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Single top quark production as a window to physics beyond the standard model
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Production of single top quarks at a high energy hadron collider is studied as a means to identify physics
beyond the standard model related to the electroweak symmetry breaking. The sensitivitg-ofdmaeM*
mode, thet-channelW-gluon fusion mode, and thBN ™ mode to various possible forms of new physics is
assessed, and it is found that the three modes are sensitive to different forms of new physics, indicating that
they provide complimentary information about the properties of the top quark. Polarization observables are
also considered, and found to provide potentially useful information about the structure of the interactions of

top quarks.
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I. INTRODUCTION top quark, there is one SM decay mode;b W*. If this

vertex were somehow modified by new physics to have a
With the discovery of the top quark at the Fermilab Teva-different magnitude, it would affect the top quark’s intrinsic
tron [1], the third generation of fermions in the standardwidth. However, at a hadron collider the width cannot be
model (SM) is complete. However, the question remains, ismeasured because the experimental resolutions are much
the top quark “just another quark?” or “is it something larger than the width itself10]. Similarly, while observing
more?” The top quark is the only quark to have a mass orfXotic top quark decays would certainly be interesting and
the same order as electroweak symmetry breakif\ySB) would suggest what type of new vertices describe the ob-
scale. v ~246 GeV. whereas all other observed fermionsServed decays, it would not determine the magnitude of these
have masses that are a tiny fraction of this energy. This enopew&nteraﬁtlogf/i I;ven a Stlédy of brgnchm? frgptlons com-
mous mass may be a clue that the top quark plays a speci pred to ;[ ﬁ leca)é mode mayd emgglieg tlng, " ecause
role in EWSB. Following that line of thinking, many of the Otr;gnnt]rtljsitsel?\t/ﬁroi riasc})/mzi?ﬁgrremeans -0 Interaction
proposed extensions of the SM explain the large top quar[% Thgese drawbackgs lead one to study. weak production
:Tc]:?;—bé a\lllvohvi\(’:'Egi;hsofﬁeggeegktéotﬁzmﬂp;tces'nrr:)i‘i’\éi(:]yn?hrg'mechanisms of the top quark, which have cross sections di-
' phy pre 9 rectly proportional to the top quark’s weak couplings. The
mass of the and Z bosons. Thus, one of the primary mo- . . . — :
tivations for the Tevatron run Il and CERN Large Hadron Z-t-t coupling will presumably contribute tet production,
Collider (LHC)! is to accurately determine the top quark’s though distinguishing this from the much larger Q@Lpro-
properties, to see if any hint of nonstandard physics may bguction is most likely hopeless at hadron colliddisever-
visible, and thus provide information about the mechanisnin€l€ss, it can be precisely measured at an electron linear
of mass generatiof7,g]. collider (LC) [11].] A bettgr process to measure this interac-
Top quarks may be produced in pairs at a hadron collidetion is the production of t Z, where theZ can be observed
via the strong interaction, through processes such:@s directly. The W-t-b interaction will allow one to produce

—tt andgg—tt. Thus, the rate and kinematic distributions single top quarks at a hadron collider, and thus directly mea-
sure the properties of this interaction. A further consideration

IS that new physics characterized by an energy sdateay

proceeds via the weak interaction, and as we shall see doég more apparent in higher energy processes, closér. to

provide interesting information about the chiral structure of

the W-t-b interaction[7,9]. However, decays are experimen- q q q q
tally relatively insensitive to the magnitude of the interaction

by which they are mediated. For example, in the case of the

W W
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The Tevatron Run Il is a proton-antiproton collider witls=2 FIG. 1. Feynman diagrams forchannel production of a single

TeV, and the LHC is a proton-proton collider witf{S=14 TeV. top quark in the SM.
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FIG. 2. Feynman diagram fa-channel production of a single
top quark in the SM. s andt-channel process¢47], and on the order of 20% for

thetW™ procesq19]. However, systematic uncertaintiés-
Thus, new physics contributions to single top quark produc<luding the efficiency for separating the signal from the
tion would scale as(s/A)" (wheresis the average center of backgroundsare likely to dominate these LHC estimates.
mass energy of the reaction andis a positive integer or As we will see below, the three modes of single top quark
zerg whereas top quark decay processes scalarasA)". production are sensitive to quite different manifestations of
At high energy colliders such as the Tevatron and LK€, Physics beyond the standard model. Thus, taken together,
can be considerably larger tham, thus enhancing the rela- they are a comprehensive probe of the top quark’s interac-
tive importance of new physics in single top quark produc-tions. In this article, we analyze several possible signals of
tion. new physics that could manifest themselves in single top

Single top quark production proceeds through three disduark production. These signals can be classified as to
tinct subprocesses at a hadron collider. Thehannel Whether they involve the effects of a new partickither
Wgluon fusion modg12—-14 involves the exchange of a fundamental or composite¢hat couple to the top quark, or
spacelikeW boson between a light quark and a bottéiy the effect of a modification of the SM coupling between the
quark inside the incident hadrons, resulting in a jet and 40P and other known particles. These two classifications can
single top quarkcf. Fig. 1). Its raté is rather large at both be seen to overlap in the limit in which the additional par-
the Tevatron(2.4 ph and the LHC(243 ph. Thes-channel ticles are heavy and decouple from the low energy descrip-
W* mode[16] involves production of an off-shell, time-like tion. In this case the extra particles are best seen through
W boson, which then decays into a top and a bottom quarkheir effects on the couplings of the known particles. One
(cf. Fig. 2. It has a relatively large rate at the Tevat@n86  Particular aspect of both of these sets of new physics is the
pb), but is comparatively small at the LH@1 pb because it Possibility of CP violation in top observables. We will not
is driven by initial state antiquark parton densities. Finally,address this issue in detail; the interested reader is referred to
the tW~mode [18,19 of single top quark production in- the recent review20] on this subject. _
volves an initial statés quark emitting a(close tg on-shell ~ This article is organized as follows: in Sec. II, we inves-
W~ boson, resulting in &W~final state(cf. Fig. 3. Because tigate what sort of particles beyond thpse in the SM could
of the massive particles in the final state, this mode has afontribute to single top quark production at a hadron col-
extremely small rate at the Tevatr®.088 pb, but is con- lider, and what effects could be seen. In Sec. Ill, we study
siderable at the LHG51 pb where more partonic energy is the effectg of nonstandard top quark interactions. In Sec. IV,
available. Each mode has rather distinct event kinematicVe €xamine how one may use polarization observables to
and thus are potentially observable separately from eachyrther learn about .nonstan(I:iard phy§|cs in the top sector. In
other[13,14,19. Sec. V we summarize the picture which emerges as the way
As we consider various new physics effects in single top" which the propertles_of a top quark may be systematically

quark production below, it will be important to keep in mind €xtracted from the available observables.
how accurately these rates will be measured at the Tevatron
Run 1l and LHC. At the Tevatron, the combined statistical
and theoretical uncertainties for tlee and t-channel pro-
cesses will be on the order of ¥20% [17], and the Many theories of physics beyond the SM predict the ex-
tWrate will most likely be too small to measuteAt the  istence of particles beyond those required by the SM itself.
LHC, the statistical uncertainties will be close to zero, andExamples include both the fundamental superpartners in a
the theoretical uncertainties on the order of 50 % for the  theory with supersymmetr{SUSY) [21], and the composite

Higgs bosons found in top-condensation and top-color mod-

els [2—6]. In order for some kind of additional particle to
ontribute to single top quark production at tree |éwatl a
adron collider, the new particle must somehow couple the
ark to one of the lighter SM particles. Thus, the new

