H/ggs Search




The Standard Model of Particle Physics

Building blocks: matter (fermions), forces (bosons)
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Three Generations of Matter

Simple Lagrangian formalism describes this very well
but only for massless particles....
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The Standard Model of Particle Physics

How do particles acquire their masses?

* hand inserted mass terms destroy gauge invariance (local)
* need gauge invariant mechanism to generate mass terms
* Higgs mechanism is the simplest way to do it

The Higgs mechanism

* introduce additional scalar field
(a new scalar particle)

 modifies derivatives

e additional terms with mass
appear

e vacuum expectation value # 0

 particles move through field
which gives them mass

* no experimental evidence, yet
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Higgs Particle: Pros and Cons

The mystery of mass
* can be resolved with one scalar Higgs boson

What is good about it?

* resolves fundamental problem of mass

 nature tends to be economic: few particles

* model makes very precise predictions: decay kinematics
(scalar), couplings, cross section, cross section ratios ....

« only one parameter to vary: m,

e search can be very well targeted
 similar mechanisms for example SUSY, partially covered

What is not good about it?
* no physics beyond Standard Model, we like new things

* fundamental problems of Standard Model remain
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The Standard Model: Measurements

Experimental data
 LEP, SLC

e Tevatron

* Neutrino experiments

Measurements

e over a thousand individual
measurements combined

* very different accelerator
and detector setups

» decent agreement with SM
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Measurement

Fit d

Omeas_Dﬁtlllr Mmeas
' 2 3

m,, [GeV]

T, [GeV]
m, [GeV]

July 2011

91.1875 £ 0.0021
24952 £0.0023
41.540 £0.037
20,767 £0.025

91.1874
2.4359
41478
20.742

0.01714 £0.00095 0.01646

0.21629 £0.00066 0.21379

0.1721 £0.0030
0.0992 £0.0016
0.0707 £0.0035
0.923 £0.020
0.670 £0.027
0.1513 £ 0.0021

60.399 £ 0.023
2.085+0.042
173.20+0.90

0.1722
0.1039
0.0743
0.935
0.668
0.1482

80.378
2.092
173.27




The Standard Model: Higgs Constraints

6 July 2011 my, o =161 eV
Direct searches 4 i
* nothing found p), =
. 5_ a i o
* Higgs boson too heavy 11— 0027501000033 |
What precision data tell us 10 B
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* radiative corrections modify il
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* Higgs present in virtual & 37 i )
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Higgs Landscape Before LHC

Fundamental limitations
— center of mass energy (Tevatron 2 TeV, LEP 210 GeV)

— searches limited to low mass region (plots stop at 200 GeV)

Search for the Higgs Particle

Excluded by
LEP Experiments

Excluded by Excluded by
Tevatron Experiments Indirect Measurements

114 158 173 185

100 110 120 130 140 150 160 170 180 190 200 GeV/c?

Higgs mass values
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The CMS Conclusion

Quantum leap in Higgs search in 2011: ~5/fb data
— excluded region : 127 GeV <m_ <600 GeV

_ expected : 117 GeV <m,, <543 GeV
— small window left: 114.4 GeV < m,, < 127 GeV

Looking beyond 95% CL — 99% CL
— 99% CL exclusion: 128 GeV <m, < 525 GeV

— search will not stop at 95% CL exclusion

Comments on low mass region
— excluded less than expected

— small excess, but inconclusive at this point
— need more data to come to a conclusion (this year, 2012)
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Higgs Hunting Basics

Congratulations,\ .
i€ only teok you |
652989 seconds

Needle in the
hay stack

problem

— need high energy
— need lots of data

iy Jolyon .co Uk
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Higgs Hunting Basics

proton - (anti)proton Ccross sections

Physics processes

« production relative to o
—bb at 10°,

— W—¢v at 10° and
—Higgs (m=110 GeV) at ~10"

* 32 MHz beam crossing, only
about 300 Hz tape writing: 1/10°

 fast and sophisticated selection
process essential: trigger

Trlgger
* trigger has to work: otherwise no
useful data registered

* already in first data taking: rate
enormous and trigger important
 core trigger organization:
use electron, muon, jet and
energy signatures

C.Paus, MIT: Recent CMS Higgs Results

—

|
=

—’
=]

&

10

2

10

10’

10°

4]

4]

Higgs

Higas

|r1||

(M, = 150 GeV)

(M., = 500 GeV)

T 1r1'| T T T r|r1|| T T T ]_D

5 10

=]

Tevatron LHC

o (E" > s/4)

0.1

w2
0 cm =

events/sec for L



Higgs Production at the LHC

Higgs production in proton-proton collisions

ttfusion

Nw

W, Z bremsstrahlung

_I I\III|
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LHC HIGGS X5 WG 20714

100

WW, ZZ fusion >
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Higgs Decays (Tevatron/LHC)

o 1 o
e} n bb 8 .
® f Higgs
o ZZ iy
= — ¢ couplesto
e — 5
2 1ol {_ mass
@ :
—~ 2
1_‘Hff mf
102 E ~ 4
- . 1_‘HVV rnV
1 0'3 k \ L | | I | | |
100 / 200 30 500 1000
M, [GeV]

area of largest interest
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1

H/ggs Decays ( Tevatron/LHC)

% = 2

-% ; bb\ ; : Higgs boson

> i 77§ couples

= 3

2 | ol ag _ {0 mass

- FcC 1 I ~ mJ2
— ) Hff f
: - — 4

102 - 1_‘HVV rT‘V

i YY ZY :

-1 0‘3 | /] | | | 4 | | | | | | N | | | | | = |
100 120 140 160 180 200
M, [GeV]

Messy: many channels, many subsequent decays efc. efc.
—common: leptons/photons essential for any search
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_LHC Location




~LHC Status

7 *Super short summary
| x—proceedmg with caution
[ <" —no show stoppers so far
Wl d_ [ /| [ [/Uln Jnam buhch intensity reached
» AT iy =2 _1'“%375'"*“*«1—bunch trains commissioned
' rojbe Al ted quenches
—very clean beams

—machine parameters better
then expected

/ —all goals reached

¥
|\ gy SR T T



Delivered and Recorded Collisions

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)

|
— Delivered 5.73fb™' | .

