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Symmetry breaking and generational mixing in top-color-assisted technicolor
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Top-color-assisted technicolor provides a dynanamical explanation for electroweak and flavor symmetry
breaking and for the large mass of the top quark without unnatural fine-tuning. A major challenge is to generate
the observed mixing between heavy and light generations while breaking the strong top-color interactions near
1 TeV. | argue that these phenomena, as well as electroweak symmetry breaking, are intimately connected and
| present a scenario for them based on nontrivial patterns of technifermion condensation. | also exhibit a class
of models realizing this scenario. This picture leads to a rich phenomenology, especially in hadron and lepton
collider experiments in the few hundred GeV to few TeV region and in precision electroweak testZat the
atomic parity violation, and polarized Mer scattering[ S0556-282(96)05813-4

PACS numbsss): 11.30.Ly, 11.30.Qc, 14.65.Ha

[. INTRODUCTION broken to the diagonal subgroup of ordinary color and hy-
percharge, S(B)-®U(1)y . The desired pattern of condensa-
Top-color-assisted technicoldiTC2) was proposed by tion occurs because(l); couplings are such that the spon-
Hill [1] to overcome major shortcomings of top-quark-taneously broken S@3);®U(1), interactions are supercritical
condensate models of electroweak symmetry break28  only for the top quark.
and of technicolor models of dynamical electroweak and fla- Two important constraints were imposed on TC2 soon
vor symmetry breaking4,5]. Technicolor and extended after Hill's proposal was made. The first is due to Chivukula,
technicolor(ETC) have been unable to provide a natural andDobrescu, and TerningZDT) [7] who claimed that the tech-
plausible understanding of why the top quark mass is smifermions required to break top and bottom quark chiral
large [6]. On the other hand, models in which strong top-symmetries are likely to have custodial-isospin violating
color interactions drive top-quark condensation and eleceouplings to the strong @);. To keepp=1, they argued, the
troweak symmetry breaking are unnatural. To reproduce th&(1), interaction must be so weak that it is necessary to
one-Higgs-doublet standard model consistent with precisiofine-tune the SI(B); coupling to within 1% of its critical
electroweak measurement@specially of the parameter value for top condensation and to increase the top-color bo-
p=M 2/M 2co4,~=1), the top-color energy scale must be son mass above 4.5 TeV. Thus, TC2 still seemed to be un-
much greater than the electroweak scale~df TeV. This natural. CDT stated that their bounds could be relaxed if
requires severe fine-tuning of the top-color coupling. U(1); couplings did not violate isospin. However, they ex-
Hill's combination of top-color and technicolor keeps the pected that this would be difficult to implement because of
best of both schemes. In TC2, technicolor interactions at théhe requirements of canceling gauge anomalies and of allow-
scale A;c=Agy=1 TeV are mainly responsible for elec- ing mixing between the third and first two generations.
troweak symmetry breaking. Extended technicolor is still re- The second constraint on TC2 is due to Komird$who
quired for the hard masses of all quarks and leptons excephowed, presuming that thequark’s top-color interactions
the top quark. Top color produces a large top condensaté@re not far from critical, the existence of relatively light sca-
(tt), and all but a few GeV dfm,=175 GeV. However, it lar bound states df bg andb, b, that couple strongly=m;)
contributes comparatively little to electroweak symmetryto third generation quarks. These scalars can induce exces-
breaking. Thus, the topcolor scale can be lowered to near give B4-By mixing which is proportional to the product
TeV and the interaction requires little or no fine-tuning. D d,4D %4 Of the elements of the unitary matrices which
In the simplest example of Hill's TC2, there are separatediagonalize the(generally non-Hermitian Q=—3 quark
color and weak hypercharge gauge groups for the heavy thirshass matrix.
generation of quarks and leptons and for the two light gen- The question of isospin violation and naturalness raised
erations. The third generation transforms under stronglypy CDT was addressed in R¢f]. We proposed that differ-
coupled SW3),®U(1); with the usual charges, while the ent technifermion isodoubletd! and TP, give ETC mass to
light generations transform conventionally under weaklythe top and bottom quarks. These doublets then could have
coupled SW3),®U(1),. Near 1 TeV, these four groups are different U1); charges which were, however, isospin con-
serving for the right as well as left-handed parts of each
doublet? In addition, we exhibited a TC2 prototype in which
*Electronic address: lane@buphyc.bu.edu (i) all gauge anomalies canceij) there are no very light
A small part ofm, must be generated by ETC to give mass to the
Goldstone bosons-top-pions-associated with top condensation. Hill

has pointed out that some, perhaps all, of the bottom quark mass’While this eliminates the large—1 discussed by CDT, there
may arise from S(B), instantong 1]. remain smallO(«), contributions from the (1), interaction.
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54 SYMMETRY BREAKING AND GENERATIONAL MIXING IN ... 2205
pseudo Goldstone bosoi®osely speaking, “axions) be- Il. GAUGE GROUPS
cause all spontaneously broken global technifermion symme-
tries are broken explicitly by ET€10]; and (iii) a mecha-
nism exists for mixing the heavy and light generations. SUN)®SU(3);®SU(3),@U(1);®U(1),®SU(2),
Although the problem oB4-B4 mixing raised by Komi- 2.9
nis was not considered if9], the U1) symmetries of the o )
model presented there automatically allow just one of twovhere for definiteness, | have assumed that the technicolor
ETC-induced transitions in the quark mass matrix;92uge group is SW). To avoid light “axions,” all of these
d,,S_<bg Or dg,Sreby . Thus, onlyD cLibd or D gbd’ re.  groupsiexcept for the electroweak. $P) and, possibly, parts
spectively, can be sizable and tBg-B, constraint is satis- of the U(1)'s] must be embedded in an extended technicolor

