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Status: one thing that’s clear is that little is clear
QWG review: Eur. Phys. J. C 71, 1534 (2011) {arXiv:1010.5827v3 [hep-ph]}

Despite recent theoretical advances, which we shall de-
tail below, we are still lacking a clear picture of the mecha-
nisms at work in quarkonium hadroproduction. These mech-
anisms would have to explain, in a consistent way, both the
cross section measurements and the polarization measure-
ments for charmonium production at the Tevatron [329, 628,
650, 655-658] and at RHIC [659-664]. For example, the ob-
served pr spectra in prompt ¥ production seem to suggest
that a dominant contribution at large pr arises from a color-
octet process in which a gluon fragments into a QQ pair,
which then evolves nonrelativistically into a quarkonium.
Because of the approximate heavy-quark spin symmetry of
NRQCD, the dominance of such a process would lead to a
substantial transverse component for the polarization of ¥/’s
produced at large pr [665-667]. This prediction is clearly
challenged by the experimental measurements [658].

e no consistent theoretical account

® some serious disagreements: —
[figure: CDF; PRL 99, 132001 (2007)]

e 1 experimental disagreements too
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Fig. 55 The polarization parameter « for prompt J /1 production in
pp collisions at /s = 1.96 TeV as a function of pr. The points are
the CDF data [658], the band is the prediction from LO NRQCD fac-
torization [667], and the line is the prediction from k7 factorization
[640]. The theoretical uncertainty in the LO NRQCD factorization pre-
diction was obtained by combining the uncertainties from the parton
distributions (estimated by comparing the MRST98LO [732] and the
CTEQSL [733] distributions), the uncertainties from the color-octet
NRQCD long-distance matrix elements, the uncertainties that are ob-
tained by varying m. in the range 1.45 GeV < m, < 1.55 GeV,
and the uncertainties that are obtained by varying the factorization
and renormalization scales in the range 0.5my < juy = p, < 2mr.
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Polarization (1): general description
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,
e the angular distribution W/(cosd, ¢) “a

N 2
— (1
x (3_*_)\19)( + Ay cos” ¥

+ Ay sin> Y cos2p + A9y sin 20 cos @

+ Aj sinZ9sin2p + /\Iﬁp sin 29 sin )
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Polarization (1): general description
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
rest frame
N ) €S
X —— (1 4+ A\ycos“ ¥
(3 + )\19) ( v production \19

plane
+ Ay sin® 9 cos 2¢ + Ay Sin 20 cos T
X S

+ )\i sin29sin2p + /\ﬁp sin 29 sin ) ¢

e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane
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Polarization (1): general description
Faccioli, Lourenco, Seixas, and Wohri, EPJC 69, 657-673 (2010)

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
rest frame
N ) est N
x ——— (1 + A\ycos“ ¥ 4
(3 + )\19) ( v production \19

plane
+ Ay sin® 9 cos 2¢ + Ay Sin 20 cos T
X S y

+ )\i sin29sin2p + /\ﬁp sin 29 sin ) ¢

e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane

e reflection-odd terms unobservable (parity)
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e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane

e reflection-odd terms unobservable (parity)
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Polarization (2): choice of frame
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)

different definitions of the z axis are used, each with motivation:

helicity: ey 7

Q direction-of-flight /

Gottfried-Jackson: b=>/<=bz

dir” of one beam / .

Collins-Soper: Q// ffm‘n /// ‘”‘"fm’l

dir” of laboratory z
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Polarization (2): choice of frame
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)

different definitions of the z axis are used, each with motivation:

helicity: ey 7

Q direction-of-flight /

Gottfried-Jackson: b=>/<=bz

dir” of one beam / .

Collins-Soper: Q// ffm‘n /// ‘”‘"fm’l

dir” of laboratory z

@ rel” even of CS frame to parton-collision frame varies event-to-event
(due to parton pr): some smearing of distributions in general
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Polarization (2): choice of frame
Faccioli, Lourenco, Seixas, and Wahri, EPJC 69, 657-673 (2010)

different definitions of the z axis are used, each with motivation:

helicity: ey z

Q direction-of-flight /

Gottfried-Jackson: b=>/<=bz

dir" of one beam / e

Collins-Soper: 2 ofmase / R

/ frame / frame

dir” of laboratory z

@ rel” even of CS frame to parton-collision frame varies event-to-event
(due to parton pr): some smearing of distributions in general

@ angles between frames vary event-to-event
— choice of a more natural frame can give greater sensitivity
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Polarization (2): choice of frame
Faccioli, Lourenco, Seixas, and Wéhri, EPJC 69, 657-673 (2010)

different definitions of the z axis are used, each with motivation:

helicity: ey z

Q direction-of-flight /

Gottfried-Jackson: b=>/<=bz

dir" of one beam / e

Collins-Soper: 2 ofmase / R

/ frame / frame

dir” of laboratory z
@ rel” even of CS frame to parton-collision frame varies event-to-event
(due to parton pr): some smearing of distributions in general

@ angles between frames vary event-to-event
— choice of a more natural frame can give greater sensitivity

o full angular distributions (Ay, Ay, Ay,) in general needed ...
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polarization

Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)
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polarization

Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)
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Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)
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Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)
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Polarization (3): pitfalls of incomplete treatment

Faccioli, Lourenco, Seixas, and W&hri, EPJC 69, 657-673 (2010)

a) z

. transversel
e L: polarized { Y

@ integration over azimuth ¢ —
dist” (d) looks like dist” (a):
longitudinal — “transverse”

longitudinally
/
@ R: meas! frame rotated by 90° x/t ‘\
| y

b) z
o if frames differ,
traditional Ag-only meas® can't
be compared w/o assumptions
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Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenco, Seixas, and Wahri, EPJC 69, 657-673 (2010)

’

L: polarized {

longitudinally
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R: meas! frame rotated by 90° x/t ‘\ s *‘
y

@ integration over azimuth ¢ —
dist” (d) looks like dist” (a):
longitudinal — “transverse” b

a) z <) z
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|

o if frames differ, m=0
traditional Ag-only meas®™ can't
be compared w/o assumptions

x
@ experimental acceptance is also -
typically a 7 of (Ay, Ay, Ay) ‘
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polarization experimental developments

Polarization (4): treatment in new J /1 x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)
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Polarization (4): treatment in new J /1 x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)
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[large stats increase from CMS later in this talk]
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Polarization (4): treatment in new J /1 x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)
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Polarization (4): treatment in new J /1 x-sections

ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)

prGeV/e)  20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

0-1 1091 £70£226+ 144 84413+ 133111 74947 +46+99 614 +6+23+81 447 +5+28+59
1-2 1495+38£2824+197 1490+ 124394197 1376 +£8+26+182 1101 £7+23+145  807+7+28+107
2-3 122542041094 162 121494244160  1053+£7+19+139  839+6+19+111 588+ 6+22+78
34 7774 11 +44 + 103 611+5+ 14+81 47144+ 13462 31544+ 14442
4-5 424 +6+22456 3254349443 2444347432 163:£3+£6+22
5-6 230+4+ 12+ 30 1674245422 194245416 764243410
6-7 1164246+ 15 1044144414 824143411 59+ 14248 34+ 11+14445
7-8 64+ 1+3+8 57414347 ME1+146 20+ 14144 17407408423
8-9 37414145 31+ 1+4 2314143 150405401421 85+05+04%1.1
9-10 193407405426  174+£05+02+23 126404401417 82+04+01%11  414£03+02+05
10-11 116405403415 98+04+01+13 7840301410 49+03+01£06 224+02+0.1+03
11-12 6.7+£04+02+09 59403401408 45+03+01+06 26+02+0.1+03

