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Top Mass Effects in the Higgs—Gluon Coupling:
Boosted vs. Off-Shell Production

Gluon fusion is one of the major Higgs production mechanism at the LHC. It is dominantly
induced by top quark loops and can develop a logarithmic dependence on the top mass.
Top mass effects occur for a boosted Higgs in association with jets in transverse momentum
distributions, as well as for an off-shell Higgs in its reconstructed invariant mass. First,
we study the logarithmic structure in the boosted Higgs regime for the two—jet case and
compare it to previous one—jet results. We show that in the H — WW and H — 771
decay channel, a corresponding analysis benefits immensely from the second jet in relevant
rate and background rejection. Additionally, we present preliminary results of an inclusive
simulation with all jet bins and state—of-the—art next—to—leading order corrections. Next,
we study the top mass effects in the off—shell regime for a H — ZZ — 4/ decay and estimate

the sensitivity of searches for contributions beyond the Standard Model.

Top—Massen—Effekte in der Higgs—Gluon Kopplung:
Boosted vs. Off-Shell Produktion

Gluon—Fusion ist eines der Hauptmechanismen zur Higgsproduktion am LHC. Sie ist
hauptséchlich durch Top—Quark—Loops induziert, was zu logarithmischen Abhéngigkeiten
von der Top—Masse fiihren kann. Top—Massen—Effekte treten sowohl bei einem “boosted”
Higgs in Zusammenhang mit Jets in transversalen Impulsverteilungen auf, als auch bei
einem “off-shell” Higgs in dessen rekonstruierter invarianter Masse. Zunéchst betrachten
wir die logarithmische Struktur im “boosted” Regime fiir Prozesse mit zwei Jets und ver-
gleichen diese mit alten Resultaten mit nur einem Jet. Wir zeigen, dass im Falle der Zerfall-
skanédle H — WW und H — 77 eine zugehorige Analyse stark vom zweiten Jet sowohl in
Rate als auch Hintergrundunterdriickung profitiert. Zusétzlich prasentieren wir vorlaufige
Resultate einer Simulation mit allen Jet—Bins und aktuellen “next—to—leading order” Ko-
rrekturen. Anschliefend betrachten wir Top—Massen—Efffekte im “off—shell” Regime fiir
einen H — ZZ — 4¢ Zerfall und schéitzen die Sensitivitdt von Suchen nach Beitrdgen
jenseits des Standard Modells.
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1 Introduction

The discovery of the Higgs boson on the 4th of July 2012 at the Large Hadron Collider
(LHC) [1, 2] was one of the biggest achievements of particle physics in recent decades. The
Higgs boson was proposed in the 1960s in order to give particles of the Standard Model mass
without violating fundamental gauge symmetries [3-7]. Yet, it took almost 50 years to produce
and measure it. While the discovery was certainly a milestone, it just marks the beginning
of many upcoming measurements. We already know that the Higgs is relatively light with a
mass of around 125 GeV, has a narrow decay width [8] and favours the spin—01 hypothesis [9].
But many other properties are still unknown and some of them open doorways to completely

new knowledge.

A precise measurement of the top Yukawa coupling is of particular interest, as it has a
huge influence on our understanding of the Brout—Englert—Higgs mechanism. This coupling
is crucial when extrapolating to more fundamental energy scales, which leaves space for new
physics [10-13]. But a proper direct measurement of the top Yukawa coupling in tree-level
processes is challenging, since it requires a good reconstruction of heavy states in rare associ-
ated Higgs and top production [14-26]. Even in the upcoming LHC runs this will be difficult.
Additionally, from the theoretical point of view, our understanding of the top Yukawa coupling
is strongly model-dependent [27-42].

However, already the Higgs discovery relied on processes, which are not realized at tree—
level: Higgs production via gluon fusion and the H — 77 decay channel. These kind of
interactions are induced by loops of heavy particles, dominantly the W and top, thus inherit
information about the Yukawa coupling. Especially gluon fusion, where the top is the only
dominant loop particle in the Standard Model, has unique properties [43-46]. The loop in
gluon fusion does not decouple for heavy particles, thus one can constrain new contributions
to the Standard Model in form of heavy states. This effective coupling of gluons to the Higgs

can be used to indirectly measure the top Yukawa coupling or to hunt new physics [47-50].

In this thesis we have a careful look at the Higgs—gluon coupling. We try to resolve the loop
structure in order to get a deeper understanding of these higher dimensional interactions and
how they can be used to constrain new physics. The basic idea is to derive effects, which are
unique to a top mediated Higgs—gluon coupling. By comparing this to an effective dimension—
6 coupling in the low energy Higgs effective field theory (HEFT) approximation [43-46], it
is possible to calculate constraints on for instance new heavy loop particles. In this effective

coupling the top loop is integrated out, such that no top related effects can occur. The same
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is expected for contributions of new physics, thus they can be probed in a model independent
way via the HEFT approximation [47, 48].

This approach is not new, as it was suggested already for a Higgs, which gets produced in
association with a jet [47-49, 51, 52]. In this Hj process, a top mass dependent logarithmic
structure occurs, which gets numerically significant in the boosted Higgs regime. However, we
want to expand this to the more complex H jj process, where completely new loop structures
are possible. We compare both processes to see, which hard process is most sensitive when
used in an actual analysis. This is the basis for more sophisticated and inclusive analyses,
which take several jet bins into account. Based on our result, that the Hjj process is indeed
more important than the Hj process, we show preliminar results with up to two jets to next—

to-leading order (NLO) including the top mass effects.

Additionally to the boosted Higgs regime, we use the same ansatz for a Higgs, which gets
produced off-shell. The pp(— H) — ZZ — 44 channel was recently explored by ATLAS and
CMS using the off-shell regime mainly for Higgs width measurements [53-58]. But it is known
that also in this regime top mass dependent logarithms occur [59, 60]. We want to investigate

their numerical impact and how they compare with the boosted Higgs regime.

In Chapter 2 we give a brief overview about the concepts behind the Standard Model
as well as Monte-Carlo simulations and confidence levels. Top mass effects in the boosted
Higgs regime are described in Chapter 3. We first present our framework and derive the
logarithmic structure. Their numerical impact on differential distributions of the Hjj and
Hj process are compared and basic signal-background analyses are carried out for the decay
channels H — WW and H — 77. Both processes are compared by computing exclusion
limits. Afterwards we present preliminary results of NLO simulations, where different jet
multiplicities are merged. Next, we focus on the off-shell Higgs regime in Chapter 4 using the
H — ZZ — 4¢ channel. We present the framework and show the occurring top mass effects.
With a basic statistical analysis we compute confidence levels. Finally we comment on the

model-dependence of the off-shell Higgs width measurements.



2 Theoretical Concept

2.1 The Standard Model

The Standard Model of particle physics is the current theory to describe elementary particles
and their interactions. It works within the framework of quantum field theory (QFT) and
its predictions are tested in various different experiments to very high precision. The particle
content comprise fermions, i.e. quarks and leptons, gauge bosons and the Higgs boson. The
following part tries to give an understanding of the basic concepts on which the Standard
Model is based. Of course, many important topics are not covered as we will focus mainly on

those who are crucial for the actual thesis.

The Standard Model contains a fermionic Lagrangian, which in a free field theory can be

written as

£ = (i) — my) . (2.1)

Such a non—interacting theory is obviously not very interesting but the theory comes alive
when we require it to respect internal gauge symmetries. This essentially means the La-
grangian has to be invariant under symmetry transformation. As an illustrative example we
can introduce a special unitary transformation SU(N), where we transform the fermion fields
like

Y= U(a)y and ¢ =¢UN(a)  with  U(a) = e92%T", (2.2)

a,T?® is a linear combination of the N? — 1 generators of the su(N) algebra, obeying the

commutator relation
[T, T"] = if*T. (2.3)

with structure function f?¢. While such a global symmetry transformation trivially leaves
the Lagrangian in Eq. (2.1) invariant, this is not true for a local transformation, i.e. with
space—time dependent parameters «,(x). In this case we get extra terms from the partial

derivate in the Dirac operator i@ — m.;, which we can absorb by replacing the partial derivate
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by a covariant derivative
" — Dt = oM —igAhT*. (2.4)

Here we introduce the gauge fields A#. They not only ensure that the Lagrangian stays invari-
ant, but they also induce interactions with the fermion fields. The gauge fields are therefore

also known as force carriers.

Since we have introduced new fields we have to think about which other terms we can write
down in our Lagrangian including these fields. It turns out that the only allowed term with

correct mass dimension and transformation property is
1 v
Egauge = —§TI‘ (ELVF ) (25)
with the field strength tensor
Fl, =0,A, —0,A]. (2.6)

Lgauge is known as the kinematic term for gauge fields. By constructing the dual field strength
tensor F w = €"POF,, it would be possible to add a second term being consistent to our re-
quirements. However, this term proportional to FWF ¥ is CP-odd which is not observed in
experiment. It is therefore often not considered as part of the Standard Model Lagrangian. In
this way gauge theory is able to describe the dynamics between particles. The procedure to
construct the Standard Model Lagrangian is to choose the right gauge group and ultimately

write down all allowed terms.

The full gauge group of the current Standard Model is a SU(3). x SU(2)r x U(1)y group,
describing all known forces except gravity. The SU(3). symmetry acts only on quarks and
represents the strong force with gluons as the gauge particles. This part of the Standard
Model is explained in Sec. 2.1.1 in terms of quantum chromodynamics (QCD). The combined
SU(2)r, x U(1)y group is the electroweak symmetry, gets spontaneously broken and leads to
the gauge bosons W*, Z and ~. The breaking is induced by the Higgs field and the underlying

mechanism is explained in Sec. 2.1.2.

2.1.1 QCD

QCD is based on a non—abelian SU(3), symmetry, where the gauge parameter ¢ represents

the colour charge. The Lagrangian can be written as

EQCD = Equarks + ﬁgaugc + Egaugcfﬁxing + Eghost (27)
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with
. 1 v
ﬁquarks = Z qa (Zmab - mqaéab) b Egauge = ZGﬁyGi (28)
flavour
1 2 1
Lgangefixing o\ ((’WG;‘) Leghost :(a/mA) (DZBWB) : (2.9)

Lquarks is the gauge theory coupled to fermionic matter, where ¢, represents the quark fields.

The covariant derivative is defined analogue to Eq. (2.4) in the fundamental representation as
DYy = 0"84p, — igs GtSy (2.10)

with the gluon field G%. The gluon field strength tensor used in the pure gauge part Lgauge

is given in the adjoint representation by
G, = 0,G1 — 0,Gi — g fAPCGEGY (2.11)

with the QCD coupling strength g,. With the kinematic part of Lgauge the gluon propagator
is not defined properly and therefore Lgauge—fixing has to be added to the Lagrangian. There,
A is an arbitrary parameter which is often chosen to be A = 1 (Feynman gauge) or A — 0
(Landau gauge). The last contribution Lghest introduces Fadeev-Popov ghosts n?, which
are necessary to cancel unphysical longitudinal degrees of freedom in a non—abelian theory.
Those complex scalar fields appear only as virtual particles and do not correspond to any real
particle in external states. By redefining the gauge—fixing term in principle no ghost term
would be required. But this would lead to a more complex gluon propagator such that the

preferable choice is usually the introduction of ghosts.

