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Working Group Members (T Subgroup Convener): J. Ap-narios were divided into three main categories: (i) New Gauge
pel (FNAL), P. de Barbaro (Rochester), M. Berg@ndiana), Bosons, (ii) New Particles, and (iii) New Interactions. The re-
G. Burdman (Wisconsin), K. CheuhgTexas), F. Cuypers mainder of this report presents the conclusions from each cat-
(PSI), S. Davidson (Max Planck), M. Doncheski (Penn Staggory. We note that our physics matrix is strikingly similar to
- Mont Alto), E. Eichten (FNAL), C. Greub (DESY), R.that presented inthe Proceedings of 1882 Snowmass Sum-
Harris’ (FNAL), X.-G. He (Melbourne), C. Heusch (U.C. Santaner Study[1], both in physics topics and colliders. It is disap-
Cruz), H. Kagah (Ohio State), P. Kalyniak (Carleton), D.pointing that so little progress has been made in our attempt to
Krakauef (ANL), K. Kumar (Princeton), T. Lee (FNAL), J. understand the fundamental theory of nature.

Lykken (FNAL), K. Maeshimé& (FNAL), I. Melo (Carleton),  Before turning to our investigations of searches for new phe-
W. Merritt! (FNAL), P. Minkowski (PSl), R. Peccei (UCLA), S. nomena at high energy colliders, we note that virtual effects of
Riemann (Zeuthen), T. RizZqSLAC), J. Rowe (U.C. Davis), new physics also provides an important opportunity to probe the
D. Silverman (U.C. Irvine), E. Simmons (Boston), J. Slauglpresence of new interactions[2]. This complementary approach
ter (FNAL), M. SwartZ (SLAC), D. Toback (Chicago), R. Vi- examines the indirect effects of new physics in higher order pro-
dal (FNAL), J. Womersley (FNAL), G. Wrochna (CERN), Jcesses by testing for deviations from SM predictions. In this
Wudka (U.C. Riverside), C.-E. Wulz (Austria, OAW) case, one probes (i) the radiative corrections to perturbatively
calculable processes, as well as (ii) transitions which are ei-
ther suppressed or forbidden in the SM. Both of these scenarios
ABSTRACT carry the advantage of being able to explore the presence of new
physics at very high mass scales. In some cases the constraints

We examine the ability of future facilities to discover an@btained in this manner surpass those from collider searches,
interpret non-supersymmetric new phenomena. We first &iith a recent example being given by the strdrginds on the
plore explicit manifestations of new physics, including extendeflass of a charged Higgs boson from the deBay> X, ~[3].
gauge sectors, leptoquarks, exotic fermions, and technicai@iother cases, entire classes of models are found to be incom-
models. We then take a more general approach where ngible with the data. Given the large amount of high luminosity
physics only reveals itself through the existence of effective inow-energy' data which is presently available and will continue

teractions at lower energy scales. to accumulate during the next decade, the loop effects of new
interactions in rare processes and precision measurements will
. INTRODUCTION play a major role in the search for physics beyond the SM.

It is well-known that physics outside of the SM is required

Although the Standard Model (SM) of particle physics is iin order to obtain unification of the strong and electroweak
complete agreement with present experimental data, it is erces. Unification attempts using only the SM particle con-
lieved to leave many questions unanswered and this belief ast fail because they predict too small a value of the unifica-
resulted in numerous attempts to discover a more fundamenigh scale, implying a rapidly decaying proton, as well as lead-
underlying theory. In planning for the future, it is reasonable fag to values ofa (A7) which are significantly smaller than
consider what classes of new interactions might exist and wiiaé experimentally determined value by many standard devia-
types of facilities would be best to first discover them and theions. The oft-quoted remedy to this situation is to introduce
to elucidate their properties. In fact, numerous types of expesitpersymmetry at the TeV scale[4, 5]. In fact, the introduction
ments may expose the existence of new physics; here we foefishe minimal supersymmetric particle content modifies the
on the potential signatures at high energy colliders. evolution of the coupling constants such that unification is ob-

History shows us that the most exciting discoveries are thdséned at a higher scale and there is agreement with present data.
that are unexpected. Unfortunately, it is difficult to concreteljhe most frequently considered case is where supersymmetry
plan for the unexpected. The best we can do is to examine {B&JSY) is embedded into a SUSYU(5) Grand Unified The-
discovery capabilities of future facilities for a wide variety obry (GUT). However, satisfactory unification is also achieved
anticipated particles under the hope that they will be sufficieimt larger SUSY GUTSs, such as supersymmef$id(10) and
in uncovering the truth in nature. To accomplish this task, the;. In these cases both the gauge sector and particle content
1996 Snowmass working group on new phenomena decidedte enlarged, leading to the many possible types of new phe-
construct a physics matrix, where numerous new physics posimena which are discussed in the first two sections of this re-
sibilities were investigated at various collider options. The apeort. In particular, it has been shown[6] thatceassful unifi-
celerators used for our physics studies were those definedchyion is achievable in SUS¥O(10) with a light right-handed
the Snowmass organizing committee. The new phenomena snass scale, resulting (amongst other things) in a right-handed
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W-boson which would be accessible to experiment. It is also backgrounds. However, once the widths are included the
possible for non-supersymmetric models with additional par- signal may broaden sufficiently that it is overwhelmed by
ticle content to show similar unification properties[5, 7], al- background. At the minimum, it is important to know how

though such cases are difficult to arrange. One such scenario these contributions will effect the discovery limits.

:E(E-h(?(;l]l\kl)rl];r?)ftree tSoMugzrilitsI%Ze C?thgtd'zf%ueg dmlfglfv(\]/l)?n: \;vr?l%kthis report we summarize the results of these studies and at-
ptoq L tempt to integrate them with previous results to present a com-

additional Higgs doublet. The two-loop renormalization grou@ete overview of the subject of NGBs. By necessity this sum-

analysis of this case[8] is presented in Fig. 1. Here, one Obtanqgry will omit important details of the various calculations. We

therefore direct the interested reader to the more complete and
detailed subgroup summary by Rizzo [10] and the individual
contributed reports to the proceedings.

the valuea,(Mz) = 0.123 and a proton lifetime ofl 032+!
years consistent with experiment.

e ‘ ‘ ‘ A. Introduction to Models

Quite a few models predicting NGBs exist in the litera-
ture. These can be divided into two broad classes depending
on whether or not they originate from a GUT group such as
S0O(10) or Es. We focus our studies on a few representative
models, which although far from exhaustive, form a representa-
tive set for the purposes of this study. To be specific the models
we consider are:

1. The £ effective rank-5 model (ER5M) which predicts
a Z' whose couplings depend on a parametet/2 <
HEG < 7T/2. MOde|S1/) (HEG = 0), X (HEG = —71'/2), I
(0g, = —cos™14/3/8), andn (0g, = cos™!+/5/8) de-
note common cases discussed in the literature.

' '
1016

* 1012
M (GeV)

Figure 1: Two-loop Renormalization Group Evolution of the
coupling constants in the scenario where the SM particle content,
is augmented by a pair of leptoquarks and an additional Higgs
doublet. (From Ref. [8].)

The Sequential Standard Model (SSM) where the Héw
andZ’ are just heavy versions of the SM. This is not a true
model but is often used as benchmark by experimenters.

. The Un-Unified Model (UUM) based on the group
SU(2)r x SU(2)q x U(1)y, which has a single free pa-

. NEW GAUGE BOSONS rameter).24 < sy < 0.99

New gauge bosons (NGBs) are a feature of many extensions
of the standard model such as grand unified theories, Left-
Right symmetric models, supersymmetric models, and super-
string theories. If &’ or W’ were discovered it would have im-
portant implications for what lies beyond the standard model.
It is therefore important to study and compare what the next"
generation of colliders can tell us about NGBs. There is a vast
literature on the subject of discovery and identification of NGBs

The Left-Right Symmetric Model (LRM) based on the
group SU(2)r x SU(2)r x U(1l)g—r which has a free
parametek = gr /g > 0.55 which is just the ratio of the
gauge couplings.

The Alternative Left-Right Model (ALRM) based on the
same extended group as the LRM but now arising figm
where the fermion assignments are different from those in
the LRM due to an ambiguity in how they are embedded

[9]. The NGB subgroup goals were to extend previous studies . .
in several directions: in the27 representation.

