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General tests fort—W*b couplings at hadron colliders
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The modularity property of the helicity formalism is used to provide amplitude expressions and stage-two
spin-correlation functions which can easily be used in direct experimental searches for electroweak symmetries
and dynamics in the decay processesW'b andt—W~b. The formalism is used to describe the decay
sequences—W*b— (1" v)b andt—W"b—(j4j,)b. Helicity amplitudes fot—W™*b are obtained for the
most general J,; current. Thereby, the most general Lorentz-invariant decay density matrix for
t—=W*b—(I"»)b or for t—=W*b—(j4j.)b is expressed in terms of eight helicity parameters and, equiva-
lently, in terms of the structures of thlg; current. The parameters are physically defined in terms of partial-
width intensities for polarized final statestin-W™*b decay. The full angular distribution for the reactiong
and gg—>tt_—>(W+ b)(W™b)—--- can be used to measure these parameters. Since this adds on spin-
correlation information from the next stage of decays in the decay sequence, such an energy-angular distribu-
tion is called a stage-two spin-correlation functip80556-282197)03321-3

PACS numbes): 14.65.Ha, 11.30.Er, 11.30.Qc

[. INTRODUCTION invariant decay density matrRMM for t—=W*b—(I1"v)b

o o or for t—=W*"b—(jg4j.)b, wherex,;,\;==*1/2 is thet he-
While in the standaLd model ‘I"Olf"‘t'cl’lns m”Pa T, %n?j . licity. Ry, is expressed in terms of eight helicity param-
(V—A) symmetry are phenomenologically well describe yeters[G,lO]. The diagonal elements are simply the angular

the Higgs mechanism and the Cabibbo-Kobayashi-Maskawa,. ~ "~ "' t ~ o~ .
(CKM) matrix, the depth of the dynamical understandinggismbUt'OnsdN/d(COSH 1)d(Cos Jd¢b, for the polarizedt

; + + + P
remains open to question. In particular, the Yukawa cou—de(_:l_"’;]y chalnt—_>vr\]/|t bVVEIb g)b ort—W E%(Jq]“b)ih
plings of the fermions and the CKM mixing angles a@é& ere are eight > ecay parameters since there are

phase parameter are inserted by hand. For this reason and thg four W, 7b, r final-state combinations: The first pa-

- . — + + . . .
new fermionic mass scale of 175 GeV provided by the rametfr 1S S|mplyl“—_I’L I, €., the partial W'd.th for
. g t—W™"b. The subscripts on thE’s denote the polarization
recently discovered top quafk—3], it is important to probe : v ; " AP
for new and/or additional mmetrv violations an of the final W™, either L="longitudinal” or T
Bl?SeGeVa or additional symmetry violations - an, ="‘‘transverse’’; superscripts denote** for sum or differ-

. - . ence of theb, versusbg contributions.” In terms of the
We use Fhe modullarlty property. of the helicity formahsm helicity amplitudes defined in Sec. II,
[4] to provide amplitude expressions and stage-two spin-
correlation functions which can easily be used in direct ex- _ _14|2 1\]2
i H I‘L _|A(O! §)| i|A(O!§)| ’
perimental searches for electroweak symmetries and dynam-
ics in the decay processes: W' b andt—W™b. Stage-two
spin-correlation functions are also a useful technique for test-
Lirlognt!wnebsg/trr?rtr;](zt;yq_g(t%;theg ga_n)(:t—dgl,?::::;ég?g]‘{r produc _Such final-state polarized p_a_rtial widths are observables and,
The reader should be aware that it is not necessary to ué@deed’ the equalent heI|_C|ty parameteg'_gsr. - can be
the helicity formalisn{4] because the observables are physi_measured by various polarimetry and spin-correlation tech-
cally defined in terms—W*b decay partial-width intensi- niques. . . , -
ties for polarized final states. However, the helicity formal- 1€ Second helicity parameter is thequark’s chirality
ism does provide a lucid, flexible, physical framework for Parameteg=(I'_ +I't)/T'. Equivalently,
connecting Lorentz-invariant couplings at the Lagrangian
level with Lorentz-invariant spin-correlation functions. In
practice, the helicity formalism also frequently provides in-
sights and easy checks on the resulting formulas. &=|(by[b)[*—|(bglb)|?. 2
The literature on polarimetry methods and spin-
correlation functions int quark physics includes Refs. So form,=0, a valueé=1 means the coupled quark is
[5,7,6]. Literature on methods to test f@P violation int ~ pureb., i.e., \p=—1/2. Form,=4.5 GeV, £=0.9993 for a

I'r=|A(-1-3])2=]A(L3)|% 1)

&=(probability b is b, )—(probability b is bg),

reactions include Ref$5,8,9,4. pureV—A coupling[6]. _
In this paper, we concentrate on the most general Lorentzt-) The remaining two partial-width parameters are defined
y
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This implies forw™ polarimetry that TABLE I. Analytic form of the helicity parameters far—W*b
decay for unique Lorentz couplings: In this and the following
o =(probability W™ is W, )— (probability W* is Wr) table, the mass ratios are denoted wft=m,,/m,. We do not
tabulate o’ and »’ becausew’=7'=0 if either (i) there is a
unique Lorentz coupling(i) there is noTgg violation, and/or(iii )
there is a 'V andA, m,=0" masking mechanism; see remai%
in Sec. .Sy and Ry, are given in Eqs(6) and (7).

is the analogue of theé quark’s chirality parameter in Eq.
(2). Thus the parametar measures the degree of polariza-
tion, “L minusT,” of the emittedW™". For a pure Y—A)

or (V+A) coupling and the empirical massess0.4057 so

in the standard modelSM) about 70% of the finaW's VEA S+p fo+ fe fu—Tfe
would be longitudinally polarized. The “pre-spontaneous-
supersymmetry-breakingSSB” parameter/=0.4063(SM  I's
value characterizes the remaining odd-odd mixture oftthe ¢ *1 *1 1 -1
andW™ spin polarizations. v s 1 —2+wWAt? L
To describe the interference between Yhig andWg am- 4 —ow - 2 WAt t3
plitudes, we define the four normalized parameters: _ 2
” s 1 2+wWAt L
W T _1
w=I5/T, 7=I4T, 2+ Wt :
I''s
) — f—1+
w'=I7/T, n'=17IT. 4 . R 0 \/iwltz VW
The associatetlV, — Wy interference intensities are 2wt 3t
I2=IA0,~ )||A(—1,—3)|cosB, » o Vawit Vaw
7 W 2+ Wi E3

+|A03)|IA(L,3)]cosBs,

17 =|A0~D)[IA(= 1.~ 3)[sinBa*|A(03)||A(L3)|singg
© the tree level to both the—W™' b, decay amplitudes and so
Here B,=¢% ,— ¢§ and BEE b5 - ¢SR are the measurable a CKM phase will cancel out in the ratio of their moduli and
phase differences of the associated helicity amplitudes their relative phase. There are four tests for non-CKM-
A(Aw+,\p) =|Alexpeg in the standard helicity amplitude type CP violation [6,11].
phase conventiof4]. In the SM and for the empirical (4) These helicity parameters appear in the general angu-
masses,w=0.4566 andz=0.4568 are unequal since, lar distributions for the polarizet—W*b— (" v)b decay
=4.5 GeV. If unlike in the SM,B?#O, then from Eq.(5) chain and fot—W"b—(j3j,)b. Such formulas for the as-
there are the inequalitie®’ # ' and w+ 5, but both of sociated “stage-two spin-correlation(S2SQ functions in
these inequalities will be insignficant versus anticipated emterms of these eight helicity parameters are derived below in
pirical precisions unless bothy amplitudes\\y=0,1, are Sec. V.

unexpectedly enhanced. (5) In the presence of additional Lorentz structures,

If one factors out ‘W-polarimetry factors”(see below “ W-polarimetry factors” S,,=0.4068 and R=0.4567
via 0=8y0, w=Rwo,..., theparameters all equal one or
zero for a pure Y —A) coupling andm,=0 (o' =7'=0). TABLE II. Analytical forms and numerical values of the partial-

width intensities for polarized final states for unique Lorentz cou-
A. Important remarks plings.

