Nucleon Structure Physics by Proton-Proton Collisions
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Today, the nucleons (protons and neutrons) make up most of the visible matter in the universe, from the
nucleus to the galaxy. Understanding the fundamental constituents of the nucleon and the internal parton
dynamics is of great interest of modern physics. However, describing the nucleon structure with the
fundamental degrees of freedom of quarks and gluons in the Quantum Chromodynamics (QCD)
framework remains as one of the most outstanding challenges in modern high energy nuclear and particle
physics. In the last decades, largely due to the worldwide collaborative effort and advances in beam
acceleration and target polarization technologies, tremendous progress has been made in the study of
nucleon structure with polarized high energy leptons and hadron beams. The complementarity of lepton
scattering and pure hadronic interaction is critical in the study of nucleon structure and QCD. In this
presentation, I highlight a few recent achievements in the study of the nucleon structure with high energy
(polarized) hadronic scatterings at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL), at COMPASS at CERN as well as the SeaQuest experiments at Fermilab. Future
prospects of new opportunities at the above and other facilities worldwide are also discussed briefly.
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1. Introduction

Understanding the structure of the nucleon at the fundamental level with quark and gluon
degrees of freedom is one of the goals of modern physics. In high-energy nucleon reactions, the
nucleon can be described as a collection of partons. Distribution of the partons inside the nucleon,
called PDF, are generally universal and process independent. The reaction rate can be calculated
in the perturbative QCD (pQCD) framework as a sum of the factorized individual parton-parton
interactions. PDFs are fundamental properties of the nucleon. At the leading twist in the collinear
factorization framework, there are three kinds of parton distribution functions: 1) the unpolarized
parton distribution functions, f(z,Q%); 2) the parton helicity distribution functions, 2/(z,@%); and 3)
the transversity functions, 71(,@%) . Here x represents the parton light-cone momentum fraction,
and Q° denotes the momentum transfer squared under the reaction. In the three-dimensional
partonic picture of the nucleon, one can go one step further beyond the above one-dimensional
PDFs, describing the parton distribution functions in the (2+1) dimension, including the parton’s
transverse momentum kr, in addition to the longitudinal momentum fraction x, thus they are
Transverse-Momentum-Dependent (TMD) functions. At leading twist, there are eight TMD PDFs
describing the partons’ longitudinal and transverse motion distributions and their correlations with
the nucleon spin and momentum directions. All these functions can be probed in high-energy
hadron-hadron or hadron-lepton scattering experiments, for recent reviews and some early work,
see [1] and references therein.

With the advance of accelerator technology, the world’s first high energy polarized proton
collider was built at the Brookhaven National Laboratory in New York, USA, in late 1990s, and
has been in operation since 2001. Since then, tremendous progress has been made in studying the
proton internal structure and QCD dynamics using longitudinally and transversely polarized



proton-proton collisions at high energies at RHIC. Fig. 1 shows the layout of the world’s first
high-energy polarized proton accelerator complex at RHIC.
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Figure 1. LH: The layout of the world’s first high energy polarized proton + proton collider at BNL. The proton beams have been
polarized up to about 60% in either the longitudinal or transverse direction relative to the beam momentum direction, at center
of mass energies from 62 to 510 GeV. RH: High energy particles are produced in polarized proton + proton collisions at RHIC. The
polarized PDFs have been derived from the measured spin-dependent cross-sections in the pQCD framework.

QCD is the theory of strong interactions. Particle production in high energy polarized proton +
proton collisions can be calculated as a sum of the product of the universal PDFs, f(z1) and f(z2)
of the incoming partons and the partonic scattering cross sections that can be calculated in the
perturbative QCD framework:

o~ f(z1) ® f(z2)0

Using this theoretical tool, one can derive the universal parton distribution function f(®) with
the experimentally measured cross section, 0, and the theoretically calculated partonic cross-
section, 0.

In the following, I present a few highlights selected from recent experimental and theoretical
studies of the (polarized) nucleon structure using high energy (polarized) hadronic scattering at
BNL, CERN and Fermilab.

