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Abstract

The work contained herein constitutes a report of the “Belttve Stan-
dard Model” working group for the Workshop “Physics at TeVIiich
ers”, Les Houches, France, 26 May—6 June, 2003. The respegech
sented is original, and was performed specifically for theksiop.
Tools for calculations in the minimal supersymmetric sedmodel
are presented, including a comparison of the dark matter dehsity
predicted by public codes. Reconstruction of supersymmpérticle
masses at the LHC and a future linear collider facility isreieed. Less
orthodox supersymmetric signals such as non-pointinggrtsoand R-
parity violating signals are studied. Features of extraesigional mod-
els are examined next, including measurement strategiezdmns and
Higgs’, as well as the virtual effects of Kaluza Klein modégluons.
Finally, there is an update on LHZ' studies.
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Part |
Introduction

B.C. Allanach

The workshop took place at the école de physique in the |&toot Blanc, and lasted for
two weeks. Computer systems were installed by the helpfiRRAtaff for use by participants
throughout the workshop. The first two days consisted ofgietalks intended to stimulate
ideas and the proposition of projects. A couple of furthenpry seminars on hot topics occured
sporadically later in the workshop. The Beyond the Stantiéwdel working group (convened
by M Battaglia, M Nojiri, T Rizzo, A de Roeck, D Tovey, M Spiroplu and the author) held a
meeting on the second evening to set individual projectstuwall groups of interested parties.
This report contains a summary of the fruits of participalaisour during and after the work-
shop on those projects. The projects were phenomenolagiedies of both supersymmetric
and non-supersymmetruc models and. The report first dissubke studies of supersymmetric
models and then those of extra dimensions. We close with datapnZ’ studies.

At the time of the workshop the Tevatron and DESY collidersswrere proceeding, and
the start-up of the Large Hadron Collider (LHC) was eagengited. Many hopes are concen-
trating upon the production and detection of supersymgdtUSY) particles at these colliders.
Although an immense amount of literature has been accuetulan SUSY phenomenology,
there is still a large amount of work to do because of its cexip} and the abundance of mod-
els of SUSY breaking. The models predict different caschadéns leading to radically differing
signals in experiments. In order to facilitate the phenoohagical study of SUSY models, we
need to both calculate the sparticle spectrum and also we toesmulate events. These two
calculations are typically performed by seperate calauial tools. For each calculation, there
exist several competing tools performing the same task different approximations or as-
sumptions. A common interface between the different toaks ¢tiear advantages, and much
time was spent at (and after) the workshop arguing, debatnagnegotiating the various con-
ventions. The write-up of this “SUSY Les Houches Accord” stituites parfdl of this report.
A form-based web tool is presented in par Il in which one datermine the spectra from
MSUGRA models via the different public sparticle spectrueneyators. The difference be-
tween the predictions of the different generators givesdea iof the theoretical uncertainties
involved in the calculation. Many recent works have usedWHdAP determination of the
cold dark matter densit2- ), to vastly restrict the minimal supersymmetric standard ehod
(MSSM) parameter space. An initial study on the uncertaintgiced from sparticle masses
upon the prediction of the dark matter density is then edtergariT™M. Supposing supersym-
metric particles are measured in colliders,fit to the observables (such as the masses) will
restrict the SUSY breaking parameter space, and discrimmadels of SUSY breaking. A
tool which enables one to perform this fitting efficiently iepented in pafflV. A new code to
determine the branching ratios and decays of SUSY pariglesesented in paVI.

The report then turns to issues surrounding the measurerhgparticle mass and mixing
parameters. The measurement of the lightest chargino massniversal minimal supergravity
(mMSUGRA) model is presented in parfVIl. It is pointed out argi/IIllthat withoutassump-
tions about SUSY breaking, information coming from a futlimear collider facility could be



extremely useful when analysing neutralino and chargigoas at the LHC. A bold new re-
construction technique for SUSY processes at the LHC isqueg in parEIX. Normally, it is
not possible to reconstruct the neutralino momenta inwbindR-parity conserving events since
they remain undetected and the overall energy of the hafigiool is not known. In the new
technique, particularly long SUSY cascade chains areiitesheind lead to an over-constrained
system when pairs of events are considered. The idea is g@isttber to ensembles of more
than 20 events in pdrl X. If the idea stands up to further sgruthe new method would be the
one yielding the most information about sparticle masses/{ged the relevant decay chain(s)
is(are) present).

We next consider non-standard supersymmetric signatueb,as (pafEXI) non-pointing
photons at the CERN LHC, which are often predicted in gaugaiabed SUSY breaking mod-
els. R-parity violation provides an oppurtunity to undangt neutrino masses without the need
for adding gauge singlets, and also to correlate neutrindl@ison observables with SUSY col-
lider signatures. PalfXIl shows that the scenario prediailation between branching ratios
of lightest SUSY particle (LSP) decay modes given the atthesp neutrino mixing angle,
providing a useful test. In paiX]ll, resonant slepton preiibn at the LHC is examined in
scenarios with ultra-light gravitinos.

Models and signals incorporating extra dimensions are toasidered. Many extra di-
mension models predict an additional higgs-like scala (#alion), which stabilizes the branes.
In partlXIV], the mixing between radion and Higgs’ in a two-iggdoublet model is investi-
gated. The discovery potential for two decay modes of th@naid determined in paffzX\V.
Models with flat dimensions often predict Higgs decays imiosible graviscalars. These de-
cays would provide a signal for the extra dimensions via &isible Higgs width, and they are
investigated in pafi_XYI. Also, certain models have the fegt Higgs as a mixture of brane
and bulk scalars. This unfortunately would suppress Temd®un Il or 500 GeV linear collider
Higgs signals, but would enhance production at the LHC orCClSuch issues are examined
in partiXVIl PartXXVIIllexamines the sensitivity of the LH®I gluonic Kaluza-Klein states
by their effects on dijet production. An update @h studies at the LHC is presented in the
final partlXIX. The analysis focuses on the combination olesavmeasurements in order to
distinguish models. A modification of the leptomig-z measurement proves to be very useful
in this respect.



Part Il
The SUSY Les Houches Accord Project

P. Skands, B.C. Allanach, H. Baer, C. Ba$, G. Blanger, F. Boudjema, A. Djouadi, R. God-
bole, J. Guasch, S. Heinemeyer, W. Kilian, J-L. Kneur, Sniyd&. Moortgat, S. Moretti,
M. Muhlleitner, W. Porod, A. Pukhov, P. Richardson, S. Schunrlavich, M. Spira, G. Wei-
glein

Abstract

An accord specifying a unique set of conventions for suparsgtric
extensions of the Standard Model together with generic filectures
for (1) supersymmetric model specifications and input patans, (2)
electroweak scale supersymmetric mass and coupling speatd (3)
decay tables is defined, to provide a universal interfacedsst spec-
trum calculation programs, decay packages, and high ergrgsics
event generators.

1. INTRODUCTION

An increasing number of advanced programs for the calanatf the supersymmetric (SUSY)
mass and coupling spectrum are appealing [1[2, 3, 4, 5] rveite the more and more refined
approaches which are taken in the literature. Furtherntioese programs are often interfaced to
specialized decay packagés[16,7, 8], relic density catms [9/10], and (parton—level) event
generatord [11L, 1P, 13,114)15]16,17,18], in themselvedsfiglth a proliferation of philosophies
and, consequentially, programs.

At present, a small number of specialized interfaces exasiéen various codes. Such
tailor-made interfaces are not easily generalized andige ¢onsuming to construct and test
for each specific implementation. A universal interface ldatlearly be an advantage here.
However, since the codes involved are not all written in #@@e programming language, the
guestion naturally arises how to make such an interface aandss languages. At this point, we
deem an inter—language runtime linking solution too fragd be set loose among the particle
physics community. Instead, we advocate a less elegant ém& rabust solution, exchanging
information between FORTRAN and C(++) codes via three ASid$, one for model input,
one for model input plus spectrum output, and one for modaltiplus spectrum output plus
decay information. The detailed structure of these fileescdbed in[[19]. Briefly stated, the
purpose of this Accord is thus the following:

1. To present a set of generic definitions for an input/outipeistructure which provides a
universal framework for interfacing SUSY spectrum caltiolaprograms.

2. To present a generic file structure for the transfer of yecfrmation between decay
calculation packages and event generators.

Note that different codes may have different implementetiof how SUSY Les Houches Ac-
cord (SLHA) input/output idechnicallyachieved. The details of how to ‘switch on” SLHA
input/output with a particular program should be descrilmetthe manual of that program and
are not covered here.



2. CONVENTIONS

One aspect of supersymmetric calculations that has oftemgise to confusion and consequent
inconsistencies in the past is the multitude of ways in whiah parameters can be, and are
being, defined. Hoping to minimize both the extent and impd&uch confusion, we have
chosen to adopt one specific set of self-consistent corenfor the parameters appearing in
this Accord. These conventions are described in the foligvaubsections. As yet, we only
consider R—parity and CP conserving scenarios, with thiecpaspectrum of the MSSM.

2.1 STANDARD MODEL PARAMETERS

In general, the SUSY spectrum calculations impose lowesbalindary conditions on the

renormalization group equation (RGE) flows to ensure thatthieory gives correct predic-

tions for low—energy observables. Thus, experimental oreasents of masses and coupling
constants at the electroweak scale enter as inputs to th&@mecalculators.

In this Accord, we choose a specific set of low—scale inpuapaters, letting the elec-
troweak sector be fixed by

1. The conventional electromagnetic coupling atthgole, aey, (mz):

o

1 — Aciy (M) — Aajo (mz) — Adiep (mz)’

(1)

Qem(my) =

where« is the fine structure constamhae, (mz) and Aay,,(myz) represent the quan-
tum corrections coming from leptons and top quarks, respdgt(see [20/21]), and
Aafl?d(mz) is the contribution from the five light quark flavours (see §4]).

2. The Fermi constant determined from muon decgy,

3. TheZ boson pole massp .

All other electroweak parameters, suchvag andsin? 6y, should be derived from these inputs
if needed.

The strong interaction strength is fixed hy(mz)m (five—flavour), and the third gener-
ation Yukawa couplings are obtained from the top and tau pwlsses, and fromm;,(m; )5,
see [Z2]. The reason we tahoeb(mb)m rather than a pole mass definition is that the latter
suffers from infra-red sensitivity problems, hence thexfer is the quantity which can be most
accurately related to experimental measurements. If redurelations between running and
pole quark masses may be foundinl [23, 24].

It is also important to note that all the parameters mentdreze should be the ‘ordinary’
ones obtained from SM fits, i.e. with no SUSY correctionsudeld. The spectrum calculators
themselves are then assumed to convert these parametemnad appropriate to an MSSM
framework.

Finally, while we assuma@IS running quantities with the SM as the underlying theory
as input, all running parameters in thatputof the spectrum calculations are defined in the
modified dimensional reductiodR) scheme([25,26,27], with different spectrum calculators
possibly using different prescriptions for the underlyeftgctive field content. More on this in
sectiorZb.



2.2 SUPERSYMMETRIC PARAMETERS

The chiral superfields of the MSSM have the followifif (3)c @ SU(2);, ® U(1)y quantum
numbers
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D: (3,1,3), Hi: (1,2,—3), Hy:(1,2,1). (2)
Then, the superpotential (omitting RPV terms) is written as
W = euw[(Yp)yH{LYE; + (Yp)i HYQ!D; + (Yo )i HYQ{U; — pH{HY] (3)

We denoteSU(2), fundamental representation indices &yp = 1,2 and generation
indices byi, j = 1,2,3. Colour indices are everywhere suppressegl.is the antisymmetric
tensor, withe;, = €'2 = 1. Lastly, we will uset, b, 7 to denote the = j = 3 entries of mass or
coupling matrices (top, bottom and tau).

The Higgs vacuum expectation values (VEVs) &) = v;/v/2, andtan 8 = v, /v;.

We also use the notatian= \/v? + v3. Different choices of renormalization scheme and scale
are possible for definingan 5. For the input to the spectrum calculators, we adopt by diefau
the commonly encountered definition

tan B(mz)"R, (4)

i.e. thetan 3 appearing in the input is defined a®& running parameter given at the scalg.
However, an option is included to allown 3 to be input at a different scalean 5( Minput #
mZ)DR Lastly, the spectrum calculator may be instructed to wotiteone or several values of
tan B(Q)ﬁ at various scale®);, seel[19].

Finally, the MSSMDR gauge couplings are? (hypercharge gauge coupling in Standard
Model normalization)g (SU(2), gauge coupling) angs (QCD gauge coupling).

2.3 SUSY BREAKING PARAMETERS

We now tabulate the notation of the soft SUSY breaking pataraeThe trilinear scalar inter-
action potential is

Vi=ew Y [(TE)UH“L?L &+ (Tp)iy HIQE &, + (T) HAQE, i ~m] the.  (5)
ij
where fields with a tilde are the scalar components of therfigftewith the identical capital
letter. In the literature the T matrices are often decompase

T. -
Y_-j = A;; ;(nosumoveri,j), (6)

ij
whereY are the Yukawa matrices and A the soft supersymmetry brgakimear couplings.
The scalar bilinear SUSY breaking terms are contained ipttential

Va = mig Hy HY +mi, H H + Q) (m%)iQ5, + Ly, (m3)i LS, +
uiR(mz)ijug‘R + diR( )md;k + Eip(m g) € — (mSGabHing +h.c.). (7)

R
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Instead ofin? itself, we use the more convenient parametey, defined by:

2
m3

sin 3 cos 3’

(8)

m? =

which is identical to the pseudoscalar Higgs mass at tres ie\our conventions.

Writing the bino ash, the unbrokensSU(2), gauginos asi*=23, and the gluinos as
g*=1-% the gaugino mass terms are contained in the Lagrangian

1 .
Lo=3 (Mlbb + Myda? + MgngX) the. . 9)

2.4 MIXING MATRICES

In the following, we describe in detail our conventions fewutralino, chargino, sfermion, and
Higgs mixing. Essentially all SUSY spectrum calculatorgioe market today work with mass
matrices which include higher—order corrections. Coneatjally, a formal depencence on the
renormalization scheme and scale, and on the external ntarappearing in the corrections,
enters the definition of the corresponding mixing matri@ace, at the moment, no consensus
exists on the most convenient definition to use here, thengirnatrices should be thought
of as ‘best choice’ solutions, at the discretion of each spectcalculator. For example, one
program may output on—shell parameters at vanishing eadteromenta in these blocks while
another may be usinBR definitions at certain ‘characteristic’ scales. For detaih specific
prescriptions, the manual of the particular spectrum ¢aloushould be consulted.

Nonetheless, for obtaining loop—improved tree—level ltesthese parameters can nor-
mally be used as is. They can also be used for consistent sectisn and decay width cal-
culations at higher orders, but then the renormalizati@sgiption employed by the spectrum
calculator must match or be consistently matched to thatefritended higher order calcula-
tion.

Finally, different spectrum calculators may disagree andterall sign of one or more
rows in a mixing matrix, owing to different diagonalizatiafgorithms. Such differences do
not lead to inconsistencies, only the relative sign betwadgries on the same row is physically
significant, for processes with interfering amplitudes.

2.41 NEUTRALINO MIXING
The Lagrangian contains the (symmetric) neutralino magsxres

1 -~ -
Lo = _§¢OTM Wpo +he., (10)

in the basis of 2—component spinat$ = (—ib, —iw®, hy, hy)”. We define the unitary 4 by 4
neutralino mixing matrixV, such that:

1- : 1 - -
— ST Mo = == "' NT N* M NT N (11)
2 2 —_——— L~~~
x0T diag(m;(o ) X°

where the (2—component) neutralings are defined such that their absolute masses increase
with increasing:. Generically, the resulting mixing matri¥ may yield complex entries in
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the mass matrixdiag(myo); = my 06 . If so, we absorb the phase into the definition of the
corresponding eigenvectoy) — X?ewt/ 2 making the mass matrix strictly real:

diag(myo) = [N*MIZONT}U- = Mmz00;5. (12)

Note, however, that a special case occurs when CP violagiabsent and one or more of the
mgo turn out to be negative. In this case, we allow for maintagrarstrictly real mixing matrix
N instead writing thasignedmass eigenvalues in the output. Thus, a negaWan the output

implies that the physical field is obtained by the rotatign— yVe'™/2.

2.42 CHARGINO MIXING
We make the identificatiom* = (@' T iw?)/v/2 for the charged winos ani,, i for the
charged higgsinos. The Lagrangian contains the chargirss matrix as
1 - -
=T Myt b (13)
in the basis of 2-component spinars = (—iwt, )7, = = (—iw~, hy)T. We define the
unitary 2 by 2 chargino mixing matrice§,andV, such that:

1- - 1 - N
— §¢‘TM PR -3 Tt UM VIV (14)
" —

T diag(mgy)  XT

X

where the (2—component) charging$ are defined such that their absolute masses increase
with increasing and such that the mass matrmﬁ, is strictly real:

diag(mg+) = [U./\/l +VT} =m. +52J : (15)

2.43 SFERMION MIXING

At present, we restrict our attention to left—right miximgthe third generation sfermion sector
only. The convention we use is, for the interaction eigeestathatf, and fy refer to the
SU(2) doublet and singlet superpartners of the fermjfion {¢, b, 7 }, respectively, and, for the
mass eigenstates, thAtand f, refer to the lighter and heavier mass eigenstates, resphcti
With this choice of basis, the spectrum output should contia¢ elements of the following

matrix: ~ _
fiy _ | Fu I ]iL
(J?2)_[F21 F22}(fR)’ (16)

whose determinant should Bel. We here deliberately avoid notation involving mixing aewl

to prevent misunderstandings which could arise due to ffereint conventions for these angles
used in the literature. The mixing matrix elements thenmesere unambiguous, apart from the
overall signs of rows in the matrices, see above.

2.44 HIGGS MIXING

The conventions fog, vy, v, v, tan 3, andm? were defined above in sectidnsi2.2 2.3. The
anglea we define by the rotation matrix:

H°\ [ cosa sina HY
( h° )_{—sina COSQ}(HS) ’ (17)
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where HY and HY are the CP—even neutral Higgs scalar interaction eigexsstandr” and
H° the corresponding mass eigenstates (including any higler corrections present in the
spectrum calculation), with,0 < mgo by definition.

2.5 RUNNING COUPLINGS

In contrast to the effective definitions adopted above fer rtixing matrices, we define the
gauge couplings, the Yukawa couplings, and the soft brgdkagrangian terms which appear
in the output aDR running parameters, computed at a user—specifiable céte grid of
scaleq);, see below).

That theDR scheme is adopted for the output of running parameters islgidue to the
fact that this scheme substantially simplifies many SUS¥wdations (and hence all spectrum
calculators use it). However, it does have drawbacks wloclsdme applications are serious.
For example, th®R scheme violates mass factorization as used in QCD calon&[P?8]. For
consistent calculation beyond tree—level of processgsnebn this factorization, e.g. cross
sections at hadron colliders, tN&S scheme is the only reasonable choice. Atthe present level of
calculational precision, this is fortunately not an obktasince at one loop, a set of parameters
calculated in either of the two schemes can be consistamihglated into the other [29], see
also [19] for explicit prescriptions.

Note, however, that different spectrum calculators udemdiht choices for the underlying
particle content of the effective theory. The programs&susy (v. 1.8), SRENO (v. 2.1), and
SUSPECT(V. 2.2) use the full MSSM spectrum at all scales, whereasAa#T (v. 7.69) a more
involved prescription is followed, with different parted integrated out of the effective theory
at different scales. Whatever the case, these couplingddshot be used ‘as is’ in calculations
performed in another renormalization scheme or where a&réift effective field content is
assumed.

Unfortunately, ensuring consistency of the field contesuaged in the effective theory
must still be done on a per program basis, though informatiotihe prescription used by a par-
ticular spectrum calculator may conveniently be given asrocents, when running parameters
are provided.

Technically, we treat running parameters in the output & ftllowing manner: since
programs outside the spectrum calculation will not norynak able to run parameters with
the full spectrum included, or at least less precisely th@spectrum calculators themselves,
an option is included to allow the spectrum calculator totevout values for each running
parameter at a user—defined number of logarithmically spacales, i.e. to give output on
running parameters at a grid of scal€s, where the lowest point in the grid will normally be
mz and the highest point is user—specifiable. A complementasgipility is to let the spectrum
calculator give output for the running couplings at one orersrales equal to specific sparticle
masses in the spectrum.

3. DEFINITIONS OF THE INTERFACES
The following general structure for the SLHA files is propdse

¢ All quantities with dimensions of energy (mass) are implycinderstood to be in GeV
(GeV/c?).

e Particles are identified by their PDG particle codes. Segffit9ists of these, relevant to
the MSSM.
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e The first character of every line is reserved for control aochiment statements. Data
lines should have the first character empty.

¢ In general, formatted output should be used for write-auévoid “messy-looking” files,
while a free format should be used on read-in, to avoid nggeafient etc. leading to
program crashes.

e A “#” mark anywhere means that the rest of the line is intended @svanent to be
ignored by the reading program.

e All input and output is divided into sections in the form ofmed “blocks”. A “BLOCK
xxxX” (with the “B” being the first character on the line) marks the beginningrafies
belonging to the block named%xx”. E.g. “BLOCK MASS” marks that all following
lines until the next BLOCK” (or “ DECAY”) statement contain mass values, to be read in a
specific format, intrinsic to th&ASS block. The order of blocks is arbitrary, except that
input blocks should always come before output blocks.

e Reading programs should skip over blocks that are not rezednissuing a warning
rather than crashing. Thereby, stability is increased adfe blocks can be constructed,
for instanceBLOCK MYCCDE could contain some parameters that only the prograrmm M
CoDE (or a special hack of it) needs, but which are not recognizedeusally.

e A line with a blank first character is a data statement, to lberjmeted according to
what data the current block contains. Comments and/or iggiecrs added after the data
values, e.g.“. .. # comment”, should always be added, to increase readability of
the file for human readers.

Finally, program authors are advised to check that any paternelations they assume in their
code (implicit or explicit) are obeyed by the parametershia files. For instance, tree—level
relations should not be used with loop—corrected parameter

For the technical specifications of the blocks containelénrSUSY Les Houches Accord
files the full writeup[19] should be consulted.

4. OUTLOOK

The present Accord[19] specifies a unique set of conventmyether with ASCII file formats
for model input and spectrum output for most commonly ingagéed supersymmetric models,
as well as a decay table file format for use with decay packages

With respect to the model parameter input file, nSUGRA, mGM8# mAMSB scenar-
ios can be handled, with some options for non-universatibwever, this should not discourage
users desiring to investigate alternative models; the idiefrs for the spectrum output file are
at present capable of handling any CP and R—parity congesupersymmetric model, with the
particle spectrum of the MSSM. Specifically, this includes $o-called SPS poin{s]30].

Also, these definitions are not intended to be static saistiGreat efforts have gone into
ensuring that the Accord may accomodate essentially anymael or new twist on an old one
with minor modifications required and full backwards conilpifity. Planned issues for future
extensions of the Accord are, for instance, to include otifor R—parity violation and CP
violation, and possibly to include definitions for an NMSSMpics which are at present only
implemented in a few codes, if at all, will be taken up as thednharises. Handling RPV and
CPV should require very minor modifications to the existitrgcture, while the NMSSM, for
which there is at present not even general agreement on aeudgfinition, will require some
additional work.
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Part 1l

Web Tool For The Comparison Of Susy
Spectrum Computations

B. C. Allanach, S. Kraml

Abstract

We present and describe an internet resource which allosvadér to
compare different calculations of MSSM spectra. After pdowy (cur-
rently mSUGRA) SUSY breaking input parameters, the spgutea
dicted by the publicly available programsSASUGRA, SOFTSUSY,
SPHENO and SUSPECT are output by the resource. The variance and
range of results is also produced.

