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spinless adjoints

Bogdan A. Dobrescu, Kyoungchul Kong, Rakhi Mahbubani

Theoretical Physics Department, Fermilab,
Batavia, IL 60510, U.S.A.
E-mail: pdob@fnal . gov], kckong@fnal . go|, [fakhi@fnal . goy

ABSTRACT: We study the hadron collider phenomenology of (1,0) Kaluza-Klein modes
along two universal extra dimensions compactified on the chiral square. Cascade decays
of spinless adjoints proceed through tree-level 3-body decays involving leptons as well as
one-loop 2-body decays involving photons. As a result, spectacular events with as many as
six charged leptons, or one photon plus four charged leptons are expected to be observed
at the LHC. Unusual events with relatively large branching fractions include three leptons
of same charge plus one lepton of opposite charge, or one photon plus two leptons of same
charge. We estimate the current limit from the Tevatron on the compactification scale, set
by searches for trilepton events, to be around 270 GeV.
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1. Introduction

Theories beyond the standard model which include several new particles at the TeV scale
and a new discrete symmetry lead to cascade decays with interesting signatures at colliders.
At the same time, the discrete symmetry reduces the contributions of new particles to
electroweak observables, allowing the new particles to be light enough such that they can
be copiously produced not only at the LHC, but perhaps even at the Tevatron. Classic
examples of such theories include supersymmetric models with R-parity, universal extra
dimensions [f[], and Little Higgs models with T-parity [@]. Typically, the cascade decays
in these models lead to observable events with up to four leptons and missing transverse
energy [B, M.

In this paper we show that more spectacular events, with five or six leptons, or one
photon and several leptons, are predicted in the 6-dimensional standard model (6DSM).
This model [, in which all standard model particles propagate in two universal extra



dimensions compactified on the chiral square [[§, Rd, Bg], is motivated by the prediction
based on anomaly cancellation that the number of fermion generations is a multiple of
three [, and by the long proton lifetime enforced by a remnant of 6D Lorentz symmetry [§].

The larger number of leptons and the presence of photons is due to the existence of
‘spinless adjoint’ particles, the Kaluza-Klein (KK) modes of gauge bosons polarized along
extra dimensions. Compared to five-dimensional (5D) models where such fields become the
longitudinal components of the KK vector bosons, in six-dimensional (6D) gauge theories
there is an additional field for each KK vector boson, which represents a physical spin-0
particle transforming in the adjoint representation of the gauge group [{.

The 6DSM has a KK parity corresponding to reflections with respect to the center of
the chiral square. Its consequences are similar to the ones in the case of a single universal
extra dimension [[J], where KK parity is the symmetry under reflections with respect to the
center of the compact dimension. It is well known that in the 5D case KK parity ensures
the stability of the lightest KK particle (LKP). Furthermore, loop corrections select the
KK mode of the hypercharge boson to be the LKP [[[d], and that is a viable dark matter
candidate [[]. The same is true in the 6DSM, with the additional twist that the LKP
in that case is a spinless adjoint. In fact, one-loop mass corrections in this model lift the
degeneracy of the modes at each KK level, making all spinless adjoints lighter than the
corresponding vector bosons [[[J.

Particles on the first KK level, having KK numbers (1,0), are odd under KK parity.
As a result, they may be produced only in pairs at colliders, and each of their cascade
decays produces an LKP, which is seen as missing transverse energy in the detector. The
goal of this paper is to determine the main signatures of (1,0) particles at hadron colliders.
Particles on the second level, which have KK numbers (1,1) and are even under KK parity,
lead to a completely different set of signatures, mainly involving resonances of top and
bottom quarks [g].

We review the 6DSM in section fl, and then proceed in section fj to calculate decay
widths for (1,0) modes. We analyze the production of these particles at the LHC and
Tevatron in section f], and compute rates for events with leptons and photons. Several
comments regarding our results are given in section . Feynman rules for this model are
given in appendix A. Details of the calculations of one-loop 2-body and tree-level 3-body
decay widths for spinless adjoints and vector bosons can be found in appendices B and C,
respectively.

2. Two universal extra dimensions

We assume that all standard model fields propagate in two flat extra dimensions, of coor-
dinates x4 and x5, compactified on a square of side L = wR with adjacent sides identified
in pairs (see figure 1). This compactification predicts that the fermion zero modes are
chiral, and therefore may represent the observed quarks and leptons. Furthermore, this
‘chiral square’ is invariant under rotations by 7 about its center. The ensuing Z5 symmetry,
known as KK parity, implies that the lightest KK-odd particle is stable.
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Figure 1: Chiral square compactification (left) and level-1 KK function fél)(x4,x5) for standard
model fields (right).

Equality of the Lagrangian densities on adjacent sides of the square is achieved by
enforcing that bulk fields and their first derivatives vary smoothly across the boundary.
Applying these boundary conditions to solve the 6D equations of motion for these fields,
by separation of variables, we find that the dependence on x4 and x5 can be expressed in
terms of one of four complete and orthonormal sets of functions f,s"k) with n = 0,1,2,3,
where the KK numbers (j, k) are integers and j > 1, k > 0 or j = k = 0. All (5, k) modes
have tree-level mass +/j2 + k2 /R before electroweak symmetry breaking.

2.1 Interactions of the (1,0) modes

We are primarily interested in the phenomenology of the (1,0) modes here. We loosely
refer to these as ‘level-1” modes because they are the lightest nonzero KK modes. For
notational brevity we will label them using the superscript (1).

The level-1 KK modes belonging to a tower that includes a zero mode have a KK
function

fél)(x4,x5) = cos (x_}g) + cos (x—};) , (2.1)

which is plotted in figure [|. This is the case for the KK modes of all spin-1 fields and
fermions of the same chirality as the observed quarks and leptons, as well as the Higgs
doublet. The spinless adjoint field, Ag), which is the uneaten combination of the extra-
dimensional polarizations of the 6D gauge field, is associated with a KK function which is
independent of x4,

X

1 . Ts
i = D) [ffl)(m,ws)) - fél)(%xf))} = —sin—, (2.2)

while the longitudinal component of the vector KK modes is associated with a KK function

which is independent of x5:

& = —% [ffl)(m,wf;) + fél)(mam)] = Sin% : (2.3)



KK modes of fermions come in vectorlike pairs with the component of 4D chirality opposite
to the corresponding standard model fermion having KK function f; or f3, depending on
the 6D chirality.

Integrating over the extra dimensional coordinates gives the 4D effective Lagrangian,
which contains kinetic and interaction terms for all SM particles and their KK modes. We
limit ourselves to detailing in this section only the couplings of the standard model fields
with the level-1 KK modes; the latter are odd under KK parity and so only appear in pairs.
The general Lagrangian for all modes is derived in ref. [H, @], while the couplings for all
fermion modes can be found in appendix B.

The SU(3). gauge interactions include the following tree-level couplings between zero
modes and (1,0) modes:

Lgauge > gsfabc [G;(})a <auGV(1)b_auGu(1)b> Glc,—Gl(})aGl(,l)baMGyc—FGg)aauGg)bGZ]
2
_% |:fabdfaceGELI)bGﬂ(l)cGlaleue + (fabCfade + fadCfabe> Gﬁl)bGudGl(,l)cGye}

gs 1)e (1)
_i_EchabCfadeGgq CG% GGZGMd7 (2.4)

)

where g, is the QCD gauge coupling, f® are the SU(3). structure constants, and Gf}
and G(I}) are the level-1 vector and spinless adjoint KK modes of the gluon G,. We have
suppressed all superscripts for zero modes. There are also interactions of the quark modes

with the QCD vector and spinless modes:

Lotrer >, 9@ CHT QY 49| QL G Ty PrQs QL Gy T PrQstHec. |
fermions

(2.5)
where fermions with 6D chirality + contain left-handed zero modes, and fermions with 6D
chirality — contain right-handed zero modes. The SU(2)y and U(1)y sectors are analogous,
with all the gauge self-couplings set to zero in the Abelian case. The Higgs and ghost terms

are given in ref. [f, R9.

