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,  [image: ]; 2) the parton helicity distribution functions, [image: ]; and 3) the transversity functions, [image: ] . Here x represents the parton light-cone momentum fraction, and Q2 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 kT, 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, [image: ]  and [image: ] of the incoming partons and the partonic scattering cross sections that can be calculated in the perturbative QCD framework:

                                      [image: ]

Using this theoretical tool, one can derive the universal parton distribution function [image: ]  with the experimentally measured cross section, [image: ], and the theoretically calculated partonic cross-section, [image: ]. 
 
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, [image: ] , 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 naïve 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, 
[image: ]

[image: ]where [image: ] denotes the sum of the quark’s spin contribution, and [image: ] is the gluon’s spin contribution, and                 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 ALL of a hard process, like the inclusive high-energy jet or high pT hadron production in p+p collisions, is directly coupled to the polarized gluon distribution function [image: ] 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 [image: ] from the year 2009 high statistic RHIC data, in the inclusive jet production (STAR) and the inclusive [image: ] production (PHENIX), Fig. 2. 

STAR: PRL 115, 092002 (2015)
PHENIX: PRD 90, 012007 (2014)











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,  [image: ] , 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-Ion-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,  
[image: ]
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Figure 4.  At RHIC energy, weak boson W's are predominantly produced through quark and anti-quark annihilation.


where [image: ] are [image: ]         are the light quark and anti-quark that annihilate into W+/- through the 

following processes, [image: ] and   [image: ]. At the leading order, the longitudinal single spin asymmetry AL of W+/- is given by [4],
[image: ]




where [image: ] 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 AL 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. 
arXiv:1406.7122













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 kT 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 naïve expectation AN ~ mq/pT. Such large TSSAs have been persistent from the early fixed target energies all the way to the top collider energy at RHIC, [image: ] GeV/c2, see [1,6] . 
[image: ] At the leading twist, it was expected that the TSSA of high pT hadrons produced in the transversely polarized p+p collisions should be very small, as shown in Fig. 6.







Figure 6.  Due to small quark mass, mq, very small TSSA was expected for the outgoing hadrons with large pT.


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 kT.  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 kT integrated quark-gluon-quark and tri-gluon correlation functions [1,9]. 

[image: ]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 Q2 [12], see Figs. 8 (RH) and 9.
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Figure 8.  It is predicted Sivers function changes sign between SIDIS and Drell-Yan processes. RH: First Drell-Yan TSSA result from COMPASS, although statistically limited, it is consistent with the prediction.
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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 sPHENIX 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.

 SpinQuest









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]. 












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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!  Early attempt: 



�AB(pT ,~s) / + +...



2



Kane, Pumplin, Repko, PRL, 1978 



Cross section: 



Asymmetry: = / ↵s
mq



pT
�AB(pT ,~s)� �AB(pT ,�~s)



Too small to explain available data! 



A direct probe for parton’s transverse motion,  



Spin-orbital correlation, QCD quantum interference 



!  What do we need? 



!  Vanish without parton’s transverse motion: 



AN / i~sp · (~ph ⇥ ~pT ) ) i✏µ⌫↵�phµs⌫p↵p
0
h�



Need a phase, a spin flip, enough vectors 



Do we understand this? 










!    Ea r ly a tte m pt:  σ AB ( p T , ~ s ) / + + ... 2 K a ne ,  Pumplin, Repko, PRL, 1 9 7 8   C r oss se c tion: 

A sym m e try: 

=

/ ↵

s

mq

p

T

σ

AB

( p

T

, ~ s ) − σ

AB

( p

T

, − ~ s )

T oo sm a ll to e xpla in a v a ila b le  da ta ! 

A  dir e c t pr obe  f or  pa r ton’ s  tr a nsv e r se  m otion,  

Spin-orbita l c or r e la tion, QC D  qua ntum  inte rf e r e nce 

!

 

 Wha t do w e  ne e d?  

!

 

 V a nish without  pa r ton’ s  tr a nsv e r se  m otion: 

A

N

/ i ~ s

p

· ( ~ p

h

⇥ ~ p

T

) ) i ✏

µ ⌫ ↵ β

p

hµ

s

⌫

p

↵

p

0

h β

N e e d a  pha se , a  spin f lip , e nough v e c tor s 

D o   w e   u n d e r s ta n d   th i s ?  
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which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"



collisions are available. Section IV contains our final re-
marks and conclusions.



II. FORMALISM



In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.



Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:



Ejd"
AðSAÞB!jetþ!þX



d3pjdzd
2k?!



¼
X



a;b;c;d;f#g



Z dxadxb
16!2xaxbs



d2k?a



&d2k?b$
a=A;SA
#a#



0
a
f̂a=A;SAðxa;k?aÞ$b=B



#b#
0
b
f̂b=Bðxb;k?bÞ



&M̂#c;#d;#a;#b
M̂'



#0
c;#d;#



0
a;#



0
b
%ðŝþ t̂þ ûÞD̂!



#c;#
0
c
ðz;k?!Þ: (1)



In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].



