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Half a Century of Higgs Hunt...

...almost half of which preparing the searches at LHC
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Run Number: 183081, Event Number: 10108572
Date: 2011-06-05 17:08:03 CEST




4 u event ... Standard EW only or Higgs?
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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The ATLAS and CMS Detectors In a Nutshell

Sub System

Design

15m

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx

opp /PT ~ 5 X 10~ 4pr @ 0.01

Pixels and Si-strips
PID w/ dE/dx

opy /PT ~ 1.5 X 10~4p & 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/vE & 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) > 11X
op/E ~ 50%/VE & 0.03

Brass-scint. 2 7Ag Tail Catcher
op/E ~ 100%/VE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

opr /PT ~4 % (at 50 GeV)
~11% (at1TeV)

Instrumented Iron return yoke
opp/PT ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)




Luminosity and Beam cross section
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Reduction factor W/ Beam
crossing angle O(0.9)

Parameter 2010 2011 Nominal
N(10%! p/bunch) 1.2 1.35 1.15
k (N bunches) 368 1380 2808
Bunch spacing 150 50 25
e (wm rad) 2.4-4 1.9-2.3 3.75
B* (m) 3.5 1.5-1 0.55
L (cm2s?) 2x1032 3.3x1033 1034

Beam parameters clogesto, nominalin terms of luminosity




Total Integrated Luminosity [pb™|

Two Years of Remarkable

LHC operations

Glimpse at the Luminosity

2010

Re-discovery of the SM at LHC

2011

Closing in on the Higgs search

ATLAS Online Luminosity Vs= 7TeV COU“CI'

[ LHC Delivered /

[ ] ATLAS Recorded

Total Delivered: 5.61 fb™
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Day in 2010

Measurement of rather
detailed properties of the W
and Z boson production
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Day in 2011

Measurement of di-
boson production and
Higgs searches




The 2011 Dataset

2011 (Fall)

stb-l

Quite high PU!
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Preamble : Breakthroughs in Phenomenolgy

Several breakthroughs in the past decade have drastically changed the theory
prospective to the hadron collider processes.

- The “Next-to...” revolution :

- Breakthrough ideas in computation of loops (sewing together tree level amplitudes).
- NLO generators, blackhat, NLOjet++, Phox, MCFM, etc...

- NLO generators w/ PS, MC@NLO and POWHEG.

- NLO+NLL or NNLL, CAESAR, ResBos, HqT

- NNLO, FEHIP, FEWZ, HNNLO, DYNNLO

- NNLO PDFs sets

- Parton Shower (and Matrix Element matching) improvements :

Pythia (8.1), Herwig++, Sherpa and CKKW (1.3) and MadGraph (5.0) performing
very well (Including description of the Pile Up and the underlying event).

- The Jet revolution (Fast Jet) : Allowing to compute in reasonable time infra-

red safe k; jets.
UCL Seminar 04/05/2012
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The Main Production Modes

Data driven background estimates legitimate use of NNLO cross sections!

T T T T T T T

\s=7TeV 7 - Gluon fusion process :

H

Dominant process known at NNnLO

LHC HIGGS XS WG 2010

L1 IIIIII|

However rather large TH uncertainty* ~0(15%) due to the
large corrections for gluon initiated process

| IIIIII|

1000

200 300 400 500
M, [GeV]

* TH uncertainty mostly from scale variation shd’ %Eé,z%%zpm_as“&lo% and 00 ¢~ 7-8%
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The Main Production Modes

Data driven background estimates legitimate use of NNLO cross sections!

\s=7TeV

LHC HIGGS XS WG 2010

L1 IIIIIII

| IIIIII|

1000

200 300 400 500
M, [GeV]

. UCL i
* TH uncertainty mostly from scale varla%leorwnaaﬁ

- Gluon fusion process :

H

Dominant process known at NNnLO

~100 kEvts produced at 120 GeV

POFLSS oo ~8-10% and 80 ... 7-8%



The Main Production Modes

Data driven background estimates legitimate use of NNLO cross sections!

Em \s=7TeV _: ., ) - Gluon fusion process :
E E , Dominant process known at NNnLO
" ]
g E ~100 kEvts produced at 120 GeV
10" — ¢ - Vector Boson Fusion :
| ::: #  known at NLO TH uncertainty ~O(5%)
2
1 ! ! Rather distinctive features w/ two

1000 conspicuous forward jets and a rapidity gap

100 200 300 400 500
M, [GeV]

* TH uncertainty mostly from scale variation shd’ %Eé,z%%zpm_as“&lo% and 00 ¢~ 7-8%



—
o

o(pp — H+X) [pb]

—
Q

102

The Main Production Modes

Data driven background estimates legitimate use of NNLO cross sections!

\s=7TeV 7 - Gluon fusion process :

H

Dominant process known at NNnLO

LHC HIGGS XS WG 2010

L1 IIIIIII

~100 kEvts produced at 120 GeV

¢ - Vector Boson Fusion :

wZz

| IIIIII|

#  known at NLO TH uncertainty ~O(5%)

Wz

Rather distinctive features w/ two

200 300 400 500

1000 i i idi
M, [GeV] conspicuous forward jets and a rapidity gap
; u - Associated Production with W and Z :
>A?A< known at NNLO TH uncertainty ~O(5%)
a 7 Very distinctive feature with a Z or W decaying leptonically

- Associated Production with top pair:
known at NLO TH uncertainty ~O(15%)
Quite distinctive but also quite crowded

eminar

* TH uncertainty mostly from scale variation andold-iﬁlgé,zg%zpm_as“&lo% and 00 ¢~ 7-8%



- The dominant b-decay channel

Huge backgrounds, needs distinctive features at
production level and beyond... Associate production

W,Z H and Boost!

Decay Modes

Pure Branching Fractions
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Branching ratios
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LHC HIGGS XS WG 2010
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10°

100
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Decay Modes

Pure Branching Fractions

- The dominant b-decay channel

Huge backgrounds, needs distinctive features at
production level and beyond... Associate production
W,Z H and Boost!

