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Abstract

We examine the ability of future facilities to discover and interpret non-supersymmetric new phenomena.
We first explore explicit manifestations of new physics, including extended gauge sectors, leptoquarks, exotic
fermions, and technicolor models. We then take a more general approach where new physics only reveal:
itself through the existence of effective interactions at lower energy scales.
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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@éndiana), 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 Staégory. We note that our physics matrix is strikingly similar to
- Mont Alto), E. Eichten (FNAL), C. Greub (DESY), R.that presented in the Proceedings of the 1982 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. Maeshima (FNAL), |. Melo (Carleton),  Before turning to our investigations of searches for new phe-
W. Merritt" (FNAL), P. Minkowski (PSI), R. Peccei (UCLA), S. nomena at high energy colliders, we note that virtual effects of
Riemann (Zeuthen), T. RizZSLAC), 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 &fth a recent example being given by the strong bounds on the
plore explicit manifestations of new physics, including extendeflass of a charged Higgs boson from the deBays X,~[3].
gauge sectors, leptoquarks, exotic fermions, and technicqleither 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 b@st fail because they predict too small a value of the unifica-
resulted in numerous attempts to discover a more fundamei@h scale, implying a rapidly decaying proton, as well as lead-
underlying theory. In planning for the future, it is reasonable tag to values ofas (M) which are significantly smaller than
consider what classes of new interactions might exist and whiaé experimentally determined value by many standard devia-
types of facilities would be best to first discover them and the&ions. The oft-quoted remedy to this situation is to introduce
to elucidate their properties. In fact, numerous types of expesiipersymmetry at the TeV scale[4, 5]. In fact, the introduction
ments may expose the existence of new physics; here we foefithe 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 thdsined at a higher scale and there is agreement with present data.
that are unexpected. Unfortunately, it is difficult to concretelifhe 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 sufficieint larger SUSY GUTSs, such as supersymmefi@(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 pasmena which are discussed in the first two sections of this re-
sibilities were investigated at various collider options. The apert. In particular, it has been shown[6] that successful 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



possible for non-supersymmetric models with additional par- signél 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.

is that where the SM particle content is augmented by a w . . .
. = X N this report we summarize the results of these studies and at-
iso-doublet of leptoquarksR:r., to be defined below) and an . ! )

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 Obtarrqgry will omit important details of the various calculations. We
the valuea,(Mz) = 0.123 and a proton lifetime ofl 032+! '

ears consistent with experiment therefore direct the interested reader to the more complete and
y P ' detailed subgroup summary by Rizzo [10] and the individual
contributed reports to the proceedings.

(A9D) W A. Introduction to Models
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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

2 SO(10) or Eg. 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 Ey effective rank-5 model (ER5M) which predicts
T ] a Z' whose couplings depend on a parameter/2 <

e 0g, < m/2. Modelsy (0g, = 0), x (g, = —7/2), |

(0p, = —cos™' \/3/8), andn (g, = cos~*/5/8) de-

note common cases discussed in the literature.
n2t' 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.

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

Il. NEW GAUGE BOSONS rameten.24 < s < 0.9

The Left-Right Symmetric Model (LRM) based on the
groupSU(2)r x SU(2)r x U(1)p—_r which has a free
parameter = gr/gr, > 0.55 which is just the ratio of the
gauge couplings.

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

New gauge bosons (NGBs) are a feature of many extension‘%
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 models. The Alternative Left-Right Model (ALRM) based on the
It is therefore important to study and compare what the next same extended group as the LRM but now arising figm
generation of colliders can tell us about NGBs. There is a vast where the fermion assignments are different from those in
literature on the subject of discovery and identification of NGBs  the LRM due to an ambiguity in how they are embedded
[9]. The NGB subgroup goals were to extend previous studies in the27 representation.

in several directions: ) ) )
Details of these models and complete references are given in

1. To extend the existing analysis to the colliders included ggf. [9].
part of the Snowmass study that have not been previouslyithough searches for NGBs, and indeed any new particles,
studied. are of interest on general grounds, if there are theoretical moti-

ations for them to be accessible at existing or future colliders

g_eir phenomenological interest is enhanced considerably. In a

contribution to these proceedings, Lykken [11] examined this

issue for the case of a ne(1)’ gauge group in the general

3. To redo earlier studies including important considerationentext of SUSY-GUTS and String Theory with weak-scale su-
so far neglected. For example, the cross sectionsZfor persymmetry. He found that a broad class of models predict a
andW”s at hadron colliders have almost always been cat’ boson whose mass is in the rarij® GeV — 2 TeV. How-
culated in the narrow width approximation, generally dever, these models require either discrete tuning ofti(ie)’
caying only to standard model fermions, and not includintharges or a leptophobi€’.

2. To extend studies to include gauge bosons that have
ceived incomplete attention in the past, in particular di
covery reaches fdiv’’ bosons at*e™ colliders.



Two distinct search strategies exist for extra gauge bosors.”® [
Indirect evidence for gauge bosons, where deviations from the'* |
standard model would signal new physics, are the primary ap—i g
proach aete™, e~e™, utu~, andep colliders while direct ev- F
idence signalled but clusters of high invariant mass lepton pairs , ¢
is the primary strategy employed at hadron colliders. A large , |
literature exists on search strategies for extra gauge bosons and |

their discovery limits, for existing and proposed high energy , £

1
4000

L
6000

I
4000

L
6000

colliders. ESX*WOde‘m<‘+r)/GEV Esﬁ—mode\mOT)/GEV
u 16 16
§ 14 =
1. Hadron Colliders Yk
10
In hadron colliders NGBs will generally reveal themselves |
through decays to charged lepton pairs frbosons and to 6 L
charged leptons plus missidgy for W’ bosons. There are ex- 4 ©
ceptions such as leptophoh#’ bosons decay to quark pairs 2 f
which would be observed as bumps in dijet invariant mass dis- o =—— === T e
tributions [12]. m(TT)/Gev m(I")/Gev