II. ADDITIONAL NONSTANDARD PARTICLES

2In quoting cross sections, we use a top quark mass of 175 Ge}?1
and CTEQ4M(for s- and t-channel processgsind CTEQA4L (for
thetW™mode parton densitiegl15] with scales chosen as explained top qu
in [7], where other choices of parton densities, scale, and top quark

mass are also examined. The rated ahdt are summed unless

otherwise noted. “New particles may also contribute to single top quark production
3These estimates do not include systematic uncertainties, whicthrough loopg22], though the effects are generally small enough
are beyond the scope of this work. that they are difficult to observe at a hadron collider.
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particle may be either a bosdeuch as aN' vector boson q t

that couples to top and bottgror a fermion(such as &’

quark that couples to thé/ boson and top W
Additional fermionic particles can couple the top and ei-

ther one of the gauge bosons or the Higgs boson. In order to

respect the color symmetry, this requires that the extra fer- T v

mion occurs in a color triplet, and thus it is sensible to think

of it as some type of quark. In order to be invariant under the FIG. 4. Feynman diagram faxchannel production of a single

electromagnetic symmetry, this new “quark” should havetop quark and ®': qq’ —tb’.

either electric chargéQ) +2/3 or —1/3 so that one may

construct gauge invariant interactions between the extréons. However, at a hadron collider the possible light parton

guark, the top quark, and the known bosons. Generally, waitial states available are not suitable for production of a

can refer to &@Q=+2/3 extra quark as & and aQ=—1/3  single leptoquark, and thus are not particularly interesting in

extra quark as &', though this does not necessarily imply the context of single top quark productibior this reason,

that the extra quarks are in the same representation und#e Will not focus on leptoquarks in the discussion below.

SU(2). X U(1)y as the SM top and bottom. For example, in

models where the top mass is generated by invoking a see- A. Extra quarks

saw mechanism, there are generally eithexZ3Winglet[3] A simple extension of the SM is to allow for an extra set
or doublet[6] quarks present in the theory. Additional fer- of quarks. Such objects exist in a wide variety of extensions
mions are not generally expected to be a large source of new the SM. Examples of such theories include the top seesaw
contributions to single top quark production, because o¥ersions of the top-colof3] and top-flavor[6] models,
strong constraints from other low energy observalpR&.  which rely on additional fermions to participate in a seesaw
On the other hand we will see that there are models wittmechanism to generate the top quark mass; SUSY theories
additional fermions to which single top production is a sen-with gauge mediated SUSY breakif@g] that must be com-
sitive probe. municated from a hidden sector in which SUSY is broken to
Extra bosons can contribute to single top quark producthe visible sector through the interactions of a set of fields
tion either by coupling top to the down-type quarks, in whichwith SM gauge quantum numbers; and even models with a
case the boson must have electric cha@ge*1 in orderto  fourth generation of fermions.
maintain the electromagnetic symmetry, or by coupling top Direct search limits for QCD production of extra quarks
to the charm or up quarks, in which case the boson should bt the Tevatron, for exampleequire that they be quite mas-
electrically neutral. There is also the possibility of a bosonsive (my,=46—128 GeV at the 95% C.L., depending on the
carrying a combination of color and electric charge that al-decay modd23]), and thus they cannot significantly affect
lows it to couple the top quark to one of the lepton fieldsthe single top quark production rate. They are best observed
(this boson would then carry both lepton and baryon quaneither through their mixings with the third famikand thus
tum numbers and thus may be labeled a “leptoquark” their effect on the top quark couplingsor through direct
Theoretically well motivated examples of leptoquarks are theproduction.
gauge bosons corresponding to the generators of a grand uni- As a particular example, a fourth generation of quarks
fied theory(GUT) linking the SU2) and SU3) sectors of the  could mix with the third generation through a generalized
SM. This GUT picture has the leptoquark as part of theCabibbo-Kobayashi-Maskaw&KM) matrix, and this could
gauge interactions, so the question as to whether or not to@llow V,;, to deviate considerably from unity. In this case, all
observables are an interesting means to study leptoquarlisree modes of single top quark production would be ex-
becomes a question as to whether or not the leptoquark hggcted to have considerably lower cross sections than the SM
some reason to prefer to couple to the top quark. Thespredicts. This already shows how the separate modes of
bosons would be expected to have GUT scale masses whigingle top quark production can be used to learn about phys-
in traditional GUT theories is far too large to be interestingics beyond the SM. Other types of new physics could scale
from the point of view of colliders envisioned in the near the three rates independently. Thus, if all three modes are
future® measured to have cross sections that are the same fraction of
Another interesting picture of leptoquarks is one in whichthe SM rates, it is an indication that the new physics modifies
the SM quarks and leptons are bound states of some motae top quark’s coupling to the bottom quark andand not
fundamental set of particlg@reons. In that case the ques- another pair of light particlesand further that the modifica-
tion as to whether or not the top quark is a good place to lookion is the same regardless of the momentum flowing through
for evidence of the preons depends on how the model ar-
ranges the various types of preons to build quarks and lep=————

81t is interesting to note that a leptoquafk) with Q=+2/3
could play an important role in top quark decays through a process
SHowever, a GUT theory in five space-time dimensions couldsuch ast—vL—wvb 1" [25]. This leads to a final state that is
unify at the TeV scal¢24] and would be accessible to the current identical to a SM top decay, but with a very distinct kinematic
generation of hadron colliders through a number of observables. structure.
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the vertex(as is the case with thé/-t-b interaction in the SM
In fact, it is instructive to examine the experimental constraints on the CKM matrix when one does not impose three family
unitarity. The 90% C.L. direct constraints becof2a]
0.9722-0.9748 0.216-:0.223 0.002-0.005

0.199-0.233 0.7840.976 0.0370.043

V= , 1
0-0.09 0.0-0.55 0.06-0.9993 @
|
with two striking differences from the 3 generation matrix; B. Extra gauge bosons
Vi, may be significantly smaller than unifas mentioned Another simple extension of the SM is to postulate the

above but also thatv;s may be as large as 0.58=or com-  existence of a larger gauge group which somehow reduces to
parison, the corresponding limit oy with 3 generations is  the SM gauge group at low energies. Such theories naturally
0.035<|V,|<0.043[23)). |Vs|=0.043 has a negligible ef- have additional gauge bosons, some of which may prefer to
fect on thet-channel rate of single top quark production, couple to the togor even the entire third family Examples
contributing much less than 1% of the total rate at eithef such theories include the top-col¢8] and top-flavor
Tevatron or LHC. However, if|V,=0.55 and |V, [4—6] models, and gauged-flavor symmetry modgks]
=0.835 (which saturates the unitarity requirement for anywhich give special dynamics to the third family in order to
number of familied), the NLO t-channel rate will rise to explain the large top mass. As a specific example, we will
about 4.07 pb at the Tevatron Run Il and 334 pb at the LHCconsider the top-flavor model with an extra SU{ZJauge
thanks to the much largerquark parton density compared to Symmetry that generates a top quark mass through a seesaw
the b quark. These are huge deviations from the SM ratesgffect[6].
and would be a clear indication of new physics. Under these This model has an overall gauge symmetry of SU(3)
conditions, thes-channel rate, which would fall t9V,p|2 < SU(2hxSU(2)xU(1)y, and thus there are three addi-
~0.7 of its SM rate. Similarly to the-channel mode, the t|on:_:1I weak l:_)osonsv(/ . r?de )._The first and second gen-
tW~rate will be enhanced to 0.19 pb at the Tevatron an ration fe””f."o"‘s anq third fam!ly leptons transform under
78.1 pb at the LHC under these conditions U(2),, while the third generation quarks transform under

.I " - i _SU(2),. As was alluded to before, in order to cancel the

n addition to mixing effects, one could also hope to ob . .

