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I wish to report |recent results from the new HPWF neutrino experiment

(E4310) which now includes Rutgers and Chio State University among the par-

ticipating institutions. The plan of the talk is to/glscuss briefly new data

on each of the reactions:
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A year'ago the world data on the energy dependence of y-distributions

was as shown in Fig. 1, which contains all data available in August, 1977.

Fig. 1. Plot of BV.
-against Eg; including

all data published E3

before August, 1977.
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Here ABV = -Ix F3 (x) dx/er2 (x) dx 1is the parameter conventionally used to describe
the shape of '}r-;distributions. In the quark parton model (QPM) with scale and
charge synﬁnetry invariance, which provide a good approximate representation of

A% V., - . i .
the data, B =-Bv is related to the ratio of the charged current cross sections

by < Y <
' cz/o;)= @ -38%/Q +8Y,

and to the fractional moment:um carried by the antiquarks through

BY=1-23/@Q + Q).

The c;onclusion drawn from Fig. 1 one year ago was that B;)‘was essentially
independent of energy with a value of about 0.8' over the region from a few to
200 CeV. This conclusion was based largely on the ‘pub.lished data from the. CDHS
group as indicated in Fig. 1. It is now--one year later--clear that that con-
clusion was ﬁ;ong because the CDHS data were wrong and because new data are
available from other :experiments, .

The .dat_a.at .pi-eéent-#August, 1978~-are shlown in Fig. 2,
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Fig. 2. Plot of BY . A GGM -

against E; as of _ O HPWF (1A)
August, 1378. " The 1ok . 3 g;r;s 1.

"old'" CTF data with
large error bars

and the CDHS data 09 [
shown in Fig. 1
have been omitted O 8 |
here. The curves :
are from M. Barnett's
talk at Neutrinos-78, o7
and the numbers .
attached to them ~ 1
are_values of 0.6
8in“® in (ubsincp)R.
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"which includes new results (based on 5200 v events) from HPWF (E-310), but
omits a few earlier results with large error bars and the incorrect CDHS

results. Fig. 2 indicates a significant eﬁergy dependence of Bv: below about

40 Gev, BY = 0.82 + 0.05, while above\about 80 Gev, B3’= 0.63 + 6.06; the
detailed dependence of Ba on E% is, however, not yet well delineatéd‘by the
experimental data, and more precise'results are needed in the energy region
from 10 toA80 GeV. One 1ike1y.intérpretation of the energy dependence
exhibit¢d4in Fig. 2 is givén by asymptotic freedom corrections to the QPM in
combination with charm particle production. The curve marked QCD in Fig. 2 -

is due to Barnett who has also estimated the effect on Bv of a b-quark of
mass 5 GeV/cz‘coupled right-handedly to a u-quark with strength éiven by
sin®, as shown in the lqwer curves of Fig. 2. It appears from Fig. 2 that
sinzw is probably less than 0.2, but th;s conclusion.is sub ject to uncer=
tainties in the QCDAcélculation as well as in fﬁevdata. Nevgrtheless, it is
importantuto_attempt’to determine-thé strength of any right-handed qpark
coupling, and fhis comparison of b-quark expectation with the Vv data needs to.-.
be refined in tﬁe future, at leasﬁ.until we know whethep sinzm << sinzec or
not . | | | |

"There is shown in Fig. 3 y-distributions froﬁ E-310 for twb energy intefyals
and two regions of the scaling variable x which indicates an appreciable difference
of the y-distributions in the low-x (antiquark dominated) and high-x (valence quark
dominated) regions. The detailed dependence of (ﬁ + §)/U on x (which is just
(1- BKS/(I + B;5 v8 x) is given in Fig. 4. Also shown in Fig. 4 is the best fit
to the expression x(1 -'x)Y//§, obtained by combining the phenomenological forms
500 ~ -0 D 56 L -0® "B 2 ueo ~VE(l - ™. The best fit
yields y = 5.8 + 1;0, which is consistent with the values of o, B, n and m derived
from analysis of e - N, H-N and hadron-induced dilepton production experiments

(see the talks of Fields and Lederman at this Conference).



