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Trimuon events in pp collisions are a probe of heavy flavors: certain classes of events offer clean
signatures for new physics beyond bb pair creation. We evaluate the expectations for trimuon pro-
duction at the CERN pp collider, with realistic acceptance cuts, including possible new-physics ef-
fects from t quarks, D -D mixing, fourth-generation U quarks, and bbce creation.

I. INTRODUCTION

Leptons from semileptonic heavy-quark decays are a
very promising tag for heavy-fiavor events in pP col-
lisions. Single isolated leptons are an essential ingredient
in the search for t quarks'2 and dimuons are important in
the study of b qua-rk physics and 8 -8 mixing.
%'ith the integrated experimental luminosity at the CERN
pp collider now reaching 0.7 pb ', over 400 dimuon
events have been accumulated by the UA1
Collaboration —of which three quarters are believed to be
due to open heavy-quark production (mainly bb and cc).
Kith luminosity at this level and typical pT &3 GeV
muon-acceptance cuts, trimuon events are also to be ex-
pected which can provide further valuable information
on heavy quarks and particularly the t quark. ' The
UA1 group has recently recorded the observation of
trimuons; details are now awaited.

Although the event rate for trimuons is small, there are
distinctive trimuon modes to which the copious produc-
tion of bb or CC pairs do not contribute: namely, (i)
same-sign trimuons (SST), and (ii) mixed-sign trimuons
(MST) with both p, +p, pair invariant masses greater than
m~. This is evident in Fig. 1 where the various possible
muon charges originating from tt, fV~tb, and bb decay
cascades are shown (a CC pair gives at most two muons).
The absence of bb contributions to these modes persists
even if there is 8 -8 mixing. Although bb contributions
would be allowed if there were D -D mixing, the latter
is very small in the standard model short-distance calcula-
tions (unless long-distance effects unexpectedly alter
this ). Thus the modes (i) and (ii) provide clean signatures
for new physics, beyond the production of single bb or cc
pairs. Such new-physics sources include the t quark, D-
D mixing, a possible' fourth-generation charge
quark U, and the simultaneous production of bb plus cc
pairs. In the present paper, we present realistic calcula-
tions of trimuon expectations from the standard and
new-physics sources above.

The expected trimuon event rates and dynamical distri-
butions depend critically on the experimental acceptance
cuts. Our illustrations below are based on two different
possibilities.

(a) T/ght cuts. Hclc wc lfllposc tllc salllc cuts oil llldlvl-

dual muons as in the UA1 dimuon analysis, namely,

ln(l )I &2

where ri is the pseudorapidity, ll = In cot(8/2).
(b) Loose cuts He.re we retain a substantial minimum

momentum, to assist in the suppression of lr and E decay
backgrounds, but lower the pT cut:"

p(p, )~3 GeV, pT(p, )&1 GeV, le(p) l
&2. (2)

Our method of calculation is described in Sec. II. The
results and discussion are given in Secs. III and IV.

II. METHOD OF CALCULATION

We calculate pp~bbX heavy-quark production by the
lowest-order 2~2 and 2~3 parton subprocesses

(3)

0+ Q+

t „ t b c s

0+ Q+ 0+

b t b c

FIG. 1. Diagrams illustrating the signs + of the charges of
muons that can be emitted at each stage of tt, tb, and bb cas-
cade decays. The decay modes t ~bcs, b~cse, and modes with

~ are not shown but offer the same charge possibilities. 8 -8
mixing would flip all charges downstream of the b quark in

question. D -D mixing would similarly flip the lepton charge
downstream of the c quark, but is known to be small experimen-

tally.
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using Monte Carlo methods with the truncated shower
approximation described in the second paper of Ref. 4.
The b quarks are fragmented' to 8 hadrons and the com-
plete b~c~s cascade is calculated for each quark as in
Ref. 4. This calculation, supplemented by cc plus Drell-
Yan pair plus f production, gives a reasonably satisfacto-
ry description of the dimuon data from the UA1 Colla-
boration. Figure 2 shows the agreement between the latest
data and the dimuon predictions of Ref. 4 for mean 8-
8 mixing parameter values eb ——0,0.1,0.2; the predic-
tions are absolutely normalized and contain no empirical
K-factor enhancement.