- The Tt channel

Also needs distinctive production features, typically
VBF or VH. Hopes from NEW MASS RECOSTRUCTION

techniques

—

—
Q

L L T 1T

Branching ratios

102

T

1

LHC HIGGS XS WG 2010

Il

100
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Decay Modes

Exclusive Modes Cross Sections

- The dominant b-decay channel

Huge backgrounds, needs distinctive features at
production level and beyond... Associate production
W,Z H and Boost!

- The Tt channel

Also needs distinctive production features, typically
VBF or VH. Hopes from NEW MASS RECOSTRUCTION
techniques

- The yy channel

Dominant Channel in the very low mass range. Small
branching but sizable yield. Very distinctive
signature on its own.

UCL Seminar 04/05/2012

6 x BR [pb]

1 O E T T T T 3
- \s=7TeV SM ]
U3 WW — Fvgg 3
0B WW = VI N
3 77 - g0
10°F ZZ — I'TwW E
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107 VBFH 't l=e,u 3
- V = VeV, Vs
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-4 1 1 1 1
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Decay Modes

Exclusive Modes Cross Sections

- The dominant b-decay channel — 10¢ . . —3:
o E = o
Huge backgrounds, needs distinctive features at 'E' - \'s = 7TeV SM 1a
production level and beyond... Associate production oM 1__ - __ §
W,Z H and Boost! é = WW — Fveg EE
- The Tt channel 10 D WW = IVIT N
Also needs distinctive production features, typically - 77 %m- N :
VBF or VH. Hopes from NEW MASS RECOSTRUCTION 9 8
techniques 10°F 77 — T E
- The yy channel A& 27 P )
Dominant Channel in the very low mass range. Small 10 = VBFH- 1t |l=e,u E
branching but sizable yield. Very distinctive - vy v iveavw\ét f
signature on its own. 104 . _g=udsc
100 200 300 400 500
- The WW Channels MH [GeV]

- Dilepton (InIn) channel is dominant in the low mass (very poor mass resolution, essentially counting experiment)
- Semi leptonic (Ingq) largest event yield effective at large mass where the background is smaller.

UCL Seminar 04/05/2012



Decay Modes

Exclusive Modes Cross Sections

- The dominant b-decay channel — 10¢ . . —3:
o E = o
Huge backgrounds, needs distinctive features at 'E' - \'s = 7TeV SM 1a
production level and beyond... Associate production oM 1__ - __ §
W,Z H and Boost! é = WW — Fveg EE
- The Tt channel 10 D WW = IVIT N
Also needs distinctive production features, typically - 77 %m- N :
VBF or VH. Hopes from NEW MASS RECOSTRUCTION 9 8
techniques 10°F 77 — T E
- The yy channel A& 27 P )
Dominant Channel in the very low mass range. Small 10 = VBFH- 1t |l=e,u E
branching but sizable yield. Very distinctive - vy v iveavw\ét f
signature on its own. 104 . _g=udsc
100 200 300 400 500
- The WW Channels MH [GeV]

- Dilepton (Ivlv) channel is dominant in the low mass (very poor mass resolution, essentially counting experiment)
- Semi leptonic (Ingq) largest event yield effective at large mass where the background is smaller.

- The ZZ Channels

- 4-leptons : “Golden mode” smallest event yield but large s/b ratio
- semi-leptonic (llqq) larger event yield but also much larger background (make use of the large branching Z in bb)
- 2-leptons 2-neutrinos (llvv) : Best compromise yield/purity. Dominant channel at high mass

UCL Seminar 04/05/2012



Low Mass :
Challenging Range

110 -150 GeV/c?

Intermediate :

Wide Range
110 - 600 GeV/c?

High Mass : Larger
contribution from VBF
200 - 600 GeV/c?

Not theory difficulties above
500 GeV/c?

Production Modes and Decay Channels
Channel ggF | VBF | W,ZH| ttH F({(a;z\g/?
Yy ol ov v V4 110-150
TT v v 110-140
W,Z H (bb) v 110-130
ZZ (I11) v 110-130
O-jet v 110-600
WW 1-jet v v 110-600
(viv) VBF | v 110-600
WH* v v 110-200
Ww** | O-jet 7 300-600
(vad) | 1jet v 300-600
VBF v 300-600
ZZ (llvv) v 110-600
77 (Iker)* v 200-600
77 (Ilqq) v 130*-600
UCL Seminar 04/05/2012

* CMS only / ** ATLAS only



Indirect Constraints

80_ 5 1|-e|\/|at|ro|I1 T plrellill-r‘li nlar;y LI I | L L] I I LI I L IMlall'C!'] |2?1|2| LI 6 m mjg 1 nm = I? e'?v
| O LEPEWWG (2011) 68% CL (excluding m_, m,__& direct Higgs exclusion) | | ; {
- 68% CL (by area) m,, (2009), mm)p * @0 - Aa& =
80,45 __068% CL (by area) m, (2012), m_~ L\?:\ B 5 - % —0.02750£0.00033
40 & _ . 5 % - 0.02749+0.00010
L A _ - 5 5
. B .\’\‘-’ ] 4 - L === incl. low Q° data
> - i
8 80.4_— \ | NR
= - 4 < 3-
= B i 1
E 8035 2-
B 1 -
80.3 — J LEP LHC
ATy A oexcludedl’ excluded
155 160 165 170 175 180 185 190 195 40 ,/ 200
My (GeV) " m1GeV)
/
/
With My = 80385+15 MeV e
/7
My = 94+29_,, GeV LEP exclusion 114 Gey  Will concentrate on the
My < 152 GeV @95% CL low Higgs mass range

[110-150] GeV
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Selected Topics

Low mass channels only

Channel ggF | VBF V\I{;Z tH ?22\3/‘;

VY ol vl v 110-150

T |/ 110-140

W,Z H (bb) / 110-130
ZZ (Ill) V4 110-130
O-jet v 110-600

WW 1-jet |/ 110-600
(Iviv) VBF v v 110-600
WH* v v 110-200
2Z (llqq) v 130%-600

* CMS only

UCL Seminar 04/05/2012

Will only cover
SM Higgs
searches and
interpretation

Lower Sensitivity at very low
mass but very interesting (see
backup)

Very low sensitivty and does
not cover vaery low masses
(see backup)

31



Statistical Interpretation

How to read Higgs Search Plots



Member Subscription Copy
Library or Other Institutional Use Prohibited Until 2017

Articles published week ending 16 MARCH 20 12

Events / GeV

Data - Bkg

American Physical Society,

900

800
700
600
500
400
300
200

100

IJ»IIII'IIII'IIII|IIII|]III|III1|IIII-

-100
100

Published by

110 120 130 140 150
m,, [GeV]

8 IIII|IIII ~I4-|IIIII III[|II

0

QE.S.J Volume 108, Number 11

physics

How to read Higgs Search Plots...

