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CHAPTER I
INTRODUCTION.
Supersymmetry

The Standard Model (SM) of particle interactions is highly successful at describ-
ing the interactions of elementary particles at low energy. indeed, there have been
no experimental results that unequivocally contradict the predictions of the SM: the
SM is in excéllent agreement with the LEP precision measurements. Moreover, no
non-SM particlesy have yet b.een discovered. .H.owever‘, with the coming of the next
generation of colliders such as the Large Hadron Coliider (LHC) and possibly the
Next Linear Collider (NLC), the question arises as to what form physics beyond the
SM is likely to take. |

Supersymmetry (SUSY) is consideredvby many theorists to be a promising can-
didate for such new physics. SUSY is a symmetry that relates bosonic and fermionic
fields that differ by one half unit of spin [1]. There are a number of reasons why SUSY
is considered an attractive extension of the SM. First, the SUSY algebra is the only
‘nontrivial extension of the Poincaré algebra consistent with relativistic quantum field
theory. SUSY evades the restriction of the C»ol'ema;n,—MaJndulaJ theorem thdt a group
that nontrivially combines both the Lorentz group and a compact Lie groﬁp cannot
have finite dimensional unitary représentafidns [2]. Second, if SUSY is formulated
as a local symmetry, gravity is automatically included into the theory. Third, SUSY
is a requirement of superstﬁng theories. Fourth, if SUSY is a symmetry of nature,
then there exists a strong possibility that it Will be detected at present or the next
generation of colliders.

One of the most theoretically cdmpelling reasons to believe that SUSY will be
detected soon has to do with the Higgs sector of the SM. The SM gives masses



to the gauge bosons and fermions through the introduction of a single scalar SU(2)z,
doublet. When the neutral component of this doublet gets a vacuum expectation value
(VEV), the electroweak (EW) symmetry is broken and the W and Z bosons obtain
their masses. The fermions obtain their masses through Yukawa couplings to the -
Higgs boson. The degree of freedom that is not used up in giving masses to the gauge
particles becomes the physical Higgs particle. By demanding unitarity at tree level in
the scattering of the longitudinally polarized gauge'bosons, WHWw; — WiFWy | one
can deduce that the mass of the light Higgs boson must satisfy My < 860GeV [3].

There is a problem with having a light Higgs in that fermion loop corrections
to the Higgs mass are quadratically divergent. There exists no symmetry in the SM
to prevent such corrections. The pi‘eSéﬁce of qﬁadratic divergences to the Higgs mass
tend to drive the Higgs’ mass to the larger sf:ale presurﬁably iepresenting some new
physiés (such as the Planck éCale or the scale of some grand unified theory). This is
a problem since we need the Higgs boson mass to be less than around one TeV. To
obtain such a light Higgs boson, its mass must then be the difference between two
very large numbers. Thus very precise fine-tuning in the parameters of the theory is
required. This is known as the naturalness problem.

SUSY solves this problem through its introduction of scalar partners to the
fermions. The couplings of these scalar partners are related to the coupling of
the fermions in such a way that the quadratic scalar loop contributions cancel the
quadratic fermion loop contributions if the mass differences between the fermions
and the scalar partners are not too large (if SUSY were an exact symmetry, then the
fermions would have the same mass as their scalar partﬁers). Speéiﬁcally, the masses
of some of the scalar partﬁers need to Be b.el‘ow about one TeV. Thus, if SUSY is
an actual symmetry of nature and is responsible,for solving the naturalness problem,

then we should see supersymmetric particles at the next generation of colliders.
The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the “simplest” su-

persymmetric model that can realistically describe low energy particle interactions.



Table I. The matter and Higgs superfields of the MSSM.

Superfield (SUB3)¢, SU(2)z, U(1)y)  Component Fields
R ug, g,
N TS

dr, dr,
(A]c (37 L, _gf) | Uia ﬁi
De (3,1, 3) 5, d5
A ' % %
i (1,2, 1) 120
| . er, €L
Ee (1,1,2) €, &

. ht ht
H, 1,2,1) ( 2),(f)

- h3 h3

. : RO ho

i, 1,2,-1) B T e

| | hy hy

Its simple in the sense that it contains the minimum number of particles required to

construct a realistic supersymmetric model of ‘.particle interactions. The MSSM uses
the gauge group of the SM: SU(3)¢x SU(2)r,x U(1)y. In addition, the MSSM has the
same three generations of quarks and leptons as the SM, but now the supersymmet-
ric partners (frequently called the “superpartners”) of these particles are introduced.
The particle content of the theory is shown in Tables I and II.

Table I gives the matter fields of the theory. SUSY dictates that every SM
fermioﬁ has a comp_léx scalar associatéd -Wiﬂ;l eac‘h“of its chiral states. We denote
the scalar superpartners by using the symbol for the superfield with a tilde over it.
SUSY further dictates that these scalar fields have the same gauge quantum numbers
as their corresponding fermion field. Colléctively, these superpartners of the fermions
are frequently referred to as sfermions. The scalar partners of the leptons are called
sleptons, and the scalar partners of the quarks are called squarks.

In Table I, we have introduced two Higgs doublets. One Higgs doublet does

not suffice for two reasons. First, the fermionic partners of the Higgs bosons, called



Table II. The gauge superfields of the MSSM.

Superfield  (SU(3)¢, SU(2)r, U(1)y) Component Fields  Superpartner Name

G (8,1,0) g%, Ga gluino
W, (1, 3,0) ' WE, w; : wino
B (1,1,0) B*, B bino

higgsinos, contribute to the triangle gauge anomalies [4]. Since the contributions
of the SM fermions cancel among themselves there would be nothing to cancel the
Higgsino contributions if we mtroduce only one Higgs doublet The sunplest way to
handle this is to introduce a second nggs doublet with the opposite U( )y quantum
number as the first Higgs doublet. The other reason is that separate H.1ggs doublets
are required to give »Ihass to the up and down type quarks since the superpotential is-
the product of superfields of the same chirality.

Table II gives the gauge fields of the theory. The superparthers of the gauge
fields are generally called gauginos. In manner similar to that of the sfermions,
gauginos are denoted using the same symbol as the gauge field with a tilde over it.
The mteractlons between the chiral (matter) superﬁelds and the gauge and gaugino
fields are completely specified by the gauge symmetries and supersymmetry and they '
arise from the corresponding parts of the kinetic term in the Langrangian. There are
no adjustable parameters here.

Aside from the new particles introduced into the theory, much of the new physics
comes from the superpotentlal W. The superpotent1a1 is a functlon of the chiral
superfields, but not their complex conjugates. Renormalizability dictates that its
terms contain products of no more than three chiral stlperﬁelds. It is not allowed to
contain derivative interactions. The most general superpotential that we can write

with this particle content is

AAAAA

W = ;0O HU + Q' HID + /\LL’H’E° + ui )

+Whon-MssMm - (1)



Here the first line is for one generation, but the extension to three is straightforward.

The term Wion—mMssu is given by
. moa A 1 A N
Waon-mssm = Aige L' L7 B + Xy LiQ; Df, + 5 X Uf D3 Dy + williH (2)

where i, 7 and k here are generatiohal indices. From the superpotential and its
complex conjugate, part of the scalar potential and the Yukawa interactions of the
fermions with the scalars is obtained.
Unfortunately, the four terms in Wion_mssm €ach violate either baryon number
or lepton number. The terms responsible for this can give unacceptable physics (e.g.
rapid proton decay) [5]. One way to avoid this problem is to completely eliminate
these terms altogether (however, this is not necessary to obtain aééeptable physics
[6]). In the MSSM, this is accomplished by ddding a-discrete symrﬁetry to the theory
called R-parity [7] which eliminates the bdryon and lepton number violating terms.
The R-parity of a state is related to its spin (S), baryon number (B) and lepton
number (L) by
‘ Rp — (_1)2S+SB+L : | (3)

so that the usual (known particles) have R, =1 (even R-parity) and their superpart-
ners have R, = —1 (odd R-parity). The dependence of R on B and L guarbantees
that R,-conserving interactions conserve B and L. The baryon and lepton number
violating terms in Eq. 2 are thereby eliminated.

The introduction of R-parity has important phenomenological implications.
With R-parity conservation, the superpartners can only. be pair produced and any.
of their decay producfs have to contain‘an odd number of SUSY particles. Further-
more, the lightest SUSY particle (LSP) then has to be stable since it has no R-parity
conserving decay channels. -

If SUSY were an exact symmetry, than all the particles in a supermultiplet
would have the same mass. Since none of the superpartners of the known particles
have ever been observed, SUSY must be a broken symmetry if it is an actual sym-
metry of nature. The mechanism for SUSY breaking is not known and more will be

said about various models of SUSY breaking in the next section. In the MSSM, we



parametrize our ignorance by including terms that explicitly violate supersymmetry.
These terms involve the scalar members of the chiral superfields and the gaugino
members of the Vectdr superfields. We do not include any terms that would rein-
“troduce quadratic divergences into the theory and call these terms “soft” to indicate
this: the p'resence of such SUSY b.reaking’ terms do not affect the relations among the
various couplings present in the theory. The restriction that these terms be soft sets
their dimension to be less than four. Thus the possible soft terms are mass terms, -
bilinear miXing terms and trilinear scalar mixing terms. The complete set (for one

generation) of soft SUSY terms which respect the gauge symmetry and R-parity are -

8]

~Loots = mE|H|* + m2|Hz> + Buei;(HiHj + h.c.)
+ MR (U} bz, + dydr) + MEiyin + Mpdydr
+ME(&ér + Vi) + MEiERén

L

2

Feij( MA@ Hfig + Mg AsQ  Hiby + N\ AL HIES) . (4)

N 1 =4~ 1 —an
+SMBB + MW W+ M35

Arbitrary masses for the scalars and gauginos have been introduced. These break the
degeneracy between the particles and their superpartners. Trilinear (A) terms have -
also been introduced here. Non-zero A terms cause the scalar partners of the left
and right handed fermions to mix when the Higgs bosons get vacuum expectation
values. This is especially significant for the third generation fermions. A subscript 1
is typically used to denote the lighter of a sfermion pair, and a subscript 2 is typically
used to denote the more massivé one. |

There is also significant mixing between the gauginos and Higgsihos. There
are two charged Higgsinos, h*. Each of these have the same conserved quantum
numbers as the correspondingly charged wino. Since they have the same quantum
numbers, they can mix to form mass eigenstates which are called charginos. They
are denoted by xi and xi where x¥ is taken to be the less massive of the two. In the

neutral fermion sector, the B and the W? can mix with the neutral fermion partners



of the Higgs bosons, h? and hY. The corresponding mass eigenstates are known as

neutralinos and are denoted by x? where i = 1, 2, 3, or 4 in order of increasing mass.
Communicating Supersymmetry Breaking

If supersymmetry were an exact symmetry, then all the supersymmetric par-
ticles would have the same masses as their supersymmetric partners. Since none of
the supersymmetric partners of the known particles have ever been observed, SUSY
must be a broke.n'symmetry (if it is an actual symmetry of nature). It turns out that
the phenomenology of SUSY theories depends to a great extent on the nature of the
supersymmetry breaking. We would like to break SUSY spontaneously, but there is
a potential problem with this. If the mechanism for SUSY breaking is coupled too

closely to the SM spectrum, then that spectrum would have to obey the sum rule:
STrM? =0 (5)
where the supertrace, STr, is defined by
STrM? = > (2 + 1)(-1)> M3, (6)
. J

with the sum over the states in a given supermultiplet [9]. This implies that some of
the superpartners must be lighter than their superpartners. Since none of the scalar
partners of the SM fermions have been detected, this is a problem. There is a way
out of this problem, however, in that STr/M? = 0 holds only at tree level and only for
renormalizable theories. So what could happen is that SUSY is broken dynamically,
but in some sector which couples to SM particles and their superpartners via loops
or non-renormalizable operators. These theories of SUSY breaking typically involve
a “hidden sector” within which the SUSY breakiﬁg occurs. The sector that includes
- the SM particles and their superpartners is called thé “visible sector”. The fields that
are responsible for communicating the SUSY breaking to the visible sector comprise
the “messenger sector”.

The question now arises as to what form the messenger sector takes. There

are two commonly considered forms. The first is supergravity (SUGRA) where local



SUSY mixes the hidden and visible sectors through gravitational interactions. The -
mixing terms, being non-renormalizable, suppress the scale of SUSY breaking in the

visible sector from the scale of SUSY breaking, v/F, in the hidden sector:

F
< VF. 7
Mplanck ( )

The sparticle spectrum is determined by five input parameters at the SUGRA or
unification scale. Four of these are concerned with the soft terms: there is a common
scalar mass mg, a common gaugino mass M/;, a common A-term Ag, and B. The
last parameter is u from the superpotential.

The other commonly considered theories of communicating SUSY breaking are
gauge mediated supersymmetfy breaking (GMSB) theories. The defining character-
istic of GMSB theories is that the SUSY breaking is communicated to the visible
sector through gauge interactions. The messenger sector is composed of some set
of superfields with SM couplings‘ but which are not part of the MSSM spectrum.
Since the fermionic components of the f_nessénger fields must be heavy and not con-
tribute to the SM anomalies, they are taken to be vectorlike with respect to the SM
gauge interactions. Moreover, to keep the coupling constant unification for which
the MSSM is famous, the messenger sector is frequently taken to be composed of
complete multiplets of some GUT group. |

Since the messenger fields are charged under the SM gauge groups, the gauginos
and scalar fields of the MSSM obtain their soft masses through loops of the messenger
fields. The visible sector gauginos receive masses at the one loop level and their masses
at the messenger scale satisfy

- (M) cosh (8)
where A is the effective scale of SUSY breaking in the visible sector and o = g is
the coupling constant for the appropriate gauge interaction. The scalar fields obtain

their masses at two loops giving the following approximate proportionality:
m?(M) o< o?A? (9)

where ¢ is the largest coupling that contributes to the mass. We note that since the

gaugino masses arise at one loop and the squared scalar masses arise at two loops,



the gaugino and scalar masses scale in ;. Thus there is a hierarchy in the sparticle
masses with the gluinos and squarks being much more massive than the slepton and
EW gauginos.

The phenomenology of a SUSY model depends to a great extent on which
SUSY sparticles are lowest in mass. This is especially true if R-parity is conserved.
In GMSB models, the lightest supersymmétric particle (LSP) is the gravitino (in
SUGRA theories the LSP is usually the lightest ﬁe'utralino). Given the hierarchy
of sparticle masses, the next to lightest supersymmetric‘particle (NLSP) can be the
lightest neutralino or the lighter stau (71). The collider signals for GMSB depend
critically on which is the NLSP. “

Scope of this Work

In this work we consider the phenomenology of various supersymmetric models.
First, we consider the phenomenology of the Higgs sector of the MSSM. As discussed
above, the MSSM has two Higgs doublets.  Of the eight scalar degrees of freedom,
three are absorbed to give mass to the gauge bosons. This leaves five physical Higgs
bosons which includes a charged pair (H i‘). If this charged Higgs boson is light
enough, then it provides for a decay mode of the top quark beyond the usual SM
decay t - W+b. We study how this additional decay mode for the top quark affects
the signatures for top quark production at the Fermilab Tevatron collider.

