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Collider phenomenology of technihadrons in the technicolor straw man model
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We discuss the phenomenology of the light8&(3). singlet and nonsinglet technihadrons in the straw
man model of low-scale technicol6FCSM). The technihadrons are assumed to be those arising in top-color-
assisted technicolor models in which top-color is broken by technifermion condensates. We improve upon the
description of the color-singlet sector presented in our earlier paper introducing the TKCSMne, Phys.

Rev. D60, 075007(1999]. These improvements are most important for subprocess energies well below the
masses of thpt andw+ vector technihadrons and, therefore, apply especiakly ® colliders such as CERN

LEP and a low-energy linear collider. In the color-octet sector, we consider mixing of the gluon, the déjoron

from top-color breaking, and four isosinglet color-octet technirho megggs We assume, as expected in
walking technicolor, that these;g decay intoaq, g9, andgm final states, but not interrmr, wherewy is

a technipion. All the TCSM production and decay processes discussed here are included in the event generator
PYTHIA. We present several simulations appropriate for the Fermilab Tevatron collider, and suggest benchmark
model lines for further experimental investigation.

DOI: 10.1103/PhysRevD.67.115011 PACS nuntder12.60.Nz

I. OVERVIEW OF THE TCSM color-nonsinglet, isosinglet states—four vectptg’s, the
massive topcolor gauge bosovlg, and a neutral pseudo-

In this paper we improve and extend the “technicolorscalar7rg. These particles are most readily produced and
straw man model{TCSM) [1] of collider signatures for dy- detected in hadron colliders—the Fermilab Tevatron and the
namical electroweak and flavor symmetry breaking. TheCERN Large Hadron Collidefl.HC)—because of their rela-
TCSM is a simple phenomenology of the lowest-lying vectortively large coupling to gluons. We have incorporated the
and pseudoscalar technihadrons expected in technicolémproved and extended production processes in the event
theories which have both a walking gauge coupling and  generatorrYTHIA [8] to allow detailed investigation by col-
top-color interactions to generate the large mass of the tofider experiments.
quark. The modern description of technicol®—11] requires a

The main improvements arise in the co®U(3) singlet  walking technicolor gauge couplifd.2] to evade unwanted
sector of the model. The treatment in R¢L] assumed flavor-changing neutral currents and the assistance of top-
fermion-antifermion annihilations to technihadrons occurredcolor interactions that are strong near 1 Th3,14 to pro-
at subprocess cm energ}@~M This is appropriate in  Vide a large top quark mass. Both these elaborations on the

] OJLE basic technicolor TC or extended technicalg C) proposal
a hadron collider where the partoys sweeps over the nar- roqjire a large numbe, of technifermion doublets. Many

row TCSM resonances and is, therefore, strongly dominategl.ynifermions are needed to make the beta function of walk-
by the poles. In this paper we modify the production ampli-ing technicolor small. Many also seem required in top-color-
tudes to make them accurate fgs below the resonances as assisted technicolofTC2) to generate the hard masses of
well. These modifications involve adding the continuum am-gquarks and leptons, to induce the correct mixing between
plitudes including, where appropriate, the three-pointheavy and light quarks, and to break top-color symmetry
anomaly amplitudes for production of an electroweak gaugelown to ordinary coloivia technifermion condensatinnA
boson and a technipidi2,3]. This is particularly appropriate large number of technidoublets implies a small technipion
for technihadron searches @te™ colliders such as CERN decay constanEr=F _/\/Np, whereF_ =246 GeV. This,
LEP[4-7] (and the proposed linear collider if its early stagein turn, implies a technicolor scaler.~ F+ and masses of a
has/s<=300 GeV). few hundred GeV for the lowest-lying technihadrons
Our extension of the TCSM includes several low-lying (71,p1,w7) [15,16. The signatures of this low-scale tech-
nicolor have been sought in run | of the Tevatron collider
[17-21]. In the past two years, several LEP experiments
*Electronic address: lane@physics.bu.edu have published limits on color-singlet technihadrdbs-7]
Electronic address: mrenna@fnal.gov which in some cases exceed those set at Fermilab. Run Il
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will significantly extend the reach of run | in color-singlet siny=F/F,=1/JNp<1. 2)
and octet sectors. If these low-scale technihadrons exist, they
certainly will be seen in LHC experimenfg2].t

Similarly, [T13"y=cosy’ |7 )+---, where ' is another

The TCSM provides a simple framework for these ixing angle and the ellipses refer to other technipions
searches. First, and probably most important, we assume thafxINg angie a P . P
needed to eliminate the two-technigluon anomaly from the

the lowest-lying bound states of the lightest technifermions ]

can be considereih isolation The lightest technifermions 1l chiral current. It is unclear whether, liker and w1,

are expected to be an isodoublet of color singlets, (). these neutral technipions will be degenerate as we have pre-
Color triplets, discussed below, will be heavier because o¥iously proposed16]. On one hand, they both contain the
SU(3)¢ contributions to their hardchiral symmetry break- lightest TT as constituents. On the other, because of the
ing) masses. We assume that all technifermions transforranomaly cancellationzl’ must contain other heavier tech-
under technicolorSU(Nt¢) as fundamentals. The electric nifermions such as the color triplets we discuss below:Jf
charges of Ty,Tp) are Qy and Qp=Qu—1. The color-  and#' are nearly degenerate and if their widths are roughly

singlet bound states we consider are vector and pseudoscalyal, there may be appreciabtd-7%' mixing and, then,

. . . . T
mesons. The vectors include aspin-oné |§otr|p{é? and an - the lightest neutral technipions will be ideally mix@g, T,
isosingletwy. In top-color-assisted technicolor, there is no

need to invoke large isospin-violating extended technicoloNd ToTo bound states. Searches for these technipions ought

interactions to explain the top-bottom splitting. Thus, techni—Lootcg?;‘ljer both possibilities: they are nearly degenerate or

Isospin can be a good approximate symmetry, soghaind Color-singlet technipion decays are mediated by ETC and

w7 are nearly degenerate. Their mixing will be described in 0r . :
the neutral-sector propagator matrixy, in Eq. (21) below, (N the case ofrr')SU(3)c interactions. In the TCSM they

The new, improved formulas for the decays and productiorf'® taken to bg24]

of these technivector mesons will be presented in Secs.

and lII. — 1 5 )
The lightest pseudoscalaff(,Tp) bound states, color- I'(mr—f f):Wprfclf(mf'}_mf’)
singlet technipions, also comprise an isotridlef ° and an T

isosingletl’[?’. However, these are not mass eigenstates.

Our second important assumption for the TCSM is that the or _ 5 2 12 32
isovectors are simplewo-state mixture®f the longitudinal I'(m'—99)= 128773F2“0019NTCM 0 ©)
weak bosonsW;, Z2—the true Goldstone bosons of dy- T
namical electroweak symmetry breaking in the limit that the
SU(2)®U(1) couplingsg,g’ vanish—and mass-eigenstate
pseudo-Goldstone technipions: , 75 :

Like elementary Higgs bosons, technipions ampectedo
couple to fermion mass. Thu€,; is an ETC-model depen-
dent factor of order oneexceptthat TC2 suggest$Cy|
=<my/m; so that there is not a strong preference for technipi-
|TT+) =siny|W, )+ cosy| 7). (1)  ons to decay tdor from) top quarks. The number of colors
of fermionf is N; . The fermion momentum ig;. The QCD

coupling a¢ is evaluated aM o and Cfg is a Clebsch co-

\é\i/re] dﬁqsgsuoTZIItklzsgr?r(]:;lgf%igr?:%ﬁtcl)nizz?lcntilggz rgr?gnlr_}erl]tgntftlﬁ eefﬁcient of order one. The default values of these and other

decay constants of color-singlet and nonsingtetare ap- parameters are tabulated at the end of this paperMror

proximately equalFt=F_/\Np, and the mixing angle is <MMb, the_se te&hnlpmns are expected_to decay as fol-
given by lows: 1 —cb or cs or evenr v, ; m3—bb and, perhaps
cc, 777 ; andwy —gg, bb, cc, 77 7.
The breaking of top-color to ordinary color is most eco-

