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Chapte rr  6 

Neutralin oo decay in th e inne r detecto r 

Inn this chapter, the R-parity violating decay of the lightest supersynnnetric particle and 
itss manifestation in the Atlas detector is studied. A well known problem in studies on 
SUSYY is the many free parameters in supersymmetry. Here, the SUGRA framework is 
takenn to reduce the parameter space. In the following section the mass spectra of specific 
SUGRAA models arc discussed and a specific spectrum is chosen. Then, this point in 
SUGRAA space is analysed, and in particular the R-parity violating decay of the lightest, 
supersymmetricc particle (LSP). In this study the R-parity is emphasised rather than the 
SUGRAA framework. (The framework is needed to provide1 sparticle masses). 

6.11 SUGRA framewor k and sparticl e spectru m 

Withinn the Atlas SUSY working group, almost all the SUSY studies are carried out in 
so-calledd SUGRA points [90. 17]. where each point has a distinct phenomenology. Five 
setss in the SUGRA parameter space were chosen and are given in table G.I. The input 
parameterss (iv{). m1 ;2. Au. tan 3 and the sign of//) were discussed in chapter 1. 

point t 

1 1 
2 2 

3 3 

t t 

5 5 

»h,»h, [GeV] 

400 0 

too o 
200 0 

800 0 

100 0 

mml/2l/2 [GeV] 

400 0 

400 0 

100 0 

200 0 

300 0 

A)A) [GeV] 

0 0 

0 0 

0 0 

0 0 

300 0 

t«nn ,-y 

2 2 

10 0 
2 2 

10 0 

2.1 1 

sign(//.) ) 

+ + 

+ + 

+ + 
+ + 

" fob ] ] 
4.5 5 

4.4 4 

1.66 x 103 

.'33.5 5 

23.0 0 

Tablee 6.1: Parameters of the five SUGRA points studied with the Atlas SUSY working group. 
aa is the production cross section for SUSY at the LHC energy of 14 TeV. 

Thee sparticle masses of all SUGRA points are listed in table (j.2. The mass pattern 
whichh is typical for the SUGRA frame work shows up in this table: First of all. the LSP 
iss the lightest neutralino (\(j ) and its mass is dominated by the value of t/ii/->.  The second 
neutralinoo (\(_,) is almost twice as heavy as the LSP. Then, squarks and slept ons are 
almostt degenerate in mass, except for the third generation. The third generation squark 
orr leptons are therefore denoted with a sub-index 1 or 2 instead of L or R. Moreover, the 
thirdd generation contains the lightest squark and slept ons. 
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Neutralinoo decay in the inner detector 

neutralino o 

chargino o 

gluino o 

squark k 

slepton n 

Higgs s 

sparticle e 

V? ? 

\i \i 
it it 
c0

'ItL-CL 'ItL-CL 

ïlR.CR ïlR.CR 

(ÏL-SL (ÏL-SL 

CIR.SR CIR.SR 

ii ii 

hi hi 
bb2 2 

fft.&R fft.&R 

h h 

V-rl V-rl 

h h 

H H 

A° ° 

HH

pointt 1 

168 8 

326 6 

750 0 

766 6 

325 5 

764 4 

1004 4 

957 7 

925 5 

959 9 

921 1 

643 3 

924 4 

854 4 

922 2 

490 0 

430 0 

430 0 

490 0 

486 6 

486 6 

95 5 

1046 6 

1044 4 

1046 6 

pointt 2 

168 8 

321 1 

519 9 

538 8 

321 1 

537 7 

1009 9 

963 3 

933 3 

966 6 

939 9 

710 0 

933 3 

871 1 

930 0 

491 1 

431 1 

425 5 

491 1 

485 5 

483 3 

116 6 

737 7 

737 7 

741 1 

pointt 3 

45 5 

97 7 

257 7 

273 3 

96 6 

272 2 

298 8 

317 7 

313 3 

323 3 

314 4 

264 4 

329 9 

278 8 

314 4 

216 6 

207 7 

206 6 

216 6 

207 7 

207 7 

69 9 

379 9 

371 1 

378 8 

pointt 4 

79.8 8 

151 1 

384 4 

398 8 

151 1 

399 9 

563 3 

899 9 

891 1 

902 2 

891 1 

541 1 

767 7 

740 0 

881 1 

814 4 

804 4 

804 4 

814 4 

810 0 

810 0 

110 0 

882 2 

882 2 

885 5 

pointt 5 

122 2 

233 3 

497 7 

521 1 

232 2 

518 8 

767 7 

687 7 

664 4 

690 0 

662 2 

489 9 

717 7 

633 3 

663 3 

239 9 

157 7 

157 7 

239 9 

230 0 

230 0 

93 3 

638 8 

634 4 

638 8 

Tablee 6.2: Sparticle masses in GeV for the five SUGRA points studied within the Atlas collab-

oration. oration. 

Pointss 1 and 2 have high squark masses due to the relative high value for m0- Also 
thee gluino mass is high, which means that the production cross section of sparticles at 
thesee [joints is rather low. The spectrum of point 3 contains sparticles which should just 
havee been seen at the LEP collider. Point 4, outside the reach of LEP is characterised 
byy heavy squarks and sleptons and light gauginos. due to the high value of m() and low 
valuee of m1 / 2. Finally, point 5 is slightly favoured for cosmology reasons. Note1 that points 
1,33 and 5 are already ruled out if the mass limi t of the Higgs is taken from LEP data. 
However,, for these points higher Higgs mass can be obtained by increasing the value for 
tann 0. 