In the rest of this work, we then consider the phenomenology of models beyond
the MSSM. In particular, We. consider what the signatures could be for gauge mediated
supersymmetry breaking models. In GMSB models, the lighter stau is frequently less
massive than the lightest neutralino. When this is the case, the decay chains of
the supersymmetric parficles will typically involve the 7;. The decay of the 7; then
produces a 7 lepton; thus 7 lepton production couvld be an important part of the
signal for SUSY production in the context of GMSB models. We study the feasibility
of such signatures at Run II of the Tevatron.

The gauge group of the SM and the MSSM is rather ad-hoc. The possibility

exists that the low energy weak interactions could be part of a larger gauge group. In
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particular, this larger gauge group could be left-right symmetric, and the left-handed
nature of the low energy weak interactions could be due to spontaneou.s symmetry
breaking. We consider the phenomenology of such a supersymmetric left-right model
in the context of GMSB. The Higgs sector of this model possesses doubly charged
particles some of which could be light enough to be produced at the Tevatron. We
will find that 7 lepton production provides aﬁ even larger signal here than in GMSB
models with mi.ﬁimal particle content. In addition, angular distributions between the
highest Er T-jets can be used to distinguish this left-right model from other models
with signatures ‘involving T leptons.

The analyses done in this work involve performing Monte Carlo simulations
of the production and decays of particles at hadronic colliders (in particular, the
Fermilab Tevatron collider). Some of the details of the code for the program that was
used to perform the simulations can be found in the appendix. The CTEQ3M parton

distributions were used [10].



CHAPTER II

CHARGED HIGGS BOSONS
Introduction

Extended Higgs sectors are a commonly considered extension of the SM. This is
particularly true for supersymmetric theories where more than one Higgs multiplet is
required for anomaly cancellation and ﬁo give masses to both up-type and down-type
quarks. The MSSM takes the minimal Higgs structure of two Higgs doublets [11].

As mentioned in chapter I, the most general superpotential for this model which -

conserves baryon and lepton number is
W = el + Mo QR0 + Ap QP E D + AL FF B (10)

where the last three terms govern the interactions of the Higgs bosons with fermions.
The scalar potential, V, is then formed from the “F” terms of this superpotential
and the “D” terms of the gauge invariant kinetic energy terms in the action. Any
dimension four terms in the scalar potential must respect the supersymmetry in order
to prevent the reintroduction of quadratic divergences into the theory. Including all
possible soft supersyﬁlmetry breaking terms, the scalar potential for the Higgs sector
takes the form
V= SqIH B — 2(H HY)(HE ) + (H Hi)?

ik TT1 1 Tk It ik TT1
+(H; H2)2] + 59,2([{2 H, — H; Hl)2 (11)
+plP(HY"H + Hy Hj) + Vioss

where

Viots = m2(H* HY) + m2(Hi* Hi) + (Bue;; H H} + h.c.) (12)

11
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are soft breaking terms. Here ¢;3 = 1. The parameters m;, m, and B have dimensions
of mass.

The Higgs doublet fields H 1 and H, acquire vacuum expectation values (vevs)

my=| " wmy={ " | 13
0 v
We may choose the phases for the Higgs doublet fields so that v; and v, are real and
non-negative. We define tan 8 = vy/v; with 0 < 8 < w/2. The phenomenology of the
Higgs sector depends to a great extent on the value of taﬁ G.

We are now in a position to explore the Higgs spectrum. Of the eight degrees -
of freedom of the complex Higgs doublets, three are absqrbed to give masses to the
W and Z bosons. This leaves five physical Higgs bosons: three neutral (h°, H?,
and A°%) and a charged pair (H *). If the charged Higgs boson is light enough, then
it is possible that the top quark has a nonstandard decay mode into these bosons.
If this is the case, then fhe signatures for top quark events at colliders such as the
Fermilab Tevatron would differ from the SM expectation. Thus, the charged Higgs
boson will either be detected through top quark decay or some bound will be placed
on its mass through its nondetection. Note thaf in a simple nonsupersymmetric two
Higgs doublet extension of the Standard Model, bounds on the b — sy rate place
limits on the charged Higgs mass above the top quark mass. In a supersymmetric
version of the model, possible cancellations from graphs involving the multitude of
SUSY particles relaxes this bound. Hence, this analysis is performed in the context
of the MSSM.

It has been pointed out that not only are the H* — ¢5 and H* — v, 7 decays
important, but the decay H*t S WHBbis also préséﬁt énd becomes important in the
low tan 3 region for charged Higgs masses above 140 GeV [12]. This can significantly
affect the signature for top quark production by producing an excess of b-jets.

In this chapter, we investigate the signature for top quark production at the
Fermilab Tevatron collider for the case where the charged Higgs boson is light enough
for the top quark to decay into it. We determine the branching ratios for the decays
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into various numbers of jets and leptons as a function of tan 8 and the charged Higgs

mass.
Bounds on Mg+ and tan

Numerous limits have already been placed on the values that the mass of the
charged Higgs boson and tan # can take. One such limit can be obtained from the

following relation which holds at tree level
M = Mo + My (14)

where Mpy+ is the mass of the charged Higgs boson and M. is the mass of the
pseudoscalar Higgs. The current OPAL 95% C.L. limit of M4. > 70 GeV for tan 8 >
1 [13] then implies that My+ > 107 GeV. For such values of tan 3, the one-loop
corrections tend to shift the charged Higgs mass down from its tree-level value by less
than 10 GeV. The size of the total correction decreases with increasing tan 3 [14].
Moreover, limits from the nonobservance of direct pair production of charged Higgs
bosons at LEP (including LEP2) set lower bounds on the charged Higgs mass. At
the 95% confidence level, the DELPHI collaboration sets a lower bound of 56.5 GeV,
ALEPH sets a lower bound of 52 GeV, OPAL sets a lower bound of 56 GeV, and L3
sets a lower bound of 57.5 GeV [15].

Bounds on the values for Mg+ and tan 3 have also been obtained by considering
the charged Higgs contribution to inclusive semi-tauonic B-decays [16]. Recently,
the supersymmetric short-distance QCD corrections have been incorporated into the

analysis. Using the current bounds on the sparticle masses, the bound
tan f < 0.43(Mpy+/GeV) . (15)

at the 20 level for p < 0 is obtained (the p term in the superpotential is taken to be
—uH, Hy). For g > 0 these decays could yield no bound at all [17].

The CDF collaboration at the Tevatron has searched for charged Higgs decays
of the top quark [18]. Recently they have searched for evidence of such decays by

considering hadronic decays of the tau lepton since the charged Higgs decays primarily
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to the tau for tan 3 > 4. Seven events meet their cuts with an expected background
of 7.4 + 2.0 events. A region in the tan8 — Mg+ plane is thereby excluded. In
particular, charged Higgs bosons with My < 147(158) GeV are excluded in the
large tan 8 limit (tan 8 > 100) for a top quark mass of 175 GeV and top production
cross section o;; = 5.0(7.5)pb. Moreover, to maintain consistency with the then
observed top quark cross section of o = 6.873% pb, o,; must increase at higher tan 8
to compensate for the lower branching ratio into the SM mode Br(¢f — WbW?¥). This
excludes more of the parameter space [18].

Similarly, Guchait and Roy have used Tevatron top quark data in the lepton plus
7 channel to obtain a significant limit on the H * mass in the large tan 8 region [19].
They consider the lepton plus multijet channel looking for deviations from the SM
prediction due to the charged Higgs’ preferential coupling to the tau lepton. They
thereby obtain an exclusion area in the tan 8 — Mg+ plane. Quantitatively, they
obtain a mass limit of 100 GeV for tan 8 > 40 increasing to 120 GeV at tan 8 > 50.
Essentially the same analysis was performed by Guasch and Sola but with the MSSM
quantum corrections included [20]. They demonstrated that these corrections have a
substantial impact on the allowed parameter space. In particular, for 4 > 0, these
corrections decrease the cross section for the 7 signal and a light charged Higgs mass

(~ 100 GeV) would be permitted for essentially any (perturbative) value of tan 3.
Production and Decay of Charged Higgs Bosons

We now consider the effects of the charged Higgs boson on the signatures for
top quark production at the Tevatron. If the charged Higgs boson is lighter than
the top quark, then the allowed decay modes for the top quark in the MSSM are
t — bW and t — bHT; there are no other decay modes ignoring intergenerational

mixing. The interactions of the chargéd Higgs bosons with quarks are represented by

the Lagrangidn:

g

— + 77 TT
L= NG |cot UMy Dy, + tan BUMpDg) + h.c. (16)
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where U represents the three generations of up-type quarks and D represents the three
generations of down-type quarks. My and Mp are diagonal up and down quark mass
matrices. We have set the CKM matrix to the identity matrix since we are neglecting
the small intergenerational mixings for our analysis. The widths for the top quark’s

decays are then

PR 2 Af2
g 1 Mb MW
Dt —bW) = —2 51, 2L
t=>W) = ez b ) |
| ME(M] + M7) + (M? — MP)? — 2M | (17)
2 2 Af2 .
. g 1 Mb »MH
I'(¢ bH) = —2— )2 b 7H
e TN ARG VAR VR e

(M2 cot? 8 + M tan® B)(M? + ME — M) + 4MZ2MZ|  (18)

- where A(z,y,2) = 22+ y*+ 22 — 22y — 222 — 2yz. The branching fraction for ¢ — bH™*
is large (>10%) for tan 3 <1 and tan 3 > %Z

The charged Higgs decays, in turn, into the standard fermions. Its coupling to
the fermions increases with their mass, so the primary decay modes to consider for
the charged Higgs are HT — ¢s and Ht — v, 7. The widths for these decays are

: ’ 3g2 M2 M2

T(HY 5 5) = ——o A%, =% =
(H" =) = moon Cap g
(M2 tan? B + M2 cot? B)(ME — M2 — M2) — AM?M?| (19)
2
T(HY = v,7) = —2—— (M% ~ M*)?M? tan®f3 . 20

In addition to these two-body decay modes, fhe three-body decay Ht — bbW is also
important when tan 3 < 1 and My+ 2 120 GeV [12]. This decay is mediated by an
off-shell top quark and is important due to the large value of the top quark’s mass.
As Eq. (16) shows, the coupling of the top quark to the charge‘d Higgs boson increases
with decreasing tan 8. The coupling is large enough at tan 8 ~ 1 to overcome the
extra suppression factors due to the gauge coupling of the W as well as the three-
body phase space. As the charged Higgs’ mass increases above 130 GeV, the off-shell
propagator suppression factor is overcome.

For tan 8 < 0.7, the decay HY — ¢3 dominates for values of the charged Higgs
mass below 130 GeV otherwise the 3-body decay mode dominates. On the other hand,
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for large tan 3, the decay H* — v, 7 dominates. The branching ratio for H* — v, 7

is essentially unity for tan 8 > 3.
Analysis and Results

In this analysié we study the possible Tevatron signatures for charged Higgs
-production through top quark decay in the context of the MSSM. In defining the
cuts used, we have the following two angles: § which is the polar angle with respect
to the proton beam axis and ¢ which is the azimuthal angle measured in the plane
transverse to thi“s axis. The transverse momentum is then defined as pr E psin @ and
the transverse energy is defined as Er = E'sinf. The cuts employed are that final
state charged leptons (electrons and muons) must have a pr greater than 20 GeV
and a pseudorapidity, 7 = —In(tan £), of magnitude less than 1. Jets must have an
Er > 15GeV and || < 2. In addition, hadronic final states within a cone size of
AR = \/(Aqﬁ)z‘—l- (An)? = 0.4 are merged to a single jet. The signature here for the

hadronic decay of the T lepton is to a single thin jet and we assume this is always true.
Leptons within this cone radius of a jet are discounted. -Throughout this analysis,
the mass of the top quark is taken to be 175 GeV in accordance with current CDF
and DO collaboration measurements [21]. The simulations are performed using Monte
Carlo techniques. . |

There are several possible final states available for top pair production. With
the two decay péssibilities of t - Wb and t — H™b, there can be up to two b-jets
at high tan g (taﬁﬂ > 5) or up'to six b-jets at low tanﬂ. For the W decay channel,
which is the only decay channel available to the top quark in the SM, the W bosons
can decay to as many as two jets each or they can each decay leptonically. Thus in
the SM case, one can expect after implementing the cuts any number of jets up to
~ six and any number of charged leptons up to two. Introducing the possibility of the
top quark decaying via the charged Higgs boson changes the branching ratios for the
various decay channels. As stated in the previous section, for tan 8 > 3 the charged
Higgs boson decays into the 7 lepton with a branching ratio (BR) that is essentially
unity. With the hadronic decay of the T to a thin jet, there should be a depletion
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Figure 1. Branching ratios for the two jets and two leptons mode in top quark pair
production at the Tevatron. The horizontal dashed lines give the SM
expectation.

in the number of events with large numbers of jets. As tan falls below five, on
the other hand, the phenomenolo’gyb depends to a great extent on the value of the
charged Higgs mass and is very sensitive to the value of tan 8. With decreasing tan 3,
H* — ¢35 becomes more and more important. As tan 8 gets to values around one,
however, the three-body decay Ht — bbW dominates for Mp+ > 130 GeV.

Events that contain leptons are distinctive. This is particularly true for final
states containing two or more leptons. While the production rates for these dilepton
modes are rather small, their disti’n_ctive‘ signature allows for a good separation from
background. Thus the two jets and two leptons mode, which has the largest branching
ratio of the dilepton modes, could be useful for charged Higgs detection after a long
collider run. Fig. 1 gives the branching ratios versus charged Higgs mass for the
two jets dilepton mode. Each curve represents a different value for tan B. Fig. 1(a)
gives the branching ratios for tan 8 < 3, while Fig. 1(b) gives the BRs for tan 8 > 5.
As expected, the curves for the various allowed values of tan 8 all lie below the SM
expectation. Thus if the decay t — H™b is allowed, there will be a depletion of events

for this mode which already has a small branching ratio for the SM case.
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The two jets dilepton mode occurs when the decays of the W* or HE from each
top quark leads directly or indirectly (from decays to 7 leptons) to either an e or a
p. As tan B increases beyond approximately seven, the branching ratio for ¢ — bH™*
increases. For thesé values of tan (3, the predominant decay mode of the charged
Higgs boson is Ht — 7uv,. There is less energy available for the electrons and muons
from 7 decays than in W 'deCays since the electrons and muons from the subsequent
7 decays occur further along the decay chain than those from direct W decay. So
the electrons and muoris from tau decays ténd to be relatively soft and less likely to
meet the pr cuts. Thus as tan 8 increases (and so as the BR for t — H*b increases),
the branching ratio for the two jets dilepton decay mode gets smaller. The branching
ratios for this mode increase to the SM value as Mp+ increases towards 170 GeV and
the phase space available for the charged Higgs decay of the top quark goes to zero.

