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Part | : Motivation, Philosophy & Experimental
Constraints

Non-SUSY exotics spotted so far....




The simplest SUSY model, the MSSM with R-parity conservation,
has many nice features that we all know about : helps with the
fine-tuning & hierarchy problems, dark matter candidates, possible
coupling unification, etc.

However, the MSSM is very difficult to study in any detailed,
model-independent manner due to the very large number of soft
SUSY breaking parameters (~ 120) that one would have to deal
with in a complete analysis...

To circumvent this issue, authors generally limit their analyses
to a specific SUSY breaking scenario(s) such as mSUGRA,
GMSB, AMSB,... with new ones coming along all the time. This
choice then determines the sparticle masses, couplings &
signhatures in terms of only a few parameters.

But how well do any or all of these reflect the true breadth of
the MSSM?? Do we really know the MSSM as well as we thlnk’?’?



|s there another way to approach this problem & yet remain
more generalthan what happens when we choose any specific
SUSY breaking scenario? It's clear that some set of assumptions
are obviously necessary to make any such study practical. But
what?

Here we will study the most general, CP-conserving MSSM
assuming MFV and that the lightest neutralino is the LSP.
We will further assume that the first two sfermion generations
are degenerate (which helps with strong meson/anti-meson
mixing constraints) and that they have negligible Yukawa’s.

This leaves us with the pMSSM:
- the MSSM with 19 real, weak-scale parameters...

What are they??






Why perform such a general analysis? There are many VERY
good reasons but perhaps the best is that the LHC is coming
on in earnest soon & detailed SUSY searches are critical t
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While both ATLAS & CMS may have done a ‘good job’ trying

to cover, e.g., mSUGRA or GMSB parameter space, itis

more than likely that general MSSM parameter points may look
very differentthan any of the traditional symmetry breaking
scenarios. In fact, it is quite possible that light SUSY particles,
e.g., light gluinos, may already have been missed by searches

at the Tevatron due to failure to pass jet energy and/or MET
requirements.

See J. Alwall’'s
talk...

Gluino Mass (GeV)

FIG. 4: The 95% exclusion region for DF at 4 fl—1 assuming 50% systematic error on background.

The exclusion region for a directly decaying gluino is shown in light blue; the worst case scenario

for the cascade decay 1= shown in dark blue. The dashed line represents the CARSSM points and 7
the “X” is the current D@ exclusion limit at 2 fb—1,



What are the Goals of this Study???

* Prepare a large sample, ~50k, of MSSM models (= parameter

space points) satisfying ‘all’ of the experimental constraints.
A large sample is necessary to get a good feeling for the
variety of possibilities.

« Examine the properties of the models that survive. Do they
look like the model points that have been studied up to
now???? What are the differences? <

* Do physics analyses with these models for LHC, GLAST,
PAMELA, ILC/CLIC, etc. etc. — all your favorites!

Other benefits?? 8



Also, such a general analysis allows us to study the MSSM at
the electroweak/TeV scale without any reference to the nature
of the UV completion: GUTs? New intermediate mass scales?
Messenger scales?

Questions:

* How should we perform our scans?

» What ranges of the soft SUSY breaking parameters should
we choose?

* What values of the SM input parameters should we employ?

* What experimental constraints do we use?

There are no a priori unique or best answers to some of these
guestions and to some extent any reasonable answers will
suffice.

What do we do in our analysis?



Pararneter Walne
af ALY 127018 [Ref [16]]
S .V Y 01108 [Ref.[17]]
Ar- 01 1875 GeWV  [Ref [18]]
I"- 24082 GeV  [Ref[16, 18]]

D.22264 [Ref[18]]
80.308 CeV  [Ref[18]]
2,140 GeV  [Ref[18]]
128 MeV  [Ref[16]]
1666 GeV  [Ref[17]]
1164 GeV  [Ref[17]]
480 GeV  [Ref [17]]
172.6 GeV  [Ref[10]]
D.2255 [Ref [16]]
416 x 10—3Ref. [16]]
1.31 » 10~ 3 Ref [16]]
D104  [Ref[16]]
5.270 GeV  [Ref[16]]
216 MeV  [Ref[16]]
1.643 p=  [Ref [16]]
230 MeV  [Ref [20]]
147 ps  [Ref[21]]

Some Answers

SM input parameters
employed in our analysis
from the PDG, LEPEWWG,
ICHEPOS, etfc.

