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Part |
Preface

In this working group we have investigated a number of aspefctearches for new physics beyond the Standard
Model (SM) at the running or planned TeV-scale colliders.r #@ most part, we have considered hadron
colliders, as they will define particle physics at the endrgwptier for the next ten years at least. The variety
of models for Beyond the Standard Model (BSM) physics hasvgrismmensely. It is clear that only future
experiments can provide the needed direction to clarifgtreect theory. Thus, our focus has been on exploring
the extent to which hadron colliders can discover and stugiMiBhysics in various models. We have placed
special emphasis on scenarios in which the new signal mighifficult to find or of a very unexpected nature.
For example, in the context of supersymmetry (SUSY), we lcavisidered:

¢ how to make fully precise predictions for the Higgs bosonwelt as the superparticles of the Minimal

Supersymmetric Standard Model (MSSM) (parts 111 §nH 1V);
e MSSM scenarios in which most or all SUSY particles have rdtirge masses (parf§ V apd VI);

¢ the ability to sort out the many parameters of the MSSM usingraety of signals and study channels
(part[VI);

¢ whether the no-lose theorem for MSSM Higgs discovery carxbeneed to the next-to-minimal Super-
symmetric Standard Model (NMSSM) in which an additionalgtin superfield is added to the minimal
collection of superfields, potentially providing a natueaplanation of the electroweak value of the pa-
rametery (part[VITI);

e sorting out the effects of CP violation using Higgs plus siussociate production (pdrt]IX);

e the impact of lepton flavor violation of various kinds (pj X

e experimental possibilities for the gravitino and its sgdildo partner (paift XI);

e what the implications for SUSY would be if the NuTeV signat @-muon events were interpreted as a
sign of R-parity violation (parft X]I).

Our other main focus was on the phenomenological implioatiof extra dimensions. There, we considered:

e constraints on Kaluza Klein (KK) excitations of the SM galgsons from existing data (part X1i1) and
the corresponding projected LHC reach (gart[XIV);

e techniques for discovering and studying the radion fieldcWwhis generic in most extra-dimensional
scenarios (paft XV);

e the impact of mixing between the radion and the Higgs seetdully generic possibility in extra-
dimensional models (paft XV1);

e production rates and signatures of universal extra diroessit hadron colliders (pdrt XVI1);

e black hole production at hadron colliders, which would léattuly spectacular events (part XVII1).
The above contributions represent a tremendous amount i evothe part of the individuals involved and
represent the state of the art for many of the currently mopbitant phenomenological research avenues. Of
course, much more remains to be done. For example, one stontithiue to work on assessing the extent to
which the discovery reach will be extended if one goes beybed HC to the super-high-luminosity LHC
(SLHC) or to a very large hadron collider (VLHC) witl{s ~ 40 TeV. Overall, we believe our work shows
that the LHC and future hadronic colliders will play a pivotale in the discovery and study of any kind
of new physics beyond the Standard Model. They provide tnglmes potential for incredibly exciting new
discoveries.
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also thank our colleagues of the QCD/SM and HIGGS workingigsdor the very constructive interactions we
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Part Il
Theoretical Developments

J. Gunion, J. Hewett, K. Matchev, T. Rizzo

Abstract

Various theoretical aspects of physics beyond the Staridad#! at hadron colliders
are discussed. Our focus will be on those issues that mosediately impact the
projects pursued as part of the BSM group at this meeting.

1. Introduction

The Standard Model (SM) has had a tremendous success dag@itysical phenomena up to energied 00
GeV. Yet some of the deep questions of particle physics direlsbuded in mystery - the origin of electroweak
symmetry breaking (and the related hierarchy problem)pthesics of flavor and flavor mixing, P-violation

etc. Any attempt to make further theoretical progress on @my of these issues necessarily requires new
physics beyond the SM.

It is generally believed that the TeV scale will reveal atstesome of this new physics. Throughout
history, we have never gone a whole order of magnitude upeénggrwithout seeing some new phenomenon.
Further support is given by attempts to solve the gauge ricteyaproblem. Either there is no Higgs boson
in the SM and then some new physics must appear around theCB®/te unitarizd /W scattering, or the
Higgs boson exists, and one has to struggle to explain thetfatits mass is minute in (fundamental) Planck
mass units. Very roughly, there are three particularly oeliing categories of new physics that are capable of
solving the hierarchy problem.

e Supersymmetry (SUSY):
Low energy supersymmetry eliminates the quadratic ulbfavisensitivity of the Higgs boson mass,
which arises through radiative corrections. Supersymyrmgtiarantees that these contributions cancel
between loops with particles and those with their supengast making the weak scale natural provided
the superpartner masses &rél TeV).
In its minimal version, a supersymmetrized standard modeldmly one additional free parameter - the
supersymmetric Higgs mags However, supersymmetry has to be broken, which leads toliégpation
of the number of independent input parameters. There arg difierent models on the market, differing
only in the way SUSY breaking is communicated to “our worl&urthermore, one can go beyond the
minimal supersymmetric extension of the Standard Model$M$ e.g. to the Next-to-Minimal Super-
symmetric Standard Model (NMSSM) where an extra singleedigid is added to the MSSM matter
content. Then the so-called R-parity breaking models ihtce additional Yukawa-type couplings be-
tween the SM fermions and their superpartners; there arelsadth multiple extra U(1) gauge groups,
etc. (for a recent review, se¢|[1]). Garden varieties of all othenodels have been extensively studied.
In this report, our focus will be on models which yield unussignatures and/or make discovery/study
of SUSY more difficult.

e Technicolor (TC):
Technicolor (for a recent review, sdg [2]) has made a resoegéhrough models where the heavy top
quark plays an essential role, such as the top-color agdsietdnicolor model and models in which
an extra heavy singlet quark joins with the top-quark to gige to electroweak symmetry breaking
(EWSB). Very little work was done on this class of models & thorkshop and so we will not discuss



such models further. It should, however, be noted that intoithese models, an effective low-energy
Higgs sector emerges that typically is equivalent to a gdrern-Higgs-doublet model (2HDM). Light
pseudo-Nambu-Goldstone bosons can also be present.

e Extra dimensions:
Extra dimensions at or near the TeVscale may bring the relevant fundamental particle physiases
down to a TeV and thus eliminate the hierarchy problfr] [3f4his scenario were true, it would have a
profound influence on all types of physics at the LHC and diileeire colliders. Extra dimensions impact
the Higgs sector and can even give rise to EWSB. They canedsitd Kaluza Klein (KK) excitations of
normal matter. The production of small black holes at the Lbi#€Comes a possibility. Such black holes
would promptly decay to multiple SM particles with a therrdadtribution, giving striking signatures. A
number of the many possibilities and the related experiatariinsequences were explored during this
workshop and are reported here.

2. SUSY and expectations for hadron colliders

Even within the context of the minimal supersymmetric mqiiéESM) with R-parity conservation, there are
103 parameters beyond the usual Standard Model (SM) pagesn@&ifferent theoretical ideas for soft-SUSY
breaking can be used to motivate relations between thesenpters, but as time progresses more and more
models are being proposed. In addition, one cannot ruleheupossibility that several sources of soft-SUSY
breaking are present simultaneously.

Typically, any theoretical model will provide predictiofsr the soft-SUSY breaking parameters at a
high scale, such as the GUT scale. For example, in mSUGRAihienal supergravity model (sometimes also
called the constrained MSSM — cMSSM), the universal GUTessaalar masd/j, the universal GUT-scale
gaugino mass/, s;, the universal trilinear term, the low-energy ratiaan 3 of Higgs vacuum expectation
values, and the sign of theparameter,

M07M1/27A07tan ﬂ781gn(,u) (1)

fully specify all the soft-SUSY breaking parameters onae bnormalization group equations (RGE) are re-
quired to yield correct EWSB. More generally, the RGEs pmteva link between the experimentally observed
parameters at the TeV scale and the fundamental physice high-energy scale. The amount of information
we can extract from experiment is therefore related to tkeeipion with which we can relate the values of the
parameters at these two vastly different scales. Precis#ighions require multi-loop results for the RGE and
the related threshold corrections, and a careful assessrhal systematic uncertainties. This is the focus
of a couple of the contributions to this report (pdrtk 111 dRfl. At the meeting, there was also considerable
discussion of the extent to which a given set of low energwpaters could be ruled out or at least discrim-
inated against by virtue of constraints such as: requirirag the LSP be the primary dark matter constitute;
correctb — sv; ‘correct’ g, — 2; etc. Currently there are many programs available for evaluatiegmpact

of such constraints, and they tend to give diverse answersorhe cases, numerically important effects have
been left oute.gcertain co-annihilation channels, higher-order term&@RGE equations, and so forth. In the
remaining cases, the spread can be taken as an indicatiba tifa¢oretical uncertainty involved in relating the
TeV and unification scales. While progress in this area has beade, as summarized [ [5], no summary of
the status was prepared for this report. However, one impbdonclusion from this effort is clear. There are
regions of parameter space, even for the conventional mSU&Re of Eq.[(1), for which very high sparticle
masses could remain consistent with all constraints. Tieewvation led to renewed focus on LHC sensitivity
to SUSY models with very high mass scales (ppits V[afd VI),aasiply also preferred by coupling constant
unification withas(mz) < 0.12. For example, naturally heavy squark masses are allowdkifotus point



scenario[[p] and would ameliorate any possible problemis fldavor-changing neutral currents (FCNC) related
thereto [[¥].

More generally, it would be unwise for the experimental camity to take too seriously the predictions
of any one theoretical model for soft-SUSY breaking. It iportant that convincing arguments be made that
TeV-scale SUSY (as needed to solve the hierarchy problempealiscovered for all possible models. Much
work has been done in recent years in this respect, and stawtsefiere continued during the workshop and
are reported on here. In general, the conclusions are yEsieV-scale SUSY discovery at the LHC will be
possible for a large class of models. Further, after th@lndiscovery, a multi-channel approach, like the one
presented in paft {Il, can be used to determine the soft-Shigaking parameters with considerable precision.

An important aspect of verifying the nature of the SUSY maoad#ll be a full delineation of its Higgs
sector. In the MSSM, the Higgs sector is a strongly constichiHDM. In particular, in the MSSM, there is
a strong upper bound on the mass of the lightest CP-even Biggmn (), < 130 GeV) and strong relations
between its couplings and the CP-odd Higgs mass parameteAs a result, there is a ‘no-lose’ theorem for
MSSM Higgs discovery at the LHC (assuming that Higgs decaysairs of SUSY particles are not spread
out over too many distinct channels). Howeveryify > 300 GeV andtan 5 has a moderate value somewhat
above 3, then existing analyses indicate that it will be \eagd to detect any Higgs boson other than the light
CP-everi (which will be quite SM-like). TheH, A and H* (all of which will have similar mass) might well
not be observable at the LHC. Further work on extending tlg@-tin 3 7 signals for theH, A, H* to the
lowest possibleéan 8 values and on finding new signals for them should be pursued.

However, an even bigger concern is the additional diffiesltassociated with Higgs discovery if the
MSSM is extended to include one or more additional singlgesiields (leading to additional Higgs singlet
scalar fields). The motivation for such an extension is suttstl. First, such singlets are very typical of string
models. Second, it is well-known that there is no convin@ogrce for a weak-scale value of theparameter
of the MSSM. The simplest and a very attractive model for gativeg a weak-scale value faris the NMSSM
in which one singlet superfield is added to the MSSM. The quggential term\S H,H, (whereS is the singlet
superfield anofld, H, are the Higgs superfields whose neutral scalar componestgie rise to the down and
up quark masses, respectively) gives rise to a weak-schle f@ . provided )\ is in the perturbative domain
and(S) = O (myz). Both of these conditions can be naturally implemented @NMSSM. This simple and
highly-motivated extension of the MSSM leads to many neviuies for SUSY phenomenology at the LHC
and other future colliders. However, its most dramatic iotfgthe greatly increased difficulty of guaranteeing
the discovery of at least one of the NMSSM Higgs bosons (thevebeing 3 CP-even Higgs bosons, 2 CP-odd
Higgs bosons and a charged Higgs pair). Very substantiglress was made as part of this workshop in filling
previously identified gaps in parameter space for whichodisry could not be guaranteed. However, remaining
additional dangerous parameter regions, and the new reelexperimental discovery channels, were identified.
Substantial additional effort on the part of the LHC comntyimiill be required in order to demonstrate that
Higgs discovery in these new channels will always be possiBar{ VII} of this report discusses these issues
in some depth.

In the simplest models of soft-SUSY-breaking, it is gerlgratsumed that the soft-SUSY-breaking pa-
rameters will not have phases (that cannot be removed bylesifiefd redefinitions). Even in the MSSM, the
presence of such phases would be an essential complicatidtHiC SUSY phenomenology, and most par-
ticularly for Higgs sector discovery and study. In genenagny things become more difficult. An exception
would be if one can simultaneously produce a pair of squarless$ociation with a Higgs boson. Such signals
would allow a first determination of the non-trivial phaséshe theory, since the production of the CP-adid
in association with two light top squarkd, + #; + 71, is an unequivocal signal of non-trivial phases for the
and A (soft tri-linear) parameters of the MSSM. Some aspectsisfdte explored in paft]X. The experimental
viability of such signals will require further study.
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In many SUSY models, lepton flavor violating (LFV) decays afigus particles can occur. Lepton-
flavor-violating interactions can easily arise as a redudt difference between the flavor diagonalization in the
normal fermionic leptonic sector as compared to that in thpten sector. Typically this is avoided by one of
two assumptions: a) a common leptonic flavor structure ferléipton and slepton sectors (alignment) or b)
flavor-blind mechanism of SUSY breaking, which yields steptmass matrices which are diagonal in flavor
space. No convincing GUT-scale motivation for either okthpossibilities has been expounded. In fact, many
string models suggest quite the contrary (seg, [H]). Further, neutrino masses and mixing phenomenology
could be indicating the presence of lepton flavor violatimigiactions, especially in the context of the see-saw
mechanism. In particular, as shown in ggrt X of this repogegetations based on neutrino mixing phenomenol-
ogy lead to rates for — puy decays at highan 3 (which enhances these decays in the MSSM) that are very
similar to existing bounds on such decays, implying thay timéght be observed in the next round of exper-
iments. If one wishes to suppress LFV decays in the most genase, very large slepton masses would be
required. This would, of course, fit together with the largaask masses needed for guaranteed suppression of
FCNC decays.

One parameter that is not conventionally included in the M@SM SUSY parameters is the goldstino
mass (which determines the mass of the spin-3/2 gravitifie. gravitino mass is related to the scale of SUSY
breakingF' by

&t F
m3je =\ 5 75— 2)

3 Mp;
Further, the interactions of the goldstino part of the gmwi (and of its spin zero sgoldstino partners) are
proportional tol /F'. (The masses of the goldstinoss, m p are not determined.) In mMSUGRA models and the
like, F'is sufficiently large that the goldstino and sgoldstino reasse so large, and their interaction strengths
so small, that they are not phenomenologically relevantwéier, in some models of SUSY breakifgis
relatively small. A well-known example is gauge-mediatédlSY breaking for whichf' can be small enough
for the goldstino to be the true LSP into which all more mas$JSY particles ultimately decay. In such
a case, all of SUSY phenomenology changes dramatically. s@jbkelstinos might also be light, with masses
anywhere below TeV being reasonable. In this case, {0F < 1 TeV, they could yield some very significant
experimental signals, discussed in dait XI. For exampley thight appear in rare decays of thigy and T
or lead to FCNC interactions. For small enoufjhdirect production of sgoldstinos becomes significant at th
LHC for masses up to about a TeV (in particular vigga— S vertex of the form™/2 F¢ F#S) and would
yield some unique signatures.

The possibility of R-parity violation in SUSY models has hesxtensively considered][9]. There are
three possible sets of RPV couplings as specified in the gafesttial:

NijiLiLj By + )\;ijinDk + )\gljkﬁiﬁjﬁk ; 3

where SU(2) and color-singlet structures are implied. Hayg ()\;’jk) must be antisymmetric undér— j

(j « k). For proton stability, we require that either thgk = 0 or that);;;, = )\;jk = 0. One of the most
under-explored possibilities for the LHC is that one or mofehe \”’s is non-zero. This would imply that
the neutralino ultimately decays to 3 jets inside the detecthere would be no missing energy. If the mass
difference between thg? andy; is small (as possible, for example, for anomaly mediated Bbi®aking and

in some types of string-motivated boundary conditions)f ¢ie leptonic branching fractions of the charginos
and heavier neutralinos are small, then there might alseWwehfard leptons in the LHC events. The main
SUSY signature would be extra events with large numberstsf {hether or not such events can be reliably
extracted from the large QCD background, and especiallyrtagimum SUSY particle mass for which such
extraction is possible, is a topic awaiting future studye Téptonic type of RPV would lead to very clear LHC
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signals for SUSY, in which events would contain extra leptars well as some missing energy from the extra
neutrinos that would emerge from decays. For examylg, would lead to decays of the neutralino LSP such
asxy — ppv.

It is just possible that the NuTeV dilepton everts| [10] cobéla first sign of R-parity violation. The
explanation proposed in p4rt XII requirass; # 0 (leading to the decay®! — p; pfv- andx) — 77 pjv,,
and conjugates thereof). The explanation proposed for ¢watiion events, in which the light neutralinos are
produced int, B decays) would also require the existence of a mixed leptoaitronic RPV coupling\ 5.
In general, the weakness of the constraints on couplingsvimg the 3rd generation and the large size of the
similar Yukawa couplings related to quark mass generatath favor signals related to 3rd generation leptons
and quarks.

3. Extra Dimensions

An alternative to SUSY for explaining the hierarchy problenthat the geometry of space-time is modified at
scales much less than the Planck scalg;. In such models, which may still be regarded as rather sptreg)

but have attracted a lot of attention recently, the 3-spdtiaensions in which we live form a 3-dimensional
‘membrane’, called ‘the wall’, embedded in a much largeraxtimensional space, known as ‘the bulk’, and
that the hierarchy between the weak sealé0® GeV and the 4-dimensional Planck scalg,; ~ 10'° GeV is
generated by the geometry of the additional bulk dimensidhss is achievable either by compactifying all the
extra dimensions on tori, or by using strong curvature ¢dfecthe extra dimensions. In the first case, Arkani-
Hamed, Dimopoulos, and Dvali (ADDJ][B,]1[1,]12] used this pietto generate the hierarchy by postulating a
large volume for the extra dimensional space. In the latdsecthe hierarchy can be established by a large
curvature of the extra dimensions as demonstrated by RamdlSundrum (RS)]4]. It is the relation of
these models to the hierarchy which yields testable piieditat the TeV scale. Such ideas have led to extra
dimensional theories which have verifiable consequenceseaent and future colliders.

There are three principal scenarios with predictions affé¥ scale, each of which has a distinct phe-
nomenology. In theories with Large Extra Dimensions, psgabby ADD [B[ 1}, 12], gravity alone propagates
in the bulk where it is assumed to become strong near the voedde SSauss’ Law relates the (reduced) Planck
scaleM p; of the effective 4d low-energy theory and the fundamentalest/ p, through the volume of the
§ compactified dimensionsg/s, via prl = V};W?é. M p; is thus no longer a fundamental scale as it is
generated by the large volume of the higher dimensionalespidt is assumed that the extra dimensions are
toroidal, then setting/ , ~ TeV to eliminate the hierarchy betwedi p; and the weak scale determines the
compactification radiug of the extra dimensions. Under the further simplifying asption that all radii are
of equal size}; = (2rR)°, R then ranges from a sub-millimeter to a few fermi for= 2 — 6. Note that the
case ofd = 1 is excluded as the corresponding dimension would diredtlyr &lewton’s law on solar-system
scales. The bulk gravitons expand into a Kaluza-Klein (Kétyer of states, with the mass of each excitation
state being given byn2 = n?/R2. With such large values d& the KK mass spectrum appears almost contin-
uous at collider energies. The ADD model has two importaiitder signatures: i) the emission of real KK
gravitons in a collision process leading to a final state withsing energy and) the exchange of virtual KK
graviton towers between SM fields which leads to effective-8icontact interactions. Except for the issue of
Black Hole (BH) production to be discussed below, we will saymore about the ADD scenario as work was
not performed on this model at this workshop.

A second possibility is that of Warped Extra Dimensionshia simplest form of this scenarif] [4] gravity
propagates in a 5d bulk of finite extent between t®a- 1)-dimensional branes which have opposite tensions.
The Standard Model fields are assumed to be constrained tf timese branes which is called the TeV brane.
Gravity is localized on the opposite brane which is refetieds the Planck brane. This configuration arises
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from the metricds? = e*zkynwdm“dx” — dy? where the exponential function, or warp factor, multiptyine
usual 4d Minkowski term produces a non-factorizable geomandy € [0, 7 R] is the coordinate of the extra
dimension. The Planck (TeV) brane is placed at 0(7R). The space between the two branes is thus a slice
of AdSs: 5d anti-deSitter space. The original extra dimension ramactified on a circles! so that the wave
functions in the extra dimension are periodic and then olthéfd by a single discrete symmetry forcing the

KK graviton states to be even or odd unger —y. Here, the parametérdescribes the curvature scale, which
together withM p (D = 5) is assumed[[4] to be of ordédl p;, with the relationﬁil = M%/k following

from the integration over the 5d action. Note that that tteegeeno hierarchies amongst these mass parameters.
Consistency of the low-energy description requires thaGith curvatureRs = —20k2, be small in magnitude

in comparison taVf p, which impliesk/M p; < 0.1. We note that mass scales which are naturally of order
M p; on they = 0 brane will appear to be of order the TeV scale onghe 7R brane due to the exponential
warping provided that R ~ 11 — 12. This leads to a solution of the hierarchy problem.

The 4d phenomenology of the RS model is governed by two paeasé, = M pe*#7, which
is of order a TeV, and:/M p;. The masses of the bulk graviton KK tower states ang = ke FAT —
oAk /M p; with the x,, being the roots of the first-order Bessel functién The KK states are thus not
evenly spaced. For typical values of the parameters, the ofabe first graviton KK excitation is of order a
TeV. The interactions of the bulk graviton KK tower with thMSields are [1B]

[e.9]

1 1
0% (0) 0% (n)
AL = _—PIT (@) hyw () — —WT (x) g hy () 5 4)

n=1

n)

whereT*” is the stress-energy tensor of the SM fie?@fg is the ordinary graviton anhif“, are the KK graviton
tower fields. Experiment can determine or constrain the esasg and the coupling\,. In this model KK
graviton resonances with spin-2 can be produced in a nunilibfferent reactions at colliders. Extensions of
this basic model allow for the SM fields to propagate in the ffj-{18]. In this case, the masses of the bulk
fermion, gauge, and graviton KK states are related. A thinchmeter, associated with the fermion bulk mass,
is introduced and governs the 4d phenomenology. In this, ¢dsexcitations of the SM fields may also be
produced at colliders.

One important aspect of the RS model is the need to stabhiges¢paration of the two branes with
kR ~ 11 — 12 in order to solve the hierarchy problem. This can be done iataral manner[[19] but leads
to the existence of a new, relatively light scalar field witmass significantly less thak, called the radion.
This is most likely the lightest new state in the RS scenafibe radion has a flat wavefunction in the bulk
and is a remnant of orbifolding and of the graviton KK decosifion. This field couples to the trace of the
stress-energy tensox; T}, /A, and is thus Higgs-like in its interactions with SM fields. dddition, it may
mix with the SM Higgs altering the couplings of both fields.a8#hes for the radion and its influence on the
SM Higgs couplings will be discussed below.

The possibility of TeV!-sized extra dimensions arises in braneworld models [2@}thBmselves, they
do not allow for a reformulation of the hierarchy problem they may be incorporated into a larger structure
in which this problem is solved. In these scenarios, thedgtahModel fields may propagate in the bulk. This
allows for a wide number of model building choices:

¢ all, or only some, of the SM gauge fields are present in the; bulk

e the Higgs field(s) may be in the bulk or on the brane;

e the SM fermions may be confined to the brane or to specificésdalthe extra dimensions.
If the Higgs field(s) propagate in the bulk, the vacuum exgémt value (vev) of the Higgs zero-mode, the
lowest lying KK state, generates spontaneous symmetnkinga In this case, the gauge boson KK mass
matrix is diagonal with the excitation masses given[b + 7 - 77/ R?]'/?, where M, is the vev-induced
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mass of the gauge zero-mode andabels the KK excitations i extra dimensions. However, if the Higgs
is confined to the brane, its vev induces off-diagonal elémenthe mass matrix generating mixing amongst
the gauge KK states of ord¢n/,R)?. For the case of 1 extra dimension, the coupling strengtihefulk
KK gauge states to the SM fermions on the brang/#;, whereg is the corresponding SM coupling. The
fermion fields may (a) be constrained to 3+ 1)-brane, in which case they are not directly affected by the
extra dimensions; (b) be localized at specific points in €T dimension, but not on a rigid brane. Here the
zero and excited mode KK fermions obtain narrow Gausskmyiave functions in the extra dimensions with
a width much smaller thaR—'. This possibility may suppress the rates for a number of eiang processes
such as proton decay [21]. (c) The SM fields may also propagatiee bulk. This scenario is known as
universal extra dimensionE[22(14+5)-dimensional momentum is then conserved at tree-levelK&nparity,
(—=1)™, is conserved to all orders. TeV extra dimensions lead taay ®f collider signatures some of which
will be discussed in detail below.

Theories with extra dimensions and a low effective Planales@/ p) offer the exciting possibility
that black holes (BH) somewhat more massive thap can be produced with large rates at future colliders.
Cross sections of order 100 pb at the LHC have been adveitiséh@ analyses presented by Giddings and
Thomas [28] and by Dimopoulos and Landsbdrg [24]. These eadlyses and discussions of the production
of BH at colliders have been elaborated upon by several grofiauthors[[25=31] and the production of BH by
cosmic rays has also been consideifedl [3R—39]. A most imgiaytaestion to address is whether or not the BH
cross sections are actually this large or, at the very l&age enough to lead to visible rates at future colliders.

The basic idea behind the original collider BH papers is #svis: consider the collision of two high
energy SM partons which are confined to a 3-brane, as they &ath the ADD and RS models. In addition,
gravity is free to propagate inextra dimensions with the+6 dimensional Planck scale assumed tdbg ~ 1
TeV. The curvature of the space is assumed to be small cothmtbe energy scales involved in the collision
process so that quantum gravity effects can be neglecteén\Wiese partons have a center of mass energy in
excess ok~ M p and the impact parameter of the collision is less than thevSaschild radiusR g, associated
with this center of mass energy4a- 6-dimensional BH is formed with reasonably high efficiendtys kexpected
that a very large fraction of the collision energy goes irite BH formation process so thafgy ~ /s.
The subprocess cross section for the production of a namisig BH is thus essentially geometric feach
pair of initial partons:6 ~ erR%, wheree is a factor that accounts for finite impact parameter and langu
momentum corrections and is expected topel. Note that thet + d-dimensional Schwarzschild radius

1
scales asg ~ []]T‘ffgf&} e apart from an overald- and convention-dependemumerical prefactor. This
D

approximate geometric subprocess cross section expnessiaimed to hold when the ratid/ gz /M p is
“large”, i.e., when the system can be treated semi-classically and quagtavitational effects are small.

Voloshin [40[4]] has provided several arguments which ssgthat an additional exponential suppres-
sion factor must be included which presumably damps the gemenetric cross section for this process even in
the semi-classical case. This issue remains somewhabwergial. Fortunately it has been shoyr [42] that the
numerical influence of this suppression, if present, is nagreat as to preclude BH production at significant
rates at the LHC. These objects will decay promptly and ysgdctacular signatures. A discussion of BH
production at future colliders is presented in one of therdmutions.
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Part Il

FeynSSG v.1.0: Numerical Calculation of the
MSUGRA and Higgs spectrum

A. Dedes, S. Heinemeyer, G. Weiglein

Abstract

FeynSSG v. 1. 0 is a program for the numerical evaluation of the Supersymmet
ric (SUSY) particle spectrum and Higgs boson masses in tménhdil Supergravity
(mMSUGRA) scenario. We briefly present the physics behingptbgram and as an
example we calculate the SUSY and Higgs spectrum for a setngpe points.

In the Minimal Supersymmetric Standard Model (MSSM) no #peassumptions are made about the
underlying SUSY-breaking mechanism, and a parametasizaif all possible soft SUSY-breaking terms is
used. This gives rise to the huge number of more than 100 nemmgders in addition to the SM, which
in principle can be chosen independently of each other. A@menological analysis of this model in full
generality would clearly be very involved, and one usuadlstricts to certain benchmark scenarios, see Ref. [5]
for a detailed discussion. On the other hand, models in wélidhe low-energy parameters are determined in
terms of a few parameters at the Grand Unification (GUT) s@al@nother high-energy scale), employing a
specific soft SUSY-breaking scenario, are much more ptigdicThe most prominent scenario at present is the
minimal Supergravity (NSUGRA) scenario [43}52].

In this note we present the Fortran cdeley nSSGfor the evaluation of the low-energy mSUGRA spec-
trum, including a precise evaluation for the MSSM Higgs gecthe high-energy input parameters (see below)
are related to the low-energy SUSY parameters via renazatadin group (RG) running (taken from the pro-
gramSUl TY [B3,[54]), taking into account contributions up to two-looler. The low-energy parameters are
then used as input for the progrdfeynHi ggs [B5] for the evaluation of the MSSM Higgs sector.

The simplest possible choice for an underlying theory iske @t the GUT scale all scalar particle masses
equal to a common mass parametéy, all gaugino masses are chosen to be equal to the paraigterand
all trilinear couplings flavor blind and equal #y. This situation can be arranged in Gravity Mediating SUSY
breaking Models by imposing an appropriate symmetry in tkidl&r potential [43=5%2], called the minimal
Supergravity (NSUGRA) scenario. In order to solve the mimation conditions of the Higgs potential, i.e. in
order to impose the constraint of REWSB, one needs as taput( /) andsign(x). The running soft SUSY-
breaking parameters in the Higgs potential;;, andm,, are defined at the EW scale after their evolution
from the GUT scale where we assume that they also have the coraatue M. Thus, apart from the SM
parameters (determined by experiment) 4 parameters agt ars required to define the mSUGRA scenario:

{MO ) M1/2 ) AO 3 tanﬂa mgn(,u) } . (l)

In the numerical procedure we employ a two-loop renormtadinagroup running for all parameters involved,
i.e. all couplings, dimensionful parameters and VEV’s. Watswith theMS values for the gauge couplings
at the scaleV/z, where for the strong coupling constant a trial input value in the vicinity of 0.120 is used.
The MS values are converted into the corresponding ones [5p]. TheMS runningb andr masses are run
down tom;, = 4.9 GeV, m, = 1.777 GeV with the SU(3), x U(1),,, RGE’s [B]] to derive the running
bottom and tau masses (extracted from their pole masseis)pidtedure includes all SUSY corrections at the
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one-loop level and all QCD corrections at the two-loop l@ggiven in[[5B]. Afterwards by making use of the
two-loop RGE'’s for the running masses,, 7, we run upwards to derive theMsS values at)/, which are
subsequently converted to the correspondiiyy values. This procedure provides the bottom and tau Yukawa
couplings at the scal&/,. The top Yukawa coupling is derived from the top-quark pobsain; = 175 GeV,
which is subsequently converted to th& value,m;(m;), where the top Yukawa coupling is defined. The
evolution of all couplings fromM/z running upwards to high energies now determines the uriditacale
Mgayr and the value of the unification coupling;yr by

ar(Mcut)|lpg = @2(Mcut)|lpg = @cuT - (2)

At the GUT scale we set the boundary conditions for the soff8Ureaking parameters, i.e. the valuesXdy,

M, ;5 and A, are chosen, and alse;(Mcut) is set equal texgur. All parameters are run down again from
McauTt to M. For the calculation of the soft SUSY-breaking masses dEtWescale we use the “step function
approximation” [5B[54]. Thus, if the equation employednis RGE for a particular running mass(Q), then
Qo is the corresponding physical mass determined by the dondit(Q) = Q. After running down ta\/,
the trial input value foky, has changed. At this point the value fam 3 is chosen and fixed. The parameters
|| and B are calculated from the minimization conditions

mH1 (Q)2 - mHz (Q)2 taDZ ﬁ(Q) 1 2

Q) = tan? 5 — 1 - §MZ(Q) ; 3)
_ o (mi(@Q)? + mu(Q)?) sin 25(Q)
B(Q) = 21(Q) « (4)

Only the sign of theu-parameter is not automatically fixed and thus chosen novis gitocedure is iterated
several times until convergence is reached.

In @).(4) Q is the renormalization scale. It is chosen such that ragiatorrections to the effective
potential are rather small compared to other scales[] If§i3)an 3 = v /v; is the ratio of the two vacuum
expectation values of the Higgs fields and H; responsible for giving masses to the up-type and down-type
quarks, respectively. 1h](3)](4)an 3 is evaluated at the scalg, from the scaleéV/,;, where it is considered as
an input parametfr By m%, = mfg + 3,, in @),@) we denote the radiatively corrected “running 'gts
soft-SUSY breaking masses and

m? =myy, + pt+ Sy, =my +p? (i=1,2), ®)

whereX,, are the one-loop corrections based on the 1-loop Colemanbéfg effective potentiahV’, 3, =
1 AV

2u; Ov; !
1 M? OM? M?
Yo, = Va2, +1)C, 0 —2 =2 |In—2 — 1 6
i 6471'2 ;( ) ( + ) v 8%‘ |:I1 QQ :| ( )

Here J, is the spin of the particle, C, are the color degrees of freedom, &g = 1(2) for real scalar
(complex scalar)§2, = 1(2) for Majorana (Dirac) fermions() is the energy scale and the, are the field
dependent mass matrices. Explicit formulas offheare given in the Appendices df [48]60]. In our analyses
contributions from all SUSY particles at the one-loop lese# incorporatel With A2 here we denote the

1 See for example the discussion in the Appendiﬂf [59].

2 The corresponding two-loop corrections are now availadrl@ fjeneral renormalizable softly broken SUSY the@ [BEsuming
the size of these higher-order corrections to be of the séreas for the Higgs-boson mass matrix, the resulting vatfigsand B
could change by 5 — 10%. The possible changes would hardly affect the results itHiggs-boson sector but could affect to some
extent the analysis of SUSY particle spectra, especiallgrwidy and M, /, are lying in different mass regions.
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tree level “running”Z boson mass)M2(Q) = 3(g7 + g3)v? (v? = v} + v3), extracted at the scal@ from
its physical pole mass/; = 91.187 GeV. The REWSB is fulfilled, if and only if there is a solution toeth

conditions [B) [i4]).

For the predictions in the MSSM Higgs sector we use the &@denHi ggs [BF], which is implemented
as a subroutine intBeynSSG. The code is based on the evaluation of the low-energy Higg®sparameters
in the Feynman-diagrammatic (FD) approaEh| [62-64] witthi@ on-shell renormalization scheme. Details
about the conversion of the low-energy results from the R@ing, obtained in th®R scheme, to the on-
shell scheme can be found in Rdf.][65]. In the FD approach thsses of the two CP-even Higgs bosons,
my, andmyy, are derived beyond tree level by determining the polesehth H-propagator matrix, which is
equivalent to solving the equation

[ = 2 e+ 50(0)] [0 — e + S0 (@) = [Ban@)] =0, ™)

whereX,, s = h, H, hH denotes the renormalized Higgs boson self-energies. €haluation consists of the
complete one-loop result combined with the dominant twaploontributions of0(aa;) [63-64] and further

subdominant correction§ 6671, see Refs [62F-84, 68jiétails.

An analysis employing-eynSSGfor the constraints on the mSUGRA scenario from the Higg®hos
search at LEP2 and the corresponding implications for SU&¥ches at future colliders has been presented
in Refs. [65[6P]. As another example we present here thétsesiithe low-energy SUSY spectrum for some
sample points[[70]. (Some of these sample points are nowded in the “SPS” (Snowmass Points and
Slopes) [p] that have recently been proposed as new benkisoanarios for SUSY searches at current and
future colliders.)

The sample points are presented in Table 1. For these reseltsave set the 1-loop correctiobs,
equal to zero and all the thresholds are switched on. Thuhéopoints considered here a one loop improved
tree level analysis is done. If we switch on the full 1-looprectionsX,,, then the points E,F,H,J,K, and M,
fail to satisfy electroweak symmetry breaking? from (@) is negative. In addition, the weak mixing angle,
sin? Oy (Mz), has been set ©.2315. An updated version which employs the effective weak mixingle as
a boundary condition at the electroweak scale is under wafadit such an analysis had been done in the past
using the progran8Ul TY, see [BB[ 54, 71]). It is intended to regularly updBgsynSSGwith the upcoming
new versions of th&Ul TY andFeynHi ggs programs.

