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The Standard Model (SM)

 Electroweak Model
— SU(2) x U(1) gauge theory
— Unifies EM & weak forces

— Symmetry spontaneously broken
via the Higgs mechanism, giving
the y , massive W%, Z° bosons

* Quantum Chromodynamics
— SU(3) gauge theory

— Gluons bind quarks in colorless
bound states of baryons, mesons

— Asymptotic freedom
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Failures of the Standard Model

e Hierarchy Problem

— 1-loop Higgs mass correction 1
2 2 2 A2 19
is quadratically divergent: My =My — )Lf AN, A~10" GeV

— Unnatural fine tuning

 Astrophysical composition . .- 1 Dark Matter Evidence

— Baryon asymmetry . '- ‘.,f‘f: . in the Bullet Cluster
* Matter, antimatter nearly equal in SM L T A

— CPviolation is rare

e QObserve far more matter
than antimatter

— Dark Matter ~ 22% of total matter

* Strong Astrophysical evidence

e Neutrino Masses

— SM neutrino is massless
— Experiment: 0<m,< 2eV




Supersymmetry (SUSY)

* Postulates a “Superpartner” for each SM particle

— Spin quantum numbers differ by %

Standard Model Superpartner
Lepton (S=)%) <——> Slepton (S=0)
Quark (S=) <——> Squark (S=0)

Gauge Boson (S=1) «<—— Gaugino (S=%)

 Dark Matter Candidate
— Lightest SUSY Particle (LSP)

— Example: Neutralino

— Mixture of Bino, Wino, Higgsino

Field Content of the MSSM
Super- Boson Fermionic

Multiplets Fields Partners | SU(3) |SU(2) | U(1)

gluon/gluino g g 8 1 0

gauge/ wE, wo | wt, wo 1 3 0

gaugino B B 1 1 0

slepton/ r,e7 )L (v,e )L 1 2 -1

lepton €n en 1 1 —2
squark/ (tr,dr) (u,d)r, 3 2 1/3
quark UR UR 3 1 4/3
dp dg 3 1 |-2/3

Higgs/ (HY, Hy) | (@Y H) 1 2 -1

higgsino (H}, HY) (ﬁj,ﬁg) 1 2 1

= (Baryon, Lepton, Spin)
— Results in SUSY pair production

* New R-Parity quantum number

— (_1) 3(B-L) + 2S

— Stable LSP could be dark matter



Hierarchy Problem

e SUSY naturally solves the Hierarchy Problem

— SM fermions have complimentary sfermion partners (bosons)

1
8r”

Aml = -— |2 A | Am -2

 The divergent SM fermion loop correction to the Higgs mass
is exactly cancelled by the sfermion correction in SUSY

— Couplings cancel exactly: A = |A?] , also works at higher orders



The Detector



The Compact Muon Solenoid (CMS)

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

/ i - FORWARD CALORIMETER
‘ / / &, =S Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CMS is a tool used to observe pp collision products
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Detecting Particles
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Key:
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Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

) Electromagnetic
)‘i! " Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice
through CMS

with Muon chambers

Muon Electron Charged & Neutral Hadrons Photon
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Tracker

Silicon strip detector

Diameter 2,4 m

Length 5,4 m

Volume 24,4 m*®

Running temperature -10° C
Dry atmosphere for 10 years

Pixel detector
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(VL 2%
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r _(ax P o osle <164 (15-20)
Py TeV n~25: A~60
* Measures charged particle: e
— Momentum (6P;/P;~ 1.5% @ 100 GeV) ) elarons
depleted ?il_i%e
— Impact parameters = } _________________ " ’
« d,resolution < 35 pm above 10 GeV (pixels) | ——=====2 |
ionizing lparticle tracll\
p- mplant(-300V)
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CMS Tracker: Silicon Strip Detectors
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~ . . e 2 DCpad

S|+ + + + | L strip  ——1 — '.\. pa

o) e pitch P PONTY E 3 polyresistor
+D+D+D+D & o electrons. .\?\. 4 bond wire to readout

P - 5 bias ring (ground
4+ 4+ | - & (eround)
D D D D o . | 6 guard ring
+D+D+D+D = bias voltage V(> 0) A 7 insulating layer
8 aluminium backplane
(positive HV)

* Silicon doped with P (acceptor) & N (donor) atoms develops potential gradient. Electrons
move to P side, holes move to N side until equilibrium is reached.

* Depletion zone has no free charge carriers once equilibrium is reached.

Charged particles traversing depletion zone ionize electron-hole pairs that can be measured.
External electric field widens depletion zone, moves holes to p+ side. Small “leakage current” flows.
CMS silicon strip detectors read out holes on p strips.

Fast response (~10 ns), good signal (1 MIP loses 260 eV / um, takes ~ 3.6 eV to free e-h pair).



CMS Tracker Modules: Readout

1 of 128 channels per “APV” chip - -
=
) —\ﬂ H~ MUX gain
IOCV,VWQSZG 50 ns CR-RC L e
pre-amplifier shaper i 128:1
L ' L T MUX differential current
L inverter 192 analogue [ 1F—] output amplifier
pipeline cells
signal - - ﬁf~>4ﬂ
input T T <
: e e
5o &3 APSP
Preamplifier
— Charge sensitive, few ns rise time, pus width
Inverter

— Increases dynamic range
Shaper

— Designed to maximize S/N and sample at up to the peak LHC rate of 25 ns
Analog Pipeline

— 192 cells store charge measurement for up to 4 us awaiting trigger

Designed for less than 3,000 electron noise equivalent (1 MIP signal is > 20,000 electrons)

SLAC Derek Michael Barge
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Tracker

e Strip Tracker
— 10 M strips
— 26 M wires

— 78 k chips

— All Silicon

¢ 207 m?

* 100 kg

SLAC
1 December 2015

The Outer Barrel and half of the outer 3 of the 7 End Cap rings
were built in the U.S. (at UC Santa Barbara & Fermilab)

2) End Cap
3) Inner Barrel
4) Inner Disk

5) Pixel Barrel

Derek Michael Barge

UC Santa Barbara | CMS Collaboration =




CMS Tracker Modules

e US (UCSB/FNAL) responsible for the Tracker “Outer Barrel” &
part of the “End Cap”. Assembly, wire-bonding, electrical
testing, and integration of ~ 7,200 modules, 135 m? of Si.

SLAC Derek Michael Barge

1 December 2015 UC Santa Barbara | CMS Collaboration 1



CMS Tracker Modules

Silicon Strip Sensors

pitch Adaot Carbon fiber frame
¢ apter & HV Kapton circuit

“Hybrid” Readout Card
| 4 or 6 chips, 128 channels / chip Tracker “Module”

-
A ,‘".’
I
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CMS Tracker Modules: Mechanical Assembly

Robotic Assembly. Sensors handled &
by pneumatic vacuum chucks.

bl

»‘ = .~

Before Assembly

Assembled Module

1) Mechanical Assembly
2) Wire-bonding

3) Electrical Testing

4) Integration & Installation

SLAC Derek Michael Barge 16
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CMS Tracker Modules: Mechanical Assembly

RMS_43X10 deg| |AX pys = 8.1 u

(2,600 entries)
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n
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ire-bonding

1) Mechanical Assembly

2) Wire-bonding

(.

Wire-bonds:

1) Sensor to Sensor

2) Sensor to Pitch Adapter
3) Pitch Adapter to Chip

18

3) Electrical Testing

4) Integration & Installation

Si Strip Tracker has 26 Million wire-bonds (13 Million US)

SLAC Derek Michael Barge
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CMS Tracker Modules: Testing

 Testing is critical for » VY
verifying design goals ‘

e 10 years of continuous
running once installed

Module Test Station

1) Mechanical Assembly
2) Wire-bonding

3) Electrical Testing

4) Integration & Installation

SLAC Derek Michael Barge
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CMS Tracker Modules: Testing

 Potential Faults

Noisy Channels (micro-discharge) Shorts

aluminium

strip \ e
— - L3P - . “\

e ——— - g ey —— —

— x\ ; - ———

. . ¥ T : . :
. . i - ¢ -

————— ———— —* Lo - - - —

e PR O
- - ® . » 2

A - .
— -————— .~

e

“Pinholes” — Short between Al strip & p+ implant

bond between
two AC pads Z > / - aluminium

oxide T— =

(thin layers of = = = :\IZ;\ %’"\ p'-implant
SiO, and Si;N
0, and SiN,) artificially short e

bonded between pinholes
short aluminium strips

n-bulk ——

n'"-layer—— aluminium
backplane

SLAC Derek Michael Barge
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CMS Tracker Modules: Testing

 Noise Test

E
. v ‘SE Haw Noise |
— Noisy Channels | & —CMSNoise:
S|+
— Opens: Low noise Q ”f
<
* Less Capacitance E 3E
S |28k
e Can distinguish near = %
& far sensor opens :L«
. 1.5
— Pinholes ‘L_ _
: F A
* Very low noise v e
| El i i L b
— Shorts 00 200 " 's00 400 | 's00
: : Channel
* high or low noise e
— Channels automatically flagged
SLAC Derek Michael Barge 91
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CMS Tracker Modules: Testing

* Pulse Shape Test

— Charge is injected per channel by an on-chip calibration circuit
capable of supplying up to 25 fC (~7 MIP). The signal is shaped on-

chip by a CR-RC shaper. 00
L. L. © [ Pitch Adapter-Sensor T=RC=50ns

_ Senquve to the chip input 8 0 o
capacitance and can detect }9/: Aens
opens, shorts, & pinholes./ g 60

— Opens: lower C, lower < @l /_._74-:-""‘ IS .

