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Understanding the Origin of the Nucleon Spin
Research Goals

One of the most fundamental problems in our understanding of Quantum Chromo-Dynamics (QCD) is the origin of the nucleon spin.  In the naïve parton model, the nucleon’s spin is considered to come predominantly from the three valence quarks, each of which have intrinsic spin ½. However, polarized Deep Inelastic Scattering (DIS) has shown that the spin of the quarks can only account for about 25% of the nucleon spin.  This extraordinary experimental result has been referred to as “the spin crisis”.  Further experiments have mostly ruled out the possibility that the spin of the gluons, the “glue” which holds the quarks together, is contributing the missing part. This leads to the theoretical prediction that the missing link in describing the spin has to come from the angular momentum of the quarks and gluons themselves, which lead to the following conclusion by the Nuclear Science Advisory Committee [NSAC]: “..and if we are to claim any understanding of QCD, we must be able to identify how this value [the nucleon spin] arises from the nucleon’s internal structure.”

However, in order to extract the angular momentum, one needs to measure simultaneously the space and momentum distribution of the quarks.  Through the recently developed formalism of a QCD description of Deeply Virtual Compton Scattering (DVCS) and Generalized Parton Distributions, we are now in a position to extract the angular momentum of the quarks. DVCS measures a transverse spatial image of quarks in the target, similar to Computer Assisted Tomography (CAT) in medical imaging. A CAT-scan produces a set of transverse slices along a third spatial coordinate.  Similarly, DVCS produces transverse images of a target as a function of the quark momentum.  We propose to design the necessary hardware and software to measure the quark angular momentum at Jefferson Lab, using the CLAS12 spectrometer.

A primary goal of nuclear physics today is to understand how the mass and structure of nucleons (protons and neutrons) and nuclei are generated from QCD, the underlying theory of quarks and gluons. The origin of the spin of the nucleon is a key question to unraveling this puzzle.  Twenty years of polarized deep inelastic lepton scattering experiments have established that the spin of the valence quarks contributes only 25% of the spin of the proton. This has resulted in what is called the spin crisis (For an overview see reference [1]). However, further theoretical studies suggested that the remainder of the spin must come either from gluons or from the orbital angular momentum of quarks and gluons.  Recent results from RHIC-Spin and COMPASS (polarized electro-production) indicate that the gluon spin contributes only a small amount to the proton spin [2]. It is therefore imperative to measure the quark orbital angular momentum directly. We propose to extract the angular momentum contributions from the quarks to the neutron spin through Deeply Virtual Compton Scattering at the upgraded Thomas Jefferson Lab (JLAB) accelerator.

The lack of understanding of the origin of the spin has led NSAC to declare the JLAB upgradethe highest priority of the US and international Nuclear Physics Community: “We recommend completion of the 12 GeV CEBAF Upgrade at Jefferson Lab. The Upgrade will enable new insights into the structure of the nucleon, the transition between the hadronic and quark/gluon descriptions of nuclei, and the nature of [quark] confinement.
”
In order to achieve this ambitious goal, we propose to measure the neutron DVCS with the CLAS12 spectrometer at JLAB, using a polarized deuterium target. We will make the necessary upgrades to the spectrometer following a two prong approach, namely first design new triggering electronics and second develop fast tracking algorithms which will be implemented in the trigger hardware. This upgrade will increase the maximum trigger rate by a factor of 2X while simultaneously reducing the rate due to background events by a factor of ~10X. These improvements are necessary to perform the data collection and analysis of our proposed experiment within a reasonable time frame.
Background and Significance 

In order to understand the Physics Beyond the Standard Model, one has first to have a clear understanding of Quantum Chromo Dynamics.  Our proposed approach will help determine the origin of the nucleon spin. Developing the new electronics with a tracking trigger will be constitute a major breakthrough for experiments at 100% duty cycle nuclear physics machines like JLAB, greatly reducing the required amount of beam time and offline computing. 

