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Basic pQCD approach: the Colour Singlet Model (cswm)

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Riickl Z. Phys. C 19, 251(1983);
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= Perturbative creation of 2 quarks Q and Q BU
= on-shell (x)
= in a colour singlet state
- with a vanishing relative momentum
= in a 2S5y state (for J/y, ¢’ and )
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= Non-perturbative binding of quarks — Schrddinger wave function
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Fragmentation in the CSM

= Introduction of quark- and gluon- fragmentation processes:
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Fragmentation in the CSM

= Introduction of quark- and gluon- fragmentation processes:
— Effectively NLO (a% instead of a3):

Cacciari, Greco, Phys.Rev.Lett.73:1586,1994

Braaten et al., PLB333:548,1994

— Different pr behaviour: P7* vs. P78,
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— Effectively NLO (a% instead of a3):

Cacciari, Greco, Phys.Rev.Lett.73:1586,1994

Braaten et al., PLB333:548,1994

— Different pr behaviour: P7* vs. P78,
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J/ ¢ photoproduction at HERA

M.Kramer Nucl.Phys.B459:3 1996
H1,EPJC 25, 2,2002; ZEUS, EPJC 27, 173, 2003

LO CSM also fails in photoproduction at HERA...
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BUT NLO CSM is in better agreement with the data !
see however Phys. Rev. Lett. 102, 142001 (2009) and Phys.Rev.D80:034020,2009
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Basic pQCD approach: Colour Singlet Model — Puzzle

J/ ¢ photoproduction at HERA

P. Artoisenet et al.Phys. Rev. Lett. 102, 142001 (2009)
e.g. H1,arXiv:1002.0234
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Is it as bad for pQCD predictions for non-prompt ¢ in pp ?

@ The answer is (fortunately) no !
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Is it as bad for pQCD predictions for non-prompt ¢ in pp ?

@ The answer is (fortunately) no !

@ Let’s see...

Sketch of inclusive production
heavy hadron observable particle

heavy quark

Weak decay

Non-perturbative
fragmentation

hard

process
Describe it with: pQCD

do(b— B—J/p) do(b)

% f(b— B)®g(B— J /)
— 25, 0= B 2B I/v)

M. Cacciari, talk at 2008 CTEQ-MCnet Surmmer Schoal
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Is it as bad for pQCD predictions for non-prompt ¢ in pp ?

@ The answer is (fortunately) no !
@ Let’s see...
do(b— B—J/y) do(b)

dpr dpr

®f(b—B)®g(B—J/y)
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Is it as bad for pQCD predictions for non-prompt ¢ in pp ?

@ The answer is (fortunately) no !
@ Let's see...
do(b— B—J/y) do(b)
dpr dpr
@ Hard part: NLO massive calculations, NLL resummations: FONLL

@ Fragmentation b — B (now fitted to LEP data at NLL — consistency !)
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@ The answer is (fortunately) no !
@ Let's see...
do(b— B—J/y) do(b)
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@ Hard part: NLO massive calculations, NLL resummations: FONLL
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@ The discrepancies of the late 90’s disappeared
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Part Il

Back to the prompt yield: solution to the puzzle ...
which puzzle ?
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The CSM predictions for the total yield & ‘g’,—‘; ?

As we have seen:

° dd—gT cannot be reproduced by the LO CSM
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The CSM predictions for the total yield & d" ?

As we have seen:
° d" cannot be reproduced by the LO CSM

oA b|t of confusion in the literature as regards do/dy ...
@ PHENIX data (1/s = 200 GeV) cover a broad range of y, down to small P

T
Global scale uncertainty: 10.1%
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Bdo/dy (nb)

om S
g(g G
S5 inacn, meosw
++Double Gaussian

= g e No CSM curve, why ?
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The CSM predictions for the total yield & d" ?

As we have seen:
° d" cannot be reproduced by the LO CSM

oA bit of confusion in the literature as regards do/dy ...
@ PHENIX data (1/s = 200 GeV) cover a broad range of y, down to small P
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The CSM predictions for the total yield & d" ?