(1) The analytic forms of ‘¢,0,Z,..." are very distinct
for different unique Lorentz couplings; see Table I. This is V+A StP futfe fu—fe
also true for the partial-width intensities for polarized final Analytic form
states; see Table Il. This is indicative of the analyzing power W2
of stage-two spin-correlation techniques for analyzingl'[ /T +2(1+S8w) +1 5 -1
t—W"b decay. Both the real and imaginary parts of the 25w
associated helicity amplitudes can be directly measured. =T +1(1-Sw) 0 2t 2

. . . 2 3

(2) Primed parameters’ #0 and/ory’ #0=Tegg is vio- 20+ w?
lated. T invariance will be violated when either there is a T 1(1+8y) 1 w? !
violation of canonicall invariance or when there are absorp- " - 2 W 20+ w2 *
tive final-state interactions. . L o2 )

(3) Barred parameter§,{, ... have the analogous defini- I':/T 2(1-Sw) 0 TRy *3
tions for theCP conjugate process—W™b. Therefore, any  Numerical value
£#¢, {(#{, ...=CP is violated. That is, “slashed param- r /T +0.70 +1 0.095 -0.33
eters” £=¢—¢,... could be introduced to characterize andI';/T’ +0.30 0 0.905 -0.67
quantify the degree o P violation. This should be regarded T//T 0.70 1 0.095 +0.33
as a test for the presence of a non-CKM-typ® violation  ri/T 0.30 0 0.905 +0.67

because, normally, a CKM phase will contribute equally at
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naturally appeaf5,10] because of the referencing of “new question is, what are the best limits on such additional cou-

physics” to the ¥—A) structure of the standard model plings? Similarly, U(p,)—U(py)3(1— ys) andior u(k,)

SM). These important factors are . .
(SM) P —3(1+ ys)u(k,) invariance selects the complementary set

1-2mg/m¢ of gr, Os—p, s —p—» g-=fy—fg, andg_=T"-T;
SW_W\ZN/mf (6) couplings. The absence of SUEgouplings is simply built
into the standard model; it is not predicted by it. So in the
and near future, it will be important to ascertain the limits on
such SU(2y couplings int quark physics.
V2myy /m (8) In a separate pap@8], it has been reported that at the

()

Rw= 1+ 2m\2N/mt2' Tevatron percent level statistical uncertainties are typical for
measurements of the helicity parametérsg, o, o, and». At

We have introduced,y and Ry because we are analyz- the LHC, several mill level uncertainties are typical. These
ing versus a referench,; theory consisting of “a mixture of are also the sensitivity levels found for measurement of the

only V andA couplings withm,=0." For the third genera- polarized partial widthd" ; and for the non-CKM-typ& P
tion of quarks and leptons, this is the situation in the SMysiglation parameter ,= |A(—1,— 2)|/|A(0,— )| versusr,,

before the Higgs mechanism is invoked. We refer to this 1 1
limit as the “pre-SSB” case. In this case, these_|B(1'2)|/|B(0’2)|' From|, [see Eq.(69) below], the 7

W-polarimetry factors have a simple physical interpretation:paramete'(“’ parameteyrcan best be measured at the Fermi-
for t—W/ b the factor Sy=(prob W,)—(prob W) lab Tevatron[CERN Largg Hadrorll CoIhdefLﬁC)l. How-
and the factor Ry=the “geometric mean of these €Ver, by the use of additional variablel of 61, ¢1, 6,,
probabilities”= \/(prob W, )(prob W5). These factors are and ¢, as in Eq.(66)] in the stage-two step of the decay
not independent sinc&’,+4R2,= 1. [If experiments for the Ssequences wheM/™ — j g 4j, 5-or |~ », we expect that these
lighter quarks and leptons had suggested instead a differefgnsitivities would then be comparable to that for the other

dominant Lorentz structure thaw—A, say, “fy+fg,” helicity parameters. Inclusion of additional variables should
then per Table | we would have replacSg everywhere by also improve the sensitivity to th€ P violation parameter
(—2+w2/t?)/(2+w?/t?), etc] Ba Which is at 33°(Tevatron and 9.4°(LHC). In regard to

In the pre-SSB case, each of the eight helicity parametersffective mass scales for new physics exhibited by additional
also has a simple probabilistic significance for they are eachorentz couplings, 50-70 TeV effective-mass scales can be
directly proportional toI', & Sw, or Ryw: o—Sw, probed at the Tevatron and 110-750 TeV scales at the LHC.
{—Swé, o—Rwé, 7—Ryw. Thereforeprecision measure- The cleanest measurement of these parameters would pre-
ments with{ and¢ distinct, and withé andw distinct,willbe  sumably be at a future"e* or w~u* collider.
two useful probesf the dynamics of EW spontaneous sym-  |n Sec. II, we introduce the necessary helicity formalism
metry breaking, see Eq&26-27 in Ref. 6. Some systematic for gescribingt—W*b— (I* »)b andt—W*b— (j 4j,)b.
effects will cancel by considering the ratia8¢ versusRy, In Sec. IIl, we list theA(\y+,\y) helicity amplitudes for

and w/§ versusSy,. ) ) , t—=W"Db for the most generaly; current. Next, the helicity
Notg in this_reference théaorfzggd _2|9'§| )/2(|9L| parameters are expressed in terms of ¥ “(A) + additional

+ |9R2| )'2 F:qW/4T’(1|g'-| 191 Vil (me/my, + 1 iy coupling” structure in thd, current. Two tables dis-

—2m/m;) where g, g=2(gv*0a), SO In SM limit 9. 55y the leading-order expressions for the helicity parameters

=g/22= gv=—9a. Note also that any-tl;FS violation is  \yhen the various additional chiral couplingg;/RA;) are

“masked” since w'=75'=0 (i.e,, p?=p°=0) automati-  gma| relative to the standad—A coupling @,).

cally. This “V andA, m,=0" masking mechanism could be  gation v gives the inverse formulas for extracting the

partially the cause for why violation has not been manifest contribution of the longitudinal and transver¥és to the

in previous experiments with the lighter quarks and leptons olarized partial widthd”, ; and to the partial-width inter-

even if it is not suppressed in the fundamental electrowea? . o -
Lagrangian. erence intensitiesg | from measured values for the helicity

