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Supersymmetry (SUSY)

T
A o

=  SUSY is a fundamental global symmetry
between fermions and bosons.

e  Each fermion has a boson super partner, and
vice versa

*  Higgs mass stabilizes against loop correction
(fine tuning problem)

*  Modifies running of SM gauge couplings just
enough to give “Grand Unification” at single
scale

e  SUSY is broken (sparticles have not been seen)

=  MSSM: Simple SUSY model consistent w/ SM

. . @ Leptons
*  R-parity conservation Supersymmetry @ Gauge particles
(SUSY) particles
. R=(-1)25+38+L i @
e Sparticles produced in pairs, decay to an odd @ ﬁ '
number of Lightest Supersymmetry Particle e@ﬁ ﬁﬁﬁ -
«  LSPisadark matter candidate eﬁﬁ. ol R
. Squarks
SUSY breaking @ sicpors
. MSUGRA, GMSB, ... @ susy gauge

particles
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Experimental Signature

= Signature: MultiJets + MET

= Squarks & Gluinos cascade decays:
produce a number of quarks and
gluons, leptons and possibly weakly
Interacting stable neutral particles
(WIMP).

In the detector,
WIMPs / Lightest SUSY particles appears as the
momentum imbalance in the transverse plane
(Missing ET!)

April 6, 2011
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SUSY Searches at CMS using 2010 Data A
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Fully hadronic searches

e  SUS-10-005: Inclusive search in jets + MET (>=3 jets)
e arXiv:1101.1628: Search in jets+MET with o

e  SUS-10-009: Inclusive search with “"Razor variables’
e SUS-10-011: Search in b-tagged jets + MET with a5

Searches with leptons

e  SUS-10-006: Search with single lepton + jets + MET

e arXiv1104.3168: SUS-10-004: Search with same sign dileptons + jets + MET
e arXiv1103:1348, SUS-10-007: Search with opposite sign dileptons

e  SUS-10-008: Search with multileptons

Searches with photons
o arXiv:1103.0953, SUS-10-002: Search in Jets+t MET +diphotons
e  SUS-11-002: Search with lepton + photon + MET

Analysis written in blue are highlighted. Full results are available on:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

Anwar Bhatti ICPP-Istanbul 11 4
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Event Selection:
. >3 jets

O

MS-PAS-SUS-10-005

*  Inl<2.5, Py>50 GeV s F | CMSPreliminary
= Veto isolated e/mu O 10 T e

e Suppress W, Z & Top BGs T 1008, o
= A@(MHT,j1,2,3) >0.5,0.5,0.3 (rad) *g 10°E A = ]

. Suppress QCD background D4k - e
3 Baseline: S otherEWK -

+ HT>300 GeV, MHT>150 GeV o o ]
. Search Selection: 10¢ -

e HT>300GeV, MHT>250 GeV 1k ! ]

s HT>500 GeV, MHT>150 GeV 10" E
Main Backgrounds: 10°57"200 400 600 800 1000
. QCD K (GeV)
. Top & WH+jets MC-based backgrounds for illustration.
. Z(—vv)+jets
Determined by data-driven techniques LM1*: m,=60GeV, m,,,=250 GeV, A,=0,

tanB=10, sign(u)>0
m_gluino=611, m_squark=599,m_LPS=96 GeV

Anwar Bhatti ICPP-Istanbul 11 5
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An out-of-box comparison of Data vs MC for search variables HT and MHT
Baseline selection w/o MHT cut Baseline selection
% T s erelinay % _I‘Illllclms‘Prellimilnal‘II‘
O 10° qc;M=s S . g TtV
‘O_ 5 L=36pb" 4 Data 3 D
-w.. 107 ; “ -Z—)vv *% E
E 104 “‘ -w é I%
] 103 A‘ tf _
102 ‘
10
1)
10" ]
10°07"200 400 600 1000 105500 1000 1500 2000
I, (GeV) Hy (GeV)
- [l aco - [l aco
ngh MHT EW*ZMW ngh HT EVV*-ZiﬂW
o Pmm e [ Pmm e
.Wals .Wals
[]ToP,. .1 []moP...k
[ [
[ L A—_— [ ] TOP.miratop ™
Wwe, mwr,
[Czinv [Czinv
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= Z(->vv) + multijets: Irreducible background in this search