Fig. 3. Distributions in y at small’
and large x for two different regions :
. + .
in Ey . The fits and values of BV @ S)/U
obtained are also shown.
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The conclusions concerning the reaction vu + N 5 4 + X may be summarized

as follows.

1. Energy
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Fig. 4. Plot of the x-dependence of

<l

déﬁendehce of
‘E-_S 40 Gev
Bv = 0.82 + 0.05 =
/Q+Q =

B

v, Vo

o./0, = 0.40 + 0.03
0.08 + 0.03

consistent with e-p and u-p scattering

E-\') > 80 Gev

= 0‘

63 + 0.06 o

Q/(Q + Q)

N, Vv
°c/°c = '0‘.55 + 0.05

0.17 + 0.03



2. b-quark
) v
For m =~ 5 GeV/c” and (ub sincp)R present limit is

sinzm < 0.2

3. x-dependence of B

- Increase of Q/Q in both x-regions with increasing EQ

x € 0.15 : sharp(?)

x > 0.15 gradual
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Opposite sign dimuon production by neutrinos provided some of the earliest
- evidence fér charm. Subsequent measurements have strengthenedAthe interpretation
‘ tﬁat most opposite sign dimuon events arise from the production and semileptonic
decay of charm particles, and the results presented here provide further
quantitative confirmation of ‘that interpretation.
The multimuon data reported here were acquired at Fermilab in three runmns,
usiné quadrupole triplet (QT) and gign-selected bare farget beams (SSBT), with .

400 GeV incident protons. The details of the data sample are shown in Table I.

_ " Beam | POT x 1018 Dimuons TriMuONS TeTRAMNUON
Table I. Multimuon oPP, saMe | (P, > 2 GeV/c) (CANDIDATES)
data sample. The SIGN STGN
number of dimuon
events for QT II ar 1 0.8 136 27 5 0
is an estimate
based on a small BTSS™ 2.5 49 2 0 0
sample. i
BISSv. 0.4 63 19 3 1
or 11 | 3.7' ~2000 ~300 4] 1

"The experimental distributions must be corrected for geometrical acceptance
and counter. efficiencies, and the background due to pion and kaon decay must be

determined. The geometrical acceptance was obtained by rotating observed events




in the azimuthal angle in the plane normal to the incident neutrino beam

direction. Counter efficiencies were determinéd from single muon data. With a
minimum momentum requirement of 5 GeV/c, -there is a background of approximately
25% in the observed dimuon sample‘arising from pion and kaon decay. Th;s was
determined empirically using the different density targets to measure the dimﬁon
rate as a function of hadronic absorption length. The result was consistent with
'a calculation, ac;urate to 25%, based on measured épectra and multipliciiiesAof
pions and kaons produced'in neutrino interactions. The corrected experimental
distributions and dimuon rates are compared with those predicted by a calculation

based on the standard model of charm.

Fig. 5 shows'thevdistributién of‘tﬁe observed momentum asymmetry,
as=s(p_ - p+)/(p_ +p,), for the data in the QT and SSBT(V) samples of dimuon
events with muon momenta above 5 GeV/c. The curves, obtained from a Monte
Carlo calculation of charmed meson production and decay (and including nAand

K decay), show separately the contributions due to v and Vv and their sum.

Fig. 5. Experimental
distribution in the
momentum asymmetry 20
as(p_-p)/(p_+py
for the QT and SSBT (V)
dimuon samples. The
-curves are obtained
from a charm model
calculation.
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The v contamination in the v sample is reduced to 4% by requiring ¢ >--0.3

in the distributions presented below. Similarly the Vv contamination in the

SSBT(V) data is reduced to 8% by requiring o < 0.3.

Fig. 6 shows the distributions of x ., and y_ . for v and Vv events.
vis ¢ vis

In the standard charm model neutrinos can produce a charm quark from inter-

actions with both strange (s) quarks in the sea and valence (d) Quarks while

antineutrinos produce charm essentially only from strange (E) antiquarks. Note

‘that the QAdimuon_sample has a lower average value of X, ig? as expected for

production off sea quarks only, while the neutrino sample is consistent with

"approximately equal contributions from valence and sea quarks assumed in the

calculated curve. After correction for pion and kaon decay the average values

of X,is obtained from the v and v samples are (0.11 + 0.03) and (0.20 + 0.03),

respectively.

