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Abstract

The work contained herein constitutes a report of the “Belthre Stan-
dard Model” working group for the Workshop “Physics at TeVIiZb
ers”, Les Houches, France, 2-20 May, 2005. We present revadw
current topics as well as original research carried outtierworkshop.
Supersymmetric and non-supersymmetric models are studgedell
as computational tools designed in order to facilitatertheenomenol-
ogy.
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Part 1
BSM SUSY

B.C. Allanach

On the eve before Large Hadron Collider (LHC) data takingreéhare many exciting
prospects for the discovery and measurement of beyond #&mel&td Model physics in general,
and weak-scale supersymmetry in particular. It is also gbmaportant to keep in mind the po-
tential benefits (or pitfalls) of a future ILC in the event tisSY patrticles are discovered at the
LHC. The precision from the ILC will be invaluable in terms@fning down supersymmetry
(SUSY) breaking, spins, coupling measurements as wellegiiging dark matter candidates.
These arguments apply to several of the analyses conta@reahhbut often also apply to other
non-SUSY measurements (and indeed are required for mosizimination).

At the workshop, several interesting analysis strategie®wleveloped for particular rea-
sons in different parts of SUSY parameter space. The foou#-pegion has heavy scalars and a
lightest neutralino that has a significant higgsino compoteading to a relic dark matter candi-
date that undergoes efficient annihilation into weak gawg®b pairs, leading to predictions of
relic density in agreement with the WMAP/large scale stitefits. Itis clear that LHC discov-
ery and measurement of the focus point region could be prudttie due to the heavy scalars.
However, in Part 2, it is shown how a multi-jet+missing eryesggnature at the LHC selects
gluino pairs in this scenario, discriminating against lgaokind as well as contamination from
weak gaugino production. Gauginos can have light massetharefore sizable cross-sections
in the focus-point region. The di-lepton invariant masgribstion also helps in measuring the
SUSY masses. An International Linear Collider (ILC) couléasure the low mass gauginos
extremely precisely in the focus point region, and data fovoss-sections, forward backward
asymmetries can be added to those from the LHC in order tai@nshe masses of the heavy
scalars. This idea is studied in Part 3.

Of course, assuming the discovery of SUSY-like signalsattiC, and before the advent
of an ILC, we can ask the question: how may we know the thed®USY? Extra-dimensional
models (Universal Extra Dimensions), as well as little Higgodels with T-parity, can give
the same final states and cascade decays. One importantgngoki of SUSY is the sparticle
spin. Measuring the spin at the LHC is a very challenging jpect but nevertheless there
has been progress made by Barr, who constructed a chargeretsiminvariant mass for spin
discrimination in the cascade decays. In Part 4, it is shdwvah $uch an analysis has a rather
limited applicability to SUSY breaking parameter spaceagdiag the fact that further efforts to
measure spins would be welcome.

There is a tantalising signal from the EGRET telescope oeexdiffuse gamma produc-
tion in our galaxy and at energies of around 100 GeV. This leas lnterpreted as the result of
SUSY dark matter annihilation into photons. Backgroundhaflux are somewhat uncertain,
but the signal correlates with dark matter distributionfeired from rotation curves, adding
additional interest. If the EGRET signal is indeed due to $Wd&rk matter, it is interesting to
examine the implications for colliders. The tri-leptonrsds at the Tevatron and at the LHC is
investigated in Part 5 for an EGRET-friendly point. A comdxuinfit to MSUGRA is aided by
measurements of neutral Higgs masses, and yields acceptalgision, although some work is
required to reduce theoretical uncertainties. In Part @ggeo production is studied at the LHC,



and gives large signals due to the light gauginos (assunangigo universality). The EGRET
region is compatible with other constraints, such as therrefl cosmological dark matter relic
density and LEP2 bounds upem,. etc. 30 fbo'! should be enough integrated luminosity to
probe the EGRET-friendly region of parameter space.

The calculations of the relic density of thermal neutralkitaok matter are being extended
to cover CP violation in the MSSM. This obviously generdiiee usual CP-conserving cases
studied and could be important particularly if SUSY is rasgble for baryogenesis, which re-
quires CP-violation as one of the Sakharov conditions. Tifects of phases is examined in
Part 7 in regions of parameter space where higgs-polesitataimuch of the dark matter. The
relationship between relevant particle masses and refisitiechanges - this could be an impor-
tant feature to take into account if trying to check cosmglby using collider measurements
to predict the current density, and comparing with cosmicllgastrophysical observation.

As well as providing dark matter, supersymmetry could paslthe observed baryon
asymmetry in the unvierse, provided stop squarks are rdigerr and there is a significant
amount of CP violation in the SUSY breaking sector. The expental verification of this idea
is explored in Part 8 where stop decays into charm and neurat the LHC are discussed.
Four baryogenesis benchmark points are defined for futwestigation. Light heavily mixed
stops can be produced at the LHC, sometimes in associattbrawiggs boson and the resulting
signature is examined. Finally, it is shown that quasi-degate top/stops (often expected in
MSSM baryogenesis) can be disentangled at the ILC despjteadk tagging challenges.

In Part 9, it is investigated how non-minimal charginos aedtralinos (when a gauge
singlet is added to the MSSM in order to address the superggriap problem) may be iden-
tified by combining ILC and LHC information on their masses @noss-sections. Split SUSY
has the virtue of being readily ruled out at the LHC. In split$Y, one forgets the technical hi-
erarchy problem (reasoning that perhaps there is an antmegsson for it), allowing the scalars
to be ultra-heavy, ameliorating the SUSY flavour probleme ghuginos are kept light in order
to provide dark matter and gauge unification. We would likargue that the Standard Model
plus axion dark matter (and no single-step gauge unificatepreferred by the principle of
Occam’s razor if one can forget the technical hierarchy [mob Given the intense interest in
the literature on split SUSY, this appears to be a minorigewihowever. In Part 10, constraints
from the precision electroweak variablés; andsin®é.,, are used to constrain split SUSY.
It is found that the GigaZ option of the ILC is required to maa&sthe loop effects from split
SUSY. As shown in Part 11, split SUSY is predicted in a defatnméersecting brane model.

In Part 12, gluino decays through sbottom squarks are iigaget at the LHC. Infor-
mation on bottom squarks could be important for constrginim 5 and the trilinear scalar
coupling, for instance. The signal is somewhat complexX:s2one quark jet, opposite sign
same flavour leptons and the ubiquitous missing transverseg 2b-tags as well as jet en-
ergy cuts seem to be sufficientin a basic initial study in otdeneasure the masses of sparticles
involved for the signal. Backgrounds still remain to be gddn the future.

Part 13 roughly examines the sensitivity of the LHC to CPlation in the Higgs sector by
decays taZ Z and the resulting azimuthal angular distributions andriiawvd mass distributions
of the resulting fermions. For sufficiently heavy Higgs messge.g. 150 GeV), the LHC can
be sensitive to CP-violation in a significant fraction of gnaeter space. Generalisation to other
models is planned as an extension of this work.

Finally, a salutary warning is provided by Part 14, whichcdisses combined fits to LHC
data. Although a mSUGRA may fit LHC data very well, there isiadly typically little statisti-
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cally significant evidence that the slepton masses are dnifih the squark masses, since the
squark masses are only loosely constrained by jet obs@awsabl
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Part 2

Focus-Point studies with the ATLAS
detector

T. Lari, C. Troncon, U. De Sanctis and S. Montesano

Abstract

The ATLAS potential to study Supersymmetry for the “Focusr®’

region of mMSUGRA is discussed. The potential to discoverpesu
symmetry through the multijet+missing energy signaturd #re re-
construction of the edge in the dilepton invariant massragifom the
leptonic decays of neutralinos are discussed.

1. INTRODUCTION

One of the best motivated extensions of the Standard Modgakidinimal SuperSymmetric
Model [1]. Because of the large number of free parameteasedlto Supersymmetry breaking,
the studies in preparation for the analysis of LHC data areegdly performed in a more con-
strained framework. The minimal SUGRA framework has fiveefparameters: the common
massm, of scalar particles at the grand-unification energy scéle,common fermion mass
mq /2, the common trilinear couplingl,, the sign of the Higgsino mass parameteand the
ratio tan /3 between the vacuum expectation values of the two Higgs etaibl

Since a strong point of Supersymmetry, in case of exact Rypaonservation, is that the
lightest SUSY particle can provide a suitable candidatdfark Matter, it is desirable that the
LSP is weakly interacting (in mSUGRA the suitable candidatae lightest neutraling?) and
that the relic density, in the present universe is compatible with the density ofharyonic
Dark Matter, which i€2pyh? = 0.112670 0151 [2,3]. If there are other contributions to the Dark
Matter one may hav@, < Qpay.

In most of the MSUGRA parameter space, however, the nautrediic density is larger
thanQpys [4]. An acceptable value of relic density is obtained onlyparticular regions of
the parameter space. In t@cus-point region(m,/, << my) the lightest neutralino has a
significant Higgsino component, enhancing theannihilation cross section.

In this paper a study of the ATLAS potential to discover angdgtSupersymmetry for
the focus-point region of MSUGRA parameter space is prederin Section 2. a scan of the
minimal SUGRA parameter space is performed to select a pgihtan acceptable relic density
for more detailed studies based on the fast simulation oATNeAS detector. In Section 3. the
performance of the inclusive jet+missing energy searchtesgies to discriminate the SUSY
signal from the Standard Model background is studied. IntiGect. the reconstruction of
the kinematic edge of the invariant mass distribution oftthe leptons from the decay” —
X{{t1~ is discussed.

2. SCANS OF THE mSUGRA PARAMETER SPACE

In order to find the regions of the mMSUGRA parameter spacewhéve a relic density com-
patible with cosmological measurements, the neutralifio density was computed with mi-
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crOMEGAs 1.31 [5,6], interfaced with ISAJET 7.71 [7] for teelution of the Renormalization
Group Equations (RGE) to compute the Supersymmetry mastrgpeat the weak scale.

\ ISAJET 7.71 m, = 175 GeV, tan B = 10 A=0 GeV 1 > 0 |

= LEP excluded
= Q<Quyup

I
3000

L R T T S
4000 5000 6000
m, (GeV)

Figure 1: The picture shows the regions of the,, m;,,) mMSUGRA plane which have a neutralino relic density
compatible with cosmological measurements in red/dark.giide black region is excluded by LEP. The light
gray region has a neutralino relic density which exceedsotagical constraints. White regions are theoretically
excluded. The values ofn 5 = 10, Ay = 0, a positivei;, and a top mass of 175 GeV were used.

In Fig. 1 a scan of themg,m, ;) plane is presented, for fixed valuestah 5 = 10,
Ao = 0, and positive:. A top mass of 175 GeV was used. The red/dark gray region olethe
is the stau coannihilation strip, while that on the rightie focus-point region witR, < Qpa;.

The latter is found at large value of, > 3 TeV, hence the scalar particles are very heavy,
near or beyond the sensitivity limit of LHC searches. Singe, << m,, the gaugino (chargino
and neutralino) and gluino states are much lighter. The SP®duction cross section at the
LHC is thus dominated by gaugino and gluino pair production.

The dependence of the position of the focus-point region &UGRA and Standard
Model parameters (in particular, the top mass) and the teiogies related to the aproximations
used by different RGE codes are discussed elsewhere [8-10].

Particle| Mass (GeV)| Particle| Mass (GeV)| Particle| Mass (GeV)
I 103.35 by 2924.8 o 3532.3
\Y 160.37 b 3500.6 h 119.01
xS 179.76 t 2131.1 H° 3529.7
% 294.90 t 2935.4 A° 3506.6
\E 149.42 er 3547.5 H* 3530.6
b% 286.81 R 3547.5
g 856.59 7. 3546.3
i, 3563.2 # 3519.6
iR 3574.2 7 3533.7

Table 1: Mass of the supersymmetric particles for the berackipoint described in the text.

The following point in the parameter space was chosen fodétailed study reported in
the next sections:

mo = 3550GeV, m;,, = 300GeV, Ay = 0GeV, u > 0,tan 3 = 10
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with the top mass set to 175 GeV and the mass spectrum compittedSAJET. In table 1
the mass of SUSY particles for this point are reported. Tlaespartners of Standard Model
fermions have a mass larger than 2 TeV. The neutralinos aagjicitos have masses between
100 GeV and 300 GeV. The gluino is the lightest colored staiit, a mass of 856.6 GeV. The
lightest Higgs boson has a mass of 119 GeV, while the othegdiggates have a mass well
beyond the LHC reach at more than 3 TeV.

The total SUSY production cross section at the LHC, as coetpby HERWIG [11-13],
is 5.00 pb. It is dominated by the production of gaugino paifs® (0.22 pb),x°x* (3.06 pb),
andy*y* (1.14 pb).

The production of gluino pairs (0.58 pb) is also significaftie gluino decays int°qq
(29.3%), \°¢ (6.4%), orx*qq (54.3%). The quarks in the final state belongs to the third
generation in 75.6% of the decays.

The direct production of gaugino pairs is difficult to segarcom the Standard Model
background; one possibility is to select events with sédvegons, arising from the leptonic
decays of neutralinos and charginos.

The production of gluino pairs can be separated from thedatahModel by requiring
the presence of several high-jets and missing transverse energy. The presenégeif and
leptons from the top and gaugino decays can also be used.

In the analysis presented here, the event selection is loase multijet+missing energy
signature. This strategy selects the events from gluinogvaduction, while rejecting both the
Standard Model background and most of the gaugino directymton.

3. INCLUSIVE SEARCHES

The production of Supersymmetry events at the LHC was sitadlasing HERWIG 6.55 [11—
13]. The top background was produced using MC@NLO 2.31 [G}, The fully inclusivett
production was simulated. This is expected to be the domiBamdard Model background for
the analysis presented in this note. The W+jets, and Z+g@t&dround were produced using
PYTHIA 6.222 [16,17]. The vector bosons were forced to ddepjonically, and the transverse
momentum of the W and the Z at generator level was require@ tardger than 120 GeV and
100 GeV, respectively.

The events were then processed by ATLFAST [18] to simulagel#tector response.

The most abundant gluino decay modes @ares \“tf andg — Y*tb. Events with
gluino pair production have thus at least four hard jets,raag have many more additional jets
because of the top hadronic decay modes and the charginoeamichlino decays. When both
gluinos decay to third generation quarks at least 4 jet$-gees. A missing energy signature is

provided by the two(! in the final state, and possibly by neutrinos coming from tpeguark
and the gaugino leptonic decay modes.

The following selections were made to separate these eframsthe Standard Model
background:

e Atleast one jet wittpr > 120 GeV

At least four jets withpr > 50 GeV, and at least two of them taggediagets.
El g6 > 100 GeV

0.1 < BEL go/Mprr < 0.35

No isolated lepton (electron or muon) with > 20 GeV and|p| < 2.5.
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Sample| Events | Basic cuts| 2 b-jets
SUSY | 50000 2515 1065
it 7600000 67089 | 11987
W +jets | 3000000| 16106 175
Z+jets | 1900000 6991 147

Table 2: Efficiency of the cuts used for the inclusive seaesfaluated with ATLFAST events for low luminosity
operation. The number of events corresponds to an intetylateinosity of 10 fio*. The third column reports
the number of events which passes the cuts described inxthexeept the requirement of two b-jets, which is
reported in the last column.

Here, the effective mas&/y;r is defined as the scalar sum of the transverse missing
energy and the transverse momentum of all the reconstrietécbnic jets.

The efficiency of these cuts is reported in Tab. 2. The thildrom reports the number of
events which passes the selections reported above, ekeegduirement of twé-jets, which
is added to obtain the numbers in the last column. The stdrAELAS b-tagging efficiency of
60% for a rejection factor of 100 on light jets is assumed.

The SUSY events which pass the selection are almost exelysive to gluino pair pro-
duction; the gaugino direct production (about 90% of thalt&JUSY cross section) does not
pass the cuts on jets and missing energy. After all selextioemdominant background is by far
due tot¢ production. The requirement of twejets supresses the remainifig+jets and” +jets
backgrounds by two orders of magnitude and is also expeoteeliuce the background from
QCD multi-jet production (which has not been simulated)egligible levels.

Vv
N
S

Su2

. ° e tt, MCatNLO

0 Z+jets, PYTHIA
‘. = WHjets, PYTHIA

2

=
Q

Events/10 fb/100 Ge

10

TR AR
e X

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Effective Mass (GeV)

o

-

o

Figure 2: Distribution of the effective mass defined in the,téor SUSY events and the Standard Model back-
grounds. The number of events correspond to an integrateihbsity of 10 fb- .

The distribution of the effective mass after these selectiots is reported in Fig. 2.
The statistic corresponds to an integrated luminosity ofldf@. The signal/background ra-
tio for an effective mass larger than 1500 GeV is close to 1thedstatistical significance is
SUSY [V SM = 23.
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Sample| Events | after cuts| M; < 80 GeV
SUSY | 50000 185 107

tt 7600000 31 13
W+jets | 3000000 0 0
Z+jets | 1200000 1 0

Table 3: Efficiency of the cuts used for the reconstructiothefneutralino leptonic decay. The number of events

corresponds to an integrated luminosity of 10 fbThe third column contains the number of events which passes
the selection cuts described in the text. The last columartefpthe number of the events passing the cuts which
have an invariant mass of the two leptons lower than 80 GeV.

4. THE DI-LEPTON EDGE
For the selected benchmark, the decays

X = X4 (1)

X5 = XTI (2)

occur with a branching ratio of 3.3% and 3.8% per lepton flaveapectively. The two leptons
in the final state provide a natural trigger and a clear sigmeat Their invariant mass has a
kinematic maximum equal to the mass difference of the twdra&oos involved in the decay,

which is

myo — myo = 57.02 GeV m o —m,o = 76.41 GeV (3)
The analysis of the simulated data was performed with tHeviahg selections:

e Two isolated leptons with opposite charge and same flavothr wyi > 10 GeV and
In| < 2.5

o ET oo >80 GeV, Mypr > 1200 GeV,0.06 < ET,,os/Mppp < 0.35

e At least one jet withpr > 80 GeV, at least four jets with; > 60 GeV and at least six
jets withpy > 40 GeV

The efficiency of the various cuts is reported in table 3 foritegrated statistics of
10 fb~!. After all cuts, 107 SUSY and 13 Standard Model events atewih a 2-lepton
invariant mass smaller than 80 GeV. The dominant StandamieMaackground comes from
production, and it is small compared to the SUSY combinatdrackground: only half of the
selected SUSY events do indeed have the decay (1) or (2) Méméecarlo Truth record.

It should be noted that with these selections, the ratiosY/+/ SM is 30, which is
slightly larger than the significance provided by the setet of the inclusive search with lepton
veto. The two lepton signature, with missing energy and petrselections is thus an excellent
SUSY discovery channel.

The combinatorial background can be estimated from the witey theet = andpu™e™
pairs. In the leftmost plot of Fig. 3 the distribution of thepton invariant mass is reported for
SUSY events with the same (different) flavour as yellow (f@djograms. Outside the signal
region and the Z peak the two histograms are compatible. Téed&rd Model distribution is
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Figure 3: Left: Distribution of the invariant mass of leptpairs with opposite charge and the same flavour (SUSY
events: yellow histogram; Standard Model: open markers)pposite flavour (SUSY events: red histogram;
Standard Model: full markers). The number of events cowasto an integrated luminosity of 10th. Right:
Flavour-subtracted distribution of the invariant massapitbn pairs, for an integrated luminosity of 300fb The

fit function is superimposed as a black line; the contribuiioreceives from they and x5 decays are shown
separately as a red and green line respectively. The fit gemare the two normalizations (p0 and p1), tHe
mass (p2), they — x{ mass difference (p3) and thd — x{ mass difference (p4).

also reported for the same (different) flavour as open (dpsearkers'. Since the Standard
Model background is small compared to the SUSY combindtbaakground, it is neglected
in the results reported below.

The flavour subtracted distribution is reported in the nigbst plot of Fig. 3 for an inte-
grated luminosity of 300 fb'. The presence of two edges is apparent.

In order to fit the distribution, the matrix element and phsisace factors given in Ref. [19]
were used to compute an analytical expression for the iammass of the two leptons, under
the aproximation that the Feynman diagram with slepton amghk is negligible compared to
the Z exchange (this aproximation is justified for the FocommEsince sleptons are very heavy).
The resultis [10]

dar Vit —m2(u? + M?) 4 (uM)?

dm (m? —m%)?

[—2m* + m?(2M? + p?) + (uM)?]  (4)

In the formulaC' is a normalization constant,= my—m; andM = my+my, wherem;,
andm, are the signed mass eigenvalues of the daughter and paterdlive respectively. For
the focuspoint, the mass eigenvalues of the two lightedrakéos have the same sign, while
the ;5 has the different sign.

The fit was performed with the sum of thg and 9 decay distributions provided by
Eq. 4, convoluted with a gaussian smearing of 1.98 GeV. Theasimy value was obtained
from the width of the observed peak. The fit parameters are the mass of\théwhich is the
same for the two decays), the two mass differenées \{ andx§ — x{, and the normalizations
of the two decays.

1Because of the presence of events with negative weight in MC@ some bins have a negative number of
entries
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The values found for the two mass differencesrafe’) — m(yY) = (57.0 + 0.5) GeV
andm(x3) — m(x?) = (77.3 + 1.2) GeV. They are compatible with the true values (eq. 3).

The fit provides also the value of the mass of fljesince the shape of the distribution
depends on it. This dependence is however very mild, exiyetoa m(\{) > m(x?) —m(xY),
and the limited statistics only allows to place a lower limfitabout 20 GeV on the mass of the
lightest neutralino.

5. CONCLUSIONS

A preliminary study of the ATLAS potential to study Superayetry in the Focus-Point sce-
nario has been presented. This scenario is relatively diffior the LHC, because of the large
mass of the SUSY scalars (2-3 TeV).

For the selected point in the parameter space the obsemaften excess of events with
hard jets and missing energy over the Standard Model exjp@tsashould still be observed
rather early. A statistical significance of more than 20 dtad deviations is obtained for an
integrated luminosity of0 fo~! both in the channel with no leptons and tiwagged jets and
the one with an opposite-sign electron or muon pair.

With a larger integrated luminosity 0 fo™', corresponding to about three years at the
design LHC luminosity, the two kinematical edges from thetdaic decay of the and the
x5 would be measured with a precision of the order of 1 GeV, glog two contraints on the
masses of the three lightest neutralinos.
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Part 3

SUSY parameter determination in the
challenging focus point-inspired case

K. Desch, J. Kalinowski, G. Moortgat-Pick and K. Rolbiecki

Abstract

Inspired by focus point scenarios we discuss the potentiadmbined
LHC and ILC experiments for SUSY searches in a difficult regad
the parameter space in which all sfermions are above theFre¢ision
analyses of cross sections of light chargino production famdard-
backward asymmetries of decay leptons at the ILC togethir nvass
information oNm from the LHC allow to fit rather precisely the un-
derlying fundamental gaugino/higgsino MSSM parametedstarcon-
strain the masses of the heavy, kinematically not accessibitual
sparticles. For such analyses the complete spin corrakatietween
production and decay process have to be taken into accouatalst
took into account expected experimental uncertainties.

1. INTRODUCTION

Due to the unknown mechanism of SUSY breaking, supersynmnettensions of the Stan-
dard Model contain a large number of new parameters: 105ariMimimal Supersymmetric
Standard Model (MSSM) appear and have to be specified. Erpats at future accelerators,
the LHC and the ILC, will have not only to discover SUSY butcale determine precisely the
underlying scenario without theoretical prejudices on$SY breaking mechanism. Particu-
larly challenging are scenarios, where the scalar SUSYqgbadector is heavy, as required e.g.
in focus point scenarios (FP) as well as in split SUSY (sS).aFecent study of a mSUGRA
FP scenario at the LHC, see [20].

Many methods have been worked out how to derive the SUSY pmmat collider
experiments [21, 22]. In [23-27] the chargino and neutmBectors have been exploited to
determine the MSSM parameters. However, in most cases balgroduction processes have
been studied and, furthermore, it has been assumed thaedsemof scalar particles are already
known. In [28] a fit has been applied to the chargino produdticorder to derivells,, i, tan 3
andm; . However, in the case of heavy scalars such fits lead to arratisak constraint for
mp,.

Since it is not easy to determine experimentally cross @estfor production processes,
studies have been made to exploit the whole productionel®ady process. Angular and energy
distributions of the decay products in production with sdugent three-body decays have been
studied for chargino as well as neutralino processes in32P-Since such observables depend
strongly on the polarization of the decaying particle thenptete spin correlations between
production and decay can have large influence and have td&kée tato account: Fig. 1 shows
the effect of spin correlation on the forward-backward asyetry as a function of sneutrino
mass in the scenario considered below. Exploiting suchefbacts, it has been shown in [32,



19

33] that, once the chargino parameters are known, usefukeictdoounds for the mass of the
heavy virtual particles could be derived from forward-baekd asymmetries of the final lepton

Arg(0).

2. CHOSEN SCENARIO: FOCUS POINT-INSPIRED CASE

In this section we take a FP-inspired mSUGRA scenario defaté¢lde GUT scale [34]. How-
ever, in order to assess the possibility of unravelling sadhallenging new physics scenario
our analysis is performed entirely at the EW scale withowt eeference to the underlying
SUSY breaking mechanism. The parameters at the EW scalebta@ed with the help of
SPheno code [35]; with the micrOMEGA code [6] it has been kbdahat the lightest neu-
tralino provides the relic density consistent with the raryonic dark matter. The low-scale
gaugino/higgsino/gluino masses as well as the derivedesasfsSUSY patrticles are listed in
Tables 1, 2. As can be seen, the chargino/neutralino sestwekas the gluino are rather light,
whereas the scalar particles are about 2 TeV (with the ordggtxon of/ which is a SM-like
light Higgs boson).

My | My | Ms | p |tanp Mgk | Mgk || mgo | mgo | mgo | mgo || g

60 | 121| 322 | 540| 20 117 | 552 || 59 | 117 | 545 | 550 || 416

Table 1: Low-scale gaugino/higgsineh 3 MSSM parameters and the resulting chargino and neutralesses.
All masses are given in [GeV].

Mp | MHEA | Mpx || My | My | Me, | Mz | My || Mgy | Mg, | My, | My,

119| 1934 | 1935 1994 | 1996 | 1998 | 1930| 1963 || 2002 | 2008 | 1093 | 1584

Table 2: Masses of the SUSY Higgs particles and scalar festiall masses are given in [GeV].

2.1 EXPECTATIONS AT THE LHC

As can be seen from Tables 1, 2, all squark particles are latieally accessible at the LHC.
The largest squark production cross section istfgr However, with stops decaying mainly
to gt [with BR({,, — gt) ~ 66%], where background from top production will be large, no
new interesting channels are open in their decays. The sth&rks decay mainly vigg, but
since the squark masses are very heavy, , > 2 TeV, mass reconstruction will be difficult.
Nevertheless, the indication that the scalar fermions arg kieavy will be very important in
narrowing theoretical uncertainty on the chargino and radiub decay branching ratios.

In this scenario the inclusive discovery of SUSY at the LH( dssible mainly to the
large gluino production cross section. The gluino producis expected with very high rates.
Therefore several gluino decay channels can be exploitad.|drgest branching ratio for the
gluino decay in our scenario is into neutralinBsgz(§ — Y96b) ~ 14% with a subsequent
leptonic neutralino decayp R(x — X{/t(7), { = e,u of about 6%, see Table 3. In this
channel the dilepton edge will clearly be visible since thiscess is practically background-
free. The mass difference between the two light neutralineses could be measured from the



20

- ot om0 - et om0~
€+€ —>X1 Xl’Xl —>X1€ Ve €+€ —>X1 Xl’Xl —>X1€ Ve

Arp(e ) e : : Arp(e)ss : :
[%] Vs = 350 GeV [%] V5 = 350 GeV
50 ] 501 1
4.8 &
4t
46
07 with spin correlations
\ 44t T
0l App inour scenario
Y 42+
10 20k
0 spincor. e i ‘ 38
500 1000 1500 2000 .1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250
mge/GeV mge/GeV

Figure 1: Forward-backward asymmetryeof in the processte~ — xF Y7, Xi — Y'e~ v, as a function ofn;;_

in a) the rangen;, = [200, 2300] GeV (left) and in b)m;, = [1750,2250] GeV (right), both at/s = 350 GeV
and for unpolarized beams. The mass of the other scalarabip@rticle, mz, , which contributes in the decay
process, has been assumed to fulfil the SU(2) mass relation= m2_+ m?% cos(28)(—1 + sin” ). In a) the
light (green) line denotes the deriveld-5 (¢~ ) without taking into account the chargino spin correlatibatveen
production and decay process.

dilepton edge with an uncertainty of about [34]
6(mgo —msgo) ~ 0.5 GeV. (1)

Other frequent gluino decays are into the light charginojetsj with abouts 2(§ — YEqq') ~
20% for qq’ in the first two families, and abodts in the third.

BR(§ — xX5b) | 14.4% || BR(§ — X7 quda) | 10.8% || BR(XT — XVqaq.) | 33.5%
BR(XS — X%+ 0=) | 3.0% BR(ti2—gt) | 66% | BR(Y7 — XU~ w) | 11.0%

Table 3: Branching ratios for some important decay modesuinseenariol = e, p, 7, ¢, = u, ¢, gq = d, s.
Numbers are given for each family separately.

2.2 EXPECTATIONS AT THE ILC

At the ILC with /s = 500 GeV only light charginos and neutralinos are kinematicaltges-
sible. However, in this scenario the neutralino sector msrabterized by very low production
cross sections, below 1 fb, so that it might not be fully explle. Only the chargino pair
production process has high rates at the ILC and all infolonatbtainable from this sector has
to be used. In the following we study the process

efe” = XIXT (2)
with subsequent chargino decays

T = XVeTv., and X7 — X(se (3)
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for which the analytical formulae including the completénsgorrelations are given in a com-
pact form e. g. in [29]. The production process occurswend 7 exchange in the-channel
andz, exchange in the-channel, and the decay processes get contributionsifréwexchange
andr., ¢, (leptonic decays) 0¥, ¢;, (hadronic decays).