0 H = Recorded Max 132.48 pb™

CMS Integrated Luminosity/Day 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)
! i ! M i ! i g ! ' LN ! ' ! ' ! ' ! '

— Delivered Max 138.91 pb™'

19,(3';' . Iwoéi . I,;miﬂil R B
Lepton-Photon

LHC performs better than expected

—summer conference based on 1.66/fb (for Lepton-Photon)
—2011: 5.73/fb delivered of 5.22/fb recorded (91%)
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CMS Overview

Inner Tracker Electromagnetic Calorimeter

rystal 1.
i &/E =0.50%
e
W
2
Layout of a ¥ %
radiation hand =
front-end L
trackerchip g ooy
A Si module in its assembly jig. Strps from pairs [Harrs APVE) [mi 5
of 6x6 cm Si detector are bonded together with preamplifier, shaper, pipeline,
analsg pulse shaping processor and
multiplexer servicing 128 channels O
E &a\'i
Lead tungstate crystals have a short Energy resolution
i . radiation length (0.8cm) and Moliera measuned with 120 GaV
A full size (23cm long) lead tungstate crystal with a radious (= 2cm). This yields a high electrons in a test beam.
maounted APD parformance compact calorimeter with The distribution shown is for
i I oo fine segmentation. The scintillation lightis  asum of 23 cr Is with
El‘ianggfgng Iﬁl;medsﬁgrﬁnm%a detec‘tee% by specially developed Silié!i:-n lateral size of [‘2‘%?2.2; Lo

diameter of 2.6 m. Fine pitch Si
detectors provide precise hits.
Pixel detectors placed close

to interaction region improve
measurement of the track impact
pamameater and reconstruction of
sacondary vertices. In the cantral
rapidity region (Inl <1.5) the
mamentum resolution is given
Ap/p, - 0.005 + 0.15 p, (Rin Te'

Ayalanche Photodiodes (APD) which
allow an amplification of up to = 100

Hadron Calorimeter

A saction through one sector of
the barrel module. The coy
absorber plates are bol
together and trays of scintillator
tiles will be inserted in the gaps.

CMS is built arcund a long superconducting solenoid
(1= 13m) with a free inner diameterof 5.9 m and a
uniform magnetic field of 4T. The magnetic flux is

The undergreund experimental area and the CMS datector returned via a 1.5 m thick saturated iroen yoke

instumented with muon chambers.

12500 T, 15m x 15m x 21m
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CMS Overview

| | | | | | | |
0m m 21 am A4im 5m am im
Key:
Muon
Electron

Charged Hadron (e.q. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

|

silicon
Tracker

; Electromagnetic
}_|! ]]] Calorimeter

Hadron suparconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CM5

D Barney, CERM, Felbrouy 2004
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So far CMS
does not see the Higgs but ....

C.Paus, MIT: Recent CMS Higgs Results
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.... we could have seen It In
some mass interval and thus
we exclude those regions.

[ et’s see what we have so far.
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CMS Analysis on Full 2011 Data

Channel Physics Analysis mu range Luminosity  sub- M-

Summary (GeV/c?) (fb1) channel resolution
H - vy HIG-11-030 110-150 4.7 4 1-3%
H - tt HIG-11-029 110-145 4.6 9 15%
H - bb HIG-11-031 110-135 4.7 5 10%
H - WW - Inln HIG-11-024 110-600 4.6 5 20%
H - ZZ - 4l HIG-11-025 110-600 4.7 3 1-2%
H - ZZ - 2|12t HIG-11-028 190-600 4.7 8 10-15%
H - ZZ - 2|12v HIG-11-026 250-600 4.6 2 7%
H - ZZ - 212q HIG-11-027  130-165, 200-600 4.6 6 3%
Combination HIG-11-032

The approximate main regions

* [ow mass region 110 GeV - 140 GeV
 intermediate mass region 140 GeV — 200 GeV
* high mass region 200 GeV - 600 GeV

C.Paus, MIT: Recent CMS Higgs Results 22



The Main Channel: H - WW — 2/ 2nu

U 32 Gellg——"— Signature

\\ e 2 opposite charged leptons
/ o' 34 GeV \\ (leptons only e, u)
\\\

e 2 neutrinos == missing

1 N\ w transverse energy (MET)
| {/ \:‘\5\,\/\“ B | eno Higgs mass peak
| 49’) = J|| e basically a counting analysis

Analysis challenges
e understand backgrounds

U

L \ et MET: | e enhance sensitivity by

\ - a1 / subdividing into + (0,1,2) jets
wr =

e

v | e normalize to control regions
@'/' Higgs is scalar e pbackgrounds: WW, W+jets, top,
e leptons are close DY
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Top Background to H —- WW — 2] 2nu

-600 -400 -200 0 200 400 600
= 800 800
= 400 400 =
— 200 200
- i'

