
I 

1 

Title. 

Author(s): 

Submitted to: 

Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

Neutral Current Neutrino-Nucleon Scattering 

G. T. Garvey 

International School of Nuclear Physics 
Erice, Italy, September 1522,1994 

Los Alamos National Laboratory, an affirmawe actiWequal opportunity empldyer, is operated by the University of California for the U.S. Department of Energy 
under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the US. Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution. or to allow others to do so, for US. Government purposes. The Los Alamos National Laboratory 
requests that the publisher idemify this article as work performed under the auspcces of the U.S. Department of Energy. 

Form No. 836 R5 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Neutral current neutrino-nucleon scattering 
G. T. Garvey 

Lus A l m s  National -.&oratory, Lus A l m s ,  ?M 875 L 

INTRODUCTION 

It may appear unusual to have a contribution on neutrino scattering at a school devoted to electromagnetic 
probes, as the neutrino has no known electromagnetic couplings. However, as a means to examine the hidden 
flavor currents in the nucleon, the recent results [ 1 J observed for the spin structure function of the nucleon 
have focused attention on the nucleon's neutral weak currents (NWC). When an electromagnetic probe is 
scattered elastidy from a nucleon, the NWC interactions are observable only through the detection of very 
small (> 1F6) parity-violating processes. In the case of neutrino scattering, the NWC is the dominant 
coupling. 

In what follows it will be shown how the nucleon's vector and axial vector form factors arising from strange 
quark currents can be measured via neutrino elastic scattering. preliminary results from the Large Scintillation 
Neutrino Detector (LSND) [2] at LAMPF will be presented as well as a recent analysis of an earlier 
experiment (E734) [3] carried out at Bmkhaven. 

FORMALISM - FORM FACTORS 

The formalism will not be developed in full in the following. We will present only that portion required to 
provide a background to the subject and demonstrate how experimental results are used to obtain the required 
information. 

It is well known to this group that the coupling of the proton vector current to a photon can be Written 

where p and s are the four momenta an& spin of the initial state, etc., and Ff(Q2) and F l ( Q 2 )  are the Dirac 
and Pauli form factors of the proton. In a moTe general representation using isospin and dropping the explicit 
Q2 dependence in the form factors, 



where 

5 = +1 for a proton and -1 for a neutron. The linear combination of form factors appearing in Eq. (3) is 
isoscalar while that in Eq. (4) is isovector. At Q2 = 0, Ff = 1 and FF = 0, while the anomalous magnetic 
moments at Q2 = 0 are Fl= 1.7928 and FZ = -1.9130. 

These form factors arise from the underlying quark currents in the nucleon, which are written 

where Q is the charge on quark flavor i. 

or, rewriting in an isospin representation, 

The first tern on the right is clearly the third component of the isuvector vector current in the nucleon. The 
second term is the isoscalar current. Recall that only u and d quarks carry strong isospin. Of course, at this 
time, these currents cannot be calculated because nonperturbative QCD is not yet implemented However, it 
will be seen that by using this representation for the currents, it is straightforward to relate the form factors 
that characterize the nucleon coupling to the various gauge bosons ( y, W ,Z ). 

Consider the coupling of the nucleon to the charged gauge boson W* for Q2 << M:, which is written 

f O  

where the explicit Q2 dependence of the form factor has again been suppressed. G i  and G; are the axial 
vector and induced pseudoscalar form factors of the nucleon. At Q2 = 0, G; = 1.256 f 0.003 and G; does 
not enter into any of the cases of interest to us. The vector form factors can, of course, be related to the 



corresponding electromagnetic form factors via CVC. The form factors in Eq. (8) are all necessarily 
imvector because the process is charge changing. Expressing the weak charge-changing currents in terms of 
the underlying quark currents, one has 

As the initial and final state must be a nucleon, the only quark flavors (0 that can enter the sum over i are u 
and d. Charge changing involving any other flavor would produce a nucleon in the final state. Written in this 
form, it is immediately evident that the vector current in Eq. (9) is the isovector nucleon form factor of Eq. (4) 
obtained from the coupling of nucleons to the photon (CVC). 

