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Collider implications of universal extra dimensions
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We consider the universal extra dimensions scenario of Appelquist, Cheng, and Dobrescu, in which all of the
standard model fields propagate into one extra compact dimension, estimated therein to be as large as
~(350 GeV) ! Tree-level Klauza-KleifKK) number conservation dictates that the associated KK excita-
tions cannot be singly produced. We calculate the cross sections for the direct production of KK excitations of
the gluon,g;, and two distinct towers of quarks;, andq,°, in proton-antiproton collisions at the Fermilab
Tevatron run | and Il energies in addition to proton-proton collisions at the CERN Large Hadron Collider
energy. The experimental signatures for these processes depend on the stability of the lowest-lying KK exci-
tations of the gluons and light quarks. We find that the Tevatron run | mass bound for KK quark and gluon final
states is about 350—-400 GeV, while run Il can push this up to 450-500 GeV at its initial luminosity and
500-550 GeV if the projected final luminosity is reached. The LHC can probe much further: The LHC will
either discover universal extra dimensi@fED) KK excitations of quarks and gluons or extend the mass limit
to about 3 TeV.
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. INTRODUCTION =MY"?R". Any SM fields that propagate into the bulk would
have (KK) excitations with masses at the 10 MeV scale or
The low-energy phenomenology of superstring-inspiredess. The nonobservation of such states up to about a TeV
models with large extra compact dimensions depends on thenplies, in this class of models, that all of the SM fields are
mechanism of new physics by which the standard modetonfined to the usual SM D3-brane. Hence, the only source
(SM) fields are constrained, if at all, to motion in the usualof new contributions to collider processes arises from the KK
3D wall (D3 brang of the usual three spatial dimensions. It excitations of the graviton. Although the contributions of in-
might naively be speculated that as more SM fields are fredividual KK modes, with 4D gravitational strength, to col-
to propagate into the extra compact dimensi@he bulk, lider processes is extremely small, a very large number of
then the collider bounds on the compactification scale woulduch modes contribute in a TeV-scale collider process be-
significantly strengthen. A nonuniversal model where thecause the compactification scaleis so small gu~mm™?!
gauge bosons propagate into the bulk, but the fermions are 102 eV). The net KK effect can cause a significant de-
confined to the usual SM D3-brane, for example, does proviation from the SM production rates. Bounds on the string
duce more stringent collider bounds than a model where alicale from analyses of various collider processes are typi-
of the SM fields are confined to the D3-brane. Howevercally on the order of a TeV3,4] for these symmetric com-
scenarios with universal extra dimensiofidED), in which  pactification models.
all of the SM fields propagate into the bulk, have much One way to permit some or all of the SM fields to propa-
weaker collider bounds. This is due to tree-level Kaluza-gate into the bulk is to relax the constraint that the extra
Klein (KK) number conservation, which dictates that collid- compact dimensions be symmetric. Let us first consider the
ing SM initial states cannot produce single KK excitationscase where only the SM gauge bosons propagate into the
and also forbids tree-level indirect collider effects. In thebulk. As an example, it is possible to devise a model with
nonuniversal scenarios, the SM fields that are confined to thesymmetrical compactification with five TeV-size extra
D3-brane appear in the Lagrangian with delta functionscompact dimensions and one mm-size extra dimension,
thereby permitting couplings that violate KK number conser-where the SM gauge bosofand perhaps the Higgs bogon
vation. propagate into one of the TeV-size dimensions. It was
Only the gravitons propagate into the extra compact dishown in Ref[5] that this model satisfies all of the current
mensions in the class of models based on the approach aktrophysical and cosmological constraifis These asym-
Arkani-Hamed, Dimopoulos, and DvalADD) [1], where  metric scenarios have a more direct effect in high-energy
the compactification is symmetric—i.e., all of ti extra  collider processes. Originating with the suggestion by Anto-
dimensions have the same compactification radusThe  niadis[7], some of the studies that have been done for the
fundamental Planck scaMp, is much smaller than the four- collider phenomenology of the scenario in which the SM
dimensional Planck scall!p [2], which is related byM3  gauge bosons can propagate into the bulk, but where the SM
fermions cannof8], include the effects on electrowe&kW)
precision measurementd], Drell-Yan processes in hadronic
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*Email address: shaown@okstate.edu positron colliderd 11], and multijet production in very high-
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energy hadronic collider§l12]. The typical bound on the Il. FORMALISM

compactification scale is 1-2 TeV. . . . S .
. We are interested in the collider implications of the uni-
The UED model, where all of the SM fields propagate C ) ) .
. . . L Eo 2 versal scenario, in which all of the SM fields propagate into
into one or more extra compact dimensions, may intuitively_~ 1 : : .
a single TeV *-size extra compact dimension. Our focus is

m more natural than selectivel nfining SM fiel h . .
see ore natural than selectively co g SMfields tot %n the tree-level parton subprocesses that involve the direct

usual SM D3-brane. This scenario may be thought of as a . . o N
generalization of the usual SM wall to a BN- brane pair-production of KK excitations of gluong;,, and two
i andq,°. We begin by general-

whereN represents the number of extra compact dimension8iStinct KK quark towersgy, ¢ _ _
into which the SM fields propagate. In this universal modeliZing the usual 4D Lagrangian density to its 5D analog. We

of Appelquist, Cheng, and DobresfL3], KK number con- perform orbifold compactification and integrate over the fifth
servation governs all of the couplings involving KK excita- dimensiony to obtain the effective 4D theory, which is the
tions. In particular, each such vertex involves at least twd'Sual 4D Lagrangian density plus new physics terms involv-

KK excitations. At the tree-level, then, KK effects cannot N9 the KK excitations of the quark and gluon fields. These
new terms provide the masses of the KK modes as well as

manifest themselves indirectly at colliders, and direct pro- , ; ,
duction is only possible in pairs of KK states. Although KK the Feynman rules for the vertices and propagators involving

number conservation is broken at the one-loop level, th&K excitations. We develop the key elements of our formal-
lowest-lying KK excitations of the light fermions and the ISM here, while supplementary details are included in the
massless gauge bosons do not decay to the SM zero-mocf@BPeNdix. _ _

at any order without a special mechanism to support this WSMdenot%'ahe 4D SMSunark multiplets for one generation
decay. Thus, the lowest-lying KK excitations of the light PY Q" (X),Ur"(x), andDR"(x). For example, the first gen-
fermions and the massless gauge bosons may be complet&{ation is

stable. Possible decay mechanisms have been proposed in

the literaturd 13—15. Collider bounds for this universal sce-

nario are comparatively light: The current mass bound u(x)
[13,15,16 for the first KK excited modes is relatively low EM(X)qu(x)=< ) ,
(~350-400 GeV). de)/,
In this work, we make a detailed study of the collider 1)
implications of the universal scenario, in which all of the SM
fields propagate into one TeV-size extra compact dimen- UEM(X)zuR(x), DSM(x) =dg(X).

