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Introduction

« The LHC started 9 years after the end of LEP.

 The detectors were ready and soon we realized that we were
indeed understanding them.

e The start-up from the physics point of view was very
successful and we got immediately tons of results!

« The statistical precision is enough already now to distinguish
the relevance of Higher Order (NLO vs LO and more).

W.r.t. LEP, theoretical predictions are ready in advance and
can match the experimental precision...

» There is still along way to go (at 8 TeV, 14 TeV and ...) and we
all hope to discover the Higgs (!) but also something new,
maybe totally unexpected.
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LHC 1n 2011

LHC 2011 RUN (3.5 TeV/beam)
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The Experiments: CMS

I | | | | 1 1 |
Oom im 2m 3m 4m 5m 6m 7m

Key:

Muon

Electron

Hadron (e.g.Pion)
----- Photon

J

e e e

Tracker

) Electromagnetic
i )m lll Calorimeter

Hadron .
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

No particle
should go undetected

Blois 28/5/2012 Chiara Mariotti, INFN Torino & CERN



S.M. rediscovery in 2010
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And more 1n 2011 s
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In our present dataset (~ 5 fb™') we have (after selection cuts):
~30M W= uv,ev events

~3M Z-puyee events
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95% CL Limit/SM

The Higgs before LHC
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The LHC Higgs Cross Section WG

« About 2.5 years ago, exactly the day LHC was delivering the first
collision to the experiments, a fgrou formed by TH and EXP (the LHC
Higgs Cross Section WG) was founded in order to provide precise
Higgs predictions.

 The goal was to access the most advanced theory predictions for the
Higgs Cross Section and Branching Ratio: central value and
uncertainties

\

« Experiments are thus from day “1” coherently using the COMMON
INPUTS provided by the LHC H XS WG (CERN-2011-002, “YR1”,
and CERN-2012-002, “YR2”).

This facilitates the comparison and the combination* of the individual
results

*LHC Higgs Combination group. Only experimentalists
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Inclusive Cross Sections
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Branching Ratios
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nggs search strategy
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Higgs search strategy

L =4.6-4.8 fb
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The challenge of the high Lumi

w0 Trlgger Evolution of trigger
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« Inclusive triggers have reached such high thresholds that can not be
used anymore for many analyses

« In the context of each analysis dedicated triggers suitable for the
specific final state have to be devised:
— H->WW->lvlv, H->7Z-> 4l: Double mu and double electron thresholds
at (17,8) GeV
— H->yy: Double photon (36,18) GeV

« Challenging for the low mass Higgs searches
dl s sl
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Pile-up: a “manageab
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The High Mass
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H->7Z7Z~->1lqq

Jet: 114 GeV

Jet: 207 GeV

« Highest rate amongst all H - ZZ final states
« Search for a peak (0~10 GeV) in M,,,; distribution
« Events categorized by presence of 0, 1, 2 b-jets

« Major background: Z+jets ; ttbar suppressed by
ME, requirement

« CMS: Use 5 angles of scalar H > ZZ - 2l2qin a
likelihood discriminant

« Background shape, normalization < data sideband

CMS,L=46fb"at \s=7TeV
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H > 77 - llqq
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(Mo, p: 5956 Gev|

Compact Muon Solencid
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mass: 88.7 GeV

N\ )S

Higgs Candidate:
pt: 20.7 GeV
transverse mass: 599.6 GeV

nent at LHC, CERN

d: Thu'Apr.28 23:14:53 2011 CEST
63659 /21497971

128

2

Events / 10 GeV
2

TT T T[T T T T[T T T T[T T T T[T T T T[T T T T [TTTT
CMSNs=7TeV,L=461b"

— Higgs (m,~300 GeV)
—— Z+Jets

—— Top/WW

B wz

ez

—e— Data

50 100 150 200 250 300 3¢

ET™ (GeV)

H>ZZ->1lvv

o Z- ll candidate : M, £+ 15 GeV; P, (1) > 25 GeV

o Use M= (\/Prs?+ Mg+ MET2 + Mz2) — (P77 + MET)?
« Major backgrounds: Z+Jets, ttbar & WZ

