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ABSTRACT: An analysis is given of the capability of the LHC to detect narrow resonances
using high luminosities and techniques for discriminating among models are discussed. The
analysis is carried out with focus on the U(1)x Abelian (Higgless) Stueckelberg extension
of the Standard Model (StSM) gauge group which naturally leads to a very narrow Z’
resonance. Comparison is made to another class of models, i.e., models based on the warped
geometry which also lead to a narrow resonance via a massive graviton (G). Methods of
distinguishing the StSM Z’ from the massive graviton at the LHC are analyzed using the
dilepton final state in the Drell-Yan process pp — 2’ — ITl~ and pp — G — [T1~. It
is shown that the signature spaces in the o - Br(ITl™)-resonance mass plane for the Z
prime and for the massive graviton are distinct. The angular distributions in the dilepton
C-M system are also analyzed and it is shown that these distributions lie high above the
background and are distinguishable from each other. A remarkable result that emerges
from the analysis is the observation that the StSM model with Z’ widths even in the MeV
and sub-MeV range for Z’ masses extending in the TeV region can produce detectable
cross section signals in the dilepton channel in the Drell-Yan process with luminosities
accessible at the LHC. While the result is derived within the specific StSM class of models,
the capability of the LHC to probe models with narrow resonances in this range may hold
more generally.
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1. Introduction

The Stueckelberg mechanism allows for mass generation of an Abelian U(1) gauge boson
without the benefit of a Higgs mechanism. Specifically the models of ref. [[]-f] are based
on the U(1) Stueckelberg extensions of the Standard Model (SM), i.e., on the gauge group,
SU(3)exSU(2)L xU(1)y xU(1)x. This extension of the SM involves a non-trivial mixing
of the U(1)y hypercharge gauge field B* and the U(1)x Stueckelberg gauge field C*. The
Stueckelberg gauge field C* has no couplings with the visible sector fields, while it may
couple with a hidden sector, and thus the physical Z’ gauge boson connects with the
visible sector only via mixing with the gauge bosons of the physical sector. These mixings,
however, must be small because of the LEP electroweak constraints and consequently the
couplings of the Z’ boson to the visible matter fields are extra weak, leading to a very
narrow Z' resonance. The width of such a boson could be as low as a few MeV or even
lower and lie in the sub-MeV range. An exploration of the Stueckelberg Z’' boson in the
CDF and D@ data was recently carried out in ref. and promising prospects for its
observation at the Tevatron were noted. The models of Ref. [Il-f] are to be viewed as
phenomenological, but may be low energy effective theories of a more unified structure.
Indeed the Stueckelberg mechanism is quite generic in string and D brane models [J g but
it remains to be seen if models of the type ref. [ll-f] can be embedded in such structures.

The other class of models are those based on the warped geometry [E, ] where a
narrow massive graviton excitation with a width lying in tens to hundreds of MeV can
arise in certain regions of its parameter space. Thus the Stueckelberg extensions and the
warped geometry models share the property of allowing for narrow resonances. It is then
pertinent to investigate the discovery potential, signature spaces and model discrimination
for this class of models at the LHC. This is the main focus of the analysis in this paper.
In the first part of the paper (Sections 2-7) we will discuss the discovery potential and
signatures of the Stueckelberg Z’ model. In the second part (Section 8) we will carry
out a similar analysis for the case of warped geometry and present a criteria for model

discrimination between these two classes of models.

2. A brief overview of Stueckelberg extension of the SM

Before proceeding further we first review the minimal Stueckelberg extension based on
the gauge group SU(3)c x SU(2)r, x U(1l)y x U(1)x [. The effective Lagrangian of the
Stueckelberg extension of the Standard Model (StSM) can be written as

Lsism = Lsy + Lsm, (2.1)

where Lgy is the Standard Model Lagrangian
Lon D —4Tr (FuF™) — 1B B + g LTS + gy BT — (D) (D,®) V(@)
and Lg; is given by

1 1
Lo = =7 Cw " + 9xCuTx — 5 (Ouo + MGy + M>By,)*. (2.3)



Here C), is the gauge field associated with the extra U(1)x gauge group and J% gives
coupling to the hidden sector but C, has no coupling to the visible sector; B, is the gauge
field associated with U(1)y, o is the axion, and M; and My are mass parameters that
appear in the Stueckelberg extension.

2.1 Mass matrix of the StSM

After electroweak symmetry breaking the mass terms for the neutral vector bosons take

the form 1
Lstsn D —5123 MZ V", (2.4)
where
CH M} My My 0
V¢ =1 BH* Mgt = | MiMy M2+ %02912/ —%U%gzgy , (2.5)
A3 0 —tvgagy 30703

and where, v is vacuum expectation value of the Higgs field. The mass squared matrix,
being real and symmetric, can be diagonalized by an orthogonal transformation RTMgtR =
MSQtf diag’ with eigenvectors 5;{ = (Z;“ Z,,,A}). The corresponding eigenvalues, denoted as
{\i}, are given by {MZ,, M7z, M2} = {M3, M?,0} where

1

M2 = 5 MG+ M7 (1+€2) (2.6)

2 2 21\ 2 2 2 2 2 1/2

i[(MO—i—Ml (14 €2)? — aM2 (ME + MPe )} ,
and where ) )

v g5v gy Mo
M2 =—(¢? + ¢? M2, = 22 ty = 2= ==, 2.7
0 1 (95 + 9v)s W i w . € 7, (2.7)

The zero eigen-mode is manifest and is to be associated with the massless photon state.
In the above model, the photon field is a linear combination of the set of three fields
(CH, B*, A3, which is the first indication that the StSM is distinct from other class of
extensions of the SM which predict additonal spin one gauge bosons [[]-[Lg]. In the limit
Ms < My, ie. € — 0, the Stueckelberg sector decouples from the Standard Model and the
tree level expressions for the Standard Model Z boson mass is recovered, while the Z’ mass
limits to M7 which is the overall scale of new physics in the StSM. As discussed above, the
physical fields EE = (Z,,, Z,, Aji) are related to the fields VE = (CM,BM,Ai) through the
orthogonal transformation V,, = RE,,. The matrix R is easily formed from the eigenvectors
&), so that one may write R = (£),,&),,&),), where

12 M%e MSV—)\,'
- M2 4 2 .
‘ Me  Mp—X\* (M —A Mgty ME= 2.8
.= D e— W 2 .
A —M‘%Vtw M12 — )‘2 MI%VtW M‘%Vtw
1

and where {);} are the eigenvalues of the mass matrix of eq. (R.5) as given above.



2.2 Neutral current interactions of the StSM

The interaction Lagrangian in the neutral sector of the StSM, involving the couplings of

visible matter to the gauge fields, is given by

LN =9gum Z f’y“[(vf —Ysaf)Z, + (v} — 75@})ZL]f +eA) <‘7{; + j;’f) ) (2.9)
f

Here gy = (\/EGFM%)U2 = 1/93 + g% /2, and the electrical charge e is given by

1 1 1
= (14 2.10
R A A .

where e limits to the SM relation as ¢ — 0. The couplings to the Z and Z’ gauge bosons
are then determined to be

vy = (CWR?)Q - SWRQQ)T;} + 2@f8wR22

2.11
af = (cw Rz — swRa)T7, @11

v} = (ew Ra1 — swRa1)T} + 2QpswRa

2.12
ay = (ew Ra1 — swRa1)T7}, (2.12)

where ey = g2/1/93 + g%, and sw = gy /1/ 95 + g% In the limit € — 0 one has R31, Ra1, —
0, Reo — —sw and R3y — cw (see Egs. (R.§)), so that vy — vp(SM) = T]‘? —2QysY,
and ay — ay(SM) =T ]‘:’ The coupling structure of the Stueckelberg Z’ gauge boson with
visible matter fields is suppressed by small mass mixing parameters thus leading to a very
narrow Z' resonance. As will be discussed in Sections (6-8), such a resonance may be
detectable via the Drell-Yan process at the LHC by an analysis of a dilepton pair arising
from the decay of the Z’. The partial fermion decay widths of the StSM Z’ are given by

