The road to discovery at the LHC

The case of CMS
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Particle Physics

This presentation contains many slides that | have shamelessly stolen
from my CMS colleagues. Many thanks to all!
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Road to discovery () ESsEs

So you want to discover new physics ....
Start with:

1) Build a powerful accelerator (energy and luminosity)
2) Build high performance detectors

Once this is done:

The roadmap:

1) Understand basic physics objects:
electrons, muons, jets, b’s, tau’s, MET

2) Understand the Standard Model (QCD, W, Z, top)
3) Start looking for anomalies ... anywhere ...

[ Ldt (pb—1) 4) Interprete signals, measure properties
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* LEP not enough energy for new physics
(limited due to synchrotron radiation)

e upgrade: either larger R or larger m (since - AE « l(ﬁ) )

R\ m

* 5s0: 1) keep LEP tunnel and go to protons (large m) or
2) go to a linear collider (large R)

* decided to do 1) first
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The LHC Collider (D At
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-

)

Superconducting
magnets (8 T !!)

LHC-B

—— 27 Km ———%

—

Goal: Ecm = 14 TeV CMS
40M collisions/s Compact Muon Solenoid

inst. lumi: 1034 cm—2s-1
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Motivation () e

M,, ~ 1000 GeV
E,, = 500 GeV
E, = 1000 GeV (1 TeV)
E, = 6000 GeV (6 TeV)

— Proton Proton Collider with E 27 TeV
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LHC location P RIS
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LHC energy

Simple calculation:

require that the magnetic field compensates

the centrifugal acceleration:

/ F=m’ < F =qvB
R

E[TeV]=0.84 B[T]
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Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Protection
Diode

LHC magnets are cooled with
pressurized superfluid helium.

Beam Pipe

Helium-II Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel
Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

Instrumentation
Feed Throughs
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The LHC startup S EEESS

First collisions at 900 GeV : 23 November 2009
30 March 2010 at 12:58 First collisions at 7 TeV : 30 March 2010

Fill: 1005 E: 3500 GeV 30-03-2010 13:24:16

PROTON PHYSICS: STABLE BEAMS

3500 Gev [BTGIDE 1.88e+10 1(B2): 1.68e+10

One of the first 7 TeV collisions:

Comments 30-03-2010 13:22:57 : BIS status and SMP flags
Stable beams! Link Status of Beam Permits
Global Beam Permit

Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

LHC Operation in CCC : 77600, 70480 quici-ldEN: 3 ENABLED  [Jusi-ld0N: 8 ENABLED

LHC timeline: 2010-2011: 1 fb-' collisions at E_,= 7 TeV
from 2013 onwards: collisions at E_~ 14 TeV
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CMS: Integrated Luminosity 2010
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Luminosity delivered

Overall data taking efficiency: ~ 89%
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Momentum measurement W)

Need high BL? and good tracking resolution

ETH Institute for
Particle Physics
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ATLAS A Toroidal LHC ApparatuS

CMS compact Muon Solenoid
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CMS design criteria

Very good muon identification and momentum measurement
Trigger efficiently and measure sign of TeV muons dp/p < 10%

High energy resolution electromagnetic calorimetry

Energy resolution ~0.5% @ E;~ 50 GeV

Powerful inner tracking systems

Momentum resolution a factor 10 better than at LEP

Hermetic calorimetry
Good missing E; resolution

(Affordable detector)

Cargese Summerschool

Transparency from
the early 90’s
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The Compact Muon Solenoid |§ )R

SUPERCONDUCTING

TRACKER

Silicon Microstrips
Pixels

ppoooo

ECAL Scintillating PbWO, CALORIMETERS

HCAL Plastic scintillator
copper
sandwich

wires

Total weight : 12,500 t
Overall diameter : 16 m
Overall length : 21.6 m
Magnetic field : 4 Tesla

Cargese Summerschool

Drift Tube
Chambers (DT)

Resistive Plate
Chambers (RPC)

strips

MUON ENDCAPS

Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)
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The CMS detector

‘ >

Lead tungstate

E/M Calorlmeter (ECAL) .

3.8T Superconducting Solenoid [§ '

Hermetic (|n|<5.2 _
~# Hadron Calorimeter (HCAL) |
| [scintillators & brass] ‘

, AII SI|ICOn Trac:ker '
j (Pixels and Microstrips

Redundant Muon ystem |
(RPCs, Drift Tubes,
Cathode Strip Chambers) ¥




Assembling

Tracker
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“Well known”processes,
don’t need to keep all of
them ...

14

11

New Physics!!
This we want to keep!!
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Event selection at the LHC )B4

Per year, the LHC will provide about 10'° pp collisions.
An observation of ~ 10 events could be a discovery of new physics.

— One has to ﬁnd these 10 events among 1010
non-interesting ones!!

Searching for a needle in a hay stack?

e typical needle: 5 mm?

g dle : haystack =1 : 1010
» typical haystack: 50 m3 needle : haystac

e Looking for new phy.sics at the LHC 1s like
looking for a needle in 100000 haystacks ...
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[ T ] | I
Select: om m m 3m am

Sm am 7m

Muon

Electron
“““ Neutral Hadron
— Charged Hadron
----- Photon

q

Silicon
Tracker

N

Electromagnetic
¢ [!ull Calorimeter
8

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers :‘
through CMS =
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CMS Tracker

( ETH Institute for

Particle Physics

The largest silicon tracking detector ever built!

