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Prospects for multi-lepton studies
in CMS

= CMS design
= L epton Identification algorithms in CMS
= Lepton Commissioning... so far

= Cosmics

= Collisions

= Multi-lepton Prospects
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CMS: designed with leptons in mind



Compact Solenoid

Ge design goals of CMS (Evian 1992): \
1. A robust and redundant Muon system

2. The best possible e/gamma calorimeter
consistent with 1)

3. A high quality central tracking consistent
with 1) and 2)

4. A hermetic calorimeter system
5. A financially affordable detector

N




SUPERCONDUCTING CALORIMETERS
COIL ECAL Scintillating PboWO, HCAL Plastic scintillator
Crystals |, .| brass
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Total weight : 12,500 t

Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla
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In|<2.5 : Tracker
0 /p;= 10'4pT 0 0.005

In|<4.9 : EM Calorimeter
g /E= 0.03/E + 0.003

In[<4.9 : HAD Calorimeter
g /E=1.0/JE + 0.05

In|<2.4 : Muon spectrometer
0 /p;=0.10 (1TeV muons)




Lepton Identification in CMS



= Two complementary approaches = T T T

Muon
Electron

Charged Hadron (eg Plon]
— — — - Neutral Hadron (e. utro
il Photon

for a unique collection of muons

= Stand alone muon based (outside-in) Hi
T 'HI
i hm ’

= Tracker based (inside-out) ( ‘”’” i
AT L
= Both use reconstructed segments = = Lm "
and hits in the muon system )
® Qutside-in: fits all muon hits and L - | )

through CMS

search for a compatible tracker
track to build a global muon

| Global muon |

= [nside-out: try to match tracks in the
tracker with muon segments and Tracker track Stand alone muon

identify tracker tracks which are muons

= By-product: a set of muon identification
variables are computed, using also calorimeter energy deposits

The two algorithms “cooperate” after they have individually performed
their choices (eg: a high quality muon will have the information from both
the strategies) 8/ 41



g Electron Identification

= Reconstruction (outside-in and inside-out):

= Start form ECAL cluster and then match it
with the tracker seeds (with loose criteria)

= Build the tracks from matched seeds with
loose x?, electron hypothesis for energy
loss, final fit with Gaussian Sum Filter

= (inside-out) track seeded approach increases

efficiency for low pT electrons (<10 GeV) i

m |dentification:

—
il

= 103-105 rejection power needed against jets
(depending on physics analysis)

0.9

Efficiency

= Start-up: robust cut-based approach; later

multivariate technique will be applied v

— barrel + endcaps

----- barrel only

= Further rejection against jets can be achieved 97
using isolation cuts in tracker, ECAL and
HCAL - expect further improvements from
Particle-Flow approach Y| U I P FUU PN DI TUU PO T
10 15 20 25 30 35 40 45 50

p"'T (GeV/e)

0.6

a



Tau identification

= Tau is reconstructed in hadronic channel (main products: y and charged pions)

=1prong (1m=* +Nn1m0) ~50%, 3 prong (3 1+ + n1m0) ~15%

= Tau reconstruction and identification is based on Particle-Flow technique (PF)

= All reconstructed particles in the event (including pions and photons) from any
possible hadronic tau decay products, are clustered into jets using a cone algo

® PF-tau reconstruction combines tracker and calorimeter information

= Better energy and angular resolution barrel

endcap
than calorimeter-based algorithm

= F T Tran

= (Pre-)Select the tau-jets applying momentum
cuts and isolation requirements

o i Tl

16 b= 24

meTemssy | DArrel endcap

in

A
barrel ' mmsmm endcap

Ao Tan

= Tl

= s T

o i Tl

18<hi=24

16 b= 24

-_\.1.:1 [rad]



Commisioning
(multi-)lepton identification
with Cosmics....



In 2006-2009 CMS invested maximum effort to understand detector
performance before LHC start-up... using muons:

Run 50908 event 1057286
541 segments

Cosmic / Beam Halo Cosmic Shower Beam “splash” event
O(1) muon O(10-100) muons 0O(10°) muons
Analysis using: tracks ... segments ... hits
cosmic charge ratio shower origin shower energy and shape
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Muon datasets

> 1 million beam halo > 1000 beam splash (*)

Reconstructed
muon track

. Reconstructed—
muon track

I1-Sep-2008 Run 62232 Event 1831882
Beam 2 captured

® Cosmic Runs at Four Tesla (CRAFT) in Fall 2008 and Summer 2009: two
month-long cosmic data taking campaigns - 2x 300M events with full
detector and B field on

= Beam halo (Sep 2008 and March 2010) — alignment of End Caps

= Beam splash (17 in 2008, 1105 in 2009, 51in2010) —» synchronization of
detector, uniformity of response

(*) LHC sector test dumping beam on collimator 150m away from CMS - O(100k) muons



http://arxiv.org/abs/0910.2505

T T T T | T T T T |
— DATA combined meth.

E C T T T T B
3_ B mean = 0.3 um B
% 0.08— RMS = 29.0 ym " —/

¥ — DATA before align. : /
& B mean = 18.3 um ]
o B _
= B RMS =107.3 um B
- 006 .. MG ideal ]
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Tracking performance evaluated by comparing
top and bottom half of cosmic muon, reconstructed
independently

" Alignment achieved with
CRAFT data gives tracking
performance close to MC
with perfect alignment

= 16027/16588 (97%) of silicon
detector modules aligned

= 3-4 um in barrel
= 3-14 um in endcap
= [nternal alignment barrel
muon chambers ~80 um

and positions relative to

tracker: 200-700 [LM  nhttp://arxiv.org/abs/0911.4022
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http://arxiv.org/abs/0910.2505
http://arxiv.org/abs/0911.4022

CRAFT: Magnetic Field

= Field in Tracker Volume mapped
by probes in 2006 to excellent

precision of 0.5%10*

= Yoke: field in yoke over-estimated

by 20% ..!

=Too tight boundaries used in
finite element model

=sNew map provided with 3-8%
accuracy in barrel yoke (more
than sufficient for physics)

= From tracker to muon system:
cosmic tracks confirm [B*d| to
better than 0.1% in the barrel

