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In the universal extra dimensions model of Appelquist, Cheng, and Dobrescu, all of the standard model
fields are placed in the bulk and thus have Kaluza-KI&K) excitations. These KK states can only be pair
produced at colliders due to the tree-level conservation of the KK number, with the lightest of them being
stable and possibly having a mass as low=-a@50—-400 GeV. After calculating the contributionge- 2 in this
model we investigate the production cross sections and signatures for these particles at both hadron and lepton
colliders. We demonstrate that these signatures critically depend upon whether the lightest KK states remain
stable or are allowed to decay by any of a number of new physics mechanisms. These mechanisms which
induce KK decays are studied in detail.
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[. INTRODUCTION i.e., universal extra dimension®JED). In this case, there
being no matter on the walls, the conservation of momentum

The possibility that gauge bosons of the standard modeh the extra dimensions is restored and one now obtains in-
(SM) may be sensitive to the existence of extra dimensionderactions in - the 4D  Lagrangian of the form
near the TeV scale has been known for some filjeHow-  ~gCi; f")y,fG, , which for flat space metrics vanishes
ever, one finds that the phenomenology of these models ignless +j +k=0, as a result of the aforementioned momen-
particularly sensitive to the manner in which the SM fermi- tum conservation. Although this momentum conservation is
ons(and Higgs bosonsare treated. actually broken by orbifolding, one finds, at tree level, that

In the simplest scenario, the fermions remain on the walthe KK number remains a conserved quantifys we will
located at the fixed pmml =0 and are not free to experience discuss below this conservation law is itself further broken at
the extra dimensiongHere lower-case Roman indices label ©ne loop orde}. This implies that pairs of zero-mode fermi-
the coordinates of the additional dimensions while GreekPns, which we identify with those of the SM, cannot directly
indices label our usual 4D space-tinélowever, since 5D Interact singly with any of the excited modes in the gauge
translational invariance is broken by the wall, the SM fermi-P0osoN KK towers. Such a situation clearly limits any con-

ons interact with the Kaluza-Klei(KK) tower excitations of straints ari_sing_from precision measure_ment_s since zero
the SM aauge fields in the usual trilinear manner. i.e mode fermion fields can only interact with pairs of tower
gaug ’ ““"gauge boson fields. In addition, at colliders it now follows

~9Cnf,fG(n , with C,, being some geometric factor and  that KK states must be pair produced, thus significantly re-
labeling the KK tower state with which the fermion is inter- qucing the possible direct search reaches for these states. In
acting. Current low-energy constraints arising from, e.gfact, employing constraints from current experimental data,
Z-pole data, theW boson mass ang.-decay generally re- Appelquist, Cheng, and Dobres¢dCD) [5] found that KK
quire the mass of the lightest KK gauge boson to be rathestates in this scenario can be as light=a850-400 GeV,
heavy,=4 TeV in the case of the 5D Si2] independent of much closer to current energies than the KK modes in the
whether or not the Higgs fields are on the wall under thefirst case discussed above. If these states are, in fact, nearby,
assumption that th€,, aren independent fon=1. they will be copiously produced at the CERN Large Hadron
A second possibility occurs when the SM fermions expe-Collider (LHC), and possibly also at the fermilab Tevatron,
rience extra dimensions by being “stuck,” i.e., localized orin a variety of different channels. It is the purpose of this
trapped at different specific points in a thick brd8¢away paper to estimate the production rates for pairs of these par-
from the conventional fixed points. It has been shown thaticles in various channels and to discuss their possible pro-
such a scenario can explain the absence of a number of rageiction signatures. This is made somewhat difficult by the
processes, such as proton decay, by geometrically suppresgparent conservation of KK number which appears to for-
ing the size of the Yukawa couplings associated with thebid the decay of heavier excitations into lighter ones and is a
relevant higher dimensional operators without resorting tgooint we will return to in detail below.
the existence of additional symmetries of any kind. In addi- The outline of this paper is as follows: in Sec. Il we
tion such a scenario may be able to explain the fermion madsriefly discuss the particle spectrum in the UED model and
hierarchy and the observed Cabibbo-Kobayashi-Maskawthe breaking of KK number to “KK parity” at one loop. In
(CKW) mixing structure thus addressing important issues irSec. lll, in an attempt to get a further handle on the compac-
flavor physicd4]. The couplings of the SM fermions to the tification scale of the UED scenario, we discuss the shift in
gauge KK towers are in this case dependent upon their locahe value ofg—2 predicted in this model. Unfortunately, as
tion in the extra dimensids). we will see, no new constraints are obtained. In Sec. IV we
A last possibility, perhaps the most democratic, requiresliscuss the production mechanisms and cross sections for
all of the SM fields to propagate in the TeV ™! bulk [5], pairs of KK excitations of the SM fields at the Tevatron and
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LHC. Similar production mechanisms aadle” andyy col-  ber itself is broken at one loop. Since the lightest KK excited
liders are also briefly considered. Section V discusses thstates withn=1 have odd KK parity they remain stable un-
possible signatures for KK pair production addressing thdess new physics is introduced. As we are only concerned
issue of their possible stability in light of our earlier discus-with the production of pairs of the lightest KK particles in
sions in Sec. Il. Three particular decay scenarios are consiaur discussion below, we are faced with the possibility of
ered. A discussion and our conclusions can be found in Se@roducing heavy stable states at colliders. This point will be
VI. discussed in detail further below.

