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·I1h c o tud;y of mul timuon nroduction in n ei...:trino �t.nd antincutrino "!Je::.ms i ::.:; 

intereotin� to oursur! Oec.:.1.u:::: e it :r1ay l ead to some new p�ys i co 1 )  
exa;,inle  t h e  oppo s i t e  sign dimuon results are ':lroof o f  charmed pc;,rt i c l e  

product i on and decay 2 ) . However, i t  is  no11 cl ear thoct the neutrino trimuon 

events are wel l explained by the more convent i onal pro cesc, es of el ectro­

ma,<;n etic  and hadroni c  r2-diation of dimuon pairs in regular inclusive 

interact i ons 3 l .  This resul t ,  coupled with the fact that tho six o uark 

version of the standard model 4) s eems to fi t al l the availabl e data ,  has 

led to a decrc'1c,e  of int erest in mult imuon final stat es .  Neutrino int er-

actions are now beinr; rep,-arded as only a us eful tool  to study ,iC ll .  Never­

theless it is important to continue the analvs i s  of mul timuon eve'1ts bec;i,uce  

there i s  the  posc ib i l i ty of producinr; b and/or t o ue.rks or even more  exo t i c  

nart i cles . 

11 t thio meetine we h�ve h eard pres entat i ons by representatives of the 

C :)!L� 5 )  �nd CF�J :�R 6 )  groups on their l ike-sign dimuon event s .  ·-rh e  trirnuon 

rat e  for antineutrinos has also been reported by the C DK> group ? )  • 'chis  

raeans that we  now have information on oppo s i t e- si gn dimuon, same-sign di­

muon and trimuon rat es in both neutrino and ant ineutrino beams . It i s  now 

uossi ble to make a comp2,rison of all these s i 1cn'1ls with theoreti c2.l model s 

and be�in to look for deviations from our conven t i onal picture .  ThP 

opposi t e� s i gn mult i l eptons show no surprises 0,nd are well fitted by the 

sinel e cha.rm model involvinf7 val e::ice and. s ea q_uark di stri but i ons . T.,et me 

therefore concentrate first on the  trimuon events and lat er di scuss the 

same-s i r:n di muon event s .  

r .  'rrimuon events .  

rhe convent i onal nrocesses beh i nd trimuon events are ( a) the el ectro-

01ac:n et i c  product i on of  dimuon p2,i r:c 2,nd ( b )  the hadroni c nroduction of 

dimuon pai rs . 

( a) . rhe clectroman;n et i c  m0del is well tested by the r-r-t"+ even t s . ?or the 

C Tl'.lS experiment w e  cal culate that O' ( ff f+ ) /O( f- )  = o . 9 �10-S in the l5il Ge1l 

wi de-ba,nd neut rino bec>.m and CY ( /'"tt'+f )/cr ( f1" ) = o . 5 • l '.l-5 in the 3 30 Ge'! 

:1nt in eutrino beam 1vi th muon ener[zy cuts of 4 . 5  GeV and beam energy larp;er 

than 30 GcV. Je expect the ant ineutrino rat e to be smal l er because the 

S"!1cct ru::1 is soft er.  ; rot e that the electromagnet i c  model is  not very sensi­

t i v e  to the chan�e i n  the y dis tribution between neutrino and ant ineutrino 

ch:1r.---:cd current i n  t er�ct i ons bec2,us e no m�.i,t t er h ow the  enerrr,y is  shared 

hctt·.rccri  tne muons and the h::tdrons the importv...:1t point is  that charged 



par t i c l es �re 3 c c el crat e d .  