Table 4 lists the chargino production cross sections angdmi-backward asymmetries
for different beam polarization configurations and fleestatistical uncertainty based @h=
200 fb~! for each polarization configuratiof®’.- , P.+ ) = (—90%, +60%) and(+90%, —60%).
Below we constrain our analyses to the first step of the IL@&wit < 500 GeV and study only
the v v; production and decay.

Studies of chargino production with semi-leptonic decaytha ILC runs at,/s = 350
and 500 GeV will allow to measure the light chargino mass in the comtim with an error
~ 0.5 GeV. This can serve to optimize the ILC scan at the thresh®éd \vhich, due to the
steeps-wave excitation curve i x; production, can be used to determine the light chargino
mass very precisely to about [37-39]

mex = 1171+ 0.1 GeV. (4)

The light chargino has a leptonic branching ratio of abB&( v, — (") ~ 11% for
each family and a hadronic branching ratio of abBut(y; — x{sc) ~ 33%. The mass of the
lightest neutralinon. can be derived either from the energy distribution of thedeg™ or in
hadronic decays from the invariant mass distribution oftthe jets. We therefore assume [34]

mgo = 59.2 £ 0.2 GeV. (5)

Together with the information from the LHC, Eq. (1), a massentainty for the second lightest
neutralino of about
mgy = 117.1 £ 0.5 GeV. (6)

can be assumed.

3. PARAMETER DETERMINATION
3.1 Parameter fit without using the forward-backward asymmaery

In the fit we use polarized chargino cross section multipbgdhe branching ratios of semi-
leptonic chargino decayst(ete™ — xix;) x BR, with BR = 2 x BR(X{ — Xquq.) %
BR(XT — XY0~v)+ [BR(X{ = XV 0)]? ~ 034, 0 = e, i, qu = u,c, gz = d,s, as given
in Table 4. We take into account statistical error, a relative uncertainty in polarizatioh
AP.+/P.« = 0.5% [40] and an experimental efficiency of 50%4, Table 4.

We applied a four-parameter fit for the parametéfs M, ¢ andm;, for fixedtan 5 =
5,10,15,20,25,30 values. Fixingn 5 was necessary for a proper convergence of the minimal-
ization procedure. For the input valten 5 = 20 we obtain

M; =60.0+£0.2 GeV, M; =121.04£0.7 GeV, p = 540450 GeV, m; = 2000£100 GeV.
(7)
Due to the strong gaugino componentdf and ;¥ 2, the parameters/, and M, are well
determined with a relative uncertainty €f0.5%. The hlggsino parameteras well asn;, are
determined to a lesser degree, with relative errors-af0% and 5%. Note however, that the
errors, as well as the fitted central values depencharg. Figure 2 shows the migration ob1
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Figure 2: Migration of I contours withtan 5 = 5, 10, 20, 30 (top-to-bottom in the left panel, right-to-leftin the
middle panel, top-to-bottom in the right panel).

contours inm;,—M, (left), My—u (middle) andM;—M; (right) panels. Varyingan 5 between
5 and 30 leads to a shift 1 GeV of the fittedM; value and~ 3.5 GeV of M,, increasing
effectively their experimental errors, while the migratieffect for, andm ;. is much weaker.

3.2 Parameter fit including the forward-backward asymmetry

Following the method proposed in [32, 33] we now extend théyiusing as additional ob-
servable the forward-backward asymmetry of the final etectrAs explained in the sections
before, this observable is very sensitive to the mass of xicbaged scalar particles, even
for rather heavy masses, see Fig. 1 (right). Since in theydpoacess also the left selec-
tron exchange contributes thy/(2) relation between the left selectron and sneutrino masses:
m2 = m2 + m%cos(28)(—1 + sin’ fy ) has been assumed [21]. In principle this assumption
could be tested by combing the leptonic forward-backwaydasetry with that in the hadronic
decay channels if the squark masses could be measured ad@§4].

We take into account & statistical uncertainty for the asymmetry which is given by
A(App) =2y/e(1 —¢)/N, (8)

wheree = op/(or + op) and the number of events is denoted/By Due to high production
rates, the uncertainty is rather small, see Table 4.

Applying now the 4-parameter fit-procedure and combiningth the forward-backward
asymmetry leads to:

M; =60.0+04GeV, M,=121.0£1.5GeV, p=>5404+50 GeV
my, = 1995 £ 60 GeV, tan g > 10. (9)

Including the leptonic forward-backward asymmetry in thaltiparameter fit strongly im-
proves the constraints for the heavy virtual particte, . Furthermore no assumptions tm
has to be made. Since for smalh $ the wrong value ofi 5 is predictedfan g is constrained
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VslGeV (P, Pa) || o(XFTx7)fb || o(XFXT) x BRIfb || App(e™)I%
350 (—90%, +60%) || 6195.5:7.9 2127.9:4.0 4.49+0.32
(0,0) 2039.14.5 700.3:2.7 4.5+0.5
(+90%, —60%) || 85.0+0.9 29.24:0.7 4.7£2.7
500 (—90%, +60%) || 3041.5:5.5 1044.6+2.3 4.69+0.45
(0,0) 1000.6+3.2 343.71.7 4.740.8
(+90%, —60%) || 40.3:0.4 13.8+0.4 5.0+3.9

Table 4: Cross sections for the process~ — Y7 y; and forward-backward asymmetries for this process
followed by yi — x\e~v., for different beam polarizatio®,-, P.+ configurations at the cm energigé =

350 GeV and500 GeV at the ILC. Errors includés statistical uncertainty assuming = 200 fb~—! for each
polarization configuration, and beam polarization undetyeof 0.5%. BR ~ 0.34, cf. Sec. 3.1 and Table 3.

from below. The constraints for the mass, are improved by about a factor 2 and for gaugino
mass parameter®; and M, by a factor 3, as compared to the results of the previousmsecti
with unconstrainedan 5. The error for the higgsino mass parameteremains roughly the
same. lItis clear that in order to improve considerably thest@ints for the parameterthe
measurement of the heavy higgsino-like chargino and/otrako masses will be necessary at
the second phase of the ILC witfls ~ 1000 GeV.

4. CONCLUSIONS

In [34] we show the method for constraining heavy virtualtigées and for determining the
SUSY parameters in focus-point inspired scenarios. Sueha®s appear very challenging
since there is only a little experimental information abthg SUSY sector accessible. How-
ever, we show that a careful exploitation of data leads toieant constraints for unknown pa-
rameters. The most powerful tool in this kind of analysisituout to be the forward-backward
asymmetry. The proper treatment of spin correlations betwtee production and the decay is a
must in that context. This asymmetry is strongly dependerthe mass of the exchanged heavy
particle. TheSU(2) assumption on the left selectron and sneutrino masses bettielsted by
combing the leptonic forward-backward asymmetry with tbevard-backward asymmetry in
the hadronic decay channels if the squark masses could bsunedaat the LHC [34]. We
want to stress the important role of the LHC/ILC interplagcg none of these colliders alone
can provide us with data needed to perform the SUSY parandetermination in focus-like
scenarios.
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Part 4

MSUGRA validity of the Barr neutralino
spin analysis at the LHC

B.C. Allanach and E Mahmoudi

Abstract

The Barr spin analysis allows the discrimination of supersyetric spin
assignments from other possibilities by measuring a chasgemetry
at the LHC. The possibility of such a charge asymmetry retiesa
squark-anti squark production asymmetry. We study the apprate
region of validity of such analyses in mMSUGRA parameter spag
estimating where the production asymmetry may be staaibfisignif-

icant.

If signals consistent with supersymmetry (SUSY) are disced at the LHC, it will be
desirable to check the spins of SUSY particles in order tottes SUSY hypothesis directly.
There is the possibility, for instance, of producing a sandpectrum of particles as the minimal
supersymmetric standard model (MSSM) in the universabeditmensions (UED) model [41].
In UED, the first Kaluza-Klein modes of Standard Model p&schave similar couplings to
their MSSM analogues, but their spins differ bj2.

In a recent publication [42], Barr proposed a method to daeitee the spin of supersym-
metric particles at the LHC from studying the— ¢ — [rl, ¢ — Y.l ¢ decay chain.
Depending upon the charges of the various sparticles iedplthe near and far leptons, (/;
respectively) may have different charges. Forming theriavé mass of,, with the quark nor-
malised to its maximum valueh = m,,/m[:® = sin(0*/2), whered* is the angle between
the quark and near lepton in thé rest frame. Barr’s central observation is that the proligbil
distribution functionP, for [F q or [ g is different to P, (the probability distribution function of

[ or [} g) due to different helicity factors:
dP dP.
L= 4w 2 = ar(1 — ). (1)

dim ’ din

One cannot in practice distinguigh(originating from a squark) frong (originating from an
anti-squark), but insteadverageshe ¢, ¢ distributions by simply measuring a jet. This sum
may therefore be distinguished against the pure phase gpsteibution

dPps

dm

— % ()

only if the expected number of produced squarks is diffeterthe number of anti-squarks
Indeed, the distinguishing power of the spin measuremeptaportional to the squark-anti
squark production asymmetry. The relevant production @sses argp — Gq, §q or gq. The
latter two processes may have different cross-sectiorsusecf the presence of valence quarks

20One also cannot distinguish between near and far leptods@ane must forritt ¢ and!~ ¢ distributions [42].
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Particle |\ |[lr | Doy | XE | 6 | G | b0 | 71| dr
Lower bound| 37| 88| 43.1| 67.7| 86.4| 195| 91| 76 | 250

Table 1: Lower bounds on sparticle masses in GeV, obtaimed Ref. [48].

in the proton parton distribution functions, which will fawr squarks over anti-squarks. Such
arguments can be extended to examine whether supersymaoagtrige distinguished against
UED at the LHC [43,44].

Due to CPU time constraints, the spin studies in refs. [4pw&3e performed for a single
point in MSUGRA parameter space (and a point in UED spacefi [43, 44]). The points
studied had rather light spectra, leading one to wonder hewedc the possibility of spin mea-
surements might be. Here, we perform a rough and simple atgiaf the statistical significance
of the squark/anti-squark asymmetry, in order to see wheparameter space the spin discrim-
ination technique might work.

Provided that the number of (anti-)squarks produced istgréhan about 10, we may use
Gaussian statistics to estimate the significance of anyrktumi-squark asymmetry. Denoting
() as the number of squarks produced &hds the number of anti-squarks, the significance of
the production asymmetry is B

Q-
V@ +Q
Eq. 3 does not take into account the acceptanoé the detector or the branching rathoof
the decay chain. Assuming squarks to lead to the same aocegtand branching ratios as
anti-squarks, we see from Eqg. 3 that the significance of theesored asymmetry is

S = \Vabs. (4)

S = (3

The SUSY mass spectrum and decay branching ratios werdat@dwvithISAJET-7.72
[7]. We consider a region which contains the SPS 1a slope (j43]= 0.4 x m,,,) and we
choose the following mSUGRA parameters in order to performa- m4/, scan:

(Ag = —mg,tan = 10,4 > 0) . (5)

A sample of inclusive SUSY events was generated uB¥igHIA-6.325 Monte Carlo event
generator [46] assuming an integrated luminosity of 300! fand the leading-order parton
distribution functions of CTEQ 5L [47]. The LEP2 bound updre tlightest CP-even Higgs
mass impliesn,e > 114 GeV forsin*(8 — a) ~ 1. For any given point in parameter space,
we imposen;o > 111 GeV on thdSAJET prediction ofm 0, which allows for a 3 GeV error.
We also impose simple-minded constraints from negativeisfgsearches presented in Table
1.

Fig. 1 displays the production and measured asymmetrieseimt — m,,, plane. In
Fig. 1a, neither the acceptance of the detector nor the biragcatios of decays are taken into
account. Thus, if the reader wishes to use some particunch order to measure a charge
asymmetry, the significance plotted should be multipliedfy:.. As m, and mq /o grow, the
relevant sparticles (squarks and gluinos) become heawcktlge overall number of produced
squarks decreases, leading to less significance. We semtitht of the allowed part of the
plane corresponds to a production asymmetry significanagexdter than 10. However, the
acceptance and branching ratio effects are likely to drakdyireduce this number.
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Figure 1: Significance in therfy-m, ») plane for 300 f! of integrated luminosity at the LHC for (a) the produc-
tion asymmetryS and (b) the measured asymmetty’b for the chainj — 3¢ — Irl,q— x3,1¢ ¢, assuming
that the acceptance is equal to 1. The SPS 1a line is labelldddck with the SPS1a point marked as an asterisk.
The red line delimits a charged lightest-supersymmetnitigda (LSP) from an uncharged LSP. Contours of equal
squark or gluino mass are shown in grey for reference. Theemtagine delimits the region that does not pass
sparticle or higgs search constraints (“excluded”) frora tagion that does. The significance is measured with
respect to the bar on the right hand side of each plot, whicimia logarithmic scale. White regions correspond
either to excluded points, or negligible significance.
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Fig. 1b includes the effect of the branching ratio for theiohthat Barr studied in the
significance. The significance is drastically reduced fragm Ea due to the small branching
ratios involved. The region marked “charged LSP” is cosrgmally disfavoured if the LSP
is stable, but might be viable if R-parity is violated. Inghatter case though, a different spin
analysis would have to be performed due to the presence a8Ralecay products. The region
marked “forbidden” occurs whem;_ > m.q, implying that the decay chain studied by Barr
does not occur.

The highest squark/anti-squark asymmetry can be founcharey = 100, m,, = 200
and its significance is around 500 or so, including branchiatgs. Barr investigated the
MSUGRA pointmg = 100 GeV ,my;; = 300 GeV, Ay = myy, tan g = 2.1, u > 0, as-
suming a luminosity of 500 fb. In his paper, which includes acceptance effects, Barestat
that a significant spin measurement at this point shouldogtibossible even with only 150 th
of integrated luminosity. Our calculation of the significars+/b for this point is 53. Assum-
ing that the acceptance is not dependent upon the mSUGRMpgees, we may deduce that
a value ofSv/b > 53 in Fig. 1b is also viable with 150 fi3. This roughly corresponds to the
orange and red regions in Fig. 1b. Although the parametearesigahighly constrained, there is
nevertheless a non-negligible region where the Barr spatyars may work.
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Part 5

The trilepton signal in the focus point
region

Ph. Gris, R. Lafaye, T. Plehn, L. Serin, L. Tompkins and Dwasr

Abstract

We examine the potential for a measurement of supersymnaetihye
Tevatron and at the LHC in the focus point region. In paraculve
study on the tri-lepton signal. We show to what precisionesspm-
metric parameters can be determined using measuremeihts kiggs
sector as well as the mass differences between the two sighteitrali-
nos and between the gluino and the second-lightest nendrali

1. INTRODUCTION

Recent high energy gamma ray observations from EGRET shoexeess of galactic gamma
rays in the 1 GeV range [49]. A possible explanation of theeegcare photons generated by
neutralino annihilation in galactic dark matter [50]. Urtimately, this kind cosmological data
is only sensitive to a few supersymmetric parameters, hieenhass and the annihilation or de-
tection cross sections of the weakly interacting dark matéedidate. A prime dark matter
candidate is the lightest supersymmetric particle, whicmbst supersymmetry breaking sce-
narios turns out to be the lightest neutralino [51]. To beedblderive stronger statements from
the data, one can assume gravity mediated supersymmeakibggdmSUGRA) and fit the free
parameters of this constrained model to the observed gamyrspectrum [50]. Only an addi-
tional connection of this kind (assuming we know the suparsgetry breaking scenario) allows
one to make statements about the scalar sector. In thisletief, we study the mSUGRA pa-
rameter point given byn, = 1400 GeV, m,/, = 180 GeV, A, = 700 GeV, tan # = 51 and

1 > 0, which could explain the claimed excess. We analyse thegrhenological implications
for searches and measurements of supersymmetric padidles Tevatron and at the LHC [52].
To determine the underlying mSUGRA parameters sophisticagols such as Fittino [53, 54]
and SFITTER [55, 56] are required. In our study we use SFITT&Retermine the expected
errors on the supersymmetric parameters.

The TeV-scale particle masses for our mSUGRA parametert @oerdisplayed in Ta-
ble 1. The highny value [57-59] places most squarks and sleptons well abow/1which
means that the expected production rate at the LHC will lmmgty reduced as compared to the
standard scenarios such as SPS1a [45]. The large valuerfor enhances the heavy Higgs
Yukawa coupling td quarks and- leptons. Therefore the MSSM Higgs sector is likely to be
observed at the LHC, for example through a charged Higgsrbdeoaying ta- leptons [60,61]
or through a precision mass measurement for the heavy héligigs bosons decaying to muon
pairs [52]. Certainly, the comparably low-mass chargimesjtralinos and gluinos, will be pro-
duced at accelerator experiments.
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Particle| Mass (GeV)|| Particle| Mass (GeV)|| Particle| Mass (GeV)
q 1430 g 520 h° 114

b 974 G 137 A° 488

[ 1400 %1 72

7 974 I 137

Table 1: TeV-scale supersymmetric particle masses in tieEEGparameter point computed with SUSPECT [62].
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Figure 1: Tevatron reach in the trilepton channel in the — m,,» plane, for fixed values ofi;, 4 > 0 and
tan 3 = 5,35. We show results for 2, 10 and 3B~ total integrated luminosity. The figure is taken out of
Ref. [67]

2. DISCOVERY PROSPECTS

At the Run Il of the Tevatron, the 500 GeV gluinos are unlikielyoe observed, in particular in
the limit of heavy squarks, because the powerful squarkrglassociated production channel
does not contribute to the gluino rate. Only the light gaogitit , ¥, v might be observable.
One of the most promising channels for SUSY discovery at #anaifon is the production of
a neutralino and a chargino with a subsequent decay toptoite [63-67]:pp — YIS —

3¢ + Er + X. Unfortunately, for our SUSY parameter point, its rate sgly auppressed by
the heavy sleptons: the leading order cross section is®MyB R ~ 10 fb, with mild next-
to-leading order corrections [68]. Depending on the lursityodelivered by the Tevatron [69],
between 40 and 80 events are expected per experiment runnith@009. Since the 67 GeV
mass difference between th& and thex) andy7 is sizeable, the transverse momentum of the
decay leptonsis large. At the generator level,ghelistribution of the leading (next-to-leading)
lepton peaks around 35 GeV (25 GeV). Hence, given a largeginmtem triggering on this
signal will not be a problem. However, the cross-sectioros lbw to allow a discovery: in
Figure 1 [67] we see that an integrated luminosity of at Ieastb—! is required to claim a®&
discovery.

At the LHC, the total inclusive SUSY particles productiongs section for our parameter
point is 19.8 pb. The largest contributions come from thecpssesig — ¢g (50%), ¢’ —
WNE (20%), andyg — YEXT (10%). The dominant source of SUSY particle production with
a decay to hard jets are of course gluino decays. We can extr@dtri-lepton signal [70—73]
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Figure 2: Invariant mass of dilepton pairs after cuts. Wdtde 100 fo! integrated luminosity at the LHC.
Chargino-neutralino signal events are shown in black}the background in green. Opposite-sign opposite-flavor
events are subtracted.

Process Cut

Lepton Productio] 3lep | Z mass
S+ XT 129 fb 28fb | 13fb
W27z 875fb 144fb | 4.9f1b
L7 161 fb 21.9fb| .0146 fb

Table 2: Cross sections for signal and background at the MA€shows - BR,,, including taus (first column), the
rate after requiring 3 identified leptons (second columngl, events after thexz; mass window cut (third column).

qq — VOXE — 030, (v,x° by requiring exactly three leptons with a transverse momnent
greater than 20 (10) GeV for electrons (muons).

The main backgrounds al€ Z andZ Z production where one lepton is not reconstructed
inthe ZZ case. To reject Z events, we require the invariant mass of all opposite-sgme-
flavor lepton pairs to be outsideba window aroundn . The background events withl& or
with a 7 decaying to a leptonie are not affected by these cuts. The combinatorial backgroun
we remove through background subtraction (opposite-flaepposite-sign leptons). The in-
variant mass distribution for dilepton pairs is shown inuig 2. We list the corresponding
cross sections for signal and background before and aftericurable 2. Kinematically, the
invariant mass of the same-flavor opposite-sign leptongdibs smaller than the mass differ-
ence between the two lightest neutralinos, correspondirniget case where thg) is produced
at rest. Inspite of the 3-body decay kinematics, the edgéefrtvariant mass distribution is
reasonably sharp, so with a mass difference of 65 GeV thakgyents should be visible above
the background (Table 2). This channel obviously benefiisifthe good precision in the lepton
energy scale, as compared to the more difficult jet final state

In addition, the light and heavy neutral Higgs bosons h,HwaB as the A,should be
easily accessible to the LHC through the, 77,andu decay channels. The lightest neutral
Higgs boson is expected to be measured with a precision gbdhmille level, whereas the
two heavy neutral Higgs bosons, essentially degenerateassnshould be measurable with
a precision of the order of 1-7% [52]. The charged Higgs besame observable in the-
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Figure 3: Parton level invariant mass distributionfayuark pairs coming from gluino decays

channel [60,61]. While their observation will help discirate between SUSY and non-SUSY
models, the decay channel will not provide a precise massuneent in this particular decay
channel. Additionally, 50% of the total cross section, i1€. pb, will be gluino pair production
with a large branching ratio of about 25% for the gluino detayby) . Thus one expects
large rate of b-jets for this process which should be distisigable from the standard model
background. At the parton level, as shown in Figure 3, a cbelge can be observed for the
invariant mass objet pairs providing information on thé — v mass difference. The channel
merits further investigation which is beyond the scope &f gaper.

3. DETERMINATION OF THE mSUGRA PARAMETERS

To determine the errors on the underlying parameters fraannteasurements we use SFIT-
TER [55,56]. In a constrained model such as mSUGRA, five nreasents are necessary to fit
the fundamental parameters and determine their errors fbxve for example using the mea-
surement ofg — 2), or the branching ratio foB — X;~. In this case, the five measurements
we use are: the masses of the three neutral Higgs bosonghé4hass difference between the
second-lightest and lightest neutralino and finally the srdifference between the gluino and
second-lightest neutralino.

We explore two different strategies: First, we include otilg systematic experimental
errors (in the limit of high statistics), which are domingtey the limited knowledge of the
energy scale of leptons (0.1%) and jets (1%) [75]. The rsesaé shown in Table 3. The
large unified scalar mass, can be determined despite the absence of a direct measureimen
slepton and squarks masses. While in the general MSSM they Iiggs boson mass A is a
free parameter, in MSUGRA, the A mass as well as the H masgaséise totan  as shown
in Table 3. The supersymmetric particle measurements. fix.

The main source of uncertainty in the Higgs sector are patréererrors [75]. A shift in
the bottom (top) quark mass of 0.05 GeV (1GeV) translatesanthange of the heavy Higgs
masses of 40 GeV (50 GeV). Once we include errors on top quadsift1 GeV) and bottom
guark mass= 0.25 GeV) and add theory errors (3 GeV on the Higgs boson massegnl%
the neutralino mass difference, 3% on the gluino neutratirass difference) we obtain the
much larger errors shown in Table 3: All measurements are pescise by about an order of
magnitude. In particular, the measurementgfis seriously degraded, which makes it difficult
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nominal | exp errors| total error
mo 1400 50 610
my /o 180 2.2 14
tan 3 51 0.3 4.6
Ao 700 200 687

Table 3: The nominal values and the errors on the fundameataimeters are shown for fits with experimental
errors only, and total Error.

or impossible to establish high-mass scalars. Most of dss bf precision is due to the lightest
Higgs boson mass.

4. CONCLUSIONS

If supersymmetry should be realized with focus-point likeperties, tri-leptons will be mea-
sured at the LHC with good precision. Adding mass measur&radrihe three neutral Higgs
scalars, we dan determine the SUSY breaking parametersgwat precision (assuming we
know how SUSY is broken). Once we adds the parametric as wetheoretical errors, the
precision decreases by an order of magnitude, and it williffiewlt to establish heavy scalars
with our limited set of measurements.
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Part 6

Constraints on mMSUGRA from indirect
dark matter searches and the LHC
discovery reach

V. Zhukov

Abstract

The signal from annihilation of the relic neutralino in thalgctic halo
can be used as a constraint on the universal gaugino masduiGRA.
The excess of the diffusive gamma rays measured by the EGRIETF s
lite limits the neutralino mass to the 40-100 GeV range. Tlogiewith
other constraints, this will select a small region with,, <250 GeV
andm, >1200 GeV at large tat=50-60. At the LHC this region
can be studied via gluino and direct neutralino-chargira@pction for
Lins > 3007,

1. INTRODUCTION

In the indirect Dark Matter (DM) search, the signal from DMhdrilation can be observed as an
excess of gamma, positron or anti-protons fluxes on top o€t@mic Rays (CR) background,
which is relatively small for these components. EXxistingpemimental data on the diffusive
gamma rays from the EGRET satellite and on positrons anepaotons from the BESS, HEAT
and CAPRICE balloon experiments show a significant excegsuoima with E >2 GeV and,

to a lesser extent, of positrons and anti-protons in corsparwith the conventional Galactic
model (CM) [76]. These excesses can be reduced, if one assilnatethe locally measured
spectra are different from the average galactic ones [49 dGan be achieved by more than ten
supernovae explosions in the vicinity of the solar systen{0pc®) during last 10 Myr, which

is at the statistical limit. An alternative explanation réhilation of relic DM in the Galactic
DM halo. The flux of i-componenty, ¢*, p) from annihilation can be written as:

Fi(E) ~ T’%i [ PA(r)B(r)Gi(E,e,1) Y, < opv > A¥(e)drde,

where < ov > is the thermally averaged annihilation cross section irddqnsk, A%(c)-
hadronization of partoh into the final state of componentp(r) is the DM density distribution
in the Galactic haloB(r) is the local clumpiness of the DM, or 'boost’ facter,, is the mass
of the DM particle and thé&/;( £, e, r) is the propagation ternt{,=1). The annihilation cross
section and the yield for each component can be calculatidx iftame of the mSUGRA model
where the DM patrticle is identified as a neutralino. The redirto mass can be constrained by
the shape of the gamma energy spectrum. The DM profile timestbactorp?(r)B(r) can
be reconstructed from the angular distributions of the ganexcess [77]. The independent
measurement of the galactic rotation curve can be used tugéxthe bulk profile(r) and
the clumpiness. The DM profile and the clumpiness are alsoexird to the cosmological
scenario, in particular to the primary spectrum of densitgtihations [78]. The propagation of
the annihilation products and the CR backgrounds can beleséd with a galactic model. In
this study the DM annihilation was introduced into publielyailable code of the GALPROP
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Figure 1: Left: The annihilation yields from neutralina:.(=55 GeV) and the ratio of the fluxes from DM an-
nihilation to the CR backgrounds after propagation. Rigitie EGRET gamma spectrum and CR background
calculated with and without DM contribution.

model [79] and the simulated spectra have been comparedhvatbexperimental observations.
Fig.1(left) shows the calculated annihilation yields ahe tatio of the DM annihilation signal
from the neutralinon, = 55 GeV to the CR fluxes for each component. The right hand side
of the Fig.1 shows the EGRET diffusive gamma spectrum anélukes with and without DM
annihilation.

In this analysis we discuss how the information from indifet search can be used to
constrain the mSUGRA parameters and estimate the LHC patenthe defined region.

2. mMSUGRA CONSTRAINTS

The current study is limited to the minimal supergravity [@&RA) model with universal scalar
mo and gauginon,, masses at the GUT scale. The model is described by five wellkno
parametersing, m; /5, tan3, A, and sgng). The gluino and the neutralino-chargino mass spec-
trum at the EW scale are defined by 50 m o ~ 0.4my5, mg ~ m 2 ~ 0.8myp5,m 4 ~

2.7myj; and oy, o ’;;L‘”?ﬁ. The parameter space can be constrained by existing exgmatiam

data. The mass Iimité/Qon the light Higgs bosem,(> 114.3 GeV) from LEP and the limit
onb — sy ([3.43+0.36] 10°%) branching ratio from BaBar, CLOE and BELL constrain the
low m; , andm, region. The chargino masm(qi > 103 GeV) limits m,/, > 150 GeV for

all mg. For highmy, the smallm, /, region is excluded by the electroweak symmetry break-
ing (EWSB) requirements. The small value of far 5 can be excluded, if one assumes the
unification of Yukawa couplings and top mass ~175 GeV [80]. The triliniar couplingi,

is a free parameter. It can change significantly the intgrpfadifferent constraints, for exam-
ple, at low or negativel,, theb — s+ constraint overtakes the Higgs mass limits at low.
Further limitation on the parameter space can be obtairmd the DM Relic Density(RD) of
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WMAP [81] Qh? = 0.113 4 0.009. The RD was calculated with thmicrOMEGAs1.4 [82]
and theSuspect2.3.4 [62] and compared with th@h4%. The evolution of the GUT pa-
rameters to the EW scale requires a solution to the RGE grqupt®ns, which is sensitive
to the model parameters: {( M7)(0.122), m;(4.214), m,(175), etc.), especially for high teh
or the largem, region close to the EWSB limit [83]. Using the RD constraim mSUGRA
mo — my/, plane can be divided between a few particular regions, a@awgrto the annihila-
tion channel at the time of DM decouplifig ~ 5 ~10 GeV. First of all, the lowest:, are
excluded because LSP is the charged stau, not neutralinee @ the forbidden region at low
mg IS the co-annihilation channel where the neutralino is @limmass-degenerate with staus.
At low my andm, /, annihilation goes via sfermions (mostly staus) in the tacte with 7 final
state. In the A-channel the annihilation occurs via psecalas Higgs A with abb final state.
The A-channel includes a resonance funnel region, wherelltwed values ofrg, m;/, span
the whole plane for different tah and the narrow region at smail, ,, andm, > 1000, which
appears only at large t&n At large m, close to the EWSB limit, the annihilation also can
happen viaZ, h and H resonances. The RD constraint, including all these chansletinks the
mg — my /o parameter space to a narrow band but only at fixgadid tars. The requirement to
have a measurable signal from DM annihilation will also titan3. Indeed, nowadays dt, ~
1.8K, only a few channels can produce enough signal. Thehadatdn cross section i, i
andh channels depends on the momentum and is much smaller ahptesgerature. These
channels, as well as the co-annihilation, will not conttébto the indirect DM signal. Thel
channel and the staus exchange do not depend on the neukaletic energy and have the
same cross section as at decoupkngv >~ % These two channels can produce
enough signal although the energy spectrum of annlhllanmducts is quite different, the
decay producing much harder particles. The EGRET spectmmst&insm, in the 40-100
GeV range, ormn,;/,=100-250 GeV [77]. Since the gamma rays from thdecay are almost
10 times harder, only the A-channel at low; ,, can reproduce the shape of the EGRET ex-
cess. Fig. 2 shows on the left the, — m,,, region compatible with the EGRET data and
different constraints. The scatter plot of Fig. 2(rightpals models compatible with the RD at
different targ. The RD is compatible with lown, /, for the A -channel only at relatively large
tans = 50 — 60. This limits the mSUGRA parameters to thg ,=150-250 GeVyn,=1200-
2500 GeV and tah=50-60. The obtained limits depend on the 'boost’ factorichtwas found
to be in the range df — 50 for all components (depending on the DM profile), this is catiige
with the cosmological simulations [78]. The larger 'bodstttor above 19will allow contri-
bution from the resonance and co-annihilation channelgtathrt constraint will be relaxed.