Starting from PRL
Cover Plot



Events/ 1 GeV

Data - Bkg model

Statistical Interpretation
How to read Higgs Search Plots

Rypothesis testing using the Likelihood Definition:

Profile likelihood ratio... Simplified

e LU,0) = [, (M )+ [P (M)

800

Inclusive diphoton sample
3 e  Data2011
700 Background model
Nl e SM Higgs boson m, =120 GeV (MC)
600 K ARRRRAARSS nasas sasnsnss iesas T
, 0.1 ATLAS Preliminary N

500 \s=7TeV, J Ldt=4.9fb T (Simulation) .

400 " ++ 0.08:— H-yy, m, = 120 GeV —:

300 3 0-06;— FWHM = 4.0 GeV Relatesto

200 b3 0.04f- Higgs mass 1

i hypothesis

100 ATLAS Preliminary 0.02: :
= % 105 110 115 120 125 1 45
3 f ¢ m,, [GeV]

A0 10120 130 140 150 '1:60 \) Global coherent factor

myy [GeV]

n.=uoBrLe

UCL Seminar 04/05/2012



How to Read Higgs Exclusion Limits Plots

A, = (u,0) = L(L‘zfz‘))) q,=-2InA,

— e |

10 !
9 i Background
5 likeliness
8 |
1 —~ 7 likelihpod ratio without prdfiling
— 6 :
A (< | i )
=\ \ , \
\ : N
)é N ; y H
d 1 \ : /

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

L Htest 18

Signal likeliness UCL Seminar 04/05/2012



Statistical Interpretation

How to read Higgs Search Plots

Hypothesis testing using the Profile likelihood ratio...

VaN
> A B L N LB L B LR LB R
8 800 Inclusive diphoton sample
- 'u Data 2011
E 700 Background model Expected
8 --------- SM Higgs boson m_= 120 GeV (MC) ) .
S 600 Relate to Higgs Signal
a mass hypothesis
500 \/§=7TeV,J.Ldt=4.9fb"
$ = L R U A BRI S E [ L I BN T
400 t > 3E1 ATLAS Prellmlnary H%yy 3
. I é‘: —— Best fit f Ldt =4.9 fb™ ]
300 N 5 [ H=lo (s=7TeV 3
2/ 1__ ______________________________________________________________ Y _
200 " @, E .
/o 07 NI A O A S A —
100F~ ATLAS Preliminary JF \ .
-1 —
PR R EY T L LT T S S | C E
3 100;: SETRTAS Al '2:_ =
Q 50 . ,'T - - -
% +<F+ 1 4\ t W ~ 110|115 120 125 130 135 140 145 150
o _— // L [GeV]
g "OPoo ST T T 0 e 1807
Q Excess
[Ge
Not a measurement of mass " Y Expected -
Background Deficit

Not a measurement of cross section



How to Read Higgs Exclusion Limits Plots

e LN LN LA B R LRI R L LR
> 3 ATLAS Prellmlnary H—yy - L 0
S F —Bestfit det 491" . )L = A(u,0) = (L, (‘u))
2 2 + -
g p Helo (s=7TeV - L(i1,0)
s f ]
o e g
@ - ] q = _2 lIl A«
oF = u u
A = Background likeliness
- ] >
o -
- . h (L. = _Et_
C . S
-3f 2011 Data \ 17Pe
—...I....I....I....I....I....I ............ [ b
= (o] S B B L I LI B B ]""I""L &
& - —_ Observed CLS limit . N b
® 7 — Expected CL_ limit H- vy N \ N\ \
5 - DR ATLAS Preliminary . NN \
E 6 - + 96 Data 2011, \s = 7 TeV _E o f qlﬁ‘?
o SF J-Ldt ~491" ‘ TP
2 u
8 4t
3f CL.,, Probability that a signal-plus-
5 background experiment be more
: background-like than observed
1
116'"115"%26"'12f"i36"i BECURETCRRET
my; [GeV]
EXpeCted Excess

Background DefiLff- Seminar 04/05/2012



Signal strength

Higgs Observation Estimates

3[ ATLAS Preliminary ~ Hoyy =
- — Best fit f Ldt=4.9 fb -
2 +1 ]
- Hsto (s=7TeV -
1= —
Of- =
-1 =
21 =
31 o, .~ 2011Data =
j”: RIS S e —— {,' ''''' = P
10— Observed p_ Data 2011,\s=7TeV
...... SM H — vy expected p . E
1L ° J-Ldt =49f"
EJSZ‘,ﬁ-.------- —mimia ----.-‘-.-----‘.,_.,,.Yi-'.f
10-1 E_ R ELTT TP W i _E
20 L i S 3
102 E
80 | e SRR SR .
10°E E
g T ATLA‘ Prellmlnary e
104—1 e by by e LR ey e v b by ey l—
110 115 120 121 130 1356 140 145 150
38 m, [GeV]

Deficit Excess E

xpected Signal

L(O,é(()))
L({1,6)

g, =—2InA,

Ay = A(0,6) =

Signal likeliness
=

Q.

p, Probability that a background
only experiment be more signal
like than observed



Local vs. Global Probability

Look Elswhere Effect
(over)Simplified View

L B B e e N L B B B S

10 __ bserved p_ Data 2011, s =7 TeV

S SM H — yy expected p, J-Ldt =491f"

11 Illll 1 IIIIllll 11

N Probability of observing an excess at
one specific mass
(in absence of signal)...

What is the probability of observing
an excess at least as large as
observed within a mass range ?

Trial factor ~ Number of possible independent outcomes within
a mass range... (dependence on the significance)

UCL Seminar 04/05/2012



Signal strength

Local vs. Global Probability

Look Elswhere Effect
Approximate Formula

3[ ATLAS Preliminary H—yy = Based on counting the numbers of
- — Bestfit [Lot=a9m” - up-crossings

2 [O=x1o =
o \s=7TeV .

