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Abstract

We define benchmark models for SUSY searches at the LHC dimgjuthe
CMSSM, NUHM, mGMSB, mAMSB, MM-AMSB and p19MSSM, as well as
models with R-parity violation and the NMSSM. Within the pareter spaces
of these models, we propose benchmark subspaces, inclptings, lines
and points along them. The planes may be useful for pregsergsults of the
experimental searches in different SUSY scenarios, whéespecific bench-
mark points may serve for more detailed detector performamsts and com-
parisons. We also describe algorithms for defining suithblechmark points
along the proposed lines in the parameter spaces, and we @efiinv bench-
mark points motivated by recent fits to existing experimietidda.
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1. Introduction

Softly broken low-energy supersymmetry (SUSY) has mampetive features |1]. For example, unlike
the Standard Model (SM), it provides an elegant mechanisraté&bilizing the gauge hierarchy with re-
spect to the effects of radiative corrections and a natuealkly-interacting dark matter (DM) candidate,
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in addition to facilitating gauge coupling unification, dieting the existence of a light Higgs boson and
potentially making a desirable contribution to the anomalmagnetic moment of the muafy, — 2),,.

On the other hand, SUSY has to be (softly) broken in order tkencantact with reality, which even in
the general Minimal Supersymmetric Standard Model (MSSitpduces a large number of new free
parameters, such as the soft SUSY-breaking (SSB) massdsgsand complex phases in the couplings.
Because of SUSY’s natural link with grand unified theorie®)GS), one often explores SUSY models
in which various boundary conditions are imposed on the S8Bmeters at the GUT scale.

ATLAS and CMS have already made great strides in searcheSU&Y with~ 1 fo~! of data
each [2=20]. However, the presentation of the experimastallts from searches for supersymmetric
particles or other kinds of new physics at the LHC necessamiolves a certain dependence on the
assumed model of new physics. Results from SUSY searchassaadly presented either within the
parameter space of a specific SUSY model or as cross sectig dir limits on the masses of particles of
“simplified models” [21]. While the latter approach providi@ principle information that is less model-
dependent, the former approach has the advantage thatebgici®USY models can be confronted
also with other constraints, such as limits from Higgs daescand searches for dark matter as well as
constraints from electroweak precision data and flavousiokty

In order to allow the interpretation of the experimentalitsin terms of different possible man-
ifestations of SUSY it is useful to consider certain bencthmaodels that have fewer free parameters
than the most general incarnation of the MSSM. For this psgpe consider several models with GUT-
scale boundary conditions on the SSB parameters that hegaeintly been studied up to now in the
context of collider and dark matter searches. As an altematve also consider a version of the MSSM
with 19 parameters, as well as models with R-parity violaod the NMSSM. Within those models we
propose some benchmark subspaces that could be usefutforebentation of experimental results. We
also define specific benchmark points that illustrate diffiepossible experimental signatures and may
serve for more detailed detector performance tests andasops. We choose those benchmark points
along certain lines in the parameter spaces that sharedaligé experimental signatures, which may dif-
fer from those in the models most commonly studied to dathefSUSY exclusion limits advance, one
can move to the next benchmark point along any of these lif@s.could be useful for investigating the
prospective experimental sensitivity or for optimising gearch in the relevant parameter region, etc.

2. Definition of models

2.1 The Constrained MSSM (CMSSM)

A commonly studied model within this broad class of GUT-lasgodels is the Constrained MSSM
(CMSSM) [22], in which not only gaugino soft masses unify tcommon valuen, s, at the GUT scale,
but also the SSB masses of all the sfermions and Higgs deulnhéfly to a common value:,. These
parameters, along with a common tri-linear SSB paramégeithe ratio of Higgs vacuum expectation
valuestan $ and the sign of the Higgs mixing parameter, sign(form the four continuous and one
discrete parameters of the model:

CMSSM:  m; /5, M0, Ao, tan 3, sign(u) . Q)

The unified parameters,; /5, mo, Ao are thought to appear via some gravity-mediated mechanisd,
are defined at the GUT scaldgyt ~ 2 x 10'6 GeV, whereasan 3 (and sigriu)) are defined at the
electroweak (EW) scale. The CMSSM is assumed to conservapiindtively the discrete R-parity,
Rp = (—1)?5TL+3B 'whereS is the spin of the particld, the lepton number ang the baryon number.
This ensures that the lightest supersymmetric particlePJLiS stable and a natural cold dark matter
(CDM) candidate, often thought to be the lightest neutmliThe CMSSM, like many other simple
unified models, is a Minimal Flavor-Violating (MFV) scenanvith no additional flavor-violating terms
beyond those in the SM.



2.2 The Minimal Supergravity Model (IMSUGRA)

Additional assumptions may be imposed beyond those in th&&8ML For example, in the minimal
supergravity model (INSUGRA) there is a specific relationvieen the trilinear and bilinear SSB param-
eters and the universal scalar mads.= By + moﬁl and the gravitino masss ; is fixed to be equal to
the common scalar mass before renormalizatiogy, = mo [24]. Hence, the model has just three free
continuous parameters,

MSUGRA: ml/z,m(),AO,Sign(,U) ) (2)

andtan (3 is now fixed by the radiative electroweak symmetry breakiogdtions.

Relaxing the condition on the gravitino mass leads to thg @aenstrained MSSM (VCMSSM])) [25],
which has the same set of free parameters as mMSUGRA but mdg tharestrictive cosmological and
astrophysical constraints due to late decays of neutalimnto gravitinoﬂ.

2.3 Non-Universal Higgs Mass Model (NUHM)

Because of its economy, the CMSSM (aadortiori more restricted versions) may be missing some
features of unified models with less restrictive boundanydaiions at the unification scale. In particular,
the assumption of unification of the SSB Higgs mass with tludtke sfermions may easily be relaxed
without prejudice to MFV[[26=28]. Depending on whether the tsoft SSB parameters of the Higgs
sector are the same (NUHML1) or not (NUHMZ2, often simply tedrttee NUHM) the free parameters of
this model are

NUHM1:  my /o, mo, mp, Ao, tan 3, sign(u) , 3)

wheremy; denotes the unified SSB parameter in the Higgs sectbfatr, or
NUHM2: m1/27m07mHquHd7A07tanB7Sign(u) ) (4)

wherem g, andmpg, denote the two independent soft SSB parameters in the HeypgsrsatM gur.

Equivalently, one can trade the new GUT scale parametemnmor two parameters at the EW
scale. In the NUHM1mp can be traded fol 4 or i, whereas in the NUHM2 both 7, andm g, can
be traded forM 4 and 1 as free parameters.

2.4 Minimal Gauge-mediated SUSY breaking (IMGMSB)

The gauge-mediated SUSY-breaking (GMSB) model is contstaicom a GUT-scale scenario for SUSY-
breaking mediation in which communication to the visibleteeis via gauge interactionss [29,30]. Mini-

mal GMSB (mMGMSB) models have four continuous parametersghathe messenger field mass-scale,
Mness, the visible-sector SSB scalg, tan 3, cgray > 1 (@ factor for the gravitino mass) as well as a

discrete parametely,,.ss, representing the number 817 (5) representations of the mediating fields:
mMGMSB: Mmess; A7 tanB, Cgrav; Nmess- (5)

The next-to-lightest supersymmetric particle (NLSP) plan important role in the phenomenology,
since cascade decay chains of each produced sparticleypithtly end in the NLSP. It is commonly

the stau, which decays to a tau plus gravitino, or a neutralivhich often decays to a photon plus a
gravitino. Depending on the parameters, the NLSPs can raetyeeen being stable on the time-scales

11t should be noted that many publicly available codes uséerdnt sign conventiond, = By —myo, as may be ascertained
by comparing the signs of the gauge and Yukawa contributiorise renormalization group equations of theparameters.
More details can be found in[R23].

The conditions[{R) are often applied at the unification sédleyr, though the underlying theory may enforce them at
some other scale such as the Planck scale, and renorn@lizditihe SSB parameters between this scaleMagr could be
significant.



taken to cross a detector, to being prompt and decaying attégraction point. For example, in the case
of a neutralino NLSP, its decay length is approximately wilg [33]

1 /100GeV\° [ A \? [ Muess 2. 4
Ldecay= < TINLSP > (100 TeV> <1oo Tev> 107 m, ©)
wherek,, is the photino component of the neutralino. Hérsets the sparticle mass scale, and varying
M55 changes the decay length according tolEqg. 6. We include ilisbof proposed benchmarks below
a model with a quasi-stable neutralino NLSP. According to[@cthis can be arranged by increasing
Mess. I Myess 1S close to the GUT scale, the resulting spectra can clossgmble those of the
CMSSM [34], but an intermediat&/,,,..s can yield spectra that significantly differ from typical CHISl

ones. Some similar features may be found in models that a&ssmiversal SSB parameters at a scale
below the GUT scalé [35].