IThe question of the effect of technicolor on precisely measurechomically achieved by color-triplet technifermiong5].
electroweak quantities such & T, and U [23] naturally arises  Therefore, we expecsU(3)c-nonsinglet technihadrons to
because of the appearance of many technifermion doublets in lowexjst. The lightest of these may have masses not very much
scale technicolor. Calculations that show technicolor to be in CoNfarger than their color-singlet counterparts. Production and
flict with precision measurements have been based on the assum@atection of color-nonsinglei; and 7; have been studied
tion that technicolor dynamics are just a scaled-up version of QCDbefore, both theoretically26,27 and experimentallyf19—
However, because of its walking gauge coupling, this cann@®e 511 | these studies it was assumed that there exists one
the first two papers of Ref11]). In walking technicolor there must doublet of color-triplet technifermions, one or more doublets
be something like a tower of spin-one technichadrons reaching aI-f color-singlets, and their associatea technihadrons. In the
most to the ETC scale, and these states must contribute significant H(ely case that t,echni-isospin is a good symmetry, thé most

to the integrals over spectral functions involved in calculagng, . . .
and U. Therefore, in the absence of detailed experimental knowl_accessmle states would then be an isosingig} produced

edge of this spectrum, including the spacing between states ar@ ans-channel resonance inq andgg collisions, and the
their coupling to the electroweak currents, it is not possible to caltechnipions(as well as dijetsinto which prg may decay.
culate these quantities reliably. With the advent of TC2, this simple model became obsolete.
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In TC2 models, the existence of a IarEe(but notEb) dijet production cross sections, using the fully mixed propa-
condensate and mass is duet(3),;®U(1); gauge inter- gator of gluons, colorons and the fopits. These cross sec-
actions which are strong near 1 T¢W4]. TheSU(3), inter-  tions are now encoded in thevTHIA event generatof8].
action ist-b symmetric whileU (1), couplings aré-b asym- ~ Simulated S|gnals_at the parton Ievézla_ppropnate torunl of _
metric. This makes these forces supercritical for the toghe Tevatron Collider are presented in Sec. VII, with special
guark, but subcritical for bottom. There are weakdy(3),  attention to the effects on thtg invariant mass distribution.
®U(1), gauge interactions in which light quarkand lep- Two comments are in order before moving on. First, it has
tons may or may not participate. been argued in Ref[31] that B4-By mixing constrains

The two U(1)’s must be broken to weak hypercharge M, tang;>1-2 TeV in standard, but not flavor-universal,
U(1)y at an energy somewhat higher than 1 TeV byrcy (ais0 see Ref[32]). Here, 65 is the SU(3);-SU(3),
electroweak-singlet congensat[e%]. This breaking results iving angle defined in Sec. IV below. This constraint relies
in & heavy color-singleZ’ boson whose physics we do not oy the form of quark mass and mixing matrices expected in

consider in this papeisee, however, Ref§28,29)). The two  E1¢/TC2. We view as independent and complementary the
SU(3)'s are broken to their diagonaBU(3)c subgroup. |imit on My, tand; that may be derived from collider jet data.

When this happens, a degenerate octet of “colorons,’ . .
: : . Second, Bertram and Simmons have used jPiGlata from
mediate the broken top-col@U(3) interactions. There are run | to place the IimitMVBtan93>0.84 TeV in flavor-

two variants of TC2: The “standard” versidri4], in which ) _ o i

only the third generation quarks a84J(3), triplets, and the gmversal TC2[33]. Their analysis did not !nclude the poten-

“flavor-universal” version [30] in which all quarks are tial complicating effects ojrs and their interference with

SU(3), triplets. We consider both in this paper. Vg. Our TCSM analysis cl_oses th!s loophole. We find limits
In either version of TC2, th&U(3)’s areeconomically ©n the coloron mass as high or higher than theirs.

broken toSU(3) subgroup by using technicolor ati{1),

interactions, both strong near 1 TeV. Following R&k], we Il. DECAYS OF COLOR-SINGLET p; AND w1

assume the existence of two electroweak doublets of techni- o ) )

fermions,T,=(U;,D;) andT,=(U,,D,), which transform In the limit that the electroweak couplingsg’ =0, the

respectively as3,1,Nyc) and (1,3,N7c) under the two color PT @ndwr decay as

groups and technicolor. The desired pattern of symmetry

breaking occurs ifSU(Ntc) and U(1), interactions work

together to induce electroweak astl)(3);® SU(3), nonin- pr— I Ily=coS x(mrmr) + 2sinycosy (W, )
variant condensatdsvhich, of course, presen®U(3)c and + iy (W, W,):
U(1)em]

wT_)HTHTHT: C0§X( 7TT7TT’7TT) + ... (6)

(UiLUjr)=—Wi{* A,
The pt decay amplitude is

<D|LD1R>:_WE*AT1 (I,J:l,Z) (4)
M(pr(q)— ma(P1) m8(P2)) =0, Cage(d) - (P1—P2),
Here, WY and WP are nondiagonal 2) matrices and\t 7)
~A$c. Assuming the condensates are parity-conserving,
(W;/'P)* =W;]'P . Then, unitarity implies where €(q) is the py polarization vector;aPTEgiTMw
=2.91(3N¢¢) is scaled naively from QCD anN{-=4 is
WY P+ WP =0, used in calculations; and

W= (W5;%)* =€ 001 - (Wi°)?, ®

where ¢, p are phases to be chosen. Cooe
This minimal TC2 scenario leads to a rich spectrum of AB™

color-nonsinglet states readily accessible in hadron colli- cosx for mf @ or w7 m?. (8

sions. We concentrate on the lowest-lying isosinglet color

octets. In addition to the colorongg, these include fouptg o _ _

formed fromej, and a technipionrrg. These states are The p decay rate to two technipions is théor later use in

constructed in Sec. IV. In Sec. V we discuss the decay rate$0SS sections, we quote the energy-dependent widthder a
of prg and Vg under the simplifying assumption thét, =~ mass ofy's)

<2M,_.As in the color-singlet TCSM, this is likely because

2
the large coupling of walking technicolor significantly en- 2a,Chp  p®
hances the ETC contribution ol [15]. In the extreme 3 s

walking arc limit, M, =M. In Sec. VI we present the 9)

sirfx for W W, or Wz},

sinycosy for W w7 W, 7 or W a2, 2077,
X L7TT L7t L7147

T(p—mhmg)=T(p3 —mxm) =
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where p={[S—(Ma+Mg)2][5—(Ma—Mg)2]}¥%2V5 is Lo . 1/0 1
the 7+ momentum in thep rest frame. Q0= E QpT =Qp =—(0 0)
Walking technicolor enhancements of technipion masses 0 -3 T2

are likely to close off the channelpr— 771, ot

— armrwr and even the isospin-violatingr— ¢t [15]. _

A p-?- of mass 200 GeV, say, may then decayWpw+ or Q”(T)_COW 0

W, W, , but suchwt decays are strongly suppressede Eq.

(15 below]. Therefore, allot decays are electroweakit 10

—ymy, Z°7%, Wrmr, andff. Here,Z andW are trans-  Q o,=cosy/| -

versely polarized. Furthermore, since we expect $jr<1, T 0 %

the electroweak decays pf to the transverse gauge bosons

v,W,Z plus a technipion may be competitive with the open- Qu O

channel strong decays. y\,:< 0 0 )? Ya
As discussed in Ref 1], the amplitude foVt=p1, w7 b

decay to any transversely polarized electroweak boSon (

=0

plus a technipion is given by 1

7 —Qusir’ oy, 0
Qz,

~ sinfycoshy 0 — 1 _Qpsirtly

MV1(q)—G(p1) m1(p2))

eVVTG'ﬂ'T o . eA\/TGﬂ'T . 1 - %1 0
“m, € €,(a) €, (PP, T+ M Qz,= sinfwcoshy | 0

Bl

X[e(a)-€*(p1)g-p1—e(q)-p1e*(P1)-ql. L 0 1
T T

The first term corresponds to the vector coupling=ato the (12

constituent technifermions &f; and 7 and the second term

to its axial-vector coupling. The technicolor-scale paramete

My is expected to be of order several 100 Gelhe mass

p’he decay rate fo¥t— Gy is

2 3
parameterM 5 is expected to be comparable kb,. Note (Vo Gar) = aVVTGpr
that the amplitudes for emission of longitudinally polarized T T 3M2
bosons in Eq(7) and transversely polarized ones in E0)
are noninterfering, as they should be. Adopting a “valence aA\Z/ G p(3Mé+ 2p?)
technifermion” model for the graphs describing Ef0)—a + Ll , (13
model which works very well forw,p—ym and y» in GM/zx
QCD—CP-invariance implies that th& and A coefficients ) .
in this amplitude are given in our normalization*by wherep is the G-momentum in the/y rest frame. The/ and
A coefficients and sample decay rates are listed in Table 1.
_ T t These are to be compared with the rates for decay into lon-
Vvrem =2 TQv{Qs, . Qrr}). gitudinal W and Z bosons plus a technipion. Fdvl,_
A =2 TT(QVT[QI;A, QLT])- (11) =210 GeV,MWT—llo GeV, andN{c=4, they are

_ , [(p2—W m3)=T(p7 =W, 72)=2.78sirf ycoLy,
In the TCSM, with electric chargeQ, Qp for Ty, Tp, T LT T LT

the generator® in Eq. (11) are given by I'(p:—2%77)=0.89sifycoLy. (14)

£ 0 For sirfy=1/9, our nominal choice, and foMy=Mj,

Qo= N =100 GeV, the rates fop; and wr— ym and for pt
0 3 —Wsmr, Zy7rr via axial vector coupling are comparable to

these. Obviously, these transverse boson decay rates fall

. ) o quickly for greaterM,, andM, .

