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Abstract— The second level trigger system (LVL2) of the ATLAS S 155, | CALO MUON_ TRACKING |
experiment at the CERN LHC is required to reduce the trigger Level 1 Trigger
rate from 100kHz to about 1kHz. The trigger decision has to be o
taken on average in 10ms.
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The ability of identifying b-quark jets at trigger level opens R | R (O [RCEM reagouowes
many interesting physics opportunities, especially in the top re e et
quark and higgs sectors. Additionally the acceptance for several
supersymmetric channels is increased. | Event Buider | rurovenunuters ara

Here we present two methods of tagging b-quark jets at i t t f
trigger level. One is based on impact parameters, the other one
on secondary vertex reconstruction. The algorithms and their Data recordng

performances are described and compared. Fig. 1. The ATLAS trigger system is based on three levels. It reduces the

Index Terms— ATLAS, trigger, b-tagging. data rate by a factor of approximatelyx 10° [1].

|. INTRODUCTION which have a large transverse momentum. At level 1 the data

HE LHC will be a proton-proton collider with a center-of-rate will be reduced to a maximum of 100kHz in a maximal
mass energy of 14 TeV. Itis expected to run for three yegegency of2.5s.
at low luminosity of 10%cm™2s~" and later with its design  The combination of level 2 trigger and the event filter are
luminosity of 10°*cm s~ The bunches will cross every 25 nscalled the high level trigger (HLT). The second level trigger
(40 MHz). The data size of one event is approximately 1-2 MByjl| reduce the rate to 1 kHz in an average time of 10 ms. Ded-
making it impossible to record all events. The ATLAS triggejcated algorithms have been developed, which fulfill the high
system is designed to select only interesting events. requirements on this trigger stage. LVL2 will use information
The use oft-jet selection at the second level trigger and thgom all subdetectors in a region of interest (Rol), predefined
event filter (LVL2/EF) would improve the flexibility of the High py the level 1 trigger. It is characterized by a direction and
Level Trigger (HLT) [1] scheme and its physics performancgyidth in pseudorapidity; = —in (tan (©/2)) and azimuthal
In particular, for topologies with severatjets, the ability to angle¢.
separaté-jets from light quark or gluon jets would increase the gyents accepted by LVL2 will be build up by the event
acceptance for signal events and reduce the background (B0flder and send to the event filter. The EF partially uses offline
hence the rate) for events containibgets that have already code to fully reconstruct the event in order to decrease the data
been selected by other triggers. rate to the finally acceptable rate of 100 Hz. The decision time

The study presented in this contribution descriiefet for the event filter is in the order of seconds.
selection methods for the LVL2 trigger based on information

of the inner detector. In the first section the ATLAS trigger
system is explained. In the second part the algorithms and thére
performances are discussed. The ATLAS trigger system is based on selection procedures
ak for jets, leptons, missing energy etcetera. The algorithms de-
October 20, 2004 scribed in this study make use of the long lifetime of B-hadrons

(see Ill). This implies that only the jet triggers are of interest
II. THE ATLAS TRIGGER SYSTEM for this study. The energy thresholds of the jet triggers depend

The ATLAS trigger system is shown in figure 1. It consists gn the trigger level. Table | shows the different threshold for
ents with 1, 2, 3 and 4 jets.

three levels. The task of the system is to reduce the initial ra%A p ¢ it of the b . h d level tri
down to approximately 100 Hz which can be finally recordeg, ~ "9U"€ 0 merit of the b-tagging at the second level trigger

The first level uses the calorimeters and the muon chamberé.slfjer'ved from simulation studies of events with two bottom

identifies high energetic clusters in the calorimeter and muoﬂgarks' One possible physics channel in which online b-tagging

can improve the trigger performance is the fully hadronic decay
This work was supported by the ATLAS High Level Trigger group mode att pair. The top quark decays almost always into a b

Jet Trigger
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quark and a W boson. In the fully hadronic decay mode both W

bosons from the andz decay into &g pair. This leads to a total Fig- 3. Performance of the 4 jet trigger menu when requiring 1 b-tagged jet
of 6 jets of which two are b-jets. Another interesting physic§' 199eringtt — WoWwbs — jjbjjb

channel is the decay of a light Higgs boson intbbgpair. The

knowledge of a jet being a b-tagged jet can reduce the amount

of background events (mostly QCD multijet production, W+jet [1l. B-TAGGING ALGORITHMS

production) and thus increase the efficiency and purity for the

signal events. . . - .
9 Bottom-quark jets can be identified with several methods.