3. SIGNATURES AT THE LHC

The relatively largen, and lowm, /, region favored by the indirect DM search can be observed
at the LHC energy/s = 14 TeV. The dominant channel is the gluino production with a-sub
sequent cascade decay into neutralinds (3) and chargino¢f. The direct production of the
neutralino-charging$ + xi pairs also has a significant cross section atteyy,. In both cases
the main discovery signature is the invariant mass didfiobuof two opposite sign same fla-
vor(OSSF) leptonse(or 1) produced from three body decay of neutraligp— 9/*/~. This
distribution has a particular triangular shape with theekimatic end point/;;***=m, o — m.e0.

Fig. 3 shows event topologies for the gluino and gaugino eakn The main final state for the
gluino production is the 20SSF leptons plus jets and a ngssansverse energy (MET). For
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Figure 2: Left: different constraints of mMSUGRA parameti@gesi3=50, A;=0) and the region (blue) allowed by
the gamma data. Right: random scan oftdor the models compatible with the RD constraints.

the neutralino-chargino production it is the pure trilepgtate without central jets.

We have studied the discovery reach of the CMS detector &settchannels using the
fast simulation (FAMOS), verified with the smaller samplesduced in full GEANT model
(ORCA). The signal and backgrounds have been generate®WilitilA6.225 andISASUGRA7.69
at leading order (LO), the NLO corrections have been takemaccount by multiplying with
the Ko factor. The low luminosity pileup has been included. Thes@bn of events have
been done in two steps; 1) the sequential cuts were appligeeteeconstructed events, 2) the
selected samples were passed through the Neural Network (Né¢ NN was trained sepa-
rately for each signal-background pair and the cuts on theoMfijduts have been optimized for
the maximum significance. The LM9 CMS benchmark point£1450,m,,,=175, tap=50,
A,=0) was used as a reference in this study.

For the gluino decay the main backgrounds are coming fromi¢thé+jets(herep > 20
GeV) and inclusive SUSY(LM9) channels. The selection catpiire at least 2 OSSF isolated
leptons withP;; >10 GeV/cFs >15 GeV/c) for muons(electrons), more than 4 centigl €
2.4) jets with £+ >30 GeV and the missing transverse enetgy.7’ >50 GeV. The NN was

trained with the following variablesy;..,, E3°", nicn, My, MET, Y Er, P%,%. The NN
orders the variables according to the significance for eggtasbackground combination. The
dilepton invariant mass for all OSSF combinations aftes@léctions is shown on the left side of
Fig. 4 for the LM9 point. The events, which has invariant nessgdose to the Z peald{; > 75
GeV), have been excluded. The significarttg=23 is expected for an integrated luminosity
30 fb~t. The discovery region compatible with the EGRET, is shownhanright hand side of
the Fig. 4. The scan was limited to, ,, > 150 GeV due to constraints on the chargino mass.
The gluino channel has more other signal signatures whiclpoavide even better background

separation and this estimation should be considered as knhatw

For the direct neutralino-chargino productighyi the trilepton final state was selected
using the following criteria: no central jetg’¢ > 30GeV andn < 2.4), two OSSF isolated
leptons ¢~ >10 GeV/c,P; >15 GeV/c) plus any lepton witk}. > 10 GeV/c, see Fig. 3. The
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Figure 3: Events topology at the LHC for the mSUGRA region paiible with the indirect DM search
(my/5 <250 andm, > 1000 GeV)
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Figure 5: Left: Invariant mass of all OSSF lepton pairs foe tmnSUGRA trilepton at the CMS LM9
point(m=1450,m,,,=175, tap=50, A,=0). Right: Discovery reach img, m;,, plane at tag=50 for L;,,;=30
fb~!, the significance § is shown as a color grades.

MET cut, very effective for the background suppression imeotSUSY channels, fails here as
the gauginos are light at, , < 250 GeV. The main background comes from Z+jets, Drell Yan,

tt and ZW/ZZ production. The NN was trained with the variablgsrr, P3*°, 0y, Pi%,

My, MET. The expected significance of the trilepton final state ferltM9 point isSip:EiT.l

for L;,;=30 fb~! at low luminosity, see Fig. 5. At high luminosity the jets @eselection can
reduce the signal selection efficiency by30% and another selection cuts are needed. The

right hand side of Fig. 5 shows the discovery reach of theptdn final state.

Both channels, in spite of different event topology, havertapping discovery regions
and are compatible with the region defined from indirect DMdrsh.

4. CONCLUSIONS

The existing experimental data from the indirect DM seatabether with the electroweak and
relic density constraints, limit the mSUGRA parameters toaarow regionm; ,, ~150-250
GeV, mg ~1200-2500 GeV and tah~50-60. The LHC will probe this region at integrated
luminosity L;,; >30 fb~'. The main discovery channels are the gluino decay inte with
20SSF dilepton plus jets final state and the neutralinogehardirect production with the pure
trilepton final state.
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Part 7

Relic density of dark matter in the MSSM
with CP violation

G. Bélanger, F. Boudjema, S. Kraml, A. Pukhov and A. Semenov

Abstract

We calculate the relic density of dark matter in the MSSM V@ vio-

lation. Large phase effects are found which are due bothitts $h the

mass spectrum and to modifications of the couplings. We dstraia
this in scenarios where neutralino annihilation is donedaby heavy
Higgs exchange.

1. INTRODUCTION

One of the interest of supersymmetric models with R-paritgservation is that they provide
a natural cold dark matter candidate, the lightest supemsstmic particle (LSP). The precise
measurement of the relic density of dark matter by WMAB945 < Qh? < 0.1287 [2, 3]
now strongly constrains the parameter space of supersynemneddels. Such is the case for
example in mMSUGRA models, where the relic density of darktenas often too large [4, 8,
84-88]. It has been pointed out that if one allows the pararsetf the MSSM to be complex,
the relic density could be modified, even opening up new atbvwegions of parameter space
[89, 90]. Furthermore, the issue of CP violation in the MSSMalso interesting from the
cosmological point of view as it provides a possible solutio the baryon number asymmetry
via the electroweak baryogenesis mechanism [91]. As a fiegt ®wards a comprehensive
study of the relic density of dark matter in the MSSM with CBlation, we present here some
results for the case where the neutralino is the LSP and gaweiti dominantly through heavy
Higgs exchange.

2. THE MODEL

We consider the general MSSM with parameters defined at tla& ge@ale. In general, one can
have complex parameters in the neutralino/chargino seuitbr M; = |M;|c', p = |p]et®»

as well as for the trilinear couplingsi; = |Af|c®s. The phase ofi/, can be rotated away.
Among the trilinear couplings4, has the largest effect on the Higgs sector. Morever as the
phase ofu is the most severely constrained by electric dipole momEbi) measurements,
we set it to zero and consider only the two remaining phaseandq,.

In the MSSM, the Higgs sector consists of two CP-even stdte&® and one CP odd
stateA. Adding CP violating phases in the model induces mixing leetwthese three states.
The mass eigenstatés, i, hs (my, < mu, < my,) are no longer eigenstates of CP. The
mixing matrix is defined by

(¢1,¢27G)§ = Hai(hlvh%h?))zr- (1)

In what follows we will mainly be concerned with the coupliofthe lightest neutralino to Hig-
gses that govern the neutralino annihilation cross sestitemHiggs exchange. The Lagrangian
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for such interactions writes

= le Gh o0 + sGp c050 )X i 2

with the scalar part of the coupling
oo = Re[(Niy — twN7y) (HiiNyy — HyiNyy — iHsi(s5Ny5 — esN7iy))]. 3)

where N is the neutralino mixing matrix in the SLHA notation [92]. &lpseudoscalar com-
ponentg;;ﬁi? corresponds to the imaginary part of the same expression.LB® couplings
to Higgses will clearly be affected both by phases in the nadinb sector, for example,,
which modifies the neutralino mixing, as well as from phades enter the Higgs mixing.
The latter can for example result from introducing a phaséhatrilinear couplingA;. In-
deed in the MSSM the mixing is induced by loops involving tgparks and is proportional to
Im(Ap)/(mZ —m? ) [93]. Thus a large mixing is expected whém(A.u) is comparable to
the squared of the stop masses. Note that the masses of thieglyiggses also depend on
the phase ofd,. In particular larger mass splitting between heavy Higgaesfound for large
values ofu A;.

3. RELIC DENSITY OF DARK MATTER

The computation of the relic density of dark matter in supensietric models is now standard,
and public codes are available which perform this calcafegither in the context of the MSSM
or of a unified model. Here we are using an extensiom@rOMEGAS [5, 6] that allows for
complex parameters in the MSSM [94]. UsihgnHEP [95], a new MSSM model file with
complex parameters was rebuilt in t@alcHEP [96] notation, thus specifying all relevant
Feynman rules. For the Higgs sector, an effective poteigtialritten in order to include in a
consistent way higher-order effects. Masses, mixing @érand parameters of the effective
potential are read directly fro@PsuperH [97] as well as masses and mixings of neutralinos,
charginos and third generation sfermions. On the other maaskes of the first two genera-
tions of sfermions are computed at tree-level from the irgarameters of the MSSM at the
weak scale. All cross sections for annihilation and coaitatibn processes are computed au-
tomatically withCalcHEP , and the standanchicrOMEGASs routines are used to calculate the
effective annihilation cross section and the relic densftgtark matter.

The cross sections for some of the annihilation and coalaibmn processes will depend
on phases, and so will the thermally-averaged cross sectkinthe same time, the phases
change the physical masses and so can strongly impact ine ofdhe relic density, especially
when coannihilation processes are important or when aaiibm occurs near a resonance. It
is the latter case that we will consider in more details here.

At vanishing relative velocityy, neutralino annnihilation through s-channel exchange is
p-wave suppressed; the annihilation proceeds strictiyuiin pseudoscalar exchange. Never-
theless when performing the thermal averaging, the scatdraange cannot be neglected alto-
gether. In the MSSM with real parameters it can amour@{®0%) of the total contribution.

In the presence of phases both heavy Higgses can acquiraidgssalar component (that is
g;; 50 # () and so both:, andh; can significantly contribute to neutralino annihilatioreav
at smallv. There is a kind of sum rule that relates the couplings squafdhe Higgses to
neutralinos. Therefore, for the two heavy eigenstates kwaie in general close in mass, we do
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not expect a large effect on the resulting relic density figiggs mixing alone. A noteworthy
exception occurs when, for kinematical reason, only ondeftivo resonances is accessible in
neutralino annihilation, that is;,, < mgo < My,

4. RESULTS

In order not to vary too many parameters, we chodge= 150 GeV, My = 300 GeV,tan 5 =

5, Mo, .v,.0, = 500 GeV andA; = 1200 GeV. EDM constraints are avoided by setting = 0

and pushing the masses of the 1st and 2nd generation sfexrtoiof TeV. We consider two
scenariosy = 500 GeV andy = 1 TeV leading to small and large mixing in the Higgs sector
respectively forg;, # 0. In both cases the LSP is dominantly bino. As mentioned gbove
allowing for non-zero phases not only affects the neutcadind Higgs couplings but also their
physical masses. Since the relic density is very sensitvineé mass differencemo;,, =

my, — 2mgo  [83,98], it is important to disentangle the phase effect&iirematics and in
couplings. As we will see, a large part of the huge phase &ffieeported in Ref. [99] can
actually be attributed to a changeMmn o), = my, — 2mse.

4.1 Scenario 1: small Higgs mixing

In the first scenario we fix = 500 GeV so that there is small Higgs mixing. Details of the mass
spectrum are shown in Table 1. The mass of the charged Higgs,= 340 GeV, is chosen
such that for real parameters the relic density falls withemWMAP range{2/? = 0.11. In this
case, when the parameters are réalis the pseudoscalar. The main channel for annihilation
of neutralinos are then characterictic/gf branching fractions, which goes predominantly into
fermion pairspb (78%),77 (10%) with a small contribution from the light Higgs charmé&l:,
(7%). When we vary either the phasesf or of A, we observe large shifts in the relic
density.

First consider varying the phasg, which affects the stop sector as well as the Higgs
masses and mixings through loop effects. In this scenatiowsmall, the scalar-pseudoscalar
mixing never exceeds 8%. We show that the phase dependedreddy linked to the mass
dependence of thk, which is predominantly pseudoscalar. In Fig. 1 we plot thedothat is
allowed by WMAP in then}; — ¢, plane. One can see that lower and upper WMAP bounds
correspond to the contours fom o, = 36.2 and38.6 GeV respectively with onlyl% devia-
tion. So the main effect af; can be explained by shifts in the physical masses and positio
the resonance.

We next vary the phasg , keepingy; = 0. This phase changes the neutralino masses and
mixings, which in turn determine the couplings of neutrafiio Higgses, Eq. 3. Foty+ =
340 GeV, when increasing, the relic density drops, see Fig. 1b. This is because ths ofas
the neutralino increases slowly, resulting in a smaller o, . If one readjusts either the mass
of the neutralino or the mass of the Higgs to have a constass atiference, we find rather that
the relic density increases with. The reason is that fef, = 0 (¢°, 9" )4,z050 = (1077, —.056)

and(g°, g"),z050 = (—.045,1077), while for ¢; = 90°, (9°, ¢"),zez0 = (0.047, —.008) and
(9%, 9" Jnoxoze = (—.002,0.043). Therefore forg, = 0, h, exchange dominates with a large
cross section while fop; = 90° one gets about equal contribution frdm and /5 although
with a smaller overall cross section. When increasingurther (up to180°), h, exchange
again dominates, however with a coupling to neutralinosliemby 30% than forg; = 0.

Thus one needs a smaller mass splittikg ;o;,, for Qh? to fall within the WMAP range, see
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Figure 1: The WMAP allowed bands (green/dark grey) in thesgh — ¢, and b)ym g+ — ¢, plane for Scenario 1.
Contours of constant mass differences2 = Amyo,, are also displayed. In the yellow (light grey) regigin?
is below the WMAP range.
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Figure 2:Qh? as a function ofs; in Scenario 1. The value df/; is adjusted so thakm o, stays constant. The
green (grey) band corresponds to the WMAP range.

Fig. 1b. Moreover, for large phases there is also a sizeaigibution fromy{y{ — A2, with

a constructive interference between s-chamtnednd t-channel neutralino exchange. In Fig. 2
we show the variation of?2? with ¢, while keepingAm ,, fixed. The maximum deviation,
which is purely an effect due to shifts in couplings, can res@%.

4.2 Scenario 2: large Higgs mixing

As second case, we consider a scenario with a large mixinigerHiggs sector. For this we
fix 1 = 1 TeV. All other parameters have the same values as in the tiestasio safe for the
charged Higgs mass which is setrtg;+ = 334 GeV such that for real parameters the value of
the relic density agrees with WMAR/A? = 0.125. This mass is lower than in the previous sce-
nario because the Higgsino fraction of the LSP is smalleoysoneeds to be closer to the Higgs
resonance. Fas; # (0 we have a large pseudoscalar/scalar mixing and hence @strdapen-
dence of4% on ¢,. For¢, = 0, hs is the pseudoscalar and gives the dominant contribution to
neutralino annihilation while fop, = 90° h, is the pseudoscalar, hence giving the dominant
contribution. Consequently in Fig. 3, agreement with WMAlPgached fom o, ~ 25 GeV

with /; = hz at¢, = 0 and180°, andh; = h, at ¢, = 90°.

When the neutralino mass is very near the two heavy Higgsessmes, one finds an-
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Scenario 1¢; = 0 Scenario 2¢; = 0

mpy+ = 340 mpg+ = 334 mpy+ = 305
1 0 90 180 Dy 0 90 0 90
Xy | 147.0| 148.7| 150.3 Xy | 149.0| 149.0| 149.0| 149.0
myp, | 331.5| 331.5| 331.5| | my, | 324.4| 318.4| 294.7 | 288.2
mp, | 332.3| 332.3| 332.3| | my, | 326.2| 328.9| 296.5| 299.5
QA% | 0.11 | 0.087| 0.072| | A% | 0.125| 0.044| 0.107 | 0.064

Table 1: Examples of LSP and Higgs masses (in GeV) and th&ires2h? for the two scenarios considered.
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Figure 3: The WMAP allowed bands (green/dark grey) in#hg+ — ¢; plane for scenario 2 with angy+ ~
335 GeV and b)mg+ ~ 305 GeV . Contours of constant mass differendesi = Amyo,, are also displayed. In
the yellow (light grey) regior2h? is below the WMAP range.

other region where the relic density falls within the WMARgg. In the real case one needs
my+ = 305 GeV, giving a mass differenc@m o, = —1.5 GeV. Note that annihilation is
efficient enough even though one catches only the tail of Heeigoscalar resonance. For the
same charged Higgs mass, the masssahcreases when one increasgs so that neutralino
annihilation becomes more efficient despite the fact thabecomes scalar-like ar@?i?hs
decreases. When, ~ 75° — 90°, the couplingg%i?hs becomes very small and one needs
Amyoy, = 0 — 1.5 GeV to achieve agreement with WMAP, see Fig. 3b. Here we are in the
special case where,, < 2mg < my,, SO that onlyks contributes significantly to the relic
density. This feature is very specific to this choice of pagters. Even for constant values of
Amgo,, = —1.5 GeV we get an increase inA? relative to thep, = 0 case by almost an order
of magnitude. This is however far less than the shifts of tweos of magnitude found for fixed
values ofmy+. Note that there is also a small contribution frémexchange but no significant
interference with t-channel diagrams.

5. CONCLUSIONS

The predictions for the relic density of dark matter in the A% with CP violation can differ
significantly from the ones in the CP conserving case. Sonthaesfe effects are simply due
to shifts in neutralino and/or Higgs masses. However, ose has phase dependences due to
shifts in the couplings of neutralinos and Higgs as wellaspiecific cases, due to interferences
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between several contributions. Removing kinematicalotffewve find a maximal deviation of
Qh? of one order of magnitude. We have here only showed resutt¢héo case where the
neutralinos annihilate via Higgs exchange. A systematiestigation of the different scenarios
of neutralino annihilation (the cases of wino, Higgsino oxed gaugino-Higgsino LSP, as well
as the case of coannihilation with stops or staus) inclu@iRgriolation is underway.
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1. INTRODUCTION

Most of the matter in the Universe consists of baryons andlaonnous (dark) matter. The

amount of these components are typically predicted indegethy from each other. In this sec-
tion, we discuss the collider implications of a supersynrioastenario that provides a common
origin for both major components of matter. A cornerstonéhid scenario is the assumption
that the baryon asymmetry of the Universe is generated eetrelweak baryogenesis. This
assumption, in its minimal form, leads to a light scalar tojadg, 100 GeV < m;, < my.

If this light scalar top is found at colliders it can be a smmakgun signature of electroweak
baryogenesis.

After highlighting the basics and the consequences of #&relweak baryogenesis mech-
anism in the Minimal Supersymmetric extension of the Stash@iéodel (MSSM), in section 2.
the viability that the MSSM simultaneously provides the swgad baryon asymmetry and dark
matter abundance is summarized.

Then, in section 3. a new method is presented to discoveryddanesis motivated light
scalar top, decaying dominantly intg?, at the LHC. The principal idea is to exploit the Ma-
jorana nature of the gluino, which implies that gluinos d¢ distinguish betweeni; and?,
combinations. This leads to like-sign top quarks in evemglaino pair production followed
by gluino decays into top and stop.

This is followed by section 4. where a detailed analysis thasea parametrized simula-
tion of the ATLAS detector is presented. A benchmark modstiglied in the framework of
the MSSM, with a scalar top quark lighter than the top quar&gldyng a final state similar to
the one forit production. It is demonstrated that a signal for the stoplmextracted in this
case, and the kinematic features of the stop decay can hedtudl technique to subtract the
Standard Model background based on the data is developethieva this result.

If scalar tops are light enough and are subject to large migifects, in the context of the
MSSM, they may be produced at the LHC in pairs and in assodiatith the lightest Higgs
boson (decaying into bottom quark pairs). For the case ichvtap squarks are lighter than top
quarks, they typically decay into charmed quarks and umteée neutralinos. Thus the overall
emerging signature is naturally composed of four isola¢¢sl fwo of which may be tagged s
jets and two as-jets, accompanied by sizable missing transverse enevgyMSSM scenarios
are considered in section 5., for which we investigate thebm®ur of kinematic variables that
could possibly be employed in the experimental selectiosuch events.

Finally, scalar top quark studies at a Linear collider arespnted in section 6.. The
cosmologically interesting scenario with small mass défee between the scalar top and the
neutralino has been addressed in particular. The ILC wilabke to explore this region effi-
ciently. The simulation is based on a fast and realisticadetesimulation. The scenario of
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small mass differences is a challenge for c-quark tagging wivertex detector. A vertex de-
tector concept of the Linear Collider Flavor IdentificatiCFI1) collaboration, which studies
CCD detectors for quark flavor identification, is implemehte the simulations. The study
extends simulations for large mass differences (largblsnergy).

2. BARYOGENSIS AND DARK MATTER
2.1 Overview of electroweak baryogenesis

The cosmological energy density of both main componentsaifan baryons and dark matter,
is known with a remarkable precision. Recent improvemehth@ astrophysical and cosmo-
logical data, most notably due to the Wilkinson Microwaveigatropy Probe (WMAP) [3],
have determined the baryon density of the Universe (in uoiitthe critical densityp. =
3HZ/(87Gy)) to be

Qph? = 0.0224 + 0.0009, (1)

with A = 0.717005. (Here Hy = h x 100 km/s/Mpc is the present value of the Hubble
constant, and+y is Newton’s constant.) According to the observations, thg/bn density is
dominated by baryons while anti-baryons are only secongiagucts in high energy processes.
The source of this baryon—anti-baryon asymmetry is onefrthjor puzzles of particle physics
and cosmology.

Assuming that inflation washes out any initial baryon asyitnyrefter the Big Bang, there
should be a dynamic mechanism to generate the asymmetnjrgfegion. Any microscopic
mechanism for baryogenesis must fulfill the three Sakhagquirements [100]:

e baryon number (B) violation,

e CP violation, and

e departure from equilibrium (unless CPT is violated [101]).
All three requirements are satisfied in both the SM and the MSi8ring the electroweak
phase transition. This is the basis for electroweak bamegis (EWBG) [102—106]. While
electroweak baryogenesis is viable in the MSSM, SM prosessenot generate a large enough
baryon asymmetry during the electroweak phase transition.

Baryon number violation occurs in the SM and the MSSM due tantum transitions
between inequivalent SU(2) vacua that violgte-1.) [107]. These transitions are exponentially
suppressed at low temperatures in the electroweak brokasedi08, 109], but become active
at high temperatures when the electroweak symmetry isnex${@10-114]. In the absence of
other charge asymmetries, likB— 1), they produce baryons and anti-baryons such that the net
baryon number relaxes to zero, and so do not by themselvesagera baryon asymmetry [115].

If the electroweak phase transition is first order, bubbldsroken phase nucleate within
the symmetric phase as the Universe cools below the critéraperature. These provide the
necessary departure from equilibrium. EWBG then procesd®léows [116]. CP violating
interactions in the bubble walls generate chiral chargenasgtries which diffuse into the sym-
metric phase in front of the walls. There, sphaleron trams#, which are active in the symmet-
ric phase, convert these asymmetries into a net baryon nurhes baryon number then dif-
fuses into the bubbles where the electroweak symmetry isdorol he chiral charges produced
in the bubble wall are able to diffuse into the symmetric ghaghere they are approximately
conserved, but not into the broken phase, where they are not.

Sphaleron transitions within the broken phase tend to dgskre baryon number gener-
ated outside the bubble. To avoid this, the sphaleron tiansiwithin the broken phase must
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be strongly suppressed. This is the case provided the eleetik phase transition grongly
first order [117],
o(T)/T: 2 1, 2)

wherev(7,) denotes the Higgs vacuum expectation value at the crigcaperaturd’.

The strength of the electroweak phase transition may berdeted by examining the
finite temperature effective Higgs boson potential. Thegdigacuum expectation value at the
critical temperature is inversely proportional to the Hsgguartic coupling, related to the Higgs
mass. For sufficiently light Higgs bosons, a first-order ghi@ansition can be induced by the
loop effects of light bosonic particles, with masses of théeo of the weak scale and large
couplings to the Higgs fields. The only such particles in tNedgse the gauge bosons, and their
couplings are not strong enough to induce a first-order ptrassition for a Higgs mass above
the LEP-2 bound [118-120].

Within the MSSM, there are additional bosonic degrees adoen which can make the
phase transition more strongly first-order. The most imguatrcontribution comes from a light
stop, which interacts with the Higgs field with a coupling abto the top-quark Yukawa. In
addition, a light stop has six degrees of freedom, threeloic@nd two of charge, which further
enhances the effect on the Higgs potential. Detailed catliculs show that for the mechanism
of electroweak baryogenesis to work, the lightest stop masst be less than the top mass but
greater than about 120 GeV to avoid colour-breaking mini8imultaneously, the Higgs boson
involved in breaking the electroweak symmetry must be gghihan 120 GeV [121-132], and
only slightly above the present experimental bound [133],

my, > 114 GeV, (3)

which is valid for a SM Higgs boson.

The combined requirements of a first-order electroweak @l@assition, strong enough
for EWBG, and a Higgs boson mass above the experimental dengrely restrict the allowed
values of the stop parameters. To avoid generating too ggatribution taA p, the light stop
must be mostly right-handed. Since the stops generate teeimportant radiative contribution
to the Higgs boson mass in the MSSM [134-136], the other stagt be considerably heavier
in order to raise the Higgs boson mass above the experimemtald, Eq. (3). For the stop soft
supersymmetry breaking masses, this implies [127]

mi, <0, (4)
més > (1 TeV)?.
whereUs; (()3) is the soft mass of the third generation electroweak stngpetype (doublet)
scalar quarks at the electroweak scale. A similar balanejisired for the combination of soft
SUSY breaking parameters defining the stop mixiNg,= |A; — x*/ tan 3|/mg,, andtan j.
Large values of these quantities tend to increase the Higsss rat the expense of weakening

the phase transition or the amount of baryon number produtieel allowed ranges have been
found to be [127]

5 < tan g < 10, (5)
0.3 < |A, — p*/tan B|/mg, < 0.5.

A strong electroweak phase transition is only a necessanglititon for successful EWBG.
In addition, a CP violating source is needed to generateralaiiarge asymmetry in the bubble
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walls. Within the MSSM, the dominant source is produced lydharginos, and is proportional
to (e M>) [137-140]. For this source to be significant, the charginastrhe abundant, which
requires that they are not much heavier than the temperafuttee plasma,l’ ~ T.. This
translates into the following bounds:

| arg(p M)
/“LvMQ

0.1, (6)

2
< 500 GeV.

These conditions are relevant to the abundance of newrdéirk matter, since the masses and
mixing in the neutralino (and chargino) sector are strorgffeected by the value of the soft
gaugino masses\{;) and the higgsino mass paramete) &t the weak scale.

The need for a large CP violating phase, Eq. (6), impliesihdicular attention has to be
given to the violation of the experimental bounds on theteledipole moments (EDM) of the
electron, neutron, and?Hg atom since phases enhance the EDM’s. The leading cotiriisu
arise at the one loop level, and they all are mediated by amrediate first or second generation
sfermion. They become negligible if these sfermions arg heavy,; > 10 TeV. Such large
masses have also only a very small effect on EWBG. At the twp level, ifarg(u M) # 0,
there is a contribution involving an intermediate chargamal Higgs boson [141,142]. Since
EWBG requires that this phase be non-zero and that the cluardie fairly light, the two loop
contribution is required for sufficient EWBG is to be sucdabsThus, EDM limits strongly
constrain the EWBG mechanism in the MSSM. Similarly, thenbhang ratio forb — s+
decays is also sensitive to this phase, and therefore irs@o&ather constraint on the EWBG
mechanism.

2.2 Neutralino dark matter and electroweak baryogenesis

From the observations of the Wilkinson Microwave Anisotydtrobe (WMAP) [3], in agree-
ment with the Sloan Digital Sky Survey (SDSS) [143], the dater density of the Universe
can be deduced as

Qeparh® = 0.1126700161, (7)

at95% CL. Since the SM cannot account for this, new physics has tovoéed to explain dark
matter. This new physics has to accommodate non- standandbaryonic, massive, weakly
interacting particles that make up the observable darkendtbw energy supersymmetry pro-
vides a consistent solution to the origin of dark matter arfths been extensively studied in
the literature in different scenarios of supersymmetryakieg [144—-150]. In this summary,
only the case when the lightest neutralinos make up all arqgfahe observed dark matter is
considered in the MSSM.

In order to assess the viability of simultaneous generatiaine observed baryon—anti-
baryon asymmetry and dark matter, we focus on the narrownpetex region of the MSSM
defined by equations (3)-(6) of the previous section. Ashbéistzed earlier, in this parameter
region electroweak baryogenesis is expected to yield tkerwbd amount of baryon density of
the Universe. Itis also assumed that the lightest neutraihighter than the light stop so that it
is stable. To further simplify the analysis, we assume thagaugino mass parametéis and
M, are related by the standard unification relatidf, = (g3/gi) M, ~ 2 M,. The first and
second generation sfermion soft masses are taken to beargeh; > 10 TeV, to comply
with the electron electric dipole moment (EDM) constraiintshe presence of sizable phases.
Only a phase that is directly related to electroweak bargeges (EWBG) is introduced, namely
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arg(p) and for convenience we set the phasesd pequal and opposite to it. For simplicity, we
neglect the mixing between CP-even and CP-odd Higgs bosetdhese phases.