Some results are somewhat
sensitive to these choices
which we use mostly without
any associated errors.

These errors can be reflected
in the ‘“allowed ranges’ we use

for some experimental results.
10

Talble 1: Values of the 5M input parameters nsed in our analysis.



How? Since we are not looking for any ‘particular’ or ‘best’
parameter regions (or performing any fits) a conventional scan
Is adequate & there is no need for Markov-chain MC's.

We perform 2 large scans (& two smaller scans) :
i) 107 points with flat priors for masses:

* 100 GeV < Mg mions <1 TeV

*50GeV<| M, M, u|<1TeV, 100 GeV < M;<1TeV
*+~0.5M, < M, <1TeV,1<tanB <50

* | Ay, |£1TeV

These are Lagrangian parameters evaluated at the SUSY scale.
Absolute value signs account for possible ‘phases’ (i.e., signs) :
only Arg (M. 1) and Arg (A;u) are physical...we take M;> 0

11



ii) 2 x108 points with log priors for masses:

* 100 GeV <M, e <3 TeV
*10GeV < | M, M,, n| <3 TeV, 100 GeV < M;<3 TeV
*0.5M, < M, <3TeV,1<tanpB <60

*10 GeV<|A,,. |<3TeV

While scan (i) emphasizes sparticles with moderate masses,
scan (ii) emphasizes light sparticles BUT also extends to
higher masses simultaneously

Comparison of these two scans will show the prior sensitivity

This analysis required ~ 1 processor-century of CPU time

What constraints and experimental data do we employ? 12
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Sarah Palin Debate Flow Chart

www.adennak.com

Repeat the question Is that question on ——. REcite the notes
to buy yourself time. — your IT:: cards? P Yes| from that Index card.

Yos!| sy Walt, really? seslp NO.
1t +

Do you know anything Oh shitl Do you have a card
about this topic? == on shitt ™ that Is vaguely related? ™= No.

Can you tedl Does the question have l
a heartwarming e o gu— any of those words John s Uh oh.
hockey mom story? made you memornze?
1 Give your canned
You betchal sy response, even if it e | think so...
ignores the question.

}

Did that take — — OMG! You're such
NO. df— ninety seconds? Yes| Thank God| a good debater!

| 1 1

Say that John How about now? Do something
Well crap. sl "2 \averick. ™ Ninety seconds yet? = NO. ) really cute.



Constraints (cont.)

+-0.0007 < Ap < 0.0026 (PDG’08)

*b—-osy:B=(25-4.1)x104; (HFAG) + Misiak etal. &
Becher & Neubert

- A(g-2), ?7?? (30.2+8.8)x101°  (0809.4062)
(29.5+7.9)x 1010 (0809.3085)
[~14.0 £ 8.4] x 10-10  [Davier/BaBar-Tau08]

— (-10 to 40) x 1019 to be conservative..

* I'(Z— invisible) < 2.0 MeV (LEPEWWG)
This removes Z decays to LSPs w/ large Higgsino content

* Meson-Antimeson Mixing : Constrains 1st/3" sfermion mass
ratios to be < 5 in MFV context 0



Isidori & Paradisi, hep-ph/0605012 &
B—tv Erikson etal., 0808.3551 for loop corrections

Bounds on NP by rare decays: example of Two-Higgs-Doublet Model

Haisch,arXiv:0805.2141

600

New data from Babar and Belle
- talks by Baracchini, Hara
500§ * New bounds: B — Kvi7,B — v

* New HFAG for B — v
BR(B — 1v) = (1.51 £ 0.33) 1074
SM: x |Vub|2 fﬁ

400}

My+ |GeV |
Lad
o
=

| BR(B — 1v) = (0.80 £ 0.12) 1074
0ol UTfit,2008
' tan 3 suppression expected

: in THDM /MSSM
100¢

Super-B (= 50ab™1) sensitivity
0 10 20 30 40 50 60 70 3 — 49 Stocchi et al.,arXiv:0710.3799

Heavy Flavour Theory, Tobias Hurth (CERN,SLAC)

— > B=(55t0227)x 106 1




NOTE: We do not include R, as a constraint in our analysis
as the Zbb coupling occupies a controversial place in SM fits
to precision measurements. This is something we plan to
look at later.