% Sometimes in the literature, the requirement of the REWSkiribed by the inequality.? (Q)m2(Q) — |(Q)B(Q)|? < 0.
This relation is automatically satisfied here frcﬂ1 (ﬂ),(nci drom the fact that the physical squared Higgs masses naysbditive.



17

Model A B C D E F G H | J K L M
my /2 624 | 258 | 415| 549 | 315| 1090| 390 | 1585.5| 364 | 785| 1006| 471 | 1600
mo 137|100 | 90| 120 | 1500 2970 | 123 459 | 188 | 320 | 1000| 330 | 1500
tan (3 5 10| 10 10 10 10| 20 20| 35 35| 40.3 45 48
sign(uw) + + + - + + + + + + — + +
Ap 0 0 0 0 0 0 0 0 0 0 0 0 0
my 175| 175 | 175 175| 175| 175 175 175| 175| 175| 175| 175| 175
Masses
|| 811 | 362 | 551 | 705 — 941 | 515 1719 | 480 | 936 — 595 | 1660
ho 114 | 113 | 116 | 116 — 118 | 117 121 117 | 121 — 119 | 123
HO 947 | 414 | 629 | 769 — | 3171 | 580 2065 | 502 | 1003 — 578 | 1709
A0 947 | 414 | 629 | 769 — | 3171 | 580 2065 | 502 | 1003 — 578 | 1709
H+ 939 | 420 | 625 | 789 — | 3151 | 569 1920 | 472 | 867 — | 461 | 818
% 260 | 101 | 169 | 229 — | 475 158 693 | 148 | 332 — 196 | 705
% 484 | 185 | 314 | 429 — 853 | 295 1273 | 274 | 618 — 363 | 1293
Xg 813 | 368 | 555 | 707 — 942 | 520 1720 | 485 | 938 — 599 | 1661
x4 827|387 | 570 | 713 — 985 | 534 1728 | 499 | 948 — 611 | 1670
Xf[ 483 | 185 | 314 | 429 — 852 | 295 1273 | 274 | 618 — 362 | 1293
xzi 826 | 387 | 570 | 715 — 985 | 534 1728 | 500 | 948 — 612 | 1670
g 1382 | 619 | 953 | 1228 — | 2371 901 3266 | 847 | 1713 — | 1074 | 3301
€L, 1L 437 | 206 | 295 | 386 — | 3038 | 292 1127 | 311 | 610 — | 456 | 1818
ER, IR 273 | 146 | 184 | 241 — | 2991 | 195 744 | 236 | 435 — 376 | 1609
Ve, Uy, 431|190 | 284 | 378 — | 3037 | 281 1125| 300 | 605 — | 449 1816
1 271 | 137 | 176 | 234 — | 2966 | 168 702 | 165 | 351 — 261 | 1228
T 438 | 209 | 297 | 387 — | 3026 | 299 1118 | 322 | 602 — | 449 1673
vy 430 | 189 | 283 | 377 — | 3025 277 1112 | 289 | 584 — | 419 | 1666
ur,cr || 1261 | 575 | 874 | 1122 — | 3546 | 831 2958 | 794 | 1581 — | 1028 | 3293
ugr,cr || 1216 | 559 | 845 | 1082 — | 3507 | 805 2835 | 770 | 1524 — 997 | 3183
dr, s 1264 | 581 | 877 | 1125 — | 3547 | 835 2959 | 798 | 1583 — | 1031 | 3294
dr,sr || 1211 | 559 | 843 | 1078 — | 3503 | 803 2820 | 768 | 1517 — 994 | 3169
tq 971 | 419 | 663 | 874 — | 2465 | 630 2340 | 596 | 1237 — 779 | 2534
ta 1211 | 604 | 864 | 1076 — | 3077 | 820 2735 | 772 | 1457 — 953 | 2826
b1 1167 | 531 | 807 | 1037 — | 3071 | 754 2711 | 686 | 1393 — 859 | 2739
by 1211 | 560 | 842 | 1075 — | 3481 | 799 2772 | 752 | 1460 — 941 | 2833

Table 1: Mass spectra in GeV for mSUGRA points calculateth wibgramFeynSSG v1. 0 (see text for details). Points (E) and
(K) fail to pass the Radiative Electroweak Breaking requieet, i.e.,u> < 0. Points (F) and (M) exhibit instability, i.e., the program
reaches a poor convergence. The charged Higgs Bd$d1 fhass is given at tree level.
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Part IV

Theoretical Uncertainties in Sparticle Mass
Predictions and SOFTSUSY

B.C. Allanach

Abstract

We briefly introduce the SOFTSUSY calculation of sparticlasses and mixings
and illustrate the output with post-LEP benchmarks. We reaitthe sparticle
spectra obtained from ISASUGRA7.58, SUSPECT2.004 witlsehabtained from
SOFTSUSY1.3 along SNOWMASS model lines in minimal supersytnic stan-

dard model (MSSM) parameter space. From this we gain an icih& oncertainties
involved with sparticle spectra calculations.

Supersymmetric phenomenology is notoriously complicakaeen if one assumes the particle spectrum
of the minimal supersymmetric standard model (MSSM), funelatal patterns of supersymmetry (SUSY)
breaking are numerous. It seems that there is currentlyingpth strongly favor one particular scenario above
all others. In ref. [7R], it was shown that measuring twoastdf sparticle masses 16 could be enough to
discriminate different SUSY breaking scenarios (in thaeganirage, grand-unified or intermediate scale type
| string-inspired unification). Thus, in order to discrirate high energy models of supersymmetry breaking,
it will be necessary to have better tha# Accuracy in both the experimentahd theoretical determination of
some superparticle masses. An alternative bottom-up appr@3] is to evolve soft supersymmetry breaking
parameters from the weak scale to a high scale once they a&stmed’. The parameters of the high-scale
theory are then inferred, and theoretical errors involvethé calculation will need to be minimized.

We now briefly introduceSOFTSUSY1. 3 [[/4], a tool to calculate the masses and mixings of MSSM
sparticles. It can be downloaded from the URL

http://allanach. home. cern. ch/ al | anach/ soft susy. ht m

Itis valid for the R-parity conserving MSSM with real coupdis and includes full 3-family particle or sparticle
mixing. The manual[J74] can be consulted for a more complegexption of approximations and the algo-
rithm used. Low energy data (together witm 3(M 7)) set the Standard Model gauge couplings and Yukawa
couplings: G, a, as(Myz) and the fermion masses and CKM matrix elements. The useide®wa high-
energy unification scale and supersymmetry breaking baoyrmaditions at that scale. The program derives
the MSSM spectrum consistent with both of these constraimtisradiative electroweak symmetry breaking at a
scaleMspysy = NICAN Below M, three-loop QCone-loop QED is used to evaluate theS Yukawa
couplings and gauge couplings &f;. These are then converted into theR scheme, including finite and
logarithmic corrections coming from spatrticle loops. Alesloop corrections are added to the top mass and
gauge couplings, while the other Standard Model coupliegsive approximations to the full one-loop result.
The radiative electroweak symmetry breaking constraiobiiporates full one-loop tadpole corrections. The
gluino, stop and sbottom masses receive full one-loop (ithgaic and finite) corrections, with approximations
being employed in the one-loop corrections to the othertispes. In the CP-even Higgs sector, the calculation
is FEYNHI GGSFAST-like [[8,[76], with additional two-loop top/stop correatis. The other Higgs’ receive full
one-loop radiative corrections, except for the chargedybligvhich is missing a self-energy correction. Cur-
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rently, the MSSM renormalization group equations (usedraldd) are two-loop order except for the scalar
masses and scalar trilinear couplings, which are all oop-rder equations.

A series of points in MSSM universal supersymmetry brealjagameter space were identifigd][77]
as being relevant for study, taking the results of the LEPden searches (and dark matter considera-
tions) into account. For this workshop, the parameters of deenchmark were changed until the output of
| SASUGRA7. 51 matched that of ref[[J7]. The standard of these parametausdd to compare the output
of several codes in these proceedings. We illustrateStIETSUSY1. 3 calculation by presenting its output
of these modified “post-LEP benchmark points” in taflle 1. We a,(Mz)MS = 0.119, m; = 175 GeV,
my(my)M® = 4.2 GeV. We note that four of these points do not break the eleeta symmetry consistently.
However, many of the points were picked specifically in otddre close to the electroweak symmetry-breaking
boundary and so this feature is perhaps not so surprising.

Studies of the ability of future colliders to search for angasure supersymmetric parameters have often
focused on isolated ‘bench-mark’ model points] [[1-79] sashhe post-LEP benchmarks. This approach,
while being a start, is not ideal because one is not sure homy rohithe features used in the analyses will
apply to other points of parameter space. Collider sigeattypically rely upon identifying decay products
of produced spatrticles through cascade decay chains. Shking signatures of different scenarios of SUSY
breaking are not only highly dependent upon the scenarioighessumed, but also upon any model parame-
ters [79]. As a supersymmetry breaking parameter is charthedordering of sparticle masses can change,
switching various sparticle decay branches on and off. lateempt to cover more of the available parameter
space, thd®irect Investigations of SUSY SubgrooifSNOWMASS 20Mas proposed eight bench-mark model
linesfor study [5].

The lines were defined to have the spectrum output from ItBASUGRA program (part of the
| SAJET7. 51 package [[§0]) forn; = 175 GeV. Knowledge of the uncertainties in this calculationl wé
important when data is confronted with theory, i.e. wherminfation upon a high-energy SUSY breaking
sector is sought from low-energy data. Here, we intend tedtigate the theoretical uncertainties in sparti-
cle mass determination. To this end, we contrast the sfgrtiasses predicted by three modern up-to-date
publicly available and supported codésSASUGRA7. 58* , SOFTSUSY1. 3 [[f4] andSUSPECT2. 004 [B1].
The asterisk indicates a changed versioh SASUGRAY. 58, as detailed below.

Each of the three packages calculates sparticle massesdrmilar svay, but with different approxima-
tions [82]. In certain model line scenarios, we calculaefthctional difference for some sparticle

SOFTSUSY1.3
copbe __ Mg m

CODE
s 1)
s mgowsusvl.s ’

whereCODE refers tol SASUGRA7. 58*, or SUSPECT2. 004. fS°PF then gives the fractional difference of
the mass of sparticle between the predictions GfODE and SOFTSUSY1. 3. A positive value offS°°F then
implies thats is heavier inSOFTSUSY1. 3 than inCODE

We focus upon model lines in scenarios which are currenibpsried by all three packages, i.e. super-
gravity mediated supersymmetry breaking (nSUGRA). At dhigification scaleV/oyr = 1.9 x 1016, the
soft-breaking scalar masses are set to be all equaltdhe universal scalar trilinear coupling #h and each
gaugino mass\; » 5 is set. tan 3 is set atM. The three choices of model lines are displayed in Thble 2.
Model line A displays gaugino mass dominance, amelioratirgSUSY flavor problem. Model line B has
non-universal gaugino masses and model line F corresponfigtis-point supersymmetry] [6], close to the
electroweak symmetry breaking boundary.

The differences in the output between three earlier vessibthe codes has already been discugséd [83].
Ref. [B3] showed significant ordefAnumerical round-off error in the gluino and squark massesnivorse,
along model line F there were %) 3% numerical round-off errors in the lightest neutralino arrgino
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Model Al B[] C D E F| G H | J| K L] ™
my 624 | 258 | 415| 549 | 315 1090| 390 | 1585.5| 364 | 785| 1006| 471 | 1600
mo 137|100 90| 120 1500| 2970| 123 | 459 | 188| 320| 1000| 330| 1500
tan 3 5/ 10| 10| 10| 10| 10| 20 20| 35| 35| 40.3| 45| 48
sign(u) + + | + - 4+ + + +| + — +1 o+
my 175|175 | 175| 175| 175| 175|175| 175|175| 175| 175| 175| 175
Masses
\W(Mz)| || 738|322 494 632 - - 461 1579 429 847 - 531 -
Ko 118 | 114 | 119| 119 - -|119| 126|118 123 - | 119 -
HO 877 | 379 | 575| 708 - - | 528| 1884| 452| 905 - | 440 -
A0 863 | 365 | 558 | 721 - -| 495 | 1779|392| 792 - | 289 -
H* 869 | 376 | 566 | 727 - -|506| 1791|410 813 -| 331 -
X0 252 99| 165| 221 - - | 154 654 144 319 - | 187 -
X2 465 | 176 | 301 | 411 - - | 282| 1211|262 593 - | 347 -
X2 740 | 328 | 498| 636 - - | 465| 1582|433 | 847 - | 530 -
X0 756 | 351 | 516 | 644 - - | 482| 1591| 450| 859 - | 546 -
X 465 | 175| 300 | 411 - - | 282| 1211|262 593 - | 347 -
X3 755 | 351 | 515| 646 - -| 483 | 1590 450| 859 - | 546 -
7 1372 617 | 945 | 1216 - -|894| 3194|840 1684 - 1063 -
er, i, | 427|202 287 376 - - 283] 1072]300| 584 - | 464 -
er, ur || 269|144 | 181| 238 - -|190| 703|227| 414 - | 391 -
Ve Vi 420 | 186 | 277 | 368 - -| 272| 1069|290| 579 - | 458 -
m 427 | 205|289 | 376 - - | 289| 1063|310| 576 - | 444 -
™ 267 | 137 | 174| 232 - -1 166| 665|161| 335 - | 240 -
vy 420 | 186 | 277 | 368 - - | 272| 1069|290 | 579 - | 458 -
ur,c, || 1252|570 | 864 | 1111 - - | 822 2904 784 | 1553 - [ 1021 -
ug, cp || 1200| 551 | 830 | 1066 - -| 791 | 2767 756 | 1487 -| 985 -
dy,d;, || 1254|576 | 867 | 1114 - - | 825| 2905| 788 | 1555 - | 1024 -
dp, dp || 1193| 550 | 827 | 1060 - - | 787 | 2748| 753 | 1479 - | 981 -
t 1174 | 583 | 834 | 1044 - - | 791 | 2632 742 | 1397 - | 903 -
t 949 | 415 | 649 | 856 - -| 617 | 2252|583 1192 -| 755 -
by 1146 | 523 | 790 | 1018 - - | 740| 2632|672 | 1353 -| 884 -
b 1190 | 548 | 822 | 1053 - - | 776 | 2692 | 722 | 1400 -| 811 -

Table 1: Post-LEP Benchmark points. Mass spectra in GeV foinmal SUGRA models calculated with progré8@FTSUSY1. 3 and
unification scaleMx = 1.9 x 10'® GeV, Ay = 0. Columns with dashes for spectra indicate points which dicbneak electroweak
symmetry correctly. All massive parameters are quoted its wfi GeV.

Table 2: Model lines in MSUGRA investigated here, = 175 GeV, Mcur = 1.9 x 10'° GeV anda, (Mz)™* = 0.119 are used.

Model line | tan 3 Ag M, Mo Ms mo sgnu
A 10 -0.4]\41/2 M1/2 M1/2 M1/2 04M1/2 +
B 10 0 1.6V, Mo Ms M2/2 +
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Fig. 2: Fractional differences between the spectra predifdr model line B

masses respectively. These numerical round-off errorg Wee to thd SASUGRA calculation, but this was
not obvious becauseSASUGRA was used for the normalization in the equivalent of[¢q. 1p Btasses were
not examined. The lightest stop mass could be very impoftar8USY searches, for example at the Tevatron
collider. We now perform the comparison again, with thedeihg differences: the output @OFTSUSY is
used for the normalization, up-to-date and bug-fixed vessiaf each code are used, we include the lightest
stop mass in the comparison and th@ASUGRA7. 58* package is hacked to provide better accuracy in the
renormalization group evolutifin

We pick various sparticle masses that show a large differémtheir prediction between the three cal-

culations. For model line A, Fig] 1a shO\(ﬁt§A:U‘;RA]Z 5*;0 o (the lightest stop, sbottom, squark, neutral Higgs,
1,491,

neutralino, chargino and gluino mass difference fractlms?,)ectlvely) Fig[]1b shows the equivalent results
for the output ofSUSPECT. Model line B differences are shown in Fig. 2. Jagged curmehe figures are a
result of numerical error in thBUSPECT calculation, and are at an acceptable per-mille level redquarks,

*We re-set two parameters in subroutBidGRA to DELLI M=2. Oe- 3 andNSTEP=2000.
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Fig. 3: Fractional differences between the spectra predifdr model line F

gluinos and the lightest neutralino. The lightest Higgs Aglitest chargino do not display any appreciable
numerical error.

Figs.[1[R share some common features. The largest disciepamccur mostly for low\, /5, where
the super-particle spectrum is lightest. The gluino anchdgmasses are consistently arourd Bwer in
| SASUGRA than the other two codes, which agree with each other torhibidm 1% with the exception of
the lightest stop, whiclSUSPECT finds to be less than% heavier tharSOFTSUSY. We note here that this
uncertainty is not small, 8% error on the lightest stop mass/f ,, = 700 GeV in model line A corresponds
to an error of 35 GeV, for example. The lightest CP-even Higgsredicted to be heaviest BOFTSUSY,
SUSPECT gives a value up to% lighter for largeM, /,, wheread SASUGRA gives a value up to‘2 lighter
(again for largeM, ;5). This could be to some degree due to the fact 8@ TSUSY uses &FEYNHI GGSFAST
calculation of the neutral Higgs masses with important teap effects added [J'5], which predicts masses that
tend to be higher than the one-loop calculation (as usddSWSUGRA or SUSPECT). The gaugino masses
display differences between the output of each of these tdle<andBOFTSUSY, up to 4% at the lighter end
of the model lines.

The focus-point scenario (model line F) is displayed in BigFig.[3a is cut off for low), ,, because
I SASUGRA does not find a consistent solution that breaks electrowgakngtry there, contrary to the other
two codes. The overall view of spectral differences is simib that in model lines A and B except for the
masses of the lightest chargino and neutralino. They displge 10-10% differences in Fig[]3. In focus
point supersymmetry, the bilinear Higgs mass parametisrclose to zero and is very sensitive to threshold
corrections tom; [B4]. For smally < M, the lightest chargino and neutralino masses become isensit
its value. The predicted value p{ M) differs by 100-100% between SASUGRA and the other two codes’
output. SUSPECT and SOFTSUSY have closer agreement, the largest differences beingttbathargino is
predicted to be % lighter at low M1, /, and the lightest CP even Higgs to b#& 4eavier inSOFTSUSY. Only
a few of the threshold corrections ta; are included in theé SASUGRA calculation, whereaSOFTSUSY,
for example, includes all one-loop corrections with sgdet in the loop.SUSPECT also adds many of the
sparticle loop corrections toy;. Because model line F has heavy scalars, another possifoititthe large
discrepancy witH SASUGRA could potentially be that SASUGRA employs two-loop renormalization group
equations for scalar masses, whereas the other two codesedeop order for them. This explanation seems
unlikely because of the relative agreement observed indhlismasses, which ought to be more sensitive to
this effect.
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To summarize, with the current technology, we do not yet llagelesired accuracy for discrimination of
supersymmetry breaking models or measurement of theim@eass from the sparticle spectrum. We note that
possible future linear colliders could determine sometapamasses at the per-mille levgl[85]. An increase
in accuracy of the theoretical predictions of sparticle seasdy about a factor 10 will be necessary.
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Part V

High-Mass Supersymmetry with High Energy Hadron
Colliders

|. Hinchliffe and F.E. Paige

Abstract

While it is natural for supersymmetric particles to be welthin the mass range
of the large hadron collider, it is possible that the spkatimasses could be very
heavy. Signatures are examined at a very high energy hadtisec and a very high

luminosity option for the Large Hadron Collider in such sagos.

1. Introduction

If supersymmetry is connected to the hierarchy problers gkpected[[§6,$7] that sparticles will be sufficiently
light that at least some of them will be observable at the &&tgdron Collider (LHC) or even at the Tevatron.
However it is not possible to set a rigorous bound on the gf@rhasses. As the sparticle masses rise, the fine
tuning problem of the standard model reappears, but théidpanasses become large enough so that they are
difficult to observe at LHC.

It is also possible that SUSY is the solution to the dark matteblem [8BF90], the stable, lightest su-
persymmetric particle (LSP) being the particle that peegatthe universe. This constraint can be applied to the
minimal SUGRA [45[91F94] model and used to constrain thesemsf the other sparticles. Recently sets of
parameters in the minimal SUGRA model have been propofdttHafZsatisfy existing constraints, including
the dark matter constraint and the one from the precise mmasmt of the anomalous magnetic moment of
the muon [9b], but do not impose any fine tuning requiremeritss set of points is not a random sampling of
the available parameter space but is rather intended sirdiie the possible experimental consequences. These
points and their mass spectra are shown in THble 1. Most ailted parameter space corresponds to cases
for which the sparticles have masses less than 1 TeV or sosaackcéessible to LHC. Indeed some of these
points are quite similar to ones studied in earlier LHC smtiohs [95[97]. Points A, B, C, D, E, G, Jand L
fall into this category. As the masses of the sparticlesrareased, the LSP contribution to dark matter rises
and typically violates the experimental constraints. Heevehere are certain regions of parameter space where
the annihilation rates for the LSP can be increased and lisedemsity of LSP’s lowered sufficiently. In these
narrow regions, the sparticle masses can be much largemtsHgiK, H and M illustrate these regions. This
paper considers Point K, H and M at the LHC with a luminositgnagle to1000 fb~! per year (SLHC) and at
a possible higher energy hadron collider (VLHC). We assumereergy ofi0 TeV for the VLHC and use the
identical analysis for both machines. Point F has similanamenology to Point K except that the squark and
slepton masses are much larger and consequently more Wiffi@bserve. For the purposes of this simulation,
the detector performance H?> cm—2s~! and at the VLHC is assumed to be the same as that of ATLAS for the
LHC design luminosity. In particular, the additional pifepresent at higher luminosity is taken into account
only by raising some of the cuts. Isajet 7.54][B0, 98] is usedHe event generation. Backgrounds fram
gauge boson pairs, large- gauge boson production and QCD jets are included.
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Table 1: Benchmark SUGRA points and masses from @ [77]

Model A B C D E F G H ] J K L M
o 600 | 250 | 400 | 525| 300 | 1000| 375| 1500| 350 | 750 | 1150 450 | 1900
mo 140 | 100| 90| 125| 1500| 3450| 120 | 419 | 180 | 300 | 1000| 350 | 1500
tan g 5 10| 10 10 10 10| 20 20| 35 35 35| 50 50
sign(u) + + + - + + + + + + - + +
as(myz) 120 | 123 | 121 | 121 | 123| 120| 122| 117 | 122| 119| 117 | 121 | 116
my 175| 175| 175 175\ 171 | 171| 175| 175|175 175| 175| 175| 175

Masses
ho 114 | 112 | 115| 115| 112| 115| 116| 121| 116| 120| 118 | 118| 123
HO 884 | 382 | 577 | 737 | 1509 | 3495| 520 | 1794 | 449 | 876 | 1071| 491 | 1732
A0 883 | 381 | 576 | 736 | 1509 | 3495 | 520 | 1794 | 449 | 876 | 1071 | 491 | 1732
H*+ 887 | 389 | 582 | 741 | 1511 | 3496 | 526 | 1796 | 457 | 880 | 1075| 499 | 1734
% 252 | 98| 164 | 221 | 119| 434|153 | 664 | 143 | 321 | 506 | 188 | 855
x5 482 | 182 | 310| 425| 199 | 546 | 291 | 1274| 271 | 617 | 976 | 360 | 1648
xg 759 | 345 | 517 | 654 | 255| 548 | 486 | 1585 | 462 | 890 | 1270 | 585 | 2032
x§ 774 | 364 | 533 | 661 | 318 | 887 | 501 | 1595| 476 | 900 | 1278 | 597 | 2036
Xf 482 | 181 | 310| 425| 194 | 537|291 | 1274| 271 | 617 | 976 | 360 | 1648
Xf 774 | 365 | 533 | 663 | 318 | 888 | 502 | 1596 | 478 | 901 | 1279 | 598 | 2036
g 1299 | 582 | 893 | 1148 | 697 | 2108 | 843 | 3026 | 792 | 1593 | 2363 | 994 | 3768

€L, Ur, 431| 204 | 290 | 379 | 1514 | 3512 286 | 1077 | 302 | 587 | 1257 | 466 | 1949
eR, LR 271| 145| 182 | 239 | 1505| 3471| 192| 705| 228 | 415| 1091 | 392 | 1661
Ve, Vy 424 | 188 | 279 | 371 | 1512 | 3511 275 | 1074 | 292 | 582 | 1255| 459 | 1947

T 269 | 137 | 175| 233 | 1492 | 3443 | 166 | 664 | 159 | 334 | 951 | 242 | 1198
P 431 | 208 | 292 | 380 | 1508 | 3498 | 292 | 1067 | 313 | 579 | 1206 | 447 | 1778
Vr 424 | 187 | 279 | 370 | 1506 | 3497 | 271 | 1062 | 280 | 561 | 1199| 417 | 1772

UL, CL 1199 | 547 | 828 | 1061 | 1615| 3906 | 787 | 2771 | 752 | 1486 | 2360 | 978 | 3703
UR, CR 1148 | 528 | 797 | 1019 | 1606 | 3864 | 757 | 2637 | 724 | 1422 | 2267 | 943 | 3544
dr, sL 1202 | 553 | 832 | 1064 | 1617 | 3906 | 791 | 2772 | 756 | 1488 | 2361 | 981 | 3704
dr, SR 1141 | 527 | 793 | 1014 | 1606 | 3858 | 754 | 2617 | 721 | 1413 | 2254 | 939 | 3521

131 893 | 392 | 612 | 804 | 1029 | 2574 | 582 | 2117 | 550 | 1122 | 1739 | 714 | 2742
ta 1141 | 571 | 813 | 1010 | 1363 | 3326 | 771 | 2545| 728 | 1363 | 2017 | 894 | 3196
b1 1098 | 501 | 759 | 973 | 1354 | 3319 | 711 | 2522 | 656 | 1316 | 1960 | 821 | 3156

b 1141 | 528 | 792 | 1009 | 1594 | 3832 | 750 | 2580 | 708 | 1368 | 2026 | 887 | 3216

2. PointK

Point K hasM4 ~ 2M;o and gluino and squark masses abave:V. The strong production is dominated
by valance squarks, which have the characteristic degays ;zliq,xgq andgr — xJq. The signal can be
observed in the inclusive effective mass distribution. fEsere selected with hadronic jets and missiig
and the following scalar quantity is formed:

Meff = Fr+ Z ET,jet + Z ET,lepton

jets leptons

where the sum runs over all jets witth, > 50 GeV and|n| < 5.0 and isolated leptons with; > 15 GeV
andn| < 2.5 . The following further selection was then made: events getected with at least two jets with
pr > 0.1Meg, Br > 0.3Meg, Ad(jo, Br) < m— 0.2, andA¢(jo,j1) < 2m/3. These cuts help to optimize
the signal to background ratio. The distributionsMifi s for signal and background are shown in Fig[ire 1. It
can be seen that the signal emerges from the backgroundyatvatues of\/. ;. The LHC with 3000fb !

of integrated luminosity has a signal of 510 events on a backgl of 108 forM g > 4000 GeV. These rates
are sufficiently large so that a discovery could be made vhighstandard integrated luminosity of 309 .
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Production ofgrgr followed by the decay of each squark4®! gives a dijet signal accompanied by
missing . In order to extract this from the standard model backgrotmadd cuts on the jets anbl;/are
needed. Events were required to have two jets with> 700 GeV, Er > 600 GeV, andA¢(j1, j2) < 0.87.
The resulting distributions are shown in Fig{ife 2. Only a éments survive at the LHC with 3008, The
transverse momentum of the hardest jet is sensitive tgmeass[[97]. The mass determination will be limited
by the available statistics.

The decayy) — x{h is dominant so we should expect to see Higgs particles in¢saydofg,, (7. —
Jg — X{hg). The Higgs signal can be observed as a peak inkmeass distributions. In order to do this, it is
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Fig. 3: My, distribution for SLHC (left) and VLHC (right) for Point K.

essential thab—jets can be tagged with good efficiency and excellent rejedigainst light quark jets. There
is a large background fromt that must be overcome using topological cuts. Events wdeetse to have at
least three jets withy > 600, 300, 100 GeV, Ep > 400 GeV, Mg > 2500 GeV, Ao (41, Er) < 0.97, and
Ag¢(j1,72) < 0.6m. The distributions are shown in Figufe 3 assuming the satagging performance as for
standard luminosityi.e., that shown in Figure 9-31 of Ref.[ 07] which corresponds tceffitiency of 60%
and a rejection factor against light quark jets~ofl00. This b—tagging performance may be optimistic in the
very high luminosity environment. However our event sétects only ~ 10% efficient at SLHC and might
be improved. There is much less standard model backgrouwtlld€. However, there is significant SUSY
background fron§ — b;b, 1, which becomes more important at the higher energy. At the @larid possibly
a the SLHC, it should be possible to extract information anriass ofj;, by combining the Higgs with a jet
and probing the decay chain — %3¢ — ¢hy! (see e.g. [[99]).

3. PointM

Point M has squark and gluino masses around 3.5 TeV and is\défie reach of the standard LHC. Only 375
SUSY events of all types are produced 100 fb~! at LHC, mainly valence squarksif, d;,, ir, dr) and
gauginos ﬁ:, X5)- The VLHC cross section is a factor of 200 larger. About lvhthe SLHC SUSY events are
from electro weak gaugino pair production moe.;tlg/and5<1i . The dominant decays of these a2 — x{h
andyi — YW=, Rates are so small that no signal close to the Standard Ntagkfrounds could be found
for the SLHC.

The effective mass distributions for Point M at SLHC and VLEI@ shown in Figurfl 4 using the same
cuts as for Point K. As expected, the SLHC signal is very nmaigithere are only 20 signal events with 10
background events fav/.z > 5000 GeV and3000fb~!. Several attempts to optimize the cuts did not give any
improvement. Requiring a lepton, a hadronjor a tagged jet did not help. We are forced to conclude that it
is unlikely that a signal of any type could be observed. Th&{CLsignal is clearly visible and could be further
optimized.

The dilepton rates are shown in fig 5. Events are selecte¢dhéva M ;; > 3000GeV Er > 0.2M, ¢y
and two isolated leptons withy > 15GeV and the mass distribution of the dilepton pair is shown. As
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expected, nothing is visible at SLHC. The distribution athC is dominated by two independent decags(
EXT — XIWELWT), so thatete™ + utpu~ ande* T rates are almost identical except for tHepeak in
the former which arises mainly frogh— qf(; — qxliZ.

On the basis of this preliminary, study it seems unlikelyt fRaint M can be detected att TeV even
with 3000 fb~!. Higher energy would be required.

4. PointH

Point H is able to accommodate very heavy sparticles witbwaatclosing the universe as the destruction rate
for the x] is enhanced by coannihilation with a stau. This implies & wenall splitting between thé, and
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the x{. In this particular caser; /4 Y7, so it must decay by second order weak procesges; Ylev.v;,
giving it a long lifetime. The dominant SUSY rates arise frtm strong production of valance squarks, with
Jr, — ;ﬁq, Og andgr — xq. The staus which are produced from cascade decays of theseksgthen exit
the detector with a signal similar to a “heavy muon”.
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Fig. 7: CalorimetricEf- distributions in7; events for SLHC (left) and VLHC (right) for Point H.

Thepr spectrum of these quasi-stabiiefor 1000 fb~! is shown in Figurg]6. The ATLAS muon system
[B7] has a time resolution of about 0.7 ns for time of flightoaeylinder of radius 10 m and half-length 20 m.
The spectrum with a time delaf¢ > 100(7ns) is also shown. Notice that this signal could be observed at
the LHC with~ 300 fb~!. Triggering on a slowf; may be a problem since the time-window for the trigger
chambers is limited. However, thie; fin SUSY events as measured by the calorimeter is quite laxrgb@vn
in Figure[y. It probably is possible to trigger just on jetspHr, the distribution for which is shown in
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Figure[J. The mass of the stable stau can be measured bytspliie time of flight measurements in the
muon measurement system. Studies of such quasi stablelgmet somewhat smaller masses carried out at the
ATLAS detector showed a mass resolution of approximatelyg8n sufficient statistics (see Section 20.3.4.2
of Ref [97]). A precision of this order should be achievabi¢w8000fb~! at either the LHC or VLHC. One
can then build on the stable stau to reconstruct the decay akang techniques similar to those used for the
GMSB studies [[97,200]. This is not pursued here.

The stabler; signature is somewhat exceptional so we explore other sigggathat do not require it and
would be present if the stau decayed inside the detectorsdr high masses the strong production is mainly
of @ andd. Events are selected with hadronic jets and mis#ngand the effective mass formed as in the case
of Point K. To optimize this signature, events were furtheested with at least two jets withy > 0.1 Mg,

Er > 0.3Meg, Ad(jo, Er) < m — 0.2, andA¢(jo, j1) < 2m/3. The Mg distributions after these cuts for
the SLHC and the VLHC are shown in Hilg 8. Note that at the SLHOtlmber of events in the region where
S/B > 1is very small. Given the uncertainties in the modeling of skendard model backgrounds via the
shower Monte Carlo, it is not possible to claim that the SLHQId see a signal using this global variable. The
VLHC should have no difficulty as there are several thousaedits forM.;; > 5 TeV.

Dileptons arise from the cascadg — qx3 — ¢/T¢~ %Y, The dilepton mass distributions should have a
kinematic endpoint corresponding to this decay. Figlire@®vstthe distribution for same flavor and different
flavor lepton pairs. Events were required to havg: > 3000 GeV andHy > 0.2M.¢ and to have two isolated
opposite sign leptons with' > 15 GeV and|n| < 2.5. The structure at the VLHC is clear; the edge comes
mainly from 3 — 75 ¢¥, which has a branching ratio of 15% per flavor. This gives atpeint at

(MZy — M2 )(MZ — M)
Xo  Gffh XD 447.3GeV

2
153

consistent with the observed endpoint in Figldre 9. Of cothiseplot does not distinguisty, and/p. In the
case of the upgraded LHC, the signal may be observable, shiitid be noted that the background is uncertain
as only three generated events passed the cuts.
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If the stable stau is used then the situation improves ceradidy. The dilepton mass for events contain-
ing a7, with a time delay?7 < At < 21.5ns is shown in Figur¢ 10. SincAt > 100, the standard model
background is expected to be negligible. The SLHC signahjgroved and a measurement should be possi-
ble. The acceptance for VLHC is somewhat worse than thesivd@wsample, but having the correlation of the
dileptons with ther; should be useful.

The VLHC gives a gain of 100 in statistics over the LHC for the same luminosity at thisnpoivhich
is at the limit of observability at the LHC. If the VLHC lumisdy were substantially lower, the improvement
provided by it would be rather marginal. The cross secti@ngases by another factor €f100 at 200 TeV .
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5. Conclusions

We have surveyed the signals at hadron colliders for the SV@Rdels proposed by[ [f7] concentrating on
the cases where the sparticle masses are very large. Whiteahses of the sparticles at Point K are such that
SUSY would be discovered at the baseline LHC, the event eatesmall and detailed SUSY studies will not
be possible. The reach of the LHC would be improved by higherinosity where the extraction of specific
final states will become possible. The cross sectiondétBeV VLHC is approximatelyl00 times larger than
that at LHC. This leads to a substantial gain, but it is img@orto emphasize that this gain requires luminosity
at least as large as that ultimately reached by the LHC arettes capable of exploiting it. Point H has a
special feature in that the stau is quasi-stable. This featould enable a signal to be extracted at SLHC. If the
tau mass were raised slightly so that its lifetime were shien only the VLHC could observe it. The masses
in the case of Point M are so large that the VLHC would be reglfor discovery. Point F has a gluino mass of
order 2 TeV and should be observable at the LHC exploitingotbduction of gluinos followed by the decays
to x; and hence to leptons.

