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Abstract

This work discusses how Bottom-quark physics at the Large Hadron Collider (LHC)

can be used as a probe to hint to Beyond the Standard Model Physics from a

phenomenological point of view. In this contest, the calculation of three observables

is presented, all related to the production of one boson (Z, or a Higgs particle of

Beyond the Standard Model nature) in association with a bottom-quark.

The Polarization Asymmetry of the Z-boson produced in association with a b-

quark is computed at Leading Order, using the 5-flavours number scheme, assuming

it is measured at the LHC with a center of mass energy of 14 TeV. It is shown

how this observable can be used for an accurate determination of the Ab parameter,

measured at the Stanford Linear Collider (and, indirectly, at the Large Electron

Positron), and known to be in tension with its Standard Model prediction: this

strongly motivates its new, independent, determination at the LHC. As an estimate

of the theoretical uncertainties affecting the prediction of the Polarization Asym-

metry, this is re-computed varying both the renormalization/factorization scale and

the Parton Density Function set, showing its strong stability against such effects.

The Forward-Backward asymmetry of the b-quark produced in association with

a leptonically decaying Z-boson, firstly defined by the candidate, is computed at

LO in the 5-flavours number scheme. It is here shown that this observable inher-

its, from the Polarization Asymmetry of the Z-boson in the same process, stability



under factorization/renormalization scale variations and PDF-set choice. For this

observable, directly accessible by the LHC experimental collaborations, a complete

feasibility study is presented in this work, simulating, with modern tools (Mad-

Graph, PYTHIA, Delphes), both the showering/hadronization processes and the

detector response, assuming a final integrated luminosity of 400 fb−1 with 14 TeV

in the center of mass of the colliding proton beams. This allows to determine, for

the Forward-Backward asymmetry, an upper bound on the leading experimental

systematic and statistical uncertainties at the next LHC run.

Finally, the production cross section of a light Higgs boson in association with

one b-quark is computed at Next-to-Leading Order in αem in the framework of

the Next-to-Minimal Supersymmetric Standard Model. The calculation has been

done in the 5FNS, using, respectively, the DR renormalisation scheme to manage

Ultraviolet divergencies, and the soft-photon approximation to treat consistently

Infrared divergencies. This is the first calculation of the Electromagnetic NLO

effect in the NMSSM, which shows a relevant relative magnitude respect to the LO

determination of genuinely NMSSM nature.
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Introduction

The Higgs Boson discovery has been only the last of the successful predictions of the

Standard Model of Particle Physics. Before its discovery, its mass range, compatible

with SM predictions of several observables was indeed calculable by global fits [3],

in which the model was considered as a function of its parameters and fitted to the

measured values of these quantities by means of minimization of an appropriate χ2.

It is well known that the measured value of the Higgs mass has fallen amazingly well

not only in the resulting allowed 95% Confidence Level region, but also in the 68%

one. What is intriguing is that bottom quark observables entering the global fit are

known to be in some tension with their SM prediction, increasing the value of the

minimum χ2 found. The attitude and motivation of this work is to take this as a

starting fact, beyond its interpretation, to understand how much New Physics can

be tested at future runs of the Large Hadron Collider (LHC), using bottom-quark

physics as a probe.

This thesis in fact describes recent developments concerning new definitions and

accurate predictions of measurable observables involving bottom-quarks at LHC. It

is opinion of the author that these observables have good chances to become little

cornerstones in New Physics (NP) searches at the next Run of LHC, being intimately

related either to well known discrepancies in Standard Model (SM) precision tests

or to direct searches of Supersymmetric particles.

Chapter 1 is a short presentation of the SM as the most general SU(3)c ×
SU(2)L ×U(1)Y gauge invariant Lagrangian with a definite particle content, with a

brief discussion about what are nowadays considered its weaknesses both from the

theoretical (Hierarchy problem, Naturalness) and the experimental point of view
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List of Tables

(neutrino masses, Dark Matter). It describes also the general framework of the

thesis.

In Chapter 2 a Large Electron Positron (LEP) paradox is introduced, as a

motivation to define the Polarization Asymmetry of the Z boson in the bZ associated

production at LHC, including a detailed description of its theoretical properties and

predictions at LHC. The candidate original work in this part has been the numerical

computation of the prediction of this observable and of its theoretical uncertainties.

In Chapter 3 the Forward-Backward asymmetry in the bZ associated produc-

tion at LHC is defined as found by the candidate, explaining its connection with

the Polarization Asymmetry of the Z boson described in the previous chapter. All

experimental methods needed for its precise measurement at the next LHC Runs

are explained in details, in particular the ones first defined by the candidate (like

Qb
FB, adapted from LEP). A complete original feasibility study at LHC and at future

colliders ends this chapter.

Chapter 4 is dedicated to NP. It describes the first one-loop calculation of the

associated production of bottom-light (non standard) Higgs cross section in the Next

to Minimal Supersymmetric Standard Model (NMSSM) at LHC, as computed by

the candidate.

2



Chapter 1

Framework

1.1 The Standard Model

One of the powerful features of gauge theories, besides that of describing surprisingly

well particle physics, is that, to have a complete description of their phenomenol-

ogy, it suffices to define the gauge group under which the associated Lagrangian is

invariant and the relative transformation properties of its field content (we assume

Lorentz invariance of the theory). This fix unambiguously mutual particles interac-

tions, and consequently the described phenomena. As an example, the most general

Field Lorentz SU(3)c SU(2)L U(1)Y
g (1,1) 8 1 0

W (1,1) 1 3 0

B (1,1) 1 1 adj.

Qi (0,1
2
) 3 2 1/6

uci (0,1
2
) 3̄ 1 −2/3

dci (0,1
2
) 3̄ 1 1/3

Li (0,1
2
) 1 2 −1/2

eci (0,1
2
) 1 1 1

H (0,0) 1 2 1/2

Table 1.1. The SM field content.

SU(3)c ⊗SU(2)L ⊗U(1)Y invariant (renormalizable) Lagrangian with field content

3



1 – Framework

given in Table 1.1 defines univocally1 the general features of the so-called Standard

Model (SM), the modern theory describing amazingly well most of the known parti-

cle physics. From the theoretical point of view, the particular field content choice is

somewhat arbitrary: this is immediately fixed once we agree that our theory should

eventually describe Nature This will simultaneously fix also the phase characterising

the theory under consideration: in the SM in fact the gauge group is actually softly

broken down to SU(3)c ⊗ U(1)em by the vacuum expectation value of the Higgs

field H , which constitutes the minimal field choice able to simultaneously brake the

gauge group to the phenomenologically correct pattern and preserve the so-called

custodial symmetry [5]. Remarkably, the (renormalizable) SM predicts neutrinos

as massless, since no SU(2)L singlet is present with appropriate U(1)Y charge to

allow the needed Yukawa interaction and the derived Dirac mass term (curiously,

or suggestively depending on the point of view, such a field would be sterile as seen

from the SM gauge group). This has been historically imposed ab initio since neu-

trinos were introduced in the weak interactions exactly with the phenomenological

requirement of being massless. Today it is well known [6] that neutrinos cannot be

exactly massless. The only way to allow Majorana masses for neutrinos without

altering the SM field content could be to allow also non-renormalizable terms in the

Lagrangian, in which case also their smallness might be understood in terms of the

magnitude of an associated high mass scale. This is one of the reasons why the

SM is now-a-days considered an effective theory of a more complete, renormalizable

one, valid at higher energies. This however introduces a deeper issue related to the

magnitude of the electroweak scale, the so-called hierarchy problem. Phenomeno-

logically it is indeed clear that, whatever particular choice of fundamental, “parent”

theory we choose (neutrino mass is only one example of phenomenon calling for an

underlying theory), its scale should be decisively higher than the electroweak scale

(with a magnitude depending of course on the underlying theory). This kind of

hierarchy between scales poses a theoretical enigma, namely how it is possible to

1The form of the several interactions is univocally fixed, experiments will measure the actual
couplings.
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1.2 – LHC and the ATLAS experiment

achieve such a separation of scales, possibly in a natural way. Both (partial) com-

posite Higgs models and Supersymmetric theories try to answer one aspect of this

problem. Possibly, a satisfactory extension of the SM should also take into account

another modern intriguing puzzle: cosmological observations suggest in fact that or-

dinary matter, i.e. the one described by the SM, constitutes only roughly 4% of the

gravitationally interacting content of the universe. A stable, possibly only weakly

interacting new particle could explain at least part of this problem, constituting the

so-called dark matter candidate. Regarding this, one should mention also the fact

that another possibile direction toward which the SM (as well as its supersymmetric

versions) could be extended, this time in a renormalizable way, is to realize that

also a scalar singlet could be easily embedded, since this would equally be custodial

symmetry preserving.

1.2 LHC and the ATLAS experiment

The Large Hadron Collider (LHC [7]) is presently the largest and highest-energy

particle accelerator in the world. It is located at CERN, inside a 27 km long circular

tunnel at a depth varying between 50 and 175 meters below the ground, which also

housed the Large Electron Positron collider (LEP).

The LHC can provide both proton-proton (pp) and heavy ion (HI) collisions.

For pp collisions, the design luminosity is 1034 cm−2s−1 and the design centre-of-

mass energy for the collisions is 14 TeV. The LHC started its operations in 2008,

and during 2010 and 2011 runs, collisions at 7 TeV centre-of-mass energy have been

provided. After a short shut-down period, on February 2012 the beam energies have

been raised to get to the final run at 8 TeV in the center-of-mass. The maximum

instantaneous luminosity reached in 2010 is slightly higher than 2 × 1032 cm−2s−1,

while during the 2011 run a peak of ∼ 4 × 1033 cm−2s−1 has been achieved. The

maximum instantaneous luminosity in 2012 has been ∼ 8 × 1033 cm−2s−1.

The LHC is mainly composed by superconducting magnets, operating at a tem-

perature of 1.9 K, provided by a cryogenic system based on liquid Helium. The

LHC is equipped with a 400 MHz superconducting cavity system and it is made of

5



1 – Framework

Figure 1.1. A schematic view of the CERN experiments. The Large Hadron Col-
lider (grey) has four intersection points at which sit the corresponding experiments.

different types of magnets. Dipole magnets (for a total of 1232) are used to keep the

beams on their circular trajectory, while quadrupole magnets (392) are needed to

keep the beams focused, in order to maximize the chances of interaction in the four

different collision points, where the two beams cross. Close to each of these four

intersections, the two beam pipes in which the protons (or ions) circulate in opposite

direction merge in a single straight section where the collisions take place. In these

regions, triplet magnets are used to squeeze the beam in the transverse plane and to

focus it at the interaction point. In this way, the travelling beam can be significantly

larger than it needs to be at the interaction point, reducing intra-beam interactions.

At the collision points, four big experiments have been built (Fig. 1.1): ATLAS [8]

at Point 1, CMS [9] at Point 2, LHCb [10] at Point 3 and ALICE [11] at Point 4.

ATLAS and CMS are multi-purpose experiments, designed to study high transverse

momentum events for the search of the Higgs boson and other phenomena beyond

6



1.2 – LHC and the ATLAS experiment

the Standard Model (BSM). LHCb has instead been designed especially to study

b-physics, and ALICE to study the formation of the so-called quark-gluon plasma

through HI collisions. Colliding particles are grouped together into a number of

bunches, each containing ∼ 1011 protons. The design number of bunches is 2808, so

that interactions happen every 25 ns. During the commissioning phase, the num-

ber of colliding bunches has been progressively increased to reach the design value.

At the end of 2010 the maximum number of colliding bunches has been 348, while

1092 has been then reached in June 2011. In April 2012, after the increase in beam

energies from 3.5 TeV to 4 TeV, the maximum number of colliding bunches reached

1380. Before being injected into the LHC, particles are accelerated step by step up

to the energy of 450 GeV, by a series of accelerators. For protons, the first system

is the linear accelerator LINAC2, which generates them at an energy of 50 MeV.

A chain of subsequent accelerating steps follows: through the Proton Synchrotron

Booster (PSB), protons reach 1.4 GeV; the Proton Synchrotron (PS), brings them to

26 GeV and, finally, the Super Proton Synchrotron (SPS) is used to further increase

their energy to 450 GeV.

Figure 1.2. Peak and integrated luminosities registered by the four LHC experi-
ments as a function of the 8 TeV pp collision data taking day in 2012.

The LHC started its operations on September 10th 2008, with the first beams
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1 – Framework

circulating into the rings, in both directions, without collisions. After a commis-

sioning phase, the first collisions were expected few days later. Unfortunately, on

September 19th a major accident happened, causing a long stop of the machine.

During Autumn 2009, after more than one year, the operations started again, with

the first collisions at a centre-of-mass energy of 900 GeV recorded by the four ex-

periments on 23 November 2009. First collisions at 7 TeV were registered on March

2010, reaching the total delivered integrated luminosity at this energy of 5.46 fb−1

at the end of 2011. The 8 TeV run started in 2012, delivering a total integrated

luminosity of 22.8 fb−1 at this energy.

1.3 The ATLAS detector

The ATLAS experiment is positioned at Point 1, in a cavern at a depth of 100 m.

With its height of 25 m and its length of 44 m, it is one of the biggest detectors

ever built. It weights about 7000 tons and it is cylindrically symmetric. After the

cavern was completed, the construction started in 2003 and it went on until July

2007. Since 2009 it has been recording cosmic-ray events and, since November 2009,

pp collision events at rates of up to 200 Hz.

The ATLAS detector is composed of different sub-detectors, as shown in Figure

1.3. Each of them plays an important role in the particles reconstruction. The

sub-detectors are arranged in cylindrical layers around the interaction point. Clos-

est to the beam pipe is the Inner Detector (ID), used to reconstruct the trajectory

of charged particles. The ID is enclosed by a solenoidal magnet, which provides a

strong magnetic field to bend the charged particles and measure their momentum

and charge. The Electromagnetic (EM) Calorimeter surrounds the ID and is de-

signed to precisely measure the energy of electrons and photons. Outside the EM

Calorimeter there is the Hadronic (Had) Calorimeter, which measures the energy of

hadronic particles. Finally, the calorimeters are enclosed by the Muon Spectrometer

(MS), designed to reconstruct and identify muons, which usually escape the previous

detector layers. The MS is embedded in a toroidal magnetic field and consists in

tracking chambers, to provide precise measurements of momentum and charge, and

8



1.3 – The ATLAS detector

Figure 1.3. The ATLAS detector.

detectors used for fast triggering. ATLAS includes a three-level trigger system for

evaluating and recording only the most interesting events during a run. The trigger

is configurable at every level to provide a constant stream of data under any beam

conditions.

The coordinate system is defined taking the nominal interaction point as the

origin. The z-axis is parallel to the beam and the x- and y- axes belongs to the plane

perpendicular to the beam, forming a right-handed cartesian coordinate system,

where x points towards the centre of the LHC ring and y points upward. The x-y

plane is called the transverse plane. The azimuthal angle, φ, is measured around

the z-axis, while the polar angle, θ, is measured from the z-axis. The pseudorapidity

is defined as

η = − ln tan(θ/2) ,
and it is often preferable as a polar coordinate than the angle θ itself, since pseudora-

pidity spectra are invariant under Lorentz boosts along z-axis for massless particles.

The distance ∆R in η-φ space is defined as ∆R =√∆η2 +∆φ2. Particles are often

9
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described by their transverse momentum pT and transverse energy ET (projections

onto the transverse plane), as these variables are a better indicator of interesting

physics than the standard energy and momentum, and since they are assumed to

vanish for the colliding partons in the initial state.

In the following, the way the physics objects are reconstructed in ATLAS is

briefly described.

1.3.1 Electrons

Electron reconstruction and identification algorithms are designed to achieve both a

large background rejection and a high and uniform efficiency for isolated high-energy

(ET > 20 GeV) electrons over the full acceptance of the detector. Isolated electrons

need to be separated from hadron decays in QCD jets and from secondary electrons

originating mostly from photon conversions in the tracker material. Electron recon-

struction is based on the identification of a set of clusters in the EM Calorimeter [12].

For each reconstructed cluster, the reconstruction algorithm tries to find a matching

track in the ID. While the energy of the electron is determined using the calorime-

ter information, the more precise angular information from the ID track is used.