/g‘/_ /_ / . Short-circuited _--\\»?;\____q\-

— Shorts: C doubled, parallel =% [ / £ Channels RS
R halved, T unchanged. Q N A
shared between 2 Channe|5’ OV Pinhole illustration (not actual data)
Amplitude is halved. /)l B T B R T TR T VT

Time [ns]

— Pinholes: Virtually no signal.”




CMS Tracker Modules: Testing

* Pinhole Test (1)

— Pinhole: Short across SiO2 insulator separating Al strip and p+ implant

* Causes: photolithographic defect in the insulating layer, deep scratches

“Pinholes” — Short between Al strip & p+

i

(thin layers of — = = = T p’-implant
Si0, and Si,N,) " a) ()
artificially short
n-bulk bonded between pinholes
short aluminium strips
n’-layer—— aluminium

backplane

bond between |m Ia nt

two AC pads Z é p _/ __—alu minim
oxide - =
/

SENSOR
I—leak Ve Rpinhole
L1 1 \ L€
(AN il

det. —(———

bias T

Common
to all strips~a

VSS

Rpoly (~1.8 MQ)
DCU
Rsens (100Q2)

APV

V125

+0.8V

— Chip preamp input potential is “grounded” to V., which depends on I,k

— IfV<0.8V (small Ijgqk) , current flows from APV to sensor (OK, lose one channel)

— IfV>0.8V (large Ijoqk) , current flows from sensor to APV

* BAD: Preamp output saturates, single inverter can starve the rest (128) and disable the chip.

* Dangerous because I ., grows linearly with radiation fluence

— If V¢ = 0.8V, normal response

SLAC Derek Michael Barge
1 December 2015 UC Santa Barbara | CMS Collaboration
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CMS Tracker Modules: Testing

* Pinhole Test (2)

— Increase Ijpq4k by illumination

with infrared LED light

* Penetration depth of infrared

matches Si thickness

SENSOR APV
[T—
I_leak Ve Rpinhole V125
N
N 1
Common Rpoly (~1.8 MQ) v\
det. —— to all strips~a DCU 0.8V
bias Rsens (100Q2)

VSS

— Vary LED intensity (and therefore I, ), measure pulse height

Sensor 1: Sensor 2:
current ~1 pA current ~1,,.500 pA
P __—bias ring—__
pitch
adapte/ ~Em——
—H | {H |
ey | |l F—H | ——
_E_I A | —‘:‘l I optical
front-end . - flores
hybrid blats .
resistors +1
1.5 MQ p* implants
each
6810 2,2 k0 |
i — —H | -
\
external | ] | -
resistors “. ~ n;[\
LY ‘
= wire bonds wire bonds +HV to the
backplane

SLAC
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Fiber outputs
from Infrared LED
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CMS Tracker Modules: Testing

* Pinhole Test (3)

— Pulse Height is measured vs. LED intensity (and therefore the leakage
current, I) for each channel

— At some value of I, the pinhole behaves like a normal channel

— The max difference in pulse heightis taken over the range of I

* Large values indicate pinholes

w120 =120
= normal channels £ -
S 3 - _-Pinhole __ Pinhole
o 100~ L ©100—| T
o N 8 - -
< 1 < [
S’ 80— J 1_ § 80_—
= [ pinholes|{dn pinholes on e L
; 60_— farsc_nsor nearLicnsor g 60—
S L (=] N
e L . z
40— g 2 40—
N 1, =,  r
- h LH“‘-»H‘X - N
20— . . xmh“_;:\\:,‘mq_ Z 20
0 - e —— ‘: I . — "::‘*:: g ;-LJ“pu.%M‘Mr‘\l\'—»'--‘k*\«h\b,u (L P A L’\.’M\WN;'ML'M
0...—.—10....210....3|0....4|0....Slo....slo....;o....slo.. ‘T;0_,,,,1,,.,1,1..1,...1,...1
100 200 300 400 500
LED Intensity [arbitrary units] - Channel
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Production or R&D?

Several serious problems discovered & solved during production:

— Common Mode Noise in silicon sensors

* Order of more than 12,000 sensors switched to new vendor
— Opens in hybrid readout connector
* Integrate problem areas into kapton layers

— Failure of power connection to chips on hybrid (poorly plated through vias)

*  Worked with vendor, added intermediate kapton layer

— Failure of silver epoxy sensor to sensor bias connection

*  Make bias connection with wirebonds

— Sensor damage due to spark discharge from HV bias bonds

* Encapsulate wirebonds

— Wirebonds broken due to vibration (shipping & handling)

* Encapsulate wirebonds
— Etc...
Production of ~ 7,200 modules compressed to about a 1 year schedule

SLAC Derek Michael Barge
1 December 2015 UC Santa Barbara | CMS Collaboration
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Common Mode Noise

Noisy channels from discharge in silicon sensor

— Associated with abnormal leakage current vs. bias voltage curve

— Can disable entire chips. Problem appeared/worsened with time.

6000

| Sensor Leakage Current vs. Voltage Test

5000 7

Leakage Current (nA)

Bias Voltage

100

T J T T T T T
200 300 400 500
Voltage (V)

Noise(ADC)

10

n
o
T T

20

400V
250V
200V
150V
L 100V
L ——50V

Noise vs. Channel

e ( for 6 bias voltages )

[ Chip l
— Boundary

e

Channel

T T T S T T T T T R S T
300 350 400 450 500

Ultimately attributed to sensor corrosion (Al by H,PO,)

— Solution: Switch vendor for ~ 12,000 sensors during production

SLAC
1 December 2015

Derek Michael Barge
UC Santa Barbara | CMS Collaboration
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Results

* Highly Automated Production
— Developed automated fault finding algorithm

Test Type Pulse Peak Time | Pinhole Pinhole
Fault Type Height Difference | Max

Open high high

Short high or low low (~1/2) low low (~1/2)
Noisy high

Pinhole very low very low very high

* Testing Statistics

— 27 bad modules out of 7115 (1 0.3% )
— 2,423 bad channels out of 3,900,408 ( 0.06% )
— Design Goal: Less than 1% bad channels

SLAC Derek Michael Barge
1 December 2015 UC Santa Barbara | CMS Collaboration
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CMS Tracker Integration

R o I e q‘ , — -
P YT ; :
(O S ) \ ';“mJ il ; |

1) Mechanical Assembly ,
2) Wire-bonding ' ‘j 7l

v . {"}j 4 i |
vI v i
ez a4

= ;// 1R w‘ E- .“" - - .
= 1l ‘:\ N
- S/ \ Tracker Outer Barrel 1
; /C' ‘ : ::" ol i Z 5 ' > .v_l. .

3) Electrical Testing

4) Integration & Installation

SLAC Derek Michael Barge 59
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CMS Tracker Integration

SLAC Derek Michael Barge
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Electromagnetic Calorimeter (ECAL)

L T T 1 8

(TTTT T 7777 07 7S ~

(T 20277007 7 o

‘ ;:’}s»"; 111 AL / o
Wi, / 7

R i wedeeit £

LT T T T T 7

ECAL (EE)

 Measures energies & positions of electrons & photons

— Lead tungstate absorber 10 =N
e Depth of ~ 26 radiation lengths

e Radiation length: ~1lcm

/E[%]

* Moliere radius: ~2cm HIntrinsic T
il
SEV [ 28% 12% Y
(—) = 2 + 2 +(O.3%)2 (EB) 0.1 . .
E \E/GeV E/GeV 1 10 ergevy ' 1000
SLAC Derek Michael Barge
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Hadronic Calorimeter (HCAL)

 Measures energies and positions of hadronic jets
n=1>, ., ..

