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New gauge interactions and single top-quark production

Elizabeth H. Simmoris
Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, Massachusetts 02215
(Received 6 January 1997

Extensions of the standard model that include n&wbosons or extended technicolor gauge bosons can
predict sizable changes in the rate of single top-quark production, even when constrained to be consistent with
precision electroweak data. We analyze the fractional change in the rate of single top-quark production for
several classes of models and determine which ones predict an effect visible at the Fermilab Tevatron collider’s
run 3.[S0556-282(197)02609-X]

PACS numbeps): 12.60.Cn, 12.60.Nz, 14.65.Ha

[. INTRODUCTION This paper focuses largely on models that include new
gauge bosons coupled to the ordinary fermions. The models
we consider alteR,, in two distinct ways, each correspond-
ing to the presence of a specific type of extra gauge boson. In
models of dynamical electroweak symmetry breaking, ex-
. : change of new gauge bosons can make a large direct correc-
malizing to the Drell-Yan processj’ —~Wg—/») 10 CON- 014 ihawith vertex. In models with enlarged weak gauge

trol theoretical systematic uncertaintiés.g., in the initial groups, two sets oV bosons can be present; both sets con-
parton d'SmbUt'on)S This _metho_d Sh.OUId be more precise tribute to the cross sections and mixing between the two sets
than alternative methods involving single top-quark produc-

tion via W-gluon fusion[3], because there is no similar wa alters the couplings of the light&W state to fermions. Sec-
to eliminatg the uncertain,t associated with the gluon dis%/ri—tionS Il and 1ll examine models of dynamical electroweak
bution function y 9 symmetry breaking with(lll) or without (Il) extra weak

. . gauge bosons. In Sec. IV, models with light Higgs bosons
du(I:?i;ﬂeaﬁgag?gfyrg,«?ﬁg;giergti'gngf single top-quark P'O3nd extra weak gauge bosons are discussed. The last section

summarizes our findings and compares the results to those
— obtained by others for models of nonstandard physics that do
o(qq’' —~W—tb) _RSM (1.  hotinclude new gauge interactions.
a(qq' —=W—/v) 7 '

It has been suggestéil] that a sensitive measurement of
the Wtb coupling can be made at the Fermilab Tevatron
collider by studying single top-quark production through
guark-antiquark annihilationq(?->lV—>tb) [2], and nor-

Il. ORDINARY EXTENDED TECHNICOLOR
is proportional to the top-quark decay widfl{t—Wb) and, . )
therefore, toV,,|2. Recent work4] has shown that with a !N ordinary extended technicoldETC) models[6], the
30 fo~! data sample from run 3 at the Tevatron with €xtended technicolor gauge group commutes with the weak
Js=2 TeV it should be possible to use single top-quarkgauge group. Such models have no extra wgak gauge bosons,
production to measurdR,/R,, and henceVy|? in the SO that the only effect oR, comes from a direct ETC cor-

standard model, to an accuracy of at leas%. By that ection to thewtb vertex.

time, the theoretical accuracy in the standard model calcula- N Order to calculate this correction, we use the methods
tion is projected to become at least this gd&d established for finding how ETC gauge boson exchange al-

Many theories of physics beyond the standard model inf€rs theZbb coupling[7]. Recall that the size of the effect on

clude new particles or interactions that can contribute to th& PP is set by the top-quark mass. In ordinary ETC models,
rate of single top-quark production or the Drell-Yan processine top-quark mass is generated by four-fermion operators

thereby altering the predicted value &f,. If the resulting Mduced by the exchange of ETC gauge bosons:
fractional change in the cross-section ratio

10—~ 2yt S Ty )
R,— SM 4f f2 LY 3 RY"VUR
—RSM—UEARU/RU (1.2 - o
7 X gTL’Y/,Ll//LJ'—E UR?’MtR>a (2.

is at least 16%, it should be detectable in run 3. By consid-

ering the size oAR, /R, predicted by different types of new where¢ is a model-dependent Clebsch coefficient; the top-

physics, we can assess the likelihood that the measuremembttom doublety, =(t,b), and the technifermion doublet

of single top-quark production will help distinguish among T, =(U,D), are weak doublets; and the scéles related(in

various classes of models. the absence of fine-tuningsf=2M/g to the ETC boson’s
mass and gauge coupling. When the technifermions con-
dense, theLR cross terms in the operat¢2.1) produce a