12-13 46+03+02406 35402400405 29402401404  1.2+0.1£0.1+02

13-14 29403+0.1+04 26402401403  1.3£02+£0.1+02
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Polarization (4): treatment in new J /1 x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)

pr(GeV/e) 20<y<25 25<y<3.0 30<y<35 35<y<40 40<y<45

0-1 1282 +£83+266+169 1058+ 16+ 166+ 140 924 49 + 56 + 122 728 +£7427+96 530+64+33+70
12 175144 £331+£231 1791 15 £47 +236 1603 +10+£31 4212 1246 £8+£26+ 164 902+7£31+119
2-3 1438424 4+1294+190 1423 £ 114284188 11824+ 74214156 913 £6+21£120 6316424483
3-4 932+ 13+53+£123 675+5+15+89 505+4+14£67 334+44+15+44
4-5 513+£74+27+68 358 £3+10£47 262+£3+£8+35 172£3+£7+23
5-6 278 £4+15+37 184 £2+6+24 128+£2+5+17 79+£2+£3+11

67 140+3+7+19 120+2+5+16 91+1+£3+12 63+1+2+8 36+1+£2+5

7-8 76+2+4+£10 64+1+3+£8 49+£14£2+6 24+1+1+4 1834£0.7+£0.8+£2.4
8-9 4+1+£1+6 34+1+£1+£5 25+ 1+1+£3 1714£0.6+£02+£23 894+05+04+1.2
9-10 23+£1£14£3 1934+0.6+02+£2.6 137+05+0.1£1.8 88+£04+01%+12 43+£03£02%05
10-11 135+£0.6+04£1.8 1094+04+0.1£1.4 85+04£0.1£1.1 524+03£0.1£0.7 244+02+£0.1£0.3
11-12 77+£04£03£1.0 6.4+£03+0.1+£08 494+03+0.1+£0.6 284+£02+0.1£04

12-13 524£03+£02+07 38+£03+£0.1+£05 314£02+0.1+04 1.3£0.1£0.1£02

13-14 334£03£0.1£04 28+£02+0.1+04 1.4+£02£0.1£0.2
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Polarization (4): treatment in new J /1 x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

0-1 830454+ 174+ 111 601 £9+94+79 54345433472 468 +£4+21+62 34144421445
1-2 1157 42942194153 1114+£9+£29+ 147  10734£7 21+ 142 89245+ 184118 66746423488
2-3 945+ 16484+ 125  938+7+19+124  865+5+ 16+ 114 7205+ 16495 51745420468
34 583+£8+33+77 51444+ 11468 41543412455 282 +4 413437
4-5 31544+ 16+42 ﬁ 2744248436 2054247428 148 +£2 46+ 20
5-6 17143+9+23 140+2+4+19 104+ 1+4+14 69+£2+3+9

6-7 874245412 83143411 70414349 51414247 LIESESE

7-8 48+14246 46414246 3814145 26414143 158+0.6+0.7+2.1
8-9 29414144 25414143 19.8+0.540.1+2.6 139405401418 7.6+04+03+1.0
9-10 149405404420 145+04+£02+1.9 108+04+0.1+14 704£03+£014£09 3.6+03+02+05
10-11 91+04+03+1.2  83+03+01+11 67+03+0.1+0910-11 43+02+0.1+06 20+02+0.1+03
11-12 53403402407 50+03+0.1+07 40+02+0.1+0.5 23402401403

12-13 37402401405 30402401404 25+02+0.1+04 1.0£0.1+0.140.1

13-14 23402401403 23+£02+0.1+03 12+£0.1+0.1+02

LHCb dp dy for longitudinal polarization
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Polarization (5): measurement for T(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb~! in Run 1l: {550k, 150k, 76k} T(1S,2S,3S) events

@ invariant \ = Airi% s Yes)
) ) @
determined in both 2t
helicity & CS frames ;ﬁﬁ__ "
— consistent save al ‘ ‘
first few 3S bins of YE®
1= 21
= I
4:# Y(35)
3
ol
| N L !
JIEEEES e a—

0 5 10 15 20 25 30 35 40
P, (GeVlc)
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Polarization (5): measurement for T(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb~! in Run 1l: {550k, 150k, 76k} T(1S,2S,3S) events

1
e invariant \ = %‘ﬁ < 081 -4 CDFRunll
determined in both 0.6 g ggFRE“;"“'
helicity & CS frames 0.4~ I
— consistent save 02 + T
first few 3S bins s
@ contradicts D@ result .0,4% _%_
(PRL 101, 182004 (2008)) 06 1}‘4‘
-0.8 —
L L L L

_ I I I
1O 5 10 15 20 25 30 35 40
P, (GeVlic)

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 8 /32



Polarization (5): measurement for T(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb~! in Run 1l: {550k, 150k, 76k} T(1S,2S,3S) events

. . R~ CDFRunll, 871 '
o invariant \ = 2033 .
T X, @
determined in both 08

D result, ly|<1.8

helicity & CS frames 06 (PRL 101, 182004 (2008)
— consistent save 04 I
first few 3S bins 02 | CDF il new result, [y|<0.6
0
@ contradicts D@ result oaf e
(PRL 101, 182004 (2008) [
@ confirms tension -0-6I ki
with older NRQCD -0.8
calculations . .. N — 0250 3

L .30. L .35. L .40
P, of Y(1S) [GeV/c]
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Polarization (5): measurement for T(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb~! in Run 1l: {550k, 150k, 76k} T(1S,2S,3S) events

-1
) ) ~ Ay43) GDF Run I, 6.71b
@ invariant \ = %‘3 s 1

determined in bothw 0 —
helicity & CS frames  06f

— consistent save o4 HL
0.28-7

D& published result, [y|<1.8

first few 3S bi i
Irst tew Ins i JH .

e contradicts D@ result _o;h' |t
g >—<L—' !
(PRL 101, 182004 (2008) ,4H 1

. . 0 1 CDF Il new result, [y|<0.6
@ confirms tension 061
with older NRQCD -0.8F
. C vl b b v b L a o | |
calculations . .. 7 5 10 15 20 2

3035 40
P, of Y(2S) [GeV/c]
@ T(2S): qualitatively similar conclusions; less power
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Polarization (5): measurement for T(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb~! in Run 1l: {550k, 150k, 76k} T(1S,2S,3S) events

-1
) ) ~ Ay43) GDF Run I, 6.71b
@ invariant \ = %‘3 s 1

determined in bothw 0.8 NRQCD
helicity & CS frames  06F

— consistent save o4 HL
0.28-7

D& published result, [y|<1.8

first few 3S bi i
Irst tew Ins i JH .

e contradicts D@ result _o;h' |t
g >—<L—' !
(PRL 101, 182004 (2008) ,4H 1

. . 0 1 CDF Il new result, [y|<0.6
@ confirms tension 061
with older NRQCD -0.8F
. C vl b b v b L a o | |
calculations . .. 7 5 10 15 20 2

30 3 a0
P, of Y(2S) [GeV/c]
e T(2S): qualitatively similar conclusions; less power

@ thorough polarization meas® in (p7,7) underway at the LHC exp® ...
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8/32



Polarization (5): measurement for T(nS) at CDF
CDF: from Matthew Jones’ presentation 2012/03/02 @ Fermilab

calculations have since moved on ...

s 1
0.8
0.6F Significant
r uncertainty due to
C"4: o feed-down from
0.2 x,(nP) states
0 EL (conservative
B = e assumptions)
-0.2:— z ::s::ﬁso:.v,ﬁ:a,o: ;5'5%3::3" ot
-0.4- TS \\\\\
-0.61
B SN
-0.8
| S P A N IR I B B

15 30 35 40
P, of Y(18) [GeV/c]

Nucl. Phys. B 214, 3 (2011) summary:
— NLO NRQCD - Gong, Wang & Zhang, Phys. Rev. D83, 114021 (2011)
— Color-singlet NLO and NNLO* - Artoisenet, et al. Phys. Rev. Lett. 101, 152001 (2008)
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Performance: reconstruction of basic samples