2.2 Mass corrections

Computing radiative corrections in this theory involves taking sums over KK modes, or
momenta in the extra dimensions, which fourier transform to operators localized at the
corners of the chiral square, (0,0), (7R, 7R) and (0,7R) ~ (7R,0). The most general 4D
effective Lagrangian must therefore allow for these [[[J:

L L
Leff = / d1'4/ da® |:['bu1k + <5(Z’4)5(1‘5) + 5(L — 1‘4)5(L - .%'5))[4 + 5(L — 1‘5)£2 R
S (2.6)
where £ and Lo contain all localized operators. Note that KK parity ensures the equality
of the operators localized at (0,0) and (L, L). Local operators break 6D Lorentz invariance
and hence give rise to mass corrections for KK particles. Such terms are important for
models of flat extra dimensions since they allow for the decays of higher modes into pairs of



lower ones, a process which would otherwise be on threshold at best due to the quantization
of KK mode masses. They also make for a more interesting phenomenology by lifting the
degeneracy of states at each level.

The localized terms contain contributions from ultraviolet physics as well as from
running down from the cut-off. Being unable to compute the former, we assume that
they are generically smaller than the logarithmically-enhanced one-loop terms which are
calculable (for further discussion see [[J, [[0]). Level-1 fermions acquire the following mass
corrections [B]:

(5(MQ+) = <§gs +3g + §g + g)\Q+ E + §qu,
16 10 l 1
5 M — - 2 4 12 2 - 2 _0 - 2
(Mq_) <3gs+gy+8AQ_ 7 T3l
l
6(My,) = (3% +47) 5.
g/2 lO
o(M = —— 2.7
(Mp_) = 53, 2.7)

where g5, g and ¢’ are the SU(3). x SU(2)w x U(1)y gauge couplings, Ag, are the Yukawa
couplings of Q4+ to the Higgs doublet, and [y is a common loop factor,

1

=5zl (AR)* . (2.8)

lo

An estimate of the cutoff of the effective theory, based on naive dimensional analysis, gives
A ~ 10/R [f]. The terms linear in R shown in eq. (B.7) are small corrections to tree-level
masses due to electroweak symmetry breaking.

The (1,0) vector bosons also receive radiative corrections to their masses,

Mg = 493%,
5MW/51> = %92%7
My = ~52g" 2, (2.9)
while only the spinless adjoints in the electroweak sector have mass corrections:
oM o = 0
My q) = —%92% + %,
OMya) = —%79’2% : (2.10)

The above mass shifts include negative contributions from fermions in loops, allowing for
overall negative corrections to masses in this sector. This is especially important when
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Table 1: Masses of the (1,0) particles in 1/R units (left). The (1,0) Higgs particles are not included
here because their masses are quadratically sensitive to the cutoff scale. The right-hand panel shows
the spectrum for 1/R = 0.5 TeV.

there are no self-interactions to compete with the fermion interactions, as is the case for
the hypercharge bosons.

We ignore mixing effects between the level-1 weak and hypercharge bosons since these
are suppressed by powers of My R, and are small for both gauge bosons and spinless
adjoints. In fact, the mixing angles are smaller than those in the case of one universal
extra dimension [[L[J] by around 10% because of larger mass splittings between KK bosons.

The masses of the (1,0) particles are given in table 1 in units of 1/R. The mass shifts
are evaluated for gauge couplings g; = 1.16, g = 0.65 and ¢’ = 0.36, which are the values
obtained using the standard model one-loop running up to the scale 1/R = 500 GeV, We
will use the masses from table 1 throughout the paper, ignoring further running of the gauge
couplings above 500 GeV (note that the standard model running of the gauge couplings
between 500 GeV and 1TeV results in only a 3% change in g5 and negligible changes in
g and ¢’; however, above ~ 1/R the running is accelerated by the presence of the level-1
modes).

The KK modes of the Higgs doublet have mass-squared shifts which are quadratically
sensitive to the cutoff scale A [I(]. Hence, the masses of the (1,0) Higgs scalars may be
treated as free parameters (determined by the underlying theory above A, which is not
specified in our framework). Furthermore, additional structures such as the Twin Higgs
mechanism [1J] may be used to cancel the quadratic divergences in models with universal
extra dimensions [[[4], potentially affecting the (1,0) Higgs sector. We assume here that the



(1,0) Higgs particles are heavier than 1/R. In that case, the hadron collider phenomenology
is mostly independent of the exact (1,0) Higgs masses.

2.3 Loop-induced bosonic operators

In addition to lifting the degeneracy of the (1,0) masses, loop corrections also contribute
to the following dimension-5 operators that are of particular interest for computing the
branching fractions of the (1,0) bosons:

2 (Coer 0 R BYBY + Coe0 G, BYHEY) (2.11)

where F),,, and G, are the field strengths of the photon and gluon, respectively, B((Xlﬁ) is the

field strength of the (1,0) hypercharge vector boson Bél), and Bg) is the U(1)y spinless
adjoint. These operators account for the only significant 2-body decay channels open to the
level-1 KK modes G(I}) and B,(}). The analogous operator with the photon replaced by the
Z boson is less relevant because the corresponding decay width is phase-space suppressed.
The coefficients of the above dimension-5 operators are computed in appendix B, with the
result:

/2 2
C = 577 M2, . M2 2_or (%) Qrér (2.12)
BY BY) F
where op = +£1 for a 6D fermion F' of chirality 4+, Qp is the electric charge, Yr is the
hypercharge normalized to be twice the electric charge for SU(2)y singlets and £ is a
function of the masses of Bg), B and of the (1,0) and (1,1) fermions given in eq. (B.10).
Cca is given by an analogous expression, but it is suppressed by the small mass difference
between the initial- and final-state (1,0) bosons.

One might also naively expect higher-dimension operators of the form

Gud" BP0 G + 2,0 B o'W + (WhoBPo W™ + He ), (213)

to be generated, where WI(JI ) is the level-1 SU(2)w spinless adjoint and W), and Z,, are
the standard model field strengths for the W and Z bosons. However, the first of these
terms is identically zero as can be seen after integrating by parts and using the gluon field
equation. By the same method one can see that the coefficients of the last two terms are
small, being proportional to (M R)?, and furthermore the resulting decay widths for VVI({:l )
are also phase-space suppressed.

3. Decays of the level-1 particles

KK parity allows any (1,0) particle to decay only into a lighter (1,0) particle and one or more
standard model particles. The lightest (1,0) particle is stable. In this section we compute
the branching fractions of the (1,0) particles assuming that the generic features of the
‘one-loop’ mass spectrum, shown in table fl, are not modified by higher-order corrections.