= Three different methods using boson+jets were employed to obtain the
data-driven estimates of this background (substitute boson with MHT)

remoye rFEMOoVE, remove
Z/y* W
7)
— Lower statistics than y — Similar event topology — Similar to Z+jets at large Pt
and W — Higher stat than Z—vv (MHT)
Suffer from (W+jets rate is about x 2.5 of — High stat (no branching ratio)
Br(Z—pp)/ Br(Z—vv)=1/6 Z+jets)

Cross check of different channels is important as they have different
sensitivities to potential new physics signal

Anwar Bhatti ICPP-Istanbul 11 7



Z Invisible From Photons :

10"

100 150 200 250

CMS Preliminary L, = 36 pb™ \s=7TeV
> T T I L I L L L I LI I LI
Q 1 ' I
o] o :—+— Data ]
0 : _ : 3
-a . [l Fragmentationy
% [ Meson decayy
2 10 1M —
T =
[ .
] ]
8 ]
- 4

300 350 400 _ 450
p‘T' [GeV/c]

500
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‘hﬂ Yo,

h‘

S
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CMS Preliminary L, = 36 pb”
T | T T T T I T T T T I T T T T | T T
i i : —4= Data

I Prompty

- Fragmentatiim Y
[} Meson decay y
|:I Mistagged e;t

\Vs=7TeV
T ! T T

y candidates / 0.20

# events in y+jets
data sample

# 7 — v events
from simulation

# /7 — vV events
predicted

Baseline selection 72 26.3 4+ 3.2(stat.) £ 3.6(syst.) 21.24+14

High-H selection 16 7.1 +1.8(stat.) £ 1.3(syst.) 6.3+0.8

High-Hr selection 22 8.4 £+ 1.8(stat.) & 1.4(syst.) 5.8+0.7
Anwar Bhatti ICPP-Istanbul Il 8
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W and Top Background
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Missing ET /MHT

Veto leptons (e,u) to suppress
BGs, still occasionally fail to
find and veto leptons.
Hadronically-decaying taus
also constitute BG

Anwar Bhatti ICPP-Istanbul 11 9



CMS
WI/Top + (Lost Leptons) + v + Jets

® Leptons failing the lepton veto contribute to

background

Lepton isolation

® There can be 3 reasons to lose leptons Controlsample h W | qgnatregion
Y the Iepton iS not reconstructed _ well isolated leptons. Non-isolated
® not isolated E Scale by
® out of acceptance g
® Start with a control sample of events with 2 Sepy
exactly one muon T T e
® Measure the identification and isolation Signal region:
(in)efficiencies from data Non-identified
® Scale the control sample according to the
measured (in)efficiencies from data
Method Baseline selection High-Flt High-Hr
(stat.) (syst.) selection selection
Estimate from data 33.0 +£55 80 l48 £18 58109 +£30 Fi7
Estimate (PYTHIA) 229 £13 27132 +£04 52| 72 £07 T
MC Truth (PYTHIA) 23.6 +1.0 3.6 =+£03 78 =05
Estimate (MADGRAPH) | 204 +£15 28124 +03 03| 48 +04 *2¢
MC Truth (MADGRAPH) | 21.4  £0.7 3.0 =+£03 59 +04

April 6, 2011
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Top / W + hadronic tau + v + Jets
= Start with a muon-+jets sample g o |
= Replace the muon by tau response ?«0:083_ E
template derived from MC %o_ori— £
= Recalculate HT and MHT including this < 0.06- E
expected energy from Tau 0.05¢
= Correct for ggg_ -
e muon acceptance 002- E
« Trigger efficiency, Reco efficiency 0.01"
« BR(W —Tau)/BR(W —mu) * BR(Tau- O—=2 1 ' 2
>Hadrons) P

Predicted W/tt — T,04+

Baseline selection | 22.3 4.0 (stat.) £2.2 (syst.)
High-/t selection | 6.7 2.1 (stat.) 0.5 (syst.)
High-Hrt selection | 8.5 £2.5 (stat.) 0.7 (syst.)

