PROCEEDINGS

OF SCIENCE

Flavor Physics Techniques and Sensitivities at
ATLAS and CMS

David Lopes Pegna*
Princeton University, Princeton, NJ 08544
E-mail: dl opes@r i ncet on. edu

ATLAS and CMS have a broad heavy-flavor physics program, irgnffom charmonium and
bottomonium studies, to the study of the properties otthadrons, to the search for rare decays
sensitive to new physics effects. We review in this paperesofithe expected measurements by
ATLAS and CMS with particular attention to the measuremémtaseen on the data collected in
the first physics run at the LHC expected toward the end of 2009

Flavor Physics and CP Violation 2009
May 27-June 1 2009
Lake Placid, NY, USA

*Speaker.
TOn behalf of the ATLAS and CMS Collaborations

(© Copyright owned by the author(s) under the terms of the Cre@ymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Flavor Physics Techniques and Sensitivities at ATLASand CMS David Lopes Pegna

1. Introduction

The study of heavy-quark production will be a key early goal for AB_A] and CMS [2],
both in terms of physics potential and in confirming the success of the detaxtonissioning
effort by measuring known physics processes. Even at a lower istartergy of,/s = 10 TeV,
the cross section foec and bb production is large enough to provide on the orderigfl0000
triggered and fully reconstructey ¢y — u*u~ andY(1S) — u*u~ decays an@’(100) B* and
BY decays per pbt. A sample of calibrated data on the order of 10 plherefore provides
an opportunity to use heavy-quark decays as one of several eadtiksn the detector tracker
alignment and overall performance. With larger integrated luminosities, obrther of &'(1 —
10 fb1), the heavy-flavor physics program at ATLAS and CMS will be enrichgdhe study of
the properties of b hadrons (meson and baryons), complementing theofepeogram. The study
of rare decays and processes sensitive to new physics effectscbtihye Standard Model will be
possible: the measurement of oscillations and CP violation effects iBYtisgstem, the study of
Flavor Changing Neutral Current rare B decays (eBgq — KSutu~ andB2 — @utu-) or
Lepton Flavor Violation processes (ex. — u™u—u™).

2. Heavy Quark Production at LHC

Three processes dominalgy hadro-production: prompt/y’s produced directly, prompt
J/Y’'s produced indirectly (via decay of heavier charmonium states sugh)aand non-prompt
J/y’s from the decay of & hadron. It is the prompt production of quarkonia which continues to
be particularly puzzling. There are a variety of production models avaifablprompt quarko-
nium production [3, 4, 5], among which are the Color Singlet Model (C8N) the Color Octet
Mechanism (COM). The latter owes its popularity to the fact that it is able tadege the CDF
J/y differentialpr cross section data [5, 6, 7]. However, the polarization predictions cC @
are in strong disagreement with measurements [8, 9]. In view of the puzitirgfion, and given
the large yields of quarkonia which will be produced at the LHC, the eatly dollected by ATLAS
and CMS present an excellent opportunity to study quarkonia.

The dominant quark production mechanism at the LHC is believed to be pair production
through the strong interaction. The QCD production mechanisms are usivadigdiin the follow-
ing categories:

e Flavor Creation (FC): it refers to the lowest order two-to-two Qi&production diagrams.
This process includdsgproduction througlyq annihilations and gluon fusion, plus higher-
order corrections to these processes. Because this production is tkorbgawo-body final
states, it tends to yiellrﬁpairs that are back-to-back in the azimuthal adgpeand balanced

in pr.

e Flavor Excitation (FE): it refers to diagrams in whichtafrom the quark sea of the proton is
excited into the final state because one of the quarks fromﬁlpair undergoes a hard QCD
interaction with a parton from the other beam particle. Because only one @judirks in
the bb pair undergoes the hard scatter, this production mechanism tends ta@bogluarks
with asymmetricpr.
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e Gluon Splitting (GS): it refers to diagrams where tht_epair arises from @ — bEspIitting
in the initial or final state. Neither of the quarks from tlJEzpair participates in the hard
QCD scatter. Depending on the experimental randeaqfark pr sensitivity, gluon splitting
production can yield ab distribution with a peak at smallp.