LR—mode ALR—model

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 detector acceptances 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-it 775 andiv"’s are to be found at lepton colliders their exis-

idated this approximation as a good estimator of the true seagghce is most likely to be revealed through deviations from SM
reach. The discovery reaches for hadron colliders are SUMmMasdictions. To represent a meaningful signal of new physics
rized in Table | [14]. TeV33 will, for the first time allow us t0 jeyiations should be observed in as many observables as pos-
approach the 1 TeV mass scale forbosons. For the 60 andsjple. Typically observables are constructed from cross sec-
200 TeV machines the highet luminosities in thepp mode tions to specific fermions in the final state; cross sectietis,
leads to significantly greatgr- 30 — 50%) search reach. Itis forward-backward asymmetries). ,, and left-right polariza-
important to note that in many mod.els thé can qlso decay tion asymmetriesAfR, wheref = u, 7, ¢, b, andhad —=sum
to exotic fermions and/or SUSY particles Wh'c,h W,'" redue over hadrons. Expressions for these observables are included in
and thus the search reacr_l (about 10% reduction in search rqﬁ‘jbontribution of Godfrey [17]. The report by Godfrey gives
for a factor of 2 decrease ifi;) [14, 15]. discovery limits for high energy™e~ andu* .~ colliders. The
Wulz performed detailed Monte Carlo studies#fdiscov- main distinction between the two types of colliders is #at
ery limits for the LHC at,/s = 14 TeV using the CMS detector colliders should have high polarizations whilé .~ 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 afidbackgrounds jzation (for theete~ 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 ftbmto be overly optimistic for the.t 1.~ collider. Rizzo performed
andbb are completely negligible. Figure 2 shows reconstructedsimilar analysis except for the" e~ colliders he included-
invariant mass spectra fd/z: = 5 TeV and an integrated lu- quark final states and the additional complications of angular
minosity of 100 fb'!. The discovery limits obtained by Wulzcuts 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 the Z’ case W searches have many subtleties. Typireases the reach by 15-80%, depending on the specific model
cally, search limits are obtained by assuming (i)¢figV pro- and the machine energy.
duction vertex has SM strength, (it)= 1, (iii) |Vz,;| = |Vr,; In principle the NLC can be run in a polarized e~ mode
(the CKM mixing matrixVy = V1), and (iv) B(Wg — fv) with luminosity and polarization comparable to thee~ mode.
is given by the decay to SM fermions. If assumption (ii) is inSince bothe~ beams are polarized the effective polarization is
valid large search reach degradations are possible, especiallaier 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 o#Za. Cuypers studied the sen-
Again, the search reaches are higher25%) in the case opp.  sitivity of ete™ — uTpu=,ete”™ — eTe” ande e™ — e e

Fgure 2: Invariant mass spectra for fatirmodels withM 7, =
eV. (From Ref. [16].)




rors due to imperfect polarization measurement, finite detecewer, 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 thiee™

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 searched#drat 04 1 o

0.6 0.6

04

"
eTe™ colliders. In a contribution to the proceedings Hewett o> [ + 02 | .
[20] studied the sensitivity of the reactierie™ — vy to W’ o b +++ W BT ++++
bosons which would contribute via t-channel exchange. She f+ ag F

found that the resulting photon energy spectrum would be sensi-~ a3 o a3

tive to aWg mass of at mostx /s inthe LRM andinthe UUM %4 |- e

theWx discovery reach barely extends abgyefor smallval-  —0.s bbb ool gp Bl bbb oo
ues ofsin ¢. However for larger values afn ¢ the reach grows oo y ool y
to several times/s due to the increase in leptonic couplings for o - 0.6 ¢

sin¢ > 0.5. Although these preliminary results do not directly _, ¢ os F
compete with the discovery reach at the LHC they do demon- | . 4,+++
strate that it is possible to observe the effectd@fbosons with ~ ** ++ <+ | °F +
masses greater thais atete™ colliders. oY +++ 0 +
-0.2 | -02 | +++
C. Coupling Determination 04 | o4 [

If evidence for NGBs were found the next task would be to-0¢ =4ttt 0 bbobn bl

obtain information that would verify the discovery and could LR model y AL el y

determine the nature of the NGB. Both hadron and lepton col-
liders can play complementary roles in this task, each havin
strengths and weaknesses. If a strong signal for a NGB w
obtained at hadron colliders one could proceed directly to m
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 physics is more complicated. To 2. Lepton Colliders

measure the couplings one would have to independently dete{-

mine the NGB mass since counlina’s values scaIM@Ts“ 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 curre,{} B were observed at a Lepton collider, the measurement of
status of NGB identification. For the most part existing studi?ﬁ '

of NGB identification have not included the limitations of us; - NGB co.uplllngs WOUld. be of primary Importance. A num-
) - L . . ber of contributions examined this problem for the NLC. Both
ing realistic detectors. This is especially important for hadr

colliders. For lepton colliders virtually all existing studies ex- uypers [18] and Riemann [19] assumed a specffianass

amine how well couplings can be determined if the NGB mawith the collider operating below this energy. In his analysis
uypers [18] included polarization error, detector angular res-

is known. A main effort of the NGB subgroup was to extend exz 2." ~" = . T S
. . . o o".mon, initial state radiation, and luminosity measurement er-
isting studies to realistic detectors and to determining how we

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

. lider with L = 50 fo—! operating in eithee~e* ore~e~ mode,

1. Hadron Colliders and assuming{z: = 2 TeV he found thavz, andaz could

Although the totalZ’ production cross section at a hadron cobe measured to abodut0.3. Riemann [19] followed a simi-

lider is a function of theZ’ couplings, the leptonic cross sectiorlar 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 Z’ couplings is a daunting task due to large back: = 100 fb—!, 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 asymmetryAdrp. 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 f&f
models in Fig. 3. ltis clear that these models would be distasses up t2—3./s. It should be noted that the lepton observ-
tinguishable forM . up to about 3 TeV and depending on thables only depend on products or squarea’pﬁndv} which

ure 3: Z' asymmetries in dilepton channels at the LHC for
7 =2 TeV. (From Ref. [16].)
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to SM fermions only are taken into account. The luminosities for the Tevatron, LHC, 60 TeV, and 200 TeV colliders are taken to
be 10, 100, 100, 100061, respectively.

Machine X 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 5.5 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

putu 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§or = 0.5 0.75,
and 1 TeV with associated integrated luminosities of 70, 100,
05t X and 150 flo!. A 5-dimensional 95% C.L. allowed region for
LR» the mass and couplings is then found from a simultaneous fit of
ol ¢ the various observables for the given energies. Figure 6 shows
“;:::;::\ 38 projections of the 5-dimensional region onto a 2-dimensional
osl N h plane. To give these results a context, the expectations of sev-
o meesre eral well-knownZ’ models are also shown. Rizzo’s results
T ‘ ‘ again show the 2-fold ambiguity pointed out above. These re-
a ’ a 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 €IS. Rizzo also found that one needs at least 3 valuggsdb
they, ¢, or LR model for differentZ’ masses. The left and rightf'”d Mz and that spreading t.he |'ntegrated Iym|n05|t|es over t.oo
figures are fok/s = 500 GeV, L = 50 fb~! andy/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 valueldf; results in a
much better measurement of the couplings.

