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WEAK INTERACTIONS OF CHARMED PARTICLES

Subject of my talk will be an illustration of the expected features
of weak production and weak decays ofcharmed particles,

There are at pres=ant various propo$ed models where, in formula-
ting a theory of wealk interactions, new hadranic degreesof freedom are
introduced, leading to a new class of z2lementary particles (charmed
particles)., Time forbids me to make a survey of the various options
available, and forces me to conzider only one particular model, the
one based on four fractionally cha.ged colored quarks.

This i1s the simplest available model and also the most developed
at the moment, Predictions derived in this model will provide, .hope~-
fully, useful guides to thc experimental search for charm that we are

witnessing 1. these days.

1., Four quarks make SU (L)

Mesons and baryons are assumed to be made out of four types of

qdarks (1,2) each type coming in three different colors (3):
p' p' p'
weak P p P
and e.m,
n n
currents
. ) A A
red whithe blue
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Weak and e.m,. currents arc oo Ve Wl

L

rticlds,and color singlats, Hence wool Sns 0., inieracticns ars

exactly invariant under the Su (3. ¢ Lr oymmetry which could be

associated tc gauge fieids medi:t’n s¥oong interactions,

—
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tural symmetry of this scheme -5 SU (4} & 30 {3} cols. This sym—

metry could be further enlargo? to anciuwe chirai transfcrmations
2r giapls &l cwire, nerhaps including

and/or cmbedded intc a lar

(4)

leptons e This will not be dirusce’ o re,
Quantum numbers cf the d17ier K myres, rzleva.t to a

discussion of weak interactions, oo asg, "nod .s show: in Taple 1,

I¥ one further defines for all :ju~ s @

B = har GREOD = 1/3
th cextension of the Gell-Mone ' m= 7 prols to in7iude charmed
articies reads @
, ; i . .
u):i vl—'—(i"'c""s)
3 <

A basic assumption of the model is that, =2t least at present energies,
color degreees of freedom are not being excited, All hadrms to be con
sidered are therefore assumed to ¢ color singlet (5). They can be
classified according to the quantum numbers conserved by strong inte -

ractions: B, I, I., S,C., In particular particles can be classified

3
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according to the charm content as follows :

i - Normal (C = 0) states : particles made out of p, n and)quar‘ks
and/or antiquarks (e.g. ®, K, N,A ,etc,)

ii = Quasi-normal (C = 0) states: par£icles made out of p' p' pairs

(6) (ecee W M, etc.)

iii - Charmed (C 4, 0) states( 7:) states containing p' and/or p' quarks ‘
such that C = (number of p')-(number of
p') £ 0.

Charm being conserved in strong and e.m, interactions, a number
of C 4 0 particles must be stable excapt for weak decays. Which char-
med particles, among the partners of the low-lying SU (3) multip]:ets,
are indeed stable, is determined by SU(4) mass breaking,

1f ¥(31904) is a pure p'p' state, there is little doubt that char-
med pseudoscalar mesons should be stable,

We expect three such mesons (8) (plus their antiparticles):

D (P | 5.0, 124
DT (¢#) representation 3

5' (,‘»’3) G4 I 20 of SU (3)

Estimates of their masses, using \r mass to determine P' mass,

have been performed by various authors, and give values around 2 GeV,




Together with the pseudoscalar octet, pseudnscalar charmed mesons

are naturally assigned to the reguiar (15-dimensicnal ) representa

tion of SU(I.)(B). Spin 1/2+fchar~med oaryons ( C = 1 and 2) are as-
signed, together with the baryon oct:t, to a 20-dimensicnal SU (&)
(2)

representation o We sha'l restrict to C = 1 states which can be

classified ia SU (3) according to:

B+(V‘P“‘)a $=0, I=-°
] 0 representeation
B (_P)"‘)A Gz-1 [=% 3 of SU (3)
B (¢rrp)a
o
B (P"’M)S
C:. +1 §20 I:i
B (f’ ?”')5
+p [
B (? PP)S representation
6 of SU (3)

BO(P'A")S ) S,-d., I =Y




Tre subscript A{%) dencte antisvmmetry (symmetry) of the
wave funcrion under exchanye of the uncharmed quarks. W. shall
assume inrn the fcllowing that the 3 baryons are stable wycept
for weak secays. This results from the analysis of ref, (9).
for rhe case of quadratic ma- s formulae, and also from ref, 110),
The soyxtet barycens should be 2ble to decay into the others by pionic
ard/or w.m, transitions,

#asses of 3 baryons arc estimated to be of order cf 2,9 X 3
L d
. . A . . .. + .
GeV in ref, (9) and 2,2 = 2,4 GeV in ref, (10). Spin 3/2" varyons,
*®
2)

: aozimet te znotner 20-dimensional SU(L) representaticn to

the-r with the 3/2 decuplet, are presumably unstable against strong

e ey




2. - Fandamental weak interactions

The four quark scheme allows fur a very elegant and consi -
Ceion of weak : . (2)

stent description of weak interactic:s .