1. INTRODUCTION

Several publicly-available computer programs exist tladtdate the MSSM spectrum consis-
tent with current data on particle masses and gauge cosplamgl a theoretical boundary con-
dition on SUSY breaking. Given the experimental accurattiasare expected for SUSY anal-
yses at both the LHC and a futusge~ Linear Collider, theoretical uncertainties in spectrum
computations are important to consider in the total unggstaf any fit to a SUSY breaking
pattern.

As was pointed out in Ref. [31], important sources of sucheatainties are the treatement
of thresholds in the renormalization group (RG) running} 8WSY loop corrections to the top
and bottom Yukawa couplings. There has in fact been muchr@ssgecently in improving
the spectrum calculations in commonly used public codesratrdricky’ corners of the SUSY
parameter space, such as large 5 or largem,. However, depending on the specific parameter
point chosen, the differences in the results of variougstéthe-art codes may still be of the
same order as or even larger than the expected experimentabaies. Differences in earlier
program versions tend to be significantly larger.

2. ONLINE SPECTRUM COMPARISON

A pragmatic approach, which was also used in Rel. [31], istomate the to-date uncertainty as
the spread in the results of the most advanced public codemehtioned above, this ‘compu-
tational uncertainty’ varies over the SUSY parameter spackshould therefore be evaluated
for each particular benchmark point. There also exist s¢ymivate RG codes, which their

authors might like to compare to the available public onesnmeasy way. Moreover, it can be
useful to check the results of older program versions agasser ones.

For these reasons we have set up a web application whichsattoaompare the results
of Isajet [11], Softsusy]1], Sphendl [5], and SuspELt [3jrmal The location is

http://cern.ch/ kram /conpari son/

Here the user can input a mSUGRA parameter poartd choose the program versions to

LAt the moment of writing, only the mSUGRA model is support@ther models may be added at a later stage.
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Table 1: Sparticle masses as obtained by Isajet 7.69, Sgfts8, Spheno 2.1.3 and Suspect2.1.0.2 for SPS1a. The
uncertaintyA is calculated as\(z) = 0.5[max(«) — min(x)]. All values are in GeV.

X1 X5 €R €r 71 T2 UR ur, 121 by g
Isajet 95.5| 181.7| 143.1| 204.7| 134.5| 207.7| 548.3| 564.7| 401.3| 514.8| 611.7
Softsusy| 96.3| 179.3| 143.3| 200.7| 133.9| 204.8| 546.5| 563.0| 399.5| 513.7| 608.8
Spheno | 97.7| 183.1| 143.9| 206.6| 134.5| 210.4| 547.8| 564.9| 398.8| 516.3| 594.3
Suspect| 96.5| 183.0| 144.9| 204.4| 135.5| 208.2| 552.6| 572.5| 412.9| 522.0| 617.3
A 1.1 1.9 0.9 3.0 0.8 2.8 3.0 4.7 7.0 4.1 11.5

compare. On clicking theubm t button he then gets a list of sparticle masses from the
four codes together with the mean, the range and the var@be results. Note that for the
Standard Model input the default values of the various cadesised.

Figure[1 shows a screenshot of the webpage. The applicatenset up for the Les
Houches workshop in June 2003. By 31 Oct 2003, it was used &y3tvdifferent users about
twice a day on average.

3. RESULTS FOR SPS1A AND SPS2

In order to give a concrete example, we list in Tdlle 1 sometispamasses as obtained by
today’s most recent program versions for the SPS1a ben&hpoant [30] (o = 100 GeV,
myp = 250 GeV, Ay = —100 GeV, tan 3 = 10, u > 0, m; = 175 GeV). As can be seen, the
relative differences amout to about 1-2% at SPS1a.

The agreement is less good for neutralino and chargino mas&PS2:(, = 1450 GeV,
my, = 300 GeV, A, = 0 GeV,tan = 10, u > 0, m; = 175 GeV), as shown in Tabld 2.
The differences amout to 3—7% due to the notoriously difficalulation of the, parameter
for largem,. Here note that a variation of the input by 1 GeV has a similar effect on thg¢
andy® masses. The reason is that large cancellations makéremely sensitive to the precise
value of the top Yukawa coupling. Talfle 2 shows, howeverydareof-magnitude improvement
compared to older program versions, where huge discregmheave been encountered at large
mo.

We note that the effect of going from 2 to 3-loop renormai@agroup evolution([32] is
comparable in size to the differencies we find between tlesi&-loop RGE codes.

ACKNOWLEDGEMENTS
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Table 2: Neutralino masses as obtained by Isajet 7.69, \®yfis8, Spheno2.1.3 and Suspect2.1.0.2 for SPS2
(m)zli > mgg, Mgt mgo). The uncertainty\ is calculated ag\(z) = 0.5[max(z) — min(z)]. All values are in
GeV.

0ol % | x| X
Isajet 120.1| 235.1| 431.3| 448.0
Softsusy| 118.4| 233.0| 490.1| 509.8
Spheno | 124.5| 237.2| 456.8| 472.4
Suspect | 123.5| 247.6| 495.9| 509.8
A 3.1 7.3 | 32.3 | 30.9




Comparison of sparticle mass predictions http://kraml.home.cern.ch/kraml/comparist

lofl 27/02/04 16:1¢

Figure 1: Screenshot of the online spectrum comparison agsp
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Part IV

Uncertainties in Relic Density Calculations
In MSUGRA

B. Allanach, G. Blanger, F. Boudjema, A. Pukhov, W. Porod

Abstract

We compare the relic density of neutralino dark matter withie min-
imal supergravity model (nSUGRA) using four different palidodes
for supersymetric spectra evaluation.

1. INTRODUCTION

One of the most stringent constraints on supersymmetricefsaglith R-parity conservation
arises from the upper limit on the relic density of dark nrafidis is particularly true with the
recent precise measurements of the cosmological parasmetdised by WMAP. It is therefore
crucial to quantify the theoretical uncertainties thateerthe calculation of the relic density
of the lightest supersymmetric particle (LSP) and to see timy reflect on the allowed pa-
rameter space. We do not attempt to answer this questiontigle. We will only consider
one aspect: the uncertainty introduced by the calculatidheoweak scale SUSY parameters
using renormalization group equations (RGE) within theteghof the mSUGRA model. As
a measure of the theoretical uncertainty on the mSUGRA paters) we use the four public
state-of-the-art RGE codes$:saj et 7. 69 [33], SOFTSUSY1. 8. 3 [, SPHENQ2. 20 [5]
andSuspect 2. 2 [3], link them toni cr OVEGAs 1. 2 [9] and compare estimates for the relic
density. At this point no attempt is made to estimate the dairgies that could arise directly
in the calculation of the relic density itself.

2. RGE CODES AND RELIC DENSITY CALCULATION

A detailed study of theoretical uncertainties on the syprrsetric spectra as obtained by RGE
codes was presented in[31]. It was shown that differencesasses less than a few percent
are usually found, although some corners of parameter spacsill difficult to tackle and can
display much larger differences. The discrepancies canaoed back to the level of approxi-
mation used in the weak-scale boundary conditions. The latgs region and the focus point
region (largeM,) are still subject to large theoretical errors. Both of thesgions are pre-
cisely where one can find cosmologically interesting vafeeshe relic densityQh? < .128.

In the focus point region, the LSP is mainly a Higgsino andilaitates efficiently into gauge
bosons. At largean 3, even rather heavy neutralinos can annihilate btpairs via s-channel
exchange of a heavy Higgs. The coannihilation region wheee\iext-to-Lightest supersym-
metric particle (NLSP) is nearly degenerate in mass withlt8B, is another cosmologically
relevant region. Although it is a priori not difficult to haiedoy the RGE codes, the value of
the relic density depends sensitively on the mass differéetween the NLSP and the LSP and
even shifts of0(1) GeV can cause large shifts in the relic density. The othemobtsgically
viable mSUGRA region, the bulk region, shows a much smatiduced sensitivity upon the
MSSM mass spectrum.
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Figure 1. a)Qhn? for My = 150 GeV, tan3 = 10, 49 = 0, p > 0 for SOFTSUSY1. 8. 3 (full),

I sajet7.69 (dashed), Suspect 2.2 (dash-dotted), andSPHENCZ2. 20 (dotted). At large M, s,

| saj et 7. 69 andSuspect 2. 2 give nearly identical results. 8)h? vs m;, — myo for the same set of pa-
rameters as a).

The link betweerm cr OMEGAs 1. 2 and the RGE codes is done within the spirit of the
SUSY Les Houches Accord[lL9] : common input values are chaseinpole masses, mixing
matrices, theu parameter and the trilinear couplings are calculated byRG& codes. All
parameters are read by cr OVEGAs 1. 2 1.2. The annihilation cross-sections are then evalu-
ated at tree-level. Important radiative corrections toHiggs widths and in particular th&am,,
correction are taken into account.

3. RESULTS

For the numerical results as default values we have fingd- 175 GeV, a, (M) = 1172
and mb(mb)m = 4.16 GeV. This corresponds tmb(MZ)m = 2.83 GeV. We concentrate
on the three regions where the relic density is within the WAVrange and where potentially
large discrepancies can be observed: the focus point rethenlargetan S region and the
coannihilation region.

3.1 Coannihilation
My =150 GeV, Ay = 0,tan 5 = 10, u > 0

The small)M, /, region corresponds to the so-called bulk region where the-b5P annihilates
into lepton pairs via s-channél or Higgs exchange or t-channel slepton exchange. Here one
finds very good agreement between the valué¥dtising the different RGE codes (see [Elg. 1a)
since the predicted values for slepton and neutralino rsaa®ein good agreement (within a
few GeV). The exact position of th& pole (corresponding to the big dip ink?) is slightly
shifted forSPHENOR. 20 but the range of values dff; » for which Qh* < .128 are basically
identical. Note that thel pole region is ruled out by the LEP constraints on neutralinihin

the context of MSUGRA models.
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Figure 2: a)Qh? as a function ofM, for M, = 300 GeV, tan = 10, Ag = 0 andp > 0 andm, =
175. Same labels as in Fig. 1. b) Dependence of the relic density:pfor SOFTSUSY1. 8. 3 (full) and
SPHENQ2. 20 (dash) .

As one moves up in/, ,, one reaches the so-called coannihilation region wherée the
the NLSP and is nearly degenerate with the neutralino, agiflle. Coannihilation with the,
and to a lesser extent the selectron and smuon, brings tbelesisity in the desired range. For
a given value of\/, », differences between the codes can reach a factor 2, thestatifferences
are found betweeSPHENC2. 20 and SOFTSUSY1. 8. 3. However very good agreement is
found between all codes when the relic density is plotted fasetion of the mass difference
between the LSP and the NLSP (here f)e All codes obtain values dRh?compatible with
WMAP for mass differences:z;, — mgo =~ 4 GeV (at the extreme left of Figl 1b), even though
the corresponding value of the neutralino mass can diffee. vialue of)/; /, for which the relic
density becomes compatible with WMAP varies from 670 GEPHENCO2. 20) to 790 GeV
(SOFTSUSY1. 8. 3), a 12% difference o/, /5.

3.2 Focus point
M1/2 = 300 GeV, AO =0, tanﬁ = 10, > 0

In addition to the small/, (bulk/coannihilation region) where annihilation into teps is im-
portant, the cosmologically relevant region is found atiealof M/, well abovelTeV. As one
approaches the region where electroweak symmetry bre&ékingoidden, the: parameter ap-
proaches zero. This means that the LSP is mainly Higgsinis. 03P can then annihilate very
efficiently into gauge bosons (WW/ZZ) and to a lesser ext@iotZ h. The parametet is how-
ever very sensitive [34] to the top Yukawa coupling(which is also reflected in a sensitivity to
the value of the top quark mass) and huge differences betoadas were observed [31]. The
impact on the relic density and on the exclusion region evilse very significant.

As can be seen in Fi@l 2, all codes agree very wellXMfyr < 1TeV but as one gets to
large values of\/,, more than one order of magnitude difference§itt can be found. For
m; = 175 GeV, only Isajet finds a large drop in theparameter as one movesig, ~ 3000
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Figure 3: a)}2h? as a function of\/; /5 for my = 175, tan 8 = 52, Ay = 0 andy > 0. Same labels as in Fig. 1.
b) Dependence of the relic density on,(m;,) for SOFTSUSY1. 8. 3 (full) and SPHENO2. 20 (dash).

GeV, this is wher)h? drops below the upper limit from WMAP. The other codes do nud fi
this drop inp and do not obtain a cosmologically interesting region &g < 4000 GeV.
These large differences between codes however are juseatiefl of the sensitivity to the top
Yukawa,h;(Msysy ) which is proportional tan;. We show in Fig. 2b, the variation 6f4% with
m; USingSOFTSUSY1. 8. 3 andSPHENCR2. 20 for M, = 3000 GeV. The valug2h? = .128
foundinl saj et 7. 69 for m;, = 175 GeV can be reproduced BOFTSUSY1. 8. 3 (SPHENO)
by changing the input tey, = 172.2(172.5) GeV.

3.3 Largetanpj
myjo = 1500 GeV, A(] = O,tanﬂ =52 > 0

At large tan 3 the new feature is the annihilation of neutralinos ibkovia heavy Higgs ex-
change. With the current version of the RGE codes, this ismiesl only for very large values
of tan 3. The crucial parameter hereig, /2mo which must be close to unity to provide suf-
ficient annihilation of neutralinos. Large differences e tvalue ofA/, between the different
RGE codes occur because of the sensitivity of the RGE to ttternorukawa as well as from
taking into account higher loop effects.

As Fig. 3a shows, all 4 programs predict a large drop in thie density when the neu-
tralino mass gets close t/,/2 although this drop occurs at much lower values\éf;, for
SPHENQ, M,/ ~ 1250 GeV than forl saj et 7. 69, M, =~ 1750 GeV. However, here again
the results are very sensitive to the input parametersjsrcise the value of the b-quark mass.
For M, , = 1300 GeV, we find an order of magnitude shift@n? for my(m;) = 4 — 4.4 GeV
with the progranSOFTSUSY1. 8. 3. By a slight shift of the b-quark mass we can find perfect
agreement betwee®PHENCO2. 20 andSOFTSUSYL1. 8. 3, as shown in Fig. 3b.
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4. CONCLUSION

While the predictions for the relic density of neutralinos eather stable in most of the mSUGRA
space, it is in the most physically interesting region tlaagé discrepancies can be observed,
in particular the focus point/largen 5 and coannihilation regions. It is however reassuring to
find that with the newer versions of the codes, the discrapania the sparticle spectra tend to
be reduced. More details on the theoretical uncertaintieke evaluation of the relic density
arising from the standard model parameters,n;, m;, used as input in a RGE code can be
found in [35].
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PartV

SFITTER: A Tool To Determine
Supersymmetric Parameters

R. Lafaye, T. Plehn, D. Zerwas

Abstract

SFITTER is a new tool to determine supersymmetric modelrpatars
from collider measurements. It allows to perform a grid sbdor the
minimal x? and/or a fit of a given model. Currently, the model param-
eters in the general MSSM or in a gravity mediated SUSY bregki
model can be tested using a given set of mass, branchingaratioross
section measurements.

1. Introduction

The most important task for the LHC as well as for any futuraear Collider is to study
in detail the mechanism which leads to electroweak symnia®gking. While the Standard
Model describes all available high energy physics exparigjat still has to be regarded as an
effective theory, valid at the weak scale. New physics apeeted to appear at the TeV energy
scale. The minimal supersymmetric extension of the Stahierdel (MSSM) can provide a
description of physics up to the unification scale.

If supersymmetry or any other high-scale extension of tren@&ird Model is discov-
ered, it will be crucial to determine its fundamental higlale parameters from weak-scale
measurement$ [36,137]. The LHC and a future Linear Collidérprovide a wealth of mea-
surements’[38], which due to their complexity require a prdpeatment to unravel the corre-
sponding high-scale physics. Even in the general weale3d&SM without any unification
or SUSY breaking assumptions the measurements of masseaplihgs are not likely to
be independend measurements; moreover, linking supersynonparticle masses to weak-
scale SUSY parameters involves non-trivial mixing to magegrestates in essentially every
sector of the theory. On top of that, for example in gravitydiméed SUSY breaking scenarios
(MSUGRA/cMSSM) a given weak-scale SUSY parameter will gbviae sensitive to several
high-scale parameters which contribute through renomatd¢in group running. Therefore, a
fit of the model parameters using all experimental infororatavailable will lead to the best
sensitivity and make the most efficient use of the infornmativailable.

If the starting point of the fit is not known and many paramesee involved, the allowed
parameter space might not be sampled completely in the fitbapp. To avoid boundaries
imposed by non-physical parameter points, which can confiadit to a ‘wrong’ parameter
region, combining the fit with an initial evaluation of a mwdimensional grid is the optimal
approach. In the general MSSM the weak-scale parametengasdly outnumber the collider
measurements, so that a complete parameter fit is not pessillone has to limit oneselve to a
subset of parameters. In SFITTER both grid and fit are reshlisel can be combined, including
a general correlation matrix and the option to exclude patars of the model from the fit/grid
by fixing them to a value.
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2. SFITTER — Program Structure

Currently, SFITTER uses the predictions for the supersytrimmasses provided by SUS-
PECT [3], but the conventions of the SUSY Les Houches acdb€ll ¢ould be helpful, if
provided as a common block/C-structure, to ease intergasther programs. The branching
ratios ancete~ production cross sections are provided by MSMIID [39], whias been used
extensively at LEP and cross checked with Ref] [40]. The-t@¢ading order hadron col-
lider cross sections are computed using PROSPINC 4L, 32 41 fitting program uses the
MINUIT package [44]. The determination gf includes a general correlation matrix between
measurements. For unphysical points in supersymmetrampeter spacey? is set to 16°.

2.1 Initialization and Steering

The program SFITTER is driven by two files: the first one setshgpmeasurements and the
corresponding errors. For each measurement one speciiiés 6 be used in the grid (G) or
in the MINUIT fit (M) or in both.

//set all errors to 0.5%of their central val ue

DATA ERR = 0. 005

// randoni ze the neasurenents around their noninal val ue
RANDOM ZE = 1

/1 Hi ggs mass and error to be used in the Fit only

m_h = 112.6 +/- 0.1 [-/M

//Neutralinol mass to be used in Gid and Fit

mchi0_1 = 180.2 +/- 5.1 [GM

[/ Correlation between two chargi no mass neasurenents
CORR(m chi+_1, mchi+_2) = 0.03

The second file initializes everything related to the weeddes or high-scale MSSM model
parameters. First the model (INSUGRA, pMSSM etc) is spegciftezh the starting values of
all MSSM parameters, boundaries, stepsize and the numlpaimifs in the grid are specified.
Moreover, the user defines if a certain MSSM model paramsterciuded in the grid and in
the fit:

MODEL =MSUGRA /'l use NSUGRA

/1l use the GRID (or not)

GRI D=1

/1 M) used in grid and fit, grid of 10+1 steps between 0 and 1000.
MD=500. [M @G STEP=200. LOW0. H GH=1000. GRI D=10

/1 AO used only in fit

A0=0. [M -] STEP=200. LOWs-1000. HI G+=1000.

2.2 mSUGRA/cMSSM Parameter Determination

Assuming that SUSY breaking is mediated by gravitationtdractions (IMSUGRA/CMSSM)
we fit four universal high-scale parameters to a toy set dfdml measurements: the univer-
sal scalar and gaugino masses,, m, the trilinear coupling4, and the ratio of the Higgs
vacuum expectation valuesan 5. The sign of the Higgsino mass parameteis a discrete
parameter and therefore fixed. The assumed data set is tbéakesupersymmetric particle
masses for the SUSY parameter point SPST4a[30,45], as cethpytSUSPECT. The errors on
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True FitStart FitResult mo My tanf Ag
mo 100 500 100.0%0.58 mo 1 -047 0.41 0.26
myye | 250 500 249.990.31 my /s 1 -0.07 -0.30
tan 8 10 50 10.03-0.37 tan 8 1 0.35
Ay | -100 0 -100.1%5.26 Ao 1

Table 1: Left: summary of mMSUGRA fit in SPS1la: true valuestisig values, fit values. As in SPSl1la we fix
1> 0. All mass values are given in GeV. Right: the (symmetricyelation matrix of all SUSY parameters in the
MSUGRA fit.

the toy mass measurements are uniformly set to 0.5%. Thengtaoints for the mSUGRA pa-
rameters are fixed to the mean of the lower and upper limitarithi.e. they are not necessarily
even close to the true SPS1la values. The result of the fit isrshoTab.[l. With SFITTER
the true parameter values were reconstructed well withergtioted errors, in spite of starting
values relatively far away from the true ones. The measuneofen, andm, , is very precise,
while the sensitivity of the masses am 3 and A, is significantly weaker.

The correlations between the different high-scale SUSYapaters are also given in
Tab.[1. One can understand the correlation matrix step iIm{é€3: first, the universal gaugino
massm; » can be extracted very precisely from the physical gauginsses The determina-
tion of the universal scalar masgs, is dominated by the weak-scale scalar particle spectrum,
but in particular the squark masses are also strongly demeimh the universal gaugino mass,
because of mixing effects in the renormalization group mgn Hence, a strong correlation
between then, andm, , occurs. The universal trilinear coupling can be measured through
the third generation weak-scale mass parametgrs. However, thed, , , which appear for
example in the off-diagonal elements of the scalar masseeatralso depend an, andm, s,
so thatA, is strongly correlated witm, andm, /.

In the SPS1a scenario, the pseudoscalar Higgs is heavy andiglgs masses do not
show a strong dependence tom 3. Because of the large mass difference between gauginos
and Higgsinos they essentially decouple, and the neutvaliargino sector will not yield a
good determination ofan 3. The stop mixing is governed hy;, and not byu/ tan 3, while
the sbottom mixing is small altogether. Only the stau mixmdarge and driven by tan 3
in the off-diagonal element of the stau mass matrix. The stass parameters are dominated
by mg, in particular the smaller right handed stau mass. Thezefone expectsan 5 to be
strongly correlated withn, and less withn, ;,. The result from SFITTER as shown in T&b. 1 is
in agreement with this prediction. Thus, the results oletaiwith SFITTER can be understood
from the particular features of the SPS1a spectrum.

2.3 MSSM Parameter Determination

In total 24 parameters describe the unconstrained wed&-8taSM. They are listed in Tahl 2:
tan § just like in mMSUGRA, plus three soft SUSY breaking gauginsses)/;, the Higgsino
mass parametet, the pseudoscalar Higgs mass,, the soft SUSY breaking masses for the
right sfermions M;, , the corresponding masses for the left doublet sfermibhs,and finally
the trilinear couplings of the third generation sfermiohsg ..

In any MSSM spectrum, in first approximation, the paramefdis M,, 1 andtan
determine the neutralino and chargino masses and coupWivgyexploit this feature to illustrate
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AfterGrid AfterFit SPSla AfterGrid AfterFit SPSla
tan 3 10 10.62£2.5 10| Ma, 528.03 528.0&2.8 532.1
M, 100 102.050.61 102.2| M, 525.12 525.142.8 529.3
M, 200 191.6%1.4 191.8| M, 528.03 528.062.8 532.1
M 579.37 579.334.8 589.4| M;, 525.12 525.1%2.8 529.3
1 300 344.04-1.2 344.3| M;, 417.36 415.445.7 420.2
ma 399.38  399.141.2 399.1 M;, 52459 5239929 525.6
M, 138.24 138.230.76  138.2| M;, 549,58 549.612.1 553.7

M, 138.24 138.230.76 138.2|| Mg, 549.58 549.6%2.1 553.7
M, 135.58 135.512.1 135.5|| Mg, 493.59 494.382.7 501.3

M, 198.74 198.750.68 198.7|| A: -724.25 -286.78549 -253.5
My, 198.74 198.7%0.68 198.7|| A; -502.19  -495.1915 -504.9
M, 197.79 197.8:0.89 197.8| 4; 975.12 999.7849 -799.4

Table 2: Result for the general MSSM parameter determinati€PS1a. Shown are the nominal parameter values,
the result after the grid and the final result. The deviatiothe squark sector of 1% is an artefact of differences
between MSSM and mSUGRA part of the renomalization groug ¢&H All masses are given in GeV.

the option to use a grid before the start the complete MINUITHor testing purposes, the error
on all mass measurements is again set 0.5%. The startingswailthe parameters are set to their
nominal values, this study is thus less general than the bneSYGRA. Then we minimize
x? on a grid. For this grid minimization the six chargino and tnaiino masses are used as
measurements to determine the four SUSY parameéterd/,,  andtan S only. The step size
of the grid is 10 fortan 5 and 100 GeV for the three mass parameters. After the mintiaiza
these four parameters obtained from the minimyhon the grid are fixed and all remaining
parameters are fitted. Only in a final run all SUSY parameterseleased and fitted, to give
the final results quoted in Tdd. 2.

