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Probing the Z' gauge boson with the spin configuration of top quark pair production
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We explore the effects of extra neutral gauge bosons involved in the supersymmeatrimdEl on the spin
configuration of the top quark pair produced at the polarized" collider. Generic mixing terms are consid-
ered including kinetic mixing terms as well as mass mixing. In the off-diagonal spin basis of the standard
model, we show that the cross sections for the suppressed spin configurations can be enhanced with the effects
of the Z" boson through the modification of the spin configuration of produced top quark pair enough to be
measured in the linear colliders, which provides the way to observe the effects of iwson and discrimi-
nate the pattern of gauge group decomposition. It is pointed out that the kinetic mixing may dilute the effects
of mass mixing terms, and we have to perform the combined analysis.
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[. INTRODUCTION framework. Here we take the decoupling limit of the exotic

fermions. Since the asymmetry of the left- and right-handed

The existence of an extra(l) gauge group is inevitable couplings to theZ’ boson characterizes each model, it is

in many extended models derived by grand unified theorieROSSible to distinguish models using the spin information of
(GUTS of higher ranked gauge group and superstring or vthe top quark pair with the polarized initial e” beams. We

eni _ can read out the information of the polarization of top quark
it:ec;ré/allgsf;zrrzdn rg)(()t?zlfll)].ml\/ilorr](:cg\éegst:svsgg(rq?t?/e?/r?sk through the angular distribution of the decay prodyds)].
hg ¢ 9 ide th luti £ th The large mass of the top quark prompts itself to decay be-
the context of supersymmetry to provide the solution of e hagronization and the information of the top spin is free

u problem[2], leading to the possibility to observe the ef- from the uncertainties of hadronization. The top quark pair is
fects of the extra heavy neutral gauge bostinboson, atthe  produced in a unique spin configuration at the polarized
future collider experiments. The latest bound of #Hieboson e~ e* collision, which reveals remarkable featufé4,17] in

mass comes from a direct search at mﬁco”ider via Drell- the Oﬁ'diagonal basis of the Spin. Moreover, itis interesting
Yan production and subsequent decay to charged lep@ns O observe the polarization of the top quark to probe new
Indirect constraints for th&’ boson mass and the 2’ mix- physics in this basis, since the off-diagonal basis is model

. . . - - dependently defined.
ing angles are obtained from high precision CERNe . _ . .
collider LEP data at th& peak energy and from various low The LC with Js=500 GeV is the best testing ground for

energy neutral current experiment déda-7). Very recently studyingtt_production in the off-diagonal basis. If the c.m.
it was indicated that a missing invisible width zhdecays at energy is around at threshold of top pair production, the top

LEP 1 and a significantly negativé parameter observed in spins are determined by the electron and positron momentum

; Lo : directions since the top quark pair is almost at rest. Then the
atomic parity violation of a Cs atom can be explained pmp'off-dia onal basis cannot be defined. At high energs
erly if the presence of 2’ boson is assumed]. Thus it is g j 9 ¥

. . ) . >m,, the spin basis is close to the usual helicity basis so that
timely and interesting to search for an effective way to probe[he anglet~0. Thus it is hard to extract new physics effects
the effects of thez’ boson at future colliders. from £ althouéh they exist

t.AS a Iargert'class oF Tﬁdelf‘;’ IS co;wdle;ed. ftrorg the This paper is organized as follows. In Sec. Il, the extra
SHing perspective, meanwhie, 1t 1S natural 1o INToauCe g, g 45 gauge bosons in the string inspired supersymmetric
kinetic mixing term. The kinetic mixing is a threshold effect E. are briefly reviewed. In Sec. Ill, we present the formulas
of string models at the string scale and can be generated bf th tteri I':[ q f th;a* T ith
renormalization grougRG) evolution from the high energy e scattering amplitudes o e’ —1t process wi

scale to the scale that we study. Furthermore, it may yield1€Z' bosons in a generic spin basis of the top quark pair.
significant effects on the phenomenologies of &ecou- The off-diagonal spin basis is defined and discussed as a way

plings to the SM sectdi9]. to probe theZ’ boson through the spin configuration of the

In this paper, we study the effects of t&#é boson in- tt pair. In Sec. IV, a numerical analysis for each models is
volved in the supersymmetricqEmodel in e‘e+ﬂtt_pro- performed in the SM off-diagonal basis. Section V is de-

cess at linear collideré_Cs) including the kinetic mixing Voted to a summary of the paper.
term. Charges of the standard mod8&M) fermions for the

Z' boson are determined by gauge group decompositions,
along with which they, x, and » models are defined at the In the supersymmetric gmodel, there are two additional
low energy scale in the supersymmet(8USY) E; model  U(1) factors beyond the SM gauge group since the rank of

Il. Z' BOSON IN THE SUPERSYMMETRIC E ¢ MODEL
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TABLE I. U(1)’ charge assignment for the standard model fer-where the kinetic term and the mass term are written as
mions.