* must provide low occupancy for LHC high luminosity
* high-precision tracking for heavy flavour identification

TOB
Outer Barrel
6 layers

TEC - Endcap
9 disks

(also on the other

side - not shown)

Tracker
Support
Tube

TIB
Inner Barrel

4 layers
4 TID

* coverage up to In] <2.5 0.1 0.3 05 iner Disks oz 4m
Y Y / / e ~ ~
1.7
Strips o | -
+ 9.3M channels oo E’B | I | | ’ | l { | o '
+ ~ 200 m? sensor area : |l I‘ Il 4 l Il || 1 - z;
- 10 barrel layers 600 '_ e T | -‘\-Et = I} ’j as
9 (+3) endeap disks ’:Ii&_ *l'Itli o '1 ': J:. S
200 - e [”J' Double-Sfded modules
Pixels 2 —"J ”LF'IX - .. Single-sided modules
0 400 800 1200 1600 2000 2400 2800
* 66M channels
+ ~ 1.1 m? sensor area . .
+ 3 barrel layers Operational fractions
+ 2 endcap disks ST”F:s: :& 1:°
* innermost layer at r = 4.3 cm pixels: 98.3%
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Tracking

Seeding starts from /
innermost pixel layers.

Inside-out trajectory
building

Iterative tracking
with hits-removal

(6 iterations like this)

Final fit using Kalman
Filter/Smoother.

Parameters propagated
through magnetic field
inhomogeneities using
Runge-Kutta propagator

Track Parameters (g/p,eta,phi,dz,d0) \

( ' ETH Institute for

Particle Physics

e e——t——
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Tracking works

ETH Institute for

Particle Physics
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PID with tracker

Particle identification using the strips

* all strip readout channels were calibrated to uniform energy response using particles

energy loss estimation dE/dx allows particle mass estimation from good tracks
identification with the strip tracker with dE/dx > 5MeV/cm

CMS Preliminary 2010 : Data with \'s =7 TeV CMS Preliminary 2010 : \[s = 7 TeV

= 10p T AT T ; I [0 e e S e L e T W
S - - w Fit to reference Data . 1 05 g E 4 o Data 7
E’ 95_ —— Extrapolation _E % i K p Miwmc i
5 8C - = 5 10° .
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Material budget
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reconstruction E)E:

Muon reconstruction in 3 stages

» Local muon reconstruction
* Hits are reconstructed in subdetectors
(CSC, DT and RPC)
* Make frack segments from hits
» Standalone muon reconstruction
« Combine track segments in Kalman Filter
* Builds muon trajectory in muon system
* Global muon reconstruction
« Combines silicon tracker information
with muon system
* Build global muon trajectory

July 2010  Filip Moortgat
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Cosmic muons

Event display of a cosmic muon track with magnetic field of 3.8 Tesla

Z008-001-20 D4:52:47.749892 GMT: Run 66748, Fuert 8868341, LS 160, Orbit 166856566, BX 2633 @ COIﬂpariSOﬂ between dedicated
1 - MC simulation and data
» Muon required to pass closely by
the nominal interaction point
 “2-leg” muon: reconstructed 2
tracks in the opposite
hemispheres to mimic collision

arXiv:0911.4994

muons
— 0 S
| € g

—
<

Number of lragksJS GeVic
o

-
o
o

arXiv:0911.4994
5155206300 400 500 600 700 800 806 1000
Global 2-Leg pT ( GeV)
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muons

10°

Soft muons

First muons

TT

lIllllIllllllllllll]lllllllll

CMS Preliminary
\s =7 TeV

lllllllll T TT

—+— Data, 0.47 nb
] muons from heavy flavours

[ muons from light hadrons

[ ] duplicates
I hadron punch-through

[ M| k0 oo

L1111l

| IlIIlll

*“Illl | llIIIIII 1| Illllll | llIIIIII

25

30

P, (GeV/c)
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Data collected with a
minimum bias trigger

compared to

Simulation of minbias
events; muons separated
according to their origin:

* 84% from /K decays
9% from b/c decays

* 4.4% from hadron
punch-through

July 2010  Filip Moortgat
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Mean from data = §
3.092+0.001 GeV S
PDG mass = :Té:
3.0961£0.000011 GeV 2

900"

800
700
600
500
400
300
200
100

~ CMS Preliminary, \s = 7 TeV L, = 56 nb"
— I

= data

signal+background fit

-------- background-only fit

IIIIIIIIIIIIIIIIIIlllllllllllllllllllllll

b)_lll |IIIIIIlIIlllllllllllllllllllllllll

.O‘)_II I|IIIIII]IIlIIII|IIII|Il|||IIII|IIII|IlII|

prc v v by P v v by | :’: T B
27 28 29 3 31 32 33 34 3 5
w1 invariant mass [GeV/c?)

- Data driven muon efficiency determination (tag&probe)
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Electromagnetic calorimeter

Particle Physics

CMS ECAL constists of 75848 PbWOg4 crystals

ECAL is inside the 7.9m
CMS magnet (3.8T)

APDs glued on
Barrel (EB) " an EB crystal
In|<1.48

Preshower (ES)

1.65<|n|<2.6
Endcaps (EE)
1.48<[n|<3.0 Outstanding energy resolution:
optimized by design for AE/E < 0.5 % for unconverted vy
H—vyy and H—ZZ—4e @ E>100 GeV (testbeam result)
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clock

& control
100m optical
: data link
m— ’ H FE Trigger 44 upit/s
3 Data pipeline DAQ to counting
\ Trigger primitives room
APD
PbwWO0O4 (VPT) Multi channel
crystal 12-bit ADC
Y Multi Gain 4 oMb
(1x,6x,12x) gzsoo
Preamplifier < /

plit

Am

L S—
——
-

EZG*ZC,,;Ai «AIZ’UL,,S%
N N T

Global ADCtoGeV intercalibration weights
0O 1 2 3 4 5 6 7 8 9 10
Time (ADC clocks)

scale
® ~80% of the scintillation light is collected in the first 25 ns
® dynamic range 25 MeV to 2 TeV
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Electron reconstruction $)EEE