. . .~ anomaly and provide a seesaw mechanism to generate the

serve direct production of one of the fourth generation

quarks, through reactions such@g’ —thb’, shown in Fig.

4. This process would provide further information on the
family structure of the 4 generation mod#&,(,) not readily
available from the QCD production @f b’. The production R
rates will depend on the magnitude of tét-b’ coupling ~-<
(IVip:|? in the model with a fourth familyand the mass of 100
theb’. In Fig. 5 we present the next leading ord®&H1O)

rate fortb’ production(as well astb’ production without —
any decay BR’s. Since th/,, |?> dependence may be fac- ;8;
tored out, these rates assumig: = 1. The collider signatures
resulting from such a process depend on the decay mode
available to theb’. If my,>m,+myy, it is likely to decay
into a top quark and ¥, and the events will haveta pair
with an additionaW= boson. If this decay mode is not open,

T T ITTTT
!
[N

[ ANEN

loop induced decays such &$—b y may become impor- 1072 —
tant, resulting in a signatureb plus a hard photon whose S R B B B
invariant mass with thé quark will reconstruct the mass of 50 100 150 200 250 300
theb’. m,. (GeV)

FIG. 5. The NLO rates(in pb) for the processyq —W*
—tb’ for variousb’ masses at the Tevatrasolid curve and
This choice ofVy, andV,s is consistent with the CDF measure- CERN LHC (dashed curve assumingVy, =1. At the Tevatron,
ment T (t—W' b)/[T(t—W*b)+T(t—-W*s)+T'(t—W" d)] the rates ofy g’ = W* —t b’ is equal to the b’ rate. Thet b’ rate
=0.87" 553791327 at the CERN LHC is shown as the dotted curve.
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FIG. 6. Feynman diagrams illustrating howVd’ boson can > i AN i
contribute to single top quark production througly' — W' —t b. 2 E N - 1
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top quark mass, an additional doublet of heavy quarks whost - ]
left-handed components transform under SY@d right- L RETIN .
handed components transform under Sy/(i8)also present. P ST -
A set of scalar fields transforming under both Sy(and ST/ B —
SU(2), acquire a vacuum expectation val(¢EV), u, and - Tevatron (x 10) -
break the symmetry to SU(2),XU(1)y. From here the Lo | | | | ]

usual electroweak symmetry breaking can be accomplishet
by introducing a scalar doublet which acquires a VY
further breaking the gauge symmetry to U£L). We write

the covariant derivatives for the fermions as

1000 1200 1400 1600 1800 2000
my (GeV)

FIG. 7. The NLO rate ofj ' —=W,W’—tb (og) in pb at the
Tevatron (lower curve$ and CERN LHC(upper curveg for the
()  top-quark-flavor model with sfip=0.05 (solid curves and sirf¢
=0.25(dashed curvegsas a function oM, =M,y . The Tevatron
) cross sections are multiplied by a factor of 10. At the Tevatron, the
whereTf, are the generators for SU(gy), Y is the hyper- t production rate is equal to therate. At the CERN LHC the
charge generator, and?®f(;,, andB* are the gauge bosons rates are shown for sip=0.05 (dotted curvg and sif¢=0.25
for the SU(2)¢, and U(1), symmetries. The gauge cou- (dot-dashed curye
plings may be written

Y
D“za"+ig|Tf‘Wa,’*+ighTﬁWaﬁ+ig1§ B,

sult. Since the additional diagrams involve a virtudl, they

will interfere with the SMW-exchange diagrams, and thus

3) the net rate of single top quark production can be increased
or decreased as a result, though the particular model under

whereg is a new parameter in the theory. Thus this theory isStudy always results in an increassdhannel single top
determined by two additional quantities=u/v, the ratio of ~duark rat€’ In Fig. 7 the resulting NLOs-channel rate for
the two VEV's, and sify, which characterizes the mixing g 9'—W,W’—tb at Tevatron and LHC is shown, as a func-
between the heavy and light &) gauge couplings. tion of theW’ mass, for a few values of ip. The rate for
At leading order, the heavy bosons are degenerate in production through the same process is shown as well.
mass: While the final state particles for this case are the same as the
SM s-channel mode, the distribution of the invariant mass of

4) thetb system could show a Breit-Wigner resonance effect
aroundM, , which serves to identify this type of new phys-
ics. However, if the mass of th&/" is large compared to the

where M2=e%v?/4 sirt@,cog,. We can thus parametrize collider energy, and its width broad, the resonance shape can

the model by the heavy boson mass;,, and the mixing be washed out even at the parton level. Jet energy smearing
paramete?, sirf¢. Low energy data requires that the mass offrom detector resolution effects will further degrade the reso-
these heavy boson#),,, be greater than about 900 GeV nhance and could make it difficult to identify.

[5]. A t-channel exchange of th&/’ is also possible, but in

The additionalW’ boson can contribute to thechannel that case a negligible effect is expected because the boson
mode of single top quark production through virtual ex- must have a spacelike momentum, and thus the additional
change of aW’ as shown in Fig. §29]. In particular, if  contributions are suppressed lej/, , and are not likely to
enough energy is available, ti¢’ may be produced close to be visible. This argument applies quite generally to any
on-shell, and a resonant enhancement of the signal may re-

e e e

“sinbycossd’ " sindysing’ 91 cosdy,’

o]

M2 X . Sirf ¢
% sirPpcofep  code)’

Mzz/ W’ =

%0ne interesting example of a model withve' that interferes
8As shown in[4], for sirf¢<0.04, the third family fermion cou- nontrivially with the SMW exchange in single top quark production
pling to the heavy gauge bosons can become nonperturbative. This provided by embedding the gauge fields in extra dimensions

we restrict ourselves to considering 0z98in’¢=0.05. [24,30.
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FIG. 8. Feynman diagram illustrating how a charged topﬁuark
pion can contribute to single top quark production through 10*

—7"—tb.

LHC (14 TeV)

g (fb)

-
(=)
[

T T T

heavy particle’s effect on single top quark production. The
s-channel rate is quite sensitive to a heavy particle because ¢
the possibility of resonant production, whereas tdobannel
rate is insensitive because the spacelike exchange is suj
pressed by the heavy particle mass.