Quarks couple to charged . ¥) and neutral (Z) intermediate bo-
sous according to

M
- J W b c.) -
ffw"%(’);* * ao];“ 4 (1)

(0)

fﬂh ~ +
The neutral current, J/~ , has A. = AC = 0 and does not piay

any significant role in weak production and decay of charmed parti-

cles, The charged current {“ is given by :

L1 [FX‘('"%—)(“‘Q‘M +5i02)+ F');.(;-Yf)(-s.‘..&ﬂ-rwfa‘\)‘]

2

s (2)

where @ is th. Cabibbo angle., As implied by the sum over colors {»
is a color s.ajlet, J ha a AC = 0 part which coincides with the

familiar Cabibbto current, and an additional A C # 0 term which de-
scribes the coupling of p' to n and ) quarks, Note that p and p' cou-
ple to two orthogonal combinations of n and A « This property assures
the suppression of unobserved AC = 0, AS f O neutral transition (e,
2 kL d /“+/“. ) .

The AC £ 0 term implies: the following selection rules for semi
leptonic transitions :

- large (cos O) component : AS =AC 4 0,41 = 0; 4Q =AC (3)
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- small ( sin@) component : 4S « 0, AI = 1/2 ; AQ = AC (4)
Weak non leptonic processes arise from emission and reabsor-

ption of a virtual W and/or Z (Fig. 1). Again, to describe charm-

changinge processes, only charg:d cu.rrents need to be considered,

and the resulting current x current hamiltonian has the structure:

ACto \ vy =
L T(TT),,, ~ @bl

— $iBe0s® [Fed)=p) -FMOPY -

Hey

— 5@ (F’h)(xl’) + h.c.
(5)

We have used the abbreviated notation :

(FA) = L plyu-gN

t
colors etc.

summation over the Lorentz indices of currents is understood.

It follows from eq. (5) that the dominant transitions (i.e., those pro
. 2p (11)

portional "to cos U ) obey the selection rules :

AcC=As

AT =1

SU(3)= 6 ® 15 + h,c,

we shall consider here only dominant transitions, leaving for the fu-

ture the study of rare ( ~ sin® in amplitude) and svper-rare




2
( ~ sin o ) non leptonic decay modes of charmed particles, In Sect..
we shall discuss a further selection rule (sextet dominance) which

arises in these processes as counterpart of the well known octet do-

minance in non leptonic strange particle decays.
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3. = Neutrino and antineutrinec producticr of charmed particles,

Charmed particles can be singly produced by the §CAO0 term of
the current, eqg. (2). in the proc-sses :
V- (Matter) o M + anything
~ (7)
vy + [Matter) ”./‘, + anythirg
Charmed particle preductic:n by neutrinos has been studied in
ref. (12) and (13). -

We shall consider thoeze processes ::. ~“he deep inelastic region,

E. larghe with fixed x ana y :

\
- - q2/ MV
y=V/E,
F‘v = neutrirc. on antineutrinc ab-energy, V =(q.p), M =nucleon mass,
P, and q bcing definecd ir Fig, 2., If we call W the invariant mass

of the proiuced hali.onic system, then:

2 2
Wo-M =2ME, y(1-x) (8)
At fi.ted values of Ev’ charmed particles cah ve produced for

W larger than a fixed, thereshold value ( 'th)’ i.e. 1n region 1I1I

of Fig, 3. Across the line W = wth there will be an increase of the

cross-gsection, producing a "charm ridge", As Bv increases the line
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W= wth moves irntc region I, and region I1 increases,

A quantitative analysis of these non scaling effects can be
done in the parton model assuming that scaling bolds both in re-
gion I and II (i.e, assuming a sharp ridge) +he difference in Cross-
sections arising from the possibility of charm changing reactions
in region 1I.

To obtain cross secticns in region I and II we recall that in the
gquark-parton model (1h), the cross-cection is a sum of cross-sections
for elementary processes where a parton quark (or antiquark) "an
absorbs a H+ or W and transforms into a quark (or antiquark) "b" .

