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LHCD is a dedicated flavor physics experiment that will observe the 14 TeV proton—proton collisions at CERN’s
Large Hadron Collider (LHC). Construction of the LHCb detector is near completion, commissioning of the
detector is well underway, and LHCb will be fully operational and ready to take data in advance of the pro-
jected May 2008 turn-on date for the LHC. The LHCb software trigger will feature a dedicated channel for
events containing D* mesons that will dramatically enhance the statistical reach of LHCb in many charm
physics measurements. The LHCb charm physics program is initially focused on mixing and CP violation
measurements in two body decay modes of D°. A much broader program is possible and will be explored
as manpower allows. We intend to use both promptly produced charm and secondary charm from B meson
decays in measurements. Initial studies have focused on using secondary D*1 mesons for mixing measurements
in two body decays. Preliminary Monte Carlo studies indicate that LHCb may obtain a statistical precision
of ostat (m’z) = £0.064 x 1072 and ostat(y’') = £0.87 x 1073 from a time dependent mixing analysis of wrong
sign two body D® — 7~ KT decays and a statistical precision of ostat (ycp) = £0.5 x 1073 from a ratio of the
lifetimes of D° decays to the final states K~ K+ and K~ 7t in 10fb~! of data.

1. LHCDb status for time dependent measurements—an estimated 45 fs
proper time resolution for D° — K~nt decays where
As the dedicated flavor experiment at CERN’s the D° mesons are produced in b-hadron decays. The
Large Hadron Collider (LHC), LHCb is designed to LHCb tracking system will supply precise momen-
optimally exploit the large bb production cross—section ~ tum measurements—an estimated 6 MeV mass reso-
in the LHC 14 TeV proton—proton collisions for pre- lution for two body decays of D° mesons. The LHCb
cision measurements of b hadron properties. Figure [Tl Ring Imaging Cherenkov (RICH) detectors will pro-
shows the layout of the LHCb detector. In high en- vide excellent K—7 discrimination over a wide momen-
ergy hadronic collisions that produce bb pairs, the b~  tum range from 2GeV/c to 100 GeV/c. Finally, the
and b-hadrons are predominantly produced into the LHCDb trigger system will have a high statistics charm
same forward cone—a fact that led to LHCb’s single-  Stream, described in Section[2 so that the large charm
arm spectrometer design [2]. The angular acceptance p.r(.)duction in LHC collisions can be exploited for pre-
of the detector extends from approximately 10 mrad  €ISlon measurements.

around the beam axis to 300 mrad in the magnetic As of September 2007, construction of the LHCD de-
bending plane and to 250 mrad in the non-bending  tector is well advanced with commissioning activities
plane. underway for all sub—detectors. LHCb is on—schedule

Many of the features that make LHCb an excel- to be complete and ready for data taking by the pro-
lent B physics laboratory also make LHCD well suited ~ Jected LHC turn-on date in May 2008.
for many charm physics studies at unprecedented lev-
els of precision. The silicon Vertex Locator (VELO)
will provide the excellent vertex resolutions necessary 2. LHCDb trigger and D* stream

LHCb will have a two stage trigger: a fast hard-

I e ware trigger called the Level 0 Trigger (LO) followed
"l Magnet . RlCHZ%é?ALHCAL_ i by a software High Level Trigger (HLT). Although
T2 . the triggers are designed to favor bb events, the HLT

RICH1

will feature a dedicated D* stream for selecting charm
events at a high rate.
At design operation, LCHb will observe
S bunch crossings at 40 MHz with a luminosity of
5 2x10%2cm™2s7!. The LO trigger is designed to
-smp reduce the 40MHz input rate to approximately
— 1 MHz while efficiently favoring bb events. Using the
om 1om 15m aomo fact that the decay products of b-hadrons typically
have significant transverse momentum, the L0 trigger
reads data from the calorimeters and the muon
detectors to identify quickly individual candidate
hadrons, electrons, photons, and muons that have a
few GeV of transverse energy or momentum. The

T

Figure 1:: LHCDb detector layout, showing all of the

detector components. Also shown are the direction

of the y and z coordinate axes; the x axis completes
the right handed coordinate system [1].
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Table I: Estimated Eield of reconstructed secondary
D*t — 7 D°(h=h'™) candidates in 2fb~" of LHCb
data passing the LHCb trigger sequence.

