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Study of top-quark polarization in single-top-quark production at the CERN LHC
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This paper complements the study of single top-quark production at the CERN LHC aiming to estimate the
sensitivity of different observables to the magnitude of the effective couplings. In a previous paper the domi-
nantW-gluon fusion mechanism was considered, while here we extend the analysis to the subd@hoitant
with our set of experimental cyts-channel process. In order to distinguish left from right effective couplings
it is required to consider polarized cross sections and/or incingeffects. The spin of the top quark is
accessible only indirectly by measuring the angular distribution of its decay products. We show that the
presence of effective right-handed couplings implies necessarily that the top quark is not in a pure spin state.
We discuss to what extent quantum interference terms can be neglected in the measurement and therefore
simply multiply production and decay probabilities classically. The coarsening involved in the measurement
process makes this possible. We determine for each process the optimal spin basis where theoretical errors are
minimized and, finally, discuss the sensitivity in teechannel to the effective right-handed coupling. The
results presented here are all analytical and inclugeorrections. They are derived within the narrow width
approximation for the top quark.
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[. INTRODUCTION angles and effective right-handed couplings can be bound
very precisely. The authors ¢#] reach the conclusion that

At present not a lot is known about th&tb effective  |Re(@r)|<0.4xX 10 2. However, consideringr as a matrix
coupling. This is perhaps best evidenced by the fact that thi# generation space, this bound only constrainstthele-
current experimental results for tifeft-handed K, matrix ~ ment. Other effective couplings involving the top remain vir-
element givg 1] tually unrestricted from the data. The previous bound on the

right-handed coupling is a very stringent one. It should be
K |2 obvious that the CERN Large Hadron CollidgrHC) will
=0.99+0.29. (1) not be able to compete with such a bound. Yet, the measure-
ment will be a direct one, thus ruling out some contrived
models where substantial cancellations might hypothetically

In the standard model this matrix element is expected to bg,,qiqg theb—sy constraint. For the value of the effective
close to 1. It should be emphasized that these are the “me%'ouplings in some specific models see 5.

sured” or “effective” values of the Cabibbo-Kobayashi- At LHC eneraies the mechanism underlving sinale top-
Maskawa(CKM) matrix elements, and that they do not nec- 9 ying g'e fop

essarily correspond, even in the standard model, to thguark_producti(_)n, therefore aIIowingadirect test of_wet
entries of a unitary matrix on account of the presence offfective couplingsy, andgg, consists of several different
radiative corrections. These deviations with respect to uniProcessessee e.g[6]). The dominant processs the so-
tary are expected to be small—at the few percent level a¢alled W-gluon fusion channel, ot-channel process. The
most—unless new physics is present and makes an unexpe€lectroweak subprocesses corresponding to_this channel are
edly large contribution. At the Fermilab Tevatron the left- depicted in Fig. 1, where light-type quarks od-type anti-
handed couplings are expected to be eventually measurefliarks are extracted from the protons. Besides this dominant
with a 5% accuracy?2]. channel(250 pb at LHC[7]) single top quarks are also pro-
As far as experimental bounds for the right handed effecduced through the process where W& boson interacts
tive couplings are concerned, the more stringent ones comgith a b quark extracted from the sea of the prot@® pb
at present from the measurements on lthesy decay at [7] and in the quark-quark fusion @rchannel proces&l0
CLEO[3]. Because of am,/my, enhancement of the chiral- phb) which is depicted in Fig. 2. The numbers quoted here
ity flipping contribution, a particular combination of mixing

|Kial *+ [Kysl*+ [Kip|

We refer here to single-top-quark production. The dominant
*Email address: espriu@ecm.ub.es mechanism at the LHC is, of course, top-pair production, but this
"Email address: manzano@ecm.ub.es has no direct information oK.
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reader is encouraged to s, where a very detailed analy-
sis is presented.

Typically the top quark decays weakly well before strong
interactions become relevant, so we could in principle “mea-
sure” its polarization state with virtually no contamination of
strong interactiongsee e.g[9,10] for discussions of this
point) and try to establish interesting observables based on
(b) this measurement. In fact it is not difficult to convince one-
self that in order to disentangle left from right effective cou-
plings, it is almost compulsory to be able to “measure” the
polarization of the top quark. This will become apparent
from the formulas presented in Sec. Il. For this reason we
correspond to total cross sections. The separation betweérave derived in this work and if8] analytical expressions
the subdominant processes and the domilégiuon fusion  for the cross sections for the production of polarized top
is purely kinematical7,8]. By placing a cut on th@y of the  quarks or top antiquarks. To this end one introduces the spin
detectedb quark, the former process can be eliminated alto{rojector
gether. This also eliminates a sizeable fraction of the top
quarks produced via thé/-gluon fusion mechanisnabout (1+ 75'/‘)
two thirds for the cuts we useThe cut onp has the addi- 2 '
tional bonus of making the QCD corrections manageable.

One is therefore left with those single top quarks comingW'th
from theW-gluon fusion mechanisnt{channel and the sub-

FIG. 1. Feynman diagrams contributing single top-quark pro-
duction subprocess. In this case we hawtas spectator quark.

dominants-channel process. The latter one is actually the i 1 > o~ gn
main object of our interest in this article, although we will ne= \/ﬁ(pl' n.pan),
also have many comments to make ontfohannel process. (P)*=(P1-N)
In a proton-proton collision a bottom—top-antiquark pair R
is also produced through analogous subprocesses. The analy- n’=1, n?=-1, 2

sis of such top antiquark production processes is similar to o ) ) ) )
the top quark ones and the corresponding cross sections c&f the polarization projector ff)r a particle or anti-particle of
be easily derived doing the appropriate changes. momentump, with spin in then direction. The calculations

