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Detailed study of gluino decay into third generation squarks at the CERN LHC
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In supersymmetric models a gluino can decay hhffaf through a top squartstop or a shottom. The decay
chain produces an edge structure in thg distribution. Monte Carlo simulation studies show that the end
point and edge height would be measured at the CERN LHC by using a sideband subtraction technique. The
stop and sbottom masses as well as their decay branching ratios are constrained by the measurement. We study
interpretations of the measurement in the minimal supergravity model. We also study the gluino decay into
tb}zi as well as the influence of the stop left-right mixing on thg, distribution of the taggetb events.
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[. INTRODUCTION stressed that the stop masses and mixing are very important
parameters to predict the light Higgs boson mggsor the

The minimal supersymmetric standard mo@dISSM) is  rareB decay ratiog8].
one of the promising extensions of the standard motigl We may be able to access the nature of the stop and sbot-
The model requires superpartners of the standard model pam at the LHC provided that they are lighter than the gluino
ticles (sparticle$, and the Large Hadron CollidétHC) at  (g). They may copiously arise from gluino decay if the de-
CERN might confirm the existence of the new partidl2f ~ cay is kinematically allowed. The relevant decay modes for
The LHC is app collider at\/s=14 TeV, whose operation is bi(i=1,2), t,, to charginos;(ji (j=1,2) or neutralinos
currently expected to start in 2007. The integrated Iuminosit)f“vjo(j =1,2,3,4) are listed beloW(indices to distinguish a par-
will be 10 fb™Y/yr at the beginning(low-luminosity run$  ticle and its antiparticle is suppressed unless otherwise
and then upgraded to 100 fyr (high-luminosity runs stated:

SupersymmetrySUSY) must be broken and the sparticle
mass spectrum depends on the SUSY breaking mechanism. () "g_>bBl_>bb}J° (—bbl"17%Y),

Measurement of the sparticle masses provides a way to probe

the origin of the SUSY breaking in nature. The sparticle (1)
mass measurement at the LHC has been therefore exten- J
sively studied.

Among the sparticles the third generation squarks, top (1;
squarks(stops (t;) and sbottomsk{)(i=1,2), get special -~ ~ -
imprints from physics at the very high energy scale. One of (i g—Dbbi—bWt,—bbWyj,
the examples is found in a model with universal scaler L _
masses. Although the scalar masses are universal at a high (IV);; g—>bbi—>tb)(ji. (1)
energy scale, the third generation squarks are much lighter
than the first and second generation squarks due to th@ previous literaturg2,9], the lighter sbottonb; is often
Yukavya running effect. On the other hand, some SUSYy;,died through the mode ¢f) namely, the bb}}g
breaking models, such as the flavof2U model[3] or the 41-~0 . .
decoupling solutior{4], and the superconformal modg] —Dbbl™l™ x7 channel. '[h|s mode is important when the sec-
for the SUSY flavor problem, have nonuniversal boundaryond lightest neutraling has substantial branching ratios
conditions for the third generation mass parameters at théto leptons. The difference of sparticle masses such as
grand unified theory (GUT) scale. In addition, the (Mg—mg ) is determined by measuring kinematical end

t, -tr-Higgs trilinear coupling, is comparable to the gluino points of invariant mass distributions for signal events.
mass at the weak scale when the origin of the SUSY break- In a previous papgl0] we proposed to measure the edge
ing comes from the GUT scale or Planck scale physics. Thigosition of themy, distribution for the modes (Il}) and
appears in the stop mass matrix with a large coeffiaient (V) 11, wheremy, is the invariant mass of a top-bottoftt)
mERz my(A;— p cotB). The stop left-right mixing is there-

fore expected to be sizable, leading to an even lighter stop

mass compared to those of other squdifs It should be We do not consider gluino decay into, for this paper.

gt —tty],

g—tt—tby;,

0556-2821/2003/68)/03500720)/$20.00 68 035007-1 ©2003 The American Physical Society



HISANO, KAWAGOE, AND NOJIRI PHYSICAL REVIEW D68, 035007 (2003

system. The decay modes are expected to be dominant in the TABLE I. Sparticle masses in GeV and the total SUSY cross
minimal supergravitft MSUGRA) model, since the branch- section gsysy in pb for the parameter points studied in this paper.
ing ratios Br@l(’:[’l)_)t(b)}li) could be as large as 60%. We The cross sections are calculatedAyrHIA.

focused on the reconstruction of hadronic decays of the top

quark, because the, distribution of the decay makes a ™ e, m, M, M Tsusy
clear “edge” in this case. The parton level,, distributions A1 707 427 570 613 220 26
for modes (lll) and (1V); are expressed as functionsrof, A2 706 496 587 614 211 25
n,, My, and the chargino Mags; - dr/dmgpemy, and 11 707 327 570 613 220 30
the edge positiorfend poinj of the my, distributionM,, for ~ T2 707 477 570 612 211 25
the modes (I11) and (IV);; are written as follows: B 609 402 504 534 179 56
2 2 C 931 636 771 805 304 5
M, ~ M
2 2 1 X; 2 2 2 G 886 604 714 763 285 7
Mip(111)j=mi+ — ——{(mg—mg —m) | 831 571 648 725 265 10
t
' El 515 273 521 634 153 7
+ Mg — (e, —m)2] 5 — (g +my)2]}, E2 747 524 770 898 232 8
2 2
M2 (V) = m2-+ Mg~ mBi {(mg e m?) explore the MSUGRA parameter space to check if our fitting
tb U 2m2 b Tt procedure reproduces the end pdinf] and the number of

b; events going through the decay mod#$) and (IV). We

2 > 2 > then turn to more delicate issues such as extraction of
+ \/[mBi_(m}ji_ M) ][mBi_(m}ji—'— mo)<1}- branching ratios. In Sec. IV, we discuss the stop and sbottom
2) decays into the heavier chargiﬁ@ by looking into themy,
distribution of events with additional leptons. In Sec. V, we
The measurement of the end points is sensitive to bgth ~ study the MSUGRA parameter region where the decay
and n, , provided thatmg and ;- are determined from modes(lll) and/or(1V) are open,'and disc'ussj hoyv to extract
other measurements. The edge height is then closely relatdge fundamental parameters using thg distributions. The
~ LHC's potential to extract the top polarization arising from
to a(pp—gX)XBr(lll/IV). In some model parameters ~ o~ . . .
M (Ill) ; is very close taVl (V) 1;. When they are experi- the decayg—tt; is discussed in Sec. VI. Section VIl is
mentally indistinguishable, it is convenient to define adevoted to conclusions.
weighted mean of the end points:

II. SIMULATION AND RECONSTRUCTION
Br(l)M (1) 1+ Br(IV) 1M, (1V) 11

MY =
tb Br(ll)+Br(IV); ’

In the MSUGRA model the sparticle spectrum is param-
etrized by the universal scalar mass,, the universal
gaugino mas#/ 4,,, the trilinear coupling of the scalar fields

Br(lll)=Br(l11) 1+ Br(lll) 13+ Br(ll) . (3 A, at the GUT scaleNigy1), the ratio of the vacuum ex-
L pectation values tafl, and sign of the Higgsino mass param-
As the final statesbbW from the decay chaing—bb;  eteru. In order to demonstrate the end point reconstruction,
—bWt,—bbWy; [mode (lll);;] could have an irreducible we take an MSUGRA point withmy=100 GeV, My,

contribution to thetb final state, they are included in the =300 GeV, Ay=—300 GeV, tar3=10, andu>0. This

definition of My}, . corresponds to the sample point Al in Table I. The masses
In the previous paper we showed that the weighted meagnd mixings of sparticles are calculated hgasusy/
MY was successfully measured from a fit to thg, distri-  ISASUGRA 7.51[11]. Two different event generatorsyTHIA

bution. We also discussed the interpretation of the measuré-1[12] andHERWIG 6.4[13], are utilized to generate Monte
ment. In this paper we significantly extend our study to theCarlo SUSY events using the masses and mixings. In this
branching ratio measurements, identification of the stop angection we show results withvTHIA. The events are then
shottom decays into heavier charginos, and the interpretatiop@Ssed through a fast detector simulation program for the
in the MSUGRA model. ATLAS experiment,ATLFAST [14]. This program performs
This paper is organized as follows. In Sec. II, we explainjet recpnstruction in the calorimeters a_n(_JI momentum-energy
our reconstruction and fitting procedure of the edge structur€mearing for leptons and photons, giving a list of recon-
in detail. We use a sideband method to estimate the backiructed jets as well as identified leptons and photons. We
ground distribution due to misreconstructed events, whictgenerate a total of 8 10° SUSY events, which correspond to
plays a key role in the edge reconstruction. Monte Carl@n integrated luminosity of 120 f8. In addition to the
simulations show that the distribution of the signal modesSUSY eventsit events are generated usiRyTHIA as the
(1) and (IV) after subtracting the sideband background isstandard model background. The number of generated events
very close to the parton level distribution. In Sec. Ill, we amounts to 1.94 10%, corresponding to an integrated lumi-
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nosity of 286 fb . In the plots in this paper, thet back- 16 x 102
ground is not included unless otherwise noted. 1000 (@) 1600 )
In the detector simulation, a lepton is identified gf 1400 | a ., MOBE
>5 GeV and|7|<2.5 for an electron ang;>6 GeV and  §'200} & 1200
|7|<2.5 for a muon, respectively. A lepton is regarded as 0%} T80
isolated if it is separated bR>0.4 from other calorimeter 3 800 F 5 80
clusters and the transverse calorimeter energy in a cone siz-2 60} -2 so0
R=0.2 around the lepton is less than 10 GeV. The cone sizeE 400 |- E 400
is defined aR=\/(A¢)2+ (A 75)?, where¢ and 7 are the 2004 200 - |
4

azimuthal angle and the pseudorapidity, respectively. O ~Sho gy 600 Bog sooo b BoD D00 1500 2000

By default, jets are reconstructed by a cone-based algo 103 £ (GeV) x 102 Mey (GeV)
rithm with a cone sizeR=0.4 in the detector simulation. 2000 8000
After applying the algorithm, jets having a transverse energy 17sof (c) (d)
(E+) more than 10 GeV are kept as reconstructed jets.oThe 1500
and 7 tagging efficiencies are set to be 60% and 50%, re- ¢12s0f
spectively. The energy of the reconstructed jet is recalibratec;ngOE
according to its jet flavor using a parametrization optimized w 7s0
to give a proper scale of the dijet mass. 500

First, we apply the following selection cuts to the simu- 250} i
lated events for théb signal: e T L T R
Number of b—jets Number of remaining jets

(1) The missing transverse energ S s greater than 200
GeV, whereET"™* is calculated from the reconstructed  FiG. 1. Distributions ofa) missing transverse energ) effec-
jets, leptons, photons, and unreconstructed calorimetefye mass,(c) number ofb jets, and(d) number of remaining jets,
energies. This calculation is performed before the recafor 3x 10° SUSY events at point A1l. Accepted regions are hatched.
libration of jet energies.

