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J /1 production in hadronic collisions

@ J/1 production in hadronic collisions is a powerful tool to access gluon distributions
in hadrons. In case of pion and kaon (the gluon pdf of the pion is poorly known and
the gluon pdf of kaon has not been measured yet) it is one two processes that allow
measurement of gluon pdf.

o Applicability of the method is limited due the lack of understanding J/4 (and
charmonia in general) production mechanism.

@ Proton-proton collisions at SPD provide ideal opportunity for verification of
theoretical approaches to J/4 production.

@ A remarkable feature of the SPD detector (compared to “typical” DY experiments)
is a potential ability to study production of other charmonium states.

o If inclusive J/1 production is used to probe spin asymmetries, contribution of qg
annihilation in J/v production must be known for interpretation of results.
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Inclusive J/v production

The inclusive J/v production:

For SPD the expected number of produced J/1) events is approximately 20 million
per year (1/s = 24—26 GeV, PYTHIA).

Charmonia production is sensitive to gluon distributions of colliding hadrons.

c
E- o E: o
c

CS diagrams from Int.J.Mod.Phys.A10:3043-3070,1995

Despite the J/1) production mechanisms have been long studied, they are not well
understood.

Analysis of the process is further complicated by J/v produced through decays of
charmonium states with higher mass (approximately 10% from ' and 30% from X1
and x¢2).

Observables: total cross-section, pt, xf and polarization.
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Total cross-section (J/v and ')

The J/4 production in fixed-target experiments and low energy pp collisions. The
cross-section for nuclear target is OPA¢ = 0y - A%, where a = 0.96.
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Figure and table from Phys.Lett.B638:202-208,2006.
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Total cross-section (J/v and ')

The 7’ production in fixed-target experiments and low energy pp collisions. The
cross-section for nuclear target is JZf,‘ =0y - A%, where a = 0.96.
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Figure and table from Phys.Lett.B638:202-208,2006.
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Measurements of x. production

The relative fraction of indirect to prompt J/4) is usually reported.

Table: Ratio of J/1) events produced in x. decays.

Tech | /5 (GeV) | TXelBLer 22y — 1,2 Note
E673 18.9 0.47 £0.23 pBe
E705 23.8 0.30 + 0.04 pLi
HERA-B 41.6 0.188 £ 0.01319%% | pA, —0.35 < xF < 0.15
E806 62 0.47 +0.08 pp

Relative contribution of J/1 events of order of 30% is expected.

Igor Denisenko (JINR)

July 8-14 2018, Prague

6/26



SPD Vs. fixed target experiments experiment

Dimuon spectrum from NA51 (/s = 29.1 GeV)
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One separation of quark-antiquark annihilation and gluon fusion in the past

Hard part of do/dxg for pp do/dxr for pW (y/s = 15 GeV) fitted by
(v/'s = 19 GeV) fitted by NA3 (Z.Phys.C E537 (PRD 48 5067 (1993)). Dashed line
20,101(1983)). Dashed line is gluon fusion is gluon fusion and dot-dashed is qg

and dot-dashed is gg annihilation. annihilation.
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Current approaches to quarkconia production

o Color evaporation model (CEM)

o NRQCD
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Color evaporation model
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Color Evaporation Model
Phys.Rev.C61:035203,2000

@ Inclusive (A+ B — J/v + X) production is proportional to cross-section of c€ production
below open charm threshold (e.g. see PRC 61 035203).

dO’AB 4mD
H 2
= FH/ —————Hpg(x1, X2, M),

dx¢ m2 \/ X 252 4 Am?2s
where

Hag(x1, 2, m?) = FAO)E () - e (m?) + D7 [RAGa)E () + B () EE ()| Baa(m?),
q=u,d,s

1
X120 = > (:tXF + 1/x£ +4m2/s) .

@ Fpy are assumed to be process independent.

@ LO cZ production diagram (calculations beyond LO are also available):

D =R

(diagrams from Int.J.Mod.Phys.A10(1995) 3043)
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Color Evaporation Model

@ Sum over colors and spins of c¢ pair
is assumed (emission of one or more
soft gluons is assumed to neutralize
color). No predictions on charmonia
polarization.

@ The pr can be approximately
reproduced with NLO and random
kr-smearing for Tevatron energies.

@ The predicated x¢ distribution can be
used to separate qg and gg
contributions.

o CEM predicts 1/s-dependence.