The corrections applied to the measured cluster energy are based on precise Monte

Carlo (MC) simulations, validated by comprehensive measurements with 900 GeV

data [13]. The baseline ATLAS electron identification algorithm relies on variables

which deliver good separation between isolated electrons and fake signatures from

QCD jets. These variables include information from the calorimeter, the tracker and

the matching between tracker and calorimeter. Cuts are applied on the energy in

the Had Calorimeter inside the electron cone, on the shape of the electromagnetic

shower, on the track impact parameter, on the number of hits in the different layers

of the ID, on the difference between the calorimeter cluster and the extrapolated

track positions in η and φ, on the ratio of the cluster energy to the track momentum

ratio. Electrons passing all the identification requirements are called tight electrons,

while loose and medium electrons pass only some of the above listed requirements.

10
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1.3.2 Muons

Muon reconstruction is based on information from the MS, the ID and the calorime-

ters. Different kinds of muon candidates can be built, depending on how the detector

information is used in the reconstruction. In the analyses described in this thesis,

the so-called combined muons are used. The information from the MS and from the

ID is combined trough a fit to the hits in the two sub-detectors to derive the muon

momentum and direction.

1.3.3 Jets

Hadronic particles deposit their energies mainly in the calorimeter system. In an

attempt to resolve particles coming from the hard scatter, these energy deposits

may be grouped into objects called jets. The mapping from partons to jets is a

complex problem and it depends strongly on which one is the jet algorithm used.

Many solutions have been used or proposed to define jets. In ATLAS the so-called

anti-kT algorithm [14] has been adopted as default. It is part of the wider class

of “Cluster Algorithms”, based upon pair-wise clustering of the initial constituents.

Two “distances” are defined: dij between entities (particles, proto-jets) i and j and

diB between entity i and the beam (B):

dij =min(k2pT,i, k2pT,j) ∆R
2
ij

∆R2
, diB = k2pT i , (1.3.1)

with ∆R2
ij = (yi − yj)2 + (φi − φj)2, and respectively kT i, yi and φi the transverse

momentum, the rapidity and the azimuthal angle of particle i. The generic clustering

procedure is explained in the flow chart depicted in Fig. 1.4. What characterises

the particular algorithm are the two real parameters ∆R and p. To intuitively

understand their meaning, one may first realize that, from inspection of Eq. (1.3.1),

it is clear that, for large values of ∆R, the dij are smaller, and thus more merging

takes place before jets are complete. The p parameter, instead, causes a preferred

ordering of clustering: if the sign of p is positive, clusters with lower energy will

be merged first, while if it’s negative the clustering will start from higher energy

clusters. In the anti-kT algorithm p = −1, meaning that objects with high relative
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Start of Clustering procedure

Get entities
(particles,proto-

jets) i and beam B

Is Nentities > 0 ?
End of

clustering
procedure

Compute dij, diB ∀i

Find minimum dmin between dij, diB

dmin is a dij ?

Combine
i and j in
a single
entity

dmin is a diB:
consider i as
a jet, remove
it from the

list of entities

NO

YES

YES NO

Figure 1.4. Flow chart of the generic clustering procedure.

momentum kT are merged first. Compared to other jet algorithms (cf. [15] and

references therein), anti-kT is less sensitive to low energy constituents, its clustering

procedure is faster, there is no need of introducing new parameters to decide whether

two jets have to be split or merged (the “split & merge” procedure, present in the

so-called Cone Algorithms) and the resulting jet area is more regular. The choice of

the ∆R parameter is analysis dependent: the typical default values used in ATLAS
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are ∆R = 0.4, 0.6. For physical processes analysed in this thesis, characterized by

medium-low QCD activity in the final state, the larger cone size is more suitable,

so that ∆R = 0.6 has been chosen.

primary vertex

xy
decay length L

secondary vertex

jet axis

track
impact
parameter

Figure 1.5. Schematic view of a b-hadron decay inside a jet [16], resulting in a
secondary vertex with three charged particle tracks. The vertex is significantly
displaced with respect to the primary vertex, thus the decay length is macroscopic
and well measurable. The track impact parameter, which is the distance of closest
approach between the extrapolation of the track and the primary vertex, is shown
in addition for one of the secondary tracks.

1.3.4 b-jets reconstruction

The aim of b-tagging algorithms is to identify jets containing b-flavoured hadrons.

To each selected jet they assign some measure of probability that it originates from

a b-quark. The discrimination of b-quark jets from light quark jets takes advantage

mainly of the relatively long life time of b-flavoured hadrons, resulting in a significant

flight path length L ∼ mm. This leads to measurable secondary vertices and impact

parameters of the decay products, as shown in Figure 1.5. The transverse impact
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parameter d0 is the distance in the transverse plane (x,y) between the point of the

closest approach of a track to the primary vertex; the longitudinal impact parameter

z0 is the z-coordinate of this point. Various b-tagging algorithms (or “taggers”) can

be defined, based on these discrimination variables (L, d0 and z0 ), on secondary

vertex properties and on the presence of leptons within b-quark jets. Each tagging

algorithm defines a “weight” w, associated to the probability for a given jet to have

been originated from a b-quark. For each tagging algorithm, different “working

points”, i.e. different threshold on the w variable cut to define a “tagged” jet, can

be used. The choice of the working point sets the tagging efficiencies for b-, c-

and light quark jets. Figure 1.6 shows the charm quark rejection rates (defined as

b-tagging efficiency
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Figure 1.6. Charm rejection rates [16] as a function of the b-tagging efficiency for
jets stemming from simulated tt̄ events produced according to the SM predictions.
The performance of several b-tagging algorithms (the MVb, blue line, and the
MVbCharm, gray line) is compared to the one of the MV1 (black line) and the
MV1c (green line) algorithm.

the inverse of the charm quark jet tagging efficiency) as a function of the b-quark

jet tagging efficiency (also called simply b-tagging efficiency), obtained varying the

working point for the different considered taggers.
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1.4 Bottom production in association with mas-

sive neutral bosons

In a four-flavour scheme with no b-quarks in the initial state, the lowest order pro-

cesses for associated production of a massive neutral boson X0 in association with

bottom quarks receive at tree level contributions from gg → bb̄X0 and qq̄ → bb̄X0.

The inclusive cross section for gg → bb̄X0 develops potentially large logarithms pro-

portional to log(Q2/m2
b
) which arise from splitting of gluons into bb̄ pairs. Since

Q≫mb, the splitting is intrinsically of order O(αs log(Q2/m2
b)), undermining con-

vergence of the perturbative expansion. To improve the convergence one can sum

the collinear logarithms at all orders in perturbation theory through the use of b-

quark parton distributions (the five-flavours number scheme [4,17,18], 5FNS) at the

factorization scale µF = Q. This approach is based on the approximation that the

outgoing b-quarks, for which one does not ask for a tag (from which the attribute

inclusive), are at small transverse momentum. Thus the incoming b-partons are

given zero transverse momentum at leading order, acquiring a transverse compo-

nent at higher orders. In the 5FNS the counting of perturbation order involves both

αs and 1/ log(Q2/m2
b). In this scheme, the lowest order semi -inclusive process, i.e.

s-channel

b

g

b

X0b

u-channel

b

g

b

X0
b

Figure 1.7. Feynman diagrams for gb → bX0 production.

when one requires exactly one b-tagged jet at high pT , is bg → bX0, see Fig. 1.7.

This process is sub-leading compared to the related inclusive one, dominated by the
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tree level contribution bb̄ → X0, but is experimentally more appealing due to the

presence in the final state of an high pT b-jet, which in turns prevails by an order of

magnitude [19] against the completely exclusive channel gg → bb̄X0 (i.e. when both

final b-jets are tagged). Of course in the case of the Z-boson (X0 = Z) also light

quarks fusion has a sizeable rate, but in this case the semi-inclusive choice has the

additional, intriguing virtue of providing the possibility to inspect the flavour of the

parton involved in the hard scattering.
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Chapter 2

The Z-boson Polarization

Asymmmetry in the bZ-associated

production at LHC

Introduction

The SM is confirmed up to per mil precision by collider data [20]; one of the latest

(and biggest) successes is certainly the Higgs boson discovery [1,2] , which continues

to satisfy SM constraints the more experimental data are analysed [21] [22], with a

mass consistent with predictions based on global fits to electroweak data [20].

The question arises of whether all the theoretical SM predictions are confirmed

by the related experimental measurements. Nowadays the answer to this fundamen-

tal question is that at least one experimental result still appears in some tension

(roughly, at 3σ level) with the SM , i.e. the measurement of Ab
FB, the forward-

backward asymmetry of bb production at the Z peak [23].

2.1 A “LEP Paradox”

The polarized b-Z forward-backward asymmetry has been defined several years ago

[53], and considered to be the best way of measuring, in a theoretical SM approach,
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a combination of the polarized b-Z couplings. The definition of this quantity was

chosen as

A
b,pol
FB =

(σe−
L
bF − σe−RbF ) − (σe−LbB − σe−RbB)

σe−
L
bF + σe−RbF + σe−LbB + σe−RbB

, (2.1.1)

where bF,B indicates forward and backward outgoing bottom quarks respectively (a

polarization degree of the incoming beam = 1 is for simplicity assumed). At the Z

peak one may easily verify that

Ab,pol
FB =

3

4

g2Lb − g2Rb

g2
Lb
+ g2

Rb

, (2.1.2)

where gL,Rb are the couplings of a left and right handed bottom to the Z. Calling

Ab = g
2
Lb − g2Rb

g2Lb + g2Rb

, (2.1.3)

one finds that

A
b,pol
FB =

3

4
Ab. (2.1.4)

The quantity Ab appears also in an unpolarized transition from an electron-positron

to a b − b̄ pair. One finds in that case that the unpolarized forward-backward b-

asymmetry at the Z peak can be written as

Ab
FB = 34AeAb , (2.1.5)

where Ae is the longitudinal electron polarization asymmetry [54]

Ae = g
2
Le − g2Re

g2Le + g2Re

(2.1.6)

and equations Eq. (2.1.5) Eq. (2.1.6) can be extended to a different final quark-

antiquark couple f f̄ , giving

A
f
FB =

3

4
AeAf , (2.1.7)

where Af is the analogue of Ab eq Eq. (2.1.3) with f replacing b. The direct mea-

surement of Ab, which requires the use of initially longitudinally polarized electrons,

was performed with the Stanford Linear Collider (SLC) at the Stanford Linear Ac-

celerator Center (SLAC) [55,56], and the result was found to be in good agreement

with the SM prediction [57]

ASM, th

b = 0.93464+0.00004−0.00007 .
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Later, LEP1 performed a number of unpolarized measurements at the Z peak from

which the value of Ab was derived. This was obtained from Eq. (2.1.7) and found to

be in remarkable disagreement, at the 3σ level, with the SM prediction [58]. This

result was in a certain sense unexpected, since the relative decay rate of the Z into

bottom pairs R(b) = Γ(Z → bb̄)/Γ(Z → hadrons) provided a value

Rb ≃ g2Lb + g2Rb (2.1.8)

in perfect agreement with the SM prediction [58]. Accepting the LEP1 result for

Ab, a search started of possible new physics models that might have cured the

disagreement. In particular, it was concluded that a conventional MSSM was unable

to save the situation [27]. This conclusion remained problematic, since no extra

measurements of Ab were eventually performed, and the emerging picture seems

definitely unclear: that is what will be called here a “LEP paradox”, for obvious

reasons1.

In fact, a number of models have been proposed that might cure the discrepancy

(see [24–26] and references therein). In particular, a slightly embarrassing fact for

Supersymmetric models is the difficulty that simplest minimal versions, (N)MSSM,

would face to eliminate the discrepancy, as exhaustively discussed in Ref. [27] (for

a short review see next chapters).

The aim of this chapter is to show that a specific observable can be defined at

LHC which can provide essentially a re-measurement of the LEP1 Ab
FB one, despite

of having a completely different final state. This quantity is defined in the production

of a b-Z pair as the ratio of the difference of production cross sections with different

(left, right) Z polarizations (ZL, ZR) divided by the corresponding sum.

It will first be shown in Section 2 that this quantity is directly proportional to

Ab
FB at the partonic Born level, providing a possible ten percent deviation from its

SM prediction if the relevant parameters are chosen to reproduce the experimental

LEP1 result for the asymmetry. In Section 3 some special properties of this new

observable will be derived, i.e. the fact that its value remains stable against vari-

ations of the strong scales and of the adopted parton distribution functions (pdfs)

1This should not be confused with the well known LEP paradox defined in [28].
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as well as by electroweak corrections. This would represent a strong motivation to

perform an accurate measurement of the asymmetry at LHC in a near future, as

qualitatively discussed in the final conclusions.

2.2 The Z polarization asymmetry at tree–level

The process of associated production of a Z-boson and a single b-quark, as repre-

sented in Figure 2.1, is defined at parton level by two subprocesses bg → bZ, involving

Born diagrams with bottom quark exchange in the s-channel and in the u-channel.

s-channel

b(pb)

g(pg)

b(p′b)

Z(pZ)b(p′b + pZ)

u-channel

b(pb)

g(pg)

b(p′b)

Z(pZ)b(pb − pZ)

Figure 2.1. Born diagrams for the associated production of a Z-boson
and a single b-quark.

This process has been calculated at next-to-leading order (NLO) in QCD in a

previous paper [35] where the theoretical uncertainties assessment on cross section

calculation have been addressed as well.

For the purposes of this work it is though needed a derivation of the expressions

of the polarized cross sections. This requires a number of formulae that will briefly

be shown in what follows, starting from the calculation of the various quantities

performed at the Born level.
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The interaction vertices involved in the diagrams of Figure 2.1 are defined as

gqq ∶ igse/(λl
2
) Zbb ∶ −ieǫ/(gLbPL + gRbPR) , (2.2.9)

Therefore, the Born invariant amplitude is given by

ABorn(gb → Zb) = egs (λl
2
) ū(b′) ( ǫ/(gLbPL + gRbPR)(q/ +mb)e/

s −m2
b

+e/(q′/ +mb)ǫ/
u −m2

b

(gLbPL + gRbPR) ) u(b) , (2.2.10)

where e, λl are the gluon polarization vector and colour matrix, ǫ is the Z polariza-

tion vector and q = pb + pg = pZ + p′b, s = q2, q′ = p′b − pg = pb − pZ , u = q′2 with the

kinematical decompositions

pb = (Eb; 0,0,p) , p′b = (E′b;p′ sin θ,0,p′ cos θ) , (2.2.11)

pg = (p; 0,0, − p) , pZ = (EZ ;−p′ sin θ,0, − p′ cos θ) , (2.2.12)

e(g) = (0; µ√
2
, − i√

2
,0) , ǫ(ZT ) = (0; µ′ cos θ√

2
,
i√
2
,
−µ′ sin θ√

2
) , (2.2.13)

ǫ(Z0) = (− p′

MZ

;
EZ

MZ

sin θ,0,
EZ

MZ

cos θ) . (2.2.14)

The decomposition of Dirac spinors and polarization vectors leads to 24 helicity

amplitudes denoted as Fλµτµ′ with λ = ±1
2
, µ = ±1, τ ± 1

2
, µ′ = ±1,0 referring to b,g,b′,Z

respectively.

