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Introduction
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@ Even C-parity quarkonia (cc or bb states) : prompt production via gluon-gluon fusion.

@ a good probe for transverse momentum dependent gluon densities. In ki factorization: need
off shell matrix element for the fusion of two spacelike virtual gluons.



Description of the mechanism ~*v* — 1.(15,25)

Production of 7 in double-tagged eTe~ collisions measures the y*~*n. transition form factor.
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Light-front representation of the transition form factor (QI2 = —ql?):
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Yyt = M, M =n.(1S,2S), xco
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General form of the amplitude — invariant form factors:
@ pseudoscalar:
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@ scalar:
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transverse

longitudinal
@ we can extract the invariant form factors by calculating the projection on light-front directions

nHn M in the frame g1, = qfnz + qﬁ“qzu =q, n, + qj;“



Light-front wave functions
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Frame-independent QQ component from LF-Fock-state expansion:
[Meson; Py P) = K 32| Qu (2P Q) QL (1~ 2)P1.pg) +
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@ z=fraction of meson’s plus-momentum carried by quark, k = (1 — z)pg — zpy

@ dominance of 2-body Fock state:

dzdzk )

@ We ideally would like to use LFWF's from a direct formulation of the bound-state eqn’s on the
LF. For the time being we use a prescription based on the rest-frame WF.



Nonrelativistic quarkonium wave functions
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Radial momentum space wave function for different potentials.

Radial wave function are obtained from the Schrédinger equation
J. Cepila, J. Nemchik, M. Krelina and R. Pasechnik, Eur. Phys. J. C 79, no. 6, 495 (2019).
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Light-front wave functions

Frame-independent qg component from LF-Fock-state expansion:
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Normalized transition form factor F(Q?,0)
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Normalized transition form factor IN-_(QZ,O) as a function of photon virtuality Q. The BaBar data
are shown for comparison.
J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 81, 052010 (2010) [arXiv:1002.3000
[hep-ex]].



Hadroproduction of 7.(1S,2S) via gluon-gluon fusion

P
do d’q, 2 d’q, 2
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where the momentum fractions of gluons are fixed as x;,» = m7 exp(+y)/+/s. The off-shell matrix
element is written in terms of the Feynman amplitude as (we restore the color-indices):

H v
b DD b NHQPR— 4 b XIX2S o
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B lg1]la,] e lgillga] * B 2|qqllqo] *

In covariant form, the matrix element reads:
Tr[t?tP]
b .
/\/lfw = (—i)4ras euyaﬁqf‘qZBW /

To the lowest order, it is proportional to the matrix element for the v*~y*n. vertex. In particular,
the form factor I(q%7 q%) is related to the y*~*nc transition form factor F(Qf7 Qg), QI? = q? as

(42, 43).

F(va Q%) = ecz: V Ne I(qivqg)v



kr-factorization

_ o a , Tr[tt N
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and averaging over colors, we obtain our final result:

do / d?

By 7
dyd?p Tqq
Parametrizing the transverse momenta as q; = (g7, qu) = |q;|(cos ¢;, sin ¢;), we can write the
vector product [qq, g,] as

3
2 (o, ) 6 + a2 = p) i Nl o] (e )P

[91,92] = aiay — a1 a5 = [a1llqz| sin(41 — ¢2).
Note: gluons are linearly polarized (cf. gluon distributions f(x, q), hi(x, q) in TMD factorization).
In our numerical calculations presented below, we set the factorization scale to pi. = m%., and the
renormalization scale is taken in the form:
2 2 2 2 2
ag — as(max {m7, q1})as(max{m7, q3}) .

Application to exclusive diffraction: talk by lzabela Babiarz on Thursday



Normalization
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Table: Total decay widths as well as |F(0, 0)| obtained from [I';,: using the next-to-leading order approximation

(see Eq. (1)).

Experimental values

Derived from NLO

ot (MeV) |F(0,0)|gg[GeV ]
7e(15) 31.010.7 0.119:£0.001
n(25) 11.3+3.242.9 0.053:0.010

Table: Radiative decay widths as well as |F(0, 0)| obtained from I, using leading order and next-to-leading

order approximation.

Experimental values Derived from LO Derived from NLO

Fry (keV) |F(0,0)[[GeV—1] | |F(0,0)[4[GeV ]
1:(15) 5.0 £0.4 0.067+0.003 0.079+0.003
1c(2S) | 1.9 £1.3 -10~*. M.25) 0.033+0.012 0.038+0.014

M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98, no. 3, 030001 (2018).



Results in LHCb kinematics
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Figure: Two-dimensional distributions in (x1, gi17) (left panel) and in (x2, g27) (right panel) for n.(1S)
production for \/s = 8 TeV. In this calculation the KMR UGD was used for illustration.
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Results in LHCb kinematics
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Figure: Distributions in log;y(x1) or logyo(x2) (left panel) and distributions in g7 or go7 (right panel) for the
LHCb kinematics. Here the different UGDs were used in our calculations. Here we show an example, where /s =
7 TeV.