B[ [T]
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CRAFT: Muon ID

http://arxiv.org/abs/0911.4994

Muons studied in great detail
muon system only _

g F gm0 Efficiencies (one example)
o T .
S ey = 4_
L {].B_— ]
sk T 1 Charge mis-ID
] Data 1 <0.01% below 20 GeV/c
04+ CMS 2008
‘ ] ~1% at 0.5 TeV
o B ppsSTA ]
020 d) o Lever2 | Large momentum range
[y T I I I I B B |
2 4 3] a 10 12 14 16
pTI{GEWE] I
o R RN RN RN RN RRRRE RRRRE LR
— g e — . =10 ‘ CMS 2008 3
§ = —— " : S -
2 C — . ] w ]
UB 1015_ —— E %1051__ # Data -
H# - . ] E = — Simulation 5
U.% 102 + - :S: - ]
> . F Data —y— ; S0 =
= 107 = =z F ]
o] S — 3 C i
8 4: +|:?:1_Tﬁ ] 107 = —
e 10" ¢ —e— E = 3
o §§H CMS 2008 : - ]
10—5 = —a— muunsystemlunly - 102
g —e— global muon fit 3 = '_r'!-U'
~ —a&— tracker only 7 C 4
1065_ —‘!’—trackanfirstmuonstation_; Covalvn s bvvn bovaa b P by s bwwn Boaia by oy
o | L | T 0 100 200 200 400 500 600 700 800 9001000
0 102 103 Global 2-Leg p, (GeV/c)

p.” (GeV/c) 16 [ 41


http://arxiv.org/abs/0911.4994

% | CRAFT: Muons in calorimeters

An excellent understanding of muon response in calorimeters

= Hadronic calorimeter: good agreement = Crystal calorimeter: first

data and simulation over large measurement of muon critical
momentum range energy in Lead Tungstate:
. . 5
For a typical energy deposit 1607, £8 GeV
of 250 MeV!
1o T T g
s CMS 2008 :F E d:Ms! 20HE
S [ +] o 10 t#)
@ ++++ . %
3 B —l-—-.-'- 7 E
:é:;‘ | __—_—_'__'—_'_l_'_,_""-'- ] Q
= ke,
L HB %
(] E -
s 12F O ‘ E Jashi
g 1E'"'T'*'l'*'*':'z'T-:'1"="I'1""';-:----}-i-}-;-{-*-i""'-i i
o - -
(- 0.8 = . . 3 1 ;
10 107 1 10 107

P11 (Ge Vi) p (GeVic)



CRAFT: Muon pT resolution

muon system + tracker combined

——rrr———————1——  Relative pT resolution

g 10" | ® Tracker-only Data vs -|  <1% below 20 GeV/c
e :
® |a ?;O.Eﬁls Data 1 ~8%at0.5TeV/c
£ [ [YIMR e | -—
. == :
5 | (g p) — (g pr) ] Agreement data — MC
= Rig/pr) = T
va(q/pr) e
- . muon system + tracker combined
= S -:_:l:l L T T TTTT roorrTrrTT

;.:;'; Em"— —— Tune P, data *_
102_;'E|='= CMS 2008 ] : E ---%--- Tune F, CRAFT simulation ._f—.z
L Lo L L] N = L |~~~ Ture P ideal simulation 1 ]
10 10 10° 8 | e .|
p; (GeVic) had b m e e
o = I L -
: . 8 | 1

A TPFM = Tracker Plus First Muon Station = Data t
v TMR = Truncated Mean Reconstructor - ciq MC

(pick up Tracker or TPFM on chi2 basis) .

- o emt b)
Specialized combined fits exceed 10° — e -
resolution of silicon tracker alone thanks to CMS 2008 1
accuracy of alignment and B field reached L '””1::- S ""1"52 —— "”1'::3 '

with CRAFT tracks p, (Gevic)



0 opscience.lop.org 45-0 0 S a.proc6
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= Excellent alignment already at start-up b

Y Yeewd SRR
t+_in 7+ | wImproved understanding magnetic field T e
= Muon reconstruction studied up to 1 TeV l |

|7 .| | And: detector simulation with realistic A
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http://iopscience.iop.org/1748-0221/focus/extra.proc6

». { For fun: multi-muon events 2008

® 0.02% rate of cosmic events with
>100 segments

= Cross-check of CMS “pointing”
accuracy

= Analysis using segments only

= Estimate of (minimum) distance
shower origin

&(p ~ 0.0177

= 2 500m

Fewms

h

1 "y 1 _
Ap =tan JA¢ =
o Run 50908

o event 1057286
o h41 segments



';1 CRAFT'09 event (B on)

2 muons with

pT =200 GeV 2008-Oct-20 03:18:55.687631 GMT: Run 667«

2008-0Oct-20 03:18:55.6876

A N
ST
h:\{.‘f. T "._'_'n_‘!-:"




CRAFT'09 event (B on)
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';1 CRAFT'09 event (B on)

>3 parallel muons
100 GeV muon with

shower in Drift Tube:




':1 CRAFT'09 event (B on)

Run 66739

Event 9451445

AT
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';1 CRAFT'09 event (B on

Run 66739

Event 9451445
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CRAFT'09 event (B on)

Run 66739

Event 9451445

e
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Finally:
LHC proton-proton Collisions...!



November 21, 2009

Scientists at Cern in Genewva have restarted the Large Hadron Callider {LHC) experiment, which hopes to shed
light on the origins of the universe,
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First LHC p-p collisions

First collisions 23 November
First stable beams 6 December
First 2.36 TeV collisions 14 December

Recorded 85% of delivered luminosity
Number of collected events:

3.9x10°~ 10 ub* @ 900 GeV
2.0x 104~ 0.4 yb' @ 2360 GeV
Tracker on, beam background rejected

Fully 'open’ trigger

Minimum Bias trigger rate 0.5-15 Hz

Quick analysis delivered preliminary
results within hours/days

First collision @ 900 GeV

Mon 23 Nov 19:21

Run 122314 Evt 1514552
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Events / 0.005 GeV

-
(55

V
(%3]
(S
%

© "7k a
(] C ]
0 3001 M= 0.4890 + 0.0080 7
o, _F = 0.0529 + 0.0088 ]
- 250 ° —
P ]
S 200 7
> —
w .

25

o
tn

i

—

o

o
Ill\ll\lll\l\llll

I|I
82 04 06 08 1

STUMESSSNE 0 V- | - E—
3; CMS prellmmary 900 GeV Daa«tai
- M= 0.11622 + 0.00021 .
2F o= 0.01519 + 0.00022 3
1 g E
: Ny = 14967+ 224 1
- S/B,,,=1.26+0.02
NI AT AT | IIIIIIII | \\\\\\\\ | IIIIIIII i

Invariant Mass of Photon Pairs (GeV)

T | LI | L ‘ T
CMS preliminary 900 GeV Dat

8

=295+ 49
- =0.321+0.05

SI B,,

Invariant Mass of Photon Pairs (GeV)

05 01 015 0.2 025 0.3 035 0.4 045 0.t

12 14 16 18 2

E 8:— CMS preliminary 900 GeV MC e
S 7+ -
O. E = J
S &b M= 0.11672 + 0.00011 E
- °F o= 0.01333 + 0.00012 ]
& sb E
C C m
g :
w4 ]
3 =

2 Ny, =37630+325 -

1= SIBJG—133+001 E

T O T T Y Y [ [ [N u
&05 01 015 0.2 025 0.3 035 0.4 045 0.5
Invariant Mass of Photon Pairs (GeV)

8 800 CMs prellmlnary 900 GeV MC —:
\2 7001 M= 0.5099 + 0.0067 =
S 600E &= 0.0686 + 0.0091 E
o ]
— C 1
CI:J 500 E
> ]
L1 400 =
300F- -
2001 Ny, =812+ 105 -
100, S/B,, =0.26+0.03

E 1 | | I | | | | | I | L1 | .