As we have seen:

° d" cannot be reproduced by the LO CSM

oA bit of confusion in the literature as regards do/dy ...
@ PHENIX data (1/s = 200 GeV) cover a broad range of y, down to small P

Bdo/dy (nb)

60, T
Global scale uncertainty: 10.1%

PHTENIX

N
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20 @ iy >
iy > o
~-9dg).+ Feed-down
--1.25'NRQCD (CTEQSM)
~Double Gaussian

PHENIX, PRL98 232002,2007/ CSM: Cooper et al., PRL 93:171801,2004
section in the singlet and octet channel. In the color
singlet channel, the J/i production cross section at e’
order is given by:

o) = TR GIBR, , +T R )BR . ©)
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The CSM predictions for the total yield & ‘g’,—‘; ?

— RHIC (\/§ = 200 GeV) S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
50 " PHENIX (PRLuezszéoz) B
40 | edirect PHENIX (2009; Prelim.) »—.—1

E Fyy = 59£10 %
=30 } H ; 1
[
<
2 20 { { 1
S0 E} i 1
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-4 3 2 1 0 1 2 3 4
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The CSM predictions for the total yield & ‘g’,—‘; ?
— RHIC (y/s = 200 GeV) S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
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LO: gg — J/¢g (see slide 5, nothing new !)
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The CSM predictions for the total yield & ‘g’,—‘; ?

d RH IC (\/g - 200 GeV) S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
50 ""PHENIX (PRL 09 232002) ———
PHENIX (2009; Prelim) @
= 40 [FSeels 50110 % NLO ===

LO

(&)
o

do/dy x Br (nb
n
o

o

0

P8 o2 a0 12 8 4
NLO: gg — J/¢.99 99 — J/¢9q, ...

using the matrix elements from J.Campbell, F. Maltoni, F. Tramontano, PRL 98:252002,2007
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The CSM predictions for the total yield & ‘g’,—‘; ?
— RHIC (y/s = 200 GeV) S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
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NLO™: adding one new contribution at LO cg — J/yc
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The CSM predictions for the total yield & ‘g’,—‘; ?

— RHIC (\/§ = 200 GeV) S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
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the CSM predictions account for the yield

JPL, PoS(ICHEP 2010), 206 (2010)
— The yield vs. /s (here only LO curves)

@ Unfortunately, very large th. uncertainties: masses, scales (up,
1F), gluon PDFs at low x and Q2, ...

@ Good agreement with RHIC, Tevatron and LHC data
(multiplied by a constant Fdrect)
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Part I

Recent progresses: QCD corrections J
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Describing the mid- and high-Pt’s: QCD corrections

Describing the mid- and high-Pr’s: QCD corrections
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Describing the mid- and high-Pt’s: QCD corrections

Describing the mid- and high-Pr’s: QCD corrections

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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Describing the mid- and high-Pt’s: QCD corrections

Describing the mid- and high-Pr’s: QCD corrections

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
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Describing the mid- and high-Pt’s: QCD corrections

Describing the mid- and high-P7’s: QCD corrections

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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Yet, the impact of double t-channel gluon exchange at ocg is unsure
(NNLO* is not a complete NNLO)
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Describing the mid- and high-Pt’s: QCD corrections

Describing the mid- and high-P7’s: QCD corrections
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Describing the mid- and high-Pt’s: QCD corrections

Analogy with the Pr spectrum for the Z° boson
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Describing the mid- and high-Pt’s: QCD corrections

Impact of QCD corrections to CSM at mid and high Pr
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Impact of QCD corrections to CSM at mid and high Pr
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Describing the mid- and high-Pt’s: QCD corrections

Impact of QCD corrections to CSM at mid and high Pr
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Describing the mid- and high-Pt’s: QCD corrections

Impact of QCD corrections to CSM at mid and high Pr

100 100

%‘ s W(ZS) production 10
+ 10 at sqrt(s)=1.96 TeV_ NLO

< 10 3 arnsy NNLO*

2 3 1p - CDF data -----

g 1 = 0.1 scale and mass uncertainties

o & combined in quadrature

< 01 F x 0.01

3 g o001

¢ oo1} g > .

