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We calculate the rate of production W +Y andz®+Y in hadron colliders. We find the cross sections for
W*+Y andZ®+Y 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 CollideilLHC). The dominant production mechanism involves the binding of a
color-octetbb pair into aP-wave bottomonium state which subsequently decaysYntdhe purely leptonic
decay modes of', W=, andZ° provide signatures with small backgrounds. These events may be observable
in run Il at the Tevatron, and they should certainly be observable at the [${556-282(99)50317-7

PACS numbgs): 13.85.Ni, 13.85.Qk

In high energy collider experiments, the particles with the The production ofY’ requires the creation of laHpair at

cleanest signqtures are those with purely Ieptonic+deca¥hort distances of orderry, or smaller. Thebb pair subse-
mo.des. They !nclude the charged weak gauge bo¥dns quently forms a color-singlet bound state, which can either
which decay viaV—1v wherel g?an elgctron or muon, %nd beY or a higher bottomonium state that decays iNtoThe
the neutral weak gauge bosatt, which decays viaZ probability of binding depends on the bottomonium state and

+- ; PC_ 1~ :
—I hl ' :[rhheyr?lso include :hé _E " qglatrtkonlum stattest, on the color and angular momentum quantum numbers of the
such as the charmonium statgy and the bottomonium State - i) pair. In the nonrelativistic QCD factorization approach to

: e :
Y, Wh'Ch decay |n'§d I Purelylleptomc decay modes are inclusive guarkonium productiof2], these probabilities are
particularly useful in hqdron colliders, because they prpwd arameterized by nonperturbative matrix elements in
an enormous suppression of the background. Events inVONgrocp. The matrix elements scale in a definite way with
ing particles with such decay modes can be employed bothe typical relative velocity of the bottom quark in botto-

as a probe of the production process and as a lamppost undgniym. Its value is roughly?~1/10. The NRQCD scaling
which to search for new physics. In this Rapid Communicayyjes can be used to estimate the order of magnitude of the

tion, we calculate the rate in the standard model for the aspinding probability, with every factor of? corresponding to
sociated production of the bottomonium statewith W= or  syppression by an order of magnitude.

Z° at the Fermilab Tevatron proton-antiproton collider and at e first consider the direct production &f. The prob-

the CERN Large Hadron CollidgittHC). We find that the - . . 3
) _ ) S o ability of forming anY is largest for thebb,(°S,) state,
dominant production mechanism for bodi” +Y and Z which is a color-singlet configuration with angular-

+Y involves the binding of a color-octdtb pair into a  momentum quantum numbe?s,. It can be parametrized by
P-wave bottomonium state which subsequently decays intg,e NRQCD matrix element©) (3S,)), which is propor-

. i O . ’
Y. The purely leptonic decays of the, W=, andZ” provide  tjona| to the square of the wave function at the origin and can

clean signatuores for these events. The cross sections f@g extracted phenomenologically from the leptonic width of
W= +Y andZ”+Y may be too small for these events to be o - (0Y(3s)))=7 Ge\. According to the velocity-

t the Tevat tth houl tainl t . . . .
?hbjiﬁgd atthe Tevatron, but they shouild certainly be seen gcallng rules of NRQCD, thkeb configurations with the next

The associated production &% or Z° and aJ/y has largest probabilities for binding into aYi are the color-octet
been studied previously, but only fdfy's with large trans-  Statesbbg(®S,), bbg(*Sp), andbbg(*P;) [2]. Their binding
verse momentum, where the process is dominated by glugprobabilities are suppressed bf relative tobb,(3S,). If the
fragmentation intd/ ¢ [1]. The differential cross sections for cross section for color-octétb pairs was comparable to that
W=+J/y andZ°+ /4 peak at small transverse momentum ¢, bb,(3S,), then the color-octet contributions to the cross

of the J/¢. Unfortunately, if thed/y is produced with small sqtion for directy’ production would be suppressed by two

transverse momentum, one or more of the leptons from it§ yers of magnitudes. However in hadron colliders, the cross
decay is likely to have insufficient energy to be identified. . —
section for color-octebb pairs is much larger than that for

