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The need for a B physics programme at the LHC to make a thorough study of CP violation is presented. The
experimental attributes relevant for B physics of ATLAS, CMS and LHCb are discussed. Some example topics in

the BS and B? sectors are given.

1. Introduction

CP violation arises naturally within elec-
troweak theory, where it enters as an imaginary
phase in the quark mixing matrix. Experimen-
tally, however, it is one of the least constrained
phenomena in particle physics. It has been ob-
served in the kaon system, but the small size of
the effects and the accompanying hadronic uncer-
tainties mean that these measurements are inad-
equate for confirming the Standard Model expla-
nation. Measurements of new CP violating ob-
servables are required to test the broad validity
of this description, to provide insight into other
open questions of the quark sector, such as why
is there an extreme mass hierarchy, and to search
for new physics. New physics is not in general
expected to be CP conserving, and its presence
therefore would generate inconsistencies in the in-
terpretations of CP violating phenomena made
within the Standard Model. Indeed, suggestions
that such effects may exist come from cosmol-
ogy. The observed matter-antimatter asymmetry
in the universe requires CP violation, but at a
higher level than that expected within the present
theory. For all these reasons a thorough experi-
mental programme of CP violation studies is of
the utmost importance.

The best laboratory for CP violation physics
is the B meson system. Here a large number of
significant CP violating observables are expected
which can be relatively cleanly related to Stan-
dard Model expectations. This programme is
usually discussed within the unitarity triangle for-
malism, where the unitarity triangles are geomet-
ric expressions in the complex plane of relation-
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Figure 1. The unitarity triangles, showing the
angles «, 0, v and §7. p, A and 7 are parameters
of the quark mixing matrix in the Wolfenstein
parameterisation.

ships within the quark mixing matrix. The trian-
gles are shown in figure 1 and have angles denoted
by «, 3, v and é~. It is these angles which in the
Standard Model can be extracted from asymme-
tries formed in certain B meson decays. Other B
physics observables can be used to constrain the
sides. If CP violation is as described by the Stan-
dard Model then all measurements will return a
consistent set of parameters.



The unitarity triangles will be probed by the
recently commissioned BaBar and Belle detectors
at ete” — Y(49) B factories, by the HeraB ex-
periment operating in fixed target pN mode at
DESY, and by CDF and DO in pp collisions in
the Tevatron Run II. Such experiments represent
an exciting exploratory phase of B meson CP vio-
lation studies, and have the potential to establish
a breakdown in the Standard Model. However,
the very small branching ratios of most chan-
nels of interest (107° and less) will limit the ac-
curacy of the measurements. Furthermore, the
ete™ machines will operate at the Y(4S) and
will not be able to study the many interesting
effects expected with BY mesons. In contrast, the
huge bb production cross-section at the LHC of
~ 500ub presents an opportunity to make a com-
plete study of CP violation with the full spectrum
of B hadrons. This study is a central goal of the
LHC programme and will be conducted both by
the general purpose detectors, ATLAS and CMS,
and by the dedicated B physics forward spectrom-
eter, LHCb.

2. Experimental Challenges

The primary challenge in exploiting the B
physics potential of the LHC lies in triggering on
the decays of interest and rejecting the superfi-
cially similar background, at a crossing rate of
40 MHz. Offline the experiments must be able
to flavour tag the meson of interest at produc-
tion time and be able to reconstruct the rapid
proper time oscillations of B? mesons. These at-
tributes are possessed by all experiments under
discussion. The important ability to distinguish
pions from kaons is unique to LHCb.

The main features of the ATLAS and CMS ex-
periments are well known from elsewhere; here
are given those aspects of relevance for B physics
studies. Both experiments will rely on single lep-
ton triggers to accumulate B events, with trans-
verse momentum p; thresholds of 6 — 7GeV/c,
supplemented by dilepton triggers with looser p;
requirements. It is expected these thresholds can
be maintained for the initial 2 — 3 years of ‘low
luminosity’ running (£ = 1023 em~2s71); it is as-
sumed that the highest sensitivity to B physics
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Figure 2. A schematic of the LHCb experiment.
The interaction point is at z = 0.

will be in this period. Offline the flavour of
the meson of interest at production time will be
tagged by the charge of a lepton from the accom-
panying B hadron, or a close lying pion originat-
ing from a B** decay or associated fragmentation
production. Cylindrical tracking detectors lying
close to the beampipe will give proper time reso-
lutions of ~ 60fs.

