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Fundamental particles:
+ Constituents of matter
o All fermions (spin—%2)

Leptons uarks
o Leptons: electron, P ?
> e U T u, c, t
muon, tau, - Voo Vo d,s, b
corresponding
neutrinos

e Quarks: up, down, charm,
strange, top, bottom

+ Force carriers Photon
e All bosons (spin-1)
o Electromagnetism: photon
o Weak interactions: W%, Z0
e Strong interactions: gluons
¢+ Higgs boson?
o Generates mass of elementary particles

Gluons

Higgs Boson
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Problems with the Standard Model W
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Hierarchy problem Dark matter

¢+ Planck/electroweak
scale: M./M,, ~ 1016

e From weak force:
m, ~ EWK scale

e From fermion loop

corrections:
J]E'

Amy? = — |}\f| A 24 Red: baryonic matter (from X-rays)
8wz U Blue: total mass (from grav lensing)
+ Quadratically

divergent correction + All SM particles excluded

as DM candidates
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Supersymmetry (SUS

+ Every SM particle has “superpartner” not yet discovered

+ New particles not discovered: SUSY must be broken symmetry

MMMMMMM

Each fermion paired with scalar boson, each vector boson paired with
fermion

Names spin () spin 1/2 Names spin 1/2 | spin 1
squarks, quarks | @ (TEL EL) (updr) gluino, gluon _ g _ g
. r ; L0 | U= (10
(x 3 families) T oy ul, winos, 1V bosons | 1 ,.,H W=n
p &"*R d bino, B boson B BY
sleptons, leptons | L | (vez) (ver) Mixing can occur between
(x 3 families) | € €r €R gauginos and higgsinos
Higgs, higgsinos | H, | (H H?) | (H H? « Gluino exempt due to color
— . o~
Hy | (HYH7) | (0 Hy * 4neutralinos: X, (i=1,2,3,4)

_ _ _ « 2charginos: ¥; (i=1,2)
New B/L number violating couplings

+ Problem given proton stability
+ Define conserved number “R-parity”: (—1)3(B-L)+2s
o Lightest SUSY particle (LSP) completely stable
o SUSY particles always decay into odd number of LSPs

o Sparticles produced in pairs
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P Z

Predlcts scalar boson at EWK scale correspondlng to
each SM fermion

f g
r’ s
H____{  ho--_- ! |
H ' '
~, &
2
2 _ | 2 2 _ As 2
Amy am2 Doy T My o2 oy T

+ Relative minus sign solves hierarchy problem
« Each SM fermion accompanied by complex scalar with

2 . .
As = |A¢|” so contributions cancel

R-parity conservation
+ Stable LSP: Massive, neutral, weakly-interacting
+ ldeal dark matter candidate
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« Top quark observation major
milestone

=« Understanding top quark
signal vital for new physics
searches
¢+ Top signatures similar to
many new physics models

o Semileptonic channel is
major background for same-
sign dilepton analysis

¢+ Powerful tool for new
searches

Wt

= q

Motivation

|Isolated same-sign dlleptons
very clean signature for new
physics

¢+ SM sources vanishingly small

e Primary contribution from 1
isolated lepton plus “fake”
(i.e. from semileptonic top
events)

¢+ Same-sign leptons occur
naturally in many new physics
models

4
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Strong interactions described by quantum
chromodynamics (QCD)
+ Calculable at small distances and high momentum transfer
(large Q?)
o Coupling constant a, increases with distance
a,(Q*) x 1/ln(QZ/AQCD2)
+ Approximate solutions obtained by perturbative expansion in

o, terms
do=A4,+tAa,+A,a’+ A;a3 -

0 s 2)"s S
/ T ™|  Next-to-next-to
leading order (NNLO)

Leading order (LO) Next-to-leading order (NLO)

¢+ a(Q=M, =80 GeV)~0.1: possible to expand perturbatively
o Asymptotic freedom
¢+ o (Q=1GeV)~0.62: perturbative expansion less accurate
+ as(Q = Aycp) — : color confinement, perturbative QCD invalid
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Parton showers and hadr

Structure of colliding protons modeled with parton distributions functions
(PDFs)

+ Define probability density for finding parton (quark or gluon) with momentum
fraction x at momentum transfer Q2 of collision

Parton shower: Colored remnants from hard interaction shower due to
color confinement
+ Eventually hadronize into collimated jets of colorless hadrons
o Modeled from previous experiments with non-perturbative QCD

Parton shower
Decay

0
b 0
b 0
\\\\\
0
1!
b 0

Hadrons

‘‘‘‘‘‘‘ Hadronization

PDF Hard scatter Fragment ation

Scattered parton
Hard scatter
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7 TeV proton-proton collider
¢+ 3.5TeV per beam
¢+ Nominal: 7 TeV per beam

Magnets with 4T field
+ Nominal: 8T field

Circumference of 27 km

¢ Intunnel 100m

underground across
Swiss/French border near
Geneva

Luminosity: 102 cm?s*ATICE

¢ Nominal: 1034 cm=3s1

4 collision points
¢+ CMS, ATLAS, LHCb and ALICE
M. Weinberg Ph.D. Thesis Defense
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VEl T

Proton

Parton
(quark, gluon)

a e S
-

\ jet
jet

Particle

Proton-proton

Protons/bunch  1.15x1011

Luminosity 1034 cm—2?st

. Proton-proton collisions at the LHC W

Design Achieved
y Beam energy 7 TeV 3.5 TeV
368 (2010)
Bunches/beam 28 1380 (2011)

1.3x10™ (2010)
2.7x101 (2011)

2x1032 cm2s1
1x1033 cm—2st

Luminosity L = particle flux/time
. dN
Interaction rate: i Lo

Cross section: o = “effective”
area of interacting particles
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TRACKER
CRYSTAL FCAL

