Brazilian Journal of Physics

BRAZILIAN JOURMAL OF

> ISSN: 0103-9733
luizno.bjp@gmail.com
Sociedade Brasileira de Fisica
Brasil

Mercadante, P. G.
Search for supersymmetry at the LHC
Brazilian Journal of Physics, vol. 34, nim. 4A, december, 2004, pp. 1424-1433
Sociedade Brasileira de Fisica
Séo Paulo, Brasil

Available in: http://www.redalyc.org/articulo.oa?id=46434720

How to cite é} //._‘-

.
p .

Complete issue o .
P Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal

Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org/articulo.oa?id=46434720
http://www.redalyc.org/comocitar.oa?id=46434720
http://www.redalyc.org/fasciculo.oa?id=464&numero=3132
http://www.redalyc.org/articulo.oa?id=46434720
http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org

1424 Brazilian Journal of Physics, vol. 34, no. 4A, December, 2
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It is generally accepted that the LHC is the accelerator facility at which weak scale supersymmetry will either
be discovered or definitely excluded. | give a brief introduction to weak scale supersymmetry presenting the
general argument that limit the supersymmetrical spectrum to be below TeV energies. We will see that the
LHC is able to search for supersymmetry in several of its realization far above the expected spectrum masses.
However, in the last section we will see some well motivated scenarios where supersymmetric sparticles might
be very heavy, thus beyond the LHC reach. Such scenarios deserve a more detailed study to push the LHC
reach.

1 Introduction neutrino masses. In this talk | am not going to investic
neutrino physics, it is sufficient to mention that neutr
Weak scale supersymmetry (SUSY) [1] provides a highly masses can be accommodated extending thé.S¥e only
motivated framework for physics beyond the standard mo- sector that still need experimental confirmation is the Hi
del (SM). The search for its predicted new particles is one scalar sector, which is responsible for breaking the EW s
of the primary tasks for collider experiments. In particular metry and generating mass.
the large hadron collider (LHC), which is going to operate  Despite its enormous success the SM of the electrov
at the large electron positron collider (LEP) ring, is going to interactions has many features that lead us to believe it i
improve considerably the reach. In fact, it is common lore the ultimate fundamental theory: we don’t know why th
that the LHC is going to discover supersymmetry if it is re- are three families, we don’t know why the mixing and 1
levant to electroweak (EW) interaction [2]. In this paper we masses of all fermions are the way they are, in resurr
are going to put in perspective this last statement reviewinghas too many input parameters which is not very attrac
the motivations for SUSY at the electroweak scale and somein a fundamental theory. Besides all this features, the
of the strategies for SUSY search at the LHC. does not include gravity, thus we know that it can not c
The particular signature of SUSY at hadron colliders are cribe nature at such high scales as the Planck scale. I
model dependent; in fact the minimal supersymmetric ex- way we view the SM as an effective theory good only uj
tension of the standard model (MSSM) has more than 100some energy scale (maybe the Planck scale?).
new free parameters. Before we continue in this task that se- |t e believe the SM is valid up to the Planck scls
ems hopeless (looking for a particular signature in a model yne first problem arises: there is an enormous mass
with more than 100 free parameters), let us review the mo- rarchy between the electroweak scale (TeV) and the Pl
tivation for Supersymmetry, the construction of the MSSM gca1e (019 GeV). The problem that motivates SUSY at el
and the frameworks that make it possible to constrain thegyeak scale is the fine tuning problem that is a col
parameters. quence of this big hierarchy: if we treat the SM as an ef
tive theory and extrapolate it to very high energy the Hi
mass receives quadratic corrections. In order to kee
2 Motivation for Supersymmetry mass at the EW scale an enormous fine tuning would b
quired, making the theory very sensitive to the high ene
There are many excellent reviews for the motivation of theory. Itis very suggestive that the scalar sector which
SUSY at electroweak scale and the building of the MSSM sents this sensitivity to the high energy theory is also the
[1]. In this work | will just point some few points that are that still lacks experimental confirmation.
more relevant for what we are going to see. To solve this problem there are two possibilities: a) -
The standard model is able to explain all experimental existence of a fundamental scale near the EW scale;
results in high energy physics so far, with the exception of theory that contains a fundamental Higgs boson but ca

I The neutrino sector might provide some clues to the physics beyond the standard model, including SUSY motivated frameworks, but we will r
this avenue here.