= 2 oo0001f N E—

=

0.001 ¢ a

% ‘ 5 1e0 for NNLO* curves

8 0.0001 L L L L L h 5 16-06 2 <5< am2
0 5 10 15 20 25 30 35 40 o s 10 1 20 2 =

Pr (GeV) Pr (GeV)

The NNLO* is not a complete NNLO — possibility of (large) uncanceled logs !

| Two possibilities ? |

RN

NNLO ~ NLO NNLO ~ NNLO*

J.P. Lansberg (IPNO) Quarkonium production June 1, 2011 16/36



Describing the mid- and high-Pt’s: QCD corrections

Impact of QCD corrections to CSM at mid and high Pr
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Impact of QCD corrections to CSM at mid and high Pr
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Describing the mid- and high-Pt’s: QCD corrections

Impact of QCD corrections to CSM at mid and high Pr
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Describing the mid- and high-Pt’s: QCD corrections

Models vs. LHCb data for the Y (orrowed from G. Manca, Aprir11)
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|\/|Ode|S VS. ATLAS data for the J/l/] (borrowed from D. Price, April'11)
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Colour Octet Dominance is challenged at low/mid Pt in pp
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@ No need of CO contributions at low Pt
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the Colour Octet Dominance challenged at low/mid Pz in pp ?

@ No need of CO contributions at low Pt
@ Strong constraints from the e e~ analyses
@ Recent Belle update of ete™ — J/y + X201 =0.43 £ 0.09 + 0.09 pb
e ete — J/ipgg CS at NLO + rel. corr. : 0.4-0.7 pb
no space for CO ('S, or 3P,) in B-factory data
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@ ISR resummations would smear the divergence at Pr — 0 out
Would this further enhance the COyield-at low Py ?
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QCD corrections, feed-down and polarisation
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QCD corrections and feed-down do matter for the polarisation
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— COM polarisation basically unchanged at NLO
— Polarisation from xq Feed-down unknown at NLO:
ifapp~0
@ wiot = Foir.tair. + (1 — Foir Japp >+ Fiirectdirect (uniess [arol = 1, ot < [aarect)
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QCD corrections, feed-down and polarisation

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101,152001,2008
B. Gong, J.X Wang, Phys. Rev. Lett. 100,232001,2008.
JPL, EPJC 61,693,2009. JPL, PLB695:149-156,2011.

— Complete modification of the CSM polarisation at NLO (also at NNLO*)
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— COM polarisation basically unchanged at NLO
— Polarisation from xq Feed-down unknown at NLO:

I‘fEK;:DQO
@ awor = Fir.agir, + (1 — Fair Jarp > Flirect® direct (unless [app| =1, |ator| < |tgirect)
3 H . ,max _ min _
@ If xc »° Syvis E1: K fromye = +1.00 and &fomy, = —0-45
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QCD corrections, feed-down and polarisation

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101,152001,2008
B. Gong, J.X Wang, Phys. Rev. Lett. 100,232001,2008.
JPL, EPJC 61,693,2009. JPL, PLB695:149-156,2011.

— Complete modification of the CSM polarisation at NLO (also at NNLO*)
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— Polarisation from xq Feed-down unknown at NLO:
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The CSM does describe the data
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Part IV

Cold Nuclear Matter Effects J

J.P. Lansberg (IPNO) Quarkonium production June 1, 2011 22/36



Shadowing, absorption and kinematics

Shadowing, anti-shadowing and a bit of EMC effect

(Some) nPDFs available on the market

Approximate ranges and constraints in EKS98

Ratios for gluons and Pb nuclei

Valence Sea quarks Gluons --- EKS9% — HKN (NLO)
14 ' — Epsos — nDS (NLO)
- [ 12
. | 10
05, | — —
" V I S - -
o o —= ai-2§ = 06
W e o cw e ! ¢ ] , S o4
Constrained by DIS 02
Constrained by DY 00 A=208 Q=9 GeV?
" 02
Constrained by Sum rules L L L L
10° 10* 10° 10? 10" 1

Assumptions

sea R

valence i gluons &

C. Salgado, ECT Trento July 2008

~ 14 ﬂd
% 12 - EKS(’)g &
O & DS ? he
a gn 8s an €
. EPSo8 ST oY
1o 3 . oﬁn
T ooal HeND? o) / Ce(ta\ﬂty
£7 oo | - EPSOS S un
= D-U — SO PSP8 | 00
0t 10° o' 10 10° 10 10 10° 10° 10° ' 1 Eskola, Paukkunen, Salgado,
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Absorption: an (effective) final-state cold nuclear matter effect

