. FERMILAB-PUB-77-116-E HPLF-77/1

Y

(LA

d

July 1977

MEASUREMENT OF THE NEUTRAL CURRENT INTERACTIONS W ?{:EEVEE

EX IECTRINOS ARD mTI““UTRI-‘(OS* JUL].Q]QT?
OF NG RO SRR T S SIHEGTORS OFFICE

ke wxk ¥ B RfMQB

P. i;andarer+, A. Beavenuti, D. Clime, F. I-Iessing,Hu- T. Ford, R. ilnlay,
T. Y. Ling, A. K. Mana, D. D. Reeder, C. Rubbiz, R. Stefanski, and L. Sulak
Department of Physics, Harvard University, Cambridge, Massachusetts 02138,
and Department of Physicts, University of Pennsylvania, Philadelphia, Penn~
sylvania 19174, and Departeent of Physics, University of Wisconsinm, Hadisop,

Wisconsin 53706, and Fermi Natiomal Accelerator Laboratory, Bataviz, Illinmois 60510

ABSTRACT
Measurements of the v and V weak hadronic neutxal
current totkl cross sections and hadron energy distributions
are consisteat with a V-A form for this current. They are
three standard deviations from pure V, pure A, or a pure
T form ond unembiguously excluds VA and an}; linear com=

bination of 5 arnd P.

Submirtted to Physical Review D

Wori supported in part by the U. S. Energy Research and Develapment
Administration and performed at the Fermi Watiomal Accelarator Laboratoxy.-

+ Now at Brookhaven Notional Laboratory, Upton, New York 11973.
*% Now at Ualversita di Bologna, Bologna, Italy.

++ Now 3t Cernegle~Mulion Tniversity, Pittsburgh, Pemnsylvaenia 15213. Submitted in
partizl fulfilloent of the Fh.D. requirements at the University of Penmsylvania.

= Row at Uadversity of Celorade, Boulder, Colorade 80309,

How at Rutgers University, New Brunswick, New Jersey 089C3,



I. INTRODUCTION

Thne discovary of a class of neutrino interactions whi;h yield no final-
state charged lepton was first reported in 1973.l Since then, the initial
ohservations of a weak nmeutral curreat have been confirmed by subsequent
gxperirents which utilized neutrino and antineutrino beaws covering a4 wide
range of enargies.z-lB This paper gives a detailed account of our more re-
cent measuraments of neutral current inelastic Interactioms of ﬁighfenergy
ﬁeutriuos and antinautrines, which were briefly d@scriﬁed earlier.4 Thé measured
ratio of the antineutrine and neutrino neutral current total cross gections
cglc;and E?e measuraed hadron emergy distributions are consist?n: with a V-A
form for the neutral current and with the predictions of the gauge theories
proposad by Weinberg and Salaml4 and others.l5 The results are threa standard
deviations from the pure forms V, Ay or i, and unambiguously exclude VHA and
any linear combination of S and P. In wmost theories-of the weak interaction,

the prasence of V, A interference implies a parity violaclug component of the
weak neviral current. |

In seation II we describe the experimental apparatus'including the
characteristics of the several neutrino amd antineutrine beams utilized.
Following that we distuss the procedures for event szlection (III) an& various
.corractions te the datz necessary to obtain G§/G§ (IV). The implicarions of
these results for the space-fime structure of the weak meutral current are

presented In saction ¥ where other receént results are summarized. Conclusions

are given in section VI,



PENIMENTAL AP PARATRS e traversing D1 wr BE wore derrcied with pIEicderey >AYR,  fhoutyer, msanth
1. TERPERIMERTAL AP 25

Fe o el sneed
The pottion of the n‘pva‘ratutlt' which waz used for identifying neutrel wete not datected if they were produced at few Ja¥ge an gy le pod Alun mlase

: ! 1 | ; an eviergy be pasctrale the hodoen alrgurhera.
cvrrent interactToan {5 shewn in Fig. L. Weutriuos, loctdeas €ram the loft, the detector ot {f they hed tos low an Y ?

] ] 4 Ipls eatonce Loypically 952} but a Froeton ot
Leteract bn oz higuld seintillator calorimeter, Huoms are ;!dvnt;‘lf.:l-cd by their Detector DI bad 2 very Wiph meon seceptence {eypieolly

e N AN e ey
mesgane throuph Iron absocbers, which filter oat hadreas that de not Inberact the evente Crypiomlly 12I) R hodrons which ponched through the haulron al:ao

io ahe ligaid and were wlatdentified &8 wwonk, coeter U2 kod & Jower monp aereptance
n A1 CILIRE, 1

j ] iy 1Lleste,  Testr
the colaplmeter conalara of 15 or 16 &6-em-thick mocioles, with dimern- {eypicall B4Y) but wae essontially free of ladean contaniealime.  Tests Tor

i o wn KRGS evetls
srons Prandvesse to Che heor of 148 o x Z.87 w aad 2 woase of € mecric rons. poasivle sygteratin eryora in the disor teinatlon of peowtral currem 4RGS

E.H i . 3 T & rreckors. The
: -ha wetent {CC) eyonts were mmde by conporing Ew Lwn oheorte s
The vuluslwrley orssyres hodves ehoser enecgice with o rewsoiothon of from chayged ¢ {cCd e .

