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1. Introduction

Heavy quarkonium production at hadron machines is still p@noproblem in QCD. In the
framework of non-relativistic QCD (NRQCD) [1,2], the praxion of heavy quarkonium factorises
into two steps: the heavy quark-antiquark pair initialleated at short distances subsequently
evolves non-perturbatively into quarkonium. NRQCD, whislbased on the colour-singlet (CS)
and colour-octet (CO) matrix elements, allows to resoha discrepancy observed between the
J/y cross-section measured at the Tevatron [3] and the cretisiseestimated through the CS
model [4,5]. More recent higher-order calculations [6—@lse the gap between the CS model
predictions and the experimental data [10], reducing tleelrier large CO contributions. After the
measurements df/ ¢ andY(nS) production cross-sections at lower energigs £ 7 TeV [11,12],
\/S=2.76 TeV [13]), LHCb has performed the first measurements oflquum production at
\/S= 8 TeV [14] providing a new hint for the theory.

Hadro-production mechanisms are not yet fully understaaiconly for quarkonium, but also
for the production of barions’.\ﬁ produced inpp collisions are expected to be polarised transver-
sally according to the Heavy Quark Effective Theory (HQEANjch predicts that a large fraction
of theb-quark transverse polarisation is retained after hadatiois [15, 16]. LHCb has performed
the first measurement ever, at hadron machines, cvl\‘g’n@ J/YA decay amplitudes andg po-
larisation [17].

Another interesting result that is discussed here is thedd-centrabb production asymme-
try, which provides useful constraints to any models att@mypo explain the intriguing Tevatron
results [18] on the forward-backwattproduction asymmetry.

2. J/y and Y(nS) production at \/s= 8 TeV

In this analysis,Y(nS) (n=1,2,3) andJ/ are reconstructed in the dimuon decay channel.
Data analysed have been collected by LHCb during April 2012 @orrespond to an integrated
luminosity of 51 pb! for Y(nS) and 18 pb* for J/¢. Transverse momentunp{) and rapidity ¢)
of the selected mesons are limited to the fiducial regipr: 14 GeVE (pr < 15 GeVEfor Y(nS)
and 20 <y < 4.5. In the selection two oppositely charged particles, ifiedtas muons and with
good quality track fit, are required to originate from a comnvertex. Promptl/{ mesons are
separated from those fromhadron decays by exploiting the pseudo-decaytime varidglined as
tz = (Zy/y — Zpv)My,y/ P2, Wherez; , andzpy are the positions along the beam axisf the J /s
decay vertex and of the primary vertes, is the z.component of the measured momentum and
M,y is theJd/( nominal mass [19]. The differential cross-section for thedpction of a vector
mesorV in a bin of (pr,y), decaying into a muon pair, is

d’c NV — ptu)
dedy(pp—>VX) L X ot x BN — UtUT) x Ay x Apr
whereN(V — p* ™) andég; are the number of observed events and the total detecticieeffy
respectively in the given binZ is the integrated luminosityZ(V — u* ™) is the dimuon branch-
ing fraction of the vector mesov [19], andAy andApy are the bin sizes. The efficiency has been
determined from Monte Carlo simulation and has been extelysvalidated with data.

(2.1)
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Figure 1: Differential cross-section (under the assumption of zeransation) as a function gfr for the

production of prompd /¢y mesons (top-left)]/ Y from b-hadron decays (top-righty|1S),

(bottom, from left to right). Theoretical predictions am@an for comparison.

Y(2S) andY(39)

Among the systematic uncertainties, a major contributiomes from the trigger efficiency
(4%) and from the luminosity determination (5%). The cresstions are given here in the hypoth-
esis of unpolarised mesons. Figure 1 shows the measurestsgosons, under the assumption of
zero polarisation, as a function @f, for promptJ/¢ mesonsJ/y from b-hadron decays, for

Y(1S), Y(2S) and Y(3S). Theoretical predictions are also shown for comparisoih wéta. The
measured cross-sections integrated g4eandy are:

10.94+£0.02+0.79 ub

3.2414+0.018+0.231 nb
0.761+ 0.008=+ 0.055 nb

o(promptd/y) =
o(J/y fromb) =1.28+0.01+0.11 ub
o(Y(19) x Z(Y(1S) » p"p~) =
o(Y(29)) x Z(Y(28) » p'u) =
o(Y(39) x B(Y(3S) = P ™) =

0.3694+ 0.005+ 0.027 nb

where the first uncertainty is statistical and the secontésyatic.