( b ) . T1he he,droni c m o d e l  assumes t h a t  di:nuon nairs 2.rc produced in t h e  

n e!1trino i n c l u s i v e  f i n � l  s t at es in a fashion an�logous t o  purely h�droni o 

int eract ions . A final s t at e is formed with mass W and , in the current frag-

mentat ion r e tsion , thi s y i el ds dimuons with the same mas s ,  transvers e mom en­

tum and Feynman x dependence as s e e n ,  for i n s t an c e ,  in TC N intera..c t i ons at 

the same W. Of cour G e  o:oe h:cLC to rot ci,t e the neutrino final s t at e s o  that 

the hadroni c shower d i r e c t .L o r: i' the same as the beam direc t i on in the 

hadro n i c  co l l i s i on .  'l'his model. i s  rather crude and we should probably not 

expect it t o  y i e l d  the exact rat e for the hadron i c  trimuon component . The 

d i s t ri buti ons , however, in p2-rt i cu l ar the correlat i on o f  the s econd8.r;r 

dimuon pair along t h e  hadroni c shower direct i o n ,  are well reproduc e d .  'Jh en 

one t r i e s  to make absolute c a l culations then the rat e for this component 

invariably cor-:es out too smal l .  F1or instan c e ,  even t hough the C! 1HS group 3) 
c l a i m  t h a t  t h i s  m o d e l  gives a rat e  of anproximately 2 � 1 0-5 m y  calculat i ons 

s ho w B) that a m ore reasonab l e  e s t i mat e is c l o s er t o  1 • 10-5 • The same con­

clus i o n  has b e en reached by Bar1?;er et a l .  9l who found that t h ey needed - - + 
o,n extra fa ctor of 2 . 5  to fit t h e  /" f � rat e .  One year a,'>o t h ere was no 

reason t o  be concerned over the exact magn i tude of t h e  hadronic rat e ,  but 

now that there is evidence for orompt l ike-s i gn dimuons we have to examine 

t h i s  , , uest i on more carefully . If there is another mechanism which is hadron-

l i k e  and s t rongly energy dependent , t h en it is bound to compl i ca t e our 

understanding of the trimuon event s .  

( c ) . Meut rino dat a .  

R e c ently the FHllPRd group l O ) have rel eased t h e i r  final resul t s  o n  their 

neutrino induced t r i muons and ,  even though a l l  t h e i r  s econdary dimuons have 

l o w  invariant mas s e s ,  the p l o t  of the events in the variable f1 , ( 2 + 3 )  i s  

consi d0rably di fferent than that for  the CDHS data .  R emember that we are 
d i s cu s s inr; the 3 z imuthal angle between the i n i t i a l  muon and the s econd2.ry 

dimuon pai r Hhen t h e i r  momenta are pro j ec t ed on t h e  plane perpendicular t o  

the  n eutri'1o beam . 'le s h o w  t h e s e  t w o  d i s t ributions in F i ,o; . l .  I t  i s  not cl ear 

h o ,-i t o  int erpret the <p p l o t  for the FHOPRW dat a .  There are s everal events 0 
near cp = 90 whi ch ca!'lnot be explained on the bas i s  of elect romagn e t i c  and 

hadron i c  radiat i o n .  One pro b l em with t h e i r  events is that most of them o ccur 

in the i ron target so that t h e  hadroni c  energy is not measured making a 

compl et e rec onstru c t i o n  imposs i bl e .  Their t otal r-r-r+ rat e  i s  ( 6 .4  ± 2 . 3 ) X  
10-5 which i s  cons i s t ent with the CDHS resul t .  
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Fi g . l .  'fh e  a z imuthc.l angul.ccr difference between the momenta o f  the l eading 
muon and the s e condary pair , pro j e c t ed on a plane perpendicular to the 
n eutrino beam. All events have muon energies larger than 4 . 5 GeV. 

( d) . Antineutrino dat a .  

'rhe antineutrino rat e  for rtr+r- events expect ed from t h e  hadronic model 

i s  around 0 . 2 � 10-'j . 'rhis number i s  very l o w  refl ecting both the softer 

spectrum and t h e  change in t h e  y distribut i o n .  The two effect s conspire to 

s eri ously reduce the t h e  number of trimuons which can survive t h e  4 . 5 Ge\T 

cut , y i el ding a rat e  which is five t imes l ower than the neutrino rat e .  If 

we a l l o w  ourselves a compensating factor of three in the h2droni c cross 

s e c t i o n  then the final resul t for O" ( /"'t-/'4+( ) / cr ( rt ) i.s approximat ely 

l . l • l 0-5 for muon energy cuts of 4 . 5 GeV. This number should be compared 

with the CD!IS exp erimental rat e of ( 1 . 8:!  o. 6 ) � 1 0-5 bas ed on eight event s .  

