is analysed.

5.3.1.2 Multi-Z' ADCHM: direct limits

In this subsection is analysed the complete 4ADCHM and the impact of its multi-resonant
structure for Z’ searches at the LHC is addressed. First consider the direct limits on
mass and couplings of the new Z§73 bosons at the past LHC Run-1 with 7, 8 TeV
energy and integrated luminosity £ = 20 fb~!. In a CHM with low mass spectra, like
the 4DCHM considered here, the FW and interference effects discussed in the previous
section are potentially even more complicated, owing to the presence of multi-resonant
spin-1 states. In this section, the complete 4ADCHM is considered here where both the
Z} and Z§ bosons are produced in DY. The third active resonance, Z7, is much heavier
and thus difficult to produce, ultimately giving a very negligible contribution to the
di-lepton invariant mass spectrum which can be explored at the LHC Run-II. For these

reasons and ease of computation, the Z, resonance will be neglected.

The inclusion of the Z) boson does not alter the conclusions drawn for the simplified
singly-resonant scenario, not qualitatively at least, only quantitatively. In Fig. 5.7(a)
is plotted the di-lepton invariant mass spectrum as predicted in the complete double-
resonant Z§’3 4DCHM. The main feature of the complete 4DCHM spectrum is the am-
plification of the dip before the resonant peak(s), with respect to what has been found in
the singly-resonant reduction. Incidentally, one may notice that none of the individual
terms representing the interference between the various gauge bosons (SM and beyond)
is responsible for the full effect. They all contribute equally and this feature is general
to the ADCHM parameter space. As previously stated, the negative contributions before
the resonant peak(s) coming from interference spoil again the result in NWA (or in the
FW approach, for that matter). This can be seen in Fig. 5.7(b) where the previous

exercise is repeated plotting the ratio between the full signal cross section and its NWA
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FIGURE 5.7: (a) Differential cross section in the di-lepton invariant mass for the bench-
mark point F in Tab. 5.2 within the complete 4DCHM i.e. double-resonant Zj 5 sce-
nario. (b) Ratio of the full signal cross section for the Z;; bosons corresponding
to benchmark F within the complete 4DCHM scenario (dashed line) and the two reso-
nances FWA (solid line) over the NWA result as a function of the symmetric integration
interval around the peak. The vertical red line represents the CMS adopted optimal
cut which keeps the interference and FW effects below 10% in the case of narrow single
Z' models [13].

as a function of the integration interval, Am, around the Z’' pole mass. In the double-
resonant case the NWA is defined as the sum of the two individual NWAs for the two
Z§73 bosons. Again there are appreciable differences between full and NWA cross sec-
tions, which are comparable to or larger than those appearing in the single-resonant Z}
scenario. Hence, the conclusions are same as before. One should avoid using the NWA
within the 4DCHM (and similar CHMs) when computing the theoretical cross section
to derive limits on the mass of the new gauge bosons. The FWA could be used pretty
safely, but only for very narrow Z’-bosons. These two approximations would however be
not applicable in the analysis of the signal shape for profiling the new resonances in case
of discovery. In the following will be performed a complete calculation of (differential)

cross sections.

Before illustrating the type of signatures that could appear at the LHC Run-II, the direct
bounds on the 4ADCHM parameter space coming from the data analysis performed at the
past LHC Run-I with 7, 8 TeV energy and £ = 20 fb~! are to be extracted. Applying
the acceptance-times-efficiency factor for electrons and muons as defined in the last
CMS analysis of di-lepton final states [11], the theoretical cross section is computed
by integrating over the invariant mass region whose extremes are the crossing point
between signal and SM background on the left and three natural widths beyond the
heavier resonance on the right. Also a mass scale dependent NNLO QCD correction is
included. This prescription maximises the signal and is consistent with the experimental
analyses, as previously discussed. Using Poisson statistics, the statistical significance of
the 4DCHM signal can be computed and constrains on the parameter space can be

derived specified by the plane (g, f) where g, is the gauge coupling of the SO(5) group
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FIGURE 5.8: 95% CL contour plot in the 4DCHM parameter space generated for the

past LHC Run-I with 8 TeV energy and luminosity £ = 20 fb~!. The region above the

solid lines is excluded by the di-electron channel (blue line) and the di-muon channel

(red line). NNLO QCD corrections and the appropriate acceptance-times-efficiency
factor are included.

and f is the scale of the spontaneous strong symmetry breaking. Their relation to the
Zéjg—boson masses is given in Eq. 5.3. The results are summarized in Fig. 5.8 where the
blue(red) curve refers to the electron(muon) channel (muons have a worse mass resolution
than electrons.) While the di-electron invariant mass resolution is R, ~ 1.2%, rather
constant over the entire mass spectrum, for muons the resolution depends sizeably on
the mass scale and reaches the value R, ~ 9% for a di-muon invariant mass of the order
of 3 TeV. This feature is however compensated by a better acceptance-times-efficiency
factor with respect to electrons. The global result favours the muon channel which can

then set the strongest limits, as shown in Fig. 5.8.