However, in order to quickly explore the properties of this subprocess, mb/MZ

andmb/√s terms can be neglected, considering only the following eight non-vanishing

amplitudes: six transverse ones

F++++ = 2egsgRb

√
β′

cos θ
2

, F−−−− = 2egsgLb
√
β′

cos θ
2

, (2.2.15)

F+−+− = 2egsgRb

cos θ
2√
β′

, F−+−+ = 2egsgLb cos
θ
2√
β′

, (2.2.16)
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F+−++ = 2egsgRb cos
θ

2
.
M2

Z

s
.
tan2 θ

2√
β′

, F−+−− = 2egsgLb cos θ
2
.
M2

Z

s
.
tan2 θ

2√
β′

, (2.2.17)

and two longitudinal ones

F+−+0 = −2
√
2egsgRb

sin θ
2√
β′
.
MZ√
s

, (2.2.18)

F−+−0 = 2
√
2egsgLb

sin θ
2√
β′
.
MZ√
s

, (2.2.19)

having defined

β′ = 2p′√
s
≃ 1 − M

2
Z

s
. (2.2.20)

For the present analysis, it is instructive to consider the Z density matrix

ρij = ∑
λµτ

FλµτiF
∗
λµτj . (2.2.21)

A priori there are nine independent Z density matrix elements. However with the

above Born terms and neglecting again the subleading terms in mb they reduce to

only five ones:

ρ++ = 4e2g2s
⎛
⎝
g2Rb

cos2 θ
2

⎛
⎝β′ +

sin4 θ
2

β′
(M2

Z

s
)2⎞⎠ + g2Lb

cos2 θ
2

β′
⎞
⎠ , (2.2.22)

ρ−− = 4e2g2s
⎛
⎝
g2Lb

cos2 θ
2

⎛
⎝β′ +

sin4 θ
2

β′
(M2

Z

s
)2⎞⎠ + g2Rb

cos2 θ
2

β′
⎞
⎠ , (2.2.23)

ρ00 = 8e2g2s(g2Rb + g2Lb) sin2 θ

2
(M2

Z

sβ′
) , (2.2.24)

ρ+0 = ρ0+ = −4e2g2sg2Rb

sin3 θ
2

cos θ
2

(M3
Z

√
2

β′s
√
s
) , ρ−0 = ρ0− = 4e2g2sg2Lb

sin3 θ
2

cos θ
2

(M3
Z

√
2

β′s
√
s
) .

(2.2.25)

With these powerful but extremely simple mathematical expressions at hand,

some physical observables of the process under consideration which keep informa-

tions of the underlying Zb vertex structure can be explored. Let’s stick for the
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moment at the partonic level. The first obvious quantity that one can inspect is the

subprocess unpolarized angular distribution: with the colour sum ∑col Tr(λl

2
λl

2
) = 4,

the unpolarized subprocess angular distribution (averaged on the gluon and b-quark

spins and colours) is given by

dσ

d cos θ
= β′

768πsβ
∑

λµτµ′
∣Fλµτµ′ ∣2 . (2.2.26)

One sees that it is proportional to

dσ

d cos θ
∝ (ρ++ + ρ−− + ρ00) (2.2.27)

and, summing the above density matrix expressions, solely depends on (g2Rb + g2Lb):
∑

λµτµ′
∣Fλµτµ′ ∣2 = (g2Rb + g2Lb)Cdiff , (2.2.28)

with

Cdiff = 4e2g2sβ′ cos2 θ2
⎛
⎝

1

cos4 θ
2

+ 1

β
′2
+ (M2

Z

s

tan2 θ
2

β′
)2 + 2M2

Z

sβ
′2

tan2 θ

2

⎞
⎠ . (2.2.29)

In order to separate the gRZb and g
L
Zb contributions, and therefore to check their

possible anomalous behaviours, one needs to be sensitive to different density matrix

combinations besides the one just found in the unpolarized distribution, Eq. (2.2.27).

This can be achieved only keeping track of the final Z polarization. The general

procedure of its measurement has been described in [36, 37] for Tevatron processes.

The Z polarization can be analysed by looking at the distributions of the Z decays,

for example in lepton pairs. It is there shown that, appropriately defined a reference

frame in which the leptons has azimuthal and polar angles θl,φl, each density matrix

element is associated to a specific θl,φl dependence. The polarized quantities, therein

called σP and σI , respectively proportional to (ρ++ − ρ−−) and to (ρ+0 − ρ−0) are the
only ones in which the combination (g2Rb−g2Lb) appears, as one can check by using the

above expressions (2.2.22-2.2.25) of the density matrix elements. They respectively

produce lepton angular dependencies of the types cos θl and sin 2θl cosφl as compared
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to the unpolarised part proportional to (1 + cos2 θl). The specific generalization of

that analysis to the LHC case is sketched in [29].

From this brief discussion, the Z-boson polarization asymmetry A
pol,b
Z in b-Z

production rises naturally by the definition:

Apol,b
Z ≡ σ(ZR) − σ(ZL)

σ(ZR) + σ(ZL) =
g2Rb − g2Lb
g2
Rb
+ g2

Lb

Cpol , (2.2.30)

where Cpol is given as a convolution involving the bottom quark (b and b) and

gluon (g) pdfs:

Cpol =
(bg + bg)⊗ ( 1

cos4 θ
2

− 1

β
′2 + (M2

Z

s
.
tan2 θ

2

β′
)2)

(bg + bg)⊗ ( 1

cos4 θ
2

+ 1

β
′2 + (M2

Z

s
.
tan2 θ

2

β′
)2)

. (2.2.31)

As one can see, Eq. (2.2.30) is simply proportional to the asymmetry parameter

Ab (Eq. (2.1.3)), the same quantity that is measured in the forward-backward bb

asymmetry in e+e− annihilation at the Z pole Ab
FB [23] (cf. Eq. (2.1.7)). In order to

exhibit the relation between Apol,b
Z and Ab without any approximations, a numerical

calculation of the full helicity amplitude has been implemented, retaining the bottom

mass effects; in the present calculation it has been required a final state b-quark

with pT >25 GeV and rapidity ∣y∣ <2, to reproduce the typical experimental phase

space cuts. The gluon and bottom quark in the initial state have been folded with

CTEQ6 [38] parton distribution functions. The polarization asymmetry Apol,b
Z in b-Z

production at LHC with
√
s =7 TeV is shown in Figure 2.2 as a function of Ab along

with the SM prediction [23] (red band) and the measured LEP1 value [23] (green

band).

As can be argued by looking at Figure 2.2, provided that a ∼ 8% precision will be

achieved on the Apol,b
Z measurement at LHC, it could be sufficiently sensitive to Ab

in order to discriminate between the LEP1 measurement and the SM prediction. To

better realize if such required precision could be reached in the Apol,b
Z calculation, an

assessment about the effect of its dominant theoretical uncertainties is now needed.
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Figure 2.2. Polarization asymmetry A
pol,b
Z in b-Z production at LHC with√

s =7 TeV. The green band displays the ±1σ bounds [23] for the measured
asymmetry parameter Ab while the SM prediction [23] is shown in red.

2.3 Impact of the scale/PDF choices and radia-

tive corrections

The previous discussion has been performed at the simplest Born level. The next

step is to verify whether the expression of Apol,b
Z remains essentially identical when

possible sources of theoretical uncertainties or NLO corrections are considered.

It has been proceeded in the following way. First, possible effects of either strong

scales or pdf variations have been taken into account; as shown in Ref. [35], these

variations generate a sensible effect, of the almost ten percent relative size, in the

total cross section. Next, the possible contribution of NLO electroweak radiative

corrections have been considered; their effect on the total and angular cross section

have been determined in [39] and found to be possibly relevant.

The dependence of Apol,b
Z on factorization and renormalization scales, µF and µR

respectively, is evaluated by varying their values simultaneously by a conservative
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factor of four with respect to the central value; Apol,b
Z is shown in Figure 2.3 as a

function of Ab for µF = µR = kµ0 with µ0 = MZ and k =1, 3 and 1/3. As can be

observed from Figure 2.3 the scales variation effect on Apol,b
Z is below 1%. However

it is worth noting that the total cross section dependence on µR could be strongly

reduced by using the “Principle of Maximum Conformality” scale-setting (see for

instance [40]).

The asymmetry dependence on the pdf is examined performing the numerical

calculation with different pdf sets. In Figure 2.4, Apol,b
Z values are shown as a function

of Ab for three different LO pdf sets: CTEQ [38]; MSTW2008 [41] and NNPDF [42].

As can be seen, the dependence on the pdf set is below 2% while the total cross

section can be affected by large variations of order 7% [43]. The NLO EW effects

Figure 2.3. Polarization asymmetry A
pol,b
Z as a function of Ab for three differ-

ent choices of factorization and renormalization scales, respectively µF and µR,
µF = µR = kµ0 with µ0 =MZ and k =1, 3 and 1/3.

on Apol,b
Z deserve a rather different discussion. In principle, these effects should not

introduce any appreciable theoretical uncertainty, since the values of the involved

parameters are all known and with great accuracy. The purpose of their calculation

would simply be to offer a more complete theoretical prediction for Apol,b
Z . In fact,

it is well known that electroweak corrections can have sizable effects on processes
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Figure 2.4. A
pol,b
Z

as a function of Ab, for three different choices of pdf sets,
as described in the text.

involving W - or Z-boson production at LHC. We have observed it in associated

top-quark and W -boson production [44,45] and papers on W+jet or Z+jet produc-

tion had also mentioned it, see [39, 46]. These effects can reach the several percent

size and even more than ten percent on the subprocess cross sections. This can

be immediately understood by looking at the simple Sudakov (squared and linear)

logarithmic terms which affect the amplitudes at high energy [47, 48]. To estimate

the size of this type of effect at lower energies one also can use the so-called “aug-

mented Sudakov” terms, in which constant terms have been added to the logarithmic

ones [49]. Using this approach, one can be convinced that the polarization asymme-

try Apol,b
Z will be essentially unaffected by these EW corrections. Actually, looking

at the transverse Born amplitudes, one can first notice that, since gLb ∼ 5 gRb, the

dominant amplitudes are F−+−+ and F−−−−. The other ones will contribute to the

total cross section via terms which are suppressed by a factor 1/25. Then, applying
the Sudakov rules of Ref. [44,45,47–49], one can see that the leading logs associated

to the bL and Z states are very similar for these two amplitudes. A raw estimate

gives effects of several percents in the 1 TeV range which should directly affect the

cross section.
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However for Apol,b
Z , dominated by the (∣F−+−+∣2 − ∣F−−−−∣2)/(∣F−+−+∣2 + ∣F−−−−∣2)

ratio, the common EW corrections to each of these amplitudes in the numerator

and in the denominator will cancel out. So a small non zero effect will only come

from the smaller amplitudes (which contribute by a factor 25 less) and from the

small differences due to the subleading (mass suppressed) terms.

Using the augmented Sudakov expressions written in ref. [49], it has been checked

that the effects on Apol,b
Z reach at most the 1% level. In this spirit, it is here argued

that the SM NLO electroweak corrections are probably irrelevant. A more complete

determination of their numerical effect will be given in a forthcoming paper.

2.4 Conclusions

In this first chapter it has been shown that the Z-polarization asymmetry (Apol,b
Z )

in b-Z associated production at the LHC is strictly connected to the well known

forward-backward bb asymmetry at the Z-pole, Ab
FB, measured at LEP1. Results of

this study indicate that Apol,b
Z is almost free from theoretical uncertainties related to

QCD scale variations as well as to pdf set variations; this property strongly suggests

a measurement of Apol,b
Z at LHC as a unique candidate to possibly clarify the long

standing puzzle related to the Ab
FB measurement at LEP1.

More generally, it can be noticed that polarization asymmetries would be quite

relevant theoretical observables at LHC, as shown by [50], where a polarization

asymmetry was studied in the context of polarized top production in association

with a charged Higgs boson, as a possible way of determining the tanβ parameter in

the Minimal Supesymmetric Standard Model (MSSM). A rather general conclusion

which can be drawn from this chapter is therefore that polarisation measurements

at LHC would represent a tough but possibly quite rewarding experimental effort.
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Chapter 3

New Physics constraints from the

Forward–Backward asymmetry in

bZ associated production at LHC

3.1 Introduction

In the previous chapter the Apol,b
Z polarization asymmetry has been defined, and

it has been shown that this would represent a unique possibility of measuring the

Ab quantity. It has been proved that, from a theoretical point of view, this asym-

metry exhibits the remarkable properties of being QCD scale and PDF set choice

independent, which represents a quite remarkable feature. Though feasible, its ex-

perimental determination does not convince specialists. Indeed it is well known that

its measure, being derived from the experimental determination of the so-called po-

larization fractions (see for example [60] and references therein) of the Z-boson in

bZ associated production, would be affected by intrinsically large systematic uncer-

tainties. To this, one should add the implicit (but not less important) uncertainty

coming from the b-quarks charge determination, resulting in poor chances to obtain

a precise measurement of Apol,b
Z . Last but not least, the definition of Apol,b

Z does not

refer directly to an experimental recipe for its determination, since the polarization

of the Z-boson, as widely discussed, has to be inferred by its decay products angular
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distributions, thus separating the experimental level from the theoretical observable

it should inspect. The aim of this chapter is exactly to study in deeper details the

associate production of a bottom quark with a Z-boson, now taking into account

the subsequent leptonic decay Z → ll̄. This will be done with the explicit intention

of trying to build the definition of an alternative quantity that should inherit from

A
pol,b
Z the proportionality to Ab, but which should be experimentally cleaner and us-

able, and possibly reminiscent of observables already measured in past experiments,

such that past techniques could help present and future physicists. We will see that

this is the case for what has been named the Forward-Backward Asymmetry of the

bottom quark in bZ associated production at LHC (Ab,LHC

FB ). The chapter ends with

a discussion on how a measurement of Ab,LHC
FB can influence searches for New Physics

at the LHC.

3.2 Helicity amplitudes for the process bg → bll̄

As a first step for the above sketched program, one has to start with the study

of the parton level process of associated production of a single b-quark and a Z-

boson and its subsequent decay into a lepton-antilepton pair. In a 5FNS approach

it is defined at LO by subprocesses bg → bll̄ involving two Born diagrams with a

b-quark exchange in the s-channel and in the u-channel, as shown in Figure 3.1. The

s-channel

b

g

b

l

l̄

b

Z

u-channel

b

g

b

l

l̄

b

Z

Figure 3.1. 5FNS LO Feynmann diagrams for the process bg↔ bll̄
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3.2 – Helicity amplitudes for the process bg → bll̄

interaction vertexes involved in these two diagrams are defined as follows

gqq ∶ igsǫ/(λkc
2
)

Zff ∶ −ieγµ[gLfPL + gRfPR] ≡ −ieγµ[g(a)fPa].
Therefore, defining the two Lorentz vectors Hµ, Lµ as

Hµ = gs (λkc
2
) ū(b′)[γµ{g(a)bPa}(q/ +mb)

s −m2
b

ǫ/ +
+ ǫ/(q′/ +mb)γµ

u −m2
b

{g(a)bPa} ] u(b),
Lµ = ū(l) γµ{g(a)lPa} v(l̄) (3.2.1)

the Born invariant amplitude is given by

ABorn(bg → bZ → bll̄) = 4πα DZ(p2Z) HµLµ, (3.2.2)

where ǫ, λkc are the gluon polarization vector and colour matrix, pl+pl̄ ≡ pZ , DZ(p2Z)
is the usual Z effective propagator, q = pb + pg = pZ + p′b, s = q2, q′ = p′b − pg = pb − pZ ,
u = q′2 and with the kinematic decompositions in the center of mass frame (all

fermion massless)

pb = (p; 0, 0, p) , pg = (p; 0, 0, − p) ,
p′b = (p1; 0, p1 sin θ1, p1 cos θ1)1,

pl = (p2; p2 sin θ2 sinφ2, p2 sin θ2 cosφ2, p2 cos θ2) ,
pl̄ = (p3; p3 sin θ3 sinφ3, p3 sin θ3 cosφ3, p3 cos θ3) , (3.2.3)

ǫ(g) = (0; λg√
2
, − i√

2
, 0) ,

where λg = ±1 stands for the gluon polarization and the variables pi, θi, φi do not

yet satisfy momentum conservation, for clarity of notation. A more appropriate set

1An additional azimuthal angle for b′ would manifest itself only through overall phase factors
in the amplitudes.
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of variables more cleanly fulfilling the center of mass condition pb + pg = p′b + pl + pl̄
will be improperly called here ‘helicity frame’ 2: this is defined as the coordinate

system in which the polar axis coincides with the direction and versus of b′, while

Figure 3.2. The coordinate system defined in the text. In blue the colliding partons
momenta. The polar axis of the helicity frame coincides with the momentum of
the outgoing b′ (green arrow). Momenta of lepton and antilepton are represented
by the red and orange arrows.

azimuthal angles are measured with respect to the normal to the production plane

(i.e. the one spanned by the colliding and decaying bottom quarks momenta3). The

rotation matrix between the two coordinate systems

Rθ1 =
⎛⎜⎜⎜⎝
1 0 0

0 cos θ1 − sin θ1
0 sin θ1 cos θ1

⎞⎟⎟⎟⎠ (3.2.4)

2Properly this ‘helicity frame’ is not a different frame from the center of mass one, but it’s just
a different coordinate system, still in the center of mass frame.