1= =

Of E Then applying the very simple

P E following formula (Z is the local
= . significance)

-2 =
- ] 72

-3 2011 Data = -
110 115 120 125 130 135 140 145 150 = + Nxe ?

M, [GeV] p global p local

Trial factor ~ Here the dependence is explicit...

E. Gross and O. Vitells, Trial factors for the look elsewhere effect in high energy physics,
Eur. Phys. J. C70 (2010) 525-530.

UCL Seminar 04/05/2012



95% CL limit on o/og,,

Channels Overview

The Complete ATLAS Picture

T T T T T T T 1 T T T T [ T T T T T _]
O H-yy Exp. (4.9fb") ------ H—- WW — lvqq Exp. (4.7 fb™")
— 4 e Hotw Exp. (4.7f0")  eeeaa- H— ZZ— Illl Exp. (4.8 fb™) —
IR H— bb Exp. (4.6-4.7fb") o H-> ZZ— llqq Exp. (4.7 fb")
L LT H— WW— Ivlv Exp. (4.7 fb™) H— ZZ— Iivv Exp.(4.7 fb™) m
— o emeaaa Combination Exp. (4.6-4.9 fb™) —
10 \ f L dt ~ 4.6-4.9 5", s=7 TeV )
- e
: \‘ \‘ "' . :
— ':\ ‘\“ et ’¢‘¢ ,‘(:' —

‘\ ‘\ " ‘\ ~~~ —" . ,::~(‘3
e LT L R L PR Rt 7]
e, . SO e e <
1 = *\s\\ "‘\ ',' ‘~~ ,—"v N =t T . ,"" -
: ‘\ A ~-_ "“"- - _’.' "‘ :
— ~“\~ ". L emmmmmEEEEETY Vameal L .- —
| ~~ “:\ ‘0':" -------- —
— é§~'0' ]
10— ATLAS 2011 Preliminary CLslimits ~ —
1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 P R R R R B
100 200 300 400 500 600
m, [GeV]

Combination is Necessary to give a more quantitative result...
... but (caution) does not give the entire picture

UCL Seminar 04/05/2012



95% CL limit on o/og,,

Channels Overview

The Complete ATLAS Picture

- Exp. Obs.  EBp s T
3 e m— Hosyy (4.9 fb"z H—- WW — lvqq (4.7fb") ]
B s ——— Hosrr (4.7 fb7) H— ZZ— Il (4.8 fb™) |

‘ s = H— bb (4.6-4.7 fb) s —— H 72— llqq (4.7 fb7)
— ( H— WW— lviv (4.7 fb™) H— ZZ— llvv (4.7 fb™) —
10 f L dt ~ 4.6-4.9 fb", {s=7 TeV _
1 =
101 ATLAS 2011 Preliminary CLslimits ~ —
100 200 300 400 500 600

\_'_l

my [GeV]

Combination is Necessary to give a more quantitative result...
... but (caution) does not give the entire picture

UCL Seminar 04/05/2012



95% CL limit on o/og,,

Channels Overview

The Complete CMS Picture

T

—
o

lllllllll

- Combined obs.

Vs=7TeV | Combined exp. - 10}
A 1 H—bb (4.7f0") |] X
L=4.6-4.8fb  How @6f) | -
—H-yy 48" |] -

— H—> WW (4.6 o)
—H—>2Z 4.7

—
o

ool 111l

95% CL limit on o/og,,

ol

llllllllllllllll

CMS Preliminary

\s =7 TeV
L=4.6-481"

|||||||||||||||

— Combined obs.
...... Combined exp.
H—bb (4.7 fb")
—— H—>1tt (4.6fb7
— H-yy (4810
— H—>WW (4.6 b
—H—>2Z (4717

|

llllllllllllll

lllllllll

llllll

lllll

7200 300 400 500
Higgs boson mass (GeV)

UCL Seminar 04/05/2012

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



H —yy

Most sensitive Channel in [115-125] GeV Mass range

ATLAS 4.9 fb
CMS 4.8 b

Signal yield after cuts (low mass) ~O(80)

s/b ~1.5% to O(15)% depending on category

More Details in talks by Liwen Gao and Giovanni Marchiori

UCL Seminar 04/05/2012
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DiPhoton Channel

Common Misconceptions and Basic Facts

- Small branching... but amongst largest yields (Dominant Channel in the very low mass range 110-125 GeV)

- Main production and decay processes occur through loops :

w ke
i [ S w
w
e AAAVAVAVRY
! (d)
A priori potentially large enhancement... ... Not so obviously enhanced (e.g. SUSY, SM4)

Still e.g. NMIMSSM (U. Ellwanger Phys.Lett. B 698, 293-296,2011) up to x6 at low masses, Fermiophobia...

- If observed implies that it does not originate from spin 1 : Landau-Yang theorem

L. Landau, Dokl. Akad. Nauk. , USSR 60, 207 (1948) and C. N. Yang, Phys. Rev. 77, 242 (1950).

- Extremely simple event selection : two photons 25/40 GeV (ATLAS) and 30/40 GeV (CMS)
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CATLAS

1A EXPERIMENT Background
i Run Number: 191190, Event Number: 19448322

From jets



-lEXPERIMENT "

12
Run Number: 191190, Event Number: 19448322 10

Date: 2011-10-16 16:11:14 CEST

\

l...-..-..."'\

:

10'

10’

10’

10 \ J

1
H * 1

Famous
10y Pauline
. Plot!