3.1 Color-singlet (1,0) particles

The VVI({1 ) hoson (the spinless adjoint of SU(2)y ) is the next-to-lightest (1,0) particle, and
therefore can decay only into a Bg) plus standard model particles. The dominant decay

mode of its electrically neutral component is the 3-body decay VVI({:l B, Bg)ll_ , where [ are
leptons. The width for this decay, computed in appendix C, is given by

W3 p(1) 4 o My
r (W B —> - i T M 0, M., M. ), 3.1
Ho 7O e 1287 cos2f,, sin?f,, +< wi By L$)> (8-1)

and is the same for any lepton pair. The dimensionless function Z; contains phase space

integrals for the decay and is defined in eq. (C.§). Expanding this to leading order in the

mass difference MW(l) — M _ 1y, which is accurate to about 25% for the mass spectrum in
H H

B
table [] [see eq. (C.18) in appendix C], we find that the width of the WI(}):S decay into Bg)
plus quarks has a simple expression in terms of the decay width into Bg) plus leptons:
M2(1) - M (1) !
1 L 4%
(Wi = Bla)~; | —m | T = Bete) . (32)
3\ M a M (1)
Q w
+ H

) (1)

where we have not summed over quark flavors. Given that Wl(q1 is closer to L}’ in mass
than to Q(j), it follows that the decay into quarks is highly suppressed. The ensuing
branching fractions for the WI(; )3 Bg) transition are approximately 1/6 for each of the
ete”, uTp~ and 777~ final states, 1/2 for v, and 0.5% for the sum of all quark-antiquark
pairs.

The electrically charged spinless adjoints of SU(2)y, Wg ) i, decay with a branching
fraction of nearly 1/3 into each of the eil/Bg), ,uiuBg) and TiI/Bg) final states, while
)

the branching fraction into ang is again negligible.
The spin-1 boson Ble) may decay only into a Bg) or VVI({:l ) and standard model parti-

cles. An important tree-level decay is into right-handed leptons and a Bg), with a width:

a?M?
r <B<1> - B<1>6+e—) — o T (M ), M ), M_a (3.3)
H H "R°R 247 cos0y M ) B By B )
I

where Z_ is another phase space integral defined in eq. (@) The width into left-handed
leptons,

2M2
ey
F(B(l) BW et —>: + T (M 0. M o.M 3.4
wo T PH CLeL 384m cos*0y M ) B LY ) B4
"

is suppressed due to the smaller hypercharge and larger mass of the (1,0) fermion, which

)

is LE:) in this case. For the same reasons, the Ble decay into a Bg) and ¢q pairs has a

small decay width. Ble) decays to VVI({:l ) plus fermion pairs are highly suppressed due to the



dependence on the 7th power of the small difference between initial and final (1,0) masses
[see egs. (IC.12) and ([C.1§) in appendix C].
Besides these tree-level 3-body decays, B

!(Ll) also has 2-body decays via the dimension-5

operator shown in eq. (R.11), which is induced at one loop (see appendix B). The decay
width is given by

3 1 M2(1) Y; 2
1 W _ - B F
r <BL ) - B! 7> = oo i | L 3 (ZUF < 5 ) QF5F> . (3.5)
w BH Bhl) F

where the sum over F' includes all quarks and leptons, o is +1 for SU(2)y doublets and
—1 for SU(2) singlets, Qr is the electric charge, Y is the hypercharge normalized to be
twice the electric charge for SU(2)y singlets, and £ is given in eq. (B.10) and depends
only on the masses of Bg), B,Sl), and of the (1,0) and (1,1) fermions. Using the values for
the standard model gauge couplings given at the end of section 2.2, i.e., a = 1/127 and

sin?6,, = 0.235, we find the following branching fractions for B!(Ll):

Br (B - Bi'7) =bp, ~340%,  Br (B - Bie"e”) =bp ~21.3% . (3.6)

The branching fractions into e*e*Bg), pur ,u*Bg) and T*T*Bg) are equal. The fact that
the tree-level 3-body decay and the one-loop 2-body decay have comparable branching
)

fractions in the case of B,Sl is an accidental consequence of the mass spectrum given in
table 1. The B;(Ll) decays into Bg) plus neutrinos or quarks have small branching fractions

(1.4% and 0.6%, respectively) which may be safely ignored in what follows.

The (1,0) leptons can decay into (1,0) modes of the electroweak gauge bosons or spinless

adjoints, and a standard model lepton. The decay widths of the SU(2)y -doublet (1,0)

leptons, Lsrl) = (NJ(FI), E(j)), to neutral (1,0) particles are given at tree level by:

M2\
W
(L= wiP) = =My [1- |
) T i, Y M2,
M2\ 2 2
@ M
F<L(1) B(l)l>:7a M, [ 1— =2 R p— L
) T T6cos9,, 0 +2M,29<1>
M
M2\
B
P<L(1) B ): S V' 1 i 37
+ 7 BgtL 320052911} L MIQI(I) s ( )

where [, is the corresponding standard model weak doublet lepton. The decays to charged
(1,0) particles, Ef) — WI(})*VL and NELI) — WI(})*e}JL, have a width twice as large as the



Final-state wi? - . = B Final-state | WY — ... — B
e, [,y Branching fractions | % €, b,y Branching fractions | %
X 3 (bry + bra + bigbpe) | 30.4 X % (bry + 2bi2 + bisbpe) | 23.1
(et +e7)X b 10.5 e" X | L (b + 2bi2 + bisbpe) | 23.1
(etu ™+ e ™)X %le 10.5 ete” X %(blz + 2bi3bpe) 4.6
etem X | B Ay 4 Db | 155 | eteetX | d(bio + 2bsbse) | 46
ete ete™ %(blz + 6bi3bpe) 10| | ete pu™X %(blg + 2bi3bpe) 4.6
ete putu~ %(bm + 6bi3bpe) | 2.0 v X %IJBIJB7 1.1
. 2bisbp, 21| ~vetXx Sbisbp, 1.1
vete™ X %blgbg7 0.5

Table 2: Branching fractions for the complete cascade decays of Wﬁl)g and W;SlH. X stands
for a number of neutrinos or taus. The branching fractions involving more muons than electrons
(not shown) are equal to the analogous ones involving more electrons than muons. The branching
fractions of Wfbl)f are the same as for W,SIH except for flipping the electric charges of the final
state leptons. The branching fractions for ‘one-step’ decays, bj1, b2, bj3 and bpe, bp~, are defined

in eqs. (B.d) and (B.4).

L(j) — WI(; 3] 1, decay width. The L(j) branching fractions are given by:
Br [(NP,ES)) — BW (v, en)] = by ~201% .

1 -
5 Br [(NP,ES)) — WP er,vr)| = Br |[(NYEMY - w3y, ep)
= by ~ 23.5%

Br [(Nf), EM) = BO (v, ep)| = b ~ 9.3% . (3.8)

As opposed to the three spinless adjoints and B,(}) which at tree level have only 3-body
decays, the W,ﬁl) particles are heavier than the (1,0) leptons and therefore decay with a
branching fraction of almost 100% into one (1,0) lepton doublet and the corresponding
standard model lepton doublet. Putting together the branching fractions for various decays
of the electroweak (1,0) bosons, we find the branching fractions for the complete cascade
decays of Wlsl)?’ shown in table f.

3.2 Colored (1,0) particles

At tree level, the (1,0) spinless adjoint of SU(3). has only 3-body decays into a quark-
antiquark pair and one of the electroweak (1,0) bosons. The decay widths are derived in

,10,



appendix C, and take the following form:

2
1 1) Yup ¥
T (Gg{) — Bl(q)uRuR) = 764;}(2:0S289w MGg) I, <MG(;)’MB§11)’MU(1)> , (3.9)
7
Moo (Mo = Myp)
2 (1) (1) (1)
Y OO U= G B
F(G(” BWypu ) ~ 2w i L (310
R Ve L VT VR Vo T
B uC at
for hypercharge (1,0) bosons in the final state, and
(Mg — M '
G(l) - W(1)>
r (G(l) - (1>3ULHL> ~ 29 a2 H H (3.11)
= = 4207 sin6,, = G% (Méil) —Még))4

r <Gg) - W]SlHdLﬂL) =T (Gg) — WI({I)fuLEL) =27 <Gg) — S)guLﬂL> ,

for SU(2)w (1,0) bosons. Note that we have expanded the decay widths to leading order
in the mass difference of G(I;) and the electroweak (1,0) boson [see eq. ([C.1§)] in the case
of Gy — B, and Gy — Wy transitions, but not for Gy — By where the mass difference
is larger and the expansion does not provide a good approximation.

