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What is the Higgs Boson ?
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Electro-Weak Interaction

Weak and Electromagnetic interactions are unified

SU2)*U(1)y
Sheldon L. Glashow Steven Weinberg Abdus SaI‘am
>WW< v
my=0 mw=80 GeV mz=91 GeV

Napoli
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Symmetry Breaking

Why the photon is massless while the W* W-and Z are
massive ?

What breaks the symmetry among the carriers of the
Electroweak interaction ?

Possible Explanation :

Napoli
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Symmetry Breaking

Why the photon is massless while the W* W-and Z are
massive ?

What breaks the symmetry among the carriers of the
Electroweak interaction ?

Possible Explanation :

The Englert-Brout & Higgs Mechanism

F. Englert and R. Brout (1964). "Broken Symmetry and the Mass of Gauge Vector Mesons".
Physical Review Letters 13 (9): 321-323

Peter W. Higgs (1964). "Broken Symmetries and the Masses of Gauge Bosons".
Physical Review Letters 13 (16): 508—-509.

Napoli

6/12/12 gigi.rolandi@cern.ch '7‘ @

4 /62


mailto:gigi.rolandi@cern.ch
mailto:gigi.rolandi@cern.ch




Mass of Fermions

LEPTONS
Blectiron Neulrino Muon Neulrino Tau Neuftrino
Mass -0 ~0 d
. -
Blection Muon fau
Sl 105.7
QUARKS
Q| -
v
Up Chamn
Mass. 5 1500 6
. -
Down strange
A 160

The Higgs field can be used to give mass to the
fermions in a way similar to the ElectroWeak
symmetry breaking

Napoli
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The E.B.H. Mechanism

The Standard Model is extended by adding a Complex scalar

SU(2) dOUblet ¢ = ( ‘(‘fg ) whose potential has a "mexican hat
shape” —1 .

= W|th redundant minima and the minimum
energy state Is the Vacuum Expectation Value of the field
VEV= <®> . The direction of ® is arbitrary and breaks the
symmetry

Before the spontaneous symmetry breaking in SU(2).*U(1)y

we have 4 massless gauge bosons (8 d.o.f.) and 2 complex
scalars (4 d.o.f.) 8+4=12

After spontaneous symmetry breaking we have 3 massive

bosons (W%, Z), the photon and the Higgs fields for a total of
3*3+2+1

Napoli
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Spontaneous Symmetry Breaking in classical physics

¢ Symmetry breaking is realized in nature when
among many solutions that are “equipotential”
only one is realized.

¢ Cooling a ferromagnet below the Curie
temperature

¢ out all possible direction the magnetization will
point In one particular direction breaking the
symmetry

Napoli

6/12/12 8 /62



mailto:gigi.rolandi@cern.ch
mailto:gigi.rolandi@cern.ch

The Higgs Field permeate the Universe

Its vacuum expectation value v is linked to
the mass of the W boson and the weak

. 1 o .
charge g M2, — 192'"2

The mass of the Higgs boson is unknown

M ,;') — '2"1,.*“)@

Napoli
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0.233 == T T
my= 1732 +09 GeV
m,= 1141000 GeV -
m,, \
s £0.232+ -
=
£
w
0.231 ’? AL S
68% CL
83.6 83.8 84 84.2
I, [MeV]
Napoli
6/12/12

with great precision

Measurement Fit  10™*-0" /6™

m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4959
Ov.g[Nb]  41.540+0.037  41.478
R, 20.767 +0.025  20.742
A 0.01714 + 0.00095 0.01646
R, 0.21629 + 0.00066 0.21579
R, 0.1721£0.0030  0.1722
ALY 0.0992 +0.0016  0.1039
AL 0.0707 £+ 0.0035  0.0743
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1482
my [GeV]  80.399 + 0.023 80.378
Iy [GeV]  2.085+0.042 2.092
m, [GeV]  173.20 +0.90 173.27
July 2011

gigi.rolandi@cern.ch’# &

Electroweak interaction tested at LEP/SLC

——r—r——v—v—s
m=178.0 + 4.3 GeV
..10Q0 GeV

mH
b Aa h
68% CL
80 80.2 80.4 80.6
M,, [GeV]
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mailto:gigi.rolandi@cern.ch
mailto:gigi.rolandi@cern.ch

Electroweak interaction tested at LEP/SLC

- . . 84'2'1"'Im17804369V
(P — 7801
—wme ] With great precision R
| 84 - : .
"\‘4 1
% 50.232- . 3
& s
S | - 838 -
Measurement Fit (I)Omeas—omll meas
1
0.2311 n - { 636
68% CL m, [GeV] 91.1875+0.0021 91.1874 T ———
836 838 84 842 I,[GeV]  2.4952+0.0023  2.4959 80 802 804 806
Fy IMeV] o2 ,[nb]  41540+0.037  41.478 M,, [GeV]
R 20.767 +0.025  20.742
AL 0.01714 + 0.00095 0.01646
A,;C 0.0707 £ 0.0035  0.0743
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD)  0.1513+0.0021  0.1482
m,, [GeV]  80.399 + 0.023 80.378
[y [GeV] 2.085 + 0.042 2.092
m, [GeV]  173.20+0.90 173.27
July 2011 0 1 2 3
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Indirect limits on the Higgs boson mass in the Standard Model

The precision of the LEP/SLC experiments is such that
radiative corrections are needed to compare calculatlons
and measurements A~

,,,,,,,,,,,,,,,,,,,,,,,
............

These corrections involve the e
Higgs boson and its mass can o o -
(@ —Shasch 2012 My e = 1512 GeV
be constrained performing a global TR e
_ o 5 Y — 0.0275040.00033
Standard Model Fit to all precision . | 0027491000010
measurements w. \:
<
2_
New (preliminary) indirect Higgs mass determination _
My = 9472 GeV (was My = 92732 GeV before) 17 EP LHC
o | excluded , oo A excluded
40 100 200
N, m,, [GeV] 62

gigi.rolandi@cern.ch'y, ...
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However : these are only consistency checks. They are
not a direct proof of the E.B.H. mechanism.

