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Abstract

Analyzed in detail are unified models of fundamental interactions based on super-
gravity (SUGRA) using effective Lagrangians valid near the grand unification scale,
and U (1) extensions of the Standard Model and of its supersymmetric (SUSY) exten-
sions where the mass generation of new particle states arises through a Stueckelberg
mechanism. Signals of new physics that can be measured at the Large Hadron Col-
lider and at the Fermilab Tevatron in various final state channels are discussed in
depth. Correlated signals of new physics relevant to both collider experiments and
dark matter detection experiments are a focal point of the analysis and the prospects

for the discovery of new physics is emphasized.
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Chapter 1

Introduction and Overview

With the coming on-line of the Large Hadron Collider (LHC), we are entering a
new and challenging phase in the quest to discover what lies beyond the Standard
Model (SM) of particle physics. The LHC may very well provide us with a paradigm
shift, opening a new window towards our collective understanding of the nature of
fundamental physics. The exploration of the nature of new physics will be further
facilitated by astrophysical data. The analysis presented in this Thesis is precisely
related to the above.

We begin with a brief overview of supergravity unified models (SUGRA) and their
low energy realizations. Following this, an analysis is given of the dual probes of su-
persymmetry through a simultaneous study of signals relevant to the direct detection
of dark matter and from collider signatures of supersymmetry. It is first discussed
how the LHC can allow one to decode the mechanism for the origin of dark matter
production in the early universe in the framework of SUGRA models. Several cor-
related signatures of new physics emerge which allow for a discovery supersymmetry
(SUSY) in this framework. The analysis exhibits for the first time in the literature

a direct correlation between the signature space of dark matter direct detection and



the signature space of LHC signals. Indeed such a mapping between dark matter
signatures and LHC signatures leads us to a more general method of pinning down
the underlying model and such an approach to studying SUSY may point us to the
mechanism for the production of dark matter in the early universe.

Next, an analysis is given in SUGRA /Brane models from the perspective of the
Sparticle Landscape of Mass Hierarchies. Thus, in models built on the premise of
supersymmetry, there is a large landscape of possible sparticle mass hierarchies, but
these possibilities reduce drastically in well motivated models where supersymmetry
breaking triggers electroweak symmetry breaking and the set of possible mass hier-
archies becomes predictive. It is then found more generally that the nature of LHC
signatures is correlated very strongly with such mass hierarchies and this is also the
case for the predictions of cross sections from the scattering of neutralinos off nuclei
which are relevant for dark matter direct detection experiments. Therefore, collider
and dark matter experiments get closely tied together more generally. The possibility
of relatively light Higgs bosons are also discussed and the convergence of constraints
on light Higgses from experimental data is noted.

The second part of this Thesis focuses on collider signatures and the implications
for dark matter that arise in the Stueckelberg extensions of the Standard Model
and its minimal supersymmetric extension. Predictions are made for the discovery
potential of narrow resonances at the Tevatron and the LHC and new candidates for
dark matter and some of their experimental consequences are analyzed. We elaborate
on this a bit further below.

In a broad class of models based on grand unification, on strings, and on D-Branes
one expects extra Abelian gauge group factors beyond the Standard Model gauge
group. It is often the case that one or more of these gauge groups remain unbroken

at the grand unified scale or string scale and survive down to the electroweak scale.



The breaking of such factors at or near the electroweak scale can generate unexpected
new phenomena. An interesting possibility arises when the Abelian gauge group is
‘hidden’ i.e. the matter fields in this sector are neutral with respect to the Standard
Model (SM). The exploration of these issues can be tackled within certain low energy
realizations of strings, in terms of their field theoretic manifestations. An example
of this is the inclusion of Stueckelberg mass mixings in the low energy Lagrangian of
the SM, as indeed such mass mixings are generic to many classes of string theories.
In these extensions of the SM, the mass growth for the extra gauge bosons occurs via
the so called Stueckelberg mechanism. In the simplest case, the mixing between the
visible sector and the hidden sectors arises via an axionic field which is absorbed by the
extra U(1) vector boson rendering it massive. Upon coupling this mechanism of mass
generation to the SM, which is distinctly different from the Higgs mechanism, several
signatures of new physics arise that can be detected at the LHC. A very interesting
consequence of the Stueckelberg mechanism that arises here is the appearance of a
very narrow spin 1 resonance with a set of hypercharged enhanced decays into visible
matter. Additionally, these models lead to two candidates for dark matter, one being
a milli-weak Majorana fermion and the other a milli-charged Dirac fermion. These
represent some of the unexpected (and testable) consequences of the hidden sector
models. Further, it is also found that a class of these models can fit the anomalies
seen in the PAMELA and ATIC data due to a Breit-Wigner enhancement of the dark
matter annihilation cross sections in the halo of the galaxy, while the annihilations
that gave rise to the relic density of dark matter also yield its correct relic abundance.

This Thesis is organized as follows: In Chapter(2) we give a very brief introduc-
tion to global and local supersymmetry and its implications. In Ch.(3) an analysis is
given of the decoding of the origin of dark matter with LHC signals. In Ch.(4) the

concept of Sparticle Landscapes and of Sparticle Mass Hierarchies is introduced and



correlated signatures of new physics are analyzed. In Chapters(5,6,7) we move on to
the study of mass generation through the Stueckelberg mechanism. Specifically, in
Ch.(5) we briefly introduce the Stueckelberg mechanism, and in Ch.(6) we study the
mechanism for mass growth in supersymmetric models and explore its implications
for dark matter. In Ch.(7), focus is given to the discovery potential of a light Z
prime Boson at the Tevatron that manifests through the Stueckelberg mechanism. In
Ch.(8), LHC signals in the context of narrow spin 1 resonances are analyzed and it
is shown how they may be distinguished from models of warped geometry which also
lead to narrow resonances. In Chapter (9) we generalize the Stueckelberg extensions
in the framework of the SM and discuss dark matter and collider implications as well
as the recent PAMELA /ATIC positron/electron excesses. In Chapter (10) we sum-

marize and conclude.
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Chapter 2

Supersymmetry and Supergravity

Unification

2.1 A Brief History

Supersymmetry is an attractive symmetry for the construction of fundamental inter-
actions in four dimensions[1] linking bosons and fermions through their field trans-
formations. Local supersymmetry[2, 3] leads to what is referred to as supergrav-
ity. Supergravity models with chiral matter solve several phenomenological diffi-
culties encountered in the soft breaking of global supersymmetry[4]. The minimal
supergravity grand unified model[5] (mSUGRA) and its extensions including non-
universalities (generally classified as SUGRA) resolves such difficulties.

To build models based on supergravity, N = 1 supergravity is coupled to N =1
chiral multiplets and N = 1 gauge multiplets, the latter belonging to the adjoint
representation of the gauge group [5, 6, 7]. Unlike the case of global supersymmetry,
the scalar potential in the bosonic sector of the theory is not positive semi-definite,

thus such a potential can lead to the breaking of supersymmetry consistent with the
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vanishing of the vacuum energy. Phenomenologically viable SUGRA models rely on
the concept of a so called hidden sector[8] (HS) which carry fields that may develop
vacuum expectation values. The terminology ‘hidden’ implies simply that the fields
in this sector do not carry quantum numbers of the Standard Model gauge group.
Therefore, fields in the SM sector do not directly interact interact with these fields
without the presence of some other underlying mechanism for mediation. In SUGRA
models this underlying mediation mechanism is gravity. Thus, an intrinsic assump-
tion in SUGRA models is that supersymmetry is broken in the hidden sector and
the breaking of supersymmmetry is then communicated gravitationally to the sector
where quarks, leptons and the Higgs fields reside[5]. In the context of gaugino con-
densation, this was discussed in Ref.[9]. SUGRA models are inherently high scale
models which rely on Planck scale physics as well as the scale of grand unification.
However quite remarkably, the resultant low energy theory is independent of both the
Planck scale[5, 10] and the grand unification scale[5, 11, 12]. The minimal SUGRA
model employs of a flavor independent Kéahler metric and a gauge kinetic function
that carries linear field dependence. The minimal model leads to four soft breaking
parameters: the universal scalar and gaugino masses (mg, mi/2) and the universal
(tri,bi)-linear couplings (Ao, By) [5]. In addition the model has a bi-linear Higgs
mixing parameter p [5, 6, 13, 14]. String models allow for Kéhler potentials to have
such a bi-linear Higgs term [15], [see also [16], and [17] in [18]], and through a Ké&hler
transformation the p term can be transported from the Kahler potential to the su-
perpotential. A truly remarkable aspect of SUGRA models is that they dynamically
lead to the breaking of electroweak symmetry[5]. Such a mechanism is natural in
the context of radiative electroweak symmetry breaking (REWSB)[19, 20] through
renormalization group evolution.

In the analysis presented in this Thesis, one of our focal points will be on soft

12



breaking from gravity mediation with GUT scale unification[5] (for an early founda-
tional review see [21]) which give rise to experimentally testable signatures of low en-
ergy supersymmetry (for a detailed review and analysis see [22]). In general, SUGRA
models give rise to a host of new signatures directly testable at the colliders and such
models remain as leading candidates for the discovery of new physics at the LHC.
Further, shortly after the discovery of viable SUGRA models[5, 11, 12] , around the
same time when importance progress on SQCD was made [23] , it was proposed that
supersymmetric models could in fact give rise to gaugino dark matter [24], and in
particular neutralino dark matter[25], leading to large signatures of missing energy
(originally referred to as UFOs[6]'). Shortly after this great period of discovery, it
was realized that SUGRA models can arise as the field point limit of string theory
(see ex: [26]).

We note in passing some broader issues. As discussed above, in this Thesis we will
address the low energy implications of unified models as they relate to the analysis
of experimental data at colliders and in dark matter experiments. Other aspects of
unified models such as neutrino masses and proton decay (for a review see [27]) which
depend on high scales such as GUT masses are not explored. However, it may be noted
that as shown in [5] the soft parameters which control low energy phenomenology are
independent of the GUT scale. However, a true unified model will need to address
all issues including the ones mentioned above.

In order to make contact with testable predictions of SUGRA models, a determina-
tion is needed of the sparticle spectrum arising from boundary conditions at the scale
of grand unification (where the strong, electric and weak forces unify with greater

precision than in the Standard Model ). The earliest detailed analyses focused on

'Historically: Unidentified Fermionic Objects[6] - the twilight Zino, or what we now all call large
amounts of missing Pr.
2 For early analyses on gauge coupling unification see [28].

13



such spectroscopy were given in the 1990’s[29],[30],[31]. Such a determination de-
pends critically on the renormalization group evolution (RGE) of the soft breaking
parameters. A detailed analysis of RGEs has been given in Refs. [32]. One is then in
the position to make concrete predictions in supersymmetric models including predic-
tions on the relic abundance of dark matter, and implications for the direct detection
of such matter, and supersymmetric signals of new physics at colliders. This will be
taken up in Chapters(3,4). A brief review of the above developments will be given

below.

2.2 Global SUSY

Supersymmetry (SUSY) is simply a generalization of the Poincaré group to include
a graded Lie algebra with fermionic generators. Such fermionic generators () satisfy
anti-commutating relations {Qq, Qs} = 20", P,, where P is the generator of trans-
lations and the generators of the supersymmetry transformations, ), commute with
P. Massless representations of the extended algebra necessary for building particle
physics models consist of chiral superfields where quarks, leptons, and Higgs fields
and their superpartners reside, and of vector superfields which contain the vector
gauge bosons and their supersymmetric partners the gauginos.

One can construct a globally supersymmetric Lagrangian (for reviews see [33],
[34], [35]) by forming products of chiral superfields (with bosonic components ¢; and
fermionic components ;) and products of chiral and a vector superfields (the vector
superfields in the Wess-Zumino gauge having bosonic components v;; and Majorana
fermionic components A%, where the index a belongs to the adjoint representation of

the gauge group). This Lagrangian for a single non-Abelian gauge group connecting
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gauge and matter fields (GM) in 2-component notation reads

1 Sy a = a 1 a na
Lo = =700, —iMG* DA + S DD (2.1)

— (D¢ (Dudps) — i)'6*Dyty; — FIF,

. . . . 1. . .
~(=iV2g0" (TN + huc.) + gD "6 T) — S Wit + hec.

Here W is the superpotential which is a holomorphic function of chiral superfields (and
at most cubic in chiral superfields) and W,; = 8*W/0¢'0¢’ (formally the derivatives
are with respect to chiral superfields). F, D are auxiliary fields satisfying F; = —(W,)T
and D* = —g¢iTTi‘; 7. where the gauge group generators obey [1%,T?| = if®T°, as
usual, with antisymmetric structure constants ¢ . For an Abelian gauge group a
Fayet-Iliopoulos D-term (see Ref 2 of [1]) is allowed and the D-term can contain an
extra additive constant. The gauge covariant derivative acting on scalar and fermionic
matter fields m; = ¢; or ¢; is Dym; = (9,m); + igvg(T*m);, while for the fermions
transforming in the adjoint representation of the gauge group D,\* = (9,—g f “b%Z))\C.

The potential of the system is defined in terms of the auxiliary fields
it 1 a na
Vatoba = £ + S DRD". (2.2)

The above is trivially generalized to a product gauge group. Although the above
structure is aesthetically pleasing, it suffers from the major phenomenological issue
that global supersymmetry as constructed above, cannot be an exact symmetry of
nature as in its unbroken form it predicts the presence of scalars that are mass degen-
erate with fermions. Therefore, if SUSY it is to be realized at all, it must be a broken
symmetry as scalar masses the size of electron masses are not observed. The breaking

of SUSY is complicated by the following fact: If one traces the anticommutators of
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the SUSY generators this leads to a vacuum energy (0|H|0) > 0, and therefore the
potential of the system is positive semi-definite. If SUSY is preserved, the fermionic
generators () preserve the vacuum state, i.e. Q4|0) = 0 = Q4|0) and the energy of the
ground state is 0 (EY2S o = 0). Conversely if SUSY is broken Q,|0) # 0, Q4|0) # 0,

vac
Broken

and the ground state energy is necessarily positive, > (. Thus the supersym-
metric vacuum lies lower than the broken vacuum suggesting that it may be difficult
to break supersymmetry. One could in principle add soft parameters by hand to

break supersymmetry at low energy of the form? [4]
Loopr ~ = (MAN + hoe.) = (m?)] oVen — (176:6; + y digjon + hc) . (23)

However this approach is plagued by the fact the simplest possible extension known
with the field content of the SM (the minimal supersymmetric extension = MSSM)
has an enormous number of free parameters, i.e., upward of a hundred*. These
problems are avoided in the framework of local supersymmetry/supergravity [2, 3]
and in particular within supergravity grand unification [5] and models based on its

structure.

2.3 SUGRA Unification

As indicated previously, in order to build models based on N = 1 supergravity one
needs to use the techniques of applied supergravity which involves the coupling of
supergravity with chiral multiplets and gauge multiplets belonging to the adjoint
representation of the gauge group [5, 6, 7]. The effective N = 1 supergravity La-

grangian depends on three arbitrary functions: the superpotential W(¢;), the Kéahler

3A linear term in ¢ is also soft.
4See Ch. 8.1.1 of [36] for various counts.
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potential K(¢;, ¢'1), and the gauge kinetic function f.5(¢i, ¢'f), where here «, 3 are
gauge indices for the adjoint representation. ¥V and K enter in the effective theory

only in a fixed combination through the function G defined by

—G = KK+ [ESWWT | (2.4)

invariant under : K —K—F(¢;)— Fl(¢'") with W —e~/W, (2.5)

where F' is an arbitrary function of chiral fields. The Ké&hler metric is given by
Ki=K:= 95 4tk = —k72G}. Here k = 1/Mpy is the inverse reduced Planck mass
so that Mp, = (87Gx) "2 = 2.4x10'® GeV. Now, from a practical point of view, one
of the most important results that comes out of applied supergravity is the emergence
of an effective potential which is not positive semi definite [5, 7]

Vougra = —k ‘e [gi(g_l)é-g’j +3]+Vp, (2.6)

)

which upon expansion reads

VSUGRA = 6'{2’C ['Di(lcil);-’DTj - 3/12‘W‘2:| + VD 5 (27)
Di = W,i + HQIC,Z‘W y (28)
2 2
g — a g - i(aNg
Vo = LRUND D = LR(UNGT)6G T o (29)

As the potential is no longer positive definite a remarkable aspect of the supergrav-
ity formulation emerges: supersymmetry may be broken spontaneously while allowing
the vacuum energy to vanish. The relevant pieces of the Lagrangian that enter into
this discussion are those involving the mass terms for the spin 3/2 fermionic partner

of the spin 2 graviton; the gravitino (¥, ), and the mass terms for the Majorana (\*)
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fields®, and are exhibited below (ignoring the determinant of the vierbein)

L35 > K e 920,50, (2.10)

1 4 . -
Lip > Zfle*g”gl(gfl)g(af;ﬁ/aap*ﬂ)xpﬁ+h.c. ,

where ¥, = (1/4)[v,, 7). It is worth pointing out, that the Bosonic Lagrangian also
contains gauge (non-diagonal) kinetic terms [5, 6, 7], Lxin 3 —R(fag)V***V}, /4 (and
the imaginary part of the dual field strength). Non diagonal field strength tensors
[5, 6, 7] can have important implications and this subject will be addressed in various
contexts in Ch.(9).

To achieve the breaking of supersymmetry one invokes the existence of a sector
of fields which do not carry the quantum numbers of the visible sector (where the
Standard Model fields reside). This hidden sector is where supersymmetry is broken
via a super Higgs effect. In the SUGRA framework the only communication between
the hidden sector and visible sector occurs via gravity.

Returning to the potential, with a vanishing D-term at the minimum, a flat Kéhler
metric K = ¢;¢', on a real manifold of VEVs, one readily derives upon minimization

5, 6]:

TiW; = Tyl0s, + K¢V =0, (2.11)

T; = Wi+ 6 (W, + oW, + K'KW — 26*°W0y;

where all fields in the above are evaluated at the minimum of the potential. One
then has W,j = 0 alone breaks the gauge symmetry but not supersymmetry as the

VEV of chiral matter satisfies (9x) oc (W) = 0. Thus supersymmetry breaking is

5We have switched to four component notation here for the moment.
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accomplished if at least one of the WJ- # 0 implying at least one eigenvalue of 7;; = 0.
This illustrates rather explicitly the breaking of both SUSY and gauge symmetry in
a locally supersymmetric model[5, 6].

The simplest way to achieve a phenomenologically viable breaking of supersymme-
try is through a singlet scalar field Z with a superpotential split between the visible
and hidden sectors of the form W = Wyg + Wys with Wys = m?*(Z + B) and
assuming a flat Kdhler potential in the HS with (Z) = O(Mp;). Direct interactions
between the VS and HS will lead to sparticle masses O(Mp,) in the visible sector
however such a problem is avoided if the two sectors communicate via gravitational
interactions[5, 10]. Further, in the above example the tuning of the vacuum energy
to zero arises with a particular value of B. The above phenomenon is a consequence
of the super Higgs effect. Thus after spontaneous breaking the spin 3/2 gravitino

absorbs the fermionic partner of the chiral field Z with mass given by

my2 = 1 exp(—(G)/2) = K” exp(k*(Z)*/2) - [W(2))] , (2.12)

i.e., the gravitino, receives a mass of mg/» ~ xm? implying that m ~ 109711 GeV
will lead to m3/, in the electroweak to TeV region.

More generally, the conditions under which the soft breaking in the minimal su-
pergravity model are derived are summarized as follows: (i) There exists a hidden
sector, i.e. minimally the presence of a gauge singlet which breaks supersymmetry
through a super Higgs effect giving mass to the gravitino; (ii) The two sectors, the
hidden and the visible, interact only gravitationally; (iii) The Kéhler potential is gen-
eration independent; (iv) The gauge kinetic f,g is diagonal with higher order terms

in its expansion assumed negligible, suppressed by powers of the Planck mass. This
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then gives rise to soft terms of the form [5, 12, 37|
) 1 -
Vsp = Vaioba +mio""6i + omipA*A" + (AW + BoW® + hec), (2.13)

where W = yoH, - Hy and, H;_;5 are Higgs doublets, and W® is tri-linear in
superfields and Ay has mass dimension in this notation, while mg/, o mg, and
mi 2, Ao, Bopo are all of the same relative size ~ km? < TeV.

Now, the result of Eq.(2.13) arises from the simplest Kéhler metric and gauge
kinetic function. It is however possible (and perhaps likely) that small deviations
from flatness will manifest at the string scale and influence low energy physics. More
generally, if the gauge kinetic energy function carries field dependence then after the
spontaneous breaking of supersymmetry the above leads to gaugino masses. If f,g3
transforms as a singlet of the underlying gauge groups the gaugino masses remain
universal. Conversely, if f,s transform as non-singlet irreducible representations then
the gaugino masses will be non-universal at the high scale. Additionally a more
general form of the Kahler potential which is not flavor blind will give rise to non-
universalities in the soft breaking parameters in other sectors [13, 16, 17, 38]. Non-
universalities typically arise in strings and in D-Brane models and Ibanez et. al [17]
have devised a very convenient parametrization of generic soft breaking. This will be
utilized in Chs.(4.4,4.5).

It should be noted that non-universalities are highly constrained by experimental
data especially from constraints on flavor changing processes. Still, it is possible to
find classes of viable models with non-universalities consistent with all the relevant
experimental constraints. Indeed, recently there has been progress on building semi-
realistic models with N = 1 supersymmetry based on D-Branes [39]. In certain

classes of these models moduli are assumed to give rise to spontaneous breaking of
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supersymmetry in the hidden sector with such moduli playing the role of Polonyi
fields[16] in the breaking of supersymmetry. Particular classes of models include
those based on orientifold compactifications of type II string theories with D-Branes
that support semi-realistic chiral gauge theories for which the Kahler metric has been
explicitly constructed [40]. Computations of disk scattering amplitudes have been
given in [41] (see also [42],[43]). The Kahlers arising from these calculations are
often complicated in their structure containing functions of products of moduli fields
M = {s,tm,u,} and angular variables describing the orientation of the Branes in
the compactified space, the stretching of strings between Brane stacks, and also set
the conditions for the model to be supersymmetric. These models also include gauge
kinetic functions that depend on the moduli and wrapping numbers. We will discuss
some phenomenology of these scenarios in Chapter(4). The point to be made here
is that indeed we can begin to make important progress on testing such scenarios

[44],[45], [46].

2.3.1 Low energy realizations

The simplest scenario is that the field content of low energy supersymmetry is de-
scribed by the minimal particle content. For the case of the MSSM, which is the
minimal supersymmetric generalization of the SM with product gauge group Ggy =
SU(3)c x SU(2);, x U(1)y, the R-Parity preserving superpotential ¢ is taken to be

quadratic and cubic with”

W = 1By, Bpr; WS = 0,V DBy, — DY DDy, — Y OBy, ,  (2.14)

6R-Parity is Z5 symmetry which will be assumed intact throughout this analysis.
"Later we will use the notation H; = Hy, and Hy = H,,.
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where Y are in general 3 x 3 matrices in flavor space containing Yukawa couplings.
In the gauge sector, the vector superfields are VA=1=8 Vo=13 1/ transforming as
(8,1,0),(1,3,0), (1,1,0) respectively under Ggy; introducing new spin 1/2 particles,
namely the gaugino colored octet and the weak and hypercharge gauginos. In the
chiral sector two Higgs superfields are introduced whose scalar doublet fields carry
hypercharge of opposite sign to avoid anomalies from the presence of their fermionic
partners. Finally, new scalar fields are introduced for each fermionic matter state

of the SM (sfermions = squarks + sleptons). In terms of the MSSM the soft terms

Chiral superfield  (SU(3)rep, SU(2)rep, Y/2)  spin 1/2 spin 0
(I)Q (3,2,+1/6) (UL,dL) (’ELL,CiL)
d; (3,1,-2/3) ul, 0
d; (3,1,41/3) dt, dt,
5 (1,2,-1/2) (Ves er) (Ve, €r)
D, (1,1,+1) el el
Cr, (1,2,-1/2) (Ha, Hy)  (Hg, Hy)

Vector superfield  (SU(3)rep, SU(2)rep, Y/2) ~ spin 1/2 spin 1
VA (8,1,0) _ )‘g ~ g
Ve (1,3,0) Aw BN)\:S:)\:I: Ai,Ai
Vv (1,1,0) Ay B,

Table 2.1: Chiral and Vector Superfields of the MSSM: In the chiral/matter sector, in
addition to quarks and leptons, there are squarks, sleptons (x3 families), there is an an
extra Higgs doublet, and the fermionic partners, the Higgsinos. In the gauge sector in
addition to the SU(3)c x SU(2)r x U(1)y gauge bosons there is a set of corresponding
gauginos.

generated by supergravity in Eq.(2.13) read (following a similar notation to [47] and

suppressing gauge/family indices)

— Loope > my HIH, +m3 HiH, + (BpH,Hy + h.c.) (2.15)

2=
z€

R

~ ~ ~ ~ - - ~ ~f
+Q'MZQ + LIMZL + amli’ + dm2d + ém
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+(ithyQH, — dhyQH, — eh LHy + h.c.) |

+ (M35\g5\g -+ MQS\W;\W + Mlj\yj\y -+ hC) s

1
2

where h, 4. are 3 X 3 matrices (in general complex) in the flavor space and the M?2,

2

2, and mZ are 3 x 3 and Hermitian.

M%, m2, m

As previously noted, another remarkable aspect of soft breaking is that it leads to
spontaneous breaking of the electroweak symmetry [5], and such a breaking may be
accomplished radiatively (for a useful review see [48]). To exhibit this, consider the
effective scalar potential constructed out of the Higgs F' terms (i.e the derivative of

the superpotential) and D terms of the Higgs sector, and the first line of Eq.(2.15).

Defining H 2) = H(Od’u) the renormalization group improved scalar potential is

V o= mi|H|* +mi| Hy|? — mi(H,Hy + h.c.)

2 2
n (g2ggY)(|Hl|2_‘H2|2)2+AV1’
AV, = (647271 1)2%(2 1M4ZM§ 3 2.16
L= (B4 Y (1P 2sa b DM I = S (2.16)

a

The term AV; is the one loop correction [49, 50] to the effective potential. Here
Sq is the spin of the particle a, and all parameters, run with scale and are subject
to boundary conditions a(0) = ag = 2ay(0); m?(0) = mZ + p3, i = 1,2; and
m3(0) = —Bopo. Electroweak symmetry breaks down when the determinant of the
Higgs mass® matrix turns negative (i) m2m3—2mj < 0, and (1) m? +m3—2|m3| > 0,
where the second condition is the requirement that the potential be bounded from
below. Minimization of the potential, leads to (a) M2 = 2(u? — p3tan® 3)(tan? 3 —
1)~! and (b) sin28 = 2m3(p? + p3)™', where p? = m? + 3, where %; is the loop
correction [51] and tan 8 = vy /vy is the ratio of the Higgs VEVs. The electroweak

symmetry breaking constraint (a) can be used to fix x4 using the experimental value
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of the Z boson mass My, and the constraint (b) can be utilized to eliminate By in
favor of tan 3. Therefore, the supergravity model at low energy can be parametrized
by (mo, M2, Ao, tan 3, sign(p)).

The philosophy should now be evident. Four parameters and a sign induced by
the gravitational mechanism for breaking of SUSY can be used to generate the low
energy spectrum through renormalization group evolution and the radiative break-
ing of electroweak symmetry. Thus, a theoretically well motivated and applicable

approach to testing supersymmetry is summarized as follows [29, 31, 30] :

e Start from a High Scale model where supersymmetry is spontaneously broken.
e Specify the the low energy field content (in the discussion here, the MSSM).
e Implement the Renormalization group improved effective Higgs Potential.

e Run the RGEs from the high scale (Mg) to the electroweak scale (My), or
the scale at which REWSB occurs, and calculate all the sparticle masses from
knowledge of 4 parameters and a sign. In the case of non-universalities imple-

ment an extended parameter set.
e Impose experimental constraints and determine the viable model.

e Test such model predictions by examining their collider and astrophysical sig-

natures.

