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» Historical and theoretical aspects
* Brief introduction to LHC, ATLAS, CMS
- Main decay channels with focus on H —yy

« Combined results and prospects
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The top Breakthrough of the Year — the discovery of

VSI# a5 i\ the Higgs boson — was an unusually easy choice,

LT . HIGGS representing both a triumph of the human intellect

,{.;_?OS"Q,N,’ , and the culmination of decades of work by many
S thousands of physicists and engineers

The Nobel Prize in Physics 2013 was awarded jointly to
Francois Englert and Peter W. Higgs "for the theoretical
discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles,
and which recently was confirmed through the discovery of
the predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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REACTIONS TO THE

LATEST HIGGS BOSON
ANNOUNCEMENT...

) (e

l_‘ﬁ \\ ; y
Q| g1
THE PUBLIC

 Massless electron — infinite Bohr
radius, atoms lose integrity

* No chemistry, no life

Bruno Lenzi (CERN) Higgs physics and experimental results
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REACTIONS TO THE
LATEST HIGGS BOSON
ANNOUNCEMENT...

« Massless electron — infinite Bohr « 98% of the mass of the proton
radius, atoms lose integrity comes from binding energy
* No chemistry, no life « QCD confinement
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Higgs pre-history~summary ¢

1964 | The “BEH mechanism”

Brout, Englert ; Higgs ; Guralnik, Hagen, Kibble

1967 | “BEH mechanism” included in the EW theory (SM)

1973 [ Neutral current interactions observed at Gargamelle (CERN)
1983 (W and Z bosons discovered at CERN SppS

2000 | LEP excludes mny < 114.4 GeV

2011 | Tevatron: 156-175 GeV excluded, LHC: hints around 125 GeV

2012 | A new particle discovered at the LHC

~

Bruno Lenzi (CERN) Higgs physics and experimental results 21-25/10/2014 11



———

Leptos

Unifies special relativity,
quantum mechanics and
field theory

Describes electroweak
and strong interactions
between all known
particles

BEH mechanism gives
mass to W,Z bosons
(+ fermions)

Survived last decades of
experimental verification

- Higgs boson was (?) the
only missing piece

Bruno Lenzi (CERN)

Higgs physics and experimental results
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Gauge principle- Quantum electrodynamics (QED)

- Matter particles (fields) are fermions, obey Dirac equation:

L = (@) (iy" 9, — m) ()

- Gauge principle: & invariant under local phase transformations

)(z) = 1@y (z)
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Gauge principle: Quantum- electv o] amlcs ics (QED)

 Fermion masses allowed

- Gauge-boson mass forbidden

* Photon mass term violates gauge invariance

5, QA“A ;é ;m

11

» Massless photon “predicted” — consistent with observations: my < 108 eV
(PDG)
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Gauge principle vs. masses inthe"

- Gauge group ofthe SM: SU@B)c ® SU@2)L ® U(1)y and Lagrangian:

I 1 o

a v a v
| gauge-+fermions — 4GMVG’Z’ — 4WILWW£L —

| —_ S - —

- Weak interactions short-ranged — massive gauge bosons (W%, Z)
- But mass terms break gauge invariance: m2W/fZ,/WC’;“/ — AL #0

« Mass terms for fermions not allowed by SU((2). ® U(1)y

Break symmetry explicitly and abandon gauge principle ???
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mechanism

- Only way to break gauge symmetry consistently is to spontaneously break
the symmetry of the vacuum:

- Scalar field + potential with non-trivial minimum

« Goldstone theorem: SSB < massless (Nambu-Goldstone) bosons

 But no bosons observed!

* Things work differently in
gauge theories...
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Spontaneous symmetry breaking: BEH mechanism

- Only way to break gauge symmetry consistently is to spontaneously break
the symmetry of the vacuum:

- Scalar field + potential with non-trivial minimum
2
V(®) = po'd+ )\ (0710)
u? >0 2 <0

& V@ Vig)

| have no vacuum
expecation value!

