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Abstract.   We have started a program of colliding polarized protons in the Relativistic Heavy Ion Collider (RHIC) at Brookhaven.  This is the first polarized proton collider.  We plan to probe the spin structure of the proton with strongly interacting probes, polarized quarks and gluons, to complement work with polarized lepton probes which observed that only 25% of the proton spin is carried by quarks and anti-quarks.  We will also use parity violation to search for new physics, such as quark substructure or a Z’ boson.  The collider is unique.  We will be probing QCD with a completely new tool.

A Brief History of Proton structure

Our understanding of the structure of the proton, in the case of spin-averaged physics, has advanced from a naive 3-quark model, to a deeper understanding. We see the proton now, through the theory of Quantum Chromodynamics, as being made up of 3 “valence” quarks, gluons, and “sea” quarks and anti-quarks. Roughly half of the momentum of the proton is due to this other stuff.  The spin-averaged cross section for deep inelastic scattering of leptons from protons can be calculated using factorization. The scattering is represented by a factor containing the proton structure, and a factor giving the hard scatter of the virtual photon with the quarks and anti-quarks in the proton, integrated over momentum space and summed over the partons. This picture is shown in Fig. 1 [1].  The figure shows the remarkable success of this prescription, holding for data from experiments from SLAC (fixed target, ep), CERN (fixed target, (p), and HERA (collider, ep).  Fig. 2 shows a new preliminary result from the PHENIX experiment at RHIC [2], data taken in January of 2002.  The inclusive (0 cross section for spin-averaged collisions of protons versus pT((0) is also described, over 7 orders of magnitude, by this factorization prescription.  Here, an additional factor is used to represent the fragmentation of the outgoing parton (quark or gluon) into the observed (0.


The first spin studies of the proton came out of pioneering work beginning in the late 1950s at Yale, where a polarized electron gun was invented, called PEGGY.  This device was used at SLAC to probe the proton’s spin structure, and it was found that the quarks with a large fraction of the proton momentum were highly polarized [3].  Sensitivity to the quark spin derives from simple angular momentum sum rules for a spin-1 photon interacting with a spin-1/2 quark, referring to the factorization picture shown in Fig. 1.  Subsequent experiments, extending to the present time, have shown that, on average, the quarks and anti-quarks carry only about 25% of the proton’s spin.  Thus, in the sum rule for the proton’s spin structure [4],
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the quantity in brackets is of order 0.25.  The quantities (q and (
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 represent the difference in number density for helicity ( and helicity ( quarks and anti-quarks in the proton.  (g represents this difference for gluons, and Lorbit refers to the orbital angular momentum of gluons, quarks, and anti-quarks.  This equation also represents an integral over momentum space for the partons in the proton.
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Fig. 1.  Measurements of spin-averaged deep inelastic scattering versus Q2, with pQCD NLO fits [1].  The measurements at different momentum fraction x are displaced by a constant c(x) for clarity.  The fits show that pQCD describes unpolarized DIS from fixed target to collider energies. 

Is this surprising or a “spin crisis”?  At first it was.  However, it can be argued that our first model of the spin structure, where the spin is carried only by the valence quarks, was just naive.  After all, there is now a lot of extra stuff in the proton—why shouldn’t it carry some of the spin?  This is a quantitative issue, and first less naive models predicted that about 60% of the proton’s spin should be carried by the quarks, with the rest carried by angular momentum.  What we learn is that the proton’s spin structure is also much more interesting than our original picture.  We also learn that physics can be driven by curiosity, and not necessarily with theoretical underpinning.  The development of PEGGY by Vernon Hughes predated quarks and QCD.
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Fig. 2.  The PHENIX Preliminary (0 cross section at mid-rapidity for spin-averaged proton-proton collisions at RHIC, at 
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= 200 GeV [2].  The curves show an existing pQCD calculation (not a fit), for three choices of fragmentation scale. 