2. The proton spin puzzle and the polarized parton distribution functions

The nucleon’s quark and gluon helicity distributions, Af (2, Q) , are a universal property of the
nucleon. They are derived from high-energy polarized nucleon-nucleon or polarized nucleon-
lepton scattering data. Before 1987, it was believed through some naive nucleon quark models that
the proton’s spin mostly comes from the sum of quarks’ spins. When the EMC collaboration at
CERN carried out the first precision measurement of quark spin contribution to the proton spin in
the deep-inelastic polarized muon-proton scattering in 1987, the results shocked the world — the
sum of the quark’s spins can only account for about a small fraction (~15%) of the total proton
spin, known as the “spin crisis”, see [2] and references therein. Several new polarized Deep-
Inelastic-Scattering (DIS) experiments were conducted following EMC’s discovery and further
confirmed the surprising results. Where does the rest of the proton spin come from?



In QCD, the proton helicity sum rule [1] is given by,

1 1

where A denotes the sum of the quark’s spin contribution, and AG is the gluon’s spin
contribution, and Lg + L, represents the contributions from quarks’ and gluons’ orbital motion
inside the proton. Could the gluon’s spin make up the rest of the missing proton spin? It was highly
motivated theoretically, see [2] and references therein. Since DIS is not sensitive to the (polarized)
gluon and flavor-identified sea quark distributions, a new experimental tool was highly desired.
This led to the development and construction of the world’s first polarized proton collider at RHIC,
to directly probe the gluon and sea quark’s spin contributions to the proton spin.

2.1 Gluon polarization inside the proton

The polarized gluon distribution function (more exactly, the gluon helicity distribution
function) is a fundamental property of the proton and has long been considered as a primary
candidate for the missing piece required to solve the proton spin puzzle. RHIC has provided a great
advantage over previous DIS measurements by directly probing the gluon distribution at the
leading order in a high energy QCD process. The double longitudinal spin asymmetry Az of a hard
process, like the inclusive high-energy jet or high prhadron production in p+p collisions, is directly
coupled to the polarized gluon distribution function Ag(Z) at the leading order in pQCD, thus
providing the ultimate sensitivity to the polarized gluon distribution.

Evidences of the first definite non-zero gluon polarization came from the precision
measurements of double longitudinal spin asymmetry ALz from 6he year 2009 high statistic RHIC
data, in the inclusive jet production (STAR) and the inclusive 7 production (PHENIX), Fig. 2.
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Figure 2. First precision data from RHIC show the first evidence of non-zero gluon polarization in the proton.

Several theory groups carried out new next-to-leading order (NLO) global QCD analyses to
include the latest RHIC data and extracted the gluon spin contribution. Fig. 3 (LH) shows one
example from DSSV global fit, AG(Q® =10) ~ 0.2 _in the x range from 0.05 to 0.2 that is covered
by the RHIC data, and Fig. 3 (RH) shows how the future RHIC and Electron-lon-Collider (EIC)
data will further constrain the polarized gluon contribution to the proton spin. For details, see [3]
and references therein.
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Figure 3. LH: DSSV NLO global fit indicates non-zero gluon spin contribution in the x range from 0.05 to 0.2. RH: Projected
sensitivity to the gluon spin contribution from the future RHIC and EIC data [3].

2.2 Sea quark polarization

For the first time, flavor identified sea quark polarized PDFs are directly probed at leading
order using the weak boson W' productions in longitudinally polarized p+p collisions at RHIC.
Although DIS data have provided high precision determination of the quark polarized PDFs at the
intermediate x-range, flavor identified sea-quark polarization distributions were poorly constrained
since DIS can’t directly access the quark flavor and can only be derived using additional not-well
determined parton fragmentation functions. With center of mass energy as high as 510 GeV, RHIC
has provided a new unique experimental tool to directly determine the flavor identified sea quark
polarization through the measurements of spin-dependent W' production in longitudinally
polarized p+p collisions.

At RHIC energy (500 or 510 GeV in the center of mass), weak bosons are predominantly
produced through the quark and anti-quark annihilation process, shown in Fig. 4. The weak
coupling of W*"~ to left-handed quarks and right-handed anti-quarks directly selects the incoming
quarks’ helicity, and the charge of the produced W boson naturally determines the incoming quarks’
flavor,
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Figure 4. At RHIC energy, weak boson W's are predominantly produced through quark and anti-quark annihilation.
where ¢(%1) are ¢'(#2) are the light quark and anti-quark that annihilate into W*- through the

following processes, uz(z1) +dr(z2) = W' and  dr(z1) + @r(22) = W~ At the leading order, the
longitudinal single spin asymmetry A, of W is given by [4],

AW —Au(zy)d(z2)(1 — cos0)? + Ad(z)u(xs) (1 + cos 0)?
o u(zy)d(x2)(1 — cos 0)2 + d(z1 )u(z2)(1 + cos )2
N —Ad(z1)u(x2)(1 4 cos 0)? + Ati(xy)d(z2)(1 — cos 6)?

or Ju(z2)(

d(z, 1+ cos)? + t(xy)d(x2)(1 — cos 0)?

where ¢ is the polar angle of the out-going W** relative to the incoming polarized proton beam.