Starting with R. Hofstaeder in the 1950s, elastic electron scattering measurements extracted the spatial distribution of charge and magnetization produced by the quarks in the proton and in nuclei [4].   Recent measurements at JLAB determined that the charge and magnetization densities in the proton are different from each other [5].   With the development of Deep Inelastic Scattering (DIS) at SLAC in the 1970s, we established DIS as a probe of the momentum distribution of quarks in hadrons and nuclei [6
].  
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In lowest order QED, electron scattering is described by the diagram of Fig 1. in which the electron exchanges a virtual photon of  four momentum qm with the target particle.  In the case of elastic scattering, the target remains intact in the final state.  For DIS, a virtual photon is absorbed on a single quark, and the final state is in general a shower of hadrons. The theoretical condition in which DIS measures a quark probability distribution is that the invariant virtuality, Q2 = -q2, of the virtual photon is large.  In this limit, the kinematic variable xB = Q2/(2q( p) is equal to the fraction of the proton's momentum carried by the struck quark. 

Elastic processes measure the electromagnetic form factors as a function of the invariant momentum transfer t = - Q2. The physical interpretation of the form factor is the simplest when the nucleon travels at the speed of light or in the Infinite Momentum Frame (IMF): the Fourier transform of the charge factor with respect to t yields a two-dimensional distribution of the electric charges in the transverse planes. In contrast, inclusive processes probe deep inelastic structure functions which again have a simple interpretation in the IMF: they are quark density distributions as a function of longitudinal momentum fraction x.  Taking together, form factors and deep inelastic structure functions measure the nucleon structure in two orthogonal sub-spaces. The framework unifying the two is the recently developed Generalized Parton Distribution (GPD) functions (reference to Ji). 
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The GPDs encode both the transverse spatial dependence and the longitudinal momentum dependence, thus leading to a simultaneous description of the longitudinal momentum xP and transverse position b , which will ultimately allow an extraction of angular momentum 
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At JLAB there are 4 GPDs accessible: 
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Deeply virtual Compton scattering (DVCS) on the neutron (Figure 2) refers to the reaction eN ( eN ( in the Bjorken limit of large Q2, but also small net invariant momentum transfer to the neutron.  This corresponds to DIS in the special channel in which the final state is just a high energy forward photon plus recoil nucleon (or other initial  nucleus).  A QCD factorization theorem establishes that at high Q2, DVCS measures a distribution of quark momenta in the target [7].  However, because this is an exclusive reaction in which the nucleon is reconstructed in the final state, the net momentum transfer  (=q-q’ is Fourier conjugate to the spatial position of the struck quark, in the plane perpendicular to the momentum axis.  Thus, DVCS measurements together with the underlying GPDs allows one to disentangle the spatial information of elastic scattering from the momentum information of DIS. 

To determine the remaining lesser known E and E~, one has to measure en ( en( on a deuterium or 3He target. It is critical to determine the E GPD, because it is an essential part of the QCD sum rule relating these functions to the total angular momentum Jq and therefore an absolute necessity for understanding the nucleon spin. Instead of detecting the neutron in coincidence with the electron, we propose to measure the recoil proton energy with a time projection chamber (TPC). This recoil tracking will provide us with the means to separate out the nuclear physics corrections to the free neutron DVCS (at high p momenta). At low momentum, recoil protons are spectators, and therefore select the quasi-free process on the neutron, thus allowing us to measure the neutron DVCS without detecting the neutron. 

The EMC effect [8] demonstrated that the momentum distribution of quarks in a nucleus is not a simple convolution of the quark distribution in the nucleon with the nucleon density distribution in the nucleus. Similarly, coherent DVCS measurements on light nuclei can determine whether or not the spatial distribution of quarks in a nucleus is a convolution of the nucleon density distribution in the nucleus with the spatial density of quarks in the nucleon.
R&D Approach

For the development of the necessary tracking algorithms, we will simulate the physics and the detector response with Monte Carlo simulations. This will allow us to generate pseudo data at the hardware level, which we will use for the design of the tracking. In the next step we will transfer the software into the FPGAs and perform timing and resolution tests for the different algorithms. We will compare the result of the tracking from the trigger hardware with the original tracks from the Monte Carlo, thus giving us an absolute performance metric.