The nucleon’s coupling [e] to the 2’ is specified by three form factom for Q2 <e Mz, 

In terms of quark currents, Eq. (10) is written as 

The fmt term on the right is a quark current identical to the charge-changing coupling to the W*, while the 
second term is an additional vector current due to the photon admixture in the 2’. However, in both terms 
the sum over flavors is no longer restricted to only up and down quarks, as a quark need not reveal its flavor 
in neutral current scattering. It has been shown [4] that it is sufficiently accurate (2%) for our purposes to 
restrict the sum over u, d, and s. It is straightfornard using Eqs. (2) and ( 7 x 1  1) to write 

( 1 2b) F f o  = (1 - 2sin2 &) F;rz - 2sin2 &F; - - Ff , 
2 

S 

Ffo = (1 - 2sin2 &) Fzrz - 2sin2 & I F ;  -% , 
2 

etc. The nonrelativistic reduction of @(p’,s’) yp? g(p ,s )  is +(p,s’) (T #(p,s), so that G; is a measure of 
the strangeness contribution to the nucleon’s spin, which accounts f6r its great contemporary interest. It 
provides a totally independent way to measure the strangeness contribution to the nucleon’s spin. It avoids 
the difficulties of higher twist contributions, extrapolation to x + 0, and assumptions of SU(3) symmetry, all 
of which are encountered in extracting the same information from the spin structure functions. Though much 



I 

simpler in concept than polarized deep inelastic scattering, a precision measurement of neutrino-nucleon 
scattering is formidable. a 

NEUTRINO-NUCLEON CROSS SECTION 

In terms of these form factors, the complete expression [3,9,10] for neutrino-nucleon scattering is written 

V 

- = L T [ A ~ B @ + C @ ~ ] ,  do' G2 Q2 
dsz 2% E, 

I where 

4 4  Q2 Q2 7'  -7' M M  4M 
and 

B=I.G~~(FIZO 4 +F:'), 

'=ZF[ M 2  Gzo2 A + Ffo2 + 

Thus, by referring to Eq. (13), one can see that the neutrino-nucleon electron scattering cross section is 
specified in terms of known kinematics and known form factors apart ftom the strange form factors F:, Fi, 
and Gi. These strange form factors can be sorted out via their very diff'nt Q2 and via interference effects 
explicitly shown in m. (14). A discussion of the Q2 dependence of the form factors is found in Refs. [ 101 
and [ll]. 

At low Q2, Q2 << M 2 ,  the cross section is essentially independent of Q2 and dominated by the value of 
Gzo (0). Figure 1 shows the predicted cross sections for v-p and v-n scattering, both for Gi(0) = 0 and 
Gi(0) = -0.19. The latter is the value extracted by the EMC p u p  based on measurement of the proton spin 
structure function. This value of Gi has a 25% effect on the yield, increasing the proton cross section and 
decreasing the neutron cross d o n  because of the explicit isospin dependence evidenced in Eq. (12a). The 
effects of G i  (0) on the cross Sections are shown explicitly in Figs. 1 and 2. 

EXPERIMENTAL CONSIDERATIONS 

The only observable in neutrino-nucleon scattering is the recoil momentum of the struck nucleon. The kinetic 
energy of the recoiling nucleon is given by 
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Fig. 2. Same as Fig. 1 but for neutrino-neutron elastic scattering. 



Thus, neutrinos of 100 MeV or more must be employed to yield detectable signals ( TN > 20 MeV) in the 
large detectors (100 tons) required to yield a useful number of events. Thus, neutrinos that originate from 
decay of mesons in flight are required. 

A direct, precise (596) absolute measurement of neutrineproton elastic scattering is difficult because it 
requires a precise knowledge of the neutrino flux, and it is generally not possible to separate scattering off free 
protons from those bound in the other nuclei typically present in the detector. An alternate procedure is to 
measure the ratio of proton-to-neutron yield from isoscalar (N = 2) nuclei present in the detector. For light 
(2 S 6) nuclei, the bound states of neutrons and protons are identical to high accuracy (<1%), and as long as 
sufficiently energetic nucleons are detected, the effects of the Coulomb field on the final states are small and 
readilytreated. 