_ Figures 2 fand 3 show the efficiency, purity ?nﬂ efficiencyyq eyistence of a soft muon inside a jet is an indicator for a
times purity for tagging? — WboWb — jjbjjb of the 4 Jet \, o5 et Another property of B hadrons is their relatively
trigger as a function of the second level trigger threshold. |Hrge life time of approximatelyl.5 x 10~'2s. This means

Fig. 2 no b-tag |nfo_rmat|o_n was assumed, while in f_|g_ure that a B hadron can fly a few mm before it decays leading
one tagged b-jet (with offline performance: 50% b-efficiency, 5 secondary vertex. Two different algorithms for b-tagging

rejectiqn factor against ”th jets: 15,0' r eje_ction factor aga,inﬁ{ake use of this large lifetime. One uses the identification of
c-type jets: 10) was required. The distributions are normaliz displaced vertex. Tracks coming from a secondary vertex

to the 4 jet trigger with a 110GeV threshold without b'ta%aen have a large tranverse impact parameter giving a further

informgtion. These plots show 'Fhat a reduction of the seco ssibility for tagging b-quark jets. Figure 4 shows the impact
level trigger threshold to approximately the LVL1 value woul arameter significance (see IlI-A) for u- and b-quark jets. It

increase efficiency .and purity. Also s_hown is the number E\n be seen that b-jets tend to have a bigger impact parameter
accepted events. Figure 2 shows an increase of a factor 4tf%{n U-jets

a LVL2 4-jet threshold of 60 GeV. This would result in a four
times bigger rate coming from that trigger. Requiring one b-tag
reduces the number of triggered events to half times the original

4] E
rate. The loss in the total rate leads to a gain in efficiency times %fé L
purity. 5 b o U-jets
The efficiency for tagging & pair with one of the jet triggers 8 %o, o bijets
is in total 1.5-2% with a purity of 0.0%. If b-tagging is § e,
required (with offline performance) the efficiency is increased S
t_o 5 (15) % _vvh_en_ requiring 2 (1) b-tagged jets. At the same I -Ooo%oooo
time the purity is increased to 22.5 (1.1) %. oE o, 66040
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In the ATLAS experiment both lifetime based algorithms, the
Flg 2.. Pgrformance of the 4'1'jet trigger menu without b-tag information fqmpact parameter and the Secondary vertex based algorithm,
triggeringtt — WoWb — j5b;jb (3] are examined for their use in the second level trigger. Both
described in this section.



A. b-jet selection using impact parameter In the next step the b-jet estimator is built. It makes use

The impact parameter b-tag algorithm is based on the SiTrdEfk_the Iikelihood-rat'ig methoq_. This is done by calculating the
tracking algorithm [3] for the ATLAS second level trigger.atio of the pr_obablllty densities for ea_ch track to come from
SiTrack uses triplets of space points in the pixel and silicghP-Jet or & u-jeti; = £,(5:)/ fu(S;). With W' = [T, W;, the
strip detector SCT to build tracks. It is applied in the b-tagging@! discriminative variableX = W/(1 + W).
algorithm because of its good impact parameter resolution [4].Figure 6 shows the distribution of the final discriminative

In an older version of SiTrack - PixTrig [2] - only the pixelvariable X. Its value peaks at O for u-type jets and it has a
detector was used. The geometry of the pixel detector wiggak at 1 for b-type jets.
respect to the initial layout was changed. Especially the inner

radius was increased from 4 to 5cm leading to a reduction in ol
the impact parameter resolution (see Fig. 5). Due to the larger 3
H . . e Yt L
lever arm coming from the use of the strip detector in addition 2 s
to the pixel detector the resolution can be reduced to the old g
Z
value.
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Fig. 6. Distribution of the discriminative variabl® for b-jets (full line) and
u-jets (dashed line) [4]
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The performance of the impact parameter b-tag algorithm
is shown in figure 7. It the rejection factor for u-type jets
versus the efficiency for b-jets for the case of a 120 GeV Higgs
_ , _ _ decaying into two u or b-quarks.

Fig. 5. Impact parameter resolution of SiTrack The line shows the resolution

reached with the old geometry in PixTrig. The open crosses show the resolution

using SiTrack with the new geometry and using only the pixel detector. The o
improvement in resolution is shown by the filled circles showing the impact 10°
parameter resolution using SiTrack with the new geometry but using the pixel

and the SCT detector [4].

