¥ Fermi National Accelerator Laboratory

FERMILAB-Pub-83/27-EXP
7420.6186

Dhxxr o

n
LCiYyS5« eV, Lett.

51 AR
UL, JOTJ

MEASUREMENT OF THE RATE OF INCREASE
OF NEUTRINO CROSS SECTIONS WITH ENERGY

R. Blair, B.

Barish, Y. K. Chu, B.
D. MacFarlane,

R. L. Messner, J. Lee, J.

b, B. Novikoff and M.
California Institute of Technology,

Jin,

Ludwig,
V. Purohit
Pasadena,

P. S. Auchincloss, F.

Sciulli, and M. H. Shaevitz
Columbia University, New York, New York 10027
F. Bartlett, D. Edwards, H. Edwards, H. E. Fisk, Y. Fukushima,
Q. A. Kerns, T. Kondo, P. A. Rapidis,

S. L. Segler,

R. J. Stefanski, D. Theriot, and D. Yovanovitch
Fermi National Accelerator Laboratory, Batavia, Illinois 60510
A. Bodek, R. Coleman, and W. Marsh

University of Rochester, Rochester, New York 148627

and

0. Fackler and K. A.

Jenkins
Rockefeller University,

New York, New York 10021
Cctober 1983

= e Ovperatedbv Universities Research Association Inc. under contract with the United States Danartment of Enerav

California 91125



T ——— g

Measurement of the Rate of Increase of Neutrino

Cross Sections with Energy

. a . ' .
R. Blair,  B. Barish, Y.K. Chu, B. J:.n.h
D. MacFarlane, R.L. Messner.c J. Lee,d J. Ludw;i.g,e

D.B. Nbvikoff.f M.V. Purchit

California Institute of Technology., Pasadena, CA 91125

P.S. Auchincloss, F. Sciulli, M.H. Shaevitz

Columbia University, New York, NY 10027

'F. Bartlett, D. Edwards, H. Edwards, H.E. Fisk,
Y. Fukushlma,g Q.A. Kerns, T. Kondo,g P.A. Rapidis,
S.L. Seqgler, R.J. Stefanski, D. Theriot, D. Yovanovitch

Fermi National Accelerator Laboratory, Batavia, TI, 60510

_ h .
A. Bodek, R. Coleman, W. Marshh

University of Rochester, Rochester, NY 14627

0._Facklér, K.A. Jenkins

Rockefeller University, New Ybrk, Ny 10021

2 columbia University, Néw York, NY 10027

b Institute for High Enerqgy PhYSlCS, Peking, P.R. Chlna
© srac, Stanford, CA 94305 |

9 Sandia Laboratory, BAlbuquergque, NM 87185

e Albert Ludwigs University, Freiburg, F.R. Germany

£ Hughes Aireraft Co., El Segundo, CA 90245

E National Laboratory for High Energy PhySLCS.

N Tsukuba-gun, Ibaraki-ken 305, Japan

" Fermi. National Accelerator Laboratory, Batavia,
iL 60510



Abstract

The energy dependence of the cross section for
neutrine and antineutrino-nucleon charged current inter-
actions has been determined from data taken in Fermilab's
dichromatic neutrino beam. We find cvkﬁw¥ 0.669 + 0.003 :

+ 0.024 x 10738

0*38

cm®/GeV and oV/E = 0.340 + 0.003 + 0.02
x 1 cmz/GeV. These results are higher than some -

previous measurements.