A sample of recent works based on this general philosophy with emphasis on LHC
predictions from the high scale include [52, 53, 54, 55, 56, 57, 58, 59, 45, 60, 61, 62, 63].

2.3.2 The Spectra

In the MSSM there are 32 massive supersymmetric particles including the Higgs

Bosons. There are the neutral Higgs mass eigenstates ® = (h, H, A) , the first two be-
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ing CP even and the third CP odd, and one charged Higgs mass from the states H*. In
the gaugino-Higgsino sector there are two charged mass eigenstates (charginos) )th:m,
four charge neutral states (neutralinos) )2?:1, 4+, and finally there is the Majorana gluino
mass. In the sfermion sector, before diagonalization, there are 9 scalar leptons (slep-
tons) which are superpartners of the leptons denoted with left and right chirality to
identify them as superpartners of the leptons: {€y, g, fir,r, 7. R: Vep, Py, » Uz, }- Finally
there are 12 squarks which are the superpartners of the quarks and are represented
by: {@r.r, ¢r.r tL.R CZLR, SL.R, BL,R}. Mass diagonal slepton and squark states will in
general be mixtures of L, R states.

After the neutral components of the Higgs doublets obtain VEVs, the analogues
of the first and third terms on the third line of Eq.(2.1) and the the last term involv-
ing the electroweak gauginos in Eq.(2.15) give rise to neutralino and chargino mass

matrices. For the neutral sector one has, in the basis (\y A}, H} H?)

My 0 —Mzsweg  Mzswsg
0 MQ Mzcwcg —Mzcwsg
M>~<0 - )
_MZSWC,B Mzcwcﬁ 0 ¥
Myzswsg —Mzcwsg — 0

where Oy is the weak angle, sy = sinfy, sg = sin 3, etc. For the charged sector

0 ML Mo V2Myysg
Mf(i = 5 Mi = 9
My 0 V2Myyecg [

with AT = (AT H)T and AT = (A~ H;)7T such that in the diagonal basis, y} =
(xi x3)" with x4 = VA, and x_ = UA_ leading to M 1*® = U*M.V !, where U,V
are unitary matrices.

The squark and slepton physical masses arise from the second and third line

Eq.(2.15) and and the F' and D terms of the potential. Thus for example, assuming
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hy = Y;Ay then in the s-chiral basis one has

M2+ m3 + A mp(Af = ub) ) (fL>

Li=—(f] fE)( ;
R

mf(Af—u*ﬁ) mj;+m?+A?

where

Af = (Tsr — Qpsiy)M7cos(28)  Af = (Qysyy) M cos(28) (2.17)

and where () is fermionic charge and for up scalars B = cot 3 while for down scalars
B = tan 3. Note that the mass and couplings in the mass? matrices are running
parameters (for an introduction to calculating sparticle masses through the RGEs see

(64, 65, 47],[66],[67])

At tree level the CP odd Higgs mass is simply My = +/2[uB|/[sin20] and the
charged Higgses satisfy Mpy+ = \/m. The CP even Higgs mass receives a
relatively large radiative correction[68] with the largest effect coming from the top
(s,q)uark Yukawa couplings. The mass of the light CP even Higgs is bounded above
in SUGRA models roughly by m;, < 130 GeV, and is predicted within a ~ 30 GeV
mass spread, while in a complete generic MSSM one can push the limit up by about
20 GeV. In singlet Higgs extensions there is the ability to push the light CP even
Higgs mass up further. The gluino mass receives radiative corrections at around the
25% level from quark squark loops (see [69]) and corrections to the squark, slepton

and gaugino masses can be modest [70].

2.3.3 Branches of REWSB

It is known that there are two branches of the parameter space that follow from

the radiative breaking of the electroweak symmetry. These branches are labeled by
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their geometrical structure, namely an Ellipsoidal Branch and a Hyperbolic Branch
(as discovered in Ref. 1 of [71]). These branches are intimately connected to the
1 parameter and the radiative breaking equations which determine it. In Ref. 1 of
[71] it was shown that Cymg + Cymf, + CLAT + Apj,,,= p+5 Mz, where m , =
my/o + %AOCZ; /C3, and where C; are functions of gauge and Yukawa couplings and
Ap? are loop corrections. For small to moderate values of tan 3 the loop corrections
are relatively small. In this case one finds that the soft parameters for fixed p lie on
the surface of an ellipsoid and the constraint becomes

(i) Ellipsoidal Branch:

2 2 2
Min —m A /
2 + b_QO + 0_20 ~1; m12/2 = my/2 + cAy. (2.18)

(ii) Hyperbolic Branch: A very interesting phenomenon exhibited in the analysis of
Ref. 1 of [71] is that multi-TeV squarks and sleptons can emerge in certain regions
of the parameter space with a small amount of fine tuning. We reproduce below the
argument of the work of Ref. 1 of [71] as to how this comes about. The important
factor here are the loop corrections to the pu parameter which for certain regions of
the supergravity parameter space can be rather significant. However, the size of the
loop corrections to p depends critically on the scale )y where the minimization of
the effective potential is carried out. In fact, for the case at hand, there is generally
a strong dependence on () for both the tree and the loop contributions to p, which
however, largely cancel in the sum, leaving the total ;1 with a sharply reduced but still
non-negligible residual @)y dependence. Now the choice of the value of )y is rather
arbitrary and one can choose any value of )y for convenience. An interesting choice
for the value of )y is the point where the loop corrections to p are rather small. It

turns out that typically the @)y value where the loop correction to p is minimized is
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roughly the average of the smallest and the largest sparticle masses, a value not too
far from /mgz m; , which is also the (o value where typically the 2-loop correction
to the Higgs mass are minimized. The choice of such a @y leads often to the case
sign(C1(Qp)) = —1. In this circumstance Eq.(2.18) turns from an equation of an
ellipsoid to that of a hyperboloid and hence such a branch is appropriately called the
Hyperbolic Branch (HB) of REWSB so that [71]

/2 2
My /9 myg

a?(Qo) B B2(Qo)

SE (2.19)

where «, § are functions of the u, the Z mass, Ay, and the coefficients C; (see Ref. 1
of [71]). If indeed nature has chosen the hyperbolic branch, the lightest particles will
be the light Higgs and x?, X3, xi-, with a reasonably light gluino mass in many cases,
while the scalars would be rather heavy. We will discuss this scenario in further detail

shortly.

2.3.4 Dark Matter
Relic Density

The principle behind the analysis of relic (leftover) density of dark matter (DM) is
as follows: The early universe was a hot dense soup of rapidly annihilating particles.
At some epoch, these particles were all in thermal equilibrium. As the universe
expanded and cooled down, the reaction rates of these particles became smaller than
the expansion rate (H) (the Hubble function), and the particles were no longer able to
annihilate rapidly enough to maintain thermal equilibrium. As a consequence, these
particles no longer maintained the ability to interact with the cosmic soup and they
decoupled. Their total number became locked in at a freeze-out temperature, however

their number density became depleted, or diluted, with the expanding volume of the
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universe.
The analysis of relic density involves the total number density n = ). n;, where
n; are the number of particle species of species ¢ that survived annihilation and
eventually decay into xi, the lightest surviving particle. The analysis is governed by
the Boltzmann evolution equation [72]
dn
i —3Hn — Z(aijvij>(nmj —n; ) . (2.20)

]
Here 0;; are the cross sections for annihilation of fermionic particle species 4, j, and n;*

is the number density of y; in thermal equilibrium. The approximation n;/n = n;?/n®

gives the well known

- = —3nH — {ogv)(n* — (n°9)?), (2.21)

where the bracket denotes thermal average with a normalized Boltzmann distribution

and the effective cross section and velocity of annihilating matter enter via
OeffU = Zaijvijﬁ)/i’yj- (222)
Z'7j
Here the 7; are the Boltzmann suppression factors [73] and are given by

net gL AP e

]

T e T 25 95 (14 Ay)32e=Biv

r=my /T, X =1/ (2.23)

In the above v;; = \/(pz -p;j)? — mim3 /(E;E;) and the units are taken with the Boltz-
mann constant Kg = 1, and g; are the spin degrees of freedom of the particles and

A; = (my —my)/my.
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The freeze-out temperature is then determined iteratively through

_ | 45
— 1/2
Ty = In [ff <Uefo>m1 m :| s (224)

where Ny is number of degrees of freedom at freeze-out, whose value is roughly 100.
Numerically one finds :1:/?1 = Xy =Ty/my ~ 1/20 for DM in the mass range 50-1000
GeV. The relic density of cold dark dark matter (CDM) is determined through the
ratio Q,, = py,/pe where p. = 3HZ/(87Gy) = h3 x 8.1 x 107*"GeV* is the critical
closure energy density of the universe and hq is the rescaled Hubble constant related

to Hy via Hy = hg100Km/sec/Mpc. The density p,, is
Xf -1
P = man¥ (1) = (47° /45) 2M (T, /TP T2 N} [ / <oeﬂv>dx} . (2.25)
0

This may be put in a more useful form taking into account both neutrino and the

LSP decoupling, by eliminating (7/7,)?3, the standard result is

1.07 x 10°GeV~L [ [Xs -
Q1 — LT [ / <aeffv>dX} | (2.26)
Nf Mp1 0

From here on we will drop the subscript ”70” on hg. Eq.(2.26) provides a starting
point for calculating the relic density under standard assumptions. However, the spin
degrees of freedom are ggp;, = 2 for Majorana DM and for a Dirac DM, gspin + spin =
2+ 2 = 4. For Dirac DM a factor of 2 enters in the number density relative to the
Majorana case as can easily be seen by noting nXy = nxg (see ex: [74]). For the case
of SUSY, the thermally averaged cross sections depend on a large number of possible
annihilation channels. We will discuss this in a bit more detail later. A listing of such
channels may be found in Table 3 of [75] and the the current DarkSusy (DS) manual

(available on the DS webpage).
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Direct Detection

As will be discussed in detail shortly, experiments are actively attempting to detect the
presence of WIMPS (weakly interacting massive particles) ® via their spin dependant
and spin independent scattering with nuclei. For SUSY models the WIMP dark
matter will be the LSP (lightest R-parity odd sparticle). The WIMPs have a velocity
distribution near the earth and in the local galactic halo, and they are travelling
with non relativistic speed order 0.001c. This then translates into the fact that
their momentum transfer is very small (order 100 MeV for LSP masses of order 100
GeV), and therefore the relevant interactions for the direct detection of DM may be
calculated in the limit of zero momentum transfer in collisions with nuclei. For the
case of the MSSM, the interaction Lagrangian relevant to this discussion is given by

[77][78]

L = 37"V X@vu i+ 2y ) it asi XxGigiH s Xy X G i+ asiXxay g+ i X X3

(2.27)
Experimental sensitivity currently best allows for the probes of the spin independent
cross section for neutralinos scattering elastically off target nuclei. In terms of the

reduced mass of the neutralino and the target system (u,7) one has

4 2
Ox(T) = ?%Z&+M—me, (2.28)

where (Z, A) are the atomic (number,mass) of the nucleus, and interactions with the

quarks in the target nuclei through ¢-channel CP-even Higgs exchange, and s-channel

8For a historical account of this terminology see [76].
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squark exchange are contained in

fomn= D I A7 Y ot (2.29)

q=u,d,s 4 q=c,b,t

Here f}% is given by 1 — p/ n f(p/n . z:/n

and arises via gluon exchange with
the nucleon and the f(p /™) are determined from light quark masses obtained from
baryon masses via matrix elements and from the value of the pion-nucleon sigma-
term. Numerical values and further details are given in, for example, the second
Ref. of [38] and [78]. Entering importantly to the discussion is the LSP neutralino

decomposition in terms of its Bino, Wino and Higgsino eigen components (In terms

of the previous notation (B, W3) = (Ay, X?))
X = X(1) = nllé + n12W3 + n13ﬁ1 + n14[~{2 . (2.30)

The relevant couplings that enter in the spin independent cross section are [77][78]

1 1

R[(X:) (V)] - R((W:) (V)]

e 2(m3; — m3)

gam 1 1
—4mw% [% (01[g2n12 — gynai]) DC (—m—%{ + m—%)

_Q(m%i - mi)

+R (d2[g2m12 — gynu]) (Z—z + C—j)] : (2.31)

n My

The first term arises from squark exchange and is typically much suppressed over
most of the signature space consistent with WMAP constraints, (it is given in full
n [77][78]) however the largest contribution from squark exchange is typically seen
for the case of a pure Bino LSP which can arise when the stop is the NLSP in
SUGRA models [45]. The parameters d; o depend on eigen components of the LSP

wave function and B, C, D depend on VEVs of the Higgs fields and the Higgs mixing
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parameter o and are given by

for u quarks: 9y =ny3 dy=nyy B=sinf C=sina D =cosa (2.32)

for d quarks: 0y =nyy dy=-ny3 B=cosf C=cosa D= —sina.(2.33)

2.3.5 Sparticle Production at Hadron Colliders

} Hadrons

J o~
I Y
| ]
'\-4: vy

Event generation in LL - QCD

1) Hard scattering / convolution with PDFs
2) Intial / final state showers
3) Cascade decays

4) Hadronization

Figure 2.1: Sparticle Production at Hadron Colliders, figure by H. Baer and X. Tata, SUSY
07, Karlsruhe.

Simulating sparticle production at hadron colliders is a multi-step process. It
involves (a) the hard scattering of initial state quarks and gluons of the partonic
sub-processes, followed by (b) parton showering for colored particles, (¢) the im-
plementation of Monte Carlo techniques to describe the probability of a produced
particle to decay into a daughter particle over sometimes very long decay chains, (d)

the hadronization of the produced elementary colored particles from the decay chains
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leading to a large collections of mesons and baryons, which can also decay further.
(e) Finally, one needs to take care of remnants that were not involved in the hard
scattering process. After all of these steps are accomplished one needs to sort out the
number and type of events produced by the production of (s)particles and do so over
a large class of final state state channels by collecting angular and four momentum
information per particle per event. Specific programs have been created to accomplish
these steps, and some details regarding these steps can be found in [79] and in [80]
and [36].

Sparticle production involves a plethora of production modes. Many of the most
relevant modes are reviewed in [36]. At the LHC the dominant production modes
arise from the creation of gluino pair production (g, g), mixed gluino (g) squark (§)
production, squark pair production, and chargino )Zf2 neutralino x?_, production.
Perhaps the most interesting class of final states from the production of sparticles
at hadron colliders involve mutli-lepton final states, tagged b-jets and missing en-
ergy /momentum. Here I will briefly discuss some of these relevant production modes.
Missing Energy/Momentum: Technically, the missing transverse energy is the
negative vector sum of the transverse energy deposited in the EM and hadronic
calorimeters. The modulus of this quantity is often referred to as missing ERiss pmiss
or MET. In general, this should include transverse momenta of any muons. Since in
practice, each calorimeter cell is labeled by a four vector with zero mass, and we are
speaking of directed energy, the appropriate terminology becomes P, Early on, as
mentioned already, it was realized that the stability of the LSP could lead to large
amounts of PHs5[6]. Due to the stability of a neutral LSP, every SUSY event leads to
a large amount of P though this largeness can vary based on the sparticle mass
hierarchy responsible for the production of the missing Pr [58] as we soon will discuss

in detail.

34



Tri-leptons: It was noted shortly after the discovery of SUGRA models that W=
decay into a chargino and the second lightest neutralino can lead to a clean tri-
leptonic signal [81] and further work was carried out in Ref.[82]. In Ref.[83] it was
observed that the decays from an off-shell W can extend very significantly the poten-
tial for the discovery of the 3] mode. Many important works followed (for a sample
of early papers see [84]). Thus the classic examples of tri-lepton production proceeds
through the following sub-process: q¢ — W* — XixJ (production of Yix) can also
arise from intermediate squark exchange) followed by chargino decay through an off
shell W via xi — W*X? — IyX? , and neutralino decay Y3 — Z*X{ — [Ty
or chargino/neutralino decays via off shell sleptons yi — I*1; — X%y, with y§ —
T — IFIFXY. However, a copious number of tri-leptons may also be produced due
to production of staus. It was pointed in the 3rd Ref. of [84] that if the following
sparticle mass hierarchy is achieved Y < 71 < g < Xi ~ X5 then the branchings
X5 — TRZ, Xy — 77, and Xi — Tivy, can all be enhanced. In the latter cases one
may then have 7, — X7 followed by leptonic decaying of the taus 7 — v, 11, where
I = (e, p). In fact if the stau is much lighter than the chargino, the latter 2 branching
fractions Yy — 717, and X3 — TV, can proceed with essentially 100 % probability
and enhance the 3/ signal. Additional sources of tri-leptons are from light sleptons
and sneutrinos, contributions from the production of 2 of the heavier neutralinos and
charginos, and from SQCD sparticles (squark or gluino) being produced with EW-
inos, however these modes are often sub-dominant.

Third Generation: The importance of b-tagging has been discussed in [85][87]. In
certain regions of the parameter space it is found that there is an enhancement of the
gluino decays to third generation quarks . This is most importantly the case when
the LSP has a large Higgsino component, which occurs on the HB as we will show

explicitly in the next chapter. Thus it is found that here the gluino decays to a quark

35



and an off shell squark the latter leading to an ino ()Zlig, 5(?:1, ) and quark producing
g — (X12+tb)+h.c.and g — X'_; ,+t¢/bb. The opening up of the three body decays
leads to a large number of heavy flavor final states which are detectable above the
SM background.

It has also been pointed out that hadronically decaying tau jets, can lead to a
substantial number of events above the backgrounds at the Tevatron and the LHC
[86, 52, 57, 56, 45, 58, 60, 87]. For example through left handed squark decay, it
becomes possible to get a large branching into X3 which as discussed already leads to
a 7 jet + LSP. As will be discussed shortly, the right handed squark may lead to a
sizeable branching fraction into the LSP + quark yielding large amounts of Pmiss,

Detailed Reviews: Here we have a given a very brief summary of some of the
features of SUGRA. More detailed reviews can be found in a number of works some of
which we list below: Thus for a pedagogical discussion of SUSY see[47]; for a clear step
by step constructions of the MSSM see the appendices of [22], and [67] and [36]. For
reviews of the technical construction of applied N = 1 supergravity see [34],[6], and
for the nice summaries of the end point of these constructions see [21],[67],[36]. For
a review of radiative corrections to the Higgs masses see [67]; for reviews of SUGRA
phenomenology see [88] and [66], [67],[36], and for an exceptionally clear overview see

[89).
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Chapter 3

Towards Decoding the Mechanism

for the Origin of Dark Matter

It is shown that LHC signals of supersymmetric models carry sufficient information
to allow one to decode the mechanism by which dark matter is generated in the early
universe within a class of supersymmetric theories based on supergravity grand uni-
fication. The ability to decipher the mechanism for the production of dark matter in
the early universe is further facilitated by correlating supersymmetric signals in ex-
perimentally relevant channels at the LHC with the cross sections from the scattering

of neutralinos off nuclei.

3.1 Prelude

In the very near future, data from the LHC will be available allowing one to test
models of physics beyond the Standard Model. As emphasized already, supersym-
metry, and more specifically supergravity grand unified models, are of great interest

due to their predictive nature and their ability to resolve several issues encountered
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in low scale globally supersymmetric theories. Further, the nature of dark matter[90]
and dark energy continues to be one of the primary open questions in both particle
theory and cosmology. It is now widely believed that dark matter must be consti-
tuted of particles outside the standard list of known particles. Chief among these are
the so called weakly interacting massive particles (WIMPS). Supersymmetry with
R-parity conservation leads naturally to such a particle in the form of the lightest su-
persymmetric particle (LSP). In the framework of SUGRA unified models the lightest
neutralino is a particularly attractive possibility.

Quite generally, an analysis of the relic density of the LSP reveals three broad re-
gions where the the Wilkinson Microwave Anisotropy Probe (WMAP) [91] constraint
on the density of dark matter 0.0855 < Qgoh® < 0.1189 (20) is satisfied. These in-
clude (a) the Hyperbolic Branch (HB)[71, 92] where multi TeV scalars can appear
consistent with small fine tuning (sometimes referred to as the Focus Point region
(FP) or as HB/FP), (b) the co-annihilation regions[73], (c) the Higgs pole region[93].
Of these, the stau co-annihilation region and the HB region are more generic while
the pole region (light Higgs and the CP odd Higgs A) is more fine tuned. (d) In
addition there is also the parameter space in the bulk region where the constraint
from WMAP on the relic abundance of dark matter is satisfied, and this is due to a
combination of effects.

Now, an interesting issue relates to the following: to what extent can the LHC
data allow one to decode the mechanism by which dark matter is generated in the
early universe? Specifically we will focus on dark matter originating in the Stau co-
annihilation (Stau-Co) region or in the HB region to begin to answer this question.

Details regarding experimental constraints imposed in the analysis and a descrip-
tion of the analysis routine may be found in the Appendix(4.8). Here we briefly

summarize as we wish to get to the main point. For concreteness in this chapter we
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we work within the framework of the mSUGRA model. In the analysis, the sparti-
cle masses and mixings are derived from the GUT scale with the SuSpect code [94]
coupled to micrOMEGAs [95]. We merge the models via the SUSY Les Houches Ac-
cord format [96] into PYTHIA [79] for the computation of SUSY production at the
LHC, in concert with PGS4 [97], to simulate LHC detector effects, and obtain the
final event record. The models are constrained by their ability to properly break elec-
troweak symmetry, by sparticle mass limits from LEP and Tevatron analyses, flavor
constraints including b — sy and B, — ptu~, by the supersymmetric contribution
to the muon anomalous magnetic moment, and the double sided bound on the relic
density. Our post trigger level cuts are as given in [60] and designed to emphasize the
SUSY signatures of new physics over the SM background for a broad class of models.

Here it is necessary to briefly describe the Stau co-annihilation and the HB further.
The Stau-Co arises on the branch of REWSB where the mass splitting between the
LSP neutralino and the NLSP stau is relatively small. It is found that 77% percent of
the model points in the Stau-Co from our Monte Carlo scan over the parameter space
obey AM = Myrsp — Mrsp = Mz — My < 10 GeVwith 18 % of the model points
having this mass splitting of 10 < AM/GeV < 40 with the remaining 5% satisfying
AM/GeV < 100. The possibility of rather light 7 masses arise with more than 80 % of
the model points in our scan having M < 400 GeV, with a rather even distribution of
model points with M3, in the mass ranges of (100—200), (200—300), (300 —400) GeV.
However, here the discovery of light Higgses becomes challenging as the heavy SUSY
Higgses are typically larger than My g g+ > 300 GeV. On the Stau-Co, the Bino
Branch of radiative electroweak symmetry breaking, prominent processes entering in
the relic density annihilation cross sections include: 71X} — (72), (Th), (77), 7171 —
(fifs), WW),(22),(Z), (v7), and 71li(i # 7) — TL;.

On the the dense part of the HB there is a controlled set of annihilations giv-
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ing rise to the satisfaction of the relic density and this is dominated by Y{x{ —
(WW),(ZZ), (tt), (bb), over most of the parameter space, with a strongly Higgsino
like LSP. Additionally there are a significant number of cases where the annihilation is
dominated by the processes X)X\ — bb [~ (85—90)%] and X%} — 777~ [~ (5—10)%],
and these cases typically occur for larger neutralino masses which are more Bino like,
but can also occur for low values of the neutralino masses as well on the HB. In
terms of dominant final states for the Higgsino like LSP, it is found that the ther-
mal annihilation cross sections would have arisen mostly from X! annihilations into
WW (84% ) max and Z Z(24% ) vax as well as t£(77% )amax. Most often these channels con-
spired to produce the correct relic abundance, with sub-leading contributions from
other channels.

Now, we discuss our findings from a study of SUSY signatures that reveals several
correlated signals allowing a clear discrimination between the Bino and the Higgsino

branches which may be responsible for dark matter annihilations in the early universe.

3.2 Decoding the Mechanism For Dark Matter Pro-

duction with the LHC

3.2.1 The Chargino Wall and Chargino Ball

Nsusy (leptons/jets) and (Press) vs a%)p;

The LSP gaugino-Higgsino content enters importantly in the thermal annihilation
cross sections that determine the proper relic density of decoupled neutralinos from
the epoch of freeze-out. It also enters prominently in the strength of the scalar
neutralino-proton cross section which we now discuss.

Significant information regarding the co-annihilation region and the HB region can
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Figure 3.1: Right panel: An exhibition of the tri-leptonic signal vs 0)S<Ip

Points in the

vertical reglon to the right constitute the Chargino Wall. Left panel: an exhibition of
(Pmm ) vs 0~0 The cluster of points at the end to the right constitute the Chargino Ball.

The CDMS /XelO constraints[98] and constraints expected from SuperCDMS[99] are also
shown. A clear discrimination of Stau-Co and HB can be seen in these plots. (From [87]).

be obtained by an analysis of the number of SUSY events at the LHC vs the spin-

independent neutralino-proton cross section ail

along with the current limits on the
direct detection of dark matter. We give an illustration of the above in Fig.(3.1). The
analysis of Fig.(3.1) (right panel) shows that the co-annihilation and the HB regions
are well separated in the space spanned by the tri-leptonic signature 3L (L=e,u) and
0~0 One also finds the presence of a Chargino Wall (CW)[45, 87]. It refers to the
region of HB where the NLSP is the lightest chargino, the LSP is mostly Higgsino like,
and the spin independent cross section is essentially constant O(107®%) pb as function
of the neutralino mass for neutralino mass in the range ~(80-650) GeV. In fact a

flat region in the spin independent neutralino nucleon cross section was first seen in

Ref. [92] and then following this in Ref. [100]. That the sparticle mass content or
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hierarchies throughout the flat region remain uniform was first seen in [45], where it
was further found that the flatness, or the Wall, is generic to SUGRA models studies
with non-universalities which enters importantly in the analysis of LHC signatures.
Flatness has been in observed in other recent works as well (see ex: [101]).

Further one observes that in Fig.(3.1) (left panel) the parameter points in the HB
region in the (Ppss) — a%p plot are clustered together in a ball shaped region (the
Chargino Ball (CB)[87]) and are well separated from points in the Stau-Co region
which lie on a slope providing a strong discrimination between the Stau-Co and the
HB regions. Therefore the HB lies in exceptionally predictive region, with a tight
corridor on the amount of missing Pi"*¢ that it can produce (under the cuts imposed,
but this remains generic under other cuts that reduce the SM background). However
the Stau-Co can generally produce much larger amounts of P7*¢ making it somewhat
easier to discover in some cases. We will come back to this issue shortly.

It is however useful to see why the CW exists in the first place. Thus to explain
the CW we observe that: (a) On the CW one typically has m3, > m3, and the heavier
of the CP Higgs mass has a lower limit near 300 GeV and more typically it extends
into the range of a TeV to several TeV, (b) sina ~ a where « is the Higgs mixing
parameter which enters in the diagonalization of the CP even Higgs mass® matrix,
and a x tan § ~ —1, (c) further, the sfermion poles can be neglected as they make a

small contribution in this region. In the absence of CP phases we obtain
0%, (WALL) ~ Coni(gynn — gamz)*(mu + amug) (97 + 2f5)? (3.1)

where the SM content is
MoH3p95

Cqy = — 2=
SM 3247m} M2,

(3.2)
and fP =3 _ . f%) and f7, =1— f? (see Ch.(2.3.4)). The typical ranges for ny;
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on the wall are: ny; € (.85,.99), njy < nyy, and ny3 € (.1,.6) ~ —O(nyy). Using
numerical values one gets a%p(WALL) ~ 2 x 107® [pb]. In our analysis however,
we have implemented the full cross section calculation without any of the above
approximations. This analysis leads to o%)p (WALL) lying in the range ~ (1.5 —
5) x 107® pb while the most recent limits give o%p ~ 5 x 107® pb [98] for m, ~ 60
GeV. Thus this region of the parameter space is within reach of the current and the
next generation of dark matter experiments. As noted already, the CW is also a very
interesting region for LHC signatures.

