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ABSTRACT: We investigate the connection between the conservation of R-parity in super-
symmetry and the Stueckelberg mechanism for the mass generation of the B — L vector
gauge boson. It is shown that with universal boundary conditions for soft terms of sfermions
in each family at the high scale and with the Stueckelberg mechanism for generating mass
for the B — L gauge boson present in the theory, electric charge conservation guarantees
the conservation of R-parity in the minimal B — L extended supersymmetric standard
model. We also discuss non-minimal extensions. This includes extensions where the gauge
symmetries arise with an additional U(1)p_z ® U(1)x, where U(1)x is a hidden sector
gauge group. In this case the presence of the additional U(1)x allows for a Z' gauge bo-
son mass with B — L interactions to lie in the sub-TeV region overcoming the multi-TeV
LEP constraints. The possible tests of the models at colliders and in dark matter experi-
ments are analyzed including signals of a low mass Z’ resonance and the production of spin
zero bosons and their decays into two photons. In this model two types of dark matter
candidates emerge which are Majorana and Dirac particles. Predictions are made for a
possible simultaneous observation of new physics events in dark matter experiments and
at the LHC.
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1 Introduction

R-parity is an important symmetry in supersymmetric theories (For a review see [1]).
In supergravity theories [2-5], over most of the parameter space of models consistent with
the radiative breaking of the electroweak symmetry, the lightest neutralino is found to
be the lightest supersymmetric particle, and this, along with R-parity (defined as R =
(—1)2S+3(B*L), where S, B and L stand for the spin, baryon number and lepton number,
respectively) and charge neutrality allows for the lightest neutralino to be a promising
candidate for cold dark matter as suggested in [6].

The question then, is, if indeed R-parity turns out to be a conserved symmetry of
nature, how does such a symmetry come about, and how one may guarantee that it is
conserved. It is known that the MSSM with the inclusion of a right handed neutrino,
one for each generation, has an anomaly free U(1)p_ which can be gauged.! Of course, a
U(1) p—r gauge boson must grow mass otherwise it would produce an undesirable long range
force. In the analysis that follows it is shown that a gauged B — L symmetry, where the

'A gauged U(1)p_r arises naturally in GUT models such as SO(10) and Es and in string models.



gauge boson develops a mass through the Stueckelberg mechanism extending the Standard
Model gauge group [7-11] preserves R-parity, i.e., R-parity does not undergo spontaneous
breaking by renormalization groups effects under the assumption of universality of soft
scalar masses, charge conservation and in the absence of a Fayet-Iliopoulos D-term. We
will later refer to this model as the Minimal B — L Stueckelberg FExtension of the MSSM.

The fact that the minimal gauged B — L model proposed in this work preserves R-
parity, with mass growth arising from the Stueckelberg mechanism, is in contrast to models
with a gauged B — L where the symmetry is broken spontaneously and thus does not nec-
essarily preserve the R-parity invariance. Thus the analyses of [12-17] show that R-parity
symmetry, even if valid at the grand unification scale, could be broken by renormalization
group effects.?

We will first discuss the minimal (B — L) Stueckelberg extension of the Standard Model
and of the minimal supersymmetric Standard Model (MSSM). In these extensions the Z’

boson?

is constrained to be rather heavy, i.e., it lies in the multi-TeV range and thus a
direct detection may be difficult. However, this constraint is overcome in a U(1)p_1 ®
U(1)x Stueckelberg extension, where U(1)x is the hidden sector gauge group. Here the
Stueckelberg sector generates two extra massive vector neutral bosons, i.e., Z’ and Z”, one
of which would be very narrow and could lie even in the sub-TeV region, and thus would be
accessible at the LHC. The models with massive mediators arise generally via mass mixing
and kinetic mixing of Abelian gauge bosons ([30-43]; for additional works, see [44, Chapter
8, pg. 136]) and the mixings are also the source of the so called dark forces [30, 32] — the
mixings allow for a portal between the hidden (dark) sector via massive mediators [30-36]
(from which several components of dark matter can arise) and the visible sector where the
states charged under the the Standard Model reside. Specifically, the class of models that
we study here allows for two component (Majorana and Dirac) dark matter [45]. Such
models with dark forces have received considerable attention in the context of the recent
cosmic anomalies [45-51]; for recent additional works on dark sectors see e.g. [52-59].
The organization of this paper is as follows: in section 2 we propose a U(1)p_1, ex-
tension of the Standard Model via the Stueckelberg mechanism. In section 3 the B — L
Stueckelberg extension of MSSM is introduced. In section 4 we outline the conditions for
R-parity to be not spontaneously broken. In section 5 we give a dedicated analysis of a
U(1)p—r ® U(1)x extension of the MSSM via the Stueckelberg mechanism and show that
the model naturally leads to a sharp Z’ prime resonance that can be seen at the LHC, and
we analyze recent constraints from the Tevatron and the LHC. Here we also analyze the
production and decay of new spin-0 particles. These scalars are the real parts of the chiral
Stueckelberg superfields, where the imaginary part are the axions which are absorbed giv-
ing masses to the Z’ and Z”. In section 6 we show that the model allows for two component
dark matter, one consisting of neutral Dirac dark matter and the other of Majorana dark
matter which produce a relic abundance consistent with WMAP [60]. We also explore the

2For grand unified models where R-parity symmetry is automatic see [18]. For analyses where the
spontaneous breaking of B — L occurs see [19, 20], for early work on the spontaneous breaking of R-parity
see [21-24] . For early analyses with R-parity and additional gauge fields see [25].

3For recent dedicated work on heavy Z5_; physics see [26-29].



detection possibility of dark matter with the recent limits set by the XENON and CDMS
collaborations [61, 62] which allows for direct detection constraints to be connected with
the corresponding constraints on the Z’ production at colliders. In section 7 we give an
overview as to how models of spontaneous R-parity breaking can be distinguished from the
R-parity preserving B — L extensions. Conclusions are given in section 8.

2 B — L Stueckelberg extension of the standard model

The B — L extension of the Standard Model provides a natural framework to understand
the origin of neutrino masses since the three families of right-handed neutrinos, needed to
cancel all anomalies, are used to generate neutrino masses. We first consider a U(1)p_r,
Stueckelberg extension of the Standard Model with the gauge group

SU(?))C (= SU(Q)L ® U(l)y ® U(l)B_L . (21)

The mass growth for the U(1)p_1 occurs via the Stueckelberg mechanism for which the
extended Lagrangian is given by

L= L5" + LYyl + Lsw, (2.2)

1 1
ﬁgt_L = - 4CWCW - Q(MBLCM + 0,0)(MpLC* + 0"0), (2.3)
Ee&{L =Y, Z_LFIIJR. (2.4)

Here Lgy is the Standard Model Lagrangian, lf = (vp,er) and H = iooH*. As usual, the
Standard Model Higgs is H' = (H*, H?). The above Lagrangian is invariant under the
B — L transformations

0C, = Oy, 00 = —MprA\. (2.5)

Added to the above is a gauge fixing term
1
2¢
so that the vector field becomes massive while the o field decouples. Additionally the

Let =~ (0,0" + Mpréo)?, (2.6)

interaction Lagrangian
‘CISI}:t = gBLC,uJ]gLL, (27)

couples the Stueckelberg field C), to the conserved B — L vector current Jf; . We note
that the B — L gauge field C), has become massive with a mass Mgy, while maintaining
the U(1)p_r invariance. Since B — L continues to be a symmetry even after the mass
growth of the Z’ its properties are rather different from the model where the B — L gauge
symmetry is spontaneously broken through the Higgs mechanism. We will return to this
in a later section. It is important to mention that in this theory the neutrinos are Dirac
fermions since there is no way to generate Majorana masses for right-handed neutrinos as
in the canonical B — L model. This is a natural consequence coming from the Stueckelberg
mechanism. In the above we have assumed that the B — L scale is in the TeV region.