In a previous papdi8] we have analyzed the sensitivity of of the subprocess cross sections have been performed in this
different LHC observables to the magnitude of the chargedvork and in[8] for an arbitrary polarization vectar.
current effective couplings considering only the dominant Obviously, however, the top quark decays very shortly
W-gluon fusion channel. In that work we did not consider theafter production, so the only practical way one can measure
subsequent decay of the top quark in any detail. We didthe spin of the top quark is through its influence on the
however, a complete analytical calculation of the subprocesangular distribution of the leptons produced in the decay. It is
cross sections, for general left and right effective couplingsacitly assumed in most of the works published on this sub-
and including bottom mass correctionspfA>30 GeV cutin  ject that the decaying top quark is in a pure spin state for all
the transverse momentum of the produdgdquark was practical purposes; i.e. its polarization vector is pointing in a
implemented in[8] and, accordingly, only the so-called 2 particular direction in space in a given reference frame.
—3 process was retained, exc|uding top-quark production In the tree-level standard model this is not quite true, but
off a b quark from the proton Fermi sea. Given thgre- it is almost true. The tree level standard model corresponds
sumed smallness of the right handed couplings, the bottorrin our notation to takingy =1 andgg=0. Imposing the cut
mass plays a role which is more important than anticipatedpn pr we have mentioned, only two subprocesses contribute:
as the mixed crosseg| gr term, which actually is the most W-gluon fusion and thes-channel process. The latter pro-
sensitive one t@g, is accompanied by b quark mass. The Vides 100% polarized top quarks in a certain directimnbe
discussed latgrThe situation in thé-channel process is a bit
more complicated. The results from our previous analysis
presented iN8] show that single top-quark production is
highly, but not fully, polarized in this case td84% in the
optimal basis, with the present set of qut$his is a high
degree of polarization, but still well below the 90claimed
by Mahlon and Parke ifi10]. We understand this as being
due to the presence of a 30 GeV cutph. In fact, if we
remove this cut completely we get 91% polarization, in
rough agreement witflQ] (note that we do not include the

FIG. 2. Feynman diagram contributing to single top-quark pro-2— 2 or b-sea procegsInasmuch as they can be compared,
duction in the subdominastchannel process. The top decay is alsoour results for the tree-level standard model are in good
shown in this figure. agreement with those presented[#j in what concerns the
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total cross section. These considerations are quite indepeprobability distribution plus the probability of producing a

dent of the choice of the strong subtraction scale, which is byop quark polarized in the negativeﬁ distribution times the

far the largest source of uncertaifitiet us assume now for corresponding decay angular probability distribution. The
the sake of discussion that the polarization is indeed 100%dependence on the effective left and right coupliggsand
The top quark subsequently decdgay emitting a positively  gr is obviously contained in the density matrix and also in
charged lepton One can compute the angular probability the decay distributions. . _
distribution of the lepton with respect to the polarization di- Obviously, since the entries of the density matrix depend
rection in the standard model, multiply the two probabilities " the spin basis, the final physically observable result of the

and compare the experimental result with the theoretical pr Qrevious z_inaly5|s_ WlchertalnIy G!epend on the spin b_as's too.
diction. ow is this possible? In fact this is as it should be; we are

In fact things are a lot more subtle. First of all, we havemulﬂplymg probabilities and in fact we are neglecting the

N that even in the standard model larization is nev uantum interference terms because we are assuming that the
seen that eve € standa odel, polarization 1s ne e'golarization of the top quark is measured in the intermediate
100%. Furthermore, it turns out that whegp+0, i.e. be-

statebeforethe top quark decays. Then there should be no
yond the standard model, the top can never be 100% polagyprise in the fact that the interaction between the top quark
ized (see the discussion in Sec. Il and[B]), not even in  anq the apparatus measuring its spin modifies the final physi-
principle. In other words, the top quark is necessarily in acg| results.
quantum mixed state and is described by a density matrix. However, a proper measure of the top quark $yforeit
The entries of this density matrix depend on the momenta oflecays is impossible; the only way we learn about top-quark
the incoming and outgoing particles; that is to say, there is apolarization is precisely from thénal decay products. So,
entanglement between spin and momenta. the previous procedure is conceptually incorfe€he final
Of course this complication amounts to a small effect beresult has to be strictly independent of the intermediate spin
causegg, is surely quite small, even in most models beyondpasis one uses. Does this mean that the usual procedure
the standard model, so in a first approximation the experi=—which is the one we just described—is totally flawed? In
mental consequences should be small. However, if our pufprinciple yes, however one expects that the coarsening in-
pose is precisely to measugg or at least to set a bound on volved in the measuring process washes some or all of the
it, it is clear that the effect needs to be taken into account. interference effects. Then perhaps the previous procedure
The next step is to select the direction where one is tavhere one assumes that the spin of the top quark is well
“measure” the spin of the top. By tracing the appropriate defined and one proceeds as if it could be measured before it
spin operator with the density matrix one would determinedecays it could be approximately correct. But what then are
the expected probabilities of finding a top titafter the mea-  the errors involved? Do they jeopardize the determination of
surg would point in the given direction of our choice. There some of the effective couplings, in particular the distinction
is a privileged spin basis, namely the one where the densitgetweeng, andggr? These are some of the issues we would
matrix is diagonal, where the calculation is greatly simplifiedlike to address in the present work.
since one need not compute the off-diagonal terms. This di-
agonalization process has to be done event by event and it  Il. THE DIFFERENTIAL CROSS SECTION FOR

selects a particular vector (event dependehtin sec. V we POLARIZED TOP-QUARK PRODUCTION

provide explicit formulas for this privileged direction. EI- We shall discuss here thechannel production for the
ementary quantum mechanical considerations show that thigyke of definiteness. This is the most involved process. We

is also the direction where the differential cross section isreferthe reader tf8] for detailed expressions of the different

maximal (or minimal depending on the sign of the spin 5 jitydes. We denote the matrix elements of the hard sub-
Using this 3-vector as spin basis, for instance, one can mul- n

