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Why a hadron collider ? &y
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eHadron machines have the highest energy. They
are discovery machines
*Hadron collisions have large cross-sections.
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Having to deal with such high energy and high
rates, the LHC detectors have to fulfill number of
challenging requirements in terms of :

Triggering, data acquisition, radiation tolerance,

precision and high detector granularity
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The Large Hadron Collider

CERN

“TFT ATLAS
1 Point 1
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ALICE
= Point 2
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* 14 TeV proton-proton
collisions (now 8 TeV)

*27 km circumference

*4 large experiments

| will focus on CMS and
ATLAS

*LHCb: b-physics, CP violation
*ALICE: heavy-ions, quark-
gluon plasma, Pb-Pb

eTotem, LHCH,...




Acceleration is ‘easy’

Energy limited by strength of 1234 dipole
magnets, with B=8.4Tat 1.9K

- Production of heavy particles (few TeV)
High intensity: 1033/34 cm2s1
40 million collisions per second

—> Look for rare processes




Cross-section

f. n N,
JLd L= bunch revolving frequency: f  =11245.5/s
— t* €0 4T0. O #bunches: n,,=2808
Xy #protons / bunch: N= 1.15 x 10"
Area of beams: 470,6,~40 pm
background
number of contamination in

observed events the sample

N

Nobs — kag

. _ Number of observed events
cross section: (] — ' ] '
£ . f Edt proportional to luminosity
/ \ and analysis efficiency.
analysis efficiency luminosity

delivered by LHC
&€ = &ty " Ereco " EID * Esel

1 barn = 107%® m? = 107 cm?
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Luminosity

ATLAS Online Luminosity +s=7TeV
[ ] LHC Delivered
[ ] ATLAS Recorded

Total Delivered: 5.61 fb'
Total Recorded: 5.25 o'

Total Integrated Luminosity [fb |
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Delivered integrated luminosity (fb~!)

Day in 2011

N de Groot - QU3

10°
10t
10°

101 F

C 2012 RUN (4 TeV/beam)

ATLAS 23.269 fb~! []
CMS 23.269 fb~!
LHCh 2.192 fb~"

ALICE 9.678 pb™'
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Collider kinematics

Protons (and antiprotons) are formed by quarks (uud) kept together by gluons

The energy of each beam is carried by the proton constituents, and it is not the
entire proton which collides, but one of his constituents
Ecoll < 2Eb

Pros: with a single energy possible to scan different processes at different energies

Cons: the energy available for the collision is lower than the accelerator energy
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Coordinates

*As a consequence of the collision kinematic, the visible p, is not known only the con-
servation of the transverse momentum p; can be used.

P
*Polar angle 9 is not Lorentz invariant or
0 P.
-
*Rapidity y is Lorentz invariant:
1, E+ L)
y=—]n—p3 ~ 1 =—In| tan —
2 E-p, 2
n=0
rapidity = pseudorapidity (| )
: . Nn=0.88
in massless approximation 0=90° /’
f=45°
E]:‘IUQ_._#-""T]=2;44

N de Groot - QU3 =0t 1=




The experiments
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SILICON TRACKER
Pixels (100 x 150 pm?)
CMS Detector =™

Microstrips (80-180um)

~200m? ~9.6M channels

CRYSTAL ELECTROMAI
CALORIMETER (ECAL)
~76k scintillating PbWO, cryste

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-fitanium coil
carrying ~18000 A



Atlas

Muon Spectrometer (|n|<2.7) : air-core toroids with gas-based muon chambers
Muon trigger and measurement with momentum resolution < 10% up to E, ~ 1 TeV

Length : ~ 46 m
Radius : ~ 12 m

Weight : ~ 7000 tons

Muon Detectors

3-level trigger
reducing the rate
from 40 MHz to

~10% electronic channels
3000 km of cables

~200 Hz AL i Yo8 S50 PO £ S aAg

Inner Detector (|n]|<2.5, B=2T):
Si Pixels, Si strips, Transition
Radiation detector (straws)
Precise tracking and vertexing,
e/n separation
| Momentum resolution:

| g/pr ~ 3.8x10™ p; (GeV) @ 0.015

i | L 1Y .
Taroid Magnets  Solenoid Magnet  SCT Tragker Pixel Detector TRT Tracker

EM calorimeter: Pb-LAr Accordion \
e/y trigger, identification and measurement| HAD calorimetry (|n|<5): segmentation, hermeticity
E-resolution: o/E ~ 10%/VE Fe/scintillator Tiles (central), Cu/W-LAr (fwd)