1 nput parameters:

tanP =7, m, = 1000 GeV, Arg(n) = 1.571
M,=M,g%/g3, Arg(M,)=Arg(M,)=0, M =1 TeV
my, = 0 GeV, Mys = 1.5TeV, X = 0.7 TeV

140 |

120 My 5 Mgy, My, = 1 TeV
My g Mgy = 10 TeV
S; M) 00 My 30 My = 10 TeV
9;]00 Legend:
= o omy>my, L my, <1035 GeV
B Q’>0129 | QK <0095

80 [ 1
& B 0.095 < QK < 0.129
o, = 3E-08 3E-09 3E-10pb

my, = 120 100  80GeV

Zl' T == s
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Figure 1: Neutralino relic density as a functionff vs. || for m4 = 1000 GeV andarg(y) = /2.

The relic abundance of neutralinos is computed as deschibgd ], as shown in Fig. 1.
This plot shows the typical dependence of the neutralino dansity on|u:| and M, for value
of the ratio of the Higgs vacuum expectation valtess = 7, pseudoscalar mass, = 1000
GeV, andarg(i) = m/2. The green (medium gray) bands show the region of parametees
where the neutralino relic density is consistent with #&; CL limits set by WMAP data.
The regions in which the relic density is above the expertadmound and excluded by more
than two standard deviations are indicated by the red (dag @reas. The yellow (light gray)
areas show the regions of parameter space in which the tieatralic density is less than the
WMAP value. An additional source of dark matter, unrelatedhte neutralino relic density,
would be needed in these regions. Finally, in the (medight)igray region at the upper right
the lightest stop becomes the LSP, while in the hatched &tba sower left corner the mass of
the lightest chargino is lower than is allowed by LEP dfata

The region where the relic density is too high consists ofdatiand in which the lightest
neutralino has mass between about 60 and 105 GeV and is piregitiy bino. Above this
band, the mass difference between the neutralino LSP adiglthistop is less than about 20-25
GeV, and stop- neutralino coannihilation as well as stop-sinnihilation are very efficient in
reducing the neutralino abundance. There is an area belwigallowed band in which the
neutralino mass lies in the range 40-60 GeV, and the nemdrannihilation cross-section is
enhanced by resonances from s-chahn@hdZ exchanges.

Shttp : //lepsusy.web.cern.ch/lepsusy/www /inos_moriond01/charginos_pub.html
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The relic density is also quite low for smaller values,gf In these regions, the neutralino
LSP acquires a significant Higgsino component allowing @daple more strongly to the Higgs
bosons and th&. This is particularly important in the region ne@y|, M;) = (175,110) GeV
where the neutralino mass becomes large enough that atiohiinto pairs of gauge bosons
through s-channel Higgs and exchange and t-channel neutralino and chargino exchange is
allowed, and is the reason for the dip in the relic density ti@a point. Since the corresponding
couplings to the gauge bosons depend on the Higgsino cooitéimé neutralino, these decay
channels turn off a§:| increases. For higheV/, values, the lightest neutralino and chargino
masses are also close enough that chargino-neutralinaitelation and chargino-chargino
annihilation substantially increase the effective crasgisn.

As suggested by universalit, = (g3/gi)M, is used in Fig. 1. Thus, smaller values of
M, andp are excluded by the lower bound on the chargino mass from L##*das indicated
by the hatched regions in the figures. This constraint besomeh less severe for larger values
of the ratioM,/M;. We also find that increasing this ratio of gaugino masseth(, held
fixed) has only a very small effect on the neutralino relicsign

6 Arg(n) =0 P Arg(p) = 2
10 ABARE RAAS ARAE ARRRE RARRS 10 AR AR ;
2 /// 5/'?;9/"5 2005 CDMS 2005
-7 I A -7
10 '} 10
] 3
=10}
©
Yy
-9
10 |
-10
10

50 60 70 80 90 100 110 120 130
m,, (GeV) m,, (GeV)

Figure 2: Spin independent neutralino-proton elasticteday cross sections as a function of the neutralino mass
for arg(p) = 0 (left) andarg(;:) = 7/2 (right). The lower solid (cyan) lines indicate the projetgensitivity of
CDMS, ZEPLIN and XENON, respectively.

The search for weakly interacting massive particles isaglyegn progress via detection of
their scattering off nuclei by measuring the nuclear rec®ihce neutralinos are non-relativistic
they can be directly detected via the recoiling off a nucieuslastic scattering. There are sev-
eral existing and future experiments engaged in this sedilcl dependence of the neutralino-
proton scattering cross section on the phase bfs been examined as shown in Fig. 2. A

4See the LEPSUSY web-page for combined LEP Chargino Resilt®, 208 Ge\V.
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random scan over the following range of MSSM parametersnslgoted:®

—(80 GeV)? < m?% < 0, 100 < || < 500 GeV, 50 < My < 150 GeV,
Us

200 < my < 1000 GeV, 5 < tanf < 10. (8)

The result of the scan, projected to the neutralino-protattering cross section versus neu-
tralino mass plane, is shown by Fig. 2. The functjory; is plotted, wheref accounts for the
diminishing flux of neutralinos with their decreasing den$i51].

For models marked by yellow (light gray) dots the neutralielic density is below thes
WMAP bound, while models represented by green (medium gitayg comply with WMAP
within 2. Models that are above the WMAP value by more tharare indicated by red (dark
gray) dots. The hatched area is excluded by the LEP chargass timit of 103.5 GeV. The
top solid (blue) line represents the 2005 exclusion limit@YMS [152]. The lower solid
(cyan) lines indicate the projected sensitivity of the CODME&PLIN [153] and XENON [154]
experiments.

Presently, the region above the (blue) top solid line is ket by CDMS. In the near
future, forarg(p) = 0, CDMS will probe part of the region of the parameter spacere/liee
WMAP dark matter bound is satisfied. The ZEPLIN experimerit start probing the stop-
neutralino coannihilation region together with the anlaition region enhanced by s-channgl
resonances. Finally, XENON will cover most of the relevaatgmeter space for small phases.
Prospects for direct detection of dark matter tend to be et large values of the phase of
o arg(p) = /2.

Large phases, however, induce sizable corrections to gotreh electric dipole moment.
The EDM experiments are sensitive probes of this model [Pddsently the experimental upper
limit is

|d.| < 1.6 x 107%7 e em, (9)
at90% CL. One- and two loop contributions witi(1) phases, containing an intermediate first
generation slepton or charginos and Higgs bosons, respigtare likely larger than this limit.
The one loop diagrams are suppressed by choosing high folstesond generation sfermion
masses in this work. The two loop corrections are supprdsgéargem 4 or smalltan 3. The
range ofd. values obtained in our scan are consistent with the the muetectron EDM bound
and EWBG. On the other hand, far, < 1000 GeV, about an order of magnitude improvement
of the electron EDM boundd. | < 0.2 x 10727 e ¢m, will be sufficient to test this baryogenesis
mechanism within the MSSM.

In summary, the requirement of a consistent generation pfdméc and dark matter in
the MSSM leads to a well-defined scenario, where, apart froighé stop and a light Higgs
boson, neutralinos and charginos are light, sizeable CRting phases, and moderate values
of 5 < tan g < 10 are expected. These properties will be tested in a complemeway by
the Tevatron, the LHC and a prospective ILC, as well as thnadigect dark-matter detection
experiments in the near future. The first tests of this séenal probably come from electron
EDM measurements, stop searches at the Tevatron and Higgdes at the LHC within the
next few years.

SParameters which are not scanned over are fixed as in thesiaghof Fig. 1.
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2.3 Baryogenesis inspired benchmark scenarios

The previous sections outlined a scenario in which the nredsdark matter abundance and
baryon asymmetry of the Universe can simultaneously besgeliin the context of the MSSM.
For the detailed exploration of the collider phenomenoliwmgyis scenario, we follow the com-
mon strategy of selecting and analysing individual paramsace points, or benchmark points.
Some of the representative parameters of the selectedspuaihich we call Les Houches scalar
top (LHS) benchmark points, are presented in Table 1. Thehreark points are defined taken
into account the discussion of the the parameter valuegsptes in the previous section.

All benchmark points are selected such that the baryon agtmrof the Universe and
the relic density of neutralinos is predicted to be closd&odne measured by WMAP and pass
all known low energy, collider and astronomy constraintse Thost important of these are the
SUSY particle masses, the electron EDMb — s+), and direct WIMP detection. A crucial
constraint is the LEP 2 Higgs boson mass limit:of > 114.4 GeV. In the calculations of the
supersymmetric spectrum and the baryon asymmetry, trez telations are used except for
the Higgs mass, which is calculated at the one loop levelhénptarameter region of interest,
the one loop calculation results in about 6-8 GeV lower kghtHiggs mass than the two loop
one [155, 156]. Thus, if the soft supersymmetric parameatefming the benchmark points are
used in a two loop calculation, the resulting lightest Higgsss is found to be inconsistent with
LEP 2. A two loop level consistency with the LEP 2 limit can lohi@ved only when a baryon
asymmetry calculation becomes available using two loogbllgpson masses.

The main difference between the benchmark points lies immbehanism that ensures
that the neutralino relic density also complies with WMAR&ging the unification motivated
ratio of the gaugino mass parametéis /M, close to 2 (together with the baryogenesis re-
quired100 < |¢| < 500 GeV) induces a lightest neutralino with mostly bino admigtuA bino
typically overcloses the Universe, unless there is a spsitiation that circumvents this. For
example, as in the supergravity motivated minimal scena®JGRA, neutralinos can coan-
nihilate with sfermions, resonant annihilate via Higgs @us or acquire a sizable Higgsino
admixture in special regions of the parameter space. Thver®the neutralino density to a
level that is consistent with the observations.

Benchmark point LHS-1 features strong stop-neutralinaodalation which lowers the
relic density of neutralinos close to the WMAP central val8&able coannihilation only occurs
when the mass difference between the neutralino and stopall @ess than about 30-40%). It
is shown in the following sections that a small neutralib@psmnass gap poses a challenge for
the Tevatron and the LHC while the ILC can cover this regiditigntly.

At benchmark LHS-2 resonant annihilation of neutralin@ssAchannel Higgs resonances
lowers the neutralino abundance to the measured levelidicdise, the neutralino mass must be
very close to half of the lightest Higss boson mass. Thistgeatures a stop that, given enough
luminosity, can be discovered at the Tevatron due to theeldifference between the stop and
the neutralino masses. Even the heavier stop can possiplpdeaced at the LHC together with
the third generation sleptons. On the other hand, sincessaance feature, the lightest Higgs
boson can decay into neutralinos, which reduces its visidigh, and can make its discovery
more challenging.

Point LHS-3 satisfies the WMAP relic density constraint lydsecause the lightest neu-
tralino acquires some wino admixture and because it is dbdating with the lightest stop and
chargino. The multiple effects lowering the relic densitipwa for a little larger neutralino-stop
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LHS-1 LHS-2 LHS-3 LHS-4
0D 10000 10000 10000 4000
mg, 1500 1500 1500 4200
m? 0 0 0 —99?
mp, 1000 1000 1000 4000
m, 10000 10000 10000 2000
m;, 1000 1000 1000 2000
mp, 10000 10000 10000 200
m, 1000 1000 1000 200

Ay 0 0 0 0

A —650 x e=/2 | —643 x 7/ | 676 x e7'/2 —1050
Acprr 0 0 0 | 5000x /2

M, 110 60 110 112.6

M, 220 121 220 225.2

] 350 400 165 320

arg () /2 /2 /2 0.2
tan() 7 7 7 5
ma 1000 1000 1000 800

m;, 137 137 137 123

m, 1510 1510 1510 4203

me, 9960 9960 9960 204

me, 10013 10013 10013 2000

Mg 106 58.1 89.2 107

Mg 199 112 145 196
Mt 197 111 129 194
s 381 419 268 358

m, 116 116 116 117
Br(t, — XJe¢) 1 0 0 1
Br(l, — XFb) 0 1 1 0
Qgoh? 0.10 0.11 0.11 0.11

Table 1: Les Houches scalar top (LHS) benchmark points matstil/by baryogenesis and neutralino dark matter.
Parameters with mass dimensions are given in GeV units. €tadled definition of the LHS benchmarks, in
SLHA format [92], can be downloaded from http://www.hep.gov/balazs/Physics/LHS/.



54

mass gap than in LHS-1. This point has a neutralino-stop @sshat makes it detectable at
the Tevatron and the LHC.

LHS-4, a variation of LHS-1, is defined in detail in Ref. [L5FHere the small neutralino-
stop mass difference makes the light stop inaccessibleeateliatron and the LHC. On the
other hand, the ILC could measure the parameters with poecig he discovery potential of
this point is discussed in detail in Section 6.

In summary, the four benchmark points offer various chaénfor the three colliders.
The Tevatron could resolve the stop quark in points LHS-2la#8-3, where the, decays into
b, but notin LHS-1 and LHS-4, where it decays intp: with a small phase space. The LHC
on the other hand may explore LHS-1 via the method describ&d iand LHS-2 as described
in 4.. In principle these methods are also applicable for {4&d LHS-3; the small mass
differences at these points, however, make the analysi$imace difficult. In LHS-1, LHS-2
and LHS-3 the LHC can pair produce the heavier stop, whicleedad to pin down the stop
sector so crucial for baryogenesis. At the ILC, one can perforecision measurements of the
light stop as shown in section 6. Moreover, the -ino sectduising the important phase(s) can
be measured precisely (see [40] and references therein).

3. SAME-SIGN TOPS AS SIGNATURE OF LIGHT STOPS AT THE LHC

If the lighter of the two stopsi;, has a mass;, < m; as motivated by baryogenesis [127,
158-160], gluino decays into stops and tops will have a largaching ratio. Since gluinos are
Majorana particles, they do not distinguish betwegnandt{, combinations. Pair-produced
gluinos therefore give

Gg — ttt b, ity i, (10)
and hence same-sign top quarks in half of the gluino-to-démays. For; —mg < mw, the
¢, further decays intey?. If, in addition, thel¥’ stemming from — 61/ decays leptonically,
a signature of twa jets plus two same-sign leptons plus jets plus missing wersse energy is

expected: B
pp — §g — bbITIt (or bbI17) + jets + Kt . (11)

This is a quite distinct peculiar signature, which will sete remove most backgrounds, both
from SM and Supersymmetry. Even thouglpair production has the dominant cross section,
it leads to a signature of twejets and missing transverse energy, which is of very lithiise.
Thus the same-sign top signature is of particular interesiir scenario. In this contribution,
we lay out the basics of the analysis; for a detailed desorigee [161].

To investigate the use of our signature, Eq. (11), for discoyg a Iightt] at the LHC
we define a MSSM benchmark point ‘LST-1’ with; = 660 GeV, m; = 150 GeV and
mgo = 105 GeV. The other squarks (in particular the sbottoms) arertakebe heavier than
the gluinos. This considerably suppresses the SUSY baokdrand gluinos decay to about
100% intott,. For the neutralino to have a relic density within the WMARIbd, we choose
my = 250 GeV. The MSSM parameters of LST-1 and the corresponding ésasslculated
with SuSpect 2.3 [62], are given in Tables 2 and 3 (as for th& Igdints, the SUSY-breaking
parameters are taken to be onshell.). The relic density otedpvith micrOMEGAS [5, 6] is
QA% = 0.105.
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M, M, M i tan(/3)

110 220 660 300 7

ma At Ab AT

250 —670 —500 100

mi/l,2 mi/?) Q1,2 mQS

250 250 1000 1000

mEl 2 mES mUl 2 le 2 mUS mDS

250 250 1000 | 1000 100 | 1000

aZt(my)M® Gr as(my M3 my | ()M | my m,

127.91 1.1664 x 107 0.11720 | 91.187| 4.2300 | 175.0| 1.7770

Table 2: Input parameters for the LST-1 scenario [massese] GJnless stated otherwise, the SM masses are
pole masses. The SUSY-breaking parameters are taken tcshelbn

dr, iy, by {1 ér # e v,
1001.69| 998.60| 997.43 | 149.63 | 254.35| 247.00| 241.90| 241.90
dp iR by 15 én #
1000.30| 999.40| 1004.56| 1019.26| 253.55| 260.73
g X5 X5 X5 X4 Xt Xz
660.00 | 104.81| 190.45 | 306.06 | 340.80| 188.64| 340.09
h H A ZES
118.05 | 251.52| 250.00 | 262.45

Table 3: SUSY mass spectrum [in GeV] for the LST-1 scenarior the squarks and sleptons, the first two
generations have identical masses.

3.1 Event generation

We have generated SUSY events ahdackground equivalent & fb~" of integrated luminos-
ity with PYTHIA 6.321 [17] and CTEQ 5L parton distributionriiations [47]. This corresponds
to about three years of data-taking at the LHC at low lumityosThe cross sections for the
Supersymmetry processes at NLO are given in Table 4. We Hsweganerated additional SM
background in five logarithmigr bins frompr = 50 GeV t0o4000 GeV, consisting of x 10*
of W+jet, Z+jet, andWW/W 7/ 7 7 production events and5 x 10° QCD 2 — 2 events per
bin.

Detector simulation are performed with the generic LHC ditesimulation AcerDET
1.0 [163]. This expresses identification and isolation ptdes and jets in terms of detector
coordinates by azimuthal angle pseudo-rapidity; and cone size\R = /(A¢)? + (An)2.

7)) 0(dq) o(aq) o(xEg) | o)
774 0.666 0.281 0.0894 \ 737

| o(tily) o(39) o(gi) o(XF) o(X
LST—l\ 280 5.39 4.98 1.48 0.

Table 4: Cross sections (in pb) at NLO for the most importamgessymmetric processes for LST-1 parameters,
computed with ROSPIN® [162] at/s = 14 TeV. For comparison, we also give theNLO cross section taken
from [15].
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Cut 2lep 4jet  piP <t 2b Er 2t SS
Signal

GG — ttt it i, 10839 6317 4158 960 806 628 330
Background

SUSY 1406 778 236 40 33 16 5
SM 25.3M 1.3M 35977 4809 1787 1653 12

Table 5: Number of events after cumulative cutsorfb ™" of integrated luminosity.

We identify a lepton iy > 5 (6) GeV andy| < 2.5 for electrons (muons). A lepton is isolated
if itis a distanceA R > 0.4 from other leptons and jets, and the transverse energy depas
aconeAR = 0.2 around the lepton is less thaf GeV. Jets are reconstructed from clusters by
a cone-based algorithm and are accepted if the jephas 15 GeV in a coneAR = 0.4. The
jets are recalibrated using a flavour-independent paraagtn, optimized to give a scale for
the dijet decay of a light Higgs. Thetagging efficiency and light jet rejection are set accogdin
to thep, parametrization for a low luminosity environment, giver{ 164].

3.2 Signalisolation
The following cuts are applied:
e two same-sign leptons r ) with p” > 20 GeV.
at least four jets with‘ft > 50 GeV, of which two areé-tagged.
Er > 100 GeV.

The top quark content in the events is explored by demandiagbmbinations of the two
hardest leptons andjets that give invariant masses,; < 160 GeV, which is consistent
with a top quark.

The effects of these cuts are shown in Table 5 where “2lep &jafter detector simulation and
cuts on two reconstructed and isolated leptons and founsgaacted jets; “2b” is the number
of events left after thé-jet cut, assuming &-tagging efficiency of 43%; Fr” is the cut on
missing transverse energy and “SS” the requirement of twoessign leptons. These cuts
constitute the signature of Eq. (11). The same-sign cut iseafral importance in removing
the SM background, which at this point consists onlyibfvents. The cuts on transverse
momentum and top content¢2are used to further reduce the background. We find that the
gluino pair production, with leptonic top decay, is easigparated from both SM and SUSY
backgrounds.

We have assumed vanishing flavour-changing neutral ca(EQINCs), so that the anoma-
lous couplings ingc andtgu vertices are effectively zero, i.e. there is no significars-sign
top production by FCNCs. To investigate other possible gemknds we have used MadGraph
Il with the MadEvent event generator [165, 166]. The seaih heen limited to parton level,
as we find no processes that can contribute after placingopppte cuts. We have investigated
the SM processes that can mimic a same-sign top pair by g of jets or the production
of one or more additional leptons, as well as inclusive potidnn of same-sign top pairs. In
particular we have investigated the diffractive scattgrin — W*¢'W*¢' and the production
of a top pair from gluon radiation in singlé” productiongq’ — ttW*. We have also checked
the production oftti+i~, titt, tith, ttbt, tW—tW =, tWHtW+ and W*W*bbj;.Cuts on lep-
tons and quarks have been placed as given above, and twa-gpéok pairs are required to be
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consistent with top decays. We also require neutrinos filoeit’ decays to give the needed
missing energy. After these cuts and detector geometryafutsk? > 0.4 and|n| < 2.5 for all
leptons and quarks, we find the cross sections of these [@@xé&s be too small, by at least an
order of magnitude, to make a contribution at the integratednosity considered.

3.3 Mass determination

Having isolated the signal, it will be important to measure properties of the sparticles to
confirm that the decay indeed involves a light scalar topc&the neutralino and the neutrino
in the top decay represent missing energy and momentumnsegoation of a mass peak is
impossible. The well studied alternative to this, see d.§7f171], is to use the invariant-mass
distributions of the SM decay products. Their endpoints loargiven in terms of the SUSY
masses, and these equations can then in principle be solgagktthe masses.

In this scenario there are two main difficulties. First, thare four possible endpoints:
mpy, mPe, mma andmp;2*, of which the first simply gives a relationship between thesses
of the W and the top, and the second and third are linearly depensiethat we are left with
three unknown masses and only two equations. Second, l@eoatise information lost with
the escaping neutrino, the distributions of interest dllviary gradually to zero. Determining
exact endpoints in the presence of background, while takitgaccount smearing from the
detector, effects of particle widths, etc., will be veryfitifilt. The shape of the invariant-mass
distributions are shown, for some arbitrary normalizatiorfig. 3.

0 50 100 150 200 250 300 350 400 450 500
Invariant mass [GeV]

Figure 3: Invariant-mass distributions for LST-1 at gen@réevel. These distributions only take into account the
kinematics of the decay.

We have attacked the second problem by extending the ertdpethod and deriving the
complete shapes of the invariant-mass distributionsfgrandm,.. The resulting expressions,
and their derivation, are too extensive to be included heuegcan be found in [161]. Fitting
to the whole distribution of invariant mass greatly reduttessuncertainty involved in endpoint
determination, and has the possibility of giving additiangormation on the masses. One could
also imagine extending this method to include spin effectae distribution, to get a handle on
the spins of the SUSY particles involvéd

SFor details on deriving invariant-mass distributions iseade decays, and the inclusion of spin effects, see
[172].
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In fitting the m,. andm,. distributions, we start from the isolated gluino pair protion
events of Section 3.2. However, in some of these events ohethrof thelV” decay to a tau
lepton, which in turn decays leptonically; these are an tamtthl, irreducible background to
the signal distributions. Thé-jets and leptons are paired through the cut on two top-quark
candidates. A comparison with Monte Carlo information frtsta event generation shows that
this works well in picking the right pairs. The issue remaiasdentify thec-quark-initiated
jets and to assign these them to the corbget and lepton pair. The precision of this endpoint
determination is limited by systematical uncertainties.

Different strategies can be used for picking thgets. Because of the strong correlation
between the tagging @F andc-jets, one could use an inclusiégc-jet tagging where the two
types of jets would be separated by theitagging likelihoods, and the requirement of top
candidates in the event. A thorough investigation of thigtegy will require a full simulation
study, using realistié-tagging routines. The strategy that we follow here is,aadt to accept
a low b-tagging efficiency to pick twé-jets and reject most-jets. The likelihoods in thé-
tagging routine could then help to pick the corregets from the remaining jets. In this fast
simulation study we are restricted to a simple statisticaldel of the efficiency of making
this identification and we assume28% probability of identifying ac-jet directly from the
b-tagging likelihood. For events where we have missed oneotin bf thec-jets, they are
selected as the two hardest remaining jets \Nﬁh< 100 GeV. This upper bound on transverse
momentum is applied because the stop is expected to bevedydight if our signal exists, and
it avoids picking jets from the decay of heavy squarks. et candidates are paired to the
top candidates by their angular separation in the lab framd,by requiring consistency with
the endpoints of the two invariant-mass distributions we rast looking at. For example, to
construct then,. distribution, we demand consistency with the endpoinfs> andmpnax 7.
Events with no consistent combinationscgets and top-quark candidates are rejected.

The fit functions form,. andm;,. can in principle be used to determine both of the two
linearly independent parameters

(mi —miy)(mg —mZ)(m] +mj) m2
2 t X 2
(mlgzax) == 27;17?7712 ! and a = m_%7 (12)
t1
where
mi=ml—m; — mgl and mj =mj] — 4mfm%l. (13)

We typically havern,m; < m} for light stops, so that ~ 1. In our model the nominal value
isa = 0.991. The distributions are sensitive to such values:anly at very low invariant
masses. Because of the low number of events, no sensible vatube determined from a fit;
we therefore set = 1. The fit quality and value of.;”** is found to be insensitive to the choice
of a for a 2 0.980.

The results of the fits te:;>** are shown in Fig. 4. The combined result of the two distri-
butions ism 2> = 389.8 £+ 5.3 GeV, to be compared with the nominal value3ot.1 GeV. The
somewhat large? values of the fits indicate that there are some significariesyatical errors.
However, if this is compared to the same fit with ##tagging, we find large improvements in
both fit quality and distance from the nominal value. The gsialcan be optimized using more
detailed information from thé-quark tagging.

"We require that the values are below the rough estimatgg* = 430 GeV, m»® = 480 GeV and

mpy > = 505 GeV, approximately 40 GeV above the nominal values, so noiggegore-determination of end-
points is assumed.
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Figure 4: Invariant-mass distributions wigd% c-tagging efficiency afteb-tagging. The left plot showsn,.
(black), the right plot showsy;. together with a fit of the calculated distribution. Also shroare the contributions
from the SM background (green) and the SUSY background Ybltike SUSY background consists mostly of
events with one or more taus.

In summary, we have investigated a baryogenesis-motisatthrio of a light stop¢;, < my),
with £, — ¢! as the dominant decay mode. In this scenario, pair productio, leads to a
signature of two jets and missing transverse energy, whidrbe difficult to be used for the
discovery off, at the LHC. We have hence proposed a method using stops steniroim
gluino decays: in gluino pair production, the Majorana natof the gluino leads to a peculiar
signature of same-sign top quarks in half of the gluinottpsiecays. For the case in which
all other squarks are heavier than the gluino, we have shbanthe resulting signature of
2b’'s + 2 same-sign leptons + jets F; can easily be extracted from the background and
serve as a discovery channel for a light We have also demonstrated the measurement of a
relationship between the gluino, stop and LSP masses. Tagether with a determination of
other invariant-mass endpoints, and a measurement of tisY$hhss scale from the effective
mass scale of events, this may be sufficient to approximdetbrmine the masses of the SUSY
particles involved, in particular the light stop. Last bot feast we have checked that the same-
sign top signal remains robust for higher gluino masseshi®casen; < m;, as well as in the
stop co-annihilation region with a small mass differenceveen the/; and the LSP. See [161]
for more details.

4. DETECTION OF A LIGHT STOP SQUARK WITH THE ATLAS DETECTOR AT
THE LHC

It has been recently pointed out that SUSY models with a vight lstop squark, lighter than
the top quark, not excluded by existing accelerator searaten have an important impact for
cosmology [91,127,160].

Little work had been devoted to date to explore the potentithe LHC experiments for
the discovery of light stop squarks. In the framework of tB@2 Les Houches Workshop it was
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therefore decided to address this issue by studying thetdiéty of the stop at the LHC in
two benchmark models. For both of these models the stop quasla mass of 137 GeV, and
for the first, easier, model the two-body decay of the sto@dqunto a chargino andf@aquark is
open. For the second model the chargino is heavier thanapewhich has therefore to decay
either in the 4-body modB/*bx? or through a loop t@y!.

An exploratory study is presented of the first of the two megdehere we address in detail
the ability of separating the stop signal from the dominavittiickgrounds. The parameters of
the examined model correspond to that of the LHS-2 benchpairk.

4.1 Simulation parameters

For the model under study all the masses of the first two génarsquarks and sleptons are set
at 10 TeV, and the gaugino masses are related by the usuahgaugss relatior, : M, =
oy : ap. The remaining parameters are thus defined:

M; =60.5 GeV =400 GeV tanf =7 M; =950 GeV

m(Qs) = 1500 GeV  m(ir) = 0GeV m(br) = 1000 GeV A, = —642.8 GeV

The resulting relevant masses ai€l,) = 137 GeV,m(Y{) = 111 GeV,m(y}) =58 GeV. The
{, decays with 100% branching ratio infg b, andyE decays with 100% branching ratio into
an off-shelll’ andy?. The final state signature is therefore similar to the onetfproduction:

2 b-jets, E7+* and either 2 leptonse(:) (4.8% branching ratio) or 1 lepton and 2 light jets
(29% BR).

The signal cross-section, calculated with the CTEQS5L stmecfunctions is 280 pb at
leading order. The NLO result, calculated with the PROSP[WT3B] program is 412 pb. This
corresponds to approximately half of the cross-sectiondprguark production.

For the signal a softer kinematics of the visible decay potslis expected, compared to the top,
since the mass difference between the stop and the invigjtéé¢ the end of the decay chain is
about 80 GeV. We analyze here the semi-leptonic channeliendrdy one of the twa, legs
has a lepton in the final state. We apply the standard cutfiéose¢arch of the semileptonic top
channel as applied in [174], but with softer requirementshenkinematics:

e one and only one isolated lepton i), p > 20 GeV.

o 755 > 20 GeV.

e atleast four jets withPr(J;, J2) > 35 GeV andPr(Js, J4) > 25 GeV.

e exactly two jets in the events must be tagget-pets. They both must haye- > 20 GeV.
The standard ATLAS b-tagging efficiency of 60% for a rejestfactor of 100 on light
jets is assumed.