Gg) has also a two-body decay into B,(}) and a gluon, via a dimension-5 operator
shown in eq. (), which is induced at one loop. However, the width for this decay is

highly suppressed because Gg) and B,Sl) are almost degenerate.

)

After summing over all quark flavors, we find that the dominant decay mode of G(I}

is into Bg)qa, with a total branching fraction of by ~ 96.5%. The sum over all branching
fractions of Gg) into VVI({1 o Wl(q1 )= plus a quark-antiquark pair is b;Q ~ 2.3%. The

branching fraction for Gg) — g)gqa is bgo ~ 1.2%, while the decay into Bfll) is highly
suppressed due to the very small mass difference involved in that case. The branching
fractions quoted here correspond to 1/R = 500 GeV. For different values of 1/R, the
(1)
H

branching fractions of G};’ change slightly due to the dependence of M_xyRonl /R shown
+

in table [[. For the coupling constants we use az = 0.107, @ = 1/127 and sin? 6, = 0.235,
which are the standard model values at 500 GeV.

The (1,0) quarks can decay into both vector and spinless modes. The largest decay
width is into a Gg) and a standard model quark:

M2, \?
D, oW Qs G’
r (Q G4 ) = 2 Myay [ 1- 5 (3.12)
QM)
Ignoring the standard model quark mass, the decay width for the latter is
M? (1) ’
w
F ( (1) W(1)3 > — LM 1 _ H ) 313
7 ) = o 6in%g,, QY M2, (3.13)

- 11 —



v B0 - g v®) || v B (0 = wpy ) Br(DY — dpv )
Gy bes ~ 63.2% GV | bus ~82.1% bas ~ 94.8%
WS W by 2 6.4% 1 2bgs | | B | bus = 11.5% baz ~ 3.3%
WS WO by~ 5.6% ;20 | | BY buy ~ 6.4% ba1 ~ 1.9%
BY bgo ~ 0.55%

Table 3: Branching fractions of first and second generation (1,0) quarks, in percentage. D(j) have

the same branching fractions as UJ(rl) except for a flip of the electric charge of the (1,0) bosons. The

Uil) decay into a Bl(ql) and a quark is not shown because it is too small to be relevant.

)E=

and is twice as large in the case of Wl(q1 . The decays of (1,0) quarks into an SU(2)w (1,0)

vector boson and a standard model quark have a width

2

Mg(l) - MVQM Mg(l)
1 " 1 1)3
r (Q(+>_> ng>3qL) - 24 o | T (Qib @) qL> . (3.14)
oW w w
+ H 2
The width is twice as large for Q(j) — W,Sl)iqL.

All (1,0) quarks may also decay into (1,0) hypercharge bosons with widths

M2\
Y2a BM
P QW= BPq) = LMy [ 1- 52
@ = By 32cos2,, Q% Méu) ’
M2, — M2\ ? 2
QW B{Y Mya)
r(@V= )= | g | |2+ 37, |T(QV=B) . 619)
o B B

where Y; is the hypercharge of the quark ¢, normalized to be 1/3 for SU(2)y doublets.
The branching fractions of the (1,0) quarks of the first and second generations are shown

in table [J.

The B(}) quark has the same branching fractions as Dg), while those of the Q(jﬁ” =
(TJ(FI), Bsrl)) quarks are more sensitive to 1/R, as shown in figure [, because of the large top
quark mass. Finally, the KK mode of the SU(2)y-singlet top quark, TEI), has branching
fractions highly sensitive to the mass of (1,0) Higgs particles, with the decay into bHM+
dominating over tGg) if HW+ is light. Because of this fact, and also because of their
small production cross section, third generation fermions do not result in many multi-

lepton events. Hence we will not give an expression for their branching fractions here.
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Figure 2: Branching fractions for the SU(2)y-doublet (1,0) quarks of the third generation, as-
suming that the (1,0) Higgs particles have a mass Mya) = 1.05/R.

The (1,0) vector gluon decays into a standard model quark and a (1,0) quark. The
width in the case of SU(2)y-singlet down-type quarks is given by

2

2 2
(1) ()i i Qs Mpa Mpaw
re®— S oWy | =M (1-—5— | [1+ 5275 (3.16)
. 2 My M oM
i=1,2,3 M o

The widths into all other (1,0) quarks except for the top have similar forms. For
1/R $1.3TeV the decays of the (1,0) vector gluon into tLT(l) or tRTﬁl) have a highly

+r R
suppressed phase space, and the branching fractions of Gf}) into a quark plus QS}L)Z, ngi,
or D(}})j, summed over the index ¢ which labels the three generations, are given by 36.7%,
24.6% and 38.7%, respectively.

For the purpose of analyzing the capability of the LHC to test this model, we need to
compute the branching fractions of the complete cascade decays of the (1,0) quarks and
gluons into the LKP and a number of charged leptons or photons. It is useful to compute
first the sums over branching fractions of the cascade decays that do not involve any e*,

ut, or v for Gg),

2 v,
ng = bgl + §b92 + %2 , (3.17)
and for Ug), Dg), Q(j), respectively:

qu = bul + bu2 bBe + bu3 ng )

bax = bg1 + ba2 bpe + baz byx ,

4 2
qu = bBebqO + §bq1 + g (2[)11 + 3byo + 2[)13[)3@) qu + bqg ng . (3.18)

The right-hand sides of the above equations are sums over separate cascade decays, whose
branching fractions are written as products of ‘one-step’ decays. For example, in the case
of byx the first term comes from the QSLI) — WI(} ) Bg) cascade, the second term comes
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Final-state e, "y Gg) - ... Bg) Uﬁl) — ... = Bg) D(_l) - ... Bg)

X ng ~ 98.0% qu ~ 89.4% bdX ~ 95.5%
et (i) X Loy ~ 0.38% Lbushly ~0.31% Sbasby ~ 0.36%
e (1) X b5~ 0.38% Sbusbly ~ 0.31% Sbasbly ~ 0.36%

ete (Wu) X | Lbp~021% | buobpe + 2bys ~ 2.6% | bazbie + Uibgs ~ 0.90%

’YX ~ 0 bquB'y ~ 3.9% bdeBﬁ/ ~ 1.1%

Table 4: Branching fractions for the complete cascade decays of Gg), U™ and D(j), with 0,1 or
2 charged leptons in the final state. X stands for a number of standard model fermions other than
e and p*. The branching fractions for U(}) and 5(}) are the same as for U and D),

(1) 1)

from the sum over QS:) Wy - = Bé, cascades, and the last term comes from the
Q(j) — G(I;) — BS) cascade.

The Q(j) and Gg) cascade decays lead to at most two charged leptons, with small
branching fractions, as shown in table f]. By contrast, Q(j) have larger branching fractions
for decays involving charged leptons, and include up to four charged leptons (see table E)
However, the cascade decay with the largest branching fraction to a photon is that of U,

4. Signatures of (1,0) particles at hadron colliders

In this section we discuss the prospects for discovery of (1,0) particles at the LHC and the
Tevatron. As shown in the previous section, a large number of leptons arises in the decays
of Wél) and other (1,0) bosons, while photons arise in the decay of the Bﬁl) vector boson.
We focus on computing the production cross sections of colored particles and the number
of events with leptons and photons resulting from their decays. We will also include direct

production of Wlsl) in our analysis although this turns out to have a rather small effect.