I I - akae ¥,
~BI7 v for By ¥ 30 Cev, ond with ~5X rme rescletion for lower waluoa ef . chatartaristics of the two muon detectors are dited o Tabar

duced Yy W oemersy ¥
The weaswzed pion somerption Fengzh was 118 o oand the gadfation langth Bentrine dwteractions wiich produced hadron ghowers With enemiy By

, Ao e Thim s tha bpsie
appruaisstely 65 em, The calorluster i3 aporoximacely &m lonscelar kergets greater Shom a premet mintwum trigpeted the apparatus Thim o

; . . o - a8 . 5K for E,, "h oV,
tlre patlc of propens to neutvoms s 1.33. oOptical wideegop sparh chombers trigger for the euperiment. The triggeT ef f{efioncy wap "

| e b wesnt teiggers Lrem dmeldens ohavged
ANl 2w ow 38w I pves, ore pluces aftor every foveth ealacizmeter modulas Covnter b was in anricoincidonce te prev LE

] ] er brdpgecd wern pred.
! 1 articles. lp order to =epiter the vrigger, two cihor
Tarse chombhers, @ well sa those used to detect wewas foee below), were pheoro=~ P t“

n 4 .1 r < D W or : oL Yy ] "he 2 W LA Lo eloe filorael Tomn
ad » far auons which wero F oiiuced b thrstd current naitl
-"'l‘t'\'li i twa 7. seeron viows and dn o 507 mtoees wisw, In Jitien to the ne Wi o * ¥

in =he csglotdmetor end vhieh travecded all four wections of the zten 1oynldal

threw wizwm of ihe spark chambees, the laformacton recorded lor ooch evens _ .

mcgnot, 2ad the ofher ves for puonw producnd fn tho ewch sl upairenn @

fneluded tiw puige hefp™ from ench of the zalorizmover mdulee and giming and . verl
. . b ae wf Phe 2a)er e

the sppovakea, This Jatrer trigger pave & continval railbraiien o

pilao helzht pfomsstden Lrow the gefnttlinrion countecs.

- } tor omd the cpticsd sysfem. Doriog the Cime the bosw s aff, & gave HIT ax

Twn mocn doteeters vere used bo the experimsar, Detoccor B {Pig, L) o \

; ; ¥ s b woEmls

: long @z the Losn gare was opened in order to measure the backprownd lue

wrnsixtol of o 3,60 mx 3.8 m acintiliacten counter ond 4 &8 o x 2.8 w apark g ¢ v

' ray ekevers, This beckground wan menarel te bo ypepliplsles

clasdior pioced behiod 5 33 om ar 70 om Lron nhield whieh sbaorbed moat hadvon
e rrport datas taken with feur difierent benws. They were a v huam

shwwers,  The comiter s seprented with herizental dividers {nto three onuad~

12 ;
sroduced by 400 GeV pretons with 8 hoen feeusing systen (fforn), " v heams
wl2erd aeel fomy and the edddle seecion waa Fupther scgmentod inco feur cello Py . .

] ‘ K PrRY @Y with
sroduced Iy F00 CcV profens {1974 QT) and by J6C Gui protons {1903
cach 48 e hiyh. DPetector DI waw 6 2.8 wm x 2.8 w srark vhasber placed brhind Frotne = ¥
' r | : : % By RO GV profoms
1 a qusdrupele yrivier [ocwsing aystom, and a ¥ Lean produced By O :
a 127 em hick Eron coreid wrgnet whie? served oo & Further hadron skisld, M qRAGIUE b T A ’

. SEreI O HEeeal T Ien
wizh exo-hors Locusing Ayston and = plug To Beppreas jn_i:nh-.mﬁ ST O M T 1T
This mageet was che frat of foue dzed toe megsure suon mowenta e charged * W 8 *F

{2k
CHFrerRe folergeliaha. { *



4.

111.  FVFRT SELECTION

SeAnners were Eratructod %o select rhoregrophs having ot least twe
reinfed teackn in the wecond or third spark chasher but we trocka im the

r .

Firey wpenk ehamber (Fipy 1), The zrncku. in the spark rhombee wheve the
shuwer (irat appeared were preojected baek in otder to deternine ‘the vertex
of the toteractien. The nuaber of charged particles veleied o Yhe shower
was recorded For each spark chambor. Fhysicists scarmed large portions of
a1? fenr =mamples of data. The efffclepey nf the scanners was found to be
B9, and cvonis migsed by the ncaomars could not be corselsted with ony vari-
able,  Yhe scannbng Snefflcieney win ledependent ol whethor or nok »owaon wan
present In the musn deteetore and Independent of tho position of the vertex
any the hadromie energy nf the event {for E, »5 Ge¥), In additfom, & number
of echarpod-gnrrent cveotd vere checked by an lmlepesdent group of scamncrs, Tor .
Wity cheek, the tTonsverse cootdinaten, X awd ¥, uf cvent vertices were determined
{rena -zs.x.'.:r.-z_gmtat-!un of the puon trajectories in the downstyeam spark chambers. The
fongfiudinal (E) popition af the vertex wor dotermlaed From the calerimeter pulse
Leiphis, The X and ¥ distributions obtained by the two methods were I good sgroe-
ment , uR shown fm Fig. 4. We nots alse that Fig. 2 doet not ghov o clustering of
sventn abonk the odges of the detectar, aa would be expected from certaln
types of hockgrounds (e,g,, neutronm incident from the side or nevtrino Inter-
acliows In (he elrth belew aod on the slde of the calorimeter).