St_nctl_y speaking, the |der1t|f|cat|on_w andZ decay products_as The rate for the isospin-violating decayr—>Wf WTI can
longitudinal or transverse is approximate, becoming exact in ’[hq)e estimated as
limit of very IargeMpT,wT. B B

3The corresponding— ya parameter in QCD is about 400 MeV. [(wor— W, 77)=] 6pw|2F(p$HWf ), (15
A largeN¢ argument implieM,, = (F;/f ;) 400 MeV=350 GeV.

“We have neglected decays such pa8—W;W, and p%  Wheree,, is the pr-or mixing amplitude. In QCD/e,,|
—W;Wys . The rate for the former is suppressed by’jarelative to ~ =0.05, so we expect this decay mode to be entirely negli-
the rate forp?— Wy mr; while the latter’s rate is suppressed by gible.
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TABLE I. Amplitudes and sample decay ratés GeV) for Vi—Gmy. In the rate calculationsi\/lVT
=210 GeV,M, =110 GeV,My=M,=100 GeV; technifermion charges a@,+ Qp= %; c,=cosy and
¢, =cosy’; Gy and G, refer to decays involving the vector and axial-vector couplings, respectively. Rates
involving both couplings are summed in the last column.

PI’OCGSS VVTGWT AVTGWT F (VT*> G TI'T)
wr— Yo c, 0 0.115¢2
oy (Qu+Qp)c, 0 0.320¢%,
—2Z%73 c,Cot26y 0 2.9x10 32
2707y —(Qu+Qp)c, tandy, 0 5.9x10 °c?,
—W* 77 ¢, /(2sindy) 0 2.4x10 %2
pr—yme (Qu+Qp)c, 0 0.320¢2
— ¥ cy 0 0.115¢2,
279 —(Qu+Qp)c, tandy 0 5.9x103c?
—Z07Y C,/Cot28y 0 2.9 10’30)2(,
—W*rF 0 *c,/(2singy) 0.143c?
pT— YT (Qu+Qp)c, 0 0-3200)2(
2% —(Qu+Qp)c, tandy +c, /sin2y 0.153¢2
—W* 79 0 Fc,/(2sindy) 0.143c2
—WE Y ¢, /(2sindy) 0 2.4x10 %2,

Finally, for completeness, we record again the decay ratellere, Q; and T5;=*1/2 are the electric charge and left-

for pT,wT—>fT The p; decay rates to fermions withl;
=1 or 3 colors are

_ Nazp ~ 2
F(P$—>fifi): f A[(S_miz)Aio(s)
3a'pTS
+ 6mi2Re(AiL(§) AI*R(g))] !
— Nia?p ., .
F(PT+—>fifi’): faApzl:zsz_s(miz"_mirz)
GapT

—(m?=m/?)2]A] (), (16)

where a unit Cabibbo-Kobayashi-Maskay@KM) matrix is
assumed in the second equality. The quantifiesire given
by

S

sME

2

AL (S)

B 8sirf 6y
AP(8)=|AiL(9) 2+ | AR(9)[%, (17)

where, forh=L,R,

Ain(3)=Q;+

2L,cot20y [ S
sin26y | s— M2’

LiL=Tai—Q;sirf by,

{ir=—Q;sirf Oy . (18

handed weak isospin of fermiofi. Also, M\ZN,Z:M\ZN,Z
— i3Iy 2(5), whereT'y »(5) is the weak boson’s energy-
dependent width.

The w decay rates to fermions witl; colors are given
by

Nfazp

I(wr—fif;) = ——{(5—m?)BX(S)
3apTS
+6mIRe(BL(S)BR(S)], (19
where
BY(S)=|BL(5)|2+|Br(S)?,
aA _4§i)\5inzt9w
B”(S)_{Qi SIrP2 6y, (%—Miﬂ(QMQD)'
(20)

[ll. COLOR-SINGLET TECHNIHADRON PRODUCTION
RATES

In this section we list the cross sections for the hadron

collider subprocessa:ﬁﬁVTawTwT, Gy, andff. The
e e’ cross sections are obtained from the corresponding

q@ ones by multiplying the latter by 3. To incluge-w+

Note, for example, thaF,(s) includes att contribution when
s>4m?.
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mte(r)feroence in these cross sectlgns, we use cS:the mixed f v, =2¢ Tr(QGVQ:r/T); (22)
v-Z°-p1-w propagator matrixy. It is the inverse

s 0 SfVPT Sfwa

i ticular, f,, =¢, f ., = + , T2, =&cot2by,
0 s—M% SprT SwaT in particular, f,, & yor E(Qu+Qp) Zps &cot26,,

AsY(s)= , and waT= —&(Qu+Qp)tandy,, whereé= a/apT. In the
0 sty Sfz,. S—Mpg 0 ' charged sector, th&/*-p; matrix is the inverse of
Stho;  Sfza; 0 s=M;,
(21) S— M\ZN SfWPT
ALH(s)= (23

To guarantee a photon polegt 0, we assume only kinetic
mixing between the gauge bosons and technivector mesons.
In setting the of'f-diagonab$-a>T elements of this matrix
equal to zero, we are guided by the smallness of this mixin .
in QCD and by the desire to keep the number of adjustabl%VherefWPT:fl(zsm&"")'

parameters in the TCSM small. This mixing can always be The rates for production of any technipion paif,mg
added if desired. The properly normaliz&V; couplings =W W, , W 7, andmr7r, in the isovector g1) channel
are ar

2 t
Sfup, S M

do(qig—mamg) ma’Chgl4sp’—(1—U)?]

)\:EL’R ‘Qi[Aw(g) + f;plTAwT]

dt 1252
27;,cot26y, A - Q;cos20y+ 2y 2
W[Azz(s)ﬁtprTAZpT(s)]Jr 2, A (24)
and
do(ud— 7))  ma2C2[4sp?—(1—u)?2 . -
(u;d; A B): asl4sp”—( )]IAW\A,(S)+f\7v;lJTAWpT(S)|2’ (25)

dt 96sirf 6,52

where p={[8— (M s+ Mg)2][5— (MA— Mg)2T}¥¥21/5 is the S-dependent momentum afag. As usual,t=M3— NE(N
— pcosh), U=M2—S(Ep+ pcoss), where @ is the c.m. production angle of,. The factor &p2— (f—U)2=43p2sire.
Because the@t-wt mixing parametek,,, is expected to be very small, the rates €pg; — w+— g are ignored here.

The production of a transverse gauge boson plus techni@iag,, is dominated by the+, «1 poles. However, in the limit
Moo 0% it still proceeds via the usual axial vector anomaly proc€&ss,> G, [2]. This contribution interferes only

with theVy_g . term in Eq.(10). It is small in a hadron collider, but may be non-negligible iredre~ collider (such as LEP

operating well below the resonances. As discussed in[Rgfwe include the anomaly contribution by simply adding it to the
corresponding technivector amplitude. The cross section in the neutral channel is given by

do(qiq—Gmr)  wa? SN o PO A SN
" == o G OGS I+ 0= 2MEME ) + G (S) 241G ()]

X(PP+0P-2MEM2 +4sMP)}, (26)

where, for quark helicitied =L, R,

Note sign changes in the off-diagonal elements relative to the propagator matrices fa]Ref.