In the next section, the better mass resolution favours the electron channel in profil-
ing the new resonances. The two channels are thus highly complementary within the
4DCHM.

There is an important issue which concerns the future search for spin-1 resonances at
the ongoing LHC Run-II. A key point to note is that the limits in Fig. 5.8 have been
computed in-house, taking as external input only the CMS acceptance-times-efficiency
factor for electrons and muons as a function of the di-lepton invariant mass scale. This
is because the limit setting procedure implemented by the experimental collaborations
does not provide at the moment a multi-resonant signal hypothesis. Oppositely to what
happens within the NUED models, where the first level KK-states of the extra dimen-

sional tower are (almost) degenerate so that the multi-resonant structure collapses into a
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single “bump” standing far away from the dip induced by interference effects thus allow-
ing a direct comparison with the experimental limits on the BSM cross section, within
the 4DCHM one cannot extract mass/coupling bounds from present direct searches.
The spectrum is in fact not degenerate, in general, and the peaking/dip structure can
be quite compressed. In the next subsection this will be discussed in more details, while
projecting discovery and exclusion potential at the LHC Run-II. For now the direct lim-
its shown in Fig. 5.8 will be assumed. In the allowed region of the parameter space, the
three benchmark points listed in Tab. 5.2 are selected in order to illustrate the type of

signatures one could expect at the ongoing LHC Run-II.

5.3.1.3 Multi-Z’ 4DCHM: signal shapes at the LHC RunlII

In this section is illustrated the 4DCHM multi-Z’ boson phenomenology at the ongoing
LHC Run-IT with 13 TeV. In order to analyse the double resonant production of the
new Zj 3 bosons, a key variable is the distance between the two resonances. Consider
first the benchmark point H of Tab. 5.2, representing the situation in which the two
resonances are (almost) degenerate, quite like in the NUED models. Fig. 5.9(a) displays
the corresponding di-lepton invariant mass spectrum for the ratio Fzg,g /M Zy, = 1%.
Here, the two Z's are separated by a distance d ~ 0.4%M 7z, and, clearly, it is not
possible to disentangle the two peaks in the differential cross section, even if quite narrow,
because the difference between the two resonant masses is much smaller than the natural
width. Furthermore, also the separation between the dip and the two degenerate peaks
is of the same order. The peaking structure of the di-lepton invariant mass spectrum can
be therefore quite compressed. This is a distinctive feature of the 4DCHM as compared
to the multi-resonant NUED model where the dip is far apart. This characteristics poses
an even greater challenge insofar that the di-lepton mass resolution which intervenes in
sampling the mass spectrum may actually also include the negative dip, thereby blurring
what sensible assumptions should be made in order to carry out an adequate statistical
analysis. Even an integration around what would appear as a single peak might indeed
paradoxically not produce any difference with respect to the SM background expectation,
if accidentally one comes to capture also the dip, owing to experimental limitations in
the mass resolution of the di-lepton pairs. The resonance(s) will then appear totally
invisible. (Obviously, this peculiar behaviour is not contemplated at all in the NWA
and FWA prescription.)

The quasi-natural degeneracy of the two Z’ bosons, discussed above, happens in a part
of the parameter space characterised by large values of g, and small values of f (top of
Fig. 5.8). However, owing to the Gaussian smearing, also configurations in which the two

resonances are separated by a distance bigger than the natural width but comparable to
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FIGURE 5.9: (a) Differential cross section in the di-lepton invariant mass for the H

benchmark point in Tab. 5.2 at the 13 TeV LHC Run-II. (b) The same distribution

after the smearing due to the finite detector resolution. The width of the Gaussian is

fixed at w = 25 GeV. The statistical error included in the blue error bands is evaluated

for an integrated luminosity £ = 30 fb=1. (c) same as (a) for benchmark F. (d) same

as (b) for benchmark F with w = 26 GeV. (e) same as (a) for benchmark G. (b) same
as (b) for benchmark G with w = 38 GeV.