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

- FORWARD

Mass: 12,500 T | CALORIMETER

Diameter: 15.0 m HCAL
Length: 21.5 m ~ MUON CHAMBERS

Magnetic field: 3.8 T
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E&H: 72 x 56 n
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Measures path and transverse momentum (p+) of
charged particles

+ Helps identify electrons from top quark / SUSY particle decays
+ Distinguishes electrons from photons

Barrel and endcaps have
II Silicon strip detector

I ‘ Pixel detector
near interaction

region
- EstabILsh veétex
Resolution: = = (.59 .01 reoolone
esolutio - 0.5% @ 0.015p(GeV) resolution
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Electromagnetic
calorimeter (ECA Vst

MMMMMMM

Measures electron/photon energy and positionin |n| <3
¢+ ~76,000 lead tungstate crystals

« Density: 8.3 g/cm?

o Short radiation length: 0.89 cm (25.8 X, in length)

o Small Moliere radius: 2.2 cm

Resolution: (%)2 = (

Pb

%\ 2
2.8/) + (41.5 MeV

2
= - ) + (0.3%)?

Supermodule

47/ Sub modulgcosingin
Cooling Out _‘_f

detectors

e
gl
g7 A

|

|

ﬂ
Ul
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Measures energy and position of showers
¢+ Sampling calorimeter

+ Used in measurement of energy of jets in event

Resolution (barrel): (%)2 - (9\‘/’;/0)2 + (4.5%)?
: o\ 2
Resolution (endcap): (E) = (

o 2
=)+ (9.0%)>

=y Steel plates /
j H quartz fibers in
4 u § | E forward (HF)

region (3 < |n| <5)

Brass / scintillator
layers in barrel and

endcap (|n| < 3) H H
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Three separate detector systems
¢ Drift tubes (DT) in central region (|n| < 1.2)
o Precise trajectory measurements
+ Cathode strip chambers (CSC) in endcaps (0.9 <|n| <2.4)
+ Resistive plate chambers (RPC) in barrel (Jn| < 1.6)
e Precise timing of muons in detector

Cathode Strip Chamber

-
i -
. I [ -
. .
oz 23 - ...-'I-".-'.- o i".. [T]
= == e %/ n = -
#mad] stri —————— (Il recognizes 1
= w— tracks and form vector/quartet
Comparmioe ] i m— il
ghee 0.5 strip
reachuten LN I} Resistive Parallel

\F‘Iate Chambers
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Detecting particles @

WISCONSIN

MADISON

Key; - Muon
Electron

Charged Hadron (e.g. Pion)
))Mll — — — - Neutral Hadron (e.g.Neutron)

----- Photon

Transverse slice
through CMS

—
=yt
i~

Electromagnetic
Calorimeter

Hadron
Calorimeter

Superconducting

Solenoid
Iron return yoke interspersed

with Muon chambers

Om m 2m 3m 4m 5m 6m 7m

| | ] | ] | ] |
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Cannot retain every event
+ Beam contains ~ 10! protons
¢ ~25ns bunch crossings
¢ 2.2 pp interactions per

crossing

Trigger _deS|gne_d to N — e
select “interesting” o AN ca
events for offline [ e s
processing =y 5
o Level 1 (L1)trigger K ] L O

e High-speed custom electronic o2 -
+ High level trigger (HLT)

o Reduce final event rate to

~ 300 Hz Suto 00
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Electron candidates

MMMMMMM

¢ Tracks reconstructed from hits ET
in silicon tracker

Cluster in ECAL matched to
tracker hits
« Require AR = /AnZ + A$p2< 0.15
ID based on shower shape and
track-cluster matching )
o Wider spread in ¢ due to bremmstrahlung B@
Small energy deposit in HCAL
e B q/Egy <0.15
Isolation: No nearby energy or other tracks Pixels o

M. Weinberg Ph.D. Thesis Defense
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Reconstructing mu

Reconstructed via 2 algorithms

+ Tracker muon: Seeded from tracks, matched to signals in calo
and muon systems

o More efficient for low-p; muons, require only single
segment in muon chambers

¢ Global muon: Global simultaneous fit to tracker
and muon hits A
« Useful for high-pT muons |

(> 200 GeV) due to improved
momentum resolution

¢+ Require muons to be reconstructed by
both algorithms

M. Weinberg Ph.D. Thesis Defense
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« Particle Flow (PF) algorithm used to construct Jets
¢+ Combines information from all CMS subdetectors
¢ Creates list of PF objects

e PF list includes electrons, muons, charged hadrons and
neutral hadrons

+ Particle list clustered according to anti-k- jet clustering

algorithm
o Sequential recombination algorithm
- Combine particles based . g e
on distance e Clusters "
hadron | : || detector
measurement & |
H . Q) ::_A'

starting from

closest jet il
g Qamc.e-ﬂow
M. Weinberg Ph.D. Thesis Defense
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Several particles in analysis only detectable from
missing energy
+ Neutrinos, neutral LSPs interacts weakly with matter
¢+ Rely on momentum conservation in transverse plane
o Define missing transverse energy (MET):

n
o
i

where i is index of PF object
+ MET calculation involves every particle in event

e Sensitive to mismeasurements in p; of any reconstructed
object

miss —
E =

M. Weinberg Ph.D. Thesis Defense
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top cross section
/ measurement

Event
selection

Analysis workflow

Muon + jets for

Extract top events
« Simultaneous

template fit to
muon variables

TTTTTTTTTTT

mmmmmmm

Calculate
new top
Cross section

Correct yields for

selection efficiency
* Scale MC by result

\

Estimate backgrounds

Same-sign dileptons for SS Set limit on
+ jets + MET for new —>| - Sl .
: » Fake rate prediction new physics
physics search from T/L method
M. Weinberg Ph.D. Thesis Defense 26
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SUPERCONDUCTING CALORIMETERS

