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ABSTRACT

The large number of bb events at LHC will offer the possibility to study C'P violation in the
B system. The two general purpose detectors ATLAS and CMS, primarily designed to study
high p;-phenomena, are capable of doing B-physics and the possibility of measuring C'P has
been investigated by both collaborations. We discuss the potential of the two detectors for
the measurement the angles alpha and beta of the unitarity triangle during the initial low

luminosity phase of the LHC.

1 Introduction

The coupling between up- and down-type quarks is de-
scribed by the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix [1]. The precise determination of elements of this

matrix is one of the primary goals of heavy-flavour physics.

In the Wolfenstein parametrization [2] the matrix is
written approximately as
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Only V, and V34 have a complex phase in this parametri-
sation and are therefore the relevant terms which could
produce C'P violation. The unitarity of the CKM ma-
trix implies a relation between the elements

Var + Via = AV (2)

which can be represented as a triangle in the p —n com-
plex plane, with the three angles «, 3, , see figure 1. In
principle all three angles of this unitarity triangle are
accessible to direct experimental measurements. Here
we will concentrate on the measurements of the angles
a and S.

There are a variety of ways in which CP can be
violated in the B system leading to I'(B® — f) #
['(B° — f). The measurable decay rate asymmetry

L(B = f) —=T(B® = )

A= B S B o D )

depends on the angle of the unitarity triangle. For ex-
ample, A ~ sin2f for B} — J/¢YK? and A ~ sin 2« for
BY — ntr.

Both time-integrated and time-dependent mea-
surements of this asymmetry can be performed. The

time-dependent measurement is done using the posi-
tion of the reconstructed decay vertex of the B meson.
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Figure 1: Unitarity triangle of the CKM matrix with
current constraint.

2 B Physics at the LHC

The initial luminosity of LHC is expected to be 1032
to 1033 cm~2s7!. B-physics studies will be easiest at
this initial luminosity, where pile-up effects are small
and vertex detectors very close to the beam pipe are
expected to survive for several years.

For this study, we assume a center-of-mass en-
ergy of /s = 14 TeV and an integrated luminosity of
10* pb~!, corresponding to 107 seconds at a luminosity
of 103 cm 257!, In this regime, we expect from 1.5 to
2 underlying events per bunch-crossing.

There is a large uncertainty in the estimation
of the production cross-section of bb at LHC. For this
study we used o5 = 500 ub. The fraction of bb events
at the LHC is thus 0,5 /00t = 0.5%. With such a cross-
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section, we anticipate about 5x10'2 bb events/year (107 s).

The experimental difficulties are the high rates
and the large associated multiplicities. What is needed
is a powerful trigger system to select the interesting
modes, detectors with high granularity, high-resolution
vertex detectors, efficient track reconstruction and good
momentum resolution.

3 Detectors

The two general purpose detectors CMS and ATLAS
are extensively described in [3] and [4]. Both detectors
are designed to take full benefit of the lower luminosity
(10%3 cm~2 s71) to study B physics.

The basis of the CMS detector is a long (13 m) su-
perconducting solenoid with a 6 m bore and a uniform
4 T field, containing the inner tracker and all calorime-
try. The most distinguishing feature of the ATLAS de-
tectors is its large air-core toroid muon spectrometer.
Inside the air-core muon spectrometer is the calorimeter
system. The inner tracking detector is located in 2 T
solenoidal magnetic field provided by a superconducting
coil that sites in front of the electromagnetic calorime-
ter. ATLAS and CMS overall lengths are 44 m and 21 m
approximately, and their diameters are 22 m and 14 m
respectively. Both detectors have very good momentum
resolution: Ap,/p; for tracks with p; = 100 GeV is 2%
for ATLAS and 1% for CMS.

The two detectors have foreseen high-resolution
vertex detectors for B-physics. The main weakness of
the two detectors for B physics compared to dedicated
B physics experiments is that they have no hadron iden-
tification.

ATLAS and CMS are using the centrally pro-
duced b’s while LHC-B [5], a dedicated B-experiment
at the LHC is using forward b’s.

4 Measuring sin2(

To determine the angle 8 of the unitarity triangle the
most appropriate decay channel is B — J/¢pK? fol-
lowed by J/v — €74~ ({ = p,e) and KO — 7F7—, as it
is a C'P eigenstate, and has the cleanest signature and
the most tractable background. Further advantages are
the relatively high branching ratio and the fact that
triggering on J/v¢ — (70~ is relatively easy. Recent
CDF results are most encouraging in this respect [6].