@ Factors Fy should be constant and
process and energy independent
(“feed-down™ contribution sometimes
are included in Fy). Holds only
approximately (Phys.Rev. D72 (2005)
014004).
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NRQCD
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NRQRD

Phys.Rev.D54:2005,1996

For the process A+ B — H + X in the collinear factorization:

1
oH = Z/ dX1dX2f}/A(X1)f}/B(X2)5'(I.j — H)
— Jo

@ Conjecture of the cross-section factorization to short-distance (x &~ 1/m.) and

long-distance parts:
6(ij — H) Z CQQ[n]

CQQ[ . (SDC) describe heavy quark pair production, (O} long distance matrix
elements (LDME) describe its hadronization to quarkonium H and n =2°*! L(JI’S).

Proven only for sufficiently large pr.
@ Hierarchy of LDME (O/') with respect to v (v ~ 0.2—0.3 for charmonium).

Expression for cross-section is a double series in s and v. There are indications that the
series is well-converged.
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NRQRD: diagrams

@ Example 1: LO same as shown for the CEM model.

@ Example 2: diagrams (NLO process) which mediate qg — J/vg, qg¢ — J/vq and
gg — J/vg through ce(CP®) ce(*S®)) (from Phys.Rev. D53 (1996) 6203-6217):

o e o e

FIVE
+ BOX GRAPH
PERMUTATIONS
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NRQCD

Ingredients:
@ SDC are determined from NRQCD.

@ The singlet LDME are determined from charmonium decays or charmonium wave
function in potential models (O(v?)).

@ The octet LDME are determined from the fits to experimental data.

o The are lattice calculations only for (O} (3P,)) and (OX<(351))
(Phys.Rev.Lett.77(1996)2376). They are reasonably consistent with global fits
(Braaten, Lectures on NRQCD factorization).

Predictions:
@ xr, separate contributions from quark-antiquark annihilation and gluon-gluon fusion;
@ pr in for pr > 2m. for collinear factorization (not at SPD energies);
@ charmonia polarization;

v/s dependence.

[
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NRQRD: explicit formulas for &(ijj — H) for J/v¢ and ¢’

Phys.Rev.D54:2005,1996

Example: parton scattering explicit formulas for J/+ and ¢’ (a2v7 and a3v3)

. . onsaf , 3 y ,
a(g9 — ') — 0(z1ma — 4m2/s) |(OF (*S0)) + —5(O¢ CRy)) + —(OF (*P))
12(2m.)%s m2 5m?2
20m2a? 9 W3 o[1—22+2zInz  1—22—2zInz
ﬁ@(llxz—élmc/s) (07 (°51)) = T=SE + L
olgg—v) = 0
T V) = % gy, — /) (OF (CS)
o(qq — T @m.)s (z129 — 4M/5) (35,

where z(x1, x0) = (2mc)?/(sx1x0).
@ 6 LDME for the direct % production.

@ The singlet LDME ({01(351))) is determined from charmonium decays or charmonium wave
function in potential models.

® The (O3(351)) LDME is extracted from large p; Tevatron data.
o Ag = [(Ow (*So)) + <Ow (3Po)) + :12 (Ogb/(3P2))] is extracted from fit to data of

fixed-target energies.
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NRQCD: on &(ij — H) for xcy

Phys.Rev.D54:2005,1996

[

Similar expressions can be written for x., production.

(]

Xc1 has an extra gg contribution.

Due to heavy quark spin symmetry (holds up to O(v?)) production of all x., states
can be written as a function of two matrix elements (O (3P;)) and (OF<°(3S1)).
(OF(CPy)) = (2 + 1) (OF* (P Ry))
(OF7 (1)) = (27 + 1) (0¥ (PS1))

The singlet ME is determined from potential models wave functions.
The octet ME is extracted from Tevatron data ((OX<'(3S1)) = 9.84+1.3 GeV?).
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xg predictions for NRQCD and CEM

Phys.Rev.C61:035203,2000
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NRQCD (left) and CEM (right) predictions for v/s = 15 GeV. The contributions from
gg fusion (dashed) gg annihilation (dot-dashed) and gg diagram for NRQCD are given
along with the total.

Proton PDF: CTEQ 3L LO pdf. The dominant contribution from the gg Ag term.
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xg predictions for NRQCD and CEM

Phys.Rev.C61:035203,2000
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NRQCD (left) and CEM (right) predictions for /s = 39 GeV. The contributions from
gg fusion (dashed) gg annihilation (dot-dashed) and gg diagram for NRQCD are given
along with the total.