Measurements of neutrino-nucleon scattering at high
energies héve been very important in verifying the
constituent quark model of the nucleon. 1In this model,
which incorporates approximate scalin.g,l the charged curfent
cross sections for neutrinos and antineutrinos are predicted
to rise almost linearly with heam enérgy: the slope of this
rise (g/BE) is related directly to integrals of the structure
functions at fixed neutrino energy. We report here
measurements of high energy neutrino-nucleon cross sections
which are higher than some.previodé meaSI:‘re__ments.2—6

Normalized neutrino cross sections are most accurately
measured by using a dichromatic beam (i.e. from a momentum
analyzed 1, X beam) as the neutrino source. The precision
tends to be limited by uncertainties in flux measuring and
calibration and by the event statistics. The high statistics
measurement presented here is based on a total event sample
of 150,000 vu events and 23,000 ;u events. The experiment
was performed in the Fermilab neutrino area (E616) using
the NO dichromatic beam7 and the Lab E iron detector.s_lo
The flux was monitored by ion chambers that were calibrated

using several independent methods. +T

The cross section in a specific energy range is given
by the expression, g = Név/(Fan)’ where N is the

number of charged current events occurring in some fiducial
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voiume of the detector, Fv is the flux of incident muon
neﬁtrinos from the decay-in-flight of T ana K mesons, and_Nh
is 'the number of target nﬁ¢leons in this volume.
‘The flux (Fv) is calculated from measurement of the
number of pions-and kaons and from their momentum and
angular distributions. The beam of s, K's apd protons
was sign and momentum selected (Ab/p = 49.4%) before it
traversed a 350 m long‘&ecay region. The relative
populations of thé particle types were measuredrwitﬁ a
focusing Cerenko§ couﬁter. Typical fms-errors were 1% to
4% for pions andié%? to ;7% for kaons.12 The magni£ﬁde of
the hadron Fflux waﬁ.monitoged by ion chambers at two |
separated locations along the decay region. The calibration12
of these ion chambers is discussed in detail elsewhere- |
The magnetic elements of the secondary beam line were
energized under ten separate operating conditions to
transmit and focus 120, 140, 168, 200, and 250 GeV/c positivé'
or neéative secondary haarons. In the dichromatic beam,
neuvtrinos from K - lv |

I

hadron beam energy and neutrinos from 7T - uvu - cover - R

a range below 0.43 of the beam setting. Neutrino and anti-

‘fpdéulate-énefgiééfnear the :°

neutrino interaction\e#ents were collected over the enerqy
range 30 to 250 GeV. The choice of settings permitted data
with some overlap in neutrino energy from setting to setting.
The cross sections ffom data in the cverlapping energy ranges

agree well.



The events (H ) were detected using the Lab E detector.a"l0
con51st1ng of a 640 ton target reglon 3mx 3 min cross |
section, w1th full area calorimetry counters located every
10 cm of steel and spark chambers located every 20 cm of
steel along the beam direction. Stringent fiducial cuts
(e.g.lthe radius of interaction < 1.3 m from the center of
the square téréet) and upstream veto requirements assure thét'
all intefactions.occurred well within the iron target'maferial.
Cosmic'.ray events that survive these cuts comprise less
than 0.5% of the sample as measured by reéording data in
the 10-sec intefvals between the millisecond long beam
bursts. The.réﬁaihing subtracted béqurpudé; dhé;fo neuﬁfinos"
born upstream of fhe decay region, was measured in runs
with the entrance to the decay region blocked. |

Charged current interactions in the target contain
a final state ﬁenetrating muon and hadrons that produce a
shower in the iron calorimeter. This calorimeter was used
to measuré the hadron energy and a downstream toroidal
magnet wasﬁused*to ﬁéasure.fhe muon mowmentum. The callbratlons
and resolutlons of these dev1ces were obtained in a test
beam of hadrons and muons of known energy. (The standard

deviations were AE, = 0.89 fEh:and APH = 0.11 pu with

h
enerxgy in GeV.} Figure 1 shows the enexrgy distribution
for a typical data sample at the 250 GeV/c setting in a