In the example presented below, the detector (LSND) consists of mineral oil (m) to better than The 
nuclei in such a detector are an example of an isoscalar target, and by selecting nucleons with kinetic 

energy above 60 MeV, contributions h m  the H nuclei can be avoided. The nucleons from v-C scattering 
can have higher fmal kinetic energy than free v-p scattering because of the Fermi momentum in the initial 
bound state. 

Figure 3 shows a calculation of the ratio of neutron-to-proton yield from 200-MeV neutrinos on 12C from 
Ref. [12]. In the absence of a strangeness contribution to the form factors, the ratio of proton-to-neutron yield 
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is 0.88 however. With G i  = -0.19, the ratio becomes 1.45. In a very different calculation carried out in 
Ref. 1131 at E, =150 MeV, very similar results are found. Thus, the ratio of neutron-to-proton yield from an 
isoscalar target is very sensitive to G i  and insensitive to details of the neutrino flux. This effect is reflected in 
Figs. 1 and 2 where the dependence of free neutron and proton cross Sections is sensitive to the neutral current 
coupling to each nucleon type. While final-state interactions might be a concern, the calculations of Ref. [ 121 
show them to be a small correction. 

Using the vP spectrum of Fig. 4 and accounting for the VP s that are present in the LAMPF decay-in-flight 
beam produces the result shown in Fig. 5. Because the momentum transfer must be higher ( Q2 > 0.1 1 GeV) 
to obtain E, > 60 MeV, there is some sensitivity of the proton-tcmeutron yield to Fi(0). Figure 5 shows the 
neutron-tu-proton yield, reflecting the maximum expected range of Fi(0). However, it is likely that the value 
of Fi(0) is small, and at any rate it will soon be measured. If the value of Fi(0) is taken as known, then a 
10% measurement of the proton-&neutron yield fures the value of GJO) to fo.035, an attractively small 
uncertainty at this stage of our knowledge of strangeness contributions to the nucleon spin. 

THE LSND EXPERIMENT 

Pions produced by the 800-MeV LAMPF proton beam produce the decay-in-flight neutrino flux shown in 
Fig. 4 at a distance of 25.5 m from the production target. fire production target is at the LAMPF beam stop, 
so these neutrinos are available whenever the accelerator is operating. As follows from Eq. (15), neutrinos of 
more than 160 MeV are required to produce recoiling nucleons with kinetic energy above 50 MeV. Thus, 
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Fig. 5. predicted values of the vp/vn ratio for different values of Fl as a function of Gs. 

only the upper end of the v spectrum shown in Fig. 4 is relevant to the following discussion of neutrino- 
nucleon scattering. 

LSND is a v detector employing 200 tons of mineral oil (CH,) supplemented by the addition of a small 
amount of scintillator (0.03 g/l Butyl PPD). This mixture [14] permits the detection of scintillation light 
without obscuring the brenkov ring produced by highly relativistic (u/c > 0.66) particles. The 1240 20.3s 
diameter Hamamatsu PMTs provide 25% coverage, which yields 31 PES per MeV of electron loss and 10 
PES per MeV for protons. For a highly relativistic particle, some 25% of the light is in the Cerenkov ring. 

Figure 6 shows a diagram of the detector, which is 8.75 m in length and 5.72 m in diameter. An elaborate 
data acquisition system records the individual PM charge and time of arrival of the initial photoelectron (to 
0.8 ns precision/tube) every 100 ns. A continuously updating buffer retains these data for 200 ps, which is 
selectively accessed when the detector trigger is activated. Upon being triggered, the previous 52-ps history 
of all tubes above their discrimination threshold is presented along with the event itself. The triggering system 
also allows a 1-ms search for subsequent low-energy (M.6 MeV) activity in the detector following specified 
trigger levels. 

The detector is placed within a highly efficient veto shield that was designed and used in an earlier experiment. 
The shield is operated in an anti-coincidence mode with the trigger and imposes a 15-ps dead time on the 
trigger to suppress the high rate that would otherwise occur from the electron decay of CR muons that stop in 
the detector (23%). A complete 50-w history of the 300 PM tubes in the veto shield is also obtained with 
each triggered event. 