the di-lepton mass resolution can actually appear as a single “bump”. This is actually
the most common scenario one can find in the 4DCHM. To illustrate this effect, it is
instructive to re-create here a more realistic setup. To render the merging or otherwise
of the two nearby Zj and Z) peaks quantitatively manifest, the finite resolution of the
detector is here modelled by convolving the signal with a Gaussian distribution chosen
to reproduce the experimental environment. The width of the Gaussian shape thus has

been fixed according to the CMS detector resolution for electron pairs, which is roughly
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1.2% of the di-electron invariant mass and is almost constant with the mass scale. The
purpose of this exercise is to see whether the smearing can change the multi-Z’ resonant
structure qualitatively and, at the same time, whether the dip before such a peaking
structure could be washed out or not. The crossing point where the differential cross
section in the di-electron invariant mass intersects the SM background expectation, i.e.
after the dip and before the peak(s), is taken as the effective mass to compute the
Gaussian width. Anyway, the result is not very sensitive to the precise choice of the
mass scale. The effect of the smearing on the (quasi) degenerate scenario represented
by the benchmark point H is displayed in Fig. 5.9(b). The statistical error, evaluated
for an integrated luminosity £ = 30 fb~!, is included in the blue band. During the low
luminosity run, the dip will not be statistically significant. However, the “bump” could

be detected.

Next, consider the benchmark point F in Tab. 5.2, with the Z§73 width fixed at I’ Zy, /M Zy,
= 1%. Oppositely to the case shown in Fig. 5.7(a), where the same benchmark F was
pictures but with I" z, /M Z, = 5%, now the two resonances are a priori clearly visible
as displayed in Fig. 5.9(c). The distance between the two peaks, d ~ 75 GeV, is in
fact bigger than the natural width. However, when applying the smearing, the double
resonant peaking structure of the signal is washed out, as shown in Fig. 5.9(d). In
a realistic setup, this scenario is effectively brought back to the single resonant case.
This circumstance happens for all the points in the parameter space where the distance

between the two peaks is smaller than about three times the Gaussian width.

The parameter space of the model is large enough to find distribution profiles where the
detector smearing is not sufficient to wash away the double resonant structure. This
happens especially for points characterised by large f and small g, values. An example
is given in Figs. 5.9(e) and 5.9(f) which correspond to the benchmark G in Tab. 5.2.
What is remarkable though, for both benchmarks F and G, is that the dip is substantially
unaffected by the detector smearing, no matter whether the Z) and Z4 peaks are resolved

or otherwise.

Up to now, the smearing has been applied to the di-electron channel, whose mass resolu-
tion is Re ~ 0.012M,.. The resolution is a key ingredient in detecting a 4DCHM signal,
especially because the peaking structure can be quite complicated and compressed. As
already mentioned the muon channel is characterised by a resolution which is roughly 8
times the electron one at large mass scales: R, ~ 0.09M,,,, for invariant masses above
2 TeV. Oppositely to the electron channel, where R, is almost constant with the mass
range, the resolution R, increases with M,,,,. For the considered spectrum, the situation

then drastically changes compared to the electron case.
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FIGURE 5.10: (a) Differential cross section in the di-muon invariant mass after the

smearing due to detector resolution for the benchmark point H in Tab. 5.2 at the

LHC Run-IT at 13 TeV energy. The width of the Gaussian is fixed at w = 191 GeV.

The statistical error included in the blue error bands is evaluated for an integrated

luminosity £ = 30 fb~1. (b) same as (a) for benchmark G. In this case, the width of
the Gaussian is fixed at w = 283 GeV.

In Fig. 5.10 is plotted the result of the smearing for the muon channel on the benchmark
points H and G. As visible, owing to the larger resolution, the signal for benchmark
H in Fig. 5.10(a) is completely washed out. The wider resolution merges in fact dip
and peak, averaging over them. The global number of events thus lays, evenly spread
over the SM background, with no defined shape. As the depletion of events in the dip
region, compared to the SM background, compensates for the excess of events under
the resonant peak, the net result is not statistically distinguishable from a fluctuation of
SM background. For the benchmark point G, in Fig. 5.10(b), the muon channel cannot
disentangle the double resonant structure. The signal would appear as an effective
single broad “bump”. Again, this is due to the worse resolution in the invariant mass
of the muon pairs, as compared to the electron ones. The final message here is that for
characterizing the 4DCHM signal shape, the muon channel is not efficient as it does not

allow to resolve resonances and dips adequately.