The Points A, B, C, D, G, |, and L which are much less fine tuned tsamilar phenomenology to the
“Point 5” or “Point 6” analysis of [97] in that lepton structufrom the decayk) — (pl — £+0=xY and/or
X9 — 77 — 777XV is present. In most cases decgdy — (1.0 is also allowed, so that a more complicated
dilepton mass spectrum is observable. This should enablextraction ofm,, in addition (for an example
see Fig 20-53 of[[97]). Points A, D and L have higher squadigl masses and will require more integrated
luminosity. Nevertheless one can have confidence that thaliba LHC will make many measurements in all
of these cases.
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Part VI
SUSY with Heavy Scalars at LHC

|. Hinchliffe and F.E. Paige

Abstract
Signatures at the LHC are examined for a SUSY model in whictinalsquarks and
sleptons are heavy.

1. Introduction

SUSY models may give new contributions to flavor changingtnaéwcurrents,C P violation, etc., through
loops involving squarks and sleptons. These effects angceellif the scalars are heavy. The “inverted hi-
erarchy” [101] and “focus point’[[102] scenarios provideamples of ways in which heavy scalars could be
accommodated naturally.

This note examines the LHC signatures for a minimal SUGRAehadth
mo = 1500 GeV, my 5 = 300 GeV, Ag =0, tan 3 =10, sgnp = +.
The gaugino masses are similar to those considered préyieus.,
M(XY) =~ 109CeV, M(X]) =~ 161 GeV, M(X3) ~ 289 GeV, M(§) ~ 782 CeV.

Most of the scalars have masses aroubi@D GeV; the light Higgs mass i$16 GeV.

The SUSY production cross section at the LHC is dominateding pairs. The two largest branching
ratios are ) )
B(g — xitb+h.c.) = B(g — X, th+ h.c.) =~ 23%.
However, decays into both charginos and all four neutralindgth all allowed combinations of quarks are
significant. This leads to many complex signatures.

ISAJET 7.51 was used to generate events for the signal aadl the Standard Model (SM) backgrounds.
The detector response to these events was simulated usingragterized simulation with parameters appropri-
ate to the ATLAS detector. Jets were found using a simple etg@ithm with R = 0.4. Lepton identification
efficiency and andr jet tagging and misidentification were included with parterieed efficiencies and back-
grounds based on full simulation of ATLAS. A micro-DST wased and subsequently analyzed using Root as
a framework. The statistics for the signal correspond ta@pmately 100 fb—!. The statistics for the largest
SM background samples correspond to a much smaller luntynioisi are sufficient to show that the Standard
Model backgrounds are small after cuts.

2. Effective Mass Distribution

An inclusive signature based on multiple jets plus missingrgy A, was useful at many of the SUSY points
considered previously and remains so here. Since the jdiptinity is higher here, the effective mass was
defined to include all jets and leptons, not just the four estriets:

Njet Nlep

Meg = Br+ > ph+ > o
i=1 i=1

Events were selected to have
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e Atleast six jets withpy > 100, 50, 30, 30, 30, 30 GeV;
o Fr > max(100GeV,0.2M.g);

e Transverse sphericityr > 0.2;

o Mz > 1000 GeV.

The resultingM.¢ distribution for signal and background is shown in Figdrdricontrast to many previous
cases, the signal emerges from the SM background well gage#k, but nevertheless tl¢ B ratio is large
for large enoughVl.¢. Thus, discovery of a deviation from the SM is easy, althonghquite so easy as in
earlier cases.

This signal can be improved by requiring at least bfet. A b tagging probability of 70% was chosen,
and the corresponding light jet rejection was taken frorhdinhulation results for ATLAS. This distribution is
also shown in Figurf] 1. As expected, thiéB ratio is improved with only a small loss of signal.

3. Top Reconstruction

Given the large branching ratios fgr— 5(;755 + h.c., it is natural to try to reconstruct hadronic top decays. If
everything decays hadronically, the jet multiplicity framach gluino is 6 foryi and 8 forys, giving a total

of 12 to 16 jets without any gluon radiation. This producegwese combinatorial background; lepton-based
signatures are considerably easier. Work on top recortigirus continuing. A more sophisticated jet algorithm

might work better for these complex events.

4. ¢t¢— Signature

The three-body decay) — x¢*¢~ has a kinematic endpoint at/(x3) — M (%)) = 61.5GeV. Events
satisfying the cuts given in Sectifr 2. were required to haweOS,SF leptons withr > 15 GeV and|n| <
2.5. The reconstruction efficiency was assumed to be 90% fordatid .. Figure[R shows the resulting ¢~
ande® ;T mass distributions. Any contribution from two independéatays should cancel in the difference
of these. This difference shows both a continuum with an eimtiat the expected place andZgpeak coming
from decays of heavy gauginos.
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The largest single source §f) is § — Yytt; while the largest sources of heavy gauginosgare Y3 tb
andg — x5tt. Thus one expects a large fraction of dileptons to be accoiegady ab. Figure[? also shows
the subtracted distribution without and with at least bnag.

5. etp¥ — efpT Signature

Two independent leptonic decays of the same gluino, &.g+ \; tb with ¥; — e~ X andt — u™ X, gives
an OS dilepton signature. Since thés a Majorana fermion, any contribution from leptonic desaywolving
both gluinos will cancel in the combinatiarf u* — e* . (Equal acceptance ferand is assumed here. In
reality one would have to correct for acceptance; this ctioe can be checked usiri— e*e™, u i~ data.)
The resulting distribution using the cuts described abswhown in Figurg]3.

While thee® ;¥ —e* ;i dilepton distribution should have a true kinematic endpeimresponding to the
maximum possible mass from gluino decay, this is not usesabbse many particles are unobservableg{)
or notincluded (jets). The largest contributions to thiamtnel should come frog — ngtb with gfz — XX
andt — fvb. Three samples agfy) events with200 < pr < 600 GeV (the typical range for the gluinpr)
and with one of the three decay chains forced were generditeelsame analysis was applied except that the
required number of jets was reduced from 6 to 3. The masshdisons for the three possibilities are shown
in Figure[t. All three are qualitatively similar to that show Figure[B. The shapes are somewnhat different
and presumably could be distinguished with sufficient stiat after a detailed analysis. This has not yet been
attempted.

The sign-subtractedu pair was next combined with each of the three hardest jets fwi > 100 GeV)
in the event. The distribution of the minimum of the three sessis shown in Figurlg 5. The distribution in
the case that the jet giving the minimum is tagged asisalso shown in the Figure. If one of the jets is
from the same gluino as the dilepton pair, then this distidoushould have a kinematic endpoint related to the
gluino mass. The choice of three jets is a compromise betmetirding the right jet and including too many.
The expected shape from a single gluino was again deterruisiad theg + x| sample; this is also shown in
Figure[b. A similar analysis combining tle with two jets found too much combinatorial background.
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If one of the leptons is from — Wb, then the smallestj mass should be less than the kinematic limit

for this decay,/(m? — m¥,)/2 = 110 GeV. This minimum mass is plotted in Figue 6 and has the expected

shape. However, a rather small fraction of the jets so ssdesmte tagged dss, while theb tagging efficiency
is about 60%.

6. X% + jets Signature

If both gluinos decay viagg — )Zliq(j with Xli — xY*v, the signature is four hard jets plus two leptons.
Requiring the leptons to be the same sign causes the losdfaffithe signal but greatly reduces the SM
background. Events were selected to have
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e Four jets withpr > 40 GeV, the first withpy > 100 GeV;
e Mg > 500GeV;

o Fr > max(100GeV,0.1Mqg);

e St > 0.2

e Atleast 2 leptons;

e Less than 2 taggefdjets.

The two hardest leptons were required to be the same sigreaebrof the three possible ways of pairing
the jets, the larger of the dijet masses was taken, so therminiof the three masses should be less than
the dijet endpoint for gluino decaw/(§) — M (xi) = 620 GeV. The distributions for all three and for the
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minimum are shown in Figurg 7. The expected distributioraivietd by forcing the decayg — x| ud and
X7 — XVetv is shown in Figurd]8. The endpoint has the expected value. eMesvthe sample is not very
pure: Figurd 9 shows that there are other contributionsdétacuts on extra jets did not help significantly to
improve the purity.

7. £te~j Signature from § — x%g

The decaygi — x39, X3¢ have branching ratios of 1% and~ 2% respectively at this point{d — {2
has a branching ratio of 100%. The /"¢~ pair was combined with any jet withy > 200 GeV not tagged
as ab. Figure[1D shows the resulting™e™ + utu~ — e*u¥) + j mass distributions for th& peak and



39

=
o
o
o

900
800

Events/100 fb*

700
600
500
400
300

|l o]

10 20 30 40 50 60 70 80 90 100
ID (with I'T)

OO

Fig. 9: SUSY particle content for events selected in Figﬂmsiﬂg the ISAJET particle numbering scheme.

- 20 b 20
2 [ 2 [
2 i S - i
o = o L
N L d i
> 15— > 15—
o L o L
o = o L
i L g L
i) i)
c B c B
¢ 10— ¢ 10
] r Ll r
5t 5t
ol 0
o b b b b b B B e e o b b b b b B T il
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
M, (GeV) M, (GeV)

Fig. 10: Minimum mass of e~ +u+ 1~ —e* 1T combined with jet withpr > 200 GeV. Left: Z peak. Right: Belowgd — %3¢ ¢~
endpoint.

for the Y3 — x%¢*¢~ continuum. TheZ distribution should have an endpoint @12.3 GeV that can be
calculated in terms of the masses involved. The continuumaige complicated since the dilepton mass also
has a distribution.

8. xi+ X9 Signature
Direct production of gauginos is only a factor of 10 smaller tharyg production at this point. Events were
selected to have three leptons with > 50, 20,20 GeV. A jet veto of 30 GeV was imposed. The OS,SF

dilepton mass distribution is shown in Figdiré 11. The ddependpoint is known from Figufé 2. Requiring an
OS,SF pair below this endpoint gives thie/— ¢+ distribution in the same figure. Clearly the SM background
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is still comparable to the signal; it would be worse if tHevidth in SM W Z events were properly taken into
account. Also, the effect of pileup on the jet veto has nohbeeluded. Thus this channel does not seem very
promising.
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Part VII
Inclusive study of MSSM in CMS

S. Abdullin, A. Albert, F. Charles

Abstract

The Minimal Supersymmetric Standard Model is an extensidheoStandard Model,
the most economical one in terms of new particles and newlio@sp Many studies
have been performed on the observation of supersymmetrmdstly limited to the
MSUGRA model. Here we consider the possibility of a broadst of SUSY, using
a less constrained model than MmSUGRA, the pMSSM (phenomgical MSSM).
This study is made in an inclusive way in the framework of tHdSCexperiment.
We first show the ability of CMS to discover SUSY in a large domaf pMSSM
parameter values. We then attempt to estimate the undértain the determination
of MSSM parameter values using essentially kinematicalsmesments.

1. Aim

The MSSM is a good candidate for the new Physics expectedeatdl scale. Experiments at both LEP
[L03] and Tevatron [[194] have been looking for evidence oSSlbut for the moment no signal has been
observed. The results of the searches give limits on spariasses. Some indirect measurements like the
b — sv branching ratio, the anomalous muon magnetic moment g-R1D&], dark matter searche$ [106] or
the Z width also provide constraints on SUSY parameter galBet all these results still leave a large MSSM
parameter space unexplored.

The goal of this study is to evaluate the ability of the CMSedtdr [10] to observe signals of super-
symmetry in a large domain of MSSM parameter values. The nfSAEB1,[10$] (minimal SUper GRAvity)
model, with its only five free parametersif, m, 5, Ao, tan 3 andsign(u)) is very popular and has been
the subject of many studies up to now. A study of MSUGRA, peréa in a similar way [[109] to the work
presented here, concludes that for both low and high valtiesng3, and for both positive and negatiye the
mass reach for gluinos and squarks is uptd.5 to 2.7 TeV for 100fb .

Two reasons motivate us to extend the mSUGRA study to a lesstrained model, the “phenomeno-
logical” MSSM (pMSSM). On the one hand, mSUGRA is a ratherst@ined model, very specific and not
illustrative of the variety of all possible supersymmetmiodels. On the other hand, contrary to mSUGRA,
the pMSSM has no fixed hierarchy of masses. In this case, srir@T® mass hierarchies could show a sig-
nificantly different kinematical behavior than in the casenSUGRA, which could prevent the discovery of
supersymmetry even for relatively low values of the spkrticasses. Moreover, in the case of pMSSM we have
various types of cascades which produce many types of fiatsstwith similar signatures, but not the same
types of particles. For example, are we going to be able tergbsupersymmetry with a final state containing
multiple jets; taus instead of muons and electrons; andjeduced by ¢ quarks instead of b quarks? The type
of particles produced is really important in order to dissosupersymmetry in CMS and to identify the SUSY
scenario at work.

In this pMSSM framework, we are going to show that supersytnymeould be discovered over a large
scale of masses in the; versusm; plane. Next we show that there are ways to estimate the valute
MSSM parameters using kinematical quantities measureddbMS detector and event rates. An advantage
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of this approach is its model independence — the only depreredeomes from the hierarchy of massgs ][110].
Finally, we estimate the statistical uncertainties dudiormethod of extraction of the MSSM parameter values.

2. Theoretical framework
2.1 MSSM

Supersymmetry (SUSY) is a symmetry between fermions andrisosSome of the motivation for SUSY has

been reviewed in the Introduction. The MSSNI |[B1,]108] is thgp&symmetric extension of the Standard
Model which introduces the minimal number of new particlesly one per SM particle and 4 additional Higgs

bosons) and no new couplings. The MSSM contains 124 indgpe¢mérameters, including the 19 ones of the
Standard Model.

2.11 pMSSM (phenomenological MSSM)
Some phenomenological constraints allow to reduce the ruaftMSSM free parameters:

e no new sources of CP violation,
e no Flavor Changing Neutral Current effects,
e universality of the first two generations.

These three constraints leave only 19 free parameters :

tan ( : ratio of the vacuum expectation values of the two Higgs tketslfields,

M 4 : mass of the pseudoscalar Higgs boson,

1 : SUSY preserving Higgs mass parameter,

My, M5, M3 : bino, wino and gluino mass parameters,

Mg My, M, My, Mg, @ unified first and second generation sfermion masses,
Mt;?, Mb~R, MQ, M7, M, : third generation sfermion masses,
Ay, Ay, A third generation trilinear couplings.

2.12 A restricted pMSSM

The model used in our study is a pMSSM, but with a further rédaocin the number of free parameters.
It is an intermediate model between mMSUGRA and the pMSSMximj the constraints of mMSUGRA but
still more constrained than the pMSSM. Referende] [81] gs@me examples of such models, taking into
account more constraints than pMSSM. We take into accoespectively, the mass unification of squarks and
sleptons (universality of the three generations of sdadjcassuming that the mixing is not too large for the
third generation. We also consider the unification of teiin couplingAd; = A, = A,. This leads to 9 free
parameterstan 3, M4, pu, My, My, Mz, Mg, Mj, Az. This constrained model allows us to perform simpler
simulation, while keeping the diversity of signatures of 8% events.

2.2 Examples of signal events
2.21 Anexample of MSSM cascade

Figure[1 shows an MSSM event of the type — ¢1.g, with 5 jets including 2 b quark jets and 3 leptons
including 27's in the final state. The 2 neutraling§ produce missing transverse energg*.
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(a) Another example of an mMSUGRA cascade. (b) GEANT output for the mSUGRA event shown in
Fig. .

Fig. 2: Another detailed example of an mSUGRA event.

2.22 A more detailed mMSUGRA example

An mSUGRA event of the typgq — §q is shown in figurd 2(h), while figure 2[b) shows the correspugnd
event display in CMS obtained from GEAN[T [311] for this eveWite used the following parameter values:

mg = 1000 GeV,m, j, = 500 GeV, Ag = 0, tan 8 = 35, y1 > 0.
The final state is made of 6 jets including 4 b-quark jets, andi®ralinos which producg}™:*s.
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3. Simulation procedure
3.1 Signal production

We use a model with 9 parameters, which make up a hypersp&cdimensions. To simplify the analysis we
use a discretization of the parameter values. The choiceeofitimber of values for each parameter depends
on the parameter sensitivity. We used a grid for squark amdglmasses with 9 values evenly spaced between
600 and 3000 GeV, because the event characteristics at LHéhdeprimarily on these two masses. On the
other hand, many observables are not very strongly depéwndethe parametetan 5. We thus use only two
values, to distinguish the behavior at large and small wahfehis parameter. The values selected for each
parameter in this analysis are the following:

e M5 : 600, 900, 1200, 1500, 1800, 2100, 2400, 2700, 3000 GeV

e Mz : 600, 900, 1200, 1500, 1800, 2100, 2400, 2700, 3000 GeV

e Mj: 200, 1000, 3000 GeV

e M : 100, 500, 1000, 2000 GeV

e M, : 100, 500, 1000, 2000 GeV

e My : 200, 1000, 3000 GeV

o As: 0, 2000 GeV

e 13200, 500, 2000 GeV

e tan (3 : 2, 50

We end up with a total of 140000 different sets of parametéreg For each set, we generate 1000

events, a compromise between the limits imposed by the imgnoll the data flow and sufficiently small statis-

tical errors. The theoretical and experimental constsaimke it possible to reduce the number of combinations
to a total of17.103.

These imposed constraints are the following:

constraint on the Higgs mass 100 GeV,
lightest chargino mass 100 GeV,
lightest neutralino mass 50 GeV,
the lightest neutralino is the LSP.

Signal events were generated using the ISAJET progfain T98].CMS detector response was obtained
from the fast Monte-Carlo code (non-Geant) CMSJET 4.F1 [[1Characteristics of CMSJET software are

given in figure[B.

3.2 Background production

The background production to this ¢§ SUSY search was estimated using Standard Model eventsitptali
similar signatures as the MSSM events. The background watuped using PYTHIA [[113]. We consider
here SUSY signals with the following event characteristics

e production from 0 to n isolated leptons (electrons or muons)
¢ alarge value for the average missing transverse ener@p( GeV),
e more than 2 jets with large transverse energyl() GeV).

Therefore we must consider as potential Standard Modeldgraukds all processes with large rest
masses which yield large transverse missing energy, piaglemergetic jets, and possible isolated leptons.
Thus the backgrounds we consider are the following: — tt, W + jet, Z + jet, WW, ZZ, ZW. We also
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considerQC D events with several high energy jets, including heavy flsybrand c). The missing transverse
energy in this type of event originates either from semtdajr b,c decay or from imperfections and fluctu-
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Fig. 4: Feynman diagrams of a few background examples.

ations in the response of the detector which may fake midsangverse energy. Some of the background
mechanisms are shown in figude 4. The primary contributiortae background after cuts is at large values of
the transverse momentupa- of the produced patrticles in the 2-body final state. To obgaificient statistics,
we generate events independently for several intervalg ¢§ee tabl¢]1). A total of two hundred million events
have been generated.

The QCD event sample generated for Ipyvis tiny compared to the required one but fortunately, there
is correlation betweep; and the maximal producel?*** value, so one does not expect high value&Bf*
for low pr. To be confident in the simulation, we apply some prelimiraris during the generation:

e EMss > 200 GeV limit, below which the QCD jet background become domipan
e atleast 2 jets withz)" > 40 GeV in |/¢!| < 3.

The isolation of the leptons is given by the following reguirent

e muon withp4. > 10 GeV within the muon acceptance or electron with> 20 GeV within [n¢| < 2.4;

e no charged particles with; > 2 GeV in a cone of? = 0.3 around the direction of the lepton;

° ZE%” in a cone ring).05 < R < 0.3 around the lepton impact point has to be less than 10% of the
lepton transverse energy.

3.21 Pile-up

We also take into account event pile-up, i.e. 25 inelagtievents on average per bunch crossing with a Poisson
distribution. The two upper graphs in figuie 5 illustrate thgo between the lepton isolation efficiency with
and without pileup, as a function of pseudorapidity, anddvarse momentum (the definition of lepton isolation
is given in [112]). The efficiency is reduced to 85% due to thatiplicity of particles produced in each bunch
crossing. In the two lower plots giving the event missingigigerse energy, and the scalar sum of the event
transverse energy, the solid curves are without pile-uptlemdashed ones with pile-up. Pile-up does not make
a very significant difference for total missing transversergy, but increases the total transverse energy.

3.3 Different selection criteria

To distinguish signal from background, we are led to apphekiatical cuts on the observables we extract from
the CMS detector.
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| processeg pr interval (GeV)| o (pb) | N, generated % of needed foi00 fb~" |

0 — 100 267 1.461 - 107 54.7

100 — 200 240 6.638 - 106 27.7

tt 200 — 400 80.7 6.864 - 109 85.1
400 — 800 6.3 6.484 - 10° 102.9
> 800 0.163 1.630 - 10* 100.0

50 — 100 7140 2.753 - 107 3.9

100 — 200 1470 8.618 - 106 5.9

W 200 — 400 155 6.424 - 10° 41.4
400 — 800 9.5 9.909 - 10° 104.3
> 800 0.33 3.300 - 10* 100.0

50 — 100 2670 1.554 - 107 5.8

100 — 200 580 9.998 - 106 17.2

Zj 200 — 400 64.0 4.455 - 106 71.2
400 — 800 4.0 4.927 - 10° 123.2
> 800 0.137 1.370 - 10% 100.0

100 — 200 1.37-10° 6.000 - 107 0.04

200 — 400 7.15 - 10* 3.229 - 107 0.45

QCD 400 — 800 2740 3.259 - 107 11.9
800 — 1200 60.0 6.033 - 109 100.0
> 1200 4.8 4.947 - 10° 103.1

| total | \ | 2.342-10°

Table 1: Background repartition by interval. For eachpr interval we give the process cross-section in pb and the eummb
generated events. The last column shows the percentagermtfeve have generated compared to the expected numbemos éve
100 fb~* of integrated luminosity.

Table[? gives all the different values we use for the selactithis yields approximately 10000 combi-
nations of cuts to optimize signal to background ratio.

3.4 Signal significance estimator

We make a systematic search for all sets of parameters asddfime limits of discovery through calculations
of the significance of the signals. The definition of the digance we use is the following one:

S
significance= —, 1
g 7B 1)
where S is the number of signal events atitithe number of background events. A significance exceeding
5 indicates that the corresponding set of MSSM paramet@iesalk experimentally accessible. In order to
optimize the significance, we used some cuts which are listéte TabldP.

To show the importance of cuts to separate the signal frorbabkground, tablgg 3 affl 4 give examples
of the number of events for signal and background, beforeadted cuts. We notice the very important effect
of the cuts, the number of background events decreasing froi° to ~ 100, i.e. by a factor roughly equal
to 2 x 10%, and the significance increasing by a factof.00.
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parameter different cut values
Number of jets 2,3,4,5,6,7,8,9,10jets

(with a minimal transverse energy of 40 GeV)
Transverse momentum of the highest energy jet| 40, 150, 300, 400, 500, 600, 700, 800, 900, 1000 GeV

Transverse momentum of the second highest energy jet 40, 80, 200, 300, 400, 500 GeV
Missing transverse momentum 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1100, 1200, 1300, 1400 GeV
Total transverse momentum 700, 900, 1100, 1300, 1500, 1700, 1900, 2100,
2300, 2500, 2700, 2900, 3100, 3300, 3500 GeV,
Angle ® between the missing transverse 0, 20 degrees

momentum and the momentum of the isolated lepton

Table 2: All sets of cut values for significance optimization

4. Analysis
4.1 Calculation of significance
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before cuts| after cuts
number of signal events 6152 431
number of background events 24010° 124
significance 0.397 38.614

Table 3: An example of the effect of cuts on the number of dignd background events. We give also the significance aidaifihe
MSSM parameter values are the followingf; = 1000 GeV, M; = 500 GeV, M2 = 1000 GeV, Mz = 2700 GeV, Mz = 900 GeV,
Ma = 200 GeV,tan 8 = 50, p = 500 GeV, A3 = 0 GeV.

before cuts| after cuts
number of signal events 6121 355
number of background events 240106 112
significance 0.395 33,5

Table 4: An example of the effect of cuts on the number of dignd background events. We give also the significance aidaifihe
MSSM parameter values are the followingf; = 1000 GeV, M; = 100 GeV, M2 = 500 GeV, Mz = 2100 GeV, Mz = 2100 GeV,
M = 1000 GeV, tan 8 = 50, 1 = 2000 GeV, A3 = 2000 GeV, which correspond to Fify. 6]a).

4.11 lllustration of the analysis for some specific paramestues

Figure[6(d) gives distributions of signal (in black) and ksrounds (in gray) for some kinematical quantities
before any cuts are applied; the signal is not easily distgiable from the background at this stage, as the
cross section is too much smaller. But quantities sucka%* and E;“™ have a very different shape, thus
cutting on these variables would greatly enhance the stgrtzckground ratio.

The specific example shown in figyre §(a) corresponds to flefing values of MSSM parameters:

M;=1000 GeV,M; =100 GeV, My =500 GeV, Mz = 2100 GeV, Mz = 2100 GeV,
M4 =200 GeV,u =2000 GeV, Az = 2000 GeV,tan S = 50. (2

The cross section for this set of parameters is 58 fb, and the significance after applying all cuts is equal to
33.

4.12 Example with either very broad or very narrow hierarcfynasses

We have investigated in some detail one of the major poindiftdrence between mMSUGRA and pMSSM,
namely the non fixed hierarchy of masses in case of pMSSM.dHitst example (figuré 6(b)), with a very
broad mass spectrum, the masses of neutralinos are chokennmch lower than the masses of squarks,
gluinos and sleptons. Spatrticles production is thereforaidated by neutralinos and charginos. The specific
parameter values are the following:

M; = 2000 GeV,M; =500 GeV, My =500 GeV, My = 2000 GeV, My = 2000 GeV,
M4 =1000 GeV,u =200 GeV,A3 =0 GeV,tan g3 = 50. 3)

The cross section for this set of parameters iss 1.22 pb and despite the abundance of neutralinos and the
low production rate of gluinos and squarks, one is still dblebtain after appropriate cuts (discussed in the
following section) a significance equal 16.2.
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As a second example (figufe 6(c)) we chose a case where thesradbe neutralinos, gluinos, squarks
and sleptons are comparable. The specific parameter vakigsegfollowing:

M; = 1500 GeV, M; = 940 GeV, M, = 2000 GeV, M; = 1000 GeV, M; = 1020 GeV,
My = 1000 GeV,p = 1050 GeV, A3 =0 GeV,tan 3 = 50. )

SUSY production now mostly proceeds via gluinos and squetkis a cross sectiowr = 2.014 pb and a
significance equal t86.3 after selection cuts.

For the third example (figure 6{d)) the parameter valuesterédilowing:

M; = 1520 GeV, M; = 1450 GeV, My = 2000 GeV, My = 1500 GeV, M; = 1520 GeV,
My = 1000 GeV,p = 1500 GeV, A3 =0 GeV,tan 3 = 50. (5)

The masses of the neutralinos, gluinos, squarks and skeptensimilar again but heavier than in the previous
example. The main sparticle production proceeds still idangs and squarks, with, in this case, a cross section
o = 0.126 pb and a significance equal 3@ after cuts are applied.

Even for the sets of parameter values which would seem diffjeither very similar masses or on the
contrary very broad span of masses), applying cuts allovabtain good results. However, in the case of a
small spread of sparticle masses, the discovery limit isiabhd TeV instead of 2.5 TeV as obtained with the
usual mMSUGRA-type mass hierarchies.

4.13 Discovery limits

We now generalize this study to determine a limit of discgvier the MSSM. For each MSSM point, we are
looking for the set of cuts which gives the maximum value far significance. With these collected values of
the maximal significance, we can draw the discovery limitdifeated as the isocurve of a significance equal
to 5). The significances are calculated for an integratedrlosity [ Ldt = 100 fb~! corresponding to one
year of LHC at high luminosity. Our first result is the isoceiref significance equal to 5, given in the plane
(Mg, Mj), which are the two most important parameters. The 7 othenpeters have the same fixed value for
all the MSSM points of the plane. One example of such a resugliven by Figurd]7 with the following values
of the other parameters:

M;=3000 GeV,M; =500 GeV, My =1000 GeV, My =200 GeV,
1 =>500 GeV,A3 =0 GeV,tan = 50. (6)

Four isocurves are given in this figure, corresponding toegifip event topology selection according to
the number of isolated leptons produced. The curves lab&8iéepton”, “1 lepton”, “2 leptons” correspond to
a calculation of significance using only events with respelt 0, 1, 2 lepton(s). The curves labelled “all” use
all events to calculate the significance. For each point at g/pe of lepton selection, we manage to find the
set of cuts which gives the largest significance.

We can now try to compile all these results in one charatietimit. We could first combine our results
in a conservative fashion, establishing the region in(thg, M;) plane in which any set of the orthogonal
parameters will be accessible by the CMS detector. In otleedsy for each point in theM;, M;) plane above
the reach curve there exist at least one set of the 7 othempéeawhich has a significance under 5. Figdre 8
shows this pessimistic mass reach in tiié;, M;) plane. In terms of statistics, there are a total of 2,962
combinations (out of the original 35,000 combinations afpaeters) which don’t pass the cut on significance
(> 5). We have also found a single point under the curve which doepass the significance cut:

M; = 3000 GeV,M; = 2000 GeV, My =2000 GeV, Mz = 1500 GeV, Mz = 1800 GeV,
My =3000 GeV,u =200 GeV, A3 =2000 GeV,tan [ = 50. @)
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Fig. 7: Graph of discovery limits in th&/; versusM; plane.

This particular point exhibits a narrow hierarchy of magsess like in the previous example, and provides a
lower limit of discovery. In a typical configuration we haveiacovery limit of about 2.5 TeV. This exact reach
in parameter space depends on the magnitude of the backiytonss section within the kinematical cuts. Here,
we assume that the PYTHIA cross section are correct. Thigdslg invalid, as higher order QCD corrections

tott,

W+jets, Z+jets are not incorporated. This is an aspect sfiesgatic uncertainties to be addressed in a

later study.

4.2 From kinematical observables to MSSM parameters

4.21

Choice of observables

In a second exercise, we reverse the problem and try to sehevhan the basis of event kinematical variables
and event rates it would be possible to determine the MSShinpater values. A total of 11 observables are
used to separate the different sets of MSSM parameter values

average number of leptons per even),

average number of jets per eveny;),

mean value of jet moment&’,;),

mean value of lepton moment&;;),

mean value of missing transverse enefgs**),
number of event®V,,;,

number of events with 0,1,2 or 3 leptong, N1, No, N3,
mean value of total transverse enefdy ™).
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MSSM parameters.

These observables are characteristic of the measurembatdone with the CMS detector, and corre-
spond to signatures of MSSM events. In particular, therecareelations between these observables and the

Figure[d illustrates some of these correlations betweeersables and pMSSM parameters, more specif-
ically, between(E;*™), Ny, (N;), (IN;) and the parameter. The values of the other parameters are:

M; = 3000 GeV,M; =500 GeV, My =500 GeV, Mz = 2100 GeV, Mz = 2400 GeV,
My =200 GeV, A3 =2000 GeV,tan 3 = 50. (8)
It can be seen that the value of all these kinematical quesititecreases with increasipg This shows that

these observables are sensitive to the valye. dVe have obtained the same behavior with the other pMSSM
parameters, which is an argument to use pMSSM instead of fRFUG

4.22 Separation of parameters

After optimizing the cuts to achieve maximal significance,axtract the values of all observables for signal and

background, and we calculate the statistical uncertaintiassociated with each observable; the uncertainties
o. are equal to the ratio of the standard deviation of the 8igtion and the number of events, thus :

e 0. x VN for N number of events (for example the number of events with ®res)t
* 0c o 7 in general and for mean value ( liKeZ;*5 ) with o; the root mean square.

In this way we take into account the uncertainties on theames derived from the small number of 1000 events
generated for each MSSM point. Can these values of the aisesrbe linked to the values of the pMSSM

53
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parameters? In other words, are we able to distinguish tifereint sets of MSSM parameter values using only
the values of the observables for each set? If this discatitin is possible, we associate each set of parameter
values with the corresponding values of kinematical qtasti and also we use interpolation when we turn
to the continuous case. Discrimination is carried out inftilewing way: one MSSM point is considered
distinguishable from another one when the difference betwelues of at least one of the observables for
the two points is greater than 5 standard deviations of tineidered observable. , calculated for the point

we take as referenceege. if, for example,NJ’fjtf — N]Zfet > 500¢/ whereNjTjtf is the number of jets for the

reference pointN;fet is the number of jets for another points anf’ is the statistical uncertainty on the
average number of jets of the reference point. By calcudatior each MSSM point, the difference between
the MSSM reference point and any other point for each obbnand by expressing these variations in terms
of the value of respective uncertainties calculated forréference point, we can discriminate between them.
Figure[1D shows an example of discrimination for the follegvizalues of parameters:

M; = 3000 GeV, M; =100 GeV, M, = 1000 GeV, My = 2700 GeV, M; = 2400 GeV,

My =200 GeV,u =500 GeV,A3 =0 GeV,tan 3 = 50. 9
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By applying successively a cut at 5 standard deviations enfdlowing observables: average number of
leptons, of jets, missing transverse energy and total Yexse energy, we manage to separate the reference
point from all the other ones. This method works for all MSSbints ( the number of cuts needed for the
separation varies from point to point).

4.23 Evaluation of the statistical uncertainties

We showed in the previous section that there is a possikditgistinguish one set of parameter values from
the others. We are now going to estimate the statistical rtainées for each MSSM parameter value. We
estimate these uncertainties using the uncertaintiesilesdcl for each observable. For that, we consider one
set of MSSM parameter values defined as the reference pdiat fbr any chosen parameter, we measure the
number of standard deviations for each observable betwearterence point and the MSSM point having the
same parameter values except for the one in question. The wélthis parameter has to be different by one
unit on the grid of values. For example, if we want to obtaia $hatistical uncertainties on tixgparameter for
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| parameter | value | o, o_

M(L) (GeV) | 3000. [ 9.899 | 9.899
M1 (GeV) | 500. | 3.035 | 4.259
M2 (GeV) | 500. | 5.451 | 5.451
M(Q) (GeV) | 1800. | 12.384 | 21.092
M(G) (GeV) | 1800. | 2.481 | 1.901
A(GeV) | 200. | 4.749 | 4.749

tan 3 50. | 0.575 | 0.575
1 (GeV) | 2000. | 17.331 | 17.331
As 2000. | 8.534 | 8.534

Table 5: Resolutions of the MSSM parameter values for ingeliate masses MJ and M(g) (large statistics) and significance = 30.

fixed values of the other parameters, we consider the poitthwias the same values for the other parameters
and the next higher value forin the grid of parameters and then we calculate

Miss Miss
_ ‘ETl — ET2

O 7Miss
ETl

N (10)

where E25% is the missing transverse energy at the point we want to ledécthe resolution E20i the
missing transverse energy at the other point a@g{iss the statistical uncertainty estimate faR/is. we
assumed that

N = 11— el (11)
Oy
whereo,, is the statistical uncertainty we want to estimate. We cailsd take another observable or a linear
combination of observables to calculate the uncertainties
In the following two tables, we have uségf'*** as the observable for the calculation of the resolution.

| parameter [ value| o | o_ |
M(L) (GeV) | 1000. | 146.491 | 146.491
M1 (GeV) | 2000. | 55.387 55.387
M2 (GeV) 500. 23.740 23.740
M(Q) (GeV) | 2700. | 18.868 | 16.289
M(G) (GeV) | 2700. | 42.142 | 40.814
A (GeV) 3000. | 118.390 | 118.390

tan 3 50. | 4.411 | 4.411
1 (GeV) | 500. | 136.504 | 136.504
As 2000. | 95.730 | 95.730

Table 6: Resolution of the MSSM parameter values for highsas$/¢) and M(g) (low statistics) and significance = 6.

Tables[p and]6 show some examples of resolution obtainedidyrtbthod. These values are small
since this is only the statistical error. The resolutionudti@egrade after including systematic errors. Taple 5
shows the calculation of statistical resolution for medisgpark and gluino masses, where statistics are large.
Table[p shows a similar calculation for large masses for rkguand gluinos, where statistics are low and the
uncertainties are thus much more important.
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Figure[1]l shows an example of resolution in the plaeversusm; for the following reference point:

M; =200 GeV,M; =100 GeV, My =500 GeV, Mz = 1500 GeV, M; = 2100 GeV,
M4 =200 GeV,u=200 GeV, A3 = 2000 GeV,tan 3 = 50. (12)

We have, for this point, a resolution of about 5 to 10 GeV (gghe number of events with 0 leptonsy;, as
the discriminator).