Predictions from next-to-leading-order (NLO) perturbative QCD [H#{e historically under-
estimated both the observed inclusivand correlatedb production cross section at the Teva-
tron [11]. Possible explanations for the disagreement between the redasut predicted cross-
sections includd fragmentation models [12], higher-ordaﬁ production mechanisms [13], and,
speculatively, supersymmetric production mechanisms [14]. In additi@tent analysis [15] by
the CDF collaboration has observed a significant previously unidentiiekigoound due to long-
lived muon sources, which could account for the discrepancy betdetarand theory in analyses
relying on muons to identifp hadrons. New data from the LHC will be a critical additional test of
NLO QCD and its ability to predict accurately the expected backgroundiragesmrches for Stan-
dard Model processes (e.g., top production) and new patrticles (FH843Y, etc), beingpp — bb
the largest physics background for many processes.

3. Trigger

All heavy-quark physics studies reported in this paper include triggemsgruction. Both
ATLAS and CMS rely primarily on single or di-muon triggers at the first levigiger (L1) , with
different transverse momentum thresholds. Dedicated trigger sign&urBsPhysics have been
developed in ATLAS , based on single- and di-muon signatures with lpttmgsholds (4 Ge\d).
The ATLAS trigger system is a three stage system with each stage refirtigioths of previous
stages with higher precision. The first level (Level 1) is implemented inwenel whereas the de-
cisions of the High Level Trigger (HLT), consisting of Level 2 and Bveitter (EF), are computed
using a large computer farm. At Level 2, a fast muon reconstruction ysaaision muon cham-
bers combined with Inner Detector measurements allow for early rejection afisrfrom decays
in flight. In order to reduce background contributions to an acceptabét, ldixmuon invariant
mass cuts are available as well as fast vertex fitting algorithms. At the EF felladyent data
as well as alignment and calibration data are used to refine the trigger deassig offline-like
algorithms.

For CMS, the single mu trigger consists of a Level 1 trigger, based on tha ichember
information, followed by a High Level Trigger (HLT) step that confirms thk &nd refines the
reconstruction adding the silicon tracker information (Level 3). Many ®G@MS studies presented
in the following requires at least one Level 3 muon with> 3 GeVk (HLT_Mu3), or two Level
3 muons withpr > 3 GeVk (HLT_DoubleMu3), despite lower thresholds may be used for the first
data. For both these triggers, the distance in the transverse plane béted¢ewel 3 muon(s) and
the beam spot is required to be2 cm.

4. Charmonium M easurementswith Early Data

The measurement of the/yy — ptu~ differential cross-sectiodo/dpr will be already
possible with the first’(pb~1) collected by the ATLAS and CMS detectors. providing competitive
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Figure 1: Left: ATLAS simulation of the invariant mass of di-muonsifiosarious sources, reconstructed
with a u6u4 trigger, with the requirement that both muons are ideidtiie coming from the primary vertex
and with a pseudo-proper time cut of 0.2 ps. The dotted lioevstihe cumulative distribution without vertex
and pseudo-proper time cuts. Right: CMS simulation of tmeuwsin invariant mass distribution normalized
to 3 pb-1. The green (light grey), blue (black) and red (dark greyparare the prompt, non-prompt and
QCD background contributions, respectively.

results with respect to the Tevatron measurements ovel/tixgransverse momenta in the range
from 5 GeVE up to about 40 Ge\

For ATLAS [16], in each event which passes théu4 trigger (i.e. two identified muons at
trigger level with g larger than 6 and 4 Ge¥/respectively) , all reconstructed muon candidates are
combined into oppositely charged pairs, and each of these pairs is ahaiyzen. The invariant
mass is calculated and, if the mass is above 1 GeV, the two tracks are refittednoreon vertex.
If a good vertex fit is achieved, the pair is accepted for further analysibe invariant mass of
the refitted tracks is within 300 MeW of the nominal mass in the case bfy, or 1 GeVE2 in
the case ofY, the pair is considered as a quarkonium candidate. Fig. 1 illustrates tHegiuan
signal and main background invariant mass distributions in the mass rang@ BeVt?, with
reconstruction efficiencies and background suppression cuts talkkeadoount. Peaks from the
J/y andY(1S) clearly dominate the background. No higljeandY states were simulated in this
study. The dotted line indicates the level of the background continuunebife vertexing cuts.