A total of 600k SUSY events were generated using HERWIG 61512], and 1.2M1 events
using PYTHIA 6.2 [175]. This corresponds to a statistics lmbat 2.5 fo* for the LO cross-
sections and abouts fb~! for the NLO cross-sections. The only additional backgroooa-
sidered for this exploratory study was the associated mtooluof a W boson with twa jets
and two noné jets. This is the dominant background for top searches dilt& We generated
this process with ALPGEN [176]. The cross-section for theeknatic cuts applied at genera-
tion is 34 pb forl¥ decaying to botlz andy. A total of about0000 events were generated for
this background. For this exploratory study we just geregtdéite procesB’ 665 7, which should
allow us to have an idea whether this background will strgragfect the analysis. A more
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accurate estimate of this background should be performegpthgrating all of thél b6+(1,..n)
jets with the appropriate matching to the parton shower. Jéreerated events are then passed
through ATLFAST, a parametrized simulation of the ATLAS efetor [18].

4.2 Analysis

After the described selection cuts the efficiency forthieackground is 3.3%, foil’bbj5 3.1%,
and for the signal 0.47%, yielding a background which is ad&uimes larger than the signal.
An improvement of the signal/background ratio can be olegdioy requiring on the minimum
invariant mass of all the non-b jets > 25 GeV in the event. The distribution for signal and
background is shown in Fig. 5. A clear peak for the W mass ibkdor the top background,
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Figure 5: Minimum invariant mass distributions (in GeV) wid non-b jets for signal (left) and background (right).

whereas the invariant mass for the signal should be sméalgr about 54 GeV, which is the
mass difference between tR& and they?. In this analysis we are searching for the possible
evidence of a light stop, for which the decay through a resbrais kinematically not allowed.

It is therefore possible to significantly improve the sighatkground ratio by selecting the
events wheren;; < 60 GeV. The signal/background ratio improves to 1/10, with sslof

a bit more than half the signal. This cut could bias the kingerdistribution for the signal,
which has a priori an unknown kinematics. We have therefepeated the analysis for a cut
at 70 GeV as a systematic check, obtaining equivalent seskigure 6 shows the: (557 )min
distribution after this cut, i.e. the invariant mass for twmbination of a b-tagged jet and
the two non-b jets yielding the minimum invariant mass. k& gelected jets result from the
decay of the stop, the invariant mass should have an end abatiout 79 GeV, whereas the
corresponding end-point should be at 175 GeV for the topdpaciknd. The presence of the stop
signal is therefore visible as a shoulder in the distribuiompared to the pure top contribution.
A significant contribution fromiA/bb is present, without a particular structure. Likewise, the
variablem(bl),,;, has an end point at about 66 GeV for the signal and at 175 Gethéotop
background, as shown in Fig. 7. The same shoulder strucwieservable. We need therefore
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Figure 6: Left: minimund;; invariant mass distributions (in GeV) for top backgroundi(black line),1 b6 back-
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(gray) summed to the background.

to predict precisely the shape of the distributions for the lhackground in order to subtract it
from the experimental distributions and extract the sighstributions.
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Figure 7: Left: minimun®b! invariant mass distributions (in GeV) for top backgroundll(black line), 11 66 back-
ground (dot-dashed blue line), signal (dashed red linegghRisame distribution, showing the signal contribution
(gray) summed to the background.
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The top background distributions can be estimated from #te themselves by exploiting
the fact that we select events where one oflthdérom the top decays decays into two jets and
the other decays into lepton neutrino. One can therefoecsélo pure top samples, with

minimal contribution from non-top events by applying segtaly hard cuts on each of the two
legs.

e Top sample 1: the best reconstructéd invariant mass is within 15 GeV of 175 GeV,
andm(bl),.;, > 60 GeV in order to minimize the contribution from the stop sigrihe
neutrino longitudinal momentum is calculated by applyingit” mass constraint.

e Top sample 2: the best reconstructgg mass is within 10 GeV of 175 GeV.
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Figure 8: Left: minimuméj; invariant mass distribution (in GeV) for top backgroundli(tlack line), Wb
background (dot-dashed blue line), signal (dashed red foreéop sample 1. Right: minimur{ invariant mass

distribution (in GeV) for top background (full black lin€)y b6 background (dot-dashed blue line), signal (dashed
red line) for top sample 2.

The distributions 0#72(b; j )min (m(bl).:r,) for signal and background are shown in Fig. 8 left
(right plot) for top sample 1 (top sample 2), respectivelyalyOa small amount of signal and
Wb background is present in the top samples, and in partidodesignal is reduced essentially
to zero for masses above 80 GeV.

We assume that we will be able to predict éb background through a combination of
Monte Carlo and the study éfbb production in the data, and we subtract this background both
from the observed distributions and from the top samplesteMwork is required to assess the
uncertainty on this subtraction. Given the fact that thiskgaound is smaller than the signal,
and it has a significantly different kinematic distributjave expect that a 10-20% uncertainty
will not affect the conclusions of the present analysis.

For top sample 1, the top selection is performed by applysgie cuts on the lepton
leg, it can therefore be expected that the minimiyin invariant mass distribution, which is
built from jets from the decay of the hadronic side be esaéintinaffected by the top selection
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sample 1 (points with errors). Right: minimubhinvariant mass distribution (in GeV) for background (fute)
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cuts. This is shown in the left plot of Fig. 9 where the minimbjn invariant mass distribution,
after subtraction of the residulll'bb background is compared to the distribution for a pure top
sample. The top sample 1 is rescaled in such a way that thgrahtaf the two distributions is
the same in the higher mass part of the spectrum, where &gdbenb signal is expected. The
agreement is quite good, clearly good enough to allow theaetion of the stop signal.

A similar resultis observed for the minimushinvariant mass and top sample 2, as shown
on the right plot of Fig. 9.

The rescaledn(bj 7 )min (m(bl)..:,) for top sample 1 (2) respectively, can then be sub-
tracted from the observed distributions, and the resutisshown in Fig. 9 superimposing the
corresponding expected distributions for the signal. Asdssed above, we have subtracted the
Wb background from the observed distributions.

In both distributions the expected kinematic structurelisesvable, even with the very
small statistics generated for this analysis, correspantb little more than one month of data
taking at the initial luminosity ot0**> cm~!s™1,

Further work, outside the scope of this initial exploratimneeded on the evaluation of
the masses of the involved spatrticles through kinematutiesLof the selected samples.

In summary, a preliminary detailed analysis of a SUSY mod#i & stop squark lighter
than the top quark decaying into a chargino andjet was performed. It was shown that for
this specific model after simple kinematic cuts a signakigemund ratio of about 1/10 can be
achieved. A new method, based on the selection of pure toplearto subtract the top back-
ground has been presented. The method makes it possiblesdovelthe kinematic structure
of the stop decays, and hence to extract some of the modehptees. This analysis can yield
a clear signal for physics beyond the SM already for 1-2' fland is therefore an excellent
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candidate for an early discovery at the LHC.

5. HIGGS BOSON PRODUCTION IN ASSOCIATION WITH LIGHT STOPS AT THE
LHC

5.1 Top squark and Higgs boson associated production

As already stressed in previous Les Houches proceedin@$, [Ai€cause of their large Yukawa
couplings (proportional ta;), top quarks and their Supersymmetric (SUSY) counterptots
squarks (or stops, for short), play an important role inrttechanism of Electro-Weak Symme-
try Breaking (EWSB) and hence in defining the properties efliiggs bosons. For example,
the contribution of the top quarks and top squarks in theatad corrections to the mass of the
lightest Higgs bosor;, can push the maximumy,, value up tol35 GeV, hence well beyond
the tree-level resultrf, < mz) and outside the ultimate reach of LEP-2 and the current one
of Run2 at Tevatron. Because of a large, the mixing in the stop sector is also important,
as large values of the mixing parametér = A; + ;/ tan 3 can increase thé boson mass
for a given value ofan 5. Finally, naturalness arguments suggest that the SUSYt|easrthat
couple substantially to Higgs bosons (indeed, via largeaMigk couplings) could be relatively
light. For the case of stop quarks, the lightest stop massstgte{;, could be lighter than the
top quark itself.

At the LHC, a light stop with large couplings to Higgs bosoas contribute to botlh
production in the main channel, the gluon—gluon fusion medmgg—# (and similarly, in
theh — ~v decay) [178-183] (destructively in fact, at one-loop I¢vehd in the subleading
associated production of stops and Higgg,gg — .1~ [184—188]. (The latter, thanks to the
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combination of an increased phase space and large stofs Eloggplings, can become a discov-
ery mode of a light Higgs boson at the LHC). We expand here envibrks of Refs. [184—188]
which were limited to inclusive analyses, by investigatthg decay phenomenology of such
light squark and Higgs states for two specific MSSM scenaifib&se scenarios correspond to
benchmark points LHS-1 and LHS-2.

5.2 Top squark and Higgs boson decays

The adopted MSSM scenarios correspond to the two configusbf parameters already dis-
cussed in this part of the report. They can be identified devist

1. (p1, My) = (400,60) GeV, Qg h? = 0.105,
2. (1, My) = (350, 110) GeV, Qoh? = 0.095.

For the purpose of analysing the kinematics of the decayymtsdof the Higgs boson and
the scalar top quarks, the quantities of relevance are tpeastd Higgs boson masses as well
as the mass difference between top, squarks, and the lighitsSY particle,\? (the lightest
neutralino). As for both MSSM points the only decay channglilable toZ, states is; —
cx}. The largern; — m.o the more energetic the charmed jet emerging from the debay, t
favouring its tagging efficiency. Thie boson invariably decays inté pairs, with a branching
ratio of about 84%. Hence, the final signature consists af foumore) jets, two of which are
b-jets and two otherg-jets, plus missing transverse energy.

The relevant masses for the two MSSM points considered are:
1. my = 112 GeV,mX(lJ = hH GeV,m, =116 GeV,
2. my = 118 GeV,mX(lJ = 106 GeV,m;, = 116 GeV.

The inclusive cross sections for the two points are 248 argdfB0respectively, as computed
by HERWIG [11] in default configuration. The HERWIG event geation uses the MSSM
implementation described in [12] with input files generatedthe ISAWIG interface [189]. In
order to realistically define the kinematics of the final stahd study some possible selection
variables, we interface the Monte Carlo (MC) event genenaith a suitable detector simu-
lation (based on a typical LHC experiment). After squark &hggs decays, parton shower,
hadronisation and heavy hadron decays, we require to ésebactly four jets. Then, for the
mere purpose of identifying the four jets and studying tbeimaviour in relation to the decaying
heavy objects, we sample over all possible combinations-mtdnvariant masses and isolate
the one closest to the input, value. Apart from occasional mis-assignments, this efiitye
isolates the two jets coming from thiedecay. The remaining two jets are bound to emerge
from the two top squark decays. Evidently, in the context ekperimental selections, flavour-
tagging techniques will be exploited, as the actual valug:pfwill be unknown. Finally, the
missing transverse momentum is reconstructed by balarntcagginst the overall jet transverse
momentum (after detector effects). We present the follgwdistributions in Fig. 5.2:

e the average transverse momentum distribution of top sguagKave);

e the minimum trans. momentum distribution of top squagkgmax);

e the maximum trans. momentum distribution of top squagkgmax);

e the average trans. momentum distribution of charm[bottets] ¢r(ave)[Er(ave)];

e the minimum trans. momentum distribution of charm[bottget$: g7 (min)[Er(min)];
e the maximum trans. momentum distribution of charm[bott@ets: g7 (max)[Er(max)];
e the missing trans. momentum distributiap:(miss);
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¢ the trans. momentum distribution of the Higgs boson (fromttho jets best reconstruct-
ing my): qr(Higgs);

¢ the invariant mass of the two jets best reconstructing .
The first three spectra have been obtained at parton levég thle others at detector level. The
detector effects have been emulated by Gaussian smearitigedepton/photon and hadron
tracks, according to(E)/E = res/+/(E), with resolutionres = resgy = 0.1 andresy,q = 0.5
for the Electro-Magnetic (EM) and hadronic calorimeteespectively. A cone jet algorithm is
applied to select the four jets by imposidgk’ > 0.7 andp). > 5 GeV. While the cut on az-
imuth/pseudorapidity differences does emulate real det@erformances the one on transverse
momentum is clearly far too low. However, the main purposthefsimulation at this stage is to
evaluate potential efficiencies of real LHC detectors bychtthe above cross sections should
be multiplied in order to have a realistic number of detele@vents. Thus, as much as possible
of the phase space ought to be sampled, compatibly with theefaition requirements. (For
the same reason, individual jets are collected within théewiseudorapidity rande’| < 5.)
In this respect, it is obvious from the figure that the mainreewf lost signal events would be
the distributions in transverse momentum of thiets, particularly for point 2, for which the
aforementioned mass difference is very small. Moreoves,rtissing transverse momentum
distributions peak at 50-60 GeV (somewhat softer for pojra2expected), a value comfort-
ably larger than typical background distributions yielglfiour (or more) jets in the detector but
no leptons. Finally, apart from a low transverse energydiad to misidentified-jets (that may
well appear if flavour tagging techniques rejection efficies were poor), one should expect
the vast majority ob-jets emerging front decays to pass standard detector thresholds. The
distributions at parton level have been given for comparisth the results presented in the
literature referred to earlier.

In summary, on the basis of the above MC simulation, assurthiat)- and c-jets can
be collected starting from). = 30 GeV, and if one also requireB*> > 40 GeV, four-
jet selection efficiencies should be around 50%(10%) fonpd({2). Above thepr cut LHC
detectors have large jet reconstruction efficiencies. dalph tagging efficiencies are around
50%, but charm tagging efficiencies will be lower than thisved the inclusive cross sections
and the above reconstruction efficiencies (notincludiggitag efficiencies), this leaves of order
13,000(2,500) signal events with 100 fbluminosity. This is a comfortable starting point in
order to refine a suitable selection for both MSSM configorati We are planning to pursue a
full detector analysis, also investigating higher jet nplitities, in presence of additional cuts
on the jet system. Of course, at that stage, backgroundsiaut to be considered. However,
a multi-jet plus missing transverse energy signal (withelizino energetic leptons) emerging
from rather heavy particle decays (so jets are naturalhaisgpd) may offer several handles
to eventually extract a significant signal-to-backgrouate r In addition, trigger considerations
will be of primary importance to the signal selection. Thenti@ned analysis is now in progress.

6. SCALAR TOP QUARK AT A LINEAR COLLIDER

At a future International Linear Collider (ILC) the prodian and decay of scalar top quarks
(stops) is particularly interesting for the developmertheaf vertex detector as only two c-quarks
and missing energy (from undetected neutralinos) are medlfor light stops:

ete™ =t t — cxfeyld.

The scalar top Linear Collider studied have been recentigveed [190].
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Figure 11: Differential distributions in the variables debed in the text. Normalisation is arbitrary. Point 1(8) i
denoted by a solid(dashed) line.

6.1 SPS-5 (Large visible energy): Vertex detector design vations

The development of a vertex detector for a Linear Collideaige a challenge. A key aspect is
the distance of the innermost layer to the interaction pevhich is related to radiation hardness
and beam background. Another key aspect is the materiattimo length which determines
the multiple scattering. The optimization of the vertexad¢or tagging performance is a further
aspect. While at previous and current accelerators (e.§, 8EP, Tevatron) b-quark tagging
has revolutionized many searches and measurements, ktggging will be very important at
a future Linear Collider. Therefore, c-quark tagging cob&la benchmark for vertex detector
developments.

An analysis for large visible energy has been performedy@anass difference) for the
SPS-5 parameter point (ISAJET) witly, = 220.7 GeV,myo = 120 GeV andcos f; = 0.5377.
For 25% (12%) efficiency 3800 (1800) signal events and 54@0)thackground events without
c-quark tagging remain, while the background is reduced3@02(68) events with c-quark
tagging.

The vertex detector absorption length is varied betweemabthickness (TESLA TDR)
and double thickness. In addition, the number of vertexaetdayers is varied between 5
layers (innermost layer at 1.5 cm as in the TESLA TDR) and 4i1syinnermost layer at 2.6
cm). For SPS-5 parameters the following number of backgiauents remain:
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Thickness\ Iayers\ 12% signal efficiency 25% signal efficiency
Normal 5(4) 68 (82) 2300 (2681)
Double 5(4) 69 (92) 2332 (2765)

As a result, a significant larger number of background evenexpected if the first layer of
the vertex detector is removed. The distance of the firstrlyythe interaction point is also an
important aspect from the accelerator physics (beam dg)iyeerspective. The interplay be-
tween the beam delivery and vertex detector design in regamdtical tolerances like hardware
damage of the first layer and occupancy (unable to use theofi#tta first layer) due to beam
background goes beyond the scope of this study and will beeadéd in the future.

No significant increase in the expected background is obsdor doubling the thickness
of the vertex detector layers. A first study with small visil#nergy shows a very similar
result [191] as described for larger visible energy.

6.2 SPS-5 (Large visible energy): Comparison of mass deternations

The precision in the scalar top mass determination at a LiGedlider is crucial and four
methods are compared for the SPS-5 parameter point [192) oTthhe methods rely on accurate
cross section measurements, the other two use kinematienation from the observed jets.

A high signal sensitivity is achieved with an Iterative Distinant Analysis (IDA) me-
thod [193]. The signal to background ratio is 10 or bettere Expected size of the signal is
between one thousand and two thousand events infb0D luminosity at a Linear Collider
with /s = 500 GeV [194]. These methods are used: a) beam polarizatiori,[bpthreshold
scan, ¢) end point method, and d) minimum mass method [196.r&sults of these methods
and basics characteristics are compared in Table 6.

Table 6: Comparison of precision for scalar top mass detetian

Method Am (GeV) | Luminosity Comment
Polarization 0.57 2 % 500fb~" no theory errors included
Threshold scan 1.2 300 b1 right-hande@ ™ polarization
End point 1.7 500 fh~*

Minimum mass 1.5 500 fb~* assumesn ;o known

6.3 Small visible energy studies

In this section, the production of light stops at a 500 GeVelainCollider is analyzed, using
high luminosity£Z = 500 fb~" and polarization of both beams. The signature for stop pair
production at ar*e™ collider is two charm jets and large missing energy. For smah, the
jets are relatively soft and separation from backgroundaeig challenging. Backgrounds aris-
ing from various Standard Model processes can have cras®se that are several orders of
magnitude larger than the signal, so that even small jetggr@nearing effects can be impor-
tant. Thus, it is necessary to study this process with astealietector simulation. Signal and
background events are generated wittTRIA 6.129 [17], including a scalar top signal genera-
tion [197] previously used in Ref. [194]. The detector siatidn is based on the fast simulation
SIMDET [198], describing a typical ILC detector.

In the first step a pre-selection is applied [157]. The sigmaharacterized by large miss-
ing energy and transverse momentum from the two neutrglimbsreas for most backgrounds
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Table 7: Background event numbers anéy signal efficiencies (in %) for variousi;, andAm (in GeV) after
pre-selection and after several selection cuts [157]. énldist column the expected event numbers are scaled to a
luminosity of 500 fl *.

After Scaled to
Process Total | presel.| cutl cut2 cut3 cut4 cut5 cutp500fb
WHW- 210,000 2814| 827 28 25 14 14 8 145
77 30,000 2681| 1987 170 154 108 108 3b 257
Wer 210,000| 53314| 38616 4548 3787 1763 1743 345 5044
eeZ 210,000 51 24 20 11 6 3 2 36
qq, q # t 350,000 341 51 32 19 13 10 8 160
tt 180,000| 2163 72 40 32 26 26 25 38
2-photon 3.2 x 10° 1499| 1155 1140 144 101 0 D < 164

mg, = 140 :
Am = 20 50,000f 685| 488 421 334 279 273 209 9720
Am =40 50,000f 71.8| 47.0 40.2 303 245 244 10{1 4700
Am = 80 50,000f 51.8| 340 236 201 164 164 10/4 4840
mg, = 180 :
Am = 20 25,000f 68.0| 514 494 424 365 349 284 6960
Am =40 25,000 72.7| 50.7 424 355 285 284 201 4925
Am = 80 25,000f 63.3| 430 334 296 239 239 150 3675
myg, = 220 :
Am = 20 10,000 66.2| 535 535 485 428 399 346 2600
Am =40 10,000 72.5| 553 47.0 429 343 342 24]2 1815
Am = 80 10,000 73.1| 516 427 379 303 303 18|8 1410

the missing momentum occurs from particles lost in the beige. @' herefore, cuts on the thrust
angledrhst, the longitudinal momentum,,, «ot, the visible energyr,;; and the total invariant
massm;,, are effective on all backgrounds.

Based on the above results from the experimental simulstitre discovery reach of a
500 GeVete~ collider can be estimated (Fig. 12). The signal efficienéigsthe parameter
points in Fig. 12 are interpolated to cover the whole parametgion. Then, the signal rates
are computed by multiplying the efficieneybtained from the simulations with the production
cross-section for each poilitz;, , m o). Together with the number of background evefits
this yields the significancé/v/S + B. The gray (green) area in the figure corresponds to the
Ho discovery regionS/v/ S + B > 5.

As evident from the figure, the ILC can find light stop quarksrtass differences down
to Am ~ O(5 GeV), beyond the stop-neutralino coannihilation region. Tharigshows also
the reach which can be achieved with small total lumincsitie

6.4 Stop parameter determination

The discovery of light stops would hint toward the possipibf electroweak baryogenesis and
may allow the coannihilation mechanism to be effective. tdeo to confirm this idea, the
relevant supersymmetry parameters need to be measurechatguln this section, the exper-
imental determination of the stop parameters will be diseds The mass and its uncertainty
has been determined with the polarization metheg= 122.5 + 1.0 GeW.
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Figure 12: Left: discovery reach of Linear Collider with 589! luminosity at\/s = 500 GeV for production

of light stop quarksgte™ — 1, t — cxi ¢ xy. The results are given in the stop vs. neutralino mass plane (
GeV). In the gray shaded region, a 8iscovery is possible. The region wherg.s > m;, is inconsistent with a
neutralino as Lightest Supersymmetric Particle (LSP)leviar m;, > mw + my, + mgo the three-body decay

t; — WTby! becomes accessible and dominant. In the light shaded cartiez lower left, the decay of the top
quark into a light stop and neutralino is open. The dark gmatg thdicate the region consistent with baryogenesis
and dark matter [160]. Also shown are the parameter regiciuded by LEP searches [199] (white area in the
lower left) and the Tevatron light stop reach [200] (dottates) for various integrated luminosities. Also, the
discovery reach for different luminosities is shown. Rigtamputation of dark matter relic abundaréepyih?
taking into account estimated experimental uncertairfbestop, chargino, neutralino sector measurements at
future colliders. The black dots corresponds to a scan dwerlt (Ax? < 1) region allowed by the expected
experimental errors, as a function of the measured stop,masisthe red star indicating the best-fit point. The
horizontal shaded bands show thednd % constraints on the relic density measured by WMAP.

The mass of the heavier stap is too large to be measured directly, but it is assumed
that a limit of ;m;, > 1000 GeV can be set from collider searches. Combining the stop pa-
rameter measurements with corresponding data from theai&at and chargino sector [157]
allows to compute the neutralino dark matter abundance &gpected experimental Linear
Collider results in the MSSM. All experimental errors areopagated and correlations are
taken into account by means ofia analysis. The result of a scan over 100000 random points
within the expected experimental uncertainties for thigmm scenario is shown in Fig. 12.
The horizontal bands depict the relic density as measured/lhAP [3], which is at b level
0.104 < QCDMh2 < 0.121.

The collider measurements of the stop and chargino/n@utrphrameters constrain the
relic density t00.100 < Qcpumh? < 0.124 at the Ir level, with an overall precision comparable
to the direct WMAP determination.

In summary, scalar top quark production and decay at a Li@e#ider have been studied
with a realistic detector simulation with focus on the cgeng performance of a CCD vertex
detector. The SIMDET simulation includes a CCD vertex deted_CFI Collaboration). The
tagging of c-quarks reduces the background by about a f&diothecyicy{ channel. Thus,
scalar top processes can serve well as a benchmark reautitre fvertex detector performance.

Dedicated simulations with SPS-5 parameters are perfarmid expected background
depends significantly on the detector design, mostly onaddeus of the inner layer. Similar
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results have been obtained from simulations of small mdésreinces between scalar top and
neutralino.

For the scalar top mass determination four methods are caud@and the polarization
method gives the highest precision. The other methods sodmlportant as they contribute to
determine the properties of the scalar top quark. For exantpé scalar character of the stops
can be established from the threshold cross section scan.

A new study for small mass difference, thus small visiblergmeshows that a Linear
Collider has a large potential to study the scalar top prodo@nd decay, in particular in this
experimentally very challenging scenario.

From detailed simulations together with estimated errorsrfieasurements in the neu-
tralino and chargino sector [157], the expected cosmo@glark matter relic density can be
computed. The precision at a Linear Collider will be simtlathe current precision of WMAP.
The uncertainty in the dark matter prediction from a Lineall@er is dominated by the mea-
surement of scalar top quark mass.

7. CONCLUSIONS

New developments in scalar top studies have been discusgktbar sets of Les Houches
Scalar top (LHS) benchmarks sets have been defined. Theystommological motivation for
light scalar top quarks has been review and relevant asfiedise collider searches have been
emphasised. The search for scalar top quarks and meashemgtoperties will be an impor-
tant task at future colliders. The experimental simulagishow that like-sign top signatures
could be detected as signals for scalar top production dt#t In a second LHC study it has
been shown that light scalar tops could be observed alre@tiyow luminosity, possibly after
a few months of data- taking. For the future Linear Collidgpects of the detector design have
been addressed with c-quark tagging as a benchmark for thexweetector optimization. Dif-
ferent methods of scalar top masses reconstruction havedmepared and for cosmological
interesting parameter region, the ILC could achieve a sinpfecision on the relic dark matter
density as the current WMAP measurements. Both at the LHGlentLC, scalar top studies
continue to be an active and progressing field of research.
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Part 9

ldentifying nonminimal neutralinos in
combined LHC and ILC analyses

S. Hesselbach, F. Franke, H. Fraas and G. Moortgat-Pick

Abstract

The measurement of the masses and production cross seofioms
light charginos and neutralinos at thge~ International Linear Col-
lider (ILC) with /s = 500 GeV may not be sufficient to identify the
mixing character of the particles and to distinguish betwtbe minimal
and nonminimal supersymmetric standard model. We discssper-
symmetric scenario where the interplay with experimentthdrom
the LHC might be essential to identify the underlying supemnetric
model.

1. INTROCUCTION

The Next-to-minimal Supersymmetric Standard Model NMSSMhe simplest extension of
the MSSM by an additional Higgs singlet field. It contains fimitralinosy?, the mass eigen-
states of the photino, zino and neutral higgsinos, and taogihosy:, being mixtures of wino
and charged higgsino. The neutralino/chargino sectorrmlipat tree level on six parameters:
the U(1) and SU(2) gaugino massés and M,, the ratiotan § of the vacuum expectation
values of the doublet Higgs fields, the vacuum expectatidumeva of the singlet field and the
trilinear couplings\ andx in the superpotential, where the produat = u.¢ replaces the:-
parameter of the MSSM [201-204]. The additional fifth nelinamay significantly change
the phenomenology of the neutralino sector. In scenariosrgvthe lightest supersymmetric
particle is a nearly pure singlino, the existence of disptaeertices may lead to a particularly
interesting experimental signature [205—208] which afidhe distinction between the models.
If however, only a part of the particle spectrum is kinematicaccessible this distinction may
become challenging. In this contribution we analyze an NMS38enario where the Higgs sec-
tor and mass and cross section measurements in the neosatitor do not allow to distinguish
the models, but only a combined analysis of LHC and ILC data.

2. STARTING POINT: NMSSM SCENARIO
We start with an NMSSM scenario with the parameters

M; =360 GeV, M, =147GeV, tanf =10, A=0.5, x=915GeV, x=02. (1)
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and the following gaugino/higgsino masses and eigenstates

mg =138 GeV, ¥ = (—0.02,40.97, —0.20, +0.09, —0.07), )
mgo = 337 GeV, {9 = (+0.62,+0.14, +0.25, ~0.31, +0.65), 3)
mg =367 GeV, 9= (—0.75,+0.04, +0.01, ~0.12, +0.65), (4)
mg =468 GeV, ) = (—0.03,+0.08, +0.70,+0.70, +0.08), (5)
mg =499 GeV, X2 = (+0.21, -0.16, —0.64, +0.62, +0.37), (6)

where the neutralino eigenstates are given in the hagisiV°, H?, f19, 5). As can be seen
from Egs. (3) and (4), the particleg and {9 have a rather strong singlino admixture. This
scenario translates at thee~ International Linear Collider (ILC) witR/s = 500 GeV into the
experimental observables of Table 1 for the measuremeriteofrtasses and production cross
sections for several polarization configurations of thétligeutralinos and charginos. We as-
sume mass uncertainties@f 1 —2%), a polarization uncertainty @&t .+ / P.+ = 0.5% and one
standard deviation statistical errors. The masses ang sexgions in different beam polariza-
tion configurations provide the experimental input for derg the supersymmetric parameters
within the MSSM using standard methods [26,27]. Note thanbeolarization may be crucial
for distinguishing the two models [209-211].

Table 1: Masses with 1.5%{ 5, ¢ r, 7.) and 2% §, 1F) uncertainty and cross sections with an error com-
posed of the error due to the mass uncertainties, polasizamcertainty ofA P+ /P,+ = 0.5% and one stan-
dard deviation statistical error based ¢rC = 100 fb~!, for both unpolarized beams and polarized beams with
(P,—, P.+) = (F90%, +60%), in analogy to the study in [75].

mo=138%2.8 GeV oete” = XExT)/b o(ete™ — Y9 /fb
m g =33TE5.1 GeV (P.-, P.+) Vs =400 GeV | /s = 500 GeV Vs = 500 GeV
m g =139£2.8 GeV Unpolarized 323.9433.5 287.5 1+ 16.5 4.0+£1.2

mz, =240+3.6 GeV || (—=90%, +60%) | 984.0 £ 101.6 873.9 £ 50.1 12.1£3.8
mz,=220£3.3 GeV || (+90%, —60%) 13.6 £ 1.6 11.7+£1.2 0.2+0.1
mp,=22643.4 GeV

3. SUPERSYMMETRIC PARAMETER DETERMINATION AT THE ILC

For the determination of the supersymmetric parameterserMSSM straightforward strate-
gies have been worked out even if only the light neutralinus eharginosy?, Y3 and y{ are
kinematically accessible at the first stage of the ILC [26,27

Using the methods described in in [212,213] we derive cair#s for the parameterd,
M,  andtan 3 in two steps. First, the measured masses and cross sedtitwis energies in
the chargino sector constrain the chargino mixing matreoeintsl/; andV;%. Adding then
mass and cross section measurements in the neutralino akotes to constrain the parameters

M, = 377442 GeV, (7)
M, = 150 + 20 GeV, (8)
@ = 450 4 100 GeV, (9)

tan 5 = [1,30]. (20)
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Since the heavier neutralino and chargino states are ndupeal, the parametersandtan 3
can only be determined with a considerable uncertainty.