2.5 Anomaly-mediated SUSY breaking (AMSB)

The anomaly-mediated SUSY-breaking (AMSB) model is carcserd from a GUT-scale scenario for
SUSY-breaking mediation in which communication to the hlisisector arises from the super-Weyl
anomaly [31,32]. In minimal AMSB (MAMSB) models there areei parameters: a parametet,
contributing to the squared scalar masses at the GUT scadd wiould otherwise be negative; the vac-
uum expectation value of the supergravity field represgrttie sparticle mass scal@,,x, andtan S :

MAMSB: mg, Maux, tang. (7)

2.6 Mixed modulus-anomaly-mediated SUSY breaking (MM-AM3)

Mixed modulus-anomaly-mediated SUSY breaking scenar@snapired by models of string compact-
ification with fluxes [36]. In these scenarios the soft termseive contributions from both gravity-
mediated and anomaly-mediated SUSY breaking [37], whdaéwe sizes are characterized by a phe-
nomenological parameter. This mixed scenario is also known as “mirage mediationi¢siit appears
that the gaugino masses unify at an intermediate scale elelMV/cyr. MM-AMSB models are spec-
ified by the parameters

MM-AMSB:  mg/9, @, tan 3, sign(u), n;, la (8)

whereq determines the relative weight of anomaly and gravity niezhathen; are the modular weights
of the visible sector matter fields, arigl appears in the gauge kinetic functidn [38]. In MM-AMSB
models the relative size of the gaugino maskgs M- and M3 is determined by the parameter and
different values ofv thus correspond to different mass patterns for the streraglg weakly-interacting
gauginos.

2.7 The phenomenological 19-parameter MSSM (p19MSSM)

A complementary framework to the above GUT-scale modelStd8Y breaking is the phenomenolog-
ical MSSM, with all of its many free parameters specified atalectroweak scale. In order to make a
phenomenological analysis of its vast parameter spacegrabke, various well-motivated simplifying
assumptions have been made. On the other hand, some of theagsaimptions used in the previous
sections in reducing the number of MSSM parameters to amisine GUT-scale models, namely, the
physics behind SUSY breaking, the mediation mechanism@denormalization group (RG) running
of the parameters from the SSB scale are not relevant forhande decoupled from, typical MSSM
parametrizations.

One MSSM parametrization that has been recently extegstedlied involves 19 free parameters
of the MSSM (p19MSSM) [39-42]. In this approach, the resglthumber of SSB parameters are derived
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from the parent 105 parameters of the MSSM by removing alicgsuof CP violation and generation

mixing beyond the SM: assuming the parameters to be reaklilaf-diagonal elements in the sfermion

mass matrices are equal to zero, and that first- and secaradagion soft terms are equal. Only the
trilinear couplings most relevant for SUSY effect$;, A, A, are included as free parameters. The
otherA;..; » are set to zero.

The free parameters of the p19MSSM model are

p1OMSSM: M, My, Ms;

Mg, = mCZL =M, = Mz, Map = Meg, mCZR = Mgp, Mey, = Mpy, Mep = Mipg;
’I’)’Lt~L = mI;L’ miR’ mI;R, m;L, ’I’)’L;—R;
AtaAbrAT; 12 MA,taIlB (9)

where M » 3 are the SSB parameters in the gaugino and gluino sem]%r,andm];R are the diagonal
SSB parameters in the sfermion sectér=¢ u,d, c, s, t,b,e, i, or 7), and As—; , - denote the trilinear
Higgs-sfermion coupling in the third generation. An alegive choice of parameterisation would be to
replace the CP-odd neutral Higgs mass paraméfgr, and the Higgs doublet mixing parametes|, by
the two SSB parameters in the Higgs sectef; andm7; .

Other versions of the MSSM with different choices of simphfy assumptions, leading to either a
reduced or enlarged number of free parameters, have alscekensively studied in the literature. For
some recent work done in the context of the LHC, se@.[34,[43+45, 777].

2.8 MSSM with RPV
2.8.1 Definition of the RPV-CMSSM

As stated above, in the CMSSM R-parify, is assumed to hold. Initially, the justification for this
symmetry was that it guarantees the stability of the proamil, another attractive feature is that it leads
to a good dark matter candidate such as the lightest nexdrali

In the RPV—-MSSM the discrete symmetry R-parity is replacea lifferent symmetry (such as
baryon-triality, or lepton-parity), which guaranteestprostability but allows for either lepton—number
violation or baryon—number violation. The LSP is then nab#t, and can decay inside or outside the
detector, depending on the size of the coupling. Anothdigiasuch as the axion, axino or gravitino [46]
must then comprise the dark matter in the universe. On tter sitle, the advantage is that the neutrino
masses are automatically included and naturally light.[47]

The extra possible couplings in the superpotential are

1 1
WrPY = €ab §AijkL?L?EkC + N LIQUDY + ki LY HY | + 5o 1R UrC DY DiC (10)

wherei, j, k € {1,2, 3} are generation indices, b € {1,2} andz,y, z € {1, 2,3} are SU(2) and SU(3)
fundamental representation indices, respectively,@isithe usual charge-conjugation. The parameters
of the constrained RPV-MSSM (RPV-CMSSM; correspondindieo@MSSM) are[[47]

RPV-CMSSM: m 5, mo, Ao, tan 3, sign(u), A, (112)

where the CMSSM parameters are all defined at the unificatiale sandA corresponds to exactly one
of the R-parity violating parameters

A € {Nijis i Ao K} - (12)

Note that in the CMSSM version discussed[in|[4X]was defined al/qyT, whereas here we define it
at Mz, in order to make the analysis of the possible topologiegeeakor the bilinear terms; L; H,,,
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ki(MguT) = 0 atthe unification scale. There are however other model$thvea just one bi-linear term,
non-zero at the unification scal&: = «; # 0: see for example Ref. [48]. Note furthermore, that even
though just one RPV—coupling is non—zero at the unificatialesin these models, the RGEs generate
other non—zero couplings at the weak scale.

Due to the diverse phenomenology that may arise from the RRglmngs, we summarize here its
general featurds

2.8.2 Phenomenology of the RPV MSSM

In the RPV MSSM the LSP typically decays promptly in the deiedor couplings larger than about
10~%. The resulting number of different possible new signals iognirom the RPV MSSM is large,
since there are 48 new couplings, see Ed. (10). Furthermanee¢an obtain single sparticle production,
unlike in the R-parity conserving case, if one assumes ,‘kr;nﬁtor A;’jk is at least larger than about
3 - 1073, for first-generation incoming quarks, & = 1; ¢,m = 1) and even larger otherwise. For many
values ofi, j, k, large RPV couplings are strongly bounded from above bytiagidow-energy data,
depending upon sparticle masses. We therefore conceh@ragen the small RPV coupling case, where
there should be no contradiction with experimental RPV logumver regions of MSSM parameter space
that are viable in the R-parity conserving limit.

We now list some possible signatures. With small RPV cogglirone tends to have the usual
two-sparticle production via gauge couplings, in parécutrong production of gluinos and squarks.
These go through the usual cascade decays until the LSRsaavhich decays via the RPV coupling
into Standard Model particles. Note, however, that the L&&dmot be the neutralino. For small RPV
couplings there are also large regions of parameter spaegewie stau is the LSP. This is for smailj)
and largem, ;,. These regions also exist in the R-parity conserving CMS8Mare not considered on
cosmological grounds. For a neutralino LSP, the experiaidnpologies are as those in the R-parity
conserving limit, but instead of missing transverse momm@ntadditional leptons and jets are obtained
from the LSP decay. For a stau LSP there are typically addititau leptons in the final state. Whatever
the LSP, if the RPV coupling is very small, much less than®, one gets delayed LSP decays, leading
to displaced vertices, and for the stau a potentially clohtgpek.

We shall first consider how the RPV couplings change the Rypeonserving topologies in the
case with a neutralino LSP and strong spatrticle productidre minimal case is di-squark production,
where each squark decays to a jet and a neutralino, whichdigngays via the RPV coupling. Producing
gluinos, which then decay via squarks, can add additioig] @d there may be other particles in the
chain leading to the additional emission of leptons, wealkggabosons or jets. These features suggest
inclusive searches, where one allows these patrticles iiti@ido the ones listed. Since the cascades
are usually decaying on-shell particles, one can examistgilalitions of invariant masses of the final
state particles in order to reconstruct bumps over the bvadkgls. There is no expectation of flavour
democracy among the couplings, so flavour subtraction mayskd if backgrounds must be beaten
down.

For )\ couplings, a neutralino LSP decays into two charged lepémusa neutrino. Thus the
inclusive minimal signature is two jets, two leptons of orawdlur, two leptons of another flavour (which
may be the same flavour as the first pair) and a moderate amfaatrirtsic missing energy. The leptons
may or may not be taus for each case.

For/\gjk couplings, a neutralino LSP decays to a lepton (approximasgdf the time into a charged
lepton and half the time into a neutrino which yields a smalbant of missing transverse momentum)
plus two jets. Thus, the inclusive signal is 4 jets and twddep. The lepton may be either a tau or
electron or muon.

3The RPV-CMSSM as described is programme®@FTSUSY, with the SUSY Les Houches accord option for inputting
A(Mz) BLOCK SOFTSUSY parameteB, as described in th8OFTSUSY manual [49].



In the case of\g’jk couplings, a neutralino LSP decays to three jets via a \lisgiaark. In the case
thati, j or k are 3, the jets could kieor b quarks. Thus, the difficult minimal inclusive signal in tloise
is (from di-squark production, where each squark decaygdband a neutralino LSP) eight jets with no
intrinsic missing transverse momentum. As mentioned alox@of the jets may beé jets, and two may

be replaced by decaying tops.

Next, we consider the stau—LSP case. Again the productidarignated by squark and/or gluino
pair production. The cascade decay will typically go via dual lightest neutralino, which is usually
the NLSP. This then decays to a tau and the stau LSP. In thetltasg; is involved with the RPV
superpotential coupling directly, then the stau LSP dedigstly into two particles as follows: in the
case of)\gjk it decays into two jets, whereas Iy, where: or k = 3, it decays into a lepton and a
neutrino. Thus, these topologies are covered by just asguaneutralino LSP and using the signature
given above in thé\;jk or \;;, paragraphs.