CENTRAL experiments: —

triggers on p(u) with high-pr, low-pr
threshold, & M(jujt)-restricted-samples

@ increasing L — higher-pr triggers

@ p'f-dependence — acceptance
AY(pr,y) polarization-dependent

FORWARD (LHCb): |
@ ¢ reduced at low- & high-y

] polarlzatlon — 3—30% changes

T — — —
:40<,<45
v35<y<d0
©30<y<35
m25<y<30
A20<y<25

o
I

°
%

efficiency

+‘
W
s
g

= 06

Py [GeV/c]

2 10’ ATLAS Preliminary T oow g
o E e B EF 2mud_Jpsimumu
S 10° Y08) ot upsmums
8 E VO ves) BB e
£ s Y(3S) W EF_mudmus_Upsimu
g 10°E == eF_mu2o
o ol ¢
10" g z
10°
10°E {5=7Tev det~231b
E.....u n o oo 0o nnnon
1 10 10
m,, [GeV]
10°4 2011 Run, L=1.11") mgﬁer paths
] oms Vs=7Tev oy
B, — '

Events per 10 MeV/
3

]

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz”

mlow p_double muon
high p,_double muon

z

i i
10 10?
dimuon mass [GeV]
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performance

Performance: reconstruction of higher states
ATLAS x.i(1P) observation: ATLAS-CONF-2011-136

from the 2010 data: p)X > 10GeV, |yX| < 2.4; cos(®/?> ) > 0.99

(¥7)
> T = > F T T T T 3
() [ \s=7TeV : e Data2010 1 2 r ATLAS Preliminary
& [ \s=7Te e st 4 = [ e Data2010 7
— 40000— —— Fit projection —| o 400 C— Fit Result \s=7TeV —
o r J. Ldt=39pb" [| .o Fit projection of bkg. ] - Fx L dte 30 b ]
pd 5 ] S e ~39p ]
|4 -
=~ F N,,, = 575000+ 1000 - [0} c2 . 7
& 30000~ b 30045000368V ] £ 800 Background 290 < M) <325 GeV
5 e ] [ 10 GeV, 24 ]
g r G,,=44.3+01 MeV b wr Pl > Wl )l <24
5 r ] r N(x)=2960%120 ]|
P 200
S 20000~ ATLAS Preliminary = (;962+ 0062 B
(@] L ] r 0=0.962+ 0. .
P [ — C 5=2.7+1.9 MeV ]
S 10000~ ] 100" p
£ r j r ]
e = ] L | | } 1
0%6 28 8 32 34 36 38 F 255 < M(un) < 28 OR 1
401~ + 3.45 < M(u'w) < 4.0 GeV]
M, [GeV] : | ]
. . . . . . 201
sim. fit to signal and sideband regions in [

J/1p — T~ ; bkgd modelling (2.3%) ObemAlS 70 50
dominates yield systematics (3.0%)

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 11 / 32
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performance

Performance: reconstruction of higher states
CMS X(3872) & 1(2S) production ratio: BPH-10-018-PAS

from the 2010 data:

pr > 8GeV, |yX| < 2.2,

U(pp — X + anY) X BX%TrTrw

U(pp — w/ + any) X B’(/Jl*)ﬂ'ﬂ"(/)

= 0.087 £ 0.017 £ 0.009

non-prompt fraction:

30% assumed (=
consistent with studies;

[20%,40%)] — 6% variat” in

cf. 2011 data ...

R

5000

4500
4000
3500

Candidates / 5 MeV/c?
8
(=]
S

2500
2000
1500
1000

500

CMS Preliminary

4§52 3.64 3.66 3.88 3.9 3.9
Jhp n*x” invariant mass [GeV/c?]

(]

A

Ny(agrz) = 548 + 104 (stat.)
N, o5 = 7346 + 155(stat.)

Js=7TeV
JLdt=40pb’

)

6 365 37 375 38 385 39 395 4

Jy 7 invariant mass [GeV/c?]

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz”
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performance

Performance: reconstruction of higher states
CMS X(3872) observation, & (2S): DPS-2011/009

Fit: x10°
Unbinned maximum likelihood fit. % > 1510
J/g mass fixed to the PDG value. = 35 2 s jy
' ) 4(2S) 3 " £y
Fit results: B £ s ’rM”wH{ SpoPen
o 230 2w FE
Y(2S) Voigtian: g £ st w,fm—ﬁ
M =3685.90 + 0.02 MeV 5 © 12 ”i*‘s
o =32+0.1MeV g 25 Wt
y =0.00283 + 0.00005 o "

B | I P E U U S B P
N=72594 + 518 378 3.8 3.82 3.84 3.86 3.88 3.9 3.92 3.94 3.96

20 mJ/¥ + ') [GeV]
X(3872) Gaussian: X(3872)
| = 38715 + 0.5 MeV 15
0 =6.1+0.4MeV
N=5303 + 341
10

Chebychev Polynomial:
c1=0.321 +£0.002
c2 =-0.091 + 0.002

Ns=7TeV

[3,)

CMS Preliminary _[ Ldt=896pb™"

[T EEEI T R EE U AR S EE S A R A AN AN A A
.6 365 37 375 38 385 39 395 4

PDG mass values: m(JI¥ + 1t+1t') [GeV]
W(2S) = 3686.09 + 0.04 MeV

X(3872) = 3871.57 + 0.25 MeV

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 13 / 32
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performance

Performance: reconstruction of higher states
LHCb X(3872) production: EPJC 72, 1972 (2012) {arXiv:1112.5310v1 [hep-ex]}
from the 2010 data:

pX € [5,20] GeV,
yX €[2.5,4.5];

1600

LHCb

1400f—\s =7 TeV

1200
o(pp — X + any) X Bx—Srry
=5.4+1.3+0.8nb;
2.40 below 13.0 £2.7nb
(Artoisenet & Braaten,
PRD 81, 114018 (2010)) 400

1000

Events / 2 MeV/c?

800

600

mass measurement is 200

already 2nd-most precise e 30 3800 3900
(after Belle 2011) MJAp w* ) [MeV/c?]

myx = 3871.95 4 0.48 (stat.) & 0.12 (syst.) MeV /c?
cf. WA = 3871.71 £ 0.19 MeV /c? (private, from QWG2011/Darmstadt)
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spectroscopy

Spectroscopy: observation of the x,(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; D@ conf": 1203.6034 — PRD(RC)

from 2011 data: “combined” muon tracks, p1 > 4GeV, In| < 2.3;

well-vertexed ptpu~: pr > 12GeV, |y|<2.0

T(1S) and (2S) — ptp~ sel” unconverted photon selection
S F atias L > B AL aras ]
S 80F e S o0 + .
8 7ob . Da\aJLdt:4.4fb E § : det=4.4fb" ]
% 60%— A-T(1S) selection _% \\u: 100; * « Data *:
b+ 3 RJB-r(@s) selection 3 £ F * Unconverted Photons ]
o 50F 1 8 80f ]
g E S F H P{H'W)>20GeV 4
3 0o . g E 8 6o E/(y)>25GeV
& 30F . ki S, E 2z F + ]
o F . . E| 2 40 + + B
S 20 . E EX F H ]
B et S 20 # =
L E ! r + ++ ]
a F E F e s J

0’ 1 Il 0 1 1 1 1 1 ) 10.6,50 %% aia e
8.5 9.0 9.5 10.0 105 1.0 o 1 2 3 4 5 6 7 8 9 10
mu*) [GeV] p.(v) [GeV]
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spectroscopy

Spectroscopy: observation of the x,(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; D@ conf": 1203.6034 — PRD(RC)

from 2011 data: “combined” muon tracks, p1 > 4GeV, In| < 2.3;

well-vertexed ptpu~: pr > 12GeV, |y| <20
T(1S) and (2S) — ptu~ sel” converted photon vertices (xy)