\ &/

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

This costs too much
energy! | think I'll
hang out down there.
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Spontaneous symmetry breaking: BEH mechanism

» Develop the theory around a point of minimum:

Doublet of complex fields (4 degrees of freedom)

- o
O(r) = ¢ (x) . L %0 V
&0 (z) V2 v + H(x
nggs boson
Nambu-Goldstone 240 Gev (massive)
bosons (massless) (from muon decay)
4 V9 4 V(9

@ \e@

! Re ¢ N Re¢

Im¢ I im¢ I

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/
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Spontaneous symmetry breaking: BEH mechanism

 Unitary gauge:
- 3 NB bosons “eaten” by W%, Z bosons that become massive

2

g
Z, 7t
8cos? @y "

1

(D,0)! D' — L (0,1) (0 H) + (v+ 1) | £

4

WiwH +

 Higgs boson (1 d.o.f) with my? = -2p? = 2Av (free parameter) remains

- Was the only unknown parameter of the SM
- Mass terms for fermions allowed via Yukawa couplings (but not predicted)

XY:—%(U—FH))\ijf
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Spontaneous symmetry breaking: BEH mechanism

Four tasks of the Higgs boson / BEH mechanism in the SM:
- Hide electroweak symmetry (distinguish EM, weak interactions)
+ Give masses to W=, Z (predicted)
« Give masses and mixings to fermions (free parameters)
- Keep EW theory from misbehaving

- Would break perturbative unitarity at ~1 TeV (WW scattering)

Bruno Lenzi (CERN) Higgs physics and experimental results 21-25/10/2014 20



21



Higgs hunting: 1976

Ellis, Gaillard, Nanopoulos, Nucl. Phys. B106, 292

% MH < (7 MeV
) excluded by neutron -electron scattering
M,, <13 MeV
o excluded by neutron -nucleus scattering . . . .
M, <18 MeV We apologize to experimentalists for
excluded by nuclear 0'—0 transitions . \ \
/ o having no idea what is the mass of the
- - acce:sibl;: :'p\v,-Hn at low energies ? nggs bOSOﬂ [ . ]
- | accessible i K=Ti+H decay? For these reasons we do not want to
- | cvesstie m 373121 decay? encourage big experimental searches for
acesaibie Mmoserate the Higgs boson [...]”
energy (1) experiment ??
1500 MeV <M, <4000 MeV
accessible in pp-{p'pleX
1 I 1 ‘ | 1 ] | at high energies ??
1 3 10 30 10° 300 1° 3000 10* 3.0  10°

Higgs Boson Mass (MeV)

Fig. 3. Present and possible future limits on the Higgs boson mass,
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* Running at Z pole mass, LEP-I excluded muy < 58 GeV

(Z — ff+H)
« LEP-Il ran up to 209 GeV and excluded mn < 114.4 GeV

’q% ] % [ [ [ 1T NNN‘NXN‘NXN‘XNN

O - §
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o z
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Best-fit @ 68% CL.:
my = 93727 GeV

Higgs found just above 10!
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SM Higgs couplings

* Higgs couplings predicted:

/
H .
—————— gugr = myfv = (V2G,)"?my x (1)
f
Vi
H .
______ gHVV = 2M‘2//'U = 2(\/§GH)1/2 M‘2/ X (_Zgluj)
Vi
H S~ -
g .- gunvy = 2ME/0* = 2V2G, M} X (—iguw)
.7 v,
.- H
H - :
...... . g = MG = 3NEGENG X ()
\\\H
S o ,’H
H ~~_ _-° i
u PLaN guunn = 3M%/v? = 3v2G, M3, x (i)
Phe \\H
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SM Higgs couplings

* Higgs couplings predicted:

 Trick: (1 + h/v) in mass terms (not true for derivatives)

f
T

J?