Two body D° mode HLT Yield in 2fb~*
D - K—nt 50 x 10°
D - KK+ 5 x 106
D° — gt 2 x 108
D - n~ Kt 0.2 x 10°

L0 Er thresholds must be tuned on real data, but,
to illustrate the expected scale, current detector
studies indicate a trigger threshold for hadrons of
Er > 3.5GeV.

The HLT software trigger performs an event recon-
struction to identify events of specific physics interest,
reducing the 1 MHz L0 output/HLT input rate to ap-
proximately 2kHz. The HLT has access to all of the
detector information and uses it to reconstruct final
state particle candidates and the locations of the pri-
mary proton-proton interactions. These objects are
then used in several parallel channels to identify events
of specific physical interest. Although the configu-
ration of the HLT channels has yet to be finalized,
the HLT will contain a high yield stream for charm
events. In the current configuration, 300 Hz, 15% of
the recorded 2kHz of LHCb events, are allocated to
an inclusive D* stream. Table[llshows potential yields
of some key charm decays in a preliminary configura-
tion the D* stream. These estimates are based on
the performance of the HLT on fully simulated LHCb
events. LHCb will record at least 50 x 108 fully re-
constructed D** — 7 DO(h=h'") [3] candidates per
2! (a nominal year of LHCb data at design lumi-
nosity), where the D** originates in a b-hadron decay
and h,h’ € {K,7}. The subscript on the wJ labels it
as the tagging ‘slow’ pion. Studies indicate that this
HLT configuration also yields a similar number of re-
constructed prompt D*T candidates in each mode.

3. D* event selection

The charm physics program at LHCDb is initially fo-
cused on mixing and CP violation measurements in
two body decays of D°. LHCb note 4] details a pre-
liminary selection of wrong sign (WS) D° — 7= K+
decays from D** — D7} where the D** originates
from a B meson decay. The intent of the selection is to
provide a sample of candidates suitable for a time de-
pendent mixing analysis (see Section[d.1]). The perfor-
mance of the selection on fully simulated LHCDb data
predicts a yield of approximately 230,000 true WS
decays in 10fb™" of LHCb data (5 years of nominal
LHCD data taking) with a background-to-signal ratio
of 1.07 < B/S < 5.28 at the 90% confidence level.

3.1. Selection backgrounds

The primary backgrounds accepted by this selection
result from combinatoric coincidences and can be di-
vided into two classes: random slow pion backgrounds
where properly reconstructed right sign D — K7
decays are combined with random pions produced
somewhere else in the event to mimic a D** decay,
and pure combinatoric coincidences where the candi-
date D° decay products come from different decays in
the event. These backgrounds will be separated from
the signal with the typical method of fitting the recon-
structed D° mass (mpo) and D**-D mass difference
(Am) distributions.

3.2. D** decay vertex

In order to perform a time dependent mixing mea-
surement, both the creation and decay vertices of the
DO must be precisely determined. The D° decay ver-
tex can be measured from its decay products very
precisely in the VELO. Table [ shows the results
of vertex resolution studies in fully simulated LHCb
events. The coordinate system in the table is that
defined in Figure [l with the primary proton-proton
collisions along the z axis. The D° decay vertex can
be determined with a resolution of 257 pm along the
beam axis. To provide some context for this value,
the mean laboratory flight distance for a 60 GeV/c
DY (the mean momentum of D° from D** from B
mesons) is approximately 4 mm.

