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In the last few years experiments at B-factories have established CP violatardecays. From 2007 onward

new experiments will start to exploit the larg cross-section at the LHC to advance the understanding of

CP violation by studying unprecedented large samples of all B-meson flavours. After a short review of the
present status, the experimental challenges for the future experiments will be described. The emphasis will be
on LHCb, a dedicated B-physics experiment at the LHC, and some examples of the projected physics results
will be presented.

1 Introduction for the expectation that new physics beyond the Standar

Model might manifest itself via CP violation is that it is one
In the Standard Model the charged current interactions of of the three conditions for baryogenesis [5]. However, the
quarks is described by the Cabibbo-Kobayashi-MaskawaCP violation generated through the CKM-phase appears t
(CKM) matrix [1], i.e. the matrix gives the couplings of Dbe far too small to generate the observed imbalance betwee
W+-boson between the three families of up-down quark matter and anti-matter in our universe.

pairs. Among the nine unitarity relation of the CKM matrix the

Vud ‘/us Vub : : .

following is one of the most relevant for B-hadron decays:

V| Vea Vee Vi g Y
Via Vis Vi

Since it is unitary, the matrix can be parametrised with four
independent parameters, including one phase, which intro-
duces CP violation. One of the commonly used parame-
terisations, introduced by Wolfenstein [2], is based on the
parametersa, A, p andn. In this parametrisatiorl/ can be
approximated as

VuaVi, + VeaVp, + ViaVig, = 0

A pictorial way to represent the above relation in the mo-
dified Wolfenstein parametefs, 7] plane, which include a
higher order correction in, is shown in Fig. 1. The angles

1—-A2/2 )\2 AN (p —2i 7) denoted in the triangles are defined as= arg(—%),
V= - 1—)%/2 AX , VeaV? Vaa Vi .
AN (L p—in) 714)\/2 . 8= arg(—ivtiv%;’) andy = arg(—ivciv%‘: ), and these an-

gles can be accessed with CP violation measurements in E
where\ = sin(fcabibbo) = 0.2240 £ 0.0036 [3], and only decays.
terms up to\?® are included.

The first observation of CP violation was in the neutral
kaon system, and dates back to 1964. This phenomenon in
combination with the work of Kobayashi and Maskawa led
to the prediction of a third quark generation. The measu-2  CP Violation at the B-factories
rement of CP violation could lead eventually to the precise
determination, and even over-constraint, of the CKM ma-
trix elements if they can all consistently be described in the The constraints on the CKM matrix [6] from all available
Standard Model framework. However, the hope is that new measurements in the summer of 2003, but excluding the C
physics beyond the Standard Model will show up in a de- violation measurements in B-decays is shown in Fig. 2. The
tailed comparison of the CP violating observables of many constraints come frorV,,;,/Vey|, which is measured from
decays. The rational behind this expectation is that manytree diagram B-decays, fromk, the CP violation in the
extensions of the Standard Model introduce additional sour-neutral kaon system, and frothm, and the lower limit on
ces of CP violation, which modify CP observables in a way Amg. It should be noted thahmg is measured with high
that they can be distinguished from the Standard Model me-precision, but its interpretation in the CKM matrix is domi-
chanism [4]. It cannot be excluded that new physics at massnated by theoretical uncertainties. The result of the Standar
scales beyond the reach of direct searches will produce meModel fit [3] gives0.646 < sin(23) < 0.789 with a 95%
asurable effects in the CP violation sector. Another reasonconfidence level.
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Figure 1. The unitarity relatioW,q V., + VeaVi} + ViaVil, = 0
drawn in the complep, 77] plane.
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Figure 2. Confidence levels in thg, 77] plane as obtained by the

CKMfitter group, excluding information from CP violation measu-

rements in B-decays.

The first observation of CP violation outside the neu- o~ gt ‘ ’?‘J/UJ
tral kaon system was made only in 2001, when two new —===<_~"~ Q

B-factories came on-line. The observation was made in tree

diagramBg-decays vieb — ¢ andW~ — ¢ + s transiti-
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Figure 3. Standard Model tree diagram for generaBag— ¢ Ks
decays.

Also experimentally nature has been kind to us, since
branching ration (BR) oBq — %(— ptu™)KE(— mtr7)
is not too small, i.e. 20.10~%, and the B-meson deca)
into two narrow resonances, which allows an excellent b
ground rejection. Table | shows the integrated performe
of the two B-factories KEKB and PEPII up till summ
2003. The two asymmetric™ e~ accelerators operate mc
of their time on theY (4s) resonance, which decays prec
minantly inBB.

TABLE I. The performance of the two B-factories integrated
summer 2003.