Takingg these arguments into account. SUGRA point 4 is chosen for the analysis in this 

thesis. . 
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6.11 SUGRA framework and sparticle spectrum 

6.1.11 LSP decay in SUGRA poin t 4; A'211 ^  0 

Al ll  dominant production processes in SUGRA point 4 are listed in table 6.3. Sparticles are 
mainlyy produced through the scattering processes: gg —> gg and gq —> gq. The s-channel 
sleptonn production is not included. Although this production channel is possible in case 
off  a non-zero A2n coupling (by means of smuon or sneutrino exchange), it is assumed that 
it,, is small compared to other SUSY-production channels. Consequently, in each event two 
sparticless are produced, each decaying to an LSP. 

productionn channel 

99 + 9 

9j+9 9j+9 

9j9j +9 

qq + q' 
qq + q 

qqtt + qj 

qq + q 

99 + 9 

9x9x + qj 

qqtt + qj 

mm + qj 

9i9i + Qj 

QiQi + 9j 

QjQj +9 

^ 99 + 9 

-*-*  Qj,R + 9 

-^-  ̂ qj,L+g 

-  X2 + Xt 

- »x tt + XÏ 
-»» Qi,L + q~j,R 

->->  9 + 9 

—>> *i + *i 

-*  9t,R + Qj,R 

-»» Q~i,L + qj,L 

-^q~i,L-^q~i,L + qj,R 

- ""  Qi,L + q~j,L 

-*  q~i,R + q~j,R 

-*<ik,LL + xt 
total l 

crosss section [pb] 

14.6 6 

5.05 5 

4.94 4 

3.33 3 

2.15 5 

0.60 0 

0.40 0 

0.34 4 

0.34 4 

0.31 1 

0.19 9 

0.14 4 

0.13 3 

0.12 2 

33.5 5 

decay y 

Xii  - »v dd 

x.2x.2 -  x\qq 

X°2X°2 - XÏIÏ 

xtxt - xtw 
X.3X.3 -» XnZ 

xi^xtw xi^xtw 

ÏRÏR -+ X\l~ 

q~Lq~L ->gq 

hh -» Xnb 

hh -> Xnb 

Brr (%) 

41 1 

59 9 

76 6 

24 4 

51 1 

43 3 

55 5 

55 5 

98 8 

72 2 

71 1 

41 1 

decay y 

xfxf -  ̂ XIQQ' 

xtxt -" Xi^l 
xt^xtz xt^xtz 
xtxt -x%w 
99 -»x%qq 

99 -> xtqq' 

i>Li>L  -+ xtl~ 

q~Rq~R -» gq 

hihi -> gb 

bb22 -> gb 

Br(%) ) 

67 7 

33 3 

47 7 

43 3 

52 2 

26 6 

60 0 

95 5 

59 9 

92 2 

Tablee 6.3: Dominant production channels for SUSY events at SUGRA point 4 (left). The 
dominantdominant decay channels and branching ratios are given right. The assumption is made that 
thethe R-parity violating coupling is weak so that R-parity violation only affects the LSP decays, 
i.e.i.e. no direct violation is given for the particles other than the LSP. 

Thee dominant decay modes of the sparticles and their branching ratios are also listed 
inn table 6.3. Once produced, sparticles decay in several stages to the LSP. The gluino for 
instancee wil l most likely decay into a NLSP (Next to Lightest Supersymmetrical Particle), 
whichh subsequently decays into the LSP. Each step in the cascade is accompanied with 
jetss or leptons. The first signature of SUSY is therefore a large number of jets. An 
examplee of gluino production and decay is depicted in figure 6.1. From this diagram it is 
clearr that such an event can have easily eight or more jets and a high number of leptons 
inn the final state. 

Att the end of the cascade the LSP decays through the non-zero A'211 coupling. It 
shouldd be mentioned that the choice A'211  ̂ 0 is neither motivated by experiment nor 
theory,, but as indicated in section 1.4 most literature assumes for convenience that one 
R-parityy violating coupling dominates. If A'2U ^ 0 then the LSP decays into two quarks 
(jets)) and a lepton, where the sub-indices denote the generation of quarks and the lepton 
ass shown in figure 6.2. More than 50% of the LSPs decay into two jets and a neutrino. 
Fromm experimental point of view, the decay channel \{\ -»  l^ud is more attractive and wil l 
bee emphasised in the analysis that follows. 
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Neutralinoo decay in the inner detector 

A Z Z 
ijk ijk 

Figuree 6.1: Example of a cascade-decay diagram of SUSY particles, decaying into an LSP and 
StandardStandard Model particles. 
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Figuree 6.2: Feynman diagrams of the LSP decay with X'2U ^= 0. 