Trigger and measurement of jets and missing E;
E-resolution: o/E ~ 50%/VE @ 0.03




Trigger System

° -1 Interaction rat
Level-1 | e ey~ | caLo muoN TRAcKING
@ Implemented in hardware Bunch crossing I
o M lob d rate 40 MHz
uon + Calo base LEVEL 1
@ coarse granularity TRIGGER
< 75 kH=z

@ ely, u, , T, jet candidate selection

@ Define regions of interest (ROISs)
@ Level-2:

@ Implemented in software

@ Seeded by level-1 ROls, full
granularity

@ |nner Detector — Calo track matching

@ Event Filter:
@ Implemented in software

Regions of Interest

| Readout drivers
{(RODs)

0 ¥ Ry i

Pipeline
memories
Derandomizers

LEVEL 2 Readout buffers
TRIGGER {ROBs)
(#4)F 4 4
| Event builder |
EVENT FILTER # Full-ev::tdbuffars
~300 Hz processor sub-farms

Data recording

@ Offline-like algorithms for physics
signatures

Refine LV2 decision
Full event building

@ Collisions 40MHz
@ LV1 max 75kHz
@ To disk ~300 Hz



Collider Detectors 101
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E2=p2 + m? For high energy particle m<<E => E~p
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Analysis objects

Key:

Muon

Electron

Hadron (e.g. Pion)

_____ Photon
®
4T |,"|'||||I|"|I
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o)
Hadron Superconducting
Calorimeter solenoid
Iron return yoke Interspersed
Transverse slice with Muon chambers
through CMS
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Analysis objects

Electrons:

 Electroweak or conversion: quite rare
* Energy deposition in the ECAL

* Track pointing to cluster

* Some shape information

e |solation: track & energy

* Min p; of few GeV

Photons:

* Energy deposition in ECAL
* No pointing track

» Converted vy to electrons

* Shape information

Taus:

e EW, but difficult
*1-3 hadronic tracks
* |solated

Muons:

* Electroweak

* Track in muon system

e Stand-alone or combined with track in ID
* Track in ID tagged by muon segment

e Calorimeter muons

e |solation

* Min p; of few GeV

Jets:

* Cluster of object coming fromqgorg
* 4-many tracks, mostly pions

e Energy in calos E & hadronic

* Min p; of 20-30 GeV

* b-tagging (¢ 50%, fake 0.2%)

Missing E:
* Negative energy sum
* From neutrinos

N de Groot - QU3 16



Event structure

We will introduce some of the concepts when
protons interact, like:

 The hard process
e Radiation: ISR/FSR
 Underlying event
e Minimum bias

* Parton density functions
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Event structure: PDF’s

Initially two beam particles are

coming in towards each other.

Normally each particle is

characterized by a set of parton

distributions, which defines the -
partonic substructure in terms of

flavour composition and energy

sharing.This determines the energy

P of the interacting partons (x1, x2)

-

1 1
P(p(P1)+p(Pa) 5 Y) = [ dxs [ dxa Y frlx)fxa) - oar(xsP) + G(xaP) - Y)

0 / \
Incoming beam: parton densities partonic x-section:

Described by PDF’s phase space* matrix element

N de Groot - QU3 18



XB'\ Qz-x P D F’S \ =

2N
p — é
Describe energy distribution of partons inside proton. s ..
There are several PDF’s parametrizations, determined by L —asommmenn
the data from ep experiments at Hera or from Tevatron TR B omeime
or fixed target. o e W1 PDE 200 :
u-and d-quarks dominate at large x, while gluons el
dominate at low x. =
gg luminosity at LHC (5 = 7 TeV) o e T N
"':'1-2:\ NN LI R R E . 10" 1.0" 10’ 10 1
S st == w0 /_ The effective energy available for the
g “i\‘ peraes Al 3 interaction is:
O 105\ N ™ =
2 E N TR ol - -
R e iy ; J§ = \/ X, XS =X s
S 0.5 f—/ (T LN ]| E
N e \\\ “\\ 3 . . .
£ oor alffh= to produce particles with high
= e
i \ L masses ( Mx’ ,\I.fg large x are needed.
o 08 g o
= 10? 102 mycen tT 10
(4 §/s

Large uncertainties N de Groot - QU3 19



Event structure: hard process

v

One incoming parton from each of the protons enters the hard process,
where then a number of outgoing particles are produced. It is the nature
of this process that determines the main characteristics of the event.

This is described by a Matrix Element.

N de Groot - QU3 20



An event: Resonances

The hard process may produce a set of short-lived resonances, like the Z0/W=
gauge bosons.