The direct proof is :

1) find the Higgs Boson
2) Measure its properties

Napoli 12 /62
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LHC has been [and is] working well above expectations

CMS Integrated Luminosity Per Day, pp, 2012, Vs = 8 TeV
Data included from 2012 04- 04 22:37 to 2012-12-06 00 32 UTC

I o
igi.rolandi@cern.ch'# |

; 350 35C
g — LHC Dellvered max: 285 8 pb /day
—~ 300 "1 CMS Recorded, max: 279.9 pb '/day 1300
|
2
e e o e P <500 2012 ¢ t ' 14%¢
=220 220 '
S B  LHC Delivered, max: 176.7 pb iday ,": 1 \
\ 200 l"—"’ CMS Recorded, max: 166.5 pb Yday 200 g 200 | H | r l 200
’g_ 100 2 ]
e 180 ) e c l ‘ J
% 160 160 E l | |
§ 140 201 1 | 'l' 140 = 150} ' l | 1 I]'f 150
3 120 || || 120 - | ; ' |
% 100 ¢ LT 00 T 100 ' ! J 1100
2 80 I 80 ot | I
= ' | l ' + :
60 I Il' | 60 E 'y . N
40 i L[ i Bl o o 50/ ! I ] U _ I |l I s0
20 - | , 120 +~ J J . ( { [
00— Auil f ' |‘ " L by : ! :3 E e." : : 1 \ ~ . L . 1 L — .l_]_o
02/05 02/07 01/09
Date aﬂ \)o ) \)9 QQ (.‘v o‘l 0"
Date (UTC)
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CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
Data included from 2012-04-04 22:37 to 2012-12-06 00:32 UTC

- 25 ‘ 25
- B LHC Delivered: 23.26 b '
- ' CMS Recorded: 21.77 b
.é' 20 120
3
6 months in 2011 £ 7 months in 2012
g 15 {15
- =
2 10} {10
o
9
o —— i £ s 5
i T
°
55/70 |——0— = = - . 0
o Wt W 09 e® ¢ oV oet
‘f‘_' :""'l""'l""‘l""": :)
g 30 ATLAS Online Luminosity \s=8TeV ~
E - [ LHC Delivered E
§ 25~ [] ATLAS Recorded =
g 20;_ Total Delivered: 23.1 fb”’
_B' - Total Recorded: 21.6 fb”’
o) »
© 15—
(<) »
D C
= 10-
© C
o) L
= L
St
0". 11111111111111111111111111
Napoli 28/03 30/05 01/08 03/10 05/12 15 /62

6/12/12 Day in 2012



4-lepton Mass : 126.9 GeV
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SM Higgs production pp@ 7-8 Tev

(a)gg—H

q q

(b) VBF (c)VH (d) tH

\s=7TeV 7

o~17pb@ 7 TeV
o~22pb@ 8 TeV

LHC HIGGS XS WG 2010

| IIIIIII| | IIlIIlII

| IIIIIII

Napoli
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400 500

1000
M, [GeV]
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SM Higgs production pp@ 7-8 Tev

q q q’ W/zZ 8 t
-- H -- H \ -- H
\
\
\
q q q H g P

(a) gg — H (b) VBF (c)VH (d) 7H

e 7Tev | o~17pb@ 7 TeV
o~22pb @8 TeV

If mp ~ 125 GeV
~ 200.000 Higgs Bosons

produced in 10 fb-1 of pp
collisions

400 500 1000
M, [GeV]

Napoli
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SM Higgs production pp@ 7-8 Tev

q q q’ W/zZ 8 t
-- H -- H \ -- H
\
\
\
q q q H g P

(a) gg — H (b) VBF (c)VH (d) 7H

e 7Tev | o~17pb@ 7 TeV
o~22pb @8 TeV

If mp ~ 125 GeV
~ 200.000 Higgs Bosons

produced in 10 fb-1 of pp
collisions

400 500 1000
M, [GeV]
However......

Napoli
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Key SM Background processes
AT LHC

(j(rﬂ)) \/-== 7'?3?\]
30000 W + Jets 180 7~ ff 165 pb approx. NLO
W — (v 160/ -

25000 | 28000 pb NLO

140 -

120 -

|

20000

00 —

15000

80 - W WW-

10000 - 60 - 10.6 pb 43 pb
20 - t+X WZ
5000 (s-chan) 18 pb ZZ

59 pb
=

V. Sharma

in 10 fo-' ~ 105 min bias , ~ 102 di-jets mjj>100 GeV, ~ 310° W

Napoli
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Higgs Searches

g 1;4\35 ———WW " F High mass : ZZ and WW
> | ZZ
= a - 18 Low Mass: many channels
S0 > < BR
) L4l 12104 (ZZ->4l)
102/ [ 4y 23103
| 212v 1.0102  (WW->212v)
T 6.0 10
- N /. ... bb 5810
100 200 300 500 1000
M, [GeV]

Napoli
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Higgs Searches

1 ; —

O e T @ 125 GeV <o> ~ 20 pb.

'fi 0*BR*10 b

s , | 4l ~24 Excellent mass resolution, small
5 bkg. After selection 6 events and bkg of 1

—A | event per ~ 1-2 GeV resolution

1 | YY ~450 Excellent mass resolution, large
{ bkg. After selection 200 events and bkg of
| 2500 event per ~ 2 GeV resolution

n| 2 { 212v ~2000 Poor mass resolution, large
: VO - bkg. After selection 60 events and bkg of
100 120 1:\(')1 (Gevl/ig) 180 200 300 event
TT ~12000 15% mass resolution, large
bkg. After selection 14 events and bkg of

102

ed by LEP

ExC

10

Very rough figures, 140 event

to guide the eye..... bb ~100000 10% mass resolution,
Analyses much overwhelming bkg. After selection 8 events
more sophisticated and bkg of 80 event

Napoli
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Typical analysis

Design a selection at a given
mass maximizing an

S B 1 I -
. > .
estimator (eg s/\bkg) S . Dua2ort
o 50 alx5 —
— ) (mH=120 GeV) 7
; ) BE Total BG -
£ 40 ess Top 7
g) = — Z+jets ]
T - 4 B Wijets =
30: Pii38183888: === Diboson .
20F —
10 -
0: I T o
0 50 100 150 200 250
m: [GeV
Napoli
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Typical analysis