82 04 06 08 1 12 14 186 1.8

Invariant Mass of Photon Pairs (GeV)

Only ECAL barrel (|n|<1.479)
pT(y) > 300 MeV

pT(rt0) > 900 MeV

shower shape

No corrections for shower
containment, thresholds,
energy loss upstream of
ECAL - mass is a bit low

Photon pairs in barrel
ET(y)>400 MeV;
ET(n)>2.0 GeV;,
shower shape
Good agreement data
and MC: peak position
and S/B

-» energy scale in data and MC agree within 2% (even at these low energies!) 30/ 41



»:1 More m0's, and electrons too!

o 500F T RRRREN ' h
8 .
c - mi =131.6 £ 0.3 MeV/ c? -
g 400:_ Om, = 12.9+ 0.3 MeV/ ¢ _:
5 r #900-GeV Data .
“E 300:_ CMS Preliminary 2009 _: PhOton palrs In the
é 200E- E ECAL barrel (|n|<1)
2 T i E(y) > 400 MeV
1005 XIS At 7 E(r0) > 1.5 GeV
N TR AT T TR T, Monte-Carlo based
a0 0101 02 02 03 D ass (GVIE) correction of photon
- mass within 2% of known rt0 mass (PDG: 135 MeV) cluster energy is applied
‘:zfso_ data a?d MC omS rreuminary 2009
Sso. = ": e*)\
5405— “ | .‘. '/, e-
3°;— B | - Y One photon in the ECAL barrel (|n|<1.479)
200 , T s e ET(y) > 300 MeV
mf_ 1 ; Second photon reconstructed as e+e- pair,
; using tracker only
OO 005 01 015 02 025 03 035 04

2.
Uncorrected m (s eedy [GeV/c”]

pT(m0) > 1.5 GeV 31/ 41



= | ike photon conversions,
look more generally for
neutral particles that decay
far away (> 1 cm or so) from
primary vertex, to a pair of
oppositely charged tracks

= Useful to find weak decays of
Ks (and A% to 11T (or p1T)

Track requirements: 26 hits and X?/dof < 5
d,/o(d,) > 0.5.

Vertex requirements: x?/dof < 7, >150 separation
from beam spot in radial direction. No daughter
track hits >40 inside of vertex




r,:I Strange particles in the Tracker

data MC

© 1200l CMS preliminary Yield: 17375+ 153 ] © - CMS Yield: 265320 + 586 ]

. % | 900GeVand2.36 TeV il Mean: 4977+ 0.1 Mevic?-| %13000_— Monte Cario Mean: 49811+ 0.01 MeV/c®]
First K and N peaks = I Coec:45+01Mevic? | = C Gore o: 4.46 + 0.04 MeV/c? ]
. . T1000  PDG K mass: Tailo: 11.1+£ 0.4 MeV/c? _| F16l]0l]:— Tailo: 10.48 +0.11 MeV/c?

presented within hours @ [ereiaz0myec ||| Coreacion 05820037y 4000F. Cor racton: 0.57.+001
[ L 4 @ o ]

; £ a0 4 & F E
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agree beautifully 7 invariant mass (MeV/c?) r'x invariant mass (MeV/c?)

RO ' CMS preliminary { o - ' CcMS
b@tween data and I\/IC 2 id Il oo0Gevand236Tev 1 > - MC Monte Carlo
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= 500 ) — = 5000~ ) -
- - Yield: 3334 + 68 1 « C Yield: 32259+ 229 ]
& C Mean: 1116+ 0.1 MeVic?2 ] o C Mean: 1115.93+ 0.02 MeVi/c? ]
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data/MC) 1 o _
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knowledge of B field
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Entries/5 MeV/c?

Cascade baryon and K*(892)

data single Gaussian fit

30y Yield = 49.7 £ 9.0 —
N Mean = 1322.8 + 0.8 MeV/c®
| e Width = 4.0 + 0.8 MeV/c? ]
PDG =* mass = 1321.7 0.1 MeV/c?
- (dss) y
20— _ CMS Preliminary 2009
- 1 900 GeV and 2.36 TeV data |

1300 1350 1400 1450
A T (+ c.c.) invariant mass [MeV/c?]

L

0

rimary vertex

data

=
o 400—

=
o 390
—

Fit : Gaussian and Breit-Wigner

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II_I_
=  CMS Preliminary 3
= K* i
= Data 900GeV and 2.36TeV 3
= K*(892) - Kln* =
= N =780 + 68 =
= m = 888 + 3 MeV =
E||| 1111 IIII|IIII|IIIl_I‘FIII-IIIIEHlITI5Icr.lalﬁﬁ?'lll|IIIE
&6 065 07 075 08 085 09 089 1 105

Km invanant mass [GeV]

Again: excellent agreement peak
position with PDG mass

[Analysis details in backup slides]

rimary vertex
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10

= Fit to reference Data

1
1
]

- ) —_— Extrapolation
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1
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P with K= 2.468 +- 0,009
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Intermediate Summary

= Good understanding EM calorimeter: energy scale for low-pT
photons and electrons correct to 2% level

= Beautiful performance of the tracker - momentum scale for
low-pT tracks (B field) correct to 0.1% level:

Mass bias
(mass,,,. — mMass,,.) — -0.37+0.07 |0.04+0.06 |0.0+09 |-4.0+3.1 [-0.22+0.26
(massMC — mass,., MeV MeV MeV MeV MeV
Ready for electrons...

Y
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Electron (candldates)

"9160* T T T ™ - LB B B B B
> CMS F’rehmmary 00 { O CMS Preliminary 2009 1
CMs/] CMS Experiment at the LHC, CERN - 8 1400 \'s = 900 GeV 8 s =900 GeV 3
; Data recorded: 2009-Dec-1123:26:16.323226 GMT C —&— Dala - —— Data 3
Run 124022 ) = E=Imc @ = Me E

Event 8325178 B 120 W MCely ] h= B MG oy
Lumi section: 71 @ ] o E
cc)rrg;xsmg 13804545 & 100 E c =
o T ] 8 ]
T s0f . 7
% 80 ] o ]
L ] [19] =
© 60F 1 < ]
Lt 1 ° =
/ O 401 4 2 3
S I . Z E
g 2 - E
Z 0 PP I R N N SR AT \: - | 3

10 12 14 16 18 20
p. (GeV/c)

2.5 GeV electron candidate Wlth
bremsstrahlung

N L | T -
0.5 1 1.5 2 2.5 3 3.5 4
\ T \ Esc/ PGSF

low pT Good agreement
Track and
Calorimeter cluster

Low statistics for signal in these data

Reconstructed electrons candidates

combining two seeding algorithms
“ecal driven” optimized for W/Z
electrons, starting from clusters of
energy > 4 GeV

Commissioning will continue in the next run e “tracker driven” more suitable for

Agreement with MC is promising low p;electrons and electrons in jets

Comparison with MC performed mainly for
background (only 1/3 of electron candidates
are electrons, mostly from conversions)
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CMS Experiment at the‘
ataT corded: 2009-Dec-11 09.15.57.325450 GMT

un 123987

entl 3898103
mi §ecti 10
rhit 10350441
odsing: ‘ | 151

L

(5] CERN 2009 Al ights reserved

And Muons

A rare muon
in the barrel...