We denote by a (x) the average number cf type "a" partons inside
a proton, with a fraction x of proton momentum, and by &b the cou-
pling of ab to the weak boson W, The V = A structure of the interaction
implies then the following contributions to the cross-section for

V or Y scattering off protons:

i) A (a and b are
_ vP 2 N quarks)
pas b () S ol xeto
Andly 4 - " (a and b are
a-b -y antiquarks)
2
ii) 3P GIHE X (4.—‘/) (qza ind b are
Vaa— su’eb ('A'I) = (M g, xalek
, Arely 4 +b ® (@ and b are-

antiquarks)

T

I T
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To obtain cross-section off neutrons, simply exchan
ge n &> p, ne»p leaving all other terms unchanged; the cross-sec
tions per nucleon off I = 0 matter are then obtained by averaging
proton and neutron cross - sections, Table 2 illustrates the elemen-
tary transitions for VY and ¥ reactions below charm threshcla with®

. 2 .
the corresponding values of gab » The resulting cross—-sections per

nucleon n region I, are therzfore :

v 2
ﬁ‘o- 6 HEV . 25 .'9 -+
—— = - (x) « p(x)] cos & 2)(1}/:\.
(amy)r n X [" v re I ! (9)
+ (1-y) [P0+ w0 }
" 1
Axay ]I T

+ (4—\’)1 [m(x) + P(x)] }

Charm changing reactions which contribute in region II are displa-

yed in Table 3, The resulting increase in cross-sections is :

4 2
Ao\ _. HF—V - ¥ X :
A(;;.;‘.y)_c‘u K.{[M(I)ffll)].ﬁh O+2Alx)ces O + (11)

+ (4-9)" 2 F'(x))




A ( g ) - Glﬂgv X * {[*T(l)o-f;(l)]s..‘IQ +2 I(x)cpg16‘+

Axdy T (12)

(o 2pm )
Electroproduction data, as well as low energy neutrino data
from Gargamelle and FNAL seem to support the following qualitative

features of distribution funct;ons(15):

i) n(x) and p(x) are large, rather well determined and ex-
tend to large values of x; they receive contributions
from leading (valence) quarks;

ii) n,p,X, » and p',p', seem to be concentrated at small
x ;they are much less known,theoretical aguments sugge-
sting n(x) = p(x), A(x) = X(x), p(x) = p' (x), and
perhaps ) (x) = n(x) (SU(3) 1limit), Such distributions
are thought to arise from a sea of neutral Qq pairs.,
We may now discuss the cross-sections for charmed particle
production, egq.s (11) and (12),"
In neutrino reactions, eq, (11), we have two different compo-
nents,

The term proportional to n (x)+p(x) has the following features:




i) it extends up to lurge x;

. . . . . ‘ . 2
ii) can be reliably estimatud, and is of the same orier (sin 8)

as usual A SEO reactions;

i1i) corresponds to n —» p' transiticns,

thus giving rise to C=1,

S=0 states, If the final state decays non Leptenicallvy,

eq. (3) implies the crain @

Vo (CZO'S:O’ Qsa.*)-_, ,'- - (Cr +115=ol Q- “1-1)

L (c-0 5=-1, @ @irs)

This would appear experimentally as a AS =

-

- AqQ process..

- + r +
The cvent: Y+ P —Ppp +A N4 N 4+ +11 observed at Brookhawen,and pre

sented at this Conference, fits very nicely
The sceond component in =2q. (11) arises
has the following features:
i) it is concentrated at small %, where
2
order 1 or cos 9;

ii) gives rise predominantly to C = + 1,

a non leptonic decay, go into C = 0,

into this scheme,

from Aand p' quarks and

it dominates, being of

S = + 1,states vhich,by

S = 0 states. Hence no ap

parent }S= -A Q events are expected at a sizeable level;

iii) its size is difficult to estimate, but it may give the largest

contribution to charm-changing total

cross-section,

B N N



Th-= antineutrino cross—scotion, eq. (12), reccives cnly sea
contributions, with features idcentical to the second coumponent of
the neutrinc cross-sectivr .

In all cases, the C 4 O final state could undergo a semilepto-
nic decay, with omission cf - rv or ¢vpair.

v (16) . _

Dimuon events are thus o:nected . The AC =AQ rule in semi

leptonic transitions, ©q. (3),4 nlies only the following charge com-

binations to be present @

- +

M leading, A (Y- reactions)
+ - -

M leading, p (Y- reactions)

the most energetic (leading) mu'n originating from the primary inte-

racticn,

The ratio of dimuon events versus single muon events is related to the
total charm-changing cross-section and to the semileptonic branching

ratio according to

L (dimuon rate) . Ag- B (13)
[ single muon rate) o -

B - r-'( c"’ /u‘.'v" ste )

; / r( c-» anything)

(14)

Using eqs (9) to (12) and neglecting non ledding with respect to lea-

ding quark contributions we find ¢
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v <A L¢P
Ao ~ sin29 + 2 A2 e ) (15)
av_ N Lo { m+P> .,
g {veP) U

where we have set : {a) = fdx xa(x) = average momentum carried
by parton "a",
Using an explicit parton model of nucleons,fitted to SLAC and

Gargamelle data, the authors of ref (13) have estimated “7):

v AGV
Ll ~ 15% ~  30%
T a?