In Eq. (2.10) the strong coupling constant a; = g2/4n is introduced. During the calculation
of observables as a perturbation series in o ultraviolet divergences will appear. Renormaliza-
tion group theory tells us that when trying to remove those divergences we have to introduce a
unphysical mass scale p g, on which the coupling constant will depend. Since our renormaliza-
tion parameter pup is arbitrary this parameter should not appear in the end result. Using the
[—function approach the p% dependence of ay is translated into a dependence of the physical

parameter Q2 via

as (#h)
as (Q%) = ) 2.12

(@) = a0 A (@) (212
The function Sy depends solely on the number of quark flavours with mass lower than ug.

Hence, the results is an energy scale dependent coupling as.

This so—called running of the coupling is important because it defines two different regimes.
For large Q2 the coupling strength will decrease, known as asymptotic freedom. Therefore it

is possible to do a perturbation series in « for large momentum transfer (). On the other
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hand, for small @2, the coupling will increase and no perturbation theory is applicable. This

regime is known as confinement.

Asymptotic freedom and confinement are playing a particularly important role in predicting
observables in the environment of a hadron collider. At a collider both regimes are involved,
but QCD has different powers of predictability for them. For high energies we can perform
a perturbative expansion and therefore analytically calculate a process for different orders in
as separately. At low energies however, the QCD effects are not as well understood as in
the high energy regime. We rely on data and models of the non—perturbative behaviour to
describe for example parton distribution functions (PDF's).

For a proper prediction at a collider both regimes have to be taken into account. The
factorization theorem describes how the perturbative and the non—perturbative part can be
separated. The downside is the introduction of another unphysical scale pg, which defines
the threshold between hard and soft QCD. This factorization parameter g is often chosen

to be of order of the typical momentum scale of a chosen process.

2.1.2 Breaking the Electroweak Symmetry

After we have discussed QCD and its underlying SU(3). symmetry, we now want to give a brief
introduction in the electroweak SU(2)r x U(1)y symmetry group and how it is spontaneously
broken in the Standard Model.

The label Y of the U(1) symmetry is the hypercharge, whereas the label L corresponds to
the chiral nature of the SU(2) symmetry. From experiment we know that only left—-handed
quarks interact with the weak gauge bosons of the SU(2) symmetry. Left-handed chiral fields

1y, are projected from the fermion fields using the projection operator P,

(1 —5) 7, (2.13)

N |

Y = Py =

T
where v5 = i997v17273.- Using left-handed doublets Qp = (u L d L) and right-handed
singlets ur and dg for up—type and down-type quarks, the kinematic part of the electroweak

Lagrangian can be written as
Liin = i1QLPrQr +iurPrur + idr Prdg. (2.14)

T
In a similar way the leptonic Lagrangian can be written down for the doublets L, = (VL l L)
and singlets fr. Right-handed neutrinos are not observed. The covariant derivatives in
Eq. (2.14) are in terms of the SU(2) x U(1)y basis

Dy, =0, —ig'Y B, —igW,,7¢ (2.15)
Dpy. = 8, —ig'Y B, (2.16)
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representing the fact that the right-handed particles are a singlet under the SU(2);, group.
W, and B,, are the gauge fields corresponding to the SU(2);, and U(1)y respectively, with
the rescaled Pauli matrices 7% as the generators of the SU(2) symmetry group. Those four
gauge fields are not yet the physical fields observed. They have to be rotated in their mass
eigenstates using the Weinberg angle ©,,, creating the photon field A,, Z field Z,, and W

fields W=+
A cos©, sin@, B 4 1 1 .tr9
<le‘> — <sm® S ) (W*;>, Wy = = (W, Fiw?). (2.17)
4 w w o

wo

Since right-handed and left-handed quark fields transform differently under the SU(2),,
group, it is not possible to write down a gauge invariant mass term proportional to Q 1mQQr.
The same is also true for the gauge fields, but we do know that those particles have mass.
To solve this problem the complex scalar field ¢ is introduced with four additional degrees of

freedom. We give this field a kinematic term and a potential,

Ly = (D'¢)! (Dug) — 1 16” = A ol*. (2.18)

This potential is, due to its characteristic shape, also known as Mexican—Hat potential. The
prefactors A > 0 and p? < 0 are of mass dimension zero and two respectively. The ¢ doublet

itself can be written in the linear representation as

1 —wy — tW1

=5 (v +H+ z’wg) ' (2.19)
The mass scale v has a particularly important role because the vacuum does not vanish
when minimizing the potential of Eq. (2.18) for v # 0. v is therefore known as the vacuum
expectation value (vev) and found to be 246 GeV. This non—vanishing vev, however, breaks
the local SU(2);, x U(1)y gauge symmetry spontaneously down to the smaller U(1)em group
of electromagnetism. The fields w; in Eq. (2.19) are a set of scalar Nambu-Goldstone modes
and they correspond to the three broken generators of the initial SU(2), x U(1)y group. We
broke a local gauge symmetry which means those Goldstone modes are ‘eaten’ by the gauge
bosons W+ and Z and that they will represent their longitudinal polarization component.
Because there are more Goldstone modes than degrees of freedom for the gauge bosons an
additional scalar degree of freedom appears, the Higgs boson H.

By constructing the Yukawa interaction Lagrangian for fermions

Lyukawa = —Yp (VLOVR + VroVL) (2.20)

we not only write down an interaction term for the Higgs field with fermions, but also well

defined mass terms for the fermions proportional to yyv. By identifying the mass term, we
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find that yyv = \/ﬁmw. Since the Yukawa coupling ., also defines the coupling strength of
the Higgs to fermions we see that the Higgs—fermion coupling is proportional to the fermion
mass itself. The same feature is true for the coupling to gauge bosons, which is part of the
kinematic term in Eq. (2.18). This coupling behaviour is phenomenologically relevant, as it
makes the top particle and the heavy gauge bosons W= and Z important for Higgs analyses at
tree level. But it is also delusive, as it turns out that even massless particles play an essential
role numerically at loop level. One of such an interaction, which will be important throughout

the thesis, is described in the next section.

2.1.3 Higgs—Gluon Coupling

Gluons are massless and therefore a Higgs—gluon coupling is not part of the renormalizable
dimension—4 Lagrangian at tree level. At loop level though, this coupling can be induced
by a closed top quark loop. In principle other fermions are running in the loop too, but
their contributions are small due to the large top quark Yukawa coupling. This dimension—6
operator includes a coupling of the Higgs to two gluons and — because of the non—abelian
nature of the SU(3). group — even to three or four gluons. In terms of an effective Lagrangian

the Higgs—gluon coupling can be expressed as
H v
Logr D gggtt— GG, (2.21)

with

Bl Sl (1= f()],  T= Ak > (222

v 8w miy

and the three—point function describing the top—loop

on-shell m%{ 2 2 2 2 2 1

f(r)y =" — 70(0,07mH;mt,mt,m ) = arcsin <4/ —. (2.23)
T

The last equation assumes that all external particles are on its mass shell. A derivation of

this coupling can be found for example in [46]. The used correlation integral for a top loop

between two gluons and one Higgs can be written in a general way as

2 72 2.2 2 2
C(kgl7kgz,kH,mt7mt,mt)

_ [ dYy 1
_/ (@)% g2 — m2 —ie] [(q + kg, ) = m? — ie} {(q kg, + kyy)? —m2 — ie] - (224)

The parameter g4, is dimensionful in order to make the dimension-5 operator of Eq. (2.21)
part of the dimension—4 Lagrangian. Note that g,,m is not proportional to 1/m, but 1/v,

which is effectively due to the top Yukawa coupling occurring in the top loop. Generally
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Figure 2.1: Feynman diagrams for Higgs production via gluon—fusion for the loop induced (left) and
effective coupling (right).

speaking this means the Higgs—gluon coupling does not decouple for heavy quarks because
it is not suppressed by a large energy scale. Hence, even heavier particles than the top can

effectively contribute to the coupling without any additional suppression due to its large mass.

The above coupling depends on the top and Higgs mass and can be simplified in the heavy—

top limit, 7 — oo, since my < 2m;. Using the Taylor expansion

1 1 1 999H — s
.9 T—00 99
O 2.25
arcsin \/> _— = + 737—2 + (73) = v 12 v ( )

we get a more handy expression for the Higgs—gluon coupling

as H »
£ggH D) EZG”VGH 3 (226)

where the top quark is not propagating anymore. This low energy Higgs effective field theory
(HEFT) approximation is, as expected from the non—decoupling property, finite [43-45]. The
deviation between the exact calculation and the HEF'T approximation in the inclusive gg — H
production rate at the LHC is typically within O(10%) [61-67]. While the effective coupling
constant gggm inherits full top mass dependence the above dimension—6 operator does not.

All momentum dependence arises here from the gluon field strengths G, G*¥.

Note that the above calculation is valid only if all external particles are on—shell and with
a triangle top—loop, as presented in the left panel of Fig. 2.1. Once one of the particles is
off-shell the function f(7) of Eq. (2.23) gets more complex and the three—point function of
Eq. (2.24) develops a non—trivial dependence on the top mass [59, 60]. The HEFT approx-
imation then breaks down. The same happens when we consider QCD effects and add an
extra jet to the process. In this case we need to include a four—point correlation function to
Higgs production [47, 48]. Also this leads to a break—down of the low—energy approximation

to the dimension—6 operator.

In proton—proton collision at the LHC we have four major production processes of the Higgs;
gluon fusion, weak boson fusion (VBF), Higgs strahlung and associated Higgs production.
Despite the fact that the Higgs—gluon coupling is realized only at loop level, it turns out
that gluon—fusion is numerically dominant at the LHC [68]. While this is partially due to
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the large top Yukawa coupling and the large gluon probability in the PDFs of the proton
at typical LHC energies, it makes this process an important study object. Especially the
non—decoupling property links this coupling to searches beyond the Standard Model. But
already for the Higgs discovery the pure dimension—6 interactions of the Higgs with gluons

and photons had a large impact [1, 2].

2.2 Monte—Carlo Simulations

Monte—Carlo simulations are essential in particle physics, as they are the link between theory
and experiment. The term Monte—Carlo refers to the technique of using random numbers and
probability statistics. The simulations are based on theoretical models and have the ambition
to reproduce experimental rates as well as shapes of differential distributions. Hence, they

are used to probe theories by comparing Monte—Carlo simulations with experimental data.

The structure of such a Monte—Carlo simulation of pp collisions is mainly dictated by prop-
erties of QCD. As we have seen in Sec. 2.1.1 we get two different regimes when dealing with
strong interactions, asymptotic freedom and confinement. One of them can be calculated
perturbatively in orders of the strong coupling constant «,, whereas the other one can not
be calculated exactly. Therefore, a simple simulation starts with a so—called hard process,
where a chosen matrix—element squared is calculated for a fixed order in ay, according to the
asymptotic freedom. Hence, the involved strong interactions show large momentum transfers,

such that partons in the final state are hard, i.e. with high momentum.

Other kind of QCD radiation, including soft parton splitting and collinear gluon emission, is
attached to the matrix element afterwards. An approximation scheme is used in this regime,
kown as parton shower. The perturbative regime is convoluted with the non—perturbative
PDFs, following the factorization theorem [69]. The factorization scale pp is used to separate
between the energy scale used in the perturbative and non—perturbative regime.

After the hard process got showered hadronization takes place. All particles, which are not
already stable, are then subsequently clustered to hadrons, forming a jet. This is done until
the complete event consists of stable particles or particles with a lifetime longer than around
10 ps. This is long enough for them to reach the detector. The event can then be analysed

and expressed in experimentally measurable observables.

Momenta of jets are one of the common observables in a LHC environment, but simulating
them properly with the above scheme is difficult. Hard and soft jets are generated at different
stages, either as part of the hard process or for instance the parton shower, separated by an
ambiguous scale. Therefore, already the hard process has to be picked with much care in
order to get meaningful results, since it defines the number of properly simulated hard jets.