"For W"W~ andW*Z° production, one should add the standard madeidu-channel amplitudes to the technicolor-modifiedhannel
amplitude. This is a small correction for a narrgw when one effectively is always near the pole, as in a hadron collider. For a lepton
collider far below thept pole, these contributions are important. Similarly, the terms involding, A,z andA 7 in Eq. (24) are important
only far below the pole. They are relevant for LEP, but not the Tevatron.
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Vv Gr 2¢; eN; 2¢;
VGm1, 2\ ™77 ~ i ~ C ) BN
gi)\ T(S)_V 72 MV (QiAyVT(s)+Sin20W AZVT(S)> + 8’7T2F VYGﬂTT( Q|A77+ SinZGWAZ'y
T=PT:OT T
24\ .
TVz6r,| Qidyz+ M/AZZ ;
Av Gr 2
AGmr, 2\ ToTT ~ in ~
GRTe= X (QiAWT<s>+—Sm29WAZVT<s)). (27)
VT*PTin
The anomaly factors in Eq27) are
Ve,6,7=TNQ} ({Qs,,Q6 1 +{Qc,, QL }R)1, (28)

whereQs_, =Qg,* Qg, in Eq. (12). They are listed in Table II. Note th&erGZ—ZMéMiT=2§p2(1+cos’-0). The Gy
cross section in the charged channel is giver(ibythe approximation of a unit CKM matrix

2
A~ A
do(uid,i—Gm ma? piGm e o~ R
Wd—>Gmr) _ — T Ay | A2+ 02— 2M2M2_+45M2)
dt 48sirt 6,,s M2 T T
V + 2
eNrc py Gy Ay
+ ?2FTVWJFG”TAW\N+M—VAWPT (t2+u2_2MéMiT)}. (29)

The cross section fquia—ﬁjf_j in the color-singletchannel(with mqi=0 and allowingm; #0 for tt_productioﬂ is

do(qigi—y, Z—fif;) Nyma?

{[(u- m?)?+ mjzg](|DijLL|2+ |DinR|2)+[(E_mj2)2+ mjzg](|DijLR|2+|DinL|2)}v

dt 3s?
(30)
where
- - 4 - 2 - -
Dijn(8)=QiQjA, (s)+ M\/Zn\(]xﬂzz(s) + M[gi)\QjAZ)/(S) +QigjnA,z(9)]. (31
Finally, the rate for the subprocesd;— f;f/ is
d(}(uiai—>W+—>fjf_j’) waaz . ,\ .
- = —(u—m?)(U—m2)|Awu(S)|2. 32
& 125t ( ) Aww(S)] (
|
IV. THE COLOR-NONSINGLET SECTOR OF THE TCSM where  ay=g%dm> ap=ac=g/4m and  gc
The elementary particles of our TC2 model are the= 9192/ V91+92. We shall assume that, near 1 T&Y(3),
SU(3);®SU(3), gauge bosons\/’i\ and V’;(Az 1,...,8) interactions are nearly strong enough to cause top quark con-

- : _ densation. In the Nambu—Jona-Lasinio approximation, this
and the technifermion doublef§;=(U;,D;) e (3,1,Nt¢) X '
and  T,=(U,.D,) e (1.3.Nre) Lo 1SU%3)1®SU(;C)2 means ay =4ac/sirf20;=m2C,(3)cod'd; where Cy(3)
®SU(Ntc). The gauge boson mass eigenstates are the4/3 (see Ref.[31]). With ac=0.1, this requiregAta?g
SU(3)C g|uonsgA and the coloron Octey'g: =/0.08. In terms of th@u(3)1 andSU(3)2 currents] 1,20

the fermion-gluon-coloron interactions are
Vi+0g,V5
A= Mssinagv’ﬁ cosh;V5,

2 2
Voo + . .
91t 9> 911, V1¥ + 0205, V5"
9:1Vi— 0,V _ =gc(cotbsj) —tandsjs VA +gcjt gh*,
ng 1V1—92 zzcosﬂ3vﬁ—smﬁ3vg, (33 gcl 3l1u 312,)Ve" +dcic,9

Vo1t 09> (34
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TABLE Il. Anomaly factors forG;— G, for G; a transverse electroweak bosgnz® w=. Here,c,
=cosy andc, '=cosy .

Process VGleWT
y—ymy 2(Qu+Qp)c,
—ymy 2(Q5+Q3)c,
2079 (Qu+Qp)c, (1—4sirfgy)/sin26,
—>ZOW?-L c[1—-4(Q]+ Q3)sirtayl/sin26,
—W* s (Qu+Qp)c, /(2singy)
20— ymd (Qu+Qp)c, (1—4sirfgy)/sin26,
— 7 C[1—-4(Q]+ Qf)sirtayl/sin26,y
A —(Qu+Qp)c,cosy,/cos by
HZOW% 2¢,/[ cosy+4(Q)+Qp)sin' Gy l/sirn26y,
—W* —(Qu+Qp)c,/(2coshy)
W* — ymy (Qu+Qp)c, /(2sindy)
A —(Qu+Qp)c,/(2coshy)
HWiW-?— 0
—Wo 7Y c, [(2sirP@y)
wherejs, =%, +]j5, is theSU(3)c current. The first two of these states;; andp,,, mix with Vg andg.

We consider the couplings of both standdt¥] and  The top-color-breaking condensate in E@), (T; Tor)
flavor-universal30] TC2 models. In standard TC2, top and 0, causes them to mix witp;, and p;» also. Theprg
bottom quarks couple t8U(3); and the four light quarks to  mixing with g and Vg is purely kinetic and is governed by
SU(3),. The fermion parts of th&U(3), , currents are the U(2) matrices W that diagonalize theTuTRJ

condensate$These matrlces appeatr, e.g., in 81g(3), cur-

. 1— 1
11.= 5T1MATet 3 S0a,Malla rent as follows.

1_ jin = E T WLy AaW] T+ (L—R)+ - -
J 2T27,u)\AT2+ 2 2qa')’p.)\Aqa (39 P21 s a -

In this case, colorons decay strongly to top and bottom . ,
quarks and weakly to the light quarks. In flavor-universal. Even though technicolor may be the .stronge_stTQ,fzs

TC2 all quarks couple t8U(3);, not SU(3),, so that col-  Meractions, the top-coloBU(3),®U(1), interactions are
orons couple to all flavors with equal strength. not weak perturbations; they must be strong enough near 1

We assume thatSU(Ntc), not top-color SU(3), ;I.'eV to cotnt;jensett%p ?_uarks-. 'I_'here.for;-:-., uzlﬁl)tl ";]te.:(ac' .
®U(1),, interactions dominate the formation of color- |onts m;533 e(c)ust(r)] |at—r:soshplnolln\t/%|8n3|n' te ect.m errrfuon
nonsingletp; and 7 states. This is an assumption of con- sector] §. On the other han (3)2 interactions o

venience; it may be inconsistent with the requirement tha{r2 are relatively weak. Thus, the approximate chiral symme-

U(1); is instrumental in driving the nondiagonal form of the try of T, andT, is
condensates in Ed4). On firmer ground, we assume that
techni-isospin i.s not badly broken by ETC _interagtions SO [SU(2),®@SU(2)g]1®[SU(6) ®SU6)r],. (38
that theptg are isosinglets. Then, a useful initial basis for the
ground stateptg’s that mix withg and Vg is
. o 8The condensate in E@4) breaksSU(3),® SU(3), down to or-
|pA1>:()\ 12) 0slU1U15+D1,D1g)1- dinary color, SU(3)c. The unitary aligning matricesw":P
! AT aplm el e =WP (W2P)'. See Ref[34] for a recent discussion of vacuum
alignment in technicolor, the physics that gives risé/\tb",g. Itis

A _ _
[p22)=(Nal2) aB|U2aUZB+ D2aD25>1* likely that all elements of these matrices are comparable in magni-
tude. For economy in the default parameters, we shall wﬁé’
— U,D _\p\/U,D
P = ()\A/Z\/—)a3|U1aU23+D1aD2ﬁ+(1<—>2)>1- =1, so thatW'""=W".

%In standard TC2, these currents are parity-violating\Wf
A ) _ _ #Wg. In flavor-universal TC2, the quark currents are purely vec-
|p12/>:I()\A/Z\/E)aﬂ|U1aU2B+ D1aD2p— (1-2);-. torial because th&V| g are unitary. The same is always true of the
(36) SU(3)c currents.
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Then technifermion condensation leads to a number of 9.6, S 2
(pseudaGoldstone boson technipions. Although we assume T(p; _,qaqa) g . L
that the technirhos are too light to decay into a pair of tech- . 0% (s—M\Z,s)

nipions, they may decay into one of them plus a gluon. The
relevant technipions are an isosinget)(3)c octet T,T,
state and the color-singlet?’ discussed in Sec. I. The color-
octet state i¥

2m3
1+ Ta) (s—4m3)1?