Because the mass of theis larger than that of thé/ s by a = ) -
factor of 3, the cross sections fo¥*+Y and Z°+Y are bb,(3S;), and this can compensate for the smaller binding
much smaller than those fav* +J/¢ andZ°+J/. How-  probability. The cross section fdsbg(3S,) is particularly
ever the larger mass of tHé makes it possible to observe large, because it can be produced by the decay of an off-shell
the leptons from its decay, even if theis produced at small gluon. There are as yet no reliable phenomenological deter-
transverse momentum. It is therefore possible to measure thginations of the matrix elemeni€) 3 (3S,)), (O3 (*Sy)),

total cross sections fovV=+Y andzZ°+Y. and (O3 (°Py)). In their analysis ofY production at the
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Tevatron[3], Cho and Leibovich used the Va|l<,é)g(351)> have the same dimensions &svave matrix elements. The

~0.006 GeV}, which they obtained by taking a phenomeno- relative magnitydes_of Fhe matrix s!sments can then be inter-
logical value for{ @ Y*(3S,)) with large error bars and scal- preted as relative blgdmg probabilities. The color-octet ma-
ing it by (myv,,)%/(m.ve)3. They extracted a value for the trix elements(0 " (3s,)) differ for J=0,1,2 only by a
linear combination @3 (1So)/5+ (O} (°Po))/m? by fitting  spin factor of 2+ 1. In the analysis ol production at the
CDF data for bottomonium productidd]. They obtained a Tevatron by Cho and Leibovicf8], these matrix elements
central value 0.008 Ge\with a statistical uncertainty that were determined by fitting the CDF data on bottomonium
was greater than 100%. Thus the uncertainties in the coloProduction[4]. Weighting the matrix elements by their mea-
octet matrix elements are probably at least an order of magsured branching fractions infd, we obtain
nitude.

We next consider the indirect production &f by the > B(H=YX)(OH(3S))~0.4 Ge\. )
binding of thebb pair into a higher bottomonium state that "
subsequently decays intd. The higher states include We have included the contributions from,;(1P) with J
Y (2S) andY (3S), which decay intdY’ with branching frac- =1,2 and fromy,;(2P) with J=0,1,2. The P states ac-
tions of about 31% and 13%, respectively. Since these stat&@ount for about 70% of the total. The val(® is more than
have the same quantum numbef$“=1"" as Y, their ~ an order of magnitude larger than the estimate by Cho and
NRQCD matrix elements scale in the same way witand  Leibovich of the matrix elemer(t(9§(381)> that contributes
will therefore be comparable in magnitude to those Yar  to directY production. The uncertainty i(2) is probably at
For example, the binding probabilities dfb,(3S;) into Ieastafgctor of 3,'because the analysié(opr(_)duction has
Y(2S) and Y (3S) are both about 40% smaller than fisr, ~ Substantial theoretical uncertainties. The weighted matrix el-
The effect of the feeddown from higher bottomonium statemMent in(2) is smaller than the corresponding color-singlet
on the production ofY from bEl(ssl) can be taken into term in (1) by an order of magnitude. This smaller binding

account in the NRQCD factorization formulas by replacingpmb""bIIIty is more than compensated by the much larger

(0Y(3s)) by cross section fobbg(3S;) in hadron colliders. Thus the
binding of bbg(3S,) into xy; followed by its decay intoY
> B(H—YX)(O!(3S)))=8 Ge\?, (1)  9ives a large cor_1tribution to the f[otm Cross s_ection.
H We now consider the production ¥/~ +Y in a hadron

where we have added the contributions frof (with B collider. This process proceeds through parton collisions that

=1), Y(2S), and Y(39S). Including the feeddown from Produce final states including/+ bb. The relative impor-

Y (2S) and Y (3S) therefore increases the cross section bytance of the various contributions depends on the magnitude
about 20%. of the NRQCD matrix elements and on the size of the parton