COIL ECAL
__T oo Scintillating

HCAL

Plastic scintillator/brass
sandwich

IRON YOKE

TRACKER | J‘::. ; ' \ = /

Silicon Microstrips i B
Pixels . l

~— y
N

Total weight : 12,500 t \ MUON

Overall diameter : 15 m| MUON BARRE ENDCAPS
Overall length : 21.6 m

Magnetic field : 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers (csc)

Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC )
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Electrons (same-sign
dileptons)
+ High-p electron selection
e p;>20/10 GeV, |n| < 2.4
« VBTF_ID 80
e |dg, corrl <0.02
o« No muons within AR < 0.1

o NO missing hits in inner
layers

o Conversion rejection (dcot >
0.02 OR dist > 0.02)

o Relative isolation < 0.1
+ Differences for low-p+
electron selection
e pr>10GeV, |n| <24
o Relative isolation < 0.15

Object definitions -W

Muons
Top selection | SUSY selection
Kinematic cuts pT|r>]| 2<02(.31ev p-liﬂ>| 502/_113;;;\/
Rel isolation <0.05 <0.1
X2INn 4o <10 <10
|do. corrl <0.02cm <0.02cm
AZ,, <lcm <lcm
Silicon hits > 11 > 11
Additional cuts | AR(p, jet) >0.3

Jets, MET
¢+ PFMET

¢+ L2L3 corrected PF jets with pT >
30 GeV, [n| <25

+ No jets within AR < 0.4 of lepton
¢+ Loose PFjet ID

M. Weinberg
University of Wisconsin

Ph.D. Thesis Defense
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Electron selection:

= Initial cuts: single lepton trigger, MET > 30 GeV
¢+ QCD dominates unless some initial selection applied
= All plots shown with previous cuts applied (“progressive” plots)
= All MC “out of the box”
+ Scaled by oL (NLO o from MC, L = 36 pb?)
= Shaded area represents rejected region for SUSY search

1000

500

_I R | I L | T T T T | T 1T 1771 I 1T 17T | T T T 4000 [ TTT I TTTT | TTTT | TTTT | TTTT | TTTT TTTT | TTTT I TTTT | TTT _
C CMS_P_I‘eIiminary . ~| CMS Preliminary =
4500 36 pbtats =7 Tev -+ Data - C 36 pbTat\s =7 TeV —=Data 2
c = LMO SUSY 1 3500rr = LMO SUSY T
4000¢ L E - M E
Wl . 3000+ Wl i
3500 Wz —IT i Wz -IT ]
. [ Single-top 7 2500 H I Single-top
3000 ]Qco E g - [Jacp .
2500 = 2000[ ' -
2000 =
- ] 1500 1]
15001 E : .

10 20 30 40 50 60 70 25 -2 15 -1 05 O 05 1 15 2 2%
ES [GeV] e
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Electron quality sele-
Rellso and dgy(bs Wischig

Relative isolation < 0.1
+ Rellso = (Iso,,, + 1SOgca +1S0hca) [ Er
+ High-Rellso region dominated by QCD

dy(bsp) <0.02 cm
¢+ Transverse impact parameter (w.r.t. beamspot)
*dmnsures that electron comes from primary interaction

IIIIIII I:I_l-ll-ll--liI!I{ll:l:!-l--i|:||-l!:||--l-|I:ll--i-ll:]l-l-l'_'l" I'III|IIII|IIII|IIII T T T 1 T

CMS Preliminary CMS Preliminary

36 pb_'1'at\f§=_7_TeV SR +Data S 36 pb'1 at\s =7 TeV __+"Da..ta"" SR
14000 = LMO SUSY ] = LMO SUSY
12000 ... ... W N Ew-l
Wz mzZy T
[ Single-top [l Single-top

10000 " mep . joch

>
{d
.

| I-I]I|Illii-ilfll-t-illI--O-Ill--lIl|-|---|li|-l-1l||-l 0 IIII|III

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.005 001 0015 002 0025 0.0
Rellso, e dy(bsp) [cm]
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Muon selection: p

= Require triggered muon p; > 20 GeV
+ Second muon in event must have p; > 10 GeV
+ Ensures event has high efficiency to pass single lepton trigger
= Triggered muon must have [n| <2.1
+ Corresponds to n acceptance of muon trigger

4000 3000

3000 2000

10000 IR e B L I L I L l T T 17T l LI L 7000 TT] I TTTT I TTTT | TTTT | TTTT TTTT TTTT l TTTT | TTTT I i i
- ~ [CMS Preliminary [ CMS Preliminary =

~ 36pbtatVs=7TeVv —Data T 36pbatys =7 Tev —Data o

. ~+- LMO SUSY 6000 - LMO SUSY ]

8000 B tt T ]
4 Ew-tv £ Ew-tv -
7000F W Zy-IT 5000 Wz
0 [ Single-top - [ Single-top 1

6000 : [ ]QcD 40005_" . . cee [ ]Qcb _E
5000/ P -

2000

1000
1000

10 20 30 40 50 60 70 2 15 1 05 0 05 1 15 2
p# [GeV/c] n

MMMMMMM

M. Weinberg Ph.D. Thesis Defense
University of Wisconsin 11-Aug-11

31



Muon quality selec

Rellso and do(bs-w.scm

Relative isolation < 0.1
+ Defined as for electrons
+ High-Rellso region dominated by QCD
dy(bsp) <0.02 cm
¢+ Transverse impact parameter (w.r.t. beamspot)
¢+ Ensures that muon comes from primary interaction

