Chapter 2
Theory Overview

The SM is set up as a quantum field theory, using a Lagrangian formalism with
gauge symmetry constraints to describe the matter particles and their interactions.
The SM has been extraordinarily successful in describing the properties of matter
and its interactions from subatomic to cosmological scales, and provides a unified
view of the electromagnetic, weak and strong nuclear forces. Nevertheless, several
open questions remain, such as the apparent presence of so called “dark matter” and
“dark energy” in astronomical and cosmological surveys, the generation of neutrino
masses and the observed matter-antimatter imbalance in the universe. A large variety
of extensions of the SM have been devised to resolve these problems, though none
of these have seen strong experimental confirmation yet. An overview of quantum
field theories and their mathematical foundations may be found in the following
textbooks: [1-5]. The description below largely follows Ref. [6].

2.1 The Standard Model Lagrangian

The Lagrangian of the SM Lgy may be split into several terms, each describing a
different aspect of the underlying physics of the SM.

Lsm = Lym + Ly + Lterm + Lyuk. (2.1)

The first term describes the gauge bosons and their interactions, as they arise from
the gauge symmetries imposed on the Lagrangian and is accordingly denoted Lym
after Chen-Ning Yang and Robert Mills, who first analysed non-abelian gauge groups
in depth [7]. A bare Yang-Mills theory requires massless gauge bosons contrary to
observation. Accordingly, the second term Ly introduces the Higgs field, its self-
interaction and interaction with the gauge bosons, which allow the gauge bosons to
acquire mass in a gauge-invariant manner. The the third term subsumes the parts of
the Lagrangian that describe the propagation of the matter fields and their interaction
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with the gauge bosons. Finally, Ly, describes the interaction of the matter fields with
the Higgs boson, giving rise to the fermion masses through the Yukawa couplings.
Lywm can be written as:
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‘CYM = _ZW;WWLM — ZB'U'VBM — ZGHVG M . (22)
where
Wi, =0, W, — o, W, — ge"*WIWy, i j k=123, (2.3)
B, = 8,B, — 8,B,, (2.4)
G, =0,G, — 0,G% — g fGLGS. abc=1,....8, (2.5)

represent the field strength tensors associated to the different symmetries of the SM:
wa corresponds to the SU(2); symmetry group of the weak isospin 1\, B, to the
U(1) symmetry of the weak hypercharge Yy, and Gj,, corresponding to the SU(3).
symmetry of the QCD color charge. /% and £ denote the structure constants of the
SU(2) and SU(3) groups, following the conventions used in Ref. [8], respectively.
g and g, (as well as ¢’ introduced below) denote the coupling constants for these
interactions. For the B field, with its abelian U(1) symmetry, this term describes
the free propagation of the field. For the W and G fields, with their non-abelian
symmetries, additional terms arise, leading to interactions of the gauge fields among
themselves. As the structure of these interactions is determined by the corresponding
symmetry group, itis of interest to study multi-boson interactions to test the symmetry
structure of the SM.

The interactions of the matter particles (i.e. fermions) with the gauge fields is
described by

Lierm = WL DY + iV PV + iV PWg + iV, Py + iV 4 PVa,  (2.6)

where W represents left-handed lepton doublets of SU(2);, made up of the charged
leptons and corresponding neutrinos, and W, the equivalent doublets of up- and
down-type quark pairs. v/ 5, denotes the corresponding right handed fermion singlets
(f = ¢, u,d, where £ stands for charged leptons, u for up-type quarks, and d for
down-type quarks), omitting the right-handed neutrinos, which have no interactions
in the SM. As we will later see, the absence of right-handed neutrinos precludes mass
generation for the neutrinos through interactions with the Higgs field. In the notation
of Eq. 2.6, the interactions are hidden in the definition of the covariant derivative D:

Dy, =0, +igly W), +ig' Yy B, +ig, T  GY,, (2.7)

where 1!, Y, and 7 correspond to the generators of the respective gauge groups in
the representation of the fermions they act on, as detailed in Ref. [8].
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This description does not reduce trivially to the well established theory of quantum
electrodynamics, where the fermions interact with the photon field A, in a manner
that is parity-blind and proportional to Q¥ Av. However, using the Gell-Mann—
Nishijima relation for the electric charge Q = I2 +Y,,/2, itis possible to recover the
structure of quantum electrodynamics by constructing A, as a linear combination of

the W, and B, fields:
Zy\ _ [cw —Sw Wi
()=o) (& e

Keeping the total normalizations constant, the linear combination is parameterized
as a rotation by an angle 6,,, the so called weak mixing- or Weinberg angle. 6, is
determined by relating the unit charge e to the coupling constants g and ¢ as follows:

(2.9)

COSQW:CWZMZL, e:g—g"

Through these relations, quantum electrondynamics is recovered as part of the SM,
where in addition to the photon a second neutral gauge field, the Z boson arises. The
remaining Wli adn Wﬁ gauge fields have no definite electric charge and different
linear combinations

WE= WL Fiw2)/v2 (2.10)

are chosen to represent the phyiscal fields with unit charge.

Considering only £ = Ly + Leerm, We arrive at a self-consistent theory, though
all the involved particles, bosons as well as fermions, are massless. Masses cannot
be easily introduced for either the bosons or the fermions, as the naive mass terms,
Wli Wi and (Y WYkt v # V1) for the bosons and fermions, respectively, are not
gauge invariant. For the fermions such a mass term would be a valid addition if left-
and right-handed fermions behaved equivalently under SU(2); x SU(1)y transforma-
tions, but the absence of right-handed neutrinos in the SM spoils the symmetry. The
generation of particle masses while preserving gauge invariance requires a more
complex scheme.

2.1.1 Electroweak Symmetry Breaking and the Higgs
Mechanism

The most commonly proposed mechanism to generate the masses of the SM particles
is via the introduction of an additional symmetry which is spontaneously broken in
the so called Higgs mechanism. It is introduced into the Lagrangian as

Ly = (D, ®) (D ®) — V (D), @2.11)
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where ® is a complex scalar SU(2); doublet (¢F, ¢*)T with Yy, o = 1, leading
to a positive electric charge for ¢* and a neutral ¢°. The potential V (®) governs
the self-interaction of the newly introduced field and may be freely chosen under
the constraint that resulting Lagrangian is gauge invariant and renormalizable. The
simplest form that fulfill these constrains and also allows for the generation of particle
masses is:

V(D) = — (@7 d) + %(CDTCD)Z, (2.12)

where 1% and A are free real parameters. The condition A > 0 guarantees a stable
vacuum state. The sign on the first term is chosen to give the potential its charac-
teristic “mexican hat” shape, which drives the spontaneous symmetry breaking: The
ground state takes on a non-vanishing vacuum expectation value (vev) ®,. The vev
is computed by minimizing V (®):

2 2
DDy = % v=z,/“7. (2.13)

The resulting ground state is not unique, but degenerate in three of its four dimensions.
As the ground state remains symmetric under the unbroken U(1).,, symmetry, the
vev is only determined up to a complex phase, which we choose to give a real lower
component to ®g. For the upper component, we choose a description that provides
a vanishing value to obtain an electrically neutral vacuumm, i.e. ®y = (0, v)". The
field ® can thus be reparameterized in terms of perturbations around the vev:

_ ¢"
0= (0 _ a5+ 1o2) 219

where H represents the real scalar Higgs field, which can be understood as a vacuum
excitation and correspondingly carries the vacuum quantum numbers The additional
fields ¢ and x are complex and real, respectively, and bear formal resemblance to
Goldstone bosons. However, these three Goldstone-like modes are not physical, as
a gauge transformation can always be found that will let them vanish. Using this so
called “unitary gauge” Eq. 2.14 may be substituted together with the definition of
the covariant derivative (Eq. 2.7) in Eq. 2.11, yielding

1 2 2
EH,U-gauge = 5(8[‘[)2 + gz(v + H)2WIW7’M + 897(11 + H)zzﬂZ“ (2.15)

w A
+ W+ H)? = =+ H)Y 2.16)
2 16
using I}, o = 0'/2, Yy o =1, TS = 0.