— Sampling calorimeter

e Scintillator interleaved
with brass absorber

2
E

H

a

A E/GeV

2

2

a ~ 90%
b~ 5%

MAGNE'E COII

CAL
HE

Barrel: 0.0 <[ <1.3
Endcaps: 1.3 <[ <3.0
Forward: 3.0 <l <50

BEAM LINL

* Missing Energy Transverse (MET)

— Inferred from energy conservation

n Towers

E, =- E(ET)i(COSHifc+sinHi§/)
i=1




Muon System

* Muon Id, triggering, and momentum measurement

m)

R (

800 |
S DT eta=0.8 7/ 1.04 .
w8 RPC . Drift Tubes
700 (—i Py 1.2
/

Cathode Strip Chambers
* 6~ 100 um

MB3 L7 * 0~ 100 pm
co0 I —/— | /l
Lo o
D | /=e3 |
| 20w/ | .
. l./_“1 |

* ~ 2 ns timing resolution
*0c~1lcm

Resistive Plate Chambers

B f——
1000 1200
Z (cm)

* Momentum resolution (standalone)

SP
P—T ~8% —15% (10 GeV) , 20% - 40% (1 TeV)
T
SLAC Derek Michael Barge
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Analysis



Motivation (1)

* This is a signature based search for new physics

— Interpreted in terms of SUSY, sensitive to non-SUSY
too

* The Signature

1. Two leptons of opposite charge ( by choice )

2. Missing Transverse Energy ( MET )
 Motivated by the (indirect) observation Dark Matter

3. Hadronic Jet Activity

 Highest cross section from strong production

* Metrics: Jet Multiplicity , H; ( Scalar sum of Jet P;)



Motivation (2)

* Why dileptons?
— “Clean” experimental signature

* Prompt leptons tend to be isolated

e Good resolution in momentum and energy
 Which dileptons?
— Opposite Sign (OS) and not from a Z boson
— Other choices: Same Sign, Opposite Sign with a Z

* Counting experiments
— Define 2 dimensional signal regions in plane of ( MET , H; )
— Estimate Background in each signal region
— Excess could be a discovery

— Otherwise set limits to constrain new physics models



Motivation (3)

Dilepton Final States

Backgrounds

Dominant background: top pairs

Lesser backgrounds

— Residual Drell-Yan + Jets
— WW, Top, Fake Leptons

SLAC
1 December 2015

Derek Michael Barge

Signal Examples (SUSY)

*Same Flavor Or
Opposite Flavor

Same Flavor Only
( could see excess )

37
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Outline

1. Overview
2. Basic Selections
3. Definition of Signal Regions

4. Background Estimation Methods

5. Results



Basic Selections

* Lepton Selections

— Data collected on high P; dilepton triggers
e g(pp) ~90%, €(epn) ~95%, €(ee) ~ 100% , o ~ 2%

— 2 leptons of opposite charge
* Well identified & isolated leptons; (P;MAX, P.MIN) > (20, 10) GeV

— Selection efficiency is (90 — 95)% above P;~ 20 GeV

* Data
— Analysis with early data: 5 fb-! of integrated luminosity, 7 TeV

— Statistical errors dominate. Emphasis on first results with
reasonable data/MC agreement.



Dilepton Invariant Mass

¢ Data m
[Joren Yan
.u nor
10° CMS Preliminary e« 10° CMS Preliminary
= \Vs=7TeV g"m \Vs=7TeV
B ww
10° [Ldt=4.7fb" Cwe 10° [Ldt=4.7 b
- Oz
- l ‘4‘
10°F 10, sy

40 60 80 100 120 140 160 180 200 220 40 60 80 100 120 140 160 180 200 220

M(e'e’)(GeV) M(u* i) (GeV)

* Data & Monte Carlo agree within ~ 5% in Z Peak (76 GeV < M < 106 GeV)
— Monte Carlo normalized to data & corrected for trigger €

— Level of agreement covered by uncertainties in luminosity ( ~ 4.5 % ),
lepton Id & Isolation (~ 2 % ), and dilepton trigger efficiency (~ 2 % )

SLAC Derek Michael Barge
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Cleaning the top Background

A sample of opposite sign, isolated dileptons has been selected.

* Next, a “Preselection” is defined as:
— Basic Selections
— Missing Transverse Energy > 50 GeV

— 2 Jets or more
* 30 GeV Threshold on Jet P;
» Separated by AR > 0.4 from nearest lepton

— H; > 100 GeV (Scalar Sum of Jet P;)
— Z Veto: Discard events with 76 GeV <M,, <106 GeV

 The Preselection is designed to further reject non-top backgrounds

— Drell-Yan in particular; top is left as the principal irreducible background
— Check data & Monte-Carlo agreement prior to counting experiments

— Expect kinematics to be top-like



Key Distributions after Preselection

ee +un +en ¢ data
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Preselection Yields

e Selections: MET > 50 GeV, H; > 100 GeV , # Jets 22, Z Veto , Dilepton Selection

tt —> dileptons 1465.8 + 32.6 ~ 1872.4 £+ 41.5  4262.2 + 94.1  7600.4 + 167.5
tt —> tau(s) 302.8 + 7.0 397.5 + 9.1 888.6 + 19.9  1588.9 + 35.3
tt —> other 50.2 + 1.4 15 £ 0.6 90 + 2.3 155.2 + 3.7
Drell Yan 192.6 + 11.3 236.6 + 12.6 311.8 + 14.7 740.9 + 26
WW 55.0 + 1.7 66.2 + 1.9 150.7 + 3.8 272.0 + 6.5
Wz 13.4 + 0.4 15.0 £ 0.4 24.6 + 0.6 53.0 + 1.3
77 2.6 + 0.1 3.3+ 0.1 3.3+ 0.1 9.1 + 0.3
Single Top 94.6 + 3.1 119.6 + 3.7 278.1 + 7.3 492.3 + 12.1
W + jets 47.3 + 10.6 9.8 + 4.6 59.4 + 11.5 116.6 + 16.4
Total MC 2224.3 + 51.5  2735.4 + 61.8 6068.8 + 135 11028.5 + 244.3
Data 2333 2873 6184 11390

 Data well predicted by Standard Model Monte-Carlo

SLAC
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Derek Michael Barge
UC Santa Barbara | CMS Collaboration

43




Outline

1. Overview
2. Basic Selections
3. Definition of Signal Regions

4. Background Estimation Methods

5. Results



Signal Regions

* Define 4 signal regions in the MET vs. H; Plane

CMS \s=7TeV, [Ldt=4.98fb"

100

— Look for new physics at large S il
MET and / or H; ;328 ”
* Signal Regions (“SR”) are ggg :.'
disjoint in (MET, HT) “"°

)

275 GeV < MET

275 GeV < MET

200 GeV < MET < 275 GeV

275 GeV < MET

SLAC
1 December 2015

50

% 200 400 600 800 10001200
H; H; (GeV)
L/
300 GeV < H; < 600 GeV /] SR 1
600 GeV < H, @ SR 2

600 GeV < H; N SR 3

125 GeV < H; < 300 GeV I— SR 4

Derek Michael Barge
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pr Method: Introduction

e The " p," method" predicts £, intf —/(*(~ + E. +2 Jets

. Y . . . .« .
— F . arises from W —/{v .. p. , p. distributions are similar

true Vv v
- £, =pi +p;
00 ; ¢
—Pr = pT1 + pT2 and ET

distributions are similar

- F T is harder because

of W polarization

* Predict E, from p; !

— Correct for W polarization

3000
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o

+ '
+ .

t

P-#* (uncorrected)

Eq
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Ty TR

PEE .
| Lo | e e
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4 W OO T SO T
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50

700 150 200

tt Monte Carlo

250 300

— Call correction K, derive from Monte - Carlo




W polarization (1)

* Why does W polarization affect the momentum spectrum of

the leptons & Neutri

— Consider 2 cases:

1. Neutrino has maximum E

 Allowed by left-

2. Lepton has maximu

* Fails to conserve J, due

to right-handed
Momentum spectra:

. b
Hard neutrinos, soft leptons (sass of ek

SLAC
1 December 2015
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W polarization (2)

* The top differential decay rate is:

dl’

N R _l_f_(l—cosﬁ*)2 +f+(1+cost9*)2

d cosf

cosO’ is the angle between the charged lepton and the top quark in the W rest frame.

fo» f.,and f, are the fractions of longitudinal, left handed, and right handed W

bosons respectively. f, + /. + f, =1.