Fig. 6.A Measured

distributions in
X, foOr (a). v
and (b) VvV, and
in y,ig for (c)
Vand (d) Vv
(histograms)
compared with
the charm model
calculation.

Fig. 7(a) shows the distribution of Z+ =
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sample. Curves are shown for two assumed forms of the fragmentation function



F(z) for charm pa;;icle production. Any distribution falling much faster than

- exp (-3z) is rejected by the data, which show a slight preferenCé for a flat

v:diéﬁribution or one‘slowly rising with Z. Fig. 7(b) shows the measured

’ distribution of_pl forAthe neutrino sample, where p-L is the momentum cdmpopent

‘of the uf perpendicular to the plane formed by the incoming v and ;hé outgoing
i . The curve is obtained assuming D mesons are produced with a momentq?
transverse to the W direction of the form dN/dpi = const exp[-6(pi + mg)gﬁ.

Both Fig. 6 and Fig. 7 show good agreement of the data with the charm model.
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'Fig. 7. Neutrino-induced dimuon distributions in
(a) Z+'and ) p compared with charm model
L

predictions. One event is off scale in p, in (b).

The méasured ratios of dimuon to single muon events, corrected féf
pion and kaon decay, are shown as functions of energy in Fig. 8(a) and 8(b)
for v and vV, réspectively. The curves show the energy dependence expected
from the charm calculétion with and without the 5 GeV/c minimum muon

momentum requirement. Above 80 GeV, the ratio of dimuon to single muon'
events is (0.65 + 0.13) 10°2 for v and (0.70 +.0.25) 1072 for ¥, with the 5 Gev/e

. minimum momentum cut,.
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The magnitude of thé strange quark fractional momentu.m'can be extracted
from the measured dimuon rates and data on single muon production by v aﬁ& v.
at high energy. 4Notin‘g that the target of the experiment is isoscalar (U = DA,
'where.U, D a‘re' t'he_ fractional momenta carried by ’the u, d quarks), one determines.

the ratios S/U and S/D independently from the v and v dimuon data of Figs. 4a and

4b after correcting for the minimum muon momentum requirement. This correction




is sensitive to the Z-distributien assumed for charm production. We have taken
a flat Z-qistfibution consistene with Fig. 7af If we use instead the ratio

.[0(u+u-)/6(u+)l/%6(u-u+)/c(u-)] from Fig. 8c, we obtain S/D, independent of any
correctioﬁ for dimuon acceptance. fhe.results are given in Table II. We also

include in Table II the value of D/D.

A ' Ratio VaLue
Table II. Values of the
fractional momentum -
carried by the strange S/U 0.076 + 0,027
quarks and by the
ordinary antiquarks S/D 0.099 + 0.035
obtained from the data. ]
above 80 GeV of the C
HPWF (310) experiment. S/D 0.066 + 0.061
' D/D = U0 0.13 +0.03

Fig.-8(c) eempares the measured energy dependenee of the ratio
.[&(u+u-)/g(u+)]/[o(u-u+)/g(u-)] with the calculated dependence assuming charm
only, and assuming a right-handed, full strength cdupled, charge -_1/3 (b-)
quafk iﬁ addition. The latterlquark, with a mass in the vicinity of 5 GeV/cz}
seems to be ruled out by more than 4 standard deviations, but this conclusion
is subject to uncerteinties in the calculated large asymptotic freedom correc-
tion.