Energy clustering to recover bremsstrahlung

» Superclusters are built by collecting clusters of
crystals within in ¢ window

ECAL
surface

\. .
P \ GSF Track
Electron seeding two complementary algorithms ' 9 /
* Start from ECAL superclusters and search for
compatible hits in the tracker inner layers (ECAL driven)

» Start from tracks (Tracker driven)

Electrons tracking
* Bremsstrahlung energy loss modeled with a mixture of
Gaussians (Gaussian Sum Filter)

Electrons preselection
* Track Supercluster position matching cuts
* Multivariate analysis
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Electron ID

( ETH Institute for
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Examples of discriminating variables:

* supercluster shower spread in N (Oinin)

* electron isolation

e combined ECAL/Tracker/HCAL isolations

* removal of the electron footprint in each detectors

ECAL barrel

8 &0 TrT l Trrr l TrrrT I Trrr ] Trrr I Tirrr ' Trrr ] LB I__:
S 200 CMS Preliminary 2010 =
o NE=T7TeVL,, =198 nb"
8 180 Barrel =
g 160 E
C ]
w 120 - W ev 3
100 - EW backgrounds

80 - QCD +7 jot _;

60 -
40 i

20 €

PR SRS RN BN ST NN N T B ST S N U B RN S N N AT A
00" 0,005 0.01 0.015 0.02 0025 0.03 0.035 0.04
Oy i
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ECAL endcap

> TrT ] T I TrTr ] TrTr l TrT ] Trr [ T l Trr I T7rr ] T I:
() CMS Preliminary 2010 _|
(2120 VE=TTeVL,, =198 nb* |
) Endcap ]
2100 =
c —¢— Data ]
W gy ]
- Woev ]
80 - EW backgrounds
- QCD +7 jot ]
40 -]
20 B
0 FETEN ETE RN B ST ST B A BT .:

0 12 14 16 18 20
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ECAL commissioning

10" CMS preliminary Pata\s =7TeV «10° CMS preliminary Data\s = 7 TeV.
ECAL Barrel — ECAL Barrel :

Pey

c=6.0%

5 =10.0 % 39

S/B., =0.80

yY pairs / 0.010 GeV/c?
W

]IIIlIIIIIIIIIIIIIIlIIIIIIIIIIIIIlIIII'

vy pairs / 0.005 GeV/c?

o = o o o

: N b W & o=

OWWW‘
o

0.15 15 |
y start-up I3 start-up -
0.31 nb™ : 0.31 nb™"

0.05 0.5 :
00304 05 05 07 08

/IR EPEPRT B
05 01 0.15 0.2 0.25

Y invariant mass (GeV/c VY invariant mass (GeV/c)

r

<
VQ
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Electron Trigger Efficiency

Events filtered online in two steps: Levell (hardware) High Level Trigger (software)

Trigger efficiencies has been measured on Minimum Bias data

Y [ : 1 ! T 101_ T T T T T T T T ]
o 1 prefmiiany 2074 0 oY) rie ? : ] I Photon HLT Efficiency -
QL ¢ iLEH=53";b" g g1 00 e ]
Loommmemere) |11 0.09 e 3
0.6 ]1-smec : S| ] g
—~| e ECAL Barrel - : -
i f 098 i - :
i o ECAL Endcaps il : l i ] g
0.4 . ]
- ; 0.97F T g
0_2_ J/ 0.95 E CMSs Pfelimlnar%y, 7TeV: o |n|<1.442 E
i é . - j L dt =23 nb” 1.56<h[<2.50 -
0 C 1 1 1 l 1 1 1 l 1 1 1 1 1 1 1 1 1 1 ¥
1 10 102 095772020 60 80 _ 100
sC
E; [GeV] ESC (GeV)
The Levelltrigger efficiency for a nominal The HLT efficiency for nominal |5 GeV
5 GeV threshold threshold

Electrons in the ECAL barrel (black dots), electrons in the ECAL endcaps (red empty squares)
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Hadronic calorimeter, HCAL.:

Barrel (HB): Brass + Scintillators
= AnxAg@ = 0.087x0.087

Barrel tail catcher (HO): Scintillators
Endcap (HE): Brass + Scintillators
= AnxA@ = 0.087x0.087...0.35x0.087

Forward (HF): Steel + quartz fibre (Cerenkov)
= AnxA@ =0.349x(0.175 or 0.35)

> 99 75% working channels (100% in HB/HE/HF)
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( ETH Institute for

Particle Physics

Run : 138919
! Event : 32253996
Dijet Mass : 2.130 TeV
Dijet Event EX0-10-001

Jet 1 p.: 585 GeV

.\:\
Jet 2 p.: 557 GeV.__

Cargese Summerschool

CMS .d“"\“ﬂ] at LHG, (IEL \“\ ‘ @-10-013

-_mwn Sun_Jgh 2F0820:02 2010 CEST
qu'w 14&,5011140"1

pr=261 GeV

“pr=178 GeV

Multi jet Event
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Jet reconstruction

4 types:

Calorimeter Jets

Jets clustered from
ECAL and HCAL
deposits (Calo Towers)

Correct calorimeter jets with
tracking information:

=> Subtract average calorimeter
response and replace it with

the track measurement

Cargese Summerschool

/

( ' ETH Institute for

Particle Physics

Cluster Particle Flow objects: ‘
Unique list of calibrated e §
particles “ala Generator Level” :
=> optimal combination of
information across all

CMS subdetector

Reconstructed from tracks of
charged particles

=> completely independent from
calorimetric jet measurements,
excellent angular resolutions

July 2010  Filip Moortgat
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Jet Energy CO rreCtionS ( Particle Physics