. . _ . Details of these models and complete references are given in
1. To extend the existing analysis to the colliders included

Eijrégjthe Snowmass study that have not been preVious?ﬁ\lthough searches for NGBs, and indeed any new particles,

are of interest on general grounds, if there are theoretical moti-

. To extend studies to include gauge bosons that have \gtions for them to be accessible at existing or futuléders
ceived incomplete attention in the past, in particular githeir phenomenological interest is enhanced considerably. In a
covery reaches fdi’’ bosons at* e~ colliders. contribution to these proceedingsyken [11] examined this

issue for the case of a neWi(1)’ gauge group in the general
. To redo earlier studies including important considerationentext of SUSY-GUTS and String Theory with weak-scale su-
so far neglected. For example, the cross sections/for persymmetry. He found that a broad class of models predict a
andW’'s at hadron colliders have almost always been ca? boson whose mass is in the rarj@ GeV — 2 TeV. How-
culated in the narrow width approximation, generally deaver, these models require either discrete tuning oftthg)
caying only to standard model fermions, and not includirdharges or a leptophobi€’.
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B. Discovery Limits

Two distinct search strategies exist for extra gauge bosorfs.”® [
Indirect evidence for gauge bosons, where deviations from the'* |
standard model would signal new physics, are the primary ap-lz g
proach atte~, e~ e, utu~, andep colliders while direct ev- E
idence signalled but clusters of high invariant mass lepton pairs , ¢
is the primary strategy employed at hadron colliders. A large , t
literature exists on search strategies for extra gauge bosons and -
thei_r discovery limits, for existing and proposed high energy o £ = T e L
colliders. m(1"")/Cev m(I")/Gev

Es x—model Eg 7—model

Events
I
T

1. Hadron Colliders 12

In hadron colliders NGBs will generally reveal themselves ¢
through @cays to charged lepton pairs fgf bosons and to 6 L
charged leptons plus missitgy for W’ bosons. There are ex-  « |
ceptions such as leptophohit bosons decay to quark pairs - F
which would be observed as bumps in dijet invariant mass dis- o =— TR o e
tributions [12]. L oge M/ AR o (T/GeY

Search limits have been obtained previously for all the hadron
colliders [13] considered at Snowmass with the exception of tE
200 TeV (PIPETRON) collider. However, these results we
generally obtained using the narrow width approximation wit
the NGB decaying only to conventional fermions and with pos-
sible corrections to account for detecemceptances and effi-
ciencies. Discovery was defined to be 10 dilepton signal events. 2. Lepton Colliders
Detailed detector simulations for the the Tevatron and LHC val-jf 7/'s andiy"'s are to be found at lepton colliders their exis-

idated this approximation as a good estimator of the true seaggce is most likely to be revealed through deviations from SM
reach. The discovery reaches for hadrofiiders are summa- pregictions. To represent a meaningful signal of new physics
rized in Table | [14]. TeV33 will, for the first time allow us to deviations should be observed in as many observables as pos-
approach the 1 TeV mass scale for bosons. For the 60 andgjple. Typically observables are constructed from cross sec-
200 TeV machines the highey luminosities in thepp mode  ions to specific fermions in the final state; cross sectioffs,
leads to significantly greatér~ 30 — 50%) search reach. Itis forward-backward asymmetriesi/, ,, and left-right polariza-
|mport§mt to r_10te that in many mod_els theé can qlso decay tion asymmetriesAﬁR, wheref = p, 7, ¢, b, andhad =sum
to exotic fermions and/for SUSY particles Whlc.h will reduge over hadrons. Expressions for these observables are included in
and thus the search reacﬂp(mt 10% reduction in searckach the contribution of Godfrey [17]. The report by Godfrey gives
for a factor of 2 decrease i) [14, 15]. discovery limits for high energyt e~ andut .~ colliders. The
Wulz performed detailed Monte Carlo studiesfdiscov- main distinction between the two types of colliders is that~
ery limits for the LHC at/s = 14 TeV using the CMS detector colliders should have high polarizations whjle .~ colliders
simulation and PYTHIA to generate th€ events [16]. EX- are not expected to. That analysis assumed 90% electron polar-
otic fermions were not assumed. Drell-Yan andackgrounds ization (for theet e~ case), 35%:-tagging efficiency and 60%
were taken into account and were approximately two ordersiofagging efficiency. In retrospect these efficiencies are likely
magnitude below the signal. Heavy flavor backgrounds ftbmtg be overly optimistic for the.t .~ collider. Rizzo performed
andbb are completely negligible. Figure 2 shows reconstructedsimilar analysis except for the e~ colliders he included-
invariant mass spectra fafz, = 5 TeV and an integrated lu- quark final states and the additional complications of angular
minosity of 100 flo*. The discovery limits obtained by Wulzcyts and initial state radiation(ISR) [14]. He found that ISR re-
are consistent with the numbers given in Table I. duces the search reach by 15-20% while beam polarization in-
Unlike theZ’ case,Wx searches have many subtleties. Typireases the reach by 15-80%, depending on the specific model
cally, search limits are obtained by assuming (i)¢h@Vr pro- and the machine energy.
duction vertex has SM strength, ()= 1, (iii) |Vz ;| = |V&r,, In principle the NLC can be run in a polarized e~ mode
(the CKM mixing matrixVg = Vi), and (iv) B(Wgr — (v) withluminosity and polarization comparable to te=~ mode.
is given by the decay to SM fermions. If assumption (ii) is inSince both-~ beams are polarized the effective polarization is
valid large search reach degradations are possible, especiallater and, due to the large Moller cross section there is signifi-
pp colliders, due to modification of the parton luminosities [14Lant sensitivity to the existence ofA. Cuypers studied the sen-
Again, the search reaches are higher25%) in the case opp.  sitivityof ete™ — ptpu=,ete™ — ete™ ande”e™ — e7e™

|egure 2: Invariant mass spectra for fatirmodels withM z: =
TeV. (From Ref. [16].)
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to ¢/, and¢/, for fixed Mz including ISR and systematic er-model, information could be obtained up to about 3 TeV. How-

rors due to imperfect polarization measurement, finite deteceser, it is not clear as to what level one could extract precise

acceptance, and luminosity uncertainties [18]. In general tbeupling information.

e~e~ reach is slightly superior to that obtained in thige~

mode when only the leptonic final states are used. However,

Rizzo found that once one includes the additional information

from the quark sector the" e~ mode offers a higher reach [14].
There has been very little work done on searcheg/forat 04 o

ete™ colliders. In a contribution to the pceedings Hewett o> [ + 4

[20] studied the sensitivity of the reactiefie~ — vy to W' o b +++ oL T ++++++

bosons which would contribute via t-channel exchange. She ¢ ++ . -

found that the resulting photon energy spectrum would be sensi- e

0.6 [ 06
0.4

02 b

®

®

tive to al’z mass of at mostx /s inthe LRM and inthe UUM 94 04 b

theWH.discovery reach barely extends abgyefor smallval- 06 bllobinbnbontld g5 bbb b Lo
ues ofsin ¢. However for larger values afn ¢ the reach grows o y el y
to several timeg/s due to the increase in leptonic couplings for o5 i 0.6 L :

sing > 0.5. Although these preliminary results do not directly £ oa B

compete with the discovery reach at the LHC they do demon- | E 4,T++
strate that it is possible to observe the effect§dfoosons with ~ ** + + | °F +
masses greater thayis atet e~ colliders. oF WL +++ o +
-0.2 | + -02 +++
C. Coupling Determination o4 | 04 b
If evidence for NGBs were found the next task would be to-06 "=t —o.p Brlnon b
obtain information that would verify the discovery and could LR model y AR mogel y

determine the nature of the NGB. Both hadron and lepton col-
Islf[jrir:g(t:r?g éar:zyv\(/:é)gr(gleesrzggtal?/ aroslt?zrllg gésn;?sflg'r (;a’(\:lréga\\,/\;g ure 3: 7’ asymmetries in dilepton channels at the LHC for
obtained at hadron colliders one could peed directly to mea- Mz = 2 TeV. (From Ref. [16].)

suring its couplings. However, if the only evidence for NGBs

came from lepton colliders, where the evidence is indirect, de-

termining the nature of the new physicsis more complicated. To 2. Lepton Colliders

measure the couplings one would have to independently dete{-

mine the NGB mass since coupling's values scale/ag. The f either evidence for NGBs were observed at a hadron col-
Ping - lider or deviations from the SM that could be interpreted as a

recent review by Cvetic and Godfrey [9] summarizes the CUrrei 5 vere observed at a Lepton collider, the measurement of

status of NGB identification. For the most part existing studi?ﬁe NGB counlinas would be of brimary importance. A num-
of NGB identification have not included the limitations of us; piing b y1mp ‘

ing realistic detectors. This is especially important for hadr ber of contributions examined this problem for the NLC. Both

colliders. For lepton colliders virtually all existing studies e)gf'_uypers [18.] and R|emann [19] as_sumed a spethlcmass .
with the collider operating below this energy. In his analysis

amine how well couplings can be determined if the NGB ma . o
) . uypers [18] included polarization error, detector angular res-
is known. A main effort of the NGB subgroup was to extend ex= "7." ="~ **" . S