Clearly, the existence of @/’ will not influence the rate 10
of t W~ production, but it could allow for exotic production
modes such ab g—tW’. If the W' has a strong coupling
with the third family, then one would expect that its domi- e T

— _ 200 400 — 600 — 800 — 1000
nant decay should be intot, and thus a final state aft b

would result with thet b invariant mass reconstructing the Mass of ni (GeV)

W' mass. Current limits on th&/’ mass in the top-flavor

model make this mode nonviable at the Tevatron and un- FIG. 9. The NLO rate of single top quark production through
promising at the LHC, with a cross section of 1.14 pb forthe reactiorc b—#*—t b as a function oM -, assuming dg-Cg
My, =900 GeV and sifip=0.05 including the large QCD mixing of 20%. These rates includeandt production, which are
logarithmic corrections described [A9]. However, an ob- equal for both Tevatron and CERN LHC.

servation of this signal would be a clear indication of the

Tevatron

1.8 Tev

nature of the new physics. tion has a right-handed nature will prove interesting when we
study top quark polarization below.
C. Extra scalar bosons Like theW’, the 7= contributes to the-channel topology

Scalar particles appear in many theories, usually assocf2f sin.gle.top quark producti.on and,can allczw large respnant
ated with the spontaneous breaking of a symmetry in a Lorgontnbuu'ons. However, gnllke thE/ ' @e 7" does not in-
entz invariant fashion. In the SM and the minimal supersymd€rfere with the SM amplitudesy(q—tb), because the SM
metric extension, fundamental scalar fields of both neutrafOntribution arises dominantly fromleft-handed light
and charged character are present in the theory, and some &¢27ks. In Fig. 9, we present the NLO single top quark rate
expected to have a strong coupling with the top quark beffom the top-pion proces2], for a variety of 7~ masses
cause of the role they play in generating fermion masses. IWith the tg-Cr mixing set equal to 20%. The two other
dynamical models such as the top-condensate and top-col§todes of single top quark production are once again rela-
assisted technicolor models, scalar particles exist as bourftyely insensitive to ther ™. Thet-channel process is insen-
states of top and bottom quark&-6]. These composite sca- Sitive because its contribution is suppressed by%/ and
lars also have a strong coupling to the top quark because ofie fact that ther™ does not couple to light quarks. The
their role in the generation of the top quark mass. Anothet W~ mode is insensitive because presumablyttieis gen-
way to look at this is that the top quark mass is large becauserally distinguishable from &= boson. For exampleg b
the strong forces needed to bind top quarks into Higg bosons, 7=t .t bt will not be mistaken fort W~ production
result in a strong Higgs coupling to the top quark. This illus-
trates the fact that the large top mass naturally makes it a ; K
likely place to look for physics associated with the EWSB. u d

An example is provided by the charged composite top-
pions (7=) of the top-color model, which can be produced
in the s-channel througle b fusion[31], c b— 7" —tb. The
leading order Feynman diagram is shown in Fig. 8. In this
case the strongr*-c-b coupling comes from mixing be-
tween the right-handetiand ¢ quarks. The CKM matrix is j
the product of the left-handed rotation matrices for the up- d > > t

and down-type quarks, so it does not constrain a possibly FIG. 10. lllustrative Feynman diagram for tReparity violating
large right-handed andc mixing. The fact that this interac- production of a single top quark through the reactivnl! —t d¥.

Y

Y

-—_—_———————
(¢
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_l 10 3 s.\ TTT TTTT TTTT TTTT TTTT TTTT rTTT TTTT TTT \E
~ 1021 ::-‘ S~ :-\'"‘m. =
t = - B E
———— & 3
10 e =
J— ~0 C --"‘~:
d' Xk ~
% 1 5 Se., =
FIG. 11. lllustrative Feynman diagram for tReparity violating E"-\_ LHC e E
production of a single top quark through the reactibrd! —t Al "‘-\. 7
—t }E . 10 E_~’.\ \.\ E
E S '\'\ E
when 7~ predominantly decays intb andb, as in the top- 10 & N "‘-\ Tevatron =
color model. F BN :
. Slngle tOp quarks Can also be prOduged by neUtral tOp- 10 3 7\ 111 | 1111 II \rl‘:\.l\h‘ 111 | LIl | 111 | 1111 | 111 J7
pions (produced for example frongg— - decaying into 100 200 300 400 500 600 700 800 900 1000
tc). Again, one expects to see a large effect ingtolhannel m, (GeV)
single top quark mode, and no effect in thehannel and
tW~ modes, because of the large mass and small cou- FIG. 13. The cross section for production of a Higgs boson in
pling to light quarkg33]. association with a single top quark, as a function of the Higgs boson

Different types of scalar particles that couple the top andnass at the Tevatron Run(lbwer family of curve$ and the CERN
bottom quarks can be analyzed in a similar fashion. The-HC (upper family of curves The cross sections are shown for
s-channel mode allows for resonant production, which carmodels in which the Higgs couplings are completely SM-lielid
show a large effect, whereas thiehannel mode is sup- curves, the coupling to th&v™ boson is zero and the coupling to a
pressed by the spacelike moment(end large magsof the  top quark is SM-Iike(dotted+curve)s the coupling to a top quark is
exchanged massive particle. Th&v~ mode is insensitive 2zero and the coupling tw= is SM-like (dashed curvesand the
because in that case the is actually observed in the final €oupling toW™ is SM-like and the coupling to a top quark is1
state. One example of this kind is the technipions in a techimes the SM couplingdash-dotted curves

nicol_or njode.I which can contribute to singlg top q_uark Pro-couplings can be found from the procegb—q’ t h, as that
duction in this way[34]. Another example is provided by phase information is contained in the interference between
SUSY models with brokeR-parity, in which the scalar part- - the two diagrams shown in Fig. 12. This process is extremely
ners of the leptongsleptons can couple with the top and small compared to the other two mentiof@dth a SM cross
bottom quarks, and will contribute to single top quark pro-section of 4.4 10 2 fb at the Tevatron and 0.06 pb at the
duction[35], or through reactions such ds—t—t y{ [36].  LHC for a Higgs boson of massr{,) 110 GeV, and includ-
(See Figs. 10 and 11 for their representative Feynman didng botht andt productior], and thus it is not promising a
grams) discovery mode. The small SM rate results from the large
As a final note, there is the interesting process in which alestructive interference between the two diagrams. Typi-
neutral scalaflike the Higgs boson of the SMs produced cally, it yields a reduction in the rate as compared to the
in association with a single top quafB7]. Feynman dia- contribut_ion from egch individual diagram by a_bou_t an order
grams are shown in Fig. 12. This process is of interest beof magnitude. In Fig. 13 we show the contributions from
cause while the magnitude of thew-W andh-t-t couplings ~ €ach Feynman diagram containing eittiet-t or h-W-w

. . — vertex to the total production rate qfht as a function ofny,
can be measured independently by studyimg’—W* at Run Il of the Tevatron and the LHC. Though the rates at

—Wh andq q(g g)—h FT(OF the equivalent processes at a the Tevatron are very small in the SM, with the enhanced
high energy lepton collider the relative phase between the coupling ofh-t-t_predicted by some models of new physics,

this process could conceivably be observed there. The strong
q q' q q' cancellation predicted by the SM indicates that this process

is very sensitive to any physics that modifies the relative
phase(and size between theh-t-t and h-W-W couplings
from the SM relation. Thus, it contains important informa-

h h . . . —
tion not available in thaVh andhtt processes, and should
be carefully tested experimentally.
b > > t b t [Il. MODIFIED TOP QUARK INTERACTIONS

FIG. 12. Feynman diagrams for associated production of a neu- Another interesting set of properties of the top that can be
tral scalar and single top quargb—q'th. studied in single top quark production are the top quark cou-
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plings to light particles. The electroweak chiral Lagrangianwhich might allow one to disentangle their contributions by
[38] (EWCL) provides a powerful way to study such effects careful study of the kinematics of the single top quark
model independently. Following the EWCL approach, weevents.

write an effective Lagrangian to describe low energy physics In addition there are dimension 5 operators that involve

as interactions between new sets of particles and the top {liark

and can contribute to single top quark production. These in-
Lett= Loyt La+ Lo+, (5)  clude the FCNC operators

where Lg) refers to the usual SM Lagrangian, afd and _QSGZV ot L Tra v

Lz are the Lagrangians containing deviations from the SM in Ls= gtc (€' “atekg LT P 1

terms of operators of mass dimension 4 and 5, respectively. . .