In summary , the Qppqsite.sign dimuon data presented here are consistent
in all respecte with the production and decay of charm particles, although a
contribufion from other sources at the level of roughly 20% cannot be excluded.
Within experimental error, the strange quarks seem to carry a smaller fraction
of the nucleon momentum than the ordinar& antiquarks. Finally, there is no
evidence in these dimuon data for a charge - 1/3 quark of mass 5 GeV/c2 with

right-handed, full strength coupling to a u-quark.
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The nature and origin of oBserved like-sign dimuon events remain
unknown. We know that much of the observed rate of like-sign dimuons is due
to the decay in flight of pions and kaons from ordinary deep inelastic
neutrino events, It is important, however, to determine whether. "prompt"
like-sign evenfs exist. We report here on a data sample about seven times
largef than our former sampie Ayhich_yields a relative rate N(u-u-)/N(u.u+)
that suggests the'présencé of a prompt W u signal,

For the like-sign dimuon measurements, the significant aspect of the
'ﬁfBIOAapparatus is tha; it consisté of three target-detectors of different
density, an iron target (FeT), a liquid scintillator calorimeter (LiqC) and
'an iron~-plate caiorimeter (FeC). The fiducial mass and absorption lengths
of these targets are: FeT, 158 tons and 31 cm; LiqC, 36 tons and 120 cm;
FeC, 42 tons and 61 cm.

._Thé reiapive rates R(u-u-)/R(p-)‘in each target are difficult to
dgtermine becaqsé 6f differences in'écceptaﬁce and trigger requiremehts
bétweén dimuoné;and single muon events. However, the ratio N(u-ﬂ-)/N(u-u+)
was vérified to be independenf of these systematic effects. The ratios
NObS(H-u-)/NObs(u-u+) plotted against hadronic absorption length are shown
in Figures 9a and 9b for muon momentum cuts pp~ > 5 and 10 GeV/c, respectively.
To simplify the interpretation, the frac;ion of u_u+ events -due to pion and
kaon decays should be subtracted from NObs(u-u+). This background is obtained
from a calcula;ion which uses among other data momentum spectra and multi-
plicities of charged pions and kaons measured in neutrino interactions. The
ratios Nobs(“-“-)/Nprompt(u-u+) ob;ained after this correction should then

exhibit only the dependence on absorption length of the observed W | events.




This is shown in Figures 9¢ and 9d.

and intercept. as free parameters, are also shown.

Fig. 9. Ratios of the
number of observed
M W events to WM
events in three
targets of different
hadronic absorption
lengths for (a)
Py > 5 GeV and (b)

Py > 10 Gev. ‘Also

shown are ratios of
the number of ob-
served W W~ events
to the number of
prompt bt events
versus hadronic
absorption length
for (c) Py > 5 Gev
"and (d) Py > 10 Gev.
The stralght line
is a linear fit to
the data of thlS
experiment.

Linear fits to the data, with both the slope
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We observe that i) the decay of plons and kaons account for a 31gn1f1cant

fractlon of the T events for the case p

> 5 GeV/c;

11) the f1tted slope

decreases by a factor of about 4 as the minimum momentum cut of the muons is

raised from 5 to 10 Gev/c.

This factor of 4, which results from the reduction ‘

of pion and kaon background as the momentum cut-off is increased, is verlfied

in our detailed calculation of pion and kaon decay.

empirically determine the pion and kaon decay contributions to the u.u-

The value of the fitted slope for the pu > 5 GeV/c data in Figure 9¢ is

(3.0 + 1.3) x 10

obtained from the calculated numbers Ndecay(u-u-).

-3 cm-l, in agreement with the value (4.0 + 1.0) x 10-3 cm

-1

This agreement gives us

confidence in using the decay in flight calculatlon to determine the magni-

tude of the prompt wou signal in each target for the p > 10 Gev/c data.

events.

Note that the fitted slopes_‘



‘Fig. 10. Number of prompt

prompt , - - ompt , -
NPTOmPL () u-)/Npr P u’) shown in Figure 10 are seen to be

The ratios

systematically non-zero and independent of absorption length. Averaging over
all three targets we obtain Nprompt(p-u-)/Nprompt(“-u+) = 0.12 + 0.05 for

P, > 10 Gev/c.