Anticipating a branching ratio B’~ 5% (see next section) one
obtains :
D
S
which is of the order of the ratio observed by the Harvard - Penn-
sylvania - Winsconsin group at FNAL, and presented at this Conferen

ce,




4, Weak decays of charmed particles

As discussed in Sect 1, lowest lying charmed particles decay
weakly into normal hadrons, with or without emission of a lepton
pair, We shail discusg here two points : i) ratio of semileptonic
to non leptonic decay rates (%F'as defined in eg., {14)); ii) the
structure of non leptonic amplitude,

To this aim, we shall use the results on the structure of non
leptonic amplitudes recently obtained in ref (18) and (19). The pic
ture which emerges acan be summarized as follows;

i) non leptonic amplitudes arise from virtual w;exchange, Fig. 1;
ii) the leading part of the amplitude depends upon the behaviour of

(20), (xz

1
~

"w

the product ;wg’zo)at short space time distance
much smaller than typical hadronic lenght scale)

iii) if strong interactions are asympotitically free, the short di-
stance behaviour of J/,(x) J+/v(0) can be computed, and the result,
in the SU (4) @ SU (3) color model, is that a term in the product

is enhanced, corresponding to the component over a 20-dimensional
SU(4) representation;

iv) the enhanced term is a superposition of a AC = 0, pure octet
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leading te octet deminancs in strange particie dccays) and a
‘A C‘: 1 term transforming under 5U(3) as a 6 ® € representation,

Thus we expect charmed partic.< ncn leptonic decays to exhibit

the same enhaencement a- 11 = 1/2 strange particle non leptonic
decays,
This leads to the ostimate (21'?):
P(C—'/‘-rv’*...) (15)
B = 1 = g
+~ ' {(c-» anything) ~1310% 12

Morecver if the =ffective hamiltonian transforms as a component
of an SU(3) sextet, we can replace eq., (6) with the more restrictive
selection rules (21) {to order cos29) :

AC =A S

AT =1

i

AV =0 (16)

SU(3) = 68 6

where the V-spin is the SU(3) (and SU(4)) subgroup which mixes )\ and
p quarks, leavimg unchanged all the others,
Bq. (16) leads to selection and intensity rules, which I will brie-

fly summarize,

Meson decays

From A V = 0, we get the equalities (valid up to SU(3) breaking in

phase space




7 r(Do—)ZPS) " Z P({’—alpg)
f'(5+—1 EFS)

P

7 (s Vrps)

h] ; N
5 T (p% VTP
o,
™ sos0y L +)
i (0" = [ )
total total
ps and V iniicate C = 0 pseudoscalar and vecoter mesons, and sumz run

aver all allowed channcls of tio~ given kKind.
Sextet dominance implics alse @
D 4 k°T
. . " r C . - = -
which is the counterpart of the rule K Ann implied by AI=1/2 enharn
cement, Furtrer relaticons among two body and three body decay amplitii-

QO
des of D7'” and S¥ nave becr given in ref, (21).

Baryon decays

As anticipated in Sect., 7 we assume the 3 spin 1/2+ baryons to be sta-
ble., As a consequence of AV = 0, again we find equalities among partial

and total widths of the V3 = 4+ 1/2 baryons :

Z r [ Bocf‘)m)ﬁ - B-trs] x Z_ r [ 8’(9';»»),." B+ stt‘
c.
Cosar (Bo(RAM)] = Mo tat [ @'CPem) ]

where B indicates a C = 0, 1/2' ortet baryon. Relatioms for two body de-

cay amplitudes have been studied in ref, (22).
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SU(4) limit

One may investigate consequencc. cf exact SU(4) symmetry for non lep
tonic decays with the aim of obtaining estimatesof charmed particle
lifetimes,

For the decays : B' (Ce1)-»B (C=0)+ps, one can determine all relevant

(22)

amplitudes from hyperon decay amplitudes , and obtain estimates

for ZF(B' — B + ps) of the order of 10'2 sec”'. 1t is amusing that

SU(L) symmetry implies a relatic: among hyperon decay S-v.ave amplitu-

(22)

des which reads :

o
sS(AN.)=-Ls (Z%)
V3
and is not too badly violated (l.h.s, = 1,50, r.h,s.= 0.84).
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The introduction of charm makes it possible to formulate a theory
of weak interactions of great €le¢-ance and simplicity.