Figure 7 shows the relative number of events recorded as a function of the number of hit tubes. The events 
shown construct as being at least 50 cm inside the volume defined by the PMT faces. The trigger level was 
set at 100 hit tubes; however, when the number of hit tubes exceeds 300, the trigger threshold is dropped to 
18 hit tubes for the subsequent 1 ms. The overall trigger rate is approximately 35 H. The peak just beyond 
100 hit tubes is due to "B beta decay. The 12B is p rodud  via p- + 12C -+ vp + 12B. The events between 
200-500 hits are, for the most part, Michel electrons from the decay of stopped CR muons that have not yet 
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Fig. 7. The events recorded in the LSND detector as a function of the number of hit tubes. 
The detectar trigger level is set at 100 hit tubes. When the number of hit tubes exceeds 
300, the trigger level drops to 18 hit tubes for 1 ms. The rate of Michel electrons is 
suppressed by a factor of 7 x 104 by the 15.2-pec dead time imposed by triggering 
the veto shield. 

decayed after the 15.2-ps CR veto signal. The events out beyond lo00 hit tubes are CR muons that slip 
through the first level veto (> 6 hit tubes in the veto counter). The events below channel 100 are those that 
occur in the 1 ms following events that fired more than 300 tubes. 



Figure 7 shows the remarkable dynamic range that has been achieved with LSND. Cosmic-ray muons 
deposit up to 2 GeV in the detector, while yrays as low as 0.6 MeV are detected in the triggered 1-ms 
interval. 

LSND is capable of particle identification because of its sensitivity to &renkov light, which in addition to 
having a directional correlation in the associated light, yields a smaller fraction of late light ( E  > 20 ns) than is 
the case for light from the scintillation process. The ID signal associated with an event is generated by a 
threefold product of the variance in an event's position, the variance in the event's positioncorrected time of 
the PMT's discriminator firings, and the variance in the fit to the angular distribution of the observed light 
assuming the light is generated by an electron. Figure 8 shows the ID signals for 180 vp + 12C + p- + X 
events with subsequent p' + e- vp v, decay. The first of these pairs of signals is the muon followed by the 
electron. The electron ID signal is seen to be well separated h m  the muon ID. 

Neutron identification is carried out by the detection of the 2.2-MeV yray that follows neutmn thermalization 
and capture on the hydrogen (q) in the detector. The rate of all events between 18 and 50 hit tubes is 1 KH 
or about 6 H/m3. 

The mean time for neutron capture in LSND is calculated to be 186 ps, dominated by the capture time on 
hydrogen [n + p  + d + y(2.22 MeV)]. Figure 9a shows the spatial separation between the yevent and the 
earlier event, the unshaded region of the figure shows the spatial correlation for events occurring between 0- 
300 ps, while the shaded region shows the events occurring between 700-1000 ps. The correlation in the 
earlier time bin is manifestly evident. The difference in the distribution of the number of hit tubes (Fig. 9b) 
over these two intervals is also manifestly clear, the unshaded area being what one expects for 2.2-MeV y 
rays, while the shaded spectrum is typical of the background in the tank. Figure 9c shows the time cmlat ion 
between the triggering event and the subsequent yray. The time correlation shows the expected mean time to 
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Fig. 8. Plot of the particle identification signals for muons and electrons from a sample of 
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Fig. 9. (a) The separation between the position of the initial event and a subsequent gamma 
ray. (b) The number of hit tubes for events in the first 300 ps (unshaded) and events 
in the interval 700-1000 ps. (c) Time interval between the triggering event and a yray 
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capture. Our efficiency for detecting neutrino via the capture yrays is in excess of 75% with a less than 10% 
accidental backpmd. 

Thus, the identifiition of e, p, p, and n is canied out as follows. Electrons are uniquely identified by having 
a particle ID signal 0.2 5 xL 5 0.8. Muons are identified via 0.8 5 xL 5 2.5 with a subsequent electron decay 
(small corrections need to be applied for the small hc t ion  of p- that capture on ‘*C). Protons have 0.8 S 
XL 5 3.0 with no subsequent radiation. Neutrons have 1 S xL S 3.5 and are separated by a 2.2-MeV yray 
within 250 cm and 500 p.  A variety of other cuts are applied to eliminate cosmic-ray background. 