 The power of rhic


Leptons probe the proton through electric charge.  They miss the gluons and do not distinguish between quarks and anti-quarks.  RHIC probes the proton through deep inelastic scattering of strongly-interacting polarized quarks and gluons from the internal structure of the proton.  This scattering is sensitive to spin through angular momentum selection rules, analogously to polarized lepton DIS.  Longitudinally polarized protons collide and hard scattering (high pT or high mass) selects deep inelastic scattering, as in Fig. 2 for the spin-averaged cross section.  Spin asymmetries are measured, comparing cross sections for like helicity and unlike helicity protons producing quarks or gluons (jets, (s, heavy quark jets in final state), directly produced (s, or W( bosons.  These asymmetries are directly proportional to the polarization of the initial state partons.  The RHIC program [5] is to directly measure the polarization of gluons (through (, jets, (, heavy quarks), u, 
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 (through parity violating production of W(), and d, 
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 (parity violating production of W().  We will also use transverse spin to probe the proton, and our first run produced large spin asymmetries for this.  

A major part of the program is to probe the strong interaction with this new tool.  Parity is violated for any single beam helicity asymmetry.  This will be exploited for the flavor separation of the quark and anti-quark polarization discussed above, via the parity violating production of Ws.  By looking for parity violating signals beyond standard electroweak physics, we will be sensitive to quark substructure and other possible new physics at the scale of the higher energy Tevatron.

siberian snakes


In a circular accelerator or storage ring, the spin of a particle in the horizontal plane precesses around the vertical guide field a(( full revolutions of the spin per turn of the particle around the ring, where a is the anomalous magnetic moment of the particle, and ( = E/m.  In RHIC, with protons, using aproton= 1.79, and at the full energy of 250 GeV, a(( = 477.  The spin in the horizontal plane precesses 477 revolutions per turn of the beam around RHIC.  Spin resonances come from the beating of the precession of the spin around the vertical guide field of the accelerator, and the precession of the spin around horizontal magnetic fields in the accelerator.  Radial magnetic fields, from quadrupoles that focus the beam vertically, are examples of these fields.  In RHIC there are spin resonances each 500 MeV of acceleration, and each would completely depolarize the beam if nothing were done [6].


A Siberian Snake is a set of magnets which rotates the spin 180o about a horizontal axis. RHIC has two Snakes in each ring, 180o apart in azimuth. The pair of Snakes in each ring have orthogonal precession axes.  Consider the motion of the spin during a spin resonance.  The stable spin direction is vertical.  At a spin resonance, the spin will move away from vertical, developing horizontal components, due to the beating from precession about the guide field and precession around horizontal fields.  The spin resonance comes from these horizontal components of the spin adding in subsequent turns.  Each Siberian Snake reverses one component of the spin each turn, so that these deviations cancel each pair of turns, rather than add.  The vertical component of the spin is maintained each turn, although it is opposite in one half of the ring compared to the other half.  

This device was invented in 1973 [7] and the idea was tested at low energy at Indiana, using a solenoid for a Snake [8]. At RHIC, the Siberian Snakes are four 4 Tesla helical dipoles.  RHIC was the first application at high energy, and polarized beam was successfully accelerated to 100 GeV on the first try [9].  Fig. 3 shows a RHIC store, and polarization measurements at the injection energy of 24 GeV and at the storage energy of 100 GeV [10].  

A very short history of p( ( p(

It is very difficult to accelerate polarized protons due to the large anomalous magnetic moment of the proton.  Previous experiments have been done with polarized protons incident on polarized targets at the ZGS, Argonne, at 12 GeV, at the AGS at 22 GeV, and at Fermilab, at 200 GeV. The Fermilab beam was derived from the tagged weak decay of unpolarized ( hyperons, produced by unpolarized protons.  At these lower energies, there have been surprises.  In 1976, Alan Krisch’s group observed a factor of 4 higher cross section for beam transverse proton spins parallel vs. anti-parallel, for elastic scattering [11].  The ratio increases from about 1 at pT= 1.9 GeV/c to 4 for pT= 2.3 GeV/c.  This effect has never been explained. 
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Figure 3.  Measured physics asymmetries along with the polarized proton intensity as a function of time, for a typical fill.  The figures show the blue ring (top), and the yellow ring.  The closed points show the horizontal asymmetry, and the open points the vertical asymmetry, with the scale on the left axis.  For a vertical polarization, only a horizontal asymmetry is expected.  The first measurement in the blue ring was at 24 GeV, and all other measurements are at 100 GeV.  The thin lines show the beam intensity, referring to the right axes.  See [10] for details.