(2) The effective massgg is greater than 1000 GeV, where pairs andb jets are tried in an event to select the combination
Mgy is the sum of the missing transverse energy andvhich minimizes the differencim;;—m|. The distribution
transverse momentum of reconstructed jets: namelyof the selectedny;; is shown in Fig. 8a).

Mesr= EMSS+ 3, plet. (iii ) The energy and momentum of the jet pair are scaled

(3) There are two and only twb jets with p;>30 GeV in SO thatm;;=my, and the invariant mass,; is recalcu-
an event. lated. The distribution is shown in Fig(l3. The jet combi-
(4) Excluding the twob jets and those identified as tau jets, Nation is regarded as a top quark candidatenif;; —m|

the number of remaining reconstructed jets with <30 GeV. . .
30 GeV and 7|<3.0 should be between 4 and 6, in- As jets are supplied from gluino or squark decays and
clusive ' there are several jets in a selected event, events with a fake

o . N W boson (a jet pair that accidentally has,;~m,) still
Dlstrlbutlons of the cut variables are shown in Fig. L The yominate themy;; distribution. The contributijé)n of the fake
first two cuts are to enhance the SUSY events against thg; poson in thew mass region is estimated from the events
standard mod_el baquround events. The other_two_ cuts are {3, contain jet pairs with the invariant mass in the regions
reduce combinatorial backgrourfsvrong combinations of . Im;; — (my— 30 GeV) <15 GeV and B: |m;;—(m
Jets) in the reconstruction of the top quark. +.30 G”eV)| <Vi/5 GeV. We call them “theW sidgbandg.”

To reconstruct the hadronic decay of the top quark, Werhe energy and momentum of the jet pairs are then scaled

take the following step$i)—(iv). . L
(i) We first tage jeFt) pairs consistent with a hadroiit linearly by multiplying them by a factorn(y; = 30)/my; so
boson decay with a cut on the jet pair invariant mass: 60000 F 12000
|m;; —my| <15 GeV. Them;; distribution is shown in Fig. F (a) F(b)
2(a), where the selected mass region is marketVagheW — 3%°F 10000 -
mass region Although fakeW pairs dominate the distribu- ~ Joooo | (78000 -
tion, a small bump due to redl bosons can be seen in the 3000 “ore000 [
mass reQiqn' . . . . ;_jzoooo 2 ;chwoo =
(if) The invariant mass of the jet pair and one of hets, S S
My, is then calculated. All possible combinations of jet '%®°f 2000 -
00I = ‘SOI = ‘1(|)0I = I150 00‘ = I50I = ‘1(‘)0I = I150
m; (GeV) m; (GeV)

2LargerR valuesR=0.5 and 0.6 are also tried to check the de-
pendence orR of the cone-based algorithm. For comparison, an-  FIG. 2. Distributions of the invariant mass of two jé& for all
other jet reconstruction algorithm, tie; algorithm, was also tried possible combinations and) for the combination used to recon-
with R=0.4, 0.5, 0.6, and 0.7. The comparison is given in the Ap-struct a top candidat&/ andA, B indicate theW mass region and
pendix. W sidebands, respectively.
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14000 - ( ) 8000 E
F(a i B
>12000 - s 1200
80000 F 86000 = B
b [ > N
Qsooo - Q L © 1000 [~
Beo00 |- 84000 - © B
:54000 * S i g 800 -
G (52000 |- N accepted
F [ 9 600 |-
obel i1y f bl by v 1y T q__) B
100 300 100 150 200 250 300 : 400 -
my; (GeV) c N
8000 2500 kel B t tbor
F L (d) 200 —
6000 %2000 i -
O &) I 0 — ]
) 10 1500~ 0 50 100 150 200 250 300
DS N
,84000 ,81000 B mb| (GeV)
(52000 ) A FIG. 4. Distribution of minimumm,, for events having a top
i LT ob RN candidate. Open and hatched histograms are for SUSY events and
%0 S5 i e e e tt events, respectively. The loose lepton cut is also shown.

my; (GeV)
distributions with the lepton cuts are shown in Fig. 5. The
FIG. 3. Distributions ofm,;; (&) before and(b) after the jet  nympers of selected events are listed in Table II. Hereafter
energy scaling(c) background estimated by th& sidebandgthe we use the loose lepton cut.
hatched histograinsuperimposed to the distributiofb), and (d) For the remaining events, the top candidate is then com-
after subtracting the estimated background. The mass cut for the t%ned with the otheb jet, which is not used to reconstruct
candidate is indicated by arrows. Dashed histogrants)iand () yho 01 candidate, to calculate the invariant mass ofthe
show the distributions dft events, where the integrated luminosity systemmy, . The distribution is shown in Fig.(8). However,
of the tt events is normalized to that of the SUSY events. the expectedb end point is not clearly visible in then,
distribution due to the fak&V events. Here we can again
<15 GeV. Themy; distributions before the linear scaling are utilize the W sidebands for the background estimation. The
shown for theW region and theW sidebands in Fig. ). ~ estimated background distribution is shown in Figb)6
The distribution of the fake top quark candidates is estimate#hich is obtained by averaging distributions from the side-
by following the same step@i) and (iii) for the scaled jet
air [see the hatched histogram in Figicd. The “true” 1000
Sistri[bution is obtained by su%tracting thgg Eackground distri- _ s000 E—(G) IGOSS ISPLan SU| 2000 f(b) loose lepton cut
bution estimated by th&/ sidebands from the original dis- Emoof
tribution [see Fig. 8)]. The estimation is based on an as- 40, F
sumption that the background comes from jets without 3> |
significant correlation wittb jets. 23000
The tt production is the dominant standard model back-

ground. Them,;; distributions of thett events surviving at ok s T r—
this stage are shown in Figs(c3 and 3d) before and after 100 300 100 150 200 250 300
sideband background subtraction, respectively. The distribu: me; (CeV)
tion of thett events is normalized to an integrated luminos-
ity of 120 fo~!, to be compared with that of the SUSY

events. To reduce thet events, one of the following two 8
lepton cuts may be used, depending on the signaI/onoo;
(0]

that the jet pairs are in th&/ mass region/m;;—my|

=} o)
S o
(=} o

T T

Entries/5 GeV
2
-

el E
€ 2000 |-
LJ =

000 |

4000 1200

£ (d) hard lepton cut

o
o
o

o}

o

o
T

Entries/5 GeV
N > D

g8 8 8

- SR~ ATE R,
%

background situation. -

(@ Loose lepton cut: If there are highyr isolated leptons, 51000: g
the invariant mass of any highy lepton and the re- 500, 0 e Ty oot sns
maining b jet (my) should be greater than 150 GeV. Qoo Ts0 200 350 300 100 150 200 250 500

The distribution of the minimunm,, in events with a Me;; (GeV) my;; (GeV)
top candidate is shown in Fig. 4.

. : FIG. 5. (a) and(b): Distributions ofmy,;; with the loose lepton
b) Hard lepton cut: An event should have no isolated lep- bij
(b) tons P P cut before and after sideband subtraction, respectivelyand (d):

_ Distributions ofm,,;; with the hard lepton cut before and after side-
The cuts reduce the fraction of the events having pair,  band subtraction. The meaning of the histograms is as same as in
where one of the top quarks decays leptonically. Tifyg, Figs. 3c) and 3d).
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TABLE II. Numbers of events having a top candidate with or 600 F
without lepton cuts. The integrated luminosity is 120 ¥b The N P . t A,I
numbers in parentheses are the ratios oftthevents to the SUSY % 500 | { oIn
events. A\ o +
O 400 |
SUSY point Al tt — -
Sideband subtraction Before After Before After G300 |- #H
) [
No lepton cut 59174 13340 8168 2764 Vo0 |
(0138 (0.207 =T }
S100 |
Loose lepton cut 47171 10487 5789 1777 LJ - *
(0.123  (0.169 C
0 H | L L L | L L L | L L .’