Iutlon, initial state radiation, and luminosity measurement er-

isting studies to realistic detectors and to determining how wglI

. . . . rors. He assumed genetig: andaz: couplings normalized to
NGB properties could be determined in a mooléid approach. the charge of the electron For ay/s = 500 GeV e+e— col-

. lider with I = 50 fo~! operating in eithe¢~ e T ore~e~ mode,

1. Hadron Colliders and assuming/z: = 2 TeV he found thatz: andaz. could

Although the totall’ production cross section at a hadron cobe measured to abodt0.3. Riemann [19] followed a simi-

lideris a function of theZ’ couplings, the leptonic cross sectiorar approach but presented her results in terms of the couplings
depends on unknown contributions from supersymmetric paftr specific NGB models and how well they could be discrimi-
cles or exotic fermions to the total width which makes its useted. Riemann considered the NLC optiogs; = 500 GeV
as a tool to distinguish models questionable at best. The deter= 50 fb~!, \/s = 1 TeV L = 100 fb~!, and/s = 1.5 TeV
mination of 7’ couplings is a daunting task due to large back> = 100 fo—!, with 80% electron polarization, detector angu-
grounds and limited statistics. The most widely used observaldeacceptances, quark flavor tagging efficiencies, and luminos-
for model identification at hadron colliders is the forward backty measurement uncertainty of 0.05%. Riemann's results are
ward asymmetryArg. Wulz examined this observable usinggummarized in Figure 4. It is clear from these results that the
rapidity bins. The results for the LHC are plotted for sever&lLC will be able to extract leptonic coupling information fGf
models in Fig. 3. Itis clear that these models would be distasses up td — 3/s. It should be noted that the lepton observ-
tinguishable ford/z, up to about 3 TeV and depending on thables only depend on products or squarea}oand v} which
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Table I: New gauge boson search reaches in TeV. For the kRML is assumed, while for the UUM we takg = 0.5. Decays
to SM fermions only are taken intccount. The luminosities for the Tevatron, LHC, 60 TeV, and 200 TeV colliders are taken to
be 10, 100, 100, 100fs~*, respectively.

Machine b% P 7 SSM LRM ALRM UUM W’
Hadron Colliders

CDF/DO 0.585 0.580 0.610 0.620 0.690 — — 0.720

Tev33 1.0 1.0 1.0 1.1 1.1 1.2 1.1 1.2

LHC 4.6 4.1 4.2 4.9 45 5.2 4.6 5.9

60 TeV (pp) 13 12 12 14 14 15 14 20

60 TeV (pp) 18 17 18 21 19 22 20 25

200 TeV(pp) 44 39 40 46 43 50 44 65

200 TeV(pp) 64 62 65 69 65 75 65 83
Lepton Colliders

NLC500 3.2 1.9 2.3 4.0 3.7 3.8 4.8

NLC1000 55 3.2 4.0 6.8 6.3 6.7 8.2

NLC1500 8.0 4.8 5.8 10 9.2 9.8 12

NLC 5 TeV 23 14 17 30 26 28 35

utp= 4TeV 18 11 13 23 20 22 27

results in a two-fold ambiguity in the signs of the couplings. limitations of the technique. The results of one such analysis are
shown if Fig. 6 where data was generated §ar — 0.5 0.75,
> > and 1 TeV with associated integrated luminosities of 70, 100,
05 SN, 05 X and 150 fo!'. A 5-dimensional 95% C.L. allowed region for
T / the mass and couplings is then found from a simultaneous fit of
ol { the various observables for the given energies. Figure 6 shows
\‘;:::;::\ B projections of the 5-dimensional region onto a 2-dimensional
O ‘ plane. To give these results a context, the expectations of sev-
eral well-knownZ’ models are also shown. Rizzo's results
it . again show the 2-fo|_d _ambiguity po@nted ou; above. These re-
sults show that obtaining coupling information from different
fermion species is important for discriminating between mod-

Figure 4: 95% C.L. contours far, andv,. A Z is assumed in €lS- Rizzo also found that one needs at least 3 valuggsab

they, ¢+, or LR model for differentZ’ masses. The left and rightf'”d Mz and that spreading t_he |_ntegrated It_Jmlnosmes over t_oo

figures are fok/s = 500 GeV, L = 50 fb~! and./s = 1.5 TeV, many Center of mass energies is also a failed strategy. A final

L =100 fb~'. (From Ref. [19].) note is that previous knowledge of the valueidf. results in a
much better measurement of the couplings.

aj aj

Riemann also studied model discrimination using heavy fla-
vor tagging. The expected results for the = 500 GeV col-
lider with Mz = 1 TeV are shown in Fig. 5. Riemann stresseg >
that these results are sensitive to the systematic errors for thes| 05

measurements on these final states. ol

Rizzo examined the capabilities of the NLC to determine both o
the mass as well as the couplings to leptons aggiarks of  -ozs} @@
7''s below production threshold. This can be done by collect-_os’ Q‘&
ing data at several different values@§. In his analysis he as- 025
sumedk, i, T universality, 90% ~ polarization, 50%-tagging  -o7s| ‘ ‘ os ‘ ‘ ‘
efficiency, 0.25% luminosity measurement error, angular de- v e ° 7
tector acceptance cut ¢ff| > 10°, final state QED and QCD ° ‘

corrections are included, and neglecting t-channel exchangq:iaure 5: Model discrimination foi/; = 1 TeV at\/s =
ete™ — ete~. To insure model-independence the values 815 TeV with L=50 fb-" for ete— — bb (left) ande+

o

. e~ —cc

the Z” couplings sy, acb) a_md Mz Were_chosen randomly (right). 60% (40%) tagging efficiencies and 1% (1.5%) system-
and anonymously. Performing the analysis for a wide range @f. orrors were used for(c). (From Ref. [19].)

possible mass and couplings then shows the power as well as the
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[Il.  NEW PARTICLES ters which describe electroweak precision measurements[2].

. it) Mirror fermions: These have chiral properties which are

. Many_theones peyond the SM of the electr(_)weak and strog posite to those of ordinary fermions, i.e., the right-handed

interactions predict the existence of new particles. For the Py smponents are weak isodoublets and the left-handed ones are
: T . ; ; ) \W%%k isosinglets. There is also a left-handed heavy neutrino.

major categories: exotic fermions and difermions. Other n ese fermions appear in many extensions of the SM and pro-

particle possibilities consist of new gauge bosons and excit\f;

) . ide a possible way to restore left—right symmetry at the scale
fermions; these are discussed elsewhere. For a broad overvie P y gnt sy y

) ) ) . Wlectroweak symmetry breaking. They have many of the
and introduction to new particles, as well as original referenc

. %%enomenological difficulties associated with fourth generation
see [21] and the subgroup report by Berger and Merritt [22]. fermions, such as the strict doublet mass splitting restrictions

. from contributions to the parameter.
A. Overview ii¢) Singlet fermions: These are the most discussed fermions

a) Exotic Fermions. New fermions are predicted by manyin the literature, a prominent example being the right-handed
gauge extensions of the SM and they often have the usDgHtrino inSO(10). Indeed, in this unifying group, which is
lepton and baryon number assignments while possessing neAe of the simplest and most economic extensions of the SM,
canonicalSU (2);, x U(1)y quantum numberse.g, the left— the smallestanomaly free fermion representation has dimension
handed components are in weak isosinglets and/or the righf- It contains the right-handed neutrino in addition to the 15
handed components in weak isodoublets. Fourth generatiyflyl fermions in one fermion generation; with this neutrino
fermions are sometimes considered in this class although th&ing of the Majorana type. Singlet neutrinos, which can be
quantum numbers are canonical. Some examples of these ex@tfter of Majorana or Dirac type, and new singlet quarks also
fermions are as follows: occur inEs theories.