The STAR and PHENIX experiments at RHIC carried out the longitudinal single spin
asymmetry measurements for weak boson production in the polarized p+p collisions from 2011,
2012 and 2013, at center of mass energy of 510 GeV, with beam polarization as high as about 60%.
Shown in Fig. 5 are the W~ single spin asymmetry A4 vs lepton rapidity measured by the STAR
(LH) and the PHENIX experiments (Center), also shown are the flavor-identified polarized u-bar
and d-bar distributions from DSSV and NNPDF global fits (RH), see [4].

The RHIC high energy W program has produced a substantial improvement of our
understanding of the flavor-identified sea-quark polarization in the proton.
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Figure 5. Longitudinal single spin asymmetry vs lepton rapidity in W production from STAR (LH) and PHENIX (Cent.) at
RHIC; RH: flavor-identified sea quark helicity distributions extracted from global fits from NNPDF and DSSV collaborations.

So where do we stand today on the “spin puzzle”? Within the kinematic ranged reached by
experimental data, we have determined the sum of quark’s spin and gluon’s spin contribute about
30% and 40% of the proton’s spin, respectively, there is still a missing piece of 30%. Could this
missing proton spin come from sum of the quark’s and gluon’s spin in the x range outside of current
experimental reach or from other origin, like the orbital contributions? Many of these questions
could be addressed in the future spin programs, including the EIC [1].

3. Physics of TMD

To access the 3-D parton distributions, we go beyond the 1-dimensional description by
including the parton internal transverse momentum k7 relative to the nucleon momentum direction.
As discussed above, there are 8 of them at leading twist. Several novel phenomena arise from the
interactions involving these TMDs in transversely polarized nucleon scatterings.

In recent years, transverse spin physics has attracted tremendous attention from both
experimental and theoretical communities, and as a result, significant progress has been made in
understanding the spin dependent hadronic processes in QCD at high energy and the nucleon
structure beyond the one-dimensional parton picture. The spin-dependent 3-D image of the parton
distributions in the nucleon is under intense investigation and is the focus of the future EIC
program. Several novel transverse spin-dependent asymmetries have been confirmed
experimentally in both Semi-Inclusive-Deep-Inelastic-Scatterings (SIDIS) and p+p collisions,
including the Sivers and Collins transverse single spin asymmetries (TSSAs), see reviews from [1]
and references therein. One recent highlight is the study of the sign change in the Sivers transverse
single spin asymmetry between SIDIS and Drell-Yan processes. The Sivers TSSA were first



measured for the Drell-Yan and W*" production processes in hadronic interactions by the
COMPASS experiment at CERN and the STAR experiment at RHIC, respectively. Although
statistically limited, the data are consistent with or in favor of the sign change scenario.

3.1 Physics of the transverse single spin asymmetry in p+p collisions

Contrary to the original expectation of a very small TSSA, the first experimental data from
ZGS showed a surprisingly large asymmetry [5], orders of magnitude larger than the naive
expectation Av~ my/pr. Such large TSSAs have been persistent from the early fixed target energies
all the way to the top collider energy at RHIC, Vs =510 GeV/c?, see [1,6] .

At the leading twist, it was expected that the TSSA of high pr hadrons produced in the
transversely polarized p+p collisions should be very small, as shown in Fig. 6.
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Figure 6. Due to small quark mass, m,, very small TSSA was expected for the outgoing hadrons with large pr.

To explain the observed large TSSAs, several new ideas were proposed. Among them, here are

two leading formalisms that can generate large TSSA in SIDIS and p+p collisions:

1. Sivers function — a TMD function of the correlation of proton spin and parton transverse
momentum kz. For a transversely polarized proton, a none-zero Sivers function implies
that the parton transverse momentum distribution is not azimuthally symmetric, thus
generating a finite TSSA in the outgoing hadron distribution [7].

2. Collins function — a TMD function that correlates the transverse spin of a fragmenting
quark (transversity) and the transverse momentum distribution of the daughter hadrons [8].