April 6, 2011
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= Jet Response functions can be used to smear a sample of perfectly balanced
events and get back the QCD sample as measured in Data.

+ 10 prr—rrr—rrrrr—rr—r

D 3 | | EéAL | | | | ;

— — gen E

- : 0.1<f - Cied p2®" > 300 GeVic 3

Q g2 — u/d/s CMS Simulation

2 F Ns=7TeV ]

= - ]

1] = -

8 10’ E

Q E

[

& - ]
10'E E
10°F E
10°F E
10,-,-_ A | A T B

0 02 04 06 08 1 12 14 16 18

eco gen
P 6]

= Requirement : Full jet response (including tails) measured from data to
rebalance and resmear the multijet events.

= Resolution is measured using Gamma-+lJets events (low pT) and DiJet
events (high pT)

Anwar Bhatti ICPP-Istanbul 11 12
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= Step 1: Rebalance the data events (jets with Pt>10 GeV) using jet Pt resolutions
by maximizing likelihood, Liets subject to constraint MHT=0

===> create the pseudo-particle-level QCD events
Ljets(p%!ule, . pEIEUnE H r(pl'_re(:0|ptrue)

=  Step 2 : Smear rebalanced jets with Pt>10 GeV with resolution functions
R+S predlcts full event klnematlcs (jet Pt and angular dlstrlbutlons)

g ]‘r:_ 9 lﬂsg g E
(9 0k HT}300A¢|12>05 A¢|3>03 8 i3 HT>300 A¢;12>05A¢3>03 8 b |'|T>300:_'\¢ >05A¢3>03HT>150 i
© wE CMS Simulation 3 10; CMS Simulation 2 F CMS Simulation 3

o W0F = 0E Ns=7Tev 1 S If \s=7TeV 7§
& f 2 WE L =36 pb” € ik L=36ph‘1;
@ IF 2 wf g *
W'E w W ye2f
102f 1F i3 E
10"’.— 101 W07E E
10:'_ | 107 104:_ é
wf—R+s D uE whH—R+s wh—R+s
wE oo ::J"I W 0ok
f ==MC truth ' m u' - = MC truth E =~ MC truth 3
W m wel Ll B 3 N T R

0 500 1000 0 2000 4000 10 0 2000 4000
W, (GeV) H; (GeV) H; (GeV)
=  Contamination by SM & Signal processes with real MHT is negligible as such

Anwar Bhatti ICPP-Istanbul 11 13
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Method Baseline High-Hr High-Hr
selection selection selection
Z — v from 7y+jets 263 48| 71 22| 84 £23
tt/W — e, p4+Xlost-lepton method | 33.0 £81| 48 +£19 | 109 +34
tt/W — Thaar+X method 223 46| 6.7  +£2.1 85 +25
QCD Rebalance+Smear method 29.7 4152 | 0.16 +0.10 | 16.0 +7.9
QCD factorization method 252 4134 | 04 03| 173 +94
Total data-driven background 111.3 +18.5 | 188 +£35 | 43.8 +9.2
Observed in 36 pb ! of data 111 15 40
95% C.L. limit on signal events 40.4 9.6 19.6

No excess of data events over expected Standard Model
prediction observed ® Setting limits.