: d ; u
tiply the probability of producing a top quark polarized in the process of Fig. 1 by, . There will also be ad~ , corre-

positive + N direction with the corresponding decay angularSPOnding to having instead @ as spectator quark. We will
also eventually define the matrix elements corresponding to

the processes producing top antiquarksMit$, and Y

ZSince we perform a |eading order calculation in QCD’ the sca|éNith these deﬁnitions the diﬁerential Cross SeCtion for polal’-
dependence is large. We have made two different choig@sy ~ ized top quarksio can be written schematically as
=p$'tis used as scale iag and the gluon parton distribution func- d —
tion (PDP), while the virtuality of theW boson is used as scale for do=B(f M2+ fgMY[?),
the PDF of th.e light quarks n the proton. TQng'VFS an eXce”emwherefu andfg denote the parton distribution functions cor-
agreement with the calculations {I7]. (b) w°=s, s being the . . —
center-of-mass energy squared of tiesubprocess. The total cross F€SPonding to extracting a-type quark and al-type quark
section above the cut is then roughly speaking two thirds of thd€SPectively and is a proportionality factor incorporating
previous one, but no substantial change in the distributions takef1€ kinematics and also the gluon distribution function. Us-
place. This is the typical error for LO calculations in the present
kinematical regime. The total cross section has been known to NLO
for some time[11], while NLO results for the differential cross
section have become available just receftlg|. SEven if one is considering, as we do here, only on-shell tops.
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ing our analytical results for the matrix elements given in the Appendp8bive obtain for the differential cross section

grOL T ORI Or 9r—OROL
do= BTy [gL2(a+ap) +|grl2(b+by) + == (C+ C) i =5 dn |+ Bfgl |gr|*(a—2n) +|g1 | *(b—by)
* + * * _N*
+QRQL gRgL(C_Cn)_ingR gRngn
2 2
g
= (gt gE)A( L). 3)
Or
where
1 _ 1 _
f (a+a,) +fgb—by) Sfucteptidy) + 5 fale—co—idy)
A=p 1 1 , (4)
Efu(C+Cn_idn)+Efmc_cn+idn) fu(b+bn)+fma_an)

and wheres, b, ¢, a,, b,, ¢, andd, are independent of the Note that it is not possible to saturate both constraints for the
effective couplingggg andg, and the subscripta indicate  same configuration because this would imply a vanisiing

linear dependence on the top-quark spin four-veactoAll which in turn would imply relations such as
these quantities depend only on masses and momenta, The

¢, andd, terms are proportional to the bottom-quark mass a+tb fg—f, a,—b,
and are therefore absent if one negleas(this at first sight a,+b, - fo+f, T a—p

does not look unreasonable, given the energies involved
Inspection of the above differential cross section reveals thaghich evidently do not hold. Moreover, since constraiffs
in the my, limit, the only way to tell left from right effective and(8) must be satisfied for any set of positive parton dis-
couplings is precisely by considering and measuring polartripution functions we immediately obtain the bounds
ized cross sectionghe terms im,,,b,) unless one is willing
to rely strongly on the parton distribution functiohdsor
these reasons, both polarization ang terms are quite im-
portant.

We observe thaA is a Hermitian matrix and therefore it is _— s 5 5 5 o
diagonalizable with real eigenvalues. Moreover, from the b*+a _(bn+an)>§[c —(cptdl.
positivity of do we immediately arrive at the constraints

1
a,b+ab,— 5CCn

1
ab+anb,— Z(C2+ c2+d?)=

In order to have a 100% polarized top we need a spin four-

detA=0, (5)  vectorn that saturates the constraii® [that is Eq.(7)] for
each kinematical situation, that is we ne&¢h) to have a

TrA=0, (6) zero eigenvalue which is equivalent to have a unitary matrix
C satisfying

that is
CTAC=diag\,0),
[fu(atay) +fa(b—by)][fy(b+by)+fala—ay)]
1 for some positive eigenvalue. In general suctm need not
?—[Cz(fu+fH)2+(Cﬁ+dﬁ)(fu—fE)2 exist gnd, shogld it exist, is in any case mdependent' of the
4 effective couplingsggr and g, . Moreover, provided this
exists there is only one solutiofup to a global complex

2_ £2
+2cc(fy=fyl, (7 normalization factow) for the pair Qg,g,) to the equation
do=0. This solution is just
and
_ _ gL=aCyy,
(fy+faa+b)+(f,—fy(a,+b,=0. (8)
gr=aCp. 9

“The statement is exact if one uses the so-called effetthap-  Note that if one of the effective couplings vanishes we can
proximation, which is not terribly accurate for the present case andake the other constant and arbitrary. However if both effec-
certainly not recommenddd 3], but widely used in LHC physics. tive couplings are nonvanishing we would have a quotient
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gr/g, that would depend in general on the kinematics. Thiseral remembering that the top-quark particle forms in general
is not possible so we can conclude that for a nonvanisging an entangled state with the other particles of the process.
(g, is evidently nonvanishingit is not possible to have a Since we are tracing over the unknown spin degrees of free-
pure spin statéor else only for fine tunedr a 100% polar- dom and over the flavors of the spectator quark we do not
ization is possible end up with a top quark in a pure polarized state.

