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CMS Search Strategy

Summarizing what we already learned:

If we assume SUSY exists, we still do
not know the details. We look everywhere, focus on
topologies, cover as much phase space as possible

Categorized by numbers of leptons and
photons, may include jet requirement, use MET-like sensitive
variables

In 2010, we suppressed SM
background, estimated its residual, counted observed events
in search for an excess

Multiple methods for each
background in each analysis based on actual data (not MC).
Solid foundation built in preparation for a potential discovery.

. in absence of
signal.
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CMS Search Strategy: Topologies

0-leptons
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Opposite-
sign di-
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jets + MET
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Most sensitive channel for strongly
produced SUSY

May include b, top, T in final state
Complementary analyses:

» Generic search using MHT (previous
lecture)

» Search using oy

> “Razor” variables
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CMS Search Strategy: Topologies

0-leptons I 1-lepton

OSDL

SSDL

23 leptons

2-photons

y+lepton

Jets + MET

Single
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Jets + MET

Opposite-
sign di-
lepton + jets

Same-sign
di-lepton +
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Multi-lepton

Di-photon +
jet + MET

Photon +

lepton +
MET

+ MET

« Lepton requirement reduces
the background significantly

* Top and W+jets remain
« Lower signal efficiency
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0-leptons

1-lepton

OSDL

SSDL

23 leptons

2-photons

y+lepton

Jets + MET

Single
lepton +
Jets + MET

« A two lepton requirement
reduces the W background

> Inclusive and Z peak
search analyses

* Even lower signal efficiency
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0-leptons

1-lepton

OSDL

SSDL

23 leptons

2-photons

y+lepton

Jets + MET

Single
lepton +
Jets + MET

Opposite-
sign di-
lepton + jets

+ MET

« Very small background
and signal efficiency
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0-leptons

1-lepton

OSDL

23 leptons

2-photons

y+lepton

Jets + MET

Single
lepton +
Jets + MET

Opposite-
sign di-

Same-sign
di-lepton +

Multi-lepton

Di-photon +
jet + MET

Photon +
lepton +

lepton + jets

+ MET

jets + MET MET

Example
diagram

* Very low SM background
» Clean events

> Inclusive and Z peak
search

 Analysis includes all
combinations of the three
lepton types (e, u, )
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0-leptons

1-lepton

OSDL

SSDL

23 leptons

2-photons

y+lepton

Jets + MET

Single
lepton +
Jets + MET

Opposite-
sign di-
lepton + jets

Same-sign
di-lepton +
jets + MET

Multi-lepton

Di-photon +
jet + MET

Photon +

lepton +
MET

+ MET

Example
diagram

Gauge Mediated (GGM) SUSY
models predict photons in the
final state

» Two neutralinos
=>di-photon+jets+MET

QCD & y+jets backgrounds
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0-leptons | 1-lepton OSDL SSDL |23 leptons |2-photons | y+lepton

Jets + MET Single Opposite- | Same-sign | Multi-lepton | Di-photon + | Photon +
lepton + sign di- di-lepton + jet + MET lepton +

Jets + MET |lepton + jets | jets + MET MET

+ MET

Example
diagram

Gauge Mediated (GGM)
SUSY models predict
photons in the final state

» Chargino+neutralino
=>v+lepton+jets+MET

Background reduced

LPC-Fermilab, July 2011




Jets+MET Search using o

Simple and robust analysis with emphasis on background reduction
at the cost of sighal efficiency = appropriate for early data

» Cut on kinematic info (o variable): signal region nearly QCD free
» Background dominated by events with real MET: EWK and top

LI LR

llTllTTTI]]‘I
CMS 2 Jets —
E,, ~E ,/E, — 1Hr—AHy

Ldt=35pb'\Ns=7 TeV a,= = 2 2 2
J o " M, ~2(-cosAg) \ Hri—Hz

W Standard Model
—— QCD Multijet
—— t, W, Z + Jets jet  hon back-to-back

LSP  |sp

-

!

/ BACKGROUND Jet
Jet topology (QCD) SIGNAL topology _]et

a=0.5
a7<0.5

PRL 101:221803 (2008) & arXiv:1101.1628 OL-|->O. 5
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Jets+MET Search using o

Simple and robust analysis with emphasis on background reduction
at the cost of sighal efficiency = appropriate for early data
» Cut on kinematic info (o variable): signal region nearly QCD free
» Background dominated by events with real MET: EWK and top

CMS 2 Jets
-1 ET 2 Esz/Ele
det=35pb NS =7TeV o= —12 -

o My, ~2(1-cosA)

S Standard Model
—— QCD Multijet

— tt, W, Z + Jets

Events /0.025

—r —
QLS

-
<

> Processes with real MET
(EWK, top, SUSY)

» QCD remnants

0.5

PRL 101:221803 (2008) & arXiv:1101.1628
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Jets+MET Search using o

Simple and robust analysis with emphasis on background reduction
at the cost of sighal efficiency = appropriate for early data
» Cut on kinematic info (o variable): signal region nearly QCD free
» Background dominated by events with real MET: EWK and top

CMS 2 Jets
fL dt=35pb’\NE=7 TeV

- Data a) Jets lost due to min p; cut in HT
SN Standard Model

—— QCD Multijet b) Catastrophic mis-measurement
— tt, W, Z + Jets

(leading jet fluctuation below
threshold)

Events /0.025

—r —
QLS

-
<

(@)

0.5

PRL 101:221803 (2008) & arXiv:1101.1628
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Jets+MET Search using o

Event selection:
> HT triggers, # jets > 2, p:>50 GeV, |n|<3 (CaloJets, Anti-kT R=0.5)
> Background dominated by events with real MET: EWK and top
> Leading jet |n|<2.5, pr;;>100 GeV
> Veto events with isolated leptons or photons
» HT>350 GeV and o;>0.55

cms o Data, 0, >051 Total background prediction:

O SM, a; > 0.51

f'—d‘=35"b~1'\j§=7nv A Data, a; >0.55 > Deflne ROLT=(N0LT>O'55)/(NOLT<0.55)

A SM,a; > 055

* Wy + jots » Two control regions (background
=9 “ o dominated):
e HT=[250,300] & [300,350] GeV

ar>0.51: R falls monotonical@

with HT (consistent with QCD) > Define ratio of ratios:

a7>0.55: Ris flat with HT
(cTonsistent with EWK & top) ' RaT (HT3OO) _ RaT (HT350)

; e T O 0 12
—— : R, (HT250) R, (HT300)
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Jets+MET Search using o

PRL 101:221803 (2008) & arXiv:1101.1628

Events observed:
Total background estimate: [s} 4+48 (stat) £1.0 (syst)

Background cross verification:
> W and top from W(Mv)+jets N A T 1ol EW 6.1 725 (stat) + 1.8 (syst)
VAR EESIEIEMA 472 (stat) + 1.8 (syst)

CMS preliminary L  =35pb,\s=7TeV

s=Lsp 95%C.L Limits: CDF 3, @, tanf=5, u<0

Alternate background —— Obsarved Lt NLO 20 51 et

- -=-+ Median Expected Limit
Expected Limit = 1o [ LEP2 o

estimation indicates final " e
. . 700)Gey DO 4, 5°
selection is QCD free v

tanB=3,A =0,u>0
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Jets+MET Search using o

Ol —
Published
first

Weak dependence on
tan $ =3,10,50

Efficiency maps,
x-section limits (CMSSM
& simplified models):

CMS-SUS-11-001
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Same event selection as for the
inclusive o and:
» One jet is b-tagged
(TCHP>3.41)

Increased sensitivity for b-rich SUSY
models

T T

95% C.L Limits:

—— Observed Limit, NLO -
==+« Expected Limit

Expected Limit = 10 w DO 7,7, tani=3, u<d
-.-.. Observed Limit, LO N XX .

e CMS
" e

tanB=50,A0=0,u>0

(2]
o
-
"y

Y]
g
5
8

T=Lgp

IlIIIIIIIL_IIII
llllllll

b-jet requirement reduces QCD & . E
EWK backgrounds y ]

» Top background dominates

Background estimated as in the
inclusive o

» W/top cross checked with u m, (GeV)
control sample

- hecked with 7 MC Background Prediction  Data ~ LM0
" _
o) s arse e 1612026 0378 sat) 2013 (sst) 1 142203

ALLE i ALELT
400 450 500

Excluded region is extended for m,>350 GeV with respect to CMS-SUS-11-001
95% C.L. upper limits of 18.9, 15.4, 10.2 pb on x-sections for LMOg'LM1, LMB
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Jets+MET Search: The Razor

Razor search designed to discriminate heavy pair production
kinematically from SM backgrounds

> No assumptions on MET or details of decay chain CMS-SUS-10-009

CM frame My definition: signal Laboratory Frame
7

: ~0
* Two massive ! X
’
/

particles produced
at rest (e.g. ¢,q,)

’

R frame equalizes 3-momentum of the two jets = CM frame if no ISR

M =2p=M Mg peaks for the signal at the mass
R p A scale of the heavy particle, M,
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Jets+MET Search: The Razor

Razor search designed to discriminate heavy pair production
kinematically from SM backgrounds

» No assumptions on MET or details of decay chain

CMS-SUS-10-009

CM frame Mg definition: multijet background |aboratory Frame

* Two jets
back-to-back

R frame equalizes 3-momentum of the two jets = CM frame if no ISR

M, = 2p = \/§ Mg, falls steeply
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Jets+MET Search: The Razor

For the signal M; is a measure of the mass of the heavy particlé
and peaks at the scale of the production

» Maximum of scalar sum of the p; of the two jets is M,
» The maximum value of MET is also M,

Real life: multi-jet events = define two hemispheres and
combine jets into two mega-jets (force di-jet topology)

(Eﬂpzjz _E]2p:]1)2
(p,ﬂ _pj2)2 _(Ejl_EjZ)Z
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CMS Simulation T w. +ets CMS Simulation

- JIME Il A cut on R>0.5 (€aves a

good fraction of the
signal
7 g > QCD “free”
Wl o B > Eliminates most of top

500 1000 1500 500 1000

il > Reduces W/Z+jets
significantly

Events / bin
Events / bin

CMS Simulation

CMS Simulation
\s=7 TeV

\s=7 TeV

det=35pb" ' T chn=35pb'l

Events / bin
Events / bin

500 1000 - TS0 1000 15002000
M, [GeV] | Mg [GeV]

CMS-SUS-10-009 Peak at M,=597 GeV for LM1

LPC-Fermilab, July 2011 V. Daniel Elvira




Jets+MET Search: The Razor

Baseline selection:

> HT triggers

> At least two CaloJets (Anti-kT D=0.5)

> Jet pr>30 GeV, [n|<3

» Detector filters, jet ID cuts

> |If more than two jets, combine them
in mega-jets (minimize M;;?)