Il. MODEL SETUP REVIEW . g—2

In this section we very briefly review the basic nature of The bound orM obtained by ACD in this model is quite
the UED model. The essential idea is that all of the fields ofow and is not improved by the consideration of other pro-
the SM are put in the bulk and thus have KK excitations. Forcesses such a@s—sy as discussed by Agashe, Deshpande,
simplicity in what follows we will limit our discussion to the and Wu[7]. To see if we can improve this bound df,, we
case of one extra dimension with the extension to more thahriefly discuss the contribution t9—2 in the UED model;
one dimension being reasonably straightforward. Because ¢fe follow the analysis given in Ref§8,9]. To this end we
the S,/Z, orbifolding, which is necessary to obtain chiral consider the specific situation where we have two fermions
zero mode fermions, the fields can be classified as e#ther in the bulk, D, and S,, corresponding to the five-
even or odd: all Higgs boson and 4D gauge fields are takedimensional muon fields, having the quantum numbers of an
asZ, even whereas the 5D components of the gauge fieldSU(2)_ doublet and singlet with weak hyperchargés-
(which are not present in the unitary galgeust then b&,  —1/2 and—1, respectively(We will drop the x index on
odd. Taking the compactification radius to R=1/M, these fields in what follows as it is clearly understood what
the corresponding eigenfunctions are simptycosny/  fields we are discussingThe interactions of these fermions
R(sinny/R) for the Z, even(odd) fields. The gluon and pho- With the gauge fields can be described by the action
ton excitations have the usual KK massel|., while theW
and Z towers have shifted masfs[em\z,\,]ZJr(n M) after SfV:f d4xf dy,
spontaneous symmetry breakifi§SB by the zero mode
Higgs field. Although the zero mode Goldstone bosons are
eaten as part of the SSB mechanism, their tower states re- +(S—D)
main physical, level by level degenerate with the gauge
bosons and are alst, even. In the fermion sector there is a
well-known doubling of states; eveigU(2), doubletD or