The results show the origin of mass for the electroweak gauge bosons: bilinear
terms in the W and Z fields appear, proportional to the vev. This conserves the degrees
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of freedoms of the theory, the three Goldstone-like modes, which fell away in the
unitary gauge, reappear as the additional degrees of freedom in the now massive
gauge boson fields. A similar bilinear term in H is responsible for the mass of the
Higgs boson itself. The masses may be expressed in terms of the previously defined
parameters as:

Mw = — MZ = —, MH = 2“2. (217)

In addition to the masses, Eq. 2.16 also introduces interactions between the gauge
bosons and the Higgs field as well as Higgs boson self interactions.

2.1.2 Fermion Masses

The generation of fermion masses can also be associated to the Higgs field, but
proceeds by a fundamentally different mechanism. This is achieved by extending the
SM Lagrangian by the so-called Yukawa term Ly, that intermixes the fermions and
the Higgs field in a gauge-invariant manner:

Lyk = —VLG i, ® — VoG ¥, ® — VG, @ + hoc., (2.18)

where “h.c.” denotes hermitian conjugates and d = io2d* = ((@%*, —p )T the
charge-conjugate Higgs doublet with quantum numbers opposite to ®. The G s rep-
resent complex 3 x 3 matrices, which are free parameters of the theory. At first
sight this appears to introduce a large number of free parameters into the SM. How-
ever, through appropriate field redefinitions a majority of these parameters may be
eliminated.

The Yukawa term (Eq. 2.18) generates the fermion masses as it contains terms
bilinear in the fermion fields. The fermion masses are encoded in the matrices G y and
are free parameters in contrast to the W and Z boson mass, which are strictly related
to the weak couplings and the Higgs field parameters. Off-diagonal elements of the
G r induce oscillations between the fermion generations during free propagation. For
the leptons, an appropriate basis can be chosen that diagonalizes G, providing mass
eigenstates of definite generation. This is not possible for the quarks, where the G ¢
for up- and down-type quarks cannot be diagonalized simultaneously. This leads to
the mixing of quark generations in the weak interaction [9].

The absence of right-handed neutrinos in this setup prevents the generation of
neutrino masses through this mechanism. However, since the initial work on the
Higgs mechanism, neutrino oscillations have been discovered [10], indicating that
neutrinos are massive, if light. The neutrino masses are commonly explained in
terms of the so called see-saw mechanism [11, 12], though in the context of this
work, neutrinos may effectively be treated as massless.

Using the mass eigenstates, each fermion couples to the Higgs boson with strength
vr = My /v. This coupling structure (i.e. purely scalar couplings proportional to the
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fermion mass) is a strong prediction of the SM Higgs mechanism and provides
empirical means to distinguish it from alternative mass generation mechanisms,
where other couplings structures and strengths may occur.

2.2 Predictions in Hadron Collisions

Perturbation theory can be used to compute the scattering matrix of processes involv-
ing the fundamental particles of the SM. However, color-charged particles like
quarks and gluons are hidden from direct observation by the phenomenon of con-
finement [13]: at the LHC protons are accelerated and hadron jets detected in the
experiments. These complex initial and final states are ultimately modeled to conform
to our knowledge of strong interactions but must necessarily depend on ingredients
derived from measurements to properly describe the low-energy, non-perturbative
aspects of proton collisions.

The initial state protons may be envisioned in the parton model to consist of three
valence quarks as well as a sea of virtual quarks and gluons. The composition of the
proton is described by a parton desnsity function (PDF), that gives the probability to
find a given parton carrying a momentum fraction x of the proton. Due to the non-
perturbative effects prevalent in low energy QCD, the PDFs cannot be derived from
first principles, but have to be extracted from data (see for example [14—16]). The
PDFs are used to compute scattering cross sections, by integrating over all possible
initial state momentum fractions:

O = 3, [ duidis - pdf GIpdf () Gy (PP (219)
i,j

where x| and x, denote the momentum fractions of the two interacting parton in
their respective protons, Py and P, the proton momenta and &; j—x the cross sections
for two partons of type i and j to scatter to the final state X. The sum is taken over
the types of partons in the proton, i, j. This naive approach suffers from two major
issues: the cross section computed as described above is not stable against initial state
QCD effects, as there is no well defined separation of scales between the PDFs and
the hard matrix element. Additionally It is not clear whether such a simply factorized
approach is possible at all.