Let us now give a very simple example to make the pre-
vious discussion more understandable: in the unphysical situ-

ation wherem;—0 it can be shown that there exist two so- |, cross SECTIONS FOR TOP-QUARK PRODUCTION

lutions to the saturated constraif®), namely AND DECAY IN THE s CHANNEL
P EEE P 1 Let us now turn to thes-channel process. This is, as al-
mn=—= |p1|'plm : (10 ready mentioned, subdominant but non-negligible since it

roughly amounts to 10% of all single top quarks produced
Once we have found this result we plug it in the expressiorafter our set of cuts are imposed. It is also a lot cleaner from
(9) and we find the solutions (@,) with g, arbitrary for the a theoretical point of view, as QCD corrections are small. As
+ sign and @r,0) with gg arbitrary for the— sign. Thatis, a by-product we shall derive the differential decay width,
physically we have zero probability of producing a right which is applicable to both the ands-channel processes.
handed top when we have only a left handed coupling and Using the momenta conventions of Fig. 2 and averaging
vice versa when we have only a right handed coupling. Not@ver colors and spins of the initial fermions and summing
that in this case it is clear that having both effective cou-over colors and spins of the final fermiofemember that
plings nonvanishing would imply the absence of 100% po-we have included a spin projector for the top quattke
larization in any spin basis. This can be understood in gensquared amplitude for top-quark production is given by

|Mn|2:e;;llc k2—1M\2N 2[ gu/? |9R|2<Q1' pl+2mtn)(Q2'52)+|gL|2(QZ' pl_zmtn)(%'Bz)
mbw[mt(ql-%)ﬂq?pl)(ql-n)—(q2-n)(q1-pﬂ]“%%smgn“pi’%qg“
+[|§R|2 |9R|2(Q2' w)(%'z)z)ﬂgdz(%' pl_zmtn)(Q2'E’2)+mb%[mt(%'%)+(%'pl)
X(qz-n)-(%-n)(Qz-pl)]+imbwswpan“rﬁng({ ] 11

whereg, andgg are left and right couplings to light quarks agg and gg are the effective couplings to the top-quark—
bottom-quark system. In the numerical results we have takenl, gg=0; i.e. we stick to the tree-level standard model
values in the light sector, but is quite straightforward to include more general couplings. Notice that, exactly ast for the
channel, the crossagl gr terms vanish in the differential cross section in thg—0 limit. Also for exactly the same reasons
as in thet-channel analysis, modulo parton distribution function effects, the differential unpolarized production cross section
would be proportional tdg, |*+ |gg|2.

The differential cross section for producing polarized top-quarks is then

1 d°p, d°p,
4la3a:—a2a5] (2m)°2p] (2m)%2p3

d(Tﬁ: f(;(l ,’)22 ,(ql+ qz)z,AQCD)d’;(]_d’;(z |M n|2(277)454(q1+ go—P1— p2)

wheref (X1, Xy, (014 d2)2 A gcp)dX dx, accounts for the quarks parton distribution functions.
The total decay rate of the top-quark, on the other hand, with arbitrary left and right effective couplings is given by

2 2 2\2 * * 2 2 22 22

© (mi—my) 9L0% +0rOT | V(MZ+m—M%)2—4m?m]

T=—2|(I@JL|2+|@JRIZ)<mt2+m§—2M\2,v+—2 —12mm,—— o _
Sw M 64mm;p;
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The squared amplitude corresponding to the decay rate in the dr,
channel depicted in Fig. 2 summing over the top-quark po- dUZZ dogX——. (13
larizations(with a spin projector insertedaveraging over its =N

color and summing over colors and polarizations of decay

APPROXIMATION

4 ~
IMP|2=— —|M|2(q1—K2,0—Kq,Po— — P2), (12 Within the narrow-width approximation we just discussed

Ne we decompose the process depicted in Fig. 2 in two consecu-

h M2 K kS . . tive processes: the top-quark production and its consecutive
V\ilere_| H ”L(q.lg. Z'qéﬁhl’pz_’._ P2) is just elxprre]zssmbn decay. In that setup we denote the single top-quark produc-
1D W't. t~e in |Eate changes in mpmenta. n the above;,, amplitude asA, .5, and the top-quark decay ampli-
expressiorg, andgg are the left and right couplings corre- tyde asB,, .7, - In the polar representation we write
sponding to the lepton-neutrino vertex. We have assumed e (0)
b ~ o i o . [0
g.=1, ggr=0, but again this hypothesis can be relaxed. The Ap,=n(p) = |Ap,tn(p)|e =,
decay rate differential distribution for this channel is given

by Bp, +i(p) = Bp,am /€= P,

IMP]2 a3k d3k d%p where p indicate external momenta anmt{p) a given spin
N ! 2 Z_(2m) basis for the topquark. The differential cross section for the
2p9 (2m)%2k3 (2m)%2kS (27)32p) whole process is schematically given by

dr,

X 5%(ky+kyt po—py).
_ _ . o d":f | Ap,+7(0)Bp.+7p) + Ap,—(p) Bp, —(py| A P-
Finally, using the narrow-width approximation, we have that

; - ) . . . 14
the differential cross sectiodo corresponding to Fig. 2 is (149
given by Hence
dU:f |Ap,+ﬁ(p)|2|Bp,+ﬁ(p)|2dp+f |Ap,—ﬁ(p)|2|Bp,—ﬁ(p)|2dp+2f |Ap,+a(p)[Bp,+iml |Ap, (e Bp, ~iip)
X cod @ (p)~¢-(pP)tw,(p)—w_(p)]dp
:f |Ap,+ﬁ(p)|2|Bp,+ﬁ(p)|2dp+f |Ap,—ip) By, — (| P (15

Since the axis with respect to which the spin basis is defineghting one. If in addition we make a choice fo(p) that

is completely arbitrarydo is independent of this choice of diagonalizes the top-quark spin density matrix and thus
basis. However within the narrow width approximation onemaximizes| A, | @nd minimizegA, _; |, then we ex-
never computeslo following formula (14). The commonly  pect the interference term to be negligible when compared to
used procedurgl0,14 consists in computing the probability JIA +a(p)|2|Bp +ﬁ(p)|2dp even for a small amount of phase
of producing a polarized top quark and then multiplying thisspace integration. In the channel we will see in the next
probability by the probability of a given decay chanfigée  gection that in the limit ofgz—0 there exists a spin basis