The two principal sources of t quarks are IV~tb decay
and hadroproduction of tt pairs. We calculate the former
from qq~ IV and qq~ IVg subprocesses with the truncat-
ed shower approximation, normalizing to the experimen-
tal cross section' o(pp~ IV+-~eu) =0.6 nb at v s =630
GeV. We calculate tt production from the lowest-order
QCD subprocesses qq, gg~ tt with semiempirical
momentum-transfer dependence. ' The full t~b~c~s
cascade decay is computed, with semileptonic options at
every stage, taking branching fractions 0, 10,0.12,0.10 for
direct t~p, &~p, c—+p decays.

Appreciable 8 -8 mixing is suggested by the UA1
dimuon data. ' Such mixing does not generate any SST
from bb sources, but it does convert some of the tb and tt
MST into SST and vice versa. We calculate for illustra-
tion the extreme case eb ——0.2, where eb is the mean prob-
ability that b~p+ relative to all b~p +decays. A-s de-
fined here, e& is directly measurable; its relation to the
JJd-JJd and JJ, -JJ, »»ngs e$ and &$ depend on the rela-0 0 0 Q

tive strengths of the various b +8 fragmen—tation chan-

nels and B~p semileptonic branching fractions. %ith
production/semileptonic decay proportions bu: bd:bs
=1:1:—' we have eq ——0.4eq+0. 2'. The mixing parame-
ters eq are given by e~- ,'(—5m~/I ) /[I+(5m~/I ) ]. In
the standard model e& can attain the maximal value —,,

but eb is much smaller„and hence eb & 0.1.
Very little D -D mixing is expected in the standard

model, unless long-distance effects are important. The
most recent experimental limits, ' from muoproduction
and hadroproduction of same-sign dimuons, indicate that
e, &0.004 where e, is the mean probability that c~p
relative to all c~p-+ decays. Since the fragmentation of
c quarks in the pp collider environment may differ some-
what from that in muoproduction, we consider here the
possibility that e, =0.01 (to be regarded as an upper limit)
and calculate its consequences for the appearance of
trimuons from bb in the special classes (i) and (ii) of Sec.
I.

It has been suggested that some anomalous muon events
found by the Mark J and JADE groups at the topmost
DESY PETRA energies may be evidence of a heavy
charge ——, quark of mass about 23 GeV (Refs. 16—18).
These events are not inconsistent with expectations' for a
standard fourth-generation quark u, with u~c~s cas-
cade decays; the secondary muons from charm decay
would give a soft component in the muon spectrum as ob-
served. If such u quarks exist, they will be hadroproduced
in pp collisions just like t quarks; however, there will be
no 8'~av decay contributions, since the associated
charge —', quark a will probably be too heavy. The decays
of uu pairs will give trimuons just like bb; there will be no
SST (modulo D -D mixing) but there will be MST of the
class (ii) in Sec. I. We calculate uu production as for tt
with m, =23 GeV and take the U —+p semileptonic
branching fraction to be 0.1 from quark/lepton counting.

A possible way for bb production to yield SST is to
have additional charm creation in the fragmentation pro-
cesses. To get a qualitative idea of the effects of such
mechanisms, we considered two crude models.

(a) One of the b quarks fragments into a (bc) meson
with subsequent independent b and c decays; the spectator
c quark has low pz.

(b) The accompanying parton x (usually a gluon) in bbx
production converts into a cc system carrying all the
momentum of x.

These models were calculated via small modifications
to the original bb Monte Carlo calculation. %e have no
way to normalize such contributions absolutely (dimuon
data place no restriction since these models give like-
sign/unlike-sign dimuon ratios similar to those of plain
bb production); we use the calculations to estimate likely
SST/MST ratios and the fraction of class (ii) MST events
from such sources.
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FIG. 2. Comparison of recent UA1 dimuon data (Ref. 3)
with the predictions of Ref. 4, for eq ——0,0.1,0.2. The cross sec-
tion 8»o(Y) has been empirica1ly adjusted to 180 pb, within
the cuts.