*Electronic address: simmons@bu.edu top-quark mas§7]
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9?4mty fied by the differing values of , andmf' (the part of the
M~—uz (2.2) top-quark mass contributed by the ETC sectblsing typi-
cal [11] valuesfo~ 240 GeV andm; ' “~ 1 GeV we find
where the numerator contains an estimate of the technifethat ETC-induced shifAR, /R, is a fraction of a percent.
mion condensatéusing dimensional analys[8]) andfq is  Exchange of the new “coloron” gauge bosons between the
the Goldstone boson decay constant associated with the techandb quarks can additionally modify thé/tb vertex; ex-
nifermions which help provide a mass to the top quark. In arapolating from the results ¢f.2], which considered similar
one-doublet technicolor modefig=uv =250 GeV. effects on th&bb vertex, we estimate that this contributes at
The purely left-handed piece of operat@) affects the o5t 5 few percent t&, at the momentum transfers where
the Zbb, Ztt, andWtb vertices. As shown ifi7], that left-  most of the single top production occurs. Thus topcolor-
handed interaction is equivalent to assisted technicolor models do not predict a visible alteration
£2 922 e s of R;.
2 M2 " 5ing cow 5

IIl. NONCOMMUTING EXTENDED TECHNICOLOR

e In “noncommuting” extended technicolor models, the

+ 25 (WHrm+W™77) [ (2.3 gauge groups for extended technicolor and for the weak in-
sing teractions do not commute. In other words, (3 is par-
P ; ; _ tially embedded in the ETC gauge group and ETC gauge
Hence theWtb coupling is shifted bytaking V,,=1 )

Ping X 9Ve=1) bosons carry weak charge. As a result the models include
(5g)ETC— 5_2 % e _ 5_2 m e Egtsr;nil'l(;].gauge bosons and an extra set of weak gauge
2 M* \2sing 2 4mfq \2sing The pattern of gauge symmetry breaking required in non-

(2.9 commuting ETC models generally involves three scales
(rather than just two as in ordinary ET@ provide masses

The effect of the shifted coupling on the ratio of cross sec i . )
for one family of ordinary fermions:

tionsR, is
AR. 2 o ,[250 Ge m, Gerc® SU(2)jgn® U(1)”
a’m— ~ — 0,
R gl99 ] 5'6/"5( fo v) 175 Ge\)' L
(2.9
Since £2 is generally of order 1, this lies well below the G1c® SU2) hean® SU2)ign® U(1)y
projected sensitivity of the Tevatron’s run 3. Ordinary ex-
tended technicolor models, then, do not predict a visible l u
change to the rate of single top-quark production.
Note that operato(2.3) also induces a fractional shift in Gre®SU2) ®U(1)y
Ry [7]: L v
AR, 2 ETC 250 Ge m,
—__ 2 = ~ —b5 %2
(2.6

The SU2) eavy 9auge grougda subgroup ofGerc) is effec-
of the same size a&R,/R,. The value[9] of R, (0.2179 tively the wea_k gauge group for the third generation, yvhile
+0.0012 measured at the CERK e~ collider LEP lies e SU(Z}gn: is the weak gauge group for the two light
close enough to the standard model predict@a158 thata ~ 9€nerations. Keeping the two &) groups distinct at high
5% reduction inR, is excluded at better than the @Oevel. energies allows, a range of ferm-|0n masses to be generated.
Moreover, attempts to increageR,, /R, in ordinary techni- 1h€ Wo SU2)'s break to a diagonal S@), subgroup
color models may cause the predicted valuRgto deviate LWhich we identify with SW2),.,d at the scaleu, thereby
still further from the measured valde. preserving the obs_erved low-energy universality of Fhe yveak
An interesting extension of ordinary extended technicolofnteractions. The final electroweak symmetry breaking is ac-
models are topcolor-assisted technicolor modidg] in ~ complished dynamically at the weak scale
which technicolor is responsible for most of the electroweak 1he two simplest possibilities for the $P)neary
symmetry breaking and new strong dynamics coupled to th&SU(2)ign: transformation properties of the order param-
top and bottom quarks generates most of the top-quark mas&lers that mix and break the &) groups ar¢13]
The ETC sector of such models will have an effectrynof

the form described above—but the size of the effect is modi-  (#) ~ (2Dw2,  (0) ~ (220, “heavy case,”(s n

and
!A recent effective-Lagrangian analysis of a nonstandard contri-

bution to theZbb andWtb vertices[10] similarly finds that a large (¢) ~ (1,210, (o) ~ (2,29, “light case,”
shift in Ry, is the price of a visible shift iR, . 3.2
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where order parametérp) breaks SW2), while (o) mixes e e e