- i

— 0 F‘ 0
- ®

- | ,

— -200 -200 —
= -400 -400 =
= -800 -800 =

-600 -400 -200 0 200 400 600

IIIIII|IIIIIIIII|IIIII [ | | I ) Y O A R | | Y O O R N T | I | IIIII|IIIIIIIII|IIIIII
Signhature and rejection strategy
e jets and jets from b-quarks: remove events with jets and veto b-jets
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Drell-Yan Background to H — WW — 2/ 2nu

SlmUIatlon -1000 -500 0 500 1000
g— 800 800
i— 600 600
i— 400 400
2— 200 200
~— 0 E 0
e ]
é— 200 g 200
i— -400 -400
i— -600 -600
i— 800 800
-1000 -500 0 500 1000
[ I | | [ I Y R O I R A | | [ | | | | | | | I 111 | [ A N R | | [ |
Signature and rejection strategy
e small MET: remove events with small MET
C.Paus, MIT: Recent CMS Higgs Results

25



Non Resonant WW Background to H —- WW — 2] 2nu

CMS Experiment at LHC,CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST

S ig n atu re Run/Event: 142132/92434735
¢ irreducible data

e slightly different
kKinematics than Higgs
decay

Strategy

® use kinematics
depending on the
Higgs mass value

¢ variables of interest: 49.9 GeV
AP and m,

“

n pr =48.8 GeV
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mH
120
130
160
200
250
300
400

Counting Analysis .... Numbers

DYl
8.819.2

ttbar+tW
6.711.0

13.7¢7.8 10.6+1.6

3.4+3.4
2.7+3.7
0.3£0.6
0.7¢1.9
0.240.2

10.5¢1.4
23.313.1
36.2+4.8
41.615.4
35.9+4.7

Considerations

® key columns here

W+jets WZ+ZZ+Wy

14.7¢4.7
17.645.5
3.0¢1.5
3.4+1.5
6.7+2.1

6.5+2.1

5.0t1.8

6.11.5
7.4+1.6
2.2+0.4
3.240.3
5.7+0.7
7.0£0.7
9.31.1

WW

100.3%7.2
142.2+10.0

82.615.4

108.244.5
101.8+4.5

87.913.9
59.8+2.7

all BG
136.7+12.7

H-WW data

15.710.8

191.5+14.0 45.2+2.1

101.716.8

122.945.6

140.816.8 48.8+2.2
150.846.9  23.5+1.1
143.3t7.2  20.240.9

110.8+5.8

17.5£0.8

136
193
111
1589
152
147
109

e large systematic uncertainties on various backgrounds require ‘re-

tuning’ of analysis for optimal result: DY background, W+jets ....

® need to be careful in the process to avoid biases

C.Paus, MIT: Recent CMS Higgs Results
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Conservative Cut and Count Analysis

= 107 | | | |
Em _? fffffff median expected CMS preliminary
o | H — WW (cut based)
E expected + 1o L =46
-— B expected + 2o
E B —e— observed
— 5
-]
- |
o |
(@)
o) ad B o L L -
100 200 300 400 500 600
_ Higgs mass [GeV]
Observations

exclude Higgs masses from 132 GeV <m,_ < 238 GeV
129 GeV <m_ <236 GeV
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entries /5 °

100F o 4

50

Kinematic Variables: A®,

-

data

m, =130
WW
W-+jets

top
B wz/zz

| | I I |
B Z+jets CMS preliminary
L=46fo"

[ e data
L — m =130

WWwW
W+jets

top
B wz/zz

| | I
B Z+jets CMS preliminary
L=4.6fb"

| s AR S
_ Sl m . . 4
0 — - e et | E.tr.
0 50 100 150 D 50 100 150
0jet a9, 1 1 jet A¢ [7]

Higgs at 130 GeV: signature

e small opening angle between leptons in 0 and 1 jet selection
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Kinematic Variables: m,

> | | 1 1 I | | | 1 I | | | | B | T [ T [ | [ [ | | | | I | ]
8 | e data [l Zvets  CMS preliminary | [ o data [l Z+ets  CMS preliminary ]
Lo L — m=130 top L=4.6"fb" - — m,=130 top L=46f" -
o 60F [ ww [l wzzz — ww [l wzzz ]
QCJ = W+jets - W+jets i
5 | 0 jet — 1jet -
40 |- + % - ]
oo F SH - $ h
' b agteastasean s | [ BT .ﬁ%.iq%hi»m s
0

0] 50 100 150 200 0 50 100 150 200

m, [GeV] m, [GeV]

Higgs at 130 GeV: signature

e small dilepton mass in 0 and 1 jet selection

C.Paus, MIT: Recent CMS Higgs Results
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Mult/ Variate AnaIVSIs Output (BDT)

entries

60 |

40

20

o

g 60
=
D

40

20

O

...................
top
-WZ

0 jet—DF

ww

...... .
0.5 o 0.5
- 7 T 7T T rTrr 1T r T T —
e da Bl z+jets CMS preliminar %
— my to
ww m wz/z
W+

ir

|||||

-1

-0.5 O 05

1

BDT

Monte Carlo prediction agrees with data
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Full MVA Shape Analysis

= 107 | | | L
o . .
___'._7.'_3‘__‘ BE 2 median expected CMS preliminary
&) B H — WW (BDT based)
_|_
E expected + 1o L =46 f
-+ B expected + 2c
E B —e— observed
— 51—
S I
o |
S
Lo |
(@)

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 _|'
100 200 300 400 500 600

