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Traditional Color Evaporation Model

All quarkonium states treated like heavy quark pairs (Q = ¢, b) below heavy
hadron (H = D, B) threshold

Color and spin are averaged over in pair cross section so color is ’evaporated’
during transition from quark pair to quarkonium without changing kinematics

Distributions for quarkonium family members assumed identical

Values of quark mass, m, and scale, u, fixed from NLO calculation of heavy
quark pair cross section

Scale factor F, fixed by comparison of ,“*M to energy dependence of J/y and
Y cross sections, o(xy > 0) and Bdo/dy|,, for J/y, Bdo/dy|,_, for Y, only one

F, for each state of quarkonium family

Spin always summed over so no previous predictions of polarization in CEM



Improved Color Evaporation Model

Relates average final state y momentum, <p, >, to quark pair momentum p

Lower limit on pair mass, M, has to be larger than <p >, lower limit on CEM
integration has to be increased to M, so that the transverse momentum

distribution becomes
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LHCb 7 TeV p+p Y-Q Ma & RV, Phys. Rev. D
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pr distribution is integrated over y in the measured region, 2 <y < 4.5

y distrbution is slightly below data because the p; distribution is
underestimated at low py
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LHCb data -- arXiv:1509.00771 [hep-ex]



w' and w'/J /v ratio at 13 TeV




First polarization calculation in the ICEM

Done with UC Davis grad student Vincent Cheung, see Phys. Rev. D 96
(2017) 054014, 074021, in progress — I am representing his work here

Assume that, like kinematics (transverse momentum and rapidity), spin
is 'frozen’ in and is not changed by the process of color ‘evaporation’

Sort contributions by spin but average over color as usual

Start at LO, easier obvious first step, initially just sorted longitudinal from
transverse contributions, later separated S and L angular momenta

Work in helicity frame so far but at LO all frames are the same
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Polarization in the CEM: energy dep

Dependence of A on center of mass energy, bands show quark mass dependence,
largest source of uncertainty in calculation

. and y;, states show smallest variation with energy and quark mass

CEM LO p+p

CEM LO p+p
1.2GeV<m, <1.5GeV

4.5 GeV<m_ <5.0GeV
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V Cheung & RV, Phys. Rev. D & in preparation
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Comparison of calculations with E866 p+Cu J/y and Y data at 38.8 GeV
and CIP = + W J/y data at 22 GeV

Calculations are LO CEM so no py is included thus there is a small kinematic
mismatch between calculations

n+A and p+A are quantitatively different at forward x;, depend on PDF and energy

Y agreement is rather good

__ | prompt Jiy CEM LO n+W Vs = 22 GeV
.| prompt Jiy CEM LO p+Cu |5, = 38.8 GeV 1.2 GeV <m, < 1.5 GeV

|| 126ev<m <15Gev

= prompt Jiy CIP n+W s = 22 GeV

= prompt J/iy FNAL E866 p+Cu /s, = 38.8 GeV =

{'H{-%HH

prompt Y (1s) CEM LO p+Cu |5, = 38.8 GeV
4.5 GeV <m, <5.0GeV CTEQ6L1

prompt Y (1S) CEM LO p+Cu |5, = 38.8 GeV
EE%%J 4.5 GeV <m, <5.0 GeV GRV98 LO
= prompt Y (1S) FNAL E866 p+Cu |[s,, = 38.8 GeV
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V Cheung & RV, Phys. Rev. D &in preparation
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J /vy py distribution and polarization n
ICEM, CDE Run 11

First results in k; factorization approach, more to come
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p+p— J/y, Vs = 1.96 TeV p+p— Jiy, Vs = 1.96 TeV
lyl<0.6 (HX frame) lyl<0.6 (HX frame)

EM 1.2 GeV <m < 1.5 GeV

| F,=0.0035 CEM 1.2 GeV <m, < 1.5 GeV

B CDF data ®  CDF data

RV and V Cheung, in progress



Sumimary

Quarkonium production mechanism still not settled
after more than 40 years

New recent work on color evaporation may be
helpful

We have shown for the first time that the ICEM
produces nonzero polarization at LO

Taken first steps to calculate the p; dependence,
started with k;factorization before trying to tackle
full NLO