= Em T LR = 1600F T T T T
2 g ATLAS E £ : } ATLAS
£ _ S o [ |

@ 70f- . Da\aJ Ldt=4.41b £ z g 4 Jldt R
% ok A- (1) selection | = 1200 E
X E B-Y(2S) selection | .§ 1000[ i , * Data .
g 50 E k= E Converted Photons ]
k] & El W goof- e
o 40F J ' 3 E F i i ]
2 aor . o E 600F- : E
o E . . E k “ A i ]
§ 20f . : 3 00p oo E
g eeecaese®’ . 3 Fa, D4, M ! N k!
E g0 Seceed 200F w4 : E
a £ E £ B W ]

ot - - = o) SPSE H R i . W) L
8.5 9.0 9.5 10.0 10.5 11.0 0 20 40 60 80 100 120 140 160 180 200

m(u'p) [GeV] Conversion vertex radius [mm]
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spectroscopy

Spectroscopy: observation of the x,(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; D@ conf": 1203.6034 — PRD(RC)

from 2011 data: “combined” muon tracks, p1 > 4GeV, In| < 2.3;

well-vertexed ptpu~: pr > 12GeV, |y| <20
Xb — %nconT(ls) fit Xb — 7convertT(n5) fit

s A B e B e P an = 2000 . ; : ; . —
§ 70; ATLAS det aats E g 2005 ATLAS e Data:Y(1S)y —— Fitto T(1S)y E
5 eof = 4. E 2 180%[Ldt=4-4 ! | & Da @Sy — FittoT@S)y E
= F * Data ] = 160; ----- Background to Y(1S)y E
é 50:7 Unconverted Photons - E! E 140;  Background 0 TSy 3
3 S | | Background Il g F B
5 40 = 5 1200 Converted Photons
<3 F 3 c = E
S s E 8 100E 4 E
= 0 - | 3
= 20F + E = Yo\ et ; ¢ E
10 o [\ = 4oF & t H :
F | b | ‘ ‘ } 20? % | ‘ 4 ‘ ek AI E

0 9.6 9.8 100 102 104 106 10.8 0 9.6 9.8 100 102 104 106 108
mwy) - m) + my o [GeV] M) - m) + m o [GeV]

T(kS)

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 15 / 32



spectroscopy

Spectroscopy: observation of the x,(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; D@ conf": 1203.6034 — PRD(RC)

from 2011 data: “combined” muon tracks, p7r > 4GeV, In| < 2.3;

well-vertexed ptpu~: pr > 12GeV, |y|<2.0
D@ confirmation (also conversions) Xb = Yeonvert T (nS) fit
WI5F . S 2205 T T T T T T =
§ f D@, 1.3 b Data_ ? E ATLAS o DataY(1S)y —— FittoT(1S)y E|
400 — Full fit > 200 , Data 1S Fitto 1S E
E E ﬁ 180}JLdt — 4410 A Data:Y(2S)y —— Fitto Y(2S)y 3
235} ; Pr e S | Background to Y(1S)y E
o 4 E . Background to T(2S)y 3
E30f- T 140 3
haed 2 120E Converted Photons 3
w,-r S = E
250 8 100F 4 E
200 I 8F } E
F = 60F Yo\ b ¢ E
150 40F : t
" ot KV WA
E E .
s 0~ o8 100 “To2 104 108 108
Wi ; mwy) - m'n) + my o [GeV]
%5 10 05 T

M, - M, +myﬂs)[eewc21
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spectroscopy

Spectroscopy: first observation of the xy,;(3P)
ATLAS: PRL 108, 152001 (2012) {1112.5154}; D@ conf": 1203.6034 — PRD(RC)

X»(3P) significance > 60 in each sample;

Observed bottomonium radiative decays in ATLAS, L = 4.4 6/

for the photon conversions: > [anas
. O, 106
@ xpo — YT suppressed: omitted @ i

©

) Xbl,b2(1'D7 2P) fixed to WA E 10.4 -
® Xb1.02(3P) splitting = 12 MeV § r02f
assumed £ [
Xb(3P) barycenter i3 determination: 10;
calo. 10.541 £0.011 £0.030 GeV 98}
conv” 10.530 + 0.005 + 0.009 GeV i
predicted  10.525 oer
(PRD 36, 3401 (1987); 38, 279 (1988); EPJC 4, 107 (1998)) [
9.4l

there will be indirect T(3S) production !| ¢ ¥, =

1(3S)

S —
%, (1P —

World
averages

01,2
1

B-B threshold”

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz”
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(S)

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

3.1pb~' (2010 data), uu trigger; 25pb~! (2010 data),
p >3.5GeV |n| < 1.6 wtrigger :  pr > 1.4GeV
pr >25GeV || € [1.6,2.4] wu trigger : pr > 0.56, 0.48 GeV
e F UL RS AN AN LR 1 1 ]
< F CMS, s=7TeV 1~ *°F LHCb 3
> F 1 %k (s=7TeV ]
<00 ¢ L=3pb ] ; 5000/ - -
8 <104 2 . ]
S E 3
» = 4 N F -
B00 [ 1 °f ]
= F i« 3000 e
Yoo [ E ..g r ]
£ k| L 1
T 2000
300 [ 105 TF ]
E 1 g 1000:— —:
200 | R F 1
100 F L] o P TP, PR S S k
9000 10000 11000
8085 9 95 10 107 Irhasd KeN2/c?) M(wp*) (MeV/c?)
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cross-sections [EMNGEY)

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

CMS, /s =7TeV, L=3pb7%, |y| <2 1

(1< Py <2)Gev/e

(a) LHCb --g.g<y<§4:
iﬁH: Vs=7TeV T353vsh
10° :-:—.--;:j'_t=*= -:-g:g:ﬁg:g
§= f—'-é_‘:-_;)_‘:?::-_:*:ﬁ‘: ~40<y<45

—

(0< p% < 1)Gev/ @ <Py <3)GeVye

t

B'S x d?'%/dp_dy [nb/(GeVi/c)]

102
(5 < o < 6)Gev/c]
10°
i .
104 I I
(8< P4 <9)Gev/c Uo 15

l = T 3

il L -20<y<25 7

3 =25<y<30

(9 g < 10)Gev/c (10 < P4 < 12)Gev/c (12.< P4 < 14)GeV/< ] —30<y<as

= =35<y<40 _|

160f 5 =-40<y<45 g
£ E

120 > 4
S 107 e

0P . " 3 I § sl BESS
: T E i B

100l (14 < P4 < 17) Gev/c. (17 < o < 20)Gev/c (20 < P < 30) GeV/c 'g + ~ ++
3 S E

| ] 4 ]

[::] r 1

1

9 11 13

E 4 L L
W\nn s CATIONM N wo 5 10 5
1 P, of Y(2S) (GeV/c)

9 11 13 9
ot~ mass (GeV/c?)
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(S)

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb:

1 Datd 2010 '

T
ATLAS
3 — NRQCD, Pythiag §

53

fe*==—_— [Jcsmno
e (@rectonly)

o

L - v

1L 4
Iy i<t 2 —
n'1<2.5, p!>4 GeV

3

Vo7 Tovf Lt 1350
0 5 10 15 20 25 30
P9 (Gev]

ofdp,dy x BR(Y(1S) — u* w) [pb/GeV]

PYTHIA: with NRQCD
m.e.’s, tuned to the
TeVatron data

CEM: —

CSM: various orders

Bruce Yabsley (Sydney / CoEPP)

B'Sx do‘s/dpr [nb/(GeV/c)]

. LHCb
10°E [§=7Tev

NLO CEM (1.5<y<5.0)
[ NLO NRQCD (2.0<y<4.5)

3 ! 1 Daté 2010 '

& . lATLAs aa §

€ 10% — NRQCD, Pythiag §

8

= + CSMNLO

z o By

= 10p = E

h = -

@ - _

L

o 1.2y 124

S In'1<2.5, pl>4 GeV

3

g0 ) E

3 VE=7 Tof Lat=1.13

5

% 0 5 10 15 20 25 30

P [GeV]
T T T

3 (b) —e— LHCb data (2.0<y<45) 3

5

I
10 15

p, of Y(1S) (GeV/c)

Quarkonium prod” & polariz”

Q
0
(]

. EPJC {1202.6579v1}

Q

<,
3
T

.