(6) The “additional structure” due to additional Lorentz paramet_ers. Expressions Rare also listed for extracting the
couplings inJy,; can show up experimentally because of its phzlis.e differenceg, and 8, from measured values for the
interference with the\(—A) part which, we assume, arises heliCity parameters. o ,
as predicted by the SM. Section V gives the derivation of the full S2SC function

(7) Besides model independence, a major open issue ¥ the production decay _sequencgq or gg—tt
whether or not there is an additional chiral coupling in the — (W*b)(W~b) — (I *vb) (I ~vb) or (j 4jub)(jqsjzb). Two
quark’s charged current. A chiral classification of additionalsimpler S2SC are then derived. Several figures show the
structure is a natural phenomenological extension of th‘%osﬁtl and coél behavior of the elements of the integrated
standard SU(2)xU(1) electroweak symmetry. The re- . woqyced” composite density matrigy . It is this be-
quirement of u(py) —u(py)z(1+ys) andlor u(k)—3z(1  havior, i.e., the use 8N decay-polarimetry, which is respon-
—¥s)u(k;) invariance of the vector and axial current matrix sible for the enhanced sensitivity of the S2SC functign
elements (b[v#(0)|t) and (bla*(0)|t) allows only g., versus the energy-energy spin-correlation function
Osips Os1p-r 94 =fy+fe, andg, =T +T. couplings. |(Ey+,Ew-).

From this SU(2) perspective, the relevant experimental Section VI contains some additional remarks.
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FIG. 1. The three angleg,, 65, and ¢ describe the first stage
in the sequential decays of thet() system in whict—W*b and

t—W~b. From (a) a boost along the negati& axis transforms
the kinematics from the, rest frame to thetf). frame and, if
boosted further, to thg, rest frame shown irb).

IIl. HELICITY FORMALISM FOR  t—W*b—(I*»)b
AND t—W*b— (jgi,)b

In thet rest frame, the matrix element for-W™*b is

(65,83 M ol 3,01y =DiMET (85, 61,0 A(Nw+ Np),

()
where u=\y+—\, and\, is thet helicity. The finalw™"

momentum is in thed}, ] direction; see Fig. 1. For the
CP-conjugate process—~W b in thet rest frame,

<0t21¢t2 1)\W’1)\m%7)\2>: Dg\];% ((r{)t210t ro)B()\W’r)\Dy
9

With z=Aw-—Agand\, is the t helicity. From Eqs(8, 9)

one sees that rotational invariance forbids the other trans-

verseW* andW~ amplitudes, compare E@l), and so there
are only two, and not three, amplitudé¢0,—1/2) andA
(—1,-1/2) for t—=W'b_, etc. An elementary, technical

point [11] is that we have set the third Euler angle equal to

zero in the largedD functions in Eqs(8) and(9). A nonzero
value of the third Euler angle would imply a@wkward
associated rotation about the fina" momentum direction

in Fig. 2. This technical point is important in this paper be-
cause in the spin correlation we exploit the azimuthal angular

dependence of the second stag&/*—I*v or for
W*—j4iu, in the decay sequences. _ _
Figure 2 defines the usual spherical anglgsand ¢,
which specify thejg jet (or thel™) momentum in then™*
rest frame when the boost is from theest frame. For the
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W * rest frame

T
<

t rest frame

FIG. 2. The two pairs of spherical angl#, ¢, and 0, ¢,
describe the respective stages in the sequential decay* b fol-
lowed byW* — j4j, or W*—I1* . The spherical angleg, andé,
specify thej g jet (or thel *) momentum in thaV* rest frame when
the boost is from the, rest frame. For the hadroni/* decay
mode, we use the notation that the momentum of the ch@g’et
is denoted byj 3 and the momentum of the charée jetbyj,. In
this figure, ¢} is shown equal to zero for simplicity of illustration.

lated by a Wigner rotation; see Eq34) and(75) below. For
the CP-conjugate mode, one only needs to change the sub-
scriptsa—b and 1-2.

In theW" rest frame, the matrix element fav* — 1" v is
[12,13

(Ga,bahi+ A 1Ay =DY (0. 0a,0c,  (10)
Jd
éb )

o
~

n/ W " rest frame

%

hadronicW* decay mode, we use the notation that the mo- /

mentum of the chargge jet is denoted byjy and the mo-
mentum of the chargée jet by j,. Likewise, Fig. 3 defines
the 6, and ¢, which specify thg 4 jet (or thel ~) momentum
which occurs in theC P-conjugate decay sequence.

As shown in Fig. 4, we use subscripts “1” and “2” in
place of “a” and “b” when the boost to thes&v* rest
frames is directly from thet( ). _center-of-mass frame.
Physically, these angle®,,¢, and 6,,¢,, are simply re-

Trest frame

FIG. 3. This figure is symmetric versus Fig. 2. The spherical

angles?b and Eb specify thejq jet (or thel ™) momentum in the
W™ rest frame when the boost is from therest frame.
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21 Fy_=(r_,)* =n,f,sing, +v2 sinb,
L@)}/,ld x{cot}[ 7 cos¢3+ ' sm¢a]+ 7 sm¢El
W+ rest frame |
~ 1 - - —~
Z /L:_h —o' cos(ﬁa]}—ﬁsinwa{cosﬁi[wcosﬂanL 7'sind,]
Al
X4 ¢1 \ —_~ _~
+i[wsind,— n'cosb,]}. 14
W ~ rest frame | .
,D w In Egs.(13) and(14),

= 1(5—c0os,— o 1+ 3 c0sD,]— 4 &— {]c0H,),

Nafa= 2(4[1— o']cosh,— & 1+ 3 cOSD,]
+{[5—cosd,]), (15)

or, equivalently,

re 1 r: - TIf
= sirfe (3+c032‘)a) T T coda

FIG. 4. The spherical angle'fvtsl andlil specify thej 4 jet (or the ( nf a T _4
a'a

") momentum in thew™ rest frame when the boost is directly
from the (tﬁc_m_ frame. Similarly, 8, and ¢, specify thej4 jet (or
the | ~) momentum in theV~ rest frame. ThéeN*W™ production
half-plane specifies the positivg andx, axes.

(16)

For the CP-conjugate process—W b—(l )b or
=W b—(jainb,
since\ ,=—3 and\,+=3 neglecting (m,/my,) corrections.
This equation also describes thé" — j4j, decay mode, ne- R-
glecting (mje;/my) corrections.