The depletion in the number of dilepton events with two jets is considerable
for low values of tan 3 as well. For tan = 1, Fig. 1(a) shows that the branching
ratio for this mode decreases rapidly as the charged Higgs mass decreasies. This is
" due to the fact that as tan 8 falls below approximately 6, the branching ratio for
t — H™b increases. Moreover, as tan S falls below three, the branching ratio for
H* — Tv, decreases and one of the hadronic decay modes can dominate. For values
of Mp+ <130 GeV, H* — ¢5 is the dominant decay mode for the charged Higgs and
the decrease in dilepton events is due to a general lack in the production of leptons.
For My= > 130GeV, on the other hand, H* — bbW dominates. The electrons
and muons from the subsequent W decays tend to be quite soft and are frequently
eliminated by the pr cuts.

The single lepton decay modes have the advantage that they are produced at a
greater rate than the dilepton modes while retaining some of the distinctiveness that
lepton modes offer. Some of these modes are not available in the Standard Model.
These particular modes are shown in Fig. 2. Fig. 2(a) is for the six jets and one
charged lepton case, while Fig. 2(b) is for the five jets and one charged lepton case.
These modes occur due to the three-body decay H* — bbW which has an appreciable
decay width only for tan 3 < 1. We see from the two figures that the branching ratios
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Figure 2. Branching ratios for the 1 charged lepton modes with large numbers of jets
that are not present in the Standard Model.

increase with increasing My+ and reach a peak at Mg+ ~ 140GeV. This is due
to the increase in the H+ — bbW branching ratio as the exchanged top quark gets
closer to being on-shell and the propagator suppression decreases. As the charged
Higgs mass increases further beyond 140 GeV, the branching ratios decrease sharply
due to the decrease in the t -+ H *h branching ratio as the phase space for this decay
decreases. '

Fig. 3 gives the branching ratios for the four jets and one lepton mode. Two
of the jets in this mode aré usually b-jets coming from the decay of the top quarks.
This leaves two ways in which we can obtain a total of four jets and one charged
lepton. The first way is for both of the top quarks to decay via W bosons with
one W decaying hadronically and the other leptonically. The other way is for one
of the top quarks to decay via the W which subsequently decays hadronically and
the other decaying via the charged Higgs which decays indirectly to an electron or
muon through the 7 lepton. Other possibilities would involve the subsequent hadronic
decays of the 7 leptons from charged Higgs decays, but these cannot contribute to this
mode as they typically lead to only one jet instead of the required two. Since only a

subset of the possible top decays can give rise to the four jets and one charged lepton
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Figure 3. Branching ratios for the 4 jets and 1 charged lepton mode. The horizontal
dashed line gives the SM expectation.

mode, there will be a decrease in the number of events in this mode relative to the
SM. This decrease is made more pronounced by the relative softness of the electrons
and muons coming from the charged Higgs decay chain which tends to eliminate them
when the pr cuts are applied. As tan 3 increases beyond 5, the branching ratio for this
mode decreases because of the increase in charged Higgs production. The minimum
deviation from the SM océurs for tan 3 ~ 6 — 7 as this is wheré the minimum in the
branching ratio for ¢ -+ H*b occurs.

We now consider the case for tan 8 < 5. For tan 8 = 3, charged Higgs pro-
duction increases somewhat from tan 8 = 5, but the branching ratio for H* — 71,
remains close to one. As a result, we get slightly fewer events for this mode compared
to the tan 8 = 5 case. Fig. 3(a) shows that as tan 3 falls below 2, the branching ratios
drop substantially Below that of the SM. For tan 8 < 1 and My+ < 130 GeV, this is |
due to ‘a depletion in leptonic events as the branching ratio for Ht — ¢3 increases.
For tan 3 < 1 and Myz+ > 130 GeV, on the other hand, events that have more than
four jets are frequently produced due to the decay H* — bbW.

The three jets and single lepton mode, the branching ratios of which are given in
Fig. 4, shows rather different behavior. In the tan 8 > 2 region, the branching ratios

for this mode are all above the SM expectation. These tend to increase with increasing
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tan 8. These features can be qualitatively understood as follows. Two of the jets are
almost always b-jets coming from the decays of the top quarks. The remaining one
jet and one lepton must come from the decays of the W and the charged Higgs boson.
For tan 8 > 5, the branching ratio before cuts for obtaining one jet (indirectly from 7
decay) and one e or u (directly or indirectly from 7 decay) from WW, WH and HH
are 0.18, 0.19 and 0.22, respectively. Thus, charged Higgs production naturally gives
rise to branching ratios for the 3 jets and 1 charged lepton mode that are larger than
the SM case. There are also other contributing factors for this increase. We have
seen that the branching ratios for the four jets and one charged lepton case tend to
be below the SM value. The events that would have had four jets but failed to meet
the isolation cuts for two of the jets could be taken as a three jets with one charged
lepton event. Finally, the branching ratios foi‘ the three jets with one charged lepton
mode increase as tan (§ increases due to the corresponding increase in the branching
ratio for the decay ¢ — H*b.

For the low tan 8 region (tanf < 1),. the branching ratios for the three jets
with one charged lepton mode tend to fall below the SM expectation. This is due
to the general decrease in events containing leptons as tan 3 falls below four and the

branching ratios for H* — ¢5 and Ht — bbW increase. For example, for tan 3 ~ 6
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and Mg+ = 110GeV, HT — ¢35 is the dominant decay mode with a BR of 69%, while
for tan 8 ~ 6 and My+ = 140GeV, H + — BbW is the dominant decay mode with a
BR of 73%.

The branching ratios for the two jets with one lepton mode are given in Fig. 5.
Fig. 5(a) shows that the values of the branching ratios are larger than the SM case
for tan B 2 3 and increase with tan 8. In this mode, two of the jets are typically the
b-jets coming from the decays of t and . The main process generating the two jets
with one lepton events is then for both the W and charged Higgs bosons to decay
leptonically with one of the charged leptons (typically from the charged Higgs) failing
to meet the cuts. For tan 8 > 3, the leptonic branching ratios for WW, W H and HH
decays are 0.07, 0.18 and 0.12, respectively. Thus, charged Higgs production gives
rise to branching ratios for this mode that are larger than the SM expectation. As
tan @ increases, the branching ratios increase due to the increasing branching ratio
for ¢ —+ H*b. For tan 3 = 3, H* production increases slightly from tan 8 = 5, but
the branching ratio for H* — 7v, is still close to one. As a result, the branching
ratio for the two jets with one charged lepton mode is somewhat larger than for the

tan B = 5 case. The tan8 < 1 curve lies below the SM case due to a decrease in
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 leptonic events and an increase in the number of jets since H* — ¢5 and Ht — bW
are the dominant decay modes forvthe chargéd Higgs.

Events with purely hadronic final states are less useful due to the fact that they
are harder to separate from the background at hadronic colliders. Nevertheless, these
events can still be a source of interesting information on charged Higgs decays of the
top quark. There are twd modésvhere that are not present in the SM. These are the
eight jets mode, the branching ratios for which are shown in Fig. 6(a), and the seven
jets mode, the branching ratios for which are given in Fig. 6(b). These modes are
due entirely to the H* — BbW decay of the charged Higgs ana are therefore only
present for tan 8 < 1. For these values of tan 3, the branching ratios for the eight and
seven jets modes increase with increasing Mg+ to reach a peak at My+ ~ 140 GeV.
For higher values of Mg+, the branching ratio goes down because of a decrease in
BR(t — H*b) due to kinematic suppression. Fig. 7 shows the six jets case. For
tan 8 R 1, the branching ratios tend to fall below the SM expectation and is due to
the general decrease in jets from the 7 decay of the charged Higgs. For lower values of

tan 3, there is an increase in the number of jets due to the Ht — bbW decay. Fig. 8

gives the branching ratios for the five jets mode, Fig. 9 gives the branching ratios for
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the four jets mode and Fig. 10 gives the branching ratios for the three jets mode. The
branching ratios for the 2 jets mode are given in Fig. 11. For tan 8 X 2, the branching
ratios are all above the SM case and increase with increasing tan 8 and increasing
My+. Thus, a significant enhancement in dijet production where both jets are high
Ep b-tagged jets. could be an interesting signal for charged Higgs production. For
- tan @ < 0.8, the branching ratios tend to fall below the SM value due to the increase
in the number of jets due to tkhe decay H* s BBWY.

The CDF collaboration has performed a search for new particies (“X”) decaying
into bb produced in association with W bosons decaying into electrons or muons [22].
Specifically, they selected events that contain an electron or muon and two jets, at
least one of which is b-tagged. Their main motivation was to look for W + SM Higgs
events, but presumably the acceptances are roughly the same for the W + charged
Higgé production. We can obtain events with this signature when one top quark
decay to a W which then decays leptonically and the other top quark decays to a
charged Higgs which then decays to a tau whose decay products fail to satisfy the
cuts. This would leave us with two b-jets and a charged lepton. The branching ratios

for such events are depicted in Fig. 12. As the graph demonstrates, the branching
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ratio for this decay mode increases dramatically as Mpy+ decreases and the rate of
top quark decay via the charged Higgs increases. For example, with Mpy+ = 110 GeV
and tan 3 = 55, the branching ratio for this mode is 4.5%. The Standard Model
expectation is about 3.7%, so we expect an excess cross section for this mode of about
0.06 pb assuming o4z = 7.5 pb. Using the mean value of the top quark pair production
cross section reported by CDF,‘ o = 1.5pb, ‘this means that the production cross
section for this mode is about 0.34 pb. The CDF results set a 95% C.L. upper limit
on owx - B(X — bg) of 20pb for My = 110GeV. Factoring in the W‘decay rate
to €’s and p’s givés a2 b-jets and 1 lepton cross section limit of about 5pb. Thus
the CDF results do not impose any real restriction on the charged Higgs decays of
the top quark. As the total integrated luminosity increases for runs at the upgraded
Tevatron, the charged Higgs signal may be observable in this mode. The absence of

this signal will exclude some region of the My+-tan § parameter space.
Conclusion

If the charged Higgs boson is light enough, it can provide an additional decay
channel for the top quark. It can thereby potentially be detected at the Tevatron
through top quark pair production. The presence of this charged Higgs production
at the Tevatron would manifest itself through a chahge in the branching ratios for
the various final states available to top quark pair production. Indeed, we have
seen that the inclusion of the decay ¢ — H*b leads to an overall decrease in the
production of high pr electrons and muons. In particular, the branching ratios for
the two jets dilepton mode and the four jets with a charged lepton mode (both of
which are important low background channels for investigating top quark production)
are decreased. For values of tan 3 below about one, there are final states available
to top quark pair production that are not available to the Standard Model. This is
due to the three-body decay H* — bbW. Among the possible final states are the low
background modes that contain a charged lepton with five or six jets (up to four of

which can be b-tagged jets).
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Current CDF data on the two b-jets and one charged lepton channel do not
pose any real restriction on the charged Higgs decays of the top quark. On the other
hand, data from an upgraded Tevatron could potentially detect the charged Higgs
boson in this mode or rule out some significant portion of the Myz-tan § parameter

space.



CHAPTER III

TAU SIGNALS FOR GAUGE MEDIATED SUSY
BREAKING

Introduction

The expected phenomenology for SUSY production at colliders depends to a
great extent on the assumed nature of supersymmetry breaking. Searches for SUSY
have mostly been inspired by gravity mediated SUSY breaking theories, in particular
by minimal supergravity. In these theories, the lightest neutralino is usually the
lightest suspersymmetric particle. If R-parity is conserved, the LSP is stable and
the decay chains of all other SUSY particles must eventually produce it. The LSP
leaves the detector undetected thereby making large missing transverse energy (fr)
an important part of the signature for SUSY. In spite of extensive experimental
searches, so far no experimental evidence for SUSY has been found at the Tevatron
[23] or at LEP [24] except for one possible et e~y plus f7 event at the Tevatron [25].

Recently, gauge mediated SUSY breaking models have become very popular
[26-28]. In GMSB theories, the gravitino (G) is the LSP and typically has a mass
on the order of an eV. The coupling of the sparticles to the gravitino is rather
weak. As a consequence, the decay chains of the sparticles will generally lead to the
next to lightest supersymmetric particle which then decays to the gravitino. Thus
the phenomenology of the model depends to a great extent on which particle is the
NLSP. In minimal GMSB models, the NLSP is usually either the lightest neutralino
or the lighter stau. Most phenomenological studies and experimental searches that
have used GMSB as a framework have taken the next to lightest SUSY particle to
be the lightest neutralino. When this is the case, the x? decays to a photon and a
gravitino. If this decay takes place within the detector, the signal involves high pr

30
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photons accompanied by large Fr [29]. For much of the parameter space, however,
the lighter of the two staus is the NLSP. In this case, the decays of SUSY particles
produce the 7; which subsequently decays to a 7 lepton and a gravitino. If the 7;
decays occur within the detector, signatures for SUSY production will then generally
include 7 leptons from the 7; decays and Fr due to the stable gravitinos and neutrinos
leaving the detector. .

It was proposed [30] that GMSB models where the 7; is the NLSP can lead to
unusual and distinguishing signatures for gaugiﬁo production. The subsequent decays
involve multiple high pr 7 leptons and possibly substantial Zr. The purpose of this
chapter is to analyze in detail the signals for these decay modes at the Tevatron. In
particular, we seek to determine the production rates for various distinguishing final

states, the Er spectrum of the 7 jets and the Fr distribution for the events.
Mass Spectrum and Production Mechanisms

Since the observed signal depends on the masses of the sparticles, we first begin
by describing the model and the corresponding mass spectrum. In our model, the
messenger sector consists of some number of multiplets that are 5+ 5 representations
of SU(5). They couple to a chiral superfield S in the hidden sector whose scalar
component has a vacuum expectation value (VEV) (s) and whose ‘auxiliary compo-
nent has a VEV (F,). By imposing the requirement that the electroweak symmetry
is broken radiatively, the particle spectrum and the mixing angles depend on five
parameters: M, A, n, tan 8 and the sign of p.- M is the messenger scale. A is equal
to <Fs)/<s) and is related to the SUSY breaking scale. The parameter n is dictated
by the choice of thé vector-like messénger sector and can take the values 1, 2, 3, or 4
to satisfy the perturbative unification constraint. The paraﬁleter tan 8 1s the ratio of
the Higgs doublet VEVs as defined in chapter II. The parameter yu is the coefficient
in the bilinear term, pH, Hy, in the superpotential. Constraints coming from b — s
strongly favor negative values for 4 [31] and, in the cases considered here, yu is taken

to be negative. Demanding that the EW symmetry be broken radiatively fixes the
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magnitude of 4 and the parameter B (from the BpH, H; term in the scalar potential)
in terms of the other parameters of the theory.