After the visoal and electronie informition were combingd, events
were rogeired to have vertices inskde the fiducial volume, For the hilgh-
rtatintiva 1975 Q7 datn, the Fiducla) yvoluae was ehosen to he ¥100 cin in

hatly dlmeunions transverse to the beam, and calorimeter eedules 7 through 11,

aw abown in Fip, 1. Between two and four ladron abmerptlon lengtha were

avallable for measurement of Py with this Z fidueinl veglon, A vorrection
wilh app‘IIed for energy in the Jiafron casoade sdileh Joaked vut Trom Ehe
downstream end of the calorimﬂer.m The flduclai regions for all [our data
sctes are piven in fable I,

the disrribukfon of the numker of sparks aceursdpx tn the spark chabor
wheye an event was Liret observed is shown for cvents with and without wrons
in Fiz. 3. The distribytione are very sbellar in shape. Differences conld
arles from different distributions In the warfoble y = £ /% for mwtral and
charged current ipyeroetions, sinep the number of sparka is rovrkily coreeloted
with By, er be due to scanning blgaes or apar: chansbey Inefflelency, A zmall
difference {5 expected becanse each chorged current event ham an vxiva trick
due to the departing muan; henes events with thwo tpacks in the [lrse spark

chamber afrer the vertex wers excluded if a muom wag sven. This cut rerwved

3% of the 1975 OF dato and 5% of the DU data. SHowever, the cub dacs Jdepeml on “H

and for & GeV < E, <I0 &2V 10R of the 1975 9T and 164 of the Bl datn were
elininated. Errors assigned te dara in this E, interval were facreannd 1o
teka accpunt of the uncertalnty due to this cul.

An estimate of the qualiry of the hadrea showers wos made for caih
event selected. Events with lavge hadren enerzy had wany r-pnl:l:m At s li=

deflned vactfces; events with litrle hadron energy howd fewnr sparks and Jumss

welledatermined vertSces. Ir was found, howewer, tieat the retic of newirsl

current to charged urrent events did nat depend on the eatfware of shower

guality,



19, CORRFETIONS T TRE RATH

A Hugm_Accoptancee Calewinotion

Beecanse of the cheice of the small Fidecial volume {~10% of the geteoctor
sats) sod Lhe lavpe arce aml kigh efflclency of the moon fdentiflers, the
acieptance of the ppparatus for muons produced In charged current events, L)
wad Wwear unlty, #As a consequence, the calculated correction for urdebectod
s frem these oweola swos nox _purHtuIaT'."y scasitive to the details of the
weitrfun bewe spectea o te the detalled noture of the ngutrine Interackion.

Speerra for three of the neatrino beams are shown {n Flg. 4, These
."-'|.1-.‘l-‘i-':\'.'s sere palenlated by ¥onte Tarle techniques bosed on messurements of
W ool K ||rmlucnlon” and on the propertias of tho hadron besm tronsporkt ond
facossing sy.-;tem.la The relagive v and v content o'f the beams, given by the

pavameter

%o, evcats with v
0= s (L)
Ho. ewents with w + Ho, cventas with u
wos tetermined From measurements of charged-curront eventa and veflects the
produwt of the flux and the ¢ross section fntegrated gver the epectrum of the
incfdent bieam,
e rroms seetlons for charged-current interaciions were mesaured pre-
b ’
vivuk{y wieh the game apparatus, ? In terms of the uvcual dimersstonless segling

AL

1 X :
varlahiled % = o ,-'ME“ anf y = E“f'ﬁ.'-“. with nz w2 FE B {l-coa G‘NJ,' the diffar-
ot bal eros pectlons foc w aad ¥ aeg ey Ing nrom )

2
for v, 4%6/duly = 9;“—!1 Votn) fatn) + B0 f1-y)°) (2
- .2 nr 23 "
for v, dg/dudy = - 'Fz(x} {S(x) + z(x) {1-y) L

where 8{x) ond h{x} can be daterpreted se the fractions of quark nwl ank feaark,
respecrively. Mensurementa of v and ¥ Eotal ecress sections near 1 Ge¥ Rlve
<> =z I E{:t)dn}j[a(x] + g(x)] dx = 0,05 # 0,02, where q{x} and q(z) are the

i 11 1z
x-distributiona of quarks and antiquarke, respectively. Cur dotn ~ fuoe

(EBs <10 Co¥ give 0,05 £ 0,05, In what follows we uee the latter value for

‘FV <30 Coy and for sl F‘v’ whileh dmplics that <a> = 0.95, We take Fu‘:“} from

2
pur charged current cml:u.'l

¥or ¥z >0 GeV, vhere A gignificent genle bropking eflect has Bboen
o‘bsuncd,lg e uén:ln upe oopirdeally decernined values of o and b.?? The ral-
eularion of ='.U is, t;wcvcr.' telatively inaensitive to thig scale breahing
effuct becouse the averzge enerpgy of the DI beam 13 cloge ko the encrpy ab
which the onscr of mcale breaking takes place, and because in auny case :-!I
1o near nnity, To phew thia, o ealeylation of et! was made using the fuem
of the % distribution In eq. {3) with <b> = 0.0% for all 5;. This yielded
for detectoy B1 2 value of £y 0,03 lower than the volue L 0.9 for the
B yun.,

The g.:alculntjo.n of c,, takes inte account the beam speckra, wan fonl-
zatlon =nergy lose, resolution in the Eﬂ mwenguremenk, rnd the magnetic leld
In ghe iyon toroid, ‘The volues ol 2“ far the 197% OT data il the M data
2re shown as functions of the space coordinates amd E}l in Fia. 5, "'ﬂw aveTaps
volues of tll for each of the four socs of dara are given in Table T,