© July 2008

galvN) “preliminary
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Indirect Search B, 2 pu

The search for B, > pp is \ b
perhaps the most sensitive to 2t
SUSY since sparticles show up ,,.}\\ HY/AY
in loops X e 2 R
Especially sensitive at high— % \\
tanB (<tanB®) = o

~ lan"B

CDF, PRL 100, 101802 (2008) mSUGRA at tanf =50

Preliminary Combine
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Dark Matter: Direct Searches for WIMPs

2

Spin—independent cross section [em”|
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. Petriello & Zurek
Another View....

complex region
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Figure 2: Similar to Fig. (1), but if DAMA observed only quenched events. The presence of
un-quenched (channeled) events 1s necessary to reconcile DAMA with null experiments.



« CDMS, XENON10, DAMA, CRESST-I,... — We find a factor
of ~ 4 uncertainty in the nuclear matrix elements. This factor
was obtained from studying several benchmark points in
detail & so we allow cross sections 4x larger than the usually
quoted limits. Spin-independent limits are completely
dominant here.

« Dark Matter density: Qh? <0.1210 - 5yr WMAP data +
We treat this only as an upper bound on the LSP DM density
to allow for multi-component DM, e.g., axions, etc. Recall
the lightest neutralino is the LSP here

« LEP and Tevatron Direct Higgs & SUSY searches : there
are many of these searches but they are very complicated
with many caveats.... CAREFUL!

22



f;.ll.‘-l_h 1 T | T T 1 | 1 1 T | T T 1 | 1 1 1 | T T
= F LEP ]
= [ (a) 5 =91-210 GeV i
Zh, h-> bb = ]
; y 1T = _
o
-1
=T 10 -
[ 3
= h
-
10 'E I TN T T N N T S B T A T T A A |
20 40 o0 g0 100 120
m(GeViet)
IE 1 | 1 | | | | : 1 | | | 1 1 i-
-'1? LEP ; e ;
(b) 2 =91-210 GeV ] T ]
= — ] - ]
= ] —= ]
- 7 == 7
IL_F' -lll_..l"""«-'—l_ i E;ILJ-\' .
=] A1 ] = . |
=10 = Z 10 -
5 : E E
| i — i
F ]
= ] = v )
o i -
[T =
chln_iu L M MR B BT 5’1“_1..|...|...|...|...|...
20 40 &0 &0 100 120 I EET ) &0 100 120
m(GeVie') my(GeVie')

Figure 1: The 95% cl. upper bound on the coupling ratio £2 = [mjgﬁrz";z::ﬂ fsee text). The
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LEP |l: Associated Higgs Production
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The left- & right-slepton reaches are similar
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Large mass gap
chargino search

Depends on the
sneutrino mass in
the t-channel if less
than ~ 160 GeV due
to interference if
large wino content

Some ‘light’ charginos
may slip through as
search reach is
degraded
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LEP Stable Particle Search
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Tevatron Constraints : |

Squark & Gluino Search

« 2,3,4 Jets + Missing Energy (DO)

TAELE I: Selection criteria for the three analyses (all energies
and momenta in GeVi; sse the tact for further detaik.

Presalection Cut All Analyses
Er = 40
|Vertex = pos| < 60 em
Acoplanarity < 165%
Selection Cut “dijet” "i-jets “gluino”
Triggar dijet multijet multijet
jety pr® = 36 > 35 > 36
Jety pr® > 36 > 35 > 36
jets pr” - > 35 > 35
jet, pr* - - = 20
Blectron veto ves yes yes
Mucn veto ves yes yes
Ao B, jety) = a0 = o = on"
Ad( Br, jots) > 5P = 50° > 50°
A ihin (B, any jet ) = 40 — —
0T = 325 > 3716 = 400
Er > 205 = 176 = 100

First and second jets are also required to be contral {|pae| < 0.8),
with an electromagnetic fractiom below 095, and to have