(7 —vo) = G My [0} + a)f] (2.13)
6v/ 27

[(Z' — ee) = C;F\/];T% My [v2 + o] (2.14)

(2 — ua) = NCC;FT];?MZ/ v +a?] (1+2) (2.15)

I(Z' — dd) = NCC;FT];?MZ/ [v? + al?] <1 + %) (2.16)

[(Z' —tt) = 0(My — 2mt)NcC;FT];?MZ, 1- <]2\Zt>2 (2.17)

m? m? o
X [U{? (1 + zMé/> +a? (1 — 4Mé,>] <1 + ?s) :
where N, = 3 and we have included the leading order QCD corrections, but neglected the

relatively small electroweak corrections and fermion masses except for the top quark mass.
Additionally for My > 2Myy, the Z' can decay into W W~ which is determined by the
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Figure 1: The StSM Z’ branching ratios into ff and W+ W~ final states as a function of the Z’
mass with f = u,t,e,d,v with e = 0.06. Besides the exceptionally narrow total decay width, the
large branching ratio of the StSM Z’ into charged leptons further distinguishes this model from
other Z’ models.

triple gauge boson vertex,
Lzww =igaRsy [WiLWHZY + W W2z + WHW 7], . (2.18)

The WTW ™ decay width is then given by

2 p2 M4, M2 2
0N(Z - WW™) =0(Mg — QMW)g2R31MZ/ A [1 —4 W]

1927 M, M2,
M3 M4

14202 4 19— W 2.19

X |: + M%/ + Mg/:| ) ( )

in agreement with previous analyses of Z’ decays [P0, RJ]. The WTW ™~ decay mode is
suppressed by the small factor Rsp, the element of the rotation matrix which indicates the
mixing between Z’ and A3 gauge bosons. The I'(Z' — W+W ™) width is typically small
relative to I'(Z" — Y, fif:). It will be shown in the following sections that € is severely
limited by the electroweak constraints which leads to a Stueckelberg Z’ resonance with a
very narrow decay width. Thus the Z’ decay width lies in the < 100 MeV range with M/



lying in the several hundred GeV to 1 TeV range. In figure [l| it is shown that the Z’ decays
into quarks and leptons will dominate the total Z’ decay width, as the W W~ decay mode
is roughly the same size as one species of v mode. One may note that the branching ratio
of Z' into the charged leptons is relatively large compared to what one has in conventional
models. This is due to the StSM Z’ couplings being dominated by the hypercharge of the
particle in the final state. Thus, the isospin singlet [z which has a hypercharge Y = —2
contributes a significant amount which makes the charged lepton contribution comparable
to the up quark contribution overcoming the color factor. The above also indicates that
this Z’ model can be efficiently tested in an ete™ collider with polarized beams where one
could check on the Ip vs. I couplings. Such an experiment will be possible at the ILC.
The above, coupled with the Drell-Yan analysis is a prime example of the physics interplay
between the ILC and LHC [E(].

3. The Stueckelberg extension of LR symmetric models

3.1 Mass matrix and interactions

Next we discuss the Stueckelberg extension of the Left-Right Symmetric model (abbreviated
by StLR) introduced in [f]. The gauge sector of this group is given by SU(2)r, x SU(2)g x
U(1)p—r x U(1)x with gauge bosons A7, A%, B*,C*. As in LR models we assume the
Higgs sector of the model to include SU(2);, and SU(2)r doublets @5, r and a SU(2), x
SU(2)g bi-doublet £&. We take the Lagrangian for the extended model to be

Lsiir = Lst + LiR, (3.1)

where Lg; is the same as in StSM and is given by eq. (£.3), and where Ly is the standard
Left Right Symmetric Lagrangian 23] which we display below to define notation

1 N N v
Lir = —§T1“ (FL;wFf ) - §Tr (FRWFg ) - ZBWBM (3.2)
+gAS Tt + gA%, Tot + g BuJh_; — (D"®1)' D, @,
— (D"®R) D, @R~ Tr [(D“f)T (Dué)] —V(®r, PR, §).

We work with the manifest L-R symmetry ¢ = gof = ¢or, and we use the notation
¢ = gpr. The set of Higgs multiplets under one pattern of symmetry breaking takes the
form (1) = vy /v2, (PR) = vr/Vv2, and

1 k 0
(&) = 7 <O 4) ; (3.3)

with £ < k < vg, vpvg = yK% and 7 being the ratio of Higgs-particle self-couplings [27].
The mass squared matrix in the neutral sector is given by

M} My My 0 0
M2 = | MM g (] UR) 2 HME g —199'"vh
0 —399'v% 19° (V7 + 52+ 6%) —30% (K* + K7?)
0 —199'v%, —19* (52 +12) 197 (vh +K° + )

(3.4)



which enters in the Lagrangian through
1~ ~ ) -
LsiIr D —5123 MG pV*  with VI = (Cu, By, A}, A%). (3.5)

The matrix of eq. (B.4) contains a massless mode, i.e. the photon, and three massive modes
Z,7',7Z". We arrange the eigenvalues of M3, ; in the order

MSQtLRfdiag = dlag (M%’7M%707M%”) ) (36)
with the corresponding eigenvectors
T

& = (2,20, A, 2) (3.7)

where V* and E* are related by VF = O&H, where O is an orthogonal matrix, OTO = I.
In our notation A}, Z,,, ZZ are the usual modes in the LR model and Z L is the new mode
arising due to mixing with the Stueckelberg sector. In this model the neutral current
interactions have the form

g Z A vy —ysa5) 2, + (v} — 75(1})2;2]]” +eA), (jg_L + j;’ﬁ n j;ﬁ) (3.8)
f
where e is given by
1 1 1
== ?(1 — )+ ga +é?) (3.9)

and where gy is related to g = gor, = gog and g, = ¢’ by 1/¢2 = 1/¢> + 1/g%;. The
above relations limit to the standard LR relation as e = My/M; — 0.

The vector and axial vector couplings of Z and Z’ to the matter fields are determined
as in Section R.q and are,

v = ——[9(Os2 + On)T} + ¢ O (B — L)

ar = 921 v [g(o —0 )T3] (3.10)
f \/M 32 42)1L 7l
/ = 1 T3 / B _ L

vf ggl_i_g%/ [9(031 + 041) f +g 021( )f] (3 11)
I = 3 .

ay = \/gng—g%[g(O:ﬂ - (941)Tf].

The StLR Z’ and StSM Z’ share remarkably similar properties. A comparison between
these two models is exhibited in Table (2). The analysis shows the interesting phenomenon
that although the maximum allowed value of € in the StLR is somewhat larger than in the
StSM, the constraints on the axial-vector and vector couplings of the Z’ with quarks and
leptons and on the couplings with W W ~ are very similar to those in StSM. Consequently
the branching ratios of the Z’ into these modes are very similar. Thus as in the case of
the StSM, one also finds that in the StLR, the dominant contribution to the decay of the
Z' is from the quark and lepton final states. Restrictions on the parameter space of the
limiting form of the StLR, which is the LR model, show that the decay into the extra heavy
WHW ™ final state is not kinematically allowed.