Finally, we discuss the case that doesnot appear in the RPV coupling. In this case, the stau
decays through a four-body decay|[47] into a tau and whatiseay products the neutralino would decay
to, as specified above. Fag;;, the stau will decay to a tau, two charged leptons and a meutiThe
inclusive signal is thus four charged leptomrs(), two taus and some missing transverse momentum.
For)\;jk the stau decays to a tau and a lepton (neutral or chargedangts. The inclusive signal is
therefore 4 jets, two leptons and two taus. Eggf the stau will decay to a further tau plus 3 jets. The
signature is thus as in the neutralino—LSP case (8 jets)lemgnted by four taus. With good tau—id
the additional taus could help search for the most difficcéingirio. On the other hand, cases where one
can obtain electrons or muons from the cascade decay clalikaly to be more feasible in terms of
discovery.

2.9 NMSSM

The Next-to-Minimal Supersymmetric Standard Model (NMS3B0] is the simplest supersymmetric
extension of the SM with a scale invariant superpotentia:;tterm in the superpotential of the MSSM
is replaced by a coupling to a gauge singlet superfigledbhose vev generates automatically an effective
u-term of the order of the SUSY breaking scale. The supergiateasf the NMSSM contains the terms

Wxmssm = ASH, Hg + gsg , (13)

and the NMSSM specific soft terms are a soft me@ for the scalar components ¢f as well as
trilinear couplingsA\A\SH, Hy + §A553. Just like the MSSM, the NMSSM solves the gauge hierarchy
problem, provides a DM candidate, and leads to gauge caupfiification. The presence Sfimplies an
extended Higgs sector (3 neutral CP-even and 2 neutral @Rtatks) and an extended neutralino sector
(5 neutralinos including the singlino). In cases where t#Ls singlino-like there will be significant
modifications of all sparticle decay cascades as comparée tISSM. The extended Higgs sector can
include light CP-odd or CP-even states implying dominamjgdito-Higgs decays, and Higgs production
in sparticle decay cascades.

Because of a larger number of both superpotential and sdtyStweaking parameters than in the
CMSSM, there are more options for selecting unified boundanglitions at the GUT scale. In particular,
one can make less restrictive assumptions on the Higgsrsadtderms at the GUT scale [51]. Indeed, it
is entirely possible that the soft terms for the singletatiffrom those for the matter residing in complete
SU(5) multiplets.

In the most constrained version, dubbed cNMSSM [8R]soft terms are assumed to be universal
at the GUT scale just as in the CMSSM. The cNMSSM has as maey#ammeters as the CMSSM: the
parameterg and B are replaced by andx. With « being determined by/, one is left with

cNMSSM : my /2, Mo, Ao, A, sign(u) . (14)
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However, phenomenological constraints imply thaf and A are small[[52]; withA, being determined
by the DM relic density, one is left withy, /, as the only essential free parameter (as a function of which
alsotan §3 is determined[[52]).

In the CNMSSM on the other hand one allows; to differ from mg [53], in which case the free
parameters are
CNMSSM : mi/2, Mo, Ao, A, tan 3, sign(u) . (15)

Even more relaxed boundary conditions in the Higgs sectge haen considered. Leavinf,, Ay
andmg as free parameters and allowing as well non-universalityhfe Higgs soft masses squared lead
to a very much broader range of possible phenomenologiesnagared to the cNMSSM. For example,
it is easy to find fully consistent scenarios with a singliike- LSPandlight neutral Higgs bosons. Once
r is determined by, andmg by tan 5, the parameter space of the semi-constrained SNMSSM can be
taken as[[51]

sNMSSM : A, Myya, Mo, Mp,, Muy, Ao, Ak, Ay, tan 3, sign(u) . (16)

3. Definition of Benchmark Planes, Lines and Points

One may consider two distinct approaches to the specificafienchmarks for future SUSY searches
at the LHC and elsewhere. One possible approach is basadlyloe the latest available experimental
information. This has the advantage of incorporating a&lriblevant experimental constraints, but also
the disadvantage of potentially becoming outmoded as therawrental constraints evolve. The other
approach is to define specific benchmark scenarios thatrdtesspecific phenomenological possibilities,
as exemplified by the SPS points and lines defined a decad&4lgd hese have the advantage that many
applicable studies have already been made, but on the ahdrthese points and lines may incorporate
the present experimental constraints only partially. kaneple, respect of the cosmological DM density
constraint is not guaranteed, though one should bear in thaicthere are alternative sources of DM,
and that in some models, e.g., the RPV MSSM, the DM particghtmot be found among the spartners
of SM patrticles.

The most commonly used benchmark scenarios for early LH@lsea were defined i [54],
where lines and points in the CMSSM, mGMSB and mAMSB wereifipd¢as well as in the CMSSM
with non-universabn, ,. Those Snowmass Points and Slopes (SPS) comprise six baricipwints
(SPS 1a, SPS 1b, ..., SPS 5) defined within the CMSSM, one CMi8&®Mboint with non-unified
gaugino masses (SPS 6), two mGMSB points (SPS 7, SPS 8) amlAW&B point (SPS 9). The status
of those benchmark points with respect to the limits frontyelarlC SUSY searches is shown in Table 1.
As indicated there, all the CMSSM points and the CMSSM-likenphave now been excluded by early
LHC data. On the other hand, the mGMSB points and the mAMSBtpaihich have a larger splitting
between the coloured and the colour—neutral part of thetisgac continue to be valid also in view of
the limits from LHC SUSY searches with up a2 fb?.

In this section we propose new benchmark planes, lines aimispguided also by global SUSY
fits. In our proposal we keep the SPS benchmark points of thel8&and mAMSB scenari@supple—
menting them with further points along the parameter lindfe. propose updated parameter points and
lines for the CMSSM, and we incorporate also further SUSYhades that were not considered in the
SPS benchmarks. In addition, we extend our consideratibermthmark lines and points to the NMSSM
and to RPV models, which, as described above, can allow doifsiantly different phenomenology as
compared to the MSSM benchmarks. Overall, by broadeningntbdel basis, the experimental results
obtained by ATLAS and CMS can be expressed in a more genesglamd their application to a wider

“We adopt here the definition in terms of the GUT-scale inpraupeters, while the original definition in [54] was based on
the weak-scale parameters.
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Fig. 1: CMSSM fit points are projected on (upper panel) the, m,,,) plane and (lower panel) then, /», tan 3) plane. The
best-fit points for different data sets are indicated byedéffit symbols: closed stars for pre-LHC fits (Allangch [Hiftino [62],

MC [63], SuperBayes [64]), diamonds for fits including thefiBUSY searches by CMS and ATLAS (Allanach [61], MC [63]),
triangles including all relevant 2010 LHC data (Allanadhg Bertone [66], Fittino [67], MC [68]), squares for estintas

of the impacts of LHC data sets with 1, 2, 7 thin the absence of a SUSY discovéryl[62], and open stars fanéitading

1 fb~! of LHC data [70[71]. Also shown as crosses are two older bevak points: SPS14 [54] and a similar benchmark
point B’ [72]. The various symbols are also coded with different aadofor different fitting groups, as shown in the legend.
The line illustrates the trend of these fits as stronger gairgts are incorporated.



Benchmark point Model scenario o/pb status
A ] B | € | D ATLAS 35, 165/pb
| ATLASLimits | | 13 [ 035 | 11 [ 011 | |

SPS 1al[54] CMSSM 2.031 | 0.933 | 1.731 | 0.418 AB,C,D
SPS 1b[[54] CMSSM 0.120 | 0.089 | 0.098 | 0.067 165/pb
SPS 2[[54] CMSSM 0.674 | 0.388 | 0.584 | 0.243 B,D
SPS 3[[54] CMSSM 0.123 | 0.093 | 0.097 | 0.067 165/pb
SPS4[[54] CMSSM 0.334 | 0.199 | 0.309 | 0.144 D)
SPS5([54] CMSSM 0.606 | 0.328 | 0.541 | 0.190 D)
SPS6[[54] CMSSM (non-universain, ;) | 0.721 | 0.416 | 0.584 | 0.226 B,D
SPS7([54] MGMSB (71 NLSP) 0.022 | 0.016 | 0.023 | 0.015 allowed
SPS8I[54] mGMSB (¢} NLSP) 0.021 | 0.011 | 0.022 | 0.009 allowed
SPS9[[54] mAMSB 0.019" | 0.004* | 0.006" | 0.002* allowed

Table 1: List of the SPS benchmark points, with their statith wespect to the current limits from LHC SUSY searches,
adapted from[56]. For each point the columns labelled A, &)@ D give the cross section for each of the signal regiond use
in the 35/pb ATLAS O-lepton analysis![7]. The last columnwkavhich SPS points were excluded by the absence of a signal
in one or more of these four signal regions, or by the restilessubsequent ATLAS 0-lepton analysis using 165/pb of 2011
data [57]. “Allowed” reflects the lack of constraints fromreently available results of searches with up~tol fb=!. In the
MGMSB scenario the NLSP was taken to be stable on collider sicales. The starred cross sections are computed at leading
order, whereas all the other values are calculated at nelgiatling order (NLO)[58=60].

class of models would be feasible. Input files for the geimraif Monte Carlo events for each of the
proposed benchmark points, in the standard Les Houchestafmzmat [55], are available upon request.

