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Roadmap

Z < tttv Cross-section Measurement
« Z = t*t Production @ 7 TeV

* CMS 1 Identification

» Event Selection
 Cross-section Extraction
* Results

Higgs = t't Search

« MSSM Higgs Phenomenology
 t't Mass Reconstruction

* Limit Calculation

* Results

Summary
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> Z 3 t*v Production @ 7 TeV

Q dominant / 7

CMS Measurement of Z/y* = I'l, | = e/pu:

o * BR(Z/y* D I'I) = 0.931 + 0.026 (stat.) + 0.023 (sys.) + 0.102 (lumi.) nb

o JHEP 01 (2011) 080
NNLO Prediction:

0.972 + 0.042 nb (60 > M, < 120)

Z 2 t't dominant Source of high energetic t Leptons in SM:
 Measurement of t Identification Efficiencies

« Commissioning of t Triggers

» Important Background in Searches for beyond the SM Physics

Christian Veelken Higgs and Z = t*t in CMS



CMS

CMS t ldentification

Decay Mode Resonance Mass (MeV/c?) Branching ratio(%)
T — e VelUr 17.8 %
T — § Vyvy 17.4 %
T —h v, 11.6 %
T~ — h~ 7, 0 770 26.0 %
1~ — h~1°n%; al 1200 10.8 %
T~ —=h hTh v, al 1200 9.8 %
T — h hth~ 7%, 4.8 %
Other hadronic modes 1.7%
Improvement in CMS t € [ e es-wie
Identification Performance | T el

e
Y  PTDR- W+jets
%  PTDR-QCDyu

due to Reconstruction of individual
Decay Modes (Vector Meson Resonances), 1°°
based on Particle Flow

'3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
107, 0.1 02 03 04 05

0.7
Efficiency
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Z > t't Decay Modes

Z < t*t Analysis based on Combination of Decay Modes:

Included in CMS Analysis

(l mu + had\

e + had
e+ mu
\fmu+mu/

“e+e
® had + had

\

3.2% 6.2%
3.0%

Variety of semi-leptonic and leptonic Channels analyzed
2Br=54.8%

N.B.: Hadronic Channel difficult (Trigger, high Backgrounds)
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S Event Selection

Fory + 1,4 €+ 1,4 @nd e + g Channels, p + y Channel different (Backup)

Trigger
Events triggered by single Electron/Muon Triggers
P+ thresholds 9-15 GeV, depending on instantaneous Luminosity

Lepton Selection

Electrons Muons had. t Decays
P:>15GeV P> 15 GeV P:>20 GeV
In[ <2.4 In| < 2.1 In| < 2.4
isolated isolated “loose” Tau id.

Veto against e/p

Opposite Charge Lepton Pair
Transverse Mass
e+ T,y M+ Thag: M(I + MET) <40 GeV
e+ yu: My(e + MET ) <50 GeV && M{(u + MET) < 50 GeV

Veto Events with additional isolated Leptons
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CMS : .
Cross-section Extraction

N
oclpp — ZX)x B(Z — 1t717) =
(pp ) ( ) A . € . B/ . E
*N= Nobs - Nbgr
Background contribution N, from Data
(using 1-3 complementary Methods, depending on Channel)

» Acceptance taken from Monte Carlo
(POWHEG + TAUOLA, PYTHIA with CMS Z2 tune for Hadronization)

» Efficiency factorized into independent Terms
Each Term either measured directly in Data or taken from Monte Carlo
and applying Data/MC Correction factor measured from Data

* Branching Ratios for t*t to decay intop + vy, € + Tags € + U, U + M
taken from PDG

* Luminosity measured with Precision of 4%
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CMS

