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Associated production ofY and weak gauge bosons in hadron colliders
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We calculate the rate of production ofW61Y andZ01Y in hadron colliders. We find the cross sections for
W61Y andZ01Y to be roughly 0.45 pb and 0.15 pb at the Fermilab Tevatron and roughly 4 pb and 2 pb at
the CERN Large Hadron Collider~LHC!. The dominant production mechanism involves the binding of a

color-octetbb̄ pair into aP-wave bottomonium state which subsequently decays intoY. The purely leptonic
decay modes ofY, W6, andZ0 provide signatures with small backgrounds. These events may be observable
in run II at the Tevatron, and they should certainly be observable at the LHC.@S0556-2821~99!50317-2#

PACS number~s!: 13.85.Ni, 13.85.Qk
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In high energy collider experiments, the particles with t
cleanest signatures are those with purely leptonic de
modes. They include the charged weak gauge bosonsW6,
which decay viaW→ ln wherel is an electron or muon, an
the neutral weak gauge bosonZ0, which decays viaZ0

→ l 1l 2. They also include theJPC5122 quarkonium states
such as the charmonium stateJ/c and the bottomonium stat
Y, which decay intol 1l 2. Purely leptonic decay modes a
particularly useful in hadron colliders, because they prov
an enormous suppression of the background. Events inv
ing particles with such decay modes can be employed b
as a probe of the production process and as a lamppost u
which to search for new physics. In this Rapid Communi
tion, we calculate the rate in the standard model for the
sociated production of the bottomonium stateY with W6 or
Z0 at the Fermilab Tevatron proton-antiproton collider and
the CERN Large Hadron Collider~LHC!. We find that the
dominant production mechanism for bothW61Y and Z0

1Y involves the binding of a color-octetbb̄ pair into a
P-wave bottomonium state which subsequently decays
Y. The purely leptonic decays of theY, W6, andZ0 provide
clean signatures for these events. The cross sections
W61Y andZ01Y may be too small for these events to
observed at the Tevatron, but they should certainly be see
the LHC.

The associated production ofW6 or Z0 and aJ/c has
been studied previously, but only forJ/c ’s with large trans-
verse momentum, where the process is dominated by g
fragmentation intoJ/c @1#. The differential cross sections fo
W61J/c andZ01J/c peak at small transverse momentu
of the J/c. Unfortunately, if theJ/c is produced with small
transverse momentum, one or more of the leptons from
decay is likely to have insufficient energy to be identifie
Because the mass of theY is larger than that of theJ/c by a
factor of 3, the cross sections forW61Y and Z01Y are
much smaller than those forW61J/c andZ01J/c. How-
ever the larger mass of theY makes it possible to observ
the leptons from its decay, even if theY is produced at smal
transverse momentum. It is therefore possible to measure
total cross sections forW61Y andZ01Y.
0556-2821/99/60~9!/091501~5!/$15.00 60 0915
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The production ofY requires the creation of abb̄ pair at

short distances of order 1/mb or smaller. Thebb̄ pair subse-
quently forms a color-singlet bound state, which can eit
be Y or a higher bottomonium state that decays intoY. The
probability of binding depends on the bottomonium state a
on the color and angular momentum quantum numbers of
bb̄ pair. In the nonrelativistic QCD factorization approach
inclusive quarkonium production@2#, these probabilities are
parameterized by nonperturbative matrix elements
NRQCD. The matrix elements scale in a definite way w
the typical relative velocityv of the bottom quark in botto-
monium. Its value is roughlyv2'1/10. The NRQCD scaling
rules can be used to estimate the order of magnitude of
binding probability, with every factor ofv2 corresponding to
suppression by an order of magnitude.