The soft SUSY breaking gaugino and scalar masses at the messenger scale are

given by [26,32]
~ A o(M
= nal— a(M) A

V(M) = mg(3) S 21)

and ' v
th(Mb_2nf ch ( ( )) A? (22)
: i=1

where the a; are the three SM gauge couphngs and k; = 1, 1 and 3/5 for SU(3), SU(2),
and U(1), respectively. ‘The C; are zero for gauge singlets and are 4/3, 3/4 and (Y /2)*
for the fundamental representations of SU(3), SU(2) and U(1), respectively (with Y
given by @ = I3+ Y/2). g(z) and f(z) are messenger scale threshold functions. We
calculate the sparticle masses at the scale M using Eqgs. (21) and (22) and run these
to the electroweak scale using the appropriate renormalization group equations [33].
The decay chains and hence the signatures for the events depend on the particles
initially produced as well as the hierarchy of the masses. Since SUSY breaking is
communicated to the visible sector by gauge interactions, the mass differences between
the superparticles depend on the their gauge interactions. This creates a hierarchy
in mass between the electroweak and strongly interacting sparticles. Eq.(21) shows
that the gluino is more massive than the EW charginos and neutfalinos, while Eq. (22)
shows that squarks are considerably more massive than sleptons. Given this hierarchy
of sparticle masses and the curterit lower bQunds on squark and gluino masses, the
production of strongly interacting: Sparticleé is probably not a viable search modes for
SUSY at the Tevatron Run II. A mdi‘e likely mechanism for producing SUSY particles
is via EW gaugino production. At the Tevatron, chargino pair (x{x7) production
takes place through s-channel Z and v exchange and Y9 xf production is through
s-channel W exchange. Squark exchange via the t-channel also contributes to both
processes, but the contributions are expected to be negligible since the squark masses
are large in GMSB models. The production of x¢ x5 is suppressed due to the smallness
of the coupling involved. In regions of the parameter space where the production of

charginos and neutralinos is kinematically suppressed, the pair production of sleptons
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(7:'17”'1, fiyfi1 and Zlél) can be important. Their production occurs through s-channel
Z and 7 exchange.
Given the hierarchy of sparticle masses in GMSB models, there are roughly four

possible cases to consider for SUSY production at the Tevatron:
Case 1: my >: Mo 2 M.+ > ma 5, > Mo > ms
Casé '2: my > M,s 2 WMXih > Mo > m‘él,ﬁl > mﬁ
Case 3: Mo 2 Mxii: >mp > ng .>>mé1,ﬁ1 > ms
Case 4: ng-z Mxil: >mp >> Mz, iy >'ng > msz

The three sneutrino masses are nearly the same. The lighter of the selectrons and
smuons are essentially right-handed and have the‘ same mass. Also, for all the pa-
rameter points we considered, xf and x9 are nearly degenerate in mass.

The possible final state configurations at the Tevatron depend on the sparticle
spectrum, but they will have certain aspects in common. Since the 7; is the NLSP,
the various possible decays mod’es will (usually) produce at least two 7 leptons arising
from the decays of the 7’s. In addition, there can also be large 7 due to the stable
gravitinos and neutrinos eséaping detection. ’

A special situation of cases 2 and 3 arise when the lighter selectron and the
lighter smuon are nearly (iegenera,te in mass to the lighter stau. When the mass
difference between the slecfron and the stau is less than twice the mass of the 7
lepton, essentially the only decay. mode for the selectron is & — eG. The lighter
smuon likewise decays via i — ,ué This situation is referred to as the “co-NLSP”

case.
Analysis and Results

We now give a detailed analysis of the possible Tevatron signatures for SUSY
production in the context of GMSB models where the lightest stau is the NLSP. This
analysis is performed in the context of the Main Injector (MI) and TeV33 upgrades
of the Tevatron collider. The center of mass energy is taken to be /s = 2TeV and
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the integrated luminosity is taken to be 2fb~! for the MI upgrade and 30fb~! for the
TeV33 upgrade [34]. The simulations are performed using a computer program that
utilizes Monte Carlo methods.

In performing this analysis, the cuts employed are that final state charged lep-
tons must have pr > 10 GeV and n < 1. Jets must have Er > 10 GeV and |n| < 2. In
addition, hadronic final states within a cone size of AR = \/ (Ag)? + (An)? = 0.4 are

merged to a single jet. Leptons within this cone radius of a jet are discounted. For a
7-jet to be counted as such, it must have [n| < 1. The most energetic 7-jet is required
to have Er > 20 GeV. In addition, a missing transverse energy cut of Er > 30 GeV
is imposed. '

We consider several examples with different input parameters. In our analysis,
we restrict ourseives to those regions of the parameter space where the 7; decays
promptly to a 7 and a gravitino. The parameter space is also restricted to those

regions where mz 2, 70 GeV since LEP-2 results place the bound ms > 72 GeV [35].

A Stau NLSP Case with n = 2

In this section we do the analysis for points along the line defined by the pa-
rameter values M/A = 3, n =2 and tan§ = 15. We vary A from 35 TeV to 85TeV.
The masses for the sparticles that are of interest here are given in Fig. 13. Note that
the sneutrino mass is always above that of the lightest chargino and the lightest two
neutralinos. Thus the sneutrinos do not figure into the decay chains of the major
SUSY production mebhanisms. Note that ‘thev lightest neutralino is below the selec-
tron/smuon mass at the lower end of the A scale (A £45TeV). Thus for A £ 45TeV
the mass spectrum is\‘ of type 1. For A % 45TeV, the mass spectrum is of type 2.
In this region of A, there are more decay modes for the varioﬁs particles due to the
increasing masses of all the sparticles as well as the shift in the position of the lightest
neutralino in the mass hierarchy.

The cross sections for these parameters are given in Fig. 14. From the figure,
the cross sections for x 7 and xJ x¥ production dominate for the region where A is

below 65TeV. ‘As A increases, the masses of the gauginos increase significantly and
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hence the cross section falls off. For A % 70 TeV, the production modes 7,7, and
&f & are dominant, but the cross sections tend to be rather low.

The signatures for SUSY production depend on the allowed decay modes of the
sparticles and their branching ratios. The branching ratios for the sparticles of interest
are given in Table III. Since the 7; is the NLSP, it decays via 7, — 7 G. The decays
of the selectron and sinuondepend strongly on the value of A. For A below ~ 45TeV,
the lightest neutralino has a mass below that of i, and &;. As a consequence of this,
the main decay mode of lighter smuon is fir — X2 p, and the main decay mode of the
lightest selectron is & — x3 e. For higher values of A, however, the lightest neutralino
mass increases above that of €, and [i;. Then the only available two-body decay mode
for the lighter smuon is ji; — p @, and the lighter selectron correspondingly decay via
&, — e G. Given the smallness of the coupling involved, though, the possibility exists.
that some three-body decays could be important. Indeed, the neutralino mediated
decays fif — ¢~ 77" and fiy — ¢”77#~ are the important decay modes for these
higher values of A.

Since the lightest neutralino tends to be one of the least massive sparticles, its
only decay modes are x¥ — 7,7 and the decays to fi; and & if xJ is greater in mass
than those sparticles. Since the lightest neutralino is less massive than the selectrons
and smuons for A, the only decay mode is x? — '7~'177. As A increases above 45 TeV,
g1 and €, become increasingly important, although x9 — 7,7 remains the dominant
decay mode.

Since the lightest chargino is mostly wino, it couples mainly to “left-handed”
sfermions. Thus the decay mode x& — # v, is typically important due to the signif-
icant mixing of the left and right handed staus and the lower mass of the 7. This
decay mode is, in fact, essentially the only decay mode for low values of A for the
parameters considered here. Thus with the subsequent decay 7 — 7 @&, there are
typically two 7 leptons produced in x7x] production at these values of A. As A
increases, however, the decay mode x¥ — x2 W becomes available and becomes the

dominant decay mode as A increases above 60 TeV. With the two 7 leptons that
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Table III. Branching ratios of the sparticles of interest for the parameters n = 2,
tan @ = 15-and M/A = 3. The decays of the fi; are obtained by

replacing the e with a ¢ in the €; decays.

A (TeV)

Decay Mode 35 40 50 60 70 8 85

i A 1 1 0.6787 0.5192 0.4440 0.3996 0.3833
o 0w ; 03213 04808 05560 0.6004 0.6167
Xo— AT 05677 0.5965 0.6235 0.3075 0.2137 0.1719 0.1578
Xg—jfup  0.2162 0.2017 0.1660 0.0659 0.0378 0.0256 0.0217
X8 = Gre 0.2162 0.2017 0.1660 0.0659 0.0378 0.0256 0.0217
A0 X0 Z ; - 0.0446 0.0318 0.0251 0.0219 0.0207
goafh - o - 0589 0.6856 07550 0.7780
X o AT 11 08577 0.6542 05659 05215 0.5072
NI - ~ 00711 01729 0.2170 0.2392 0.2464
Lo de - - 0.0711 0.1729 0.2170 0.2392 0.2464
& = xle 1 1 - - § - -

& o erTit - - 05205 0.5287 0.5315 0.5310 0.5298
& s e rti - 04795 0.4697 0.4634 0.4580 0.4554

& — eQ - - - 0.0016 0.0050 0.0110 0.0148
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Figure 15. The Er distributions of the leading 7 jet for the parameters n = 2,

tan 3 =15, M/A = 3 and A = 35TeV.

can be expected from the lightest neutralino decay and the W — 7v, decay, we can
expect up to six 7 leptons from x{y; production at these larger values of A.

There are many decay modes for the second lightest neutralino as Table 111
shows. For low values of A, the dominant decay mode is x — 7,7 at 50 - 60%. The
decays to the other sleptons are also important at 15 - 20%. Thus x§ x2 production
produces three 7 leptons: two from the slepton decays of the neutralino and one from
the decay x& — 7 v, followed by 7 — 7 G. As A increases above 55 TeV, The decay
X5 — X3 h, where h is the Higgs boson, rapidly becomes the dominant decay mode.
The decay x9 — X3 Z is also present, but of relatively little importance.

Given the cuts that we place on the 7-jets, the question arises as to how high we
can expect the Er of the 7-jets to be. Fig. 15 gives the Er distribution of the highest
Ep 7-jet for A = 35 TeV. The pseudorapidity cut of || < 1 on 7-jets has been imposed
in Fig. 15(b). The peak in the distribution occurs at about 25 GeV with a broad tail
that reaches out beyond 120 GeV. Thus the leading 7-jets are relatively hard and
many will pass the transverse energy cut of Er > 20 GeV. The next to highest Ep
7-jet is significantly different as Fig. 16 shows. Here the distribution peaks at a lower
value of about 15 GeV and hardly extends at all beyond 80 GeV. Due to the softness

of the secondary 7-jets, many of the 7-jets will tend to be eliminated by the cuts.
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Table IV. Inclusive tau-jet branching ratios for the dominant production mechanisms
for the parameters n = 2, tan 8 = 15, A = 35TeV and M = 105TeV.

Production Mode - 1 7-jet 2 T-jets 3 7-jets 4 T-jets
xTx7: no cuts 0.4562 0.4200 - -
with cuts 0.2577 0.1084 - -
X?:Xgi no cuts 0.2408 0.4434 0.2723 -
with cuts 0.2558 0.1567 0.0259 -
#F#: no cuts 0.4560 0.4203 - -
with cuts 0.2523 0.0939 - -
&HT: no cuts 0.1128 0.3118 0.3834 0.1766

with cuts 0.2383 0.0778 0.0003 negl.

Also of interest is the Fr distribution. With energetic and stable gravitinos
and neutrinos produced in the decays, it is expected that large missing transverse
energy could be an important part of the signal.  Since the missing transverse en-
ergy is calculated from what is observed, however, the question arises as to whether
significant cancellation occurs due to the many decay products. Fig. 17 gives the
Fr distribution for the case where A = 35TeV. The figure demonstrates that the
Fr distribution is indeed broad with a tail reaching out beyond 120 GeV. The peak
before cuts occurs at about 35 GeV and the peak still occurs at about 35 GeV when
Er/pr and pseudorapidity cuts are applied to the various particlés. Thus a 30 GeV
cut should not be too restrictive. As A is increased, the Fr distribution gets harder
since the gaugino masses get larger as A is increased.

We now consider the specifics of the various final state possibilities. Table IV
gives the inclusive branching ratios for different number of 7-jets for A = 35TeV.
As indicated above, this example always produces two 7 leptons in chargino pair
production. Before cuts the inclusive branching ratio for the two 7-jets mode in
chargino pair production is 42%, while the one 7-jet mode in chargino pair production

is 45.6%. After the cuts specified above, the branching ratios are cut down rather
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Table V. Inclusive tau-jet branching ratios for the dominant production mechanisms

for the parameters n = 2, tan 8 = 15, A = 50TeV and M = 150 TeV.

Production Mode 1 7-jet 2 T-jets 3 T-jets 4 T-jets 5 T-jets

xPxDinocuts 03194 04099 01627  0.0291  0.0027
with cuts 03355 01610 00100  0.0004  negl
YEx: no cuts 0.1969 ~ 03961  0.3060  0.0626  0.0044
with cuts 03234 02238  0.0472  0.0014  negl
#H57: no cuts 0.4561  0.4201 ] ] i
with cuts 0.3345  0.1370 i ; ;
&r6T: no cuts 01130 03119 03833  0.1765 i

with cuts 0.3199 0.1207 0.0023 negl.

Table VI. Inclusive tau-jet branching ratios for the dominant production mechanisms

for the parameters n = 2, tan 8 =15, A = 70 TeV and M = 210 TeV.

Production Mode 1 7-jet 2 T-jets 3 T-jets 4 T-jets 5 7-Jets

xFxT: no cuts 0.2333  0.3821  0.2549  0.0728  0.0078
with cuts 0.3647 02119 00322 00023  negl
xEx3: no cuts 0.1574 0.3455 0.3259 0.1210 0.0202
with cuts © 03419 02334 0.0569  0.0071  0.0008
## : no cuts 0.4561 0.4201 - - -
with cuts 0.3988 0.1711 - - -
&ter: no cuts 0.1165  0.3133 03795  0.1743 ;

with cuts 0.3901 0.1495 0.0013 negl.
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substantially. The one 7-jet BR becomesl 25.8% and the two 7-jet BR is 10.8%. The
situation changes as A increases. This is demonstrated in Tables V and VI which are
for A = 50 and 70 TeV, respectively. We see that there is now the possibility for many
more 7-jets. This is due to the appearance of the decay mode xf — x9 W. With the
decay x9 — 717 followed by 7 —) 7 G along with the decay W — Tv;, there is now
the possibility for p.rodlicing. up to six T-jets. At A = 50 TeV, the BR for three 7-jets
is 16.3%. This is cut down substantially after cuts, however, and the BR becomes
only about 1%. A = 70TeV gives similar results,.although at this point the cross
section for X;F X1 production is low. _ |

Considering x9 xI production, we recall that at A < 45TeV, the decay modes
of X3 are x3 — #17, x3 — fizpu and x3 — &e. With the subsequent decays 71 — 7G
and fi; — p7# along with the corresponding decay of the selectron, the number of 7
leptons from x9 decay is two. With the one 7 lepton from the chargino, we have up
to three T leptons from x3 xT production at these values of A. We see from Table IV
that for A = 35TeV, the bra‘nchiﬁg ratios for inclusive production of three 7-jets is
27.2% before cuts, while for one and two 7-jets the branching ratios are 24% and
44%, respectively. These branching ratios are cut back considerably once the cuts are
included. In particulai', the three T;jets BR is reduced to only 2.6%. As A increases,
the potential exists to create more than three 7-jets due to the new decay modes for
xf and x3. The branching ratios for more than three 7-jets tend to be small after
cufs, however, as Tables V and VI demonstrate.

