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1. Introduction

During the past several decades the gauge hierarchy problem éas lgiiding principle to
propose beyond the standard model (SM), and many new physics medeldden proposed to
solve this problem. Brane world scenario recently proposed providessilje solution for this
problem. In this scenario whole space has more than three spatial dimeasibtise SM fields
are confined on a 4-dimensional hypersurface called “D3-branéérelare two typical models
based on this setup. One is the so-called ADD model proposed by ArkeaniH, Dimopoulos
and Dvali (ADD) [1]. In this model, there ame-extra dimensions compactified @rtorus with
common radiufk and a D3-brane embedded#+ n)-dimensional bulk is introduced on which the
SM fields reside. This setup gives a relatdp = MD(MDR)”/2 between the 4-dimensional Planck
massMp and the Planck scale ¢# -+ n)-dimensionaMp. If the compactification radius is large
enough (for instancé’} ~ 0.1 mm forn = 2), Mp can be/'(1 TeV) and thus one obtains a solution
to the gauge hierarchy problem. In fact, this picture is consistent with tirerduexperimental
bound onR around 20Qum [B].

The other model was proposed by Randall and Sundrum (RS) [3]. iTlis5-dimensional
model, where one extra-dimension is compactified 81/, orbifold and a negative cosmological
constant is introduced in the bulk. Two D3-branes are placed at fixigtispaf the orbifoldg = 0
and@ = 1 (@ is an angle ofs%) with opposite brane tensions. A brane¢at 0 with a positive
tension is called the hidden brane and the other orge-atr with a negative tension is called the
visible brane on which the SM fields are confined. Solving the Einstein equatithis system,
the 5-dimensional bulk geometry is found to be a slice of anti-de Sitter{ys{$ace,

d& = e "l%p , dxtdx’ —r2d¢?, nuy =diagl,—1,—1,-1), (1.1)

wherek is the AdS curvature in five dimensions, ands a compactification radius. This back-
ground geometry allows us to take the Planck scale as a fundamental swded) in effective
4-dimensional description an effective mass scale on the visible branerpedvdown such as
N = I\Wme*’”<rc due to effect of the warped geometry, Wheh_ﬂ@ is the reduced Planck mass.
Therefore, with a mild parameter tuningr. ~ 12, we can realizé\; = ¢(1 TeV) and obtain a
natural solution to the gauge hierarchy problem.

In the brane world scenario, an infinite tower of Kaluza-Klein (KK) gravstappears in effec-
tive 4-dimensional theory. Effective couplings between these KK gnasitmd the SM fields are
controlled byMp or A in each typical model. Since these mass scales should be around TeV so
as to solve the gauge hierarchy problem, we can expect new phenordenadroy the KK gravi-
tons, for example, direct KK graviton emission process and virtual KKigma exchange process
at high energy collisions. In particular, the virtual KK graviton exchapgeess is interesting,
because it can give rise to characteristic angular distributions and spiiga@tions for outgoing
particles, which reflect the spin-2 nature of the intermediate KK gravitons.

One of good candidates to study a spin configuration is a top-antitop gagylsipce the top
quark, with mass in the range of 175 GdY [5], decays electroweaklydetdronizing[J6]. A pos-
sible spin polarization of the top-antitop quark pair is directly transferred @eitay products and
therefore there are significant angular correlations between the tok spia axis and the direction
of motion of the decay products. The spin correlations for the hadroniamdifop pair production
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process have been extensively studied in the quantum chromodynan@ey (@, . [10]. Itis
found that there is a spin asymmetry between the produced top-antitopring)y, the number
of produced top-antitop quark pairs with both spin up or spin down (like madifferent from the
number of pairs with the opposite spin combinations (unlike pair). If the topkgeaoupled to a
new physics beyond the SM, the top-antitop spin correlations could bedalfEnerefore, the top-
antitop spin correlations can provide useful information to test not only khé@& also a possible
new physics at hadron colliders. The Large Hadron Collider (LHC)ehbigy advantage to study
the top spin correlations, since it will produce almost 10 millions of top quanksaa (during its
low luminosity run).