Factorized approach with 2 strategies: ‘§ - Clm sl ]
MC-truth JEC and In-situ JEC € st ergee
-— I JPTJets "‘J
« Majority of CMS physics analyses 5 160 MC-truth \_ aveeuts conomion
currently use MC-truth JEC % 5 af :
» MC corrections are derived from e N
Pythia QCD dijet MC events. S L T~
« In-situ JEC sub-corrections will replace Y S ——
MC-truth corrections when available T T T TR
Corrected Jet P, (GeV)
Required Corrections Optional Corrections
B
=) o 0 0 e
Relative: Absolute:
correct to uniform correct absolut energy scale
calorimeter response in n In-situ method:
In-situ method: Photon+jet pt balance

Dijet pr balance
Cargese Summerschool July 2010  Filip Moortgat
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Relative corrections (eta) ()t

Di-jet Pt balance:

¢ Drobe SRS
Barrel Jet dijet D + pheTTet
- >
/’
b
B_ pIIJI‘O I pg_('zrrel
T dijet
\ BT J
e ™\
- P e =
Probe Jet\ B T - J

. ) _ r :=relative response in a given bin
» Require at least 2 jets, one jet

in the barrel region |n|<1.3

[ Conl T T T
Racidual Correction Appled

141 —a 37 < djot g < 80 GoV

—t— 60 < dijot g < 75 GeV

—a— 75 < dijot p™ < 120 GeV

—.—1&«.“#‘,"4150&V

[ unconainmy

» Azimuthal separation A® > 2.7

« Third jet veto pr 3Y/pr dijet < 0.2

12

Data / Simulation

=> Measure distributions of balance
variable B in representative
(pt dijet, n|) bins for all jet types
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ey Photon Gata rocordeq Sun J 4 0828 27 2010 CEST Photon
pr = 128 GeV/ic o por okt ﬁ- =01 58 GeV/c
n=05 =0.
© = 2.0 rad @ =20rad
e -
- ~
o 7o \
/ \ P A
{l — - O’ P »n “
i r =Y
' —_— ' / - ‘ \ . \
\ § W \(' =3
‘. / \ — — \ \
N | W =5
i 1) ,-'\
= L i
\‘ 'y \‘\ /’ J‘ o -
Anti-kr 0.5 PFJet | B Anti-kr 0.5 PFJet
pr =128 GeV/c “ \ p1 =8%8 GeV/ic
n=-06 n= o
@ =-1.1rad @ =-1.1rad
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Absolute scale

Particle Physics

Ll Ll 1 1 Ll 1 1 1 I
_ 3 12— cMs Preliminary 2010 B
Photon balancing: & [ VE=7Tev,L=67nb" i
& ]
g CMS Preliminary 2010 + Data - r
V5«7 TeV, L« 67 nt" [CJoco mc - % & .
-70mm 0.6__ : I —-
32 <pl < 47 GoVic 04: S é q i
Ri<i3 “C P <13 ]
Arti-k; 0.5 CaloJots - o Datafy+Jed -
0.2 O Simulation (y+Jet) | —
" Antik, 0.5 CaloJets k Ve Roaponse :
c 1 1 1 1 I
| 8.0 Fmosmebon
[ j I_”-‘ - 1‘1______________--.___--_______________--_.__-..___- _____ _____:__.-____
= = 3 ‘
i T FETE P l.t'u"ﬂ'll] ‘ . . 2 8 1 1
02 04 08 08 s r",p; 093__+‘éf __________________________ o
v 0.8 -

L 1 1 1 1 1 1 I
20 30 40 50 6070 100
Photon P; [GeV/cl
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Absolute scale (D At

T T T I I Ll T T I
§ 1.2[~ cMS Preliminary 2010 ]
& [ VE=7Tev,L=67nb" i
MPF method: 8 r E
N * @
0.6 ki _
61— 2 —
) e ® i
- * * .
0.4~ e <1.3 -
: e Data (MPF) ]
0.2— © Simulation (MPF) | —
" Antik_ 0.5 CaloJets * TrueResponse | -

0 ' ' P |

Q ; —— ]
=12 FIT: 1.0p3= 0.017 -
[ | SR S——— — D

8wt —%—¢ — — 1 —% 1 - JESuncertainty: 10%

Y O S -
0.8 | —

20 30 40 50 60 70 100
Photon P, [GeV/cl
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Jet reconstruction

4 types:

Calorimeter Jets

Jets clustered from
ECAL and HCAL
deposits (Calo Towers)

Correct calorimeter jets with
tracking information:

=> Subtract average calorimeter
response and replace it with

the track measurement

Cargese Summerschool

/

( ' ETH Institute for

Particle Physics

Cluster Particle Flow objects: ‘
Unique list of calibrated e §
particles “ala Generator Level” :
=> optimal combination of
information across all

CMS subdetector

Reconstructed from tracks of
charged particles

=> completely independent from
calorimetric jet measurements,
excellent angular resolutions

July 2010  Filip Moortgat
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E 1'— CMES Preliminary —| Barrel
FoF
L0995 \3=7TeV L =6.4rb" "
0.8;’_ : ' — X .
0.5 3 ——— -
0.35- ...—=— Data -
0.25 = MC —
0780 15 0 25 30
P - (GeVic)
= 1'; CMS Preliminary | Barrel
% TE ONE=7TeV | =84nb" | ~ |
| Wi (TR RS AR A
A | | ! | l
i T ! I R N
é 1?.‘%'_‘.1.@.—_;:’:1_,_ = .1{._ e fet
09— T
L . i i i
5 10 15 20 25
p'ltack (Gse%!c)

A 1.1 T T T T T
% £ cMSPreiminay .. _ Endcap
[=
\_20-9 \Ns=7TeV | =84nb""
u?o_a . ) . ; .
vV 0.7 L . -
0.6 e _=:, e
0.5 ~7qa¢1--
0.4 "" | = [
0.3E- | —e— Data -
0% "0 15 20 2 0
D (GeV/c)
o 1.4 v T l T v
= 1.8E— CMS Prelmmnary - Endcap
£ CE \(s-7TeV | -84nb" | i
a 1 2_. _._._!._._.._.!_._._.-_._._._i .........
2 11 - N N S S
o e | | ! !
0.90—+ — % } % =
0.gt—1 l l l l I
: 5 10 15 20 25 30
p'm‘(GeV/c)