Evidently,, the mass of the lightest gaugino (LSP) is of interest in this analysis, but 
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6.22 Inclusive search 

alsoo the masses of the squarks. They appear in the propagator of the Feynman diagrams 
inn figure 6.2. Besides, the mass of the di particle determines the upper limi t of the R-
parityy violating coupling [91]. The bound on this coupling is determined experimentally 
byy the measurement of R  ̂ = T(ir —> ev)/T(Tr —> [iv). Any deviation from the ratio R  ̂ as 
predictedd by the Standard Model can be due to the combination of the coupling A211 and 
thee exchange of a d squark. The explicit limi t for the A211 coupling in SUGRA point 4 is: 

|A'2U|| < 0.09 
1000 [GeV 

== 0.8 (6.1) ) 

becausee the mass of the down squark m(j = 891 GeV 
Inn principle, sparticles other than the LSP can decay through the coupling A'2n as 

well,, but these decays are assumed to be negligible. In figure 6.3 the branching ratios of 
R-parityy violating decays of the second lightest neutralino x2. the lightest chargino \t, 
squarkk and sleptons are shown. From this figure OIK; can conclude that R-parity violation 
affectss only the LSP decay for values of A'211 ~ 0.1. which is an order of magnitude smaller 
thann the current lower limi t on the coupling. 

100 0 

Figuree 6.3: Branching ratios of R-parity violating decays in SUGRA point 4 for sparticles other 
thanthan the LSP. The shaded area is excluded excluded by the limit on the A211 coupling given by equation 
6.1. 6.1. 

Notee further that SUGRA point 4 with R-parity conservation has been studied in [92] 

6.22 Inclusive search 

6.2.11 Event sample 

AA sample of signal events for SUGRA point 4 was generated using the hybrid event 
generatorr and detector parametrisation as discussed in the previous chapter. The total 
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Neutralinoo decay in the inner detector 

numberr of generated events (3.5 • 10') represents OIK1 year of low luminosity operation. 
Onee year of running at the LHC collider is effectively equal to 107 s or 104 p b - 1 . 

Backgroundd events wen1 generated using Pythia (version 6.1). These events are Stan
dardd Model events with high jet multiplicity and isolated leptons. Such signals are pro
videdd by the heavy SM particles: \V. Z and t. Five cjiffc-rtiiit samples were generated as 
summarisedd in table 6.4. Since an unbiased background sample would he too large to 
produce,, cuts were applied in advance. For instance, a sample of QCD jets was gener
atedd with a total transverse energy larger than .'300 GeV. Even after these1 initial cuts the 
sampless remain too small to represent a year of data taking. Hence1, for ('ach sample the 
numberr of events had to be multiplied by a weight factor. 

Itt is important to note that the event rate's in this analysis arc given in units of cross 
sections.. To obtain the corresponding number of events per (low-luminosity) year, the 
crosss sections (pb) have to be multiplied by a factor of 1()4 (pb _ 1 /year) . 

process s 

QCDD jets p, > 300 GeV 

W+jetss m > 100 GeV 

Z+jetss pt > 100 GeV 

WZZ pairs pt > 100 GeV 

tt tt 

crosss section [pb] 

1.33 x 104 

1.88 x 103 

7.44 x 102 

1.55 x 101 

7.33 x 102 

generated d 

11 x 106 

55 x 105 

2.55 x 10° 

1.55 x 105 

1.55 x 1()6 

weight t 

130 0 

36 6 

3 3 

1 1 

5 5 

Tablee 6.4: Standard Model background samples, generated using Pythia. 

6.2.22 Inclusiv e searc h fo r R-parit y decay 

Ann inclusive search for R-parity decay in SUSY models is focussed on a deviation of global 
(wentt characteristics that an1 expected from the Standard Model processes. It means, that 
noo specific reconstruction of any SUSY particle is done yet at this stage. From figure 6.1 
onee can expect a large number of jets and leptons. The characteristics of the signal and 
backgroundd events are shown in figure1 G.4. In this figure1 the multiplicity and momentum 
distributionss of jets and ise>lated leptons are plotted for the various samples. Note that 
inn the j<̂ t momentum distributions in figure G.4 (b) the initial cut em the sample is visible 
byy the peak at 300 GeV for the QCD sample and 100 GeV for the1 samples with Standard 
Modell gauge bosons. 

Thee "jettiness" of an evenit is commonly described by variables called sphericity and 
thrust.. The sphericity tensor is definexl as 

66 = Ë 7 S F (6'2) 

wheree a. j3 = 1,2,3 corresponds to the11. y and z components anel the sum is e)ver all jets 
(Pi)(Pi) in a single event. The1 sphericity is defined in terms of the eigenvalues of the tensor 
Ai.. A2 anel A3 (with Xi > A2 > A3): 

S = 5 ( A 22 + A3) (6.3) 
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6.22 Inclusive search 

Forr spherically distributed jets S —• 1, whereas S <§C 1 for back-to-hack jets. The quantity 
thrustt is defined as 

TT = max ^ J " " ^ 1 (6.4) 
H=ii E i lP i l 

Thee thrust ranges from \ to 1. where T = 1 for a collinear event and T — \ for a 
sphericallyy distributed event. In figure 6.5 the sphericity and thrust for three samples is 
given.. This plot indicates that the sample of SUSY events exhibits a distinct signal and 
cutss on the samples, which are defined as S > 0.2 and T < 0.9 remove a large fraction of 
thee background samples. 