sion. More specifically, we calculate the cross sections for

the pair-production of KK excitations of the gluorgg,, and

two distinct KK quark towers,q; and g,°, in proton-

antiproton collisions at the Fermilab Tevatron run | and I Each 4D state is a two-component Wey! spinor. The analo-
energy in addition to proton-proton collisions at the Largegous 5D quark multiplets consist of massless four-
Hadron Collider(LHC) energy. The signatures of these KK component vector-like quarks, which we denote by
excitations depend on the stability of the lowest-lying KK Q(X,y),U(x,y), andD(x,y). When these 5D fields are de-
excitations of the light quarks and gluons. We find that thecomposed into 4D fields, corresponding to each 4D field are
Tevatron run | mass bound for KK quark and g|u0n final@& left-handed and right-handed zero mode. Each mode is a
states is about 350—400 GeV, while run Il can push this limittwo-component Weyl spinor in 4 dimensions. Half of the
up to 450—-550 GeV, depending on the luminosity. The LHCZ€ro modes, which are not present in the 4D SM, may be
can probe much further: The LHC will either discover UED Projected out via the simple orbifold compactification
KK excitations of the quarks and gluons or extend the mas§hoice,S;/Z,(Z,:y— —y). The gauge fields polarized along
limit to about 3 TeV. The organization of our paper is asthe usual SM directions must be even unger —y such
follows. We develop the key ingredients of our formalism in that the zero modes will correspond to the usual 4D gauge
Sec. Il, which is supplemented by additional details in thefields, which implies that the gauge fields polarized along the
Appendix. We also present the Feynman rules involving they direction must be odd. For the quark fields, each of the KK
KK excitations of the gluons and quarks. Section Ill contains(n>0) modes for each multiplet will have a left-chiral and
our analytical expressions for the pair-production of KK ex-right-chiral part. TheQ['(x),Ug(x), andDg(x) components
citations of the gluons and quarks. We treat the case of stabl@ust be associated with the part Qf(x,y),U(x,y), and

KK final states in Sec. IV. Here we present our results for theD(x,y) that is even undey— —y in order to recover the
production cross sections of pairs of stable KK excitations@ppropriate SM chiral zero mode states. The remaining com-
and discuss how to search for their collider signatures. W@onentsQg(x),U['(x), andD{'(x), must be associated with
discuss possible decay mechanisms in Sec. V. Our results fthe part ofQ(x,y),U(x,y), andD(x,y) that is odd undey

the case where the pair-produced KK final states decay may> —y such that the zero modes not observed in the SM will
be found here, along with methods of searching for this asbe projected out. Each of the 5D multipl€@§x,y),U(X,y),
sociated collider phenomenology. We present our concluand D(x,y) can therefore be Fourier expanded in terms of
sions in Sec. VI. the compactified dimensionas
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u(x) * ny Thus, in the absence of the Higgs mechanism, the KK
40 + \/EnZI {QE( )cos( ﬁ) excitations have masses givenMy,=M<K=n/R=nu. Ad-

L - ditional mass contributions from the Yukawa couplings of
n )H the 5D quark multiplets via the Higgs VEV'’s are obtained by
R

1
Q(X,y):\/ﬁ{

+ QR(x)sin (2)  writing the 5D Lagrangian density for the couplings of the
5D quark multiplets to the 5D Higgs field, Fourier expanding

these 5D fields in terms of the compactified dimensgipand

1 - ny integrating over the extra dimension. The eigenvalues of the
U(x,y)=——=—=1 Ur(x)+v2 2, UR(X)CO{ ﬁ) resulting mass matrix give the net mads of the KK modes
VR =t in terms of the mass of the corresponding quark fidigand
ny the mass from the compactifications™ :
+UE(x)sin(E)H (3)

M= (MEF)Z+ M2, (8)

1

D(x,y)= ﬁ[dwﬂ ﬁn;

Dg(x)cos{ %/)
Relative to the compactification scale, the SM quark masses
] @) are negligible except for the top makk .
' The QCD interactions involving KK excitations include
purely gluonic couplings as well as couplings with quark
The SM fermion masses arise from the Yukawa couplinggields. The purely gluonic case was discussed in detail in Ref.
through the Higgs vacuum expectation valEV), while  [12], and the resulting couplings are identical to those of this
the KK modes receive mass from the kinetic term in the 5Duniversal scenario. We therefore refer the reader to this prior
Lagrangian density as well as from the Yukawa couplings viawork for these details, and concentrate on the couplings of
the Higgs VEV'’s. We first calculate the mass arising from thequark fields to gluon fields. The Feynman rules for the QCD
kinetic term. The 5D Lagrangian density for the kinetic termsinteractions involving the KK excitations of the gluons and
and interactions of the 5D gluon fieldf, (x,y) with the 5D  the two towers of KK excitations corresponding to each of
Q(x,y) fields are the quark fields can be obtained by integrating the second
part of Eq.(5) over the compactified dimensigrvia Fourier
£5=ia(X.y){FM[ﬂm+i95TaAﬁ‘,.(X,y)]}Q(X,y). (5) expansion of the 5D fields in terms gf and similarly for
U(x,y) andD(x,y).
Here,gs is the 5D strong couplingyl is the 5D analog of the Each KK g, andq,° state is identified as a combination
Lorentz indexu, i.e., M e{u,4}, and the 5D gluon fields of Q, U, andD. In the limit of massless SM quarks, this
A% (x,y) can be Fourier expanded in terms of the compacti-combination can be expressed as
fied extra dimensioly as

. (ny
+D’L‘(x)sm(ﬁ

1 = n Un(X)
Ai(x,y)z\/ﬁ 2 0(X) + \/Enzl Ai,n(x)co{ﬁy” (6) QE,R(X)EPL,R( d;(x)) ;
o C)
. 2 o [ny
AZ(X,y)= = nzl A4ln(x)sm(ﬁ : (7) RLOX)=PrLUy°, Dg (X)=Pgdy°,

The normalization ofAj(x) is one-half that of then>0 o . N
modes, necessary to obtain canonically normalized kineti®/here the projection operators are defined Pase=32(1
energy terms for the gluon fields in the effective 4D La-+ ¥s)-In genera'l, ther'e is an addltlonaI.Yukawa cgntrlbutlon
grangian density17]. As previously stated, under the trans- 10 the masses, in which theég and U, fields contribute to
formationy— —y, the decomposed gluon fields transform asthe mass of theq, via the Higgs VEV, and similarly for
Ai(x’_y):Az(X’y) and A3(x,—y)=-A3(Xxy). We contributions tog,° from Q, andQg. For examplg, taking
choose to work in the unitary gauge, where we can apply théh€ SM ¢ quark to be massless, the combination of the
gauge choiced2 (x)=0 [18]. ;econd-genergtlon up-type quark component of the KK mul-
Integrating the kinetic part of Eq5) over the compacti- tiPlet Q3 (x) with the second-generation up-type quark com-
fied dimensiory yields the 4D Lagrangian density, and simi- Ponent ofQox(x) is identified as the single KK charm quark
larly for U(x,y) andD(x,y). This effective 4D Lagrangian ¢, which receives KK masM,=nu=1/R from the kinetic
density consists of the usual kinetic terms for the SM fieldsterm. There is a second KK tower corresponding to the SM
kinetic terms for the massive Dirac spino@'(x), U"(x),  charm quark, which comes frod5:(x) and U3 (x), that
andD"(x), and mass terms for the KK excitations with masswe denote byc°. By g; we denote the KK mode of the
MKX=n/R=nu, whereu is the compactification scale,&/  gluon, and byg;, andg,® we denote the KK mode of two
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distinct towers of KK excitations of a given SM quark field for the allowed vertices involving thg;, andq,° fields may