3The ambiguity coming from the orientation of the normal to the production plane will be
cancelled after integration over the azimuthal angle in the definition of observable quantities.
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3.2 – Helicity amplitudes for the process bg → bll̄

can be used to relate the new polar and azimuthal angles θl,θl̄ and φ
′

p
hf
l = (p2;p2 sin θl sinφ′,p2 sin θl cosφ′,p2 cos θl) ,
p
hf

l̄
= (p3;−p3 sin θl̄ sinφ′, − p3 sin θl̄ cosφ′,p3 cos θl̄)

with the old variables Eq. (3.2.3). In this frame the coplanarity of the final particles is

clearly shown by the dependence on the same variable φ′ of both leptons: the reader

may already have noticed that this angle is related to the conventional azimuthal

angle of the lepton l by φl = π/2 − φ′. The reason for this choice of variables in the

formulas resides in the physical meaning of φ′, corresponding to the angle between

the production plane (spanned by p⃗b, p⃗g and p⃗b′) and the decay plane (spanned by

p⃗b′ , p⃗l and p⃗l̄). Energy conservation leads, in this frame and for massless particles,

to simple formulas for the energies of the final particles ({θl,θl̄}h ≡ {θl,θl̄}/2):
p1 = p (1 − cot(θh

l̄
) cot(θhl )) , (3.2.5)

p2 = p cos(θh
l̄
) csc(θhl ) csc(θhl̄ + θhl ), (3.2.6)

p3 = p csc(θhl̄ ) cos(θhl ) csc(θhl̄ + θhl ) , (3.2.7)

which make manifest the (maximal) domain of integration

θl ∈ [0,π], θl̄ ∈ [π − θl,π] .
Besides that, the introduction of this reference frame cleans and simplifies greatly

the form which the matrix elements assume there. Due to the massless assumption,

the helicity amplitudes can be expressed as

Mλbλg ; λb′λlλl̄
≡ δλbλb′

δλlλ̄l̄
Mλg; λb′λl

,

where λf = ±1
2
≡ ±, λg = ±1 ≡ ± and λi ≡ −λ̄i. Modulo a common term

Mλg ; λb′λl
≡ (DZ(p2Z) 16√2 πα gsλkc

√
p1p2p3

p
)Fλg; λb′λl

,
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the non vanishing helicity amplitudes factors read:

F+++ = −i (gRbgRl)eiφ′ cos θhl̄ sinθh
l

cos θh1
, (3.2.8)

F++− = i (gRbgLl)eiφ′ cos θhl sinθh
l̄

cos θh
1

, (3.2.9)

F−++ = i (gRbgRl) sinθh
l

cos(θh
l̄
+θh

l
)

cos θh
l

cos θh
1

(e−iφ′ cos θh1 sin θhl̄ − sin θh1 cos θhl̄ )2 , (3.2.10)

F−+− = −i (gRbgLl) sinθh
l̄

cos(θh
l̄
+θh

l
)

cos θh
l̄

cos θh
1

(e−iφ′ cos θh1 sin θhl + sin θh1 cos θhl )2 , (3.2.11)
while the other four can be derived from these by parity conjugation, that in our

conventions is represented by complex conjugation together with the switch gLf ↔
gRf . As an example

F−−− = i (gLbgLl)e−iφ′ cos θhl̄ sin θhl
cos θh1

.

Note that formulas which are related by the switch of the lepton helicities are related

one to each other by the replacements

(θl ↔ θl̄,φ
′ → φ′ + π) ≡ l↔ l̄ , (3.2.12)

gLl ↔ gRl . (3.2.13)

From these formulas one can build the total cross section by introducing the

usual flux factor and the convolution with the relevant partons density functions for

the proton.

3.3 Definition of Ab,LHC
FB

For our purposes it suffices to define the squared amplitude summed over the initial

state helicities as

ρλb′λl
≡∑λg

∣Mλg; λb′λl
∣2

and to identify

ρ++ + ρ−− ≡ (g2Lbg2Ll + g2Rbg
2
Rl) f(θhl ,θhl̄ ,θ1,φ′)
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(one can check that actually in the sum in the RHS the couplings factorize out).

The complete unpolarized squared amplitude can now be simply written as

∣M∣2 = (g2Lbg2Ll + g2Rbg
2
Rl) f(θhl ,θhl̄ ,θ1,φ′) + (g2Lbg2Rl + g2Rbg

2
Ll) f̄(θhl ,θhl̄ ,θ1,φ′)

≡ c+
f+f̄
2
+ c− f−f̄

2
, (3.3.14)

where f̄ ≡ f ∣l↔l̄ . In the last line Eq. (3.3.14), the two terms have definite symmetry

properties under l↔ l̄, with coefficients

c+ = (g2Lb + g2Rb) (g2Ll + g2Rl) ,
c− = (g2Lb − g2Rb) (g2Ll − g2Rl) ,

c−
c+
= AbAl .

This allows us to extract (c−) c+ simply measuring (anti-)symmetrized combination

of cross sections in kinematic domains related one to each other under exchange of

the two leptons angles. The simplest choice in the CM frame is

D± ≡ θl ≷ θl̄ . (3.3.15)

To be more explicit, note that the condition θl ≷ θl̄ translates in the Z rest frame

to the experimentally simpler condition of Forward/Backward lepton momentum

respect to the b-quark momentum versor. This finally leads to the definition of

A
b,LHC
FB

A
b,LHC

FB ≡ σ(DF ) − σ(DB)
σ(DF ) + σ(DB) , (3.3.16)

where the reference axis is the b-quark momentum in the Z-rest frame. From

Eq. (3.3.14) this quantity will be proportional, modulo a kinematic factor k, to

the LEP Ab
FB

A
b,LHC
FB = k Ab

FB , (3.3.17)

where FB, as already emphasized, has different meaning in the two expressions.

A theoretical prediction of Ab,LHC
FB (and, in particular, of the numerical value of

the kinematical constant k) has to take into account several experimental issues,

thus needing a realistic simulation of the detector features, and in particular of its

geometrical properties and of intrinsic cuts applied to the event reconstruction. In
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such a contest, kinematic cuts on transverse momentum and pseudorapidity of the

decaying particles introduce some subtleties in the derivation of a direct connection

of Ab,LHC
FB to the LEP asymmetry Ab

FB. To prove the validity of Eq. (3.3.17) also in

Figure 3.3. Event level (i.e. without parton showering) dependence of the asym-
metry defined in the text on Ab

FB, in a ficticiously wide range of Ab
FB values, aiming

to prove the direct proportionality also in the presence of typical kinematic cuts [63]
on decay products pseudorapidities and transverse momenta. The uncertainty on k

is only numerical, i.e. related to MC statistics (see the text for other uncertainties).

the presence of a realistic event selection, one can vary fictitiously gL,Rb in a wide

range of values, determining the corresponding values of Ab,LHC
FB with usual kinematic

cuts. Figure 3.3 shows the results of a simulation with ten different choices of gL,Rb,

including the SM one (for the events simulation we have used CalcHEP [62] and

checked good agreement with different event generators). The particular choice of

selection criteria closely follows the one used by ATLAS for the Z-b-jets cross section

analysis [63]. With these assumptions, the kinematical constant k is found to be

−0.37 at LO. Its QCD scale dependence has been inspected varying simultaneously

the renormalization and factorization scales and computing the corresponding Ab,LHC
FB

values, Figure 3.4. Similarly the PDF set choice dependence is depicted in Figure

3.5. The total theoretical uncertainty in both cases is at the 1% level.
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Figure 3.4. Comparison between the LO µF = µR = kMZ scale variation depen-
dencies of the total cross section and our asymmetry.
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Figure 3.5. Comparison of different pdf set LO asymmetry predictions taking
CTEQ6L1 as a reference.
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3.4 Testing New Physics through A
b,LHC
FB

Now that we have at hand the concrete possibility to test the SM prediction for the

parameter Ab through A
b,LHC
FB , is it time to have a brief digression on the theoretical

side, to understand in a pragmatic way (i.e. neutrally and blindly) what kind of

models can predict some possible discrepancy on the measured value of Ab with

respect to the SM well known and familiar case. This not being the main aim of

this work, it has been chosen to report two different NP models as cases of study,

taken as examples of theories with opposite behaviours for what concerns a possible

deviation from the LEP measurement of Ab.

3.4.1 Corrections to Ab in the (N)MSSM

Supersymmetric corrections both in the MSSM and in the NMSSM have been stud-

ied in [27]. In that work the authors scrutinized the full one-loop supersymmetric

effects on Zbb̄ coupling, considering all constraints at disposal at that time: preci-

sion electroweak measurements, direct searches for sparticles and Higgs bosons, the

stability of Higgs potential, the dark matter relic density, and the muon g − 2 mea-

surement. They analysed the characters of each type of corrections and searched for

the SUSY parameter regions where the corrections could be sizeable.

Their choice was to parametrize the Zff̄ interaction at Z-pole in term of the

parameter ρf and the effective electroweak mixing angle sin2 θf
eff

[30, 31]:

Γµ

Zff̄
= (√2Gµρf) 12mZγ

µ [−2Qf sin
2 θ

f
eff + If3 (1 − γ5)] (3.4.18)

This parametrization is preferred from the experimental point of view because all the

measured asymmetries, included also the ones here studied, are only dependent on

sin2 θ
f
eff , whose value can be directly determined with their precise measurements.

The corrections to these parameters are indeed connected to the ones of the chiral

fermions couplings to the Z-boson:

ρf = 1 + δρse + δρf,v, (3.4.19)

sin2 θ
f
eff = (1 + δκse + δκf,v)s2W , (3.4.20)

38



3.4 – Testing New Physics through A
b,LHC
FB

Figure 3.6. Higgs loop contributions to δρb,v and δκb,v . MS is a common mass
scale for light squark generations, on which however results are not quite sensitive.
The green band represents the 95% C.L. exclusion from [32]. The green straight
line gives the exact limit contour, while the dashed one is an extrapolation, since
results of [27] are not sufficient to draw the net 95% limit contour.

where the subscript ‘se’ stands for universal, flavour independent contributions from

gauge boson self-energies, and ‘f,v’ denotes the contribution from the vertex correc-

tion to Zff̄ interaction, with

δρf,v = 2
δgLf − δgRf

gLf − gRf

− 2δv − δb; δκf,v = 1

2Qfs
2
W

gRfδgLf − gLfδgRf

gLf − gRf

(3.4.21)

and, finally, δgfL,R are the corrections to the chiral Zf couplings gL,Rf . The authors

have found that the potentially sizeable corrections come from the Higgs sector with

light mA and large tanβ (Fig. 3.6), which can reach −2% and −6% for ρb and

sin2 θbeff , respectively. However, such sizable negative corrections are just opposite

to what needed to solve the anomaly, being potentially even larger in the NMSSM

case. This is also reflected in the statistical global analysis they did, scanning over

the allowed parameter space to investigate to what extent supersymmetry could

narrow the discrepancy: they indeed found that, under all constraints they took into
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account, the potentially large supersymmetric effects are instead quite restrained and

cannot significantly ameliorate the anomaly of Zbb̄ coupling, Fig. 3.7. Compared

with χ2/dof = 9.62/2 in the SM, the MSSM and NMSSM can only improve it to

χ2/dof = 8.77/2 in the allowed parameter space. Their conclusion is that, if the

anomaly of Zbb̄ coupling is not a statistical or systematic problem, it would suggest

new physics beyond the MSSM or NMSSM. It is quite reassuring that recent direct

exclusions from ATLAS and CMS experiments [32] indeed forbid exactly the “large-

corrections” region that was there found to badly deviate from the SM prediction

for ρb and sin2 θbeff .
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Figure 3.7. The MSSM, NMSSM and SM predictions for ρb and sin2 θbeff , compared with the LEP/SLD data at 68%,

95.5% and 99.5% confidence level. The MSSM predictions are from a scan over the parameter space.
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3.4.2 Corrections to Ab in models with additional bottom

partners

A large class of models that can address the LEP paradox is the one quite generally

characterised by the introduction of vector-like quarks (cf. [81, 82] and references

citing that). These are Dirac fermions whose Weyl left and right components are

in the same representation of the SM gauge group. The peculiarity of such kind of

fields is that they are allowed to possess an explicit SM gauge group invariant mass

term, thus not directly related to the Electroweak scale. Experimentally their mass

is starting to be constrained from below only after LHC direct searches [83]. After

EWSB, they can mix with ordinary quarks, giving rise to striking modifications of

their couplings to the Higgs and gauge bosons. They can be analysed in a model-

independent approach in terms of just a few free parameters, as e.g. in [82], where

it is revisited, in a simplified version, the possibility [85] of adding to the SM field

content just a single, vector-like, SU(2)L doublet,

ΨL,R = {B, X}L,R ≐ (3,2, − 5/6) (3.4.22)

with hypercharge Y = −5/6, able to explain the LEP paradox. Of course this is

only one of the several different theoretical motivations of this kind of models, but

it is here interesting just to sketch what are the main features of this particular

topic, expecially regarding the bottom sector. The Qem = −1/3 component B of

the additional vector-like doublet mixes with the other three down quarks to give

four Qem = −1/3 mass eigenstates. One expects dominant mixing with the b-quark,

given the usual Yukawa coupling hierarchy in the mass matrices (this is the case,

for instance, in models with fermion partial compositeness):

⎛⎝ bL,RBL,R

⎞⎠ = ⎛⎝ cos θL,R − sin θL,Reiφ
sin θL,Re−iφ cos θL,R

⎞⎠⎛⎝ b
0
L,R

B0
L,R

⎞⎠ . (3.4.23)

where, imposing the b mass to its SM value, one gets

tan θL = mb

mB

tan θR . (3.4.24)
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This mixing, together with the different Y assignment, is responsible of the modifi-

cation of the b gauge couplings, in particular to the Z-boson:

gbR = IBL

3 sin2 θR −Q sin2 θW , gbL = IbL3 cos 2θL −Q sin2 θW (3.4.25)

where, using Eq. (3.4.24), one can substitute

cos 2θL = 1 − ǫ
2

1 + ǫ2 ≃ 1 − 2ǫ (3.4.26)

with ǫ = mb/mB tan θR. In [82] a simplified fit4 of SM values [34] to Z pole ob-

servables has been made, with free parameters the b −B mixing angle θR and the

partner mass mB. Using this procedure, the best-fit value for the mixing is found to

be sin θR = 0.12, reducing the χ2 from χ2 = 7.37/4 dof in the SM to χ2 = 4.16/3 dof ,
independently from the heavy B mass, since mB and θR are independent param-

eters and the corrections to Zbb couplings depend approximately only on θR, see

Eq. (3.4.24). However, imposing in addition a Yukawa off-diagonal yd43 in the down
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squarks mass matrix not higher than the top Yukawa yt, they obtained upper limits

4Two different sets of SM predictions were ther used, but the one from [59] had a not yet
fixed result on the calculation of Rb, which temporarily put it in disagreement with its measured
value too, generating some new excitement (and works trying to explain it). The problem in the
calculation of [59] was solved by the authors in Fall 2013, one year later the first publication.
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on the partner mass mB ≲ 1.4 TeV, giving together with the value of sin θR good

chances of discovery/exclusion at LHC for the B SU(2)L partner, see Fig. 3.4.2.

This brief digression on the possibilities of sample models to address the LEP

paradox, hopefully, has given at least the taste of how much an independent determi-

nation of the Ab parameter can influence the confidence on modern examples of field

theories. Supersymmetric extension of the SM, in their minimal versions, “mimic”

too well their parent theory at low energy in the bottom sector: for this kind of

theories, even a confirmation of the LEP measurement could be troublesome. On

the other hand, very simple models with minimal vector-like field content addition,

could solve so cleanly this issue that, at the opposite, they would be in trouble very

fast5 as the Ab discrepancy would be showered by a new measurement. It’s clear

that a determination of Ab,LHC

FB asks loudly to be performed. The rest of this chapter

treats exactly this topic.