The analysis of Fig.(3.1) is really quite unique, and very important. For the
first time, one sees the mapping of the LHC signature space of prominent channels
connected to the signature space of direct detection [87]. It shows us that the HB
should either be discovered or ruled out by dark matter experiments, while the LHC
should be able to probe a good chunk of the Wall in the tri-lepton channel. Further
the sensitivity from direct detection experiments may be greater than that of the LHC
for the case of the HB. For the case of the Stau-Co, however, direct detection becomes
less sensitive than that of the LHC over a large region of the signature spaces. In the

context of the spin independent cross sections, this result is closely tied to the Bino

vs. Higgsino content of the LSP wave-function.

3.2.2 Geometry of P Distributions:

A powerful signature for the discrimination of Stau-Co and HB is the total number of
SUSY events Nsysy as a function of the missing transverse momentum. An analysis of
this signature is given in Fig.(3.2) (left panel) where one finds different geometries in
these distributions. Here we emphasize that the significantly fatter Pss distributions
for points in the Stau-Co region contrast sharply with the P distributions from

points in the HB region which are much thinner[60] as exhibited for the case given in
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Figure 3.2: (Left): Nsusy vs. Pjrl“iss for points in the Stau-Co and HB regions along
with the SM background under the standard post-trigger level cuts. The Stau-Co and HB
model points given here have (mo,my /2, Ao, tan 3, sign(ut)) as (71.5,348,334,10,+) and
(1694, 216, —740, 50, +) respectively (all masses are in GeV). The top mass is taken to be
170.9 GeV. (Right): Nsysy vs. (PRiss) for each parameter point in the Stau-Co and HB.
(P™iss) acts as an indicator of Stau-Co and HB regions. (From [87]).

Fig.(3.2)(left panel). Such a signature has the interesting feature in that the discovery
potential is increased over a larger region in the SUGRA parameter space than for
the case of counting fractional number of such events in separate channels. The above
is due in part because every SUSY event that passes the trigger has P and so one
maximizes the signal events as opposed to obtaining a fraction of them. Further, the
SM Piss falls off rapidly beyond the peak value coupled with the fact the PR from
SUSY events can be significantly larger, and can extend out to momenta where the

SM cannot produce a large number of events.

3.2.3 (P™s) as a Discriminator

A remarkable signature emerges distinguishing the stau co-annihilation region and

the HB region if one analyzes Ngygy for each parameter point as a function of {PRiss)
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which is the mean P calculated by averaging the Py over the entire model event
record. The above phenomenon is shown in Fig.(3.2) (right panel). Here one finds
that (Pp) has a very wide range from 300 GeV to a TeV or more for the stau
co-annihilation region, while (P} for the HB region lies in a much narrower band
centered around 350 GeV - a phenomenon which originates for parameter points on
the Chargino Wall. Thus the (Pp*) ranges in Fig.(3.2) can be viewed as one of the
smoking gun signatures which can discriminate between the two mechanisms using
LHC data. This is in fact related to the presence of the Chargino Ball in Fig.(3.1).

Although a quantitative analysis of (PS) is rather complicated since it involves
many particles and depends in part on post trigger level cuts, one can give a qualita-
tive picture of the disparity between the P on the Stau-Co and the HB regions by
analyzing the decay chains of sparticles into their final products culminating into an
odd number of LSPs (per sparticle decay chain) and the SM particles. Here one finds
that often the sparticle decays on the Stau-Co involve two body decays. For the HB
case, however, one finds that the sparticles produced in pp collisions have typically a
longer decay chain which depletes the PR in this case.

We illustrate these features by analyzing the two specific benchmarks given in the
caption of Fig.(3.2)(left panel). For the HB model point of Fig.(3.2)(left panel) the
following production cross sections are dominant: pp — (§9/X9Xi/Xi X1 ) at the level
of (45,25,15)%. While squark production is highly suppressed (mj; ~ 622 GeV <
Mz =57 € (1.2,1.7) TeV). One finds that the dominantly produced § decays via
BR[g — X?+q+q| ~ 50% and BR[g — %;t +q+7] ~ 50% with the LSP contributing
only 10%. The reason for this largeness is because the on-shell decay of the gluino
into ¢ is suppressed due to largeness of the squark masses (a phenomenon which
typically holds for the gluino decays on the HB). Further, the Y3 and Y produced
on HB have BR[X3 — XU + f + f] ~ 100% and BR[Xf — X0 + f + f'] ~ 100%.
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Thus the decay chain for sparticles produced on the HB tend to be longer resulting in
reduced PJ"*s. Now, for the Stau-Co model point of Fig.(3.2)(left panel) the leading
SUSY production level cross sections are from (gq, qq, gg) at the level of (41,33, 7)%,
with the corresponding 2 body decay modes BR[qr — X" + ¢q] ~ 100% (1st and 2nd
generation), and BR[q, — (X9, X1) + (¢,¢')] ~ (60,30)%. Since the decay chain
for sparticles on the Stau-Co tend to be shorter the resulting P7ss is larger. In
summary the main reason why the HB tends to give lower values of missing Pr
relative the Stau-Co is simply due to the fact that on the HB, in order to get to the
LSP from the dominant gluino production mechanism one usually needs at least 2
successive 3 body decays, while on the Stau-Co the right-squarks (¢g) from the first
and second generations, which are dominantly produced, each of which here, decays
right into the LSP + quark. The above also holds more generally in that one finds
that sparticles arising from the Stau-Co have much shorter decay chains resulting in
fewer final particles and thus the missing energy can get large. Our more general
results given here on a large spread in P™ agree with the analysis given in[52] and
with the analyses of the CMS and ATLAS collaborations [102, 103, 104]. Conversely
the models on the HB have longer decay chains with more final state particles and
thus the missing energy carried by the neutrals is depleted leading to missing Piss
which is more SM like. This feature has also been discussed in the CMS analysis of
[105].

3.2.4 Cutting on Jets, nj:

Another powerful signature for discriminating the Stau-Co and the HB regions is

*

Nsusy taken as a function of Pi™and Mgty 1-€.,

Nsusy = Nsusy (jer = 1oy, PP = Pp™™), (3.3)
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Figure 3.3: A discrimination of the two mechanisms for the satisfaction of the relic density,
where the mechanism for the origin of dark matter is governed by stau co-annihilation
and annihilation on HB with assumed LHC luminosity of 10 fb~!. Curves (connecting
Nsusy/VSM for discrete n;fet) correspond to various models with My gp < 275 GeV for the

Stau-Co and Mrgp < 230 GeV for the HB. The ratio of Ng}gs/staufco /VSM is computed
under the standard post-trigger level cuts (see also Fig.(3.2)) but with n},, taken as a
variable. (From [87]).

where the x indicates a fixed cut value. Here features specific to the co-annihilation branch
and to the HB emerge when Pp™* is fixed, and nj,, is varied. This is shown in
Fig.(3.3). In particular one finds that for the co-annihilation branch there is an op-
timal nj,, near 4 because the discovery limit criteria Natan=Co /\/SM decreases as a
function of increasing nj,, and has a max near nje; ~ 4, while for the HB, specifically
on the Wall, the situation is quite different, in that the larger the n7, the larger is
the value of NE. /v/SM (where of course the SM is subject to the same * cuts).
Thus, as the jet number n}, becomes large Ny sustains a much stronger signal
than Ng’fjas‘l{co, and thus Nsysy/ v/SM is a strong discriminator between the Stau-Co
and the HB regions.

The above becomes very significant if the SUSY scale is high with the LSP mass

lying in the several hundred GeV range. Also, this type of large n-jet cut can deplete
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Here mgz < 1.1 TeV. (From [87]).

the leptonic signal, so a delicate balance of jet cuts is very important. In fact, if
the SUSY signal is not highly leptonic, the analysis of the above type would be an
efficient way to decipher new physics. Further, even if one has signatures with many
leptons, the jet analysis will provide additional corroborating signatures for discovery

and discrimination.

3.2.5 Importance of b-Tagging

The utility of b-tagging for the HB region has previously been emphasized in [85, 55,
60]. In Fig. (3.4) we give an analysis exhibiting how b-tagging provides a striking
discrimination between the Stau-Co and HB regions where we plot N(nb)/ \/W
as a function of the number of tagged b-jets (nb) and find this dependence to be

drastically different for Stau-Co vs HB regions. Here one observes that the discovery
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limit becomes enhanced on the HB with increasing the number of tagged b-jets. Con-
versely, on the Stau-Co the discover limit fades with increasing the number of tagged
b-jets. This is easily seen by following the lowest curve on each plot in Fig. (3.4). This
is a rather significant result. It means quite simply, that while one class of models,
originating from annihilations on the HB, will not be discoverable with a small num-
ber of b-tags, it will becomes discoverable by increasing the number of b-tags, while
a Stau-Co model point which appears discoverable with a smaller number of tagged
b-jets will fade out in its ability to be discovered as the number of tagged b-jets is
increased. However, one may observe that the tagging of b-jets is really more crucial
for the discovery of a model on the HB than for the Stau-Co, as the discovery limit
never fall below ~ 5 sigma for the model points shown in the Stau-Co.

One can again see why this occurs. As already discussed, on the HB gluino
production is dominant in pp collisions at the LHC. Continuing with the previous
example, one further finds that the gluino decays dominantly into bb, i.e., BR[g —
X? + b+ b ~ 40% and BR[§ — X; + b(b) + £(t)] ~ 40%. Thus, the gluino 3 body
decays are very rich in b quarks. Conversely for the Stau-Co model point of Fig.(1)
(left panel) the pp production cross sections are as follows: (§q) ~ 41%, (4q) ~ 33%,
(99) ~ 7% (as already noted). Further, the gluino has only a small branching ratio
into bb in this case via § — bb. Including the production cross sections for gg and the
branching ratios, we find that overall the bb production on Stau-Co is smaller relative
to that on the HB.

This is supported more generally in in Fig. (3.5) where the fractional number of
events with 2b-jets vs the number of events with 2b-jets is given, and again one sees a
strong discrimination between the parameter points in the Stau-Co region vs those in
the HB region where a larger percentage of events that pass the cuts contain tagged

b-jets for the case of the HB relative to those on the Stau-Co.
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In Fig.(3.6) we extend the analysis to the 4b-jet mode and correlate this signature
to events with two hadronically decaying tau jets and to events that do not contain
tagged b-jets. Here we find sharp discrimination. The boxed region forms the 1 sigma
discovery limit boundary. Clearly any point falling in the box is not discoverable in
these channels at the LHC with 10/fb of integrated luminosity under the cuts taken.
We note however, that in these heavy flavor channels a very large set of model points
become discoverable and indeed the classes of models are well separated in the LHC
signature space. Fig.(3.6) shows quite clearly that the LHC event rates can distinguish
between the HB and the Stau-Co, and that it is possible to pin down the model and
the mechanism for the origin of dark matter in this framework, even at very low
luminosities, i.e with only 10/fb of data. Of course, with higher luminosities we
should be able to pull up some of the models that are suppressed in the event rates,
and further one expects sharper discrimination with larger luminosities for models

that are already discoverable and separated in these plots.
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Figure 3.6: (Left panel) N(27) (the number of events with two hadronically decaying 7-
jets) vs N(4b) (the number of events with 4 tagged-b jets). A similar plot with N(27)
replaced by N(0b) (the number of events with no tagged b-jets) . (Right panel). The vSM
values in each channel are indicated by X’ on the plots. Signatures arising from Stau-Co
and from the HB regions are clearly discriminated.(From [87]).

More generally the analysis of Figs.[(3.2)-(3.6)] shows that the LHC signatures
arising from the Stau-Co are easily distinguishable from those arising from the HB,
while the analysis of Fig.(3.1) leads us to a more general method of pinning down
the underlying model by correlating signals for the direct detection of neutralino dark
matter with final state channels of missing Pr and leptonic signatures from sparticle
production at the LHC. Indeed, such an analysis may point us to the mechanism for
the production of dark matter in the early universe in this class of models.

In the above we have analyzed in detail how the LHC data can allow one to discover
if the mechanism for the origin of dark matter in the early universe arises in the HB
region or in the Stau-Co region. This opens up the issue if the above type analysis
can be done more generally to identify the dominant mechanism for the generation of

dark matter in the early universe using LHC data. Below we discuss briefly how one

may extend the analysis to the stop co-annihilation region and the A-pole region. As
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already discussed, in addition to the Stau-Co region there is also a stop co-annihilation
(Stop-Co) region where the relic density constraint is satisfied. However, regions of
the parameter space which give rise to Stop-Co have signatures which are highly non-
leptonic relative to those of the Stau-Co and of the HB [58, 60]. Thus correlations
such as OL + jets vs 1L+ jets allow one to distinguish Stop-Co regions from others
as discussed in the analysis of [58, 60]. Such correlations if observed, would be a
good indication of stop co-annihilation as the origin of dark matter. We note in
passing that the LSP is mostly all Bino in this case which suppresses the scalar cross
sections in the direct detection of dark matter[45]. Next we discuss the A-funnel
region. Here the relic density is satisfied because the LSP mass is nearly half the
CP odd Higgs mass. The analysis of parameter points which cluster near the pole
region do not have the same NLSP for all parameter points unlike the case of HB
where ¥{ is the NLSP, or the Stau-Co region where 7, is the NLSP. However, in the
pole region the NLSP could be i or 7, or even H* (f; is seldom seen in the pole
region). Thus the A-pole region can give mixed signatures, sometimes characteristic
of HB and sometimes characteristic of the Stau-Co. To firmly establish the pole
region one would need a global analysis with many signatures which would give a
determination of the Higgs A° mass and the mass of the LSP. A similar situation
holds for other isolated regions of the parameter space which cannot be classified in
the above categories which satisfy the relic density constraints. Here also one would
need a global analysis on the signatures to identify the mechanism that gives rise to

the origin of dark matter. Some of this issues are taken up in the next chapter.
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3.3 Summary

The analysis presented here shows that with sufficient LHC data one can discriminate
between the Stau-Co and the HB regions regarding the origin of dark matter in the
early universe in the mSUGRA model using lepton, jet and missing energy signatures.
We discussed several smoking gun signatures for such a discrimination. It was also
shown that further discrimination is possible by combining LHC data with the limits
on a%p from the direct detection of dark matter. Within this framework, it is clear
that a study of LHC signatures and dark matter signatures allow us to distinguish
between the Higgisino vs. Bino dominated scenarios over a broad class models. While
the analysis presented in our work illustrates our main points in the mSUGRA model,
similar analyses along these lines should be pursued for other models of soft breaking
including string and D-Brane models. Specifically, it would be interesting to analyze

what the LHC can tell us about the origin of dark matter in cases where one has

departures from the case of neutralino dark matter.

23



Chapter 4

Sparticle Landscape and Light

Higgses in SUGRA /D-Brane
Models

In the previous chapter it was emphasized that one can begin to decode the origin of
dark matter in the early universe by examining correlated signatures of LHC signals
with signals relevant to the direct detection of dark matter. It begs the question,
is this possible more generally? One can indeed make progress in this direction by
sorting out the landscape of sparticle mass hierarchies [58, 45, 60] and examining
correlated signatures of new physics in multiple ways. A brief review of some of the

details discussed here can be found in [106, 107].

4.1 Resolving the Sparticle Landscape

We begin with the concept of the Sparticle Landscape[58]. There are a total of 32

massive particles predicted in the MSSM. The number of ways in which the sparticle
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masses can stack up in their mass hierarchy is a priori undetermined without the
assumption of a model choice and imposition of phenomenological constraints. Thus,
if 32 masses are treated as essentially all independent, then aside from sum rules on
the Higgs, sfermions, chargino and neutralino masses, and without imposition of any
constraints, the number of hierarchical patterns for the sparticles could be as many
as O(10%°728) or larger. One may compare this with the landscape of string vacua in
type II-B strings which lead to O(10'°%) possibilities.

Now, the number of possibilities can be reduced by very significant amounts in
supergravity models with the imposition of the constraints of radiative electroweak
symmetry breaking (REWSB), and other phenomenological constraints. In fact, the
number of possibilities is drastically reduced in the minimal supergravity grand uni-
fied model although no classification had ever been made and the precise number of
possibilities of the full landscape is still not known. A cartography of the landscape
was first undertaken in [58]. Such a cartography is important for devising strategies
for analyzing data from the LHC. In the analysis of [45] a larger set of sparticles mass
patterns were uncovered by extending the minimal framework to include a larger
landscapes in mSUGRA, in SUGRA models with non-universalities (NUSUGRA),
and in D-Brane models.

The focus here is on the sparticle mass patterns for the four lightest particles (dis-
counting the lightest Higgs) as they would to a great degree influence the discovery
of SUSY while keeping the size of the landscape in check. We have carried out a
mapping of the mSUGRA parameter space and for the first four particles we find 22
mass patterns with all constraints as discussed in the Appendix(4.8). We label these
as mSUGRA pattern 1 (mSP1) through mSUGRA pattern 22 (mSP22), the first 16

arising for p > 0 [58].
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In Table(4.1) we exhibit these mass orderings. The groupings may be consid-
ered more simply in terms of the NLSP, thus there are Chargino Patterns (CPs),
Stau Patterns (SUPs), Stop Patterns (SOPs), Higgs Patterns (HPs), and an isolated

Neutralino (2) pattern.

‘ mSP H Mass Pattern ‘ 1 ‘
mSP1 [ X! <Xi <X5<X§3 |ps
mSP2 || X0 < Xf <Xy < A/H | s
mSP3 || X! <Xy <X3<T M+
mSP4 | X! <Xi <X9 <3 i
mSP5 | X0 <7 <Igp <D T
mSP6 || X} <71 < Xi < X5 Pt
mSP7 55(1) < ;1 < TR < 55% M+
mSP8 | X' <7 <A~H s
mSP9 || Y0 <7 <lp< A/H | ps
mSP10 || Y0 <7 < &1 < I L
mSPIL [ XY <t1 <X¥ <X3 | ps
mSP12 || Y0 <t <7 < X& L
mSP13 | Y0 <& <7 < Ig [t
mSP14 | Y < A~ H < H* Ly
mSP15 | XY < A~ H < X7 o
mSP16 || Y < A~ H <7y oy
mSP17 | X9 <7 < X3 < X1 e
mSP18 | X0 <7 <lp < h L
mSP19 || Y0 <7 <t < X& L
mSP20 | YV <t <Xy < Xi [
mSP21 | Y0 <t <71 < XY [
mSP22 [ X0 <Xy <xi <9 e

Table 4.1: The Sparticle Landscape of Mass Hierarchies in mSUGRA. In patterns
mSP14,15,16 the ¥ and the Higgs bosons (A, H) are sometimes seen to switch in their
order.(From [58, 60].)

Since the nature of physics at the Planck scale is largely unknown it is useful
to consider other soft breaking scenarios beyond mSUGRA. One such possibility is
to consider non-universalities in the Kéhler potential, (or non-diagonal gauge kinetic

functions) which can give rise to non-universal soft breaking consistent with flavor
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constraints. We consider three possibilities which are non-universalities in (i) the
Higgs sector (NUH), (ii) the third generation squark sector (NUq3), and (iii) the
gaugino sector (NUG) (for a sample of previous work on dark matter analyses with

non-universalities see [38]). We parametrize these at the GUT scale as follows:

(Z) NUH : MHu :m0(1+6Hu), MHd :m0(1+5Hd), (41)
(ZZ) NUq3 . ng = mo(l -+ (ng), Mug’dg = mo(l + 5tbR>7 (42)

(27/2) NUG : M1 = ml/g, MQ = m1/2(1 + 5]V[2)7 M3 = m1/2(1 + 5]V[3)' (43)

‘ NUSP ‘ Mass Pattern ‘ Model ‘
NUSP1 | XY <X:i <Xy <t |NU3NUG
NUSP2 | XY <xXf<A~H NU3
NUSP3 | X} <Xi <71 <X NUG
NUSP4 | ) < X5 <7 <lg NUG
NUSP5 | V<71 <7, < T NU3
NUSP6 | X) <7 < 7r < X7 NU3
NUSP7T | " <7 <t < A/H NUG
NUSP8 | Xt <71 <lr <1, NUG
NUSP9 | XY <7 <Xi <lg NUG
NUSP10 | X} <t < g < Xt NUG
NUSP11 | Y0 <t; < A~ H NUG
NUSP12 |\ < A~H<g NUG
NUSP13 | X! <9 <Xi < X5 NUG
NUSP14 | XY < g < t1 < X NUG
NUSP15 | YV <g< A~H NUG
DBSP1 |V <7 <v, < A/H DB
DBSP2 |\ <7 <7, <lIg DB
DBSP3 |\ <7 <D, <7, DB
DBSP4 | YV <t <7 <7 DB
DBSP5 | X)<v, <71 <7, DB
DBSP6 | XV <7, <7 < X7 DB

Table 4.2: The Sparticle Landscape in NUSUGRA and the D-Brane model considered.
(From [58, 45, 60].)

57



For the case of non-universalities , we find 15 new mass patterns labeled NUSP(1-
15). We also find in a phenomenological class of models based on D-Branes, 6 more
new patterns labeled as DBSP(1-6). A complete sets of benchmarks for each pattern
can be found in [58, 45, 60]. In Fig.(4.1) we show the sparticle landscape for the
mSUGRA case for pn > 0. We have carried out similar analyses for the NU and DB
cases (see [45, 60]). Our analysis uncovers a much larger set of mass hierarchies than
has previously been thought to exist; even in the minimal model. This is so because
one usually is searching the parameter space with vanishing tri-linear coupling. Such
an assumption is ad hoc, and needs to be dispensed with. Here we specifically observe
several classes of sparticle mass patterns not discussed in the literature prior to this
analysis. There are in fact Higgs Patterns which occur for large tan 5 in mSUGRA
where the CP odd/heavier CP even Higgses are in fact the lightest particles beyond
the LSP neutralino and in some cases they can be even lighter (we remind the reader
that the Higgses are R-Parity even). These Higgs Patterns (HPs)[58] are labeled

mSP(14-16). Along the large my region with lower values of m /5 the mass hierarchy is

1785 mSUGRA models out of 2 million point scan with Monte Carlo simulation 1785 mSUGRA models out of 2 million point scan with Monte Carlo simulation
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Figure 4.1: Parameter space in terms of the sparticle mass hierarchies for 1 > 0 under the
2 sided WMAP constraints, and REWSB constraints, and all other constraints discussed in
the Appendix(4.8). (From [58].)
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dominantly composed of mSP1 with annihilations on the HB, while there is also a Bino
branch of mSP1 in which the the lightest chargino and next heavier neutralino are very
close in mass, really effectively degenerate. One also observes several more chargino
patterns (CPs) where the NLSP is a chargino (mSP1-mSP4), where mSP4 is rather
special with a very light neutralino mass less than ~ 55 GeV. Further there are stau
patterns (SUPS) mSP(5-10), and they are stop patterns (SOP) mSP(11-13). There
are also patterns where the gluino is light and is the NLSP and where the sneutrino
of the third generation is light and is the NLSP occurring in the NU and DB cases
respectively as illustrated in Table(4.1). Earlier works which advocated benchmark
points and slopes do not cover the more broad set of possible mass hierarchies we
discuss here. That is, a large number of the mSP patterns do not appear in previous
works. All of the Snowmass mSUGRA points (labeled SPS) [108] are only of types
mSP(1,3,5,7) as follows:

(SPS1a, SPS1b, SPS5) — mSP7  SPS2 — mSP1 (4.4)

SPS3 — mSP5 (SPS4, SPS6) — mSP3 .

Regarding the Post-WMAP points [109] one has the following mapping

(A,B,C, D, G, /', J,M') — mSP5, (4.5)

(I'' L) - mSP7,E' — mSP1, K" — mSP6 .

The CMS benchmarks classified as (Low/High) Mass (LM)/(HM) [110] do a better

job of representing mSP1 which is the dominant pattern we find, and the mapping is

LM1, LM6, HM1 — mSP5 | (4.6)
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LM2, LM5, HM2 — mSP7 |
LM3, LM7, LMS, LM9, LM10, HM4 — mSP1 |,

LM4, HM3 — mSP3 .

Note there are no Higgs patterns or stop patterns discussed in the CMS benchmarks
as well as in SPS or in Post-WMAP benchmarks. Thus a very large class of models
consistent with all known experimental constraints have not been studied in the cur-
rent literature. However in the pursuit of SUSY at the LHC, inclusion of the missing
patterns is essential as the sparticle mass hierarchies are intimately connected to to
LHC signatures of new physics. The most transparent example of why this is so
follows from the fact that the mass hierarchies dictate which sparticle decay chains

are kinematically accessible.

4.2 The Direct Detection of Dark Matter as a Probe
of the Landscape

We discuss now the direct detection of dark matter from the context of the sparticle
landscape. In Fig.(4.2)(left panel) we give an analysis of the scalar neutralino-proton
cross section a%)p as a function of the LSP mass in mSUGRA for p > 0. It is clear
that the Higgs patterns give the largest dark matter cross sections over most of the
signature space and are therefore the first ones to be constrained by experiment. The
second largest cross sections arise from the Chargino Patterns which shows the Wall,
with a copious number of points with cross sections in the range O(10~%) pb followed
by Stau Patterns , with the Stop Patterns producing the smallest cross sections as

they are nearly % 100 Bino like. The analysis of Fig.(4.2) shows more generally, as

pointed out in the previous chapter, that the scalar cross sections lie in an interesting
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Figure 4.2: Analysis of the scalar cross section a)%gp for MSUGRA and NUH. The sparticle
1

mass hierarchies act as prism separating out the signatures space relevant for dark matter
direct detection experiments. A Wall of nearly constant aggp exists in both mSUGRA and
1

in NUH. (From [45]).

region and are accessible to dark matter experiments currently underway and will
be accessible to improved experiments in the future [111, 112, 113, 114, 115, 116].
Indeed the analysis of Fig.(4.2) shows that some of the parameter space of the Higgs
Patterns is beginning to be constrained by the CDMS and the Xenonl0 data [115].
We also can see that the signature space for direct detection of dark matter in
NUSUGRA exhibits similarities to the mSUGRA case. The results of the analysis
are presented in Fig.(4.2)(right panel) and Fig.(4.3). As in the mSUGRA case one
finds that the largest dark matter cross sections still arise from the Higgs Patterns
followed by the Chargino Patterns within the three types of non-universality models
considered: NUH, NUq3 , and NUG. Again the analysis within NUSUGRA shows
the phenomenon of the Chargino Wall, i.e., the existence of a copious number of
Chargino Patterns (specifically mSP1) in all cases with cross sections in the range

O(1078) pb. Indeed as in the mSUGRA case, most of these parameter points along
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Figure 4.3: Analysis of the scalar cross section J%I)p for NUSUGRA for the cases NUq3

and NUG . The Wall consisting of a clustering of E)oints in the Chargino Pattern mSP1
and persists up to an LSP mass of about 900 GeV with a a%%p in the range 10~%4*% c¢m?

enhancing the prospects for the observation of dark matter b)lf SuperCDMS and ZEPLIN-
MAX in this region.(From [45]).

the Chargino Wall lie on the Hyperbolic Branch/Focus Point (HB/FP) region where
the Higgsino components of the LSP are substantial. Thus this Chargino Wall again
presents an encouraging region of the parameter space where the dark matter may
become observable in improved experiments. Note that in the NU case, the Wall

extends out further (as high as 900 GeV under our naturalness assumptions in the

space explored).