The separation between the PDFs and matrix element can be made explicit by
introducing a factorization scale Q2, such that processes at an energy scale below
Q? are implicitly included in the PDF definition, which gain a dependence on Q2.
The separating scale Q? is artificial, so that the theory can ultimately not depend on
its value. This condition leads to a set of integro-differential equations (the so called
DGLAP equations [17-19]), similar to the renormalization group equations, fixing
the evolution in Q? of the PDF. This evolution describes the emission of gluons as well
as gluon splitting starting from an initial parton in the proton. Though traditionally,
the PDFs are defined for quarks and gluons, it is possible to also absorb initial
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state photon radiation into the PDFs, effectively resulting in a photon density of the
proton [20]. The contribution of these photon induced processes is typically small for
final states that can also be reached from quark- or gluon initial states. However, they
may make up a significant fraction of the total cross section in processes involving
electrically charged, but color-neutral particles, i.e. W bosons.

The applicability of the factorization approach shown in Eq. 2.19 can only be
shown for some classes of all possible processes [21]. Generally, factorization is
expected to hold in the limit of the production of very heavy or very high pr particles.
Nevertheless, experience shows that the factorization approach produces excellent
predictions in the kinematic regime probed at the LHC.

Just as non-perturbative QCD effects complicate the initial state of hadron collid-
ers, they are also responsible for complications in hadronic final states. Similar to the
difference in scales between the scale of initial state proton mass and the hard scale of
the scattering process, that is bridged by the DGLAP evolution, there is a difference
in scales between the hard process and the scale of the final state hadron masses.
The difference is treated analogously, producing gluon emissions off color-charged
particles as well as gluons splitting in a process usually called parton shower. While
a comprehensive treatment of the these emissions would be exceedingly complex, it
turns out that color coherence effects suppress a large number of possible emission
patterns, so that simple topologies dominate [22]. These simpler patterns, i.e. ordered
in emission angle or transverse momentum, are the only ones used in the common
simulation programs, greatly simplifying the computation.

Due to the confining nature of QCD, free color-charged particles are not observed,
but rather color-neutral hadrons reach the detector. The transition between the par-
tonic and hadronic regimes (‘“hadronization”) is modeled empirically, with inspi-
rations from the underlying theory. The simplest approach is based on so called
fragmentation functions, which describe the probability to observe a given hadron
carrying a certain momentum fraction of the parton. Current simulation programs use
more sophisticated methods to model the hadronization process. The most prominent
of these are the Lund string model [23] and the cluster fragmentation model [24]. In
the Lund string model, the outgoing quarks are connected by strings, representing
the confined color fields between the quarks. Potential energy stored in the string is
used to iteratively create quark-antiquark pairs, forming color-neutral hadrons. In this
picture gluons are envisioned as kinks in the connecting color strings. In contrast,
the cluster model groups the final state partons into minimal color-neutral groups
(the eponymous clusters), which are assumed to decay in a similar way as excited
hadrons.

References

1. S. Weinberg, The Quantum Theory of Fields (Cambridge University Press, Cambridge, 1996)
2. M. Bohm, A. Denner, H. Joos, Gauge Theories of the Strong and Electroweak Interaction
(Teubner, Stuttgart, 2001)



26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2 Theory Overview

G.F. Sterman, An Introduction to Quantum Field Theory (Cambridge University Press, Cam-
bridge, 1994)

. R.K. Ellis, W.J. Stirling, B. Webber, QCD and collider physics. Camb. Monogr. Part. Phys.

Nucl. Phys. Cosmol. 8, 1 (1996)

. J. Collins, Foundations of perturbative QCD. Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol.

32,1(2011)

. T. Schorner-Sadenius (ed.), The Large Hadron Collider: Harvest of Run I (Springer, Berlin,

2015)

. C.-N. Yang, R.L. Mills, Conservation of isotopic spin and isotopic gauge invariance. Phys.