» Signal region defined with cuts on R
and Mg

LPC-Fermilab, July 2011

Lepton triggers, p1>20 G\
» Electron or muon ID

» e/u isolation inversion for QCD
control samples

Hadronic signal box

HT triggers

> Veto electrons or muons as
defined in e/u boxes

QCD control box

Dijet triggers

V. Daniel Elvira




Jets+MET Search: The Razor

Background predictions:

> Shape taken from QCD control box

Data/MC ratio measured from lepton boxes

Ratio applied to MC calculation of each separate background
process and this modified MC is used to predict background shapes

Normalization taken from CMS measured W+jets, top x-sections

Data/MC ratio measured from lepton boxes with leptons taken as
“neutrinos” in mega-jet construction

Procedure to extract prediction same as for W+jets, top+X

Measurement of ratios
» Ratio measurement allow to cancel systematic uncertainties when not known in detail

» Modified (scaled) MC by measured data/MC factor is a popular trick in HEP analysis to
derive data driven estimates of efficiencies, calibration factors, backgrounds
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Jets+MET Search: The Razor

Background predictions

o
(=]
(3%

o
-g-x.,

2liminar:
V

QCD control

sample

* R threshold =
exponential My

* My fitted slope
S oy | scales with RZ:
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T N " 2
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2 025
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M, [GeV] (R cuty’ CMS-SUS-10-009

EWK and top background show similar scaling behavior
> Significant background reduction achieved through the Razor cut

> QCD, EWK, top measured in control regions and extrapolated to signal region
R>0.5, Mg> 500 GeV
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Jets+MET Search: The Razor

Results: electron and muon boxes

L 11117l

TTTTTT]
L1l

\ CMS Preliminary ELE BOX \ CMS Preliminary MU BOX
% \s=7TeV % \s=7TeV

—-o- DATA - DATA

Total SM
— WHjets

L1 IIIIII|

Events / 40 GeV

— ZAjets — Z+jets

Ll

— Top+X — Top+X

>
D)
@)
S
<
~
Z
=
o
>
84

T IIIII|
L1 IIIIII|
L1 IIII]I|

]III|

00200 500 400 500 00200 300 400
M; [GeV] Mg [GeV]
Only low Mg region used to predict backgrounds, higher M; regions

are also searches

l'IIIII|

R (0.45) /Mg (500) | Predicted
ELE box 0.63 £+ 0.23
MUbox | 051 £0.0
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Jets+MET Search: The Razor

Results: hadronic signal box (Razor > 0.5), no excess observed

LA L L L L L L ) L

S — Mg cut Predicted
CMS Preliminary HAD BOX

B\ 7oy oxa 1 N Mg >500GeV || 55+14
5 :

Total SM
det=35pb'1 —QéD i
sebie L NI Model independent 95% C.L. limit on#

&y, Razor > 0.5 — zyjers : )
Q of events using Bayesian proceduré:

Observed

3.5¢1.1 6.3

. _HirNA___ - W 3.6+1.1 2.9
100 200 300 400 500 600 700 800
CMS-SUS-10-009 M, [GeV] 7.2+2.7 3.4

p—
S
W

—_
]
©

[a—
o
[

>
(D]
O
=]
v
~
95]
s
=
]
>
84

The limit is projected on the m, and m,,, plane for CMSSM and compared
with the predicted yield

Limit also calculated for two benchmark simplified models: gluino=LSP
and squark-LSP production
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Jets+MET Search: The Razor

Parameter

Description

Relative Magnitude
l gnitude |

Slope parameter a

systematic bias from correlations in fits

5%

Slope parameter b

systematic bias from correlations in fits

10%

Slope parameter a

uncertainty from Monte Carlo

1-10%

Slope parameter b

uncertainty from Monte Carlo

1-10%

p(a)DATA/MC

measured from DATA

3%

p(b)DATA/MC

measured from DATA

3%

Normalization

systematic+statistical component

8%

Trigger Parameters

systematic from fit toys

2%

fW

extracted in MLFit (W only)

13%

W /tf cross-section ratio

CMS measurements (top only)

40%

W /Z cross-section ratio

CMS measurements (Z only)

19%

T

Background
prediction
uncertainties

LPC-Fermilab, July 2011

box MU ELE HAD

Experiment

JES 1% 1% 1%

Data/MC e 6% 6% 6%

L[23] 4% 4% 4%

Theory

ISR 1% 1% 0.5%

PDF 3-6% 3-6% 3-6%

Total 8-9% 8-9% 8-9%

CMSSM

NLO o 16-18% 16-18% 16-18%

Total 17-19% 17-19% 17-19%

CMS-SUS-10-009

-

Signal modeling
experimental
and theoretical
uncertainties
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Jets+MET Search: The Razor

Interpretation within the CMSSM framework

CMS Preliminary [Ldt=35pb’,Ns=7 TeV

1 T 1 1
95% C.L Limits:
Observed Limit, NLO
==+« Median Expected Limit
Expected Limit + 10

CDF 2,7, tan=5, u<0
S DO 2,7, tanp=3, u<0
[ Lep2 7

_ [ Jiep2 7
tanp =3, Ao =0,u S 090)ce

11 | I L1

7(800)GeV

n |

=)
—

¢
<

1 7]

7 (500)GeV

| |

400 500
m, (GeV)

g o o
B Ty
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Jets+MET Search: The Razor

Interpretation within the simplified models framework

luino-LSP (left), squark-LSP (right
s (left), sq (right) CMS-SUS-10-009

Lt I L L B B

S
||
— ~Pprod _ _NLO-QCD
O =0 | =-

NLO-QCD

T

imi [
CMS Preliminary fL dt =35 pb'l
\s=7 TeV
_O.pmd - o_NLO-QCD — I
- gPod — 3 x GNLO-QCD r— o
...Gprod =1/3x O.NLO-QCD -

o =3x0
__,O.prod =1/3x 0.NLO-QCD

&
Q
~
>
O
O
—
=%
A
=

m, ¢p [GeV/c’]

95% C.L. upper limit on o [pb]
95% C.L. upper limit on o [pb]

00 100
400 500 600 700 800 900 1000 400 500 600 700 800 900

Mo [GeV/c’] M [GeV/c’]
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Jets+MET Search: Summary

Interpretation within the CMSSM framework

CMS preliminary L _ =36 pb™,\s=7TeV
L L T T T

* First LHC SUSY paper - G | CDF 7,7, tanp=s, u<0
» Target discovery with - S5 D0 7,7 tanp=3, u<o
early data :

» Good understanding of I tang=10,A =0,u>0
detector for ... ot 7 (650)Gev]
» High signal efficiency, bd ™ ’

accurate bkgnd prediction

Jets+MHT

e Clever use of kinematics
(o]