H 4~ events relative to
the number of prompt W
events in each of the
three targets for p >
10 Gev. K

O 50 100 150
Absorption -Length (cm)

What are possible origins of prompt W 4 events? Only u-u+ are ekbegted
if charm particles are produced siﬁglz by néutrinos. Any mechanism to explain
the ufu- events that invokes new physics beyond charm must be measured!agéins;
the féllowing:alternatives: (a) radiative or direct muon pair production in
deep'inelastiq‘éharmed-current intéraétions, (b) associated productioﬁ of charmgd '
particles. ﬁoyever;'ufﬁ- events éould reéult from the mechanismé in (a) only if
the uf é5capes éxp;rimental detection;k Calculétions for mechanisms (a) lead to
R(Hfuf)/R(u'u'u+)'é 1, contrary to the experimental observation. Therefore,
ﬁechaniém (a) is not -likely to be the dominant source of like-sign dimuon events.
Both W & and u-u-u+ are expected from associated charm production. The ratio
R(u-u-u+)/R(u-u-) is expected to be roughly BR(C < H+ v+ X) =~0.1, which is

compatible with our observed ratio.

o
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In summa;y; we have presented evidence for the poésible production of
prompt 1ike-sign dimuons (1 W ) by neutrinos. The rate of prompt i i° events
relative'to the prompt u-u+_events is measured to be 0.06 + 0.05 for
P, > 5 Gev/c, and 0.12'i 0.05 for ﬁu > 10 GeV/c. The observed properties of
the 4 1 events are similar to those of the u_u+ events and are_thetefore

vconéistent with a hadronic ¢rigin. We have no evidence for prompt u+u+ evénts

produced by antineutrinos.

(4),yu+N_au-:+‘u-+u++X

The distribution of trimuon events observed to date in E-310 is shown
in Table III. There are an édditionai 15 events with at least one muon with
momentuﬁ beiow 2 GeV/c. The two evghts (-++) are consistent with dimuon

production plus pion or kaon decay.

3 2Q

Table III. Number of trimuon
- events for each target for
2 . i .
Py > GeV/c. yumbers Zn el 10 1 5 7 .
parentheses indicate a 4.5 @ @ [ o )
GeV/c cut.

--4 | -+4 == -+?2 ] +47?

1 10 7 4y
sl o (o |9

T T , 4
FeC 0
; w | @ 0 0

Thé distribution in Evis<f°r Ehese trimuon events is shown in Fig. 11
whére it is seen that 3/4 of the events have E,is > 100 Gev, which is a result
of the hard neutrino‘spectra‘used in E-310. For brevity's sake, we suppress
other dynamic distributions, except for X is and Yois for these events, which
are shown in'Fig. 12 and loék as expected for neutrino-induced inelastic

interactions.
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Fig. 12. Scatter plot of x . and y_,
of the trimuon events. vis vis

The relative rates R(u-u-uf)/R(u-) from E-310 for pu > 2 GeV/c and pu >

4.5 GeV/c are shown as functions of energy

in Fig. -13. There is good agreement,

" seen in Fig. 13, between the results of this experiment and those of the CDHS

experiment, Measured multimuon rates, i.e

rates, from E-310 are given in Table 1IV.

., dimuon, trimuon, and.tetramuon
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" Fig. 13. Trimuon rates as a function of

visible energy. The triangles and circles -

" ‘are from HPWF E-310 with p, > 2 GeV/c and
P, > 4.5'GeV/c,~respectiveTy. The squares
‘are CDHS data with P, > 4.5 Gev/c. ‘

AL E, 't > 100

RG6WH/RGT) 4.0+ 0.8x 100 6,5+ 1.3 x 107>
RGBIRGY 2.7 £0.9x 103 7.0 42,5 x 107
ROGTVIRGT) 4.0 £2.0x 1074 6.5+ 3.5 x 10
RGHH/RGY) < 107" —

R wH/RGT) 6+ 2 x 107 1.2 + 0.5 x 107"
R(4w) /R(u7) $7x10° —

RO /RG:) <5x 1078 ——

Table IV. Multimuon rates with momentum
cuts given in the text.

We briefly summarize the conclusions relating to the trimuon events observed

in E-310.és foilows:

- =+ :
1. Most pu W u events arise from a charged current neutrino interaction

with

. o ' - 4 )
~(a) direct prqduction of 4 pu at the hadron vertex;

"“ s -‘ - + ) -
(b) radiative production of u u from the initial u q);

(c) possibly (10-20)% charm-anticharm production.