S&jj
F(p|,—>gg)——, (41)

aPT

| 778) = (a2 aplU20U25 T D2aDoglo--  (39)
In the absence opg mixing, only p,, decays into one of whereMV —i\/§FV8(S), andl'y,(s) is defined in Eq.
these technipions plus a gluon. The strengttz»gf—>g7-rT is (46 below The couplings in Eq42) are obtained from Egs.
controlled by cog’, wherey” is another mixing angle. (35)—(38); for WRIJ 8, they are
For the straw man modelr;g is assumed to decay into
either fermion-antifermion pairs or two gluons, with the de- (gccot03 for g,=t,b
9a=

cay rates: ) (standard TCR

—gctands for g,=u,d,c,s

— 1 =(g.cotd flavor universal TC
T (mrrg— 1) = ——Np;C3m? 9a=9c00ls ’
47TFT 2

9o, 3
apT 4’77 _2 9 NTC

['(mrg—0gg)= ———a2C2 N2 M (40
(m18—09 128°F2 aclggNTC o
fg_ g_
Here,Cg; is an ETC-model dependent constant. In R2§] T
the colored technifermion$, , do not couple to quarks and 5 1
leptons. Accordingly, we take the default valGg;=0. To €)= iza Z(|WLLJ11|2+ |WE11|2+2)—sin203}
turn onrg—bb, setCg,=1. In TC2 models, thét mode 9,,SIN203]
hasCg=m,/m;. The number of colors of fermiohis Ns;
its momentum is; ac is the QCD coupling evaluated at . 29¢c |1 U 2 D |2 i
the technipion mass; ar@, is anSU(3)¢ Clebsch of order P22 ngsin2_03_Z(|W'-12| +| WPy %) —sir? 6,
1. We use the color-singlet sector technipion decay constant,
Fr=F ,siny. The default values of these and other param-
eters are tabulated at the end of this paper. £ = Yc Rel WYUEWY L+ WPEWP, ]
P12 \/EngSin263 L11VVraz L1V
V. prg AND Vg DECAY RATES
dc

In low-scale technicolor, color-triplet and octet technipion  $p1 = 2. sin20, I WEE W o+ WESEWE
masses are expected to be a few hundred GeV. As noted, we P 3

expect theptg to decay intogq andgg dijets andg ;. The

energy-dependent two-parton decay rates(8® p;; Mass |t js clear from these expressions how to generalize to

11
Vs WaP#1. We have assumed that thgg— a1 coupling
9p; is the same for all ground-state technirhos, and the same

that we have used for color singlets; as usual, we use the
naive largeNrc value. Using Eq.(5), the £, parameters

become

(42

OThis state is essentially the same as theappearing, e.g., in the
one-family technicolor modgR26]. However, and this is an impor-
tant feature of TC2 models, it does not have a strong couplirigj to
and, therefore, does not appear as a resonante pnoduction as
described in Ref(37]. £ = 29c

H"zerwekh and Rosenfeld have argued that hidden local symmetry ~f11 ngSin203
implies prg—gg is forbidden[38]. However, as Chivukula, Grant

1
Z[2+ (WP1)%+ (WP10)?] —sin203]

and Simmons have shown, hidden local symmetry is inappropriate 29 1
for bound stateg’'s. The latter authors do emphasize that there is = -—C{—[Z—(Wfll)z— (WEll)z]_Sin203’
some uncertainty in the strength of tpgg—gg amplitude[39]. P22 g, sin26;( 4

Nevertheless, we use the canonical decay rate from[RéF. (43
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1
£, = g—C_[WlLJll\/l— (W;,)%cospy MZ, o= §[|WL1J2|2+ |WE2IMg?
2|29, sin20;
1
+WPp,V1— (WP cospp] =5l2- (W12 = (WP IMg?
dec .
gplzr: m[wtjll\/l_ (WEn)len(f’u 5 1 U - "
Yor 8 M1115= ERd:Wllwlz—’_ WHW1o Mg
+ WPV 1— (W) %singp .
Only the p,, can decay t@; the rates are 1
y hepz y i@ = E[WLLJM 1_(W811)2005¢u
5acp3
I'(p22—9mre) = 9—I\/I§ + WP, V11— (WP, ) %cosppIM g2
2acco8y"p3 1
[(pp—gmd)=——""—. 2 _ = UWY - WEWRTM -2
P22— 97y YE M1112 \/§|m[W11W12 WHWo Mg
(44)
Here,p=(s—M?2)/2y/s is the gluon orrr momentum and 1
T - U [1 _ U \2a;
Mg is a mass parameter of order several hundred GeV, analo- \/E[WL“ 1= (Wep) sindy
gous to the parametdf, in Eq.(10). So long asTrg—gg is
the octet technipion’s principal decay mode, it will be diffi- WP V1— (WD) singpIMg%  (46)

cult, if not impossible, to detect it ip,, decays.
The Vg colorons are expected to be considerably heavier

: 1

than theptg [31,33. Since they couple to quarks, they can M2 = — R WY WY+ WEWP-TM .2
decay to dijets; see Eq&35), (36). In both the standard and 221z A WarWazt WarWaz I Mg
flavor-universal models, colorons couple stronglyTigr 4,
but with strengthgc to T,T,. Since relatively light technipi- - i[WEn /1_(Wt111)200~°¢u
ons areT,T, states, we expedi(Vg— mr71) = O(ac) and V2
I'(Vg— =0O(a?). In this paper, we make the simplify- ,

( 8 gWT) (aC) pap p fy +WE]_]_ 1_(WEJ_1)ZCO&#D]M82

ing assumption that such decays are irrelevaihen theVg
decay rate is the sum over open channels of

2

1
2m M2, . = —Im[WS,W5,+ WD W2 1M ;2
14 Sa) (S—4m§)l’2, (45) 22,12 > 21 W5yt W3 W, Mg

2

_ ay
[(Va—0,00)= 5

wherea,=g2/47 was given in Eq(43) for the two types of 1. . .
TC2 models we consider. = E[WLH\/l—(WLM)ZsmgbU
VI. SUBPROCESS CROSS SECTIONS FOR DIJETS +W511 [1— (WEll)ZSin¢D]Mé2

The subprocess cross sections presented below assume
massless initial-state partons. They are averaged over initial 1 5
spins and colors. These cross sections require the propagator Mip1p=" §|m[(Wl1Jz 2+(W?2 Mg
matrix describing mixing between the gluoWg and the
p1g’s. We have assumed that the mixing between gauge
bosons angg is purely kinetic, proportional te. There are
also mixing termsM7 =M, ; between differenprg, in-

duced byﬂTz condensation. They are given by

1
== 5[A- (W ?sin2y

+(1— (WP D)sin2¢p M2,

127 heavyVg may be able to decay to technihadron pairs contain-Here,Mg is another technicolor scale mass parameter of or-

ing T,T,. We shall not attempt to include these modes in\fgs  derMg. In the second equalities, we assunwl® = 1 and
energy-dependent width. This approximation is good at Tevatroused Eq.(5). The g-Vg—p11-p2rp1o-p1> Propagator is the
energies. inverse of the symmetric matrix
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S 0 sé séq 0 0
0 ST M\Z/s Sgpll SgPzz S§1312 Sgl’lz'
sé&q  Sép, s-Mi - M%l,ZZ - M%l,lZ - Mil,lz
D)= ségq S§p22 - Mil,ZZ S— Mgz - M§2,12 - Miz,lz @0
0 S&p., - M§1,12 - M§2,12 S— M%z - MiZ,lZ
0 S&py Mil,lZ - M§2,1Z - MiZ,lZ S_Mizf

Here,M\z,zM\z,—i\/EFV(s) uses the energy-dependent widths of the octet vector bosons. The following combinations of
propagators are used in the parton-parton cross sedtiens,q, ,=u,d,c,s or t,b):

D

Jat gb) Ja0b

a,0,(S) = Dgg(s) + ng8(5)+g—2Dv8v8(5)
c

Agg(s)=sDgyg(s)—1

g
Dy g(S)=Dgq(S) + g_angs(S)
C
Aqag(s) = Sang(S) —-1. (48)
The subprocess cross sections fer 2 scattering of light quarks,d,c,s,b and gluons are given bfhereq,#qp):

d&(aq —>aq ) Ama’ Ao A
oz Paa M) (49

do(Galh— ally) _ do(dally—Gally) _47arl

dt dt =5z | Paa (D208 (50
dA_ 0. 4o " o~ A " A 2 " A
U(qaq;‘i ) _ géf{Ianqa<s>|2<u2+t2>+|anqa(t>|2(u2+s2>—§Re(anqa(s>Dgaqa(t>)u2 (5
do(Qa0a—0ala) d0(0a0a—0ala) 27ag e a2 . .
- ggf{Ianqa(t>|2<u2+s2>+|anqa<u>|2<t2+sz>—gRe(anqaa)D;aqa(u))sz
(52
do(gg— 0. 9 do(auga—gg) 3ma (40 1) (2+02) 2t .
- FoL Ef bl el Ry LRl (53
dt dt 8s t u S S

2su ~2
- E_Z|Aqag(t)|

do(gag—0.9) mag|[s?+0?| 4
dt s? t?