For studying the impact parameter based algorithm a sample 107
was used in which a Higgs boson of 120 GeV was produced in
association with a W. The Higgs decayed in either two b-jets o
or into 2 u-jets representing signal and background. The region
of interest from the first level trigger was simulated selecting
a regionA¢ x Anp = 0.4 x 0.4 centered around the direction iy - |

: . s oft & preselected-samphe ;- -- 3058 V- -
of the quark coming from the Higgs decay. R Nt . T

The first step of the algorithm is the track reconstruction gl Lo P w1
made by SiTrack inside the jet Rol. In the next step the signed ? 2 B O "
transverse impact parameter significane= dy/o(dp) is %
calculated. The sign of the |m'pa'ct parameter '_S positive if tl’ll?g. 7. Comparison between the online impact parameter and the offline b-tag.
vector product of the vector pointing from the primary vertex t@hown is the rejection factor versus u-jets versus the efficiency for b-jets for
the point of closest approach of the track and the vector pointiig¢gf coming from the decay of a Higgs boson with a mass of 120 GeV [4].
from the primary to the secondary vertex is positive. Tracks
coming from the primary vertex have the same probability for Table 1l shows the rejection factor against u-type jets of the
a positive and a negative sign while tracks from a displacéupact parameter b-tagging algorithm for different efficiencies
vertex have mostly positive sign. The error on the impaet low luminosity. In the central region of the detector the
parametew (dy) was parameterized with simulated events angjection is better than in the forward region. The dependence
is a function of trackpr. on the efficiency for b-type jets is also shown. The upper line




TABLE I
REJECTION RATE OF IMPACT PARAMETER ALGORITHM AGAINST WJETS
FOR DIFFERENT EFFICIENCIES 60% (TOP), 70% (MIDDLE) AND 80%
(BOTTOM) AT LOW LUMINOSITY.

a helix to all tracks which are consistent with an assumed
starting point. The starting point is in the first iteration the
origin in the coordinate system. This is a good approximation
because the primary vertex is near the beam. We assume that

10GeV < E, 70GeV < B, | B, > 100Gey  the track parameters are linearly dependent on small variations
< T0GeV < 100 GeV of the vertex and of the track momenta. Additionally we assume
Il < 1.5 59+04 51106 18107 thatd, ¢ and p do not change in the vicinity of the expected
3.6+ 0.2 30404 31404 vertex. With these assumptions the totdl= >, Ag¢? W;Ag;
23401 9.8 4+0.3 2.4+ 0.3 is calculated, withy; representing the track parameters a¥id
ln| > 1.5 37404 49410 30408 being the inverse of the covariance matrix. The minimization
26402 29405 2640.6 of x? with respect to the estimated vertex position and to the
1.5+0.1 1.64+0.2 17404 track momenta gives two equations from which the vertex can

be calculated. For the next iteration step this vertex position
taken as the starting point. If the neyt is smaller than the
shows the rejection for 60% efficiency, while the middle angmallesty® in previous iterations the new vertex is accepted
bottom show the rejections for efficiencies of 70% and 80 %@s the reconstructed vertex. These steps are repeated until the
The processing time of the impact parameter based b-giiange ofy” gets smaller than a preset value or the number
algorithm at low luminosity is compatible with the second levedf iterations exceeds a predefined value. It is possible to delete
trigger latency of at most 10ms per Rol in average. For b-jattrack from the subset of tracks if itg* is too high. The
events processing times of approximately 1.5ms for low afgcision whether one track should be deleted is based on a cut
2.5ms for high luminosity have been achieved [3]. on the totaly?-probability of the vertex fit.
If a primary vertex was reconstructed the same procedure is
B. b-jet selection using secondary vertices applied for searching the secondary vertex.
In the last step the b-tag decision is created based on several

The possibility of identifying b-quark jets by the existence Qfgyiapjes. The algorithm combines probabilities on all variables
a secondary vertex was examined with a fast vertex algorithg ;e final value on which a simple cut is applied.

using the perigee parameterization for the tracks [5]. ThiS |, gection 11 the region of interest principle is described.
algorithm is implemented in the ATLAS software in a packaggne p_tag algorithms would be called in the experiment only
called TrigWuppVertex. The input to this method are rackg iet.Rols. The number of tracks in a jet is used as well as

coming from either SiTrack (see IlI-A) or from any otherne nymper of tracks which fit into the secondary vertex. The
tracking algorithm like for example IDScan. last variable is the invariant mass of all particles fitting into