Unintegrated gluon distributions
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Figure: Unintegrated gluon densities for typical scale = 100 GeV? for 1c(1S) production in proton-proton
scattering at LHCb kinematics.
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p1 distributions in LHCb kinematics
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Figure: Differential cross section as a function of transverse momentum for prompt 7c(1S) production compared
with the LHCb data for /s = 7,8, 13 TeV. Different UGDs were used. Here we used the g*g* — n.(1S) form
factor calculated from the power-law potential.



Predictions for 1.(25)
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Figure: Differential cross section as a function of transverse momentum for prompt 7.(2S) production for
Vs =17,8,13TeV.



Integrated cross section with LHCb cuts

35; ! SETh (182 0%y<a8 65 GeVaperaghy T T TTTT
bf" 1'6; — % LHCb data, Eur. Phys. J. C75, no.7, 311 (2015) E
F —%— LHCb data, Eur. Phys. J. C80, no.3, 191 (2020) ]
145 4 FFforB-T, F(0,0)= 0.079[GeV] -
E #  FFfor P-aw, F(0,0)= 0.079[GeV'] ]
12~ o FFforB-T, F(0,0)= 0.052[GeV] —
r & FF for P-law, F(0,0)= 0.059[GeV'] |
= =
L +
0.8F E
r * ]
0.6~ i -
F 4 1
0.4 —
E ps & ]
0.2F E
G’wHw\wHw\wwww\uu\uu\uu\uu\u’
6

Vs (TeV)

Figure: The integrated cross section computed within LHCb range of pr and y with our transition form factors,
compared to experimental values. Here red crosses represent values for Buchmiiller-Tye potential (B-T) and
deltoids for Power-law potential (P-law). Data are from [1],[2]

[1] R. Aaij et al. [LHCb Collaboration], Eur. Phys. J. C 75, no. 7, 311 (2015).
[2] R. Aaij et al. [LHCb Collaboration],Eur. Phys. J. C 80, no. 3, 191 (2020).



Importance of the form factor
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Figure: Comparison of results for two different transition form factor, computed with the KMR unintegrated
gluon distribution. We also show result when the (g%, g2;) dependence of the transition form factor is neglected.

@ pointlike coupling of 7¢ to gluons nCFjVI:'a‘“’ badly overshoots data. Off-shell form factor is
essential.



Hadroproduction of x.o, xpo via gluon-gluon fusion

do d’q, 5 d’q, 5 m3a?
e = F(xa, F(x2,q3) —p)— 5
&dp / moe (>, a1) e (x2,43) 57 (q1 + 92 = P) Ne(NZ —1)

X

2
(Gl(qi 43) + cos(p1 — ¢2)Ga (a3, q%)) :

We parametrize the transverse momenta as q; = (g7, qu) = |q;|(cos ¢;, sin ¢;).

dzd?k 1 1
Gi(q3, a3) lg1llay] '"Q/ e i 1[)(2,k)22(1—z)(2z—1)[2

z)1673 R

dzd?k 1-=z z
4 .k
mQ/ z(1 —z)167r3w(Z )[IE‘ + g2 + I% +€2}

4mg dzd?k gl q, I }
— | ——— (2, k)4z(1 — - )
+ q3 / z(1 — z)1673 Wz, k)4z(1 - 2) [If‘ +e2 A +e?

G(ai, 43)

£ = z(1-2)gi+my, Ia=k-(1-2)q,, Izg=k+zq,.

@ Form factors Gy, Gy are linear combinations of the helicity form factors Frr, Fy;.



Gluon polarizations: transverse vs. longitudinal
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Figure: The comparison of meson transverse momentum distribution with only the LL amplitude and only TT
amplitude as well as for the full, coherent sum of TT and LL amplitudes. Here the B-T potential was used.

@ production of scalar particle probes a density matrix of transverse (linear - along the gluon
transverse mom.) and longitudinal polarizations of gluons.



Conclusions
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The v*~* transition form factors for different wave functions obtained as a solution of the
Schrédinger equation for the cc system for different phenomenological cc potentials from the
literature, was calculated.

We have studied the transition form factors for y*v* — n. (1S,2S) for two space-like virtual
photons, which can be accessed experimentally in future measurements of the cross section for
the ete~ — ete 7. process in the double - tag mode.

kr-factorization approach leads to good description of LHCb data for inclusive pp — nc for
/s = 7,8 TeV, and somewhat worse for y/s = 13 TeV. Some room for a color octet
contribution is left.

In the LHCb kinematics very small x are probed. Asymmetric kinematics where the small-x
gluon transfers bulk of pr.

Despite sensitivity to small x, no sign of gluon saturation is observed.
Predictions for 7:(2S). A measurement could help to pin down possible color octet.
Uncertainty due to g*g*nc, xc form factors somewhat smaller than the one from UGD.

For the case of xco, xpo @ gluon density matrix of transverse and longitudinal polarizations are
probed.

Predictions for x o0, xpo at LHC. Difficult to measure?
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