_ Higgs mass [GeV]
Observations

exclude Higgs masses from 129 GeV <m_ <270 GeV
expected exclusion 127 GeV <m_ <270 GeV
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Low Mass Specialist: H — yy

Signature and background
86 GeV e two high momentum photons
e |]ow mass Higgs narrow

¢ two photon resolution
excellent

g/ e looking for narrow peak
' e large irreducible background
from direct two photons

e smaller fake photon
background

Key analysis features
® energy resolution is almost everything: calibrate and optimize
e rejection of fake photons and optimized use of kinematics
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Low Mass Specialist: H — yy

((l'-‘\ _||||||||||||||||||||||||||||||||||||||||||||||||
0 3000; CMS preliminary v Data
% 4 \s=7TeVL=476f * [T 2prompt;
(D 2500i |:|1prompt71fakey
'\ : [ ] 2fakey
: ol |:| Drell-Yan
f 2000_— [ ] Hoyy (120 GeVic?) x40
c -
S - 7
g 1900 J
1000 = ‘ ?..;‘-_'/
- My,
L 4 o
500 Mk,
||| ||||||||||||||||||||||||||||||

IIII|IIII|
%O 100 110 120 130 140 150 160 170 180 190

m,, (Gevic?)

C.Paus, MIT: Recent CMS Higgs Results

Data MC comparison
e only used for illustration
® general agreement

e fake/real photons
about: 30%/70%

e perform analysis in
optimized 4 categories

* [dea: separate well
measured from less
well measured photons

® assume smooth
background shape: no
MC needed for mass fit
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[Low Mass Spepialist.' H— yy

::1: _ CMS preliminary —¢— Data
= [Ns=7TeVL=476fb" —— Bkg Model
S [ Max(mi)<1.5, Min(R)>0.94 +2 G
Z_200F
=~ t barrel, unconverted
o 150
> B
(T N
100
50
: 1 1 1 I 1 1 I 1 1 1 I 1 Ié 1 i
foo 120 140 160 180
E\’l: 240 ;_CMS preliminary —$— Data
= 220 \Vs=7TeVL=4.761b" —— Bkg Model
L 200 F +10
S 1 gg E_ Max(mh)>1.5, Min(R_)>0.94 +2 G
= 160 endcap, unconverted
2 140§
q>-’ 120 ;
Y 100F
80
60
40
20
— 1 1 1 ] 1 1 | 1 1 1 | 1 1 1
foo 120 140 160 180

m,, (GeV/c?)
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400
350
- 300

E_ CMS preliminary

CNs=7TeV L=476fb"

L Max(inl)<1.5, Min(R_)<0.94

barrel,

—— Data
—— Bkg Model

=10
+2 o

converted

250
200
150
100
50 -
: 1 1 1 I 1 1 1 I 1 1 1 I6 1 1 1
foo 120 140 160
' 350 E_CMS preliminary —e— Data
FrNs=7TeVL=4.76fb" —— Bkg Model
- +1
300 Max(ml)>1.5, Min(R,)<0.94 12(;
250 endcap, converted
200

150

100

50

foo
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Low Mass Spec:allst H— yy

SM

= : Observed CLs Limit :CMS I:)re||m|narv_;,,!r
= D[ mmmmeee- Median Expected CLs Limit \E """ - TeVL """ 4 "-}'g"f'ﬁﬁ """
:I: - [ =+ 1o Expected CLs
= F [ ] =20 Expected CLs
""‘d 4f— i . .
2
o :
= |
= 3
r 3
L
5

1

\,_\/ Osm

-i7 | 1 | 1 i 1 1 | 1 i 1 | 1 | i | 1 | 1 i | 1 | 1 i 1 | 1 | i | 1 | | i | 1 | 1
%40 115 120 125 130 135 140 145 150
m,, (GeV/c?)

e most sensitive channel below 120 GeV, exclusion below 2
® nO significant excess: structure at 125 GeV ~ 2.3 std (local)

e including LEE over full mass range p-value ~ 0.8 std
C.Paus, MIT: Recent CMS Higgs Results 36




p-value

103

Low Mass Specialist: H — yy

=

CMS preliminary

Trials Fa_ctor of ~20 Not' Included
Vs=7TeV L=4.76 fb™

Local Significance: 2.3¢
Global Significance: 0.8c

......................................................................................................................................................

A o P . T

..................................................................................................................................................

.................................................................................................................................................

----- 1xSM Higgs Single Mass 123.5 GeV

30

1 | ] 1 I / 1 1 l I 1 ] 1 1 t 1 1 ] ] I ] ] 1 ] 1 1 ] ] 1 1 / 1 / l I 1 ] 1 1

110 115 120 125 130 135 140 145 150

m,, (GeV/c?)

* signal strength is about consistent with the SM — a little large

— as we are starting to become sensitive to it
C.Paus, MIT: Recent CMS Higgs Results
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CMS History: H — yy

= :
= 14 CMS..p.rl!ll.nllnEW Observed CLs Limit H—
EF 5= ?TE'JL 1n9fh = = = « CObserved Bayesian Limit
Eﬁ' 12i... ................................ Median Expected CLs Limit  ©
-, .
o + 15 Expected Cls
ﬁ 1u___ PS 1 .9/fb I:I e
= [ + 20 Expected Cls
= - : :
T B .............
X
T
E; ..................
4; e el : : -.-_‘-‘;"-- "..1___ ST L LR SRS
o e
Txogy
T L ! 1 1 | 1 1 1 1 | 1 1 1 1 ! L 1 L L ! 1 1 1 1 1 1
q1ﬂ 115 120 125 130 135 140
m, (GeV,

o EPS (1.09/fb) LP (1.66/fb)