Eqg. (13)]. This procedure is equivalent to the neglect of the: o - ; T
interference term in formulél5) as indicated there. First of n(p) where|Ap | is strictly zero. This basis is given by

all, as discussed in the Introduction, if one neglects the in- 2

: ~ 1 m;
terference term, the result depends on the spin basis, i.e. on n=—|——g,—p; /.
the direction one chooses to measure the third component of mg \ (d2- P1)

the top-quark spin. This is of course acceptable if one really
performs a physical measure of the spimthe n(p) direc-  From this it follows that for smalys if we use that basis the
tion in this casg since the interaction with the apparatus interference integrand is already negligible with respect to
modifies the state. A dependence on the spin frame is hovthe dominant ternf|A, . ap)|%Bp. + 7| °dp. Forgg#0 one
ever unacceptable if the spin is not measupetbrethe top  can still find a basis that maximize#, ;)| (@and mini-
quark decays. mizes|Ap,_,}(p)|) and therefore diagonalizes the top-quark
Let us see whether this approximation can be justifieddensity matrixp. In the next section we will show how to
nevertheless. Clearly, the integration over momenta enhancebtain such a basis that will be the one used in our numerical
the positive-definite terms in front of the interference oscil-integration. In these simulations we have checked numeri-
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cally that this basis is the one that maximizks and there- n'pl+n2p2+ n2p?
fore, on the same grounds, the one that minimizes the inter- N =
ference term. The same considerations can be applied to the P1
t-channel process.
Given that the observables are strictly independent of the (pg)ZZ(pg)2||ﬁ||2_(n1pi+ n?p2+n2p?)2,

choice of spin basisenly if the interference term is included,
we can easily assess the importance of the latter by CheCkirWhereHﬁH: JIZF (nD2+ (n9)2, that isni:”ﬁ”ﬁi with R

to what extent a residual spin basis dependence is presefe normalized spin three-vector. From above equations we
We have checked numerically this point by changing theypiain

definition of the spin basia(p) and noting that our results
0

are actually only weakly dependent on the choicen(i) _ p;
even for a small amount of coarsening. A 4% maximum [n]= ,
variation inp distributions was found between the optimal \/(pg)z—(ﬁlp}+ﬁzp§+ n’p?)2

diagonal basis and another basis orthogonal to the beam axis

(that is, almost orthogonal to all momeptaMoreover we Alpl+A2p2+n2p?

have checked that if spin is ignored altogetti®y consider- n°=||n|| —— 01 L

ing unpolarized top-quark productiprroughly the same P1

amount of variation with respect to the diagonal basis is

observed. Thus we conclude that even though the depeifom which Eq.(2) follows immediately. Let us now find the
dence on the choice of spin basis is not dramatic, its considPolarization vector that maximizes and minimizes the differ-
eration is a must for a precise description using the narrowential cross section of single top-quark production.

width approximation taking into account the presumed

smallness of the effective coupling to be measured and how A. The t channel

subtle the experimental distinction of left and right couplings
turns out to be.

We will begin with thet channel that was analyzed in the
previous section. Using E@3) we define

V. THE DIAGONAL BASIS a,=n-a, b,=n-b,

As stated in the previous section, in order to calculate the
top-quark decay we have to find the basis where the polar-
ized single top-quark production cross section is maximal. . . .
We can do this maximizing in the 4-dimensional space genEind using Lagrange multipliers, and \, for constraints

erated by the components pfconstrained by (16) we maximize

c,=n-c, d,=n-d, a7

n-p;=0, n2=—1, (16) o+ \(N+1)+\on-py,
wherep; is the top-quark four-moment, that is obtaining the equations
|
grOLTORIC O{Or—OROL B 9r9L + 9RIL
__ 2 2 R 2 2
n= ZAlfu[|gL| a+|ggl’b+ 5 c+i 5 d +2)\1fd lgrl“a+[g[*b+ 2 c
O 9r—OROL A2
+1 Td - Z—Mpl, (18)
0=n?+1, (19)
0=n-pq, (20
and thus using Eq$18) and(20)
B 9r0L +9RIL 91 gr— 9RO B
Ao=——1y lg.|%a-py+|grl®b-pit+ 5 C Pl Td' P1|+ ?fd |grl?a-p1+|9L]?b-py
t t
* + * * _A*
N 9rOL ZQRQL C-pyti ngR2 gRng. o.l.

and therefore
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* + * c-
+9R9L29R9L (fu_fd)( r;lpl_c)
m

B a-p b-p
n=o—1 (fuo.l?—fagrld| —5 pPi—a | +(fulgel?— fdlg)| —5 p1—b
2Ny m m

t t

* _~* d'
+iw<fu—fd>(%pl—d)],
m;

with the normalization factox ; given by Eq.(19). Note that ct=+my[g¥(gz- p1) — a4(q1-p1) ],
in the idealized casé,=fy=f we obtain
d“=—mpeq,,P101d7 ,
_ J(a=b)-p;
n=a 2 pi—(a=b)r, hence replacing in Eq21) we arrive at
t

where « is the normalization constant that does not depend
onf or the effective couplings. In the SMyg=0) we obtain

a-p b-p
fu(_zlpl_a) _fﬁ(_zlpl_b>
m; m;

where« is a normalizing factor.

n“=a |9L|2[(Q1'Bz)(Q2'pl)D’f‘(Ql'Bz)mtquzL]

+|9r|%[(92-P2) (A1 P1)PY — (d2- P2)MZGY]

gr0L T ORIT
mt—

+my [af(dz2-P1)—a5(01-P1)]

_OROL— O Or

H o MM, P1a12 | 22

B. The s channel 2 bMt€ opoP1d102 (22)

The s-channel differential cross section has the form which is the basis we use in our numerical simulations. If we
neglectgg we obtain

do=pg(f,fgt+f.fs) |gL|2(as+ a,) + |gR|2(bs+ b,)

(d1-P2) (A2 P1)PY— (a1 - P2) MG

g%0L+ 9ROy 9¥ gr—9%g e = LR
-i—%(cs—kcn)—ki%dn : \/(ql'p2)2(q2'pl)2mt_(ql'pZ)zmtqZ

o S _ _ where we have included the normalization factor and since
where agairg is a proportionality incorporating the kinemat- q5=0 the above reduces to

ics, and wheref, . and fg5 denote the parton distribution

functions corresponding to extractingiec-type quark and a m?

d,s-type quark respectively. Using again the decomposition M=~ g pp 92 P2/

(17) and proceeding analogously to thehannel calculation

we obtain which is the result we have quoted in the previous section

coinciding with[10].