SU(2) heavy With SU(2) 4ne. We refer to these two possibili- Gight=gging’ I cging' 9 " com’ 0
ties as “heavy” and “light” according to whethegfp) trans-

forms nontrivially under SI2)peayy O SU2)jigne- In the  wheres=sing andc=cosp.

heavy casg13], the technifermion condensate responsible |t is convenient to discuss th& mass eigenstates in the
for providing mass for the third generation of quarks androtated basis

leptons is also responsible for the bulk of electroweak sym- . . . . R R

metry breakingas measured by the contribution made to the Wi=sW +cW,, Wy=cW -sW,, (36

W andZ massek In the light case, the physics responsible ] o )

for providing mass for the third generatioloes noprovide SO the gauge covariant derivatives separate into standard and
the bulk of electroweak symmetry breaking. nonstandard parts

D#= gt +ig(Ty +Ti)Wp #

A. Direct ETC effects on the Wtb vertex

A priori, it appears that th&/tb vertex may be affected
by both ETC gauge boson exchange and weak gauge boson
mixing. However, a closer look at the operator that gives rise
to the top-quark mass demonstrates that there are no diregith g=e/sind. By diagonalizing the mass matrix of tw
ETC contributions to théNtb vertex of orderm /4y in  bosons in the limit where®/v?=x is large, we can find the
noncommuting ETC models. The left-handed third-form of the light and heavy mass eigenstat®s and W".
generation quarks, = (t,b), and right-handed technifermi- For the heavy case of noncommuting ETC, we have
ons Tg=(U,D)g are doublets under SB)peay, While the s s3
left-handed technifermions are 8.,y singlets. The four- WE=W, + — W,, WH~W,——W,. (3.9
fermion interaction whose left-right interference piece gives X X
rise to the top-quark mass may be written| 48]

+ig

S O 3
ST oTh We ety (3.7

In the light case, we have mass eigenstates

2/ — 1
nc-ETC_ _ < my. 4= “ c3s c3s
‘C4f f2 g lz[/L‘y UL g tR‘y TR) WL%W]__ 7 W2, WH%WZ_’_ 7 W1. (39)
- 1 —
X1 EULy b+ - Tryut ) (3.3 In either case, the mass of the headyboson is approxi-
¢ mately given by

where ¢ is a model-dependent Clebsch coefficient. This is X
the operator that can potentially alter couplings between the M yyH=~ \/: W (3.10

weak bosons and the third-generation quarks by an amount
of order m; /47v. However, because the left-left piece of
this operator includest(,b,,U,) but notD, and because its
purely right-handed piece containdz(Ug,Dg) but not

where M, is the tree-level standard model mass of We
boson. The tree-leveépole) width of the heavyw boson is

br, this operator doerot contribute to theNtb vertex. g® (2¢? &?
This is in contrast to the result fdR, where a similar Twi=1o2| o2 2| Mw. (3.1
operator involving electrically neutral currents does affect
the Zbb coupling[13]. C. Results
B. Extra weak gauge bosons in noncommuting ETC Using the information on the mass, width, and couplings

of the W bosons from the previous sections, we found the
Qize of AR, /R, in both the heavy and light cases of non-
commuting ETC. Details of the calculation are given in the
%eppendix. We used results frofd3] to fix the 95% C.L.
experimental constraints on the model from low-energy and
LEP precision electroweak measurements; these are stronger
than limits from direct searchd44] for heavy weak bosons

The extra set of weak gauge bosons in noncommutin
ETC models affect®R,, both because there are now tWé
bosons patrticipating in the scattering process and becau
gauge boson mixing alters the ligit boson’s couplings to
fermions. We summarize here the properties ofhbosons
(mass, couplings, widjhthat are directly relevant to calcu-

lating AR, /R, . Furthgr details are ifl3]. . at Fermilab. Physically speaking, the constraints tell us the
The electromagnetic gauge grougllk, is generated by lightest possible value oMnx for any given value of