I V

vV

— mf

mff_LfR — My <1 =+ %) foR — T

My

h
MEVHVHE — ME (1 - —) VHVHE

U

U
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SM Higgs partial decay widths ¢

« Couplings proportional to mass — decays to heaviest particles kinematically
accessible (with many exceptions)

- Tree-level decays to fermions (Nc = 3 for quarks, 1 for leptons):

 Threshold effect depend on velocity: 32 for scalar, 8 for pseudo-scalar

___}_[_<f F(H—)ff) :Nc4\G/g—ﬂ_mHm?cﬁ3, B = (1_4m?/m12{)1/2

G T S VY) = Ny SE (1 —42)"? (1 — 42 + 1222) m:<%>2
V16\/§7T H ’ ™MH
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SM Higgs width—

~4 MeV @ 125.5 GeV, grows when decays to on-shell gauge bosons open-up

;‘103§| I T T T T — If%
S
:3:102? ........................................................................................................................................ é%ﬁ
10§_ ......................................................................................................................................... _§
1§_ ........................................................................................................................................... _§
10-12_ ........................................................................................................................................... _E
10-22_ .......................................................................................................................................... _E
100 500 300 500 1000
M, [GeV]
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SM Higgs decays to off-shell gz

| 4
AL
L
g~

N

tige bosons

Important for low mass Higgs (two of the main discovery channels)
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SM Higgs decaysrloop-induc

- H = gg: completely dominated by top-quark (in the SM)

- Hopeless as a decay at the LHC, but important for production

(00000 ¢

Q0Q0Q0, g

- H — yy and Zy: destructive interference between W (dominant) and top-quark

- H — yy is one of the cleanest decays at the LHC

v(2) VMW (Z)
----- + --- FY
Y NV Y
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SM Higgs bosondecay branchir =

Couplings proportional to mass — decays to particles with heaviest particles
accessible (with many exceptions)

@ 125.5 GeV, most decay modes accessible experimentally!

NLO calculations,

g’ 1;_| | | _g uncertainties around 5%,
% dominated by mp
S0, o
i’ | my = 125.5 GeV: |
0 bb: 57% |
.§102 WW*: 22%
TT:6.2%
10 | 7% 2.8%
vy: 0.23%
, Zy: 0.16%
1050 '1<|)o' | '12|0'I' '1210' | '1e|30' 180 200 up: 0.02%
M, [GeV] e ——————

' LHC Higgs Cross Section Working Group |
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SM Higgs production modes

Production mechanisms

Gluon-fusion Vector boson fusion (VBF) ,
g / t I | E I I I I I I I I _§
OO0 : g f ; \s=8Tev 1t
H VV’Z o= = L-I - - S-<\ 10 _Eg
At = Pm = = + =
w,Z T 1>
= '|‘ -
0%%g \ g 1 =
5 .
Associated with W / Z Associated with tt (or bb) I T
10 =
H , - . E
q /l N :
w* z* N E |
. 10° 3 : 3
w,Z E | ]
q 80 100 200 300 400 500 1000
: My [GeV]

‘\ Huge eﬁort to calculate Cross- sechons at 7

— = e ——
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[graphics by A.Lazopoulos]

I » Corrections ~100%!

HQET

>H - Scale (missing higher orders) and
parton distribution function (gluon)

K=1.74 K118 uncertainties around 7-8% each

7~ X VR
LO NNLO* '
 NNLL re-summation of soft QCD
S— _~

radiation included

K=2.05

QCD CONTRIBUTIONS BY INITIAL STATE CHANMNEL

« N3LO on the way (first of a kind),
could give additional ~5-15%
Increase

gg initial state

95.5%

%2+ #1Es (e Bb

TOTAL NMNLO: QCD vs EW

QCD corrections 95%

TOTAL NNLO:

MLO matrix elemeants
44%
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The SM Higgs bosomat the LHC? <