Such poor s t at i s t i cs makes i t  meaningless t o  compare distri but ions but we 

can check the averages . 'rhere should be a reduc t i on in(cp l ,  ( 2+ 3 ) ) and in 

( x )>  because the el ectromagn e t i c  process makes a larger contribution t o  the 

t otal rat e .  Both effects are s e en in t h e  dat a .  The conclus ion i s  therefore 
t t -that the r r r rat e and distri out i ons are in reasonabl e  ac':-;reement with the 



conventional mode l ,  It is only unfortunat e that there are so few events .  

I I ,  Like-sign dimuons . 

We now turn to the question of the like-sign dimuon signal , The recent 
CDHS results 5) for neutrinos are that O' (t"_t"_ )/O'( �-t'-t )  = ( 4 , 1:!"  2 . 2 )>'10-2 

t I + - -2 and for antineutrinos (j c 14·� ) O'(r r ) = (4 .2 :!: 2 . 2 )1tlo with energy cuts 

of E � 6 . 5 GeV and beam energy larger than 30 GeV . These results show that 
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a signal exists at the two standard deviat ion level .  However the statistical 

significance is increased when we add the published FHOPRW neutrino result 
l l )  that CY ( fr- )/a ( ff ) = ( 12:!: 5 )"10-2 and the result reported by Fisk6 ) 

that a (tJ.-f ) /r:r C(l ) f  20 'f,. Both these results are for muon energies 

larger than 10 GeV . The corresponding rates compared to charged current 

events are O"( r-f ) / a ( t.l ) = ( 3 .8 ;!" 1 .8)"10-5 and '1 (f'Y ) / <1 (fl ) = ( 4 , 3 ;t 2 , 3 ) 
.,, 10-5. ror the CDHS group ( because O"( r-rt )/a (f ) � a- c r•tt )/<T (f'+ ) -:: 10-3 

with the same cuts ) , The FHOPRW rate is larger presumably because the 

neutrino spectrum is harder at Fermilab. They quote C1 ( f rt ) I rr  C( ) = 

(40 � 20)� 10-� Note that these events cannot be interpreted as misidenti­

fied trimuon events because the rates for such processes are too small.  

Therefore we have to  find out what new physics gives rise  to these like­

sign dimuon events and check whether this modifies our understanding 

of the trimuon events . 

One reasonable explanation for the new events is that they are caused 
by the associated production and decay of charmed particles 12• 13 ) , If 
such part icles are made in neutrino ( antineutrino) interactions then the 

s econdary Ji° Cft )  would be emitted along the hadron shower direction which 

is consist ent with the experimental data, Hence we have to estimate the 
cross s ection for the reaction v ('ii) +N�f"-( �t ) +c+o+X . The like-sign 
dimuons aris e  from the decays "C ... 

,..
-+v

,.
+s , c -.  s+X. The same model gives 

contributions to the opposite sign dimuons at a tiny rate via the decays - - t c � s+X , c-.r +v
,.

+s , and to trimuon events when both charmed particles 

decay semil eptonically . Analogous statements hold for the antineutrino 

channel . If the rate for co pair production is comparable to that inferred 

in pp collisions from the CERN beam dump experiments 14) , then we expect 
one pair of charmed part icles to be produced in approximately 103 neutrino 

/antineutrino int eract ions . Adding branching ratios and a rough estimate 

for acceptance therefore yields same-sign dimuons at the l evel of 5�10-5 

of normal charged current events .  This model also yields trimuon events at 
the level of 5x10-6 so some of the hadronic trimuon events ( maybe 20 �) 
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n.rc p:resum:1.bly due to c c  decays . T h e  e s t i mo.t e:s given above are very rout5h . 