q. Each KK quark tower contains terms that are even and odge found in the Appendix, and lead to the coupling strengths
underZ, parity. However, in KK quark pair production, the displayed in Fig. 1. The states with helicity corresponding to
KK final states will be polarized with helicity corresponding the odd states unde, parity [Qr(X),U.(X), and D (x)]

to their even statepQ, (x),Ug(x), andDg(x)] in the cross only appear in couplings involving;, g, or g,°d,°, and do
channels, and the components associated with the odd part of " <1, o\, up when a SM quark is present. A SM quark can
the 5D fields[ Qr(x),U(x), andD (x)] will only show up only couple to KK states with helicity corresponding to the

in direct channel productiohFor KK quark-gluon produc- - )
tion, the final KK states will again be polarized with helicity even st_ateé.(QL(x),tJR(x), gndDR(x)]. The tnpl_e KK ver
fices withq,, andq,° fields involve the integration of three

corresponding to the even states. This is because the projec=""; for th . . f
tion operators ensure the conservatiorZgfparity. Regard-  coSines for the even parts and one cosine and two sines for
ing our notationn will be strictly nonzero unless we explic- the Qdd parts. Thls latter integration results in a minus sign
itly state otherwise. relative to the first one whenever the KK gluon is more mas-
The detailed procedure for integrating over the fifth di- sive than either KK quark, which results in the presence of a

mensiony to obtain, in the effective 4D theory, the factors ¥s in these vertices. Note also that the two towgfsandq,®
do not couple to one another. The Feynman rules for the

purely gluonic vertices are summarized in Ref2]. Notice
This relies on the expansion in E€@), which is valid for Kk that a single KK mode cannot couple to SM fields. This is a
excitations of massless SM quarks. Massive KK quarks receive agonsequence of the more general tree-level conservation of
additional small mass contribution from the Higgs mechanismKK number, which dictates thatN KK modes,
Also, recall that we are working in the unitary gauge with gaugen,n,, ... ,ny, can only couple to one another if they sat-
choice,A3"(x)=0. isfy the relation:
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TABLE I. Subprocesses leading to double KK production at hadronic colliders. Not shown are subpro-
cesses that are simply related by the exchange of a particle and antiparticleygs @j,g;, .

Double KK gluon production KK quark-gluon production
99—9n95 q9—g;g; a9—dndn a9—adn"9n
Double KK quark production
99—0rdn 99—0n°Gn° 99— 0ydn 49—0n°Gn°
ag—dndn d—0n°dn° agq—a.qy, q0—a,°q,°
aq’ —dydy’ aq’—an°dn° aq’' —anay a9’ —a,°qp°
40— 0pdn° q9—0n°dp, 99’ —dnds° 99’ —0dn’dy’
qq’—dnn° 49’ —dn°dy’ 49— 0nGn’
|n1in2i~-~inN,1|=nN. (10)

> €% (ko) ek, o)

KK number conservation strictly applies at every vertex, as 5
well as for tree-leveN— M processes, but is broken at the _|_ (7,K,+ 7,K,) _n KKy 52b
. =|—0ut (14
loop level. The higher modes can therefore decay to the (n-k) (5-k)?
lower modes at the loop level, but the lowest-lying KK
modes of the light quarks and massless gluons will be comcan be made to eliminate unphysical longitudinal polariza-

p|ete|y stable unless there E?(iStS another form of ne.W phyS|C§0n Sta‘[eiand thereby satisfy gauge invariamwhere 77#
to serve as a decay mechanism. We will return to this point ifs an arbitrary four-vector.

Sec. V.
Theg;, propagator is that of a usual massive gauge boson,
shown here in the unitary gauge:

Ill. PAIR PRODUCTION OF KK EXCITATIONS

We have in mind the production of pairs of KK excita-
tions of the gluonsg’, and quarksg;, andq,°, in proton-
PPy antiproton collisions at the Tevat or Il
e proton collisions at the Tevatron run | or Il energy or
M7 proton-proton collisions at the LHC energy. We focus on the
02— M2+iM.T" (1D) parton subprocesses in this section and postpone numerical
p nTiMylg , . -
results to the following sections where the stability of the
lowest-lying KK excitations is addressed. The various sub-
Similarly, the g, and q,° propagators have the form of a processes are enumerated in Table I. We perform our calcu-
usual massive quark: lations at the tree-level, and restrict ourselves to two final
states. Due to KK number conservation, not only must the
KK excitations be produced in pairs, but they necessarily
_ (12) have the same modg which is the same mode that any KK
p2—M2+iM,I'" propagators will have. We neglect the quark masses except
for the top mas#,, but neglect the content of top flavor in
) I o the colliding protons and antiprotons. Thus, the top quark
The decay widths of thg,'s, g,’s, andq,°’s depend on the oy enters into the calculation of the cross sectionsgigr
stability of the lowest-lying KK excitations of the up quark, o — .
—q,0d, andqg—q, q,, and the analogous subprocesses for

down quark, and gluon. However, these decay widths ar n .
immaterial for production processes, since KK number con-?he On°’s. We also neglect the decay widths of all SM and

: : .~ KK particles in this section since massive propagators will
servation forbids ang-channel KK propagators from arisin .
¥ bropag 9 hot appear in thes channel due to tree-level KK number

in tree-level subprocesses with initial SM fields. . - .
* : . conservation and our neglect of initial top quarks. We will
The mass of thg, also enters into the expression for the .

cross section via summations over polarization states Whemcorporate the decay widths in the subsequent decay of the
o . rp . fihal states in Sec. V, where we discuss possible mechanisms
externalg’;’s are involved. For the direct production 0B,

h . f bolarizati oo b for the decay of the lowest-lying KK states.
the summation of polarization states Is given by Double KK gluon production subprocesses consisy gf

—gngn and qg—g,g-. The former subprocess involves
ax b K.k, b direct-channel SM gluon exchange, cross-channel KK gluon
2 Enko)e(ko)=| —g,,+ NE 6*. (13  exchanges, and the four-point interaction. The latter subpro-
7 n cess is unique in that there are five tree-level Feynman dia-
grams, which include direct-channel SM gluon exchange and
For the case of external's, a projection such as cross-channed), andq,® exchanges. For the purely gluonic

