L ecture 2

The SM Lagrangian — Revised

Yukawa Couplings

| 'Higgs Field
L — £0‘|—£ —|—£Yuk‘|—£¢/
Higgs

Potential

.
.

Lo = (0u0")(0"0) = V(9)
cr(YLYR® + YRYLO)

»CYuk

~eo
~el
~eo

"™ Higgs Fermion
Interaction

Gauge Boson masses: 9, — (0, —ieA,) and(/ﬁ' y
. - — @ = pPo
Fermion masses: cry¢

Vacuum
expectation value



SM Parameters

18 free SM parameters
NO Neutrino masses
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Higgs Couplings —
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Branching Ratios of the SM Higgs
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Pre-l HC Status

la very short history]



HIggs Search
at LEP



P Collider

Js =90 GeV to

200 GeV

Circumference:
approx. 27 km

4 Experiments




The LE

P EXperiments [Example: OPAL]
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The LEP Experiments [Example: OPAL]
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The LEP Experiments [Example: OPAL]
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The LE

=Xperiments [Example: ALEPH]
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HIggs

Decay at LEP Energies
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P Higgs Signatures

4-jets

missing
energy

T-channel

T-channel

lepton
channel
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WW > qqgqg

ZZ > qqqqg
QCD 4-jets
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QCD low mult. jets

/7 > bbee
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114 GeV]

Higgs Candidate .

B mesons have a

lifetime t~1.6 ps:

— finite flight path




—P Higgs Candidates

Expt Egm channel | MT=¢ In(1+ s/b) | prev.
(GeV) | @ 115 GeV | rank.
1] A 206.6 4 jet 114.1 1.76 1
LEP 2 | A 206.6 4 jet 114.4 1.44 .
final result 3| A 206.4 4 jet 109.9 0.59 3
1| L 2064 Emiss | 115.0 0.53 1
| 5| A 205.1  Lept. | 117.3 0.49 7
Observation: 6 | A 206.5 Tau 115.2 0.45 8
17 candidate 710 206.4 4 jet 108.2 0.43 5
events 8| A 206.4 4 jet 114.4 0.41 9
0| L 206.4 4 jet 108.3 0.30 12
| 10 | D 206.6 4 jet 110.7 0.28
Expectation: 11| A 2074  4jet | 102.8 0.27 14
15.8 background 12 | D 206.6 4 jet 97.4 0.23 11
events 13 | O 2015 Emiss | 111.2 0.22
14 | L 206.0 Emiss | 110.1 0.21 17
8.4 signal events 15 | A 206.5 4 jet 114.2 0.19
for My=115 GeV 16 | D 206.6 4 jet 108.2 0.19
17 | L 206.6 4 jet 109.6 0.18

Observation consistent with background !

T — ,,,
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LEP Summary:
No signal above background

Mu > 114.4 GeV @ 95% CL



Blue Band Plot

[Indirect Information on SM Higgs]
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=P “Zedometry’

Measurement Fit  10™*°-0"1/0™**
Hadronic 1.2 3
vaccuum polarization e
U m,[GeV] 91.1875+0.0021 91.1874
__________________________________ I,[GeV]  2.4952+0.0023 2.4959 m
ZWwidth T« O [Nb] 41540+ 0.037  41.478 |emm—
Had. Pole Cross Section """ R 20.767 + 0.025  20.742 mmmmm
A 0.01714 = 0.00095 0.01645 M=
Lepton Asymmetries A(P.) 0.1465 = 0.0032  0.1481 mm
Left/Right Asymmetries R, 0.21629 + 0.00066 0.21579
, R, 0.1721 £ 0.0030 0.1723
Forw./Backw. Asymmetries 0b
ot Aq 0.0992 £ 0.0016  0.1038
AHOS Ao 0.0707 +0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
Effective mixing angle . A(SLD) 0.1513 = 0.0021 0.1481
"""""""" sin"07'(Q,) 0.2324 =0.0012  0.2314 ==
T m, [GeV] 80.385+0.015  80.377 Mmm
W Width e Iy [GeV] 2.085 = 0.042 2092 =
---------------------------- m, [GeV 173.20 = 0.90 173.26 1
Top Mass ~ weeemreees o [GeV]
March 2012 0o 1 2 3



The Higgs Influencing the SM
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The Blue

Band Plot 2010 ...