4.3 Higgs Production and B physics

The lightness of A (and also of H and H¥) in the Higgs Patterns implies that the
Higgs production cross sections at colliders can be enhanced, and especially this is
so at large tan 3. The prospects for light SUSY Higgses have been discussed in
(117, 118, 119, 120, 58, 121]. Our interest here is the 27 mode which is a promising

avenue for the discovery of the Higgs(es) at the Tevatron. Some benchmarks for the
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HPs are given in Table(4.3). As mentioned already a complete set of benchmarks for

all patterns arising in our analysis can be found in [60].

mo mi/2 Ao tan 8 NUH NUq3 NUG
HPs (GeV) | (GeV) | (GeV) (Om,,0m,) (9¢3,9tbR) (Onty, On1y)
mSP14 | 1036 | 562 500 | 535 (0,0) 0,0) 0,0)
mSP14 | 759 511 | 2315 | 31.0 | (0.256,-0.499) (0,0) (0,0)
mSP14 | 1223 | 1200 | -111 | 27.4 | (0.557,-0.736) (0,0) (0,0)
mSP14 | 740 620 840 | 53.1 (0,0) (:0.553,-0.249) (0,0)
mSP14 1201 332 -731 55.0 (0,0) (0,0) (0.383,0.275)
mSP15 | 1113 | 758 | 1097 | 5.6 (0,0) (0,0) 0,0)
mSP15 | 900 510 | 1481 | 54.8 (0,0) (0,0) (:0.352,-0.262)
mSP15 1389 551 -167 59.2 (0,0) (-0.041,0.916) (0,0)
mSP16 | 525 450 641 | 56.0 (0,0) (0,0) (0,0)
mSP16 | 282 164 67 | 432 | (0.912,-0.529) (0,0) (0,0)
NUSP12 | 2413 | 454 | -2490 | 48.0 (0,0) (0,0) (-0.285,-0.848)

Table 4.3: Benchmarks for HPs for ¢ > 0 in mSUGRA and in NUSUGRA. The 2nd and
the 3rd mSP14 pattern show that the HPs can emerge for moderate values of tan 3. The

Benchmarks are computed with SuSpect 2.34 . (From [45]).

The dominant modes entering our analysis arise from gluon fusion and bottom
quark annihilation. (for detailed discussions on gluon fusion and bottom quark an-
nihilation see [122; 123]). It is worth pointing out that the works of Ref. [118] have
given rather robust formulas for SUSY Higgs production in the large tan § limit. At
large tan 3 the partial decay width of the MSSM Higgses are dominantly governed by
the square of the Yukawa couplings (the square being o< tan® 3 + a loop correction
discussed below), and therefore neutral Higgs production into the heavy flavors are

enhanced at large tan 5. Quite simply they find [118]

tan? 3
(1+ (eo +evy?) tan 3) +9°

o(gg,bb — A) x [BR(A — 27)] ~ 0(gg,bb — h)sm (4.7)

where the SM term denotes the values of the corresponding SM Higgs production cross
sections at mass equal to M4 and where the € corrections are loop corrections (see ex:
[118]). This approximate formula hold up quite well when compared to some select

cases using PYTHIA[79]. The above formula applies to the CP even Higgs H as well
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Tevatron Constraints : Neutral Higgs Production LHC : Neutral Higgs Production
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Figure 4.4: Left: Predictions for Higgs Production in the 27 final state in mSUGRA as a
function of the CP odd Higgs mass m4 for the HPs at the Tevatron. The limits from DO
are indicated [124]. Right: Predictions for in mSUGRA as a function of m4 at the LHC
with CM energy of /s = 14 TeV for the HPs, the chargino pattern mSP1 and the stau
pattern mSP5. The HPs are seen to give the largest cross sections. (From [45]).

leading to an enhancement of a factor of 2 of the production rates for M4 ~ My > my,
in the large tan 3 regime. Quite interestingly the recent Tevatron data is beginning
to constrain the HPs. This is exhibited in the left panel of Fig.(4.4) where the
leading order cross section for the sum of neutral Higgs processes ¢, (pp) = [o(pp —
Q)BR(® — 27)] vs the CP odd Higgs mass is plotted for CM energy of /s = 1.96
TeV at the Tevatron (the resolution criteria for addition of the cross sections we have
taken is similar to the first Ref. of [119]). One finds that the predictions of o, (pp)
from the HPs are the largest and lie in a narrow band followed by those from the
Chargino Pattern mSP2. The recent data from the Tevatron is also shown[124] in
Fig.(4.4). A comparison of the theory prediction with data shows that the HPs
are being constrained by experiment. Exhibited in the right panel of Fig.(4.4) are
predictions for the LHC. Here we find a termination of the HPs in mSUGRA at

around 600 GeV in the CP odd Higgs mass under the naturalness assumptions in
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our analysis (see Appendix(4.8)). Further, the Chargino pattern mSP1 also produces
a large cross section, however the stau pattern mSP5 is found to have a suppressed
branching fraction relative to the Higgisino like patterns over a significant region of
the signature space.

By — putp~ and the Higgs Patterns: The process B, — pup~ is dominated by
the neutral Higgs exchange [125] and is enhanced by a leading factor of tan® 3. It is
thus reasonable to expect that the HPs will be constrained more severely than other
patterns by the B, — ptpu~ experiment, since most of the HP points usually arise
from the high tan 3 region (we note, however, that the non-universalities in the Higgs
sector (NUH) can also give rise to HPs for moderate values of tan3 ). The analyses

of [126] have given semi-analytical formulas for Br(Bs — utp™)

B . [tan g Fp, 17 Vil 17
Br(B, + ~ 35x107° °
r(Be =) 8 [ ] [15@4 {2301\@\[} {0.040

m} (1672)

xm—j (1+ (e + eyyt)tan ﬁ) (1+ eotan B)2 (4.8)

In the above, enters the CKM mixing matrix element, 75, the mean lifetime, and
F, is the decay constant of the Bs meson. Here one can see explicitly the large tan
enhancements. Note, however in our analysis we use the code of [95] which actually
follows the analysis of [127], however the results are generally in accord with Eq.(4.8).

That the HPs are being constrained at large tan 3 is supported by a detailed
analysis which is given in Fig.(4.5) where the branching ratio Br(B, — utu™) is
plotted against the CP odd Higgs mass my4. The upper left hand panel gives the
analysis for the case of mSUGRA for p > 0 for the Higgs Patterns. One finds that
the constraints are very effective for > 0 (but not for p < 0) constraining a part
of the parameter space of the HPs [45]. In Fig.(4.5). Again one finds that the

Br(Bs — ptu~) data constrains the parameter space of the HPs in the NUSUGRA
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B Constraints : Q h? € WMAP, Br(b— s y), and mass limits

Constraints : Q h? € WMAP, Br(b— s y), and mass limits
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Figure 4.5: Constraints on the HPs at in mSUGRA and NUSUGRA. Limits are drawn in
bands extending beyond the Tevatron mass reach (shaded green). (From [45]).

case.

What is very interesting is the fact that for the case p > 0 the By — putu~
limits, the Tevatron limits on the CP odd Higgs boson production, and the CDMS
and Xenonl0 limits converge on constraining the Higgs Patterns and specifically the
pattern mSP14 and as well as some other patterns.

Thus the CDMS and XenonlO constraints on the mSPs are strikingly similar to
the constraints of By — ™y~ from the Tevatron. We also observe that although the
case p < 0 is not currently accessible to the By, — p*p~ constraint (and may also
be beyond the ATLAS/CMS sensitivity for By — pu™), it would, however, still be
accessible at least partially to dark matter experiment [45]. The sign of u is very
relevant in the analysis. This is not only because the HPs for mSUGRA case arise
only for 41 > 0[58],[45], but also due to the fact that the recent results from the g, —2
experiment, where it is well known that the supersymmetric electroweak corrections
to g, — 2 can be as large or even larger than the Standard Model correction [128].

For large tan 3 the sign of the supersymmetric correction to g, — 2 is correlated with
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the sign of 1 and the current data [129, 130] on g, — 2 favors p > 0. Therefore it is
of great relevance to discuss the possible physics that emerges if indeed one of these
patterns is the one that may be realized in nature[45]. Finally we reiterate that the
proton-neutralino cross sections act as a discriminator of the SUGRA patterns as it

creates a significant dispersion among some of the patterns[45].

4.4 Light Higgs and D-Branes

The advent of D-Branes has led to a new wave of model building [39, 40, 42, 41, 43].
Several Standard Model like extensions have been constructed using intersecting D-
Branes [39]. Effective actions and soft breaking in such models have been discussed
[40, 41, 44] and there is some progress also on pursuing the phenomenology of inter-
secting D-Brane models [44, 45, 46]. Here we discuss briefly Higgses and dark matter
in the context of D-Branes. We first consider the class of models studied in [40] with
a toroidal orbifold compactification based on 7°/Zy x Z, where 7° is taken to be a
product of 3 7?2 tori. This model has a moduli sector consisting of volume moduli ,,,
shape moduli u,, (m = 1,2,3) and the axion-dilaton field s. The soft breaking terms

quoted in this work are [40]

M3 = (% — sin2(0) — 20 cos(6) +a0052(9)[1+F2]) | (4.9)
ME, = & (% _ %(;052(9) + cos? (0)[Fi(a — %) +(1— a)FQ]) S (410)
M2, = ¢ (—% + %COSQ(Q) + cos(0)[—aFi + (o — %)FQ]) | (4.11)
My g = ¢ (—é + (% — a) cos®(0) + cos®*(0) [Py + (—% + 2a)F2]> . (4.12)
Mg s, = ¢ (—% + (% — o/) cos?(6) + cos,?(e)[(—% + 20/)Fy + a’F2]> (4.13)
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where ¢ = v/3mgs[1 + Vo /(3m3 ,)]"/* and «, o parametrize stack angles, and where

ZFZ':L E:’@ti2+‘GUi27 i:17273' (4'14)

The soft scalars terms are related via

MéL = M}, M(?/,D = MSE ) M(%,D = §E , (4.15)
with the tri-linear coupling
eprr% ) .
A’ = —¢ cos(0)(Ope™""2 + O,,e"2) . (4.16)

vf

Here, the parametrization e~ = (W)/|(W)| where W is related to the gravitino
mass through the standard relations in the notation of [17] and the 7, ., are phases

that may contribute to CP violation[40]. The moduli enter through

D = —In(s+3), (4.17)

f = (tm + Em) ] (W + ) - (4.18)

m=1 m=1

A purely dilaton dominated scenario with § = 7/2 would not have any soft tri-linear
couplings in this model. In the analysis we ignore the exotics, set F3 = 0,0 < F; <
1, and use the naturalness assumptions similar to the mSUGRA case with pu > 0.
Specifically the parameter space consists of the gravitino mass mg/2, the gaugino
mass my/q, the tri-linear coupling Ay, tan /3, the stack angle o (0 < o < %), the
Goldstino angle [17] 6, and the the moduli VEVs 6;,, ©,, (i = 1,2,3). The analysis
shows that the allowed parameter space is dominated by the mSPs with only six

new patterns (at isolated points ) emerging. Specifically all the HPs (mSP14-mSP16)
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Figure 4.6: Predictions in D-Brane models for p > 0: The Higgs production cross section
oarr(pp) at the LHC as a function of the CP odd Higgs mass m4 and the dark matter
direct detection signature space. (From [45]).

are seen to emerge in good abundance. Regarding the new patterns we label these

patterns D-Brane SUGRA Patterns (DBSPs) since the patterns arise in the SUGRA

field point limit of the D-Branes.

Specifically we find six new patterns DBSP(1 — 6) which repeat here as follows

DBSP1: YV <7 <7, < A/H ; DBSP2: 0 <7 <7, <lp;
DBSP3: YV <7 <7, <D,; DBSP4:Y)<t <7 <7p;
DBSP5: X! <7, <71 <7,; DBSP6:X) <0 <7 <Xj .
m3z/2 my/2 AO tanﬁ « 0082 0 F1
DBSPs | (GeV) | (GeV) | (GeV)
DBSP1 | 3654 | 1018 | -331 | 51.5 | 0.444 | 0.705 | 0.086
DBSP4 | 1962 | 777 | 5863 | 9.4 | 0.430 | 0.790 | 0.260
DBSP5 | 2114 | 718 | 3512 | 21.3 | 0.448 | 0.688 | 0.051

Table 4.4: Some Benchmarks for D-Brane models DBSPs. (From [45]).
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The analysis of the Higgs production cross section g, (pp) in the D-Brane models
at the LHC is given in the left panel of left panel of Fig.(4.6). The analysis shows
that the HPs again dominate the Higgs production cross sections. One also finds that
the By — ptpu~ experiment constraints the HPs in this model [45]. The scalar dark
matter cross sections are given in the right panel of Fig.(4.6). Here also one finds
that the Higgs Patterns typically give the largest scalar cross sections followed by the
Chargino Patterns (mSP1-mSP3) and then by the Stau Patterns. Further, one finds

that the Wall of Chargino Patterns persists in this case as well.

4.5 Compressed Spectra in Intersecting D-Brane

Models

We consider next another class of intersecting D-Brane models motivated by the
analyses of [41, 42]. The specific class of models we consider is with « moduli breaking.
The model consists of a chiral particle spectrum arsing from intersecting branes with
supporting gauge groups SU(3)¢ x SU(2), and U(1),,U(1)., U(1)4 and U(1)y, with
charge assignments given in [44]. The anomalous U(1) = U(1), + U(1), is assumed
canceled by a Green-Schwarz mechanism giving a Stueckelberg mass to the U(1) gauge
boson. We will have much to say about Stueckelberg masses in the coming chapters.

The Kéhler metric for the twisted moduli arising from strings stretching between
stacks P and @ for the BPS 1/4 sector is taken in the form similar to [42], and more

specifically of the form given in [44]

Rewpgting = Kra = [ Z0ke T [T~ ) T0h) ¢ +2)%%]
=1
J (4.20)

where 9{3@ = 6}, — 922 is the angle between branes in the j™ torus and ¢, is the four
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dimensional dilaton

3

¢y = —log(2m) — ilog [?R(s) H %(u’)] : (4.21)

The gauge kinetic function is
fp=kz' (npnin}hs — npmimiu' — npmpmpu® — npmpmipu®) | (4.22)

where the Brane integers are given in [44] and the hypercharge normalization is [131,
132, 44] Qy = (1/6)Q, — (1/2)Q. — (1/2)Qq. Note kp' falls out in the ratio when

computing the gaugino masses. The F' term is parametrized by[17]
Fuj = 2\/§m3/2@j6_mj%(uj) . (423)

Using the parametrization for the gaugino masses in [17] we generalize the gaugino

masses relations to [133]

9p*/3ms3 001" R(u!
My =M. = : \;E_(s)gf 9p14§R(u1)( ) (424)
My =M, = \/§7”'"63/2@2€7iﬂY2
3V3ma0p® (1207016 R(u') + Oze M R(u?))
AR(s) + 36p*R(ul) + 3p*R(u?) ’

MB = MfY

which reduces down to the expression in [44] for the unification constraints imposed
and choice of p taken. We do, however, find a more general case of unification
constraints[133], although this plays no role in the ensuing discussion.

The BPS 1/4 scalar sector masses are determined through

_ o 0 ~
— M}, = Z FMFPYN— —log(Kpgq) — (m3, + Vo) . (4.25)



which yields after some calculation under the tuning V5 — 0 (note we keep the

complex conjugation of ©)

3 3

m2
3/2 m=1n=1 j=1

(4.26)
where in the above \II(QPQ) 80j (log(lepQ/e‘z"*)) and the first term ¥’ (OPQ) is the
derivative of @(9£7Q) The terms HPQ and Hﬁfgﬁ are derivatives with respect to the
angles 0p g (multiplied by the u moduli) and are given as in [44]. The tri-linears are

assumed as

0 -~ .
AP,Q,R = - Z FMa—Mlog </CP7QICQ,RKR,P> , (4,27)
M

which on expansion becomes

V3

AP,Q,R = —m3/2@1€7i’yl+ (428)

2

3
Mrq (1-322%@* ~HCm =) (Z( 0 )05 600+ (64, )eg;jg”) +5T

—\/gmg/QZG)ie i <1 + Z ( Qé‘;Q OkZQ — i) +[(P,Q) — (R, P)]) .

The Kéhler metric for 1/2 BPS brane configurations is given by

Kpigos — (s +5)(u' + @) (8 + 2) (8 + )7, (4.29)

which very simply gives MI2{U7HD = m§/2 (1 — %|@1|2) again under the tuning Vj — 0.

We compute the soft parameters and find agreement with those given in the appendix
of [44]. Here we give the soft parameters in a useful analytic form in terms of the
input which is the angle « (the free angle between the P brane and the orientifold
plane of and the j torus which is assumed factorized as in the previous section)

and the real parts of the uq,ts, t3 moduli, and ©,, ©3 for the choice p = 1. Here we
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compute the tri-linears in terms of the said parameters, and it is found that

\/§m3/2

47

Agpe = [ —2m(O5 + O3) + Sa(03 — O)(T(~1/2 — a) — U(1/2 — a))
+0,(T(~1/2 — @) + T(1/2 — a) — zxp(a))} ,

Aa,b,é = -

\/§m3/2
™

. [2w(92 +O3) +25.0,(—U(1/2 — a) + \I/(oz))} (4.30)

with Aape = Aqpu,.vp = Avm,.ng and Awpe = Agpu,pr = AL, s, The soft

scalar masses are found to be

9 m§/2 Bm?‘)/QSZ
Ma,b = 1 — D\I/(1/2 — Q)W (1 — 2@3@1 + 2@2 (—@3 + @1)) (431)
3mz2'>/2562v
3mj3 5 Sa )
+ U(1/2—a)——— (24 C, + 405 — 2C,030; + 2C,0, (—O3 + Oy))
3m§/25a )
+ W)L (2 - O, — 402 — 20,040, + 20,0, (05 + ©))) .

81

For M . simply make the replacements in Eq.(4.31) so that D¥(1/2—a) — D¥(—a),
DV(a) — DY(1/2 4+ ), ¥(1/2 — ) — ¥(—a), and ¥(a) — ¥(1/2+ ). For M7,
make the replacements in Eq.(4.31) so that D¥(1/2 — a) — DY (—a), D¥(a) —
DY(-1/2 4+ a), ¥(1/2 — a) — ¥(-a), and ¥(a) — ¥(-1/2 4 «). Here M;, =
mg, = mi, and M7, = mf = m3 and M7, = m} = m% . In the above we
have explicitly written out the relevant factors. They enter in terms of trigonometric
(the trig functions enter as a consequence of an identity between two poly-gamma
functions after differentiating ¥) and separate poly-gamma functions of the angle «

and the moduli which gives:

2
DV (x) = % csc? mr — PG(1, 7) (4.32)
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T(a) = p— %Wcotﬂ(&) ~log[2R(ts) - PG(0, )] (4.33)

U(—a) = vg— %7‘(‘ cot m(—a) — log[2R(t3) - PG(0, —v)] (4.34)
U(l/2—a) = vg— %W cotm(1/2 — a) — log[2R(t3) - PG(0,1/2 — a)]  (4.35)
VA/240) = vp-— %Wcot 7(1/2 + a) — log[2R(ta) - PG(0,1/2+ a)]  (4.36)

U(=1/240a) = vp— %w cot T(—1/2 + a) — log[2R(ts) - PG(0,—1/2 + a)4.37)

where
dr 1 dl(z)
PG(n,z) = e [F(z) i } : (4.38)
|©1] = \/1 — 1632 =052 and S, = sin27« C, = cos2ra . (4.39)
Sparticle D6 mSUGRA
type Mass/GeV Mass/GeV
m, 113.9 113.6
% 209.0 208.8
% 229.1 388.6
0 229.5 388.8
Ti 404.2 433.3
en in 164.4 637.8
Ti 547.6 929.2
7 760.4 1181.4
Mysd, | 8822 | mysq 12104

Table 4.5: Comparison of two models, an Intersecting D-Brane model (D6) and mSUGRA.
Here the LSP mass and light Higgs masses are almost identical, however their is (a) a gross
violation of scaling seen in the D6 model, and (b) a compressed spectra in the D6 model
case. Both models sit in the same hierarchical mass pattern for the first 4 sparticles. The
SUSY Higgses (not shown) for the mSUGRA model are however 100 GeV lighter (~ 500
GeV) than the D6 case. ([133].)
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D6 mSUGRA
(BawaHlaHQ) (BawaHlaHZ)
(0.985.-.133,.104,-.0399) || (0.994,-.017,.101,-.041)
0%, =74 x107° pb oS, =14 x107% pb
Qh? = 0.099 co-annh. Qh? = 0.095 bb, 71

Table 4.6: Comparison of the same two models, Intersecting D-Brane model (D6) and
mSUGRA. The two models produce the correct relic density, but through very different
means, the D6 model co-annihilated through both gaugino co-annhilations and slepton co-
annhilations while the mSUGRA model annihilated into heavy flavors. The Wino content
is much larger in the D6 model than the mSUGRA model case, and the mSUGRA model
case produces a stronger spin independent cross section. ([133].)

In Table(4.5) we give a comparison of 2 model points'. One from the D-Brane model
(which we shall call D6) and the other from mSUGRA. The features discussed below
are found to be rather generic over the parameter space investigated in the D6 model.
In the D6 model we find some very interesting features. First, we are comparing the
two model points which sit in the same 4 particle mass hierarchy with effectively the
same LSP mass and light CP even Higgs mass. We see from Table(4.5) that there is
a major violation of mass scaling in D6 relative to that of the mSUGRA model (for
a discussion of scaling see Chapter(6.3)). Further, the scale in the D6 model is much
compressed relative to that of the mSUGRA model. Thus while the LSP masses are
effectively identical, the NLSP mass in the D6 model is about 160 GeV lighter than
in the mSUGRA case considered. Further, the gluino is several hundred GeV lighter
in the D6 case relative to the mSUGRA case and the heaviest sparticle in the D6
cases lies lower than the mSUGRA case by approximately 300 GeV.

In Table.(4.5) we see that the D6 LSP has a relatively larger wino component,

while the mSUGRA model point is more a mixed bino-Higgsino but with a stronger

"'We note in passing that unlike in sugra models, in string models the bi-linear soft term B is
determined. Since on using radiative breaking of the electroweak symmetry, B is traded with tan (3,
one finds that tan § is no longer a free parameter as in sugra models but is determined in terms of
the moduli[134]. This constraint is ignored in the analysis here.
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bino component. Both models satisfy the relic density constraint but do so in very
different ways, as discussed in the caption however the spin independent cross section
for the mSUGRA case is about a factor of 2 larger.

The above observations leads us to some rather important conclusions: (a) Al-
though the sparticle mass hierarchy concept is extremely useful for sorting out SUSY,
there are cases where it does not provide the full picture. (b) The scaling of gaugino
masses is a crucial ingredient to sorting out the underlying class of models here. (c)
It is possible that with non-universalities, the spectrum of sparticles may be com-
pressed (while still satisfying all mass limit constraints and flavor constraints). The
above calls for a more vigorous study of these classes of models which give rise to
non-universalities as their implications for colliders have yet to be explored in great

detail[133].

4.6 The Big Picture

We now turn to the central idea. That is, the correlation of LHC signals with dark
matter direct detection signals. The correlation is exhibited in Fig.(4.7). The top
panel gives an analysis at L = 10 fb~! admitting only those model points in the pa-
rameter space that generate at least 500 total SUSY events for statistical significance
in the normalized channels [2bjets + jets > 2|/Nsusy vs. [lbjet + jets > 2|/Ngsusy
and average P vs. [Objets+jets > 2]/Nsuysy. The middle panels are 4 mSPs in the
pulled out of the left panel of Fig.(4.2) in the a%p vs. LSP signature space. Finally
the bottom two panels show effective mass distributions for sample benchmarks for
different mSPs. One observes a large separation among many of the hierarchical pat-
terns in the plots, as can be seen, in Fig.(4.7). The top left panel exhibits separation
of CPs and HPs from SOPs and SUPs, with CPs and HPs occupying one region,
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and SOPs and SUPs occupy another in this signature space except for a very small
overlap. The average missing Pr for each parameter point vs. the fraction of events
with 0b also shows a separation of the CPs and HPs from SOPs and SUPs. Further,
mSP4 appears isolated in this plot. Meanwhile the central panel shows the direct
detection limits and a remarkable separation of the mass patterns is achieved. The
bottom panel also shows a very interesting effect. The left bottom panel shows kine-
matical distributions in effective mass where only trigger level cuts imposed, while the
right panel has post trigger level cuts imposed and they have been imposed globally
for all the models considered (see the Appendix(4.8) for these cuts). For the case
when only trigger level cuts are imposed, the SOPs and CPs are highly peaked at
lower values of effective mass, while the HPs and SUPs are much broader at higher
effective mass. However the trigger level cuts can have an enormous effect on the
observability of these signals. We see here an important point. Imposing the post
trigger level cuts globally on all classes of hierarchical mass patterns may disguise the
signal. Applying our post trigger level cuts kills the SOP and CP signals, while the
SUPs and HPs signals remain relatively strong. This is a consequence of what was
discussed in Ch.(3), namely that the missing Pr is very important in the analysis
of deciphering the model (the effective mass is the missing Pr + the sum of the jet
Pr). We observe these effects more generally. Namely that the effective mass and the
missing Pr distributions for the SOPs and CPs are generally much narrower, while
the HPs and SUPs are generally much broader. Therefore it becomes crucial for ex-
perimental groups to design their triggers around different scenarios, in particular, as

we illustrated here, the triggers need to be specialized for different mass hierarchies.
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Figure 4.7: The Big Picture as discussed in the text- Bringing together direct detection,
LHC event rates and kinematic signatures of new physics . The top panel is full simulation
of ~ 900 model points for minimal SUGRA at the LHC with 10/fb keeping only statistically
significant model points as discussed in the text. The middle panel has a larger set of data,
but correspond otherwise to same set of models in the top panel where the low mass points
make the cut in the top panel. The bottom panels are eff. mass dist. for 4 benchmarks
with and without (the same) post trigger level cuts. From [45] and [60].
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The analysis given in Fig.(4.7), is really a central result of our work [58, 45, 87]. It
provides correlations amongst various sparticle mass hierarchies, not only in the space
of LHC signatures but also in the signature space of direct detection. These types
of correlations become very important in our quest to pin down the the underlying
model in any framework. We note also, that a glance back at, for example, the
left panel of Fig.(4.2), shows that while stops patterns may be discoverable at the
LHC, quite remarkably they will almost certainly not be detectable in DM detection

experiments.

4.7 Summary
Higgs Patterns (HPs)[58] arise in a wide range of models: in mSUGRA, in NUSUGRA

and in D-Brane models [45]. The HPs are typically seen to lead to large Higgs
production cross sections at the Tevatron and at the LHC, and to the largest By —
wpu~ branching ratios, and thus are the first to be constrained by collider experiments
[45]. Further the HPs lead typically to the largest neutralino-proton cross sections

and would either be the first to be observed or the first to be constrained by dark

ST
X9

matter experiments[45]. There exists of a Chargino Wall which give a o , at the level
of ~ O(107*) c¢m? in all models considered for the LSP mass extending up to 900
GeV[45, 87]. These results heighten the possibility for the observation of dark matter
in improved dark matter experiments such as SuperCDMS|[99], ZEPLIN-MAX]135],
and LUX[116] which are expected to reach a sensitivity of 107% c¢m? or more. We
note that many of the hierarchical patterns are well separated in the a%p— LSP mass
plots, providing important signatures along with the signatures from colliders for
mapping out the sparticle parameter/signature space[58, 60, 87]. An analysis of soft
breaking in D-Brane models was given and several important observations were noted

regarding light Higgses, the presence of the Chargino Wall, and compresses spectra in

certain classes of models based on Branes which lead to non universal soft breaking.
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More generally, the notion of sparticle mass hierarchies plays a crucial role for the
discovery of new physics at both the LHC and in DM experiments acting like a prism

in the separating out of the sparticle landscape.