KEKB PEPII
E) 8 GeV 9 GeV
E™) 35GeV | 3GeV
J Ldt (2003) | 158fb! | 131fo!
J Ldt on peak| 140 fb~! | 113 fo!
Detectors Belle Babar
Nr BB-pairs | 152x10° | 123x10°

The produced3®BC-pairs evolve coherently, and hen
have the opposite flavour at the time of the decay of on
the B-mesons. The two experiments, Belle [7] at KEKB ¢
BaBar [8] at PEPII, are both detectors with a nedrtycove-
rage, equipped with a silicon vertex detector, a tracking
tector, a Cherenkov detector and electromagnetic calor
ter inside a 1.5 T superconducting solenoid, which in tur
surrounded by a tracking system for muon detection. Fi
gives a cartoon of the type of events which are reconstru
by the experiments.

B R e R e

e Tag flavour

ons, such a8y — ¥Ks. These decays are dominated by ~
a single tree diagram, and hence CP violation in decay canFigure 4. Cartoon of the way B”B°-pair evolves and decays
be neglected. Due to the GIM mechanism CP violation in the B-factories.

mixing is predicted to be very small in the Standard Model,
leaving only the interference of decays with and without mi-
xing, facilitating the theoretical interpretation of the measu-
red asymmetry in terms of CKM parameters. Fig. 3 shows
the Standard Model tree diagram for tBg — ¢ Kg decay
with and without mixing.

The proper time difference between the two B-mes
is measured with the vertex detectors, while particle ic
tification is used to measure the flavour of the tagging

meson. The asymmetry£-<2, whereNp,  is the numbe
of events observed tagged as either a Baneson at pro-
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Figure 5. Beam constrained mass of the varibus c transitions
used by Belle to extract the asymmetry.
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Figure 6. The raw asymmetry in variobs— c transitions as me-
asured by BaBar.

duction, is measured as a function zﬁt, and fitted
with the expressiom @ cos(AmAt) + A™>sin(AmAt).
The Standard Model expectations am™ = 0, and

the raw asymmetry as measured by Babar [10], and the re
sult of the unbinned likelihood fit to extract the asymmetry
parameters.
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Figure 7. Confidence levels in thg, 77] plane as obtained by the
CKMfitter group, including information from CP violation measu-
rements in charmonium B-decays.
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Figure 8. Penguin diagram for generatiBg — ¢K¢ decays.

Assuming that only Standard Model box diagrams con-
tribute to theB — B mixing, the collaborations have measu-
red forsin(20):

Belle: 0.719 + 0.074(stat) + 0.035(syst)
Babar:0.741 4 0.067(stat) + 0.034(syst)

In excellent agreement with the prediction from a combinec
fit of the CKM elements presented above. Fig. 7 shows the
constraints on the CKM matrix [6] from all available me-
asurements in the summer of 2003, including the CP vio:
lation measurements in the charmonium B-decays. Hence
the Kobayashi-Maskawa mechanism can explain CP viola
tion in flavour changing processes. In addition, the first me-
asurements of CP violation in the B-system imposes a signi
ficant constraint. However, this does not excluded new phy
sics contributions. The decdyy — ¢(— KTK™)KZ(—

A™* — sin(24). Fig. 5 shows the beam constrained mass =7 ~), cannot proceed via a tree diagram, since it is a

(v/(Ecm/2)? — (Py/y + Dks)?) Of the variousb — c tran-

transiton ofbd — sssd quarks, hence only involving down

sitions used by Belle to extract the asymmetry. Fig. 6 showsquarks. A corresponding Feynman diagram for the Standar
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Model penguin process is shown in Fig. 8, and since the pen-Belle [14] and BaBar [15] iBB4 — 777~ decays. This par
guin loop with the top quark dominates, CP violation in the ticular decay has both tree and penguin contributions,
decay can be neglected, and so §dfs the CP violation interpreting measured asymmetries within the Standard
is expected to be dominated by the interference of decaysdel in terms of constraints on the CKM matrix paramet
with and without mixing. Hence in the Standard Model it is without having to rely on model dependent theoretical
expected thatin(23) 4k, =~ sin(2f5)4ks. The two measure-  puts would require integrated luminosities at the B-facto
ments are expected to agree witdMA<) [11], or a few%. of order 10 ab! [16]. This is an order of magnitude larg
But new (s)particles in the penguin loop could modify this, than what is forseen to be accumulated before the sts
making the descrepana9()\) or evenO(oo). Experimen-  the LHC in 2007.

tally these penguin decays are much more challenging, with

the BRBq — ¢(— KTK")K3(— 7t7~)) = 1.4 x 1076,

Both Belle and Babar have reconstructed about 70 events TABLE Il. The asymmetries measured for the decay

consistent with the decdyy — ¢>K‘§. At the 2003 summer By — ntn.
conferences they reported [12] based on a total of 250 fb . Babar Belle
for sin(243) pks: TL 113 o =8 1h
A™* | 0.4040.2240.03 | —1.23+0.417533
Belle: —0.96 4 0.50(stat) 15,17 (syst) A% | 01940.1940.05 | 0.77+0.27 + 0.08

Babar:40.45 + 0.43(stat) 4 0.07(syst)

Fig. 9 summarizes the measurementsiof23 ) of both

the charmonium and s-penguin decays offBe The results
show a tendency ofin(25.¢) of s-penguin decays to devi-
ate from the determination ein(253) from tree processes
by more than what is expected within the Standard Model.
However, the deviation is still not statistically significant.
By 2006 it is expected that the data volume at the B-factories
has increased from 250fh now to 1000 fo .