4.1 Pair production of level-1 particles

We discuss the production of (1,0) particles in order of importance for the lepton + photon
signals under consideration. This is more complicated than level-1 production in the case
of one universal extra dimension [[§] because of the Gg) spinless adjoint, which is not
present in the 5D theory, and appears in the final state as well as in s- and - channel
exchanges.

We begin with the SU(2)y-doublet quarks QS:_[), because a large fraction of their
cascade decays give rise to charged leptons (see section f§). In addition, since it is lighter
than the (1,0) vector gluon, and because of its high multiplicity, we expect QS:) production

to be the dominant source of multi-lepton signals. We concentrate here on production

— 14 —



Final-state e, p,y Ug_l) - ... Bg)

X box ~ T4.5%
et (ut) X Zbg1 + 3 (3by1 + bz + 3bizbpe) bea + Gblobgs ~ 7.3%
e (p) X Zbiobga + £b)abgs ~ 0.58%

b b
etem (utp ) X biebgo + 8 + 1 (3bin + 14biz + 2Tbisbpe)bgr + ~Lbgs ~ 2.6%

etu (e put) X %blgqu ~ 0.33%
etete” (ptutu )X %(512 + 2by3bpe ) bg2 =~ 0.58%
ptete (etputp™) X %(512 + 2by3bge ) bg2 ~ 0.58%

ete ete (up putu)X 3_16(le + 6by3bpe)bge ~ 0.063%

ete putpu~ X %S(blg + 6bi3bpe)bg2 ~ 0.13%

v X biyboo + $bisbpybea ~ 0.38%
yet () X 2bisbiy bz ~ 0.13%
vyete  (yuTp™) X %blgbB,ybqg ~ 0.033%

Table 5: Branching fractions for the complete cascade decays of U_(Fl) with up to four charged

leptons or photons in the final state. X stands for a number of standard model fermions other than
et and pt. Ef) has the same branching fractions as Uf), while the branching fractions of DS)

and US;U are given by flipping the lepton charges in the first column. The (1,0) top-quark doublet
has branching fractions which are highly dependent on 1/R, and are not shown here.

mechanisms at the LHC, while in section 4.3 we adapt this discussion to the case of pp
collisions at the Tevatron.

Given that there are more quarks than anti-quarks involved in proton-proton collisions,
we first discuss quark-initiated pair production, gqg — Qil)QS_rl ), which is mediated by
GS) and Gg) exchange in the ¢ channel, as shown in figure . Two (1,0) quarks of
different flavors (Q(ir1 o/ SEI )), and an SU(2)y doublet-singlet pair (Qgrl)Q' 9)) are produced
in a similar way.

For low 1/R, the quark anti-quark and gluon initiated production mechanisms are also
important. Production from a quark anti-quark pair, 7’ — QQQ/&E’ and q7 — QQQ'Q,
is similar to the process shown in figure ] with a fermion line replaced by an anti-fermion
line. When quarks in the initial state have a different flavor than the (1,0) quarks in the final
state, ¢'q’ — Q(il)Q(il ), a single tree-level diagram with a gluon exchange in the s channel

contributes, as shown in figure fl. The processes qg — Q(il )Qil ) (for which the initial and
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Figure 3: Diagrams for Q$ )Qgtl ) production from quark-quark (gq) initial state.
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Figure 4: Qil)@il) production from ¢’ initial state.
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Figure 5: Diagrams for Qgtl )Q production from gluon-gluon (gg) initial state.

final states have same flavors) get contributions from the two diagrams in figure [ with one
of the fermion lines replaced by an anti-fermion line, and also from the diagram of figure [J
with ¢ replaced by q.

Q(il )Q$ ) can also be produced from two gluons in the initial state, as shown in fig-
ure . This production channel becomes increasingly important for smaller (1,0) quark
mass (smaller 1/R) due to the larger gluon flux in the parton distribution.

Since the SU(3). (1,0) bosons, G,(}) and G(I}), decay to fewer leptons than QSLI), we
will next consider their associated production with QE:) The process qgg — Qil )Gg) is
shown in figure . Diagrams with a (1,0) vector gluon in the final state can be obtained
by replacing Gg by Gf}). Similar diagrams, but with Gg) replaced by Wlsl) and an
appropriate flip between the up-type and down-type quarks, contribute to gg — Q(il )Wlsl)
associated production.

Gg) pair production is a rather meager source of leptons or photons, but for the sake
(1) ~(1)

of completeness we include here its diagrams: quark initiated production qq@ — GGy,

)

and gluon initiated production gg — GS)GS are shown in figures [ and [§, respectively.
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Figure 6: Diagrams for Gg)Qil) production from quark-gluon initial state.
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Figure 8: Diagrams for Gg)Gg) production from gg (a u-channel diagram is not shown).
G,(}) pair production proceeds through the same diagrams with all Gg) lines replaced by
GELI) ones.

G,(})G(I;) associated production, qq — Gg)G,(}), proceeds through four diagrams with
QE:) and Q(_l) in the ¢ and u channels, similar to the second diagram in figure []. There is
no contribution from the s channel because the coupling Gg) g“Gf}) does not exist at tree
level due to gauge invariance.

Finally we consider associated production of Gf}) or Gg) with an SU(2)y vector boson,
W£1)7 as shown in figure [l (with Gg) in the final state replaced by GE}) for g7’ — GELI)W;(LI)).
For W,Sl)?’

Associated production with hypercharge bosons, B,Sl) or Bg), as well as with the SU(2)y
)

in the final state, the initial state and the (1,0) quarks are all of the same type.
spinless adjoints WI(} are very small and will be neglected; we will also ignore production
of (1,0) Higgs particles since their phenomenology is highly model-dependent.

Given that there are many diagrams that need to be taken into account, we have
implemented the 6DSM detailed in section 2 in CalcHEP [I§, [[7], a tree-level Feynman
diagram calculator (for a description of our CalcHEP files, see [I§]). Consequently it is
rather straightforward to compute production cross sections for (1,0) particles at various
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Figure 9: Diagrams for W;S production from qq’.

colliders. As a cross-check we have compared the CalcHEP output for all 2- and 3-body
decay widths with the corresponding analytic expressions in section [J. We also checked
cross sections for selected production channels using MadGraph/MadEvent [[[J, (]

The cross sections at the LHC (/s = 14 TeV) are graphed as a function of 1/R in
figure [I0, and have been summed over various channels. We assume five partonic quark
flavors in the proton along with the gluon, and ignore electroweak production of colored
particles. We used the CTEQ6L parton distributions 1], and chose the scale of the strong
coupling constant o, to be equal to the parton-level center of mass energy.

QE:)QS}) production, which is responsible for most of the multi-lepton events (as shown
later in section [£.9), is dominated by (1,0) quarks of the first 2 generations (88% at 1/R =
500 GeV, increasing to 98% at 1/R = 1 TeV). The gluon-gluon initial state contributes
only ~10% (3%) of the total QS})QE:) cross section at 1/R = 500 GeV (1 TeV), since firstly
the gluon flux in the proton at this mass scale is small, and secondly, there are a large

)

the dominant contribution to this process comes from the gluon initial state, with valence

number of subprocesses with gq or ¢q initial states. Gg production is different in that
quarks making up the remainder.

The production cross sections of the SU(2)y doublet and singlet (1,0) quarks, QS:)
and Q(}), are almost equal, since they are produced in exactly the same way (see figures -
(). The slightly higher mass of QSLI) lowers its production cross section, but this is a
small effect. As expected from the structure of the parton distribution function, the G,(})
associated production cross sections drop off faster than others.

Qg})Uﬁl) pair production, the main source of events containing both photons and
leptons, proceeds through G,(}) and Gg) exchange in the t-channel, as in figure f] with one
of the QS}) quarks replaced by USI). Due to the partonic structure, the production with
first-generation quarks in the initial state is dominant, accounting for ~ 50% of all QS})U El)
pairs produced for 1/R = 500 GeV.