1. .
Model l// X n ﬁkinetic: - Z(FMVF,LLV_l— ZMVZ,MV+ Z’MVZ/.LV)i (4)
particles f\/\5/72 f,/\6/72 2J6f, 2\6f, 12f, 12f,
1

14 0 1 4 -1 6 -4 [ 27 + ’2 Tzt

e 0 1 2 1 3 -1 ‘Cmass Z(mZ z Z,u, mgz z ZM)’ (5)

u 0 1 2 1 3 -1 R

d 0 1 —2 1 -3 -1 whereF, Z,,,, andZ,ﬁw are the usual field strength tensor for

the fieldsA,,, Z,, andz;, respectively. The fields, and

Z,, are defined by
the E group is 6. The canonical decompositionsyoénd y

models are as follows: Z=cyW3—syB,
SA10—SU(5) xU(1), . where the shortened notatiasy,=siné, and c,,=cosé

_ with the weak mixing angl®,,. We write L, including the
After the extra W1) symmetries are spontaneously broken bygauge invariant kinetic mixing term

the weak iso-singlet Higgs scafay, the gauge bosong,

andZ, corresponding to the groups U(1and U(1),, re- siny )

spectively, become massive but are not mass eigenstates in Loni=— 5 Z,,B*"+ M*°Z, 2%, ()
general. We calZ’ a linear combination oZ, andZ, pa-

rametrized by the mixing anglé : whereB*=9,B,—3,B,, is the field strength tensor of the

U(1)y gauge boson.

The mass eigenstateé\(Z,,Z,) are obtained by diago-
nalizing the mass terms and kinetic terms with the transfor-
gwation

Z'(0g)=Z, cosbe+Z,sinbg, (1)

which is relatively light enough to mix with the ordina
boson and relevant to the low energy phenomenology. Th
orthogonal mode to th&’ boson is assumed to be so mas-

sive that its effect is to be decomposed. In the cas@of A 1 0 CwSy A
=0, the Z' mode is identified to theZ, boson; if o¢ Z|=|0 C; —CSwS,ts,Cy Z |, (8
=m/2, theZ' mode is theZ, boson. The model and (zolr- Z, 0 -5, . +ssus,/ \ Z/
respondingZ, boson are defined by settingg=tan
(—+/5/3). Here we assume that exotic fermions are heavyhere
enough to be decoupled.
In the effective rank-5 limit with only one extra neutral —2¢ (M2 +m3sys,)
. . . . - X ZOWSy
gauge boson, the interaction Lagrangian is described by tan 2 =— > 5 2 2 ; 9
m3, —MzSys, +26M“sys,
_EintZEf: WyH| gah *G o+ g, T3 W, +0, VB, where s, =siny, c,=cosy and s,=sin{,c,~cos{. The

lighter Z, boson is identified with the ordina® boson. We

L ¢ s, recast the Lagrangian in terms of the mass eigensfgtaad
+91§(f v Hay)Z,| Py, 2 Z, to obtain the interaction terms & ff, i=1,2, as
where Wy is the fermion field with flavorf; N* and T# are . ® aT TR
generators of the SU(3)and SU(2) gauge groups, respec- Lz= 2SuCw 1+ Z Viylgytety)

tively. The extra gauge coupling is expressed By

E(1/\/X)gl with order 1 parametex. The exact value ok —(q"+ FF V.7, +> W4 (h - cof

depends upon the pattern of symmetry breaking and we set (Gat £l sl Lu Z v (hv={ov)

the value 1 in the numerical analysis. The couplihfsand

ff, are the vector and axial vector charges of the fermion for —(hf— ggf ) v W Z,

the U(1) group. The U(1) charge assignment is given in A ATTS u

Table I in terms of the vector and axial vector couplings of

Z' to fermions. — T TV — AW, 7, 10
After the electroweak symmetry breaking, the gauge sec- 2f Z VAV ATz (10

tor of the Lagrangian with th&’ boson is given by
where the SM couplings are modified -2’ mixing

Cgauge: Liinetict Lmasst Lmix » 3 effects
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FIG. 1. Feynman diagrams for tlee e —tt process(a) in the
standard modekb) with the Z’ boson.