* In top decays:

—f,=0
— £, ~70%
— £ ~30%

W (S,= +1)
W (S,=0)
W (S,=-1)

| Theoretical Cos6* distributions ]
=

—— Standard Model

—— Longitudinal

— Left-handed
Right-handed

0.9

0.8

0'1:— \_L
0leJ’JJiLJIllIIJILIIJllllllllll "

-1 -08 -06 -04 -0.2 0 02 04 06 038 1




P-** Method: Overview

Use P;* to predict MET: o b L2
1. Correct for W Polarization !
e Scale P*¢ up by MC correction K, Er
. Explained Previously _g ]

2. Renormalize P,** distribution after MET Cut
*  MET cut truncates MET distribution, reduces P;*4 distribution

*  Scale P;** up by correction K

3. Correct For Drell-Yan Contamination
. Subtract residual Drell-Yan left over after MET Cut, Z Veto

Predicted Observed Predicted
N = (N - NDrell—Yan )>< K X KC

Ep P]?K



P-** Method: Renormalization

* The Pfigmethod predicts £ from Pﬁf in dileptonic top pairs

* Drell-Yan largely suppressed

— F, >50GeV. Increase to [£.. > 75 GeV for Same Flavor. Z Veto.
— MET distribution is truncated below the cut.

— P * distribution stats reduced by MET [T ;
cut. Distribution domain is unchanged. F . .
0y . E_ vv' _f
* Scale up p; to predict £ > X - pt
3 v T E

v
— Call this renormalization factor K - Yo E
> o o ' 'v-’ir E
. J NCp ) dp; v "o ;
T NG o dpl [T NP g dplt |8 e T o
50 GeV Pr Jor @ Pr * )56y (pr dss dPr GeV




P-** Method: Summary of Correction Factors

* I(c is derived from Monte-Carlo * K. now includes systematic error

0 .
— Corrects for W-polarization due to 7.5 % Jet Energy Scale variation

— 1.0<K.<1.7+(13%-46% ) K. (will be used later)

SR1 1.65 £ 0.12 1.66 £ 0.70
SR2 1.56 £ 0.41 1.66 = 0.37
SR3 1.40 £ 0.49 1.29 £ 0.17
SR4 1.90 + 0.05 0.98 £ 0.45

e Kis measured in data

— Renormalizes N ( P;** > X ) so it predicts N ( MET > X))
— 1.4<K<19%(3%-35%)K (will be used later)

SLAC Derek Michael Barge
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Drell-Yan Background: Estimation Method

* Need to estimate residual off-peak Drell-Yan background
— In-peak Drell-Yan removed; off-peak reduced by MET > 50 GeV

— Method: Use data events in the Z-Peak
apply MC correction to predict off-peak

Signal Region Drell Yan

SR1 1.82 £ 1.96
SR2 0.91 £ 0.91
SR3 0.78 £ 0.78
SR4 0.39 £ 0.39
20 40 60 80 100 120 140 160 180 200 220
GeV
MC Drell Yan MC Drell-Yan MC
Rouirin = z 0* —out /Nz 0* —in
NDataEst RMC NData NData 1 k 1 k N,th—czn 1 13 O 05
Drell-Yan out out | in Same Flavor-in eu—in X 5 +k— > Yuu = Data _ *° +U.
uu ee—in
SLAC Derek Michael Barge
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P-** Method: Results (1)

* Background predictions from the P;** Method

Signal Objf"’ed rell-Yan P, Method Prediction | Data
Region |(P;

1.65+ 0.12 1.66+0.7 | 11.5+ 7.3 £ 5.6 (sys) 19

SR2 5 091 1.56+0.41 1.66+0.4| 10.6 + 5.8 + 3.8 (sys) 11
SR3 7 0.78 1.40+0.49 1.29+0.2 | 11.3 + 4.8 + 4.2 (sys) 18
SR4 7 0.39 1.90 £ 0.05 0.98 + 0.4 | 12.3 *+ 4.9 + 5.7 (sys) 6

Observed Predlcted Predicted
(N Drell Yan )X K X K N

144
PT

* Syst. error contributions from K, K¢, Ryyt /in

G: |||||

* No evidence of new physics observed P 200 400 60 0 O

SLAC Derek Michael Barge
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P-** Method: Results (2)

* Prediction of MET shape from the P;** Method

| SR1: 300 GeV < H, < 600 GeV | ~ | SR4: 125 GeV < H, < 300 GeV | »
O Observed O Observed
10 g 10— T T
% E CMS Preliminary ¥ Predicted % E CMS Preliminary ¥ Predicted
(O] C O C
w0 - Ns=7Tev, [Ldt=4.71b" © | Ns=7Tev, [Ldt=47fb"
Rl ! R0t | |
2 = 2 3
c - c l
] C ]
> o >
w w
102
= 10% g
10 C
= 10
1 1L
.1_1 11 1 1 1 1 1 1 1 1 1 1 11 1 I\l|/l/l 1 1 1 1 1 11 -1_I 1 11 1 1 1 1 1 1 1 1 1 11 1 l\lll/l 1 1 1 1 1 1 1 1 11
10 50 100 150 200 250 300 350 400 10 50 100 150 200 250 300 350 400
ETS (Gev) EMS (Gev)

SR1: 300 GeV < HT < 600 GeV, 275 GeV<MET  SR4: 125 GeV < HT < 600 GeV, 275 GeV < MET

e Signal regions indicated by vertical dashed lines
* MET shape well predicted by data-driven P;** Method

SLAC Derek Michael Barge
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Summary of Results

* P4 Method & Monte Carlo predictions have been found
so far for 4 signal regions:

MET
SR1 275 GeV < MET 300 GeV < H; < 600 GeV
SR2 275 GeV < MET 600 GeV < Hy
SR3 200 GeV < MET < 275 GeV 600 GeV < H;
SR4 275 GeV < MET 125 GeV < H; < 300 GeV

 Data agrees with Monte Carlo and P;** Method predictions

Slgnal Reglon Monte Carlo P;* Prediction

18.9 + 1.1 (stat) 11.5 £ 7.3 (stat) £ 5.6 (sys)

SR2 11 11.5 £+ 0.6 (stat) 10.6 £ 5.8 (stat) £ 3.8 (sys)

SR3 18 19.1 + 0.8 (stat) 11.3 + 4.8 (stat) £ 4.2 (sys)

SR4 6 4.2 + 0.3 (stat) 12.3 + 4.9 (stat) £ 5.7 (sys)
SLAC Derek Michael Barge
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Upper Limits

* No evidence for new physics observed

Signal Region Predicted (P4 Method) Upper Limit

SR1 19 11.5 £ 7.3 (stat) £ 5.6 (sys) 20
SR2 11 10.6 £ 5.8 (stat) £ 3.8 (sys) 11
SR3 18 11.3 £ 4.8 (stat) £ 4.2 (sys) 18
SR4 6 12.3 £ 4.9 (stat) £ 5.7 (sys) 6.5

e Set upper limit on the non-Standard Model
contribution to each signal region

— 95% confidence level limit set using CLS statistic
— Model-independent limits

SLAC Derek Michael Barge

1 December 2015 UC Santa Barbara | CMS Collaboration =



Exclusion Limits

e Use flavor information for SMS, CMSSM limits

— Perform 6 bin shape analysis by separating SR1, SR2 , SR3 into same and opposite flavor bins

— Improves sensitivity to signal models with more same flavor than opposite flavor dileptons

Signal Region m Predicted (P;** Method)

SR1 9 10 5.7 £ 5.1 (stat) £ 2.8 (sys)
SR2 6 5 5.2 £ 4.1 (stat) £ 1.9 (sys)
SR3 5 13 5.6 £ 3.4 (stat) £ 2.1 (sys)

* Do shape analysis in 6 bins of signal region & flavor

— The prediction for each flavor bin is half of the total
e Same flavor and opposite flavor predictions are taken to be the same
— The statistical errors on the flavor predictions are 2% of the total statistical error

— The systematic error on the flavor predictions are % the total systematic errors

SLAC Derek Michael Barge

1 December 2015 UC Santa Barbara | CMS Collaboration 2



Simplifed Model Spectra

* Simplified Model Spectra (SMS) try to express
limits in a simple, more model-independent manner

— Small number of unambiguous physical parameters

* Physical particle masses, Branching ratios
— Express limits (on o x B.R.) in terms of physical particle masses
— Collapses some of the fine-structure to full SUSY mass spectra (CMSSM)

— Results in same essential phenomenology as more complicated models

* T1lh is an SMS model in which pair produced gluinos
decay into OS leptons and jets

pp —>88 —q4qx, 99x » X» —={*0"



SMS Exclusion

* Exclusion contour for SMS T1lh model in (m,,mg;) plane

— Set at 95% confidence level using CLS statistic

CMS Preliminary Vs =7TeV,L =4.981fb"
——

CMS Preliminary Vs =7TeV,L =4.981b"
— - - R

r LI e T T " 10

1 ’