At about the same time, ( hyperons were observed to be highly polarized when produced using an unpolarized proton beam on an unpolarized target.  A transverse polarization of (30% was observed, or a ratio of  N((()/N((() = 1.9, for a 300 GeV incident proton beam [12].  At the time it was believed that there could be no significant spin effects at Fermilab energy.  This effect has not been explained, although it has been used for precision measurements of hyperon magnetic moments ((, (, ().  

A large transverse asymmetry was measured at Fermilab for pions inclusively produced from 200 GeV polarized protons incident on an unpolarized target [13].  The asymmetry reaches N(left/right) = (2 for ((, (3/4 for (0, and (2 for ((.  Again, this large spin effect was completely unexpected.  

I have learned two lessons from these experiments.  First, when you first look at a new degree of freedom, expect the unexpected.  Second, do not confine your searches to only “allowed” regions of parameter space.  

The first rhic run with p( ( p( collisions


The first run, in December 2001 and January 2002 collided 25% polarized protons at 
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= 200 GeV, with luminosity 1030 cm-2s-1.  Two large spin asymmetries were reported at the Spin2002 Conference this September, both left-right asymmetries from transversely polarized protons, summing over the spins of the protons in the other beam.  (At RHIC, the polarized protons are loaded in few ns long bunches, 55 bunches per ring.  The bunches alternate in polarization sign for one ring, and pairs of bunches alternate in sign for the other ring.  Therefore, we collected combinations of ((,((,((, and (( collisions each fill of RHIC, and the signs changed each crossing, or every 200 ns.)  Left-right spin asymmetries were observed for very forward neutrons, and for forward (0.


A single transverse spin asymmetry for neutrons with pT< 0.5 GeV/c is seen in the azimuthal distribution shown in Fig. 4 [14].  This was done by the PHENIX spin group, and the measurement was confined to very forward neutrons due to detector considerations.  The goal of the measurement was to find a monitor for the polarization direction in collision at the experiment.  The neutron asymmetry will be used in 2003 to set up spin rotators that will be used to provide longitudinal polarization at the experiment. 


The STAR experiment used electromagnetic calorimeters close to one beam vacuum pipe to measure the left-right asymmetry of produced (0s.  Fig. 5 shows their result [15].  A large asymmetry was observed, for pT= 1.5 to 3 GeV/c, plotted versus the fraction of the (0 energy to the beam energy.  The hashed area is an estimate of systematic error.  This asymmetry is very similar in magnitude and sign to the results from much lower energy at Fermilab.  Some theoretical curves are shown in the figure.  The largest supposes that a polarized quark is scattered from the polarized proton (this would represent a large transversity), and that the polarized quark fragments with a large analyzing power to a (0 (this would represent a very large Heppelmann-Collins analyzing power).  Neither hypothesis is experimentally known yet, although this analyzing power is being measured by the Belle experiment.


These spin asymmetries demonstrate, already, that at 
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= 200 GeV, strong spin effects persist.  The first run at RHIC with longitudinal polarization takes place this spring, 2003.
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Fig. 4.  Asymmetry for very forward neutrons produced from polarized proton collisions by the PHENIX spin group at RHIC, pT < 0.5 GeV/c, versus azimuth [14].  The neutron was identified, but with poor energy resolution, so that the neutron energies were poorly known.
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Fig. 5.  Asymmetry for forward (0 production for polarized proton collisions for 
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= 200 GeV, from the STAR experiment at RHIC [15].  The pT range is 1.5 to 3 GeV/c.

THE future


A preview of the RHIC program is described in [5].  One exciting prospect is to use parity violation to search for new physics.  By summing over the spin states of one beam, dependence in the production of jets (or other probes) on the helicity of the other beam violates parity.  Even before the discovery of the W boson, parity violation was proposed as a means of removing the strong interaction background to identify W( q ( 
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events. Taxil and Virey have shown, in Fig. 6, that the STAR experiment will be sensitive to quark substructure at  a scale above 2 TeV, competitive with the Tevatron [16].  From experimental considerations, a parity violation signal (at RHIC) would be a much more robust indication of new physics than a tiny deviation of a jet cross section from QCD [17].   They also show the sensitivity for discovery of different Z’ bosons.  New physics at scales above the W and Z boson masses could be expected to maximally violate parity.  From day 1, we will all search for the unexpected with this unique tool.
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Fig. 6.  Sensitivity at RHIC for quark substructure and Z’ bosons, via parity violating production of jets [16].
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