10
R ~ O(8000)

CATLAS {L
F

1

10




Key features :
- Background rejection... but also...
- Invariant mass resolution
- Energy response

- Interaction vertex position

(IP spread of 5.6 cm, assuming (0,0,0) adds ~1.4 GeV in mass resolution)

FWHM ~3.5 GeV FWHM ~ 4.0 GeV

- B . . 0_1 2 T T T I T 1 71 I L I T T T { T 1 T I LI l L I T 1 T { L { L

N - 5 CMS preliminary > L o ]
o 6 # Simulation ‘ . 0] ATLAS Preliminary

~ | — . —
> B Simulation G - (Simulation) — Fit ]
8 - P Mod All Categories 2 01 —
I —— Parametric el o L i
) o Combined ~ - gg— H—>yy, m =120 GeV. tus=6 ]
2- C Gy = 1.94 GeV/c? _g 0.08— <4-6<u=<9 ]
4 — < B 7
¢t < o 06: <+ 9<u=<12 ]
(2] = 2 . — —
£ 3F FWHM =3.5 GeV/c % : w>12 ]
0 B _
L 0.04— =
0.02- .

| |

910 112 114 116 118

P TR B olose:
120 122 124 126 128 130
m,, [GeV]

m,, (GeV/cz) minar C |



Events/ 1 GeV

Data - Bkg model

Inclusive Mass Spectra

L) L R BB — B
800 Inclusive diphoton sample NO 700 - CMS preliminary —9— Data
H L Data 2011 =~ — s=7TeVL=4.76 fb-1 —— Bkg Model
700: Background model % N - - =10
- N e SM Higgs boson m_ = 120 GeV (MC) " e
600" G 600 [ 0.05<=BDT<0.55 — 1xSOM m, =120 Ge}/
500 7 TeV, _[ Ldt=4.91b" \ 3
4003—
300 =
200F- s
1005— ATLAS Preliminary ,I\ E
- | A -
il — -
K -
| _E ’}
-10 L | ] L T B nl_ | R N | | | | | | | | | |
o110 120 :130 0180 0 < ?00 120 140 160 180
m,, [GeV]~
! L m,, (GeV/c?)
| >
, . . -
: e CMS has a slightly wider fit range

Excesses visible in the inclusive mass spectra
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Event Categrization to fully profit from distinctive features

— Dijet tag selection has high s/b, ~1/3
CMS ijet tag ghs/b, ~1/
» | 18 - CMS preliminary —4- Data

-\s=7TeVL=4.761b" — Bkg Model
165 -
MW= 121.9 GeV 14:_BDT>=°°5VBFT39 —e— 1xSM m,=120 Gel/
| M, = 1460 GeV :
12
il 10
8F
6F
9 ﬁ s ‘ _‘ | i:l'.===i:-.-:!:. ..... "
3‘213 rﬁeﬁ‘éfé'ﬂép"n}(?ﬁ Lsigé%g%ﬁa 07 2011 CEST m :ﬁl‘iﬂﬁliml;llﬁui_)immv‘:
lumigecion: 450 00 120 140 160 180
m,, (GeV/c?)
ATLAS (9 Categories) : CMS (4 Categories) :
- Pseudo-rapidity - MVA Analysis (4)
- Conversion status (tracks) - Kinematics
- Transverse momentum w.r.t. thrust axis - Conversion status
- Resolution
- VBF (1)

UCL Seminar 04/05/2012



95% CL limit on o/ogy,

a oo N o

IIIIllll]llll[l]]ll][llll—.

w

1

+ 20

LR L B B AL DL LA DL B
— Observed GL; limit
— Expected sI|m|t H-yy
t1o I ATLAS Preliminary

I Data 2011, s =7 TeV

|
I det =491fb"

llllllllllllllllllll—

126 GeV

125 GeV

Expected from :
. 1 5: ..................

MVA analysis ======= PE e N o\

Improvement 15

~20% .

0.5 = l .............................................................................
Limit~1,2XSM _IIIIIIIIIIIIIL lI!AIL-iI-\LJIiIIIIiIIII
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[T BRI B R et oo ey by s by g
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............................

4.76.

m,, (GeV/c?)

. H
150

~ .

Limit ~1.6 x SM

CMS document
HIG-12-001

Expected from
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ATLAS

Excess of

2.80
Global of 1.50

CMS

Excess of

2.90
Global of 1.60

10

20

Q_o :f o L e L DL DL L 1_‘
= 10 b— Observed P, Data 2011,\s=7TeV  _
8] Z E
(@] C =
- T SM H — yy expected p . N
,L ° Ldt=49f0" ]
_J,g_._..-.-.-.-.-.-.-.-.-.- Py, 1 35 A
107 =R EETEPPRE SRRPRRY R S
222 VY
ot ATLAS
ST e e .
107 I
- ....0.... Observed p, (with energy scale uncertainty) =
10-4 I L1 1 1 l | I I 11 1 1 I L1 1 1 I 1 1 1 I | I I 11 1 1 l | I I
110 115 120 125 130 135 140 145 150
my [GeV]
S [ Interpretation Requires LEE CMS preliminary
S 1__\13 ...... zA‘Tev_‘L_AA_zsAtp.“ ..............
a E
. : N\ \
_ A\ / -\ // \
5 ; f 1 — Obsérved ASymptoiic
107 T e "~ —4— Observed Ensemble
- f : ' cat0-3 (Non-VBFTag)
- : : : cat4 (VBFTag)
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H—Z77— 101

The « Golden » Channel

Most sensitive Channel in [180-250] GeV Mass range

ATLAS 4.9 b
CMS 4.7 fb

Signal yield after cuts (low mass) ~ O(5)

s/b ~ O(1) locally at 125 GeV

UCL Seminar 04/05/2012
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p; (W, u*, ut, w)=61.2,33.1,17.8, 11.6 GeV

@ATLAS m,,= 89.7 GeV, my,= 24.6 GeV

EXPERIMENT
http://atlas.ch

m,,= 124.6 GeV

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST




@ATLAS

EXPERIMENT
http://atlas.ch

Mooz, = 124.3 GeV

o

| p; (e*, e, W, u*)=41.5, 26.5, 24.7, 18.3 GeV
m (e*e’)= 76.8 GeV, m(p*yw) = 45.7 GeV




4e Candidate

M,,= 92 GeV/c?
M, = 27 GeV/c?

126 GeV/c?

My,

04/05/2012
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g 4u. Candidate-'
, 2\

i I
MZ].: 90 GGV/CZ
M,, = 25 GeV/c2

— M, =119 GeV/c?

