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ole Kelley11- University of California - Dept of Physi
s, Berkeley, CA - USA2- Lawren
e Berkeley National Laboratory, Berkeley, CA - USA1 Introdu
tionThe 
onne
tions between Cosmology and Parti
le Physi
s through Dark Matter (DM) havere
eived spe
ial attention in the last few years for sharpening the physi
s 
ase of 
olliderphysi
s at the TeV frontier. There are many extensions of the Standard Model (SM),whi
h in
lude a new, stable, weakly-intera
ting massive parti
le, possibly responsible forthe observed reli
 DM in the Universe. The LHC will provide �rst important data toaddress the question whether one of these s
enarios is indeed realised in nature. The ILCmeasurements of the properties of a DM 
andidate and of those other parti
les parti
ipatingto its intera
tions in the early Universe may allow us to predi
t its reli
 density with ana

ura
y 
omparable to that 
urrently a
hieved by CMB observations at satellites. Withthese data in hand, the 
omparison of the results would have striking 
onsequen
es for ourunderstanding of dark matter.2 Neutralino Dark Matter Density in MSSM and the ILCSupersymmetry emerges as the best motivated theory of new physi
s beyond the SM. Itsolves a number of problems, intrinsi
 to the SM and, most important to our dis
ussion, the
onservation of R-parity introdu
es a new stable, weakly intera
ting parti
le. The WMAPCMB data, and other astrophysi
al data, already set rather stringent bounds on Super-symmetry parameters, if the neutralino is responsible for saturating the amount of DMobserved.The potential of ILC data at 0.5 TeV and 1.0 TeV for determining the DM reli
 density,
�, in Supersymmetry has been investigated in detail in [1℄. This study sele
ted a set ofben
hmark points, the so-
alled LCC points, representative of various s
enarios and deter-mined the 
� probability density fun
tion by a s
an of the full MSSM parameter spa
e andretaining those points 
ompatible with the measurements available at the LHC and ILCwithin their a

ura
y.3 e+e� ! H0A0 at LCC-4 with Full SimulationWe 
onsider here a spe
i�
 Supersymmetri
 s
enarios, in whi
h the DM 
andidate is thelightest neutralino, �01 and its reli
 density is 
ontrolled by the rate of neutralino annihilationthrough the CP-even heavy Higgs pole ��! A. The LCC-4 ben
hmark point [1℄ is de�nedin the 
MSSM, 
orresponding to the parametersm0=380.00 GeV,m1=2=420 GeV, tan�=53,A=0, Sgn(�)=+1 and Mtop=178 GeV. We use Isasugra 7.69 [2℄ to 
ompute the parti
leLCWS/ILC2007



spe
trum and we getMA0=419.4 GeV, M�01=169.1 GeV andM ~�1=195.5 GeV. The e+e� !H0A0 ! b�bb�b pro
ess at ps = 1 TeV ILC has already been studied for LCC4 [3℄. Thatstudy, based on the parametri
 dete
tor simulation program Simdet 4.0, showed that theA0 boson mass 
an be determined to �0.8 GeV by imposing the natural width �A or to�2.0 GeV by a simultaneous �t to mass and width. These results, when 
ombined with othermeasurements to be peformed at 0.5 TeV, allow us to predi
t the neutralino 
ontributoionto the dark matter density in the Universe, 
� to a relative a