5. Conclusion

We demonstrated the possibility to discover a phenomerablylSSM using an inclusive study in the MSSM
parameters space. Once we have discovered SUSY, usingiraadical observables for parameter determi-
nation proved to be an efficient method. Statistical unadiés obtained are relatively smak (50 GeV for
squark and gluino masses). We could note, at the end of ody,dfwat there was little difference between
MSUGRA and the pMSSM. The discovery limit is to a large extigtermined by the total cross section (and
is around 2.7 TeV at CMS). The only difference appears forespoints having a specific mass hierarchy. As
an example, in the case of a compact hierarchy of massesniiavk expect is about 1.5 TeV.
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Part VIII

Establishing a No-Lose Theorem for NMSSM Higgs
Boson Discovery at the LHC

U. Ellwanger, J.F. Gunion, C. Hugonie

Abstract

We scan the parameter space of the NMSSM for the obseryabfliat least one
Higgs boson at the LHC witt300 fb~! integrated luminosity, taking the present
LEP2 constraints into account. We restrict the scan to thegmns of parameter
space for which Higgs boson decays to other Higgs bosonsmsdpersymmetric
particles are kinematically forbidden. We find thal#f¥/-fusion detection modes
for a light Higgs boson are not taken into account, then tlaeestill significant
regions in the scanned portion of the NMSSM parameter spheeerno Higgs bo-
son can be observed at the level, despite the recent improvements in ATLAS and
CMS procedures and techniques and even if we combine alfusion discovery
channels. However, if th& W -fusion detection modes are included using the cur-
rent theoretical study estimates, then we find that for alheed points at least one of
the NMSSM Higgs bosons will be detected. If the estimai@@fo—! significances
for ATLAS and CMS are combined, one can also achigvesignals after combin-
ing just the nonW W -fusion channels signals. We present the parameters ofateve
particularly difficult points, and discuss the complementales played by different
modes. We conclude that the LHC will discover at least one [SM3Higgs boson
unless there are large branching ratios for decays to SU8IH¢lpa and/or to other
Higgs bosons.

1. Introduction

Supersymmetric extensions of the standard model gengnadlict relatively light Higgs bosons. One of the
most important tasks of the LHC is the search for Higgs bosi@ [06,[11#]. An important milestone in
understanding the potential of the LHC was the demonstratiat at least one Higgs boson of the minimal
supersymmetric standard model (MSSM) would be detectdltteea> 50 level throughout all of the MSSM
parameter space so long as top squark masses do not exced2lTeV and so long as large branching
fractions to decay channels containing supersymmetriticies are not substantial.

In [LI3], we studied, subject to these same and a few otheplijing restrictions, the detectability
of Higgs bosons in the next-to-minimal supersymmetric déad model (NMSSM). This short note presents
the most relevant procedures and conclusions[of][115]. énNMSSM, one Higgs singlet superfielﬁ is
added to the MSSM in order to render unnecessary the bilisgaerpotential ternuH, Ho by replacing it
with )\SHng, where the vacuum expectation value of the scalar compmieﬁt( ), results in an effective
bilinear Higgs mixing withy = A(S). The detectability of the NMSSM Higgs bosons was first coar®d in
a contribution to Snowmass 96 _[116]. The result, using teeementally established modes and sensitivities
available at the time, was that substantial regions in thharpater space of the NMSSM were found where
none of the Higgs bosons would have been observable eithdfR2 or at the LHC even with an integrated
luminosity of600 fo~! (two detectors with, = 300 fb—! each).
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Since then, progress has been made both on the theoretittieaexperimental sides. On the theoretical
side, the dominant two-loop corrections to the effectivéeptial of the model have been computefl 117,
f[18]. These lead to a modest decrease in the mass of theslighitggs scalar, holding fixed the stop sector
parameters. Inclusion of the two-loop corrections thusdases somewhat the part of the NMSSM parameter
space excluded by LEP2 (and accessible at the Tevation)], [Adi8is of less relevance for the LHC. On the
experimental side the expected statistical significanee® been improved since 199¢ [[f9,P6]114]. Most
notably, associatetfh production withh — bb (originally discussed in [[119]), which in the SM context is
particularly sensitive tan;, < 120 GeV, has been added by ATLAS and CMS to the list of Higgs bosteation
modes [79[ 94, 114, IpP—123]. Analysis of this mode was thcertended [124] ton;, = 140 GeV, which,
though not relevant in the SM case due to the decline irbkHeranching ratio as th&/ 17 * mode increases,
is highly relevant for points in our searches for which thé?* mode is suppressed in comparison to the SM
prediction. In addition, techniques have been propoded-{I20] for isolating signals forl’ W fusion to a
light Higgs boson which decays t@ or W (),

It turns out that adding in just th&h process renders the no-Higgs-discovery parameter chdees
scribed and plotted in[ [116], including the “black point’steibed in detail there, visible[ [1131]. I T1115], we
searched for any remaining parameter choices for which ggdthoson would produce>a 5o signal. In this
search, we performed a scan over nearly all of the paramgteesof the model, the only parameter choices
not included being those for which there is sensitivity te ktighly model-dependent decays of Higgs bosons
to other Higgs bosons and/or superparticles. The outcortiaisfor an integrated luminosity @00 fb—! at
the LHC, there are still regions in the parameter space willo expected statistical significance (computed as
Nsp = S/+/B for a given mode) for all Higgs detection modes so far studtiedetail by ATLAS and CMS,
i.e.including thetth — ttbb mode but not théV W -fusion modes. On the other hand, the expected statistical
significance for at least one of these detection modes is/alalaoves.60 at300 fb~!, and the statistical signif-
icance obtained by combining (using the naive Gaussiarepkge) all the norid W -fusion modes is at least
4.80. However, we find that all such cases are quite observable (@t1c) in one of thelW W -fusion modes
(using theoretically estimated statistical significanf@sthese modes). For all points in the scan of parame-
ter space, statistical significances obtained by combialhgnodes, including? W -fusion modes, are always
>10.70. Thus, NMSSM Higgs discovery by just one detector with- 300 fo~! is essentially guaranteed for
those portions of parameter space for which Higgs decayther éliggs bosons or supersymmetric particles
are kinematically forbidden. This represents substaptiafjress towards guaranteeing LHC discovery of at
least one of the NMSSM Higgs bosons.

In order to clarify the nature of the most difficult points hrose portions of parameter space considered,
we present, in sect. 4, examples of particularly difficuttdiemark points for the Higgs sector of the NMSSM.
Apart from the “bare” parameters of the model, we give theseasnd couplings of all Higgs scalars, their
production rates and branching ratios to various channaksti¢/e to the SM Higgs) and details of the statistical
significances predicted for each Higgs boson in each chafied latter will allow an assessment of exactly
what level of improvement in statistical significance wil bequired in the various different detection modes
in order to render marginal modes visible. Of course, oumedes of the expected statistical significances
are often somewhat crude (e.g. their dependence on the atatechintegrated luminosity). We believe that
our procedures always err in the conservative directicaitey to statistical significances that might be a bit
small. Thus, the LHC procedures for isolating Higgs bosgnalis could provide even more robust signals for
NMSSM Higgs boson detection than we estimate here.

The detection modes, which serve for the searches for stnaadel or MSSM Higgs bosons, include
(using the notatior, a for CP-even, CP-odd Higgs bosons, respectively):
1) 99 — h —
2) associated h or tth production withy~¢* in the final state;
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3) associatedth production withh, — bb;

4) gg — h/a or associatedbh/a production withh/a — 77,

5) g9 — h — ZZ*) — 4 leptons;

6)gg — h — WW® — IH—up;

7) LEP2¢te™ — Zh andete™ — ha;

YWW — h — 1T,

NWW — h— WWH,

where 8) and 9) are those analyzed at the theoretical levfllZ§-{13D] and included in the NMSSM analysis
for the first time in this paper. The above detection modesai@mploy the possibly important decay channels
) h — hh, i) h — aa,ii) h — hTh~, V) h — aZ, V) a — ha, Vi) a — hZ, Vi) h,a — hTWT,
viii) h,a — tt and ix)t — h*b. The decay modes i)-vii) give high multiplicity final statasd deserve a
dedicated study[[IB2], while the existing analyses ofttHnal state signatures are not very detailed. Further,
when kinematically allowed, the — h*b signal would be easily observed according to existing aesly
Thus, in this paper we restrict our scan over NMSSM paransgtace to those parameters for which none of

these decays are present. In addition, we take the cornstcdihEP2 [via the mode 7)] into account, and only
accept points for whicho discovery at LEP2 would not have been possiljle ][[33, 134].

The Higgs sector of the NMSSM consists of 3 scalars, denbtefls, hs with my,, < mp, < mp,, 2
pseudo-scalars, denoteg, a; with m,, < m,,, and a charged Higgs pair, denotiel. Mixing of the neutral
doublet fields with the gauge singlet fields in the scalar anlé pseudo-scalar sector can be strong. The scalar
mixing can lead to a simultaneous suppression of the cagygplir all theh; to gauge bosons, and hence to a
suppression of many of the detection modes above. (Of cotivse; have no tree-level couplings to gauge
boson pairs and the one-loop couplings are too small to yistdul event rates.) The couplings of the Higgs
bosons to t- or b-quarks can be amplified, reduced or evengehsign with respect to the standard model
couplings. Hence negative interferences can occur aman{dbp-) diagrams contributing t@y — h; and
h; — v, leading again to suppressions of the above detection médesmplete simultaneous annulation of
all detection modes is not possible, but simultaneous temuof all detection modes is possible and it is for
such parameter choices that NMSSM Higgs boson discoverpst difficult.

In the next section, we define the class of models we are goirgrisider, and the way we perform
the scan over the corresponding parameter space. In s@ctiendescribe our computations of the expected
statistical significances of the detection modes 1) — 9) abbvsection 4, we present six particularly difficult
bench mark points (in tabfg 1) and details regarding thaiistical significances in channels 1)-9) in taljle 2,
with a summary of overall statistical significances in tglleUsing these tables, we give a discussion of the
properties of these points.

2. NMSSM Parameters and Scanning Procedure

In this paper, we consider the simplest version of the NMSSM85{{14B], where the termH, H, in the
superpotential of the MSSM is replaced by (we use the neotatidfor the superfield andd for its scalar
component field)

AL LS + §§3 : @)

so that the superpotential is scale invariant. We make novg#tson on “universal” soft terms. Hence, the five
soft supersymmetry breaking terms

K
miy Hi + mi, Hy + m3S? + NA H{H»S + §AHS3 2)
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| Point Number [ 1 | 2 | 3 | 4 | 5 | 6 |
Bare Parameters
A 0.0340| 0.0450| 0.0230| 0.0230| 0.1330| 0.0230
K 0.0198| 0.0248| 0.0129| 0.0069| 0.1459| 0.0114
tan g 6.00 5.25 -5.5 5.75 -8 -6
test(GeV) 140 -110 115 -235 100 150
Ax(GeV) -35 25 -95 40 -135 -100
A (GeV) -150 70 -90 80 -75 -110

| Scalar Masses and Couplings | |
mn, (GeV) 115 100 103 113 114 112
cy -0.66 0.32 -0.34 0.67 -0.87 -0.71
ct -0.65 | 0.30 -0.31 | 0.65 -0.81 | -0.66
Cp -1.07 0.66 -1.27 1.16 -4.50 -2.40
gg Production Rate 0.39 0.08 0.08 0.39 0.56 0.36
BR~y~y 0.43 0.26 0.09 0.38 0.05 0.11
BRbb = BRTT 1.12 1.08 1.10 1.12 1.18 1.15
BRWW®) 042 [025 [0.08 |037 [0.04 |0.10
mn, (GeV) 125 114 114 126 144 122
cy -0.74 -0.83 0.79 -0.73 0.46 0.59
Ct -0.72 -0.74 0.70 -0.71 0.57 0.54
Cp -1.49 -3.28 3.46 -1.47 -6.66 2.24
gg Production Rate 0.46 0.44 0.40 0.45 1.18 0.23
BR~y~y 0.33 0.08 0.07 0.34 0.01 0.10
BRbb = BRTT 1.30 1.18 1.18 1.32 3.06 1.31
BRWW®) 032 [008 [0.06 |[033 [0.01 |[0.09
mn, (GeV) 205 153 148 201 202 155
cy -0.14 -0.46 -0.51 -0.15 0.18 -0.39
ct -0.30 | -0.63 | -0.67 | -0.32 | 0.17 -0.55
Cp 5.80 4.17 4.20 5.53 0.68 5.12
gg Production Rate 0.31 0.84 0.95 0.33 0.02 0.80
BR~y~y 0.13 0.05 0.05 0.15 0.98 0.03
BRbb = BRTT 308.66| 5.83 3.92 274.41) 1397 | 8.12
BRWW®) 0.18 [ 007 [0.06 |021 [0.96 005

| Pseudo-Scalar Masses and Couplings |
mq, (GeV) 191 112 130 130 113 145
ct 0.03 -0.03 | -0.10 | -0.01 | -0.10 | -0.16
Cp 1.16 -0.83 -2.95 -0.19 -6.55 -5.77
gg Production Rate 0.00 0.00 0.03 0.00 0.31 0.08
Mg, (GeV) 206 141 137 198 174 158
Ct 0.16 0.19 -0.15 0.17 -0.07 -0.05
Cp 5.89 5.18 -4.64 5.75 -4.59 -1.65
gg Production Rate 0.02 0.07 0.06 0.02 0.03 0.00
Charged Higgs Mass
mc(GeV) 221 [162 [157 [213 [157 | 167

Table 1: We tabulate the input bare model parameters, thespnding Higgs masses, and the corresponding Higgsingaptelative
to SM Higgs boson coupling strength, for 6 bench mark poiatso given for the CP-eveh; are ratios of theyg production rate and
various branching fractions relative to the values foundaf&M Higgs of the same mass. For the CP-agd‘gg Production Rate”
refers to the value relative to what would be found if bothiihand thet vs couplings had SM-like strength.
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0.00 | 0.77 | 0.79 | 0.00 | 0.00 | 0.43
S [Nsp(i))? 532 | 480 | 464 |5.83 | 476 | 5.37
V! [Nsp(d)]2 532 | 480 | 464 | 583 | 476 | 537

\/zi:1_6,879[1v50(¢)]2 532 | 4.86 | 10.21| 5.83 | 4.76 | 5.39

| Point [ 1 | 2 | 3 | 4 | 5 | 6 |
Channel hy Higgs boson
Nsp(1) 3.74 [ 035 [0.13 [3.18 [0.62 | 0.83
Nsp(2) 437 | 059 |0.22 | 392 |0.85 | 1.22
Nsp(3) 2.79 | 0.85 | 0.85 | 3.03 | 4.83 | 3.30
Nsp(4) 0.08 | 0.07 | 0.76 | 0.09 | 4.52 | 0.40
Nsp(5) 0.83 | 0.00 | 0.00 | 0.64 | 0.12 | 0.16
Nsp(6) 1.10 | 0.09 | 0.03 | 0.90 | 0.16 | 0.22
Nsp(7) 0.00 | 3.37 | 3.40 | 3.29 | 0.00 | 4.79
Nsp(8) 9.29 | 1.22 | 1.59 | 8.93 | 16.78| 10.08
Nsp(9) 2.39 | 0.00 | 0.00 | 1.74 | 0.41 | 0.49
S0 [Nsp(i)]? 6.54 | 1.09 |1.17 | 599 | 6.69 | 3.65
S [Nsp(i))? 6.54 | 3.55 | 3.59 | 6.84 | 6.69 | 6.02
\/zizl_&&g[NSD(i)]Q 11.61| 1.64 | 1.97 | 10.89| 18.07 | 10.73
S [Nsp(i)]? 11.61| 3.75 | 3.93 | 11.38] 18.07 | 11.75
Channel ho Higgs boson
Nsp(1) 3.69 [0.83 [0.61 [362 [0.22 | 0.55
Nsp(2) 4,01 | 1.25 | 0.92 | 3.93 | 0.05 | 0.74
Nsp(3) 249 |3.95 | 358 | 230 |0.99 |1.77
Nsp(4) 0.16 | 2.76 | 2.93 | 0.16 | 3.62 | 2.99
Nsp(5) 1.84 | 0.16 | 0.11 | 1.94 | 056 | 0.20
Nsp(6) 1.44 | 0.22 | 0.16 |1.46 | 0.38 |0.18
Nsp(7) 0.00 | 0.00 |3.31 | 0.00 | 0.00 |0.00
Nsp(8) 15.39| 15.17| 13.46 | 15.05| 7.41 | 9.89
Nsp(9) 5.79 | 0.63 | 0.44 | 6.05 | 0.19 | 0.82
S0 [Nsp(i))? 6.44 | 505 | 476 | 6.31 |3.82 | 3.61
S [Nsp(i)]? 6.44 | 5.05 | 580 |6.31 |3.82 | 3.61
\/zizl_&&g[NSD(i)]Q 17.65| 16.00| 14.28 | 17.40| 8.34 | 10.56
S [Nsp(i)]? 17.65| 16.00| 14.66 | 17.40| 8.34 | 10.56
Channel hs Higgs boson
Nsp(1) 0.00 [ 059 [0.66 [ 0.01 [0.00 |0.32
Nsp(2) 0.00 | 0.21 | 0.25 | 0.00 | 0.00 | 0.08
Nsp(3) 0.00 | 0.00 | 1.13 | 0.00 | 0.00 | 0.00
Nsp(4) 3.79 | 3.43 | 3.62 | 356 | 1.55 | 4.86
Nsp(5) 3.65 | 2.51 | 2.07 | 446 | 1.54 | 1.66
Nsp(6) 0.80 | 2.13 |1.52 | 1.17 | 0.38 | 1.55
Nsp(7) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Nsp(8) 0.00 | 0.00 | 9.06 | 0.00 | 0.00 | 0.00
(9)

S [Nsp(i)]? 5.32 | 4.86 | 10.21| 5.83 | 4.76 | 5.39

Table 2: Scalar Higgs statistical significancé&p = S/+/B, in various channels for the 6 bench mark points. For eadhithel
Higgs, we give (in order):Nsp for the channels 1) — 9) described in the text; Gaussian awedbVsp for nonW W -fusion LHC
channels; combinedsp for nonWW/ W -fusion LHC channels plus LEP2; combind& p for all LHC channels, including the fusion
channelsV W — h — 77 andWW — h — WW ) channels; and combinels» for all LHC channels plus LEP2.
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Point Number 1 2 3 4 5 6
Best nonW W fusionNgsp | 4.37 (1) | 3.95G2) | 3.62(R3) | 4.46(s3) | 4.83 (1) | 4.86 ()
BestWW fusion Ngp 15.39 12) | 15.17 G2) | 13.46 (2) | 15.05 (i2) | 16.78 (1) | 10.08 (q)

Best combinedVgp w.o.
W W -fusion modes
Best combinedVgp with
W W -fusion modes

6.54 (1) | 5.05 () | 4.76 () | 6.31 () | 6.69 (1) | 5.37 (b3)

17.65 (1) | 16.00 (2) | 14.28 (12) | 17.40 (o) | 18.07 (1) | 10.73 (1)

Table 3: Summary for all Higgs bosons. The entries are: maximonI¥ W fusion LHC Nsp; maximum LHCW W fusion Nsp;
best combinedVsp after summing over all nom¥ W -fusion LHC channels; and best combind@ » after summing over all LHC
channels. The Higgs boson for which these best values arevachis indicated in the parenthesis. One should referegthceding
table in order to find which channel(s) give the best values.

are considered as independent. The masses and/or couplfisgarticles are assumed to be such that their
contributions to the loop diagrams inducing Higgs prodarctby gluon fusion and Higgs decay intey are
negligible. In the stop sector, which appears in the ragiatbrrections to the Higgs potential, we chose the
soft massesng = mr = My,sy = 1 TeV, and varied the stop mixing parameter

A? A?
Xp=2—t _[1- d :
P M2+ m? ( 12(M2 +m§)> ®)

Susy Susy

As in the MSSM, the valué; = /6 — so called maximal mixing — maximizes the radiative coicex to the
Higgs masses, and we found that it leads to the most chatigqmiints in the parameter space of the NMSSM.

Assuming that the Higgs sector is CP conserving, the indigrgnparameters of the model are thus:
A, K, m3 ,m%b,m%,A)\ and A.. For purposes of scanning and analysis, it is more conveteeliminate
miy,, m%lb andm? in favor of Mz, tan 8 and uer = A(S) through the three minimization equations of the
Higgs potential (including the dominant 1- and 2-loop cotimns [L18]) and to scan over the six independent

parameters
Avﬂvtan/gvuefﬁA)wAﬁ . (4)

We adopt the conventioi, x > 0, in which tan 5 can have either sign. The absence of Landau singularities
for A andx below the GUT scale~ 2 x 10'6 GeV) imposes upper bounds on these couplings at the weak
scale, which depend on the value/efand hence ofan 5 [[L33-13P]. Usingmfgff = 175 GeV, one finds
Amax ~ 0.69 andkpmax ~ 0.62 for intermediate values afn 3.

For each point in the parameter space, we diagonalize thar stad pseudo-scalar mass matrices and
compute the scalar, pseudo-scalar and charged Higgs naasbesuplings taking into account the dominant 1-
and 2-loop radiative correction§ [318]. We then demandttietiggs scalars satisfy the LEP2 constraints on
theete~ — Zh; production mode (taken fronf [133], fig. 10), which gives adowound onn;, as a function
of the ZZh; reduced coupling. We also impose LEP2 constraints’@an — h;a; associated production (from
[L34), fig. 6), yielding a lower bound om,, + m,; as a function of theZ h;a; reduced coupling.

In order to render the above-mentioned processes i) — bdnkatically impossible, we require the fol-
lowing inequalities among the masses:

Mpy < 2mp,, 2Mg,, 2mp+, Mg, + Mz, mp+ + My
Mgy < Mp, + Mgy, Mp, + Mz, mp+ + My;  myu+ > 155GeV.
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In addition we requirdu.s| > 100 GeV; otherwise a light chargino would have been detectedERA.
(The precise lower bound dp.g| depends somewhat aan 5 and the precise experimental lower bound on
the chargino mass; however, our subsequent results do pehden the precise choice of the lower bound
on |ueg|.) We further note that for the most challenging parametacepoints that we shall shortly discuss,
luee| > 100 GeV is already sufficient to guarantee that the NMSSM Higgs besamnot decay to chargino
pairs so long as the SU(2) soft-SUSY-breaking parameétgis also large. In fact, in order to avoid significant
corrections toyyh; and~~a; couplings coming from chargino loops it is easiest to take > u.g (Or vice
versa). This is because th@}ji{ coupling is suppressed if th“éj is either pure higgsino or pure gaugino.
Since the parts of parameter space that are challengingregtird to Higgs detection typically haye| ~
100 — 200 GeV, the validity of our assumptions requires tidd be large and that the chargino be essentially
pure higgsino.

Using a very rough sampling, we determined, as expected frewious work [176], that it is only for
moderate values abin 3 that< 50 signals might possibly occur. From this sampling, we detieschthe most
difficult parameter space regions and further refined oun szthe following:

4.5 < |tan 3| < 8 (both signs) in steps of 0.25;

0.001 < A < min[0.21, Apax], USiNg 20 points;

0.001 < K < min[0.24, kKyax], USiNg 20 points;

100 GeV < |uesr| < 300 GeV (both signs), in steps of 5 GeV;

0 < |Ay| < 160 GeV, with Ay opposite in sign tQu.g, using steps of 5 GeV,

25 GeV < |A,| < 170 GeV, with A,; opposite in sign tQ..g, using steps of 5 GeV.

For those points sampled in this final scan which satisfytal donstraints detailed earlier, we compute the
expected statistical significances for the processes J)i&té€d in section 1, as described in the next section. As
a rough guide, from the- 10? points detailed in the above list, we find aba@ab, 000 that pass all constraints
and haveNgp < 5 (for L = 300 fb—!) in each of the individual discovery modes 1) — 7). We shélutate a
number of representative points taken from this final seeatien 4.

3. Expected Statistical Significances

¢, From the known couplings of the NMSSM Higgs scalars to génagens and fermions it is straightforward
to compute their production rates in gluon-gluon fusion gadous associated production processes, as well
as their partial widths intey, gauge bosons and fermions, either relative to a standadeInhtiggs scalar or
relative to the MSSMH and/or A. This allows us to apply “NMSSM corrections” to the procesde — 9)
above.

These NMSSM corrections are computed in terms of the foligwatios. For the scalar Higgs bosons,
cy is the ratio of the coupling of thi; to vector bosons as compared to that of a SM Higgs boson (th#ing
ratios forh; ZZ andh;WW are the same), and, ¢, are the corresponding ratios of the couplings to top and
bottom quarks (one has = ¢;). Note that we always havey | < 1, butc, and¢, can be larger, smaller or
even differ in sign with respect to the standard model. FerG@R-odd Higgs bosonsy is not relevant since
there is no tree-level coupling of the to thel'V statesyc; andc, are defined as the ratio of thes couplings
for t£ andbb, respectively, relative to SM-like strength.

We emphasize that our procedure implicitly includes QCDexdions to the Higgs production processes
at precisely the same level as the experimental collalmmsti First, the ATLAS and CMS collaborations
employed Monte Carlo programs such as ISAJET [98] and PYTHIE]] in obtaining results for the (MS)SM.
These programs include many QCD corrections to Higgs ptazfuin a leading-log sense. This is the best
that can currently be done to implement QCD corrections éndbntext of experimental cuts and neural-net
analyses. Clearly the more exact NNLO results for many oféha/ant processes will slowly be implemented
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in the Monte Carlo programs and increased precision for $litjgcovery expectations will result. Since our
goal is to obtain NMSSM results that are completely analsgoithe currently available (MS)SM results, we
have proceeded by simply rescaling the available (MS)SMexpental analyses. In doing the rescaling of the
Higgs branching ratios we have included all relevant higitvder QCD corrections [ [1#9] using an adapted
version of the FORTRAN code HDECAY][ [150]. Details regardimg rescaling procedures can be found in
[M[13]. Using the rescaling procedures, for each point inghaemeter space of the NMSSM we obtain the
statistical significances predicted for an integrated hosity of 100 fo—! for each of the detection modes 1) —
9). In order to obtain the statistical significances for tagiaus detection modes 30 fb—!, we multiply the
100 fb—! statistical significances by’3 in the cases 1), 2), 3), 5) and 6), but only by a factot .8fin the cases
4), 8) and 9). That such a factor is appropriate for mode 4), fee example, fig. 19-62 in[Jf9]. Use of this
same factor for modes 8) and 9) is simply a conservative guess

4. Difficult Points

As stated in the introduction we still find “black spots” inetlparameter space of the NMSSM, where the
expected statistical significances for all Higgs detectiwdes 1) — 7) are belodo at 300 fo—!. The reasons
for this phenomenon have been described above; see alsortiesponding discussion i [116]. However,
after including the modes 8) and 9), the points that providevtorst 1) — 6) statistical significances typically
yield robust signals in one or the other of &}/ -fusion modes 8) and 9).

In order to render the corresponding suppression mecharoithe detection modes reproducible, we
present the detailed properties of several difficult pointthe parameter space in talple 1. The notation is as
follows: The bare parameters are as in eq. (2.5), wifh , m3;, andm? fixed implicitly by the minimization
conditions. (As noted earlier, with the conventidans > 0 in the NMSSM, the sign ofan 5 can no longer
be defined to be positive.) For the reasons discussed belo@ewe chose in the stop sectory = mp =
Myysy = 1 TeV andX; = /6 for all of the points (1 — 6). We have also fix O”;f = 175 GeV. For both scalar
and pseudoscalar Higgs bosons, “gg Production Rate” detfmteatio of the gluon-gluon production rate with
respect to that obtaineddf = ¢, = 1, keeping the Higgs mass fixed. For scdlarthis is the same as the ratio
of the gg production rate relative to that predicted for a SM Higgsdmosf the same mass. For the scalar
B R~~ denotes the ratio of they branching ratio with respect to that of a SM Higgs boson withgame mass.
(A verification of the reduced gluon-gluon production ratesyy branching ratios would sometimes require
the knowledge of the couplings to higher precision thanmiver convenience, in tabfg 1.) Also given for the
scalarh; are the ratiof3 Rbb and BRW W * of the bb andW ¥ * branching ratios relative to the SM prediction
(as noted above, one h&R77 = BRbD).

In table[?, we tabulate the statistical significances forithia all the channels 1) — 9); production of the
CP-odda; turns out to be relevant only when they add to thesignals in process 4). Also note that, all these
problematical points are such that,, + m,, > 206 GeV, so thatete™ — hy + a; followed byhy,a; — bb
would have been kinematically forbidden at the highest LER&gy. Hence, for LEP2 mode 7) we only give
the statistical significance ferre~ — Zh;. Also tabulated in tablff 2 are four statistical significanobtained
by combining various channels. This combination is donééGaussian approximation:

1/2
NgoDmbined _ [Z (NéD)Q

i

where} . runs over the channelseing combined. We give results for the following combioas:
a) Ngp obtained by combining LHC channels 1) — 6);
b) Ngp obtained by combining LHC channels 1) — 6) and LEP2;
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¢) Ngp obtained by combining LHC channels 1) — 6) with th&1 -fusion channels 8) and 9);

d) Ngp obtained by combining all LHC channels and LER&,by combining all channels 1) — 9).
In those cases where there is no LEP2 signal, a)=b) and c)adiddition, in our point selection we have
required a mass difference of at least 10 GeV between scadgses, so that they yield well separated signals
and no statistical significance combination of two difféarscalar Higgses is needed. All parameter choices
for which Higgs boson masses differ by less than 10 GeV yitlthger signals than the cases retained. (The
increased net signal strength of overlapping Higgs signatsose channels with limited mass resolution arises
as aresult ofVeL (1 +2) ~ (81 + S2)/VB > /S} + S3/VB.)

As summarized in tablg 3, all of the tabulated “bench markisdihave statistical significances below

50 for all of the detection modes 1) — 6) 10 fb~! and 7) at LEP2. In more detail, as tabulated in tdple 2 and
summarized in tablf 3, the best signals in the modes 1) — @éapoints #1 — #6 at the LHC are:
point #1,Ngp =4.37 for mode 2) and;;
point #2,Ngp =3.95 for mode 3) ands;
point #3,Nsp =3.62 for mode 4) ands;
point #4,Nsp =4.46 for mode 5) ands;
point #5,Ngp =4.83 for mode 3) and;;
point #6,Ngp =4.86 for mode 4) ands;
Further, for point #3, the combined statistical significaé modes 1) — 6) (also tabulated in taple 3) would
still be belows5 for any oneh;, although\/iNéB6 > 5 (as is likely to be relevant by combining ATLAS and
CMS data once each detector has accumulated300 fb~1) for at least one of thé;. However, for all these

“difficult” points the W W -fusion modes 8) and/or 9) provide (according to theorbistimates) a decent
(sometimes very strong) signal.

The points #1 — #4 differ as to which of the modes 1) — 6) and whicyields the largest statistical
significance should th&/ W -fusion mode 8) not provide as strong a signal as suggestdtiebtheoretical
estimates. To render these points observable withou#thé-fusion mode 8) would require improvements of
all detection modes 2) — 5).

As in [[L16], we find that difficult points in the parameter spagenerally havétan 3| ~ 5. This is
the region oftan 3 for which thebbh, bba signals are still not very much enhanced but yetghe— h,a and
tth, tta signals have been suppressed somewhat. In a few cases,anpdifficulties also arise fortan 3| as
large as 8, as shown in the case of point #5. Also agin] [116]ntbst difficult points are those in which the
masses of thé; anda; are relatively close in magnitude, typically clustered ir &0 GeV interval above
~ 105 GeV. Such clustering maximizes the mixing among the differeigigd bosons and thereby minimizes
the significance of the discovery channels for any one Higg®h. In particular, it is for strong mixing among
the h; that the statistical significance for discovery modes based largeV' V' coupling for any one; are
most easily suppressed.

Finally, for point #6, we have minimized the statisticalrsfgcances for thédV W -fusion modes over
the parameter space, while keeping the statistical signifies of modes 1) — 6) below 5. One can see that it
still gives a strongl0.1¢ signal in mode 8). [SmalleNsp for mode 8) would have been possible if we had
allowed stronger signals in modes 1) — 6), in particular hadallowed smaller mass separatien,10 GeV,
between the two lightest Higgs bosons.] In addition, fomp&tm,, = 112 GeV and theZZ coupling ofh;
is sufficiently large that it would have yieldedia&8c signal at LEP2. Had we taken a top quark mass slightly
Iarger,mfgjf = 178 GeV, we would have found a very similar point witthamass of~ 115 GeV, which could

have been responsible for the excess observed at LEP? [[B31L-1
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5. Discussion and Conclusions

In this paper, we have addressed the question of whethertdt would be possible to fail to discover any
of the Higgs bosons of the NMSSM using combined LEP2 and LH@, daossibly resulting in the erroneous
conclusion that Higgs bosons with masses below 200 GeV hewe bxcluded. We have demonstrated that,
assuming that the decay channels i) — ix) are either kineaibtidisallowed or render a Higgs boson observ-
able, this is unlikely (at the- 50 level) to happen. Certainly, there are points in NMSSM pat@mspace for
which the statistical significances for the individual ad¢iten modes 1) — 6)ife. those analyzed in detail by
ATLAS and CMS) are all well beloviio for integrated luminosity 300 fo—!. However, by combining several
of the modes 1) — 6) an800 fb~! data from both ATLAS and CMS, & 50 signal can be achieved based
just on modes 1) — 6). Further, we have found that throughibatf the NMSSM parameter space (scanned
subject to the earlier listed restrictions) for which suakal signals in modes 1) — 6) are predicted, the theo-
retical estimates for th#/ 1/ -fusion modes indicate that an easily detedtédl” — h — 77 signal should be
present. Thus, our conclusion is that for all of the paramgtace of the NMSSM compatible with reasonable
boundary conditions for the parameters at the GUT scald(wftcourse, non-universal soft terms in general)
and such that Higgs pair and SUSY pair decays of the Higgsrnsoae kinematically forbidden, at least one
of the NMSSM Higgs bosons will be detected at the LHC. Thislsgamprovement over the results from the
earlier Snowmass 1996 study which was somewhat negatit@utithe inclusion of theth — tZbb mode 3),
and theW W -fusion modes 8) and 9).

It is amusing to note that all of our bench mark points for vahitiggs discovery is most difficult at the
LHC include a Higgs scalar with mass close to 115 GeV (withwdaer, reduced couplings to theboson),
which could be responsible for the excess observed at LEB3-I54].

Another important point that appears from our analysis ésfttt that the fulll = 300 fb—! of inte-
grated luminosity (per detector) is needed in order to habeist NMSSM Higgs discovery in the portion of
parameter space considered here. Of course, as in the M&BNery possible that only one of the CP-even
NMSSM Higgs bosons might be detected at the LHC but that uatiest by Kamoshita et al. i [14p-148], the
observation of all the CP-even Higgs bosons of the NMSSM d/belpossible at the LC by virtue of all having
some non-negligible level df Z coupling and not having very high masses. Even at the LC, Bred Higgs
bosons might escape discovery, although this would not becdise for the parameter choices that we have
found which make LHC discovery of even one NMSSM Higgs bosuaost challenging. This is because, for
such parameters, the are relatively light and could be readily seen at the LC inglezesses™e™ — h;a;,
ete™ — vbaa; andete” — Z* — Za;a;, assuming an integrated LC luminosity 100 fo~! and energy
V5 > 500 GeV [f[59].

This study makes clear the importance of continuing to esphe sensitivity of existing modes and
continuing to develop new modes for Higgs detection at th€liorder not to have to wait for construction
of a lineare™ e~ collider for detection of at least one of the SUSY Higgs basdn patrticular, study of modes
i) — iX) and SUSY pair channels should all be pushed. The prohtical points that we have emphasized
here are unlikely to be substantially influenced#byr SUSY decays since all the Higgs masses are below
~ 200 GeV so thattt decays will be kinematically highly suppressed (one of the quarks would have
to be virtual) and SUSY pair decays are quite unlikely to lgmificant given LEP2 limits on the masses of
SUSY particles. However, by allowing Higgs (in particulpseudoscalar) masses such that one or more of the
channels i)-vii) are kinematically allowed we have foundn®for which discovery in modes 1)-9) will not be
possible [132]. Thus, a full “no-lose” theorem for NMSSM Iggboson discovery at the LHC will require
exploring additional discovery modes sensitive to thoseiquus of parameter space for which Higgs decays
to other Higgs bosons are important, and might necessitetdining results from both the ATLAS and CMS
detectors and/or accumulating more integrated luminosity
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Part IX

Effects of Supersymmetric Phases on Higgs
Production in Association with Squark Pairs in the
Minimal Supersymmetric Standard Model

A. Dedes, S. Moretti

Abstract

We show how the Supersymmetric (SUSY) CP-violating phaaasraduce new final
states in associated production of Higgs bosons with sopgirk of identical flavor
(for the A%) as well as modify substantially those already present whesoft SUSY
parameters are real (in the caseldt andh?). Hence these processes, particularly
for light stop squarkst;, are good candidates for phenomenological investigation,
in order to confirm or disprove the existence of complex stfES parameters. We
illustrate this in the context of a general Minimal Supersyetric Standard Model
(MSSM), for a choice of SUSY parameters accessible at thgd_Hiadron Collider
(LHC).