2The incredible success of the standard model in predicting the electroweak phenomena with high precision makes it very attractive to ex
energies far above the TeV scale.
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extrapolated perturbatively to very high energy. In such a Instead of postulating that the MSSM should respec
theory there is the need to cancel the quadratic divergen-baryon and lepton number conservation we can add a ne
ces that appears in the Higgs boson mass corrections. Susymmetry,R-parity, defined as,

persymmetry provides a way to ensure such cancellation:

it has been noted that fermions and bosons contributes with
opposite sign in the loop diagrams; if the theory predicts that

each fermion has its boson partner the quadratic divergences

PR — (71)334»L+237

)

is canceled out. This is exactly what supersymmetry does.
In order to build a supersymmetric theory for the funda-

whereB and L are the baryonic and leptonic numbers and
is the spin of each particle. With this assignment, each parti

mental interactions the first thing is to note that at the scale€!€ in the SM has’; = 1 while its supersymmetric partner

where we have experiments, nature is not supersymmetri
(we do not see the supersymmetric partner of the electron
for example). Thus, if supersymmetry exist it must be bro-
ken. The mechanism for SUSY breaking is not yet fully

asPr = —1. One can verify that terms in the second line
of eq. (1) violate this symmetry, while those from the first

line don't3.
The advantage of introducing this new symmetry is that

understood, the best we can do is to parametrize the effectdVe know that baryon and lepton number are violated by nor

of SUSY-breaking. In order to do that we are guided by the
principle that the breaking terms should not destabilize the

perturbative electroweak effects, so it can hardly be consi
dered a fundamental symmetry. On the other hand, if the

scalar sector by reintroducing quadratic divergences. This isMSSM respect exadg-parity conservation it does not have

done by the introduction of the so called soft supersymme-
tric breaking (SSB) terms.

3 The MSSM

The MSSM is the most direct phenomenologically viable
supersymmetric extension of the SM. It contains all SM par-
ticles plus its supersymmetric partners, which has spin dif-
fering by1/2 but with same internal quantum numbers. The
only sector of the SM that need to be extended (besides, o

course, introducing superpartners) is the Higgs scalar sector
to give mass to both up and down type of quarks we need to

introduce two Higgs doublets. In the SM the Higgs doublet

renormalizable interactions that violafe or L but those
symmetries can, in principle, be violated in a small amount
by non renormalizable interactions. For the model pheno
menology the assumption d®-parity conservation has a
profound impact: supersymmetric particles (the ones witf
Rp = —1) are produced in pairs and the lightest supersym:-
metric particle (LSP) is stable!

With these assumptions and the particle content chose
to be the SM with a two doublet Higgs, the Superpotential
is completely defined by the SM measured parameters witl

1Ihe exception of the mass tegirfor the Higgs fields. Howe-

ver, we need to introduce soft breaking terms that parame
trize SUSY breaking. The most general soft SUSY breaking
operators consist of,

gives mass to the up fermions while its complex conjugates o Explicit masses for the scalar members of chiral mul-

gives mass to down type fermions, however in a supersym-
metric theory Yukawa interactions comes from a superpo-
tential that cannot depend on a field as well as its complex
conjugates, thus the need for two doublets. It is remarkable
that the two Higgs doublets is also necessary for a different
reason: it keeps the supersymmetric theory anomaly free.

The interactions of matter and Higgs fields (and their
superpartners) with gauge bosons (and their superpart-
ners) are determined by the gauge symmetry, being model-
independent. Given the particle content of the MSSM, mo-
del dependence arises in the choice of the superpotential,
which is taken to be:

W = pH4H,+ fiLH.E + f,QH4D + f,QH,U
+ AMLLE+NLQD+X'UDD +¢LH,. (1)

The objectsH,, H,,, L and(@ are left-chiral superfields
which are doublets undefU (2),, while U, D, E are sin-
glets underSU(2). The Yukawa coupling parametefs
fus fa @re3 x 3 matrix in family space.

tiplet: In the MSSM this represents soft masses for
the squarks, sleptons and Higgs bosons.

Independent gaugino masses for each gauge group: |
the MSSM this corresponds ta;, M, M3 given to
theU(1)y, SU(2), andSU(3)c.

For each term allowed in the superpotential we can
assign a correspondent soft term: In the MSSM this
corresponds to trilinear A terms corresponding to eack
Yukawa interaction (see first line of eq. (1)) and a bi-
linear B term corresponding to the Higgs boson mas:s
term.

With this field content the MSSM has 30 new parameters
if we ignore inter-generation mixing for the soft terms and
more than 100 parameters if we allow mixing. In the next
section we are going to see what assumptions can be ma
to reduce the number of free parameters.

Before we go on, let us comment on the EW symmetry
breaking sector of the two Higgs doublet model. After the

We note that the second line in eq. (1) represents interac-Higgs mechanism there are five physical spin zero Higgs

tions that violates lepton or baryon number. In the MSSM
all terms in the second line are set to zero, in this framework

particle: two neutral CP even (h and H), one neutral CF
odd A, and a pair of charged particlés*. Supersymme-

we assume that there are no renormalizable baryon or leptoriry requires that the lightest Higgs (h) should be very light,

number violating operators in the superpotential.