We first consider the direct production ofY. The prob-
ability of forming an Y is largest for thebb̄1(3S1) state,
which is a color-singlet configuration with angula
momentum quantum numbers3S1. It can be parametrized by
the NRQCD matrix element̂O 1

Y(3S1)&, which is propor-
tional to the square of the wave function at the origin and c
be extracted phenomenologically from the leptonic width
the Y: ^O 1

Y(3S1)&57 GeV3. According to the velocity-

scaling rules of NRQCD, thebb̄ configurations with the nex
largest probabilities for binding into anY are the color-octet
statesbb̄8(3S1), bb̄8(1S0), andbb̄8(3PJ) @2#. Their binding
probabilities are suppressed byv4 relative tobb̄1(3S1). If the
cross section for color-octetbb̄ pairs was comparable to tha
for bb̄1(3S1), then the color-octet contributions to the cro
section for directY production would be suppressed by tw
orders of magnitudes. However in hadron colliders, the cr
section for color-octetbb̄ pairs is much larger than that fo
bb̄1(3S1), and this can compensate for the smaller bind
probability. The cross section forbb̄8(3S1) is particularly
large, because it can be produced by the decay of an off-s
gluon. There are as yet no reliable phenomenological de
minations of the matrix elementŝO 8

Y(3S1)&, ^O 8
Y(1S0)&,

and ^O 8
Y(3P0)&. In their analysis ofY production at the
©1999 The American Physical Society01-1
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Tevatron@3#, Cho and Leibovich used the value^O 8
Y(3S1)&

'0.006 GeV3, which they obtained by taking a phenomen
logical value for^O 8

J/c(3S1)& with large error bars and sca
ing it by (mbvb)3/(mcvc)

3. They extracted a value for th
linear combination̂ O 8

Y(1S0)&/51^O 8
Y(3P0)&/mb

2 by fitting
CDF data for bottomonium production@4#. They obtained a
central value 0.008 GeV3 with a statistical uncertainty tha
was greater than 100%. Thus the uncertainties in the co
octet matrix elements are probably at least an order of m
nitude.

We next consider the indirect production ofY by the
binding of thebb̄ pair into a higher bottomonium state th
subsequently decays intoY. The higher states includ
Y(2S) andY(3S), which decay intoY with branching frac-
tions of about 31% and 13%, respectively. Since these st
have the same quantum numbersJPC5122 as Y, their
NRQCD matrix elements scale in the same way withv and
will therefore be comparable in magnitude to those forY.
For example, the binding probabilities ofbb̄1(3S1) into
Y(2S) and Y(3S) are both about 40% smaller than forY.
The effect of the feeddown from higher bottomonium sta
on the production ofY from bb̄1(3S1) can be taken into
account in the NRQCD factorization formulas by replaci
^O 1

Y(3S1)& by

(
H

B~H→YX!^O 1
H~3S1!&58 GeV3, ~1!

where we have added the contributions fromY ~with B
51), Y(2S), and Y(3S). Including the feeddown from
Y(2S) and Y(3S) therefore increases the cross section
about 20%.

Bottomonium states with differentJPC quantum numbers
can have a more dramatic effect on the cross section, bec
they receive contributions from parton processes with diff
ent selection rules. The only process whose binding proba
ity is of the same order inv as bb̄1(3S1) into Y(nS) is
bb̄1(1S0) into hb(nS). By the heavy-quark spin symmetry o
NRQCD, the matrix element̂O 1

hb(nS)(3S1)& differs from
that of ^O 1

Y(nS)(1S0)& only by a spin factor of 1/3. Including
the contributions fromhb(2S) and hb(3S) and assuming
that B„hb(nS)→YX… is comparable to the branching fra
tion for hadronic transitions fromY(nS) to Y, we obtain the
estimate(HB(H→YX)^O 1

H(1S0)& '0.3 GeV3.
The binding probabilities forP-wave bottomonium state

are suppressed byv2 relative to Y. For xbJ(nP), the bb̄
configurations with binding probabilities suppressed by o

v2 are bb̄1(3PJ) and bb̄8(3S1). By heavy-quark spin sym
metry, the color-singlet matrix elementŝO 1

xbJ(nP)(3PJ)&
differ for J50,1,2 only by a spin factor of 2J11. Their
values can be determined from the wave function in non
ativistic potential models. We adopt the values used in
analysis of Ref.@3#. Weighting the matrix elements fo
xbJ(1P) andxbJ(2P) by their measured branching fraction
into Y, we obtain (HB(H→YX)^O 1