« High signal efficiency and
background rejection

LPC-Fermilab, July 2011



Jets+MET Search: Summary

Interpretation within the simplified models framework:

ar, MHT, Razor combined
CMS Preliminary L, ,=35pb’ \s= CMS Preliminary L;,=35pb"’ \s=7TeV

Pr°d = gNLO-QCD
Prod = 3 gNLo-acp

Prod = 1/3 gNLO-QCD

Hadromc
; Searches

Pr°d NLO-QCD

=0
I7"'°d =3 GNLO-QCD

cprod =1/3 c5NLO-QCD

Hadromc
; Searches

95% C.L. limit on g (pb
95% C.L. limitonoc

200 -

00= IllllllllillllIIIIIIIIIlll 10-1 100¢IIII . IIIIIIIIIIlIIIIlIIIII 10'1
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

M (GEV) M, anc (GEV)

gluino
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Jets+MET Search: Summary

Interpretation within the simplified models framework:
Analysis identity providing upper limit (o, MHT, or Razor)
CMS Preliminary L,,=35pb" \s=7TeV CMS Preliminary L, =35pb”’ \s=7TeV

rod rod
P4 _ NLO-GCD P9 _ CNLO-GCD
oP™d _ 3 GNLO-GCD oPrd = 3 gNLo-aco
opl’Od =1/3 c,NLO-QCD GprOd =1/3 GNLO.QCD

Hadronic Hadronic

00 00
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

m_ . (GeV) (GeV)

gluino msquark
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l+jets+MET Search

Adding a lepton requirement to the hadronic searches changes the
background composition significantly

Baseline selection
Example

> Exactly one e (u), p>20 (15) GeV, diagram
In|<2.4 (2.1)

> e/(u) isolated from other objects:
AR>0.3 and |/p;#®<0.1(0.07)

Relative Lepton Isolation [ =Y \r_o3(ET + pr)
> >4 PF jets, pr>30 GeV, |n|[<2.4
Backgrounds
> W+jets and ttbar largest
» ttbar dominates at medium and large MET
» QCD very small (isolated lepton requirement) - ABCD method

v' Assume MET and Relative Lepton Isolation (Rellso) uncorrelated

v Control region (MET<25 GeV):
Ratio= N controt region(Rells0<0.1) /N, cotrot region(Q,. 2<Rellso0<0.5)

v Nevtssignal region(h]’gh MET)= Ratio x Nevtssignal region(0.2< RG“SO<O.5)

LPC-Fermilab, July 2011 V. Daniel Elvira
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l+jets+MET Search

W+jets and ttbar backgrounds

« ABCD or factorization method
> Based on SMET—MET/ JHT versus HT

D: signal region

Syer and HT
uncorrelated

N(c)/N(A) = constant
‘@N(D) = [N(C)/N(A)|N(B)

« Lepton spectrum method - all but
ttbar=>ll and t(u,e) decays

> Lepton and v p; spectra are very
similar, use p;' to predict MET

» Take muon spectrum (cleaner)

v' Correct for A, E¢, polarization
v' MET resolution worse than for e/u =
measure in data and smear

o ttbar=>ll and t(u,e) decays

> From ee, eu, uu control samples modified to
reflect lost lepton or the presence of a Tt decay
MR- Parrvijatf)1duly 2011

3

Number of Events

-
o

CME prelilminary

p T A+ Jets
— W + Jets
== QCDh

B single Top
= DY + Jets
— LMO

— LM

—— Data

36 pb", Vs =7 TeV

10 12 14 16

Electron channel

- N w (3] 2] ~ o ©
T

CMS preliminary
36 pb”, \'s =7 TeV
1e,>24jets

+ Observed

——— Background prediction

PRI I P I Y I =
100 150 200 250 300 350

[3.]
O[T T[T T[T T[T T I L L L L LT T T 17T

E: (GeV)
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l+jets+MET Search

W+jets and ttbar backgrounds

« ABCD or factorization method
> Based on SMET—MET/ JHT versus HT

D: signal region

Syer and HT
uncorrelated

N(c)/N(A) = constant E
‘@N(D) = [N(C)/N(A)|N(B) 10 12 14 16

SMET

CMS-SUS-11-006

'CMS preliminary || BB T + Jets
L Ns=7 TeV — W + Jets
== QCD

= single Top

B DY + Jets
— LMO
—LM1
—— Data

Number of Events

Muon channel

« Lepton spectrum method - all but
ttbar=>ll and t(u,e) decays

> Lepton and v p; spectra are very
similar, use p;' to predict MET

» Take muon spectrum (cleaner)

-
o
TT

\I‘\I\\l\\l\‘l\\lll\\
CMS preliminary

36 pb™, s =7 TeV
1, >4 jets

4 observed
v Correct for A, E, polarization —— Background preciction
v' MET resolution worse than for e/u =

measure in data and smear

o ttbar=>ll and t(u,e) decays J{

Ll l Ll 1l \ 1l 11 | Lorir 1 Lo 1 B
> From ee, eu, uu control samples modified to 200020 300 o)
reflect lost lepton or the presence of a Tt decay
LPC-Fermilab, July 2011 V. Daniel Elvira
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.




l+jets+MET Search

Final selection (signal region): MET>250 GeV, HT>500 GeV

CMS preliminary L =
T T T I T T T T | T T Iln T I
95% C.L Limits: [ ] CDF g,7,tanp=5,u<0
—— Observed Limit, NLO q o
2 N o
==+ Expected Limit DO 3,3, tanp=3, u<0
Expected Limit = 10 [ Lep2 3
Observed Limit, LO —
—— o Limit LEP2 T
T
—Leey DO 53, %3

Sample =y 3(|5 |:Ivbl'1,l\/§ = 7. Tle\(
Predicted SM 1 ¢ 1.7+1.4 l
Predicted SM dilepton 0.0193
Predicted single T 0.29 +£0.22
Predicted QCD background 0.09 & 0.09
Total predicted SM 21+15