limited fiducial volume of the target. The dichromatic nature

0f the beam is evident and the identification of v and K

I . . 1 : Lo , ,
decay neutrinos is unambiguous. 3 o g
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There were two separate triggeré ﬁﬁat fesponded to
(2) the presence of a penetrating muon into the magnet
downstream of the target (Eu > 10 GeV and polar lab anglé
Gu < 100 mrad); and (b) the presence of a minimum hadron
energy deposition in the target (Eh > 10 GeV) and a
penetrating muon (Eu > 2.9 GeV, 6LL < 370 mrad).
These triggers were formed from completely independent
counters and logic circuitry. Typicél events {~ 75%)
were in a kinematic regime of trigger overlap allowing
constant monitoringrof triggér efficiencies. These were
greater than 99% in all cases. Corrections, for losses
from azimuthal inefficiencies for observing the muon,
were calculated by a simpie geometric rotation on an
event-by-event basis. These corrections averaged less than
6% in magnitude. The measured events cover essentially all
kinematic possibilities in this neutrino energy region, in an
unbiased fashion.2 for Bu < 370 mrad. Corrections for
larger polar angles were made by calculations; they were
éenerally small (< 6%), decreasing to < 1% at higher
energies. These corrections were insensitive to several

different assumptions for the structure functions.l4

As an
example, the cross section would change by less than 1% at all
energies if we were to use fits to our data15 as opposed to

those published in Ref. 3.

The data presented here were taken during fast
resonant extracfion (~ 1 ms each machine cycle). The
experiment could record only one event per machine cycle.
The fraction of this beam to which the experiment was

sensitive averaaded 70% during neutrino runnina and 20%



during antineutrino running. This fraction was measured
in two ways: Dby recording the flux during the triggerable
and non-triggerable times, and by counting (but not recording}
events during the oon—triggerable time. The measurements of
this fraction as obtained from the two methods typically
agreed to 1%. Data were also taken during 1 sec long
extraction of the beam during neutrino running. The experiment:
was sensitive for 85% of the flux for these data. The |
neutrino oross sections obtained with these data”agreed to 1%
| with that from the fast resonant extraction data. .

" Table 1 shows our estlmates of the largest contributions
to the systematic errors quoted for individual Vu and vu_cross h
section values. Item (4) refers to possible misidentification
of events as induced by T or K decay neutrinos‘due to
improper event reconstruction. Item (5) refers to -flux
uncertainties due to the sbread inuneutrino angles, limited
by our knowledge of the rms angular spread of the parent
hadron beam, as measured by pOSltlon scnslng dev1ces. The
mean neutrlno enarqy at a given target radius is determlned
1n two ways: from the energy dlstrlbutlon of neutrino
events and from the measurement of the mean momentum of the
parent hadron beam. Item (8) was estimated from the agreement
of the two techniques. In addition to the above errors, we
have estimated an overall #3% scale error on the v, cross
sections and +6% on the Gu ¢ross sections (not shown in
Fig. 2). fThis error includes the ion chamber calibration

error and the uncertainty in applying this calibration to

the chamber and electronics used while takina Aata.
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Figure 2 shows the neutrino and antineutrino cross sections
divided by energy for the combined data. (These values also
appear in Table 2.) The inner error bars are statistical:
the outer include the systematic errors of Table 1. These
cross sections contain small corrections (-2.1% for neutrinos,
+1.4% for antineutrinos) to convert the iron target values to
those of a pure isoscalar target. The data shown in Fig. 2
for both neutrinos and antineutrinos are consistent with being
independent of energy. (xz/degree of freedom = 0.5 for anti-

neutrinos and 1.2 for neutrinos.)

The average slopes from this measurement are:
(6/E), = (0.669+0.003+0.024) x 10 >%cn’/Gev , and

—SBsz/Gev .

(0/E); = (0.340+0.003+0.020) x 10
The first error is statistical and the second systematic;
the systematic error quoted includes the scale error mentioned
above. The neutrino value agrees well with the‘cross section

slope obtained using 200 GeV/c and 300 GeV/c beam settings

during an engineering run preparatory to this e:_cperiment:9
38 ' . . - - -

(0.70+0.04) x 10 cmz/GeV- However, these values éfe
higher than some previously published x:esul'ts.z-'6 Many of
the participants in this measurement also participated in
the earliest me._:—lsurement,2 which was lower.