Particle spectrum altered by interactions with the nuclear matter they
traverse

= J /1> suppression due to final state interactions with spectator nucleons
Usual parametrisation (Glauber model) :

Sabs = exp(*paabsL)

@ p the nuclear matter density
@ 0,ps the break-up cross section
o L the path length
Energy dependence (seE. G. Ferreiro talk, Rencontres d’Etretat, 20-23/00)

@ At low energy: the heavy system undergoes successive interactions
with nucleons in its path and has to survive all of them = Strong
nuclear absorption

@ At high energy: the coherence length is large and the projectile
interacts with the nucleus as a whole = Smaller nuclear absorption
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On the kinematics of J/ 1 production

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009
If .Fg‘(x,?, z, ) gives the distribution of a gluon of mom. fract. x at a
position 7, z in a nucleus A, the differential cross-section reads:

doag
dy dPy db

2 — 1 kinematics with instrinsic pr ‘ ‘ ‘ 2 — 2 kinematics with extrinsic pr
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Shadowing, absorption and kinematics

On the kinematics of J/ 1 production

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009

If .Fg‘(x,?, z, ) gives the distribution of a gluon of mom. fract. x at a
position 7, z in a nucleus A, the differential cross-section reads:

doag
dy dPy db

‘ 2 — 1 kinematics with instrinsic pr ‘ ‘ 2 — 2 kinematics with extrinsic pr ‘

f d?A dZA dZB de1 dxo f d?AdZAdZB
X FGOD, Ta, zp, wr) FE (X3, T3, 2B, i) | % F§(x1.Ta, 2, tr) F§ (X2, Ta. 2B, i)
~p do A 3 g
x ot (x9, x2) ‘ X 28Py —2=l05(3 — 1 — 0 — MP)
x Sa(Ta, z4) Sp(Ts. z) | X Sa(F,24)Sp(73. 2B)
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On the kinematics of J/ 1 production

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009

If .Fg‘(x,?, z, ) gives the distribution of a gluon of mom. fract. x at a
position 7, z in a nucleus A, the differential cross-section reads:

doag
dy dPy db

‘ 2 — 1 kinematics with instrinsic pr ‘ ‘ 2 — 2 kinematics with extrinsic pr ‘

fd?A dZA dZB de1 dXzfd?AdZAdZB
X FGOD, Ta, zp, wr) FE (X3, T3, 2B, i) | % F§(x1.Ta, 2, tr) F§ (X2, Ta. 2B, i)
« ffgétr'(x?, Xg) ‘ % 2§P7-d0ggz}l/w+g(5(§ —t—0— MZ)
x Sa(Ta, z4) Sp(Ts. z) | X Sa(F,24)Sp(73. 2B)
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Nuclear modification factor for J/¢ in dAu collisions at RHIC

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009, PRC 81, 064911 (2010)
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@ The shadowing impact does depend on the kinematics
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Nuclear modification factor for J/¢ in dAu collisions at RHIC

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009, PRC 81, 064911 (2010)
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@ The shadowing impact does depend on the kinematics

@ The effective
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Centrality dependence in dAu

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009, PRC 81, 064911 (2010)
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(a) EKS98

coll

coll

(b) EPS08

coll

(c) nDSg

@ Backward region —2.2 < y < 1.2: the gluon in the Au is very energetic (large x)
— antishadowing
@ Central region —0.35 < y < 0.35: the gluon in the Au is energetic (mid x)
— slight shadowing

@ Forward region 1.2 < y < 2.2: the gluon in the Au is not energetic (small x)
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Centrality dependence in AuAu and CuCu

E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680:50,2009, PRC 81, 064911 (2010)
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Intrinsic scheme : no visible difference for |y| < 0. 35 and 1.2 < \y| <2.2.
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@ Meets the trend of the data

@ Hot Nuclear Matter effect still needed in central collisions
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Nuclear modification factor for Y in dAu collisions at RHIC

E.G. Ferreiro, F. Fleuret, J.P.L., N. Matagne, A. Rakotozafindrabe, to appear
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Y and EMC effect

EMC effect for gluons

E.G. Ferreiro, F. Fleuret, J.P.L., N. Matagne, A. Rakotozafindrabe, to appear

@ Let us try to increase the suppression of g(x) in the EMC region

@ Keeping momentum conservation :

Ry° (x.Q% = 48 GeV?)