CMs F;relim.iﬁlary B B ol ! ! - CMS Preliminary | i S 2]
sepilafvEsye . o e Data o 36 pb'at\s = 7 TeV -+ Data |
= LMO SUSY | = LMO SUSY |
e =
Hw-l Emw-y
BZy-IT ] 7y 11 -
- = = = W -hgiedop Il Single-top
10° . - e Fioe
--||-|-|t||1{--111-1--'11-1-1|---l<<-|---|<<-|--<|<-|— dongansiont: R O

0 01 02 03 04 05 06 07 0.005 0.01 0.015 0.02 0.025 0.0:
Rellso, w d (bsp) [cm]

M. Weinberg Ph.D. Thesis Defense
University of Wisconsin 11-Aug-11 32



Same-sign dilepto-
trigger selection Wischnen

Necessary to use multiple single-lepton, H; triggers

+ Move to higher thresholds with increasing luminosity so triggers remain unprescaled
Divide analyses based on trigger:

+ Single-muon triggers for top cross section measurement (4 + jets channel)

+ Lepton (electron OR muon) triggers for high-p; same-sign dilepton search

¢+ H; triggers for low-p; same-sign dilepton search

H; trigger efficiency vs o AP . ]
reconstructed H; S [ epas=TTv e ;F% |
| g | g L
¢+ Measured from data via muon £ gl + ]
triggers ; i + ]
+ Efficiency reaches (94 + 5)% at H; & ol -+ ]
= 300 GeV =l + ;
Lepton trigger efficiency ol LT 1
¢+ For p + jets channel (from T&P): I + 1
Scale factor = 0.97 £ 0.002 0ol I It " |
¢+ For same-sign dileptons (from i LE +le ]
T&P in MC): 0.99 + 0.01 for all B P PP 005 S D T T i TP e
three final states 50 100 150 200 250 300 350 400
H; (GeV)
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Top cross section extr

To estimate backgrounds, we first extract top cross section in top-
enriched single muon region

+ Lose all statistics once we impose second same-sign lepton
requirement

¢+ Determine MC scale factors for use in SUSY search
Extract top cross section

using binned maximum c [ cusereliminary | I
. . . e) - 36 pb'at\s =7 TeV -~ LMO SUSY -
likelihood fit B 10k —ti s
. © F — Wl ]
+ Use fit templates taken from =  Zip :
MC samples to model each S L " aoleton |
process H —
+ Simultaneous fit to . i
discriminating variables S— ]
across multiple jet bins -

. . 102 E
« Normalization template g ]

implicitly fixed by shape of L ‘ | |

i ‘i 1 2 3 4
jet multiplicity spectrum Jet multiplicity
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Shape compariso W

WISCONSIN

MADISON

Fit performed with —— E T oy T T T T T T
. o 07 36 pb'at\s =7 TeV - LMO SUSY—]| o N 36 pb'at\s =7 TeV - LMO SUSY
muon variables B —& 1 B | —&
© o6F —Wolv @ Uor —Wolv
H - 8 —ZIy T - B —ZIy I
¢ Appropr.la_te due to E oob — Single-top - S osf — Single-top ]
insensitivity to T —eee 4§ —acp
. . 04 - A -
systematics like g ] : .
JES 03f ] 03l E
+ Tried multiple 02 f 0-2%5 g
variables, jet bin o | = ] 0.1 =
combinations S = L T =
%O 40 60 80 100 120 140 %O 40 60 80 100 120 140
p! [GeV/c] p! [GeV/c]
T T
e S AR AR AR LA RERAN LA RARLY RARRA RS A ARSI NS LA AR AN ERAA AR AN
Additional _5 0'162_;:::;'::'\['2':119\/ ~ LMO SUSY ] _5 0'16: 2ot atNg = 7 ToV ~ LMO SUSY ]
constraints Goup I B L 5 o
. - r —ZIy I o012 —ZIy I
¢+ WI/Z cross section £ —singietop | & i Singledtop |
ratio within 30% of @ °% o T BT —aco -
theory value 008} .
+ Single top cross 006 E
section within 30% 0.04¢ .
of theory value R I T o N (N I ]
0 11 L1 |||\-||\ “\T
n, i
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W + jets modelin

Fit relies on MC prediction for W + jets shape

+ Necessary to verify shape matches data
Use W-enhanced selection

¢+ M;>55GeV (reduces QCD), H; < 200 (reduces ttbar)
Sample dominated by W + jets

[ W enhanced selection |

| 2 jet, W enhanced selection | | :
450F— r----- CMS Preliminary

L
105 e CMS Preliminary

E E 36pbtatys=7Tev — e Data 3 E E_ i 36 pb atVE =7 Tev —e— Data _E
® - ] T 40 E -
9 T Wolv, @* scaleup 9, F ;_1_; ----- W-lv, Q@?scaleup
Zz e —— W-lv, nominal — Zz 350 = - ! : —— W-lv, nominal 3
Q E H 3 Q £ ! : J
- E e W-lv, Q2 scale down I - oo v e W-lv, Q2 scale down J
= - i 7 = 300 I —
S B o 7 S ) N S 3
prd 10% — mjﬁg — = 250 ;{: 1 _:
- - 200~ y =
B E n = E_T_ 3
107 i = 150~ thbl —
E iﬁ{? E 100 f_ e _f
10 e E 50 ;— i=*"._._ —;
L: } ‘ L : ! . 2: — r::j‘—‘—J‘ ] -
© © | : :
£ 15+ — £ 15+ ) —
------------------------------------- _ [ : !
g Ll e Sp— — g 1:_eni:::_:i._f:_a::::::-—-!—---.--:::_.__.i_.|._i 5 |
Lo 1 c b A
o 051 g N o 051 N N
-(% 0 ] . 3 4 -(% G020 80 80 100 120 140
o4 Jet multiplicity o pi [GeV/c]
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Z + jets modelin