The reasons for this difference are not fully understood.
Several éspegts of the experimental technique have

been considerably improved. The beam line, flux monitoring,

calibrations, and neutrino detection apparatus are

completely new, and are more sophisticated. Substantial



o
correétions to the flux monitor values and for lost even.ts.
applied to the earliest result were notvnecessary for the
fésuit répofted‘here-
In summéry. we find horﬁalized high energy neutrin§

and antineutrina cross sections ﬁo be higher than some

earlier values. This result directly affects.the fractiéﬁ'bfi ‘
momentum cérried'by:struck quarks, as well as the normalization
of quark'model,sﬁm rules and structure functions.

We would like to écknowledge the Fermilab neutrino
deparfmeﬁt and‘qﬁher.departments at Fermilab for assistance
during'the preparation and execution of the eﬁperiment; |
This work was suppdrte& by the Departmént of Energy and

;'the National Science Foundation-
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Table 1: Approximate point-to-point exrors in cross
sections and their sources. Actual errors depend on energy

setting and the position in the target.

v, v.) Ve (Vg )
1. Statistical counting errvors, _
- including empirically R
-~ subtracted backgrounds 3% . 8%
2. .Partic':le fractions' ' o B
(w/X/P) : (1-4)% - (4-7)%
3. Mo'nitofing stability and "
: calibration: . © o {2=5)% (2-5)%
4. Crossover of events :
Vo &5 Vi | 0.7% o 2.5%
5. Beam anguldr divergence errors 3% - 2%
6. Neutrino ehergy error 1.5% 1:'5%

- 7. Deadtime 'uncertainty .o 1% . _ 1%



ptrinos
E, (in GeV) |4 (in 100 em?)t
371 654+ 0124 .019
44.7 621+ .010+.020
54.0 6614 0084 .018
63.5 664+ .010+.024
75.4 664+ .008+ .028
91.0 6444 .0154.057
117 6594 .0294- .058
124.8 6654 .0204-.037
141.2 6954 0264 .043
157.4 680+ .018+ .033
165.1 714+ .0204+.035
179.8 7274 .0154.036
190.8 7494 015+ .035
212.5 .7094-.0144-.048
229.1 7564 .0184+.052
Antineutrinos
E, (in GeV) | & (in 1057 sm® )
36.9 3614.0104+.015
45.0 3524 .0074.013
54.0 3504 .0074.013
3.8 33240091 .014
75.6 3314 .0094.020
29.3 3334 .0154.031
110.3 3144 .0224.034
126.5 341+ .017+.032
150.0 .3394.0154-.022
174.4 3214.0154.021
201.9 3034 .0174.026

t(Errors are statstical first, systematic second,
and do not include an overall scale error of 8. %)

t(Errors are as above, but the overall scale error is 5.5%)

TABLE H: Neutrino and antineutrino cross section slopes.

-13-
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Figure Captions
Fig. 1 Solid histogram: Distribution in observed total
énergy for events inside a single radial bin of‘interaction
points at the target (25.4 cm < R'< 50.8 cm) fo_rl'the +250 GeV/c
fast spill data';_ This separation is typical of data at all -
radii and beam settings. (Note the logarithmic scale.)
Dashed histogram: Observed energy distributiqg-
for events obtained when the entranée to the decay region is
bloéked (wiae—band backgroﬁnd); These data have been |
normalized to the same nuﬁbef of incident protons as the
data in the-solid curve.

Smooth curve: Calculated vy events from Kﬂ3
decay,neutripos, normalized to the event; ;n-the Vi peak.
Fig. 2 Cross section slope for neutriﬁos and anti-
neutrinos versus enérgy for the data from thié experiment.

The values in this plot are available in Ref. 15.
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