CPFD = (.75,

*Third and fourth jets are raquired to have [pdet| << 2.5, wath an

el=ctromagnetic fraction below 085,

Multiple analyses keyed to
look for:

Squarks-> jet +MET
Gluinos -> 2| + MET

The search is based on
MSUGRA type sparticle
spectrum assumptions
which can be VERY far
from our model points

32



DO benchmarks

TABLE II: For each analysis,
section ), signal efficiency, the
of events expected from signal,
second is systematic,

formation on the signal for which it was optimized (ma, myyz, mg, mz. and nominal NLO cross
mber of events obeerved, the number of events scpected from SM backgrounds, the numbsr
d the 95% . L. signal cross section upper limit. The first uncertainty is statistical and the

Analysis (¥, e 00 (g, m Tnom Exip. N b, Nimclegrd. Niig. o
(GeV) (GeV) ipb} ) ipb)
“dijat” (25,175) (430,206) 0.072 6.8 + 0477 11 11.1+1.2757 104+ 06710 0L075
“3-jets" (197,154) (400,400} 0083 6.8 £047H a 10.7 £ 0.9 3 120 £ 07835 0.065
“gluina” (500,110 (320,551} 0186  4.1+03703 20 177 +1.155% 1T0£1.2555 0165

TABLE I1L: Definition of the analysis combinaticns, and number of events cbeerved in the data and expectad from the SM

backgrounds.

Selaction “dijet” “3-jets” “gluine” N ota. L —
Combination 1 yes o no 8 9.4 + 1.2 (stat.) 73 (syst.)
Combination 2 no yes no 2 4.5 £0.6 (stat.) T0I (gyst.)
Combinstion 3 no o yea 14 12.5 £ 0.9 (stat.) T3] (syst.)
Combination 4 yes yes o 1 1.1 £0.3 {stat.) T5 (syst.)
Combination & ves no yea kinematically not allowead
Combinstion 6 no yas yea 4 4.5 +06 (stat.) T}5 (syst.)
Combination 7 yes yes yes 2 0.6 £0.2 (stat.) ThL (syst.)
At least one selection 31 326 + 1.7 (stat.) T35 (syst.)

Combos of the 3 analyses
— Feldman-Cousins 95% CL Signal limit: 8.34 events

SuSpect -> SUSY-Hit -> PROSPINO -> PYTHIA -> DO-tuned
PGS4 fast simulation (to reproduce the benchmark points)...
redo this analysis ~ 10° times ! 33



This DO search provides strong constraints in mSUGRA..
squarks & gluinos > 330-400 GeV...our limits can be much
weaker on both these sparticles as we’ll see !
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Tevatron |l: CDF Tri-lepton Analysis

We perform
this analysis

Channels Belection \Er/PriysaGel
3tizht 3 tight leptons or 2 tight leptons + 1 loose electron 15, 5, & <
2tight 1loose 2 tight leptons + 1 looss muon 15, 5, 10
1tight . 2loose 1 tight leptons + 2 loose leptons 20, 8, 5(10 if loose muon)
2ight 1 Track 2 tight leptons + 1 imoclated track 15, 5, &
1tight, lloose, 1 Track 1 tight + 1 loose lepton + 1 isolated track 20, 2{10 if loocse muonj, 5

Table 1: The exclusive analysis channels. A “tight’ selection for leptons 18 a restrictive selection,
for a ‘loose’ lepton the selection os made a little less restrictive to increase acceptance,

CDF
benchmark

The benchmark mSTUGERA point we consider has following parameters:

pen = 60 eV, g e — 100 CGeV' tan(d ) — 3. 40 — U, and g = 0

using CDF-tuned
PGS4, PYTHIA LO

plus a PROSPINO
K-factor

(1)

The corresponding masses of Interest are: J'L-Ifit = 11006 GeW, Jll-'ffg = 122 GaV, and Jll-'.r—l:ll = a7 Gel,

and the corresponding i“:l'::'-'.-_'ﬂ production cross section is 0.5 pb [7].

i:.l:thlFrdlﬂrur:.l.JLEl‘:?U.:l'
‘llf'l—

Exsopom iod 350,

NEwaris (10 Ga
NEwirla | 10 Ga

[

1o

140 4€0 180 200
Missing E,. [Gal'h

SOF Flus i "r-ll'r-'l-ﬂ'l.lrl.ﬂﬁ =-zaw"

El &0 100

130 140 160 180 200
Miszing E, [Gav}

Figure 4: On the left is the Epdistribution for the dilepton+track channel (2tight.1Track) after

all selections, on the right is the same for the trilepton channel [ 3tight).