3 bb-production at the LHC

The Large Hadron Collider (LHC) at CERN will collide prt
tons at a center of mass energy of 14 TeV. The proce
which dominate the production db-pairs can be subdivi
ded in three categories: flavour creation, flavour excita
and fragmentation. Flavour creation proceeds via two to
parton processes of the type-q — b+b andg+g — b+b,
A i.e. the annihilation of light quarks or the fusion of gluo
g.g::igioito.le In flavour excitation &b’-quark from the sea of one pr

079" 0 o = ton scatters with a parton from the other proton, makin
BABAR 02 '

OPAL 98
327,,+05

0.741+0.067 +£0.034
Belle 03

0.733+0.057 £0.028
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Figure 9. Summary of the measurementsiof25.q)) as made
by [13].

Up till now CP violation in the B-system has only been

firmly established in thé& — ccs CP-eigenstates. Apart

o very sensitive to the structure functions which describe

bb content of the proton. The fragmentation category c
tains processes where the b-quarks do not participate i
initial hard parton scattering process, but whlsepairs are
produced via f.i. gluon splitting. The relative contributic
of the three categories have been studies at the Tevatrol
by comparing inclusive b-quark cross-sections with Mot
Carlo models. Fig. 10 shows CDF and DO data on the i
grated inclusive b-quark total cross-section fgr > p&in
in pp collisions at,/s = 1.8 TeV. The data is compared wi
PYTHIA 6.158 [18] using the CTEQAL structure functior
The Monte-Carlo model contributions are split in the th
categories discussed above.

To model thebb-production at,/s = 14 TeV PYTHIA
parameters have been tuned to data at lower energies
the corresponding parameters have been extrapolated
LHC energy. The LHCb collaboration [19] uses PYTH
6.2 with the CTEQAL structure functions, and charged n
tiplicty distributions from CDF and UAS5 to make this extr
polation [20], and obtains that PYTHIA predicts a total ir
lastic cross section of 79.2 mb, andh production cross

from looking for signs of new physics in comparing tree section of 633:b.

and penguin decays as presented above, other fruitful ways

The experiments at the LHC which will exploit t

to check deviations from the Standard Model are to com- largebb production cross section are two central detec
pare the other CKM-angles, and in particular the check: (ATLAS and CMS) and one forward spectrometer (LHC
a+ B+ v = w. As an examplex can be accessed at and will be introduced in more detail in the next section.
B-factories by measuring a charmless CP-eigenstate likemost CP measurements it is necessary to tag the flavo
Bq — mT . Table Il shows the asymmetries measured by the b-quark before it mixes, and hence the experiments
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Apart from a copious production d° and B#, it is
expected that of all B-hadrons produced at the LHC, abou
12% will be By, and about 1% will be beauty baryons.
The design luminosity of the LHC machine is forseen to
bel — 2 x 10%® em~2s™! at the start-up, and after a se-
veral years 034 cm~2s~!. LHCb has chosen to run around
2 x 1032 em~2s™!, to faciliate the triggering and recons-
truction, and to make the radiation damage in the forwarc
region more manageable. Even at this lower luminosity, the
number ofbb-pairs produced at the LHC per unit time ex-
ceed the production at a B-factory by four orders of mag-
nitude. However, apart from these advantages, compare
to the B-factories ther(bb) /o (inelastic) at the LHC is 30
times larger. This, combined with the large luminosity, cre-
ates a challenging experimental environment. The detectol
are subject to radiation damage, and the charged track mu
tiplicity per pp-interaction is typically about 30 within the
acceptance of LHChI(8 < n < 4.9) in events which con-
tain abb-pair. In addition the tagging at LHC is more di-
luted compared to the B-factories, since the b-quarks do nc
evolve coherently, and the tagging B-meson might even be
rapidly ocillatingBs.

e Pythia Total
e=Om==Flavor Creation
=—B=—F|avor Excitation
= = ShowerfFragmentation
A DO Data
B CDF Data

PYTHIA
CTEQ4L

10+

10EHH

Cross Section (ub)

18E4H o

18E482 4

18E43 + t t t
20 25 e 35
PTmin (GeV/c)

t t
10 15 40

Figure 10. Total b-inclusive cross-sectionat = 1.8 TeV as me-
asured by CDF and DO in the central rapidity regjgh < 1, and
compared to the expectation from PYTHIA 6.158 split out in the
different processes discussed in the text.