Hence, a calculation for a fixed order in ay is often not desirable and often processes with

10
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different numbers of final state multiplicities are merged. Great care has to be taken here
in order to avoid double counting of jets when attaching a parton shower. Normally another

scale, the merging scale g, is introduced.

Additionally, further corrections can be made by performing next—to-leading order (NLO)
corrections. Leading order (LO) in this thesis will be always referring to LO in a5 of a chosen
hard process, even though NLO corrections concerning the electroweak coupling constant can
also be done. Those QCD NLO calculations add one additional order of ay to the original
born diagram. This includes diagrams with virtual loop corrections but also diagrams with
additional radiation of a hard parton. It is a great task to match and merge jets from different
origins in this case, however, the simulation results are then even closer to what we observe in
experiment. Those corrections do normally change the total rate, but can also lead to shape

differences of differential cross sections.

2.3 Confidence Levels

Statistics is a mathematical tool found everywhere in physics and is an essential part of par-
ticle physics. Since there is nothing like ultimate truth in experiment we rely on probabilities
when it comes to discoveries or to the exclusion of models. In this thesis we want to constraint
the contribution of new physics to the Standard Model and therefore we need to know with
which confidence a model can be excluded. In the following paragraph we want to address

the concept behind exclusion limits and confidence level plots.

We start with the so—called test hypothesis Hpgy as the Standard Model assuming new
physics and the null hypothesis Hgy as the Standard Model only. We then can define the
likelihood ratio

. P(data|Hpsm)

= 2.2
P(data|Hgy) (2:27)

where P(data|H,) is the probability that a given data set is described by the hypothesis
H,. This probability is normally determined with a fit to the data and is maximized over
the variation of possible nuisance parameters. The maximization can be translated into a

minimization of the log-likelihood test statistic
Ax? = —2InQ = x*(data| Hgsnm) — x*(data| Hsp), (2.28)

where the nuisance parameters are varied separately for both hypotheses. With the confidence

level for excluding the test hypothesis given some data and a null hypothesis,

CLHBSM - PHBSM(Q < Qobs) = PHBSM (AX2 > AX%bs)? (229)

11
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we can finally define the quantity of interest,
(2.30)

Here, P,(Ax? > Ax?,.) corresponds to the probability that Ax? is greater than Ax?2..
obtained from data for the hypothesis H,. This probability is often determined via pseudo-
experiments, which are analysed like the data. In our case, without having any real data,
the null hypothesis itself represents the ensemble, from which those pseudoexperiments are
drawn. The usual definition is that the hypothesis Hpgn is called excluded once the C'Lg

value drops below 0.05, known as the 95% confidence level limit.

12



3 Boosted Higgs Production

3.1 Framework

As we have seen in Sec. 2.1.3 the Higgs—gluon coupling does not decouple for heavy particles.
This property can be used to hunt for instance additional hypothetical heavy particles and
eventually rule out their existence. One question might be if, beside light quarks, the top is
really the only heavy loop particle contributing to the Higgs—gluon coupling we have measured
at the LHC. We therefore want to study the nature of the this coupling in a model-independent
way. We want to see for instance whether the top Yukawa coupling is indeed responsible of for
the observed Higgs—gluon coupling. The description of the coupling, including the full loop
integral, of course depends on a given model. The HEFT approximation of Eq. (2.26) holds,
however, for any loop contribution under the assumption that new physics can be integrated
out [47, 48].

We therefore assume a new contribution, represented by the HEFT approximation, to the

Higgs—gluon coupling,
as 1 H v my _
‘ngH D) RtJggH + K/gﬁ} ;GHVG — K}tTH (thL + h.C.), (31)

where the parameter set (k¢, kg) = (1,0) reproduces the pure Standard Model. By modifying
kg and k; such that their sum stays constant, it is possible to shift the contribution of the
top to a new unspecified source. Note that by modifying the top Yukawa coupling the total
observed Higgs cross section at the LHC is left unchanged. One possible new physics model
which can be described by the above parametrisation would be the Standard Model with an
extended Higgs sector and an unobserved heavy top partner [27, 28, 49]. Unless otherwise

mentioned we will refer in the following to the three reference points
(Kt, kg)sm = (1,0), (Kt, kg)Bsm = (0.8,0.2) and (K, kg)urrT = (0,1).  (3.2)

The set (ki, kqy)Bsm represents a more realistic parameterization for a scenario beyond the
Standard Model (BSM).

Expressing Eq. (3.1) in terms of matrix elements for Higgs production in gluon fusion leads

to the two terms

M = KMy + kgMy, (3.3)

13



Chapter 3. Boosted Higgs Production 3.1.  Framework

where all prefactors except k¢4 are absorbed into the definition of M; and M,. All other
tree-level Higgs interactions are kept unchanged for simplicity. A shift in the loop—induced
Higgs—photon coupling is not phenomenological relevant, because the loop does not only
involve QCD but also electroweak couplings. Due to the additional W loop it is difficult to
extract informations about the top Yukawa coupling.
Translating the above equation in differential cross sections by squaring the matrix elements
we get for any kinematic distribution
do 5 doy

d d
= Ki 5~ + 2KtkKg 7tg + K2 79

4o~ "t do dO 940’

(3.4)

where O represents an arbitrary observable operator. Since in general x; > kg the last term

2
g9

ference between the top—induced coupling and the HEFT component is of importance when

proportional to k2 can be numerically neglected for a BSM model. Hence, only the inter-

testing the hypothesis.

The key question is how to resolve the coupling and ultimately, if the parameters x; and
kg differ from the Standard Model values. When only the Higgs is produced in gluon fusion
we can already see from the coupling g,qm that the process will depend only on the Higgs
and top mass. There is for instance nothing the Higgs could recoil against. But if the Higgs
is produced together with additional partons as part of the hard process the corresponding
Feynman diagrams are more complex. The coupling will then develope a dependence on the
kinematics of the external states [47, 48]. Since the kinematics will therefore differ between
the exact loop calculation and the HEFT approximation, additional jets allow us to extract
information about the Higgs—gluon coupling.

This is our main motivation why we will consider jets as part of the hard process calcula-
tion. Past studies showed that effects in the boosted Higgs regime, i.e. a Higgs with large
transverse momentum, are expected for events based on a matrix—element which includes one
jet [47-49, 51, 52]. We want to further exploit the impact of this effect, but mainly extend the
study to Higgs production in gluon fusion in association with two jets. Because these effects
are only present in the boosted regime, the proper description of a second hard jet might turn

out to be important.

Event samples at parton level for both processes are generated for the SM, BSM and
HEFT hypothesis according to Eq. (3.2). We used McrM [70, 71] for the Hj process and
VBFNLO [72-74] for Hjj at a center of mass energy of /s = 13 TeV for the generation of
Monte Carlo events. Both generators provide results for the SM (finite top mass) and HEFT
(pure dimension—6) scenario. In order to construct the BSM hypothesis, both implementations
had to be expanded by the interference term. The dimension—6 modifications to MCFM were
validated against the independent implementation in VBFNLO. The PDF set CTEQ6L1 [75]
is used and the data is analyzed and plotted using the ROOT package [76].

These calculations are performed at LO, since no NLO corrections including the full top
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3.2. Top Mass Effects Chapter 3. Boosted Higgs Production

mass dependence were available at that time. Nevertheless, further studies with NLO im-
plementations are performed in Sec. 3.4 with developmental SHERPA+OPENLOOPS [77-83]
samples. In order to account for the missing NLO corrections we rescaled the total LO cross
section with a factor of Kp; = 1.4 [70, 71] and Kpj; = 1.6 [84-86], respectively. It is known
that NLO corrections, including top mass dependencies, do change distributions only within

O(10%) in comparison to a LO implementation, even for a boosted Higgs [66].

3.2 Top Mass Effects

Total rates are unchanged, therefore we rely on shape difference in differential distributions.
There are different ways how a top loop can effect distributions. A threshold enhancement due
to the top mass, which we will describe in more detail in the off-shell chapter, in the invariant
masses my; and myj; do exist. But we found that it is numerically small and does not allow
us to make any statement about the origin of the Higgs—gluon coupling. More promising is

the approach of top mass induced logarithms.

When the Higgs is produced in association with a hard jet the low energy field theory
approximation is strictly speaking no longer valid. Diagrams, in which a gluon is radiated by
one of the loop particles do not exist. Those more complex diagrams involve additional scalar
integrals, leading to additional top mass dependent logarithmic terms. The same is true for
diagrams where the gluons are off—shell. To understand the effects of the missing mass scale
my we have to take a closer look at the analytic form of the 1-jet and 2—jet matrix element

when top mass effects are taken into account.

3.2.1 Logarithmic Structure

For the Hj process, the cross section of the partonic subprocess gg — Hg can be written as

Bu 0452 3 2
Ogg—Hg = 16?47T1)2 ) )\Z:i |M/\1>\2>\3| ) (35)

neglecting quarks in the loop other than the top [51]. S denotes the final state velocity and
A; = & are the helicities of the three involved gluons. Looking at the helicity configuration

M4y it is possible to show that it can be expressed as

2 2 2
mieK
M+++ 0.8 —tr A() + A1 In LY; + A2 1n2 Psz (36)
pr mt mt
in the high energy limit pr = pr g = pr; > mu,m:. A derivation of this structure can be
found in the Appendix. The parameter x is related to the top Yukawa coupling y; = xmy/v

and A; are a combination of constants and top mass independent logarithms. For high pr,
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q q

y

< Q -<
q q

Figure 3.1: Feynman diagram for the g¢ — Hqq process with its VBF-like topology. The participating
gluons can be highly virtual.

we therefore conclude that the leading term for this subprocess scales like

Oggstrg < miIn? (ff%) . (3.7)
Such logarithmic dependence on the transverse momentum is present only in case of a top
quark loop. If for instance additional particles are also inducing the Higgs—gluon coupling, i.e.
kg # 0, this logarithmic structure does not occur in this form. For the HEFT approximation
the top mass scale is missing and thus the logarithms are completely absent. This means an
additional jet can be used to probe the coupling in the boosted Higgs regime and potentially
disentangle the coupling modifications , and k4 [49, 51, 52, 87].

For the Hjj process, the two jets result in several external mass scales, which makes the
situation more complex. It is not yet clear which kind of invariant is responsible for a loga-
rithmic top mass dependence. Picking the simplest subprocess, ¢¢ — Hqgq, in principle only
the effective Higgs—gluon coupling can be probed. The two jets are in this VBF-like topology
not attached to the loop itself, as it can be seen in Fig. 3.1. The major difference, however,
is that the gluons from the incoming parton splitting can be highly virtual, changing the
scaling behaviour of the corresponding scalar three point function. Expressed in terms of the

virtualities Q1,2 > 0 of the two space-like or t—channel gluons we find
ma 2 2\ 12 ma 2
Oqqg—Hqg X 2 : 212 [ln2 (Qé) —In’ (Qg)] QlZQZ %1114 (%) : (38)
Q3 —Q3) my my Q1 my

In the collinear limit, the virtuality dependence can be translated into a dependence of the
transverse momentum [88]. In case of unbalanced jets recoiling against the Higgs, Q1 > Q2,

the above logarithm reproduces the logarithm occurring in the 1-jet matrix element,

Pr, Pro
Oqqs Hag o< Mf In* mQj ~ mjIn* m,2 . (3.9)

t t

Here, a linear relation between () and pr is assumed, following the calculations of [88].
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Figure 3.2: correlation plots for the pr; vs Q1 (left) and Pr g vs Q1 (right) for Hjj production in
the Standard Model, k¢4 = (1,0). We also show the ratio SM/BSM (bottom row), where
BSM is defined as s+, = (0.8,0.2).