N de Groot - QU3 21



Resonances

Opposite Sign muon pairs

10°

N
o

I T T TTTIT l‘_Jfll}lllll
L~09pb’

w/p ¢

ATLAS Preliminary
Data 2010,\s= 7 TeV

1 10

10?
M, [GeV]
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Resonances are your friend:
*Well known mass

eImportant cross-check for
detector performance, esp lepton
momentum/energy

O ATLAS
J3 EXPERIMENT

2009-12-06, 1@:24 CET
Run 141749, Event 460665

Event with
Kg— mtm—
Candidate

22



An event: Initial State Radiation

p/P
One shower initiator parton from each beam may start-off a sequence of branchings,

such as g = qg, which build up an initial-state shower.

Initial-state radiation: spacelike parton showers

N de Groot - QU3 23



An event: Final State Radiation

The outgoing partons may branch, just like the
incoming did, to build up final-state showers.
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Final-state radiation: timelike parton showers
24
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An event: Pile-up

p/p

In addition to the hard process considered above, further semi-hard interactions
may occur between the other partons of two incoming hadrons.

N de Groot - QU3 25




Pile-up

Peak interactions per crossing
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An event: underlying event (min-bias)

e Proton remnants ( in most cases coloured! ) interact: Underlying event, consist of
low pT objects.

*There are events without a hard collision ( dependent on pT cutoff) , those are
called minimum bias events
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An event: hadronization

The result of the hadronization is that quark and
gluons are not observed as free particles but as

Hadrons, and actually in the detector as jets of
particles in a narrow cone
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Rediscovery of SM

O [PD]
<

10t

10°

10

10

- ATLAS Preliminary
- . J'Ldt:o_{m- 041"
N \Ns=T7 TeV
E i Thed ry
C = Datd 2010 ({35 pb™)
— o Data 2011
E i i ! 0.7 o !
C i i i {07t
o

L ﬁ 1fb?
; g 1 i
B = 11"
= 2

w z Wy Zy i t wWw wz T zz |

W/Z processes
eConsistent with SM

* Background for Higgs search
eImportant calibration tool

Production cross section [pb]

Early 2011: 1fb!

leptonic final state (| = e,u)

10*
—a— Theory
10° CMS + errg,,
102 = CMS + EfTexp T €My 0. .
10 §
1k é
107
-2
10 E = %
107 7
10 3
10% F36pb” | 36pb" | 36pb" | 36pbT | 11f' | 14T |11 3
< W < = 5
W, ~y Vshy, T Www% Z3 by 2 S ?sowz.g
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The discovery of the Higgs boson




Higgs production at the LHC

o =20 pb (8 TeV)
d

o g fusion :
g

g RAARALALA
tt fusion : -

S T

o =0.13 pb (8 TeV)

1 fb1: 23 kHiggs
1

o =2 pb(8TeV)

H® WW, ZZ fusion |

q

H=
q e
\_\“q
q WIE
Wi L
xT (n
q H

W, 2 bremsstrahlung

c=1pb(8TeV)
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>M Hi 886> Deca Yy Modes @

: SM Higgs branching ratios (HDECAY)

.___I:_j__ET__‘H "'“‘\_L____
Cw

01f = gg @
cC
o >
120 40 160 180 200
my, (GeV/c?)

« Atlow m,, mostly bb, T,
but also cc and gg can be
important.

« Atlarge m,, HVV
e h=>gg, h=>yy, h=>27Zy

generated at one loop,
but due to heavy particles
in loop =@relevant
contributions

32



H—> Z7

Radboud Universiteit Nijmegen %*

*\Very rare process, especially with both Z
particles decaying to leptons (Br 3 x 10)

«’but very clean, and with good mass resolution

Salss




Selection and backgrounds

Selection: 4 leptons, matching, PT (20, 20, 7, 7 GeV), isolated

Backgrounds:

*Real ZZ: irreducible but peak at higher mass
*Z + jets, study in data with control plots
(reverse lepton isolation

/=>4 |leptons, no real background, but useful
to study efficiencies \

:'llIfl[ff'l'lllII[[['I]]]II'[['II]]‘I fl:
2220 - ATLAS Preliminary ~ ¢ Data -
O200F | o Wz
s : Ldt = 20.7 fb W Z+jets,t
S180E s-8Tev
2160 - E
% r 3
>140 E
120 | ‘

100 |-
80 F
60 F
40|
20

Events/5 GeV

70 75 80 85 90 95 100 105
m4| [GBV] N de Groot - QU3
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ATLAS Preliminary
e Data