The experimentally measurable time-integrated asym-

metry for this decay channel is related to sin 20:

D(By = J/YK]) —T(Bg = J/YKY)

A _
L(By — J/YKQ) + (B — J/$KY)
— sin28-D.—Fd _
= sin28-D I, xi (4)

where D is the dilution factor and z4/(1 + 232) is a
factor due to time-integration (x4 has been measured
to be 0.71 [7]). The reconstructed BY meson is tagged
as having been produced as a B} or a BY using the

charge of lepton (e,u) from the semileptonic decay of
the associated b.

4.1 Trigger and Event Selection

In principle there are 3 possibilities:
(i) muon-tag with J/v — utu~
(ii) muon-tag with J/¢) — ete™

(iii) electron-tag with J/v — ptpu~

The ATLAS collaboration has investigated all three pos-
sibilities, while in CMS the electron modes are under
active study and only the mode J/¢) — putpu~ with p-
tag is included here.

CMS:

The trigger is provided by two low-p; muons with rapidity-
dependent trigger thresholds: p}' > 4.5 GeV for 0.0 <
In] < 1.5, p}' > 3.6 GeV for 1.5 < || < 2.0 and
pl > 2.6 GeV for 2.0 < |n| < 2.5 The third muon is
required to reach at least the first muon station. The
following further cuts are applied to all events:

e 7’s from K? within [n™| < 2.4 and pf > 0.7 GeV

e K? decay length in the transverse plane between
2 and 40 cm, to avoid problems due to pattern
recognition

e The reconstructed invariant masses of J/¢, K? and
BY must lie within +20 of their known masses

o tag muon with p; > 4 GeV

The reconstructed masses have the following resolu-
tions: 16 MeV for J/1, 8.6 MeV for K0 and 12 (22) MeV
for BY with (without) mass constraints [8]. To obtain
the expected number of events in addition to the trig-
ger efficiency and the geometrical acceptance, a track
reconstruction efficiency of 95% for triggered muons and
90% for the third muon is considered. The K? recon-
struction efficiency in the case of 2 m’s from K? with
p; > 0.7 GeV folded with their momentum distribution
is on average 35% [8].

ATLAS:

ATLAS is triggering at the first-level on a single muon
with |n| < 2.2 and p; > 6 GeV. In addition, the second-
level trigger requires at least one of the following: (i)
an ete” pair with pf > 1 GeV, (ii) an additional muon
with p}° > 5 GeV and |[p*| < 2.5 or (iii) an electron
with p; > 6 GeV and |n| < 2.5. The total trigger rate
for this three triggers is about 1 kHz. The electrons are
identified in the ATLAS TRT. In the case J/¢ — utp~
both electron tags and muon tags are used. The follow-
ing cuts are applied to all events at analysis level:

e 7’s from K? within ™| < 2.5 and pJ > 0.5 GeV

e K? decay length in the transverse plane between 1
and 50 cm
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e tag lepton p; > 5 GeV for muons or p; > 6 GeV
for electrons

e the J/1K? system is required to have a mass within
a +20 of the known BY mass and a proper decay
time must exceed 0.5 ps

Fig. 2 shows an B — J/YK? — ete~mtn~ event
with an electron tag reconstructed in the ATLAS Inner
detector.
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Figure 2: BY — J/¢YK? — eTe nTm~ event recon-
structed in the ATLAS Inner detector.

For u-tagged J/1¢ — eTe™ decays, a tag muon
with p; > 6 GeV and |n| < 2.2, and two electrons with
pt > 1 GeV were required. For u-tagged J/v — ptu~
decays, a tag muon with p; > 5 GeV, and two other
muons with p(ut) > 5 GeV, p:(u?) > 3 GeV were re-
quired; in addition, one of the three muons was required
to satisfy the trigger, having p; > 6 GeV, |n| < 2.2. For
electron-tagged J/v) — ptu~ events, a tag electron
with p; > 5 GeV, and two muons with p;(u!) > 6 GeV,
In(ub)] < 2.2, and p:(u?) > 3 GeV were required.