Event Yields

CMS Data, 36 pb" @ 7 TeV

Ty Thad TeThad TeTy TuTy (M}l],l < 70 GeV)
Z — [T, jet fake Tjaq 6.4+ 24 15.0 £ 6.2
Z — {T0 129 £35 | 1093 £28.0 | 24 +0.3 201 £ 1.3
tt 6.0 == 3.0 2.6 1.3 71 +1.3 0.15 £+ 0.03
W — v 54.9 4+ 4.8 30.6 = 3.1
W — tv 147 £ 1.3 7.0 £ 0.7 1505 | 25 +£25(<5@95%CL)
QCD 131.6 +14.1 | 181.1 £22.5
WW/WZ/ZZ 1.6 £0.8 0.8+ 04 3.0+ 04
Total Background 2284 +15.8 | 3464 £36.7 | 140 £ 1.8 22.8 £ 2.8
Total Data 516 540 101 58

Background Estimates quoted in Table obtained from Data-driven Methods

> 600 Z = t*t Signal Events selected in CMS Data
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Control Plots

CMS preliminary

CMS preliminary
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o0 [ B ewk+t ] 10 4
i B QcD i s 3
i i C yields from fit ]
10F E 3 E
C yields from fit ] : 3
L TR Y| I T ] i
00 50 100 150 200 0 50 1-00 150 200
e-u Invariant Mass [GeV] u-u Invariant Mass [GeV]
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CMS

Systematic Uncertainties

Source TuThad | TeThad | TeTu TuTy
trigger 02% | 3% ]0.2% | 03%
lepton identification and isolation 1.0% | 1.1% | 1% 1%
Thaq 1dentification 23 % -
efficiency of topological selections 2% -
likelihood selection efficiency - 2%
acceptance due to T energy scale, 3 % 3.5% -
acceptance due to e energy scale, 2 % - 1.6% | 1.6% -
acceptance due to  momentum scale, 1 % 1% - 1% | 2%
luminosity 4%

parton distribution functions 2%

Largest Uncertainty: hadronic Tau Identification Efficiency

= 1,4 Identification Efficiency constrained by Ratio of Event Yields
in semi-leptonic/leptonic Channels

=» Determine Z = t*t Cross-section by simultaneous Fit of all four Channels
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. Simultaneous Fit Results

14 CMS preliminary CMS preliminar 36 pb” at \Vs=7TeV
. ! LI ! ! T L T L T T T T [ T T T T | T T T T I T T T T
I 36 pb" at Vs =7TeV - NNLO, FEWZ+MSTW08 [PDF4LHC 68% CL] (60-120 GeV)
< - I 68%CL T :
— 1o B Bl oo%CL ] H-e-H Z — 1T (combined)
g el | ] 95%CL ] §
T I W L s NNLO, FEWZ+MSTWO08 7 I I ; l I e + Thad
N/ | [PDFALHC 68% CL] | :
& A E— et M+ Thag
X B = :
T AL | ——— H+U
N i : .
T os| - F—— e+l
e 7 i ; | :
5 | | | [ Z—ee,up |
B E E N i lumi. uncertainty (+4%) not shown
0 6 ol | L | E| L | L | | L | | | |
] 0.6 0.8 1 1.2 1.4 1.6 0.5 1 1.5 2 25
Thaa-1D Efficiency (data/sim) o(pp — ZX) x BR(Z — 1) [nb]

JHEP 01 (2011) 080
= Good Agreement between all four Channels

=» Extracted Cross-Section in good Agreement with Theory Prediction (NNLO)

=>» Data/MC Correction factor for Tau Identification Efficiency compatible with 1.0
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CMS .
Z = Tt Cross-section Results

Individual Channels:

o(pp — ZX) x B(Z — r+r—)m = 0.83 +0.07 (stat.) £ 0.04 (syst.) £ 0.03 (lumi.) +0.19 (7-ID) nb
o(pp — ZX) x B(Z — T+T_)eT = 0.94 £0.11 (stat.) & 0.03 (syst.) &= 0.04 (lumi.) £ 0.22 (7-ID) nb
o(pp — ZX) x B (Z — T+T—)eﬂ = 0.99 +0.12 (stat.) £ 0.06 (syst.) & 0.04 (lumi. ) nb

ocpp—= ZX)xB(Z—t"t7), = 1.15+£0.25(stat.) £0.10 (syst.) & 0.05 (lumi.) nb.