[ 04/05/2012 —




Higgs Boson Search in the Zz(")—4]

Key features

- One Z allowed to be off-mass shell (m, < 180 GeV)

- low p+ lepton reconstruction very important

- Invariant mass selections also important to optimize low mass selection
Low {— Main Background ZZ from Monte Carlo (ATLAS) and derived from Z (CMS)

Background | - Other backgrounds (Zbb and top) data driven (but small)

% H—=ZZ*—4e
. my, = 150 GeV/c®

I._ 1 & [eeees lowest p_ electron
: —— hignest p_electron

Arbitrary Units




ATLAS 7ZU")—4l (Low Mass)

—r
N

—r
o

lllllllllllllllll'lllllll

Events/10 GeV

Excluded at
95% C.L.

| ; o [T 17 I T ! '
ATLAS Prellmlnary i —ces o o L
e DATA - 7 2 v
@ Background 107'E A # #t PR
[ Signal (m =150 GeV) - it z Ll adl-
[ Signal (mH 190 GeV) ] S WA SR {\ ..... W A—
I Signal (m =360 GeV) + 102 Pl o e .
H‘_)ZZ(.)_>4| - E - o 0 T T e A o 0
JLdt = 48 fb_1 10_3?- .................. -
s =7TeV _4: b ATLAS Prellmmary
] 107
i e Observeéi H— 22" 4l
- - Expecte
1 q0sbog JLdt = 4.8 o
""" 3¢ \s=7 TeV
‘ 10-6 | L ! T ll
200 400 500 100 200 300 400 500 _ 600
m, [GeV] my, [GeV]
m,, (GeV) | Local (global) p, | Local significance | Expected from SM Higgs
125 1.8% (~50%) 2.10 1.40
—> 244 1.1% (~50%) 230 3.20
500 1.4% (~50%) 220 1.50
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Events/5 GeV

—
=)

ATLAS 77" )—4| (Low Mass)

— o DATA

- [ Background
- [ Signal (m =125 GeV)
- [ Signal (m =150 GeV)
— @ Signal (m =190 GeV)

[o2]

H—zZ" >4
[Ldt = 4.8 fo
\s=7TeV

T T T I T T 7T l T T T I L

150

ATLAS Preliminary 7

200 250

m,, [GeV]

Globally not significant
but at 125 GeV
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Events/2 GeV/c2

o)

CMS Preliminary 2011

CMS z2Z)—4| (Low Mass)

Vs=7TeV L=4.71 fb"
L B B | L

F | I rrTi I 1 T l I T l:
- — DATA
4.5 M z+X E
= Mzz E
M — m,=140 GeV/c -
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- =2 ]
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R .
1 :— ’ 3 » ole . b —
0.5/
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Baseline Selection
50 < M, < 120 GeV/c?
12 < M, < 120 GeV/c?

(M ~120) ~ 20% (4€), 40% (4w), 25% (2e2u)
e(My~160) ~ 42% (4€), 75% (4w), 55% (2e2)

Event Yields:

Final state:  4e 4| 2e2U
Obs.events: 3 5 5
Exp.events: 1.7 3.3 4.5

100 < M, < 160 GeV/c? Observed: 13 Expected: 9.5 £ 1.3 events
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CMS z2Z)—4| (Low Mass)

CMS Preliminary 2011 Ns=7TeV L=4.711b"
g : : : : :
©
> i
10'2§
103 qoe f TN . s
[| === Without ma uncertainties » '
:_Withm4luncenainties 10:10 115 1é0 125 11‘30 1:;5 1:10 1:&5 150 155 160
1 0_4 my [GeV/c?]
110 200 300 400 500 600
mu [GeV/c2
CMS ! !
Globally not significant Excess of
and at 119 GeV 2.50
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H—-WW —/vliv

Most sensitive Channel in [125-180] GeV Mass range

ATLAS 4.7 fb
CMS 4.6 fb

Signal yield after cuts (low mass) ~O(30)
s/b ~ O(15)%
More Details in talk by Xifeng Ruan
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Higgs Boson Search in the WW—lvlv

Key features :
- Poor resolution in mass (requires in particular a good control of MET)
- Search carried out in 0, 1-jet and VBF topologies
- ATLAS cut based only / CMS cut based and MVA
- Good control of the WW and top backgrounds is essential!

- Use of spin correlations is essential for the analysis and to define control
regions... CMS also use a BDT (kinematic variables)

7] LN LA A
p . /! ?_) - ecata [l Z9es  CMS prelimina
W// | D 60 —m=160  top L=155m"
/& P onra S
spin 1 <> - i’
)\ ~ W )
\H/ v (]
/- wml fl =
- in1/2 c
\N//% spin 5
spin 1 . o A
¥ '/
) '// Jspnt
,, Ow-
v
//sp«n 112
0 50 100 150
A ¢ [degrees]
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Higgs Boson Search in the WW—lvlv

Key features :
- Neutrinos : poor resolution in mass (requires in particular a good control of MET)
- Search carried out in 0, 1-jet and VBF topologies
- ATLAS cut based only / CMS cut based and MVA
- Good control of the WW and top backgrounds is essential!

- Use of spin correlations is essential for the analysis and to define control
regions... CMS also use a BDT (kinematic variables)

Events / 10 GeV

120 T LI I I I I I I > i LI I B I I I I
- ATLAS Preliminary o e 8 oo ATLAS Preliminary g 0 = S (s
100 \s=7TeV,[Ldt=a7f' [J& [EdSndeTp = \s=7TeV,[Ldt=47" Dﬁ. [ Single Top
: H—)WW( )—)MV 0 I Z+jets [T W+iets : ; 30 “ . Bl Z+ets [] W+iets
a +0jets O HM25GeV) ] = HoWW Siviv + 1 jet I H[125GeV]
80— — ()
- . >
| ! L2
40 B
20 -
C | I -.Es o]
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
m; [GeV] my [GeV]
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95% C.L. Limit on c/oSM
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Higgs Boson Search in the WW—lvlv

- ATLAS Preliminary ~ HoWWohly -
- —— Observed 1 -
B . Expected j Ldt = 47 fb |
RS K _
4o e \s=7TeV

| lIIlIlII

110 115 120 125 130 135 140 145 150
m, [GeV]

No excess in ATLAS...
(Ivlv alone is sensitive to 125 GeV but
does not exclude it)

10

R B median expected CMS, ls=7TeV
B H— WW (BDT based)
expected + 1o L=46fb
i expected + 20
B —e— observed
100 200 300 400 500 600
Higgs mass [GeV]

Slight excess in CMS...