i) Vector fermions: These are present, for instancefjn  b) Difermions.These are scalar or vector particles which have
grand unified theories[23]. In this example, each fermion gen&pusual baryon and/or lepton number assignments. Examples
ation lies in the representation of dimensf and in addition Of these particles are as follows:
to the fifteen SM chiral fields, twelve new fields are needed toi) Leptoquarks: These particles are color triplets with B
complete this representation. Among these, there will be twd /3 and L= +1. They naturally appear in models which
weak isodoublets of heavy leptons, one being right-handed andce quarks and leptons on an equal footing, such as Techni-
the other left-handed. Vector fermions can have SM invariggflor, composite models (where quarks and leptons are made of

masses and hence contribute very little to the oblique parartfée same subconstituents) as bound states of quark-lepton pairs,
and also in GUTs (for example ingEor Pati-Salam SO(10)
theories). We note that leptoquarks haeeantly returned to
. , prominence in the literature due to the excess of l{frevents
S in Deep Inelastic Scattering at HERA by both the ZEUS and
N L H1[24] Collaborations. Leptoquarks have fixed gauge cou-
N T _ plings to the photon, th&//Z bosons, and gluons (for spin—
PO ' i A 1 leptoquarks an ano_ma_llous chromo-magnetic moment may be
\ ’ present), and alsa priori undetermined Yukawa couplings to
B lepton—quark pairs which determine theiecdys. For phe-
g s o nomenologically relevant leptoquarks, this Yukawa coupling
should be chiral in order t&,g, restrain leptons from acquiring
too large a magnetic moment and to prevent large violations in
universality fromr decay. In addion, they should essentially
oo - E couple only to a single SM family to avoid problems with Flavor
os |- = Changing Neutral Currents.
os |- 4 The interactions of leptoquarks can be described by an effec-
o2 |- E tive low-energy Lagrangian. The most general renormalizable
ol @ SU(3)e x SU(2)r, x U(1)y invariant leptoquark-fermion inter-
| | | actions can be classified by their fermion numbeée- 35 + L,

0.0
1000 1500 2000 2500 3000

¥y (GeV) and take the form[25]

ap

ay

. . L=Lp=_2+Lp-o, 1
Figure 6: 95% CL allowed regions for the extracted values of ==z =0 @)

the (a) lepton (by-quark couplings, and (c)/z: for randomly ith
selected”’ parameters compared to the predictions of ke

model (dotted), LR model (dashed), UUM (dash-dot), SSM (S)Cp—_5
and ALR (A). For (c) only the:, > 0 branch is shown. In all

cases the diamond represents the corresponding input values.

(91065 im20r + g1RUGeR)S1 + G1rdSeR S

+g30.d5 ima 7l S5
(g2 dRVulL + 927" eR) Vop
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Here,qr and/; denote theSU (2) quark and lepton doublets, . | ] of I i
respectively, whileur , dr andeg are the corresponding sin-  1of " E al L] ]
ndi elds indi men- o oF LA [ z
glets. The indices of the leptoquark fields indicate the dimen- si- = i 1 2 f ]
sion of theirSU (2);, representation. The subscripts of the cou- 0=~ Al ‘ ; 0l L ULy .
_ L rep AT P X 0 500 1000 1500 2000 O 500 1000 1500 2000
pling constants label the lepton's chirality. For an overview of M, (GeV) M,; (GeV)

the phenomenology associated with a light, HERA-inspired lep-

toquark see for example [8] and references therein. Figure 7: Leptoquark signal and background mass distribution

i) Diquarks: These particles have=B+2/3 and L= 0, and ¢, second generation leptoguarks for the CMS detector. (From
are also predicted in composite models as bound states of quggk [28].)

pairs, and in Grand Unified models.g, the model based on
the s symmetry group).

i7¢) Bileptons: These particles have=B0 and L= 0, +2.
They occur ing.g, theories where the electroweak gauge grmﬁﬁI

for leptons is extended frorfU/ (2); x U(1)y to SU(3) and o .
tgr leptoquarks are gauge particless fixed to unity.
baryon and lepton numbers are conserved. They may carry 11_ .
he production of both scalar and vector leptoquarks at the

ther O or 2 units of lepton number and no baryon number. BiIeP- : 4 LHC h b iously di qin the lit
tons can appear both as scalar and as vector gauge particles gugtron an ave been previously discussed in the fiter-
re. Rizzo updated[27] these analyses and extended them to

can be singly or doubly charged; for instance, doubly charg ) . .

: : V33 and possible higher energy hadron colliders/at =
dilept b 15) GUTs. Bileptons have '°

llepton gauge bosons appearitr (1) 5. = OPOnS ave 69, 200 TeV. As is well-known, hadron colliders can distinguish

couplingsto ordinary gauge bosons which are fixed by gauge lar f tor lent ks f the si fth
variance, and Yukawa couplings to leptons which mediate thgf?'@l 'fom vector leptoquarks from the size ot the cross sec-

decays. For a detailed survey, segy@ers and Davidson[26]. tion, and perhaps tell us something about their charged lepton
; 3%Eanching fraction as well. However, we cannot learn about

one or more additional parameters such at the anomalous
romomagnetic moment, Note that for the case where vec-

Clearly the possible set of new particles is so large th , . . s
we cannot hope to examine production signatures and se leptoquark's electroweak interactions at a hadron collider.
reaches for all of the above at future hadron and lepttiitess or leptonic branching fractions of unity and a conservative as-
and so we will concentrate on the new work that was performgﬁmption about the number of required signal events the search
ches for scalar lepquarks were found to be 0.35(1.34, 4.9,

at Snowmass on just a few of these possibilities: leptoqu . !
production at lepton and hadron colliders, bilepton producti .4)Te_V at Tevas, _LHC and the two _hlgher energy colliders,
6F_Spect|vely, assuming that they rangip mode. The corre-

liders. F f old k on thi biect Rgpondingeaches for gauge boson vector Epiarks was found
[|21e]rs or & summary ot older work on this SUbJeCt, Se€ REh he 0.58(2.1, 7.6, 24.2)TeV. At the LHC a detailed study of

second generation scalar leptoquark pair production was per-
formed using the CMS detector fast Monte Carlo[28] in order
to understand backgrounds and finite resolution effects. The re-
At hadron colliders the best way to search for leptoquarkslts are shown in Fig. 7, where we see that the search reach
is through the pair production procegs gg — LQLQ with may be as high as/;o = 1.6 TeV.
the on-shell leptoquarks therechying into (1) two jets plus Another possibility which is not often discussed is the sin-
charged leptons, (2) two jets, one charged lepton and missgig production of leptoquarks vigy fusion,i.e, g¢ — LQ + ¢
energy or (3) two jets plus missing energy. Clearly the Shhere/ is either a charged lepton or a neutrino. The cross sec-
backgrounds increase as we go from (1) to (3) making discaien for this depends quadratically on the unknown Yukawa cou-
ery difficult. In most analyses, leptoquarks are consideredibng . For sizeable values ofthis process will dominate pair
be produced “one at a timé'e,, the fact that they may lie in production. For very small values afit is clear that the pair
nearly degenerate multiplets is usually ignored. Fortunately, pfoduction cross section is far larger even though a pair of heavy
leptoquark multiplets lead to a rather high branching fractioobjects is being produced. However, the single production pro-
B > 0.5, into the charged lepton mode as can be observed dsss allows one to study the size of the Yukawa coupling for
an examination of the Lagrangian above. For scakar,spin- a leptoquark which has already been observed through the pair
0 leptoquarks the cross section depends solely on their masprioduction mechanism. For example, Fig. 8 shows the single
the limit that theg/ L@ Yukawa coupling,, is of electroweak production cross section for a scalar leptoquark gfsa= 100
strength or lesd,e, A = A/e < 1. In the vector(spin-1) case TeV collider for very small values of. For luminosities in the
the situation is somewhat less clear. If vector leptoquarks am@ — 1000f5~! range very large event rates are obtained for
gauge particles then the cross section depends solely on tbe#lar leptoquarks as heavy as 1.5 TeV.
mass. However, it possible that the cross section may dependeptoquarks can also be pair produced at lepton colliders. As

B. New Particle Production at Colliders

852



108 17—
102 B - . Solid — LAC set 1
o E 108 4 Dash — GRV LO -
r \\ 1 E L Dotdash — DG 3
ol BN - F
N : 1ol 3
AR ] E
AN

~ L
IR N E S 100 L 9s = -1/3.-5/3 |
~ N [oF) ~ ~—
" DN = ’
~ N <)
m -1 SO _ -1
o Sl 107t = -
— S~ .
N Sl ]
T owep ~ 1072 Lovoi, cl Ll
p. 0 200 400 600 800 1000
< i ] My (GeV)
b 1{)*3 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 S

500 1000 1500 2000 2500 3000

M (GeV)

Figure 8: Single scalar leptoquark production cross sections o . g
a 100 TeVpp collider as functions of the leptoquark mass, for> ved photon contributions iny collisions. The photon beam

both thegu (dotted) andyd (dashed) intial states. The overal s due_ {0 laser backscattering inz o 1000 Gev co_llld_er. .
X S Y e g he different curves correspond to different photon distribution
Yukawa coupling has been rescaled to unit3 6f0—*.

functions (from Ref. [29].)