Rev. 96, 191-195 (1954). doi:10.1103/PhysRev.96.191

. S. Dittmaier, M. Schumacher, The Higgs boson in the standard model—from LEP to LHC:

expectations, searches, and discovery of a candidate. Prog. Part. Nucl. Phys. 70, 1-54 (2013).
doi:10.1016/j.ppnp.2013.02.001. arXiv:1211.4828

. M. Kobayashi, T. Maskawa, CP violation in the renormalizable theory of weak interaction.

Prog. Theor. Phys. 49, 652-657 (1973). doi:10.1143/PTP.49.652

K.A. Olive et al., (Particle Data Group), Review of particle physics. Chin. Phys. C 38, 090001
(2014). doi:10.1088/1674-1137/38/9/090001

P. Minkowski, ;1 — ey at a rate of one out of 10° muon decays? Phys. Lett. B 67, 421-428
(1977). doi:10.1016/0370-2693(77)90435-X

R.N. Mohapatra, G. Senjanovic, Neutrino mass and spontaneous parity violation. Phys. Rev.
Lett. 44, 912 (1980). doi:10.1103/PhysRevLett.44.912

G. "t Hooft, On the phase transition towards permanent quark confinement. Nucl. Phys. B 138,
1 (1978). doi:10.1016/0550-3213(78)90153-0

R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys. B 867, 244-289 (2013).
doi:10.1016/j.nuclphysb.2012.10.003. arXiv:1207.1303

A. Martin et al., Parton distributions for the LHC. Eur. Phys. J. C 63, 189-285 (2009).
doi:10.1140/epjc/s10052-009-1072-5. arXiv:0901.0002

H.-L. Lai et al., New parton distributions for collider physics. Phys. Rev. D 82, 074024 (2010).
doi:10.1103/PhysRevD.82.074024. arXiv:1007.2241

G. Altarelli, G. Parisi, Asymptotic freedom in parton language. Nucl. Phys. B 126, 298 (1977).
doi:10.1016/0550-3213(77)90384-4

Y.L. Dokshitzer, Calculation of the structure functions for deep inelastic scattering and e*e™
annihilation by perturbation theory in quantum chromodynamics. Sov. Phys. JETP 46, 641-653
(1977)

V. Gribov, L. Lipatov, Deep inelastic ep scattering in perturbation theory. Sov. J. Nucl. Phys.
15, 438-450 (1972)

S. Dittmaier, M. Huber, Radiative corrections to the neutral-current Drell-Yan process in
the Standard Model and its minimal supersymmetric extension. JHEP 1001, 060 (2010).
doi:10.1007/JHEP01(2010)060. arXiv:0911.2329

A. Mueller (ed.), Perturbative Quantum Chromodynamics (Advanced Series on Directions in
High Energy Physics) (World Scientific, Singapore, 1989)

G. Marchesini, B. Webber, Monte Carlo simulation of general hard processes with coherent
QCD radiation. Nucl. Phys. B 310, 461 (1988). doi:10.1016/0550-3213(88)90089-2

B. Andersson et al., Parton fragmentation and string dynamics. Phys. Rept. 97, 31-145 (1983).
doi:10.1016/0370-1573(83)90080-7

B. Webber, A QCD model for jet fragmentation including soft gluon interference. Nucl. Phys.
B 238, 492 (1984). doi:10.1016/0550-3213(84)90333-X


http://dx.doi.org/10.1103/PhysRev.96.191
http://dx.doi.org/10.1016/j.ppnp.2013.02.001
http://arxiv.org/abs/1211.4828
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/0550-3213(78)90153-0
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://dx.doi.org/10.1007/JHEP01(2010)060
http://arxiv.org/abs/0911.2329
http://dx.doi.org/10.1016/0550-3213(88)90089-2
http://dx.doi.org/10.1016/0370-1573(83)90080-7
http://dx.doi.org/10.1016/0550-3213(84)90333-X

2 Springer
http://www.springer.com/978-3-319-30380-2

Electroweak Physics at the LHC
Mozer, M.L,

2016, IX, 115 p. 43 illus., 35 illus. in color., Hardcover
ISBN: 278-3-319-30380-2



	2 Theory Overview
	2.1 The Standard Model Lagrangian
	2.1.1 Electroweak Symmetry Breaking and the Higgs Mechanism
	2.1.2 Fermion Masses

	2.2 Predictions in Hadron Collisions
	References