3.1 Current SUSY Fits

Several groups have published SUSY fits to the available Hath before and after incorporation of the
published 2010 LHC data [56, 61-69], some fits have been n¥@j&1] incorporating the preliminary
CMS and ATLAS results based on 1 fb~! of data, and attempts have also been made to foresee the
evolution of these fits if the LHC does not discover SUSY widlnying amounts of integrated luminos-

ity [62]. These fits are based on a variety of statistical apphes, both Bayesian and frequentist, and
the agreement between them gives some hope for the statilityeliability of the results.

Fig.[ displays the results of some recent CMSSM SUSY fitsittiol (g —2) ., in the (mg, m4 /2)
plane (above) and thean 3,m, /») plane (below). The best-fit points for different data se¢siadicated
by different symbols: closed stars for pre-LHC fits, diam®ifat fits including the first SUSY searches
by CMS and ATLAS, triangles including all relevant 2010 LH&t&, squares for estimates of the impacts
of LHC data sets with 1, 2, 7 ft in the absence of a SUSY discovery, and open stars for fitsdiraj
1 fb~! of LHC data. Also shown as crosses are two older benchmarkpd8PS14 [54] and a similar
benchmark point B[[72]. The various symbols are also coded with different aoddor different fitting
groups.

Itis also reassuring that the pre-LHC stars lie close tagretis do the post-LHC fits. As expected,
we see that the best-fit value of; , increases monotonically with the continuing experimeatalence
of SUSY. We note that the best-fit valuesrof) andtan 5 also increase monotoniceﬂ,ywhich is due to
the interplay of the LHC constraints witly — 2),,, in particular. Reconciling the largen, /, enforced
by the LHC limits with(g — 2), requires largetan 3, and avoiding a charged LSP then requires larger
mo, as seen in FigJ2. On the other hami)ﬁ exhibits a weak tendency to decrease, though it is not

We note in passing that, even before the LHC data, the valug = 3 often used as a default in experimental analyses
was already disfavoured by all global fits.

5The definition ofAo, as explained previously in the text, has to be kept in mina@nivpublic codes use the opposite sign
convention forAg.
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tightly constrained by current ddfa

The fit probability, as evaluated from the /dof, decreases monotonically, though it has not yet
fallen sufficiently far to call the CMSSM into question. Thectdeasing probability is also due to the
increasing tension betwee¢n — 2),, and other low-energy data on the one side and the non-oliserva
of SUSY particles on the other side. The curved trend linestlze projections in thémg, m, /) and
(m1/2, tan 3) planes of a least-squares fit to the best-fit points.

We propose below updated benchmark planes, lines and poirite CMSSM. However, the fact
that this model has come under some pressure from the lihitseeoLHC SUSY searches motivates

putting a stronger emphasis than in the past on alternatid&YSmodels, some of which are discussed
subsequently.

tan=10,u>0 tan=40,u>0

0 I 1000 1500 0 ‘ 1000 1500
mg (GeV) my (GeV)

Fig. 2: The CMSSMmo, my ;) planes for (left)tan 3 = 10,z > 0 and Ao = 0, and (right)tan 8 = 40, > 0 and
Ap = —500 GeV. In the brown shaded regions at smalj the LSP is charged, in the pink shaded regions at largethere is
no consistent electroweak vacuum, the green shaded regierexcluded by — s+, and the grey shaded regions are favoured
by (¢ — 2), at the 1- (2-) level indicated by dashed (solid) lines. LEP searches fargihos exclude the regions below
the near-horizontal black dashed lines, LEP searches ferHiggs boson exclude the regions below the near-horizaathl
dot-dashed lines, and LHC searches exclude the regionsvidle purple lines. The benchmark lines are solid black, ded t
dots denote the benchmark points spaced regularly alorggtliees. The dark blue strips yield the correct cold darkterat
density in the CMSSM. All experimental numbers and the spaeding references can be found[inl[68].

3.2 Benchmark Planes, Lines and Points in the CMSSM

Motivated by the(g — 2), andb — sy constraints, here we fix > 0 and propose to considemy,
my 2) planes fortan 5 = 10 and40, which bracket the range ofn 3 favoured by the trend of global
fits to data before and after the start of the LHC, as showngdZi

3.2.1 CMSSM plane |
(mo, my /2) plane:

u>0,tan 5 =10,4p =0 @nn

"For this reason, and becaude is of secondary importance for most of the spectrum, we dalisouss its behaviour in
detail.
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Since present fits provide only weak indications on the jpssange of4y, while favouring slightly
values that become increasingly negativeqs,, mo andtan 3 increase, we propose to considey = 0
for the (mo, m; 2) plane withtan 3 = 10.

3.2.2 CMSSM plane I
(mo, my /o) plane:

u > 0,tan § = 40, Ag = —500 GeV (18)

The valueAy = —500 GeV is proposed for thero, m4 ;) plane withtan 3 = 40, so as to mirror the
trend towards negativéd, seen in global fits.

3.2.3 CMSSM lines and points

As well as these planes, as also seen in[Big. 2 we proposealimkepoints lying on them, that might be
useful for future dedicated detector studies and compagisbhe co-ordinates of some of the proposed
points lie close to the trend line shown in Higl. 1, but thediaéso include points in different regions of
the (mg, m,/2) planes as shown in the Tables below. The lines are choselusgtrate a range of phe-
nomenological possibilities for sparticle mass hierastdnd cascade decay branching ratios, providing
a greater variety of models and SUSY phenomenology thanvisred by the CMSSM fits alone. The
points are evenly spaced along the lines, and some of the-lmass points are already excluded by the
early LHC direct SUSY searches, whilst others are not. At@rg/time, one can define the ‘active point’
along any line to be the lightest one whichnist ruled out by LHC direct SUSY searches at the/95
confidence level. In this way, if the SUSY exclusion limitssadce, the points we define should remain
useful, in particular because experimental signaturesiarigar for different points along the same line.

In the case of plane | witban 5 = 10, we propose to consider four embedded lines, which yield
different possibilities for the most important sparticescade decay branching ratios. Some properties
of the reference points, obtained from tBaspect [39)/Sdecay [73] computer codes, are shown
in Tabled Z-b. The parameter range for the points on eachalamchosen to yield production cross
sections, summed over the various squark and gluino chgninethe range of few—100 fb, consistent
with the reach of the ongoing LHC run. The main qualitativatfiees of these lines are discussed here.

Line 10.1is defined bymo = 0.25 X m /5, with reference points spaced in stepsof,; , =
50 GeV. Along this line the gluino is heavier than the squarlslding a priori relatively higher fractions
of final states with fewer hadronic jets, and the branchirtgsafor x5 decays into/ = e/u and
(s)lepton flavours are relatively high, offering interagtiprospects for dilepton signatures.

Table 2:Line 10.1 tan 3 = 10, Ag = 0,mo = 0.25 x my /2, Am, ;5 = 50 GeV (masses in GeV, rounded to 5 GeV accuracy;
branching ratios in %).
| Point || myys [ mo || mg | (mg) || BR(S — 20) | BR(XS — 77) |

10.1.1| 500 | 125 | 1145| 1030 24 19
10.1.2 | 550 | 137.5| 1255| 1125 26 18
10.1.3| 600 | 150 | 1355| 1220 28 18
10.1.4| 650 | 162.5| 1460| 1310 28 17
10.1.5| 700 | 175 | 1565| 1405 29 17
10.1.N

Line 10.2is defined bymo = 0.5 X m;,2 — 50 GeV, with reference points spaced in steps
of Am,,, = 50 GeV. Along this line, the gluino is again heavier than theasks, yieldinga priori
relatively higher fractions of final states with fewer haumjets. However, the branching ratio fgh
decays into the /. flavours is much smaller than that for th€s)lepton flavour.
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Table 3:Line 10.2 tan 8 = 10, Ap = 0, m¢ = 0.5 X my 2 — 50 GeV, Am, , = 50 GeV (masses in GeV, rounded to 5 GeV
accuracy; branching ratios in %).

| Point || myys | mo | mg | (mg) || BR(XS — 20) | BR(X§ — 77) |
10.2.1 || 500 | 200 | 1150 | 1045 3 40

10.2.2 || 550 | 225 1255| 1140 3 37
10.2.3|| 600 | 250 1360| 1235 2 34
10.2.4| 650 | 275 1465| 1330 3 32
10.2.5| 700 | 300 | 1570| 1425 3 30

10.2.N

Line 10.3is defined bym, ,» = 1.5 X my, with reference points spaced in stepsfofy =
50 GeV. Along this line, once more the gluino is heavier than shaarks. However, the pattern of
%9 decays is completely different, with) — Y?h decays becoming dominant, offering an interesting
possible discovery channel for the lightest MSSM Higgs boso

Table 4:Line 10.3: tan 8 = 10, Ag = 0,m4,2 = 1.5 X mo, Amg = 50 GeV (masses in GeV, rounded to 5 GeV accuracy;

branching ratios in %).

| Point || mys | mo | my [ (mg) || BR(X3 = x7h) |

10.3.1| 450 | 300 1050| 975 92
10.3.2|| 525 | 350 1210| 1125 92
10.3.3|| 600 | 400 1370| 1275 92
10.3.4| 675 | 450 1525| 1420 92
10.3.5| 750 | 500 | 1680 | 1565 92
10.3.N

Line 10.4is defined bymo = 2 X m,,, + 50 GeV, with reference points spaced in steps of
Amy o = 50 GeV. Along this line, the gluino is lighter than the spartef the lighter quark flavours,
yielding a priori relatively higher fractions of final states with more hadcojets. The lighter stop
and sbottom squarks are significantly lighter than the osigeiarks, with the; even lighter than the
gluino though not always light enough to overcome the kirt@mastriction on direc§j — ¢t decays.
However, the branching ratios for three-bagly+ {7, Xlit_b decays are dominant along this line.