to detect decay products of both b-quarks in the same event.
Fig. 11 shows the expected correlation between the two b-
quarks in pseudo-rapidity at 14 TeV, and overlaid the accep-

tances of a central detector (ATLAS) and a forward spectro-
meter (LHCb). The only data available on b-production is
in the central region, while LHCb will operate at much large
values of the pseudo-rapidity range. In addition, the corre-

lation between the b-quarks depends on the production pro-

cess, hence increasing the uncertainty in the expected numé]ation in the B-system is included in their scientific pro-

ber of reconstructed and tagged B-events. For the estimate
eventyields at the LHC it is therefor conservatively assumed
that the totabb cross-section is 500b, rather than the 633
b predicted by PYTHIA.

| o
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Figure 11. The correlation between the pseudo-rapiditiesf(the
two b-quarks as expected by PYTHIA in pp-interactions at 14 TeV.
The acceptance of LHCb and ATLAS at the LHC are overlaid.

4 LHC B-
view

physics Experiments Over-

At the LHC there are three detectors in which CP vio-

ram: ATLAS [21], CMS [22] and LHCb [19]. ATLAS
(Fig. 12) and CMS (Fig. 13) are both central detectors, co.
vering—2.5 < n < 2.5 in pseudo-rapidity and optimised for
direct searches of Higgs and supersummetry. Both exper
ments are equipped with full Silicon tracking systems inside
a solenoidal magnetic field, which allows the reconstruction
of B-decay products and measure its proper time. Their firs
level triggers are aimed at reducing the 40 MHz LHC fre-
quency to 50-100 kHz using a combination of muon and jet
triggers from the calorimeters and muon chambers. Thei
B-physics program relies on being able to set thresholds fo
muons low enough to be sensitive to B-decays, while kee
ping the rate of these trigger low compared to triggers aime
at the searches for new particles. Typicallpathreshold
of 6-7 GeV/c is planned for during the first years of LHC
operation at relatively low luminosities. Hence, this trig-
ger selects only B-mesons which are produced with a rela
tively largepr, hence reducing its efficiency as can be seer
in Fig. 10. When LHC reaches its design luminosity, the
thresholds would have to be set too high to remain sensi
tive to B-physics. The muon triggers address especially B
decays which involve) mesons, while hadronic B-decays
are selected by triggering on the semi-leptonic decay of the
tagging B in the first level trigger, and attempting to recons-
truct the hadronic decay in higher level triggers in addition.
The experiments have very limited/ K separation capabi-
lity, which makes them only competitive in channels where
particle identification is not crucial.
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Figure 12. The ATLAS detector, showing.
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Figure 13. The CMS detector.

LHCb is a dedicated experiment for making precise stu

dies of CP asymmetries and rare decays in the b-hadron sys

tem, and its spectrometer is shown in Fig. 14.

Itis a single arm spectrometer covering the rahge<
n < 4.9. It consists of a Silicon Vertex Locator (VELO)
and four Silicon Trigger Tracker (TT) planes before a4 Tm

H. B. Dijkstra

LHC reaches its design luminosity &34 cm—2s~!. LHCI
aims at running at these relatively low luminosities to
too much pile-up, note that 403* cm—2s~! there are ab
20 pp-interaction per crossing, while &t 1032 cm™2s~
80% of the crossings with interactions have only one vi
interactions. Fig. 15 shows a typical B-eventin LHCb.

that most of the low momentum secondaries are trap
the magnetic field inside the magnet, where no sensiti
ments are placed. On average LHCb reconstructs 26
with hits in both the VELO and T1-T3.

5m

10m

Figure 14. The LHCb detector, showing the VELO, TT and
tracking elements. The 4 Tm di-pole magnet, RIGE2] the cal
rimeter system and the muon chambers.

f

di-pole magnet. The tracking system behind the magnetrigyre 15. The typical event in LHCb as produced by GEAN
consists of three multi-layer chambers (T1-T3), each cham-

ber consisting of four Silicon planes close to the beam-line,  Wwhat sets LHCb apart from the general purpose
surrounded by eight layers of 5 mm diameter straw tubes.tors ATLAS and CMS is especially the VELO, its trig
Two Ring Imaging Cherenkov detectors (RIC&2) pro-  scheme, and the RICH detectors, and these will be p
vide /K separation over the momentum intergak p < ted in some more detail in the next sections.

100 GeV/c. The calorimeter system consists of a Scintil-

lating Pad Detector (SPD) to distinguish charged particles

from photons, a Pre-Shower (PS), an Electromagnetic Calo-5  Vertex Detection

rimeter (ECAL) based on the Shashlik type, and a Hadro-

nic Calorimeter (HCAL). Behind the calorimeter four Muon To detect the B-decay products, reconstruct the primal
Chambers (M2-M5) provide muon reconstruction and iden- tex and measure the proper time of the B-mesons al

tification capability, while M1 is used to improve the mo-
mentum resolution in the first trigger level. The lew in-
sertion at the LHCb interaction point allows LHCDb to run at
luminosities betweel — 5 x 1032 cm—2s~!, even when the

experiments utilize Silicon sensors close to the inter:
region. The CMS tracking system [23] encompassed
of 210m? of Silicon strip sensors, read-out vi@” char
nels. The core of the tracking system consists of S
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pixel detectors (see Fig. 16), arranged in three barrels within Roman-pots, and are separated from the LHC vacuum b
44 < radius < 102 mm and end-caps. The size of the a 250um thick Al-foil.