Production mechanisms Decay modes

Gluon-fusion Vector boson fusion (VBF)

g /qy/
’a% R
w2z

—

1
¥ X
1

Higgs BR + Total Uncert [%]
Q

T TTTIT k‘_k IIIIIII_
N
| | IIIIII|

WW

LHC HIGGS XS WG 2013

-*--I

W,z
600 ' \
q

Associated with W / Z Associated with tt (or bb)

H , I 1
q ' :
w*z* ,
/ MM/\:\
104 Lo [
— 80 100 120 140 160 180 200
q My [GeV]

‘ . Maln channels (bosonic): H — VY, H — ZZ* — 42 H —>WW* — Eva

o
ro
|

-
o
w

'+ Fermionic modes (associated production): (VBF) H = T, (W/Z) H = bb ,

. Raredecays:_H — Zy, H = py
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Year

when Lgravitation ) |
energy
reached
in labs
~2010

Lweak -
= 1C0, Lstrong #)
~1900 L

atomic

107° GeV
1076 GeV

10" GeV

10 TeV
1 TeV

100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV
100 meV
10 meV

Planck scale (M)
GUT ?

Vi ?

LHC reach

} New Physics ? ...probing

attometer

t, Z, W, H, EWSB scales
w,b,Y B

T: CJ n; py p: ¢
u, s, -, QCD

u, d, nuclear binding E
@
core of Sun
atomic binding E
V'S
|
Y, 9
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p+p collisions -

- Hadron colliders are (usually) good discovery machines...
- Easier to achieve higher energies than with e*e- (synchrotron radiation ~ m4)

- “Automatic” energy scanning

+ Partons carry a fraction of the proton energy &[T\ ™ T
| | | L Q% =10 GeV?-
- Gluons dominate at intermediate x X 1- | 5
L \ g/10 :
The large gluon collider 0.8 “
0.6 "

/Y5 P s
fgq 3%ﬂ% 0.4- £ .. =

)

: »‘ &5, - 0 2-— -
%%% i i
o— 11 uul Ll Ll \—lw
10" 10° 107 10’ 1
X
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« ...with some drawbacks

uncertainties

Only part of the energy available for collisions
Unknown boost along beam-axis
Low energy collisions dominate

Huge QCD background and large theoretical

Bruno Lenzi (CERN)

Higgs physics and experimental results

21-25/10/2014 38



- Momentum conserved in transverse plane:

- Directions expressed in pseudo-rapidity n and ¢

=0
 Particle production ~ constant in rapidity y
Logs N=0.88
* Ay is invariant under boosts along z o /
0=45°
m=0 tan 6
y ——rn=—log{ — 6=10-—>"=2.44
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« Large accelerator complex, 27 km ring

« LEP tunnel (1985) ~100m underground

- —
« Circular collider: energy increased at
each turn (limited by bending power) L
LHCb
——___ TT40 TT41
« 2-3h to recover beams on a good day SPS N neutrinos
b e
» p+p collisions up to 14 TeV @ 40 MHz !

(hominal)

. 7-8 TeV @ 20 MHz in run-1 (2010 - 2012)

X LINAC 2

neutrons
N LINAC 3
Tons

- Also Pb+Pb and p+Pb

« Multi-purpose (ATLAS, CMS) and
specialized experiments (ALICE, LHCDb, ...)
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"LHC: 1g, cold h1gh energy

e o r)
Vﬁ@l‘hfmtmﬁ {njeCtlQl'I BQ ‘r i_».-ﬁ

e jl‘* }CERN“ Vink: '
s ’__,_\ Injectlon Bl

-

. e
A"’“m’-
T

=

y-
=27

1720 Power converters

> 9000 magnetic elements

7568 Quench detection systems
1088 Beam position monitors
~4000 Beam loss monitors Mike Lamont

150 tonnes Helium, ~¥90 tonnesat 1.9 K
140 MJ stored beam energy in 2012
450 MJ magnetic energy per sector at 4 TeV
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The ATLAS and CMS experi