In Tab.[2 the intermediate (after the grid evaluation) resstihe final results and the nom-
inal values are shown. The final fit values indeed converg#setoorrect central values within
its error. The central values of the fit are in good agreeméiht generated values, except for
the trilinear coupling4,. As already mentioned in the discussion of the mSUGRA fitntine
ing between the two sbottom mass states is very small, sosthereed precision of the 0.5%
is insufficient to determine the parameter from the mass areagents alone. Ad; enters in
the calculation of the lightest Higgs, additional sengyifor this parameter comes from the
mass measurement of the lightest Higgs boson. The use aftbranratios and cross section
measurements should significantly increase the precisidature studies, especially fot.
andA,.

3. Conclusions

SFITTER is a new program to determine suspersymmetric peteasifrom experimental mea-
surements. The parameters can be extracted either using aniiti-dimensional grid minimi-
sation, or a combination of the two. Correlations betweeasuements can be specified and
are taken into account in the calculation of the SUSPECT, MSMIib and PROSPINO are
used to calculate the predictions for the masses, branchiiog and production cross sections.
A more realistic set of the measurements for example asguthenSPS1a mass spectrum for
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the LHC and and a future Linear Collider will be studied as =t 1sé&ep. The impact of corre-
lations between measurements on the estimated errors oM\ffag&ameters will be studied in
detail. In the future public version of the program we wiltinde different generators for the
calculation of masses and branching ratios.
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Part VI

SDECAY: a Code for the Decays of the
Supersymmetric Particles

A. Djouadi, Y. Mambrini and M. Mhlleitner

Abstract

We present the Fortran co@®DECAY, a program which calculates the
decay widths and branching ratios of all supersymmetritiglas in
the Minimal Supersymmetric Standard Model, including leigbrder
effects. The usual two-body decays of sfermions and gasgisavell
as the three-body decay modes of charginos, neutralinoglaimsbs are
included. Furthermore, the three-body and even the fody-loecays
of top squarks are calculated. The important loop-inducszhgs, the
QCD corrections to the two-body widths involving stronghyeracting
particles and the dominant electroweak effects to all pees are eval-
uated as well.

1. Introduction

The search for new particles predicted by supersymmettitS§9 theories is a major goal
of present and future colliders. In the Minimal Supersymiue&tandard Model (MSSM][47]
there are still over 20 free parameters even in a phenomgicalty viable model. It is therefore
a very complicated task to deal with all the properties of 8SY particles once they are
found. Since their properties will be determined with anuaiacy of a few per cent at the LHC
and a precision at the per cent level or below at future™ linear colliders, the mass spectra,
the various couplings, the decay branching ratios and tbeéyation cross sections have to be
calculated with a rather high precision, also includinghieigorder effects. The Fortran code
SDECAY? [8] which is presented here calculates the decays of SUSHYc|ea in the MSSM,
including the most important higher order effects. The Reradization Group Equation (RGE)
programSuSpect [3] is used for the calculation of the mass spectrum and tlfteS3dSY-
breaking parameters. [Of cour&@DECAY can be easily linked to any other RGE code.] Due to
the limited space we refer for details of the notation, thecdetion of the algorithm that is used
in the code and the various higher order effects that have inekided to the user’s manual of
SuSpect . The progranSDECAY then evaluates the various couplings of the SUSY particles
and MSSM Higgs bosons and calculates the decay widths anlorémehing ratios of all the
two-body decay modes, including the QCD corrections to tleegsses involving coloured
particles and the dominant electroweak effects to all ses. The loop-induced two-body
decay channels as well as the possibly important higher alelzays are included, such as the
three-body decays of charginos, neutralinos, gluinos apddquarks and the four-body decays
of the lighter top squark. In addition, the top quark SUSYajewidths and branching ratios
are implemented. The program will be presented in the fotigw

2The code can be obtained at the url: http:/people.webtpsiuehlleitner/SDECAY
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2. The decays of the supersymmetric particles
2.1 The tree level two-body decays

The Fortran cod&SDECAY includes the two-body decays of sfermions into a fermion and
gaugino, as well as into a lighter sfermion of the same isbt&iand a gauge bosan=W, 7
or a Higgs boso® = h, H, A, H*

i — xif" (1)
fi = Vi 2)
fi = of) (3)

For squarks heavier than the gluino the decay into a gluurarigfinal state is also possible
4 — q9 (4)

The heavier neutralino and chargino decays into the ligthiargino and neutralino states and
gauge or Higgs bosons as well as the decays into fermiomgdaipairs have been implemented

Xi — XjV (5)
Xi — X;® (6)
xi — [ @)

For the gluinos the only relevant decay into a squark-quarkip calculated
9 — qqi (8)

In the case of a GMSB model the decays of the next-to-ligl8ef8Y particle (NLSP), which
can be either the lightest neutraligbor the lightest sfermion, in general thg into a Gravitino
G and a photonZ or neutral Higgs boson (foy}) and ar (for 7,) are implemented

X! — 1G, ZG, oG (9)

7 - 7G (20)
The masses entering the phase space in the calculation ofidkies are the pole masses, but
when they enter the various couplings they are - for the tgederation fermions - the running
DR masses at the scale of Electroweak Symmetry Breaking (EWBH is also the case for
all soft SUSY-breaking parameters and the third generatfermion mixing angles involved
in the couplings. In addition, we have left the option for PED coupling constant and the

bottom, top Yukawa couplings to be evaluated at the scaleeoflecaying superparticle or any
other scale. In this case, only the standard QCD correctiongcluded in the running [48].

2.2 The QCD corrected two-body decays

The one-loop QCD corrections to the following two-body deciavolving (s)quarks and gluinos
have been implemented using the formulae of R&fS.[149, BJ[52[53 54] and [55,56], re-

spectively,
i — xq" (11)
G — @ (12)
¢G — qg and g — Ggq (13)
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All the corrections have been included in & scheme. The bulk of the electroweak radiative
corrections due to the running of the gauge and third-géoertermion Yukawa couplings has
been taken into account by evaluating these parameters BMISB scale.

2.3 Loop-induced decays

In case the two-body decays of the next-to-lightest nentrare kinematically not allowed the
loop-induced decay into the lightest supersymmetric plar(iLSP) ! and a photon is calcu-

lated [57[58,59,€60]
X5 = X1 (14)
For completeness, the loop-induced decay of a gluino intm@ngand the LSP has also been

considered[61,62,63]
g — 9x (15)

If the tree-level stop two-body decays are kinematicalbsed the loop-induced decay into a
charm andy? [64] is calculated

ti — exi (16)

2.4 Multibody decay modes

If the two-body decays of the gauginos EqI[15-7) are kinaralat forbidden the three-body
decays into a lighter gaugino and a fermion pair and a gluimbtevo quarks are calculated

xi = Y (17)

xi — §qq" (18)
Analogously, the gluino three-body decays into a gaugirtbteuo quarks are considered when
the gluino two-body modes are closed

g— Xiqq(/) (19)

For the calculation of the processes ERsI[(TI7-19) we hawkthsdormulae given if[65,66,57,
[68)69]. Furthermore, the possibly important gluino decag stop, bottom and B boson as
well as the decay into stop, bottom and a charged Higgs basamiteen implemented[[70,71]

g — LW~ (20)

g — toH ™ (21)
In case the stop two-body decays are not accessible, treseaeral three-body decay modes
[72,[73[ 74/ 75,76, 77] that can dominate over the loop-iedutecay Eq[{16) in rather large
areas of the MSSM: the decays into a bottom, lightest nentrand all” or charged Higgs
boson, the decay modes into bottom, lepton and slepton,gbayd into the lightest sbottom

and a fermion pair as well as for the heavy stop the possilafitecaying into the lighter stop
and a fermion pair

t; — WY bH*Y (22)
t; — by and/or bty (23)
fz - Elf J? ' (24)
t~2 - Elf f (25)
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SDECAY evaluates the three-body decays if the two-body decayd@sed; taking into account
all possible contributions of virtual particles, the radialy corrected Yukawa couplings of
third-generation fermions, the mixing pattern for thegrsfion partners and the masses of the
sparticles and gauge/Higgs bosons involved in the prosegs@n the masses of the final state
fermions have been included. The total decay widths of tlb&xged particles have not been
included in the propagators of the virtual particles.

If the stop three-body decay channels are kinematicallyidiaien thef; four-body decay
mode into a bottom, the LSP and two massless fermions camisecompetitive with the loop
induced decay into a charm and a neutralino, cf. Eq. (16hatthis channe[[78] has also been
included in the program,

7?1 - bX?fJ?/ (26)

2.5 Top quark decays
For the top quark the following decays in the MSSM are catealdoy SDECAY

t — bWt (27)
t — bHT and £\! (28)

3. How to useSDECAY

Apart from the files of the prograuSpect ,i.e.suspect 2. i n,suspect 2. f ,subh_hdec. f,
f eynhi ggs. f,hnsusy. f , the progranSDECAY consists of three files:

1) The input filesdecay. i n where one can choose the accuracy of the algorithm and the
various options whether QCD corrections and multibody opldecays are included or not,
which scales and how many loops are used for the running ic@goand if top and GMSB
decays are calculated or not.

2) The main routinsdecay. f where the couplings of the SUSY and Higgs particles are
evaluated and the decay branching ratios and total widéhsadculated.

3) The output filesdecay. out which gives the results for the branching ratios and total
widths, as well as the masses of the SUSY and Higgs partitiesnixing matrices and the
gauge and third-generation Yukawa couplings at the EWSBarosen scale. The output is
given in two possible formats, either in a simple and trarepieform or according to the SUSY
Les Houches Accord]19] which uses the PDG notation for thiéghes.

All these files together with a makefile to compile the files barfound on the web page dedi-
cated toSDECAY at the address:

htt p:// peopl e. web. psi . ch/ muehl | ei t ner/ SDECAY

4. Conclusions

We have presented the Fortran c@®&IBECAY, which calculates the decay widths and branch-
ing ratios of all the two-body decays of the SUSY particleshie framework of the MSSM,
including the QCD corrections to the decays involving stiignnteracting particles, the three-
body decays of the gauginos, gluinos and stops, as well dstindody decays of the lightest
top squark. Furthermore, the loop-induced decays of theglthe lightest neutralino and the
lightest top squark, the decays of the next-to-lightest Bg&rticle in GMSB models and the
standard and SUSY decay modes of the top quark have beemimipled. The dominant elec-
troweak corrections due to the running of the gauge and @ernfukawa couplings have been
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incorporated. The program which uses the RGE cBd8pect can be easily linked to any
other spectrum calculator. It is user-friendly, flexible foe choice of options and approxima-
tions and quite fast. The program is under rapid developaetivill be updated regularly.
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Part VII

Measuring The Mass Of The Lightest
Chargino At The CERN LHC

M.M. Nojiri, G. Polesello and D.R. Tovey

Abstract

Results are presented of a feasibility study of techniqoeseasuring
the mass of the lightest chargino at the CERN LHC. Thesetsesub-
gest that for one particular mMSUGRA model a statisticalgngicant
chargino signal can be identified and the chargino mass stwmted
with a precision~ 11% for~ 100 fb~! of data.

1. INTRODUCTION

Much work has been carried out recently on measurement ahtsses of SUSY particles at
the LHC [79/80[ 81,82, 83,84]. These measurements can béteronsidered to be ‘model-
independent’ in the sense that they require only that aquaati SUSY decay chain exists with
an observable branching ratio. A good starting point isroftevided by the observation of an
opposite-sign same-flavour (OS-SF) dilepton invariantssaectrum end-point whose position
measures a combination of the masses ofythethe y{ and possibly also th&". Observation
of end-points and thresholds in invariant mass combinatmnsome or all of these leptons
with additional jets then provides additional mass comstsasufficient to allow the individual
sparticle masses to be reconstructed unambiguously. Aigoeemains however regarding
how the mass of a SUSY particle can be measured if it does mbtipate in a decay chain
producing an OS-SF dilepton signature. This problem has bddressed for some spatrticles
(e.g. for thejr [B5]) however significant exceptions remain. Notable amibiege is the case of
the lightest charging;, which does not usually participate in decay chains prowy®S-SF
dileptons due to its similarity in mass to tReé.

In this paper we attempt to measure the mass ofithdy identifying the usual OS-SF
dilepton invariant mass end-point arising from the decayyiof the otherinitially produced
SUSY particle (i.e. not the one which decays to producejthe We then solve the mass
constraints for that decay chain to reconstruct the monmewfithe v appearing at the end of
the chain, and use this to constrain the momentum#i&*) of the ! appearing at the end of
the decay chain involving thgF. We finally use mass constraints provided by additional jets
generated by this chain to solve for tj& mass. The technique requires that both the decay
chain )

L — X599 — lrlg — XJllg
and the decay chain

L — Xiq — WX — qd'd"X}
are open with significant branching ratios, and that the ems$ thex?!, 9, lr and g, are
known. No other model-dependent assumptions are requinee\rer.



35

2. SUSY MODEL AND EVENT GENERATION

The SUSY model point chosen was that used recently by ATLASUIb simulation studies
of SUSY mass reconstruction [86]. This is a minimal SupeaigyadmSUGRA) model with
parametersn, = 100 GeV,m;,, = 300 GeV,4, = -300 GeV,tan(3) = 6 andy > 0. The
mass of the lightest chargino is 218 GeV, while those ofithethez, the X3 and they! are
~ 630 GeV, 155 GeV, 218 GeV and 118 GeV respectively. One of tlaeacteristics of this
model is that the branching ratio g — TW*y! is relatively large £ 28 %). Chargino mass
reconstruction involving the decay — 7. (BR ~ 68 %) is likely to be very difficult due
to the additional degress of freedom provided by the missagrino. Consequently tHé'*
decay mode must be used.

The electroweak SUSY parameters were calculated usinGth®UGRA 7.51 RGE code
[L1]. SUSY events equivalent to an integrated luminosity@d fo~' were then generated using
Herwig 6.4 [12,87] interfaced to the ATLAS fast detector slation ATLFAST 2.21[[88]. With
the standard SUSY selection cuts described below Standad®Mbackgrounds are expected
to be negligible. An event pre-selection requiring at ldast ATLFAST-identified isolated
leptons was applied in order to reduce the total volume af.dat

3. CHARGINO MASS RECONSTRUCTION

Events were required to satisfy ‘standard’ SUSY selectitteria requiring a high multiplicity
of high pr jets, largeE"**¢ and multiple leptons:

e atleast 4 jets (default ATLFAST definitioh [B8]) witly- > 10 GeV, two of which must
havepr > 100 GeV,

(s Pl + B**) > 400 GeV,
Epies > max(100GeV, 0.2 (S, bl + B7) ),

exactly 2 opposite sign same flavour isolated electrons @nswithp; > 10 GeV,
no b-jets orr-jets.

Events were further required to contain dileptons with arair@nt mass less than the
expected® [T end-point position (100.2 GeV) and at least one dileptonré fet combination
(one for each combination of the dilepton pair with each efttkio hardest jets) with an invariant
mass less than the expecteéd™ ¢ end-point position (501.0 GeV). The smaller dilepton + hard
jet combination then defined which jet (assumed to be frondéwayg;, — v5¢) would be used
together with the dileptons to reconstruct figproduction and decay chain.

The momentum of thg! at the end of thg decay chain was calculated by solving ana-
lytically the kinematic equations relating the momentahaf decay products (including thg)
to the masses of the SUSY patrticles, which were assumed todyerkfrom conventional end-
point measurements [[79,80] B1,i82/83, 84]. This processsisribed in more detail in Ref,[B9]
and results in two solutions for thgl momentum for each of the two possible mappings of the
reconstructed leptons to the sparticle decay productéielpitesent analysis just one such map-
ping was assumed with no attempt being made to select theat@ssignment. Two possible
solutions for they) momentum were therefore obtained for each event.

The nest step in the reconstruction was to find the jet pairtiag from a hadronid? *

decay following production vig; — W*x!. The potentially large combinatorial background
was reduced by rejecting jet combinations involving eitbiethe two hardest jets (since these
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Figure 1: Reconstructed dijet invariant mass distribugitor all events (data points) and events not containing
the decay chaigy — W*x9 — ¢'¢"x} selected using Monte Carlo truth. The signal band is latiéllén the
figure, while the two sideband are labelled ‘Il and ‘lII’ n@sctively.

were assumed to arise frojp decay) and by requiring that the harder(smaller) of the &t® |
possesseg; greater than 40(20) GeV (i.e. selecting asymmetric jetspeimsistent with a
significant boost in the lab frame). A further cut was appbedhe invariant mass of the com-
bination of the jet pair with the hard jet giving the largelegiton + jet mass (assumed therefore
to be the jet from thej, — Y7 ¢ decay preocess). This invariant mass was conservatively
required to be less than that of the

For each event any jet pairs satisfying the above criterthgssessingn;; — my| <
15 GeV (Fig[1), were considered to fofii candidates. For each event the candidate with
nearestny, was then selected and used together with the momentum ottldgédt identified
previously and the two assumedandy components of theg? momentum (calculated from
the two solutions for the momentum of té from the 9 decay andE7**) to calculate the
chargino mass. Each of the two solutions for f§enomentum gives two possible solutions for
Mgk, the smaller of which is usually physical. Consequently pussible values for = were
obtalned from each event (plotted in Hig). 2).

Following this procedure significant backgrounds remaamfrcombinatorics in SUSY
signal events (due to their high average multiplicity), &mn SUSY background events (i.e.
events in which the decay procegs — Yiq — ¢W*x) — q¢'¢"x! is not present). These
backgrounds (or at least those not involving a féat decay) were removed statistically using
a sideband subtraction technique similar to that describBef. [90]. All jet pairs satisfying all
the above selection criteria except the ;—myy | requirement were recorded if they satisfied the
alternative requirement that 15 Ge¥|m;; — my | < 45 GeV. This requirement then defined
two side-bands located on either side of the main signal lfang — my,| < 15 GeV) of
equal width 30 GeV. The momentum of each jet pair was theraledsuch that the difference
between its rescaled mass ang, was the same as the difference between its original mass and
the centre of its sideband (50 or 110 GeV respectively). ketghair was then given a weight of
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Figure 2: Reconstructeﬂf mass distributions showing signal distributions wjith,; — my/| < 15 GeV (data
points) and sideband distributions with 15 GeMm;; — my/| < 45 GeV (histograms). The left hand figure was
obtained by selecting events containing the decay ckigin- W*x! — ¢'¢”x} using Monte Carlo truth. The
central figure was obtained by selecting background everttsantaining this decay chain. The right hand figure
was obtained by using all data.

1.3 (lower sideband) or 1.0 (upper sideband) to accounhfvariation of the background,;
distribution withm;; (Fig.[l). Values for the chargino mass were then calculateddch jet pair
and used to create a sideband mass distribution[[(Fig. 2llfFitne sideband mass distribution
was subtracted from the signal mass distribution with aixeaormalisation factor of 0.7 to
account for the differing efficiencies for selecting sidetbavents and background events in the
signal region.

4. RESULTS

The sideband subtracted chargino mass distributionsradatfrom this process are shown in
Fig.[3, both with and without a selection requirementifgr— W*y? — ¢'¢” " obtained from
Monte Carlo truth. In both cases no events are observed aasd®low the kinematic limit
of 198 GeV & mw + myo) due to the origin of the mass values as solutions to the katiem
mass relations. In the case where Monte Carlo truth was usétpat a clear peak is seen in
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Figure 3: Reconstructeﬁf mass distribution fobﬁ — WY — ¢'¢"XY signal events (histogram) and all
events (points with errors).

the 200 GeV - 250 GeV bin, corresponding well to the actualsa®218 GeV. At higher mass
values the sideband subtraction process has worked wethardistribution is consistent with
zero. In the case where no Monte Carlo truth signal eventseitehas been performed (points
with errors) a clear peak is again seen in the vicinity of thargino mass, with few events
at higher values. For 100 b the statistical significance of the peak is around iddicating
that more integrated luminosity (or an improved event selar would be required to claim a
5 o discovery. Nevertheless it seems reasonable to claimfitiaisidata were generated by
an LHC experiment such as ATLAS, and that the observed sigesd indeed not a statistical
fluctuation, then the mass of the lightest chargino could basuared to a statistical precision
~ + 25 GeV ( 11 %). More work is needed to determine the likely systematror in
this quantity arising from effects such as the statistical systematic uncertainty in the input
sparticle masses used when calculatingithenomentum and/i” mass.

More work is needed to identify the optimum set of selectinteda required to identify
hadroniclV* decays in this sample, with the efficiency of the tau vetouiregl to removey;
decays via; v,) in particular needing to be optimised. Possible methodsdtecting the correct
lepton mapping used to calculate tg§& momentum also deserve further study. With these
improvements and/or more integrated luminosity it shoh&htbe possible both to increase the
accuracy of the chargino mass measurement and to studyittegstich as the helicity of the
X; through measurement of the invariant mass distributioh@fit* and the hard jet produced
alongside theg;7" in the decay of the pareqt.

5. CONCLUSIONS

A study of the identification and measurement of charginasmgeg to1V*y! produced at

the LHC has been performed. The results indicate that fopamnigcular mMSUGRA model the
mass of theyi can be measured with a statistical precisied1l % for 100 fly! of integrated

luminosity.
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Part VIII

Chargino/Neutralino Sector In Combined
Analyses At LHC/LC

K. Desch, J. Kalinowski, G. Moortgat-Pick, M.M. Nojiri and Bolesello

Abstract

We demonstrate how the interplay of a future=~ LC at its first stage
with /s < 500 GeV and of the LHC could lead to a precise determina-
tion of the fundamental SUSY parameters in the gaugino#imggsec-
tor without assuming a specific supersymmetry breakingraeherhe
results are shown for the benchmark scenario SPS1la, takiogc-
count realistic errors for the masses and cross sectionsurezhat the
LC with polarised beams and mass measurements at the LHC.

1. INTRODUCTION

The unconstrained MSSM has 105 new parameters and SUSYsasay future experiments,
at the LHC and at a future Linear Collider (LC), will have tacts on the determination of
these parameters [91]92]. An interesting possibility tolese SUSY is to start with the gaug-
ino/higgsino particles which are expected to be among tifgdst SUSY particles. At tree
level, this sector depends only on 4 parametéif; M-, ;1 andtan g — the U(1) and SU(2)
gaugino masses, the higgsino mass parameter and the rdlie ehcuum expectations of the
two Higgs fields, respectively.

Some strategies have been worked out for the determinatithe parametersd/,, M,

1, tan 3 even if only the light gaugino/higgsino particleg), ¥ and ;- were kinematically
accessible at the first stage of the ILCI[93, 94]. In this cbotion we demonstrate how such an
LC analysis could be strengthened if in addition some indfam on the mass of the heaviest
neutralino from the LHC is available. We consider the cag@sstand alone LC data and
(ii) joint analysis of the LC and the LHC data. The results lie tast scenario will clearly
demonstrate the essentiality of the LHC and LC and the benefit the joint analysis of their
data.

We take the SPS1a as a working benchmark([30, 45] and assaineanily the first phase
of a LC with a tunable energy up tg's = 500 GeV would overlap with the LHC running.
Furthermore, we assume an integrated luminosity 6f~ 500 fb~! and polarised beams with
P(e™) = £80%, P(e™) = £60%. In the followingo, will refer to cross sections obtained with
P(e™) = —80%, P(e*) = +60%, ando with P(e~) = +80%, P(et) = —60%.