Observed signal region 2

T T
T=LSp A

11 | I 11

tan[3=3,Ao=0,u>0

g(800)Gev

1 | 1

‘5(650)Gev

7 (650)6eV

T

NAEN

|

135
.‘,'ﬂa‘).qev“nluuln 1, \(500)Gev |

T I )

No excess observed

over SM predictions =200 500
m, (GeV)

CMS-SUS-11-006
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Opposite-Sign Dilepton Search

Adding two opposite signed leptons to the hadronic search reduce
the background to a small number of mostly ttbar events

Baseline selection

> Two isolated leptons ee, eu, uu, Example
with p;>20 (10) GeV for first (2"9) diagram
leading lepton

> At least two JPT jets, p:>30 GeV,
Inl<2.5

> Veto events in Z mass window
» HT>100 GeV, tcMET>50 GeV

Backgrounds
> ttbar=>dilepton largest (but small) CMS-SUS-10-007

v ABCD method applied on S, es=MET//HT versus HT [EEOAIERESL
(Signal region: HT>300 GeV, S,>8.5 GeV'/2)

v" Also used lepton p; spectrum method (p;Y)

» QCD tiny: Estimated from lepton-fakeable (If) and ff control samples

0.0£94, , (If)  0.0+9:04, , (ff)
LPC-Fermilab, July 2011 V. Daniel Elvira




)

Data 1

Tot. SM 1.3+0.8(stat)
(ABCD) +0.3(syst)

Tot. SM 2.1+2.1(stat)
(pTll) +0.6(syst)

No excess observed over
SM predictions

95% C.L. upper limit on # of
signal events is 4.1

(used 1.4+0.8 for bkgnd)

Expected: 8.6+1.6 (LMO)
(signal) 3.6+ 0.5 (LM1)

LPC-Fermilab, July 2011

L.=34pb'\s=7TeV

T I | T T T T T T
CDF g, G, tanp=5, <0, 2 fo' ]

LO Observed Limit

DO &,§,tanB=3, <0, 2.1 fo"'
- NLO Observed Limit - LEP2 i‘;‘
200) ey, L LEP2 T
[ OO ;. x;

tanf = 3, A0=0,Ll>0

)

9(650)Gey /.,

g

300 400 500
m, (GeV/c?)

CMS-SUS-10-007
arxiv:1103.1348
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Same-Sign Dilepton Search

Same-sign isolated leptons are very rare in SM processes but'appear
naturally in new phenomena scenarios

Baseline selection

» Search for all combinations of lepton species:
ee, eu, uu, et, ut, Tt

> Define four search regions:

Lepton Triggers
high-p, leptons

-

HT Triggers
low-p, leptons

MET [GeV]

HT Triggers
... final states with t's

500 +
400

300

MET [GeV]

Region A (ee, pp, ep):

leptons p; > 20/10, RelIso<0.1
H; > 60 (=2 jets)

MET > 80

Region B (ee, pp, ept)
leptons p; > 20/10, RelIso<0.1

H, > 200 (>2 jets)
MET > 30 (ee, pp) / 20 (ep)

LPC-Fermilab, July 2011

Region C (ee, pp, ep)

muon p, > 5, RelIso<0.15
electron p; > 10, Rellso<0.15
H; > 300 (=2 jets)

MET > 30

Region D (e, pt, T1)

muon p; > 5, Rellso<0.15
electron p; > 10, Rellso<0.15
taup; > 15

H,; > 350 (=2 jets)

MET > 50

CMS-SUS-10-004
arxiv:1104.3168

V. Daniel Elvira




Same-Sign Dilepton Search

Backgrounds

. Same-sign leptons: dibosons, ttbarW, qqWw

. Opposite-sign leptons with charge mis-ID: arxiv:1104.3168
ttbar, tW, DY, dibosons

. Fake leptons from jets: tt , tW, tb, tbq,

Wjets, Dyjets, dibosons

. Fake leptons from y conversions: Vy @ observed
bkgd with two fake leptons

1. Small, from MC; 2. Negligible; 3. and 4. S bkgd with one fake lepton

Il opposite-sign leptons and charge mis-identification

derived with data driven methods [ same-sign leptons

CMS Vs =7 TeV, Lint=35 pb”

Fakes estimated with “Tight-Loose”
method (TL)

» Control sample: dilepton+jets events
with one tight lepton and one loose
lepton

Weight control sample by: - /(1-f)
fr.: probability of loose to fake a tight
Sum weights in signal region

LPC-Fermilab, July 2011




[ Search Region |

total

[95% CL UL Yield |

Lepton Trigger

CMS\s=7TeV,L =35pb’

T 1 r r 1. r.| r ..t Tt Tt Tt T [ T 1T

E'ss > 80 GeV
MC
predicted BG
observed

0.05
+0.35
0237423
0

0.23
0.74 + 0.55
0

0.35
1.240.8
0

Hr > 200 GeV
MC
predicted BG
observed

0.04
0.71 £0.58
0

0.17
0.27
0.2570%7
1

0.32
0.97 £ 0.74
1

Hy Trigger

Low-pr
MC
predicted BG
observed

0.05
0.10 & 0.07
1

0.16
0.30 £ 0.13
0

0.21
0.40 1 0.18
0

0.41
0.80 £ 0.31
1

4.4

€T,

KTy

T Th

total

95% CL UL Yield

T, enriched
MC
predicted BG
observed

0.36
0.10 -0.10
0

0.47
0.17 +-0.14
0

0.08
0.02 £ 0.01
0

0.91
0.29 4 0.17
0

No excess observed

over SM predictions

Lepton isolation efficiencies also
provided (LMO)

(and dependence on event topology
and charge multiplicity)

LPC-Fermilab, July 2011

1

B

—— NLO Observed Limit

[ier2
[ Jiep2 7
500 ey, .DO X%

tanB=3,Ao=0,u>0

---- NLO limit (efficiency model)