3.2.2 Parton Level Simulation

In the upper panel of Fig. 3.2 we present the correlation between the gluon virtuality and
the transverse momentum of the leading jet or the Higgs at parton level. As expected from
kinematic constraints we observe no events for pr; > @ for the Hjj process. This clear
boundary is washed out slightly for pr g, since the Higgs can get a boost from the the second
gluon. The overall kinematic distribution agrees well with the considerations of [88]. The
lower panel of Fig. 3.2 shows for both correlation plots the ratio SM/BSM, which we expect
to differ from one due to the different logarithmic structure for both hypotheses. While the
ratio starts around one for small transverse momentum it goes down for a boosted jet or
Higgs, as expected from a purely pr dependent logarithm. It is clearly visible that for the
whole phase space the ratio is almost independent of the gluon virtuality. This shows that
the logarithmic structure of the 2—jet matrix element and the 1-jet matrix element is indeed
similar, as indicated by Eq. (3.7) and (3.9).

Keeping this observation in mind, the key questions is their numerical impact. To compare
the Hj and Hjj matrix elements we have taken a look at various differential cross sections for
the SM and BSM hypothesis. Fig. 3.3 shows that for both matrix elements the SM and BSM
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Figure 3.3: Parton-level pr m (left) and pr;, (right) distributions for Hj and Hjj production. The
red curve corresponds to the Standard Model ¢,y = (1,0), while the blue curves follow
from the BSM hypothesis ¢, = (0.8,0.2). We assume +/s = 13 TeV.

distributions are not showing any difference in the low energy regime. However, they start
to split up for around 300 GeV, reaching a ratio of around two for a very boosted Higgs or
leading jet of 1 TeV transverse momentum. As we have seen, both splittings are a result of a
similar logarithmic structure and therefore the ratio BSM/SM does not show any significant
difference between the Hj and Hjj process. Also, the ratio does not shows any difference

between pr g and pr ;.

Nevertheless, despite the fact that the 1-jet matrix element has a higher total cross section
than the 2—jet matrix element, it is an important observation that this extra contribution
mainly leads to soft jets [89, 90]. Since we are sensitive only in the boosted regime the higher
total Hj cross section therefore does not help resolving the Higgs—gluon coupling. In fact, in
the phase space region of interest the Hjj process is more dominant, indicating that the 2—jet

matrix element is indeed of importance.

Showing that the Hjj process is more relevant in the boosted regime than the Hj process,
we might have to think about even more jets. Of course we can only speculate about this
without simulating the 3—jet case. But we can extract some hints from the 2—jet matrix
element already by looking at different initial states. For the gq and gq initial state we
have one—loop triangle and box diagrams contributing and only for the pure gluon amplitudes
pentagon loops are possible. See for example Fig. 3.4. This allows us to determine the relative

contribution of those more complex pentagon loops arising due to the second jet.

We observe that for the gq initial state the top mass effects are the strongest whereas they
are weaker for the gg initial state, as presented in Fig. 3.5. This indicates that the top mass

effects are mainly occurring in the VBF-like topology with a triangle loop as described be-
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Figure 3.4: Sample diagrams for a triangle (left), box (middle) and pentagon (right) loop. A pentagon
loop is only in case of gg — H gg possible, whereas a box and a triangle can be constructed
also with other initial states.
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Figure 3.5: Parton-level pr g distributions for Hjj production with the inital states gq (solid), gq
(dashed) and gg (dotted). The red curves corresponds to the Standard Model k¢, = (1,0),
while the blues curves follow from the BSM hypothesis x4 = (0.8,0.2).

fore. This topology is only approximately implemented in the 1-jet matrix element, but is
already correctly described by 2—jet matrix element. The pentagon loop does not seem to be
dominant. Therefore a third jet would be most helpful as part of final state splitting, however
this is can be reasonably well described by the parton shower and must not necessarily be

part of the matrix element.

The logarithms depend dominantly on the transverse momentum of the jet or Higgs, so we
expect no large difference between SM and BSM in other observables than pr. In Fig. 3.6
we present some other exemplary distribution like the invariant mass of the dijet system. All
curves are aligned, indicating that strong top mass effects are indeed only appearing in the
transverse momentum spectra. We therefore have only those two observables to resolve the

Higgs—gluon coupling.
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Figure 3.6: Parton—level m;; (left), p. ;, (center) and p. g (right) distributions for Hjj production.

3.2.3 Full Simulation

While all above observations are true at parton level, the question is if attaching a proper par-
ton shower changes the picture. A parton shower simulates additional jet radiation attached
to a matrix element and thus effects the shape of the py peak. Since this jet radiation is mainly
soft we expect it to change only the low—pr regime. We therefore showered both processes
by running PYTHIAR [91] over the previously with MCFM [70, 71] and VBFNLO [72-74]
generated Les Houches Accord event samples [92]. For the renormalization and factorization
scale we choosed py = p3 = my +p7.; and uh = ph = mi; + pg 1 + D7 o, respectively. For
technical reason we included a decay of the Higgs to two taus, but its impact on the shape of

the distribution is neglectable.

We present the results of a full simulation in Fig. 3.7 for the pr g distribution in terms of
the different contribution defined in Eq. (3.4). The interference curve is determined from the
simulation of the Standard Model, the pure HEFT approximation and the BSM distribution,

using

dpra 2Kk

K K
dpr B Ydpr.m 9 dpr.u

doig 1 <d0BSM 5 dosm QdJHEFT> (3.10)

We see that even though the peak is broadened, the distributions still split up at approx-
imately 300 GeV. For all three contributions defined in Eq. (3.4) the Hjj process is more
dominant than the Hj process, as we have already seen in the parton level case. This is ex-
pected, because the parton shower does not only underestimates the radiation of boosted jets
for the Hj process, but also cannot reflect the top mass logarithms. The higher rate for the
2—jet matrix element in the sensitive region is a good starting point for a signal-background
analysis and even provides more handles to suppress the Standard Model backgrounds at the
LHC.
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Figure 3.7: Transverse momentum distribution for Hj production (based on MCFM) and Hjj pro-
duction (based on VBFNLO). Both codes use PYTHIAS for the parton shower. The
top—induced and dimension-6 contributions as well as their interference are defined in
Eq. (3.4). We assume /s = 13 TeV and for technical reasons include a decay H — 77
with minimal cuts.

3.3 Signal-Background Analyses

When looking for new physics it is not sufficient just to study the signal itself. Experimentally
it defines a final state with which the signal events can be selected with the trigger system
at the LHC, but the trigger also selects events which have a different origin. The number
of those background events is in fact almost always larger then number of signal events. A
careful analysis is then necessary to reduce the background and make a meaningful statistical

analysis possible.

So far we have studied the signal in a general fashion and compared the Hj [51, 52, 87] with
the Hjj process, keeping the Higgs stable. We will now focus on two of the most promising
decay channels of the Higgs, H — WW and H — 77. To select those events at the LHC
we look in both channels for a leptonic final state with two opposite charged leptons. This
excludes a hadronic W and tau decay, but we gain a final state signature which is easy to
identify in a detector. Even though the leptonic decay of the W and the 7 leads to undetectable
neutrinos and therefore to difficulties in reconstructing the Higgs, this signature can be used
to get background processes under control.

The major background processes for this final state are W W +jets and t#+jets with leptonic
decays. The Z/~*+jets process also accounts for the background, but its contribution can be
brought to a minimal level in the phase space region of interest, as we will show in the 77

analysis. Feynman diagrams representing the signal and background processes are presented
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Figure 3.8: Sample Feynman diagrams for the two different decay channels H — WW (left) and
H — 77 (right) in gluon fusion with subsequent decays to a leptonic final state.
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Figure 3.9: Sample Feynman diagrams for the corresponding background processes tt (left), WW
(middle) and Z/v* (right).

in Fig. 3.8 and Fig. 3.9, respectively. Note that the ambition of the following analysis is not
to give a realistic estimate for a measurement of x; and x4, but to see how the Hj and Hjj

process compare in a basic LHC analysis at /s = 13 TeV.

As before, the signal events are generated with McFM+PYTHIA8 [70, 71, 91] for the Hj
process and with VBFNLO+PYTHIAS [72-74, 91] for the Hjj process. Scale choices are
ph =y =mi +pp; and uh = pi = mi + Py + Py o, respectively, and the PDF set is
CTEQG6L1 [75].

The WW and top backgrounds are generated at NLO with the PowHEGBOX [93, 94] and
showered with a vetoed shower implemented in PYTHIA8. The vetoed shower prevents any
shower emission with pr greater than the POWHEG emission [95], which is necessary to avoid
double counting of jets. The PDF set CTEQ6M [75] is used.

The Z/v*+jets background is generated at NLO with up to three jets in SHERPA [77-82]
using the CT10 PDF set [96] and the build—in METS scale setter. For the NLO calculation
within in the MC@QNLO framework [97] SHERPA is interfaced with BLACKHAT [98].

The visible final state, excluding leptons and photons, are clustered to jets. For this purpose
we used the anti-kp algorithm implement in FASTJET [99, 100] with a cone radius of R = 0.5.

Jets are required to be sufficiently hard,
pr,; > 40 GeV and ly;| < 4.5. (3.11)

The cut on the rapidity of the jet corresponds to the typical experimental limit of a LHC
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detector. If not otherwise mentioned we will refer to the leading and subleading jet as the
two hardest jets fulfilling this requirement.

We apply similar criteria for the leptons,
pr.e > 20 GeV and lye| < 2.5, (3.12)

where the rapidity range is reduced since leptons are detected in the electromagnetic rather
than the hadronic calorimeter. Additionally leptons have to be isolated, i.e. the transverse
hadronic energy deposit E7 phaa = Zvis pr should not exceed Er /10 within a cone around
the lepton of radius R = 0.2. This reduces the amount of leptons which are not part of the
hard process but created as part of a jet. Events which do not contain exactly two opposite
sign leptons are vetoed.

In order to suppress the top background we require zero b-tagged jets due to the dominant
t — bW decay. Experimentally identifying jets originating from b quarks is challenging and
not foolproof, but a high efficiency is achieved in recent years [101]. Since we have in sim-
ulations full control over the jet origin we assumed a flat, i.e. energy independent, tagging
efficiency of 70% and a light flavour mistag rate of 2%.

All so far mentioned selection criteria are applied to both Higgs decay channels and all
backgrounds. To address the different decay signatures a different set of additional cuts is
applied to both channels afterwards. They are described in the following Sec. 3.3.1 and 3.3.2,

respectively and are similar to the known analysis techniques.

3.3.1 H — 77 Decays

In the H — 77 channel, both 7 particles decay independently such that differently flavoured
final state leptons are possible. In the large Z — ¢¢ background the leptons are created in
pairs and are therefore of same flavour. Here, we expect a large amount of events where the
invariant lepton mass myy is around the Z mass of 91.2 GeV. Demanding my € [10,60] GeV
for leptons of same flavour addresses this background by leaving out the Z—pole contribution.
The minimal myy requirement reduced the QED background, where the lepton pair is created
by a v*. In case of differently flavoured leptons this cut can be opened to myp € [10,100] GeV.
An even higher invariant mass window around the Higgs mass is not necessary since the four
neutrinos from the tau decays lower the observed my, of the final state leptons.