Design a selection at a given
mass maximizing an
estimator (eg s/\bkg)

Often cutting the phase-space
IN many regions

¢ Data 2011
igRalx5 —
(mH=120 GeV) 7
] B Total BG i
40'_ «+++ TOp ]
» — Z+jets 7
e 2253 Wijets
ISELIELEET: === Diboson

ooooooooo
ooooo

50t

Events/ 10 GeV

30

20F
0: P LI -
0 50 100 150 20 250
m: [GeV]
Napoli
21 /62
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Typical analysis

Design a selection at a given
mass maximizing an

o e ——— R

estimator (eg s/Vbkg) cE 50§ * Daa20ii
Often cutting the phase-space ; | m‘TpB ]
IN many regions s | ,, —Zijets

301 e —hen

Compute the expected SM ol @R B
background from control samples, -
side bands, etc.. also with the help | .« sy :
from MC simulation (shapes). % ~""50 100 150 200 250
Assess the systematic error. s [5eY
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Typical analysis

Design a selection at a given
mass maximizing an

e e

estimator (eg s/Vbkg) § 50§ * Daa20ii
Often cutting the phase-space ; | m‘TpB ]
IN many regions s | ,, —Zijets

o 30¢ e —hen

Compute the expected SM ol @ W :
background from control samples, | - :
side bands, etc.. also with the help || o/ sy ™ :
from MC simulation (shapes). % 200 250
Assess the systematic error. s [5eY

Evaluate the signal efficiency

using SM Higgs MC simulation

6/12/12 gigi.rolandi@cern.ch '7‘ @
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Typical analysis

Design a selection at a given
mass maximizing an

estimator (eg s/Vbkg) § zz YYYYYYYYY g *;a:aaégjv 1_.
Often cutting the phase-space é 4O§ m‘TpB ’_
in many regions P “i
Compute the expected SM b T

background from control samples, | T T

side bands, etc.. also with the hélp/m; 3 _'_,__,_l_
from MC simulation (shapes). %5 100 150
Assess the systematic error.

0 250
m: [GeV]

2

Evaluate the signal efficiency Compute with statistical

using SM Higgs MC simulation ~ methods the largest signal
Cross section one can

accommodate in the data.

Napoli
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The “typical plot”

Analyses optimized for exclusion.
The result is expressed at a given mass as
exclusion at 95% of a crpss section.

o

momasmemmsmmmmmn e mm-

—o— CL_Coserved

SS%CL. UM ONno

CL, Fxpected - 20

1"s 120 125 130 135
Hoss N [CaV)

Napoli
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The “typical plot”

Analyses optimized for exclusion.
The result is expressed at a given mass as
exclusion at 95% of a crpss section.

o mmmssmmmnn lommnw

The excluded cross sectio
iIs computed in unit of SM

—p— Gl . Churrvnd

cross section (u). 2 F T e expeten

CL, Expected . 10 -
CL, Fepected - ?‘// \
' L

Napoli
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The “typical plot”

Analyses optimized for exclusion.
The result is expressed at a given mass as
exclusion at 95% of a crpss section.

The excluded cross sectio
iIs computed in unit of SM

—— G . Chesrrvnd

cross section (M). D e Epectes
CL, Expected . 1o /‘\
CL, Fxpecind - 2.

Expected sensitivity: measures ‘| e

how performing is the analysis

Napoli
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The “typical plot”

Analyses optimized for exclusion.
The result is expressed at a given mass as
exclusion at 95% of a crpss section.

The excluded cross sectio
iIs computed in unit of SM

'3 —— G . Chesrrvnd

cross section (). e -
| - - ':rtpw.zm. 2. '/ T
Expected sensitivity: measures /--»--- .....................

how performing is the analysis

The colored bands
give the expected
statistical®@systematic

variation of the result
wa WIt to the “expected”

6/12/12 22 /62
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The “typical plot”

Analyses optimized for exclusion.
The result is expressed at a given mass as
exclusion at 95% of a crpss section.

The excluded cross sectio
iIs computed in unit of SM

'3 —— G _ Cherrvnd

cross section (). e -
| A ;:i ':rtpw.us,-g. 7, / S
Expected sensitivity: measures /_,--- .....................

how performing is the analysis

The colored bands
give the expected
statistical®systematic Nearby points are correlated

variation of the result depending on the mass
wa WIt to the “expected” resolution
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Expected sensitivity and p-value

Exclusion Potential

CMS Prelimina L Expected limits
\s=7TeV,L=541’ - gorﬁt:;ed
\s=8TeV,L=541" L H:tr i

_ — H—=vy |
- C M S — H— WW 1
; — H—- ZZ R

o

—
L

100107915 120 155 130 135 140 145

Higgs boson mass (GeV)

Measures which cross
section can be excluded
with the present statistics

Napoli
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Discovery Potential

Q) 1 I I LI ] LI ] LI I L I I I I LI [ LB

) 1o
= 1021 ——— 26
> 10 — 30
Q103 TN ‘
© 10 46
S 10°
- 10°F TN 56
071 CMS
10-9 6o
10-10 Expected p-values
10_11 Combined
1o F. H— bb o 376
10 — Ho 11 CMS Preliminary
107 —oom Vs=7TqV.L=5.1ft'
10" — 1o 22 \s=8TqV, L =53 b’
10-151111111111111[11111 I AT A
116 118 120 122 124 126 128 130
Higgs boson mass (GeV)

Measures which fluctuation
of the bkg can mimic a
signal of SM Higgs in the
present statistics
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Expected sensitivity and p-value

Exclusion Potential

CMS Prelimina L Expected limits
\s=7TeV,L=541’ - gorﬁt:;ed
\s=8TeV,L=541fb" _H:u

_ — H—=vy |
- C M S — H— WW 1
; —H—=ZZ R

o

—
L

100107915 120 155 130 135 140 145

Higgs boson mass (GeV)

Measures which cross
section can be excluded
with the present statistics

Napoli
6/12/12

Discovery Potential

g 11 EEEEEREREREEE R B
= 10 ==
2 10?
Q103 TN
© 10
o 107
—10%F NGO
-7
10]F CMS
101'2
10 Expected p-YaIues
1071 T
1012 | — Ho CMS Preliminary
107 —oom Vs=7TqV,L=5.1f'
104 — i 27 \s=8TqV,L=531fb'
10-151111111111111[111111|111[111
116 118 120 122 124 126 128 130
Higgs boson mass (GeV)

Measures which fluctuation
of the bkg can mimic a
signal of SM Higgs in the
present statistics
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CERN Seminar on July 4th

Update most of the analyses to full statistics

~5fb-1@ 7 TeV (2011) +5fb-1 @ 8 TeV (2012)

f Standard Model

Higﬂs searches in ATLAS

Using the full datasets recorded in 2011 at /s= 7 TeV
and 2012 at /s=8 TeV: up to 10.7 fb-!