_ ol & P1 2( 2P
”—“||9L| ( 2 P1 a)+|9R| ( 2 P1 b) VI. NUMERICAL ANALYSIS OF s-CHANNEL SINGLE
t t TOP-QUARK PRODUCTION

Let us start this section by discussing the experimental
cuts we have implemented. Due to geometrical detector con-
straints[15] we cut off very low angles for the outgoing

Oigr—0R0 [d-p; particles. The charged particles in the final state have to
* 2 m2 1—d . (2D come out with an angle in between 10 and 170 degrees to be
t detected. These angular cuts correspond to a cut in pseudo-

wherea is the normalizing factor that in this caganlike in rapidity |’7|_<2'44' In order. to be gble to sgparate thg jets
the t-channel resultdoes not depend on the parton distribu- qorrespondmg to the outgoing particles we implement isola-
tion functions. From Eq(11) we obtain tion cuts of 20 degrees between each other. These are the
appropriate cuts for general purpose experiments such as AT-
LAS or CMS.

The set of cuts used in this work is compatible with the
- ones used in théchannel. Since in the previous pagéi
b#=+mq7(dz-p2), top-quark decay was not considered, the equivalence is only

2 mt2

950+ 0rDE (c-pl )
+ 1—¢

ak=—ma5(ds-Pa),
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STUDY OF TOP-QUARK POLARIZATION IN SINGLE. .. PHYSICAL REVIEW D 66, 114009 (2002

approximate and a more detailed phenomenological analysi
will be required in due coursét is actually quite straight-

forward with the help of the results presented here to reda

the t-channel study, but this goes beyond the scope of thiss
papej. The present analysis should however suffice in any-S
case to identify the most promising observables and get ¢3
rough estimate of the precision that can be reached.

We use a lower cut of 20 GeV in the jet> This com-
pletely eliminates top-quark production frombajuark from
the proton sea and greatly reduces higher order QCD contri-%
butions. In thet channel reduces the cross section to about%

one third of its total value, since typically thequark comes 3
out in the same direction as the incoming gluon and a large<.
fraction of them do not pass the cut. Similariypy s
>20 GeV cuts are set for the top quark and spectator quart
jets. These cuts guarantee the validity of perturbation theory
and will serve to separate from the overwhelming back-
ground of lowp+ physics. These values come as a compro-
mise to preserve a good signal, while suppressing unwante
contributions. They are very similar to the ones usedi7ih
and[10]. FIG. 3. Distribution of the cosines of the polar angles of the

In order to calculate the cross sectionof the process bottom quark and bottom antiquark with respect to the beam line.

pp—>tHwe have used the CTEQ4 set of structure functionsThe plot corresponds to single top-quark production at the LHC

[17] to determine the probability of extracting a parton with with top-quark decay included. The calculation was performed at

a given fraction of momenta from the proton. To Calculatetree level in the standard model. For the parton distribution func-
. : 2_a_ 2

the total event production corresponding to different obsery{ions We useu”=s=(q;+0z)".

ables we have used the integrating Monte Carlo program

VEGAS [18]. We present results after one ye@efined as to multiply the probabilities classically—just as if we pre-

10’ seg.) run at full luminosity in one detector (100 foat  tend that the top-quark spin has been measured in the direc-
LHC). __ tion determined by and we determine the decay probability
Since in order to be able to perform the effectéb  distribution. We retain only those final states that pass the
coupling one definitely needs to tag the tlvgype quarks, remaining cuts.
this value for the luminosity is surely too high. Thehysics In the same way and choosing arbitrary spin directions we
program at ATLAS[19], for instance, is planned to be done are able to see how much the physical results depend on the
at one tenth of the total luminosity to avoid pile-up effects.interference term. We have found a 4% difference between
This is even more so in a dedicated detector such as PHCithe worst caséa spin direction perpendicular to almost all
[16] where the appropriate figure is expected to be 2'fb  3-momenta involvedand the optimal caséound analyti-
ATLAS plans to do most of thd-physics runs before full cally herg. We have every reason to believe that, after the
luminosity is reached, for instance. We have nonethelesiitegration over momenta and the resulting coarsening, the
used the high luminosity figure since at this stage the experinterference term in this basis is all but negligible. The rest of

Cos(®anti

mental strategy is not totally settled yet. the results presented in this section are all worked out in the
The way we proceed is the following. We analyze theoptimal spin basis.
kinematics of each event includingkathat passes the ex- Let us first review the results obtained in the framework

of the tree-level standard model. This corresponds to taking

lytic formulas presented in the previous sections. As thegL;éegniggFF?:so 3|n 4allaﬁlérgo_rrrﬁgIgrss.t'l(')??hreessglftis l?:ssslilrg\;vs
reader will remember, this provides us with a spin basis thag gs. S, % ) 9

S . ow the final products of the process are predominantly
minimizes the quantum interference terms. We then proceed . . S ) )
emitted in the axis directiofalbeit not so much as in the

case of the-channel productionand in the same direction.
5 . a1 th | q 30 GeV. We h The plot shows the direction with respect to the beam of
n a previous papef8] the value used was eV We NaVe 1ottom quarks and bottom antiquarks. Recall that a 10 de-
decided to use this lower value here to have a larger total cros

. . - . ﬁree cut is implemented, as well as a separation cut of 20
section without compromising the theoretical accuracy.