B. Nadron Punch-Throuzh

Energatic hadrons from neutrsl eurrent Interactieps shich penctrati the

hondeort £40%er will plowlnte charged current eventa, For D2, lovnted hehind >17
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celitaton Tenpths of absorber, the panch—thirowgh rx_'o'babil‘!t‘y :p was m.egl_l,gi‘ble. .
e valoes of t, for 031, located »ehind >3 collision lenprhs, weze WIlX aver~
napes over the deteeror and :hre_ rf“ speckrom for the 1573 Q7 data, Tu‘_carrecb
for this m.‘mldentlficatlml.’ valuea of Ep For D1 were measured uning charped-
curreat events which had a mcon ident{ficd in DI, Correcting for deltu-raya.23
£, s the fractlom of such evonts which hod wore thon toe patt&ﬂa in 1.
Flors of “n fur thae 1975 QT Jata are shown In Fig. G, where tho attenuation
Teipth of the hadron phower is cecn tov bu in agreccent with our messursd pion
absnrpiion lemgrh, These valuen of tp' weasured Jor & A ea-thick badron
shaother, dre congistont with thoee weavured for the 1974 QT and Horwn tune,
whers tllm= hadron obaerber wis 35 om thick, whcﬁ allevance is made for the
differenca 1n thickmess. The nyerage valoe of rp for each of the four dato
Hets tn plven im Table I.‘M

Fnr Lhe dorn data, a secomvd procedure was uzed bto check the punch-
through correeclon made by the method discuased ubove.n Tho ditlerence between
Use Crak ol LyacEfon obmeryed In the D} ssatk chesber and the direction spezi-
fied My a Yloe Yrom the event yertex to the posfition of the track in the DL
spark clamsber woa dotermined. From e sotple of charged-current events, it
was fwf that, for 93% t 2% of the muens, the fiffercnce of the angles was
<ing mr, whife only 247 2 4% of the. hadrong had angle dillcrences lees than
Wits {Fig. Y. Then, messurement of the covresponding diflctence of angles
fur meutral current event candldates discriminated between muona snd hadrons
Fu B2 and zllewed drdron punch-through to be removed in a staristical way.
el procedurs was eaeried ont Fer cuts at 100 mr and ot 60 = rnd both pove

wmeli-thicamphe correctlent that agreed weldld with (hose booed on zp_.

Rather than make a lorse correction for hadron sunch-throurh fer
ovengs with Su »2G0 CeV, such pepnis were excluded frem the 1975 OF data,
The determimation of tlie meutrsl eurrent to chmrged current cress section

ratio 16 nearly fusensicive to this cuc becpuse the eweals wish :E" * 108 eV were

wnly 10X of the data snd because they hoad approximately the same nentral current £o

charzed eurrent ratio as events with lover 1!”. For similar repsony, evends
from the 1974 4T yrun with Y »40 oy (25% of the torak) weee oxeluded, fShe
Harn gnd W rune, with Joprr beam woergies, were not affected by this ent,

C. Correctlonu and Checky

The ohgerved ratio of noytrzl current to charped evenis,

w Tupher of evenza with ap detected moon t4)
ray numdber of everts with 8 detecred muen
wig corrected for the effccts of muon aceeptance and hodeon puei-Lhroagh

with the formula

- ft +x_ = £uap)(l + Rt“) -1 ) 5

1--cp {1+ me)

Ry shows significant vaviacion with vertex Iocatien due ¢o changes Yo wmoen

acceptonce and hadron punch-threuph sa exhiblted In tde larpest sumple, the i
1975 Gr Jdare, shown In Flg, Ba ond %3, After corfectien, R ds approxlmatesy
cenatant s o fupcticn af vertex pesltion ood s the game for both Jetestors
{Fig. &b aad 9b). Simidar plots For the other three datn meta alsv shew R to
be conetont as & fupction of vertex poglrfen; the TH dato are shawn in ¥ly, 10.
The wniformity of B vevsws vertex positlown i stroop pvidence that the corvee-

tions have been spplied correctly and chit mo gerdous companinatlen ks prosent

in the newcral cugrewt somple.
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whie walues of R ferermiped from eq. (5) are relat fvely Ensensitive
te errurs e A CP. For exanple, the 1375 QT dota had ‘:;S = §.1%,
ey o ow (105 If the punch-threogh .g]_‘ or the Fractiww #f muons which are

I
sew ehanged Ly 292 (l.e., -ttvb - 0,15, -c.r:ub = 0,%0) . tho

Tad el 7o f‘I-

vailom o Ny 0,30 chanpes By 6% (0,023,

4 further independent cheek on the cerrcctiona is made By comparing
thae watemlared and measored F'H. disteibutions of events with vigible mwons
In Fip, 11, where the dato are eeen o2 be congigtont wich the celeviotion,

B, Mekprownd due Lo "'e Tuternegions

The Interactions of clectron-iype neutrines niomfate neutal eurrent
weeals In our apparacus, Tho ¥a centaninakion &% the w” spectrus was cnlco~
Tated Phe rame way as the v, spestrus. The background dus to v, {nteractiony
s poptlatble For measuvemente of the rotel cross mection. A 3% correcticon

was mide to the distributlens in ¥, st the higheat values of EF.JB

4]