With help of the determined parameter ranges, Egs. (7)--th@) masses of heavier
charginos and neutralinos can be calculated:

mgo = [352,555] GeV, g = [386,573] GeV,  ms = [350,600] GeV. (1)

In Fig. 1 (left panel) the masses §f and \§ are shown as a function of its gaugino admixture
for parameter points within the constraints of Egs. (7)}(@bviously, the heavy neutraling
should be almost a pure higgsino within the MSSM predictibhese predicted properties of
the heavier particles can now be compared with mass measuatsrof SUSY patrticles at the
LHC within cascade decays [75].

Inconsistency within MSSM
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Figure 1: Left: Predicted masses and gaugino admixturééoheavier neutralinog} andy§ within the consistent
parameter ranges derived at the s analysis in the MSSM and measured mass = 367 £ 7 GeV of a
neutralino with sufficiently high gaugino admixture in cade decays at the LHC. We took a lower bound of
sufficient gaugino admixture of about 10% for the heavy radinos, cf. [214,215]. Right: The possible masses of
the two light scalar Higgs bosons,s, , mg,, and of the lightest pseudoscalar Higgs bosas) as function of the
trilinear Higgs parameter,; in the NMSSM. In our chosen scenarig, is MSSM-like andS, and P, are heavy

singlet-dominated Higgs particles.

The Higgs sector of the NMSSM [216, 217] depends on two aaltédi parameters, the
trilinear soft scalar mass parametersand A,.. The Higgs bosons with dominant singlet char-
acter may escape detection in large regions of these pagesnétus the Higgs sector does
not allow the identification of the NMSSM. A scan with NMHDE®A218] in our scenario,
Eq. (1), overA, and A, results in parameter points which survive the theoretical experi-
mental constraints in the regiat40 GeV < A, < 5465 GeV and—553 GeV < A, < 0.
For—443 GeV < A, < —91 GeV the second lightest scalat,] and the lightest pseudoscalar
(P;) Higgs particle have very pure singlet character and areibethan the mass difference
mgs — myo, hence the decays of the neutralingsandy3, which will be discussed in the fol-
lowing, are not affected by, and /;. The dependence of the masses'gfS, and P, on A, is
illustrated in Fig. 1 (right panel). The mass of the lightesalar HiggsS;, which has MSSM-
like character in this parameter range, depends only weaklyl,. and is about 124 GeV. The
masses of;, P, and H* are of the order ofi,. For A, < —443 GeV the smaller mass of the
S, and a stronger mixing between the singlet and MSSM-likeestatS; and.S, might allow
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a discrimination in the Higgs sector while for, > —91 GeV the existence of a light pseu-
doscalarP; may give first hints of the NMSSM [219]. For our specific casgdgtwe choose
Ay = 4000 GeV andA,, = —200 GeV, which leads tong, = 311 GeV,mp, = 335 GeW.

We emphasize that although we started with an NMSSM scendréoe 9 and y3 have
large singlino admixtures, the MSSM parameter strategys due fail and the experimental
results from the ILGy with /s = 400 GeV and500 GeV lead to a consistent parameter
determination in the MSSM. Hence in the considered scerthganalyses at the ILg, or
LHC alone do not allow a clear discrimination between MSSM BMSSM. All predictions
for the heavier gaugino/higgsino masses are consistehtowth models. However, the 1l;6
analysis predicts an almost pure higgsino-like statexfpand a mixed gaugino-higgsino-like
X4, see Fig. 1 (left panel). This allows the identification o thinderlying supersymmetric
model in combined analyses at the LHC and thetﬁ;,ﬁ?’.

4. COMBINED LHC AND ILC ANALYSIS

In our original NMSSM scenario, Eg. (1), the neutralingsandy$ have a large bino-admixture
and therefore appear in the squark decay cascades. The altndiecay mode of? has a
branching ratia? (Y3 — VW) ~ 50%, while for they} decaysBR(XS — (5 p(F) ~ 15%
is largest. Since the heavier neutraling$, Y2, are mainly higgsino-like, no visible edges from
these particles occur in the cascades. Itis expected theeslges fof§ — ﬁiﬁ Xy — ﬁiﬁ

9 — ﬁiﬁ and foryy — ﬁiﬁ With a precise mass measuremen;s(@fXQ, I R andz/ from
the ILC%00 analysis, a clear identification and separation of the edfjfge two gauginos at the
LHC is possible without imposing specific model assumptidlie therefore assume a precision
of about 2% for the measurementraf,, in analogy to [214,215]:

mgo = 367 + 7 GeV. (12)

The precise mass measurementbis compatible with the mass predictions of the K&for
the 3 in the MSSM but not with the prediction of the small gauginonidure, see Fig. 1 (left
panel). They) as predicted in the MSSM would not be visible in the decay adss at the
LHC. The other possible interpretation of the measuredraénb as they! in the MSSM is
incompatible with the cross section measurements at the\NeCpoint out that a measurement
of the neutralino masses., m, mse Which could take place at the LHC alone is not suffi-
cient to distinguish the SUSY models since rather similassrepectra could exist [212,213].
Therefore the cross sections in different beam polaripatanfigurations at the ILC have to be
included in the analysis.

The obvious inconsistency of the combined results from tHE€land the ILGy, analyses
and the predictions for the missing chargino/neutralinesea could motivate the immediate
use of the low-luminosity but higher-energy option Ijﬁ_ /*in order to resolve model ambigu-
ities even at an early stage of the experiment and outlinedigearch strategies at the upgraded
ILC at 1 TeV. This would finally lead to the correct identifiat of the underlying model. The
expected polarized and unpolarized cross sections, imgute statistical error on the basis of
one third of the luminosity of the IL&,, are given in Table 2. The neutraling as well as
the higgsino-like heavy neutraling] and the charginq are now accessible at the IﬁQ/?’
The cross sections together with the precisely measuredesas, andmxi would constitute
the observables necessary for a fit of the NMSSM parametererdler to archive this the fit
program Fittino [220] will be extended to include also the 8BSM [221].
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Table 2: Expected cross sections for the associated prioduzt the heavier neutralinos and charginos in the
NMSSM scenario for the IL@ZOU3 option with one sigma statistical error based pf = 33 fb~* for both
unpolarized and polarized beams.

o(etem=x8%9)/fb at /s=650 GeV olete—xEsT)/fb
j=3 j=4 j=5 at./s=e50 GeV
Unpolarized beams 12.240.6 5.540.4 <0.02 2.440.3
(P._ P4 )=(—90%,+60%) 36.941.1 14.840.7 <0.07 5.840.4
(P._ P4 )=(+90%,—60%) 0.640.1 2.240.3 <0.01 1.6+0.2

5. CONCLUSIONS

We have presented an NMSSM scenario where the measuremmaissés and cross sections
in the neutralino and chargino sector as well as measuremerhe Higgs sector do not al-
low a distinction from the MSSM at the LHC or at the Ikfg with /s = 500 GeV alone.
Precision measurements of the neutralino branching ratmthe lightest Higgs particle and
of the mass difference between the lightest and next-tadgf SUSY particle may give first
evidence for the SUSY model but are difficult to realize in case. Therefore the identifi-
cation of the underlying model requires precision measergmof the heavier neutralinos by
combined analyses of LHC and ILC and the higher energy buetduminosity option of the
ILC at /s = 650 GeV. This gives access to the necessary observables forfatfé anderlying
NMSSM parameters.
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Part 10

Electroweak observables and split SUSY
at future colliders

J. Guasch and S. Peflaranda

Abstract

We analyze the precision electroweak observablgsandsin® .4 and
their correlations in the recently proposed Split SUSY modée com-
pare the results with the Standard Model and Minimal Supensgtric
Standard Model predictions, and with present and futureexgental
accuracies.

1. INTRODUCTION

Recently, the scenario of Split SUSY has been proposed P28-In this scenario, the SUSY-
breaking scale is much heavier than the electroweak saadeth&re is a hierarchy between the
scalar superpartners and the fermionic partners of thed&tdriModel (SM) particles. Except
for one Higgs-boson, all scalar particles (squarks, steptnd extra Higgs particles) are heavy,
O(10° GeV), while the fermions (gauginos and higgsinos) are kept aetbetroweak scale.
Only the SM spectrum, including one Higgs scalar, and gaaggamd higgsinos remain. The rest
of the Minimal Supersymmetric Standard Model (MSSM) spattdecouples [225,226]. This
scenario implies the existence of an “unnatural” fine-tgnsuch that the Higgs-boson vacuum
expectation value can be kept at the observed electrowadd s&ssuming this fine-tuning ef-
fect, some of the remaining problems in SUSY models are dolfeere is no flavour-changing
neutral current problem, and the mediating proton decaplpro has been eliminated. On the
other hand, keeping gauginos and higgsinos at the elecitoseale, gauge unification is pre-
served and the neutralino is a good candidate for dark m&tegnomenological implications
of Split SUSY have been extensively discussed during theyker (see e.g. [227]).

In this work we focus on the precision electroweak (EW) obgkles, specifically on
My, sin® 0., and their correlations. We compare the predictions intSglSY with the SM
and the MSSM, and study the feasibility of measuring therdouions of Split SUSY at future
colliders: the Large Hadron Collider (LHC) and the Intefaagtl et e~ Linear Collider (ILC) —
for further details see Ref. [228].

Previous works on precision EW observables in Split SUS¥texReference [229] an-
alyzes theS, T', U parameter expansions, as well as corrections from nonizemmentum
summarized i’, V, W parameters [230-232]. They found that the precision elecak data
are compatible with the Split SUSY spectrum for the valueganigino and higgsino masses
above the direct collider limits. Reference [233] studigitSSUSY corrections to precision
observables including LEP2 data. The authors of Refs. [228), focus on the analysis of cur-
rent experimental data, performing fit, and finding whether Split SUSY fits better current
experimental data than the SM. Our work focusses on thelpbgsof detecting the deviations
induced by Split SUSY in the future measurementd3&f andsin® f.g.
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2. My AND sin?§.s ELECTROWEAK PRECISION OBSERVABLES

The analysis of virtual effects of the non-standard paet@dn new physics models to precision
observables requires a high precision of the experimeesallts as well as of the theoretical pre-
dictions. The leading order radiative corrections to theestsables under study can be written
as

Mw cos? Oy cos? Oy sin? Oy

S My ~ Ap, dsinlg ~ —

A 1
cos? By — sin? Oy P (1)
9w being the weak mixing angle, ankp = ¥ ,(0)/ M7 — Xy (0)/ M, with X (0) the un-
renormalized” andW boson self-energies at zero momentum. Beyondth@pproximation,
the shifts in these two observables are given in terms of the-) quantity. The computation
of Ar in Split SUSY reduces to the computation of gauge bosonseselfgies.

For our computation, we have us@FITTER [234, 235] for the SM prediction. The
MSSM contributions taAr have been taken from Ref. [236-239], and we have &s3ch-
Arts /FormCalc /LoopTools [240-245] for the vertex contributions tm? 0.¢. The Higgs-
boson mass is computed according to Ref. [223] for Split SUBM using the leading;,
my tan 3 approximation for the MSSM [246—249]. The Split SUSY/MSShhtributions to
Ar are added to th@FITTER computation, and we proceed in an iterative way to compute
My, sin* Oy, As for the input parameters, we have useg = 91.1876 GeV, a~1(0) =
137.0359895 [48], Aa} (Mz) = 0.02761 + 0.00036 [250] (corresponding te™!(My) =
128.936), as(Mz) = 0.119+0.003 [250]. For the top-quark mass, we use the latest combination
of Runl/ll Tevatron datain, = 172.7 + 2.9 GeV [251].

The parameter space of Split SUSY is formed by the higgsinesnparametey:, the
electroweak gaugino soft-SUSY-breaking mass parameéterand A, (we use the GUT mass
relation M, = M, 5/3 tan? fy), the gluino soft-SUSY-breaking madg,, the ratio between
the vacuum expectation values of the two Higgs doubleis’ = v,/v;, and the scale of the
scalar particles masses. The scalar mass scalé:) lays between the EW scale-(1 TeV)
and the unification scale~( 10'¢ GeV), current limits from gluino cosmology set an upper
boundrin < 107 GeV [252]. In our computation the gluino mas¥/() and the scalar scalén(
enter the Higgs-boson mass computation, the latter defthemghatching scale with the SUSY
theory, and the former through the running of the top quarkavua coupling. For definiteness,
we will usern = 10 GeV, while M, is let free.

2 cos? Oy — sin? Oy

3. RESULTS

Now we focus on the comparison fafy, andsin? 0.5 predictions from different models with
the present data and the prospective experimental pracistee results for the SM, the MSSM
and Split SUSY predictions are given in Fig. 1, in thgy—sin® 0.4 plane. The top-quark mass
is varied in the3o range of the experimental determination. Predictions hoava together
with the experimental results fov/y andsin? f.¢ (Myw = 80.410 £ 0.032 GeV , sin® .5 =
0.231525 £ 0.00016) and the prospective accuracies at present (LEP2, SLD titeyeand at
the next generations of colliders (LHC, ILC, GigaZ) [2534250ur results agree with previous
ones for the SM and the MSSM predictions given in [255-257].

We have performed a Monte Carlo scan of the parameter spate dlifferent models,
taking into account experimental limits on new particledjind the allowed region in th&fy,—
sin? 0.4 plane for each model. The results are shown in Fig. 1a. Tlevatl regions are those
enclosed by the different curves. The arrows show the daecaif change in these regions



02325 .
0.232)
£

Nmm
‘= 02315
2]

0.231—

- SM
— Split
-—- MSSM

0.2305—

MSSM: M,

™
m;

susy

susy

<2TeV

L I
=164 ... 181.4 GeV/|

2
sin' Q.

0.23165

0.2316

0.23155

0.2315

0.23145H

«  tanP=10
tanfi=1

m=1727 GeV |

80

P B PPN ISR IR R . . L
80.2 80.25 80.3 8035 804 8045 80.5 80.36 80.365 80.37 80.375

M, [GeV] M, [GeV]
(a) (b)
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tal results forMy, andsin” 6. and the prospective accuracies at LEP2/SLD/Tevatrongletipse), LHC/ILC
(medium ellipse) and GigaZ (small ellipsd). Prediction of My, andsin? 6. from a parameter scan in the Split
SUSY parameter space with; = 172.7 GeV andtan § = 1 (green/light-grey area) andn 5 = 10 (black area).

as the given parameters grow. The shaded region corresporttle SM prediction, and it
arises from varying the mass of the SM Higgs-boson, fidm GeV [133] to 400 GeV. The
region enclosed by the dash-dotted curve corresponds tVMgeM. The SUSY masses are
varied betweer?2 TeV (upper edge of the area) and close to their experimentalr|divwit

my 2 100 GeV, m; 2 150 GeV (lower edge of the band). The overlap region between SM
and MSSM corresponds to the region where the Higgs-bosaghis i.e. in the MSSM allowed
regionmo < 140 GeV [257], all superpartners being heavy [255,256]. The SpliES region

is enclosed by the black line in this figure. The computed Bliggson mass varies in the range
mj@’ht ~ 110-153 GeV. As expected, we found overlap regions between Split SUSivoarth
the SM and the MSSM. Moreover, we see that most of the regiedigted by Split SUSY for
My andsin?® 0. overlaps with predictions already given by the SM and the MSS

From now on, we focus on the differences between SM and Sp&YSpredictions. To
assess the importance of the Split SUSY contributions, wet sampare these with the present
and future experimental uncertainties and SM theoretical® The current experimental un-
certainties are [258, 259]

AMGPM 34 MeV,  Asin? 052%™ ~ 17 x 1077 2)
the expected experimental precision for the LHC is [260]
AMGC ~ 1520 MeV ; (3)
and at GigaZ one expects [253,261-264]
AMEPMYe o 7 MeV,  Asin? 5P ~ 1.3 % 1077 (4)
On the other hand, the theoretical intrinsic uncertaintighe SM computation are [257]:

th,today,SM
AM R odaySM g VeV,
th,fut SM
AMDtutareSM o 9 VeV,

. 2 pth,today,SM -
Asin? 025" M x5 x 1077,

A sin? g eereSM 9 501075 (5)
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Figure 2: The shifts\ sin” f.¢ and A My in the[M2—u] plane form, = 172.7 GeV and fortan 8 = 1 (a, ¢) and
tan 8 = 10 (b, d). The shaded region correspondsitp < 100 GeV. Also shown is the line corresponding to a
lightest chargino mass:, = 250 GeV. The gluino mass is taken to ¢, = 500 GeV.

Figure 1b shows the result of the parameter scan in Split Std$¥vo values oftan /3.
The effective leptonic weak mixing anglén? 6., always decreases whem 5 = 10 but, on
the contrary, its value increases whiem 5 = 1 for some specific set of values of the other
parameters, in particular when > 0 (see below). The correction tdn* f.5 is positive for
small values ofan g andu > 0. The corrections td/y, are positive over a large range of the
parameter space. Whesan 8 = 1 andp > 0 we can also get negative corrections. For values
of tan > 10 the above conclusions remain unchanged.

In Fig. 2 we show the shifta\ sin® 6. and A My in the [M,—u] plane. The shifts in
the variables are defined a&xX = X®plitSUSY _ xSM where the SM computation is per-
formed using the Higgs-boson mass predicted by Split SUS¥. Split-SUSY-induced shifts
are|Asin?f.g) < 10 x 107° and|AMy/| < 20 MeV; as for today’s data (2) they are smaller
than the experimental error, and the data cannot discriminetween the SM and Split SUSY.
The same conclusion applies to the accuracy reached at tle(BH However, the shifts are
larger than the experimental accuracy of GigaZ (4) in certagions of the parameter space.
Fortan 3 = 1, the shiftin|A sin® 04| is larger than..3 x 10~> for most of the explored region
for 4 > 0 and for the region with: < 0: p > —250 GeV or M, < 150 GeV (Fig. 2a). At
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tan 3 = 10 (Fig. 2b),|A sin? f.z| is larger than the future experimental accuracy (4) in a kmal
region M, < 175200 GeV for x> 0, and a large region/, < 200500 GeV for p < 0.

As far asMyy is concerned, the LHC measurement (3) could only be usefalsmall corner

of the parameter space far< 0, tan 3 2 10. The GigaZ measurement (4) does not help for
tand =1, > 0. Fortan8 = 1, . < 0 there exists a small region fad, < 110 GeV or

@ > —110 GeV. For largertan 3, the region of sensitivity is much larger. Summarizing the
results of Fig. 2:

e Positive shifts ofin® §.z are only possible at smalin 3 ~ 1 andy > 0. They are large,
and correlated with small and negative shifts\éfi,. These large shifts are possible even
for large values of the chargino masses (> 250 GeV).

e Fortan 3 ~ 1, 1 < 0 large negative shifts isin* 0. are possible, correlated with positive
shifts in My, butsin? §.5 is the most sensitive of those observables.

e Forlargetan 5 > 10 andy > 0, the sensitivity region is confined to small, < 275—
375 GeV, with the largest shift provided byin® 6. for ¢ > 300 GeV, and by My,
otherwise.

e Finally, for largetan 8 > 10 andu < 0, the largest sensitivity is provided Bjn* f.g; it
can reach GigaZ sensitivities even for moderate chargirgsgsf:, ~ 250 GeV).

We would like to stress that the results for negajivare quite different from those of positive
1. As Fig. 2 shows, changing the sign @fcan change the sign and the absolute value of the
shifts significantly.

The results of the difference between Split SUSY and SM ptais in theMy—sin? f.4
plane are displayed in Fig. 3, together with the expecteat eflipses of the future colliders (3)
and (4) centered at the SM value. We can see that the ARify can be up t@23 MeV at
its maximum and it is impossible to discriminate between etea@t present. However, future
experiments could be probed with the future precisiomiégfr. On the other hand, the shifts
Asin? 0. can easily reach values2 x 10~°, which is larger than both the expected experi-
mental errors and the anticipated theoretical accurabies (

We observe from Fig. 1a that the current SM predictionVf—sin* 6. would need a
positive shift on both observables (together with a lardaevafm,) to be closer to the central
experimental value. Figs. 2, 3 show that the general trenhefSplit SUSY contributions
is a negative correlation of the shifts on both observabld® region providing A My, > 0,
Asin? 0. > 0) is actually small and the largest region correspondatd/(y > 0, A sin? g <
0) —c.f. Fig. 3. Of course, small deviations from the geneeid are important, and Refs. [229,
233] show that there are points of the parameter Split SUSXephat fit better than the SM
the experimental value of the electroweak precision olztdes.

4. CONCLUSIONS

We find that the shifts induced in Split SUSY models are smahian present experimental
accuracies (2), and no conclusion can be drawn with respebetvalidity of this model. With

the anticipated LHC accuracy aviy,, a small corner of the parameter space can be explored.
However, only with the GigaZ option of the ILC would the exipeent be sensitive to the
Split SUSY corrections to these observables. In this optioa effective leptonic mixing angle
(sin’ 0.¢) is the most sensitive of the two observables. For moderatdeagetan 3, the lightest
chargino must be relatively lighty, < 250 GeV, and will already have been detected either at
the LHC or the ILC before the GigaZ era. The observables pienowever, a high-precision
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Figure 3: Shifts of the differences between Split SUSY and@btlictions forMy, andsin? 6., scanning over

the parameter space. Also shown are the ellipses for the@ctise accuracies at LHC/ILC (large ellipse) and
GigaZ (small ellipse).

test of the model. An interesting case is a scenario withtlow? ~ 1 and positive:, where
large shifts insin® 0.4 are expected, even for large values of the chargino masses.
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Part 11
Split supersymmetry with Dirac gaugino
masses

K. Benakli

Abstract

We consider a scenario where supersymmetry is broken byglat sle-

formation of brane intersections angles in models wherg#guge sec-
tor arises in multiplets of extended supersymmetry, whisgter states
are in N=1 representations. It leads to split extended sypamnetry

models which can prvide the minimal particle content at Te¥rgies
to have both perfect one-loop unification and a good darkena#ndi-

date.

1. INTRODUCTION

Our knowledge of physics at energies above the electrowed& kaves the door open to differ-
ent ideas (extra-dimensions, compositeness...). Theocomgtraints come on the LEP precision
measurements and mathematicla consistency. Fortuntitetg are a few observations which
can serve as guidelines for building extensions to the Stahldodel (SM), as the necessity of
a Dark Matter (DM) candidate and the fact that LEP data faveunification of the three gauge
couplings. Both find natural realization in specific supersyetric models as the Minimal Su-

persymetric Standard Model (MSSM). Supersymmetry is alslt@me as it naturally arises in

string theory, which provides a framework for incorporatihe gravitational interaction in our

guantum picture of the universe.

The failure to find a dynamical explanation of the very tinyldanergy in the universe,
as indicated by recent observations, raises questions puraerstanding of the notion of
“naturalness”. It raises the possibility that even the galigrarchy problem is not solved by a
symmetry. Supersymmetry could be present at very high eseand its breaking could lead
to a hierarchy between the masses of the different supegyarsuch as in the so-called split
supersymmetry scenario [222,223]. One of its imprtantfiess is that even making squarks and
sleptons heavy, it is possible to keep successful unificatial the existence of a DM candidate.
Moreover, constraints related to its complicated scaletosalisappear.

Implementing this idea in string theory has been discussg2b5]. In this work we show
that there is an economical string-inspired brane models dalows for unification of gauge
couplings at scales safe from proton decay problems andde®us with a natural dark matter
candidate.

This work is based on [266].

2. MAIN FEATURES OF THE MODEL

The starting point of the construction is a supersymmelkieresion of the standard model. This
differs from the minimal extension (MSSM) and is as follows:
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e Gauge bosons arise i = 2 or N = 4 supermultiplets which are decomposed, for each
gauge group factof7,, into one N = 1 vector superfield?, and one or three chiral
adjoint superfieldst,, respectively.

e Quarks and leptons belong 16 = 1 chiral multiplets.

¢ Pairs of Higgs doublets originate a5= 1 chiral multiplets for light Binos Dirac masses
and in N = 2 supersymmetry hypermultiplets otherwise, as we will expkeelow.

These features have a natural realization in brane conistngc Gauge bosons emerge
as massless modes living on the bulk of a stack of coincidemds. Quarks and leptons are
identified with massless modes localized at point-like brizmtersections. The Higgs doublets
are localized in two tori where branes intersect, while tpeypagate freely in the third torus
where the two brane stacks are parallel.

We will asume that supersymmetry is broken bypdaerm. This is achieved in the brane
construction through deforming brane intersections wisimall angle® leading to theD-term
(D) = ©M3Z associated to a corresponding magnetized) factor with superfield strength
W(see for example [267]). Heré@{s is the string scale. This results in soft masses:

e A tree-level massn, x O Mjs for squarks and sleptons localized at the deformed in-
tersections. All other scalars acquire in general high emsd ordern, by one loop
radiative corrections. However an appropriate fine-tumsngeeded in the Higgs sector to
keepny doublets light.

e A Dirac mass [268] is induced through the dimension-five afmsr

2
Mg

Mg’

a
Ms
wherea accounts for a possible loop factor.
Actually, this operator (1) might not be present at treeeleand needs to be generated

through a loop diagram. In this case, we assume the existdracénessenger “ sector with the
following properties:

/ FPOWW A, = mi), ~ a (1)

e The messenger states forfh= 2 hypermultiplets with a supersymmetric mags .

e the scalars have massés, + m3 where the splitting is induced by the supersymmetry
breaking.

At one-loop a Dirac gaugino mass is induced:

2
D - MX % mgy
m1/2 oO—

M, M

(2)

whereq« is the corresponding gauge coupling. An explicit compotatn string models gives
at first order inA”}—g2 [269]:

2 ]
D mo / dt ( MX) —27rt(nR5MS-I—M—X)2
My, ~ Q— — nRsM, + € Ms (3)
S VA A zn: M,
where then = 0 sector reproduces the field theory results.

An important feature is that this mass does not bressymmetry and provides a way out
to difficulties with generating gaugino masses for splitessgmmetry models.
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3. CONSTRAINTS FROM UNIFICATION

For the purpose of studying the unification of gauge couglsmme simplifications are in order.
First we assume equality of gluinos with winos ma: , and we assume universality of
all scalar massn,, except forny Higgs doublets that remain light at the electroweak scale.
Moreover, we usé/s ~ Mqyr and taken betweenl /100 < « < 1. Our results are given in

Table 1.

ng a MGUT mo m?/z

N=2|1 1 2.8 x 1018 | 4.5 x 10** | 7.2 x 10°
1 | 1/100 | 3.8 x 10" | 3.2 x 10" | 2.7 x 10°
2 1 4.5 x 101 | 1.1 x 10** | 2.7 x 10?
2 | 1/100 | 4.5 x 10" | 8.6 x 10% | 1.6 x 10?

N=4|1 1 9.7 x 10'® | 8.5 x 10'° | 7.4 x 10"*
1 |1/100 1019 6.8 x 1016 | 3.4 x 10*2
2 J— J— J—

Table 1: Values for the unification scaléy 7, scalar masses:, and Dirac gaugino masses”,., in GeV for

1/2
N = 2,4 supersymmetric gauge sectary = 1, 2 light Higgses, and varying the loop facter

The results are always stable under the variation of thefacior«. While the number of
parameters seems enough to always insure unification, guéreel values are not always real-
istic and (perfect) one-loop unification is for instance possible forV = 4 andn, = 2. This
might be achieved in refined analysis which would take intcoaat different threshold cor-
rections, as well as the contribution from the messengdosédescribed above, when present.
In fact, these effects can be important for models with Iy or with large compactification
volume.

Nice features of the results are: (i) the unification scads at values which make the
model safe of problems with proton decay, (ii) fo; = 1 it is compatible with simultane-
ous unification with gravitationnal interactions withoeisorting to unknown large threshold
corrections.

4. CONSTRAINTS ON BINO MASSES FROM DARK MATTER

The masses of Binos are not constrained by unification remqents, but by the assumption that
the neutralino provides an important fraction of the obedrmtark matter in the universe. Quasi-
Dirac Higgsinos interact inelastically with matter via t@elike couplings and direct detection

experiments put a lower bound on their mass of order 50 Teké Riggsinos can not make a

good dark matter.

A sizeable mixing with Binos must be introduced through tt¢ Bymmetry breaking.
This is of orderm%v/m?/2 and implies an upper bound on the Dirac Bino mass of abbuGeV.
Only the case withV = 2, ny = 1 case is close to this value. For the other cases one needs a big
supression factor is needed. One can play with the fadtpf M, in (3), however in that case it
is necessary to ensure that the messenger sector does nbt thedinification results. This can
be achieved for instance if these states form complete septations ofU/(5). Moreover, the
Higgs should be inV = 1 multiplets only in order to destroy the Dirac nature of thggBino
mass.

We can instead ask that rmrz)?/2 is generated for Binos, but only for the other gauginos.
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For instance, this is obtained when the messenger sectyrrcahypercharge. In this case we
use instead Majorana masses generated at two-loop andponaing to the dimension-seven

effective operator [270]:
2 myg

M37

b?

M3 /dQQVVQTrI/V2 = m1/2 ~b (4)
whereb is a loop factor. This glveﬁnl/2 ~ 5 x 10° GeV for theN = 4 ny = 1 model and

1/2 ~ 100 GeV fortheN = 2 ng = 2 model. FortheV =2 ny =1 case,m% ~ 10 keVis
too small and a Bino Dirac mass is necessary.

5. HIGGSINOS AND NEUTRALINOS MASSES

In the cases withy; = 1 and N = 4 or N = 2, u is an independent parameter. It can be
associated with the separation of the branes in the torusenthey are parallel. The dark
matter candidate is mainly a Higgsino mixing with a much heaBino . The relic density
reproduces the actual WMAP results for 1.1 TeV.