CMS Experiment at the LHC, CERN

Data recerded” 2009-Dec<11 09:15.:57.325450 GMT
Run« 123987

Event: 3898103

Lumisectior:” 10

Orbit: 10350441

Crossing; 151

i) CERN 2009, All rights reserved.
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Di-muon event in the EndCaps

M CMS Experiment at the LHC, CERN ‘ ‘

Pl

e
T Data recorded: 2009-Dec-14 03:46:50.815379 GMT
Run: 124120
Event: 5686693 =
Lumi section: 19 | |
Orbit: 19245141 ali= ' - !
Crossing: 51 - '

1 event observed in mass window 2-4 GeV
S/B between 3.0 and 3.2 GeV ~ 16/1

CMS Simulation 2009
Min bias

simulation 2360 Gev

(o) CERM 2009, Al rights reserved.



g Summary and Prospects

= CMS design and sophisticated
algorithms promise
unprecedented multi-lepton

identification capabilities 1t mb

= Started testing key ingredients
for physics with cosmics and
first (~1oub-1) of pp data

O (proton - proton)

= Amazing results so far

= But: still many orders of
magnitude away from normal
physics operation

= Expect a million times more data
(~10pb-1) very soon!

= Ready for multi-lepton searches?

-1/

=
o

1 nk

1 pb

1fb

Fermilak
CERM i LHC

o Higgs
m, = 500 GeV

0.001

0.01 01 1.0

23-Nov-09

14-Dec-09

Spring-2010

G -BRy, - mH=100 GeV

new physics
with leptons

SM
-BR
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Conclusion

= CMS has studied (mostly single) muon reconstruction and
identification in great detail using cosmics. With Nov'o9
data, started commissioning electrons and taus (not shown)

= November 2009 LHC data great opportunity to study lepton
reconstruction in collision data, but:

= More background than signal (study fakes)
=Very low pT and very low statistics

® |n next months we expect a million times more data, to study:
= Single- and multi-lepton trigger performance

= Commissioning with more statistics muon, electron and
tau reconstruction and identification...

The prospects for multi-lepton studies in CMS are excellent !
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2 BACKUP SLIDES

Beam splash Event February 28, 2010

= Expenment at e LHG, CEREN




More Information:

CMS overview of published and preliminary physics results:
http://cms-physics.web.cern.ch/cms-physics/CMS_Physics_Results.htm

23 CRAFT papers published in JINST:

09-001 Commissioning and Performance of the CMS Pixel Tracker with Cosmic Rays

09-002 Commissioning and Performance of the CMS Silcon Strip Tracker with Cosmic Ray Muons

09-003 Alignment of the CMS Silicon Tracker During Commissioning with Cosmic Ray Particles

09-004 Performance and Operation of the CMS Electromagnetic Calorimeter

09-005 Measurement of the muon stopping power of Lead Tungstate

09-006 Time Reconstruction and Performance of the CMS Electromagnetic Calorimeter

09-007 CMS Data Processing Workflows During an Extended Cosmic Ray Run

09-008 Commissioning of the CMS Experiment and the Cosmic Run at Four Tesla

09-009 Performance of the CMS Hadron Calorimeter with Cosmic Rays and Accelerator Produced Muons
09-010 Performance study of Barrel CMS Resistive Plate Chambers with Cosmic Rays

09-011 Performance of the CMS Cathode Strip Chambers with Cosmic Rays

09-012 Performance of the CMS Drift Tube Chambers with Cosmic Rays

09-013 Performance of the CMS Level-1 Trigger during Commissioning with Cosmic Rays

09-014 Performance of CMS Muon Reconstruction in Cosmic-Ray Events

09-015 Precise Mapping of the Magnetic Field in the CMS Barrel Yoke using Cosmic Rays

09-016 Alignment of the CMS Muon System with Cosmic-Ray and Beam-Halo Muons

09-017 Aligning the CMS Muon Chambers with the Muon Alignment System during an Extended Cosmic Ray Run
09-018 Performance of CMS Hadron Calorimeter Timing and Synchronization using Cosmic Ray and LHC Beam Data
09-019 Identification and Filtering of Uncharacteristic Noise in the CMS Hadron Calorimeter

09-020 Commissioning of the CMS High-Level Trigger with Cosmic Rays

09-022 Performance of the CMS Drift-Tube Chamber Local Trigger with Cosmic Rays

09-023 Calibration of the CMS Drift Tube Chambers and Measurement of the Drift Velocity with Cosmic Rays
09-025 Fine Synchronization of the CMS Muon Drift-Tube Local Trigger using Cosmic Rays

http://iopscience.iop.org/1748-0221/focus/extra.procé

http://arxiv.org/abs/0911.5434
http://arxiv.org/abs/0911.4996
http://arxiv.org/abs/0910.2505
http://arxiv.org/abs/0910.3423
http://arxiv.org/abs/0911.5397
http://arxiv.org/abs/0911.4044
http://arxiv.org/abs/0911.4842
http://arxiv.org/abs/0911.4845
http://arxiv.org/abs/0911.4991
http://arxiv.org/abs/0911.4045
http://arxiv.org/abs/0911.4992
http://arxiv.org/abs/0911.4855
http://arxiv.org/abs/0911.5422
http://arxiv.org/abs/0911.4994
http://arxiv.org/abs/0910.5530
http://arxiv.org/abs/0911.4022
http://arxiv.org/abs/0911.4770
http://arxiv.org/abs/0911.4877
http://arxiv.org/abs/0911.4881
http://arxiv.org/abs/0911.4889
http://arxiv.org/abs/0911.4893
http://arxiv.org/abs/0911.4895
http://arxiv.org/abs/0911.4904
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http://arxiv.org/abs/0911.4845
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http://arxiv.org/abs/0911.4994
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http://arxiv.org/abs/0911.4770
http://arxiv.org/abs/0911.4877
http://arxiv.org/abs/0911.4881
http://arxiv.org/abs/0911.4889
http://arxiv.org/abs/0911.4893
http://arxiv.org/abs/0911.4895
http://arxiv.org/abs/0911.4904
http://cms-physics.web.cern.ch/cms-physics/CMS_Physics_Results.htm
http://iopscience.iop.org/1748-0221/focus/extra.proc6

Unification of

calorimetry and tracking

(to further improve the capability of CMS to measure ElectroWeak processes and
detect potential new signatures of Unified Theories)

4 Run 124120,

=Particle Flow approach: link 27\ Event 6613074 ;’i:l;;dlt
tracks to calorimeter clusters or 415 0eVe
to reconstruct individual
photons, charged and neutral
hadrons — to optimize energy
resolution and particle ID