M, < 130 — 180 GeV (in fact the bound is much more

3To see this we can treat the superfields in eq. (1) as the fields in the scalar potential.
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strict at tree level:M};, < My) [1, 3]. The existence of a compared with the SM. It is important to emphasize f
light Higgs boson is favored by EW data and is possible to the unification of couplings is a quite general feature of
be confirmed at the LHC [2]. MSSM, does not depend much at which scale we incl
the superpartners or the details of the superpartners me
It depends only on the particle content of the model.
4 Mechanisms for SUSY breaking: more refined discussion can be found in the SUGRA v

The SUGRA paradigm king group [5].)

In the last section we noted that supersymmetry (actually,

supersymmetry breaking) introduces more than a 100 new <« 80

free parameters in the MSSM. In a hadron collider as the o b

LHC, there are many particles being produced and the decay

pattern can be very complicated: it is possible that the signal 60

will depend on many of those free parameters! It is not just

desirable but almost necessary to have a way in reducing the 50

number of parameters in order to be able to predict anything

at the LHC. 40
Almost all free parameters come from our ignorance of 30

how SUSY is broken, in the form of soft breaking terms. 3

We are going to see that some assumptions on how SUSY 20

breaking is transmitted to the EW sector constrains the soft :

parameters, providing very predictive frameworks. But first 10 ¢

let us see how some experimental constraints give us some 0 ol b

hints of how to implement this program. 10" 10® 10" 10
One thing that we note from the soft terms is that most Q (GeV)

of them introduces new sources of flavor neutral currents
(FCNC) and charge parity (CP) violation process. For exam-
ple, if the mass matrix for the right handed slepton soft term
(m?) is not diagonal in a basis of sleptons whose superpart-Figure 1. Gauge coupling running as a function of energy.
ners are mass eigenstates of standard model leptons, sleptawlid line is the SM, the dotted (dashed) line is for MSSM witl
mixing occurs and it can lead to dangerous contributions, via TeV (10 TeV) SUSY mass scale.
loop diagrams, to process like— e~y. The same arguments
can be made to the squark masses.
All of this potentially dangerous FCNC effects in the 4.1 mMSUGRA
MSSM can be evaded if one assumes that the soft breakingl_ ' .
terms are universal. In particular, we can suppose that the! N first successfully economic framework for SUSY p
soft terms are flavor blind, ie, they are each proportional to "omenology, which have incorporated this idea of unif
the3 x 3 identity matrix in flavor space. One should note that tiOM: IS the so called SUGRA (or mSUGRA,) framework |
this program implicit assumes that there is some mechanisrnIn this picture S_USY IS ;upposeq to be b_roke_zn Ina h"?'
that naturally would explain the pattern for the soft breaking SEctor and the information of this breaking is transmi
terms. The new physics that gives rise to such terms can be//& gravity interaction to the MSSM at the Planck sc:
assumed to reside in a high energy scale. If supersymmetry is brpken |n.the hidden sector by aV
The particle content of the MSSM by itself provides a < I > the soft terms in the visible sector are typically
very nice hint for the scale of new physics: the unification ordermsose ~ 5 TO havemsop: ~ 300 GeV as requi-
of gauge couplings. Grand unification theories (GUT) emer- red to stabilize the scalar sector we negd F > ~ 10!
ged in the supposition that the three gauge couplings of theGeV. In this picture the gravitino (graviton’s superpartr
SM unifies when extrapolated to very high energy. Fig. 1 gets a mass at the order of soft terms/, ~ jgﬁjp and
shows the running of gauge couplings using ISAJET [4], does not play any role in collider physics.
which includes two loop corrections to the RGE. The solid With some special assumptions (hence the m for i
line shows the SM running. The supersymmetric content of mal SUGRA) the scalar masses and the trilinear coupl
the model is turned on once an arbitrary threshold is rea-are all unified at this high scale. To be consistent with C
ched: we take it to be 0.45 (11) TeV for the dashed (dotted) unification the gauginos masses are also unified at this s
line. The soft terms are completed determined by just four p
There are two basic problems with GUT theory within meters: the gauginos mass, /,; the scalars mass,; the
the SM: the unification scale is not high enough to prevent trilinear term Ay and the bilinear ternB,. The other free
proton decay and the coupling does not really unifies in the parameter of the model is the supersymmetric mass ger
SM context. As we can see from Fig. 1, in the MSSM con- The above unification relations are valid at the sc
text both of this problems are solved: the couplings unifies where SUSY breaking is communicated to the MSSM ¢
with a much better degree and at a higher energy scale whertor which, for practical purpose, we take as the GUT scal
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SUGRA models'. In order to compute process at the TeV my, while the dotted curve is fomg,. The dashed (dot-
scale the best thing to do is to evolve this parameters to thedashed) line shows.,. (mg;-) for reference. Because of the
EW scale using the RGE equation. Once we get the soft bredarge Yukawa top couplingn g, is pushed to negative va-
aking terms at the EW scale we can generate all the MSSMIues which is just what is necessary to trigger EW symmetry
spectrum and verify if it is consistent phenomenologically. This mechanism is called radiatively electroweak symmetn
In particular the Higgs sector should give the right pattern breaking. The fact that a large top mass is needed for thi

of EW breaking, which means that we should have, at treemechanism to work is very suggestive.