fied. It is easy to see that the phenomenologically preferregrOUp'GETC' | will not specify Gerc. This difficult problem

transition isd, ,s, < bg: The known mixings between the Is reserved for_ the future. Ho_vvever, as in REQ]_, | shall
. ; ) ; .assume the existence of ETC-induced four-fermion operators
third and the first two generations are in the Kobayashi-

. o uted which are needed to break quark, lepton, and technifermion
Maskawa matrix for left-handed quarkg=D_ 'Di. They  qpira) symmetries. Of course, these operators must be invari-
are |Vep|=|Vyg[=0.03-0.05-my/my, and [Vyp|=|Vidl  ant under the groups in E€.1).
29_002—0.0(}55|n fcmg/m, [11]. These elements must  The coupling constants of $8);®SU(3),2U(1),0U(1),
arise fromD [, hence from thed, ,S, —bg transitions, be-  are denoted by;, g,, g}, g5, where, nominally, the cou-
cause the corresponding elementsOy are smaller by a plings satisfyg,>g, andg,>g}. When these gauge sym-
factor of m,/m;=0.03. _ metries break, S(3);©SU(3),—~SUB3)c and U1);0U(1),

In the model of Ref.[9], the mechanism of top-color _,y(1), . We shall see that the breaking to U(Ijust occur
breaking was left unspecified and all technifermions wereyt an energy higher than the 8)2U(1), breaking scale
taken to be S(B);®SU(3), singlets. Thus, the transition A_,,. Then, the usual color and weak hypercharge couplings
d, ,s . —bg had to be generated by an externally inducedgre
term SMgqc in the ETC mass matrix which transforms as

The gauge groups of immediate interest to us are

(3,3) under the color groups. We then estimated 010, 0195 2.2
Us=T5—==92, 9= =—50- -
Vo1 +g; NI TS
2
\% |:|Dd |= 5msb< 5msb: OMErc (1.1) These symmetry breakings give rise to eight color-octet
bl IELst my T mETCT M2 ' “coloron” (Vg) vector bosons and one neutrl, all of

which have mass of-1 TeV[13,1].
Third-generation quarkg"= (t,b) will transform as(3,1)

where smg, is the mixing term in theQ=—3 mass matrix, ~under SU3),®SU3),, while the first two generation quarks
my, is the mass of the quark, andMl, is the mass of the ETC 4 =(u,d), (c,s) transform ag(1,3). Unlike the situation in
boson that generates the strange-quark nrass)n a walk- the simple models of Ref§l] and[9], we shall assume that
ing technicolor theor§y12], M =100 TeV. However, we ex- &l quarks and leptons carry both(1); and U1), charges.
pect SMgrc=1 TeV because that is the scale at which top_These hypercharge ass.lgnments must be such that the gauge
color breaking naturally occurs. This givesh mixing that is interactions are supercritical only for the top quark. This new

at least 300 times too small. We stated @) that providing situgtion_ has important phenomenological consequences,
mixing of the observed size between the heavy and ”gh{)utlmed In Sec. VI.

generations is one of the great challenges to top-color-
assisted technicolor.

This problem is addressed in the rest of this paper. | shall |n the scenario | describe, the extZd resulting from
argue that generational mixing is intimately connected taU(1);®U(1), breaking has a mass of at most a few TeV and
top-color and electroweak symmetry breaking and that altouples strongly to light, as well as heavy, quarks and lep-
these phenomena occur through technifermion condensatiotons. Then, two conditions are necessary to prevent conflict
In Secs. lI-1V, | specify the gauge groups and describe thevith neutral current experiments. First, there must bg°a
patterns of gauge symmetry breaking needed for standarabson with standard electroweak couplings to all quarks and
model phenomenology. Nontrivial patterns of vacuum aligndeptons. To arrange this, there will be a hierarchy of symme-
ment play a central role in this. In Sec. V, | present a class ofry breaking scales, with 1),®U(1),—U(1), at 1-2 TeV,
models which illustrate this scenario. The phenomenology ofollowed by SU2)®U(1)y—U(1)gy at the lower scalé\gyy.
these models is sketched in Sec. VI. Special attention i&ssuming that technicolor interactions induce both symme-
placed on theZ’ boson of the broken (d); symmetry. Its try breakdowns, the technifermions responsible for
effects may be noticable in hadron collider production of jetsU(1);®U(1),—U(1)y—call them ¢ and yr—must belong
and dileptonsg™e™ collisions, atomic parity violation, po- to avectorialrepresentation of S@). To simplify the analy-
larized Mdler scattering, and other precision electroweaksis, | make the minimal assumption that ey are electri-
measurements. | also emphasize observational consequencadly neutral SW2) singlets.
of vacuum alignment, especially technirho vector mesons To produce this hierarchy of symmetry breaking scales,
and their decay to pairs of technipions and, possil{¢  and yet maintain an asymptotically free technicolor, #he;
violation. should belong to ahigher-dimensionalrepresentation of