=sCMS is ideally suited:

sPowerful B field+ tracker

PRet 3
. pr 21.8 GeV/e
granUIarlty Jet algorithm: Anti-Kt 5

44 | 41

sEM calorimeter with fine




CMS, December 2009, 2.36 TeV
Run 124120 / Event 6613074
Particle Flow Reconstruction

; THH 4 5 9H

Jet1 | .r"’/* o“:k""w « 1O :
p= 22 GeVic « 3" |

.
.
!
:
:! = FAREL ] ) i
S |
’ ] B »
: HH . : :
= : : Sy : :
L AR LEEEP : !
-]
H
P Jet 2
faRssionL, e —

Jet3 [ ABCI oo
pr=38GeVic o 1O
MET=19GeV i 1

E f S sais

-4 -2 0 2 4 N

(n,$) view of a particle-flow reconstructed event. Reconstructed particles are represented as circles

with a radius proportional to their pT. The direction of the MET computed from all particles is drawn
as a solid horizontal straight line. Particle-based jets with pT> 20 GeV/c are shown as thinner circles

representing the extension of the jet in the (n,¢) coordinates.
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| CMS Preliminary |

N

king tracks to Calo-clusters

The goal: improved jet (and MET) resolution, especially at low pT

1
o 0.45p 1
E n;&“ 1
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= | 1
10° 1
P, [GeVie]
065 C i ECAL
= | AR bet
= 07 etween
- ECALE
P a_ — tracks
: it >
3 y - (pT > 1GeV)
. ) and closest
0.85- — . - )
.“t@j linked
0.9 t calorimeter
- S
0951 e cluster
1 [cms] =
" -I I L1 1 l L 11 l Ll lJl_h L i1 J - -l J 14 1 J 1
09 095 1 1.05 11 115 1.2

1

Number of Tracks

Number of Tracks

MC and data
k —a— Q0-GeV Data
10° —— Simulation
10 - =
ECAL
‘ 1
mdﬂ 002 0.04 006 008 01 012 014 D016 018 0.2
AR (Track-ECAL)
MC and data
! —a— Q00-GeV Data
10° —— Simulation
1o* ~HCAL
1
107

0.3 04 05 06 OF7 08 09 1
AR (Track-HCAL)
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g Particle Flow and HCAL calibration

a3
=

——900-GeV Data |

[ ]
h

—*— Simulation

ka2
=

-
th

Calibrated Calo Energy (GeV)

+=- Fittothe data | ..

=X
=

Lo HCAL + 30%

h

nf.l_l I...- I I 1 1 1 1 I ICIMIS IFEEIIirI“iIr"aIr? Izulu? 1

5 10 15 20 25 30
Track momentum [(GeV/c)

= Compare calorimeter cluster energy to track momentum
(integrated over full tracker acceptance |n| < 2.4)

= Calibration in simulation and data agree to 1.5 + 4%

= This implies that HCAL calibration scale agrees within ~5% .



Towards b-tagging:

: { 1cm Getting closer to the primary vertex

Primary
Vertex

Secondary vertex with 4
tracks

Vertex x}/ndf =1.67/5
Vertex mass: 1.64 GeV/c2

Transverse decay length
significance: Lxy/o =0.12/
0.019[cm] = 6.6

All other tracks

Pt > 500 MeV 3D decay length significance:

L3D/o = 0.26 [ 0.037 [cm] =
7.0

i1 CMS experiment at LHC, CERN
! Run 124022 / Event 13598392
2009-12-12 00:26:16 CEST

Four Tracks Secondary Vertex
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o with 27 hits, associated to a jet. Impact

parameter with respect to primary vertex.

5 S Pl e s basic variables relevant for b-tagging
= = —— DATA H . H H

g 10° d —mcagntien are well described by simulation

& - L B e (charm je) [ <«

5 10°= B VIC (bottom Jet) ) .

s - L Signed 3D impact parameter for tracks,

102
10k Hk‘»* +,
Secondary vertices with above tracks, after K

4020 0 20 20 e, rejection: Lxy< 2.5cm,
signed 3D IP significance /\
- - >U.
CUSPrlmnay 200 __ cuspminpmyo | MVE-MKs|>0.015 GeV

10?

g ~]—= DATA HE [ ; ' e [ i
:t'lit — MC (light jet) | § | = Mc (light jety | |
E | B MO (eharm [0) [ & “| == M (charm jet) |
: B MC (bottom jet) H ‘E ~| B8 MC (botiom jet) |
g 10— S —
== s
g 0 g =
] N ]
|
; _ B - 4 TN 5|
] ] i e — fonn e i
EEEE 93— 0 = :
1] 5 10 15 20 25 30 ==
3D flight distance significance 1 2 3 4

5 ]
no. of tracks at SV
Vertex 3D decay length significance Number of tracks in Vertex 49 [ 41



Jets

Using the anti-kT (R=0.5) jet algorithm Tracks
Jet 1 * S

Three kinds of inputs:

=Calorimeter Jets
=|nputs: Calorimeter Towers

aE_ tower threshol

run 124009: evt 10872958

Use superior resolution
of tracker (at low pT) to
improve jet resolution

Combine tracking and
calorimetry for all
particles in the event

»PF candidate particles 50141




Calorimeter
Ve = 900 Gev CMS preliminary
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Missing E.

= Raw calorimeter missing E; is already rather stable vs time

= [nvestigation of outliers — identification and cleaning of 3 types of
noise: HF (particle hits PMT window), correlated HCAL noise
(specific pattern) and occasional ECAL single hot channel:

— | |I | I I I I | I -sg T TTT TTTT T T TT | TTTT | T T TT | TTTT | TTTT | T TTT 1_5
ﬁ a3 CMS Preliminary 2009 _ c CMS Preliminary 2009 7
(0 [ \s=000 GeV ) 2 \/$=900 GeV i
W - ] w10* E
= 25 — S data vs data ]
I:I“_EI-_ E E g 1 03 Mo cleaning _§
2:_ L _: :E: - After HF noise cleaning E

; 5:__ —p—t— ' I e . e— . < 10° - After HF+ECAL noise cleaning 3
iL ; —> ] 10 3

- full running period - .

