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Motivation

Quarkonia production provides a powerful test of perturbative and non-
perturbative QCD models.

NRQCD o(pp— O+ X)= E”G(ﬁﬁ% q&[ﬁ])‘ <OQ [ﬂ]}

Perturbative Non-perturbative
Short distance, partonic + pdf Long distance matrix elements

A combination of colour octet and colour singlet contributions describe all

Cross_secﬁon and p_l_ Spectra We“ Butenschoen & Kniehl, arXiv:1201.3862
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quarkonia production & polarisation is needed RiesHy
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The LHCb Experiment El“ il

LHCb is particularly suited to the study of onia.

Large production cross-sections

o c2)= 1742267 ub 77y

0252)= 753+5.4+13 ub inacceptance .
LHCb-CONF-2010-013, LHCb: PLB 694 (2010) 209 /

Interaction
point

Analysis rapidity range : 2<y < 4.5

Precision tracking and muon system,

ECAL and RICH PID

, , 2010 7 36 pbt
Low p; trigger (typical thresholds):
2011 2.76 71 nb
1u: p;>1.8 GeV/c
2011 Vi 1 fb?

2u: p;>0.56 GeV/c

>0.48 GeV/c 2012 2| i
(exp. ~1.5 fb1)
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LHCb has published measurements of
prompt quarkonia (J/, P(2S) and Y')
production at 7 TeV.

All consistent with NRQCD predictions

LHCb : EPJC 72 (2012) 2025
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Quarkonia at 7 TeV

Non-prompt (from b-hadrons) J/y and {(2S) measurements are also

consistent with FONLL predictions M.Cacciari et al; JHEP 05 (1998) 007
M.Cacciari et al; CERN-PH-TH/2011-227.

|Jp 52pbt | [ p(2s) 36pbt |
T 10F L E A B B - ——————
= - = 3 il
3 ¥ —e— LHCb, J/y from b (2.0<y <4.5) S 102 -
2 77777) FONLL(20<y <4.5) S | FONLL
o 1 = 8 ? <. ——y(2S)fromb
S _gi_ P - 10 ’—
g g
10 =
s = 1
l§_ = 10" LHCb
- \s=7TeV
gl F o g opojE sty oo omoqow o ow & ow m & ) 102 I S — —
% 5 10 15 2 0 5 10 @ :,f;)
; eV/c
P [GeVic] LHCb : arXiv:1204.1258 "

LHCb : EPJC 71 (2011) 1645
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LHCb is performing extremely well at 8 TeV ™ ey pctminary A x. 2750106 3
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Fraction of J/p from b extracted from fit to mass and pseudo proper time
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Expect more results at 8 (and 2.76) TeV very soon !
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Production of multiple heavy flavour states tests
— gluon fusion —@ ' —

— Double Parton Scattering (DPS)
— Intrinsic charm content of the proton

—@ . DPS
gg fusion

LHCb published first observation of double J/1 production at hadron colliders
LHCb : PLB 707 (2012) 52

JAp + open charm (D%, D*, D.*, A_*) and double open charm production
LHCb : arXiv:1205.0975
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Multiple Quarkonia FJ -

Measured cross-sections suggest DPS needed LHCb : arXiv:1205.0975
I 0 0
g8 fU5|01~:‘-:-:-; . e ﬁ; jﬁ; ~* DPS predictions-
,,,,,,,,,,,,, . JD- ywp; . usingcross-section
& b JAF I A __ by CDF for multi-jets.
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Berezhnoy et al; PRD 57 (1998) 4385 o [nb] | 00, /Gclcz [mb]

Baranov, PRD 73 (2006) 074021
Lansberg, EPJC 61 (2009) 693

Kinematic distributions suggest sizeable gluon-splitting contributions
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Heavy Onia

Measurements of heavy quarkonia provide

important tests of the colour singlet and colour

octet production mechanisms

— Feed-down fractions (yx.—J/Mp; x,—Y)
— Ratios of . ,,,(J=0,1,2) spin states

and are crucial for the measurement of

polarization.

Studies of heavy bottomonia states are

relatively new.