4.8 Appendix: Experimental Constraints

This appendix summarizes various aspects of the analysis [58, 45, 60, 87].

Experimental limits on the FCNC process b — s7v give rise to tight constraints on
SUSY models. Here we have imposed the constraint from the Heavy Flavor Averaging
Group (HFAG) [136] along with the BABAR, Belle and CLEO experimental results:
Br(b — sv) = (355 4 247, £ 3) x 107°. A new estimate of Br(B — X,y) at O(a?)
gives [137] Br(b — s7v) = (3.15+0.23) x 10~* and moves the previous SM mean value
of 3.6 x 10~* a bit lower. In the analysis we use a 3.5¢ error corridor around the HFAG
value. The total Br(B — X,v) including the sum of SM and SUSY contributions
(for the update on SUSY contributions see [138]) are constrained by this corridor.
The process By — p*pu~ can become significant for large tan 8 since the decay has
a leading tan® 3 dependence and thus large tan 3 may be constrained by the current
limit which is Br(B, — utp~) < 1.5 x 1077 (90% CL), 2.0 x 1077 (95% CL) [139].
More recently the CDF and D@ have given limits which are about a factor of 10
more sensitive. We have included these preliminary [140] results in this analysis.
Additionally, we also impose the current lower limits on the lightest CP even Higgs
boson. For the Standard Model like Higgs boson this limit is ~ 114.4 GeV [141],
while a limit of 108.2 GeV at 95% CL is set on the production of an invisibly decaying
Standard Model like Higgs by OPAL [141]. For the MSSM we take the constraint
to be m;, > 100 GeV. This relaxed constraint poses little restriction on the models

discussed here. We take the other sparticle mass constraints to be (1) for the lighter
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chargino mg+ > 104.5 GeV [142] (2) for the lighter stop m;, > 101.5 GeV, and (3)
for the lighter stau mz > 98.8 GeV [143]. The mSUGRA analysis is based on a
large Monte Carlo scan of the parameter space with the soft parameters in the range
0 < mo < 4000 GeV, 0 < myjs < 2000 GeV, |Ag/me| < 10, 1 < tan3 < 60 and
both signs of u are analyzed. For the case of non-universalities we let each ¢ vary
between [—0.9, 1]. In our analysis we use MicrOMEGAs version 2.0.7 [95] and for some
calculations v2.2 have been used as a cross check. Our RGE calculator is the SuSpect
2.34 package [94] used for the analysis of sparticle masses and mixings, and we taken
mMS(my) = 4.23 GeV, my(pole) = 170.9 GeV, requiring REWSB at the SUSY scale.
We have cross checked our analysis with other codes [80, 144, 145, 146, 147, 148, 149
and find no significant disagreement for the models discussed here. In addition to the
above one may also consider the constraints from the anomalous magnetic moment
of the muon. It is known that the supersymmetric electroweak corrections to g, — 2
can be as large or larger than the Standard Model electroweak corrections[128]. The
implications of recent experimental data has been discussed in several works (see,
e.g.[153]). As in [143], here we use a rather conservative bound —11.4 x 10710 <
6(g,—2) <94 x107°.

We remark that a very unique and interesting analysis has subsequently studied
mSP4 [61] in the context of helicity amplitudes. Also, recently the mSP concept has
been implemented in the analyses of [150], but in the P-MSSM which finds all but one
of our mSP patterns (likely that saturation not yet to be achieved in the larger pool
of parameters in the P-MSSM). Also several other the patterns for the non universal
cases are seen in this work. The hierarchical mass pattern approach has also been
adopted in [152]. We have also uncovered the hierarchical mass pattern from a large
data set from [151] and find a similar frequency of the mSPs in this data set as found

in our original data set [58].
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Collider Simulations for SUSY Processes[ss, 45, 60, 87]

Candidate model points for the signature analysis are found after the imposition of
all the constraints mentioned above. For each of these model points, a SUSY Les
Houches Accord (SLHA) file [96] is interfaced to PYTHIA 6.4.11 [79] through PGS4
[97] for the computation of SUSY production cross sections and branching fractions.
In this analysis, for signals, we have generated all of PYTHIA's 2 — 2 SUSY pro-
duction modes using MSEL = 39. This choice generates 91 SUSY production modes
including gaugino, squark, slepton, and SUSY Higgs pair production, while an analy-
sis of singly produced Higgs production was also given. For further details regarding
these modes, see [79]. Leading order cross sections from PYTHIA and leading order
cross sections from PROSPINO 2.0 [154] were cross checked against one another for
consistency over several regions of the soft parameter space. TAUOLA [155] is called
by PGS4 for the calculation of tau branching fractions as controlled in the PYTHIA
parameter card (.pyt) file. With PGS4 we use the Level 1 (L1) triggers designed to
mimic the Compact Muon Solenoid detector (CMS) specifications [156, 110] and the
LHC detector card. Muon isolation is controlled by employing the cleaning script in
PGS4. We take the experimental nomenclature of lepton being defined only as electron
or muon and thus distinguish electrons and muons from tau leptons. SM backgrounds
have been generated with QCD multi-jet production due to light quark flavors, heavy
flavor jets (bb, tt), Drell-Yan, single Z/W production in association with quarks and
gluons (Z+ jets /| W+ jets), and ZZ, WZ, WW pair production resulting in multi-
leptonic backgrounds. Extraction of final state particles from the PGS4 event record
is accomplished with a code SMART ( = SUSY Matrix Routine) written by us [58]
which provides an optimized processing of PGS4 event data files. The standard crite-

ria for the discovery limit of new signals is that the SUSY signals should exceed either
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5v/Nsym or 10 whichever is larger, i.e., Ngugy > Max {5%, 10} and such a criteria
is imposed where relevant. We have cross checked our SM backgrounds and several
other elements of our analysis with simulations done by CMS [157, 158] and the re-
sults of these checks are in good agreement as well as the total background analysis of
[55] under similar cuts used there. In PGS4 jets are defined through a cluster-based
algorithm which has a heavy flavor tagging efficiency based on the parametrizations
of the CDF Run 2 tight/loose SECVTX tagger [159] and is a displaced (secondary)
vertex b-tagging algorithm which allows detection of b quarks. The b-tagging effi-
ciency enters as a product of two polynomials each a separate function of |n(jet)]
and Pr(jet). The efficiency is maximized in the region |n(jet)] < 1 with maximal
efficiency ¢, = (0.4,0.5) for tight and loose tags respectively, and falls off sharply for
In(jet)| > 1 with virtually zero efficiency out near |n(jet)| = 2 and Pr(jet) ~ 160
GeV. It remains to be seen if the CMS and ATLAS detectors will have greater effi-

ciency at larger Pr, and preliminary reports appear to indicate this maybe possible.

Post Trigger Level Cuts for SUSY [ss, 45, 60, 87]

Our post trigger level cuts are designed to highlight the SUSY signatures with respect
to the SM background over a broad set of models. We list them below: (1) In an
event, we only select photons, electrons, and muons that have transverse momentum
Pr(p) > 10 GeV and |n(p)| < 2.4, p = (7,e,1); (2) For hadronically decaying tau
(jets): Pr(r) > 10 GeV and |n(7)| < 2.0 are selected; (3) For other hadronic jets only
those satisfying Pr(jet) > 60 GeV and |n(jet)| < 3.0 are selected; (4) We require a
large amount of missing transverse momentum, Py"*¢ > 200 GeV; (5) There are at
least two jets that satisfy the Pr and n cuts. Variations on these cuts are discussed

in the text.
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Chapter 5

The Stueckelberg Mechanism for

Mass Generation

We have already discussed that realistic models of particle physics have been con-
structed implementing the properties of D-Branes which support chiral matter. Progress
along these lines include the possibility of the replication of the chiral structure of the
Standard Model (SM) in classes of intersecting D-Brane models and models for which
the D-Branes sit at singularities (for a review see [43]). In these top-down approaches
to building realistic models based on D-Branes the SM gauge group can be produced
but one also encounters residual Abelian group factors. The extra U(1)s usually cor-
respond to massive vector fields. In particular frameworks they lead to terms in the
action of the form B A F , i.e. terms of the form 3¢***’ B, F,3 which are needed for
anomaly cancellation via a [four dimensional] Green-Schwarz (GS) mechanism [160].
In other frameworks the B A F' couplings can arise for the non-anomalous cases as
well[132],[167, 169, 184],[43]. These types of couplings can give rise to Stueckelberg
mass terms. For example, under the duality transformation 0,0 ~ €,,,,0"B"?, as il-

lustrated in [43], vector fields gain mass via the GS mechanism leading to Stueckelberg
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mass terms in the Lagrangian of the form

1
Ly =—3 > (@' — K"y, (5.1)

I

where the index I runs over all the 4D tensors and thus runs over each of psuedoscalars
ol (Ramond axions) and over the killing vector coefficients k/®. Here a indexes a
Brane stack with a supporting gauge group (for example: U(N,) = SU(N,) x U(1),)
with each Abelian vector field denoted as C*. It is then clear that the quadratic
term for C¥ in Eq.(5.1) gives rise to mass terms for the Abelian vector fields. The
orthogonality of the killing vectors dictates which Bosonic states will become massive
or if they are massless. Adding a gauge fixing terms, the cross terms in Eq.(5.1)
cancel i.e. the psuedoscalars and vector fields decouple. The mechanism outlined
here is distinct from a Higgs mechanism for mass generation of a U(1) gauge field.
There is no such residual scalar present in this mechanism for mass growth.
One can see this is in a simpler way. Consider a Kalb-Ramond 3 form [161] (see
also [162])
Hyp = auBVp + aVBplt + apBWv (5‘2)

and consider the Lagrangian

1 1
Ly = —~F, " — —H""H

M vpo
; > wp + € Fous B, (5.3)

The last term can be written in terms of a psuedoscalar !

M vVpo jal
= 5 (HyupAs + 50, Hypo). (5.4)

Lo = Mé (where 6 carries no mass dimension)
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An integration over ¢ gives back Ly [132, 163]. Instead solving for H**? yields
HWP = — M7 (A, + 0,0). (5.5)

An integration on H*P gives Ly in the form

1 M?
Ly = =7 FuF" — (4, +0,6). (5.6)

That is, we are lead to mass growth for the U(1) boson A, through a Stueckelberg
mechanism.

Thus, through a Stueckelberg mechanism [164] an Abelian gauge boson develops
mass without the benefit of a Higgs mechanism [165] (for an interesting historical
document regarding the Stueckelberg mechanism see [166]). The basic Lagrangian

for a single Abelian group can be written similarly to the above
1 w1 A AR L e
Lo = _Z}—W}— - E(m pw+ Ouo)(mA* + 0%o) (5.7)

where the psuedoscalar ¢ undergoes an axionic shift symmetry, i.e. the Lagrangian
is gauge invariant under the transformations 04, = 9,A , 0o = —mA. With the

gauge fixing term Ly = — (0, A" + Emo)? /2¢, the total Lagrangian reads

2 1 1 2
FuwF" — mTA,LA” N i(auA”)2 — 50,000 —¢ %02 +gAJ", (5.8)

1

L=-3

where we have added also an interaction term which contains the coupling of A,, with
fermions via a conserved vector current, d,J* = 0. Here the fields o and A, are

decoupled and renormalizability and unitary are manifest.
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5.1 The Stueckelberg Extensions of the SM and

the MSSM

As mentioned in the previous section, the Stueckelberg mechanism allows for mass
generation for a U(1) vector field without the benefit of a Higgs mechanism. Specifi-
cally the models of Ref. [167, 168, 169], [170, 171], [172, 173, 174, 175] are based on the
U(1)x Stueckelberg extensions of the Standard Model (SM), i.e., on the gauge group,
SU3)e x SU(2), x U(1)y x U(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 field
C*". The Stueckelberg 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[170] and
consequently the couplings of the Z’ boson to the visible matter fields are extra weak,
leading to a very narrow Z’ resonance when the decays are dominantly into visible
matter. The width of such a boson could be as low as a few MeV or even lower and
lie in the sub-MeV range [171]. Indeed such Stueckelberg mass mixings are generic
to string and brane constructions [176, 132, 40, 177, 178], (see also [179] for a recent
analysis in the context of electric/magnetic duality and generalized Chern-Simons
terms). It is noted here that in the particular string scenario of [180] one finds kinetic
mixing and Stueckelberg mass mixings terms of the form constructed in [174]. This
leads to rather different phenomenology from earlier work which considered kinetic
mixing [181, 182]. In what follows we discuss several aspects of the Stueckelberg
Extensions of the Standard Model and the MSSM [167, 168]. Recent reviews on the

above subject may be found in [183, 184].
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Chapter 6

StMSSM : and the XWIMP Stino

Here we investigate a new type of dark matter with couplings to ordinary matter
naturally suppressed by at least 1 order of magnitude compared to weak interactions.
The eXtra-weakly interacting massive particles of this type, XWIMPs, can satisfy
the WMAP relic density constraints due to co-annihilation if their masses are close
to that of the lightest state of the MSSM. Considered is an extended minimal super-
gravity model consistent with the WMAP3 constraints on XWIMPs. As an example,
for an explicit model we show that such a form of dark matter can arise in certain
7' extensions of the MSSM. Specifically we consider an Abelian extension with spon-
taneous gauge symmetry breaking via Fayet-Iliopoulos D-terms in the hidden sector.

In a certain limit the model reduces to the Stueckelberg extension of the MSSM.

6.1 The Connector Sector

An interesting possibility arises in that dark matter can originate from a hidden sector.
As already discussed, in SUGRA unified models and in string and in brane models,

a hidden sector exists which contains fields which are singlets of the Standard Model
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Figure 6.1: The generation of the extra-weakly interacting massive particles. An XWIMP
is a linear combination of fields in the hidden sector and in the connector sector, and its
interactions with the MSSM particles are suppressed. We note this figure appears in [172].
gauge group. As such, it is then interesting to investigate if the hidden sector can
provide us with the relevant candidate for dark matter which produces relic density
within the WMAP bounds.

Suppose there is dark matter whose interactions with quarks and leptons are
weaker than weak, or extra-weak. How can such dark matter arise? Such extra-weak
dark matter can arise when one has two sectors: a physical sector where MSSM fields
reside and a hidden sector. The hidden sector fields do not carry MSSM quantum
numbers and the physical sector fields do not carry the quantum numbers of fields in
the hidden sector. Thus the sectors do not have a direct communication. If, however,
one introduces a connector sector which carries dual quantum numbers and interacts
with the physical sector fields as well as with the hidden sector fields then the sectors
can communicate [172]. The basic elements of the models we discuss are exhibited in
Fig.(6.1) and involve three sectors: (i) a visible sector where the fields of the SM or
the MSSM reside, (ii) a hidden sector which is neutral under the SM gauge group,

and (4i7) a third sector [185] which transforms non-trivially under the SM and the
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hidden sector gauge symmetry. Aside from gravity, the fields of the visible sector
and the hidden sector communicate only via this third sector which we therefore
call the “connector sector”. Interactions with hidden particles can of course modify
predictions of the SM and are thus highly constrained by the precision data from the
LEP and the Tevatron experiments (see [170]).

In the following, we construct explicit simple models where the gauge group in the
hidden sector is just an Abelian U(1)x with spontaneous breaking and a massive Z’
gauge boson. Such Abelian extensions of the MSSM occur in a wide class of models
including grand unified models, string and brane models. The explicit elements of

our first example are as follows:

1. The visible sector contains gauge, matter and Higgs superfields of the MSSM
charged under the gauge group SU(3)¢ x SU(2), x U(1)y, but neutral under
U(l)y.

2. The hidden sector contains the gauge superfield for U(1)x, the components of

which are neutral under the Standard Model gauge group.

3. The connector sector contains chiral fields ¢* with charges +Qx under U(1)x
and £Y, under U(1)y. They thus carry dual quantum numbers. The fields in
the visible and in the hidden sectors can communicate only via couplings with

these connector fields.

Spontaneous breaking of the U(1)x generates a mixing between the hidden and
the visible fields. We will implement this breaking via Fayet-Iliopoulos D-terms (see
the second Ref of [1]). The parameters that measure the mixing are highly suppressed
because of the precision constraints on the electroweak predictions. Their smallness

is responsible for the extra-weak interactions of the hidden and the connector fields

with the fields in the MSSM.
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6.2 Extra-weak Dark Matter in Z' Models

To start with, we introduce a class of extensions of the MSSM where a natural mixing
of the neutral MSSM fields with fields from the hidden sector appears via an off-
diagonal mass matrices. We also discuss other possibilities to facilitate a mixing of a

very similar type.

6.2.1 Broken U(1)x with Fayet-Iliopoulos Terms

A U(1)x extension of the MSSM with a Fayet-Iliopoulos (FI) D-term can lead in
a natural manner to extra-weakly interacting dark matter constrained by LEP and
Tevatron data. The features of our model were already explained in the previous
section. The full gauge symmetry of the model is SU(3)c x SU(2), x U(1)y x U(1)x.
It differs from previous formulations in that a FI D-term breaks the extra U(1) gauge
symmetry instead of an F-term. The Abelian vector fields consist of the U(1)y
vector multiplet (B, Ag, Dp) and the U(1) x vector multiplet (C,,, A\, D¢) with gauge

kinetic Lagrangian given by
1 o pa 3 1, 1 oo pn 3 1,
Egkin = —ZBHVB — Z)\BO' au)\B + §DB - ZCHVC — Z)\CO' @H)\c + §DC . (61)
The superfields ®* with components (¢*, f*, F*) are described by

Lo = —|Du¢")? —ifto"D,f"— V2 (igxQxd" fAc +igyYest fT A5 + huc.)

+9xDc(9TQxd%) + gy Dp(¢Y0h) + {07 — 7}, (6.2)
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where we do not add any chiral matter in the superpotential and thus F* vanishes

(this is unlike [186],[187]). The covariant derivatives of the scalars are
Dy¢*™ = (0, £ igxQxCp £ igy Y B, )o™ . (6.3)

Next we add to the mix the FI terms Ly = {xDe + &y Dp. Elimination of the D

terms gives us the scalar potentiall
9% 2 g 2
Vi = 2 (Qxl6* 2 = Qxlo P+ &x) + D (Valo P - Yalo P+ &r) - (64)

Minimization of the potential leads to a solution

2 2¢ Y
(6%) =0, (¢)= \/ o (65)
We consider the bosonic sector first. We couple the mixed U(1)y x U(1)x system to
the MSSM. We will assume this breaking takes place at a higher scale before the on
set of the electroweak symmetry breaking where the MSSM Higgses acquire a VEV.
Thus spontaneous breaking of the electroweak symmetry gives rise to the mixing of
the neutral gauge fields (C*, B*, A%, with A" (a = 1,2,3) for the SU(2); gauge

fields. In this basis the mass matrix in the neutral sector is of the form

M} My My 0
MMy M3+ vy —3v%gagy | - (6.6)
0 —ingng iUQQS

! Factors of g; 2 have been absorbed into the FID terms.
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The parameters My, M, are defined so that

My =V29xQx{(¢7) , My =V2gyYy(¢7). (6.7)

There is a single massless mode, the photon, and two massive modes the Z and Z’.
Since (¢1) = 0, the superfield components of ®* does not enter in the mixings in
the mass matrix for the fields in the hidden sector and the fields in the visible sector,
and we do not consider it further. We note in passing that were the spontaneous
breaking of the U(1)x symmetry and of the SU(2) x U(1)y symmetry to take place
at the same scale, one would carry out the minimization of the potential involving ¢+
and the Higgs fields simultaneously. However, such an analysis does not substantially
alter the conclusions of the analysis of this section since the additional corrections

from such a minimization are typically small.

We discuss now the effects of mixing of the hidden sector fields and of the con-
nector fields with the fields of the visible sector. In the scalar sector the CP-even
component of the complex scalar ¢~ mixes with the two CP-even Higgs fields of
MSSM producing a 3 x 3 mass matrix similar to the analysis given in Ref. [168, 169].
In the neutral fermionic sector there are two additional mass eigenstates beyond
the four neutral fermionic states in the MSSM, My, A3, Hi, Ho. One can reorganize
the Weyl spinors in terms of four-component Majorana spinors ys (out of f~) and

Ax (out of A\¢) in a standard way. The 6 x 6 neutralino mass matrix in the basis
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((xs, A\x); Ay, A3, Hy, H)) reads

[ 0 M, M, 0 0 0 T
M, mx 0 0 0 0
M2 0 ﬁ’Ll 0 —CgSWMO SﬁSWMO
(6.8)
0 0 0 Mo cgewMy  —sgew My
0 0  —cgswMy cgew My 0 —u
| 0 0 sgswMy  —sgew My —u 0 |

1

2mX/_\X/\X, My is the Z boson mass at the

Here mx arises from the soft mass term —
tree level, cyy = cos Oy, sy = sinfy with 0y the weak angle, similarly cz = cos g,
sg = sinf, with tan 3 = (Hy)/(H,), and finally p is the Higgs mixing parameter
of the MSSM. The mass eigenstates of the system are defined as the following six
Majorana states: ((£2,€9); (x9, x93, X3, x%)) where x° (a = 1,2, 3,4) are essentially the
four neutralino states of the MSSM and &2, (a = 1,2) are the two additional states
composed mostly of the new neutral fermions.

We will discuss in a moment that the current electroweak data puts a stringent

bound on € = My/M; such that |e|] < 1 [170]. In this limit the masses of £, &) are

1. 1. 1. 1.
Mgy = 4| M7 + ng( - ohix, Mg = M} + ngf + g (6.9)
For the case when the lightest of the MSSM neutralinos x° = x{ is also lighter
than £° = &) nothing much changes compared to the pure MSSM. The LSP of the
MSSM will still be the LSP of the full system, and the dark matter candidate will
be essentially the same as in the MSSM with minor modifications. However, a very

different scenario emerges if £° is lighter than x° and becomes the LSP. The upper

bound on € translates to a suppression of the couplings of €% to MSSM fields relative
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to the couplings of x° by a factor of e. Roughly speaking one can treat £° as a
standard LSP x° but with couplings appropriately suppressed by at least an order of
magnitude. This is why we call £° extra-weakly interacting, an XWIMP (it has also

been referred to as a Stino).

6.2.2 Stueckelberg Reduction of the U(1)x Extension

In a certain limit the model of the previous subsection reduces to the Stueckelberg
extension of MSSM proposed in [168, 169]. To achieve the reduction we assume as
is conventional in the analysis of MSSM that &y is negligible. We consider now the

limit (¢~) — 00, gx@x — 0, and gyY,; — 0, with M; and M, fixed. This leads to
1 e 1 5 1 2
§|DH¢ |# = §(M10“ + MyB, + 0,a)” + 5(3up) , (6.10)

where ¢~ = p + ia. The Lagrangian can be written Lo = Lg; + Lo+ , where &7 is

now completely decoupled from the vector multiplet and Lg; can be written

1 1
Lsy = _Q(MlC;L + MyB,, + aua)Q - é(aupf — ixo" X (6.11)

—f-p(MlDC + MQDB) + [X(Ml/\C + Mg/\B) + hC] .
This arises from the following density in superfield notation up to arbitrary phases
Lo = /d29d29‘ (M,C + MyB + S+ S)?, (6.12)

where C' and B are gauge supermultiplets and S a chiral supermultiplet. With the
above one then has exactly the Stueckelberg extension of the MSSM [168]. To obtain
the supersymmetric Stueckelberg extension we consider the Stueckelberg chiral mul-

tiplet S = (p + io, x, Fs) along with the vector superfield multiplets for the U(1)y
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denoted by B = (B, A, Dp) and for the U(1)x denoted by C = (C,, A¢, D¢). Un-
der U(1)y and U(1)x the supersymmetrized gauge transformations are then given
by: 0y (C,B,S) = (0,Ay + Ay, —MyAy) and 6x(C,B,S) = (Ax + Ax,0, —M;Ax).
Expanding the fields in the component form, in the Wess-Zumino gauge, we have for

the vector superfield(s), denoted here each by V = (C, B),
_ __ __ 1
V. = —00"0V, + 1000\, — 000\, + 50000DV . (6.13)
The superfield S in component notation is given by

1 ~1
S = é(p +io) +60x + iQa“QQ(aup +10,0)

. e
YOOFs + %eeeaﬂaux + 50099(0p +iClo) (6.14)

and in the above, the superfield S contains a scalar p and an axionic pseudo-scalar
o. With the addition of the soft mass term —ngX xAx, this system when coupled

to the MSSM leads us to the same mass matrix as in Eq.(6.8) as in [169].

6.2.3 Electroweak Constraints on Mixing Parameters

To determine the allowed corridors in € and M;, we follow a similar approach as in
the analysis of Refs. [188, 189] 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 is given by [190]

9 T

My, = :
v V2G g sin? Oy (1 — Ar)

(6.15)

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

known to a high degree of accuracy. The quantity Ar is the radiative correction and
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is determined so that Ar = 0.0363 £ 0.0019 [191], where the uncertainty comes from
error in the top mass and from the error in a(M%). Now since in the on-shell scheme
sinfy = (1 — M2, /M2) one may use Eq. (6.15) and the current experimental
value of My, = 80.425 £ 0.034 GeV [191] to make a prediction of Mz. Such a
prediction within SM is in excellent agreement with the current experimental value
of Mz = 91.1876 4+ 0.0021 GeV. 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. We now calculate the error § Mz in the SM prediction

of My in order to limit e. From Eq. (6.15) we find that § = 0 My /Mz|sar is given by

a2 2 4 2
5— 1 — 2sin® Oy O My, N tan* Oy (0Ar) ' (6.16)
cos? QW MZ 4(1 — AT’)2

The Stueckelberg correction to the Z mass in the region M7 > M2 is given by
|AMz/My| ~ %sin® Oy (1—Mz /M?)~'€%. Equating this shift to the result of Eq.(6.16)

one finds an upper bound on € relevant for TeV scale physics

le| < 0.061/1 — (My/M;)2. (6.17)

We note this constraint was first derived in [170] and a very similar constraint appears
in the analysis of Ref. [192]. A more detailed analysis of electroweak constraints due

to the presence of the heavy vector boson will be presented in Ch.(9).

6.2.4 Abelian Extension with Off-Diagonal Kinetic Terms

There is a well known example of an Abelian extension of the SM with a mixing
between the visible and the hidden sector arising from an off-diagonal kinetic mixings

with two U(1)s [181]. The hidden sector in this model has been dubbed the shadow
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sector, the extra gauge factor denoted U(1)s. Specifically we couple this type of

kinetic mixing to the SM and obtain for the action £ = Lgy + AL, where
1 7% Y uv 2

Here C* is gauge field for the U(1)g, ¢ is the Higgs charged under U(1)g giving mass
to C*, and ¢gy is the Standard Model Higgs. The kinetic terms of Eq.(6.18) can be
diagonalized by the transformation

B 1 — s B
= : (6.19)

cr 0 ocs cr
where c; = 1/(1—6%)Y2, s5 = §/(1—6%)/2. As in the analysis of Refs. [167, 169, 170,
171] the mixing parameter ¢ is small [181, 193, 192]. After spontaneous breaking this

type of model also leads to a massless photon, and two massive vector boson modes.