As an experiment designed specifically for B
physics study, LHCb differs in several notable
ways from the central detectors. These are:

e Forward Geometry
The bb production mechanism at the LHC
means that both B hadrons are preferen-
tially produced in a correlated manner, fly-
ing in the forward (or backward) direction.
By building a spectrometer spanning the
polar interval 10 — 300 mrad, a substantial
fraction (~ 10 — 15%) of B decays are fully
contained within the acceptance. The high
probability of the accompanying hadron be-
ing close by in angle is exploited in the trig-
ger and flavour tagging. The forward geom-
etry also allows for a planar vertex detector
to approach to ~ 1cm of the beam within



Roman pots. This enables decays to be re-
constructed with a proper time time reso-
lution of 40 fs, which is a great asset in B?
studies. A schematic of LHCb is shown in
figure 2.

Dedicated trigger

LHCDb’s trigger strategy is designed to pro-
vide high efficiency across all B decays of
interest, not only those involving leptons.
The earliest level of triggering will indeed
consist of single lepton triggers, operating
with thresholds of ~ 1GeV/c, but these
will be complemented by a selection search-
ing for single high p; clusters (> 2.5 GeV/c)
in the hadron calorimetry. Events fulfill-
ing these criteria will then be processed by
a secondary vertex trigger, which will effi-
ciently select B decays, with only a weak
dependence on final state topology. Finally
DAQ triggers refine these decisions, and
perform partial event reconstruction. The
efficiency of these triggers is shown in ta-
ble 1, for several channels of interest.

Dedicated luminosity

B events occurring in single interactions
are most valuable in the offline analysis
from the aspects of track multiplicity and
an unambigous primary vertex; further-
more bunch-crossings with multiple back-
ground interactions risk saturating the trig-
ger. For these reasons the beams will be
defocussed at the LHCD interaction point
to achieve a mean running luminosity of
2 x 1033 em2s7!, which will both opti-
mise the fraction of crossing with single in-
teractions, and protect the close lying de-
tector components against radiation dam-
age. This operation is compatible with
10%* cm~2s~! running at the other interac-
tion points.

Hadron identification

Many final states of interest have same
topology background involving kaons in-
stead of pions, and vice versa. Examples
include the channel Bg — T~ which has
background from 7K and KK modes, and

the BY — D¢K, which has contamination
from B! — Dgm. In order to solve this
problem LHCD is equipped with two Ring
Imaging Cherenkov counters (RICHes), one
upstream of the dipole magnet, optimised
for low momentum particle identification,
and one downstream, for lower angle, faster
tracks. The choice of radiators (upstream:
aerogel and C4F1¢, downstream: CF}) pro-
vides 7/K separation over a momentum in-
terval of 1 < p < 150GeV/c. Identified
kaons can also be used in the flavour tag-
ging to supplement lepton tagged events.

3. Example B} modes

The B physics topics accessible at the LHC are
very diverse. Here some example modes are pre-
sented [1], beginning with selected topics in the
Bg sector. These include modes which will ini-
tially be studied at the B factories — here it is
explained what new insight the LHC will bring
— and channels where there will be insufficient
statistics for meaningful measurements at the ear-
lier experiments.

3.1. B} — J/vK§

The determination of sin 23 from the CP asym-
metry in B} — J/¢K§decays is the primary goal
of the first generation of B physics experiments.
The combined precision of these measurements
is likely to be impressive, with ogn28 < 0.05
in 2005. Nonetheless, the huge statistics of the
LHC can bring valuable new insights to this im-
portant channel, with the leptonic final state en-
suring that all three experiments make equally
important contributions. The expected statisti-
cal precision of the combined LHC experiments
is 0.011 in one year of operation, with no serious
systematic uncertainty anticipated. Therefore a
true ‘LEP style’ precision measurement of this
fundamental parameter can be expected.

With such statistical power higher order effects
can be explored. The general form of the CP
asymmetry, Acp, with proper time ¢ is

Acp(t) = Agircos Amt + Apix sin Amit (1)

where the Ag; term represents direct CP vi-



Table 1

LHCD trigger efficiencies for certain B decays. The p; trigger efficiency is defined with respect to events
useful in the offline analysis, and the other efficiencies with respect to the preceeding trigger level.

Channel High p; trigger Vertex trigger DAQ triggers
Bl — nta— 0.76 0.48 0.83
BY — J/¢(ptpm)KS 0.88 0.50 0.81
BY — J/¢(ete)K] 0.72 0.42 0.81
BY — DK 0.54 0.59 0.92

olation and Apix mixing induced CP violation
(here Am is the mass splitting between the eigen-
states). In B} — J/yK§decays Aqiy is usually
ignored and Apix taken to be sin23. However
in the Standard Model, though Ag;, is expected
to be small, it is not necessarily zero. Figure 3
shows a fit to a Monte Carlo sample of LHCb
events equivalent to one year’s data taking, gen-
erated with a small direct CP violating contribu-
tion. It can be seen that the LHC experiments
have sensitivity to such effects.