F(jiffure 9: The cross sections for leptoquark production due to re-

is well known, their production characteristics yield complet)%BL > 50)\../5 Where).. is the bilepton coupling tee, as
information about their spin and all of their electroweak quagy|aved inele:ig. 10 ’

tum numbers. The only difficulty is that the pair production
reach is limited by/s /2 and thus much attention has focussed
on single production of leptoquarks va collisions through ei-
ther the Weisacker-Williams process or at a true photon-electron
collider employing the backscattered laser technique. As shown 0.1
in Fig. 9 from Doncheski and Godfrey[29], for electromagnetic
strength Yukawa couplings the search reach is significantly ex-
tended in either case and that polarization asymmetries can be
used to determine the leptoquarks quantum numbers. Of course
this approach fails if the Yukawa couplings are substantially 0.05
smaller that this assumed strength.

If very heavy leptoquarks exist then they may be searched
for indirectly in £t¢= — ¢q since they constitute new- or
u—channel exchanges. Again the potential size of their influ- P
ence is controlled by the size of their Yukawa couplings. By N ! ! !
combining angular and polarization asymmetries as well as the
total cross section it is possible to examine which regions of

the Yukawa coupling-LQ mass plane would show such SenI'éﬁ'gure 10: Smallest observable scalar bilepton coupling as a

tvity. _Th|s case was analyzed m_detall by E_’;erge_r[30] f_or thﬁmction of the bilepton mass at the level one standard deviation
generic scalar leptoquark scenario. Assuming either right-.or

) i ey processes. The assumetk~ center of mass energies are

Ieftfhandeq couplings for the scalar Ieptoquz_irk and electrom J5.1, 2, and 3 Tev, from left to right. (From Ref. [26].)
netic coupling strength for the Yukawa couplings, both the NL
and the NMC were found to be able to probe scalar leptoquark
masses in the rangeb — 2,/s assuming canonical luminosities. Kalyniak and Melo[31] studied the single production of neu-

Cuypers and Davidson[26] have performed a comprehensiv@ heavy leptons in association with a massless neutrino at
examination of the search reach for bileptons at the NLC in thepton colliders. These particles may be produced either by
v, ve, ete” ande~ e~ collider modes. All of these modess—channelZ exchange and/or by’ exchange in the-channel
provide a reach up to the kinematic limit and can yield detailetpending on the leptonic flavor. These authors concentrated on
information on the bilepton quantum numbers and Yukawa caaimodel where every generation has a massless neutrino as well
pling structure. Using various modes, the reach for bileps one heavy Dirac neutrino. The cross sections are calculated
tons at the NLC with canonical luminosities was found to bia terms of the heavy lepton masses and a set of mixing pa-

0.125

0.025

mg [TeV]
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rameters which describe the experimentally allowed size of ttie resulting cross section can be large and they demonstrate
violation of unitarity due to mixing amongst all 6 neutrinos irthat the backgrounds from the more conventional SM processes
the3 x 3 light neutrino basis. For mixing parameters as large age small and can be controlled by both beam polarization and
allowed by current experiment the search reaches veenadfto various kinematic cuts.

extend out to the kinematic limit of a given machine as shown inAS a summary of new partide production we d|5p|ay in Ta-
Flg 11. For masses well inside the kinematic ||m|t, extremeMe 1l the search reaches obtainable at varioukdarss for the
small values of the mixing parameters, of order “~%), were particles surveyed here. We note that where the listed discovery
found to beaccessible. limitis larger than,/s, we have included the reach from indirect
effects. The question marks in the Table indicate that a detailed

o(pb) [ study has not yet been performed. Figure 12 presents the search
oo reach for new particles decaying into dijets at the Tevatron, for
several possible scenarios[35]. We see here that large integrated
03 luminosities will rrach the TeV range.
0.25 =
o T T
§14oo [ Tev33 Preliminary [
0.2 L \(qé 1] ]
[ S 1200 | E
i g 8 1
015 |- @1000 Lo ]
k! ]
o
0.1 L 1}‘\; 800 -
r (=]
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| - | y | ow i
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Figure 11: Total cross section vs the neutral heavy lepton Integrated Luminosity (fo™)

massMy for ete~ collider at three different energies?/s =

0.5 TeV (solid line), /s = 1.0 TeV (dashed line), an¢/s = Figure 12: Thé®5% C.L. mass reach for new particles decaying
1.5 TeV (dotted line) and fop.+ .~ collider at\/s = 0.5 TeV into dijets as a function of luminosity at the Tevatron.
(dash-dotted lineke i = 0.0071, piptmiz = 0.0014, 770 =

0.033 (from Ref. [31]).

Heavy neutrinos of the Majorana type are perhaps best probed IV. NEW INTERACTIONS
in e"e~ collisions since the initial state hds = 2. It was
pointed out many years ago[32] that heavy Majorana neutrinosfithout knowing what physics lies beyond the standard
exchanged in the— andu—channels, might mediate the proimodel we can take several distinct approaches. In previous sec-
cesse"e¢” — W zW, 5 at an observable rate. Since thations we explored the phenomenology of specific manifestations
time there has been some controversy concerning whether lasfieew physics. In this section we take a more generic approach;
rates can be obtained in the case where the SM gauge grlmgking for new physics via the effect they have on interactions
is not augmented due to constraints from other processes, swell below their typical scales. First we consider models of
as the lack of the observation of neutrinoless double betayd dynamical symmetry breaking and their “low energy” particle
There were two overlapping analyses presented at Snowmassectrum. Quite generally, if a low mass Higgs boson does not
this subject by Heusch[33] and by Greub and Minkowski[34gxist and the weak sector becomes strongly interacting at high
who both advocate models where large rates may be obtanergy a whole spectrum of states should exist, similar to the
able for suitable ranges of the parameters. In particular, HeusoW lying particle spectrum of QCD. This subject was studied
points out the rather large theoretical uncertainties in the nucl@adetail by another Snowmass working group [36]. However,
physics aspects of double betacdy in the limit that highly several members of the new phenomena working group also ex-
massive objects are being exchanged, in the truly short- amined the phenomenology of specific examples of this sce-
distance limit. Heusch argues that a number of quark-level imario; one-family technicolor and topcolor assisted technicolor.
hibition factors arise in this case, which when combined reduSecondly, we take this progression to its conclusion, that new
the size of the neutrinoless double betgaly matrix element by particles are not observed and new physics only manifests itself
more than a factor of 40. This substantially enlarges the paratinrough the existence of effective interactions at low energy. For
eter space over whiclT e~ — W, W can be sizeable. Greubthe detailed report see the subgroup summary by Cheung and
and Minkowski show in a very detailed analysis that the size Bifarris[37].
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Table II: New particle discovery reaches in TeV at futurliders. The luminosities for TeV33(LHC, 500 GeV NLC, 1 TeV NLC)
are assumed to be 10(100, 50, 10)", respectively. In the case of LQ's at the NLC, the first(second) value is for pair production
(single production with electromagnetic strength Yukawa couplings). The third value is the indaeltin the later case. The
guestion mark indicates that a Monte Carlo study has not yet been performed.

Particle TeV33 LHC 500 GeV NLC 1TeVNLC
Scalar LQ 0.33 1.6 0.25,0.455.0 0.5,0.9,6.5
Vector LQ ~ 0.5 ~22 02504530 05,0955
Axigluon 13 ~ 5.0 0.4 0.8
Heavy Q ? ? 0.25 0.5
Heavy L ? ? 0.25 0.5
Diquark 0.2—-078 ~5 0.25 0.5
Bilepton - - 0.45 0.9
A. One-Family Technicolor 3
Color Singletlfechnicolorp7
) . ) . [ Limits From W —>WZ Analysis
Eichten and Lane [38] described a one-family technicolor , e g e et
model with color triplet techniquarks and color singlet tech- I g Br(Lom) <(1/Ly m)”
nileptons. The techniquarks bind to form color singlet tech- S
nirhos, p£, and %, with mass roughly in the range 200 to A N T mitror 110p67
400 GeV. Color singlet technirhos can be produced in hadron 8
collisions through quark-antiquark annihilation. The expected uE [
decay modes are%l - W*Zz, W:tﬂ'%, Z?T:Tt, F:TEF% and H \\“‘-\_gmitforzfb"
Py — WEWT, W*rF, 7z, The technipionszr, in L R
turn decay predominantly to heavy flavorgy. — b, and E oBrio o Wj) ‘ o ]
7 — ¢b, tb. Techniquarks will also bind to “form color octet i NG
technlrhOSpT8 with mass roughly in the range 200 to 600 GeV.