Also, in the interpretation of the data analysis results, a word of caution should be spent.
In this situation, a signal is observed in the electron channel without its counterpart in
the muon channel. The interpretation of a signal of non-universality of the couplings
between the different families would be misleading, as in this case the effect is driven
by a complicated peaking structure of the observed signal. This will be revealed in a
successive run at higher luminosity, where the signal shape could be more likely fully

reconstructed.

In both Figs. 5.9 and 5.10, the statistical error expected at the ongoing LHC Run-II with
13 TeV energy is shown. The statistical analysis shows that when the collected luminos-
ity will be £ = 30 fb~!, the LHC would acquire sensitivity to all these benchmarks. In

order to have a complete projection of discovery or exclusion potential at the ongoing
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FIGURE 5.11: Projected 95% CL exclusion limits at the LHC Run-II with 13 TeV

energy for different values of the integrated luminosity. The blue(red) contours refer

to the electron (muon) channel. The dots represent the three benchmark points in
Tab. 5.2.

LHC Run-II with 13 TeV energy, in Fig. 5.11 the exclusion limits is shown as contour
plots in the parameter space defined by (g, f) for different values of the integrated lumi-
nosity, ranging from £ = 30 fb~! to £ = 3 ab~!. The same acceptance-times-efficiency
factor for electrons and muons as for the past LHC Runl at 7, 8 TeV is here assumed
to hold also at the 13 TeV Run-II. Also, mass scale dependent NNLO QCD corrections

have been included.

Contrary to the ED case discussed before, the CHMs need an experimental analysis based
on a modified approach. The present experimental setup is indeed designed for single
(or effectively single) Z’s, and it would not be efficient in the limit setting procedure in
presence of multi-Z’s. The key variable is the distance between the two expected peaks.
If the distance is bigger than the invariant mass range selected to normalize the SM
background to the data, the default procedure could be applied twice and the results of
the two likelihood fits could be combined. If the two resonances are rather separated but
both lie within this mass interval, the standard likelihood function would interpret one
of them as SM background, thus biasing the fitting procedure. A modified signal shape
could then be inserted in the likelihood function in order to optimize the search for multi-
Z'-bosons. A novel and dedicated analysis is advisable for general CHMs. Moreover,
the dip before the peaks could become detectable as a (negative) deviation from the
SM predictions for points in the parameter space similar to the F and G configurations
shown in Fig. 5.9. Again, an adequate statistical analysis would be necessary in order to

classify this depletion of events happening before the “bump(s)” as evidence of a (rather



Chapter 5 - Multiple Z'-bosons 98

(M_z,~Dip) in resolution units

Model = 4DCHM
Z'»e'e”
Vs =13 Tev

MM =5%

9o

1000 1500 2000 2500 3000 3500
f [GeV]

(a)
FIGURE 5.12: Separation between dip and first resonant peak of the 4ADCHM in mass
resolution units for the electron channel. From top to bottom, the coloured areas
represent regions in the parameter space with increasing separation. The resonance
width over mass ratio is assumed to be 5%. The labelled black contours indicate the
luminosity needed to discard the SM background hypothesis at the 95% CL. The light

grey shaded area in the bottom represents the region where the separation between the
dip and the Z) peak match one resolution unit in the muon channel.

complicated) signal, as opposed to a (downward) background fluctuation. This is the

topic discussed in the next subsection.

5.3.1.4 Multi-Z’ 4DCHM: profiling the new resonances

In the lucky event of a discovery in the usual “bump” hunt, the next question to be
addressed would be the theoretical interpretation of the found resonance(s). In a suc-
cessive run at higher integrated luminosities, one should then exploit all features of the
observed events in the attempt to reach as a complete as possible reconstruction of the
signal shape. A striking characteristic of multi-resonant models is the appearance of a
sizeable depletion of events, compared to the SM background expectation, in the invari-
ant mass region before the peaking structure. As done for NUED models in Sect. 5.2.1,
also within the 4DCHM one should thus figure out in which region of the parameter
space it is possible to successfully implement an optimised strategy, able to properly
account for both the excess and depletion of events in order to reveal the presence of

resonances likely induced by a CHM.