¥, EXPFRIMENTAL RESULYS

he dntg gon be veed to Jerermine rhe space-time ntructurc of the wiak
nestral corrent im two woye. First, we obtaln the total crowa kecidun ratfo
for moutral eurraants, _g;‘i}g;’, from the meonured values of B for v and T, Thls
croge seeblon retis Wil be umiry i the penyral corrent bas one wl Ll paie
formes, ¥, A or T, ot 15 ity Jiucar combination of § and P, zinee then nn felaers
forence tutms that change algn vnder the interehenge of newtyine aml antincie
trine ore present in the expresstons for Lie v eed ‘3 eross sactioes. I
different than unity, the crosa section ratis can be used o detvrwine e
mizaure of curtehtn present, - Second the lnelssefeity (y ¥ E"/I:‘v) Jistrihallon
for negtral currvat interacticns fs velated o the dirpctly weasured isrribn-

tion in Bﬁ-. In the quark parton eodel, the y-distributions Tar nry oo Foak b

of ¥ ond A cyurrents will have the t'omszs

-1 da? U A 7
~—% . const. {o+ b(l-y)‘]. - 8« const, {b 4 agl-y¥"] (6}
E dy E dy

whetre § Ls the neutrino eneryy end o and b ore the relotlive Cractioms »f quarks

and (non-stronge) antiquarke, recpectively (o4b=1), The y-distyibutlon for any

winkure of ¥ and & ewrrents con be deplicated by some combinatfom of §, & und

7 ipternserions, Nenethelesa, apecific combinaciens of 8, F andf T interaciions

ean be tested. The y—distriburion for any miztwre of S and P currents (& the

pone For v and V!

= eopRt., 'yn . ()

1 e
n-‘e-
5 b

For a pure T npeudral current, the yrdistributica 1y alow fdentical for v oim) v

%—%% = corst, tl“.ﬁ}l}i .

{m

Intetfeconce Cetwma Detweon T and 3,7 cutvents will lhave che feorm y (2=3),
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A Toeal_Cross Sectiois
e ratie B for cach datp set was enrtceted for hadron punch-throush

i
and meen acceprsnces 1o yleld

x> 'J“('Eu > 4 cev'}leccz" >4 eV . B )

The carrected ratle B 1a related té the reutral current to charged curvent

rstlos for wand u, B and R”, by the parometer o (eq. 13, which givea the

viv] vootamlpstien of the Nn) bemss:

e ety {en® ‘ {10}

The values of R and F:; derernined from the four samples of data are given da
Talle 11. L

_Pruvlnuaiy. we 'nzvpm:i:tacl:l the values B° = 0,11 % £,05 ond 1; = (.32 % D02,
buth oy ‘i*:“ > 4 (mV, The dif{forepce betwcen the eariler velue of R‘f and the
. yaluen plven in Tuble I {8 gue to tha difflculty af the method used to extract

% aud KV Crom the first data aamples, ¥e belleve that hese systemarlc errors
have beea apprectadly reduced do the armples of dmts In Table 11 which are
alwa atatlstleally more signifiesnt and wers tnken with beans of higher purlty
of voear ».

fionratly, At 1z sot possibla to eobtaln the ratio of the totel cross
yrellons o;_:l'a; from U;(Ei[ > 4} fﬂ;:(gx * 4) in e way that ia Independent of =
nedel of the spree-tlme gteucture of the pretral current, l\wmﬂ; mosiele
Independent 1imlts on ugf_u; can he obtained, If the neytrpl current bag exactly

e gawe space-time atructure es the charged curront, the ratioes 3" and 0¥

» &, gince the y-distributions for both neutral
26

wllt ner depetdd on thae cub 'P,I

and charped current Intezactione are the some, The incquality u"(x“ > 9}
L,
P “"lt > i} will nhtain for any V.M combivatios far tho poutral current 1f

thee vharped current is clone to ¥-A,  This regult ig a consequence of the fzet

that the dintrilution d¥idy i constant in ¥ for Y=A. AdmIxtesr rhe Form ViA

.._, .
introduces n (1-y)" component te the ncutrino distribuefon, and {orees bro-

portionately more events to have lover Z“. Simtlurly, RU{-H“ > Ii“’{?“.“ > h).
The antiquark cn;att:m. of roughly 53 dovs not change the fmeepuolivy.

The ratio 03{0; may be ealculated from B, ﬂ; {fee E, » 0) and the
measured ratio of the ehorged current cfoss scctiens for nevirines LU S e
peutrinos with the wrelation! a-;’;fd; - (R;fnv}(u-g}aé). 2inre the ratlo of the
chinrgwd~curtent crons sextiors 1s changing with enn!gy.w 4t 1o necessary Lo
specify the cnergy at which the celculstion s mode. Hoting Lrom Table 11
that " 1s fpproxluntoly constant ever the average encrgy intetval Mreom 53 GeV
to 83 GV, and that 4z im the soor as thot epteined by the Gnzpnmelle enperl-
mcﬂtn for EV ) GoV, we bake that onee value of Rv at 4l tev, the averanc

energy of the D heom uerd ro obralo RY, At &1 Qe¥ we ealeulate the dncqualily

u; ' o‘é 9.59 & 0,10
— —— v —‘:‘. » (!-—-..—n-—--—-) (ﬂ.&s * 0-08)
oy R o 8,29 % 0,04
<
. n

% 0.61 2 0,25

8, |2
ool 2

r
»

where the retio ai/q: ix chratned from narlier mnnaurment.l‘g

T obtala ::g}o.;, rather than its wvpper limit, it i3 meceasary te correct
for everty with B, < & GeY.  We test possible forma [or the weak neutral cure
vent by weing the meswumed [orm to coreect the data Eor misaing evenls s tlwen

comparing the walurs Toe u}:.l u: o thtained whih the volues expecied for that

form. Becayso of the high encrpy of tho neutrino beams, the fraction of mewcrine

eventa with E“ < & Co¥ 48 wenll (VIX), Thus, for any combinatfon of ¥ ond A
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varvents {any value of the coefficient o in By, €), the difference between
n”u-;“ > BY and the measured value, ?.”{EH > #Y, 2 negligible within gxperb-
rental errar. The ratle R; i more seneltive to the exact Torw of the inter~
actlen beesuse the average antinewtelne beaw epergy in lower, For various
forms of the wonk neutral curreat given In Table ITI, the corpected, 'exper.'l-—

medat valuces of u:.l"n:; are cmpnrer! with the expectced valewos for this rstio.