The tracks are described by their perigee parame{ets, e secondary vertex. Figure 8 shows the distribution of the
¢, ¢ andp at the point of closest approadh with respect to i, ariant vertex mass for light and b-quark jets.
the origin. ¢ is the signed distance of P to the origin in the

R — ¢ plane. Its sign is positive if the origin is on the left side

of the tracks trajectoryz, gives the z-coordinate of P artd 2000
gives the angle of the track at P with respect to the z-axis. The 5008
parameters) and p describe the direction of the track in the 0.07
R — ¢ plane with respect to the x-axis and the signed curvature %
of the track. The absolute value of the curvatie= 1/R (R °®
= bending radius of the track). Its sign is positive if the charge
of the track is negative and vice versa.

The algorithm can be separated into three parts. In the first
part the track-samples are defined which will be used to search
for the primary and secondary vertex. This is done mainly using
the transverse impact parametegsof the tracks. In the second Fig. 8. Invariant Mass of secondary vertex from b-jets (full histogram) and
part the algorithm searches for the primary vertex of the eveigtt quark jets (hatched histogram)
and in the last part the b-tag decision is created.

For the primary vertex only tracks with a small impact Figure 9 shows the distributions of the final cut variable for
parameter are used. while for the secondary vertex search digit quark and b-quark jets. The peak at low values comes
tracks with a large impact parameter are used. The minimdrmm events in which no secondary vertex was found.
required impact parameter depends on the trgeks The Figure 10 shows the actual performance of the algorithm
requirements are set up in a way that tracks cannot be usdten using smeared generated tracks instead of reconstructec
for both vertex searches. ones. A charged particle with a transverse momentum bigger

In the next step the three dimensional primary vertex is fittethan 1 GeV is considered as a generated track if there are at
This is done by an iterative algorithm [5]. The algorithm fitdeast three hits in the pixeldetector associated to this particle.
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Fig. 9. Final btag probability variable shown for b-jets (hatched histogrank)g. 11. Time needed for the secondary vertex based b-tag algorithm. The
and light quark jets (full histogram) algorithm has a mean execution time of about 0.4 ms.

The track parameters of these particles have been smeared wiffwo algorithms have been presented. The first one is based
a gaussian distribution. The width of this distribution was sen the tranverse impact parameter of the traéisIt makes
to the resolution of the tracking algorithms. Shown in figure 1@se of the likelihood-ratio method to calculate a discriminative
is the rejection factor against u,d,s and c-quark jets versus #taiable. This algorithm is using tracks reconstructed from
b-tagging efficiency. SiTrack. It has a rejection factor for u-quark jets of the order of
5 for a b-tag efficiency of 60 %. At 80 % its rejection factor has
a value of approximately 2. The second algorithm is based on
m% secondary vertex reconstruction. While the first one was tested
10° with reconstructed tracks coming from SiTrack, this one was
tested with smeared generated tracks. Tests with tracks from
SiTrack are under investigation. The rejection factor of this
wbo ‘: IS VWil algorithm is of the order of 10 at 60% efficiency and it has a
e . value of 3-4 at 80%. The performance with real tracks should
decrease the rejection factor at a given efficiency due to fake
tracks and other facts like slightly different resolutions for the
0 012 03 04 05 o6 07 o8 os 1 track parameters and a probably smaller tracking efficiency.
The processing time for both algorithms, which is in average

Fig. 10. Performance of the secondary vertex based algorithm. Shown is kbgs than 1 ms is compatible with the requirements of the second
rejection factor against u,d,s and c-quark jets versus the b-tagging eﬁicienq:éve| trigger.
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Another aspect of the algorlthm is the average t|m9 WhICh is ACKNOWLEDGMENT
needed. The total second level trigger must decide within 10 ms ) )
(see I1). This implies that the b-tag algorithm alone (without the 1€ authors would like to thank the ATLAS High Level
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1ms on average. With this number the b-tag algorithm alone
should not need longer than approximately 1 ms on average. REFERENCES
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an algorithm would increase the trigger efficiency for events NIM A311 (1992) 139-150.

containing b-jets while retaining the total data rate. This can be

achieved by a reduction of the jet trigger thresholds on LVL1

respectively LVL2. Reduction of the LVL1 thresholds would

increase the total rate of that level but also gives the opportunity

to be much more sensitive on events with multi b-jets. After

LVL2 the total rate should not be increased at all.