3.5 Jet charge determination and QFB at LHC

For a detector level simulation one has to choose an appropriate procedure to mea-

sure the b-jet charge, and in particular to connect it with the theoretical definition

of Ab,LHC
FB : here the fact that this is intimately related to the LEP Ab

FB allows us to

adapt the LEP procedure of measuring Ab
FB to the LHC case [64,65]. Here a weight-

ing technique [66–68] is applied in which the b-jet charge is defined as a weighted

sum of the b-jet track charges,

Qb-jet ≡ ∑iQi ∣j⃗ ⋅ p⃗i∣k
∑i ∣j⃗ ⋅ p⃗i∣k (3.5.27)

where Qi and p⃗i are the charge and momentum of the i-th track, j⃗ defines the b-jet

axis direction, and k is a parameter which was set to 0.5 following literature (this

value optimises the separation between b- and b̄-jets mean charges). In addition, in

events with muons with transverse momentum relative to the jet axis prelT > 0.8 GeV

5Of course, as always, the higher the complications, the more the chance to escape constraints,
don’t shoot the messenger.
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(this value is known to maximise the b-purity times efficiency, see [72]), we have

defined an effective jet charge as

Q
µ
b-jet ≡ (prelT

mb

)k qµ (3.5.28)

where qµ is the reconstructed muon charge and k was set to 0.5 from optimisation.

This method is a simplified version of similar ones present in literature [72] mixed

with the tracks weighted one, from which it inherits the advantage of taking already

into account the problem of the B0-B̄0 mixing. For both methods, one can then

define

⟨QFB⟩ ≡ ⟨(−1)FBQjet⟩ ,
where (−1)FB is computed event by event as the sign of j⃗∗ ⋅ p⃗∗e−, both taken in the

Z rest frame. The mean b-jet charge δb ≡< Qb > is obtained from the average value

of Qjet for events with a b-quark initiated jet (i.e. not a b̄), and was here taken from

simulations (but will be experimentally constrained in a real measurement). With

these definitions, in a pure b/b̄ sample, the b-quark asymmetry Ab,LHC
FB is proportional

to ⟨QFB⟩: ⟨QFB⟩ = δbAb,LHC
FB . (3.5.29)

With a non pure sample of jets originated from different quark flavours, Eq. (3.5.29)

gets modified into:

⟨QFB⟩ =∑
f

δfA
f,LHC
FB rf , (3.5.30)

where the sum runs over the quark flavours present in the sample, while rf are the

fractions of events with flavour f . For the purposes of this article, given the usual

efficiencies and mistag rates of b-tagging algorithms on the market, it suffices to

consider only the c-jet background (represented at LO from the process p p→ c l l̄).

3.6 Feasibility study

Modern feasibility studies deeply rely on Monte Carlo (MC) simulation programs.

Even if their history goes far in the past of particle physics, two genuinely contem-

porary features which starts to characterise an increasing fraction of MC generators
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is their independence from experimental collaborations and their fastness, both re-

garding parton level processes and detector simulations.

3.6.1 MadGraph 5

The MadGraph 5 software [69] is a matrix element generator, written in the Python

programming language. It can generate matrix elements both at tree-level for any

model Lagrangian and at one-loop order in QCD, with the corresponding helicity

amplitudes. The process-specific commands that have to be passed to the software

are contained in a card called proc-card-mg5.dat; also decay chains of particles

in the final state can be specified. After this first step the user can edit the card

run-card.dat, where features of the generated samples of events can be modified,

plus a great variety of possible kinematic cuts. MadGraph generates all Feynman

diagrams which contribute to the amplitude of the process and outputs the computer

code necessary to evaluate the associated matrix elements. By mean of this code, it

proceeds to generate the pseudorandom sample of desired events, showing an highly

user-friendly html page with all relevant informations like the cross section, the

theoretical model which have been used and the pictures of the Feynman diagrams.

MadGraph is natively predisposed to be interfaced with other MC showers (Pythia,

Herwig) and detector simulators (Delphes, PGS).

3.6.2 The study

The simulated samples were generated using MadGraph 5 [69] interfaced with PYTHIA

6.4 [70] for the showering and with Delphes 3 [71] for the detector simulation (the

Delphes card was modified for ATLAS updated parameters). The event selection

criteria was taken from [63]. The number of events generated corresponds to a con-

servative estimate of a ten years luminosity of 400 fb−1 at 14 TeV, though results

can also be extrapolated to a possible final integrated luminosity of 3 ab−1, pre-

dicted for the (not yet approved) High Luminosity LHC (HL-LHC). Due to partial

cancellation from opposite values of mean jet charges in Eq. (3.5.30), the b-tagging

efficiency which optimises the relative uncertainty on ⟨QFB⟩ was found to be 55%
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b/b̄ sample c/c̄ sample

Jet charge Soft muon Jet charge Soft muon

Total number of events 8.96 106 10.08 106

Flavour fractions
ǫb 50% 0.94 0.99 0.06 0.01

ǫb 60% 0.88 0.97 0.12 0.03

δf −0.0736 −0.3027 0.0721 0.535

Table 3.1. Generated events and input parameters. Systematic errors on flavour
fractions and δf are irrelevant given the estimated statistical uncertainty on the
final results, while they should be taken into account (comprising possible effects

giving δf ≠ −δf̄ ) in a possible HL−LHC upgrade.

(see [73]): we present results at two different b-tagging efficiency working points

( {ǫb,ǫc} = {50,3}%, {60,8}%), which, from inversion of Eq. (3.5.30), allows in

principle also an independent determination of Ac
FB, taking as input the predicted

flavour fractions and mean charges. Table 3.1 collects the number of generated

events and computed input parameters, while results are presented in Table 3.2,

and refers to a single experiment (ATLAS in this case). Systematic uncertainties

from ISR/FSR has been inspected switching them separately off and taking, as the

associated uncertainty, 20% of the total effect. While FSR has no impact at all,

ISR gives a relative systematic uncertainty lower than 2%, and needs a deeper un-

derstanding of the source of this variation. The impact of pile-up6 (PU) effects has

been inspected using the related Delphes PU module, setting the average amount

of PU events per bunch-crossing to 50, and found to be negligible.

This simplified study shows that a relative overall uncertainty on the measured

asymmetry value of less than 10% can be easily reached with 400 fb−1 of data from

ATLAS and CMS. This value, extrapolated for an integrated luminosity of 3 ab−1,

can be lower than 4%, imposing at that level also a deeper study of systematic

6Pile-up is defined as the average number of particle interactions per bunch crossing µ, and is
directly correlated with the instantaneous luminosity. The growing pile-up presents a challenge for
LHC experiments during data taking.
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ǫb 50% ǫb 60% A
b,LHC
FB Combined value

⟨QFB⟩ 23.4 ± 2.3 21.3 ± 2.0 −343 ± 54
−347 ± 47⟨Qµ

FB⟩ 104 ± 17 96 ± 15 −361 ± 95

Table 3.2. Results (times a factor 104) for an integrated luminosity of 400 fb−1 for
both electron and muon channels, assuming lepton universality.

uncertainties, out of the scopes of this work. One should also take into account

that these values have to be intended as very conservative, and will most likely be

lowered in a real experimental measurement, owing to the use of more sophisticated

methods and improvements on b-purities and mean charges (e.g. from tagging and

rejection of double b-hadron jets from ISR [74]).

3.6.3 Impact of Ab,LHC

FB

In the previous section a simplified study has put an upper bound on the relative

uncertainty ATLAS and CMS can realistically obtain for a measurement of Ab,LHC
FB

at the (HL-)LHC. Of course, to give to these numbers some meaning, one should

compare such quantities with the present relative uncertainty ǫWA = 1.6% on the

World Average (WA) value of A0,b
FB, that results, as already discussed in Chapter

2, in a pull-value of 2.6 standard deviations from its Standard Model theoretical

prediction (SM). To this aim let’s call ǫ the relative uncertainty associated to a

new determination of A0,b
FB through A

b,LHC
FB . Given the direct proportionality that

connects the two quantities, it is fair to neglect additional sources of uncertainty

coming from the unfolding procedure, such that it can be assumed an upper bound

on ǫ certainly comparable to the one it has been here fixed on the relative uncertainty

on Ab,LHC
FB . The impact of a new such experimental determination can be accordingly

simulated given a probable outcome of the measurement itself. This can be e.g. left

to vary in the range {WA(A0,b
FB)−σ, SM(A0,b

FB)}, mapped linearly by a conventional

parameter x ∈ {1,0}. For every value of x, it is thus possible to compute the combined
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and for every probable outcome the resulting combined pull value Pcomb (Figure

3.6.3). Under these simple but realistic assumptions, it is clear that the chances of a

measurement ofAb,LHC
FB not to have impact at all on the present situation are certainly

poor. Indeed either it will solve the discrepancy (saving in this way theories like the

SM or the MSSM in which, as we have already seen in section 3.4, no important

deviation are allowed), or it will worsen the situation, opening the way to new NP

models of mostly likely non supersymmetric origin.

Of course physics everyday brings in new surprises, and it may very well be that

NP will knock on our doors with some new direct signal, like the discovery of a new

particle, maybe just at the beginning of the next LHC Run II. The next chapter

will treat precisely this eventuality.
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Chapter 4

bHlight associated production in

the NMSSM at LHC at One-Loop

Order

Introduction

The pragmatic approach towards possible manifestations of NP at LHC leads us

finally to this last chapter. We have already studied a significative example of

indirect signal coming from ready-to-test observables. It is now time to take into

account also the possibility of direct detection of NP, of which a relevant example

chosen here is the associated production of bottom quarks and Higgs Bosons from

the so-called Next to Minimal Supersymmetric Standard Model (NMSSM, see [86]

and references therein).

4.1 Motivations for the NMSSM

The main motivations for SUSY extensions of the Standard Model (SM) are a solu-

tion of the hierarchy problem [87–91] through protection of the weak scale by SUSY

and an automatic unification of the running gauge couplings at a Grand Unified

(GUT) scale MGUT [92–95] (as far as the SUSY-breaking scale is not too high). To
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these one should add the possibility to explain the dark matter relic density in terms

of a stable neutral particle [96,97], but only after the additional assumption that the

SUSY extension has a certain global symmetry (called R-parity or matter-Parity,

depending on the definitions) forbidding the lightest SUSY particle (LSP) to decay

into ordinary matter.

Any SUSY extension of the Higgs sector of the SM [98, 99] requires the intro-

duction of two different Higgs SU(2)-doublets, called Hu and Hd. This follows

both from imposing the superpotential to be holomorphic in the fields and from

the necessary mutual cancellation of the anomaly induced by the fermionic compo-

nents of the two Superfields1. The vacuum expectation values (VEVs) of Hu and

Hd generate masses for up-type quarks and down-type quarks and charged leptons,

respectively. The model with this minimal field content in the Higgs sector is de-

noted as the Minimal Supersymmetric Standard Model (MSSM) (for reviews see,

e. g., [100–102]). Defining the MSSM Lagrangian to be the most general SUSY one

invariant under the SM gauge group implies that it contains a SUSY mass term

µ for Hu and Hd, which nevertheless seems constrained to be of the order of the

SUSY-breaking scale MSUSY for phenomenological reasons. In fact both complex

Higgs scalars Hu and Hd of the MSSM have to be components of chiral Superfields

which contain, in addition, fermionic SU(2)-doublets ψu and ψd. The µ term in the

Lagrangian of the MSSM generates identical positive masses squared µ2 for ∣Hu∣2
and ∣Hd∣2, and a Dirac mass µ for ψu and ψd. On top of this, the presence of a SUSY

mass term µ in the Lagrangian allows a soft SUSY-breaking mass term m2
udHuHd

too, conventionally parametrized by m2
ud = Bµ, with B a parameter with dimensions

of mass. This helps to understand how the µ parameter has both an upper and lower

constraint.

µ cannot vanish. First, a Dirac mass µ for ψu and ψd is required for phe-

nomenological reasons: both fermionic SU(2)-doublets ψu and ψd contain elec-

trically charged components. Together with the fermionic superpartners of the

1It is not here the place to review the Superfields formalism [101]. For our purposes, it suffices
to remember that, on-shell, they can be seen as multiplets containing usual fields as components
differing by half units of spin, related one to each other by SUSY transformations.
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W ± bosons, they constitute the so-called chargino sector of SUSY extensions of

the SM (two charged Dirac fermions). Due to the fruitless searches for charginos

at LEP [134] and LHC (Fig. 4.1), the lighter chargino has to have a mass above

) [GeV]
2

0χ∼  (=m
1

±χ∼ m

100 200 300 400 500 600 700

 [G
eV

]
0 1χ∼  

m

0

100

200

300

400

500

600
Expected limits

Observed limits

arXiv:1402.7029     3l,   ,       ν∼/ Ll
~  via  0

2
χ∼±

1
χ∼

arXiv:1403.5294,  µ   2e/ ,    ν∼/ Ll
~  via  −

1
χ∼ +

1
χ∼

arXiv:1402.7029      3l,   ,    τν∼/ Lτ∼  via  0
2

χ∼±
1

χ∼

arXiv:1407.0350,  τ2≥     ,   τν∼/ Lτ∼  via  0
2

χ∼±
1

χ∼

arXiv:1407.0350,  τ2≥    ,    τν∼/ Lτ∼  via  −
1

χ∼ +
1

χ∼

arXiv:1403.5294+3l,  µ 2e/   via  WZ, 0
2

χ∼±
1

χ∼

ATLAS-CONF-2013-093bb,  µ e/   via  Wh,     0
2

χ∼±
1

χ∼

arXiv:1402.7029     3l,     via  Wh,       0
2

χ∼±
1

χ∼

arXiv:1403.5294,  µ   2e/   via  WW,   −
1

χ∼ +
1

χ∼

All limits at 95% CL

=8 TeV        Status: ICHEP 2014s, -1 Preliminary           20.3 fbATLAS

)
2

0χ∼ + m 
1

0χ∼ = 0.5(m ν∼/ 
L

τ∼/ Ll
~m 

1
0
χ∼

 = m

2
0
χ∼m

Z

 + m

1
0
χ∼

 = m

2
0
χ∼m

h

 + m

1
0
χ∼

 = m

2
0
χ∼m

1

0
χ∼ = 2m

2

0
χ∼m

Figure 4.1. Latest combined 95 % C.L. exclusion limits for direct production
of electroweakinos from the ATLAS and CMS experiments, as presented at the
37th International Conference on High Energy Physics (ICHEP 2014). Pro-
ceedings of this conference will be published in Nuclear Physics B - Proceedings
Supplements (NUPHBP)).

∼ 270 GeV / 700 GeV depending on the particular assumptions of simplified models

53



4 – bHlight associated production in the NMSSM at LHC at One-Loop Order

used to extract exclusions from direct searches. Analysing the chargino mass matrix,

one finds that this lower limit implies that the Dirac mass µ for ψu and ψd – for

arbitrary values of the other parameters – has to satisfy the constraint ∣µ∣ ≳ 250 GeV.

Additionally, an analysis of the Higgs potential shows that a non-vanishing term

m2
ud
HuHd is a necessary condition for that both neutral components of Hu and Hd

are non-vanishing at the minimum. This, in turn, is required in order to generate

masses for up-type quarks, down-type quarks and leptons by the Higgs mecanism.

Moreover, the numerical value of the product Bµ should be roughly of the order of

the electroweak scale (M2
Z).

Finally, µ ≃ 0 would generate a Peccei-Quinn symmetry in the Higgs sector, and

hence an unacceptable massless axion [103].

∣µ∣ must be not too large. The Higgs potential must be unstable at its origin

Hu = Hd = 0 in order to generate the electroweak symmetry breaking. Whereas the

soft SUSY-breaking mass terms for Hu and Hd (of the order of the SUSY-breaking

scale MSUSY) can generate such a desired instability, the µ-induced masses squared

for Hu and Hd are always positive, and must not dominate the negative soft SUSY-

breaking mass terms. Consequently the µ parameter must obey ∣µ∣ ≲MSUSY.