G.E: ] ] | ] | ] ] ] ] | ] | ] ] 1 =

TR e R R T TR R R BB B IR 03, Hinne

Run Number 0O 10 20 30 40 50 60 70 80

FGeV]

p PN



2

Number of BEvents/ GeV
- =) % %

_.
<

Calorimeter

Track-corrected MET Particle Flow

;II | ICMSIPrellmllnarvzlmg§ % TTT] ||||||||||||||(l::’|.1|3|‘:|rlellirln|“l1;r!yl:|!luljglg % IIIIIIIIIIIII|IIII|I(£"IISIFLI_;iII'.|iII‘ﬂIIIyI2|‘:I1]I9IIE
B \5=900 GeV @) 10* \/5=900 GeV _: O 10? \Js=900 GeV -
E ER El 3
= = =]
- ——Data D 10° ——Data 4 = 10° ——Data
E E = 3 2
[Isimuiaton |] W [ simulation c I simulation
: ] 2 1 g0 E
: 3 é 5 3
L e
: 1 Emo g 10 i
£ 3 =
: } E £
- =)
L t = 1 E
- 10" :

11 v e Ll 1 i | N T 1{}_1 Lol L Lo
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Calo E, [GeV] tck, [GeV] pfEE, [GeV]

Even in this early stage, without final detector calibration,
the missing E is well described in simulation, and tails are

small !
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Number of events

Missing E. significance

In these events, no real MET (from neutrino's or other invisible particles) is

expected, so any observed MET is a measure of the resolution:

12000 CMS Preliminary 2009
~ === Simulafion, PF
- * Piston e
imulation,
10000 o 900-GeV data, tc
B Simulation, calo
L o 900-GeV data, calo
8000,
6000 [
4000
2000

EMSS/SE,

0 01 02 03 04 05

SumE; >3 GeV

Particle-flow based MET relative
resolution is about twice as
good as for Calorimeter-only
MET

G'E:;. [GeV]

] ;
" CMS Preliminary 2009

51
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|||m|

&0 70
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Particle-flow based MET:

a =0.55 GeV
b=45%
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The First CMS physics paper

Al Pe e rey

k

ReEcEwED: February 4, 2010
AcceprTED: February 7. 2010
PueLisneED: February 10, 2010

JHEPO2 (2010) 041

-
By ) SFRINGER
= v
______ :.mur:.larr‘-..‘. 208d
............... & T E ETED: F-bm::ﬂ-‘-.?_. 2Feda
------ FUrELISHED: Februosw £40, hﬂ!ﬂ_

Sss==

Transverse—mmomentum and pseudorapidity

distributions of charged hadrons in pp collisions atc
am = 0.9 and 2.36 TeW

C RS Colllalbora tioam

A BRSTERACT: BMeasnrements of incluasive charssd-hasdron transverss— e reent irm and peseacdo—
rapidity distributions ars presentasd for proton- proton oollisicons at 5 — 0.9 and 2256 TaW.
The dats werns oollsctesd with the COhas detector during the LHO ocommissioning in Decasrms-
baer 20090 For non-singgles difrsctive intersction=, the asversges chancsd-hasdron treansverse
mormentum is measured to be 0046 £ 0001 (stat.) £ 0.01 (=yst.) S at 0.8 TEY and
.ol & DLkl (stat.) 4= 001 (ay=t.) GEaWde st 256 TEY . for pecudoraspdditi=ss bheteesn — 2.4
dN.d:_.l'ltﬁTII-rl_m__E., are T.A45 4 0002 (stat.) = W13 (svst.) and 4,47 20004 (stat.) = 0,16 (=wst ),
remp==otively. The results st 000 Ta%W arse in apresmeant whith previoaas measuar emeenta snd ooos-
firmm the exp=sctaticon of near eqgual hadron poocdoction in pp and pp oollision=a. The resalts
at .00 TewW repreasent the highest-enersy meassursrmmeants at e particls collider o date.

FEYWOoORDE: Hadron-Hadron Scostberinge

ARNTV EFRINT: 100Z.0MG21 http://www.springerlink.com/content/t35h6211438476k0/
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L T

=sHadron production in soft pp
collisions cannot be calculated
perturbatively and has to be
measured in data and modeled
phenomenologically

simportant for high-luminosity LHC
runs with pile-up and relevant as
reference for heavy ion physics

=\/arious processes involved: elastic,
single-diffractive, and non-single-
diffractive (NSD)= double
diffractive + non-diffractive - aim
to measure the NSD component

Charged hadron dN/dn and dN/dp;

T TT T TT | TTTT TTTT TTTT TTTT TTTT | rTT1TT]
" (b) CMS
10 =

e * Data 0.9 TeV g

O Data2.36TeV

102 8

e v b b v b g
1 15 2 25 3 35 4

111 | 111
0,05
f p. [GeV/c]

Very low p; = a big challenge

for tracking: 0.1 GeV/cin a B field
of 3.8T corresponds to a bending
radius of ¥8 cm
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dN/dpT in bins of eta:

60

oy w
o o

T

d?N, / dndp_ [(GeV/c)™
S S

—
o

@

T T T T | T T
2 Data 2.36 TeV

CMS |

o | In=2.3
= | l=2.1

- II=1.9

| ml=1.7

ni=1.5

1 =13

- | =11
= n|=0.9

P, [GeV/c]

1 mi=0.7

=0.5

] mi=0.3
1 mi=0.1

10—5 L

Integral for |n|<2.4

¢ Data 09 TeV

& © Data2.36 TeV

I|III|_
CMS |

0 05 1 15 2 25 3 35 4
P; [GeV/c]

high p;). Integral used for dN/dn particle count (5% correction at low p)
<p;> = 0.46 + 0.01(stat) £ 0.01(syst) @o0.9TeV
<p;> = 0.50 * 0.01(stat) + 0.01(syst) @2.36TeV
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Fitted with the empirical Tsallis function (exponential at low p;, power law at




Three methods for dN/dn

Pixel detector: 53.3cm long, O N
3 layers with radii: 4.4, 7.3, 10.2 cm
= = = =
¢ et e
pixel-counting ' Tracklets ' | Tracks
p; > 30 MeV/c p;>75 MeV/c Over 50% Efficient for p; >
0.1,0.2,0.3 GeV/cform, K, p

Clusters per layer 2 of 3 pixel layers Full tracks (pixel and strips)
In|<2 Inl<2 In|<2.4
3 measurements of dN/dn 3 measurements of dN/dn  dN/dn and dN/dp;
Immune to mis-alignment Sensitive to mis-alignment  gansitive to mis-alignment
Simplest method Most complex

Requires noise-free detector
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dN, /o

dN/dn Results

6_ I | I I [ T T T I T ]
_ (a) CMS
C | 1 ]
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2:— 09TeV 2.36TeV i
i ™ o Cluster counting ]
1E = o Tracklet i
L A A Tracking i
C | | | ]

. -2 0 2

N

3 methods give consistent results.
Error bars show systematic errors
(ranging from 4.4% to 2.4%),
excluding common contributions

N, /chn

Br | i -
_(b) CMS
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- & o c o

C -
a1 ! -

i o 0 Teoia | ologl Cegag
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i . o) CMS NSD i
1'_ A ALICE NSD _
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- | | |
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n

The 3 CMS methods are averaged. Shaded
band indicates systematic error, of which
largest part is due to uncertainty in SD/DD
contamination (2%). UA5 and CMS results are
symmetrized in . UA5 and ALICE errors are

statistical only 59 / 41



0.6

0.55/

(p,) [GeVic]
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Results: scaling with Energy
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Variation of dN/dn with center-of-mass

energy.

dN/dn(@2.36TeV )/dN/dn(@o0.9TeV ) =

(284 + 1.4 +2.6)%

significantly larger then prediction from
PYTHIA&PHOJET tunes used in the

analysis 18.4% & 14.5%
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Impact Parameter [cm]
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Run

LHC beam spot, important for:

*Initial guess of interaction point, before
primary vertex fit

*As vertex constraint in High Level Trigger

Mean of primary vertex distribution
and beam spot positions are
consistent
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Lifetime Measurements

Monte Carlo is simulated with the same conditions as in data.
* Data and MC are split into bins of ¢t and a fit for the yield is performed in each bin.