6 July 2010_ mun;it ‘='158 GeV
) i
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EW-Fits:
35

My = 89 s GeV

Mup < 158 GeV @ 95% CL
From direct
search at LEP:

My > 114 GeV

@ 95% CL

From direct

search at Tevatron:

168 < Mu < 175 GeV
@ 95% CL

[Status: Summer 2010]



Blue

6 March 2012
[ ]

Band

Plot 2012 ...

L|m|t
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A(xf)d = .
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ATLAS:
My = 125,502 GeV
CMS:

My = 125.37 02 GeV



HIggs Search

at levatron
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Tevatron: Higgs Discovery Potential

combined CDF /DO thresholds

@
N

130 fb!

10 b~

Tevatron:
Max. expectation

2 fb!
— 957% CL Imit
—— 30 evidence
— 5(5 dlscovery
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Tevatron: Latest Result

<10 -
w | — Observed Tevatron Run I, L., <10 fb
€ -~ Expected wio Higgs SM Higgs combination
5 - I Expected + 1 s.d.
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O == Expected if m =125 GeV/c’

R

LO
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[102S0 88 A "8y "sAyd]

1 I 1 1 1 I 1 1 1 I 1
100 120 140
Observed and expected 95% C.L. upper limits on the

ratios to the SM cross section, as functions of the Higgs
boson mass for the combined CDF and DO analyses ...
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HIggs Search

at the LHC
[ The 2010 Perspective]



The LHC

A New Dimension in Particle Physics
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The LHC

A New Dimension in Particle Physics

Detector

Proton beam

|

Lo Aok —
o0 o
IR Lo
%5882, Proton bunches C|rclurnference. 27 Km
Inumber: 2808] Collision rate: 40 MHz

CMS-Energy: 14 TeV

Proton collisions
[10° per second]

Dipols: ca. 1200

Field: up to 8.3 T]

[Temperature: 1.9 K]

\\ Stored energy: 9.2 GJ]
New physics?

Parton-parton
N Interactions

—

/




Muon

Spectrometer
Hadronic
Calorimeter
d The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter ¥
Solenoid magnet : ﬁ £
ransition Lt ;
Radiation I Y g
Tracking { Tracker ____ Generic Detector Design

detector [Example: ATLAS Exp.]




Two Basic Architectures

ATLAS: A Toroidal LHC ApparatuS CMS: Compact Muon Solenoid

Hight: 15 m
Length: 22 m
Weight: 12500 t

Hight: 25 m
Length: 40 m ; 5 A
Weight: 7000 t . y /




The ATLAS Detector

EM Calorimeters: O/E = 10%/\E ® 0.7% Prescision Muon Spectrometer: o/pt = 10% @ 1 TeV
excellent e/y identification fast trigger response
good energy resolution (e.g. for H = vy) good momentum resolution

(€.9. AVZ = py, H = 4p)

p—

\m']l by -

,‘%\, ’~

S~~~ b :\.1;-\
vVt "V J s .
\“‘ ' digy Hadron Calorimeter:
A& f FF' F.:. O/E = 50%/E ® 3%
A O p— —

good jet resolution
good missing Er resolution

(e.g. H = T7T)

Inner Detector:
Si Pixel & strips; TRT

o/pt=5- 10%p:t® 0.001
good impact parameter res., i.e.

o(do) = 15 pm @ 20 GeV
(e.g. H — bb)

Magnets:

Solenoid (inner detector): 2 T
Toroid (muon spectrometer): 0.5 T



ATLAS October 2005

View into

« ATLAS Detector ;\

’



ATLAS July 2006
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ATLAS August 2006

Inner Detector

et 4//




The CMS Detector

Inner Detector:
o/pt=~5- 10%p:® 0.001
EM Calorimeters: [vergl. ATLAS o/pt = 5 - 10 pr ® 0.001]

