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Chapter 6

Summary

Proton-proton collisions pose some serious challenges for theoreticians, because the exact struc-
ture of the proton is unknown and cannot be calculated within perturbation theory. Although
it is possible to write many observables in hadronic collisions in terms of a calculable and a
measurable (non-perturbative) part, this is not necessarily true for every observable and has
to be checked for each case. Besides that, different observables need different factorization
formulas. For example, the total cross section for a given process is well described within
collinear factorization, but a transverse momentum distribution can only properly be described
at all scales using Transverse Momentum Dependent (TMD) factorization. Another complica-
tion arises from the process dependence of some of the non perturbative parts, which makes the
distribution functions measured in one process not necessarily usable in another process. To put
it briefly, proton-proton collisions do not form a totally impassable ground, but caution needs
to be taken when calculating observables.

Transverse momentum dependent factorization expresses observables in terms of calculable
hard parts and (perturbatively) non-calculable matrix elements that do not only depend on the
momentum fraction of the parton, but also on its transverse momentum. The non-calculable
matrix elements are parameterized in terms of distribution functions, of which 8 are needed to
parameterize the structure that contributes at leading order in 1/Q (as compared to three for
the collinear correlator). The extra distribution functions describe spin-momentum correlations.
For example, the Sivers function describes the asymmetry of the parton transverse momentum
distribution with respect to the nucleon’s transverse spin. Another example is the Worm-Gear
(WG) function, which describes a correlation between the parton’s helicity and the angle between
its transverse momentum and the nucleon’s spin.

These two TMD distributions can have a variety of observable effects in transversely polarized
proton-proton collisions. We have focused in this thesis on double transverse spin asymmetries
in vector boson production, i.e., in Drell-Yan (pp→ γ∗X → ℓ+ℓ−X) and inW boson production
with a leptonic decay (pp→ WX → ℓνℓX). Both of these asymmetries can and will be measured
at BNL’s Relativistic Heavy Ion Collider (RHIC).

The double transverse spin asymmetry in Drell-Yan is interesting as it can be used to measure
the quark transversity distribution, which measures the extent to which quarks are transversely
polarized inside a transversely polarized hadron. The asymmetry can be defined in the qT
integrated or differential cross section, of which the latter one needs the TMD factorization
framework to be described properly. The TMD contributions to the asymmetry in the differential
cross section were already calculated in the literature, where it was found that both the Sivers and
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114 Chapter 6. Summary

worm-gear distributions contribute to a double transverse spin asymmetry that is independent of
the lepton angle φ measured in the Collins-Soper (CS) frame, whereas the asymmetry due to the
transversity distribution has a characteristic cos 2φ dependence. Using this fact, contributions
from TMD effects can be separated from the transversity contribution and they thus do not
form a background for transversity measurements.

The situation, however, is different if one measures the lepton angle in the laboratory frame.
The lepton direction is, in that frame, slightly correlated with the direction of the pair as a
whole and the TMD effects can, therefore, also produce asymmetries that depend on the lepton
angle. This is important to note, as TMD effects thus, in principle, form a background for
measurements that try to extract the transversity distribution from asymmetries measured in
the lab frame.

We, therefore, estimated the size of the Sivers and WG contribution to these asymmetries
as a function of the lepton angle measured in the laboratory frame and found that the resulting
background for transversity measurements is negligible. The contribution of TMD effects to the
integrated (non qT dependent) spin asymmetry is also negligible, as one would expect, because
collinear factorization should apply for that observable. Transversity measurements at RHIC can
thus safely be performed using angular measurements in the laboratory frame, which simplifies
the analysis.

Measuring the double transverse spin asymmetry ATT in W boson production is also in the
future physics program of RHIC, with the aim of finding physics Beyond the SM (BSM). Within
the SM, this spin asymmetry is zero at leading twist collinear factorization, because the W
boson only couples to chiral left-handed quarks. A non-zero transverse spin asymmetry would
then indicate a mixed left- and right-handed coupling and thus BSM physics.

However, collinear factorization is not necessarily applicable to double transverse spin asym-
metries in W boson production. Using the framework of TMD factorization the worm-gear and
Sivers contribution to ATT (qT ) in W production was calculated in [37, 38], where it was found
that the TMD and BSM effects give rise to asymmetries with different angular dependencies.
TMD effects can thus, in principle, be split from BSM effects, but these calculations use again
angles defined in the Collins-Soper frame. In W boson production, however, it is very unlikely
that one can perform the analysis in the CS frame, as one needs an accurate determination
of the W boson’s transverse momentum for this and in the leptonic decay of a W boson, the
neutrino goes unobserved making this very difficult.

A secondary effect of the difficulty measuring the W boson transverse momentum, is that it
is unlikely that ATT (qT ) will be measured, but instead an asymmetry differential in the charged
lepton transverse momentum ATT (lT ). For ATT (lT ) it is possible to do a collinear expansion and
express it in terms of collinear correlators. Higher order terms in the collinear expansion (TMD
effects) are expected to be M2/M2

W suppressed, where M is the hadronic scale and MW the
W boson mass. Naively, one would thus conclude that TMD effects can be of no influence in
ATT (lT ).