H(3PJ)&/mb
2

'(0.003,0.2,0.2) GeV3 for J5(0,1,2). We have included a
factor of 1/mb

2 in the P-wave matrix elements so that the
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have the same dimensions asS-wave matrix elements. The
relative magnitudes of the matrix elements can then be in
preted as relative binding probabilities. The color-octet m
trix elementŝ O 8

xbJ(nP)(3S1)& differ for J50,1,2 only by a
spin factor of 2J11. In the analysis ofY production at the
Tevatron by Cho and Leibovich@3#, these matrix elements
were determined by fitting the CDF data on bottomoniu
production@4#. Weighting the matrix elements by their me
sured branching fractions intoY, we obtain

(
H

B~H→YX!^O 8
H~3S1!&'0.4 GeV3. ~2!

We have included the contributions fromxbJ(1P) with J
51,2 and fromxbJ(2P) with J50,1,2. The 1P states ac-
count for about 70% of the total. The value~2! is more than
an order of magnitude larger than the estimate by Cho
Leibovich of the matrix element̂O 8

Y(3S1)& that contributes
to directY production. The uncertainty in~2! is probably at
least a factor of 3, because the analysis ofY production has
substantial theoretical uncertainties. The weighted matrix
ement in~2! is smaller than the corresponding color-sing
term in ~1! by an order of magnitude. This smaller bindin
probability is more than compensated by the much lar
cross section forbb̄8(3S1) in hadron colliders. Thus the
binding of bb̄8(3S1) into xbJ followed by its decay intoY
gives a large contribution to the totalY cross section.

We now consider the production ofW61Y in a hadron
collider. This process proceeds through parton collisions
produce final states includingW1bb̄. The relative impor-
tance of the various contributions depends on the magnit
of the NRQCD matrix elements and on the size of the par
cross sections. The only parton cross sections that can
calculated relatively easy are those that can be taken
account via 2→3 parton processes of the formi j →W1bb̄.
Fortunately, they account for the largest contributions. T
2→3 parton processes that produceW11bb̄ are

W1: ud̄,cs̄→W11bb̄8(3S1) via the decay of a virtual
gluon intobb̄,

W2: cb̄→W11bb̄1(3S1 ,1S0 ,3PJ) involving the ex-
change of a virtual gluon,

W3: ud̄,cs̄→W11bb̄1(3S1) via the decay of a virtual
photon intobb̄.

We have omitted processes that are suppressed by a
Kobayashi-Maskawa factor. Process W1 is the only col
octet contribution with a cross section of orderas

2aw . All
other color-octet contributions are suppressed by an a
tional factor of as . Color-singlet contributions involving
QCD interactions are suppressed by an additional facto
as

2 . One such process,gg→W11bb̄1(3S1)1bc̄, which has
a cross section of orderas

4aw , is dominated by the splitting

of the colliding gluons into a collinearbb̄ pair and a collin-
earcc̄ pair. It can be taken into account through process W
We expect this process to provide a reasonable estimat
the color-singlet contributions involving QCD interaction
1-2
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because it is the only such process that is enhanced
factor of log(MW/mb)log(MW/mc). Process W3 is a color
singlet contribution that involves only electroweak intera
tions and has a cross section of ordera2aw .

We proceed to calculate the cross section for produc
of W61Y at the Tevatron. We use the leading order Glu¨ck-
Rey-Vogt 1994~GRV-94! parton distributions, and set th
factorization and renormalization scales equal. We neg
the masses of theu, d, s, andc quarks, and we use the valu
4.7 GeV for theb quark mass. The cross section inpp̄ col-
lisions at center-of-mass energy 1.8 TeV is