The K? mass resolution is in the range of 3-8 MeV
for transverse decay lengths of 1-50 cm. The average re-
construction efficiency is 91% and the background un-
der the K? peak is 6% [9]. The reconstructed .J/t¢> mass
has a resolution of 27 MeV and the resolution of the re-
constructed BY is 18 (35) MeV with (without) mass
constraints [10]. To calculate the expected number of
events a reconstruction efficiency of 80% for leptons and
95% for pions is taken into account.

4.2 Tagging and Dilution

The flavour of the produced BY is tagged by the charge
of the lepton produced in the semileptonic decay of the
other b-quark in the event. However this tagging is not
fully efficient and the measured decay asymmetry is af-
fected by dilution effects. The dominant contribution
to dilution is from oscillations of By or BY before decay-
ing to leptons and from cascade decays. The dilution
factor due to mixing can be written as:

1
Dmix: A
Xi:p T (5)

where p; are the production rates for B*, BY, B? and
Ay. With p* : pg:ps : pa = 0.38 : 0.38 : 0.14 : 0.1,
g = 0.71 and z; = 10.0, the dilution factor due to
mixing is Dpix = 0.73.

The dilution factor Dyag can be defined as: Doy =
1 — 2w, where w is the fraction of wrong tags. Sources
of mistags are:

e cascade decays (b — ¢ — £)
e muons from additional b’s and ¢’s

e hadron decays (K,r decays) (for muons)

punch-through (for muons)
e conversions and Dalitz pairs (for electrons)

Fig. 3 shows the fraction of wrong sign muons plotted as
a function of the p} cut for various sources of mistags.
The major contribution to w is cascade decays. The
contribution from punch-through, hadron decays and
from conversions is small. The fraction of mistagged
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Figure 3: Fraction of wrong tags as a function of the
pe-threshold of the tagging muon.
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events depends on the requirements placed on the asso-
ciated lepton, the purity increases with increasing p;.

The presence of background introduces a third
dilution factor Dbackground = NS/(NS + NB), where
Ng and Ny are the number of signal and background
events.

The dilution factor in equation 4 can be written
as: D = Dy - Dtag : Dbackground

4.3 Background

The background for this channel is dominated by acci-
dental coincidences between a real J/1 and a K? from
fragmentation. The backgrounds from B* — J/¢K**+ _
and B® — J/9K*? peak below the signal mass peak. pp > bb > @9 + BY + X
The signal to background ratio is about 1 : 10. Fig. 4 L anp K> prpmmt|
shows the reconstructed mass distributions (signal and

background) for CMS and ATLAS. % 2000 [~ ptag > 5 GeV/c =
2 ) CMS
ele s - 0.7 GeV/ — —
4.4 Expected Sensitivity S P> el 0=12MeV
The st.at.istical error on sin 2 for the time-integrated & 1500 F AT < 2.4 _
analysis is calculated as: I '
1 g - 104 pb_l Oy 16 MeV —
0(sin2p) = 6 L Op: 22 MeV
( ) D-z4/(1+423) - VNiot ®) 1000 = Og: 12 MeV

with mass const.

The results of the time-dependent and time-integrated -
J/YK? analyses are summarized in Table 1. It has to

be stressed out that the electron tag in CMS is under 500
investigation and is not included yet. The theoretical

and systematical error is of the order of 1%.

0 |
| Parameter | CMS | ATLAS | 4.8
BR[BY — J/¢K] 33x10° % [ 375 x 102
Nlu-tag, J/¢p — eTe™] - 10120 = 7000¢
Np-tag, J/v — ptp~] 8000 6590 2 5
Nle-tag, J/v — ptu] - 5680 o %0%0r
N (signal) 8000 22390 2
N (background) 800 2590 2 5000 ATLAS
N (total) 8800 24980 S 0ol 0 =18 MeV
Dbackground 0.91 0.90 L r
Dtag ' Dmix 0.53 0.56 [
d(sin 23) time-dep. 0.045 0.018 30007
§(sin 23) time-int. 0.048 0.020 i
2000 |
Table 1: Sensitivity to sin 23 for 10* pb~". 1000}

5 Measuring sin2q
The most promising channel for the measurement of the

angle a of the unitarity triangle is B — 7t7—. The Figure 4: BY — J/1K° in CMS and ATLAS
trigger of such events is provided by the semileptonic T s '
decay of the associated b-hadron in the event which is
used to tag the flavour of the produced BY. The time-

integrated asymmetry A for this decay channel is:
Nt —-N- Tq

=——=D-——— -sin2 7

N N T+a2 sin 2« (7)
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where N* and N~ are the number of reconstructed
events with positively and negatively charged tagging
muons and D is the dilution factor discussed in sec-
tion 4.2.