In contrast, the D** decay vertex (D° creation ver-
tex) is poorly determined from its decay products.
The small mass difference between the D*T and its
decay products leads to a narrow laboratory frame
angle between the DY and 70 momenta. The D**
column in Table [I] shows that the resolution of the
D*T decay vertex estimated only from its decay prod-
ucts is 4232 pum, the same size as the mean laboratory
flight distance of D mesons. The precision of the
D** vertex must be improved by including additional
tracks from particles created with the D**. For D**
from B decays, this means finding additional charged
particles created at the B decay vertex.

In studies of fully simulated events, 63% of
B — D*T X decays in triggered events produce an ad-
ditional reconstructed charged particle at the B meson
decay vertex that can be used to improve the preci-
sion of the estimated D° birth vertex. As shown in
the Bpars column of Table [ using such additional
tracks dramatically improves the precision of the es-
timated D° production vertex, and, consequently, the
measured DY proper time. The subscript on Bpat
signifies that the parent B is partially reconstructed.
Figure 2] shows the dramatic improvement in mea-
sured proper time obtained by using the Bpa.¢ decay
vertex as the D° production vertex. In these plots,
the reconstructed proper time is signed to represent
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Table II: Estimated resolutions of D%, D**, and
Bpart vertices, and of DY proper time in simulated

LHCD data.
DO D*t Bpart
x 21.6 pm 187. pm 18.1 pm
Y 16.9 pm 144. pm 18.4 pm
z 257. pm 4232, pm 237. pm
T 0.465 ps 0.045 ps

whether the D° momentum and flight direction are
aligned (positive proper time) or anti-aligned (nega-
tive proper time). When the D** decay vertex is used
in calculating the D proper time, its resolution dom-
inates the exponential decay distribution as shown in
Figure 2al When the By, decay vertex is used, as
in Figure 2D the proper time resolution is relatively
narrow and the reconstructed proper time distribution
closely reproduces the generated proper time. Prelim-
inary work in [4] has demonstrated that this partial
B reconstruction can be done with an 80% efficiency,
and that LHCb can use D** mesons from B decays
for time dependent analyses.

4. Charm mixing measurements at
LHCDb

Mixing observables are commonly expressed in
terms of two dimensionless parameters: the mass dif-
ference parameter, z, and the full width difference pa-
rameter, y, defined by

Iy —Iy

2(m1 — mg) y =
IS

I+Ty

xr =

where the subscripts denote the mass eigenstates of
the D%-DO system. Various measurements are sen-
sitive to different combinations of these variables,
and each of these should be explored with the high-
est possible precision to gain a full understanding of
the charm mixing phenomenon. Preliminary work at
LHCDb has focused on the measurement of mixing pa-
rameters in a time dependent analysis of two body
WS decays (Section 1] below) and in an analysis of
the ratios of two body lifetimes (Section below).
However, future plans include multi-body mixing mea-
surements (Section [@]).

4.1. Time dependent WS D? — 7= K+

The time dependent analysis of WS D? — 7~ K+
decays is one of the long established methods of
searching for DY-D0 mixing [5, 6, [7, 8, 9]. If D° and
DY mix, a meson created as a D° may decay to the WS
final state 7~ KT either directly, by a doubly Cabibbo
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Figure 2:: Distributions of the proper times for
simulated D° mesons from B — D**X decays. In
each plot, the solid lines are the generated proper
times and the points are the estimated D° proper

times using @ the poorly estimated D** decay

vertex, or @ the precisely estimated parent B decay
vertex as the DY production vertex.

suppressed (DCS) decay, or indirectly, by mixing into
a DY meson that undergoes a Cabibbo favored (CF)
decay. Interference between the two processes leads
to a decay time dependence that can be expanded to
leading order in the small parameters x and y (in the
absence of CP violation) as

1
WS (t) xe Tt (RD + RDy/(Ft) + §R1\4 (Ft)2> s

where Rp is the ratio of the DCS decay rate to the CF
decay rate, Rar = (2% +42)/2 = (¢/> +¢/*)/2 is the
mixing rate, and ' and y’ are rotated with respect to

the parameters x and y by the relative strong phase
between the CF and DCS decays, §:

/

= xcosd + ysind,

/

ycosd — xsind.
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Figure 3:: An example of a Toy Monte Carlo sample
from the time dependent WS analysis study.