In pract i s e it is e s s en t i a l  to correctly inco·rporate the effect s due t o  

different cut s ,  snectra, et c .  However it i s  cl ear that the exi s t en c e  o f  the 

l i ke-s i ,c;n dimuon event s maims the who l e  mul t imuon production more comp l i ­

cat ed and/or i n t er e s t i ng. 

In order t o  substan t i a t e  t h e  c c  explanation i t  is necessary t o  hotve some 

model which wi l l  re produce the observed dimuon rates and distribut i on s .  This 

is not an easy problem as everyo�e k11.ows who has looked at cC producti o;i in 

cndro:i beams . At present the only model invest igated wh ich pred i c t s  an 

abs o l ut e  rate i s  the s i ne;l e gluon bremsstrahlung model 
1 2 ) . The cc pair 

i s  coupl e d  to the quarks via s in,,l e gluon exchange and the problem of colour 

rearrangement is igno::-ed. 'Ph is is probably not the dominCl.nt produc t i on 

mechanisCJ near thrc,shold wh ere other Feynman cliagrams are a l s o  important . 

Indeed ex'1.ct calculat i ons of the rate expect ed from this model y i e l d  dimuon 12 )  
an·i trimuon rat e s  which are t o o  small by a t  least o n e  order of magn i tude 

TJnt i l  a bet t er model i s  found, one anproach we C3.n fol low is t o  use the 

c;luon bremsst rahlun '( model to check cons i s t ency between the measured rates 

and dist r ibu t i on s .  This is not unreasonabl e because the cuts on t h e  final 

mwons are s o  s evere that we only measure a sma l l  port i on of phase spa c e .  

On •o c a n  subseo_uently remove the cuts t o  f i n d  an e s t i mat e of t h e  cc product i o n  

rnt e .  H a t e  tl'.nt the r e a l  m:it r i x  el ement probal:•ly h a s  a di fferent dependence 

on the k i n er:Jat i c  variabl es so our pre d i ct i ons could eas i ly be incorrect by 

;i factor of two o r  thre e .  

Before w e  give any n'imbers we should ment io:i t h e  importance of checking 

the cc expl2,nat i on by i dent i fying r e event s i n  bubbl e chambers , where the 

rat e is lar,c:er because the cut o:i the energy o f  the s econdary l epta!'! is not 

so s evere. One could hope for approximately 10 r-e- events from c� decay in 

1 05 
measured neutrino interact i ons . In a bubble chamber the events can be 

reconstructed exactly so we can find out whether the other hadrons are the 

de cay products of charmed mesons and/or hadroms. This s eems the c l eanest 

11ay t o  s et t l e  the c c  i ssue. 1�ven a l i m i t  on the cross s e c t i on would be 

important because i t  would add another constraint i n t o  the pi ctur e .  

I n  the mea,_nt ime w e  have t o  content ourselves with the avai l ab l e  dimuon 

and trimuon event s .  Therefore we have taken the cc model and used /.'ante 

Carlo methods to cal culat e t h e  rates and distribut i ons for the neutrino 

orodu c t i o n  ( i n  the 35 0 GeV wide-band beam ) of p--�- and f-r-r t 
and the ant in o:.itrino product ion ( i n  the 3 30 Ge1f beam) of /""/"• and 



event s .  To fix the overall normalization we assume that 20 'fo of the hadro­
nic trimuon events are due to cc production and decay . To compare with the 
antineutrino trimuons we assume that 1 0  % of the experimental signal in 
that channel i s  also due t o  cc pairs . ( i e . , 20 % of the hadronic signal 
whi ch we take equal in magnitude to the el ectromagnet i c  signal ) . We use a 

4 � . 10 70 branching rat i o  for the channel c .. /" + Y,.+s and incorporate all the 
experimental cuts given by the CDHS group. The input for the model i s  dis­
cuqsed more fully in Ref. 1 2 .  The results of the calculations are given in 
the following tabl e and agree very well with the experimental numbers . 

