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CMS

B Detector concept .

Nearly 411, hermetic redundant, Russian-doll design

I 1
om im
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon

Tracker =3
Electromagnetic £
] !l' Calorimeter §
i 2
Hadran Superconducting »
Calorimeter Solenoid &
Iron return yoke interspersed E
Transversa slice with Muon chambers i
through CTMS =

And Missing Transverse Energy (MET) for anything that does not interact



e Production relative to o,

* bbat 107,
e W—lvat10®
 Higgs(160GeV) at 10"

 40Mhz beam crossing,
only about 300Hz tape
writing: ~10°

 Fast and sophisticated
selection process
essential: trigger

@ (proton - proton)

= Physics overview

Fermilab

CERN l LHC
.

—
|

H

|

H

H

Hl

EHRE

o Higgs
my = 500 GeV T ___

-
OI

1073

|
0.001 001 OA1 1.0 10
va TeV

LHC at startup

Events/s for &= 10® cm= g™



p. The trigger challenge H 5

Have to “understand” this sort of image 40 million times per second



~ CMSELC

e Level-1:
hardware trigger

» Reduce to 100Khz

* High-level trigger:
software trigger

« Parallel readout
(up to 16 slices)

* Has logical steps
(L2, L3)

 Reduce to O(100) Hz
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BU=Builder Unit
FU=Filter Unit



2 Level-1 trigger data flow I 7

Y Calorimeter and [ Calorimeter Trigger ] [ Muon Trigger J [
muon deteCtor [RP(;hits] [CSC*hits] [ DT*hits 1—s
based g [ sys;em H f?l;ler l([ fig:ier ’

» Electron, Muon, & coman ) (_me | [jﬁkr
i I < tapu 1l 4 D
jet and MET objects § S G . _ :

. . -L Global Muon Trigger
Tracker not included — ]

 No L1 possibility of | LLA , Slobel Tager TStJt
dlSpIaCed traCk trlgger {TTCsystem J [ TTSsystem }
* Limits enrichment of | ———— 4

hadronically decaying
heavy-flavors

* Track trigger upgrade
planned



HLT data flow [

e HLT Level-2

 Unpack muon, ecal, hcal data

 Based on L1 seeds perform
local reconstruction

* Apply L2 algorithms and filter
e HLT Level-3

« Unpack tracker locally
(mostly pixel)

Storage Manager

P ———

i Transfer from

» Perform local reconstruction
based on L2 results

P5 to CERN

Tier-0:
* Apply L3 algorithms and Prompt reconstruction
filters Calibration streams
Arch!val copy of data
e Send accepted events to Distribution to Tier-1

permanent storage at Tier-0
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*  CMS commissioning underground | 10

« Started May 2007 — few to 10 day “global runs” / month

* Integrate CMS detector systems into DAQ
« Test the trigger (L1, HLT) systems (cosmics / random triggers)

« EXxercise data transfer to Tier 0,1,2 , reconstruction, alignment and
calibration workflows

« Study readout synchronization and detector performance
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. Construction and c@mmlssmmng “CMS became
a working experiment in September 08




b 3 First LHC beam in 2008 12

e Splash events

e Synchronization tests
(4-9 Sep): Beam (450 GeV,
4x10° p) hits collimators
150m upstream of CMS

« Use to study occupancy,
synchronization and bad
channels

e Beam halo events

e Circulating beams
(Sep 10-11): Beam protons
interacting with beam
elements and gas

e Use to commission forward
detectors

“Splash” Event

All systems on except tracker and magnet



170TeV

* |n splash events
all channels fire

e Synchronize in
one go all
calorimeters

 Time of arrival
follows detector
geometry

1000TeV

> Beam splash events
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Beam halo events 14
Beam Halo: muons Muons go almost parallel to the beam:
outside of beam-pipe, A perfect X-ray of the muon Endcap

arising from decays of
pions created when off
axis protons scrape
collimators or other
beamline elements

| beam halo data 12-Sep-2008 |
100

combination of
 beam halo
e COSMIcC rays

40

20
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angle w.r.t. normal (radians)

Reconstructed track angle wrt transverse plane CSC alignment improved:
0.27 ymin ro plane
0.35 umin @,
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osmic' muon-:event

MUON

“ TRACKER

Di-muon trigger:
top-bottom
coincidence, = 2
stations/segment

Great data to enhance
detector and software quality

« Equivalent > 10 pb

~25 papers in preparation
(to be submitted by end of
Sept 09)
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400 TB of data distributed