Here our choice is at the same level as for the extra dimension models and for the warped
extra-dimension models, i.e., this scale is interesting because it is related to the electroweak
physics which is being explored at the LHC.

In the above, a kinetic mixing term is possible leading to a generalized mass and kinetic
mixings for a massive U(1) which will then generally mix with the SM sector [30, 32] where
the hypercharge vector boson B mixes via both mass and kinetic mixings [30]. One then
diagonalizes the Stueckelberg mass and kinetic mixing together [32, 63-67]. A further
generalization to multiple U(1)s reads

1 Ny s 1 Ng Ny 2
[’IS<tM = 2 Z ; Vil“/vjlw o 2 Z <a“0-” + Z Mnmv'“m> ’ (2'8)
0,0 n=1 m=l

with Ny Abelian vectors and Ng axions, where B, = V,; and the other vector fields
correspond to either hidden or visible gauge symmetries. Recent works with multiple
additional U(1)s have indeed been discussed recently [32, 45, 48-52, 68]. Our analysis
is restricted to non-anomalous extension of the Standard Model (for the anomalous case
see e.g. [69-74]). In the analysis that follows we will assume the kinetic mixing is absent
and instead investigate the pure Stueckelberg sector in the absence of mass mixing of
the hypercharge B with the Stueckelberg sector. For recent works on the Stueckelberg
Mechanism see e.g. [53-56, 75—78] and for early work in the context of strings see [79].

3 B — L Stueckelberg extension of the MSSM

Here we construct the minimal U(1)p_1, extension of the MSSM using the Stueckelberg
Mechanism. The supersymmetric extension of eq. (2.4) is

Lst = (MpLC + St + Sst)?[g2g2 (3.1)

where C' = (C,,, A\c, D¢) is the gauge vector multiplet for U(1)p_p,, and the Stueckelberg
multiplet is Ss; = (p + i0, s, Fg) where p is a scalar while o is the axionic pseudo-scalar.
The supersymmetrized gauge transformations under the U(1)p_, are

6pr.C = (pL + (BL, OBLSst = —MpLCBL, (3.2)

where ( is an infinitesimal chiral superfield. Next we couple the chiral matter fields ®;
consisting of quarks, leptons and Higgs fields of MSSM. These couplings are given by

Luatter = (i)m62gBLQBLC(I)m|02§2 (33)

where )y, = B — L and the sum is implicit over the chiral multiplets m and the interaction
term of eq. (2.7) couples the B — L vector field to fermions. We focus on the bosonic part
of the extended Lagrangian which is given by

1

1 1
‘Cspin[O,l] = _4CW/C!W - 2MI%LC;21 - 2

1
@mY—QM&f

2
—|Dufil? — gL MzL p f1QBLfi — ; [Z ﬁgBLQBLfi] : (3.4)



The superpotential of the B — L extended theory is simply

W = pnH,Hy + Z[YHQHUUC + Y QHqd¢ + Y, LHze® + Y, LH,°]. (3.5)

gen

Aside from the term Y, LH,v° eq. (3.5) is the superpotential of MSSM but without the
terms that violate R-parity.

4 R-parity conservation

As pointed out earlier, while the Stueckelberg mechanism gives mass to the B — L gauge
boson, the Lagrangian of the theory, after the mass growth, still has a B — L symmetry and
hence a conservation of R-parity (R = (—1)2+3(B=L) — (—1)25M. Here M denotes matter
parity, which is +1 for Higgs and gauge superfields, and —1 for all matter chiral superfields).
This conservation of R-parity in the minimal B — L Stueckelberg extensions is in contrast
to models where the B — L gauge symmetry is broken by a Higgs mechanism and where in
general the mass growth of the B — L gauge boson could break the B — L symmetry and
thus R-parity invariance is also lost. For example, for the model of eq. (3.5), a VEV growth
for the scalar field in the v{ multiplet will break B — L invariance and generate a mass for
the B — L gauge boson. However, a VEV growth for 7j" also violates R-parity invariance
which then removes the neutralino as a possible candidate for dark matter. Specifically,
for example, in eq. (3.5) the VEV growth of 7f generates the term LH, which breaks
R-parity. However, in the minimal B — L Stueckelberg extension of MSSM even after the
mass growth of the B — L gauge boson R-parity is maintained and the R-parity violating
interactions such as LH,, LLe¢, QLd®, u®d®d® are all forbidden in the superpotential.

4.1 Scalar potential and R-parity conservation

We wish to show here that with a Stueckelberg mechanism for mass generation the B — L
symmetry not only remains unbroken at the tree level but further that this invariance is
not violated by radiative breaking in the minimal model. We give now the deduction of this
result which is rather straightforward. We exhibit below the potential including just one
generation of leptonic scalar fields in the model consisting of p, 7, €, €, ¢ (An extension to
3 generations is trivial). Assuming charge conservation so that (€) = 0 = (€°), etc., and
including soft breaking, the potential that involves p, 7 and 7°¢ fields is

1 e et
Vst_BL, = ) (M3, + mz) p? + M20To + M2.ctoe
9t 2
+ 5L <ﬁCTﬁC - 5T5> + gL Mpr p <ﬁCTﬁC - ﬁ*ﬁ) ,
Y P HYP ) + [oH? + [05°)
(¢* +92)o[*

1 o1
=+ g (H P = [Ha )P +

+(—p*Y, HY 0o¢ + A, Y, 00 HY + h.c.) (4.1)



where we have used @pr,(e) = @prL(v) = —1 and where m,, My, and My are soft masses.
The relevant part of the potential is then

V= denVSt—BL + Varssu, (4.2)
and where as is familiar
Vatssm = (il + m, )| Ho [ + (Jpf® + mi3p,)|Hg|? — (Bu H Hg + h.c.)

+ (6 + g (HYP — HYPY. (43)
We begin with universal boundary conditions for the RGEs. We note that the RG evo-
lution for M and M; are identical since SU(2)r, ® U(1)y symmetry is unbroken down to
electroweak scale. If M 52 turned tachyonic it would lead to VEV formation for the field ¢
violating charge conservation and thus we disallow this possibility. Since © and € lie in the
same SU(2)7, multiplet the same holds for the v field, i.e., it too does not develop a VEV.
This can be seen from the one loop RG sum rule connecting the sneutrino 7 mass and the
selectron mass

M2 — M2 = cos(28) M3, + 62 (4.4)

v,e’

where 512/@ is difference of the mass squares of the fermions (and is essentially negligible
compared to W mass term the largest of which occurs for e — 7 which is still negligible).
Thus the right hand side of eq. (4.4) is positive definite for any range of tan/ in the
perturbative domain in the RG analysis. As a consequence, if the mass square of é does
not turn tachyonic, this also holds for the mass square of 7 and (7) = 0. Thus with
(6) =0 = (v) = (e° , and integrating on the p field, we get the following potential for ¢
9123Lm%

2(M3; + m?)