2. THE GAUGINO/HIGGSINO SECTOR

The mass matrixV of the charged gaugind’= and higgsinaZ® depends o/, y, tan §.
The mass eigenstates are the two chargfﬁbzs For realM the two unitary diagonalisation
matrices can be parameterised with two mixing anglgs,. The mass elgenvalues + and

the mixing angles are analytically given by the Susy paramgsee e.gl [95,96]). The Cross
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sectiono®{ij} = o(efe” — ﬁﬁ) can be expressed as a function(afs 2®L,R7mf~<i)? the
coefficients forr£{11} are explicitly given in[[97].
The neutralino mixing matrix\ 5 depends on\/;, M,, i andtan 5. Analytic expres-

,,,,,

characteristic equation of the mass matrix squated, M, is written explicitly as a quadratic
equation for the parametér, [97].

3. STRATEGY FOR THE DETERMINATION OF THE SUSY PARAMETERS

At the initial phase of future®e~ linear—collider operations with polarised beams, the col-
lision energy may only be sufficient to reach the productimesholds of the light chargino
X and the two lightest neutralinog, 1. Nevertheless the entire tree level structure of the
gaugino/higgsino sector can be unraveled[[95,94, 95].

Chargino cross sections measured/at= 400 GeV and 500 GeV with polarised beams
and the lightest chargino mass are sufficient to determimenbiguously the mixing angles
cos2®, . Then theM; can be obtained from the quadratic equati/bfyvj\/l},. However,
using the kinematically accessible cross sections for theralino productions? {12} and
ag,R{QQ} leads to a precise determination of the fundamental Susynpeters[[9/7].

In the following we perform this strategy for the benchmadersario SPS1d 30, 45]

defined at the electroweak scaléf; = 99.13 GeV, My, = 192.7 GeV, u = 352.4 GeV,
tan 3 = 10; the resulting masses are given in tdfle 1.

3.1 SUSY PARAMETERS FROM THE LC DATA
We use the light chargino and neutralino Masses, myy | and the polarised cross sections for
the processeste™ — X X1, X0x9, Y9x5 at+/s = 400, 500 GeV as experimental input.

In our scenario the light charging™ and also the neutraling) decay mainly via; chains
producing the final states similar to that of stau pair preéida¢ however with different topology.

Therefore, we assume that the contamination of stau primifuetents can be subtracted from
the chargino and neutralino productiénl[97].

In our analysis we take the production cross sections watiissical errors induced by the
following uncertainties:

e The chargino mass measurement has been simulated and #atezkprror is 0.55 GeV,
see tabl€]l.

e With [ £ =500 fb~! at the LC, we assume 100 fhper each polarisation configuration
and we take into accountistatistical error.

¢ Since the chargino (neutralino) production is sensitiventQ (me, ,,), we include the
experimental error of their mass determination of 0.7 Ge\ BeV, 0.05 GeV), see
tablel1.

e Concerning the neutralino cross sections we estimate afistgtal error based on an ex-
perimental simulatiohyielding an efficiency of 25% and include an additional sysitic
error (o) Which takes into account the uncertainty in the backgraautatraction, for
details se€]97].

M. Ball, diploma thesis, University of  Hamburg, January 200 http://www-
flc.desy.de/thesis/diplom.2002.ball.ps.gz.
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X7 Xo Xy X5 X3 Xi €r €L Ve
mass [GeV]| 176.03 378.5( 96.17 176.50 358.81 377.§7143.0 202.1 186.0
error [GeV] | 0.55 005 1.2 005 02 07

Table 1: Chargino, neutralino and slepton masses in SP&tlaha simulated experimental errors at the’?LC
It is assumed that the heavy chargino and neutralinos arelisarved at the first phase of the LC operating at

Vs < 500 GeV.

NG 400 GeV 500 GeV
(P(e), P(e™)) | (=80%, +60%) (+80%, —60%) | (—80%, +60%) (-+80%, —60%)
olete” — X7 X1) 215.84 6.38 504.87 15.07
d0total 7.27 0.35 5.28 0.51
olete” — xIx9) 148.38 20.06 168.42 20.81
d0total 3.0 1.58 3.52 1.57
olete™ — xX9x9) 85.84 242 217.24 6.10
d0total 3.6 0.41 4.3 0.62
Table 2: Cross sections) {11} = oL r(eTe” — XX1), 09 {12} = opr(ete” — XI%3) and
of ri22} = o r(ete — X9X9) with polarised beam®(e™) = F80%, P(et) = +60% at/s = 400

and 500 GeV and assumed errors (in fb) corresponding to 100ftly each polarisation configuration.

e The beam polarisation measurement is assumed with an aimtgf A P(e
0.5%.

The resulting errors are listed in talble 2.

Fromoi (Y xy) aty/s = 500, 400 GeV andry (] X; ) aty/s = 500 GeV exploiting the
relationcos 2®r = f(cos 2Py, o—L,R{ll}) we first predetermine chargino mixing angles as

(1)

Then using the neutralino cross sectiofig ¥1x3), o7 (X9%3) aty/s = 500, 400 GeV and light
neutralino masses,o  within their experimental errors, a rather accurate defteation of the

SUSY parameters can be obtained from the? test defined asd\x? = Y, [(O; — 0;)/50;|2.
The sum over physical observabl@sincludesmyo, myo and neutralino production cross sec-
tions of {12}, 09 {22} measured at both energies of 400 and 500 G&\Vstands for the
physical observables taken at the input values of all paeisieand’O; are the correspond-
ing errors. TheAy? is a function of unknown\/;, cos 2®;,, cos 20 with cos 2®;, cos 2P g
restricted to the ranges given in edd. (1) as predetermimed the chargino sector. In figl 1a
the contour ofAx? = 1 is shown in thel/,, cos 2®;, cos 2& parameter space along with its
three 2dim projections. The projection of the contours dhtbaxes determinesslerrors for
each parameter.

Values obtained folM, cos 2@, cos 2P, together WItI’Vn + can be inverted to derive the
fundamental parameterds, i andtan 5. At the same time the masses of the heavy chargino
and neutralinos are predicted, see téble 3. As can be sesnléfik, the parametefd; and M,
are determined at the level of a few per-mil. Tihes reconstructed within a few per-cent, while
for tan 3 the error is of order 15%.

2H.U. Martyn, LC-note LC-PHSM-2003-071.

5)/P(e*) =

cos2®y = [0.62,0.72], cos2Pp = [0.87,0.91]
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0.9

cos2d g cos2d g
0.895 0.595
0.89 0.89
0.585 0.885
0.88 0.88
0.68 0.68
0.67 99.6 0.67 99.5
1 094
cos 2B, 0.66 gg. 299 cos 2B, 0.65 99.2
0.65 g3 8 7% 0.65 958 77
oer M /GeV oEx M /GeV

Figure 1:TheAx? = 1 contour in the{ M7, cos 2®,, cos 2@ i } parameter space derived a) from the LC data and
b) from the joint analysis of the LC data and LHC d&fal[97].

SUSY Parameters Mass Predictions

My M, 1 tan 3 My Mgy mgo

LC 991402 1927+0.6 3528489 103+1.5|378.8£78 3592486 3782+£8.1
| LC/LHC [ 99.1+£0.1 192.7£0.3 3524421 102+0.6]3785+£20 3588421 — |

Table 3: SUSY parameters witlrErrors derived from the analysis of the LC data and from tmelined analysis
of the LHC and LC data (withimig = 0.08 GeV andémig = 2.23 GeV derived from the LHC when using the
LC input of mgo = 0.05 GeV) collected at the first phase of operation. Shown aretaksonass predictions of
the heavier chargino/neutralinos.

3.2 COMBINED STRATEGY FOR THE LHC AND LC

A rather large error of the parameter derived above stems from the gaugino-dominated c
acter of the light charginos/neutralinos in the SPS1a stenA significant improvement for

the . (andtan 3) is expected with additional information on heavy neutrad available from

the LHC.

The LHC will provide a first measurement of the masseghfy) and 9, se€. The
measurements of) and Y will be achieved through the study of the procesggs— ¢ —
20xY, (with « = 2,4) in which the invariant mass of the two leptons in the finateshows an
abrupt edge atmn)13*)* = mfzg(l —m2/mgo) (1 — mge /m2).

With the LHC data, the achievable precisionmaRy andmys is expected be respectively
4.5 and 5.1 GeV for an integrated luminosity of 300 fb However, since the uncertainty on
themyy andmyo depends both on the endpoint determination and alse grandm;, a much
higher precision can be achieved witho, m, andm;, measured at the LC with precisions
respectively of 0.05, 0.05 and 0.2 GeV, taldle 1. With thisiirthe precisions on the LHC+LC
measurements ofyy andmgo becomedmyy = 0.08 GeV andimy = 2.23 GeV. Performing
again theA y? test with this additional input one gets a significant imnment in the accuracy,
see fig[Lb and tabld 3 for the final results. The accuracy p#rameterg and particularly
tan 3 is now much better, better than from other SUSY seclors[[98100] (and references
therein).

3B.K. Gjelsten, J. Hisano, K. Kawagoe, E. Lytken, D. Miller, Mojiri, P. Osland, G. Polesello, contribution
in the LHC/LC working group document, see also http://wvapp.dur.ac.ukgeorg/lhclc/.
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4. SUMMARY

We have worked out in a specific example, an mSUGRA scenatiorather hightan 5 = 10,
how the combination of the results from the two acceleratddC and LC, allows a precise de-
termination of the fundamental SUSY parameters withouligsg a specific supersymmetry
breaking scheme. We have shown that a promising hand-id4atedure consists of feeding
the LSP and slepton masses from the LC to the LHC analysesguding back a precise ex-
perimental determination of the) and Y} masses. It provides a determinationidf, Mo, 1

at the< O(1%) level and of (rather highjan /5 of the order of< 10%, reaching a stage where
radiative corrections become relevant in the electroweatos and which will have to be taken
into account in future fits.
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Part IX

Proposal For A New Reconstruction
Technigue For Susy Processes At The
LHC

M.M. Nojiri, G. Polesello and D.R. Tovey

Abstract

When several sparticle masses are known, the kinematids 8¥lle-
cay processes observed at the LHC can be solved if the cadeadgs
contain sufficient steps. We demonstrate four examplesiefuHh re-

construction technique applied to channels involvingdept namely
a) gluino mass determination, b) sbottom mass determimatjoLSP
momentum reconstruction, and d) heavy higgs mass detetionina

1. INTRODUCTION

The potential of the LHC for SUSY parameter determinatioslii@en studied in great detail for
the past seven years. One of the most promising methods/as/the selection of events from
a single decay chain near the kinematic endpoint. Infolwnatin the masses involved in the
cascade decay can be extracted from the endpoint measusentdmas been established that
one can achieve a few percent accuracy for sparticle masaggaction using this technique
with sufficient statistics.

In this paper we propose a new method for reconstructing SeM&rits which does not
rely only on events near the endpoint. Instead one kineaibtisolves for the neutralino mo-
menta and masses of heavier sparticles using measuredijieton momenta and a few mass
inputs.

To illustrate the idea we take the following cascade decaynch

G — bb — Y9bb — (bbl — Obber. (1)

This decay chain is approximately free from SM backgrounthappropriate cuts. The five
SUSY particles which are involved in the cascade decay heeearfass shell conditions;

m; = (pgo +pe)
m?(g = (p;(g + pe, + p£2)27
;= (pgo + pey + pe, + Po),
my = (pgo + Pey + Doy + Doy + Dby)° (2)

Of these five massesnso,my andm; can be measured at the LHC using first generation
squark cascade decays with an accuracy0f0% (the mass difference is measured more
precisely). Moreover, with input from a future high energpéar Collider these masses might

be determined with an accuraey O(1%). We therefore assume for the present work that the
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masses of the two lighter neutralinos and of the right harstegaton are known, and we ignore
the corresponding errors.

For abbll event, the equations contain six unknownsg;(m; andpyo) which satisfy five
equations. For twobl( events, we have ten equations while we only have ten unkn@wos
neutralino four momentan; andm o ). Mathematically, one can obtain the sbottom and gluino
masses and all neutralino momenta if there are more thahtif¢@vents.

We call this technique the “mass relation method” as onethedact that sparticle masses
are common for events which go though the same cascade deaiay blote events need not be
near the endpoint of the decay distribution to be relevatitéanass determination. In the next
section we demonstrate the practical application of thithookto measurement of the masses
of the gluino and sbottom.

As a byproduct of the technique, once the mass of the squatlofall the sparticles
involved in the decay are known, the momentum of the lightrtralino can be fully recon-
structed, and this further constrains the event.

In SUSY events sparticles are always pair produced and #rersvo lightest neutralinos
in the event. If squark decays via— Y5 — ¢ — X! can be identified on one side of the
event then the neutralino momentum can be reconstructedsasilobed above. The transverse
momentum of the lightest neutralino in the other cascadaydean then be obtained using the
following equation

pr(X1(2)) = pr(miss) + pr(x}(1)), 3)

provided that there are no hard neutrinos involved in th@gethis transverse momentum can
be used to constrain the cascade decay of the other sparticle

For the case where the other squark decaysjvia y; ¢ — Y'¢W followed by W —
¢'q", the chargino mass can be determined by using[#q. (3) andltbeiing relations,

P; = Py tpitpw,
p: = mg, (4)

wherep; is the momentum of the selected highjet which comes from the squark decay and
pw 1S the momentum of the two jet system consistent withithenterpretation. The neutralino
momentum resolution is important for the chargino massnsiraction and we discuss this in
section 3. The reconstruction will be discussed in a sepa@itribution[[1OML].

The full reconstruction technique can be extended for higgss reconstruction. In sec-
tion 4, we discuss the heavy higgs mass determination frenptbcess? — Y55 followed
by X9 — 00— 11xY. This process is also useful for discovery of heavy higg®hssThe four
lepton momenta and missing momentum can be used to recondteuhiggs mass assuming
that thepr of the higgs boson is very small.

2. GLUINO CASCADE DECAY

We first discuss the results of a simulation study of the mee¢here a gluino cascade decays
into a sbottom at model point SPS1al[30]. The relevant spantiasses for this study are listed
in Table 1. The events were generated using the HERWIG 6.drgtr [12] [87] and passed
through ATLFAST [88], a parametrised simulation of the ATEAletector.

We study only events which contain the cascade decay showqg.{d). We then apply
the following preselections to reduce backgrounds:
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M, (2)

ng

136.2

96.0

47

595.2| 491.9(524.6) 176.8

Table 1: Some sparticle masses in GeV at SPS1a.

prss > 100 GeV

Mg > 600 GeV

at least 3 jets withy; > 150 GeV, pre > 100 GeV andpr; > 50 GeV.

exactly two jets withpr > 50 GeV tagged as-jets

exactly two OS-SF leptons withy;; > 20 GeV, pris > 10 GeV, and invariant mass
40GeV< my < 78 GeV.

The solution of Eq.[{2) can be written in the following form:

Fy+ Fim? + F,D,
where D? = D, + Dlmg + ngg. (5)

m

Here F; and D; depend upomn,, andp,, and the neutralino and slepton masses. In the event,
there are twa jets and we assume that thget with largerp, originates from the decay.
The two leptons must come frof and/¢ decay. There are maximally four sets of gluino and
sbottom mass solutions together with two lepton assignsrfeneach decay, because we cannot
determine from which decay the lepton originates. To redweebinatorics we take the event
pair which satisfies the following conditions:

e Only one lepton assignment has a solution to the Bq. (5)

e For a pair of events there are only two solutions and theredéference of more than
100 GeV between the two gluino mass solutions.

i X/ ndf 4179 | 23

Mass combinations/100 fb™/10 GeV

w

o]

1S)
I

200 —

H

)

S)
I

Constant
Mean
Sigma

2145 |
596.2 [

56.79

Figure 1:m; obtained by using Eq[X5) for twieh¢¢ events.

400

600

m(gluino) (GeV)
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In Fig 1, we plot the minimumn; solution which satisfies the conditions given above.
The peak position is consistent with the gluino mass, anétitue on the peak position obtained
by a Gaussian fit is around 1.7 GeV for 100 fbFor the events used in the reconstruction, each
event is used on average five times. Note thattlod the Gaussian fit is largey 56.7 GeV)
and is determined by the resolution on the momentum measmteoh the fourb-jets. It is
worth stressing that the results presented here were peddiycusing a parametrised simulation
of the response of the ATLAS detector to jets, based on thdtsesf a detailed simulation.
Results which crucially depend on the detailed featurehefdetector response, such as the
possibility of discriminating the two sbottom squarks (&edow) need to be validated by an
explicit detailed simulation of the detector performed ba physics channel of interest. We
only attempt here to evaluate the impact of the new techrogusparticle reconstruction.

Once the gluino mass has been determined one can recorisggbiottom mass by fixing
the gluino mass to the measured value. Here one need only Eql{b), which involves only
two b-jets in the fit, and therefore errors due to the jet resatuéice expected to be less than
those for the gluino mass reconstruction.

For each event, there are two sbottom mass solutigifsol1) andm;(sol2), each sensi-
tive to the gluino mass input. The difference between thengland sbottom mass solutions is
however stable against variation in the assumed gluino nTdesmass itself may have a large
error in the absolute scale, but the mass differences asénelolt rather precisely, as is the case
in the endpoint method.

In Fig. 2 (left), we plot the solutions for all possible leptoombinations in thex; — my;
(soll) myz — my (sol2) plane. Here we use tlheparton momentum obtained from generator
information. One of the solutions tends to be consisterit thié input sbottom mass. Moreover
the two decay modes — b,b andb,b are clearly separated.

We can compare the results from the previous analysis witbetfrom the endpoint anal-
ysis [85], where one uses approximate the formula

Py =(1- . Pu- (6)

124

This formula is correct only at the endpoint of the three bddgayy) — x7¢¢, but is never-
theless approximately correct near the edggof- ¢¢ — (/x9 for SPS1la. The sbottom mass
obtained by using EqX6) is shown in Fig. 2(right). For thise, the, peak at 70.6 GeV is not
separated from thig peak at 103 GeV.

Theb; mass, or the weighted average of the shottom masses, ig ebsined. The
jet resolution is not sufficient however to clearly sepathteb, andb,. This can be seen in
Fig. 3 where the plots show the distributions correspondlinigig.2(left) and (right) but now
with the b parton momenta replaced byet momenta. For the endpoint analysis (Fig.3 right),
a correct evaluation of the sbottom masses would requirgakfitg into account the shape of
the response of ATLAS to b-jets. In order to approximatelgleate the achievable statistical
precision, a naive double gaussian fit was performed on #telition shown in Fig.3 right,
which corresponds td dtL = 300 fb~'. The resulting statistical uncertainties aré GeV
(£2.5 GeV) for themy; — m; (mz — my, ) peak positions respectively. Additional systematic
uncertainties, not yet evaluated, as well a 1% error duegtaicertainty on the jet energy scale
should also be considered. These numbers are obtainediagdime presence of two gaussian
peaks in the data.

For the mass relation method the number of events availabliné study is larger by a
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Figure 2: The distribution ofn; — m; calculated using the parton levemomentum by solving EqY2) (left) and
using the approximate relation Hg. 6(right).

factor of 2 because events away from the endpoints can be WW&edlso use the exact formula
for the mass relation method. Although the analysis is moregdicated due to the multiple

solutions, we believe it to be a worthwhile technique for wben attempting to reconstruct the
b, andb, masses.

3. NEUTRALINO MOMENTUM RECONSTRUCTION

In this section, we discuss the reconstruction of the moomemtf the lightest neutralino. As we
have discussed already, the mass shell condition can bedsflvlong decay cascades, such as
qd— X9q — lgl — xJql¢. For this process we have two neutralino momentum solufions
each lepton assignment. One may wonder if the solutiondy@®neutralino momentum might
be smeared significantly, because of the worse jet energlutes as compared to leptons, and
the jetpr is generally much larger than the neutralino momentum fecctscade decay. In Fig.
4(left) we show the distribution gf,(reco)pr(truth) for the point studied il [101]. Here we
choose the correct lepton combination using generatorrirdtion, and take the solution which
minimizes|pr(reco)pr(truth)—1|. Except for the case where we took the wrong jet as input
the reconstructeg; is within 20% of the true neutralino momentum. The resulttfer gluino
cascade decay into sbottom Eq.(1) is similar.

In Fig. 4(right) we show a similar reconstruction for theiglucascade decay, but unlike
Fig.4(left), we use both lepton combinations. We fix the gtumass to the input valti@nd
take events where one of the four sbottom mass solutionsxsistent with the input sbottom
mass such thatn; —m;z(best)| < 10 GeV. We then take the solution where the sbottom mass is
closestto the inputy;, . There are still twgo solutions, and we choose the one which minimize
|min(pz(reco)/pr(truth), pr(truth)/pr(reco)) — 1|. The neutralino momentum resolution is
worse than that obtained using the correct lepton assigtmoaty. Nevertheless a significant
fraction of events are reconstructed witB < |p(reco)/p(truth)| < 1.2,

“Here we adopt an event selection which makes use of the trpietfigluino and sbottom mass values, although
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Figure 3: As for Fig. 2 but with thé jet momentum used instead of th@arton momentum.

4. HIGGS MASS RECONSTRUCTION

A promising decay for the observation of heavy and pseudtastiggs bosons in the difficult
region with intermediateéan /3 is the decay into two neutralinos. When both neutralinosigec
through the chain

X5 — Lpl — 0058

the resulting signature consists of events with four igaldeptons (paired in opposite-sign
same-flavour pairs) and no jet activity. The main SM backgdsuto this signature are pro-
duction, where both thé-jets and thél/'s decay into leptons andbb production. The key
element for the rejection of these backgrounds is the fattttte leptons frond decays are not
isolated. A detailed study of the performance of leptonasoh in the detector is needed to
assess the visibility of the signal. Additionally there msimportant SUSY background, includ-
ing irreducible backgrounds from direct slepton and gaoigiacay. Full background studies
as a function of the SUSY parameters were performed by theASTand CMS Collabora-
tions [79[102]. We propose here, along the lines of the pres/sections, a technique for the
complete reconstruction of the higgs peak, based on the lkdge of the masses qf), /»
andx!. In this case one has 8 unknown quantities: the 4-momentaeofwio LSP’s, and 8
constraints: six on-shell mass constraints (3 for each &g) the twaF7** components.

To demonstrate the power of the method, we apply it to Poig1sPfor which the mass
of the A and of theH is ~ 394 GeV. The BR intoy) Y} is 6% (1%) for theA(H). We perform
the study on 1000 events for

A= X9X3 — L0y
corresponding approximately to the expected statistic8@0 fo—!. We simply require 2 iso-

lated leptons witlpr > 20 GeV and 2 further isolated leptons with > 10 GeV, all within
In| < 2.5. The efficiency of these cuts is 60%.

We have not performed any background simulations becaubesatage we only wish to
explore the viability of the full reconstruction techniquiéhe main problem for the reconstruc-

in practice fitted values would be used.
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Figure 4: Left: The calculateq! transverse momentum divided by the true transverse momenfthe de-
cayqr, — X9q — lgl — xJqt¢ is studied for the model point used for the chargino study: = 100 GeV,
myo = 300 GeV, Ag = —300 GeV, tan3 = 6, andu > 0. Only the correct lepton choice is used. Right:
|p(reco)/ p(truth)| for the decay chain Eq(1) for SPS1a.

tion is the correct assignment of the leptons to the appaitgodecay chain. The first selection
is based on requiring a unique identification of the leptanspaoming from the decays of the
two x3s. We therefore require that either of the following twoeii is satisfied:

e the flavour configuration of the leptonsdse™ u*pu™

e the lepton configuration is eithere~e*e™ or ™~ ™ 1, but for one of the two possible
pairings the invariant mass of one of the pairs is larger #&GeV, i.e. above the lepton-
lepton edge for thg$ decay.