We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic



transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.



$a=A;SA
#a#



0
a
f̂a=A;SAðxa; k?aÞ contains all information on the



polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,



which will be discussed in the following. $a=A;SA
#a#



0
a



is the



helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B



is encoded into $b=B
#b#



0
b
f̂b=Bðxb;k?bÞ.



The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity



scattering amplitudes for the hard partonic process ab ! cd.
The D̂!



#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD



fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,



two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-



momentum of the observed jet.
Unless otherwise stated, we will always work in the AB



hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm



> 0. We therefore have, neglecting all masses
(see also Fig. 1):



FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.



AZIMUTHAL ASYMMETRIES FOR HADRON . . . PHYSICAL REVIEW D 83, 034021 (2011)



034021-3











image45.emf



15Collins Effect in Jets (Mid-Rapidity)



Phys.Rev. D97, 032004 (2018)



• First measurement of Collins effect in 𝑝 + 𝑝 collisions
• 𝑠 = 500 GeV
• Multi-dimensional binning



𝑝𝑇 − 𝑧



Comparison with
Phys. Lett. B773, 300-306 (2017)
arXiv:1707.00913










15 C o l l i n s   E f f e c t   i n   J e ts (Mid-Rapidity)

Phys.Rev. D97, 032004 (2018)

• F i r s t   m e a s u r e m e n t   o f   C o l l i n s   e f f ect in 𝑝+𝑝collisions • 𝑠 = 5 0 0 G e V

•

M u l t i - d i m e n s i o n a l   b i n n i n g

𝑝

𝑇

− 𝑧

Comparison with

Phys. Lett. B773, 300-306 (2017)

arXiv:1707.00913


image47.png




image48.emf



Sivers(func4on(is(process(dependent(
•  In%QCD:%
–  Sign%change%of%the%quark%Sivers%func:on%between%DIS%
and%DrellRYan%process.%



QCD%Evolu:on%2018% Xuan%Li%(LANL)% 5%



DIS: attractive Drell-Yan: repulsive



As a result:



•  Urgent%need%to%achieve%these%milestone%measurements!%
•  Determine%the%Sivers%func:on%from%global%QCD%analysis.%











image49.emf



Sivers(func4on(is(process(dependent(
•  In%QCD:%
–  Sign%change%of%the%quark%Sivers%func:on%between%DIS%
and%DrellRYan%process.%



QCD%Evolu:on%2018% Xuan%Li%(LANL)% 5%



DIS: attractive Drell-Yan: repulsive



As a result:



•  Urgent%need%to%achieve%these%milestone%measurements!%
•  Determine%the%Sivers%func:on%from%global%QCD%analysis.%











image60.emf



Sivers(func4on(is(process(dependent(
•  In%QCD:%
–  Sign%change%of%the%quark%Sivers%func:on%between%DIS%
and%DrellRYan%process.%



QCD%Evolu:on%2018% Xuan%Li%(LANL)% 5%



DIS: attractive Drell-Yan: repulsive



As a result:



•  Urgent%need%to%achieve%these%milestone%measurements!%
•  Determine%the%Sivers%func:on%from%global%QCD%analysis.%











image61.emf



Sivers(func4on(is(process(dependent(
•  In%QCD:%
–  Sign%change%of%the%quark%Sivers%func:on%between%DIS%
and%DrellRYan%process.%



QCD%Evolu:on%2018% Xuan%Li%(LANL)% 5%



DIS: attractive Drell-Yan: repulsive



As a result:



•  Urgent%need%to%achieve%these%milestone%measurements!%
•  Determine%the%Sivers%func:on%from%global%QCD%analysis.%











image50.tiff
5 —
STAR pp 8GO GeV (L=25pb)
05 <P <10 Gevie

&
< T STAR pp 500 Gov (L =250
08-05 <P <1 Gevie

__ KO (sssuming “sign chango’)
Global d o =74 15
08545 beam pol.uncerainy vt shown
05 o 05 05 o 05
w ¥

3,45 boam pol uncertainty no shown





image51.emf



Sea�est Spectrometer



Solid iron 



Focusing magnet 



Hadron absorber



Beam dumper



KTeV



Magnet



Hadron absorber



(Iron wall)



Station 4



Hodoscope array



Prop tubes



LH2, LD2 & 



solid targets



Stations 1, 2 & 3



Hodoscope array



Drift chamber



25 mBeam



Targets: LH2, LD2, C, Fe, W



Hadron Absorbers (stop beam,
muon identification)



Magnets (focussing, momentum
determination)
4 tracking stations, consist of



� Hodoscopes
� Dri� Chambers (St. 1-3) or
Prop. Tubes (St. 4)



Mass (GeV)
0 1 2 3 4 5 6 7 8 9 10



Ev
en



ts
 / 



10
0 



M
eV



0



200



400



600



800



1000



1200



1400



1600



1800



Drell–Yan Monte Carlo
J/ψ, ψ’ Monte Carlo



Random Background
Combined MC and BG



Mass distribution fi�ed with estimated
components



Well fi�ed:
Detectors & tracking tool work as expected



Drell–Yan can be selected with
mass > 4.2 GeV/c2



Kei Nagai (Academia Sinica) Light-antiquark Flavor Asymmetry QNP 2018 @ Tsukuba 14th Nov., 2018 9 / 17