Fit relies on MC prediction for W + jets shape
+ Necessary to verify shape matches data

Use Z-enhanced selection
+ Standard selection, 76 GeV < M, < 106 GeV

Sample dominated by Z + jets

[__Z enhanced selection | : : | 2jet, Zenhanced selection |
o | cMs Preliminary | — [~ CMS Preliminary ]
© 36 pb at\s =7 Tev —e— Data < [ 36pbTatys=7Tev —s— Data ]
@® @® 50— —
o) 10° = --#-- ZIv*SIT, Q% scale up _E () - —-m-- ZIySIT, Q¥ scaleup
Z E —— ZIv*=IT, nominal 3 Z r P ":? T”E —— ZIv*=IT, nominal -1
e N a2 i 8 40 L et o2 |
b ---- ZIy* I, Q° scale down s L o : --w-- ZI* I, Q° scale down |
£ r e : E ] :
o , ! =) - —e— t ]
Z 10 i = Z 30— | —a ]
u R . - | j | ]
B — : - S=H ]
i o ] 20— i | —
10 — Coe == | ]
: = o S
- S ] - - ]
i ! ] i _|| | ! ! ol ?%1'—'1 ]
T - = | —1-
£ 15 R : | £ 150 T - B
I [ELELLLLLS-LLLLLLELL e  S— N N S N oueic Y SR I I B
8 Tpessssssmassnnndl T ' l’ = 8 1:;;1“‘_.__._-— = _‘:_: '_"".*"L"E::F: =]
o 05+~ T = o 05 —I I ' ‘ -1
o 1 o 1 L L 1 Il 1
2 0 ] , 3 4 2 %070 50 80 100 120 140
o4 Jet multiplicity o p [GeV/c]
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Pile-up

= Comparison of data with exactly on PV to data with 2 or
more PVs
+ Consider only good quality vertices
¢+ Shapes are in reasonable agreement
o Do not expect pile-up to have large impact on analysis
o Use MC with pileup and L1Offset corrections in data/MC

T T T T T CMS Preliminary ' ‘ 0.3 ;I ‘ -]
9000+ — 5 36 pb” atys =7 TeV —e— =2 primary vertices 5 Ht— Ve —e— >2 primary vertices
- B 5 e -#-- 1 primary vertex a 5 T -#-- 1 primary vertex
L ] £ e & oz -
L R b = Co
80001 ] I.% I.% o2 Y .
i ] e
B B 107 - 015— _‘_ —]
7000/ . .
I 1 —1=— 01 == -
F R i h E e N
60001 N ol R 0.0~ . —— -
I N 3 C e ]
i - . > P S R E I B ;’“?"’.‘"."‘rﬂ.-mq"f'
5000(- N o 15 T o 15 | | ]
L o 1 ——— e — S — i 1 o B 4 : = —_1_—.—_|__.r__ _"'T_
o 051 n o 051 .
4000 ; 5 3 2 5 - g O i 2 3 i £ %@ 60 80 100 120 140
Vertex multiplicity Jet multiplicity p; [GeV/c]
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Statistical uncertaint

Perform 3000 pseudo-experiments

¢ From nominal MC templates

+ Represents expected distribution of data
Fit to bin-by-bin Poisson fluctuated MC templates

uuuuuu 2000 | (Measured - True)/True ‘
-0.02178
1.019

100

200 r
i 80

150 i
- 60
100

40

50— 20

EEEEEE

0 Ll
-10

Pulls show
distribution of (o, -
Op)/(fit error)

¢+ Mean of 0, width of

1 indicate fit is well
behaved

Sigma of fit
represents
statistical

uncertainty

¢ 7.6% statistical
uncertainty
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Jet energy scale uncertai

Vary JES by 1 sigma (using JetMET prescription)

+ Table shows percentage change in MC event
yields

¢+ Templates from per-jet uncertainty for W/Z + jets,
QCD and ttbar

Uncertainty determined from pseudo-

| (Measured - True)/True ‘ Entries 3000

experiments fit to nominal MC
+ Mean indicates systematic uncert

| (Measured - True)/True ‘ Entries 3000

JES systematic yield change ™
Cut Sys tt | Single-top (s) | Single-top (t) | Single-top ((W) | W = [y | Z/v* = 1717 | 4
2jets | JES+ | -6.6% +1.4% +1.5% -2.6% +7.7% +8.1% ’
JES- | +74% | -1.5% 1.7% +3% 72% 7% wo-
3jets | JES+ | -1.8% +5.6% +5% +2.9% +10% +9.1% [
JES- | +1.1% | -6.1% -5.4% -3.7% -9.6% 11% “r
>4jets | JES+ | +6.5% +13% +9.7% +11% +15% +15% ‘
JES- | 65% |  -11% 8.5% -10% 12% 12% il

M. Weinberg Ph.D. Thesis Defense
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Jet enerﬂy scale unce
VS jet mu |pI|C|ty and