As mentioned earlier, W,Sl) associated production, although small compared to that for
colored (1,0) particles, is not necessarily negligible because of its large branching fraction
into leptons. We have included the cross section for the channel with the largest production
rate, W!EIHQE:), in figure [[J. The dominant contribution to this process is from production
with first generation (1,0) quarks. W!El)f associated production is even smaller, by an extra
factor of ~3, due to the partonic structure of the proton.
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Figure 10: Tree-level production cross sections of (1,0) particles at the LHC: (a) quark pairs,
and (b) final states involving bosons. The cross sections have been summed over the first two
generations of KK quarks and antiquarks. The weak-doublet QE:) includes both up- and down-type

(1)

(1,0) quarks. The cross section for Uy DS}’ production (not shown) turns out to be nearly equal

to that for UJ(FI)US). Cross sections for the weak-singlet quarks (6D chirality —) are almost the
same as those for weak-doublet quarks (6D chirality +) and are not plotted.

4.2 Events with leptons and photons at the LHC

Having determined the production rates of (1,0) particles, we now turn to a discussion of
their experimental signatures at the LHC. First we will consider the production of (1,0)
particles which give nf + mvy + Fr with n > n,;, and 0 < m < 2, where we do not count
leptons from the decay of the standard model particles.

We calculate the inclusive cross sections for the channels nf +my+ Fr with n > np,

and 0 < m < 2 in the following way. There are 11 level-1 particles with different branching
(1)

fractions to multiple leptons as discussed in section . We label these particles by A;”,

where 1 <1 < 11 is the particle type:

AW = (wm,a®, 6P, iV, B, 1 oW, pY o).

(4.1)
Their branching fractions, Br(i,a,a’), where a is the number of leptons (0 < a < 4) and
a’ is the number of photons (0 < a’ < 1), are given in section f. QS}) and USI) include

One should keep
in mind that the 3rd generation KK quarks and KK quarks of the first two generations

only the first two generations of weak doublets and up-type singlets.

have different branching fractions to leptons so they need to be tackled separately. For
simplicity we use the same symbol here for quarks and antiquarks. The cross section for
nl + mvy + Er events with n > np, and 0 <m < 2 is

11 1
o(pp — nl+my + Br,n > npin) = »_ Y olpp — AE”AE»”)BU ; (4.2)

i=1 j>i
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Figure 11: Sum over cross sections for (1,0) particle pair production at the LHC times the branch-
ing fractions of the cascade decays that give rise to n > 3,4, 5 or 6 charged leptons (£ = et or ,ui),
as a function of the compactification scale.

where B;; is a sum over products of branching fractions of the particles Agl) and A§1)
4
Bi= Y_ Y Br(i,a,d)Br(jbb), (4.3)

Note that the total numbers of photons (m) and leptons (n) from the decay of a pair of
(1,0) particles are constrained by 0 < n+ 2m < 8. It is not possible to obtain 8¢+ 2y + Fr
)

for instance, since the hypercharge gauge boson Ble can decay into either a photon or a
fermion pair, together with Bg), so a photon is only produced at the expense of two leptons.
Most (1,0) particles have branching fractions that are independent of 1/R. However, those
for third generation quarks have variations due to threshold effects (see figure fl). We use
values at large 1/R, which slightly underestimates the total number of events as branching
fractions are larger at small 1/R. Since the contribution from the third generation is small,
our approximation gives rise to negligible error.

Cross sections for multi-lepton events at the LHC are shown in figure [L]] as a function
of 1/R. Out of the total number of events with 5 leptons or more at 1/R = 500 GeV, the
majority arise from first- and second- generation weak doublet quarks, either in pairs or in

(1)

association with other particles; VVM:l pair production is responsible for around 10%, as is

production including SU(3). bosons, GS}{. As parton distribution functions vary with the
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Figure 12: Cross sections for (a) my+nf+ Fr events with n > npi, form = 1,2 and 1 < nypip < 4

and (b) Lepton + photon events with two or more same-sign leptons, at the LHC as a function of
1/R.

size of the extra dimensions, so will the individual contributions, although the sensitivity to
the mass scale 1/R is small. The results shown in Fig. [ include tree-level processes only.
We estimate that next-to-leading order effects will increase the cross sections by ~30-50%,
especially due to initial state radiation. A complete analysis of this effect is warranted, but
is beyond the scope of this paper.

Also interesting are combined photon and lepton events which result from 1-loop decays
) (1)

figure [3(a)). Down-type quarks have smaller hypercharge and so couple less strongly; while

of the (1) hypercharge gauge boson B,(} produced in the decay chain of UX" quarks (see

quark doublets couple more strongly to weak bosons, resulting in a negligible branching
fraction into B,Sl). In figure [[§ we show typical diagrams for ¢T¢T¢T¢=¢~ and ~¢t¢~
signatures. The rate for events with unusual combinations of final states: two same-sign
leptons and a photon, ¥/T¢* (y£~¢7) for instance, or three same-sign and one opposite
sign lepton, £+t¢+¢+¢= (¢=¢=¢=¢1), are plotted in figure [[3(b). The latter process consists
of around 10% of the total rate for 4 lepton events, and the largest single contribution to it
is the decay of UJ(FI) (D(j)) pairs. It arises only rarely in the standard model from WW+Z
(W=W~Z) production.

We expect that the small standard model backgrounds for these processes can be
eliminated by using a hard f7 cut in conjunction with a jet pp cut, since the jets originating
from the decay of (1,0) colored particles should have a transverse momentum of the order
of their mass differences (~ 100 GeV). One might also naively worry about triggering issues
due to the softness of leptons, since the cascade decays giving rise to them occur between
particles that are relatively degenerate in mass. A preliminary analysis on a single leg of
the decay chain keeping exact spin correlations suggests that more than 90 % of lepton
pairs have enough pr to evade a 15 GeV cut, and that the leptons are far enough away in
AR to be visible as individual tracks. Hence we do not anticipate any triggering problems,
although a detailed analysis of these issues using a detector simulator might be beneficial.
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Figure 13: Representative processes that lead to 5¢ + Fr and v¢T¢~ + P events. Several other
production mechanisms as well as cascade decays contribute to these and related signals.
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Figure 14: (a) Production cross sections at the Tevatron and (b) Cross sections for multilepton +
photon events, as a function of 1/R.

4.3 Cross sections at the Tevatron

At the Tevatron, the production from a ¢ initial state, shown in figures [, | and [,
dominates. We summarize our results for (1,0) production cross sections, as well as multi-
lepton and lepton plus photon signatures in figure [[4. The lower center-of-mass energy of
)
This process now contributes 16% of the total number of events with 4 or more leptons for
1/R = 300 GeV.

We can use data gathered from Tevatron Run II to place rough constraints on the

this collider slightly increases W,Sl production cross sections as compared with the LHC.

radius of the extra dimensions. One potential channel that has been searched for in the
context of the minimal supersymmetric standard model is the trilepton signal [P2, 3. We
apply the results of this analysis, which found no excess over standard model background,
directly to our model. If we assume an efficiency of ~ 5% [23, R3], we see that 1/R must
be larger than ~ 270 GeV, otherwise we might have expected to observe at least 3 events.
Low statistics for this final state, both in expected and observed events, make the limit
rather less reliable than desired.
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A more precise, though less stringent, constraint can be obtained by using Run II
lepton + photon data [24], which contains larger numbers of expected and observed events.
The standard model prediction for the ¢y X channel for instance, is 150.6 + 13 with an
observation of 163 events. Assuming that universal extra dimensions are responsible for
the small excesses in this and the ¢7¢~vX channels allows us to obtain a limit on 1/R of
around 240 GeV at 95% C.L.