i _
VM 5SY"DuS+ H.c.) —sgny)msSS

, @

whereV is the vielbein, which is trivial for the flat space case

singlet S field has a vectorlike tower of states above the'V® &ré consideringDy, is a covariant derivative, and H.c.
chiral zero modeS; /Z, only allows for the existence of the denotes the He”_“'“a“ conjugate term. Note ‘h"’?‘ gauge inter-
left-handed(right-handed zero mode for theD(S). (Note gcnons df% not mix the gndS'ﬂeIds. TheQ andOSﬂeIds also
that while one of the fermion KK towers, the one matchingInteraCt with the bulk Higgs isodoublet fielei”, i.e.,
the chirality of the zero mode, is constrained todeeven,
the other must b&, odd) Note that in performing calcula- ssz(quR)lfzy\f d4xf dy DH+H.c., 2
tions one must be careful not to confuse $eandD, fields
and their corresponding right-handed partners. As will b
discussed below, the zero mode Higgs vacuum expectati
value (VEV), links the S and D states level by level and
simultaneously generates the zero mode fermion masses
usual. The Yukawa coupling of this interaction is completely ) .
fixed by the SM fermion mass. This cross linking of the thedegenerate level E’,}; Ieve(lh)These Iﬁff expiﬁl)nsmns can be writ-
two towersD andSwill be necessary in order to generate the €" (SS Dn:EDL ((ff))X (XHDR ()7 ™(y) and S
g—2 of the muon in this model, =35 (x) 7 (y) + S (x) x™(y) where thex(7) fields are

Now although the KK number is conserved at the treeZ2 even(odd. Note that theZ, orbifold symmetry and or-
level it becomes apparent that it is no longer so at loop ordefhonormality only allows “level-diagonal” couplings of both
[6]. Consider a self-energy diagram with a field that has KKtypes:D, ™WS& + H.c. andDg™ S + H.c. The value oh is
number of 21(2n+1) entering and a zeronE1) mode  fixed by requiring the zero mode fermion obtain a masgs
leaving the graph; KK number conservation clearly does noafter the Higgs zero mode obtains a VEzvVand tells us the
forbid such an amplitude and constrains the two particles ihevel by level coupling between the tower members.
the intermediate state to both have KK numbefn andn In terms of theD and S fields, the operator which gener-
+1). The existence of such amplitudes implies that all everates the anomalous magnetic dipole moment ofitwan be
and odd KK states mix separately so that the even KK exciwritten asD(LO)quV (O) 1 H.c. This reminds us that this op-
tations can clearly decay to zero modes while odd KK stategrator and the muon mass generating term have the same
can now decay down to the KK numbel state. Thus itis isospin and helicity structure such that a Higgs interaction is
KK parity, (—1)", which remains conserved while KK num- required in the form of a mass insertion to connect the two

§Ni'[h R being the compactification radius as described above
AN being a dimensionless Yukawa coupling. Because of
?e KK mechanism the field®{"y and S("y form separate

B towers of Dirac fermions which, as discussed above, are

095010-2



PROBES OF UNIVERSAL EXTRA DIMENSIONS AT COLLIDERS PHYSICAL REVIEW B4 095010

A H(K) can be easily obtained by interchanging the ordering in the
} resulting final amplitude expression.
/ A What happens when the mass insertion occurs on the ex-

/ : ternal legs? With some algebra it is straightforward to show
that the corresponding amplitudes obtained in these two
cases are suppressed in comparison to the case of internal
insertion by at least a factor of orderm, /Mgy, where
Mgk is a typical large KK mass. In the case of tégauge

FIG. 1. Typical Feynman diagrams for the gauge and Higgs?0SOn tower graphs, sind& couples only to theD's, the
boson contribution tod—2), . The mass insertion is denoted by Mass insertion must occur on the incoming leg of the graph
the cross. and the photon is then emitted froi this graph can also be