Data taking efficiency of 70% (24/7)
87% have a muon track

3% muon track with tracker hits

30.000 events have track with pixel hits



CcMS,

13 layers in the Barrel|
14 layers in the
Endcaps

9.6M strips

66M pixels

More than 200 m? Si
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Large improvements as seen from
x? distribution (no alignment errors
included)
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= Tracker performance: Efficiency

Tag-and-Probe method:

» Tag : Standalone upper muons pointing to the
tracker near the origin (LHC-like tracks)

* Probe : Tracker muons

w 1.01 €>990A)
@mw,q P ffifwfwf Achieved high tracking
H’ reconstruction efficiency
oo demonstrated using
i COSMIC Muons:
“*H » Strip Tracker
—e— Cosmics Data ’ TOB 98%
097 * TIB/TID: 96.6%
- « TEC+:99.2%
0.86~ - - Cosmics MC e TEC-:97.8 9%
: * Pixels
0.95" 10 |2|u' - |3|u' a0 'slnl - Isln 7|a| - 'a|nl “"90 100 * Barrel: 99.1%

P, [GeV/c]

* Forward: 94.0%



Collision 1055

1 L i Lo L

1 10 10 p (GeV/c)

momentum p measuredir_the tracker

dE: energy from ECAL cluster, measured in the ECAL lower half

dx: is the length traversed in ECAL crystals

dE/pdx energy deposit matched to the track corrected for muon path length

Tracker momentum matches well with ECAL energy loss,
energy scale is correct
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HB Energy (GeV)
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signal corrected for muon path length in HCAL
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HCAL Test Beam 2006
Pp =150 GeV/c

u 150 GeV/c in HB I___.__.___.Mean “2.79]

Mean signal = 2.8 GeV

11110 Y Y

0

20 40 60 80 mu 120 140
E,"sin(0) [GeV]

Good agreement of CRAFT response with MC

and test beam results
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08-09 “Shutdown” - CMS Activities " 20

 Dec 08 - Jul 09: Detector opened. Some highlights:

Installation and commissioning of pre-shower Ecal (1.65<n<2.6)
Removal, repair and re-insertion of forward pixel system
Installation of Castor calorimeter (5.2<n<6.6)

Revision of tracker cooling plant

Re-commissioning of CMS (global runs, CRUZET)

Preparation of software for 2009 data taking and MC production at
10 (and 7) GeV cms energy

6 week long cosmic run at operating field (ended 31 Aug)

* Ongoing

Evaluate if upgrade of HLT/DAQ system to SLCS before data taking
is feasible

Move to stable data-taking prior to LHC beam
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Early physics program (2009/10 r

Detector commissioning — much already done using cosmics/testbeam, ..

Early beam: splash events, first collisions at injection energy,
then at 7 TeV

» Detector synchronization, alignment with beam-halo events, minimum-bias
events. Earliest in-situ alignment and calibration

Early beam - collisions, up to 10-20 pb" @ 7 TeV

* Commission trigger, start “physics commissioning” — “rediscover SM”:
* Physics objects; measure jet and lepton rates; observe W, Z, top
* And, of course, first look at possible extraordinary signatures...

7 TeV, up to 100 pb' measure Standard Model, start searches
o Approx per pb': 3000 W - Iv; 300 Z - I; 5 ttbar - p+X

* Improved understanding of physics objects; jet energy scale from
W— jj’; extensive use (and understanding) of b-tagging

« Measure/understand backgrounds to SUSY and Higgs searches
« Early look for excesses from SUSY & Z' resonances.

Collisions at higher energy: extend searches;
» Explore large part of SUSY and resonances at ~ few TeV
« ~ 1000 pb-" entering Higgs discovery era

Pb+Pb pilot run at 4(?) ATeV with 1/20 design lumi

» Global observables: yields, spectra, flow



Minimum bias M 23

Charged hadron spectra Charged Hadron Multiplicity (5k events)

CMS Prellmlnary "= Measured

S|mu|at|on — Teallis fit
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Measure charge multiplicity and
track spectrum

10% |- R » Reference for Hl
10 'II'eVI | | Tv\;\lwﬁ@:ﬁj . . .
o = 4 s s o iz * Help dealing with pileup events later
pr [GeV,

when pp lumi will be increased

See talk by Prafulla Behera
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QCD jet measurements
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Startup inclusive jet measurement using k; and SISCone
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= The roadmap for discoveries

Vst

Ml 25

Roadmap towards dlscoverles with leptons at LHC
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Top quark studies

Top production is excellent testbed

for the understanding of:

lepton id. (incl. taus), jet corrections,

jet energy scale, b tagging, ....