4. Constraints on the U(1)yx extensions

4.1 Constraint from the correction to the Z mass

We use the variational technique of ref. B3] to derive the shift on the Z mass due to the
effect of mixing with C),. In general, for a real symmetric n x n matrix, the eigenvalue
equation is an n'* order polynomial in A

F() =Y c¥r=o. (4.1)
k=1
The correction to an eigenvalue \; due to a set of perturbation d; may be written as
N ON - 05, F
AN = 6 :—Zék< L > , (4.2)
o 9% k=1 O ) a=x;,

where X}, = lims, o A;. For the U(1)x extended theory we have after factoring out the
zero eigenvalue the equation F(\) = CPNX2 + CWX 4+ CO) with

o =1
O = —(MZ + M? + M32) (4.3)
CO = MPMG + MZM3c}y,,

where we are interested in the shift on the Z mass (as given by eq. (B.1)) due to the
perturbation § = MZ. The above gives

1 _
AMy ~ —§M03%V(1 — MZ/MP)LeR (4.4)

To determine the allowed corridors in € and M, we follow a similar approach as in the
analysis of Refs. [P4, P] used in constraining the size of extra dimensions. We begin by
recalling that in the on-shell scheme the W boson mass including loop corrections becomes

2]
9 e’

M, ;
W 2Grsh,(1— Ar)

where the Fermi constant G and the fine structure constant o (at Q? = 0) are known to

(4.5)

a high degree of accuracy. The quantity Ar is the radiative correction and is determined
so that Ar = 0.0363+0.0019 [R7], where the uncertainty comes from error in the top mass
and from the error in a(M2). Since in the on-shell scheme s, = (1 — M3, /M%) one may
use eq. (f.) and the current experimental value of My = 80.425 + 0.034 7] to make
a prediction of Myz. Such a prediction within the SM is in excellent agreement with the
current experimental value of Mz = 91.1876 4+ 0.0021. Thus the above analysis requires
that the effects of the Stueckelberg extension on the Z mass must be such that they lie in
the error corridor of the SM prediction. From eq. ({.5) we find

1 — 2sin® Oy S My ? tant Ow (0ATr)?
oMz = MZ\/( cos3 by My > * 41— Ar)2 - (46)




Equating the StSM shift of the Z mass, eq. ({.4), in the region M? > M2, to the SM
error corrider of the Z mass, eq. ([L.6), one finds an upper bound on ¢ [

le| < .061/1 — (Mz/M;)2. (4.7)

4.2 Constraints from other precision electroweak data

Next we investigate the implications of the previous analysis on the precisely determined
observables in the electroweak sector. We follow closely the analysis of the LEP Working
Group [R7 (see also Refs. [B§, BY]), except that we will use the vector (vs) and the axial
vector (ay) couplings for the fermions in the StSM. The couplings of the Z to the fermions
in the StSM are elevated from the tree level expressions of Egs. (B.1]) to

vp = /prllew Raz — swRa2) T} + 2k Q psw Roa)

4.8
af = \/p—f(Cm/Rgg — Sngg)TJ‘?, ( )

where py and £ (in general complex valued quantities) contain radiative corrections from
propagator self energies and flavor specific vertex corrections and are as defined in Refs.
BJ, B7. The decay of the Z boson into lepton anti-lepton and quark anti-quark pairs
(excluding the top) in the on-shell renormalization scheme is given by [§, B(]

D(Z = [f) = NfRToy/1 — 4 [|vf|2(1 +205) + lagP(1 - 4;@)] , (4.9)

N¢—1
Ry = <1 + 5]?ED> (1 + fTal?CD> , (4.10)
k1s"
0FFP = EQ%, (4.11)
2 e\ 3 oo
§RCD _ Y5 |y y <O‘—> —12. (—) % 412
7 — 1409 (— 77 (- Qs (4.12)

Here a and a are taken at the My scale, while N¢ = (1, 3) for leptons and quarks. In the
above, I', = GFM%/G\/iﬂ, and py = mys/Myz. The total decay width (I'z) of the Z into
quarks and leptons, in the visible sector, is just the sum over all the final states.

We also investigate the effects of mixing with the Stueckelberg sector on the following
Z pole observables

I'(had)
= 4.1
By r(+-)’ (4.13)
I'(qq
R, = 4.14
" T'(had)’ (4.14)
127T(ete™ )T (had)
Ohad = M2TZ ; (4.15)
2uray
v¥ + ay
0, 3
ALD TAA;. (4.17)



StSM Electroweak Fit

Quantity Value (Exp.) StSM APull
T, [GeV] | 24952 + 0.0023 || (2.4952-2.4942) | (0.2, 0.6)
Ohea [0b] || 41.541 £ 0.037 || (41.547-41.568) | (-0.3, -0.9)
R. 20.804 + 0.050 || (20.753-20.761) || (-0.1, -0.2)
R, 20.785 + 0.033 || (20.800-20.761) || (-0.1, -0.4)
R. 20.764 + 0.045 || (20.791-20.807) || (-0.1, -0.3)
R, 0.21643 + 0.00072 || (0.21575-0.21573) || (0.0, 0.0)
R, 0.1686 + 0.0047 | (0.1711-0.1712) || (0.0, 0.0)
AL 0.0145 + 0.0025 || (0.0168-0.0175) || (-0.2, -0.5)
ALH 0.0169 + 0.0013 | (0.0168-0.0175) || (-0.3, -0.9)
AL 0.0188 £ 0.0017 || (0.0168-0.0175) || (-0.2, -0.7)
ALH 0.0991 £ 0.0016 || (0.1045-0.1070) || (-0.8, -2.3)
Al 0.0708 £ 0.0035 || (0.0748-0.0766) || (-0.3, -0.8)
ALY 0.098 + 0.011 0.105-0.107) (-0.1, -0.3)
A, 0.1515 + 0.0019 | (0.1491-0.1524) || (-1.0, -2.8)
A, 0.142 + 0.015 (0.149-0.152) | (-0.1, -0.4)
A. 0.143 + 0.004 (0.149-0.152) | (-0.5, -1.3)
A, 0.923 + 0.020 (0.935-0.935) (0.0, 0.0)
A, 0.671 + 0.027 (0.669-0.670) (0.0, 0.1)
A, 0.895 %+ 0.091 (0.936-0.936) (0.0, 0.0)

Table 1: Results of the StSM fit to a standard set of electroweak observables at the Z pole for ¢

in the range (.035 —.059) for M; = 350 GeV. The Pulls are calculated as shifts from the SM fit via
APull = (SM — StSM)/éExp and Pull(StSM)=Pull(SM)+ APull. The data in column 2 is taken

from ref. @] .

Using the above we have carried out a fit in the electroweak sector on the quantities
sensitive to mixing with the Stueckelberg sector. A summary of the analysis is presented
in Table (f[) for M; = 350 GeV and e lying in the range (0.035-0.059). The analysis of

Pulls in Table ([]) indicates that the fits are excellent. Indeed for the case e = .035, the

StSM gives essentially the same y? fit to data as the SM. For the case € = 0.059 the Pulls

are again of the same quality as for the SM when Ag)g) is excluded but somewhat larger

when Ag?g) is included. However, A;gg) is known to be problematic even in the SM. Thus,

for example, A(ﬁgg) lies in the range [-2.5,-2.8] in the analysis of ref. [R7 and it is implied
that the significant shift could be the result of fluctuations in experimental measurements.
It is similarly stated in ref. [BQ] that at least a part of the problem in this case may be
experimental. The above appears to indicate that A(ﬁgg) is on a somewhat less firm footing
than the other electroweak parameters. The constraints on the Z’ of StLR are very similar
to the constraints on the Z’ arising in StSM and we do not give a separate detailed analysis

of it here.

,10,



Comparing the StSM and StLR

| Quantity | StSM | StLR |
e = My/M, .060 071
My [GeV] 500 500

(v, ,a,) || (0.014638, 0.014638) || (0.014615, 0.014621)

(0., d.) | (0.042401, -0.014638) | (0.042352, -0.014621)

(., d,) | (-0.023388, 0.014638) | (-0.023363, 0.014621)

(v, aly) (0.004375, -0.014638) || (0.004374, -0.014621)
Ty [GeV] 0.0297 0.0299
Br(ver,) 2.36% 2.60%
Br(ete™) 12.33% 12.33%
Br(uu) 14.52% 14.42%
Br(dd) 4.45% 4.42%
Br(tf) 10.93% 10.85%
Br(W+w-) 2.60% 2.56%

Table 2: Comparison of the Z’ branching ratios in StSM and StLR model at Mz = 500 GeV
for the maximum allowed value of € consistent with the analysis of Sec. @I) The couplings and
branching ratios for the Z’ in the two models turn out be remarkably close.