Besidess a large jet multiplicity and a typical jet distribution per event, a relatively 
largee number of isolated leptons is expected. Given these event characteristics, selection 
criteriaa can be imposed on the samples to discriminate signal from background. 

Thee cuts on all samples and the corresponding event rates are summarised in table 
6.5.. A first cut (I) is made on the event shape: a large pt for the leading jet is required 
andd sphericity and thrust cuts are required. The next cut (II) is the requirement of two 
leptonss in addition to the first cut. This cuts in the contigent of the \i ~^ vdd decay 
channel,, but for precision measurements (of the LSP mass and its lifetime) the other decay 
channell x? —• t*ud i s m o r e useful. The requirement of two isolated leptons reduces the 
QCDD background substantially and the background from W-jets and WZ-pairs is almost 
entirelyy erased. The third cut is a combination of cut II and the requirement of at least 
sevenn jets each with an energy of at least 15 GeV. A last cut can then be applied to obtain 
aa clean event sample, i.e. the transverse momentum of seven jets above 25 GeV. 

sample e 

signal l 

QCD D 

W-jets s 

Z-jets s 

WZ-pair s s 

tt tt 

S/B B 

S/v/B B 

initia l l 

34 4 

1.33 x 104 

1.88 x 103 

7.44 x 102 

1.55 x 101 

7.33 x 102 

2.11 x 10"3 

0.27 7 

cutt  I 

PtjetlPtjetl > 300 
sphericityy > 0.2 

thrustt  < 0.9 

11.8 8 

3.33 x 103 

14.7 7 

6.7 7 

0.15 5 

5.6 6 

3.66 x UI-3 

0.61 1 

cutt  II 

11 + 2 leptons 

1.82 2 

0.21 1 

3.66 x 10~3 

0.17 7 

1.55 x 10~3 

0.123 3 

3.6 6 

254.5 5 

cutt II I 

III + Pt,jet7 > 15 

1.77 7 

0.039 9 

0 0 

0.0114 4 

1.55 x 10~3 

0.02 2 

24.8 8 

663.6 6 

cutt  IV 

III + Pt JetT > 25 

1.62 2 

0 0 

0 0 

0.0036 6 

1.44 x 10~3 

0.08 8 

129.8 8 

1451.1 1 

Tablee 6.5: Cuts and event rates (in pb) in inclusive analysis. All energies are given in GeV. 
(Recall(Recall that one year is equivalent to 104 pb l). 

Ass can be seen from table 6.5 the signal can be well discriminated from the background. 
Thee most effective cut is the requirement of jets and leptons (cut II). The combination 
off jets and leptons is typically found in cascade decays and detecting supersymmetry 
iss therefore relatively easy. After one year of low luminosity at the LHC the signal to 
backgroundd ratio is expected to be S/ \ /B « 250 already after cut II. A deviation from the 
Standardd Model defined as S/VTÏ > 5 is already reached after a few days. Furthermore, 
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Neutralinoo decay in the inner detector 
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Figuree 6.4: The number of jets (Njet) and the transverse momenta of jets (ptjet) are plotted in 
(a)(a) and (b) respectively. In (c) and (d) the number of leptons (N[ep) and the transverse momenta 
ofof isolated leptons ptj,.p are plotted. No cuts were applied to the distributions. 

theree are throe years of low luminosity expected, which could provide» in an almost pure 

signall sample, as large as 50 000 events. 
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6.33 Analysis of LSP decay 

(a) ) (b) ) 

Figuree 6.5: Sphericity (a) and thrust (b) for three samples: signal WZ-pairs and QCD jets. Not 
allall samples are plotted for sake of clarity. All distributions are normalised to unity. 

6.33 Analysis of LSP decay 

6.3.11 Reconstructio n of th e LSP 

Even tt  and je t selectio n 

Afterr a clean sample of events has been obtained using the hardest cuts (cut IV in table 
6.5)) from the inclusive search, the study on specific properties of the LSP can start. The 
Standardd Model background is negligible and therefore most background in this part of 
thee analysis is due to uncertainties in the combination of the proper jets. The background 
iss expected to be high, since there are many jets. The average number of jets in the signal 
samplee as shown in figure 6.4 (a) is about 10. The goal is to reject jets that are not 
fromm an LSP and still preserve a large sample of LSP jets. Due to the LSP lifetime, LSP 
trackss are expected to have a large impact parameter. For all jets only tracks with a 
transversee momentum larger than 2 GeV (pt > 2 GeV) are evaluated. In figure 6.6 the 
eventt topology is shown for a long-lived LSP. LSP jets are selected on the significance of 
associatedd tracks. The significance of each track is defined as S = d0/a(d0), with d0 being 
thee transverse impact parameter and a(d0) the error on the transverse impact parameter. 
Thee average significance per jet (S) for LSP jets and non LSP jets is shown in figure 6.7. 
Thee average is taken to reduce the effect of the absolute number of tracks in a jet: this 
numberr is not a priori related to the nature of the jet. The distributions in figure 6.7 
formm the basis of the jet selection. From this distribution, the efficiency of detecting an 
LSPP jet can be determined as a function of the average significance. This is plotted in 
figurefigure 6.8 (a). This plot shows the decrease of the efficiency as a function of the cut on 
thee significance. Besides the tag efficiency, also the rejection factor is determined. This 
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Neutralinoo decay in the inner detector 

transversetransverse view 

Figuree 6.6: Event topology of an long-lived LSP decaying into two jets and a muon. 