Table 5:Line 10.4 tan 8 = 10, Ag = 0,m0 = 2 x my 2 + 50 GeV, Am,,, = 50 GeV (masses in GeV, rounded to 5 GeV

accuracy; branching ratios in %). _ _
‘ Point H my /o ‘ mo H mg ‘ (mg) H mg, ‘ my, H BR(5 — X'tt, X tb) ‘

10.4.1| 350 | 750 || 870 | 1040 | 720 | 915 o3

10.4.2| 400 | 850 || 985 | 1175 | 815 | 1035 71

10.4.3| 450 | 950 || 1095| 1310 | 910 | 1155 100
10.4.4| 500 | 1050 | 1205| 1445 | 1010| 1275 100
10.4.5| 550 | 1150 1320 1580 || 1105 | 1395 100
10.4.N

For the plane Il withtan 5 = 40 and Ap = —500 GeV, we propose three embedded lines. Some
properties of the reference points are shown in Tdhles &@ tlzeir main qualitative features are dis-
cussed here.
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Line 40.1is defined bymo = 0.3 X m, /5 + 180 GeV, with reference points spaced in steps
of Am, , = 50 GeV. Some properties of the reference points are shown ile[BkAlong this line, the
gluino and squarks have very similar masses, and the glisdange branching ratios for decays into
Wit andpzft_b final states. Thé, 7 final state dominateg) decays, with?¢ for ¢ = e, yu being suppressed
because of the larger masses of tter this value oftan 3.

Table 6: Line 40.1: tan 8 = 40, Ao = —500 GeV,mo = 0.3 x my/5 + 180 GeV,Am,,, = 50 GeV (masses in GeV,
rounded to 5 GeV accuracy; branching ratios in %).

| Point || myp [ mo || my | (mg) | my | my, || BR(XS = 717/hX) || BR(g — #t) | BR(g — bb) |

40.1.1 | 500 | 330 || 1155| 1075 || 780 | 920 96/3 31 40
40.1.2 || 550 | 345|| 1260 | 1170 || 860 | 1005 96/4 35 32
40.1.3 || 600 | 360 || 1360 | 1260 || 935 | 1090 96/4 39 33
40.1.4 | 650 | 375 | 1470| 1355 || 1015 1175 94/5 40 32
40.1.5| 700 | 390 || 1570 | 1445 || 1090 | 1260 95/4 40 30
40.1.N

Line 40.2 is defined bymo = m; /5, + 100 GeV, with reference points spaced in steps of
Amy 5 = 50 GeV. Some properties of the reference points are shown ifeTéabwvhere we indicate
separately the minimum and maximum mass values of the gpartr the light quark flavours, which
bracket the gluino mass and are very close to it. We also shewnasses of thg andb;. Since these
are significantly lighter, the two-body gluino decaysfi@ andb;b dominate, leading tq°#t and y*tb
final states, as seen previously aldrige 10.3. Line 40.2 also features a very large branching ratio for
9 — xVh decay.

Table 7:Line 40.2 tan 8 = 40, Ao = —500 GeV, mo = m; 2 + 100 GeV, Am,,» = 50 GeV (masses in GeV, rounded to
5 GeV accuracy; branching ratios in %).

| Point || myys | mo || myg | mg(minimax) | my, | my, || BR(X3 = X%) | BR(G — #) | BR(5 — bb) |

40.2.1| 450 | 550 || 1065| 1060/1095 || 750 | 900 87 52 48
40.2.2 || 500 | 600 || 1170| 1165/1200 | 835 | 995 88 54 46
40.2.3 | 550 | 650 || 1280 | 1270/1305 || 915 | 1090 89 56 44
40.2.4| 600 | 700 || 1385| 1370/1415 || 1000 | 1185 90 57 42
40.2.5| 650 | 750 || 1495| 1470/1520 || 1085 | 1280 91 58 41
40.2.N

Line 40.3is defined bymo = 2 X m;,; + 300 GeV, with reference points spaced in steps
of Am,/, = 50 GeV. Some properties of the reference points are shown iteEhbAlong this line,
the branching ratios for gluino decays into light-flavouuaiks and stop/sbottom 3-body decays are
comparable, as was the case alamge 10.4. Like Line 40.2 Line 40.3 has a large branching ratio for
X9 — X{h° decays.

3.3 Benchmark Planes, Lines and Points in the NUHM1 and NUHM?2

In defining the above benchmarks in the CMSSM, we have nontake account the relic dark mat-
ter density constraint. As is well known, if one assumesdsaeh Big-Bang cosmology, the accuracy
with which the dark matter density is determined essemtradluces the dimensionality of the CMSSM
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Table 8:Line 40.3: tan 8 = 40, Ao = —500 GeV,mg = 2 X mq,5 + 300 GeV, Amo = 50 GeV (masses in GeV, rounded
to 5 GeV accuracy; branching ratios in %). _ _
[Point [ myy | mo | my | (mg) | my, | m;, | BRGG = A% || BRGG — X°f, =) |

40.3.1|| 350 | 1000| 890 | 1225 775 | 960 81 a7
40.3.2 || 375 | 1050| 950 | 1295 825 | 1020 84 51
40.3.3 || 400 | 1100 1005| 1365 | 875 | 1075 85 56
40.3.4 || 425 | 1150 1065| 1435 925 | 1135 86 61
40.3.5|| 450 | 1200 | 1125| 1505 975 | 1195 87 66
40.3.N

parameter space by ofleEor this reason, anfmog,m;2) plane such as those defined above contains
only very narrow strips compatible with this constraintpwsh in dark blue in Fig:12, flanked by regions
where the supersymmetric relic is either overdense or uledse. As a corollary, a generic line in a
CMSSM plane will yield the appropriate relic density onlyaatdiscrete set of) point(s). The density
constraints could be relaxed by postulating, e.g., anathetribution to the dark matter in the apparently
underdense regions of parameter space, or a deviation teomdasd Big-Bang cosmology to reduce the
relic density in the apparently overdense regions, or ptsbly invoking some form of?,, violation that
renders the LSP unstable.

The NUHM1 and NUHMZ2 offer one or two additional parametersttin general, enter into the
calculation of the relic density. Hence, they offer in piple an alternative possibility for adjusting
the relic density to respect the cosmological constraixtended regions of a benchmdrkg, m /2)
plane, or along segments of the embedded benchmark linesjjbogting one or both of the degrees of
non-universality of the SSB Higgs mass parameters. Vatyiage parameters does notimpact greatly the
sensitivities of the primary LHC missing-energy searctesSlUSY, though it may affect the sensitivity
to flavour observables such as BR{ sv) and BRB; — p* ), and certainly impacts the predictions
for and constraints imposed by Higgs searches [63, 68].

The study of these signatures lies beyond the scope of tlsisnglent. For our purposes here, it
is sufficient to note that the CMSSM models discussed about @so be taken as benchmarks for a
more detailed study of their extensions to the NUHM1 and/oiHW2 with M4 and/oryu adjusted to
fulfill the CDM constraint. With this idea in mind, we have éaped what value of: would bring the
relic density into the WMAP range for each of the CMSSM linad @oints defined above.

In the case oLine 10.1, this exercise is unnecessary, since the coannihilatigmfet tan 3 = 10
and 4y = 0 has the slopeny = 0.25 x m, /5. In the case oLine 10.2, a suitable choice &

NUHM Line 10.2: p = 80 GeV + 0.42 X my /3, (29)
for Line 10.3one may choose

NUHM Line 10.3: p = 74 GeV + 0.43 X my 3, (20)
and forLine 10.4one may choose

NUHM Line 104 : p = 68 GeV + 0.44 X my 3, (22)

though the linear approximation faris less accurate in this case.

8This is true if one fixes other, non-CMSSM, but otherwisevafe: parameters, in particular the mass of the top quark
or as. Allowing them to vary (even within their respectiter uncertainties) has a noticeable effect on the relic abwrelan
especially, although not only, in the regime of large.

®This linear fit, and the following ones, are approximatehwismall dependence of the numerical values of the coefficien
on the code used for the renormalization-group evolution.
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The NUHM1 modification of Line 10.2 produces some changesénbranching ratios listed in
Table 3. They) decays are dominated by the final state only in the case of 10.2.1 and 10.2.2. For
10.2.3 and 10.2.49 mostly undergoes 3-body! f f decays mediated by an off-shélt /. For 10.2.5
and beyondy9 — {Z. In all of these cases, gluinos mostly decayttandbb pairs, as for the CMSSM
10.2.X points. The modification of Line 10.3 has the consageehat the decay modg — x{h is no
longer kinematically accessiblgy — ! f f via an off-shellZ* /~ for points 1-4, whiley) — x{Z for
10.3.5 and beyond. In the case of Line 10.4,(BR> #t) = 1.