LA | “ m —
s — . — . _Q
%‘ ! EP 2-990 o 8 %‘ | PP -39 a
O, 1000 27 l"'X%Xg_’ % *g O, o0 I A1 @
%) - 9> 2j#y, ) ) - 52 c
7] B O n - 1 O
o L m(q) >> m(g) o I3 L m(@ >>m(@) . 4
£ seoof- @ £ 800 mobserved £
o ~ - 0.2 X o B 1
x : rl- + E:Piss + HT . S x : = 10bserved (1o theory) -
600 : Q goof- e . 10 8
O - = rexpected (+10) " Q.
i O I -
400 £ 400}~ =3
L m B 10-20
200 200 o>

\ . 0 - 10°

0 200 400 600 800 1000 0 200 400 600 800 1000
gluino mass [GeV] gluino mass [GeV]
Selection Efficiency x Acceptance Obs. / Exp. Exclusion Contours
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Conclusion

Searched for new physics in the opposite-sign dilepton
final state

— Signature of Missing Transverse Energy and Jets

No evidence for new physics was observed

Set upper limits on the non-Standard Model
contribution to yields in the signal regions

— Most stringent limit in this channel at the time of publication

Published in Phys. Lett. B 718, 815



Backup



Data vs. Monte Carlo

SR1 __E_E_

4.0 £ 0.5 4.8+ 0.7 10.1 £0.7 | 189+ 1.1
Data 7 2 10 19

SR2 __E_E_

2.2 £ 0.2 2.9 +£ 0.2 6.3+ 0.5)11.5 0.6
Data 3 3 5 11

SR3 __M_E_

3.5+ 0.2 50+ 0.5 10.6+0.5] 19.1 £0.8

Data 13 18
__H_E_

SR4 =
1.0 £ 0.1 1.1 £ 0.2 2.2 £ 0.2 4.2 + 0.3
Data 2 1 3 6

Data and MC agree well in all signal regions (errors stat. only)

SLAC Derek Michael Barge
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W polarization

* The W has three polarization states
— W (S,=0),W(S,=-1) are allowed S l
— W (S, =1) is forbidden

* No configuration conserves J,
S
----- IR IR

+1/2 +1/2

+1/2 = +1 + +1/2

+1/2 - 1 + +1/2 S, I b

-1/2 = 0 + +1/2

-1/2 = +1 + +1/2 m, ~ 0
I -1/2 = il + +1/2 I > W (S, =-1)

* W’s from top are longitudinally or negatively polarized

SLAC Derek Michael Barge
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Systematic Errors

* Luminosity, lepton, & trigger efficiencies

— Systematic errors taken as constant for all signal models
* Luminosity uncertainty ~4.5%
* Trigger efficiency uncertainty ~2.0%

* Dilepton identification & isolation uncertainty ~ 2.0 %

 Hadronic Energy Scale

— Systematic errors determined from sensitivity of signal region
yields to 7.5 % variation in the hadronic energy scale

— Computed separately for each signal model
e Varies from 20 % - 50 %



SMS Limits
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CMSSM Limits



CMSSM

SUSY models can have many parameters
— The Minimal Supersymmetric Standard Model
(MSSM) has 105 parameters, for example
* Many can be eliminated by experimental constraints
— The Constrained MSSM (CMSSM) has 5 parameters
* The gluino and scalar masses are taken to unify at the GUT scale

° m,, m,are the gaugino, scalar masses respectively ( GUT scale )

* A, is 3-gaugino coupling at the GUT scale

i is the Higgsino mass ( GUT scale )
tan B is the ratio of VEV ‘s of the Higgs doublets ( EWK scale )

The CMSSM is often used to interpret experimental results

— Limits on new physics expressed in (m,, m,,) plane



CMSSM Exclusion

— 600 nl- I I I 1 1 I | I 1 I I I ] 1 I I I ] I I I 1 I I 1 LI

— ——— Observed .

() 550 9 ’,[:n(f%)_é%v ----- observed (=10 theory) |:||_Ep2 T —:
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CMSSM Exclusion: Discussion

* Acceptance Uncertainties

Signal Model | high ET"**  high Hr tight low Hr

LM1 22% 33% 40% 19%
LM3 26% 34% 42% 18%
LM6 11% 15% 19% 10%
LM13 26% 31% 40% 14%

AGOO"'|'l'I|'lll|llll|""|""_

% % tan(B)=10 = observed - E

o 550 -; Ao =0GeV = |- observe: (10 theory) DLEpz 7" <

Nt expecte: i

o 500 “:,/x ﬁ\t>=0173‘2 GeVv | expected (10) ILEP2 X, _:

- N I observed 2010 3

E 450fy, CMS Vs=7TeV, [Ldt4.98fb" =

400 } m(g) = 1000 _

3 NTRE

350 E 5 S w3

v Y » loLms |

300 é % § VYLMI3 [

250k o =

You(2) = 500 ‘~\;-_‘;-;;..::._.,7..7,:_-_.»_._.,_.,».7..»..__:__‘:__,,__1__: ______ Coe% _:

200 RS e e

150 o o _E

100 ST TR

500 1000 1500 2000 2500 3000
m, (GeV)
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CMSSM Comparison

SLAC
1 December 2015

CMS Preliminary L _ =4.98fb",Ns=7TeV
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Outreach



Efficiency Model (1)

How can one tell if a new physics model is excluded or not?

— Yields for an arbitrary new physics model can be
found at generator level for each signal region

CMS Simulation,\'s = 7 TeV

> 1
The lepton selection efficiency is needed g . e ﬁ;%wﬁ;
= ik
o . . ] J) . . ° : vﬁ »-;:E}h I i +-l« +“‘:
— “selection efficiency” = Id & isolation o8 @Z‘ﬂ;ﬂﬁfﬂh SRR
0.7 1%
— Signal selection efficiencies needed also OGZ
— Trigger € (100% ee , 95% eu , 90% pp) 057 o muons
0l a5 10580 40
generated lepton P, (GeV)
Functions fit to the lepton efficiencies
are provided: C 10GeV 10 GeV
f(PT) _ SooErf( T )+8C 1 — Erf( T )] e (o0) 0.78 0.89
o o e (C) 0.34 0.62

o 18 GeV 30 GeV



Efficiency Model (2)

* How can one tell if a new physics model is excluded or not?

— The sighal region selection efficiencies are needed

— Trigger efficiencies & Iepton _ . CMsSimuations=7Tev | cMSSmuition\5=7Tev
selection efficiencies given §o¢ [/ 7 1 [so9 [ f
e 0:7§‘ 5 o:7§—
0.6f- 0.6f-
. . . 0.5F 0.5F
* Functions fit to the signal 04 04} |
0_3;_ 0_3;_ e H;>125GeV _;
selection efficiencies are 02 [t ] e NN e
L] ° O-J. 1NN : '0 i“ “.:n L L :
provided: e B | e B

HT > 300 HT > 600
GeV GeV

1 _
f(x)=—¢, [Erf(x C)+1] e (=) e(e0) 1 0.99
2 O

C 211 GeV 291 GeV C 283 GeV 582 GeV

MET > MET >
200 GeV 275 GeV

(o] 33 GeC 39 GeV o] 75 GeC 93 GeV

e Efficiency model reproduces full reconstruction results to ~ 5%

SLAC Derek Michael Barge
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Trigger & Data Acquisition

e Select & save “interesting” events

— Defined by trigger menu ( example: 2 muons with P; > 20 GeV )

* The LHC collision rate is 40 MHz g Relacion
— Can only store a few 100 events / s P
« Event size is ~ 1 MB Lvl-1 Front-end pipelines
e Two tier trigger chooses events . —¢ ~3us
— Level 1 Trigger Readout buffers

e 100 kHz event bandwidth

* Local to subsystems, fast custom hardware Switching networks

|
4
—
— High Level Trigger ( ~ a few 100 Hz )
Processor farms
* Global trigger, synchronizes L1 — ~0.1s
» Software distributed across ~1k processors




Selections



Data & Triggers

e PData

— 5 fb1 of integrated luminosity collected on dilepton triggers

* Triggers: High P, dilepton triggers (ee, uy, ep)

Trigge | Efficiency | Pt Threshold of | Pt Threshold of
r Leading Lepton | Trailing Lepton

- 100% 17 GeV 8 GeV Online selections:
e 95% 17 GeV 8 GeV Leading lepton P; > 20 GeV
ML 90% 7 GeV 7 GeV .
Trailing lepton P; > 10 GeV
13 GeV 7 GeV, 8 GeV
17 GeV 8 GeV

— Good trigger efficiency: 5% inefficiency measured per-muon

— Uncertainty in trigger efficiency: 2%

SLAC Derek Michael Barge
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Lepton Selections