> >

0.5

-0.51

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 &ggiarks of — -o2sf @@
Z"s below production threshold. This can be done by collect-__ | Q@
ing data at several different values.gk. In his analysis he as- 0%
sumeck, i, 7 universality, 90% ~ polarization, 50%-tagging ot ‘ ‘ o ‘ ‘ ‘
efficiency, 0.25% luminosity measurement error, angular de- ° oz oo ° o
tector acceptance cut ¢ > 10°, final state QED and QCD ° ¢
c?rrriections+ar_e inclgded, and neg]ecting t-channel exchang%jaure 5: Model discrimination fopd; = 1 TeV at\/s =
ete /—> ete”. To insure model-independence the values gf= 1oy with L=50 fb-! for ete— —s bb (left) andete~ — e
the Z* couplings {r,p, ar,p) and My, were chosen randomly (igny) 609 (40%) tagging efficiencies and 1% (1.5%) system-
and anonymously. Performing the analysis for a wide rangeé{{g

: . c errors were used for(c). (From Ref. [19].)
possible mass and couplings then shows the power as well as the

[=}




M theories b d the SM of the elect K and st ters which describe electroweak precision meaéuréments[Z].
__viany theories beyond e ot the electroweak and S rongu.) Mirror fermions: These have chiral properties which are
interactions predict the existence of new particles. For the pur

oses of this report, these new states can be organized into E\&E}osite to those of ordinary fermions, i.e., the right-handed
pOsS eport, the . . org ponents are weak isodoublets and the left-handed ones are
major categories: exotic fermions and difermions. Other new

X L : .Weak isosinglets. There is also a left-handed heavy neutrino.
particle possibilities consist of new gauge bosons and excmﬁa

fermions; these are discussed elsewhere. For a broad overyie ese fermions appear in many extensions of the SM and pro-
Lo . o 0t a possible way to restore left-right symmetry at the scale
and introduction to new particles, as well as original reference

. of'electroweak symmetry breaking. They have many of the
see [21] and the subgroup report by Berger and Merritt [22]. phenomenological difficulties associated with fourth generation

. fermions, such as the strict doublet mass splitting restrictions
A. Overview from contributions to the parameter.

a) Exotic Fermions. New fermions are predicted by many iii) Singlet fermions: These are the most discussed fermions
gauge extensions of the SM and they often have the usliathe literature, a prominent example being the right-handed
lepton and baryon number assignments while possessing nBgutrino inSO(10). Indeed, in this unifying group, which is
canonicalSU(2);, x U(1)y quantum numbers.g, the left— one of the simplest and most economic extensions of the SM,
handed components are in weak isosinglets and/or the righte smallest anomaly free fermion representation has dimension
handed components in weak isodoublets. Fourth generatiéh It contains the right-handed neutrino in addition to the 15
fermions are sometimes considered in this class although thé&gyl fermions in one fermion generation; with this neutrino
quantum numbers are canonical. Some examples of these ex@gieg of the Majorana type. Singlet neutrinos, which can be
fermions are as follows: either of Majorana or Dirac type, and new singlet quarks also

i) Vector fermions: These are present, for instanceEjn OccurinEs theories.
grand unified theories[23]. In this example, each fermion generb) Difermions.These are scalar or vector particles which have
ation lies in the representation of dimens®f and in addition unusual baryon and/or lepton number assignments. Examples
to the fifteen SM chiral fields, twelve new fields are needed @ these particles are as follows:
complete this representation. Among these, there will be twa) Leptoquarks: These particles are color triplets with B
weak isodoublets of heavy leptons, one being right-handed ahtl/3 and L= +1. They naturally appear in models which
the other left-handed. Vector fermions can have SM invarigpiace quarks and leptons on an equal footing, such as Techni-
color, composite models (where quarks and leptons are made of
the same subconstituents) as bound states of quark-lepton pairs,
and also in GUTs (for example ingEor Pati-Salam SO(10)

g0 : s g0 : AN theories). We note that leptoquarks have recently returned to
’ prominence in the literature due to the excess of liftevents
\ = in Deep Inelastic Scattering at HERA by both the ZEUS and
R » Vo 1., #H1[24] Collaborations. Leptoquarks have fixed gauge cou-
I / ) o plings to the photon, th&//Z bosons, and gluons (for spin—
N NG 1 leptoquarks an anomalous chromo-magnetic moment may be
\ N present), and alsa priori undetermined Yukawa couplings to

Lo (e s oo Lo s oo

lepton—quark pairs which determine their decays. For phe-
nomenologically relevant leptoquarks, this Yukawa coupling
(105) 1t should be chiral in order t&.g, restrain leptons from acquiring
o we  owe o too large a magnetic moment and to prevent large violations in
a Je universality fromr decay. In addition, they should essentially
© couple only to a single SM family to avoid problems with Flavor
» Changing Neutral Currents.

The interactions of leptoquarks can be described by an effec-
tive low-energy Lagrangian. The most general renormalizable
SU(3)cxSU(2)r, xU(1)y invariantleptoquark-fermion inter-
actions can be classified by their fermion numBeés- 3B+ L,
and take the form[25]

Figure 6: 95% CL allowed regions for the extracted values of

the (a) lepton (bp-quark couplings, and (c)/z for randomly L=Lrp=—2+Lr=o, (1)
selectedZ’ parameters compared to the predictions of Hye ith

model (dotted), LR model (dashed), UUM (dash-dot), SSM (S),

and ALR (A). For (c) only thez, > 0 branch is shown. In all Lro—s = (gud5imalr + giru%er)St + §1RJ§6R5’1

cases the diamond represents the corresponding input values. e o @
+9310.47,1m2TLLS3