Combined:
o * BR(Z/y* = t*t) = 0.99 £ 0.06 (stat.) £ 0.08 (sys.) £ 0.04 (lumi.) nb

Measured Z = t*t Cross-section in good Agreement with NNLO Expectation
and CMS Measurement of Z/y* = I*I', | = e/u Cross-section

N.B.: Z = t*t Analysis benefits from reduced Luminosity Uncertainty of 4%
(was 11% at time of Z/y* = I*I, | = e/u Analysis)
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And the Higgs ?

Christian Veelken
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CMS

MSSM Higgs Phenomenology

Minimal Supersymmetric Standard Model FeynHiggs 2.5 (2006)

2 Higgs doublets = 5 physical Higgs Bosons: A ) ;
« 2 CP-even neutrals: h, H scalar S |
. 1 CP-odd neutral: A pseudo-scalar & | _
= 1501 =

« 2 charged: H* H- j i
CP-odd and 1 CP-even Higgs Boson degenerate in Mass |~ romees
50 100 15?\/|A [GeV?OO 250 300

At Born level MSSM described by 2 Parameters: tan 3, m,
(Dependency on SUSY Parameters via radiative Corrections)

hep-ph 1101.0593v2
N A ' R

g  fT if o EH
o r . 1e [=% _ 1
i i . = 10°F Ns=7TeVg, Z10°F 3 Ns=7TeV+;
2 main Production Processes: <r HE ;
PO } <= 10 38 © 10¢ e
g wvoooo——o t/1 1 3 = hiH 5
______ iy T
= o 1F
©

g TTTTD 1k N ] i
P 1% F
t,b,t.bf  De----- hHA + f-——--- hH, A 101k . 10
F E E 99— A
r h/H b r h/H
g 90000 102k o 102k 27

—————— £ —bbA E —bbA
Cormw Y T_- [ bbh/H o= bbh/H ]
10°E tanB =5 10°F tanp = 30 E
F mhmax scenario 3 F mhmax scenario 3
C t. . ~t 2 10-4 |2 L L L I Lo 5 10-4 |2 L L L L Lo s
ross-section increases ~tan B 10 10 10 10
M, [GeV] M, [GeV]
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CMS A
Tt Mass Reconstruction

» Likelihood Fit of momenta of visible Decay Products and of Neutrinos
produced in Tt Decays

* At present uses Likelihood Terms for t Decay kinematics and missing E;
* Yields “physical” Solution for every Event

* Improvement in Resolution wrt. previous Techniques

No 220 :l TTT I TTTT | TTTT I TTTT I TTTT | TTTT I TTTT [ TTT 1: No 200:| TTT | TTTT I TTTT l TTTT TTTT | TTTT | TTTT | TTT |: No 60_| TTT I TTTT | TTTT TTTT I TTTT | TTTT I TTTT | TTT |_
S 200 M T Ty g + DATA 4 S1s80F * + DATA 3 S r[retypy + DATA ]
o 1801 Bl ©(120) - 1 1] o - B ©(120) > 1 1 Q 5o B ©(120) — 1t ]
O C Jz—>n1r ] (9160:_ Jz-n1rx E O C Jz-rr ]
8 1601 [0 W+jets = 8 1405 [ Z+jets g C [ Electroweak ]|
N 140 Bl ttewk 1 N F Bl ttewk - N 401 It 7
~ C B Qcb ] ~ 120 B Qcb - ~ - B Fakes
-9 120:_ —: ..Q r _.@ N ]
§ 100E E § 1001 s 2016 E § 30r CMS 2010 E
F ] r 7 C - N ]
L 8oE- oM 2010 E L 80: L, =36 pb \E=7TeV ] L »ob L, =36 pb™,\s =7 TeV b
C - SN ] 60F — L i
60 Li=36pb'Ns=7TeV 1 n ] r ]
o E ¥ Thag | :
F . 20:_ * - 10: ]
20 = .
- L] C b, . L ]
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 4500 0 50 100 150 200 250 300 350 400
M(’C+’C')[G6V/Cz] M(t*1)[GeV/c] M(’E+’E')[GeV/Cz]

