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Experimental properties of neutrino-induced jets. J.e. Vander Vcl~(  

We� analyze a sample of about 2000 charged-current neutrlno­

proton interactions with� neutrino energy greater than 10 GeV 

produced in the 15-ft. hydrogen bubble chamber at Fermilab 

using a broad band neutrino beam. We study the details of 

the hadrons produced and find generally good agreement with 

the quark-parton model and present parametrizations of quark 

fragmentation (D) functions. The D functions are found to be 

independent of Q2 an~'W (total hadronic mass) for W > 4 GeV, 

in agreement with the model. The height of the rapidity 

plateau in the quark (current) fragmentation region is 

compared to that of the di-quark (target) fragmentation region 

and the two are found to agree. The mean transverse momentum 

PT of the hadrons is studied for its Q2 and Feyn~An-X depend­

ence. We find a sizeable increase of <~)  with Feynman-X 

which agrees, however, with our longitudinal phase space 

model. We find no statiscallysignificant dependence of 

<~)  on Q2, up to Q2 "" 64 Gev2, although the highest momen­

tum hadrons are consistent with a mild Q2 dependence. There 

are no effects of high "primordial" parton momentum apparent 

in the data. No effects of gluon radiation are found in the 

Q2 dependenCe of the phase space density of particle produc­

tion near zero c.m. rapid1ty. 
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1. Introduction 

I will discuss some results on the properties of single 

and correlated hadrons made in the ha.dron "jet" via the 

reaction 
vp ~ ~- + jet� 

We know the direction of the jet to within ± 10 in these� 

. events and the individual charged hadrons' vector momenta 

are measured to better than a few percent. Hence we have 

an excellent method to study the detailed properties ot' 

hadron jets. 

The elementary process that forms the jets is believed 

to be the interaction of a virtua.1 W+ weak boson with a d 

quark in the proton--changing it to a u quark. In the c.m. 

ot the overall hadronic system we can picture this as follows: 

PDW(l P .. W (X ) 
·Before" 

\10-

l ~ r:x 
. .. , ~it ~ _ !=X) 

d> 1�" w+ 't ~  

(uu+g1ue) 
.1' W 
P-2 

P .. W/2 P .. W/2�
·Just atter"� uJ.. ~ 

(uu+g1ue) 

"Long after" ~ 4 
Target fragments Current fragments 

Looked at in this way, each event consists of a pair ot 

back-to-back Jets; one tormed from the fragmentation of a 

u quark and the other formed from the spectator reoains of 

the target proton which consists of two u quarks and some 

gluons, qq pairs, etc. We have indicated on the diagram 

the momenta of these elemental objects, before and after 

the collision, expressed in terms of·the overall invariant 

hadronic mass Wand the Bjorken scaling variable x • 

2. Basic Properties 

We will start ~y.'  showing a few of the general properties 

of the jets we observe. Our data indicate that the proper­

ties of the "current jet" and the "target jet" are qUite 

similar. In Fig. 1 we compare the rates of hadron produc­

tion vs. rapidity in the two regions and find that they are 

equal within statistics. (The cuts are made in order to 

separate the two regions). This may indicate that in purely 

hadronic processes the jet formed by a single quark e~nating  

from a hard scattering will be similar to the diquark jet 

tormed by the remains of the parent nucleon. 

The angular confinement of the total hadronic system, 

if we think of it as a single "jet", is illustrated in Fig. 2. 

The larger the jet momentum, the smaller is the fraction of 

its energy that appears outside a given lab angle. Fig. 2 

should give the hadron jet experimenter a rough idea of what 

traction of the jet's energy can be captured in a fixed-angle 

apparatus. 

The traction of longitudinal momentum carried by the 

fust and second highest momentum part~les is shown in Fig. 3. 

... () (.\ 
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- 6 - I(Figs. 2 and 3 are smooth curves drawn through the data). 

I ,The data of Fig. 3 also scale in the sense that the fraction 

Iot the remaining momentum carried by the "second" (ignoring� 

the "first") is distributed (not shown) just like the fraction� 

of the total that the "first" c~rries. 
 