factorr is plotted in figure 6.8 (b) as a function of the average significance. The cut value 
off  the significance is chosen at the point where the product, of the purity and efficiency 
iss maximal. In case of A'21] = 0.0005 (i.e. (cT)t^r = 0.64 cm) this value is at (S) = 10. 
Att this point the number of jets that originate from non-LSP partons is reduced by a 
factorr 8. The efficiency of tagging LSP jets is 80%. Combining these numbers with the 
knowledgee on the jet composition, one expects a fraction of 70% LSP jets after the cuts. 
Thiss so-called purity, is even larger in the integrated sample (the- cut, is at (S) = 10. so 
thee average significance is larger). Of course this requirement on the significance can be 
optimisedd for each value of A'211. 

Invarian tt  mass measuremen t 

Eventss and jets were selected as described above, providing a sample which is free from 
Standardd Model background but still contains some jets that are not from LSPs. For 
example,, a b-jet can still contribute to the background. The invariant mass is calculated 
forr all possible combinations of the remaining jets in the sample. In addition the muon 
momentumm is used. Therefore the isolated lepton must be identified as a muon. In figure 
6.99 the invariant mass distribution is plotted which is determined without (a) and with 
(b)) the use of the cut on the significance" as described above. Both plots show a peak 
aroundd the LSP mass. To estimate the mass of the LSP a, Gaussian plus a second order 
polynomiall  function is fitted to the distribution resulting in the following masses: 

MLSpp = 78.4  4.4 [GeV] without, cut 
M L SPP = 78.2  3.4 [GeV] with (S) > 10 

Thee fitted values for the mass are in good agreement with the value (79.8 GeV) given 
inn table 6.2. The use of the impact parameter tagging becomes clear: it improves on 
thee LSP mass resolution only slightly, but the statistical significance becomes large. The 
signal-to-noisee ratio (A/V43) is a.s largo as 43 with the use of the cut on the significance 
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6.33 Analysis of LSP decay 

22 m' 

EE 10 

Figuree 6.7: Average significance per jet for all jets in the signal sample and for LSP jets. 

22 10 

(a) ) (b) ) 

Figuree 6.8: Tagging efficiency for LSP jets and purity of the jet sample as a function of the 
averageaverage significance (a). In (b) the rejection factor against non-LSP jets as a function of the 
averageaverage sigificance is shown. At (S) = 10 the values for the efficiency, purity and the rejection 
factorfactor are 80%. 70% and 8 respectively. 

inn comparison to a signal-to-noise ratio of' 11 without this cut. The reduction1 of the 

'Withh an efficiency (e) for a single jet to pass the lifetime tag, one expects a reduction of e2 for an 
eventt sample with two LSPs in each event. 
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Neutralinoo decay in the inner detector 

numberr of reconstructed LSPs found after the lifetime tag is in good agreement with the 
efficiencyy of 80% given in figure 6.8 (a). Most of the background is caused by combining 
thee wrong LSP jets or combining an LSP jet with a jet from a 6-quark. This can be 
understoodd from figure 6.9 (b). where the combination of LSP jets is plotted separately. 
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Figuree 6.9: Invariant mass for neutralino decaying to find without (a) and with (b) secondary 
vertexvertex tagging. In (b) the invariant mass is plotted with LSP jets only in light grey. A Gaussian 
plusplus a second order polynomial function are used to fit the invariant mass distributions. Besides 
thethe fit parameters for the Gauss also the area of the peak (A) and the signal-to-noise ratio (A/\/V>) 
areare given. 

Lifet im ee measuremen t 

Apartt from the four-momentum of the LSP also the decay vertex coordinates are provided 
byy the event generator. This allows the study of the performance of decay length or 
lifetimee measurements. The proper decay length (CT) is related to the measured decay 
lengthh as 

11 , mc, 
er=—l=er=—l= ——II  (6.5) 

wheree r, m and p are the lifetime, mass and the momentum of the decaying particle 
respectively.. To determine its lifetime, both the travelled distance and the Lorentz boost 
off  the LSP must be determined on an evemVby-event basis. This fact makes lifetime 
measurementss at hadron colliders more complicated than at lepton colliders2. 

2Forr instance, in the measurement of the r-lepton lifetime at LEP (in events ee —> Z —» TT) the 
Lorentzz boost is fixed, because the (known) center of mass energy is divided over the two taus. It means 
thatt it is not necessary to determine the Lorentz boost. 
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6.33 Analysis o f LSP decay 

Thee smeared tracks from decay products with their covariant matrix are given as input 
forr the vertex reconstruction package as described in chapter 5. 