* Propagate well measured tracks to the surface of ECAL and HCAL

Cargese Summerschool

July 2010

Filip Moortgat
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Particle Flow

. ¥ HCAL
' : ) Clusters
neutral . .
hadron } : Y “ detector
TR
: - o
o' ,‘
o '," photon ECAL
! Clustérs

charged :
.,adﬁ,,s Qamcle—ﬂow mﬂ

The list of individual particles is then used to build jets, to
determine the missing transverse energy, to reconstruct and
identify taus from their decay products, to tag b jets ...
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Particle Flow jets (P mess

: Even for a jet of p; = 500 GeV/c
: : ” the average p; of the stable particles
inlg;/;t ': 0§ is of around 10 GeV/c
Y ~90% of the jet energy is carried
out by charged-hadrons and photons

neutral |
hadron !

L
.
: 4
\

inajet
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Absolute scale
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] T T T T I | T T T T T
§ 1'2__ CMS Preliminary 2010 ] g 1.2_— CMS Preliminary 2010 ]
§. L Ns=7TeV, L =67 nb'! 1 L Js=7TeV,L=67nb' R
& 1 ] B . ]
— ] c 1 -
: * * n * * B : | N x e 3’ t; 3 -
i o @ P - e ® -

0.8} : I l —

. O G L e o n 0.8_~ .__
. ; | 1 - ]
PRt " k
0.4 - " |
i W™1<1.3 i 04— I < 1.3 ]
N ® Data (y+Jed ] i ® Data (MPP) i
0.2 O Simulation ¢;+Jet) | — 02— O Simulation (MPF) | —
N # True Response - B ]
| Antik 0.5 PRJets i " Antl-k, 0.5 PFJets * True Responee )

0 L . . . TR 0 ] 1 ] ! 1 T B |

2 12| FIT: 0.926.+ . 2 FIT- 0.992.. |
- FIT-0.926+ 0.017 =12 FIT: 0.992. 0.010 -
g 1.:— ; - g 1.1 é |

] | M - 3
e PR ook & e
asl- i
1 1 1 1 1 L 1 1 I l “_ . " N N N ) ) ) l T
20 . 4 Eao 100 20 30 40 50 6070 100

Photon p_[GeV/c] Photon p,_ [GeV/c]

|=> Mostly good agreement when same method applied to MC and Data l

- JES uncertainty : 5%
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Jet energy fraction carried by particles within jets

-
N

"~ CMS Preliminary 2010 Anti-k; R=0.5
\'s =7 TeV, DATA P > 25 GeVic

T

e
=)

T

T

e

T

Mean Fraction of Jet Energy
11 -]L T

e
kS

T

o
'T‘ i

T

T

o

PFJetn

Cargese summerschool

1.2

CMS Preliminary 2010 Anti-k; R=0.5
\s=7TeV, MC py™ > 25 GeVic

r

T

L

T

T

Mean Fraction of Jet Energy
o o
PP

04-
O.Zj
L 2 4
PFJetn
B Charged Hadrons | Electrons
B Photons B HF Hadrons

I Neutral Hadrons B HF EM particles
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Jet energy resolution

Dijet Asymmetry method (In Situ)

fetl jet2
. . . . Dy = Pr
» Define pT asymmetry of the two leading jets in back-to-back dijet events: A = I ’{. ,1 ! ’}.”,
o " o 4 —
: .. o(p) Pr +pr
» For approximately equal value of the jet pr's: —~~ = ﬁ o,
Py
Calo Jet JPT Jet PF Jet
\§=7 TeV L=73 nt’ CMS preliminary \g=7 TeV L=73 nb’ CMS preliminary \s=7 TeV L=73nt’ CMS preliminary
- CaloJets (Anti-k_R=0.5) - JPTJets (Antik R=0.5) PFlets (Anti-k R=0.5)
03} O<hi<1d - 03 O<hi<i4 ' - 03 O<hl<14 '
A A AT
* o g \ad &‘ b
& N o Asymmetry (MC) e o Asymmetry (MC) e +— Asymmetry (MC)
¢ 02\ — Asymmetry (data) -1 F 02 = Asymmelry (data) -1 G 02 a— Asymmetry (data)
:;JQ.’- -\;. 2 E - ‘i,__ i E'e:_ N-§ -
£ o1 R o T . g o1} e, - g o} 5 L .
.:Z 128 3 3 GZ fg -. 4 K b 3 g": Eg ;_.
S § g, UL o S < N 3
ik -10 &5 -10 25 -10
2 ok . . = B g . 4 ¥ Ak !
50 100 200 300 400 1000 50 100 200 300 400 1000 S0 100 200 300 400 1000
o, [GeV] p, [GeV] p_[GeV]

« Full chain of Dijet Asymmetry method applied to data and MC dijet events to extract

jet pr resolutions
| => Observed data/MC agreement within ~10%. I
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\Je=7 TeV CMS Simulation
CaloJets (Anti-k_R=0.5) ' ' _j
Q0 <k <05 ‘
10° 230 « Ip™*1 < 300 GV
10°
10
1
10°
¥ VF
- 2
& 0
33-20 -
= A0 B
0

Figure 16: Distribution of calorimeter jet response, pr/ p5, in MC simulation for a particular

17| and p§*F range. Example of fit with Gaussian and double-sided Crystal Ball are shown. The
residuals in percent with respect to the latter are shown at the bottom.
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Jet |ldentification (P s

Calo and JPT: Particle Flow:

variable |7 loose ";‘;’ii_b"e \'g| loose

EMF <26 >0.01 <24 >00
90 1 NHF - < 1.0

nhltb - > CEF _ < 10

fPD - < 0.98 NEF ] ~ 10
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Calo jets | IPT jets |