For instance, one could define the following variable:

My — Mgy

) 5.9
T (55)

€
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where Mygs;, is the value of the di-lepton invariant mass corresponding to the minimum
of the dip. The variable ¢ would quantify the relative distance between the (degenerate
or otherwise) peaks, exemplified by the position of M ZL5 and the dip (or inverse peak).
The role of € is to discriminate a depletion from an excess of events. If this variable
is smaller than the detector resolution, it would not be possible to disentangle the
negative contribution of the interference from the excess on the peak(s). Under these
circumstances, no experimental measurement would be able to underpin the CHM nature
of the discovered resonance(s). In Fig. 5.12 is shown the contour plot representing the
condition € = ¢ X R, with R, the di-electron invariant mass resolution and c a coefficient
whose value can be read from the colour legend on the right hand side of the plot. The
coloured parts of the parameter space represent the regions where ¢ > ¢ X R.. The entire
coloured region collapses to a narrow stripe, sitting at very low values of g,, for the muon

channel as the di-muon invariant mass resolution is much larger than the electron one.

The electron DY channel is thus particularly useful for profiling the discovered reso-
nance(s), oppositely to the muon channel which is favoured for the actual search. For
values of the CHM free parameters where ¢ > R, there is indeed the possibility of
observing the peak(s) at some large di-electron invariant mass, simultaneously accom-
panied by a depletion of the SM background events expected at lower invariant mass
values. This depletion should not be interpreted as a statistical fluctuation, nor as a
negative correction (e.g., induced by large Sudakov logarithms ensuing from EW loop
effects), rather it should be taken as an additional signal manifestation that a suitable

statistical analysis would aim at extracting as such.

Finally, following again the suggestion given in Ref. [1], the possibility of using the
Forward-Backward Asymmetry to profile the resonances within this Composite Higgs
scenario has been explored. Unfortunately, as for the NUED(s) model, the statistical
significance of the App distribution in the di-lepton invariant mass is sub-dominant with
respect to the invariant mass peak evidence in all the explored parameter space of the

model.

5.4 Searches and diagnostics of a multi-Z’ signal

In this Chapter it has been analysed the phenomenology of the NUED and 4DCHM
which are representative of two generic classes of multi-Z’ scenarios, weakly and strongly
interacting respectively. The consequences of both FW and interference effects on the

signal shape and rate have been examined.



Chapter 5 - Multiple Z'-bosons 100

Both contributions manifest themselves through a peculiar interplay which generically
produces a large dip (almost an inverted peak, significantly deeper than those seen in
the case of narrow single Z’-boson scenarios) in the di-lepton invariant mass spectrum
that precedes the appearance of either a single degenerate peak (always for the NUED
scenario and over certain combinations of the ADCHM parameters) or a double resonant
peaking structure (in the complementary parts of the ADCHM parameter space). In the
NUED case, such a dip appears in a mass region which is always resolvable from the peak
one, for standard detector resolutions in the di-lepton invariant mass. In contrast, for
the 4ADCHM, also the opposite situation can occur, when the dip and the peak interplay

over the mass interval where a possible signal is sampled.

Current statistical approaches implemented by the LHC collaborations do not allow one
to model the signal as a composition of a dipping and peaking structure, so the analysis
has focused on describing the phenomenology emerging from treating the dip and the
peak(s) separately. As the latter normally emerge(s) before the former as luminosity
accrues, once can use the kinematic features related to the dip region as a characterising
element of a possible discovery following the extraction of the peak(s), with a twofold
purpose. On the one hand, when the multiple Z’ peaks (two generally, in fact) merge
into one (which can happen in both the NUED and 4DCHM scenarios), to make evident
that the underlying BSM structure is not the standard single-Z’ one. On the other
hand, when the two peaks are separable (as it can happen in the ADCHM), to help one
profiling the multiple Z’-boson signal in terms of masses, widths and quantum numbers

of the new discovered resonances.

Further challenges arise in some regions of the 4DCHM parameter space, where the
predicted spectrum of multiple resonances is compressed. In this scenario generally the
dip that is caused by the interference between the new resonance(s) and the SM photon
and Z-boson could appear in the close proximity of the first resonance, thus affecting
the expected BW shape of the signal. In this circumstances, the peaking structure of
the spectrum can be difficult to observe, rendering the analysis challenging because of

the detector resolution and other factors.