It has recently been shown[ [196-1L62] that, if CP-violatifigets are manifestly inserted into the MSSM
Lagrangian, by allowing the Higgsino mass term,and the trilinear couplingsﬁﬂ], to be complex, thereby
introducing two independent CP-violating phasgs |[[[63],164 and¢ 4, such thae®» = ;i/|u| andei®4 =
A/|Al, then the strength of the Higgs couplings to (s)particles adrastically be modified, inducing sizable
effects, e.g., in the dominant production mode of neutrajgdibosons at the LHC, i.egg — ®° (where
®° = p°, HO and AY), through the squark-squark-Higgs vertices involvingostand sbottoms. These effects
are a consequence of large values attainec,bynd/or¢ 4 consistent with cancellations taking place in the
SUSY contributions to the Electric Dipole Moments (EDMseiutron and electron] [16p—168].

These same interactions also affect the associated produaft Higgs bosons with third generation squark
pairs. Since this process is expected to be accessible latithesee Refs. [[1§9-1]5], we investigate here some
aspects of its phenomenology in the presence of complexnedeas in the MSSM Lagrangian. Schematically,
the production mechanism is the following:

9+9,0+7 — G+ 3y +9°, 1)

whereq = ¢,b, () = 1,2 and®° = r°, H, A°, in all possible combinations, as appropriate in the MSSM.
Notice that in such processes the existence of CP-violatfiiegts in the SUSY Lagrangian would immediately
be manifest from the detection of three particle final stitteslving a pseudoscalar Higgs boson and two
identical squarks. In fact, ib, = ¢4 = 0, even in presence of mixing between the third-generatioms,
the(’jx(jXAO couplings, withg = ¢,b andy = 1,2, are identically zero [[171]. Depending on the relative ealu
of the final state masses [ (b}, , mg,, andMgo, the production of Higgs particles can be regarded as taking
place either via a (anti)squark decay or via a Higgs-straflu

TFor simplicity, we assumél = A, = A, at the electroweak (EW) scale, i.€(Mz), whereu andd refer to all flavors of up-
and down-type (s)quarks.
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We work in the theoretical framework provided by the ‘compMSSM, the latter including explicitly the two
CP-violating phasesj, and¢ 4, and assuming universality of the soft gaugino masses atheasrand Unifi-
cation (GUT) scale. We define its fundamental parametetsowitmaking any assumptions about the structure
of the SUSY breaking dynamics at the Planck scale, whetherdby Supergravity (SUGRA), gauge/anomaly
mediated (GMSB/AMSB) or proceeding via other mechanismseseat the MSSM as a low-energy effective
theory. Among the possible setups of the MSSM parameterespampatible at one-loop with the EDM data,
we choose here the one presented in THble 1, in terms.4f M 40 (the mass of the pseudoscalar Higgs state),
tan 3 (the ratio of the vacuum expectation values of the two Higgsbiet fields),Mjg, , , (the soft squark
masses of the three squark generations) ajdthe soft gluino mass). For this choice of MSSM inputs, the
derived masses of the” scalar are barely consistent with the latest boundd/gn from LEP2, of about 91
GeV [76] (m;, is instead set above the Tevatron limit from Run 1, around@G4d [L77] for ourtan 3). This
means that our specific parameter point will readily be picdtethe LHC, as in correspondence of the inputs
given in Tabld]L and by varying both, and¢ 4 between 0 and, one has that the lightest Higgs mass spans
from 91 to 100 GeV and the lightest stop one is between 140 46d52V or so. Notice that the MSSM setup
given in Tablg]l should be regarded as one possible examfiie ath phenomenology that can be induced by
the CP-violating phases in the MSSM with a losn 5 and squark/Higgs masses small enough to be produced
at detectable rates via procefs (1). In fact, we have founty mthers but refrained from showing them here
for reasons of space.

In the remainder, we will denote the regions of the (¢ 4) plane excluded from Higgs and squark direct
searches by a shaded area. In addition, the inputs in lalamflg with the constraints deduced from the two-
loop Barr-Zee type contributions to the fermionic EDMs_[1ff89] (green ¥’ symbols in the following) for
most choices of,, and¢ 4. Finally, some §,,, ¢ 1) points will further be neglected following the requirerhef
positive definiteness of the squared squark masses: sepe$) of Ref. [I5BF162] (magenta<” symbols
in the forthcoming plots). The top-left corner of Fig. 1 skothie phase dependenceldf,o andm;, , outside
such experimentally excluded areas.

In the course of our discussion, we shall make only one sfiogiion, which will not alter the conclu-
sions of our work. That is, we will neglect one-loop mixindegts among the three neutral Higgs bosons of
the MSSM [18pE185], on the ground that for our choice of patams they turn out to be of the order of a few
percent at most (see discussion in Refs. [{56}-162]). Indeeadh larger effects will remain unaccounted for,
such as the higher-order QCD corrections to the productiongss|({L), which are likely to indude-factors
of the order 1.5-2 and whose calculation is presently natadla.

\,u\ ]\4}11’2 MqB Mg MAO tanﬁ

600 | 2500 | 300 | 1000 | 200 | 2.7

Table 1:0ne possible parameter setup of the MSSM satisfying thdaoppEDM constraints (all quantities in GeV, apart
from the dimensionlessin 3) and yielding cross sections for proceEs (1) manifestiyeddpnt on the CP-violating phases
¢ ande 4.

We start our numerical analysis by referring to Fig. 1 of REE6[157], where one can find the contour
plots for the minimum values of the modulus of the commoimt#r coupling] A|, above which the mentioned
cancellations work at a level which is compatible with theemmental accuracy achieved in both the neutron
and electron EDM measurements, ild,,| < 6.3 x 10726 ccm [[[86] and|d.| < 4.3 x 10727 ecm [[L87],
for the choice of parameters in Table | and as a functiop oéind¢ 4. TheseA values are those entered in
the production vertices of the processes we consideredgsifte the two discrete quantitigg andtan 3. As
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Fig. 1: Contour plots illustrating the,, and¢ 4 dependence of: the lightest Higgs and stop masses (tgpitefed and
blue, respectively; the cross sections dgt qg — 1% (h°)[H°]{ A°} (top-right)[bottom-left] bottom-right, in red. The
meaning of the black shaded area and of the colored greeafiteagymbols is given in the text. For the cross sections,
we have used the CTEQ(4Lm90] Parton Distribution FuntiwithQ = /3 as the factorisation scale (alsodp), the
latter evolved at two loops with all relevant (s)particlegtbholds onset within the MSSM (as described , 54)).

for the Higgs masses, we keép o fixed at 200 GeV and derive the valuesidf,o and Mo at two-loop level
(see the discussion in Refd. [1$6-162] concerning theuakttieoretical error on the latter).

Among the processes of the tyfé (1), much emphasis has been fhe case in which both the squark
and Higgs scalar states are the lightest, that is, on the anethgg, q¢ — #:£5h° [L69,[L7D]. In fact, if the
typical A scale is in the TeV regime, then two concurrent effects tddkegp that render light Higgs production in
association with the lightest scalar top quarks a more &berHiggs discovery channel than the corresponding
SM-like one,gg, qq — tth" [L88,[I8D]. On the one hand, since the mixing argjlés proportional tom; A,
thet; squark becomes much lighter than thguark and all other squarks. On the other hand, by lookirlyeat
expression of the; ¢, 1" vertex (e.g., see eq. (3) of Ref[_[169]), for largevalues, it is clear that its strength
can overcome that of the top-Higgs Yukawa coupling entetfiegSM-like reaction.

We thus continue our investigation of squark-squark-Higigeluction by considering this particular final
state. Our choice ofan 3 in Table | reflects the remark made in Ref§._]169] 170] that'thgh® production
rates are larger at smallesin 3 (see, e.g., Fig. 3 of Ref[ [169]), this being the consequeriidhedincrease
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of M, for large values of the latter[ JI6B—162]. (As represengat¥ the lowtan 3 regime, the two values
tan 3 = 2, 3 were used in Refs.[T1pP, 170].) As for thespectrum, we are bound to those values guaranteeing
the EDM cancellations (again, see Fig. 1 ifi [166]157]): fhabetween 100 and 700 GeV, depending on
¢, and¢ 4. The top-right corner of Fid,] 1 presents the cross sectiongd, q7 — #1¢;h° as a contour plot
over the ¢, 1) plane. We see a strong dependence on the SUSY phases, asdhetion rates vary over
several orders of magnitude. The maximum of the cross seotiours at large) 4 values, whem,, is slightly
abover/2. This can be understood in the following terms. Here, it ierehthe lightest stop mass reaches
its allowed minimum. However, the fact thatt,;h°) does not grow similarly at smafi4 values, wherp,,

is slightly belowr/2 — the other region of they{,, ¢ 1) plane wheren;, is minimal — implies that the; £, h°
vertex too plays an important rble in determining the dctize of the cross section. The fact that this coupling
is maximal where the stop mass is minimal can easily be utwbtsy noticing thecos ¢,, dependence of
egs. (5) and (A.53) of Ref[[Ip=162] when — . Besides, a large value of thgf; h° coupling combined
with a small value ofmn;, implies that the two-loop contributions of the Barr-Zeedygraphs to the EDMs
can be sizable, so that it is not surprising to see that laaes forgg, q¢ — #;£;h° accumulate towards the
correspondingly excluded area. However, in areas not yedved through the EDM measurements, one can
find production rates as large as 800 fb. Finally, notice thitr the choice of parameters in Table | and 100
GeV < A < 700 GeV as in Fig. 1 of [[156, 157] — in the ‘phaseless’ limi¢. i.the standard MSSM case,
ou, 94 — 0, the yield is several orders of magnitude smaller, indeetivetow detection level.

A strong hierarchy existsM;o <« Mpgo =~ M 40, among the neutral Higgs masses, for our setup of
the MSSM. This should naturally allow one to disentanglehim éxperimental samplest; 0 from 15 HO +
111 AY events. Furthermore, under the assumption that the ligetesar quark will promptly be discovered at
the LHC from some other source of SUSY events than thog¢ jm(ib)its mass measured, we believe that final
states with two heavy objects @fenticalmassm;, recoiling against a rather central one with masg (that,
again, we assume to be known and reconstructed thridughd/ory~ decays), should be distinguishable from
otherqxq;,cbo channelsq = ¢, b), in whichy or Y’ # 1, e.g., in the transverse mass distributions of the visible

t; and#} decay products.

Even in such circumstances thought; H° and#,t;A° events would still obey a sort of degeneracy
in their appearance (especially after accounting for lalgiector resolutions in reconstructing masses), that
could render non-trivial the operation of separating datataining one type from those induced by the other.
(Our choice of MSSM parameters, producingo ~ M 40, ought to be representative also of such extreme
experimental conditions.) Nonetheless, we see that thémaaand minima of (¢, H®) ando (11 A°) occur
in very different regions of the¢(,, »4) plane. Moreover, in the allowed areas, the difference eetwthe
production rates of the two processes can even be a factdd of inore. In other terms, although it could
always be possible to attempt the above ‘separation’ on #sés kof the different decay patterns of the two
Higgs bosons (and/or their topology), this might not be eeedlfter all. In fact, as long gs, A andtan 3
have been constrained to some extent through some otheuresests, then for some specific valuesiof,

a clear excess (i.e., well above the size of the uncertaimiguced by unknown higher order QCD effects)
of t1£5®° events, with 200 GeV< Mgo < 210 GeV, above thé? = HO rates, could only be explained if
t1; A° events have indeed been produced.

By comparing the bottom-left to the bottom-right plots irgHl, one realises that this separation can
happen over a large portion of the,( ¢4) plane. One should also note the very different shapes dfitbe
contours, such that ¢ A” rates are largest where thg; H° ones are smallest. For example, just outside the
areas excluded by the EDMs (when — 0 or 7 and¢,, ~ 7/2), the pseudoscalar Higgs channel can reach
the 100 fb level, whereas the scalar Higgs rates are alwaysdrl0 fb. Forp, — 0 and¢, ~ =/6 (o,
quite symmetrically, forpy — 7 and¢,, ~ = — m/6), the two process rates are of the same order, about 10 fb.
Finally, in the limitg,, o4 — 0, o(t:¢;H) is about 10 fb and (¢, A%) is, of course, zero.
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In our numerical simulations, we also have considered ttgekan 5 scenario. However, in this case,
once the EDM constraints were taken into account, we havedfthat both the theoretical plausibility of the
MSSM and the phenomenological impact of the CP-violatinggels were much reduced. On the one hand,
in order to obtain the mentioned cancellations alsotfar3 2 10, one would need to have the soft squark
masses\/;, , as large as 6 TeV or more and the gluino ddg 2 3 TeV, that is, a quite ‘unnatural’ hierarchy
in the soft SUSY breaking sector, if one aims to maintadg, around 300 GeV (so that;®° final states
remain within the reach of the LHC energy). On the other hémdlarge tan 3 values, the not yet excluded
(by direct searches, two-loop effects in the EDMs and pasitiefiniteness of the squark masses) area of the
(¢, ¢4) plane is much smaller (see Fig. 3 of Ref._[1581162]). (Besiddéso mixing effects among neutral
Higgs states start becoming relevant fan 3 2 10). Thus, although some sporadic points over the allowed
(¢u, @a) regions can still be found, these yielding cross sectiogsifecantly different from those obtained
in the phaseless case, we would conclude that onl2 tietan 8 < 10 region is relevant in the experimental
analysis of squark-squark-Higgs production.

To summarise, we have shown that the LHC production rateseolightest Higgs boson of the MSSM
in association with a pair of lightest stop scalars are gioaffected by the presence of complex parameters
in the soft sector of the SUSY Lagrangian, even when EDM caimgs are taken into account. As a matter of
fact, thegg, q¢ — t1t;h" mechanism has recently been advocated as a new possiteatisenode of theh”
boson, at least for certain combinations of the MSSM pararagthat we have emulated here to some extent.
Thus, our results in this case have a twofold meaning. Onrteehand, they emphasise that more inputs than
those pertaining to a phaseless MSSM could be needed tdluette phenomenology oft;h° events (further
recall that we have limited ourselves to the case of only td@pendent phases, and¢ 4, those associated to
the Higgsino mass and the universal trilinear couplingspeetively). On the other hand, they make the point
that such a mechanism can be useful in assessing whether sofh@P-violating phases are present.

In this last respect, however, it would be even more intriguio detect final states involving the pseu-
doscalar Higgs boson in place of the lightest scalar oneeal HC. In fact, no matter the actual setup of the
MSSM parameters, the detection ofja&; A° state would unequivocally mean that and/org 4 are finite. In
fact, the corresponding interaction is prohibited at texe! in a MSSM with real masses and couplings in the
soft sector and EW effects at the one-loop level are unlitelyield #;# A° production rates as large as those
shown here: up to 10000 events per year for some phase cdinbiat high collider luminosity. Further
notice that, in our analysis, we deliberately have chosemall salue oftan 3, so that mixing effects among
the three neutral Higgs states are very small even when thesvaf M ;0 and M 4o are rather close. Finally,
despite this mass degeneracy between the heavy scalareudbpsalar Higgs bosons, the relative production
rates off,#; H° andi, ; A events are very different, both in size and in shape, ovet ofdbke (5, $4) plane,
so that the two samples could even be separated experitgental
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Part X

Study of the Lepton Flavor Violating Decays of
Charged Fermions in SUSY GUTs

T. Blazek

Neutrino oscillations clearly show that individual leptBavor is violated in nature. Here we present results
of a study of lepton flavor violating decays — ¢ *~ in a class of SUSY GUT models assuming that the
third right-handed neutrino couples equally to the secarttithird lepton doublets with a large coupling. This
corresponds to the neutrino Yukawa matrix (in the left-rigasis) of the form

0 0
Y,~ [ 0 1. (1)
0 1

The large 23 entry, responsible for the large atmosphetitrine mixing angle, induces potentially large lepton
flavor violating effects in the low-energy effective theofyhe see-saw mechanism yields a physical neutrino
with a mass aboui x 1072 eV consistent with the SuperKamiokande observation piogithe third right-
handed neutrino mass i r3 ~ 3 x 10 GeV, much greater than the masses of the other two rightetand
neutrinos.

We focus on the large tah~ 50 regime of these models wittY.)ss = (Y, )s3. The rate of a decay
¢+ — '+~ is enhanced bytan 3)? and can be, approximately, rescaled by this factor for lovedwes of
tans. Thus our study provides for the upper estimate of the lefiror violating decay rates of charged
fermions. In Figure la-b we present the results for the Wriagcratior — -~y in a typical model of this
class. Besideq](1) all other Yukawa matrices are hieraathiith small off-diagonal entries (more details
can be found in [[191]). The model assumes the Pati-S&laitu) x SU(2); x SU(2)g symmetry at the
GUT scaleMg ~ 3 x 10'6 GeV but the results in the leptonic sector would be quite Isinfor models with
different unifying gauge group leading to E{]. (1). The twotplwere obtained for two different values of the
1 parameter fixed ta20 GeV in plot (a) and300 GeV in plot (b). mp is the soft universal scalar mass and
M, s, is its gaugino analogue, both &f;. Ther — p~ contour lines in Figure 1a-b should be compared to
the experimental upper bourdR(7 — p + ) < 1.1-107°. The allowed region overlaps with the region
preferred by the data on the mugn- 2, as shown in plots 1c-d. Clearly, this decay rate should g slese
to the present limits and thus presents an exciting oppityttmobserve lepton flavor violation or to constrain
substantially this class of models.

The decayst — ey andT — e~ are much more model dependent since small Yukawa entries are
necessarily involved. In the model studied ip_]191] they farend to be well below the experimental limit.
Thus our main result is the correlation between the maxinmabapheric mixing angle and large — u~y
branching ratio related through the large off-diagonaheint the Yukawa matrix in[{1).

o o O
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Fig. 1: Contour lines of BR(1 — p~y) x 10° and éa, (SUSY) x 10'° for two different values ofi. (a) BR(r — wy) x 10, for
u = 120GeV. (b) BR(T — pvy) x 10, for . = 300GeV. (c)da,(SUSY) x 10'°, for u = 120GeV. (d)éa,(SUSY) x 10,
for 4 = 300GeV. In (c) and (d) the dashed curves mark the central value faot accounted for by the Standard Model and the

borderlines of 1-sigma region for this quantity. The exmemtal upper limit onBR(7 — uy) is 1.1 x 10°. In all plotstan 8 = 50
and soft trilinear parametet = 0.
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Part Xl

Interactions of the Goldstino Supermultiplet with
Standard Model Fields

D.S. Gorbunov

Abstract

In a set of supersymmetric extensions of the Standard Mbdethiasses of the sgold-
stinos are of the order of the electroweak scale. Thus sjuddsare expected to
be produced at future colliders. The sgoldstino interastiwith the fermions and
gauge bosons of the Standard Model are determined by the M®&hass terms
and the scale of supersymmetry breaking. These interactiame been included
into the CompHEP package. On the other hand, the sgoldstinplings to Higgs
bosons depend on the parameters of the hidden sector rédpdios mediation of
supersymmetry breaking. The measurement of these cougimgtants would offer
a unique probe of the hidden sector.

1. Goldstino supermultiplet

In any supersymmetric extension of the Standard Model (S\dadicle physics spontaneous supersymmetry
breaking occurs due to a hon-zero vacuum expectation vaareauxiliary component of some chiral or vector
superfield. As a simple case, let us consider a model where

S = s+ V20¢ + 6°F, (1)

is the only chiral superfield which obtains a non-zero vacexpectation valué” for its auxiliary component,

(Fy) = F . 2)
Theny is a two-component Goldstone fermiagoldsting and its superpartners
1 1
S=—(s+s"), P=—(s—5%), 3
Z5(s+7) 5l =) ©

are respectively a scalar and a pseudoscgaldstino

In the framework of supergravit§,,s> becomes the longitudinal component of the gravitino, duta¢o
super-Higgs effect. As a result, the gravitino acquires asmg;, which in realistic models with a vanishing
cosmological constant is completely determined by thersypametry breaking parametér.

Vemr F
m = .
827 /3 Mpy

The sgoldstinos remain massless at tree level and beconsivmdsie to corrections from higher order terms
in the Kahler potential. If these terms are sufficiently ggssed, the sgoldstinos are light and may appear
in particle collisions at high energy colliders. Such pattemerges in a number of non-minimal supergravity
models [19P] 193] as well as in gauge mediation models ifrsypemetry is broken via a non-trivial superpo-
tential (see, e.g.[[1PH, 195] and references therein). ershall consider the sgoldstino massesandm p

as free parameters.

(4)
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The gravitinos and sgoldstinos interact with the MSSM fieldd the corresponding coupling constants
are inversely proportional to the supersymmetry breakingupeterf’. Eq. (#) then implies that the gravitino
has to be very light, otherwise the gravitino as well as ttdsginos are effectively decoupled from the MSSM
fields at the energy scale of the colliders of the near-tettoréu

2. Effective Lagrangian

The effective Lagrangian for the gravitir(éu is obtained from N=1 supergravity| [196], and may be used to
calculate scattering processes involving any of the hgla@mponents of the massive gravitino. Meanwhile the
energy scale attainable at the present and the nearest fygneration of accelerators favors the longitudinal
component of gravitino as the most promising to be studiembliision experiments. In this case the longitu-
dinal component of the gravitin@f}u ~ 0,9 /ms /s, effectively behaves as a two-component fermigrthe
goldsting and the interaction between the goldstino and the othetsfigl plainly given by the Goldberger—
Treiman relation

1
Lar = f‘]gUSYauw )

with J%,; ¢, being a supercurrent.

In order to obtain the low-energy effective Lagrangian fgoldstinos one can use the spurion
method [I97]. It exploits the fact that, by definition, sggildos are scalar components of the very super-
multiplet S whose auxiliary component acquires a non-zero vacuum &qpat value due to supersymmetry
breaking. Then one can consider a simple supersymmetrieivath non-renormalizable interactions be-
tweenS and the MSSM superfields, which yield the MSSM soft terms wheron-zero(F) is generated.
Consequently, the corresponding coupling constants ard bix the ratios of the soft terms aad

In general, the supersymmetry breaking part of the Lageambas the form

~ 1
- Ebreaking = Zk:mi|¢k|2 + (5 Za: Ma TrA A\ + hC)
. th hj ALZj~c ) AD ~jd7: % AU ~i ~chj h 5

€ij phy + AgplaCstp + Agpadpnp + Agpdatphy + hec.) )
wherek () runs over all scalad;, (gaugino),) fields. Since supersymmetry is broksmontaneouslyEq. ®
implies the following effective interaction between the $18 superfields and the goldstino supermultifet

ﬁS—MSSIM = ﬁSdehler + ES—gauge + ﬁstuperpotential )

where

2
o m
LS—K&hler = — /d29 d29 STS- E F—§®2691V1+92V2+93V3 (I)k ,
all matter

and Higgs fields

1 M,
Engauge = 5 /d29 S Z ?TTW‘J‘W“ + h.c. s

all gauge

fields
B . . AL . AD . AU .
LS superpotential = / d*0S - e (FH})H{] + ;b LIESHY, + ?“ngLD{jH}) + ?” ;U;%) + h.c.

These terms emerge if the fields from the hidden sector, whgrersymmetry breaking occurs, are integrated
out. The only remnant of the hidden sector is the goldstineesuaultiplet, which may remain light.
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Integrating overd, 6 and taking into account Eqg] (1]] (2) we obtain the soft ssymemetry breaking
terms [b) as well as the interactions between the componétits goldstino supermultiplet and the components
of the MSSM superfields:

2
m ~
ﬁS*K'dhler = - Z <Fk3 . (b};Fk + hc> , (6)
andai‘llirgn;sttfe;lds
M, - M,
Ls_gauge = Y, |—i—s-AGo"DuA + 555 DyDY
all gauge F 2F
fields
M, M
_ 4_;3 A e 28—58 . Fc?uVEMVAth?)\p + h.c.) , (7)
B . . B S L
ﬁstuperpotential = & (fs : XZDX¥] - fs : ( ZDFWIJ'{U + F;{Dh¥1>
AL 4 o . 4 . . . 4 - :
+ 2 (zg;;; ship + 1 X - 565+ s} - egxn — sFY. &hly — sl Freh' — slééﬁF}ID)
AD - A o o S
b S (gl shly + s - dixip + 5 - aixy — sFD, dihly — s Fpghiy — sl )
AV , p , o S g ; I
+ }gb <qflug . sh{] + sq;, - ug)d] + st - qéx{l — sFéaug {] — sqleUgh{J — sqflugFI]{U)

+ h> | ®)

Here we presented only the leading ordetitierms; the convention for the Levi-Civita tensoe{$*3 = —1.

Eliminating the auxiliary fields, one obtains the low-enegffective Lagrangian for the interactions
between the components of the goldstino supermultipledgtzanMSSM fields.

3. Phenomenology of the model

Until now, there is no experimental evidence for a gravitimsgoldstinos. The study of their phenomenology
places bounds on their coupling constants. Note that alistioo coupling constants introduced in the previous
sections are completely determined by the MSSM soft terndstia® supersymmetry breaking paramefer
while the sgoldstino masseag and mp remain arbitrary. Depending on the valuesrof and mp, the
sgoldstinos may show up in different experiments. The phremmlogically interesting models can be separated
into four classes:

e The sgoldstino masses are of order the electroweak scaile, Wi ~ 1 TeV — sgoldstinos may then be
produced at high-energy collider§ [198,1199] (see sectiohRef. [200] for a sketch of the sgoldstino
collider phenomenology).

e The sgoldstino massess, mp ~ 1 MeV-+1 GeV, whilev/F ~ 1 TeV — sgoldstinos may then emerge
as products of rare meson decays [201], 202], suéh as S(P)~, J/¢ — S(P)y.

e Models with flavor violation in the soft trilinear couplingd ., # Ad,., — sgoldstino interactions then
lead to flavor violating processes. In particular, sgofdstimay contribute to FCNC (mass differences
and/or CP-violation in the neutral meson systenjs) |[03], 204, if kinematically allowed, sgoldstinos
appear in rare decays suchtas: ¢S(P) [B08], p — eS(P), K — =S [P03], etc.

e The sgoldstinos are lighter than 1 MeV — these models maysdtedeén low energy experiment§ [202],
such as reactor experiments, conversion in a magnetic igldSgoldstinos may also play a very impor-



79

tant role in astrophysics and cosmolody [202]406}-208)y thay change the predictions of Big Bang
Nucleosynthesis, distort the CMB spectrum, affect SN esiplws and the cooling rate of stars, etc.

4. Incorporation into CompHEP

To leading order iri/F and to zero order in the MSSM gauge and Yukawa coupling cotsstthe interactions
between the components of the goldstino supermultipletiaadSSM fields are derived in Ref|_200]. They
correspond to the processes most attractive for collideliet — where only one of thesewpatrticles appears

in a final state. In this case the light gravitino behaves #xas a goldstino. For sgoldstinos, as they are R-even,
only the sgoldstino-goldstino and sgoldstino-SM fieldspimgs have been included as the most interesting
phenomenologically. All new coupling constants betweendbmponents of the goldstino supermultiplet and
the MSSM fields are completely determined by the ratios oftife supersymmetry breaking parameters and
F. This Lagrangian has been incorporated (see [200]€tmild) into the CompHEP software packdhe
This package may be used in the calculation of any tree-fmegless with one on-shell gravitino or sgoldstino.
The universality of the Lagrangian makes it possible to ypipé package in studying the phenomenology
of any supersymmetric extension of the Standard Model. B#&inluded into CompHEP, this model should
be regarded as an additional option allowed within the fraark of the CompHEP/SUSY model. Currently
accessible versions of this package operate only with r@@rpeters and coupling constants. Likewise the
trilinear soft couplings are assumed to be proportionahéodorresponding Yukawa coupling$,, = AapYab-

The sgoldstino Lagrangian transformed in accordance \wéhd rules reads

AL o
Ls = = > 2\/—F S T - \/_Tcgy(fb - S(eijlheghp + hec.)
bt
Aa[?) D (6 dcz +hC) -Ac% U-S(G"iuchj—l—hc) (9)
\/—F ij%a o \/iF ijdq Up"ty .C.) ,
) AL o
L = 3 P ENOV R, — il Plelieih — he)
e
D U
_ Z-Aab DP(qudChZ —]’LC)—’L'Aab yUP(EqZuch] —hC) (10)
\/§F 1)4a“b'"D .C. \/iFab ij4a Uty

5. Remarks

It is worth noting that the independent direct measuremétiteoMSSM soft supersymmetry breaking terms
and the gravitino or/and sgoldstino couplings offers auaipossibility to estimate the supersymmetry breaking

scaleVF.

The sgoldstino couplings to superpartners become relésmanmtodels with heavy sgoldstinos, where the
sgoldstinos also decay to SM superpartners. In the spupproach the corresponding coupling constants are
not completely determined by the MSSM soft breaking termsniay depend on new parameters originating
from the hidden sector. A similar situation happens withgpgeldstino interaction terms proportional to the
MSSM gauge or Yukawa couplings. For instance, accountingh®F and D auxiliary fields (see Eqs[](6),
@), ()) may cause sgoldstino-Higgs mixing. The corresimy coefficients also depend on new parameters
from the hidden sector. Indeed, the additional interactietween the sgoldstino and the Higgs bosons arises

IThe CompHEP packagmog] automatically calculates &eetparticle decay rates and cross sections and is aimegptove
the accuracy, to cut down the efforts and to shorten the tsnally required for studying high-energy collision proses
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from the effective superpotential
L= / d*08? - ¢;; H, Hi, + h.c.

with i being a new dimensionful constant. Thus the sgoldstino lamggto Higgs bosons allow us to probe
the hidden sector. The sgoldstino decay mode into the ByitSSM Higgs boson becomes important in
models with fairly light sgoldstinosngsp) 2 250 GeV) and the measurement of this partial width constrains
some combination of hidden sector parameters, if the sypengtry breaking scale is known (i.e., from the
sgoldstino partial width into two photons and a measureroétite gaugino masses).
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Part Xl

Attempts at Explaining the NuTeV Observation of
Di-Muon Events

A. Dedes, H. Dreiner, and P. Richardson

Abstract

The NuTeV Collaboration has observed an excess in theirnudimthannel, possibly
corresponding to a long-lived neutral particle with onlyakénteractions and which
decays to muon pairs. We show that this cabbe explained by pair production of
neutralinos as suggested in the literature. In the paramegmn allowed by LEP the
event rate is far too small. We propose instead a new naudrglioduction method
via B-mesons, which can fully explain the observation.

1. Introduction

The NuTeV Collaboration has searched for long-lived néyaaticles (V°) with massiM o > 2.2 GeV and
small interaction rates with ordinary matter J[L0,]2[L0] 2 1They look for the decay of the neutral particles in
a detector which id.4 km downstream from the production point and observei3events where they only
expect to see a background @69 + 0.010 events. The probability that this is a fluctuation of thiscife
channel is about.6 o. The simple supersymmetric scenarios discussed preyiocasl not lead to an excess at
NuTeV, since the decisive supersymmetric parameter raagbéen excluded by LEP. We propose instead the
production of light neutralinos vi&-mesons which could give a measurable excess. We brieflgmirése two
possible models and then discuss them quantitatively. \We aso considered the production rate for neutral
heavy leptons but this is too low and does not lead to a viatptaeation [21P].

2. TheR, Violating Model

Only couplings \212 and 30 give a di-muon signature. Fapo the neutralino will decay with equal probabil-
ity to eur andupur. No ep-events are observed, we therefore propose one dominaatifg-yolating coupling
A232. This coupling corresponds to the two neutralino decay mgfle— MEMEVT andy{ — TZ,U,J}%I/M, as well
as their complex conjugates. For a light neutralinoth@ecays are sufficiently phase space suppressed to give
an expectation below one event. For the light neutralinapcton we shall only consider single neutralino
production in the decay of bottom hadrons. The bottom hadeva formed following the production ofté
pair. These hadrons can then decay via the R-parity couphfig, (: = 1,2,3). We will only consider the
decays of theB) and B+ via R-parity violationi.e. BY — 7;xJ and B* — ¢ ). This mechanism allows
one to produce light neutralinos via a strong interactiacpess.

Using results for the RPV branching ratios of the B mesonsthredneutralino lifetime we can find
regions in(Aq32, Aj15) parameter space, for a given sfermion mass, in which therg arl events inside the
NuTeV detector, this is shown in F{g. 1.

This model can be tested at other experiments. At the NOMARegment for the samé&’-meson
branching ratio we obtain about an order of magnitude moeatsvthan at NuTeV. Thus our model can be
completelytested by the NOMAD data! For neutralino production we afgimg on a rare B-meson decay
which can possibly be observed at a present or future B{faetithough this may be difficult as the leptons
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Fig. 1: Regions im\232, \;15 parameter space in which we would exp&ét 1 events to be observed in the NuTeV detector. The limits
[] on the couplings\i;; (crosses) ands, ; (diamonds) allow solutions between the two points. Thearegibove the stars is ruled
out for the coupling\s,5 by the limit on the product of the couplingss2\5,5. The hatched region shows the bound on the coupling
Xi13 from perturbativity.

produced will be very soft.

3. Conclusions

We have reconsidered the NuTeV di-muon observation in titet bf supersymmetry with broken R-parity
and neutral heavy leptons. We have shown that it is not plessibobtain the observed event rate with pair
production of light neutralinos or via the production of traliheavy leptons. However, we have introduced
a new production method of neutralinos viizmesons. Due to the copious production®fmesons in the
fixed target collisions the observed di-muon event rate eagdsily obtained for allowed values of the R-parity
violating couplings.

The model we have proposed can be completely tested usingnttOMAD data. If the NOMAD
search is negative our model is ruled out and the NuTeV observis most likely not due to physics beyond
the Standard Model.
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Part XIlI

Kaluza-Klein States of the Standard Model Gauge
Bosons: Constraints From High Energy Experiments

K. Cheung and G. Landsberg

Abstract

In theories with the standard model gauge bosons propagatifieV!-size extra
dimensions, their Kaluza-Klein states interact with th&t @ the SM particles con-
fined to the 3-brane. We look for possible signals for thigriattion in the present
high-energy collider data, and estimate the sensitivitgretl by the next generation
of collider experiments. Based on the present data from &l 2, Tevatron, and
HERA experiments, we set a lower limit on the extra dimensiompactification
scaleMq > 6.8 TeV at the 95% confidence level (dominated by the LEP 2 résults
and quote expected sensitivities in the Tevatron Run 2 aticedtHC.

This contribution is a shortened version of the recent pg@&d], with the focus on future high-energy
facilities. The details of the formalism used to obtain tagults presented here can be found|[in J[214].

Recently, it has been suggested that the Planck, stringgrand unification scales can all be significantly
lower than it was previously thought, perhaps as low as a few J20,[215{217]. An interesting model was
proposed [[2]8E221], in which matter resides op-brane § > 3), with chiral fermions confined to the
ordinary three-dimensional world internal to thebrane and the SM gauge bosons also propagating in the
extrad > 0 dimensions internal to thg-brane. (Gravity in the bulk is not of direct concern in thisahel.)

It was shown [[2]8] that in this scenario it is possible to aekithe gauge coupling unification at a scale
much lower than the usual GUT scale, due to a much faster plwerunning of the couplings at the scales
above the compactification scale of the extra dimensiong SM gauge bosons that propagate in the extra
dimensions compactified o' / Z5, in the four-dimensional point of view, are equivalent taéos of Kaluza-
Klein (KK) states with masses/,, = /Mg +n?/R?* (n = 1,2,...), whereR = MC‘1 is the size of the
compact dimension}{¢ is the corresponding compactification scale, afigis the mass of the corresponding
SM gauge boson.