0a=Ts, gy =T:—2Q's (1D
and the extra (1) couplings
~ 9 f{/A
fl VAS
g cosy’
hfy= fv+s( 3—2QMNtany, (12
th:TL+§Tf3tanX.
Effective weak mixing angles are defined by
22
2 =sy+{ cswtany — 2 2WSW2 ( 1) :
Cw—Sw\M
3
~ Sw aS aT
=S+ ——| — — —
ot g i 7 "

where the Peskin-Takeuchi variablésand T [13] are given
by

aS=4{cy sytany,

M3
aT:gZ(W— 1| +2sytany, (14
1
up to the leading order aof.
Ill. TOP QUARK PAIR PRODUCTION IN THE OFF-
DIAGONAL BASIS
For the process
e (p1,S1) €' (p2,S)—t(ky,ry) t_(kz,rz), (15

we haves-channel Feynman diagrams mediated by the pho-
ton, Z and Z' boson exchanges depicted in Fig. 1. In Eq.

(15), p; andk; denote the momenta argl andr; the polar-
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(a) (b)

FIG. 2. Definition of generic top spin bagig) in the top quark
rest frame(b) in the antitop quark rest frame.

process is confined on the plane when taking the direction
of the produced top quark to keaxis.

We study the spin configuration of the top quark pair in a
generic spin basis suggested in Réfl]. The spin states of
the top quark and top antiquark are defined in their own rest
frame by decomposing their spins along reference axes. The
reference axis for the top quark is expressed by an afigle
between the axis and the top antiquark momentum in the rest
frame of the top quark as depicted in Fig. 2. The usual he-
licity basis is obtained by taking= 7. In this general spin
basis, the explicit expression for spin four-vectors oftthes
given by

K| : E
r{=|-— Hcosg,smg,o,— Ecosg ,

K] N =
r2—( mcosg, smg,o,mcosg), 17)
in the c.m. frame. It is to be notified that the spin vectors of
the produced top quark pair lie in the production plane at the
tree level if theCP invariance of the scattering amplitude is
preserved.

We have the scattering amplitudes for each spin configu-
ration of top quark pair produced by the left-handed polar-
ized electron and right-handed polarized positron beams, in-
cluding Z' effects,

M(LR,T7)=—C;s(cosf siné—1/y sin 6 cos¢)
M(LR,[]),

M(LR,|T)=C;s(cosfcosé+1+1/ysindsing)

+C,ysBsiné=—

—C,sB(cosh+cosé), (18

izations of electrons and top quarks, respectively. In the cen-

ter of momentum(c.m, frame, we write the momenta as

p,=(E,En), p,=(E,—En), k;=(E,0,0}k|),

k,=(E,0,0,— (16)

where the unit vectoﬁ=(—sin 0,0,cosf) indicates the spa-

M(LR,T])=C;s(cosfcosé—1+1/ysindsiné)
+C,sB(cosf—cosé),
where = \/1—4mt2/s and y=1/\/1— B2. The coefficients

Cl and CZ are deﬁned by(:]_: va+ PVA and C2: PAV
+Paa, and the effective coupling strength of current-current

tial direction of the electron beam. We assume that the whol@nteractionsP ., is given by
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Pyv/VNc=€?QQcD(S) +V1'V1°D () + V5V, Dy(s), W¥—model
0.05 g 2
Pua/VNg=—V1'A;®D1(5) ~ V,'A°Ds(9), w18k
(19) 0.04 F 16 £
< 0.035 E ) 1.4 F
L o003 B S0 12 F
Pav/VNe=—A{'V;°D ()~ A,'V,°Dy(s), % 0.025 E B
o 002 F | 08 F
PAA/\/N—CEAltAleDl(S)+A2tAzeD2(S), > Oboé? E gi ;:
) ) ) S 0.005 02 &
where N, is the number of colors an@; is the electric 2 0 0 &
charge for the top quartelectron. Dy, D;, andD, are the = -
propagation factors for the photod,; and Z, bosons, re- ~ 005 005
spectively, T 005 3 o | 0045 E "
+% 004 E 0.04 E
[ E E
1 1 1 | 0.035 ;— 0.035 ;—
= _ = = ©» 003 F 0.03 &
Do(9)=5 Du9)= 5 Da9=_— 5. (0 g ¢
© o0z | 0.02 E
while Vif and Aif are the model-dependent vector and axial Oﬁ;? _
vector couplings for fermionf and gauge bosoni 0.005 £
=photon,Z,, Z,, defined in Eq(10). 0