For instance, the presence of a dip in the close proximity of the first resonance could
affect the normalization of the SM background, which is presently done in a selected
invariant mass window around the hypothetical pole mass of the new vector boson(s).
Concerning the issue with the specific channel resolutions, it has been shown that in the
electron channel, it would be likely that the multi-resonant structure could be detected,
as the resolution is about R, ~ 1.2% and is almost constant over the mass scale. In
fact it has been shown that the distance between different peaks and between peaks

and dip is larger than R, over a substantial part of the parameter space. In the muon
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channel, such a complicated structure would be completely obscured by the much worse
resolution (R, ~ 9% for M,,, > 3 TeV). Summarizing, in the particular instance of this
type of signal, both electrons and muons are useful for direct Z’-boson searches but, in
profiling the resonance(s), the electron channel would be better being characterized by

a much smaller mass resolution.






Chapter 6

Conclusions

A detailed analysis of the phenomenology of BSM heavy neutral resonances and their
experimental searches in the two leptons final state was presented in this work. Theo-
retically motivated BSM constructions have been considered as benchmark for probing

the sensitivity of the analysis in realistic scenarios.

The case of a single resonant signal represents the optimal situation from the experimen-
tal point of view since the dedicated analysis are designed to maximise their sensitivity
on this kind of objects. The signal would appear as a bump in the invariant mass distri-
bution and it would be fitted using a BW functional form. The analysis for the detection
of narrow resonances follows a model independent approach, adopting either the “opti-
mal cut” or the NWA, such that the experimental exclusions, derived from the absence
of a signal, are easy to reinterpret for any narrow Z’ realisation. The results showed in
the first part of Chapter 2, obtained following closely the described procedures, match
the experimental bounds of the time of Ref. [11]. Furthermore the projections on the
sensitivity of the LHC at future luminosities are in perfect agreement with the more
recent mass limits released by the CMS [36] and ATLAS [37] collaborations.

The aforementioned procedure, however is not valid if the width of the resonance is
large. In this context model dependent effects, like the size of the contribution from the
interference, are more important and it is not possible to define a simple functional form
for the signal shape. The experimental sensitivity drops considerably together with the
number of di-lepton events. There are indeed many theoretical constructions that lead
to an enhancement of the Z’ width, like the case where extra BSM decay channels are
opened to the Z’ boson, or when a mixing in the neutral gauge sector occurs, to name
a few. This scenario has been described by keeping the fermions’ couplings fixed, thus
leaving the di-lepton production cross section unchanged, while scaling fixing by hand
the width of the Z’ BW.
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Already for resonances with I'y/ /My ; 5% the information that can be extracted from
the invariant mass distribution is limited. The introduction of other observables can
improve the overall sensitivity and they can also provide additional informations. In
the second part of Chapter 2, the Af observable has been introduced. This observable
depends on a different combination of the fermions’ chiral couplings with respect to the
cross section, and its shape is much less sensible to variation of the intrinsic Z’ width.
It has been shown that in the context of wide resonances the App can be a successful
search tool to disentangle the presence of new physics. Another good feature of the Ay
is that being defined as a ratio of cross sections, part of the systematic uncertainties are

cancelled, as it happens for the PDF error.

The uncertainty coming from the PDF is discussed in details for all the observable
discussed in this work. This is because some concerns have been raised by the predictions
for the high invariant mass di-lepton spectrum and its PDF uncertainty obtained using
some recently released QED PDF sets. The situation with the QED PDF's and the effects
of PI processes in the di-lepton channel are examined in Chapter 3. It has been shown
that QED sets can be used to extract the distributions of the photon from inside the
nucleon, as simply as for any other parton. The photons extracted from QED PDF's are
real, and it is possible to calculate the effect of PI processes on the di-lepton spectrum.
This SM contribution shall be included in the analysis as the precise determination
of the background predictions is a key point of any BSM search. In particular, the
uncertainties coming along the photon PDFs can decrease the sensitivity, especially for
non-resonant objects. In this picture the App would still provide a clean and reliable

observable even in case of large PDF uncertainties.

Moving across the Run-II era and towards the HL-LHC stage, the increasing accumu-
lated luminosity would allow more refined analysis for the detection and the interpre-
tation of wide resonance signals. In Chapter 4 a new observable has been introduced
to serve these purposes. In particular the experimental fit of a BSM signal depends on
two free parameters for the BW functional form, which are the mass and the width of
the resonance, and the determination of the latter in particular represents a non trivial
experimental challenge. In order to improve the quality of the fit, other independent
observables can be imported in the analysis. The Ay do not provide much information
on the resonance width. The leptons’ transverse momentum (pr) spectrum instead can
be used in this sense. A Focus Point appears as a consequence of the normalisation
procedure of the lepton’s pp distributions. The position of the FP being model indepen-
dent, and width independent, can be used to define a new observable: the Asymmetry
of the Focus Point (App) The latter can be used either to set independent constrain
on the width of a Z’ boson, if the models is assumed, or give indication on the class of

models the Z’ belongs, if its intrinsic width is assumed. In a high luminosity diagnostic
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stage of a BSM signal, this observable can improve the sensitivity of the experimental

analysis, especially to broad resonances.