1. U (1);®U(1), BREAKING
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SU(N), while the technifermions responsible for In the approximation that technicolor interactions domi-
SU(2)®U(1)y breaking must belong to fundamental repre-nate condensate formation, so that

sentations. This is reminiscent of multiscale technicpldi, o

but there both the higher and fundamental representations (TITLy=—3A7U
participate in electroweak symmetry breaking. In the present

model, | shall assume tha g belong to the;N(N—1)- it is easy to prove the following: IT*e(3,1) and T2e(1,3)
dimensional ant|symmetr|c tensor representatlon. | assurn&'e the 0n|y technifermions and if the Vacuum_a”gning inter-
that this set of technifermions is large enough to ensure th&fctions are S(8),®SU(3), symmetric then, in each charge
the technicolor coupling “walks” for a large range of mo- sector, the unitary matri);; = §; or U;;=(iop);; , butnota
menta[12]. nontrivial combination of the two. Therefore, in order that
The second constraint is that ti# should not induce SU(3);®SU(3), invariant direct mass termsl, , s, —dg,
large flavor-changing interactions. This can be achieved igR, andb, < bg, occur as well as the mixind, , s_ < bg, it
the U1); couplings of the two light generations are GIM js necessary to introduce still other technifermions. The least
symmetric. Then flavor-changing effects will nominally be humber of additional technifermions involves QY
of order |V,p|%/M3, for ABy=2 processes|Vq,|?/M3, for  @SU(3), singlets. In the model described below, these will
AB,=2, and negligibly small forAS=2. These should be consist of three isodoublet3® giving direct mass terms to
within experimental limits’ Nevertheless, a variety of inter- the light quarks and lepton3* giving the top quark its ETC
esting, and potentially dangerou& phenomena are ex- mass; andl® giving the bottom quark its ETC mass. These

pected. These are discussed in Sec. VI. are the same technifermions used in the model of F&f.
Introducing them enlarges the chiral symmetry—and the
IV. SU(3);®SU(3), AND ELECTROWEAK BREAKING number of Goldstone bosons—of the model. Giving mass to
AND GENERATIONAL MIXING all these bosons will require, among other things, a nontrivial

) pattern ofTX-T? condensationy) =ay1+ia,o,. This simul-

Turn now to symmetry breaking at lower energy scales. kaneously breaks the color and electroweak symmetries to
recounted above thatb mixing is too small by a factor of ~ g1y3).®U(1)g, and provides large generational mixing,
300 if SU3),;®@SU(3), breaking is introduced to the quark g g sm.,~(T'T2),,J/M 2~m;. The color-singlet technifer-
sector only by a mixing term in the ETC boson mass matrixmions help align the vacuum in this nontrivial way as well as
Since bg transforms as(3,1,1;-3) under SU3),®SUB),  contribute to electroweak symmetry breaking.
®SU(2)®U(1)y andd,, s, as(1,3,23), it is tempting to
suppose that the mechanism connectipgs, to by is at the
same time responsible for breaking SY®SUS3),
—SUR)c and SU2)@U(1)y=U(l)gy. The generational In this section | follow the format of Ref9] to construct
mixing term transforms a$3,3) under the color groups. g TC2 model with the symmetry breaking just outlined. First,
Therefore, | introduce colored technifermion isodoublets; |ist hypercharge assignments for all the fermions and ex-
transforming under SUY) ©®SU(3),;®SU(3),&SU(2) as plain certain general constraints on them. Then | derive a

condition on the hypercharges that must be satisfied in order
) e(N,3,1,21)) that colored technifermions condense to break top-color
L(R) SU(3). | conclude by discussing other conditions available to
fix the hypercharges. Among these are the gauge anomaly
2 _ constraints, given in the Appendix. The rest follow from
TL(R)_(D2>L(R) e(N.1.3,21)). S specifying the ETC four-fermion operators necessary to give
masses to quarks and leptons and to the Goldstone bosons
The transitiond, , s.<D f«< D g—bg occurs if the appro- associated with global symmetries. A family of solutions for
priate ETC operator existand if the condensatéT{T&)  the hypercharges satisfying all these constraints is obtained
forms. _ in the Appendix.

The patterns of condensatiofT,| Tk), that occur depend  The fermions in the model, their color representations and
on the strength of the interactions driving them and on exJ(1) charges are listed in Table I. A number of choices have
plicit chiral symmetry breaking4T) interactions that deter- peen made at the outset to limit and simplify the charges and
mine the correct chiral-perturbative ground state, i.e., “alignto achieve the scenario’s objective.
the vacuum”[15]. The strong interactions driving technifer- (1) In order that technifermion condensates conserve elec-
mion condensation are SNJ, SU3);, and U1);. The tech-  tric charge,u;+U,=v,+v,, Xi+ X=X, + X5, Yi+Y,=Y}
nicolor interactions do L(_'i)t frefer any particular_lforlm for 1y andz,+z,=2,+2}.
<II5T J§>3 SU(3)1_(1I’IVZGS (TiTR)#0; U(1), drives(T(Tg), (2) The U1), charges of technifermions respect custodial
(T{TRY#0 or (T{TR)#0, depending on the strong hyper- isospin.
charge assignments. (3) The most important choice for our scenario is that of