— ME; requirement to suppress Z + jets by x105

— Anti b-tag to suppress ttbar

« Residual ZZ, WZ background estimate from MC

« Residual backgrounds estimated from data
— Y + jets (for Z+Jets) ; ey sample (for ttbar +WW)

pfMet, pt: 290.9 GeV/|

10 LI I LI A ] LI T T T L | TI
< - ]
G [CMSNs=7TeV,L=46fb" .
b u ]
O S— Expected (median) .
8 L mm Expected 68%; B
o o o B L L e ° Expected (95%
8 o5 CMSNs=7TeV, L=461" = B — Observed h
=4 :| - B
~ - -
n
E = O
e T X 1F ]
w o 8 = -

Exp excl:
Obs excl: 270 — 440 GeV |

Illllllllllllll Il 1

250

290- 490 GeV

llllllllllllllll

300 350 400 450 500 550 600
Higgs mass, ,m, (GeV)

M; (GeV)



events/25 GeV/c?

H > Z7Z - 2] 2t
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Cexciuded | Tsm

H > WW S1vjj

New from CMS

Studied mass range 170-600 GeV

Mass shape analysis using M,,;
— For the neutrino use MET and
inpose W mass constraint
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The Low Mass
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H > WW>lvlv

« Channel with highest sensitivity

« No mass reconstruction, signal
extraction from event counting
* (Clean signature:

— 2isolated, high p leptons with small
opening angle

— High ME,

— Analysis performed on exclusive jet
multiplicities (0, 1, 2-jet bins)

« Analysis optimized depending on the

Higgs mass hypothesis

wr — pg, My, My, Df as discriminating
Vectors from the decay of a @ Q/r variables
scalar and V-A structure of W e — VBF selections for the 2-jet case
W decay lead to small v
leptons opening angle G/" P
(especially true for on-shell -
Ws) Yy
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HS>WW
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« Drell -Yan: Suppressed by M;; and ME cuts (pileup affect MET)
«  Wh+jets (with one jet faking a lepton): lepton ID is important

« Top (tt and single top): b-tag veto (or additional soft muon)

«  WW: M), MT and A¢

All the background are estimated from DATA in “control regions” .

J A
' 4
W
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H>WW-=>lvlv
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T PVis = 70 GeV
u P, =20 GeV,

Visible Mass(tt) = 75 GeV
Mass (jj) = 580 GeV
© An(j)=3.5

Search in
Tet+ Ty, T, + Ty T +T,

Background:
QCD,
EWK Z = 1t (irreducible)

H-> 1t

Inclusive /1 boosted jet

VBF modes are cleanest
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considered:

— |vbb, lIbb, vvbb
— A¢(V,H), tight b-tagging

VH - bb

CMS exploits the W/Z+H associate production
with the Higgs heavily boosted

— Require p**>100 (150) GeV for ZH (WH)
Topology is very clear, several final states
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H-> ZZ > 4l

The final states considered are 4u, 4e, 2e2u

Very tiny cross section ->
thus highest efficiency must be conserved

Very clean final state:
- 4 leptons of high p,
- isolated
- coming from the primary vertex

CMS Preliminary 2011 Ns=7TeV L=1661M"
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pp = 4l
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Measurement of the ZZ cross section i
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with both Z on shell (60<MZ<120): Ma [GeV/c?)

o(pp = ZZ+ X) x B(ZZ — 4/) = 2817 (stat.) = 1.2(syst.) = 1.3(lumi.) fb

,""v_:
Pt :

To be compared with the SM XS =27.9 +- 1.9 fb
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Events/10 GeV/c?

Results: H>Z7Z7~>4l

CMS Preliminary 2011 Ns=7TeV L=4.711fb"
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Q900 200 300 400 500 600
M, [GeV/c?]
For M,>100 GeV
Data: 72 Observed
MC: 67.1+6.0
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For 100<M,<160 GeV
Data: 13 observed
MC: 9.5 +1.3

- CMS Preliminary 2011 Ns=7TeV L=471M0"
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Results

CMS Preliminary 2011

Ns=7TeV L=4.711b"

P-value: The significance of the local
fluctuations with respect to the
standard model expectation. To reject a
background only hypotesis.

b ;

=3 —— Observed 5
1 0 B e

i e = Il Expected £ 10 [

1 B\ W— NELEEE EXPECted & 20 |.obev bl
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= Y B T

t L o —_
N ...................................................................... a) 1 CMS Prehmlnary 2011
% T T T e ] § i < - -