Color octet technirhos are produced and decay via strong inter- 00 0 a0 s 0o

actions. If the mass of the colored technipions is greater than pr Moss (Gev/c)

half the mass of the technirho, then e, will decay predom-

inantly to dijets: prs — gg. If colored technipions are light Figure 13: 95% CL upper limit of - Br(pr — Wjj)vsM,,

thep7.¢ decays to pairs of either color triplet technipions (leptofhe solid line is the theoretically expected Br and assumes

quarks) or color octet technipions. pr1 — WX — Wjj = 100%. The dashed lines show pre-
dicted limits for 100 pb', 2 fb=!, and 30 flo'! respectively.

(From Ref. [39].)
1. pr1 — W + dijets at the Tevatron

The search fopr; — WX, whereX = W, 7, ornr, is
sufficiently similar to the search for a massik€ decaying to 2. pr1 — W + bb at the Tevatron and LHC
W Z that Toback [39] was able to extrapolate th€ search
to higher luminosities as an estimate of the search limits folWomersley [40] studied the procegg — pr1 — Wrr —
color singlet technirhos at the Tevatron. He considered the @k-)(bb), including the effect of tagging events with a final state
cay chainpy — WX — ev 4+ dijets, and required both the b quark, for the particular case 81,, = 210 GeV andM,, =
electron and neutrino to have more than 30 GeV of transverisé GeV. The signal is &V (reconstructed fron+- £r) and
energy,&r. He required at least two jets in the event, one witlwo jets with a resonance in the dijet mass;. The back-
Er > 50 GeV and the other witlizr > 20 GeV. The resulting grounds arédl + jets and¢t. Womersley generated signal and
W + dijet mass distribution from 100 pid of CDF datawas in background events using ISAJET and used a fast simulation of
good agreement with standard model predictions and was uieel CMS detector at the LHC. Events are required to have a
to determine the 95% C.L. upper limit on the; cross section, good}}’ candidate iz mode and two jets witlkr > 20 GeV
shown in Fig. 13. The acceptance for the technirho was ad || < 2.5. The single b-tagging efficiency was assumed
sumed to be roughly the same as fd#/a. The extrapolationto to be 50% with a mistag rate of 1% for light quark jets. Fig.
higher luminosities shows that TeV33 (301 should be able 14 shows the reconstructed peak in the signal sample, and
to exclude a color singlet technirho decayingitd + dijets that prior to b-tagging the signal is swamped by the large QCD
up to roughly 400 GeV at 95% C.L.. This covers the expectél + j; background. Fig. 14 also shows that after b-tagging
range in the one family technicolor model. the signal to background is significantly improved at both the
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Tevatron and the LHC. The signal to background is better at the 19" F— 107 prr
Tevatron but the rate at the LHC is considerably higher. Clearlg 10 i S ot
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Figure 15: The cross sections for (&) -pair and (b)i//z pair

- production via gluon fusion ipp collisions at\/s = 14 TeV.
b o f The solid curves are for thgy initiated backgrounds, and dot-
s i ted, dot-dashed, and dashed curves are for technipion masses of
s 250 GeV, 300 GeV, and 350 GeV respectively. The thick dot-
=t dashed curves are for the chiral limitf, = 0). (From Ref.

. [41].)
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- s =— from the combination of ETC and a dynamical condensate. In
T e e this case the new strong dynamics is a result of an extended
gauge sector which generates the four fermion interaction
Figure 14:p7; — W + np — (lv)(bb) search. (upper left) 2o

Leading dijet invariant mass distribution for signal at the LHC. FthRtRwL , 3)
(upper right) Same for signal (dark) and background (light)
at the Tevatron before b-tagging. Vertical scale is eventsfyere vy, is the third generatiory/(2),, quark doublet and
GeV/2 fbr!. (lower left) Same at the Tevatron after b-tagging! ~ O(1 TeV) is the typical scale of the new interactions. The
(lower right) Same at the LHC after b-tagging. Vertical scaleM gauge group is thus enlarged to

is events/10 GeV/0.5 fb'. All horizontal scales are in GeV.
SU(3 SU(3 U(1l U(l)s — SU(3 Uly, (4
(From Ref. [40]) (3)1xSU(3)a xU (1)1 xU(1)2 B)exU1)y, (4)

e moss I moss

where theSTU (3); andU (1); couple strongly to the third gen-
eration. The breaking of th€U (3) factors gives rise to a
set of massive degenerate color octet bos@js,with masses
3. 99— ZpZr, WiWy atthe LHC < 2TeV, as well as the usual massless gluons. Here we de-

Lee [41] studied the production of longitudinal gauge bosdi9te the massive color octet as topgluons, but they are some-
pairs via gluon fusion in the one-family technicolor at the LHGimes referred to as colorons in the literature[43]. Additional
Fig. 15 shows that when the invariant mass is above the threl§fieractions, represented in this model by the ekt(a) factor,
old for production of pairs of colored technipions, tHg ¥/, Mmust also be present in order to avoid b-quark condensation.
or Z1,Z;, signal cross section is greater than the standard mo(iEnis can also be achieved in axial Topcolor models, where the
background by over an order of magnitude. Assuming an itw field does not couple to th8U(3),, however this possi-
tegrated luminosity of 100 fbt, the Z;, Z;, signal, with over a bility will not be discussed here.) The additioria(1) gives
thousand events in the four lepton final stated ), will be rise to a TopcolorZ’ boson, which is expected to have mass
easily observable. < 2 — 3TeV. Constraints on thig’ from electroweak preci-
sion measurements have been considered in Ref. [44], with the
result thatd z. > 0.5 — 1.5 TeV for small values of thé/(1)
mixing angle.

Theories of dynamical electroweak symmetry breaking, suctHarris[45] has examined the production of topgluorezay-
as extended technicolor (ETC), have difficulty in generatirigg into ¢£, as well as the QCD background for this process,
large fermion masses, particulany,. This is circumvented and has included the projected experimental efficiency for re-
in top quark condensation models, where the massive top queskistructing the? final state, in order to estimate the topgluon
is acquired from(t .t ); however these dynamics alone do natearch reach in & resonanant state. The results are presented
fully break the electroweak symmetry. The necessary ingretfi-Fig. 16, assuming that the width of the topgluon is given by
ents to accomplish both tasks are present in Topcolor assigied\/, where M represents the mass of the topgluon. We see
technicolor[42], where electroweak interactions are broken wfzat the discovery reach probes the Tev scale for luniiiess
technicolor with ETC, and the large top quark mass is obtaingd2 fb—!.

B. Topcolor Assisted Technicolor
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Tollefson[35] has investigated the discovery reach for top- Min oLB(X 1) for a resonance
color Z’ bosons at the Tevatron, by examining the decay chain E i s
7' — it — fvbbjj. Using PYTHIA Monte Carlo, CDF detec- 1E . a
tor simulation, and full reconstruction for both signal and back- T o “
ground, she obtains the results displayed in Fig. 17a. Here, a po- o \ A
tential 5 resonance signal is compared to the expegtepro- e fi5* el "A”"A
duction cross section. We see that the search reach for a narrow T B o
7' approaches the TeV scale at TeV33. Rizzo examined[10] the . n'
indirect search reach for a topcoldf at the NLC. The results 4 . g
are shown in Fig. 17b, where we see that topcalbbosons O S Foroon e
with masses in excess of 4.5 TeV may be discerned from ex- 206500 é&?‘ e:vo/% 800 900 1000

amining charm and top quark pair final state production. This
explores the entire expected mass region for the existence of
these particles.
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Width I-/Mm.3 Figure 17: Topcolo¥Z’ search reach at (a) TeV33 as a function
] of its mass, where the width is assumed t@)l9d 2M (triangles)

G ] or0.1M (squares). (b) a 500 GeV NLC with 50fb, where the

Topgluon Mass (GeV) solid lines include data from, 1, 7 andb final states, and the

dashed curve also includes dataccandz.
Figure 16: The mass reach fdrdecays of opgluons of width

0.3 M. The production cross section (points) is compared to
the5s reach at the Tevatron with 2 f§ (dashed) and 30 ft#
(solid).

pattern of deviations [47]. Thus, if deviations were observed the
pattern would give important clues to the underlying physics. In
this section we follow this approach to find how precisely fu-
ture colliders can measure several of the termS.p,. While