QfT3|+T3h+Y and the associated photon eigenstate can bginzqs, ie, the value of My vyielding the largest
written as AR /R

AL=sing sing WX +sing cosp WL +cosd X*, By checking fche maximumAR, /R, in the e>_<perimen-
(3.4) tglly allowed region for heavy case noncommutlng ETC, we
find that| AR, /R,| never exceeds 9%. This means that the
where 6 is the weak angle and is an additional mixing shift in the rate of single top-quark production is never large
angle. In terms of the electric charge and these mixingznough to be clearly visible at TeV33.
angles, the gauge couplings of the original (SYeavy Repeating the exercise for the light case of noncommuting
X SU(2)igniXU(1)y gauge groups are ETC leads to a very different conclusion. The pattern of
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mass [Tev] gauge group as noncommuting ET@ithout an under-
lying ETC secto). Again, the third generation of fermions
couples to S(R)peayy While the first and second genera-
tions couple to S2)gy. The simplest forms of the
symmetry breaking sector include a scalar which transforms
as (2,2) and one which is a doublet under only one of the
SU(2) groups. As in noncommuting ETC, there are therefore
“heavy” and “light” cases of topflavor according to
whether the second scalar transforms as a doublet under
SU(2) heavy OF SU2) jign: (i-€., according to whether the same
o order parameter gives mass to the weak gauge bosons and
’ 0.z 0.4 0. 0. S the heavy fermions The phenomenology of the heavy case
is explored in[17] and that of the light case is discussed in
FIG. 1. Region(shaded where light-case noncommuting ETC [18,19.
models predict a visible increas& R, /R,>16% in single top- The analysis of topflavor is similar to that of noncommut-
quark production at TeV33. The dark line marks the lower bounding extended technicolor. The calculated valua&, /R, is
(at 95% C.L) on the mass of the heavy weak bosdigx (@S @ the same since the weak sectors of the two models are iden-
function of mixing parameter sfb) by electroweak datél3]. Be- icq| |t is the experimental constraints on the models’ param-
low the dashed line, the predicted valueAR, /R,=24% . eter spaces that diffésince the noncommuting ETC model

hifts in th dicted val £ vari | K ob contains parameters not present in topflavor
shifts in the predicted values of various electroweak observ- \yia can find a lower bound on the allowed value of the

ables has been fourid 3] to allow the extra weak bosons in h W in h ) toDfi b lizing that th
light noncommuting ETC to be as light as 400 GeV. Since eavyVV mass In neavy-case foptiavor by reafizing tat the

. ) . extra W boson causes a fractional shift R, just as in
lighter extra bosons produce larger shiftsRp, there is a :

o ) noncommuting ETG13]
significant overlap between the experimentally allowed por-
tion of parameter space and the region in which ( ARM)topﬂavor: —2/x. 4.2

|AR,/R,|=16%, as shown in Fig. 1. In fact, the predicted heaw

fractional shift inR,, is greater than 24% for much of this Since current experimefi20] requireslARM|$1.8% at the
overlap region. More precisely, the shift R, is towards 24 level, we can apply Eq:3.10 to find the lower bound
values exceedin@?i'\", so that noncommuting ETC models

with the “light” symmetry breaking pattern predict a visible My+=10.5My,/sc (4.2)
increasein the rate of single top-quark production.

What allows the corrections to single top-quark produc-0n the heavyv boson’s mass. When this bound is satisfied,
tion to be relatively large in noncommuting ETC models isthe value of AR, /R,| always lies below13.5%, so that the
the fact that there is no direct ETC effect on thb vertex ~ change in the rate of single top-quark production is not likely
to cancel the contributions from weak gauge boson mixingt0 be visible at the Tevatron.

This is in contrast to the calculation &, where such a The current experimental constraints for the light case of

cancelation does occur. Hence within the context of theséopflavor have been explored [a8]. When the constraints
models it is possible foR, to have a value close to the are expressed as a lower bound on the mass of the extra weak

standard model prediction whiR, is visibly altered. bosons(as a function of mixing parameter $if), they ap-
pear stronger than those on noncommuting ETC. In other
IV. MODELS WITH EXTENDED WEAK GAUGE GROUPS words, the shape of the exclusion curve is similar to that

shown in Fig. 1, but lies above it, with the lowest allowed
There are also models with extended electroweak gaugealue of M+ being about 1.1 TeV. As a result, the change
groups (but no technicolor sectprthat predict anR,, that in the rate of single top-quark production in the light case of
differs from the standard model valé&he analysis of weak topflavor always lies below about 13%. Again, this is un-
gauge boson mixing presented in Sec. Il B can be adapted titkely to be observable.
these models.