Electrons

Impact Parameter
— dy,<400 pm
- d,<1cm
Isolation < 0.15
— Coneof AR=0.3 (1 GeV subtraction EB)

Identification

= O inin <0.01 ( 0.03 Endcap)

- do <0.15 ( 0.10 Endcap)

— dn <0.007 (0.009 Endcap )

— H/E <0.1 (0.075 Endcap)
Conversion Rejection:

— |dist] <0.02cm

— | d(cotO) | <0.02

— Less than 2 missing expected inner hits
Muon Veto

— Veto if a muon is within a cone of AR = 0.1

Inec| <1.444 OR [ng| >1.556

Muons

Impact Parameter
— d;<200 pm
- d,<1cm
Isolation < 0.15
— Coneof AR=0.3
Global Muon & Tracker Muon
x2 / (# degrees of freedom) < 10
11 or more tracker muon fit hits
> 1 stand alone hits in global muon fit
Spt / pt<0.1



Dilepton Selections

Dilepton Selection — Event Selections ( listed previously )

i * Good vertices with more than 4 D.O.F.
— 2 leptons of opposite charge

* dy<2cm,d, <24 cm (Vertex)
— Must pass a dilepton trigger

_ Transverse Momentum * Dilepton Selection Efficiency

« P;>10GeV ( Both leptons) — Electrons
* P;>20GeV ( Highest P;lepton) * 20GeV<P; ~90 %
— Pseudo rapidity * 15GeV <P;<20GeV ~70%
* |nl <2.5( Electrons) * 10GeV<P;<15GeV ~50%
* |nl <2.4(Muons) — Muons
— Must pass lepton selections * 20GeV<P, ~ 95 %
* Described on previous slide 0 IDEEY Sy 2yEey RS
* Isolation <0.15 ( cone of AR =0.3) * 10GeV<P;<15GeV ~75%
* dy <400 um (200 um ) electrons ( muons ) — Uncertainty on selection efficiency

* 2% ( Identification and Isolation )



Tag &

Probe

* €

SLAC

10 - 15 GeV 15 - 20 GeV 20 - 40 GeV 40 GeV -
MC 0.8402 £ 0.0037 0.8968 = 0.0017 0.9718 & 0.0002 0.9938 = 0.0001
[SO DATA 0.7801 = 0.0047 0.8796 = 0.0021 0.9701 = 0.0002 0.9926 = 0.0001
DATA/MC | 0.9284 £ 0.0070 0.9809 £ 0.0030 0.9982 £ 0.0003 0.9987 + 0.0001
MC 0.6756 £ 0.0042 0.8064 = 0.0021 0.9040 = 0.0003 0.9232 = 0.0003
1D DATA 0.6743 = 0.0050 0.8152 = 0.0024 0.9039 = 0.0004 0.9167 = 0.0003
N O« ¢ QOC 5 (.99 .
MC 0.5677 £ 0.0043 0.7231 = 0.0023 0.8785 = 0.0004 0.9175 = 0.0003
ID X ISO DATA 0.5260 = 0.0050 0.7171 = 0.0027 0.8768 = 0.0004 0.9099 = 0.0003
DATA/MC | 0.9266 + 0.0113 0.9916 £ 0.0049 0.9981 + 0.0006 0.9917 + 0.0005
10 - 15 GeV 15 - 20 GeV 20 - 40 GeV 40 GeV -
MC 0.8124 £ 0.0025 08773 £ 0.0013 0.9634 = 0.0002 0.9931 = 0.0001
ISO DATA 0.7744 = 0.0028 0.8600 = 0.0015 0.9590 £ 0.0002 0.9906 = 0.0001
DATA/MC | 0.9533 £ 0.0045 0.9803 & 0.0023 0.9954 + 0.0003 0.9974 £ 0.0001
MC 0.9892 = 0.0007 0.9892 = 0.0004 0.9899 £ 0.0001 0.9873 = 0.0001
1D DATA 0.9867 &= 0.0009 0.9869 = 0.0005 0.9868 £ 0.0001 0.9837 = 0.0001
DATA/MC | 0.9975 & 0.0011 0.9977 & 0.0007 0.9969 £ 0.0002 0.9964 + 0.0002
MC 0.8036 £ 0.0025 0.8678 £ 0.0014 0.9537 = 0.0002 0.9805 = 0.0001
ID X ISO DATA 0.7641 = 0.0028 0.8488 =+ 0.0016 0.9464 £ 0.0002 0.9744 = 0.0002

DATA/MC

0.9509 £ 0.0046

0.9780 =+ 0.0024

0.9923 = 0.0003

0.9938 + 0.0002

1 December 2015

Derek Michael Barge
UC Santa Barbara | CMS Collaboration
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P** Method: Calculation of K.

* K. is a correction for W Polarization in ttbar —> .../
— Applied to N ( P#4 > X ) to predict N ( MET > X )

MC
SR1 1.66 £ 0.12| K o Ne, (ET > X, Hy > Y)
SR2 1.66 + 0.13 N]ﬁ;f(PT” > X, H, >Y)
SR3 1.29 + 0.07
SR4 0.98 +£ 0.12 * Errors here are statistical only

* K. is calculated from Monte-Carlo

— Trust based in precision electroweak measurements

— Depending on kinematics: 1.0 < K. < 1.7 (6% - 12% ) K,



P-** Method: Calculation of K

* The P;** method predicts MET from P% in ttbar

— If a selection on MET is applied, the P44 distribution
must be scaled up by a factor K to predict MET

 MET > 50 GeV (75 GeV) OF (SF) to suppress Drell-Yan

 Kagrees well

1.73 £ 0.01
between data SR2 1.46 £ 0.05
& Monte-Carlo SR3 1.46 + 0.05

SR4 2.00 + 0.01

1.65 £ 0.12
1.56 £ 0.41
1.40 £ 0.49
1.90 £ 0.05

e K measured in data will beused (1.4<K<1.9)

SLAC Derek Michael Barge
1 December 2015 UC Santa Barbara | CMS Collaboration
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P-** Method: Systematic Errors

* Systematic error P44 background prediction

Predicted Observed Predlcted
NET (N Drell Yan )>< K x K

P’
2 2
(02 O . 2 2
2000 K K- Predicted 2
s = | 2 T 2 (NET )"‘K x K¢ xgout/nX(NSF—in_kEXNOF—in
K> K

 Example (SR1):

— K (0.12/1.65)2 (11.47 )2 =0.70
— K (0.70/1.66 )2 (11.47 )2 =23.39
— Rouynt  (1.65)2(1.66)2(0.07)2(15-1.13*1)2  =7.07

FAGRE-AI
-4 >X E 14

1.82 1.65 £ 0.12 1.66 = 0.7 |11.47 = 7.27% 5.58 (sys)

SLAC Derek Michael Barge

1 December 2015 UC Santa Barbara | CMS Collaboration =



P.** Method: MET Resolution

* The P**resolution is much better than
the MET resolution

e MET resolution effects can be modeled
with a MET bias term and Gaussian term

* It turns out to be a ~ 10 % effect in the P,
background predictions



P-** Method: Signal Contamination

Signal contamination in the P;“*signal regions used to
predict MET is inevitable.

— This leads to overestimation of MET

Overestimation can be large
— Factor of 1.7 (LMO) to 2.5 (LM1)

However, the excess can still be observable
— LMO: Observed: 71 Predicted: 23
— LM1: Observed: 38 Predicted: 16

Upon observation of an excess, the game changes

— Examine all distributions to understand signal character



Drell-Yan



Z Peak Yields

* Yields for 76 GeV<M,, < 106 GeV

— Basic selections applied

CMS Preliminary

ee : lllll
mmm Niuw) / Nee) Nl RN

10° f I JLdt=47 1"

Data 1,402,167 1,787,957 1.28 i
MC 1,400,681 1,704,862 1.22 ")
| Data / MC 1'00 1'05 | 40 60 80 100 120 140 160 180 goo 220 40 60 80 100 120 140 160 180 20_0 220

Z Peak yields in data & MC agree within ~ 5% or better

— Significant uncertainties in luminosity ( ~ 4.5 % ), lepton Id
& Isolation (~ 2 % ), and dilepton trigger efficiency (~ 2 % )

SLAC Derek Michael Barge
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Drell-Yan Background: Estimation Method

(1)

\—~J

 The Drell-Yan background is largely removed
— MET > 50 GeV ( 75 GeV ) Opposite Flavor ( Same Flavor )

— Zresonance removed:

76 GeV<M , , <106 GeV vetoed

* Need to estimate residual off-peak Drell-Yan

— Use data events in the Z-Peak

— Apply a correction factor from Monte-
Carlo to predict off-peak Drell-Yan

RMC Drell Yan MC /NDrell—Yan MC
outlin = z 0* —out 00 —in
NData Est. _ MC x NData
Drell Yan-out ~ * “out/in Same Flavor-in