The total efficiency after these cuts4s 30%. At this point, on each of the two legs there is
still an ambiguity due to the fact that each lepton can beeeithe product of the first or of
the second step in the decay chain. This gives 4 possibleioatiuns. Furthermore, the full
reconstruction results in a quartic equation which can kave, two or four solutions. We show
in Fig. (3) the distribution of the calculatetimass for all of the retained combinations as a full
line. The dashed line shows the combinations with the wreptph assignment. A clear and
narrow peak emerges over the combinatorial background.within is approximately 6 GeV,
determined by the resolution of the measurement of the maumeaf the leptons.

5. CONCLUSIONS

In this contribution, we have described a novel techniquedoonstructing the mass and mo-
menta of SUSY particles. This technique does not rely on apycaximate formulae nor on
endpoint measurements. All events contribute to the gh@nthass determination and decay
kinematics reconstruction, even if they are away from tha@pemt of the distribution. The
method may be particularly useful when the SUSY mass scidegis. In that case the statistics
can be so low that the endpoint cannot be seen clearly whel&SthSY sample itself is very
clean.
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Figure 5: Reconstructed mass of the

The method applies most effectively when we know some of plagtieles’ masses ex-
actly, because the number of unknown parameters in e.gl)gg.(educed. In the particular
case where some of the sparticle masses are measured at a k@atticle cascades may be
solved completely and study of the decay distributions aghdr mass determination becomes
possible at LHC.

When all the sparticle masses are known the neutralino mametan be reconstructed if
four sparticles are involved in the cascade decay. Theisleartvould be pair produced, and if
we can identify both of the cascade decay chains in the etleiave only need six sparticlesin
the cascade decay to solve both of the neutralino momenteconiat of the missing momentum
constraint. The reconstruction of sparticle momenta gewius with an interesting possibility
for studying the decay distribution at the LHC.

On the other hand, our method is not valid when some of thecpestin the cascade
produce hard neutrinos. This is unfortunately the case wheohargino decays into (s)leptons,
when ar is involved in the decay, or whenld is produced and decays leptonically. If such
SUSY decay processes dominate then this method may not . use

Acknowledgments

This work was performed in the framework of the workshop: Hesiches 2003: Physics at
TeV Scale Colliders. We wish to thank the staff and orgasiser all their hard work before,
during and after the workshop. We thank members of the ATLASaBoration for helpful
discussions. We have made use of ATLAS physics analysisiendation tools which are the
result of collaboration-wide efforts. DRT wishes to ackiesge PPARC and the University of
Sheffield for support.



53

Part X

Building on a Proposal for a New
Reconstruction Technique for SUSY
Processes at the LHC

C.G. Lester

Abstract

There has recently been interest in “a new reconstructicdmigque for
SUSY processes at the LHC”. The primary intention of thisenstto
describe a modification to the way the technique is used. Miodifi-
cation suggests the method is much more powerful than aligipro-
posed. We demonstrate that, in principle at least, the ndedlbes not
need to rely on input from other experiments. We show thaitathod
is capable of standing on its own, and is able to measure tlssesa
of all the spatrticles participating in the relevant decagioh. Results
from other experiments such as a future linear collider measjlg be
incorporated if desired.

1. INTRODUCTION

The authors of[103] propose “a new reconstruction techenfquSUSY processes at the LHC”.
Their method is described in detail in their article elsexgha these proceedings, and so only
an outline of their method will be provided here. The readationgly encouraged to read their
article before reading this one.

The authors of([103] refer to their technique as the “masatioel method”. | wish to
narrow the meaning of this phrase, as | want to draw a disbindietween (1) thédea that
makes the whole method work, and (2) any particirgslementatiorof that idea. | will use the
phrase “mass relation method” to describe any method whaichts success, is forced to rely
on the extraction of information frortwo or more independent eventich are related only
by their sharingsimilar or identical particle content

2. OUTLINE OF ORIGINAL IMPLEMENTATION

In [L03] it is suggested that “when several sparticle maase&nown, the kinematics of SUSY
decay processes observed at the LHC can be solved if thedeadegay contains sufficient
steps”. Therein, an original implementation is describé&ictvaccomplishes this solution. The
efficacy of this implementation is demonstrated using tteagehain

G — bb — X9bb — 1bbl — bbil. (1)

In order to complete the demonstration, the authors makagkemption that “... the masses
of the two lighter neutralinos and the right handed slept@nkaown, and [they] ignore the

corresponding errors”. By ignoring the corresponding rsirehey in effect demonstrate their
method in a scenario in which the slepton and neutralino esea® already known to something
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like the one-percent level — something not usually assumée possible with LHC data alone.
Having made these assumptions, the authors set out to ne¢hsunasses of the two remaining
sparticles. Firstly, on an event-pair by event-pair babisy obtain an estimate of their gluino
mass with an accuracy of abatit0 GeV (approximately 10%). By histogramming the results
from all these event-pairs an overall measurement of thie@lwass is obtained with an error
of afewGeV. This measurement is then fed back into the events whichnalgsed in a second
pass in order to make a measurement of the sbottom mass.

2.1 A small part of the original implementation in more detail

As already mentioned in Secti@d 1., the authors begin byraisguprior knowledge ofn,
m; andmyy; that is to say the masses of the two lightest neutralinosta@dhass of the slep-
ton participating in the decay chain shown in Equatidn (1hisTeaves in any one event the
six unknown real quantities comprising;, m; and the four components ofo.. These six
unknowns, are however constrained to satisfy the five massti@onts:

my = Py

ml? = (pyp + )%,
my = (g +pu + ) 2)
m; = (pgo + P + P+ P)>, and

m§ = (pgo +pu + D, + o, + Poy),

in which p;,, pi,, ps, @andp,, are the four-momenta of the emitted standard model pasficle
Since the number of unknowns (six) exceeds the number otreamis (five) it is not possible
to conclude much from one event.

Taking a second event together, however, the number of unksoises by only four,
namely the four components of th§-momentum in the new event. As ever, the new event,
like the old, will satisfy another five mass constraints @& form shown in Equatioril2). With
two events, then, the number of unknowns and number of @in&rhave each risen to ten.
So in principle, with only two non-degenerate events, itasvrpossible to determine all the
unknowns. This amounts to full reconstruction of both eseartd determination aof:; and
m;. The interested reader is directed[fo [103] to see how tHeasihandle choice-ambiguities
that arise from (a) the solution of simultaneous quartic quadratic equations, and (b) lack of
knowledge of which of the two observed leptong;igand which of the two observedtagged
jets came frond,.

The implementation of [103] proposes that one should dotgxas described above:
namely consider events in pairs.

3. MOTIVATIONS FOR BUILDING ON THE ABOVE
A natural reaction on seeing the original implementaticio iask:

SIn practice, as in most of these analyses, the mass diffetegioveen the sbottom and the gluino is measured
more accurately than the absolute value of either of thegses

6Strictly speaking these mass constraints apply only tértlerather than theneasurednomenta of the emitted
standard model particles. However, for the purposes ofahigihal implementation” this distinction did not need
to be drawn, and the measured momenta were used “as if” theeréBulting smearing of the answer was accepted
as a source of reconstruction error. There are differenemgden this method and that of my proposal.
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Since two events are better than one, why not consider evee”mo

The majority of the rest of this note tries to address the almestion. The motivation for
building on the above is that every new event adds five morstcaints but only four more un-
knowns. Put another way, for every additional event thatgguiaed, one can either answer one
new question, or else better constrain any answers thatlggaelg has. This note concentrates
on the last of these two possibilities.

4. PROPOSALFORA“NEW IMPLEMENTATION” OF AMASS RELATIONMET HOD
4.1 General comments
The new proposal is to do nothing more than consadlethe relevant events simultaneously.

In this note, we willnot address the important question of whether, in a real LHC ex-
periment, it would be possible to satisfy the preconditiforghe success adiny mass relation
method, namely the requirements that it be possible to nmtsufficiently puresamples of
the appropriate standard model samples from chaissiffitiently similar or identicaparticle
content. This needs to be addressed in further papers, aralready been considered in part
by [103]. The intention of this note is only to look at what mag achievedf such selection
were possible.

4.2 Detailed description of proposal

Ideally we would like to know the masses of the sparticlestinevents. Realistically, we can
only expect to find the masses within some finite precisionrmre Bearing correlations in
mind, the best we can expect to determine is the relativegtibty of any particular combina-
tion of the five massem = (m)z(l), My, Mg, My, mg) given the data. In short, we would like to
plot p(m|datg.

By Bayes’ theoremp(m|datg « p(datdm)p,(m). The first factor, the likelihood, will
be determined purely from the events considered and the rekgBn method itself and is
thus the objective “result” of this experiment. The lasttéeicthe prior, incorporates all exist-
ing knowledge gained from other experiments (if you shouishvio include them) and any
subjective preferences you might have. Because we choosédese a non-informative prior
(uniform in the hierarchical sparticle mas8ethe reader may view the results at his or her dis-
cretion as either (a) simple plots of the objective likebdalistributionp(datam), or else, (b)
indicative of the results which a single experiment wouldvide p(m|datg in the absence of
data from other experiments.

The only thing remaining to be definedji&datdm). As the data consists of many inde-
pendent events, we hayédatdam) = p(event|m).p(event|/m). - - - .p(event,|m), and we are
left needing to evaluatgevent|m) for a given event.

Evaluating the event-likelihoog(event|m) properly and efficiently is the hard part. In
principle there is only one right answer, which you wouldasbtby taking the square of the
matrix element for the observed final state and integratinger all the unknowns in the prob-
lem, namely the measurement errors and the momentum disbimbof the unobserved chain
progenitor. The answer you obtain will thus depend on whicdehassumptions you wish to
make, e.g. whether you would choose to model the differimgsspf the spatrticles.

"Additionally, the cosmetic constraing® GeV < mgo < 300 GeV andmg < 1000 TeV are incorporated
into our prior in order to frame all plots nicely.
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In order to meet the time constraints imposed by the subarissi this note, however, it
was necessary to implement the event-likelihood using anoadapproximatio. It is hoped
that the approximation to the event-likelihood descrikegér is sufficiently similar to the full
form of p(event/m) that the basic features of the proposed technique can berdtrated.

We construct the approximation to the event-likelihoodduisethis note as follows. For
a given chain momentum hypothesésconsistent with the given mass hypothasiswe can
define a “distanced(H ) between the observed and the true momenta of the visiblelpart
produced in that chain by

0(H) = € [0 + € /0] + ey [0, + € [} (3)

where (for exampleafH/al2 is square of the number of standard deviations by which thee me
sured momentum df differs from a hypothesised true valp§ :

We can then perform a least-squares minimisatiaxi &f) over all possible chain momen-
tum hypothese#/ consistent with the given mass hypothasisWe now make the assumption
that this least-squared minimisation will have providednaith the momenta which are most
consistent with the observation and the mass hypotheasiSinally, then, we can approximate
the event-likelihood by the simple process of evaluatirgyphobability for the observed mo-
menta to deviate as far as their observed values, assunaititheh“true” momenta are given by
the result of the fit. This approximation thus depends cilyctan a good understanding of the
measurement errors associated with the observed standai@ particles.

The key features of this approximation to the event-likatit are that it will be large when
p(event|lm) is large and small whep(evenf|m) is small® This gives us confidence that the
maxima and minima of the event-likelihood will be well apyirnated. It will most probably
not be the case, however, that the widths of the resultirtglgigions or the finer shape details
(for a particular number of events) can be completely raligdn. This, though undesirable, is
not too great a problem as the widths naturally scale witmtimaber of events analysed. For
this reason, the approximation may be thought of as resgpitiran uncertainty in how many
events are necessary to achieve a given reconstruction eatieer than an uncertainty in the
guality of the reconstruction itself.

5. RESULTS OF NEW PROPOSAL

In order to demonstrate the potential of the above technigue necessary to generate some
events for analysis. A toy montecarlo was used to generagetévents only. For the reasons of
Sectior41l it simulated only relativistic kinematics aretays were according to phase space
only. In effect all particles were treated as scalars. Furttore, only the chain described in
Equation[[ll) was simulated. No extraneous particles wardymed, and nor is there an “other
side of the event”.

8A more in-depth paper currently in preparation deals withetaluation of the full form op(event|m).
9Unlikely events (for a givenm) are clearly those in which, no matter how hard you try, yod firhuge
disagreemenbetween the momenta of the particles you see in the eventh@thdmenta you would expect to
have seen considerirgdl hypothesised chain momenta that would have been consigtigtnthe massesn. Put
another way, you will know you have a very unlikely event wiyer cannot hypothesise a set of chain momenta
in which the visible particles have momenta “close” to thobserved in the event. If then we discover thehl)
is large, no matter what hypothedis we choose consistent witlm, then we know that that particular event is
unlikely given that particulam. Conversely, whemn is close to the right answer, the true chain momeita
will lead to a small value fos (H'").
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Events were simulated events using the following arbitvatyes for the sparticle masses:
mgo = 150 GeV, m; = 200 GeV, mgg = 300 GeV, m; = 500 GeV andmg = 650 GeV.

Measurement errors were simulated by randomised resaaflithge four momenta of the
observed particles in a manner similar to that describe@ ], but withoutn and ¢ depen-
dence in the resolutions. Lepton momenta were smeared byn#ijeamomenta by 5%. The
reconstruction part of the analysis was handed the two heptomenta in a random order and
the twob-jet momenta in a random order so that it could not know whiicthem was which.

After generating 100 events of the form described abovetegbelts shown in Figurdd 1
were obtained. Here we choose to pidin|datg by sampling from it using a Metropolis
Markov-chain samplef[105], although this particular a®ois unimportant’

Figurel shows how the reconstructed mass distributiorreedi¢avier sparticles correlate
with the reconstructed mass distribution of the lightesitradino. The correlation show that at
this point the mass differences tend to be measured moreatelyuthan the absolute masses.
The mass of the lightest neutralino is well reconstructagut valuel50 GeV) with an error
of order approximately 17%- The reconstructed mass distributions of the remainingispes
are similar to that of the lightest neutralino as the mademihces are constrained better than
the masses themselves.

6. CONCLUSIONS

This note aims to convey the message staduld it be possiblat the LHC to isolate clean
samples of the decay products of a hundred or so spartickeyddwins containing enough
sufficiently similar or identical particles, then by usingrass relation method of the type
proposed, one should be able to reconstruct the massedlwd ajparticles in these decay chains
to precisions of at least some tens of percent, dependinigeonumber of these events.

Further work is needed to establish that the necessary sgmpity is achievable, and
to ascertain the effect that a better model for the evemrtiikod would have on the widths of
the reconstructed distributions. If the identified coliecs of outgoing particles are sufficiently
pure and large, it does not seem unreasonable to believerteahight expect a precision on
the reconstructed masses which is competitive with anyr atldependent method found so far.

It seems likely that the usefulness of this method will betiah by the ability to produce
the necessary pure samples of decay-chain prodticts.
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taneous chains
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Part XI

Study of non-pointing photons at the
CERN LHC

K. Kawagoe, M.M. Nojiri, G. Polesello and D. Prieur

Abstract

Measurement of non-pointing photons is a key issue to stuelgauge
mediation models at the CERN LHC. In this article we study @he
resolution of non-pointing photons with the ATLAS electragmetic
calorimeter, and discuss the impacts to the study of thegyanggia-
tion models.

1. GAUGE MEDIATION MODELS AND NON-POINTING PHOTONS

Origin of the SUSY breaking in the hidden sector and its meatiato the MSSM sector are
key features of SUSY models. When hidden sector SUSY brgakiexpressed by the order
parameter’ and the scale of the mediation to the MSSM sectotbythe mass scale of MSSM
sparticlesM sy sy is of the order of\F'/M, where) is the coupling of the hidden sector to the
MSSM sector. The SUSY breaking mediation may be due to realwable interactions, such
as the gauge interaction. This is called “gauge mediati@M) models. In the GM models/
andF are arbitrary and we expest < M.

WhenM < My, the lightest SUSY particle (LSP) is the gravitir@)(in the GM models.
The next lightest SUSY particle (NLSP) is a particle in the SMssector which decays into a
gravitino. If the lightest neutralinoy() is the NLSP, the dominant decay modeyis — ~G.
The neutralino lifetime:7 is a function of/; andmyo, and the neutralino may be long-lived.
Therefore it is an important subject to study non-pointihgtons at the CERN LHC.

In a paperl[106], a procedure is proposed to solve the gnavitiomentum ang? decay
position for the cascade decdy— V¢ — Gl using the ATLAS detector at the LHC. It
is shown that one can determine the mass and lifetimg?ofTo this purpose, one need to
measure the photon momentum and arrival time very preciédlyy simulation is made under
the following assumptions to the photon momentum resatitio

e Agood angular resolution ef, = 60 mrad//E is assumed, whergis the polar angle of
the photon momentum with respect to the beam axisfarsthe photon energy measured
in GeV. This resolution is based on a simulation for pointahgtons.

e The azimuthal angle of the photon momentans only poorly measured by the electro-
magnetic (EM) calorimeter. The resolution is good only for the photons converted in
the transition radiation tracker (TRT) located in the EMocatheter.

The analysis takes two steps. First, events with converbedpointing photons are se-
lected. As the photon momentum is precisely measured, thet®can be used to determine
the mass of¢}. In solving the kinematics, the direction of the gravitinomentum is sensi-
tive to the photon momentum. The mass resolution at GM poiftw@h cry = 100cm is
Amgo = 3.5 GeV for10° generated SUSY events, which corresponds to an integratgdds-
ity of 13.9 fb~ 1.
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Once the mass is determined precisely, the gooesolution of the photon momentum
is not required to solve the decay kinematics. The decaynkaties can be solved for ally
events with non-pointing photons, from theomponent of the photon momentum, the arrival
time and position at the ECAL, and the lepton momentum. These all /v events with or
without photon conversion can be used to determine théniéetThe lifetime resolution for the
GM point G1 isAcr/cT = 0.045 for the10° generated SUSY events.

Although the result looks nice, some of the assumptions enpidmper may be too opti-
mistic, and should be studied more realistically. Amongrthéhed resolution obtained for
pointing photons are used to estimate that for non-poinghngons. In this article we study the
6 resolution for non-pointing photons by a full simulatiordagiscuss the impacts to the GM
study.

2. PARAMETRISATION OF ANGULAR RESOLUTION OF ATLAS BARRELEL EC-
TROMAGNETIC CALORIMETER

In this part we try to obtain a more refined parametrizatiothefangular resolution for non-
pointing photons with the ATLAS EM calorimeter. So far theshition has been studied only
for nearly pointing photons, i.e. photons coming from the_LAB interaction point, and it is
of the order of 6anrad/+/E [L0779]. In the following we will try to see which resolutids
achievable for non-pointing photons using a full simulatid the ATLAS detector.

The EM calorimeter([79] is a projective calorimeter with aodagranularity to perform
precision measurements of the shower position. It is lowlgially divided into three compart-
ments: strip, middle and back compartment. The strip seisicegmented alonginto very
thin cells of An = 0.003125, leading to a resolution on position with pointing photons of
0.30 x 1073. The middle compartment has a widegranularity ofAn = 0.025 and it is de-
signed to contain most of the shower energy. It has a resalatn position 0f0.83 x 1073,

By combining the measurement of theosition in the first two compartments, it is possible to
determine the shower directionin

For this study, different samples of single photons havenlggmerated. Each of these
samples consist &0000 photons ofp; = 60 GeV, randomly triggered with from —1.4 to 1.4.
Pointing photons were generated at ATLAS origin with a spreathe position of the genera-
tion vertex of5.6 cm along Z axis and5 pm along radial axis, as it should be in ATLAS final
setup. For non-pointing photon samples, the generatiadexéas been shifted along ATLAS
Z axis with values fron10 cm to 150 cm. No spread on the generation vertex position has been
applied for these dataset. Finally all of these events welhg $imulated using Dice/Atlsim
(v3.2.1), the Geant3 ATLAS detector descriptibn108].

Here we focus only on the barrel part of the EM calorimetere Téconstruction of all events
has been done using ATLAS standard reconstruction softi#dahena v6.5.0). No electronic
noise or pile-up have been added in the reconstruction. s mwill certainly contribute to

degrade the resolution, however this has not been studted ye

With then position, in each layer of the calorimeter, ;) and using a parametrization of the
shower depth for each layer&{(n,),R2(n2)) [107], we are able to reconstruct the shower axis
Npointing USING the following relation:

Ry () sinh(ns) — Ry () sinh(n:)

Ra(n2) — Ra(m) @)

sinh (npointing> =
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The standard reconstruction uses a sliding window algorttihfind regions of interest in
the calorimeter, thefl x 3 (n x ¢) clusters are made in order to compute thiearycenter of
the shower in each layer. This position is the average o$ gadbsition weighted by energy in

each cell: S
— Ni L

The angular resolution achieved using the standard rewmtisin is shown in Figl]l as a func-
tion of the position of the generation along ATLAS Z axis. Tisolution is significantly
degraded from 60 mrad fdf,.,;.. = 0 cm to about 800 mrad for,.,+., = 100 cm. This is due
to several effects. First, the S-shape corrections, that wmed for pointing photons, are no
longer valid and tend to degrade the resolution for largeatiew from pointing. The S-shape
effect is a distortion of the reconstructegosition due to the finite cluster size. Then the 3
clusters are no longer sufficient to contain all the showerssome energy leakage outside the
cluster is possible. Another point is that EBl (2) is no mowe for non-pointing photons and
gives rise to a systematic shift in computingosition for each layer. Finally, the shower depth
parametrization, tuned from pointing photons, is also noenalid for large deviation from
pointing.

In order to improve the resolution, some changes have bede tahe standard recon-
struction algorithm. First, the cluster size has been @ddrto5 x 3 and we do not apply
the S-shape corrections. For each layer the systematicotisiérved in the) position recon-
struction has been parameterized as a function of the gemesgertex position. Using this
last parametrization we have made an iterative algorithniehvborrects the) position in each
layer. The convergence is obtained in about 3 iterationsulReof this correction on angular
resolution is show on Fidl 1. For small vertex shift & 30 cm), the standard reconstruction
gives the best resolution. This is mainly due to the abseh&esthape corrections. For larger
vertex shift ¢ > 30 cm), the reconstruction algorithm with iterative correatigives better
results than the standard one.

This study has shown that standard reconstruction algorshnot well suited for non-
pointing photons and that a specific treatment is necesthgmext step to improve the resolu-
tion would be to try other clustering algorithms such as Msthieighbor. Another possible way
would be to study the dissymmetric shower profile of non-pogqphotons and try to extract
an alternative method for computimdoarycenter from this information.

3. EFFECT ON THE GAUGE MEDIATION STUDY

First of all, thed resolution affects the selection efficiency of non-poigtphotons and back-
ground contamination from pointing photons. Second, tlseltgion of the decay kinematics
would be reduced if the photon angle resolution is reduceslsidy this in terms of the angle
1 defined as the opening angle of the gravitino direction aegtioton direction. This can be
calculated by using the following formula

1—¢2
COS w = m s
where £ = —ct7 — Leosa (3)

Lsin o

wheret, is the photon arrival time at the barrel EM calorimeteiis the distance between the
interaction point (O) and the point where the photon arri@ethe EM calorimeter (A) , and
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+ Standard reconstruction
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Figure 1: Angular resolution of ATLAS barrel EM calorimetas a function of the position of the production
vertex.
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og(mrad) x \/E(GeV) | 0 60 100 200 300 400 500
o (mrad) 365 38.2 406 469 526 566 60.
RMS,, (mrad) 462 480 509 63.0 78.8 93.0 1055

N

Table 1: Resolution of the anglefor various asumptions af resolution.

a is the angle between the photon momentum and the positidnrv@_(%i. Changing the)
resolution and keeping all the other resolutions same aethssumed in Ref. [106], we show
in Table[1 the resolution of the angfefor point G1 wither = 100 cm and [ £dt = 13.9 fb~!.
Here,o,, is obtained by Gaussian fit using center part\af(= ) — v,.) distribution, while
RMS, is obtained using the whole distribution. The ersqrincreases asy increases. This
affects the error of thg) mass determination.
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Part XII

Measuring Neutrino Mixing Angles At
LHC

W. Porod and P. Skands

Abstract

We study an MSSM model with bilinear R-parity violation whics
capable of explaining neutrino data while leading to tdstpbedictions
for ratios of LSP decay rates. Further, we estimate the gieTwith
which such measurements could be carried out at the LHC.