From Tabie T0L, 5,0 and (VIA} forws 2ve elearly roled opt, The experimental

vl of 0;.:)'-.7; for pure ¥, A or T ia 1 mtandard deviotions away frow the expected

vabue bt s within I grandard deviation of the yelue expreted for V-A.

We obtain the best fit for the space~tiwme structurd of the meutral cuv~
rent by using the pencoral forma af the v = EHI'BV distribution given in Eq. (6}.
For a ¥=A fotetaztion, a =1 ood b2 G, uhile pute ¥ or po¥e K Yoquize o = b = %,
The Best LIt in obtained by varying a and b until the ewpocted value of .
“Ef"; aprens wieh the eorvected experimentel value. For the beat fit,
npfay = 0.45 ¢ 0,20, & = D.85 + 0,12, b= 0,15 4 0,12. This gives the equiva-
lend Yorme for the weak pentral current: A - 0.7 £ 0.3} Vor v~ (0.7 200 :\-2
'll:u total crass fecuc‘n ratleasn aee rthen Rv(!ﬁrn) 5 u;lo; = 0.30 + 0,04,
'R""(F.” ) cg!o; = 0,33 % II.UE.ZB

Hare gecerally, the efiective Lagronpiam for ncutral current {ateractions
29

way be writien In the guark-porton moviel oy
+

x ::' - :

R NI {my_._ vy + Argdu ~ dry (v + Avd]
12}
ER [:J‘JA ('41 + nlys)'u + ETA (\l1 + AIYS'N}} :

whirry “.‘1‘ Aj. Vj and J‘.l are, respeetively, the cocpling constants of iscvector-
verlnt, Inovector-axiel wector, fseacalar-vector amd isosecalar-gxinl vccior

eureents, and the letersctloan of s8 ats. quarke are neplected, In thia

natation, the overali streagth of the weok hodromie neatral current rediative

te the charged cursent is:

2
3

<l

a4+ 4

L

i

. 2 2, 2 e 1
a, % - l‘“-l-'.jﬁ + V1+ﬁl) - 0,2 £ 8,05 , {13

=]
[+ 3]

L

0 e

Further, the vecter-axial vector [nterfercace Is meazured by

5o | o
LA -T;-:—;ﬁ - !g.{v:}h_.. + \‘1.&1) = D.26 £ 0.15 ,
e T %
L
The yakio ;: = 0.4T & 0.35, where we expect +1 for V=R or A-¥ Intwrferenve,
+

0 for pure V or pure A, and -1 for VA interference.

The inequality of 0; and ug raquirea the pressnce of both ¥ oami A
componients in the interaction. In the cenventiomal wadel, where thie Intetne-
tion is carried by « sinzle Ho. thie recuires that the weak neutral current
ke pariry violsring. It is possible, nonctheless, to construct moaels of thin
neutral current which would contmin both V and A currents ond %A foterference
teres and still be parity-conaerving.JD plrect obscrvation of pariiy vio=
larfen in v interactlons requirgs wmeasurement of ¢ nenzare paumegenlar guare
tity which has not deen secomplished ze yeb in elrber chorped ov meateal enrrent
v interactions. Direct obuervation of parity violation is in principle pomsible o
the ;tauic phyelee exper imenta which neogure %he seattering of pulos Beed Tipehe
by heavy atoms, although to date thoze experiments vabihit a wull cfi'w.-t;.]1

The wesulte of the axpociment deperibed here have heon conllemed by

6,11

othir regent measuchmenta, Uur mecsurerents ef uu..’uc Loy v angd v ord com-

pared with those of the Gargomeclle experiment £ in ¥ig. 12, With!w errovs,
" It
tha ratios ate copstant, implying on ppproximately linear rise of LML

with energy and o diagenol form lor the newrral current. *2 “fhe oversti
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rotitive stressely of the newteal current cbtained in Zy, (133, 4,30 £ 0,05,
1y 0 powl apreement with the walue ohtziped In the CalTech-Fermilab experi-
m“nt.ﬁ 0. 0 0,068,

o BLstrtloelen in Wadron Yaerpy

The ktracture of the pestral current can be determined by cowmparing
the measnred dlgteiboefon s!oﬁ!dl’.” with that expected for different forms of
tlus nentral enerent, Thin determinmation Is Indepcndent of the charged-
enrrent cveus gections, since the wncort2inty In the cni‘.cu’lantian af the mvon
aetection ef Elefency c'; 1w amil, It 18 glmo independent of the behavior ef
the mentral rurrect crofs sectjon for 'F'}! < GeV,