« More than 3000 people from ~40 countries in each collaboration

 Detector design and construction with Higgs search in mind (+SM and BSM searches)

44m

S ' Ny SR .-\-v-\h
\ —a A : { I T 2\ b\ ' .
: \\\ 5T 7 4% 3"7&_5.‘}\'-3 B\ : Pixel
\ | R A [ S AR Tracker

™ . ' \ \d i .
I“ ‘ . e| '- ' n \t\':' Tile ¢ GT)'I'Y\(‘YL‘I’Q ECAL
‘ I\ d ‘,.‘r - 'ﬂ o .',‘ ‘ | AR ) @ COIC S HCAL
|

LAr hadronic end-cap and

|
|
1
" :
! Ly o 9
, ‘
s jy‘ ‘ forward caolorimeters Muons
/' ' / Pixel detector _ Solenoid coil

Toroid magnefs LAr electromagnetic calorimeters

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla

Muon chambers Solenoid magnet | Transition rodiction fracker

Semiconductor tracker
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...taking 40M pictures / s
(storing ~300)
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Collisions at 40 MHz,
e events recorded @ ~300 Hz,
%Y ~90% used for analyses

1 EXPERIMENT

nt Nur

Multiple collisions per LHC
bunch crossing (~20 in 2012)

Experimental conditions
beyond detector design
capabilities

Clean signatures: leptons
(e,u) and photons

Increasingly difficult:
(b-)jets, taus, missing
transverse energy
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Muon
Spectromeder

Hadronic
Caolorimeter

E'cclromogncﬁc
Calorimeter

Solencid mognet

Transition
. Rodiation ’
Trocl“ng Trocker ‘l
Pixel/SCT detector

Bruno Lenzi (CERN)
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The dashed tracks

e - are invisible to
2 the detector

Collisions at 40 MHz,

events recorded @ ~300 Hz,
~90% used for analyses

Multiple collisions per LHC
bunch crossing (~20 in 2012)

Experimental conditions

beyond detector design
capabilities

Clean signatures: leptons
(e,u) and photons

Increasingly difficult:
(b-)jets, taus, missing
transverse energy
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Marumi Kado

3 Air-core Toroids

Sub System ATLAS
=
Design
Solenoid (within EM Calo) 2T Solenoid 3.8T
Magnet(s)

Calorimeters Inside

Inner Tracking

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

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

Pixels and Si-strips
PID w/ dE/dx

opp /T ~ 1.5 X 10~ 4pr @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/vVE @ 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE ®0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) z 11)Xg
ocg/E ~ 50%/VE & 0.03

Brass-scint. 2 7Ag Tail Catcher

og/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
opr /T ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)

Bruno Lenzi (CERN)
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Track 27,
pt= 0.51
| eta=-0.078
\ phi = -2 477\

CMS/Expenment at LHC, CERN

Datal retorded: Sun Oct 2 03:37:08 2011 PDT
Run/Eyent: 177719 / 636545915

Lumgection: 647
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Techniques: particle-flow and

—

S~t;"‘-~ N

« Particle-flow: combine the information from several detectors

- Can improve resolution and pileup rejection

* Isolation: activity around the particle

 Leptons and photons from H, W, Z decays vs. jets

neutral .
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CMS Preliminary Vs=8TeV, L=5.11b"
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The Standard Modelat work —

AR T —— ATLAS Preliminary
5 [ %5’ s s s | | |
I — TR— LHC pp \s =7 TeV
© . B 35pb” | Theory
10" : ' ' o Data (L =0.035- 4.6 fb")
3_ LHC pp Vs =8 TeV
10° 5 : mm Theory
- . 58 * Data(L=58-20fb")
B i 3 A4
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10° row’ g I .
- f ot TR gt
B : 4.6 fb I i 1
10 467 - 0
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1 Higgs boson produced every 100 events
...and many others look-alike
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