Another possible scenario where the simple “bump” searches show weaknesses is in the
presence of a spectrum with multiple Z’s. The di-lepton invariant mass distribution will
depart from the simple BW shape due to the interference and FW effects, which get
dramatically amplified when the spectrum is compressed. The multi-Z’ phenomenology
is discussed in Chapter 5, where two main benchmarks have been considered for this
purpose: the 4-Dimensional Composite Higgs Model (4ADCHM), and the Non-Universal
Extra Dimensions (NUED) model. The latter represents the framework where to study
degenerate resonances, as the Z’' bosons represented by the first KK excitation of the
photon and of the Z boson naturally appear with very close masses. In the NUED
model, the interference effects are enhanced and the overall profile of the di-lepton
invariant mass distribution appear as a broad, but still peaked, resonance. It has been
verified that the experimental methods that are applied for narrow single resonances
are still valid in this context. The interference effects that might spoil the analysis,
dominate in a region that is far away from the peak, such that they do not play a role
in the integration region defined by the “optimal cut”, and as well the net result do not
deviate sensibly from the outcome of the NWA. The 4DCHM environment instead is
larger, as there are two main parameter that define the phenomenology of the model,
which are the composite scale and the strength of the gauge coupling. The different
configurations of the model and the phenomenological situations that can be realised in
its context, have been considered varying these two parameters. Both narrow and wide
resonance realisations are allowed in this model, as it predicts also exotic fermions that
can couple to the Z’. The mutual interference effects between the various Z’s, and the
compressed spectrum that arises in some regions of the parameter space, lead to a very
model dependent signal shape. In this context the usual model independent analysis for
the singly resonant case are not valid any more. A model dependent analysis is required,
which also distinguish between the signal in the di-electron and di-muon channels, since
their different experimental resolution in the invariant mass distribution would lead to

peculiar observations.

In conclusion, a general study of BSM searches in the di-lepton channel has been pre-
sented in this work. A large variety of phenomenological situations have been studied,
spanning from the simplest singly narrow resonant case to more complex non-minimal
BSM constructions, with the purpose of offering an exhaustive picture of the origin of
possible deviations from the SM expectations that might be detected during the LHC
Run-II and in the following HL-LHC stage. The adopted experimental procedure have
been tested in the various BSM models, revealing weaknesses in some corners of their

parameter space. In the attempt of addressing these possible flaws, other observables
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have been included in the analysis, the well known App and the novel App. The discov-

ery and diagnostic potential of the two has been extensively discussed, together with a

detailed analysis of their statistical and PDF uncertainties.



Appendix A

Single Z' models parametrisation

The symmetry breaking patterns and the charges and couplings assignments for the
single-Z’ classes of models are given below. The following passages follow closely the

description given in Ref. [28].

A.1 Eg models

This class of models assumes that Fg is the fundamental gauge group at the GUT scale.

The symmetry breaking pattern described below occurs at the GUT scale.

Eg — SO(10) x U(1),
SO(10) — SU(5) x U(1)y

What is left is the usual SM gauge group, which has its own symmetry breaking and
mixing of the gauge fields, leaving only the SU(3)¢ and the U(1).y, unbroken, as de-
scribed by the Higgs mechanism. The two Abelian gauge groups U(1), and U(1), and
the respective generators T, and T) might remain unbroken until the TeV scale. In
general it is possible that a linear combination of those fields survives down to the TeV

scale:
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U(l) =U(1)ycosf+ U(1)ysind (A.1)

meaning that the unbroken Eg generator can be written as:

Qps =Ty cosO + Ty sinf (A.2)

The gauge coupling ¢’ of the resulting U(1)" is generally assumed to be equal to the
GUT normalised U(1)y gauge coupling of the SM, ¢’ = (e/ cos by )/5/3 ~ 0.462.