The associated composite decay density matrix for
t—=W"b—(I"v)b or for t=W*b—(jgju)b is R. . = ny[ 17 fycos8y] T (1W2)sindb{sin26,[ @ cospy,

— 7" sings,] — sind,[ 7CoSp, — @'singp 1}, (18)

_ o
Ry ear, _ (17
t—— - .
e ‘Y .,  R__

R)\l)\iz E , Prxpng ?Kw)\\',\,(J[_)V\/+ b)PxW)\\'N(WJr—ﬂ ),

A My T, _=(r_,)*=—nyf,sind,—v2 Sin'éb

X {cosfs[ 7 cosd;b sin}?)b]

11
wherehy,\y=0,%1, with

1
+ [ 7 S|n¢b+w co&z)b]}+ S|n20b{coa92[wcos¢b
(112
Pt W= 3 DY (g4,6,0D1, V2

Np=+F _ — _ _ _

S (0 0 Ay Ap) — 7 'sing,] +i[ wsingp+ 7 'cosby}, (19
19 I 1

XAy Ap)*, np=3(5—cosPy,— o[ 1+ 3 cosPy]— 4 &— {]coshy),

* o~ o~ 1~ = nuf,=1(4[1—o]cosh, — £[1+ 3 cosP
prp W =17 1)=DE 1(30,00,0D}, (B0, 5 0)cl? olo=g(4[ 1= oJeosh,= & o]

+§_[5 - cosib]) . (20
This composite decay density matrix can be expressed in o . L
terms of the eight helicity parameters: ( Ny ) _ I - Iz ~ I7

1
=Sirfh, —+— (34 C0osH) — F COF, —.
nbfb r 4 r r

t
e 12 @

R= t
e “ir_, R__

Ill. HELICITY PARAMETERS IN TERMS

The diagonal elements are OF CHIRAL COUPLINGS

R..=n,[1+f,cosd} |+ (1WV2)sinb} {Sln20a[wCOS¢>a Fort—W"b, the most general Lorentz coupling is
+ 7' sinba] — 2 Sinf.[ 7COSpa+ o' singal}. (13) W up(p)T#uy(K), (22)

The off-diagonal elements depend on wherek;=q,,+ pp . In Eq. (22),
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Os- formalism [4]. In combining these amplitudes with results
ry= gv)””‘ﬁ wt(k=p),+ 5 (k=p)* from calculations of similar amplitudes by diagrammatic
methods, care must be exercised to ensure that the same
g g7+ phase conventions are being ugefl appendix in11]).
S (k+p)i+ = s (k+ ici : + -
tox (kP S (k+p),, The helicity amplitudes fot—W™"b,  for both (VT A)

couplings andm, arbitrary are, fob, and so\,=—3,

fE gP_
FK:gA'y”'ys"- ﬁ LO’I“’V(k—p)V’)/5+ ﬁ (k_p)M'YS A(O _l)—gL EW+ w Vvm (Eb+q )
[} 2) t w
w
3 I S
+ A (k+p)“ys+ 5A o*(k+p),ys. —0Or Wm w m:(Ep,—0Quw), (25
w

The parameteA= ‘“the effective-mass scale of new phys-
ics.” P P A(—1,—3)=0LV2m(Ep+ qu) —grV2Mi(Ep—0u),

Without additional theoretical or experimental inputs, it is (26)
not possible to select what is the “best” minimal set of and, forbg and son, =1,
couplings for analyzing the structure of thlg; current. E.—q
There are the “equivalence theorems” that for the vector 1N woHMw e
current,S~V+fy, T"~—V+S~, and for the axial-vector Al02)=-0. My, Me(Ep =)
current,P~—A+fg, T2 ~A+P~. On the other hand, dy- E 4
namical considerations such as compositeness would suggest +0r Wt Ow m (27)
searching for an additional tensorigl, = f,+ fg coupling My
which would preserveé=1, but otherwise give non- A(1,—1)= — g V2m(Ep—au) + 9\ 2My(Ep+ Gu).-
(V—A) values to the helicity parameters. For instance, (28)

=(+#0.41 andnp= w+0.46.
The matrix elements of the divergences of these chargeNote thatg, andgg denote the “chirality” of the coupling
currents are and \,= ¥ 3 denote the handedness bf z. For (S=P)

- ) couplings, the additional contributions are
(k=p) V¥=|gy(m— mb)+ A d + (mt mg)
2q
A(0,~3)=Gsp ZA) = Vm(Ep+qw)
O7+ — M
+Z(q2_[mt_mb]2) UpUy, (23
2q
o . g +gs- p(ZA) —= Jm(Ep—dw),
- ‘W
(k=p), A*=| —ga(My+my)+ == g*+ = (m{—mp)
A(-1-3)=0, (29
.
5 2 2y
+ o (@7 = [my+my]%) [UpysU; - (24) m | 2q
2A t t A0 =0sip| 51| o VMH(Ep =)
W

Both the weak magnetismy/2A and the weak electricity

: . m; 2q
fE/ZA 2terms are divergenceless. On the oth_er _hand, since +gsp(ﬁ> —w mi(Ep+0w), A(1,3)=0.
g°=my, even whenm,=m, there are nonvanishing terms My,
due to the coupling§™, T*, A, P~, andT: . (30)

The modularity and simple symmetry relatiditd among
the t—W*b andt—W~b amplitudes are possible becauseThe two types of tensorial couplings. =fy+fc andg.
of the phase conventions that were built into the helicity= gT++T+ give the additional contributions

=y Ew+Ow ————
u\/ (Ebiqw)__b - = my(Ep+dw)

mw t mW

m m, E,*=q
tg(ﬁ)[ o YM(EpEay)

A(0,¥3)=7F Sy
32 _+g+ 2A mt mW

En*qQq — (M) EwE=Qqy m, E,+q — ~ [m
+ = m(Ep 7 Q) |75 ( t)[m— My (B Gy) + — — Wm«Ew%)}tg(j)
W W m; W
m, Ewiqw EWIqW —
X mm VM(Ep*qy) + m VM(Ep+ Q) |
W W
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me \[ m ] me\[ m
A(Il.I%)ZI‘/?m(j) th(Ebqu)—H’:th(Ebqu) iﬁg(ﬁ) _Ht:\/mt(Ebiqw)'l'\/mt(Equw)}

me\|[ m ] ['m
m’g(ﬁ) Vm(EpE o)+ 1 VM(Ey o) rﬁa(ﬁ) m JmAEbth)wmt(EquW)] (39

A. Helicity parameter form in terms of g, PureV— A coupling:
plus one “additional chiral coupling”

We first display the expected forms for the above helicity §=0lSw={lSw= 0/ Rw=n/Rw=1,
parameters for the—W*b decay for the case of a puké
—A chiral coupling as in the SM. Next, we will give the
form for the case of a single chiral coupling;{2A;) in w'=7"=0. (32
addition to the standard— A coupling. In this case, we first
list the formulas for an arbitrarily large additional contribu-
tion. V+A also present:
In Tables Ill and IV we list the formulas to leading order
in g; versus the standagg] coupling. Throughout this paper,
we usually suppress the entry in thé"subscript on the [Sy=£ ol Ry=£
new physics coupling scaleA;” when it is obvious from wes we s
the context of interest.
In the case of “multiadditional” chiral contributions, the
general formulas foA(\w+,\p), Which are listed above, can oglSy=1, nIRyw=1,
be substituted into the above definitions so as to derive the
expressiofs) for the “multiadditional” chiral contributions.
The m,/m,, andmy/m, corrections to the following expres-

2_ 2
sions can similarly be included. é= 9"~ l0g| '

=r—a—, =7n'=0. 33
o~ lgr? @7 33

TABLE IlI. Helicity parameters fort—W"*b decay to leading order in the case of a single additional
chiral coupling @;) which is small relative to the standaké—A coupling @,). This table is for thev
+A and for theS= P couplings. The next tablerable IV) is for additional tensorial couplings. In this paper
Re(Im) denote, respectively, the re@haginary parts of the quantity inside the parentheses. Expressions for
“a,...,f" are given in Eq.(50).