Slepton production tends to be rather simple since there are relatively few decay
modeé available to the sleptons. This is especially true for production of the lightest
stau as its only significant decay mode is #; — 7 G. Thus for 7} %, production up
to two T-jets are pos31ble As shown in Tables IV, V and VI, the branching ratios
before cuts for the one and two T—JetS modes are 45. 6% and 42%, respectively. After
cuts, these drop down to 25 — 40% and 10 — 17%, respectively. The three-body decay
modes of the lightest selectron and smuon mean that up to four 7-jets are possible
in fif it production and & é; production. The branching ratios for three and four

T-jets in 7 é7 and fif i production are greatly diminished after cuts.



100 4

10

o-BR (fb)

—o— O1jets
—v— 1 1jet
—&— 21jets
—0— 31jets
—a— 4 1jets

44

30

71 v fr Tt v 11 " 7T 77T T T T T T T T 7

40 50 60 70 80
A (TeV)

Figure 18. o« BR before cuts for the inclusive 7-jets modes for the parameters n = 2,

tan =15 and M/A = 3.



45

100 {- -
: —— 1 tjet
—v— 2tjets
—8— 3 1-jets
10 4 —O— 4 1jets s
1 4 o
=)
ik
% 0.1 -
o E
]
0.01 - !
;
0.001 1 3
0.0001 ———— 7T 7T T
30 40 50 60 70 80 90

A (TeV)

Figure 19. o - BR after cuts for the inclusive T-jets modes for the parameters n = 2,

tan@ =15 and M/A = 3.



46

The question now arises as to the observability of these modes at the Tevatron’s
Run II. The cross sections for inclusive 7-jet production before cuts are given in
Fig. 18. All the SUSY production modes considered in this analysis are included.
Events with more than four 7-jets are not included in the figure due to their extremely
low branching ratios. The dominant decay mode is by far the two 7-jets mode. The
one 7-jet and three 7-jets modes é,re also quite large. - |

Of course, the real issue is what the production cross sections are after the cuts
have been imposed. These are given in Fig. 19. The graph shows that after cuts, the
one T-jet mode is dOminanf. The two T-jets mode is of the same order of mavgnitude
and the three T'—jets.mode is not unappreciable. For A = 35TeV, the three 7-jets
rate is 4.7fb. For an integrated luminosity of 2fb~! (approximately what is expected
initially during Run II), this corresponds to ~ 9 observable events. For 30fb™!, the
number of observable events is 141. The 2 T-jets cross sections of 48.1fb gives ~ 96
events for 2fb~! of data and ~ 1440 for 30fb~" of data. As A increases, the numbers
are smaller due to the smaller SUSY production rate. For A = 50 TeV, the expected
number of events for three 7-jets is about 2 for 2fb~! of data and 30 for 30fb~! of
data. The expected number of 2 7-jets events is 16 and 248 for 2fb~! and 30fb~! of
data, respectively. For A = 70 TeV, the expected number of events for two T-jets is 2
and 28 for 2fb~! and 30fb~!, respectively.

The branching ratios for some of thé more interesting individual modes in com-
bined SUSY production are given in Téble VII. The electrons and muons are typically
too soft to pass the cuts. Thus réquiring an e or i to enhance the signal over back-

ground probably will be of little help.

A Stau NLSP Case with n=3

We now consider a case where the ordering of the sparticles masses is quite
different from the previous case. The parameters taken here are n = 3, tan 3 = 15
and M /A = 20. We vary A from 25 to 55 TeV. The masses for these parameters are
given in Fig. 20. We see that the ordering of the masses is of type 3: M,o 2 Mxli >

mg > MX? > mg, s, > Mz . This case is more complicated than the previous one due
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Table VII. Production rates in fb for some of the more interesting final state config-
urations with and without cuts for the parameters n = 2, tan § = 15

‘and M/A = 3.
A =35TeV A =50TeV

o . no cuts cuts - no cuts cuts
1 7-jet | o 51.17 . 3.71
e/p + 1 T-jet - 85.44 11.91 4.98 1.59
1 jet + 1 -jet - 21.58 - 2.36
2 jets + 1 r-jet ] ] ] 2.35
ef/ut 2jets + 1 7jet - _ _ 0.69
2 7-jets 157.3 40.64 9.18 3.91

to the shifting of the sneutrino masses below that of x¥ and x3. As a consequence,
there are many decay modes for % and xJ over the parameter space considered
here. Moreover, fhe lightest selectron and smuon masses are always below that of the
lightest neutralino. The resﬁlt of all this is that the decay chains will generally be
quite involved with many steps for the values of A considered here.

The branching ratios for the sparticles are given in Table VIIL Since the masses
of the lighter selectron and the lighter smuon are always below that of the lightest
neufralino, there are three decay modes available for the values of A considered:
X0 — Fr, XY = e and x? —> éire. The decay to the stau is the dominant decay
mode especially at low values of A. »

There are many potential decay modes for the chargino with these values of
the parameters. Since the sneutrinos are now less massive than the chargino, these
provide three decay modes that were not present in the example of the previous
section: xf — &7, xf — D,p and x¥ — i.e. For the entire range of parameters
considered, these decays to the sneutrinos are always present as well as the decay
x¥ = #v, which is the dominant decay mode for A less than about 50 TeV. As A
increases, the mass difference between the lightest chargino and the lightest neutralino

increases, and the decay xf — x9W becomes kinematically allowed. At A = 55TeV,
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and M/A = 20. x5 and x{ are close in mass, and fi; and €, are nearly
degenerate in mass.
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Table VIII. Branching ratios of some of the sparticles of interest for the parameter
set with n = 3, tan 8 = 15 and M/A = 20.

A (TeV)
Decay Mode % 30 40 50 55
Xi = fr ~ 0.8062 0.6330 0.3514 0.2211 0.1839
XE —2%2}/7 ‘ B - 0.0118 0.0493 0.0643
Xi — éave - - 0.023 0.061 0.074
YE = o1 0.0729 0.1097 0.1379 0.1450 0.1467
YE S e 0.0604  0.0954 0.1253 0.1342 0.1365
xF =W - 0.0666 0.2022 0.1943 0.1832
AT 0.5760 0.5653 0.2894 0.1678 0.1385
CX§ > Far - - 0.0142 0.0432 0.0542
Y2 = Ere 0.1667  0.1335 0.0478 0.0207 0.0151
X3 — Eae - - 0.0240 0.0507 0.0602
X2 = Dry 0.0317  0.0583 0.0760 0.0811 0.0845
X8 = e, 0.0294  0.0547 0.0722 0.07764 0.0810
X2 =+ X3 Z - - 0.0196 0.0136 0.0119
X3 = x2h - - 0.3127 0.3961 0.3983
X = T 07955 0.6011 0.4707 0.4268 0.4150
X? > ére 0.11023 0.1994 0.2646  0.2866 0.2925

€ = e T 0.5563 0.5746 0.5898 0.5960 0.5977
TtET 0.4437 0.4254 0.4102 0.4040 0.4023
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Figure 22. The E7 distributions of the highest Ep 7-jet for the parameters n = 3,
tan 3 = 15, M/A = 20 and A = 25 TeV.

it is as important a decay mode as xf — 7,7;. One other distinguishing characteristic
of this case from the last one is that the heavier selectron and smuon have masses
below that of xf and x9. Thus the decays x = Fovr, Xi = flav, and X — &, are
available and their branching ratios are small, but not unimportant at large A.

For the second lightest neutralino, there are up to eleven main decay modes.
For low values of A, the dominant decay mode is x5 — 7;7. The other slepton
decay modes x5 — €,e and x3 — ji;pu are also important. As A increases, the decay
x5 — x4 h becomes kinematically allowed and rapidly becomes the dominant decay.
The decay modes to the sneutrinos also become more important.

The Er distribution of the highest Ep 7-jet for A = 25 TeV is given in Fig. 22
and the Ep distribution of the secondary 7-jet is given in Fig. 23. The distribution
for the leading 7-jet is quite similar to the previous case, but the secondary 7-jet
spectrum is softer due to more of the 7 leptons coming from further down the decay
chain. The Fr distribution is given in Fig. 24.

We now consider the details of the various final state possibilities. Table IX
gives the inclusive branching ratios for different numbers of 7-jets for A = 25TeV. In
principle, up to six 7 leptons can be produced in x{x; production, but the five and

six 7 lepton branching ratios are small. The most important mode before cuts is the
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Table IX. Inclusive tau-jet branching ratios for the dominant production mechanisms

for the parameters n = 3, tan 8 = 15, A = 25 TeV and M = 500 TeV.

Production Mode 1 7-jet 2 7-jets 3 T-jets 4 T-jets 5 T-jets

xFxT: no cuts 0.3597  0.4040 01110  0.0306  0.0033
with cuts 0233 01138 0.0077  0.0003  negl.
xE x9: no cuts 0.2110  0.4077  0.2912  0.0443  0.0085
with cuts 02452 0.1682 0.0332 0.0010 negl.
FF7ino cuts . 04555 0.4210 - -
with cuts ~ 0.2258  0.0797 ; .
&+er: no cuts 01128  0.3121 03833  0.1764 ;
with cuts 0.1998  0.0779  0.0063  0.0002 ;

two 7-jet mode at 40.4%, but the one and three 7-jets modes are also appreciable.
After implementing the cuts, the braﬁching ratios are greatly decreased: the two 7-jets
branching ratio becomes only 11.4% and the one 7-jet branching ratio becomes 23.4%.
The three 7-jet branching ratio becomes éssentially negligible. The situation changes
as A increases. Table X gives the inclusive 7-jet branching ratios for A = 40 TeV.
The branching ratio for greater numbers of 7-jets are now larger. This is due to the
decrease in the branching ratio for Xj_t — 71, from which one can get only one 7-jet
from the chargino and the incvrease‘ in xi - XiW which can give three 7-jets and
xE o oo Whiéh can also givé three 7-jets. The two 7-jets mode in x§ x7 production is
still dominant at 34.8%, but now the three 7-jets mode is appreciable at 28.6%. After
cuts, the three 7-jets rate drops to 5% and the one 7-jet mode becomes dominant at
30.1%.

Turning now to xJ x5 production, we see from Table IX that at low A, there is
the potential to produce up to five 7-jets (three from Xi — U,7 with the subsequent
decays U, — xJ v, and x§ — 717 and two 7-jets from x5 — 1, ), but the branching
ratios for more than three 7-jets are rather small. As usual the dominant decay

mode is to two 7-jets with a before cuts branching ratio of 40.8%, but the three
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Table X. Inclusive tau-jet branching ratios for the dominant production mechanisms
for the parameters n = 3, tan 8 = 15, A = 40TeV and M = 800 TeV.

Production Mode 1 7-jet ) T-jet 3 T-jets 4 T-jets 5 T-jets

XiXT: no cuts 0.1890  0.3484 02863  0.1155  0.0223
withcuts - 03011 02123 00500  0.0057  0.0003
YEx%: mocuts 01457  0.3342 03301  0.1395  0.0236

- with cuts 02091 02343 0.0672  0.0082  0.0008
FHFTimocuts  0.4556  0.4208 ; ; .
with cuts 0.3396  0.1395 - -
&HEr: no cuts 0128 03121 03833  0.1765 ]
with cuts 03213  0.1270  0.0048  0.0001 ;

T—jets‘ branching ratio is large at 29.1%. After cuts these fall to 16.8% and 3.3%,
respectively. The one 7-jet mode becomes dominant with a branching ratio of 24.5%.
Table X gives the results for A = 40 TeV. The four 7-jets mode has a substantial
decay rate before cuts, but this mode becomes negligible after cuts due to the typical
softness of the fourth 7-jet which is produced further down the decay chain. On the
other hand, the three T-jets branching ratio is now higher at 6.7%.

Slepton production for this case is largely the same as in the previous case.
With #; — 7 G being essentially the only decay mode for the lightest stau, the 7-jet
branching ratios before cuts are completely dictated by the hadronic branching ratio
for the T lepton. For ﬁfﬁl_ and &} & production, up to four 7-jets can be produced,
but after cuts the rates for three and four 7-jets are greatly reduced.

Putting all the pieces together, we can now answer the question as to the prob-
ability of observing these events at Tevatron’s Run I1 and Run ITIL. Fig. 25 shows the
branching ratios for the inclusive 7-jet modes before cuts for all the considered SUSY
production modes combined. The two 7-jets mode is the mode with the largest o-BR,
but the production rates for one and three 7-jets are close to this. After including

cuts, the one 7-jet mode is dominant and the two 7-jets mode is respectably high as
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seen in Fig. 26. For A = 25 TeV, the three 7-jets rate is 5.4fb giving ~ 11 events for
2fb~! of data and ~ 162 events for 30 fb~! of data. The two 7-jet rate of 39.3fb gives
~ 79 and ~ 1180 events, respectively. For the higher A value of 50 TeV, the rates are
cut down significantly. The two 7-jets rate of 1.0fb gives ~ 2 and ~ 30 events for

2fb~1 and 30fb~! of data, respectively.

A Co-NLSP Case

The co-NLSP case refers to whén the mass difference between €; (and fi;) and gl
is less than fhe mass of the T 1epton. When this is the case, the three-body decay mode
€1 — eTTy is not kinematically allowed and the main decay mode for the selectron is
the two-body mode & — e (. The parameters for the example of this case that is
considered here are n = 3, tan § = 3 and M /A = 3. A is varied from 25 to 65 TeV.
The masses of the sparticles of interest are given in Fig. 27. We see that the ordering of
the masses here is a special case of type 3: Mo X M, + > ms > Myo > ma, 5, = ms,.
With this orderiﬁg of the masses there are typically many decays mode of the sparticles
to consider. The cross sections for the major SUSY production modes are given in
Fig. 28. Due to the rapid increase in the sparticle masses (especially the gaugino
masses) as A is increased, the cross sections tend to decrease fairly rapidly.

The branching ratios for the spérticles of interest are given in Table XI. Since
the lighter selectron and the lighter smuon have about the same mass as the stau, the
branching ratios for x§ — #,7, X} — fiapu and x{ — € e are nearly equal. The decay
to the stau is slightly favored.

The chargiﬁo’s decays strongly depend on the value of A. For values of A that
are 30 TeV and below, the dominant decay mode of the chargino is X — #fiv,. As A
is increased above‘this, the chief decay modes are the decays to the sneutrinos and
the decay xf — x? W which tends to dominate when kinematically allowed. As A
increases above 30 TeV, the masses of the heavier sleptons (72, fiz and &;) fall below

the mass of the chargino, and so the decays to these heavier sleptons are allowed as

well.
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Table XI. Branching ratios of some of the sparticles of interest for the parameter set
with n =3, tan8 = 3 and M/A = 3.