B. Ununified standard model

A. Topflavor The ununified standard mod¢21] also sports an ex-

A recently introduced model known as topflayd7,18§  tended weak gauge group with two &)Jcomponents and a
has the same SW)peay< SU(2)ignxXU(1)y electroweak single U1). However, in this case, the quarks transform ac-
cording to one non-Abelian groysU(2) ] and the leptons

°The left-right symmetric mod€]15] is not among them. In the
limit of no mixing between the left- and right-hand&d bosons, 3This maximum fractional shift iR, is obtained when sf is at
R, would have the standard model value. The experimentally alits minimum value of 0.034. A smaller value of $ifwould make
lowed mixing is small so that including mixing should not qualita- g;gn large enough to break the light fermions’ chiral symmetries.
tively alter the conclusion. The extA/ boson in the alternative The critical value of the coupling is estimated using the results of a
left-right model[16] carries lepton number and would not contrib- gap-equation analysis of chiral symmetry breaking in the “rain-
ute to single top production. bow” approximation[23]; see[13] for further details.



5498 ELIZABETH H. SIMMONS 55
mass[TeV] c?=0.83 and My+=2 TeV in the region in question,
° |AR,/R,|=10"%. Qualitatively this is because no factor of
the top-quark mass enters to enhance the shiRjras can
happen in ETC models.

~ V. DISCUSSION

2 — Measuring the rate of single top-quark production in run 3
at the Tevatron offers a promising opportunity to test models
of electroweak physics. We have shown here that models
. with extra W bosons can predict an alteration Bf, that
° 0,05 0.1 0.15 I would be visible to experiment, provided that the n&w
bosons weigh less than a few TeV.

FIG. 2. Region(shadedl where the ununified standard model  In particular we found interesting results for models with
predicts a visible decreas& R, /R,<—16% in single top-quark an SU?2) heawX SU(2)igne Weak gauge group and an elec-
production at TeV33. Below the dashed line, the predicted decreasggyweak symmetry breaking condensate charged under the
is AR, /R,<—24%. The horizontally hatched region marks the light rather than thdieavySU(2). In such models, the value
Io‘.N.er bound on the mass of the heavy weak boddg (for Sma." of R, can be greatly increased above the standard model
mixing parameter sf) from electroweak dat&l3]. In the verti- T .
cally hatched region, the chiral symmetries of the fermions wouldpredlcuon' Hence the value &, prowdes a Va!uable. test of
be broken by a strong SB) coupling. the dyn§m|cal symmetry t_>reak|ng models involving non-
commuting extended technicolor. If the measurement attains
a greater precision than assumed here, it may also be pos-
gible to test the related model with fundamental scalars

according to the othefSU(2) /]. In order to preserve the
experimentally verified relationship between the leptonic an
semileptonic weak interactions that holds in the standardMOWn as topflavor. _ o _
model, the symmetry breaking sector must be of the “light” ~ The predicted increase iR, is not only visible, but dis-
type in which no new low-energy charged current interactinctive. As we have seen, other models with extra weak
tions between a leptonic and a hadronic current occur. ThBosons that can altét,, predict either a shift that is too small
simplest possibility is therefore to have one scalar that trand0 be seerte.g., ordinary ETC, topcolor-assisted technicolor,
forms as &2,2) under the two S(2) groups and another that left-right-symmetric model, heavy-case noncommuting ETC,
is an SU2) , doublet, but an S(2), singlet. or topflavop or a shift towards a lower value &, (e.g., the
The extra weak gauge boson mixing anglg,, in ununified standard modelThis trend continues when mod-
this model is conventionally defined so that &ip,  els including other kinds of nonstandard physics are exam-
—C0Spnc.eTe- Otherwise, the formalism developed earlierined. Adding a fourth generation of quarks would tend to
for the analysis of noncommuting ETC carries through; exreduce|V,,| and, thusR,. The extra scalar bosons in two-
plicit expressions for the top-bottom and leptonic cross secHiggs-doublet model§24] have been found25] to reduce
tions are in the Appendix. R, by an amount not greater than 15%. The electroweak
A fit of the ununified standard model to precision elec-contributions in the minimal supersymmetric standard model
troweak datd22] has found a 95% C.L. lower bound of just [26] likewise alterR,, by no more thant 10%[27] (the sign

under 2 TeV on the masses of the heaWyand Z bosons: varies over the model’s parameter space
Keeping this in mind, and restricting the value of’ghg,mto

exceed the critical value of 0.034, we checked for an inter-
section between the experimentally allowed parameter space
and the region of visible alteration of thW'tb vertex.