VA Additional S P
Pureg, Plusgg Plusgs. p Plusgs_p
I's
|9/~ orl? 2
£ 1 = ER 1 . 9s-p
oo 120~
* 2
{Sw 1 £ aRe(g; s+ p)+Clgsy pl gs_pl?
EAE 1-b
L o
oSy 1 1 ISy L+ d%s 2
FLT’S gL
* 2
ol Ry 1 £ 1-d R€(9L95+P):‘e|gs+l=| . s pl2
loL| g
Im(g;
o' IRy 0 0 (69, ) 0
lo.*
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TABLE IV. Same as Table Ill except this table is for additional tensorial couplings. gerefy = fg
involves k—py,, whereas§1:g¥++T+ involves k;+py,; see EQ.(22). Here m;=mass of thet quark.
-5

Expressions for f,...,u” are given in Eq.(50) and (51).

Additional fy,* fg Additional T*=TZ
Plusg. Plusg_ Plusg., Plusg_
I''s
2 2—|mg_/2A|?
¢ 1 e 1 IgLI2 [mg_/2A| i
o lgc“+Img-/2A|
S 1+ g Re(g|_9+)_l2J Im(g9+) 17hg__2 1 ¢
lo| oL
/Sy {Sw % 2 1 1
a9
I'+'s
* x
ol Ry, B 2 Re(gl_9+)+(; Im(g7g.) 1—ng;2 1 £
2lg,| o
a9
o' IRy ¢ M 0 0 0
lo|
7R 'Ry 0 0 0
S+ P also present:
2 2
my m; my
( 1- ZR) g2+ N [1— m—tz} Re(g{ Us+p)
{=o0= 27y 2 (D+)! (34)
mt mW 2
BN ™ |9s+pl
&=1, (39

2
m m m
w=71=v2 —”t” (|9L|2+ A [1— m—?} Re(gtgs+p>) / (DY),

2
o =g =—vz iy T Im(g; gs+p)/(D") (36)
n 2A mtz LYs+pP .

where

2 m,

D= 142 [g 2+
m; A

M Ml
2A 2 Os+p|"-

m?2
w *
-— +
1 mt}Re(g" Js+p) m:

S—P also present:

m, o) My ma| 112 2
cor={[1-25] [ﬁ[l(m—)” os-F) / @) 7
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where the uppeflower) sign on the right-hand sid€RHS)

goes with the first(second entry on the left-hand si
(LHS):

LOPES, AND McCAULEY 56
where
de
m2 21)2
m, mg,
D =|1+2— 2 - — |2
)lng [ZA mtz ] |9s—pl

m\%l 2 mt m\%l 2 2
&= 1+2W [ Al g2 |95l fy+ fe also present:  For this case we write the coupling
t t constant of the sum of the weak magnetism and the weak
(D7) (39) electricity couplings as
V2 | |2/<D> '=9'=0, (39 9r=futle.
w=nN= - y w = =V,
7 m 9 7 In this notation,
m2 m2 2 m2
(=0 ((1 2—)|9L|2+ Re(g{ g4 )+ 777 | —2+ = |g+|2) / (D7), (40
ézli
2 2
w=n=v2 = <|gL|2 ah |1t 2 Re(ng+)+4Az |9+] )/ (D7),
m, [ m
o'=79=——1-—|Im(gFg.)/ (D7), 41
Uj A [ mtz} (9:9:)/(D7) (41)
|
where m2 m2
, , Dy = 1+2WW)|9L|2+3ﬁ|9|2-
g 2-3 - Regrg.) t
=[1+2 —-3—
m?| 19 mA oot dr T*+T. also present: We let
2 2 ~ i
w W = .
+ o3 2+_t2 9. |2 9+=091+7,
In this notation,
fy—fe also present: Similarly, we write the coupling
constant of the difference of the weak magnetism and the {=o=§=1 (45)
k electricit li
weak electricity couplings as Also.
_=fy—f
g MR o=7n=1, o'=7'=0. (46)
and so ) o + _
A single addltlonal"'+=gT++T+ coupling does not change
2 2 5
My My - the values from that of the pul— A coupling.
o= 12— |92+ % 2/1) . (42 b Ping
6o ( mtz)|gL| 4A* 0| } (Dr). (42 T*—T. also present: We let
where the uppetiower) sign on the RHS goes with the first "g“,zg{Ts,
(secondl entry on the LHS. Also,
2 5 and so
w _
&= 1+2 )|§1L|2 A2 |9|2}/DT , (43 [=¢ o=1, (47
2—|mg_I2A|?
. rn2 B o = lgul*—| tg~ 2| , (48)
w,nN= ‘/_ |gL| 4A2 |g | DT)! 0 =7 =0. |g |2 mg-
(44) S oleA
Here w=¢ n=1, o'=7"=0. (49
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A single additionafj,zg;hﬁ coupling is equivalent to a When the experimental precision is sensitive to effects
° associated with the finite width-2.07 GeV of theW boson,

then a smearing over this width and a more sophisticated
treated of these coefficients will be warranted. Numerically,
for m=175GeV, m,=80.36 GeV, andm,=4.5GeV,

single additionaV + A coupling, except for the interpretation
of their respective chirality parameters.

B. Helicity parameters to leading order these coefficients are
in one “additional chiral coupling”
In Table Il for theV+ A and for theST P couplings, we aA=141.6, bA?=11600, cA?=4890,
list the “expanded forms” of the above expressions to lead-
ing order in a single additional chiral coupling;(2A;) ver- dA=14.05 eA2=3354, fA=69.05,

sus the standard— A coupling @, ). Similarly, in Table IV
is listed the formulas for the additional tensorial couplings.
The tensorial couplings include the sum and difference of the
weak magnetism and electricity couplingg, =fy=*fg,

gA=14.07, hA%2=615.4, jA?=6197,

which involve the momentum differenag,=k,—p,. The kA?=6812, IA=183.8, nA?=5020,
alternative tensorial couplin®i=g;q+ instead involve

-5
ki+ pp . In application6] of 1, to determine limits on a pure 0A?=1792, uA®=7503. (52)

IM(g,), as in [6], since Re¢ *g,)=0, the additional
terms in Table IV going afy. |? can be used; for other than In comparing the entries in these two tables, notice @ihat
pure Im@..), one should work directly from the above ex- a single additionaly, = 9T++T+ coupling does not change
pressions in the text. This remark also applies for determin
tion of limits for a pure Imfg, p) from Table III.