Vie = M2.0°T5° + (7152 + |v, |2 |HOw¢|2. (4.5)
The last term above is negligible in size compared to the other terms since it involves the
Yukawa Y. Thus the coupling between this sector and the MSSM sector via the HY field
is negligible. Now in the RG analysis there are no beta functions to turn M2 negative and
the quartic term is positive definite so the potential is bounded from below. Consequently
the potential cannot support spontaneous breaking to generate a VEV for the field ¢ and
thus (#°) = 0. Further, the extrema equation for p gives

gBLMBL ~t o~ i
() == o s (vl =t =0, (4.6)
BL P

and since (7) = 0 = (¢°), one also has (p) = 0. Thus there is no spontaneous symmetry
breaking in the system and the B — L and consequently an R-parity is preserved. We
add that the situation here is rather different from the Stueckelberg extensions introduced
in [7-11] where p receives a non-vanishing VEV. In [7-11], a non-vanishing VEV for p would
arise due the Stueckelberg sector mixing with the U(1)y sector of MSSM. In contrast in
the minimal B — L extension analyzed here there is no mixing with the U(1)y sector, and



thus there is no VEV growth for p. Thus the entire mass growth in the U(1)p_1, sector
occurs via the Stueckelberg mechanism. If we include a Fayet-Iliopoulos D term [80] then
effectively the potential for v¢ is replaced by

2 .2
gsL™,

2(Mgy, + mz)

Vie = MEDAT° + (10 + &) + |V, P HI . (4.7)
For the case when £ is negative a VEV growth for ¢ is possible and R-parity can be
broken spontaneously. While an FI D-term naturally arises when the U(1) is anomalous
the inclusion of an FI term for a non-anomalous U(1), which is the case we discuss, is
superfluous, and we exclude it from the minimal model. Therefore, it is apparent that R-
parity is always conserved within the minimal Stueckelberg B — L extension of the MSSM.
It is instructive to compare the above situation with the case where one may break B-L
gauge symmetry by giving VEVs to fields which cary a B-L quantum number such that
3(B — L) is even. In this case R parity will be preserved while the B-L gauge boson gets a
mass. This possibility has been studied in many papers and more recently in [14]. However,
as discussed in [14] since the right handed neutrinos are still present as they are needed for
anomaly cancellation, the coupling between the right-handed neutrinos and the new Higgs
fields can generate a tachyonic mass for the right handed sneutrino field in general which
leads to R-parity violation in these models. This is in contrast to the mass growth for
the Stueckelberg B-L model which provides a new framework where one can have R-parity
conservation since one does not have new fields which can generate a negative mass term
for the right-handed sneutrinos and the mass of the B— L gauge boson is generated without
the possibility of breaking R parity.

The analysis above follows with (minimal) universal boundary conditions on the soft
scalar masses. However, since the nature of physics at the Planck scale is still largely
unknown one should consider non-universalities as well. In this case one will have additional
contribution to the mass squares of scalar masses [81, 82]. The analysis of [83—-85] considers
a contribution to M2. arising from Tr(Qprm?) with

SpL, = Tr(Qerm?) = 2(M2~2 — M?) + (Mz — M2) + (M3 — MZ.), (4.8)
under the constraint Tr(Y'm?) = 0, where

Sy = Tr(Ym?) = M, — M% + Z(M% — 2MZ. + M2 — M3 + MZ.). (4.9)

gen

With the universal boundary conditions for only each family one has Sgr, = 0. This can be
achieved in minimal supergravity models where all scalars have the same soft mass term,
or in SO(10) or Eg scenarios where the boundary conditions tell us that all sfermions of
one family should have the same soft mass term. However, with non-universal boundary
conditions one will have in general Sgr, # 0. With inclusion of Sgr, one could in principle
turn Mgc negative. Such a situation is achieved with inclusion of specific constraints in the
analysis of [83-85]. However, such constraints are not generic and the positivity Mgc may
still be broadly valid even with inclusion of non-universalities of soft parameters.



Now there are stringent bounds on an extra B — L type gauge boson. One finds [86]
M,/ /gg1, > Mg, ~ 6 TeV, (4.10)

which implies that for gg, ~ 1 the B — L type Z’ boson lies in the several TeV region.
With a Z’ of this mass scale, detection at LHC-7 may be difficult, both because of energy
considerations and luminosity. Further, with the constraint as given by eq. (4.10) some
of the other phenomenological implications of the model associated with the spin 0 and
spin ; sectors will also be difficult to test. In what follows, we uncover a model which
maintains the strict R-parity invariance of the minimal Stueckelberg B — L extensions,
even after mass growth of the B — L gauge bosons, but with testable implications that are
far more rich.

5 U(1)p_r ® U(1)x Stueckelberg model

As indicated in the last section, the Z’ boson of the minimal B — L model may be difficult
to detect because of its heavy mass. We consider now an extension of the model of the
previous section which overcomes this constraint and produces a Z’ which is much lighter
but still has B — L interactions with matter. This extension includes a hidden sector U(1)x
which is anomaly free but allows for a mixing between the visible and the hidden sectors.
The extended gauge group reads:

SUB)c®SUR2),@U(l)y ® U(l)p_r, @ U(1)x . (5.1)
Thus we have Stueckelberg mass growth in the Abelian sector via the interaction
Ls; = /d20d20 (M X 4+ MiC + S +8)?
+HMX + MyC + 8"+ 57, (5.2)
where the model is invariant under the extended gauge transformations

5X(X7 Sa S,,C) = (EX +€X,_M1€X5_M{EX?O)
5BL(C7 S, SI, X) = (EBL + €BL, —MéEBL, —Msepy,, 0) (5.3)

where ey pr, are infinitesimal chiral superfields. One can compute the mass matrix for the
U(1)x and the U(1)p_1, gauge vector bosons by going to the unitary gauge which in the
basis X, C}, gives

ME+ M2 My M5+ M| M,

5.4

2 —
M[spin 1] —

Here M, M) are the mixing parameters and in the limit that M|, M) — 0 we have that
the masses of the X, ), bosons are My, Ms. The diagonalization gives us two massive
vector bosons which we may call Z’, Z” where

X, = cos HBLZL + sin GBLZZ,

Cy, = —sin 9BLZ,: + cos 9BLZZ- (5.5)



fr D(Z' — ff)/agLMz:  T(Z" — ff)/asLMzn

Kjﬁi_ sin? 0pr1./3 cos? Opr,/3
Ve, g, sin? 0y, /3 cos? Opr,/3
qq(q #t) fssin® fpL./9 fs cos? 0pL,/9
tt fsle,z sin? Oy, /9 fsfezn cos? Opr,/9

Table 1. The decay widths of the Z’ and of the Z” bosons into leptons and into quarks in the
U(1)x ® U(1) L Stueckelberg model where apr, = gy, /47 and fs = (1+ @) and for V = 2', 2",

m2 m2
one has fyv = (1+ 2M‘§/)(1 - iw‘?f ).

We consider now the case of small mixing, i.e., M{, M} < My, My which implies tan gy, <
1. For small mixings the Z’ boson lies mostly in the hidden sector with a small component
proportional to tanfgp, in the B — L sector while the opposite holds for Z”. Here Z”
lies mostly in the B — L sector with a small component proportional to tanfgy, in the
hidden sector.

Since X, lies in the hidden sector and has no couplings to the visible sector matter,
the only couplings of Z’, Z" to the visible sector arises because of the couplings of C), to
the visible sector matter. Using the couplings of C}, one finds the couplings of Z" and Z”
to the fermions (f;) to be of the form

[’Z’,Z” = (,]Ei'YﬂgBLQBLfi)[_ sin HBLZL + cos HBLZZ]- (5.6)
In the context of eq. (5.6) the constraint of eq. (4.10) gives two separate conditions, i.e.,

MZ/ /gBL > sin 6y, X (6 TGV),
MZ” /gBL > cos Oy, X (6 TeV). (57)

It is clear that the constraint on the Z’ is now considerably weakened relative to the
constraint of eq. (4.10) if the mixing angle fpy, is small and one can have

Mz <1 TeV, Stueckelberg U(l)p_r ® U(1)x. (5.8)

However, Z"” is still heavy since cos 0y, ~ 1 for small 0py..