The spirit of the EWCL approach is that higher order opera- +¢€ ¢gth§thTaoﬂV Prt)

tors will generally be suppressed by higher powera pthe

scale at which the effective theory breaks down. Thus, for I 2e Fl“’(ei S el oy

. . ek . Cot Pt

low energy processes occurring at energies belotlie low- 3A e Y

est dimension anomalous operator is expected to provide the R _

largest effect{39]. We choose the effective Lagrangian to +e Py cot” Prt) +H.C., (7)

realize the weak symmetry nonlinearly, as this is the most
general possibility[40]. This is most appropriate for a which couple the charm quark to the top and gluon or photon
strongly interacting underlying theory, which may not con-fields. Once again, we have includ€P violating phases
tain a Higgs doublet in any real sense. If the underlying¢'§§§()m) which are not generally considered in the literature.
theory is weakly coupled, it is most likely more appropriate Additional operators with the charm replaced by the up
to describe the new physics effects in terms of a theory witlquark are also possible. As dimension 5 operators, these
the weak symmetry realized linearly, in which case all nonterms have couplings with dimension of inverse mass that
standard effects will be suppressed by at least one power ¢fave been written in the form ofgm/ Agic and K’;w/ A e,
A. where A=L,R. In the discussion below, we will consider
Terms which have the potential to modify single top only the cases where all of these couplings are 1, and
quark production include mass dimension 4 operdtély,  consider the magnitude allowed for the scalkg,. and
A . If the underlying theory is strongly coupled, these
R mass scales may be thought of as the energy scale in which
W* (kiyp€ Pwiob y# Pyt the SM breaks down and must be replaced with the underly-
ing theory. However, it should be kept in mind that if the
underlying theory is weakly coupled, this interpretation is
somewhat obscured by the fact that the energy scalesll
also include small factors of the fundamer(takak interac-

e
V2 sinéy,

. R —
+ ki € PWibh y# Prt)

£4:

e

. L J—
+ WZM(G' zic KEtcC Y Pt tion strength and loop suppression factors. Even in this case,
w w an experimental constraint gnis very useful because it will
ioR R T u rovide constraints on the parameters of an underlyin
+€' Pzic iy . Cc y* Prt)+H.c., (6) p p ying

model of new physics.

which can be classified as two charged current operators. The dimension 4 ‘e”’.‘s which mpdn‘y the-t-b vertex

which modify the SM top quark weak interactions with the V.V'” clearly have a '?{9? Impact on single top quark prt_)duc-

W boson and quark, as well as two flavor-changing neutral tion[13]. However ky,y, is already Very stro_ngly constrained

current (FCNC) operators involving theZ boson,t, andc Y oW energyb—s y data[44], which requireq45]

quarks. Additional dimension 4 FCNC operators with the R R R 2

quark replaced by the quark are also possible. We have —0.0035= (ryCOShyp+ 20 yyy,”) <0.0039,  (8)

included theCP violating phase&b\';\ffg(zm) in the interac- i L

tions for generality, though they are not always considered iRrovided that «y,, is smaller than 0.2. Further, the

the literature. CP-violating observable that measures the asymmetry in the
We note that the anomalodst-c andW-t-b interactions decay rates ob—sX andb—sX can test the imaginary part

would have first appeared at dimension 6 if the electroweakf the right-handed charged current coupling, i.e.

symmetry were realized linearly. This would lead to the es-«,,Sin ¢y, [45]. Given this strong constraint, it is unlikely

timates i, k7.~ O(v?/ A?) wherev is the electroweak

symmetry breaking VEV. There are also operators such as—

(tc) (cu), a four fermion contact interaction, which first ap-  1there are also dimension five operators involving the sets of
pear at dimension 6, the linearly realized situation shouldparticles that already appear in E@) [42]. As discussed above,
also include these possibilities in the analysis. These genuingive dimensional analysis suggests that these operators are less
dimension 6 operators have very different energy depensignificant than their dimension four counterparts, so we lifgito
dence than the dimension 4 operators we have consideretthe dimension 5 operators which involve only new sets of fields.
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C C [ q t
t t t+/
o
%

z Y g

(@) (b ©)

ol

FIG. 14. Feynman diagrams showing FCNC top quark decays

through(@ t—Z ¢, (b) t—yc, and(c) t—g c. FIG. 15. Feynman diagram showing how a FCX&-c inter-

action contributes to the-channel mode of single top quark pro-

. - * -
that further information abouk?,, can be gleaned from duction throughg g—z*—tc.

single top quark production, so we will assum&,tbzo in

the discussion below. Although the—sy process does not o
provide a good test of the left hande@P-odd, W-t-b cou- ~ Single top quark processes rather generally by considering
pling, i.e., kby,Sin @by, there are otheB-decay processes the specific example of th&-t-c operator. In examining the
with a good potential to measure it at futuBefactories. In  FCNC operators in Eq¢6) and (7), we note that they can
particular, the hadronic channey— ¢K¢ and By— WK have left-handed and right-handed interactions with different

have been considered in R¢#6]. Assuming«xf,,=0, all interaction coefficientéand even different phase$-or now

will be proportional to (1 Kbvtb2C0§¢\LNtb+2 KI\?\/tbCOS(b\INtb) phases are zero, and discuss only the magnitude of the inter-

much the same way that they will all be sensitivevg in ~ aCtions, set b\ qic, Ay, andxzic. We will return to the

the SM1! subject of exploring their chiral structure when we consider
The flavor-changing neutral current terms4p and £ {OP quark polarization in Sec. IV. - o

will also contribute to single top quark production, and since ~ The Z-t-c operator will allow for additional contributions

they involve particles lighter than the top quark mass, willto thes-channel mode of single top quark production through

also contribute to top quark decays through Feynman diareactions such aqaﬁz*_qa shown in Fig. 15. This re-
grams such as those shown in Fig. 14, which illustrate FCNGction has different initial and final state from the SM
t decays toc. The FCNC interactions betwedrand u will  s-channel mode, and thus this new physics contribution does
allow for exotic decays of the same type, but with the not interfere with the SM contribution to single top quark
quark exchanged with & quark. One could hope to learn production.(The FCNCZ-t-c coupling can be induced at the
about these anomalous FCNC couplings both by studyingbop level in the SM via the CKM mechanism, but its mag-
single top quark production and top decays. However, thisitude is small and can be neglected in our analydibe
brings us back to the problem with using top quark decays tq, ¢ tht the new physics process hasiastead of & in the

determine the magnitude of a coupling—the decay can progn,) state has a drastic practical consequence that the new
wde_mformatlon about the relative branching fraction of thephysics production mechanism probably cannot be experi-
exg\t/lf bdi)fj?{sir?:emi??jfgs ;%t tgllleowsi\)/lnet(:g n?g:;tréjfﬁ(?{opmentally extracted at all, because in order to separate the
— y - -
quark decay width, it cannot provide a limit on the size of the> C'a""el mode from the larget andW-gluon fusion back-
exotic operator without first making an assumption concerndrounds, it is necessary to tag theproduced in association
ing the nature of thaV-t-b interaction. In fact, one might With the top quark in the-channel mode, in addition to tfe
think that the single top quark would suffer from the samefom the top quark decay. Thus, while a FCNC operator
difficulty in distinguishing the magnitude of new physics in could contribute tos-channel production of a single top
the W-t-b interaction from new physics in a FCNC interac- quark, it will not be counted as such. o
tion. However, as we shall see, one can use the three modes The t W~ mode cannot receive a contribution from a
of single top quark production separately to disentangle thECNC, though a FCNC will generally allow for new exotic
FCNC new physics from the possibility ¥¥-t-b new phys- production mechanisms such ge—tZ shown in Fig. 16
ics. [47]. From this consideration, along with the analysis of the
The three FCNC operators have a similar structure of 4 W~ _mode in Sec. Il, we see that eV~ mode has a
light ¢ (or u) quark interacting with a top quark and a neutral special quality because both the top and\tare in the final

vector boson. Thus, we can discuss their impact on the thregfate(@nd thus identifiable Thus, it is sensitive to new phys-