A new amplifier / discriminator board (ADB) for the CLAS12 drift chambers will be designed and constructed. This board will include FPGAs that perform the drift time to digital conversion (TDC) as well as implementing triggering algorithms described above.
· Monte Carlo simulation of events with a full detector package

· Developing different tracking/ chamber algorithms.

· Translate them into VHDL

· Perform speed tests with existing planned hardware

· Design and construction of high density, low cost amplifier / discriminator electronics

· Design and construction of FPGA based TDCs and triggering electronics
Methods: 

The JLAB Large Acceptance Spectrometer (CLAS12) is a new large acceptance spectrometer designed to measure multi-particle final states and is currently under construction at JLAB (Fig 4).  It consists of a forward detector part, which includes a toroidal magnet, Cerenkov counters and calorimeters for particle identification, and three regions of Drift Chambers (shown in yellow) which provide precision track information, to determine the momenta of charged particles. The Region 1 and 3 chambers are outside the magnetic field, while region 2 is located inside the torus coils. This results in straight track segments in the outer (1 and 3) chambers and a curved trajectory in the second chamber. 


The proposed measurement of DVCS will require exceptionally high statistical precision, which is not possible with the current design of the CLAS12 triggering system. This problem can be corrected by developing and using an intelligent trigger system, which incorporates particle tracking information in the front-end level 1 triggering hardware. In addition, JLAB has recognized the need for such a system for a host of additional experiments. However, they do not have the capability to undertake this large project in a timely fashion.  Because of the expertise required, they came to ask us at LANL if we could design such a tracking trigger system before the beam turns on in 2015.
The development of the GPD formalism is finally providing us with a clean way to access the angular momentum of the quarks. Since we are proposing a novel way to measure the neutron GPDs we will perform detailed Monte Carlo simulations of the physics and detector response. In the expected CLAS12 proton-DVCS sensitivity to GPD models assuming different inputs of up-quark angular momentum Ju values are shown in
. With slow-proton spectator tagging, similar precision for the down-quark angular momentum Jd can be reached through neutron-DVCS measurements
.


We propose a completely new and revolutionary concept for running an experiment in a 100% beam duty-factor environment, namely to introduce tracking from drift chambers in the first level hardware trigger.  By using state-of-the-art Field Programmable Gate Arrays (FPGAs), together with tracking algorithms optimized for speed and size, we will improve the trigger rate at JLAB by a factor of two while dramatically suppressing the background, and therefore allow for studies of physics not possible with the current trigger design.
Task 1:  In order to develop fast tracking algorithms and to study our method for measuring neutron DVCS (nDVCS), we will have to simulate the physics events, all physics backgrounds, and the detector response to these events.  This will require us to write a Monte Carlo simulation of the whole spectrometer system. These simulations will produce tracks that will be used to estimate real event and single particle background rates with the CLAS12 detector which we are needed to optimize magnet settings, detector design and the polarized target design for nDVCS running. We will develop different tracking procedures based on a) lookup tables, b) sliding window algorithms and c) Kalman filters.