110 200 300 400 500 601

Excluded:

134 < mH < 158 GeV,

180 < mH < 305 GeV

and 340 < mH < 460 GeV.
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[ | === With m4 uncertainties

05 S S R

f | = Without m4 uncertainties |

Ns=7TeV L=4.711fb"
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H->YY

y Hypothetlca| X e \{«,i; Signal N&) : —+7Simu|ation gmﬁg{i‘i:‘minary
on top of background > o0k
(O] r —— Parametric Model 0.72 <= BDT < 0.89
poor detector resolution 3 i .
X / S 154 Gy = 1.25 GeV/c
[ | :/ C 2
good detector resolution 2 1ok PU = 280 Gele”
1% :
pp — yy background L
0.5
I:::: ..‘.--....‘....‘--..‘..‘.--‘--- I I I ‘ I I I .....‘... H I
mw 100 110 120 130
m,, (GeV/c?)
1 . : N . cms preliminary —4— Data
Signature: 2 energetic, 2 ool V5= 7TevL=4761" — g Moce
. — o
isolated y, narrow mass peak S - 2
i All Categories Combined —e— 1xSM m,=120 Ge}/

Background: Large & partly irreducible QCD.
Measured from M, sidebands in data

P — 4 —
i L 1 - L I I L L 1 l 1 L L
» ~ ‘I)OO 120 140 160 180
P o ————— m” (GeV/ C2)
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Events passing VBF selection removed

CMS: H>vyy

* A new analysis: variables combined in a BTD
 Sensitivity improved by about 40% in integrated luminosity
« 4 classes of events ( by varying S/B) plus the VBF category.

Events / ( 1 GeV/c?)
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"""""
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4 r
2 CMS preliminary —4- Dan 160 CMS preliminary - Dan
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Results H - Yy

S - Interpretation Requires LEE CNS preliminary -
S 1k \s=7.TeV L =476
& E
[ — \N/ _—
E \ 20 %1
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Combination !

G. Petrucciani

.
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Channel by channel

Combined observed

- CMS Preliminary,\s=7TeV | oo Shsere
N p H— bb ﬁ?_
- L=46-48fb H— 11 4.g )

11 channels:

95% CL limit on /o,
o

I TTTTI

Illllllllllllllllllllllllllllll
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Higgs boson mass (GeV)
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CMS: the SM Higgs as of today

& 10} cMs Preliminary | |-+ Observed |-
% - Ns=7TeV f=2=: Expected (68%)|-
— - L=46-48" |- Expected (95%)|
o | i
s N
£
—
O
pd 1
o~
Tp)
(@]
-1
10 [ | | 1 II||IIIIIIIIIIIIIIIIIIIIIIII I i

100 7200 300 400 500
Higgs boson mass (GeV)

at 95% CL: Observed at 95% CL:

My < 543 GeV 127.5 < my< 600 GeV

Observed at 99% CL: 129. <my < 525 GeV /
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Blois 28/5/2012 37 CERN




Low Mass Range

b% 10} CMS 'Prellmlnary SRS ;ObServed
R Expected (68%)| ]
B . Ns=7TeV . - Expected (95%)|1
c f L=46-481b LEP excluded |]
(@] N “CMS excluded :
-]
QO
&\‘; ____________
M
o NN
N\
10-1 NANNNN I I R :"\
110 115 120 125 130 135 140 145
Higgs boson mass (GeV)
Observed at 95% CL:

127.5 < my< 600 GeV

the observed exclusion
at 95% CL: is weaker than expected
§ My < 543 GeV 7
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Consistency with B only Hypothesis

« Excesses are quantified using p-values: use to reject a

background only hypote31s

® 1E
= =
g - =Y
o 10'E
8 E _______________________________________ 20
3 -
102
_: _______________________________________ 130
10°F E
10 =
E CMS Preliminary,\'s =7 TeV, L = 4.6-4.8 fo J40
10‘5 . \ " " " 1 1 P 1 1 |
100 200 300 400 500 600

Higgs boson mass (GeV)