—iA2) (p?)=—is%

—iAY? (p?) =i’

n
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subprocess, the amplitude-squafetimmed over final states the minus sign for the antisymmetrization of wave functions.
and averaged over initial states, is The amplitude-squared fay;,q;, production is:

S| M(gg—gngn)l? = ..
E|-/\/l(c1q"(:ln(:ln)|2

9 s? M4 M2 &2 . . .
=Zw2a§(Q)(—A,A,—1)(6A,A",—6—A“+2—A,A, Lo, M7 1 st 17 s + a0 st
thln thuy S thupn _277T aS(Q) ’é UEIZ&/Z lf’l’.\]’ ’t‘/2a/2
thuy, x2
+- 4, 15 s
g2 ) (15) —1%4-2 . (18
u

where the scal® is identified with the mass of the final state
KK excitations M,,, and v, represents subtraction ®i2  The identical result is obtained fay,°q,° production.
from the Mandelstam variable e{s,1,0} (.e., v/=0 Double KK quark-antiquark pairs with the same flavor
1 by Py n . e ey .
_ Mﬁ). We note thatgg—g’g; is the same in the UED caln an(sj_e fromhmltlallgsltljvtljnsI or quarr:(s. The fgrmer caie in- |
scenario considered here as well as in a model where onl§2Ves direct-channe giuon exchange and cross-channe

gluons propagate into the bulk. However, each of the remai K quark exchanges. The latter case consists-ohannel

. . ) — néM gluon exchange, and, in the case of initial partons of the
ing subprocesses is ditferent. The amplitude-squareddpr same flavor as the final stateschannelg; exchange. For

—0n0y is initial gluons, squaring the amplitude leads to the following

=i — expression for KK quark pair production:
| M(aa—gngp)|?

2 Ma[ s s? 3| M(gg—anap)|?
=—772a§(Q) Tn 4————-131——-108 e
27 s t/2u/2 t'a’ 1 M4 S4 §2
- o = —madQ) A—n<—80A—A+36,T)
S2 t'a’ 24 S SZ t12u72 '’
+100-= —93+108—|. (16)
t'u’ S M2 32 pl 32
n
, .. ——|48——+36|-24——+12—-17
KK quark-gluon production results fromg—q,g, and S t'u’ t'2u’? t'u’
qg—dn°dr . (We will not enumerate subprocesses that are -, -
simply related by particle-antiparticle replacement, such as +18t +1ZS— (19
aqg—q;,g,.) These subprocesses involv@channel SM s? t2|’

quark exchanget-channelg;, exchange, and-channel KK
quark exchange. The square of the matrix elementofgr \here the only difference for the case of KK top pair pro-

—0n0n is duction is adjustment of the mass via E8). The amplitude-
_ o squared for KK quark-antiquark final states arising from SM
3| M(ag—angp)| quark-antiquark initial states, for which the flavor is the same

. . ~n in the initial and final states, is:
14 t/2 ’

1 s 2 t Ssu
=~ 72a4Q)| 72— — 36— +43-36—|. (17)
36 s? su’ t'2

a/Z

S| M(qa—q;ap)|?

The subprocesgg—q,°g;, is identical toqg—q,g; . That 1 M2 s o 212 o
is, the sign of theys matrix is not important in KK quark :—Wzaé(Q)|:Tn(48_ 1Z—+12—2) +48— +36=
production unless both;, andq,® are involved in the same 54 S t’ t’ S S
subprocess, €.g., inq—g-g. or qq— gndn°- S 32

Subprocesses with identical fing}, or q,° states feature +23+16- +12—|. (20
t- andu-channelg}, exchanges. A relative minus sign repre- t t

sents the antisymmetrization of fermionic wave functions

that originates from the interchange of identical fermionicThis does not lead to KK top quark production since the top

states between the two diagrams. Notice that although quark content of the colliding protons is negligible. The rela-

given SM quarkg and its KK counterparts have different tive sign between the two diagrams again incorporates the

mass, they have the same fermionic properties that producesitisymmetrization of fermionic wave functions correspond-
ing to the interchange of two fermionic states between the
two diagrams. When the final states have different flavors

2We employrorm [19], a symbolic manipulation program, in the from the initial state, only the channel contributes. For the
evaluation of the squares of the amplitudes. lighter flavors, this is simply the-channel part of Eq(20):
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- - - 4 M2 o served for the case in which only the gauge bosons propagate
S| M(qg—aq)q.))|?= §w2a§(Q)< ZTn—ZTJrl). into the bulk[12,20. Note that the matrix elements of the
S S individual diagrams with external gluons are not tree unitary:
(2D There are delicate cancellations involved between individual
Again, for top production, the only change involves correct-diagrams, which ensures unitarity for_the total amplitude. As
ing for the final state KK mass. The same results apply foan example, consider the subprocess:— g9y, which has
qnoao production. bothqy, andq,° propagators. The amplitude-squared for this
For double KK quark production with different flavors in reaction would not be tree unitary if there were just a single
the final state, the result is the same as the correspondirigwer of KK excitations of the quarks, or if the two towers
case with identical flavors with the appropriate channel req;, andq,° did not couple left- and right-handedly to the SM
moved. That isgq’—q,q,’ is just thet-channel contribution  quarks. This is another example of tree unitarity for a class of
to gg—a,dp massive vector boson theories other than the known sponta-
neously broken gauge theorigal].

=y ezl 2 2 2 2 s §?
2 M(ag’ = qyan)|*= g as(Q) —~Mi +2+ =5 |,

(22 IV. STABLE KK EXCITATIONS
while qq’—q;,g)," is also thet-channel contribution taq As previously discussed, the lowest-lying KK excitations
_>q;ﬁ;1, of the light fermions and massless gauge fields may very
o - o well be stable. This is a consequence of KK number conser-
S |IM(qq’ —q;a.0)|? vation[Eq. 10|, which is valid at all vertices and thus also at

the tree-level. KK number is broken at the loop-level, but the
lightest KK excitations cannot decay even at the loop fevel
unless some new physics mechanism is introduced. The KK
excitations of massive gauge bosons and heavier generation
and similarly forg,° final states. fermions can decay to lighter KK states and SM fields at
Finally, it is possible to produce the mixed KK final states tree-level. For any SM decay with a massless final state, such
involving oneqy, and oneq,,°. The projection operators con- as Z— v, there are corresponding decays involving their
spire to nullify the interference term inq—q;a,°. The dif- Kk excitations, such a&;— »,r. When the final states are
fering signs of theys's also affect the- andu-channel con-  assive the decay may be kinematically forbidden, depend-
tributions. The amplitude-squared for this subprocess is: ing on the compactification scale: For example, theannot
decay tow*b] for a 400 GeV compactification scale, but it
can decay tW; *b. At the tree-level, KK number conserva-

~ ~5 ~

2S5 5 o5
AMZ—+4—+8—+5], (23
{2 2y

1
=157 Q)

S|M(qg—a;a,°)|?