1. INTRODUCTION

Recent neutrino experimen{s[109,1110,/111] 112] cleardysimat neutrinos are massive parti-
cles and that they mix. In supersymmetric models these fysdian be explained by the usual
seesaw mechanism[113,114,1115]. However, supersymniiwysdor an alternative which is
intrinsically supersymmetric, namely the breaking of RH{yaThe simplest way to realize this
idea is to add bilinear terms to the superpoterifial

W = Wyssm + EZillA{u (1)

For consistency one has also to add the corresponding dnilbeems to soft SUSY breaking
which induce small vacuum expectation values (vevs) forstineutrinos. These vevs in turn
induce a mixing between neutrinos and neutralinos, giviagsrto one neutrino at tree level.
The second neutrino mass is induced by loop effects (se&11T6L18] and references therein).
The same parameters that induce neutrino masses and maxeglso responsible for the decay
of the lightest supersymmetric particle (LSP). This imgplibat there are correlations between
neutrino physics and LSP decays [I119,]1120] 121, 122].

In this note we investigate how well LHC can measure ratiok®® branching ratios
that are correlated to neutrino mixing angles in a scenahieraithe lightest neutraling is the
LSP. In particular we focus on the semi-leptonic final statgg (I; = e, u, 7). There are several
more examples which are discussedin]120]. In the modelfsgpa@by Eq. [1) the atmospheric
mixing angle at tree level is given by

Ay
A, @)

A = €vg + p; (3)

tan Oatm

wherev; are the sneutrino vevs ang is the vev ong. It turns out that the dominant part of
the x{-W-I; couplingO? is given by

OZL = Azf(M17 MZ)Mvtanﬁv Udy,Uu) (4)

where the exact form of can be found in Eq. (20) of ref_[120]. The important pointhatt
f only depends on MSSM parameters but not on the R-parity tungjgparameters. Putting
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everything together one finds:

Ay

As|* _ BR( — w*W7) _ BR(Y) — ptad)
As

- BR(X{ — 7*W¥)  BR(X] — 77qq)’

(5)

tan? O,y ~

where the last equality is only approximate due to possiatea(l) contributions from three
body decays of intermediate sleptons and squarks. Théectastrto the hadronic final states of
the W is necessary for the identification of the lepton flavour. éNthiat Eq.[(b) is a prediction
of the bilinear model independent of the R-parity conseyyarameters.

2. NUMERICAL RESULTS

We take the SPS1a mSUGRA benchmark pdint [30] as a specifiogacharacterized by
mo = 100GeV, my = 250GeV, Ag = —100GeV, tan 3 = 10, andsign(u) = 13, The low—
energy parameters were derived usingH8R0 2.2 [8] and passed toYAHIA 6.3 [16] using
the recently defined SUSY Les Houches Accdrd [19]. The Reparolating parameters (in
MeV) at the low scale are given by; = 43, e = 100, e3 = 10, v; = —2.9, v = —6.7
andv; = —0.5. For the neutrino sector we finim?, = 3.8 - 1072 eV?, tan? fuy,, = 0.91,

Am2, = 29-107° eV?, tan?6,, = 0.31. Moreover, we find that the following neutralino
branching ratios are larger than 1%:

BR(W=uF) =2.2%, BR(W*rT)=32%, BR(qquT)=1.5%,
BR(qq'77) =2.1%, BR(qqy;) = 4.7%, BR(bby;) = 15.6%,
BR(e*7T1;) = 5.9%, BR(u*771;) = 30.3%, BR(rT77v;) = 37.3%,

where we have summed over the neutrino final states as welkashe first two generations of
qguarks. Moreover, there are 0.2% of neutralinos decaymwigilily into three neutrinos. In the
case that such events can be identified they can be useditgydish this model from a model
with trilinear R-parity violating couplings because in tlé&er case they are absent.

We now turn to the question to what extent the ratio, EQ. (dllat be measurable at an
LHC experiment. The intention here is merely to illustrdie phenomenology and to give a
rough idea of the possibilities. For simplicity, we emplogp@nber of shortcuts; e.g. detector
energy resolution effects are ignored and events are omlgrgéed at the parton level. Thus,
we label a final-state quark or gluon which has> 15GeV and which lies within the fiducial
volume of the calorimetery| < 4.9, simply as ‘a jet’. Charged leptons are required to lie
within the inner detector coverage| < 2.5, and to havey, > 5GeV (electrons)p, > 6GeV
(muons), orp; > 20GeV (taus). The assumed efficiencies for such leptons[aie [7%8)] fof
electrons, 95% for muons, and 85% for taus decaying in theaBgomodes (we do not use the
1-prong decays), independentzof.

For SPS1a, the total SUSY cross sectiofsissy ~ 41 pb. This consists mainly of gluino
and squark pair production followed by subsequent cascdmies to the LSP, thg?. With an
integrated luminosity of00 fb~*, approximately 8 milliony! decays should thus have occurred
in the detector.

An important feature of the scenario considered here isttfea) width is sufficiently
small to result in a potentially observable displaced vertBy comparing the decay length,

3strictly speaking, the SPS points should be defined by theidnergy parameters as calculated with ISAJET
7.58.
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mode Ngen €rec ‘ Nrcc(loo fb_l)
)2(1] — W — pqq 235000 0.1 12500
XY — W — T3 pongqd. 51600 0.05 1400

Table 1: Statistical sample, estimated reconstructionieffcies, and expected event numbers.

ct = 0.5 mm, with an estimated vertex resolution of about 20 micronthe transverse plane
and 0.5 mm along the beam axis, it is apparent that the twoalewt decay vertices should
exhibit observable displacements in a fair fraction of éseBpecifically, we require that both
neutralino decays should occur outside an ellipsoid define8l times the resolution. For at
least one of the vertices (the ‘signal’ vertex), all threeadeproducts qq’ or 7qq’) must be
reconstructed, while we only require one reconstructedylpooduct (jet in the inner detector
or lepton in the inner detector whose track does not intetbecar vertex resolution ellipsoid)
for the second vertex (the ‘tag’ vertex).

Naturally, since the decay occurs within the detector, taedard SUSY missing’
triggers are ineffective. Avoiding a discussion of detitegger menus (cf.[[123]), we have
approached the issue by requiring that each event contalres éour jets, each with; >
100GeV, or two jets withp, > 100GeV together with a lepton (here meaning muon or electron)
with p, > 20GeV, or one jet withp; > 100GeV together with two leptons with; > 20GeV.
Further, since the Standard Model background will presuyriad dominated byt events, we
impose an additional parton—leve]et veto.

To estimate the efficiency with which decays into each chiacae be reconstructed, a
sample of 7.9 million SUSY events were generated witTHRA, and the above trigger and
reconstruction cuts were imposed. To be conservative, Ve inolude the resonant decay
channels, where the quark pair at the signal vertex has vaeamt mass of th&”. The number
of generated decays into each channel, the fractions rémgaafter cuts, and the expected total
number of reconstructed events scaled to an integratechagity of 100 fb~* are given in ta-
blell. The comparatively small efficiencies owe mainly torgmguirement thalbothneutralino
decays should pass the Bertex resolution cut. Nonetheless, using these number§irss esti-
mate, the expected statistical accuracy of the rétie; BR(Y? — pu*W¥)/BR(Y? — 7WT),
appearing in EqL5) becomé? ~ 0.028.

3. CONCLUSIONS

We have studied neutralino decays in a model where bilingaauRy violating terms are added
to the usual MSSM Lagrangian. This model can successfuliya@x neutrino data and leads
at the same time tpredictionsfor ratios of the LSP decay branching ratios. In particular
we have considered a scenario where the lightest neutrislittee LSP. In this case the ratio
BR(X? — p*WTF)/BR(xY — 7£WT) is directly related to the atmospheric neutrino mixing
angle. Provided R-parity violating SUSY is discovered, teasurement of this ratio at col-
liders would thus constitute an important test of the hypsih of a supersymmetric origin of
neutrino masses.

We have investigated the possibility of performing this swament at a ‘generic’ LHC
experiment, using PrHIA to generate LHC SUSY events at the parton level and imposing
semi-realistic acceptance and reconstruction cuts. Withs simplified framework, we find
that the LHC should be sensitive to a possible connectiowdst R-parity violating LSP de-
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cays and the atmospheric mixing angle, at least for scenuiith a fairly light sparticle spec-
trum and where the neutralino decay length is sufficientlgdao give observable displaced
vertices. Obviously, the numbers presented here represet¢ estimates and should not be
taken too literally. A more refined experimental analysisilddoe necessary for more definitive
conclusions to be drawn.
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Part XIII

Resonant slepton production at the LHC
In models with an ultralight gravitino

B.C. Allanach, M. Guchait, K. Sridhar

Abstract

We examine resonant slepton production at the LHC with ¢jreng in
the final state. We investigate two cases: (i) where theahantdergoes
gauge decay into neutralino and a lepton, followed by thdrakoo
decay into a photon and a gravitino, and (ii) direct decaya siepton
into a lepton and a gravitino. We show how to accurately rstront
both the slepton and neutralino masses in the first caseharsldpton
mass in the second case for 300 flof integrated luminosity at the
LHC.

1. INTRODUCTION

This letter is devoted to the study of the signals at the Latgdron Collider (LHC) due to
a supersymmetric generalisation of the Standard Model BMgh (a) violatesk-parity, and
(b) has an ultra-light gravitino in its spectrum. The anavoalevents in the CDF experiment
in the production rate of lepton-photdfy. in pp collisions were explained [124,125,7126] in
the framework of aR-parity violating supersymmetric model with dominamviolating \,,
coupling, and an ultra-light gravitino of mass10~3 eV.

The resonant production of a smuon via fwiolating coupling, its decay into neutralino
and a muon and, finally, the decay of the neutralino into aijnavand a photon leads to the
uyE, final state studied in the CDF experiment. The range of smadnnautralino masses
reljevant to the explanation of these anomalous obsensath the the CDF experiment is
such that most of this range will be explored at the Run Il &f Tevatron. In the event that
this signal is not seen at Run Il it will rule out the model a¢ fower end of the neutralino
and smuon masses. For heavier smuon and neutralino mabses @0 GeV, roughly), the
aforementioned Run | signal would be a statistical fluke antprobably disappear in Run
Il data. In that case, experiments at the LHC can be expeotelistover and measure the
sparticles. Here, we perform a study of the ability of the LiWCperform these two tasks,
identifying the sensitive observables.

2. THE MODEL

We assume a single dominafRtviolating coupling,\,,, for example. If theR-violating cou-
pling is small, the existence of an ultralight gravitino hetmass range dfo— eV drastically
alters the decay mode of the slepton. The slepton overwhglyndecays into a lepton and a
(bino-dominated) neutralino, with the latter decayingiatphoton and a gravitino resulting in
alvk . final-state. The Feynman diagram for the process is showigifflF\We should also ex-
pect signals from sneutrino production. The backgroundh¢o 7. final-state that this would
give rise to depend crucially on cosmic ray events which d@ffedt to estimate. Therefore
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Figure 1: Feynman diagram of resonant slepton productibowed by neutralino decay.

we have not studied the signal from sneutrino productiohspérticles except the neutralino,
gravitino and slepton are set to be arbitrarily heavy in owalgsis.

3. SIMULATION RESULTS

For our study of the process shown in Hl. 1 at the LiHgdollisions at,/s = 14 TeV), we have
chosen to work with the following default set of model paréene (unless indicated otherwise):

Gravitino massigs = 1073 eV,

R-violating coupling\’ = \;,; = 0.01,

tans = 10,

sparticle massesn, o, m;)=(120 GeV,200 GeV) or (200 GeV,500 GeV) GeV (‘low mass”
and “high mass” scenarios) respectively.

The choice of using\},, rather than some other flavour combination is arbitrary sard tme
easily generalised to othét-violating couplings. We have checked that the chosen vialue
A, IS quite consistent with the existing bound _[127,1128]. Blestng rather low values for
R-parity coupling and gravitino mass,we avoid significamesdor the possibl&-violating de-
cays of\? — ujjoryx? — vjj. x; — 7G is the dominant channel. We use tr&ASUSY [129]

to generate the SUSY spectrum, branching ratios and de€#lys sparticles selecting a repre-
sentative pointan 5=10, A, ., = 0 along with large values qf and other flavour diagonal soft
supersymmetry breaking parameters.

The signals have been simulated ushiERW G6. 4 [130] and thel’’v SM background
has been simulated usiyTHI A[L&]. In our simulations, both the signal and background, we
have used only selection cuts bBf, /. > 25 GeV on the transverse energies of the muon, the
photon and missing energy. We have used the following cuth®mnapidity of the photon and
the muon:|n, ,| < 3. There is an isolation cut between the photon and other Hajgttso in
the event ofy/(1, — 1,)2 + (¢, — ¢,)? > 0.7. Since the signal is hadronically quiet, we veto
events with jets reconstructed witty, > 30 GeV andn,; < 4. Initial and final state radiation
effects, as well as fragmentation effects are includederbéckground simulation.

The transverse mass distributions of final state partid@sgawith . show a clear dis-
tinction between signal and backgrounds. TWe(uy£,) and Mr(~vE,) distributions are
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Figure 2: My distributions of (Q)uyE,, (b) v£, for slepton. 300 fb! integrated luminosity at the LHC is
assumed. The purple (lighter) histograms disgldy SM background, the red (darker) histograms show signal
plus background fo(mx(f, m;)=(120 GeV,200 GeV), whereas the blue (dotted) histograsal the signal plus
background distributions f((rmx(lu ,m;)=(200 GeV,500 GeV). In (a), the dashed black line displaysgdihear fit

to the background distribution fav/ = 150 — 400 GeV. In (b), the insert shows a linear scale magnification of
an area of the plot.

displayed in Figd]2a,b for the simulated high and low masstpandil’v simulated SM back-
ground. In Fig[Ra, sharp peaks which are expected inthé.vE,.) distributions are clearly
visible at values of the smuon mass and will be detected abev@M1V ~ background, leading
to the accurate measurement of the mas.[Hig. 2b shows thsigte peaks i/, (v ;) (pre-
dicted to be at the neutralino mass) should be able to pravideasurement of the neutralino
mass.

In order to calculate the search reach, we use the sijimathe 4 highest peak bins (cov-
ering 20 GeV) of the signal/r(uvE ) peak. The background distribution in these four bins
is estimated by fitting a simple function B = 4 e/ (uvE ) + b] to Mr(yul ) between
150-400 GeV in Fig2a. Using purely B statistical errors, we obtain to= —0.018 + 0.001,

b = 9.25 + 0.22. B is displayed in Fig[12a as the dashed black line. We show tiemeof
parameter space corresponding*s/v/ B > 5 andS > 10 for 300 fb~! luminosity option, as
a function of smuon mass and R-parity conserving couplirgign3a.

We now turn to the decaly— Gi. We ignore sneutrino production in this case because
it would lead to an invisible final state. We have calculated production matrix element
and the branching ratio and implemented in a parton-leveht®l@arlo. We have used cuts
in our analysis on the muon and missing transverse energyiddé to theyul/, analysis,

i.e. Zp, Eff > 25 GeV and|n,| < 3. Fig.[da displays thé/r () distribution for thell’
background plus signal in the cases = 1.2 and 1.5 TeV respectively and two different values
of the \". For\" = 0.01 there are not enough signal events to be seen, but for highess/(eg
0.1), a clear mass peak should be seen in the tail afthelistribution of thell’. We define the
search reach by the criteria that fisignal andB background events/v/B > 5 andS > 10

14The statistical uncertainties on fittedandb parameters make a negligible difference to the final nurakric
results.
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Figure 3: Search reach for the £ signal (as defined in the text) for 300 fbintegrated luminosity at the LHC.
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Figure 4: (a)Mr distribution of theuG final state for two different values of the smuon mass and 800 f
integrated luminosity at the LHC. The left(right)-mostdbrpeaks are for smuon masses of 1.2 TeV and 1.5 TeV
respectively. (b) Search reach (as defined in the text) for.d final state and 300 fb' integrated luminosity at
the LHC and\,,; = 0.1. The search reach is contained to the left of the curve.
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inthe 5 GeV signal peak bin df/r (). It is displayed for 300 fb' of integrated luminosity
in Fig.[b.

CONCLUSIONS

Resonant slepton production and its decays int® or IG can be discovered at the LHC for
slepton masses into the multi-TeV region, depending uperkfhviolating coupling and pro-
vided that the gravitino is ultra-light (with a mass lessrtlfal eV). VariousM distributions
will allow the accurate measurement of sparticle massesvad. For full details, the new
matrix element and additional results (for example inalgdihe case of a smuon NLSP), see

ref. [131].
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Part XIV

Radion Mixing Effects In The
Two-Higgs-Doublet Model

J.L. Hewett and T.G. Rizzo

Abstract

We begin an examination of the effects of mixing between #tkon
of the Randall-Sundrum (RS) model and the Higgs fields of the-T
Higgs-Doublet model as would be motivated by;., supersymmetry.
Preliminary results for the shifts in various particle nesand cou-
plings are obtained.

1. INTRODUCTION

The RS modell[132] provides an interesting solution to therdichy problem which can be
tested experimentally[183,1184,735] at future collid€se prediction of this model is the exis-
tence of a relatively light scalar radion which can mix wither scalars such as the Higgs boson
of the Standard Model (SM). Such mixing can lead to substbmtodifications in the expected
properties of both the Higgs and the radion and has beensxédynstudied[136, 1317, 188, 139]
in the literature. Here we extend this study to the case oftivggs doublets as would be ex-
pected in a number of scenariasg., supersymmetry (SUSY). Although not necessary for
solving the hierarchy problem within the RS scenario, SUS&yrhave other model build-
ing [140,[141] uses such as coupling constant unificatioradius stabilisation [142]. The
expectation from previous analyses of the single doublaedehts that the properties of the
mass eigenstate CP even neutral fields would substantitity itom those predicted in either
the SM or the Minimal Supersymmetric Standard Model (MSSMie preliminary discussion
of our findings given here supports these expectations thwrther study is required to under-
stand the breath of the possible modifications.

2. ANALYSIS
With two Higgs doublets, mixing arises from the TeV braneact

Spmiz = / d'z+/det g R(g) (&,HHy + EoHJHy + €0 H Hy + hoc.) )
TeV

whereg symbolises the induced metric on the TeV braRgthe induced curvature arising from

g, H; are the two Higgs doublets agdare dimensionless, order one parameters which we take
to be real, thus assuming CP conservation for simplicitye pbssible complexity of;, may

lead to interesting phenomenology. (In what follagws= &, will be assumed since it is unlikely
that gravitational interactions distinguish between ¢heg Higgs doublets. This assumption,
however, may be incorrect.) Thus, in the unitary gauge, tReo@d field, A, as well as the
charged scalarg/™ are not directly affected by modifications to the neutral @Enesector.

(Of course, their couplings to the CP-even fields will be rfiedi) Before mixing with the
radion,r,, we denote the usual two CP-even Higgsigy H, which have been obtained from
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the weak interaction eigenstate fields via rotations by tigges«, 5 as usual. Assuming,
obtains a mass from the stabilisation procedure, the abadigacan be expanded to quadratic
order in the CP-even neutral fields from which one obtainddhewing effective Lagrangian
generalising the notation of Csakial. [L31)]:

L= —%hoﬁzho — %mfmhg + (ho — Hy, 1) — 307°100%rg + 67(1,ho0*ro + ho — Hy), (2)
wherey = v/v6A, ~ 0.05 — 0.10, with v the SM vev, and\,, of order a few TeV or so,
being the ‘TeV scale’ of the RS model. The parameters, ; are functions of thg, and the
usual mixing angles, 5. The kinetic mixing in the above Lagrangian can be removed bgt
of field redefinitions;.e., ho, Hy — h', H' + 6y7, yr'/Z andry — 1'/Z. To obtain the mass
eigenstate basis after the above redefinitions are empbfwther orthogonal transformation,
(W', H'r") = O(h, H,r), must be performed. The elements of the orthogonal mafas well
as the corresponding mass eigenvalues can then be detdramalytically.
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Figure 1: Constraints from the absence of ghosts/tachigit)s(nd perturbative unitarity(right) for different vads
of the ratioR in the range between -2 and +2. The allowed region lies betteecurves.

The number of parameters in this model is unfortunatelyeratrge making it difficult to
analyse in all generality. In order to show a specific examlle somewhat fewer parameters
we assume that the spectra, couplings,, of the unmixed two-doublet-model Higgs sector to
be that given by SUSY, including the effects of radiativereotions [14B], withtan 3 = 10,

My =500 GeV, 4, = A, = —p=1 TeV andM?2 = (M} + M2)/2 = 1 TeV? where theM,,

are the stop masses. (The remaining parametets are,, v and the ratia? = £;5/£;.) These
parameter choices yield, ~ 125 GeV. The resulting parameter space can be further restricte
by noting that botlf; and R are of order unity;y is anticipated to be near the range described
above andn,, is expected to be of order the weak scale. Further numemsatictions on
the parameter ranges can be obtained by demanding:thatthere are no ghosts or tachyons
in the spectrum arising from the diagonalisation processthat ¥,/ 1/, scattering satisfies
perturbative unitarityl[144] up to the scale; samples of such constraints can be seen in the
figure above where we have assumed that< R < 2. Note that for small values of the
constraints from unitarity are more restrictive than thguieement that no ghosts or tachyons
be present; for largey both constraints are found to be of comparable strength.
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3. PRELIMINARY RESULTS

We now turn to a brief sample of our results which survey on§naall region of the allowed
parameter space. The first thing to examine is the effect xihignion the masses of the physical
statesh, H,r as is shown in the next set of figures. (The curves are cut dfirge values
of |¢;| by the no ghost/tachyon requirement.) Here we see the typsalt that the mass
‘levels’ of the three states repel each other due to miximgall of our examplesyy, is the
largest mass parameter and thus the mass offtieitself raised by mixing. Note that these
upward shifts can be enormous near the parameter spaced@sdThough made heavier,
H'’s couplings will be seen to grow as well. When,, < (>)m,, we see that thé(r) mass is
pushed downward while that ef) is pushed upward. These shifts are not as large as those
experienced by thé/. Thus while we might expect the light Higgs to have a masis30 GeV

in the MSSM, mixing with the radion allows it to be larger pided the radion itself is less
massive.

Next we consider the shifts due to mixing in the squares otthelings of the various
fields to eithemb or tt(cc); it is important to note that the corresponding shifts fa touplings
to WW/ZZ are found to almost identical to those fir in almost all cases so we do not
present those results separately here. Note that we halesl gsbase couplings shown in the
figures either by their value in the MSSM using the input patars above, as in the case of
h, H, or by their unmixed values, as in the case-ofThe range of coupling shifts, especially
for H andr, are truly impressive being orders of magnitude in somescaset only are large
enhancements seen for some parameter ranges, it is alsgamiio note that there are regions
of the parameter space, not necessarily near the boundahese couplings can completely
vanish. For the light Higgs we see that while the mixing d@8eare not as large, for the cases
at hand they always lead to a reduction in the coupling sthenigp comparison with MSSM
expectations.

For the light Higgs/, it is particularly important to examine the variations retcou-
plings to thegg and~~ final state since these control the dominant signal ratesdt HC; these
are shown in the next set of figures. While the couplingé &6 quarks and massive vector
bosons was generally reduced via mixing, we see here thddadpenduced processes can be
either enhanced or suppressed depending upon the regi@mashpter space we happen to be
sitting in. The shift in the couplings df, r to gg and~~ will be presented elsewhere.