shown to produce a subleading contribution by at least a

otherwise decoupled zero modes. We can think of this mag&ctor of order~m, /My . Thus W tower graphs can be
insertion as the interaction of a fermion with an externalsafely ignored in comparison to those arising from Zhend
Higgs field that has been replaced by its VEV. v towers.(Note that the suppressions that we obtain here in
Helicity flips play an important role in evaluating the con- the case of heavy internal KK states aesentin the SM
tributions to @—2), since muon KK excitations are now calculation ofg—2 since the muon or its neutrino are now
propagating inside the |Oop_ As is well known, for nonchiral the internal loop fermion.In a similar fashion it is clear that
couplings the contribution to the anomalous magnetic mothe graphs containing Goldstone bosons will also be sup-
ment of a light fermion can be enhanced when a heavy ferPressed since their couplings are of ordgy/My.
mion of masam, participates inside the lod0]. There are The next class of graphs is similar to the 4D vector ex-
a number of diagrams that can contribute ¢o-2),, at one ~ change, but in th&=1 gauge, now involves the fifth com-
|00p, of which two are shown in F|g 1. The diagram on theponent of the Orlglnal 5D field. Here it is |mp0rtant to recall
left corresponds to the exchange of a tower of the 4D neutrdhat these fifth components afg odd fields thus connecting
gauge bosons™ and/orzZ(™, which we will now discuss in  S.(D) with Sz(Dg). Let us first consider the case where the
detail. Due to gauge invariance we are free to choose a paheutral 4D vector field is replaced by the 5D scalar field; in
ticular gauge in order to simplify the calculation. Here, weanalogy with Fig. 1 we obtain
make use of th&=1 unitary gauge where the numerator of
the 4D propagator is just the negative of the flat space metric
tensor[11]. Hence, in this gauge, the loops with 4D compo-
nents of the gauge fields and the ones with the fifth compo-

; v
) i i o, . 5 W i o, .
S ¥ D) SrP) D ¥ DUp)

W) (9

— o BEm
Ms=gLgru(p )'ePle(_le'yv)PR

n

nent need to be considered separately. In this example, the Cp+m, p+m, . 1
mass insertion takes place inside the loop before the photon Xi = (im,Pp)i ﬁIEPRU(D)mﬁW
is emitted. Clearly there are three other diagrams of this LY LY A
class: two with the mass insertion on an external leg and the +Hec. (4)

third with the mass insertion inside the loop but after the
photon is emitted. The amplitude arising from this vectorAs before, the amplitude where the mass insertion comes

exchange graph is given by after the photon emission can be easily obtained by inter-
changing the ordering in the resulting final amplitude expres-
_ _ p+m, sion. Also, as before, a short analysis shows that graphs with
My=9gLgru(p’)(iey,)PLi=———(—iey,)P_ external insertions or those involving\ils or a Higgs field
ALY lead to terms which are subleadingrim, /M orm, /M.
p+m p+m We thus obtain the total contribution tp—2 from a given
Xi A—n(im PR)i A—n(ieyﬂ)pRu(p) KK level of a neutral gauge boson by adding the two expres-
pz—mﬁ a pz—mﬁ sions above and performing the momentum integrations; we
_ find
—i
‘e 2 He @ , —Beszngifld fl_xd 6x2+ 12xy— 11x
(9=2)n ~16m2m2 Jo “Jo Y Trexty)

whereg,_r are the corresponding couplings of the SM gauge )
boson to thew in units ofe andp(p’)=p(p’) — k. Here(in
the limit that we can neglect the muon mpass,=nM, are
the masses of thB or Smuonic KK states anen{" are the
corresponding masses of the KK gauge tower stﬁm&o,)z
+(nM)?]¥2, with M, being the compactification scale.
Note that the mass insertion, comes with a chirality factor (9—2)uen= — 439 10 {(M2/M2)[1—-0.23MZ/M2)
that can be determined from the actiBp, . The amplitude

where the mass insertion comes after the photon emission +---], (6)

where we have definesh{’?=m?2(1+ ¢,); note thate,=0

in the case of photons. To go further we must sum over both
the photon andZ towers; using =7(1/n?)=x?/6 and

=7 (1% ==*/90, we obtain the final numerical result
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FIG. 2. Cross section fopy— WM WM~ (top panel for different electron and laser polarizations f¢s,.=1 TeV. Cross section for
et e” > WOWWD (lower right panel for \/s=1 TeV. Cross sections fdtop to bottom, lower left pange™e™— 291, ZM (1) gnd 221
for s=1 TeV.