1 5 Mﬁ st 52 s* tion results in increasing kinematic suppression of all decays
= §7Tzas(Q) = GE’ZA &t |+ 10 involving KK excitations of massive SM fields with increas-
S u tu teu ing compactification scale. Note also that the lowest-lying
32 KK excitations of the quarks and gluons cannot decay to
—8——+5]|. (24)  their SM counterparts via graviton emission unless the KK
t'u’ number is violated in such interactions. We consider the had-
The six remaining mixed subprocesses,romc collider phenomenology of stable or long-lived

— > L= —. =1 KK excitations in this section, then turn our attention to
Gnfn°+0n°dn»Grdn° :dn°Gn »dnGn° » @nddy°ay’, all are rep- - ey physics mechanisms that may result in short-lived
resented by the samtechannel diagram and have the samejqyest-lying KK states and their associated phenomenology
form as thet-channel contribution to Eq24): in the next section. By long-lived, we refer to lifetimes long
= — e 2 enough such that the final state decay occurs beyond the
2|~/\/l(qq *)qnqn )| detector.

For stable KK final states, the production cross sections
) (25)  for the set of subprocess¢fg enumerated in the previous
section are related to the squares of the amplitudes tabulated

therein via:
It is not possible to produce mixed KK final states from

initial gluons, nor is it possible to produce mixed KK final
states of a different flavor from initiajq pairs. 3Loop corrections may potentially create splitting between the
These amplitude-squared formulas do not contain anynasses of quark and massless gauge boson KK excitd2is

terms that grow with energy, and the matrix elements forallowing, for example, for decays such gs—qq;, or g,—qy*. A
these subprocesses are tree unitary. This has also been @hert discussion of this case can be found in the next section.

2
_Mh
'f/

_ Lo 1+ﬁ’ +1+4ﬂ'2
~—187 as(Q) Y 12
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wr 1 1 1 the first mode with that of the higher mode, which includes
TKK= 7 2 > J dxAj dxgfaa(Xa,Q)fpe(Xs,Q) adjusting the scal® to correspond to the higher mass.
o e Pn/Xa We evaluate the cross sections in E@6) with the
o CTEQS5 distribution function§25] andQ=M,, in the parton
fl g 2|Mj|2 1 1 4Mﬁ luminosity. In Fig. 2, we present the cross section for the
1 s

z Si = (26) production of two stable KK final states for a given first
’ S excited KK massM=u=1/R at the Tevatron proton-

hereSi tatistical factofth ber of identical final antiproton collider. In addition to the total cross section, the
wherésis a statistical tactottne number of identical final - .o ytripytions of KK gluon pair, KK quark-gluon, and KK

states a”dlpn:A’Mﬁ/S- The first summation is over the sub- qyark pair production are plotted. For the case of double KK
processegj} tabulated in the previous section, while the sec-quark production, the final state consists of light quark KK
ond summation runs over atlfor which pairs of final states excitations, but not the top quark, which can decay.,
with massM,, can be produced for a given collider energy ¢,°—w; *b). The production of KK quark pairs is dominant
J/s. The higher 0>1) states produce only a slight eff¢et  (not as much because the cross section for a specific process
the 1% level due to their large magsThe cross sections for is much higher, but because there are many more processes
the higher modes are easily computed from the cross sectidnvolved), while the KK gluon pair and KK quark-gluon pro-
expression for the first mode by simply replacing the mass ofluction rates are comparable.
Stable, slowly moving KK quarks produced at colliders
will hadronize, producing high-ionization tracks. The pro-
“FurthermoreQ=m, for the n>1 modes exceeds the compacti- duction of heavy, charged stable particles will produce a
fication scaleu, for which the running ofx(Q) transforms froma  clear signal of new physics. They will appear as a heavy
logarithmic to a power law behavid23]. This has the effect of replica of the light SM quarks, with both up- and down-type
reducing the contributions of the higher order mod@24] to the  quark charges, but with two KK quarks corresponding to
total cross sections even further. each SM quark.
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At the Tevatron run I, searches for heavy stable quarkhysics mechanisms that produce a violation in KK number
[26] have set an upper limit of about 1 pb on the productionconservation. Various decay schemes have been considered
cross section of such particléer a mass range between 200 in the literature[14,13,13. However, provided that the KK
and 250 GeY. Using a naive extrapolation of the limits pre- excitations decay within the detector, the effect of a specific
sented in Ref[26] to higher mass values, we estimate adecay mechanism on the final state distributions presented
lower bound on the first excited KK mass of about 350 GeVhere can be expected to be small.

(in agreement with Ref13]). For the projected initialfinal) For purposes of illustration, we shall analyze in some de-
run Il (\s=2 TeV) integrated luminosity, which will yield tajl the decay properties of KK excitations in the fat brane
2 (19) events for each 10 pb of cross section, 100 events scenario proposed in RefL4]. In this scenario, the “small”
would be produced for a compactification scale of 450 GeVnjversal extra dimension is assumed to be the thickness of
(550 GeV. In order to set definite limits on the mass of KK he D, brane in which the SM particles propagate. In turn,

excitations at run Il, an analysis similar to the one performe his brane is embedded in a {AN)-dimensional space, in

for run I is needed. An estimate of the run Il reach can beWhich gravity propagates(in order to avoid drastically
made by assuming that the limit on the heavy stable quarkPnodifyin Newton's law at the solar svstem scale. we re-
production cross section is driven by statistics. In this case 9 Y ’

we can expect an improvement of around a factor of 10 iflUireN=2.) We take the gravity extra dimensiofzall them
this limit, to 0.1 pb. Then, the nonobservation of heavy stable i) t0 be symmetric, with a compactification radiusuch
quarks would raise the lower bound for the mass of the firstarger than the thickness of the fat braRe The orbifold
KK mode in the universal scenario to around 450 GeV.  Structure of the UED space in which the SM fields propagate
Much better prospects for the discovery of KK fields maycan be imposed by using boundary conditions on the fat
be found at the LHC proton-proton collider, where the an-brane. The nongravitational interactions are identical to those
ticipated annual luminosity is 20pb~1. The cross sections presented in the Appendix. The differences in this model lie
for the production rate of two stable KK excitations at thein the interactions between gravity and the KK excitations of
LHC energy are illustrated in Fig. 3. A dedicated study isthe SM fields, where KK number violation in such interac-
required to find the exact reach of the LHC in this case, buttions will mediate the decays. The thick brane absorbs the
by requiring at least 100 events to be produced, we can esmbalanced momentum that results from the KK number vio-
timate that the LHC will discover the first stable KK excita- |ation.
tions if their mass is smaller than about 3 TeV. The effective 4D interactions of the graviton fields with
_Thus, stable KK quarks and gluons of the UED scenariahe SM fields and their KK excitations are obtained by the
will either be discovered at the Tevatron run Il or the LHC, «najye” (straightforward generalization of the results in
or the lower bound on their masses will be raised to arounggef. [4]. The Feynman rules for the couplings of the graviton
450 GeV or 3 TeV, respectively. However, cosmological con+ie|ds to the UED fields are related to the corresponding cou-
straints require new physics to explain the existence of Stab'ﬁlings of the graviton fields to the SM fields by the form