Hard lepton cut 26915 6114 2671 884 200 400 600 800
(0.099  (0.145 My (GeV)

FIG. 7. Afit to themy, distribution at point Al.

o

bandsA and B. The estimated background distribution is
subtracted from the signal distribution in Figch The cor-

rectedsignal distribution(c) shows a better end point struc-  Note that the signals from modésl) and(IV) in Eq. (1) -
ture compared tga). are significant in the total selected events. The total distribu-

By using the information from the event generator, onefion shown in Fig. 6c) contains a contribution from misre-
can show that the sideband method is indeed reproduces tf@nstructed events such as other gluino decay chainswiith
my, distribution for signal modesll) and (IV). Figure d) ~ @ndb jets or stop and sbottom pair productions.
is the same distribution as Fig(d but for the events which ~ We fit the total distribution shown in Fig.(), which is
contain either the decay chain (}j)decay chain (IV),, or ~ Made with a bin siz&m=10 Gler,_t by a simple fitting func-
decay chains (llly, which are irreducible to the chain tion described with the end poiMy;,, edge heighb perAm

(i) ;- "gjﬂbTJiHbWTlebW}f. Note that ifbW has an bin, and smearing parameteroriginated from the jet energy

invariant mass consistent with a top quark, the decay is ki_resolut|on:

nematically equivalent to mode (lll) Figure &d) shows

two end points as expectefiM,(lll) ;=471 GeV and h (uit m 1[m—my]?
Mp(IV) 1,=420 GeV], demonstrating that the sideband — f(mMg)=—|["® —eXD(—§ p )dm.
method works well. Mipm 2mo @
2000 ¢ 2000
%,17505 %,1750 §(b) To reduce the number of free parameters for good conver-
g:zzz : g:zzz: gence capability of the fit, we set the smearing parameter
NQ: 1000 F to be 10% of the end poit [} . This assumption is based on
2 150 2 ok the dijet mass resolution of the ATLAS detecf@]. We as-
£ 50 < a0k sume that the signal distribution is sitting on a linearly de-
& 250 & 20 E creasing background expressed by a functdm,,— M{'tt,
bl vy b 1 +b. The parametera andb are also determined by the fit.
° 2°°m “("(gev)“" g0 0 2°°m “(°G°ev)6°° 800 The fit results, especially the edge heiphtlepend on the
* * mass range used for the fit. We therefore apply an iterative
O B fitting procedure to obtain stable results. The initM[}
® 500?(0) ® 250?(d) value is determined by fitting a rather wide mass range
gy & S 200 350 Ge\km;, <800 GeV (45 histogram bins In the next
; 300 _ ; 150 F step, lower 8 bins and h_igher 25_bins with _respe_ct tol\tﬁ@
2 ook 2 b vafl_ue are used to obtain new fit results including the new
c : c E Mt'f, value. The relatively small number of lower bins is cho-
5 100 o OF sen because the edge height is sensitive to the distribution in
B A of ! ! I the mass region near the end point. Including too many lower

o 220 4(0(30 v)‘5°° 80 o0 200 “(08 v)‘5°° 800 bins is found to degrade the sensitivity. The higher bins de-
M (&€ M 1€ termines the linearly decreasing background. This step is re-
FIG. 6. (a) Signal my, distribution for the sample point A1 in Peated until the fit results become stable. The number of
Table 1, (b) the estimated background distribution from the sidebandterations is typically 3 or 4. If the edge heighthas a large
events,(c), (8—(b), and (d) the my, distribution for modes (ll1) fit error, the number of lower bins is increased to 9 or 10,

and (1V)y; in Eq. (1), and decay modes (I}}) irreducible to mode  until the error becomes reasonably snigfpically less than
4. 15%). The fit result is shown in Fig. 7. We obtaiMI'f,
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TABLE llI. The lighter stop mass and the relevant SUSY mass TABLE IV. The universal parameters at the GUT scale for the
parameters in GeV and the stop mixing angles for points A1, A2 points we study. Units are in GeV except {ain
T1, and T2.

My mo(Q) mo(H) Ao tang
my, M, Iy, A 0
Al 300 100 100 —300 10
Al 427 482 573 — 655 0.99 A2 300 100 100 300 10
A2 496 521 591 — 457 1.01
T1 327 366 573 — 655 1.14 B 255 102 102 0 10
T2 477 551 573 —655 0.84 c 408 92 92 0 10
G 383 125 125 0 20
| 358 188 188 0 35
=455.2+8.2 GeV ancth=271+23/(10 GeV), where the er-
rors are statistical. El 200 500 200 1000 10
E1l 300 700 500 —1000 10

lll. My, DISTRIBUTIONS IN THE SUSY MODEL POINTS

In the previous section we discuss the selection oftithe Next we choose MSUGRA points B, C, G, and |, which
events gnd the_ extraction of the _edge structure inrthe  were discussed in Ref15]. They satisfymg>n;_+m; so
distribution originated from th‘? gluino decays (h”).(“l). i1 that the decay mode (1l))is open. The points also satisfy the
or (IV)i1. Two values are obtained from the,, distribution: conditionmyg<<1 TeV, which is required for a statistical rea-

the end poin I'é is directly related to the stop, shottom, and . L .
gluino masses, while the edge heidhis sensitive to the son. The gluino production is dominated by the proaggs

gluino production cross section and the decay branching ra=>99 in the case ofmg~mg, and the production cross sec-

tios. tion is parametrized gsl6]

This section is aimed at comparing the reconstructed val- e | 578
ues Wittf'?t expectations. We will see that the_ kinematica_ll quan- a(q9) + o(q*g) = 1.74x T_3/> (pb). (5)
tities My, and the peak value of the effective mass distribu- e

tions (Mes) agree very well to My and mg+ny,

respectively. On the other hand, the reconstructed edge o

height h, which is related to the total number of gluinos FOr example, the cross section is 14 pb and 3.1 phnfpr
decaying through the modéi! ) or (IV), is dependent on the =700 GeV and 900 GeV, respectively. Assuming that the
event generator and also on the decay patterns of the neQ[anChlng ratios and reconstruction efflClency are equal to

tralino, chargino, and squarks. We clarify key issues to rethose of point A1, the gluino mass must be less than 1 TeV to
duce the uncertainties in this section. reconstruct more than 2000 SUSW events after sideband

subtraction for an integrated luminosity of 100 b

Finally we select two more points E1 and E2, where only
the decay chain (ll}) is kinematically open and the other

The gluino decay widths and decay kinematics depend 0Ryo-body gluino decays into squarks are closed. This hap-
the squark masses and mixings. The charginos and neutrafiens whemm, andA, are large. As the SUSY events at these
nos in the decay chairi$)—(IV) further decay into jets and points typically contain four bottom quarks, the combinato-
leptons, and the decay patterns depend on the electrowegl§| packground for thetb reconstruction is significantly
SUSY parameters such as My, M;, tang, and the slep- |arge.
ton masses. They,, distribution is therefore a function of all For the points we study in this paper, we list the relevant
SUSY parameters. To check the validity of our reconstrucsparticle masses and the universal parameters at the GUT
tion and subtraction scheme, we study thg distributions  scale in Tables | and 1V, respectively. At each SUSY point
for various sets of SUSY parameters. we generate two Monte Carlo data samples, each having 3

The reference point Al introduced in the previous sectionx 10° events, where one is generated byTHIA and the
corresponds to the MSUGRA model with a large negafiye  other byHERWIG. The cross sections are summarized in Table
value. The stop and sbottom masses can be changed by vatyThe cross section is largest for point E1, where the gener-
ing the Ay value without changing other sparticle massesated 3x 10° events correspond to 39 h. The SUSY cross
drastically (see Sec. V for details We thus make another section for point C is the smallest among them, where the
MSUGRA point A2, by changing only thé, value from  generated % 10° events correspond to an integrated lumi-
—300 GeV to 300 GeV from point AL. In addition, two non- ngsity of 600 ft 1. Note we use thé tagging efficiency for
MSUGRA points T1 and T2 are made from point A1, where |ow-luminosity rune,= 0.6 throughout our simulation. How-
the chargino-neutralino sector and the gluino mass are keger for the high-luminosity rue,= 0.5 should be used. The
unchanged but the stop masses and mixing are modified Byumber of reconstructed events should be scaled by 0.7
changing the mass parametsy . The stop mass parameters (~(0.5/0.6%) in addition to the scaling due to the luminosity
and the mixing angle at the low-energy scale are listed irfor points C, G, I, and E1, because the cross sections are
Table lIl. small for these points.

A. Model parameters
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TABLE V. Fit results of them,, distributions and numbers &b TABLE VI. Branching ratios of gluino cascade decays in per-
events after the sideband subtractibigyge and Ny for 3% 10° cent. Decay mode@ll ) and(1V) are defined in Eq1). The “sum”
Monte Carlo eventM andM{'f, are given in GeV. The fit does not is the total of all (Ill);, (lll);;, and (IV);; decay modes. The “
include thett background, and the loose lepton cut is applidg; bbX' is the branching ratio of the gluino decaying intpor b;, so
is the total number ofb events, whileNgq4cis the number of events  that two bottom quarks appear in the decay products.
with one and only one gluino decays into mode (llIXIIl);4, or
(IV) 1. “PY"is for pyTHIA and “HW” is for HERwiIG. The number my; (Vg1 (V)1 ()44 ()5, Sum  bbX
of degrees of freedom of the fit is between 30 and 32.

Al 11.0 6.7 1.4 3.4 2.7 253 434

Gen MY M{ikt) h/(10GeV) X2 Neage Na A2 3.1 6.5 1.6 1.4 0.4 13.1 32.0
T1 245 3.2 0.8 5.0 3.0 36.5 56.3
Al PY 459 455283 271.4-22.7 41.3 5846 10487 T2 4.3 9.9 292 0.5 21 190 362

HW 4345-58 354.8:23.3 36.9 6685 11470 g 41 8.2 23 0.9 1.7 17.3 1335

A2 PY 409 442.@17.5 153.820.6 452 3064 7525 ©C 72 53 13 0.9 08 154 385
HW 394.4-95 190.6-:21.8 235 3095 7805 © 66 75 12 05 08 166 404

| 6.2 11.1 0.7 0.0 0.7 18.7 47.3

Tl PY 468 460.354 327.0-:21.6 25.5 6620 11659 E1 785 0 0 0 0 785 99
HW 452.0:3.9 4475235 46.0 8170 14050 E2 42.6 0 0 0 0 42.6 98

T2 PY 429 434581 223.2:21.6 27.0 4461 8466
HW 416.6-5.2 321.6-23.2 28.5 5378 9592

of themy,; distribution is lower than the parton levgll end
B PY 371 385.66.3 2269196 427 2801 5396 Point by about 10%.
HW 361.7-7.3 2235213 424 3105 5935 In the study of the squark cascade decgyqlly?, the
end point agrees better with the parton level one by changing
C PY 557 5482141 1424175 30.6 4026 11228 o jet cone size t&R=0.7. In our study at the reference
HW 556.3:9.4 178.2:17.9 305 4395 12704 point Al, the reconstructed number of events is significantly
G PY 533 498586 244.1-23.8 352 5784 13630 reduced forR=0.7. We find that using a jet cone siie
HW 506.9+6.4 3255-229 33.6 6248 15039 =0.5 leads to a better reconstruction and a lartytf,
which is closer taM{},. Such a comparison might be useful
I PY 507 497.87.3 289.7:24.0 28.4 6016 13752 (g estimate the true end point. We discuss the dependence on