To supersymmetrize the model we write the Lagrangian for the extended theory

L = Lyssm + AL. In the pure gauge sector of the theory one has

1 S
Alyn = —7C"Ch—idco" Qe + 5D
5 - _
~5C" Buy = i6(Aco"9hp + Mo”9, Ac) +0DpDe . (6:20)

One can give a mass to the C, by a Stueckelberg mechanism without mixing with

the hypercharge as in the analysis of Ref.[168]. Thus we add a term

ALg, = / do*do*(MC + S + S)? (6.21)
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where C' is the gauge multiplet for the extra U(1)s and S a chiral superfield. Every-
thing works very much the same way as in the standard Stueckelberg extension. After
spontaneous breaking of the electroweak symmetry the neutralino mass matrix in the
basis ((1s, Ny ); (Ny, A, Hy, Hy)), obtained after rotating the Majorana fermions by

the use of (6.19), is

[0 Mecg 0 0 0 0 T
Mecs mXc§ + mls§ —M1Ss 0 sscgsw My —sssgsw My
0 —M1Ss m 0 —cgsw My sgsw My
(6.22)
0 0 0 mg CﬁCWMO —SﬁCWMO
0 sscasw My —cgswMy  cgew My 0 —
L 0 —5s55gsw Mo sgswMoy  —sgew My — 0 ]

The structure of the neutralino mass matrix in Eq.(6.22) is significantly different from
that of Eq.(6.8). Similar to the analysis of already given, in the limit s; — 0 the states
g and Ny decouple from the rest of the neutralinos. As before we label these two

€9, £9 with masses given by

1 1. 1. 1
Mgy = ”MQjLng(_imX’ Mgy \/M2+1m§(+§mx. (6.23)

Diagonalizing Eq.(6.22) one obtains six mass eigenstates ((€2,£9); (X9, x5, x%, x9))-
The situation is very similar to the models discussed in previous subsections with
off-diagonal mass matrix. Thus we can summarize that the supersymmetrized model
with kinetic energy mixing can also lead to an XWIMP that becomes the XLSP with
extra-weak coupling to the Standard Model.

One can use a unified notation labeling the eXtra-weakly interacting particle as

an arbitrary XWIMP denoting any class of model with these characteristics. The
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small mixing parameter will be called € in any case and the analysis of relic density

given below applies to all such models with XWIMPs.

6.3 Dark Matter from XWIMPs: Relic Density

and WMAP Data

Since the interactions of XWIMPs with matter are extra-weak the annihilation of
XWIMPs in general is much less efficient in the early universe. Thus it requires
some care to ascertain if a reduction of the primordial density is possible in sufficient
amounts to satisfy the current relic density constraints. However, the condition of
thermal equilibrium are still satisfied for XWIMPs as long as their interactions are
only suppressed by few orders of magnitude, say one or two. This requires that
interaction rate I' is greater than the expansion rate of the universe, I' > H with H =
T?/Mp,. For the system at hand, consisting of weakly and extra-weakly interacting
massive particles (WIMPS and XWIMPs) the condition of thermal equilibrium is
indeed satisfied. The XWIMPs will only slightly earlier fall out of equilibrium but
both types of species will be produced thermally. This is in contrast to models
where the couplings of dark matter candidates are only of gravitational strength or
suppressed in similar ways.

While the annihilation of XWIMPs alone cannot be sufficient to deplete their den-
sity efficiently such reductions may be possible with co-annihilation [194]. In general,
co-annihilation could involve all the neutralinos as well as squarks and sleptons in

processes of the type

Xy +x) — ff.WW,ZZ, Wh,--- | (6.24)
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where y? = (£2,x?). Here we explain how this can potentially lead to sufficient anni-
hilation of XWIMPs.

Relic Density Analysis for XWIMPs

The naive expectation is that XWIMPs would not be able to annihilate in sufficient
numbers to satisfy the current relic density constraints. An exception to this expec-
tation is the situation of co-annihilation [194] that can drastically change the picture.
It can contribute in a very significant way to the annihilation process. Let us consider

the co-annihilation of a XWIMP £° and a WIMP x° via the following set of processes

4+ =X, X=X, X"+x° =X (6.25)

where { X} etc denote the Standard Model final states. The effective cross section in

this case is [172]

1 O-EOXO 2
= 6.26
Teff = T3040 1107 (Q+ . (6.26)
where
Q=214+ A)5erd (6.27)

geo

Here g is the degeneracy for the corresponding particle and A = (1m0 —mgo) /meo. For
the case at hand, the ratio o¢0,0/00,0 ~ O(e?) < 1. Thus if the mass gap between
€% and X is large so that ;A > 1, then oo is much smaller than the typical WIMP
cross-section and the XWIMPs cannot annihilate in an efficient manner to satisfy the
relic density constraints.

If the mass gap between the XWIMP and WIMP is small and the XWIMP is

still lighter than the WIMP we have the case of co-annihilation. Let us look at a
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parameter choice with @ ~ O(1) and Q > 0¢0,0/0,0,0. We can write oo in the form
[172] 0ot = 00,0(Q/(1 + @))? which is easily extended under the same approxima-
tions including co-annihilations involving additional MSSM channels. The relation
becomes modified so that o,0,0 is replaced by oeg(MSSM) and Q is defined so that
Q =SV, Qi where Q; = (g:/g1)(1 + A;)*?e=%% When Q ~ O(1) the XWIMP
relic density is just a modification of the WIMP relic density modified only by the
multiplicative factor (Q/(1 + @))?. It is then possible to satisfy the relic density
constraints much in the same way as one does for the LSP of MSSM?. Nevertheless,
the couplings of £° with quarks and leptons are suppressed by a factor of e. Thus
cross-sections for the direct detection of dark matter will be suppressed by powers
of the mixing parameter, making the direct detection of the extra-weak dark matter
more difficult. However, £° will do as well as x° for the seeding of the galaxies.
WMAP Constraints on XWIMPs

The specific framework we consider is a Abelian extension of mSUGRA with a U(1)x.
This means, in the MSSM we use the mSUGRA framework with the minimal set of
characteristic parameters for the soft breaking and the co-annihilation parameters A
as determined by Qeg. This is our extended mSUGRA model. We now discuss the
details of the analysis. In Fig.(6.3) we display the relic density constraints on the
XWIMPs in the mg — my /2 plane for the case tan 3 = 50 consistent with all experi-
mental constraints. The black region satisfies the relic density constraints which lie
within 1o corridor of the central value , while the shaded (colored) regions are elim-
inated due to other constraints. The other constraints arise mainly from the lower
limit on the chargino mass and the b — sv branching ratio. The bound on the Higgs
mass is also shown but only a small additional region of the parameter space is elim-

inated. The analysis shows that the relic density is satisfied in both a low mq region,

2We note in passing that Ref. [195] subsequently found quite a similar result.
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Figure 6.2: The allowed parameter space (black) in the mg — m;/, plane, under the 1o
WMAP3 constraint in extended mSUGRA for the case Ag = 0, tan 8 = 50, sign(u > 0),
my = 171.4 GeV, m; /5 € (0,1.5)TeV and mg € (0,3.5)TeV, and A in the range (0.0, 0.1).
The figure to the right exhibits the breakdown of scaling and its breakdown as discussed in
the text. (From [172].)

where one has typically co-annihilation between the lightest neutralino of the MSSM
and the stau, and a high mg region, which is characteristically the hyperbolic branch
(HB) of radiative breaking of the electroweak symmetry as discussed earlier, where
the LSP and the next to lowest supersymmetric particle (NLSP) become degenerate
and are mostly Higgsino like. We also show the parameter space in the m,+ — myo
plane. These plots display the regions where scaling holds or breaks down which are
also good indicators of the gaugino vs. Higgsino composition of x° (the LSP of the
MSSM). Thus in the m,+ —m,o plot, the model points on the straight line boundary
satisfy the scaling phenomenon, where m,o ~ 0.5m;/,. Here m,o is mostly a Bino.
More generally, scaling [196] gives my : Myt & Myo (6—7):2:1. On the other
hand, when scaling is violated one has a large Higgsino component, and this indeed
typically arises from the HB. In Fig.(6.3) we exhibit the allowed parameter space in

the mgz —m,+ plane. On the lower straight line along the diagonal x° is bino-like and

the scaling relation mg : myo = (6 — 7) : 1 is satisfied. Above this region x° has a
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Figure 6.3: Left Panel:Violation of scaling in the gluino chargino plane, Right Panel: the
Higgs Boson Branches. (From [172].)

significant Higgsino component, and scaling is violated. The analysis shows that the
permissible mass range for the gluino ¢ is rather wide, while for the Higgs there is
a narrow window. Typically, its mass has to lie within the corridor from the lower
limit of 114 GeV (when this limit is imposed) up to about 125 GeV and there are 2
distinct branches for the light CP even Higgs. A similar situation has been seen in
mSUGRA in [143].

In the calculation of the relic density, we find in general good agreement between
DarkSUSY and micrOMEGAS (up to about 15%) for values of tan 3 in the range
(10 — 40). The main result is that the WMAP3 constraints are satisfied by XWIMPs
for a wide range of tan 3, even though the allowed parameter space consistent with
all constraints does depend on the value of tan # and more so, sensitively on the value
of the top mass. We add a comment regarding the impact of experimental error bars
on the top mass under the constraints of the electroweak symmetry breaking. The
region in the parameter space of mSUGRA consistent with electroweak symmetry
breaking depends very sensitively on the mass of the top quark, a phenomena which

has been known for some time and which affects the relic density [197]. We emphasize
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that the sensitivity of the relic density arises as the sparticle spectrum in SUGRA
unified models, where the sparticle spectrum arises as a consequence of REWSB, is
very sensitive to the top mass. This can be seen, for example, in the first paper of
Ref.[197] where it is shown that the stop mass can turn tachyonic with variations in
the top mass under constraints of REWSB. However, in MSSM scenarios where one
can fix the sparticle spectrum and vary the top mass, the relic density is not sensitive
to variations in the top mass. In contrast, in the current analysis the sensitivities to
the top mass arise since we are using the framework of SUGRA unification where the
spectrum is computed via REWSB. The recent more accurate determinations of the
top mass have now very much reduced the error. Interestingly, one finds that even
a lo variation with reduced error bars generates very significant changes in the relic
density. Specifically, a lower top mass implies a larger portion in parameter space

consistent with the constraints. For further details see [172].

6.4 Summary

We have introduced a new dark matter candidate whose interactions with Standard
Model matter are extra-weak, weaker than weak interactions by at least one order of
magnitude. Extra-weakly interacting particles can arise in a wide range of models, Z’
extensions of the MSSM with extended Higgs sectors, in the Stueckelberg extension,
in extensions of the MSSM with off-diagonal gauge boson kinetic terms, and possibly
many other realization of small mixing between visible and hidden sector fields. The
new XWIMPs are good candidates for dark matter if they become the LSP of the full
system, in spite of the extra-weak interactions with the MSSM, as they can satisfy
the relic density constraints consistent with the WMAP data via co-annihilation.
A direct observation of XWIMPs in dark matter detectors will be more difficult.

However, indirect tests of the model are possible and should be investigated.
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Chapter 7

Fermilab Probes of a Narrow Z’

We begin by discussing the Stueckelberg extension of the Standard Model [167] based
on the gauge group SU(3)c x SU(2), x U(1l)y x U(1)x. The effective Lagrangian

arises from coupling the Stueckelberg sector to the SM, i.e., Lgism = Lst + Lswv, where
1 7% o 1 2
ESt = _ZOMVC + gXC'MJX - 5(%0 + MlClL + MQBH) . (71)

In the above, J is a conserved vector current, C* is a Stueckelberg field and B, is
the hypercharge vector boson. It is easily checked that the above Lagrangian is in-
variant under the following transformations : dy (Cy, By, 0) = (0,0, Ay, —M3Ay) and
dx(Cy, B,,0) = (0, x,0, —M;iAx). The two Abelian gauge bosons can be decoupled
from o by the addition of gauge fixing terms as before. Additionally, of course, one
has to add the standard gauge fixing terms for the SM gauge bosons to decouple

from the Higgs. After electroweak symmetry breaking the mass terms for the neutral
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vector bosons take the form

M? MM, 0
1
»CMass = _QVZMSQtvuv Mgt = M1M2 M22 + iUQg%/ _i’UQgQgY ’ (72)
0 —L02gogy 10293

where VI' = (C),, By, A), v is the VEV of the Higgs field, g, is the bare SU(2)
gauge coupling and gy is the bare U(1)y gauge coupling. Note this mass matrix is
precisely that of Eq.(6.6). The mass squared matrix, being real and symmetric, can
be diagonalized by an orthogonal transformation V, = RE,. with £ = (Z],, Z,,, A7)
so that R M§ R = Mg, _4;,,- 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 (C*, B*, A**). In the limit e = M, < M; —
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 M; which is the overall scale of new physics in the StSM. The orthogonal
matrix R is easily formed from the eigen-vectors associated with the diagonalization.

A convenient parametrization is

CyCp — S9S¢pSyy  SyCy + S0S5¢Cyy  —CoS¢
R=| cpsy+ 59csSy SpSp — S0C6Cy  CoCy ; (7.3)

—CySy CoCy Sp
where the angles are defined so that

2sin OMZe

tanf =
an MZ = M2+ (M?+ MZ — M2)e

l, tang =€,  tan2y = ,(7.4)
g2
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and My = My(e = 0) = v\/g3 +72/2, My = g2v/2, and gy = yW1+ €2, v = ggiM.

The diagonalization leads to the following relation for the electronic charge

o — 929y COS @ _ 927 (7.5)

VBt gpcosto g+

The neutral current interaction with the visible sector fermions is given by

Lre === Y Ifir Dufu+ (L — R, (7.6
!

where D, is the covariant derivative with respect to SU(2), x U(1)y x U(1) x however
we assume that the visible sector matter, i.e., quarks, leptons and the Higgs, are not
charged under U(1)x. Thus the charges of U(1)x sector satisfy Qx|SM >= 0. The
The neutral current interaction leads to

/ 2 2
+ _
»CNC:ng ! s

5 (v = 5a}) Zy, + (vp = 5a0) Z,) |+ ey QpAuf,  (7.7)

where as usual Q = T} » + Y r/2, Tj, = 0. Expressing the tree level interaction in

terms of the reduced vector and axial vector couplings we obtain

vy = costp [(1— esinftant)) T;’ —2sin* 60 (1 — ecscftan)) Qy] , (7.8)

aj = costp[l —esinftany] T}, (7.9)
vy = —cost [(tant) + esinf) T} — 2sin® 0 (ecsc O + tanv)) Q] ,  (7.10)
afy = —cost[tany) + esin 0] T} (7.11)

Note that the decoupling limit is € — 0 and thus cos) — 1,sin¢ — 0 and one obtains

the SM expressions for the vector and axial vector couplings.
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The partial decay widths of the StSM Z’ into SM fermion matter are given by

::ﬁﬂ§N&[<Kﬁf4chf)(1—Jgg)44ﬂc€HCﬂk§§}C?H)

r(7 - )=

where 3y = (1 — 4m?3/M2)"/? and where v}(d}) = [C% + (—)C7]/\/g2 +7* and
analogously for the Z couplings. The Z’ can also decay into hidden matter couplings
through Jy. We will first explore the implications of heavy matter in the hidden
sector, where the Z prime does not decay to the exotics. We will revisit this issue
and explore its implications in Chapter(9.1). Additionally for My > 2My,, the Z’

can decay into W*HW ™ which is determined by the triple gauge boson vertex,
Lrww =igaRs [WEWHZY + W, W2+ WHW 2, ] . (7.13)

The W*W ™= decay width is then given by

[V [e8)

2 D2 M4/ M2 2
F(Z’—>W+W*):9(MZ/—2MW)92R31MZ/ Z [1—4 W}

1927 7 M, M,

M2 M
1+20—% 4 12 W1 7.14
X{+ w, Mﬂ (7.14)

The WHW ™~ decay mode is suppressed by the small factor Rs;, the element of the
rotation matrix which indicates the mixing between Z’ and A3 gauge bosons. There-
fore, the partial width I'(Z" — W*+W ™) is typically small relative to ['(Z" — Y, fi fi).
To get a feel for the size of the total decay width of Z’ into the visible sector quarks

and leptons one may see

- 103 for MZ/ < th
1—1 Z/ - ~ M , 2 2 X 288w
7= S Mg x {5

(7.15)
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Figure 7.1: The StSM Z’ branching ratios into ff and WTW ™ final states as a function of
the Z’ mass with f = u,t,e,d,v with ¢ = 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. [167, 169, 170, 171].

It has already been discussed in the previous chapter that € is severely limited by
electroweak constraints which leads to a Stueckelberg Z’ resonance with a very narrow
decay width. We will carry out a more precise fit to Electroweak data shortly. Thus
the Z’ decay width lies in the < 100 MeV range with My lying in the several hundred
GeV to 1 TeV range. In Fig. (7.1) it is shown that the Z’ decays into quarks and
leptons will dominate the total Z’ decay width, as the W1~ decay mode is roughly
the same size as one species of v mode. One may note that the branching ratio of 7’
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
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beams where one could check on the [ vs [, couplings. Other examples are provided
by the extension SU(2); x SU(2)g x U(1)p_r Left-Right (LR) model [198] to give
the gauge group SU(2);, x SU(2)g x U(1)p_r x U(1)x (StLR)[170],[171].

7.1 Prospects for the Discovery of a Stueckelberg

7' At Fermilab

7.1.1 Drell-Yan Cross Section for pp — 2/ — 1]~

Next we discuss the production of the narrow Z’ by the Drell-Yan process. For the
hadronic process A+ B — V + X, and the partonic sub-process g7 — V — 11~ the

di-lepton doubly differential cross section to next to leading order (NLO) is given by

d? 0OAB _Z dUSM dO'(}g(;*SM dO’Sf
dM?dz

i 7 ]W{ AB ()} (8, M?). (7.16)

W{AB(qq)} / / drdyd (T — xy)P{AB (q@)} (x Y),

P{AB(qq ( y) = Ja, A( )fq,B(y) +fq,A($)fq,B(y)' (7.17)

Here the dimensionless variable 7 = M?/s relates the invariant mass M of the fi-
nal state lepton pair to the center of mass energy /s of the colliding hadrons and
z = cos 6", 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“™ /dz is the
Standard Model contribution, do®!/dz is the contribution from the Stueckelberg sec-
tor, 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
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fq.4(z) give the probability that a parton of type ¢ has a fraction x of the total hadron
four momentum. The dependence of f, 4(z) on the mass factorization scale ) = M
is implicit. For the case of the LHC (discussed in the next chapter) A = B = p, and
one must note that quite generally that f, 4+ = f; 1 and fz4 = f, 4. The Drell-Yan
K factor is as discussed in detail in Refs. [199, 200, 201]. The invariant di-lepton

differential cross section is at NLO

dUA
Z = K— Z qu W{AB (@@}(7); (7.18)

where the partonic cross section, oy, is defined by integrating the term in square
brackets of Eq. (7.16) over the variable z and is computed in Ref. [169]. While
do/dM is sensitive to the interference term, the integral over dM is not. The full

partonic cross section through the o(Z, Z’,~) in the massless quark limit is

Sy = TG g, CEMEOL ~ Mpuv, | GRMEM w2 + ) (s} + o)
S Ve M2 — M2 +T3M2)  2n((M? — MZ)? + T3 M3)
V30 GFM (MQ—Mg,)vgv; G%M%M%Uf%-@f)(vf—i—af)
(M2 = MZ)?+T2,MZ) " 2n((M? — MZ,)? + 12, M%)

G%M%MQ(MQ—]\/@)(M2 Mg,)(qu + aqa;,) (vev), + acar,)
m((M? — M3Z)? + TZMz)(M? — M3,)* +1%,M3)

(7.19)

In Fig.(7.2) we give an analysis of the Drell-Yan cross section for the process
pp — Z' — 11~ as a function of M. The analysis is done at /s = 1.96 TeV, using
the CTEQSL [202] PDFs with a flat K factor of 1.3 for the appropriate comparisons
with other models and with the CDF [203] and D@ [204] combined data in the di-
lepton channel. Remarkably one finds that the Stueckelberg Z’ for the case € ~ 0.06
is constrained up to about 375 GeV with the current data (at 95% C.L.) using the
ete™ +~v channel. This lower limit decreases as € decreases but the current data still

constrain the model up to € ~ 0.035. This result is in contrast to the LR, Eg, and
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Figure 7.2: (Left): Constraint on the Z’ signal in the StSM using the CDF [203] and DO
[204] data (see Fig.(9.3) for an updated comparison of the 2 modes). The data puts a lower
limit of about 250 GeV on My for € ~ 0.035 and 375 GeV for € ~ 0.06. (Right): Z’ signal in
StSM with 8 fb~! of data using an extrapolation of the sensitivity of the D@ [204] detector
for the p*tpu~ and eTe™ + vy modes. The data will put a lower limit of about 600 (300)
GeV on My mass for e = 0.06(0.02). Also plotted for comparison is o - Br(G — [117) for
the RS case. (From [170].)
to the little Higgs models and other models of wider resonances [205] where the Z’
boson has already been eliminated up to (610 —815) GeV with the CDF [203] and DO
[204] data. Applying this constraint in this channel is a stronger constraint to place
on the model then just using the e*e™ channel, however probing narrow resonances
using both channels are indeed complimentary [206]. We will see shortly that the the
stronger constraint imposed is consistent with the more recent e*e™ limits.

We also give an analysis of the discovery limit for the Stueckelberg Z’ with an
integrated luminosity of 8 fb™!. Here we have extrapolated the experimental sensi-
tivity curves for the ™ p~ and for the more sensitive e e~ + vy channel downwards

by a factor of 1/v/ N where N is the ratio of the expected integrated luminosity to

the current integrated luminosity. The analysis shows that a Stueckelberg Z’ can be
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Figure 7.3: (Left) Constraint plots in the € — My plane utilizing the data from [204]
eTe™ + vy mode with (a) the 246-275 pb~! of data, and (b) 8 fb~! of data where an
extrapolation of the sensitivity curve is used. The upper dashed curve is the maximum
value of € allowed by Eq. (6) and the lower dashed curve corresponds to |[APull| < 1. Cases
with (without) a hidden sector are shown. Regions II, III, IV, and V are constrained by
the conditions given at their respective boundaries. (From [170].)

discovered up to a mass of about 600 GeV and if no effect is seen one can put a lower
limit on the Z’ mass at about 600 GeV. In Fig.(7.3) we give the constraint plot in the
€ — My plane. An analysis including hidden sector with I'ys = I'yg is also exhibited.
The constraint plots show that even the hidden sector is beginning to be constrained
and these constraints will become even more severe with future data. It is interesting
to note that there is a region of the parameter space where a Stueckelberg Z’ boson
may be mistaken for a narrow resonance of a Randall-Sundrum (RS)[207] warped
geometry ! (the RS model will be discussed in more detail in the next chapter). The
overlap of o - Br(Z' — IT17) and ¢ - Br(G — [717) for the RS graviton is shown in
Fig.(7.2) for the case k/Mp, = 0.01 where Mp; = Mp/+/87 is the reduced Planck

mass. However, the constraints from precision electroweak data actually eliminate the

IThis is now known as RS-1 in the literature.
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RS graviton in this case [208, 204]. Thus if a resonance effect is seen in the di-lepton
mass range of up to about 600 GeV in the CDF and DO data at the predicted level,
the Stueckelberg Z' would be a prime candidate since the RS graviton possibility is

absent in this case.

7.1.2 Further Constraints from CDF and D® Data

The C, — C,; parametrization was defined in Ref. [201] and it allows one to use
experimental limits set on the di-lepton 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. The relation between C, and Cj is

Cy _ (vi+ap) Br(Z — uu) (7.20)
Cqa (W2 +a?) Br(Z —dd) '

where

Cy=294Br(Z' = 1T17)(a? +v}), q=u,d (7.21)

and where g%, = v2GpM2. Although C'u,q) are functions of € for the StSM, the ratio
(in the massless quark limit) is in fact independent of e. In Fig.(7.4) the C, 4 plane is
shown. For the StSM, in the C, — Cj; plane the values of C, and Cy lie inside a band.
The band structure for StSM arises since the ratio C,/Cy as given by Eq. (7.20)
lies in the range 2.49 ~ 3.37 for Mz lying in the range 200 ~ 900 GeV. Similarly,
the C, and Cy predicted in the ¢ + zu model [201] also lie in a band, while the C,
and Cy for the B — xL model [201] live on a line. In Fig. (7.4) we give a numerical
evaluation of the C), and Cy using the recent CDF data of 819 pb™' in the di-lepton
channel [209]. The light straight line corresponds to C, and Cj, in the B — xL model
where C, = Cy (see [201]). The area between the two black straight lines is the

region where the ¢+ zu model lies and where (3 —2v/2)Cy < C,, < (34 2v/2)Cy. The
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Figure 7.4: Constrained regions in the C, — Cy plane from the current 95% C.L. limit
for o - Br(Z' — I117) given in [209] 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,, < 3.37C;. Note, no constraint on € has been applied here, the LEP comstraint

is a stronger constraint than the Tevatron Data at larger Z prime mass (see Fig.(7.3)).
(From [171].)

10 + 25 model is constrained below the dashed red line which corresponds C,, = 2C,.
These constraints given in the (', 4 plane are consistent with the constraints derived
using a smaller data sample of approximately 275 pb~! which, however, uses the more
sensitive DO mode [204] already discussed. 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 [209, 204, 203, 210]. These constraints were shown to limit values of
(€, Mz) in [170], and discussed here, while still allowing for the possibility of a narrow
StSM Z’ which could even lie relatively close to the Z-pole. The constraints provided
at large mass in Fig.(7.4), for the StSM, correspond to € values already eliminated by
LEP constraints (see Fig.(7.3)).

The type of Z’ boson that arises from the mixing of the Standard Model with the

Stueckelberg sector is very different from the Z’ bosons that normally arise in grand
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unified models and in previous stringy models such or in the early analyses of Kaluza-
Klein excitations of the Z with compactifications of large extra dimensions. The
distinguishing features are that the decay width in the present case is exceptionally
narrow with width < 100 MeV for My < 1 TeV as well as its hypercharged enhanced
couplings leading to a rather distinct set of branching fractions when compared to
the classic Z prime models. The branchings are indeed highly leptonic due to the
hypercharge enhanced couplings.

Recently the CDF and D@ collaborations have published new data sets with as
much as 2.5 fb~! [211] of data, which is about a factor of 6 larger than when the anal-
ysis on narrow resonances at the Tevatron was given [170] showing that a Z prime
from the Stueckelberg extensions [167, 170] produces a viable candidate for Z prime
resonance at the 200 GeV range (240 GeV?). Now, given that the experiments at
Fermilab will most likely not see a Z prime signal for any model with a Z prime mass
beyond around 800 GeV, it becomes imperative to study models which accommodate
narrow resonances at mass scales where the Tevatron is more sensitive. Similar phe-
nomena regarding narrow resonances, such as that which has been discussed here,
are seen in other classes of models such as those based on universal extra dimensions
[212], models with a shadow sector [193, 192], and in the models considered in Ref.
[213].  Other recent interesting classes of Z prime models include [214],[215],[216].
While E6 or a LR model may be realized in nature, the Z primes produced in these
models which are currently discussed in the experimental works will likely not be seen

at Fermilab.
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Chapter 8

Narrow Resonances at the LHC

Analyzed here is the capability of the LHC to detect narrow resonances using high
luminosities and techniques for discriminating among models are given. The analysis
is carried out with focus on Stueckelberg extension of the Standard Model (StSM)
which naturally leads to a very narrow Z’ resonance. Comparison is made to another
class of 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 di-lepton final state in the Drell-Yan
process pp — Z' — Itl7 and pp — G — [T1~. It is shown that the signature
spaces in the oy, - Br(IT1™)-resonance mass plane for the Z prime and for the massive
graviton are distinct. Angular distributions in the di-lepton C-M system are also
analyzed. 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 di-lepton channel in the Drell-Yan process with luminosities

accessible at the LHC. Here the result is derived within the specific StSM class of

118



models, however, the capability of the LHC to probe models with narrow resonances

in this range may hold more generally.