level:

2

2 2
my, —my, tan® 8

tan? 8 — 1

wherempy, andmy, are soft breaking terms of down and
up Higgs doublets andis the (supersymmetric) Higgs mass
term, evaluated at the EW scale. We have elimindgdn

favor of tan 3 = u, the ratio of vacuum expected values

m2Z = - |:U/‘27 (3)

N | =

Another important issue that could have consequence
on the phenomenology is the nature of the lightest su:
persymmetric particle. In models whefeparity is conser-
ved this particle is stable and should be neutral for cosmo
logical reasons [7]. Within the MSSM the only candidates
would be the lightest neutralino, the sneutrino or (in a super
gravity theory) the gravitino (the supersymmetric partner of
the graviton) if it is extremely light (as it happens in gauge
mediated models with a low SUSY breaking scale). Again,

of the two Higgs doublets. Considering soft terms as input mSUGRA provides a large region of parameter space wher

values at GUT scale andh; fixed by its measured value
we can adjusiy| to satisfy this relation, fixing its absolute
value.

A more detailed look at eq. (3) tells us that it is not
always possible to satisfy it. This looks like a very strong
constraint: we need to choose the soft parameteys and
mpy, very carefully in order to be consistent to EW data. In
particular, for positive values of:2 " the unified choice of
mpy, = my, IS not valid.

x 102

2500 1

M2Gev

2000 - ..
1500 -
1000 -

500 ==

O,

500
41000 -
_1500 P AN N I I A N i (N N e e AN BN A B
10* 10® 0% 10"
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the neutralino is the LSP. Gauge interactions give positive
contribution for the soft terms when they are run down to
EW scale. Starting with universal soft terms for gaugino
masses the gluino masss gets the higher value because
of the strongeiSU (3) interaction whilem, (the mass terms
corresponding to th& (1) group) gets the smaller value, in
the rat|o3’(’;1 = 72 = 73 After diagonalizing the neutral
mass matrix and the charged matrix the lightest neutralin
is usually the LSP. This neutralino LSP is a good candidate
for Dark Matter, which is now strongly constrained by the
Wilkinson Microwave Anisotropy Probe (WMAP) data.

In brief, MSUGRA provides a very predictive model for
Supersymmetry: the model is completely specified by the
sign of 4 plus the four parameter set,

(4)

m07m1/27A07ta‘n6'

4.2 Gauge Mediated Models

Although mSUGRA is a very attractive model it is hard to
believe that it is the only possible answer and that nature
should be described by its minimal version. If we want to
explore SUSY phenomenology we need to consider alterne
tive scenarios. One of the weakest points of the mSUGR/
is the fact that unification of scalar masses (thus a mechze
nism for solving the FCNC problem that arises if we allow
arbitrary soft terms) is an assumption without a strong justi-
fication (from the theoretical point of view, of course).
Gauge mediated supersymmetry breaking model
(GMSB) [8] solve this problem from start. The assumption

Figure 2. Running of soft scalar masses as a function of energy.here js that there is a intermediate sector that shares gaus

The solid (dotted) line is fo;mH (mH ). The dashed (dot-dashed)
line showsm2, (m32,).

interactions with the MSSM and also knows of SUSY bre-
aking from the Hidden sector. The information of SUSY
breaking is thus transmitted to the MSSM sector by me-

Fortunately, the unification relation is valid at the GUT ans of ordinarySU(3). x SU(2)r x U(1)y gauge interac-
scale, we need to run down the soft parameters to the EWtion. There is still gravitational communication between the
scale in order to use eq. (3). More generally, one can checkMSSM and the hidden sector but it is much smaller com-
that |me > (0 the requirement ofn gy, < 0 is sufficient to pared with the gauge communication in theories where th
satisfy eq. (3). In Fig. 2 we show the running of the scalar intermediate scale is much smaller than the Planck scale
soft masses using the RGE equation. The solid curve is forBecause soft terms are proportional to gauge quantum nun