Dec 19 (4.76/tb)
* ‘neaks’ come and go

e of course now we are
getting into interesting
territory
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o(H= v v), o JoH= 1),

20 - -
- CMS PYE"mlnEﬁ' : Observed CLs Limit
1BVs=7TevL=16616" "
- P memea Observed Bayesian Limit
15::.. -. .- . ..........
14: I h- A r\n 1€ ------- Median Expected CLs Limit
- Lr" I 'OOIIU - + 1o Expected CLs
12..... R N—
- |:| + 25 Expected CLs
10 : : :
BE" .......................................................................................................
. s S RO St SO, Yot e
4 .......................
2__ """ F B 1
- - HF,
I 1 1 L ! L L Il ! L L 1 L | I! L L L ! L L L 1 ! L 1 L L | Il L L L ! L L L 1 5”
q1ﬂ 115 120 125 130 135 140 145 150
m,, (GeV/c?)
B[ -eeeeens Median Expected CLs Limit ; : ;
- [ = 1o Expected CLs
: |:| * 20 Expected CLs
: Ixogy
T 1 1 | 1 i 1 1 1 1 t 1 1 1 1 i | 1 | 1 § 1 1 1 1 t 1 | 1 | | | 1 1 1 | | 1 | 1
q10 115 120 125 130 135 140 145 150
m,, (GeV/c?)
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Low Mass Special: H — 11
Analysis telegram
e 3 categories: incl. / VBF / boosted
* \VBF style most sensitive

e require 2 taus (at least one
decaying leptonically)
« e-U, u-1, and e-1,

0.8 CMS Preliminary 4.6 fb™"' \Js=7 TeV TeTh
: - L L L n I L L L L L L L L L n

,—fid : ..

1 1
e (5x) H—1TT m,=120
—8&— Observed

0.7 ———— CJzZz—1t
0.6 i ; | —
- B Electroweak
(I N elein

Backgrounds | L. example: ur:

e top, EWK, DY (irreducible)
0 o l100. — 200 300
m.. [GeV]
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Search Modes in Pictures: H — 11
Standard Model

o

Inclusive

Minimal SuperSymmetric Model

| | "O'J'.v.-‘,. b
WIthOUt b>“"‘" |t o (P
b-tag t/-ta«
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Low Mass Special: H — 11

CMS Preliminary 4.6 fb™' \/s=7 TeV all channels
2_5 T T T T 1 T T T T 1 T T T -l_|_|_|-

EE ------ (5x) H>1tt my=120]
O L —a— QObserved -
E - Cz-1t -
S 20F — -
i B Electroweak -
i CJaQcD -
1.5 - -
1.0} .
0.5F .

0.0

Full mass spectra

200 300

m. [GeV]

e inclusive not shown (no sensitivity)
e \VBF / boosted substantially reduce the background
e harder p_ also improves resolution

C.Paus, MIT: Recent CMS Higgs Results
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CMS Preliminary

an ., 4.'.5 '|:|lC.’|'1 I\{§.=?.TE:V all channels

------ (5x) H—>1t my=120
—a— Observed

C1Zortr

16 —
Bl Electroweak
14 CJQcD
12 | [
10
8
S | |
4
NI —"
0
0 100 200 300
m,. [GeV]
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Low Mass Special: H — 11

10 CMS Preliminary “s=7 TeV 4.6 fb™'
E T T | T I T T T T l | T T T T
- o ... 95% CL Limits I
EF —— O bserved
I 8 - —— Expected o e
L 2E . [ 1+ 1c Expected ...
o 6 [ + 20 Expected ___________
e s
L 4
© 3
2 ...............
'1}:::35"1 : i
X X X X 1 X X X X 1 X X X X 1 X
!?'10 120 130 140
. m, [GeV]
Observations

® observed tracks expected sensitivity

e [imit around 3 at low mass, further improvements possible
C.Paus, MIT: Recent CMS Higgs Results
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MSSM: ® — 11

CMS Preliminary 2011 4.6 fb

CMS Preliminary 4.6 fb™"' ~/s=7 TeV all channels
. I r . -

50_ 5 . - —=TT (= . tan@=
- -g 10° .E ——— %bser(v;d"zu e
- — = [ | ] =—
45¢ = - —=ua
- o2 HE Electroweak
405 1 'E_ 1 Fakes
sk : inclusive
= 10 |-
305 i
o :
© 25 -
+ 20E o "'5'5-./ GL excluded regi 10" i . . n —
— % CL excluded regions
- 1 cMS observed o 200 <400
15 — +10 theory m.; [GeV]
- B CMS expected
10'_5:‘_', N ':,_.;‘_-__.:.:.-:;';':::::;',,.- LEP 3 20 CM% F'rn|=:-limi.r|ar3.plr 4.6 fb‘1_ \.'E=_7 TeV all channels
5 MSSM m ™ scenario, M, =1 TeV :“ i @—>TT (m, =120, tanB=20)
- i 18 —e— Observed
:I L1 11 I L1 11 | L1 11 I L1 11 I L1 11 | L1111 I L1 11 I L1 11 : 1 6 r- .Z_%TT
0 3 : C ¢
100 150 200 250 300 350 400 450 500 I B Electroweak

[ Fakes

m, [GeV] B

Observations e b-tag
e b-tags removes main DY f,
e impressive improvements in 2 Eal, i .
exclusion plane ? =00 4{;?1,,: [GeV]
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Low Mass Special: VH — Vbb