C. Effective Operators we concentrate on specific terms, related analysis putting con-

straints on other types of new physics can be found in reports of

As we have seen in previous sections, new physics can Shaw strongly Interacting Weak Sector working group.
up either through the direct production of new particles or

through deviations of precision measurements from their stan- i

dard model predictions. A powerful and systematic approach to 1. Contact Interactions

parametrizing the effects of new physics is to use an effectivecontact, or four Fermi, interactions have long been used to
Lagrangian (. ) with the various terms ordered in terms oharametrize the effects of fermion substructure as form factors

an energy expansion of the scale of new physics: or the residual effects of constituent binding forces. Neverthe-
1 1 less one of the first manifestations of contact interactions was
Lepr = Lo+ Kﬁl + Fﬁz + ... (5) Fermidecay with its characteristiogpling,G r, having dimen-

sions of inverse mass squared and which we now know to be a
In this approach, an effective Lagrangian obeys the SM symnhew energy approximation tdl’-boson exchange. In a previ-
tries and is constructed out of the SM fields. The leading termas section we saw how the effects of new gauge bosons could
are given by the SM while the coefficients of higher dimensidre observed through deviations of precision measurements with
operators parametrize the effects of new physics. The effeontact terms proportional ty M2, (for a fixed/s). One can
tive Lagrangian for an analysis of new interactions was writtémagine that contact interactions can signal many other types
down by Buchraller and Wyler [46]. Specific examples of newof new physics. So we see that contact interactions can indi-
physics will modify the coefficients of.;; in unique patterns cate many types of physics beyond the standard model, with
characteristic of the new physics. For example, Laystaal. the pattern of new interactions pointing to the nature of the new
have shown that the existence ofawould result in a unique physics.
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In this subsection we consider contact interactions féor disentangling the chiral structure of contact terms if they
(fF)(#'f"). The lowest order four-fermion contact interactionyere observed. More importantly, the higher tagging efficien-
of dimension 6, can be written most generally as cies atete™ colliders results in higher limits fok (¢£¢¢) than
can be obtained at* 1~ colliders (up to a factor of two for the
cc case). These results are included in Table IIl.

2
g= et (q'y“q + }"M'y“ﬁ)

SAT (q'mq + fzﬁ'yuﬁ) :

L/R(G) e

where the generation and color indices have been suppressed, @ e'e - bb
n = +1, andF; is inserted to allow for different quark and lep-
ton couplings but is anticipated to l§&1). Since when these
operators are used to parametrize substructure, the binding force
is expected to be strong whe&p¥ approaches, it is conven-
tional to defingy?; ; = 47. However, it should be remembered
that if other types of new physics give rise to these operators,
¢? could be much smaller. The subscriptR indicates that the 0-0_1 0 s 00 s
currents in each parenthesis can be either left- or right-handed ' ' ' '
and various possible choices of the chiralities lead to different
predictions for the angular distributions of theactions where S ) _
the contact terms contribute. Contact interactions can affect jd@uré 18: Thecos ¢ distribution for unpolarized*e~ — bb
production, the Drell-Yan process, lepton scattering etc. Cof-F/cym = 0.5 TeV. The solid line is for the SMA = oc).
pared to the SM, the contact interaction amplitudes are of ordgiPolarized* e~ withn,;, = +1. Dashed line fon = 5 TeV,

$/a,A? or §/a.,A? so the effects of the contact interactiondotted line forA = 10 TeV, dot-dashed foh = 20 TeV, and
will be most important at large. dot-dot-dashed fok = 30 TeV.

L/R

=
=N

do/dcosO (pb)
o =
N =N
A e e e B B A

=

cos@

Lee'e” Contact Terms: Cheung, Godfrey, and Hewett [48] stud- P. de Barbarcet al [50] studied the effect of a left handed
ied ££¢'¢' contact interactions at futueg e~ andut i~ collid-  contact interaction between quarks and leptons at the Tevatron.
ers and derived limits on the new physics scalasing the re- They compared the invariant mass distributiort©pairs pro-
actionsete™ — ptp~ andutp~ — eTe~. Forillustration, duced in Drell-Yan production for the SM with that obtained
we show in Fig. 18, theos ¢ distribution forete~ — bb at  assuming a left-handegd¢/contact interaction for various val-
Vs = 0.5 TeV for the SM and with the contact term presentes of the scaleA. A contact interaction would result in an
for n = 1 and various values of. The effects of the contactenhancement of the dilepton differential cross section at high
term are qualitatively similar for other final states. To obtaimvariant mass. Fig. 19 shows the Drell-Yan cross section for
the sensitivity to the compositeness scale theyyset+1 and various values of the scalg;, (ee). Barbaroet al estimated
performed ay? analysis, comparing the angular distributionthe sensitivity of Tevatron measurements with higher luminosi-
for a finite value ofA to the SM predictions. The detector acties using Monte Carlo simulations. Using 110plof CDF
ceptance was taken to hesd| < 0.985 for theete~ collider data on dielectron production they report preliminary limits of
and |cosf| < 0.94 for the u* p~ collider. The angular distri- A7, (¢¢ — ete™) > 3.4 TeV and A}, (¢¢ — ete™) >
bution was divided into 10 equal bins. The 95% CL that caih4 TeV at 95% CL. Combined with the dimuon channel they
be obtained o\ are given in Table Ill. The sensitivity th in  obtain limits about 0.5 TeV more stringent than with electrons
contact interactions was found to range from 10 to 50 times th®ne. Assuming present detector performance, with 30 &
center of mass energy. Polarization in the:~ colliders gives integrated luminosity for TeV33 the Tevatron will be sensitive
slightly higher limits than those obtained at unpolarizeg.~ to A}, < 14 TeV andA;, < 20 intheee channel.

colliders of the same energy.

In addition to thee ¢~ mode, Kumar examined the physicgg — ¢¢ Contact Terms: An excess of events with highr
reach of fixed target Moller scattering at the NLC [49]. Hgets in hadron collisions is a well known signature §gr— qq
found thatA.. could be probed to roughly 50 TeV in this man€ontact interactions. However the uncertainties in the parton
ner. distributions, ambiguities in QCD calculations, and uncertain-

ties in jet energy measurement make it difficult to discover a
LLqq Contact Terms: Cheung, Godfrey, and Hewett [48] alsojg — ¢¢ contact interaction. Another signal g§ — ¢¢ con-
considered th&¢qq contact interactions at futurete~ and tact interactions which is not very sensitive to these problems
ptu~ colliders. They restricted themselves axé and ¢¢b6 s a dijet angular distribution which is more isotropic than pre-
terms where the heavy flavor final states can be tagged. Tlsted by QCD. Using this approach gives the limits on new
used the samg? analysis described above and assumed flayainysics scales given in Table I [51, 52].
tagging efficiencies of, = 60% ande. = 35% (¢, = 60%
ande. = 35%) for theete™ (utp~) colliders. They found ¢¢ — vy Contact Terms: The lowest dimension gauge invari-
that using polarized~ beams could probe slightly higher masant operator involving two fermions and two photons is a di-
scales than thet .~ case, and were potentially very importantension 8 operator which induces;@y~ contact interaction.

858



Drell-Yan differential cross—section

2. Anomalous Couplings

ass DIELECTRONS (=110 pb~'), CDF preliminarly

CDF Preliminary | The lowest order interactions between a quark and gauge bo-

—— CTEQ 3L, LO+k_factor Z+DY —|

At ey ] son are dimension 4 and 5 operators of the form

A_=1.5 TeV

N — T |G 1 g
N YO Legr = 9547 VG + 4my oG 4m,
1078 | A_=3.5 TeV - (8)
o | This particular case corresponds to interactions between a quark
and gluon where /2m, andz /2m, correspond to chromomag-
Ta— ‘Im‘afjin‘tQ;i“’ﬁfme,ft‘if’m ‘[Gev‘fcé‘}‘ o netic (CMDM) and chromoelectric (CEDM) dipole moment
couplings of quarks. There are analogous expressions for cou-

Figure 19: Comparison between CDF Drell-Yan cross-sectiBHnds to they and 7. Although these couplings are zero at

measurement and the theoretical predictions for various val(i& €vel, within the SM they can be induced at loop level. A
of the scale\ 1. (¢qee) (for n = —1) for the dielectron channel. related example would b@ — 7. One_ should be cautioned
From ref. [50] that although the factors in the denominator are taken by con-

vention to ben, so that these terms may be expressed as quark
dipole moments, strictly speaking,, the scale characteristic

Assuming parity and CP conservation, this interaction is giv&h Substructure or other new physics should be used. These

[ = 92/95 Run high m

1072 | Normalization Factor -
ay (DATA) /o (THEORY) = 1.12

[ A_=2 TeV

1074 - A_=2.5 TeV

K

oh AP GZV q.

d®o/dMdy for |y|<1 [pb/(GeV/c?)]