In Ref. [11], effect of the KK gravitons on the top spin correlations inAl¥D model at the
LHC was studied. A sizable deviation of the top spin correlations from the Sdn@s found with
scaleMp below 2 TeV. To study this issue in the RS model is more motivated than in the ADD
model by the following reasons. In the ADD model, a mass difference df K#&c graviton is
characterized by the radius of the extra dimensidtis (vmeV forn = 2), which is much smaller
than detector resolutions and it is impossible to identify each resonant KiKtagraat collider
experiments. In fact, couplings between each KK graviton and the SM fieddsippressed by the
4-dimensional Planck mass and extremely weak. After coherently summingmupKiagraviton
processes, the KK graviton effects can be sizable. However, therthéoeetical problem in the
ADD model with two or more extra dimensions: Sum of all intermediate KK gravittimsrges
and is not well-defined. Although this problem can be solved by introducfirgta brane tension
[LZ] or a finite brane width[[33], which give rise to a physical ultravioletaff and make the sum
finite, a new parameter (the brane tension or the width of the brane) islirimiig a model. On the
other hand, in the RS model only one extra dimension is introduced, and fsaifrirdtermediate
KK gravitons turns out to be finite and the KK graviton mediated process isdeélted at low
energies. Each KK graviton strongly couples to the SM fields wWithsuppressed couplings,
and KK graviton mass is characterized kg “'<" ~ TeV. As a result, we can expect a resonant
production of the KK gravitons at colliders if the collider energy is high gftouThis is a direct
signal of the RS model. Furthermore, the resonance gives rise to anaamhent of production of
the top-antitop pairs and provides a big statistical advantage for studyinggtspin correlations
around the resonance pole.

In this work we study the top spin correlations in the RS scenario. This pdings is based
on our paper|[34].

2. Spin correlation

At hadron collider, the top-antitop quark pair is produced through thegsses of quark-
antiquark pair annihilation and gluon fusion:

i —t+t, i =0d,90. (2.1)

The former is the dominant process at the Tevatron, while the latter is don@h#rg LHC. The
produced top-antitop pairs decay before hadronization takes plagemam decay modes in the
SM involve leptonic and hadronic modes:

t — bW+ — bty ,bud, bcs, (2.2)
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wherel = e, u, 1. The differential decay rates to a decay prodfiet b,1 ", v, etc. at the top quark
rest frame can be parameterized as

#d;:)rsef = %(1+ K COSbt ), (2.3)
whererl is the partial decay width of the respective decay channel@nd the angle between
the top quark polarization and the direction of motion of the decay profiwattthe top quark
rest frame. The coefficients called top spin analyzing power is a constant betwednand 1.
The ability to distinguish the polarization of the top quark evidently increasesryitiThe most
powerful spin analyzer is a charged lepton, for whigh = +1 at tree level[[1l5]. Other values
of k¢ arekp = —0.41 for theb-quark andk,, = —0.31 for thev,, respectively. In hadronic decay
modes, the role of the charged lepton is replaced byltbes quark.

The best way to analyze the top-antitop spin correlations is to see the angrraations of
two charged leptons™l— produced by the top-antitop quark leptonic decays. In the following,
we consider only the leptonic decay channels. We can obtain the followingl@ldistribution

(8. 8. [10]
1 o 1
odcosf:dcosh- 4

(1+ B;1cosf+ + Bycos - —Ccosf+cosf-). (2.4)

Hereo denotes the cross section for the process of the leptonic decay modé; @h- ) denotes

the angle between the top (antitop) spin axis and the direction of motion of theptanilgepton)

at the top (antitop) rest frame. In the following analysis, we use the helicitylssis which is
almost optimal one to analyze the top spin correlation at the EMCthis basis, the top (antitop)
spin axis is regarded as the direction of motion of the top (antitop) in the top{amttoter-of-
mass system. The coefficie®@g andB, are associated with a possible polarization of the (anti)top
quark transverse to the production plane in proton-proton (or prottipraton) collision, called a
transverse polarization, afZlencodes the top spin correlations, whose explicit expression is given

by
C=dK+K-, K+=K-=1, (25)

where the coefficient? represents the spin asymmetry between the produced top-antitop pairs
with like and unlike spin pairs defined as

_ o) +olyt) —otity) —otty)
a(tity) +ott)+ott)+a(tl)
Here a(tat_B) is the cross section of the top-antitop pair production at parton level witbtden
spin indices.
In the SM, there is no transverse polarizatiBa= B, = 0 at the leading order afs? while the
spin asymmetry is found to be’ = +0.319 for the LHC 2 At the LHC in the ATLAS experiment,

(2.6)

1Recently another spin basis was constructed, which has a larger spgtation than the helicity basis at the LHC

[iLd1.