Notice that, except for the following coefficients, the for-
mulas tablulated in these two tables are short and simple. Asingle additionaV + A coupling, except for the interpretation
above, we usually suppress the entry in th& Subscript on  of their respective chirality parameters. This follows as a

%he values from that of the puM A coupling and thatii)
a single additionafj_ = gT+_T+ coupling is equivalent to a
5

*“ A;”. For Table Ill these coefficients are consequence of the above “equivalence theorems™” and the
5 ) absence of contributions from th® and P~ couplings
_Am, (1- m/me) when thew™ is on shell. We have displayed this equivalence
mA (1—4mg/my)’ in Table IV to emphasize that while an assumed total ab-
sence ofy-. couplings int—W"b decay might be supported
m m\?llV ( 1_2m\?}v/mt2) by t_he yveaker test of the e'xperimental ar_1d theqretical_ nor-
d= A (1 =) W malization of the decay raté.e., the canonical universality

tesd, empiricalV—A (V+A) values of the helicity param-
eters shown in these tables will not imply the absence of

b m? (1—m2/m?)? o m? (1—m2/m?)? @) couplings.
2A%(1—4mj/md)’ 4A% (1+2mi/md)’
2 2, 2o 2 IV. TESTS FOR “NEW PHYSICS”
mg, (1—mg/my) my my,
=A% (1l f=>x 11~ ) (50) In the context of the helicity parameters, this topic is dis-

cussed in a separate pap6éf. Here we include some useful
formulas that were omitted in that discussion.
The contribution of the longitudinall{) and transverse
2m§, (1_4m3V/mt2) mt(1+9m@/mf+2mﬁ,/mf) (T W amplitudes in the decay process is projected out by
the simple formulas

The coefficients for Table IV are

TmA (1-4mimy T 2A(1+2mz/m?) ’

1 1 1
_mg (1—4m/my) o mZ(2+m2/m?) I%’bREE(I%tln)z‘A(O;E)HA(11,15) cos g5
S 2A% (1-4mi/md)’ T 2A%(1+2mi/md)’

r
o omd (1-m2/md) m2(1—m2/m?) =3 (=),
=N 1=amim®y 7 2A%(1+ 2mEimd)

N P o || N P e LR
‘ 3m3v m&v (1 m /mt) T ZE( 7 — I) 1+§ -+ :"'E SInBa
T2AZ1+2mEmp)’ T AZ (1—amiimdy” .
(51) :E(ﬂ,iw,),

Notice thatO(1/A) coefficients occur in the case of an in-
terference with they, coupling and that otherwis®(1/A?)
coefficients occur.

-

r + £+
=7 (l+oxéx)),

—
o
=
o
ps)

l
N[ -
-

.|.
|
~
Il
>
—_—
o
+1

N |
—_
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T

1 1
b br_ -
=3 (|;+|T)——‘A(+1,+—2)

In the first Iine,ﬁgz,Ba. Unitarity, requires the two right-
triangle relations

(12924 (109 2=T T, (54)
(15%)2+ (19%) 2= PR 2%, (55)

It is important to determine directly from experiment
whether or theV, and W5 partial widths are anomalous in
nature versus the standardl{ A) predictions. They might
have distinct dynamical differences versus the SM predic-
tions if electroweak dynamical symmetry breakifigSB)
occurs in nature.

By unitarity and the assumption that only the minimal
helicity amplitudes are needed, one can easily derive expres-
sions for measuring the phase differences between the helic- F|G. 5. Display of test fofT 5 violation using the right-triangle
ity amplitudes. In the case of both andbg couplings, there  relation, Eq.(60): First, sidea= 7+ w is drawn with its uncertainty

Is 5, and then the hypotenuse= 3 \[(1+ &)?— (o +£)?] is cast to
b form a right triangle.c’s uncertainty is shown a8, . A resulting
(e 2(wtm) nonzero sideb= 7'+’ would imply thatT s is violated either
COB,= = (56)  dynamically or because of a fundamental violation of canorilcal
\/I‘ELF$L V(1+8)2—(a+0)? invariance.

first relation. With forseeable experimental precisions, the

and, for thebg, phase difference, second relation appears unlikely to be tested in the near fu-

br ture.
. = 2(n—w)
CoOB, = ——= N - = (57) V. STAGE-TWO SPIN-CORRELATION FUNCTIONS
RTPR — — — _
\/FL Ty (1=87 (o) For tt production at hadron colliders, a simple conse-
Also quence of the qur_;mtum-mechanic_al factorization structure of
' the parton model is that there are incident parton longitudinal
b, beams characterized by the Feynmg@nand x, momentum
. Iz 2(0'+7") fractions instead of the knowp and p(p) momenta. This
SinBa= — > > (58)  momentum uncertainty must therefore be smeared over in
\/F,_LFTL V(L+8)2—(a+) application of the following S2SC functions and in determi-
nation[6] of the associated sensitivities for measurement of
with the above helicity parameters.
| PR N A. Full S2SC function
R 7 2(n' —w')
sinBy= (59 We consider the production-decay sequence

VIR (1=87=(0— 0 i
qq or gg—tt—(W'b)(W™b)

Measurement of3,#0 (B8,#0) implies a violation ofT . i B o —

invariance int—W*"b (t—W~b) or the presence of an un- —("vb)(17vb) or (jgjub)(jajub)-

expected final-state interaction between thandW*. Be- (61)

cause of the further assumption of no unusual final-state in- S

teractions, one is actually testing fofgs invariance. 1N general angular distribution in thet)c m. is

CanonicalT invariance relates—W™b and the actual time- s S S S

reversed proces®/"b—t, which is not directly accessible (@5, Pp: 01,1 0a dai 05, b2: 05 Po)

by present experiments. Equivalent to the two right-triangle _ .., J prod 0. PR, - (t—W'b

relations are two expressions involving the helicity param- 2”1”2”1”2{’)%1%2%*5( 5. Pe)Ry (1= =)

eters: _— —
XRupg(t=W b L (62

(n*w)?+(n' o)+ i[(1£H*— (0= 0)?]. (60) , ,

where the composite decay density materi for

Figure 5 displays a simple test azs invariance using the t—W"b—--- is given by Eg.(12) and that R’\z%é for
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T—W b—--- is given by Eq(17). The angle® and®p

give [11,12 the direction of the incident parton beam, i.e.,
the @ momentum or the gluon momentum, arising from the

incidentp in the pp or pp—ttX production process. With
Eq. (62) there is an associated differential counting rate
dN=1(0g,Pg;...)d(coBg)ddzD(coss)dp}

X d(cosaa)dcj)ad(cosﬂ )dd)zd(coseb)d(j:b, (63

where, for full phase space, the cosine of each polar angle
ranges from-1 to 1 and each azimuthal angle ranges from 0

to 2.

Each term in Eq(62) can depend on the angle between

thet andt decay planes

$=d1+ b3 (64)
and on the angular difference
Pr=Dg— ¢ . (65

So we treatbg, @i, and ¢ as the azimuthal variables. We
integrate out®g. The resulting full S2SC function is rela-
tively simple:

1(Og, g ;i 0%, Oa bai 65,00, bp)

_ rod rod
=2 Phhy nyn, Ry thh hyt (PR T

+pPrd o

T g - +)COS¢+|(PprOd
d .
—pP% L re Lr_.)singl,

(B r(b

(66)

wherepﬁrl‘ff;’hlh2 g) still depends or®g and®g and

the composite density matrix elements are given above. The

0‘1 angular dependence can be replaced byHeenergy in
the (tt). m and similarlyé}, by theW~ energy{12]. The sinp
dependence is the well-known test fGP violation in the
production procesgl3,5].