ura
y of 18 % in generi
MSSM s
enarios.Here, we repeat the same study on Geant-4-based simulation [4℄ of the dete
tor responseand re
onstru
t the physi
s obje
ts using pro
essors developed in the Marlin framework [5℄.This study adopts the LDC dete
tor 
on
ept, whi
h employs a large 
ontinuous gaseoustra
ker Time Proje
tion Chamber surrounded by a highly granular 
alorimeter and 
omple-mented by a high resolution Vertex Tra
ker, for whi
h we have 
hosen the option based onCMOS monolithi
 pixel sensors. The LDC dete
tor is dis
ussed in details elsewhere[6℄, thedesign is optimised for a
hieving ex
ellent parton energy measurements, through the parti
le
ow algorithm, and pre
ise extrapolation of parti
le tra
ks to their produ
tion point. Boththese features are important to the analysis, whi
h aims to suppress ba
kgrounds by exploit-ing its signature 4-b jet �nal state and requires good determinaton of energy and dire
tion ofhadroni
 jets to maximise the resolution on di-jet invariant masses. The jet energy resolutionhas been studied using a simulated sample of single b jets in the energy range from 10 GeVto 210 GeV over a polar angle, �, range 0:4 < � < �=2, we get ÆE=E = (0:34� 0:02)=pE �(0:015� 0:005), whi
h is 
onsistent with the parti
le 
ow performan
e spe
i�
ations. Jet
avour tagging is based on three observables: the probability for all the parti
le tra
ks tooriginate at the event primary vertex, the fra
tion of the jet energy 
arried by se
ondaryparti
les and the pt-
orre
ted mass of the se
ondary parti
les. These are 
ombined to forma dis
riminant variable whi
h peaks at one for b jets and peaks at zero for non-b jets.
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Figure 1: Tranverse energy and thrust distributions forHA, Z0Z0 and W+W�. Generator level distributionsare plotted as histograms, results of Mokka + Marlinsimulation and re
onstru
tion are given for the signalpro
ess as points with error bars.

At the 
hosen working point, aneÆ
ien
y for b jets of 85 %is obtained with suÆ
ient re-je
tion of lighter quarks to ef-fe
tively suppress the remain-ing non-b ba
kground. Signalevents have been generated withPythia 6.205+Isajet 7.69, in-
luding bremsstrahlung e�e
ts.These events have been passedthrough the full LDC simula-tion using the Mokka 06-03 pro-gram [7℄ based on Geant-4. Thel
io [8℄ 
olle
tions produ
ed byMokka have been used as input forthe Marlin re
onstru
tion. At ps= 1 TeV, the e�e
tive e+e� !H0A0 produ
tion 
ross se
tion,a

ounting for beamstrahlung, is1.4 fb and the de
ay BR(A0 ! b�b) LCWS/ILC2007



is 0.87. The main ba
kgrounds areZ0Z0,W+W� produ
tion and the in
lusive b�bb�b produ
tion. Their 
ross se
tions are 0.2 pb,3.2 fb and 5.1 fb respe
tively. We assume to operate the ILC at 1 TeV for a total integratedluminosity of 2 ab�1. Ba
kgrounds 
an be signi�
antly suppressed using event shape andkinemati
 variables. We require events to ful�ll the following 
riteria: total re
orded energyin the event ETOT > 850 GeV, total transverse energy ET >350 GeV, 
harged energy in theevent ECHA > 350 GeV, number or re
onstru
ted parti
les NTOT >50, number of 
hargedparti
les NCHA >25, event thrust <.95 and Y34 <0.0025, where Y34 is the 3 to 4 jet 
rossovervalue of the jet 
lustering variable. The distributions of some of these variables is shownin Figure 1) for ba
kgrounds and signal, for whi
h a 
omparison of the generator-level andre
onstru
ted values is also given.After event sele
tion, the di-jet pairing whi
h minimises the di-jet mass di�eren
e hasbeen 
hosen. The di-jet mass resolution has been improved by applying a 4-C �t. We
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Figure 2: Dijet invariant mass distribution for e+e� ! H0A0 events sele
ted by the analysis
ut. Mass 
onstraint �t and jet 
avour tagging has been applied. The distribution for fullysimulated and re
onstru
ted events (points with error bars) is 
ompared to that obtainedwith parametri
 simulation (histogram).have ported the PUFITC algorithm, developed for the DELPHI experiment at LEP, intoa dedi
ated Marlin pro
essor. The algorithm adjusts the momenta of the jets given by~pF = ea~pM+b~pB+
~pC where ~pF is the �tted momentum, ~pM is the measured momentum,~pBand ~pC are unit ve
tors transverse to ~pM and to ea
h other, and a, b and 
 are the freeparameters in the �t. The adjusted momenta satisfy a set of 
onstraints while minimizingthe �t �2, whi
h is given by �i (ai�a0)2=�2a+b2i =�2b+
2i =�2
 , where a0 is the expe
ted energyloss parameter, �a is the energy spread parameter and �b,�
 are the transverse momentumspread parameters. In this analysis we use the following 
onstraints: px = py = 0 andE � jpzj = ps, where the last 
ondition a