E CMS Preliminary Faco
10°-Ve =7 TeV,L=4.7 fb’" m=VH(115)  [[Zsudscg
Z(vvIH(bD) v [Jz+be
.ﬁ .W—l—udmﬂ
10° [J=t [[w-ebb

Events/ 20 GeV

=]

—

% 8
:‘ITITH] IIIIII|'|'|_IIIIII|T| IIIII|'|'|'|' IIIII|T|'| IIIIIIII| I

140 160

bb masg

III|,|,|,| IIIII|,|,|,| IIIIIIII| (A

180 200 220 240

Analysis telegram
e enormous background in H — bb

Backgrou nds
e \/+jets (Wbb, Wcce), VV, top

Result

* [imit is around 3 at low mass
e further improvements possible

C.Paus, MIT: Recent CMS Higgs Results

95% C.L. Limit on c/cg,,

use VH with leptonic V decays

e also require high momentum:

— — -
N S (o]

—_
o

‘boosted’ analysis

:_ CMS Preltmmary, BDT anaIyS|s-----------~§ ......................... ............
T is=7TeV,L=47fb" g
o VH(bb)comblned ....................... T
L _._ CL, Observed .. ...... |
I CL Expected
- CL Expected £ 26
- | | 1 | | | | | | | | | | |

110 115 125 130

135
Higgs Mass [GeV]
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The Golden Mode: H — ZZ — 4l

Analysis telegram
e 4 isolated high p_ leptons

e consistent with Z decays
e from same vertex

* fit mass peak with
resolution: 2-4 GeV

e |ittle background, main
comes from non-resonant
Z/Z production, irreducible

* also Zbb and top (2/12nu2b)

Background removal
e |eptons from b-decays are non-isolated and displaced
¢ require isolation and small impact parameter
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The Golden Mode: H — ZZ — 4l

CMS Preliminary 2011

Ns=7TeV L=4.71fb"

181 T 1T 1 | I

161

Events/10 GeV/c?
~
|

CiOO 200

400 500
M, [GeV/c?)

Observed events overall consistent with expectations

e /2 observed, expected 67.1 £ 6, mild excess
C.Paus, MIT: Recent CMS Higgs Results

III|IIII|IIII|IIIIJ_

* DATA

B z+x
Nzz

m, =350 GeV/c*]

—m,=200 GeV/c®_
—m,=140 GeV/c? .

500 10315 00 300 400 500 600

\s = 7TeVL 471fb

CMS Preliminary 2011

Observed ........................................ —_—
----- Expected + 10 |77
----- EXPECted £20 [ i
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Low Mass: H— ZZ — 4]

CMS Preliminary 2011 Ns=7TeV L=4.711fb"

oy, 5 CMSPrelminay2o1 o NS=7TeV Lea7im' 5 | . |
E - - ; e DATA . < — QObserved
Q450 Bl Z+X = 110, :
od 4:_ — Hlzz 4 N . Expected £10 |-
B = (_'_3 — m,=140 GeV/c®* 1 N :
S 3.5F o m, =120 GeV/c” 0 Expected +20 ...
: i=] - - _ I :
Ll}.l = 33 - I
3 S 3 =
- 3 S
2.5+ - - &)
= = - 2
- [ L 7 re}
25 ES m 7 =2 1
1.5 o =
- L - 0
__ — - - - . - - l. - - —
1E L . 1 1 N
0-5:_ | _: ,_. .................................................................. -
e —— |
o T S —— ]
[ A S S A &) : :
I | I I I T T IH_ T T | T T T | T | T T T | T T 10_1 I | I I I | I I I l ! I I
100 110 120 130 140 150 160 110 120 140 160 180
M, [GeV/c?] M, [GeV/cT]

Observed events overall consistent with expectations
* 13 observed, expected 9.5 + 1.3, excess
e some clustering around ~119 GeV and ~125 GeV
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Low Mass: H— ZZ — 4]

CMS Preliminary 2011 Ns=7TeV L=4.71fb™’

m—— \Nithout ma uncertainties

m— \Aith ma uncertainties

-4 i : : ; ; i ; : i
101107715 120 125 130 135 140 145 150 155 160

Munu [GeV/c2]

p-values (at 119 GeV)
* |ocal significance is 2.5 (2.9) reduced to 1.1 (1.3) after LEE
e signal strength is about 2 + 1 times the SM
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High Mass Special: H — ZZ — 212t

CMS Preliminary,ys=7 TeV, 4.7 fb” CMS Preliminary,ys=7 TeV, 4.7 fb”
[ [ ' ' = 20 [ [ [

o 5F # DATA - &

3 3 o H—-ZZ - litt

> ooy H200 - 22 - it u

O 4L v HA0D —» 22— litt _ g 15 = Observed

ﬁ B zz - e 2 s=a=: Expected + 10

E o [ W21z + jets - Expected + 2o

S 10

>

ik

1

| | | |
5) 200 300 400 200 Eﬂ{}
00 200 300 400 200 my, (GeV/c?)

M, (GeV/c?)