where we have neglected higher order terms in the ratigtable. To directly probe heavier masses we must turn to
M2/M2. For M,=300 GeV, the smallest possible value, hadron colliders.
this gives @— 2)yep=—40x 10 which is only one quar- Since both QCD and electroweak exchanges can lead to
ter as large as the SM electroweak contribution. This is tod<K pair production at hadron colliders there are three classes
small to make much of an impact on the potential differencedf basic processes to consider. Clearly the states with color
between the experimental data and the SM predictiofluantum numbers will have the largest cross sections at had-
[12,13. Thus we conclude thaj—2 does not yet provide ron machines and there are a number of processes which can
any useful constraint on the UED scendrigl]. contribute to their production at order? [15] several of
which we list below:

IV. COLLIDER PRODUCTION (i) gg_>g(1)g(1),

Due to the conservation of KK number at tree level, KK
excitations of the SM fields must be pair produced at collid-
ers. Atyvy and lepton colliders the production cross sections

(i) qq'—q®g'®),

for all the kinematically accessible KK states will very (i) gg+qgq—q'Mq’®, @)
roughly be of order 100 fb (1 Te\{s)? which yields re- ) D1

spectable event rates for luminosities in the 100—-500-fb (iv) ag—q™q®),

range. A sample of relevant cross sections at bpthand L

e"e” colliders are shown in Fig. 2. In the casepf colli- (v)  qq—q®q®,

sions we have chosen the process—W" MW~ (1) as it is

the process which has the largest cross section for the pravhere the primes are present to denote flavor differences.
duction of the first KK state. Similarly, gauge boson pair Figure 3 shows the cross sections for these five processes at
production ine* e~ collisions naturally leads to a large cross both thes=2 TeV Tevatron and the LHC summed over
section. Clearly, such states once produced would not be ealfavors. It is clear that the during the Tevatron Run Il we
ily missed for masses up to close the kinematic limit of theshould expect a reasonable yield of these KK particles for
machine independently of how they decayed or if they weremasses below=600 GeV if integrated luminosities in the
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FIG. 3. Cross section for the pair production of the lightest ) ) ) )
colored KK states at the's=2 TeV Tevatron(top) and the LHC FIG. 4. Cross sections for the associated production of the light-
(bottom). In the top panel, from top to bottom on the left-hand side, €St color singlizt K'f Etatels atlthe LHC:li” tlhe_top panel, from top to
the curves correspond to processigs (v), (i), (i), and (iv), re- ~ bottom, for gwih=, ghz® and gt )721; f'('lil St‘?lt)es(?l)'” the
spectively. In the bottom panel, from top to bottom on the Ieft-hand'o(‘i‘;er(l)p‘"?mel‘ from top to bottom, fog’Wi==, gV’ and
side, the curves correspond to proces@@s(i), (iv), (iii), and(v), gy final states. Antiquark contributions are included.

respectively. Antiquark contributions are included in reactiGins

and (iv). rates for KK masses as great asl.5 TeV as can be seen
from Fig. 5.

range of 10-20 fb! are obtained. Other processes that we It is clear from this analysis that the LHC will have a

have not considered may be able to slightly increase thisignificant search reach for both colored and non-colored KK

reach. For larger masses we must turn to the LHC where wstates provided that the production signatures are reasonably

see that significant event rates should be obtainable for KKlistinct. This is the subject of Sec. V.

masses up te=3 TeV or so for an integrated luminosity of

_1 . .
100 fb *. As one might expect we see that the most impor- V. COLLIDER SIGNATURES
tant QCD processes for the production of KK states are dif-
ferent at the two colliders. When examining collider signatures for KK pair produc-

The real signature of the UED scenario is thiitof the  tion in the UED there are two important questions to dbk:
SM fields have KK excitations. Thus we will also want to Are the lightest KK modes stabld#) If they are unstable
observe the production of the SM color singlet states. Ofwhat are their decay modes? From the discussion above it is
course color singlet states can also be produced with thelear that without introducing any new physics thme
largest cross sections being for associated production with & 1 KK statesare stable so we must consider this possibil-
colored state at orderag; these rates are of course smaller ity when looking at production signatures.
than for pairs of colored particles as can be seen in Fig. 4. In their paper ACD[5] argued that cosmological con-
Here we see reasonable rates are obtained for KK massesstraints possibly suggest that KK states in the TeV mass
excess 0=1.8 TeV or so. range must be unstable on cosmological time scal@s.