Even though we have all sort of stable leptons in the final state we are after a 77 signature.
A leptonic tau decay involves two undetectable neutrinos, which leads to missing transverse
energy/momentum Fr. We define Fr as the absolute value of the negative vectorial sum over
all visible transverse momenta and require it to exceed 45 GeV. In order to account for detec-
tor effects we smear the missing energy vector using a gaussian of width —0.07+2.92 GeV/FEr

before applying the cut.
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A very efficient way to select the signal is to require the invariant tau mass m.,, to be around
the Higgs mass. However, m,, can not be exactly reconstructed, due to missing momentum.
Instead we use the collinear approximation method [47], which assumes the neutrinos to be

collinear with its corresponding lepton and that they are the only source of missing energy,

ET,m = |ﬁmiss,1| sin 8@,1 COSs (b[,l + |ﬁmiss,2| sin 0[,2 COs ¢Z,2

Fr,y = |Pmiss, 1| sin 07,1 85I g 1 + [ Pimiss,2| si 07 2 sin ¢y 2. (3.13)
Solving this equation system leads to

Brycosgpo— Frpsingg o
sin @y 1 sin (¢r,1 — ¢e,2)

Fr,ycos dpy — Frasinge
sin 6y 2 sin (¢g,1 — Pr2)

= —
|pmiss,1| -

(3.14)

_’ —
|pmiss,2| -

Using the momentum fraction x; carried away by the lepton, the invariant tau mass can be

calculated as

Mgy . |De,i]
My = with Ti= o 3.15
o \V/ZT122 ’ |Dei| + |Pimiss,i ( )

This approximation works well in the boosted regime, but can lead to imaginary results for

back—to—back leptons due to |Pmiss,;| o sin (¢g1 — @,2)71. We therefore require
|mrr —mp| <20 GeV  with z; €10.1,1] (3.16)
and to ensure that we fulfil the kinematical conditions for the collinear approximation
prom ~ |Pra, + Pre, + Er| > 300 GeV. (3.17)

The large mass window around my should include most of the signal events, while we see in

Tab. 3.1 that only a fraction of the background events fulfill this requirement.

Those new cuts do not require any jet since we have used the common single jet observables
already in our bare cuts. However, we can make use of the second jet by defining additional 2—
jet correlation observables in order to suppress the background even further. This, of course,
only make sense applying to the Hjj process.

In turns out that the difference in azimuthal angle A¢;; between the two tagging jets [102—
109], as well as the ratio of transverse momenta pr j1/pr, je2, are performing well. In Fig. 3.10
we show the normalized corresponding distributions after applying all so far mentioned se-
lection criteria. Especially the tf background can be reduced by cutting on those two 2-jet
observables. In the boosted Higgs regime the preferred kinematical configuration are two
balanced jets recoiling against the Higgs. They are close together in the azimuthal plane.

This shows again that two hard jets are of advantage and that the Hjj matrix element is of
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Figure 3.10: Normalized A¢;; (left) and pr j1/pr jo (right) distributions for the H — 77 signal and

the dominant backgrounds. All universal cuts listed in Tab. 3.1

are already applied.

Hj — (77)j inclusive Hjj — (77)7j inclusive
cuts H+jets | Z/v*+jets | WWjets | tt+jets || Htjets | Z/y*+jets | WWtjets | tt+jets
pr,; > 40 GeV, |y;| < 4.5
pre>20 GeV, |y| < 2.5 9.82 162303 524 14770 5.10 27670 90.7 7633
Ny, =0 9.21 148221 515 4920 4.50 23218 87.4 1690
mygg € [10,60] GeV
mepr € [10,100] GeV 6.59 10466 179 1616 3.41 1832 28.3 541
Fr > 45 GeV 6.24 38.1 166 1616 3.31 0.65 27.0 541
Imsr —mpg| <20 GeV 5.88 2.84 6.28 45.9 3.10 0.11 1.18 16.0
pr,H > 300 GeV 0.23 0.013 0.40 0.87 0.41 0.004 0.20 0.56
Agj; < 1.8 0.33 0 0.15 0.22
pT,jl/pT,jZ < 2.5 0.22 0 0.076 0.086

Table 3.1: Cut flow for H+jets, Z/v*+jets, WW +jets and tt+jets. All rates are given in fb.

importance. We require

A(bjj < 1.8

Pr,j1
Pr,j2

and

< 2.5.

(3.18)

Obviously, we do not apply a cut on m;;, like it is done in many Higgs plus two jet analyses.

This cut works well for a weak boson fusion characteristic, where the jets favour the forward—

backward topology.

This is due to a missing colour—flow between the in— and outcoming

partons, however, this is not true for the Higgs produced in gluon fusion we are targeting.

Beside reducing the signal itself, a cut on m;; would also not enhance the BSM component,

as we have seen in Fig. 3.6.

To compare the Hj [51, 52, 87] and Hjj process we get the 1-jet inclusive and 2-jet

inclusive samples from simulation based on the 1-jet matrix element and 2—jet matrix element,

respectively. The corresponding cut—flow is presented in Tab. 3.1 for signal and background.

We see that after applying all selection criteria the Hj and Hjj signal is of similar size in the

sensitive region, but the backgrounds contributions are smaller by almost a factor of 8 in the

2-jet inclusive case. The S/B ratio is 0.2 and 1.4, respectively.
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To finally extract information about the parameters x4 and ; from these event samples,

we performed a statistical shape analysis. This procedure is described in Sec. 3.3.3.

3.3.2 H — WW Decays

For the H — WW decay channel we start with cuts similar to those of the H — 77 channel.
Due to the subsequent decay W — fv we require the invariant lepton mass to be between
10 GeV and 60 GeV, as well as missing transverse momenta Fr of at least 45 GeV. We also
employed a cut on the difference in azimuthal angle of the two leptons,

A < 1.8. (3.19)

Looking at the cut—flow in Tab. 3.2, this cut on the angular correlation seems not to be very
efficient, as it suppresses the signal almost as much as the backgrounds. However, we have to
keep in mind that the sensitive region is the boosted Higgs regime and in this region it turns

out the cut does serve its purpose.

A very effective way to reduce background is to cut on the transverse mass my. In the

WW system with leptonic decays it is defined as
m2 = (BY¥ + Br)? — |5 + Erl>  with B = \/|pEP2 +m2, . (3.20)

The important characteristic of this mass is, that it can not exceed the mass of the original
mother particle. For the signal this means mp < my, whereas in case of a different production
mechanism larger values are possible. Therefore we require the transverse mass to be smaller

than mpy = 125 GeV. We lose very little signal, but some background.

Like in the 77 channel we use
Pra ~ |Pray + Pr, + Br| > 300 GeV (3.21)

to go into the region of interest. As indicated by Fig. 3.11, the 2—jet observables pr j1/pr ;2
and Ag;; are also in this channel useful to suppress the background. We employ the same

cut values for the Hjj process,

Ag;; <18 and P o955 (3.22)
Pr,j2

As shown in Tab. 3.2, we have a similar picture when we compare the Hj with the Hjj
process as in the 77 analysis. The size of the signal is comparable in the boosted regime
but the signal-to—background ratio S/B is better by a factor of 7. For the Hjj process the
background is roughly a factor of 2 larger than the signal. A statistical analysis in terms of
an event shape analysis is presented in the following section for both decay channels of the

Higgs.
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Figure 3.11: Normalized A¢j; (left) and pr j1/pr,j2 (right) distributions for the H — WW signal
and the dominant backgrounds. All universal cuts listed in Tab. 3.2 are already applied.

Hj — (WW)j inclusive Hjj — (WW)jj inclusive
cuts H+jets | WWjets | tt+jets || H+jets | WW +jets | tt+jets
pr; >40 GeV, |y;| < 4.5
pre>20 GeV, |yl < 2.5 35.5 524 14770 17.3 90.7 7633
N, =0 33.3 515 4920 15.2 87.4 1690
mye € [10,60] GeV 28.3 106 1060 13.0 17.2 351
Er > 45 GeV 21.4 92.9 930 10.6 15.9 309
Ay < 0.8 14.3 49.8 479 8.14 10.3 162
mp < 125 GeV 14.2 26.6 220 8.09 6.14 76.2
pr,a > 300 GeV 0.59 2.73 5.18 1.06 1.39 3.28
Ag;; <18 0.87 1.05 1.33
pTJ‘l/pTJ'Q <25 0.57 0.53 0.53

Table 3.2: Cut flow for H+jets, WW +jets and tt+jets. All rates are given in fb.

3.3.3 Shape Analysis

As we have seen, we get a difference between the BSM and SM hypothesis in the transverse
spectra of the leading jet and the Higgs. Thus we can extract information about the pa-
rameters kg and x; when looking at the shape of this distributions. We therefore perform a
shape analysis using the pr g and pr; distribution of the H — 77 and H — WW channel
described in the last two sections. We are focusing on the Hjj process, since the number of

expected events is comparable to the Hj process, but its signal-to—background ratio is better.

We used the CLg; method, described in Sec. 2.3, to get exclusion limits for the parameter set
(Kt, Kg)Bsm = (0.7,0.3). The implementation of choice for this purpose was McLimiT [110-
112] within RooT [76]. The Standard Model is defined to be the null hypothesis and the
relevant backgrounds are included. The differential cross sections are translated into total
event numbers by multiplying with the integrated luminosity. Even though we get the most

sensitivity out of the boosted regime, we have skipped the cut on pr i to get a the most out
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Figure 3.12: Confidence level for separating the BSM hypotheses x¢ 4 = (0.7,0.3) from the Standard
Model. We show results for H — WW decays based on the transverse momentum of
the Higgs (left) and the hardest jet (right).
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Figure 3.13: Confidence level for separating the BSM hypotheses x¢ 4 = (0.7,0.3) from the Standard
Model. We show results for the H — 77 decays. We limit ourselves to the more promising
case of the Higgs transverse momentum.

of the shape. In order to account for the NLO scale choice we assumed a scale uncertainty of
0(20%) [72-74].

In Fig. 3.12 and Fig. 3.13 we show the confidence level for a given integrated luminosity,
based on the pr p distribution for both decay channels respectively. The £lo and +20
uncertainty bands are presented in green and yellow respectively. We also show a confidence
level plot based on pr; for the WW channel, but we clearly see that the transverse mass of
the Higgs seems to be better suited. Even though the WW signal has a higher cross section
than the 77 signal, its signal-to-background ratio is worse. After all we find that the WW

and 77 decay channel are performing similarly well.
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3.4 Extension to NLO Merging

As we have seen, the Hjj process has a higher cross section in the top mass sensitive boosted
Higgs regime. This makes the process numerically an important contribution when resolving
the Higgs—gluon coupling. Since a signal-background analysis also benefits from the second
hard jet the Hjj process can not be seen just as a correction to the Hj process. However,
both processes show a similar logarithmic structure, thus it is a natural extension to combine

both matrix elements to get the most out of it.

This section presents the result when repeating our analysis with state of the art event
samples which merges the H, Hj and Hjj processes. Additionally the hard processes H and
HJ are calculated and merged at NLO. The Hjj contribution remains at LO. For this purpose
we got access to developmental implementations in SHERPA+OPENLOOPS [77-83]. Given that
pr.m is an inclusive observable we expect not only a better estimate of the differential cross
section over the full momentum range when using multi-jet merged samples, but also better

new physics constraints.

3.4.1 Multi-Jet Merging at LO

First, we want to focus in multi—jet merging, before introducing NLO corrections. In order

to verify our results we used two independent sets of tools to obtain LO event samples.