the U(1), charges ofT! and T2. So long asu;#v;, the
broken U1), interactions favor condensation ®f with T2,
3The most stringent constraint may come frarivl B,/Mg,. In the If this interaction is stronger than the &), attraction forT*
model of Sec. V, this ratio depends in a complicated way on thevith itself and if we neglect other vacuum-aligning ETC
U(1), hypercharge$, b’, d, d’ and the magnitudes and phases of interactions, then(T | Tk)x=(ioy);; in each charge sector.
Vyp andVyg . This alignment is discussed below.

V. A MODEL

1
T! —(
LR\ pt

2
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(4) We shall see thati;#v, implies YliiYii for the TABLE I. Lepton, quark, and technifermion colors and hyper-

various fermions. Purely for simplicity, | have chosen charges.

Y,=b’ for all right-handed light quarks. | must choose

Y1 (tr) # Y4(bg) to prevent strondp condensation. Again for Particle Su3), SUB), Y1 Y2
simplicity, | put Y,(tg)=—Y;(bg)=d’. We shall see that |l 1 1 N
dd’ is positive, as it must be far condensation. L , - 2*3’
(5) For the SUN) antisymmetric tensog, & #& guaran-  €R-HR 1 1 a —1-a
tees U1);®U(1),—U(1)y when(y ys) forms. Note that, if  ai 1 3 b i-b
N=4, a single realj is sufficient to break the ()'s. Oth- ¢, 1 3 b’ 2y
erwise, to limit the parameterg,=—¢ may be assumed. do s 1 3 b’ L
| now show that, in the absence of other ETC operators; R"~R —3-b
the U(1), interactions can overwhelm $8), to produce the | n 1 1 c -i¢
alignment patterdT T k) (ioy);; . The coupling of thez” - 1 1 ¢’ —1—¢'
boson to a generic fermiory with weak hypercharge qb 3 1 d 1y
— + H — /+ [ 6
Y=Y,;+Y, and electric charg®=Y;+Y, is e 3 1 d' 2y
’ ~, ! — 3 1 *d’ _1 4
L37=927Z" * [(Y1=rY) x Y + (Y1 = TQ) XrY uXR] Fi s+d
TL 3 1 uq U,
(5.2 A
Uk 3 1 vy vyt 3
wheregz = \g;2+g52=g; andr=g,2/g3,<1. Small mix- D} 3 1 vy vy 1
ing terms induced by electroweak symmetry breaking have:2 1 3 vy vy
been neglected in this expression. A similar interaction can, 1 3 u 1
be written for the massiveVg bosons of broken R ! Ut 2
SU(3);®SU(3),. Ignoring small terms in th&’ andVg cou- D% 1 3 u; T
plings, the four-fermion interaction these bosons generate for| 1 1 X, Xy
TtandT?is Ul 1 1 , ,
R X1 X+ 5
Dk 1 1 X} x— 3
t
Lrite=—27 M2 [Ul(TL’}’,uTL"‘TR)’M 2) T|; 1 1 y,1 Y2
z! Ur 1 1 Y1 VAR
+oi(TrY, TR TEv.TO I, Dk 1 1 Vi Vo3
TP 1 1 7 2,
Ay b /
Vs U 1 1 z 1y 1
|v|2 > (ThytaTh 4+ Thyuta TR)M R 1 %+ 3
a D2 1 1 z 23
5.2 W% 1 1 & —&
¥R 1 1 3 —-¢

where az, = gz,/477 and thet, are SU3) matrices in the
3-representation. All the currents are YR SU(2) singlets,
and the currentx current products are renormalized at the " T TlTlT 8 T ?Tl)
corresponding massive boson massEgerzing this interac- U1 RILMy T LIRIRIL/My,
tion and retaining only the dominant ) SU(N) @ SU(2)- (5.3
singlet operators involved in condensate formation gives

To determine which of the operators in Ef.3) is dominant,

A ulvlaz,M\z,8 o I make the largeN approximation that the anomalous dimen-
Lrirz= gr > (TLTRTATE sions of the & operators are given by the sum of the anoma-
Vg Mz, lous dimensionsyy, of their constituent bilinearsr'T’.
+T2T T272 2)1 Then, the condition that the vacuum enefey — (Ly172) is
R minimized by(T | Ty (ia,);; is
aZ'M 1 2. 2v\2
M ® (WSTITZT2T! az(Uuitv)My, 72 (M)
ZV
M3, ZH(My,)
Aay, Uwiaz MY, 72(M;)+25(My)
4strictly speaking, th&/; exchange terms if6.2) should be writ- > (5.4

| . 3 W ZMy)
ten as integrals over current products with massiggsropagators. z' 11V Vg

Since these integrals are dominated by momenta~ar TeV
~MV8, the approximation used here is reasonable. where
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boson gets mass from %8, instantons and broken ETC
. (5.9 interactions. We need not be further concerned witfh))J.
When T condensates break $18), ®SU(18); to an
pU(18) subgroup, there are 323 Goldstone bosons or tech-
nipions, 7r;.> These may be conveniently classified accord-
ing to the subgroup