Napoli
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Updates for HCP November 2012

(5 +13) b (5+5) fb
bb 11 WW A
4] in CMS 4] in ATLAS
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VH --> Vbb Overyyhelmmg l?kg from QCD. ReQuced
requiring associated production with
V .and boosted H

2 tagged b jets, mbb 105 GeV

198 GeV Met (Z-->wv)

Napoli 25 /62
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VH-->Vbb

2 b-tagged jets Same signature of
large MET (HZ,Z-->nunu) WZ.ZZ with Z-->bb
11+ MET (HW,W-->Inu)
2|, no MET (HZ, Z-->Il)

© 400~ ATLAS Preliminary .WMZ =
o _ det=13.0fb",(§=8rev . e .
= 3001 _, BMwH1256ev 1 This is just a visual
5 | Lt Eermr ZH125GeV 1 rgpresentation.
L 200:— sdiaieans -o- Data - Bkgd —:
100/ + 1 Analysis split into
: I f many channels to
0 ro | .
: 1 I++ ‘*l 1 Improve the
100} T 4 sensitivity
T80 100 150 200 250
Napoli
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VH-->VDbDb

> 6 [ T T T T [ T T T T [ T T T T | T T T T | = 6 T T T T I. T T T T T T T T [ T T T T [ T T T T
S B T N T il
L " ATLAS Preliminary \s=7TeV, | Ldt=4.71fb 1 ] Q(D B %M_S7P;_el\;m£n_ar5yfb.1 —e— CL  Observed 7]
° [ —e— Observed (CLs) ’ O | T 1 --e- CLgH125 injected -
S o L @=8Tev,det=13.o for! S S Vs=8TeV,L=121fb ~-e- ClgExpected ]
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95% C.L. limit on o/og,,

Napoli
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VH-->VDbDb

[
(s=7TeV, | Ldt=4.7fb"

ATLAS Preliminary
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95% Asymptotic CL Limit on o/og,,

ICIMSIPIreIﬁmiInaIryI | e
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Expected for 125 GeV Higgs
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H--> 1T

Jet2 56945 GeV
- ‘ t ‘ﬂ :

e
ﬂ’ﬂ ‘ ’,

i LTI

— utmlv
T P vis = 70 GeV

u P =20 GeV
Missing E; = 97 GeV

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

Napoli -~
6/12/12 igi.rolandi@cern.ch % [

VBF cleanest most
sensitive channel

2l 4v
1 Thag 3V
2 Thad 2V
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Event categorization

A
0-Jet 0-Jet, p_(lep.)<30 GeV | | O-Jet, p_(lep.)>30 GeV >

In situ calbration
of backgrounds No attempt to extract signal from these categories. % Inclusive
1-Jet, p_(lep.)<30 GeV 1-Jet, p_(lep.)>30 GeV
 Large statistics. Improved resolution o
1 'J et of m_.
Suppression of . Less background ot
backgr. from Z—tt from Z—1r.
Boosted
2-Jet, VBF
2'\.’ etl VBF e Cut based: mjj>XXX, |An|>XXX, central jet veto%

Suppression of
bkg from Z->TtT

Increasing p_(t/u)

VBF
+ VH, H- additional leptons from V decay M

STT - less bkg from Z->Tt
. - main background from dibosons
analysis

less sensitive with 5.1 fb" @ 7 TeV (2011) +12.2fb " @ 8 TeV (2012):

Napoli ~ respect to 1and 2jet HIG-12-051
6/12/12 due to low cross T T O T OO T VT —

Associated
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2]et VBF category

, CMS Preliminary, s = 7-8 TeV, L = 17 fb' Ty T CMS Preliminary, Vs = 7-8 TeV, L = 17 fb'Te Ty, 4.0 EMS Preliminary, /s = 7-8 TeV, L = 17 fb ™%, T
%‘ - D L sy %‘ o L 77 L %‘ TE N Ao
8 f = I = o 8 st =
: C & Z-he : 1.4 -— B clectroweak : C B clectroweak
Pull C [ electroweak R S Pal n
e C [ o - e 30F —
EH > 3 ﬁ bchél.Duncertainly EH 12 EH : ka(g:;I.juncertainly
S : S : S o2s5fF ‘
Z [ Z 10} Z .
T 4 " g ) C T 50 I_ T Tha d
" 0.8 | “E n
3F n -
: 06 | 15F +
2 - - . k]
F 0.4 | 10F _+_
1 ' 0.2 — 05 f
o: o.o- oot vy 1
0 100 200 300 400 0 100 200 300 0 100 200 300
m,. [GeV] m.. [GeV] m.. [GeV]
20 CMS Preliminary, Vs = 7-8 TeV, L = 17 b T T, CMS Preliminary, ¥s = 8 TeV, L = 12.0 fb™'T,,Tj, ]
. ey rrrt LI Ty rrporrrrg vt
% 18 + E'él‘:fj;’iﬂ 3 % 10 - H(125 GeV) -1z B ® After template flt
@ = o e ] © - o ovsenved - :
= 16 = i= | = ] has been applied
& 5 a:lectroweak E g 0.8 __ [ ] ?Jlchtlroweak __
E 1 o 1E | T g uretany - (S+B hypothesis).
— 1.2 bkg. uncertainty = = i ]
2 1 3 oef T T ;
10 TT - I had had | N
08 e had E 1 eUncertainties after
0.6 r : fit.
0.4 = 02|
0.2 = I
0.0 &= - 0.0 b
0 100 200 300 0 100 200 300
m,. [GeV] m,, [GeV]
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Napoli
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H-->T1T