[Ldt=207 1" HZZ
\s=8TeV .Z+jets, tt template
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4y candidate with m, = 125.1 GeV

p; (muons)= 36.1, 47.5, 26.4, 71 .7GeV m,,= 86.3 GeV, m;,= 31.6 GeV
15 reconstructed vertices

AN

B

@AT LAS

EXPERIMENT
http://atlas.ch

Run:
Event:
Date:
Time:

204769

71902630

2012-06-10
13:24:31 CEST




History of the Signal

> 35_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII

3 C Ys=7TeV |Ldt=483fb" Nov 3,2011

w30 y

P Ys=8TeV | Ldt=11.48fb  Sep 4, 2012

c

D

o 25 ATLAS Preliminary
H—)ZZ( )—>4I channel

20

[ ] Signal (mH=125*GeV)
a Background zz"
1 Background Z+jets, tt
—4— Data

15

10

50 100 150 200 250 300 350 400 450 500
M, [GeV]

Data - Background
o
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H— vy

*Requires excellent discrimination between
single high-energy photons from hadrons

37

«'but offers good energy resolution

¥ weights / GeV

¥ weights - Bkg

160

140

120

100
80
60
40
20

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

+ Data S/B Weighted
— Sig+Bkg Fit (m =126.8 GeV)
-------- Bkg (4th order polynomial)

Illlllllllllllllllllll

/

1

110 120 130 140 150 160

my, [GeV]

Hyy ;\)

Looking for small excess
on top of large (but
smooth) background



Radboud Universiteit Nijmegen %* H ; W+W_

*Relatively large event rate, but leptonic W
boson decays lead to unobserved neutrinos

«cannot reconstruct mass of a WW system




Radboud Universiteit Nijmegen i@%: H ; W+W_

Events / 10 GeV
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ATLAS Preliminary
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0 ww
L+

[ Z+jets [ ] WHjets
B H[125 GeV]

200

“ SM (sys @ stat)
[ WZ/Z2zZ/Wy
[ ] Single Top

250 300
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LHC discovery approach

Use frequentist statistics formalism to construct statements
with precisely defined meanings

P-value of Null hypothesis: probability that nature without Higgs
would give observed result, or more extreme.

Probability defined as fraction of future repeated experiments
Note that statements is restricted to P(data|hypo)

You can also formulate P(hypo|data), e.g. “probability that Higgs
exists given LHC data”, but such statements cannot be formulated
without using P(hypo) as ingredient (what is your belief in the
Higgs boson prior to the experiment). It is difficult to sell this as
‘objective summary’ of your data.

Note that the ‘or more extreme’ entails a substantial amount of
fine print, can mean e.g.

1.
2.
3.

Or more extreme ‘at a given value of m,/
Or more extreme
Or more extreme ‘for any m,, that is reasonably allowed’

Wouter Verkerke, NIKHEF




Combining it all

Local p-value
S o 3
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Spin and parity measurement

SM Higgs is spin 0
and positive parity

Decay angles are
sensitive to the spin
and parity of the
Higgs boson

These are input to a
multivariate analysis
(BDT or NN)
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Spin-CP results (Z7)

o - 1 0 i { @ B N
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Coupling measurements

T I T I T I T

| | | | | 1 | 1 i 7
ATLAS Preliminary  my=125.5 GV CMS 6lobal Fits t
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Outlook and conclusions

Conclusions
e The LHC is a spectacular success
e Higgs is just one of many topics

 We have found a Higgs boson with a mass of 125
GeV ~

Outlook

e 2013-2014: shutdown

e 2015+:13 TeV run, 10x more data
 Beginning of Higgs precision phyiscs.

N de Groot - QU3

45




	Physics at the LHC
	Overview
	Why a hadron collider ?
	The Large Hadron Collider
	Slide Number 5
	Cross-section
	Luminosity
	Collider kinematics
	Coordinates
	The experiments
	Slide Number 11
	Atlas
	Trigger System
	Slide Number 14
	Analysis objects
	Analysis objects
	Event structure
	Event structure: PDF’s
	PDF’s
	Event structure: hard process
	An event: Resonances
	Resonances
	An event: Initial State Radiation
	An event: Final State Radiation
	An event: Pile-up
	Pile-up
	An event: underlying event (min-bias)
	An event: hadronization
	Rediscovery of SM
	Slide Number 30
	Slide Number 31
	Slide Number 32
	H → ZZ 
	Selection and backgrounds
	Slide Number 35
	History of the Signal
	H → γγ
	H → W+W-
	H → W+W-
	LHC discovery approach
	Combining it all
	Spin and parity measurement
	Spin-CP results (ZZ)
	Coupling measurements
	Outlook and conclusions