Md
ziJ-(M):exp“A Y, (1)
TC

Since the W1) symmetries are broken at a higher scale tha
the SU3) and electroweak symmetrieldl,» may be several
times larger thanMVS. However, the energy range from

MV8 to M,/ overlaps the region in whicH condensates H,=SU(3);©SU(3),8SU(3)30SU(2)®U(1)30U(1)g,
form. Thus, the anomalous dimensiomijzl there[12]. In (5.10

o fimi i 2 .
this limit, the condition (5.4) becomes {1—v1)"  \yhere SU3), acts on the triplefl, SU2) acts on the iso-
>4ayf3az . doublets within the triplets, and(W); ¢ are generated by the

The rest of my discussion of this model concerns how thejiagonal charges of the $8) defined on the triplet
U(1), and U1), hypercharges are to be fixed. | start with the T T2 T3:

gauge anomaly conditions. The eight independent conditions
are given in the Appendix. These constraints, together with
the four equal-charge conditions, do not fix the 26 unknown
U(1); charges. Further limitations on thé& follow from re-

1
Tle(3,1,1,2;§,\/§), T2e(1,3.1,2- 1 \/2),

quiring the presence of ETC-generated four-fermion opera- T3c(1.1.3.2:0— /2 5.1
tors breaking all but gauged symmetries. To give mass to =(1.1,32,0, \/;)' ©.19
quarks and leptons, I assume the ETC operators The 323 Goldstone bosons consist of: three(3dinglet

isotriplets, (1,1,1,3; three octet isotriplets plus three octet
isgsinglets; two singlets,(1,1,1,2; and three sets of
(3,9@(3,3) isotriplets and isosinglets.

T I T _ '
| iL’yluTLDR’Y,uejR = a—a’—Xl—Xl,

airLY”TILTIRVMCI}R = b—b'=x;—x], The diagonal linear combination of the thrég1,1,3's
— =T ) becomeW; and Z?. Thus, ignoring the effects of color
ILY*T DRy, TR = C—C =X1—Xq, (5.0 interactions, the decay constant of the technipiori&;is 246
. _ GeV/\/9=82 GeV® A linear combination of the8,1,1,1
ALy TLURYutr = d—d'=y;—y1, and1,8,1,1 are absorbed in SB),®SU®3),—~SUQ)c,
_ driven by(T [ T2). Of the remaining 312 Goldstone bosons,
qy*TPDRY,br = d+d'=2,—2]. all those which are S(3);®SU(3), nonsinglets(there are

272 of thesg acquire mass of at Ieas]t(aSATZ/FTZ):ZSO
GeV from color interactiongsee the papers by Peskin and
Preskill in Ref.[15]).

This leaves 40 technipions whose mass must arise from
ETC-generated 4T interactions. They transform as
(1,1,8,39(1,1,8,3#(1,1,1,3®(1,1,1,3®(1,1,1,29(1,1,1,2.
Consider the two isotriplet&l,1,1,3 orthogonal to the lon-

d—b’+#0. (5.8  gitudinal weak bosons. It is possible to form one linear com-
bination of these states that contains @' component for
We shall see that this follows from requiring the existence ofone of the values of=1,2,3. Therefore, there must be & 4
other four-fermion operators and also the anomaly conterm involving two technifermions of the form
straints. Thus, this operator does not appear without the in-T | y*T{Tky,Tr, with i#], to insure that both isotriplets
tervention of W1), breaking and so the transitialy ,sg— b,
is automatically suppressed relativedp,s, <> bg by a fac-

tor of 6M %TC/M §~10 K . ) 5 do not know whether this is a record number of Goldstone
Next, | enumerate the chiral symmetrles and GOIdSton%osons, as has been speculated. It certainly is a matter of concern
bosons of the model, to determine whafl 4operators nether they may make a large positive contribution to $hea-
are needed to give them mass. The simplest way to do thigmeter. This is the case if they may be approximated as pseudo-
is to imagine that all gauge interactions, including Goldstone bosongl6]. As | have discussed elsewheit?], this
SU3),®SU(3),®U(1),, may be neglected compared to tech- may be a poor approximation for the technipions in a walking tech-
nicolor. Then, grouping the technifermions into three tripletnicolor model with its large anomalous dimensions. Furthermore, in
isodoublets T, T2 and T3=T', T, T°, the chiral symmetry such a model, there are additional, possibly negative, contributions

To generata, ,s, < bg, | require the operator
i y*TZDRybr = b+d'=0. (5.7)

To forbid dg,sg<—b_, ETC interactions must not generate
the operatoq [ y“T D 2v,dir . This gives the constraint

group of these technifermions plyg  is to S which cannot be evaluated simply by scaling from QGee
also Ref[18]).
G,=SU(18) ® SU(18)g@U(1),. (5.9 8 am suppressing the role of the 8YoU(1) chiral symmetry of