KK excitations in this mass range. This cosmological reStriC'factor]-" (x,) as introduced in Refd14,15. For example
tion can be lifted via a new physics mechanism that causeg - a qnG*ycoupIing is: T '
n"Y" 2k .

the lowest-lying KK excitations to have a lifetime that is
short compared to the cosmological scale. We now focus on . _
this possibility. Ag o= T Aagep @

V. DECAY MECHANISMS whereGy, is the KK excitation of the graviton corresponding
to modek andx,=myR=2mk R/r. Note thatn is the mode
The lowest-lying KK excitations of the light fermions and of the KK quark field, whilek, is the mode of the KK gravi-
the massless gauge bosons can decay into SM fields via newn field along they direction. Thusm, is the contribution of
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FIG. 4. The decays of thg;
or g,° (solid) andg} (dashedinto
SM fields via graviton emission
(spin 2 and scalar combingdre
shown as a function of the com-
pactification scale.=M = 1/R for
Mp=5 TeV. The pairs of curves
correspond to 2, 4, and 6 extra di-
mensions from top to bottom, re-

spectively.
they dimension to the graviton mass. As with the nongravi- 2 7 (N=1)2\ 2N 1
tational interactions, the KK quark field components associ- [iot= —Pf deIfﬁ(Xy)l
ated with 0ddZ, parity [Qr(x),U, (x), andD, (x)] do not X r( N—l) VN+2 ) 2R
interact with the SM quark fields because of the presence of b

the projection operators. Thus, these KK fields associated .

with odd Z, parity cannot decay to SM quarks and gravitons X f \/1__)(szN_2dXZFr,1(Xa)- (31)

as indicated in Ref[15]. The form factor,F,,(x), does not 0

include the sine terms, and depends on the component of the

graviton mass arising from the universal compact dimensiortHere, M is the conventional 4D Planck scale, whig, is

only, Ky the (4+N)-dimensional Planck scale and should not be
more than one or two orders of magnitude above [23].

] Note thatN is the number of extra compact dimensions seen

'Zﬂkyy) E(Q/) by the graviton, as opposed to the number of universal di-

co . (28 ; )
r R mensions, which we take to be one.
For completeness, we give here the partial decay widths

appearing in Eq(31). These results are based on the three-

\/E 7R
fn(xy)zﬁ . dyexr(

Our result for the modulus-square of the form factor, point vertex Feynman rules given in Re#], with the
masses of all particlegexcept gravitonsset to zero. The
4 2 decay of they;, (or g,°) into a SM quark and a massive spin
Fu(x)]2=— y 1+ cogmxy)], 29 2 gravitonG? has partial width, apart from the overall form
I7104)] 2 (1—x§)2[ Lmy)] @9 factor, given by:
2 M3
differs by the sign of the cosine term from the one in Ref. I''n(q,—qG* = _4”[(1_)(2)4(2+3X§)]_ (32)
[15], which is potentially significant, since it affects the lead- 768m Xa

ing behavior of the form factor in the critical regions; near
zero (decay to light gravitonsand unity (decay to heavy Theq;, can also decay into one bf(N— 1)/2 massive spin-0

gravitons. o . . particles, ¢;; :
The total decay width is obtained by summing over all
possible graviton towers the partial decay width(x, ,X,), 9K2w?
wherex, refers to all of the extra dimensions, denotes the TL(an—aef) =8 mMﬁ(l—xg)z, (33

universal direction, anc, is exclusive to gravity:x2=x2

+x2. The form-factor appears as a multiplicative constant in . .
y X i — *
the partial width: wherew=2[3(N+2)]. Finally, theg;, can only decay into

a SM gluon via massive spin 2 graviton emission:

Tn(xy %;)=|Fax)Th(a)- (30
5This does not mean that we neglect the KK mass of the particle
decaying. Rather, this is a consequence of the fact that the mass
Replacing the KK sum with an integral over the density ofterms in the Feynman rules in R@#] come from mass terms in the
graviton state$4], we obtain Lagrangian that are absent in the 5-dimensional theory.
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2 M3 model is SM dijet production with missing energy carried off
Th(9r—9G%) == — [(1—x2)%(1+3x2+6x3)]. by the gravitons. This production rate is related to the cross
96w Xa sections for the stable case and the differential branching
(34  fractions of the decaying KK states via:
The decay widths of thg} (or g;°) andgj, integrated . dl's dl's
. Ihe (or g, i\ . doio= 2, doprod(PP—~AB) = 1. (39
over the density of graviton states with the form factor as in AB A 1B

the prescription of Eq(31), are illustrated in Fig. 4. The . ) .

distributions of the graviton mass and missing endggavi-  1he sum is over the KK intermediate states, denoted\by
ton energy in the rest frame of the decaying particle are andB. The spin C(_)rrelatlons are not taken into account. The
shown in Fig. 5. It is interesting to note that, in this scenario,l0P case will be discussed separately. _
when gravity propagates in two extra-dimensiof$=2), We c_:onS|der. thg following two dlgtrl_t)utlons of experi-
the decays of KK quark or gluon excitations will be medi- mental interest in Fig. 6: the two-jetsnissing energy cross-
ated mostly by very light gravitons, while faN=3 the section as a_functlon of the minimum tra_nsverse mom_entum,
heavy gravitonimass of ordeg) contribution will dominate  PT - Of the jets(top), and the cross-section as a function of
(see the top of Fig.)5As a consequence, fdé=2 the miss-  the missing transverse momentupy| (bottom. The depen-

ing energy distribution will have a peak at half the KK ex- dence of these distributions on the number of extra dimen-
citation mass, while with increasiny the distribution will  sions in which gravity propagatésr on the decay mecha-
shift toward larger values. Note also that all of these decaygism) is encoded in the mass distributions of the gravitons
will occur within the detectors in the range of parameterwhich mediate this decay. For example, if the quéok

space that we will explore and is depicted here. gluon KK excitations decay mostly to light gravitons, the
The collider signature for the production and decay ofdistributions will look like the curves corresponding kb
gluon or light quark(except the topKK excitations in this =2 in Fig. 6. Conversely, in the case when the KK particles
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decay to heavy gravitons, these will take almost all availablgect observation at least 100 events witg>50 GeV at the
momentum, leaving very little for the two observable jets.Tevatron ang;>400 GeV at the LHC, respectively, we see
Hence, the cross section drops faster with increasing minigat the Tevatron reach extends to about 550 GeV, while at
mum transverse @omentum&"'”, and the missing trans- the LHC KK excitations can be discovered in this model for
verse momentump+|, distribution shifts toward zero with values of the compactification scale as high as 3 TeV. We
the increase iMN. Signals for decays mediated by a different assume here that cuts on missing transverse mome(ftigm
mechanism will fit somewhere among these curves, depen®) are used to greatly reduce the SM background.
ing on what fraction of the decays favor light versus heavy e present here some comments on the SM background.
gravitons. There are many SM processes which can give rise to a dijet
The dependence of the cross section on the mass of ”B"i’gnal with missing energy. Some examples incldg,