For CMS [17],J/y candidates are reconstructed in events passing the HLT_DoubleMu3 trig-
ger by pairing muons with at least 3 GeMfansverse momentum and opposite charge. The in-
variant mass of the muon pair is required to be between 2.8 and 3.4GéNe two muons are
required to come from a common vertex, which is determined by the point ofdbsist approach
in space. The dimuon mass spectrum including background and signatisigiFig. 1. The dif-
ferential cross-sectiotio /dpr is obtained by a 1-d fit to thé&/ ¢ invariant mass in several different
pr intervals. The sum of two Gaussian functions is used to parameterid¢ ghsignal and a lin-
ear poynomial for the background shape. To determine the fraégiai J/¢’s from B-hadron
decays, a 2-d unbinned Maximum Likelihood fit to thap invariant mass and the pseudo proper
time ct, defined ast = Ly - m(J/¢)/pr(J/@) whereL,y is the distance in the transverse plane
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Figure 2. Left: The inclusivel/y differential cross sectiordo/dpt -Br(J/@ — putu~), as a function
of the J/ transverse momentum, integrated over the pseudorapatiyefn | < 2.4, corresponding to an
integrated luminosity of 3 pb'. Right: The fitted fraction o /¢’s from B-hadron decays, as a function of
the transverse momentum.

between the vertex of the two muons and the primary vertex of the event@nq) is theJ /@
invariant mass. Already with a small integrated luminosity of the order of 3 ghe precision of
the result is limited by systematic uncertainties, and is around 15 %, where glastlaystematic
uncertainties are on the luminosity measurement (10%), the dependenceJgtholarization
(2-7%) and the fit technique (1-6%). Fig. 2 displays the inclusjg differential cross sections,
with combined systematic and statistical uncertainties, corresponding to arateteguminosity
of 3 pb1. The same figure also shows the result of the fits to the fractidiwk from B-hadron
decay in each bin of transverse momentum.

The uncertainty on thd/( polarization can be reduced with a direct measurement of the
angular distributions of the muons produced in dli¢y decay. ATLAS aims to measure the polar-
ization of prompt vector quarkonium states with the fi#§fl0 pb 1), in the transverse momentum
range up to 50 Ge\¢/and beyond. The promptly produc@dy mesons and those that originated
from B-hadron decays can be separated using the displaced decay vextialained above.
With a high production rate of quarkonia at LHC, it will be possible to ach&étéher degree of
purity of promptJ/¢ in the analyzed sample and reduce the depolarising effect B-atecays,
while retaining high statistics.

A large fraction of promp8/ is produced indirectly through, for example, radiative decays
of the x.. This feed-down may lead to a different spin alignment and hence to ébfmefective
depolarization which is hard to estimate. ATLAS aims to measure the rate pradottioe x. by
associating a reconstructddy with the photon emitted from thg. decay. Theuuy system is
considered to be g. candidate if the differencAM between the invariant masses of fhgy and
U systems lies between 200 and 700 Med/and the cosine of the opening angldetween the
J/Y andy momenta is larger than 0.97. Fig. 2 shows the distributioANhfor the selected
decay candidates. The expected mean positions of the peaks codiegporo ,x1 andx» signals
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Figure 3: Difference in invariant masses pfuy andp systems in prompl/events (light grey) wittbb
background surviving cuts (dark grey). The arrows repregentrue signal peak positions, and the lines
show the results of the fit described in the text. Event yieloisespond to an integrated luminosity of 10
pb~L.

(318, 412 and 460 Me\¢f, respectively) are indicated by arrows. The grey histogram shows the
contribution from the background processJfy production fromB-hadron decays. The solid
line in Fig. 2 is the result of a simultaneous fit to the measured distribution, with the gaak
positions fixed at their expected values, and a common resolution.