(t,b)_ andtg in this discussion. The three Goldstone top-pions,
The U1), current involves all technifermions and has no arising from its breakdown combine with tli&,1,1,3’s to form the
technicolor anomaly. It is spontaneously broken principallylongitudinal weak bosons. In our normalization, Hill's estimate of
by (¢ ¥r). A linear combination of this current and genera- the top-pion decay constant i§=70 GeV[1]. The uneaten com-
tors of SU18), is exactly conserved and couples to theponent of the top-pions acquires its mass from the ETC part of the
Goldstone boson eaten by téé. The orthogonal Goldstone top quark massM? =m¢'<tt)/F?.
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get mass. The only operators consistent wifh-v,#0 have  TeV energy region, many of which are likely to be accessible

i=1 or 2 andj=3, with T3>=T' or T' or T®. Finally, in order  in Tevatron collider experiments and, possibly, in experi-

that such an interaction contributes b,1,1,3 technipion ments at the CERNM"e™ collider LEP 2. Here is a list of the

masses, it is necessary that the condenséf¢d &) and  more obvious issues.

(T2TR) form, i.e., that the matrix) in Eq. (4.2 is a non- (1) The Z’ boson, withM,=1-5 TeV.

trivial combination of 1 ando,. Any of these 4 operators, (2) The Vg colorons, with mas#1,, <1 TeV. Their phe-

in concert with SUN)@SU(3)1®U(1)1 interactions, can lead nomenology was discussed in Rd_f$3] and[lg]

to such a pattern of vacuum a”gnment. As a SpeCifiC choice (3) The quantum numbersl masses, and production and

consistent with Eqs(5.6) and (5.7), | assume the existence decay modes of technirhos, technipions, and top pions.

of the operator (4) A possible outcome of vacuum alignment is the ap-
pearance ofC P-violating phases in the unitary matrices de-
fining mass eigenstate quarksee Eichten, Lane, and

(512 preskill in Ref.[15)).

Equations(5.6), (5.7), (5.12, and the anomaly conditions ~ (5) Cosmological consequences of tifefermion which,
for U(l)lvz[SU(N)]Z and ul)l,z[SU(3)1,ﬂ2 lead to the rela- apparently, must have a component that is stable against

T_iyﬂT}_T_}QYy(a+ bos) TR = y1—yi=Us—v3.

tions weak decay.
(6) If lu;—v,| must be order 1, some of the hypercharges
a—a’=b—b’=c—c’=xl—x1=%N(ul—vl), in Eq. (5.13 are O(N). This raises the question of the trivi-
ality of the U(1), interaction: does it set in at an energy much
d—d'=y;—y;=u;—vy, lower than the one at which we can envisagél)y being
unified into an asymptotically free ETC group? Each of these
d+d'=z,—zj=—(2N+1)(u;—v4), topics requires extensive study. Here, | briefly discuss only
theZ' and the aspects of vacuum alignment. Details are un-
d=-—N(u;—vy), (5.13 der investigation by others or postponed to later papers.
d :_b:_(N+1)(ul_vl)! Z’phySiCS
b’'=3(N+2)(u;—v), The mass of th&' arises mainly from) condensation:
(N=2)(§=§")=3N(u;—vy). Mz =gz/|é—¢'|Fy, (6.1

We see that the constraidt-b’+0 forbiddingdg ,sg<s, is whereé—¢ =3N(u;—v,)/(N—2)~1, andF ,~1 TeV is the
satisfied. Alsodd’>0, just what is needed for top, but not 7, decay constant. This is the basis of my estimaté/of.
bottom, quarks to condense. The conditign¢'#0 that  The 7' decays into technifermion, quark and lepton pairs,
(YLpg) breaks U1),©U),—~U(1)y is equivalent 10 ith large couplings to all. Thus, its width is large, probably
u;—v,#0, necessary fofTTg)#0. several hundred GeY13]. | emphasize that in this scenario

_ Finally, there are(1,|1,8,3, (1,1,8,3, and(1,1,1,D tech-  the 7’ necessarily couples strongly to the first two genera-
nipions composed of’ and TP that do not acquire mass tions of quarks and leptons.
from the operator in Eq(5.12)._Comb|n2atlon_% of spontane-  There are several precision electroweak studies that probe
ously broken currents such &y, ysT°=3T y,7sT° are  for the ' [20]. Mixing of the Z' and Z° affects the latter’s
also left conserved by this operator. Thus, we needTa 4 coyplings to quark and lepton pairs. If t#é width is not an

that is consistent with all the operators assumed so far is

-1 b ’ ’ ’ , 2
TIL?’“TILT%%L(a‘F bos) TR = y1—21=2)—Y,=X1— X} brp= EZMMZ’ 6.2)
zWlzr
=%N(ul—vl). (51‘9
Note thatT' and T® must have the same electric charges, i.e.Wheregz=yg=+g’*. This mixing also affects th& param-
YitY2=21127;. eter[16)].