4. CONCLUSIONS

We have begun a preliminary examination of the effects ofimgibbetween the radion and
the two CP even Higgs fields present in the two-doublet-moded a result of this mixing

the masses and couplings of all of these fields are found tolbstantially modified from the
expectations of the MSSM. Further analysis into the det#Hilthese mixing effects and the
corresponding shifts in the various particle widths is @mg.
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Figure 2: Typical shifts in light Higgs(top), heavy Higgs(tdle) and radion(bottom) masses due to mixing for

different values of the model parameters. Figures in a giedtimn are case correlated.
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Part XV

Search For_ The Rgdion Dgca}(;ﬁ — hh
With ~~+bb, 77+bb And bb+bb Final
States In CMS

D. Dominici, G. Dewhirst, S. Gennai, L. FapA. Nikitenko

1. INTRODUCTION

The Randall Sundrum model (RS) [182,145] has recently vedemmuch attention because
it could provide a solution to the hierarchy problem, by neahan exponential factor in a
five dimensional non-factorizable metric. In the simplestsion the RS model is based on
a five dimensional universe with two four dimensional hypéices (branes), located at the
boundary of the fifth coordinatg By placing all the Standard Model fields on the visible brane
aty = 1/2 all the mass terms, which are of the order of the Planck massgeacaled by the
exponential factor, to a scale of the order of a TeV. The flaitims in the metric in the fifth
dimension are described in terms of a scalar field, the radtuoh in general mixes with the
Higgs. This scalar sector of the RS model is parametrizegting of a dimensionless parameter
¢, of the Higgs and radion masses,, m, and the vacuum expectation value of the radion
field A;. The phenomenology of the Higgs and radion at LHC has beenlifeet of several
studies [136, 146, 138, 139, 147, 148] concentrating masnlyHiggs and radion production.
In general the Higgs and radion detection is not guaranteeadl the parameter space region.
The presence in the Higgs radion sector of trilinear termenspip the important possibility
of ¢ — hh decay andh — ¢¢. For example form,, = 120 GeV/?, A, = 5 TeV and
m, ~ 250 — 350 GeV/lc* the BR(¢ — hh) ~ 0.2 — 0.3. In this paper we estimate the CMS
discovery potential for the radiow) in two Higgs decay modey — hh) with yy+bb, 77+bb
andbb+bb final states.

2. ANALYSIS

One point ofm,=300 GeV/* andm,=125 GeV}? was taken and the observability in thg (
A,) plane was evaluated. Signal events were simulated witP#EHIA [L49] MSSM gg —

H — hh process when values af; andm;, were set to 300 and 125 Ge¥/ I'y was set to~

1 GeVIk?, thus the variation of the radion width in thg (\,;) plane was neglected. However,
the effect of changing of the radion width will be not visilolee to the fact thaif', is small in
comparison with the detector resolution when the radionsimsageconstructed.

2.1 ~~bb final state

Signal events were processed with the full detector sinwriand reconstruction. Events were
required to pass the Level-1 and High Level Trigger (HLTes&bns for the di-photon stream
[150,[151] with HLT thresholds on photons of 40 and 25 GeVWPhotons were required to
be isolated with the tracker and the electromagnetic caketer. The two highedi jets of
Er > 30 GeV and|n| <2.4 were reconstructed with the calorimeter and were takenjat
candidates fronh — bb decay. At least one of these two jets has to be tagged as aThiet.
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efficiency of single b tagging is 0.61 per event. Furthercl@as require the di-jet massl;,

to be in the windovm, + 30 GeV£? (efficiency 65 %) and the di-photon maa$, ., to be in the
window my, + 2 GeVk? (efficiency 78 %). Finaly, thaL,.,,; mass should be in the window of
m,+ 50 GeV/? (efficiency 95 %). Figur&ll shows,; andM.,..,; distributions with arbitrary
normalization after selections. The signal efficiency & wWhole selection chain is 3.7 %. For
A, =1TeV ands = 0 the expected number of signal events with 30fis 41 (witho(gg — ¢)

= 40.8 pb, Br) — hh) = 0.33, Brh — bb) =0.61, Brh — ~v) = 0.00225).

2
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Figure 1: Reconstructed b j (left) ard'bj mass for the signal.

Irreducible di-photon backgrounds were generated with @é&P [14] for theyyjj (j=u,d,s,q)
process and with MadGraph [152,153] for thecc andyybb processes with the factorization
and the renormalization scales setMg and CTEQSL PDF. The generator level preselections
ArePY o (miny >3 (20) GeVE, pr >20 GeVe, [ <2.5,AR,, >0.3,AR,; >0.3,AR;; >0.3.
Cross sections are shown in Table 1. PYTHIA was used for theomézation. Initial and final
state radiation in PYTHIA (ISR, FSR) were switched on. A fdstector simulation with the
realistic resolution of the photon and jet energies andktraomentum was used. The track
reconstruction efficiency of 0.9 was taken into account m tifacker isolation criteria. The
efficiency of b tagging, 0.5, for b jets and the mistaggingoaitaility of 0.01 (0.1) for u,d,s,g
(c) jets were used. These numbers correspond to what wamedbteith the full detector
simulation [154] using the impact parameter tagging metfide efficiency of the selections
and the expected number of the background events with 30dfter all selections including b
tagging are shown in Tab[é 1. Statistical errors on the exgglgaumber of events are also shown.
The number of background events was then multiplied by On@2bg 0.90 to take into account
of the Level-1 ef trigger and the calorimeter isolation efficiencies whichreveot taken into
account in the fast simulation. These efficiencies wereiobtifrom a full simulation of the
signal events.

The CMS discovery reach was obtained in the/X,;) plane. Figur€l2 (left plot) shows the 5
o discovery contour in the th& (A;) plane when the irreducible background only (6.9 events
with 30 fb~!) was taken into account. Theoretically excluded regiomsaso shown in the
plot. Dashed line contours present the discovery reaches Wie irreducible background cross
sections were calculated for the renormalization and fatton scales set to 05, and to
2x g, Wherepy = M. The background cross section uncertainty due to the seailation
found to be of~ 40 % foryvbb. It was guessed that the cross section variation/fac and
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Table 1: Background cross sections, efficiency, number ehesvwith 30 fbr! after all selections including b
tagging.

gl) Y7y Yybb
cross-section, fb 13310 778 76
selections efficiency
E;* > 40,25 GeV)n| < 2.5 0.446 0.466 0.487
tracker isolation in cone 0.3 0.328 0.345 0.379
two jetsEr > 30 GeV,|n| <2.4 0.127 0.125 0.133
M.,, window 4 GeVF? 0.00278 | 0.00263| 0.00410
M;; window 60 GeV¢? 0.00086 | 0.00096 | 0.00144
M.,;; window 100 GeV# 0.00045 | 0.00061 | 0.00123

| N events after all selections including b tagging.2+ 0.8| 2.0+ 0.6 | 2.0+ 0.6 |

~~jj production may be only slightly different, thus 40 % vamatiwas applied to the cross
sections ofyycc and~~jj processes as well.

2 AL\ @-hh-2y2b, m =300 Gev/c?, m,=125 GeVic? 2 AL\ @-hh-2y+2b, m =300 Gev/c?, m, =125 GeVic?
'__9 [ CMS, 30 bl 50 discovery contour '_.9 [ CMS, 30 bl 50 discovery contour
<3_5 L with irreducible bkg yyjj, yycc, yybb <3_5 L with yyjj, yycc, yybb irreduc. bkgs and
[ [ assuming 40 % of reducible / total bkg
L dashed contours : L
3L th. uncertainty on bkgs. 3L
r . from scale variation r
[ O\ HER=0.5M, - 2.0M, [ - dashed contours :
o5k AN o5k \ th. uncertainty on bkgs.
“r “r i\ -\ from scale variation
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2r 2r
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Figure 2: 50 discovery contours fop — hh — yv+bb channel fn,=300 GeV#?, m, =125 GeV/?); Left plot :
with the irreducible background only; Right plot : with thatdl background assuming the ratio of the reducible to
the total background of 0.4. Dashed line contours presendigttovery reaches when the irreducible background
cross sections were calculated for the renormalizationfactdrization scales set to 0<ay and to 29 where

Ho = Mz.

Reducible backgrounds from+ three jets and four-jet processes still have to be evaluéttes
expected from the inclusive — ~+ studies that the reducible background will be about of 40 %
of the total background, thus the total background is exgukit be of 11.5 events with 30th.
Figure[2 (right plot) shows the & discovery contours in the the,(A,) plane with the total
background taken into account. The experimental systematicertainty of the background
estimated as- 5 % hardly affects the discovery reach due to the signal tedgracind ratio in
the 50 region of the §, A,) plane is bigger than two.
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2.2 77bb final state

The signature when onelepton decays leptonically and anothelepton decays hadronically
(producing ar jet) was considered. The highest signal cross section tilheelsranching ratios

of 0.96 pb was obtained fgr= —0.35 andA, = 1 TeV. The background processes considered
in the analysis are shown in Talfle 2 with the NLO cross sesttaken from[[155, 156, 157].
Background Z+jets (W+jets) were generated with> 20 (80) GeV{. Signal events were pro-

Table 2: Trigger and total efficiency for the signal and thekggounds; expected number of events with 30'h

efficiency (%) number of

samples o X BR (pb) trigger trigger + off-line events
¢ — T7bb 0.96 6+0.2 0.35+0.06 102

tt — 14 v + jets + bb 180 0.574+0.02 | (1.64+0.2)x1073 111
tt —1+v+7jet+bb 15 3.1+0.2 | (7.7+£0.3)x107* 66
Zbb — 77 + bb 5.4 1.44+0.2 0.009+-0.003 21

Z + jets — 7T + jets 306 0.35+0.02 | (3.3+0.5)x10* 36

W + jets — 1 + v + jets 175 0.039+ 0.002 0 0

cessed with the full detector simulation and reconstrugtidhile the background was processed
with the fast detector simulation package CMSJET[158]. ddmabined electron(muon)-plus-
jet trigger [151] was used in this analysis. The Level-1gegthreshold is 21 GeV for electrons
and 45 GeV for ther jet. The inclusive muon threshold is low enough (14 G¢\o allow

a good efficiency however, to increase the background rejeetr jet with E; >35 GeV is
required at the Level-1 trigger. The trigger efficiency i®wh in Table[2 for the signal and
background samples. Missing transverse momentum and mtpggre used to reconstruct
leptons and to identify jets coming from the two Higgs bosons. In order to increasesignal
statistics it was necessary to tag at least one jet. Thengfselections are the following:

— A¢ between lepton and jet direction>0.1;

— Er of theb-tagged jets>30 GeV, andt of the most energetic jet 55 GeV;

— transverse mass of the lepton and missing momenrti86 GeVt?;

— 75< M., <165 GeV/é, 100< My; <150 GeV/€, 265< M,,; < 350 GeV/e.

Table[2 shows the signal and the background efficiencieshiroff-line selections and the
number of the expected events with 30 fbFigure[B shows the reconstructetbb mass after
all selections (left plot). The total number of the backgrdevents after all selections is 234
with 30 fb~!. The biggest background is (177 events) while th&V + jets background is
negligible. Estimating also the contribution afwhen both W bosons decay intothe total
number of background events increases up to 254. For thenmahsignal cross section of
0.96 pb, (€= —0.35 andA4 = 1 TeV) about 102 signal events are expected. Signal signiie
(S/+/B) at this point is 6.4. FigurEl3 (right plot) shows as5discovery contour in the&(
A,) plane.The two contours correspond to the uncertaintieh@®background cross section
values at NLO due to the scale variation and different PDBS [156[ 15]7]. The experimental
systematics uncertainty of 3 % for the total background \&kert into account.
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Figure 3: Reconstructegirbj mass for the signal and background (left) ane 8Biscovery contour (right).The
two contours correspond to the maximum and minimum k-facatire derives from the NLO order calculation of
background cross section.

2.3 bbbb final state

The signal cross section times branching ratios forghie— ¢ — hh — bbbb process is
10.3 pb forA4 = 1 TeV and¢ = — 0.35 The main QCD multi-jet background was generated by
PYTHIA in different p bins. Other backgrounds considered #rettjj andZbb. In Table[B
cross sections and expected numbers of events with-3Cafte summarized. A rejection factor

Table 3: Signal and background events with 30fb
| cross sectior) events in 30 fb! |

|
| Signal | 10.3pb | 31x10° |
| QCD; (30-170) | 0.2257mb | 6.79 x 10 |
tt 615 pb 1.8 x 107
ttj 507 pb 1.5 x 107
Zbbh 349 pb 1.0 x 107

on background higher thai® is needed to reach arStatistical evidence of the signal. A fast
detector simulation with the CMSJET packade 158] was usetdth signal and background
samples. Dedicated trigger selections were developeddp #tee QCD multi-jet background
rate at the acceptable level whilst maintaining a high efficy for the signal. At Level-1
multi-jet triggers were used with the thresholds taken fitable 15-13 presented in[151] and
restricted in pseudorapidityy| <0.8. At the High Level Trigger at least 4 jets were required
within the restricted pseudorapidity range, <0.8. Two jets must be b-tagged with the impact
parameter tagging method (2 associated tracks with signifie on the transverse impact pa-
rameter> 2). The output QCD rate after these selections iS Hz. In off-line selections all
possible di-jet invariant masses were calculated from theHlestE jets. The two jet pairs
were chosen minimizing the value of ;-my,, the same jets were then used to reconstruct the
radion mass. The mean values (ang of the di-jet and four-jet effective masses reconstructed
in this way are: 120 (39) GeW and 313 (76) Ge\t’. A 1.5 window in mass aroungh,, and

m, was used to select signal and background events. Efficefieghe signal, background
and the expected number of events with 30'flare summarized in Tablg 4. The di-jet and



Table 4: Trigger and total selection efficiency and expentetber of events with 30 fbf

| | €urigger | €t | €VENIS |
| signal | 0.038| 0.031 |9.57107 |
QCDpr(80 — 120) | 11107 | 710°° | 7.5:10°
QCDpr(120 —170) | 11077 [ 6.6:10° | 1.1-10°
tt 0.015] 0.010 | 1.8410°
ti 0.056 | 0.026 | 1.810°
Zbb — 4b 0.002| 810 % | 1.2110°
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four-jet invariant mass for the background and the signalat 1 TeV and = —0.35 point are
shown respectively in the left and the right plots of Figurd=4dr this point it may be possible
to achieve a signal significanc8 //B) of 5.5 if the background shape of the four-jet mass
distribution is well understood (witk 0.1% uncertainty).
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Figure 4: Reconstructed di-jet (left) and four-jet masgH(t) for signal and background.

3. CONCLUSION

We estimated the CMS discovery potential for the radion iwtmHiggs decay mode)— hh)
with yy+bb, 77+bb andbb+bb final states. One point afi,=300 GeV/? andm, =125 GeV/}?
was taken and the observability in the {,) plane was evaluated. It was found that the-bb
topology provides the best discovery potential. Fhebb final state requires the dedicated
High Level Trigger with the double b tagging and an excellederstanding of the background
shape.

ACKNOWLEDGEMENTS

A.N. would like to thank M. Dubinin for CompHEP generationofjj events and F. Maltoni
for explanations about the MadGraph generator.



86

Part XVI

The Invisible Higgs Decay Width In The
ADD Model At The LHC

M. Battaglia, D. Dominici, J.F. Gunion and J.D. Wells

Abstract

Assuming flat universal extra dimensions, we demonstrate for a
light Higgs boson the procegs — W*W*+ X — Higgs, graviscalars+
X — invisible + X will be observable at the o level at the LHC over
the portion of the Higgs-graviscalar mixing)(and effective Planck
mass (/p) parameter space where channels relying on visible Higgs
decays fail to achieve &ao signal. Further, we show that even for very
modest values of the invisible decay signal probes to highéy, than
does the {-independent) jets/+ missing energy signal from graviton
radiation. We also discuss various effects, such as Higgayd® two
graviscalars, that could become important wheyy M, is of order 1.

1. INTRODUCTION

In several extensions of the Standard Model (SM) there ex@ésthanisms that modify the Higgs
production/decay rates in channels that are observabhe &HC. One example is the Randall
Sundrum model where the Higgs-radion mixing not only givetedtable reductions (or en-
hancements) in Higgs yields, but also allows the possybditdirect observation of radion

production and decay [139,147]. It is also possible for thgghH rate in visible channels to be
reduced as a result of a substantial invisible width. Fonga, this occurs in supersymmetric
models when the Higgs has a large branching ratio into thedgj gravitinos or neutralinos.
Invisible decay of the Higgs is also predicted in models vidtfye extra dimensions felt by
gravity (ADD) [159/160]. In ADD models the presence of arenaiction between the Higgs
H and the Ricci scalar curvature of the induced 4-dimensioredtic g;,,4, generates, after the
usual shiftd = (22, 0), the following mixing term[[136]

V2
Loix =€h Y sz 1)
>0
with /3
Co2v2 o, B-1)
€= Efvmh 512 (2)

Above, Mp = (87Gy)~'/? is the Planck mass) is the number of extra dimensions,s a

dimensionless parameter angis a graviscalar KK excitation with mass2z = 47?7i*/L?, L

being the size of each of the extra dimensions. (Note thatneitpect td[136] our normalization
1

is such that we have taken only the real part of #fiefields, writing ¢, = %(sﬁ + iaz) and

usingo?, = [gbgﬁ]* to restrict sums ta > 0, by which we mean that the first non-zero entry of
71 IS positive.) After diagonalization of the full mass-sgegmatrix one finds that the physical
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eigenstate)’, acquires admixtures of the graviscalar states and vicgaveDroppingO(€?)
terms and higher,

, s}nwlsmjt ‘ h| . (3)

mi —imy,l'y, — m%

€
h,N h— E 3 - P 2S,ﬁ
my, —tmpl p — Mg

m>0

In computing a process such #88W — b’ + . s — F, normalization and admixture
corrections of order? that are present must be taken into account and the full eaheum

over physical states must be performed. The result at théitahgplevel is

AWV — F)(12) ~ IGwWwh9hF 4
( )(P7) p? —m2 +impl'y + iG(p?) + F(p?) (4)

whereF(p?) = —’Re [E
plitude squared and integrating ovg? in the narrow width approximation gives the result

17>0 m andG(p*) = —€’Im [ >0 m] Taking the am-

/ / 1 Fh

oc(WW — h +Z Sq — F)=0su(WW — h — F) L n F,(m%mn)] |:Fh n Fh—»graviscalar:|
(5)

wherem; . — mi + F(m} ) = 0 and we have defineth,l',_ graviscatar = G(m3 .,). We

will argue that for a light Higgs boson both the wave functrenormalization and the mass

renormalization effects will be small. In this case, thea@mtly summed amplitude gives the

Standard Model cross section suppressed by the ratio ofithi§gs width to the sum of the

SM Higgs width and the Higgs width arising from mixing withetlgraviscalars.

m>0

2. INVISIBLE WIDTH

As described, there is a decay of the Higgs arising from thengi(or oscillation) of the
Higgs itself into the closest KK graviscalar levels. Thesaviscalars are invisible since they
are weakly interacting and mainly reside in the extra dinmrswhereas the Higgs resides
on the brane. The mixing width), _graviscalar ~ G(m3)/my, thus corresponds to an invisible
decay width. The equation f@¥(m?) below eq.[(#) shows that it is calculated by extracting the
imaginary part of the mixing contribution to the Higgs seikegy. The result i 135, 1651]

2 23(0—1) m}LM

['(h — graviscalar) = I'(h — Z si) = 2n&%v 5o WSg_l
>0
B 36—1) /7 my 0 (3TeV)*"
~ (16 MeV)20°2£28;_ — 6
(16 MeV)20"7¢"551 =57 (150Gev> <MD) ©)

whereS;_; = 279/2/T'(§/2) denotes the surface of a unit radius spheré dimensions while
My is related to theD dimensional reduced Planck constadt, by My = (27)% )M p,.
Our egs.[(B) are a factor of 2 larger than those presentedsn[i&6[161].

2.1 The wave function renormalization factor and mass renomalization
A simple estimate of the quantity’(m? ), appearing in the wave function renormalization

m4 . .
factor found in eq[{5), suggests that it is of or@é}\%, whereA is an unknown ultraviolet cutoff

energy presumably of ordér ~ Mp [L62]. Assuming this to be the cask; will provide a
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correction to coherently computed LHC production crosgises that is very probably quite
small for them,; <« Mp cases that we are about to explore. However, one must keep in
mind that a precise calculation &7 is not possible. Similarly, the mass renormalization from
F(m2..) should be of orde¢?m$ /M7, and, therefore, small fon;, < Mp. There are other
incomputable sources of /AM}, corrections lurking in the theory beyond these sourcesttand
results presented here are computed using the first, andpgsednly, calculable terms in the
perturbation series.

2.2 Contribution to the invisible width from direct two grav iscalar decay

In addition to decay by mixing, one expects also a contrdsutd the invisible width of the
Higgs from its decays into two graviscalars. This can beuatald by using the transformation
of eq. [3) between the physical eigenstateand the unmixed: to derive the relevant trilin-
earh’s;s; vertices. These are used to compute the correspondingxnetégrent. The final
expression fof (A" — graviscalar pairs) can be written as

. . 18 m> 202 o—1\*[ = ]°
['(h" — graviscalar pairs) = T ]\Z4D+26 ¢ (5 + 2) [F((S/QJ a v

where! is an integral coming from the sum over all the possible kiatcally allowedh’ —
sis; decays. The integrdldecreases rapidly @sncreases. As aresult(h’ — graviscalar pairs)
is only significant compared with(h — graviscalar) if § < 4. The ratio of the two widths is
given by:

['(h/ — graviscalar pairs)  3(6 — 1) e m, 245 _5/2
)

= —1.
['(h — graviscalar) 272(6 + 2 Mp I'(0/2) ®)

From this result, we immediately see that even for smtile pair invisible width will be smaller
than the mixing invisible width unless,, is comparable td/.

To lowest order int2(m;,/Mp)>*9, decays of other states nearly degenerate withhthe
can be neglected in the computation of a cross section @utdig coherently summing over
the #’ and the nearly degeneratg states. Thus, to this same order of approximatitn, —
graviscalar pairs) should simply be added tB(h — graviscalar) in the expression for the
narrow-width cross section of el (5).

In Figure[l, we show an extreme case corresponding o 2 andm,;, = 1000 GeV.
Depending on the values of the parameteand M, the pair invisible width can be a signif-
icant correction to the invisible width from direct mixin§ylore generally, forn, > Mp the
graviscalar-pair invisible width can provide a 3% to 20%reotion to the direct-graviscalar-
mixing invisible width. However, ifm,, is substantially smaller thaih/p, then the graviscalar
pair width is not important. For example, for= 2, m;, = 120 GeV and Mp = 500 GeV,
I'(h — graviscalar pairs)/I'(h — graviscalar) < 0.0015 for ¢ < 2. Therefore, in the follow-
ing analysis, where we will assume a light Higgs, we can gafeglect the contribution to the
invisible width from the decay into two graviscalars and theeexpression given by edl (6).

3. MEASUREMENTS AT THE LHC

For a Higgs boson withn,;, below thelW W threshold, the invisible width causes a significant
suppression of the LHC Higgs rate in the standard visiblenobbs. For example, fak/p, =
500 GeV andm,, = 120 GeV, I'(h — graviscalar) is of order25 GeV already by ~ 1, i.e. far
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Figure 1: In the left-hand plot, we display the total invisilwidth of a 1 TeV Higgs boson into one and two
graviscalars as a function éf/p for various values of (¢ = 1 solid, ¢ = 2 dashed¢ = 3 dotted). For these
plots we have fixed = 2. The plot on the right shows the ratio of the two-graviscaldecay width to the
one-graviscalar decay width for the same choices of paennet

larger than the SM prediction 86 MeV. Even whenn,, is greater than th& W threshold,
Figurell shows that the partial width into invisible statas be substantial even far, values

of several TeV, therefore, for any given value of the Higgsdomass, there is a considerable
parameter space where the invisible decay width of the Higgen could be the first measured
phenomenological effect from extra dimensions.