HW 492.955.2 383.9-24.5 31.9 6661 14968 the jet finding algorithm and the cone parameters in the Ap-
EL PY 360 345553 270.6:23.7 19.1 2778 4595 Pendix. - _ . .
HW 348.0+6.3 2515239 251 3169 5167 We note that our definition df1}, might be too simple if

the reconstruction efficiencies of decay modidéls and(IV)
E2 PY 453 430.&875 352.0:33.9 34.6 5577 16490 are very different. In addition, the weighted average should
HW 444.7-8.0 324.6-30.9 455 4394 15724 not be applied wheM ,(111) 1 andM,(1V) 1, differ by more

For 3x10% SUSY events

B. Reconstruction of kinematic variables 800 prrrr e 77
The fit results of them,, distributions are listed in Table - 77
V, where we follow the fitting procedure described in the 550 |- VY S
previous section. The weighted end poM{} is defined in C //://c ]
Eq. (3) and the relevant branching ratios are listed in Table 500 Y $ —
VI. In Table V, N, is the number oftb events after the S~ A7, G ]
sideband subtraction, whil¢qgcis the number otb events 8450 — + / —
after the subtraction, with one and only one gluino decaying -2 V4 E2T1 ]
through mode (I}, (111);4, or (IV);;. Generator informa- S 400 //4/.1-2 _
tion is used to obtaiMegge. W pa
The relation betweeM [ andMY}, is shown in Fig. 8. The asof- .
fitted value M increases linearly with the weighted end E/,/’ EP
point M}, in the mass range 350 GeWM | <600 GeV and PR 74 I I N P P
tends to be lower thaM}}, . In the previous literaturg2,9], 300 350 400 450 500 550 600
the lower mass value was understood as the effect of par- Mip[GeV]

ticles m_|ss_ed Qut5|de the jet cones. In the literature invariant FIG. 8. Relation betweeM?, and M for the sample points.
mass distributions of the events with same flavor and opporyo sgiid line corresponds t01% =M™ and dashed lines to

. . . . t t
site sign leptons are studied, which come from the Cascadl@{{,(lro.oz)szt‘). Bars with a diamond and a circle correspond

decay of the Squarkﬁéaq}geqlﬂfeqll}g. The end point  to PYTHIA andHERWIG samples, respectively.
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o L L B LR BLELEL I This formula is obtained by assuming the parton level distri-
[ ] bution. The factom,/Mfi+1 comes from the fact thahy,
1800 - c =m, for the signal distribution and equating the minimum of
= [ E2 ] thg My, distribution from dgcay chairlll) or (IV) to m,.
8 [ I o ] This is a good approximation for reasonable SUSY param-
—, 16001 G -] eters.
g - ] In Figs. 1@a) and 1@b) we compareNqqqein Table V with
-I;m 1400 AT ] Ns: . We find a very good agreement between them for both
g - ] the PYTHIA and HERWIG samples. On the other hand, the
T BE1 ] correlation betweei,, and Ny, is much worse as shown in
1200 |- — Fig. 10c). The numberN,, receives a contribution from
C ] other gluino cascade decay chains such as m@gdesd(ll),
L ] as well as contributions from the stop and sbottom pair pro-
100050 1100 1200 1300 1400 ductions. By the end point fit, we extract the number of
M [GeV] events coming only from modes (Iil) (Ill);1, and (IV);.

Nedge @nd, then,Ng; must be related to the number of

FIG. 9. Relation betweeM s and my+n for the sample gluino decays through cascade decay ch&ilig and (IV)
points in Table I(HErRwIG samples The line shows a linear fit of via the reconstruction efficiencies. For the points we study,
mg+mg as a function oM. the number of producedg events, N(gg), is typically

10%-14% of the total SUSY production events, while the

than 80 GeV, as we use events with,>M™ —80 GeV for number of g*g and qg production events,N(g*Q)
the fit. +N(qg), ranges from 42% to 51%. The gluino decay

We now discuss the relation betwedhy; and mg,ny branchings ratios are listed in Table VI. The number of
using thetb samples. We find that the sum of the massesvents,N,4, Where one gluino decays through modtb)
mg+ g has a linear dependence bhy; as shown in Fig. 9. or (IV) and the other squark or gluino decay does not pro-
The deviation of the sample points from a linear fit is lessduce any bottom quark, is given as follows:
than 5%. The plot is foHERWIG samples, and we find that — ~ —
PYTHIA and HERWIG give consistent results for the relation M Nprog=2N(99)[1—Br(g—bbX)]Br(edge +[N(gq)
betweenM .4 and the masses. ~—

: . . +

The tb sample contains two and only twmjets originat- N(gg™)]Br(edgs,

ing from a gluino decay; therefore, they dependence of  Br(edge=Br(IIl);+Br(Ill);+Br(Il) o +Br(IV)qy,

My is expected. One may wonder that thg production (7)
might affect theM ¢ value. This is, however, not the case for - ) ) ] )
the points we study. Indeed, points E1 and E2, w where Brg—bbX) is the branching ratio of the gluino de-

>y, also satisfy the linear relation betwedh and m; f:aying _into a stop or shottom, thu_s having two bottom quarks
+mg. Note that the quark parton distribution is harder thanin the final state. The reconstruction efficiency of thedge

the gluon parton distribution. Thereforer(pp—qg) mode, ey, , IS given as
>o(pp—gg) in a wide MSSM parameter region. This is €to=Nedge/ Nprog- (8)

why M. becomes a very good function ofy-+ g . If the efficiency does not strongly depend on the uncertainty

In Ref. [17] the relation betweeiM 4 and the effective . i
SUSY scale is studied. where the effective SUSY scale id” hadronization and the model parameter dependence can be

defined as the cross-section-weighted mean of the masses%qrreded from other measurements, we can extract the num-

- S . . ber N,,q from the experimental data.
prod
two sparticles initially produced impp collisions. On the The major uncertainty in hadronization may be estimated

other hand, we actively select tiggy productions by requir- -y the generator dependence of the reconstruction efficiency
ing two taggedb jets. This leads to a clear dependence ofetb_ The edge height for the HERWIG sample is significantly
Mest @nd mg + g . larger than that of theyTHIA sample in Table V, except

points E1 and E2, and the difference is more than 20% at

C. Number of tb events many points. We note that the difference is small before we

We now discuss the relation between the edge hdight aPply the sideband subtractior!. For example, the numbers of

the number of reconstructebl events, and the reconstruction P events before and after sideband subtraction are 9695
efficiencies. The total number of the “edge” eventé,y,, (10180 and 2462(2949 for the PYTHIA (HERWIG) sample,

arising from decay chainéll) and (IV) may be estimated respectively, at point A1. The number of events before side-

from MIE' h per bin sizeAm, as follows: band subtraction only differs by 5% betweesrwIG and
PYTHIA, while the difference increases to more than 20%
m, M —m, after the subtraction. This indicates that the resolution of the

Negge™ Nﬁt=§ — —Am (6) W boson mass is somewhat better for #ErRwWIG sample.
Mtb Indeed, the major difference of the two generators is in the
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acceptance vs gluino mass

10000-‘Illlllllllllllllllllll}- 2,0-||||||||||||||||||||||||J||-

[ (a) PYTHIA // ] s PR
8000 _ 7 _ - PYTHIA G/ ’+/C ]
L s ] 15— % (corrected) —
s fif A : [ e :

. 6000 — E2 — Y
& - e ] ~ ’ Cé ]
Z r / ] — B // (lepton cut) -
- ¢ . < 1.0 } —
a0~  mp he - — UL ) i
g b Fe ] &t /AT 1
N - N -
r /a2 ] 8 i 4 i
2000 - Ve ] G" 0.5+ // —]
N s ] : _// B |
N R A P PO T [ ]
O 2000 4000 6000 800010000 oo-lIIIIIIII|IIIIIIIIIIIIIIIII-
Neage 500 600 700 800 900 1000

3x10° SUSY production Iy [GeV]

10000 [T
C (b) HERWIG I /7 FIG. 11. Reconstruction efficiencies of the model points in Table
C ] | relative to that of point Al as a function aff;. Point C is plotted

*]
8000 [~ ? e twice with and without the loose lepton cut.
C , ]
— - T2 +/ E HERWIG andPYTHIA samples in the Appendix.
& r c 47 a1 ] Let us discuss other effects that might change the recon-
z - s B ] struction efficiency. In Fig. 11 we plot the reconstruction
4000 — s — efficiency €, as a function ofmg by normalizing the effi-
C B §E1 ] ciency to that for point A1. Herdl, o4 is calculated using Eq.
2000~ A2 ] (7), the generator information dN(gg), N(q*)g), and the
C 7 ] Monte Carlo inputs of the gluino branching ratios. The
C | | | | ] length of the bar in the plot shows twice the statistical error
%0 2000 4000 6000 8000 10000 Of Negger O(€wn/€m(A1))=2[ €/ €p(AL)]/VNegge We do
not discuss points E1 and E2 here because events with two
Neage bottom quarks are not the dominant signature of squark and
6 . gluino production at these points.

10000 Sx]0" SUBT produetion The efficiencies are very close to one another among
SR points A1, A2, T1, and T1. Although the stop mass is very
| () PYTHIA and HERWIG } 1 different among the points, the mass has little influence on

8000 — - the efficiency. Note that these points have the same gluino
8 7 masses and almost the same parameters for the chargino and

B0B0 L= 7 neutralino sectors. For the other points, the efficiency can

g - 1 also be expressed as a linear functionngf except the
= r 1 sample point C. The gluino mass dependence arises from the

4000 [~ — preselection cutm.z>1000 GeV.

r 1 The reconstruction efficiency at point(@e circle in Fig.