Y(18)

dPoldp_dy x B(un) (nb/(GeV/c))
o

\s =7 TeV,

—— CMS data
—— PYTHIA (normalized)

ly1<2

,L=3pb"

@
.L

RS e
Ls-

T
)

. LHCb
10°E [§=7Tev

B'S x do'/dp_ [nb/(GeV/c)]

LHCb data (2.0<y<4.5)
direct NNLO* CSM (2.0<y<4.5)
direct NLO CSM (2.0<y<4.5) |

I
5 10 15

p, of Y(1S) (GeV/c)
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(S)

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb:

1 Datd 2010 '

T
| ATLAS ,
107 — NRQCD, Pythiag §
s == CSMNLO
= . (direct only)
10 T - E
=

1L 4
Iy i<t 2 —
n'1<2.5, p!>4 GeV

3

Vo7 Tovf Lt 1350
0 5 10 15 20 25 30
P9 (Gev]

ofdp,dy x BR(Y(1S) — u* w) [pb/GeV]

PYTHIA: with NRQCD
m.e.’s, tuned to the
TeVatron data

CEM: —

CSM: various orders

3 ! 1 Daté 2010 '
& . lATLAs aa §
3 10°F —— NRQCD, Pythiag §
g
= + CSMNLO
z o By
= 10p = E
h = -
@ - _
AL
o 1.2y 124
S In'1<2.5, pl>4 GeV
3
g0 ) E
3 VE=7 Tof Lat=1.13
5
% 0 5 10 15 20 25 30
Pl (Gev]
T b ! ! ]
2 —e— LHC data (2.0<y<4.5)
3 (b) NLO CEM (1.5<y<5.0)
53 [ NLO NRQCD (2.0<y<4.5)
= 1 E!
r
= +m++
%»-w‘* E
N
L 10
k-]
o [ LHCD
o 1 E=7Tev E
10 Il Il L
5 10 15

p, of Y(1S) (GeV/c)

Quarkonium prod” & polariz”

acc. EPJC {1202.6579v1}

cPoldp,dy x B(un) (nb/(GeV/c))

B x do?s/dpY [nb/(GeV/c)]

Bruce Yabsley (Sydney / CoEPP)

Q

<

o,

T T
—— CMS data
—— PYTHIA (normalized)
ly1<2

10 15

Lw
S

2025
p¥ (GeV/c

HQL/Prague 2012/06/11

7(a) —e— LHCb data (2.0<y<4.5)

B direct NNLO® CSM (2.0<y<4.5)
direct NLO CSM (2.0<y<4.5) |

I
5 10 15

p, of Y(2S) (GeV/c)
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(S)

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb:

- Dala‘ 2010 '
— NRQCD, Pythiag §

fe*==—_— [Jcsmno
e (@rectonly)

T
[ATLAS

53

L - 4

o

1L 4
Iy i<t 2 —
n'1<2.5, p!>4 GeV

3

Vo7 Tovf Lt 1350
0 5 10 15 20 25 30
P9 (Gev]

ofdp,dy x BR(Y(1S) — u* w) [pb/GeV]

PYTHIA: with NRQCD
m.e.’s, tuned to the
TeVatron data

CEM: —

CSM: various orders

Bruce Yabsley (Sydney / CoEPP)

oldp dy x BR(Y(1S) = u* ) [pb/GeV]

B'S x do'/dp_ [nb/(GeV/c)]

=3

=)

e

T
3§ g
T
+
/

B* x do*¥/dp_ [nb/(GeV/c)]

. Da(a‘ 2010 '
—— NRQCD, Pythia8

*+ CSM NLO
B — (dvectonty)
-
-

T
[ATLAS

1.2<y" ®i<2.4
h'l<2.5, ;>4 GeV

E Vo7 Tov Lot 130"
0 5 10 15 20 25 30
Pl (Gev]

T T T

E (b) —e— LHCb data (2.0<y<4.5) 3
NLO CEM (1.5<y<5.0)

[ NLO NRQCD (2.0<y<4.5)

LHCb
Es=7TeV

5 1‘0 15
p, of Y(1S) (GeV/c)

Quarkonium prod” & polariz”

acc. EPJC {1202.6579v1}

—— CMS data
—— PYTHIA (normalized)
ly1<2

=
T

<
%

f

.

Y(38)

dPoldp_dy x B(un) (nb/(GeV/c))
o

\s=7TeV,L=3pb"
L L L L L
0 5 10 15 20_ 25

pi(GeV/c

Lw
S

T T
7(b) —e— LHCb data (2.0<y<4.5)
B direct NNLO® CSM (2.0<y<4.5)

L direct NLO CSM (2.0<y<4.5) |

T
9
T

L

B

. LHCb
10°E [§=7Tev

I I
5 10 15

p, of Y(3S) (GeV/c)
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I/ $(29)

Differential cross-sections: J /v
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

e complication: non-prompt fraction, {B¥, B /\b} —J/Y X
@ use J/1 as a proxy for the b-hadron:
2D UML fit to M(up) and pseudo-proper time T = ny.mw/p‘ﬁ

% 1605 ATLAS E _ 10EaTias’ e 4
r Ns=7TeV. ] (72} FaNs=7TeV Total PDF 3
Q 140 [Lat=23p5" TS [fra-zew St Norcom: Component |
o 120} — ~— ==+ Signal Prompt Component
o' F ® Data B O 10 E E|
— 100; —— Total PDF 3 — E 1
.\‘Q 80 ;7 ----- Background Component 7; E [ ]
g 60F E s ¢ E
L 40 E iT} F i ]
gty atan 2 et TS A
%5 26272820 3 3132333435 4 2 0 2 4 6 8 10
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I/ $(29)

Differential cross-sections: J /v
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

e complication: non-prompt fraction, {B¥, B?s)7 A} — I/ X
@ use J/1 as a proxy for the b-hadron:
2D UML fit to M(up) and pseudo-proper time T = Lz.mw/pf

. —
25<y<3.0
3 <pT<4 GeV/c

B L B
LHCb 25<y<3.0
3 <pr< 4 GeV/c

& B
(IR
==
S O

W W
w0 o W
S O
= =)

J Iy candidates per 0.1 ps

J Iy candidates per 5 MeV/c?

S T T T Y RO S N
3000 3100 3200 3300
M, [MeV/c?]
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I/ $(29)

Differential cross-sections: J /v
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt:

S

T

Br(JAp—u*w)d?a™" "™ /dp_dy [nb/GeV]

agreement with Fixed Order Next-to-Leading Logarithm

ATLAS
\s=7TeV

fL dt=22pb

1

Non-prompt cross-section

4 ATLAS075dy, I<15
Il Spin-alignment envelope
FONLL B— J/ipX

10

P/ [GeV]

[nb/(GeV/c)]

<o

do(J/y)
de

. [ZZ) FONLL2.0<y <45)

—e— LHCb, J/y from b (2.0<y <4.5)

(=}
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EEREES)
Differential cross-sections: J /v

ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm

prompt:

CSM: NNLO* an improvement; comparison still uncertain (feed-down)

I R o B e e = 10°F T T T T3
E ) E \s= E
8 10 Prompt cross-section ; F Ns=7 TeV —e— LHCb 20<y <4.5) 3]
3 Ot
2 v ATLAS ly,, |<0.75 G 10'E Direct NLO CSM (2.0 <y <4.5) 3
= 1 Spm-ahgnmentgnvelope = F o X . E
< E Colour Evaporation Model S Lo - Direct NNLO* CSM (2.0 <y <4.5) ]
o NLO Colour Singlet E o -
glet 10°F -
2 NNLO* Colour Singlet = E E
Slst .k ]
% sz 10 E
ol S E
= i ]
= 10 3
i 3
> E E
s E ]
5 o 43 E
60 70 E ]
pT"‘ [GeV] Y o U R B PR
0 5 10 15 20
P, [GeV/c]
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I/ $(29)