Ep= 20 GeV.

We kesp events with 35



CDF RUN II Preliminary [ £dt = 2.0 fb~! : Search for 535370

Channel =lgnal Backeground Oh=served
Jtight 2.25 £ 0.13(stat) £+ 0.20(svst) | 0.49 + 0.04({stat) £+ 0.05svst) 1
2tight.1loose 1.61 &+ 0.11i(stat) £ 0.21(svst) | 0.25 + 0.03(stat) + 0.03(=svst) ]
ltight,2loose 0.68 £ 0.07(stat) £ 0.09(svst) | 0.14 + 0.02(stat) + 0.02(svst) 0
Total Trilepton 4.5 + 0.2(stat) + 0.6{svst ) .85 + 0.06(stat) + 0.13(=svat) 1
2tight,1Track 4.44 + 019 stat) £+ 0.58(svet) | 3.22 + 0.45(stat) + 0.53(svst) 4
ltight,lloose, 1Track | 2.42 + 0.1d(stat) + 0.32{svst) | 228 + 047 (stat) + 0.42(=svat) 2
Total Dilepton+Traclk G.0 4 0.20(stat ) + 0.9{zwvst 5.0 &+ O.Tistat) + 0.9{s5vst ] fi

Table 3: Number of expected signal and backeground events and number of observed events in 2 b1,
Uncertainties are statistical{stat) and full systematicsisyst ). The signal is for the benchmark point

described 1n section 5.

<

We need to
perform the 3
tight lepton
analysis ~ 10°
times

— Feldman-Cousins 95% CL Signal limit: 4.65 events

The non-'3-tight’ analyses are not reproducible w/o a

better detector simulation
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Tevatron lll: DO Stable Particle (= Chargino) Search

— == — 1“ E
g 10 (@) DO 1.1 fb' 8 105 (b) DO 1.1 f5' & [ (o DO 1.1 15
I ®  Observed Cross Secton Limit & = \‘\\ ®  Observed Gross Secton Limit i [ % ®  Obaenved Cross Section Limit
1 Expected Cross Secton Limit C , Expected Cross Section Limit LY Expected Cross Section Limit
s —— HLO Cross Section Predictien b 5 — WL Cross Section Pradicton L E W — ML Cross Secton Prediction
= t NLO Cross Section Unceraint 1 E e NLO Cross Section Uncertainty Et . MLD Cross Secton Uncartainty
105, "9 ___ e ~ F S ™
M"H T—— g B ] C \"'\ HH 1_ . .q"‘-\_\.
10-! Y & 1¢-I ‘\‘\._____ H.-“'-_L . 10 E_ K"l-_______'-“a ” P ™
'\-\.___H- "—-_‘-_ —i"-.\_: el : ._‘a.._‘?‘ -
10° S . i ~
i ---\-"‘"-..__H 1"‘2 HH-.‘_ 1&15_ Hx"‘ﬁ.“‘
10 — . ™ t hi i .
sleptons ~ winos - higgsinos n
) T Y N Y T TN TN T Y YT T Y N T AT R T A TR T | Uq_||||||||||||||||||||||||| 1n.,a|||||||||||||||||||||||||
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FIG, 2: The ohserved (dots) and expected (solid line) 95% eross section limits, the NLO production cross section (dashed line),
and NLO cross section uncertainty (barely visible shaded band) as a function of (a) stan mass for stan pair production, (b)
chargino mass for pair produced gaugino-like chargines, and () chargino mass for pair produced higesino-like charginos.