B. Two simpler S2SC functions
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N

~

1 w
10,174
/

-
1,826 10,174
Nz

0 1

cosei

t
2

cosH
(e

_—

-1

"

FIG. 6. Display of the W"-energy-W™-energy correlation
15™(cosd; ,cod?) as predicted by the standard model fp— ttX
(LHC). The contours shown are for 40 events over
10 binsx10 bins (LHC). This saddle surface peaks at {,+1),
and the levels range from 9478 to 10 522 with spacing [A6the
Tevatron at 2 TeV, the saddle is inverted with dips atl( 1),
with levels ranging from 294 to 306 with spacing 1.2 fox 30*
events}

CP-conjugate sequences are describedphy. and p. - .

These integrated, composite density matrix elements are de-
fined by

1
Phh, = EJ dgaRnn /|A0,— )%,

Phyh,= o

27 .
| TdsiR 0D

= p,hz,hz(subscripts 2a—b),

2

2m
pr-=(p_4)*= . depar . /|A(0,—3)]%,

pi-=(p- ) =5= d¢1f+ r.1|B(03)I?

We next integrate out some of the variables to obtain

simpler S2SC functions. Firgl1], we transform to the vari-

=—p, _(subscripts +2,a—b,8,—B), (68

ables of Fig. 4 and then integrate out the two azimuthal

angles¢1v2. This gives a five-variable S2SC function with
respect to the final decay products:

1(¢; 65,601,165, 62) =S n{phos n.n,Rnsh, Rh h,

+2cosp Re(pY%__ps pi-)

—25sing Im(p%__p,_p. )}
(67)

The sinp term will vanish if bothCP invariance holds in
(tt) production andB,=B,=0 int andt decays. The de-
pendence o g= 6;, g, is implicit in Egs.(67) and (69).
Only 6, appears in Eqs78)—(81) so the®dy integration is
trivial for Eq. (69).

Diagonal p. . and off-diagonalp.. - appear here to de-
scribe the decay sequentesW*b—I|"vb or j4j,b. The

where the last lines for th€ P-conjugate ones shows useful
CP substitution rules. L

By integrating out the anglé between the andt decay
planes, a simple four-variable S2SC function is obtained:

|(Ew+ Ew- 01, 02)= 2, ,hz{pﬁ;%dz,hlthhlhlﬁ}
=3 {ps_(qiG—t)"Tp,p__
+p__pis]tpsi(gg—ttPod
X[pisprstp—p__Th (69

where the sum is over the quarks and gluons in the incident
pp or pp. In the second line we have assum@® invari-
ance in the production processes.

The simplest kinematic measurement of the above helicity
parameters at the Tevatron and at the LHC would be through
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: iE \
—
D < /_\
g 0 ‘ 2 0 0.6139
O 0.6363
0
~ \ 0.9820 \
0.6363 — \
0.9820

% )

—1N, _1§ 11047 =
t
CosO cosot
FIG. 7. First of eight figures showing the @s,cosd ; behavior FIG. 9. The co8',cosd ; behavior ofp__ for E, ;=380 GeV.
of the elements of the “reduced” composite density majx . The saddle surface peaks at aboutl(0),(1~1); the levels range

These also show the dependence as the total center-of-mass enefgyy 0.1231 to 1.2274 with spacing 0.1227.
E.m Of tt, in (tt)cm, is changed. This figure is fop,, and

E.m=380 GeV; the next figure is fdE. ,, =450 GeV. This saddle where

surface peaks at about (1,0);4,—1), and the levels range from

0.1300 to 1.3923 with spacing 0.1266. po=1{6—2 c0§wlcos"’51—sin2wlsin2'51
purely hadronic top quark decay modes. The CDF and DO + o[ 2— 6c0%w,c0L 0, — 3sirtw, SNt ;]
Collaborations have reportgd 4] the observation of such ~
decays. In this case thét]. ,, frame is accessible and the —4(¢{—{)cosw cosh, }, (77)
abovel, can be used. In a separate paf@rwe have re- _ _
ported that the associated statistical sensitivities to the helic- pc=31{[6—2c0gw,C0Z O, —Sirfw,Sint 6]
ity parameters are at the percent level for measurements at ~ _ o~
the Tevatron and at the several mill level for the LHC. Fig- +¢[2—6c08 €08 ; — 3sinfw,Sin 6]

re 6 shows the neiy+Ey- dependence of Ed69). ~
u W wrEw- dep 469 +4(1— 0)cosw;c0¥, }, (72)

C. Integrated composite decay density matrix elements 1 (1 - - _
In Eqg. (69), the composite decay density matrix elements ps=5 Ewsmzwl[smzal_2CO§01]+2775'”“’1C0391 ’

are simply the decay probability forta with helicity h/2 to (73
decayt—W"b followed by W —jg4j, or W*—I"v since

d_l\l/d(coa?tl)d(cosﬁl)=phh(0tl,01) and, for the decay of the with the Wigner rotation angle;= w,(Ey+). The rotation
t, with helicity h/2, ppp=p_pn —n (1—2, add bars Fort; by w; is about the implicity, axis in Fig. 2. It is given by
with helicity h/2, [11]

phn=pPo+NpcCOsH; +hpgsind; , (70) sinw,=myBysing/p, (74)

1 '/ e —— 1 7 \
0.5848 1,0292 < Z({i 0 \

\\ 0 0.7003
:—%

_1% _l//—\\\

-1 0 1 -1 0 1
cos6} cose;
FIG. 8. The co8' ,cosf 1 behavior ofp, , for E.,,=450 GeV. FIG. 10. The co8} ,coS0 . behavior of p__ for

The surface peaks at aboit,0), and falls towards the three cor- E.,,=450 GeV. The surface peaks at aboutl(1), (—0.5—1);
ners; the levels range from 0.1751 to 1.3422 with spacing 0.1220the levels range from 0.1404 to 1.4002 with spacing 0.1400.
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[
\\
=

+ 0.1293

5

+0.0489 ————— -0.08i3
N — /== \

-1 0 1
. -1 0 1
cosB coso]
FIG. 11. The cog},cos§, behavior of REp,_ ] for FIG. 13. The coe‘l,coél;l behavior of Infp,_] for
Ecm=380 GeV. The surface peaks at about(.25, 0.25); the lev- g _380 GeV for arbitrary overall normalizatian’ = ' = 1. The
els range from-0.5392 to 0.4179 with spacing 0.1063. surface peaks at about-0.5, 0.5); the levels range from0.5025

5 ) ) ) . to 0.1293 with spacing 0.0702.
Ec.m(my—my+[mg+my] B cosd;)

COSw, = , (75 ) ) ) ~
! amip, 79 pi_=pSing —v2(ncodd] —iw’)sinw,cosd 1,
where p,=the magnitude of the~N™ momentum in the +1/2\2(wcosh —i ' )sin2w,(2c0€ 0, —sirf ).
(tt)..m.frame andy and B8 describe the boost from thét. . 77)
frame to thet, rest framd y=E.,/(2m) with E.,,= total
energy oftt, in (tt)cm]. Figures 7—14 show the ce$, co@l behavior of the el-