41t could be argued that this scale should be the Planck scale. In this case there would be a small effect of running from Planck to GUT scale thz
change a little the soft relations.
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bers, squarks and sleptons with same quantum numbers ara good candidate for cold dark matter which is a defi
degenerate in mass leading to a suppression of FCNC efdisadvantage of this model when compared with SUGR
fects. Direct decay of other supersymmetric particles to
In this picture there is an intermediate mass sd#)g. gravitino has a very small BR, in this picture there is go
where the boundary conditions for the soft terms must be fi- to be at least two NLSP patrticle in each event. The na
xed. Soft mass terms are proportional to a mass stale of the NLSP is thus very important for phenomenology.
which signalizes the breakdown of SUSY. Considering that note that the NLSP does not have the same constraint:
the messenger sector consistsngfsets of quark and lep- the LSP have, in particular, it is possible for the NLSP tc
ton superfields in & + 5 representation of SU(5) (having a slepton and, indeed, in a large region of parameter s
the messenger sector in a complete representation of SU(5)his is the case.
keeps the successful prediction for the gauge coupling uni-

fication) the gaugino masses are determined by,
5 Search for Supersymmetry at the

Q
m; = '%AE, (5) LHC
while soft scalar masses are given by, We have seen that the MSSM provides a quite general
mework for supersymmetry. However, it has too many |
m2, 0 = 2n5A2 Cs(%;) + 02(%) + %%)2(%) , parameters and most of its parameter space gives rise t

cess that violated FCNC, being ruled out by experim
) 4 ) ) (6) With some assumptions on the nature of the soft SUSY
with C3 = 3 for color triplet and zero for color singlet,  aking terms, consistent frameworks are developed with
Cy = § for weak doublets and zero for singlets ands the  parameters and very predictive power. In this section

hypercharge. The A terms and B terms are induced only atare going to see the predicted reach of the LHC in this
two loop order and are negligible. The model is thus deter- meworks.

mined by just few parameters:

MmcssyAyn&tanﬁv Sgn(p’)acgravv (7) 51 mSUGRA

In the MSUGRA framework the complete supersymme

whereC,,, is a constant larger than 1 which will set the spectrum is determined by the parameter set,

gravitino mass. Asan (3 is interchangeable witB, and we

have argued thaf, should be small one might consider that Mo, my 2, Ao, tan B, sign(u).

tan @ should be fixed, however details in the generation of _

would change this relation, thus it is common to have 3 From this parametersy, andm, ;, set the scale for scala
as an input parameter. and gaugino masses whifg, is relevant mostly for the thire

The general implementation of this model is very similar generation sfermions. We expect that 5 andsign () are
to mMSUGRA: There is a set of boundary conditions for the relevant to the decay patterns. It is very common to pre
soft terms at some high scale, RGE equations are used to ruthe reach in mSUGRA framework in the plang x m; s,
down this terms to the EW scale where the complete MSSM fixing the other parameters.
spectrum is calculated. In particular, the Higgs mechanism At the Tevatronpp collider, in most of mMSUGRA re
should be triggered by this evolution. levant parameter space (and not already ruled out by

It is clear that the different assumptions for soft brea- constraint on the lightest chargino) the gluinos are too
king terms will give different relations for sparticle masses. avy, so charginos pair and charginos/neutralinos assoc
But the most important difference from mSUGRA models is productions dominates. The golden plate channel woul
that in GMSB the gravitino can be very light. Generically, the trilepton signal from charginos product decay [5]. |

the gravitino mass is given by, recent evaluation [9] the reach of Tevatron RUN 2 was
mated in aboutn, ,, < 190 GeV, depending on the othe
<F> @) parameters, which represents a gluino mass of aboit

R T GeV.

) ) ) At the LHC gluino pair production dominates in a lar
Whe're< F > is a supersymmetric breaking VEV. In order faction of space parameter. For low, values squarks ar
to give soft terms at the EW scale ordgkc I/ > ~ 10'! also light so thagig, G4, Gq all have large rates. For very hi

GeV is required in SUGRA models leadingrto; , ~ TeV. _my /> gluinos are too heavy and chargino-neutralino ass
However, in gauge mgg|>ated models the soft terms are estixtaq production dominates. It is usual to classify the sit
mated to benos: ~ 57-=-. AS Myness N be much smal- i several channels containing many hard jets and lep

ler thanMp, it is possible to have/< ' > ~ 10* GeV in plus missingEr. The reach of the LHC has been evall
this scenario. As we can see from eq. (8) this would give ated in mMSUGRA [10]. In Fig. 3, taken from ref. [11], it |
very light gravitino; this gravitino would be the LSP and ifit shown the reach faman 5 = 10, Ag = 0 andg > 0 in seve-
is really light (order of eV) the next lightest supersymmetric ral channels. We can see that the best reach is given b
particle (NLSP) decays in a gravitino plus its SM partner inclusivejets + E7*** and extend ton, /, as large a3400
within the detector. This very light gravitino does not make GeV for small values ofng and700 GeV for my ~ 4000
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TeV. We also see that it covers gluino mas2dfeV up to similar studies for the LHC [14] it was found that the LHC

mo = 3000 GeV. As a comparison, the Tevatron reach lies will have a reach ofn; ~ 3 TeV in the favorable scenario

below them, ,, = 200 GeV line, it is clear that the LHC  of co-NLSP andn; ~ 2 TeV in the stau NLSP scenarios.

