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Abstract

This note presents a study on the sensitivity rang&bfmixing frequencyz; and the maximum
value ofz; one can measure on the CMS detector. The results are obtained for the decay channel
BY — Dy rT using Geant based CMS detector simulation. The number of events expected in the
decay channeB? — D; aj is also shown. The analysis is based on the amplitude method. With a
statistics ofl0* pb~! about 45008 — D, 7+ events are selected giving a sensitivityzanup to 48.



1 Introduction

The B? oscillation frequency; is expected to be in the range between 12.9 to 26.1 in the Standard Model[1].
Such a big value of ; makes it impossible to use the time integrated measurements Bfthgstem. To observe

the time dependence of tHe? oscillation, one has to have high statisticsBif and to determine th&? decay
vertex with great precision. Due to the two difficulties no existing experiment has measurEde current world
average upper limit of the, is z, > 14.0 at CL = 95%[3]. The high production ratel#fat LHC and the high
precision vertex detectors in the LHC experiments make it possible to measurg thbe goal of our analysis

is to study the CMS detector sensitivity to the parameter. Our search f&#? oscillations is based on exclusive

BY — Dt decay in which aDF is fully reconstructed. Exclusive channels have the advantage of a Bétter
purity and a better proper time resolution than the inclusive semileptonic decay channels. Exclusive (completely
reconstructed) decays have better proper time resolution because there is no missing particle in the d&tay, the
momentum and mass are known with good precision.

2 BYreconstruction

One millionbb events have been generated at the LHC center of mass ep@rgy 14 TeV using a simulation
package [4], which is based on Monte-Carlo generators PYTHIA 5.7 and JETSET 7.4 [5], developed by the CMS
b-physics group.

In the simulation, the CTEQ2L[6] structure functions and SLAC (Peterson et al [7]) fragmentation function were
chosen. Minimum bias events were generated with PYTHIA steering variable MSEL=1. The event generation is
stopped at the string level. If the presencébpairs is identified in the event, the whole event is accepted and
further processed.

Events which containg? are selected. Th&? is forced to decay into the channels under study. The ather
hadron partner is forced to decay into a muon plus anything. Only events that contains a muon in the detector ac-
ceptance are kept and the muon from the event is used for triggering and tagging purposes. The trigger probability
is parametrised by the EFFMRPC function [8] based on mpuandp,. Only triggered events are saved for further
analysis.

The track finding and track fitting are done using the CMSIM114 package [9]. The TDR version of the CMS
tracker with the low luminosity configuration is assumed. The full description of the tracker can be found in
reference [10].

21 BY— D 7"

BY — D, =t is the most promising channel for ti& — B, oscillation study due to several reasons: relatively
large branching ratio, fully reconstructed and self-tagging final state. The flavobf aft the decay time is
indicated by the charge of tHe meson. To trigger on and tag the flavour of #g at production time, the muon
from the semileptonic decay of the associatetadron is used.

In this channel D is reconstructed via two decay modes

Dy » ¢ 36— KTK™ (1)

and

D; - K™K K" - Ktr~ )

So far no measurements of ti — D7t branching ratio exist. According to the HQET prediction, this
branching ratio i x 10~3. The production fraction oB3? is taken as? (b — B?) = 10.5%. Branching ratios of
decayB? — D, 7 and the two decay modes B are shown in the Table 1.

After one year {07 s) of LHC running at a luminosity of. = 10**cm 25! one expects a total &f x 10'2 bb
events. The number of events in the decay mbge— ¢n~ with the associate® hadron decaying into a muon,
before trigger acceptance and data selection cuts, is expected to be:

Y Unless explicitly stated otherwise, charge conjugate states are always implied.
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| Decay mode | Branching ratio||
BY > D_x* | 0.003

Df — ¢rt 0.036+0.009
¢ — K-K+ | 0.4910.008
D} — K*°K+ | 0.033:0.009
K*® —» K+t7— | 0.66+0.013

Table 1: Branching ratios in thB? — D7~ decay channel.