2000 b = 11) is lower by 20% from the linear fitthe dashed line in
r . Fig. 11). This is due to the loose lepton cut which reduces the
C | I | ] tt background. As the chargino decay branching ratio into

0 5000 10000 15000 20000
Nan

leptons is high(about 47% at point C, the lepton cut de-
stroys a significant fraction db events. The effect is esti-
mated by comparingNeyqe Without any lepton cut anllggge

FIG. 10. Relations betweeNqggeandNy, for () PyTHIA and(b) with t_he Ioos_e lepton cut, at point_s C and A_l. T.he eﬁicienqy
HERWIG. (C) Relation betweem,, andN; . The line in(a) and(p) @t point C without any lepton cut is plotted in Fig. 11 and is

showsNg=Negge, While the line in(c) is a result of a linear fit. close to th? linear fit of the other points. _ .
The gluino mass dependence of the reconstruction effi-

fragmentation schemeyTHIA is based on the string model, ciency would be easily corrected by estimating the gluino
while HERWIG is based on the QCD model. Currently we aremass from the effective mass distribution. The uncertainty
only able to say that understanding the nature of fragmentadrom the chargino decay branching ratio may be corrected by
tion is essential for an interpretation Nf; . We compare the studyingtb final states with leptons as well. Therefore the
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parameter dependence of the efficiency may be corrected by

analyzing the Monte Carlo and real data. Efforts to determine

the MSSM parameters are of course very important to this 0.8
purpose.

D. Branching ratios
0.6

tion efficiencies significantly differ between tireTHIA and

HERWIG samples. However, as we can see in Table V, the

generator dependence mostly cancels in the fdigN, . Z 0.4

Therefore the ratio may play a role in determining the fun-

damental parameters. For example, when the contributions

from the stop or sbottom pair productions are negligible,

Ng /Ny, is determined by the branching ratios to the third Y] 4RI R R

generation squarks. However, there are several aspects one 0.2 0.4 08 0.8

must consider. Br(edge)/Br(bbX)
N, consists of contributions from various decay modes, 5

even if the contributions from the stop or sbottom pair pro- FIG. 12. Relation betweemNgyy/Ny and Br(edge)/Brg

C
In the previous subsection, we found that the reconstruc- <
L2
g
[

o
A B B A

ductions are negligible. —bbX).

(@ Thett final state from the decay chaifi$) contributes binations significantly dilute the edge mode. Study of
to Ny . The branching ratio is typically 1/3 of that of events with thred jets and fourb jets is necessary for
thetb final state foru>M,>M . Thett final state is this case.
reconstructed ath with a high probability, although the (b) The tb signal from the stop pair production could be
m,, distribution does not have an edge structure. significant if the stop is much lighter than the gluino.

(b) We expect that events having he-bW decay would For example, only 4.7% of the SUSY events comes
be eliminated by the sideband subtraction and should from the stop pair production at point Al, while it
not contribute toN,,. However, some events actually amounts to be about 17% at point T1.
remain, because & andZ® bosons from the decay of
charginos and neutralinos, as well as accideWtand In the MSUGRA model, both the right-handed stop and

Z° bosons from other cascade decay chains. An exleft-handed sbottom are lighter than the gluino in a broad
ample wheré\/g decays dominantly into th° boson parameter space. As a result, decay modes which inwive
will be discussed in the next subsection. bosons[modes(ll), (lll), and (IV)] dominate over gluino

(c) In addition, the sideband subtraction is not necessaril;fiecays tcbbxln'the region. Bece}use events witt bo;ons '
perfect, as will be discussed in the Appendix. For ex-remain afteW sideband subtraction, the reconstruction effi-

ample, the efficiency of mode ¢)is roughly a half of ciency €, is expected to be similar for those decay modes.

. . . Thus, if the contributions from the stop or sbottom pair pro-
that of mode (Il after sideband subtraction at point ductions are negligible, the numbers of events with two bot-
Al (see the Appendix

. tom quarks are given approximately as
(d) The cuts to reduce background events may induce a g g PP y

decay mode dependence of the efficiency. For example, Ne~ e B NG 1—Br(a—bbX) 1+ N(aa
the lepton cut could efficiently reduce the edge mode ™ <% r(edge{2N(gg)[1~Br(g—bbX)]+N(ga)
(1) if Br(x; —1X) is large as we have seen in Fig. 11 +N(gg*)},

for point C.

The interpretation of the ratidly /N,; becomes more com- Nai~ €Br(g—bbX){2N(gg)[ 1~ Br(g—bbX)]
plicated for the following two cases: +N(ga) +N(gq*)}. 9

(@ If myg<mg<my, squarks mostly decay into the o )
gluino. As discussed previously, the squark-gluino pro- !f this simple formula holds, the ratils; /N should pro-
duction and decay typically produce events with four Vvide the ratio of the branching ratios Br(edge)/@r(
jets. They are identified as a twmjet event when two  —bbX).
b jets are tagged and the other two are mistagged. This is illustrated in Fig. 12, Whe~re we plot the ratio
These events decrease the fraction from decay chaif¥eqqd/ Nai @s a function of Br(edge)/Bg(—bbX). Here we
() and(IV) in two-b-jet events. Assuming a tagging PIlot Negge/ Ny instead ofNg /Ny, because we have already
efficiency of 60% for a singld jet, 35% of the four S€eNNg~Negge, and the statistical fluctuation dfgqge is
bottom quark events are identified as tivget events, small (~2%) with the help of the generator information.
and only 1/3 of them contain k-jet pair originated ~Some points in the plots are away from the liNgyge/Na
from a single gluino decay. The wrorgjet pair com-  =Br(edge)/Brg—bbX): Point C is off because the
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TABLE VII. Fit results for the Snowmass points. Data sample at F
SPS 2 corresponds tox210° events, while other samples corre- 400
spond to 3 1P events. = 350 E { (G) SPS1
: O g
M GeV] Mt GeV] h/(10 GeV) o 300 F
SPS 1 380.8 363:94.8 267.3:20.8 T 250 F }
SPS 2 N/A 484.924.9 92.2-23.5 \200 2
SPS 4 431.0 495:06.2 515.7#33.0 8 150 5_
SPS 5 416.2 442:642.8 56.6-69.6 _S §
SPS 6 442.3 416:26.2 326.4-24.7 < 100 * }
50 | + x‘

. . . . . 0 C ; -‘| L1 | L m
charglno has !arge bLaDchmg ratps into Ieptons as discussed o 200 200 600 800
earlier. At point T1,t,t7 production contributes tiN. m (GeV)

Points E1 and E2 are significantly off because the first and tb
second generation squarks dominantly decay into the gluino.
The systematics due to the chargino and neutralino decay 350
patterns are difficult to estimate from the LHC data only. By > 250 (b) SPS?2
combining the data from a future"e™ linear collider(LC) (“_.5’
of \'s=500—1000 GeV such systematics would be signifi- o 250
cantly reduced. Note that SUSY points Witmrrxf — 500
<300 GeV are studied in this paper, which is within the ~

reach of a TeV scale LC. »n 150 {

If events with fourb jets dominate the SUSY events at the .f_;’ 100 N
LHC, study of the events with four or thrdejets would be +~ +
, o . c
important, which is out of the scope of this paper.rrif1 J 50 #
<mg, it is important to constrain the stop mass in order to + H #H

.g T ~ 7 . Oﬁl||||||||1||+
estimate the contribution from,t}, as the cross section
. . . . 0 200 400 600 800
increases rapidly asy; decreases. The weighted end point

w S My (GeV)

tb Would provide information om; .

FIG. 13. Them,, distributions atla) SPS 1 andb) SPS 2. The
E. Snowmass points fit curves are also shown.

In this subsection we check if we would reconstruct fake
end points by any chance when the mode of our interest i§ody decays. The reconstructed edge has onlyirtheight
insignificant. To this purpose, we generate a set of Mont@nd is statistically insignificant. Tfﬁ2 value of the fit is also
Carlo data for the Snowmass poirts8]. The Snowmass rather largex?>=44.7 for 30 degrees of freedofT he fitted
points and slope$SPS are a set of benchmark points and end pointM |, =484.9+24.9 GeV may be related to the mass
parameter lines in the MSSM parameter space correspondirgifference between the gluino and heavier charginmg,
to different scenarios in the search for SUSY at the present 778.6 GeV andr&;:ggeg GeV. Them,, distribution at
and future experiments. Some of those points correspond T§Ps 2 is compared with that at SPS 1 in Fig. 13.

the case where decay modd$) and(lV) are not dominant, . . ~ ~ .
and we should not expect to see the edge structure imghe At SPS 5, the stop is so light that the deday-by; is

distribution. kinematically closed. The gluino decay branching ratio into
We list the fit results at SPS 1-2 and 4-6 in Table VII. by is large(9%), but theb, subsequently decays mostly into
Here SPS 3 is not listed as it is the same as point C. Wt; (80%). We thus do not find any significant edge.