The coannihilation strip fotan 5 = 40 and Ay = —500 GeV may be parametrized by, =
171GeV + 0.318m, /5. This is very close to our CMSSMine 40.1, whose reference points provide
acceptable fits to the relic density. In the casd.iole 40.2, the dark matter density is approximately
satisfied for

NUHM Line 40.2: p = 95 GeV + 0.4 X my 3, (22)

and forLine 40.3 by
NUHM Line 40.3 : p = 50 GeV + 0.48 X my 3, (23)

though with nonlinear deviations at higher, /.

As in the case of thean 3 = 10 reference points, the change pfvalues for Lines 40.2 and
40.3 has the consequence that the decay m@de> x{h is no longer kinematically accessible, and
9 — xXVf £, via an off-shellZ* /+, is the dominant decay mode. The gluino decays remain ddetina
by stop and sbottom final states, with two-bagly> QQ (Q = ¢, b) modes for Line 40.2, and mostly
3-bodyj — Y"&QQ") modes for Line 40.3.

3.4 Planes, Lines and Points in mGMSB

We propose twolness, A) planes, distinguished by the identity of the NLSP, giviiiffedent final state
topologies.

3.41 mGMSB plane |
(A! Mmess) plane

Cgrav = 17 Nmess = 37 tanﬁ = 157 > 0. (24)

This plane corresponds to a stau NLSP, thus signaturedmdistaus plus missing energy plus jets.

3.4.2 mGMSB plane Il
(A, Myess) plane:This (Myess, A) plane is defined by:

Corav = 1, Niess = 1, tan 8 =15, 1> 0. (25)

This plane corresponds to a neutralino NLSP, which may detaya photon and a gravitino inside the
detector if the decay is prompt enough. Thus, signaturégdedets, missing energy and di-photons.

3.4.3 mGMSB lines and points

Here, we employsOFTSUSY to produce the spectra, which are successively heavieafdr point. The
decay branching ratios are calculated $gecay [73] for line mGMSB2.1 andHERW G++- 2. 5. 1
[74] for line MGMSB1 and mGMSB2.2.

Line mGMSBL is defined from mGMSB plane | bWyees = 3,tang = 15,4 > 0, A =
Mness/2 With A M55 = 10 TeV. Tabld® shows some salient features of the spectrumecal/d. The
point MGMSB1.2 corresponds to the SPS 7 benchmark poiht [54]
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It is clear from Tabld 9 that many signal events should havemton end points and missing
transverse momentum from cascade decays involving theeggimeutralinos, as well as other events
involving taus coming from the prompt stau NLSP decays iatstand gravitinos.

Table 9: LinemGMSB1: Npess = 3,tan 8 = 15, i > 0, AMpcss = 10 TeV (masses in GeV, rounded to 5 GeV accuracy,
branching ratios it%). [ stands for charged leptons of the first two generations.
Point H Mess/TEV \ ms, \ myo \ mg \ (mg) H BR() — Irl) \ BR(r — IG) \

mGMSB1.1 70 110 | 140 | 840 | 785 56 3
mGMSB1.2 80 125 | 165 | 950 | 885 59 8
mGMSB1.3 90 140 | 185 | 1055| 985 61 17
mGMSB1.4 100 155 | 205 | 1160 | 1080 62 32
mGMSB1.5 110 170 | 230 | 1265| 1180 62 47
mGMSB1.6 120 185 | 250 | 1370| 1285 63 61
mGMSB1.N

Line mGMSB2.1 is defined from mGMSB plane Il bV, = 1,tan = 15,4 > 0,A =
0.9M,,055 With AM,,.s = 10 TeV. Table 1D shows some salient features of the spectrundecels.
The squark masses are larger than the gluino mass, meaatrtgehmuliplicity of jets will be higher, on
average. Also, the possibility of producidts from the prompt neutralino NLSP decays for the heavier
points allows an additional handle on the events: one caddch for jets;y, Z and missing transverse
momentum.

Table 10: LinenGMSB2.1 Npess = 1, tan 5 = 15, u > 0, AMmess = 10 TeV (masses in GeV, rounded to 5 GeV accuracy,
branching ratios i).

Point H Mess/TEV \ mo \ mg \ (mg) H BR({ — G») \ BR({ — Z2°G) \
mGMSB2.1.1 80 115 | 705 | 820 99 1
mGMSB2.1.2 90 130 | 785 | 915 97 3
mGMSB2.1.3 100 145 | 865 | 1010 95 5
mGMSB2.1.4 110 160 | 940 | 1100 93 7
mGMSB2.1.5 120 175 | 1020 1190 90 10
mGMSB2.1.6 130 190 | 1095 | 1280 89 11
mGMSB2.1.N

Line mGMSB2.2is defined from mGMSB plane Il bf,ess = 1, tan 5 =15, 44 > 0, Mypess =
10° GeV andAA = 10 TeV. This line has a quasi-stable neutralino NLSP, with agerdecay lengths
of kilometres, resulting in missing transverse momentugnaiures. Table_11 shows some salient fea-
tures of the spectrum and decays. The squark masses anetlagehe gluino mass, meaning that the
muliplicity of jets will be higher, on average. The light&&P-even Higgs is produced in sparticle decay
chains in association with jets, starting from gluinos, i@ in the last two columns of the table.

3.5 Planes, Lines and Points in mMAMSB

We will define one ..y, mo) plane, which contains the SPS 9 benchmark point. Furtherme
include the model line defined in [64].

3.5.1 mMAMSB plane |
This plane is adopted from SPS 9.
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Table 11: LinemGMSB2.2 Nyess = 1, tan 8 = 15, Muess = 10° GeV,u > 0, AA = 10 TeV (masses in GeV, rounded to
5 GeV accuracy, branching ratiosj).

Point H A/Tev\ myo \ mg \ (mg) H BR(G — x377) \ BR(xJ — xJh) \
mGMSB2.2.1| 120 | 160 | 935 | 1155 17 48
mGMSB2.2.2| 130 | 175 | 1005 | 1245 17 52
mGMSB2.2.3| 140 | 190 | 1075] 1330 16 53
mGMSB2.2.4| 150 | 200 | 1145] 1420 16 55
mGMSB2.2.5| 160 | 215 | 1215] 1510 15 57
mGMSB2.2.6| 170 | 230 | 1280 1595 15 58
mGMSB2.2.N

(mauXv mO) plane:

tan 8 =10, > 0. (26)

3.5.2 mAMSB line and points
The line is defined on mMAMSB plane | above.

Line mAMSB1 hastan g = 10, u > 0, mg = 0.0075m... The discrete points have,,
as an integer multiple of 10 TeV, starting from 40 TeV. Somegtdees of the spectrum of the first few
points (obtained wittBOFTSUSY) are listed in Table~12. The points have production crosscecfor
gluino and squark final states in thie- 200fb range. The point MAMSB1.3 corresponds to the SPS 9
benchmark poin{[54].

Table 122mAMSB: tan 8 = 10, > 0, mo = 0.0075m.ux (Masses in GeV rounded to the nearest 5 GeV, branching matios
%).

Point H Maux ‘ mo H mg ‘ (mg) H mg, ‘ my, H BR(§ — tt) ‘ BR(g — bb) ‘
mMAMSB1.1 || 4 x 10* | 300 890 | 880 | 630 | 765 69 29
mMAMSBL1.2 || 5 x 10% | 375 1085| 1080 || 780 | 940 74 25
mMAMSB1.3 || 6 x 10* | 450 || 1280 | 1280 || 925 | 1110 76 24
MAMSB1.N

3.6 Planes, Lines and Points in the MM-AMSB
3.6.1 mMAMSB plane |

The mixed modulus-anomaly-mediated SUSY breaking soeismcharacterized by the parameters spec-
ified in Eq.[8. The parameteég can take value8 or 1 depending on whether the gauge field is localized
on aD3 or D7 brane, whereas; can be0, 1, or 1/2 for a matter field localized on &7 brane, aD3
brane, or a brane intersection. In the following we focus sgenario wheré, = 1 for all gauge fields
and wheren; = 1/2 for all matter fields. Furthermore we fixn 8 and the sign of: in accordance with
the benchmark scenarios in other SUSY breaking models. Wedbnsider a benchmark plane in the

gravitino massyng », and the parameter, which determines the relative weight of anomaly and gyavit
mediation:

(mg3/2, @) plane: tan 3 =10, > 0,n; = 1/2,1, = 1.
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3.6.2 MM-AMSB lines and points
For the first line in the MM-AMSB benchmark plane we fixand vary the gravitino mass:
Line MM-AMSB1 : o = 5 and20 < mg/y < 35.

This choice ofa results in a relative size of the weak scale gaugino massredeas ofM; : M, :

Mg ~ 1 :1.2: 2.2, quite different from the CMSSM with gaugino mass unificatet the GUT scale
and a corresponding weak scale ratioMf : My : Mz ~ 1 : 2 : 6. Thus, MM-AMSB models
with « =~ 5 typically have a more compressed mass spectrum than the ®MBE8e 1 within the
MM-AMSB is characterized by a SPS1la-like phenomenologyhaisequence of two-body decays and
features various mass edges. Points near line 1 furthenonovéle the correct dark matter abundance. A
set of benchmark points with squark and gluino masses inatnger between 1 and 1.5 TeV is collected
in Table[13. The spectrum has been calculated WBASUGRA [75]. It is interesting to note that it is
possible to distinguish the MM-AMSB models on line 1 from BMSSM by using information from
mass edges and cross sections [76].