N = 5x10" x2P(b— BY)B(b - uX)B(B? - D;7")B(D; — ¢ )B(¢p - KTK™)
7.6 x 10°

The other decay mode used in this studyxf is D; — K*°K~, K** — K*7~. Though this decay mode has
a larger branching ratio than ti2; — ¢7— mode, the advantage is reduced by the fact thaikitfehas a much
broader width'x- = 50.5MeV) than thed meson [’y = 4.43 MeV).

In a similar way, one obtains the expected number of events in the decay cti#hrel Dy 7", D — K*K
before trigger and cutsy = 9.4 x 106.

2.2 B®— Draf

B? can also be reconstructed via deday — D a] with o decaying into three pions arfd} is still recon-
structed via the two decay modegr* and K *° K*. Though the branching ratio &#° — D, a] is larger than

that of B — D_ =, one has six particles in the final states instead of four. This induces more losses in statistics
due to track reconstruction inefficiencies and softer final state particles.

Another disadvantage of this channel is that the resonanbas a large widthI{,, = 250 to 600 MeV) [3], so the
number of combinatorial background is expected to be much larger.

| Decay mode | Branching ratio]]
BY — D;aj | 0.006
ai = p’7t | ~05
Pt | ~1

Table 2: Branching ratios in thB? — D7 a]” decay channel.

Taking into account branching ratios listed in Table 2, the number of events expected from this channel before
trigger and cuts is 6410° for D — ¢ mode and 7.810° for D} — K*°K*+ mode.

3 Selection criteria

3.1 Track reconstruction

The CMS tracker has the capability of reconstructing all tracks in the evenpwith 0.9 GeV/c andn| < 2.4.

For this reason charged particles in the events are kept if they have atfleastGeV and|n"| < 2.4. The tracks

are reconstructed using the Forward Kalman Filter algorithm. It works starting from the hits of inner most layers,
namely from the Pixel hits. The average of the efficiency is around 90% for each track[10]. In our study, the total
track finding and fitting efficiency for the final state Bf decay varies from 55% to 67% depending on the number

of tracks in the final state.

3.2 Trigger criteria

The single muon trigger withy| < 2.4 and thresholg!' > 6.5GeV is used as a Level 1 trigger. The rate of this
trigger is around 10 KHz at the luminosity 6f= 1033cm—2s71.



No algorithm for the Level-2 trigger has been decided yet for CMS. However, one study has been done on the 2nd
level trigger algorithm based on the inner tracker information [11]. The result of this study is used as hypothesis
for the 2nd level trigger efficiency in this note.

The idea is to read out hits from the three inner most tracker layers ( which contains about 10% of the full tracker
information ) and to do a fast pattern recongnition using these hits.

The result of this study shows that this kind@f — ¢rnt trigger has a rate of 250 Hz. The signal efficiency is
60%. The background suppression factor is about 20 for both QCD evenf3 ang. events.

3.3 Invariant mass distributions for signal events

The precise reconstruction capabilities of CMS tracker allows to use the mass cuts in our analysis rejecting ef-
ficiently the background thanks to the reconstruction of thggelX;, B?) or four (¢, D, af, BY) different
resonances. Using reconstructed tracks one can obtain the invariant mass peaks corresponding to the resonances.
The invariant mass distributions are shown on Fig: B (a+ c) for different B? decay channels. For example,

the mass resolution ef (0,,,,) is 2 MeV, the mass resolution @, (5,,,,,) is 7.1 MeV and that oB? (04, is

18.5 MeV for the channeB? — D 7+, Dy — ¢n~.

3.4 Helicity angle cuts

When a pseudoscalar particle ) decays into a vector particle), the angular distribution is given by :

dN

02 *\2
o VPP o (cost) ®)

wheref* is the angle between the (K ~) coming from theD - decay and one of the daughters from ¢Hié *°)

decay in thep(K*°) rest frame, and it is called the helicity angle. Since the combinatorial background does not
have such a spin structure, its helicity angle distribution is flat. Cuteefi are then used to suppress a significant
part of the combinatorial background.

Fig. 1+ 3 (d) show the helicity angle distributions of all four channels of interest.