In table 1 we give the decay widths of the Z’ and Z” bosons into leptons and into
quarks. The relative strength of the Z’ decay into quarks and leptons provides a distinctive
signal for this model. Thus, for example, the ratio of the branching ratios of Z’ into
charged leptons vs into quarks (except into tt) is given by BR(Z' — (*¢~)/BR(Z' —
q7) = 6/(5(1 + a/m)). Further, in this model the decay width of the Z' and Z" are
related by

F(Z/ - Zz fzfz)
L(Z" — 52 fifi)
eq. (5.9) implies that for the Z’ mass in the sub TeV range, and the Z” mass in the range
above 6 TeV, and tanfpy, < 1 consistent with eq. (4.10), the ratio of the decay widths

My

Mo (5.9)

= tan?® OpI,
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Figure 1. Upper panel: An exhibition of o(pp — Z’) - Br(Z' — eTe™) vs the mass of the
7' resonance in the Stueckelberg U(1)p_1 ® U(1)x extension of MSSM at the Tevatron. Here
gL, = 0.35 and sin fpy, takes on the values 0.01,0.05 from the bottom to the top curves in the plot.
The analysis assumes that the Z’ decay into the hidden sector is suppressed. Lower panel: The
same analysis at LHC-7 with sin gy, taking on the values (0.01,0.02,0.03,0.05) from the bottom
curve to the top in that order.

of Z' vs of Z" can be vastly different, i.e., a decay width of Z’ in the MeV range vs the
decay width of Z” in the hundreds of GeV range. Thus while the Z’ will be a very narrow
resonance, the Z” will be a very broad resonance. The widths of the Z’ and Z” resonances
is controlled by the mixing angle fpr,. In our choice of the size of the mixing angle, we are
guided by both the electroweak constraints, the constraint from the LHC, the constraint
from the Tevatron, and the constraint from Dark Matter search limits. As a result of these
constraints the size of the mixing angle is required to be small in order to satisfy all bounds
as demonstrated in the analysis here.

It is also instructive to check the contribution of the new interactions to the muon

anomalous moment which is now measured very accurately [87] so that the current error
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Figure 2. Exhibition of a 500 GeV Z’ resonance in the Stueckelberg U(1)p_r ® U(1)x model at
LHC-7 with a variable luminosity from 5fb~! to 20fb~! with a Pr cut on leptons of Pr > 30 GeV.
Currently the LHC has analyzed ~ 1fb~! of luminosity. For a Z’ resonance of 500 GeV with
Op1, = 0.05 and gpr, ~ gy the LHC would need about 5fb~! to begin to see any Z’ effect. With a
very optimistic 20fb~!, the Z’ signal will be strong and Z’ should be visible with the mixings and
masses of the size discussed.

in the determination is given by A(g, —2) = 1.2 x 10~°. The contribution of the Z’ and
of the Z” bosons to the anomalous moment is given by

2 2 .
gBLmH Sln2 HBL 0082 HBL

Algn=2) =" M2, M2, (5.10)
Using the LEP constraint of eq. (5.7) one finds that the contributions of the new interac-
tions is
s
Algy—2) < 12202, (5.11)

and a substitution of Mgy, ~ 6TeV gives a rather small contribution, i.e., A(g, —2) <
O(1) x 10712, Remarkably in this case the LEP constraint of eq. (5.7) is stronger than the
constraint arising from the very precise measurement of g, — 2.

5.1 Production of vector resonances

The fact that the Z’ boson could have a low mass has important phenomenological im-
plications. From table 1 we note that the decay width of the Z’ boson is proportional to
sin? fpy, and since sin fpy, is small, the decay width is relatively small, i.e., with the mass
of the Z’ in the sub TeV region, its decay width would be in the MeV range and thus the
Stueckelberg Z' is a very narrow resonance. A narrow resonance of this type should be
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testable in collider experiments much like the hypercharge Stueckelberg Z’ on which the
D@ currently has experimental bounds [88]. Further, the decay of the Stueckelberg Z’ into
leptonic channels will be much more than in the hadronic channels because the branching
ratios are proportional to (B — L)?. Thus one can discriminate a B — L Stueckelberg Z’
boson by a study of its branching ratios. Such a resonance could be produced in the
Drell-Yan process at the LHC and the Tevatron via

pp(pp) — Z' — U, qq. (5.12)

In figure 1 we show the predictions for the Z’ cross section times the branching ratio into
ete™ in the U(1)p_ ® U(1)x extension of the Standard Model. Cross sections and event
rates are calculated by implementing the couplings into PYTHIA and PGS [89, 90]. The
bottom panel shows the limits on the production cross section for o(pp — Z' — ee€) at
V/s = 7 TeV with the recently released ~ 1 fb~! run [91, 92]. For these curves we take
gBL to be have the same value as the hypercharge gauge coupling gy and we let sinfpr,
run from 0.01 to 0.05. The cross section for other values of the product gpr, sinfpgr, can
be estimated by the scaling in the cross section which at the Z’ resonance scales like
g}23L sin?@p1,. The top panel gives a similar analysis for the Tevatron using the D@ data
with 5.4/fb of integrated luminosity [88]. From the analysis of figure 1 we observe that
at present the Tevatron bound is about as strong as the present LHC bound. However,
the LHC will surpass the Tevatron very soon. Indeed, the Z’' produced in the model can
exist with a much lower mass [10, 11, 93, 94] than the Z’ models presently excluded by
ATLAS [91, 92] and CMS [95]. In figure 2 we display the number of events as a function of
the di-lepton invariant mass. Here one finds that with an optimistic choice of an integrated
luminosity of 20fb=! the number of dileptonic events in excess of 30 in the peak mass bin
and should be visible. Thus a Z’ mass of 500 GeV with a mixing angle fgr, = 0.05 and
gBL = gy is a promising candidate for discovery. We note that in addition to the dilepton
channel, other channels such as di-jet or fully hadronic channels are also possible discovery
channels. However, these channels have much larger backgrounds. This is the reason why
ATLAS and CMS have dedicated studies for narrow Z prime resonances focusing on the
dilepton channels while the hadronic channels do not provide a very strong constrain in
this case. Thus the cleanest channel to discover the signal of a narrow resonance that
decays into leptons with a significant branching ratio is the Drell-Yan dilepton channel as
the backgrounds fall dramatically beyond the Z boson mass.

5.2 Production and decay of the scalars p and p’

In addition to the Z’ phenomenology there are other sectors where new phenomena can
arise. One of these relates to the scalar components px and pgr, of S+ .5 and of S+ S’ that
remain in the bosonic sector after Z’ and Z” gain mass by the Stueckelberg mechanism.
These fields mix with the D-terms so that one has the following set in the Lagrangian

pBL(M1Dgr, + MiDx) + px (M| Dgr, + MsDx). (5.13)
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Elimination of the D-terms gives the following mass matrix in the px and ppy, basis

9 M? + MP +m3 M M| + MyM)}

M2 = 5.14
spin 0L N MY+ Mo MYy M2+ M3 +miy | (5.14)

where we have also included the soft contributions to masses for px and ppr,. We note that
the structure of the spin zero mass squared matrix given by eq. (5.14) is different compared
to the mass? matrix given by eq. (5.4). The reason for this is that while the vector mass
squared matrix arises directly from the Stueckelberg term eq. (5.2), the mass squared matrix
of eq. (5.14) arises from the mixing given by eq. (5.13). The mass matrix of eq. (5.14) gives
two mass eigenstates p and p’ with eigenvalues M, and M,. The mass parameters M7, M}
can define the mixing and when the mixing is small, Mg — M?+m% and Mg/ — M3Z+m%;.
With M, in the sub TeV range M, may have a mass in the several TeV range. These
mass eigenstates are admixtures of py and ppr, so that px = cosfp;p + sinfy p’ and
pBL = —sinfp; p + cos O p'. For the case when the soft terms are absent, the eigenvalues
of the mass squared matrix of eq. (5.14) is are identical despite the very different looks
of the matrices of eq. (5.4) and eq. (5.14). This can be seen by the following unitary
transformation

UTM[QSPHI 1]U = M[Qspin 0]> (5.15)

where the unitary matrix that connects the spin 1 and spin 0 matrix is given by

cos§ siné M| — M}
U= t = . 5.16
(— sin & cos{) » tang My + M, ( )

This result shows that the eigenvalues for the matrices M, [QSpin 1 and M, [2Spin o] are the same
in the limit of vanishing soft masses for the scalars. Now it is assumed that all the matter
fields in the visible sector do not carry any U(1l)x quantum numbers, i.e., Qx = 0 for
quarks, leptons and the Higgs fields. Further, following the analysis of section 6, it is
straightforward to establish that the quartic term (7°17¢)2 has a positive co-efficient in the
scalar potential. Thus once again since there are no couplings in the model to turn Mgc
negative, there is no spontaneous violation of R-parity also in this extended model while
the B — L gauge boson develops a mass via the Stueckelberg mechanism.