The scattering amplitudes for the right-handed polarized
electron and left-handed polarized positron are obtained in a
similar manner: FIG. 3. The differential cross sections in tifemodel for the

spin configuration of the top quark pair, drawn with respect to the
M(RL,TT)=Cys(cosfsiné—1/ysindcosé) +CysBsiné scattering angle of the top quark gs=500 GeV with the left-
handed electron beam. The solid line denotes the SM prediction; the

cos ¥

=-M(RL,|]), dashed line includes th2’ boson effects with the kinetic mixing
tany=0, the dotted line with tag=0.2, and the dash-dotted line
M(RL,|T)=—C;s(coshcosé—1+1/ysinfsiné) with tany=—0.2.
+C,sB(cosh—cosé), (22

nate so that the QCD corrections are factored out. At high
M(RL,T])=—C;5(cosf cosé+ 1+ 1lysindsiné) energy, the degree of this dominance is close to 1005h

—C,sB(cosf+ cosé). IV. ANALYSIS

There exist angles, and ¢ such that the scattering am- In the off-diagonal basis, the scattering amplitudes of the

plitudes for the like-spin states of the top quark pal, 1) jixe_spin states are identical to zero and so are the corre-
and (|,1), vam;h for the left- and rlght-handeq electron sponding cross sections. Including new physics effects, the
beams, respectively. From Eqd8) and (21), we find the  aqiq does not remain as the off-diagonal basis anymore and
angles¢, andér: the characteristic features of the off-diagonal basis are modi-
fied through the model dependence of the aigglg. TheZ’
boson exchange diagrams yield a deviation of the cross sec-
tions for like-spin states from zero. Therefore observation of
sizable cross sections for like-spin states can be a “smoking-
gun” signal of new physics.

In Figs. 3-5, we plot the differential cross sections for
left-handed polarized electron beams with respect to the scat-
which are always defined in terms of the scattering amgle tering angle in they, x, and » models, respectively. The
It is called theoff-diagonal basissince only the scattering SM predictions are denoted by solid lines. The dashed lines
amplitudes for off-diagonal spin states are nonZdr. For  denote the model predictions with no kinetic mixing terms,
given kinematics, the angle§_r are determined by the the dotted lines the predictions with the kinetic mixing
model-dependent ratioQ,/C;), so ¢ r depend upon the tany=0.2, and the dash-dotted lines with tgs —0.2. For
existence of new physics. the numerical analysis, we taka;, =600 GeV, the lower

One more interesting feature of the off-diagonal basis idound from the direct search by the Collider Detector at
that the process into the () state for the left-handed elec- Fermilab (CDF) [3], and the mixing angles to be the latest
tron beam and the|(]) state for the right-handed one is bounds in Ref[4] to maximize the new contributions. We
dominant. This pure dominance is very stable under the ondiave two lines for each prediction corresponding to the upper
loop QCD corrections where the soft gluon emissions domiand lower limits of theZ-Z" mixing angle{, respectively.

B tané
sus,f)=arctan 7= ie  sech)

tané@
v(1+(C,/C,) B sech)

: (22

ér(s,0)= arcta+

094010-4



PROBING THEZ' GAUGE BOSON WITH THE SPIN . .. PHYSICAL REVIEW D 63 094010

Xx—model n—model

0.05 ¢ 2 0.01 ¢ 2 ¢

0.045 £ 1 18 F 4y 0.008 E M 1.8 &

i e H;
[ E. AR E > U E B
E 0‘532 ES 0 ez 1; - & o008 F 2 b
~ 0025 F 1E o000 £ 1E
& 002 B 0.8 & £ 0004 £ 0.8 &
o015 E 0.6 E > 0.6 L.
& E £
» 0.01 0.4 B @ 04 &
§ 0.005 02 & o 02 &
32 0 0 B e N 1 o3 ‘i(;‘s“'é"ols“"w
>~ -1 -05 0 0.5 1 ~
- !
=
7\ 0.05 ¢ 0.05 ¢ 7\ 0.05 001 ¢

0.045 0.045 E " Lo e | 0009 = W
- 0.04 £ g 004 E 0008
© o35 E 0.035 £ - 0035 E 0.007 £
‘s 003 : 0.03 £ % 003 E 0006 £
6 0.025 0.025 E 5 0025 & 3
® 02 E 0.02 E 0.02 £