12t could be possible to search farchannel production via a

This is because the dimension 4 term that is proportionam : > o
in £, does not depend on the momenta of the interacting particled; CNC with a specialized strategy differing from the usual one em-

as is the case for the SM/-t-b interaction. For higher dimension Ployed to extract theV* process, but such a search will require
W-t-b operators, which may depend on the momenta, each singlilentifying thec produced in association with the top quark, and
top quark mode will respond differently to the new interaction, andwill suffer from large backgrounds frorht and W-gluon fusion
thus could be used to distinguish one operator from another. single top quark processes.
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FIG. 16. Feynman diagrams showing how a FCRKE-c inter- C t
action contributes to the exotic mode of single top quark production

FIG. 17. Feynman diagram showing how a FCX@-c inter-
action contributes to thiechannel mode of single top quark produc-
tion throughc q—t q.

gc—tZ

ics which modifies th&V-t-b interaction'® but it is not sen-
sitive to nonstandard physics involving new particles or
FCNC's. Thus, the W~ mode represents a chance to study

tphhi/s\,/ivc_;_b vertex without contamination from FCNC new energy data byx5,|=<0.29[52]. While these limits are very

The W-gluon fusion mode of single top quark production interesting, they are indirect limits because all of the fields in

is quite sensitive to a FCNC involving the top quark and ondhe anomalous operators are virtual, and thus there could be
of the light partons, through processes suchcag—tq, cancellations between thé-t-c (or y-t-c) operators and
from Feynman diagrams such as those shown in Fig. 17. Th@ther nonstandard physics, and thus the single top quark pro-
FCNC operators involve a different set of spectator quarks ifluction processes, as direct constraints, are independently
the reaction, and thus they do not interfere with the SMvaluable. Studies indicate that from Run Il of the Tevatron,
t-channel process. In fact, because ¥gluon fusion mode top quark decays should provide constraintsAgf,.=7.9
requires finding @ inside a hadron, which has less probabil- TeV [50], KEtCsO.S) [52], and will not improve the bounds

ity than finding a lighter parton, the FCNC'’s involvingorc on A ,ic from the currentb—s y limit of about 5 TeV[51],
quarks already receive an enhancement relative to the SMnless a new physics signal is found. Of course, as we have
t_-channel rate pur_ely from the larger parton densities for th%rgued before, it was necessary to assume avV&Mb in-
lighter flavors. This can somewhat compensate fdp@- teraction in order to use decays to say anything at all about

sumably smaller FCNC coupling. This shows the sense inyhese operators. The effect of tet-c operator to the inclu-

which thet-channel single top quark mode is sensitive to thesive t-channel production rate is approximately independent

toﬁ_ qhuark’s decay prctherties.kTge same type ?:] new p(?_ysicgf whether or not the operator is left-handed or right-handed,
which opens up new top quark decay mogsd thus modi- and thus in the discussion below we consi@dgf., which

fies the top quarks total widttwill also modify thet-channel . R
rate of single top quark production, because the same Iigrﬁan be taken either aéitc Of Kz¢c- The effect of these op-

partons into which the top quark may decay are also resporﬁ_r"?‘tors on thé-channel cross section is to contribute an ad-

sible for producing single top quarks in tehannel pro- ditional 0.13_pb at the Tevatron_Run !I and 12.6 pb at the

cess. Thus, one can think of thehannel process as a kind LHC, assumingxz,=0.29, and including the NLO QCD

of measure of the inclusive top quark width. corrections for botht and t production.(These should be
Because of the strong motivation to use single top quarlcompared with the SM rates of 2.4 pb and 243 pb, at Teva-

production to study FCNC operators involving the top quark,tron and LHC, respectively.

detailed simulations of the effect of ttget-c operator on As pointed out above, the constraintgb,.,«5,.

single top quark production were performigt8], and found <0.05,0.29 were obtained by analyzing the low energy data

that this operator could be constrained by the procpgs With certain assumptions made for the underlying theory

_tcto Agie=4.5 TeV at Run Il of the Tevatron if no new [52]. When additional new physics effect is added to the

physics signal were to be found. Further refinements on thiffect of thexzc coupling to the low energy data, it may turn
idea [49] showed that it could be improved by including out that a large cancellation among various sources allow the

other reactions such asc—t, gc—gt, qc—tq, andg g size of k4. to be at the order of 1. Hence, a direct test at
—tc to Agc=10.9 TeV at the Tevatron Run Il and to

high energy colliders by studying the single top production is
Ag4ic=164 TeV at the LHC.

necessary to conclusively determine the couplisg.. For
) . . =1, the expected additional single top quark production
Detailed simulations of the&-t-c and y-t-c operators Kztc b 9 P9 b
have so far been confined to studies of top quark deca

y%‘ate for theW-gluon mode is 1.56 pb at Run Il of the Teva-
on, and 146 pb at the LHC, which in both cases would
[50,52,51. The left-handedZ-t-c FCNC operator, Lwhpse clearly be observable as deviations from the SM rf1&3.
strength is parametrized in E(P) by the quantity|«zJ IS The y.t-c operator can be studied at a hadron collider
constrained by low energy data on flavor-mixing processe%rough the reactiory c—t (where the photon is treated as a

parton inside the proton though this exotic production

mechanism suffers from potentially large SM backgrounds.

B0f course it is also sensitive to th&-t-s and W-t-d interac-  In contrast, an electron Linear Collider will be better suited

tions. for this task.

to be less than the order of magnitude of O[@2]. The
right-handed operator is more loosely constrained from low

014018-10



SINGLE TOP QUARK PRODUCTION AS A WINDOW TO.. .. PHYSICAL REVIEW [B3 014018

IV. POLARIZATION

The polarization of top quarks represents another way to v 1
probe the properties of top quark interactions. In the SM, the
W-t-b vertex is entirely left-handed, which means that the
top quark polarization information is passed on to e
boson and quark into which the top quark decays. Since the | < v
W interaction with the light fermions into which it decays is ’ I
also left-handed, th&V polarization information is thus also e W i b 5 i
reflected in the kinematics of its decay products. The same ©
weak interaction is also responsible for single top quark pro- © @
duction, which has the consequence that single top quarks FIG. 18. A diagram indicating schematically the correlation be-
also show a large degree of polarization. The discussion beween the charged leptor?) from a top quark decay, and the top
low is based on the SM amplitudes for top quark productionquark spin, in the top quark rest frame. The arrows on the lines

and decay presented jt3].

A. The W™ polarization: The W-t-b interaction

In order to probe the chiral structure of thNé-t-b inter-
action, it is enough to consider th#& polarization of top
guark decays. As was shown [ih3], the left-handed nature
of the SM interaction demands that the produ®édosons
be either left-handed or longitudinally polariz&dand pre-
dicts the fraction of the longitudinally polarized/ bosons
from top quark decays to be

2
m;

fom——
* 2MZ+m?

