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Outline:
® Physics requirements.
® Trigger strategy.
® Physics objects selection.
® Performance & Conclusions.
Only luminosity of 2x1033 is considered.
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pp Cross Section and Events Rate

STy
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Luminosity = 2x10%° cm~=s (2007)
103%* cm=2s1 (by 2010)
Interactions/xing = 5 @ 2x103’
20 @ [03* cm2s!
o(pp) inelastic = 80mb
Interaction rate = 140 MHz @ 2x103’
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High event rate dominated by minimum bias events.
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Physics requirements
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0 LHC Vs=1dTeV  L=10"cm’s” rate ev/year

Trzgger requirements are drzven by  wm

To 16
e———qinelastic L1 inpu[_’GHE 10 I

physics: o
;10 1
Maximize signal efficiencies for interesting physics e o
signatures. _ ki —— o "

max HLT input

110 1

Share the available bandwidth among all possible | o ]
HLT streams. o T oupl—— -

Flexibility to adapt to change in running conditions.

Possibility to compute trigger efficiencies from
data.

q9-4qHgy
Hgy-11

Dedicated streams for detector calibration &
D QM . HSM—}2ZD—+4H

¢ Ty scalar LQ\ Z,~2l
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Level-1 Trigger
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Input rate 40 MH?

can store 3us data in pipelines (~ 120
CONLINUOUS CTOSSINGS): Detectors

o < lus for reading and processing. @ Front end pipelines

o ~2us latency to transfer the information
(FE->LIT).

Only process data from calorimeters and
muons chambers.

Readout buffers

This data is only coarse granularity, i.e. lower
resolution.

100 KHz L1 output at full designed
performance (assuming a data size =1Mb/b.c.).

High rejection factor (~400).
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High Level Trigger
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o Data stored in commercial random-
access memories.

Limitation on storage ability and

reconstruction: maximum output rate
100-150Hz to be written on disk.

o About 1000 dual-CPU processors
receiving data from about 700 FE

modules at a sustained bandwidth of
100kHzxIMb =100GB/s.
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CMS: 2 physical levels

Switching network

Processor farms
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HLT Optimization
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Multi-level selection strategy and reconstruction on demand

There is one single HLT entity (the HLT farm).

o Nevertheless selection is optimized: reconstructed only parts of the events that
can be used for fast selection.

electron/photon example
Level-2: based on calorimeter information only.

Level-2.5: partial track information (pixel match to the electromagnetic
cluster)

Level-3: full tracks information.

Partial event reconstruction starting from Level-1 information: the muon track is
extrapolated from the muon system to the inner tracker only in a region of interest
pointed by the Level-1.

Use well defined L1 conditions (i.e. no volunteers) for well defined efficiencies.
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Level-1 trigger table
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Trigger

Level-1 Threshold
(GeV)

Level-1 Rate
(kHz)

Cumulative Level-1 Rate
(kHz)

Inclusive e~

ol

9L 08

8.9 £ 03

Double e~y

181

1.0£0.1

4.6 +0.3

Inclusive p

14

2Dt ()2,

A0

Double p

3

40+0.3

11.0+ 0.4

Inclusive 7

100

2:2 SE°(0r:2

129 £0.5

Double 7

60

3.0£0.2

149 £ 0.5

1-,2-,3-,4-jets

150,100,70,50

227102

15.8 £0.5

Hr

275

20=E0

16.2 £0.5

miss
E A

60

04+£0.1

16.3 £0.5

miss

200, 40

1.1+£0.1

16.6 £0.5

jet + B

100, 40

1.1+£0.1

16.7 £0.5

miss
T+ BT

60, 40

2

18.8 £0.5

,U/ + E%ISS

5,30

03"t

19.0 £ 0.6

ey + B3

15,30

0.5+0.1

19.1 £ 0.6

1+ jet

7,100

02 2=0"]

19.1 £ 0.6

ey +jet

15, 100

0.6 +0.1

19624, 06

W+ T

7,40

12501

19.8 £ 0.6

e 1P

15, 60

2.6 L1052

205" 10,6

ey + i

15,7

02+£0.1

20.5£0.6

Prescaled

223+ 0.6

Total Level-1 Rate

223+ 0.6
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Luminosity of
2x1033cm=s1

Include safety
margin!




Trigger ObJects and Selectlon

) u , * .' r mk!*’it’ W“‘ H*— ﬂt#ﬂ-“ h‘ H'-ﬂ_::-." ik o2 ¥, g -, " o E




Electron/Photon
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Efficiency

--- Double isolated
--- Double non-isolated

Different types of energy
deposition with increasingly

tighter cuts on isolation:

isolated, non-isolated and
unidentified.