1leact ion �;xperiment ·Theory 

<:;(t_t_P.T) o.5xio-5 o . 5x10-5 
cr ( f l 

Cl"((t'-tt-i-) 0 . 2.>tl0-5 0 . 2"10-5 

cr- ( r ... l I 
o- (  fp.-} ( 3 . 4 :!:  l .S ) i<lo-5 5 . odo-5 

<1 ( r-J 
CT (t'y·J ( 4 . 3 :  2 . 3 )x l o-5 2 . 4>110-5 

crt r-+J 
An examination of the distributions indicates that there is no conflict 
there either . To denon�trat e this we show in Fig. 2 .  the distribut ions 
expected for the opening angle �f between the leptons on the plane perpen­
dicular to the beam and in the transverse momentum of the secondary l epton 
along the shower axi s .  Note that most of the events in these plots are due 
to the background muons from n and K decays . There is no way known at pres­
ent to clearly extract a signal from this noise. A l l  the distributions from 
the cc model resemble those of the background event s ,  and it is only the 
measured rate which is t o o  high, which really allows the CDHS group to 
conclude that a signal exist s .  

By removing all the cuts we find that the magnitude of the basi c  cc 

cross sectLon i s  a ('j. (9, ) +N_,,..-(r-t )+c+c+X )/C1 ("' (} ) +N .. ,.- (,/ )+X)� ll< l0-3 

at a beam energy of around 90 GeV. This is in agreement with the beam-dump 
measurement s .  Further theoretical work is needed to find a model which can 
reproduce this cross section and further experimental work is needed to 
reduce the error bars on the dimuon and trimuon rates . 

Before finishing I should mention that there is another very interesting 
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neutrino and antineutrino event s .  

source o f  l ike-sign dimuons , namely the product ion and decay o f  b quarks . 

In the standard s i x-quark model 4 ) b quarks are probably excited via a u-b 

co'-lpl ins whi ol 1  C1]1.i.ld be as 1 2.ree as 10 'fo of GF . Assuming a cascade decay 

b-c-s l eads to same s ign - -r transi t i ons VI'" +u -t /4 + b, 

be est imated as f o l l ows . 

dimuons in antineutrino beams through the 
+ b -t c+X, c ... f +v

,.
+ s .  The rate for this reaction can 

There is a threshold suppre s s i on factor of � o . 2  

due t o  the heavY mass of  t h e  b quark, a coupl i n g  constant o f  say 6 %, a 

bran ching ratio for b � c+X of approximat ely 0 . 2 5  , a branching rat i o  of 

O . l  for the semil eptonic de cay of the charmed quark and finally an accept­

ance factor ( muon energy � 6 . 5  GeV ) of around. 0 . 5 . Taking these numbers 

l eads to a f"tf+ event rate of � 1• 10-5 of the normal charged current 

event s ,  Hence it is obvious that the f" t f + data. places some constraint on 

the b quark coupling constant . This problem is being investi gat ed in more 

det a i l  l5 ) , At present it s eems clear from the p T d i s t ributions given by 

Peyaud and shown in Fig. 2 .  that there i s  not much room for b quarks in the 



dat a .  The decay muons from b quark decays are expected to have a large p7 
refl ect ing the heavy mass of the quark, but there are only two events ( out 
of 60 ) above a transverse momentum of 2 GeV/c . If these particular events 
are manifestations of b quark decay then most of the s i gnal below 
p = 2 GeV/c would aLso be caused by the same react ion which is not the T 
cas e .  Hence the possible event rate from b quark production and decay must 

be smaller than 4•10-5 , Even assuming that it is only 1'• 10-5 means that 
the u-b coupling constant is being pushed down to the theoretical upper 
limi t .  Bet t er data in this channel could yield some meaningful constraint 

on the mixing angl es in the six-quark mode l .  
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