5This type of analysis is anyway not well suited for such a detec-deqrees among all jets. Figure 4 showsphelistribution for

tor. The rapidity for LHCb is in the range k67<4.9 and the theb, showing the 20 GeV cut on the; of the b enforced.
angular separation cut between jets imposed here is totally unfea- Figure 5 shows the invariant mass of the lepton and
sible. Furthermore, jet reconstruction is not possible. Clearly thédottom-quark system in the tree level standard model. Since
implementation of this type of physics to this detector requires a lowe are working in the narrow width approximation, the dis-
more ingenuity. tribution falls to zero just below the physical mass of the top

perimental cuts and reconstruct the veatousing the ana-
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FIG. 4. Bottom-antiquark transversal momentum distribution FIG. 6. Bottom-quark transversal momentum distribution corre-
corresponding to single top-quark production at the LHC. The calsponding to single top-quark production at the LHC. The calcula-
culation has been performed at tree level in the SM=19g tion has been performed at tree level in the Si<€1,g3=0).
=0).

duced in the top-quark decay, decays hadronically. In had-
quark and this reflects the part of the total momentum of theonic decays of the top quark a full reconstruction of the
top quark carried away by the undetected neutrino. Figures fbp-quark mass would be feasible.
and 7 actually show thpy distribution for the bottom quark Let us now move beyond the standard model. Since
and lepton, respectively, that are produced in the top-quarkhanging the value of, (while keepinggg=0) amounts to
decay. As previously discussed, 20 GeV cuts on the respee simple rescaling, we shall concentrate on the more inter-
tive pr are imposed. Even though some information is lostesting case of varyingr. As a rough order-of-magnitude
by the fact that the neutrino is not seen and therefore there isstimate for the effectivegy coupling we take|gg|=5
some amount of missing momentum, this does not seem t&x 10 2. This is still worse than the limit implied by
affect the sensitivity to the effective couplings too much. —sy, but is the sort of sensitivity that LHC will be able to
One could as well consider channels in which Wé, pro-  set. The effects are linear igg, SO it is easy to scale the

results up or down. We have considered the possibilitggof

225 F
20 F

175 F

do/dmy, (fb/GeV)
do/dP; (fb/GeV)

S I I T N T B NI
OO 20 40 60 B0 100 120 140 160 180 200

Lo bonv b by ey L
M (I+b mass) (GeV) 002575075 100 125 150 175 200 225 250
P; (lepton) (GeV)

FIG. 5. Distribution of the invariant mass of the lept@bectron
or muon plus bottom-quark system arising in top-quark decay from  F|G. 7. Lepton(electron or muontransversal momentum dis-
single top-quark production at the LHC. The calculation was per+ribution corresponding to single top-quark production at the LHC.
formed at tree level in the standard model wiﬂ?=§=(q1 The calculation has been performed at tree level in the M (
+0,)%. =19r=0).
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FIG. 8. Event production difference between nonvanistdpg FIG. 10. Statistical significance per bin with respect to bottom-
coupling caculations and the tree level SM ongg=0). Differ- antiquark transversal momentum. Like in Fig. 9 we have taken
ences are plotted versus the invariant mass of the lgptentron or  =+5x10"2, +i5%X10 2, —5%x10 2 and—i5%x 10 2 in plots(a),

muon plus the bottom-quark system arising in top-quark decay(b), (c) and (d) respectively. Note that here statistical significance
from single top-quark production at the LHC. We have takgn has a strong dependence on the bottom-antiquark transversal mo-
=+5%x10"2, +i5x 1072, —5x 10 2and—i5%x10 2 in plots(a), mentum but is almost linear on Rg{) and almost insensible to the

(b), (c) and (d) respectively. With the present set of cuts, the total sign of Im(gg).

number of events in the standard model is 181 000. The total excess

is 1200, roughly 1%. this sensitivity with the second figure showing the statistical

. _ _ _. . significance per bin.
hav;]ng ahphase and, accordingly, the experimental sensitivity “\ye shall now show the dependence of the thyeelistri-
to that phase.

We have found that the anti-lepton plus bottom-quark in-
variant mass distribution we just discussed in the previou
paragraph is actually sensitive ¢gg . Figures 8 and 9 reflect

butions p, b and lepton to the modulus and phase of the
ffective couplinggg. In all cases the valug, =1 is taken.
he sensitivity to departures from the tree level SM is shown
in Figs. 10, 11 and 12.
We also include the statistical significance per bin for the

c £ F . . . . .
o o7 03F signal vs cos;) in Fig. 13 and vs co%) in Fig. 14. cosf,)
c 06 0.25F and cosgy,) are the cosines of the angle between the best
. 0.5F 0.2F
> E E
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FIG. 9. Plots corresponding to differend@s, (b) (c) and(d) of —0.4F 0.05;
Fig. 8 divided by the square root of the event production per bin at =% Etinnnan ] - bbb Simee
LHC. The square of the quotient denominator can be obtained from (¢) Py (bottom) (GeV) (d) Ps (bottom) (GeV)
Fig. 5 multiplying do/dm;,, by the LHC 1-year full luminosity
(100 fo~1) and by the width of each bit# GeV in Fig. 5. Taking FIG. 11. As in Fig. 9 we have takeggr=+5%X10"2, +i5

the modulus of the above plots we obtain the statistical significance< 1072, —5x10°2 and —i5X 1072 in plots (a), (b), (c) and (d)

of the corresponding signals per bin. Note that statistical signifitespectively. Note that here statistical significance has a strong de-
cance has a strong and nonlinear dependence both on the invarigsendence on the bottom-quark transversal momentum and clearly
mass and the right couplingg. However purely imaginary cou- favors positive values of Rgg) and again is insensible to the sign
plings are almost insensible to their sign. of Im(gR).
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) FlG 12. Statistical Significance of the COfreSponding Signals per FIG. 14. Statistical significance per bin with respect to GQ;(
bin with r.esp.ect to leptortelectron or_muohtragzsvergal morpzen- =po-(P+Po)/|BIP+ | Wherep, and p,, are respectively the tree
tum. As in Fig. 9 we have takegr=+5x10"7% +i5X10°%  omnenta of the leptorpositron or antimuonand bottom. The