45.108 pixels is150 x 150 pum?, which, using charge di-
vision, provides a resolution of abol2 um in r¢. The
ATLAS tracking system [24] consist @5 m? of Silicon
strip sensors, read-out with x 10 channels. Like CMS,
ATLAS has chosen to cope with the large track density and
high radion damage close to the interaction point with a sys-
tem of pixel detectors, as is shown in Fig. 17. It consist of
three barrel layers between 5-13 cm radius, which contain
80 x 106 pixels of50 x 300 ym?, complemented with end-
caps. The binary read-out provides abd2ium resolution

in re.

Figure 18. Schematic of the LHCb VELO.

Excellent proper time resolution is not only required
to distinguish B-meson decays from a large combinatoric
background, but is also essential to resolve the fast os
cillation of By mesons, which is expected to em, =
18.3 & 1.7 ps~! [3]. The value ofAm, can be measured
in B — D; 7w decays, and the proper time resolution ex-

pected for this decay in ATLAS, CMS and LHCb is 70 s
\% 65 ps ! and 40 ps! respectively. Fig. 19 shows the proper
time distribution ofB; — D, n* candidates as simulated
and reconstructed by LHCb for two different assumptions
Figure 16. Schematic of the CMS pixel detector. of Am,. Based on one year of data LHCb is expected ta

be able to make a five standard deviation observatidd,of
oscillation up toAmg = 68 ps~' [19]. If Am, turns out

to be close to its the Standard Model expectation, LHCE
should be able to measure it within a few weeks of running.
The corresponding reach for the equivalent of one year o
ATLAS [26], i.e. 10 fo!, is 22.5 ps!. The difference in
reach is not only driven by the superior impact parametel
resolution of LHCDb, but also by the much larger statistics
which can be accumulated by LHCb for this channel due tc
its trigger, which will be described in the next section.

e

\\\ ATLAS PIXEL DETECTOR

Disk detector arrays Barrel detector arrays

Figure 17. Schematic of the ATLAS pixel detector.

g 300— )
2 LR
The forward geometry of LHCb is covered close to “ Wy
the interaction region with 0.23 frof Silicon strip detec- 200~ ‘ 1
tors [25], read-out by 170k channels. There are two types of K, Amg =15 ps
sensors, sensors with strips at constant radius (R-sensors 00— ¢ ‘ ,
and sensors with quasi radial stripg-¢ensors). An R- "< W

and®-sensor form one half-station, and the 42 half-stations

are arranged perpendicular to the beam-line as is shown ir 2 300
Fig. 18. The strip pitch and length varies as a function of the
radial position of the strips, with strips close to the beam-line 200
having a pitch ofl0 xm and being only 6 mm long. Using

charge division a resolution down Toum is obtained. The 100
sensitive area of the sensors starts at only 8 mm from the
beam-line, resulting in a radiation dose several times larger 9 Ll D
than what is expected in ATLAS and CMS, despite the much 0 1 2 8 4 5 6 {(ps)
reduced luminosity. Itis forseen to replace the sensors eVeNfigure 19. Proper time distribution &, — D7+ candidates
few years. The aperture required by the LHC beam during corresponding to one year of LHCb operation. Only those event:
injection requires the sensors to be retracted to a distance ofre shown which have been tagged as having not oscillated.

3 cm from the beam line, and hence the sensors are placed

Even
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6 Triggering on B-mesons Due to a combination of their large mass ardb-hadrons

decay to give a largé& lepton, hadron or photon. Level
Table Ill gives an overview of the different strategies utilised reconstructs:
by the three experiments to reduce the LHC 40 MHz clock
frequency to the few hundred Hz of events which will be e the highestEr hadron, electron and photon clust

written to storage. in the Calorimeter,
Both ATLAS [27] and CMS [28] use the first hardware h high inthe M ch
based trigger level to reduce the rate<t@00 kHz, by re- * Egrtso the two highespr muons in the Muon Charr

quiering a muon or two muons to be present with sufficient

pr. The actuapr thresholds which will be applied for the  \yhich information is collected by the Level-0 Decisi
B-physics trigger will depend on the available band-width it to select events. Events can be rejected base
for these triggers at the different luminosities. Thresholds global event variables such as charged track multiplic
which still give a competitive efficiency in the range 4-14 ;.4 the number of interactions, as reconstructed by
GeVic for the single muon trigger can only be employed for pjje_p system, to assure that the selection is based
low luminosities around 0** cm—?s~" during the start-up  gjgnatures rather than large combinatorics, and that t
phase of the LHC, or maybe at the end of afill. Based on the g\ ents will not occupy a disproportional fraction of the de
hardware trigger ATLAS defines Regions-of-Interest (Rol), fow bandwidth or available processing power in subseq
and the data inside a Rol is transferred to a CPU for f“”hertrigger levels.