The study of this decay channel is experimentally
more difficult than for B} — J/¥K? because one lacks
the clean signature of the leptonic J/v¢ decay.

The first level trigger for this analysis is an in-
clusive muon trigger with p; > 9 GeV and || < 2.4 in
the case of CMS and p; > 6 GeV and |n| < 1.6 in the
case of ATLAS. In addition the ATLAS second level
trigger requires an unlike-charge pair of particles with
p: > 6 GeV and with the sum p; of the two particles
larger than 15 GeV.

The branching ratio for the decay BY — 7m—
was assumed to be 2 x 1075,

5.1 Background and Event Selection
Without particle identification the largest background
is from two-body B-meson decays when the charged
hadrons are assigned pion mass. One has to rely on
mass resolution to suppress this background. In par-
ticular, the decay B} — K peaks just below the BY
mass, while the decay B? — K is just above. The
decay B? — KK is peaked on top of the signal; how-
ever, the smaller BY production probability suppresses
this background. An asymmetric contribution comes
from the decay Ay — pm. Other quasi-two body decays
like B — pm, BY — K*m, B — Kp and Ay, — Kp
contribute less than 1%. Fig. 5 shows the contribution
from the two-body decay backgrounds. In CMS the re-
constructed mass has a resolution o = 25 MeV and in
total the two body decays contribute to a background
to signal ratio, B/(S + B), of ~ 45% in a mass win-
dow of +£1o0. In ATLAS the 77~ mass resolution is
50 MeV.

The combinatorial background adds an almost
flat background contribution, which is around 10% of
the total.

All other sources of background are highly sup-
pressed using the following selection criteria: [8, 9]
CMS:

e two opposite-sign hadrons with p!' > 5 GeV within
In| <2

e distance between the two pions AR < 1

e isolation I < 0.1, where I is defined as the ) p;
of the hadrons within a cone AR < 1 around the
BY direction, normalized to the p; of the B can-
didate (only charged tracks with p; > 2 GeV are
considered and the two pions are not included in
the sum)

e impact parameter significance d/oq > 2 for each
pion, where o} is the impact parameter resolution

e a < 100 mrad where « is the angle in the transverse
plane between the direction defined by the primary
and decay vertex and the reconstructed 7 sum-
momentum

ATLAS:

e two hadrons with p; > 6 GeV and sum p; larger
than 15 GeV

e scaled impact parameters of the two pions d/o; > 3

e angle between the reconstructed B-meson and the
line joining the primary and secondary vertices in
the transverse plane < 6°

o transverse decay length > 300 um

e distance of closest approach of the two particles
< 55 pm

Fig. 6 shows the invariant mass distributions for the sig-
nal and background after all cuts for CMS and ATLAS.
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Figure 5: B — 77~ mass resolution and 2-body decay
backgrounds.

5.2 Expected Sensitivity

The results of the time-dependent and time-integrated
BY — w71~ analyses are summarized in Table 2. It
can be seen, that performing a time-dependent mea-
surement, will improve the sensitivity. Theorectical un-
certainties in this measurement are larger than in the
case of sin23 because of contributions from possible
penguin diagram decays.
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Figure 6: B} — 777~ in CMS and ATLAS.
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Parameter | CMS | ATLAS |

N[By — 7] 4300 7120
N[Bg — K] 1525 2890
N[Bs; - KK] 1250 1070
N[Bs — K] 510 1495
other backgrounds 215 1585
N (background) 3800 7040
N (total) 8100 14160
Dbackground 0.47 0.50
Dyag * Dimix 0.57 0.56
d(sin 2a) time-dep. | 0.070 0.043
d(sin 2a) time-int. | 0.050 0.047

Table 2: Sensitivity to sin 2a for 10* pb~1.

6 Summary

Both collaborations, ATLAS and CMS, studied the pos-
sibility of measuring C'P violation. Even without par-
ticle identification they perform well for B — 7 m—
thanks to their good mass resolution and are are able
to compete with dedicated B physics experiments in the
channel B — J/YK?.
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