will extend considerably the reach! Generally the LHC reach is better then in mSUGRA fra-
mework.

mSugra with tanB = 10, A;= 0, u >0

1400 5.3 Anomaly Mediated, Gaugino Mediated

ggg o There are other compelling models for SUSY breaking,

1100 W \2os B including anomaly mediated supersymmetry breaking [15]

1000 B f*i'.:\» ) and gaugino mediation models [16], but it is beyond the
< g0 "D \__3_ . scope of this work to introduce them here. The LHC reach
8 goo N TR m@-=2Tev was also evaluated for such models [17, 18], given a reac
& 700 2 E RN of about2 TeV for the gluino mass.

600

500

400 6 The flavor problem and the decou-

300 )

m(u)=2Tev

pling solution: is the LHC going to

it?

0 1000 2000 3000 4000 5000 see It*
m, (GeV)

Figure 3. LHC reach for several channels extract from ref. [11].

The Er missing inclusive channel is the upper solid line. Also
shown is gluino mass contour of 2 TeV.

We come back here to the central point for SUSY at the
electroweak scale. As it was pointed out, supersymmetn
provides a way to protect the scalar sector against quadr:
tic divergences which permits the supersymmetric versior
of the SM to be extended to very high energy scale withour
the need for large cancellation. In order to remain coheren
5.2 GMSB with this view, it is supposed that sparticles should have thei
masses at the EW scale, otherwise the need for fine tunin
reappear in the scalar sector. (In particular, looking at eq
(3), if the Higgs mass parameters gmdre very large it is
Mipesss A, ns, tan 3, sgn (1), Cyrav- evident that a large fine tuning is needed to keep at its
measured value.) In the previous section we saw that th
From this parameter the most importantisvhich set the LHC is able to find supersymmetry, in many of its realiza-
scale for the soft mass termsM,,... just set the scale tions, for gluinos as heavy as 2 TeV, so if supersymmetry
where the boundary condition is valid, in other words it just Solves the fine tuning problem it will be found at the LHC.
tells how much it is needed to run down to the EW scale. This last statement should be taken with a grain of salt
In GMSB the search strategy depends on the nature of thehowever. Trying to quantify fine tuning is very subjective,
NLSP. It is common to define regions of parameter spacesome of the measurements of fine tuning might indicate tha
according to the nature of the NLSP [12}:5 alters the  supersymmetry should have been found already [19]! Thi
relations of gauginos and scalar soft masses being imporshould mean that EW supersymmetry is ruled out? It doe
tant to determine the identity of the NLSRn 3 is also not seem to be the mainstream feeling. Are we sure to fin
important to determine the nature of the NLSP. In the stu- supersymmetry at the LHC? In other words, should we rule
dies of reference [13, 147, is set tol, which permits out supersymmetry (at least low energy supersymmetry) if i
the prompt decay of the NLSP, neglecting possible handlesis not found at LHC? This is what such strong statement a
coming from tracks or displaced vertices, so this reach pro-“If supersymmetry is relevant to electroweak interactions, it
jections are conservatives. will be discovered ..." [2] suggest. On the other hand, may
In a given region the studies can be presented as a funcam | suggesting here that EW supersymmetry will be a pos
tion of A, which sets the mass scale of the model. Seve- sibility for ever, even if it is not found at the LHC? Where to
ral cases have been studied: [A1) gaugino like NLSP draw the line? Itis not my purpose here to answer this ques
(which gives two photons in the final state), a stau NLSP tion but rather to take the view that we should explore all
(which gives two taus in the final state), a co-NLSP scenario possibilities and try to push the LHC reach to its maximum.