+Gor @Y L Vay + hec. ] 2 é iig B é 12 Zttz -
Lr—o = (harurly —|—h2R@Li7'2_6R)R2 + hordrflr Ry E Zi tt 14 TeV g E 16 TeV ]
+EhlL(jL’Yu€Lj' thdR'YHeR)Ulu_) % 25 zz % 10f ]
+hirUrY erUs, + harqr7y"0rUs,, + h.c. 2 ‘ 2 Hf :
Here,qz, and/,, denote theSU/(2), quark and lepton doublets, °F [ ] & p: \H g i ;
respectively, whileur ,dr andeg are the corresponding sin- f) SR | (2)5 RIS = TRE

glets. The indices of the leptoquark fields indicate the dimen- 0 500 1000 150(265800 0 500 1000 lﬁ?ieefgoo
sion of theirSU(2) ;, representation. The subscripts of the cou- W "
pling constants label the lepton’s chirality. For an overview of
the phenomenology associated with a light, HERA-inspired lepigurecz: Leptoquark signal and background mass distribution
toquark see for example [8] and references therein. for second generation leptoquarks for the CMS detector. (From
ii) Diquarks: These particles have-B+2/3 and L= 0, and Ref. [28].)
are also predicted in composite models as bound states of quark
pairs, and in Grand Unified models.§, the model based on
the Es symmetry group). gauge particles then the cross section depends solely on their
iii) Bileptons: These particles have=B0 and L= 0,4+2. mass. However, it possible that the cross section may depend
They occur ing.g, theories where the electroweak gauge gro one or more additional parameters such at the anomalous
for leptons is extended frorfU (2);, x U(1)y to SU(3) and chromomagnetic moment, Note that for the case where vec-
baryon and lepton numbers are conserved. They may carrytel-leptoquarks are gauge particless fixed to unity.
ther 0 or 2 units of lepton number and no baryon number. Bilep-The production of both scalar and vector leptoquarks at the
tons can appear both as scalar and as vector gauge particlesTemdtron and LHC have been previously discussed in the liter-
can be singly or doubly charged; for instance, doubly chargatiire. Rizzo updated[27] these analyses and extended them to
dilepton gauge bosons appeatSiti (15) GUTSs. Bileptons have TeV33 and possible higher energy hadron colliders/at =
couplings to ordinary gauge bosons which are fixed by gauge @ 200 TeV. As is well-known, hadron colliders can distinguish
variance, and Yukawa couplings to leptons which mediate thafralar from vector leptoquarks from the size of the cross sec-
decays. For a detailed survey, see Cuypers and Davidson[26jon, and perhaps tell us something about their charged lepton
Clearly the possible set of new particles is so large thatanching fraction as well. However, we cannot learn about
we cannot hope to examine production signatures and sedfih leptoquark’s electroweak interactions at a hadron collider.
reaches for all of the above at future hadron and lepton collidé@r leptonic branching fractions of unity and a conservative as-
and so we will concentrate on the new work that was performgdmption about the number of required signal events the search
at Snowmass on just a few of these possibilities: leptoquagaches for scalar leptoquarks were found to be 0.35(1.34, 4.9,
production at lepton and hadron colliders, bilepton productid®.4)TeV at TeV33, LHC and the two higher energy colliders,
at the NLC, and neutral heavy lepton production at lepton cégspectively, assuming that they ranzp mode. The corre-
liders. For a summary of older work on this subject, see Réponding reaches for gauge boson vector leptoquarks was found
[21]. to be 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 procegg gg — LQLQ with may be as high ad/;o = 1.6 TeV.
the on-shell leptoquarks then decaying into (1) two jets plusAnother possibility which is not often discussed is the sin-
charged leptons, (2) two jets, one charged lepton and missglg production of leptoquarks vigy fusion,i.e., g¢ — LQ + ¢
energy or (3) two jets plus missing energy. Clearly the Shthere/ is either a charged lepton or a neutrino. The cross sec-
backgrounds increase as we go from (1) to (3) making discdien for this depends quadratically on the unknown Yukawa cou-
ery difficult. In most analyses, leptoquarks are consideredbng ). For sizeable values dfthis process will dominate pair
be produced ‘one at a time''.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, ptoduction cross section is far larger even though a pair of heavy
leptoquark multiplets lead to a rather high branching fractioabjects is being produced. However, the single production pro-
B > 0.5, into the charged lepton mode as can be observeddsss allows one to study the size of the Yukawa coupling for
an examination of the Lagrangian above. For scakay,spin- a leptoquark which has already been observed through the pair
0 leptoquarks the cross section depends solely on their masprimduction mechanism. For example, Fig. 8 shows the single
the limit that theg/LQ Yukawa coupling,\, is of electroweak production cross section for a scalar leptoquark gfsa= 100
strength or less,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 d@) — 1000fb~! range very large event rates are obtained for

B. New Particle Production at Colliders
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Yukawa coupling has been rescaled to units of0 3.

pling structure. Using various modes, the reach for bilep-

Leptoquarks can also be pair produced at lepton colliders. f#is at the NLC with canonical luminosities was found to be
is well known, their production characteristics yield completg, ;, > 50\cc+/s Where),. is the bilepton coupling tee, as
information about their spin and all of their electroweak quagisplayed in Fig. 10.
tum numbers. The only difficulty is that the pair production
reach is limited by,/s/2 and thus much attention has focussed 0125
on single production of leptoquarks wja 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¢/= — ¢g since they constitute new- or
u—channel exchanges. Again the potential size of their influ-
ence is controlled by the size of their Yukawa couplings. By 0 L ! !
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 sengjy,;re 10: Smallest observable scalar bilepton coupling as a
tivity. This case was analyzed in detail by Berger[30] for thg,ction of the bilepton mass at the level one standard deviation

generic scalar leptoquark scenario. Assuming either right- iffe~ processes. The assumetk— center of mass energies are
left-handed couplings for the scalar leptoquark and electromggs 1 2 and 3 Tev. from left to right. (From Ref. [26].)

netic coupling strength for the Yukawa couplings, both the NLC

and the NMC were found to be able to probe scalar leptoquark

masses in the range5 — 2,/s assuming canonical luminosities. Kalyniak and Melo[31] studied the single production of neu-
Cuypers and Davidson[26] have performed a comprehendiked 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

¥, ve, ete™ ande~e™ collider modes. All of these modess—channelzZ exchange and/or b exchange in the—channel

provide a reach up to the kinematic limit and can yield detaileitpending on the leptonic flavor. These authors concentrated on

information on the bilepton quantum numbers and Yukawa caumodel where every generation has a massless neutrino as well

0.075

mr, [LeV]



in terms of the heavy lepton masses and a set of mixing @ad Minkowski show in a very detailed analysis that the size of
rameters which describe the experimentally allowed size of tthe 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 ase small and can be controlled by both beam polarization and
allowed by current experiment the search reaches were foundaoous kinematic cuts.