5. Conclusions

Despite the successful predictions of the 6DSM, the hadron collider phenomenology of
(1,0) KK modes has not been previously studied due to the large number of mechanisms
that contribute to production cross sections. Our inclusion in CalcHEP of the interactions
between (1,0) particles and standard model ones has allowed us to compute the cross
sections for (1,0) pair production at the LHC and the Tevatron. The large cross sections
(of almost 10 fb at the LHC, for masses around 500 GeV) shows that cascade decays with
small branching fractions may be observed, leading to a variety of discovery channels.
These are particularly interesting because of the presence in the 4D effective theory of a
spinless adjoint particle for each standard model gauge group. One-loop corrections to the
level-1 masses tend to make these spinless adjoints lighter than matter fields [[J] (the same
result [BO] applies to other models [B1]]), forcing them to undergo tree-level 3-body decays
and emitting two standard model fermions each time. This results in significant numbers
of events with five or more leptons.

Multi-lepton events are not unique to the 6DSM, although the rates at which they
occur in other theories are typically smaller. In its 5D counterpart for example, it is
necessary to produce level-2 KK particles to give rise to long enough cascades; the rate
for such processes is suppressed because the particles produced are heavier (m ~ 2/R) [H].
Another theory leading to multi-lepton signatures involves a warped extra dimension with
custodial symmetry [R5, but leptons in that case come from decays of W and Z, whose
branching fractions are small. In supersymmetric models, cascade decays of squarks such
as q; — )ZQiq — Wif(gq()zliZq) can also give multi-lepton signatures at the cost of small
production cross sections due to spin-statistics as well as a small branching fraction for
d, — X5 -

Nevertheless, it should be rather straightforward to differentiate among these models
if a sufficiently large number of multi-lepton events will be observed at the LHC. The
6DSM has specific preditions for many observables. In this paper we analyzed the rates
for events with 3, 4, 5 and 6 leptons, as well as the relative rates for events with three
leptons of one charge and one lepton of opposite charge. Other observables, such as the
relative rates for events with different numbers of electrons and muons, may be analyzed
using the branching fractions for complete cascade decays (see the tables in section 3).
Another peculiarity of the 6DSM cascade decays is that they lead with reasonably large
branching fractions to events with photons. This is a consequence of the 2-body decay at
one loop of the hypercharge (1,0) vector boson, which competes successfully with its tree-
level 3-body decays. Events with leptons, photons and missing energy are also predicted
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in certain supersymmetric extensions of the standard model, but again, there are several
different channels, and we expect that if such events will be seen in large numbers, it will
be possible to differentiate between models.

One may wonder how robust our predictions are against variations in the mass spec-
trum, which may get contributions from operators localized at the fixed points of the
chiral square, as well as from higher-order QCD effects. In the case of a single universal
extra dimension, deviations from the one-loop corrected mass spectrum lead to a variety of
phenomenological implications [Rf]. Within the 6DSM, we expect that the rates for multi-
lepton events remain relatively large when the (1,0) mass spectrum is perturbed. This is
due to the large number of particles involved in a typical decay chain, with a standard
model quark or lepton being emitted at each stage. The total rates computed here are
sums over many such cascade decays of several (1,0) particles.

However, the events with photons depend entirely on the branching fractions of a single
particle, the hypercharge vector boson, and thus are less generic for different mass spectra.

A more general approach would be to lift the constraints on the mass spectrum. If
excess events with leptons, missing energy and possibly photons will be observed in certain
channels at the LHC, then the (1,0) masses would be determined by comparing a large
set of observed rates with the 6DSM predictions. One should also keep in mind that the
predictions of the 6DSM are not limited to collider signals. For example, an interesting
feature is that the LKP has spin 0, with various implications for dark matter [P7].
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A. Feynman rules for (1,0) modes

In this section we show Feynman rules that are relevant for QCD production of (1,0)
particles at hadron colliders. Corresponding vertices involving electroweak gauge bosons
can be easily inferred from those given below. The vector-like nature of KK fermions allows
for the usual QCD coupling to standard model gluons seen in the G HQ(I)G(U vertex below.

1 1
QY v

G = —igy"T* G = —ig"PLT"
QY QLY
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The interaction of a level-1 quark and a level-1 gluon is chiral and so its vertex contains
projection operators, although the chirality of the incoming fermion is conserved.

1 1)b
QY p, G
e p— = —g.PT Gy oI, =g/ (r— )"
0,0 g™’ 1)c
Q%" Gy
However, the interaction of a spinless adjoint Gg’o)a with fermions changes the chirality

of the incoming fermion since G(I_}’O)a is a scalar. Note that the Feynman rules for standard
model gluons are fixed by gauge invariance. The 3 and 4-point interactions involving only

(1,0) vector bosons and zero-mode gluons are identical to those in the standard model.

b 1)c
G, Gy
:\ — _Z'ggguu<fabcfade 4 fabefadc)
d * 1l)e
G4 Gy

= g S [(F = D)agu + (0 = Qoo + (4 = £)vGpp)]

G@ G(l)c
p - 2 [ rabe fede( up VO wo Vp ace rbde ( uv ,po Ho L Vp
= —ig2[fobe fede(ghrgT —ghgnP )+ foo [P (g P — M g )
_|_fadefbce (guugpa _gupgua)]
G? G

B. One-loop 2-body decays of (1,0) bosons
We compute here the amplitude for the process B,Sl) — Bg)% which proceeds through

one-loop diagrams with KK fermions running in the loop. The couplings of the B,Sl) and
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Figure 15: Dimension-5 operator induced by fermion loops.

Bg) bosons to the KK modes of a 6D chiral fermion F', are given by
1 _ ‘7]{) v Y
£ 39Ye P [ BOy (PL ™ — Prdly?™ vy )

—iBy (Prdi™ vy - PLalf o )| FIY (B
Here we have defined

BT = (1) 0k (1 + (1) 5501 ) + (1) 85 (Sersess + (—1)" B )

+ inlinéj,lék’,o(sjgk + in+2nl5j/,15k,05k/,j s (B.Q)
where r; ;, are complex phases,
Jj+ik
Tjk = ———
]2 + k2
and Yr is the hypercharge of the fermion, normalized to —1 for lepton doublets. In the
case of fermions with 6D chirality —, which contain right-handed zero modes, the same

(B.3)

formulas apply with the Pr, and Pg chirality projection operators interchanged.

Dimension-5 operators coupling a (1,0) vector boson to a (1,0) spinless adjoint and
a standard model gauge boson are induced at one loop by the diagram in figure [[5, with
fermion KK modes running in the loop. The contribution of a fermion F; to the amplitude
for B,Sl) — Bg)wﬂ is given by

Yr,

1 2 . el
M(BY = Biy) =5 <g'7) cQr 1) e IEVH (B
+

where

kTR _ /(d‘*l o E T U ) U4 ) = mp T Y )

2m)4 2 2 2 2 7"
(l - MF(j,k)> {(l +p—p ) - MF(j,k)i| [(l +p) - Mp(j’,k’)]
(B.5)
and
y k -/ k,/ '/k;/, ; k, -/ k;/7 "k 7k,7 '/7k;/
N = My Re [rye (a7 aliFor — aif ok ap oy )| (B.6)

After integrating over the loop momentum [, and summing over fermions, we find the
amplitude

12 2
@ gm. — _9%€ wapfilP — P)en(p)Paby Yp
M <By — By 7#) Q72 Mgu) MB(1) Z 5 Qrér, (B.7)
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Figure 16: The diagrams for 3-body decay of (1,0) particles. A and A; are heavy bosons of spin
0 or 1, F'is a heavier fermion, and f is a much lighter fermion.