We now turn to some more details of these events looked 

. at in the context of tne quark-parton model. The W distri­

bution for 1670 events (which we believe to be - 9~ pure vp 
. " 

charged current) is'shown in Fig. 4. The cuts shown on the� 

figure are made to purify the charged current (CC) sample.� 

They are described in detail in Ref. 1. The sharp peak near� 

1 GeV represents the exclusive channel vp .. 1L-+(6++"P1T+).� 

According to Feynman's idea [2) a given struck quark� 

should develop into a jet of hadrons ("fragment") 1n a way� 

which is independent of the kinematic variables (Wand Q2)� 

associated with its formation. In Fig. 5 we see that the� 

average number of charged perticles is indeed independent� 

of Q2 for various Wvalues. Fig. 6 indicates that the number� 

of positive and negative high Z hadrons per event changes� 

with Wfor low Wvalues but appears to approach a constant� 

plateau for W>4 GeV. Hence one of the basic assumptions� 

of the quark-parton model - that quark fragmentation is inde­�

pendent of Wand Q2 - is confirmed by Figs. 5 and 6, at least� 

for W> 4 GeV and 2 < Q2 < 64 GeV2• (Z is the longitudinal� 

traction of total hadronic momentum carried by a given hadron.)� 

The solid curves on Fig. 6 are from a Monte Carlo cal­

culation described in detail in Ref. 1. The calculation is 

meant to account for the "kinematic" effects of longitudinal 
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phase space and char~e  conservation, and so it generates 

hadrons with a flat distribution in (the W rest fra~e)  rapidity 

and an exponential 1n the transverse mass but no 

or charge-charge correlations (e.g. clusters or 

are put in. We refer to the medel ca~culations  

lated Monte Carlo" (UMC). The generated events 

charge-neutral 

resonances) 

as "uncorre­

are passed 

through the same event reconstruction procedures and cuts as 

the real events and th~s·allow  us also to evaluate our biases • 

Encouraged by t~e Q2 independence and Fey~ scaling 

properties of the events (Figs. 5, 6· we proceed to examine 

further details of these back-to-back quark-diquark systems. 

The first thing we note is that they have a definite jet-like 

character, as illustrated in Fig. 7. We plot the average 

value of p~  vs. W for particles in two different Fe~n~~n  X 

(XF) regions. In both regions {pi> rapidly attains a maximum 

value which is much less than its kinematically allowed value 

of w2/4. This means that we are indeed observing -jets" With 

a severely limited transverse momentum distribution not unlike 

that of the exponentially cut-off UMC model in which d20/dYdP~  

_ e-b~ (with ~  = transverse mass and b = 6 GeV-l). We 

will say more about the Q2 and XF dependence of {P~>  later. 

3. Longitudinal Properties 

The sine1e particle inclusive properties of the quark­

diquark Jet can be examined in terms of longitUdinal, trans­

verse, and azimuthal variables. In order to deal only with 

events in the scaling region of Fig. 6, we make a 'high W" 

selection of W> 4 GeV in addition to the selections shown 
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on Fig. 4. The resulting distributions for h- and h+ 

hadrons are shown plotted vs. the longitudinal X variable
F 

in Figs. 8 and 9. We see that both distributions, and 

hence their ratio, are fairly well re)resented by the UMC 

model. This indicates that a quark fragments into hadrons 

in a manner which approxima..es longitudinal phase space in 

its single partiCle inclusive aspects. Figs. 8 and 9 repre­

lent the so-called D.fUnctions ot Feynman [2] integrated 

over transverse momentulII and using Xl" instead of Z as the 

longitudinal variable. 

4. Charge Distribution 

Field and Feynman suggest (FF2)[3] that when a high 

energy quark fragments its properties will be most strongly 

correlated to those of the highest momentum ("fastest") 

hadron observed. They have made predictions for the distri­

bution in ~  of the fastest positive and fastest negative 

hadron in each event, where ZR is the fraction of the total 

charged hadron momentum carried by the fastest charged hadron. 

These predictions for a fragmenting u' quark are shown in Fig. 

10, and are in good agreement with the data. We also show the 

UMC calculation. It is somewhat surprising that the UMC 1II0del 

gives such a good description, since it has no input charge 

correlations other than those arising from charge conservation. 

The difference between the fastest positive and the fastest 

negative distributions in the UMC arises solely from the fact 

that there are more positives than negatives generated in each 

event, and hence the fastest one i8 IIIOre likely to be positive. 

This difference between positives and negatives will diminish 

at higher Wvalues but the predicted char~e  with Wis slow 

due to the logarithmic increase in charged particle multipli­

city put into the UMC model. In any case, at our present 

energies, Fig. 10 does not give evidence for the charge of 

a fragmenting u quark, but simply reflects overall charge 

conservation in the events. 