Hence, both “natural” values µ ≃ 0 and very large µ (∼MGUT or ∼MPlanck) are

ruled out, and the need for an explanation of why µ ≈ MSUSY gives rise to the so-

called µ-problem [103] of the MSSM. One of the simplest way to solve this problem

consists in generating an effective (SUSY) mass term µ by spontaneous symmetry

breaking from an additional scalar field: the mass term µ is replaced by a Yukawa

coupling of Hu and Hd to this scalar, and its VEV < S > – induced by the soft

SUSY-breaking terms – is of the desired order. Since the µ parameter carries no

SU(3) × SU(2) × U(1)Y quantum numbers, the field to be introduced has to be a

singlet S (the complex scalar component of a chiral Superfield Ŝ2), and the result-

ing model is called the “general” NMSSM (NMSSM), sometimes also denoted as

the (M+1)SSM. Of course, with no other symmetry assumptions, an explicit SUSY

mixing between Hu and Hd could be also present, which motivates the introduction

2Here and in the following a “ ̂ ” distinguishes explicitly the Superfield from its scalar
component.
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of a Z3 discrete symmetry under which every chiral Superfield transforms multi-

plicatively by a common factor e2πı/3. This discrete symmetry forbids terms even

in Ŝ, Ĥu and Ĥd and in their scalar components, respectively in the superpoten-

tial and in the SUSY-breaking part of the Lagrangian. This is the so-called Z3 or

scale-invariant3 NMSSM, mostly called in literature simply NMSSM.

Within the NMSSM ⟨S⟩ is naturally of the order of MSUSY, being induced by

negative soft SUSY-breaking terms (squared masses or trilinear couplings). Then

MSUSY is the only scale in the theory. In this sense, the NMSSM is the simplest SUSY

extension of the SM in which the weak scale is generated by the SUSY-breaking scale

MSUSY only.

From an historical point of view, it should be noticed that already the first

attempts to construct SUSY extensions of the SM employed in fact such a singlet

field [98,99,104]. A singlet was also present in most of the first globally SUSY GUT

models [91, 105–108]. Then it has been realised that spontaneous SUSY-breaking

in the framework of supergravity (SUGRA) leads in a simple way to the desired

soft SUSY-breaking terms in the Lagrangian; see [100] for an early review. Within

SUGRA, a µ term of the order of MSUSY can actually be generated if one assumes

the presence of a particular Higgs-dependent structure in the Kähler potential [109]:

of course under this assumptions an explicit µ term is allowed too, and, in order to

solve the µ problem, it must be forbidden by some additional mechanism. Still, the

first locally SUSY extensions of the SM [110–112] as well as most GUT models within

SUGRA [113–120] used a singlet field in the Higgs sector, leading to variants of the

NMSSM at the weak or SUSY-breaking scale ≲ 1 TeV (see also SUGRA models

motivated by String theory [121–130]). Recently, the discovery of the new SM

Higgs-like state with a mass of 125 GeV has renown interest towards the NMSSM,

especially due to its mitigation of fine tuning associated to this quite small mass

compared to general MSSM predictions and to the lack of discovery of new SUSY

states during the LHC Run I.

After electroweak symmetry breaking, the scalar components of Ŝ mix with

3Actually often the Z3 discrete symmetry is seen as an accidental symmetry resulting by im-
posing scale-invariance to the superpotential.
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the neutral scalar components of Ĥu and Ĥd leading, in the absence of complex

parameters (corresponding to the absence of explicit CP violation), to three CP-

even and two CP-odd neutral scalars (see [131–133] for some reviews). Likewise,

the fermionic superpartner of Ŝ mixes with the neutral fermionic superpartners of

Ĥu, Ĥd and the neutral electroweak gauginos, leading to five neutralinos. In this

way the four additional degrees of freedom contained in the Superfield Ŝ enrich the

scalar and fermionic sectors of the MSSM with three more mass eigenstates, rising

the possibility of a distinct and peculiar phenomenology. In the Higgs sector, for

example, important alterations with respect to the MSSM are a somehow lower

tension with the measured mass value of the Higgs scalar with SM-like couplings

to gauge bosons (or, equivalently, less tuning at fixed mass), and the yet open

possibility of additional light states with reduced couplings to gauge-bosons. In fact

the so-called LEP excess [135] around 98 GeV is still compatible with a NMSSM CP-

even Higgs [136], contrary to earlier interpretations in the MSSM already excluded

by LHC searches. Notably, a light CP-odd scalar with vanishing couplings to two

gauge bosons (like all CP-odd scalars), but with even enhanced couplings to quarks

and leptons can appear in the Higgs spectrum, allowing for new Higgs-to-Higgs

decays. Under these circumstances, the detection of additional Higgs bosons at

LHC or future colliders can become complicated (see e.g. [136]). In addition, a light

CP-odd scalar can affect “low energy” observables in B-physics and Υ-physics, as

well as and the anomalous magnetic moment of the muon.

The additional singlet-like neutralino can imply relevant modifications within

the neutralino sector, especially if it is the lightest one and, simultaneously, the

lightest SUSY particle (LSP). This would have an important impact on all decay

chains of SUSY particles (sparticles), and hence on their signatures at colliders.

For instance, the next-to-lightest SUSY particle (NLSP) can have a long life-time

leading to displaced vertices. Also, the LSP relic density has to be reconsidered in

this case.
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4.2 The NMSSM Higgs Sector

The superpotential of the Minimal SUSY extension of the SM with both R-parity

RP = (−1)(B−L)+2s = (−1)2sM (4.2.1)

(B and L being barion and lepton numbers, s the spin of the field component of the

Superfields) and Z3 discrete symmetry acting on chiral Superfields Φ as

Φ → e2πı/3Φ (4.2.2)

in terms of the quark and lepton Superfields Q̂,Û c,D̂c,L̂,Êc reads

WZ3

MSSM = ǫab[yeĤa
d L̂

bÊc
+ ydĤ

a
d Q̂

bD̂c
− yuĤ

a
uQ̂

bÛ c] , (4.2.3)

where a,b = 1,2 are the SU(2)L fundamental representation indices and ǫab denotes

the totally antisymmetric tensor with ǫ12 = ǫ12 = 1. The addition of a complex scalar

Superfield Ŝ, neutral under the SM gauge group, allows for extra two terms involving

Higgs S-fields Ĥu,Ĥd,Ŝ, completing the NMSSM Superpotential in the form

WNMSSM =WMSSM − ǫabλŜĤ
a
d Ĥ

b
u +

1

3
κŜ3 , (4.2.4)

where the Higgs Superfield which couples to up-type (down-type) fermion Superfields

is given by Ĥu(d). The parameters λ and κ are dimensionless and, working in the

CP-invariant NMSSM, are chosen to be real.

The soft SUSY-breaking terms in the NMSSM in terms of the component fields

Hu,Hd,S are given by

Lsoft = Lsoft,MSSM −m
2
S ∣S∣2 + (ǫabλAλSH

a
dH

b
u −

1

3
κAκS

3
+ h.c.) , (4.2.5)

with the MSSM soft SUSY-breaking Lagrangian

Lsoft,MSSM = −m2
Hd
H

�

dHd −m
2
Hu
H�

uHu

− m2
QQ̃

�Q̃ −m2
LL̃

�L̃ −m2
U ũ

cũc∗ −m2
Dd̃

cd̃c∗ −m2
E ẽ

cẽc∗

− (ǫab[yeAeH
a
d L̃

bẽc + ydAdH
a
d Q̃

bd̃c − yuAuH
a
uQ̃

bũc] + h.c.)
−

1

2
(M1B̃B̃ +M2W̃iW̃i +M3G̃G̃ + h.c.) , (4.2.6)
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where symbol “ ˜ ” is used to denote the SUSY partner of the relative SM field (so

that e.g. Q̃ = (ũL,d̃L)T , L̃ = (ν̃L,ẽL)T are the scalar partners of the SM lepton and

quark doublets, while in the last line the soft SUSY-breaking gaugino mass terms

for the gaugino fields B̃, W̃i (i = 1, 2, 3) and G̃ are given). Often in literature one

also finds the identification ũc = ũ∗R, which here is avoided for the seek of clarity.

All soft SUSY-breaking trilinear couplings Ak (k = λ, κ, d, u, e) and gaugino mass

parameters Mi (i = 1, 2, 3) are assumed to be real, and squark and slepton mixing

between the generations is neglected. Note also the absence of possible soft SUSY-

breaking terms linear and quadratic in the scalar fields S, Hu and Hd ( as e.g. the

genuinely MSSM term m2
ud ǫabH

a
dH

b
u) due to imposition of Z3 parity, in accordance

with the majority of phenomenological NMSSM constructions.

The NMSSM scalar potential is derived through F terms contribution from the

NMSSM superpotentialWNMSSM , the corresponding soft SUSY-breaking terms and

the D term contributions. After spontaneous symmetry breaking, the neutral com-

ponents of the Higgs fields acquire a vacuum expectation value, parametrised in

terms of CP-even and CP-odd fluctuations as

H1
d = 1√

2
(vd + hd + iad) , H2

u = 1√
2
(vu + hu + iau) , S = 1√

2
(vs + hs + ias) , (4.2.7)

with the VEVs vd, vu, vs chosen to be real and positive. From this it can be

recognized the effective parameter µeff, which arises dynamically from the VEV of

the singlet field cf. Eq. (4.2.4),

µeff = λvs√
2
. (4.2.8)

The soft SUSY-breaking Higgs mass parameters m2
Hu
,m2

Hd
,m2

S can be replaced,

through the minimisation conditions of the tree-level scalar potential, by combina-

tions of λ, κ, the electroweak gauge couplings g and g′, the VEVs and the trilinear

couplings Aλ, Aκ, so that the tree-level mass matrix M2
S of the neutral CP-even

Higgs bosons obtained from the second derivative of the Higgs potential with re-

spect to the fields in the vacuum, in the basis hS = (hd,hu,hs)T , can be cast into the
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form

M2
S =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ḡ2v2d +
G2vuvs

vd
(λ2 − ḡ2)vuvd −G2vs λ2vdvs −Gvu

(λ2 − ḡ2)vuvd −G2vs ḡ2v2u +
G2vdvs

vu
λ2vuvs −Gvd

λ2vdvs −Gvu λ2vuvs −Gvd 2κ2v2s +
Rλvuvd

vs
+Rκvs

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(4.2.9)

where we have defined

ḡ2 = 1
4
(g2 + g′2) , R = λκ , Rλ = 1√

2
λAλ , Rκ = 1√

2
κAκ

G = Rλ +Rvs , G2 = Rλ +Rvs/2 . (4.2.10)

Note that the MSSM limit for the scalar masses4 can be recovered by λ, κ→ 0 (with

the ratio κ/λ kept constant for a smooth approach) and keeping fixed the parameter

µ = λvs/√2, as well as the parameters Aλ and Aκ. In this limit one hence has

vs →∞.

Through an orthogonal transformation RS , the matrix M2
S is diagonalized in

terms of the CP-even mass eigenstates Hi (i = 1, 2, 3) (paired indices implicitly

summed),

Hi =RS
ijh

S
j , j = d, u, s , (4.2.11)

where, following SLHA2 conventions [142], MH1
≤MH2

≤MH3
.

The CP-odd fields (ad, au, as) can be, for later convenience, first rotated by an

angle βn in the subspace (ad, au), to separate a massless Goldstone boson G

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

a

as

G

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
=

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

sβn
cβn

0

0 0 1

cβn
−sβn

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

ad

au

as

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
≡Rβn

ij aj , (4.2.12)

4 In this limit the NMSSM is not rigorously mapped into the MSSM due to the non decoupling
of the additional neutralino (see below).
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with the abbreviations cx ≡ cosx and sx ≡ sinx. In this way, starting from the

tree-level CP-odd mass matrix squared in the basis (ad, au, as)T

M2
P =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

vsG2
vu
vd

vsG2 (Rλ −Rvs)vu
vsG2 vsG2

vd
vu

(Rλ −Rvs)vd
(Rλ −Rvs)vu (Rλ −Rvs)vd (Rλ + 2Rvs)vuvdvs

− 3Rkvs

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(4.2.13)

and using Eq. (4.2.12), one ends up with the mass matrix squared M2☆
P in the basis

hP = (a,as,G)T , which reads

M2☆
P =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

2G2vs
c2
∆β

s2β
(Rλ −Rvs)vc∆β G2vs

s2∆β

s2β

(Rλ −Rvs)vc∆β (2R +Rλ/vs)v2s2β2
− 3Rκvs (Rλ −Rvs)vs∆β

G2vs
s2∆β

s2β
(Rλ −Rvs)vs∆β 2G2vs

s2
∆β

s2β

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
(4.2.14)

with ∆β = β − βn and v2 ≡ v2u + v2d. Here some care has to be taken to distin-

guish between the angle βn parametrizing the rotation (which will not be subject

to renormalisation) and the angle β defined through the ratio of the VEVs vu,vd,

tanβ = vu/vd. They of course coincide at tree-level, whence ∆β = 0 leading to a

massless Goldstone boson (which decouples as it should), but the difference in their

definitions will play a role when dealing with determination of the counterterms. It

has to be noted that the first entry (M2☆
P )11 at tree-level,

(M2☆
P )11 = 2G2vs

s2β
, (4.2.15)

becomes the mass of the pseudoscalar Higgs boson in the MSSM limit5. Applying

an orthogonal rotation RP☆ to hP = (a,as,G)T , the CP-odd mass eigenstates Ai ≡
A1,A2,G (i = 1,2,3) are obtained,

Ai = RP☆
ij hPj , (4.2.16)

5In the MSSM limit Aλ can be identified with the soft SUSY-breaking parameter B:
Lsoft,MSSM ⊇ m2

udǫabH
a
uH

b
d ≡ Bµ ǫabH

a
uH

b
d.
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where at tree-level RP☆
33 = 1 and RP☆

3i = RP☆
i3 = 0 for i ≠ 3. The pseudoscalar masses

are ordered by ascending mass, MA1
≤ MA2

. The net rotation transforming the

gauge eigenstates (ad,au,as) into the mass eigenstates Ai is therefore given by

Ai =RP☆
ij hPj = RP☆

ij Rβn

jk ak

RP
ik ≡ RP☆

ij Rβn

jk (4.2.17)

The CP-even and CP-odd Higgs mass squared values at tree level are given by the

eigenvalues of the respective mass matrices M2
S and M2

P , which are diagonalized

numerically (for analytical results from expansion in special parameter regions see

e.g. [137]). The situation is instead simpler for the charged Higgs boson, and quite

similar to the MSSM case. After the massless charged Goldstone boson has been

separated by an orthogonal rotation with a mixing angle βc, at Born level we have

βc = β and

M2
H± =M2

W +
√
2λ

vs

s2β
(Aλ + κ

vs√
2
) − λ2v2

2
=M2

W + (M2☆
P )11 − λ2v22

, (4.2.18)

with MW being the W -boson mass and where we have applied the definition given

in Eq. (4.2.15).

4.3 Motivations for a study of the NMSSM bHlight

associated production

Application of a pragmatic approach to possible direct signals of NP in the bottom

sector seems to result in a paradox. Given that to be pragmatic one should stick to

facts, it seems at least controversial to talk about direct signals of NP in their absence

(here, maybe too rigorously, direct signals stands for detection of new particles).

Here a pragmatic approach can drive the choice of NP to be analysed. It is well

known [32, 33] that MSSM searches for light Higgs scalars has completely excluded

this possibility in most appealing benchmark scenarios; contrarily, the well motivated

NMSSM yet leaves open this possibility [138, 139]. And if it is allowed, rephrasing

a well known Gell-Mann sentence, it is mandatory to study it. The question arise

on which production channel.
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4 – bHlight associated production in the NMSSM at LHC at One-Loop Order

Associated production of b-jets and Higgs scalars has been exhaustively studied

in the contest of the MSSM: it is indeed well known that a MSSM SM-like Higgs

has enhanced couplings to bottom quarks in the high tanβ regime. In this limit,

resummation of tanβ enhanced contributions through the redefinition of the relation

between the bottom mass and its Yukawa couplings is necessary, both in SUSY-

QCD and EW sectors (see [145]). In [140] an effective Born approximation was

proposed, which takes into account universal such effects neglecting other relatively

small contributions. In [141] it was shown that the situation in associated Higgs-

bottom production is quite different: when the Higgs boson produced is not at rest

in the center of mass frame, the improved Born approximation is no more sufficient,

and a good approximation of the complete one-loop calculation is given by the so-

called Reduced Vertex Approximation. So the reasons of the present calculation in

the NMSSM are at least two: the first one is to investigate the existence of genuinely

NMSSM enhancements in the b-quark couplings to a light Higgs scalar, e.g. driven

by the ratio vs/vd. The second reason, related to the first, is to check the reliability

of such kind of approximations in this new contest.