Sea estSpectr ometer

S

o

li

d

 i

r

o

n 

F

o

cu

si

n

g 

m

ag

n

et

 

H

ad

r

o

n 

a

b

so

r

be

r

B

e

a

m

 d

u

mp

e

r

K

T

e

V

M

a

g

n

et

H

a

d

r

o

n

 a

b

s

o

r

be

r

(

I

ro

n

 

w

all

)

St

a

ti

o

n

 4

Ho

d

o

sc

o

pe

 

ar

r

a

y

P

r

op

 t

u

b

es

L

H

2

, 

L

D

2

 

& 

s

oli

d

 t

a

r

g

et

s

S

ta

t

i

o

ns

 

1, 

2

 

& 

3

H

o

do

s

co

p

e 

a

rr

a

y

Dr

if

t 

c

h

a

mb

e

r

2

5 

m B

e

a

m

T argets: LH 2 , LD 2 , C, Fe , W

Hadr on Absorb ers ( stop b eam,

muon identification)

Magnets (fo cussing, momentum

determination)

4 tracking stations, consist of

◦

Ho doscop es

◦

Dri Chamb ers (St. 1-3) or

Pr op . T ub es (St. 4)

M a s s   ( G e V )

0 1 2 3 4 5 6 7 8 9 1 0

E

v

e

n

t

s

 

/

 

1

0

0

 

M

e

V

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

D r e l l – Y a n   M o n t e   C a r l o

J / ψ ,   ψ ’   M o n t e   C a r l o

R a n d o m   B a c k g r o u n d

C o m b i n e d   M C   a n d   B G

Massdistribution fi e d with estimate d

components

Wellfie d:

Detectors & tracking to ol w ork as e xp e cte d

Drell–Yan can b e sele cte d with

mass> 4 . 2 Ge V /c

2

KeiNagai(AcademiaSinica) Light-antiquarkFlavor

A

symmetr y QNP 2018 @ T sukuba 14th No v ., 2018 9 / 17


image55.emf




image3.emf



h1(x,Q
2)



<latexit sha1_base64="v3CKPK6oF/iljfbyihoax6Mad3w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgpSkFfRY9OKxBfsBbSyb7aZdutmE3Y1YQv+GFw+KePXPePPfuGlz0NYHA4/3ZpiZ50WcKW3b31ZubX1jcyu/XdjZ3ds/KB4etVUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW5Tv/NIpWKhuNfTiLoBHgnmM4K1kfrjgVN+ukDNh+p5YVAs2RV7DrRKnIyUIENjUPzqD0MSB1RowrFSPceOtJtgqRnhdFbox4pGmEzwiPYMFTigyk3mN8/QmVGGyA+lKaHRXP09keBAqWngmc4A67Fa9lLxP68Xa//aTZiIYk0FWSzyY450iNIA0JBJSjSfGoKJZOZWRMZYYqJNTGkIzvLLq6RdrTi1SrV5WarfZHHk4QROoQwOXEEd7qABLSAQwTO8wpsVWy/Wu/WxaM1Z2cwx/IH1+QNbHY/u</latexit>











image56.emf



February 16, 2015 14:58 WSPC/CRC 9.75 x 6.5 1560064



A. Klein



Fig. 4. Projected statistical precision and comparison with two calculations



4. Summary



Experiment E1039 will be the first measurement of proton induced Drell-Yan with
a polarized target. Through the chosen kinematics we will be able to measure the
Sivers Single Spin Asymmetry for the sea quarks. Our measurement will allow us
to determine the magnitude and sign of this asymmetry for 4 different bins in
xtarget with excellent statistical precision. Because the Sivers asymmetry is related
to the quark orbital angular momentum, such a measurement will help solve the
nucleon spin puzzle. A nonzero asymmetry requires an orbital angular momentum
contribution from the sea quarks, and would be a “smoking gun” for Lū ̸= 0, while
a zero asymmetry would lead to Lū = 0, which would make the “spin puzzle” even
more puzzling.
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Fig. 4. Projected statistical precision and comparison with two calculations



4. Summary



Experiment E1039 will be the first measurement of proton induced Drell-Yan with
a polarized target. Through the chosen kinematics we will be able to measure the
Sivers Single Spin Asymmetry for the sea quarks. Our measurement will allow us
to determine the magnitude and sign of this asymmetry for 4 different bins in
xtarget with excellent statistical precision. Because the Sivers asymmetry is related
to the quark orbital angular momentum, such a measurement will help solve the
nucleon spin puzzle. A nonzero asymmetry requires an orbital angular momentum
contribution from the sea quarks, and would be a “smoking gun” for Lū ̸= 0, while
a zero asymmetry would lead to Lū = 0, which would make the “spin puzzle” even
more puzzling.
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