=70%. 9

indicate the preferred direction of the momentum in the top quark
rest frame, while the large arrows alongside the lines indicate the
preferred direction of polarization. The figures correspond to top
quark decay(a) and (b)] andt decay[(c) and (d)] for the cases
when the intermediat®/= boson is longitudinally polarizef(a)
and(c)] or left-handed (b) and(d)]. In all cases, the* (e~) from

at (t) decay prefers to travel alorf@gainst the direction of thet

(t) polarization.

handed structure verified, the top quark decay products can
be used in order to study the polarization of the produced top
quarks themselves. As we will see, this can be very useful in
determining what sort of new physics is responsible for an
observed deviation in single top quark production. Currently,
there are two important bases for describing the top quark

The degree ofN polarization from top quark decays can be polarization. The us.ual heIicjty ba}sis measures the compo-
reconstructed by studying the angle between the charged lepent of top quark spin along its axis of motién the center

ton momentuni{defined in theW rest frame andiheW mo-
mentum defined in the top rest frarffe3]. Sincett pairs are
predominantly produced by QCD interactiorgsg(gg—tt),

which conserve parity, the top quark is not polarized in its
inclusive production, though there are correlations betwee

thet andt_spin at the Tevatron because the dominant pro

duction is through a spin 1 gludm3]. Hence, it is best to

study top quark decays it events to test the SM left-
handed nature of the/-t-b coupling by verifying the frac-

of mass frame—because the top quark mass is large, its he-
licity is not a Lorentz invariant quantify The so-called “op-
timized basis”[54] relies on the SM dynamics responsible
for single top quark production in order to find a direction
I(]either along the direction of one of the incoming hadrons or
produced jetswhich results in a larger degree of polarization

for the top quark. In the discussion below, we will describe

the modes of single top quark production in both bases, and
analyze the particular strengths and weaknesses of each.
Before looking at a particular process or basis, it is worth

tion of left-handedW bosons from top quark decays to be describing how one can determine the top quark polarization

(1—1p).
When probing théN-t-b interaction from top quark de-

from its decay products in the decay mode tebW* b
—1%y b [13]. A simple heuristic argument based on the

cays, theW andb are observed, thus one can be sure that it ideft-handed nature of the/ interactions and the conservation
this interaction that is responsible for the effect one is seeingyf angular momentum can be made, and is displayed dia-
which may not be the case if there is new physics in singlegrammatically in Fig. 18. The analysis is carried out in the
top quark production. Once the chiral structure of Yie-b  rest frame of the top quark. When th¢ boson is longitudi-
interaction is determined, one can then employ this informanally polarized, it prefers to move in the same direction as
tion to unfold the top quark decay and reconstruct the polarthe top spin, cf. Fig. 1&). Its decay products prefer to align
ization of the top quark itself, as will be explained below. along theW polarization, and since thé/ is boosted in the
direction of the top quark polarization, the charged lepton
again prefers to move along the top quark spin axis. In the
) , ) left-handedW case, the fact that thie quark must be left-
Once the chiral structure of th@/-t-b interaction has  ,n4e forces it to move along the direction of the top quark
been probed through top quark decays, and the SM Ieft|'30Iarization, cf. Fig. 18). The W thus moves against this
direction. When thaV decays, the charged leptoh'j must
be right-handed, so it prefers to move against Welirec-
Ywe neglect the tiny mass of the bottom quark, as is justifiedtion, in the same direction as the top quark polarization. Also
given (m,/My)?~3.6x1074. shown in Figs. 1&) and 18d), a similar argument can be

B. The top quark polarization
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made for thet spin, but in this case the charged lepton pre-and results in a fair degree of left-handed top quark produc-
fers to move against thespin axis. From this point onward, 10"
we restrict our discussion to top quarks, but it should be clear
how they apply tat as well. The simple angular momentum
argument is reflected in a more detailed computation of the The discussion of polarization in th&-gluon fusion pro-

2. W-gluon fusion

distribution[53], cess is somewhat tricky, mostly owing to the fact that the
detailed kinematics of this process are sensitive to higher

1 dr _ E(l+cos€) (10 orders of perturbation theofy12]. It is clear that the kine-

I"'dcoso 2 ' matic region described by the procegb—q’t is the domi-

nant one, but a precise calculation of the interplay between
where @ is the angle between the direction of the chargedpe 2.2 scattering contribution and the—23 scattering
lepton and the top quark polarization, in the top quark restontribution is still lacking. Thus, one must be careful in
frame, and’ is the partial width for a semileptonic top quark cjaiming what degree of polarization results from a particular
decay in the SM. In principle, one has only to decide on gyasijs.
scheme for relating the top quark polarization to some axis, |n the helicity basis, the 22 description has the top
and one can fit the distribution, quarks 100% left-handed when produced from tHe—d t

sub-process. In fact, at both Tevatron and LHC the

A 1-A
F(cosd) = E(l+0050)+ 7(1—0039), (1) —ut subprocess is quite small, and thus the over-all degree
of polarization is about 97%. On the other hand, the 2

to determine the degree of polarizatioh along this axis. In ~ description shows a degree of polarization that is much
practice, there are complications arising from the fact that théower, and depends on the choice of the regularization
end points of the distribution tend to be distorted by thescheme for the collinear singularitg.g., the bottom quark
kinematic cuts required to isolate the signal from the backmas$ used in the computation. This is an indication that this
ground, and the fact that in reconstructing the top quark reghethod of computation is not perturbatively stable. Thus, it
frame, the component of the unobserved neutrino momentung fair to say that the degree of polarization in the helicity
along the beam axispf) is unknown. One may determine basis is high, but at the moment no reliable determination is
this quantity up to a twofold ambiguity by requiring the top ayallable. This situation _should be |mpr0\_/ed t_)y mc!udlng
quark decay products to have an invariant mass that is clog@gher order QCD corrections M-gluon fusion simulation.

to m,. However, the ambiguity in this procedure will also e optimized basis once again makes use of the fact that
have some effect on the distribution, and so careful study i&"€ top quark polarization is 100% along the direction of the
required. One can also use the asymmetry between everit@€ctator antiquark in the reaction. At both Tevatron and
with cos6>0 and co¥<0 to characterize the degree of po- LH.C, th|§ is domlnantly_the spectator jet in the final state.
larization of the top quark, which may be helpful if the data This basis thus results in a top quark which is about 96%

set is limited by poor statistics. polarized along the direction of the spectator jet[%d], it
was shown that this basis is not sensitive to the value of the
1. W* production bottom quark mass, and thus is perturbatively reliable. In

other words, higher order QCD effects are unlikely to have a
large impact on the degree of top quark polarization in the
Sptimized basis.