Lastly, it is possible to pair produce color singlets via course this does not mean that they would appear unstable on
electroweak interactions which thus lead to cross sections dhe time scale of a collider experiment, in which case our
ordera?. Due to the large center of mass energy of the LHCdiscussion is the same as that abd¥éis would require the
these cross sections can also lead to respectable productioroduction of new physics beyond that contained in the
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2 7R .
F=1/ J dy €Me¥(cosny/R;,sinny/R.)  (8)
mR:Jo

for even and odd KK states, respectively, whemg is the
graviton mass. Here we have assumed that the thick brane
resides aty;=0 for all i#1. These integrals can be per-
formed directly and we obtain the following expressions for
the transition form factors in the case where 1:

o (fb)

2

4 X
fguen(nzl):;zm(l—coiﬁx)), 9

S N TR S BV
500 1000 1500 2000 200 with F2yy(n=1)=F3,e,(n=1)/x* wherex=myR.. Given
Mgk (GeV) these form factors we can calculate the actual decay rate for
I I KK(n=1)—KK(n=0)+G, where we now must sum up
the graviton towers by following the analyses in Rf8];
this result should be relatively independent of the spin of the
original KK state. We find the total with to be given by

104

102
_(2m)72mE,

Mk 6-1 2
100 - r(a/Z)Mg*ﬁfRel Ay Mg 1My L7 (Mg

o (fb)

X(n=1), (10
102
whereI'(mg) is the width for the decay into a graviton of
massmg, Mp is the (6+4)-dimensional Planck scal&]p,
is the conventional 4D reduced Planck scale, Bhg is the
mass of the relevant decaying KK state. Performing the in-
tegration numerically we obtain the results shown in Fig. 6.
FIG. 5. Cross sections for the production of the lightest color This figure shows that this mechanism provides for a very
singlet KK states at the LHC: in the top panel, from top to bottom,rapid decay over almost all of the parameter space. For light
for 2z, 4Mz1) and 2y final states; in the bottom panel, from KK states with bothé and M, large the decay rate is sup-
top to bottom, forw®*w® - wB*z@) and w* ) final  pressed and may lead to finite length charged tracks in the
states. detector.(In particular the production of a charged KK state
with a long lifetime would yield a kink track structure due to
0ghe decay to the graviton towgilthough not a true two-
rpody decay, Fig. 6 also shows that the typical missing energy
In the gravitational decay of a KK state will be close to half
its mass, which is quite significant for such heavy objects. It
is clear that events with such a large fraction of missing
oS X ; X ) ; energy should be observable above background given suffi-
inside a thick brane in a highe@( 4)-dimensional space, jent event rates. These events will not be confused with
with a compactification scal®;>R., in which gravity is  sypersymmetry signals since they occur in every possible
allowed to propagate in a manner similar to the model ofchannel.
Arkani-Hamed, Dimopoulos, and Dvali16]. Since the Scenario II: KK decays can be induced in the UED model
graviton wave functions are normalized on a torus of volumepy adding a “benign” brane at somg=y, which induces
(2mRg)° while the KK states are normalized overrR. the  new interactions. By benign we mean that these new inter-
overlap of a KK zero mode with any even or odd KK tower actions only do what we need them to do and do not alter the
staten and a graviton will be nonzero. In a sense, the brangasic properties of the UED model. The simplest form of
develops a transition form-factor analogous to that describegych interactions are just the four dimensional variants of the

in [17]. This induces transitions of the form KKE1)  terms in the the 5D UED action. For example, one might add
—KK(n=0)+ G whereG represents the graviton field and g term such as

appears as missing energy in the collider detector. This

means that production of a pair of KK excitations of, e.g., 4 N—

quarks or gluons would appear as two jets plus missing en- J d Xf dy5(y—yo)M—S¢//y Dp, (13)

ergy in the detector; the corresponding production of a KK

excited pair of gauge bosons would appear as the pair prawhere\ is some Yukawa-like coupling ard ¢ is some large
duction of the corresponding zero modes together with missscale. Note that the brane is placed at some arbitrary position
ing energy. We can express this form factor simply as y=Y, andnotat the fixed points where only even KK modes