—-5%x10°2 —i5x1072 | - RN . .
5x10°* and ~i5x10 * in plots (a), (b), (c) and (d) respec combinationp, + py, is the best experimental reconstruction of the

tively. Note that again statistical significance has a strong depent- : L S
op-quark momentum provided the neutrino information is lost. As
dence on the lepton transversal momentum and clearly favors posi-

) ) A in Fig. 9 we have takegr=+5x10"2, +i5X10°2, —5x10 ?
tive values of Regr). The sign of Im@g) cannot be distinguished. and—i5x 102 in plots (a), (b), (c) and (d) respectively. Note that

reconstruction of top-quark momentum and the momenta Offlgain statistical significance has a strong dependence o60s(
anti-lepton and bottom quark, respectively. In these figuregjuark direction come from a top quark mainly polarized in a
we can clearly see that low angles correspond to bigger semositive helicity state. Thus the quantity of those antileptons
sitivities. This is in qualitative accordance with E(L2) is more sensitive to variations @k . Even though this argu-
which, after inspection, tells us that anti-leptons are predomiment applies in the top-quark rest frame, the fact that most of
nantly produced in the direction of the top-quark spin andthe kinematics lies in the beam direction makes it valid at
therefore most of those produced predominantly in the topleast for this kinematics. With the cuts considered here, the
standard model prediction at tree level for the total number
F 0.6F of events at LHC with one year full luminosity is 180 700.

C

Q 0.8f 0‘52 Using the valueg), =1, gg=+5x10 2 leads to an excess

T ek 0.4F of 1220 events which corresponds to a 2.9 standard devia-

2 . 0.3F tions signal. Theg, =1, gr=—5x 10 2 model has a deficit

£ R 0.2f of 480 events which corresponds to a 1.1 standard deviations

W 024 0.1 signal. Finally theg, =1, gr=*i5X10"2 model has an
T T 0 b excess of 367 events which corresponds to a 0.86 standard

(a) cos(By) (b) cos(8y) deviation. We see that there is a large dependence on the

phase ofgg.

It is perhaps interesting to remark that after considering
the decay process, the sensitivitygg is actually quite com-
parable to the one obtained in thehannel, where it was
assumed that the polarized top quark was observable. From
this point of view, not much information gets diluted through
L BT the process of top-quark decay.

05 1 -1 -05 0 05 1 The implementation of carefully selected cuts can slightly
() cos(Ou) (d) cos(@y) improve these statistical significances but since here we are
FIG. 13. Statistical significance of the corresponding number ofnterested in an order of magnitude estimate we will not en-
ter into such analysis here. Moreover since backgrounds are
bound to worsen the sensitivity the above results must be
taken as order of magnitude estimates only. A more detailed
d’;malysis goes beyond the scope of this article.

Ll
-1 =05 0

events per bin with respect to c@s(=p;-(p;+p)/|pl|P+Ps| Where

5| and 5b are respectively the tree momenta of the lepfoositron

or antimuon and bottom quark. The combinatiqﬁn+ 5b is the best
experimental reconstruction of the top-quark momentum provide
the neutrino information is lost. As in Fig. 9 we have tal@gg= VIl. CONCLUSIONS

+5X1072, +i5%X10°2, —5%10 2 and —i5x 102 in plots (a),

(b), (c) and(d) respectively. Note that again statistical significance In this paper we have performed a full analysis of the
has a strong dependence on &)( sensitivity of single top-quark production in tisehannel to
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the presence of effective couplings in the effective elecgg are those where anti-lepton and bottom-quark momenta
troweak theory. The analysis has been done in the context @fre cut to be almost collinear.

the LHC experiments. We have implemented a set of cuts Note added in proofAfter submission of this work we
which is appropriate to general-purpose experiments such decame aware of the work by del Aguila and Aguilar-
ATLAS or CMS. The study complements the one presentedaavedraRef. [20]) discussing somewhat similar issues in
in [8] that was devoted to the dominanrthannel process.  the context of top-pair production. We certainly agree with

We have seen that the determination of the right effectivehem in the fact that defining a properly normalized asym-
coupling in such an experimental context is quite challengmetry is the way to eliminate systematic errors related to
ing. One has to include both polarization effects amdcor-  uncertainties in luminosity, parton distribution functions and
rections. Analytical formulas are presented. so on. We stress that the results presented in the present

Unlike in the discussion concerning the single top-quarkpaper are quite preliminary and that a more detailed analysis
production through the dominahthannel, top-quark decay is required in due time.
has been considered. The only approximation involved is to
consider the top quark as a real partiéf@rrow width ap-
proximation).

We have paid careful attention to the issue of the top- Itis a pleasure to thank G. D’Ambrosio and F. Teubert for
quark polarization. We have argued, first of all, why it is notdetailed discussions concerning the manuscript. We also ac-
unjustified to neglect the interference term and to proceed asnowledge fruitful early conversations with M.J. Herrero and
if the top-quark spin were determined at an intermediatel. Fernandez de Troconiz. We thank D. Peralta for technical
stage. We have provided a spin basis where the interferendelp. D.E. wishes to acknowledge the hospitality of the
term is minimized. A similar analysis applies to thehannel ~CERN TH Division, where this work was finished. J.M. ac-
process. We present here an explicit basis for this case to&nowledges the support from Generalitat de Catalunya, grant
We get a sensitivity tag in the same ballpark as the one 1998FI-00614. Financial support from grants FPA2001-
obtained in the channel(where decay was not considefed 3598, 2001SGR 00065 and the EURODAPHNE network are
Finally we have obtained that observables most sensible talso acknowleged.
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