Improved 2| 21 analysis
— replace ee or yu, with 17, analysis sensitivity at 200 GeV at ~4
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High Mass Special: H — ZZ — 212nu

108 & 5 CMS Preliminary,\s = 7TeV, 4.6 fh CMS Prellmlnary

T Y T — Higgs {300 GeV) E =
y+Jets (Data) B ]
Top/WW (Data) - SMHZZ = 212v, 4 6 _
10% ) - e 95% CL exclusion:; mean -
B wz - I 95% CL exclusion: 68% band -
o zz 95% CL exclusion: 95% band

— 95% CL exclusion: observed

—_
o

—»— Dilepton events (Data)

95% CL Limit on G!GSM

—_—

Events / 10 GeV
3,

1|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

0 50 100 150 200 250 300 350 025 300 350 400 450 500 550 600
MET [GeV] Higgs mass, m, [GeVic

Analysis telegram
e same final state as our H->WW, smaller production fraction
e similar issues: starts to have sensitivity at about m, = 350 GeV
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High Mass: H — ZZ — 2l 2jets (or 2b jets)

%
C CMSE e eriment at LHC, CERN @]
4 Data recorded: Sun Jun 12 04:43:37 2011 CEST —

Run/Event: 166864 / 145883149 o

Lumi section: 139 e

> Orbit/Crossing: 36364347 / 1978 (2]
\ ~— @]

%
@]
—

&=

B
@]

Analysis telegram
* highest rate of H—»ZZ analyses
e search peak: detector ~ 10 GeV
e full scale angular analysis

e not yet excluding but getting there

C.Paus, MIT: Recent CMS Higgs Results

CMS Prellmmary 2011 4 6 fb! \ s =7 TIBV
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CMS Higgs Result Combination

H -> WW -> 2i2nu

H ==y
H->r1r

H > bb \
H->2Z -> 4

H -> 27 <> 2] 2nu /

H -> 2Z -> 21 2jets

ATLAS and CMS use consistent,
solid, statistical methods: CLs

C.Paus, MIT: Recent CMS Higgs Results
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CMS SM Higgs Combination

CMS Preliminary, \'s = 7 TeV _
| memmesee Combined
Combined, L =4.6-4.7 fo' - H — bb

—
O
1Y)

'-.-_:'l ‘-.-"'‘‘----"_l"""'_l“"-"l

—
T

I ............................................ ---------------------------------------------- H— Z7 — 2| 21
. : ; P | e H— Z7Z2 — 21 2q
H— ZZ — 21 2v

-4

{1 —r =h
8558553 0,0,

(
(
(
-------- H— ZZ — 4l '};
(
(

-
O

95% CL limit ono/c,

100 600
Higgs boson mass (GeV/c?)

Dominant channels
* 110-120 GeV H -> Y 120-200 GeV H -> WW -> 2| 2nu
e 200-330 GeV H=->22Z -> 4] 330-600 GeV H == ZZ => 2| 2nu

C.Paus, MIT: Recent CMS Higgs Results 53



CMS SM Higgs Combmatlon

= CMS Preliminary, s =7 TeV [ —=— Observed N
= Combined, L =46-47f" |&=== Expeocted & 10
= e e Expeoted 20 N
O e o | EP excluded ~
— 5 AR Tevatron excluded |7
= T CMS excluded N
A EE A AT
O
o
Lo
D

200 300 400 500 600
Higgs boson mass (GeV/c?)

Observations
— exclude (95%): 127-600 GeV (exp. 117-583 GeV)
— exclude (99%): 129-525 GeV (exp. 128-500 GeV)
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CMS SM Higgs Combination

=

o
& i
o
SR
= I
= -
O
32
Lo
h

—1 | | 11
19410
Comment

115 120

125 130 135 140

145 150 155 160

Higgs boson mass (GeV/c?)

— some excess around ~124 GeV
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Combined p-Value

m 1:IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIIIIIIIIIII:
E — : H : H H H ]
< - N
= | ]
(-l » =
= 101
(4n] —
u |
Q I
J B [ -
> R . U . T S R N R N R
107 E % =
a IR SRR SUPNRIORY NP SR _CMS Preliminary, s = 7 TeV _] 30
-10_ = T o O S - S =
[ g Combined B
— H— bb (4.7 o)
B mmmell=ee H— TT (4.6 1D
_ ol H —} {4 ? fb
104 £ Interpretation requires look-_ | d i B (476 fo
-~ elsewhere effect correction —— H s 77 — 4l 4?fb :
— e H— FF — 21 20 (4.6 T :4,3-
__I._I—J_-I._I_I__l—l_L-l—I_J--L_I—L_I_I_-L_I_I—L_I_I_-L_—I_-L_I_I_-L_I—I_-L_I | e [ e e U I [y [y e ey [ N e [N T

110 115 120 125 130 135 140 145 150 155 160
Higgs boson mass (GeV/c?)

Comments
— smallest p-value at 119 GeV: local significance 2.6 std
— global: 0.6 std in 110-600 GeV or 1.9in 110 -145 GeV
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Compare Channel by Channel

my = 119.5 GeV/c® CMS Prellmlnary \E 7TV my = 124 GeVic® CMS Pfﬂhmlﬂﬁf}' \s= 7TeV
“4= Combined +10 - Combined, L_ =4.6-4.7 fb” == Combined +16 Combined, L =4.6-4.7 b
== 3ingle channeltic =fil= 3ingle channel+1ig
H_}ﬂ -* H —% TT l+
H—- WW ——p— H—- WW i
Hos 77 — 4l . H—s 77 — 4 =
IIIIIIIIIIIIiIIIIIIIIIIII | I TN TN TN A N 50 RLN: N NN [N NN (NN A N N AN N NN N N I A
-1 0 1 2 3 4 5 -1 0 1 2 3 ) 4 5
Best fit o/0,, Best fit 6/og,,
Comments

— consistent values for the cross section
—excess drivers:  119.5 GeV by 4l, 124 GeV by vy
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Conclusion

Quantum leap in Higgs search in 2011: ~5/fb data
_ excluded region : 127 GeV <m_, <600 GeV

_ expected : 117 GeV <m_ <543 GeV
— small window left: 114.4 GeV < m, < 127 GeV

Looking beyond 95% CL — 99% CL
— 99% CL exclusion: 129 GeV < m_ <525 GeV

— search will not stop at 95% CL exclusion

Comments on low mass region
— excluded less than expected

— small excess, but inconclusive at this point
— need more data to come to a conclusion
— this year, 2012 will be the decisive one !