Max. deviation from background-only
observed for my~125 GeV

119 GeV: 3 H->4l events
124 GeV:  H->2y events
325 GeV: 9 H>4l events

Local p-value

—
Q
w
URRRLLL
|

Global siagnificance

10 & 0.8cinrange 110-600 GeV [—— Combined obs. |2
- 2.%cin range 110-145 GeV |---. Exp. for SM Higgs |44

_ Hobb (4.7 |7

5| . ——Ho1t (467 |]

10 i CMS Preliminary —Hoyy @8 |3

\s =7 TeV — Ho WW (4.6 b |7

6' L I46—48fb1 —H—»ZZ (47fb’) iy

110 115 120 125 130 135 140 145
Higgs boson mass (GeV)

vy: 2.90 at 125 GeV
4l: 2.50 at 119.5 GeV

Observed local significance 2.8 o
at 125 GeV (expected 2.9 o)
Global 2.1 ¢
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Best Fit for Slgnal Strength w.r.t. SM Rate

Best fit c/cSM

H— bb

H—1t

H—yy

H-> WW

H-ZZ
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Near future

By the end of the 8 TeV run in 2012, the luminosity collected will hopefully
allow us to have 5 sigma everywhere.
Maybe difficult at 115 Gev

The very high mass will be investigated as well.

o 25 ——
L P 7 TeV f
2 CMS Preliminary |’ " 2" "
: ol
Beta*=0.7m 2012 Integrated with 50ns S [ N 10 ifb
148 days of 50 e S 20—
physics Integrated Lumi 50 (pb-1) "E; L 8 TeV significance
15—
10—
g q 5 g q 9 g 1 5
_ Steve Myers —
~ 5fb'by ICHEP -
~15fb_1byNOV _llll1115 II|lIII I13I0IGIeleIIl|IIl1||||I|IIlI|IlII|IIII

‘?00 10 120 130 140 150 160 170 180 190 200
Higgs Mass (GeVI/c?)

By the end of 2012 five sigma everywhere, maybe difficult at 115 GeV~
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Summary

Fantastic years at LHC and CMS: lots of data and
analyses, measurements and searches...

We did things we never imagined would be possible 2
years ago.

Unfortunately we did not discover anything up to now/
Fortunately we did not exclude everything up to now!

But more luminosity and higher energy will come.

We do not yet know what is in front of us:
maybe another unexpected interpretation
of our world! —
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Production rates at LHC

G LHC +s=14TeV L=10**cm™s™ rate evlve1ar
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“At LEP every event is signal.
At LHC every event is background.”
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o
barn

mb

nb

pb

LHC Vs=14TeV L=10*cm’s’ EventRate

Trigger

g —Eventrale - g | « At LHC the collision rate will be 40 MHz
inelastic Level-1 input _
O The Event size ~1 Mbyte
k— bb |Z
g Band width limit ~ 100 Gbyte >
Level-2 input » ®
jets Mass storage rate ~100 Hz
Level-3 ...
.W kHz .
Sw.mSelectedeventsgp | ¥ Thus we should select the events with
+ 25 MO aXchive ! “the Trigger”
Hz
* Level-1 Trigger input 40 MHz
g,-,) * Level-2 Trigger input 100 kHz (HLT for CMS)
T« |level-3 Trigger input xx kHz (HLT for Atlas)
mHz g
®
1 nHz
| ns o
50 100 200 500 1000 2000  10° B
jet Er or particle mass (GeV) S.-C—lttOI In AW
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CMS,L=4.6fb"at \s =7 TeV
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WW+ 0, 1, 2 jets

The NNLO band overlaps with the
NLO one for pet° >30 GeV

30

pp>H+X->WW+X-1lvlv+X

My/2 £ pp=pp < 2My
25

MRST2004
[ selection cuts

My=165 GeV

20

NNLO

50 70 100
pre (Gev)

WW + 0 jet: Veto jet of p;>30 GeV
WW + 1 jet: 1jetof p>30 GeV
WW + 2 jet: 2 jet of p;>30 GeV - VBF like

~_ Asking jet veto, means “eliminate” diagrams
with real gluon emission
0

The HWW analysis is divided in 3 regions: +0, +1 and +2 jets.