Interpolation: M, > 206 [U,,|* + 171 |U,,|? GeV

This is an /ncredibly powerful constraint on our model set as
we will have many close mass chargino-neutralino pairs. This
search cuts out a huge parameter region as you will see later.
No applicable bounds on charged sleptons..the cross sections
are too small. 37



BSM Higgs: ¢—bb

s CDF and D@ 3b channel: be¢—bbb.

T o
» Di-b-jet background too large in (—>bb channel3 ”

COF Rur B Prabimnary (1915

s Search for peak in di-b-jet mass distribution of -E«w .
leading jets £y

s Key issue: understanding the quark
content of the 3 jets

=0

» CDF: Secondary vertex tagaer and vertex mass %

3 40

]
D@ Preliminary, L=2.6 i3 ‘

» DO0: NN tagger using multiple operating points | m,, max, u=-200 GeV

4 b i
s Simulation/data driven studies of background 3 SR s
s No Evidence for Higgs: " % o !
S b B TR '
* Limits tang vs m, L Excluded Area |
s 3h search very sensitive with certain B O . i<
SUSY parameter choices O m(Gevid)
M. Hemdon, ICHER 2002 10

=

=yl BSM Higgs: ¢—1t

o T

s CDF and D@ ¢—7r channel

s 11 pure enough for direct production search

s D@ adds associated production search: bgp—btt
s Key issue: understanding r Id efficiency

s Large calibration samples: W for |d optimization
and Z for confirmation of |d efficiency

T Y T PP e Zr TS LRy T roar
80 100 110 120 130 140 150 160
M,

(GeV)

MS5M Higgs — 1+ Search, 5% CL Exclusion

s No Evidence for Emg_.:,.ﬂn._m,.,g,b.j
SUSY Higys
+ Limits: tanp vs my

s (—T1T generally
sensitive at high
tanp

tan p
c3BHEBBEIBEE

160 180 200 220 240
m, (GeVic?)

M. Hermdon, ICHEP 2002 il

Tevatron |V ;

We also incorporate the
results of some null

BSM Higgs searches at
the Tevatron to round
things out. These do not
play a large role given our
assumed parameter
ranges in our scans.

tanp>12M, - 70

M. Herndon, ICHEPOS8 %8



ATLA

CMS

BN

— —_/

SU1
SU2
SU3
SU4
SU8
| M1
| M2
M3
| M4
M5
_LMG6
M7
| M8
M9

LM10

i
i
I
i
I
i
I
i

KI

KI
KI

KI

K|
K|

OK

illed by LEP
illed by Qh?

ed by b—sy

illed by g-2

ed by Higgs

illed by g-2

ed by b—sy

illed by Qh?

illed by Qh?

OK

illed by LEP
illed by Qh?

K|

illed by LEP

OK
ed by Qh?
ed by Qh?
ed by Qh?

For the curious:

Most well-studied
models do not
survive confrontation
with the latest data.

For many models this

Is not the unique
source of failure
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Similarly for the SPS Points

SPS
SPS1
SPS1
SPS2
SPS3
SPS4
SPS5
SPS6
SPS9

d
a

b

killed by b —sy
’ OK
Killed by b —sy
killed by Qh? (GUT) / OK(low)
killed by Qh? (low) / OK(GUT)
killed by g-2
killed by Q2h?
OK
Killed by Tevatron stable chargino
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Time to ‘spread the wealth around’
See JoAnne's talk next up
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msk

Pattern

ms=kE1
msSP2
msSPa
ms=H4

msSP5s
mskPG
mSPT
msSPs
msPo
mSkP10

= T
NN

N A A

N
T
L

mskE11
msP12
mskP13

Tl LI e e L

ANOA
)
IIIII'.

o

mskF14
mskP15
mskP16

[

mskP17
mskP1=
mskF19

mskP20
mskP21

b e vt ot ettt e Yt it st et it it

mspPz2

S

Linear

9.81
2.07
5.31
2.96
0.02
0.46
0.02
0.06
0.01
0.00
0.09
0.01
0.01
0.35
0.01
0.08
0.18
0.01
0.00
0.06
0.01
0.27

Log

18.49

0.67
6.60
3.70
0.13
1.21
0.03
0.00
0.00

0.00 «=—

0.00
0.00
0.00
0.10
0.03
0.00
0.40
0.00
0.00
0.00
0.00
0.51