Differential cross-sections: J /v
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm

prompt:
CSM: NNLO* an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation
= S —— 2105§....,....,....,....,g
8 10 Prompt cross-section § E Ns=7 TeV —e— LHCb (2.0<y <4.5) E
g + ATLASO754y, |<1.5 & 10 e Prompt NLO CEM (2.0 <y < 4.5) §
L 1 Spin-alignment envelope - E E
-c>;' Colour Evaporation Model B » ]
Q_F10.| [ NLO Colour Singlet E 103 L -
2 1T NNLO* Colour Singlet -~ E E
g 102F 2| F 1
L F ~ S0 E E
%10’%* S F E
% 104 10F E
= o : -~ E
3107 r 1
& f L] g E
0 10 20 30 40 80 70 £ E
p;" [GeV] 107 Ll L sl

0 5 10 15 20
Py [GeV/c]
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I/ $(29)

Differential cross-sections: J /v
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm

prompt:
CSM: NNLO* an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation
NRQCD: reasonable agreement at y > 2.0 without feed-down
P L I B B glosg"""""'""""'§
8 10 % Prompt cross-section ; F Ns=7TeV —e— LHCb(2.0<y <4.5) 3
3 C . E z L - o . -
= 102? g;';‘_\:i;nsmjz:/ﬁ:iipe ] 104; D777 Pirect NLONRQCD (20 <y <4.5)
‘E>J'F 10: Colour Evaporation Model ..\D :._-._ Direct LONRQCD (2.0<y <4.5) J
_g_ E NLO Colour Singlet = 103 - —
= 3 NNLO* Colour Singlet = E E
£ g 2| - F ]
g E Sla o
o = E =
“,',"1 10_‘? -8 = 10 ? §
= E - 4
FrotE 10f E
S0tk F E
o F 13 E
0 5 10 15 20 5 30 E 3
pT"‘ [GeV] 10" 1 1 1 1
0 5 10 15 20
P [GeV/c]
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I/ $(29)

Differential cross-sections: J /v
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

agreement with Fixed Order Next-to-Leading Logarithm

NNLO* an improvement; comparison still uncertain (feed-down)
feed-down included; disagreements in shape and normalisation
reasonable agreement at y > 2.0 without or with feed-down

non-prompt:
prompt:
S = T
8 102 Prompt cross-section —=
3 E . ATLAS20<ly, <24 3
= 10 L Spin-alignment envelope
5 E Colour Evaporation Model
o F NLO Colour Singlet
2 1F [T NNLO* Colour Singlet
5 F
10
j=3 E
=2l
2107 aias
T ENs=7Tev
210%
S E de(=2.2 pb"
i3] E )
0 5 10 15 20

= 105§ T T T T T T}
= F Ns=TTeV |y (20<y <45) ]
8 10 E [ Prompt NLO NRQCD (2.0 <y <4.5) 3
}’ F oy E
= oF ™ -
5. f §
% 102 E E
=] E E
10 E
g E
107 i L A T R B

0 5 10 15 20
P [GeV/c]
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I/ $(29)

Differential cross-sections: 1(2S) — feed-down free
LHCb: to be published in Eur. Phys. J. C {arXiv:1204.1258v1 [hep-ex]}; see ref’s

non-prompt:

described well by Fixed Order

NLL

prompt: color-singlet reasonable at partial NNLO, save high pr
singlet+octet at NLO agrees; less well at low pr
o F T T L < T T T
g 102k ] S 10°F Mwc E
$ E (S FONLL 3 . ke
E 10:_" —— ——(25) from b 2 10 3 [ AL 3
-8|°-" E ._._.* -8 o 10 .r —e— Prompt y(2S) ]
° L —— °© E
1F e E E
——] 1k
1wy LHCb E 10" LHcp
E\/§=7TeV ; \s=7TeV
- 1 1 1 -2 1 1 1
10%5 5 10 15 1% 5 10 15
P, (GeV/c) P, (GeV/c)

B(b — 1(25) X) =

PDG
LHCb
CMS (next slide)
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[used as input for FONLL above]
(48 £2.4)x 1073
(2.7340.06 (stat.) £ 0.16 (syst.)

+0.24 (Bppg)) x 1073

(3.08+ 0.12 (stat.,syst.) & 0.13 (theor.) + 0.42 (Bppg)) x 1073
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I/ $(29)
Differential cross-sections: J /v and 1(2S)

CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}

@ simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties

Events / ( 0.02 GeV/c?)

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz”

10°

Xnpye = 94.4/99

— T
CMS-\s=7TeV
L=37pb"’
—4— data
— total fit
“““““ background
8<p < 9 GeV/c

lyl<1.2

o T

4 4.5
w* W invariant mass (GeV/c?)
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I/ $(29)

Differential cross-sections: J /v and 1(2S)

CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}

@ simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties

@ prompt cf. NLO NRQCD: large uncert® 5 feed-down; TeVatron CO m.e.'s

B x dPa’/dp. dy (nb/(GeV/c))
2 . 5 2 2

-
<,
%

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz”

prompt JAy— u* w0, corrected for acceptance
Er T T T ——
o CMS Vs=7TeV L=37pb"’
& —o— 0.0 <lyl <0.9 (x625)
—5- 09<lyl <1.2 (x125
—— 1.2<lyl <1.6 (x25)
—&— 1.6<lyl <2.1(x5)
—— 2.1 <lyl <2.4 (x1)
prompt NLO NRQCD

T T T T
2

:

T

Luminosity and polarization 3
uncertainties not shown 3
Lo | L L L L

30 40 50
p; (GeVic)

6 78910 20

-
[=]

-

L

%%
%
(}é

o
<

B x d?c¥@)/dp_dy (nb/(GeV/c))

N
<
N

o
o
&

prompt y(2S)— u* u, for
e T
E ‘ CMS Vs=7TeV L=37pb"
E —o— 0.0 <lyl <1.2 (x25)
—5- 12<Iyl <16 (x5)
—— 16<lyl <2.4(x1)
prompt NLO NRQCD

f

|

Luminosity and polarization
i not shown

o
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I/ $(29)
Differential cross-sections: J /v and 1(2S)

CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}
@ simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties
@ prompt cf. NLO NRQCD: large uncert® 5 feed-down; TeVatron CO m.e.'s
@ extra ARpompt = 12-20%, uncert” in x; polariz”; non-prompt cf. FONLL

= 0.09 T = 0.09 A
§ F ‘ CMS V5=7TeV L =37 pb" ] é‘ F "CMS 13=7TeV L= 37 pb"
OB 1 foos I
lyl<2.4 | CCE e — EvtGen, scaled to data ]
0.07~ = 0.07F lyl<2.4 3
0.06f B 0.06 E
0.05F = 0.05F
0.04 4 7 0.04]
0.03F t E 0.03f E
:\\\\\\\\\\\\\\\\\\\\\\\\: :Hw\ | | cao bl by
0.02 10 15 20 25 30 0'020 5 15 20 25 30
P, (GeVl/c) pT(GeV/c)
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ratios

LHCb prompt x to X1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

e ratio is sensitive to color singlet / octet mechanisms

— T T T 3 <4 <F chigen
b ] 1.6f ]
= 6000 LHCb = gi o 7/ NLonRaco
2 V§=7TG:'1V N ] N 14f @-LHeo 365"
& 5000 converted photons 3 ¥ F Ocor !
= ] X o12F
2 ] S F
5 4000 3 1B
> [
Y A ] E
3000 - 0.8F
] N
] 0.6F
2000 E E \ RS, oo
] oaf SR
1000 - t LHCb
- 0_2 -
] F {s=7TeV
o I IR BT I IPIPIPE PRI PP B |
0 200 300 400 500 600 700 _ 800 _ 900 1000 0
M 1€ 1) - MOe 1) MeVie? 2 4 6 8 10 12 14 16

Pl [Gevid
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ratios

LHCb prompt x to X1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

e ratio is sensitive to color singlet / octet mechanisms
e 36pb~! (2010 data); y¥ € [2.0,4.5], pY € [2,15] GeV; 7¥ < 0.1ps

T T T X chicen
LHCb 7/ monnaco

Vs=7TeV

converted photons

“®-LHCb 36 pb”"

OcorFr1m"

Events /[ 9.2 MeV/c? ]

0.8

0.6

0.4

0.2

600 700 800 900 1000 o loiile,
M(u @ y) - M(u* ) [MeV/c?]