4.3 LEP-II constraints

In addition to the above one may also utilize the LEP-II data above the Z pole in con-
straining models. These constraints can be efficiently parameterized in terms of contact

interactions such that [B1}, B3, [§

447
(14 8ep) (AZh)?2

Leontact = (é’YMPAef:YuPBf) (418)

where A, B denote left and right chirality (i.e Pa—r,r = (1 F75)/2), 6y = 1,0 for f =
e,(f # e), and where the constraints on Ajé, have been given for various A, and f in
ref. [BJ]. Thus, the LEP-IT bounds on A’s are of the order (1-20) TeV, with the strongest
experimental constraint coming from A‘J;lv > 21.7 TeV.

To examine the effect of the LEP-II constraints from contact interactions we compute
the A parameters, as predicted by the StSM (or StLR), and compare our limits on Ajé
with the experimental bounds. The Z’ contact interactions can be written as (see eq. (2.9))

Ly =gm Y (Lyfir* fr+ Ry fer* fr)Z,,, (4.19)
f
where
Ll — / !/
;T (4.20)
Rf =y — ay.

— 11 —



600

+1
> AI;L[
AE
/\élr
500 | —-w /\Eq:a
+
- AYY
AE
- "
[ Ay >2L7Tev
%
400 1
>
(0]
=
300 1
T2 S
<

200

LEP Il Contact Terms Constraint

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Z Prime Mass [TeV]

Figure 2: An exhibition of A’s defined by eq. ({.21)) as predicted in StSM using the constrained
values of (¢, Mz/) from the Tevatron (lower wiggly part of curves) and LEP-I bounds (upper linear
part of curves) of ref. [f]. We note that the limits exhibited above lie significantly above the limits
given by the LEP-II analysis of ref. [@] In particular, in the analysis exhibited above, the smallest
A arises for the case A4y and its lower limit is 50 TeV while the largest A from LEP-II constraint
is 21.7 TeV [B]. Thus the data from LEP-II contact terms put no further constrains on the StSM
parameter space beyond the LEP-I and the Tevatron constraints.

From the above we obtain in the limit M%, > s, where /s is the C-M energy of the process
ete™ — ff , the following relation
f 47 MZ’

where C'Yy g = L}, R}, v}, d.

In figure f] we give the analysis for the constraints imposed by the LEP-II data on
the contact interactions, where the couplings C’ Q,B of eq. ([:21)) have been calculated with
the (e, Mz/) constrained values from the Tevatron and LEP-I bounds of ref. [ff], (see also
Section (6.9)). We note that the lower limits on A’s exhibited in figure [ lie significantly
above the limits given by the LEP-II analysis. In particular in the StSM analysis the
strongest limits on A arise for the case f = I, A = B = R. The reason for this is that

the Z’' couplings are dominated by the hypercharge and the hypercharge is the largest for
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the right handed lepton. In this case we find from figure fJ that the smallest value of A%r
is ~ 50 TeV which is roughly a factor of 5 larger than the experimental bound for this
case, and more than a factor of two larger than the strongest constraint of 21.7 TeV for all
channels given by LEP-II [BZ. Thus, the limits arising from the LEP-II data on contact
interactions [BJ provide no further constraints on the StSM than those already imposed by
the LEP-I and the CDF and D@ constraints. Our result here coincide with the observation
of [[§ regarding the LEP-II constraints when the Z’ couplings are very small.

5. Comparison of the Stueckelberg 7’ and classic Z' models

5.1 The Stueckelberg Z’' and the CDDT parametrization

It is instructive to compare the Stueckelberg Z’ model with other Z’ models. For this
purpose it is convenient to use the parametrization of the orthogonal matrix R in terms of

angles [
CpCp — SSpSehp —SohCp — S9SpCyp —ChS¢
R = CypSg T S9CHSy —SypSg T SeCHCy  CoCy s (5.1)
—CySy —CyCy Sp

where M

tan(¢) = 22—, tan(f) = v cos(¢) = tan (O ) cos(¢), (5.2)
My 92
tan(0) t M?2

tan(y) = an(6) tan (o) My (5.3)

cos(0) (M2, — M3, (1 + tan*(0)))

The SM limit, again, corresponds to € — 0 which implies tan(¢), tan(¢)) — 0 and 6 — Oy .
Using eq. (5.]) we may write the photon field A}, in the form

AZ = —Cgs(bcu + C@C¢BM + S@Ai, (5.4)

which shows that the photon field contains a component outside of the set (B, Ai) while
in the conventional Z — Z’ models the photon field is just a linear combination of the fields
(By, Ai) This is what sets the StSM model apart from the conventional models. To carry

out the comparison with the Z — Z’ models a bit further we might try to mimic the Z — 7’
models by introducing “ rotated fields ” B{; and C*

BY = B'cos¢ — C*sin ¢
CH = B*sing + C* cos ¢, (5.5)

where the rotation depends only on €. In terms of new variables the physical vector fields
in StSM are

Al = W3 sin 6 + Bﬁ cos 6
ZF = (W3 cosf — B sin) cos ¢ + C*sin 1)
7'M = C*costp — (W3 cos @ — B sin ) sin¢), (5.6)
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where W3 = A3, The mass terms for a generic Z — Z’ mixing model with the gauge
group SU(2)r x U(1)y x U(1)z are typically given by [[L§]
2 2 2

v v v
%(QWBH — gy B" — 2, 97B,)* + %(!JW?’“ — gy B* — 21,92 BY)* + f(%ngé)Q (5.7)

where g7 is the U(1)z gauge coupling constant and BY, is used to denote the U(1); gauge
field. Here the eigenvectors for the photon, Z and Z’ are as follows

Al = W3 sin Oy + B* cos Oy

ZF = (W cos Oy — B"sinfy ) + ez B,

Z'" = BY — ez (W cos Oy — B"sin Oyy) (5.8)
where )
M2,
€7 = —524— (5.9)
M2, — M3

and where Mz, Mz and dM3,, are given by

g (v}, +vE,)

M2 = 1+ O(e2
Z Lcos2 Oy [1+O(ez)]
2
M = L2 vk, + bk, + 25031+ O())
99z
6M%Z/ = —m(ZHl'U%{l + ZHQ/U%JQ)' (510)

Using the rotated fields one finds that there is some similarity between the expressions
for the physical fields in eq. (f.§) and in eq. (f.§). However, this similarity is superficial
and a closer scrutiny of the mass matrices reveals that there is no limiting procedure
connecting the sets of expressions. Of course this should be rather obvious since the
symmetry breaking in the Z — Z’ models arises only from the Higgs sector while in StSM
such a breaking arises both from the Higgs sector and from the Stueckelberg sector. Further,
in Z — Z' analyses ez is severely constrained by LEP data ( |ez| < 1073) and is either
neglected [[[§, B3] in the diagonalizaton procedure or the case considered is zp, = 0 with
tan § = v, /vm, 2 10 . In either case, these extensions do not allow for narrow resonances
of MeV size widths. The mass matrix given in eq. (R.5) is also valid for the minimal
Stueckelberg Supersymmetric Standard Model [StMSSM] [B]. Some of the experimental
implications of StSM and of StMSSM particularly with regard to the eTe™ colliders were
investigated in ref. [J]. However, the implications at hadron colliders and specifically at
the LHC were not discussed and this is the main topic of discussion in this paper. In
summary the Stueckelberg extended models form a new class outside the framework of the
usual Z — Z' mixing models given generically by Egs. (b.7H5.1() and there is no limiting
procedure connecting these models with the StSM.