The M{'g is lower by 20 GeV than theVy; at SPS 1 SPS 4 is an example that a straightforward application of
and SPS 6, similar to the points discussed in Sec. i$&  our reconstruction technique fails to fihdy}, . The distribu-
Table V). tion is shown in Fig. 14. The shottom is light because of

SPS 2 is the so-called “focus point,” where the scalar|gge tang, and the dominant gluino decay mode gs

mass at the GUT scalm, Is larger than the GUT scale —bb, (78%). The sbottom further decays into a chargino

gaugino massM,,. The glu.mo twp-body de(.:ays into a 36%) or the second lightest neutralifi®0%). Decays of the
squark and a quark are not kinematically open; therefore, th hargino and second lightest neutralino are dominated by
dominant decay modes of the gluino are three-body decays:

Br(g—tbyx;)=25%, Brg—tby;)=20%, and Br§

—>tt’)}iO/S)=20%. Them,, distribution should not have any 3HOW€V€I’,AX2 is sometimes large even when decay maide
edge structure because it dominantly consists of gluino threetominates the distribution. For exampley?=41.4 for point Al.
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[ 800 F 250 r ]
o 3 n,=0 g Ny=
1200 | SPS4 700 : b 200 [
> - ++ 600 £ :
01000 - + H 500 E 150 E
i { 400 E g
o - +H 2 100 [
— 800 | + w 300 E F
~ : # 200 £ 50 ¢
0 800 [ 100 & o F
(B N [ =S | iSa] Nl S BT | A B
'_S 400 - + 0 50 100 150 200 0 50 100 150 200
C N $ m,(GeV) my(GeV)
L 200 | t - 30 [
- ' 80 [ ny=2 E (ny=2)—0.125%(n,=0)
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FIG. 14. Them,, distribution at SPS 4. The fit curve is also 20 |
shown. 0 —10 ¢
SRR IITIEN NI B _20:....|....|....|....
0 50 100 150 200 0 50 100 150 200

Xi—Wyx? (1009 andx3—z%? (98%), respectively. The
dominance of the decay in or Wis common when decay mu(GeV) mi(GeV)
into the Higgs boson or sleptons is kinematically forbidden. FIG. 15. Distributions of m +m -m -m

. . ete~ nt etu” e ut

Some of the decayg—bb—bbyj are reconstructed @b  with n,=0 (top left), 1 (top right, 2 (bottom lefy. The bottom-right
events together with additional gauge bosons, resulting in thglot shows the distribution fon,=2 after subtracting the scaled
my, distribution having a quasi-edge structure. The edge iglistribution forn,=0 by a factor of~1/8.

reconstructed by our fitsee Table VII. Note that the end

point of them,,, distribution of the decay is 403 GeV, while he heavier ino&"=Y3 , X3, andx? are Higgsino-like. Un-

the reconstructedn, distribution of the events with decay |ike the first and second generation squarks, the third genera-
(1)2 has a peak around 500 GeV and the distribution end§on squarks can decay into the heavier inos. This is because
around 580 GeV, close to the kinematical limiitg—nT,  the third generation squarks couple to the Higgsinos by top
~600 GeV. The edge structure is identified as that of modgqr hottorm) Yukawa coupling. Identification of the cascade
(1), with a tagged®—11. In themy, distribution, the second decay chairg—T/b— " is a probe for the supersymmetric
edge structure from decay modél ) or (IV) is weakly seen version of Yukawa interactions. In addition, the decay distri-

in the distribution. Assuming that two edges exist, we find,_" . o . B
the second end poiﬂ#l{'f,=425.4i 15.2 GeV anch=349.4 Eu&c;n_;?ay be sensitive to the mass differermog—my

+74.4/(10 GeV). In this section we show an example to select such events
by requiring additional leptons in the final state. We study
point C, where the stop and shottom decay iplawith large

At the points given in Table I, the lighter chargino and branching fractions. At this point the gluino decay branching
neutralinos(inos) xi , x5, and$ are gaugino-like, while ratios are Brg—t,)=15.1% and Br§—b;)=14%. The

squarks further decay into the Higgsino-like inos with

TABLE VIIl. Some of the chargino and neutralino branching branching ratios of Bif;— x")=24% and Br{;,— x")
ratios in percent at point C. =13%, respectively. The stop and shottom decay branching
ratios are comparable to those ingg .

Some of the decay branching ratios of the charginos and
YWl 29 PRV 59 neutralinos are I|st_ed in '_rabl_e VIIl. The Higgsino-like inos
have large branching ratios into tZ boson. The heavier

IV. EVENTS WITH ADDITIONAL TAGS

Decay mode Brin % Decay mode Brin %

== 07, = 26 ~0 070 17 . o . X i !
X2—Zx Xa—Z X inos also have non-negligible branching ratios into triple lep-
x2—lv 3.0 X3—2%5 . o i

24 - 6.8 tons, because they may also decay my@) which further

X2 —vl ] decays into leptons.

O WyE 59 Y917, 9.8 The signatureoof the heavier inos from. stop or sbqttom is
~0 5070 17 ~0 | 30 an excess of th&" boson or three leptons in events with two
53_) Ofé ' X R ' b jets. In Fig. 15 we plot the invariant mass of the same-
54HZ~ X2 13 )’(vl_"V\LXI 1 flavor opposite-sign leptons(,) for events withn,=0, 1,
Xo—IT, 3.0 xi—lv 37 and 2, wheren,, is the number ob jets in an event. In the
-1 0.9 i 8.9 plots, accidental lepton pair distributions estimated with

events with different-flavor opposite-sign leptons are sub-
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FIG. 16. Same as Fig. 15, but for events with three leptons. ~ FIG. 17. Them,, distributions for events with tagged three
leptons. Top left: signal distribution. Top right: background esti-

. . _mated by sideband events. Bottom left: distribution after sideband
tracted. All plots show a common structure that the invariant,piaction.

mass distribution increases toward the edges around 70 GeV

; Pago)
and 105 GeV, which correspond to the decay chaing:of made without the cuts for the effective mass and lepton,

T ~0 A nd 0 T ~0 : 0 ;

=l =1lx1 andxo— Il g—1lx7, respectwel)é. Th&” peak  pecause the standard model background is expected to be
is also seen in the plots. As, increases, th&" peak height  small now. In Fig. 17 theny, distribution with tagged three
becomes more significant relative to the edge structure. ThRyptons is shown. The number of events after sideband sub-
excess oZ°— Il in then,=2 sample indicates the’ boson  traction is 242.5. Them,, distribution is concentrated just

the decay patterns of sbottom and stop and the first genera- X2

. : . : ~400 GeV, although the statistics is low. The distribution of
gzgesgl;ir(;% g]:;/kt.)?:(jug(l)?:t t(le (t:r?;n 23;23 mit:]n:lgd?stﬁ:pf Laggdedzct’;ll i_s similar, and the number of events after side-
bution for then,=2 sample are completely subtracted by the and subtraction is 142.
distribution for then,=0 sample scaled by a factor 6f1/8,
and thez® peak remaingthe bottom-right plot of Fig. 15

The same analysis can be performed by using events with
three leptons. In Fig. 16 we plot the sum of invariant mass

distributions Mg+ -+ M+ , - — Mg+ ,- —Me-,+ for all pos- In this section we interpret our study of the third genera-
sible combinations of opposite-sign lepton pairs. In thistion squarks at the LHC in a framework of the MSUGRA
mode theZ® peak is more significant. The ratio of edge model. The LHC may determine the MSUGRA parameters
heights in them;, distribution for then,=2 sample to thatof m,, M,,,, Ay, and tan3 through measurement of various

then,=0 sample |s-1/i1 T~his means that events originat- yistributions. The decay chairﬁﬁq}g followed by "A;g

ing from the decayb/t— " dominate the three-lepton Hh}‘f, Zo;(g, T, or ”;(8 are especially useful if the kine-

_e\;ents and events with,=0 arise due to misidentified matical end points of the distributions are measured. The

1€ SN hat th | int C de f | fef‘fective mass measurement of the inclusive SUSY signal is
ote that these plots at point C are made or a total ol 54 yseful to determine the absolute SUSY scale. Among

3x10° SUSY events, which corresponds to an integrate hese parameters, thé, parameter is only weakly con-

. . _1 . . .
Iu_mmpsny of 600 . _The statistics for 100 fi" is not strained. This is because the left-right mixings of sbottom
glgn|f|cant. However, this procedure should bg useful for. %nd stau are almost fixed hytang, andA, is insensitive to
lighter mass spectrum where decay of the third generatlog\0 as will be described below. One of the possible ways to

squarks tox" is open. L determineA, is to measure the mass difference between
After establishing the contribution of the decafp— x" squarks or sleptons with different flavors, which is caused by

in the tagged b3l andbbZ® events, we may reconstruct the the renormalization group equatiéRGE) running between

thb system in the sample. Thb reconstruction is similar to the GUT scale and the weak scale.

that described in Sec. Il, except that the distributions are The squark mass matrix is given as

V. STOP AND SBOTTOM PROPERTIES
IN THE MSUGRA MODEL
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r 750 .
~ mie mir) (T
=(f; ~ | 10
mass ( L ) mLL mRR)(fR) (10 700} Mg
650}
where mp,
600

1 2
mE,_=rrrt2L+ m?2+ m3cos 2/3(5— §sin29W),

2
=m3cos 28 sirfbyy,

2 _ 2 2
mRR—m;RertJr

3

MER=M(A— p cOth), (11) 300 =00 200 0 200 400 600

A, (GeV

for stops, and 0(GeV)
1 FIG. 18. Masses fog, t;, andb, as functions ofA,. Here,

mEL + mb+ mzcos 26( — 2 Sinzaw) , my=230 GeV,M,,,=300 GeV, tanB=30, andu>0.
2
_ m
1 =y )=|— -t

m2 = m~§R+ ma— 3 m3cos 28 sirf by, §=Yilvi)=| 503 sinB(GeV) (16

Here we use the GUT relation for the gaugino masbés,
=2.8M,,,. For the pole top magsP°'®=175 GeV, ¢ ranges
for sbottoms. 0.7=£=0.9.

In the MSUGRA, the SUSY breaking parameters at the From Eq.(15), the qualitative behavior of the SUsY
weak scale in these mass matrices are evaluated by the RGRaking parameters is clear. The reduction of rﬂrte and

with the universal GUT scale boundary conditions. When them is more efficient forA,M5< 0, although the dependence
bottom-Yukawa coupling is negligible, it is convenient to .

present the SUSY breaking parameters by the infrared-fixe
point value for the top-Yukawa coupling constant[19]:

M r=My(Ap— p tan), (12)

B; suppressed by an overall factor of £. The right-handed
top massm;_ is also insensitive tan,. In a moderate tag

region, t, and b, is almost right handed and left handed,
— F'(t) respectively.