O/E = 3%/JE ® 0.5%
[vergl. ATLAS: o/E = 10%/\JE ® 0.7%)]

Hadron Calorimeter:

o/E = 100%/\E ® 5%
[vergl. ATLAS: o/E = 50%/,JE ® 3%)]

TRACKER

CRYSTAL FECAL Muon Spectormeter

o/pt = 10% @ 1 TeV

[vergl. ATLAS: o/pt = 10% @ 1 TeV]

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET
L\\ FORWARD
Magnet: \\ CALORIMETER
Solenoid: 4 T -

HCAL
MUON CHAMBERS



CMS June 2002

" Insertion of
vacuum tank 3
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CMS September 2005

/A
Insertion of the CMS
coil into the barrel yoke

o L

/’ - Vi R -




CMS February 2007

Central Section R

arrives underground S\
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ATLAS vs. CMS

Transition Radiation Tracker

crystals
liquid argon
outside solenoid INsSide solenoid

air-core toroid




o (proton - proton)

1mb

inb

1pb

Fermilab SSC

CERN l

LHC

|

» Cjet
E [ >0.25 TeV
cw —»fv)
UA1/2
(PP
Ggg"(ma = 500 GeV)
Ot
mt =174 Ge
My, =175 GeV P
OH N
my= 100 GeV
Gz'
m . =1TeV
Z
o Higgs
m,= 500 GeV

| | |

0.001 0.01 0.1
/s TeV

A Needle
9 N a Haystack

10° Events/sec

[1 Mbyte/Event]

Efficient
rate reduction needed

[Storage rate: 100 Hz]

10 BEvents/min
[my, = 100 GeV]

with  0.2% H — vy
1.5% H—ZZ



Higgs Production Mechanisms

Vector
Gluon fusion boson fusion
t 0
g t H e
J t
g
t
4 W.Z W.Z
- 0
3 H

_ Associated
tt-fusion production



Higgs Production Cross Sections
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Higgs Boson Decays

llJll

bb

T
WW
L7

For M < 135 GeV: H > bb, T dominant
ForM > 135 GeV: H > \W\W, ZZ dominant

Tiny but also
important: H > yy




Direct Higgs Channels

Channel LHC Potential
Huge QCD background (gg > bb);
gg > H > b extremely difficult
- 1T Higgs with low pr, hard to discriminate
99 from background; problematic
T Small rate, large combinatorial background, but excellent
99 Yy determination of my (CMS: crystal calorimeter)
Large rate, but 2 neutrinos in leptonic decay, Higgs spin
gg > H~>WW accessible via lepton angular correlations
/7 > 4. “gold-plated” channel for high-mass
99 > H~> 22 Higgs (ATLAS: muon spectrometer)




Vector Boson Fusion

Channel LHC Potential

qq > qq H Very large QCD background (gg/qq > bbqgq);
[with H > bb] still very difficult

qq > qq H Higher pr than direct channel; interesting discovery
[with H > 1] channel for my < 135 GeV

qq > qq H Most likely combined with gg > H > yy

[with H > yy] to inclusive diphoton signal

qq > qq H Additional background suppression w.r.t. direct channel;
[with H > WW] interesting discovery channel for my > 135 GeV
gg > ttH Top-associated production; Seemed very promising,
[with H - bb] but overwhelmed by SM ttbb production




Higgs Searches @ |LHC: Examples

Two high-energy 2 electrons

H ZZ — ]

Events/500 MeV for 100 fbo-1

H - vy 3 g
7000 [ =
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w o 83
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5000 |- O B N,
it ~ 45
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LHC: Higgs Discovery Potential

Signal significance
k.
=)
[\°]

10

[ATL-PHYS-2003-005]

- H —
det=30fb1 m ttH(HYL bb)
(no K-factors) A H — 7279 = 41
ATLAS H - WWY — vl

qqH — qq WW"
A qqH — qqTt

__ Total significance

1

00

120 140 160 180 200
my, (GeV/cz)

Full mass range can already
be covered after a few years
at low luminosity

Several channels available
over a large range of masses

Low mass discovery requires
combination of three of the most
demanding channels

Comparable situation for the CMS
experiment