From the discussion preceding eq. (5.15) , it is clear that the field px has no coupling
with the visible sector while ppr, has couplings of the form ggpr, M ppr, fZQBL fl One then
has the following interactions of p and p’ with sfermions

L5 5= —sinOp gL M f{Qufip + cos Oy gL M ff Qur fip. (5.17)

Eq. (5.17) allows the decay of the p(p’) via its couplings to the sfermions. If kinematically
allowed p(p') will decay into leptons + Ejnliss or into jets + E?iss where E?iss contains at
least two neutralinos x° (here x° is the lightest neutralino (LSP) of the U(1)p_; ® U(1)x
combined sector — see section 6). However, an interesting situation arises when the mass
of p(p) is smaller than 2M,0. In this case p(p) cannot decay into the final states with 2
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Figure 3. Diagrams giving rise to the production of the Stueckelberg scalars, p, p’ at the lowest
order.

LSPs and only the decays into the Standard Model particles are allowed. Such decays can
occur via loops and the final states will consist of gg, fifi, WW, ZZ, vZ, v7. There are
many diagrams that contribute. The dominant one relevant to the model we study here
with real scalars p and p’ are the gluon fusion diagrams (see figure 3).

From eq. (5.17) the interactions of p and p’ to the mass diagonal squarks are given by

the following interaction
L pitg = —9pMi cos(205,) <(ﬁi(iup - (E(bzﬁ) — gpMi sin(265,) (@L-@zz‘ﬂ + fi;-filz‘ﬂ)
+(p — p/, —sin gy, — cos fp). (5.18)

with the B — L dependance encoded via

1 )
9p = 3gBL sin 0, (5.19)

and where ¢ runs over the squark flavors. Now while the p,p’ vertices allow couplings
with squark mass eigenstates, where the two states couple to are either the same state or
different states, the gluino only couples to squark states, where both states have the same
mass. Thus in eq. (5.18) only the interaction terms proportional to cos 26y enter in the
gluon fusion diagram. As such, the decay width of the p to gluons is given by

2
2 27713772
. ngéSMle 14+ Ll(rai)
Plp—=g9) =" 20 s | 2 (F1) " cos(206) " " (5.20)
a=1,2;1 dai
with 74 = Mpz/(llm?jai), and L1(r) is a loop function defined by [96]
arcsin®(y/r) r<l1
L) =0 fO=3 1/ it \? (5.21)
— | log —am r>1.
4 1—v1—r-1
As a consequence of the symmetry of gauge interactions one also has
3/
L(p" = g9) =, /3 cot* O L (p — gg)- (5.22)
p
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LHC Production: Stueckelberg Scalar
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Figure 4. A display of the production cross section o(pp — p) from gluon fusion as a function of the
mass of the Stueckelberg scalar p at the LHC with /s = 14 TeV for several combinations of f; and
g, for the case which maximizes the production for the MSSM sector, | cos20;| = 1, i.e. |A;| tan 8 =
|| . From bottom to top the curves have (6 ,98L) = (7/6,0.65), (7/2,0.65), (7/2,1.2), where
the top curve is close to the theoretical upper limit on the production. The kink appears at the
point where M,/(2mz ) = 1 and the analysis has the other squarks and the gluino much heavier
than the lighter stop.

Further the partonic production cross section of p is given by

2

> (1) cos(20g, rai L (rai)| 6(1— M2/3).  (5.23)
a=1,2;1

6(99 — p) = 905 My

P o56m 0l
The hadronic production cross section relevant to the search for p at the LHC is o(pp — p)
and is given by a convolution with the parton distribution functions for the gluon, which
at leading order in the narrow width approximation is given by

dLyg .
alpp — p)(s) =1, ir (99 — p)- (5.24)
P

Here /s is the pp center-of-mass energy, 7, = M p2 /s, and dLLY/dr is given by

dep 1 d
dfg :/r ;fg/p(x7Q)fg/p<;7Q>a (525)

where f,/, is the parton distribution function for finding the gluon inside a proton with
momentum fraction x at a factorization scale ). A numerical analysis shows that o(pp —
p) can lie in the range O(1000) fb in the most optimal part of the parameter space for
producing the p.

The final decay modes of the p can produce visible signatures at the LHC, and branch-
ing ratios will generally be different from the Standard Model Higgs hgy. Thus hgy has
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both tree level decays into the final states bb, 77, cé as well as decays via loop diagrams
into g9, WW, ZZ, Z~,~v. For a Higgs boson mass of 100 GeV, dominant decays modes are
the tree level decay modes with bb decay being almost 80%. Among the loop decays the
dominant decay is gg and sub-dominant decays are W (off shell) and v at a Higgs mass
of 100 GeV. Now suppose the tree decays of the Higgs were suppressed, then the decay of
the Higgs to vy will have a branching ratio of ~ 2.5 x 1072, The decay of the p parallels
this case since there are no tree decays of the p. In the analysis below we will use the
above branching ratio to get an approximate estimate of v event for the p decay. An
analysis of pp — p at the LHC at /s = 14 TeV is given in figure 4. One finds that the cross
section at M, = 100 GeV for the maximal case with (6g;,981) = (7/2,1.2) is ~ 100fb.
At 200 fb~! of integrated luminosity at the LHC at /s = 14 TeV, one will have 2 x 10° p
events when M, = 100 GeV. Using BR(p — v7y) = 2.5 x 1072 one finds ~ 5000 77y events
before kinematic and efficiency cuts. We note that the photons coming from the v signal
will be monochromatic carrying roughly half the mass of the decaying particle. Thus the
~v7 signal arising from the decay of the p would be distinguishable from the ~+ signal from
the Higgs decay if the masses of the two are significantly separated. A p mass of 100 GeV
would imply a Z’ mass of also 100 GeV assuming no soft terms in the p sector. A Z’ mass
of 100 GeV is consistent with the current data if either the mixing angle gy, is small or
the Z' decays dominantly into the hidden sector (see section 6.2). We note also that while
the mass of the Z’' and the mass of p are the same in the absence of soft breaking terms
for p, the couplings of the Z’ to fermions and of p to squarks can be of very different sizes.
This is apparent from eq. (5.16). Hence the possibility arises of being able to discover both
the p and the Z’. However it is also quite possible that only one resonance may be visible
depending on the overall size of the Stueckelberg masses and the individual couplings of
the two states.

The production cross section for pp — p, p’ bears resemblance to the analysis of [17]
and is closely related to canonical Higgs production (see e.g. [96, 97]) but is restricted
by the form of the couplings as given in the B — L Stueckelberg extension. We add that
recently several models with scalars have been studied in the literature which can produce
large production enhancements relative to the SM higgs production (see e.g [98-101]). The
production of p does not receive enhancements of the size studied above, but nevertheless
does produce event rates that can be measured at the LHC-14 with larger luminosity as
was detailed above.