1074

500 1000 1500 2000 2500 3000
My (GeV)

original UED model. There are several possible scenarios f
such new physics. Here we will discuss three possibilities i
what follows, the first two of which were briefly mentioned
by ACD [5].

Scenario I: The TeV!-scale UED model is embedded
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FIG. 6. Width for the decay of the first excited KK stdeven, top left panel; odd, top right pap@ito the corresponding zero mode and
a graviton tower as a function of the mass of the KK state. The ¢déidhedllines are forM =5 (10) TeV and from top to bottom in each
case the curves correspondde 2, 4, and 6, respectively. The lower panel shows the missing energy distribution for these decays for these
same cases assuming a KK mass of 1 TeV.

would be effected. These new interactions result in a mixingapart from corrections due to phase space, i.e., the first ex-

of all KK states both even and odd and, in particular, withcited z KK state can decay tot while the SMZ cannot.
the(f)ero m%j)e. TPOL)JS we end up inducing decays of the form gScenario 11I: We can add a common bulk mass term to the
KK —|>KK KKb - For KK fermcljong t][le dgcayt;nto_aferl; fermion action, i.e., a term of the forrm(DD +SS); we
mion plus gauge boson zero mode is found to be given by .pose 5 common mass for both simplicity and to avoid po-

tentially dangerous flavor changing neutral currents. The
9\2/ largest influence of this new term is to modify the zero mode
[ (D fOVO)= 8_S$’M°' Nc-PS, (12)  fermion wave function which is now no longer flat and takes
m the form~e~™Y! and thus remain&, even. Clearly there is
now a significant overlap in the 5D wave functions between
wheres,, is the induced mixing anglé\. is a color factor, pairs of fermion zero modes and a@-even gauge KK
gy is the relevant gauge coupling aR&b is the phase space mode which can be represented as another form factor:
for the decay. It is assumed that the mixing angle is suffi- ) N2
ciently small that single production of KK states at colliders G(x)= 4x= 1-(-1)% (13)
remains highly suppressed but is large enough for the KK 4x°+n® (1—e 2™)
state to decay in the detector. Ro=0.1 andM 4= a fewM
this level of suppression is quite natur@Numerically, it is
clear that the KK state will decay inside the detector unles
the mixing angle is very highly suppresse@he resulting
branching fractions can be found in Table | where we see

TABLE I. Individual branching fractions in percent for the first
gxcited fermion KK modes when KK level mixing occurs as in
scenario Il

numbers that are not too different than those for excited fer- g 14 z w

mions in composite models with similar decay signaturese(*) 0 41.0 14.4 44.6
However, unlike excited SM fields, single production modesy(*) 0 0 39.1 60.9
are highly suppressed. For KK excitations of the gaugea;) 89.8 2.3 2.1 5.7
bosons, their branching fractions into zero mode fermiong( 90.9 0.6 2.7 5.8

will be identical to those of the corresponding SM fields
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model than in the other cases discussed in Sec. I. Thus to
obtain interesting search reaches requires a hadron collider
such as the Tevatron or the LHC. Based on counting events
we expect the reach st the Tevatron run(UHC) for KK
states to be=600(3000) GeV. Within the UED model itself