To get the correct TH uncertainty on the XS in the three regions:

Theoretically we can compute: Oy.;, 0., O,

00=0tota™0>1 5 0101~ 0, Oy,
TH uncert:

o

Blois 28/5/2012

00,,=00,,, From Yellow Report (i.e. HNNLO/FEHIP)
00, HNNLO/FEHIP or MCFM (identical)
HNNLO/FEHIP gives LO, MCFM NLO

thus
60, +12-7%
60, +20%
80,, +30% (NLO) =
+70% (LO)
47
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CMS:H~-> 1t

optimize sensitivity by splitting in jet/topology categories: VBF highest sensitivity
but all production modes considered: gg->H, VBF, W(Z)H, ttH

> /7 0/1Jet
VBF 5 -H T
>W/Z

25 CMS.Pr.e"TniTaty I4.§ fP'1 |\/§.=7-Teuv all channels . 20 CI\.IIS.Pr.eIi[nirllalzy .4-§ f?'1 |\f§.=7.Te.v all channels CMS Preliminary 4.6 fb™ \'s=7 TeV ail channels
El: ------ (5x) H—=tt m,=120 EH ------ (5x) H>1t m,=120 Et L L '(5;) H'—m: m, =120
g —e— Observed - 18 —*— Observed o° 2 —e— Observed
CdzZ-w > CJzon S 10°F iz
T 20 I T 16 Y % E = tf—m
o @ Electroweak I Electroweak [ @ Electroweak
il Coaco 14 C3Jaco 0 3 aco
15 12
10 :
10
1.0 8
6 X
0.5 4 ! e
____________ 2 '
0.0 == 0 107 '1cl)o' '260' '360' '
0 100 200 300 0 100 200 300 G
e
m,, [GeV] m,, [GeV] m;. [GeV]
Signal 611 14+2 180+20 P :
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MSSM o

CMS Data 4.6 fb™ \/s=7 TeV

@_ 50 I | L] | | | I L] | I | 1 L} | I || | L] "l
c Observed ;
S 45 ——— Expected ....... t
+ 16 Expected
40 + 26 Expected ................. " -
- LEP . = I g osEETy—e— b

35 tbIBl Seooooo WH. A h/H/A L h/H/A

30 ................................. g b g T b

25

d2>TT
20 .
Combining btag
15F and non btag events
10 ;
5 ..........................
m, [GeV]

» Most sensitive channel for neutral Higgs searches in the context of SUSY

models

— Large portion of tanf-M, plane excluded —
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oxBR(H-YY)/SM @ 95% CL

H - YY, in the summer

Dominated by gg-fusion

S=7TeVL=1661H"

.
-

Observed CL§ Limit
Observed Bayesian Limit
Median Expected CLs Limit
+ 15 Expected CLs

+ 2 Expected CLs

i

|

i

120

[T - - - 20, | |
10°F — Observed CL, limit = & | cmspreliminary
F e Expected CL_limit 1 7
I L ER ATLAS Preliminary - fg 16/~
+ 20 Data 2011, \s = 7 TeV 214:
I ILdt=1.08 fb' | =
10} { T
s T r
8[—
6
4
15 :5 S ;
- - MR SR
’1L1AllLALAJAAlllllllllllllklllllllll Allr q1° 115
110 115 120 125 130 135 140 145 150
M, [GeV]

« Two high pt, isolated photons, pointing to a PV
« Different photon categories treated differently.
* M(yy) resolution very similar.

* Results very similar

« Fluctuations: excess and deficit.... We will see!

125

130
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Zbb + tt 2 4l

Reducible backgrounds (Zbb/tt) is measured in a

dedicated control region:
— Same requirements for the =TTV L= 1661

on-shell Z candidate N% 40? A | *I'ID_IAITII\I o E

as for the signal S ¥ U B E

— Relaxed selections on charge, g 3o et
flavor and isolation and inverted IP & 25 M
cut for the other lepton pair 200 mzz E

— From this plot we can disentangle 3 E
Zbb from tt, by fitting the “Z peak” 10F l E
and a polinomial for tt. 54 ! I

— Comparing data/MC, we can get % 70 80 9 100 110 120

M, [GeV/c?
the k-factor (MC are at LO or NLO) 21 [GeVie]

"
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The background

Irreducible background:
qq>Z7" >4l

u z° W
gg>77() >4l i — ‘Mﬂ. ° . ww“‘<

Reducible background:
Zbb/Zcc and tt pair production.
I.e. events with B hadrons decaying semileptonically
Leptons are inside jets and originating from secondary vertex .,

Instrumental background:
QCD and Z/W+light jets. Events with jets
faking leptons (mostly electrons)
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Isolation

The requirement that the energy flow in the vicinity of a muon is below a certain threshold
helps discriminating muons from W/Z from muons produced as a result of QCD processes.