Bottomonium states with differed®C quantum numbers Cross sections. The only parton cross sections that can be
can have a more dramatic effect on the cross section, becaugalculated relatively easy are those that can be taken into
they receive contributions from parton processes with differaccount via 2-3 parton processes of the forijn— W+ bb.
ent selection rules. The only process whose binding probabiFortunately, they account for the largest contributions. The
ity is of the same order iv as bb;(3S;) into Y(nS) is  2—3 parton processes that produd€ +bb are

le(lso) into ,(nS). By the heavy-quark spin symmetry of — — = ) )
NRQCD, the matrix eIemen(OI’b(“S)@Sl)) differs from W1: ud,c_s—>W +bbg(®S;) via the decay of a virtual
that of (0 Y "9(1Sy)) only by a spin factor of 1/3. Including 9luon intobb, _ _ _
the contributions froms,(2S) and 7,(3S) and assuming W2: cb—W*+bby(°S;,'Sy,°P;) involving the ex-
that B(7,(nS)— Y X) is comparable to the branching frac- change of a virtual gluon,
tion for hadronic transitions froiY (nS) to Y', we obtain the W3: ud,cs—W" +bb,(3S,) via the decay of a virtual
estimate2;B(H—YX)(O"(!Sy)) ~0.3 Ge\? photon intobb.

The binding probabilities foP-wave bottomonium states
are suppressed by? relative toY. For y,,(nP), thebb  We have _omitted processes that are suppressed by a tiny
configurations with binding probabilities suppressed by onlyKobayashi-Maskawa factor. Process W1 is the only color-
v2 are bEl(3PJ) and bgs(asl)_ By heavy-quark spin sym- octet contribution with a cross section of ordﬁiaw. All
metry, the color-singlet matrix elemen(@XbJ(np)(ng)> other color-octet contributions are suppressed by an addi-

! 1

differ for J=0.1,2 only by a spin factor of 2+1. Their tional factor of ag. Color-singlet contributions involving

; T QCD interactions are suppressed by an additional factor of
values can be determined from the wave function in nonrel-*, 3 —
One such procesgg— W™ +bb;(°S;) +bc, which has

ativistic potential models. We adopt the values used in thé*s- i A ) y e
analysis of Ref.[3]. Weighting the matrix elements for @ Cross section of ordersa,,, is dominated by the splitting
Xbs(1P) andx,;(2P) by their measured branching fractions of the colliding gluons into a collineasb pair and a collin-

into Y, we obtain =,B(H—YX){O!(P,))/mi  earcc pair. It can be taken into account through process W2.
~(0.003,0.2,0.2) Ge¥for J=(0,1,2). We have included a We expect this process to provide a reasonable estimate of
factor of 1m§ in the P-wave matrix elements so that they the color-singlet contributions involving QCD interactions,

091501-2



RAPID COMMUNICATIONS

ASSOCIATED PRODUCTION OFY AND WEAK GAUGE . .. PHYSICAL REVIEW D 60 091501

because it is the only such process that is enhanced by antribution with a cross section of ordeéaw. Another

factor of logMw/my)log(M\/m). Process W3 is a color-  ¢ojor-singlet contributiongg— z°+ bb,(3S;)+bb, which
singlet contribution that involves only electroweak interac-p55 a cross section of ordeﬁ a,,, can be taken into account
tions and has a cross section of ordéix, . through process Z4. Finally, process Z5 is an electroweak

We proceed to calculate the cross section for productioRor_singlet contribution with a cross section of order
of W=+Y at the Tevatron. We use the leading order¢&hu
w-

Rey-Vogt 1994(GRV-94) parton distributions, and set the The cr tion for production @+Y in oo coli
factorization and renormalization scales equal. We neglect. € cross section for productio pp coll-
the masses of the, d, s, andc quarks, and we use the value sions at the Tevatron with center-of-mass energy 1.8 TeV is

4.7 GeV for theb quark mass. The cross sectionp’ﬁcol-

lisions at center-of-mass energy 1.8 TeV is . > B(O:1(’s)
o(Z°+Y)=85 fb —————F——
> B(O1(%S) ( : 8 Ge\?
> o(W +Y)=16 fp ————
i 8 GeV’ S B(04%Sy)
+150 fp ——— . (4)
2 B(Og(’sy)) 0.4 GeV
+450 fb 0.4 Ge\? ® We have calculated all contributions to dir&tproduction

with binding probabilities of ordev* or larger and all indi-
Orfect contributions involving binding probabilities of ordet

or larger. All those terms that are not shown explicitly(4n
give contributions that are more than an order of magnitude
smaller than the color-singletS; term. The color-singlet