Table 13: LineMM-AMSB1 : 20 < mg/, < 35witha = 5,tan 8 = 10, > 0,n; = 1/2,1, = 1 (sparticle masses in GeV
rounded to the nearest 5 GeV).

Point H a ‘ mg/ [TeV] H mg ‘ (mg) ‘ myo ‘
MM-AMSB1.1 | 5 20 1030| 915 | 430
MM-AMSB1.2 | 5 25 1270| 1125| 550
MM-AMSB1.3 | 5 30 1505| 1330 | 665
MM-AMSB1.4 | 5 35 1740| 1535| 780
MM-AMSB1.N

Line MM-AMSB2 features an increasing parameteresulting in a different ratio of weak scale mass
parameters and different phenomenology, includirng three-body decays. Along line 2 we fixs
such that the resulting squark and gluino masses are arofr@&Y¥, so that the benchmark points listed
in Table[I4 can be probed by upcoming LHC data in the neardutbiote however that points along
line 2 do not, in general, provide the correct dark mattendance.

Table 14: LineMM-AMSB2: 10 < a < 25 withtan 8 = 10, u > 0 ,n; = 1/2,1, = 1 (sparticle masses in GeV rounded to
the nearest 5 GeV)ng,, is fixed such the resulting squark and gluino mass spectramisd 1.2 TeV.

Point H « ‘ ms/o [TeV] H My : My : Ms ‘ mg ‘ (mq> ‘ mx(l) ‘
MM-AMSB2.1 || 10 10 1:1.5:3.3 | 1240| 1130 | 355
MM-AMSB2.2 || 15 6.5 1:1.6:3.8 |1280| 1170 | 315
MM-AMSB2.3 || 20 4.5 1:1.6:4.1 | 1220| 1115 280
MM-AMSB2.4 || 25 3.5 1:1.6:4.3 | 1205| 1105 | 260
MM-AMSB2.N

3.7 Planes, Lines and Points in the p19MSSM

In recent fits to a phenomenological MSSM, several pointhvfitted indirect data well were seen to
have the lighter parts of the spectrum rather degenéraje Y¥& take inspiration from these points in
order to define two simple p19MSSM planes with different manology. We also use the pl19MSSM
to implement ‘simplified models’, where one is interestedmty a few sparticles giving particular sig-
natures: the rest are set to be heavy and therefore irréletasurrent centre of mass energies. All
parameters are defined at the electroweak scale.
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3.7.1 pl9MSSM plane |

(M, M5 = m}itiind &%) plane:

3rd
My =m f“f“ = My n = 2500 GeV, mi;, =mf, =0, Ay, =0, tan =10, p >0  (27)
where the * inmfm implies the exception foér and iz whose masses are fixed. Plane | provides
significantly different phenomenology to previous stud8SM scenarios. For low values of; =

}Stpndgon the plane allows for quasi-degenerate squarks, gluinosanttalinos, which are likely to
L,R*

result in softer jets and thus be more difficult to detect,dioy given mass of squarks and gluinos. For
high values of the same parameter the plane captures a ligés gauginos-only scenario that could
also be difficult to rule out at a hadron collider. In the lateenario only neutralino and/or chargino
production is possible at the LHC.

3.7.2 pl9MSSM plane I
(M7, m;) plane:

Mg, = mg, = my, tan =10, u > 0,

Mz = My = m>rdeen — = 1= My = 2500 GeV,

for  OrdR.4L

At,b,T =0. (28)

We are also interested in models giving di-lepton plus mgs$iansverse momentum signatures, in the
absence of hard jets. The simplest model for this is to hae Bmuons, selectrons and lightest neu-
tralino and everything else heavy. The only SUSY producisotherefore neutralino LSP production
(possibly resulting in monojet signatures if one includeisidl state radiation) or slepton production.
One can obtain missing transverse momentum plus zero, da@deptons.

3.7.3 pl9MSSM lines and points
We define one p19MSSM line for each p19MSSM parameter plafigedieabove.

Line plOMSSM1 has M3 = m}St/Qndgen = 1.2M;, where M, is an integer multiple of 100
L,R

GeV. Some points along this line together with their glugtgprark masses and production cross-sections
are shown in Table_15. It is currently unknown whether thitkg points have been ruled out by LHC
SUSY searches, but a high level of compression in the MSStispes known to drastically reduce the
LHC experiments’ acceptances, at least with standard [¢8{s These spectra have been produced with
SOFTSUSY3. 1. 7 [49].

Line plOMSSM2 is in pl9MSSM plane II, defined along a line such that a neatralks the
LSP: M; = 0.75 x mj, Am; = 20 GeV. As can be seen from Talfle] 16, the right-handed sleptens a
lighter than the left-handed sleptons. All of the pointséhd@0% branching ratios for a first or second
generation charged slepton to go to the same flavour leptdraareutralino. Sneutrinos may also be
produced, resulting in missing transverse momentum, shmedecay to neutrinos and neutralinos.

3.8 Benchmark Planes, Lines and Points in the RPV-CMSSM

To aid comparison with the R-parity conserving case, our Riwes are based on CMSSM plane |
from Sectiorf 3.2]1, augmented by a single non-zero wedk-&fV coupling. When scanning over the
parametersn, andm, ,, we propose to include the points at lemy and highm, ,, where the stau is the
LSP, as well as neutralino LSP points. The stau LSP decayss lieen included iHERW G[79] in all
cases below. For potential analyses, see also the detaiied80] on looking for stau—LSP scenarios at
the LHC.

20



Table 15: Line plOMSSM1L: Ms = m}“”“dge“ = 1.2Mj,tan = 10, > 0,M, = m}idicn = Mepip =
- L,R* R

2500 GeV, m?,u = m%;d =0, Aip,- = 0, AM; = 100 GeV (masses are in units of GeV and rounded to the near-

est 5 GeV). The cross-section given in the final column is th©Nross-section of gluino and squark production at 7 TeV

proton-proton collider as calculated py ospi no [58-60]v2.1.

Point M, | M3 = m}itlind B mg | min(myg) Mgo | o (fb)
pl9MSSM1.1|| 300 360 435 450 280 | 30080
pl9MSSM1.2|| 400 480 570 525 330 | 6123
pl9MSSM1.3|| 500 600 700 650 340 | 1576
pl9MSSM1.4|| 600 720 830 780 342 | 467
pl9MSSM1.5| 700 840 960 900 345 | 153
pl9MSSM1.6| 800 960 1090| 1030 345 | 53
p19MSSM1.7| 900 1080 1215| 1150 345 | 19
p19MSSM1.8| 1000 1200 1340| 1280 345 7
p1OMSSML.N

Table 16: pLOMSSM2 M = 0.75 x my, tan 8 = 10,s > 0, My = Mo = m5*5" = m, =y =My =

UR,dr
2500 GeV, A;p - = 0, Am; = 20 GeV (masses are in units of GeV and roundestgthe nearest % Gh¥ cross-section
given in the final column is the cross-section of neutralind slepton production as calculated HgRW G++- 2. 5. 1 [74].
Point H mj ‘ My ‘ MX? ‘ Mep ‘ me, ‘ o (fb) ‘

p19MSSM2.1| 100 | 75 75 130 | 240 49
p19MSSM2.2| 120 | 90 | 90 | 150 | 250 32
p19MSSM2.3| 140 | 105| 100 | 165 | 260 28
p19MSSM2.4| 160 | 120 | 115 | 180 | 270 24
p19MSSM2.5| 180 | 135| 130 | 200 | 285 16
p19MSSM2.6| 200 | 150 | 145 | 220 | 295 14
p19MSSM2.N

3.8.1 RPV-CMSSM plane |
(mo, my/2) plane:

)\121(Mz) =0.01,u >0, tan 8 =10,49 =0 (29)

This plane produces a signal of four charged leptons andnaissingp, from two escaping neutrinos
along with additional jets etc from squark decays. SUSYaliscy should be easier than the correspond-
ing CMSSM plane due to the presence of the leptons. Forlgwand highm, 5, when the stau becomes
the LSP, the stau will decay via a 4—body decay, into threegetl a tau. This is included HERW G.

3.8.2 RPV-CMSSM plane I
(mo, my7) plane:

112(Mz) = 0.001, > 0,tan 8 = 10, Ag = 0 (30)

The neutralino can decay tgv, + 2 jets. Thus for this coupling the decay of the two neutralicas
lead to two electrons, an electron and a neutrino or two imamgtin the final state. The two electrons can
be opposite sign or same sign, due to the Majorana natures afetralino. Furthermore there are two
jets from the neutralino decay. The stau LSP region has alfody decay leading to two additionas

in the final state.
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3.8.3 RPV-CMSSM plane Il
(mo, my2) plane:

Tos(Mz) =1 x 1074 tan 8 = 10, 49 = 0 (31)

Here, we have the minimal inclusive eight-jet signaturehwib missing transverse momentum. The
search strategies proposed so far rely on the charged tefrtmm the cascade decdy [81] 82] and the
possible jet structuré [83]

3.8.4 Lines

Each RPV-CMSSM parameter plane has one associated linesimpter space. For two of the parameter
planes, we simply use CMSSM Line 10.1, whereas for the otlierchoose a line with a stau LSP
to illustrate scenarios with additional taus in the finaltsttopology. We leave the RPV parameter
unchanged.