On the one hand we used SHERPA [77-82] to obtain CKKW-merged [113] event samples.
This relies on the low—energy limit of the Higgs—gluon coupling thus all tree-level matrix

elements are reweighted with their full loop counterpart for each jet multiplicity n by

2

|M(”>(mt)|

rn) = .
|M(”)(mt — oo)‘2

(3.23)

On the other hand we used events showered by PYTHIAR [91] and merged via the CKKW-L
algorithm [114]. The O-jet parton level events were generated with MADGRAPH5 [115], the
1-jet with McFM [70, 71] and the 2-jet events with VBFNLO [72-74]. All tools use the same
LO PDF set CTEQ6L1 [75] in order to compare them.

As we have seen in the previous section we obtain from the WIWW and 77 decay channel
similar exclusion limits, we therefore focus only on the WW — fvlv decay. We define a
jet via the anti—kr algorithm using FASTJET [99, 100] with a cone radius of 0.4. Our basic

acceptance cuts are

pre > 20 GeV, ‘77@‘ < 2.5,
pr; > 30 GeV, In;| <24 (3.24)
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Figure 3.14: Transverse momentum distribution pr g for H — WW+jets production at LO with
SHERPA (left panel) and PYTHIAS (right panel). We present the distributions for exclusive
and merged jet samples with finite top mass effects (m; = 173 GeV) and in the low-
energy approximation (m: — 0o). We assume the LHC at /s = 13 TeV.

and we reconstruct the transverse momentum of the Higgs via

pru ~ |Pra, + Pra, + Fr|. (3.25)

The missing transverse energy vector is, as before, smeared with a gaussian.

We present the results in Fig. 3.14. The individual jet-bins shown in this figure correspond
to the number of jets passing our acceptance cuts. Both results from SHERPA and PYTHIAS

agree with each other in the boosted regime.

We see that in the low—energy regime we get a constant scaling factor of about 1.065 for
SHERPA between the full top mass dependence and the HEFT approximation. This factor
is universal for all jet bins. The PYTHIAS8 simulation shows some slight discrepancies in the
low—p7 regime. The ratios in each jet—bin do not factorize and are not constant. This is a

remnant of the merging procedure in PYTHIAS.

Above around 300 GeV the two hypotheses split up, as we have seen before, reaching a
difference in rate of four at 600 GeV. It is an interesting observation that the top mass effects
factorize, i.e we get the same correction for all jet bins, thus also for the merged results. This
is another indication that the top mass effects are indeed fully associated to the hard process.
In fact, this is only true for top mass effects, whereas it is known it does not apply to bottom
mass effects.But as we already mentioned bottom mass effects do not play an important role
in the boosted regime. It is worth mentioning that in the merged event sample the 2—jet
subsample has still a higher rate in the boosted regime than the 1-jet subsample. Therefore

the basic picture of our previous analysis did not change.
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Figure 3.15: Sample of the Feynman diagrams contributing for Higgs production with up to 2 jets at
leading order.

9 9 H 9 H q

Figure 3.16: Sample of the one-loop Feynman diagrams contributing to the Higgs and Higgs-jet pro-
duction. On the top we display the NLO real corrections and on the bottom the virtual
contributions.

3.4.2 Multi-Jet Merging at NLO

After we have discussed the effect of multi—jet merging on rates and top mass effects we can
now additionally add NLO corrections. They will significantly increase the total rate, but we
will also have a look at the shape of the pr distribution and its influence on the ratio between
the Standard Model and HEFT approximation.

The structure of a NLO cross section can be written for illustrational purposes as
doNLo = (B+V+I) dd,, + (R—D) d®, 41 (326)

B is the Born term and corresponds to the leading order part of the cross section. Sample
Feynman diagrams for different jet multiplicities can be found in Fig. 3.15. V is the virutal
term which comprise all virtual corrections to the LO process. R denotes the real corrections
where one extra final state parton is added to the process. Sample Feynman diagrams for
virtual and real corrections can be found in Fig. 3.16. Z and D are the integrated and uninte-
grated dipole subtraction term, which is introduced in order to cancel unphysical divergencies.

d®,, and d®,;; are the n and n + 1 phase space integrals.

The samples present in this section are based on 0—jet and 1-jet events at NLO and 2—jet

events at LO. They are generated with SHERPA and merged using the MEPSQNLO algo-
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Figure 3.17: Transverse momentum distribution pr g for H — WW+jets production with SHERPA
at NLO (left panel) and correspondent NLO K-factor for each jet multiplicity (right
panel). We present the distributions for exclusive and merged jet samples with finite top
mass effects (m; = 173 GeV) and in the HEFT approximation (m; — co). Both plots
are still preliminary.

rithm [116].The top (and bottom) mass effects at leading order accuracy are included by
using matrix elements provided by OPENLOOPs [83]. All plots are still preliminary, however

we do not expect them to change significantly.

In the left panel of Fig. 3.17 we see that the total rate is enhanced in comparison to the LO
simulation in Fig. 3.14. The 2-jet subsample seems to have lost some significance, but this is
due to the fact that the 2—jet matrix elements remain at LO, whereas the 1-jet is already at
NLO accuracy. The top mass effects still factorize in each jet bin and converge to a constant
factor in the low—energy regime.

The right panel of Fig. 3.17 shows the K—factor due to NLO corrections. We can see, that
the correction factor depends on pr and is roughly around 2. Interestingly, we get a different
K-factor for the Standard Model scenario and the pure dimension—6 hypothesis in the boosted
regime. Because the NLO corrections in this regime appear to be less for the dimension—6 sce-
nario than the loop—induced Standard Model, the difference between both scenarios is slightly
reduced at NLO.

Nevertheless, those two plots show impressively that in order to simulate the pr spectra
accurately, both corrections are vital. While the NLO corrections increase the rate by roughly
a factor of 2 especially for low energies, top mass effects change the rate in the boosted regime

massively.
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4 Off-Shell Higgs Production

4.1 Framework

In the previous chapter we saw that for the investigated processes top mass effects are present
in the boosted Higgs regime. As for most Higgs property measurements the information where
dominantly extracted from a Higgs produced on its mass shell. Only recently the off-shell
regime in the pp — Z*) Z) — 4¢ was explored by the CMS and ATLAS collaboration [56—
58]. This process includes a s—channel gg — H — ZZ process, which interfere with the
loop—induced gg — ZZ continuums background. The complete ZZ production via two gluons
therefore inherits information about the Higgs and its coupling to gluons. Illustrative Feynman
diagrams can be found in Fig. 4.1.

The major background contribution to the Higgs signal comes from q¢ — ZZ, since it is
the only treelevel process. It is followed by the gg — ZZ continuums production. The over-
all off-shell contribution gets sizable when the ZZ on-shell threshold is reached [53-55, 117].
While this channel was studied mainly for Higgs width measurements [53-57], we want to
see if we can extract top mass effects originating from the Higgs—gluon coupling. Later on
we will also comment in Higgs width measurements, which can be related to dimension—6

operators [118].

As pointed out in [59, 60], a different kind of logarithm arises for some helicity amplitudes

in the g9 - H — ZZ channel, e.g.

2
MEEY « log? (nu;) . (4.1)
my
This is our main motivation for looking at off-shell Higgs production, because away from an
on-shell produced Higgs with my4y ~ mpy, we expect top mass effects in this regime. We
therefore exploit this process in a similar way as we did for the top mass effects in boosted
Higgs production and work out the impact of this new logarithmic structure. The only major
difference is that we are now interested in the differential distribution of the invariant mass
of the lepton system instead of the transverse momentum. We will discuss this logarithmic
structure further in Sec. 4.2.1.

The basic framework is the same as for the boosted Higgs in the previous chapter, i.e. the
parameterization of Eq. (3.1) still holds. This allows us to directly compare boosted and

off-shell regime. However, in this channel it is important to include the interference of the
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q Z g

7 z 9 zZ 9
Figure 4.1: Sample of the Feynman diagrams for the continuum background ¢ (¢9g9) — ZZ (left) and
for the signal gg — H — ZZ (right) with full top mass dependence and in the m; — oo
approximation.

signal with the gg — ZZ continuum background. We therefore need to add the corresponding

background amplitude M, to the matrix element
MZZ = Ht./\/lt + Kg./\/lg + MC. (42)

instead of disentangling background and signal. With the parameters x; and x4 we can switch
on different contributions. Again £ 4, = (1,0) corresponds to the Standard Model with top—
loop induced Higgs-gluon coupling, whereas k(;,4) = (0,1) is the pure dimension—6 scenario.
Both include the gg background and interference. The continuums background alone is rep-

resented by the parameters k¢ 5 = (0,0).

Even though the corresponding expression in terms of differential cross sections for an

observable operator O is now more lengthy than before,

do  docc do, doge 5 doy

ag + + A0t dO'tg
d0 ~ 4o "o TRao TR o

+ Kikg—~ + K

d
thig o 2 @0gg

9.dO "’

(4.3)

we gain from the additional interference term. Especially when the pure signal components
proportional to x? and K¢kg are small, the interference term proportional to k; and kg will

be the dominant term which still carries information about the Higgs—gluon coupling.

4.2 Top Mass Effects

4.2.1 Logarithmic Structure

We already quoted in Eq. (4.1) that similar to the boosted Higgs regime a top mass dependent
logarithm occurs. However, due to the interference with the background there is event more
to say about this matrix element. At high invariant masses the Higgs decays dominantly into
longitudinal gauge bosons. It is therefore sufficient to study only the longitudinal components,
which for the helicity component M} 09 and full top mass dependence can be written as [59,
60, 119]

mi mi, —2m7

+400 _ oMY
M =-2——

m% m32, —m% +ilgmy [+ @ =) f(]- (4.4)
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where 'y the Higgs boson width. The parameter 7* and scalar three—point function f(7*)
are defined as the off-shell analogue to 7 and f(7) in Eq. (2.22) and Eq. (2.23),

i 2 1 *
f(T*) = _miguc(oaO,mig,mf,mf,mQ) _ arcsin <4/ = * , for 7% > 1
2 -3 {ln (ifi Vl::) — Z'7T:| for 7 < 1
2
T =4k, (4.5)
My

Note that by essentially replacing mpy by its effective off-shell mass m4, we need to expand
f(r) for 7 < 1. This leads to two different scaling behaviours depending on the size of the

invariant mass relative to 2my.

We can express the above matrix—element in the far off-shell limit my4; > my, mz and for

the two hypotheses with full top mass dependence 7* — 0 and without 7* — oo,

2 2
m m .
M?‘"’OO ~ —|—ﬁ In? <m42Z> with ™ =0, Myp > My, My
A t
++00 mi, ; *
Mg ~ —W with T — 00, Myyp > myg,mz. (46)
A

Here we keep only the leading terms. M, +00 corresponds therefore to the loop-induced
Higgs—gluon coupling and M;*OO to the pure dimension—-6 Higgs—gluon coupling, both in the
far off-shell regime. We see in these two approximations not only the occurrence and absence
of the top dependent logarithm, but note also the difference in sign. Together with the matrix

element for the continuums background in the high invariant mass limit

2 2
m m

MFF0 ~ 12 (“) (4.7)
2 2

¢ 2mz,

we conclude a overall negative sign of the interference term for the top mass dependent case
and a positive sign for m; — oco. Hence, we get a destructive and constructive interference
between the signal and the continuums background in the high—my, regime, respectively. For
the correct theory with top mass dependence the logarithms cancel between g9 - H — ZZ

and gg — ZZ, ensuring a proper ultraviolet behaviour of the amplitude.