Proton PDF: CTEQ 3L LO pdf. The dominant contribution from the gg Ag term.
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NRQCD: NLO

o LO NRQCD fits: severe inconsistency in LDME (Tevatron data + cross-section of
the fixed target experiments (Beneke and Rothstein, 2005)), unable to described
J /4 polarization.
@ NLO corrections are significant (here as function of pr):

Complete NLO:
Butenschon and Kniehl (2010), Ma, Wang,

0.001

0.0001

1005

do /dPrly 06 X Br (nb/GeV)

10.08

Color singlet:

1 production at Tevatron
e, s"P-1.96Tev

)
NLO e
NNLO*
GOF dala ——
. branching ratio: 5.88 %
—— ho=(am 2ePA)12
LDME: 1.16 GeV®

— lyl<0.6

uncertainties:
19 <y <2 g

for 1, contributions:
me? &5 4 mg

5 10

3 w0
Py (GeV)

Plot by Artoisenet based on work by
Artoisenet, Campbell, Lansberg,
Maltoni, Tramontano.
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and Chao (2010).
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J /1) polarization

°

()

do/dcos oc 1 + acos®

» o =1 — transverse

» a = —1 - longitudinal
The J/4 polarization is sensitive to
elementary J/v production processes
and is a nontrivial test to the
NRQCD.

Not described in LO, starting from
Tevatron data, also true for the
fixed-target experiments (Beneke and
Rothstein, 2005).

NLO corrections are significant
(Butenschoen and Kneihl, 2013)

Polarization of y., states has not
been measured yet!

Previous measurement from fixed-target
experiments are not precise and may
suffer from 1D efficiency corrections
(Faccioli, Mod. Phys. Lett. A Vol. 27,
1230022 (2012))
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CDF data (Run Il) and LO NRQCD
predictions (Braaten, Kniehl and Lee,
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NLO NRQCD fits

Slide borrowed from M. Butenschoen DIS 2016 (DESY Hamburg)

ete- yleld:

VP yield:

Pp yleld:

Butenschdn, Kniehi:

)% (15)) = 0.0497 GeV*
0J"(5,) = 00022 GoV?
;% (*Ps)) = ~0.0161 GeV*®
Data

-

fitted

Gong, Wan, J.-X. Wang,

H.-F. Zhang:
03"(150)) = 0.097 GeV® oy
0,7 (351)) = ~0.0045 Gev® (O}’
05" (Fu)) = —0.0214 GeV* (O}

Of°(5,)) = 0.0022 GoV?

0.0001 Gel?

=0.0034 Gev’

ey, (")

Chao, Ma, Shao, K. Wang,

Y.~J. Zhang:

0J¥('Sy)) = 0.089 GeV?
(0] ('51)) =0.003 GeV?
0 (0P = 0.0125 GovE

Details in Mod.Phys.Lett.A,Vol.28,N0.9(2013)

1350027.
No SDML set can described all e"e™, vp, pp and pp polarization data.
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NRQCD: applicability

NRQCD still experiences difficulties in description of all available data. It may mean that
o NRQCD factorization holds only for sufficiently high pr.
o NRQCD may hold only for spin-averaged values.
o Need for NNLO calculations or calculations beyond fixed-order perturbation theory.

@ The series in v? converges slowly. Further relativistic correction involve another set
of LDME, which makes sense only if they can be reliably extracted from lattice
calculations.
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pT at SPD energies

The J/v pr distribution from NA3 at
Vs =19.4 GeV

A p 200 Gev/e

LIRS RELL e

0! +

i JtL

T Ty

of

Py

Igor Denisenko (JINR)

@ NRQCD fits reasonably described data for
pr > 3 GeV or at higher momenta. Likely
caused by soft gluon emission and limited
applicability of the fixed order perturbative
calculations.

o Neglecting parton kr in the collinear
factorization may not be appropriate. kr

factorization approaches can be used instead:

> Saleev, Nefedov, Shipilova (2012)

PrGeV

CDF
> Baranov, Lipatov, Zotov (2011, 2012).
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Summary

@ Despite many years of investigation and considerable recent progress, charmonia
production mechanisms remain not well understood. Using inclusive J/v production
to access gluon distribution functions of hadrons and to interpret spin asymmetries
in J/4 production would require validation of theoretical approaches.

@ SPD might be an ideal place for study and validation of theoretical approaches at
low energies.

@ One might expect rigorous measurements for J/¢ (pr, x¢ and polarization). Similar
measurements for 1)(2S) and x., are of a great interest, especially x.s polarization,
which has never been measured before. Studies of 7., if feasible, are important to
validate NRQCD.

o Realistic MC simulations are required to study these possibilities.
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