_I | I I I I | I I I I | I I I I | I I I I | I I I I | I_
L H-o 1 ATLAS Preliminary =
— —e—Observed CL, [ Ldt=4.6fb",{s=7TeV -
- - Expected CL, | Ldt=13.0fb", \s =8 TeV -
- I:I + 26 -
- [+ 1o .
EI | | | | | | | | | | | | | | | | | | | | | | | | | | IE
100 110 120 130 140 150

my [GeV]

Mexp(125)=1.2

=5.0
4.5
4.0
3.5

95% CL limit on cs/(sS

CMS, Preliminary, H— t1, L=17 fb™

—— observed

— expected

[ + 1o expected SRS S
[ ] + 20 expected

0.0 1 1 1 1 l 1 1 1 ) ' 1 1 1 1 l 1 1
110 120 130 140
m, [GeV]
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Mexp(125)=1.0
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H-->T1T

8_I | I I I I | I I I I | I I I I | I I I I | I I I I | I_ e a - -1
i ATLAS Preliminary 1 - 5.0 S, Preliminary A o e s T, ——
7/~ —e—Observed CL, | Ldt=4.6fb",\s=7TeV — © 4 f — observed
- --- Expected CL_ | Ldt=13.0fb", (s =8 TeV ] © ™YF —— signalinjected
6 ]+20 ] g 4.0 Etm |nJecte<2i
u ] o + 26 injecte
- [+ 1o .
o — £ 35
_ i -
N ] O
4 ~ 3
N . T
N N o)
SE -
of - :
1= E 1 N— —
O:||||||||||||||||||||||||||||: 00.""1“ " .i..'
100 110 120 130 140 150 110 120 130 140
my, [GeV] m,, [GeV
Mexp(125)=1.2 Mexp(125)=1.0
Slight excess is observed , compatible with H425 signal
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Large
sensitivity
125/180 GeV

No mass
peak !

Counting
experiment




H --> WW-->2I2v

¢ Two opposite sign OF - 0-jet - Preselection

° LI I I I T T
leptons + large MET = wp gt Sgoy e

T ol BW op

@ BKG estimation crucial § S ™

¢ WW: control sample (my) -
shape from simulation e
bl L“!I

¢ top: control samples 0 |
(N_jet, b tagging) 0 20 40 60 80 100 120 140 1A6(§II [1;50
¥ Z +jets: |m -mz | <15 OF - 1-jet - Preselection

after b veto, Z — tt veto

GeV, correcting for mis- § T arias 'p}g..'n;.,;;r;';],;“; sy

modeling of MET tails. i N Lo
¢ W + jets: inverted lepton o f

|ID passing loose criteria.
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Signal to bkg ~ 15% in the final selection

e has hlgher P+

> ]""l" ""[' "]"" Q _llllilllllllilIlillllllllllllll]lll_
- - & SM (sys @ stat) o 100
g 100:._ ATLAS Prehmlnary (] WW B wzzzwy :. E : ~e- data — UVMT;S GeV CMS Preliminary :
Il H125 +je - - "+
= - \s=8TeV, | Ldt=13.0 10" Dy Bseer e = - e fesTev.L= 1210
i ‘) ) + + ) S WW
£ gk H->WW' ' Sevuy (0 jets) B H(125Gev] | ©
4 i i
w : -
60+ —
40+ —
20+ -
O 2 4 4 " N g
50 100 150 200 250 300 E 2 \ :
'nr [GeV] % . ; -(_ms_\\ \\\\\:k \\ _
- 0. TR 3
00 50 100 150
g, [°)
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H --> Z/-->4| Best s/bkg, however very small statistics
(at low mass)

1A EXPERIMENT

Run Number: 183081, Event Number: 1010857.
Date: 2011-06-05 17:08:03 CEST




Low momentum acceptance Is crucial

CMS Simulation, {s = 8 TeV

= Ol 71— — 1 7 3
< 0.09 H— ZZ* — 4e -
my= 126 GeV =
t:::éeeknoanwyﬁssekmmasf

lllllllllllllllllllllllllllllllll
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Efficiency
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CMS Simulation, {s = 8 TeV
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H— ZZ" — 41
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aaaaaaaa
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CMS Simulation, \s = 8 TeV
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Leptons ldentification

> ———r > f
O LC) 1: ) ._.—.——.'
R S S (T — |
& £ — |
v 08 :? 0.8
. a L
Efficiency to s Z>pu Vo Z>U
o |
select prompt reco+ID a Iso vs ID
. 0.4 & 04
isolated leptons | hi<iz | | hi<12
. -o- Data, 2012 - -e- Data, 2012
- reconStrUCtlon 0.2 Simulation | 0'2: .| Simulation
- identiﬁcation OS o CMS Preliminary, \s = STév 05 CMS Preliminary, \s =8 TeV
. o 678 10 20 30 40 ' 0 40 =
- isolation muon p. (GeV/c) 67810 ZRUSR 3? (GeV/clg)o Muons
- IP reqUirement CMS Preliminary 2012 ys=8TeV,L=122%"
¢ T T Electron
o . g I e + i
computed with TnP techniques ¢,  *—+ """ S
- | : i
3 o Zree -
efficiency correction factor & + , .
MUONS: 0.98 - 1.03 & t reco+ID+iIso+IP |
. . . Iﬁl:'l O.4H i
electrons: 0.84 - 1.01 i Provein endcap: 1556 <Muarl <2 1
0.2 ¢ Data
i Simulation
o —— P | | ' M| P
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Lepton Energy Scale and Resolution

CMS Preliminary \s=8TeV.L=122%H "