8.1 LHC Observables and Constraints on the StSM
Parameter Space

A relevant quantity that may be measured at the LHC is o, - Br(X — [117) =
o Br(X — [Tl7) in the process pp — X — (7]~ 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' — [717) we will discuss two regions: a low mass region
with the di-lepton 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 2 fb~! of data, and
the CDF and D@ data puts constraints on € as a function of the di-lepton invariant
mass. Thus in the analysis of the low mass M;; region at the LHC we can incorporate
these constraints. However, one has no direct constraints in the di-lepton invariant
mass region above 800 GeV, which explains the separate analyses of o- Br(Z" — [117)
for the low and high mass regions.

We begin with an analysis of o - Br(Z’ — [*T]7) in the low mass region where we
use the constraints on (e, Mz/) as obtained in Ref. [170] using the cross section limits
from [204]. The results are displayed in Fig. (8.1). As expected one finds that the
current data on o - Br(Z" — [*]7) constrains only the mass region of Z’ for values

Mz < 350 GeV. We note that for € as high as ~ .04 one may have an StSM Z’ as
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Figure 8.1: (a) The production cross section o - Br(Z' — [717) [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. (b)
The production cross section o - Br(Z' — [*17) [fb] for 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. (From [171].)

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 Fig. (8.1) gives a plot of o - Br(Z" — I*17) as a function
of Mz in the high mass region for values of ¢ ranging from .01 to .06 in ascending
order in steps of .01. From Fig. (8.1) and from the analysis of Refs. [217, 218] for
other Z’ models one infers that the production cross section for StSM Z’ lies orders
of magnitude below those for the Z’ production in E6 models and other Z’ models.
The size of 0 - Br(Z' — [717) thus provides a clear signature which differentiates the

StSM Z' model from other Z’ models.
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8.1.1 Signal to Background Ratio
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Figure 8.2: (a)The mass window or bin size as a function of the mass scale for the ATLAS
and CMS detectors. (b) The ratio o - Br(Z" — 1717 )stsam/osm(Z,v — 1717) including the
~ — Z interference term in the SM as a function of the Z’ mass for the ATLAS and CMS
detectors assuming 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 occurring at around 1 TeV. (From [171].)

The di-lepton channel will be analyzed at the LHC in the ATLAS [219] and CMS
[220] detectors, 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 this particular analysis of the SM background we have
included the Z,~, 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 2, ZZ

etc. However, these backgrounds are known to be at best a few percent of the Drell-
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Yan background [221] in the channel of interest under standard cuts for this mode.
Regarding the bin size, it depends on the energy resolution og/E of the calorimeter.
For an electromagnetic calorimeter the energy resolution is typically parametrized by
og/E = a/VE ® b ® ¢/E where addition in quadrature is implied[222]. 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 ¢ is due mostly to noise. For the ATLAS detector (liquid Ar/Pb) the
energy resolution is parametrized by [222] op = 10%/vVE ® 4% @ .3/E and for the
CMS detector (PbWOy) it is parametrized by ox = 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 60f) at the mass scale M (M is measured in units of TeV) [171] *

Barras = 24(.625M + M? + .0056)"/*GeV

Bowms = 30(.036M 4 M? +.0016)"/%GeV. (8.1)

For M > 3 TeV, the M? term dominates in Eq.(8.1) and the bin size goes linearly in
M, so Barpas ~ 24M GeV and Beys ~ 30M GeV for large M. A plot of bin sizes
as a function of the mass scale is given in Fig.(8.2) 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 Fig.
(8.2) 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

'We note in passing that this formula appeared later in Ref. [223]
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LHC has the ability to detect a strong signal for a StSM Z’.

8.1.2 How Narrow a Width Can LHC Probe?

In Fig. (8.3) we give the discovery reach for finding the StSM Z’ for different decay
widths as a function of the Z’ mass, with various values of € 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/Ngas events or 10 events, whichever is
larger, constitutes a signal where Ngj; 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 0.5 TeV. In this part of the analysis we have assumed that
detector effects can lead to signal and background losses of 50 percent (see Section
(8.2.2)). 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, 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 the right panel of Fig. (8.3). 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 di-lepton 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 terms of €, 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 [171].

In Fig. (8.4) we give a comparison of the LHC’s ability to probe the narrow StSM
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Figure 8.3: (Left) Discovery limits of Z’ translated into the decay width of the Z’ in
StSM with the discovery limit defined by 5v/Ngas 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. (Right) 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. (From [171].)

7' relative to other Z' models [224, 225] to address the question of how the StSM
7' “stacks 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 Fig. (8.4), since such cuts were not
imposed for the discovery limits of other Z' models shown in Fig. (8.4). The analysis
of Fig. (8.4) 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.
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Figure 8.4: The discovery reach for Z' in StSM (without detector cuts) and several other
7' 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
[224, 225]. 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.(From [171].)

8.2 StSM and Massive Graviton at the LHC

As discussed above one finds that the Stueckelberg Z’ boson is a very narrow resonance
which sets it apart from other Z’ models. However, there is another class of models,
i.e., models based on warped geometry [207, 226] (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. [170]
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
di-lepton 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

AdSs5 described by the metric ds* =exp(—2kr.|¢|)ndatda” — ridg?, 0 < ¢ < ,
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where 7. is the radius of the extra dimension and k is the curvature of AdSs5, 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 [207, 208]. The effective scale that enters in the electroweak region is the
scale Ay = Mpjexp(—kr.m), and for reasons of naturalness it is typically constrained
by the condition A, < 10 TeV. Values of k /Mpl over a wide range 107° — .1 have
been considered in the literature [227]. However, the range below .01 appears to be
eliminated from the electroweak constraints. In this analysis we consider the lightest

massive graviton mode .

8.2.1 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 [228, 229, 230, 231, 232]

el el
daqq N dagg B 1&4M6

= Agalz) + A .
T o R e L vom vy o el

(8.2)

The total decay width that enters above is given by the sum of the partial widths
which are [228, 233, 230]

_ K2 M3 13 14
NG —VV)=6 8075*‘(1 — 46y)1/? (E + ?SV + 453) O(Mq — 2My) (8.3)
r c’f2M(3; 3/2 8
F(G — ff) = Nf 3907 (1 - 45f) (1 + §5f)9(MG — me) (84)
I€2M3
N(G = g9) = —55.° (8.5)
K2M3
D(G = 7) = Too (8.6)
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Here 6y = m3 /Mg, oy = M /Mg, and 6 = (1/2,1) for (V = W, Z). For the first
massive mode, k is given by [233, 230, 231]

T k
v (8.7)

where z; = 3.8317 is the first root of the Bessel function of order 1, and M p; is
the reduced Planck mass in four dimensions (Mp; = Mp/+/87). The leading order

angular dependence is given in terms of [230, 231, 232]

m™ b s
Ay(2) = SN, 8(1—32 + 42%), ANgg(2) = 2(N3—1)8(1_Z ) (8.8)
In the narrow width approximation we have to NLO
15 _ Koz LMo T (8.9)
dz “725320m2 Mgl '

Z Aq@(z)w{pp(qq)}(sv Mé) + Agg(*’*’)VV{MJ(QQ)} (37 Mé)

q

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

Wipp(ge)} (T / / drdyd(T — xy) fo.0(7) fo.0(y), (8.10)

and the more strongly mass dependant RS K factor (K¢ = K%(M2)) is discussed
in detail in Refs. [232]. The production cross section including the quark and gluon

contributions is in the narrow width approximation given by

1k ]\/[6
o Br(G— 1) = KG(MG)S a0 MGFG Zw{pp (@an (s, M2) (8.11)

1 kM 1
K% (M2 ¢ M,
+K7( )s 10240 Moo W{pp(gg)}(s G)
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8.2.2 Signature Spaces of StSM 7’ and of the Graviton

A relative comparison of the StSM and of the RS model is given in Table (8.1)
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 — IT17) is exhibited. Also shown are the decay widths for an RS graviton

in the same mass range for k/Wpl = 0.01.

(MZ/, Mg) FZ’ (GQV) FG (GQV) Ogr - 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 8.1: A comparison of the narrow resonance widths and o - Br(I"17) in StSM for
e = .06 and in the RS warped geometry with k/Mp; = .01 as a function of the resonance
mass in GeV. (From [171].)

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 (8.2) 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.
[233] 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
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| (Mz, Mg) || Bin (GeV) | Nsw || Ns = (Nst, Nrs) | N&™ |

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 48.96 444 | (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 8.2: 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/M p; = .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. [233], while for the StSM we use the spin 1
detector losses given in Ref. [234] ~ 50 % as discussed in the text. For X = (Z’, G) of Table(
8.1), Ng = (0 - Br)eAL, Ng = Ngu (background integrated over the bin), N7" = 5\/Np
or 10, whichever is larger. The minimum signal cross section is (o - Br)™® = (¢ AL)~ L Nun
for each model.(From [171].)
7', which has a different angular dependency 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. [234], and
is similar to the reduction factor used by other groups [235]. For the SM background,
denoted as Ng = Ngjs, the same detector loss is assumed, and it can be seen in Table
(8.2) that this simulation is in good agreement with the analysis of Ref. [233]. Of
course a slightly more realistic analysis of the number of events that may be observed
requires simulating detector efficiencies more accurately [236, 237, 238, 221, 234].

In Fig. (8.5) (left panel) we give a comparison of the signature spaces for the
decay of the StSM Z’ 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
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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 [239, 240]. Fig. (8.5) (right panel) gives a more direct method
for differentiating the two classes of models. Here one has plots of o - Br(Z' — [117)
and - 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 space
constraints provides a clear differentiation between these two classes of models. Thus
Fig. (8.5) provides an important tool for establishing the nature of the resonance
once a narrow resonance is discovered. For example, the o - Br(Z'" — [T]7) is an
order of magnitude or more smaller than o - Br(G — [T1™) over most of the di-lepton

invariant mass that will be probed by the Drell-Yan process at the LHC.
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Figure 8.5: A comparison of the allowed region in resonance decay width - resonance
mass plane and in the o - Br(I*1™) plane for the (Z’) in the StSM and the first graviton
mode (G) 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 [170] and the RS model [208, 241, 204].(From [171].)
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8.2.3 Angular Distributions from pp — (Z',G) — [T~

Angular distributions in the C-M frame of the final di-lepton state give clear signa-
tures of the spin of the produced particle in the Drell-Yan process (for recent works
see, for example, Refs.[242, 243]). 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 distri-
bution analyses [210] using the cumulative data at the Tevatron and more detailed
analyses are likely to follow. Similar analyses at the LHC would allow one to investi-
gate 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 graviton of warped geometry. The comparison of the angular distribution
in the di-lepton channel arising from the StSM Z’" and the massive graviton of warped
geometry is given in Fig.(8.6) 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 left graph in Fig. (8.6) gives the angular distributions arising for the
7' 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 right panel of Fig. (8.6) the angular distributions arising for the StSM Z’ and
for the massive graviton exchanges including the Standard Model background are
exhibited. The analysis 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 sensi-
tively dependent on the graviton mass, mainly due to the sensitivity of the PDF [202]

for the gluon on the mass scale. Thus the angular distributions for the graviton will

131



change with the mass scale and change significantly. However, the angular distribu-
tions 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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Figure 8.6: An exhibition of the angular distribution do(pp — Z’ — 1717)/dz for the
StSM model and do(pp — G — IT17)/dz for the RS model in the di-lepton center of mass
system. For the StSM, € 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;.(From
[171].)

8.3 Summary

Here 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 naturally. The first of these are the U(1)x extensions of the Standard 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. Here we investigated the capability of the LHC to
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discover narrow resonances specifically belonging to these classes of models and to
discriminate between them by examining their signature spaces. The analysis using
the di-lepton 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.

We carried out a similar analysis for the di-lepton production in the warped ge-
ometry RS model which also has the potential of supporting a narrow resonance. It
is then interesting to ask how a Stueckelberg type narrow resonance could be dis-
tinguished 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(I*l~) for di-lepton production in the
Drell-Yan process which proceeds through the interaction pp — Z’ — [T~ for the
Stueckelberg model and via pp — G — [T~ for the case of the RS model. The anal-
ysis of Fig. (8.5) 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(l*l7) criterion. In addition, the angular distributions in the di-lepton 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.

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. The analysis presented here reveals the remarkable phenomenon that the mod-
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els 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. While the
result 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 [171].
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Chapter 9

Dark Matter from the Hidden

Sector

The main focus of this Chapter is an extension of the class of models considered in
Refs. [167, 168, 169, 170, 171] by including kinetic mixing between the two Abelian
U(1) gauge fields [174]. Specifically we consider the extended electroweak sector with
the gauge groups SU(2), x U(1)y x U(1)x where the Stueckelberg mechanism along
with the spontaneous breaking in the Higgs sector generates the vector boson mass,
and a mixing in the gauge kinetic energy of the U(1)x x U(1)y sector is included.
Inclusion of the kinetic mixing in the Stueckelberg extension enhances significantly
the parameter space where new physics can exist consistent with the stringent LEP,
Tevatron, and WMAP constraints. This parameter space includes the possibility of
a narrow /' resonance very distinct from the Z’ of the conventional models. We also
show that in precisely the same region of the parameter space where the relic density
constraints are satisfied [174], the recent PAMELA and ATIC anomalies can be fit

due to an enhancement in the halo cross section from the Breit-Wigner pole [175].
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9.1 Kinetic and Stueckelberg Mass Mixings

In this section we discuss the U(1)x Stueckelberg extension of the Standard Model
(SM) with gauge kinetic mixing (StkSM)[174]. In the gauge vector boson sector, the

effective Lagrangian is given by [174]

Lsism = Lom + AL,

1 ) 1
AL > _ZCHVCHV — EC/H/BHV — 5(3u0 + Mlcu + MQBN)2 + gXJ;vCH
Thus there is more generally both mass mixing (M;, M) of the U(1) vector fields and

and kinetic mixing 0 of the field strength tensors. The Lagrangian is invariant under

the U(1)x x U(1)y gauge transformations

5BH == 8H)\X, 6CN == 0, (50’ == —MQ/\X

6BN = O, 50# == au)\y, oo = —Ml)\y. (91)

Consider first the kinetic part of the Lagrangian coupled to the SM. One has in the

neutral sector

1 1 ) 1 1
Ls=—-CnC" — 2B, B" — —BWCH — Z A3 A% — __ YT gypm 9.2
é 4 f 4 f 2 4 v 4V;w V ( )

where VI, = (C, B, A%),,, and where the matrix K is given by

1 6 0
K=16 1 0], (9.3)
00 1
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Now to diagonalize the kinetic term one can introduce the matrix (which I will call

KO)

1 -85 0
KO=10 C5 0|, S;=0/VI—6=06Cs. (9.4)
0 0 1

Under the transformation V,, = KOE], one observes that (KOYTK(KO) = 1s.s.
Adding the Stueckelberg mass mixing term, and after a rotation RTR = 1, with
&, = RE, (and for the field strength tensor which remains diagonal on the orthogonal

transformation R) we obtain
1
Litass = —§5T(ICOR)TM§t(/COR)5, with &7 = (2,7, A,) . (9.5)

The mass squared matrix is
M? Mie 0

M? = (KO MEKO = | MPe MPE@+22(1+&) —Zgv/ive |- (9:6)

0 —HeWit@ 2 g2

This is precisely the St mass matrix previously studied, with the mass and kinetic

mixings entering through the single parameter

€e—0
V1i—62

€ =

(9.7)

That is, the above is the same matrix as M3, with e replaced by €. However the cou-

pling gy which appears in the covariant derivative is now given by gy = /(1 — 62)(1 +
where as before gy is subject to the constraint 1/e* = 1/g3 + 1/4*. The interactions
in the diagonal basis are transformed through the same product B = KOR. Remark-

ably, the interactions of the Z and Z’ with the visible sector matter fields depend
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on € and not another combination depending on §. However the HS interactions do
depend sensitively on ¢ through the transformation of C), as we will discuss shortly.
It is useful before proceeding further to discuss the origin of milli charges in the

Stueckelberg models vs models which just kinetic mixing and 2 massless modes.

9.2 On the Origin of Milli-Charged Matter

In this subsection we illustrate the mechanism which generates the milli-charge in the
context of this work. We start with the kinetic mixing model [181] with two gauge
fields Ay, Ag,, corresponding to the gauge groups U(1) and U(1)’. We consider the

following simple Lagrangian £ = L + £, where

1 N 1 v 5 v
Ly = _Z luuFll - 1 2WF2H - iFlleé ) Ly = J;LA? + ‘]“Ag‘ (9‘8)

To put the kinetic energy term in its canonical form, one may use the transformation

Al A L 0
— Ky , Ko= [ 1;5 ] . (9'9)
A A ie 1

However, the transformation that canonically diagonalizes the kinetic energy is not
unique. Thus, for example, K = KyR, instead of Ky would do as well where R, is
an orthogonal matrix

Ry = (9.10)

sinf cos@

cosf) —sinf ]
Here L, is given by

El = A/M [C@C(;JL -+ (89 — C@S(;) JM] + AH [—89051]/; + (C@ -+ 8985) JM} . (9.11)
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In this case we see that each of the massless states interacts with the sources J and

J'. However, one may choose # to get asymmetric solutions. For instance for the case

0 = arctan [6/v/1 — 62] one has

! J, — 0 J’
Vi—et o Ja—eH

Ly = A¥ + AT (9.12)

In this case while A’ interacts only with the source J’, A interacts with both J and
J', with the coupling to the source J’' proportional to the kinetic mixing parameter
0. We identify A with the physical photon field, J with the physical source arising
from quarks and leptons, while A" is the orthogonal massless state, and J’ is the
source in the hidden sector. Here the coupling of the photon with the hidden sector
is proportional to ¢ and thus the hidden sector is milli-charged if § is small.

Next we consider a model with kinetic mixing where a Stueckelberg mechanism

generates a mass term of the type considered in Eq. (9.1)

1 1
Liass = —EMIQAMAQL — QMQQAQMAQL — My MyAy, Ab. (9.13)

In this case diagonalizaton of the mass matrix fixes 6 so that

V1 = 52
0 = arctan evi-o , (9.14)
1 —de
and the interaction Lagrangian is given by
1 €—90 1 —de
L) = Ju + J’) AR
' V1= 20 + ¢ (\/1—52“ vi—ozh) oM
1
(Ju—eJ),) AL (9.15)

V1 — 20e + €2

Here for the case € = 0 one finds that the massless state, the photon A%, no longer
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couples with the hidden sector, while the massive mode A, couples with both the
visible sector via J and with the hidden sector via J’. We conclude, therefore, that
in the absence of the Stueckelberg mass mixing, for the case when only one mode is
massless, there are no milli-charged particles coupled to the photon field. Thus the
milli-charged couplings to the photon appear in this case only when the Stueckelberg
mixing parameter € is introduced. Therefore for the case when only one mode is
massless the kinetic mixing by itself does not allow milli-charged couplings to the

photon but the Stueckelberg mass mixing model does.

9.3 Constraints from Electroweak Data

We discuss now the constraints on the StkSM model of Sec.(9.1) with both mass
mixing and kinetic mixing from the precision electroweak data. We start by assuming
that the hidden sector does not contain matter, and the case when matter is included
in the hidden sector is discussed in Sec.(9.4). To obtain the allowed range of € and
J, we follow the same approach as in Ref. [188, 170, 171], that is, the first constraint
comes from the comparison of the one sigma error in the prediction of the Z boson
mass in the Standard Model and a comparison of this result with experiment leads
to an error corridor, M, ~ 37 MeV, where one can accommodate new physics.
However, the more stringent constraint comes from fits to the high precision LEP
data on the branching ratios of the Z decay and from the various asymmetries at the
Z pole, when one demands that the x? fits of StkSM are within 1% of that of the
Standard Model. We will refer to this as the LEPI 1% constraint in the rest of the
analysis. To investigate these implications on the precisely determined observables in
the electroweak sector, we follow closely the analysis of the LEP Working Group [191]

(see also Refs. [200, 244]), except that we will use the vector (v;) and the axial vector
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(ay) couplings for the fermions in the StSM. The couplings of the Z to the fermions in
the StkSM are elevated from the tree level expressions of Eqs.(7.8, 7.9) (with € — €) to
ay — /pray, and vy — | /pruy, which contains )y which is modified to Qy — kyQy.
Here p; and k; (in general complex valued quantities) contain radiative corrections
from propagator self energies and flavor specific vertex corrections and are as defined
in Refs. [245, 191]. 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 [200, 245]

NZ— () = NjRTo/1- [\vf\ (14+23) + oL 4)|, (9.16)

N§

R; = <1+5§9ED) (1+ 5 5QCD), (9.17)
3av

5P = @2 9.18

f 47TQf’ ( )

QCD Qs A 2 ¥ 3 o Qg

07 = S 1409 () - 1277 () - Q3 (9.19)

Here a and ay are taken at the My scale, while N§ = (1, 3) for leptons and quarks.
In the above, I', = GpM3$/6v/2r, and puy = my/My. The total decay width (') 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

['(had) I'(qq)
R = ———Z~ R, = ——~ 9.20
: r+-) 97 I(had) (9:20)
127T(ete™ ) (had)
Ohad — s (921)
MZT,
2’Uf&f (0,f) 3
A = A = A Ay 9.22
! v]% + &%7 FB ! ( )
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Table 9.1: Fits to 19 Z pole observables. Column 2 is given by the PDG [222], while the
data in column 3 is from the SM Fit of the LEP EWWG [191]. The column labeled St Fit is
an analysis for the input € = 0.06, 6 = 0.03, and M; = 200 GeV. In the last column PULL
is defined by (Experiment — FIT)/A, and x? = >_ PULL?. (From [174], see also [170, 171].)
Quantity  Experiment £A LEP FIT St FIT LEP PULL St PULL

T, [GeV] 24952 + 0.0023 24956  2.4956 0.17 -0.17
Ohaa [Mb] 41541 +0.037  41.476  41.469 1.76 1.95
R, 20.804 + 0.050  20.744  20.750 1.20 1.08
R, 20.785 + 0.033  20.745  20.750 1.21 1.06
R, 20.764 + 0.045  20.792  20.796 -0.62 -0.71
R,  0.21643 +0.00072 0.21583  0.21576 0.83 0.93
R, 0.1686 + 0.0047  0.17225 0.17111  -0.78 -0.53
APS 00145 +£0.0025  0.01627  0.01633  -0.71 -0.73
A% 0.0169 & 0.0013  0.01627  0.01633 0.48 0.44
APD0.0188 £ 0.0017  0.01627  0.01633 1.49 1.45
ACD 10,0991 +0.0016  0.10324  0.10344  -2.59 271
A9 0.0708 +£0.0035  0.07378  0.07394  -0.85 -0.90
AL 0.098 £ 0.011  0.10335 0.10355  -0.49 -0.50
A, 0.1515 + 0.0019  0.1473  0.1476 2.21 2.05
A, 0.142 + 0.015 0.1473  0.1476 -0.35 -0.37
A, 0.143 + 0.004 0.1473  0.1476 -1.08 115
Ay 0.923 +0.020  0.93462 093464  -0.58 -0.58
A, 0.671 + 0.027  0.66798  0.66812 0.11 0.11
A, 0.895 + 0.091  0.93569 093571  -0.45 -0.45

Y2 =25.0 y2=252

Using the above we have carried out a fit in the electroweak sector on the quanti-
ties sensitive to mixing with the Stueckelberg sector. A summary of the analysis is
presented in Table(9.1) for a specific point in the Stueckelberg parameter space with
e = .06, 6 = .03, and My =~ M; = 200 GeV. In the analysis we have taken into
account the constraint between gy and g¢™ and the inclusion of this constraint im-
proves the electroweak fits over that of previous analyses for the case § = 0 [170, 171].
Thus the analysis of Table(9.1) shows that in the StkSM one finds x? fits which are at
the same level as in the SM. An analysis of x? in the LEPI fits in the € — § parameter

space is given in Fig.(9.1). Specifically Fig.(9.1) shows that a large region of the pa-
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Z Mass, 1% LEPI 2 and LEPII Constraints [ m1 = 200 GeV ]
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Figure 9.1: Left: An analysis of 2 in StkSM model in the ¢ — § plane. The center white
region is where y? of the StkSM model is within 1% of the SM fits. Along the line ¢ = § the
Z' decouples and the model gives the same y? fit to data as in the SM Right: The plots give
an analysis of the LEPII constraint. The upper plot, which has a Z’ mass range of .2 — 1
TeV, shows the relevant LEPII contact interaction parameter A‘jﬁlv as a function of x? for
the 19 observable of Table(9.1), where a x? ~ 25 is the SM fit as given in Table(9.1), and
where the (yellow,red) shaded regions correspond to A‘i,lv = (21.7, 17.1) TeV [246]. The
lower plot for x? in the range (25-50) gives A‘i,lv as a function of the Z prime mass. (From
[174].)

rameter space can satisfy the LEPI 1% constraint. A striking aspect of the analysis
of Fig.(9.1) is that this constraint is satisfied even though € and ¢ can get significantly
large, as long as (¢ — 0) is small. The physics of this apparent from the form of €,
which governs the fit, as in the absence of matter in the hidden sector, there is only
one effective parameter, €, that enters the analysis of electroweak physics. We discuss
next the LEPII constraints. These constraints are typically characterized by the pa-
rameter of contact interaction A, and the LEPII group finds that Ayy > (21.7,17.1)
TeV [246] to be the most constraining. The StkSM model predicts the theoretical

value of Ay through the following formula
le 4
Ayy = \/ : 9.23
S NoTeRE (9.23)
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A numerical analysis of the LEPII constraints is given in Fig.(9.1). The analysis
of Fig.(9.1) exhibits that the LEPI 1% constraint is more stringent than the LEPII
constraint, and thus the LEPII constraint is automatically satisfied once the LEPI
1% constraint is satisfied. This result is supported by the analysis of Fig.(9.1) which
shows that the value of Ay predicted by the model in the parameter space consistent
with the LEPI 1% constraint is significantly larger than the lower limit of the LEPII
constraint. The blue points that enter the shaded regions are eliminated by the LEPII
constraint. However, these points also correspond to large y? fits to the LEPI analysis
and are eliminated by LEPI 1% constraint as well. Thus, for a narrow Z’, the LEPI

1% constraint is stronger than the LEPII constraint.

9.4 Milli-charged DM from the Hidden Sector

In the previous section we did not include matter in the hidden sector which is
defined as matter which is neutral under the SM gauge group but carries U(1)x
quantum numbers and thus couples only to C),. The kinetic and mass mixings in the
U(1)x xU(1)y sectors typically generate milli-charges for such matter. The conditions
for the origin of milli-charges arising from such mixings were discussed in Sec.(9.2),
where simple examples were worked out to explain how such charges appear !. Here
we consider the milli-charged matter in the hidden sector within the context of the
Stueckelberg extension of the SM with both mass and kinetic mixing. If milli-charged
matter exists then both the Z and the Z’ can decay into it if kinematically allowed to
do so. For the mass scales we investigate the milli-charge particle has a mass larger

than Mz /2. In this case all of the electroweak constraints discussed in the previous

'For a recent sample of experimental constraints on milli-charged dark matter see [247],[173] and
figure 1 of [248]; it suffices to point out, that consistent with the above works, our dark matter
candidate avoids constraints on milli-charged dark matter as its couplings are extra weak and its
mass is rather large in the several hundred GeV range.
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sections are unaffected. Further, the Z prime can decay into the milli-charged matter
if the mass of the hidden matter is less than My /2. Such decays increase the Z’' width
and thus decrease the branching ratios of the Z’ decay into the visible sector which
depletes the di-lepton signal in the Drell-Yan process. A relatively strong di-lepton
signal manifests in the analysis of Refs. [169, 170, 171] where the Z’ decays into the
hidden sector were taken to be comparable to the Z’ decays into the visible sector,
i.e., I8 ~ T8, This constraint then leads to a sharp Z’ resonance as discussed in
detail already.