3.5 B? momentum cut

The average transverse momentum of the reconstrig$edfter the cup/+iro" > 1 GeVic andp}’ > 6.5 GeV, is

above 10 GeV/c while the average transverse momentum from combinatorial background events have a relatively
lower average transverse momentum. pheistribution of B and its decay products in the chan®l — Dy 7+

D; — ¢n~ are shown in Fig.5. The effectiveness of the muon trigger cut at 6.5 GeV/c is not really sharp. In
the present note we also requirgl > 6.5 GeV in the tracker. To recuperate some fraction of events one could
eventually lower this cut in the tracker.

4 Event selection efficiency

The total efficiency of all cuts and expected number of events in each channel per year are listed in the Table 3. One
can see that produced number of events per channel and per year is hudd % 10%. Preliminary selections
(p%, |n"| and the single muon trigger) have an efficiency frofix 1073 t0 8.2 x 1072,

From the remaining listed cuts, the most significant reduction of signal events comes from the secondary vertex
reconstruction4 50% + 60 %) and sharp cut on mugf. > 6.5GeV/c. The last cut will be done at the very
beginning of the Level 2 Trigger to decrease single muon trigger rate. So, final selection has an efficiency about
10% + 15%. Assuming 50% second level trigger efficiency (apam/pf> 6.5 GeV/c cut) in theB? decay
channels (6) and (7), one can expect about 4500 signal events per one LHC year at low luminosity.

5 Proper time reconstruction and error estimation
5.1 Vertexing

The decay length of thB? meson is approximated as the distance between the interaction point @i deeay
vertex. In the simulation the interaction point is fixed. TBgvertex are reconstructed in the following steps:
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Parameters and cuts / Channel 1 2 3 4
N/year(x 105) 7.6 9.4 6.4 7.8
u trigger and cuts:

Py > 6.5GeV/ci|nH| < 2.4
ph > 1GeV/c; In"| < 2.4 0.0082| 0.0055| 0.0019| 0.0016
Track finding and fitting (FKF) 0.67 0.67 0.55 0.55
Preliminary mass cuts and vertex quality cuts:
Dy vertex fit(Prob(x?, ndf) > 0.01)

BY vertex fit(Prob(x?, ndf) > 0.01 andcosa > 0.99) | 0.56 0.58 0.53 0.51

|MKK — ]\/f¢| < 10M€V/C2 0.99 0.99

Mg, — Mg~| < T0MeV/c? 0.96 0.99
|Myrs — Mg, | < 300MeV/c? 0.98 | 0.92
|Mg g — Mp,| < 20MeV/c? 0.91 0.93

|Mg g — Mp,| < 30MeV/c? 0.85 0.84
IMKKnrar — Mp,| < 60MeV/c? 0.94 0.91 0.94 0.93
|cosf*| > 0.4 (0.7 forD; — K*0K ™) 0.93 0.65 0.93 0.59
t>0.4ps 0.88 0.87 0.92 0.86
Pl > 6.5GeV/c 0.46 0.50 0.54 0.61
poe > 10GeV/c 073 | 078 |0.77 |0.79
Level-2 trigger efficiency 0.5 0.5 0.5 0.5

[ N reconstructed/year | 2750 [ 1650 [525 [308 |

Table 3: Event selection efficiencies and the expected number of events in four decay channels. The channel
number 1 refers t&3? — D, 7+, Dy — ¢ ;2t0B% —» D;7",D; - K**K~;3t0B? — D;a],D; —
¢n~ and 4toB? — D;al, Dy — K*°K~.

¢ Reconstruct the three particles from the decay.

e Combine the three tracks to form tifi&" vertex and form the correspondirfigy, “track”.

¢ Combine theD¥ “track” with a single track ( ther track or thea; “track” originating froma, vertex), which
has opposite charge to tii#" and reconstruct thB? vertex.

Fig.6 shows the residual of th@? decay vertex in the;, y andz directions and in space. The two Gaussian fits
show that the flight path resolution in theandy direction is about 3@m and in thez direction is about 5@:m.

As shown in Fig.7(a)(b), the mean flight path in the transverse plane is about 1.7 mm and in space about 2.4 mm.
Fig.7(c)(d) show the secondary vertex error projected along the flight path in the transverse plane and in space
respectively. The error on thg? flight path is about 60m in the transverse plane and g in space.

5.2 Proper time resolution
The proper time of the decay off?{ is :

lmBg

t= =lg (4)

bpo

wherel is the decay length anglis the boost term.