Note that thep term depends only on thé&/, — W+ inter-
ference intensities, whereas thgandp. terms only depend
on the polarized partial widths, specifically,

ements of these integrated or “reduced” composite density
matrix pn assuming the \{-A) values of Table | for the
helicity parameters. These figures also show the dependence

1 r= as the total center-of-mass energy,, of tt, in (tt).n,, IS
Poc=3 [2-2 co§wlco§01—sin2wlsin201]T" changgd. Flgqre 7isfg ., andE; = 35_30 GeV. The next
one, Fig. 8, is forE.,,=450 GeV. This dependence on
. cost, cosd,, i.e., the use oW decay-polarimetry, is the

reason for the greater sensitivity of the S2SC functipthan

the simpler energy-energy spin-correlation function

- I (Ew+,Ew-); see Sec. VI. Figures 9 and 10 show the behav-
$c03w1c0§1F—T, (76) ior of p—. The behaviors of the real and i_mag_inary parts of

r the off-diagonal elementg, _ are shown in Figs. 11-14.
o Note that to display the imaginary part with an arbitrarily
with poc=po. (1—2, add barg fixed overall normalization, we have set =7’ in Eq. (77)
For the off-diagonal elements; the analogous expression is

1 ~ ~ T
+ [2+2 cogw,coS 0+ sinzwlsinzel]TT

1
l \ ) \
+0.44490 +0,1746
. D |~
D w 0
n 0 8 —
8 \\ -0.0447\
\—0,0154 -1 §
EEEN I -1 0 1
-1 0 1 cos6}

cos@§

_ FIG. 14. The co8},coss; behavior of Inip,_] for
FIG. 12. The co8!,cos§; behavior of Rfp,_] for E. =450 GeV for arbitrary overall renormalization’=»'=1.
E.n=450 GeV. The surface peaks at about(.8, 0.9); the levels The surface peaks at about-{, 0.8); the levels range from
range from—0.5960 to 0.4490 with spacing 0.1161. —0.7025 to 0.2842 with spacing 0.1096.
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since in the SM the relative phag@s=0. If the (V-A) val- VI. ADDITIONAL REMARKS
ues for the helicity parameters are empirically found to be
only approximately correct, then the details of the depen—I
dence ofpy,, on cost,coss;, andE, will differ but, never-
theless, the analyzing power pf,,y and of R of Eq. (12
should remain large at both the Tevatron and the LHC.

The simpler stage-one spin-correlation function
(Ew+,Ew-) of Ref.[5] directly follows from Eq.(69) by

integrating ou'@l and'§2:

= g s tt)Pro
D. Production density matrix elements H(Ew+ Ew-) E, {ps (@Gt 1oy p- -
The production density matrix elements fgg—tt are . . fProg —
calculated by the methods {15,17. In the usual helicity P-—P++1+ P (99— ipsy

phase conventions, we obtain +p__p__1h (83

_ where
p++(99—tt)=p.y 1 =p__

2

p: pii=1+{Sycos], p__=1-(Sycod;,
7+9= cog b,
t

m? [ s?

C96E7 | (mP—t)2(mi—u)?

2

x| 1+ % (1+sint6,)
t

- pri=1—(Sycosfy, p__=1+(Sycody. (84

However, usingl (E\+,Ew-), the fractional sensitivity for
_ measurement of at the Tevatron at 2 TeV is only 38%
P+—(99—t)=ps— s =py s versus 2.2% by using(Ey+,Ey-, 01, 6,). The “fractional
sensitivity” is explicitly defined by Eq(36), in [6]. Simi-
larly, at the LHC at 14 TeV, the fractional sensitivity for
measurement of with I, is 2.3% versus 0.39% with,.
This shows the importance of including the analyzing power
of the second stage in the decay sequence,\Medecay-
polarimetry; cf. Sec. V C. It is also important to note that
only the partial width and thé helicity parameter appear in
this stage-one spin-correlation function. To measure the
other helicity parameterst(o, . . .),one needs to use stage-
two W or b decay-polarimetry, and/or other spin-correlation
whereE; is the energy of the producédjuark with momen-  fynctions.
tum of magnitudep, at angled, in the (tt). . frame. This use ofW decay-polarimetery antj, to significantly
The amplitudes fog;g;—tt in the helicity phase conven- increase the analyzing powers does not directly make use of
tion are easily obtained from those in REE2]. The associ-  the threshold-type kinematics at the Tevatron of dfug—tt
ated production density matrix elements are reaction. See the series of papers by Parke, Mahlon, and
Shadmi[7] for spin-correlation analyses which investigate
threshold techniques.
Some modern Monte Carlo simulations do include spin-
mt2 . correlation effects, for instanc&prALB for e"e* colliders
~oEZ sinf6,, (80) [16]. The simple general structure and statistical sensitivities
t of the S2SC function, show that spin-correlation effects
should also be included in Monte Carlo simulationsggror
pp—ttX—--- . In such a Monte Carlo simulation it should
o be simple and straightforward to build in the amplitudes for
pr-(qq—tt)=p,_ _=p_, _,=5(1+cosh,). production ofL-polarized andT-polarizedW=’s from dis-

(81  tinct Lorentz-structure sources. Thereby, spin-correlation
techniques and the results in this paper can be used for many
systematic checks. For example, they could be used to ex-
'%erimentally test the€ P and T invariance “purity” of de-
téctor components and of the data analysis by distinguishing
which coefficients are or are not equal between various ex-
perimental data sets analyzed separately for tthend t
modes.

2 2
Pt S

~ 96E2 {(mf—t)z(mf—u)z

2

p
x| 7+9 =5 co6,
Et

sSir6,(1+cog6,), (79

p++(qq_—>tt_)=p++’++=p,,’,,

The normalization in these equations corresponds to the hal
parton, differential cross sections

o
>
" N

do_ s ( n n n ) Assuming onlyb, couplings[17], a simple way for one to
dt &2 PHrtd TP TP e TP ) use a Monte Carlo simulation to test for possidle viola-

(82)  tion is to add anS+ P coupling to the standaref—A cou-



56 GENERAL TESTS FOR—W*b COUPLINGS AT HADRON . .. 5943

pling in thet decay mode such that tH&+ P contribution pIings:~§:1, {=0, and w=7 up to O(m,) corrections
has an overall complex coupling factoin thet mode and a  [18]. If Trg violation were to occur, then the nonzero param-
complex factord in thet mode. This will generate a differ- etersw’ =7’ if there are onlyb, couplings.

ence in moduli and phases between ttendt modes. Then
the two tests forCP violation are whethetc|=|d|, argc)
=arg(d) experimentally.

To be model independent and of greater use to theorists,
experimental analyses should not assume a mixture ofnly ~ We thank experimental and theoretical physicists for dis-
and A current couplings in top-quark decays. By consider-cussions and assistance, in particular with respect to matters
ation of polarized partial widths, there are several fundamenspecific to hadron colliders. We thank Ming Yang, and for
tal quantities besides the chirality parameter and the totatomputer services, John Hagan, Christine Place-Sweet, and
partial width which can be directly measured. For exampleMark Stephens. This work was partially supported by U.S.
there are three logically independent tests for dmlycou-  Department of Energy Contract No. DE-FG 02-96ER40291.
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