Vhe measured ‘dlgtrlbutions dN/4E, For the 1975 Quadrupels Triplet v
datn amd for tihe Double Horn T dats asre compared with seversl possible forms
Cor these distributfens in Flge. 13 end 14, The seleulated discributions
weee ablained by f2lding the y-distribution with the spectrae ghown in Fig. &,
[wr the sppyopriate minture of v and ¥ (Fig. 1%), For the 1575 QT data, the
distributlons caleoblared fer § gnd P wixiures, for T interferemce with 5 and
Ty ond fer §FA enrremts ave much different in ghepc than the wegaured dierrd~
butinpg.  Hoth Y- amd pure V or pure A forms pre consistent with the mcazured
distritlong,  As with V-A, do/dy for a pure T noutral curremt £271s with
Iovecanlug ¥yt eonsequently, {t {8 not encluded by the E‘h‘ data, The comparisoms
wiade to Flgs, 13 and 34 plve g noviral ewrrent skruerura that is -&onsi:tmt
with the structure obtoined from the ratfv ég}aﬂ « We have nor filted a
forw for the weutral eurrent to the By clictributions for the l’ai"SlQuadrupolu
Triplet data ond the Docbile Worm data pieultanesusly beoswse the relative

nurmal Izatdom of the v and T Lluxes s poorly known,

€. Hodel Cemparisons

The ration X ond X' are compared with the predictlons of the MWeinhyrp-

Salam moadel 4o Fig., 16, Each ratio ‘R‘"EEH > 0) - uvwlo: nnd Rv(‘B“ » 0= n;_:/':!l;
independeatly determincs a waloe for n:lnzﬁu. From Flg, 16, RY mives atn?uw -
0.%7 % 0.0, A atmilar value of ninzﬂw ta abislned [rom :R"‘. In Fig. 17, vhe
data are compared with Lhe ¥einberg-Salam theory in a way that f= {ndependent
cf the ceupling consteat of the heotral current.
VI, CONCLUSINGS

From mtaeurements of neatrine and antinmecutrine deep inelostie seatiurini,
we have determined the overall strength of the weak hadronle nemtral cuaryent
'rt'la'z'lvé to the eharged evrrent to be {0.30  0,05). The space-time strocinfe
of the neutral eurrent is best fltted by the form V-(0.7 &£ 0.3}A.  our rvesnits
n.r'e zlgo consistent with & V=A form For the neutral current, Lut are Invonsiotent
with V4, combinatioas of S and P, or with the presence of streng Imrevference
terms betyean S, ¥ and T, At the level of 3 etendard devlations. they direriminate

againgt pure vV, A, or T forme, For present conventicnal theories of the wenk

interaction, these wxperimental results require s eignificant poricy winlating

companent of the weak meutrnl current., The corracted rariog of tntal oress sertinns

argt

v v, W '
RU(E, > 0) 7 ogfo] = 0,30 k 9.0¢

n"{.en >0 = u;.fv; - 0.3) & 0,09 .

Together with the results ¢f other neutrino experiments, the data descrilied beve
are conplstent with a lincar dependunce ol 0; ond u; on pealring ooergy. o the

contoxt of the Weinberg-falem paupe theory, Thoss data yleld ata” ", G.27 4 0.00,



The U, A atvocture of the woak meutral curreat obtained here ie
copsisrent with the impllcotions of measurencits of the eleetyic dipole

ey of werfain ehons aud moleeslem, whica limile the strevgih of 5. %,
"
3 c“l ord aloe with calculatdotsr of ateller evelutlon

e
raven, which Timit tho strength of 3 tensor current T ta <@ Jaz l::.?

or W cowplings b 1

W opre pratefui for che moneciancious ceamnfng of W, Crant, A, Biack,
amt ', Beiple, dor the tectntaenl work of 8. deck, B, Maper, L. Tiomda, cind
W Weedsn, for the pagivectich of the Thysieal Sceivnces Luhucatm.'y of the
tiniversiny wi Wiseenndn, and for tie continnivg sssingance and pnonuregewent
af the fermilab staff, We thaok L. Paosches for usefol dlecusedone, One of
wt (9.1 thapks Urookbaven Harilongl Laboratory Lor suppert during the £inal

phaser oi Biris wori,
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Table I. Relevant paramcters far the four experimrnts reported herg, The numbers of eventa havy been corrected

for muon dvtectden elficieney and hadron punch~throush.

CC eventw, indlicates the composition of the beams.

The param:ter uw, obralned from the measured

F————

M-
n

Numbexr of Events

Muon Detection
Eff{cfency cu

Hadzon Fllter

Thcough Probatility €y

Padron Punch=-

Fiducial Voluun

Feany Type H“—- + 0+ Neutrnl |Charped Bek, DL | Dee, :‘? Thickness (cm) Det, D1 bek, D2 lxl:!?;'iimtl?m) _(;,“‘:‘“]‘l:i:,}___

Harn 0.94 264 857 .83 * 35 a9.24 ~xQ 120 h~ 12

124 gy 0,32 158 5%9 0.84 * 35 0.20 n g 120 5~ 12

1575 ot 0.86 300 1042 0,95 0,84 70 a.12 %0 o0 R

i 0.23 59 , 198 0.94 a.7¢ 70 0.07 ~ 0 100 v - 1
- u’ {

* betectar 2 had & MFferent geomerry for these experiments,



table T1. The values of B or 8" for ¥, 4 CeV, ‘the errors assigned te

2¥ and &Y fuclude both etatistical asd systematic elfectm, with the predeminant

contributlce being the mentistical uncetdainty,

feam Lype R_“'([-,‘u » 4 R"(E“ > 43 Comment

Moy 0.31 ¢ 0,06 Ture v beam,
<E\>> = 33 goV
Miwed

M7y n.24 2 u.0p wed benm |
CE) = 78 CoV

15 o 0.29 2 ©.04 Hixed Lean
B > ~ B} GeV¥

i B39 ¢ 0,10 Pure v beam

(F“i) = 41 GaV

23,

Table 1IY. The measurcd valucs of o;:'/a:‘l’. after correctfon for (he josa
of events with gy < 4 CoV accordipg Lu ihe form of Uhe weak
nestral current in r'he first column, The tortesponding