=» Clear Z Mass Peak seen in CMS Data
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S Limit Calculation

Based on fitting M_. Template histograms to M_; Distribution observed in Data
for 3 Channels: y + 1y, € + o€ T M

95% Confidence Level upper Limit computed via Bayesian Inference
s [ L(data, o, v) t(o)dv
c=0 [ L(data,o’,v") t(c”)do’dv/

using flat Prior Probability n(o) on Higgs Cross-section o > 0.

Likelihood: E(mTT; Urt, {V}) = L., (mTT} Urt, {V}> ’ 1—[ L (Vn} Vn, Aﬁn)
n

do = 0.95

Ly, (Myr; 0¢¢, {Vv}): Product over all Bins of the M, Distribution
of —log(Poisson Probability) to observe N .. Events given N expected

C(l/; v, A17) : Constraint on Nuisance Parameter v (Scale or Shape, e.qg.
Efficiency, Energy scale, Background Yield) from independent Measurement

Expected Limit obtained by “toy” Experiments: Median expected Limit and 68%,
95% CL Intervals computed from Distribution of “toy” Limits
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CMS

MSSM Higgs =& t*t Limit Results

. CMS MSSM Higgs Search ]
2 36 pb' 7 TeV |
=100} J
E 95% C.L. upper bounds
5 | |
? 105' 3
& L
2 [ Observed
°
1 o 1 . 1 N 1 . 3
100 200 300 400 500
m, (GeVi/c?)
0T T T ¢
CMS MSSM Higgs Search
50f 36 pb' 7 TeV L
e 4F T .
g -~ ¢""
* 30 "',o'
SRR N — CMS excluded
0o T emee- 10 theory
MSSM m| ** scenario, M, = 1 TeV
101 95% C.L. excluded regions -
O 1 A i " A 1 A i i i 1 i A A A ' i i i i
100 150 200 250 300
m, (GeVi/c?)

» Observed and expected Limits on o x Br
computed for different Mass Hypotheses m,

Approximation

mMA <120 GeV: 0 =0y, + 0,
mA~130 GeV: o =0, + 0y + 0,
mA 2140 GeV: 0 =0y + O,

¢: Sum of scalar + pseudo-scalar Higgs

=>» Observed Limit in Agreement
with expected Sensitivity

* Upper Limit on o x Br converted into Limit on
MSSM Parameter tan 3

* Relation between o, Br and tan (3 taken from
LHC Higgs Cross Sections Working Group
(for mI SUSY benchmark scenario)
hep-ph 1101.0593v2
» Theory Uncertainty estimate according to
Working Group Recommendations

Christian Veelken
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CMS

Summary

Z - t*t Production has been analyzed in four Channels:
M+t g€+t €+FHand g+

« An unambiguous Signal is established in all Channels

* The Z > t*t Cross-section is measured @ 7 TeV center-of-mass
Energy and found to be in good Agreement with Z = I*I, | = e/u
Cross-section measured by CMS as well as with Theory
Predictions (NNLO)

No evidence for Higgs =& t*t" Signal observed in CMS Data
» Observed Limit tracks expected Limit

* “Full” Tt Mass reconstructed using novel Likelihood Technique

* The world’s most stringent Limits on MSSM Higgs = t't
Production to date has been set
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Backup Material
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% 02040608 1 121416 18 2

Decay Mode Resonance Mass (MeV/c?) Branching ratio(%)
T~ — e VelUr 17.8 %
T — U Uy 17.4 %
T~ — h™ v, 11.6 %
T~ — h~ %, 0 26.0 %
T~ — h~n'71%¢ al 1200 10.8 %
T~ —=h hTh v, al 1200 9.8 %
T~ — h~hth 7% 4.8 %
Other hadronic modes 1.7%

M, [GeV/c?]