Calorimeter

® RTkIso = [TKisoo3 /PT]

® Riso= [(TKisoo3 + ECALisoo3 + HCALisoo3)/pT]

—Vetovalue

© H->4l analysis: a cut on the sum of R, of the two least
isolated leptons < 0.35 is chosen
© Riso < 0.15 usual working point for W/Z lepton selection

Muon Vertex

ECAL and HCAL contributions are affected by pile-up conditions
To have a pile-up robust analysis Riso must be corrected by the average energy flow in the event
[ Fast-jet correction ]

.
>
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H-> ZZ > 4l

CMS Preliminary 2011 \s TToV L= 1.66 b CMS Prefiminary 2011 \E=7ToV L=166M0" CMS Preiiminary 2011 E=7ToV L=166M0"
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lo 90 : m rrr I LA | ] rrry ] e ] rrTy l T ] L [ mri ] rrr I LI | l_
2 leptons of pT>20, 10 GeV o O = DATA ;
= 7 L 30 -
Isolated and from PV -> c WZsjets ] = B Z+jets ]
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+gamma ] +gamma -
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mzz ] 1
PLUS [ m,=200 GeV/c? | e
2 leptons of pT>5 (7) GeV . .
with M>20 GeV ] -
Isolated and from PV ] E
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Z+jets
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In the Z1+1 leptons sample:

the probabiity that a muon/electron with relaxed ID and ISO

passes the analysis requests

More checks done on the Z1+SS vs Z1+0S samples.
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77 continuum

* Directly from MC:

Gq—=ZZ—4] qq—2Z 41 gg—=77—+4, gg—~Z7—4]
(aNLO XEvie + 010 XEve x L
« Normalization to Z rate in data
o 10
qq—=ZZ—>41 ge—>ZZ—41 77—l b .
Onio +0,, % —MC X NZ—>II 'f:
qq—=2—>21 Z—21 data ™ mm—— e
O ynLo € | MG 1)

— The luminosity uncert. cancel
in the ratio p

— The TH uncertainties as YR prescription
~10% (PDF4LHC prescription + QCD scale)

1o 20
M(e,e)

« Results: the two agree within %
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Observed CLs Limit CMS preliminary
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Results : R and p-value
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The control of the background

Nevts“
invert cuts :
from signal enhancement to
background enhancement
A.yp > experimental uncertainties
backgrouna (like isolation, pt etc...)
use data to
/ normalize background
some observable Ne vtsT

aypg 2 Theoretical uncertainties

(diff. distr. + pdf +scale+... background
theory :
use theory to compute
change in background . -
when inverting cuts some observable

2y, - Uncorr between exp

* * B —
drH N control region ary - 100% correlated o & CERN

- B —
BII>i|s Isigngiregion) — Aexp



Ns=7TeV
L=46-481b"
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CMS Preliminary

—=— Observed
fsss=: Expected (68%)
------ Expected (95%)

CLg of SM Higgs hypothesis
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90%
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99%

CLg of SM Higgs hypothesis
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y /4
/.
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Log-Likelihood Ratio
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95% CL limit on o/6g,,,

Higgs in the SM4
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New values from CERN 2012-002 including EW correction to production and decay
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95% CL limit on O'/GFP
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The SM Higgs as of today

80 5 March 2012 6 e — - 12 GGV
. T T T T R :
EILHC excluded . af;'” -
1 — _ ad
LEP2 and Tevatron ) — 0.02750+0.00033
- LEP1 and SLD -+ 0.02749+0.00010
_ 68% CL 4 +++ incl. low Q° data
>
()
(D 80 4 7 Nx —
=
£ 2-
e 1-
80.3m,, [ |LeP LHC
14 0 excluded ey excluded
155 175 195 40 100 200
With new MW from m Gev . m [GeV]
TEVATRON el ] The window left H

VW= 80.375+0-15 is between

~117 — 127 GeV
in agreement with
EW precision physics
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