selection. Full event building is then performed at a rate of 1
kHz, after which High Level Trigger (HLT) algorithms make
the final selection to reduce the rate to 100 Hz. CMS per-
forms full event building already at a rate of 100 kHz, which
is reduced at start-up to 50 kHz. Their HLT first performs a
pre-HLT, based on the information from the hardware trig-
ger, to reduce the rate at which full track reconstruction can
be performed for the final selection of the about 100 Hz of
events written to storage.

TABLE llI. Overview of trigger strategies of ATLAS, CMS and
LHCDb for triggering on B-mesons.

ATLAS CMS LHCb P
Rate 40 MHz 40 MHz 40 MHz —
Data 4y uft o | s ey, h o e -
Type Hardware Hardware Hardware - . : Lo
Rate 1MHz percrosng. || S ! i
Data . VELO, TT' Calorimeter Triggers
first level objects || Highest E clusters:
Type CPU-farm hadron, e, y, T
Rate 70 — 100 kHz | < 100 kHz 40 kHz SPD-multiplicity
Data Rol Full event Full event ]
Type CPU-farm | CPU-farm CPU-farm Muon Trigger
Algorithm Seed based | Seed based Seed based —| Two highest ¥ = 1
Rate 1kHz variable < 20 kHz Py muons bo _?S“f?'on Level-1 —
Data Full event Full event Full event Lgl—trigglgfs ggrctsrion Storage
Type CPU-farm CPU-farm CPU-farm L
To FE R tS
Storage 100 Hz 100 Hz 200 Hz
40 MHz — Level-0—1MHz Level-1 — 40kHz HLT-—200 Hz
The LHCDb [29] trigger is dedicated to select B-mesons, Figure 20. Schematic of the LHCb Trigger System.

and hence aims at being able to trigger on relatively small

pr hadrons, leptons or photons with high efficiency. Fig. 20

shows a schematic of the LHCDb trigger system. The LHCb The implementation of the calorimeter trigger is ba
trigger is subdivided in three trigger levels, called Level- on forming clusters by adding ther of 2x2 cells on the
0, Level-1 and HLT. The LHC beam crossing rate of 40 FE-boards, and selecting the clusters with the largést
MHz contains about0 MHz of crossings with visible pp-  Clusters are identified as g,or hadron depending on tt
interactions at the LHCb luminosity, and the hardware trig- information from the SPD, PS, ECAL and HCAL. Tliger

ger is used to reduce this rate to a rate at which in principle of all HCAL cells is summed to reject crossings without
all sub-systems could be used for deriving a trigger decision.sible interactions. The total number of SPD cells with a
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are counted to provide a measure of the charged track mul-aims at confirming the Level-1 decision with better resolu-
tiplicity in the crossing. tion, followed by selection algorithms dedicated to either
The muon chambers allow stand-alone muon reconstruc-select specific final states, or generic cuts to enrich the B
tion with ap resolution 020%. Track finding is performed  content of the events written to storage. The total CPU farn
in the five muon stations by combining the strips and pads towill contain about 1800 nodes, and the L1 and HLT algo-
form towers pointing towards the interaction region, and the rithms will use about5% and25% of the available com-
two muons with the largegit in the crossing are recons- puting resources respectively. The remaining resources a
tructed. used to fully reconstruct events accepted by the HLT, in-
The Pile-Up system aims at distinguishing between cros- cluding the particle identification, before being written to
sings with single and multiple visible interactions. It uses storage. Fig. 22 shows the efficiency achieved by LHCh
four R-sensors of the same type as those used in the VELOor some representative channels by the Level-0 and Level-
to measure the radial position of tracks, covering2 < triggers, measured for events which pass the off-line selec
n < —2.9. The Pile-Up system provides the position of the tion cuts, which have been tuned to achieve sufficient back
primary vertex candidates along the beam-line and a mea-ground rejection. It is expected that the HLT trigger will
sure of the total backward charged track multiplicity. reach nearly 108 efficiency. Fig. 23 shows the expected
The Level-0 Decision Unit (LODU) collects all informa-  annual un-tagged event rates after trigger and off-line selec
tion from Level-0, and with simple arithmetic combines all tion cuts.
signatures into one decision per crossing. The expected yield for 10 fo' by ATLAS and CMS for
At the 1 MHz output rate of Level-0 the remaining ana- Bs — ¢(— putu~)¢(— KTK™), a channel which is fa-
logue data is digitized and all data is stored for the time voured by the first level trigger, is 100k and 84k events res
needed to process the Level-1 algorithm. The Level-1 al- pectively. The corresponding annual event yield of LHCb is
gorithm will be implemented on a commodity processors 100k events. For channels which do not contain muons th
farm, which is shared between Level-1, HLT and offline re- LHCDb trigger provides a large advantage, since it can als
construction algorithms. The Level-1 algorithm uses the in- trigger on hadronic final states. ATLAS and CMS can only
formation from Level-0, the VELO and TT. The algorithm trigger these events in their first trigger levels via a semi-
reconstructs tracks in the VELO, and matches these trackdeptonic decay of the tagging B-meson in a muon. ATLAS
to Level-0 muons or Calorimeter clusters to identify them and CMS expect foB; — D; (— KTK~7~)r™ a yield
and measure their momenta. The fringe field of the magnetof 3.3k and 0.15-5.5k events respectively. The large rang
between the VELO and TT is used to determine the mo- of the yield of CMS reflects the range in threshold settings
menta of particles with a resolution of 20-40%. Events are of the first level trigger, which will depend on the allowed
selected based on tracks with a laggeand significant im-  bandwidth for B-physics. The corresponding annual yield in
pact parameter to the primary vertex. Fig. 21 shows the sumLHCDb is 80k events, however the ATLAS and CMS events
of log(pr) of the tracks with the largesir in the event,  will nearly all be tagged because of the first level trigger se-
and the sum of log{/c,), their impact parameter signifi- lection on the muon. The correspondin tagged LHCb yield
cance, as determined by the Level-1 algorithm. The maxi- will be 44k events, still an order of magnitude larger.
mum Level-1 output rate has been fixed to 40 kHz, at which At one of the B-factories the yield iBq — ¢ (—
rate full event building is performed. The implementationis n*n~)K$ so far is about 2k events. The corresponding an-
easily scalable to allow the inclusion of stations T1-T3 and nual yield expected in LHCb will be 220k events. Similarly