III. RESULTS

The predicted cross sections from bb, tb„ tt, and vu

sources, with tight and loose muon cuts„are given in
Tables I and II. Mean 8 -8 mixing parameter values

eb ——0 and 0.2 are illustrated: this has negligible effect on
the MST rates. Mean D -D mixing parameter values



TABLE I. Predicted inclusive trimuon erosn cross sections (in pb)
of b-, t-, and U-quark origins in pp collisions atat +s =630 GeV,
with the "loose cuts o q.f E (1) for t-quark mass of 25 or 40

0 0GeV, B -B mixing parameter eq ——0 or 0.2,or 0.2 and D -D mixing
parameter e, =0 or 0.01.
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FIG. 3. Predicted distributions of mixed-sign trimuons
(MST) and same-sign trimuons (SST) at s =6s =630 GeV, vs the
maximum muon pr in each event. The upper pair of figures
refer to t e tig cu s,h " '

ht t " the lower pair of figures refer to the
"loose cuts" described in Sec. I. Solid curves denote t-quark
contributions (with m, =40 GeV and e =0)' dashed curves
denote b- plus t-quark contributions.
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he fi ures above represent the standard expectations,T e igures a ove r
with the suggested' t-quark mass 40 Ge . ere is
interest, however, in possible exotic contributions t at

~ ~ ~

might appear in e sp
'

h
'

the special trimuon channels (i) and (ii) o
Sec. I in future high-luminosity measurements.

Figures an s o6 and 7 show how bb contributions would ap-
SST max and m (3p) distributions, if there werepear in maxpT an

D -D mixing at the level e, =0.01. T e -qua
butions for mass m, ==25 or 40 GeV are shown for com-
parison.

F' 8 hows how bb contributions woul appd a ear inFigure s ows
class (ii) MST if there were D Dmixing w-ith e, =
The MST cross section is plotted versus min[m @+au, ]
in the relevant range above 5 GeV.V. The contributions
from t quar s m, =k ( =25 or 40 GeV) and from a fourth-
generation U quar o massk f mass 23 GeV are also shown (loose

e, =0 and 0.01 are illustrated for their effect in generating
SST from bb decays: the effects on the other table entries

li ible. The cross sections shown are inclusive; i.e.,are neg igi e. e c
ld count as fourif a tetramuon event were found it wou. ~ coun

trimuon events, correspont, esponding to the four independent
sets 0 p a 1f 3 that it contained (assuming all four muons
satisfy the acceptance cuts). MST from bb are e
inant modes; SST are less than 3% of all trimuons with
tight cuts, less than 1.5% with loose cuts.

Figure 3 shows the predicted trimuon distributions
versus t e maximuh imum muon transverse momentum. Fig-
ure 4 gives the distributions versus the minimum dimuon
mass (for SST) or the minimum unlike-sign dimuon mass
for MST); this illustrates our remark in Sec. I, that bb

trimuons have minimum m(p p )

precise, the kinematic limit for dimuons from B~DpU, ,

D ~Epu cascades is

2 2 2 2)1 2 (4)m (pp) ( (mtt —mD )(mD —mt' )g mD

Figure 5 shows the distributions versus trimuon invariant
mass.

TABLE II. Predicted inclusive trimuon cross se . pcross sections (in pb)
f b- t- and U-quark origins in pp collisions aat V s =630 GeV,

h h "loose cuts" of Eq. (2), for t-quark masswit t e oose
GeV, 8 -8 mixing parameter eq ——0 or 0.2, and - m
parameter e, =0 or 0.01.
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FIG. 5. Predicted trimuon distributions vs trimuon mass:
notation as in Fig. 3.
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cuts assumed). The cross sections are listed in Table III.
Finally we record the SST/MST ratios and fractions of

class (ii) MST events (i.e., those with min[m ()M+@ )] & 5

GeV) arising from the two crude models for bb plus cc
creation.