In the GMSB framework the complete supersymmetric
spectrum is determined by the parameter set, given at eq.(7)

(which gives a signal with several isolated leptons), a Higg- In contrast to fine tuning arguments, lower bounds from
sino NLSP (which might giveZ bosons or Higgs boson in  LEP Il and Tevatron on sparticles masses tends to push tt
the final state). spectrum to higher values. In the following we are going to

The most difficult scenario is the stau NLSP where Teva- explore possible signals at the LHC in some scenarios wher
tron reach would correspond to a gluino mass of algo0t the superpartners are very heavy. The main motivation fo
GeV while in the most favorable scenario (co-NLSP) the re- these scenarios is the so called decoupling solution for th
ach will extend up to gluino mass ab00 GeV [13]. In flavor problem: high masses for the superpartners helps t
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avoid constraints from low energy process such as FCNC,been noted, however, that the introduction/®f— term,
rare decays and CP violation. that occur when spontaneous gauge symmetry breakin
We are going to explore two scenarios with large sfermi- ads to a reduction in rank of the gauge group [24] (in
ons masses: inverted mass hierarchy models and focus pointase fromSO(10) to theSU(3) x SU(2) x U(1)), can help
models. In both scenarios we are guided by the constructionto get the REWSB mechanism [25]. A second problem
of models with large scalar masses trying, at the same time ses: the introduction of D-term and the full implementat
to address the fine tuning problem. of the RGE equations (with two loop effects, TeV mas
contributions, non unification of Yukawa couplings bels
. GUT scale) perturb the simple exact solution that drives
6.1 Inverted Mass Hierarchy third generation masses to small values. Moreover, the
kawa coupling values allowed by the top quark mass n
surements is not as large as the ones used in ref. [23].
result the amount of hierarchy obtained is rather limited.
In reference [26] realistic models were generated in
scenario. It is possible to get sub TeV third generation n
ses while keeping first and second generation at the ord
3-5 TeV. This is enough to decouple the first and seconc
neration from the LHC searches. In this scenario the m

The problem posed above, sub-TeV particles required by
naturalness arguments and multi-TeV particles required by
FCNC and CP violation low energy experimental cons-
traints, can be reconciled by the following consideration:
low energy constraints comes mainly from processes in-
volving first and second generation of fermions, while the
Higgs scalar sector couples mainly to the third generation
[20]. Thus, an inverted mass hierarchy (IMH) spectrum is GRA strategy has a limited reach in the LHC. This pr
desirable: third generation sfermions with sub-TeV MasSes, inary study shows that b-tag jets can help to improve
while first and second generations gets multi-TeV masses. reach [26].

It is possible that the IMH is generated already at the
GUT scale (GSIMH). Because sfermions soft terms from
first and second generations are very large and they contr
bute to the evolution of third generation at two loop order
it is very important to consider two loop contributions to squarks might be the only sparticle produced at the L
the renormalization group. This contributions tends to drive with particular emphasis oh— tag is in order.
third generation masses to negative values, breaking color or
electric charge symmetry, unless the GUT scale third gene- .
ration mass is very high, so there is a limited range of para-6.2  Focus Point
meter space where a viable spectrum is generated [21]. Rean, intriguing region in the MSUGRA parameter space is
gions of parameter space where first and second generatio

. . .“largem, region. In this region all scalar sparticles are |
scalar masses are in the 5-20 TeV range and third generaﬂogvg v%?ch %elps to ameliograte the ECNC gnd CP viola
in the sub-TeV range are mapped out in ref. [22]. A

N : - .. problems. Naively, large scalar masses would require
An intriguing feature of this type of models is that it is

. o large cancellations in the scalar potential to keep the
going to be very hard to find it at the LHC. In ref. [22] our gqqie gt its experimental value, rendering the model ur
preliminar study with a particular point where this IMH is .o/ For this reason, this region of parameter space have
achieved shows that the general search strategy is not 9°in91eglected in phenomenological studies.
to work. A more dedicated search, perhaps looking for third
generation fermions, is needed. x 104

In resume, in GSIMH type of models it is possible to

In both scenarios of IMH it is clear that the LHC cay
_City to find it must be explored in more detail. In particul
"the capacity fol — tag would be crucial in this scenario
' A more detailed study for scenarios where third geners

achieve a significant hierarchy which poses challenges in the Na 1600 F
search for this models. The task in theoretical developments £ 1400 E oo
would be to explain the origin of the peculiar choice of SSB = b

parameters at the GUT scale.

An attractive alternative where IMH can occur has been
suggested in a series of papers [23]. The idea is to start with
multi-TeV masses for all scalar particles at the GUT scale
and generate the IMH radiatively. It has been noted that for
simple forms of the soft breaking terms, third generations
soft terms is driven to small values while first and second
generation soft terms remain at the multi-TeV range. The
beauty of this scenario is that the boundary conditions that
soft terms need to satisfy is consistent witty(10) grand
unification.

In order to have a realistic spectrum from this model
we have to implement Yukawa unification as expected in Q (GeV)
SO(10) grand unified models. Yukawa unification occurs
only at a very high value ofan 3, a region of parameter
space where it is very difficult to implement REWSB. It has
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Figure 4. Running of the up Higgs soft mass 4, ) in the focus would discover mSUGRA as it points to small ,, andmg

point region. In this plotAy=0, tan 8 = 10, m, /2 = 300 GeV, but now this region has been practically ruled out.