LHCb measurements in unique region

2<y<45;

V.Gibson

p; (JAp) > 2 GeV/c
p; (Y) > 6 GeV/c
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Heavy Onia : . G-

LHCb reconstructs . via the radiative decay LHCb - arXiv:1202.1080
LHCb : arXiv:1204.1462
X, (;7}’) — J/yYy LHCb-CONF-2011-062
Photons identified in the ECAL Photons converted before
the magnet
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. LHCb : arXiv:1204.1462
Fraction of J/ip from 7 states

o(Xe = Jb7) o(x. = Jhb)
o(Jb) odir(Jb) + o(¥(2S) = J X) + o(xec — Jfby)

depends on signal yields (. and J/) and efficiencies (J/ap, y and ).

Photon efficiency checked using B*— % _K* and B*— J/iK* decays
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Heavy Onia : . G-

. LHCb : arXiv:1204.1462
Fraction of J/ip from y_ states: e
5 E X ChiGen
D 0.6F %NLO NRQCD
) - L LHCb -« LHCb 36 pb™
= osb) \s=7TeV
~——U. —\
= [Q
=2 [
- 0.4_—
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= 03EN //6 1 L
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0.2F ,{,;);{éi, 4 ;;'/;,’r/}ﬂf/ Z and Jp
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[ L. Harland-Lang & W.J.Stirling
O-I Ll I L1 I L1 1 I L 1 I L1 I L 1 I Ll

2 4 6 8 10 12 14
pf”[eewcj
Results in remarkable agreement with NLO NRQCD prediction

Ma, Wang & Chao, PRD 83 (2011) 111503
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Heavy Onia : . G-

Ratio of i, spin states ~ 0(Xe2) _ Nxo € B(xa — J/7)
0(Xe1) Nya &2 B(xe — JAp7)’

depends on 7_signal yields and ratios of efficiencies.
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LHCb : arXiv:1202.1080 4 [GeVi/d LHCb-CONF-2011-062
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LHCb-PAPER-2012-015

LHCb reconstructs %, via the radiative decay

XéJ(”P)eY(lS))/ N, 350F
S E 32 pbt LHCb
= 3°F \s =7 TeV
o __E Preliminary ~ .
Photons identified in the ECAL : ¥ *°F N(x,) = 201 £ 55
8 200f
pL > 600 MeV/c’ 5 f
9 50 ww wwy WRE
cost), > \ cm.s e g
..... 3 ...> :
\\ﬁy sof-
T Na = . ;
0 02 04 06 08 1

wy) - mut) (GeV/e?
Select Y(1S) and 6 < p(utuy) < 15 GeV/c m(u*uy) - mup’) (GeV/c?)

X, (J=0,1,2) mass differences comparable with experimental resolution.
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Heavy Onia : G

Fraction of Y(1S) from ,(1P) decays . N, o 1 LHCb-PAPER-2012-015

-Y =
X /\/Y €

depends on signal yields and efficiency to reconstruct and select , after
Y(1S) candidate is selected ¢, = (9.4 + 0.08)%

Sy = (20.7 + 5.7 (star) £ 2.1 (syst.) tgz (po[))/o

X5

w32 pb-t LHCb CDF pp collisions
sof- Sy Vs=1.8 TeV, p;>8 GeV/c
7o Preliminary

/v =(27.1£6.9=4.4)%

CDF: PRL 84 (2000) 2094

it iRk ipipips oo ey l --------------------- Total uncertainty
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Heavy Onia : G

Observation of y,(3P) LHCb-CONF-2012-020

Select Y(1S) and p(uruy) > 20 GeV/c

Preliminary
LHCb preliminary | 72(x,[1/7])=9.901+£0.002 GeV/c®
i hia m(x,[2.7))=10.266 +0.006 GeV/c’

0.9 fb™
N(x,(3P)) =196 + 19 ‘”f(xéi3P])= 10.535+0.010 GeV/c?