The degree of top quark polarization in teehannelWw*
process is straightforward to compute in the helicity basi
[13]. Using the CTEQ4M parton distribution functions
(PDF’s), we find that at the tree level about 75% of the top
quarks produced through tlgechannel process at the Teva- C. New physics and top quark polarization
tron are left-handed, and 76% of them are left-handed at the

LHC [13]. As we have seen, new physics may alter the structure of

ingle top quark production. It may be that the new physics

theT'?g g?:gg'éedng?;'s t'r:gﬁrﬁvt?qsetgfﬂ hter‘lflé::ty r?)?é:sresrg!t aiffects will reveal themselves, and tell us something about
v y noting ; ! P P their nature by causing a large deviation in one or more of

duces top quarks whose polarization is always along the dij : ; .
rection of the initial antiquark involved in the scattering. At the single top guark production cross sections. In that case

L . one can study the distribution of the top quark polarization in
I m /9
the Tevatron, the vast ajorltﬂg /0) of these anthuarks order to learn Something further about the nature of the non-

come from thep (which has valence antiquajksThus, one  standard production mechanism.

expects that by choosing to measure the top quark polariza- |n Sec. |1, it was demonstrated that either a charged scalar
tion along thep direction in the top quark rest frame, one cantop-quark pion orW’ gauge boson can have a substantial
raise the degree of polarization from 75% to 97%. This rep-effect on single top quark production in teehannel mode.
resents a large improvement for Tevatron polarization studAssuming for the moment that such a deviation has been
ies of theW* process. However, at the LHC there are noobserved, one can then use the top quark polarization in or-
valence antiquarks, and thus no optimized basis to analyzger to narrow down the class of models responsible for such
the W* top polarization. In that case, the helicity basis is thean effect. TheV' boson couples to the left-handed top and
sensible basis to analyze the polarization of the top quarkyottom quarks, and thus an analysis of the resulting top
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FIG. 19. The location of the Tevatron SM poitite solid circlé  ¢jrcle) in the oc-o, plane, and the & theoretical deviation curve.
in the o0 plane, and the @ theoretical deviation curve. Also  aA|sg shown are the points for the top-quark-flavor modeith
shown are the points for the top-quark-flavor mo@eith M,=1 M,=1 TeV and sif$p=0.05) as the X, the FCN@-t-c vertex
TeV and sif$=0.05) as the X, the FCNCZ-t-c vertex (|, I=1) as the open circle, a model with a charged top-quark
(|kztc/=1) as the open circle, a model with a charged top-quarkpion (m,-=450 GeV andtg-Cr mixing of ~20%) as the cross,
pion (m;:=250 GeV andtg-cg mixing of ~20%) as the cross, ang a four quark generation scenario wih|=0.55 and|Vy,|
and a four quark generation scenario Wjths|=0.55 and|Vi|  _ g5 a5 the asterisk. Al cross sections sumtthadt rates.
=0.835 as the asterisk. All cross sections sumtthedt rates.

handed versions, and thus the distribution of top quark po-
larizations will depend on the relative strength of the two.

Thus, by studying top quark polarization, one could begin to
disentangle the chiral structure of the operator responsible

”“{T‘b?rsdsg“’"_v a ':Imlﬁ senzltlv%?tg/ théﬂth m_ans, tand t|:1e for a deviation in single top quark production, giving further
optimized basis will show abou o at the fevatron. OW'insight into the nature of the full theory that accurately de-

ever, thewr™ has a right-handed interaction, completely at - . ; :
odds to the SM. In fact, there is another difference betweer%Crlbes higher energies.
the W’ and thew™ that is also very important. Like the SM
W boson, theN' is a vector particle, and thus carries angular
momentum information between the initial state and final Having gone over in detail the physics one can probe with
state in thes-channel process. However, the", as a scalar single top quark production, it is worth summarizing what
particle, does not carry such information. Thus, the optiwe have learned and examining how one can use the differ-
mized basis, which relies on the correlation between top spient top quark observables to extract information about the
and the initiald momentum fails to apply to a scalar produc- top quark that maximizes the available information. In the
tion mechanism, and if one were to use it to analyze thédreceding sections we have seen that single top quark pro-
polarization of the quark top coming from this type of new duction allows one to measure the magnitude of the top
physics effect, one would come to the wrong conclusion thaguark’s weak interactionén contrast to top quark decays
the produced tops were unpolarized. On the other hand, ifihe three modes of single top quark productigime
the helicity basis the top quarks produced from theshow  s-channel W*, the t-channel W-gluon fusion, and the
very close to 100% right-handed polarization. This demont{W™ modes are sensitive to different types of new physics.
strates the utility of usingpothbases. If there is new physics All three modes are sensitive to modification of #et-b
in single top quark production, not only is it unclear at theinteraction, with thet W~ mode distinguished by the fact
outset which basis will show a larger degree of polarizationthat it is rather insensitive to most types of new physics. The
but we can use them together to distinguish a vector from &channel mode is sensitive to certain types of additional
scalar exchange, thus learning about the nature of the ne(heavy particles. And thet-channel mode is sensitive to
particle without directly observing it. physics which modifies the top quark decay properties, in
Study of polarization can also be useful in disentanglingparticular to FCNC interactions. In this light, it is rather un-
the operators in the effective Lagrangian in E@s.and(7).  fortunate that th¢ W~ mode is so small at the Tevatron that
As we saw, those operators have left-handed and rightt is not likely to be useful there, as it can allow one to

quark polarization will be similar to that of the SM predic-
tion. Namely, the helicity basis will show about 75% of the
tops to be left-handed (75% at the L{@hough the specific

V. CONCLUSIONS
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measure the strength of thg-t-b vertex, which would be a cays, one learns about the nature of\fte-b interaction. By
good first step in disentangling the information from the studying the top quark polarization, in both the helicity and
andt-channel modes. optimized bases, one can learn more about the chiral struc-
Without thet W~ mode, one will most likely have to ture of nonstandard top quark interactions, either by probing
study the correlation of the- andt- channel rates in the the chiral structure of the interactions, or even the scalar/
plane ofos— o in order to attempt to understand if a new vector nature of a virtual particle participating in single top
physics effect is present, and how one should interpret it if itquark production.
is observed. ¢ and o, are the cross sections ®* and The large top quark mass seems to be a hint that the
W-gluon processes, respectivelyn Fig. 19 we show this mechanism of the EWSB may be more evident in studies of
plane for Run Il of the Tevatron, including the SM point the top quark than in other observables, and thus the Teva-
(with the contour of 3 theoretical uncertainty deviation tron Run Il and the LHC are exciting opportunities to probe
around i} and the points from the top-quark-flavor model the nature of the symmetry breaking. We have seen that by
(with M, =900 GeV and sifiy=0.05), the top-quark-color using the three modes of single top quark production to-
model with a charged top-quark pidwith massm_=250  gether, along with studies of polarization in top quark decays
GeV andtg-Ccg mixing of 20%), a FCNCZ-t-c operator —and in single top quark production, one can assemble a co-
(with |kz]=1 and ¢5,.= ¢5,.=0), and a largeV,s under herent picture of the properties of the top quark. These ob-
the four quark generation scenario with,J=0.55 and servables are sensitive to different kinds of new physics, and
V| =0.835. A similar plot is given in Fig. 20 for the LHC. thus when considered together can provide a probe of the
This illustrates how to use the knowledge we have about thBature of nonstandard physics manifest in the top quark sec-
sensitivity of theWw* and W-gluon fusion modes to find a tor, or can demonstrate the validity of the SM picture of how
likely explanation for a new physics effect. A deviationag e top quark should behave.
that is not also reflected ia, is most likely due to the effect
of nonstandard particles. A deviation i that is not also
seen ino is likely from a FCNC. A deviation that is com-
parable in both rates is most likely from a modification of the  T.T. has benefitted from discussions with E.L. Berger,
W-t-b interaction. In the very least, if the SM is a sufficient B.W. Harris, T. Lecompte, E. Malkawi, Z. Sullivan, and S.
description of single top quark production, the fact that theWillenbrock. We thank H.-J. He and W. Repko for collabo-
two rates are consistent will allow one to use them to extractation on the associated production of a scalar boson with a
V., With confidence that new physics is not distorting thesingle top quark. Work at Argonne National Lab is supported
measurement. in part by the U.S. DOE under Contract No. W-31-109-
Additional information is provided by polarization infor- ENG-38. C.P.Y. is supported in part by the NSF under Grant
mation. By studying th&V polarization from top quark de- No. PHY-9802564.
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