Model (a), "b fragmentation":

SST/MST=0. 03 (tight cuts), 0.05 (loose cuts),

MST(ii)/(all MST) =0.11 (tight cuts), 0.11 (loose cuts);

model (b), "g fragmentation":

SST/MST=0. 02 (tight cuts), 0.03 (loose cuts),

MST(ii)/(all MST) =0.08 (tight cuts), 0.09 (loose cuts).

FIG. 7. Effects of D -D" mixing with e, =0.01 on the SST
production cross section, plotted vs the trimuon mass. Notation
as in Fig. 6.

%ith no cuts at all, both models would give the ratio
SST/MST=0. 10. These results are insensitive to eb.

IV. DISCUSSION

Our results show that the overwhelmingly dominant ex-
pected trimuon signal at ~s =630 GeV is from bb pro-
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FIG. 6. Effects of Do-D mixing with e, =0.01 on SST pro-
duction. The induced bb contribution to the cross section is

plotted vs maxpTI, 'p) and compared saith t-quark contributions,
for the case of loose cuts. Dotted, dashed, and dot-dashed
curves denote bb, t(40), and t(25) cases, respectively, Kith
eg ——0.
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FIG. 8. Cross section for class (ii) MST events vs

min[ m (p+)M ) ] from bb production with D D" mixing-
(e, =0.01) for the case of loose cuts. The range of interest

min[rn(p+p )] & S GeV is shown. Also shown are contribu-

tions from UU production and tt, th. Dotted, dot-dashed,

dashed, and dash-cross curves denote the bb, t(25), t(40), and

u (23) cases, respectively.
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duction, with distributions shown in Figs. 3—5. MST
events with min[m(p+p )]g5 GeV dominate at least
40:1 over SST events.

In the UA 1 dimuon analysis, efficiency factors
0.45X0.58=0.26 are quoted for geometry and track ac-
ceptance. If the trimuon efficiency is comparable to this,
then with the present integrated luminosity 0.7 pb we

expect up to 25 (4) MST events with loose cuts (tight
cuts). This prediction is relatively firm since the bb
model on which it is based gives the correct heavy-quark
dimuon rates. The first thing to check will be whether
these gross expectations are correct.

For MST with min[m(p+p )]y5 GeV, only a small
fraction of an event is expected —except for the case m, or
m, =25 GeV. The present luminosity is too low to ex-
plore a U-quark signal, although in principle it might be
distinguished through its mass dependence. Note inciden-
tally that uu is a weaker source of trimuons than tt pro-
duction with comparable mass. This is largely because

TABLE III. MST cross sections (in pb) with

min[ m (p+p )]~ 5 GeV from b , -r , -and u-quark sources.

Source Tight cuts Loose cuts

e, =0
e, =0.01

the secondary b quarks from t~b decays have harder
fragmentation functions and harder b~lJ, spectra than
the corresponding secondary c quarks appearing in U~c
decays; here we have assumed Peterson et a/. ' fragmen-
tation in the decaying r (U--) quark rest frame.

The cross sections for SST are even smaller, with the
realistic cuts we have studied. It is too soon for the sys-
tematic study of such events if the new physics they con-
tain comes from t quarks or D -D mixing. However, if
one event were to be found and attributed to such kinds of
physics, there would be immediate implication; e.g. , if the
minimum dimuon mass were greater than 5 GeV, this
would be a lower bound on m, .

Finally there remains the question of SST and class (ii)
MST production via bb+cc double-pair processes. The
crude b-fragmentation and g-fragmentation models we
studied suggest that SST/MST ratios from this source
would be of the order of 3—5'Fo. The fact that cc pairs
are much more massive than ss pairs suggests that they
will be produced much less readily —perhaps in only a few
percent of events. Multiplying these factors suggests an
overall SST/MST ratio from this source of order
10 —10 at most, comparable perhaps to t-quark
sources but not much bigger. The class (ii) MST are es-
timated to be about 2—4 times more than SST events,
from these bbec sources; again this might at most be com-
parable to the calculated t- and U-quark examples.
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