5. Exclusive B Decays

The exclusiveB* — J/@wK*+ andB® — J/@wK*® decay can be measured during the initial
luminosity phase of the LHC because of the clear event topology and fatherbranching ra-
tio. The largepp — bb production rate allows for the measurement of exclusiygroduction
cross-section which have different systematic uncertainties and mogehdencies (fragmenta-
tion models) from the inclusive ones. The study of these decays cam agla reference channel
for rareB decay searches, whose total and differential cross-sections will Bsurezl relative to
their cross-sections, thus allowing the cancelation of common systematidaintes. Further-
more, they can be used to estimate the systematic uncertainties and efficiérlziesraagging
algorithms that are needed for CP violation measurements. Finally, the rigi¢dinge statistics for
these decays allow for initial detector performance studies. In partithéprecise measurement
of the well-known mass and lifetime [18] can be used for inner detector atibbrand alignment
studies.

For ATLAS, the reconstruction & — J/(@K* andB® — J/@K*? starts by forming) /¢y —
ptu~ candidates from pairs of oppositely charged muon tracks passing thercutisA GeV/c
and|n| < 2.4. Pairs containing at least one muon track vgth> 6 GeV/c were fitted to a common
vertex. Pairs are assumed to be muons figy decays if the vertex fit hag?/ndf < 6 and the
invariant mass of the muon pair falls within & 3vindow around the nominal/ ¢ mass, witho =
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Figure 4: Distributions of the reconstruct&? mass and decay time expected with an integrated luminosity
of 10 pbL.

58 MeV. Kaon candidates are chosen among the charged tracks (egdluose already denoted as
muons) withpr > 1.5 GeV/c and|n| < 2.7. Candidat&*? — K* 7" decays are reconstructed by
selecting all tracks that hay® >0.5 GeV/cand|n| < 2.5 that have not been previously identified
as muons, forming them into oppositely charged pairs and fitting them to a conarter.vT hese
pairs are assumed to Bat from K*© decays if the fit has g2/ndf < 6, the transverse momentum
of the K*0 candidate is greater than 3 G&/ and the invariant mass of the track pair falls within
the interval 790-990 Me¥?, under the assumption that they were leftkoyrrT hadrons. As an
example, we show in Fig. 4 the distributions of the reconstruBfemiass and lifetime.

The differentialdo(B*?) /dpr production cross-section can be obtained by a 1-d fit to the
reconstructe@®™C invariant masses in differe intervals, and th&*C lifetime can be measured
i.e. by a 2-d fit to théB invariant mass and pseudo-proper lifetime. ATLAS aims to an accuracy of
about 9-12% on the differential cross-section andBHgetimes with an integrated luminosity of
about 10 pb?!. Since this presentation at FPCP, a new study from CMS on exclBsieeays has
been approved [19]. The reconstruction of the two exclusive daésaysiilar to the one described
above. The differentiala (B*°) /dpr production cross-section and tB&? lifetimes are obtained
by a 2-d fit to the reconstructdi© invariant mass and pseudo-proper lifetime distributions. CMS
aims to an accuracy of about 10% on the differential cross-sectionf&id on theB* /B lifetime
ratio with an integrated luminosity of about 10 b