KK excitations for differenp+ cuts is shown in Fig. 7 for the 77 qEZ, andft production, where neutrinos arising frah

Tevatron run Il and Fig. 8 for the LHC. For illustration, the S
g and W, for example, carry off the missing energy; also 2

values ofN=2 andN=6 for the number of extra dimen- . L .
sions have been used. Note that the dsdse6 is the least —2 QCD processes with missing energy due to the mis-
measurement of jet energies. Of course, cuts on the mini-

favorable to direct observation, since the heavier the gravito . -
mass, the lower the transverse momentum of the quark gPUM Pt of the jets and on the missing transverse energy can

gluon jets will be. Beside the cuts specified in the figure, weP€ implemented to greatly improve the signal-to-background
also require that the rapidity be limited to the rangg  ratio. A complete analysis of SM backgroun@scluding the
<2.5, and the two observable jets be separated by a cone Bptimization of cuts is beyond the purpose of this paper.
radius larger thaR= /(A )2+ (A 5)2=0.4, whereg is the ~ However, for illustration, we consider the specific cuts in
azimuthal angle ang is the pseudorapidity, which is related Table Il. For example, forpT'"=600 GeV and ||5T|

to the polar angle via = —Intan(6/2). Requiring for di- >1200 GeV at the LHC, the SM background has been
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evaluated in Ref[27] to be ~40 events for 1®pb~* lumi-

the signal for this process will debW* W~ in the final state,

nosity, while the signal would be 600, 2000, and 50 eventplus missing energy; or intd’u, for example, in which case

for N=2 and compactification scal =1, 2, and 3 TeV,

the signal could be twb jets plus four light quark jets plus

respectively. FoN=6, the signal would be 30, 130 and 10 missing energy.

events, for the same values Bf. We see that the signal is

The results discussed thus far apply to the case when the

larger or comparable with the background in almost all offirst KK excitations of quarks and gluons have nearly the

these casesN=6, M=3 TeV is borderling Moreover,

same masses. This is true at tree-level; however, radiative

these cuts can be optimized in order to enhance the signatorrections can lift this mass degenerg2g]. In this situa-

to-background ratio: For example, in the case Mf

tion, the decays of the first KK excitations can proceed

=1 TeV, the 1200 GeV cut on the missing transverse enthrough cascades to the lightest KK partiélP). For ex-

ergy is too hardthis is why so few events remainand by
relaxing it the signal can be increased substantially.

ample, if the LKP is they* (as in[22]), the g, can decay
throughg’—qq,—qgy*. The case when the LKP is stable

Finally, we consider the production and decay of KK ex- ; ,
citations of the top quark. As seen from Figs. 2—3, the cros§as been analyzed in R¢28] and the collider phenomenol-

section for this process is less than 1% of the total KK ex-09y has been found to be very similar to that of supersym-
citation production cross section. However, if the mass of thénetry with an aimost degenerate spectrum. Here we want to
first KK tower is smaller than about 1 TeV, there will be of comment on the possibility that the LKP decays through a
order 13 KK top pair events produced at the LHC. Unlike gravity mediated mechanism, as discussed above in this sec-

the light quark KK excitations, thé can also decay to
W**b. Foru<1 TeV, the decay t&V* *b is dominant(un-

lessN=2; in this case, we need<0.4 Te\). Furthermore,
the W** can decay either intWV + graviton, in which case

tion. In this case, the collider signal will be an excess of two
photon events instead of two jdisr two leptons, if the LKP

is anl®, for examplg. Moreover, since the momenta of the
SM particles radiated in the process of cascade decays to the
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line marks 100 annual events at
the projected luminosity.
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LKP (the two quarks in thg, decay example aboyshould the context of a fat brane that may provide enough KK num-
be rather smallof the order of the mass splitting between the ber violation to accommodate lifetimes that would be consis-
different KK excitationg, the momenta of the LKP will be tent with cosmological observations without resulting in a
nearly the same as the momenta of the KK particle initiatingsignificant production rate for single KK final states. We pre-
the decay(the g;, or g;;). Then thep; and missing energy sented a detailed evaluation for the fat brane scenario, and
distributions of the two photofor two lepton events will be  also illustrated the dependence of our results on the decay
the same as the distributions computed above for the dijegtructure.

case. We leave a more complete analysisluding branch- Our results for proton-proton collisions at the Tevatron
ing fractions for gravity mediated decays versus cascade déun | place the mass bound for the first excited KK states at
cays to the LKP to a future papef29]. 350-400 GeV. For the Run Il energies, the mass bound can

be raised to 450-550 GeV. Proton-antiproton collisions at
the LHC energy can probe much further: UED KK excita-
tions will either be discovered or the mass limit will be
In this work, we have investigated in detail the phenom-raised to about 3 TeV. If the UED compactification scale is
enology of the UED model, which is a class of string- less than 1.5 TeV, then at the LHC energy we might be able
inspired models in which all of the SM fields can propagateto see the first two KK excitations of the quarks and gluons,
into one TeV-scale extra dimension. Specifically, we calcuthereby uniquely establishing the extra-dimensional nature of
lated the effects that the KK excitations of the quarks andhe new physics.
gluons have on multijet final states at high energy hadronic The signatures of the production of UED KK excitations
colliders including the LHC and Tevatron runs | and Il. We will be vastly different for short-lived and long-lived states.
performed these calculations for the case where the lowes&table, slowly moving KK quarks produced at colliders will
lying KK excitations of the light quarks and gluons are hadronize, resulting in tracks with high ionization. The pro-
stable, as well as the case where they decay within the deluction of heavy, charged stable particles will produce a
tector. For the decaying scenario, we examined a scenario itlear signal of new physics. They will appear as a heavy

VI. CONCLUSIONS
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FIG. 9. The missing transverse
momentum distribution is illus-
trated for run Il of the Tevatron
(top) and the LHC(bottom). The
three curves represent 2, 4, and 6

extra dimensions. Byp;| we de-
note the vectorial sum of the
transverse momentum of the two
emitted gravitongwhich is equal
and opposite to that of the
quarkg. The compactification
scale and minimum transverse
momentum are 400 GeV and 50
GeV for the Tevatron and 1 TeV
and 200 GeV for the LHC, respec-
tively.
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replica of the light SM quarks, with both up- and down-type the emitted gravitons. This missing energy significantly re-
quark charges, but with two KK quarks corresponding toduces the SM background. The production of the lowest-
each SM quark. The two towers;, andq,°, will be polar-  lying KK excitations of the gluons and light quarks gives rise
ized with opposite chirality for all cross-channel processego only dijets plus missing enerdgue to the escaping gravi-
due toZ, parity conservation. If the KK excitations of the tons, and no multijet signaléat ordera3). Such final states
light quarks and gluons are short-lived, then the signal willwill distinguish this new physics from supersymmetry, which
be SM dijet production with missing energy carried off by will produce multijet final states in addition to dijets.

