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Introduction

Understanding the mechanism of quarkonium production in hadron
colliders has been (surprisingly) challenging since the first evidence
seen by CDF.
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Introduction

Color Octet (CO) has been introduced, in addition to Color Singlet
(CS), to cope with the large discrepancies:

- Leading Order: CO dominant = quarkonium transversely polarized
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Nowadays the role of CO vs. CS 1s still on debate...

- CS+CO: LO +NLO can reproduce data

- CS only: LO+ NLO + NNLO* not very far from data
NNLO — NNLO* (part. of NNLO) =?
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Introduction (cont’d)

More observables are proposed: double charm(onium), p-Pb
collisions at LHC energies...

Meanwhile the production cross-sections (+ polarizations?) of
Xcs Xby*

are (going to be?) available, especially at LHC. It may shed new

light...

The interplay between theory and experiment continues.
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Experiments at Tevatron
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Experiments at LHC
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J /1) production: a short summary

One of the very first physics results from hadron colliders
Sources of J/v - directly produced
- feed down from Xxe, ¥ (25)
- from b-hadron decays

Prompt

Separation of feed down component 1s challenging experimentally
~30% from X at Tevatron, confirmed at LHC

b-component could be separated from the prompt component by a
using the lifetime information of b-hadrons

T T T T T T
10 3 === By _— 1 U FATLAS ® 7TeVdata
( ... . Prompt JAy 2 E[Ns=7Tev [} — Toll POF ATLAS
7T 0O L $ ==+ Background Component
T - @ N Ts] 5 Ldt=2.44pb Sg'eﬂ Non-Prompt Component |
£ 4 ™ —— Total | — ‘% & ----+=- Signal Prampt Companent
S Y ‘ SV..- o 10 3 -
S A = - :
Sob Ld- S
g F NN e I2} i - :
& i W PV GCJ 1F : b LA
fo N > 3 ' “} E
§ U o F . ]
/1 B \\.\ [ i ‘;‘
1k ,_/ . ': x\\\ | H “.I
L/ N 10k I P A | 1 I ] =
L0 i 1 by 1
005 0 005 01 0I5 4 2 0 2 4 6 8 10

Impact parameter (cm) ty= Ly/Pe* My (pS)



J /1) production

* Theory predictions are in good agreement with data

ATLAS data vs. CS CMS data VS. CS+CO LHCb data vs. CS+CO
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* Huge statistics, dominant uncertainty from unknown polarization.

LHC Results will be updated once the polarization measurement 1s
ready.
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J /1) production

e New ALICE measurement ALICE, arXiv:1202.2816
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The 1mpact of the measurement is still under discussion
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1 (2.S) production

The prompt component of (2S) doesn’t suffer from feed-down
from higher mass states: prompt = direct

May be exploited in two modes
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1 (2.5) production

* Reasonable agreement between theory and data

CDF data vs. CS CMS data vs. CS+CO
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Candidates / (25 MeV/c?)

Candidates/0.04 GeV/c?

Y (nS) production

* Three states decaying into ptp~
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Y (nS) production

Y (15), Y(2S) : direct production + feed down
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Y (nS) production

different experiments...
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Y (nS) production

Reasonable agreements with theory predictions
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Polarization Measurement

The polarization (spin alignment) of the quarkonium can be determined by the
analysis of the angular distribution of the final state leptons

V =1t~

production

V rest frame

plane TT—~u

The coefficients are frame dependent, but an invariant characterized the “shape’
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Polarization Measurement

* It was proposed that polarization measurement could shed light on
understanding the role of CS vs CO

* Polarization results maybe highly depend on rapidity range,
frame,..., and above all the good understanding of the detector
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Polarization Measurement

. . . 4r Y(1S)
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Polarization Measurement

* ALICE released the first J/v polarization measurement at LHC
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* Results are close to the recent theoretical prediction (NLO CS+CO) with large
uncertainties (no feed down in theory). Many terms contribute. ..
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Entries per 5 MeV/c?

Production of Xc

e Decays into J/v + =, the photon energy resolution is crucial to resolve the

Xels Xe2 states.

* The photon may be measured
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-conversions before main tracking system:

lower eff., better resolution

Jhy +vy mass distribution
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JATLAS

JA EXPERIMENT

Run Number: 167776, Event Number: 96770384

Date: 2010-10-28 08:19:31 CEST

CMS utu~~ (— eTe™) candidate

CMS Experiment at LHC, CERN

Data recorded: Thu Oct 14 08:17:48 2010 CEST
Run/Event: 147929 / 30084678

Lumi section: 31

Oig/Crossing: 8045444 [ 2047 f’e ;
2 /
. i

ATLAS pt ™~ candidate . ' s
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o(xec = J/¥v)/o(J/¥) at LHCb

 Photon reconstructed in calorimeter
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LHCb, arXiv:1202.1462

In figures above ONLY!

- converted = conversion after the
magnet, e*e” in the calorimeter

- non-converted = photon in calorimeter
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o(Xc2)/0(Xc1) at LHCb

* Converted photons are used (better resolution, lower efficiency)
* Results in agreement with CS+CO NLO above 8 GeV

entries / 4.75 MeV/c?
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New Xb state

 X» states reconstructed from x» — Y (kS) + v

pruy Candidates / (25 MeV)

A. Chisholm’s talk
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Double charm(onium)

« LHCb made the first observation of double J /v production at hadron colliders.

LHCb, PLB 707 (2012) 52
* Many double charm(oium) modes observed with significance > 5c.
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Double charm(onium)

* Measured cross-sections suggests Double Parton Scattering (DPS) needed
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Double charm(onium)

* Correlations reveal some deep insights

LHCb, arXiv: 1205.0975
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Summary & prospects

* Quakonium production has provided an ideal place to test QCD,
many lessons learnt in last 20+ years:

- high order corrections more important at some phase space region

- the correct answers may involve many factors, CS+CO

- simple measurement might not be easy (e.g. polarization)
* Many more results are going to be produced in LHC

- polarizations ( J/v,(2S), Y (nS),--+)

- double Quark(ontum) productions

- new states

- p-Pb collisions in LHCb
* Stay tuned!
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Events /[ 9.2 MeV/c? ]

* Results in agreement with CS+CO NL=

o(xe = J/¢v)/o(J/¥) at LHCb

* Photon reconstructed in calorimeter only (higher eff., poorer

resolution)
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In figures above ONLY!

- converted = conversion after the magnet,
e*e in the calorimeter

- non-converted = photon in calorimeter
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