300

250

200

150

Statistical signf. | consistent with ATLAS/DO

1210 ATLAS : arXiv:1112.5154
DO : arXiv:1203.6034

100

Candidates / 20 MeV/c2

50

...........................

o 05 1 15 2 : .
m(utuy) - m(un) (GeV/e?) More detailed studies to come
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Summary

LHCb is producing many important quarkonia results:

- Cross-section measurements, signal for Double Parton Scattering and
heavy quarkonia

Short —medium term expect new measurements:

- Cross-sections (@ 2.76, 8, 14 TeV ), polarisations, double onia (J/ (2S),
JAY, YY) and ¥,

An upgraded LHCb detector (from 2018) opens up new & exciting

possibilities:

- Precision studies of Double Parton Scattering, search for Triple Parton
scattering

- Production studies with hadronic decays of quarkonia (pj_a, o )

LHCb has a world class quarkonia program |
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Quarkonia at 7 TeV FJ -

Theory references for quarkonia production

Jhp and Y
Ma, Wang and Chao; PRL 106 (2011) 042002

P(2S)

Ma, Wang and Chao; arXiv:hep-ph/1012.1030

Kniehl and Butenschoen; PRL 106 (2011) 022003 and private comm.
Artoisenet et al; PRL 101 (2008) 152001

Lansberg; EPJC 61 (2009) 693
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Quarkonia at 8 TeV FJ -

B fractions

24

22 )
LHCb Preliminary 70 bins
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Quarkonia at 8 TeV FJ -

Comparison of expected J/ip cross-sections in LHCb at 7 and 8 TeV
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1

Measurement of J/ polarization needed to 08f CDF : PRL 99 (2007) 132001 -
0.6/ I

— Understand failure of NRQCD predictions 3 “NroD

. 5 OC e = ky-factorization

— Largest error on cross-section & feed-down — w2f 4 :
04 -

-0.6|- =

T i s

Polarization described by 3 parameters 150 5w s wm

Ag» A, and Ay,

Extract from a fit to the angular distribution of the positive lepton

TN =1+, coszﬁ+)t¢ sin’ 9c0s2¢ + Ay, sin29 cos ¢ | .
d(cos ) dlp e 9
production

ane \'o
0 = polar angle between u* in J/ip rest frame & J/ flight direction 4

¢ = azimuthal angle between J/p production plane and u* plane
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cos6

LHCb strategy:

— Measure polarization by extracting Ay, A, and Ay, using an unbinned
maximum likelihood fit to the u* angular distribution

— Results will be given in bins of JAp p;andy (2 < p; <15 GeV/c)

Background _Sgnal (SB subtracted) |
1 T

Signal (MC acc. corrected) | zy\

Signal (bg subtracted)

cosb

Polarization of prompt and non-prompt J/ip available very soon.
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Heavy Onia : . G-

Ratio of . spin states U(Xcz)
G(Xcl)

3 18F A T 18F
i- . LHCb :Lﬁc“s = Si - == LHCb 36 pb™' 2<ly(J/y)l<4.5
\b 1'6:_ \E =7 TeV o o i_ 1.6 :_ \/g =7TeV =@= CMS 4.62 fb™! ly(J/y)i<i
Y 1.4F NP 3
x B R P =
— B [S) n
2 1'2;' 1.2
1- =
0.8 0.8
0.6 0.6
0'4:_ 0.4
0.2f n
E 0.2
) PP IR I PP I PP PP OO - I I I I I
2 4 6 8 10 12 14 16 0 |||5||11101111151111201111251
. p’¥ [GeV/c] i Sy
LHCb : arXiv:1202.1080 T LHCb : arXiv:1202.1080 p" [GeVid
CDF : PRL 98 (2007) 232001 CMS PAS BPH-11-010
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Heavy Onia : G

Fraction of Y(1S) from y,(1P) decays LHCb-PAPER-2012-015
Versus p;

prY 5 (GeV/e) G 7-8 8 — 10 10 — 15 6 — 15
Nrec(Xp) 41.3+39.4 3524215 91.5+30.0 82.7+29.4 | 201.1+55.2
€conditional(X5) in %  6.68 £0.15 8.28+0.19 10.04+0.15 12.78 +0.18 | 9.40 +0.08
Fraction in % 22.7+21.6 195+119 31.6+104 24.6 + 8.8 20.7 = 5.1

Systematic Uncertainties

Source Uncertainty
Unknown x;;(1P) mixture %
Photon reconstruction efficiency 5.5%
Background description 5%
Quadratic sum of the above 10%
100% polarization of 7°(15) =220
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