We have omitted the contributions from the color-sindig
and 3P, matrix elements, because they are several orders
magnitude smaller than the color-singléS, term. The
color-singlet3S, term is completely dominated by the purely

electroweak process W3. However it is overwhelmed by the381 contribution is dominated by processes Z3 and Z5

§ 3 ibuti i
color octet St co_ntrlbutlon f_rom process W1. Wh'le the which contribute about 85% and 15%, respectively. However
color-singlet matrix element is accurately normalized by the

leptonic decay width of th&’, there is a large uncertainty in it is overwhelmed by the color-octetS, term, which is
P cay ’ g YN Jominated by process Z1. While the color-singlet matrix el-
the normalization of the color-octet matrix element. The the-

. . . ! ement is accurately normalized, there is a large uncertainty in
oretical error due to higher order perturbative corrections ca

) b o Cathe normalization of the color-octet matrix element. We es-
be estimated by varying the factorization and renormahza;[imate the theoretical errors from higher order perturbative
tion scales by a factor of 2 and is roughly 35%. The theoret- 9 P

ical error due to the uncertainty in thequark mass can be corrections and from the uncertainty in thequark mass to

0, 0, 1
estimated by varyingn, by 0.25 GeV and is roughly 25%. be roughly 35% and 25%, respectively.

To obtain the cross section in the purely leptonic decay To obtain the cross section in the purely leptonic decay
: ; . 0
channels, we multiply by the branching fractions 5% Tor channels, we must multiply by the branching fractions 5%

. > . for Y—1"1~ and 7% forz°—=I|"1". Given the integrated
—1*17 and 22% forw— 1 v. Given the integrated luminos- A 1
ity of 110 pb ® in run I of the Tevatron, there should be gmmosny of 110 pb * in run | of the Tevatron, there should

bout 0.5 ts in the leptonic d h s T i e about 0.06 events in the leptonic decay channels. The
about 9.5 events In the feptonic decay channels. 10 eSUMaig. ot of the acceptances and efficiencies of the CDF de-

the numb_er of events that would actually be dete_ct_ed, Wesctor was about 30% fa%—ete- [5] and about 12% for
must multiply by the detector acceptan_cgs and eff|C|enC|esYHlu+M_ [4]. Thus after allowing for acceptances and ef-
The product of the accgptances and efﬂmenuesa for the CO%"iciencies, the cross section is several orders of magnitude
lider Detector at FermilalCDF) \ivas about 26% foW too small to be observable in the data from run |
0 - _ .
—ev [5] and about 12% foX —p " [4]. Thus after al- = "0y ot the Tevatron, the increase of the center-of-
lowing for acceptances and efficiencies, the cross section I81ass energy to 2.0 TeV will increase the cross sections for
about two orders of magnitude too small to be observable ir\lNiJFY andZ°+Y. by about 10%. With an integrated lumi-
thev\(/jata fr<t)m run.dl' th duction @@+ i had nosity of 2000 pb?, the number of events in the purely
) € next consider the production In & hadron leptonic decay channels should be about 10Vi6r+Y and
collider. The 2-3 parton processes that prodg®etbb are  gpout 2 forz®+ Y. The upgrades of the CDF and/Ditec-
T T T T 50, v /3c le 3 tors should increase the acceptances and efficiencies for ob-
Z1:uu,dd,sscc—Z7+bbg("S;,"So,°Py), serving these events. Given that the uncertainties in the cross

72: gg—Z°+bbg(’S;,'Sp,°Py), sections are at least a factor of 3, there is a possibility that

Z3: gg—Z°+bby(’S;,'Sp,°Py), these events could be observed in run Il. An observation of

Z4: bb—Z°+bby(3S;,1S,,%Py), these events at a much larger rate than predicted could be

Z5: uu.dd,sscc—Z0+ bEl(351) via the decay of a vir- evidence for a heavy patrticle that has a substantial branching
tual photon intobb. fraction intoW* +bb or Z°+ bb.