We now have 18 linear plus three nonlinear conditions on Mixing and directZ’ interactions together influence other,
the 26 hypercharges. In the Appendix, | exhibit solutions tovery low-energy measurements. For example, in the class of
these equations for whichu;—v,|~1. The vacuum align- models outlined above, the electron has an axial-vector cou-
ment program, including determination of the eigenvaluedling to the Z’. This is probed in atomic parity violation

and eigenstates of the technipion mass matrix, is outlined ifxperiments, which are especially sensitive to the product of
Sec. VI and then deferred to a later paper. this coupling with the vector part of the isoscalar nuclear

current[21]. The effective interaction in our model is

VI. THE PHENOMENOLOGY
OF TOP-COLOR-ASSISTED TECHNICOLOR g2 (a’—a)(b’ +b) __

, , , Lapy=— ey yse(Uy,u+dy,d).
The picture of top-color-assisted technicolor | have drawn APV 4M§, > a ’

in this paper leads to a wide variety of phenomena in the (6.3
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The product &' —a)(b’+b)/4=—N(3N+4)(u;—v,)%16  the Z' couplings. One withys=500 GeV may be able to

can be large in this model. Out of concern for this, | havedetect signs ofy-Z-Z' interference.

tried to construct models within the present framework in

which the electron’s coupling t@’ is purely vectorial. So ) . _

far, | have not found one that has a nontrivia —v,#0) Vacuum alignment and technihadron physics

solution to the anomaly conditions. The spectrum of technirhgs; in this model is the same
As a second example, the polarized IMoscattering ex- as that given above for the technipions. Determining the

periment recently proposed by Kumar and his collaboratorgnass-eigenstate; and p; is the problem of vacuum align-

[22] is sensitive to the combinatical — a? of electron cou-  ment in the technifermion sector. This is essentially the same

plings to theZ'. The effective interaction iGapart from mix-  as diagonalizing the technifermion mass matee, how-

ing effects ever, footnote 4 for a caveat on the use of chiral perturbation

) theory) The top-pionsm, formed from ¢,b), andtg must be

gz y— 5 ,— ) added to this largem-diagonalization calculation. Once
Liiglier= — M2 [a“(eLy.e) +a’'“(ery,er) ] mass eigenstates are determined, ghe> 7 couplings
z' can be determined by symmet(gee, e.g.[14]). Note that

64 the pr decay modes may include one or two weak bosons,

W{ andz?. Vacuum alignment also determines the pattern
. : . of technifermion condensation, relevant for mixing between
energy collider experiments. At subprocess energies well bqieavy and light quarks, and feeds into the Kobayashi-

low the Z' mass, its effects are still well-approximated by Maskawa matrix and other auark mixina anales and phases
four-fermion “contact” interactions, similar to those ex- . ner qua g angles and p '
Vacuum alignment is carried out by minimizing the

pected for composite quarks and leptd@8]. Thus, at the i i
Tevatron collider, theZ's strong couplings to quarks pro- grou_nd state energy of broken ETC and(SM@U(l?l four .
; 78 . . fermion operators and of second-order QCD interactions
duce an excess of hidgh; jets”® and high-mass dileptons.
The effective interactions are [15]. In the absence of a concrete ETC model, the most that
can be done is to make “reasonable” guesses for the coef-
ficients of allowed operators—those already assumed plus
others consistent with symmetries. Different assumptions for
the relative strengths and signs of the operators will lead to
5 different vacua, patterns of condensation, amgd and p;
— — T spectroscopies. Such studies should give us a plausible range
Aty FbLy,by) T (YR DrYLDR)| of expectations for this aspect of TC2 phenomenology. Some
(6.5  issues of immediate concern are the following.

The Z' will also be visible in current and planned high-

2

9z _ ,

Lgg=— M2 > (baLy,dL+b'dry,AR)
zr La=ud.c,s

gz (i) Typical masses of the charged top-pion and its mixing
Lo=— Lz > (bg y*q.+ b ary*qR) with technipions. The concern here is that the decay rates for
d M3Z, a=ud.c,s t— b or ;b may be too larg¢25].
(i) Masses of ther; and pr. Technipion decays are me-
0 n_ diated by ETC interactions connecting technifermions to
X al y,l +a'l IR).
|=Ee,u (@luy,l RYulR) quarks and leptons. Thus, the are expected to decay to

heavy quark and lepton pairs. The existence of “leptoquark”
In these expressions, we have ignored small effects of mixdecay modes such asy—br depends on whether ETC op-
ing among quark generations. Note that there are simplicaerators such abgy*D ) 'LV,JE are allowed. Experiments
tions of the couplings such ag;bz/M;:[(N-{-l)(N at the LEP collider will soon be able to set limits in excess of
—2)/3NF,]%. TheZ' interaction affecting Bhabha scattering 7> GeV for chargedrr. Mixing between gluons and color-

and muon-pair production ia*e™ collisions is octetpy leads to copious production of coloreg ; Tevatron
collider searches should be able to discover them with

g2 o o 2 masses up to several hundred GeV. Production of color-
EHZ — —22 2 (aIL?’MIL"'a’IR?’MIR) i (66) Slng|etp-|——> TTTT, WL7TT, ZL7TT, WLWLl andWLZL ShOU|d
2M3, |[1=eu be accessible at the Tevatron fof masses of 100—200 GeV
[14]. Another process to be searched for at the Tevatron is
Jet production ire*e™ collisions is modified by’ . Corre- gg— 7w 9—bb or tt, if MW$> 2m,. For the longer termp;

sponding interactions influence tau-pair production. At theynq 7 masses are needed for LHC and laeje ™ collider
CERN Large Hadron CollidefLHC), the excess of higk studies.

