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OUTLINE

* Discussing prompt charmonium production (1.e. not from B-
decay)

e Nlot an exhaustive review of latest theoretical calculation
rather an attempt to give insight into the ingredients of the
calculations

e Something 1s missing In the theory though there has been
recent progress

* Distinguish model from theory
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Quarkonium: Bound state of a heavy quark anti-quark pair
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NRQCD

(Caswell & Lepage, and Luke, Manohar & Rothstein)

Appropriate EFT for Describing Quarkonium Dynamics:
Non-Relativistic QCD

e Remove the heavy quark mass from QCD

* Power counting In relative velocity v < 1
v2 2
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* Separates the scales: mg, mgQu, mQu
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QUARKONIUM DECAY

(Bodwin, Braaten & Lepage)

Inclusive & Semi-Inclusive Decay Rates
Calculated via the O.PE.
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O01(°81) =¢lox - x'oy O(v*)
0s(351) = YTaTy - X' T oy O(")

Not a model: theoretical errors understood and systematically
improvable



QUARKONIUM DECAY
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QUARKONIUM DECAY

jbo )+ X at L@,
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QUARKONIUM PRODUCTION

(Bodwin, Braaten & Lepage)

NEOIGD Factorization ek Riedlcie

BN EllEl e Prodluction Cross Section
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QUARKONIUM PRODUCTION

e J/4 Production at large p.1 in hadronic collisions

do
dp1
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_eading contributions are a
bowers of ag(p)and powe

99 05— J(p1) + X) = / G / 022 f; 15(@2)

(i § — c&(8,p1) + X){0]05*|0)

nalance between

S oW



10727

QUARKONIUM PRODUCTION

e J/4 Production at large p.1 in hadronic collisions

LO
OF (3Sy) = x'o'¢ (alan ) ¥lo'x o (p )v?
DEEE) = e (aLaH) Yo Ty o (p1)as(2me)v”
ST (ol an ) 0T a3(p 07
O ey = %x*(—% B-U)TAw(aLaHWTA(—% Do)y a2 (p )7
OFCP) = 5x'(— 3 Dxo) TAh(aham)x TA(~1 Dxo)x o2 (p1)o”
OHEP) = T (=L D GeMTAp(ala )XTTA(_% Doy (L)

Different contributions give differential cross sections with
different p, scaling
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QUARKONIUM PRODUCTION

(Cho & Lebovich)

n~) da(pp > J/y+X)/dp, (nb/GeV)

Br(J/y - pu*

p. (GeV)

constrains a linear combination of (07/¥ (s (©7/*(3pE)
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QUARKON\UIVI PRODUCTION

n & Fleming)

e J/1 Production at large p. in hadronic collisions

ol ==l = cE(SS][LS]) g X)<O|O‘]/¢(?’S£8])|O> s special

| ol v
Fragmentation: u = i LG
dp1
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dp |
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QUARKONIUM PRODUCTION

Gluon Fragmentation

e Sum Logarthms: Run from p, to 2m.

dDy—y as(p) [+ dy 2
M= /—ng(y)Dng(;M)

d s Y

Yy 1 —y 33 — 2ny
et L GV e 0
= e oy . 36

ng(y):(ﬁ{( (1_9)]

0L 2
24m?

Dy (2, 1) = 5(1 - 2) (0]0% (*51)0)

These Logarithms are not summed In the other contributions!
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* color evaporation model (CEM) Is taking v — 1 and
making additional assumptions (otherwise it would just
be the equivalent of light meson production)

* color-singlet moael is taking v — 0

S iaciNROC

D approach just presented, while systematic

INv has aspec

5@ d Model since the plidepeneciciesNE

not treated systematically (and errors from corrections
can not be systematically estimated)

|||||
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NLO Analysis of J /4 production

Chao, K-T et al, Phys.Rev.Lett. 108 (2012) 242004

Butenschoen & Kniehl, Nucl.Phys.Proc.Suppl. 222-224 (2012) 151-161

* |94 data points (over half from hadroproduction)
B Derinnents (experiments at LHC, Tevatron, RiEICREISEES