4.2.2 Parton Level Simulation

In order to see how strong the top mass effects are we simulate the different gg — 22 — 4¢
contributions at LO, as well as the purely by quarks initiated background at NLO. We used
a eTe putp~ final state generated with McFM-6.8 [70, 71] at a center of mass energy of
/s = 13 TeV. The renormalisation and factorisation scale is set to mg4e/2 and the PDF set
CTEQ6L1 [75] is used. To switch between the different gg initiated components the MCFM
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code was modified and verified against an independent implementation in SHERPA [77-82].

Even though the gg — ZZ continuum process is currently only known at LO, the signal
process gg — H — ZZ is calculated to very high precision. Theoretical predictions for the
gluon—fusion Higgs production are available at next—to—next—to—leading order (NNLO) and
next-to—next-to-leading logarithm (NNLL) for inclusive production and at NNLO differen-
tially as a function of myzyz [120]. It was shown recently, that NLO and NNLO corrections to
the signal-background interference are quite similar to those of the signal. It was therefore
concluded that one can use an equal K—factor for the gg components [121]. In order to account
for missing the missing NLO corrections to the gg initiated components in our simulation we
multiplied the differential distributions with this K—factor.

For event selection we followed the basic CMS off—shell cut—flow analysis [58]. We require

pre > 7 GeV, [ne| < 2.5,
pr, > 5 GeV, [n.| < 2.4,
DT leading > 20 GeV,
DT subleading > 10 GeV, (4.8)

where (sub)leading corresponds to leptons ordered in pr. Additionally
myp > 4 GeV and mae > 100 GeV (4.9)

must hold, where myy includes all lepton combinations independent of flavour. For the in-

variant masses myy of same flavoured lepton pairs we demand

40 GeV < m§Psest < 120 GeV (4.10)
for the pair closest to the Z mass and

12 GeV < miyrthest < 120 GeV (4.11)

for the other.

In the left panel of Fig. 4.2 we present parton level simulations of the ¢qq — ZZ and
g9 — Z 7 backgrounds without Higgs contributions, as well as the full gg initiated contribu-
tion including the interference of g¢g - H — ZZ with the continuums background. We also
show the corresponding ratio between top mass dependent gg component k¢ 4 = (1,0) and
the gg component in its low-energy form k¢ 4 = (0,1). The right panel of Fig. 4.2 presents
the pure g9 — H — ZZ component without the background interference. Also here we show
the ratio between the Standard Model hypothesis k(4 = (1,0) and the pure dimension—6
hypothesis k(;,g) = (0,1).
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Figure 4.2: ma, distributions for the gg — ZZ (left) and g9 — H — ZZ (right) for the different
signal hypothesis and the dominant background. We assume the LHC at /s = 13 TeV.

The shape of the distributions are largely dominated by threshold effects. If for instance
some denominators in a scalar integral like the one in Eq. (2.24) vanish, the ie prescription of
the propagators become important. The matrix element then develops an absorptive imagi-
nary contribution to the usually purely real part. Following the Cutkosky cutting rule [122],

this happens for the scalar integral when replacing the internal propagators
1/ (¢ — m? +ie) — 2mid (¢* — m?). (4.12)

This essentially we cut through every diagrams in all possible ways. If all affected internal
propagators are simultaneously satisfying the on—shell condition we get an cross section en-

hancement.

One possible set of cuts are presented in Fig. 4.3 for the loop-induced g9 - H — ZZ
process. The middle cut represents the narrow on—shell production resonance of the Higgs.
The resonance peak is clearly visible in the right panel of Fig. 4.2 at around 125 GeV.

The right cut is the ZZ threshold at 2my =~ 180 GeV. When this threshold is reached
the cross section is massively enhanced in all pp — ZZ contribution. This is numerically
important, as an off-shell measurement would not be possible otherwise. The off—shell cross
section would be just too small.

In the loop—induced signal another cut through the top loop is possible. This threshold
is reached when both tops are simultaneously on-shell at around 2m, = 340GeV. This
effect particularly visible in the right panel of Fig. 4.2 when comparing the Standard Model
hypothesis with the pure dimension—6 scenario. While the Standard Model is indeed enhanced

at around 2m;, the dimension—6 coupling does not inherit information about the top loop. It
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A

Figure 4.3: Representation of three different cuts through the Standard Model signal. If all cut
propagators are on—shell the cross section is enhanced. (a) Top threshold around 2my,
(b) Higgs on—shell resonance at my and (c¢) ZZ threshold around 2mz.

is not possible to cut through any top propagators and therefore this distribution does not
show an enhancement. The corresponding ratio panel indicates a factor of 3 difference in cross

section between both hypotheses.

If, however, also the gg continuum background and its interference is taken into account
the top threshold enhancement is no longer dominant. This is shown in the left panel Fig. 4.2.
Therefore the top threshold enhancement as an additional top mass effect to the top depen-
dent logarithms will not lead to more sensitivity in resolving the Higgs—gluon coupling. After
all the situation is similar to the boosted Higgs production and we rely on the logarithmic

structure.

We see that the two hypotheses k(; 4y = (1,0) and k(;,4y = (0, 1) split up for around 450 GeV,
as expected from the logarithmic structure of Eq. (4.1). This effect is enhanced by the
sign difference in the interference term, leading to a destructive or constructive interference,
respectively. This is the dominant top mass effect in this channel, thus the one we want to

use for a further signal-background analysis.

4.3 Signal-Background Analysis

We now know where top mass effects occur. We can use this information to perform a signal—
background analysis similar to the analysis in the boosted Higgs regime. To gain sensitivity
we need to suppress mainly the gg background. The gg continuums background is already

part of the reference points k¢ 4y = (1,0) and k(g = (0,1).

We normally do not have any spin correlations between production and decay of the Higgs
since the Higgs seems to favour the scalar hypothesis. However, in the background inter-
ference term 2Re(Mc M) spin correlation are still present. This makes the Cabibbo-
Maksymowicz—Dell’Aquila—Nelson angles [123-126] an interesting set of observables to sup-
press the background. With those five angles it is possible to capture the complete kinematics

of the H — ZZ — 44 process, including correlations with the incoming protons. The Nelson
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Figure 4.4: Representation of the Nelson angles defined in Eq. (4.13) for the gg(¢qq) - H — ZZ —
eﬁeﬁﬁu* process.

angles are defined in case of two final state lepton pairs of different flavour as

COs 06 = ﬁc* 'ﬁZu COs ¢e = (ﬁbeam X ﬁZH) ' (ﬁZ“ X ﬁe*)

Z€ e
080y = By Pz, 08 A6 = (5o % per) - (- X Py |
Z, H
cos 0" =Pz, - Pbeam . (4.13)
where the Z and Higgs momenta are reconstructed with
Pz, = Put+ + Pu- Pz, = Pe+ + Pe- PH =Dz, +Dz.- (4.14)

The vertical line | indicates that the 4-momenta are boosted into the rest frame of particle x.
x

The normalized Nelson angle distributions of the different relevant contributions are shown
in Fig. 4.5, as well as a figurative representation in Fig. 4.4. Since we are interested in the
highly off-shell region we applied the cut myy > 600 GeV beforehand. We see that cos 6* has
a high potential in differentiating between the gq initiated background and those with a gg
initial state. The polarization angles cos ¢. and cos ¢, on the other hand show a discrimination
power between the SM and HEFT approximation hypothesis.

In principle the kinematics of an event can be completely reconstructed. This can be used
to plug the information back into the matrix elements of the different possible origins of an
event in order to get a probability value. With this a log-likelihood ratio can be constructed
which can to some extend differentiate between signal and background. This is known as
matrix—element likelihood approach. However, in our case we want to keep the analysis as
simple as possible. We use therefore |cos6*| < 0.7 to suppress the ¢q initiated background
and cos ¢, as an additional descriminant to my4,. With the 2—dimensional correlation between
cos ¢ and myy we preform a shape analysis, analogue to what we did in the boosted Higgs

regime.
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Figure 4.5: Normalized Nelson angles distributions for the gg — ZZ for the different signal hypothesis
K(t,g) and the dominant background qq — ZZ for m4, > 600 GeV. We assume the LHC
at /s = 13 TeV.
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Figure 4.6: Confidence level for separating the BSM hypotheses k¢4 = (0.7,0.3) from the Standard
Model. We show results for gg — ZZ decays based on the 2D distribution (cos e, mae).

We used the same setup, i.e MCLIMIT [110-112] within RooT [76]. The Standard Model
with corresponding backgrounds is defined to be the null hypothesis and we used the parameter
set k(¢,g) = (0.7,0.3) as our BSM model. We present results for an idealized measurement by

neglecting any systematic or theory uncertainties in Fig. 4.6. But even with this optimistic
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assumption the off-shell measurement does not have the sensitivity when comparing it to
the results of the boosted regime in Fig. 3.12 and Fig. 3.13. Constraining the Higgs—gluon

coupling via other channels seems to be more promising.

4.4 Width Measurement

As mentioned it was recently proposed to use information from the off-shell regime as a direct
measurement of the Higgs width [53-57]. The original idea behind this is as follows. The

differential Higgs production cross section for a decay to a Z pair can be written as

do
dmzz

F(mzz)
X gnggl%IZZ( 2 (4.15)

my, —my)? +my Ty
gggr and gpzz are the usual coupling constants from the Higgs to gluons and Zs, respectively.
The function F' depends on the kinematics of the production and decay. The integrated cross

section can then be written separately for the on—shell and off-shell region as

gon-shell gggH (mu) g% g7 (mu)
'y

X Ggr (Mae)gir 77 (mar). (4.16)

and

O_of‘ffshcll

The on-shell rate is invariant under a scaling the coupling constants g = gggn, grzz and of
the Higgs width,

Iy = rsM and g =¢&g°M, (4.17)

which is known as {&—degeneracy. The off—shell region on the other hand is dependent on such

a scaling. It was proposed to use this feature as a direct measurement of the Higgs width.

This idea, however, is in general strongly model-dependent, as pointed out shortly after
by [127]. Our parameterization provides a good example where this procedure does not work.
We obtain

gﬁgH (mu)g% 72 (M)
Iy

X (“tgggH (mae) + Kg9g99H (mH))2 g?—IZZ' (4.18)

and

O,onfshcll x (Ht2 + '%52])

O_off—shell

Since k¢ + k4 = 1 holds, the on—shell rate will not be affected by any change in the parameters
k¢ and kg. The off-shell rate however, develops an non-trivial dependence on the parameters
set. This is because the effective coupling g4¢m is only a constant number if all external
particles are on their respective mass shell. The coupling therefore does not factorize in the

kg and k¢ components.
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4.4. Width Measurement
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Figure 4.7: my, distributions for the gg — ZZ (left) and g9 — H — ZZ (right) for the different
signal hypothesis and the dominant background. We assume the LHC at /s = 13 TeV.

To illustrate this dependence we rescaled the Higgs width and couplings by

& =25

Dy = 25T5M. (4.19)

We present the outcome in Fig. 4.7, which can be directly compared to the previous scenario
with ¢ = 1 in Fig. 4.2. We see on the right panel that the on-shell peak has not changed

its size as expected, but off—shell regime did. Moreover, when including the continuum back-

ground and its interference with the signal we observe in the left panel of Fig. 4.7 a completely

different shape than what we got with ¢* = 1, see left panel of Fig. 4.2.

This shows that a measurement of the Higgs width is strongly entangled with the parameters

k¢ and ry. When interpreting the current off-shell rate measurements as a measurement

of the Higgs width we therefore need to assume the pure Standard Model parameter set

k(t,g) = (1,0). An additional contribution will significantly spoil those measurements.
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5 Conclusion and QOutlook

In this thesis we discussed top mass effects in the Higgs—gluon coupling in two different

regimes, boosted and off-shell.