Inn SUGRA point 4 the range in A211, which gives a detectable secondary vertex, is: 

0.00088 ~ A'211 ~ 0.006 (6.6) ) 

Thee decay length distribution of the reconstructed LSPs for a coupling of A'211 = 0.003 
(i.e.. CT = 180/nm) is shown in figure 6.10 (a). Vertices from these events were fitted using 
thee CDF reconstruction package (section 5.4). Then, the distribution of the decay length 
iss fitted according to equation 5.2. 
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Figuree 6.10: Distribution of secondary vertex distribution in R-parity violating LSP decay of 

A 2 UU = 0.003 in (a). In (b) the missing transverse energy as a function of the strength of the 

R-parityR-parity violation coupling (X2\\)- Besides, the average missing energy in the SM background 

samplessamples is indicated. 

Thee values for the error is twice as large as the precision on the primary vertex as 
mentionedd in [27] and comparable to the secondary vertex precision obtained in the decay 
B\B\ —> J/ipK°. The error on the vertex reconstruction implies a lower limit on the 
determinationn of the lifetime. 

Forr smaller values of CT, the reconstruction is good, but as cr increases the recon-
structionn tends to underestimate the lifetime. This bias is caused by LSPs that escape 
thee detection area. Escaping LSPs can be detected by their missing transverse momenta. 
Ass plotted in figure 6.10 (b) the mean missing transverse momentum increases as the A2n 

becomess so weak that the LSP escapes the inner detector. 
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Neutralinoo decay in the inner detector 

6.3.22 Dalitz plot analysis 

Too gain information on the mixing in the neutralino sector a Dalitz plot analysis is per-
formed.. The Dalitz plot represents the entire phase space of a three-body decay, weighted 
byy its matrix element. The complete matrix element for the LSP decay is given in ap-
pendixx 13. In the LSP decay (x? —> fiud) the unknown parameters in the expression for 
thee matrix element are the R-parity coupling \'2ll and the elements iV1; of the neutralino 
mixingg matrix. Fitting the Dalitz plot should therefore provide information on the un-
knownn parameters in the decay. Two fitting functions are derived in appendix B. The 
firstt function is for fitting the Dalitz plot at part on level to study the feasibility of such an 
analysis.. Then Dalitz plots are fitted at the detector level, on which two of the three final 
statee particles are indistinguishable. In the appendix fitting functions for Dalitz plots for 
distinguishablee and indistinguishable quarks are derived. 

The11 squark and slepton masses are assumed to be determined up to a 15-20 GeV 
precisionn [92. 17]. 

Parto nn leve l 

Too study the feasibility of a Dalitz plot fit the Dalitz plot was generated for a sample of 
50000 events. Only quarks from the \l -* fJ-ud channel were used to calculate the invariant 
masses.. The fitting function as derived in appendix B is given by 

TT = M [(1 - x)a-cos2Q + (1 - y)y sin2 a - 2xy cos a sin a] (6.7) ) 

Thee free parameters of the fit  are Af and a. The parameter M provides information on 
thee \'2U coupling, since the height of the Dalitz plot is related to this parameter. The 

3 3 

Figuree 6.11: (a) Dalitz distribution on parton level from the decay \1 
fitfit using the function from 6.7 is shown. 

(b) ) 

find.find. In (b) the resulting 
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6.33 Analysis of LSP decay 

ratioo of the two matrix elements Nn/N2i is related to the fit parameter a through: 

NuNu 3 t a na — 1 — R 

NN22ii
 _ tan 9W tan a + 1 + 3ft 

wheree ft = (rhq/fhi)2 is the ratio of the squark and slepton masses. The value for ft is 
takenn as: ft = 1.09  0.05. In figure 0.11 both the distribution as obtained from the 
Montee Carlo program and the fit are shown. Both the distribution and the resulting fit 
exhibitt the same structure as the original Dalitz plot as implemented in the Monte Carlo 
programm and shown in figure B.l. The resulting fit parameter a with its error band is 
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Figuree 6.12: Dependency of the the ratio N11/N21 on the fitted parameter o. The shaded 
areaarea indicates the error band on a, while the dashed lines indicate the error on the mass ratio 
RR = (mq/in,)2. 

shownn in figure 6.12. The plot shows also the relation between a and the ratio N11/N21 
ass given by equation 6.8. The sensitivity of the ratio on the fit parameter a is large and 
itss value can vary enormously within the errors of the fit  parameter and the propagator 
masses.. The large sensitivity is due to the fact that the mixing matrix element Nn is 
almostt 20 times larger than the element A^i- This means that the LSP is almost purely 
aa photino. 

Sincee two of the decay products, the u and d quarks are indistinguishable the Dalitz 
plott analysis has to be adapted. In this case the Dalitz plot is made using two invariant, 
masses: : 

aa = m% (6.9) 

tt = mld 

withh the sub-index q being either u or d. The corresponding fitting function 

TT = N [A2{2{\ - x)x - 2xy + (1 - y)y) - BC{\ - y)y] (6.10) 

: . ! . ' / . '' 1 

1.8 8 1.9 9 
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Neutralinoo decay in the inner detector 

iss derived in the appendix. The coordinates x and y are defined as the reduced invariant 
masses:: x = s/MlSP and y = t/MlSP. The Dalitz plot for indistinguishable quarks on 
partonn level is shown in figure 6.13. This plot shows clearly no structure in the x-direction. 
Fitt ingg the Dalitz plot is therefore cumbersome. 
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Figuree 6.13: Dalitz plots (at parton level) for indistinguishable final state quarks. 