The proper time error has the contribution from both the decay length and the boost term:

e (5)

Since the momentum resolution is small with respect to the flight path resolution, we ignore the contribution from
the boost term to the proper time resolution.



The proper time distribution is plotted in four regions of true proper time and fitted with two Gaussian functions
(see Fig. 8). The 4 regions aré’**¢ < 0.4ps , 0.4ps < t'"%¢ < 1.2ps, 1.2ps < t7¢ < 2.5ps andt!™*¢ > 2.5ps.
The result of the fit is shown in Table 4

Proper time region (ps) #7%¢ <0.4 | 0.4< "¢ <1.2 | 1.2< t1"v¢ <2.5| ti"we »2.5
Ay 144.4 143.4 122.5 89.6

a1 (ps) 0.055 0.058 0.073 0.066

A, 18.2 304 4.7 13.3
o2(ps) 0.12 0.12 0.23 0.14

Table 4: The result of the fit on the proper tirde.refers to the amplitude of the core distribution while refers
to that of the tail one ¢; refers to ther of the core distribution while, refers to that of the tail one.

Since there is a save cut on the proper time 0.4 ps, the proper time resolution in the regidfi** <0.4 ps can

be ignored. The fit shows that the second Gaussian contributes little to the overall distribution and dhatfthe

the first Gaussian is nearly independent of the true proper time. So the proper time resolution can be expressed as
a constanty; = 0.07 ps.

6 Extraction of z, limits and precision
6.1 Unbinned amplitude method

The amplitude method[2] has been used in order to evaluate the sensitivity of the analysis.

Firstly, the events are classified as mixed or unmixed according to the sign of the lepton charge and the charge of
the D,. For each event a probability to observe a certain combinatid®?dflavours at the production and the

decay time{) is constructed. The event is labelled as "like-sign”, if ihgand the muon from the othét hadron

decay have the same sign; in this case, the probabiliB;js, if the D, and theu are of opposite sign then the
probability ISP pnike:

Prike (1) = ¢~ £ [ fo(1 = )(1 = Acos ™) + 2 fun(1 + Acos ™) + (1~ £,)] (6)
Puntike (t) = e_é[%fs(l —n)(1+ Acosszt) + %fsn(l - Acosszt) + %(1 — fs)] (7)

wheref; is the signal purityy is the mistagging probability. The first term in each equation describes the proba-
bility for correctly tagged signals and the second term comes from the mistagged events. The third term describes
the probability for the background events, assuming that it has an exponential behaviour, and the same proper time
of the signal. In the case of puf#) samplesi = 0, fs = 1) theP;;;. describes the probability that an oscillation

has occurred, whil@,,.;;. is the probability of no oscillation.

The measured proper time is affected by the experimental resolution. In order to take this into accéunt the
andP,..ike functions are convoluted with a resolution functiB( — ¢'):

Pt)=P{") 2 R(t —t'). (8)

As it has been shown in paragraph 5.2, for CRS — t') is well described by a single Gaussiargf= 0.07 ps.

1 _(t—t;)2
e 20i 9
V2moy ©
A fit to the reconstructed proper time distribution of the events tagged as mixed and unmixed is performed for

each fixed value of the oscillation frequeney, while its amplitudeA is left as a free parameter. This is done by
minimising the likelihood(:

R(t—1t") =




Niike Nuyniike

L= H ﬁlike(t) H ﬁun“ke(t) (20)
=1 =1

A scan in thee, is performed and the amplitude is extracted at each value. The expected value of the amplitude
is one ifzs = z!"¢. The range ofr; for which A is found to be compatible with zero and incompatible with one
is excluded.

The sensitivity inz; of an analysis is the range of values for which the error oA (o 4) is small enough with
respectted = 1, so that the two valued = 0 andA = 1 can be distinguished.

The usual definition for the sensitivity is the value fQrfor which a measured valué = 0 implies that4d = 1 is
excluded at 95 % CL. This happens whie450,4 = 1.