2At the one-loop level, the transverse polarization is induced. Detailedsisdigs been performed in RefEl[l?]
and ].

3The parton distribution function set of CTEQ6E[19] has been used ircaloulations. The resultant spin asym-
metry somewhat depends on the parton distribution functions used.
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the spin asymmetry of the top-antitop pairs will be measured with a precisiorverfagercent,
even after one LHC year at low luminosity (10 [2g]. Since in the brane world scenario there
is a new contribution to the top-antitop production process through virtuagkiiton exchange
in thes-channel, the spin asymmetry could be altered from the SM one. It is foanhdhtthe ADD
model, the KK graviton contribution reduces the spin asymmétiy [11], fomgi& o/ = +0.147
for Mp = 1 TeV.

3. Production of the top-antitop pairsin the RS model

In the RS model, because of the warped metric, zero-mode graviton andd(Koms have
different non-trivial configurations with respect to the fifth dimensicr@irdinates. In particular,
the KK gravitons are localizing around the visible brane and so couplingeba the KK gravitons
and the SM fields are enhanced. The effective interaction Lagrangigveis by [4]

1 1 (o]
) & Tuv Oy~ Tuv (n)
Lt = Mo THY (x)hyv (X) /\rrl (x) n§:lhw(x), (3.2)

Wherehﬁ,”\ﬂ is then-th graviton KK mode,T#¥ is the energy-momentum tensor of the SM fields
on the visible brane, anfl;; = Mp|e‘Kf°" ~ TeV. The graviton zero mode couples with the usual
strength and its effect is of course negligible for collider physics, whitehegaviton KK mode
strongly couples to the SM fields with the suppression fagtpt.

Mass spectrum of the KK gravitons is determined by the relation

My = XpKe <", (3.2)

wherex, is a root of the Bessel function of the first ordés(x,) = 0, andx; ~ 3.83, Xz ~ 7.02,
x3 ~ 10.17, for example. Assuming that the 5-dimensional curvatuie small compared ti/
whereM is the 5-dimensional Planck scale, the lightest KK graviton mass appearsdaseveral
hundred GeV which is accessible by the LHC. Once the lightest KK gravitos iméised, higher
KK graviton mass can be determined by using given numerical factgrs, my (X, /x1). Usingmy,
the effective scalé;; can be rewritten as

_m My
= 3.83( K ) (3.3)

In our numerical analysis, we use andK/Mp| as input parameters. As mentioned above, we as-
sume the 5-dimensional curvaturés much smaller thaM, whose condition is actually necessary
to trust the RS metric. It yields the bound for the input parametm/agm <0.1[].

The effective interaction Eq[ (3.1) leads to the top-antitop pair productimug the virtual
KK graviton exchange in thechannel. We computed the squared amplitudes and the full density
matrix for top-antitop production in Ref{ J[L4]. As in the same with the ADD cadseu$sed in Ref.
[LT]], there is no interference term for the quark-antiquark pair annibiigprocess, while there is
the non-vanishing interference in the gluon fusion process.
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With the squared amplitudes, one can find the integrated top-antitop quarfrpéirction
cross section through the formula,

Oiot(PP— tatg) = %/dxl/dxz/dcosefa(xlaQZ)fb(xz,Qz)

" dO'(a(XlECMS/Z)b(XzECMs/Z) — taq})

dcos@ (3.4)

)

where f; denotes the parton distribution function for a parerEcus is a center-of-mass energy

of a proton-proton system, ar@@is a factorization scale.

Using the formulas for the full density matrix in Ref_J14], we can calculatedinble dis-
tribution (2.4) in the RS model. Explicit calculation tells us that the transverseipatian is
vanishing, i.e.B; = B, = 0 in the RS model while the spin asymmetsy is altered from the SM

one.

4. Numerical results

Here we show various numerical results and demonstrate interestingteemé measurable
quantities in the RS model. In our analysis we use the parton distribution fus i @TEQ6L [1P]
with the factorization scal® = m = 175 GeV,N; = 5 andas(Q) = 0.1074. As mentioned above,
we choosamn; and K/I\Zm as input parameters. In practice, we fix = 600 GeV, subsequently

m, = 1099,mz = 1582,my = 2686 GeV etc.