3.2. Bl — atr

The CP asymmetry in Bg — w7~ decays can
be related to the angle . Events in this mode will
be reconstructed by the B factory experiments,
but the small branching ratio of 5x 1076 [2] means
that only ~ 100 offline reconstructed and flavour
tagged events per year will be recorded. In one
year of operation, however, the LHC experiments
expect to accumulate ~ 8k reconstructed and
tagged events. Over half of these will come from
LHCb, which has higher efficiency on account of
its triggering strategy.

In measuring the B — 777~ CP asymmetry
the experiments will encounter the problem of
the sample being dominated by same topology
background from the B} — K*n~, BY — K*n—,
B? — K*K~, A, — prand A, — pK channels.
Some of this background is expected to carry its
own asymmetry. In principle signal and back-
ground asymmetries can be fitted simultaneously,
using the vertex mass under different particle hy-
potheses, the tagged production flavour, proper
time, and external constraints on the branching
ratios. The RICH system of LHCb, however,
enables this background to be suppressed to a
neglible level and makes for improved systematic
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Figure 3. A fit to the CP asymmetry for a sim-
ulation sample of one year’s LHCb yield in the
channel B — J/¢Kj. Both direct and mixing
induced terms are included in the generation and
the fit.
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Figure 4. A Dalitz plot of the BY — 77~ 7" final
state, showing the pT7—, p~7t and p°7% contri-
butions. Helicity effects enhance the population
in the interference regions.

stability. Both coefficients of the CP asymmetry
will be fitted with a precision of ~ 0.08.

Interpreting the BY — atr~asymmetry is
however less straightforward than in the Bg —
J/9Kicase. A significant contribution from glu-
onic Penguins is expected, which means that the
Agir term of expression 1 cannot be neglected and
that Anix is not equal to sin2«. External knowl-
edge of the relative strength of the Penguin con-
tribution allows « to be fitted, together with any
strong phase difference between the Penguin and
tree diagrams. Various proposals exist to deter-
mine this contribution (see [3] for a review), but
such is the statistical power of the LHC experi-
ments that it is unrealistic to expect the control
of the Penguin induced theoretical error to match
the experimental precision after a year or so of
data taking. In section 4.3 an alternative method
of interpretting the CP asymmetry in this chan-
nel is explored.

The mode Bg — 7t7~ 70 in principle provides

sufficient observables for Penguin and tree con-
tributions to be extracted separately, and thus
for o to be determined cleanly. This analysis is
made in proper time bins of Dalitz plots such as
the one shown in figure 4, where bands from the
pTm=, pnt and pn" intermediate states can
be seen. Even in the challenging hadronic envi-
ronment of the LHC it seems feasible to recon-
struct these decays. LHCDb expect about 1000
such reconstructed and tagged events a year, af-
ter background cuts, with a Bg mass resolution
of 45 MeV. This is again substantially more that
will be seen at the B factories. The precision ex-
pected on « for various scenarios is under study.

3.3. Bg —D* 7t

Measurement of the time dependent rates
for the four decays of the class BY, By —
D*~nt ,D**7~ allows the CKM phase 23 + 7 to
be determined. Assuming that 24 may be fixed
from the Bg — J/9¥K§analysis, this channel then
gives a measurement of the angle «. The v sen-
sitivity comes from the interference of tree dia-
grams and there are no Penguin contributions.
Therefore this channel can be regarded as provid-
ing a theoretically clean measurement of ~; one
which is expected to be insensitive to new physics
contributions and therefore important as a bench-
mark against which to compare other determi-
nations. However the fact that one of the con-
tributing diagrams is doubly Cabibbo suppressed
means that the amplitude of any CP asymmetry
will be O(1%). Therefore very high statistics are
required for a meaningful measurement, making
this a natural target of the LHC programme.

LHCD have explored the potential of this chan-
nel. A method which uses the direction of the
slow pion from the D* to reconstruct the B mass
and momentum, without any information from
the D? decay, enables 300k events to be recon-
structed and tagged each year with a signal to
background of > 10. A similar yield is expected
from the channel B — D*~af". With such sam-
ples 7y can be fitted with interesting precision, as
is clear from figure 5, which gives the error on
23 + v as a function of 23 + v for one year and
five years operation.
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Figure 5. The fitted error on 23+~ as a function
of 28+ for one year and five years of LHCb data
taking in the B — D*~ 7", a; channels. Here
the strong phase difference has been set to zero.

4. Example B modes

The exploration of the BY sector is a special re-
sponsibility of the LHC. It is probable that CDF
and DO will observe BY oscillations during the
Tevatron Run II, but unlikely that CP violating
phenomena probed to an interesting level. This
is possible at the LHC, because of the large event
yields and the excellent proper time resolution of
the experiments.