extend out to the kinematic limit of a given machine as shown inAs a summary of new particle production we display in Ta-
Fig. 11. For masses well inside the kinematic limit, extremeble Il the search reaches obtainable at various colliders for the
small values of the mixing parameters, of order (~6) were particles surveyed here. We note that where the listed discovery

My (TeV) E6 Diquarks ]

found to be accessible. limit is larger than,/s, we have included the reach from indirect
effects. The question marks in the Table indicate that a detailed
o(po) study has not yet been performed. Figure 12 presents the search
035 reach for new particles decaying into dijets at the Tevatron, for
Lo several possible scenarios[35]. We see here that large integrated
03 1 . luminosities will reach the TeV range.
0.25 o j L A B AN B
Lo [ TeV33 Preliminary i
g ]
02 = G 1200 |- ]
o 4
K B
015 |- éwoo [ 1A ]
o
b 800 [ —
['s]
0.1 o ]
600 ® Axigluons b
W Excited Quarks
0.05 NLC Mass 1
400 A Technirhos 7
. oW
o L | > I y I 200 - NLC Mass (Pair Production) oz ]
0.25 0.5 0.75 1 1.25 1.5 A
L

0 L L L
1072 107" 1 10 10
Integrated Luminosity (fb™)

Figure 11. Total cross section vs the neutral heavy lepton
massMy for eTe~ collider at three different energies/s =
0.5 TeV (solid line),1/s = 1.0 TeV (dashed line), an¢/s =
1.5 TeV (dotted line) and fop ™y~ collider aty/s = 0.5 TeV
(dash-dotted lineke i = 0.0071, ppimiz = 0.0014, 770 =
0.033 (from Ref. [31]).

Figure 12: Thé5% C.L. mass reach for new particles decaying
into dijets as a function of luminosity at the Tevatron.

IV. NEW INTERACTIONS

Heavy neutrinos of the Majorana type are perhaps best probed/ithout knowing what physics lies beyond the standard
in e e~ collisions since the initial state has = 2. It was model we can take several distinct approaches. In previous sec-
pointed out many years ago[32] that heavy Majorana neutrintens we explored the phenomenology of specific manifestations
exchanged in the— andu—channels, might mediate the pro-of new physics. In this section we take a more generic approach;
cesse e~ — W, xW; p at an observable rate. Since thalboking for new physics via the effect they have on interactions
time there has been some controversy concerning whether largdl below their typical scales. First we consider models of
rates can be obtained in the case where the SM gauge grdupamical symmetry breaking and their “low energy” patrticle
is not augmented due to constraints from other processes, sspbctrum. Quite generally, if a low mass Higgs boson does not
as the lack of the observation of neutrinoless double beta de@yst and the weak sector becomes strongly interacting at high
There were two overlapping analyses presented at Snowmassimergy a whole spectrum of states should exist, similar to the
this subject by Heusch[33] and by Greub and Minkowski[34lew lying particle spectrum of QCD. This subject was studied
who both advocate models where large rates may be obtameetail by another Snowmass working group [36]. However,
able for suitable ranges of the parameters. In particular, Heuselveral members of the new phenomena working group also ex-
points out the rather large theoretical uncertainties in the nuclaanined the phenomenology of specific examples of this sce-
physics aspects of double beta decay in the limit that highiario; one-family technicolor and topcolor assisted technicolor.
massive objects are being exchangeel, in the truly short- Secondly, we take this progression to its conclusion, that new
distance limit. Heusch argues that a number of quark-level iparticles are not observed and new physics only manifests itself
hibition factors arise in this case, which when combined reduteough the existence of effective interactions at low energy. For
the size of the neutrinoless double beta decay matrix elemently detailed report see the subgroup summary by Cheung and
more than a factor of 40. This substantially enlarges the paraarris[37].



Table II: New particle discovery reaches in TeV at future colliders. The luminosities for TeV33(LHC, 500 GeV NLC, 1 TeV NLC)
are assumed to be 10(100, 50, 1f1)!, 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 indirect reach in the later case. The
question mark indicates that a Monte Carlo study has not yet been performed.

Particle TeV33 LHC 500GeV NLC 1TeVNLC
Scalar LQ 0.33 1.6 0.25,0.45,5.0 0.5,0.9,6.5
Vector LQ ~ 0.5 ~22 0.250.4530 05,0955
Axigluon 1.3 ~ 5.0 0.4 0.8
Heavy Q ? ? 0.25 05 _
Heavy L ? ? 0.25 05 -~
Diquark 02-078 ~5 0.25 0.5
Bilepton - - 0.45 0.9
A. One-Family Technicolor 10
Color Singlet Technicolor py
. . . . roe Limits From W/ —> WZ Analysis
Eichten and Lane [38] described a one-family technicolor [ " Edtended CaugeModel
model with color triplet techniquarks and color singlet tech- i “gBr(Lom) (1 /Lum)
nileptons. The techniquarks bind to form color singlet tech-
nirhos, pE, and p%,, with mass roughly in the range 200 to _tor e Limitfor 110 pb™
400 GeV. Color singlet technirhos can be produced in hadron 2t
collisions through quark-antiquark annihilation. The expected % I
decay modes arpt, — W*Z; Whn), Zrt, rE79 and s et for 2 67
p%, — WEWTF, WEnE, ntnFf. The technipionssr, in L Ia—
turn decay predominantly to heavy flavorsd — bb, and L cmreow) N ;
mE — cb, tb. Techniquarks will also bind to form color octet i N for 300
technirhospf., with mass roughly in the range 200 to 600 GeV.

Color octet technirhos are produced and decay via strong inter- 0030 w0 ) s e
actions. If the mass of the colored technipions is greater than pr Mass (GeV/c?)
half the mass of the technirho, then g, will decay predom-

inantly to dijets: prs — gg. If colored technipions are light Figure 13: 95% CL upper limit of - Br(pr — W3j) vs M.

the pf; decays to pairs of either color triplet technipions (leptcFhe 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 fo~!, and 30 fo! respectively.