(
6

s~W61Y!51.6 fb
( B^O1~3S1!&

8 GeV3

1450 fb
( B^O8~3S1!&

0.4 GeV3
. ~3!

We have omitted the contributions from the color-singlet1S0
and 3PJ matrix elements, because they are several order
magnitude smaller than the color-singlet3S1 term. The
color-singlet3S1 term is completely dominated by the pure
electroweak process W3. However it is overwhelmed by
color-octet 3S1 contribution from process W1. While th
color-singlet matrix element is accurately normalized by
leptonic decay width of theY, there is a large uncertainty i
the normalization of the color-octet matrix element. The th
oretical error due to higher order perturbative corrections
be estimated by varying the factorization and renormali
tion scales by a factor of 2 and is roughly 35%. The theo
ical error due to the uncertainty in theb quark mass can be
estimated by varyingmb by 0.25 GeV and is roughly 25%

To obtain the cross section in the purely leptonic dec
channels, we multiply by the branching fractions 5% forY
→ l 1l 2 and 22% forW→ ln. Given the integrated luminos
ity of 110 pb21 in run I of the Tevatron, there should b
about 0.5 events in the leptonic decay channels. To estim
the number of events that would actually be detected,
must multiply by the detector acceptances and efficienc
The product of the acceptances and efficiencies for the C
lider Detector at Fermilab~CDF! was about 26% forW
→en @5# and about 12% forY→m1m2 @4#. Thus after al-
lowing for acceptances and efficiencies, the cross sectio
about two orders of magnitude too small to be observabl
the data from run I.

We next consider the production ofZ01Y in a hadron
collider. The 2→3 parton processes that produceZ01bb̄ are

Z1: uū,dd̄,ss̄,cc̄→Z01bb̄8(3S1 ,1S0 ,3PJ),
Z2: gg→Z01bb̄8(3S1 ,1S0 ,3PJ),
Z3: gg→Z01bb̄1(3S1 ,1S0 ,3PJ),
Z4: bb̄→Z01bb̄1(3S1 ,1S0 ,3PJ),
Z5: uū,dd̄,ss̄,cc̄→Z01bb̄1(3S1) via the decay of a vir-

tual photon intobb̄.

Processes Z1 and Z2 are color-octet contributions with c
sections of orderas

2aw . Process Z3 is the only color-single
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contribution with a cross section of orderas
2aw . Another

color-singlet contributiongg→Z01bb̄1(3S1)1bb̄, which
has a cross section of orderas

4aw , can be taken into accoun
through process Z4. Finally, process Z5 is an electrow
color-singlet contribution with a cross section of ord
a2aw .

The cross section for production ofZ01Y in pp̄ colli-
sions at the Tevatron with center-of-mass energy 1.8 TeV

s~Z01Y!58.5 fb
( B^O1~3S1!&

8 GeV3

1150 fb
( B^O8~3S1!&

0.4 GeV3
. ~4!

We have calculated all contributions to directY production
with binding probabilities of orderv4 or larger and all indi-
rect contributions involving binding probabilities of orderv2

or larger. All those terms that are not shown explicitly in~4!
give contributions that are more than an order of magnitu
smaller than the color-singlet3S1 term. The color-singlet
3S1 contribution is dominated by processes Z3 and Z
which contribute about 85% and 15%, respectively. Howe
it is overwhelmed by the color-octet3S1 term, which is
dominated by process Z1. While the color-singlet matrix
ement is accurately normalized, there is a large uncertaint
the normalization of the color-octet matrix element. We e
timate the theoretical errors from higher order perturbat
corrections and from the uncertainty in theb quark mass to
be roughly 35% and 25%, respectively.

To obtain the cross section in the purely leptonic dec
channels, we must multiply by the branching fractions 5
for Y→ l 1l 2 and 7% forZ0→ l 1l 2. Given the integrated
luminosity of 110 pb21 in run I of the Tevatron, there shoul
be about 0.06 events in the leptonic decay channels.
product of the acceptances and efficiencies of the CDF
tector was about 30% forZ0→e1e2 @5# and about 12% for
Y→m1m2 @4#. Thus after allowing for acceptances and e
ficiencies, the cross section is several orders of magnit
too small to be observable in the data from run I.