20 40 60 80 100 120 140 160 180 200 220
GeV



Drell-Yan Background: Estimation Method

(2)
\=]J
e Estimate off-peak Drell-Yan from in-peak
Drell-Yan MC
Data Est. MC Data MC (70" —ou
NDrell Yan-out Rout/in X NSame Flavor-in ..., ,

outlin — NDrell—Yan MC
(0% =in

e But there is ttbar in the data Z-Peak too

— Causes overestimation of Drell-Yan background
— ttbar contribution to the Z-Peak can be corrected for

* |t is half of the opposite flavor yield in the Z-Pealk,
corrected for differences in electron & muon efficiencies

Data
NDataEst. — RMC NData _NData x 1(k +1)) , kMM _ NM—M—in

Drell-Yan out out /in Same Flavor—in eu—in 2 uu k NData
uu ee—in




Drell-Yan Background: Results (1)

* Calculation of Drell-Yan background estimates:

Drell-Yan out out/in ee—in uu—in eu—in 2

NDataEst. RMC NData + NData _ NDatq x l(k _I_L)

RS, =013£007 , k, =1.13£0.05 ~1

out lin

* Data-driven Drell-Yan background estimation confirms
Monte-Carlo prediction that Drell-Yan is negligible

Signal Region Eﬂ“ DY Estimate Drell-Yan MC
SR1 2 0 0

+0.26 + 0.26 2.0 £ 0.9
SR2 0 1 2 -0.13 £ 0.32 0.3 £0.3
SR3 1 0 1 +0.00 + 0.20 0.7 £ 0.5
SR4 0 0 0 +0.00 + 0.00 0.0 £ 0.0

SLAC Derek Michael Barge
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Drell-Yan Background: Results (2)

* The P;** method (previously discussed) works for ttbar
— Residual Drell-Yan inevitably contaminates the signal regions
— This Drell-Yan contamination to P;**can be corrected for

Predicted Observed Predicted
N = (N - NDrell—Yan )>< K X KC

E; pit

SR1 1.82 £ 1.96
SR2 0.91 £ 0.91

SR3 0.78 £ 0.78
— Replace MET cut with P4 cut SR4 | 0.39 + 0.39

* Use Drell-Yan Estimation Method
— Selection in P;** used to predict MET

* The Drell-Yan estimate will be subtracted from each SR
— Improves the P;# estimate of the ttbar bacgkround



Drell-Yan Background: Estimation Method

 The Drell-Yan background estimate from before:

1
Data MC Data Data
N£_€+SF —out Rout/in = (N€€+SF —in 2 k€_£+ x Neu—in
NData
k _ pupu—in k—l
“ut Data ot
u u e e
Nee—in

* Total Drell-Yan background is the sum of ee , pu:

NData =RMC (NData _lNData x kee) NData =RMC (NData _lNData x kw)

ee—out out | in ee—in 2 eu—in upu—out out/in up—in 2 eu—in

1

|
Data Est. MC Data Data Data
NDrellYan-out = Rout/in X Ne'e+—in + NM_M+—in - ENe‘u—in X (kuu +

oy

SLAC Derek Michael Barge
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Results



Preselection Yields

e CMSSM Monte-Carlo predictions

— Previously showed data & SM MC agreement in a dilepton tt sample
— Selections: MET > 50 GeV, HT > 100 GeV, NJets > 1, Z Veto, Lepton

— Table shows comparison of CMSSM & Standard Model
Monte-Carlo predictions with data for a few signal points:

Total SM MC 2224.3 £ 51.5 2735.4 £ 61.8 6068.8 + 135 11028.5 + 244.
Data 2333 2873 6184 1139
CMSSM LM1 MC 271.8 £ 8.3 342.1 £ 9.7 165.6 £ 5.7 779.6 £ 19,
CMSSM LM3 MC 106.9 + 3.7 125.2 £ 4.1 180.7 £ 5.5 412.8 £ 10.
CMSSN LM6 MC 19.5 £ 0.6 23.2 £ 0.7 26.2 £ 0.8 68.8 £ 1.

— LM1, LM3 already disfavored by Monte-Carlo
— LM6 & other CMISSM points clearly not excludable

Note: Errors shown are statistical



P#* Method: Dependence of K. on Jet Energy Scale

e C(Calibrated jet energies have significant systematics

* Systematics on K. due to uncertainty in the Jet Energy Scale (JES)

— Uncertainty on K_taken to be its response to £7.5% change in jet energy

MADGRAPH m JES Up 7.5% JES Down 7.5%

1.66 £ 0.12 2.78 £ 0.20 1.01 £ 0.08 68 %
SR2 1.66 £ 0.13 2.09 +£0.13 1.23 £ 0.12 35 %
SR3 1.29 £ 0.07 1.49 £ 0.06 1.16 £+ 0.07 15 %
SR4 0.98 £ 0.12 1.40 £0.18 0.72 £ 0.09 43 %

 Uncertainty on K.due to JES is about 15% to 70%

SLAC Derek Michael Barge
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P-** Method: Results

Figure 18.4: Results of the pr(¢¢) method in the SR1 signal region.

® S R 1 Distributions of py(££) (Predicted) and E% (Observed) in data for the region
300 GeV < Hp < 600 GeV are shown. The vertical dashed line inicates the
requirement EFs > 275 GeV. The observed yield in this region is 19, which is
consistent with the predicted yield of 11.5 £ 7.3 & 5.6.

SR1: 300 GeV < H, < 600 GeV ]
O Observed
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P-** Method: Results

- S RZ Figure 18.5: Results of the pr(#£) method in the SR2 signal region.
Distributions of pr(¢£) (Predicted) and E$'sS (Observed) in data for the region
Hp > 600 GeV are shown. The vertical dashed line inicates the requirement
Emiss > 275 GeV. The observed yield in this region is 11, which is consistent with
the predicted yield of 10.6 £ 5.8 &+ 3.8.

SR2: 600 GeV <H i
O Observed
103 — L L I T 1T 177 | T T 177 I T T I LI I 1T 177 I T T
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10 e e
] l
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P-** Method: Resul

tsS

* SR3

SLAC
1 December 2015

Figure 18.6: Results of the pr(€¢) method in the SR3 signal region.
Distributions of pr(¢£) (Predicted) and EFs (Observed) in data for the region
Hp > 600 GeV are shown. The vertical dashed lines inicate the requirement

200 GeV < EXiss < 275 GeV. The observed yield in this region is 18, which is

consistent with the predicted yield of 11.3 & 4.8 +4.2.
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P-** Method: Results

* SR4

SLAC
1 December 2015

Figure 18.7: Results of the p(££) method in the SR4 signal region.

Distributions of pr(¢£) (Predicted) and ER (Observed) in data for the region

Hp > 300 GeV are shown. The vertical dashed line inicates the requirement

EZiss > 275 GeV. The observed yield in this region is 6, which is consistent with

the predicted yield of 12.35 +4.9 £ 5.7.
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Background Composition

Signal Region 1
275 GeV < MET
300 GeV < H; <600 GeV

39% ttbar
15% Drell-Yan
13% WW
28 Single Top
10% Other

Signal Region 4
275 GeV < MET
125 GeV < H; < 300 GeV

2% ttbar
— Drell-Yan
(0]
WW

12%

Other

Signal Region 2
275 GeV < MET

600 GeV < H;
8% 3% ttbar
13% Drell-Yan
WWwW

2%
74% Single Top
Other

Signal Region 3
200 GeV < MET < 275 GeV

600 GeV < H;
9% 4% ttbar

3% Drell-Yan
WW
83% Single Top
Other

66% Single Top



Top Physics



The top quark

e Why the top quark?

— Dominant background

* Top pair production
— Mass: 173 GeV

— Strong production @LHC

— Cross section ~ 194 pb




The top quark

Top Pair Decay Channels

* ttbar decay

tautjets
muon+ijets
electron+jets

— ~100% Wb 8 *;:1% p
* 2 b-jets £8|%5
3 |S|ET
* Dileptonic decay |
e o
— Branching Fraction ~ 1/81 2 §~§‘°
— 2 neutrinos give MET et |w|

SLAC Derek Michael Barge
1 December 2015 UC Santa Barbara | CMS Collaboration
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W polarization

* The W has three polarization states
— W (S,=0),W(S,=-1) are allowed S l
— W (S, =1) is forbidden

* No configuration conserves J,
S
----- IR IR

+1/2 +1/2

+1/2 = +1 + +1/2

+1/2 - 1 + +1/2 S, I b

-1/2 = 0 + +1/2

-1/2 = +1 + +1/2 m, ~ 0
I -1/2 = il + +1/2 I > W (S, =-1)

* W’s from top are longitudinally or negatively polarized

SLAC Derek Michael Barge
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W polarization

* How does the polarization of W’s from top affect the
momentum spectrum of the lepton? Neutrino

— Consider 2 cases:

.| 1
1. Neutrino has maximum E i
 Allowed by left-handed W
| t]
2. Lepton has maximum E
* Fails to conserve J, due
to right-handed W It
* Momentum spectra: bW !