5. Transverse Momentum Properties 

We now examine the transverse momentum (PT) properties 

of the produced hadrons relative to the overall hadronic 

(Virtual w+) direction in the lab. This is of interest in 

looking for effects of gluon bremsstrahlung from the struck 

quark and/or "primordial" parton momentum in the struck proton. 

Such effects are conjectured to cause (PT) to be an increasing 

function of Q2 a.nd Feynman XF• We see in Fig. lla that (pi> 
is indeed a steep function of XF• However this is primarily 

due to the kinematic "seagull effect" and disappears if we 

choose another longitudinal variable such as Y (Pig. lIb).q 
The curves on Fig. 11 are from the UMC model calculation and 

1l1ustrate that the PT properties of the bulk ot the produced 

particles can be nicely described by longitudinal phase space 

(LPS) • If we are to look for any anamolous eftec ts of gluons 

we must first understand and account for the seagull effect. 

Not doing so has otten been a source of some confusion in 

'this SUbJect. 

The seagull effect can be easily understood trom Fig. 12 

which shows lines ot constant e .111. rapidity (Y) on a Z vs , X 
.L 
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plot (on the right) and lines of constant X on a Z~vs. Y plot 

(on the left). Imagine that particl~s  populate the plot on 

the left with a density which is independent of Y (up to the 

kinematic boundary) but decreasing with the transverse variable 

Z~  .. 2 jm2+piJw in accordance with LPS. If we calculate (PT> 
vs. Y we simply get a flat function which tails off at large Y 

due to the kinematic boundary. However, if we plot (PT> VS. X 

tor the same data we-get a "seagull". This is because, looking 

at the two adjacent horizontal bars on Fig. 12, at a given PT 
(or Z~)  the production rate is proprotional to AY, and ay is 

a decreasing function of X for a fixed ax (aY .. 6X/J{2+Z~ ). 

I.e., the inner bar (X .. 0 to .1) contains more particles than 

the one adjacent to it (X = .1 to .2) and therefore low PT is 

more heavily weighted 1n the low X interval. Hence the seagull 

effect arises simply from LPS and the transformation of vari­

ables giving dY = dX/)X2+Z:. It even produces the surprising 

result that (PT> (X .. 0) is less than (PT> (Y .. 0) along the 

~  line X = Y .. O! 

Turning back to Fig. lla we see that the data show no 

significant X-dependent increase of (~)  above wllat is expected 

from LPS (solid line). To look further for effects of gluon 

emisston we take events in which the hi~hest  momentum (hI) 

track is positive and therefore most closely related kine­

matically to the parent u quark. If we plot (~)  for these 

particles vs. Q2 we do see a rise, but it is practically all 

accounted for by a similar rise in the UMC calculations (Fig. 

13). The QeD - expected linear rise is only vaguely hinted 

) 
11 

at with a coefficient d(P~>/dQ2  ~  .003~.003.  S';'.11 another 

place where gluon radiation or primordial parton momentum 

should show up is in the fragmentation region of the target 

proton which has been stripped of one of its quarks. This 

kinematic region is best defined in the lab frame where the 

target is initially at rest. We again focus our attention 

on positive particle~since  are are looking for fragments of 

a uu diquark, and r~str1ct  the particle momentum to Plab< 

2 GeV/c. The (pi> for these particles (and also those with 

Plab> 2 GeV/c) is plotted vs. Q2 in Fig. 14. Again we find 

no Q2-dependent effects up to Q2 .. 64 GeV2; the data follow 

the UMC model extremely well. (There are 337 particles from 

180 events in the 16 < Q2 < 64 region of the Pl a b< 2 GeV/c 

data.) If indeed the proton contains primordial parton tranz­

verse momentum of order .8-.9 GeV/c, as some hadronic experi­

ments have indicated, it does not appear to manifest itself 

in these neutrino data. We may be just on the verge of havL~  

high enough Q2 to see these effects, if indeed they are there. 

Hopefully other deep inela~tic  and e+e- annihilation experlcents 

will settle these questions in the near future. 