MMMMMMM
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Effect of shiftin | —— ] T
\] ES for ttbar E +Nnmina|yialdz 155— —— —i g
- [T]VES 10 E 103— —_— —E D
events (top) i e 4
and W + jets R T
E 1 = :_ B E 1;;zz¢3:g;:g:g==+=:t:i::+m: ::-E: =i
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2 08 1 2 3 73 2 0% @0 e 80 100 120 40
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¢ lo shift s [ e vnagea] = F e s
. g sl [JJEs 1o é o 1 []JES 10 1
includes effects = * T ] F R i R
due to pileup f f - - . <
“E E o- T 3
and p+-/n- ; . | - 13
dependent I S k- . - @
. 10 o E B T —— ] —t+
uncertainty g7 g e O
£ b —— . £ttt " .
Y e R - - - '-H-r—’—) ..... =
o 09 — - g a0
Ie) 2 1 i | |
-t%. 0.8 j 2 3 ) -% 08020 60 80 100 120 140
o Jet multiplicity o P, [GeVic]
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and 2 4 jet bins
+ Scale factors applied to backgrounds in same-sign dilepton

signal region
+ Backgrounds to search well under control

_ . Sample Scale factor
+ Factors adjusted for results of trigger, ID " 01 < 0,08
and isolation efficiency measurements W =iy | 1114007
« Efficiency differences between Z/y* = 177 | 116 = 0.33
data and MC obtained via tag and Single-top | 1.04 % 0.30
QCD 247 £ 043

probe method

Measured top production cross section:
¢ of(tt) =159.1 + 12.1(stat) *338/ ¢ ,(syst) = 6.4 (lumi) pb

» In excellent agreement with theoretical expectation based
on NLO calculation

M. Weinberg Ph.D. Thesis Defense
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Summary of uncertainti

Summary of all

unce rtal N tl es Summary of Uncertainties
.. : Source Relative uncertainty
+ Uses optimized fit of JES 12.8) — 10.7%
muon pT and etato 3 (Q? scale up/down (tt) +11.7/ = 7.0%
and = 4 jet bins (Q? scale up/down (PV/_Z) +4.8%
Matching up/down (tt) +2.1/ = 2.0%
+ Removing 2 jet bin Matching up/down (W/Z) +8.2%
dramatically Pile up £4.2%
PDF +3.0%
decreases ISR / FSR +4.6%
contribution from Q2 p-trigger/ID/iso scale +3.0%
scale System atic Total systematic +21.2/ —17.7%
_ _ _ Statistical +7.6%
¢+ Dominant contri b ution Total uncertainty (stat + syst) +22.6/ — 19.3%
to uncertainty now Lumi +4.0%

comes from JES
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Distributions befor W

WISCONSIN
______ CMS Preliminary

MADISON
80F | | 36pbatVs=7Tev

T 1T 7T l LI [ L | T 1T l L I T 1 7T | T
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T_ 36 pb™at\s =7 Tev —+-Data

MC normalized .
to results of e =

——Data

; ~=- LMO SUSY
: 4

70 ] Ew-iv
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[ Single-t i [ Single-t
NLO cross o ageer B Single-top

50 . :

40

section = T
calculation
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p# [GeV/c] p# [GeV/c]
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1200~ ~=- LMO SUSY —| 120+ ~=- LMO SUSY | - ~=- LMO SUSY
i I ¢ ] - I ¢ ] - I ¢ ]
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Distributions afte i

MADISON
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Pt [GeVic] p [GeVic]
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Same-sign dilepton signature strongly suppressed In
SM backgrounds

Multiple possible mass scales

+ Large difference between squark/gluino mass and chargino
mass — large hadronic activity in event

+ Large difference between chargino mass and LSP mass —
high-p; leptons in event

Consider different search
regions to cover widest

possible phase space:
+ High-p leptons, H; > 60 GeV,
MET > 80 GeV

¢+ High-p leptons, H; > 200 GeV, MET > 30/ 20 GeV for same / opposite
flavor leptons

- > >

M. Weinberg Ph.D. Thesis Defense
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High-p; lepton
region similar to
previous selection

Require additional
(same-sign) lepton

+ Move to region
with significantly
smaller statistics

Signal regions

High-pt leptons
Lepton triggers,

Triggers allow lower Hy
Preselection: pr1 > 20 GeV
2 same-sign leptons pr> > 10 GeV
. Iso < 0.1,
Isolation

Iso = Isoggyg / max[20 GeV, pq]

m5 veto: Opp-sign,

same-flavor leptons lmy - mz| <15 GeV

Opp-sign, same-flavor

M leptons, m, > 12 GeV
Sort No dup_licgte events; sort
by priority: up, ey, ee
Jots At least 2 PF jets,
E; > 30 GeV
H: H; > 60 GeV / H; > 200 GeV
MET MET > 80 GeV / MET = 20 GeV

THE UNIVERSITY

WISCONSIN

MADISON

Low-p+leptons, high H;

H+ triggers, allow
lower lepton py

pr > 10 GeV

Iso < 0.15,
Iso = Isocous / Pr

|m - mz| <15 GeV
Same-sign
leptons, m; > 5 GeV

No duplicate events; sort
by priority: uy, ey, ee

At least 2 PF jets,
E; =30 GeV

H, > 300 GeV
MET > 30 GeV

M. Weinberg
University of Wisconsin

Ph.D. Thesis Defense
11-Aug-11
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R Background estimation fr-w[scm

Backgrounds from fake leptons

¢+ Background with one fake lepton
o Prompt lepton + b-jet (ttbar): Dominant background
o Prompt lepton + light quark/gluon jet (W/Z + jets)

+ Background with two fake leptons
e Dijets (QCD): Most uncertain background

Measured via fake rate method
+ Define “loose” and “tight” (full selection) leptons

o Determine probability that lepton passing loose selection
also passes tight selection (fake rate)

+ Take events after all cuts (minus lepton selection)

» Single-fake events: Require one tight lepton and one loose
(but not tight) lepton; events weighted by FR/ (1 — FR)

o Double-fake events: Require both leptons to be loose (but
not tight); events weighted by FR, / (1-FR,) *FR, / (1 - FR,)

M. Weinberg Ph.D. Thesis Defense
University of Wisconsin 11-Aug-11
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Fake rates @