For a boosted Higgs we showed that top mass dependent logarithms lead to a splitting be-
tween a Standard Model scenario and a pure dimension—6 hypothesis in pp spectra when the
Higgs is produced in association with two jets. The effect of absorptive terms in the invariant
masses are negligible. We showed that the logarithmic structure of the Hjj case is very similar
to the Hj process. The dominant contribution seems to be a VBF-like topology with highly
virtual gluons from initial state partons. An even higher jet—multiplicity is unlikely to have
a numerically and fundamentally new effect. Despite the similarity between the origin of top
mass effects, thus a numerically very similar difference between the SM and BSM scenario,

the Hjj process has a higher rate in the sensitive region than the Hj process.

Using two basic analyses for the 77 and WW decay channel, we showed that the Hjj
process does not only benefits from the second jet in rate, but also in background rejection.
With a shape analysis we computed exclusion limits based in the different pr spectra in order
to compare the decay channels as well as the sensitivity of the observables. We obtained that
the transverse momentum of the Higgs performs better than the pr of the leading jet. Both
decay channels lead to similar exclusion limits. We therefore conclude that the Hjj process
is not just a correction to the Hj process, but has a high rate in the top mass sensitive region

and offers very useful analysis handles.

Having showed the importance of the Hjj process we examined top mass effects in a fully
merged analysis. With merged LO H+jets samples we found that the logarithmic top mass
effects factorize in each jet bin and that it converges to a constant factor in the low—energy
regime. We obtain the same result when adding NLO corrections to this sample. The NLO
K—factor is pr dependent and around 2. It does not factorize for the Standard Model hy-
pothesis and the dimension—6 scenario in the boosted regime, thus the ratio between both
hypotheses is slightly reduced. Nevertheless, we showed that not only NLO corrections but

also top mass effects play a vital role in simulating pp spectra.
Since the top mass effects in the NLO samples show only some numerical differences to the

previous performed analysis, the next step is obviously to redo this analysis. Due to time

constraints this is not done yet, but we are currently working on it. Ideally the analysis is
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modified such that all jet bins are taken into account. This is straight forward for the first
set of cuts, but the sensitivity 2—jet correlation observables are to be checked again. Ulti-
mately the NLO sample can be compared with the previous results and the boosted section
by computing exclusion limits. It is likely that the exclusion limit can be improved by using
the pr distribution splitted in a 1-jet and 2—jet subsample for a 2—dimensional correlation

shape analysis.

In off-shell Higgs production in the pp(— H) — ZZ — 4{ channel, which gets sizeable
due to several threshold enhancements, develops a logarithmic dependence on the top mass in
the differential invariant mass my, distribution. We obtain a destructive interference for the
Standard Model scenario, but a constructive interference for the pure dimension—6 scenario
in the invariant mass distributions my4e. The my, distribution of the pure signal component
shows a large threshold enhancement due to the top mass around 350 GeV, however, it is
negligible in the total gg initial state including the continuum background and interference.
The main top mass effect occurs due to my in the far off—shell regime. The signal benefits
from the g9 — H — ZZ interference with the gg — ZZ continuum background and we obtain
a splitting between both hypotheses around 450 GeV.

Using the Cabibbo-Maksymowicz—Dell’Aquila—Nelson angles to suppress the q¢ — ZZ
background we found with a 2-dimensional shape analysis that the off—shell regime is not as
sensitive to top mass effects than the boosted regime. This is mainly due to the small rates in
the region of interest. We also provided an example for the model dependence of the recently
proposed Higgs width measurement. We showed that with our parameterization the width
measurement is strongly correlated to a measurement of the parameters x, and x;. Because
they can not be disentangled the method used by the CMS collaboration needs to assume
a pure Standard Model scenario without any new physics contributing to the Higgs—gluon

coupling.
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A Appendix

Here we want to show, that the Higgs+1-jet matrix element M, quoted in Eq. (3.6)
develops indeed powers of In(p2/m?) in the high-pr limit. Since the matrix element is rather
lengthy the aim of this paragraph is not to simplify the formula as far as possible, but to
get an insight into the structure and where the logarithms are coming from. We therefore
perform the calculation in the high—pp limit until the first logarithms appear. We start by
quoting the analytical form of the amplitude [48]

Moy 111 64 (2s+t 25 + u
miA 64 ut * ttq + uUq s u? By (u) + 2 By (t)
_168_74”%2[ C1(s) + (u— 8)Cy(t) + (t — 5)C1(u)] — 128m? iC(t)—kLC()
sta 1S w8 §)Lilu my ! o U
4m? — 4dm?2 9
+6 my D(u,t) + L [stD(s,t) +usD(u,s) — utD(u,t)] — 3—E(u,t). (A1)

s stu 52

s,t and u are the usual Mandelstam variables and

1
51 =5 —my, ty =t —my, up =u—miy and A= \/gstu. (A.2)

In the limit of m?, m?, < p%, s, |t|,|u| of course s; = s, t; =t and u; = u holds, where

t
s+t+u=0 and p%:—u. (A.3)
s

The functions By, C; and D are basic scalar integrals and F is an auxiliary function.

Bj is given as a combination of the scalar two—point function B by

By(xz) = B(x) — B(mi). (A.4)
B itself can be written as
Bw) =~ [ dwin (mi — ic ~ w1 - w)
S [m (m}) =2+ (2a(z) — 1) In <a(‘;()x_1>]
~ - [m (m?) —2+n (T;Eltl) + m@(x)} (A.5)
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with the Heaviside function © and

a(z) = % (1 +4/1— 4(mf—ze)> . (A.6)

x

The approximation in the last step of Eq. (A.5) holds only for m? < |z| and therefore not
for B(m?%). B can develop an imaginary part since the physical region is s > 0 and ¢,u < 0,

which may lead to complex logarithms.

The scalar three—point function C' can be expressed as

/ —1n (1—1'6_””;?10(1_@0))
b ()
~ % [l 2 (|g) +2mi6(z) In (l,fg) —Wz@(w)} (A7)

where the approximation again holds only in the m? < |z| limit. C is then given by

C(x)

1101 (z) = 2C(x) — m2%,C(m%). (A.8)

For the scalar four-point function D(z,y) we use z for the Mandelstam variable, which is

not already part of the argument of D. The scalar integral is then given by

wa=£ﬂa¢w+@m@—hwm®} (A.9)

where

1 dw v
I..(v) = In(1—ic— 2 w1—
‘y“).ﬂzwrwm+m%My“( e gl w»

- e e) - () e ()

~ Liy <oz(v)xix_> +1n (_x:i) In <1 — e — n?;?x_:c+)] (A.10)

with

4m?2z

xizé 1414 (A.11)

Liy is the dilogarithm or Spence’s function. With the series expansion of the single and
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dilogarithms in the high—p7 limit up to O (m7’2>,

Lis (“) - —%2 - % [m (lgl) +ir (O(z) — @(xy))] and

7+ —alz) :

In (Z) In (1 — e~ T%xau) - [m ('ﬁy" + me(xy)ﬂ {m (';'ﬁj) +im (2 — O(zy) — @(x))} ,
(A.12)

we conclude that the four—point functions can be written as
1 : u : u 2 It] 2 8 2 | o |t|u*m?
D(s,t) = o [2L12 (—;) + 2L, <_Z) +In <m2 +1In m—% —5m° + 2imln —a ) I(mp)
|

t
1 ) ) t . 6
D(u,t) = " {2[;12 (—5) + 2Ly (—;) +1n? <7|n2> +1n? <7|:%> — 1072 4+ 2irIn (:;Z;) — I(mH)]

t

(A.13)
with
I(my) = —2Li L 9Li ! (A.14)
=-2Lipg (| ——— | —2Lis | —— | . .
i *\1—a(mpy) *\a(my)
The function D(s,u) is obtained by exchanging u and ¢ in D(s, ).
The auxiliary function F is given by

E(u,t) = uC(u) + tC(t) + u1C(u1) + t1C(t1) — utD(u, t). (A.15)

When we now reshuffle the terms in the matrix element of Eq. (A.1) slightly and apply

some high—pp approximations,

Moy s? —ut 64 (23+t 2s+u

s
= 64— - — B By(t) | — 16—
miA 0 ut? s 7 Bulu) + t2 1 )) GtUC(S)

t— 4 2 - t— 4t
16( S+S§‘>0(u)+16”;f<1+“ * S+U>C(m§{)

u

tu t U 52

u—s 4t ut s s
—16 < — 32) C(t) -8 <1 - 4S2> D(u,t) + SED(S,t) + 8¥D(S7u), (A.16)
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we see that we have now all information we need. Inserting the scalar integrals we get

2 t 12 4 (2s+1 2 t
Mo o ga™ 25 ) 4 ) - 2 (2 (1) 4 2000 (1)
S u m

m2A u?t? ut 7 t2 m3

2
—% <ln (m )+2mln(;t2> —7r2)+16ﬂ;f <1+ut s+tus+zlg> C(m%)
tf
t )-
1
ut

2
2
t
s 4 |u s 4 a
2*§yn(t 8<ﬁ ﬁ)nQ@
1 It] o [ |ul 2 | o smy
432) [ln (mt)+l (mf —107° + 2imIn 202 —I(mpy)

Hu2m?2
—5m% + 2imIn <|Z4mt> I(mH)]

)
) — 5m2 4 2w In (“'img> - I(mH)]
n
)
"

_g (
_g <
t
1 t
+8— {ln2 ||2> +1n? (s
ut mj m?
1 YA 2( S
| kel 1 -
o o () + o (o
~16 i,41 [LIQ( ) L12< )}
ut
1 t t
16— [L12 (—3) + Lis (—f + Liy (-) + Liy (-)}
ut S S U
s? 4+ 3ut 128 9 64 (25 +1 | 2s+u |t]
872

m?2 u—s t—s 4dtu
— +16—H (1 — | C(m?
thu * tu < + t * u * 52) (mir)

8 [t—s. o |ul U—38_ o \t| of s
2 m? (Y m? () S (2
tu [ u (m?) e m? " m?
32 o . P 1 T
—— |+107% + 2iwIn | = | + I(mpy)| +8— (10irIn { = | — I(mp)
s s ut s
1 1 . S . S
10 (ut B 452> [Lia () + L2 (=)
170, . U . u ) t . 3

Using the identity

Lis (Z) + Lis (%) = f% In> ('Z) +0(yz) (“; +inln (W)) (A.18)
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we can simplify the matrix element to

Moyt s +3ut 128 ) 64 (2s+t |ul 2s+u It|
mIA = —064 T + o (ln(mt)JrB(mH))f? 5 In - + In{—

ut u m2 t2 m3
m? u—s t—s 4dtu
+16t—5 <1 + + + ) C(m¥)

t u s2
2
-|-E 2 p? <|ul> + S 2 ( i ) — In? ( 82> —1In? (pT2>}
tu |[u mj t m? my m;
[+97r + I(mpy)] —|—8—t |:8%7T1n (pT) - I(mH)} (A.19)
U s

This formula shrinks together even further when we use the relation s ~ 4p2. in the high—pr
limit [48]. From Eq. (A.3) then follows t = u = —2p2 and we get
2

2
Miir =V8L | 424 — 167 — 972 — 161n (m2> —241n(2) — 61n* (2) — 16i7In (2)
pr m

t

2
mt t

+16m%,C(m%) — 21(mp) + 24[1 + In (2)] In (pT> 20 In” (ijﬂ . (A20)

We therefore see that the matrix element scales indeed with powers of In (p3./m7).
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