We find a small region in the Sigh,m—Mys plane, the We thank R. S. Chivukula and K. D. Lane for useful
shaded triangle in Fig. 2, which is allowed by experimentconyersations and comments on the manuscript. E.H.S. also
and in whichAR, /R,<—16%. Elsewhere in the model's acknowledges the support of the NSF Faculty Early Career
experimentally allowed parameter space, the shifRinis  pevelopmen{CAREER program, the U.S. DOE Outstand-
too small to be reliably detected by an experimental precijng junior Investigator program, and the ISPS Invitation pro-
sion of =8%. Note that since the shift is negative, it iS gam This work was supported in part by the National Sci-
distinct from that predicted by models like noncommuting oce Foundation under Grant No. PHY-95-1249 and by the

ETC which have an S2) heayyX SU(2)jgnt group structure.  penartment of Energy under Grant No. DE-FGO02-
FurthermoreR, has essentially the standard model valueg1 ER40676.

in the region wherd R, /R, is large. One may calculate the
shift in R, by repeating the analysis of Sec. Il B for t&e
bosons and finding how qq couplings are altered. The re-
sult [22] is that AR,/R,~—0.052M,/Mn)?/c?. Since
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APPENDIX A

Here we present some details of our calculation for the
reader’'s convenience. The cross section for production of a
“This is the bound for zero mixing angle; the bound gets everfermion-antifermion pair via exchange oN“ and WH
stronger as sfip,,, increases. bosons contains the terms
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o , o 2B(§— M\ZNH) For the light case of noncommuting ETC or topflavor,
[Ct u(u—mp)]

- +
(5—M3)  S[(S—MZu)2+ T2 M2 ]

2_ A2 2
atb=—ﬁtb='ytb=1+—2(s C)( MW) b

y s M —
2 2 2,12 2 | (A1)
(S_MwH) +FwHMwH ) 2
c
wherem; is m; for thetb final state and zero for tHe final o= 1_4g M_zw
state,C; is 3 for thetb final state and 1 for thev final state, wH
Vi, has been set equal to 1, and multiplicative constants
which cancel in the rati® , have been dropped. Helgy is . c? 2c¢? MS\,
taken to be the-dependent width of the heavy weak boson B B ARVENE
so that the results match correctly onto those from calcula- wH
tions based on four-fermion operators.
The coefficientse, 8, and y are specific to the process . c* 4ct M\ZN
(tb or I v production and the model. We write them in terms LA EVER (A3)
of the heavyW boson mas#+ and the weak boson mixing w
angle G=sing, c=cosp). They have been derived using "
Egs.(3.7), (3.8), and (3.9 and dropping terms of order 2 In the ununified standard model:
or higher(wherex=u?/v? is the ratio of mixing and break-
ing VEV's squaredl In the heavy case of noncommuting a®=qff, o"=af,
ETC or topflavor:
2 th_ plv lv_ _ th
ab— gty 2(c2232)< MZW ) b Bo=Bn, B'=—an,
¢ Mu | th
, Y=w' V=ay. (A4)
a'=1+4 ZW alhy, . . .
wH To find the hadronic cross section for each process, we
used MRSDO’ structure functions and integrated over
., % 2(c’-s% MG\ center-of-mass energyr{+m,< \s<1TeV) boost rapidity
B _?Jr c2 M2, | Fho (—2.0<Y00s<2.0), and center-of-mass scattering arjgte
W the kinematic limit imposed by the masses and greatest ra-
¢t 4c? M\ZN pidity (_j:2.0) of the final state particlésOur results_ were
YW= —|— Ey'hV_ (A2) insensitive to the precise choice of energy and rapidity inte-
S S {Mym gration limits.
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