6.2 Fast Monte Carlo

In order to study the sensitivity of the method and to check the calibration of the amplitude curves, a fast Monte
Carlo has been developed. In this analysis several parameters are used as input to simulate the proper time distri-
bution of real experiment data. The parameters of the generation have been fixed as follows:

e The mistagging ratg has been set to 0.22 [12]

The signal purityf, of the sample is assumed to be equal to 0.5

The proper time resolution has been set to a constasat 0.07ps

7o = 1.61 ps[13].

The number of signal events is 4500. This is the expected number of signal events in the decay channel
BY — D7 r*, with D7 decays intapr~ or K *° K ~ after one year running of LHC at low luminosity.

First, 9000 events (4500 signal and 4500 background events) are generated according to the probability function
function (6) and (7). The proper time are convoluted with a Gaussian functionrwitl0.07 ps. The oscillation
frequencyAm; is scanned. For each value &fn, the total likelihood function is minimised with respect to

the free parameted. If Am, = Amir*¢, the amplituded is equal tol while for all other valuesd should be
distributed around.

To check this, 500 Monte Carlo experiments have been simulated at each vAlug oFig. 9 shows the amplitude
value averaged over 500 experiments as a functian of he error bar indicates the error on the amplitude of each
experiment averaged over 500 experiments. The average amplitude over these experiments is consisfent with
Amg = Amir*e and withO otherwise.

The estimate of the statistical uncertainty on the amplitude has also been verified by studying the “pull” distribution
defined as/%;m. As shown in Fig. 10, the “pull” has a mean valuedodind a sigma of. This means that the
amplitude method is not biased.

Fig. 11 shows the amplitudd together with its errot 4 as a function of:; and the dotted curve is the 1.645
curve. This plotis the output of one experiment with the inputf¢ = 30. Other input parameters are those listed
at the begining of this subsection afid= 0.5. The peak in the amplitude compatible with one at 30 indicates
that this experiment is successful. The fact that the ergphas an exponential behaviosrexp(Amo,) is due

to the proper time resolution. The point where 1.64%urve meets 1 indicates the sensitivity of this experiment.

6.3 x, sensitivity and limits

In a real measurement, one cannot measure: thelue up toz:¢** due to the fluctuations and also to the sys-
tematic uncertainties. While the sensitivig*”* indicates the maximum value that a certain experiment can
exclude, we define a 95%CL limit:{>“*) to indicate the maximunz, that one experiment can measure with
95% probability.

Thez2°¢L is extracted by making 1000 'experiments’ for eaghvalue. Each experiment has the same condition
(mistagging, signal purity, proper time resolution, etc) but independent samples.
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The 95% CL limit of the experiment is the maximumone can reach for which 95% of the 1000 'experiments’ are
successful. An experiment is called 'successful’ when aorresponds to the highest peak in the amplitude spec-
trum and it is by the vicinity of thel"¢, say within the natural width#1.5 in z) of the amplitude distribution,
which can be seen in Fig. 9.

Fig.12 shows the sensitivity and 95%CL limitof as a function of the integrated luminosity. One can see that the
two lines are not exactly parallel. The 95% CL curve is going to fall down means that with too small number of
events one cannot measurgat all. However, one can always exclude certajrvalues.

Fig.13 shows the 95%CL limit af; as a function of the signal purit§;. From the plot one can see that having
4500 signal events is sufficient to the signal to background ratio variation as there is some kind of plateau as
a function of signal to background ratio. The signal putftyincreases from 0.2 to 1 (number of background
decreases from 18,000 events), the variation in 95% limit is only about 10%.

7 Conclusion

After one year of LHC running at the low luminosity, about 4500 events are expected to be collectedsi the
decay channeB® — D 7T with D further decaying intepn~ or K*°K —. The GEANT based simulation with
detailed tracker system description shows that the proper time resolution of this decay channel in CMS is 0.07 ps.
With this statistics and the proper time resolution, assuming the signal to background ratio 1:1, the yegit®

can be excluded with 95% CL. Under the same condition, one expects to measyréo 43. When varying the
signal/background to 1:4 the limit changes to 40. After three years of LHC running under the low luminosity, the
regionz,; < 55 can be excluded and one expects to measug tox; = 50.

%) This criteria is chosen to be compatible with reference [14].
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Figure 1: Reconstructed mass and helicity angle distribution of chdthet D7« +; D, — ¢n—.
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