CMS Preliminary Ys=8TeV.L=122f "
0.4

. = . JW,p, 57 .' Z.pTl20-45 . s E s Jm".pT 57 ‘. Z,p, 2045 .
Scale corrections on ‘» 0.003 I, p_7-10 | () Z.p, 45-90 ] % 0.35| o Jw.p 710 | ) Z.p, 4590 ]
muon momentum T 0,002} Lo ¥:P 1015 @ Y. P, 10-20 1 © © | o Jw.p 1015 | @ Y,p, 10-20 :
< 0. 202
obtained with a S . ] .+ ]
E 0.001} . é. . - B’ 0.1— a -
. . - 0 § - r ‘0 : 3
calibration procedure = o 1 % Pl owe BOFO _
: = 0.000 T 4 0.0 - e
on Z->mm / J/psi-> mm ; ¢ L, [ 3 : o
: : -0.001 : - 0.1
events in data are applied : E - ¢ i
MC is smeared to match -0.002 - E 02p E
the resolution in data 0.003 - 0.3} :
......... ! W T P )| PP PR I B B
0 0.5 1 1.5 2 -0 0.5 1 1.5 2
average muon | average muon |
residual DATA/MC difference: ~ 0.1% in scale, 20% in resolution Muons
CMS Preliminary (s=8TeV,L=122M"
The ECAL contribution to - ¢
50'008—_ u . CMS Preliminary ys=8TeV, L=122 ﬂnEIeCtron
the electron momentum 0,008 S iimmamns % 25000l A DURRE Bsmns na
. . ] . S Z—=e'e S
and its uncert is from an 2 0.004F- | | 3 ec1ERCE
MVA regression approach: =992, REZSEI = "% we.m,, wam-o0s
1 0 — 1 & e Wl s | e ’
10'15% |mprovements C - - ! .-." '. ' ‘UE) 15000} DATA, m___ = 91.05:0.11
-0.002— | P 0>J O ™ 1:2040,03
on 0004 & % T 1 L i
. e T | 10000
resolution 0006F- 11Tty '
Energy scale and MC CETTTTY 5000
. . 0.01—
smearing obtained from . |
. . . e easl | | N T P 9 80 85 80 85 100 105
calibration with Z->ee 07200 A0 . (BeV] L [GeV/cA

Na
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residual DATA/MC difference:

~ 0.4% in scale, 20% in resolution [conservativels «



/gjé—- * Data
[ Background ZZ

; B Background Z+jets, tt
] Signa (m =12 GeV

\8-/_ [ Signal (m =150 GeV,
I.l>.l o5 I Signal (m =190 G
Z Syst. Unc

lllllllllllll

100 150

ATLAS Preliminary

200 250
m,, [GeV]

In the region 125 + 5 GeV

Dataset

2011+2012

Expected B only
Expected S m=125 GeV
Observed in the data

5.1:0.8
5.3:0.8
13

2011+ 2012
Data
Expected S/B
: Reducible/total background
Napoli
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CMS expects in the same range

SM Higgs (125) 13 £ 1 events
B only 6 + 1 events
Observed in data 17 events

igi.rolandi@cern.ch'#

\AS preliminary Vs=7TeV,L=51f"'\s=8TeV,L=1221b"

25—[ | | | I | | | l I I I I I I | I I l—r
o - \ ¢ Data
N .Z+X ]
20_ — T
b2 . M- Zy*, 22 -
5 [ :
> B m,=126 GeV ~
sk 5
B 0| -
10

160 180
m,, (GeV)
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CMS Matrix ELement Analysis (MELA)
Data vs Bkg Expectation

Pe rfo rm 2 D ﬁt y CMS Preliminary 2012 \s=7 TeV, L=5.05 fb™"; \'s=8 TeV, L=5.26 fb™
<C

= MELA LéJ 0.9
. . . 0.8
discriminant 07
vVersus m, 0.6
4 0.5
= Data points shown 0.4
. 0.3
with per-event o
mass uncertainties 0.1

I e e it

?00 110 120 130 140 150 160 170 180
m,, [GeV]

Data vs Signal Expectation
. CMS Preliminary 2012 \s=7 TeV, L=5.05 fb™; \/5=8 TeV, L=5.26 fb’
; X 3 g [wze2mu [
:: < LéJ 0.9 e ]
2 0.8 -+ 4mu _§ 0.8

-&

0.7

‘l"""l'l'll!"v'l

SM H(125 GeV)

']l'l

|, | 7% .E 0
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CMS Matrix ELement Analysis (MELA)

Perform 2D fit

= MELA
discriminant
versus m,,

= Data points shown
with per-event
mass uncertainties

MELA

AL GARAR SR EAS RAREE RARE -v-v-v-v-_‘
SM H(125 GeV) ol

']l‘l

Napoli b
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ta vs Bkg Expectation

CMg@# Preliminary 2012
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[ R I (5= TeV: Lot =68 b

4 - Leptons P value
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M0 115 120 125 130 135 140
Expected significance 5.0 o m,[GeV]

Observed significance 4.5 o
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Main backgrounds:
CATLAS B )
B EXPERIMENT

* irreducible (30 pb);
* reducible j (200 nb);
* reducible jj (500 ub).

Powerful /jet
separation is
crucial.

‘ Need an excellent
e M ASS resolution.

: 42 /62
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The importance of Energy Calibration

Stability of EM calorimeter response vs time

(and pile up) dur'mg full 2011 run better than 0.1%
o 1.005g | | ' | ' E
© = : i
8 1 .004 ;_ ............................. RMS.0054%. ............ . ___;esz/p ...................... _;
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o) = ? 5 5
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I +4
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o 1.03— : : . S ——
o = CMS 2012 PreI[mlnary :  —=— with LM correction e Mean 1
g 1.02 :—r -8 TeV 1= 3 95 fb e wnhout LMrcortection i FLBMS 0.0019 |1
o ST 1 | OO SOUUSR SRRt OO USRS T.‘..J../..L.M...QQ!’F.QQ?!QQ ........... 5...._: | Mean 0.97 1
o 0Tk : 3w : : = 0.0063
02_) 1 e l*}" .................................... M‘ .... ”‘dm N “!"F‘E 52T e
E 099%— .................................................... c.) ............................................................ . _;
&J 0.98 ' e B _z
0.97 F-viorn M B oo F - i E
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0952_ ..... ............. . ............ ..........................................................
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CMS 2012 Preliminary, {s= 8 TeV, L = 2.4 fb™
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vy mass Distribution

Events / GeV

Data - Bkg

T T T T T T | T T T T T T T T T T T T T T

Selected diphoton sample
L4 Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)