Anwar Bhatti ICPP-Istanbul 11
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Hadronic Search in Jets + MHT TETR
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MHT>250 GeV 18.8+ 3.5 15 HT>500 GeV 43.8+9.2 40
< 450 I ' | I ! ' | ' ' | I I II:anﬁl:1l:|]’ I-IT{}, IAUZE 1 000 Lim - %mb’ﬁ TV TTTT TTTY TTTT TT FalnBT1lull I“I')(]I' ?nlzlu
% - Lt = 36/pDN's = 7 TeV CMS preliminary . %I CMS preliminary L | | | .
Q..- 400 :_  — 8@:223: E(L}O [EBEE| cor E’E'm"ﬂ:S'"‘ﬂ_: 9 900 Fr — observed, NLO -
o Eiep Tt Expected+ 15, NLO D0 £, tanf=3,u<0 | o —— Observed, LO ]
E‘_ :1 - \ 7 € 800 Bt ----- Expected, NLO .
N LEP2 T* 5 I Tevatron Runi
350 /\ {Eooraev — CMSa, i 700 & [ coF Runit
: —— Afias, tanp=3 ] [ pzero Runil
300 :_ .............. gfswcev_: 600 & Il Ler2
C ] 500
250§ 5 sso v 400
4 §(500)Gev ] /
200~ ] 300 no CMSSM
C 7 200 solution
150 100
1000 % 100 200 300 400 500 600 700 800 900
m, (GeV) m; [GeV]

=  Results expressed in terms of 95% CL in CMSSM

Anwar Bhatti ICPP-Istanbul 11
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SUSY search using kinematic variable Oy s,

Ol(Randal-Tucker-Smith)  arXiv:0806.1049

x = F?/ M2 Er /
= c N = . -
T iny V2EME2(1 — cos O) %/

Transverse o

Ef
)2 11,2 aT = — ¥ BACKGROUND
AT = ET /Minv T \/ZE]TlE]Tz(l — cos A¢) / topology (QCD)

QCD : back to back jets i.e. cosAe <1 = a(o)<0.5.
SUSY: a(or) canbe>0.5.

Generalized to multijet events by

reconstructing psuedo jets J1 and J2 from ‘;NAmemogy\‘
primary jets from clustering algorithm
l HT —AHT

N-Jet system: aT =

5 M+ y AHT = ET(PJ1) — ET(PJ)

Anwar Bhatti ICPP-Istanbul 11 16
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Ot Search

CMS 2 Jets
JL dt=35pb’ Vs =7 TeV

* Data
S Standard Model
— QCD Multijet
— tt, W, Z + Jets
== LMO

nnn LM1

1.5
Ot

1 125

eEvent Selection:

* At least twoAKS calorimeter jets p>50 GeV and |n|<3.0
 Two leading jets with p> 100 GeV, leading jet [n| <2.5

III‘I\
CMS

Illll\\‘lll\
>3 Jets

S10° ,
=~ det=35pb,\’§=7TeV
& 10° E « Data
o L S99 Standard Model
10 —— QCD Multijet
F —_— 1, W, Z + Jets
- —— LMO
103 = ] e LM1
100
10E
i3
10"
0

* \eto on isolated leptons and photons
e H;>350 GeV 13 events

s
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CMS

Data-driven Background Estimate

- I T T T T
=3

v 47 cMs
10 .
E JLdt:SSpb’,\‘s:?TeV

102 =

%.\]—':Q):"_ o

10°2

10% s

 — v — Al

——F—=

T | T T T ‘
e Data, 0 >0.51 |
O SM,a;>051 =

A Data,o;>0.55 3
A SM, ;> 0.55

* Wouv + jets

=
e

L E

T =

'5 ‘ Il Il 1 1 | Il Il
102550 300

Il 1 | 1 Il Il 1 ‘
350 400
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)
P
b
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Inclusive background estimate

Ra'T = N(ﬂéT > 9)/N(0¢T < 9)
¢ =0.51 QCD dominated, ratio falls with HT
¢ =0.55 EW dominated, ratio flat with HT
=>» oy >0.55 almost free of QCD
Assume Rer (Hr > 350) Ry, (Hr > 300)

Rp — A\
87 Rer(Hr > 300) Ry, (Hr > 250)

N(H;350) = 9.4J_ri:(8) (stat) 1.0 (syst)

Impendent EWK background estimations

N(W + jets, tt) = 6.12-3 j(stat) £ 1.8(syst) from W(uv) + jets
N(Z(vv) + jets) = 4.4J_r%"%(stat) + 1.8(syst) from v + jets (see later)