| v

u
=+
S

9
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A -~ A A -~ ~ A ~ 2 -~ ~
do(gg—gQ) 97ra§ ~ [t=u . |u?[s—u| 8u| 2s ~fu—t
e L i A A I et
C st st] 25 /? . t—u . . |u?[s-u s .
+Agg(U) - T +€ +j +R Agg(s) = +Agg(t) ,é—z T + =+ = Agg(S)
u—t . |t?[s—t| 8t| 2s . [t=u . [uP—8? . [u-t
X —— +Agg(u) §_2 T +§ +? + Agg(s) ~ +Agg(t) ~ + Agg(S) —
. [12-g2\|? . o~ [t=u . o u?—¢?
g || +Re | A8 | +agd|
. [u-1 12— 2 ut+tt . [s=0) 287
X Agg(S) T +Agg(u) §2 + §4 Agg(t) —= +T
+|A (A)(%_E 23 ird [ s (E)(A_A =N () 1),
u)| —— - — - u)| —— -
99 ; ; 99 ; || oo g g
tu)?
+4 g—z) [|Agg(t)|2+|Agg(U)|2+Re(Aag(t)Agg(U))]]- (54)
For massless partons= — $s(1—cosf) andu= — 3s(1+cosd) whered is the cm scattering angle.
The cross sections for top quark production are:
do(q.q.—tt) 4mad . - - - .
e O (B (6— )2+ (R )2+ 23] (55)

dt 9s*
4
9

(t-md)(u—m?)—2mi(E+mf) (E-mf)(u—mp)—2mf(u+mp)

(t—m?)2 (U—m?)?

d&(ggaﬁ) 3 37TC¥%
dt 8s2

+(E—m$)(a— m?) +mZ(t—u)Re(Ay(S) — 1)+(f— mZ)(u—m?) +m(U—t)Re(Ay(S)— 1)
s(t—m?) s(u—m?)

2 . - A
5 (E=m) (U=mP)[|Ag(8)[*+1]—
S

my(s—4m;) } -

9(t—m?)(u—m?)

Here,t=m?— 1s(1— B;cos) whereB,= \1—4m?/s.

VIl. HADRON COLLIDER PHENOMENOLOGY when the coloron is very heavy arlﬂ_;]"vs(s)<|\/|\2/8_

In this section, we concentrate on the phenomenology of _Let us firstignore the subleading effects of kinetic mixing
the color-octet sector of the TCSM. The color-singlet sectowith the color-octet technirhos. Then, in fermion scattering
has been studied in Refd.,,3—7,17,18,2R Numerical results ~ Processes, the coloron appears as a modification to the gluon
are presented for the Tevatron collider, since new strong inPropagator which may depend on the fermion generations.
teractions may be visible there if they are related to elecFor standard TC2, there is an enhanced coloron couplibg to
troweak symmetry breaking and the top quark’s mass. Ougndt quarks, which changes the gluon propagator connecting

results are readily generalizable to the LHC. pairs of fermions to

The impact of the coloroig on highpt scattering has 1
been explored in the pak#3,40,4] and, by itself, it is easy Dgi(s)==| 1— 5 S _ (57)
to understand. The improvement in the present approach is to S S— MVa_ i \/EFVS(S)

include the full propagator structure, with an energy-

dependent widti"y, (s) for the coloron. The simplification  In the limit My >m, the energy dependent width scales as

of treating coloron-exchange as a contact term is appropriatsE. For the “NJL-inspired” value of the top-coloBU(3)
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mixing angle, ta@;=/0.08, the coloron width is roughly (S_Mgs)(s_/\/{ﬁ)_gg@
\s/3. Below resonance, the coloron interferes constructively, Dgg= —
and can thus manifest itself as an energy-dependent enhance- DetD,,
ment of theb or t quark cross sections. The invariant mass 2\ .2
distribution of top quark pairs\f;; was measured by both 1 S(S_Mvg)f
the Collider Detector at FermilabtCDF) and DO[42,43, _§+ DetD -1 (60)
and it constrains the values (MVS and ta; (the latter 0
dependence arises indirectly through the coloron width S2EE!
Roughly, these measurements are consistent with a coloron Ve — 1 (61
mass near 1 TeV, with little restriction on the value of DetD,
tandz. From the My, distribution, CDF 20] excludes stan-
dard TC2 colorons in the mass range 28¥0 GeV for S(s—M?2)—s?¢2
FVSIMV8=O.3. The limit worsens as the width is increased, DV8V8: Dethl
essentially vanishing foFVB/MV8> 0.7.
For flavor-universal TC2, there is an enhanced coloron _ 1 N Sk 62)
coupling to all flavors of quarks: (s— M\Z/s) (S—M\Z,s)Dethl
D (s)=E 1+ > (58 DetD, '=s(s— M2 )(s— M?)
aq S| tarPh; s—M§ —iVsTy,(s) | 8 ’
—S°[SE' %+ (5= M) €] (63)

In contrast to standard TC2, the coloron interferes destruc-
tively below resonance, almost cancelling the simple gluon¥hen written in this form, the gluon and coloron compo-
exchange at/s= Mvssineg. Furthermore, the on-mass-shell nents are approximately separated from the technirhos.

coloron width is comparable to its mass for our default Thett cross section involve®,;, which depends on the

choice of parameters. We shall see below that consistencgpecific model. For standard TC2, it has the form

with the CDF and DQdata tends to require a universal col-

oron mass of several TeV, in agreement with thé DOt 1 1

resulting from dijet measuremerit33]. Despite the fact that PTG o A2 * -1
. . s— My DetD,

the interference occurs for all flavors of quarks in flavor- 8

S(s— MG )€

universal TC2, theMy; distribution itself ultimately may be EPE
the most constraining, because of the relative importance of +s2£¢'| —tands+ - (64)
gqg annihilation to other partonic processes. In dijet cross tands/  s-— Vg

sections, many different subprocesses contribute, some with . _ _
s-channel gluon exchange@vhich are destructive below The technirho phenomenology is determined BY_ the last
resonanceand some witht andu-channel exchangdsvhich ~ term. Takingp= p,,, €.g., this can be written ags? times

are constructive the dimensionless quantity
While the coloron phenomenology is straightforward, the ) )
effects of the color-octet technirhos are less transparent. To N=r —tarko 1-w* 1
simplify the discussion, we consider first the case of a col- —retamos /ot 2sirf,
oron and a single technirho mixing with the gluon and col-
oron. The inverse propagator matrix describing the gluon- 2 1—W?
Vg- ixing i +(1—tarré -1/, 65)
g-pg MiXing is ( 3) 2570, (
S 0 sé . 2 U D
5 with r= l—MVS/s and we putW=W7y,;=Wy;.
71 _ P ! ) ) )
Dois)=| 0 S™ My, s& |, (59 For small coloron-technirho mixing¢s>|¢’|, the tech-
sé s¢’ s— Mi nirho contribution toDy; reduces to§2/(s—M§), yielding

the behavior of a narrow resonance. For compargbdad
whereé=¢, andé’'=¢, set the strength of the kinetic mix- &', the maximum ofDgy; nears=M?2 is no longer just in-
g Pij qt p

ing. The cross sections depend on the propagdsms Eq.  Versely proportional td”,, but also depends of/ °T'y,, /r?.
(49)], The effective technirho width is larger and the cross section
is smaller, depending on the mixing and coloron properties.
Furthermore, certain relations may exist among the param-
13This and the following statement for the universal coloron areeters inA/ that weaken the resonant behavior. For example,
based on basic fits to the public run | data, but a more systematithe numerator vanishes forr=¢'/étand; or r=
analysis is needed. There are no published results on limits for wide- £’/ £cotd;. We generally expect that technirhos are lighter
resonances in thet system. than the coloron, so only the latter solution is relevant. This
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relation is difficult to satisfy unles8V is small. As an ex- pendence of these results Whand tar; for a fixed value of
ample, forw=0, r=(1/0.4¥, and ta®;=0.295, we have p,,=0.5 TeV (lower pane). First targ; is increasedsolid)
N=0. Similar remarks hold in the case of the flavor- with all other parameters at the baseline value, settfrig
universal coloron, where the simplified propagator has thelecreaseddasheswith all other parameters at the baseline

form value, and third both taty andW are varied simultaneously
(dash—dotwith all other parameters fixed. In these last three
D t=3+ cot’ 05 N 1 s(s— M2 )2 cases, the value ol at \/§:Mp22 varies from —4.55 to
s s— M, DetDy* 8 —0.80 to—3.16, which is reflected in the relative height of