* Divide MCyields by true (exponential) distribution to obtain correction factor.

* Correct data and fit for lifetime.

Corrected K3 mass fit yield

10° |

PDG: 89.53 + 0.05 ps
CMS: 89.80 + 2.10 ps

_IIII|IIII||||||||||2
CMS Preliminary x° I ndf 8.13/8

po 8.51+ 0.02

NS =900 Gev T (ps) 89.8+ 2.1

: —s— Corrected data

—— Exponential fit

0 1 2 3 4 5 6

o 7
Kg ¢t (cm)

Corrected A’ mass fit yield

10° -

PDG: 263.1 + 2.0 ps
CMS 271 0 £+ 20 ps

2
CMS Prellmlnary x°/ ndf 1176
p0 7+0.0
NS =900 GeV t(ps) 271+19.5
N |

T+

—s— Corrected data

—— Exponential fit

0

2468101214

16

A° ct (cm)
= accurate tracking and vertex simulation, even outside the beam re?lon
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Cascade Baryon signal

All 3 tracks must have = 6 hits
and miss primary by 30 (in

N\° 3Bjtex must be separated by

100 radially from beam spot,
have X?< 7, and track hits no
more than 40 inside.

/\° candidates must be within 8
MeV of PDG mass.

Constrain A% mass in vertex fit.
Fit probability > 1%.

w
o
| |

Candidates / 5 MeV/c?

—
o
| I

: I | I T T T | T T T T
| Yield: 49.7 + 9.0
il Mean: 1322.8 + 0.8 MeV/c?

Width: 4.0 + 0.8 MeV/c?

:| PDGZ" mass: 1321.71+ 0.07 MeV/c?

CMS Preliminary

Vs = 900 GeV and 2360 GeV |

1350
A’ (+ c.c.) invariant mass

Data mass 1322.8 + 0.8 MeV is consistent with PDG value

(1321.71 + 0.07 MeV).

Data width 4.0 £ 0.8 MeV similar to MC (3.6 £ 0.1 MeV).
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K*(892) signal

Basic idea: combine K, candidates with
charged tracks from the primary vertex.

K, requirements:
sTracks have = 6 hits, normalized x?< 5, d /o(d,) > 2.

=Vertex is > 150 from beam spot (radially), does not have
track hits > 40 inside of position, has x°< 7.

=K. 3D momentum vector passes < 2 mm of primary.

=|nvariant mass within 20 MeV/c? of PDG value.

Pion requirements:
=sNormalized X2 < 2 with 2 7 hits and > 2 pixel hits.

=p, >0.5GeV/c, |n| <2, d,<2mm, |d,|<3mm.
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The K*(892) resonance

data MC

:} _I_II|||||||||||||||||||||||||||||||||||||||||_|_ } ﬁllllll|||||||||||||||||||||||||| |||||||||t
g 4[]{15 CMS Preliminary = g 41][15 CMS Preliminary =
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3 _F 1 8 _F =
= 250 — = 250 —
(= - - c = A e -
W 200E- 5 Y00 =
150F- Data 900GeV and 2.36TeV 2 150F- " MC 900GeV and 2.36TeV -
= K*(892)— Kon* - E K*(892)'— Kt E
100 N =780 +68 = 100 N=697 + 16 =
soE- m =888 + 3 MeV E s0F- m=8919+09MeV =
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Km invanant mass [GeV] Kr invariant mass [GeV]

=Relativistic Breit-Wigner for signal 1

AETEEAL 1y
with the width fixed to PDG value. (m i ) FION

=Background function: U Om +m, - mn ol

El—expﬁ B QH
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CMS Preliminary

# of Conve rsioﬂs
= =
= =

:

400

200}

10 5 0 5
Radius (cm) X (cm)

18-fold structure is from cooling pipes
Smeared by radial resolution ~ 0.5cm
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Nuclear Interactions

E :IIII TTTT TTTT IIII|IIII|IIII|IIII|IIII|IIII:—8_||J||._|||||||||.|l||j||||||||-| |_|||_
S CMS Preliminary |5 ECMS Preliminary - Pixel Barrel Map-
2 12I'.'I_— — > 6~ . T . —
S C ] - ]
E 100l Tracker EndCaps Map_— 4l =
& - « Data . - -
3-; 80 Emc 1 % E
E - 1 ob =
= 60— 7] . ]
- 1 20 .

“r 14 ]
200~ B .

: -8:| [ B .| L1 | ] .| |-l .[-- PPN IS N 1

% 10 20 30 40 50 60 70 80 90 8 6 4 2 0 2 4 6 8

|z] [em] X [em]

Resolution of the vertex ~ 500 um

Good agreement between data and MC
means a good understanding of the material budget
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Jet Corrections

=Derived from Pythia QCD simulation @ 900 GeV and 2360 GeV

mDerived for and applied to calorimeter jets & particle-flow jets

Jet Energy correction factor is function of jet pT and n:

Calorimeter jets Particle Flow jets
|- rrrrprrrrrrrr[rrrr[rrr 11T - rTrr[rrrrprrrrprrr o T 1T T
Q B - . Q _
[3) CMS preliminary \'s =000 GeV/ i L) 5 M5 preliminary \'S =900 GeV .
© i > CaloJsts ©f 1.4 PFJets —
| ! | L !
anti-k, R=0.5 anti-k;, R =05
- -
S IS
© *g .
m Il-
5 = 12k
o o TN
@) @)
= = - 4
= >
Q , o @ i -
UCJ L : Raw jet p.= 7 GeV " ey UCJ 1 Raw jet p.= 7 GeV ]
D - o Rawjetp =13 GeV ] D i ~eee Rawjetp =13 GeV i
— - - . -
- Raw jet pT=20 GeV - i ---—- Rawjetp_ =20 GeV |
1_| T T N |_ 08 NI EATE N RN RUN A NSNS A AT S T A N SN N N AR N A
-3 ) -1 0 1 2 3 -3 -2 -1 0 1 2 3
Jet Jetn
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Fraction of tracks

Tracking Quality dN/dn
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Number of pixel hits on track

Cluster charge

Vertex distribution
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Matched to data

0.14:—|“;"
0.12:3 .
o.1f—
o.oaf—

0.061

Fraction of tracks

0.04F

0.021

® Data 0.9 TeV
—— PYTHIA 0.9 TeV |

0

5 10 15 20

Number of strip hits on track

0.05-(b)

0.04[-

0.03

0.02

Fraction of clusters

0.01

of
0

‘ T ‘ T ‘ T T
CcCMS
@ Data 0.9 TeV
© Data 2.36 TeV
— PYTHIA 0.9 TeV
--- PYTHIA 2.36 TeV

T T T N T [T N I I N s

20 40 60 80

Angle-corrected cluster charge [ke]

Fraction of events

Good understanding of
tracker performance was
crucial to quickly produce
final results
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r,;‘ Event Selection dN/dn

"Aimed at selecting NonSingleDiffractive events with high
efficiency (rejecting a large fraction of SingleDiffractive).