Bckg Rate (Hz)

_
[=]
El

Three streams output from N [ I
i oy : ; ... Double isolated....

L1: single isolated, double SIS S T L e
isolated, double non-isolated. i "

1
10 20 30 40 50 60 I 10 20 30 40 50 60 I
Trigger E, threshold (GeV) Trigger E, threshold (GeV)

: : E
I|III'|IIII|IIII|IIII|IIII

Signal Process Single isolated | Double isolated | Double non-isolated | Total

H — vy 99.3% 89.2% 94.7% 99.7%

. . s (Mg =120 GeV)

EfﬁCl@l’lCl@S Ry s 90.8% 89.5% 79.5% 96.5%
i (Mg =120 GeV)

Z —ete” H8-5% 81.0% 85.1% 97.1%

W —ev 89.8% 2.15% 2.0% 90.0%
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Electron/Photon (Level-2)
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Level-2 confirms Level-1 decision.

\\\\;\\\\;\\\\;\\\\;\\\\;\\\\;\\\\;\\\\
Level-1 response. -

- Level-2 response. . | <At Level-2

gt | electromagnetic clusters
are reconstructed
R R T P —weezesnew | LMproving the resolution
ey ] | e | (sharper turn-on curves).

--- Level 1 E, > 18 GeV i L : i == Level 2E > 18 GeV

IR O S RO P T IS S N DAL Y

I;.evel1 F‘>21 QeV i L ¢ ' I;.evel 2 l;—;>21 G@V i EfﬁCienCieS Computed

Enh Al wezseme | with respect to electrons/
o LN photons generated in the
fiducial ECAL volume
NI 111 R R li. | andmatching a trigger
A AR SO IO PO PO O O bl il il | candidate (~100%

10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50 :
Gen. E, (GeV) Gen. E, (GeV) eﬁ?czency).

Efficiency
Efficiency
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Electrons (Level 25)
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Partial use of

tracking information.
Fast!

High rate reduction.

Photon candidates
pass the level 2.5
regardless of the pixel
information.

6/10/2006, Split
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Cluster E
Cluster position
N

Predict a\track

) s
Nominal vertex (0,0,0)

/ @
/

/

/

estimate 7 vertex

/
/
/ N
// If a hit is found, Pixel hit X Predict
; J d

/
/

/
/f’ropagate to
/" the pixel layers

and look for
compatible hits

e

a new track
and propagate

Estimated vertex (0,0,7)

L. Agostino (CERN)




Electrons (Level-3)
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Full tracking information

available.

Isolation variables based
on ECAL, HCAL, TRACKER
information.

Significant improvements
w.r.t DAQ TDR.

>
o
=
L
<
=
L

Variable

Single electron

Double electron

<25

<25

> 26 GeV

> 12 GeV

HCAL Isolation

< 3 GeV

< 9GeV

Track Isolation

< 0.06

<04

E/P (Barrel)
E/P (Endcaps)

<15
< 2.45
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Background rejection vs. signal efficiency
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Photons (Level-3)
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Photons have a large
background coming from decays
of high Et particles (7).

Isolation criteria and Et cuts
allow to reject a big fraction of
this background.

Nevertheless there is
interesting data below 80 GeV
(efficiencies studies, calibration
studies, background studies for
H->yy).

Prescaling below the 80 GeV
is a solution.

6/10/2006, Split

10°

Bckg Rate (Hz)
LI

[ IIIIII|
Il% :

ngle isol.
:F} Double
+/A- Double high E;

2
% (IR

Y
S

NN

o

E, threshold (GeV)

Variable

Single photon

Double photon

7]

<25

<25

E

> 80 GeV

> 30,20 GeV

Track isolation

=0

<3

HCAL isolation (Barrel)
HCAL isolation (Endcaps)

< 6 GeV
< 4 GeV

< 8 GeV
< 6 GeV

ECAL Isolation

< 1.5 GeV

< 2.5 GeV
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Electron/photon Trigger Rates
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LO NLO

Background

Total

Single electron
(Ey >26 GeV)

98Hz (11.6Hz)
1.3Hz (1.5Hz)

Jets 9.4 Hz

21 Hz

Double electron
(E%, Ef >12 GeV)

1.1Hz (1.3 Hz)

Jets 0.8 Hz

1.9 Hz

Single photon
(E¢ >80 GeV)

Fel ELZ

Jets 1.4 Hz

3.5Hz

Double photon
(Ef >30,EZ >20 GeV)

~0 Hz

Jets 1.9 Hz
v+jet 0.4 Hz

2.3 Hz

Total:

13.3 Hz

13.9Hz

27.2 Hz

® Possible improvements without much degradation of the signal
efficiencies are possible if needed.
® General improvement with respect to the DAQ TDR.
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Muon Streams
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Level-1: match DT, CSC and RPC tracks

segments.
Level-2: stand-alone muon (with seed

from Level-1) pointing to interaction vertex

+ Pt cut and calorimeter isolation.
Level-3: full tracker information (seed

from Level-2). At least 5 silicon hits (pixel or

strlps ) + track isolation.

iency

1 O Y S TOTN Heeeeend T P TTP T g
i tka i : i

IC

+=0.98

Ef

0.96
0.94
0.92

0.9

0.88 i gaps in:muon chai 1be

“|— Level-1

0.86

0.84 --Level-2

2

------- Level-3
0.82 sl - :

III|III|III|III|III|III|IIIllllllllli‘li-l

|||||| ||| IIIIVJJ

0.85™ i ' i Ll -,
C umulatlve eﬁ?czency from L] fo L3
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HLT Integral Rate (Hz)

Single muon =, -
Minimum Bias p, Bins
1025 " Wopuv
E A Z-pup
= all
10 .....-.-..-.....llllll

I \HHH‘V\ \HHH‘

107 .
:I L [ R R R L L L L \A L
10 20 30 40 50 70
pmiet (GeV)
* Trigger Threshold Rates (Hz)
(GeV) Enriched-p sample | W — puv | Z — up
Inclusive p 19 109 £ 0.8 13.4 + 0.3 1.5+0.0
Relaxed p 37 o B e B,k 01 L1 =00
i) ol 344 — 1.340.0
Relaxed p-p 10, 10 Virgh e S 0 25 — 1.4 4+ 0.0

¢ Relaxed=no requirement on isolation.
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Single Jet Triggers
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HLT jets: iterative seed jet cone algorithm. It helps reducing low Et jets from pileup and noise.
Jet energy response varies with eta, energy scale corrections are implemented.

—e— Ultra:PT>400
—a— High: PT>250
—=— Med: PT>120
—a— Low: PT>60

—_
o
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o

E@
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D,-][]
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]
Salte)
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=TT

Trig for L=10"
1fb™
>, QCD jet even

YYWW‘
» >
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x
LLI

[ +0r]

| I [ =
1000 2000 30 4000 5000 6000
Corrected Diiet Mass (GeV)

Large di-jet mass spectrum (up to 6 TeV) is 1 QCD jet events
covered by the combination of these triggers. 102 )

From the regions where at least one trigger
is fully efficient, the di-jet mass spectrum can 105F lietni<t

be reconstructed.

6/10/2006, Split

Total output ~ 10Hz divided in at least three
overlapping streams with different Et thresholds and
proper prescale factor.

Level-1 threshold designed such that at the HLT
threshold, the efficiency is ~95%. This guarantees that
most of the collected data can be used in analyses.

4

% 10 —e— Super:PT>600

o] 10° —o— Ultra:PT>400

o) 102 —a— High: PT>250

o —=— Med: PT>120
10

10

103
10

10°®

AR T SR S S SRS B B
1000 2000 3000 4000 5000 6000 7000
Corrected Diiet Mass (GeV)
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Missing Et
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Calorimeter information is used to measure the missing Et.

Negative vector sum of energies (above a given threshold) in all the calorimeter towers.

Large background from inclusive di-jet production where one jet is not well measured,
use phi-correlation to reject this background.

- HLT rates

o o
IS |

o
™

A no jet cut

O 1 jet > 50 GeV
® 1 jet > 80 GeV
O1jet > 140 GeV

o
N

o
N
T
X
<
[
-
(o}
c
-
[
o
o
‘c
—

o

250 300
missing E, (GeV)
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t-lepton Trigger (1)
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The level-1 rate is dominated by QCD jets.

Single and double t triggers optimized for SUSY searches (H’->711).