107 . . . . . . 10°
= =
B 10} 5 10t
3 5
2 2
b b

/I;‘\
10 } A 10° }
SN
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
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Figure 1: The dependence of the cross section of the top-antitop quaariproduction by quark-antiquark
pair annihilation (left) and by gluon fusion (right) on thenter-of-mass energy of colliding partons. The
solid line and dashed lines correspond to the results of Meafd the RS model fomy = 600 GeV and

K/ I\Zm =0.01,0.04,0.07 and 01 from bottom to top, respectively.

In Figs.[1, the cross sections of the top-antitop pair production thrgggh tt (left) andgg —
tt (right) at the parton level are depicted as a function of parton centerast energy/s = M
for my = 600 GeV and variouz/Mp|. The SM cross section decreases, while the cross section of
the RS model grows rapidly witky's and thus the unitarity will be violated at high energies. This
behavior can be understood from the formulas of the squared amplifidle$leaks in the figures
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correspond to resonant productions of KK gravitons. Total crossoses and the width of each
peak become larger, &5/ l\ﬁm is taken to be large.

We are also interested in the dependence of the cross section on thditop-amariant mass
M= +/(pt + pr)2 wherep(pr) is momentum of (anti)top quark. This is given by

doiet(pp— tt

ZMtt 2 Mtzt 2 dO'(tt_>
e —%/dcose / e (xl,Q)fb< 1EgMS’Q)dcose' (4.1)

MS

The result fomy = 600 GeV andc /My = 0.1 is shown in Fig[]2. The deviation of the cross section
in the RS model from the one in the SM growssdsecomes large. Cross sections for the like and
the unlike top-antitop spin pairs in the RS model are also shown. The diff@reross section as a
function of the center-of-mass energy of colliding partons for var'vo;(lvl_m is depicted in Fig[]3.
Deviation from the SM one becomes large according/tM_p|.

100 — . . . . 10"

doior/dMyz [pb/GeV]
doior/dMy; [pb/GeV]

560 1600 1500 2600 2560 3000 ! 500 1000 1500 2000 2500 3000
My; [GeV] My; [GeV]

Figure 2: Differential cross sectior@.l) as a fund-igure 3: Differential cross sectior@.l) as a func-
tion of the top-antitop invariant madd for my = tion of the top-antitop invariant madg;. The solid
600 GeV andk /My = 0.1. The solid and dashedand dashed lines correspond to the results of the SM
lines correspond to the results of the SM and the R8d the RS model witk /M = 0.01,0.04,0.07 and
model, respectively. The differential cross sectiofisl from bottom to top, respectively.

for the like (dotted) and the unlike (dash-dotted) top-

antitop spin pair productions in the RS model are also

depicted.

Now let us show the result for the spin asymmet# In Fig. |}, the spin asymmetry as a
function of the center-of-mass energy of colliding partons for varim)alsrl_p| is depicted. Devia-
tion from the SM one becomes larger as the center-of-mass energy/aiw become larger. As
expected, deviation is enhanced around the poles of KK graviton nesesarl his implies that we
can expect a big statistical advantage for the study of the top spin cornslatioen we analyze
experimental data around a pole. This fact is a crucial difference fhenADD model, where no
resonance of KK gravitons can be seen. In fjig. 5 we show the spin aspmmiat the LHC, as a
function ofK/Mp|. We can see a sizable deviation from the SM one, for examgle; 0.260 for
K/Mp = 0.1.
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Figure 4: Spin asymmetryey as a function of the Figure5: Spin asymmetry7 as a function of</l\ﬁm
top-antitop invariant masli. The solid line corre- at the LHC withEcpys= 14 TeV. ASK/I\Zm — 0,
sponds to the SM, while the dashed lines correspdmetomes the SM value,319.

to the RS model with /My = 0.01,0.04,0.07 and

0.1 from up to down, respectively.

5. Conclusions

In the RS model, we have studied the top-antitop pair production and the topspitations
at the LHC. In addition to the Standard Model processes, there is a nawhcion to the top-
antitop pair production process mediated by graviton Kaluza-Klein modes iss¢hannel. We
have shown various numerical results for the production cross seetimhthe top spin correlations
with input parametersy and K/Mm in the RS model. We have found a sizable deviation of the
top-antitop pair production cross section and the top spin correlationstfrose in the Standard
Model. In particular, resonant productions of the Kaluza-Klein gragitgime rise to a remarkable
enhancement of such deviations. This is a crucial difference fromatbe io the ADD model.
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