6. LHC observables and constraints on the StSM parameter space

6.1 Drell-Yan cross section for pp — Z' — [T1~

Next we discuss the production of the narrow Z’ by the Drell-Yan process at the LHC. For
the hadronic process A + B — V + X, and the partonic subprocess qg — V — [T1~, the
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dilepton doubly differential cross section to next to leading order (NLO) is given by

d?0 4R
dM2dz ~ s Z

it 2
dz + dz WiaB(gq) (s, M7). (6.1)

WiaB(qa)( / / dzdyd(r — 2y)Papgq)} (@, Y),
P{AB(QQ) (z,y) = fo.a(x)fa.8(y) + fz.4(7) fo.B(y) (6.2)

Here the dimensionless variable 7 = M?/s relates the invariant mass M of the final state
lepton pair to the center of mass energy /s of the colliding hadrons and z = cos6*,
where 6* is the angle between an initial state parton and the final state lepton in the
C-M frame of the lepton anti-lepton pair. The term do®M /dz is the Standard Model
contribution, do!/dz is the contribution from the Stueckelberg sector, and do*=M /dz
is the interference term between the Standard Model and the Stueckelberg sectors. The
parton distribution functions (PDFs) which we denote by f, a(z) give the probability that
a parton of type ¢ has a fracton x of the total hadron four momentum. The dependence
of fg a(x) on the mass factorization scale @ = M is implicit. For the LHC A = B = p,
and one must note that quite generally that fy 4 = f; 5 and fza = f, 5. The Drell-Yan
K factor is as discussed in detail in Refs. [B4, [[§, [[d, RS, B4]. The invariant dilepton

differential cross section is at NLO

doap 2M
av ~ K 27 OF) Weasan (7). (6.3)

where the partonic cross section, 0,44, is defined by integrating the term in square brackets
of eq. (B.1)) over the variable z and is computed in Ref. [f. While do/dM is sensitive to
the interference term, the integral over dM is not. Thus for the computation of do/dz one
may just use the Z’ pole contribution in eq. (b.d). Using the analysis of Ref.[f] for the
partonic process ¢¢ — |71~ one finds that for pp collisions the integration of the third term
of eq. (b.1) over M? yields the angular distribution for the StSM Z’ model

doap K GZ M4MZ/
dz s > Wianap (s, M%/)% (14 2%)(aZ + v2)(af +v)] . (6.4)
q

A further integration over z gives the production cross section for the Stueckelberg Z’
gauge boson

_ ™
OAB - BT(ZI — 1" ) = K& Zq: CqW{AB(qq)}(S, M%/), (6.5)

where dimensionless C, are given by

C, =293,Br(Z' — l+l_)(a;2 + vf), qg=u,d (6.6)
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and where g2, = v2GpM2%. The C, — C,; parameterization is as defined in ref. [[§] ! and
allows one to use experimental limits set on the dilepton final state production cross section
without making reference to the PDF's; the couplings of a particular model are needed only,
if the experimental limits are known. In fact, such a paramerization is perhaps the first
step in solving the potential ”LHC inverse problem” [B7 for the case of the Z’ as one can
directly map between the signature space and the parameter space in a very simple way.
The relation between C,, and Cj is

Cu (W2+ad? Br(Z — ua)

R — ~Y — . 6-7
Cq (WE+d?) Br(Z —dd) (6.7)

Although C(, 4y are functions of € for the StSM, the ratio is in fact independant of €. The
formulas given in this section are also valid for the case of the StLR via transcribing the

couplings as laid out in eq. (B.11)).

6.2 Constraints on the StSM parameter space from the CDF and D@ data

As discussed above the C,-Cy parametrization [[§] provides a useful technique to explore
the limits on new physics and allows one to distinguish among various classes of models.
For instance, in the C, — Cy plane the C,, and Cy predicted in the StSM lie inside a band.
The band structure for StSM arises since the ratio C,/Cy as given by eq. (.7) lies in the
range 2.49 ~ 3.37 for My lying in the range 200 ~ 900 GeV. Similarly, the C, and Cy
predicted in the ¢ + zu model [[I§] also lie in a band, while the C,, and Cy for the B — zL
model [[§ live on a line. In figure ff we give a numerical evaluation of the C, and Cj
using the most recent CDF data of 819 pb~! in the dilepton channel BY. The C,-Cy
exclusion plots of figure [] can be used to constrain € for a given M. These constraints are
consistent with the constraints derived using a smaller data sample of approxomately 275
pb~! which, however, uses the more sensitive D@ mode [@] In addition to the above, one
also has constraints on the parameter space from the non-observation of the Z’ from the
CDF and DO data [B§-[]. These constraints were shown to limit values of (¢, Mz/) in [,
while still allowing for the possibility of a narrow StSM Z’ which could even lie relatively
close to the Z-pole.

7. Discovery reach of LHC for StSM Z’ boson

7.1 0-Br(Z' — 1*17) at the LHC

Next we give an analysis for the exploration of the Z’ boson at the LHC. Before proceeding
further it is instructive to examine the shape of the do/dM as a function of the invariant
mass M. This is exhibited in figure f] where the plots are given for an array of values of
e (ranging over the set {.03,.06,.1,.15,.2} where the larger values of € are taken only for
illustrative purposes) for the case when M; = 1 TeV. One can appreciate the narrowness of
the Z' pole from these plots. This type of shape and width is strikngly different from the

1We note that the analysis of ref. [@] absorbs a factor of 8 in their PDF's contained within the function,
defined as W/
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Figure 3: Excluded regions in the C\,, — Cy plane from the current 95% C.L. limit for o - Br(Z' —
IT17) given in [B] at 819 pb~! for different Z’ masses, labeled as M in the figure. The shaded
green band is the region where the StSM model lies and where 2.49C; < C,, < 3.37Cy4. The light
straight line corresponds to C, and Cy in the B — 2L model where C,, = Cq (see [L§]). The
area between the two black straight lines is the region where the ¢ + xu model lies and where
(3 -2v2)Cy < Cy < (34 2v/2)Cy. The 10 + x5 model is constrained below the dashed red line
which corresponds C,, = 2Cj.

ones encountered in the conventional Z’ models [[lf] and also in Kaluza-Klein excitations
of the Z boson in large radius extra dimension models [43, iJ].

The quantity that will be measured experimentally at the LHC is o,-Br(X — [T17) =
o - Br(X — I™17) in the process pp — X — [Tl~ where X is a neutral resonant state
produced in pp collisions which can decay into a lepton pair. Here we give a theoretical
analysis of this quantity for the case when X = Z’, and in the next section we will consider
the case when X = G, the spin 2 graviton of a warped geometry. In the analysis of
o-Br(Z' — 1%17) we will discuss two regions: a low mass region with the dilepton invariant
mass M;; up to 800 GeV and a high mass region with M;; extending from 800 GeV up to
the maximum relevant mass reach of the LHC. The reason for this ordering is as follows:
the region with M;; up to 800 GeV has already begun to be explored at the Tevatron
using up to about 1 fb~! of data, and the CDF and D@ data puts constraints on € as a
function of the dilepton invariant mass. Thus in the analysis of the low mass M;; region at
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Figure 4: The invariant dilepton differential cross section, do(pp — Z' — IT17)/dM as a
function of the dilepton invariant mass for various € values. The plot exhibits the narrow widths
at the Z’ pole. The dashed curve corresponds to € = .06. The shapes of these curves illustrate the
exceptionally narrow resonance widths of the StSM Z’ with distinct distributions.
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Figure 5: The production cross section o - Br(Z' — [T17) [pb] in the StSM at the LHC in the
low mass region with the inclusion of the LEP and Tevatron constraints. The curves in descending

order correspond to values of € from .06 to .01 in steps of .01.

the LHC we can incorporate these constraints. However, one has no direct constraints in
the dilepton invariant mass region above 800 GeV, which explains the separate analyses of

o - Br(Z' — IT17) for the low and high mass regions.
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Figure 6: The production cross section ¢ - Br(Z’ — (*17) [fb] in the StSM at the LHC in the Z’
high mass region up to Z’ mass of & 3.5 TeV. The curves correspond to values of € ranging from
.06 to .01 in descending order in steps of .01. The StSM production cross sections sit several orders
of magnitude below those of other Z’ models.