)

) 10}
1 1 L 1 1 I; 1 | l;:l 1 1 l 11 1

400 500
m, (GeV)

CMS-SUS-10-004
arxiv:1104.3168
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Multilepton Search

Adding three isolated leptons to the hadronic search suppresses the
backgrounds drastically

Baseline selection

» Require at least three leptons
(e,u,t) with p:>8 GeV, Rellso<0.15

» 55 channels, at least one non-t
lepton

Final selections :
MET>50 GeV (and HT>200 GeV)

“inclusive” (“hadronic’) analyses
complementary in phase space

Backgrounds

» Irreducible: WZ+Jets, ZZ+Jets - estimated from simulation
» ttbar - simulation
> L+Jets, WW+Jets, W+Jets, QCD - data-driven using “Tight-Loose”

LPC-Fermilab, July 2011 V. Daniel Elvira




Multilepton Search

o = SN
CMSl pqullmlln?ﬁy T LI [Llpt |_ \3\5 PP 1’\\[5!_| 7\ -I\-e\!/ T
F=LSP 95% C.L. Limits: CDF 2,7, tan=5,1. < 0

CMS LO observed DO 2,7, tanp=3,u<0
—— CMS NLO observed LEP2 7,

CMS NLO expected + 1o LEP2 T

CMS NLO expected+ 26 [ DO x5 %2

@ (650, Gev

III\\JIlI\\J

Z(650)GeV -

tanB=3,A0=0,u>0

4?/5‘91)) Ger

100 150 200 250 300
m, (GeV/c?)

No excess observed over SM
predictions - limits in CMSSM

2 inclusive (3 hadronic) events
observed and 1.3+0.3 (1.3+0.2)
background events predicted

LPC-Fermilab, July 2011

"lll\l\llllllll\l

95% C.L. Limits:
CMS NLO expected
CMS NLO observed
CMS LO observed

500 600 700 800 900
Chargino Mass (GeV/c?)

B — riﬁ’, — (*(F + G

(= + G

V. Daniel Elvira




General Gauge Mediation Search 'M-'

Gauge Mediation is a candidate mechanism for SUSY breaking (GMSB)

> Low scale symmetry breaking
» LSP is the Gravitino with m;,,<<100 GeV

Example diagram quark-antiquark pair . l
xample

diagram

quark
(in proton)

antiquark
(in antiproton)

oua'rk-amq.sark pair

» Limit on chargino (wino) mass measured at the Tevatron =» gluino mass 3 times larger
> Gluino (strong) production highly suppressed at current LHC energy and integrated luminosity

> Gluino is light
» GGM search accessible to LHC at current 7 TeV CMS energy and small samples

LPC-Fermilab, July 2011 V. Daniel Elvira




GGM Search: yy+jets+MET

Pre - Select'lon CMS-SUS-10-002, arXiv:1103.0953v2

» Single photon trigger, pr,>30 GeV
» Two or more reconstructed photons with pr,>30 GeV and |n|<1.4

> At least one jet with p;>30 GeV and separated AR>0.9 from photons
(rejects cosmic and beam backgrounds € out-of-time muons)

Control samples for background predictions
> Fake-fake photon sample (ff)
> [=>e*e within Z mass window: 90+20 GeV (Z or ee sample)

Definitions of physics objects

o Photon: Standard photon ID, includes pixel match

o Electron: SD electron ID, same as photon but with pixel match veto
o Fake photon: SD photon ID but failing track ISO or o, . (shower shape)
O
O

|
inin
Jet: JetPlusTracks reconstruction clustered with Anti-kT (D=0.5)
MET: Track Corrected CaloMET (tcMET)

LPC-Fermilab, July 2011 V. Daniel Elvira




GGM Search: yy+jets+MET

EWK Backgrounds - real MET

> lrreducible:

v' Zyy, Wyy very small for the pr, range
under consideration

» Electron mis-identification
Wy, W(ev)+jets with e mis-identified
ey + MET

in final asy
state v Top, with electron mis-identified as y

Example
diagram

Data driven derivation of EWK backgrounds

> Start from the same single photon triggers
> Select two different data samples, requiring either ee or ey

> Scale the ey MET distribution by f
to the signal sample

v’ f.,: probability of an electron faking a photon (tag and probe)
v fe,=0.014+0.004 measured by counting events in Z peak for ee,

/(1-f,) to get the EWK contribution

(S

LPC-Fermilab, July 2011 V. Daniel Elvira




GGM Search: yy+jets+MET

QCD Background - fake MET

> Source: direct di-photon, photon+jets, EM well di-EM E,
multi-jets where jets fake photons and measured B
mis-measured jets originate MET e/y/f /

Data driven derivation of QCD backgrounds

» Assumption: ee, ff events have similar
kinematics than candidate sample in the
low MET (control) region

> Re-weighting: Events in ee and ff
samples re-weighted to reproduce yy p; MET dominated by
distribution in candidate sample hadronic resolution

» Normalize: Candidate yy MET minus EWK below 20 GeV matches ff
and ee = integrals above 50 GeV gives QCD background prediction

Muon Background - out of time events with fake MET

hadronic activity

» Source: muons from beam halo or cosmic rays
» Removal: jet requirement enforces in-time event (pp collision)

LPC-Fermilab, July 2011 V. Daniel Elvira




GGM Search: yy+jets+MET

Cross-check: Observation of Wy and W+jets “signal” in ey sample
» Can we predict the background correctly when there is signal?