--------- 4th order polynomial

\s=7TeV, f Ldt=4.8fb"

s=8TeV, f Ldt=5.9fb"

III IIIIIIII IIIIIIIIII|III|III|III|III|IIIIIII|III
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Sum of mass distributions for each
event class, weighted by S/B

B is integral of background model over

a constant signal fraction interval
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H > VY

—~ 9r
> C CMS Preliminary —4— Data
D L e _ _ _q —— S+B Fit
(5 8 o Vs=8TeV,L=53f" Bkg Fit Component
~ N — E [ J+1e
(. I\/‘S _ 7 a3 I 26
/ ~— -
,-/’:, %) 6F BDT >= -0.05 Tight Di-jet Tag
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Tt / 2 5t
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CMS Experiment at LHC, CERN % .
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Events with two jets (VBF motivated selection) are separated
from the rest [ in MC the sample is 70% VBF and 30 % gluon
gluon]
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H > Yy

Events passing VBF selection removed
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Combined p~1.7+£0.33

u=1.920.5

Unconverted
central low P,

Unconverted
central high PTt

Unconverted
rest low P,

Unconverted
rest high Pn

Converted
central low P,

Converted
central high P_

Converted
rest low P,

Converted
rest high P_

Converted
transition

Two jets

Combined

LI I > VL L
ATLAS Preliminary —

s
——=

Data 201142012

s —

1]

s = 7TeV,det _481b

s ]
/

~ 5=8TeV, f Ldt=5.9fb"—

7 —
7 ¢ SMH- YY

i (m, = 126.5 GeV)
1 1 I 1 1 1 1 i l% l l I 1 1 1 1 I 1 l l I l | 1
5 0 5 10 15

Signal strength

O Most sensitive categories

Warning: in this channel with small S/B it is more likely to see a positive fluctuation of the signal
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u=1.56+0.43

(g )
Di-iet loose CMS preliminary
: L \-/ \s=7TeV,L=5.11fb"
Di-jet tight \s=8TeV,L=5.3fb"
L > —l- Event Class
[ Combined
Untagged 3 m . m,, = 125.0 GeV
Untagged 2 — I_ N /Gy = 1.56+0.43
Untagged 1
Untagged 0 @
Di-jet @
Untagged 3 > = =
Untagged 2 Im —
Untagged 1 N — B
Untagged 0 /\
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VY p-value

Local p

10§IIII|IIII|IIII|IIII

- ATLAS Pre||m|nary

L 11111

i S BTN

111 II*
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n Expected from i
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Expected significance 2.4 ¢
Observed significance 4.5 ¢

Napoli
6/12/12

Local p-value
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Interpretation Requires LEE

CMS Preliminary
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Mass

=3 5:’ T L L L I =
- 4 5:_ ATLAS Prellmlnary Best fit (marker) =
£ I p 2InA(pm,) <23 (solid)
= af Vs=7TeV: ][Ldt =4.8fb 2In(u,m,) < 6.0 (dashed) ]
o - Vs=8TeV: JLdt=5.8-591b" .
5 35p —tom i,
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CMS Preliminary ys=7TeV,L<5.1fb' ys=8TeV,L<12.2f"
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| | I |
ATLAS Preliminary
W,ZH — bb

\s=7TeV: [ Ldt= 470"

| I
m, = 126 GeV

\s =8TeV: ,ILdt 131"

H- 1t
\s =7 TeV: [Ldt = 4.6 1"
\s = 8 TeV: ILdt 13fb

H— Ww!' —)IvIv

\s=8TeV: [Ldt=13m"

H— vy

\s=7TeV: |Ldt=48M0"
\s = 8 TeV: ILdl 590"

H— 27" = 4l

\s=7TeV: [Ldt= 481"
\s =8 TeV: ILdl =580

\s=7ToV: JLdt=46-48m0"
\s=8TeV: [Ldt=58-13m"

I I I I

Combined u=13+0.3

0 +1
Signal strength (u)

Combined 1.3 +£0.3
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H— bb

H— 1t

H— vy

H— WW

H— ZZ

Combined 0.88 £ 0.21
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CMS Preliminary m,, = 125.8 GeV
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Signal Strenght at mp=125.8 GeV

CMSPrellmlnary |s 7TeV L<5.1fb' ys= 8TeV L<122fb

A combination of channels
associated with a particular
decay mode and explicitly targeting
different production mechanisms
can be used to test the relative
strengths of the couplings to the
vector bosons [UqqH+vH] and top

quarks [pggn.t]

Mqq H+VH

| 1 1 l

|

ZZ analysis: the different WETE TN FUTTY | VAU PRV W Y PUUTY FUOY
production mechanisms are 1.0-0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

not yet explicitel . uggH-&-ttH
yet eXpICItely Other analyses: different

Ece“zagal;c;dband production mechanisms are
: explicitely exploited

corresponding to same o .
values of total cross section] [elliptical allowed regions]
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Universal vector and fermion

Ky® Ke? [ [34 K2 + V4 k2]
ttH bb Ke? Ke? [ [34 K2 + V4 K2
VBF 71T Ky® Ke? [ [34 k2 + Va K2
ggH 71T Ke? Ke2 [ [34 K2 + Va K2
ggH WW, ZZ k2 k? [/ [36 k% + V4 k2.
VBF WW Ky Ky? [ [34 K2 + V4 k2]
ggH vy Ke? Ky - 0.21 ke |2/ [...]
VBF YY Ky® |ky—-0.21 K¢ |% / [...]
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Universal vector and fermion couplings

2D likelihood scan of the test statistic q(kv, k) vs the (ky, kf) parameters

CMS Preliminary {s=7TeV.L<51fo' \s=8TeV.L< 122"

QL 2.0: AL L : gu_ 50 CMS ?relj@i?aw.|s-r7}TYeV.TL'£-T 5.1 fIb;‘ \s-TSTIeY. L<122 frb‘:q
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E . ’ — .\\ E 1.6h ]

1-():— ! / é;\\\\ ?E - ? RIS i 5

( O /\ 1.4F E

0-51 Kt E 1.2] VN :
B P/ \

0.0 1.0 i \ i .

oI f o | i :

0.5 ":.//’\\.."-. - 0.8 { ll 4

- : ) : - - .