4.4 Born Level cross section

At tree level the process is described by the s- and u-channel b-quark exchange

diagrams depicted in Fig. 4.4. By usual Feynman rules prescriptions, the Born level

amplitude is straightforwardly obtained as

Mbg→bHlight
= −( gs

s −m2
b

) ū′b(λ′b)cbHlight
(/q +mb)/ǫg(µ)ub(λb)

− ( gs

u −m2
b

) ū′b(λ′b)/ǫg(µ)( /q′ +mb)cbHlight
ub(λb)

where s, u from the propagators are the usual Mandelstam variables, colors indices

are implicitly understood, helicities are labelled by λ, µ, and u, ū are Dirac spinors

while ǫ is the polarization vector of the gluon. The coupling cbHlight

cbHlight
= ( emb

2sWMW

) RS
11

cosβ
, Hi = RS

ijh
S
j , hS = (hd,hu,hs) (4.4.1)
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b g → b H1

s-channel

b

g

b

H1b

u-channel

b

g

b

H1
b

Figure 4.2. Relevant Feynman graphs at Born Level.

follows by the conventions Hlight ≡H1, hS1 = hd.

4.5 One-Loop structure

The computation of one-loop corrections involves a huge number of diagrams: a brief

list of classes of possible diagrams is shown in Figures 4.3, 4.4, 4.5. Hereafter the

Dimensional Reduction regularisation scheme will be adopted, with a mixed OS-DR

renormalisation scheme defined in [149]. A widely used classification of the different

types of contributions will be applied in the following:

� Self Energies: two points one particle irreducible (1PI) insertions.

� Triangles: three points 1PI insertions. Here triangles will be further divided

into Right/ Left and Up/Down Triangles depending on the vertex (bbh/bbg)

and on the channel (s- or t-channel) the insertion is made.
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� Boxes: four points functions.

s-channel, scalar

b

g

b

H1

F

F

F

S

s-channel, vector

b

g

b

H1

F

F

F

V

t-channel, scalar

b

g

b

H1

F

F

F S

t-channel, vector

b

g

b

H1

F

F

F V

Figure 4.3. Internal Self Energies. Scalars, Fermions and Vectors are
labelled as S, F and V .

4.5.1 Relevant Counterterms

The counterterms for the different amplitudes can all be derived from the ones renor-

malizing the vertices appearing at tree level, namely bbg and bbh, and from bottom

propagator renormalisation. Dealing with EW corrections only (i.e. avoiding gluon

and gluino insertions in the diagrams), the QCD coupling gs and the gluon wave

function gets not renormalized. This simplifies the QCD vertex counterterm to

renormalisation of fermionic wave functions only :

δ V
η
bbg =

1

2
(δZb

η + δZ
b⋆
η ) (4.5.1)
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(a) Right triangles

b

g

b

H1F
F

S

F

b

g

b

H1F
S

F

S

b

g

b

H1F
F

V

F

(b) Left triangles

Figure 4.4. s-channel triangular diagrams contributing to EW one-loop corrections.

where η stands for the chirality projections L,R. The case of the bbh vertex is more

interesting. Here also the bbh coupling 4.4.1 is subject to renormalisation, as it is
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b
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(a) Up triangles

b
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F S

b

g

b

H1F

F

F V

b

g

b

H1F

S

S F

(b) Down triangles

Figure 4.5. u-channel triangular diagrams contributing to EW one-loop corrections.

the case for the Higgs wave function:

δ V
η
bbh1
= 1

2
(δZb

η + δZ
b⋆
η̄ + δZ

h1) + δcbbh
cbbh

(4.5.2)
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Figure 4.6. Boxes.

where L = R and viceversa, while

δZh1 = 1

RS
k1

∑
k

δZH1Hk
RS

11

δZHjHk
= ∑

ℓ=d,u,S
RS⋆

ℓj RS
kℓδZℓ

δcbbh

cbbh
= δZe −

δsθW

sθW
+
δmb

mb

−
δM2

W

2M2
W

+ δtβ sβ2 .

The last ingredient needed is the internal b-exchange counterterm. This has to

be decomposed into a counterterm assigned to the Lorentz vectorial part of the
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propagator

δV V,η
bb
= ±1

2
(δZη

b
+ δZη⋆

b
) (4.5.3)

and one assigned to its scalar part

δV
S,η
bb = − [mb

2
(δZη

b +Z
η̄⋆
b
) + δmb] . (4.5.4)

With these basic counterterms all the derived ones associated to each particular one-

loop amplitude can be computed: it suffices to substitute the actual 1PI insertion

with the correspondent basic counterterm chosen between the three just mentioned.

This procedure guarantees the UV finiteness of the singular amplitudes, but does

not ensure well defined on-shell properties for external Higgs wave functions in case

of non-OS renormalization schemes, as it is here the case. This follows from the

fact that, if non-OS renormalization conditions are applied to the Higgs sector, the

tree level mass eigenstates do not correspond automatically to the true one-loop

ones, but get shifted by the higher order corrections. To properly take into account

of this subtlety, one should take advantage of the procedure outlined e.g. in [149]

to compute some (small) finite wave function normalization coefficients that allow

to express the one-loop mass eigenstates in terms of the tree level ones. These

coefficients in turn need the complete set of renormalization conditions of the whole

Higgs sector, but resulting in a nearly negligible effect. For these reasons this part of

the calculation will not be included in this work, but will be added in a forthcoming

publication, also to allow the completion of some related checks. In the appendix

the counterterms for the scalar squared mass matrix in gauge basis are explicitly

derived, correcting some mismatch in related expressions in literature between [143]

and [149].

4.6 Numerical Analysis

4.6.1 Numerical Checks

The renormalization procedure offers a good check of the model implementation,

since cancellation of UV divergencies involves an intricate set of tree level relations
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between different quantities. One of the most powerful virtues of having defined

counterterms to single vertices is the fact that, in this way, UV finiteness can be

checked in all subsets6 of amplitudes defined in Section 4.5. Boxes diagrams are finite

by itself, so UV finiteness has to be checked only for Self Energies and Triangular

diagrams. In order to do so, the parameter ∆ regularizing the UV infinite terms

∆ = 2

4 −D
= 2

ǫ

has to be varied, checking that the sum of bare amplitudes and relative counterterms

inside different subsets is indeed constant.

s-channel, ISR

b

g

bγ

H1

F

F

s-channel, FSR

b

g

b

γ

H1

F

F

t-channel, ISR

b

g

b

γ

H1

F

F

t-channel, FSR

b

g

b

γ

H1

F

F

Figure 4.7. Soft photon radiation from external charged particles.

Infrared divergencies originate from exchange of virtual photons, and are regular-

ized by a fictitious photon mass λ. IR finiteness is achieved after summing real soft

photon emission (Fig. 4.7) from external charged particles to the virtual contribu-

tions, up to unobservable photon energies ∆Emax. Since the cancellation should be

6This, of course, does not means immediately that these subsets are automatically gauge inde-
pendent, and in fact, as it will be shown below, the residual Infrared Divergencies do not cancel
inside each subset, but in precise combinations among them and parts of the soft photon radiation.
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exact, the regulator λ can be left to vary on arbitrary large ranges. The soft photon

contribution, being a Born level quantity, clearly does not fall in any classification of

the one-loop diagrams we gave (Triangles, Self Energies, Boxes): this means that IR

finiteness will be achieved only after summation of all virtual subsets of diagrams,

allowing IR divergencies cancellation among different virtual contributions and the

soft photon real emission.

A third useful check of the model one-loop implementation, and in particular of

the renormalization procedure in the Higgs sector, has to do with the Self Energies of

the Goldstone bosons. In fact, since the Gauge Fixing Lagrangian is not renormal-

ized, one expects, by custodial symmetry, that the neutral and charged Goldstone

bosons Self Energies at zero external momentum equals one each other

ΣG0
(0) = ΣG±(0) .

It has been checked numerically that indeed this is the case.

4.6.2 Benchmarks

A recent paper of S. King et. al. [138] has studied in great details the possibility

of discovery of light scalar degrees of freedom in the contest of the NMSSM. It

proposes several benchmark points that fulfil all present LHC and past experiments

direct and indirect exclusions (limiting also from above the relic dark matter density

using the upper bound of the PLANCK Collaboration precise measurement [144]).

In particular, reduced signal rates µXX into different decay channels Hi → XX

µXX(Hi) = σprod(Hi)BR(Hi →XX)
σprod(HSM)BR(HSM → XX) ≡ Rσprod

(Hi)RBR
XX(Hi) , (4.6.5)

of the SM-like Higgs Boson Hi ≡ h

MHSM =MHi
≡Mh = 124 − 127 GeV (4.6.6)

are fitted to their experimental values. They are defined as the production cross

section σprod of the NMSSM Higgs boson Hi times its branching ratio BR into

the final state XX , normalised to the corresponding SM values for a SM Higgs
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boson HSM. The approach used in that work is not only that of giving all possible

parameters regions still safe under all these constraints, but also to suggest the

benchmarks with best chances to be probed at the next LHC run. This kind of

“pragmatism” is clearly well in accord with the spirit of the present work, and

constitutes the main reason this has been chosen to provide benchmark points for

the following numerical study. Here, if possible, an even more extreme attitude

has been taken: among the proposed scenarios, only the ones in which the new,

mostly singlet like, neutral scalar is lighter that the SM-like Higgs boson. With this

additional constraint, the resulting benchmark points are three:

A.1 Scenario

MHlight
,MhSM

,MH 90.3 GeV 126.8 GeV 341.3 GeV

MA1
,MA2

=MAs ,MA 118.5 GeV 346.7 GeV

∣RS
H1hs
∣2,∣RP☆

A1as
∣2 0.97 0.94

µττ , µbb 1.09 1.08

µZZ , µWW , µγγ 0.85 0.85 0.88

tanβ, λ, κ 1.66 0.64 0.11

Aλ, Aκ, µeff 338.0 GeV -71.2 GeV 162.8 GeV

At, Ab, Aτ 181.1 GeV -1530 GeV 87.2 GeV

M1, M2, M3 440 GeV 814 GeV 1710 GeV

MQ3
=MtR , MbR 1827 GeV 3 TeV

ML3
=MτR , MSUSY 1663.7 GeV 3 TeV

Table 4.1. Relevant parameters defining scenario A.1. The values
∣RS

H1hs
∣2,∣RP☆

A1as
∣2 should be intended here, with a slight abuse of notation,

as one-loop quantities, i.e. the absolute squares of the rotation matrices which
relates tree level states to one-loop corrected states.

� A.1 point: Tab. 4.1. Both lightest scalar and pseudoscalar Higgs states are

lighter than the SM-like Higgs Boson H1 ≡ h. The lightest state is the CP even

one, H1. Both scalars are nearly singlet like, while heaviest ones resembles the
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heavy H and A scalars of the MSSM in the decoupling limit. The value chosen

for tanβ is quite small. The sign of µeff is positive.

� A.2 point: Tab. 4.2. Like in A.1 point, both lightest scalar and pseudoscalar

Higgs states are lighter than the SM-like Higgs Boson. Here the CP odd state

is the lightest. The scalar is mostly singlet like, with increased mixing to

doublets than A.1 point. Also in this benchmark point the value of tanβ is

low, but here µeff is taken to be negative. This benchmark point could explain

the LEP excess in SM Higgs boson searches [135]. Large values of the trilinear

couplings in the third generation squark sector allow large mixings.

� D.2 point: Tab. 4.3. As A.1 but moderately high value of tanβ.

A.2 Scenario

MHlight
,MhSM

,MH 98.6 GeV 125.6 GeV 325.9 GeV

MAs ,MA 78.6 GeV 325.5 GeV

∣RS
H1hs
∣2,∣RP☆

A1as
∣2 0.89 0.96

µττ , µbb 1.05 0.93

µZZ , µWW , µγγ 0.86 0.87 0.90

tanβ, λ, κ 1.69 0.56 0.12

Aλ, Aκ, µeff -259.2 GeV -22.8 GeV -147.4 GeV

At, Ab, Aτ 1927.4 GeV -948.9 GeV 1621.4 GeV

M1, M2, M3 756 GeV 647 GeV 2425 GeV

MQ3
=MtR , MbR 2468.3 GeV 3 TeV

ML3
=MτR , MSUSY 1623.0 GeV 3 TeV

Table 4.2. Relevant parameters defining scenario A.2.
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D.2 Scenario

MHlight
,MhSM

,MH 112.0 GeV 126.3 GeV 1288.2 GeV

MAs ,MA 61.5 GeV 1287.4 GeV

∣RS
H1hs
∣2,∣RP☆

A1as
∣2 0.63 1

µττ , µbb 0.73 0.62

µZZ , µWW , µγγ 0.90 1.03 1.06

tanβ, λ, κ 6.36 0.47 0.14

Aλ, Aκ, µeff 1217.1 GeV 19.6 GeV 195.3 GeV

At, Ab, Aτ -1804.6 GeV -1196.8 GeV 1704.8 GeV

M1, M2, M3 417.2 GeV 237.5 GeV 2362.2 GeV

MQ3
=MtR , MbR 967.8 GeV 3 TeV

ML3
=MτR , MSUSY 2491.6 GeV 3 TeV

Table 4.3. Relevant parameters defining scenario D.2.

4.6.3 Results

In this section results for the different scenarios presented in previous sections are

shown (Table 4.4). They refers to semi-inclusive bottom-light Higgs production at

LHC, with 13 TeV in the center of mass of the colliding beams. For definiteness,

a cut on the transverse momentum of the b-jet at pT > 25 GeV has been applied,

Scenario σLO (fb) σNLO (fb) K factors

A1 98.1 77.0 0.79

A2 46.0 35.8 0.78

D2 217 175 0.81

Table 4.4. Predictions for the semi inclusive NMSSM h01 production cross sections
in association with a pT > 25 GeV b-jet at 13 TeV LHC, both at LO and EW NLO
for benchmark points defined in the text.
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accordingly to the flavour scheme adopted in the calculation. In order to investi-

gate the possibility of an approximation of the complete results in term of different

sources of one-loop corrections, every single contribution is here given in detail. As

previously stressed, the various contributions are not all separately gauge indepen-

dent, nor IR finite, so results are given as a function of the photon mass regulator

λ. The K factor is conventionally defined as

K ≡ σNLO

σLO
.

Figures 4.8, 4.9 and 4.10 describe the impact of one-loop electroweak corrections
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Figure 4.8. Results for case A.1 in terms of K factors. The dependence of the
single virtual and real contributions on the soft photon mass regulator λ cancel in
the total, UV and IR finite one-loop complete EW correction, shown in black.

for benchmark scenarios previously described. The several virtual contributions are

displayed in different colors with a straight line, while the real soft photon correction

is shown as a green dashed line. The complete correction is shown in black. The

dominant contribution comes from Up Triangles, modifying the bbH1 vertex in the

t-channel. The second subdominant contribution is represented by Right Triangles,

which also modify the bbH1 vertex but in the s-channel. All other contributions are
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completely negligible. It is important to stress that most of the IR dependence on

the photon mass regulator λ in the virtual sector comes from Box diagrams, which

alone approximately cancel the one given by the real contribution: the others indeed

are roughly λ independent. This allows one to interpret the sum of the two bbH1

vertex corrections as a genuine, well defined approximation to the complete result,

in complete analogy to the Reduced Vertex Approximation defined in [141]. Here
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Figure 4.9. Results for case A.2 in terms of K factors.

one should notice, as it can be inspected from the figure, the magnitude of the total

one-loop correction, which has a large impact on the result, roughly at the 20%

level. Not surprisingly, results are similar one to each other: this follows from the

fact that, in all scenarios, in order to pass present exclusion limits on light scalar

states, the lightest Higgs boson is mostly singlet-like, as already stressed. This, in

turn, constrains one-loop corrections to be genuinely NMSSM ones and, given the

lightness of part of the scalar spectrum, not reducible to an effective approach.
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Figure 4.10. Results for case D.2 in terms of K factors.
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Conclusions

In this thesis, new definitions and accurate predictions of measurable observables

involving bottom quarks at the LHC have been given.