Tr1 T L |

LIS

Evenls/GeV

#‘L ‘ | CMS prsliminary 2010 E % ] ‘ (MS p;anm nawy ;()l'l] : ?n T I ;'.NS n'mlmnmv 20 l'() :
Y Ve=7ToV % Ne=7TeV O Na-TTeV i
. p,{iof)> 26 BaV o b, 4et)- 26 QoV §22) P, ljet)- 26 GeV
1 0 -~ = [ =2 | O = : <1 0 - STy -
3 .ﬂj Mnijet)] =3 q>) : o=} < 3 g : ()] <3 :
. s Dot w - « Data w * Data ]
5 l‘-l' :l Srdation - Simuladion - Simulabon 4
1E LrL‘_ ] 1 1+ =
'
10"} A 10 10"F 2
= 4
; I
10-9 " lasesbassalsoss saslss lasaslss, [ ]oa 10'?
0 100 200 300 400 500 600 70D 80 0 100 200 300 400 500 800 700 &80 0 100 200 300 400 500 60D 78) 80(
m] 1 lz[G eV] m|1 .]z[GeV] mi.‘ .i‘2[ eV]
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—_— 104 I I 1 1 I I I I I I 1 I 1 I I I I 1 ~~ AL I I LI | 1 I I LI I I I LI | I I L l il
> > [ - -
® Ns=7TeV Q. 3L —e— Data (120 nb ") CMS Preliminary
G 103 anti-k; R = 0.7 CaloJets Q'WE — Fit E
S M, > 354 GeV I8 F -~ Excited quark _ 3
Q 1= .0 -~ String \s=7 TeV -
= In.n, <13 2 _
1 02 re = _g 10 E Jetin nl<1.3 =

.g —e— Data =120 0t) 1% F /7 S(07Tev) M>354 GeV A
~ —— QCD Pythia + CMS simulation 1% 10k | Anti-kt R=0.7 CaloJets_ |
-8 10 [ 10% JES uncertainty E 3 % 3
1 1 qwesTn .

3 E S(1.6TeV) 3

1 __ [ g 7Tey) ’

10 1 10k . .
102L CMS Preliminary i - ]
102 ;._ E

1 0‘3 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I :l 1 I 1 | — 1 I 1 11 1 I 1 11 1 I 1 11 1 l :l
500 1 1500 2000 500 1000 1500 2000 2500
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Inclusive jet cross section

ETH Institute for
Particle Physics

[ ]Exp. uncertainty :

i

. CMS preliminary, 60 nb1 \s=7TeV
® Inclusive jet ptspectra <10 T
are in good agreement [ - ‘ |V|<°-5 (x1024)
with NLO theory forall O 100k o 0.5<lyl<1.0 (x256)
reconstruction types Q 'Y - :gi:y::; g gxfg
— = o ISy U (X
® Past Te}ta‘rron published o107k . 2.0<lyl<2.5 (x4)
(0.7 fb™) record of 5 »  2.5<lyl<3.0 (x1)
624 GeV jet at high pr 3 . E
® Extending below TeV's 0 10° 3 E
50 GeV at low pt thanks R E ' 5
to novel reconstruction 10° = 8% E
methods (Particle Flow) . T, uf 4
10E — NLO pQCD+NP" -

Antl-k R=0.5 PF

10

QCb-10-011

20 30
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3/2 jet ratio () e

® Starting from inclusive jets and dijets, multiple ratio measurements are
performed to reduce or cancel JEC and luminosity uncertainties

® Ratio of inclusive 2-jet and inclusive 3-jet cross sections is a good example;
pr,jet > 50 GeV, |y| < 2.5, R3z = (do3/dHT) / (do2/dHr)

® Good agreement found with Pythia and Madgraph within uncertainties

8 1.4'_ T ! rrorI ! rrrT ! L L L LI L LI | T 1T 11

- B CMS Preliminary QcD+10-012 H
1.2 T \'s=7 TeV .
[ i| e Data(L=76 nb") i
1] ===- PYTHIA6 .
| | == = Madgraph i
N Systematic Error . - :

0.8 _ . e e R ——a
- T :
0.6 /,;;4 =2 :
m e :

0.4

B "’7 -
0.2 :
(0 e O e O T

02 03 04 05 06 07 08 09 1
H; (TeV)
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Hadronic Event Shapes

) ) 0.24FTT | [ | I | I | I | [ | =

® Event shapes provide geometric 0.22E 3y R=0.5, P, >60 Gev/c CMS preliminary 2010 3
information about energy flow in 001-2 P.>30GeV, hji<1.3 oo Lo =

, o 0. =
hadronic events = 016 E

® Essential for tuning parton shower S 0-19E ~# Calojet =
and non-perturbative components 3 G T oetPT =
of Monte Carlo event generators T (ogE Trkj'(z;t =

. 1= 0.06 ' =

® Event shapes are robust against 0 04E— Qcp-10-013 =
choice of jet reconstruction, as 0.02 | | | | | -
well as JEC and JER uncertainties e I T - S-S S a

<«—Dijet logt, . Multijet —

Central transverse thrust: maximum
of projection on a transverse axis
_\B\ ;-7
T_L,C = nlax ‘L_::(C |pl,l Tl
ar . LiecPLi
Central thrust minor: projection

out of the plane of beam axis and
transverse axis nr
T o= Yiee |PLi X fitc
mC =
Yicc PL,i
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log (tre) > -=

Ideal four-jet:
log (tre)>-12
log(Twe) >-035 4

log (t1e) - -11
10g(Tmc)> -0.55

58



DataMOipythis)

) DataMCherwiges)  DataMOpythie8)