The recent work of Ref. [173] has carried out an explicit analysis of putting a pair
of Dirac fermions in the hidden sector, and made the interesting observation that for
values gxQx < O(1) the decay width of Z’ into the hidden sector Dirac fermions (x)
can be of GeV size, and consequently the hidden matter can annihilate in sufficient
amounts to satisfy relic density constraints. We have carried out a similar analysis
using the thermal averaging procedure in the computation of the relic density. Our
conclusions are in agreement with the analysis of Ref. [173] in the region of the
parameter space investigated in Ref. [173] when no kinetic mixing is assumed in the
absence of thermal averaging. In our work we take the kinetic mixing into account
in the analysis of the relic density. We also make a further observation that there
exists a significant region of the parameter space where it is possible to satisfy the
relic density constraints and still have a narrow Z’ resonance which can be detected
at the Tevatron and at the LHC using the di-lepton signal via a Drell-Yan process.

We give now further details of our relic density analysis. The interaction between
the fermions of the SM and 3 Bosons are

Ly = fy|(CEPL+CEPR)Z, + (CE P+ C% PR) Z, + eQrA,| £, (9.24)

int
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where as before Q = T} 5 + YL /2, T = 0, with P, g = £(1 F+°). For the Visible
Sector (VS) we have (Z; = Z' and Z; = Z and R diagonalizes M?)

CH = Ty |g2Rai —yV1+ €2R2z‘] , CF =QW1+&Ry.  (9.25)
For the Hidden Sector (HS) we have

[:.HS — XV“ Cf,ZZL"i_CfZHJ‘_O;AZ X- (926)

int

The rotation matrix which diagonalizes M? depends on one combination of ¢ and §
through €. One can use the parametrization of Eq.(7.3),that is, the rotation matrix
Rij(e, My) — R, ;(€), where we remind that € = (e — §)(1 — 62)7Y/2 with € = My/M,.
For the HS we have

C) = gxQx| — sy — 5509%]
C7 = gxQx|syCs + S95¢Cy — Ss(syss — se%cw)}
CY = gxQx |cycs — 9595y — Ss(cysy + Se%sw)} : (9:27)

with Ss = d/v/1 — 0% and the angles are a function of €. The action given in [167,
168, 169] leads to an integrated cross section[173],

~ Nis By

gff = 391 5x[(|§L|2 + €% - FL + Re(&5€R) - F), (9.28)

where [y = 14 8207 /3 +4M7s™ (1- Qm?/s), and Fy = 8m7s~" (1+2M}/s). Here

Bix = (L—4m3 /s)"? s =4m? /(1 —v*/4) and £, g include the poles

CYeQ CciCf cro?

fr.r

s s—M%—I—ZTZMZ+s—M§,—|—iFZ/MZ/

§Lr =

146



T
1
0.14f 1 0.14f
\
\

0.12% 0.12

2
Qh°) o1 WMAP Band 01
@n, @h?
x
0.08 v 0.08
Hidden Sector
L Unconstrained
0.08 by Tevatron
(Wide Z Prime)

0.06 0

0.04 | Visible Sector \ Hidden Sector 0.04

Visible Sector Constrained

Constrained by \ Unconstrained
Tevatron Drell-Yan S by Tevatron };‘v Tevatzr%n.DreII—Van
| (Narrow Z Prime) \ (Wide Z Prime) 002 Narrow rime)

0.02

L L L L T L L 1 L
250 260 270 280 290 300 310 320 330 340 350 200 250 300 350 400 450
Z Prime Mass [GeV] Z Prime Mass [GeV]

Figure 9.2: An analysis of the relic density of milli-charged particles arising in the StSM
and StkSM for M, = 150 GeV. (From [174].)

The relic density may now be computed following the techniques outlined in [174].
The analysis of the relic density as a function of My for the case M, = 150 GeV, and
¢ in the range (0.01—0.06), gx = ¢¢™ and Qx = 1 can be seen in Fig.(9.2)(left panel).
Here one finds that the relic density is satisfied on two branches, one for My > 2M,,
and the other for My < 2M,. The (yellow, grey) regions (Myz < 2M,, My >
2M, ) correspond to a (narrow, broad) Z’ resonance, and the WMAP-3 relic density
constraints are satisfied for both a broad Z’ resonance and a narrow Z’ resonance as
exhibited by the 20 WMAP-3 red and black bands. The region of narrow Z’ resonance
is constrained by the LEP and Tevatron data. The region in the 206 WMAP-3 band
can be probed via a di-lepton signal. The red band to the left is excluded by the CDF
95% C.L. [249] data while the black band is consistent or on the edge thereof, with
all constraints which can produce an observable di-lepton signal. In Fig.(9.2)(right
panel) an analysis is given of the relic density of milli-charged particles for the case
when kinetic mixing is included in the Stueckelberg Z’ model. The analysis is done
for M, = 150 GeV, € = .04, and § = (.05, .075, .10, .15, .20, .25), where the values are
in descending order for Mz > 300 GeV. The red and black bands are the WMAP-3
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Figure 9.3: o - Br(Z' — IT17) at the Tevatron consistent with the WMAP-3 relic density
constraint (shaded regions) as a function of My for M, = 150 GeV. (From [174].)

constraints where the black band also produces an observable di-lepton signal. The
analysis shows that for € fixed, increasing ¢ increases the parameter space where the
WMAP-3 relic density constraint is satisfied, while allowing for a detectable Z prime
signal. Thus An analysis of the di-lepton signal for this case is also given in shows that
the Drell-Yan signal pp — Z" — e*e™ is enormously enhanced for My, < 2M,. Thus
we have a region here of the parameter space where one will have a sharp resonance
giving a visible di-lepton signal while at the same time producing milli-charge dark
matter consistent with WMAP-3. Specifically, Fig.(9.3)(left panel) exhibits the di-
lepton signal o - Br(Z" — [T17) at the Tevatron consistent with the WMAP-3 relic
density constraint as a function of Mz when 2M, = 300 GeV. The curves in ascending
order are for values of € in the range (0.01 — 0.06) in steps of 0.01. The di-lepton
signal has a dramatic fall as My crosses the point 2M, = 300 GeV where the Z’
decay into the hidden sector fermions is kinematically allowed, widening enormously
the Z' decay width. The green shaded regions are where the WMAP-3 relic density
constraints are satisfied for the case when there is no kinetic mixing. Red and blue

regions are for the case when kinetic mixing is included. The D@ data set [204] and
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CDF [249] data sets are shown. Note that the two constraints are roughly equivalent
in terms of limiting the parameter space and are therefore indeed complimentary as
discussed previously. Fig.(9.3)(right panel) shows the region with a detectable di-
lepton signal at the Tevatron is exhibited but additional § values are included in the
analysis. The plots show that the region allowed by WMAP-3 constraints moves to
the right for positive ¢ and to the left for negative . The inclusion of kinetic mixing
is seen to enlarge the parameter space where the relic density constraints are satisfied
and where an observable di-lepton signal at the Tevatron can occur.

An interesting issue concerns the question regarding how small € can be for
WMAP-3 relic density constraints to be satisfied. In the analysis of [174] satisfac-
tion of the relic density in for the case € = 107% was found and even smaller € were
found admissible, however this requires extreme fine tuning to satisfy the relic density
constraint. Further, while the di-lepton signal at the Tevatron in this case will be
suppressed, it could still be visible at the LHC with sufficient luminosity.

Finally, we note that within the context of the Stueckelberg model it is possible
to place indirect limits on the milli-charge coupling of hidden sector fermion with the
photon from the Tevatron data. An analysis of the limits on the Stueckelberg mixing
parameter € was presented in [170] for the case § = 0. For this case, the milli-charge
Qmini, where Qe is the coupling of the photon with the hidden sector fermions is
determined to be: Qi ~ €. Thus one may directly translate the limits obtained in
[170] to limits on the milli-charged coupling of the hidden fermion with the photon.
In the context of the present analysis, the cross-section predictions given here, (as for

example, in Fig.(9.3)) with their overlapping WMAP-3 bands, shows this explicitly.
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9.5 PAMELA/ATIC & Breit-Wigner Enhancement

In the previous section we discussed how the Stueckelberg model satisfies the WMAP
data in the vicinity of the Z prime pole [174]. Here we show that in the same region
of parameter space where the relic density is satisifed, the presence of the pole i.e.
the Breit-Wigner, leads to the so-called Breit-Wigner Enhancement[251] of the Halo
cross section that can fit both the recent PAMELA[250]* and ATIC[252]* data.

It is well known that cosmic ray nuclei interact with interstellar gaseous matter
to produce positrons, however very recently PAMELA has reported a large excess of
positrons between the mass range 1.5 to 100 GeV, identifying nearly 10,000 postirons
in this mass range, which leads to a positron fraction well above the expectations
from secondary sources|[250]. Such an excess has been previously observed in other
experiments (for example the HEAT and AMS experiments [253]) with very large
error bars, however the results reported by PAMELA have strengthed the previous
reports with a much more precise determination of the the positron fraction.

An analysis of this positron excess is given here in the framework of the Stueckel-
berg extension of the Standard Model which includes an extra U(1)y gauge field and
matter in the hidden sector. As we have already discussed, such matter can produce
the right amount of dark matter consistent with the WMAP constraints. Assuming
the hidden sector matter to be composed of Dirac fermions it is shown that their an-
nihilation can produce the positron excess with the right positron energy dependence
seen in the HEAT, AMS and the PAMELA experiments. It is also found that the
predictions of the p/p flux ratio can fit the data, and that the excess in cosmic ray
leptons seen in the ATIC data, with the largest excess reported at a mass ~ 700 GeV,

can also be accommodated in this model.

2PAMELA = Payload Anti-matter Matter Exploration and Light-Nuclei Astrophysics (satellite)
3ATIC = Advanced Thin Ionization Calorimeter (balloon)
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A remarkable feature of the PAMELA positron spectrum is the turn around and
increase in the positron flux with positron energy in the range of 10-80 GeV. The
analysis of the positron spectrum depends both on the particle physics as well as
on the astrophysical models and these features have been discussed recently in some
detail in [254], [255, 256]. Recent works on fits to the data have been presented [257],
[251], [258] [ indeed the recent results from the PAMELA experiment have lead to
a surge of papers, a nearly complete list of papers (at the present moment) can be
found in [259]].

Here we focus on the fit to the recently released data by the PAMELA and ATIC
experiments from annihilation of dark matter in the hidden sector in the framework
of Stueckelberg extension of the Standard Model [251]. We give now the details of
the analysis. In general the positron flux arising from the annihilation of dark matter

(DM) particles is given by [255, 256]

T]BUeJr p2 Mp d]\/veJr /
O, = ) 7, ondE 9.29
" 4nb(E) M]%M/E ;m)“f dg' ) ) (9.29)

where Mpy is the mass of the dark matter particle ( here x ), n = 1/2(1/4) for the
DM particle being Majorana or Dirac[255], B is the boost factor which is expected
to lie in the range (2-10) although significantly larger values have been used in the
literature. In the above v.+ is the positron velocity where v.+ ~ ¢, and p is the
local dark matter density in the halo so that p lies in the range (0.2 — 0.7)[GeV /cm?|
[260]. Further, b(F) in Eq.(9.29) is given by [261, 262] b(F) = Ey(E/FEy)*/7e, where
7 ~ 10'%[s], with F in [GeV] and Ey = 1GeV. Here (ov)y is the velocity averaged
cross section in the Halo (H) of the galaxy as emphasized by the subscript H.

In some works (ov)y is replaced by the (ov)y, at the freeze-out temperature.

However, such an approximation can lead to significant errors since the ratio (ov) i /(ov) x;

151



can deviate significantly from unity depending on the part of the parameter space one
is in. This point was emphasized in [251]. The halo function Z(g gy is parametrized
as in [256], and we consider both the NFW and Moore [263] profiles coupled with
various diffusion models.

Generally, the positron flux can arise from multiple final state channels from the
annhilations of DM. Here we consider Dirac Dark matter [169, 173, 174, 175] which
annihilates via xyy — ff, WTW~,... where f is any quark or lepton final state of
the standard model. In the parameter space investigated here, the dominant source
of positrons arises from the direct channel via the Z’ pole. As has been discussed
in the Ch.(7), the WHW ™ final state contribution is much suppressed relative to the
ff final state contribution[170]. Therefore, the dominant term in our analysis is the
line source arising from the annihilation yY — Z’ — ete™ and in this case one has
Y FFinal states \TU)F (ANt /dE") o ~ (V) g+~ 0(E" — M,) + ..., where the dots stand
for the background terms that contribute to the continuum flux. The continuum flux
arises mostly from muons and to a much lesser degree from taus[264]. Defining R as
the positron ratio from source f one finds R,/R. ~ [0.90 — 1.01E.+ /Mpm]0(Mpm —
ET), provides a good approximation to the muon fraction over the dark matter (DM)
mass range of interest and a similar relation holds for the taus[264]. The inclusion of
the flux from the continuum reduces the needed boost factor slightly, however the line
source still dominates at high energies. The use of the above in Eq.(9.29) yields the
primary positron flux ®.+ = @Sfim). The background fluxes have been approximated

in Refs. [265, 266], and they are given by

rim 0.16E " 1 =21 1
PPI(E) = 11599 132500 GeV ™ em ™ “sec” sr

0.7E07
1+ 110E 4 600E29 + 580 E42

GeV tem™%sectsrt,
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K(E) = LN GeV 'em 2sec tsr ! . (9.30)
c 1+ 650£23 + 1500E4-2

The fraction of et flux is then

prim sec
cbe-i- + cDeJr

QP 4 P3ee 4 PIT 4 sec

(9.31)

An analysis is given of this observable as a function of the positron energy in Fig.(9.4)
for the Stueckelberg Z’ model. One finds that the annihilation of Dirac fermions via
the Z' pole into ete™ + putu~ gives a sufficient kick to generate the necessary turn
around in the positron fraction at just about the desired value of the positron energy
consistent with the relic density constraints. The analysis of Fig.(9.4) (left panel)
exhibits the theoretical evaluation for several model points. Here we consider NF'W
min (M2), med and max (M1) as well as the Moore max (M1) parametrizations
for the Halo models[255, 256]. One finds that there is a significant variation in the
prediction depending on the profile/diffusion model one chooses. However, one finds
that the PAMELA data does lie in the range of the theoretical predictions. We note in
passing that the gamma ray spectrum in this model[167] has been discussed in[173].
The theoretical predictions cover a range which includes the PAMELA data[250].
Further, such a fit determines the dark matter fermion mass to be roughly half the
Z' mass.

In Fig.(9.4) (right panel) we exhibit the dependence of (cv) on temperature. The
analysis shows that (ov) can have a significant temperature dependence. Thus the
simplifying assumption often made in assuming that (ov) is a constant as one moves
from the freeze-out temperature to the temperature of the galactic halo is erroneous.
Specifically the analysis shows that the temperature dependence is model dependent

and one can generate an enhancement of (ov)y in the halo relative to freeze-out
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Figure 9.4: (Left Panel): Positron spectrum including the monochromatic source and
continuum flux for various halo/diffusion models with (¢ = 0.006,6 = 0.00) and p =
0.35 GeV/cm?® with Mz = 298 GeV, M, = 150 GeV, 75 = 3 x 10'65[261], and B=10;
and Qh? = 0.13 (calculated by integration over the Breit-Wigner pole). Also plotted is the
recently released PAMELA data [250], along with the AMS-01 and HEAT data [253]. The
background flux ratio is the decaying curve (solid blue). (Right Panel): An exhibition of
the dependence of (ov) on temperature for Stueckelberg models as given in the figure with
M, /GeV € [150,153] in steps of 1.5 and My fixed as in the left panel. The annihilation
near a pole generates a significant enhancement of (ov)y in the halo relative to (ov)x, at
freeze-out. The Breit-Wigner enhancement of (ov)y obviates the necessity of using very
large boost factors. (From [251]).

(ov)x, by as much as a factor of 10 or more depending on the part of the parameter
space one is in. Typically the temperature dependence is enhanced when the dark
matter particles annihilate near a pole from the Breit-Wigner which is the case in
the analysis here. We note that the Breit-Wigner enhancement was first used in the
analysis of [251]. Several papers followed suit.

The p/p flux ratio as recently reported by the PAMELA[267] collaboration indi-
cates a smooth increase with energy up to about 10 GeV and then a flattening out
in agreement with the background and with previous experiments. We note that a
suppression of p/p flux ratio is possible in the model presented here. This is due in

part because the Z' — WTW ™ is suppressed as already discussed. We have carried

out a detailed analysis of the p/p flux ratio. Our analysis follows closely the work
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Figure 9.5: The p/p flux ratio including the TOA correction to the IS spectrum [268], and
with By € (1 — 10). The green (darker) curves (NFW min) are insensitive to the boost in
the ratio, while the yellow (lighter) curves (NFW med) allow a boost as large as 5 or even
larger. In the Figure, Mp = M,. (From [251]).

of [256] with fragmentation functions as modeled in Bottino et al and by Bergstrom
etal and (p,p) backgrounds as in Donato et al and Bringmann et al [268]. The In-
terstellar (IS) flux has been modified for predictions at the Top of the Atmosphere
(TOA) which suffers from large uncertainties. The results are given in Fig.(9.5) and
compared with the recently reported results by the PAMELA collaboration. It is
found that the p/p analysis of Fig.(9.5) is fully compatible with the recent PAMELA
data. It is further observed that the NFW min profile, for the p/p predictions, are
rather insensitive to a boost factor, while boost factors as large as 5 or larger are
acceptable in the NFW med model. We note in passing that the p/p flux ratio does
suffer from larger theoretical uncertainties than the et /e flux ratio due to a larger
diffusion length. Further, it is known that local inhomogeneities in the dark matter
density may lead to very different boost factors for positrons and anti-protons (see,
for example, Lavalle etal in [268]).

In this work we have shown that the annihilation of the Dirac fermions in the

hidden sector close to the Z’ pole can generate a positron fraction compatible with the
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Figure 9.6: Fit to the PAMELA and ATIC|[252] data for a heavy Dirac dark matter mass
of 688.8 GeV with the Breit-Wigner enhancement. The curves in descending order are for
the cases for the halo profiles listed on the top right hand corner. (From [251]).

current PAMELA data. Specifically the model produces the right amount of positron
spectrum enhancement with increasing positron energy indicated by the AMS-01 and
the HEAT data and confirmed by the PAMELA data, and additionally the model can
accommodate the anti-proton constraints. In Fig.(9.5) we also give a simultaneous fit
to both the ATIC and PAMELA data. Such a fit requires a larger dark matter mass,
and the model can accommodate both excesses seen in these experiments. Further,
the PAMELA data seems to favor the astrophysical scenario closer to the MED model,
while the ATIC data seems to favor an scenario somewhat in between the MED and
MIN models for the cases shown. A further support of the model can come from a

direct observation of the Z’ boson at the Large Hadron Collider.

9.6 Summary

In the above we have given an analysis of the Stueckelberg extension of the Standard
Model with inclusion of the kinetic energy mixing in the U(1)x x U(1)y sectors. Such

kinetic mixings are quite generic in models with more than one U(1) gauge group. It
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is shown that in the model with both the mass and kinetic mixing and in the absence
of matter in the hidden sector, the sensitive parameter which measures the deviation
from the Standard Model is given by € which is a specific combination of € and 9,
where ¢ measures the mass mixing and 0 measures the kinetic mixing. However,
when matter in the hidden sector is taken into account, electroweak physics depends
on both € and . An analysis of the relic density of milli-charged dark matter which is
generic in Stueckelberg extensions is given. Here our analysis is in agreement with the
work of Ref. [173] for the case when no kinetic mixing is taken into account. Inclusion
of the kinetic mixing is seen to increase the parameter space where the relic density
constraints consistent with WMAP can be satisfied. We also analyze the Z’ signal.
As noted in Ref. [173] on the branch My > 2M, the di-lepton signal from the Z’
decay is too small to be observed at colliders, and our results are in agreement with
this analysis. However, we note that on the branch My < 2M,, there is a significant
parameter space where the relic density constraints can be satisfied and the di-lepton
signal from the Z’ decay via the Drell-Yan process is strong and observable at the
Tevatron and at the LHC. The analysis also shows that relic density constraints can
be satisfied for values of € as low as 10~* and even smaller values are possible. Finally,
we gave a detailed analysis of the positron excess seen in the PAMELA experiment, as
well as the electron excess seen in the ATIC experiment. We found remarkably that
the StKSM can fit both experiments in precisely the same region of the parameter
space where the relic density is satisfied and where the di-lepton signal will be strong
at the Tevatron and the LHC. It was found that the Halo cross section is enhanced
significantly due to the presence of the Breit-Wigner resonance; our analysis was the
first to show this phenomenon [175], and other analyses followed showing a similar
effect. The model evades constraints on the p/p ratio due to enhanced leptonic

branching fractions allowing MED /MIN models for DM a mass as low ~150 GeV.
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Chapter 10

Conclusions

The main focus of this Thesis was to make progress on the determination of the na-
ture of fundamental physics beyond the the Standard Model of particle interactions.
The analysis presented here was carried out within the framework of SUGRA uni-
fied models and models based on the U(1)x extensions of the Standard Model where
mass generation arise through a mixed Higgs and Stueckelberg mechanism including
the extended sector. The theoretical implications of these models were subject to
currently known experimental constraints from both collider and dark matter exper-
iments and predictions were made for new phenomena which arise in these models
relevant to both current and future experiments. Summarized below are the main

results and conclusions of this Thesis.

1. In Chapter (3) it was shown that collider data can be used to decode the mech-
anism for the production of dark matter in the early universe. For specificity
the analysis was focused on a discrimination of the two prominent branches in
the relic density analyses: the stau co-annihilation branch and the hyperbolic
branch. It was shown that with a judicious choice of signals, namely Py

distributions, a study of (Pr*) on these branches, cutting on the number of
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jets in the events, by variable b-tagging, and correlating the signature events
in heavy flavor channels, that the collider data can allow one to distinguish in
a very clear way between the two branches where the dark matter may have
originated in the early universe. The analysis also revealed a rather unexpected
result, namely that essentially all of the hyperbolic branch is constituted of the
model points in SUGRA models where the chargino is the NLSP beyond the
neutralino LSP. Thus the dominant part of the hyperbolic branch sets up what
may be interpreted as a Chargino Wall in the plane spanned by the possible
mass of the LSP and its spin independent neutralino nuclei scattering cross
section. The above implies that a very close connection exists between the
composition of the LSP and what one may observe at the LHC. Indeed, corre-
lations were given of LHC signatures with the spin independent cross section
and it was found that such correlations lead to a remarkable separation of the
two prominent branches where the relic density constraints on the abundance

of dark matter are generally satisfied.

. In Chapter (4), an investigation was made of a completely new way to study
supersymmetric signals of new physics through the classification of the sparticle
landscape of masses. A priori the hierarchies among the 32 sparticle masses can
add up to as many as 10%°2% possibilities. However, it turns out that this
number is drastically reduced if one subjects the landscape to the WMAP and
other experimental constraints. Specifically, a study of the first four sparticle
mass hierarchies reveals that this number reduces to a rather small set. Such
analyses were carried out in the framework of mSUGRA, NUSUGRA, and in
D-Brane models and less than than 50 hierarchical 4 -particle patterns were
seen. The neutralino-nuclei scattering cross sections for the direct detection of

dark matter were analyzed and it is found that a spectral decomposition of the
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patterns occurs in the a)Sé) vs m, plane. Here the Higgs patterns (HPs) give
the largest cross sections and are already being constrained by the recent data
from the Xe-10 and CDMS dark matter experiments. These are followed by the
chargino patterns (CPs), and then by the stau patterns (SUPs), and then by the
stop patterns (SOPs) the latter having a)bg, which are most suppressed and thus
the hardest to observe experimentally. A remarkable observation of the sparticle
landscape analysis is that essentially all the Higgses can be light, and sometimes
even lighter than the LSP. Such patterns (HPs) give rise to rather significant
Higgs — 77 signal at the hadron colliders and also give rise to a constrained
signal in the Branching ratio of By, — ptu~. An analysis of these signals was
carried out and it was found that the current data from the Tevatron is already
beginning to constrain the HPs. In this regard, one observed a confluence of
the constraints arising from the direct detection experiments and from the 77
and flavor data from the Tevatron. Several interesting theoretical results also

surfaced from this analysis.

A study of 2 classes of D-Brane models was given. Here it was found that both
models can support relatively light Higgs Bosons, and specifically in one class
of these models it was seen that the gaps between the various sparticle masses
can be very different from one model to another. In the case of the D-Brane
models it is possible to get compressed spectra, where the sparticle spectra can
be significantly lighter than in the universal cases which has very important
consequences for their LHC signals, as generally, the lighter the spectra, the
stronger will be the LHC event rates. Finally here, we studied again correlated
signatures of event rates at the LHC and dark matter direct detection cross
section in the context of the landscape of sparticle mass hierarchies. It was

found that the sparticle mass hierarchies act as a prism separating out both the
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dark matter and the LHC signatures spaces and allow for a more general way

of pin pointing the underlying model.

. Chapter (5) began with a brief review of the Stueckelberg mechanism of mass
generation for an Abelian U(1)y gauge boson . The Stueckelberg mechanism
has been utilized recently to achieve a U(1)x extension of the SM and of MSSM
which is characterized by the unique feature that it leads to mass generation
in the electroweak sector which depends on both the Higgs mechanism and the
Stueckelberg mechanism. The Stueckelberg extension of MSSM contains the
possibility of a new dark matter particle (the Stino) which is R parity odd but
which is a linear combination of fields mainly composed of the fields in the
hidden and connector sectors. As such, its couplings with the visible sector are
rather suppressed. An interesting question relates to if a Stino could satisfy
the relic density constraints. This issue was investigated in Chapter (6) where
it was shown that the relic density constraints consistent with the WMAP can
indeed be satisfied in the parameter space of the model consistent with the

current electroweak constraints.

In Chapter (7) an investigation was carried out of the discovery potential for the
Stueckelberg Z’ at the Fermilab Tevatron collider using the Drell-Yan process
pp — Z' — 171, It was shown that the current data from CDF and DO is
beginning to constrain the parameter space of the Stueckelberg model. A similar
analysis for the discovery potential of the Stueckelberg Z' at the LHC was
carried out in Chapter (8) again using the Drell-Yan process which in this case
is pp — Z' — I*1~. One of the many interesting issues surfacing here pertains to
whether the narrow Z’ from the Stueckelberg model can be distinguished from

a narrow resonance arising from a massive graviton in the Randall-Sundrum
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model of warped geometry. The analysis presented in Chapter (8) shows that
indeed the two models of narrow resonances can be disentangled. Specifically, it
was shown that the signature space of the Stueckelberg Z’ model is significantly
different from that of the narrow graviton of the warped geometry. This was
made evident by studying both models’ experimentally constrained signature
spaces in the cross section - resonance mass planes and by examining the angular

distributions of these models at the LHC.

. Chapter (9) focused on an analysis of the milli charged matter that arises from
the hidden sector. Here we first discussed how milli charged dark matter arises,
and following this, an analysis was given of the electroweak constraints on the
Stueckelberg model with both mass and kinetic mixings. It is known that the
matter in the hidden sector could be a possible candidate for dark matter.
We analyzed this possibility in significant detail and showed consistency of the
model with the WMAP data. Correlated predictions were given on the number
of di-lepton events via the Drell-Yan process and regions where WMAP con-
straints are satisfied. Finally, a detailed study was undertaken of the positron
excess seen in cosmic rays observed by the PAMELA matter-antimatter satellite
experiment. It was shown that the Stueckelberg model provides the necessary
turn around to fit the excess seen in the positron spectrum, and this is precisely
in the same region of the parameter space where the relic density constraints are

satisfied. The model also fits the excess seen in the ATIC balloon experiment.

We end this Thesis on an optimistic note in that we stand on the edge of a new era in

particle physics. The ongoing experiments at Fermilab, the onset of the LHC era, and

experiments searching for dark matter, all coupled together, will shed new light on

what lies beyond the SM. It is precisely this topic to which this Thesis was devoted.
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