LIE[RE SBY
e 3 free parameters: (O7/¥(1sph)y (0¥ (35 (07 (CR))

Hadroproduction only constrains a linear
combination of (OS5 (07 R

Different linear combination measured
at HERA (matrix elements universal)

* No resummation (even in fragmentation contribution)



NLO J /4 PRODUCTION

NLO Analysis
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NLO J /4 PRODUCTION
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NLO J /4 PRODUCTION

Polarization reflect in distribution of J /v decay leptons
W,¢) o 1+ Ay cos” 0 + Ay sin” @ cos(2¢) + Agg SIN(26) cos ¢.
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using fitted parameters (l.e.Is a prediction, it MEs universal )



NLO J /4 PRO

Polarization of J /4
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Questions :

2/

=S TIONS

|. Can the non-systematic part of NRQCD factorization be fixed?

2. How about summing logarithms

om,) . e
(2me) N all contributions!?
1L

of

3. Will the prediction for polarization change!

ARNSWers

|. Yes! Using improved NRQCD factorization.

2. Running of operators sums logs

in iImproved formalism.

3. Maybe: reorganizes calculation at large p |, has something to say

about the universality of MEs...



IMPROVED FACTORIZATION APPROACH

(Kang, Qiu & Sterman and Fleming, Leibovich, Mehen & Rothstein)

Improved NRQCD factorization:

FIrst organizes dd—a N powers of (2me)

b P

. 6

Then organizes ——— In powers il U
PL

Systematic perturbative expansion in a,(pL) and as(2m.)

Then we have to consider to what
order we work In for each parameter
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IMPROVED FAC TORIZATION APPROAGES

txample: J/« production

B@ n (2:%) . single parton fragmentation
Eli

d .
— (hahy = J/p(p1) + X) = /dxldxgdz 6(2,21,22)
- dp 1

X fisny (1) fj/ns (€2) Do g/ (2)

L eading contributions in v scales as (v* = as(2m.) ~ 0.3)

CS %81 ~ a2(pL ) (2m.)v°
QRS P o (pl o @Qm U

C0 %81, ~ a2(p 1 )as(2me)v”
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IMPROVED FAC TORIZATION APPROAGES

Example: J /vy production

NLO in 7<) double parton fragmentation

p1
do o(u, v, 2 ol a
el (pl ) X)) — | dzidesdududz
dp | dp.
X fi iy (21) £ ha (22) DSFD (1, 0, 2)

Leading contributions In v scales as
(2m,)*
P1
0
Pi

05 w2 ozj;)’(pL)vg

CO ~ a3 (p v” subleading, generated by RGE




22222

IMPROVED FAC TORIZATION APPROAGES

(2me) important!
2L

Example: .JJ /1) production, when is NLO in

B 0 NLO in %™ 46 LO in ¥
P DL

W o) (ch)2

Ao
o

For what values ofp, Is this order one!

0.6 -
: 051
1.5+ -
| 04
Out[15] = i Out[16)= 0.3 B
1.0 i
i 02+

0.1

0.5
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POLARIZATION FIX? MAYBE!

(Kang, Qiu, Sterman)

One-Loop Esti
QA(8) — QQ(1)

Mmate

Mixing

dofdp xB(p—>pp)
=

Vs=1.96 TeV
lyl<0.6

~

~

[Eh |
L g wsdnoqg

2

4 6 8 10 12 14 165 lsEiil
pr (GeV)

Still a factor of ~ 5 smaller than Octet Fragmentation



SUMMARY

* Solid NLO analysis of quarkonium production at
Mmoderate transverse momentum

* Reorganize calculation at large transverse momentum

using iImproved NRQCD factorization, sum logs of

(2m.)
Pl

* Polarization Is the big question?!!!

e Are the NRQCD production matrix elements really
universal!

e

DF measurements need to be confirmed. More data

Dlease