Yi=BF (M) (13 In Fig. 18 we show the masses @f t;, andb; as func-
tions of Ay, where the other MSUGRA parameters are fixed
Here, to my=230 GeV, M,,=300 GeV, tar3=10, and u>0.
y _ 13/ As expected from the discussion above, the masgesand
t az()) 5 ay(t)| 73 ay(t)| 1P i . 2 5
F(t)=f dt’ , mg, have sensitivity tA,. The reduction ofm; andm; by
0 agut aguT agut ! L R

(14) the top—Yuk~awa coupling conitant is larger wheg< 0.
The stopt,, which is almost g, is lighter than the gluino
where t=1/(4m)log u?/Mgyr and u is the renormalization unlessmy is very large. Similarly, since the sbottom is
scale.agyr is the gauge coupling constant at the GUT scale,
The SUSY breaking parameters for the third generation al ?ImOStbL’ the branching ratio to the edge events in &),

the low-energy scale are approximately given using the valu&/hich includesy; , is large since it has S@ gauge and
as top-Yukawa interactions. The study of the edge events has

therefore potentially high feasibility in the MSUGRA. Figure
:O.7M~g+ 0.5m3— (0.16A5— 0.258gM3) (1 - &), 19 shows the regions where the gluino decays tifoand
bb, are open in a plane afi, andA,. In this plot the other
~0.5M +m§(1—£) — (0.33A3— 0.51AM5)(1- ), za>r%meters are fixed toy="707 GeV, ta3=5 or 30, and
2 ) 2 Since the top quark mass deviates from the fixed-point
m: =mg+ 0.8M~ 2 2 .
b 0 g’ value, theA, dependence o andrrrtR survives, as shown
in Fig. 18. This may lead to a measurable dependenc&,on
of the end point of them,, distribution. In Fig. 20a), we
show M{}, My(Ill) 1, and M,(1V) 11 as functions ofA,,.
Sinceb; is heavy,M ,,(1V) 11 is lower thanM ,(I1l) ;. How-

up to O((1— £)?), where ever, Brg—tt,) is larger than Brg—bb;) due to the phase

Ai=—0.M5+A(1-§),

Ap=—1.2M5+0.8A,, (15)

035007-14



DETAILED STUDY OF GLUINO DECAY INTO THIRD . .. PHYSICAL REVIEW D68, 035007 (2003

1000 " . . 500

(a)

480 |

460 |
M,,(II0)
a0 | (b0 1

M (GeV)

400 ¢

M, (IV)
380 | tb\1 Y11

s ; : 360 s s s - s
000 -500 0 500 1000 600  -400  -200 0 200 400 600
A, (GeV) A (GeV)
1 PP p—
09t

08| Mytanp=5) ——

0.7 Mt‘i;v)(tanﬁ=30) ______
%0-6 L M), (tanf =5) ——
"{: 0.5 | M (tanP =30) ------
0.4t
=
Most

02}

0.1 - - - - -
. . . 200 250 300 350 400 450 500
oo 500 0 500 1000 Mo (GeV)

Br(edge)

FIG. 20. (@ MY, M(lll) 1, andM (1V) 1; as functions ofA,. (b)

- - Br(g—bbX) and Br(edge)/Bf—bbX) as functions of,. Input
of mg andA,. The gluino decays intbt, andbb, are open below  parameters are the same as in Fig. 18.

the contours. Hereng=707 GeV, tanB=>5 and 30, angx.>0.

FIG. 19. Contours wheraw= g, +my andmgl+ m, on a plane

Ay~ —500 GeV comes from a change of the branching ratio
space, which maked,, closer toM(Ill) ;. If M} is deter- of T,. The dominant decay modes of are by; andty?;

mined with a precrsron of a few percent as in our simulation o
study, theA, parameter can be evaluated with a precision othowever modetX2 's open aroundh, 500 Gev. The

~50 GeV. decay mode$1—>b)(2 and b1—>t)(2 are open at the second
In addition to the weighted end poind’., the edge kink areundA0~—150 GeV. The decay modee are not in-

heighth of the my,, distribution is measurable, and the height ¢luded in the edge events, because the end pojptll) » is

is roughly proportional to the branching ratio of the gluino to S|9n|f|cantly lower thanM,(Ill) ;. The additional tags for

edge events arising from the decay modéls and(IV) in x> discussed in the previous section to identify the decay

Eq. (1). In Sec. Il D we proposed to investigaté; /N, work for the region. Sincey; is Higgsino-like and the

whereNg; is the number of the edge event estimated by they,kawa coupling td; is enhanced by the top-Yukawa cou-
fit and N is the totaltb events selected. It is related to the
pling, the decay modbl—>t)(2 becomes dominant foh,

normalized branching ratio Br(edge)/@r-bbX). The nor-  — 54 GeV, and then the normalized branching ratio be-

malized branching ratio is sensitive to the branching ratiog,mes quickly diluted.

for T, andb,, and the uncertainty in fragmentation ahd In the MSUGRA model, the masses f and b, are

tagglng efficiency would be canceleo_l out |rr the ratio. related to each other in a broad parameter space. As the
In Fig. 20b) we show the branching ratio BIt-bbX)  determination ofm; has been studied in Ref2], we now

and the branching ratio of the gluino to the edge events nordISCUSSM and the normalized branching ratio with a fixed
malized by Brg—bbX). They are decreasing functions of g, value We fixmp =570 GeV andMg=707 GeV for

Ao, since thet; andb, is heavier for larger,. While the tang=5 and 30, and ShO\M " [Mp(I11) 1] as a function of
behavior of Brg—bbX) is moderate, the normalized my, in Fig. 21(a). Our parameter scan is restricted to the
branching ratio of the edge events is sensitivé§p since it range|A0| <2 TeV.

depends on the branching ratiostgfandb,. In Fig. 2ab) We have two disconnected solutions corresponding to
the normalized branching ratio has two kinks, where some-1400 (—1850 GeV<A,<—280 (470 GeV and 1350
decay modes fot, or b; are open. The first kink around (1600 GeV<A,<2000 GeV for tanB=5 (30), respectively.
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500 the disagreement between the measurenepgid/Ny and
0l @ Br(edge)/Brg—bbX) in Sec. II! D. In this case our study
T _must be extended to events with more than three tadged
~ 4007 ] jets.
E Note that the decaﬁ%—ﬁ is mostly closed in Fig. 21.
S 300¢ Mgp(tan B =5) —— ] The decay is open only at the rightmost region of Figh21
= 3001 Mgh(tan B =30) ------ ] near the end of the lines of the solutions. If this decay is
M) (tanp =5) —— open, the masses af, T, and’y? are model independently
250 MBI, (tanf =30) ------ 1 determined by them;, my;, andmy; distributions. When
this decay mode is kinematically forbidden, one needs to
29300 250 300 350 400 450 500  combine various distributions for a consistency check of the
my (GeV) MSU(ERA~a~ssumpt|ons. As is already shown in Fig. 19, the
1 . . . . . decayg— b/t is open up tany,~myg, providing information
Ve SSansozzsccneo:e on the third generation squarks in a wide region of parameter

0.9 {

08 | My@anf=5 ——

0.7 | Mgtanp =30) ------
%0.6 L M), (tanp =5) ——
205 | MED) (tanp =30) ------

space.

VI. MEASUREMENT OF TOP POLARIZATION

Similar to tau-lepton decay, we may measure the polariza-

Br(edge)

04 | ] tion of the top quark since it decays bWV via the (V-A)
Mgl /«1\ ] interaction. Top quarks from thg, t, andb decays are po-
02 | N ] larized, and the polarization depends on the mixing angles
0'1 ‘ ‘ . . . for stops, charginos, and neutralinos.
200 250 300 350 400 450 500 The bottom quark angular distribution in the polarized top
M;p(GeV) quark decay is
FIG. 21. For fixedm =570 GeV andVg=707 GeV, () My, Lodr 5
~ m 0 0
andny;, and (b) Mi} [M (1) ] and Br(edge)/Br§—bbX). Here, _ ¢ oc(_t) sif=+2 cog—, (17)
—2 TeV<Ay<2 TeV, tanB=5 and 30, angk.>0. my is fixed by I'ydcosd |my 2 2

mp,. The neutralino LSP is assumed.

where @0 is the angle between the direction of the bottom

The Ao region between the two solutions is not allowed be'quark and the direction of the top quark spin in the rest frame

cause of the experimental_ constraint ofmass or charged f e top quark. The terms proportional tm(/my,)? come
LSP. For tapB=5 (30), m is smaller than 460750 GeV  from the decay to the longitudinalV boson. The bottom
for Ag<O and 500(300 GeV for A;>0. Sinceb;~b, in quark thus tends to go to an opposite direction that of the top
the MSUGRA model, a largelA,| corresponds to a larger quark spin.

m, for a fixedmy , as expected from E¢15). Nevertheless, In decay mode (I}, the top quark from a gluino decay

T, could be much lighter thab, for a large and negative is polarized to be left handettight handed if T, is left
value of A, as can be seen in Fig. @.* Note thatM}), is handed(right handedl The polarization is reflected on the

determined for a fixed, mass whemn:. is lighter than 370 invariant mass distribution of thigb system (,,,) if the top
1

G f . ined el h ) | quark is relativistic enough in the gluino rest frame. Here,
ev. It mg, is c?Vnstrame elsewheren, Is strongly re- e of the bottom quarks comes from the top quark decay
stricted by theMy, measurement under the MSUGRA as- gq the other comes frort,—by=. Especially, when the

sumption. o invariant massm,, is close to the end poir¥,, of decay

In Fig. 21(b) we show the solution in aViy, and  mode (Ill),, the top and bottom quarks go to the opposite
Br(edge)/Brg—bbX) plane. The normalized branching ra- direction to each other in the gluino rest frame. Thus, the
tio is almost 1 for M{,<400 GeV (or m;, <300 GeV).  distribution of the invariant massy,, for events withmy,
When the mass difference th' ande is |arge’ the decay close tOMtb(”I) 1 is harder(softel) for Ieﬁ'handed(right'

l ! handed top quarks.