A (TeV)

Decay Mode 25 30 10 50 60 65

Eo A1 0.3416  0.0225 0.0099  0.0063  0.0053
Xt = ot ; 02147  0.1426 0.1390  0.1402  0.1410
Xt o e - 02219 01418  0.1383  0.1396  0.1405
XE o OW ; . 04514 03436 02781  0.2552
oy - - 00326 00765 0.098¢  0.1055
Xt = & - 0.0336  0.0772  0.0989  0.1060
o s AT 0.3340 03135 01384  0.0577 00302  0.0232
X0 = e 0.3223  0.2977  0.1265 0.0505 0.0252  0.0190
X3 v, 00071 00304 00820 0.0987  0.1062  0.1086
X0 =D 00071 0.0303 00819 0.098  0.1061  0.1085
X3 = x%h - ; 02146  0.2763  0.2800  0.2779
O =5 Tyt . 0.0447  0.0866  0.1049  0.1100
X0 = e ; 00456 0.0871 0.1051  0.1101
X0 = A7 0.3503  0.3437 0.3378  0.3362  0.3355  0.3353
0 = Ere 0.3203 03281 03311 03319 03322  0.3323

D — xir 0.0047 - - - - -
= v xd 09953 0.9940 0.9889  0.9875  0.9870  0.9869

by — HW - 0.0060 00111  0.0125 0.0130  0.0131
ve = xJve 0.9928 1 1 1 1 1
7, = xte 0.0072 - - B} ) _
Fo o x0T 0.4640 0.8960 1 1 1 1
Fy = xEvr 0.4155  0.0983 - - - _
Fa— x0T 0.1206  0.0057 ; ; _ ]
&2 X3¢ 1 1 1 1 1 1

6 = Ge 1 1 1 1 1 1
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Figure 29. The Ep distributions of the highest Ep 7-jet for the parameters n = 3,
tanf =3, M/A =3 and A = 25TeV.

For the second lightest neutralino, there are again up to 11 main decay modes.
At low values of A, the decays to the lighter sleptons are dominant with x§ — 77
having a slight edge over the other two slepton decays. As A increases the decays to
the sneutrinos gradually become more important. In addition the decay x5 — xVh
and the decays to the heavier sleptons become kinematically allowed and dominate
over the other decays.

In chargino pair production at low values of A, two 7 leptons are always pro-
duced because essentially the only decay mode for the chargino is xf — 712, while
the stau decays via 7; — 7 G. On the other hand, the now classic three 7 signature
for x9xi production will be diminished since x9 — 77, x3 = fiup and 9 — ée
are all roughly equal. Since the subsequent decays of the selectron and smuon to
the gravitino produces no 7 leptons (unlike the three-body decay modes é, — er7y
and fi; — pr7 that were dominant in the other two cases), there will tend to be a
depletion in 7-jets here relative to the previous type 3 case which didn’t satisfy the
co-NLSP condition. For larger values of A, the situation is more complicated, but the
decay chain will frequently involve the lightest neutralino. The lightest neutralino in
turn tends to decay to 71, fi; and €; roughly equally. Thus there is again a relative

depletion in events with 7-jets.
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Figure 30. The Ep distributions of the second highest Er 7-jet for the parameters
n=3,tanf =3, M/A =3 and A = 25TeV.

The Er distribution for the leading 7-jet when A = 25TeV is given in Fig. 29.
The Er distribution of the secondary 7-jet is given in Fig. 30. Qualitatively, these
are much the same as in the previous cases. At A = 25TeV, the decay chains are
relatively short and the 7-jets tend to be quite hard. The Fp distribution is given in
Fig. 31.

We now consider the details of the various final state possibilities. Table XII
gives the inclusive branching ratios for different numbers of 7-jets for A = 25 TeV.
With xi — #iv, being the only decay mode here, y{x; production produces two
7 leptons. Thus the probability for 7-jets before cuts is dictated by the hadronic
branching ratio of the 7 lepton. Including cuts diminishes the number of events with
a given number of 7-jets. For example, the branching ratio for 2 7-jets falls from
42% to 10.5%. When A is increased, the situation changes dramatically. Table XIII
gives the inclusive branching ratios for A = 40TeV. The possibility exists to create
many 7-jets, but the probability for creating more than three is low. In addition, the
probability for producing no 7-jets is high at ~ 35%. After cuts, the only appreciable
modes are the two 7-jets mode at 10% and the one 7-jet mode at 18%.

Turning now to x9 xi production, we see that at low A, there is the potential

to produce up to three 7-jets. The rates are diminished by the strong presence of
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Figure 31. 7 distribution of the secondary 7-jet for the parameters n = 3, tan § = 3,
M/A =3 and A = 25TeV.

Table XII. Inclusive 7-jet branching ratios for the various production mechanisms
for the parameters n = 3, tan 8 =3, A =25TeV and M = 75 TeV.

Production Mode 1 7-jet 2 T-jets 3 7-jets
X7 x1: no cuts 0.4562 0.4200 -
with cuts 0.2514 0.1053 -
XEx3: no cuts 0.5088 0.1514 0.0935
with cuts 0.2480 0.0666 0.0153
777 : no cuts 0.4560 0.4203 -

with cuts 0.2427 0.0891 -
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Table XIII. Inclusive 7-jet branching ratios for the various production mechanisms
for the parameters n = 3, tan 8 =3, A = 40TeV and M = 120TeV.

Production Mode 1 7-jet 2 T-jets 3 T-jets 4 T-jets 5 T-jets

xFXT: no cuts 0.2903  0.2272  0.0937  0.0299  0.0054
with cuts 0.1826  0.0996  0.0227  0.0034  0.0002
XEx%: nocuts - 0.2613 02209  0.0826  0.0298  0.0057
with cuts 01903 0.1054  0.0232  0.0038  0.0004
FH#T:nocuts 04560  0.4202 - - -
with cuts ~~ 0.3419  0.1410 - -

x3 = é1e and x2 — jiyp, however, and the rate no for T-jets is high at ~ 25%. After
cuts, the two 7-jets branching ratio is only about 7% and the one 7-jet rate is about
25%. For A = 40TeV, the potential exists to create many more T-jets, but the one
and two 7-jets modes remain dominant with after cuts branching ratios of 19% and
11%, respectively.

For #t#[, the situation is pretty much the same as it is in the previous cases
considered. With 7, — 7 G being the only decay mode of the ’lightest stau, the prob-
ability for a giveﬁ number of 7-jets is completely dictated by the ‘hadronic branching
ratio of the 7 lepton. The branching ratios after cuts are largely dictated by the mass
of the stau. The 7-jets from the stau devcays have a greater probability of passing the
cuts as the mass of the stau increases.

We now consider the possib‘iiity of observing these events at the Tevatron’s Run
IT and TeV33. Fig. 32 shows the combined production rates for the inclusive 7-jet
modes before cuts forball the SUSY production modes considered. We do not include
the cross sections for more than three 7-jets as these are prohibitively small. - In
sharp contrast to the previous cases, the most typical situation is that no 7-jets are
produced. For low values of A (A < 40TeV), however, the production rates for one
and two T-jets are comparable. vThe results after cuts are shown in Fig. 33. The one

7-jet mode is dominant and the two 7-jet mode is respectably high. For A = 25 TeV,
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66

100 4 -
10 4 !
— 1 - -
o] ] s
=
o
0
O
0.1 - 5
0.01 - -
—e— 1 tau-jet
—v— 2 tau-jets
—=— 3tau-jets |
0.001 — T T T - T ;
20 30 - 40 50 60 70

A (TeV)

~ Figure 33. o - BR after cuts for the inclusive 7-jet modes for the parameters n = 3,

tanf =3 and M/A =3.



67

Table XIV. Production rates in fb for some of the more interesting final state con-
figurations with and without cuts for the parameters n =3, tan 8 =3

and M/A = 3.
A= 25TeV A =30TeV
~no cuts cuts no cuts cuts
et L 98.84 - 5.39
27gets 7057 2311 801 4.49
e/u & T-jet 3820 1271 435 3.82
2e/2w & et - 648 3.99 2.75

the two 7-jets rate is abkout 28 fb which gives 56 events for 2fb~! of data and 840
events for 30 fb~! of ‘data. For A = 40TeV, we have a lower production rate of 1.8fb. |
For 2fb~! of data this corresponds to ~ 4 events, while 30 fb~! of data gives about
54 events.

The branching ratios for some of the more important individual modes are
given in Table XIV. Unlike the previous cases considered, there is the potential that
modes with specific numbers of charged leptons could be important. We see from the
table that for A = 25TeV, the rate for an electron and a 7-jet is 12.7fb after cuts.
For electrons and muons combined, this cfoss section is 25.4fb. For an integrated
luminosity of 2fb~!, this corresponds ‘to about 50 events, while for an integrated
luminosity of 30fb~1, thiAsbcorrespond’s to abo.ut 762 events. A Better signal is the 2
e + T-jef and 2 u + 7-jet signals. The combined cross section for this is 13fb. For
2fb~1 of data, this corresponds to 26 events. For 30fb~! of data, this corresponds to
about 390 events. |

Conclusion

We have considered the phenomenology of GMSB models where the lighter stau
is the NLSP and decays promptly within the detector. For this situation, the domi-

nant SUSY production processes at the Tevatron are i x7 and x¥ x9. Their decay
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chains lead to events typically ‘containing two or three high pr 7 leptons plus large
missing transverse energy_.. These signals are different from the photonic signals that
have been previously investigated in GMSB models and the dilepton and trilepton
signals in supergravity models. Searching for the 7 lepton signals by the hadronic
decays of the 7 leptons to thin jets is complicated by the fact that, while primary
T-jets can have quite high»ET, the secondary T-jets tend to be rather soft. As a re-
sult, many of the 7-jets tend to be eliminated by the cuts. Our detailed calculations
show that the most promisiﬁg channel is the inclusive two 7-jets channel, although
the prodﬁcfion of thre-ye‘ T_—jets can be importaﬁt at the higher integrated luminosity
expected at Run III. The missing transverse energy associated with the events is

quite large providing a gdod trigger for these events. Good T identification will be

- extremely important to detect the signal as well as a detailed understanding of the

associated background.



CHAPTER IV |
SUPERSYMMETRIC LEFT-RIGHT MODEL
Introduction

One of the questions left unanswered >by the SM and the MSSM concerns the
origin of parity violation in low energy electroweak interactions. A possibility is that
the SU(2),, x U(1)y theory is the effective low energy form of a theory based on the
gauge group SU(2); x SU(2), x U(1)g_;. A Lagrangian based on this gauge group is
invariant under parity transformations if the gauge couplings for SU(2)z and SU(2)g
are equal (and the matter contenf is leff—right symmetric). Parity violation at low
energies is then attributed to noninvarikance of the vacuum under parity.

This model‘ has a number of other attractive features:

1. They imply automatic conservation of baryon number and Iepton number which

is achieved in the MSSM through the ad-hoc introduction of R-parity [36] .

2. They profvide a natural Sblﬁtion' to the strong and weak CP problems of the
MSSM [37] . |

3. They provide a natural embedding of the see-saw mechanism for small neutrino

masses [38].

We consider a supérsymmetric left-right (SUSYLR) model with gauge mediated
SUSY breaking. As in the last chapter, the lighter stau can be lighter than the lightest v
neutralino. In fact, this occurs in the SUSYLR model for a much wider region of the

GMSB parameter space. Thus 7-jets here are an important part of the signature for

SUSY production.
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Another important aspect of this model is that there are doubly charged scalars
and fermions that are relatively light. If they are light enough, then they can be
produced at Run II of the Tevatron providing new SUSY production modes. We
will find that the doubly charged nature of these fields potentially provides a way of

distinguishing this model from GMSB models with minimal particle content.
The Model

We now give a detailed accouﬁt of this supersymmetric left—right model. The
SU(2); x S.U(Q).R X U('l)é_’L symmetry is broken down to U(1)gm in two stages:
SU(2); x SU(2)g x U(1)g_z, — SU(2); x U(1)y — U(1)gy- This is accomplished
through the introduction of a number of triplet and bidoublet Higgs fields.

The particie content of the theory is given by Table XV. The first stage of the
symmetry breaking is largely controlled by the SU(2)g triplets A° and A, while the
second stage of symmetry breaking is largely controlled by the SU(2)y, triplets A and
A and the bidoublet Higgs fields @1,2. In a nonsupersymmetric model, we would only
require the A, A° and ®,, but here we have to double fhe Higgs content for the same
reasons that we had to have at least two Higgs doublets in the; MSSM.

The LR symmetric superpotential for this theory is gi‘ven by (generation indices

have been suppressed)

W = h9QTr8mQ° + h{ LT my®;ir L° + i(FLT AL + LT 7, A°L)
+  MA[Tr(AA) + Tr(A°A%)] 4+ AS(AA — A°A°) + usS?
4 pi;Tr(r @7 128;) + Wig | (23)

where Wyg denotes non-renormalizable terms arising from higher scale physics such

as grand unified theories or Planck scale effects. It is taken to have the form
Wir = A[Tr(A°A%)]?/2 + BTr(A°A°)Tr(A°A%) /2 ' (24)

where A and B are of order 1/ Mpjanek- We will see below that we need to introduce

these terms in order to give mass to certain doubly charged fermions.
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Table XV. The field content of the left-right model used in this chapter. @) refers
to a given generation of quarks and L refers to a given generation of
leptons. S is assumed to be odd under parity. U and V denote the
SU(2)z, and SU(2)g transformations respectively.

Field  SU(2); x SU(2)g x U(1)p_y, Group Transformation

Q 2 5L+3 UQ
Q° (1,2, —3) VQe
L 2,1, -1) - UL
Ie (1, 2, +1) | ViIe
®: (2,2,0) Uovt
A (3,1, 4+2) UAUT
A (3,1,-2) UAUt
A° (1, 3, +2) VAVt
Ac (1, 3,-2) ‘ VAVT
S | (1,1, 0) S

We have that in the SUSY limit, the doubly charged fields from the A° and A°
are massless [39-44]. This can be seen as follows: begin by writing down the F-terms

for the S, A° and A° terms:

Fs = 2usS + MAA — A°A°) (25)
Fa = (AS+ M)A | (26)
Fac = (=AS+My)A° 27)

With the effective SUSY breaking scale below the LR scale, these F-terms must
vanish. If we then choose the A¢ and A® VEVs (denoted by vg and g respectively)
to be nonvanishing (so that SU(2)p X U(l)B_LF——% U(1)y can occur), then we must
have (S) = Ma/). This implies that the A and A VEVs vanish and the masses
of the fields are of order 2Ma. Thus the left-handed triplet fields decouple from
the low energy spectrum. As for the A® and A°, one neutral and two singly charged

degrees of freedom are absorbed to give masses to the right-handed gauge bosons. The
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remaining neutral and singly charged fields pick up mass of order vg and disappear
from the low energy spectrum. The doubly charged fields, however, are massless in
the SUSY limit in the absence of the nonrenormalizable terms.

The doubly charged fields must obtain masses as it is not phenomenologically
allowed for them to be massless. The doubly charged scalar fields obtain part of their

mass at two loops from the messenger fields. In addition, they receive a mass of

O( Mf’% k) from the higher dimensional operators if they are present. For the doubly
charged Higgsinos, however, there are no SUSY breaking contributions. Thus we
need to introduce the nonrenormalizable operators to-give mass to these fermions,
and then their masses are of order (’)(M—Mlzi—)
Planck
We now consider the question of what the low energy theory looks like. After
integrating out the heavy fields at the left-right scale, we are left with the following

additional part to the MSSM superpotential:
W = MaAe==Actt 4 fleleAct® (28)

We will assume that f is diagonal (so that f;; = 0 when ¢ 7é j), then we have three
separate couplings fi1, f2 and f3 which correspond to the first, second and third
generations, respectively. This interaction gives ris‘e to the processes ute™ — u~et
with a strength Gpppp ~ 4—\/%%[—2 where GMM is the strength of the effective four-
fermion interaction. A recent PSI experiment [45] has yielded a 90% C.L. upper limit
on Garir of 3 x 107 Gp. For Ma = 100 GeV, this implies that fife < 1.2 x 10-3.
"Thus we expect each of the couplings to be less than 0.1 assuming that f; and f, are
not too différent. There is no such constraint on f3 from experiments. In the analysis
we take it to be around 0.5.