There are two important consequences of the existence #fKhstates of the gauge bosons in collider
phenomenology. (i) Since the entire tower of KK states hémedame quantum numbers as their zeroth-
state gauge boson, this gives rise to mixings among theleétlot SM gauge boson) and thgh-modes
(n=1,2,3,...) of theW andZ bosons. (The zero mass of the photon is protected by tha:\{(&ymmetry
of the SM.) (ii) In addition to direct production and virtuakchanges of the zeroth-state gauge bosons, both
direct production and virtual effects of the KK states of #iieZ, v, andg bosons would become possible at
high energies.

In this proceedings, we study the effects of virtual exclesngf the KK states of thél, Z, v, andg
bosons in high energy collider processes. While the effeatthe low-energy precision measurements have
been studied in detail [2PP—-329], their high-energy couoatets have not been systematically studied yet. We
attempt to bridge this gap by analyzing all the availablénkeégergy collider data including the dilepton, dijet,
and top-pair production at the Tevatron; neutral and clthogerent deep-inelastic scattering at HERA; and the
precision observables in leptonic and hadronic producidrEP 2.
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We fit the observables in the above processes to the sum oMh@eliction and the contribution from
the KK states of the SM gauge bosons. In all cases, the datatdequire the presence of the KK excitations,
which is then translated to the limits on the compactificatszale M. The fit to the combined data set
yields a 95% C.L. lower limit onV/~ of 6.8 TeV, which is substantially higher than that obtaisthg only
electroweak precision measurements. In addition, we alsmate the expected reach &> in Run 2 of the
Fermilab Tevatron and at the LHC, using dilepton production

1. Interactions of the Kaluza-Klein States

We use the formalism of Ref.[ [21p=221], based on an exterdfitine SM to five dimensions, with the fifth
dimension,z®, compactified on the segmeft /Z, (a circle of radiusk with the identificationz® — —x°).
This segment has the length k. Two 3-branes reside at the fixed poiats = 0 and2® = 7R. The SM
gauge boson fields propagate in the 5D-bulk, while the SM ifamenare confined to the 3-brane located at

> = (0. The Higgs sector consists of two Higgs doublets,and ¢, (with the ratio of vacuum expectation
valuesuvy/v1 = tan f3), which live in the bulk and on the SM brane, respectively.

In the case of SU(2)x U(1)y symmetry, the charged-current (CC) and neutral-curre@) {Nteractions,
after compactifying the fifth dimension, are given Hy [225]:

2
2 2
e e

n=1 n=1
+ Z 2wi") —g(Wf‘+¢52 WL+ (1 2), (1)
= n=1
2
v
LNC = ‘(;73[22+0052ﬂz_:1(2( —i—2\/§sm ﬁZZZ(" + 2sin? ﬁ(Z:lZ(")>

+ 3 i WA (20 + (AP

— zZ" ZM | g7 —e | A A ) gem 2
sea;( *fZ ) ( +WZ @
where the fermion currents are:

_ T _ _
Jlig = VLV < 5 2) VL, JMZ = (9o — 759a)¢ ) Jﬁm = Y 9Quy

and(¢1) = vcos 3, (p2) = vsin§; g andg’ are the gauge couplings of the SU(2nd U(1) , respectively;

gy = Ts1,/2 — ng and g, = T31/2. Here, we used the following short-hand notationg: = sin 6y
andcy = cos By, wherefyy is the weak-mixing angle. The tree-level (non-physid&l)and Z masses are
My = gv/2 andMyz = My /cy. Since the compactification scaléq is expected to be in the TeV range, we
therefore ignore in the above equations the mass of thelestate gauge boson in the expression for the mass

of then-th KK excitation: M,, = y/ Mg + n>MZ ~ nMc,n = 1,2, ...

Using the above Lagrangians we can describe the two majectefbf the KK states: mixing with the
SM gauge bosons and virtual exchanges in high-energy ctiens.
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1.1 Mixing with the SM Gauge Bosons

The first few terms in the Eqs[] (1) ar[d (2) imply the existentenxings among the SM bosor/{) and its
KK excitations ¢V, V(2| .y whereV = W, Z. There is no mixing for thel* fields because of the U@y
symmetry. These mixings modify the electroweak obsergfdinilar to the mixing between thé and Z).
The SM weak eigenstate of tf#-boson,Z(©), mixes with its excited KK stateg (™) (n = 1,2, ...) via a series
of mixing angles, which depend on the masseg@?,n = 0, 1, ... and on the anglé. TheZ boson studied at
LEP 1 is then the lowest mass eigenstate after mixing. Thelitms of theZ(©) to fermions are also modified
through the mixing angles. The observables at LEP 1 can glaoeg constraints on the mixing, and thus on
the compactification scal&/-. Similarly, the properties of thB” boson are also modified.

The effects of KK excitations in the low-energy limit can Imeluded by eliminating their fields using
equations of motion. From the Lagrangians given by Egs. rid)(@) thelV, Z masses and the low-energy CC
and NC interactions are given by[_[225]:

M3, = M%/(l—cgsin%X),
Mz = Mz(1—singX),

2
. g
e = _gJ;WWu—sm?ﬁch)—2M2XJ3J1“+(1_>2),
Z
2
£NC = & gZgn( —sin? BX) — — X2 %
n sgcg M (1 = sin” 5.X) 2s2caMZ"
2
1 € 1 1
—eJﬁ AM—@XJS Je M7
x - TMZ
3M2

In the following, we summarize the results presented in Rgg23-{22P]. Nath and Yamaguch[ [223]
used data oiir, My, and M and set the lower limit o/ = 1.6 TeV. Carone [[237] studied a number
of precision observables, such &s-, p, Qw, leptonic and hadronic widths of th8. The most stringent
constraint on)M comes from the hadronic width of th&: M > 3.85 TeV. Strumia [226] obtained a
limit Mc > 3.4 — 4.3 TeV from a set of electroweak precision observables. Casealtet al. [P25] used
the complete set of precision measurements, as weljasand R,’s from v-N scattering experiments, and
obtained a limitMc > 3.6 TeV. Rizzo and Wells [[224] used the same set of data as théopseauthors and
obtained a limitM > 3.8 TeV. Cornetet al. [P29] used the unitarity of the CKM matrix elements and were
able to obtain a limitM > 3.3 TeV. Delgadoet al. [R2§] studied a scenario in which quarks of different
families are separated in the extra spatial dimension artthedimit A/ > 5 TeV in this scenario.

1.2 Virtual Exchanges

If the available energy is higher than the compactificaticales the on-shell production of the Kaluza-Klein

excitations of the gauge bosons can be obsenfedi [ T1F, 230ev4w, for the present collider energies only
indirect effects can be seen, as the compactification ssdielieved to be at least a few TeV. These indirect
effects are due to virtual exchange of the KK-states.

When considering these virtual exchanges, we ignore atstigldification of the coupling constants to

fermions due to the mixings among the KK states and so we use(fpand [[2) without the mixinds] This
implies that any Feynman diagram which has an exchangel®f &, ~, or g will be replicated for every

**For M¢c >> Mz the mixings are very small. Furthermore, they completelyistafor 3 = 0.
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corresponding KK state with the masses/-, wheren = 1,2,.... Note that the coupling constant of the
KK states to fermions is a factor af2 larger than that for the corresponding SM gauge boson, dleeto
normalization of the KK excitations.

The effects of exchanges of KK states can be easily inclugeektending reduced amplitudes. In the
limit Mc > /s, \/[t], v/]ul, the reduced amplitudes take the form:

¢ q ¢.a
M(s) = 62{ @y Ja9p L~ (Qqu - Jadp ) r }

s sin? Oy cos? Oy s — M2 sin? Oy cos? Oy | 3MZ

based on which, the high energy processes can be described.

2. High Energy Processes and Data Sets

Before describing the data sets used in our analysis, letatsfiecify certain important aspects of the analysis
technique. Since the next-to-leading order (NLO) caldoifest do not exist for the new interactions yet, we use
leading order (LO) calculations for contributions bothrfrthe SM and from new interactions, for consistency.
However, in many cases, e.g. in the analysis of precisioctrel@eak parameters, it is important to use the
best available calculations of their SM values, as in marsesalata is sensitive to the next-to-leading and
sometimes even to higher-order corrections. Thereforenamnalize our leading order calculations to either
the best calculations available, or to the I6)#-region of the data set, where the contribution from the KK
states is expected to be vanishing. This is equivalent todoting aQ?-dependentk -factor and using the
sameK -factor for both the SM contribution and the effects of the Kd§onances, which is well justified by
the similarity between these extra resonances and thespomding ground-state gauge boson. The details of
this procedure for each data set are given in the correspgrsgiction. Wherever parton distribution functions
(PDFs) are needed, we use the CTEQ5L (leading order fit) k].[2

2.1 HERA Neutral and Charged Current Data
ZEUS [232[23B] and H1 [[23#,2835] have published results artrakcurrent (NC) and charged-current (CC)
deep-inelastic scattering (DIS) inp collisions at,/s ~ 300 GeV. The data sets collected by H1 and ZEUS
correspond to integrated luminosities of 35.6 and 47.7'pkespectively. H1 [[234, 2B5] has also published a
NC and CC analysis for the most recent data collected jmcollisions at,/s ~ 320 GeV with an integrated
luminosity of 16.4 pb~!. We used single-differential cross sectiafis/dQ? presented by ZEUS[[2BR, 433]
and double-differential cross sectioitsr /dxdQ? published by H1 [234, 235].

We normalize the tree-level SM cross section to that medsarthe low<Q? data by a scale factar (C
is very close to 1 numerically). The cross sectionsed in the fitting procedure is given by

oc=C (USM + Cinterf + UKK) ) (3)

whereo;iorf IS the interference term between the SM and the KK stategrgards the cross section due to the
KK-state interactions only.

2.2 Drell-Yan Production at the Tevatron

Both CDF [23F] and 00 [R37] measured the differential cross sectitirydM,, for Drell-Yan production,
whereMy, is the invariant mass of the lepton pair. (CDF analyzed dabmth the electron and muon channels;
D@ analyzed only the electron channel.)

We scale this tree-level SM cross section by normalizing the Z-peak cross section measured with
the data. The cross section used in the fitting procedurersdbtained similarly to that in EJ](3).
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2.3 LEP 2 Data

We analyze LEP 2 observables sensitive to the effects of Knetites of the photon and, including hadronic
and leptonic cross sections and forward-backward asynesetfrhe LEP Electroweak Working Group com-
bined theqq, ., andr+ 7~ data from all four LEP collaborationq [338] for the machimergies between
130 and 202 GeV. We use the following quantities in our ansily§) total hadronic cross sections; (ii) to-
tal up—, 777~ cross sections; (iii) forward-backward asymmetries in jthand = channels; and (iv) ratio
of b-quark andc-quark production to the total hadronic cross sectiBp,and R.. We take into account the
correlations of the data points in each data set as giverj B§].[2

For other channels we use various data sets from individk@érements. They are [ [23P-254]: (i)
Bhabha scattering cross sectiofe™ e~ — eTe™); (ii) angular distribution or forward-backward asymmetry
in hadroproductior™e~ — ¢g; (i) angular distribution or forward-backward asymmeim thee™ e, u* ™,
andr 7~ production.

To minimize the uncertainties from higher-order corretsione normalize the tree-level SM calculations
to the NLO cross section, quoted in the corresponding exyarial papers. We then scale our tree-level results,
including contributions from the KK states of tt#and~y, with this normalization factor, similar to Eqf[] (3).
When fitting angular distribution, we fit to the shape onlyd &areat the normalization as a free parameter.

2.4 Kaluza-Klein states of the Gluon in Dijet Production at the Tevatron

Since the gauge bosons propagate in extra dimensions, fheakdlein momentum conservation applies at
their self-coupling vertices. Because of this conserwatibe triple interaction vertex with two gluons on the
SM 3-brane and one KK state of the gluon in the bulk vanishdswgver, the quartic vertex with two gluons

on the SM 3-brane and two gluon KK states in the bulk does .gxidte cross sections for dijet production,

including the contributions from KK states of the gluon, gieen in Ref. [214].

Both CDF [255[236] and B [P57,[258] published data on dijet production, includingairiant mass
M;; and angular distributions. In the fit, we take into accouatftil correlation of data points in the data sets,
as given by each experiment.

2.5 Kaluza-Klein States of the Gluon intt Production at the Tevatron

In Ref. [259], it was shown that production in Run 2 of the Tevatron can be used to probe theaotification
scales up te- 3 TeV. In this paper, we consider the sensitivity from the #&x¢gsRun 1 data by using the tree-
level t¢ production cross section, including the contribution o #K states of the gluon in theg — tt
channel. (Theg — tt channel does not have the triple vertex interaction withgwons from the SM 3-brane
and one KK state of the gluon in the bulk, as explained in tlegipus subsection.)

The latest theoretical calculations of titecross section, including higher-order contributions,/at=
1.8 TeV correspond to 4.7 — 5.5 plh_[260, P61]. The present dathett tross sections arg_[262, 263]

o7 (CDF) = 6.5 711 pb; o7 (DY) =5.9+1.7 pb,
and the top-quark mass measurements are
my (CDF) =176.1 £ 6.6 GeV; m, (DY) =172.14+7.1 GeV.

In our analysis, we normalize the tree-level SM cross sedticthe mean of the latest theoretical predictions
(5.1 pb), and use this normalization coefficient to prediet ¢ross section in the presence of the KK states of
the gluon (similar to Eq/[[3)).
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3. Constraints from High Energy Experiments

Based on the above individual and combined data sets, werped fit to the sum of the SM prediction and
the contribution of the KK states of gauge bosons, norntaiziur tree-level cross section to the best available
higher-order calculations, as explained above. The affetthe KK states always enter the equations in the
formn = 2/ (3M(2;) [B14]. Therefore, we parameterize these effects with desifigparameter;. In most
cases, the differential cross sections in the presencedlhstates of gauge bosons are bilineanin

The best-fit values ofj for each individual data set and their combinations are shiavifable[fL. In all
cases, the preferred values from the fit are consistent with, and therefore we proceed with setting limits on
1. The one-sided 95% C.L. upper limit e@nis defined as:

5 iy P
0.05 = b2 L)
Jo~ dn P(n)

whereP(n) is the fit likelihood function given by?(n) = exp(—(x%(n) — x2,,)/2)- The corresponding upper
95% C.L. limits ony and lower 95% C.L. limits o/ are also shown in Tab[¢ 1.

(4)

Table 1: Best-fit values of = =%/(3M2) and the 95% C.L. upper limits apfor individual data set and combinations. Corresponding
95% C.L. lower limits onM ¢ are also shown.

n(TeV=2)  no; (TeV2) M2 (TeV)

LEP 2:

hadronic cross section, ang. dist,, —0.33 013 0.12 5.3
1, T Cross section & ang. dist. 0.09 *91% 0.42 2.8
ee Cross section & ang. dist. —0.62 792 0.16 45
LEP combined —0.28 70092 0.076 6.6
HERA:

NC —2.74 714 1.59 1.4
cC —0.057 133 2.45 1.2
HERA combined —1.23 7058 1.25 1.6
TEVATRON:

Drell-Yan —0.87 7143 1.96 1.3
Tevatron dijet 0.46 T 3% 1.0 1.8
Tevatron top production —0.53 7053 9.2 0.60
Tevatron combined —0.38 7032 0.65 2.3
All combined —0.29 73599 0.071 6.8

4. Sensitivity in Run 2 of the Tevatron and at the LHC

At the Tevatron, the best channel to probe the KK states gbltimeon or theZ boson is Drell-Yan production.
In Ref. [264], we showed that using the double differentiatrébution d*0/Mysdcos 6 can increase the
sensitivity to the KK states of the graviton compared to the af single-differential distributions. Similarly,
we expect this to be the case for the KK states of the photoritend boson.

We follow the prescription of Ref. [[2b4] and use the Bayesagproach, which correctly takes into
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account both the statistical and systematic uncertajriti¢se estimation of the sensitivity tp= 72/(3M2) [

Due to the high statistics in Run 2 and particularly at the L@ overall systematics becomes dominated by
the systematics on thedependence of th& -factor from the NLO corrections. (Systematic uncertasiton

the integrated luminosity and efficiencies are not as ingmdras before, because they get canceled out when
normalizing the tree level SM cross section to figeak region in the data.) The uncertainty on Hidactor

from the NLO calculations for Drell-Yan productiof_[265]dsrrently known to a 3% level, so we use this as
the correlated systematics in our calculationsMdp. For the LHC we quote the limits for the same nominal
3% uncertainty and also show how the sensitivity improvélsdfuncertainty on thé&’-factor shape is reduced

to a 1% level. It shows the importance of higher-order caliboihs of the Drell-Yan cross section, which we
hope will become available by the time the LHC turns on.

In the simulation, we use a dilepton efficiency of 90%, a répidoverage ofin| < 2.0, and typical
energy resolutions of the Tevatron or LHC experiments. Tinelstion is done for a single collider experiment
in the combination of the dielectron and dimuon channels.

As expected, the fit to double-differential cross sectioeédg a~ 10% better sensitivity tal/- than
just using one-dimensional differential cross sections.iMistrate this by calculating the sensitivity ¢ in
Run 1, which is slightly higher than the result obtained fritra fit to the invariant mass spectrum from CDF
and DO. The sensitivity, at the 95% C.L., td/- in Run 1 (120 pb'), Run 2a (2 fo!), Run 2b (15 fb'l),
and at the LHC (100 fb') is given in Tabld 2. While the Run 2 sensitivity is somewlmdéiior to the current
indirect limits from precision electroweak data, LHC woulifler a significantly higher sensitivity té/-, well
above 10 TeV.

Table 2: Sensitivity to the parameter= 72 /3M¢ in Run 1, Run 2 of the Tevatron and at the LHC, using the dilejgteannel. The
corresponding 95% C.L. lower limits ol are also shown.

nos (TeV=2)  95% C.L. lower limit onM¢ (TeV)

Run 1 (120 pb?') 1.62 1.4
Run2a (2 fb!) 0.40 2.9
Run 2b (15 fo'!) 0.19 4.2
LHC (14 TeV, 100 flo'!, 3% systematics) 1.81 x 10~2 13.5
LHC (14 TeV, 100 flo'!, 1% systematics) 1.37 x 10~2 15.5
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Part XIV

Kaluza-Klein Excitations of Gauge Bosons in the
ATLAS Detector

G. Azuelos and G. Polesello

Abstract

Kaluza-Klein excitations of the gauge bosons are a nota#daife of theories with
"small” (~ 1 TeV) extra dimensions. The leptonic decays of the excitatiafy and
Z bosons provide a striking signature which can be detectdwedtHC. We investi-
gate the reach for these signatures through a parametiinethtion of the ATLAS
detector. With an integrated luminosity of 100fba peak in the lepton-lepton invari-
ant mass will be detected if the compactification scalg)(is below 5.8 TeV. If no
peak is observed, with an integrated luminosity of 300'fa limit of A/, < 13.5 TeV
can be obtained from a detailed study of the shape of therldpfiion invariant mass
distribution. If a peak is observed, the study of the angdistribution of the two lep-
tons will allow to distinguish the KK excitations from altetive models yielding the
same signature.

1. Introduction

In models with “large” Extra Dimensions, characterized lynpactification radit>> 1/TeV/, gravity propa-
gates in the bulk, and the SM fields are confined to a 3-brane.pfdsence of the Extra Dimensions could be
probed by searching for the Kaluza-Klein excitations of gnavitons at the future high energy accelerators,
and these scenarios have been the subject of many phenamgieabktudies. An interesting variation of the
ADD model [2I8f22]1] assumes that only the fermions are cedfin the 3-brane, whereas the gauge fields
propagate in a number of additional “small” extra dimensionthogonal to the brane with compactification
radius~ 1 TeV.

For definiteness we concentrate here on a model with only smalf” extra dimension, and where all
of the SM fermions are on the same orbifold poift & 0). The phenomenology of this model, which we
will label as M1 is discussed in some detail ii_[230]. For cautffication onS!/Z? dimension, the model
is completely specified by a single parameiér, the compactification scale, and the massgsof the KK
modes of the gauge bosons are given by the relatih = (nM.)? + M2, where My is the mass of the
zero-mode excitation corresponding to the Standard Modetjg boson. The couplings are the same as the
corresponding SM couplings, scaled by a faci®. As an example of variation on our reference model we
also briefly consider an alternative moddl,][21] (M2), whguerk and leptons are at opposite fixed points. The
difference between the reference model and M2 is that forankl® the signs of the quark couplings of the
bosons are reversed for excitations witledd, yielding a different interference pattern with the SkéDYan
production.

The constraints on the compactification scale from pregislectroweak measurements have been eval-
uated in a number of papers[ [223PP5]427}-P30, 266]. Thesées estimate an approximate lower limit
of 4 TeV on the compactification scale for the reference madekidered in this analysis. A recent paper
[B14,[267] calculates the limits which can be extracted franecision measurements at present high-energy
accelerators. A 95% limit of 6.8 TeV is obtained, dominatgdhe LEP 2 measurements. The limit, however,
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comes from the fact that for two of the three fits to LEP dataj@physical negative value fdil,. is obtained,
with a significance of two to three standard deviations. Bwof this fact, waiting for a clarification of the
claimed discrepancy with the Standard Model, we conserlststudy the performance of the ATLAS detector
starting fromM,. = 4 TeV.

2. Signal simulation and data analysis

We simulate at particle level the production of the gaugebaxcitations, including the full interference and
angular information. We include the full Breit-Wigner sleafor the first two excitations of andZ [P6§],
and a resummed expression for the higher lying states, farhwthe approximationV/(i) > §is used. The
expression with only the first two resonances, does not #iteresults for the reach in the peak region, but it
significantly underestimates the deviation from the Stesh@éodel in the low mass off-peak region. Since the
dominant contributions to the low off-resonance region comes from the interference term émtv&M~/Z
and theK K excitations, the deviation from the SM is approximatelyganional to:

1 <= 1
ME 2 e @
¢ n=1

Therefore the deviation from the SM increases%%é — 1 ~ 30% when the full tower of resonances is
considered instead of just the first two. If we consider maddel, the sum over the tower of resonances gives
a term proportional to

oo o0

¢ n=1 ¢ n=1
Therefore, the summed contribution of the interferencasen model M2 will be of opposite sign and half of
the one for the reference model. The matrix elements ardfaets to PYTHIA 6.125 [[113] event generator

as an external process, and full events have been geneiratkaiing the full PYTHIA machinery for QCD
showering from the initial state quarks, and for the hadratidn.

The events thus generated have been passed through thienfalsttion of the ATLAS detector [[269].
As discussed in the introduction, the lowédt considered in this study is 4 TeV, consistent with precision
electroweak measurements. Therefore we need to detect easline leptons with momenta in the few TeV
range. In this range the energy resolution for electron®isidated by a constant term due to the imperfect
knowledge of the detector performance. From studies paddron test beam data and on fully simulated
events, for energies up to a few hundred GeV, this term has éesduated as a few per mill. Detailed studies
need to be performed to evaluate how well these resultspotai@ to the momentum range of interest for
this analysis. With this caveat, we use here the standamaimarization included in the ATLFAST program
which yields a resolution 0f0.7% for the energy measurement of 2 TeV electrons. For milensansverse
momentum measurement of high- muons is achieved through the sagitta measurement in thisiore drift
chambers, and for a 2 TeV muon the resolution is of order 208fsdering the natural widths of the gauge
excitations, the width of the lepton-lepton invariant mdissribution will be dominated by the natural width for
electrons, and by the experimental momentum resolutiomieons. This is illustrated in Figuf¢ 1 where the
invariant mass spectra for a 4 TeV KK resonance is shown lobotéctrons (full line) and muons (dashed line).
Although the muon peak is much broader, both lepton speeiede used in order to observe the existence of
an excess in the peak region with respect to the StandardIMode

Comparing the two-lepton invariant mass spectrum for StechB®rell-Yan production (full line), and for
the reference model (dashed line) as shown ifFig.2, twe eatures can be observed:
e A peak centered around/., corresponding to the superposition of thel) and Z(1) Breit-Wigner
shapes
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Fig. 1: Distribution of the lepton lepton invariant mass for elacts (full line) and muons (dashed line). The distributiosuases 4 TeV
for the mass the lowest lying KK excitation.

e A suppression of the cross-section with respect to the SMnfasses below the resonance. This sup-
pression is due to the negative interference terms betweeSNM gauge bosons and the whole tower
of KK excitations, and is sizable even for compactification nasssl above the ones accessible to a
direct detection of the mass peak. This shape is the consegud the model choices requiring both the
leptons and the quarks to be at the same orbifold point (DH®.different model choices corresponding
to M2 would yield an enhancement of the off peak cross-sectis shown in the dotted line in Fig. 2.
We select events with two isolated opposite sign leptorisfgimg the following requirements:
e my+,—~ > 1000 GeV (¢ = e, )
o PL>20GeV,|n| < 2.5
The isolation criterion consists in requiring a transvensergy deposition in the calorimeter smaller than
10 GeVin af, ¢) cone of radius 0.2 around the lepton direction. In the at¥sehnew physics, approximately
500 events survive these cuts for an integrated luminodity00 fo—!, corresponding to one year of high
luminosity LHC running for each of the lepton flavors.

The reach for the observation of a peak inthg ,— distribution can be naively estimated from Talle 1,
which, for both electrons and muons gives the number of smé background events for an integrated lumi-
nosity of 100 fo-! for different values of\/... As an arbitrary requirement for discovery we ask for thedidn
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Fig. 2: Invariant mass distribution of™e~ pairs for the Standard Model (full line) and for models M1 ¢tad line) and M2 (dotted
line). The mass of the lowest lying KK excitation is 4000 Géié histograms are normalized to 100 fb

above a given\/;, of 10 events summed over the two lepton flavors, and a statistignificanceS/v/B > 5.
The reach thus calculated-s5.8 TeV for an integrated luminosity of 100h. In order to achieve this reach,
a good control of highn,, background events which might be produced by the mismeasunteof leptons is
crucial. A handle on these events is however provided by timsideration of the momentum balance of the
event in the transverse plane, which will allow to rejectrgseavith one badly mismeasured lepton.

Unfortunately, even for the lowest allowed value /af., 4 TeV, no events would be observed for the
second resonance at 8 TeV, which would have been the mdshgtsignature for this kind of model.

In order to fully evaluate the sensitivity of the invariantass spectrum off-resonance to interference
effects, a likelihood fit to the expected spectrum can beoperéd, and will be discussed in the next section.
As a first approach, one can simply evaluate the variatiorumbrer of events within a givem,, range with
respect to the SM, as a function df.. We show the invariant™ e~ mass spectrum between 1000 and 2000
GeV in Figure[B for Standard Model and for three choices/of

A naive parameterization of the statistical significancéhefcross-section suppression is

(New(Me) = New(SM))/+/ New(SM).



M.(GeV) | Cut (GeV) | N.,(e) | Neo(p) | Background €) | Background f)
4000 3000 172 156 1.45 1.8
5000 4000 23 20 0.15 0.22
5500 4000 9 8 0.15 0.22
6000 4500 3.3 2.8 0.05 0.1
7000 5000 0.45 0.38 0.015 0.05
8000 6000| 0.042| 0.052 0.0015 0.012

Table 1:Expected number of events in the peak for an integrated hsitinof 100 fb'!, for different values of the mass of the lowest
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lying KK excitation, and Standard Model Drell-Yan backgndu The peak region is defined by requiring a minimiind~ invariant
mass as shown in the second column. The results for ele@rahmuons are given separately.

Events/50 GeV/100 fb™

|
1000

1200

1400

‘I”’
1600 1800

m, (GeV)

|
2000

Fig. 3: Invariant mass distribution af"e ™ pairs in the region below 2 TeV. The Standard Model contiitvuis shown as a thick line.
We show the reference model with three different valuesiéocompactification scal&/.: 5000, 7000 and 9000 GeV as dashed, dotted
and dash-dotted lines respectively. The histograms armabzed to 100 fb*

A relevant variable which should also be considered is ttie 8., (M.)/N.,(SM), because the systematic
uncertainty in our knowledge of the shapenef, sets a limit on the detectable value of this ratio. The choice
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Mc(GeV) [ N, (0)
SM 483
4000| 210
5000| 295
5500 | 324
6000| 349
7000| 381
8000| 405
8500| 413
9000| 419
10000| 432
11000| 443
12000| 450

Table 2: Expected number of events in the interference region fomgegiated luminosity of 100 fi3, for different values of the
compactification scald/. and Standard Model™ e~ background (1 lepton flavor). The considered mass intes/H)00 < ete™ <
2500GeV

of the mass interval is subject to the consideration of trstesyatical uncertainty, as the statistical signifi-
cance somewhat increases by lowering the lower limit of thesitlered mass window, at the price of a worse
Ney(M.)/Neyw(SM). We choose for this analysis a mass inted@l0 < my, < 2500 GeV.

From the numbers in Tab[¢ 2, if we consider both lepton flawtwks ATLAS 50 reach is~8 TeV for an
integrated luminosity of 100 fb' and~10.5 TeV for 300 fbr!. The deviation from the Standard Model will
be 16% for 8 TeV, and- 10% for 10.5 TeV, defining in each case the level of systemati¢robon the relevant
region of the lepton-lepton invariant mass spectrum we needthieve to exploit the statistical power of the
data.

3. Optimal reach and mass measurement

In the previous sections we have evaluated in a naive way roplsievent counting thé/. range within
which LHC will be able to observe a peak generated by the KKggaexcitations, and/or a deviation from
the Standard Model in thew,, distribution off-peak. An optimal estimate of the reach tsnobtained by
performing a likelihood fit to the invariant mass shape etgubéor different values ob... Instead of using just
the invariant mass, we use the full information containeth@events. Ignoring the transverse momentum of
the ¢+¢~ system, the event kinematics for a given evieistdefined by the variablesi, 2%, cosf’. The values

of x1, x5 have been evaluated from the four-momenta of the detectett@hs, according to the formulas:

2 PLTe
NG

For the evaluation ofos # we use the Collins-Soper conventioh [270], consisting eefual sharing of the
(T¢~ system transverse momentum between the two quarks. A baditem for the likelihood calculation is
the fact that, as the LHC isgp collider, it is not possible to know from which direction theark in thegq
hard scattering comes from, so only the absolute valuexf can be measured, but not its sign. Part of this
information can however be recovered, by using the knovdeafgr; andz, and the fact that in the proton
the z distribution for valence quarks is harder than for antirgga A detailed discussion of the experimental

2
= X1 — T9, mﬁé, = T1T2S8
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Mc(GeV) | M;(GeV) | RMS
4000.| 4001.96] 10.91
5000.| 5003.16| 35.91
5500.| 5502.19| 77.24
6000.| 6045.22| 216.61
7000.| 7129.48| 544.35

Table 3:Average estimated valud{;) and RMS of\/.. for ~ 2500 experiments and an integrated luminosity of of 100'tb

reconstruction of the three variables is given jn_[271].

For the processes under study, the initial statggigor both signal and background, so the optimal
result can be obtained by just using the two physical vaembeknsitive to the dynamics of the hard-scattering
processes, namely,, = ,/xixzs andcosf. However, since for electrons the effect of the experinenta
smearing is small, an effective approach to the problem isstothe theoretical cross-section expression to
build an unbinned likelihood. In this approach, the use dfdwo variables would require an integration
over the third one for each step in the likelihood calculatior each Monte Carlo experiment, making the
process unacceptably slow. For muons the experimentalrgrgaaust be taken into account, and the fit can
be performed by building an event density grid in thgy — cos 6 plane.

In the following we will only perform the likelihood fit for elctrons, calculating the unbinned likeli-
hood functions on event samples corresponding to an irtegyfaminosity of 100 fb!. In order to evaluate
the uncertainty on thé/. measurement, for each inplf, value we generated an ensemble of Monte Carlo
experiments (100 fb' each) and for each of them we estimated/? by maximizing the likelihood function.
The likelihood fit is performed on the variablg) /2, since form,, < M. itis the natural variable for describ-
ing the deviation of the cross-section from the Standard éljoas shown in Ed] 1. With the use of this test
variable, the Standard Model is the limit corresponding t8/2 = 0, and it is possible to build a continuous
likelihood function extending the evaluation to unphykiwegative values of /2.

We show in Figuré]4 the distributions of the estimated vahfets/ M2 for four input values of\/,.. As
expected, the distributions are gaussian as long as evethts peak exist, and tails start to appearff=6 TeV
for which, on average, only three events appear in the peggrrdor the considered statistics. Fof.=7 TeV,
less than 1 event is observed in the peak and the distribboomes very broad, with an RMS corresponding
to ~600 GeV, and large tails. The average and RMS of the estimaiee of M/, are given in Tablg]3. The
statistical error is below the percent level as long as evard observed in the peak region. A small systematic
shift in the average of the estimatéd,. is observed, due to the fact that the likelihood is built gsamalytical
test functions neglecting detector smearing and transvaction of thee™ e~ system.

The experimental sensitivity is defined in_[272] as the ayerapper limit that would be attained by
an ensemble of experiments with the expected backgrouna@maie signal. To evaluate the sensitivity, we
therefore produced an ensemble of Monte Carlo experimentsHich only SM Drell-Yan was generated. For
the evaluation of the 95% CL limit for each MonteCarlo expaint we use the following prescription. For
each Monte Carlo experiment we build the likelihood functi® as a function of 172 as described above.
We then define as 95% CL limit the value df, such that the integral of between zero and 1/? is 95%
of the integral between zero and infinity. The experimengaisdivities for one lepton flavor thus obtained
are respectively 9.5, 11 and 12 TeV for integrated lumimesiof 100, 200 and 300 fi3. These values are
pessimistic, since they do not take into account the sydtemeviation from zero of the estimated\¥? value
due to the approximate test function used to perform theystGdrrecting for the deviation from zero yields
an improvement of approximately 200 GeV on these numberaielassume similar sensitivity for electrons
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Fig. 4: Distribution of the value of /M? estimated through the maximization of the likelihood fiomcfor a set of~1500 Monte Carlo
experiments for fout/. values . The inpub/. are respectively 4, 5, 6 and 7 TeV. The integrated lumindsitp0 fo*.

and muons, the sensitivity is13.5 TeV for 300 fo! and

both lepton species. These figures only express

the statistical sensitivity of the ATLAS experiment, thespible sources of systematic uncertainty must be
considered in order to evaluate the final ATLAS sensitivity.
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4. Systematic uncertainties

As shown in the the previous section, the effect of KK exmtatan be detected fav/. well above the mass
range for which the direct observation of a peak is possittefa detailed study of the event shape in the
interference region. The experimental sensitivity in ti@igion crucially depends on our understanding of the
kinematic distributions of the lepton-lepton system botider the experimental and the theoretical point of
view.

As shown in Figurd]3, ad/. increases, the difference in shape with respect to the atdnuodel
becomes less and less significant, and systematic effeitis iapton-lepton invariant mass measurement might
affect the shape of the distribution, and destroy the erpamtal sensitivity. We consider for this analysis
electrons of very high momentum, around 1 TeV. At this enesggle the linearity of the lepton momentum
measurement, as well as the momentum dependence of theaammepre difficult to assess using the data. In
fact very few of the leptons from the decay of high momentumm &, which could in principle be used to
perform the measurement will have high enough momenturmStadies performed for lepton calibration in
ATLAS, we know that the lepton energy scale will be known tH%0.at theZ mass. We therefore parametrize
the deviation from linearity as a logarithmic term which & for lepton momentum of 100 GeV, asd. or
+5% for momenta of 2 TeV. We perform the likelihood analysisatirour simulated data samples, modifying
event by event the reconstructed lepton energy accorditgetdogarithmic formula. For the evaluation of
M, between 4 and 6 TeV, the relative deviation from the nomiiglapproximately scales with the deviation
from linearity for 2 TeV leptons, as shown in F|]|g.5 for 3 vadusf M,.: 4, 5 and 5.5 TeV. The variation of the
sensitivity with the assumed value of the deviation fronedirity is shown in Figurg] 6. As discussed above,
the systematic uncertainty is reflected in a systemati¢ shthe averagé\/, estimate, and an overestimate of
the lepton calibration is going to yield an optimistic ewaion of theM, value excluded by the experiment.
Taking the sensitivity values obtained with a negative alon from linearity, the sensitivity for 100 fd and
one lepton species is reduced from 9.5 TeV to 9.3 TeV and 8¥5fdr 1 and 5% deviation respectively. As
an approximate rule, the experimental limit should be reduzy~2% for each percent of uncertainty on the
energy calibration of 2 TeV leptons.