In run II of the Tevatron, the increase of the center-o
mass energy to 2.0 TeV will increase the cross sections
W61Y andZ01Y by about 10%. With an integrated lum
nosity of 2000 pb21, the number of events in the purel
leptonic decay channels should be about 10 forW61Y and
about 2 forZ01Y. The upgrades of the CDF and DO” detec-
tors should increase the acceptances and efficiencies fo
serving these events. Given that the uncertainties in the c
sections are at least a factor of 3, there is a possibility t
these events could be observed in run II. An observation
these events at a much larger rate than predicted could
evidence for a heavy particle that has a substantial branc
fraction intoW61bb̄ or Z01bb̄.

The cross sections for production ofW61Y andZ01Y
in pp collisions at the LHC with center-of-mass energy
TeV is
1-3
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(
6

s~W61Y!510 fb
( B^O1~3S1!&

8 GeV3

14000 fb
( B^O8~3S1!&

0.4 GeV3
, ~5!

s~Z01Y!5500 fb
( B^O1~3S1!&

8 GeV3

11300 fb
( B^O8~3S1!&

0.4 GeV3
. ~6!

With an integrated luminosity of 10 fb21, the number of
events in the purely leptonic decay channels should be a
440 for W61Y and about 70 forZ01Y. Even after allow-
ing for detector acceptances and efficiencies, there shoul
enough events to make these processes observable. In F
1, we plot the invariant mass distributionsds/dMWY

~summed overW6) andds/dMZY . They peak at only a few
GeV above the thresholds of 89.8 GeV forW61Y and
100.6 GeV forZ01Y.

The cross sections forW61Y andZ01Y are both domi-
nated by thêO8(3S1)& term. The uncertainty in the value o
(B^O8(3S1)& leads to a substantial uncertainty in the no

FIG. 1. The invariant mass distributionsds/dMWY ~upper
curve! andds/dMZY ~lower curve! for the production ofW61Y
andZ01Y in pp collisions at center-of-mass energy 14 TeV.
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malizations of the cross sections. However this uncerta
cancels in the ratio(6s(W61Y)/s(Z01Y), which is pre-
dicted to be about 3 at the Tevatron and about 2 at the LH
If a significant deviation from this prediction is observed
the LHC, it might be evidence for an additional contributio
from a heavy particle that decays intoW61bb̄ or Z01bb̄.

The production ofW61Y andZ01Y provide lampposts
under which one can look for new physics. The most pro
ising possibility is to search for a charged Higgs boson
the decayH1→W11Y. The decay rate of the charge
Higgs boson intoW1bb̄ is enhanced by the Yukawa cou
pling of the Higgs boson to a virtual top quark. If the mass
the charged Higgs boson is in the range between 140 G
and tb̄ threshold and if the Higgs mixing parameter tanb is
small, thenW1bb̄ may be the largest single decay mode@6#.
The decay rate of the charged Higgs boson intoW1Y was
first calculated by Grifols, Gunion, and Mendez@7#. For
small tanb, the branching fractionB(H1→W11Y) ranges
from about 1024 if the Higgs boson mass is just above th
W11Y threshold to about 1023 if the Higgs boson mass is
just below thetb̄ threshold.

In a hadron collider, most of the standard producti
mechanisms for a charged Higgs boson in the mass ra
below tb̄ threshold involve the production of an addition
very massive particle@8#. The standard production mecha
nisms forH1 include t t̄ production followed by the decay
t→H1b, t̄ H1 production,W2H1 production, andH2H1

production. Because of the additional very massive parti
events in which a charged Higgs boson decays intoW1Y
will be easily distinguished fromW1Y events produced by
standard model processes. There is one potentially sig
cant production process for a charged Higgs boson that c
result in events that resemble standard modelW1Y events.
That process isqb→q8bH1, which proceeds through a
Feynman diagram that involves a virtualW and a virtual top
quark @9#.

We conclude that it should be possible to observe
production ofW61Y andZ01Y from standard model pro
ceses at the LHC. The clean experimental signatures
these events also makes them valuable lampposts u
which to search for heavy particles that decay intoW6

1bb̄ or Z01bb̄.
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