ATLAS and CMS (@125 GeV) Exp. Lim. ~1

No Significant Excesses Observed

Single most sensitive analysis for a 125 GeV Higgs

UCLS minalr
and small
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W(Z)H — (v(Ll,vv)bb

ATLAS 4.7 fb!
CMS 4.6 b

Signal yield after cuts (low mass, Highest boost) ~O(3-5)
s/b ~ 10-15%



Key features :
- Search carried out in three channels (ll,lv and vv) bb

95% C.L. limit on o/0,,

- Higgs system boosted in the transverse plane (but no substructure)

2 450 ATLASPreliminary o pamzons 2
O 4005 | Lat=a7 ', \s=7Tev -(s{:z’éssm 9] 00
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20f
% T00 50200250 %
m; [GeV]
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110 115 120 125 130
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ATLAS and CMS (@125 GeV) Expenliimo4<d/2012
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6

- CMS
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u CL, Expected + 20
8-
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4
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No Significant Excess Observed



(VBF)H =11

ATLAS 4.7 fb!
CMS 4.6 fb"
Signal yield after cuts (low mass and VBF) ATLAS ~O(3) / CMS~0(0.5)

ATLAS s/b ~ 2% / CMS s/b ~ 5%
ATLAS and CMS different working points
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Key features :

95% CL Limit on <5/<JS,\,1

- Search carried out in |, Ih and hh channels

- Important use of VBF

- New Mass Reconstruction Techniques

ATLAS and CMS (@125 GeV) Exp. Lim. ~3

No Significant Excess Observed

25:I""I""""I""I""Il
[ Ho ATLAS Preliminary
oo —* Observed CL, y ]
- —— Expected CL, detz4'7 fo i

[ 2 \s=7TeV |
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100 -
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100 110 120 130 140 150
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M
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95% CL limit on 0/03
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Combination(s)
The Overall Picture
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10°

Combination of All Channels
The ATLAS and CMS Combinations
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CMS Preliminary —=— Observed
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Expected (95% CL) : 120 — 555 GeV Higgs boson mass (GeV)
Observed (95% CL) : 110-117, 117-122, Expected (95% CL) : 114 — 540 GeV
129-540 GeV Observed (95% CL) : 128 - 600 GeV

Expected (99% CL) : 126 — 500 GeV

Observed (99% CL) : 130-480 GeV Observed (99% CL) : 129 — 520 GeV
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95% CL Limit on o/cy,,
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Combination of All Channels
The ATLAS and CMS Combinations

~ ATLAS Preliminary =~ 2011 Data -
— Obs. 1
---- EXp. J Ldt=4.6-491fb 7
[ +1 -
] -_F2cc$s \s=7TeV -

1

1 lllllll

CLs Limits
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110 115 120 125 130 135 140 145 150

[GeV]
Expected (95% CL) : 120 — 555 Ge\/"
Observed (95% CL) : 110-117, 117-122,
129-540 GeV
Expected (99% CL) : 126 — 500 GeV
Observed (99% CL) : 130-480 GeV

Set to scale by J.-F. Grivaz (Morlond 2012)

1 0 CMS Preliminary ! t-f e Observed |1
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-1
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110 115 120 125 130 135 140 145
Higgs boson mass (GeV)

Expected (95% CL) : 114 — 540 GeV
Observed (95% CL) : 128 - 600 GeV

Observed (99% CL) : 129 — 520 GeV
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Are there Hints of a Sighal ?
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Excess of |- - Slightexcessin4l Excess of |
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Global of 1.50 Global of 1.60
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- Excess mostly in yy
- Various small excesses




Signal strength

Signal strength

Signal strength

Ind

vidual Channels Consistency
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Including the Latest (updated) TeVatron

Results in the Overall Picture

The Tevatron ended its operatior§-Faii2@14/05/2012



95% CL Limit/SM
—
=)

Including the Latest (updated) TeVatron
Results in the Overall Picture

CDF Run Il Preliminary, L< 10 fb™
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Consistent picture in both CDF and DO
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Background p-value

Including the Latest (updated) TeVatron
Results in the Overall Picture

. H wmmmmm Al Tev channels % —
10 Tevatfon Runli Prellmlrhary Erpoctd M Hiogssna o 35 Tevatron Runll Preliminary
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February 2012 Higgs Boson Mass (GeV/c?) Feb 24 2012 Higgs Boson Mass (GeV/c?)
TeVatron Excess compatible with SM signal

- Excess largest in bb (Mostly CDF)
Excess of " - Excess also in Ivlv

~2 70 (Both CDF and DO)

Global of 2.20
Exp, |oca| ~1.80 UCL Seminar 04/05/2012




The Full Picture

Courtesy of Bill Murray

1T 17T 1T 1717 TT III|III|]IIIIII|III

T 1T 7T 17T 7T

_ .................... .................... .................... EprTLAS ......... ................. —
_ .................... .................... .................... .................... ObSATLAS ....... ................. —

lllllllllllIlllllllllllllllllllllllllll

110 112 114 116 118 120 122 124 126 128 130

my [GeV]
Impressively consistent picture :

- ATLAS, CMS and Tevatron consistently see excesses in a variety of channels

- ATLAS and CMS similar performance, TeVatron not so far lower
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Conclusions and Outlook



New Landscape of Higgs Searches

s 101~ I AR I
s> F ATLAS Preliminary 2011 Data 7
s ’
i — Obs. a i
s [ Bw f Ldt = 4.6-4.9 fb 1
= \ji10 o — ]
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_ i
O 1 My e Lot —
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O B AW .
m I —]
107 E
- |CL. Limlits | | | e
100 200 300 400 500 600
m, [GeV]

The Standard Model Higgs search landscape has completely changed in one year.
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Tantalizing Hints around 125 GeV...

ATLAS and CMS observe 2.50 and 2.80 (respectively)
Agreement with the 2.96 and 2.8 expected
Observation of the excess mostly in yy for both channels but consistent with the

observation of other channels

TeVatron observes 2.70
Agreement with expectation of 1.80

Observation mostly in bb but also in Ivlv

Taken individually none of these observations are globally very significant

Need more data for a definitive answer...

... However excellent mass domain experimentally
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Cross Section Ratio

What Next?