This theory leads to very precise predictions about weax production
and weak decays of charmed particles,

The new phenomena observed in e+e_ and neutrino collisions incoura
ge us to think that this the ry may have indeed some elements of truth,
It remains now as a challens= 1. cJur collegues experimentalists to put
the idea of cgarm to its decisive test, by confirming or disproving

the existence of charmed particles.




I S C
Q 3
p' 2/3 Y G
P 2/ + 1/ 0 o
n -1/3 - 1/2 0 oo
A -1/3 0 -1

TABLE 1

Quantum numbers of the four quarks,
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Elementary transitions contributing to VY and ¥ production of charmed
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J,‘(x)+ J,(0)

Fig.1

ii ) Te e AR Aarn Hitude
Virtnal W exchange leading to ton “eptonie e ak amptitind

Fig.2

Inelastic scattering of neutrinos of{ nucleons. W is the
invariant mass of the hadronic final state.
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Riassunto - Interazioni deboli delle particelle con “"charm'.

Si passano in rassegna le predizioni teoriche sulla produzione
da neutrini e sui decadimenti deboli deile particelle con "charm'’.
[.'analisi ¢ fatta nell'ambito del modello basato su SU(4).

Abstract - Weak Interactions of Charmed Particels.

Theoretical predictions for weak neutrino production and weak
decays of charmed particles in the SU(4) scheme are reviewed.

)

it

SRRPRER

R T

s

i




I rapporti dei Laboratort di Fisica dell'ktituto
Superiore di Senitd 3i distinguono nelle seguentica
tegorie:

ISS P = "Prepeints”, lavori in corso di stamps che
debbono essere divulgati rapidamente .

ISS R = "Reports and Reviews”, resoconti di ricer
che eseguite, pid estesi ¢ dettagliati di
quaniv DOn 3i poMa fare su riviste specis-
limate, e ramsegpe.

ISS T = "Technical notes”, comtributi di carattere
tecaico, risultati di calibrazioni, grafici,
tabelle, norme per 1'wso di apparecchia-
ture, ecc.

ISS L = "Lectures”, corsi di lezioni, seminari, con
gremi, tavole rotonde,

11 materiale pubblicato si riferisce ad attivita
svolte nei Laboratori di Fisica, La responsabilitd dei
dati scientifici o tecnici pubblicati ¢ de: singoli
Autori. L'eventuale collaborazione di altri Labora-
tor: o Btituzioni @ indicata in nota al titolo, nella
prima pagina di te 0.

In ogni rapportc 5000 stampati in alto a destra
oella prima pagina di copertina la sigla della ca-
tegoria, 1’anno di pubblicazione ¢ un mumero pro-
gressivo. Per esempio ISS R 73/S significa "Report”
o "Review" del 1973, n.S.

La data stampata in copertina a pié€ di pagina
2 quella della consegna alls tipografia del testo
pronto per la stampa.

La riproduzione pardale o totale dei "Rappor-
ti ISS” deve esere prevemtivamente autorizzata dal
Capo dei Laboratori di Fisica.

The report of the Physics Laborstories of the
btituto Superiore di Sanitd are divided into the
following categories:

ISS P = "Preprints”, papes submitted to journal
the contents of which should be male
hoown quickly.

ISS R = "Reports and Review"” of research, pre-
pared in 8 more extensive and detsiled
way than in specialized journai and
reviews.

ISS T = "Technicsl notes”, technical contribu-
tions, calibration results, graphs,tables,
imstructions for the ue of experimental
apparatus, etc.

ISS L ="Lectures”, cowrses, seminmv, congresses,
round tables.

The material published refes to the activitice
carried out in the Physics Laboratories, The Authors
are responsible for scientific or techmical data
published in these reports. The cooperstion of
outside laboratories where relevant is aclknow-
ledged om the title page of the text.

The identification pumber printed in the
upper right hand comer of the cover of each
report refes to the acronym of the Institute, the
category, the year and the number of the report
which is progressive for each year. Example:
ISS R 73/5 = Istituto Superiore di Sanita Report
or Review oumber S of 1973,

The date appearing at the foot of the cover
refers to the day on which the text was sext to
pres.

Permission to print asty part of the 1SS reports
must be suthorized by the Head of the Physics La-
boratories .
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