In Fig. 22 we show theny,, distribution from decay chain
=300 GeV, Br&ﬁleb}f) is 100%. However, sinceng (1) 4. In this simulation, we use theERwWIG generator, since
> in this region, squark and gluino production goes to theit respects helicities for each particle in the processes. We
final states having four bottom quarks, where we have seegenerated a large number of events which go through decay

() ;. We use the mass spectrum at reference point Al
in Table I. We use events with 400 Ge\in,,<470 GeV to
4 Ag|<3m, for Ay<O0, satisfying a condition for a consistent make the distribution, and the solidotted line is for the
minimum for the potential. left-handed(right-handed stop. The statistical significance

of by is dominated by Wt,. Furthermore, for
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top polarization dependence
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ization is arbitrary.

in the difference between the left-handed and right-hande

100 200 300

stops is about @ for O(100) events. - - . : _
In the above simulation, we neglect the contributions of ~ (tt1 Or bbj)—tby; is open for a wide region of param-

other decay chains such as (lj)and (1V);;. The other
decay chains may contribute to thg,, distribution even if
we impose thain, be near the end point. Thm,, distribu-
tions in modes (111); and (IV),; do not depend on the po-
larization for the top quark, since the top quark distribution
in the scalar boson decay is spherical. In Fig. 23 we show th
my, distribution around the edge region at reference poin
Al. The solid line is for the total distribution, the dashed line
is for the distribution excluding mode (1) and the dotted
line is for the distribution excluding modes (1) (111) 14,
and (111),;. About half of the events near the end point come
from signal mode (lIl}, and the ratio between the signa
events and the rest depends on the MSSM parameters.
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S
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FIG. 23. The solid line is for the totah,, distribution at sample

distribution near the edge

400
Mes (GeV)

FIG. 22. Distribution ofm, in decay chain (l11}. The(dasheg

line is for t;=1, () and 400 Ge¥-m,,<470 GeV. We use the
mass spectrum in the sample point Al in Table I, and the normal-
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VII. CONCLUSIONS

In this paper we study the cascade decags
—(ft, or b)) —thy;" at the LHC by reconstructing thi®
final state where the top quark decays hadronically. ke
distribution of the cascade decay has an edge structure. The
measurement of the end point and the edge height afnthe
distribution constrains a combination of the masses of

9, b, T, andy™ and the decay branching ratios of the par-
ticles involved in the decays.

Through a detailed simulation study, we show in this pa-
per that measurement of the end point and edge height on a
continuum background is indeed possible. Namely, the end
point of the cascade decay calculated in the parton level
agrees with the reconstructed edge position, and the ratio of
Negge (the number of reconstructed edge eveatsdN,, (the
number of total reconstructetth events is understood well
by the ratio Br(edge)/Bd—bbX).

The end point and branching ratios depend on the mass

and left-right mixing of thet andb, as well as the chargino

and neutralino masses and mixings in the MSSM. In the
SUGRA model, these sparticle spectra are expressed by a

ew parameters at the GUT scale. The decay made

eter space whermy<my. The my, distribution is sensitive
to the Ay parameter, the trilinear coupling at the GUT scale.
The distribution is most sensitive #y, whenAyM 4,,<0.

The stop and sbottom could decay into both heavier and
lighter charginos and neutralinos unlike first and second gen-
eration squarks. This is because third generation squarks

ave a large togbottom)Yukawa coupling to the Higgsinos.
f strategy to search for such decays specific to the stop and
sbottom is described in Sec. VI. The Yukawa coupling is also

related to the -tg mixing. The polarization of the top quark

arising from the gluino decag—tt depends on the stop

| left-right mixing. The dependence of tine,,, distribution on
the top polarization in the taggeatl sample is discussed in
Sec. VI.

To understand the event distribution better, one needs to
know the nature of the quark and gluon fragmentations into
jets. The reconstruction efficiencies are significantly different

between the two standard SUSY generataeErwIG and
PYTHIA, which adopt different models for the fragmentation.
We point out that the smearing of the jet pair invariant mass
originating from aW decay affects the reconstruction effi-
ciency.

The interplay between the LHC and future LC would be
useful to reduce the systematics coming from the uncertain-
ties of sparticle masses and decay branching ratios. They
would be reduced dramatically if some of the charginos and
neutralinos are accessible at the LC. Model-independent and
precise determination of the stop and sbottom masses may be
possible in such cases and will be discussed elsewhere.
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TABLE IX. Fit results at point A1. We use the cone-based al-
gorithm or theK; algorithm with cone sizes d&8=0.4,0.5,0.6. The
fit is based on X 10° events. TheMy, is 459 GeV.
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In this paper, we generate events both by rkgHIA and
HERWIG generators. TheiERWIG generator uses a parton- FIG. 24. Distributions ofn;; consistent with th&V boson mass
shower approach for initial- and final-state QCD radiationsunder the cuts described in Sec. Il. The Monte Carlo data are gen-
including color coherence effects and azimuthal correlatiorerated for point Al. In the left, we plot events that contain decay
both within and between je{s3]. The full available phase chaing—tt;—tby; only, while we plot all events in the right.
space for the parton shower is restricted to an angular orde¥otted lines show estimated background. Top figuresHiA with
region; namely, the angle between the two emitted partons ithe cone-based algorithnRE0.4). Middle: PyTHIA with the K+
smaller than that of previous branches. On the other handjgorithm (R=0.5). Bottom:HERWIG with the Ky algorithm R
the PYTHIA generator adopts the string mod&R]. The two  =0.5).
generators predict differentb reconstruction efficiencies,
which may be considered as the uncertainty in fragmentaalgorithms at point A1 are summarized in Table IX. The end
tion. point Ml becomes closer td}} as R increases. This is

The definition of jets also affects the number of recon-expected because more soft jets are merged to leading jets as
structedtb events and the reconstruction efficiency. We tryR increases. The edge heidhts larger forHERWIG with the
two algorithms: a cone-based algorithm andaalgorithm K. algorithm. The difference of the height f&®<0.5 is
(Montreal versiol, available in theleT Finder Library[20],  more than 25% in Table IX. The height significantly de-

which is interfaced to the@TLFAST packages. creases foR=0.6. This is because we have to reconstruct a
The cone-based algorithm merges the calorimeter cellfet pair with relatively small invariant mass80 GeV.
around a highet cell in a fixed cone siz&. On the other To see the origin of the difference more closely, we com-

hand, in theKy algorithm, a cell called a protojetgrows  pare them;; distributions consistent to the top interpretation
until there are no more protojefs which satisfy (A 7)?2 in Fig. 24, where the solid histograms are the invariant mass
+(A¢)2<[EF/min(EF; E%))IR? therefore, the cone size distributions for jet pairs which satisfy|m;;—my/
depends orE;’s and the shape of the jet depends on the<15 GeV and |myj;—m|<30 GeV. Dashed histograms
distribution of the particles in the jet. Thé; algorithm is  show the distribution of accidental jet pairs in ti¢ mass
based on QCD, and it is considered to be advantageous tegion—that is, the “fakéV” background—estimated by the
merge soft jets from an initial parton, although experimen-sideband method. The left plots are the distributions of the
tally challenging. events arising from decay chain (l{l)while the right plots
The fit results with different generators and jet finding are them,, distribution of all selectedb events. The distri-
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TABLE X. Numbers of events before and after sideband sub-events from specific decay chains. Here we take two decay
traction for events with a gluino that decays through mode (JIl) chains for comparison:

g—tt;—tby; , and mode (1), g—bb,—bby>.

(), F—tt;—tbys,

HW PY o ~o
Kt /cone R sig after sub sig after sub (D2 G—bby;—bby;. (A1)
mode (lll), Decay chain (lll) is relevant to theb events. On the other
cone 04 10180 2949 9695 2462 hand, as decay chain gl)has noW, sideband subtraction
cone 05 9659 2974 9213 o447  Should remove events arising from the decay chain com-
K 0.4 9405 3105 9226 2813 plefcely, _unless therg are accidental weak bosons or an under-
K 05 9118 3239 8607 2808 estimation of the misreconstructed events that has just been

T ' discussed above.

mode (I), The branching ratio Bya—Zz%9) is small (1.5% at
cone 04 2779 574 2630 500 point Al. The decay branching ratios at point A1 are
K+ 0.5 2086 448 2058 433

Br(Ill);=Br(g—tt,)Br(t;—bx;)x0.7

butions at the bottom lefHERWIG and theK; algorithm for =0.078,

R=0.5) are more concentrated aroung,~80 GeV com- ~ o~ ~ ~0

pared to the other&YTHIA and the cone-based & algo- Br(1)2=Br(g—bby)Br(b;—bx?)

rithm), corresponding to better reconstruction efficiencies. — 0025 (A2)
Incompleteness of the sideband subtraction is seen in the T

same figure. Sideband subtraction uses jet pairs with invarivhere the factor of 0.7 is the hadronic branching ratio of the

ant mass 35 Ge¥m;;<65GeV and 95 Ge¥m; W boson.

<125 GeV to estimate the “fak&/" background. On the The numbers of reconstructéd events before and after

other hand, as the jets are defined to hp{&>10 GeV, a  sideband subtraction are listed in Table X. For Khealgo-

jet pair nearm;; ~35 GeV is suppressed. We see an under+sithm with R=0.5, the ratio of the numbef$(l) ,/N(IlI)  is

estimate of background events in the range 65 &e\; 0.229 and 0.15 before and after sideband subtraction, respec-

<70 GeV, where the dotted line and solid line differ signifi- tively. Comparing these ratios to that of the branching ratios

cantly. We find that events witim;; <70 GeV do not contrib-  Br(l),/Br(lll) ;=0.32, we see that the requiremem,

ute to the edge structure of thg,, distribution. The eventsin —m,| <30 GeV reduces the contribution of §l}to about

this region might have to be removed from the candidate’0% relative to (lll} and it is further reduced to less than

events. 50% after sideband subtraction. This ratio may be improved
The incompleteness of the sideband subtraction can alsarther by cutting events witim;; <70 GeV or by using a

be seen by comparing the reconstruction efficiency of thenore sophisticated background estimation.
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