Hence, a detailed analysis of the WS D° proper time
distribution is sensitive to 2’ and y’. The strong
phase § that relates these quantities to the mixing
parameters x and y must be measured independently.
Since z'? enters the decay time distribution only in
Ry = (2/* +4'*)/2, the values of 2/° measured by
this method are highly anti-correlated to the values
of y'.

Because of the small values of  and y, it is only re-
cently that this method has yielded values over 3¢
from 27> =0, 3 =0 [5]. The large charm statis-
tics at LHCDb should be able to improve significantly
this picture. The selection described in Section [3] es-
timates that a time dependent WS mixing analysis
on 10fb~! of LHCb data would incorporate approx-
imately 230,000 D** tagged WS decays from B de-
cays. The 10fb™"! signal and background yields, the
proper time resolution, and the proper time accep-
tance of this selection were used in a toy Monte Carlo
study to estimate the LHCD statistical sensitivity to

2
/% and y':

Oetat (2'7) = £0.064 x 1073,
Ostat (y') = £0.87 x 1073,

The toy study verifies the expected large negative
correlation between ' and y': Corr(z'2,y’) = —0.95.
Figure B shows a toy sample from this study [4].

4.2. Lifetime ratio

Just as it does in the K° and B° systems, the pres-
ence of mixing in the D system can lead to different
lifetimes for states of different CP content. These dif-
ferences are related to the mixing parameters x and
y. In two body D decays, the ratio of the lifetime of
decays to the CP-even eigenstate K~ K+, 7(K~K™),

and the lifetime of decays to the non-CP CF eigen-
state K~ 7", 7(K "), form the observable

Ycp = T(K7K+) )
which is related to the mixing parameters by

1
Yycp = Y COS P — §AMxSin¢’

where ¢ is a weak phase and Aj,; parameterizes CP
violation in D® mixing. Decays to the CP-even eigen-
state 77T may also be used in place of K=K for
an independent measurement of ycp. The CP violat-
ing parameters Aj; and ¢ must be measured indepen-
dently, but in the no CP violation limit, Ay; = 0 and
¢ = 0, and the lifetime ratio is a direct measurement
of ycp = ¥.

This two body lifetime ratio measurement has been
carried out at several previous experiments |10, 11,112,
13] culminating in Belle’s recent 3.20 measurement
of yop in [14]. LHCb expects to use its statistical
advantage over current experiments to improve the
precision of the lifetime ratio measurement of ycp.

The LHCD statistical sensitivity to ycp has been es-
timated with a toy Monte Carlo study similar to the
the WS mixing toy study described in Section HIl
The selection described in Section B, with appropri-
ate modifications of the final state particle identi-
fication criteria, yields approximately 8 x 106 D**
tagged DY — K~ K7 decays and 3 x 106 D*T tagged
DY — 7~ 7t decays originating from b-hadron decays
in 10fb~! of LHCb data. The signal to background
ratios of the selection are S/B = 4.8 for the K~ K™
mode and S/B =2.6 for the 7~7" mode. Using
the estimated DY — K~ K7 yield and signal to back-
ground ratio with proper time resolution and ac-
ceptance functions determined from fully simulated
LHCDb events, the estimated statistical precision of
Ycp 18 Ostat (yop) = £0.573.

5. Searches for CP violation at LHCb

The Standard Model (SM) predicts any CP viola-
tion in charm interactions to be very small. Observ-
able CP violation at the level of 1% would be an unam-
biguous sign of new physics [15]. Each of the mixing
measurements performed at LHCb will be analyzed in
charge conjugate subsets to measure possible CP vi-
olating effects. In addition, LHCb will perform time
integrated CP violation searches in as many charm
decays as are possible. Initial studies have focused
on searching for CP violation in two body decays of
D*t tagged D° mesons, in particular the CP eigen-
state decays D — K~K* and D° — 7~ 7+. These
singly Cabibbo suppressed decays, in which a small
CP violation is predicted by the SM, are particularly
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sensitive to CP violation enhanced by well-motivated
new physics scenarios ] Experimental measure-
ments in this channel have steadily reduced the upper
limit of CP violation with increasing data set sizes
and improved treatments of systematic uncertainties
ﬂﬁ, [d, 17, 18, ] However, CP violation at the
order of 1% has not been ruled out.