CMS Preliminary 10 pb™

B aco

50 ttbar di-Iebtons '

Mostly w/o use
of b-tagging,
robust
selections

I WV +jets
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CMS

At 10 TeV, with ~200 pb-' reach
160-170 GeV sensitivity

==
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as at Tevatron ..Qnly oneﬁ-liggs seen in C

CMS Preliminary
) ) T T ) ) ] T ) T l ) ) T I )
H-~WWY/ZZ channels, L =1 fb™

SM

Benchmark Luminosities:

~ 0.1 fb': exclusion limits start
carving into SM Higgs cross
section

> 0.5 fb': discoveries start to
become possible in the region
excluded by Tevatron

( MH~160-170 GeV) L e
~ 5-10 fb': SM Higgs could be [

discovered (or excluded) in full
mass range (MH~110-500 GeV)

10 |

Higgs

—=—10 TeV Bayesian
o 10TeV CL,

Ratio CoscL /o

L L L [l L L1 1 L L L 1 L1 1
Bayesian vs CLs: assumed correlations between errors are not the same

—o— 14 TeV
O
01 1 1 1 I 1 1 I 1 1 \
120 140 160 180 200

See talk by Majid Hashemi m, (GeVIc)
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- Single inclusive forward jet spectrum with 1 pb-”
- Jets reconstructable in HF from p; ~ 35 GeV

* Very good (better than at mid-rapidities) energy and
position resolutions (due to large forward boost)

» Main systematic source from jet energy scale (JES)

Jet energy resolution in HF
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CMS as a HI experiment

CMS, JPG 34 2307 (2007) An = 10 for Calorimetry

10" — » An = 5 for Si tracker

10.23_.”\@;. 2l 4
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§ 104 | 211
E .f . Tietls -l
otk 0 |
g 107 b . -8 8 n
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10710 | PYTHIA, n|<2.5 Muons

R
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Jet E; [GeV] or part. P, [GeV/c]

10—11

« Large (mid-rapidity) acceptance

Capabilities (tracker and calorimetry)
High-precision tracking over |n| < 2.5  Also large forward coverage

Muon identification over |n| < 2.5 . :
High resolution calorimetry over |n| <5 DAQ+HLT capable to inspect

Forward coverage every single Pb+Pb event
Large bandwidth: DAQ + Trigger

e Large statistics for rare probes
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Once we have these qualitative
answers: Perform program of
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medium properties
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~ Example study:

Photon-tagged jet FF | 31

Jet axis provides
-——  parton direction

Multiplicity and flow 4
measurements /
characterize density, \
path length

s Y

/

Photon energy tags
parton energy E;

All results based on GEANT-
4 simulations using full reco
algorithms for one run-year
statistics at design lumi and
at 5.5 TeV

CMS, JPG 35 104166 (2008)

$

I/

Charged hadron tracks
used to calculate z = p,/E;

Measure jet fragmentation function:
dN/dg with ¢=-log z = log p+/E;

PYTHIA, p+p, 5.5 TeV
B > 70 GeV, E. > 70 GeV
Ab_ >3 =

ap
parton E1
isolated photon E_

4 6 7 8 9 10

5
g=In(E /P,)



= Example study: FF ratio result | 32

IIIIIIII|IIII|IIII|IIII|.III.I|IIII|IIIIIIIIIIII: Recoquenchedpb+Pb
10° CMS Preliminary = MC unquenched p+p
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Medium modification of fragmentation functions can be
measured with high significance for 0.35<¢ <5 (orz<0.7)

CMS, JPG 35 104166 (2008)
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2 Summary Il 33

* During fall 2008, LHC beam & cosmics run, the sub-detectors,
online, offline, computing and analysis systems all performed well.

e The ensuing shutdown included broad maintenance activities and
a programme of carefully selected repairs interleaved with the
installation of the preshower and castor detector.

* Alot of very useful information has been extracted from the
CRAFTO08 data. Plan to publish ~25 papers by end of Sept 09.