jets will be enormous and th&' shape should be observable (iii ) Vacuum alignment may produce phases in quarid
as a resonance in dileptons if not in dijets. A high |Umi”05itytechnifermi0|) mixing matrices that induce detectahGP
ee” collider with \'s=M can make detailed studies of yiolation in the neutrak - andB-meson systems, in the neu-
tron electric dipole moment, and so on. If this happens, it
will be important to determine whether stro@ violation
"The Vg colorons enhance onlit and bgproduction. can be avoided.
8As this paper was being completed, | received two preprints dis- These brief remarks only scratch the surface of the phe-
cussing the possibility that a TeV-magshoson affects higler jet ~ nomenological aspects of the scenario | have presented. | do
production and the branching ratios @% decay tobb andcc [24]. hope they give a flavor of the richness of top-color-assisted
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technicolor. | do not expect the specific class of models deeomments. | have benefitted from the hospitality of the As-

scribed here to pass all the tests it faces. But, in facing thenpen Center for Physics where this work was begun. This
| expect we will learn how to build more complete and moreresearch was supported in part by the Department of Energy
successful models. under Grant No. DE-FG02-91ER40676.
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solve the nonlinear equations for the hypercharges. | thank There are five linear and four cubic equations for the hy-
Chris Hill, Estia Eichten, Sekhar Chivukula, Dimitris Komi- percharges in Table | arising from the requirement th@)U
nis, Krishna Kumar, and Elizabeth Simmons for helpful gauge anomalies cancel:

U(L)1 ASUN) T X=X +Y1— Y1+ 21— Z1=X— Xt Yo~ Yot 2,— 2=~ 3 (N=2)(£—¢),
U(l)l,z[SU(3)1]23 d=-N(u;—vy),
U(1), £SU(3),]% b—b'= 3N(u—vy),
U(1), £SU2)]% 2(a+3b)+(c+3d)=—N[3(uy+vy)+x1+Yy1+2,]=N[3(Us+v5) + X+ Yo+ 2,],
[U(D)1]% 0= 3IN(N=1)(£-¢"3)+2[2a°~a'3+6(b>—b'3)]+2¢3—c' 3+ 6d%+ 2N(XF—x; > +y;—y;®+ 25— 21%),
[U(1),]% 0=— 3N(N-1)(£-¢3)—2[2a%~a’3+6(b3—b'3)]— (2¢3—c'3+6d%) + 2N[ X3 —x;° +y3 —y5 >+ 23— 2)°
— J(uytvy)— F(xo+ys+2p)]+2[3(a’?—a%)+3(a’' — 3 a)+3(b?—Db'?)+5b'— 3 b]+3(c'?-c?)
+3(c’'— 3 ¢)+3(d?~d'?)+3d' — 3 d,
[U(1);]2U(1),: 0=—IN(N—-1)(&-¢"3)—2[2a%—a'3+a’—a’?+6(b>—b’%)+b'2—b?]
—(2c3—c’3+c?—c'?+6d3+d 2~ d?) + 2N(X2x,— X, X5+ Y2y, — i3y + Z22,— 2,°25),
[U(1),]2U(1);: 0=3N(N—-1)(&-¢"3)+2[2a%—a’'3+2(a’—a’'?)+6(b>—b'3)+2(b'?—b?)]+2c3—c'3+2(c?—c'?)
+60d°+2(d"?— d%) + 2NDX5xa — x5 + Y31~ Y2y 1+ 2521 - 25721~ G(Urtva) — F(X1+Y1+2)]
+2(za—a’+ zb—3b")+ 3c—c’'+ 5d—d’. (A1)

These 4 cubic equations are not independent becauiel(th)e,]3=[u(1)1+ U(1)2]3 anomaly cancellation is guaranteed by the
U(1),[SU(2)]? condition. A convenient set of three independent cubic equations consigi§10f]°® plus [U(1),]°U(1)y and

[U(D),P+[U(1),P-3[U(1);PU(D)y :
[U(1);]°U(1)y: 0=2(a'’~a’+b*~b'?)+c'?~c*+d’~d'?

+2N[ (X1 +X2) (XT=X12) + (Y1 +Y2) (Vi — Y1) + (2 + 25) (25— 217)],

[U(D)1 P +[U(1)21° = 3[U(1)1]°U(1)y: 0=(us—v){2N’[4(y1+Y2)?— (X1 +%z)%+ 31— (5N+2)}. (A2)

In the last equation, | used resul_ts from EEE._13). o U=1.075, a=1.040 (for x;+x,=— 1),

The 18 linear and three nonlinear equations satisfied by
the 26 hypercharges do not determine them uniquely. |
souiqht numerical  solutions  to t,hem that have u=1.197, a=12.054 (for x,+X,=1). (A3)
u=3(u;—uv4)#0 as follows: First, | set’=—¢ andc=a.
Then | chose values foty, y; andy; +vy,, and solved fou,
a andx;+x,. To obtainu;—v;~1, I inputx;, y;=O(Nu).  As is apparent from EqsA2), these solutions scale linearly
For N=4 andy,;+y,=0 (which impliesx;+x,=*%) and  with the input values ok, andy;. Values ofa as large as 12
Xx;=y;=10, | obtained are doubtless ruled out.
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