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

The search fopr; - WX, whereX = W, Z, ornr, is -
sufficiently similar to the search for a massi€ decaying to 2. pri Sw + 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 proceg® — pr1 — Wrr —
color singlet technirhos at the Tevatfon. He considered the d&~)(bb), including the effect of tagging events with a final state
cay chainpr - WX — ev + 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 transveidé GeV. The signal is & (reconstructed fron+ £7) and
energy,Er. He required at least two jets in the event, one wittwo jets with a resonance in the dijet mass;. The back-
Er > 50 GeV and the other wittfr > 20 GeV. The resulting grounds aréV + jets andtt. Womersley generated signal and
W +dijet mass distribution from 100 ptd of CDF data was in background events using ISAJET and used a fast simulation of
good agreement with standard model predictions and was ueel CMS detector at the LHC. Events are required to have a
to determine the 95% C.L. upper limit on the; cross section, goodW candidate i mode and two jets witlr > 20 GeV
shown in Fig. 13. The acceptance for the technirho was asd|n| < 2.5. The single b-tagging efficiency was assumed
sumed to be roughly the same as fd#a. The extrapolation to 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 decayingitdo+ 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 expectéd + jj 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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ok dashed curves are for the chiral limitf,, = 0). (From Ref.

) . [41].)

from the combination of ETC and a dynamical condensate. In
this case the new strong dynamics is a result of an extended
gauge sector which generates the four fermion interaction
Figure 14:p71 — W + nr — (Iv)(bb) search. (upper left) & -

Leading dijet invariant mass distribution for signal at the LHC. prtRwaL , 3)
(upper right) Same for signal (dark) and background (light)

at the Tevatron before b-tagging. Vertical scale is eventsyereyy is the third generatiosU(2), quark doublet and
GeV/2 fb-!. (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 scal@M gauge group is thus enlarged to

is events/10 GeV/0.5 fbt. All horizontal scales are in GeV.
SU(3 SU(3 U(l U(1 SU(3 Ul 4
(From Ref. [40]) (3)1xSU(3)2xU(1)1xU(1)2 = SU(3)cxU(1)y, (4)

s mass.

where theSU (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@fs,with masses

3. 99— ZpZL, W Wy atthe LHC < 2TeV, as well as the usual massless gluons. Here we de-

Lee [41] studied the production of longitudinal gauge bosdipte the massive color octet as topgluons, but they are some-
pairs via gluon fusion in the one-family technicolor at the LH@imes referred to as colorons in the literature[43]. Additional
Fig. 15 shows that when the invariant mass is above the threi§tieractions, represented in this model by the ektfa) factor,
old for production of pairs of colored technipions, tHg W, must also be present in order to avoid b-quark condensation.
or Z1,Z;, signal cross section is greater than the standard motfEfis can also be achieved in axial Topcolor models, where the
background by over an order of magnitude. Assuming an ipwr 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 additiori(1) gives
thousand events in the four lepton final stateud ), will be rise to a TopcoloiZ’ 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 thatMz > 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 topgluons, decay-
as extended technicolor (ETC), have difficulty in generatingg into ¢¢, as well as the QCD background for this process,
large fermion masses, particulanly,. This is circumvented and has included the projected experimental efficiency for re-
in top quark condensation models, where the massive top queskstructing thet final state, in order to estimate the topgluon
is acquired from(t,tr); however these dynamics alone do natearch reach in & resonanant state. The results are presented
fully break the electroweak symmetry. The necessary ingreiti-Fig. 16, assuming that the width of the topgluon is given by
ents to accomplish both tasks are present in Topcolor assidiedi\/, where M represents the mass of the topgluon. We see
technicolor[42], where electroweak interactions are broken wzat the discovery reach probes the Tev scale for luminosities
technicolor with ETC, and the large top quark mass is obtained2 fb—1.

B. Topcolor Assisted Technicolor



color Z' bosons at the Tevatron, by examining the decay chain g i s
Z' — tt — fvbbjj. Using PYTHIA Monte Carlo, CDF detec- 1 a
tor simulation, and full reconstruction for both signal and back- T lwow. S
ground, she obtains the results displayed in Fig. 17a. Here, a po- - ‘“:.A
tential 5 resonance signal is compared to the expeétepiro- o1 L B
duction cross section. We see that the search reach for a narrow T TS N
7' approaches the TeV scale at TeV33. Rizzo examined[10] the R .
indirect search reach for a topcoldf at the NLC. The results » ‘ “ep
are shown in Fig. 17b, where we see that topcabbosons il o e
with masses in excess of 4.5 TeV may be discerned from ex- 400 500 e‘&o Ge‘7\lolo 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. . v e
T T T T T T T

g“’z? 3 'FB
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10k \ 9 Figure 17: Topcolo&Z’ search reach at (a) TeV33 as a function
P Wi /M= 1 of its mass, where the width is assumed t@ 9 2M (triangles)
B TR or0.1M (squares). (b) a 500 GeV NLC with 50k, where the

°00 00 70D B0 00 e aiion Mass (GeV) solid lines include data from, i, 7 andb final states, and the
dashed curve also includes dataccemdt.

Figure 16: The mass reach fardecays of topgluons of width

0.3 M. The production cross section (points) is compared to

the 50 reach at the Tevatron with 2 fB (dashed) and 30 fb  pattern of deviations [47]. Thus, if deviations were observed the

(solid). 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 term&dp;. While

) we concentrate on specific terms, related analysis putting con-
C. Effective Operators straints on other types of new physics can be found in reports of

As we have seen in previous sections, new physics can sHb® Strongly Interacting Weak Sector working group.
up either through the direct production of new particles or
through deviations of precision measurements from their stan- 1. Contact Interactions

dard model predictions. A powerful and systematic approach tecontact, or four Fermi, interactions have long been used to

parametrizing the effects of new physics is to use an effectiygrametrize the effects of fermion substructure as form factors
Lagrangian L.y ) with the various terms ordered in terms oby the residual effects of constituent binding forces. Neverthe-

an energy expansion of the scale of new physics: less one of the first manifestations of contact interactions was
1 1 Fermi decay with its characteristic couplin@z, having dimen-
Lesr = Lo+ K,Cl + Fﬁz +... (5) sions of inverse mass squared and which we now know to be a

low energy approximation tdl-boson exchange. In a previ-
In this approach, an effective Lagrangian obeys the SM symnaess section we saw how the effects of new gauge bosons could
tries and is constructed out of the SM fields. The leading teris observed through deviations of precision measurements with
are given by the SM while the coefficients of higher dimensiaontact terms proportional to/ M2, (for a fixed,/s). One can
operators parametrize the effects of new physics. The efféamagine that contact interactions can signal many other types
tive Lagrangian for an analysis of new interactions was writterf new physics. So we see that contact interactions can indi-
down by Buchnouller and Wyler [46]. Specific examples of newcate many types of physics beyond the standard model, with
physics will modify the coefficients of.; ¢ in unique patterns the pattern of new interactions pointing to the nature of the new
characteristic of the new physics. For example, Laysdad. physics.
have shown that the existence oZawould result in a uniqgue In this subsection we consider contact interactions for



of dimension 6, can be written most generally as cies atete~ colliders results in higher limits fbfx(ééqq) than
can be obtained at* .~ colliders (up to a factor of two for the

_ gfffﬁ cc case). These results are included in Table I11.