Task 2:  Based on the simulations from Task1, we will develop and submit an experimental proposal to JLAB for 12 GeV nDVCS running. This proposal is completely complimentary to the approved DVCS program in Hall B and is essential for a complete description of the quark angular momentum. 
Task 3: In collaboration with JLAB, using part of their existing electronics, we will develop an implementation of the tracking algorithm, which will be used for the triggering. This will require that the algorithm be separated into two parts, one which will reside in the LANL- developed ADB board and a second part, which will combine the information from the ADB boards into a global trigger. The ADB part will provide tracking stubs from the two superlayers in one chamber, while the second part will do a full track reconstruction from all chambers in one sector
. 
Task 4: Design and construct the Amplifier Discriminator Board (ADB), which is the first electronic stage receiving the drift chamber signals. This device includes both the front-end analog amplifiers and digital acquisition electronics. It will consist of a low noise charge integrating amplifiers and a combination of GHz class binary discriminators (with variable threshold) and ADCs whose output data is processed in hardware by an FPGA device. The digital signal processing will involve Time to Digital Converter (TDC), overall amplitude
 on a subset of channels, and data formatting for packetization and transport. The output of the ADB is a packet of quantized data "hits" from the drift chamber for level 2 trigger processing over a dedicated optical link, and TDC data addressable from the crate controller. The form factor will be 9U VME, in accordance with existing JLAB assets, which will be reused form the previous system. Additionally, the proposed design consists of modular components that separate the analog and digital functions, allowing efficient design and integration efforts. Only 16 of 192 channels will need to be fabricated to test the entire design concept. The primary challenges of this task are to meet the density, processing, and signal transport requirements for optimal overall cost.
COULD ADD BLOCK DIAGRAM HERE, IF WANTED.
 Technical Challenges & Alternatives 

One of the challenges will be to achieve a fast tracking algorithm which has high precision, using only integer arithmetic. FPGAs are devices which excel in performing a lot of tasks in parallel at high speed, but have the shortcoming that this can only be achieved in integer math. In contrast to this are commonly used tracking algorithms are based on iterative fitting procedures, where one performs a (2 minimization. This requires floating point arithmetic to achieve the highest possible precision and is very time consuming. Our approach will be to develop algorithms which will perform tracking in integer arithmetic, albeit at lower precision. If this would result in an unacceptable trigger rate, we will use a sliding window technique, which is based on pre-computed lookup tables.

Methods, Technical Challenges & Alternatives 

Expected results

· Full Monte Carlo simulation of the CLAS12 spectrometer, including trigger rates and background rejection.

· Complete design and construction of a new amplifier / discriminator board for the drift chambers, including time to digital conversion and fast local tracking.

· Development of a new proposal for a CLAS12 experiment to measure nDVCS.

Finally, this section should describe the expected results of a successful project. A critical aspect of this section is to consider the challenges & alternatives discussed above and explain how the results may be used to assess whether the research effort has been successful. 
Schedule and Milestones

Provide a tentative sequence or timetable for the project, including milestones that are tied to the research goals. Clear go/no-go milestones should be provided for proposals with particularly high-risk components. A project plan such as that shown below is a simple (but not required) approach to presenting such a plan.
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FIG 1: A project plan graphic like this one allows a quick understanding of the major tasks, schedule, and milestones. FIGURE and TABLE Captions should be 10-point or larger fonts.
Mission Relevance & Program Development Plan

This work will address problems within the Beyond the Standard Model grand challenge.  Understanding the origin of the nucleon spin is one of the most crucial steps in getting a complete understanding of QCD and therefore the Standard Model. This work should lead to the eventual solution of the proton spin crisis, one of the highest priorities in nuclear physics. The proposed work will not only develop the foundation for a measurement of quark angular momentum, but also, through the hardware effort, enable a larger physics program at JLAB.  Successful completion of the project will enable a long-term presence for LANL at the JLAB 12 GeV facility and result in continuing DOE support for the LANL medium energy nuclear physics program at LANL. 
The expertise gained in fast analog and digital electronics, together with the FPGA software we develop, will have important applications in both the NPP and Threat Reduction programs, such as fast particle tracking on satellites and for muon tomography. Among the many challenges facing MaRIE is a high rate environment of neutral and charged particles. This detector work will be crucial for developing the next generation particle detectors, which will provide high accuracy in position determination, radiation hardness and fast track finding algorithms.  We are confident, that a detector package, which will successfully run in the  JLAB environment, will be extremely useful at MaRIE