ounts for beamstrahlung along the beam axis,z. We report here preliminary results from the analysis of a sample of 1050 fully simulatedLCWS/ILC2007



signal events. After applying �nal sele
tion and mass 
onstrained �t, the sample of eventsin the region 150 GeV< Mjj <550 GeV gives a sele
tion eÆ
ien
y of 23 % for signal b�b�bde
ays. The resulting mass distribution is shown in Figure 2. We des
ribe the signal asa CRYSTAL BALL (CB) fun
tion [9℄ and extra
t the A0 mass, MA, and width, �A havebeen by a multi-parameter �t leaving the CB parameters free. We determine the A0 massas (419.1�0.9) GeV. This result is remarkably 
lose to that obtained in the earlier analysis,based on parametri
 dete
tor simulation. The produ
tion and analysis of fully simulatedand re
onstru
ted ba
kground samples is 
urrently under way.4 Further Constraints on 
�The 
onstraints on LCC4 derived from mass measurements at the LHC and ILC, provide apredi
tion of the DM density in the Universe to a relative a

ura
y of 18 % with a generi
MSSM model.

 (GeV)tauA
-2000 -1000 0 1000 2000

B
ra

n
ch

in
g

 R
at

io

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 bb→A

ττ →A
 bb→H

ττ →H
1τ∼1τ∼ →H

Figure 3: H0 and A0 de
ay bran
hing fra
tions as afun
tion of the stau trilinear 
oupling Atau predi
tedby HDECAY. All the other MSSM parameters have beenkept �xed to those 
orresponding to the LCC4 point.

This a

ura
y is still far from thata
hieved by CMB study with satel-lites. The main 
ontribution tothe remaining un
ertainty is theweak 
onstrain whi
h the data pro-vide to MSSM solutions where
� is signi�
antly lower than itsreferen
e for LCC4. A detailedstudy shows that these solutionsare all 
hara
terised by large val-ues of the stau trilinear 
oupling,Atau. In the MSSM the ~� 
ou-pling to the H0 and A0 bosonss
ales as Atau 
os�
os beta + � sin�
os � andAtau tan�+�, respe
tively. In thefunnel region the main annihila-tion me
hanism is ~�0 ~�0 ! A0 !b�b andMA < M~�1+M~�2 . The onlyA0 de
ay into ~� s, allowed by CPsymmetry, A0 ! ~�1~�2 is kinemati-
ally forbidden. At large values ofjAtauj, the stau de
ay pro
ess through the H0 ! ~�1~�1 gets a sizeable bran
hing fra
tion.This 
hannel 
ontributes to the neutralino annihilation rate through ~�0 ~�0 ! H0 ! ~�1~�1,bringing down the 
orresponding reli
 density, as observed in the MSSM s
ans. At the sametime, a determnation of the bran
hing fra
tion of the de
ay H0 ! ~�1~�1, allows to 
onstrainjAtauj. Figure 3 shows the de
ay bran
hing fra
tions of the A0 and H0 bosons 
omputed us-ing the HDECAY 2.0 program [10℄ as a fun
tion of Atau. Now, a large H0 ! ~�1~�1 ! � ~�0� ~�0yield 
an be dete
ted by a standard b�b�� analysis. A preliminary study shows that the A0,H0 ! �� bran
hing fra
tion 
an be determined to � 15 % and A0, H0 ! b�b to � 7 %,from whi
h a limit jAtauj < 250 GeV 
an be derived. This 
onstrain removes the tail atlow values of 
� and results in a predi
tion of the neutralino reli
 density with a relativea

ura
y of 8 %. A detailed study on full simulation to support this preliminary results is
urrently under way. LCWS/ILC2007
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