C.Paus, MIT: Recent CMS Higgs Results
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Tevatron

proton-antiproton collisions at 2 TeV




Tevatron Higgs Exclusion

Tevatron Run Il Preliminary, L < 8.6 fb™

c% ; LEP Exclusmn Tevatron
:E 10 :::::::::::::?:::ﬁ‘-/: :::::é::::::::::::.. Excluslon
&= :"' ______ E"pe‘“e"_____________________;;_':;i;;:;;:;;;;;;::fg:;;;;:;' _____________________________ ]
W — _ obsew&d O e —
3 e Expamed__::::::::::::iiiii;_____________,g_____________,g __________________________ -
| +2cs Expected : : :
o ! '
o
Lo
N
1
=:| ........... TF.‘.’.EI.!‘.Q!‘.I-;-E?FS?J.L!&!IQ.!‘! ....................... f| ____________ ‘1u,y17 2011 -
100 110 120 130 140 150 160 170 180 190 200
H(GeV/c )

Recent update from Tevatron (Jul 17)
* new limit at 95% CL: 156 GeV — 177 GeV excluded

* mildly worse than last summer but expected limits now much
more consistent with observed limit

* ‘'no channel left’ behind policy implemented
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More Detalls

C.Paus, MIT: Recent CMS Higgs Results
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Prospects Discovery — Example CMS

_A27

Significance of Observation (o)

-
o

T e — oM@ TTev

B o)} oo

N

-

CMS F’rellmlnary Oct 2D1D _;: gﬂ:ﬂ

— 5fb'@ 7 TeV

----- 1fb @ 8 TeV
----- 2 fh“@ﬂ TeV
----- 5fb' @ 8 TeV
----- 1nfh‘@arav

Prc:qected Eé':‘iéghific:ance of Obser{xationé

200 300 400 500
Higgs mass, m , [GeV/c?]

Indeed: the Higgs is in reach!
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Sensitivity Prospects — Summary

ATLAS + cMs ~ 99% CL 30 0
= 2 % CMS exclusion sensitivity sensitivity
1 fb 120 - 530 135 -475 152 -175
2 fb? 114 - 585 120 - 545 140 - 200
5 fb1 114 - 600 114 - 600 128 - 482
10 fb? 114 - 600 114 - 600 117 - 535
Think about this

—how likely is it that we will see a 3 standard deviation
evidence by the summer?
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Higgs Production at the Tevatron
Higgs production in proton-antiproton collisions

qq — WH
associated production relatively big

g2,qq

TeV4LHC Higgs working group
l R N N N B B B A T I T T T T A O A A

100 120 140 160 180 200
WW, ZZ fusion g mH [GeV]
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Final State: WW — 2/2v

Observe 13 candidate pp = WW events
—measure cross section
~o(pp > WW) = (41.1+15.3 5.8 + 4.5(L)) pb

CMS Experiment at LHC,CERN . .
Data recorded: Mon Aug 2 05:02:51 2010 CEST —main background for H iggs to WW

Run/Event: 142132/92434735

http.//arxiv.org/abs/1102.5429

pp =2 WW event

:I IIII|III_I|IIII|II_II|II-1II|II
70 CMSNs=7TeV,L =36pb

= * data _
60 mww ]
B Il Zjets ]
I oW ]
50 [ di-boson 7
C Wjets 7

MET

49.9 GeV
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Experiment Status
Detectors work very well

— no show stoppers

— excellent understanding
— first measurements out
— W, Z as example

- Wy, Zy, WW also out

|- = CDF Published
+ D0 Published
. BTheory

Production Crass Section [pb]

— ways to go, but lumiis 04— bd e
rolling in \

— others dibosons will 10 T
follow very soon f iT

— should be ready to do I T

Higgs searches

— all di-bosons bysummer 10" Wz oWz W oW oww Wz 2z

C.Paus, MIT: Recent CMS Higgs Results



A Dimuon Event, CMS

CMS Experiment at LHC, CERN D

Run 135149, Event 125426133 —
Lumi section: 1345 //

Sun May 09 2010, 05:24:09

Muon p=67.3, 50.6 GeV/c
Inv. mass = 93.2 GeV/c?
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Muons, CMS

15 ><1Q3 _ I CIVIS Prglimingry - . CIVI|S prglimingry
- 36 pb at Vs =7TeV - 10° £ 36pb’ at Vs=7Tev
> i . ® data | > - .
& | | B 10° |- =
N I B9 Wy | N - e data -
> 10 = B Ewk+T 7 > I §
£ ach 102 | =
o g - L .
5 ()] E n : 0§ N ‘-.lil :
ks O 1o [} * ""rul. -
= g o ) ﬁ e
) gl -
o Q el
£ g | |
2 c
=
| | |

T E T e~ 50 100 150 200
M) [GeV]

Muons in CMS
— W/Z cross section in 36 pb', extremely clean dimuons
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Electrons, CMS
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— W/Z cross section in 36 pb', extremely clean dielectrons
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