A.2 Generalised Left-Right Symmetric models - GLR

This class of models is based on the left-right (LR) symmetry extension of the SM. The

symmetry breaking pattern is:

SU(Q)L X SU(2)R X U(l)B_L — SU(2)L X U(l)y

In particular, with respect to the neutral sector the interesting symmetry breaking occurs

mixing the U(1) groups:

UlprxU(l)p_r = U(l)y

where the U(1)g is associated to the third neutral component SU(2)g and its generator
T3r. Models where the Z’ comes from either the U(1)gr or the U(1)p_p are widely
discussed in the literature. The generalisation to these constructions is built considering

a general linear combination of the generators:

QcLr =T3rcos ¢+ T sing (A.3)

In order to match the couplings of the popular LR symmetric model, the gauge coupling
g is fixed at ¢’ = 0.595.
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A.3 Generalised Sequential Models - GSM

This group of models has been built in order to include the popular Sequential Standard
Model (SSM) which is defined to have a Z’ with the same couplings as the SM Z boson.
The generalisation of this idea predicts the Z’ to arise from a linear combination of the

T31, generator and the charge generator Q.

Qasmv = Tsr cosa+ Qsinw (A.4)

In order to correctly match the couplings of the SSM, the gauge coupling ¢ is fixed at
g = 0.76.

A.4 Summary of couplings and natural widths

The specific values for the choice of the mixing angles, and the consequent chiral cou-
plings between the Z’ and the fermions are given in the table A.1 for all the single Z’

models within the three classes discussed above.

Assuming that the Z’-bosons do not have any other decay channel different from SM
matter, than to each model is associated a specific value for the resonance width, that
will be referred as the natural width of the model. The natural widths of the benchmark

models considered in this work are available is Tab. A.2.
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U(1) Parameter ai, a% ay; a’% ay, a$ ay, a’y
E6(g = 0.462) 0

X 0 0 —-0.316 —-0.632 0.316 0.632 0.316 0.474 0.474
P 0.5m 0 0.408 0 0.408 0 0.408 0.204 0.204
n —0.297 0 —0.516 —0.388 —0.129 0.388 —0.129 0.129 0.129
S 0.1297 0 —0.130 —0.581 0.452 0.581 0.452 0.516 0.516
I 0.217 0 0 —-0.5 0.5 0.5 0.5 0.5 0.5
N 0.427 0 0.317 —0.157 0.474 0.157 0.474 0.316 0.316
GLR(g = 0592) &

R 0 0.5 —0.5 —-0.5 0.5 —0.5 0.5 0 0
B-L 0.5m 0.333 0 0.333 0 -1 0 —-0.5 —-0.5
LR —0.1307 0.326 —0.459 —0.591 0.459 —0.06  0.459 0.199 0.199
Y 0.257 0.589 —-0.354 —0.118 0.354 —1.061 0.354 —-0.354 —0.354
GSM(g =0.762) «

SM —0.0727 0.186 0.487 —-0.336 —0.487 —0.035 —0.487 0.487 0.487
T3L 0 0.5 0.5 —-0.5 —-0.5 —0.5 —-0.5 0.5 0.5
Q 0.5m 1.333 0 —0.667 0 —2 0 0 0

and axial couplings to fermions are given explicitly.

TABLE A.1: Table with the specific values for the mixing angles identifying the single Z’ benchmark models. The corresponding values for Z’ vector
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Model FZ’ /MZ’ [%]
E 1.16
EY 0.53
E 0.64
Ef 1.17
El 1.06
EY 0.54
GLR—R 2.44
GLR—B-L 1.51
GLR — LR 2.04
GLR-Y 2.33
GSM — SSM 2.98
GSM — Ty, 4.62
GSM —Q 12.32

TABLE A.2: Natural widths for the single Z’-boson benchmark models.






Appendix B

Light fermions couplings in the
ADCHM

The explicit expressions of the p couplings to light fermions in the 4DCHM are given

here.

The couplings of the neutral gauge bosons to the light SM fermions can be expressed by

the following Lagrangian

5
LY [ 3 Q0! A"+ (W ol (vt + Pl (b 2] (B.1)

f i=0
where ¢, g = [(1 & 5)/2]¢ and where Z) and A corresponds to the neutral SM gauge
bosons Z and . The photon field is coupled to the electromagnetic current in the

standard way with the electric charge which is defined as

_ 9Lgy . . 90 _ V2g0y
€= ———, gr = Jocs, gy = goy Cy; tgp = —, tgy = ———
\/ 92+ g% 9r Ir
(B.2)
The gé;R couplings have the following expression
97(f) = AzTi(f)+ Bz Q! g5(f) = B/, (B.3)
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where, at the leading order in the expansion parameter & = v?/f2?, A, and By read

A22
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