L==53 ((j’y”q + ]—'ﬂy"ﬁ)

((qu + fﬂ%ﬂ) ,

L/R L/R

(6) 08 ———T—TT T T T T T T
where the generation and color indices have been suppressed, @ e - bb
n = +1, and.F; is inserted to allow for different quark and lep-
ton couplings but is anticipated to I6&1). Since when these
operators are used to parametrize substructure, the binding force
is expected to be strong wheép? approached, it is conven-
tional to definey?,, = 4m. However, it should be remembered
that if other types of new physics give rise to these operators, o
g? could be much smaller. The subscriptR indicates that the 00 T 0'5 — '0'0' — '0'5' —
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 the reactions where o ] _
the contact terms contribute. Contact interactions can affectff@@ure 18: Thecos ¢ distribution for unpolarized*e™ — bb
production, the Drell-Yan process, lepton scattering etc. Cof-Zom = 0.5 TeV. The solid line is for the SMA = o).

pared to the SM, the contact interaction amplitudes are of ordgPolarized:" e~ with ., = +1. Dashed line foA = 5 TeV,
§/asA2 OF &/aemA? SO the effects of the contact interaction§otted line forA = 10 TeV, dot-dashed foA = 20 TeV, and

will be most important at largé. dot-dot-dashed foh = 30 TeV.
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£40'¢" Contact Terms: Cheung, Godfrey, and Hewett [48] stud- P. de Barbaret al [50] studied the effect of a left handed
ied £¢¢'¢’ contact interactions at futues'e™ andu ™~ 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 distributiort6pairs pro-
actionsete™ — pTp~ andutpu~ — ete~. For illustration, duced in Drell-Yan production for the SM with that obtained
we show in Fig. 18, theos# distribution fore*e~ — bb at assuming a left-handegj¢/contact interaction for various val-
Vs = 0.5 TeV for the SM and with the contact term presenies 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 they;set+1 and various values of the scalk; ; (ee). Barbaroet al estimated
performed ax? 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 110 pbof CDF
ceptance was taken to hesf| < 0.985 for thee™e™ collider data on dielectron production they report preliminary limits of
and|cosf| < 0.94 for the ™y~ collider. The angular distri- A7, (¢ — ete™) > 3.4 TeV andAf,(qq — ete™) >
bution was divided into 10 equal bins. The 95% CL that cah4 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 36 &
center of mass energy. Polarization in thee~ colliders gives integrated luminosity for TeV33 the Tevatron will be sensitive
slightly higher limits than those obtained at unpolarizeg,~ to A}, < 14 TeVandA;, < 20 in theee channel.

colliders of the same energy.

In addition to theete™ mode, Kumar examined the physicgg — qg Contact Terms: An excess of events with highr
reach of fixed target Moller scattering at the NLC [49]. H¢ets in hadron collisions is a well known signature §gr— qq
found thatA.. could be probed to roughly 50 TeV in this maneontact 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] alsoyg — gg contact interaction. Another signal ¢§ — gq con-
considered the/qg contact interactions at future™e~ and tact interactions which is not very sensitive to these problems
ptu~ colliders. They restricted themselvesatc and ¢¢bb s a dijet angular distribution which is more isotropic than pre-
terms where the heavy flavor final states can be tagged. Thiisted by QCD. Using this approach gives the limits on new
used the samg? analysis described above and assumed flaainysics scales given in Table 11 [51, 52].
tagging efficiencies of, = 60% ande. = 35% (e, = 60%
ande, = 35%) for theete~ (utpu™) colliders. They found qg — 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 the*u~ case, and were potentially very importaniension 8 operator which inducesjgy~y contact interaction.
for disentangling the chiral structure of contact terms if thessuming parity and CP conservation, this interaction is given



® 92/95 Run high mass DIELECTRONS (=110 pb™?!), CDF preliminarly - B
gy OF Preliminary | The lowest order interactions between a quark and gauge bo-
. son are dimension 4 and 5 operators of the form

N Corg = 0l [ G 4 0, iy o
N (8)
B A This particular case corresponds to interactions between a quark
- and gluon where /2m, andi/2m, correspond to chromomag-
T e e e e o netic (CMDM) and chromoelectric (CEDM) dipole moment

Invariant Mass of Dileptons [GeV/c?] . .
couplings of quarks. There are analogous expressions for cou-

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

measurement and the theoretical predictions for various valt&€ level, within the SM they can be induced at loop level. A
of the scaleA 1. (qgee) (for 7 = —1) for the dielectron channel. related example would b@ — 5. 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 speakingd,, the scale characteristic
of substructure or other new physics should be used. These
97¢? dipole moment couplings are important because they are only
L= FQgFWF;’q%auq (7) suppressed by one powerfand also because a nonzero value
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 Wibcribing an effectiveqg vertex it also induces aggg inter-
this operator would be a clear signal of compositeness. Rizz&ion which is absent in the SM.
analyzed the effects of@ — ~~ contact interaction at hadron Cheung and Silverman studied the effects of anomalous
colliders [53]. Fig. 20 shows the integrated event rates for isgMDM and CEDM of light quarks on prompt photon produc-
lated diphoton events with invariant mass larger th&ft™" at tion [54]. Prompt photon production is sensitive to the gluon
the LHC with 100 fb* luminosity. The cross section is changefiminosity inside a hadron because it is mainly produced by
most at high)Z7}™. In addition the photon pair will tend to bequark-gluon scattering. For the same reason it is also sensitive
more central with higher average valuegpgf The limits that to anomalous couplings of quarks to gluons. The contributing
can be obtained at various hadron colliders are given in Tablgbprocesses for prompt photon productiong®@g — vq(7)
1. The results show that for a given center of mass energy thidgg — ~¢. The prompt photopr spectrum is shown in Fig.
pp colliders probe higher mass scales thparcolliders because 21 for the SM and for nonzero valuessafNonzero values of
of the highergg luminosity. increases the cross section in the higlty) 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
000F 005 000 00S 000f 008 k ~ O(1). Silverman and Cheung further estimated the sensi-
] tivity of the Tevatron and LHC to anomalous CMDM’s of light
qguarks. By binning the jeE'r distributions such that each bin
would have at most a 10% statistical error from SM QCD they
obtained the sensitivities t& = 1/A given in Table Il [55].
Note that these sensitivities are based enc or 68% CL. The
effects due to nonzero CEDM will be the same because the in-
crease in cross section is proportional#d + #2).