0 200 300 400 500

Pl [Gevid
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ratios

LHCb prompt x to X1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

e ratio is sensitive to color singlet / octet mechanisms
e 36pb~! (2010 data); y¥ € [2.0,4.5], pY € [2,15] GeV; 7¥ < 0.1ps
e photons: pJ > 650MeV, p? > 5GeV, L cuts; converted

T T T X chicen
LHCb 7/ monnaco

Vs=7TeV

converted photons

“®-LHCb 36 pb”"

OcorFr1m"

Events /[ 9.2 MeV/c? ]

0.8

0.6

0.4

02 LHCb

] “F (s=7Tev
600 700 800 900 1000 c'- Pl EPEFrE B
Mg i y) - M(u* ) [MeV/c2] 2 4 6 8 10 12 14 16

0 200 300 400 500

Pl [Gevid
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ratios

LHCb prompt x to X1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

e ratio is sensitive to color singlet / octet mechanisms
e 36pb~! (2010 data); y¥ € [2.0,4.5], pY € [2,15] GeV; 7¥ < 0.1ps

e photons: pJ > 650MeV, p? > 5GeV, L cuts; converted and not

(\Z T T T T T ’E 1.6 r X chicen
S 8000 LHCb =k 2 monsaco
= 7000 fs=7Tev ~ 14F @ Lich 35 pb
N non-converted photons ) F Ocor
= X 1.2F
> 6000 S12f
= o
2 5000 1
w o
000 T 0.8f
3000 0.6F
2000 0_4:_
.,F LHCD
b ls=7TeV
o I IR BT I IPIPIPE PRI PP B |
300 400 500 600 700 800 900 1000 0
M 1 1) - M 1) [MeV/] 2 6 8 10 12 14 16
Pl [Gevid
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ratios

LHCb prompt x to X1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

e ratio is sensitive to color singlet / octet mechanisms

e 36pb~! (2010 data); y¥ € [2.0,4.5], pY € [2,15] GeV; 7¥ < 0.1ps
e photons: pJ > 650MeV, p? > 5GeV, L cuts; converted and not
o disagreement with LO CSM and NLO NRQCD > ‘pol" uncertainty

(\Z T T T T T ’E 1.6F X chicen
3 8000 LHCb ;, o 7/ NLoNRaco
= 7000 fs=7Tev ~ 14F @ Lich 35 pb
N non-converted photons ) F Ocor
= X 1.2F
> 6000 SR
= o
2 5000 1
w o
000 T 0.8f
3000 0.6F
2000) 04k \
.,F LHCDb
b ls=7TeV
0 300 400 500 600 700 800 900 1000 1] ¥ S . Loyl L L
MG 1 1) - MO 1) MeV/e] 2 4 6 8 10 12 14 16
Pl [Gevid
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ratios

CMS prompt Xx2/Xc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6fb~'; presented by S. Argird at Blois 2012

® Xc1,c2 = YeonverJ/U; |y¥] < 1.0, p7 > 0.5GeV/c; 15/, < 30 pm

o € F
§4uoj £ 7000
2 CMS Preliminary w L CMS Preliminary
r ~
350 r
0 ; pp,\'s =7 TeV g 6000 — pp, \'s =7 TeV
@ T 4 o r
P r
€ 300~ L =4.62 fb [4 [ = 1
£9008 5 s000[ L=4.62fb
S r 3 r
w_F £ F
250 5 r
C O L
5 4000~
200 r
150; | 11GeV<p (/) <13 Gev 3000 a
1001 2000~
0] 1000
A \ il il '7: il C mﬂm
9233 34 35 36 37 38 39 4 [y AR R Lo T, Bl
o 5 10 15 20 25 30 35 40 45 50

- PDG 2
m, o= Mo+ My" [GeVieT] Conversion radius [cm]
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ratios

CMS prompt Xx2/Xc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6fb~'; presented by S. Argird at Blois 2012

® Xc1,c2 = YeonverJ/U; |y¥] < 1.0, p7 > 0.5GeV/c; 15/, < 30 pm

@ ratio meas®

[X) F
a =3
=] S

Events /5 MeV/c?
2
o

CMS Preliminary
pp,\'s =7 TeV
L=4.62fb"

11 GeV < P (Jhp) <13 GeV

?
327 33 34

XL i
IR I Y il
35 3.6 37 3.8 3.9

m ..-m, . +miP% [GeV/c?]
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ratios

CMS prompt Xx2/Xc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6fb~'; presented by S. Argird at Blois 2012

® Xc1,c2 = YeonverJ/U; |y¥] < 1.0, p7 > 0.5GeV/c; 15/, < 30 pm
@ ratio meas™ subject to pol” uncertainties: + (h=+1,+2) and — (h=10,0)

NQ 400 1= CMS Preliminary
E C CMS Preliminary F ppNS=7TeV
E r L=462fb"
0% ppNS =7 TeV i
£ 08
a L §
=300 L=4.62fb" L
o r L
> |
0 i #
r 06
2001~ 3 i
150/ § 11GeV<p (Jy)<13Gev 04 #
F r oly,,) Blx,, —~ Jh 1)
100~ F B e
r 02— extreme polarization scenarios
E r otx,) Iy(Whp)i< 1.0
S0 | - ) p,(1) > 500 MeV/c
I VR T r extreme polarisation scenarios
2 RO i il 0 TR R R
327 33 34 35 36 37 38 39 10 15 20 ) G V2/5
PDG 2
m, .. -m,, +mi¢ [GeV/c?] P (J/y) [GeVic]
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ratios

CMS prompt Xx2/Xc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6fb~'; presented by S. Argird at Blois 2012

® Xc1,c2 = YeonverJ/U; |y¥] < 1.0, p7 > 0.5GeV/c; 15/, < 30 pm
@ ratio meas™ subject to pol” uncertainties: + (h=+1,+2) and — (h=10,0)

@ cf. theory comparisons from Argird presentation: NRQCD

Predictions for Tevatron
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Phys. Rev. D 83,
111503(R) (2011)
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CMS prompt Xx2/Xc1 cross-section ratio

CMS-PAS-BPH-11-010, 4.6fb~'; presented by S. Argird at Blois 2012

® Xc1,c2 = YeonverJ/U; |y¥] < 1.0, p7 > 0.5GeV/c; 15/, < 30 pm
@ ratio meas™ subject to pol” uncertainties: + (h=+1,+2) and — (h=10,0)

@ cf. theory comparisons from Argiro presentation: NRQCD and kr factoris”

do(Xez)/ do(Xe1)

H\f\Hi

\HIH\IH\

f

\HTH:\:

[iiitivt
0 2 4 6 8
o Pl Gev
» K-t factorization

10 12 14 16

18 20

Phys. Rev. D 83, 034035 (2011)
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LHCb prompt x. to J/v cross-section ratio

submitted to Physics Letters B {arXiv:1204.1462v1 [hep-ex]}

@ ratio is another test of color singlet / octet mechanisms

— B . . T T . ‘:E; (b) R ChiGen
U 6000 (b) LHCb 3 2 06 LHCb Z/NLO NRQCD
S E fs=7TeV E © N +LHCb 36 pb!
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S 4000F z I
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2000 b // 352
F 0.2f ’/’/;},y////'/ 7
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LHCb prompt x. to J/v cross-section ratio

submitted to Physics Letters B {arXiv:1204.1462v1 [hep-ex]}

@ ratio is another test of color singlet / octet mechanisms
e 36pb~! (2010); y¥ € [2.0,4.5], p¥ € [2,15] GeV; ], <0.1ps