We begin with an analysis of o - Br(Z’ — [T17) in the low mass region where we
use the constraints on (e, M) as obtained in ref. [[] using the cross section limits from
Bd]. The results are displayed in figure [|. As expected one finds that the current data
on o - Br(Z' — I*17) constrains only the mass region of Z’ for values My < 350 GeV.
We note that for € as high as &~ .04 one may have an StSM Z’ as low as 175 GeV, while
with a Z’ mass of 250 GeV, € may be as high as ~ .035 within the current experimental
limits. Next we discuss the high mass region for the StSM Z’. As discussed above the high
mass region of StSM Z’ remains unconstrained by the CDF and D@ data, and thus in this
region only the LEP electroweak constraints apply. The analysis of figure f gives a plot
of 0 - Br(Z' — 1*17) as a function of My in the high mass region for values of € ranging
from .01 to .06 in ascending order in steps of .01. From figure fj and from the analysis of
Refs. [B3, {4] for other Z’' models one infers that the production cross section for StSM
7' lies orders of magnitude below those for the Z’ production in E6 models and other Z’
models. The size of o - Br(Z' — It17) thus provides a clear signature which differentiates
the StSM Z’ model from other Z’ models.
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7.2 Signal to background ratio

The dilepton channel will be analyzed at the LHC in the ATLAS [p§] and CMS [B9] detec-
tors, and as is discussed below, both detectors have the ability to probe the narrow StSM
Z' boson. Experimentally, the discovery of a narrow resonance depends to a significant
degree on the bin size for data collection with the chance of detection increasing with a
decreasing bin size. This is so because the integral over the bin is effectively independent of
the bin size for the signal (assuming the narrow resonance falls within the bin). However,
this integral is essentially linearly dependent on the bin size for the SM background. In
the analysis of the SM background we have included the Z, vy, and v — Z interference terms
in the Drell-Yan analysis, but have not included the backgrounds from other sources such
as from tt,bb, WW, W Z, ZZ etc. However, these backgrounds are known to be at best a
few percent of the Drell-Yan background [pj]. Regarding the bin size, it depends on the
energy resolution og/E of the calorimeter. For an electromagnetic calorimeter the energy
resolution is typically parameterized by op/FE = a/ VE @®bPc/E where addition in quadra-
ture is implied [69). The term proportional to 1/v/E is the so called stochastic term and
arises from statistic related fluctuations. The term b is due to detector non-uniformity and
calibration errors, and the term c is due mostly to noise. For the ATLAS detector (liquid
Ar/Pb) the energy resolution is parameterized by [d] o = 10%/vVE & .4% @ .3/E and for
the CMS detector (PbWOy) it is parameterized by o = 3%/VE @ .5% @ .2/F where E is
in units of GeV. From the above we find the following relations for the bin size B (taken
to be 6og) at the mass scale M (M is measured in units of TeV)

Barras = 24(.625M + M? + .0056)/2GeV
Bens = 30(.036M + M? + .0016)"/2GeV. 1)

For M > 3 TeV, the M? term dominates in eq. (7)) and the bin size goes linearly in M, so
Batras ~ 24M GeV and Beums ~ 30M GeV for large M. A plot of bin sizes as a function
of the mass scale is given in figure [] for the two LHC detectors. One finds that at low mass
scales the CMS has a somewhat better energy resolution and thus a somewhat smaller bin
sizes and at large mass scales ATLAS has a somewhat better energy resolution and thus
a somewhat smaller bin size with a cross over at M ~ 1 TeV. However, on the whole the
energy resolution and the bin size of the two detectors are comparable within about 10%.
For the StSM Z’ the analysis of figure |§ shows that the signal to background is greater
than unity in significant parts of the parameter space, and in some cases greater than 4,
thus illustrating that the LHC has the ability to detect a strong signal for a StSM Z’.

7.3 How large a Z' mass and how narrow a Z’ width can LHC probe?

In figure | we give the discovery reach for finding the StSM Z’ with various values of €
as a function of My for integrated luminosities in the range 10 fb~! to 1000 fb=!. The
criterion used for the discovery limit in the analysis given here is an assumption that
5v/Ngs events or 10 events, whichever is larger, constitutes a signal where Ngy; is the SM
background, and we have scaled the bin size with My appropriate for the ATLAS detector
with a conservative lower limit of 20 GeV below .5 TeV. In this part of the analysis we
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Figure 7: A plot of the mass window or bin size as a function of the mass scale for the ATLAS
and CMS detectors.

have assumed that detector effects can lead to signal and background losses of 50 percent
(see Section (B.2))). If better efficiency and acceptance cuts are available, the discovery
reach of the LHC for finding a Z’ will be even higher than what we have displayed. With
an assumption of efficiencies as stated above, one finds that with 100 fb~! of integrated
luminosity, one can explore a Z’ up to about 2 TeV with € = 0.06, and this limit can be
pushed to ~ 3 TeV with 1000 fb~! of integrated luminosity. Further, one finds that for
1000 fb~! of integrated luminosity, one can explore a Z’ up to about 2 TeV for € as low as
< 0.02. Also displayed in figure [J are the discovery limits for different decay widths as a
function of the Z’ mass again for luminosities in the range 10 fb~! and 1000 fb~!. Here one
finds that the LHC can probe a 100 MeV Z’ up to about 2.75 TeV and a 10 MeV width up
to a Z' mass of about 1.5 TeV. A more detailed exhibition of the capability of the LHC to
probe the StSM Z’ model is given in figure [[(J. Here one finds that the StSM model with
a Z' width even in the MeV and sub-MeV range will produce a detectable signal in the
dilepton channel in the Drell-Yan process with luminosities accessible at the LHC. While
the analysis above is for the specific StSM model, the general features of this analysis may
hold for a wider class of models which support narrow resonances.

In figure [L1] we give a comparison of the LHC’s ability to probe the narrow StSM Z’
relative to other Z’ models [i5, [if] to address the question of how the StSM Z’ “stacks
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Figure 8: A plot of the ratio o - Br(Z' — 1Tl )sisnm/osm(Z,v — [T17) including the v — Z
interference term in the SM as a function of the Z’ mass for the ATLAS and CMS detectors
assuming the bin sizes as in figure ﬂ for values of € in the range .03-.06. The signal to background
ratio is larger for the CMS detector at low mass scales while it is larger for the ATLAS detector at
large mass scales with a cross over occuring at around 1 TeV.

up” to these models. In order to make the appropriate comparisons of the discovery limits
for the StSM with the other Z prime models we do not impose detector cuts on the StSM
Z' limits displayed in figure [L1], since such cuts were not imposed for the discovery limits
of other Z’ models shown in figure [ The analysis of figure shows that the StSM
Z', even with its exceptionally narrow width, may be probed on scales comparable with
models that have resonance widths of the order of several GeV or higher.

8. Comparison of Stueckelberg 7’ with a massive graviton of warped ge-
ometry at the LHC

As discussed above one finds that the Stueckelberg Z’' boson is a very narrow resonance
which sets it apart from all other Z’ models. However, there is another class of models,
i.e., models based on warped geometry [[, [[(] (labeled RS models), which can mimic
the Stueckelberg Z’ in a certain part of the parameter space as far as the narrowness of
the resonance is concerned. It was shown in the analysis of Ref. [[] that the signature
spaces for these two models lie close to each other in certain regions of their respective
parameter spaces, but the models are still distinguishable in the dilepton mass region
accessible at the Tevatron. Here we extend the analysis of their relative signatures to the
LHC energies. The geometry of RS models is a slice of AdSs described by the metric ds?
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Figure 9: A plot of the discovery limits of Z’ in StSM with the discovery limit defined by 5v/Ngar
or by 10 events, whichever is larger. The inflections, or kinks, in the plots are precisely the points
of transitions between the two criteria. Regions to the left and above each curve can be probed by
the LHC at a given luminosity. The top point on each curve corresponds to € = .061. The analysis
is done for the ATLAS detector but similar results hold for the CMS detector.