Because of the top quark’s large mass it is believed by many
that the detailed physics of the top quark may be significantly
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

Figure 20: Diphoton pair event rate for the LHC with 100fp hadron colliders [56] and*e™ colliders [57]. At hadron col-

as a function of\/™" subject to the cuts] > 200 GeV and liders the contributing subprocesses to top pair production are
Y

] < 1. From top to bottom the dash-dot curves correspond4é 99 — tt. The existence of a nonzero CMDM will change

AL = 0.75,1.0, 1.25, 1.75, and 2.0 TeV. The solid curve is theoth the total and differential cross sections. The higher center-
QCD prediction. of-mass energies at the LHC will probe beyond the top-pair

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

d%0/dMdy for |y|<1 [pb/(GeV/c?)]
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|
s

by:

1-93 00T/N




10t - ()l < 0.9 b
AR(7,j) > 0.7
g *LO QCD x 1.3
= 102 B &
NS
[ [}
-;k =
1; — -~ k'=0.006, £'=0 5
® 109 £'=0.005, £'=0 E
~amia s
I3 :‘E' : 0 (SM)
10*2 1 1 1 |
0 25 50 75 100 125
p2(7) (Gev)
Figure 21:d?c /dprdn in prompty production for pure QCD
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SM and with anomalous couplings in Fig. 22 for LHC energies. N ot 5
Non-zerox leads to enhanced cross sections at largeand S
M. Rizzo estimated the sensitivities of these distributions to B
anomalous couplings using a Monte Carlo approach and taking B S
into account systematic errors. The 95% CL foof the top s
quark are-0.09 < x < 0.10 and|x| < 0.06 for the M}, andp; = 501
distributions respectively. N C)) .
Rizzo examined the use of final state gluons as a probe for L N gor

studying anomalous top-quark couplings at the NLC [57]. He e b L b b b
found that the rate and corresponding gluon jet energy distribu-
tion for theee™ — ttg are sensitive to the presence of anoma-

lous couplings of the top to the photon afdat the production Figyre 22: (a)# invariant mass distribution at the LHC for var-
vertex as well as to the gluon itself. The sensitivity to anomgsys values ofs assumingn; = 180 GeV. (c)tf p; distribu-
lous gluon couplings is illustrated in Fig. 23 for a 1 TeV NLCyion at the LHC. In all cases, the SM is represented by the solid
The resulting constraints are quite complementary to those @frve and the upper(lower) pairs of dotted (dashed, dash-dotted)
tained using other techniques. curves correspond to= 0.5 (-0.5), 0.25 (-0.25), 0.125 (-0.125)
respectively. From ref. [56]
3. Excited Fermions
Althoughiit is expected that the first evidence for quark and/or
lepton structure would arise from the effects of contact interac- . . . e
tions direct evidence would be given by the observation of eg(hysms topics that we examined covered specific cases of new

cited fermions. Harris investigated the prospects for discoveri enpmer;a e Qtlewhgatugef b‘;]SOF‘S' gew fedrrtr;]lons;, agd g"
an excited quark* or d* decaying to dijets at hadron colliders r3|o|n§, IO more su ffe tl'n sorp tysms he;;}on b €s ?rr: arf
[58]. Theqgq* interaction is described by model via low energy effective operators which subsume the ef-
fects of new physics at a much higher energy scale. To deal with
Lo — i@a“l’G q ) this abundance of possibilities, it seems to us that the most pru-
eff 7 9A m dent approach in deciding upon future facilities is to ensure that
where @ represents the excited quark. Harris considered t g are prepared forall of these possibilities. We shoulq have the
N i . . . _capability to explore as many examples of new physics as our
processgg — ¢* — qg via a dijet resonance signal and in- S . ;
. " |msag|nat|on can conceive and in as many processes as we can.
aﬁw ideal situation for this is to have hadron and lepton collider

resolution of 10%. The estimatéar discovery mass reach iSfacilities with comparable constituent center of mass energies
1.1 TeV at TeV33, 6.3 TeV at the LHC, 25 TeV at a 50 Tgy . P . energies.
As likely as not, when nature finally reveals her mysteries it will

collider, and 78 TeV at the 200 TeV PIPETRON collider.
be totally unexpected.

V. FINAL THOUGHTS At the time of writing, the two HERA experiments have in-
dicated an unexpected excess of events in Deep Inelastic Scat-
In this report we examined the potential of future collider fatering at highQ?. To interpret these observations (assuming
cilities to study a broad range of new phenomena. The rangdtudy are not due to a statistical fluctuation), results from a broad



Table Ill: New Interactions search reaches in TeV.

Interaction TeV TeV33 LHC pp NLC NLC NLC NLC puptp~ ptp~
Vs (TeV) 2 2 14 200 0.5 1.0 15 5.0 0.5 4.0
Lfb~! 0.11 30 100 50 200 200 1000 50 1000
Dimension 5 Anomalous Couplings

A 2.8 3.5 17 ~5 ~10

Dimension 6 4-fermion Contact Interactions
App(ee — pp)  — — — — 32 63 77 210 28 170
Arr(ee = pp)  — — —_- = 29 57 70 190 25 150
Arr(ee = pp)  — — —_- = 29 58 70 190 25 150
Arp(ee = pp) — — — — 31 62 76 210 27 160
Arp(gq—q7) 16  — 15  —
Apr(ee — cc) — — —_- = 33 65 80 210 19 110
Arr(ee — @) — — —_- = 28 57 69 190 16 92
Arr(ee — cg) — — — — 27 49 60 160 5.7 42
Arg(ee — cc) — — — — 34 62 76 210 15 90
Arr(ee = bb)  — — — — 3 75 92 250 29 180
Apr(ee —bb)  — — — — 3 61 77 210 22 140
Arr(ee — bb) — — —_- = 33 65 78 230 21 120
Agp(ee = bb)  — — — — 33 67 8 250 20 120

Dimension 8 Contact Interactions

AT(gg —~vy) 075 — 28 23
A= (g7 — v7) 0.71 — 2.9 16

Discovery Reach for Excited Quarks
0.75 11 63 78 — — — — — —
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