Because the CR background is so large, it is necessary to subtract the “beam off signal from the “beam on” 
signal to establish the beam excess. No gates are used in this process, rather a bit is set when the beam- 
sensing pick off records protons exiting the accelerator. The beam-on to beam-off ratio is fixed via the 
number of tagged to untagged events of cosmic-ray origin. 



In the initial run of LSND in October 1993, a total of 214.5 f 85 beam excess neutrons plus protons with 
energies above 36 MeV were observed, The number expected was 239. Above 60 MeV 44 f 24 proton 
(566 predicted) and 26.5 f 28 neutrons (7 predicted) were found. The spectra shown in Fig. 1Oa and b are in 
agreement with expectation. A great deal more data will be accumulated on the August 1 1-November 30 run 
of this year due to longer running time, higher beam intemsity, and lower thresholds. 

It appears that measuring the axial vector form factor in low-energy vnucleon elastic scattering is an excellent 
way to probe the spin structure of the nucleon. While experimentally difficult, it does not suffer from the 
problems that beset interpreting spin structure functions (extrapolation to x = 0, higher twist correction, 
assumption of SU3 flavor symmetry). The early results from the LSND are encouraging but do not allow an 
estimation of the eventual accuracy to which G,(O) will be determined with the 94-95 runs at LAMPF. 

HIGH-ENERGY V-N SCATTERING - AGS E734 

Befare concluding, I want to call your attention to the recent reanalysis [l] of the currently best experiment [3] 
on high-energy (E, > 1 GeV) neutrino-nucleon elastic scattering. Using the results of earlier analysis, several 
authors [4,5] had cited AGS-E734 as supporting the EMC value for GJO). However, that is too strong a 
statement. Using the formalism indicated in Eqs. (12)-(14), along with a standard parameterization of the 
known form factors, E734 was reanalyzed 1111. In the original analysis [3], E734 used the then world 
average far MA (1.032 f 0.036 MeV/?) in the isovector axial form factor, while yielded G, = -0.12 f 0.07. 
However, in a subsequent publication [15], E734 reported a new value MA = 1.09 f 0.03 f 0.02 MeV/c2, 
which raised the world average to its present value of MA = 1.061 f 0.026. As shown in Table I (from 
Ref. [ 1 I]), the data can readily be fit within the new world average for MA with all strange form factors set 
equal to zero. A lower value of x2 can be achieved by allowing MA to drop to 1.049 GeV, whereupon 
G (0) = -0.15 f 0.07. However, it is clear that little progress can be made in the detednation of Gs(Q2), 
Q' > 0.5 GeV2 unless MA is m o ~ e  precisely determined. This appears possible to do in a new dedicated 
experiment, which would have to obtain both precise charged and neutral current data. 

Table I. The fit results for the strange form factors Gf(0) = &, Ff = -(l/6)(rz), and Fi(0 )  = ps, and the 
axial-vector dipole mass MA (from Ref. [ 141). 

Fit MA 

I 0 0 0 1.086 f 0.015 14-12/14 
II -0.15 f 0.07 0 0 1.049 f 0.019 9.73/13 
m -0.13 f 0.09 0.49 f 0.70 -0.39 f 0.70 1.049 f 0.023 9.28/11 
IV -0.21 f 0.10 0.53 f 0.70 -0.40 f 0.72 1.012 f 0.032 8.13/11 

The E734 data do, however, an excellent job of fixing the sum of the strange vector form factors 
Fl(Q2)+ F2(Q2) at Q2 = 0.75 GeV/c2. This is because E734 obtained da/dQ2 for both vp and Vp, and 
the difference in these cross sections is ovemed by the interference term appearing in 4. (14). Figure 11 
shows the values of G M ( Q ~ )  and G,(Q ) extracted from the analysis of Ref. [ll], along with some of the f 
theoreti& predictions for these quantities. 
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Fig. 11. The value of GM(Q2) = Fl(Q2)+ F2(Q2) at Q2 = 0.75 GeV/c2 extracted h E734 
(AGS). The other points are projected from appved experiments employing parity- 
violating Z,e scattering. The central values of these projections use predictions [ 163 
for the s m g e  vector form factors. The figure is from Ref. 1171. 
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