We note that very recently the LHC has put new constraints on the allowed mass of
the Standard Model Higgs Boson hgyp. Preliminary analyses based on those reported at
EPS 2011 and at Lepton-Photon 2011 [102, 103] imply that the SM Higgs boson has a mass
below ~ 145 GeV. The above result is compatible with the SUGRA models which typically
indicate a Higgs mass below ~ 140 GeV. Because the production of p relative to the hgy
differs markedly via their couplings, as discussed above, the production of the two fields
could be distinguished with sufficient luminosity. This is possible if the hgy resonance and
the p resonance are sufficiently separated in mass. In addition, because the production of
p is weaker than hgyr, the golden channels such as ZZ, WW remain available where hgy
has been ruled out to have such a mass. Searches for M, ~ (200 — 500)GeV will however
have to wait for upgraded luminosity at the LHC.
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6 Neutral Dirac and Majorana components of dark matter

6.1 Majorana dark matter

The U(1)p—r ® U(1)x Stueckelberg extension of MSSM have new implications for the
nature of dark matter. Specifically in the neutralino sector we have in addition to the MSSM
neutralinos, extra gauginos and stinos, where the stino is the analogue of the higgsino. Thus
from the gauge supermultiplets X = (X, A\x, Dx) and C = (Cy, A\c, D¢) we can construct
two gaugino states which we label as Ay, Agr. Similarly from the chiral multiplets S + S
and S’ 4+ S’ we can construct two higgsino states g, g . These four neutralino states in
the Stueckelberg sector have no mixings with the MSSM neutralinos. Thus the neutralino
mass matrix in the U(1)x ® U(1)p—_r, extension of MSSM has the form

Mt Oaxa
Mueutralino = 6.1
eutralino <O4><4 Myissu ( )
Specifically the neutralino mass terms in the U(1)x ® U(1)p_1, sector are given by
£ress — 7T My Z, (6.2)
Z" = (s, bsr, Ap-1, Ax), (6.3)

where the 4 x 4 sub-block of the U(1)p_; ® U(1)x sector has the form (omitting for
simplicity the soft terms)

02><2 m M1 Mé
Mst - < T ) , M = ( , . (6.4)
m= O2xz 4x4 My M, 2%2

We can diagonalize the neutralino mass matrix in the U(1)x ® U(1)p_1, sector by an
orthogonal transformation Z = OX so that

XTO"M,,0X = diag(myo,my0, myo, my0). (6.5)
Now the generalization of the matter Lagrangian reads
Lmatter = (i)mBQQBLQBLCJrZQXQXX(I)m|02§2 ) (66)

and gives a coupling of the type AB—Lfo}ja where (fr, fL) are a chiral fermion and a chiral
scalar, which leads to couplings of the Stueckelberg sector neutralinos with matter of the
form )22 fr fz (k =5—28). Thus we note that even though the neutralino mass matrix does
not have a mixing between the MSSM and the Stueckelberg sectors, the neutralino in the
Stueckelberg sector can decay into the least massive supersymmetric particle (LSP) which
may lie in the MSSM sector. The way it occurs is as follows: The neutralinos x) (k = 5—8)
have fermion-sfermion interactions as indicated above, while the neutralinos in the MSSM

also have similar type interactions. If the mass myo > Mm,o we will have decays of the type

X
Xg — fifi— fifi xV+---. Thus there is only one stable Majorana supersymmetric particle
in the combined MSSM and Stueckelberg system. On the other hand if, for example, Xg
is the lightest neutralino then the LSP will lie in the Stueckelberg sector. In this case
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the x% = x? would be a dark matter candidate (the notation st denotes stueckelberg
and does not imply preference of the stino component over the gaugino component). Its
properties are expected to be similar to those of the bino LSP of the MSSM. For the case of
a thermal relic, the annihilation of x4 will occur via the t-channel squark exchange so that
(dropping the superscript 0 from here on) st +xst — fifi, as wells xst + favssm — SM SM,
Xst + xMssM — SM SM/, where the last two cases indicate that the the coannihilations will
generally occur [32, 48-50, 73, 74] (for a review see [104]). For the direct annihilations,
unlike the annihilation of MSSM neutralinos, there are no direct channel Z or Higgs pole
exchange diagrams and consequently final states such as WW, ZZ, ZH, HH are absent
at the tree level. For the case of co-annihilations this is modified. If p is of low mass,
as discussed in the previous section, the stop should be relatively light to accommodate a
signal of p. In this case the relic density can be satisfied via stop co-annihilations [120, 121].

Next, we discuss the the direct detection of xg. Specifically there are no t-channel
Higgs or Z pole exchange contributions to the direct detection rates for this case at the
tree level. As pointed out in ref. [105-107] it is important to include contributions arising
in the spin independent scattering cross section from the twist-2 operators

fofmy > S0 fufrat YO (a@)+a@) e+ (67)

q=u,d,s q=u,d,s,c,b

where the additional terms are suppressed and ¢(2), §(2) are matrix elements and are given

in [107]. Specifically g(gl) is given by, in the limit of massless quarks

2, 12
(1) My, ag + by

99 = (m?]_ M2z 2 (6.8)

Xst

where ag + bg = g3, Q% = ¢3./9. In addition, there are terms of size Zq:u,d,s fofrq
(where fy, frq are given in [105, 106, 108, 109]). Here terms in f, that are proportional
to ag + bg are suppressed by a factor of 4 relative to g((ll) [107]. Terms in f, also contain
ag — bg x g%LQ%L sin 203 and are ultra suppressed by the smallness of the squark mixing
angle. For the case when the M, is relatively close in mass to mg, up to correction in
the light quark masses, there is an enhancement in the SI cross section [107]. Utilizing this
effect, for mass splitting of order 30-100 GeV, one easily sees detectable size SI cross sections
for squark masses that are in accord with LHC limits (see figure 5). At even smaller mass
splittings, the models are constrained by XENON. We have verified using micromegas [110]
that the small mass splitting between the LSP and the squarks can lead to cross sections of
the size we find. In this case the relic density can be brought in accord with WMAP from
co-annihilatons. In particular the squarks in the initial state annihilations play a large role
in reducing the relic abundance. There is also mixing that derives from rotating between
the chiral fermion in the Stueckelberg multiplet. We consider the optimal case where in the
mass diagonal basis, the lighter of the two mass eigenstates is the one which couples via
the larger mixing. Thus we have taken the mixing in the gaugino stino sector cos 6, — 1,
and have fixed gpr, = 0.65 in figure 5. The result of a large scattering cross section does
require an LSP above around (500-600) GeV to be consistent with the current limits from
the LHC [111-119].
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Figure 5. Spin independent xs neutralino-proton cross section vs the Stueckelberg neutralino
mass for the case when the Stueckelberg neutralino is the LSP. Exhibited is the spin independent
cross section for several combinations of A ~ mg — M, (in units of GeV). The current limits from
XENON-100 are also exhibited.

6.2 Dirac dark matter

Additional matter fields in the form of Dirac fermions (and their supersymmetric counter
parts, two chiral scalars) can exist in the U(1)x sector which have only vectorial couplings
to the gauge field X* and a mass for the Dirac fermions can be generated via terms in the
superpotential [45]. As seen already, after mixing of the B — L gauge field C* with the field
X*, two mass eigenstates Z’ and Z” arise in the mass diagonal basis each of which have
B — L type couplings with the SM fields. In addition, the interaction of the dark sector
Dirac field with the Z’, Z” is given by

ED — D’}/'LL(CZ/DZ;L —|— CZ”DZZ)D' (69)

The interaction vertices with the Dirac particle (D) with the visible sector quarks and

leptons enter through the vector mixings so that
Czp = gxQx cosbpr, Czrp = gxQxsindpy . (6.10)

The dark sector Dirac field can constitute dark matter. It is stable and electrically neutral.
Since the model we consider has two components of dark matter, the total relic density
Qh? will be shared by the neutralino and Dirac particles. In the analysis we assume that
the dark matter densities op, 0, for the two components in the galaxy are proportional to
their respective relic densities such that sum is the total cold dark matter (CDM) density

Q
D Qepuh® = QuB° + Qph®. (6.11)
Ox QX (Majorana) (Dirac)
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The annihilation cross section of DD into quarks and leptons via the Z’, Z” poles is
given by