# > 0 and the values ofro are shown in GeV for each line. This Recently Baert al. [11] attempted to set bounds on

figure was inspired in ref. [27]. the neutralino relic density constraint in mMSUGRA model,

. . . along with other indirect experimental constraints, namely

However, it has been noted that in the region where, rare decay$ — sy or B, — utu~ and the muon ano-

is not so large there is an interesting focus point behaviorformmous magnetic mome;t. These low energy data favors

the soft Higgs masses, as is shown in Fig. 4 the soft HiggSy e yegions were confronted with direct search of SUSY af

masses is run down to the same value at the EW scale, iny,e cERN LHC collider for an integrated luminosity of 100
dependently of the GUT scale valuernaf, [27]. One could fo=1. In Fig. 5 we shown their results faan 3 = 30

say that bigm, values are as natural as the small ones, aS 4, — 0andy > 0. We see that the bulk region is diffi-

it naturally leads to the same EW values. In fact, from the ¢t ¢4 reconcile with LEP2 limits on the Higgs mass, as it

minimization condition in the scalar potential, extend up to onlyn, , < 100 GeV (as opposed to about
200 GeV in pre WMAP results [30]). The region very close

1 m2, —m? tan?g to the left-hand side of the figure where stau mass is simila
5mZZ = Hdtan2 g_ - | ~ —m%, —|ul?, (9  tothe LSP mass s the co-annihilation region. The FP regiot

is the narrow band just above the region labeled No REWSE

we see that, for largean 3 (where the last approximation is in the right-hand side.

valid), the value of.” is sensitive only ton3; which, by its

turn, ig. insensitive to the value at, due to the focus point mSugra with tan = 30, A, = 0, 1> 0

behavior. — e
Moreover, as it can be seen from Fig. 4, theg;, va- 1400

lues obtained in this solutions are small, leading to a very

small . This region of smalls happens for largen, and 1200

for m4 /5, just above the theoretically excluded limit where

no REWSB is achieved (we should note that this region is < 1000

very sensitive to the value of the top quark mass). We will %

refer to it by the focus point (FP) region. The main conse- = %%

guence of the small value gfis that the lightest two neutra- g

linos and the lightest chargino are mainly a Higgsino, which 600

enhances its coupling to third generation fermions. This has 200

important consequences in dark matter prediction as well as

direct searches in collider. 200
This FP region has received renewed attention due to ex-

perimental data on CDM as well improved neutralino relic

2000 3000 4000 5000

density evaluations [28]. As we have pointed out, a very %(Ge\g .
attractive feature of R-parity conserving models is that the =~ — m=1141GeV — g Us%x10 — Br(b-sy)x10

LSP is stable, providing a_natura_l candidate for_ dark mat- inhzz v 0,004 -eee- 0129 — 1.0 Br(B, 1" )x10

ter. In mMSUGRA the LSP is the lightest neutralino and its

contribution to dark matter is calculable. Figure 5. Neutralino relic density constraint on the mSUGRA pa-

Recent analyses from the WMAP and other experimentsfameter space faian 5 = 30, Ao = 0 andy, > 0 along with LHC
set the physical matter and baryon densities to be [29] maximal reach and contours of several low energy observables of
Qh? = 013570008 andQyh? = 0.0224 + 0.0009, res-  ‘aned from Ref. [11].
m —0.009 b ,
pectively, whereh is the Hubble constant in units of 100
km/s/Mpc. The excess of non-baryonic matter results in ~ The very interesting feature about the FP region is tha
Qcparh? = 0.11267050%. The upper limit derived from it extend far away from the expected reach of the LHC via
this is a true constraint on any stable relic from the Big missing ET plus jets channel (the line with the lalagh***
Bang, such as the NLSP of the mSUGRA mogelhile in Fig. 5), posing a challenge to its discovery.
the lower limit does not present a true constraint as there  Motivated by the fact that in this portion of parameter
could be other sources of cold dark matter in the model. space the LSP has a substantial higgsino component, th
Promising regions for CDM includes the focus point re- gluino decay predominantly into third generation quarks, we
gion, where the large Higgs component of the LSP allows expect that SUSY signature will be very rich in multiple
for efficient annihilation into vector boson pairs, keeping the hardb jets. Therefore an efficiertttagging may improve
amount of CDM compatible with WMAP results. Others re- the discovery reach of supersymmetry over the canonical se
gions that might be consistent with WMAP results are the arch. o
stau co-annihilation region and the axial Higgs A annihila- Although W, Z;, W, Z, cross section dominates in this
tion corridor at largean 3. The so called bulk region atlow  region, those particles are degenerated in mass so their vis
mo andm, » was advocated as an indication that the LHC ble decay are quite soft. The gluino production will be the

5]t would be easy to evade such constraint, however, by allowing a small amount of R-parity violation.
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