Total: 10.5t32"% in agreement with inclusive prediction 9.4ti"%(stat) + 1.0(syst)

Further x-checks: W(uv) from v and Z(vv) from W(uv) all within agreement

Anwar Bhatti
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Assume heavy particle pair produce
and decay in LSP+X

Define two variables related to the

mass scale M2 M2

Mp =
A M,

Mg is estimator of M, peaks at
mass scale. p

MR ; transverse mass with E— —
endpointat M,

Mm!
Use dimensionless ratio R = 77

Reduce event into two mega jets by
clustering the visible decay products

In terms of mega |ets event . -0 ~0
resembles PP — qq — J1J2 X1 X3

Anwar Bhatti ICPP-Istanbul 11 19



R and Mg, distributions for different events (e
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i chh=35pb g deL=35pb 16
1
i : 14 £
s - S
L o 03 E z
0.6} 0.6 o
A [ 8 84
04} 0.4f 6
0 2: 0 2: X
I T . 2
% 500 1000 1500 0
M, [GeV] M [GeV]
X T T T [ T T T
1-4:— Etjets SEE:? '?ci:;mlatlnn 1-4:— SUSY LMI 3:? ‘lg:‘r:}u!aﬂon
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Figure 1: The razor plane: My versus R yields for 10 pb~! Monte Carlo simulated samples:
QCD multijets (top left), W+jets (top right), t+X (bottom left) and a CMS SUSY benchmark
model (LM1 [8]) with My = 597 GeV.
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Hadronic RAZOR Search
Basic Selection: - CMSPrelimiry  HADBOX |
At least two jets Ptlet>30 GeV, |n|< 3.0 103 % VSTV oDATA
 Classify events as hadron, muon and > J.L. dt=35pb"  —QCD .
electron boxes. O el TR s

. . F | = LT)ets E
« Decompose event in two hemispheres. | - : —ToptX 3
» Cluster particles in each hemisphere 5ol TSN Y
Into a mega-jet = W N N
* Require Ap (mega-jets) < 2.8 1' IS [ﬁ )
Background: wL e \ S T
-Shapesfrom Iepton hOXES 100 200 300 400 500 600 700 800
» QCD shape from low threshold dijet data Mg [GeV]
° nd

Z(w) Shgpfes fr_om 2% component of W R> 0.5 and Mg > 500 GeV

« Z(Il) Efficiencies from data _
« Fit in 80< Mg< 400 GeV region Mg cut Predicted | Observed
* Normalization from lepton boxes Mg >500GeV || 55+14 7
« Extrapolate to high M, region

Anwar Bhatti ICPP-Istanbul 11 21
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500 cms prfllmlnary L= 35 pb'ﬂl\"?f 7 T~|9V £og. CMS Preliminary JLdt=35pb™,\s=7 TeV

3 [ese cilme COF G ams-in | > fa  eetmis 0 cor s eesa |

g L -----l:e:mn ierEted:imit DO g,q, tang=3,u<0 _| (@] L5 =1a11 Median Expecte;d Limit ] DO 2,3, tanp-3,u<0 |

S ook rpectdtmitzte OO ez P Sttt s

400— D * — 2 100k 2 ]

£ - 7(800)Gey, l:| LEp2 T 1 = 4007 \?IEGQ‘G&[/ I:I Lep2 T |

- tanf=10,A =0,u>0 o (200 e 1 - tanp=10,A =0,u>0 |

300_— ___________________ 4 lr_n, = - 300—_ ....... f!&Z‘G,ILteT_—

200; v F ey e _ 200; _*

0 200 400 600 S

600 800 1000
m, (GeV) m, (GeV)
=  Kinematic variable o = Razor’’ variables: My & R
. Optimized for fast discovery . Designed to characterize pair-production of
heavy particles
Y - Er . +Erp/Ern «  Combine all particles into two
= = :
M: i1 \/2(1_ cosAg) hemispheres, boost back to rest frame