To summarize, our low energy theory contains “right-handed” doﬁbly charged
bosons and fermions. These doubly charged particles couple to leptons, but not to
quarks. In addition, the coupling to the third generation of leptons could be much
larger than the couplings to the first and second generation of leptons and we assume

that this is the case.
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These facts have a number of consequences for phenomenology. First, the dou-
bly charged particles could have masses low enough that they could be produced at
the Tevatron. This is especially so for the Higgsinos since they obtain mass solely
from the nonrenormalizable terms. Thus we have potential new SUSY production
mechanisms here. Second, if f3 > fi, fo, then the decays of the doubly charged
Higgs bosons and Higgsinos typically lead to 7 leptons. Since our model is in the
context of GMSB, the lighter stau can be lighter than the lightest neutralino. As we
will see in the next section, this can be greatly enhanced here due to the coupling fs.
Thus 7-jets will a‘lwéys be an important p;‘n‘t of the signature for this model just as it

can be in the GMSB model with minimal particle content considered in chapter III.
Sparticle Masses and Production

In the GMSB model, the sparticle spectrum depends on the following parame-
ters: M, A, n, tanf, f5, Mx(M) and the sign of u. M is the messenger scale. The
parameter n is dictated by the choice of the vector-like messenger sector. In this cal-
culation we will assume that each flavor in the messenger sector consists of a vector
like isosinglet pair of fields (Q + Q) and a vector like weak isodoublet pair L + L.
Mgz (M) is the messenger scale value for the deltino mass. As mentioned previously,
constraints coming from b — sy strongly favor negative values for p [31], and p is
taken to be negative in the cases considered in this chapter. Demanding that the
EW symmetry be broken radiatively fixes the magnitude of 4 and the parameter B
(from the BuH,H, term in the scalar potential) in terms of the other parameters of
the theory. The soft gaugino and séalar masées at the messenger scale are given by
" Egs. 21 and 22 from chapter III.

We calculate the SUSY mass spectrum by using the appropriate renormalization
group equations [33]. We first run the Yukawa couplings (including the three new
couplings f123) and the gauge couplings from the weak scale up to the messenger
scale. At the messenger scale, we apply the boundary conditions given by Egs. 21
and 22 and then use the RGEs for the soft SUSY couplings and masses in order to

run down to the weak scale.
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The mass spectrum here is much like that expected in minimal GMSB models.
The gravitino is always the LSP. Since SUSY breaking is communicated to the visible
sector by gauge interactions, the mass differences between the superparticles depend
on their gauge interactions. This creates a hierarchy in mass between electroweak and
strongly interacting sparticles. Eq. 21 shows that the gluino is more massive than the
charginos and neufralinos, while Eq 22 shows that the squarks are considerably more
massive than the sleptons. Thus in minimal GMSB models, the lightest neutralino
and the lighter stau fight for the NLSP spot [46]. In this model, the deltino also joins
the race to become the NLSP. |

We will concentrate the analysis on those regions of the parameter space where
either the lighter staﬁ or the deltino is the NLSP. Whether or not the deltino is the
NLSP depends on the mass it gets from the higher dimensional terms. If this mass is
too high, then either the 7 or x? is the NLSP. The lighter stau can be much lighter
in our SUSYLR model than in conventional GMSB models due to the presence of the
additional coupling fs. Thus the vlighter stau will be lighter than the x9 for a larger
region of the parameter space and the 7; has a greater potential to be the NLSP in
this SUSYLR model.

There are a number of potential SUSY production mechanisms here. Given the
current lower bounds on the Varioué sparticle masses and the hierarchy of sparticle
masses in GMSB models, the important SUSY production mechanisms will typically
include EW gaugino production. At the Tevatron, éhargino pair (x{x7) production
takes place through s-channel Z and + exchange, while x9 xf production is through
s-channel W exchange. Squark exchange via the t-channel also contributes to both
processes, but the contributions are éxpected to be negligible since the squark masses
are large in GMSB models. The production of x9 xT is suppressed due to the smallness
of the coupling involved.

In addition to these usual SUSY production mechanisms of the MSSM, we also
have deltino pair (AC‘HAC‘") production. This proceeds through s-channel Z and

exchange. Given that the A** can be relatively light, deltino pair production can
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be a very important SUSY production mode. In fact, it frequently is the dominant
mode.

The possible final state configurations at the Tevatron depend on the sparticle
spectrum and on which SUSY production mode is dominant, but they will have
certain aspects in common. When the 7 isvthe NLSP, the various possible decay
modes will (usually) produce at least two 'r leptohs arising from the decays of the
lighter staus. In addition, there can also be large Er due to the stable gravitinos
and neutrinos escaping detection. When the deltino is the NLSP, the standard SUSY
production modes invblving EW gauginos can still produce large numbers of 7-jets
if the 71 is the next to next to lightest SUSY particle (in which case the # is lighter
than the x?) so that the decay chains of the sparticles will still lead to the 7.

Pair production of the deltino leads to copious quantities of 7 leptons irrespec-
tive of what the NLSP is. This is because the deltino couples to leptons/sleptons
but not to quarks/squarks. In addition, the coupling to the third generation can be
much greater than thé small coupling to the 1st and 2nd generations. Thus, when
the 7y is the NLSP, the deltino decays via ActE FErE with the stau decaying
via ¥y = 7 G. On the other hand, when the deltino is the NLSP, it decays via the
7 mediated three-body decéy mode A%t 5 7E7£@. Thus AFE pair production

generally results in the production of four 7 leptons. (two from each deltino).
Tau Jet Analysis

As mentioned above, SUSY production for this SUSYLR model leads to the
production of copious quantities of T leptons. 7 leptons are typically identified at
colliders by their hadronic decays to thin jets. We now give a detailed account of the
possible 7-jet signatures for SUSY producfion at the Tevatron in the context of the
left-right GMSB model.

This analysis is performed in the context of the Main Injector (MI) and TeV33
upgrades of the Tevatron collider. The center of mass energy is taken to be /s =
2TeV and the integrated luminosity is taken to be 2fb~! for the MI upgrade and
30fb~! for the TeV33 upgrade.
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In performing this analysis, the cuts employed are that final state charged lep-
tons must have pr > 10 GeV and || < 1. Jets must have Er > 10 GeV and |n] < 2.
In addition, hadronic final states within a cone size of AR = \/ (Ag)? + (An)? =04

are merged to a single jet. Leptons within this cone radius of a jet are discounted.
For a 7-jet to be counted as such, it must have |7| < 1. The most energetic 7-jet
is required to have Er > 20 GeV. In addition, a missing transverse energy cut of Er
> 30 GeV is imposed.

The signatures for SUSY production depend on the hierarchy of sparticle
masses. vThis‘, in turn, depends on the values the ‘parameters of the theory take.
The parameters considered in thisb analysis are tan 8 = 15, n = 2, M/ A= 3, f3=10.5,
f2 = 0.05 and f; = 0.05. We vary A from 35 to 85TeV. For the messenger scale
deltino mass, we use the values 90, 120 and 150 GeV. The masses of some of the par-
ticles of interest are given in Figs. 34 and 35. In Fig. 34 we take Mz (M) = 90 GeV,
but the masses of the gauginbs and sleptons (with the exception of the stau) do not
vary much with the messenger scale deltino mass. Fig. 35 gives the masses of the
delta boson and the deltino. The deltino mass is not very sensitive to the value of A, |
while the delta boson mass is highly dependent on A due to the contributions from
the messenger scale loops (which contributé to its mass along with the nonrenormal-
izable terms). Given the substantially higher A° boson mass, A¢ production is not
very important at the Tevatron. |

There are several potential SUSY production modes here. The cross sections
for the more traditional SUSY production modes are given in Fig. 36. We also have
deltino pair production; the cross s‘ections for which are tabulated in Table XVI.
Since the deltino mass does not vary much over the values of A considered, the cross
section for deltino pair production does not vary much either. This cross section
is high enough for all the deltino masses considered that deltino pair production is
always an important SUSY ‘production mode. For low values of A, the EW gaugino
production cross section is large with values in the hundreds of fb at A = 35TeV, but
the cross section falls off substantially as A increases. As A increases above about

55TeV, the cross section for EW gaugino production starts to fall below that of
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Figure 34. Masses of the particles of interest for the input parameters tan 8 = 15,
M/A=3,n=2, f3=0.5, f, =0.05, fi = 0.05 and Mz (M) = 90 GeV. -
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Figure 35. Masses of the delta boson and the deltino. The dashed lines represent the
deltino, while the solid lines represent the delta boson. The parameters
used are tan 3 = 15, n = 2 and M /A = 3. From bottom to top, the
lines in each set are for a messenger scale deltino mass of 90, 120 and

150 GeV.

slepton production (in particular #;'7). In a minimal model, these sleptons modes
would become the dominant SUSY production modes, but here the cross sections for
slepton production fall far below that of deltino pair production. Thus the dominant
SUSY production modes here are deltino pair production and, at values of A below
45 TeV or so, xTx7 and x%x¥ production.

The decay chains depend on which sparticle is the NLSP. For the values of
the parameters that are considered here, either the lighter stau or the deltino is the
NLSP. Since the mass of the lighter stau increases with increasing A, the lighter stau
is the NLSP for lower values of A, while the deltino is the NLSP for higher values of
- A. For a messenger scale deltino mass of 90 GeV, the lighter stau is the NLSP for A
below about 43 TeV. For Mz (M) = 120 and 150 GeV, the boundaries are given by
about 58 and 73 TeV, respectively. When the lighter stau is the NLSP, it decays via
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Figure 36. Cross sections for the stanaard SUSY production modes for the parameters
tanf = 15, M/A =3, n' =2, f3 = 0.5, fo = 0.05, f; = 0.05 and
Mx (M) =90GeV.
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Table XVI. Cross sections (in fb) for deltino pair production for various values of A.
The other parameters used are tan 8 =15, n =2 and M/A = 3.

M5 (M) - A=35TeV A =60TeV A = 85TeV
90 GeV 643.0 629.9 621.5
120GeV . 2282 222.9 2196
150 GeV 91.6 89.2 87.7

=T é, and the deltino decays via the two-body mode A°¢ —s # 7. Then deltino
pair production leads kto‘four T leptons. On fhe other hand, if the deltino is the NLSP,
it decays via the stau mediated three-body mode A¢ — 77@G. So, once again, deltino
pair production again leads to the production of four 7 leptons.

The decays of the lighter selectron and smuon are given in Table XVII. At
values of A around 35 to 40 TeV, the neutralino is lower in mass than the €; and
fir. When this is the case, the main decay mode of the selectron is & — x{e and
the smuon decay is correspondingly fi; — x? . When this decay is not kinematically
allowed, the decay €, — A¢ e is typically dominant if kinematically allowed. If it isn’t,
then the selectron decays via the three-body decays &f = etrt# and &7 — etr 7
and /or the two-body mode &é; — e G. |

The branching ratios for the neutralinos and lighter chargino are given in Ta-
ble XVIIIL. The lighter neutralino has only the three decay modes x9 — 717, x{ = fup
and x? — é;e over the parameter space considered. Since the lighter neutralino is
lighter than fi; and & for A < 43 TeV, the only decay mode for ¥ is x} — 717. As
A increases beyond the point where the decays to the selectron and smuon become
kinematically available, the branching ratios for X0 — fup and x? — é;e increase,
but the x? — 717 decay remains dominant due in large part to the fact that the mass
of the #; is much lower than thaf of the selectron and smuon.

The chargino has only two decay modes over the allowed parameter space:
xi = #ivy and x§ = x?W. At the lower values of A considered, the decay to

the lighter stau is either the only decay mode available or is the dominant decay
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Table XVII. Branching ratios of the sleptons. The values of the parameters are
tanf =15, n =2 and M/A = 3.

A (TeV)
35 40 30 60 70 80 85

_ v Mx(M) =90GeV
ér—rexy 1 0.9252 - - B, } B}

& —eA - 0.0748 1 11 1 1
’7~'1—)’7'C~TY 1 1 - - - _ -
”7:1—)’7'[3 - - 1 s 1 1 1 1

Mx(M) =120 GeV

&1 —ex) 1 1 - - - - -
& — et - - 0.2065 - - _ _
& — etr i - - 0.1684 ; i _ _
& el - - 0.6251 1 1 1 1
Ho1G : 1 1 1 1 - - -
F—TA - v _ » - - 1 1 1

Mx(M) =150 GeV

&1 —ex? 1 1 | - - - - -
0.5532 0.5643 - - -

0.4468 0.4357 - - )
&1 — eA - - - - 1 1 1

&f — etrt7, -

&f — etr 7] -

HorG 1 1 1 1 1 _ .

’7'1—)’7'A - - - - - 1 1
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Table XVIII. Branching ratios of some of the sparticles of interest. The values of the
parameters are tan 8 = 15, n = 2 and M /A = 3. The messenger scale
deltino mass is 90 GeV, but the branching ratios of these sparticles
have little dependence on the deltino mass.

A (TeV) 35 40 50 60 70 80 85
YEo Ay, o 1 1 0.7153 0.5807 0.5166 0.4796 0.4663
XEo W - - 0.2847 0.4193 0.4834 0.5204 0.5337

X9 = T 0.6312 0.6587 0.6860 0.4034 0.3133 0.2706 0.2560
X5 — €€ 0.1844 0.1707 0.1366 0.0625 0.0386 0.0270 0.0232
X5 = flap 0.1844 0.1707 0.1366 0.0625 0.0386 0.0270 0.0232

X3 =37 - - 0.0408 0.0325 0.0277 0.0252 0.0243
X3 —* Xx1h - - - 0.4392 0.5818 0.6501 0.6733
Xy — AT 1 1 0.9692 0.9099 0.8723 0.8506 0.8436
X) = €€ - - 0.0154 0.0451 0.0638 0.0747 0.0782
X3 = fap - - 0.0154 0.0451 0.0638 0.0747 0.0782

mode. For A around 40 TeV and below, the only decay mode for the lighter chargino
is Xf = #iv,. For these values of A, the lighter stau decé,ys via 7, = TG as
discussed above. Thus in chargino pair production, two 7 leptons are produced. As
A increases, the decay mode i —) X} W appears. With the subsequent decays of the
lighter neutralino to the sleptons and with the deltino as the NLSP, the number of 7
leptons produced is typically four or six (in principle eight 7 leptons can be produced
although this requires the rather rare three-body decays of the selectron and smuon).