Their equivalents in the collinear twist-3 approach are the kr integrated quark-gluon-quark and tri-
gluon correlation functions [1,9].

Non-zero Sivers and Collins asymmetries were first observed by the HERMES and the COMPASS
experiments in polarized SIDIS scatterings for charged hadron production, see recent reviews of
the history in [1]. The latest theoretical developments show that these physics processes can also
be studied in p+p collisions, see [10] and references therein. Fig. 7 show how the Collins
asymmetry was measured in p+p collisions.
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Figure 7. LH: Collins asymmetry can be studied with hadron distribution inside a jet. RH: Collins asymmetry measured by STAR in
transverely polarized p+p collisions at center of mass energy of 500GeV.



3.2 Sivers function and sign change

Among the 8 TMD functions, the Sivers function has attracted particular interest. The Sivers
function describes the correlation of intrinsic parton transverse motion and the nucleon’s spin
direction. This function can be accessed either in the SIDIS or Drell-Yan process in p+p collisions.
Besides providing the 3-D parton structure of the nucleon, the most interesting property of Sivers
function is its process dependence. As a consequence of the QCD gauge invariance and
factorization assumption, the sign of Sivers function in SIDIS and Drell-Yan (and W*") is expected
to be opposite [11], see Fig. 8 (LH) and recent reviews [ 1]. This nontrivial process-dependence of
Sivers function is a fundamental prediction of QCD. With the first confirmation of non-zero Sivers
functions in SIDIS from COMPASS and HERMES, as well as several JLab experiments, it is
extremely important to test this prediction. Recently, first experimental studies were carried out by
the COMPASS experiment at CERN for Drell-Yan and by the STAR experiment at RHIC for weak
boson W*- productions at much larger O [12], see Figs. 8 (RH) and 9.
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Figure 9. TSSA of W+~ production in p+p collisions measured by the STAR experiment at RHIC.

3.3 Future prospects

In coming years, RHIC will continue pursuing spin physics program with the current STAR
and the future sSPHENIX experiments, with possible forward detector upgrades for both detectors
[3]. There are also several new polarized proton beam or target experiments either under
commissioning now or being proposed. The upcoming Fermilab SpinQuest/E1039 fixed target
experiment will utilize a polarized proton target (NH3) to study the Drell-Yan TSSA using the 120



GeV proton beam from the Main Injector [13]. The kinematics of the E1039 dimuon spectrometer
selects sea-quarks from the polarized target thus directly accessing the sea-quarks’ Sivers function
in the x range from 0.1 to 0.3, see Fig. 10.
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Figure 10. SpinQuest/E1039 experiment at Fermilab will study sea-quark Sivers functions. LH: SpinQuest spectrometer;
RH: Projected Drell-Yan TSSA from 2-year operation of E1039 at Fermilab.

At CERN, there is a new COMPASS++/AMBER proposal to continue a hadron physics program
using the M2 beamline at SPS, see Fig. 11 (LH). This new QCD facility will cover a broad range
of physics topics from nucleon structures, hadron spectroscopy to dark matter searches [14].
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Figure 11. LH: COMPASS++/AMBER, a proposed New QCD Facility at M2 beam line of the SPS at CERN; RH: Proposed Spin
Physics Detector at NICA to study polarized nucleon structures.

At Dubna, the Nuclotron based Ion Collider fAcility (NICA) is a flagship project of the Joint
Institute for Nuclear Research that is expected to be in operation by 2021, see Fig. 11 (RH).
Main tasks for the “NICA Facility” are the study of hot and dense baryonic matter, investigation
of the polarization phenomena and nucleon spin structure. The Spin Physics Detector (SPD) will
carry out nucleon spin structure studies with Drell-Yan, J/Psi and other observables [15].

4. Conclusions

Tremendous progress has been made in the last decades in studying the 3-D internal structures
of the nucleon. Recent polarized proton-proton or hadron collision data have shed new light on our
understanding of phenomena that have puzzled us for decades, such as the “proton spin crisis”, the
unexpectedly large TSSA in hadron production in transversely polarized p+p and DIS interactions,
the first experimental hints of process dependent sign change in Sivers function, etc. Due to space
limitation, only a few selected recent results are presented, and there are many interesting physics
topics that I just couldn’t even touch upon. I encourage interested readers to check out the review



articles listed below and references therein.
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