These kinematics-based searches are complementary in approach
to the jets + MHT search which is based on understanding the detector in detail.

arXiv:1101.1628, CMS-PAS-SUS-10-003 & 11-001 CMS-PAS-SUS-10-009
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Comparison of different techniques

“htk"q 190
..‘"'
T
:l" THE
)

=

%

o, (%
Huma®™

Jets+MHT

.’-*
L
-

CMS preliminary L _ =36pb’,Ns=7TeV
400 T T | T T T | T Inl T | T T T | T T ]
'E?‘.f&,;,@ - CDF g, g, tanf=5,p<0 _|

[

450 N D0 5.7 tan|3=3,u-:u_:
__Razor LEP2 7%, .
........... LEP2 T _
300 o N -
----- I_._ ‘Cepr . tanp = 10,Aﬂ= o,u=0 |
" EE*‘H . ""*-\“ . g (650) GeVT]
250 " ‘1‘ '1.' - "{" 'ﬁt 2 - |
7
'.n.'.n.'.}

400

600 800

HH
1000

m, (GeV)

Anwar B

hatti ICPP-Istanbul 11

23

| ROCKEFELLER
z UNIVERSITY

e
'y

-
-
-
=
+

0\



‘\!.l.. P
CMS o S
._:'. T "._79
I I II I I “/ THE e
u ar .| ROCEREFELLER |
=) SITY =

UNIVER

M e
R |
T

=  CMS has performed hadromic SUSY search using three different
methods using 2010 data.

=  SM backgrounds are directly measured from the data using minimal
Information from the Monte Carlo event generators.

=  No excess of events over the SM expectation is observed.
= These data are used to further constraint the susy parameter space.
= Ready and looking forward to discovering new physics in 2011.
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An interesting event

CMS Experiment at LHC, CERN

) : '13: CES =
(| RunfEvont: 143963 /70626104 oo e MHT =693 GeV
e HT =1132 GeV

"_i Lumi section: 49
R wiwes ¢ Mer = MHT+HT =
N~ g 1.83 TeV

[Jet pT: 393 GeV

W Ef’} \" - . * No b-tagged jet
—— | r? ________  No isolated lepton
e \ F n e Incompatible with
/ ol W or top mass
. 683 GoV] e Invisible Z???

Anwar Bhatti ICPP-Istanbul 11 25
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CMS
Particle Flow (PF) Algorithm

= Inthis search, all physics objects (jets, leptons, HT, MHT etc) are
reconstructed with the particle flow algorithm

= Basic idea:
*  Reconstruct and identify all different types of particles
*  Apply corresponding calibrations

e  The list of “particles” is given to the jet clustering and missing ET (MET)
reconstruction algorithm

TH HCAL
: Clusters

AN

,

neutral : 5 ;
sl ; detector /
: : &
; : S l
O

I.' J'

* « photon

-1
|
P

ﬁ:r,ﬂz: \:// Kp‘aafticle—flow |HH
|
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=  Focus on topology instead of underlying physics model

=  Any model with same topology (parent particle mass, decay chain, daughters mass)
can be “easily” compared with experimental results.

§\C§J_SP
Combined results

-1 -
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CMS 3
. Data-Driven Background Estimates
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Invisible Z (— v v) + Jets

=  Remove the identified boson (photon/W/Z) to mimic neutrino

=  Photon+Jets : high event yield (use photon/Z correction from theory)
= Z—ll +Jets (straightforward prediction but limited by statistics)

Top /W + Jets

=  Top/W (— lost lepton + v ) + Jets :
. Lepton is not identified or is outside detector acceptance. Estimated from W->pv sample.

=  Top/W (— hadronic T + v )+ Jets :

. Estimated by replacing u in W—> v events with T using a T response template

QCD MultiJets (jet mis-measurements resulting in imbalance)
= R+S:rebalance event and smear ‘rebalanced’ sample with jet resolutions
=  Factorization : extrapolate two-variable correlation to signal region
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