6. Measurement of the Azimuthal Correlation in bb Production

The study ofbb correlations is an important test of the effective contributions from higher
order QCD processes to thegquark production that can be performed with the very first data col-
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lected by CMS [20]. Previous measurements of azimuthal correlation disbrisiat the Tevatron
generally agree with the shape predicted by NLO calculations, but not imatmealization [11].
Measurements dfaproduction at the LHC will provide a fundamental test of the QCD predictions
in a new energy regime and with much higher statistics. The CMS experiment ameature the
total bb cross section and the differential cross section’dAg with respect to the opening angle
between the twd quarks with the first 50 ptt of collision data at,/s= 10 TeV. The presence
of b quark decays is detected entirely through muonic signatures. The diecaglois tagged by
reconstructing the decal/y — pu*u~. Events are also required to contain an additional muon
consistent with the semileptonic decay of the sechndhis approach is characterized by lower
yields with respect t-quark identification through jet signatures, but it retains the highesi-sen
tivity for bEproduction at small opening angles where NLO processes dominate.nghsdmple
is expected to be characterized by low backgrounds, and is ideal dgrdzda analysis since it
does not rely on jets or complicated b-tagging algorithms. In addition, thissisaljll be able to
provide useful inputs to the detector commissioning regarding the muonsteection and identi-
fication (in particular on the lowpt region of the spectrum), the trigger efficiency, and the tracker
alignment. The main background sources include events with a correctliffielid /¢ and a
misidentified muon (a hadron misidentified as a muon, e.g. punch-througbnsadr real muons
from pion or kaon decays-in-flight), events with a correctly identifi¢g that comes from the
primary vertex, and events with a faBgy candidate, where one or both the muons are not coming
from theJd/y decay. The event reconstruction starts by buildifigy candidates by vertexing every
pair of muon candidates with opposite electric charge. The vertexing igeddo be successful
and the besl/y candidate event by event is selected as the one with the highest verebity.
A third muon in the event is then requested; in case of more than one reaiedtadditional muon
candidate, the one with the highgst is chosen. All three muons in the event must hpye> 3
GeVic and|n| < 2.4. The yield in each of eighhg intervals is measured using a simultaneous
unbinned maximum-likelihood fit to th&/ ¢ invariant mass, the transverse flight lentf of the
J/y, defined as the distance in the plane between the primary vertex and the common vertex of
the J/y dimuon pair, and the impact parametiy of the third muon in the event. Since the size
of eachAg bin is comparable to the measured resolution, an unfolding proceduredssagg to
correct the reconstructetlp distribution back to the origindd quarks. Fig. 5 shows the fit results
for a typical sample, corresponding to an integrated luminosity of aboub13 p

The azimuthal correlation distribution is obtained from the signal yields in tHerdiftAg
intervals after correcting for detector effects, such as the limited acasptdirough an unfold-
ing procedure [21]. In Fig. 6 we show the comparison between the gimgeand unfoldedg
distributions. Depending on the particulag bin, for an integrated luminosity of about 50
an accuracy of 15-25% on the differential cross-section can be ebtatombining statistical and
systematic uncertainty. An accuracy at the 10% level is expected for tlgratedo (pp — bB)
total cross section.

7. Search for the Rare Decay B — ptpu~

The rare deca — p*u~ is mediated by flavor-changing neutral currents that are forbidden
in the Standard Model at tree level. The lowest-order contributions in thmel&tad Model involve
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weak penguin loops and weak box diagrams that are CKM suppressegtensions of the Stan-
dard Model, theB? — u*u~ branching fraction may be enhanced by several orders of magnitude.
Thus, several experiments have searched for these decays. géstBrsamples have been col-
lected by CDF and DO corresponding to a luminosity of 2fbut no signal has been observed.
The lowest branching fraction upper limit was set recently by CDF yield#(@l — u*u~) <

5.8 x 1078 @ 95% confidence level [22]. The reconstruction for this decay is sintlaATLAS

and CMS. In di-muon triggered events, pair of oppositely charged muersetected, and required

to pass offline quality cuts (displaced 1~ vertex, isolation with respect other tracks, invariant
mass compatible with aB? candidate). Once recorded data are available, the background in the
signal region will be estimated using sidebands in the distribution of the muon paiifant mass.

In the current studies the background was estimated using simulated evahtbie background
estimate is affected by large uncertanties in the knowledge djﬁlmoduction cross-section and

in the limited Monte Carlo statistics available. After the number of backgrouna®irethe signal
region has been determined, the number of signal ewsitsan be determined from a compari-
son of the total number of events found in the signal region, and the estifat&dround. For
low statistics an upper limit oNg corresponding to certain confidence level is determined using
appropriate statistical methods. Oridg is determined, th&2 — u*p~ branching fraction can

be calculated using a relative normalization, e.g to the reference chhnel J/@K*. While
clearly ATLAS and CMS do not expect to observe this decay during the gtages of the LHC, as
more luminosity becomes available and the understanding of the backglioymdses, it should

be possible to identify a signal for this process. ATLAS expects a sigrialevents with a back-
ground of 14[%8 events for an integrated luminosity of 10fb CMS [23] expects a signal of 2
events with a background of %+ 2.4 events for an integrated luminosity of 1 corresponding

to an upper limit of about 1.6 10-8 @ 90% confidence level.
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