TABLE Il. SM background[27] and UED signals wittpr>pT"™" and || >2pT'" for 10° pb~* at the

LHC.
Signal (event3

pipin Background M=1 TeV M=2 TeV M=3 TeV
(GeV) (events N=2 N=6 N=2 N=6 N=2 N=6
100 3% 10° 1x10° 9x 10° 7x10° 6x10° 84 80
200 2} 10° 9x10° 2Xx10° 6x10° 4x10° 80 65
300 9x 10° 4X10° 4x10° 5% 10° 3x10° 73 50
400 1xX 10° 1X10° 2x10° 4X10° 1x10° 65 34
500 2x 107 5x10* 2X 107 3x10° 4X 107 58 20
600 4% 10 6% 107 3x10 2x 10° 1x 10 50 10
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APPENDIX The primary contribution to the KK masses stems from

o ) ) the kinetic term in the Lagrangian density:
We begin with the UED 5D Lagrangian density. The pro-

cedure for obtaining the effective 4D theory is to Fourier

expand the 5D fields in terms of the extra dimensypand = M . ana

then integrate ovey. Here, we will begin by obtaining the Ls=IQxYHT [ aw+igsT Au(x.y) JQ(x.y).
mass contributions to the KK excitations from their kinetic

terms as well as their interactions with the Higgs potential.

We will then proceed to derive the complete set of interac-

tions between the KK excitations of the quarks and gluonsThere are similar terms for the other 5D multiplets. Heye,
We will not discuss purely gluonic interactions, which were s the 5D strong coupling ant¥l is the 5D analog of the
described elaborately in RefL2]. Lorentz indexu, i.e., M e {u,4}. Integration of the kinetic

Each of the 5D multipletQ(x,y), U(x,y), andD(X,y)  terms in Eq.(A6) over the compactified dimensignresults
can be Fourier expanded in terms of the compactified dimenn:

siony, restricted in ars,/Z, orbifold, as

(AB)

1 u(x) - ny mR__
Q(x,y>=ﬁ[ ( d(x)) V22, {QE(x)cos(ﬁ) 1 QU™ auQ(xy)dy
. =
n [ ny AT\ A/ u(x) S AN n
+Qgr(X)sin| = (A1) =i [uC)d(x)]Ly*d, + 2, QL(x)¥*d,QL(%)
R d(X) L n=1
© — n—
1 ny +QRr(X) 749, Qr(X) +1 5QL (X) Qr(X)
_ n - R w~<R L R
u(xy) ﬁ[uR(x)Jr 22 uR(x)cos{ R) R
n—
n +i =QR(X)Q(X) |. (A7)
+UE(x)sin(Ey)H (A2) RORMIQLX)
1 - ny There are similar expressions for thi(x,y) and D(x,y)
— n _7 ’ ’
D(x.y)= ‘/TFR{dR(XH\EnEl DR(X)COS( R) multiplets. The mass of the KK excitations is identified as
nw, whereu is the compactification scaleu= 1/R). Thus,
N _(ny in the absence of the Higgs mechanism, the KK excitations
+D{(x)sin R/ (A3) have masses given byl,=n/R=nu. The corresponding

mass matrix is:

where Q[ r(X)=3(17F y5)qy(X) as in Eq. 9 andys is the

usual 4D Dirac matrix. Note that the decomposition in Egs. n 0

A1-A3 gives the correct SM zero mode chiral structure for — = R Q"(x)
the fermions. Similarly, the gluon fieldy(x,y) can be Fou- (Q"(x),U"(x)) n | luno )
rier expanded as: 0o - R

Aio<><> + \/Ezfl Ai’n(x)cos< E) whereQ"(x) represents the upper component of the doublet,
(A4) with charge 2/3. Note that there is no mixing between the
different KK levels, i.e., betwee®"(x) and QM(x) for n

1
Ad(xy)=——
WOY)=

" #m.
Ad(x,y)= _ﬁ 2 Af‘m(x)sin( ﬂ) ] (A5) Additional mass contributions arise from the Yukawa cou-
JmRn=1 7 R plings of the 5D quark multiplets via the Higgs VEV's:
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7R . _
i JO [ASQ(X,Y)ioaH* (x,y)U(X,y) +A3Q(X,Y)H(X,y)D(X,y) + H.c]dy

A,

+Ay

U<x>u<x>+n§1 [6[‘<x>ua<x>+6a<x>umx>]}

U(x)u(x)h(x>+n§1 [QLO)UR(X)+QR(x)UN(x)Th(x)

+ Ny term% , (A8)
wherex,=\>/\7R andM =\ (H). The (Q"(x),U"(x)) mass matrix, including these Yukawa contributions as well as the
kinetic terms, is:

n M,
o R Q"(x)
Q"(x),U"(x)) o | Loneo )

M, ——

R

The eigenvalues of this mass matrix give the net mids®f the KK modes in terms of the mass of the corresponding quark
field Mg and the mass from the compactificatinfR:

_ n2 2
Mn= "\ o5+ M (A9)

We redefine thé"(x) field by U"(x)— ysU"(x). In our subsequent calculations, we neglect the SM quark masses except for
the top masdv;.

The interactions between the 3(x,y) fields and the 5D gluon field&,(x,y) are given by:

TR__ _ * _
- 95J0 QUx,Y)TMT2AY (x,y)Q(x,y)dy=— g{ AL(¥) Y#TAAL(X) AL o(X) + nzl [QM(X)y*T2Q(x)

+6’F‘<wTaQa<x>]Az,o<x>+n§l [9u(x) Y*TAQL(X) + QL (X) ¥*T3q (x) ]AZ (X)
L
+ —_

B 2 Q)Y TP QT3 m-ni + d1min) + QRO ¥ T*QR(X)

X(5I,|mfn|_ 5I,m+n)]Az,I

(A10)
whereg=gs/+/7R. There are similar interactions involving theandD fields. In terms of they, andq,° fields[Eqg. (9)], the
interactions are:

Lin=—9{ a(x) y*T3q( >Ai,o<x>+n§1 [&(x)yﬂTaqax)+qn"(x)yﬂTaEx(x)]Az,o(an; [ (X) y“T2g;(x)

— — — 1
+0n(X) YT (X) JAv,n?(x) + nzl [Ar(X) ¥*Tn®(X) +0n® (X) ¥*TqR(X) JAV,N%(X) +

V2

=] . . 1 o0 .
X2 [=0n() Y ysT2m(X) + 00 () ¥ Y5 T30 (X) 1AL | 8 s nt > [an(x) ¥ Tegm(x)
nml=1 \/En,ml 1

+0n° (X) Y20 (X) 1AL |8 jmen| [ -

(A11)
The relative coupling strengths are summarized in Fig. 1.
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