The branching ratios of the second lightest neutralino are particularly sensitive
to the value of A. At lower values of A, the decays to the sleptons are dominant. In
particular, the decay x5 — 717 is dominant due to the lower mass of the 71 and the
fact that the xJ is mostly wino. When the # is the NLSP, x9 xI production typically
produces three 7-jets. When the lighter stau isn’t the NLSP and decays via 7, — 7 A¢,
then seven 7 leptons are usually produced, although five is also common due to the

decays of the x9 to the fi; and & followed by their decays to the deltino. As A
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Table XIX. Inclusive 7-jet production cross sections for a messenger scale deltino
mass of 90 GeV. The other parameters are tan3 = 15, n = 2 and

M/A =3.
A (TeV) 35 40 50 60 70 80 85
- o -BR (fb)

1 7-jet: before éuts 198.6 132.9 73;11 71.64 70.86 70.34 70.14
after cuts 168.7 156.2 97.49 91.90 90.15 89.33 89.05
2 T-jets: before cuts. 362.6 277.3 203.6 196.7 196.3 194.8 194.2
aftef cuts 124.6 93.11 89.59 82.91 80.59 - 79.63 79.33
3 7-jets: before cuts 306.0 273.5 253.6 244.7 240.9 238.8 238.0
after cuts 32.31 17.75 32.45 29.02 27.53 26.88 26.73
-4 7-jets: before cuts 119.4 116.9 126.42 116.5 113.1 111.6 111.1
after cuts 3.21 1.18 5.26 428 3.67 3.45 3.39 |

increases, the decay x5 — xJh becomes dominant, but at these values of A, the cross
section for EW gaugino production falls far below that of deltino pair production.

In summary, the dominant SUSY production modes at low values of A are
deltino pair production and EW gaugino production. We expect four 7 leptons to
be produced in deltino pair production, while EW gaugino production is typically
expected to produce two or three 7 leptons. For larger values of A, the possibility
exists to produce ﬁany T leptons in EW gaugino production, but bthe cross sections
for such production modes are much smaller than that for deltino pair production.
Thus four 7 leptons are generally produced at larger values of A.

We now consider the observability of these modes at Tevatron’s Run II. Ta-
bles XIX, XX and XXI give the inclusive T-jet production bcross sections for a mes-
senger scale deltino mass of 90, 120 and 150 GeV, respectively. We include in the
figures only up to four 7-jets as the cross sections for more than four 7-jets are small.
Considering Table XIX, we see that before cuts the production of two and three 7-
jets are dominant, but the four 7-jet cross section is also significant at slightly over

100fb. After the cuts are applied, however, the situation changes substantially. The
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Table XX. Inclusive 7-jet production cross sections for a messenger scale deltino mass
of 120 GeV. The other parameters are tan § = 15, n = 2 and M /A =

3. »
A (TeV) 35 40 50 60 70 80 85
o - BR (fb)

1 7-jet: before cuts_ 151.5 86.21 39.60 29.72 25.30 25.00 24.90
after cuts 125.3 8520 53.68 75.87 42.16 41.383 41.16
2 T-jets: before cuts 232.8 148.0 90.27 75.93 70.06 69.15 68.83
after cuts - 93.94 71.59 49.79 28.57 43.81 42.83 42.55
3 7-jets: before cuts 147.6 115.9 96.70 88.92 86.55 85.16 84.71
after cuts 2599 23.22 17.33 0.55 17.37 16.80 16.64
4 T-jets: before cuts 46.22 44.03 42.59 40.70 40.72 39.55 39.22
after cuts 3.05 3.09 229 0.06 270 250 244

one 7-jet mode is now dominant, but the cross section for two 7-jets is not far below
and the three 7-jets cross section is not insignificant.

We first consider the Mz (M) = 90 GeV case. We see from Table XIX that
for A = 35TeV the cross ‘section for inclusive producfion of three T-jets 1s 32.31fb.
For an integrated luminosity of 2fb~! (the approximate initial value at Run II),
this corresponds to about 65 events. For 30fb~!, the number of observable events
is ~b 970. For A = 85TeV, the production cross section for three r-jets has gone
down slightly due to the decrease in production of charginos and neutralinos. With
a value of 26.7fb, the number of expected events is about 53 and 800 for 2fb~! and
30fb~! of data, respectively. The cross sectioﬁ for two 7-jets is considerably higher.
For A = 35TeV, the o - BR for two 7-jets is 125fb which corresponds to 250 events
for 2fb~! of data and 3750 events for 30fb~! of data. For A = 85TeV, o - BR has
decreased to 79fb. This gives about 160 and 2370 events for 2fb~! and 30fb~! of
data, respectively. In comparison to the GMSB model considered in chapter III, the

two 7-jets and the three 7-jets cross sections are considerably higher in this model.
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- Table XXI. Inclusive T-jet production cross sections for a messenger scale deltino
mass of 150 GeV. The other parameters are tan8 = 15, n = 2 and

M/A =3.
A (TeV) 35 40 50 60 70 80 85
o - BR (fb)

1 7-jet: before cuts 136.2 70.92 24.42 14.61 11.80 10.07 10.00
after cuts - 1053 65.54 32.12 22.59 23.50 19.28 18.97
2 T-jets: before cuts 190.3 105.7 48.32 34.22 30.01 27.89 27.67
after cuts ' 72.17 50.55 31.35 24.29° 18.99 21.75 .21.46
3 T-jets: before cuts 95.31 63.85 45.21 37.72 35.14 34.47 34.14
after cuts 17.23 14.64 1224 10.14 553 9.32 9.24
4 T-jets: before cuts 21.81 19.75 18.58 17.00 16.16 16.23 15.96
after cuts .73 181 1.89 1.67 0.59 1.46 1.47

As the mass of fhe deltino increases, the production rates go down and more
variation appears. The inclusive 7-jet cross sections for Mz (M) = 120 GeV are shown
in Table XX. Considering the inclusive three 7-jets mode, the production cross section
at A =35 TeV is 26 fb. vThis corrésponds to 52- events for 2fb~! of data and 780 events
for 30fb~! of data. This goes dowﬁ to about.17fb at A = 85 TeV. This gives about
34 and 510 events for 2fb~! and 30fb~! of data, respectively. The production rate
for two 7-jets is higher. At A = 35TeV, o - BR = 94fb which gives 190 and 2820
events for 2fb~! and 30fb~! of data, respectively.

Angular Distributions

The excess of 7-jets expected in this model does not constitute an unequivocal
signal for this model. 7-jets are part of the signatures for other models including the
minimal GMSB model with the lighter stau as the NLSP. The question then arises
as to whether there is any way to distinguish this model from the minimal GMSB
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Figure 37. Angular distribution between the two most energetic 7-jets for deltino
pair production at the Tevatron. The deltino mass is about 97 GeV.

model. A possible distinguishing characteristic is the distribution in angle between
the two highest Er 7-jets when they come from same sign 7-jets.

Consider deltino pair production. The deltino tends to decay to like sign 7
leptons. This occurs directly when the deltino is the NLSP and so decays via the three-
body decay AT* — r7£G. When the two-body decay of the deltino A** — FErt
occurs, then the second like sign 7 lepton comes from the subsequent decay of the
stau. In the rest frame of the deltino, the 7 leptons are widely distributed. In the lab
frame, however, the deltinos are quite energetic and have a large velocity, especially
if their masses are small. As a consequence of this, the decay products of the deltino
tend to be collimated in the direction in which the deltino was moving. Thus when
the two most energetic 7-jets have the same sign in deltino pair production, the angle
between them tends to be smaller than when the two most energetic 7-jets have
opposite sign charges.

Fig. 37 gives the distribution in angle between the two most energetic 7-jets
for deltino pair production. This example is for a weak scale deltino mass of about
97 GeV. We can see that the distribution in angle for like sign 7-jets, which is given

in Fig. 37(a), peaks at about 40°. Fig. 37(b) gives the distribution in angle between
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Figure 38. Angular distribution between the two most energetic 7-jets for EW gaugino
production at the Tevatron where the mass of x9 is 100 GeV.

the two most energetic 7-jets when they come from opposite sign 7 leptons. In stark
contrast to the previous case, here the peak occurs at 110°.

The question then arises as to how these distributions look in the usual SUSY
production modes. Fig. 38 shows the angular distributions for combined x9 x¥ and
X7 X7 production for the input parameters M = 100 TeV, A = 45TeV, n = 1 and
tan 8 = 10. For these values of the parameters, the weak scale x mass is ~ 100 GeV.
The distribution for same sign 7-jets is given in Fig 38(a). We see that the peak occurs
at about 110°. In this situation, same-sign 7-jets do not come from 7 y; production.
In x9 x& production, one of the same sign 7-jets generally comes from the chargino
and the other from the neutralino. We now consider the angular distribution for
opposite sign 7-jets which are given in Fig. 38(b). In 9 xi- production, opposite sign
7-jets frequently come from the neutralino, while in x{ x; production one of the 7-jets
comes from one of the charginos and the other 7-jet comes from the other chargino.
Since there is a strong possibility that the opposite sign 7-jets come from the same
particle (x9), the distribution should peak at a lower angle than for same sign 7-jets.
We see from the figure that the peak occurs at about 85°.

These distributions change somewhat as the gaugino masses are increased.

Fig. 39 gives the angular distribution for a x93 mass of 150 GeV. We see that the
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Figure 39. Angular distribution between the two most energetic 7-jets for EW gaugino
production at the Tevatron. The mass of xJ is about 150 GeV.

same sign distribution still peaks at about 110°, while the opposite sign distribution
has now shifted to a slightly higher value of about 95°.

The actual angular distribution between the two highest Er 7-jets depends on
which SUSY production modes are important. For certain regions of the parameter
space (depending, in particular, on the values of A and the messenger scale deltino
mass), deltino pair production is the only important SUSY production mode. When
this is the case, the angular distributions are simply given by those for deltino pair
production. The signal should be particularly striking in these regions as Fig. refd90
suggests. In other regions of the parameter space, EW gaugino production can sig-
nificantly affect the angular distributions.

We consider the angular distributions for some examples with the input pa-
rameters tan 3 = 15, n = 2 and M/A = 3. Three values of the messenger scale
deltino mass are considered: 90, 120 and 150 GeV. The angular distributions for
Mz(M) = 90 GeV are given in Fig. 40. Since the deltino is especially light with a
mass of 96 GeV, deltino pair production is the dominant SUSY production mode.
Thus deltino pair production largely dictates the form of the angular distributions.

Fig. 40(a) gives the angular distribution between the two highest Ep 7-jets when

they come from same sign 7 leptons. In the figure we can see the rather striking peak
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Figure 40. Angular distribution between the two most energetic 7-jets for combined
SUSY pair production at the Tevatron. The messenger scale deltino
mass is 90 GeV. The other parameters are tan 3 = 15, n = 2 and M /A
= 3.

at around 40°. This is due to the same sign 7-jets coming mostly from the decay of
the same deltino. Since the deltino mass is especially light compared to the beam
energy, they typically move rapidly in the lab frame. Thus their decay products tend
to be more tightly collimated than in the production of the heavier particles.

Fig. 40(b) gives the angular distribution between the two highest Ep 7-jets
when they come from opposite sign 7 leptons. We see from this figure that the peak
occurs at about 110°. Here the 7-jets typically come from the decay chains of different
particles and so the angle between the 7-jets is typically quite large.

The situation changes as the deltino mass gets larger. This is due in part to the
fact that the deltino pair production cross section gets smaller and so the production of
charginos and neutralinos can have a larger impact on the distributions. In addition,
a larger deltino mass means the deltinos will typically be moving slower. Thus the
boost effect won’t have as dramatic an effect on the deltino’s decay products. The
example with Mz (M) = 120 GeV is given in Fig. 41. We can see that the distribution
for same sign 7-jets peaks at about 70°. On the other hand, the opposite sign 7-jet
angular distribution still peaks at around 110°. Thus the angle between the 7-jets is

less striking a signature than it was before, but it is still distinctive.
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Figure 41. Angular distribution between the two most energetic 7-jets for combined

SUSY production at the Tevatron. The messenger scale deltino mass
is 120 GeV. The other parameters are tan 3 = 15, n = 2 and M /A =
3.

The results for a messenger scale deltino mass of 150 GeV are given in Fig. 42.
The peak in the distribution in angle between the two highest Er 7-jets when they
have the same sign peaks at a rather high 95°. As before, the peak in the distribution
for the two highest Ep 7-jets when they have opposite sign is at 110°. Thus the
distinctiveness due to the angle between the two highest E7 7-jets is nearly lost for
such a large value of the deltino mass. This is partially due to the deltino pair cross
section of 92fb being quite a bit lower than the cross section for y§ x9 production
and x7x7 production. In addition, as discussed above, there is also the reduction in

the boost effect as the mass of the decaying deltino increases.
Conclusion

In conclusion, we have found that the doubly charged Higgs bosons of LR models
can be potentially observable at Run II of the Tevatron through the production of
T-jets. In a GMSB type theory, SUSYLR models typically produce large numbers of
two and three 7-jet final states. This large 7-jet signal is due in large part to pair

production of the doubly charged Higgsino. It is also due to the relatively low mass of
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Figure 42. Angular distribution between the two most energetic 7-jets for combined
SUSY production at the Tevatron. The messenger scale deltino mass
is 150 GeV. The other parameters are tan 8 = 15, n = 2 and M /A =
3.

the lighter stau (which is frequently the NLSP) in these models, which is due to the
additional coupling f. We have also shown that the distribution in angle between the
two highest Er 7-jets is different from other models which do not have this doubly

charged Higgsino and could help to distinguish this model.



CHAPTER V
CONCLUSION

In this work we ha,\}e investiga,téd the phenomenology of various supersymmetric
models. First we have considered the Higgs sector of the Minimal Supersymmetric
Standard Model. We found that if the charged Higgs boson is light enbugh, the decays
of the top quark ‘to the charged Higgs boson greatly modify the expected signatures
for top quark production. This is particularly true for the dilepton with dijets mode
and the four jets with a lepton mode; both of which are importa,nf low background
channels for investigating top quark production at the Tevatron. In addition, for tan 3
below about one, there are modes available that are not present in the Standard Model
due to the three-body decay H* — bbW. This includes the very low background five
jets Wifh one charged lepton mode and the six jets with one charged lepton mode.

Weithen investigated the phenomenology of gauge mediated supersymmetry
breaking models. We found that for a wide range of the parameter space, the lighter
stau is the NLSP. When this is the case, the signature for SUSY production involves
substantial production of 7 leptons. We find that searching for events that have two
or three 7-jets at Run II and Run III of the Tevatron could be a feasible means of
testing this theory.

We then considered a GMSB model based on a left-right symmetric theory with
the gauge group SU(2); x SU(2)g x U(1)g_r. The light doubly charged particles in
this theory could be light enough to be produced at the current and next generation of
colliders. This is especially true for the light doubly charged Higgsino which receives.
no mass contributions from messenger loops. For a wide range of the parameter space,
the lighter stau is lighter than the lightest neutralino. When this occurs, T-jets will
be an important p@rt of the signature just as it is for GMSB models with MSSM
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particle content in the visible sector. Two facts distinguish this left-right model,
however. First, deltino pair production can greatly enhance the signal. Second, the
distribution in angle between the two highest Er 7-jets can peak at low values when
they come from same-sign 7-jets. This is due to many of the 7-jets coming from
the decay of a doubly charged particle and is not expected in models with minimal

particle content.
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