6. Fragmentation of Gluons? 

.Virtual gluons, if they "exist", are supposed to produce 

hadrons jets just as virtual quarks do. If the struck quark 

in our case emits a gluon one might expect two separate jt<ts 

to develop in the current fragmentation region. These two 

separate jets would be difficult to observe at our energies, 

but one might expect the density of particles 1n phase space 

http:003~.003
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to increase sicnificantly in such events, and that their £re­

quency would increase with Q2. Hence we show in Fig. 15 the 

density of hadrons near Y = 0 as a function of Q2. After an 

initial rise there seems to be very little Q2 dependence. 

Again we must conclude that either the effects of gluon radi­

ation are qUite smal~  and/or we need higher Q2 values to see 

them. 

I am much indebted to my colleagues of the Berkeley­

Hawaii-Fermilab-Michigan E45 collaboration for a lot of hard 

work in extracting and analyzing these data. In addition I 

have benefited particularly from conversations with J. D. 

BJorken, R. N. Cahn, S. D. Ellis, R. D. Field, G. L. Kane, 

and H. D. Politzer. 

I am most grateful to Knud Hansen and Paul Hoyer for 

their hard work and hospitality; and the same should be 

said, I'm sure, for many other unsung heroes who have 

helped to make this such a f~ne symposium. I shall also 

remember fondly how some of us non-heroes were n sung" 

(literally) at the banquet. 
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Figure Captions 

Fig. 1. Charged hadron rate for high_Q2 events plotted vs. 

rapidity Yl ab and quark-frame rapidity Yq a Yl ab ­

6l(W2/ 1 Gev2 ) . The approach to and height of the 

Fig. 8. (a) The (positive/negative) hadron ratio vs. Xp • 

(b) The Du function vs. XF• The average number 

of negative tracks (integral of the graph) is 

indicated. 

Fig. 2. 

two "plateaux" are very similar. 

Fraction of visibl' energy EvIS contained inside lab 

angle B with respect to the entire hadronic system 

direction. 

Fig. 9 . The D~  function vs. Feynman X in the hacronic rest 

frame. Identified (In) and the estimated mis­

identified protons are indicated. The normal1za­
.» 

Fig. J. Distribution of the fraction ~  of visible longitu­
tion of the UMC model is absolute and 

to fit the data. 

not adjusted 

Fig. 4. 

dinal momentum carried by the 1st, 2nd, and (1st plus 

2nd) highest mOmentum charged hadrons. 

Distribution of invariant mass of the hadronic system 

Fig. 10. (a) and (b). The distribution in ZR = P IP is'~'I v "",,,,,, ...e 

of the "fastest" positive and negative tracks in 

each event. The dashed curves are the predictions 
for a sample of neutrino charged-current events. 

Typical mass resolution i~  %15% for the bulk of the 

events, which have missing neutrals. The peak at the 

of Field and Feynman. Fig. lOa inclUdes (+) tracks 

from events where the fastest track is negative and 

vice-versa for lOb. 
left is. due to the final state ~-6++.  

Fig. 5. Average number of charged particles in the hadronic 

system vs. Q2 for various Wslices taken from Fig. 4. 

Fig. 11. (a) Average transverse momentum squared V3. Feyn=an 

X for charged particles in the XF > 0 (current frag­

mentation) hemisphere. The seagull effect, seen here ­
The dashed lines represent the overall average for 

1s discussed 1n detail in the text. 
each Wslice. 

Fig. 6. The rate of production of positive and negative hadrons 

with Z > .2 as a function of W. We take the Feynman 

scaling (W-indepcndent) region as W > 4 GeV. The 
Fig. 12. 

(b) (P~)  vs. rapidity in the quark frame, Yq = Yl ab ­

.(W2/1 Gev2). XF > 0 corresponds roughly to Yq> -2. 

Kinematic plot to illustrate the seagull effect 

curves are the result of the Monte Carlo model des­
(see text). 

Fig. 13. (P~)  vs. Q2 for hl tracks with Z > .J in events 
scribed in the text. 

where h1 1s (+). There are 497 events (and 497 
".Fig. 7. Average value of ~  vs. Wtor two XF regions. 

tracks) in the plot with average Z value (Z) - .45. 
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Events with 3 GeV < W < 12 GcV arc used. The 

dashed curve is a tit to a linear function or 

Q2 which has been ~  to the baseline curve iii -. I IN 

Fig. 14. 

Pig. 15. 

(solid) calculated with the UMC model. 

Average transverse momentum-squared ot positive 

hadrons in two Plab regions. Events w1th W 

between 4 ~d  12 GeV are used. 

Particle d;ns1ty near Y • 0 &8 a tunct10n ot fl. 
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