HLT t-jets are reconstructed by the calorimeters in a region given by the

Level-1.
Level-1 rates from QCD jets background

Rate, kHz
single 7 | double 7 | single or double 7
1.56 x 1011 0.04 0.08 0.12

pr, GeV/c | cross section, fb

30-50

~50-80

2.09 x 10*Y

0.59

0.70

a9

80-120

2.94 x 10°

o5

0.75

1.65

120-170

5.00 x 10°®

0.46

0.16

0.48

- 170-230

1.01 x 108

0.10

0.03

0.10

230-300

2.39 x 10°

0.02

0.007

0.021

total rate

2.53

1.73

3.56

After the jets are reconstructed, T-jet tagging is performed.
In order to contain the rate, two jets have to be tagged.
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t-lepton Trigger (1I)
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Types of T-jet tagging used at the HLT: Pisol = Z e Z Er

AR<0.40 AR<0.13

[) ECAL isolation: performs sum of the E CAL is 0,{,%29..’2.............._ .

apaptt?
. . ggg:yn*
transverse energy in a cone . A veto S ﬁ
::** M

region around the jet direction is excluded 4l AT

m  tjets, 50-70 GeV

efficiency

from the sum. 3 P D

Tjets, 130-150 GeV

[I) Pixel Isolation: isolation in the pixel |
detector is performed by reconstructing ol -jjff,g;i;ff

tracks with consistent hits in all pixel ot 2 R
layers. Pt “GeV

[II)Track Isolation: isolation is
HLT Streams Rate (Hz)

performed using full track information

: : Ecal+Pixel double T
only in a region defined around the 7!

calorimeter jet direction. Tracker double T 6.0

6/10/2006, Split L. Agostino (CERN)



b-Jet Tagging
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Important topic for many physics studies (MSSM Higgs, top, etc.)

cT = 450 um gives large impact parameters w.r.t. the production vertex. Very useful to
reject background. = T

) C
D) - DDOLTLYV N SOOI 1LE o
UL/ “oro rrv Pad

EEVEL:2 S

® Optimized for speed (work at 1kHz).

® Fast track reconstruction performed in
the pixel detector only.

b-jets efficiency vs.
light jets rejection.

mis-tag probability

; . b-jets efficiency vs. c-jets
e Poor momentum resolution with ] ] . i Y J
102 | rejection

subsequent deterioration of the sensitivity ‘ 1t reoional reco.

i L

fO”' transverse impact paramel‘er. 0 0102030405060.70809 1

b-tag efficiency

oFake rate ~10%.

LEVEL-3:
® Must pass Level-2.5

® Full track reconstruction in a region of
interest identified as a b-jet from Level-2.5.

°Good momentum resolution.

—_

-—
Qe

mis-tag probability

7). 1. 4
FI1xypel=1ti1 o011 0
LACLUTIUAS SUTL

OO C

0 0.10203040506070809 1

6/10/2006, Split L. Agostino (CERN) b-tag efficiency
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Additional Triggers
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Triggers on forward physics can be exploited taking advantage of the
unprecedented pseudorapidity coverage of CMS + TOTEM detectors.

An Ht trigger: sum of jet corrected transverse energy (Et>5 GeV) in the
region N<5 with the Pt (>5GeV) of HLT muons and the missing Et. This
trigger is combined with other HLT objects.

Acoplanar di-jet and jet + MEt triggers (ex. SUSY searches): thanks to
the topology constraint a lower energy threshold can be implemented.

Many cross-triggers (combination of different basic HLT objects) are
under investigation. These triggers profit from relatively low rate and
take advantage of the correlation between the objects to reduce the
thresholds applied to the basic (single, double) triggers.
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Additional triggers (cont.)
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o E/mss+ X where X = Ht or Jet(s) or lepton: this triggers
allowes to access E/"ss enhanced data, for example:

o E/miss + jets: important for SUSY searches has the
additional advantage of a reduced threshold on the
jets objects.

o E/miss + [ exploit the presence of W bosons or top
with a low Pt threshold on the lepton.

e+u: useful for SUSY searches, Higgs decays (ex. H-
>17) lepton number violation studies etc. Also in this
case a reduction in the single electron threshold can be
achieved.

6/10/2006, Split L. Agostino (CERN)



Summary and Conclus10ns
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Trigger

Level-1
bits used

Level-1
Prescale

HLT Threshold
(GeV)

HLT Rate
(Hz)

Inclusive e

2

26

233 2& 6.7

e-e

12,12

1.0+ 0.1

Relaxed e-e

19,19

1.3£0.1

Inclusive v

80

31+02

et

30, 20

1.6 +£0.7

Relaxed v-vy

30, 20

1.2£0.6

Inclusive p

19

25.8 £0.8

Relaxed p

37

ML SE 0

ot

%l

48+04

Relaxed p-p

10, 10

8.6 £0.6

miss
T+ E}

10

65 ()

0.5+0.1

Pixel -7

10, 13

41+11

Tracker 7-7

10,13

6.0+t1.1

ke

26

52,16

< 1.0

T+

0

40, 15

< 1.0

b-jet (leading jet)

36,37, 38, 39

350, 150, 55 (see text)

103 £0.3

bjet (2" leading jet)