Thee situation changes, when the mixing of the neutralino is reconsidered. In figure 
6.144 the Dalitz plots are shown for various values of the mixing elements. Here the 
elementss Ar

31 and N41 are set to zero and the values for Nn and A"2i are set to satisfy 
(Nu(Nu + N2\)

2 = 1. Figure 6.14 shows the change in the structure of the Dalitz plot as 
thee neutralino changes from being photino-like (Nu = 1; N2i = 0) to being zino-like 
(Nu(Nu = 0; N21 = 1). 

Too study the feasibility of the Dalitz fit . a number of samples was generated with 
differentt values for Nu and A 2 i . Note that the change of the mixing elements affected 
thee matrix element of the LSP decay only. All other matrix elements for the production 
andd decay of sparticles, which involves these mixing elements were set to the original 
values.. (Of course, this is done for comparison reason only. Changing the mixing of the 
neutralinoss would have far more consequences than a change in the Dalitz plot only.) As 
ann example the Dalitz plot is fitted for values of the matrix elements A n = 0.50 and 
A nn = 0.86. The Dalitz distribution on parton level is shown in figure 6.15 (a) and the 
resultingg fit is shown in (b). 

Fitss on parton level are performed for the various values of the mixing elements. The 
resultss are shown in figure 6.16. From this plot it can be concluded that on parton level 
thee Dalitz plot analysis is feasible. No deviation is found from the predicted curve except 
inn the limi t A n —> 1. It is therefore expected that the Dalitz fit  is a powerful tool apart 
fromm the limi t case of the LSP being a pure photino. 
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6.33 Analysis of LSP decay 

ff ii  M t / M
 LSP 

Figuree 6.14: Dalitz plots (at parton level) for various values of the mixing matrix elements. 
TheThe values for Nu is varied from 1. down to 0, while keeping a relation between Nn and A^ i 
whichwhich is defined as: Nfx + AT|j = 1. 

Detecto rr  leve l 

Forr a Dalitz plot analysis on detector level a sample of event was generators using cut 
IVV from table 6.5. To have enough statistics a sample as large as 1 x 105 events was 
generated,, which represents of 2 years of low luminosity at the LHC. The mixing matrix 
elementss were set to: 

NNnn = 0.5 N21 = \Jl~ An and N31 = N41 = 0 (6.11) 

Thee jet selection was done using the likelihood methode as described above. 
Thee cuts on the sample that were introduced in the event reconstruction (E\ep > 10 

GeV)) and in the event selection {Ejetl > 25 GeV from table 6.5) reduce the phase space 
off  the decay. This effect is taken into account by fitting a selected area of the Dalitz plot 
(thee so-called "dressed" Dalitz plot). The Dalitz plot distribution is shown in figure 6.17 
(a).. The lower limit of the x-axis is taken as 

2"minn = 2 X tyjetm\n X £Sje t > mi n/A i L gp = (J.2 
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Neutralinoo decay in the inner detector 

(a) ) (b) ) 

Figuree 6.15: A fit of the Dalitz plot with the mixing matrix elements Nn = 0.50 and N2\ = 0.86. 
InIn (a) the distribution on the parton level is shown. In (b) the resulting fit is shown. 

andd the lower limi t of the y-axis is given by 

2/minn ~ ^ * h/fijnin X -C/jet,miii/-':'LS] 0.08 8 

Inn figure G.17 (a) the limit s on the phase space are indicated by the three dashed lines. 
Thee fitting function is given in equation 6.10, with A2 and BC as free parameters in 

thee fit . In figure 6.17 (b) the fit of this function to the dressed Dalitz plot is shown. From 
thee ratio of the fit parameters, defined as X = A2 / BC. the value for Nn/N2i is calculated 
usingg equation B.33 as given in the appendix. In figure 6.18 the value of Nn/N2i is plotted 
ass a function of X according this formula. The fitted value is indicated and the shaded 
areaa indicates its error. 

Notee that if' a secondary vertex can be reconstructed in the LSP decay, also the 
"neutrino""  channel can be used for the Dalitz plot analysis. In general, the kinematical 
variabless in decays which involve a neutrino are not known. But if both the LSP flight 
directionn and the LSP mass are known, the neutrino momentum can be reconstructed 
fromm the jet directions and jet energies. However, this analysis is not given here, because 
itt is expected to be less accurate. 

6.3.33 Determinatio n of th e X'211 couplin g 

Thee aim of the determination of the LSP lifetime is to determine the R-parity violating 
coupling.. As stated in the previous section the lifetime depends both on the X'2ll coupling 
andd the mixing matrix elements Nn and A^i- Since the ratio of the mixing matrix is 
determinedd both on parton level and at detector level, the determination of the \'2n 

couplingg is done for values of Nn/N2l at parton and detector level. 
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Figuree 6.16: Results Nu/N2i from the Dalitz plots fits for various sets of Nn and N2\- The 
dasheddashed line indicates the true value of the ratio. 