=exp(—2krc|¢|)nudardz” —rid¢?, 0 < ¢ < m, where r is the radius of the extra dimension
and k is the curvature of AdSs, which is taken to be the order of the Planck scale. We work
in the regime where the SM particles are confined to the TeV scale brane, while gravity is
propagating in the bulk [[], f4]. The effective scale that enters in the electroweak region is
the scale Ay = Mpjexp(—kr.r), and for reasons of naturalness it is typically constrained
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Figure 10: A plot of the discovery reach of the LHC for small StSM Z’ widths. The allowed
regions are to the right and below each curve for a given luminosity. This figure is a blown up
version of the very low Z’ width region of figure E

by the condition A; < 10 TeV. Values of k/M p1 over a wide range 107° — .1 have been
considered in the literature [[[9]. However, the range below .01 appears to be eliminated
from the electroweak constraints. In this analysis we consider the lightest massive graviton
mode .

8.1 Drell-Yan cross sections via a massive graviton of warped geometry

We consider the process pp — G — ff for the first massive graviton mode in the RS
model. The partonic production cross section for this mode receives contributions both

from quarks and gluons, and is given by [51, 2, b4, B4, b7

d(f% das% B 1 kM6 1

_ Aga(2) + A .
iz " dz 2320w Bul) T R ey e

(8.1)

The total decay width that enters above is given by the sum of the partial widths which

are 51, B3, (4]

- KM 13 14
= 1—40p)2 2+ = 46% ) 0(Mg — 2M 2
(G~ VV) = 65000 a7 (13 + Loy + 467 ) 00 - 20) (82
_ 2M3
LG — ff) = NCZQOf(l —45,)%%(1 + géf)e(MG —2my) (8.3)
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Figure 11: The discovery reach for Z’ in StSM (without detector cuts) and several other Z’
models at the LHC. The length of the bars indicate integrated luminosities of 10 fb™* (blue), 100
fb~' (black), and 1000 fb~' (red) using 10 events as the criterion for discovery [[i§, [[§. The
analysis indicates that the Z’ of StSM can be probed up to &~ 3.5 TeV at the LHC with 1000 fb~!
of integrated luminosity. With inclusion of detector cuts the discovery reach of the LHC for the
StSM Z’ comes down to about 3 TeV.

/§;2M3

D(G = g9) = = © (8.4)
K2M?

D(G = 97) = 1505 (8.5)

Here §; = mfc/MC%, Sy = MZ/MZ, and 6 = (1/2,1) for (V = W, Z). For the first massive
mode, « is given by [B3, b4, b4
k
K=v2-L 2 (8.6)
ma Mpy
where 21 = 3.8317 is the first root of the Bessel function of order 1, and Mp; is the reduced

Planck mass in four dimensions (Mp; = Mp;/+/87). The leading order angular dependance
is given in terms of (54, b6, F1

T 5 T 5
Agi(z) = — = (1 — 322 + 424 A =—— Z(1-2%. 8.7
q(I(Z) 8Nc8( z + z )’ gg(Z) 2(N62_1)8( z ) ( )
In the narrow width approximation we have to NLO
do€ 1 k*MS,  «
pp G 2 G
P _ il 8.8
dz (M&) 5 320m2 Mgl (88)

Z Aq‘?(z)w{pp(q@}(s’ MC2¥) + Agg(Z)Vv{mo(gg)}(37 Mé)
q
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Figure 12: A comparison of the allowed region in resonance decay width - resonance mass plane
for the Z’ in the StSM and the first graviton mode in the RS model. The dashed line is for the RS

case with k/Mp; = .01. The allowed (shaded) regions are constructed by utilizing the constrained
parameter spaces of StSM [l] and the RS model [47, i, BY].

where Wp,(4q) is defined in Section (6) and W, is defined by

W{pp(gg)} / / dzdyd(t — zy) fg.p(%) fg.p(Y), (8.9)

and the more strongly mass dependant RS K factor (K G) is discussed in detail in Refs.

7. The production cross section including the quark and gluon contributions is in the
narrow width approximation given by

1/<.:MG

— G
7 Br(G - 117) = KOQME) oo > Wit (5. ME) (810
6

510220 MargVirwtaan (8, M).

8.2 Signature spaces of StSM 7’ and of the warped geometry graviton

A relative comparison of the StSM and of the RS model is given in Table (J) where the
decay width of the Stueckelberg Z’ boson for the case e = 0.06 is given as a function of
the Z’ mass in the range (1000-3000) GeV, and the corresponding o - Br(G — [117) is

exhibited. Also shown are the decay widths for an RS graviton in the same mass range for
k/Mp; = 0.01.
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Production Cross Sections in the StSM and RS Models

(MZ/, MG') FZ’ (GGV) PG (GeV) (AN Br (fb) (el Br (fb)
1000 0.058 0.141 4.29 9.98
1250 0.073 0.176 1.72 3.11
1500 0.087 0.212 0.779 1.15
1750 0.102 0.247 0.384 0.475
2000 0.117 0.283 0.200 0.215
2250 0.131 0.318 0.109 0.104
2500 0.146 0.354 0.061 0.053
2750 0.160 0.389 0.035 0.028
3000 0.175 0.425 0.021 0.015

Table 3: A comparison of the narrow resonance widths and o.Br(IT17) in StSM for € = .06 and
in the RS warped geometry with k/Mp; = .01 as a function of the resonance mass in GeV.

Quite remarkably, the spin 1 Z’ of the StSM and the spin 2 massive graviton of the
RS model have nearly identical signatures in terms of the decay widths and the production
cross sections around a resonance mass of 2 TeV (with or without out detector cuts). In
Table ({]) we give an analysis of the number of events that can be observed in the ATLAS
detector with 100 fb~! of integrated luminosity. One finds that for high masses the number
of events that one expects to see at the LHC for the StSM Z’, with € = 0.06, are similar
to the number of events one expects for the RS model for k/Mp; = 0.01. For the case of
the RS model, simulations conducted by ref. [fJ] show that overall detector losses range
from (27-38) percent between (500-2200) GeV, and we have extrapolated these cuts to the
3 TeV mass region. For the case of Z’, which has a different angular dependancy than
the graviton due to spin, we have assumed a uniform 50 percent loss of events at in the
range of Z’' mass investigated. This reduction factor is consistent with the reduction factor
used by ref. [60], and is similar to the reduction factor used by other groups [(1]. For
the SM background, denoted as Np = Ngjs, the same detector loss is assumed, and it
can be seen in Table (fl) that this simulation is in good agreement with the analysis of
ref. [F3]. Of course a slightly more realistic analysis of the number of events that may be
observed requires simulating detector efficiencies more accurately, which in turn requires
the implementation of the StSM couplings in event generation simulators [f3—F, 0]

In figure [ we give a comparison of the signature spaces for the decay of the StSM
7' and of the RS graviton in the warped geometry model using the decay width-resonance
mass plane. The allowed regions (shaded) for the two models are exhibited, where the
unshaded regions correspond to constrained regions of the parameter spaces of the two
models. One finds that although there is a region of the parameter space of the RS model
where the decay widths can be narrow, the region of potential overlap with the StSM is
avoided if one includes the constrains of the oblique parameters [66, p7]. Figure [[3 gives
a more direct method for differentiating the two classes of models. Here one has plots of
o-Br(Z' — 1T17) and o-Br(G — [T17) as a function of the resonance mass. One finds that

the allowed regions of the signature space of the two models consistent with the parameter

,27,



Events in the StSM and RS Models

[ (M, M) || Bin (GeV) | Noar | Ns = (Nsi, Nag) | N&o° |

1000 30.65 54.45 || (214.33,716.96) | 36.90
1250 36.79 20.95 || (85.90,216.96) | 22.89
1500 42.89 9.22 (38.94,77.73) | 15.18
1750 48.96 4.44 (19.18,31.30) | 10.53
2000 55.02 2.27 (10.01,13.72) 10
2250 61.07 1.22 (5.46,6.41) 10
2500 67.11 0.68 (3.07,3.15) 10
2750 73.14 0.39 (1.77,1.60) 10
3000 79.17 0.22 (1.04,0.84) 10