An additional uncertainty factor is the theoretical systtios on the likelihood calculation. The likeli-
hood function is built by weighting real events accordingttheoretical cross-section formula. Any discrep-
ancy between the theoretical formula employed and realityinduce an uncertainty on the measurement of
M.. In the likelihood analysis we are not sensitive to an alisal{+factor, since we do not use the absolute
normalization, but only to distortions of the kinematictdlzutions of the lepton-lepton system. Three main
sources of uncertainty can be identified:

e QCD higher order corrections;

e electroweak higher order corrections;

e the parton distribution function (PDF) for the proton.
The main effect of QCD higher order corrections is the modifa of theP; distribution of the lepton-lepton
pair, due to radiation from initial state quarks. This effexctaken into account in a very pessimistic way
in the study on fully generated events, where the likelih@obuilt from the leading order 2-to-2 Drell-Yan
expression, and the events are generated with the full PXTiHchinery for initial state radiation. Therefore,
the experimental error quoted in the previous section @edua very pessimistic estimate of this effect. In fact
in a real experiment a more realistic theoretical modeNisigprobably be used to build the likelihood.

Electroweak higher order corrections were recently cateal at NLO [278], and shown to be sizable,
leading to a reduction of the cross-section which varie$ Wit lepton-lepton invariant mass, and can be as
large as 35% fopp — ptp~ andm,+ .~ The size of these corrections critically depends on théotep
identification and isolation criteria, as a substantialt gdirthe higher order effects yield energetic photons

produced alongside the leptons. The evaluation of the tainges on these corrections is thus a complex
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interplay of experimental and theoretical consideratiwhéch requires a dedicated study which is outside the
scope of this analysis.

The shape of the kinematic distributions of the leptondagystem, in particularn,, has a strong depen-
dence on the quark and antiquark PDF's in particular for hges ofz. All the events were generated with
the CTEQA4L PDF's. In order to evaluate the effect of the utadety on the structure functions parametrization,
the likelihood fit was performed on the data set thus gengraiging a number of structure function sets. To
this purpose we have selected the sets providing a leaddar parametrization, and which are based on the
latest available data sets. The distributions of estimaiadses are shown in Hib.7 for the eight choices of
structure function sets used fof. = 4,5 and 5.5 TeV. The systematic displacement from the true vialue
between 3 and 4 GeV for 4 TeV, increasing to 10-20 GeV for 5 Te® 20-40 GeV for 5.5 TeV, and it is well
below the RMS of the distributions given in Talj]e 3. Anothetable effect is that the quality of the likelihood
fit is worse, giving rise to less Gaussian distributions, sizdble tails start to appear faf, = 5.5 TeV. The
experimental reach for 100 8 is shown in Fig[B, as a function of the structure function Bethe worst case
the reach is reduced by 200 GeV with respect to CTEQA4L.
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5. Spin and Asymmetry Measurement

If a Kaluza-Klein gauge excitation is discovered, one of ways of distinguishing the signal from &',
predicted by GUT theories, or from a narrow graviton reseedri is by the angular distribution of the decay
products, which should be consistent with the spin 1 natfithe excitation, and by the forward-backward
asymmetry. By adjusting parameters of the models, the @stions can be made comparable, but, as shown
above and in [[274], the shape of the mass distribution cavigean additional distinguishing criterion. The
present study compares these distributions, but does teotatt to distinguish the resonances by the shape of
their mass distributions, by their relative cross sectiows by the branching ratios.

5.1 Cases studied
We studied the following cases

a) ZW /y(): this is the case of gauge excitations, model ML J230], atswadeV. The process was
implemented in PYTHIA 6.201.

b) Z(M /4(1-M2: this case of gauge excitation is with the alternativedeid2 [21], also at 4 TeV. The
process was implemented in PYTHIA
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c) Z': this is a standard moded’. The same code as for case a) was used, but theyfestitation and
higher excitations o and~ were removed.

d) G*: Thisis the case of a narrow graviton resonance, as wa®stbgli [275]. The process is implemented
in PYTHIA. In order to reproduce a resonance of width compterao theZ(!) /(1) of a) above, the
dimensionless coupling which enters in the partial widththe G* (PARP(50) in PYTHIA) was set to
0.8. The reconstructed width is thus~ 82 GeV. The angular distributions depend on the incoming
partons. The two processeg — G* — (¢~ andgg — G* — (¢~ were generated and added in
proportion of their cross section. To their sum was addedStamdard Model Drell-Yan background
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qq — Z /v — .

The mass distributions normalized to a luminosity of 100'fare displayed in Figg] 9 for the different
cases. The cross sections for the different processes mreatzed in tabl¢] 4.

process o x BR(Z* — eTe™) (fb)
ZW) /41 4.05
ADNEIORY Y 11.75
7' 4.65
qq — G* 0.20
99 — G* 0.13
qq — ete” 4.83

Table 4: Nominal cross sections of the different procesafésy, a preselection/s > 1 TeV.
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5.2 Angular Distributions

As mentioned above, because the colliding particles at Lie®ath protons, the forward-backward asymmetry
is measured with some ambiguity. Assuming that the res@ssan@ produced hyg fusion, the third component
of the reconstructed momentum of the dilepton system istakée the quark direction, since the quark in the
proton is expected to have higher energy than an antiquank tine sea.

Events around the peak of the resonance were selected: 3B6Gn.. < 4250 GeV or 3250 GeV
< my,, < 4750 GeV. For these events, the cosine of the angle of therlgpt or n.~), with respect to the
beam direction, in the frame of the decaying resonance,asiin Figs[1p andl 11. The positive direction is
defined by the sign of the reconstructed momentum of thetdihegystem. Since we will be interested only in
the shape, and not in the cross sections, the angular disbribhistograms have been normalized, to a total of
138 events, corresponding to the number of events predidtidan integrated luminosity of 100 3 for the
reference casg) /(1.

To compare the shape of these distributions, a set of 100@amngjstributions from the different types
of resonances was generated by sampling from the expedct&ibulions of Figs[ 30 and [L1. A Kolmogorov
test was then applifl between the expected) /4! distribution and distributions sampled from the other
resonances. The output of the test is expected to be a undistnibution between 0 and 1 if they come from
the same parent distribution. The histogram of the outputiisplayed in Figl_12. No significant difference is
found between models M1 and M2 af!) /(1) as expected. However, the Kolmogorov test, applied to the
distributions obtained for thet e~ channel, will give an average probability of consistencieenZ () /(1)
andZ’ or betweenz) /(1) andG* of 0.105 and 0.015 respectively and will reject, at 95% camfi level,
the hypothesis that the distributions derive from the saarerg distribution 52% and 94% of the times. For
higher resonance masses the statistical significancelguiekreases: at 5 TeV, with only 18 events in the peak
region, no discrimination becomes possible. However,H@ mass but with an integrated luminosity of 300

#1n principle, the Kolmogorov test should be applied on unkih data, but the application on binned data should stillijeoa
valid test, in the present case since the bins are narrowaerttie expected features
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Angular distributions, electrons, 138 events
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Angular distributions, muons, 139 events
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fb—1, the Kolmogorov test would reject the hypothesis, at 95%atiqut 20% of the times. Similar results are
obtained for the:™ .~ channel.

A x? test was also performed between these distributions,rgadithe same conclusions. Here, also, a
histogram of the calculateg? was produced from a sample of 1000 pseudo experiments witlevdénts each.
The average?/d.f. are 0.998, 1.50 and 2.10 for the cases of model MI2ndG* respectively. The goodness
of fit test between thez(!) /~(1) and theZ’ or G* angular distributions would yield a confidence level below
5% respectively 38% and 84% of the times.

5.3 Forward-backward asymmetry

From the angular distributions, the forward-backward asgtny is obtained and shown in Figs] 13 l4asa
function of the reconstructed dilepton mass. It allows arctiistinction between a resonance duegZtd /(1)

and either &’ or aG* resonance. Indeed, the asymmetry is expected to be cldsatttihe mass peak of the
Z', if the couplings are those of the SM, becasisg 0y ~ 1/4:

3
Arp = ZAqAE @
with 3)
p— 1 2
4, - 2vpap 2(1 — 4|Qp¢| sin® byy) ~0 (4)

v2+a2 14 (1 —4]|Qq|sin? Oy )2
(5)
For masses below, but close to the resonance, the FB asyynoatralso serve as a distinguishing

criterion between theZ’ and theZ(!) /(1) For large masses, however, the discrimination power besom
quickly limited by statistics.
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Angular asymmeltry, electrons
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Fig. 13: Electron channel: measured forward-backward asymmethHE, for different types of resonances, centered at m = 4 TeV.
The error bars are representative of a sample having 138teviarthe peak region, or 100 8 for Z(l)/w(l).

6. Conclusions

We have performed a detailed study of the leptonic signatimethe production of the KK excitations of the
andZ in models with TeV-scale extra-dimensions.

The production and decay of the excitations were fully sated, including initial state QCD radiation,
and the resulting particles were passed through a paraeetsimulation of the ATLAS detector.

We found that with an integrated luminosity of 1¢0— ATLAS will be able to detect a peak in the
lepton-lepton invariant mass if the compactification s¢afg) is below 5.8 TeV. Even in the absence of a peak,
a detailed study of the shape of the lepton-lepton invanaass will allow to observe a deviation from the
standard model due to the interference of the KK excitativit the SM bosons. From a study based on a
maximum likelihood estimation of the compactification ma&ELAS will be able to exclude at 95% CL a
signal from the models considered in this work fdg. < 13.5 TeV with an integrated luminosity of 300!.
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Angular asymmftry, muons
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Fig. 14: Muon channel: measured forward-backward asymmetry at LidCdifferent types of resonances, centered at 4 TeV. The
error bars are representative of a sample having 138 eveniisé peak region, or 100 fif for Z(l)/w“).

We have performed an evaluation of the influence of experiahemd theoretical uncertainties on this result.
A 1% deviation from linearity in lepton momentum measuretmgelds a 2% reduction in sensitivity. The
maximum effect observed from the consideration of variais ef PDF'’s is a reduction of order 200 GeV on
the achievable limit.

Once a peak is observed, an important question is the asseisefrthe model which has produced the
signal. We show that for resonances of mass up ®TeV, and with an integrated luminosity of 3¢0—!, the
KK excitations can be distinguished from mass peaks pratlbgeSM-like Z’ or graviton resonances from the
study of the polar angle distribution of the leptons in thakpeegion. The forward-backward lepton asymmetry
as a function of invariant mass can provide a more generihgisshing criterion among the different models.
For invariant masses around the peak, it will allow to diliish the KK excitations from alternative models
yielding the same signature.
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Part XV

Search for the Randall Sundrum Radion Using the
ATLAS Detector

G. Azuelos, D. Cavalli, H. Przysiezniak, L. Vacavant

Abstract

The possibility of observing the radiog) using the ATLAS detector at the LHC is
investigated. This scalar, postulated by Goldberger ars\di stabilize brane fluctu-
ations in the Randall-Sundrum model of extra dimensions Higgs-like couplings.

Studies on searches for the Standard Model Higgs with theA&T tetector are re-
interpreted to obtain limits on radion decay+9 and ZZ*). The observability of

radion decays into Higgs pairs, which subsequently dedayif + bb or 77 + bb

is then estimated.

1. Introduction

Theories with extra dimensions have recently receivedidersble attention. One of the most interesting
incarnations was formulated by Randall and Sundrum (RRIS)wK postulate a universe with two 4-d surfaces
(braneg bounding a slice of 5-d spacetime. The SM fields are assumked lbcated on one of the branes (the
TeV brane), while gravity lives everywhere: on the TeV brasrethe Planck brane and in the bulk. The metric
is exponentially warped in the fifth dimension, allowing onatural resolution of the hierarchy problem.

The theory admits two types of massless excitations: thalusd graviton and a graviscalar. In order
to stabilize the size of the extra dimension without finengrif parameters, Goldberger and Wise (GW)] [19]
have proposed a mechanism which requires a massive bullr ggahe radion, expected to be lighter than
the J=2 Kaluza Klein excitations. The presence of the ragiame of the important phenomenological conse-
quences of these theories of warped extra dimensipng [Z8-2he study of this scalar therefore constitutes
a crucial probe of the model.

1.1 Radion branching ratios and width

The radion couplings to fermions and bosons are similar asetof the Standard Model (SM) Higg$ [R76].
They are expressed as a function of three parameters: theahth® radionn,,, the vacuum expectation value
of the radion or scaley,, and¢, the radion-SM Higgs mixing parametelr [276,P80].

In the following study, we assume that the SM Higgs has bescodered and that its mass has been
measured. The branching ratios of the radion are calculased) those of the SM Higgs as calculated in
HDECAY [fI50], and using the ratio of the radion to Higgs braing ratios given by [[276].

Figure[lL shows the principal branching ratios as a functioscalar mass for decays of the SM Higgs
(top plots) and of the radion when;, = 125GeV/c? and A4 =1 TeV, for¢ = 0 when there is n@-h mixing
(middle plots), and fo€ = 1/6 when¢ and h are heavily mixed (bottom plots). We note the following

e BR(¢ — gg) is greatly enhanced with respect to the Higgs and is closmity for m, > 500 GeV/c?
and¢ =1/6

e the radion decays into two SM Higgs for, > 2my,

e BR(¢ — 77) is enhanced fo¢ = 1/6 andm, ~ 600 GeV/c?.
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Fig. 1: Log(BR) versus the mass of the scalar for the SM Higgs)( and for the radion whefi= 0 (middle) and{ = 1/6 (bottom)
whenA, = 1 TeV. The Higgs mass in the lower curves is settp = 125GeV/c?. A smaller (larger) mass range is shown on the
left(right)-hand side.

For¢ = 1/6 and for a radion with mass close to that of the Higgs, a stroteyference produces a strong
suppression of decays to vector bosons.
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Fig. 2: Log(’) for the SM Higgs and for the radion, fgr=0 and 1/6 and foA, = 1 TeV.

The radion has a very narrow natural width. Figldre 2 showsdtat width as a function of mass, for the
SM Higgs and for the radion with = 0 and 1/6, forA, =1 TeV. The width is inversely proportional to the
square ofA,.

The aim of the present study is to investigate the posgitifitobserving a RS radion with the ATLAS
detector through the following decays:— v, ¢ — ZZ*) — 4¢, ¢ — hh — bbyy and¢ — hh — bbrt 7.
Only the direct production of the radigigz — ¢ is considered.

2. ¢ —yyandZzZ™) — 4¢

For theyy (my < 160 GeV /c?) and ZZ*) (m, > 100 GeV /c?) decay channels, the radion signal significance
is determined from the SM Higgs results obtained in the ATLREIR [B7], for 100 fo! (one year at high
luminosity 1034 cm—2s~1). The ratio of the radios /+/B over that of the SM Higgs is given by [276]:

S/VB(¢) _T(¢ — gg)BR(¢ —17,2Z) |max(Tly, 0m)
S/v/B(h) T(h— gg)BR(h — vv,Z27) maX(I’fot, Om)

where the mass resolutions are givenddy = 0.10/m + 0.005m and o%Z = /(I'/2.36)2 + (0.02m)2.
Using the ATLAS TDR SM Higgs signal significance results, thdion signal significance is determined and
shown versus the mass of the radion, in Fidlire 3, forthehannel (top) and for the ZZ channel (bottom),
for A, =1,10 TeV,£=0,1/6, and for an integrated luminosity of 1001,

3. ¢ — hh — yybb

The radion, unlike the SM Higgs but similarly to the ones ie Minimal Supersymmetric Standard Model

(MSSM), decays into Higgs pairs with relatively high BR ($&gure[l). As shown in Figurg 2, the total width

of the radion is a factor of 10 (100) smaller for=0 (1/6) than that of the Higgs, such that it is completely
negligible with respect to the reconstructed mass resuwisiti
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The specific decay channél— hh — v+bb offers an interesting signature, with two high-isolated
photons and two b-jets. The background rate is expectedverydow for the relevant mass regiom, > 115
GeV/c? and mg > 2my. In addition, triggering on such events is easy and the dgrghmass provides very
good kinematical constraints for the reconstructiomf.

The decayhh — yybb was studied in the context of the MSSM Higgs [281], althougthat time the
mass ranges investigated were lower. The approach andldotiae we use in this study are very similar.
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3.1 Signal

Signal events were generated with PYTHIA 6.158 ]113]. Thelified version of HDECAY described in
Section 11 is used at the initialization phase to input tiresct parameters and at the end of the run to re-scale
the cross-section. Note that the default PYTHIA parametesr®pposed to the HDECAY ones, are used for the
light Higgs couplings and parameters.

The heavy Higgsd® production process via gluon-gluon fusion (in the framéwoi the Minimal 1-
Higgs doublet Standard Model, procésSUB=152) s used to produce the radion. The mass offiffewas set
to reflect that of the radion, and the light Higgs mass wassett= 125 GeV/c?. In addition, since the width
of the radion is much narrower than what is usually encoextér a Higgs scenario, a specific correction was
implemented [[2§2] and the branching ratio corrected apjataly. Two samples of 100k events each were
generated, fom, = 300 GeV/c? and form, = 600 GeVic?.

3.2 Background

The backgrounds for this channel argbb (irreducible),yyce, yvbj, yycj andy~ijj (reducible with b-tagging).
The events were generated with PYTHIA 6.158. The main pribclugrocess is the box diagragg — ~v
(procesd SUB=114), where the jets arise from initial state radiation, evatifucombined with gluon splitting

for heavy flavor jets. The rates are therefore very low. H@xéarge uncertainties apply to these backgrounds
since the jet part comes only from radiation and not from geltscattering. Generating a background sample
of a sensible size turns out to be very CPU time consuming,sante cuts had to be applied at the event
generation: the sample was generated in different binis 60, 100, 200, 400, 800, 1600 and 3200 G&V/
For each bin, ten million events were generated.

Single photon production in the hard procegsvhere either the photon or jet is misidentified represents
another reducible background. This background was stunigag context of the SN — ~~ channel, and was
found to increase the total background by a factor of twohidontext of the radion where the backgrounds
are negligible, this would not affect the final results.

3.3 Fast-simulation

The detector effects on the signal and background evenssratdated with ATLFAST 2.53[[269]. While most
procedures and parameters are the standard ATLFAST onémafduminosity operation {032 cm=2s71), a
few improvements are applied for this study:

e jets are recalibrated using a detailed parameterization

¢ the photon reconstruction efficiency is assumed to be 80%

e appr-dependent b-tagging parameterization is used with amgeesfficiency o€, = 60% and a rejection
of approximately 93% for light-quark jets and 7% for c-jets.

3.4 Selection
To extract the signal, two isolated photons with > 20 GeV/c and|n| < 2.5, and two jets withpr > 15
GeV/e, |n| < 2.5 are required. At least one of the jets has to be tagged as a b.

The diphoton and the dijet invariant masses are then forifiggire[# shows the reconstructed invariant
masses fom, = 300 GeVic?, ¢ = 0 and Ay = 1 TeV. Subsequently, two mass window cuts are applied by
requiring that:

o My, =my 2 GeV/c?
o mp; = my £ 20 GeV/c?.
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years at low luminosity03* cm~2s™!). The right-hand plot shows the impact of requiring two befed jets instead of one.

The photons and jets fulfilling these requirements are coetbio form them.,.1,; invariant mass as shown
in Figure[$. The mass resolution is improved down to a valug GkVE? by constraining the reconstructed
massesny,; andm., to the light Higgs massn,, as shown on the right-hand plot of Figule 5. The signal

40
35
30
25
20

Events/2 GeV/30 fb

15
10

0
200

250

300

350 400

M \yoj

(GeVic?)

Events/2 GeV/30 fb*

80
70
60
50
40
30
20
10

0
200

mass

constraint

250

Mean
RMS
UDFLW
OVFLW

301.0
10.10
0.000
2.580

300

X

/ndf

Constant
Mean
Sigma

4120 | 72
64.86
300.4
5.041

350 400

M i

(GeVic?)

Fig. 5. Reconstructed~bj invariant mass distribution, fom, = 300 GeVic?, ¢ = 0, A, = 1 TeV and for three years at low
luminosity. The left-hand plot shows all the combinatiomsl ahe ones fulfilling the mass window cuts (cf. text). Thehtipand
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Cuts mg = 300 GeVic? | my = 600 GeV/c?
photons kinematics selection 46% 51%
jets kinematics selection 36% 28%
b-tagging 76% 78%
m~~ Window cut 83% 85%
my; Window cut 49% 53%
total 5% 5%

Table 1: Acceptance for the signal, for= 0, A, = 1 TeV and for the two radion masses studied. For each cut treptarmwe is
defined with respect to the previous one.
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Fig. 6: Diphoton (left) and dijet (right) invariant mass thiilsutions for the background sample, for three years atlioninosity. The
right-hand plot shows the impact of requiring two b-taggetd jnstead of one.

acceptances after the various cuts described above areigifable[]L.

The same analysis procedure is applied to the backgrounplsaihe resultingn., andm,; distribu-
tions are shown in Figuid 6.

Since there are some uncertainties concerning the leveédfdckground, a more conservative approach
is also tried: the mass window cuts are loosened to keep<sfdfiling:

® M,y = my 30 GeV/c?
o my; = my £ 40 GeV/c?
Them,.; invariant mass distributions for this conservative apphoare shown in Figurlg 7.

3.5 Results

The final number of events selected is obtained by countieg&mdidates after all cuts within a mass window
of < myp; > +1.50,, . for signal and background. The results are shown in TigblereShis channel

is practically background free, the usual significafi¢e/B is not relevant. A signal discovery, defined to be a
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minimum of ten events, is straightforward for low values\gfearly in the physics program of the LHC. This is
shown in Tabld]3 where the minimum integrated luminositiesded for discovery are shown. Approximately
1fb~! is needed for\,, ~ 1 TeV while requiringS > 10 andS/v/B > 5.

In the special case whete = 0, the cross-section is proportional Ibf. Therefore the maximum
reach inA, is derived from this study. This is obtained using the prigson of [272]: for a known mean
background of zero, the signal mean is larger than 10 with @5%f the number of observed events is larger
than 18. The corresponding reachiip is 4.6 TeV form,, = 300 GeV/c? and 5.7 TeV form, = 600 GeV/c?.
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mg = 300 GeVic? mg = 600 GeV/c?
background 0 background 0
background (conserv.) 1.42 10~* || background (conserv.) 0
£=0,Ay =1 TeV 380.1 £=0,A;=1TeV |575.8
£=0,Ay =10 TeV 3.8 £€=0,As =10 TeV | 5.9
£=1/6,Ay =1 TeV 680.4 £=1/6,A, =1 TeV | 439.9
£=1/6,As =10 TeV 5.5 £€=1/6,As =10 TeV | 5.9

Table 2: Number of events selected for background and forsidor m, =300 and 600 GeYc?, for three years at low luminosity
and formy, = 125 GeV/c.

mg = 300 GeV/c? | my = 600 GeV/c?
£=0,A,=1TeV 0.8 0.5
£=0,A, =10 TeV 80 50
£=1/6,Ay =1TeV 0.4 0.7
£=1/6,As =10 TeV 55 55

Table 3: Minimum integrated luminosity (fid) needed for discovery.

4. ¢ — hh — bbrtr~

The channep — hh — bbr 7~ provides another potentially interesting signal for raditiscovery, although
the background is higher and the reconstructed mass riesare poorer than in the — hh — ~vybb chan-
nel.

In order to provide a trigger, a leptonic decay of thés required. Here, only the case when ane
decays leptonically and the other hadronically is considerAs above, the events were generated by appro-
priately adapting the process of MSSM decay of the heavy $fitjginto two light Higgs bosons (h) in Pythia
6.158 [11B]. The effect of the ATLAS detector on the resalntand efficiency of reconstruction of these
events was simulated with the ATLAS fast simulation pack@Je.FAST 2.53). The efficiency for hadronic
reconstruction is assumed to be 40%. For b-jet tagging,famesicy of 60% is assumed, with a rejection factor
of 10 for c jets and 100 for light jet§ [P7].

4.1 Signals and backgrounds
As in the previous section, the radion mass values investigare 300 and 600 G2, while the Higgs mass
is set to 125 GeVc?,
The fast simulated samples are:
e hh — bb 777~ with oner decaying leptonically and the other hadronically (10 006n¢s)
e tt — bWT bW~ with one W decaying leptonically and the other hadronicélly’ events)

e 7 — 777~ with oner decaying leptonically and the other hadronicallp{ events). Initial and final
state radiation provide additional jets which can fake tbaal.

e inclusive W bosons decaying leptonicallyx(20° events).
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4.2 The selection

The study is performed assuming conditions of low luminosit0? cm—2s~1) since, at high luminosity
(103* em~2s71), the reconstructedt~ mass resolution is seriously compromised by pile-up effec{97].
The events are selected if they satisfy the following deter

e A lepton is required with}. > 25 GeV, |nf| < 2.5 (this lepton serves as a trigger).

e The transverse mags. — pis is required to be< 40 GeV/e. This cut rejects background events
containing W bosons.

e Therr invariant mass is determined by combining the lepton witiggédr-jet havingqui’t > 15 GeVli,
Iniet| < 2.5 (see Figurd]8). If more than one jet is tagged as a tau-jetgaghebination with the mass
nearest ton,, is chosen.

e A pair of b-tagged jets withhy > 15 GeVic and|n| < 2.5 is required and their jet-jet mass reconstructed
(see Figurg]9). If more than two jets are tagged as b-jetgahénaving the invariant mass closest to the
Higgs mass is chosen.

e Cuts on the reconstructed mass andb mass are applied:

110 < m,, < 140 GeV/c? and90 < m,; < 140 GeV/c? in the case of the 300 Ge\# radion, and
110 < m,, < 150 GeV/c? and85 < m,; < 130 GeV/c? in the case of the 600 Ge'#? radion.

4.3 Results

Although the signal efficiency is low, the background rédfatis high. The expected cross sections for signal
and background before the event selection are given in Fhfde A, = 10 TeV and¢ = 0. The branching
ratios account for leptonic decays into a muon or an electron

Figureqd 10 anfl 11 show the reconstructed masses for sigeahwj=300 and 600 GeYc? respectively,
for 30 fb~!, Ay =1 GeV and{ = 0. The shape for a 300 G\ radion is similar to the one for background
(mostly tt), therefore systematic errors will most probably be dongiddy the understanding of the level of
this background.
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Signal mg =300 GeV/c®> | my=600 GeV/c?
o(gg — @) 290 fb 60 fb
BR(¢ — hh) 0.30 0.25
BR(hh— 77 bb) 2 % 0.06 x 0.8 2 % 0.06 x 0.8
BR(r7 — ¢ + hadrons) 2x2x0.17x0.65 | 2x2x0.17 x 0.65
oxBR = 3.98 b 0.652 fb
tt — WbWb — ¢ + hadrons ~180 pb
W — fv ~40000 pb
Z — 117 — £ + hadrons ~ 730 pb

Table 4: Expected cross sections foy =10 TeV ands = 0 for signal and background before the event selection cats. ; 1)
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Fig. 10: Reconstructed mass of the radien,(= 300 GeV/c?) Fig. 11: Reconstructed mass of the radien,(= 600 GeV/c?)
(dark: background and light: signal), for 30t A, = 1 TeV (dark: background and light: signal), for 30th, Ay = 1 TeV
and¢ = 0. and¢ = 0.

The expected number of events for an integrated lumino$i80db—! (three years at low luminosity)
are given in Table 5 for the two radion masses and for the ackgls, wherg = 0 andA, = 1 TeV.

Requiring a minimum of 10 events ancsax/ﬁ > 5, the maximum reach in, is 1.05 and 1.4 TeV

m=300 GeV/c? | m,=600 GeV/c?
Signal 43 22
tt 58 ~ 6
Z—TT ~0 ~ 0
W ~ 0 ~ 0
S/\/(B) 5.6 9.0

Table 5: Expected number of events for signal and backgrdondn integrated luminosity of 3®~" for m4 =300 and 600 GeYc?,
& =0andA, = 1 TeV, after all cuts.
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for ms=300 GeV/c* andm =600 GeV/c* respectively, but the uncertainties in background sutitragnay
affect considerably the observability of this channel im finst case.

5. Conclusion

We have studied the possibility of observing the radiongitie ATLAS detector at the LHC. The radion has
couplings similar to those of the SM Higgs, and mixes withbitt it has also a large effective coupling to
gluons. Re-interpreting results of previous studies orsttarch for a SM Higgs in ATLAS, a significance for
observing a radion decaying intey or ZZ(*) has been determined as a function of its mass (see Hipure 3).
For an integrated luminosity of 1a® !, the valuesS/v/B ~10 (0.1) are obtained for they channel, with

a mixing paramete¢=0 and a scalé,=1 (10)TeV, in the rang80 GeV /c* < m, < 160 GeV/c?. For the
77 channelS/v/B ~100 (1) for200 GeV/c? < my < 600 GeV /c? for the same conditions. Because the
couplings are similar to those of the SM Higgs, a good measent of the branching ratios will be necessary
to discriminate between the two scalars.

The radion can also decay into a pair of Higgs scalars, if thesas permit. Two cases were examined:
¢ — hh — ~yybband¢ — hh — 77bb, for radion masses of 300 and 600 GeY, for m; = 125 GeV/c?
and for an integrated luminosity of 30h. Limits on the maximal reach ing were obtained for these two
channels. For theybb channel, the background is negligible and the reachiis 4.6 (5.7) TeV fomm,, = 300
(600) GeV/c?, when¢=0. For therrbb channel, the similarity between the signal and backgrotapes make
the observation of a radion of mass;,=300 GeV/¢? difficult, and the reach for\, is about 1.4 TeV for
m =600 GeV/c?, whené=0.
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Part XVI

Radion Mixing Effects on the Properties of the
Standard Model Higgs Boson

J.L.Hewett and T.G. Rizzo

Abstract

We examine how mixing between the Standard Model(SM) Higggob,, and the
radion of the Randall-Sundrum model maodifies the expectegdasties of the Higgs
boson. In particular we demonstrate that the total andglatécay widths of the
Higgs, as well as thé — gg branching fraction, can be substantially altered from
their SM expectations, while the remaining branching foat are modified less than
< 5% for most of the parameter region.

The Randall-Sundrum(RS) mod¢] [4] offers a potential sofuto the hierarchy problem that can be
tested at present and future accelerators (for an overvieRSophenomenology, seqd [13] 16,P83]). In this
model the SM fields lie on one of two branes that are embeddBetlimensional AdS space described by the
metricds® = e~2*Wly,, dzxtdz” — dy?, wherek is the 5-d curvature parameter of order the Planck scale. To
solve the hierarchy problem the separation between the el ., must have a value aéfr. ~ 11—12. That
this quantity can be stabilized and made natural has beeordgrated by a number of authofs][[L9,]2B4}288]
and leads directly to the existence of a radiohy (vhich corresponds to a quantum excitation of the brane
separation. It can be shown that the radion couples to tke hthe stress-energy tensor with a strenfgth
of order the TeV scald,e., L.rr = —r T} /A. (Note thatA = v/3A, in the notation of Ref.[T13, 16, 2B3].)
This leads to gauge and matter couplings that are quaétatsimilar to those of the SM Higgs boson. The
radion massi,.) is expected to be significantly below the scalanplying that the radion may be the lightest
new field predicted by the RS model. One may expect on generahds that this mass should lie in the range
of a few x10 GeV < m, < A. The phenomenology of the RS radion has been examined by bemuwh

authors [276E278,2BP—2395] and in particular has beenwedéy Kribs [279].

On general grounds of covariance, the radion may mix wittseHiggs field on the TeV brane through
an interaction term of the form

Spm = —¢€ / d*zv/ =g RW (9, |H H 1)

whereH is the Higgs doublet field?¥)[g,,] is the Ricci scalar constructed out of the induced mejion the
SM brane, and is a mixing parameter assumed to be of order unity and witmowk sign. The above action
induces kinetic mixing between the ‘weak eigenstateand h fields which can be removed through a set of
field redefinitions and rotations. Clearly, since the radiad Higgs boson couplings to other SM fields differ
this mixing will induce modifications in the usual SM expditns for the Higgs decay widths. To make unigue
predictions in this scenario we need to specify four paramsetthe masses of thghysicalHiggs and radion
fields, my, ., the mixing paramete¢ and the ratiov/A, wherev is the vacuum expectation value of the SM
Higgs~ 246 GeV. Clearly the ratias/A cannot be too large as,. is already bounded from below by collider
and electroweak precision dafa][13, [L6]283]; for defingsnee will takev/A < 0.2 and—1 < ¢ < 1in
what follows although larger absolute values dfave been entertained in the literature. The values of the tw
physical masses themselves are not arbitrary. When werectiait the weak basis mass-squared parameters of
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Fig. 1: Constraint on the ratio of the mass of the radion todh#he Higgs boson as a function of the prodgef A as described in the
text. The disallowed region lies between the curves.

the radion and Higgs fields be real, as is required by herityitiwe obtain an additional constraint on the ratio
of the physical radion and Higgs masses Which only depentissqoroduct| %. Explicitly one finds that either

T > 1+42sin? p+2|sin p|/1 + sin? por— —T < 1+42sin? p—2[sin p|y/1 + sin? p wherep = tan ! (6£%).
ThIS disfavors the radion having a mass t?)o close to thateHiggs when there is significant mixing; the
resulting excluded region is shown in Fjg. 1. These congsaire somewhat restrictive; if we take, = 115
GeV and{ % = 0.1(0.2) we find that eithern, > 189(234) GeV orm, < 70(56) GeV. This lower mass range
may be disfavored by direct searches.

Following the notation of Giudicet al. [98], the coupling of the physical Higgs to the SM fermions
and massive gauge bosovis= W, Z is now given by

L= —Tl(mfff —m3, V,,V#)[cos pcos 6 + %(sin@ —sinpcosf)]h, 2

where the angle is given above and can be calculated in terms of the parameteasdv /A and the physical
Higgs and radion masses. Denoting the combinatiens cos pcosf and3 = sinf — sin p cos 6, the cor-
responding Higgs coupling to gluons can be writtereg&: G, G*h with ¢, = 5—5[(@ + X B)Fy — 2b33%]
wherebs = 7 is the SU(3) g-function andFj, is a well-known kinematic function of the ratio of masses of
the top quark to the physical Higgs. Similarly the physicayd$ couplings to two photons is now given by
ey % B, FMh wherec, = L[(by + by)B% — (o + £B)F,], whereby = 19/6 andby = —41/6 are the
SU(2) x U(1) p-functions andF, is another well-known kinematic function of the ratios oé ¥ and top
masses to the physical Higgs mass. (Note that in the sinadtenlimitsa — 1, § — 0 we recover the
usual SM results.) From these expressions we can now cortimutehange of the various decay widths and
branching fractions of the SM Higgs due to mixing with theioad

Fig.[2 shows the ratio of the various Higgs widths in comparit their SM expectations as functions of
the parametef assuming thatn;, = 125 GeV with different values ofn,. and ;. We see several features right
away: ¢) the shifts in the widths tg f/V'V and~~ final states are very similar; this is due to the relatively
large magnitude of’, while the combinatiorb, + by is rather small. i) On the other hand the shift for the
gg final state is quite different sindg, is smaller thar¥’, andbs is quite large. 4ii) For relatively light radions
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Rp

Fig. 2: Ratio of Higgs widths to their SM valueBy, as a function of assuming a physical Higgs mass of 125 GeV: red for fermion
pairs or massive gauge boson pairs, green for gluons anddslphotons. In the left panel we assumg = 300 GeV andv/A = 0.2.
In the right panel the solid(dashed) curves arerfior= 500(300) GeV andv/A = 0.2(0.1).

with a low value ofA the width into theyg final state can come close to vanishing due to a strong dés&uc
interference between the two contributions to the ampditiad values of near -1. {v) Increasing the value of
m, has less of an effect on the width shifts than does a decredbe ratioy.

The deviation from the SM expectations for the various binamg fractions, as well as the total width,
of the Higgs are displayed in Fi§] 3 as a function of the mipagametet. We see that the gluon branching
fraction and the total width may be drastically differeraittthat of the SM. The former will affect the Higgs
production cross section at the LHC. However, the ff, andVV, whereV = W, Z branching fractions
receive small corrections to their SM values, of orgeb% for most of the parameter region. Observation of
these shifts will require the accurate determination oHfggs branching fractions available at@ne™ Linear
Collider.