the peaks. The latter should be compared to the baseline
2 s°¢'%cof' b, value of N=—3.33. Note that none of the individual reso-
+2s°¢¢’cotty+ —————|. (66) nances is excludable with run | data; a full shape analysis
Ve may be sensitive to the first set of parametensper panel,
solid line). A promising model-line for study by the experi-

ments is to varM,,  with the mass ratio fixed and for spe-

In particular, the same condition= — &'/ écotb;, makes the
numerator factor corresponding A6 vanish. » _ i
While this one-technirho example illustrates the propaga€ific values ofW and tas. It would also be interesting to

tor structure, the full TC2 model’'s additionptg’s and their ~ vary the parameteWlg, which induces hard mixing between
mixing can lead to substantially more complicated spectra. Ithe prg’s in Eq. (47). As apparent from the plots, the tech-
addition, thep,, can have significargqr$’ andgmg decay nirho pole masses are shifted from _the value of the input
rates that decrease the cross section on resonance. The res{il2ss parameter because of the off-diagonal terms there.
ant phenomenology can be quite rich. Here, we focus on One can also consider thH# final state to complement
several benchmark models that demonstrate some interestifige tt distributions. While there are several sourcesbbf
features. For further background, we note that CDF placeg@roduction, the largest effect is expected to occur in the di-
limits on the additional cross section fromarrow reso-  rect production mechanism. This can be isolated by requiring
nances [[/M <0.1) in the M, [20] and My [42] distribu-  two, highpr, b-tagged jets that are balanced azimuthally
tions. For invariant masses less than about 550 GéY, is (A ¢~ 7). While such a search would give sensitivityes

more sensitive,_ V\{hi|6’\/lﬁ is more_sensit_ive above. Ne_ither_ states below thet threshold, it would not greatly improve
of these run | limits excludes a single, isolated technirho inpa search for higher mass states.

either thebb or tt channels. It is not a trivial matter to apply
these limits to the cases when several technirhos have com- B. Benchmark II: Flavor-universal TC2— M
parable mass or when the coloron is relevant. with various M,

T8

This benchmark studies the impact of flavor-universal
TC2. The parameter choices are identical to the case of

This benchmark studies e_ffects from standard TC2 on thé&enchmark | for standard TC2, except that the masses of the
invariant mass distribution dft pairs produced at the Teva- p22, p11 and Vg fixed in the ratio 2:3:15, because of the
tron in run | (/s=1.8 TeV and [£dt=100 pb1). The coloron’s stronger coupling in these models. The results are
curves were generated usiRgTHIA, but only at the parton displayed in Fig. 2. TheMy; distribution is distorted both by
level, and with no efficiency or resolution effects. The the presence of narropxg’s and the destructive interference
masses of the,,, pi; and Vg were fixed in the ratio 2:3:5, between the gluon and coloron—even though the flavor-

with the P12 and por degenerate in mass at the average OﬂJniversal coloron has a ma.SS of 3—45TeV As in the first
M, andM, 4 We set the mashl ,__ =300 GeV. Initially, Penchmark, none of the individual technirho resonances can
1 22 T8 !

P1 . _ _
we choose taf=0.3 andW=1/2; all other parameters be excluded with run | data. The cask, =0.4 TeV corre

are given by their default values in Table Ill. For normaliza- SPonds to theMly, tanf;=0.84 TeV limit set from the DO
tion, the standard model distribution is shown as the filleddijet data by Bertram and Simmofp33] without including
histogram in Fig. 1. AM, (and hence all other masses the pg’s.

from the fixed rati¢ is increased from 0.4 Te\solid line,

upper panglto 0.5 TeV(dashesto 0.6 TeV(dash-doy, nar- C. Benchmark II: Standard TC2— M with various My,

row peaks occur with roughly the same relative enhancement s penchmark demonstrates the variation with the col-
over the standard model distribution: the value B 00 mass in standard TC2. The technirhos are fixed at the
—_3.33 is the same af's= Mp22 m e_ach case. The absolute 455 values OfMP22: 0.35 TeV, MP11: 0.55 TeV, and
size of the peaks decreases with increased mass because\pf _q 45 Tev. This is specifically chosen so that the

the decreased partonic luminosity. We also studied the de- 122 — ]
is below thett threshold; the resultant peak vy, (not

shown hergis consistent with the run | limits discussed ear-
This pattern of technirho masses is assumed throughout the reg?r [20]. The results are shown in Fig. 3. For these choices
of this analysis, and is motivated by a valence technifermion ap®f Parameters, narrow resonances appear Mégr and

proximation. M,, - The appearance of two significant peaks for a lower

A. Benchmark I: Standard TC2— My, with various M,
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value of tarf;=0.2 (upper panel, dash-domay be exclud- TABLE Ill. Default values for parameters in the technicolor

able by a multiresonance analysis, but is presently allowegdt/@w man model. As in Refg1,16], the technipion decay constant

by the run | data. A promising model-line for this benchmark's Fr=F=Sinx with a default value of 82 GeV, and the;

is to vary the technirho mixing through and tad, with all 7771 CouPling isa, =2.91(3Nrc). The default model is stan-
y . 9 8 dard TC2[14]. We have seWsP=1 and used Eq(5) for the

other masses fixed. For extreme values of the coloron mass 0D R

. . o . matrix el g
this will become similar to benchmarks V and VI described atrix elementaiVj

later. Parameter Default Value Parameter Default Value
D. Benchmark IV: Flavor-universal TC2— M, N_TC ‘1" %T(_NTC/S) 2.91
with various My, siny 3 siny’ 116
_ o Qu 3 Q=Qu-1 3
The parameter choices here are similar to that of bencht-: 1 c me/m
mark Il for standard TC2, except that the colorons ares"*" 3 |El‘| 0.05
heavier. The results are shown in Fig. 4. As in benchmark 111,~*9 3 i '
there are narrow resonances, but destructive rather than coRr=F _siny 82 GeV My A 200 GeV
structive gluon-coloron interference. The standard model inM= , 0 210 GeV Moz 70 700 110 GeV
variant mass distribution is greatly distorted, except for the —
case of a heaviep,; (lower panel, dash-dpt The coloron Siny’ 1/(‘)/5 tzr;% 05_'08
massMy, =3 TeV in this case is consistent with the limit ~8scPt 250 GeV M89 5003G v
obtained by Bertram and Simmons T8 © Vs ©
: M, 400 GeV M,,, 300 GeV
Mp12 i 350 GeV Mg,M{ 250 GeV
E. Benchmark V: Universal TC2 jets with large My, UD
& Wris N2 du.p 0

Our last two benchmarks illustrate the effect of flavor-
universal TC2 on light-parton dijet mass distributions. For
the first, the coloron is taken heavy, and we focus on the . . .
lighter technirho resonances. This corresponds to the CDFﬁlfter applying the cuts noted in the caption. FN_rVa
search in run | for a singlépre-TC2 color octet technirho =1.5 TeV and tafi;=0.3 (upper panel, solid there is a
[19]. Dijets in this study were required to hayeoss|<2/3 significant enhancement over the standard model distribu-
and|z|<2.5 for the cms scattering angle and rapidity. Thetion. However, foM, =2 TeV (dashesand 2.5 TeM(dash-
search excluded parg resonance in the mass range of 260dot), there is little distortion. Note that, for ordinary dijet
— 480 GeV. The standard model prediction is shown in Fig. 5oroduction, the effect of a flavor universal coloron below
by the solid histogram. The first two curves are for technirhoresonance is to increase the cross sedser als¢44]). This

masses of M, =300,400 GeV (solid and M, .. is because of the dominance bthannel coloron exchange

=350, 450 GeV(dashes As befOFE,M912 ” is taken as the in the QCD subprocesses, which cannot interfere destruc-
average of these. Significant features abpear in the invariafi/e!Y-

mass distribution, but shifted from the input, because of We have presented numerical results for Tevatron run | to

. ffects in the & 6 ¢ i ”Th 300 GeV indicate, crudely, the range of TC2 parameters allowed by
mixing efiects in the propagator matrix. 1he. =€V the data. Much more systematic studies need to be carried
poo Sits on too much background to be visible, i.e., in this