Event Shapes (2)

l I I T I T I T
nmn,,. Fba.s.p ?90 e-w: cus 201
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Py;rhlab
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¢ e

Madgr'aph

..oo'
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1 umf.'lmllﬁmehnllE (i

IogT_Lc QCD-10-013

R 5 4 3 2 -1 0

ETH Institute for
Particle Physics

Pythia 6 and Herwig++ agree with data within uncertainties;
Alpgen and Madgraph overestimate fraction of back-to-
back dijets, and Pythia 8 underestimates it; similar at all pr

||| LI lllllllllll lllsll |l||||||| IIIIIIIIIIIII LI ||||_
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o 020F __ piihias b 1 @ 0‘4; -— Pythia8 i .
—| [ - Herwig++ {"_@ 2 ._‘ L ----- Herwigs+ . F ! |
§) 0455 -~ MadGraph«Pythiss = 1 1'% osf  MedGupnryties [ K
.- T e Alpgen+Pythia6 i { 15 B Alpgen+Pythiaé 'El H .
g C Data ! . % [« Data g 4
iz 0-10F 153, o2 ;ﬂ;j s
0-05:‘ CMS preliminary 2010 —: 0-1:‘ Eicusmel Inary 2010 .. —:

N - \B=TTeV,| L=78nb" 7 N &1@ =TTV, | L=7800" Ll

i ool e by b | PR B #‘T—.Iallllllllllllllllllllllll "
0005590 =& 6 4 =2 0.075 5 4 3 2 0

logr, ogT o

.-l LI I L I L I LI I L I L I T l: _Il T II LI I T II L Il LI I T Il LI II

[ antik,, R=05 p, 60 GeVic =~ @CD-10-013 1.0[- antiky, R=0.5,p, >80 GeVie  Qcp.10-013 -

05F Calodets p >30 GeVic, lij<1.3:2Jets>2 . [ Calodets p 30 GeV/c lj<1. 32 Jets>2 ]

- — Pythiaé N -_—Pﬂh‘&s ]

o 0.4F —— Pythiss 9 o %80 —rmes ==
[ - Herwiges P11 F o+ N
§) - MadGraph-+Pythia | ] 2 06‘_ MadGraph+Pythia6 ! : N
$  0.3[ - Alpgen+Pythia6 :c'f-‘“ 13 e ISR Alpgen+Pythiat e 4
> - Data i 1 = - Data ! L;l .
% " ‘Li . i - i i
-z 02F | ez %40 I | -
- CMS prelininary 2010 i . L CMS prefiminary 2010 '-'j! -

- &=7TeV,| L=73nb" ! - \li:ﬂev.rL=78nb" = P

0.1 fas = 0.2~ i i

X . . - = -

000! e daoa e -u"r'llllllllll' oo_nl|||||||Lu1|m1_||||||||||1h:
. -12 -10 -8 -6 -4 -2 -7 - -5 -4 -3 -2 -1 0

T
1 me
July 2010  Filip Moortgat

59



Azimuthal decorrelation

® Azimuthal decorrelations was the first QCD measurement from DO Run IT:
little sensitivity to JEC and luminosity, but much to perturbative radiation

® Observable is very sensitive to initial state radiation (kisg=PARP(67)), but
shows little sensitivity to final state radiation (krsg=PARP(71))

® Good agreement between data and Pythia default tune (kisr=2.5, krsr=4.0)

QCD-10-015 . QCD-10-015
A‘b,.... ? ppavs=7TeV - :.g" E ppevs=7TeV N
C . p;"'zzooc.vmo’) 7 oS L. p:-2200QV(x103) +//
E 120_<.p;"'szoooovmo§ o -z 102; . 120< p;'"szoocovmo‘) -
o wsp;"smeowxw) = F o wSp;"'smc.vmo) ~§—
C o T0<p™ <90 GeV -+ A 10‘ - 705 pP™< 90 GV -+ f"
% L=72nb" L=72nb" f"‘é
C lyl< 1.1 ' L Iyi<14 0
E ] 1 A
: . i
L e - g
107 s 107 o o
: . e el
10° CMS Preliminary 1021 } &  CMS Preliminary
E Pythia 6 (GEN-SMF) *,(.“z Pythia 6 (GEN-SMR)
C — k=10 C ~ — Kegg=25
e ing k=0 10° E_'*'? - kgg=80
L L l L L l 1 1 : L L l 1 1 l 1 1
w2 2m/3 5n/6 b4 w2 213 5w6 T

A it AP ot




Azimuthal decorrelation (2) §

ETH Institute for
Particle Physics

® Comparisons between data and different models show good agreement with

Pythia and Herwig, but less agreement with MadGraph at low prt
pp@\s=7TeV;L=72nb"; |y|< 1.1

- ;% E PP @\s=7 TeV Qco-10-018 | QCD-10-015
S - : 28165, Herwigs+ (GENSMR) pr>200-GeV—
o max = g )
% 02_ * P =200 GaV (167 /—,z g 1.4E— « PythiaG(GEN-SMR)
10°F » 120 <p™ <200 GeV (x10 « 1.2F— + MadGraph(GEN.SMR)-
e . 90< :'I"<120 GeV ):10 ! 9’:76 ~z 10 Uncedainty T J*:##
f o 09=Py = (x10) .7 -] ——0.8E— CMS Preliminary ?
" o 70<p™* <90 GeV - =& E__ : I : : | .
10 T ‘ ZE 1.6E 6= p™< 200 GeV -
E L=72nb" o 1-;5 ‘ YT
Lyl < 1.1 s : “E A | 1147} .
1L ;b{lf‘& ;D?“f 1E 17 i —— *—és‘a&l_—!-
E > - 0.8_ T
C )’,’Z‘_ ;ﬁn- E 1 1 L | 1 1
- *‘\5 o 1.6F 80~ p"¥120-GeV-
i 14E 3 :
10-1%_ /’a::é-}e- 1‘2; T _—_$__ﬂr———£—_.r J ‘:L Y Ty Y 3
E .QL;’Q— 15 | p_t{ j— m— —+* : )
- ,,;d—’f 08— | | I
102 CNS Frelminasy 1.6E 70-<pPo<00-GeV-
- M«‘o — Herwlg++ (GEN-SMR) 1.4E5—-1 " -
. | -~ Pythla 6 (GEN-SMR) L S g o i i 2 A AR
-3 __‘Q"“‘ —. MadGraph (GEN-SMR) E—+71 Q—j e e e Beaeman o)
10 - | | 0.8:— t i 1 ﬁ - 1 '
/2 2n/3 5n/6 T /2 2n/3 57/6 n
A
AQ it Pt
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Our expectations from Tevatron:

__Missing ET in MHT30 skim |
lOb E

MET inchudes colis with Ex0 (no CH)
B Mo comection
|| Badrnums wer removed
[T]  Meisy events were removed
[T] B celitowers wiee removed

DO Run II
V. Shary CALOR04

Events

0 50

Missing ET, GeV

Cargese Summerschool

ETH Institute for
q Particle Physics

Sources of instrumental noise:

* readout discharge
* electronics noise
* beam halo muons
* cosmics, ...
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MET reconstruction )R

llllllllllllllllll]llll]lllllllll[lll

Before cleaning

After ECAL noise cleaning

After HF noise cleaning

After HB+HE noise filtering

| llllllII lIlI[IIlI | lllll[ll | llllllll llllllllr

Number of Events / 2 GeV

TE il Hi‘hw‘uﬁn‘lfﬂl Tl T

0 50 100 150 200 250 300 350 400
Calo £ [GeV]
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HCAL anomalies

Particle Physics

“Known unknowns”

HCAL barrel - endcap

= origin: ion feedback, noise & discharges in HPDs - o ‘
- characteristic: Random, ~ 10-20 Hz (E>20 GeV). . < CMS Preliminary

- filtering: topology + timing 10°
i 105
HCAL forward Hod 143 | »
origin: Cerenkov light by particles going . / |
through PMT glass ¥t 10°
= Appear mostly in one channel in time “em” 165cm :
with collisions 10°

= filtering: based on energy sharing

between long and short fibers + timing 10

T " e v i
0 20 40 60 80 100120140160180 1

E. (GeV)
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ECAL anomalies () e

“Unknown unknowns”

n

" CMS 2010 Preliminary

2
g

In a small fraction of collision
data we observe anomalous
signals in ECAL.:

—

12000~ MC, 7 TeV

number of events

e distinct pulse shape s Bl ey,

e different timing 8000/ E > 3 GeV i
e single crystal energy deposit

e uniformly distributed in EB 6000/ *
e not seen in EE (VPTs readout) mof

Origin: highly ionizing particles in -
the APDs B 2000

pulse shape exhibits faster :
rising time and is inconsistent
with the signal shape from
scintillation

1.2
1-E4/E1

Easily identified and removed by a quality selection (e.q.
an energy ratio E4/E1). Timing and pulse shape
discriminants could also be deployed to tag these signals.
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Beam halo muons ) Fes

LU L T T C J T e | T 1 1751

CMS preliminary 2010
10° Ns=7TeV

All Events

& Halo-Tagged Events

Number of Events/10 GeV
(=]

—
o
~

" I R R T |

1...ﬁ|....|...l1.‘.,1..'+'.
200

0 50 100 150 250 300
Calo E, [GeV]

CaloMET for events before the beam-halo fitler
is applied and for beam-halo tagged events in
minimum-bias or jet 15 trigger events

+

\

Vv
\,l/

fl

Beam-halo tagged events with highest

CaloMET (224 GeV)

Beam halo does not significantly affect MET generally;
however, it can cause high MET in an event.
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Min Bias: Calo MET
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Status in March/April 2010:

> 1065 €IS Praliminary 2010 =
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Figure: Data vs MC: Calo XEy
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| Generator level sum E; (lyl<5) |

-
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Figure: ¥ Ep with different PYTHIA6tunes

- Disagreement in SumE, seen for all MET reco methods
«  SumE, very dependent on Pythia tunes as shown by right plot
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July 2010 Using PYTHIAS:
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Calo XE; [GeV]

(b) calo)_ Ey distribution
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MET resolution

( ETH Institute for
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o(Calibrated !“) (GeV)
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20— —+— tc¥, (Data) —

~ — tcf, (MC) e
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- CMS preliminary 2010 g
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Calibrated pfZE, (GeV)

* PF SumEris calibrated to
generator level Sum Er

* Observed MET sigma is scaled by
the MET scale obtained
from photon+jets MC events:

Photon
Response = 1

|3)1e1ed

-
-

Perpendicular

1 et

{ || ‘Response<i

=> PF MET has the best resolution.
Te MET also shows significant impovement w.r.t. the calorimeter-only MET 1
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Fit Gaussian: Calo MET
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Figure: Data vs MC: Calo £, £, distributions
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Number of Events / 3 GeV

Number of Events / 3 GeV

MET in multijets
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MET in pile-up conditions

——o—— 2 Vertices, Data
1 Vertex, Data * MET distributions wider in
——+—— 2 Vertex Data, reweighted wrt. XE, 2-vertex events
CMS preliminary 2010
Vs=TTev » Reweight 2 vertex events so that

the SumEr distribution matches that
of the 1 vertex events

Illlllll I llllllll [

 After reweighting, MET distribution

agree between 1-vertex and
2-vertex events

|

Number of Events / GeV

10

T lllllll
| Illlllll

PSR T N S T NN S SR S
60 80 100
Calo . [GeV]

o lll

=> Widening of MET distribution in 2-vertex events due
to transverse energy increase in events
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