100 ¢

1071

107 these lightest KK states are stable even when loop correc-
- C tions are included unless new interactions are introduced
1073 £ from elsewhere. If these states are indeed stable, the produc-
] tion of a large number of heavy stable charged particles
1074 /" - would not be missed at either collider. It is more likely, how-
2 / 3 ever, that new physics does indeed enter rendering the KK
NS ISV Y I I modes unstable. In this paper we have examined three new
1073 1072 107t 100 10! 10° physics scenarios that induce finite KK lifetimes and com-
X pared their decay signatures.
FIG. 7. The form factors (upper curvéandg’ (lower curve In the first case the UED model was embedded in a thick
as discussed in the text for the case 1. brane in a largen-dimensional space in which gravity was

free to propagate. Because of the difference in sizes over

which the various fields are normalized, excited KK states
wherex=mR, andn is the KK mode number. This form can now decay to zero mode SM fields through the emission
factor then describes the dec@ﬁ”)—ﬂo)f(o) whereG rep- of gravitons whose rate is controlled by a geometric form-

resents a generic KK gauge field. Similarly we can obtain dactor-like function. At colliders this would appear as the
form factor that describes the corresponding ded&y) production of pairs of SM states in association with a large

—.GOFO given by amount of missing energy from the two t_ovyers of gravitons.
In a second scenario, a “benign” brane is introduced some-
2 X2 1—(—1)"e ™ where between the fixed points on which a set of nonrenor-
G'(x)= CI 17 (149  malizable interactions occur. These interactions then induce
\/R x*+n (1-e ) mixing among the various KK levels violating KK number

conservation and allowing excited KK modes to decay to SM
wherex s as above. Itis clear that the decays of KK states irfields. The branching fractions of all of the fermionic KK
this scenario will be essentially identical to scenario Il abovestates were calculated while those of the gauge KK states are
although they are generated by a completely different kind ofound to be essentially the same as the corresponding SM
physics. Figure 7 shows the shape of these two form-factorge|ds apart from phase space effects. In the last scenario we
as a function of the parameter The natural question to ask consider the possibility that the five-dimensional fermion
at this point is “what is the value of relative toM:?." It fields obtain a common bulk mass; a common bulk mass was
seems natural to imagine that the bulk mass would be odssumed both on the basis of simplicity and to avoid any
order the compactification scale, the only natural scale in thgotentially dangerous flavor changing neutral currents
action, which would imply thak~1 so that large form fac- (FCNC). This modifies the wave function of the zero modes
tors would be obtained. While this scenario works extremelysg that a finite overlap exists with higher modes. This then
well for the decay ofZ,-even states it does not work at all allows the decay of KK states through another set of form

for the case oZ,-odd states. factors that arise from these wave function overlaps. Unfor-
tunately these form factors vanish f@r-odd KK excited
VI. SUMMARY AND CONCLUSIONS states due t&, parity conservation and thus these states will

) ) o remain stable. In this scenario the decay signatures are found
In this paper we have begun a detailed examination of thg, e similar to those of the previous case. Clearly, indepen-
predictions of the universal extra dimensions model for fu-yant of whether the first excited KK modes are stable or
ture colliders. Since it is known from the detailed analysis Ofdecay through one of the above mechanisms, if the UED
Appelquist, Cheng, and Dobrescu and the subsequent WORG mework is at all correct future colliders will yield exciting

by Agashe, Deshpande, and Wu that the compactificatiogjgnals of new physics associated with extra dimensions.
scale,M. in this model can be as low as 350 GeV, we first

examined the contribution ©@— 2 in this model arising from
loops of KK states. Although this contribution, of order
—40x 10" % may eventually be probed by the Brookhaven
g—2 experiment, no new bounds &, are at present ob- The author would like to thank H.-C. Cheng and B. Do-
tainable. Next we turned to the production of the lightest KKbrescu for discussions during the early stages of this work
states at leptonyy and hadron colliders. Here it was neces-and the CERN Theory Division for its hospitality. The author
sary to be reminded that due to tree-level conservation of Kkvould also like to thank H. Davoudiasl and J.L. Hewett for
number in the UED model it is necessary to pair produce KKgeneral discussions on models with extra dimensions. This
states. Since indirect searches for such states give rather pagork was supported by the Department of Energy, Contract
reaches direct searches are of greater importance in thiBE-AC03-76SF00515.
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