Instead, for theV = 2 ny = 2 the Higgsinos are itV = 2 multiplets and the dimension-

seven operator,
4

T /d20W D H Hy = i~ c—l (5)

M2
wherec is again a loop factor, induces the desired mass (of the satee H)Sm]l% of Eq. (4)).
In fact, masses of this order can be shown to be induced atompeby the messenger sector
through explicit string computation in D-brane constrang [269]. Electroweak symmetry
breaking leads then to the neutralino mass matrix:

M 0 M2SyCa M54S54

0 M —M3SyS  MySyCa
M2SyCR  —MySySEa 0 —u
MoSySp  MySyuCa —u 0

in the basig By, B, I, ;) and whereVl = m17, stands for the Bino Majorana masses. The
mass matrix can be diagonalized to obtain:

my = 1/2 [(M + ap) — o /(M — cape)? + 4m2s2 (6)

where the four neutralinos with different mass eigenvaaredabeled by, , = +1.
As for [223], we distinguishe three cases:

e M < u: is exculded as the Bino does not interact strongly enougintohilate and
would overclose the universe.

e M > n: WMAP datarequirg: ~ 1.1 TeV.

e M ~ yu: the lightest neutralinoy(), a mixture of Higgsinos and Binos, is candidate for
dark matter. It allows low values far.

Note that the models withy; = 1 have the minimal content at the electroweak scale to
address both unification and dark matter problems. Thewdifbm [271] as we can achieve
perfect unification even at one-loop, and at scales highgmtukeep the model safe from fast
proton decay.
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It is possible to check that the life time of the extra statessdhot further constrain these
models. This is easy for the case 8f = 2. There, scalars can decay into gauginos, Dirac
gluinos decay through squark loops sufficiently fast anda®iwinos and Binos decay into
Higgses and Higgsinos. Generically only one of thr two Maja Binos couples to matter, the
other remains stable. To avoid this, it was essensial thggs$éis arise itV = 2 hypermultiplets
giving rise to the mass matrix (5.). The only stable partisitne usual lightest sparticle (LSP).
In the N = 4 model, scalars still decay into gauginos, but we have twwDirac gluinos,
Winos and Binos. Whiloe half of them decay as before, eithesugh scalar loops or into
Higgs-Higgsinos, the other half can only decay throughngtmassive states. Their lifetime
is then estimated by ~ (Ms/10' GeV)" (102 GeV /m;)’ 7, wherem; is the gaugino mass
andry is the lifetime of the universe. For gluinos and Winos therea problem, but Binos are
very long lived although still safe, with a life-time of onde;/10.

6. SOME REMARKS ON THE COLLIDER PHENOMENOLOGY

The signatures at future colliders can be discussed eitharfanction of the model parameters
(M, ), or as a function of the low energy observahles +, Am, ).

First, theny = 1 scenario:x ~ 1.1 TeV so the new states will be hardly observable
at LHC. Ane*e™ Collider with center of mass energy of around 2.5 TeV wilballto detect
a possible signature. Next, thg; = 2 scenario, the main collider signature is through the
production of charginos. Their mass is given#y+ = p + éu, Wheredu ~ =u is due to
electromagnetic contributions and is of ord®0 to 400 MeV. The produced charginos will
decay into the neutralino, mainly through emission of audtt}’* which gives rise to lepton
pairs or pions depending on its energy. This decay is godeboyehe mass differencém, =
m,+ — m,o. Because charginos are produced through EW processes, liH@ainly be able
to explore the case of very light charginos, which exist anlthe limited area of the parameter
space withM ~ p. Unlike in low energy supersymmetry, the absence of casdadays in
this case will make it difficult to separate the signal fromiar events produced by Standard
Model W#* production processes.

Let us discus the case ef ¢~ colliders. For most of thé)/, ;) parameter rangem,,
is small, at most of order a few GeV. Because the valug«as not small enough to make the
chargino long-lived as to produce visible tracks in the eertetectors, we have to rely on its
decay products. The produced leptons or pions are very sdfit avould typically be difficult to
disentangle them from the background due to emission ofgoisdtom the beam. The strategy
is then to look forete™ — ~ + H7. A proper cut on the transverse momentum of the photon
allows to eliminate the background of missing energy duetasion ofe™ e~ pairs along the
beam, as the conservation of transverse momentum implwsangimultaneous detection of
electrons or positrons [272]. The best possible scenamwden A/ and;: are of the same order
since, as soon a#/ starts to be greater than the Binos quickly decouple and this model
converges to the; = 1 scenario withy ~ 1.1 TeV.

With LEP precision measurements, a new era has opened up hiysics beyond the
Standard Model. While still waiting for more experimentala, critics have been put forward
the beauty of the * MSSM with electroweak scale superpastnérhas shaded and its abso-
lute reign ended. New routes are being explored. If no symn@tdynamical mechanism
is invoked to solve the gauge hierarchy problem, then thersireason today to expect the
presence of new signals at the TeV scale outside the Higgsbo<Our motivation here for
supersymmetry is a top-down approach: we assume that itysanstry of the fundamental
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theory in the ultraviolet. We are then tempted to analyzedifferent routes for its breaking
and if they have any phenomenological consequences. Titubdply impossible) task is very
much simplified if one requires from the theory to contain &daatter candidate, to predict
unification of couplings, and to show (approximative) unsadity of masses as was illustrated
here.

We studied a scenario where supersymmetry is broken threogdil deformations of
intersecting brane angles. Sizable gaugino masses areutitio generate in these models
due to the samliness of R-symmetry breaking. We circumvastdifficulty by considering a
split supersymmetry framework with Dirac masses for gaagirOur results show that we can
easily obtain interesting models with the minimal contentha electroweak scale to address
both unification and dark matter problems.
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Part 12

A search for gluino decays into a b quark
pair and a dilepton at the LHC

T. Millet and S. Muanza

Abstract

We present a search at the LHC for gluinos undergoing theviatg
cascade decay} — bib — bby9 — bb + (0~ + (9. In this first step
of this study, we focus on the signal properties and massstagction.
Results are given for 10 fB of integrated luminosity at the LHC.

1. INTRODUCTION

This letter is devoted to the study of the following gluin@cade decay at the LHG:— bib —
bbx§ — bb + (T(~ 4 X\. Our signal is defined as follows: the production processsaged is:
pp — g and the squark decay channel considered iss ¢ + \!.

We expect a double advantage from the later choice. On oreeth&process has a sufficiently
large leading order (LO) cross section since it is propodido o%. On the other hand the
¢ — ¢+ X! decay can have a large branching ratio and give a clean signiat theq decay
hemisphere.

This leads to a complex topology with a hard and isolatedrinfthe squark decay on top
of the rich gluino decay yielding 2 b-jets, a clean dilepton éarge missing transverse energy
(Er).

We aimed at reconstructing the gluino cascade decay in temsstfirst for the signal alone,
secondly including the background of both the Standard Mprcesses and the SUSY pro-
cesses. To goal is to evaluate on this more realistic apprdegrades the measure of spatrticle
mass differences that we can derive from this signal. We3katially concentrate on the signal
reconstruction in this first step of the study.

We produced Monte Carlo samples of the signal and backgrpuncksses using the Pythia
6.325 [17] event generator. The later is interfaced to th&PBF 4.2 [273] and the TAUOLA
2.6 [274] programs. These provide respectively the protariom density functions and an
accurate description of tau decays and polarization. Wepeed a fast simulation the ATLAS
detector response using ATLFAST [18].

Section 2 describes the signal properties. Section 3 deltelonline and offline event selection.
The sparticle mass reconstruction is presented at section 4
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2. SIGNAL PROPERTIES
2.1 Choice of a mSUGRA Point

We chose the following point in the mSUGRA parameter spacdkutstrate our signal proper-
ties:
mo — 200 GeV

myp = 175 GeV
Ag = 1000 GeV
tan 8 =3

w>0

This corresponds to the mass spectrum and the decay mogésyedin Figl.

| Mass Spectrum and BRs |

< 500
8 : HO 0 4t mSUGRA PARAMETERS]
2 | = g - AL
L5 g m = 200 GeV
A 100 R e n my, = 175GeV
g b v @ SIGNp= 1
B — - — tanp = 3.0
B -2 A, = 1000 GeV
300 =
200[—
100[— A h’
B X
ok

Figure 1: Mass spectrum and decay modes for the chosen mSUBRA

The signal production cross section times branching ra$ios(Gg — ¢ + 2b + 20 + 2xX9) =
1.58pb. It should be noted that for this point the total SUSY isale cross section is O(2005b)
and that it may produce a significant "SUSY background” tres to be accounted for on top
of the usual Standard Model background.

3. EVENT SELECTION
3.1 Online Selection

The level 3 trigger, also known as High Level Trigger [275hsxcrudely simulated by updat-
ing the ATLFAST trigger cuts. Fig.2 shows the distributiontlee online selected events as a
function of the trigger menus.

We can see that about the third of the selected events passia ohé¢he 3 following
categories: the leptons menus, the jets menus anflth@ehus. The overall efficiency of the
signal obtained with an "or” of these trigger menus is 99.7

8This includes the Higgs bosons pair production, but not the Wrocesses
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Figure 2: The different trigger menus used for the onlinestBhn

3.2 Preselection

The preselection aims at rejecting most of the QCD backgtoumhilst keeping the highest
signal efficiency. The cuts applied at this level define theistd topology. They are obviously
defined as additional requirements with respect to the erdaiection and defined as follows:

exactly 2 isolated leptons (with opposite signs and same flavor)
pr(et) > 5 GeV,pr(pF) > 6 GeV

9(6)] < 2.5

at least 3 jets

pr(jets) > 10 GeV

In(jets)| < 5.0

Er > 100 GeV

Fig.3 shows the total number of reconstructed jets (leftyak as the number of b-tagged jets.
For the later an efficiency of 60was used for jet actually coming from a b quark fragmentation
whereas a rejection factor of about 7 and 100 was used forget € quarks and light flavor
quarks respectively. These values, as well as correctictofs depending on the jet are

taken from the ATLFAST-B program. The signal efficiency aféplying these preselection
cuts is:e(signal) = 49.3%.

3.3 Double-Tag Analysis

Though it's in principle possible to perform this signal sgrarequiring only 1 b-tagged jetin the
events, we directly required 2 b-tagged jets in order tditate the jets combinatorics between
the squark and the gluino hemispheres. Therefore we usesirtie strategy of assigning
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Figure 3: Untagged (left) and b-tagged (right) jet mutipiés after the preselection

to the gluino hemisphere both the dilepton and the 2 leaditegged jets. The leading non
b-tagged jet was systematically assigned to the squarkdpdraie. This leads us to adopt the
following additional cuts with respect to the preselectiequirements:

at least 2 b — tagged jets
pr(jety, jets, jets) > 50, 30,20 GeV

The signal efficiency after applying these final cutsisignal) = 14.7%. So for an integrated
luminosity of [ £dt = 10 fb~* one still expects more than 2400 signal events.

4. MASS RECONSTRUCTION
4.1 Y9 Reconstruction

We reconstructed the dilepton invariant mass and couldméte this way the kinematical edge
which is an estimator of the:(5) —m(X}) mass difference. This is displayed at different levels
of the event selection on Fig.4.

h1_m_I0I179 hI_m_T0I179
Entries 24965 Entries 7194
Mean 33.61 100 Mean 33.51
RMS 11.42 RMS 11.26
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Figure 4:1 mass reconstruction

We can see that the bad combinations that appear beyongigma&iical edge are rare after the
preselection and even more so after the final selectiongtihoo special treatment was applied
to remove the leptons that come from a B or C hadron semi+eptiecay.
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One notes that the kinematical edge points near the expeated of 54 GeV for our signal
point. No fits and no uncertainty estimates on the actualevderived from this histogram are
made so far.

4.2 b, Reconstruction

We reconstructed the:(b,) — m(x?) mass difference by calculating the 3-body invariant mass
of the dilepton and one of the 2 leading b-tagged jets. Therelaviously wrong combinations
that enter the distribution in Fig.5. But we are exclusivielierested the largest value of the 2
combinations where we indeed see a kinematical edge.

2 40 - h1 MSBOTTOM279
O - Entries 14670
w 35— Mean 185.8
o RMS 63.91
& 30
> -
(w -
25—
20—
15
10—
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Figure 5:6; mass reconstruction

Again, one notes that the edge points near the expected @BB09 GeV for our signal point.

4.3 ¢ Reconstruction

Finally we reconstruct the:(g) — m(x}) mass difference by calculating the 4-body invariant
mass obtained with the dilepton and the 2 leading b-tagged je

There one sees that the edge points slightly higher thanxheceed value of 360 GeV for our
signal point.

5. CONCLUSIONS AND PROSPECTS
5.1 Conclusions

We have shown that the — G+ § — ¢+ bib — g+ X0+ bbx3 — ¢+ bb+ (10~ +2{% isa
quite interesting process to search for and to study at thé.LBY looking at the signal alone,
it seems feasible to reconstruct the following mass difiees using the classical kinematical

edgesim(x3) — m(XY), m(bi) — m(x}) andm(g) — m(xY).
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Figure 6:§ mass reconstruction

5.2 Prospects

This study will be continued with the addition of both thei®@tard Model and the SUSY back-
grounds. First of all the signal significance will be caldcathwith the current final cuts and the
cuts will be adjusted if necessary. The effect of the badkgdgprocesses on the sparticle mass
reconstruction will be estimated.
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Part 13

Sensitivity of the LHC to CP violating
Higgs bosons

R.M. Godbole, D.J. Miller, S. Moretti and M.M. Muhlleitner

Abstract

We examine the sensitivity of the LHC to CP violation in thgés sec-
tor. We show that for a Higgs boson heavy enough to decay ip&araf
real or virtualZ bosons, a study of the fermion pairs resulting from the
Z/7* decay, can provide a probe of possible CP non-conservatien.
investigate the expected invariant mass distribution &edaizimuthal
angular distribution of the process for a general Higgs-coupling.

1. INTRODUCTION

Whereas in the Standard Model (SM) CP violating effectsiaygéxtensions of the SM, such as
2-Higgs doublet models, exhibit new sources of CP violatiutich can lead to sizeable effects
in the Higgs sector [97, 276, 277]. In minimal supersymneetiieories, which are specific
realizations of 2-Higgs doublet models, two complex Higgslalets have to be introduced to
remove anomalies. After three of the Higgs doublet comptsieave been absorbed to provide
masses to the electroweak gauge bosons, the remaining fiveorents give rise to a quintet
of physical Higgs boson states. In a CP-conserving theasidies two charged Higgs bosons,
there are two CP-even neutral Higgs fields and one CP-oddatstdte. In case of CP violation
in the Higgs sector the neutral Higgs bosons mix to give tlfiggs states with indefinite CP
guantum numbers. While the prospects of establishing the@tum number of a spin 0
state at the upcoming colliders are quite good, deternunatf the CP mixing, should the state
have an indefinite CP quantum number, is not very easy (S& f@i7 example for a recent
summary).

In this note we present observables which are sensitive tei@&tion in order to inves-
tigate the sensitivity of the LHC to CP violation in the Higgector. We then show preliminary
results and give an outlook of the ongoing project.

2. THE DISTRIBUTIONS SENSITIVE TO CP VIOLATION

We exploit the Higgs decays t6 boson pairs to determine spin and parity of the Higgs boson.
The Higgs boson is produced in gluon fusion at the LHC, and/thesons subsequently decay
into fermion pairs

99—>H—>ZZ—>(f1f1)(f2f2) 1)

This process includes cleart u~ andete™ decay channels for isolating the signal from the
background and allowing a complete reconstruction of thetiatical configuration with good
precision [279-281].

In Ref. [282] it has been shown that a model-independentyaisatan be performed
if supplemented by additional angular correlation effantgluon gluon fusion. To this end
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helicity methods have been applied to generalize the Higgpling to Z bosons to arbitrary
spin and parity. The most general vertex for a spin-0 Higg®han a CP non conserving theory
can then be written as

[agu + Mi%pupu + iML%waap“kﬁ ] 2)
with p = pz, + pz,, k = pz, — pz,, pz, @ndpz, being the four-momenta of the twi bosons,
respectively, andy, denoting the electroweak mixing angle. The coefficients ¢ depend on
the theory, where # 0 is indicative of CP violation. The tree level Standard Modase is
recovered for: = 1 andb = ¢ = 0. Note that this choice of vertex is gauge invariant for this
process. Any gauge dependence in th@ropagators is trivially cancelled when contracted
with the conserved lepton currents.

In the following we present the invariant mass distributeord the azimuthal angular
distribution of the Higgs decay width into two bosons. The azimuthal angleis defined as
the angle between the planes of the fermion pairs stemmamg tfiheZ boson decays, cf. Fig. 1.

Figure 1: The definition of the polar anglés (i = 1,2) and the azimuthal angle for the sequential decay
H — 757 = (fi f1)(f2f2) in the rest frame of the Higgs particle.

Fig. 2. left shows the invariant mass distribution for a Hidgpson of 150 GeV, decaying
into a pair of virtual and rea¥ bosons. We compare the distribution for a certain choicéef t
parameters:, b, ¢ in the coupling given in Eq. (2) to the SM result. Fig. 2. rightesents the
azimuthal angular distribution for a Higgs particle of 288\Gdecaying in pair of real’ bosons,
again compared to the Standard Model. As can be inferred fhenfigures, the distributions
show a distinct behaviour for different models, encourgdurther investigation of the angular
observables with respect to the sensitivity of the LHC to @ation in the Higgs sector.

3. SENSITIVITY OF THE LHC TO CP VIOLATION

In order to get a first estimate of the sensitivity of the LHG#® violation in the Higgs sector
the cross section of the process given in Eq. (1) has beenlatdd for a Higgs boson mass
of 150 GeV as a function of the parametérandc. The paramete# has been chosen equal
to the SM valuej.e. « = 1. For simplicity we choose the Higgs coupling to the gluonbdo

the same as in the SM. The Higgs production cross sectioruonglusion has been calculated
with the program HIGLU [283] which includes the QCD corrects at next-to-leading order.
Again for simplicity, in the calculation of the branchingimof the Higgs boson, we adopt the
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Figure 2: The differential invariant mass distributiorffl@and the azimuthal angular distribution [right] 7 =
150 GeV andM g = 280 GeV, respectively. The parameterization corresponds égpdrameterization of the
H 77 vertex given in EqQ. (2).
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Figure 3: The sensitivity of the LHC to CP violation represehin the p, ¢] plane fora = 1, Mg = 150 GeV for
two different sensitivity criteria.

SM HWW coupling and only modify théf 7 Z coupling. Furthermore, it has been assumed
that the cuts applied to reduce the background alter thes @®stion in the same way as in the
SM case,.e. by about a factor 10 for an integrated luminosity of 100'f279]. Since the
ATLAS study, where this number has been taken from, is don@fioO gluon fusion cross
section, the following results are presented for the LO pobidn for reasons of consistency.
NLO corrections would alter the production section by abetactor 2 before cuts. In Fig. 3.
we present the scatter plots in [dec| plane representing the points which fulfill the sensitivity
criteria we adopt. In order to have large enough significarfaeleast5) the total cross section

is required to be larger than 1.5 fb. Furthermore, the défiiee between the cross section
including the general CP violating 7 coupling should differ from the SM cross section by
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more than 1(5) fb. Our sensitivity criteria, foy — H — Z*7Z* — (IT{7)(I*(7) , are

o>#0 > 1.5fh (l=e,pn) (3)
020 — oSM| > 1(5) fb

Fig. 3. shows the sensitivity areas in tfec] plane according to the criteria Eq. (3) in
case the difference to the SM result exceeds 1 fb (left) ar@(Bdht). In the former case the
sensitivity area is almost covered by the LHC.

4. OUTLOOK

In the next step we will confront our results obtained for th¢C sensitivity with proposed
CP violating models in the literature and we will refine thepesimental side of the analy-
sis. We will furthermore investigate to which extent the LMl be sensitive to CP violation
in the various distributions presented in section 2. Thdysmawill as well be extended to
the most general case, i.e. to spin 1 and spin 2 particle owgto 77 in order to be as
model-independent as possible. The resulting proge&itzZ will be made available to the
experimental community for more detailed studies.
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Part 14

Testing the scalar mass universality of
MSUGRA at the LHC

S. Kraml, R. Lafaye, T. Plehn and D. Zerwas

Abstract

We investigate to which extent the universal boundary dom of
MSUGRA can be tested in top-down fits at the LHC. Focusing i pa
ticular on the scalar sector, we show that the GUT-scalelsefiking
masses of the squarks are an order of magnitude less welraioresl
than those of the sleptons. Moreover, if the valuesrof and i« are
not known, the fit is insensitive to the mass-squared terntiseoHiggs
fields.

If supersymmetry is realised in nature, sparticle massédwimeasured from measure-
ments of kinematic endpoints [167,284] in cascade deckggli — V3 — ¢l*i} — ¢l*IF{°
at the LHC. The optimal next step would then be to extract tH&% breaking parameters at
the electroweak scale in a global fit and extrapolate themd&UT scale [53,285] to test their
high-scale boundary conditions. A complete MSSM fit may, &esv, have too many parame-
ters compared to the number of observables available atHi@ This has been shown recently
using new fitting tools such as Fittino [53, 54] and SFittéd][5The alternative procedures will
then be to determine the underlying parameters either bydiaisufficient number of parame-
ters (those the least sensitive to the avaialable measuatsjiie a defined value or in top-down
fits of particular models of SUSY breaking. Such top-down 8t e.g. [284], are in fact quite
popular in benchmark studies within the minimal supergyggdmSUGRA) model, in which the
SUSY-breaking gaugino, scalar and trilinear parameters, m, and A, respectively, each
obey universal boundary conditions at the GUT scale,

However, as we discuss in this contribution, care has to kentaot to draw too strong
conclusions from just a MSUGRA fit. As a matter of fact, theed@ination of the common
scalar mass;u, is dominated by the precise measurement of the endpoitiedtt™ invari-
ant massn“* —in other words by the?, 19 and/z mass differences. Kinematic endpoints
involving jets, which give the squark and gluino massesnaeasured about an order of mag-
nitude less precisely tham;;**. Moreover, in the renormalization group running, the sguar
mass parameters are driveny ,, with a large coefficient and are hence much less sensitive
to mg than the slepton masses:

m% ~ m(2)—|—0.5mf/2, m% ~ m(2)—|—0.15mf/2, (1)
m%wmg—l—63m1/2, maDng—l—&Smf/Q. (2)

Additionally the error onmng is proportional to the product of the error on sfermion mass a
the sfermion mass itself. Thus for a squark mass typicatgethimes as large as a slepton mass,
the relative experimental error on the squark mass measuremust be an order of magnitude
more precise than the measurement of the slepton mass to tid¥asame sensitivity, which is
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difficult to achieve. For these reasons, measurements afksgjthave little influence on the fit
of a universakn.

While the assumption of a universal, simplifies the model a lot, there is no strong the-
oretical basis for this. When embedded in a higher gaugepgsparticles which come in the
same multiplet have equal masses. This is for example the foasquarks and sleptons in
SU(5) or SO(10) GUTs. Non-universal scalar masses are @&auwillp constrained by flavour-
changing neutral currents (FCNC), at least for the first aabsd generation. However, there
may be non-universal D-terms and/or GUT-scale threshotdections, and the FCNC con-
straints are much less severe for the third generation. tigstot least, there is no sound theo-
retical argument whatsoever for the universality of the sreguared termqum, of the Higgs
fields. (If it is given up,x andm 4 become free parameters of the model.) For these reasons,
and because of it's important phenomenological implicetjahe assumption of scalar-mass
universality should be treated with caution.

In this contribution, we study the implications of relaxitige scalar-mass universality of
MSUGRA in the top-down parameter determination. To this, au® assume the perspective
LHC edge measurements at SPS1a according to [75]. In gesevalral of the LHC measure-
ments of SPS1awith an integrated luminsoity of 300 fare dominated by the systematic error
on the knowledge of the energy scale, which is 1% for jets ah&Gor leptons (electrons and
muons). For the light Higgs mass,,., we assume an experimental error of 250 MeV and a the-
oretical error of 3 GeV [156]. We then uSFITTER [55, 56] to determine the parameters for
non-universal SUGRA scenarios. The results are summairzeéable 1.° First, as a reminder,
case A shows the results of a strict mSUGRA fit [55], which etdaO(1%) accuracy onn,
mq /o andtan 3, and~ 20 GeV accuracy onl,. Note that as poited outin [55] the fit to the edge
variables gives a much better result than the fit to the ebddB8USY masses. Next, for case B,
we have relaxed the universality between slepton, squatkggs mass parameters, treating
mo(l), mo(§) andm?, = m%, = m%_ as independent parameters. As expected, the scalar-mass
parameter of the squarks;y(g), turns out to be an order of magnitude less well dertermined
than that of the sleptons;,(/). The Higgs mass parameters have a very lasged0% errror
in this case. The precision aan $ and A, also degrades, faran 5 by a factor of 1.6 and for
Ao by a factor of 2.6 (from 21 GeV to 54 GeV). Finally, in case C vewé assumed universal
scalar masses for sleptons and squarks of the first two gémesd, ), but treated those of the
third generation and of the Higgs fields as free parametérs.r&sulting errors omy (7, 13) and
mo(l, §) are more or less similar to case B, but that:ofy becomes almost 200% anel(7),
relying almost only on ther invariant mass edge measurement, remains undetermined. Al
the error on4, increases to 75 GeV.

We have also studied the influence of particular measuresrenthe fit. The measure-
ment of the sbottom masses, for instance, is of course ¢ffocitne determination ofi(i, b).
In addition, it also has an important impact on the detertioneof tan 5 and Aq: without the
sbottom measurement, the error &m 5 increases by about a factor of 2 and that.4nby
about a factor of 4 in cases B and C. The influence:gfis small in these cases because of its
3 GeV theoretical uncertainty. The pseudoscalar magson the other hand, would have an
importantinfluence. A measurementaf; at the level of 10% would mainly improve the error
ontan . This is shown as case D in Table 1. In order to determirfig one would need to
obtain a better uncertainty on the Higgs masses and to knew plarameter in addition.

9As the central values of the measurements were used, the sbthey?,;,, of the fit is zero by construction
and therefore not quoted.
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Parameter value (A) (B) (©) (D)
tan 10 |15 24 24 21
my 250 (1.1 16 1.3 13
mo 100 |14 - - -
mo(l) 100 | - 1.4 - -
mo(q) 100 | - 16 -~ —~
mo(l, §) 100 | - -~ 15 15
mo(i,b) 100 | - -~ 20 17
mo(7) 100 | - -~ 200 200
m¥ 10000| — 11000 20000 15000
Ao —100 | 21 54 75 63

Table 1: (A) Parameter errors obtained with a fit of MSUGRA K edge and threshold measurements at SPS1la.
(B) Same as A but relaxing the universality betwéeg and Higgs mass terms. (C) Same as A but relaxing the
universality between the 1st/2nd and the 3rd generatiomoéiks and sleptons, and the Higgs mass terms. (D)
Same as D adding 4 measurement (400 GeV) with a 40 GeV uncertainty.

In summary, at SPS1a, with the anticipated measurementedtHC with 300 fo'?,
the universality of the scalar mass parameters of squartsskptons at the GUT scale can
be tested to the level of 10%—-20%. Moreover, with the stahdaeasurements, there is no
sensitivity to the GUT-scale values of the scalar mass paten®s of the Higgs fields. The

scalar-mass parameters of the squark and Higgs sectorsais@n important influence on the
fit results oftan 8 and Ay.
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Part 15

A repository for
beyond-the-Standard-Model tools

P. Skands, P. Richardson, B. C. Allanach, H. Baer, G. B&larg. El Kacimi, U. Ellwanger,
A. Freitas, N. Ghodbane, D. Goujdami, T. Hahn, S. Heinemeydr. Kneur, G. Landsberg,
J. S. Lee, M. Muhlleitner, T. Ohl, E. Perez, M. Peskin, Aafi&ls, T. Plehn, W. Porod, H. Przysiez-
niak, A. Pukhov, D. Rainwater, J. Reuter, S. Schumann, $t8be M. Spira and S. Tsuno

Abstract

To aid phenomenological studies of Beyond-the-Standaodé(BSM)
physics scenarios, a web repository for BSM calculationals has
been created. We here present brief overviews of the relexades,
ordered by topic as well as by alphabet. The online versidhefepos-
itory may be found at:
http://www.ippp.dur.ac.uk/montecarlo/BSM/

1. INTRODUCTION

The physics programme at present and future colliders i®aiat a truly comprehensive ex-
ploration of the TeV scale. On the theoretical side, receatry have seen the emergence of an
impressive variety of proposals for what physics may be ued by these machines in just
a few years. The ideas range from hypotheses of new fundahreatter (e.g. right-handed
neutrinos) or forcesA’ models), to new space-time symmetries (supersymmetrgyvem new
spatial dimensions — at times with singularly spectacutarsequences, such as the possible
production of microscopic black holes.

In the wake of many of these proposals, developments of ctariped calculations of
mass spectra, couplings, and experimental observabhstdéleen place. For others, such tools
are yet to be created. Let it be stressed that this is not @ pbanly theoretical or phenomeno-
logical interest. Experiments and analyses are not caetsaiupurely with mechanical tools.
Theoretical predictions, for expected signal strengthsebkas background levels, constitute a
crucial part of the optimisation of both detectors, triggemnd analysis strategies. Itis therefore
essential to have access to tools for calculating obsersdbt as wide a range of phenomeno-
logical signatures as possible.

The present brief overview and associated web repositang & assess the present situa-
tion and facilitate the information gathering process feople wishing to perform phenomeno-
logical calculations in scenarios of physics beyond the&ad Model. We hope this may serve
also to stimulate further work in the field. In Section 2., wetfpresent a brief index of codes
organised by physics topic. Next, in Section 3., a full, alpétical overview is given, describ-
ing the contents of the repository at the time of writing. @trecent overviews of BSM-related
physics tools can be found in [286—289].
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2. TOOLS BY PHYSICS TOPIC

This section is merely intended as an index, useful for figdint which tools exist for a given
physics scenario. The main repository is then describelphmadetical order in the next section.