With 8 x 106 tagged D° — K~ Kt decays and
3 x 10% tagged DY — 7~ 7t decays (Section [H2]),
LHCDb will have the statistical power to search for CP
asymmetries to order (0(0.0004) or below, provided
the systematic uncertainties can be controlled to this
level.

Charm meson production asymmetries and final
state particle detector asymmetries, particularly the
detector asymmetries associated with the tagging slow
pion, are expected to be the primary sources of
systematic uncertainties in CP asymmetry measure-
ments. Methods of measuring the production and
detections asymmetries precisely from data are un-
der development. Also, advantage may be gained by
comparing the asymmetries of related decays. For ex-
ample, the decays D° — K~ K+t and D° — 7~ 7" are
subject to the same production and slow pion detec-
tion asymmetries, so the difference of their measured
asymmetries will have a much smaller systematic un-
certainty than either asymmetry measured separately.
Although this difference will be small, it is an observ-
able that can be measured very precisely, and, if found
to be significantly different from zero, can provide ev-
idence of direct CP violation in at least one of the two
decay channels.

6. Multi-body channels

LHCb will also investigate the use of D meson de-
cays to three or more final state hadrons in mixing
and CP violation measurements. However, develop-
ment of multi-hadron charm analyses is less advanced
than the two body D° program. For example, a time
dependent amplitude analysis of the three body de-
cay DY — K¢rTm~ is directly sensitive to the mixing
parameters z and y. This decay mode should be effi-
ciently reconstructible at LHCb. Preliminary work is
also under way to develop selections for D° decays to
four hadrons, both for HLT triggering and for analy-
sis. Further development in four body decays will in-
vestigate the feasibility of time dependent amplitude
analyses for mixing measurements. The technology
of four body amplitude analyses is already quite ad-
vanced [20].

In four body decays, CP violation searches will in-
clude analyses of quantities that are odd under the
time reversal operation in addition to complete am-
plitude analyses of the decays. Although studies are
still in their earliest stages, LHCb should be able to re-
construct with acceptable signal-to-background ratios

[ Combined Mixing Results |
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Figure 4:: Contours representing the 1o, 20, and 30
regions for the toy WS mixing study (ellipses) and
for the toy lifetime ratio study (bands). The central
values are V22 = 8.4 x 1073 and y=6.4x 1073, the
very preliminary averages of ] For purposes of
this plot, it is assumed that z’ 2= 22 and
Y =ycp =y.

the decays D° — K3hTh'~ and three body decays of
charged DV containing at least one kaon. Amplitude
analyses of these modes will expand the scope for CP
violation searches in charm decays.

7. Conclusions

The LHCb trigger will provide LHCb with charm
physics data sets of unprecedented statistics. Cur-
rent analysis in charm physics has focused on mix-
ing measurements and CP violation searches in two
body decays D° — h™h’ * but a broader charm
physics program is envisaged. Toy Monte Carlo
studies indicate that with 10fb~* LHCb can achieve
a statistical precision of ogag(2'?) = £0.064 x 1073
and ogat(y') = £0.87 x 1073 with a two body wrong
sign mixing analysis, and a statistical precision of
Ostat (yop) = £0.5 x 1073 with a two body lifetime ra-
tio measurement. Figure 4] summarizes these preci-
sions by showing the intersection of the 1o ellipse in
(a 2 y'), also scaled to 20 and 30, and the toy lifetime
ratio 1o band in ycp, also scaled to 20 and 30.
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