From 7/ to 8 TeV

2'5_ AN I - 0.10: '0-101b"\s=iTeV 3
g9g — H (NNLO+NNLL) 9 oF S SR S =
[ da-—qgH (NLO) 1 § E g
" q3— WH (NNLO) a8 s E
ol qd/gg — ZH (NNLO) 9Tevwﬂ ffff 1 & 7Bt SR TN b N 3
- wn = -
I / | 6F E
5 €
4 <
3 'E_ FTIRPRIN S T:_
) z_ ................................... -
1 | 1 | 1 1 | 1 1 L 1 | 1 L L 1 E ' 1 l 1 L -

100 200 300 400 500 600 ? 00 120 150 200 300 400 500

M, [GeV]

my, [GeV]

Gain in signal cross section : ~20-30%

Gain in sensitivity : ~10%
Equivalent luminosity : ~20%

Taking into account the 5 fb™! of data at 7 TeV need 7-8 fb! at 8 TeV to reach

50 sensitivity at 125 GeV
Not negligible...
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What Next? 8 TeV ~ 10% improvement in sensitivity

Parameter 2010 2011 2012 Nominal
k (N bunches) 368 1380 1380 2808
Bunch spacing 150 50 50 25
e (wm rad) 2.4-4 1.9-2.3 2.5 3.75
B* (m) 3.5 1.5-1 0.6 0.55
L (cm2s?) 2x103? 3.3x1033 ~7x1033 1034

More O(30) PU events!
-In 2012 ~15 fb!: Foresee O(7) fb! for ICHEP
- Confirm (50 sensitivity)
- Infirm (exclude at 95% CL with such a large excess)
- Next LS1 preparing for higher energies >12 TeV

2012 Should bring a definite answer to the search of the SM Higgs boson
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2012 Data

38 TeV

Much higher PU!
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Recent event with ~25 vertices
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Sub-combinations Consistency

- Seen that High resolution channels are consistent

- Low resolution channels do not exclude the excess observed

E T TT T TT T TTT T 1T T TT | T 1T T TT T TTT T TTT LI
5 | ATLAS Prellmlnary 2011 Data
B 4 ~Qbs. %  CMSPreliminary ~ |—=— Observed
s 101 f Ldt = 4.6-4.9 fb - Exp. 9 2 10¢ \s=7TeV B Expected (68%) ]
! n -+1 o , g [ bb+TT+ WW,L=4615" | Expected (95%)| ]
S - (s=7TeV £20 1 © ’
i i — Obs. iv+tt+bb 7 1
_ B - Exp. iv+tt+bb =
Lg - @a- —~—ObS vy+4! 15
% : -- Exp. yy+4l O
O 1 SN s B 1
C NS T N e, e T 1 O
. 1 o
1 CLs L/m/ts 1
107 =337 995 190 19E 12N 12E 140 145 150 10 e
110 115 120 125 130 135 140 14% }8%\/] 110 115 120 125 130 135 140 145

Higgs boson mass (GeV)

The sub-combinations do not contradicts (not exclude at 95% CL) the excess observed
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M, [GeV]
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What do we learn?
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— LEP exclusion
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h=21

- Perturbativity bound
| Stability bound
(| Finite-T metastability bound

B Zero-T metastability bound
Shown are 1o error bands, w/o theoretical errors
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Tevatron exclusion at >95% CL
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M, [GeV]

What do we learn?
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Fast Forward Evolution Since Moriond 2011

...iIn ATLAS...
Moriond 2011 (2010 Data)
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Fast Forward Evolution Since Moriond 2011

...iIn ATLAS...
EPS 2011
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Fast Forward Evolution Since Moriond 2011

...iIn ATLAS...
Combination HCP 2011
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Fast Forward Evolution Since Moriond 2011

...iIn ATLAS...
Council 2011
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In the Italian News ...

la Repubblic#™® scienze  Half a Century of Higgs hunt...

Bosone di Higgs, sprint finale the final dash?
verso il Nobel cambia nome

| prossimi mesi di espearimenti SR, lMacoseralons o particalls del Cam ¢ Grewra, saranno deciiv per ia conferma delesistenza dela partioslls di D', che
porebbe chiamarsi Beh (da Brout-Englert-Higgs ). S maitipicano | ibn di dvulgazone e | convegnl, in preparazione del premuo plo ambito

& ELENA OLS

£ PRONTO a npartire. Lhe, I'acceleratore di particelle del Cern di Ginevra, dopo la pausa
nvernale tomera mercoledi a far scontrare protoni a velocita che lambiscono quella della
luce. Con una lunga cavalkata fino a dicembre 2012, il piu grande apparecchio sdentifico
del mondo dara probabllmente la zampata finale a quel besone di Higgs che | fisid
cercano da quasi 50 anni.

L'unica particella mancante fra le 17 che compongono la matena a nol nota,
soprannominata "particella di Dw", & ormal nel mirino degli scienziati dellOrganizzazione
eurcpea per la ricerca nudeare. Ma servono plu dati per confermare che |l frammento di

materia generatoe nelle collsionl ad altissima energla di Lhe, e osservato negh ultime mesi dell'anno scorso, sia davveroe quello
teonzzato dal fisico inglese Peter Higgs.

"La partita - ha pii volte assicurato |l dwettore del Cem Rolf Heuer - sara chiusa entro # 2012, Se il besone di Higgs esiste, saremo
in grado di trovarlo®.

La statistica invita a una cautela pui che altro formale. | dati ottenuti da Lhe Fanno scorso danno una probabillita del 99,5% che la
particella osservata a Ginevra sia l'ultimo tassello mancante del modello standard: || quadro della realta pid precso che la fisica &
riuscita a disegnare finora.

Definitive answer to the quest for the
Standard Model Higgs boson in 2012
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In the News December 2011...

Le Cern aurait capte des "signaux” du

boson de Higgs. ,\ﬁe M@Iﬂﬂt
Science: les physiciens pensent avoir approché I-me[ﬂ"[]"
le mystérieux boson de Higgs.

Data Hints at Elusive Particle, but the Wait
Continues

€he New Pork Eimes

Higgs boson hunters scent their elusive quarry

at the LHC. guardian
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... in the CERN Press Release

Excerpts

Taken individually, none of these excesses is any more statistically significant
than rolling a die and coming up with two sixes in a row (~3%).

What is interesting is that there are multiple independent measurements pointing
to the region of 124 to 126 GeV.
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