T T T T T

i 3?6Msb p . Data - ey (No Jet Requirement)
\s = ? TeV %77 Total SM Expectation

Predicted BG (QCD shape from Z)

—
TEETTT

2]
+——
C
(]
>
L
—
o
S
()
O
=
=
Z

—_
o

‘4
//%///////////////////////////////
]

T

ntegral E™*>100 GeV

///////////)
80 100 120 140

E-'Piss (GeV) CMS-SUS-10-002, arXiv:1103.0953v2
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GGM Search: yy+jets+MET

vy sample compared with total background prediction

o

. Data: yy (With Jet Requirement)

E 36pb’
[ \s= ;) Tev 7% Total BG (QCD shape from Z)

= Electroweak Background
GGM: yy (With Jet Requirement)

w
4
C
()]
>
L
—
o
S
()]
Q0
£
=
Z

60”” - 100 120 140
E’“ISS (GeV)

LPC-Fermilab, July 2011

Msquark= Maiuino= 720 GeV

M. cutratine=150 GeV

NLO x-sec = 1.04 pb-'
E.xA_.=0.218+0.004+0.008
PDF, ug error ~ 13% each

CMS-SUS-10-002, arXiv:1103.0953v2
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GGM Search: yy+jets+MET

vy observed events (MET>50 GeV), background prediction

Type Number of Reweight | Normalization
events error error

Yy events 1
Electroweak background estimate | 0.04 4-0.03 +0.0 +0.01
QCD background estimate (ff) 0.49 +0.37 +0.06 +0.07
QCD background estimate (ee) 1.67 = 0.64 +0.38 +0.23
Total background (using ff) 0.53 +0.37
Total background (using ee) 1.71 £+ 0.64
Combined total background 1.24+0.8
Expected from GGM sample point | 8.0+1.7

* No excess observed over SM predictions

* GGM sample point 95% C.L. upper limit on:
> # of events = 8+1.7

> Cross section: 0.585 pb (observed), 0.628 (expected)
(Predicted x-section is 1.04 pb =2*GGM sample point excluded)

CMS-SUS-10-002, arXiv:1103.0953v2
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GGM Search: yy+jets+MET

Observe 1 event MET >50 GeV consistent with 1.2 + 0.8 background

CMS —— M({?) - 50 GeV
36 pb’’ e 0 1
Gso7Tev  HEEE M(()=150GeV |

—-=ss M(() = 500 GeV

Expected for
M(x?) =150 GeV

400 600 800 1000 1200 1400 1600 1800 2000
M(q) (GeV)

Consider GGM model with gluino, squark, neutralino (wino) decaying to jets +

two photons + two Gravitinos
> 95% C.L. upper limit for M, . traiino = 150 GeV is between 0.3 and 1.1 pb

depending on squark and gluino masses CMS-SUS-10-002, arXiv:1103.0953v2
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GGM Search: y+l+jets+MET

GGM with lightest charged and neutral gauginos (wino and bino)
are mass degenerate and the NLSPs

: CMS-SUS-11-002
Pre-selection

> Single e/u trigger,

> At least a lepton with p;#/#>20
GeV and [n|<2.1

> At least a photon with p;'>30 GeV

Backgrounds and |n|<1.44

, predicted from simulation:
v' Madgraph (LO)+Pythia (parton showering)+NLO scaling from Baur -
validated with Wy CMS x-section measurement

v’ Source is W(e/u v)+jets and QCD. Taken from e/u + FOJ sample and
scaled by frq,, (prob. that FOJ is mis-identified as y)

v Sources are Z(ee) and ttbar. Taken from e/u + FOE sample and scaled
by fe, (prob. that FOE is mis-identified as y)
FOJ: fake object that comes from a jet, defined FOE: fake object that comes from an electron,
as a SD photon not passing track iso or oy, defined as a SD electron not passing track iso
LPC-Fermilab, July 2011 Or Ojyiy V. Daniel Elvira




GGM Search: y+l+jets+MET

GGM with lightest charged and neutral gauginos (wino and bino)
are mass degenerate and the NLSPs

: CMS-SUS-11-002
Pre-selection

> Single e/u trigger,

> At least a lepton with p;#/#>20
GeV and [n|<2.1

> At least a photon with p;'>30 GeV

Backgrounds and |n|<1.44

, predicted from simulation:
v' Madgraph (LO)+Pythia (parton showering)+NLO scaling from Baur -
validated with Wy CMS x-section measurement

v’ Source is W(e/u v)+jets and QCD. Taken from e/u + FOJ sample and
scaled by frq,, (prob. that FOJ is mis-identified as y)

v Sources are Z(ee) and ttbar. Taken from e/u + FOE sample and scaled
by fe, (prob. that FOE is mis-identified as y)
similar to yy but match Z(ee) sample to ly kinematics by scaling M;"

LPC-Fermilab, July 2011 V. Daniel Elvira




GGM Search: y+l+jets+MET

ey (left) and uy (right) MET distributions compared with total
background and GMC1 benchmark GGM point

CMS-SUS-11-002

UL LA DL LA ILERL L L L UL LR L
CMS preliminary, 35 pb' Ns=7 TeV
—e— u vy data E
B Wy MC
wjet =y
B ve—uy
I QCD
[ background uncertainty
expectation for GMC1

CMS preliminary, 35 pb”' Ns=7 TeV_|

—e— ey data

B Wy MC
ejet—>ey

P ce—ey

Il QCD

background uncertainty
expectation for GMC1

Events / 5 GeV
Events / 5 GeV

IIIII|

3l

80 100 120140 160' 180 200 80 100 120 140 160 180 200
E™'sS (GeV)

ET' (GeV)

[ No EF™ selection [ EX™ > 40GeV | E7™ > 100GeV | [ No E7 selection [ EZ™ > 40 GeV | ET5 > 100 GeV |
Wy 44592 16134 168 +0.42 15934 1.40 £0.37
jet— 7 203+45 31£09 0.02+0.02 37+11 0.10 +0.09
e 70.5+19.1 03+0.1 0.04 £0.03 0.6 £02 0.09 +0.04
D 134 + 28 04:+02 0.00 +0.00
Total background 269+ 18 199+37 1.74 £0.43 Total background 1223123 204+37 1.59+0.39

data 264 16 1 data 126 27 1
prediction . . s ) . . SUSY GMC prediction 5.12 +1.02 4.84 =096 3.66 = 0.73