The first two have been theoretically conceived to try to furnish to the LHC

experimental community the possibility to measure the Ab parameter, whose value

enters the SM theoretical prediction for Ab
FB, thus trying to address the outstanding

LEP paradox.

At LHC, in the associated production of a b-quark and a Z-boson, the definition

of Apol,b
Z is given through the formula

A
pol,b
Z ≡ σ(ZR) − σ(ZL)

σ(ZR) + σ(ZL)
where L, R refers to the helicity of the Z-boson. The candidate has computed its

theoretical SM prediction at LO, and has proved its strong stability under scale

variations and pdf set choices. Taking these as approximations to its theoretical

uncertainties, Apol,b
Z at LHC has been predicted to be

A
pol,b
Z = −0.512 ± 0.003scale ± 0.008pdf .

This high level of theoretical precision should be compared to the remarkably larger

deviation from its SM value Apol,b
Z could provide if found compatible to LEP mea-

surements of Ab
FB, which could be as high as ≈ 8%.

The study of leptonic decays of the Z-boson in this same process has allowed the

candidate to define a new asymmetry observable, called Ab,LHC
FB

Ab,LHC
FB ≡ σ(DF ) − σ(DB)

σ(DF ) + σ(DB) ,
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where the reference axis defining the Forward-Backward (FB) directions is the b-

quark momentum in the Z-rest frame. The candidate has exhaustively proved that

this observable is proportional, at LO, to the LEP Ab
FB through a computable, com-

pletely kinematical factor k. He has studied the theoretical uncertainties associated

to scale variations and pdf set choice also in this case, and found them again to be

nearly negligible

A
b,LHC
FB = −0.0370+0.0003−0.0006scale ± 0.0002pdf.

The candidate has also studied the concrete experimental procedure needed to mea-

sure Ab,LHC
FB : he has defined the mean QFB charge observable at LHC to be

⟨QFB⟩ ≡ ⟨(−1)FBQjet⟩ .
This has allowed the candidate to complete a feasibility study for a realistic mea-

surement of Ab,LHC
FB , setting an upper bound to major experimental uncertainties

affecting it. In particular he has shown that the relative statistical uncertainty at

14 TeV with an integrated luminosity of 3 ab−1 cannot be higher than 4%, while the

upper bound on the systematic uncertainty, mainly coming from ISR, is 2%.

The last observable studied by the candidate has been the production cross sec-

tion of a light Higgs boson in association with exactly one b-quark in the contest of

the NMSSM. This has been computed at one-loop accuracy, with related checks of

UV and IR finiteness, enlightening a ∼ 20% correction with respect to the Born pre-

diction in allowed benchmarks scenarios. The related Fortran code, called Beauty,

relies on updated computational tools, allowing an easy extension of this calculation

to other processes including b-quarks and Higgs scalars as external particles.

This thesis has shown that these observables have the best chances to become

little cornerstones in NP searches at the next and future Runs of LHC: they in fact

give the particle physics community some means either to deepen our comprehension

of the heart of the SM, through the study of one of its well known discrepancies, or to

understand (or measure?) new features related to direct searches of Supersymmetric

particles in most appealing benchmark scenarios of the well motivated NMSSM.
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Appendix A

Useful results

The derivation of the counterterms to the CP-even and odd scalar matrices Eq. (4.2.9)

need to re-express M2
S,P taking explicitly into account both tadpoles of the scalar

(CP-even) fields and the difference between the definition of tanβ = vu/vd and the

angles βn,c, which rotate away from, respectively, the CP-odd and charged Higgs

scalar mass matrices the Goldstone degrees of freedom. This is done in terms of the

difference

∆β ≡ β − βn = β − βc
The results of this work for the full ∆β dependence of M2

S,P agree well with [149]

with two exceptions:

M2
S11
= ecβc

2
βB

2MW sW c
2
∆β

[thd
(2tβtβB

+ 1) − thu
tβ] + s2β

c2∆β

[M2
H± + (M2

Z/t2β −M2
W )c2∆β]

+ 2(λMW sWsβ

e
)2

(A.0.1)

M2
P22
= − 3Akk

vs√
2
+
ths

vs
−
2MWsW sβc

2
βc

2
βB

ev2sc
2
∆β

[thu
+ thd

tβt
2
βB
] + (MW sWs2β

evsc∆β

)2 [M2
± −M

2
W c

2
∆β]

+
λM2

W s
2
Ws2β

e4v2s
[2λM2

Ws
2
W s2β + 3ke

2v2s]
(A.0.2)

This results are confirmed by [143], which however has other mismatching results.

79



A – Useful results

Given the complete dependence on ∆β of M2
S,P , the related counterterms (CT)

are easily derived by expanding the independent, bare observables through their own

independent CTs, and imposing Born level relations only after having retained terms

linear in these CTs. Results of this work regarding scalar mass CTs are completely

in agreememt with [143].
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Appendix B

The code Beauty

Beauty is a collection of Mathematica [146] and Fortran routines written to compute

EW 1 loop corrections for the cross section of the process bg → bh0 in the NMSSM

at hadron colliders. It has been generated using FeynArts [148] and FormCalc, for

which an NMSSM implementation with explicit EW counterterms for this process

and for the Higgs sector, plus the possibility of hadronic cross section calculations

(through a Fortran NMSSM model file), were not yet available.

B.1 FeynArts Model file [147]

The Mathematica model file FullNMSSM Z3.mod follows from a tree level-only model

file generated with FeynRules feeded by a modified version of the nmssm.fr model

file written by B. Fuks, to which the Z3 discrete symmetry has been imposed from

the beginning to avoid time consumption in one-loop calculations in this SUSY

model. It contains complete counterterms for the EW and Higgs sectors, plus explicit

counterterms for bbh and bbg vertices needed for EW one-loop corrections in the

5FNS process bg → bh, in a mixed OS −DR renormalization scheme [149].

Before loading the model, if one is interested in a completely analytical compu-

tation, the variable M$ExtParams should be initialized to the empty set

M$ExtParams = {} .
Of course, as usual in one-loop calculations, to obtain exact cancellations of UV
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divergencies one should impose tree level relations between parameters of the model

(Yukawa couplings and fermion masses, Higgs boson masses, Gauge boson masses

and gauge couplings, etc.).

B.1.1 Checks of the model

Two kinds of checks has been verified. The first one is the usual UV finiteness

check, which has been verified separately in different subsets of one-loop graphs rel-

evant for the aforementioned process (Bottom quark Self Energy, Triangles modifing

the bbh vertex, Triangles modifing the bbg vertex with only EW insertions). It has

to be noted that, after this check, IR finiteness of bg → bh0 amplitudes was auto-

matically achieved (this has been verified using the FormCalc intrinsic routines for

soft photons factors). The second kind of checks, particularly useful to verify the

correctness of the renormalization procedure of the Higgs Scalar Self Energies, has

been to verify the equality between the neutral and charged Goldsone Bosons Self

Energies at zero momentum. It has to be noted that these checks have not only

allowed to test the present model and its one loop structure, but also to find small

formal bugs present both in old versions of FormCalc and in the FeynRules routine

WriteFeynArtsOutput, needed to export the FeynRules model in a FeynArts one.

For details see Section 4.6.1.

B.1.2 Counterterms implementation

Here definitions of renormalization constants not genuinely of NMSSM type are

skipped (since they are taken from other FeynArts models). This implementation

follows conventions of [149].

82



B.1 – FeynArts Model file [147]

Ren. Const. Description Ren.
Scheme
adopted

divdZH[1,j] Diagonal Field RC for scalar mass eigenstates DR

dZHu,dZHd,dZHS Field RC for scalar doublets Hu, Hd and sin-
glet S

DR

MaUS2 Auxiliary matrix of squares of entries of the
mixing matrix US, useful to derive expression
for scalar field CT

-

dZHH1[1,j1,j2] General Field RC for scalar mass eigenstates,
see also divdZH

DR

dMHpsq Mass RC for the charged scalar OS

dThme 3d vector of tadpoles of scalar mass eigenstates OS

dThgau 3d vector of tadpoles of scalar gauge eigen-
states

OS

dSEPScaFull[i,j] Redundant, Self Energies of the Pseudo
Scalars mass eigenstates

-

dMPijsq CTs for the ij entry ofMP , the mass squared
matrix obtained after rotating out the Gold-
stone boson from M̃P

DR

dtbovtb δ tanβ/ tanβ DR

dNMlm δλ DR

dMC22 CT for the 22 entry of the chargino mass ma-
trix in gauge basis

DR

dvs δvs DR

dMN55 CT for the 55 entry of the neutralino mass
matrix in gauge basis

DR

dNMk δk DR

dNMAk δAk DR

dMS2[i,j] CT for the ij entry of the scalar mass matrix
in gauge basisMS

mixed
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B.1.3 Restrictions

� NoQuarkMixing: ensures no mixing between generations both in the charged

currents V ff , Sff (to be used only with VCKM = I ) and in the neutral scalar

Sff vertices.

� NoQuarkSquarkMixing: as before, but in the SUSY versions of the vertices

χfq̃

� NoSfermMixing: no mixing between generations when two sfermions are in-

volved in the vertex.

B.2 Fortran Model files

The files modelNMSSM.F and modelNMSSM.h are the fortran implementations of the

NMSSM model with Z3 symmetry of [86,142], with some additional useful definitions

(where needed) when dealing with for one-loop calculations [149]. At present, only

a diagonal Pontecorvo matrix can be used, which has to be directly imposed with

the compiler directive

#define NO PMNS.

The variable definitions are as follows:
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B.2 – Fortran Model files

B.2.1 Basic Parameters

Variable Description Equivalent variables

aEWM1 Inverse of αem

g1, g2 Gauge couplings of
U(1)Y ,SU(2)L

yd, yu, ye 3x3 complex yukawa matrices yd3x3=yd(3,3), etc. for
3rd family

vev EW v.e.v (=√v2u + v2d)
vu, vd, vs Vacuum expectation values of

scalar doublets Hu, Hd and sin-
glet S.

tb,beta tanβ = vu/vd
PMNS 3x3 complex neutrinos Pon-

tecorvo matrix

Mino 3d vector of gauginos masses RMx1,RMx2,RMx3

B.2.2 Intrinsic NMSSM parameters

Variable Description Equivalent variables

NMlm Coupling λ

NMk Coupling k

NMAl Trilinear coupling Aλ

NMAk Trilinear coupling Ak

B.2.3 Higgs sector masses and mixings

The code follows the convention that mass eigenstates are labelled by inverse mass

order (basically to be coherent with the usual identification of the neutral Gold-

stone boson G0 ≡ A3). In any case the directive MASSORDER allows to change this

convention (changing consequently the definition of G0).

85



B – The code Beauty

Variable Description Equivalent variables

MHiggs Higgs scalar and pseudoscalar
masses

MH0,MxA0; Mh01, Mh02,
Mh03 and MxA01 ,MxA02

MHiggs1L one-loop scalar masses Mh03Loop

MShGauge MS , 3x3 complex mass squared
scalar matrix in gauge basis

MPsq11,MPsq12,MPsq22Entries ofMP , the complex mass
squared pseudoscalar matrix in
gauge basis after rotating out the
Goldstone Boson G0

US,UP 3x3 complex matrices diagonaliz-
ing the scalar and pseudoscalar
mass squared matrices MS andM̃P

USixj; UP31,UP32

RP 3x3 complex matrix diagonalizing
the pseudoscalar mass squared
matrix MP obtained after rotat-
ing out the Goldstone Boson fromM̃P
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B.2.4 Gauginos masses and mixings

Variable Description Equivalent variables

Mch 2d vector of chargino masses Mch1,Mch2

MchGauge Chargino mass matrix in gauge
basis

VV, UU Complex matrices diagonalizing
chargino mass matrix

Mneu 5d vector of neutralino masses Mneu1,Mneu2, . . .

MneuGauge Neutralino mass matrix in gauge
basis

NN Complex matrix diagonalizing
neutralino mass matrix

B.2.5 Sfermions, soft SUSY breaking parameters

Variable Description Equivalent variables

td, tu, te 3x3 trilinear couplings matrices
for down, up squarks and sleptons

mQQ2, mLL2 3x3 soft squared masses matrices
for squarks and sleptons SU(2)L
doublets

mUU2, mDD2, mEE2 3x3 soft squared masses matrices
for squarks and sleptons SU(2)L
singlets
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B.2.6 Sfermions, masses and mixings

Variable Description Equivalent variables

Msn 3d vector of sneutrino masses Msn1,Msn2,Msn3

Rn 3x3 complex vector of sneutrino
masses

Msl, Msu, Msd 6d vectors of charged sleptons, up
and down squarks masses

Msl1,Msl2,. . .

Rl, Ru, Rd 6x6 complex matrices diagonal-
izing squared mass matrices of
charged sleptons, up and down
squarks

RlL, RlR,. . . are 3x6 ma-
trices parametrizing the
L,R relative submatrices

B.2.7 Routines description

� ModelDdefaults: Calls SMDefaults and initialize NMSSM specific variables.

� ModelConstIni: Calls SMConstIni and sets some internal parameters. It reads

also relevant NMSSM parameters from an input files (spectr.dat) following

SLHA conventions (interfaced with SLHAlib).

� ModelVarIni: Calls SMVarIni and relevant routines for diagonalization in

different sectors.

It has to be noted that the routine PHiggsMassesTree, which diagonalizes the pseu-

doscalar mass matrix, makes use of a slightly modified version of the FormCalc

intrinsic function SEigensystem, which orders eigenvalues by absolute value than

by real part (in order to avoid possible ordering issues due to tiny negative masses

assigned to the Goldstone Boson due to numerical precision). Also to be noted the

fact that sfermion masses are not ordered, to keep track of the relative generation

index already at the diagrammatic level.
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B.3 Change of variables in lumi hadron.F

In order to optimize the integration procedure when dealing with hadron cross sec-

tions calculations (in particular with gluon pdfs at modern hadron colliders, which

increase rapidly at small x values), a simple change of variables has been found to

be useful. Given the usual integration measure for hadron cross sections:

∫ dx1dx2
f̃1(x1)
x1

f̃1(x1)
x1

,

the intrinsic FormCalc integration variable system, called (X,T ), can be interpreted

as the following chain of changes of variables:

(x1, x2) x = x1ÐÐÐÐ→
τ = x1x2

(x,τ) X = x−τ
1−τÐÐÐÐÐ→

T = √τ
(X,T ) (B.3.1)

x ∈ {τ,1} , τ ∈ {τ0,1}
X ∈ {0,1} , T ∈ {T0,1}

after which the integration measure becomes (with a mixed variable set choice that

renders it cleaner)

∝ ∫ dTdX (1 − τ) f̃1 f̃2
x T

. (B.3.2)

From the numerical integration point of view, it would be very welcome to choose

a variable set which can model the inverse power low behaviour in x and T of Eq.

B.3.2. This is achieved recognising in the denominator xT a logarithmic Jacobian

in these two variables, that suggests to substitute the third variable set of Eq. B.3.1

by

(x,τ) X̃ = 1− lnx
ln τÐÐÐÐÐÐ→

T̃ = 1− ln τ
ln τ0

(X̃,T̃ ) (B.3.3)

X̃ ∈ {0,1} , T̃ ∈ {0,1}
after which the integration measure becomes

∝ ∫ dT̃dX̃ ln τ0 ln τ f̃1 f̃2 = ∫ dT̃dX̃ ln2 τ0 (1 − T̃ )f̃1 f̃2 . (B.3.4)

With this variable choice a usual Vegas session computing the hadronic cross section

for the process b g → b h0 has an increased efficiency of a factor ≃ 15%. The variables

T̃ , X̃ are called in the code as T,X with some kind of abuse of notation.
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