M2-M5, which will improve the Level-1 performance. the expected rate fd8, — = +tx~ at a B-factory so far is
200 events, while LHCb expects 26k events per year. Henc
B, 11t B.. DK due to trigger and acceptance losses the four orders larg

bb production in LHCb has been reduced to about two or-
ders of magnitude of useful events. For final states whict
require tagging, the B-factories have the advantage that th
B-mesons evolve coherently, and that there is no spectat
background in the event. As a consequence the effectiv
tagging efficiencye. s = €taq(l — 2w)?2, wheree,,,, is the
efficiency to tag an event andis the mis-tag probability, at
the B-factories is 2%, while in LHCbe. ¢ is arounds%.

Zlog(d/ o)
Zlog(d/ oy
P

P N = U S, J
=

-1

“10 1‘1 1‘2 f3 f4 fs fs f7 fa fg 20 “10 fi fz fs f4 fs fe f7 fs fg 20
Zlog (p,) Zlog (p)
Figure 21. Distributon of off-line selected signal events (closed . .
squares) and minimum bias events (open squares) in the plane of ~Hadron Identification
the two discriminating variables used by the LHCb Level-1 trigger.
Figure 24a shows the momentum distribution of the pion
The HLT will have access to all data. Level-1 and HLT with the highest momentum froBy — 77~ which is
event building share the same network. The HLT and Level- within the angular acceptance of LHCb. Similarly Fig. 24b
1 algorithms run concurrently on the same CPU nodes, with shows the momentum distribution of kaons originating from
the Level-1 taking priority due to its limited latency budget the decay of the tagging B via the cascade> ¢ — s. Des-
of 58 ms. The HLT algorithm starts with a pre-trigger, which pite the fact that LHCb will operate with pp-interactions



1304 H. B. Dijkstra
Efficiency % Yield/year x 1000
c o & 3 &8 8 -~ & o o
T T
K7 K
KK KK
D.K DK
D' D'r
DK® DK*
NP @
‘44 o4
3/ W(p)Ks ! J//qu(&lﬁ)ﬁ
J/ V() J/ V()K"
3/ (p)K J/W(up)K*
J/ W (p)n(yy) J/ W) (yy)
WK e
J/y(ee)Ks J/v(ee)Ks
T sAv
Ky Ky

Figure 22. Efficiency of the first two trigger levels in LHCb for

Figure 23. Annual event yields expected by LHCb for some rep

sentative channels.