In summary, we see that Higgs-radion mixing, which is pregersome extra dimensional scenarios,
can have a substantial effect on the properties of the Higgerh These modifications affect the widths and
branching fractions of Higgs decay into various final statdsch in turn can alter the Higgs production cross
section at the LHC and may require the precision of a Linedlideo to detect.
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Part XVII

Probing Universal Extra Dimensions at Present and
Future Colliders

Thomas G. Rizzo

Abstract

In the Universal Extra Dimensions model of Appelquist, Glpand Dobrescu, all of
the Standard Model fields are placed in the bulk and thus hatezK-Klein (KK) ex-
citations. These KK states can only be pair produced atdesBidue to the tree-level
conservation of KK number, with the lightest of them beirgod® and possibly hav-
ing a mass as low as 350 — 400 GeV. We investigate the production cross sections
and signatures for these particles at both hadron and leptbders. We demonstrate
that these signatures critically depend upon whether gihedst KK states remain sta-
ble or are allowed to decay by any of a number of new physicshamésms. These
mechanisms which induce KK decays are studied in detalil.

1. Introduction

The possibility that the gauge bosons of the Standard Md@Md)) (may be sensitive to the existence of extra
dimensions near the TeV scale has been known for some tmeR2J2430p]. However, one finds that the
phenomenology of these models is particularly sensitiiihieéomanner in which the SM fermions (and Higgs
bosons) are treated.

Perhaps the most democratic possibility requires all of@Nkfields to propagate in the TeV~! bulk
[B3), i.e., Universal Extra Dimensions (UED). In this case, the coraésn of momentum in the extra dimen-
sions is restored and one obtains interactions in the 4-chinaign which take the form gCijkf(”%f(j)G?k),
which for flat space metrics vanishes unléssj + k& = 0, as a result of the afore mentioned momentum con-
servation. Although this momentum conservation is acgguatbken by orbifolding, one finds, at tree level,
that KK number remains a conserved quantity. (As we will gdéscbelow this conservation law is itself further
broken at one loop order.) This implies that pairs of zeraenfermions, which we identify with those of
the SM, cannot directly interact singly with any of the e&ditmodes in the gauge boson KK towers. Such
a situation clearly limits any constraints arising fromgis@éon measurements since zero mode fermion fields
can only interact with pairs of tower gauge boson fields. lditaah, at colliders it now follows that KK states
must be pair produced, thus significantly reducing the pesslirect search reaches for these states. In fact,
employing constraints from current experimental data, égpist, Cheng and Dobrescu (ACD)) J22] find that
the KK states in this scenario can be as lighta350 — 400 GeV. If these states are, in fact, nearby, they will
be copiously produced at the LHC, and possibly also at thatf@v, in a variety of different channels. It is
the purpose of this paper to estimate the production ratgsaics of these particles in various channels and to
discuss their possible production signatures. This is nsadeewhat difficult by the apparent conservation of
KK number which appears to forbid the decay of heavier efioita into lighter ones.

Now although the KK number is conserved at the tree leveldbbmes apparent that it is no longer so
at loop order [[303]. Consider a self-energy diagram with ld fieat has KK number o2n(2n + 1) entering
and a zera{ = 1) mode leaving the graph; KK number conservation clearlysdu# forbid such an amplitude
and constrains the 2 particles in the intermediate statettoliave KK numbern(n andn + 1). The existence
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of such amplitudes implies that all even and odd KK statessaparately so that the even KK excitations can
clearly decay to zero modes while odd KK states can now deoay tb the KK number=1 state. Thus it is KK
parity, (—1)", which remains conserved while KK number itself is brokeora loop. Since the lightest KK
excited states withh = 1 have odd KK parity they remain stable unless new physicstiednced. As we are
only concerned with the production of pairs of the lightest particles in our discussion below, we are faced
with the possibility of producing heavy stable states aliadeis.

2. Collider Production

Due to the conservation of KK parity, the first KK excitationf the SM fields must be pair-produced at
colliders. At~~ and lepton colliders the production cross sections forlredl kinematically accessible KK
states will very roughly be of order 100 fa TeV/+/5)? which yields respectable event rates for luminosities
in the 100 — 500 fb—! range. A sample of relevant cross sections at betlande*e~ colliders are shown in
Fig. [1. In the case of~ collisions we have chosen the process— WM~ as it the process which
has the largest cross section for the production of the fiksstate. Similarly, gauge boson pair production in
ete collisions naturally leads to a large cross section. Cyeatlch states once produced would not be easily
missed for masses up to close the kinematic limit of the nmecidependently of how they decayed or if they
were stable. To directly probe heavier masses we must turadmn colliders.

L I L I I IR B

103 £
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o (fb)

10!

300 320 340 360 380 400

o (fb)

| | | L L L
300 350 400 450 300 350 400 450

Mgk (GeV) Mgk (GeV)

Fig. 1: Cross section foyy — WM M= (top panel) for different electron and laser polarizatitors,/s,, = 1 TeV. Cross section
forete™ — WOW® (lower right panel) for,/s = 1 TeV. Cross sections for (top to bottom, lower left panefle™ — 2y,
ZW M and2z® for /s = 1 TeV.



127

o (fb)

100 — —

1072 | _

N I DU B U B PV S R I R R
200 300 400 500 600 700 1000 2000 3000 4000

M (GeV) M (GeV)

Fig. 2: Cross section for the pair production of the lighteslbred KK states at the/s = 2 TeV Tevatron (left) and the LHC (right).
In the left panel, from top to bottom on the left-hand side, ¢hirves correspond to the procesaes, iii, i andiv, respectively. In the
right panel, from top to bottom on the left-hand side, thevearcorrespond to the processes, iv, i andv, respectively. Antiquark
contributions are included in reactiofisandiv.

Since both QCD and electroweak exchanges can lead to KK paiuption at hadron colliders there are
three classes of basic processes to consider. Clearlyates stith color quantum numbers will have the largest
cross sections at hadron machines and there are a numbecetpes which can contribute to their production

at ordera? [B04] several of which we list below:

gM g

VgV
(1) (1)

(i) 99

(i) qq’
(iii) 99+ qq q"q

(iv) qq gt g

) ag — qqV, @)

where the primes are present to denote flavor differenceg. f shows the cross sections for these five
processes at both thgs = 2 TeV Tevatron and the LHC summed over flavors. It is clear thaing the
Tevatron Run Il we should expect a reasonable yield of thase#tticles for masses below 600 GeV if
integrated luminosities in the range of 10-B~! are obtained. Other processes that we have not considered
may be able to slightly increase this reach. For larger nsasgemust turn to the LHC where we see that
significant event rates should be obtainable for KK massés tp3 TeV or so for an integrated luminosity of
100 fb~!. As one might expect we see that the most important QCD psesdsr the production of KK states
are different at the two colliders.

Lol

The real signature of the UED scenario is thlitof the SM fields have KK excitations. Thus we will
also want to observe the production of the SM color singlatiest Of course color singlet states can also be
produced, with the largest cross sections being for agsatcoduction with a colored state at order,; these
rates are of course smaller than for pairs of colored pagiak can be seen in F[. 3. Here we see reasonable
rates are obtained for KK masses in excess=of.8 TeV or so. Lastly, it is possible to pair produce color
singlets via electroweak interactions which thus lead esgisections of order?. Due to the large center of
mass energy of the LHC these cross sections can also leadpectable production rates for KK masses as
great as~ 1.5 TeV as can be seen from F[g. 4. It is clear from this analysisttre LHC will have a significant
search reach for both colored and non-colored KK statesgedihat the production signatures are reasonably
distinct.
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Fig. 3: Cross sections for the associated production ofigiedst color singlet KK states at the LHC: in the left parisdm top to
bottom, forg™ W M+ ¢z andgM~ D final states; in the right panel, from top to bottom, §6P W M%) Zz(1) andg*)~®)
final states. Anti-quark contributions are included.
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Fig. 4: Cross sections for the production of the lightesbrsinglet KK states at the LHC: in the left panel, from top titbm, for
229~ 7MW and2yM final states; in the right panel, from top to bottom, ¥+ W M= W+ Zz1) andw M+~ fingl states.

3. Signatures

When examining collider signatures for KK pair productiontiie UED there are two important questions to
ask: ¢) Are the lightest KK modes stable and)(if they are unstable what are their decay modes? From the
discussion above it is clear that without introducing any paysics the: = 1 KK statesare stable so we must
consider this possibility when looking at production siymas.

In their paper ACD [[2R] argue that cosmological constrapussibly suggest that KK states in the TeV
mass range must be unstable on cosmological time scaleso(@fe this does not mean that they would appear
unstable on the time scale of a collider experiment in whasewmur discussion is the same as that above.) This
would require the introduction of new physics beyond thattaimed in the original UED model. There are
several possible scenarios for such new physics. Here weliadluss three possibilities in what follows, the
first two of which were briefly mentioned by ACH_[22].

Scenario I: The TeV!-scale UED model is embedded inside a thick brane in a highiet)-dimensional
space, with a compactification scake; >> R., in which gravity is allowed to propagate in a manner similar
to the model of Arkani-Hamed, Dimopoulos and Dvali] [[3, [L3}. 18ince the graviton wave functions are
normalized on a torus of volum@r R)? while the KK states are normalized over R.. the overlap of a
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Fig. 5: Width for the decay of the first excited KK state (ewep-left panel, odd-top right panel) into the correspondiagp mode and
a graviton tower as a function of the mass of the KK state. Tid(slashed) lines are far/p = 5(10) TeV and from top to bottom
in each case the curves correspond te 2, 4, 6, respectively. The lower panel shows the missing enerdyildigion for these decays

for these same cases assuming a KK mass of 1 TeV.

KK zero mode with any even or odd KK tower stateand a graviton will be non-zero. In a sense, the brane
develops a transition form-factor analogous to that deedrin [30p]. This induces transitions of the form
KK(n=1) - KK(n=0)+ G whereG represents the graviton field which appears as missing girethe
collider detector. This means that production of a pair ofé&€itations ofe.g, quarks or gluons would appear
as two jets plus missing energy in the detector; the corredipg production of a KK excited pair of gauge
bosons would appear as the pair production of the correspgpréro modes together with missing energy. We

can express this form-factor simply as

TR
= V2 dye™3Y(cos ny/ R, sin ny/R.)
TR Jo
for even and odd KK states, respectively, whergis the graviton mass. Here we have assumed that the thick
brane resides aj; = 0 for all ¢ # 1. Given these form-factors we can calculate the actual demi@yfor
KK(n=1) — KK(n=0)+G, where we now must sum up the graviton towers by followingahalyses in
Ref. [296[30p]; this result should be relatively indepentds the spin of the original KK state. Performing the
necessary integrations numerically we obtain the reshties in Fig.[b. This figure shows that this mechanism
provides for a very rapid decay over almost all of the paramgtace. For light KK states with botrand M p
large the decay rate is suppressed and may lead to finitehlehgrged tracks in the detector. (In particular

(@)

F
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e | 0 |41.0|14.4] 446
v 0 0 |[39.1]609
w1 | 89.8| 23| 21| 5.7
db | 90.9| 06 | 2.7 | 5.8

Table 1: Individual branching fractions in per cent for thietfexcited fermion KK modes when KK level mixing occurs aS$tenario
1.

the production of a charged KK state with a long lifetime wbwleld a kink-like track structure due to the
decay to the graviton tower.) Although not a true two-bodgaye Fig.[b also shows that the typical missing
energy in the gravitational decay of a KK state will be claséalf its mass, which is quite significant for such
heavy objects. It is clear that events with such a largeifmaaif missing energy should be observable above
background given sufficient event rates. These events aiiba confused with SUSY signals since they occur
in every possible channel.

Scenario II: KK decays can be induced in the UED model by agldirbenign’ brane at somg = g
which induces new interactions. By ‘benign’ we mean thaséheew interactions only do what we need them
to do and do not alter the basic properties of the UED modeé dimplest form of such interactions are just
the four dimensional variants of the terms in the the 5-d UEfipa. For example, one might add a term such
as

A
/d4:v/dy 5(y — o) M¢’YADAT/), 3)

where \ is some Yukawa-like coupling andl/; is some large scale. Note that the brane is placed at some
arbitrary positiony = yo andnotat the fixed points where only even KK modes would be effectdérbse new
interactions result in a mixing of all KK states both even add and, in particular, with the zero mode. Thus
we end up inducing decays of the form KK — KK () KK (9, For KK fermions the decay into a fermion plus
gauge boson zero mode is found to be given by

2
PO - OOy = ‘Z_VsiMC N, PS, 4)
T

where s, is the induced mixing angley. is a color factor,gy, the relevant gauge coupling and PS is the
phase space for the decay. It is assumed that the mixing @ngidficiently small that single production of
KK states at colliders remains highly suppressed but i€largpugh for the KK state to decay in the detector.
For A ~ 0.1 and M, ~ a few M., this level of suppression is quite natural. (Numericaltyisiclear that
the KK state will decay inside the detector unless the mixngle is very highly suppressed.) The resulting
branching fractions can be found in Table 1 where we see nigrthat are not too different than those for
excited fermions in composite models with similar decayatgres. However, unlike excited SM fields, single
production modes are highly suppressed. For KK excitat@frthe gauge bosons, their branching fractions
into zero mode fermions will be identical to those of the esponding SM fields apart from corrections due to
phase spaceg., the first excitedZ KK state can decay ttf while the SMZ cannot.

Scenario lll: We can add a common bulk mass term to the ferraation, i.e., a term of the form
m(DD + SS), whereD and S represent the 5-dimensional isodoublet and isosinglet 8Msfi We chose
a common mass both for simplicity and to avoid potentiallpgkxous flavor changing neutral currents. The
largest influence of this new term is to modify the zero modefen wavefunction which is now no longer
flat and takes the form- e~™l¥l and thus remaing,-even. Clearly there is now a significant overlap in
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Fig. 6: The form factorgj(upper curve) and’(lower curve) as discussed in the text for the case 1.

the 5-d wavefunctions between pairs of fermion zero modesaamy Z,-even gauge KK mode which can
be represented as another form-fac@fz), wherex = mR.. This form factor then describes the decay
G — f0) ) whereG represents a generic KK gauge field. Similarly we can obtdiorm-factor that
describes the corresponding degdy) — G £(©) which we denote by’ (x) wherez is as above. It is clear
that the decays of KK states in this scenario will be essignt@entical to Scenario Il above although they are
generated by a completely different kind of physics. F[g. héves the shape of these two form-factors as a
function of the parameter. The natural question to ask at this point is ‘what is the @altin relative toM.?".

It seems natural to imagine that the bulk mass would be ofrdlgecompactification scale, the only natural
scale in the action, which would imply that ~ 1 so that large form-factors would be obtained. While this
scenario works extremely well for the decay 4f-even states it does not work at all for the caseZgfodd
states.

4. Summary and Conclusions

In this paper we have begun a detailed examination of theigtimas of the Universal Extra Dimensions
model for future colliders. Since indirect searches foihsstates give rather poor reaches, direct searches are
of greater importance in this model. To obtain interestiegrsh reaches requires a hadron collider such as
the Tevatron or LHC. Based on counting events we expect thehrat the Tevatron Run Il (LHC) for KK
states to be~ 600(3000) GeV. Within the UED model itself these lightest KK states stible even when loop
corrections are included unless new interactions aredotred from elsewhere. If these states are indeed stable,
the production of a large number of heavy stable chargedcfestvould not be missed at either collider. It is
more likely, however, that new physics does indeed enteda®ng the KK modes unstable. In this paper we
have examined three new physics scenarios that induceHilitéetimes and compared their decay signatures.
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Part XVIII
Black Hole Production at Future Colliders

S. Dimopoulos and G. Landsberg

Abstract

If the scale of quantum gravity is near a TeV, the CERN Largdrblia Collider will
be producing one black hole (BH) about every second. Theydeuiathe BHs into
the final states with prompt, hard photons, electrons, omapoovide a clean signa-
ture with low background. The correlation between the BHsvaasl its temperature,
deduced from the energy spectrum of the decay productsesaHawkings evapora-
tion law and determine the number of large new dimensionglandcale of quantum
gravity. We also consider BH production at the proposedréuhigh-energy collid-
ers, such as CLIC and VLHC, and describe the Monte Carlo eyemgrator that can
be used to study BH production and decay.

1. Introduction

An exciting consequence of TeV-scale quantum gravify[ 3[I®1 is the possibility of production of black
holes (BHs) 2,24, 30T=3pP9] at the LHC and beyond. This papmmarizes and extends our pioneer work
on this subject [[34] to the post-LHC future and discussedtiadal aspects of black-hole phenomenology left
out from [24] due to lack of space. Since this work has beenpbetd, numerous follow-up publications on
this exciting subject have appeared in the archives, fagush both the collider [J26, BP0, 310] and cosmic
ray [B3,[38[3P] production. We hope that this new branch eingmenology of extra dimensions will flourish
in the months to come, as black hole production might be thefirst evidence for the existence of large extra
dimensions.

Black holes are well understood general-relativistic otgavhen their mass/gy far exceeds the fun-
damental (higher dimensional) Planck mags ~TeV. As Mgy approaches//p, the BHs become “stringy”
and their properties complex. In what follows, we will igedhis obstacle and estimate the properties of light
BHs by simple semiclassical arguments, strictly valid¥ésy > Mp. We expect that this will be an adequate
approximation, since the important experimental sigreegtuely on two simple qualitative properties: (i) the
absence of small couplings and (ii) the “democratic” natfrBH decays, both of which may survive as aver-
age properties of the light descendants of BHs. Nevertbebessause of the unknown stringy corrections, our
results are approximate estimates. For this reason, wanatilattempt selective partial improvements — such
as time dependence, angular momentum, charge, hair, aedhigfner-order general relativistic refinements —
which, for light BHs, may be masked by larger unknown strieffcts. We will focus on the production and
sudden decay of Schwarzschild black holes.

2. Production

The Schwarzschild radiuRs of an (4 + n)-dimensional black hole is given by [311], assuming thateext
dimensions are largest Rg).

Consider two partons with the center-of-mass (c.0.m.) @nefs = Mg moving in opposite di-
rections. Semiclassical reasoning suggests that if thadtparameter is less than the (higher dimensional)
Schwarzschild radius, a BH with the mak&;; forms. Therefore the total cross section can be estimatedl fr
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geometrical argumentg§ [312], and is of order

o 1 | Mgy 8T (Z83) \ |+
o(Mpn) ~ 7l = M2 [ Mp \ nr2
(see Fig[fla,d)[[313].

This expression contains no small coupling constants:eifthrton c.o.m. energy’s reaches the fun-
damental Planck scal&/p ~ TeV then the cross section is of order Tel/~ 400 pb. At the LHC or VLHC,
with the total c.o.m. energy/s = 14 TeV or 100-200 TeV, respectively, BHs will be produced cogiy. To
calculate total production cross section, we need to takeaiccount that only a fraction of the total c.o.m. en-
ergy in app collision is achieved in a parton-parton scattering. We poia the full particle level cross section
using the parton luminosity approach (see, e.g., 1314]

do(pp = BH+X)  dL
dMgsy ~ dMgy

&(ab — BH) 8=M3, >

where the parton luminosityL /d Mgy is defined as the sum over all the initial parton types:

dL QMBH / d.%'a 2
a\La
Py Z e s o 1 >fb< o)

andf;(z;) are the parton distribution functions (PDFs). We used theSR’ [B15] PDF set with the)? scale
taken to be equal td/gy [BI8B], which is within the allowed range for this PDF set, aphe VLHC kinematic
limit. Cross section dependence on the choice of PD¥ 19%.

The differential cross section&r/dMpy for the BH produced at the LHC and a 200 TeV VLHC ma-
chines are shown in Figg. 1b afid 1f, respectively, for séeices ofMp. The total production cross section
at the LHC for BH masses abowdp ranges from 0.5 nb fokd/p = 2 TeV,n = 7 to 120 fb forMp = 6 TeV
andn = 3. If the fundamental Planck scale4s 1 TeV, the LHC, with the peak luminosity of 30 fd/year
will produce overl0” black holes per year. This is comparable to the total numbg&rsoproduced at LEP, and
suggests that we may do high precision studies of TeV BH phyais long as the backgrounds are kept small.
At the VLHC, BHs will be produced copiously for their massesl éhe value of the fundamental Planck scale
as high as 25 TeV. The total production cross section is obtler of a millibarn forMp = 1 TeV and of
order a picobarn foM/p = 25 TeV.

Similarly, the black holes can be produced at future higergylepton colliders, such as CLIC or a muon
collider. To a first approximation, such a machine produdaskbholes of a fixed mass, equal to the energy of
the machine. The total cross section of such a BH produce®ded& and a 5 TeV machine, as a function of
Mp andn, is shown in Fid Ra and Figj] 2f, respectively. For more elatsat studies of the BH production at
electron colliders, one should take into account mach@emstrahlung The beamstrahlung-corrected energy
spectrum of the machine plays the same role as the partomdsity at a hadron collider, except that for the
eTe~ machine it is peaked at the nominal machine energy, ratlaerahsmall values of/s, characteristic of
a hadron collider. Using typical beamsstrahlung spectpeebed for a 3 TeV or a 5 TeV CLIC machine, we
show the differential cross sectialor /dMpy of the black hole production at a 3 and a 5 TeV CLIC in flg. 2e
and Fig[Rj, respectively.
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Fig. 1: Black-hole properties at the LHC a)-d),h) and VLHGh])) a,e) Parton-level production cross section; b,f)edéhtial cross
sectiondo /d Msw; ¢,g) Hawking temperature; d) average decay multipliagtyd Schwarzschild black hole; and h) black-hole lifetime.
The number of extra spatial dimensians-= 4 is used for a)-c), e)-h). The dependence of the cross seatihthe Hawking temperature
onn is weak and would be hardly noticeable on the logarithmidesc@he lifetime drops by about two orders of magnituderior
increase from 2to 7.

3. Decay

The decay of the BH is governed by its Hawking temperaifijye which is proportional to the inverse radius,
and given by [[31]1]:

1
n+1

Mp n+2 n+l n+l1
Mgy 8T (2£2) 4/t 4nRg

T = Mp 1)

(see Figsf]1c,g afdl 2b,g). As the collision energy incredisesesulting BH gets heavier and its decay products
get colder.

Note that the wavelength = %—Z corresponding to the Hawking temperature is larger tharsitte of
the black hole. Therefore, the BH acts as a point-radiatdr eanits mostlys-waves. This indicates that it
decays equally to a particle on the brane and in the bulkesiris only sensitive to the radial coordinate and
does not make use of the extra angular modes available inutke Since there are many more particles on
our brane than in the bulk, this has the crucial consequédvatdgtte BH decays visibly to standard model (SM)

particles [308,317].

The average multiplicity of particles produced in the psscef BH evaporation is given by(N) =
<M]§H > whereF is the energy spectrum of the decay products. In order to(f\id we note that the BH

evaporation is a blackbody radiation process, with theggnftux per unit of time given by Planck’s formula:
% ~ - wherez = E/Ty, andc is a constant, which depends on the quantum statistics ofiebay

eT+c’

products ¢ = —1 for bosons;+1 for fermions, and 0 for Boltzmann statistics).
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Fig. 2: Black hole properties at high-energy lepton coligdd®lots a)-d) and f)-i) correspond to the properties (petidn cross-section,
temperature, lifetime, and average decay multiplicitypadfxed-mass 3 TeV and 5 TeV black hole produced at a 3 TeV or a5 Te
machine, respectively. Plots e),j) show the differentralss section of BH production far = 4, as a function of the BH mass at a 3
TeV or a5 TeV CLICe e~ -collider, respectively.

The spectrum of the BH decay products in the massless gagfgbroximation is given by.‘é—%

%% ~ e;ic. For averaging the multiplicity, we use the average of thatrithution in the inverse particle

energy:

d  oT
<l> _ 1 fO ‘Txe +c _ a/TH, (2)
E TH fO e“Jrc

wherea is a dimensionless constant that depends on the type of geddparticles and numerically equals
0.68 for bosons, 0.46 for fermions, aédfor Boltzmann statistics. Since a mixture of fermions anddmns
is produced in the BH decay, we can approximate the averagsihyg Boltzmann statistics, which gives the

following formula for the average multiplicity{ N') ~ ]\fT}iH. Using Eq. [IL) for Hawking temperature, we
obtain:

_TL—|—1 Mp
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Eq. () holds foMpy > T4, i.e. (N) > 1; otherwise, the Planck spectrum is truncateff at Mgy /2
by the decay kinematicq [3[L8]. The average number of pastigtoduced in the process of BH evaporation is
shown in Figs[]1d and 2d,i.

The lifetime of the BH can be estimated by using the Stefaa¢ of thermal radiation. Since BH
evaporation occurs primarily in three spatial dimensitims,canonical 3-dimensional Stefan’s law applies, and
therefore the power dissipated by the Hawking’s radiatienymit area of the BH event horizonjs= o7,
whereo is the Stefan-Boltzmann constant afig is the Hawking temperature of the BH. Since the effective
evaporation area of the BH is the area of a 3-dimensionalrephi¢h the radius equal to the BH Schwarzschild
radiusRg, the total power dissipated by the BH is given by:

1 2
P = anRp = anR2oTh — o2 MY

The BH lifetimer is given by:
47TMBH

oT%(n+1)2
and using Eq.[{1), as well as the expressiornofan natural unitsf = ¢ = k = 1), 0 = #2/60 [B19], we find:

_2
3840 [ Mgy \nr 8 (253)\ T
T_Mp(n+1)4 Mp n+2 '
The lifetime of a black hole as a function of its mass and theléamental Planck scale is shown in Fif§s. 1h

and[2c,h. A typical lifetime of a BH is- 10726 s, which corresponds to a rather narrow width of the BH state
~ 10 GeV, i.e. typical for, e.g., &' or Z’' resonance of a similar mass.

We emphasize that, throughout this paper, we ignore timkuton: as the BH decays, it gets lighter
and hotter and its decay accelerates. We adopt the “sudgeoxapation” in which the BH decays, at its
original temperature, into its decay products. This apjpnation should be reliable as the BH spends most
of its time near its original mass and temperature, becehateid when it evolves the slowest; furthermore,
that is also when it emits the most particles. Later, whenesethe Hawking’s mass-temperature relation by
reconstructing Wien's displacement law, we will minimite tsensitivity to the late and hot stages of the BHs
life by looking at only the soft part of the decay spectrunoger treatment of time evolution, fadgy ~ Mp,
is difficult, since it immediately takes us to the stringyineg.

T:MBH/P:

4. Branching Fractions

The decay of a BH is thermal: it obeys all local conservatamd, but otherwise does not discriminate between
particle species (of the same mass and spin). Theories withtgm gravity near a TeV must have additional
symmetries, beyond the standa#@ (3) x SU(2) x U(1), to guarantee proton longevity, approximate lepton
number(s) and flavor conservatiop [B20]. There are manyilpifisss: discrete or continuous symmetries, four
dimensional or higher dimensional “bulk” symmetriels_[32Hach of these possible symmetries constrains
the decays of the black holes. Since the typical decay iegotvlarge number of particles, we will ignore the
constraints imposed by the few conservation laws and asthahthe BH decays with roughly equal probability
to all of thea 60 particles of the SM. Since there are six charged leptons aaghoton, we expeet 10% of

the particles to be hard, primary leptons an@% of the particles to be hard photons, each carrying hundreds
of GeV of energy. This is a very clean signal, with negligibleckground, as the production of SM leptons
or photons in high-multiplicity events at the LHC occurs ahach smaller rate than the BH production (see
Fig.[3). These events are also easy to trigger on, since thegia at least one prompt lepton or photon with
the energy above 100 GeV, as well as energetic jets.
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5. Test of Hawking Radiation

Furthermore, since there are three neutrinos, we expegt~ord% average missing transverse enerdy)(
per event, which allows us to precisely estimate the BH mamss the visible decay products. We can also
reconstruct the BH temperature by fitting the energy spectofi the decay products to Planck’s formula.
Simultaneous knowledge of the BH mass and its temperatiangsafor a test of the Hawking radiation and can
provide evidence that the observed events come from theuptiod of a BH, and not from some other new
physics.

There are a few important experimental techniques that Wesd to carry out the numerical test. First of
all, to improve precision of the BH mass reconstruction witwsee only the events witl;- consistent with zero.
Given the small probability for a BH to emit a neutrino or avji@n, total statistics won't suffer appreciably
from this requirement. Since BH decays have large jet agtithe Mpy resolution will be dominated by the
jet energy resolution and the initial state radiation @ffeand is expected to be 100 GeV for a massive BH.
Second, we will use only photons and electrons in the fin& stareconstruct the Hawking temperature. The
reason is twofold: final states with energetic electronspimatons have very low background at higfs, and
the energy resolution for electrons and photons remainsllext even at the highest energies achieved in the
process of BH evaporation. We do not use muons, as their manaea determined by the track curvature
in the magnetic field, and thus the resolution deterioradss With the muon momentum growth. We also
ignore ther-lepton decay modes, as the final states wihhhave much higher background than inclusive
electron or photon final states, and also because theiriesaran not be reconstructed as well as those for the
electromagnetic objects. The fraction of electrons andgit®among the final state particles is orly5%,
but the vast amount of BHs produced at the LHC allows us tafgacthe rest of the statistics to allow for
a high-precision measurement. (Also, the large number cdiyearticles enhances the probability to have a
photon or an electron in the event.) Finally, if the energyaafecay particle approaches the kinematic limit
for pair production, Mgy /2, the shape of the energy spectrum depends on the details BHidecay model.

In order to eliminate this unwanted model dependence, wenigethe low part of the energy spectrum with
E < MBH/Q.

The experimental procedure is straightforward: we seleet®H sample by requiring events with high
mass & 1 TeV) and multiplicity of the final state\ > 4), which contain electrons or photons with energy
> 100 GeV. We smear the energies of the decay products with théutests typical of the LHC detectors.
We bin the events in the invariant mass with the bin size (569)3@nuch wider than the mass resolution. The
mass spectrum of the BHs produced at the LHC with 100 ftf integrated luminosity is shown in Fifj. 3 for
several values af/p andn. Backgrounds from the SM (ee)+ jets andy+ jets production, as estimated with
PYTHIA [[13], are small (see Fid] 3).

To determine the Hawking temperature as a function of the Bidaywe perform a maximum likelihood
fit of the energy spectrum of electrons and photons in the B#hsvto Planck’s formula (with the coefficient
c determined by the particle spin), below the kinematic dutdfz/2). This fit is performed using the entire
set of the BH events (i.e., not on the event-by-event baségarately in each of th&/gy bins. We then use
the measured/py vs. Ty dependence and Eq] (1) to determine the fundamental Plaatk/s » and the
dimensionality of space. Note that to determine we can also take the logarithm of both sides of Ejg. (1):

-1
+1

log(Ty) = - log(Mpp) + const 4)
where the constant does not depend on the BH mass, but only0and on detailed properties of the bulk
space, such as the shape of extra dimensions. Thereforslofie of a straight-line fit to thivg(Ty ) vs.
log(Mpy) data offers a direct way of determining the dimensionalityspace. This is a multidimensional
analog of Wien's displacement law. Note that }. (4) is fundatally different from other ways of determining
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Fig. 3: Number of BHs produced at the LHC in the electron ortphalecay channels, with 100 fbof integrated luminosity, as a
function of the BH mass. The shaded regions correspond teathation in the number of events farbetween 2 and 7. The dashed
line shows total SM background (from inclusiZdee) and direct photon production). The dotted line correspdadbe Z(ee) + X
background alone.
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Fig. 4: Determination of the dimensionality of space via igedisplacement law at the LHC with 1007th of data.

the dimensionality of space-time, e.g. by studying a mdreigature or virtual graviton exchange processes,
also predicted by theories with large extra dimensions. e(ptoperties of the latter two processes always
depend on the volume of the extra-dimensional space, eg.dannot yield informaton on the number of extra
dimensions without specific assumptions on their relatixe.}

A test of Wien’s law at the LHC would provide a confirmationttttze observed + X and~y + X event
excess is due to BH production. It would also be the first @érpamtal test of Hawking’s radiation hypothesis.
Figure[# shows typical fits to the simulated BH data at the Li@responding to 100 fi of integrated
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Table 1: Determination oM p andn from Hawking radiation. The two numbers in each column gpoad to fractional uncertainty
in Mp and absolute uncertainty i respectively.
Mp 1TeV 2TeV 3 TeV 4 TeV 5TeV

n=2 1%/0.01 1%/0.02 3.3%/0.10 16%/0.35 40%/0.46

n=3 1%/0.01 1.4%/0.06 7.5%/0.22 30%/1.0 48%/1.2

n=4 1%/0.01 2.3%/0.13 9.5%/0.34 35%/1.5 54%/2.0

n=>5 1%/0.02 3.2%/0.23 17%/1.1

n=6 1%/0.03 4.2%/0.34 23%/2.5 Fit fails

n=7 1%/0.07 4.5%/0.40 24%/3.8

luminosity, for the highest fundamental Planck scales stiitallow for determination of the dimensionality
of space with reasonable precision. The reach of the LHChisfundamental Planck scale and the number of
extra dimensions via Hawking radiation extends\fg ~ 5 TeV and is summarized in Tale £ [322].

Similar tests can be performed at the VLHC and CLIC machiikile the VLHC case is identical to
that at the LHC, with appropriately scaled energies, CLIComplementary to the LHC in many ways, as the
maximum number of BH produced at CLIC is found at the highesessible masses. This has the advantage
that the stringy effects, as well as the kinematic distartod the Planck black-body spectrum, decrease with
the increase of the BH mass. Thus thiy vs. Ty fit at CLIC is less affected by these unknown effects.
Preliminary studies show that statistical sensitivity tie hnumber of extra dimensions and the value of the
fundamental Planck scale at CLIC is similar to that at the LHC

Note, that the BH discovery potential at the LHC and VLHC isximdzed in thee/p + X channels,
where background is much smaller than that inthe X channel (see Fig] 3). The reach of a simple counting
experiment extends up th{p ~ 9 TeV at the LHC and\/p =~ 50 TeV at the VLHC ¢ = 2-7), where one
would expect to see a handful of BH events with negligiblekaound.

6. Black Hole Monte Carlo Event Generator

A Monte Carlo package, TRUENOIR, has been developed forlsiting production and decay of the black
holes at high-energy colliders. This package is a plug-iduiefor the PYTHIA [11B] Monte Carlo generator.

It uses a heuristic algorithm and conservation of baryon laptbn numbers, as well as the QCD color, to
simulate the decay of a black hole in a rapid-decay apprai@ma\While the limitations of such a simplistic
approach are clear, further improvements to this genesatobeing worked on. In the meantime, it provides a
useful qualitative tool to study the detector effects artepaispects of the BH event reconstruction. Figlire 5
shows a display of a typical BH event at a 5 TeV CLIC collidemduced using the TRUENOIR code. A
characteristic feature of this event is extremely largd tete multiplicity, very atypical of the events produced
in ete™ collisions.

7. Summary

Black hole production at the LHC and beyond may be one of tHg siginatures of TeV-scale quantum gravity.
It has three advantages:

e (i) Large Cross Section: No small dimensionless couplingstants, analogous t®, suppress the pro-
duction of BHs. This leads to enormous rates.

e (ii) Hard, Prompt, Charged Leptons and Photons: Thermahyfeare flavor-blind. This signature has
practically vanishing SM background.
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Fig. 5: Atypical black-hole event at a 5 TeV CLIC acceleraidre two views correspond to the end and side-views of a Cet€alor.
Detector simulation by Albert De Roeck.

e (iii) Little Missing Energy: This facilitates the deterngition of the mass and the temperature of the black
hole, and may lead to a test of Hawking radiation.

It is desirable to improve our primitive estimates, espéci@r the light black holes {/gyy ~ Mp);
this will involve string theory. Nevertheless, the moslibgl signatures of BH production — large and growing
cross sections; hard leptons, photons, and jets — emerpejiralitative features that are expected to be reliably
estimated from the semiclassical arguments of this paper.

Perhaps black holes will be the first signal of TeV-scale twargravity. This depends on, among other
factors, the relative magnitude &f p and the (smaller) string scalds. For Mg < Mp, the vibrational modes
of the string may be the first indication of the new physics.

Studies of the BH properties at future facilities, incluglivery high-energy lepton and hadron colliders,
would make it possible to map out properties of large extraedisions, to measure the effects of quantum
gravity, and to provide insight into other quantum phenoamejuch as Hawking radiation, the information
paradox, etc.
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