1.0 1 @/ : 05t | / ; :
1.0 F \ /. : -\ /

| LN |0 N ;

-1.51 e ' E 0.2} R
_201111111111111 L1 Pl L1 oot-------- NN |13 13 pol v
0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 2.0
K K
v Likelihood scan constrained

Likelihood scan in two
quadrants (++), (+-)

Solid, dotted, dashed contours show the 68%, 95%, 99.7% CL ranges
Yellow diamond shows the SM point (kv, kf) = (1,1)

to the (++) quadrant
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Probing the custodial symmetry

4 Similar to previous benchmark model, but k,, 2 x and «,
so there are three free parameters Ky, , K, and k. Identical
couplings scale factors for the W and Z are required within
tight bounds by SU(2) custodial symmetry and p parameter.

 The VBF process is parametrized with ky, and k, according
to the Standard Model.

_I|III|III|III|III|III|III|III|III|III|III
— ATLAS Preliminary

= - s —-2InA(k )
c = Vs=7TeV, |Ldt= 4810 Wz
c — _ E
o F Is=8TeV, |Ldt=5.85.91b" E
Kw 3 :
AWz = —
Rz

Compatibility
33%

0.35
1.07%0 757

S a D W A~ O OO N @
RRE B i
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BSM Physics in loops

Processes induced by loop diagrams (H-yy, gg+H)
can be particularly susceptible to the presence of

new particles

Combine and fit data for scaling factors k, and k; for
these two processes

Oggn ~ Kg® Tgq ~ Ky2 Ty ~ K2

ggH gg g YY Y

(assume the tree-level couplings between Higgs and the other
particles as they are in the SM)
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BSM Physics in loops

2D likelihood scan of the test statistic q(ky, ke) vs the (ky, kg) parameters:
interplay of different decay modes

CMS Preliminary {s=7TeV.L<51fb' \s=8TeV.L<12.2fb"

5% 2.0r I §
1 8 - gg_)H_)yy -
16l drives the elliptical
b shape E The best fit value is (ky, kg) = (1.43,
: T : 0.81),
1.21 B . o
ol e 5-\\:"‘* : while the 95% CL intervals for these
Tt fo N : coupling separately are:
0.8 AN N
~ e N \ : ky [0.98 - 1.92] kg [0.55 - 1.07]
0.6 T N ) E
0.4] A2 .
ool T : The data agree with
F 1 the SM expectations
0.0L i T
0 1 2 3
K,
>0lia, aotted, aasnea contours show the 68%, 95%, 99.7% CL ranges
Yellow diamond shows the SM point (ky, Kg) = (1,1)
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Spin and Parity

The new state decays in yy -> SPIN 1 Hypothesis ruled out
The H->ZZ->41 channel can exploit the angular information using the “MELA”

methodology to test the hypothesis J¥= 0*vs J=

Signal BKG separation 0* O~ separation

CMS pfellmlnary \rg 7 TeV L=5.1 fb \S 8TeV.L=122 'D CMS pfeliminafy \.g =7 TeV. L=511b ' ‘rg =8 TeV, L=1221 !
(D 1[11][][1]][]][ TT ]l ll T ]IIIIT]ITII[]IT1ITII m 6_ll]l]llllllllllllllll]l'llllllllll]lllll]l.Illl_
—— — -~
- 14 ] & i & data :
Q ® data .
> 0* T aoe ey ] Te)é [ — 0", m_=126 GeV i
Ll 12 - ,mH.- » — 5_— -==- 0, m =126 GeV ]
ZZI1Zy - - z2izy i
10 [] z+x — 4l [ z+x N
8 - > - :
- 3_ . . —
6 i i
E 2+ ¢ ° B
41 - .
2 U =
N . ot . ooy
0 010203040506070809 1 0 010203040506 070809 1
. super-MELA pseudo-MELA
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Spin and Parity

The new state decays in yy -> SPIN 1 Hypothesis ruled out
The H->ZZ->41 channel can exploit the angular information using the “MELA”

methodology to test the hypothesis J'= 0*vs JF= o

Signal BKG separation 0* O~ separation

CMS preliminary Ys=7TeV,L=51f' ys=8TeV,L=1221" CMS preliminary  ¥s=7TeV,L=511b" ys=8TeV,L=1221b"
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2012 run prospects : J°

http://arxiv.orq/abs/1208.4018

35 fb"1 1 experiment

Angular analysis of final state H--> ZZ, W\, yy

e e e e e Y |

B B S RS R A
07, vs bkg [o]

scenario X =27 X—=-WW X — 7y  combined
0}, vs background 7.1 4.5 5.2
0f vs 07 4.1 1.1 0.0
ot vs 2t 1.6 2.5 2.5
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2012 run prospects: couplings

CMS Projection

] 1 1] | 1 ]

Expected uncertainties on
Higgs boson signal strength p
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] ' 1 1 I 1 1
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Conclusions 1

A narrow resonance has been observed by ATLAS and CMS at
a mass near 125 GeV . The observation is consistent in both
experiment and in both 2011 and 2012 data sets. It is a robust
observation. The probability that this excess is a background
fluctuations is smaller than 10-° in each experiment becoming
less than 10> when including the LEE effect.
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Conclusions 1

A narrow resonance has been observed by ATLAS and CMS at
a mass near 125 GeV . The observation is consistent in both
experiment and in both 2011 and 2012 data sets. It is a robust
observation. The probability that this excess is a background
fluctuations is smaller than 10-° in each experiment becoming
less than 10> when including the LEE effect.

It is compatible with the Standard Model Higgs.

There are however tantalizing 2 sigma effects that, if
confirmed by the larger statistics to be collected in 2012,
would be the first observation beyond the Standard Model.
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Conclusions 2

The LHC experiments have given extensive proof of being able
to deliver at high quality and over short time scales

We are just at the beginning of a long journey: with the 14 TeV
run LHC will go in a new territory
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Conclusions 2

The LHC experiments have given extensive proof of being able
to deliver at high quality and over short time scales

We are just at the beginning of a long journey: with the 14 TeV
run LHC will go in a new territory

NOW M=2 TeV with
30 fb-1 @ 8 TeV
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[ ratios of LHC parton luminosities:
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