* The software, computing systems and analysis systems are being
exercised in CRAFT09 and by generating, (and soon) distributing
and analysing 200M events to update 10 TeV “physics analyses”
(and soon 7 TeV) using the software release intended for data
taking.

* Already the early physics program for 2009/10 running conditions
Is extremely rich and exciting

« CMS will (again) be ready, and eager, for LHC beam.
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Beam halo events
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Beam halo events

r¢ alignment minus PG (mm)

¢, alignment

T T T T r¢l' allgnment 12 : : f_ Entries 35
iy ) Mean  0.0158

A W RMS  0.4249

RMS 03423 [ 10 (idaiio 0

Underflow 0 I =

Overflow D B Evefﬁlﬂwr 0
[ Before alignment | 8 | Before SAGHITHE FE |

6_ )

| of :

I-IIIIII I|I |lli|§||||||li|| IT‘IIIHIII: 0F||||||| [ ||||!||| {hmllll_
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0 alignment minus PG mrad)

Alignment done using tracks passing
through two overlapping chambers
Relative position determined by
requiring consistency between track
segments (and within a ring)

Accuracy achieved:
270 pm in ro plane
0.35 mrad in ¢_

Initial alignment goal
reached in 9 min of
LHC beam!



Prospects for 2009/10 run | 38

* Following a meeting with the LHC people,
experiments and CERN management the plan to
restart has been agreed.

* Once collisions at injection energy are established
will move to collision at 7 TeV center-of-mass
energy.

 In consultation with experiments and LHC
operation will move to higher energy once some
luminosity will be accumulated by the experiments
and experience gained by the machine operations.
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Data driven methods: Physics objects identification

Tag and Probe (T&P): identify a physics object in an unbiased way in
order to study efficiencies.

e.g. Z —ee events: one tight electron (tag); the other can be a probe, provided
the invariant mass of the pair is =M,

L B0.03FTTT T IT T T

2 018 - 4 "

& F N ]
0_14:_ 0.025— ]
°'12§_ T&P _; o.ozf— —f

0.1 Z —-ee — -

¥ ] 0.015 -
0.08— ] C ]
0.06 = 0.01— .
0.041 { -
sz_ p_l_ —f 0.005E I']

0"20 40 60 80 100120 40 1E6 186 500 I B R R S

Pt Eta
Efficiency from T&P: 94.36+0.24

Efficiency from MC truth: 94.63+0.24 } (for 10 pb') @ 14 TeV
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Jets+Tracks (JPT) Example: Use of tracks in reconstructing jets
“Particle Flow”
0.08F- s 35<p_<45, i<1.4
arr 3 [CMS Preliminary | __
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 Selection variables

e Cluster shape in ECAL

« ECAL/HCAL energies
in cones with R<0.5

- Background
subtraction

 Track isolation

 Total of 21 variables

e Linear discriminant
analysis (Fisher) and
cut optimization using
TMVA

 Many variables are
correlated: Not yet
investigated which to
keep or drop 0.4 -0. : : 04 -02 0

TMVA: http://tmva.sourceforge.net *) Maximum set to 10 GeV



e Set working point
to 60% signal efficiency

e Leadsto 3.5% false
acceptance (96.5%
rejection)

e Training was done on
unquenched samples
only

ction
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Unquenched p+p (PYTHIA)
Quenched p+p (PYQUEN)
Unquenched 0-10% Pb+Pb (HYDJET)
Quenched 0-10% Pb+Pb (HYDJET)

. 5

CMS Preliminary

o

0.2 I0.4 — I0.6 | 0.8
Signal efficiency

For quenched Pb+Pb S/B improves from 0.3 to 4.5 after cuts
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Away-side jet finding (for tagged jets) | 43
-SQuenched Eb+tb

—

> E T 1T I_+I_II T L w 1 ]
8 0.9 —* ! - CA Y - jet Events, PYQUEN
% 0.8F —e— | = 8 - E?’r >70GeV _
L= ] 5 08 PbPb, 0.5 nb™, 0-10% central |
O 0.7 ] -+
(®)) C 7 @© K |
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C 05 —— - )
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i jet
MC jet ET [GeV] EJ_I'_e [GeV]

« Select away-side jet with A(y,jet) > 172°, |n|< 2 and E, > 30 GeV

 The energy cut reduces the false rate to 10% level

- Analysis does not use jet energy otherwise
« Jet finding efficiency rises sharply

- Main source (~30%) of systematic uncertainty in reconstructed FFs
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