Line RPV1 This line is defined ad;21 (M) = 0.01, my = 0.25 X my 2, With reference points
spaced in steps aim,,, = 50 GeV. Using the di-leptons from cascade decays involvifjgmay
be complicated by the presence of electrons and muons cdimingthe LSP decay. The inclusive
signal of this line is 2 jets plus four leptons, each of whicaynbe neutral, a muon or an electron. The
muon and electron can be of either charge. Thus possible inatidns of four charged leptons are
etete e, ete pte ,ete p~et, ptute e, p~u~etet, ptu~ete™, with the fourth and fifth
particulalry spectacular. The basic features of the spedtpoints RPV1.1-RPV1.5 are given in Table 2,
with neutralino decays as in Talhle]17.

Mode BR Mode BR Mode BR
0 —eter, [050| Y —etuv. | 0.25] XY — e puTr. | 0.25

Table 17: Branching ratios of neutralino LSPs along RfeV1. They are independent of the mass point. Particles marked
may also be anti-neutrinos.

Line RPV2 \|;5(Mz) = 1073, mg = 50 GeV, with reference points spaced in stepa\ofh, o =
50 GeV. This line has a neutralino LSP for,; , < 350 GeV, but a stau LSP in the selected range of
reference pointsn, , > 400 GeV. For the chosen value af (M) = 1073, the stau decay length is
in the range of 1 cm, as shown in Tabld 18. The final state sigeatvhen the staus decay inside the
detector, is six jets plus two first-generation leptons plustaus. The charged leptons can be like-sign
or opposite sign.

Table 18: LineRPV2: \j;2(Mz) = 107%,mo = 50 GeV, tan 8 = 10, Ao = 0, u > 0, Amy /> = 50 GeV (masses in GeV,
rounded to 5 GeV accuracy, branching ratio&in Particles marked may also be anti-neutrinos, and in the final column, the
e denotes electrons and positrons. The charge of ikédentical to that of the.

Point H my /o ‘ mgo ‘ mz ‘ mg ‘ (mg) H cr(mm) ‘ BR(7T — 1jjv) ‘ BR(T — ejj7) ‘
RPV2.1| 400 | 160 | 155| 935 | 840 x (1073 /Nj15)? 60 40
RPV2.2 || 450 | 185 | 175 1040| 935 10><(1 3 /\0)? 57 41
RPV2.3 | 500 | 205 | 190 | 1150 | 1030 || 11x(1073/\|;5)? 57 43
RPV2.4 | 550 | 225 | 210 | 1250 | 1120 || 11x(10 3/>\112)2 56 44
RPV2.N

Line RPV3 N3 (Mz) = 1 x 107%,my = 0.25 x my 5, With reference points spaced in steps
of Am,,, = 50 GeV. The inclusive signal of this model is 6 jetsp2jets and no intrinsic missing
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transverse momentum. The additional leptons coming froseaxdes involvingy) will likely provide a
useful handle when searching for this difficult SUSY scemarfhe basic features of the spectra of points
RPV3.1-RPV3.5 are given in Tallé 2, with neutralino decaymarabld 19.

Mode Branching ratio| Mode Branching ratio
X1 — jgb 0.50 X0 — jjb 0.50

Table 19: Branching ratios of neutralino LSPs along R2V3. They are independent of the mass point.

3.9 Benchmark Lines and Points in the NMSSM

As stated in Section 2.9p and A are required to be small in the cNMSSM, leaving ;, as the only
essential free parameter. Fiximgy, = 0 and\ = 10~3 defines aLine cNMSSM with points listed

in Table[20. More properties of these points (obtained froedNMHDECAY/NMSPEC/NMSDECAY
computer codes [84]) and proposed cuts can be found_in [8%]theé cNMSSM the LSP is always
singlino-like and the NLSP is a stau with slightly larger mashis configuration leads to sparticle decay
cascades that are typically richiAleptons.

Point My | Mg | Mag | Mgo | Mma
cNMSSM.1| 520 | 1190| 1045 | 142 | 147
cNMSSM.2 | 600 | 1360 | 1190| 166 | 171
cNMSSM.3 || 800 | 1780 | 1545 | 225 | 229
cNMSSM.4 || 1000 | 2190 | 1895| 282 | 286
cNMSSM.N

Table 20: LinecNMSSM: mo = 0 andA = 10~ 3. (Masses in GeV; gluino and squark masses rounded to 5 GeNaayc)

The fact that there is also motivation for nonuniversal larg conditions (vs. the complete uni-
versality in the cNMSSM), and the fact thaandm must be so small in the cNMSSM in order to have
correct phenomenology suggests that it may be importardrisider the slightly less restricted scenarios
of the CNMSSM and thesNMSSM as described earlier.

A global study of the CNMSSM [53] has shown that (pre-LHC)adatrongly “pull” A\ and
towards zero, which is a decoupling limit. In this limit thegnomenology of the model very much
resembles that of the CMSSM. Nevertheless, Bo#mdx are allowed to be substantially different from
zero, withk ~ A. The lightest neutralino tends to be bino dominated, andigiheest Higgs scalar is
SM-like, just as in the CMSSM. For this reason we believe thatbenchmark lines and planes defined
above for the CMSSM are applicable also to the CNMSSM. On thesifiie of the coin, in the preferred
region of parameter space it is likely to be very challendmdistinguish between the two models at the
LHC. Additional work is needed to clarify this in more detail

ThesNMSSM, on the other hand, leads to a vastly expanded range of sagn@ne scenario that
exemplifies this is outlined below. We give only a single paNMSSM1.1specified by the parameters
given in Tabld_2IL; more will be added in the future.

A myse | mo | mp, | Mo, Ag Ay Ay tan 8 | sign(u)
0.406 | 481 | 1078 | 5639 | 868 | —1500 | —664 | —1870 | 3.13 —

Table 21: PoinsNMSSM1.1 GUT scale parameters (masses in GeV) exceptafors and A which are given at scale: z.
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Some of the interesting and, indeed, intriguing aspectkisfdoint are as follows. The LSP has
a mass ofv 21 GeV and is primarily singlino-like with correct relic densityoin s-channel annihlation
through the singlet-like Higgs bosoh;, wherem,,, ~ 49 GeV. The SM-like Higgs,he, hasmy,, ~
115 GeV. The lightest CP-odd Higgs boson is singlet in nature andnmassm,, ~ 21 GeV. The
lightest stop has a mass of504 GeV, but all other squarks and the gluino have masses above a TeV.

Decay chains are quite exotic. For example, squarks andaguften decay down to thg], the
latter decaying 37% of the time intbth and20% of the time to;ZfZ. Thehs decays 68% of the time
to the invisible singlinos and 20% of the time inigh,, where theh,; decays 74% of the time @, a1,
with a; decaying 92% of the time tbh. As a result, 15% of alh, decays and 2% of all left-handed
squark decays result in a final state containing eigiuiarks.

This point serves to illustrate the huge range of scendnaisare possible in the context of tbi-
MSSM. It will be quite challenging to discover such a scenarioe $ame applies to many other “exotic”
scenarios that are possible within §lMSSM on the basis of limits on either Higgs or supersymmetric
particles.

4. Summary

We have proposed in this document various benchmark sosrfarifuture SUSY searches at the LHC.
These benchmark subspaces of the MSSM could be useful faréisentation of experimental results,
and the specific benchmark points illustrate different issexperimental signatures for testing and
comparing detector performances. In making our proposashave been guided by the impressive
reaches already demonstrated by the LHC experiments, valiehdy exclude large domains of the pa-
rameter spaces of some well-studied models. On the othel baan larger domains of parameter space
remain to be explored with the increases in luminosity antreeof-mass energy currently envisaged.
We include in our selection of benchmarks parameter pldresave already been partially explored as
well as embedded lines and discrete points, some of which alagady been explored by the LHC and
other experiments but may serve as useful points for cosgariThe points are defined on parameter
lines such that they can be extended to higher masses. Thug g®int becomes excluded, a new point
is already defined (the lightest one not ruled out by an LHG&grment to 95 confidence level).

Our most detailed proposals have been for the CMSSM anedetabdels, but we have also made
proposals in the contexts of alternative scenarios forrsypemetry breaking. These proposals are less
developed and detailed than in the CMSSM, reflecting thetfaatt historically, the phenomenologies
of these models have been studied less. In view of the inoggasessure applied by the LHC to the
CMSSM, such alternative models may merit more phenomereabgttention in the future. In order
to encourage this, we also provide explicit proposals forchenark points and parameter planes in
the mGMSB, mAMSB, and thé?,-violating CMSSM. We also include some simplified modelshwit
specific collider topologies by exploiting a 19-dimensiboparameterisation of a phenomenologically
parameterised weak-scale MSSM, the p19MSSM.

We note that many of the supersymmetric signatures (for plaets plus missing transverse
momentum) are insensitive to the presence of Higgs scaardsng as their couplings are not too large
S0 as to change the supersymmetric spectrum. Thus, somestealf our planes, lines and points may
apply also to the NMSSM, as well as to MSSM-based models. Mexyé is likely that Higgs signals
appearing in cascade decays would be different in the NMS8#singlino LSPs could extend the
length of the cascades. Further, if the LHC should discovBiMalike Higgs above about 140 GeV,
which is above the upper limit of the MSSM but not the NMSSM tbhcus of SUSY searches would
obviously shift away from the MSSM to non-minimal realisais of SUSY. The same would apply
should a relatively light Higgs boson be observed decaying pair of still lighter scalars. We have
included proposals for benchmark points and a parameteitiithe NMSSM, in order to illustrate the
potentially more “exotic” phenomenology in this model.
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