2.

A€+

|

Vy

Hard neutrinos, soft leptons (basisofeK. cor. )

SLAC
1 December 2015
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W polarization

* The top differential decay rate can be written as:

dl’

N R _l_f_(l—cosﬁ*)2 +f+(1+cost9*)2

d cosf

cosf’ is the angle between the charged lepton and the top quark in the W rest frame.

Jfo» [ ,and f, are the fractions of longitudinal, left - handed, and right - handed W

bosons respectively. f, + f_ + f. =1.

* In top decays:

—f+=0
— fo~ 70%
— -~ 30%

W (S,= +1)
W (S,=0)
W (S,=-1)

| Theoretical Cos6* distributions ]
=

—— Standard Model

—— Longitudinal

— Left-handed
Right-handed

0.9F
0.8
0.7

0.6

0'1:— \_L
0leJ’JJiLJIllIIJILIIJllllllllll "

-1 -08 -06 -04 -0.2 0 02 04 06 038 1




Drell-Yan

- e e
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Fake Leptons



Fake Leptons

Selection | Npie(D) | Npgies (D) | Nioille(D) | Nygitee (D)
High Hr 26+10 | 1.5+08 | 0.1 £0.1 | 0.0+0.0
High Efss | 294+12 | 1.54+0.8 | 0.04+0.0 | 0.0+ 0.0
SR1 1.7£10 | 0.7£0.5 | 0.0+ 00 | 0.0£0.0
SR2 1.24+07 | 08+06 | 0.0£00 | 0.0£0.0
SR3 1.5+£07 | 07+05 | 0.1£0.1 | 0.0£0.0
SR4 0000 | 0.8+06 | 0.0£0.0 | 0.2+£0.2
SLAC Derek Michael Barge
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Cross Sections & PDF ’s



Cross Sections at the LHC

10°

T ' T
? Gtot : . —2
107 [ ’ ¢ 410°®
: Tevatron LHC 3
10° E 4108
: Op :
10° £ J10* £
F ) 3 +~
i ojet(ETIEt > s/20) 3 ”'E
3 E |
S 10tk Ow H10° ~
= F oz ] £
© 3 jet 3 3
3 ojet(ET > 100 GeV) ] @
107 410° £
10° E 5, — 1072
OB > sl 3
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Parton Distribution Functions

1

xfg(x)
xf ()

0.8 Xf A X)
xfs(X)

0.6

0.4 }

0.2 ¥

O 1 1 1
0 0.2 0.4 0.6 0.8 1
X
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Monte-Carlo

 Samples

Sampae alph) Geserator Commezts Name
t 1670 | Madgraph-Tevoka | Inclusive [Fll 2001) | /TT0ets TereZZ TheV-madgraph-teccla Fall13-PU_S6 STARTE2 V14Ev2/AODSIM
tf 1575 | Madgraph-Tauols | Inclusive {Sammer 2011) | TTJets Tuned2 TTeV-madgrapi-taocia/ Summer] -PU_S4_START4Z_V1l-v1/AODSIM
tt - 1 vi bk 16.5 Powheg-Pythia [TTTo2L2Nu2B  TTeV-posheg-pyttialt Summerl 1-PU_S4 START42Z Vilvl /JAODSIM
"t {s ~ channel .19 Powlbeg- Taoon ST N2 s-channel 7TeV-powbeg-tavol/ Sumeser11-PU_S4 STARTE2 Viivl/AODSIM
£ {s ~ channel 144 Powlaeg- Teoa [Ther Tune?2 s<chenne TﬁV-pou'!:cg-umn‘.a\"Summall-FU S4 START4Z Vilvl/AODSIM
t{¢ —channel] | 41,02 Porwtieg- Taools /T_Tuowd2_t-channel_TTeV-poabeg-tavols Summer ] 1-PU_S4_START42_Vil-v1/AODSIM
£t~ chennel] | 2065 | Powheg-Teooxa [Ther_TuneZ2_tchanned 7 TeVoposieg-tesln SummerT1-PU_SESTARTAZ_ Vi1-v1/ADDSIM
W 78T Porwbeg-Tavols /T _Tuowd2 tW-channel-DR_ 7TV -powheg-tavols Summener 1 1-PU_S4_STARTE2_V11-v1/AODSIM
W 787 Porwbeg- Tanols [Ther _TuneZ2 ¢W-chanoel-DR_TTeV-powheg-taools Summer) 1-PU_S4_START4Z_Vil-vl /AODSIM
Z/v et 35196) | Powheg-Pythis 10 < My <20 /DYToEE_M-10To20_CTI0_TuneZ2_TTeV-powheg-pyitss/Sumaner] )-PU_S4_START42_V11-v1/AODSIM
Zin® aete” 1666 Powheg-Pythin 20 < My <50 /DYToEE M-20 CI'0_TuneZ2 TIeV-powheg-pythie/Sumeer11-PU_S4 STARTI2 V11.vi/AOCDSIM
Zjx* St | 3310.61 | Powheg-Pythia 10< My, <2 /DY ToMeMe M-10To20 CT10_ TuzeZ2 TIeV-powheg-pythin Summeril- ART4Z Vilvl /A 2
Ziv =t 1666 Powheg-Pythin 20 < My <50 /DYToMuMu_M-20_CTI0_TumeZ2 _TTeV-powheg-pytae /Summer ] 1-PU_S4_START2_Vil-v1/AODSIM
Zix* »ror- | 331961 | Pythia 6-Tanols 10 < My <20 /DY ToTwaTan M-10T020 TuneZ2 TIeV-pythind-twcoa Summerll- 11-v2/A
EY s 1666 Powheg-Pythin 20 < My <50 /DY ToTaaTou_M-20_CTI0_TuneZ2_TTeV-powheg-pythis-taocis Summer] 1-PU_S4_START4Z_Vil-vl/AODSIM
Ziy = ' 345 | Madgraph-Teooka W < My /DYJersTold, TereZ2 M-50_7leV-madgraph-tauole/ Semmer11-PU_S4 STARTE2 V11.v1/AODSIM
Wt o+ Jets | 30314 | Madgraph-Tavoks /WetsToLNu_Tune@2 _7TTeV-madgrapb-tasols, Sammer] 1-PU_S4_START42_V11-v1/ADDSIM
WW T ww | 4783 | Madgraph-Tauols S WWJetsTo2L2Nu _Tune?@2 7TTeN-madgraph-tasols Summer] 1-PU_SA4_STARTA2_V11-v1/AODSIM
WZ —=lviti- Q556 | Madgraph-Teuvolks WZetsToSLNu_TumeZ2  TTeV-madgraps-tavols, Summes ) 1-PU_S4_START4Z_Vil-vl/AODSIM
TWZ ST oy |16 | Madgraph-Teuoka WZetsTo2L2Q_TuzeZ2 7TV -mudgraph-tasoln Scmmee11-PU_S1_STARTA2_V11v1/AODEIM
ZZ =001 Q076 | Madgraph-Teooks [ZZ)esTodL_TaneZ2_TTeV-madgraph-tavoks Summer]1-PU_S4_START42_Vil-v1/AODSIM
ZEZ 2 ve 0.3 | Madgraph-Tewola JL&JeasTa2L2Ns TuneZ2 71V aph-tavols Semmer11-PU_S4 STARTA2_V11.v1/AODSIM
ZZ=0'ly 1.0 Madgraph-Tavoks [ZZ)esTo2L2Q  TuneZ2 TTeV-madgraph-taucls Summecl 1-PU_S4_START42_V11-v1/AODSIM
LM 4588 Pyt 6 JLM1_SUSY  sfisde TleV-pythinf /Summser11-PU_S4 STARTEZ Viiwvz
LM3 3438 Pytasm 6 /LM3_SUSY st TTeV-pythisd Summer]1-PU_S4_START42_Vil2
LMG 03104 Pytaia 6 JLMG SUSY st TIeV-pythind /Summserl1-PU_S4 STARTEZ Vilwz
SLAC Derek Michael Barge
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Luminosity

CMS Total Integrated Luminosity, 2011, p-p, Vs =7 TeV
Data included from 2011-03-13 17:09:15 to 2011-10-30 16:09:54 UTC
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