To be completely sure about the TMD backgrounds in BSM studies through double trans-
verse spin asymmetries in W boson production at RHIC, we have calculated the asymmetries,
within the TMD framework, as a function of the charged lepton momentum and azimuthal an-
gle as measured in the laboratory frame, integrated over the neutrino momentum as that is the
observable that actually can be measured. As it turns out, both BSM physics and TMD effects
give rise to the same angular dependency if angles are measured in the lab frame and can thus
not be separated from each other. Besides that, we find that the asymmetries can be much
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larger (max 2%) than expected on the basis of the collinear higher twist suppression argument.

Using realistic assumptions for the Sivers and worm-gear distributions, however, we find
that the asymmetries are below what could be measured at RHIC and thus do not form a real
background for BSM studies. We stress, nonetheless, that even though qT is not observed and
we can thus make a collinear expansion, the higher order corrections are not supppressed by
M2/M2

W and one should thus be very careful with dismissing TMD effects on the basis of not
observing qT .

A nonzero spin asymmetry in W boson production will thus only arise as an effect of BSM
physics, in particular a right-handed coupling of theW boson to quarks. A right-handed coupling
can arise in, e.g., Left-Right (LR) models, in which the SM is extended with a SU(2)R symmetry.
Such models also predict additional WR gauge bosons, which mix under an angle ζ with the WL

boson to form the mass eigenstates W1 and W2. The W1 boson corresponds almost to WL,
but the small admixture of the WR provides a small coupling to the right-handed fermions. In
Chapter 4, it is argued that in a general LR model the extra gauge bosons can be made arbitrarily
heavy while keeping the right-handed W boson coupling constant. Independent bounds on the
masses of the new gauge bosons and the right-handed coupling of the W boson should therefore
be set.

Many bounds on the mixing angle ζ in LR models are set by using the assumption of manifest
or pseudomanifest left-right symmetry, which provides a relation between the left- and right-
handed CKM matrix, but in this way only a very limited subset of models is bounded. We argue
that it is important to give model independent (assumption free) bounds on the right-handed
coupling to all different quarks individually. We have extracted from the literature what we
think are the most stringent bounds currently available. The list is not necessarily complete
as not all model dependent bounds can straightforwardly be translated into model independent
ones.

Using the best model independent bounds on the right-handed W boson coupling, we esti-
mate in Chapter 4 the transverse spin asymmetries that can be expected at RHIC. In principle,
two independent spin asymmetries can be measured, one with a sin 2φ and one with a cos 2φ
angular dependence, where φ is the angle between the spin plane and the charged lepton’s trans-
verse momentum. The sizes of the two asymmetries are proportional to the imaginary and real
part of the right-handed W boson coupling respectively. We estimated the size of these asym-
metries and concluded that, at design integrated luminosity, the bounds most likely cannot be
improved, but a competitive and entirely independent bound on the real part of the coupling
can be set.

Transverse momentum dependent effects can also show up in unpolarized proton-proton
collisions. TMD factorization, for example, allows for a nonzero linear gluon polarization, even
if the proton itself is not polarized. The direction of the linear polarization is in the direction
of the transverse momentum of the gluon, and the extent of polarization is described by the
non-perturbative distribution function h⊥g

1 . The exact size of this distribution is unknown, but
model calculations indicate that it might saturate its upper bound, at least in specific kinematical
regions.

The linear polarization of gluons inside an unpolarized hadron can have observable effects
at the Large Hadron Collider (LHC). For example, in Higgs production, which happens mainly
through gluon-gluon fusion, the transverse momentum distribution is altered. Also the γγ and
ZZ∗ continuum production that occurs via gg → quark box is influenced by gluon polarization.
This is important to note as calculations of the transverse momentum distribution based on



116 Chapter 6. Summary

collinear factorization with qT resummation or event generator based distributions that use
parton shower techniques do not incorporate this effect and the use of these predictions might
lead to misinterpretation of the data.

The effect of linearly polarized gluons is in fact such that it can be used to distinguish a
scalar boson from a pseudoscalar one as the transverse momentum distribution of a scalar boson
is enhanced at low qT , suppressed at moderate qT and enhanced again at large qT as compared
to the background, whereas for a pseudoscalar one has the opposite. The transverse momentum
distribution is thus, in principle, sufficient to determine the parity of the newly found scalar
boson at the LHC.

Higher order corrections and evolution of the relevant TMD distributions will have to be
included to make more realistic predictions of the Higgs transverse momentum distribution.
The size of the effect can be affected by this, but the qualitative behavior will always be such
that a scalar boson has enhancement-suppression-ehancement with respect to the background,
whereas a pseudoscalar has a suppression-enhancement-suppression. This prediction of TMD
factorization allows one to turn the complex structure of a proton, involving parton polarization,
into a tool to investigate or exclude physics beyond the Standard Model.