=» Tau ldentification £ Reconstruction of well-known Vector Meson resonances
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CMS Tau id. Performance

% IMS-E[eﬁme ................. . W — v Data
Z = t't Simulation o D e
e 4 QcCDj Simulation
> 1_IIIIIII|IIIIIIIIIIIIIIIIIIIIIII_ © 1 m QCDyu Data
o E E u : - Qcm SImu'atlon ............................
5 0.9 - CMS 2010 \'s=7TeV e Hpsioose ———
;f;_) 0.8 Inl <2.3 u HPS Medium bl
[ — C 3
L 0-7:_ A HPSTIght 107
0.65 :
050 geerst Tt et 3 o
- [ ] -
03 % . = —
- - A ] Lo
020 #TT T S —— S
0.1 & 3 10° s e
()E_l_.||1|||||||||]||||||||||||||||E c :
0 20 40 60 80 100120140160 % . 02 e
Gentp_ (GeV) 32 [ el T
T § % 0 I, 3 | A .
PE T e T
8|0 - . ' .
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0 20 40 60 80

Jet P, [GeV/c]

100 120 140 160 180 200
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< Event Selection 1 + p Channel

Trigger
Events triggered by single Muon Triggers
P+ threshold 9-15 GeV, depending on instantaneous Luminosity

Lepton Selection

1st Muon 2"d Muon
P:>19 GeV P:>10 GeV
In| < 2.1 In| < 2.1
isolated isolated

1st + 2nd Muon of opposite Charge
Ad(p,M) < 2.0 rad

Missing E; < 50 GeV

Z=> vt > up/Z = ptu Likelihood > 0.87

o Pr(p* + u)/(PM + PH) * n of di-Muon system
« DCA between u*, y- Tracks « Adp(u*, MET)
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Z> t't D pupu/zZ-S pp Likelihood

<
Q
o
B
Q2
=
c
1)

0.18 o 022 lﬂl'llz
016 —Z->11 S o2[~Z->1t £2 =
() e 3
= 2 018 3% =
0.14F Z/y*—>|,1p = Z/y*—:.p ). B
: w 0.16 =
0.12F - 014F E
0.1 = 0.12F i 3
0.08 = 0.1F § =
0.06F ] ROE" - E
- 0.06 "..: =
. ] oo i E
0.02 E 0.02F i o =
% 01 02 03 04 05 06 07 08 09 1 U3 2 - 0o 1. 2 .3
P (20)/(p_(1*)+p_(w)) log, (DCASig(2u))

m. 0.06 T T T ] T T T l T T T ] T T T I T T T ' T T '__ 8 T L B l L B e I T LI T I LI L ' LI B T [ LI L l

S 1 = oif

'g 0.05 - % C :
D 3 £ oosf ~
0.04 — 0 - ]
. 0.06 .
0.03 g [ .
0.02 _: 0.04 _"'"“' .
0.01 = 0.02f 3
O 1 1 O_I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I I-

6 4 2 0 2 4 & o 05 1 15 2 25 3
n(2u) AD(u* MET)
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29t Acceptance X Efficiency

Tl‘ Thad | TeThad Te T;l T}, Ty
Acceptance: A 0.13 0.12 | 0.074 | 0.16

Selection efficiency: € 0.37 0.23 | 0.55 | 0.17
Mass window correction: f. | 0.97 097 | 098 | 0.99

 Acceptance taken from Z = t*t Monte Carlo (POWHEG + TAUOLA)
Fraction of Events generated with 60 < M_. < 120 GeV for which visible Decay
Products of both t Leptons are within |n| Range and above P thresholds
(depending on Decay Mode/Channel)

« Efficiency defined as Fraction of Z = t*1t~ Events within Acceptance
that passes all Event Selection criteria, measured either directly in Data or
taken from Monte Carlo and applying Data/MC Correction factor measured
from Data

» Mass window Correction factor corrects for Z/y* = t*t Events which pass
Event Selection, but are not generated within Mass window 60 < M_. < 120 GeV
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/= T'U =» u*+p Candidate
- L 1t O