1078 | A__=1000 TeV —

=)
|
s

by: dipole moment couplings are important because they are only
2ier L, o suppressed by one powerdiand also becausen@nzero value
L= FQqF“ Fqvu0ug (7)  of the CEDM is a clean signal for CP violation. The above La-

wheree is the electromagnetic coupling, ands the associated grangian is valid for both light and heavy quarks. In addition to

mass scale. The observation of the signatures associated WRFCIPINg an effectivegy vertex it also induces ggy inter-

this operator would be a clear signal of compositeness. RiZ¥g0on which is absentin the SM.

analyzed the effects of@ — v~ contact interaction at hadron Cheung and Silverman studied the effects of anomalous
colliders [53]. Fig. 20 shows the integrated event rates for isgMPM and CEDM of light quarks on prompt photon produc-
lated diphoton events with invariant mass larger tmm at tion [54]_. Erompt photon production is sensitive to the gluon
the LHC with 100 fl ! luminosity. The cross section is changed/Minosity inside a hadron because it is mainlpguced by
most at highMW”. In addition the photon pair will tend to peduark-gluon scatten_ng. For the same reason it is also s_ens_ltlve
more central with higher average valuesef The limits that to anomalous couplings of quarks to glupns. The contributing
can be obtained at various hadron colliders are given in TaiPProcesses for prompt photon productiongdigy — v¢(4)

IIl. The results show that for a given center of mass energy tiBd4¢¢ — 79. The prompt photopr spectrum is shown in Fig.

i colliders probe higher mass scales tharcolliders kecause 21 for the SM and for nonzero valuesrafNonzero values of
of the highery luminosity. increases the cross section in the higffy) region. They found

that CDF and DO data exclude$= «/2m, < 0.0045 GeV~1.
However, as stated above, if we rescalewith a value of

A = 1 TeV we findk < 4.5. Naively, we would expect

k ~ O(1). Silverman and Cheung further estimated the sensi-
tivity of the Tevatron and LHC to anomalous CMDM's of light
quarks. By binning the jel’r distributions such that each bin
would have at most a 10% statistical error from SM QCD they
obtained the sensitivities & = 1/A given in Table Il [55].
Note that these sensitivities are based ens or 68% CL. The
effects due to nonzero CEDM will be the same because the in-
crease in cross section is proportionalg + ).

: 3 Because of the top quark’s large mass it is believed by many
ot bl b that the detailed physics of the top quark may be significantly
My (GeV) different than the SM and that the top quark may provide a
window into physics beyond the SM. Rizzo examined anoma-
lous top quark couplings to gluons via top quark production at
hadron colliders [56] and* e~ colliders [57]. At hadron col-

as a function OMW”;Z'” subject to the cuts) > 200 GeV and liders the contributing subprocesses to top pair production are

In,| < 1. From top to bottom the dash-dot curves correspondé 99 = - The existence of a nonzero CMDM will change
A = 0.75. 1.0. 1.25. 1.75. and 2.0 TeV. The solid curve is thl%oth the total and differential cross sections. The higher center-
QJE:D predi'ctior'l ' ' of-mass energies at the LHC will probe beyond the top-pair

threshold which will result in much higher sensitivities to the
CMDM. do/dM;; anddo /dpr distributions are shown for the

N/100 fb~*

Figure 20: Diphoton pair event rate for the LHC with 100 tb

859



104 - n()| < 0.9 -

AR(7.j) > 0.7

*LO QCD x 1.3

(pb/GeV)
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Figure 21:d?¢/dprdn in prompt~y production for pure QCD
and nonzero values of CMDM of quarks. The data points are N
from CDF. (From Ref. [54].) 100 A =

(c)

SM and with anomalous couplings in Fig. 22 for LHC energies.

Non-zerok leads to enhanced cross sections at largeand

M,;. Rizzo estimated the sensitivities of these distributions to

anomalous couplings using a Monte Carlo approach and taking

into account systematic errors. The 95% CL foof the top

quark are-0.09 < k < 0.10 and|x| < 0.06 for the M, andp,

dIStrIbUtlons respeCtlvely 1078 0 500 ‘10100‘ - ‘15100‘ 2000 2500 3000
Rizzo examined the use of final state gluons as a probe for Py (GeV)

studying anomalous top-quark couplings at the NLC [57]. He

found that the rate and corresponding gluon jet energy distribu-

tion for thee™ e~ — tg are sensitive to the presence of anomasigure 22: (a)y/ invariant mass distribution at the LHC for var-

lous couplings of the top to the photon afdat the production jous values ofc assumingn; = 180 GeV. (c)t{ p, distribu-

vertex as well as to the gluon itself. The sensitivity to anomgon at the LHC. In all cases, the SM is represented by the solid

lous gluon couplings is illustrated in Fig. 23 for a 1 TeV NLCcurve and the upper(lower) pairs of dotted (dashed, dash-dotted)

The resulting constraints are quite complementary to those eirves correspond to= 0.5 (-0.5), 0.25 (-0.25), 0.125 (-0.125)

tained using other techniques. respectively. From ref. [56]

102

do/dp, (fb/GeV)

U N .
o Sx
RSN

3. Excited Fermions

Although itis expected that the first evidence for quark and/ol'1ySiCS topics that we examined covered specific cases of new

lepton structure would arise from the effects of contact inter G . .
) ; . . ; enomena such as new gauge bosons, new fermions, and di-
tions direct evidence would be given by the observation of eX-

. . o . . Termions, to more subtle hints of physics beyond the standard
cited fermions. Harris investigated the prospects for dlscovennﬁ . : .
. N . . - . del via low energy effective operators which subsume the ef-
an excited quark™ or d* decaying to dijets at hadron ltiders ; : :
. S . fects of new physics at a much higher energy scale. To deal with
[58]. Theggq* interaction is described by ) L
this abundance of possibilities, it seems to us that the most pru-
o= iQa‘“’G ) dent approach in deciding upon future facilities is to ensure that
= 9p e we are prepared for all of these possibilities. We should have the
where ) represents the excited quark. Harris considered tﬁ%pabmty to explore as many gxamples of new physics as our
Imagination can conceive and in as many processes as we can.

processyg — ¢* — qg via a dijet resonance signal and in-

cluded QCD background assuming an experimental dijet sthse ideal situation for this is to have hadron and lepton collider

. . . ._facilities with comparable constituent center of mass energies.
resolution of 10%. The estimatéd discovery mass reach 'S s likely as not, when nature finally reveals her mysteries it will
1.1 TeV at TeV33, 6.3 TeV at the LHC, 25 TeV at a 50 Ty Y ' y Y

collider, and 78 TeV at the 200 TeV PIPETRON collider. D¢ 1Otally unexpected.
At the time of writing, the two HERA experiments have in-
V. FINAL THOUGHTS dlc_ated an_une);pecte(_j excess of events in De_ep Inelastic _Scat-
tering at high@Q-. To interpret these observations (assuming
In this report we examined the potential of future collider fahey are not due to a statistical fluctuation), results from a broad
cilities to study a broad range of new phenomena. The rangeafige of experiments have been found to be important: from
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Table I1l: New Interactions searcleaches in TeV.

Interaction TeV Tev33 LHC pp NLC NLC NLC NLC ptu= putp~
V5 (TeV) 2 2 14 200 0.5 1.0 1.5 5.0 0.5 4.0
Lfb~! 0.11 30 100 50 200 200 1000 50 1000
Dimension 5 Anomalous Couplings

A 2.8 35 17 ~5 ~10

Dimension 6 4-fermion Contact Interactions
Aprp(ee = pp) — — — — 32 63 77 210 28 170
Arp(ee = pp) — — — — 29 57 70 190 25 150
App(ee = pp) — — — — 29 58 70 190 25 150
App(ee = pp) — — — — 31 62 76 210 27 160
Arr(gqg—¢0) 29 14 - —
Arr(eg—g7) 16 — 15 —
Arr(ee = cc) — — — — 33 65 80 210 19 110
Arr(ee = c@) — — — — 28 57 69 190 16 92
Apr(ee = co) — — — — 27 49 60 160 5.7 42
Arp(ee = ce) — — — — 34 62 76 210 15 90
Arz(ee — bb) — — — — 38 75 92 250 29 180
Arr(ee — bb) — — — — 30 61 77 210 22 140
Arr(ee — bb) — — — — 33 65 78 230 21 120
Arg(ee — bb) — — — — 33 67 82 250 20 120

Dimension 8 Contact Interactions

At(qi—~y) 075 — 28 23
A (¢g¢—~y) 071  — 29 16

Discovery Reach for Excited Quarks
0.75 11 6.3 78 — — — — — —
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