3. /\°—>J/L[J/\ decay amplitudes and /\ polarisation

2.2)
(2.3)
(2.4)
(2.5)
(2.6)

The/\g spin has not yet measured but the quark model predictioriri&;sﬂ'hus/\g — J/WYA
is a decay of a spig particle into a spin 1 and a spiparticle. TheA — J/(A decay dynamics
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Figure 2: Definition of the five angles used to describe &fe— J/¢/(u™ 1~ )A(prr) decay.

can be probed looking at five angles as shown in Fig. 2, wiiésehe normal to the production
plane, 8 is the angle between and the/A momentum in thaf\g rest-frame,(61, @) are the polar
and azimuthal angles of the proton momentum inAheest-frame, and6,, @) are the polar and
azimuthal angles of tha™ momentum in thel /y rest-frame. Integrating over the two azimuthal
anglesg andg, in the helicity amplitudes formalism the decay distribatican be written as:

ar 1 ¢
a0 ﬁ;_ fi(a.,a_,by,b_)gi(P, aa)hi(cosh,cosb;,cos,) (3.1)

wherea, = .# 1,8 =4 14, b =4 1 jandb.=.Z . , are the helicity amplitudes,

is the/\g transverse polarisation parameter andis the A asymmetry parameter. The functions
fi, g andh; are defined in detail in [17]. The analysis is based on 1! fof data collected in
2011 at\/s= 7 TeV. Due to the different levels of background, the evengsctassified into two
categories and are analysed separatdlgtecays outside the Vertex Locator (downstream events,
see Fig. 3-left)/A decays inside the Vertex Locator (long events, see Figgl&xi
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Figure 3: J/@A invariant mass distribution for downstream events (lafg for long events (right). For the
definitions of downstream and long events see text.

From the mass distribution fitsymass Weights are obtained to subtract the background in the
(cosB,cosb,, cosfy) angular distribution. Moreover, simulated events are ueatkterminewsec
weights to correct for the acceptance. Finally each eventighted by the produatinasyVacc and

the resulting angular distribution is fitted with the fuioeti3.1. In order to understand its reliability,
the fit procedure has been checked with Monte Carlo simulgtithe mass has been generated ac-
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cording to the yields and shape observed in data, while tgelandistribution has been generated
using the expectations &}, anday. The bias from the fit has been included in the systematic erro
calculation.

The measured transverse polarisation paramef@y4s0.06+ 0.07+ 0.02 and the parity vi-
olating asymmetry parameter ég, = 0.05+0.174 0.07, where the first uncertainty is statistical
and the second is systematic. The main contributions toytsiemmatic uncertainty are due to the
determination of the acceptance function from simulatemmg to the fit bias. The measurements
reported here cannot exclude a transverse polarisatioﬁgfof the order of 10% [20] and a parity
violating parameter of about 15% as predicted by many thieatenodels.

4. Forward-central bb production asymmetry

Forward-backwardt production asymmetry measured at the Tevatron [18] sugg@sasym-
metry larger than the value predicted by the Standard Mobleé forward-centrabb production
asymmetry at the LHC, defined @2 = [N(Ay > 0) — N(Ay < 0)]/[N(Ay > 0) + N(Ay < 0)],
whereAy = |yp| — |y;| is the difference of thé-quarks rapidity, is a related observable which pro-
vides useful constraints to any models attempting to expla¢ results from the Tevatron [21].
The analysis reported here is based on an integrated luityiraisl fb— collected by LHCb at
\/S=7 TeV [22]. In the selection, two higpr (pr > 15 GeVEk) back-to-back A¢ > 2.5 rad)
b-tagged jets from a common primary vertex are reconstructededicated trigger algorithm is
used to select jets containingbehadron. The tagging of thie-flavour is obtained by the charge
of the hardest track in the jet which has been identified as anmunder the assumption of a
semileptonich-decay the muon charge is related to tAtavour. The tagging purity determined
from data is(70.7+ 0.4)% and is in good agreement with the tagging purity estimateh Monte
Carlo simulations(73+2)%. Out of acceptance particles and the detector response negkied
a jet energy correction between 20%-30%, while an additienargy correction of 10%-20% is
needed to account for missing neutrinos. Figure 4 showAylaistribution for all events (left) and
for events for which the invariant mab4; > 100 GeVE (right). The resolution on the di-jet mass
ranges between 15%-20%.

2
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Figure 4: Ay distribution for all events (left) and for events for whidfetinvariant mass,; > 100 GeVE

(right). The dashed distribution (mirror data) correspotuithe inversiodly — —Ay.

ok

The raw asymmetries obtained are

ARY — (0,24 0.2(sta)) % 4.1)
+(Mpp > 100 GeV/c) = (1.84 0.7(stat) ) %. (4.2)
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The dilution due tdo-tagging impurities or to théy resolution can be neglected. Correcting the
raw asymmetry by the dilution factor-12w, wherew = 0.293+4 0.004 is the mis-flavor tag rate,
we finally get

b, — (0.5 0.5(stat) & 0.5(sysh)% (4.3)
A% (M, > 100 GeV/c) = (4.3+ 1.7(stab) + 2.4(sysb)%. (4.4)

Though no significant forward-centrab production asymmetry is observed, a percent level
asymmetry for largé/l,; would be in agreement with the Standard Model expectations.

5. Conclusions

We have presented a selection of the LHCb most recent asalysiee heavy flavour physics
sector. Thel/ andY(nS) production cross-sections afs= 8 TeV provide a further hint to the
theorists attempting to resolve the quarkonium hadro4ctdn mechanism puzzle.

For the first time at a hadron machine, LHCb has measuredﬁhe J/WA decay amplitudes
and the’\g polarisation. The results presented, though have stjélarrors, give strong indications
about the respective theoretical models.

Finally, an analysis performed dmtagged jets has allowed to measure the forward-cebitral
production asymmetry: no significant asymmetry is obsengdg the full mass range or using
only di-jet events with IargbB invariant masses. This is in agreement with the SM expecisti
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