WISCONSIN

MADISON

L e pto n -t r i g g e r ed "% 02 - CMS Preliminary : = "% 04 E CMS Preliminary : -
data o | sepptans=rey - ietp, >20 GeVic - o 035} 36 pblatys=7TeV -~ jetp, >20 GeVic -
X~ - X i : :
. . S — Jetp_> 40 GeVic_ 3 ¥ — jet p_> 40 GeV/c
+ Requirereco jet 0151 i 03 :
instead of jet trigger I —— letp, > 60 GeVic - 0.25 - jet.p, 260 GeVic -
+ Remove real leptons o ’ 02f
from W/Z decays: ! i O S
« MET <20 GeV and ool - 015 .
M:(lep, MET) < 25 N , - h: .
GeV — i : : 0.05f S
° |M” - le > 20 Gev 010| [ \15| [ |20\ [ |25\ [ \30| [ \35 016\ [ \15\ [ |20\ [ |25\ [ \30| [ \:;5
muon Vv
+ Take fake rate as electron E; (GeV) uonp_ (GeV/c)
constant above 35 2 o —— |8 P :
GeV ; i 36 pbatys =7 TeV —e jet pT>20 GeVic i ; 0.35F 36 pbTatys =7 TeV e EEtpT:szO Ge\h’c{
“Looser” lepton Sois| ~ketpaGeve | S oqf — letp, 40 GeVic
definition to increase i - letp, >60 Gevic | 0.25) v ieth, > 60 Gevic

statistics 01 02

+ Electron: I, <0.5, I ] 0.15} . ;
remove ID and dy(bsp) 005k — ot : :
cuts I — ©] -
- . ] 0.05f
¢ MUOﬂ Irel < 075, lendof = e i B
<50,d0(bSp)<2mm 0OHHO.SHH1HH1.5HH2IH 0OH“0.5”"1“”1.5”“2IH
electronn muonn
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Same-sign dilepto

yields for all analys Wischrs
Background predicted via fake rate method

+ Includes looser fake definitions to improve statistical uncertainty

MC contribution predicted from fake rate method applied to
simulation

+ Scale factors obtained from fit results included in calculation

¢ Includes pileup + L1 offset corrections

. Search Region €€ m el total 95% CL UL Yield
+ Results are in better — - ’
agreement with predicted BG  |z=>wcev
. MC 0.09 0.20 0.28 0.58
No evidence of excess over prodicted BG | 007 % 0.04 | 0.43 £ 022 | 064 £017 | 114 £ 025
background e - : 1 +
¢+ Set 95% confidence upper limit MC 026 011 047 084
. . . predicted BG 0.22 £ 0.08 | 0,54 £0.19 | 0.79 £ 0.18 | 1.55 = 0.26
using Bayesian method with erved 1 ) 1 \ .
flat prlor Hr Trigger
. . . Low-pr
¢ From LMO simulation: Expect o " Los s .
5.0 events, 6.0 events, and 5.7 predicted BG | 0.15 £ 0.02 | 0.05 £ 0.03 | 0.33 = 0.08 | 0.52 £ 0.07
events in each search region e - - - - =
M. Weinberg Ph.D. Thesis Defense 50
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Event displa

= Both events in data passing same-sign cuts
+ 2-electron event (left) passes all three selections
o Electrons: Charge =-1, E; =77 GeV, 22 GeV
e H;=355GeV, MET =109 GeV
+ Electron-muon event (right) passes H; > 200 GeV selection

o Leptons: Charge = +1, electron E; = 33 GeV, muon p; = 32 GeV
e Hy =212 GeV, MET =49 GeV

CMS Experiment at LHC, CERN

Data recorded: Sun Oct 24 15:04:09 2010 CEST
Run/Event: 148822 / 156279004

Lumi section: 145

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 12 03:19:06 2010 CEST
Run/Event: 147755 / 149934571

Lumi section: 171

MMMMMMM
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=« Exclusion contour taken from SUS-10-004 paper

CMS Vs =7 TeV, L, = 35 pb”
| ' o | '
% NLO Observed Limit . LEP2 "'i

1

I
--- NLO limit (efficiency model) LEP? T ]
90800 oy, oo xfrxg B
tanB=3,A =0,u>0 _
o E 1800 GeV)|
300 30650 cu) —
7 (650 Gev)
200 E {500 Gell)]

100

0 100 200 300 400 500
m, (GeV)
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. Calculated top production cross section in muon +Jets
channel
+ Results in excellent agreement with theory

« Used fit result to scale MC for same-sign dilepton
analyses
¢+ See better agreement between MC and predicted BG from fake
rate method
=« Set 95% confidence level upper limit on same-sign
dilepton signal yield

M. Weinberg Ph.D. Thesis Defense
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Data samples

Data collected from April —= November, 2010

+ Total integrated luminosity of 36 + 1 pb!

¢+ Re-reconstructed using CMSSW 3 9 7 (Dec22 rereco)
+ Official JSON file to select good runs, lumi sections:

Cert_136033-149442 7TeV_Dec22ReReco_Collisions10_JSON_v4.txt
+ Use multiple datasets for different analyses:

Data samples
Time period 2010A 2010B
Electrons /EG/Run2010A-Dec22ReReco_vl /AOD /Electron/ Run2010B-Dec22ReReco_v1 /AOD
Muons /Mu/Run2010A-Dec22ReReco_vl /AOD /Mu/Run2010B-Dec22ReReco_vl /AOD
Jets /JetMET /Run2010A-Dec22ReReco_vl JAOD | /MultiJet/Run2010B-Dec22ReReco_v1/AOD
Trigger selection
. . Run range € triggers i triggers Jet triggers