UDD—»ff - AD,f‘PZ/ - PZ//‘Q, (612)

where the poles and couplings enter as

Py = (s— ME+ilyMy)™, V=(2,2"), (6.13)
2 2
90,7 Vy 9 9 dms —s
A = 2M 2 © 6.14
D.f A8 s (2M}p + s)(2m5 + s) 4AMZ — s (6.14)
9p,f = 9BLQBL,F9x Qx sin 20pL,, (6.15)

and where s = 4M3, /(1 — v?/4), © = O(s — 4m?), and Ny = (1,3) for (leptons, quarks).
The relevant partial Z’, Z” decay widths were given in table 1. In addition the Z’, Z” can
decay into the Dirac sector:

1/2
My g3, 2M3 4M3
I, pp=906- 1 1- 6.16

where © = O(My — 2Mp) and gp = gxQx cosfpr. The partial decay width of the Z”
is obtained with Mz — My» and cosfpr, — sinfpy, in eq. (6.16). The relic density can
be calculated by integration over the poles. For the technique of integrating over a pole
see [122-124]. The relic density for the 2 components of dark matter can be calculated [45]
where for the Dirac component

1.07 x 10?2 GeV~1

TF,D
QDhZZCngl, JD:/O Z<UU>DD—>ff dx, Cp=2x \/g* 1 (6.17)
p

!

In figure 6 we exhibit a satisfaction of the relic density within the WMAP constraint so
that
Riac = ]\AZ ~1/2, (6.18)
where the black bands in figure 6 show a presumed fraction of the the total relic abundance.
Now, unlike the cases studied previously with the Stueckelberg mass growth, here the
dark Dirac fermion does not carry a milli-charge and is electrically neutral. The reason the
Dirac fermion is neutral is because there is no mixing of the Stueckelberg gauge field with
the hypercharge vector boson. Because of its electrical neutrality and unlike a milli charged
particle it cannot be stopped by the atmosphere or by dirt and rock in the Earth before
it reaches an underground detector. The effective Lagrangian describing the scattering of
a dark Dirac fermion from a quark, in the limit of low momentum transfer, is given by

Leg = CqD D'y“D(j'yuq. The corresponding spin independent D-proton cross section is

2
1255) 1 1 2
SI P ~2
Dy = o G <M§, T, M%,M%,,) ’ (6.19)

where G = gpr, sin 0pr,gx @ x cos Oy, and pp, is the reduced mass.
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Figure 6. An exhibition of the relic density of the Dirac component of dark matter for various
values of RP . which is the ratio the Dirac dark matter mass to the Stueckelberg Z’ mass. The
black bands represent about half the relic abundance. For the analysis we fix g, = 0.35,9x =
0.1,Qx = 0.5 . The (blue/darker) curves have the Z’ mass running in the range 200-500GeV in
steps of 100 GeV. We note that for fixed couplings, as Mz gets heavier the curves become more
narrow. The (magenta/lighter) curves correspond to Mz = 250 GeV with fg;, = (0.02 — 0.05).
Similarly, as fg1, becomes progressively smaller for otherwise fixed couplings and fixed Z’ mass, the
curves become more narrow. The right panel is the case when the Z’ decays mostly into the hidden
sector Dirac fermions, i.e., it is the case where Z/ — DD is kinematically allowed and in this case
the dileptonic signals at the LHC will be depleted. The left panel is the case where Z’ — DD is
kinematically disallowed and in this case the Z’ will decay exclusively into the SM particles and
thus the dileptonic signal from the process pp — Z’ — It1~ will be visible.

Mz o}, (0L = (0.03)) o}, (6L = (0.06))

GeV cm? cm?

200 1.9x10~4 7.5x10~4
300 3.7x10~% 1.5x10~4
400 1.2x1045 4.7x107%
500 4.8x10746 1.9x10~%°

Table 2. Approximate values of the spin independent scattering cross section for the Dirac com-
ponent of dark matter for sample models. The second and third columns have 6, = (0.03,0.06)
respectively. The first row is on the edge of the discovery limits from the both XENON and the
Tevatron data and is being probed by the LHC. For a given dark matter mass Mz ~ 2Mp in order
to satisfy (QhQ)WM Ap. Model parameters are otherwise fixed as in figure 4. The middle column of
this table corresponds to the blue/dark curves in figure 7, while the magenta/light region is found
to be constrained by the XENON data. Models consistent with the relic density constraint and the
XENON constraint are therefore favored if the relic density is satisfied closer to the pole which is
obtained for relatively smaller coupling and/or larger My .
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Figure 7. Illustrative curves. At any given point on this plot there exists a funnel where the

relic density can be satisfied for perturbative size coupling via the relic density invariant R%ﬁmc.
The particular values of the parameters on thes curves are (0g;, = .001,9x = 0.1,Qx = 1/2),
(GBL = 0.01,9){ = 0.5,@){ = 1), and (GBL = 0.05,9){ = I/Q,QX = 1), where gBL — 0.35 and
R%tirac ~ 1/2

Interestingly, for mixing of the size considered in figure 1, (sinfpy, € [0.01,0.05]) and
for natural size couplings gx = gpr, = O(gy) and Qx = £1 one obtains a spin independent
cross sections which are of the size

oSt ~ 10"+ em?, My, ~ (200 — 300) CeV. (6.20)

Since Mp > myp, pp ~ My, O'%Ip is essentially independent of Mp. However, compatibility

with the WMAP data for the thermal relic density, restricts the ratio R%tirac ~ 1/2. Using
this constraint the spin independent cross section O'%Ip for the case M%,, > M%/ is given by

1 1
oS rge 1o HDr e 1 (6.21)

which now has a very strong dependence on the Dirac mass. The numerical size of O'%Ip as
a function of the Dirac mass is exhibited in figure 5, and the analysis shows that the O'%Ip
predicted by the model is accessible in the XENON experiment. In fact for given values of
9BL, 981, gx Qx the current limits from XENON100 already put lower limits on the Dirac
mass. We can also use the current upper limit on ¢! from the XENON100 experiment
which gives 0 = 7 x 107% ¢m? for a WIMP mass of 50 GeV, to put a general constraint
on |G|/M?3 so that

|G|/M? <3x107%  (Mp in GeV). (6.22)

We note again that the preceding analysis is very different from the previous Stueckel-
berg analyses where the Dirac fermion in the hidden sector develops a milli charge. As
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already pointed out this arises in models where one mixes the Stueckelberg gauge boson
with the hypercharge gauge field. In this case the scattering of the Dirac fermion from a
quark will have not only the Z’ pole in the t-channel but also a Z boson pole and a photon
pole as well. In the present model the Z and the photon pole are both absent. The Dirac
dark matter candidate is electrically neutral.

As mentioned earlier, for My ~ 2Mp, the relic density will always be satisfied for
perturbative size couplings. For Mz < 2Mp but close to 2Mp the Z’ signal will manifest
at colliders and the relic density can also be satisfied. However, for the case My >
2Mp, while the relic density can be satisfied, the Z’ signal becomes suppressed due to the
branching ratio into the hidden sector overtaking the branching ratio in the visible sector
in the presence of mass and kinetic mixings [32, 125, 126]. In addition, the Breit-Wigner
enhancement of the annihilation of Dirac particles in the halo [46] can be operative very
close to the pole and the following three possibilities become simultaneous observables:

1. Observation of a very light and narrow Z’ vector boson in the dilepton channel at

the LHC (see also [10]).

2. Observation of the flux of positrons via Satellite data (PAMELA /FERMI) [127, 128]
from the Breit-Wigner Enhancement in the dark matter annihilations in the galactic
halo [46] consistent with WMAP data [60].

3. Relic abundance of dark matter split between a neutralino and dark Dirac (see
also [45]) .

4. Observational prospects for the corresponding Dark Dirac component in direct detec-
tions experiments such as XENON (analyzed here for the neutral dark Dirac particle
via the Stueckelberg mechanism).