The cross sections for production 8f*+Y andz°+Y
Processes Z1 and Z2 are color-octet contributions with cross pp collisions at the LHC with center-of-mass energy 14
sections of ordeugaw. Process Z3 is the only color-singlet TeV is
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malizations of the cross sections. However this uncertainty
[ cancels in the rati@ .. o (W= +Y)/a(Z°+Y), which is pre-
0.12 dicted to be about 3 at the Tevatron and about 2 at the LHC.

. If a significant deviation from this prediction is observed at
01 [ the LHC, it might be evidence for an additional contribution

from a heavy particle that decays intg”+bb or Z°+bb.
The production ofV*+Y andZ®+Y provide lampposts
under which one can look for new physics. The most prom-
[ ising possibility is to search for a charged Higgs boson via
0.06- the decayH" —W*+Y. The decay rate of the charged

Higgs boson intoN+ bb is enhanced by the Yukawa cou-

0.08

do/dM (pb/GeV)

0.04F pling of the Higgs boson to a virtual top quark. If the mass of

I the charged Higgs boson is in the range between 140 GeV
0.02L andtb threshold and if the Higgs mixing parameter fais

I small, thenW+bb may be the largest single decay m¢éé¢
o Lo T PO T TP P The decay rate of the charged Higgs boson MteY was

80 90 100 110 120 130 140 150 160 170 first calculated by Grifols, Gunion, and Mend§Z]. For

M (GeV) small tang, the branching fractioB(H"—W™' +Y) ranges
FIG. 1. The invariant mass distributiordo/dM,yy (upper fro+m about 10 if the Higgs boson mass is just above the
curve andda/dMyy (lower curve for the production ofw=+Y W™ Y threshold to about 10 if the Higgs boson mass is

andZ®+Y in pp collisions at center-of-mass energy 14 TeV. just below thetb threshold.
In a hadron collider, most of the standard production
5 mechanisms for a charged Higgs boson in the mass range
> B(O1(°Sy) below tb threshold involve the production of an additional
very massive particlé8]. The standard production mecha-
nisms forH" includett production followed by the decay
t—H"b, tH* production,W H* production, andH " H*
production. Because of the additional very massive particle,

oW +Y)=10 fp ———mM8M
; ( ) 8 Ge\?

> B(Og(%sy))

+4000 fb 04 Ge (3 events in which a charged Higgs boson decays Wito Y
' will be easily distinguished fromV+Y events produced by
standard model processes. There is one potentially signifi-
E B(0:(3S,)) cant production process for a charged Higgs boson that could
o(Z°+Y)=500 fb ——— result in events that resemble standard matlel Y events.
8 Ge\® That process isqb—q'bH™*, which proceeds through a
Feynman diagram that involves a virtuMand a virtual top
2 B(Og(°s) quark[9). . .
11300 fo . ® We (_:oncludei that it should be possible to observe the
0.4 Ge\P production ofW=+Y andz°+Y from standard model pro-

ceses at the LHC. The clean experimental signatures for

With an integrated luminosity of 10 ff, the number of . ooc events also makes them valuable lampposts under

events in the purely leptonic decay channels should be aboyt, ; N
440 forW=+Y and about 70 foZ°+ Y. Even after allow- Whlgh 0 OseaEh for heavy particles that decay IMO
ing for detector acceptances and efficiencies, there should pkPb or Z°+bb.
enough events to make these processes observable. In FigureThis work was supported in part by the U.S. Department
1, we plot the invariant mass distributionrdo/dMyy  of Energy Division of High Energy Physics under Grant DE-
(summed oveWW™) andda/dMzy . They peak at only a few FG02-91-ER40690, by KOSEF, and by NSERC. E.B. would
GeV above the thresholds of 89.8 GeV fa¢*+Y and like to thank Kwan Lai for valuable discussions. S.F. would
100.6 GeV forz°+Y. like to thank the Caltech theory group for their hospitality
The cross sections foV=+Y andz°+Y are both domi-  while some of this work was being carried out. We thank M.
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