values of c;\‘,j/ax. expected from theory, are piven

in columa three. An $ntiguerk coutriburion of 57 has Leen agsuwed,

' oW
LAY
Form of the wesk Corrected experi{mental Expoecten.
neutral current walue wa lue
V-h 0.61 + 0.2 @38
VorA 040 ¢ 0,77 1.00
VA 0.37 + .16 1,65
L]
. S or P or 5,P s
< minture .26 + 0.07 1.00
§,P interference
wvith T - $31 + 011 1.00

r 0.45 #0.15 1.00 |




Fia, 1

Fip. 2

Fip, 1

¥, A

25,

FIGUIF. CAPTIONS

(2} Schemarle whiew of that portion of the target=detocter used to
1dentlly neutral current and charged eursent ncutrine interactiona.
Not shown are the vremalning three sections of iron toroldal magnet.
{b) Wisplay of the calorimeter and spafk charher Informatlon for 2
avaryal ourreat syent, The zlde view of the wide gap spatk chambers
(WESES ta [rom e of the 150 steree views; the top view of the WOSC
s from the 90" sterce view. The pulze heighﬁs in the enlorimeter
wninles Illuntrote che dovelopment and absorptlon of the hadron
ahawer, which had EH e 15,5 CaV.  {The gapﬁ 1 the pulsc height -
dixrribecion chow the location of the WGSE.} Wo partieles appear

tu ULl behind the hadron absorber.

The X and ¥ distributions of shkower vertices ss detegmined by the
Lwe methods discussed In the texe, The distributions rellect the
alm rodlue of the v bram and the poaitlon of the detecter with
Teaprrr to the beam.

Marriburien of the nusher of sparks far aeutral curzcnt.(ucﬁ and
charged current {00} esente for two data sers, for evants with

by ¥ 4 BeV. The vertical scales, which are different for NC ard CC
wyonty, have been choson 30 Ehat the HC and €0 blstograms have egual
TR

Hentrino apectra for three of the heams ueed In the exﬁkrlmcnc.

The speetrum of the 1T74 QF beam 26 similay fn shape to that of the
1975 OF beam but wlth lower averapd neukring enecgy bpcuusé tho

protow enerpy Nns MO €o¥,

Flg. 5

Fig.

Fig.

Flg.

g,

Fig.

Plots of the wion detection eflfciency, Eu‘ for the 1975 0T davn
{(n} - {:ﬂ and the Dif date {(d} - {Ij] ag fupmetiony of hadron
energy B“ rod the longitudinal amd tvansverse pesitions Ll Lhe
interzetion. 1In pletting the tronsverse pesition, the dala ace
closeilied Dy dolfining a mecles of “squate aonull” whieh cover (b
detectox from the center out to 120 em, Each "gpuare areulas™ 2s
the reglon defined by the square X[ « tgn [¥] < £ [%] =« £
}Y] {.Ll‘ wvhere ti - 11 » 20 cm, with L, in 2 cm Steps.  Jooeorh
figure, arrows ipdicate the Fiducial region.
The prxobabilicy that hodrone will be obseeved in Bl and fa 1l H2
spark chambor, cp, in plotted versua fa) Z“ and (b)Y 2 (vadorineter
modute), Th; straight line illustrctes a plon sttesustien Iength
of 11B em.
HMeasured angular exrors im the Y-2 plane {bsy) and En the X-2 plane
(au*} for f{a) muen tracks and {b) hadron rraeks moasurad fw ghe 0O
spark chamber.
The rativs of peutral current cvents te charged gurreat tvents for
the 1975 @ data {a) Rraw snd (b) R, a3 defined dn the Toxl, are
plotted agalnat longitudinol posltien {calorimeter modole momber.
The taties of neckral putrvent events to charged cuyvent wyenis fur
the 1975 4T data {a) an‘ and (b) &, sa delined in the test, are
pipeted spoinst transverse pasition ¢replon” is doflued In Fip. 33
The cu{recttd rotie of noutral current eventy to ehargeyd eutrent
events R, defined dn the text, is pietred opainst {n) transversc
.

position and (b) Teupitudingl gposition for the UM dukite



Fipe. 18

Plp. 1&

Fap, 13

Fip., 14

Fig, 15

27.

teamarinen hetweon Fhe ca‘lr‘uhlﬂed and meagured badror energy dig-
tributlons fer eharged current eventz for (a) the 1975 QT Jota and
(k) the DIf data. ‘The ecaleulatlon, shown by the solld 1linc, haz been
nuriadlaed to plve the punber of evente in the histogenm,

The vatlo of the total meutynl current croas gection to the total

charped corremt croas wecticn for {a) neutrives and (b) sntincutrinoes

in shown as a functien of aversge beam energy for this. expertment
and Tor the Gargumelle expesloeut lre(l. 113. The total craaz sec~
ttons dnclude contribvutiony from cvents with tow hadron enersy
whizh are not r.le.r.t-cterl in the exporimenta, These contributiona are
abtained By calculatfon ss discussed fn the text,

The measured hadron emerpgy distributions for ncutral current evente
are compared with those expected for neutral ewxrents whiclr nre 5,
pure T, which are 8, ¥ aduimtures ond whieh contatn T-5, P inter-
ference terms, {a} for the larpely v 1975 QT run and (b) for the
farpely V Ol run.  The caleulated distriburiens have been norml-
{#l te the wegpured numter of eventa,

The menoured hadron energy distribotiens of newtral current events
are epppared with those expected for newtral currents whieh are

pard ¥ oor puro A, V-A, or V4A Ln form, (o) for the larpely v 1973

%7 run and {3) for the largely U DR gun.  The coleulated dfstributions
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The ratioe of the neutral current to ehnrped current arass el Tons
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