where o = £1 when F has 6D chirality +, and

_ 3 kidhk 75,k 0k
Er = E mr, Ji , (B.8)
Jk;ghk

with Jp given by an integral over a Feynman parameter:

] z(1—x) <M2(1) - M2(1)>
YW d By B
JEIE :/ |1+ &
0

T (L= 2) M5 + Mz — (1= x)M;£1)

(B.9)

The mik:i"¥ quantities vanish unless the set of KK numbers (j, k; 5/, k') is given by
(1,0;1,1), (1,1;1,0) or (1,0; 0,0). This is a consequence of the vectorlike nature of the
fermion higher KK modes. Therefore,

Er = Mpa.0 <2J}~’0;070 + JI%JO;IJ) + \/§MF(1,1)J}7’1;1’0 . (BlO)

Note that £ depends only on the (1,0) masses and on the masses of the (0,0) and (1,1)
fermions. The mass corrections for (1,1) fermions, {Qi’_, T, Qi’Q, Ui’z, DEQ’?’, Ly and E,},
are given by v/2/R multiplied by the coefficients {1.33,1.31,1.31,1.27,1.26,1.05,1.02} re-
spectively [ff], ignoring electroweak symmetry breaking effects. Note also that in the limit
that all the fermions at each KK level are degenerate, £ becomes independent of F' and so
can be taken out of the sum in Equation [B.7, which then vanishes identically by anomaly
cancellation. This completes the computation of the amplitude for B£1) — Bg)fy, which
determines the coefficient of the dimension-5 operator shown in eq. (R.11), and the decay
width of BSY shown in eq. (B-9).

C. Tree-level 3-body decays of (1,0) bosons

In this appendix we compute the width for 3-body decays of (1,0) bosons. Let us consider
a generic 3-body decay of a boson Ay of mass My into a boson A; of mass M; and a
fermion-antifermion pair ff, via an off-shell fermion F, of mass Mp > My > M;. There
are two tree-level diagrams contributing to the process Ay — (F*f) — Ay ff, as shown in
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figure [[6. For simplicity, we assume that the final-state fermions are massless. The decay
width is given by

1 “O E?}ax
T(Ay — A f]) = M/O dEf/ _ar IMP. (1)
po—Ej

where M is the matrix element, Ey and Ej are the energies of the final-state fermions in

the rest frame of As, and we defined

M2~ M}
o= — (7 /—. C.2
1 2L (C.2)
For a fixed Ey, the maximum value of E7 is
Ho — Ef
EP = ——— C.3
! 1—2E¢/M, (©3)

Let us first consider the case where both A; and Ay have spin 0 (we label them by
A1g and Asp in that case) and have pseudo-scalars couplings to the fermions:

(91411 + g2Aom) iFLfr + Hec., (C.4)

where g1 2 are real dimensionless couplings. The matrix element squared, summed over the
spins of f and f, is given by

[IMP (Aspr — frfrAin) = 2(9192)° [Q(Pf - P1)(Py - Py) — M3 (Py - Pf)] A%, (CH)

where Py, Py and Pf are the 4-momenta of Ay, f and f, respectively. The quantity

1 1
A= - : C.6
(Pt Pp? — ME (P + Py — M o

accounts for the propagators of the off-shell fermion in the two diagrams of figure [[§.
The two diagrams have opposite sign, resulting in the sign between the two terms in A,
because of the different momentum flow through the intermediate fermion line. In the
center-of-mass frame, the width becomes

2
U(Aomr — A friRr) = %M2I+(M2,MlaMF) (C.7)

where we defined

o Ep 9B Er 4 My (jo — By — Ef
Ii(MQ,Ml,MF):/ dEf/ "oap; 2L 2(”2 ! 2f) (Bf - E)° .
0 po—Ey M3 (s + Ef)*(ps + E¥) .

The function Z_ is introduced for later convenience, uo, and E}—na" are given in eqs. (C.2)
and (C.3), respectively, and

o¢)

M2 — M3

i (C.9)

Px =
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Let us now study the case where Ay has spin 1 (we label it by Ay, in that case) and

couples to one chirality of the fermions:
92 A2, Fry" fr + Hec. . (C.10)

The matrix element squared, averaged over the polarizations of Ay, and summed over the
spins of f and f, is given by

— _ 2 Mp\?
IM|? (A2, — frfrA1E) = 3 (9192)° (ﬁj) [Q(Pf'P2)(Pf'P2)+M22Pf'Pf A?, (C.11)

where P, is the 4-momentum of Aspr. Again, the two diagrams have opposite signs, result-
ing in the form of A given in eq. ([C.6). However, the sign difference in this case is due to
the pseudo-scalar coupling. The width in the center-of-mass frame is given by

(9192)2 M%

sier g L (M, My, M), (C.12)

[(Asy — A1 frfr) =

where Z_ is the phase-space integral shown in eq. (IC.§).

The only other case relevant for the decays of the (1,0) particles discussed in section
is that where Ay has spin 0 and pseudo-scalar couplings [see eq. (C.4)], while A; has spin
1 and a coupling

g1 A1 Fry" fr+He. . (C.13)

The matrix element squared, summed over the polarizations of A, and the spins of f and

f, is given in this case by

- ) M2
M (Aor — frfrRAL) = 2(9192)° <ﬁ?> [Q(Pf'Pl)(Pf'Pl)JerQPf'Pf A%, (C.14)

where A is defined in eq. (C.6). The width in the center-of-mass frame is given by

; (9192)° ,, M3 2410
I'(A A, T = ——— My—=% 1-— T (Ms, My, M C.15
(Aog — A1, ZrfR) 12873 232 M, (Mg, My, M) (C.15)

20
+ M,

Lr(Mg,Ml,MF)} .

If the heavy particles are approximately degenerate, which is the case for the (1,0)
particles studied in this paper, then o, < My and py, < My (which implies po =~ My — M)
and p, &~ Mp — M,), and the double integrals of eq. ([C.§) may be performed analytically:

-8 [M o + fhx
M3 {7 o + 24

(12 + Bptopts + 5p17) In (1 + &> (C.16)

I+(M25M15MF) - 1
*

_ He 2 2 Fo  Hx
5 (uo+30uou*+3ou*)} [1+0<M2,M2>} .

A simple relation between the Zy functions holds at leading order in 1/Mj:

Ho  Hx
I_=37,|1 — . 1
i o (2282 o
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It is also useful to note that for p, < My and po < iy,

7 2 2
p Po | Mo Ho = Ko
+(M, My, M) 105M§’ui[ e My (ui’ﬂgﬂ’
7 2 2
lu’O IU’O 5/1/0 IU’O luo
I-(Mz, My, Mp) = o |1 =2 =+ o0 -+ 0 5, 3 || - .
( 2, V1, F) 35M23/‘3|: N*+3M2+ <N2,M22>:| ( )

This very strong dependence on p, ~ Mo — M; is somewhat surprising. The phase-space
integrals of eq. (@) give three powers of o, and the matrix element squared appears
at first sight to give only one more power of u,. However, the relative sign of the two
diagrams forces a cancellation of the leading term within A [see eq. (C.6)], so that A gives
the (E r— K f)g factor in eq. ([C.§), which accounts for two more powers of y,. Furthermore,
the integration over E cancels the leading term in the 1o expansion of the numerator of
Z.. The resulting dependence on the 7th power of u, implies that the decay width is
extremely suppressed, if As and A; are more degenerate than the F' — Ay pair.

The decay widths given in eqgs. (C.7) and ([C.13) are used in section [j for computing the
branching fractions of the spinless adjoints, while the decay width of eqs. ([C.1J) determines
the branching fractions of the (1,0) hypercharge vector boson.
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