GMC1 benchmark point: m

gluino = Msquark = 490 GeV and my,;.; = Mepargine = 195 GeV
No excess observed over SM predictions
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GGM Search: y+l+jets+MET

C.L. limits on masses (left) and cross sections (right)

m Mquark @Nd M

gluino — '''squar wino = Mpino

CMS-SUS-11-002
l45

40
—35
—130

IIIIIlIIIlIlIlIIlIIIIIlIIIIlIIII

L

CMS preliminary, 35 pb',\V's =7 TeV

i
(V277

7,
| |

——— observed 95% CL limit CMS preliminary

7/
7
1

35 pb',\Ns =7 TeV

GMC1 point

Mk

excluded R AN
Nliha; il i
UL DH_.nh
Alm|;|Hnmnn
NLL 1M ALA_AATS
~ gluinoNLSP
Il
ML AL
N i i
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A
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300 400 500 600 700 M, GeV/c?
(GeV/c?)

Wmo
Area under red line excluded Predicted (NLO) o¢gyc4P®9=12.3 pb
Band accounts for theoretical Measured upper limit: o™ = 6.9 pb
error in NLO calculation
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GGM Search: y+l+jets+MET

Highest MET electron-gamma candidate event

ms | i gmasri;%?éigje:r&g;'bifﬁgggo:zz 2010 EDT CMS'SUS'1 1 '002

£|Run/Event: 147757 / 37463134
i| Lumi section: 44

p
N
Zamy
A\
CMS Experiment at LHC, CERN
Data recorded: Mon Oct 11 23:00:22 2010 EDT

Run/Event: 147757 / 37463134
Lumi section: 44

Photon p; = 52.2 GeV/c, The red arrow represents the direction of MET

Electron p; = 45.4 GeV/c, Height of red/blue towers represents the amount
Emiss = 106 GeV. of energy deposited in the Ecal/Hcal
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GGM Search: y+l+jets+MET

Highest MET muon-gamma candidate event

Data rocorded: Mon Sep 27 21-46:18 2010 EDT CMS-SUS-11-002
Run/Event: 146804 / 268844833
i|Lumi section: 318

|

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 27 21:46:18 2010 EDT
Run/Event: 146804 / 268844833

Lumi section: 318

Photon p; = 154GeV/c, The red arrow represents the direction of MET

Muon p; = 55.6 GeV/c, Height of red/blue towers represents the amount
Emiss = 127 GeV of energy deposited in the Ecal/Hcal
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NoNei[Helo)\/SIa Ao R -Ig Interpretation within the CMSSM framework

« Highest limits to date for CMS preliminary L _ =36 pb”,Vs =7 TeV
- L

CMSSM, Simplified Models % 400 T ' '
> Better than Tevatron’s S S 00 7.7, e
S 390 [ ]2 %@

E LEP2 T°

T T T T T T—]

CDF 2,73, tanp=5, u<0 |

> Beyond expectations
for =40 pb! of LHC data

. tan[3=10,A°=0,u>0
» Hadronic searches are the TR 7 (650)Gev

most sensitive - highest limits

Jets+MHT

* Leptonic searches are the
cleanest for discovery

* Diversity: channels, sensitive
variables, data driven
background techniques
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What about ATLAS?

Similar strategy as CMS

> Final states with 0,1,2-leptons; 0,1-lepton+b-jets
> Variety of sensitive variables: MET, M ¢, MT2
» Background estimates base on MC and validated with data

Object identification and kinematic range, common to all MET-based analyses

Primary vertex Electrons

* At least 1 good vertex with Ny, .>4 *pr > 20 GeV, |n|<2.47
* reject events if electron candidates

Jets are in transition region (1.37<|n|<1.52)

* anti-k;, R=0.4

* p:>20 GeV, n|<2.5 Muons

* Reject events compatible * p;> 20 GeV, [n|<2.4

with noise or cosmics * combined/extrapolated info from ID
and Muon spectrometer

B-Jets * Sum p; of tracks <1.8 GeV in AR<0.2
* Secondary vertex reconstruction algorithm (Svo),

require decay length significance > 5.72 (so% b-tag eff)  Missing E;
* p;>30 GeV, |n|<2.5 * Calculated from objects and clusters
Remove overlapping objects
* If AR(jet,e)<0.2, remove jet
* If 0.2<AR(jet,e)<0.4, veto electron
* If AR(jet,u)<0.4, veto muon
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L L L L e L B
CMS preliminary = L =36/pb,Ns=7 TeV

CMS-ATLAS Comparison

Compare CMS curves with ATLAS’s green curves g

Expected, tanp=10

—— Observed, tanp=50

» Same footing, using same CLs limit method
> ATLAS (tan b=3), CMS (tan b=10) *
red and black lines - almost identical =

240F

o e b b b b b bew i Ly i1

220F

200:\...I..\.I.H.l...wl....\\...l..
0 100 200 300 400 500 600
m, [GeV]

CMS preliminary Lint =36 pb',\Ns=7 TeV MSUGRA/CMSSM: tanB = 3, A = 0, u>0
T

T T T T T T T T T T T T T T T T T L

LI IR B R, g == |

| CDF 7,7, tanp=5,u<0 | __ATLAS preliminary — Observed PCL 95% CL]
- . Expected PCL

N DO 3,7, tanp=3, -_0-lepton and 1-lepton combined
] DO 7,7, tanp=3, u<d - P P . p «.+.. Observed CLg
[ Ler2 i L™ =35pb", Vs=7 TeV Expected CL,
E LEP2 T°

gecocey) NI LEP2T
tanp =10, Ao=0,pt>0
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lIIIIIllI
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s 0
[ |Do%.%,
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This is not the end ...

... but the beginning

of one of the most exciting periods in the history
of particle physics

Joint the search, the fun, and hopefully the
thrill of discovery
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