—_ - . . . . 2 \3 F (b) X ChiGen
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LHCb prompt x. to J/v cross-section ratio

submitted to Physics Letters B {arXiv:1204.1462v1 [hep-ex]}

@ ratio is another test of color singlet / octet mechanisms
e 36pb~! (2010); y¥ € [2.0,4.5], p¥ € [2,15] GeV; ], <0.1ps
e photons: pJ > 650 MeV, p? > 5GeV, L cuts; converted

—_ - . . . . 2 \3 F (b) X ChiGen
2 6000F (b) LHCb 3 3 06F //NLO NRQCD
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LHCb prompt x. to J/v cross-section ratio

submitted to Physics Letters B {arXiv:1204.1462v1 [hep-ex]}

@ ratio is another test of color singlet / octet mechanisms
e 36pb~! (2010); y¥ € [2.0,4.5], p¥ € [2,15] GeV; ], <0.1ps
@ photons: pVT > 650 MeV, p? > 5GeV, L cuts; converted and not
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LHCb prompt x. to J/v cross-section ratio

submitted to Physics Letters B {arXiv:1204.1462v1 [hep-ex]}

@ ratio is another test of color singlet / octet mechanisms
36pb " (2010); y¥ € [2.0,45], pif € [2,15]GeV; 7| < 0.1ps

o
@ photons: pT > 650MeV, p? > 5GeV, L cuts; converted and not
T p
o data| o, | within NLO NRQCD uncert”; disagrees with LO CSM
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LHCb J/) pair production observation

Physics Letters B 707, 52 (2012) {arXiv:1109.0963v2 [hep-ex]}

@ almost unknown (NA3 result only); depends strongly on prod” process
@ 37.5pb~! (2010); p% > 650 MeV, fit-quality and £ cuts
o fit of p"pu~pT ™ to good common vtx, consistent with a pp collision vtx

@ yield of low-p7 pair fit in bins of high-pr pair mass,
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LHCb J/) pair production observation

Physics Letters B 707, 52 (2012) {arXiv:1109.0963v2 [hep-ex]}

@ almost unknown (NA3 result only); depends strongly on prod” process
@ 37.5pb~! (2010); p% > 650 MeV, fit-quality and £ cuts

o fit of p"pu~pT ™ to good common vtx, consistent with a pp collision vtx

@ yield of low-p7 pair fit in bins of high-pr pair mass, then e-corrected
© 0yy/oyp = (5.1 % 1.0(star) £ 0.6(syst) 7175 (POI)) X 1074, ~ LO color singlet
@ further tests with more data; sensitive to double parton scattering (DPS)
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richer final states

LHCb double charm production

to be published in JHEP {arXiv:1205.0975v1 [hep-ex]}

. 5
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LHCb double charm production

to be published in JHEP {arXiv:1205.0975v1 [hep-ex]}
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LHCb double charm production

to be published in JHEP {arXiv:1205.0975v1 [hep-ex]}

(] (TDps(C1C2) ~ O'(Cl)O'(Cz)/O'Eff
3 TeVatron fit for offhg

DPS’

can also arise from intrinsic charm

LO calculations available for
gg — J/wJ/w, J/yce, cecT

h DD x5 LHCb
.- DD~
22 o DDy
—e— DA
.- DD x 1
. DD7

e DFA;

DD x% o
— 0+
355pb " of 2011 data: op -
DD —e—
greatly exceed two LO models DD x
. . DDy ——
rate consistent with DPS DAY .
support from: JApD
lack of y and ¢ correlations %E: e
WDr
. . T~ J, A+
complication: CC results A BLa ‘
I B 1 1 | |
; 10 10*
rich set of observables -
7C,Cy
Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11

28 / 32



L
Summary

@ quarkonium production and polarization is still a challenge for theory

Bruce Yabsley (Sydney / CoEPP)

Quarkonium prod” & polariz”

N



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 /32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood
o careful definition of frame and use of full (Ay, A, \y.) needed

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 /32



|
Summary
@ quarkonium production and polarization is still a challenge for theory

@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 /32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

o the ideal is in situ measurement of the polarization:

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

o the ideal is in situ measurement of the polarization:
e now underway at the experiments; practical with vast samples

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

o the ideal is in situ measurement of the polarization:

e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

@ quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

o the ideal is in situ measurement of the polarization:
e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now
@ active quarkonium programme underway at LHC experiments,
based on large {J/v, T} — putp~ samples

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

quarkonium production and polarization is still a challenge for theory

subtleties of polarization treatment now more widely understood
o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

the ideal is in situ measurement of the polarization:
e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now

active quarkonium programme underway at LHC experiments,
based on large {J/v, T} — putp~ samples

early spectroscopic results: X(3872) studies, x5(3P) observation

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

quarkonium production and polarization is still a challenge for theory
subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

the ideal is in situ measurement of the polarization:
e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now

active quarkonium programme underway at LHC experiments,
based on large {J/v, T} — putp~ samples

early spectroscopic results: X(3872) studies, x5(3P) observation

first differential cross-sections are available; compared to theory

Bruce Yabsley (Sydney / CoEPP) Quarkonium prod” & polariz” HQL/Prague 2012/06/11 29 / 32



|
Summary

quarkonium production and polarization is still a challenge for theory
@ subtleties of polarization treatment now more widely understood
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e more sophisticated treatment of exp’ acceptance now standard

@ uncertainty due to unknown polarization now standard

o the ideal is in situ measurement of the polarization:

e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now

@ active quarkonium programme underway at LHC experiments,
based on large {J/v, T} — putp~ samples

e early spectroscopic results: X(3872) studies, x,(3P) observation

o first differential cross-sections are available; compared to theory

@ the future — o-ratio, more rich final state measurements — is here
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Summary

quarkonium production and polarization is still a challenge for theory
subtleties of polarization treatment now more widely understood

o careful definition of frame and use of full (Ay, A, \y.) needed
e more sophisticated treatment of exp’ acceptance now standard
@ uncertainty due to unknown polarization now standard

the ideal is in situ measurement of the polarization:

e now underway at the experiments; practical with vast samples
e modern analysis of CDF data is available now

active quarkonium programme underway at LHC experiments,
based on large {J/v, T} — putp~ samples

early spectroscopic results: X(3872) studies, x5(3P) observation
first differential cross-sections are available; compared to theory
the future — o-ratio, more rich final state measurements — is here

higher-order calculations raised the CSM to new life;
data is challenging it, and color octet ... nowhere to hide!
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BACKUP polarization

Relation between (Mg, Ay, Ay,) in different frames
Sandro Palestini, Physical Review D 83, 031503(R) (2011)
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BACKUP polarization

Relation between (Mg, Ay, Ay,) in different frames
Sandro Palestini, Physical Review D 83, 031503(R) (2011)
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BACKUP cross-sections

Differential cross-sections: T (nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004 (2011); LHCb: 1202.6579v1

“Upsilon events are simulated using PYTHIA 6.412, which generates events based on the
leading-order color-singlet and octet mechanisms, with nonrelativistic QCD matrix elements
tuned by comparing calculations with the CDF data and applying the normalization and
wave-functions as recommended in [M. Kramer, Prog. Part. Nucl. Phys. 47, 141 (2001)] The
simulation includes the generation of ) states. Final-state radiation (FSR) is implemented
using PHOTOS. The response of the CMS detector is simulated with a GEANT4-based [15]
Monte Carlo (MC) program. Simulated events are processed with the same reconstruction
algorithms as used for data ... The normalized pr-spectrum prediction from PYTHIA is
consistent with the measurements, while the integrated cross section is overestimated by
about a factor of 2.”
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