Efficiencies:

BNSD: = 86% NSD are chosen to minimize effect of model dependence
. of the corrections and allow comparison with previous
=SD: =19% experiments

®"DD: = 34%
" =10 Hz collision rate (pile-up probability < 2 x 104)
=Event selection common to the 3 methods requiring: BSC

/

=Trigger level: at least 1 hit in Beam scintillation
counters AND coincidence with beam

pickups (BPTX)
=>3GeV total energy on both sides

Forward calorimeter (HF)

"Beam halo rejection <1 )
=Beam background rejection
=A collision vertex
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dN/dn: systematic uncertainties

Table 3: Summary of systematic uncertainties. While the various sources of uncertainties are
largely independent, most of the uncertainties are correlated between data points and between
the analysis methods. The event selection and acceptance uncertainty is common to the three
methods and affects them in the same way. The values in parentheses apply to the (pr) mea-
surement.

Source Pixel Counting [%] Tracklet [%] Tracking [%]
Correction on event selection 3.0 3.0 3.0 (1.0)
Acceptance uncertainty 1.0 1.0 1.0
Pixel hit efficiency 0.5 1.0 0.3
Pixel cluster splitting 1.0 0.4 0.2
Tracklet and cluster selection 3.0 0.5 -
Efficiency of the reconstruction - 3.0 2.0
Correction of looper hits 2.0 1.0 -
Correction of secondary particles 2.0 1.0 1.0
Misalignment, different scenarios - 1.0 0.1
Random hits from beam halo 1.0 0.2 0.1
Multiple track counting - - 0.1
Fake track rate - - 0.5
pr extrapolation 0.2 0.3 0.5
Total, excl. common uncertainties 44 3.7 2.4
Total, incl. common uncert. of 3.2% 54 49 4.0 (2.8)
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dN/dn: DD/SD/NSD fractions

Table 2: Expected fractions of SD, DD, ND and NSD processes (“Frac.”) obtained from the
PYTHIA and PHOJET event generators before any selection and the corresponding selection ef-
ficiencies (“Sel. Eff.”) determined from the MC simulation.

PYTHIA PHOJET
Energy 0.9 TeV 2.36 TeV 0.9 TeV 236 TeV
Frac. Sel. Eff. | Frac. Sel. Eff. | Frac. Sel. Eff. | Frac. Sel. Eff.
SD 225% 16.1% | 21.0% 21.8% | 189% 20.1% | 16.2% 25.1%
DD 12.3%  35.0% | 12.8% 33.8% | 84% 53.8% | 7.3%  50.0%
ND 65.2% 95.2% | 66.2% 96.4% || 72.7% 94.7% |76.5%  96.5%
NSD 77.5%  85.6% | 79.0% 86.2% || 81.1% 90.5% | 83.8%  92.4%
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g dN/dn: Tsallis Function

E

= C(n, T, m)

d*Ng, 1 E d®Ng dN Et @
5 T R 1+
dp 2rtpt p dydpt dy

S
Limits: /
* exponential at low p;

* power-law at high p+
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dN/dn

dN/dn: Model Dependence

CAL A APl B AL

Run 124023 (900 GeV)

_e— Tracklet correct by PYTHLA

Illl!]lll'llI‘Lll]TTlI]IIII

1T —@— Tracdet correct by PHOUET 2
N 900 GeV p+P (UAS)

0 L baa el vl aa ek i
-3 -2 -1 0 1 2 3

n

dN/dn

|l‘!_’ll|l|l|||ll1

5 .5 ‘6 . ° E

: o8 Pate
B e ¥ 5

o

Run 124120 (2.36 TeV)

—C—  Tracklet correct by PYTHIA
—@—— Tracklet correct by PHOJET
i 900 GaV peP (UAS)

Corrections based either on PYTHIA or on PHOJET event
generators yield the same final result
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Tracking Method

60
— 501 2
E —o | =23
D 40 o i=2.1
o - ni=1.9
e 1 =17
5 30 ini=1.5
5 1m=13
~ 20 | ml=1.1
= L o] Ii=0.9
o 1 mi=0.7
©
10 ’ |1..|I=n-5
K e I[=0.3
0 K IR T N N TR SR ¥ ] h]|=0.1
0 0.5 1 1.5 2
P, [GeV/c]

Differential yield of charged hadrons in
different n bins (vertically shifted by 4
units). Points fitted with the empirical
Tsallis function (exponential at low pT,

Tracks

Use all pixel & strip layers
Acceptance (|n|<2.4, >50% for
p.=0.1,0.2,0.3 for 1T,K,p)

Compatibility with beam spot and
primary vertex is required

Low fake rate (<1%) achieved with
additional cleaning on cluster
shapes

Immune to beam background
More sensitive to beam spot &
alignment

power law at high pT) ———® Integral gives hadron count (a 5% correction)
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Tracking Method: efficiency

Algorithmic efficiency
Algorithmic efficiency

Algorithmic efficiency
Algorithmic efficiency

n
K-
P

02 P & W
=

E_
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Pixel cluster length along z [pixel units]

Pixel Cluster Counting

P e B L R .
CMS - : :
AL (MR pixel-counting
16~ A _
1400 e Counting clusters of pixel hits in pixel
2E T T barrel layers (acceptance p,>30 MeV/c
ag[aerene- . P I T

10_----:]|]|I][||1 ----------- S - S s ||]E]]||---_ |n|<2)
T U =~ Applying a cut on cluster length = |
G R e sinh(n)| to eliminate loopers and
af el Al secondaries (shorter clusters)
o | oo ot Tfmmonc g go- Corrections for |00pe rs. weak decays

|- sonpgmgno g oot s O [T sousocosuncd o 0 e | ) ! !
N e secondaries

-3 -2 -1 0 1 2 3

Independent results for the 3 layers
agree

Insensitive to detector misalignment,
sensitive to beam background
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Tracklets Method

1__I [ [ IIII|IIII|I

- (b) oM
® Data09TeV ] Tracklets
O Data2.36 TeV - ] ' )
—eymiinostev 1 | racklets: pairs of clusters in 2
---- PYTHIA 2.36 TeV

different pixel barrel layers
(acceptance p>75 MeV/c |n|<2)

\An| and |Ag| between clusters
are used to select signal from
primaries

Combinatorial background is
subtracted using Ao sidebands
Corrections are applied for
efficiency, secondaries, weak
decays

Less sensitive to beam
background

10"

=== Primaries in MC -

Fraction of tracklets
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