4.1. BY — J/vé

BY — J/¢¢is as important to the BY system
as B} — J/¢Kiis to the BY system. The CP
asymmetry in this decay measures the B'B? weak
mixing phase, 2 §v, where §v is the angle in the
second unitarity triangle of figure 1.

Experimentally, however, B — J/1¢is a more
demanding channel to study. As well as the need
to resolve the rapid oscillations, the decay into
two vectors means that an angular analysis is
required to separate out the CP even and odd
amplitudes. Furthermore év is expected to be
small, demanding great sensitivity. Conversely,
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Figure 6. Error on 2§y from B? — J/¢for the
LHC experiments as a function of xs. The size of
the Standard Model expectation is also indicated.

the smallness of the expected Standard Model CP
violation means that any enhancement will be an
indication of new physics contributions.

The BY — J/1¢ potential of all three exper-
iments has been evaluated. As with By —
J/9¥Kgthe leptonic final state means that both
ATLAS and CMS expect large yields (~ 100k
events per year prior to flavour tagging). An in-
dication of the likely error on 24y for each exper-
iment in one year and the combined error after 3
years is shown in figure 6, as a function of the B?
mixing parameter xs. It can be seen that sensi-
tivity to Standard Model expectations is rapidly
reached and thereafter a precise measurement be-
comes possible.

4.2. B! — DK

The method of determining v described in sec-
tion 3.3 has a direct counterpart in the B? system,
that from the channel B? — DJK. Here the CKM
phase fitted is v — 26y. Assuming that Jy can
be fixed from the BY — J/1¢ analysis, v can be



extracted. Note that particle identification is re-
quired to suppress the order of magnitude higher
B? — Dg7 background. LHCb expects a v preci-
sion of ~ 10° for one year’s operation, with the
exact value of the uncertainty depending on the
value of x; and the strong phase difference be-
tween the interferring diagrams.

4.3. B! - K"K and B} — nt 7 revisited

It was seen in section 3.2 that the LHC exper-
iments will have excellent sensitivity to the CP
violating observables in Bg — 77~ decays, but
that theoretical problems occur when these ob-
servables are interpretted in terms of the angle a.
Other methods of analysis are possible, however,
such as that which exploits the assumption of U
spin flavour symmetry between Bg — 77 and
Bg — KTK™ [4].

The CP violating coefficients of equation 1 in
the BY — KTK~asymmetry ! may be measured
just as those for B} — mfn~. Experimentally
this measurement is well suited to LHCb because
of the trigger, particle identification and time res-
olution. The four coefficients have a dependence
on the angles 8, v and 7. Assuming that 3
and dy may be fixed from other measurements,
then v may be determined. The achievable pre-
cision is very promising, as is illustrated by fig-
ure 7 which shows the fitted value of v from many
Monte Carlo experiments simulating five years of
LHCDb running for a particular parameter set.

It should be stressed that this analysis has
no Penguin associated uncertainties. Rather the
contribution of Penguins are exploited in the rela-
tionships and this means that the returned value
of v may be particularly sensitive to effects be-
yond the Standard Model. These effects would
be exposed by a comparison of « determined
with such an approach with measurements made
from the ‘benchmark’ channels Bg — D*~nt and
B? — DK.

INote however that in the BY case the width splitting
between the eigenstates cannot be neglected, and the ex-
pression takes on a slightly more complex form.
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Figure 7. Result of v fits to LHCb simulation
samples of B} — nt7~and B? — KK~ events.

5. Conclusions

The example channels summarised in this brief
review illustrate the richness of CP violation mea-
surements available at the LHC. The enormous
statistics will allow precise studies of those top-
ics which will be first explored by the previous
generation of experiments, and will permit many
complementary measurements of all angles of the
unitarity triangles. These measurements will sub-
ject the flavour sector of the Standard Model to
rigorous examination. Not touched on here are
other subjects of interest in the B system, in
particular very rare decays. In these also the
LHC has unprecedented reach ATLAS, CMS and
LHCb will all make important contributions to
this work. The dedicated B physics trigger and
particle identification of LHCb ensures that the
enormous B physics potential of the LHC will be
fully exploited.
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Questions

M. Neubert, SLAC:
How much better are the B physics capabilities
of LHCD as compared with CMS and ATLAS ?

G. Wilkinson:

The ability to trigger with high efficiency on
non-leptonic final states and to cleanly separate
hadron particle types gives LHCb a clear ad-
vantage. LHCDb will continue its B physics pro-
gramme into the ‘high luminosity’ era of the ma-
chine, an option which is less straightforward for
the general purpose detectors.

U. Nierste, Fermilab:
What are the chances of measuring inclusive
CP asymmetries at the LHC 7

G. Wilkinson:

I am unaware of any studies into the feasibil-
ity of such measurements. The LHC triggers are
necessarily rather selective, and so true inclusive
measurements will be difficult to perform.