J.P. Lansberg (IPNO)
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Quarkonium production
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EMC effect and Y in dAu collisions

E.G. Ferreiro, F. Fleuret, J.P.L., N. Matagne, A. Rakotozafindrabe, to appear

extrinsic pT,0,, ¢

g
o

RdAu
-
IS

T

!\\\‘\\\‘\\

—=— EPS09

=0mb:

—e— EPS + EMC medium
EPS + EMC strong

0.8

0.6

0.4

0.2

+ 11 % Global Uncertainty for PHENIX
Iyl <05:STAR-R  =0.78+0.28 (stat.) + 0.20 (sys.)
22<y<-12:PHENIX-R_ =0.84:0.34 (stat) 0.20 (sys. corr.)

1.2<y<22:PHENIX - RHAu =0.53+0.20 (stat.) + 0.16 (sys. corr.)

O.I....I....I....I....I....I....I....I....I

-2

-15 -1 -0.5 0 0.5

15

Improvement in the backward region: hint for gluon EMC effect ?
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CNM for J/ 1 production in PbPb at \/syy = 2.76 TeV

E.G. Ferreiro, F. Fleuret, J.P.L., N. Matagne, A. Rakotozafindrabe, Nucl. Phys. A 855 (2011) 327-330
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CNM for J/ production in PbPb at \/Syy = 2.76 TeV

The Pr cut matters

PbPb "oicise1 p, > 0.0 GeV,\s = 2.76 TeV PbPb nodeirr 2 P, > 0.0 GeV,\s = 2.76 TeV
I < [25,4.0] EKS98 < [2.5, 4.0] EKS98
yI< 25, 40] ni W y| < [2:5, 4.0] nDSG

inclusive JAy in Pb-Pb \[Syy = 2.76 TeV, 2.5<y<4, p >0 inclusive J/y in Pb-Pb \[Syy = 2.76 TeV, 2.5<y<d, p >0
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CNM vs data for PbPb at \/syy = 2.76 TeV

@ The data shows a weak centrality dependence

@ That of shadowing is more pronounced
(should be even more if one believes PHENIX)
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@ The data shows a weak centrality dependence

@ That of shadowing is more pronounced
(should be even more if one believes PHENIX)

@ Data seems to show a decrease of R4 for increasing Pr

@ Opposite trend with EKS98 (as expected);
nDSG is rather insensitive (surprising)
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CNM for J/ production in PbPb at \/Syy = 2.76 TeV

CNM vs data for PbPb at \/syy = 2.76 TeV

@ The data shows a weak centrality dependence

@ That of shadowing is more pronounced
(should be even more if one believes PHENIX)

@ Data seems to show a decrease of R4 for increasing Pr

@ Opposite trend with EKS98 (as expected);
nDSG is rather insensitive (surprising)

@ Suppression from HNM stronger at large Pt ... or not
@ The CNM baseline is nearly the key point here ...
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Part V

Conclusions and Outlooks J
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@ Agrees with the strong reduction of CO contributions at low/mid Py
expected from et e~ analyses

@ LO CSM fails as far as do/dPr is concerned

@ Higher-QCD corrections open leading Py channel: they are needed !
2 — 3,2 — 4 channels

@ Drawback: large theoretical uncertainties. ..
Dominant contributions are known only at Born order (ex: gg — J/vggg)
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Dominant contributions are known only at Born order (ex: gg — J/vggg)

@ (N)NLO correction alter the polarization : transverse — longitudinal
Yet, most polarisation data are prompt

@ Need for new observables
at the LHC or elsewhere !

@ The Py cutinthe J/vy yield in PbPb matters
@ Strong need to constrain CNM (pArun ?)
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Part VI

Backup J
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-
Gluon shadowing at different scales for Pb ions
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