Detailed studies of the Higgs boson signal significanceh witlusive production, have
been carried out by the ATLAS V9] and CMS_[163] experimentis115 GeV < m; <
130 GeV, theh — v+ channel appears to be instrumental for obtaining &c signal at low
luminosity. Thetth, h — bb andh — ZZ* — 4 ¢ channels also contribute, with lower statis-
tics but a more favorable signal-to-background ratio. iRrielary results indicate that Higgs
boson production in association with forward jets may als@dnsidered as a discovery mode.
However, here the background reduction strongly relieherdetailed detector response.

In the ADD model, these results are modified by the appearah@ invisible de-
cay width suppressing the Higgs signal in the standard lkeisibannels. Here, we fix, =
120 GeV and perform a full scan of the ADD parameter space by varyifigand¢ for differ-
ent values of the number of extra dimensiorend demonstrate that there are regions at high
¢ where the significance of the Higgs boson signal in the caabchannels drops below the
5 o threshold. However, the LHC experiments will also be saresib an invisibly decaying
Higgs boson throughl’ W -fusion production, with tagged forward jets. A detailed Study
has shown that, with only 10 f, an invisible channel rate df;,,/I'=0.12-0.20 times the
SM WW —Higgs production rate gives a signal exceeding thedignificance for 120 GeV
< my < 400 GeV [164,163]. Given that the effective (from the sumrabe 7 state and
nearby degenerate statéB)1 1 coupling is of SM strength, this defines the region in the ADD
parameter space where the Higgs boson signal can be reddfieoeigh its invisible decay .

Figure [2 summarizes the results for specific choices of petens. In the green (light
grey) region, the Higgs signal in standard channels drofmswdhe 50 threshold with 30 fb!
of LHC data. But in the area above the bold blue line the LHCGd®etor invisible decays in the
fusion channel yields a signal with an estimated signifieaexceeding . It is important to
observe that, whenever the Higgs boson sensitivity is lostd the suppression of the canonical
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decay modes, the invisible rate is large enough to still endetection through a dedicated
analysis.

3=2 Myg=120GeV 3=3 My=120GeV
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My

Figure 2: Invisible decay width effects in tije M plane forMy = 120 GeV. The green (grey) regions indicate
where the Higgs signal at the LHC drops below the ireshold for 30 fio! of data. The regions above the blue
(bold) line are the parts of the parameter space where tibtesHiggs signal in thél’ 1/ -fusion channel exceeds
5 ¢ significance. The vertical lines show the upper limitah, which can be probed by the analysis of jetafith
missing energy at the LHC. The plots are for different valoies. 2 (upper left), 3 (upper right) 4 (lower left), 5
(lower right).

The analysis of jet/+ missing energy is also sensitive to the ADD model over a rarige
the Mp andd parameters [165]. The invisible Higgs decay width appeamabe a parameter
space up to, and beyond, that accessible to these signéeme§&igurél2). Further, the sen-
sitivity of these channels decreases significantly fasidr ¥wthan that of the invisible Higgs
width if £ ~ 1. Finally, it is interesting that, in the region where botgratures can be probed
at the LHC, a combined analysis will provide a constraint foe fundamental theory param-
eters. A TeV-clasg'e™ linear collider will be able to further improve the determiion of
the Higgs invisible width. Extracting the branching fractiinto invisible final states from the
Higgsstrahlung cross section and the sum of visible decayesiaffords an accuracy of order
0.2-0.03% for values of the invisible branching fractiorttie range 0.1-0.5. But the ultimate
accuracy can be obtained with a dedicated analysis lookingt invisible system recoiling
against & boson in theete™ — hZ process. A dedicated analysis has shown that an accuracy
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0.04 < éBR/BR < 0.025 can be obtained fob.1 < BR < 0.5 [A686]. This accuracy would
establish an independent constraint onilig, £ andd parameters.
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Part XVII

Determining the extra-dimensional
location of the Higgs boson

A. Aranda, C. Bazs, J. L. Daz-Cruz S. Gascon-Shotkin and O. Ravat

Abstract

In the context of a TeV' size extra dimensional model, we consider
the lightest Higgs boson as an admixture of brane and bulirsieaids.

We find that at the Tevatron Run 2 or at the LC the Higgs signal is
suppressed. Meanwhile, at the LHC or at CLIC one might findhllyig
enhanced production rates. This will enable the latter exymats to
distinguish between the extra dimensional and the SMMrup to
about 6 TeV and perhaps determine the extra-dimensionatidwcof

the lightest Higgs boson.

1. INTRODUCTION

Extra dimensional models have been used recently to addneste class of problems in par-
ticle physics, such as the hierarchy, unification and flavoblems [158, 160, 167, 168]. In this
work, we examine a TeV size extra dimensional model, in which the lightest Higgsdso
emerges as an admixture of brane and bulk scalar fields. Todeihpredicts a suppression
of the Higgs production cross section at LEP and the Tevatabile it promises a significant
enhancement of the signal at the CERN Large Hadron ColliddC and possibly at a multi
TeV linear collider (CLIC). We present results for the cresstion of the associated production
of Higgs with gauge bosons at the LC and LHC.

2. THE MODEL

In this section we present the general features of the extnargsional model (for a detailed
description sed [169]). We work with a five dimensional (5Keasion of the SM that contains
two Higgs doublets. The SM fermions and one Higgs doulike} (ive on a 4D boundary, the
brane, while the gauge bosons and the second Higgs do®h)etfe all allowed to propagate in
the bulk. The constraints from electroweak precision dbé&] show that the compactification
scale can be aD(TeV) (3-4 TeV at 95 % C.L.). The relevant terms of the 5D(2) x U(1)
gauge and Higgs Lagrangian are given by

1 1
L= Y (Fin)? — 4 (Bun)® + |Du®al* + | D, ®,[*5(2°) (1)

where the Lorentz indice&/ and N run from0 to 4, andy runs fromo to 3.

After spontaneous breaking of electroweak symmetry onaiabthe following 4D La-
grangian:

L' > 92]0\42 (hsin(B — ) + H cos(f — a)) Z, 2"
w
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Figure 1: SM, THDM and XD cross sections fere~ — Zh. Each plot corresponds to a different set of values
for o andg all with mj;, = 120 GeV and with a compactification scalé. = 4 TeV.
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3
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—

whereh and H are the CP-even Higgsesif < mpy), « is the mixing angle that appears in the
diagonalization of the CP-even mass matrix, &ndg is the ratio of vevs.

3. HIGGS PRODUCTION AT FUTURE COLLIDERS

We present results for the associated Z production cross section obtained from Eh.(2) at
linear colliders and at the LHC. Fifgll 1 shows the resultstiert e~ — hZ cross sectionsg,,
stands for the standard model cross section, THDM label¢4tbg two Higgs doublet model,
and the results from the extra dimensional model are detgt@. The three plots correspond
to three different choices of the paramete@nd. It can be observed that the SM cross section
dominates in all cases up tgs ~ 2 TeV. This is understood from the fact that the heavier KK
modes, through their propagators, interfere destrugtimgh the SM amplitude thus reducing
the XD cross section. Moreover, as Hil. 1 shows, once thecehimass energy approaches
the threshold for the production of the first KK state, thessrgection starts growing. For
instance, withV/, = 4 TeV, o5y ~ oxp for /s ~ 2 TeV. However, one would need higher
energies in order to have a cross section larger than thee@M, which may only be possible
at CLIC [170]. Based on this, we also conclude that at the ffemahe luminosity required to
find a light Higgs boson is higher than in the SM case.

The Higgs discovery potential in this model is more prongsahthe LHC. We illustrate
this in Fig[2, showing thgp — hZ differential cross section as the function of thg invariant
massM; ;. The typical resonance structure displayed by[Fig.1 isquvesl by the hadronic
cross section. The resonance peak is well pronounced Whgn ~ M,.. This leads to a
large enhancement over the SM (or THDM) cross section. Tingusarity atM,. = M, is
regulated by the width of the KK mode, which is included in gatculation (cf. Ref.[[169]).
Depending on the particular values @fand 5 the enhancement is more or less pronounced.
For an optimistic setv = 0 and = w/2, the XD production cross section is considerably
enhanced compared to the SMML, = M.. This enhancement may be detectable up to about



94

pp—-Zh,vS =14TeV, m =120 GeV,a = 0, B = p/2

100}
=
e 1
=
£
= 0.01t
(e}
=)
0.0001:
1.-10°
1 2 3 4 5 6 7 8
Mzh )TeV)

Figure 2: Higgs production cross section in associatioh wi¥ boson at the LHC as a function of the compacti-
fication scale for selected values of the mixing parameters.

M, = 6 TeV. We estimate that with 100 fth for M, = 6 TeV there are about 207 events in
the bins around/,,; ~ M.. As Fig.[2 shows, in the SM less than one event is expecteckin th
samelM,, , range. It is needless to say that similar results holgfor—+ KW=, which further
enhances the discovery prospects.

Based on these results, we conclude that in the Bjorken gsaglene the reach of the
LHC may extend to about/, = 6 TeV, depending on the values @fand3. The Zh (or W*h)
production cross section determines only a specific conibmaf the mixing anglesy and
5. In order to determine the individual angles, one has to aisasure the production cross
sections of the heavier Higgs boson in association with(ar W*). Fortunately, these cross
sections are also enganced by the same amount as the ons lightest Higgs boson.

4. CONCLUSIONS

We presented Higgs production cross section calculatiotise framework of an extra dimen-
sional model that releaves the tension between the low nradicions for the SM Higgs and
the missing Higgs signal at LEP. We found a suppresson at@arid at the Tevatron, but an
enhanced signal at the LHC or CLIC. The fact that the lightéighgs boson is an admixture
of brane and bulk fields (that is it has a non-trivial bulk looa) is the key ingredient in the
suppression-enhancement mechanism for the signal. Thisemable the LHC and CLIC to
determine this location.
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Part XVIII

The sensitivity of the LHC for TeV scale
dimensions in dijet production

C. Balzs, M. Escalier, S. Ferrag, B. Laforge and G. Polesello

Abstract

In this work, we present results for dijet distributionsfa LHC with
the assumption of a TeV size extra dimension. In our calmraive
included the virtual effects of gluonic Kaluza-Klein starchanges,
as well as the modified running of the strong coupling corstiant
restricted our numerical study to the case of standaydevolution).
Computing the transverse momentum distribution of dijets,found
that the LHC is able to discover a single extra dimension ugto- 15
TeV.

1. Introduction

String theory is the most promising candidate for a unifiadiework of matter and interactions.
Among the predictions of string theory are extra, compaeicspdimensions (XDs) which,
depending on their sizeB, play a role in determining physics close to the weak scalee T
string arguments of Refd. [1I11,172] do not prevent the stahdauge bosons from penetrating
the bulk. If the compactification scale/. = 1/R is higher thanO(TeV), phenomenology
and present experiments do not conflict with this scenatiee{173[ 174,175, 176,167, 177].
These new dimensions, on the other hand, may be probed dut@ar particle accelerators, in
particular at the CERN Large Hadron Collider (LHC).

Since the LHC produces strongly interacting particles dantly, if the gluons propagate
in XDs then dijet production at the LHC is a sensitive disegwehannel for TeV scale XDs.
The main effect of these dimensions on the dijet productimss section is twofold. On the
one hand, the gluonic Kaluza-Klein (KK) excitations enhatite dijet distributions in the high
invariant mass ) and transverse momentumy{ region [178]. On the other, the modified
evolution of the strong couplingy) further distorts these distributioris[179]. These cornmaget
effects are entangled and has to be taken into account sinealtisly in order to predict the
discovery potential of the LHC.

In this work, we computed dijet distributions for the LHC Inding both of these ef-
fects. We assumed that the standard model (SM) gauge baspesially gluons, propagate
in a single TeV'! size compact dimension. We implemented gluonic KK exatatiand the
modified running ofvg in the Monte Carlo event generator PYTHIAT15], for dijetdhen, we
used PYTHIA to calculate dijet, distributions, determined the enhancement at largeand
estimated the significance of a potential discovery.

2. Dijet production at the LHC

The formalism that we use is described in detail in Réfs. Jan8 [179]. When calculat-
ing the dijet production cross section, besides the SM omesnclude the tree-level diagrams
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shown in Fig[*® In these diagramg’ signals that a KK tower of virtual gluons is exchanged.
This means that in the SM diagrams we replace the gluon petpegby

N
Deg(p) = > cuDn(p). (1)
n=0
Here
Cp
D, (p) = Dt im T (2)

is the propagator of the" gluon KK resonance with? = p*>—m2, ¢,~0 = 2,m,, = n/R,T,, =
2asm,. The SM gluon is identified with the zero mode anRd-= 1.

When calculating the cross section,
itis necessary to evaluate amplitude squares
which will contain products of propaga-
tors of the form

5[ 9)Des (@) + Dep0) D2y )] =

Qi — 4iqi 94 = 4iq;

qi

qi qi
i CmCn (P24 + mpTm, ) 3)

((PR)? +mI2)((¢7)? + mil?)
i qi

(We note that in E{3), we corrected a \
typo which is present in v.3 of hep-ph/00122

As it was noted in Ref[]178] the sum in

Eq. (3) converges rapidly. We checked that

for the LHC (with/(S) = 14 TeV) and

%iGi = GiGi 4iGi = q;4;

m,n=0

for M. > 1 TeV, choosingN = 50 (or ity = 4
equivalently a cutoff scale o/, > 50 a g
TeV) leads to a satisfactory numerical pre-

cision. We implemented the effective prop- g

agators given by EQqX3) in PYTHIA, mod-
ifying the parton level processes represented
by Fig.@d). Finally, we checked the im-
plementation against the numerical resultSgure 1: Feynman diagrams for dijet production involving
givenin Ref.[178] and found a good agre&aluza-Klein excitations of the gluons. The indiceand j
ment. represent distincti (£ j) quark flavors.

In our calculation, we also include the modified runningo@f as described in Refs.
[1674/177170]. Above the compactification scale, we imgetad the modified running of,
as given by

bi—b o b [T dt it \1°
—1 . —1 o 7 (2 = _Z - o
a; (1) = o (o) o gnuo e L1 [793 <7TR2):| ) (4)

TI
wherei = 1,2, 3 labels the gauge groups of the SM. The coefficients of thel asigaloop beta
functions

qj qj

(b1, ba, by) = (41/10, —19/6, —7) (5)

SWe note that five-momentum conservation forbids internabgic KK excitations in any tree-level dijet dia-
grams involving external gluons, that is the KK excitatiaiosnot affect the procegg — gg, for example.




97

jets at LHC, 50 KK excitations
I T T T T T T T T T T T T

M =1 TeV

T T T T T T T T T T T T T T T T T
jets at LHC M =50 TeV

symbol=Dicus, McMullen, Nandi histo=MC with XD

o
o
S

B M=3TeV 3 = F «1TeV B 1TeV
=3 TeV [ 3Tev
— 102
Ewm ~8Tev +5TeV Il 5 Tev
B M=15TeV 102 L7 Tev ] 7Tev
9 TeV I 9 Tev
msv PSR sv

=
o

Ok (PD)

of events in 100 fb-1

=
1S

.
1S
~

&

-
° T \HHH‘ T HHH\‘ T HHH\‘ T HHH\‘ T HHH\‘ T \HHH‘ T \HHH‘ T \HHH‘ T T

.
1S}

500 1000 1500 2000 2500 3000 3500 4000
Pt

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
Pron (GEV)

Figure 2: Left panel: number of dijet events vs. the dijetcalculated in the SM and for various valuesidf..
Right panel: KK contribution to the cross section as the fiamoof pryiy,.

are supplemented by new contributions from the KK towers
(517 627 63) = (3/57 _37 _6) + n (47 47 4) (6)

(where, for simplicity, we sef = 0). In the last term of Eq.[{4)); denotes the elliptic Jacobi
function and
27'('5/2
=7 (X;5)"%° with X5 = <. 7
r=m (X)) with Xs = S %
We note that in Refs[[16[7, 1I77] an approximate expressiosesl to calculate the running of
the couplings, but we implemented the exact formila (4) iTAM.

3. Numerical results

Our goal is to quantify the sensitivity of the LHC to a TeV si¥B. To this end, following
Ref. [178], we compute the dijet transverse momentpg) (istribution. As a first step, we
include 50 KK excitations of the gluons but keep the staneaadution ofa,. We use PYTHIA
version 6.210 with the modifications described in the presisection. On the final state, we
apply the following kinematic cuts:

DT > Prmin, Y| < 2.5, prjer > 100 GeV (on each jet), (8)

wherey is the rapidity of the two jet system. In PYTHIA, we also tuhetinitial and final state
radiation (ISR and FSR) on.

The left panel of Figld2 shows the results as the number of elfents against the dijpt
assuming 100 fb' integrated luminosity. In this and in the subsequent coatprs we used
the CTEQG6L1 parton distribution function (PDF) with theeadijnvariant mass as the factoriza-
tion scale. It is shown that there is a significant enhanceimehe highp, for M, = 8 TeV,
and there is still a detectable excess fér = 15 TeV. The right panel of Fig.12 shows the KK
contribution to the cross section

OKK = Ototal — OSM, (9)
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Figure 3: Statistical significance of the XD dijet signal imits of 0.

as the function opr.,;,. Considering the difference in the PDF, slightly differents and the
PYTHIA effects (ISR, FSR, etc.), our results still reasdgaigree with Fig.3 of Ref[]178].

Finally, Fig.[3 shows the statistical significance

S = |Nsm — Nxpl|/v/ Nsw, (10)

of the XD dijet signal in units of plotted against the dijet;. Here N is the number of events
predicted by modeK. This plots shows that by measuring the djetdistribution in the 1-3
TeV region the new dimension can be easily discovered eveisifis small as 15 TeV.
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Part XIX
Z' studies at the LHC: an update

M. Dittmar, A. Djouadi, A.-S. Nicollerat

1. INTRODUCTION

The LHC discovery potential for &’ in the reactiorpp — Z' — (T(~ with ¢ = ¢, i is well
known. As shown in previous studies,/a with a mass up to 5 TeV could be discovered at
the LHC with 100 fo't. We make here a summary of the detailed work described in[iRe]
showing how, after &’ signal has been detected at the LHC, one could identify icolmrast

to previous studies, where the models were either analyoed & more theoretical point of
view or a particular model was analyzed within a certain expental frame, we combine here
different experimental observables in order to investigae realistic potential of the LHC
experiments to distinguish between models and determaieparameters. In this study, two
classes ofZ’ models are consideredis models, parametrized witkos 5 and left-right (LR)
models, parametrized with; » (see Ref.[[181], that we will follow, for a theoretical accu

2. OBSERVABLES SENSITIVE TO Z' PROPERTIES

Future measurements gf properties at the LHC can use the following observables:

The total decay width of th&” which is obtained from a fit to the invariant mass dis-
tribution of the reconstructed dilepton system using a nelativistic Breit—Wigner function:
ao/[(MZ, — M2,)* + a1] with ay = T'%, MZ,.

The Z’ cross section times leptonic branching ratibich is calculated from the number
of reconstructed dilepton events lying withit8I" around the observed peak.

The leptonic forward-backward asymmett§ ,, which is defined from the lepton angular
distribution with respect to the quark direction in the @zrdf mass frame, as:

do 3 2 px ¢ *
Toosg- & g(l + cos” 0) + App cos (1)

A% can be determined with an unbinned maximum likelihood fithe dos 6* distribution.
Unfortunately, as the original quark direction in a profmoton collider is not knownA%
cannot be used directly. However, it can be extracted frakithematics of the dilepton system,
as was shown in detail i [182]. The initial quark directisrassumed to be the boost direction
of the ¢/ system with respect to the beam axis. The probability togasie correct quark
direction increases for larger rapidities of the dileptgatem. A purer, though smaller signal
sample, can thus be obtained by introducing a rapidity cut. tke following study we will
require|Yy| > 0.8.

The Z’ rapidity distribution To complete theZ’ analysis, one can obtain some informa-
tion about the fraction of”’s produced fromuz anddd by analyzing theZ’ rapidity distribution.
Assuming that théV* and Z rapidity distribution has been measured in detail, follogvthe
ideas given in[[183], relative parton distribution funct&ofor v andd quarks as well as for
the corresponding sea quarks and antiquarks are well kn®lwns, the rapidity spectra can be
calculated separately fai anddd as well as for sea quark anti-quark annihilation and for the
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mass region of interest to analyze therapidity distribution [184]. Using these distributions
a fit can be performed to the' rapidity distribution which allows to obtain the corresplorg
fractions of Z”’s produced fromua, dd as well as for sea quark anti-quark annihilation. This
will thus reveal how theZ’ couples to different quark flavors in a particular model.

3. DISTINCTION BETWEEN MODELS AND PARAMETER DETERMINATION

In the present analysiBYTHI Aevents of the typep — ~, Z, Z/ — ee, uu were simulated at a
center of mass energy of 14 TeV, and for differ@htmodels. These events were analyzed using
simple acceptance cuts following the design criterid®EAS andCVS. The SM background
relative to the signal cross section is found to be ess@ntialligible for the considered’
models. We thus reconfirm the knowf boson LHC discovery potential, to reach masses up
to about 5 TeV for a luminosity of 100 fi3 [181].

Let us discuss how well one can distinguish experimenthlydifferent”Z’ models using
the observables as defined befarg: x I', A%, as well asR,,; as obtained from the rapidity
distribution. As a working hypothesis, a luminosity of 1@0 f and aZ’ mass of 1.5 TeV will
be assumed in the following.

A precise knowledge of the cross section and the total willitiva to make a first good
distinction between the different models as we will be dssad later. It is not obvious how
accurate cross sections can be measured and interpreteslla€. Following the procedure
outlined in [183], an accuracy af1% could be assumed. It is however necessary to consider
the other observables.

Very distinct forward backward charge asymmetries are e®peas a function of the
dilepton mass and for the differeat models, as shown in Figuié 1a. One finds that additional
and complementary informations are also obtained frigm measured in the interference re-
gion. TheZ’ rapidity distribution is also analyzed. Figute 1b shows épected rapidity
distribution for theZ] model. A particularZ’ rapidity distribution is fitted using a linear com-
bination of the three pure quark-antiquark rapidity dsitions. The fit output gives theu, dd
andsea quarks fraction in the sample. In order to demonstrate thé/ais power of this method
we also show theZ), rapidity distribution which has equal couplings:to anddd quarks.

In a next step, assuming that a particular model has beeontasgéleone would like to
know how well the parameter(s), likes 5 or a;z can be constrained. Figuré 2 shows how
the previously defined observables vary as the model paeasnate varied. In the case of the
E¢ model for instance, one finds thats 5 can not always be determined unambiguously. Very
similar results can be expected for different observahleasing very different values feps (.
Obviously, the combination of the various measurementpshe reduce some ambiguities.

If the Z’ mass is increased, the number of events decreases ditgstizhthe differences
between the models start to become covered within thetitatiluctuations. For the assumed
luminosity of 100 flo !, one could still distinguish 4 fromaZj , over alarge parameter range
and theA*%. ; measurements provide some statistical significance upto= 2 — 2.5 TeV. On
the contrary, &, could be differentiated from &, only up to aZ’ mass of at most 2 TeV, as
in that case, the dependenceAif,; on theZ’ mass is almost identical for the two models.

4. CONCLUSIONS

A realistic simulation of the study of the propertiesgfbosons inFs and LR models has been
performed for the LHC. We have shown that, in addition tofhproduction cross section times
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Figure 1: A%y (a) as a function of\/, for four Z’ models. The rapidity of the dilepton system is required to be

larger than 0.8. The observable rapidity distribution fevd 2’ models is shown in (b), including the fit results
which determine the types @f fractions. A simulation of the statistical errors, incligji random fluctuations of
the Z; model and with errors corresponding to a luminosity of 100'fhas been included in both plots.

total decay width, the measurement of the forward-backJweptbn charge asymmetry, both on
the 7' peak and in the interference region, provide complemeritdéoymation. We have also
shown that a fit of the rapidity distribution can provide a stwity to the Z’ couplings to
up-type and down-type quarks. The combination of all thésseovables would allow us to
discriminate betwee’ bosons of different models or classes of models for massts2#42.5
TeV, if a luminosity of 100 fb'! is collected.
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