Thee total width of the neutralino is given by 

11 1 
rx° ° 2TT33 16M=O 

—— (2\M(xï - ^d)\z + 2\M{xi - vdd)\2) dEidEj (6.12) 

whichh can be rewritten in explicit terms of X'2n, Nn and N2i using the matrix element 
parametrisationn as given in appendix B: 

ccffgg22\?\?uuAf> Af> 
r> > 

M M 21 1 5R5R22 + 3R + 2) 
tan22 6N^ 

12 2 
15R15R22 + QR + 2) 

tan6Ntan6NnnNN2 2 
{R{R22 + R) 

(6.13) ) 
Inn figure 6.19 the allowed values of Nu. N2i and \'2U are plotted for a specific lifetime 

measurement.. A second bound, set on the values of Nn and N2Ï by the Dalitz fit, is 
plottedd as well. The restricted range as read of from the figure is determined to be: 

33 x 1CT4 < \'2U < 1 x 10- 3 

whichh is less than one order of magnitude. 

(6.14) ) 

6.44 Conclusion 

6.4.11 Summary 

Inn this chapter an analysis of an R-parity violating decay of the LSP is presented. To 
properlyy simulate R-parity violating decays of the LSP a hybrid event generator was 
developedd and to explore the vast parameter space represented by supersymmetry models 
aa fast detector parametrisation was used. A vertex reconstruction program was adapted 
too allow the study of lifetime measurements. 

Thee analysis of the R-parity violating decay of the LSP yields the following results: 
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Figuree 6.17: A fit of the Dalitz plot on detector level in case of the matrix elements Nn = 0.50 
andand N21 = 0.86. In (a) the distribution on the quark level is shown. The limits on the phase 
spacespace as discussed in the text are indicated by the dashed lines. In (b) the resulting fit is shown. 

 Signatures of R-parity violating supersymmetry consist of large number of energetic 
jetss and isolated leptons. The signal can be well discriminated from the background. 

•• The LSP can be reconstructed with good accuracy: crM ~ 3 GeV. The main back
groundd in the reconstruction of the invariant mass is combinatorial due to the high 
jett multiplicity. The use of an additional secondary vertex cut enhanced the accu
racyy of the LSP mass reconstruction. 

•• The exact nature of the R-parity coupling can not be determined from the analysis, 
sincee one can only identify the muon. The four possible A2lJ couplings (with i.j is 1 
orr 2), which imply a muon in the LSP decay, cannot be distinguished. Furthermore 
thee decays through any of the X'2i] couplings are very similar, since the masses of 
thee possible propagators (mfi. md-, m5 and m,-) are approximately equivalent. 

•• The lifetime of the LSP can be reconstructed if the value for the R-parity violating 

couplingg is: 0.0008 ~ A'211 ~ 0.006. 

•• The Dalitz plot analysis was used in section 6.3.2 to determine the mixing of the 
neutralino,, which is expressed in the ratio A/ii/JV21. It is shown that Dalitz plot 
analysiss in SUGRA is cumbersome due to the fact that the LSP is extremely photino-
like.. In this limit the value N11/N21 blows up and the sensitivity to the fit parameters 
andd the propagator masses is large. This is less problematic in models with a more 
zino-likee neutralino. 

•• Once the mixing of the neutralino is determined, a constraint on the R-parity vi
olatingg coupling can be set with the use of the lifetime measurement. In SUGRA 

mm JM 
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Figuree 6.18: Resulting value for Nn/N^i as function of the value of X, The line indicates 
thethe fitted value; the shaded area indicates the error band. 

pointt 4 the allowed range of the coupling is confined to one order of magnitude. 

6.4.22 Other SUGRA points 

I tt is an interesting question whether the analysis presented in this chapter can be extended 
to: : 

1.. other points in SUGRA space; 

2.. other R-parity violating coupling's; 

3.. other types of SUSY models. 

Itt is attempted to answer the first question by extending the inclusive search over the 
SUGRAA parameter space. Therefore a scan is made for various samples in the m0 — mx/2 

planee using the same cuts as listed in table 6.5. The ratio of the signal over the background 
inn the SUGRA plane is plotted in figure 6.20. Although the cuts are not optimised for each 
specificc point in SUGRA space, it is clear that the inclusive search leads to compelling 
resultss in a large part of the SUGRA plane m0 — rrii/2-

Too extend this analysis to other R-parity violating couplings is difficult . The Xijk 

couplingg implies that the LSP decays to three leptons and the decay involves a neutrino 
forr any i. j or k. This means that the invariant mass analysis and the Dalitz analysis wil l 
bee cumbersome. The \"ik coupling involves three quarks in tin1 final state and a Dalitz 
plott analysis is not possible if none of the final state particles can be identified. 

1.8 8 1.9 9 2.1 1 
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Figuree 6.19: The allowed values of A ' n , N21 (on x and y axis) and A ' , u that are bound by the 

neutralinoneutralino lifetime measurement. The ratio N11/N21 as determined by fit of the Dalitz plot is 

drawndrawn as well. The true value for Nn, N^j and X'2n is indicated by the black dot. 
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Figuree 6.20: Inclusive search. Plotted in (a) is the ratio R = S/vB, where S is the number 

ofof SUSY events and B is the number of background events. Both S and B are obtained after 

applyingapplying cuts as listed in table 6.5. In (b) the areas are depicted where R is less (respectively 

larger)larger) than 5. 
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