0.015 £ 0.015 E 0.015 £

0.01 E 0.01 0.01 E

0.005 [ 0.005 . , 0.005 £

O I T o Bl L nliusnl Ptk T =05 o o5 1 -1 -05 o0 05 1
-1 —05 0 05 1 -1 -05 0 05 ] -
cos ¥ cos ¥

spin configuration of the top quark pair, drawn with respect to thespin configuration of the top quark pair, drawn with respect to the
scattering angle of the top quark a{g: 500 GeV with the left- Scattering angle of the top quark d€= 500 GeV with the left-
handed electron beam. The solid line denotes the SM prediction; thdanded electron beam. The solid line denotes the SM prediction; the
dashed line includes the' boson effects with the kinetic mixing dashed line includes the’ boson effects with the kinetic mixing
tany=0, the dotted line with tay=0.2, and the dash-dotted line t@nx=0, the dotted line with tag=0.2, and the dash-dotted line
with tany=—0.2. with tany=—0.2.

The smallness ofAgg is a characteristic feature of the

It is apparent from the figures that the cross sect|on§mdel_ The asymmetmi g for each model is listed in Table

o(71) anda(|]) are nonzero wittZ" boson effects, which
can be as large as 18 pb, of order 1% of the total cross We find that the kinetic mixing derives a large shift in the

sect.ion oftt_produlction. With the expected integrated Igmi— observables. Here the kinetic mixing is taken to beytan
nosity [£>50 fb™* for energy atJs=500 GeV, we will  +0.2, which is the bound obtained in Ré14]. It is to be
have more than 500 events for like-spin states, which is sufnotified that the effects of the kinetic mixing term act on the

ficient to examine the nonzero cross section. We also fin@ffects of thez’ boson both constructively and destructively
that the pure dominance of () state is contaminated with

Z' boson effects from the figures. Cross sections for states TABLE II. The ratios of the cross section for the () spin state
other than the {(|) state increase witZ’ boson effects in  of the top quark pair to the total cross sectiorepk;; —tt produc-
general. However, the pure dominance is essentially affectegbn in the SM off-diagonal basis and the forward-backward asym-
by the alteration ofo(7T]), since actually the total cross metries are presented for the standard modelyang, and» mod-
section is still dominated by thel () state. We present the els.
ratios of o(1|)/ oot fOr each model in Table 1.
Since the asymmetry of vector and axial vector charges to Models  tany o(e  eg—1:t))/ ootal Arg
the Z' boson is a feature of the models, the forward-

— . SM 99.3% 0.4046
backward asymmetry oft production can be a useful ob- 0
L 0 98.5% 0.5539
servable to discriminate models. The forward-backward 0.2 95 6% 0.6796
asymmetryAgg defined by e 2 '
0.2 99.2% 0.4703
B 0 94.4% 0.0382
Apg=t 78 23) X 0.2 95.4% 0.0886
Ortog -0.2 93.6% 0.0056
0 98.2% 0.2556
increases witlZ' boson effects in they model while it de- 7 0.2 97.5% 0.2036
creases in thg and » models from the figures. The model -0.2 98.9% 0.3279

is a mixture ofy and y models and behaves about halfway.
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with respect to the sign of tan The effects of th&’ boson  direct evidence of new physics. As a matter of fact, only one
may be diluted and even canceled by the kinetic mixing efspin configuration is appreciable for the top quark pair in this
fects. For instance, the pure dominance of thg)(final state ~ basis and violation of such a pure dominance of a peculiar
is almost recovered in th¢: model when tary=—0.2. In  SPin state is a signature of tt# gauge boson, which is
this case, the precise measuremenf\gg can still be evi- almost free from loop corrections. Alternativelfsg is an
dence of thez’ boson. Hence it is essential to perform an €ffectual observable to probe tée boson due to the asym-
analysis with more than two observables to probe Zhe Metry of left- and right-handed couplings of tEé boson to

effects and to discriminate the models. fermions. Meanwhile, it is shown that the kinetic mixing
effects results in a substantial shift in the observables dis-
V. SUMMARY AND CONCLUSIONS cussed here. Moreover, changing the sign of the kinetic mix-

ing term, its effects can be additive or subtractive to the mass
We have explored the effects of tlZé boson arising in  mixing effects, by which it is possible that tiZe effects are

the Supersymmetricdzrnode| framework ae_e+4,tt_pr0- Wlped out. As a consequence, we conclude that a combined
cess, including the kinetic mixing terms. Considering theanalysis with more than one observable is indispensable to
spin configuration of the produced top quark pair, we pro-study the structure of the" gauge boson.
pose useful probes not only to search for #leboson but
also to discriminate the models corresponding to the pattern ACKNOWLEDGMENTS
of gauge group decomposition. Provided that we take the This work is supported in part by the BK21 program of
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