Table 4: A comparison of the signal events with integrated luminosity of £ = 100 fb=! in the StSM
for the case € = .06 with the signal in the RS warped geometry for k/Mp; = .01 including ATLAS
detector effects as a function of the resonance mass in GeV. Acceptance(A) and efficiency(e) for
the RS case is as in ref. [5J], while for the StSM we use the spin 1 detector losses given in ref. [5(]
~ 50 % as discussed in the text. For X = (Z’,G) of table E, Ng = (0 - Br)eAL, Ngp = Ngp
(background integrated over the bin), N7 = 5\/Ng or 10, whichever is larger. The minimum
signal cross section is (o - Br)™ = (cAL) ! NZW" for each model.

space constraints provides a clear differentiation between these two classes of models. Thus
figure provides an important tool for establishing the nature of the resonance once a
narrow resonance is discovered. Thus, for example, the o - Br(Z’ — [*t17) is an order of
magnitude or more smaller than - Br(G — [*17) over most of the dilepton invariant mass
that will be probed by the Drell-Yan process at the LHC.

8.3 Angular distributions in the dilepton channel in pp — (Z/,G) — 11~

Angular distributions in the C-M frame of the final dilepton state give clear signatures of
the spin of the produced particle in the Drell-Yan process (for recent works see, for example,
Refs.[p5, 6F)). Thus angular distributions are a powerful tool in distinguishing the StSM
Z', a spin 1 particle, from the massive graviton of warped geometry, a spin 2 particle. The
CDF group has already carried out angular distribution analyses [ using the cumulative
data at the Tevatron and more detailed analyses are likely to follow. Similar analyses at
the LHC would allow one to investigate the spin of an observed resonance with much more
data. In the following we give a relative comparison of the angular distributions arising
from the StSM Z’ and from the massive gravtion of warped geometry. To this end we
first examine the feasibility of distinguishing the StSM Z’ signal from the Standard Model
background. This is done in figure [[4 for Z’' masses of 500 GeV and as well as 1 TeV with
a bin size of 20 GeV and 35 GeV respectively. figure [[4 shows that the StSM Z’ signal in
this case is distinct from the v, Z background. Second, the StSM angular distribution sits
high above the SM background and thus an observation of such a distribution can lead to
an identification of new physics in the dilepton channel.
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Figure 13: A comparison of the LHC signature spaces in the dilepton channel using o(pp — Z' —
IT17) for the Z’ production and its decay into dileptons for the StSM and using o(pp — G — [T17)
for the production of the graviton and its decay into dileptons for the RS model. The dashed line is
for the RS case with k/Mp; = .01. The allowed regions are constructed by utilizing the constrained
parameter spaces of StSM [[f] and of the RS model [i7, [tg, Bd).

Next we give a relative comparison of the angular distribution in the dilepton channel
arising from the StSM Z’ and the massive graviton of warped geometry. This is done in
figure [L] for a resonance mass of 2 TeV, the mass region where an overlap between the two
models can occur if the constraints on the RS model are relaxed. The top graph in figure [[§
gives the angular distributions arising for the Z’ exchange but without the Standard Model
background, i.e., what is plotted is the pure signal. Also plotted is the pure signal from
the graviton exchange which consists of contributions from the quarks and the gluons
which are separately exhibited. In the lower graph of figure [1§ the angular distributions
arising for the StSM Z’ and for the massive graviton exchanges including the Standard
Model background are exhibited. The graph shows that the signal plus the background
lies significantly higher than the SM background, and further the sum of the Z’ signal
and the SM background is easily distinguishable from the sum of the massive graviton
signal and the SM background. The angular distributions for the graviton exchange are
sensitively dependent on the graviton mass, mainly due to the sensitivity of the PDF [Bj
for the gluon on the mass scale. Thus the angular distributions for the graviton will change
with the mass scale and change significantly. However, the angular distributions for the Z’
and for the graviton will continue to be identifiably distinct and allow one to distinguish
between these two classes of narrow resonance models.
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decay Z' — 11~ in StSM for Z’' mass of 500 GeV (upper graph) and 1 TeV (lower graph). The
SM background is also shown, and the StSM contribution sits high above it.
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Figure 15: An exhibition of the angular distribution do(pp — Z’ — I*17)/dz for the StSM model
and do(pp — G — 1T17)/dz for the RS model in the dilepton center of mass system, as defined in
eqs. (6.4), (B.9). For the StSM, e is taken at .06 and G is the first resonant mode of the RS model,
with (k/Mp;) = .01 and the resonance mass is 2 TeV in each case. For the RS model the parameter
choice requires relaxing the oblique constraints and the constraint on A.

9. Conclusions

In this paper we have carried out an investigation of narrow resonances with specific focus
on two classes of models which have recently emerged where narrow resonances arise quite
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naturally. The first of these are the Higgless extensions of the Standard Model gauge
group, and of the Left-Right symmetric model gauge group where the extra gauge boson
becomes massive via the Stueckelberg mechanism. A narrow Z’ naturally arises in these
models. The second class of models are those based on warped geometry which give rise
to a narrow graviton resonance for k/ Mp; ~ .01. The main focus of this paper was to
investigate the capability of the LHC to discover narrow resonances specifically belonging
to these classes of models and to discriminate between them by examining their signature
spaces. For the Stueckelberg model we discussed the constraints on the parameters space
of the model using the LEP data and the CDF and D@ data. These constraints were then
utilized to explore the narrow Stueckelberg Z’ at the LHC. The analysis using the dilepton
production in the Drell-Yan process via the Z’ boson shows that one will be able to explore
a narrow Z' resonance of Stueckelberg origin up to about 2 TeV with 100 fb~! of integrated
luminosity and further up to 2.5 TeV with 300 fb~! of integrated luminosity. With 1000
fb~! of integrated luminosity one could even explore a Stueckelberg Z’ beyond 3 TeV. The
results of this analysis are summarized in figure f] and figure [L].

We carried out a similar analysis for the dilepton production in the warped geometry
RS model which also has the potential of supporting a narrow resonance. It is then interest-
ing to ask how a Stueckelberg type narrow resonance could be distinguished from a narrow
massive graviton of warped geometry. Indeed there is a range of the parameter space where
an overlap exists between the two models with the width of the massive graviton of the
warped geometry being similar to the width of the Z’ arising from the Stueckelberg model.
We have shown that one of the clear distinguishing features between them is o - Br(IT17)
for dilepton production in the Drell-Yan process which proceeds through the interaction
pp — Z' — 11~ for the Stueckelberg model and via pp — G — [T1~ for the case of the RS
model. The analysis of figure [L3 shows that for any resonance mass the signature spaces of
the StSM and of the RS model are distinct and one can discriminate between them using
the o - Br(IT1™) criterion. In addition, the angular distributions in the dilepton center of
mass system provide a clear discrimination between the two models. Here one finds that
the angular distributions from the StSM Z’ and from the massive graviton lie well above
the Standard Model background and further are distinctly dissimilar as exhibited in the
analysis of figure [L7.

Some general features of the searches for narrow resonances were also discussed. The
bin size used in data collection has a direct bearing on the signal to background ratio as
shown in figure§. The analysis presented in this paper reveals the remarkable phenomenon
that the models considered here can be tested even when the resonance widths are small
and the resonance masses are large. Specifically one finds that the StSM model can produce
observable cross section signals with a Z’ width lying in the MeV or even in the sub-MeV
range while the Z’ mass may be in hundreds of GeV to TeV range. This phenomenon is
exhibited in figure [[§. While the result of figure [[J is presented for the specific case of
StSM Z’ model, similar considerations may apply to a wider class of models which support
a narrow resonance. The evidence for a narrow resonance will be an important hint for an
altogether new type of physics beyond the Standard Model and possibly a hint of a string
origin.
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