+ Use avariety of single lepton | .01 HLT Elel0 LW LIR HUTMw | HLTHTI000
H 140041 - 143962 HLT FElel53 8W_L1IR HLT _AMud HLT_HT100U
and H; triggers, based on S B | ‘ o
143963 — 146427 HLT_Elel3_SW_CaloEleld_L1R HLT _AMu9 HLT_HT100U
u n p res C al ed ran g es 146428 — 147116 HLT _Elel7_SW_CaloEleld_L1R HLT _Mu9 HLT_HT100U

147117 = 148038 HLT_Elel7 SW_TightEleld_L1R HLT Mul5wvl HLT _HT140U

148058 — 148818 HLT _Ele17_SW _TightEleld_L1R HLT Mulsvl | HLT_HT150U w3
148819 = 149180 | HLT _Ele22_SW _TighterEleld L1R v2 | HLT Mul5.vl | HLT_HT150U_v3
149181 = 149442 | HLT Ele22 SW _TighterEleld _L1R v3 | HLT Mul5.v1 | HLT_HT150U_v3

M. Weinberg Ph.D. Thesis Defense
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Monte Carlo sample

MC samples generated with MADGRAPH and PYTHIA

L4

¢
¢
L4

Default event tune Z2 used for nominal samples
Tune D6T used for systematic studies
All MC samples reconstructed using CMSSW_3 9 7 (Winterl10)

All samples include pileup corresponding to latest data from
2010 run

Monte Carlo samples

Process Generator Kinematic cuts o (pb) | Generated events
Common samples
tt MADGRAPH — 157.5 1165716
W — v MADGRAPH — 31314.0 15154787
Z/v* =17l MADGRAPH my > 50 GeV 3048.0 5257046
t (s-channel) MADGRAPH — 1.4 494967
t (t-channel) MADGRAPH — 20.93 484060
tW MADGRAPH — 10.6 494961

Samples for ¢f production cross section measurement

QCD (p-enriched) PYTHIA pr > 20GeV, pi > 15GeV 84679.3 29504868

e Note: For certain studies, a factor of 2 is used to normalize
the QCD contribution

M. Weinberg Ph.D. Thesis Defense
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Electron selec
Conversion rej
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H. and MET 0
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Predicted and observed event yields for 36.0 pb™*

Cut tt | W —=lv| Z/v*—= 1T~ | Single-top | QCD | Sum MC | Data
| jet 29 17565 1655 63 6762 | 26075 | 25183
2jets | 116 3253 279 69 764 4480 4816
3jets | 199 555 54 31 111 950 1049
> 4 jets | 224 118 13 12 19 386 406
10° 3 géw :bzr:t"\?%iza?xev ~+ Data 3
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Matching uncert
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Top analysis: Rellso a

NLO cross secti Vischen
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Simulta

Top analysis: Rellso a
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Top anaa/sm PF jet p O
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Top analysis: PF jet p
Imultaneous templ Vischen
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Top analysis: H; an

NLO cross sectl Wisconn
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Top analysis: H; an
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Measure fake rate using lepton-triggered data
+ Require jet of certain energy in place of jet trigger
+ For single jet events, require AR(lep, jet) > 1
+ Require lepton matched to triggered HLT object
+ Remove real leptons from W/Z decays:
e MET <20 GeV and M+(lep, MET) <25 GeV (for W + jets)
o M, -M,|>20 GeV (for Z + jets)
+ Take fake rate as constant above 35 GeV
“Loose” lepton definition loosened further to increase
statistics

+ Electron: I, <0.5, remove ID and d,(bsp) cuts
¢ Muon: | <0.75, x3/ny,s < 50, dy(bsp) <2 mm
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SUSY analysis

Background compo's-wlscm

Expected number of background events with one or
two fake leptons for the three search regions

MET > 80 GeV Hr > 200 GeV Low-pr
1 fake [ | 2 fake [ | total BG | 1 fake [ | 2 fake [ | total BG | 1 fake [ | 2 fake [ | total BG
ee 0.07 0.0 0.07 0.22 0.0 0.22 0.12 0.03 0.15
el 0.64 0.0 0.64 0.79 0.0 0.79 0.31 0.02 0.33
o 0.43 0.0 0.43 0.54 0.0 0.54 0.0 0.05 0.05
total 1.14 0.0 1.14 1.55 0.0 1.55 0.43 0.09 0.52
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SUSY analysis: EV_Wm

CMS Experiment at LHC, CERN

CMS Experiment at LHC, CERN
Data recorded: Sun Oct 24 15:04:09 2010 CEST Data recorded: Sun Oct 24 15:04:09 2010 CEST
Run/Event: 148822 / 156279004

Run/Event: 148822 / 156279004
Lumi section: 145 Lumi section: 145

\\
\
CMS Experiment at LHC, CERN
Data recorded: Tue Oct 12,03:19:06 2010 CEST
Run/Event: 147755 / 149934571
Lumi section: 171

o e

7 &R 7
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Results from SUS-

Search Region ee MM ej total 95% CL UL Yield
Lepton Trigger
ET" > 80 GeV
MC 0.05 0.07 0.23 0.35
predicted BG | 0.23703; 023793 |0744+055 | 1.2£08
observed 0 0 0 0 3.1
Hr = 200 GeV
MC 0.04 0.10 0.17 0.32
predicted BG | 0.714£0.58 | 0.01753; | 025703 | 0.97 £0.74
observed 0 0 1 1 4.3
Hr Trigger
Low-pr
MC 0.05 0.16 0.21 0.41
predicted BG 0.10 £ 0.07 | 0.30 £ 0.13 | 0.40 £ 0.18 | 0.80 £ 0.31
observed 1 0 0 1 4.4
eTy HTh Th Th total 95% CL UL Yield
T, enriched
MC 0.36 0.47 0.08 0.91
predicted BG | 0.10 £0.10 | 0.17 £0.14 | 0.02 £ 0.01 | 0.29 & 0.17
observed 0 0 0 0 3.4
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