. . out for the parameter ranges allowed by existing data and the
model it could not be excluded by the CDF search In run lveach anticipated for future data. These studies should in-
The last four curves treat the case of only one light technirhQ, \qe detector effects. efficiencies. etc. The expected im-
ahnd_, as expecte;c\;l, they _exhlbltdrelslqnant structure_cﬂ]une nleBFovement from Tevatron run Il will be statistical, resulting
the mlputlmassf,. Mpromls(;nla mode ;j'n? |s|t0 _start WIth neanysom the increased beam luminosity and partonic luminosity
equ.|a hva l.Jesl © ‘;122.6::] i prp 8N ShO\C/ivilmcrer?SMpll.. at largerx. Since the standard modeét cross section in-
until the single technirho limit Is reached. Also, the Sensitiv-¢ o a5 similarly, the relative importance of colorons or tech-
ity to mass splitting and the mixing parametdg should be  jihos s basically unchanged. To make one more contact

considered. with run | studies, we show in Fig. 7 the expected contribu-
o ) ) tion of a single, narrow technirho to th& distribution
F. Benchmark VI: Universal TC2 jets with moderate My, (simulated by making the other technihadrons and coloron

The last benchmark studies the effect of a coloron fromvery heavy. This case is unrepresentative of any TC2 model.
flavor-universal TC2 on the dijet invariant mass distribu-  Finally, in our examples, we focused on TC2 effects on
tions. In run I, CDF[19] and DO[45] excluded a flavor- standard model final states. The decayg—gmy and
universal coloron with masses less than 7880 GeV, de- gmg Were included when calculating thgg width, but the

pending on tafi;. We have choseMp11 ,,— 450, 550 GeV, direct production ofptg followed by the subsequent decay

but they have little effect on the distribution. The main pa- was not. A direct search fqu8—>gw$’—>gHb would be
rameters are the coloron mass and coupling. The standagthallenging. The default decay afrg, motivated by certain
model distribution is shown in Fig. 6 by the solid histogram TC2 models, is to two gluons. This is probably impossible to
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FIG. 1. Invariant mass distributions of top quark pair; com- FIG. 3. Similar to Fig. 1, but showing the variation with coloron

pared to the standard model distribution for several choices of pamass.

rameters in standard TC2.

the color-singlet sector of the TCSM, and are largely appli-

isolate above backgrounds. Nevertheless, a searchrfgr cable toe"e™ colliders operating below the narrow and

—bb (or eventt) would be worthwhile.

VIIl. DISCUSSION AND CONCLUSIONS

w7 resonances expected at several hundred GeV. The princi-
pal signals here arer; production—either in association
with a y, W*, or Z°, or in pairs—or a narrow "¢~ reso-
nance.

In this paper, we improved and extended the technicolor We extended the TCSM by including a color-nonsinglet
straw man model for testing low-scale technicolor, i.e., thesector. This is based on models of top-color-assisted techni-
notion that dynamical electroweak symmetry breaking re-color in which top-color is broken by technifermion conden-
quires a large number of electroweak doublets of technifersates. This approach, summarized in Sec. |, is still the only
mion and, therefore, that the technicolor energy scale may biilly described dynamical scheme for generating the top
only a few hundred GeV. The improvements were made tquark’s mass. It, too, requires low-scale technicolor. Al-

PopiPiy:Vg=2:3:15,10,=0.3, W, =112

1o T IU‘ni\'/e‘rsaI TCI:2 " T [ standard Mbdel” ]
bl — pp=0.4TeV E
=120 = = pyp=0.5TeV g
] 100 == p,,=0.6 TeV E

H OO @©
o O O

n
o

Events (per 100 pb™ per 20 GeV

0 F [ standard Model
n0E — pp=05TeV, 10,=04
60 [ -- W,=03
50 —= 10,=0.4, W,,=0.3

E N
40 \

E A\ A
30F
20 )
10F &
0 ' O i

400 600 800
M, (GeV)

though the naturalness of TC2—the requirement that top-

Pgp=-35 p;,=.55 TeV, 10,=0.3, W,,=112
1T a | O 'standard Mbder

=e= p,,=0.75, V;=3.0 TeV]

160 [ Uni E
10 3 Universal TC2, — V,-3.0TeV E
=. - - V=50TeV 1
£120F E
8 == V,=3.0TeV, 10,02
> 100 | E
)] ’\
G 8 'y E
= 1 =
8 9F £ H ]
E 40? ,E
Q. 20 F =
9 0F e
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S onf — W,=03 ]
o = 1 =
T 0 _ -- W,=09
100 [
£
®
=
[
>
L

FIG. 2. Invariant mass distributions of top quark pairg; com-
pared to the standard model distribution for several parameter FIG. 4. Similar to Fig. 2, but showing the variation with coloron

choices in flavor-universal TC2.

mass.
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FIG. 7. The additional cross secti¢im pb) from a narrow tech-
FIG. 5. Dijet invariant mass distributions compared to the stannirho resonance in a 50 GeV bin of thé distribution for the

dard model distribution for flavor universal TC2 with a heavy col- Tevatron run II.

oron, but light technirhos.

striking, and strikingly different.

color gauge boson masselsly, and Mz, not be much Al gf the color—si?lglet and nonsinglet processes discussed
larger than 1 TeV—is challenged B+meson mixing mea- in this paper are now included in the event generataHIA.
surements, there is enough room to evade those constraintsis should provide many happy hours of detailed studies by
that other, independent tests of TC2 are needed. Hadron cadxperimental collaborations at the Tevatron and the LHC, as
lider experiments are particularly incisive. There, productionyel as refined reanalysis of data from LEP and opportunities
of ordinary jet andtt andbb pairs may reveal color octet for those yearning for studies of nonsupersymmetric physics
p1s and Vg resonances, the latter for subprocess energies the TeV region of a lineag* e~ collider. An application to
well below My,. We considered both variants of TC2, the LEP physics was presented in R¢R]. To illuminate our
standard version proposed by Hill in which the colorondiscussion for hadron coIIiders,.we considered several bench-
couples strongly only to top and bottom quarks, and thénark parameter sets and studied their effect on observables
flavor-universal TC2 advanced by Simmons and her collabofor Tevatron run | conditions. Our parton-level studies with
rators. For a large and probable range of TCSM parameté?YTHIA are qualitative. A quantitative discussion of jet or

space, the effects of these two variantstomproduction are hea\_/y quark observables requires deta|le_d smulg’qons, In-
cluding features of real detectors and running conditions. We

pagiPr V=235, 16,203, W, =1 N2 are encouraged that, where a comparison is possible, our
1600 ———— K — numerical results are in reasonably good agreement with
' Universal TC2 [0 Stahdard Model k bl h d I limi I d hnirh
1400 |- — V,1.5TeV, 16,-0.3 published run | limits on colorons and technirhos.
=1200 - = V,=207TeV, 16,203 Top quark pair production at the Tevatron is an ideal

b
—_
[=]
o
o

Vg=2.5TeV, 16,=0.3 ] probe for top-color, TC2 and other new dynamics associated
] with producingm, since the final state is distinctive and it is

= produced through strong interactions dominated by valence
3 qguark annihilation. There is great sensitivity to the coloron
e even far below resonance. Furthermore, signals for the tech-
: i nirhos, which are expected to be lighter than the coloron, are
sl et g sensitive to the coloron mass through mixing effects. For
- V15 TeV, 16,04 ] standard TC2, the coloron interferes constructively with the
—e= Vy=1.5TeV, 19,04 ] gluon in s-channel processes, and enhances the production
Pog=45, pyy=55 TeV cross section, fairly independently of tBdJ(3) mixing pa-

E rameter, tafl;. Without including relatively lightprg, the

E run | lower bound on the standard TC2 coloron mass is

Events (per 100 pb™' per 20 GeV
B
o
o

200 |- Ly 3 Mv8>1—2 TeV. On the other hand, there is a significant
gb— T — reduction of the cross section for flavor-universal TC2. This
400 600 800 : ,

M, (GeV), E;>200 GeV, < effect is further enhanced by the direct appearance afstan

in the effective couplings between light and heavy quarks.
FIG. 6. Similar to Fig. 5, except considering light colorons. ~ The run | coloron bound isMVB>3—4 TeV, depending on
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tand,. Sinceprg are expected to be lighter than the coloron, members of the “Strong Dynamics for Run Il Workshop” at
their appearance as narrow peaks in heavy or light quark pafrermilab. K.L. would like to thank the Fermilab Theory
production places more stringent bounds on the coloron magsroup for financial support under the Frontier Fellowship
in either model. program and by the Department of Energy under Grant No.
DE-FG02-91ER40676. Fermilab is operated by Universi-
ACKNOWLEDGMENTS ties Research Association Inc., under contract DE-AC02-

76CH03000.
The model described here will be available RRTHIA

v6.212. We are grateful for inspiration, advice, and encour-

agement from Guennadi Borissov, Sekhar Chivukula, Estia APPENDIX: DEFAULT VALUES FOR PARAMETERS

Eichten, Robert Harris, Chris Hill, Andrei Kounine, Meenak-

shi Narain, Stephen Parke, Francois Richard, Markus Schu- The suggested default values of the parameters used in
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