The ER component of LDRD is designed to support building or maintaining capabilities that are crucial for addressing future Laboratory mission challenges. Describe how this project will build capability that is needed for National Security missions the Laboratory is (or will likely) target in the future. While a clear link should be drawn between the capability and future mission, it is not necessary that the proposed work have a clear link to or directly support missions. The proposal should also include a clear vision of how this work (and the capabilities developed) will contribute to future program development plan. For example, address how the results (basic knowledge, instrumentation, codes, materials, etc.) of the research proposed will form the foundation for or support new program development directions. Identify at least one Laboratory program office or manager who will be cognizant of the research and  can serve as liaison to develop relationships with potential funding sources. The suggested page limit for this section is a half-page (not including the introductory paragraph).
Subsections may be added

Subsections are not required but you may wish to divide this section into sub-sections. You may wish to choose to separate mission relevance from specific program development plans. 
Budget Justification Request 

Andi Klein and Melynda Brooks will be responsible for developing and testing the tracking algorithms, while Matt Stettler and Pat McGaughey will design the ADB board. This can only be done in close collabortation of the two teams, since the software and hardware solutions are closely related.

Provide a justification for the budget requested. Annual budget requests are made in the budget table and the UBET sheet, not here. The total requested budgets must adhere to funding limits outlined in the original call for ER proposals. This section should include a brief description of “who is doing what,” anticipated hardware and consumables costs needed to meet proposed goals and milestones.  You must justify any significant experimental M&S costs in this section and how those costs are crucial to the goals.  You will be required to upload a cost-estimate summary sheet provided by your budget analyst (typically using the UBET budget estimating tool) into Q.  The UBET sheet does not count in the proposal length. The suggested page limit for this section is less than a half page. 
Qualifications of Research Team

PI: Andi Klein P-23

Co-Investigator: Matt Stettler ISR-3, Melynda Brooks P-25, Pat McGaughey P-25

Andi Klein has 20 years of experience in electron scattering at JLAB. He has done experiments in all three halls and has contributed to major detector packages for Hall B  and C, among them the region-2 Drift Chambers for the original Clas detector in Hall B. He has also extensive experience in Data Acquisition programming and writing tracking and analysis software.
Melynda Brooks

Matt Stettler

Pat McGaughey

Key contributors to the project will be listed in Q.  This section should be used to explain why the proposed research team is qualified to conduct the proposed work.  Also describe why this work should be conducted at LANL, what Laboratory resources enable this work, and what unique capabilities and resources at the LANL are important for this work. The suggested page limit for this section is less than one half page.
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CVs for PIs and Key Investigators

Figure � SEQ Figure \* ARABIC �1�  Feynman diagram for the forward Compton amplitude describing the inclusive ep(ep(X cross section (via the optical theorem) in the Bjorken (scaling) limit of large  Q2 . (Do we want to show the neutron or proton?)








Figure � SEQ Figure \* ARABIC �2�   Feynman diagram for the virtual Compton contribution to the eN(eNg reaction. The momentum four-vectors of the incident and scattered electrons are k and k', respectively.  The electron scatters by exchanging a virtual photon of four-momentum q=k-k' with a quark in the target, (momentum fraction x±x), which then radiates a photon of four momentum q’.








Figure � SEQ Figure \* ARABIC �4� Clas12 Detector





Figure � SEQ Figure \* ARABIC �3�: Tomographic image of the nucleons through the GPDs.








Figure 5. proton-DVCS measurements(open circles) and those proposed for CLAS12 (solid), compared to different angular momentum models.Figure � SEQ Figure \* ARABIC �3�: Tomographic image of the nucleons through the GPDs














� 2007 Highest priority in the Long Range Plan of the Nuclear Science Advisory committee: (The Frontier of Nuclear Science) http://www.er.doe.gov/np/nsac/docs/Nuclear-Science.Low-Res.pdf








�This paragraph needs a conclusion and/or to be combined with the next paragraph.


�I am not that familiar with the angular momentum equation, but I thought there was an integral involved, which is why you need to have such a large acceptance detector.  I guess maybe this is included in the notation?


�Figure 5 caption is messed up – it appears that the text is part of the caption “Figure 5”


�This paragraph belongs with the physics description, I think.


�ADB has not been described yet, but maybe it is being added


�What does “overall amplitude” mean?
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