36, 37, 38, 39

350, 150, 55 (see text)

87+03

Single-jet

36

400

48 £0.0

Double-jet

36, 37

350

39+0.0

Triple-jet

36,37, 38

195

1.1+0.0

Quadruple-jet

36, 37, 38, 39

80

89+0.2

miss
E al

32

91

PR ()12

jet + Ep

32

180, 80

G ae (Ui

acoplanar 2 jets

200, 200

02+0.0

acoplanar jet + Ep%°

32

100, 80

0.1+£0.0

2jets + EMss

32

155, 80

1.6 £ 0.0

3jets + B4

85, 80

=205

4jets + B

35, 80

157t (021

Diffractive

40, 40

< 1.0

Hry + B

350, 80

5.6 +0.2

HT+€

350, 20

04 +0.1

Inclusive v

23

03+£0.0

S

20

12,12

2-5-Lx1Ed

Relaxed v-vy

20

19,19

0.1+0.0

Single-jet

10

250

52+00

Single-jet

1000

120

1.6 £0.0

Single-jet

100 000

60

04+0.0

Total HLT rate

/\

Still work in
progress!

Thresholds chosen
to obtain a final
output rate
consistent with the

bandwidth
capability.




Iv.i0l
218lq
Lelq
a'H
1IN 'H
13an

Jeuejdooe jgwial |
IE[REIRY
TE[REIES
13wl e
IE[IREINT

19l g Jeuejdooe
19l

18l ¢

18l g

gojeosaud 19l |
Zoleasaud 19l |
Lojeasaud 1ol |
1l

132

an

29

(19)or1]) 22
(1oxid) 22

rirl paxejal

min

1 paxejai

0l

ajeosaid M paxejal

ajeosaud AL
ojeoasaid L
M paxejal
M

A
99 paxejai

99

L. Agostino (CERN)

02

]

?
o
-

(zH) @1ey

L
Q
=
<
=
3=
-
L
Q.
#
L

6/10/2006, Split

respect to the DAQ

Many new triggers
TDR.

available with




Conclusions
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Extensive studies on the HLT selection and the Trigger Paths are currently being
studied in CMS.

o The scenario described concerns the luminosity scenarion of 2x103 cm2 s,
o LI output rate 50 KH?

o An HLT output rate of 100-150 Hz is expected.

These studies are carried out with full simulation and pileup contribution.

The Level-1 background is dominated by strong interactions.

Series of prescaled triggers are introduced for efficiency measurements.

Factor of 3 in rate has been used as safety margin in the determination of the
prescaling factors.

Many types of cross-triggers are being studied: they allow to exploit low
threshold on the basic trigger objects.

General improvements have been obtained with respect to the DAQ-TDR.
Lots of work still on-going.
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Backup Shdes
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Sample description

Cuts
(Momenta in GeV/c)

Cross section
(mb)

# of events

HLT rate
(Hz)

Minimum bias with
in-time pile-up;
<# of interactions>= 5

793

50 000 000

QCD

pr € (15,20

146 x 10 O

49 491

QCD

6.32 x 1071

49 244

QCD

[15, 20]
pr € [20, 30]
Pr € [30,50)

1568l

49 742

QCD

Pr € [50,80)

DGR

99 486

QCD

pr € 80, 120]

3.08 x 1073

96 238

QCD

Pr € [120, 170]

494 x 1074

99 736

QCD

pr € [170,230

1.01 x 104

99 226

QCD

2.45 x 10~°

99 481

QCD

6.24 x 107

98 739

QCD

P € [380, 470

1.78 x 1076

46 491

QCD

[

[ ]
pr € 230, 300]
pr € [300, 380]

[ ]

[ ]

P € [470, 600

6.83 x 10~ 7

47 496

QCD

pr € [600,800]

2.04 x 10~7

48 986

QCD

Pr € 800, 1000]

351 x 108

45 741

Partial total

930 099

55.3%=269

W — ev

1 electron with
[Pl 27 pi> 25

7.9 x 1076

3944

R 0)

/ — ee

2 electrons with
In| < 2.7, pr > 5

Re I

4 000

1 4e=220.0

pp — jet(s) +7,
pr > 30GeV/c

jet: pr > 20,
~v: pr > 30

25 x%x 1076

4 000

1.0£0.0

s il

1 muon with
|77| <25,pr>14

9.8 x 1076

4 000

14.0 £ 0.3

Z — pp

2 muons with
In| < 2.5, pr > 20, 10

79 x 1077

2941

155 6.0

Plecre 2 Ll

1 muon with
pr >3

2.4 x 1072

839 999
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L. Agostino (CERN)
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