P4 =39.3 GeV
P.had = 28.2 GeV, lead. Track P; = 3.3 GeV
M, = 67.0 GeV, MET = 19.9 GeV, M. = 90.3 GeV

Christian Veelken Higgs and Z = t*t in CMS
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/= T'U =» p*+a,” Candidate
L it n

P4 = 20.5 GeV
P had =355 GeV, lead. Track P; = 18.5 GeV

M., = 62.7 GeV, MET = 6.2 GeV, M_ = 98.3 GeV

Christian Veelken Higgs and Z = t*t in CMS
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/= T'TU =» e + u* Candidate

P =29.9 GeV
Pt =16.3 GeV
M., = 44.2 GeV, MET = 17.4 GeV, M__ = 91.4 GeV

. A

Christian Veelken
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CMS

£ 300 CMS Preliminary :
o SV fit
u>J T ®(120)—t tanp=30 Colli
N —— Collinear approx.
250[ \s=7TeV
2001
1501
100
50—
I : T
0 IR . I IR \
0 50 100 150 200 250
M., [GeV/c?]

Compared to collinear Approximation,
Likelihood algorithm:

* provides better Resolution
* increases Event Statistics by Factors ~ 2

M_, Resolution

§0.16:— CMS Preliminary sVt
- ©(120)—tr tanf=30
0.14_—\5: 7 TeV

Visible mass

Visible mass x 1.82

0.12

0.1

0.08

0.06

0.04

0.02

(IR R B i

50 100 150 200 250
mass [GeV/c?]

B

oQ

Compared to visible Mass,
Likelihood algorithm:

* improves relative Resolution AM_/M_,
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Observed vs. Expected Limits

visible Mass “full” Tt Mass

CMS Preliminary,\s - 7 TeV, L — 35 pb-1 CMS Pre"minal’y,\s = 7 TeV, L = 35 pb-1
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0 e} “ 102}
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CMS

Compact Mucn Sclancid

Observed vs. Expected Limits
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Limit Fit Nuisance Parameters

Parameter Channels | Distribution Output
Luminosity all Ln(1.0,1.11) 0.99+911
Z— Ul all Ln(0.96,1.04) | 0.957709%
Tau id. efficiency et, utT Ln(1.0,1.23) 0.9170.002
Elecron id. efficiency et, ey Ln(0.968,1.036) | 0.971 “_“8:8%31
Elecron trigg. efficiency et Ln(0.959,1.02) | 0.96179913
Muon efficiency UT, ep Ln(0.963,1.005) 0.963f8:%§
Electron energy scale et, ey G(0,1) —0.1757
Hadronic tau energy scale etT, uT G(0,1) +0.3f8:8
Non-tau jet energy scale all (SVfit) | G(0,1) —0.2757
Unclusteded candidates energy scale | all (SVfit) | G(0,1) —0-1“:8:2
QCD background UT (107, 1.45) 14813

W background UT r(132,0.52) 6612

Z — up, p — 1 background UT I'(13.4,0.98) 11.1134

Z — up, jet— T background Ut I'(7.1,0.90) 52133

tF UT Ln(6,1.5) 46721
di-boson UT Ln(1.6,1.5) 1.3407
QCD background et I(61.9,2.92) 214118

W background et I(90.3,0.42) 3814

Z — ee, e — T background et Ln(109.3,1.26) | 80'}2

Z — ee, jet— T background et r(5.9,2.6) 1477

tf and di-boson background et Ln(3.4,1.5) 3.1°18
QCD, W and Z — ¢/ background ep Ln(3.9,1.31) 3.6°54

tf background ep Ln(7.1,1.18) 6.9117
Di-boson background ep Ln(3.0,1.13) 3.0°03
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CMS MSSM Higgs Search
S0 36 pb?' 7 TeV
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CMS Limit more stringent than TeVatron Limit over whole Mass range
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Parton Luminosities LHC @ 7 TeV
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The Hadron + Strips Algorithm
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