Supersymmetry

CALCHEP: MSSM tree-level matrix element generator. Phase sppdegration and
event generation. Extensions possible.

CoMPHEP: MSSM tree-level matrix element generator. Phase sppdegration and
event generation. Extensions possible.

CPsuPERH: Higgs phenomenology in the MSSM with explict CP Violation

FEYNHIGGS: MSSM Higgs sector including explicit CP-violation (masseouplings,
branching ratios, and cross sections).

HERWIG: Event generator for the MSSM (with and without RPV). Iné&xd to BAJET.
ILCsLEPTON NLO cross-sections for slepton productioreine™ ande~e™ collisions.
HDEcAY: MSSM Higgs decay widths including loop effects.

ISAJET. MSSM event generator. MSSM mass and coupling spectrunmgydedths.
Checks against experimental constraints.

MICROMEGAS: MSSM (work on CPV in progress) and NMSSM dark matter relin-de
sity.

NMHDEcCAY: NMSSM mass spectrum plus couplings and decay widths of igiy$d
bosons. Checks against experimental constraints.

O’MEGA: MSSM tree-level matrix element generator. Extensionsinbes.

PrRospPINa SUSY-NLO cross sections at hadron colliders.

PYTHIA: MSSM event generator. RPV decays. Extensions to R-hadnotisN\MSSM
available.

SDECAY: MSSM decay widths including loop effects.

SHERPA: MSSM event generator.

SOFTSUSY: MSSM mass and coupling spectrum.

SPHENO: MSSM mass and coupling spectrum, decay widths,crd cross sections.
SUSPECT. MSSM mass and coupling spectrum.

SUSY-MADGRAPH: MSSM Matrix Elements.

SUSYGEN3: MSSM event generator (with and without RPV).

Extra Dimensions

CHARYBDIS: Black hole production in hadron-hadron collisions.
HERwIG:. Resonant graviton production in hadron-hadron collision

MICROMEGASs: Dark matter relic density. UED and warped extra dimensibassg
implemented.

PANDORA/PANDORA-PYTHIA: ADD extra dimensions. Work in progress: UED.
PYTHIA: RS graviton excitations.

PYTHIA _UED: Universal Extra Dimensions.

SHERPA ADD extra dimensions.
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e TRUENOIR: Black hole production.

Extra Gauge Bosons7'/W’ models.
o PANDORA/PANDORA-PYTHIA: 7/ models.
e PYyTHIA: 7/ andW’' models.

Other Exotics
e O’MEGA: Anomalous triple and quartic gauge couplings. Extenspossible.
e GR@PPA.LEPTOQUARK Leptoquark event generator fpp andpp collisions.

e PYTHIA: Technicolor, doubly charged Higgs bosons, excited femmi@nomalous cou-
plings, leptoquarks, fourth generation fermions.

3. TOOLS BY ALPHABET

We here give a detailed alphabetical list of the tools presethe repository at the time these
proceedings went to press. Note that the preceding sectintains a useful list of tools by
topic, i.e. which tools are relevant for extra dimensionkiclk ones for Z’ etc.

CalcHEP
Contact PersorA. Pukhov,pukhov@lapp.in2p3.fr
Web Pagehttp://theory.sinp.msu.ru/ ~pukhov/calchep.html

CALCHEP is a program for symbolic calculation of matrix elemeartd generation of C-codes
for subsequent numerical calculations. The model has toefieat! in tems of lists of vari-
ables, constraints, particles and list of vertices. Vasi8$M can be implemented and inves-
tigated. In partiqular @.CHEP links to YSPECT, ISAJET, SOFTSUSY, and SRENO for
MSSM. It also contains a Monte Carlo generator for unweidl@eents and a simple program
which passes these events toTRIA. CALCHEP is a menu driven system with context help
facility and is accompanied by a manual. At the same timecHEP can be used in the
non-interactive regime as a generator of matrix elementetioer programs. In this mode it
is implemented imICROME GASs for automatic generation of matrix elements of annihilatio
and co-annihilation of super-particles. Restrictionsetlevel matrix elements, not more than 6
particles in initial/final states. The last restriction mused by modern computer facilities and
by the implemented method of calculation (squared ampgidBut for calculation of separate
diagrams it was successfuly used fer3 and 2+6 processes.

Charybdis
Contact PersorP. RichardsonReter.Richardson@durham.ac.uk
Web Pagewww.ippp.dur.ac.uk/montecarlo/leshouches/generators /charybdis/

Charybdis simulates black hole production in hadron-hadmallisions using a geometric ap-
proximation for the cross section together with Hawkingpewation of the black hole using the
correct grey-body factors. It is described in more detaRi@0].
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CompHEP
Contact Persorsasha Sherstnesherstnv@theory.sinp.msu.ru
Web Pagehttp://theory.sinp.msu.ru/comphep

The CoMmPHEP package was created for calculation of multiparticlalfstates in collision
and decay processes. The main idea @MBHEP was to enable one to go directly from the
lagrangian to the cross sections and distributions effelgtiwith the high level of automation.
The officially supported models are SM (in two gauges), ust@med MSSM (in two gauges),
MSSM with SUGRA and Gauge-Mediated SUSY breacking machanig he special program
LANHEP allows new BSM models to be implemented oMPHEP.

CPsuperH

Contact Persongl. S. Leejslee@hep.man.ac.uk
A. Pilaftsis,pilaftsi@mail.cern.ch
Web Pagehttp://www.hep.man.ac.uk/u/jslee/CPsuperH.html

CPsuPERH [97] is a newly-developed computational package thatutates the mass spec-
trum, couplings and branching ratios of the neutral andgddiHiggs bosons in the Minimal
Supersymmetric Standard Model with explicit CP violati®3[291-294]. The program is
based on recent renormalization-group-improved diagratitncalculations that include dom-
inant higher-order logarithmic and threshold correctidngjuark Yukawa-coupling resumma-
tion effects and Higgs-boson pole-mass shifts [295—-299].

The code CBUPERH is self-contained (with all subroutines included), isyeasd fast to
run, and is organized to allow further theoretical develepits to be easily implemented. The
fact that the masses and couplings of the charged and néliggé bosons are computed at a
similar high-precision level makes it an attractive toal T@vatron, LHC and LC studies, also
in the CP-conserving case.

FeynHiggs
Contact Persont. Hahn,hahn@mppmu.mpg.de

S. HeinemeyelSven.Heinemeyer@cern.ch
Web Pagehttp://www.feynhiggs.de

FeynHiggs is a program for computing MSSM Higgs-boson nsssel related observables,
such as mixing angles, branching ratios, couplings andymti@h cross sections, including

state-of-the-art higher-order contributions (also far tase of explicit CP-violation). The cen-
terpiece is a Fortran library for use with Fortran and C/C+Atternatively, FeynHiggs has a

command-line, Mathematica, and Web interface. The comnrfiardnterface can process, be-
sides its native format, files in SUSY Les Houches Accord fatrrireynHiggs is an open-source
program and easy to install. A web-based interface is avaitwww.feynhiggs.de/fhucc

For further information, see also [74,155,156,277,300].

GR@PPA.Leptoquark
Contact Persorfs. TsunoSoushi.Tsuno@cern.ch
Web Pagehttp://atlas.kek.jp/physics/nlo-wg/index.html

GR@PPA event generator for Leptoquark model. The code gasunweighted events for
scalar or vector type Leptoquark models. The Leptoquarksganerated, and decayed into
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qguark and lepton(neutrino) so that the decay propertiekefihal particles are correctly han-
dled. In the vector Leptoquark production, two anomalougptiogs are included in the in-

teraction vertices. The decay mode depends on the modeateddn the unified theory. The
program thus keeps flexibility for the Leptoquark decay. @e#ails description can be found
on the web page, where also the model file which contains tpgoheark interaction for the

GRACE system is available.

HDecay
Contact Persomyl. Spira,Michael.Spira@psi.ch
Web Pagehttp://people.web.psi.ch/spira/hdecay/

HDEcAY [301] calculates the branching ratios and total widths of &Ml MSSM Higgs
bosons.

Herwig
Contact PersorP. RichardsonPeter.Richardson@durham.ac.uk
Web Pagehttp://hepwww.rl.ac.uk/theory/seymour/herwig/

HERWIG [11] is a general purpose event generator for the simulaifddadron Emission Re-

actions With Interfering Gluons. The main concentrationmsthe simulation of the Standard
Model although SUSY (with and without RPV [302]) is implenteth together with resonant
gravition production in hadron-hadron collisions.

ILCslepton
Contact PersorA. Freitas,afreitas@physik.unizh.ch
Web Pagehttp://theory.fnal.gov/people/freitas/

The programs calculate the complete electroweak one-lowpctions to slepton production in
ete™ ande~e~ collisions (i.e. at ILC). Besides the virtual loop correxts, real photon radia-

tion is included in order to provide a finite and well-definedult. For the sake of consistent
renormalization, the programs take the MSSM soft breakiagmeters at an arbritary scale
as input; it is not possible to use masses and mixing anglegasparameters. The available
codes allow the computation of the total and angular diffead cross-sections for selectron,
smuon and sneutrino production. For more information, 868 [304].

Isajet
Contact Persorti. Baer,baer@hep.fsu.edu
Web Pagehttp://www.phy.bnl.gov/ ~isajet/

Simulatesp, pp, andete™ interactions at high energies. Calculates SUSY and Higgstapm
along with SUSY and Higgs 2 and 3 body decay branching frasti&valuates neutralino relic
density, neutralino-nucleon scattering cross sectiBng; — sv), (¢ — 2),, Br(Bs— > ptu™).

micrOMEGASs
Contact Person€. Bélanger, F. Boudjema, A. Pukhov, A. Sememaigro.omegas@lapp.in2p3.fr
Web Pagehttp://lappweb.in2p3.fr/lapth/micromegas/index.html
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MICROMEGAS is a code that calculates the relic density of the dark mattenpersymmetry.
All annihilation and coannihilation processes are inchild€he cross-sections, extracted from
CALCHEP, are calculated exactly using loop-corrected massdsraxings as specified in
the SUSY Les Houches Accord. Relativistic formulae for thernal average are used and
care is taken to handle poles and thresholds by adoptingdfisp@tegration routines. In the
MSSM, the input parameters can be either the soft SUSY pdeamer the parameters of a
SUGRA model specified at the GUT scale. In the latter casekanlith SUSPECT SOFTSUSY,
SPHENOand IsaJETallows to calculate the supersymmetric spectrum, Higgsesmas well as
mixing matrices. Higher-order corrections to Higgs congé to quark pairs including QCD as
well as some SUSY corrections are implemented. Crossesector any 2+2 process as well
as partial decay widths for two-body final states are pravid€ross-sections for neutralino
annihilation at w0, relevant for indirect detection of neutralinos, are auatically computed.
In the MSSM, routines calculating: — 2),, Br(b — sv), Br(By — p¢*p~) are also included.
MICROMEGAS can be extended to other models by specifying the correspgmaodel file in
the CALCHEP notation.

NMHDecay
Contact PersonJ. Ellwanger ellwanger@th.u-psud.fr
Web Pagehttp://www.th.u-psud.fr/NMHDECAY/nmhdecay.html

The Fortran code NMHBCAY computes the sparticle masses and masses, couplings ayd dec
widths of all Higgs bosons of the NMSSM in terms of its paraengat the electroweak (SUSY
breaking) scale: the Yukawa couplingsndx, the soft trilinear termst, and A,;, andtan(/)
andu.r = A < S >. The computation of the Higgs spectrum includes the leatiragloop
terms, electroweak corrections and propagator correstidach point in parameter space is
checked against negative Higgs bosons searches at LERdimglunconventional channels
relevant for the NMSSM. A link to a NMSSM version of IROMEGAs allows to compute
the dark matter relic density, and a rough (lowest ordergwdation of the BRf — sv) is
perfromed. One version of the program uses generalized Stetventions for input and
output. For further information, see also [218, 305].

O’'Mega
Contact Persont. Ohl, ohl@physik.uni-wuerzburg.de

J. Reuterjuergen.reuter@desy.de
Web Pagehttp://theorie.physik.uni-wuerzburg.de/ ~ohl/lomega/

O’Mega constructs [306] optimally factorized tree-leveltering amplitudes (starting from
2—4 processes, the expressions are much more compact andicaifyestable than naive

sums of Feynman diagrams). Officially supported modelsteé&tandard Model and the com-
plete MSSM (since version 0.10, of November 2005). Usersamihnew interactions (e.qg.
anomalous triple and quartic gauge couplings are part ofligtebuted version).

Complete automatized event generation for the LHC and tkzisLpossible in concert
with WHiZard.

Pandora
Contact Persomvl. Peskinmpeskin@slac.stanford.edu
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Web Pagehttp://www-sldnt.slac.stanford.edu/nld/new/
Docs/Generators/PANDORA.htm

Pandora is a parton-level physics simulation éoe~ linear colliders, including polarization

and beam effects. Pandora comes with an interface, Paiydhsa, that hadronizes events with
Pythia and decays polarized taus with tauola. The currsitioliition (Pandora 2.3) includes an
implementation of the ADD extra dimension modet¢~ — ~G and virtual graviton exchange

inete™ — ff, WtW~, ZZ, v7), and a two-parameté&’ model. We are currently working on

inclusion of more general’ models and inclusion of UED production and decay.

Prospino
Contact Persont. Plehn tiiman.plehn@cern.ch
Web Pagehttp://pheno.physics.wisc.edu/ ~plehn

For most applications the uncertainty in the normalizatbMonte Carlos for the production of
two supersymmetric particles is large. The reason are 8lg@Y and SUSY-QCD corrections
to the cross section. Prospino?2 is the tool you can to usermale your total rates. Some
distributions are available on request. For detailed imf@iion on the production processes
included, on papers available for more information, and owrdoading and running the code,
please see the web pages.

Pythia
Contact Persor. Skandsskands@fnal.gov
Web Pagehttp://www.thep.lu.se/ ~torbjorn/Pythia.html

In the context of tools for extra dimensionsy B4IA contains cross sections for the production
of Randall-Sundrum graviton excitations, with the partbowers corrected to RS+jet matrix
elements for hard jet radiation [307].YPHIA can also be used for a number of other BSM
physics scenarios, such as Technicolor [3@8\V’ [309] (including interference witl /v and

W bosons), Left—Right symmetry (Higgs triplets), leptodsarcompositeness and anomalous
couplings (including excited quarks and leptons), and ofse a large variety of SUSY signals
and scenarios (fok-hadrons see [310]; for RPV see [311, 312]; for the NMSSM $&8]).
Interfaces to SLHA, $AJET, and FEYNHIGGS are available. For further information, see the
PyTHIA manual [46], Chapter 8, and therPHIA update notes, both available on thetiRiA
web page.

Pythia_UED
Contact Persotd. Przysiezniakhelenka@lapp.in2p3.fr
M. El Kacimi
D. Goujdami
Web Pagehttp://wwwlapp.in2p3.fr/ ~przys/PythiaUED.html

A generator tool which usesy®HIA to produce events in the UED (Universal Extra Dimen-
sions) model of Appelquist, Cheng and Dobrescu [314], witk extra dimension and addi-
tional gravity mediated decays [315].

SDecay
Contact PersorM. Muhlleitner, muehl@Ilapp.in2p3.fr
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Web Pagehttp://lappweb.in2p3.fr/pg-nomin/muehlleitner/SDECA Y/

Calculates the 2- and 3-body decays and loop-induced deddlge supersymmetric particles
including the QCD corrections to the decays involving codaliparticles and the dominant
electroweak effects to all decay modes.

Sherpa
Contact Persors. Schumann, F. Kraussherpa@theory.phy.tu-dresden.de
Web Pagehttp://www.sherpa-mc.de/

SHERPA [316] is a multi-purpose Monte Carlo event generator thathk to simulate high-
energetic collisions at lepton and hadron colliders. Thgspds programme of ISERPA covers:
1) The description of hard processes in the framework of ttaedard Model, the Minimal
Supersymmetric Standard Model and the ADD model of largeaditnensions using tree level
matrix elements provided by its internal matrix elementegator AMEGIC++ [317,318]. 2)
Multiple QCD bremsstrahlung from initial and final state fosus. 3) The consistent merging of
matrix elements and parton showers according to the CKK\&gpigtion. 4) Jet fragmentation
and hadronisation provided by an interface toTRIA. 5) The inclusion of hard underlying
events.

Softsusy
Contact PersorB. C. Allanach B.C.Allanach@damtp.cam.ac.uk
Web Pagehttp://allanach.home.cern.ch/allanach/softsusy.html

This code provides a SUSY spectrum in the MSSM consistemtiwmgut low energy data, and a
user supplied high energy constraint (eg minmal SUGRAS3.Written in C++ with an emphasis
on easy generalisability. Full three-family couplings aadormalisation group equations are
employed, as well as one-loop finite corrections a la Baddatchev, Pierce and Zhang. It can
produce SUSY Les Houches Accord compliant output, and thexdink to Monte-Carlos (eg
PYTHIA) or programs that calculate decays, (e.g.E€RY). If you use SOFTSUSY to write
a paper, please cite [319], which is the SOFTSUSY manual. VEingion on the electronic
hep-ph/ archive will be updated with more recent versions.run SOFTSUSY, you should
only need standard C++ libraries. CERNLIB and NAGLIB are rexuired. The code has
been successfully compiled so far usiggt on SUN, DEC ALPHA and PC systems (linux,
sun UNIX and OSF). Itis supposed to be standard ANSI comieaibh+ (and does not contain
any templates).

SPheno
Contact PersonV. Porod porod@ific.uv.es
Web Pagehttp://www-theorie.physik.unizh.ch/ ~porod/SPheno.html

Solves the SUSY RGEs at the 2-loop level for various highespabdels. The obtained param-
eters are used to calculate the SUSY and Higgs spectrum tiengpmplete 1-loop formulas
and in case of the Higgs bosons in addition the 2-loop camestdue to Yukawa interactions.
This spectrum is used to calculate SUSY and Higgs decay biagcatios and the production
of these particles in e+ e- annihilation.
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SuSpect
Contact Personl.-L. Kneur jean-loic.kneur@Ipta.univ-montp2.fr
Web Pagehttp://www.Ipta.univ- montp2.fr/users/kneur/Suspect/

Calculates the SUSY and Higgs patrticle spectrum in the gémM@8SM or more constrained
high energy SUSY models. It includes the renormalizatiasugrevolution between low and
high energy scales at the full two-loop level, and the caltah of the physical particle masses
with one-loop radiative corrections (plus leading twopamrrections for the Higgs bosons). It
also provides several optional input/output parameteroesp and some calculations or checks
of experimentally or theoretically constrained quansitfe.g.¢,, — 2, BR(b — sv), consistent
electroweak symmetry breaking, “fine-tuning” informatj@tc.)

SUSY-MadGraph

Contact Persont. Plehn tiiman.plehn@cern.ch
D. Rainwaterrain@pas.rochester.edu
Web Pagehttp://www.pas.rochester.edu/ ~rain/smadgraph/smadgraph.html
http://pheno.physics.wisc.edu/ ~plehn/smadgraph/smadgraph.html
Generates Fortran code for MSSM matrix elements, which heeHELAS library. MSSM
here means R-parity conserving, no additional CP violai@on two Higgs doublets. A corre-
sponding event generator based oaMEVENT is under construction.

Susygen3

Contact Perso\l. Ghodbaneghodbane@cern.ch
E. Perezeperez@hep.saclay.cea.fr
Web Pagehttp://lyoinfo.in2p3.fr/susygen/susygen3.html

SUSYGEN 3.0 is a Monte Carlo program designed for computing distidms and generating
events for MSSM sparticle productiondrie~ , e*p andpp (pp) collisions. The Supersymmet-
ric (SUSY) mass spectrum may either be supplied by the usearoalternatively be calculated
in different models of SUSY breaking: gravity mediated sggemmetry breaking (SUGRA),
and gauge mediated supersymmetry breaking (GMSB). Thergmogncorporates the most
important production processes and decay modes, inclutimdull set of R-parity violating
decays, and the decays to the gravitino in GMSB models. Ssyarticle production via a R-
parity violating coupling is also implemented. The hadsation of the final state is performed
via an interface to PTHIA.

TrueNoir
Contact Persor(s. Landsberglandsberg@hep.brown.edu
Web Pagehttp://hep.brown.edu/users/Greg/TrueNoir/index.htm

A Monte Carlo package, RUENOIR, has been developed for simulating production and de-
cay of the black holes at high-energy colliders. This paekega plug-in module for the
PYTHIA [17] Monte Carlo generator. It uses a euristic algorithm aodservation of barion
and lepton numbers, as well as the QCD color, to simulateelaydof a black hole in a rapid-
decay approximation. While the limitations of this approace clear, further improvements
to this generator are being worked on. In the meantime, Niges a useful qualitative tool to
study the detector effects and other aspects of the BH egeanhstruction. At the present mo-
ment, the generator works fere~ andpp collisions. The proton-proton collisions are being
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added; their characteristic is not expected to differ muomfthose inpp interactions, so the
user is advised to use tp@ mode to generate events at the LHC or VLHC until further reatic

4. OUTLOOK

We present an overview of the tools available in a newly e@ateb repository for Beyond-
the-Standard Model physics tools, at the address:
http://www.ippp.dur.ac.uk/montecarlo/BSM/

Most of these tools focus on supersymmetry, but there is wiggonumber of tools for
more ‘exotic’ physics becoming available as well. With aesgpof at least 3 workshops directly
focussing on tools in 2006, and with the Les Houches aa@wigiicking up again in 2007, we
anticipate that this list will be expanded considerablyobefthe turn-on of the LHC in 2007.
For the year 2006, the main tools-oriented workshops are:

1. MC4BSM, Fermilab, Mar 20-21, 2006.
http://theory.fnal.gov/imc4bsm/

2. Tools 2006, Annecy, Jun 26-28, 2006.
http://lappweb.in2p3.fr/ TOOLS2006/

3. MC4LHC, CERN, Jul 17 - 26, 2006.
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Abstract

Supersymmetric (SUSY) spectrum generators, decay paskitpnte-
Carlo programs, dark matter evaluators, and SUSY fittingams of-
ten need to communicate in the process of an analysis. Th& 26$
Houches Accord provides a common interface that conveydspand
decay information between the various packages. Here, p@tren
extensions of the conventions of the first SUSY Les HouchesoAt
to include various generalisations: violation of CP, Riyaand flavour
as well as the simplest next-to-minimal supersymmetricdsiad model
(NMSSM).

1. INTRODUCTION

Supersymmetric extensions of the Standard Model rank artteghost promising and well-
explored scenarios for New Physics at the TeV scale. Giverathg history of supersymmetry
and the number of both theorists and experimentalists wgrka the field, several different
conventions for defining supersymmetric theories have Ipeeposed over the years, many of
which have come into widespread use. At present, therefbese is not one unique defini-
tion of supersymmetric theories which prevails. Ratheifedent conventions are adopted by
different groups for different applications. In principtéis is not a problem. As long as every-
thing is clearly and completely defined, a translation cavagb be made between two sets of
conventions, call them A and B.

However, the proliferation of conventions does have sonsadliantages. Results ob-
tained by different authors or computer codes are not alvdagstly comparable. Hence, if
author/code A wishes to use the results of author/code B al@ilation, a consistency check
of all the relevant conventions and any necessary transstnust first be made — a tedious and
error-prone task.

To deal with this problem, and to create a more transparamtgon for non-experts, the
original SUSY Les Houches Accord (SLHA1) was proposed [92]s accord uniquely defines
a set of conventions for supersymmetric models togethenr witommon interface between
codes. The most essential fact is not what the conventienmatetail (they largely resemble
those of [320]), but that they are complete and unambiguleeisce reducing the problem of
translating between conventions to a linear, rather thameaigtic, dependence on the number
of codes involved. At present, these codes can be catedaasghly as follows (see [321,322]
for a quick review and online repository):
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e Spectrum calculators [35,62,319,323], which calculagestipersymmetric mass and cou-
pling spectrum, assuming some (given or derived) SUSY hngatierms and a matching
to known data on the Standard Model parameters.

¢ Observables calculators [6,162,218,300,324—-326]; mpekevhich calculate one or more
of the following: collider production cross sections (@asection calculators), decay
partial widths (decay packages), relic dark matter dengltrk matter packages), and
indirect/precision observables, such as rare decay bnagchtios or Higgs/electroweak
observables (constraint packages).

e Monte-Carlo event generators [11,17, 46, 289, 327-330i¢hvbalculate cross sections
through explicit statistical simulation of high-energyripee collisions. By including
resonance decays, parton showering, hadronisation, aterlyimg-event effects, fully
exclusive final states can be studied, and, for instancecttgtsimulations interfaced.

e SUSY fitting programs [54, 56] which fit MSSM models to colliegpe data.

At the time of writing, the SLHA1 has already, to a large extesbliterated the need
for separately coded (and maintained and debugged) iocegflaetween many of these codes.
Moreover, it has provided users with input and output in a @n format, which is more
readily comparable and transferable. Finally, the SLHAvemtion choices are also being
adapted for other tasks, such as the SPA project [331]. WeMeetherefore, that the SLHA
project has been useful, solving a problem that, for expetsivial but oft-encountered and
tedious to deal with, and which, for non-experts, is an uessary head-ache.

However, SLHAL was designed exclusively with the MSSM wéhlrparameters ankl-
parity conservation in mind. Some recent public codes [83, 305, 311, 312, 319] are either
implementing extensions to this base model or are anticigach extensions. It therefore
seems prudent at this time to consider how to extend SLHAR & @ith more general super-
symmetric theories. In particular, we will consider thelaioon of R-parity, flavour violation
and CP-violating phases in the MSSM. We will also considerriaxt-to-minimal supersym-
metric standard model (NMSSM).

For the MSSM, we will here restrict our attentiongiher CPV or RPV, but not both. For
the NMSSM, we extend the SLHAL1 mixing only to include the néates, with CPR-parity
and flavour still assumed conserved.

Since there is a clear motivation to make the interface aspeaddent of programming
languages, compilers, platforms etc, as possible, the SLIdAased on the transfer of three
different ASCII files (or potentially a character string ¢aming identical ASCII information,
if CPU-time constraints are crucial): one for model inputedor spectrum calculator output,
and one for decay calculator output. We believe that the raidge of platform, and indeed
language independence, outweighs the disadvantage of esiley SLHAL having to parse
input. Indeed, there are tools to assist with this task [332]

Much care was taken in SLHAL to provide a framework for the WB8at could easily
be extended to the cases listed above. The conventions @cteswescribed here are designed
to be asupersebf the original SLHA1 and so, unless explicitly mentionedhe text, we will
assume the conventions of the original SLHA1 [92] implicitFor instance, all dimensionful
parameters quoted in the present paper are assumed to leeapplopriate power of GeV.
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2. MODEL SELECTION

To define the general properties of the model, we proposettoduce global switches in the
SLHA1 model definition bloctMODSELas follows. Note that the switches defined here are in
addition to the ones in [92].

BLOCK MODSEL

Switches and options for model selection. The entries mhlock should consist of an index,
identifying the particular switch in the listing below, folved by another integer or real number,
specifying the option or value chosen:

3 : (Default=0) Choice of particle content. Switches definez a
0 :MSSM.

1 : NMSSM. As defined here.

4 : (Default=0)R-parity violation. Switches defined are:
0 : R-parity conserved. This corresponds to the SLHAL.

1 : R-parity violated. The blocks defined in Section 3.1 should be
present.

5 : (Default=0) CP violation. Switches defined are:

0 : CPisconserved. No information even on the CKM phase is.used
This corresponds to the SLHAL.

1 : CP is violated, but only by the standard CKM phase. All extra
SUSY phases assumed zero.

2 : CPisviolated. Completely general CP phases allowed.ubtla
is not simultaneously violated (see below), imaginaryedrre-
sponding to the entries in the SLHAL bloEKTPARcan be given
in IMEXTPAR (together with the CKM phase). In the general
case, imaginary parts of the blocks defined in Section 3.2ldho
be given, which supersede the corresponding entries<inPAR

6 : (Default=0) Flavour violation. Switches defined are:
0 : No (SUSY) flavour violation. This corresponds to the SLHAL.

1 : Flavour is violated. The blocks defined in Section 3.2 stidnd
present.

3. GENERAL MSSM
3.1 R-Parity Violation
We write the superpotential a@t-parity violating interactions in the notation of [92] as

1 _ _
Wrpv = €a | gAign LELY By + N LI QS Dy — w; L H;

2 k3
1 "o ZyRrT. N N
‘|‘§ ijk€ UixDijkzv (1)
wherex,y,z = 1,...,3 are fundamental SU(3)indices and"¥* is the totally antisymmetric

tensor in 3 dimensions with** = +1. Ineq. (1) Ai;x, A, andr; break lepton number, whereas
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Al violate baryon number. To ensure proton stability, eitegtdn number conservation or
baryon number conservation is usually still assumed, tieguin either;;, = A\l = x; =0
or\’, =0foralls, 5,k =1,2,3.
The trilinear R-parity violating terms in the soft SUSY-breaking potehéiee
Varev = €y [(T)iiLip Ly ip + (T7)in L3 Qlr dig
tewy: (T")irtlpd s d i, + hec, 2)

T, T"andT” may often be written as

7 "
Tk _ 4 17 _ 4 17 _ 4 ' o 3
o = A v = Ak, T = A no sum over 1, J, (3)

ik ik ik

The additional bilinear soft SUSY-breaking potential terare

k3

Vepva = —eaD; LY HY + ZTaLm%iHl H{ + h.c. (4)

and are all lepton number violating.

When lepton number is broken, the sneutrinos may acquirewacexpectation values
(VEVS) (7. ,.) = ve,r/V/2. The SLHAL defined the VEV;, which at tree level is equal to

2mz/\/g* + g ~ 246 GeV, this is now generalised to

v = v%—l—v%—l—v?—l—vﬁ—l—vz. (5)

The addition of sneutrino VEVs allow various different défioms oftan 3, but we here choose
to keep the SLHA1 definitionan 8 = v,/vy. If one rotates the fields to a basis with zero
sneutrino VEVS, one must take into account the effect upary.

3.1.1 Input/Output Blocks

For R-parity violating parameters and couplings, the input waltur inBLOCK RV#IN where
the '# character should be replaced by the name of the relevamubitiock given below
(thus, for exampleBLOCK RVLAMBDAIMould be the input block fon;;;). Default 