Let us add, that just recently, the 730 kg days of the CRESST-II Dark Matter Search
was released [129]. Two preferred regions are reported on, and one such region appears
close to the CoGeNT preferred region [130]. Very low mass neutralino dark matter with
MSSM field content and cross sections of the size needed to explain the CoGeNT are not
consistent with the collider constraints [131-135]. This result has been confirmed by the
LHC with its updated constraints on the SUSY Higgs sector [136], wherein large tan 5 and
low mass SUSY Higgs of the size needed to explain the spin-independant scattering are
further excluded. The preferred region reported by CRESST-II with heavier dark matter
mass may be accommodated for a thermal relic with relic density satisfied via the Z-pole
in the MSSM. Such could arise with non-universal gaugino masses at the the high-scale
(see [116, 117]) leading to WIMP masses close to 45 GeV. The far boundary of the CRESST-
IT 20 region terminating close to 55 GeV may also be achieved with relic density satisfied
via the Higgs pole (see the analysis of [137]). A dedicated analyses with the new constraints
on the SUSY Higgs sector from the LHC [136] would be needed to make a more definitive
statement — however the CRESST-II results at these potential dark mater masses do not
correspond to reported event rates with CDMS or XENON [61, 62]. The extended model
class we discuss can produce spin independent cross sections with larger cross sections than
that of the MSSM via the Dirac component of Dark Matter (see figure 7).
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7 Discriminating Stueckelberg from models with spontaneous breaking

One may discriminate between the Stueckelberg mass growth for a B — L gauge boson in
the models discussed here and other models where the mass growth for the B — L gauge
boson occurs by spontaneous breaking. In the above, we have already discussed the mass
growth of a B — L gauge boson by the Stueckelberg mechanism. For the case when the
mass growth occurs via spontaneous breaking there are two possibilities: (i) spontaneous
symmetry breaking of U(1)p_1, occurs violating R-parity invariance, (ii) spontaneous sym-
metry breaking of U(1)p_y, occurs without violating R-parity invariance. We discuss these
two cases below individually.

7.1 Spontaneous symmetry breaking of B — L and R-parity violation

The simplest example of this is when we consider the superpotential of eq. (3.5). Let us
assume that the potential of the v field is such that it develops a VEV. In this case one
will have a spontaneous breaking of not only B — L but also of R-parity as indicated by
the term LH,(P¢) in eq. (3.5) after ¢ develops a VEV. In the mass diagonal basis it will
lead to other R-parity violating terms, i.e., LLe® and QLd¢. Here the LSP is no longer
stable and specifically the neutralino cannot be a dark matter particle. Further, since the
neutralino is not stable, the signals of supersymmetry for this case will be very different
at hadron colliders. Specifically if the neutralino decays inside the detector, there will be
no missing energy signatures which are the typical hallmarks of supersymmetry signatures
with R-parity symmetry (For a review see [141]). Further, for the case when there is
a spontaneous breaking of R-parity symmetry via the VEV growth of the right handed
sneutrino, there will be D term contributions to the slepton squared masses proportional
to g&; (7°)? [12]. Such terms are absent for the case when the mass growth for the B — L
gauge boson occurs preserving R-parity invariance as discussed in 7.2.

7.2 B — L models for R-parity conservation

We further consider now the possibility that B — L symmetry is broken but a residual R-
parity symmetry still persists. This is indeed possible following the general line of reasoning
of [138] (see also [139]). Thus consider additional fields in the theory such as a vector like
multiplet which has the SU(3)c ® SU(2);, ® U(1)y ® U(1) p—1, quantum numbers as follows

D ~ (17 1707 _QBL)7 (f ~ (17 1707 QBL)- (71)

Let us suppose that one manufactures a potential so that VEV formation for the fields
® and ® occurs. In this case B — L will be broken. However, as long as 3(B — L) is an
even integer R-parity will be preserved. This means that the residual theory will have
a Zs R-parity symmetry. Thus, for example, the VEV formation of a scalar field with
3(B — L) = +2 will violate B — L but preserve R-parity. In the process of the mass mass
growth of the B — L gauge boson, one combination of the imaginary parts of ®° and ®°
will be absorbed while there would three spin zero fields: 2 CP even and one CP odd (the
part orthogonal to the imaginary parts of ®° and ®° which is absorbed) Higgs field. In
contrast for the U(1)p_r, ® U(1) x model discussed here, one is left with only two additional
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scalars, px, pBL, or p, p', which are both CP even. Specifically there is no additional CP
odd Higgs boson for the Stueckelberg models. So this provides a discrimination between
the two models.

There are several interesting and distinguishing features between the U(1)p_ @ U(1)x
model and the U(1)p_r model. This difference can be seen by comparing eq. (4.10) vs
eq. (5.7). Thus in eq. (4.10) one finds that the mass growth of a B — L gauge boson by
spontaneous breaking or by the Stueckelberg mechanism would require the gauge boson to
be very heavy. Thus for ggy, ~ 1, one will typically have a mass of the B — L gauge boson
to be greater than ~ 6 TeV [86, 140]. In contrast, from egs. (5.7) we find that in the
U(1)x ® U(1)p—r, model, there are two extra massive gauge bosons beyond what one has
in the Standard Model. Thus the heavier one, i.e., the Z” gauge boson, is indeed several
TeV in mass. However, the Z’ boson we discuss can be much lighter, and can lie in the few
hundred GeV range. Thus the observation of a low lying Z’ with decay branching ratios
characteristic of a B — L gauge boson will be a clear indication of the Stueckelberg model
involving mixing of U(1)x and U(1)p_y, discussed here.

8 Conclusion

In this work we have proposed the Stueckelberg mechanism for the mass growth of a B — L
gauge boson. It was then shown that under the constraints of charge conservation and the
absence of a Fayet-Iliopoulos D term, that R-parity cannot be spontaneously broken in the
minimal model of radiative electroweak symmetry breaking. The above is in contrast to
models where the mass of the B — L gauge boson is generated by the Higgs mechanism
through the VEV formation for the field 7¢ which breaks R-parity.

A comparison to the case where the B — L symmetry is spontaneously broken but
the R-parity symmetry is preserved was also given and its distinguishing features from the
Stueckelberg mass growth for the B — L gauge boson are uncovered. Further, we analyzed
aU(1)x ® U(1) p—r, Stueckelberg extension of MSSM where a massive Z’ boson with B — L
interactions can lie in the sub TeV region, i.e, Mz < 1TeV. The observation of a Z’ in the
sub TeV region with B — L quantum numbers deduced via branching ratios into charged
leptons will provide a test of the U(1)x ® U(1)p_1, Stueckelberg extension discussed here.

Other tests of the proposed Stueckelberg models were also discussed. This includes an
analysis of the production and decay of the Stueckelberg spin 0 boson p which has only loop
decays into SM final states via sfermion loops. An interesting decay of the p is into vy was
analyzed and shown to have the possibility of observation at the LHC with /s = 14 TeV.

With hidden sector Dirac fermions in the U(1) x ® U(1) g— 1, Stueckelberg extension, two
component dark matter manifests, with one component being either the MSSM neutralino
or the Stueckelberg neutralino and the other component being a neutral Dirac fermion. An
analysis of the relic density for the Stueckelberg neutralino and the Stueckelberg neutralino-
proton spin independent cross section were also discussed. An analysis of the second dark
matter component consisting of the Dirac fermion as dark matter was also given and it was
shown that the current XENON100 data already puts constraints on the Dirac fermion
mass and mixing angles. The constraints from the XENON100 data and the LHC data on
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the couplings of the Z’ boson and dark Dirac fermion were shown to be comparable, both
of which limit the mixing of the B — L and dark sector. Thus the proposed model produces
LHC and dark matter signals at mass scales that are accessible to such experiments and
will be tested further as the new data comes in.
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