events which are accepted by the off-line reconstruction. For each |
channels the Level-0, Level-1 and combined efficiency is given.
yisg 300 - (a) B— mrm decay
S 200
Q L
<
E 100 -
Q_4 |-
° ) [ nn ol nn b
at 14 TeV, the momentum of the tagging kaons which tra- © 0 50 100 150 200
verse the spectrometer starts around 1 GeV. LHCDb is equip- '@ 50
ped with two RICH detectors [30, 19] to provide/K/p =] L (b) tagging kaons
identification over a momentum range of 2 to 100 GeV/c. Z 60 -
RICHL1 is located before the magnet, and uses Aerogel and r
C4F19 as radiatiors, which provide positive kaon identifica- 40 B
tion above 2.0 GeV/c and 9.3 GeV/c respectively. RICH2 is 20
sandwiched between the T3 tracker and the calorimeter, and E | | |
its CF, gas threshold for kaons is 15.6 GeV/c. The photons L T

are reflected and focused outside the LHCb acceptance by
spherical mirrors, and the total area to cover with segmen-
ted photon detectors is 2.6%m The typical segmentation
required at the focal plane &5 x 2.5 mm?2, and will be
equipped with Pixel Hybrid Photon Detectors [31].

Momentum (GeV/c)

Figure 24. Momentum distribution of a) the pion with the highe
momentum fromB4 — 77~ and b) tagging kaons in the LHCE
acceptance.
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Figure 25. Event display of the RICH1 performance, showing the

detected photons, the rings reconstructed for tracks which traverse

the whole spectrometer (full lines), and the rings of local tracks
(dasked lines).

Particle identification is performed by constructing a
global likelihood including all tracks which have been re-
constructed and the observed photon rings in the two RICH
detectors. Fig. 25 shows an event display of a typical event,
with the result of the reconstruction overlayed. The hadron
identification performance of the two RICH detectors is il-
lustrated in Fig. 26, which shows the invariant mass dis-
tribution of two oppositely charged pions with the RICH
information taken into account. Neither ATLAS not CMS
are equipped with dedicatey K separation detectors, and
hence the signal from all the two-body decays of b-hadrons

cannot be distinguished on an event by event basis. Fig. 27

shows the invariantr™7~ mass distribution of ATLAS,
where the signal is dwarfed by background, coming mainly
fromBy — Kt7n—, By — «tK—, B, — KtK—, and
Ap — pr~ or pK—.

8 Expected Asymmetry Sensitivities

The B-factories achieved a sensitivity of around 0.07 in
sin(23). All three LHC experiments expect to be able to

get a precision of around 0.02 in this asymmetry after one
year of running. Babar and Belle have measusgt}*

and Adr__ with precisions between 0.2 and 0.4 based on
all their accumulated data so far. LHCb is expected to me-

asure these asymmetries with a precision around 0.06 base

on one year data taking. But more importantly, at the LHC
one can access also tBg decays. Combining the asymme-
tries measured By — 77~ with its U-spin symmetric
equivalentB;, — KTK~, and assuming U-spin symmetry,
allows LHCb to extract the angtewith a precison oft —6°,

again based on the yield of one year. Time-dependent decay

asymmetries i3, — DFK* will yield o(y) = 14 — 15°,

1305

without theoretical assumptions. Another promising chan-
nel to determine without theoretical uncertainty is to study
the time-integrated rates &; — D°K*Y, B4 — DOK*?
andByq — D2,K*0. Despite the small yield, i.e. only 600
By — D2LK*0, o(y) = 7 — 8° is the expected precision,
since these modes are flavour specific, and therefor do n
require tagging. It must be noted that each of these thre
ways of measuring will be differently affected by physics
beyond the Standard Model. The experiments have been d
signed to collect data for many years, hence allowing the
angles of the CKM triangle to be determined with a preci-
sion of a few degrees.

1000

Counts

300

600

400

200

| | L J |
515 52 525 53 535 54 545 5.;
GeVic

?05 5.1
n'n invariant mass
Figure 26. Invariant mass of "7~ making use of the RICH in-

formation in LHCDb. The remaining background is indicated with a
dark shading.
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Figure 27. Invariant mass af" 7~ in ATLAS.
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9 Conclusion

(6]

The first generation of CP violation experiments in the B-
system, Belle and Babar at the B-factories, constrain the

CKM

matrix already considerably. The search for new phy- 7]

sics beyond the Standard Model requires much larger statis-

tics, combined with the study of other B-meson decays than
those accessible at the B-factories, liRg-decays. Three

(8]

experiments are under construction to exploit the copious

production of all B-flavours at the LHC: ATLAS, CMS and

(9]

LHCb. While ATLAS and CMS have been designed to per-
form direct searches for Higgs and supersymmetry, LHCb [10]
is a dedicated experiment aimed at studying CP violation in
the B-system. ATLAS and CMS are expected to contribute [11]
by measuring asymmetries mainly in channes with leptons

in the final state for the first few years of LHC operation

at luminosities an order of magnitude lower than the design

luminosity. LHCb combines:

(13]
(14]
(15]

a dedicated trigger system,
excellent proper time resolution,
good tracking,

ability to identify charged and neutral hadrons, mu- [16]
ons, electrons and photons,

[17]
(18]
[19]

acceptable background rejection and

adequate flavour tagging performance

in pursued of identifying new physics.

[20]
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