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TSSA in heavy flavour production as a probe... Plan

1. Transverse Single Spin Asymmetry : TSSA.

2. TMD’s : GPM, why the Gluon Sivers Function?

3. Connection: Heavy flavour and Gluons

4. ep↑ and pp↑ processes.

5. Some results. More details of some of the results present in talk

by Abhiram Kaushik and Posters by Bipin Sonawane et al.
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TSSA in heavy flavour production as a probe... Based on:
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TSSA in heavy flavour production as a probe... Some more
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TSSA in heavy flavour production as a probe... TSSA

TSSA arise in scattering of unpolarised probes (electron or proton)

off transversely polarised proton.

Final observed hadrons have asymmetric distribution in the transverse

plan perpendicular to the beam direction depending on the polarisa-

tion vector of the scattering nucleon.
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TSSA in heavy flavour production as a probe... AN

Consider Inclusive scattering: A↑ +B → C +X

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓

Where σ↑ and σ↓ are cross-sections for scattering of a transversely

polarised hadron A off an unpolarised proton/lepton/photon, with

A polarised upwards and downwards with respect to the production

plane.
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TSSA in heavy flavour production as a probe... Some early data!
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TSSA in heavy flavour production as a probe... Some early data!

Nice summary plot from the talk of Mriganka and also M. Anslemino,

gives extension to highest RHIC energies.
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TSSA in heavy flavour production as a probe... TSSA and Sivers function

Sivers effect. My own introduction to it: A. Bacchetta, C. Bomhof,

U. D’Alesio, P. J. Mulders and F. Murgia, “The Sivers single-spin asymmetry in

photon-jet production,” Phys. Rev. Lett. 99 (2007) 212002

Two major approaches :

1) Higher twist effects, interaction with spectator quarks, initial and

final state interactions. (gauge links)

2)TMD Parton Distribution Function : GPD approach. Out of the

many TMD’s, Sivers function is the one proposed by D. Sivers to

explain the TSSA in hadroproduction of pions. D. Sivers

Phys. Rev. D 41 (1990) 83, Phys. Rev. D 43 (1991) 261

This is one of the many TMD’s mentioned in the very nice talk by

M. Anselmino.
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TSSA in heavy flavour production as a probe... TSSA and Sivers function

Sivers function encodes the correlation between the azimuthal distri-
bution of an unpolarised parton in a transversely polarised hadron.

TSSA a probe of patron’s transverse momentum and spin orbit cor-
relation ?

Understanding the TSSA in the framework of the GPM: Generalised
Parton model.

One can not explain the TSSA’s in terms of hard scattering without
using transverse momentum of the partons in the nucleon, in a parton
model approach

Refs. M.Anselmino et al Phys. Rev. D 73, 014020 (2006), U. D‘Alesio, F. Mur-
gia,Phys. Rev. D 70, 074009 (2004), M. Anslemino, M. Boglione, U. D‘Alesio,
E. Leader, F. Murgia Phys. Rev. D 71,014002(2005), U. D’Alesio, F. Murgia,
C. Pisano and P. Taels, Phys. Rev. D 96 (2017) no.3, 036011

So what is the parton model that is generalised to get the GPM?
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TSSA in heavy flavour production as a probe... Calculation of cross-sections at hadron colliders
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QCD factorisation theorem for short distance, inlcusive processes

σ(pp→ X + ..) =
∑

a,b

∫ 1
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Theoretical prediction:

Initial State subprocess final state

parton density σ(a+ b→ X) Fragmentation Required for
distributions Functions large pT particle production.

PDF
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TSSA in heavy flavour production as a probe... kT integrated densities

For example the expression for the single particle (say C) production

at large pT is given by:

EC dσ
AB→C,X

d3~pC
=

∑

a,b,c,d

∫

dxa,b dz fa/A(xa, µ
2
f)fb/B(xb, µ

2
F )

dσ̂ab→cd

dt̂

ŝ
πz2

δ(ŝ+ t̂+ û)DC/c(z)

Both the parton densities and fragmentation functions are kT inte-

grated and obtained in collinear factorisation.

But SSA’s can not be explained in this picture using only collinear

factisation picture. G.Kane, W. Repko and J. PumplinPhys.Rev.Lett. 41

(1978) 1689. Need to include the kT dependent parton densities and

fragmentation functions.
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TSSA in heavy flavour production as a probe... GPM formalism

GPM then to my thinking is a phenomenological approach to TMD . In

fact the road from Parton Model to QCD improved Parton Model also

went through such approaches. There we were helped by ’universailty’

OR Process independence of the collinear parton densities. Things

are different for TMD’s. They may be process dependent.

Strategy: try to see whether one can ’infer’ the Sivers functions

using data and then test what is measured against various theoretical

predictions wherever possible, the increasing our understanding of the

’three dimensional picture’ of the Nucleon. (Explained clearly by M.

Anselmino yesterday)

TMD approach: pQCD factorization including spin and intrinsic trans-

verse momentum dependent (TMD) effects. TMD factorization es-

tablished for 1)SIDIS, 2)DY, 3)production of color singlet states and

4)color singlet production in double parton scattering.
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TSSA in heavy flavour production as a probe... GPM formalism

In GPM then, for example, inclusive single particle production will be

given by:

EC dσ
AB→C,X

d3~pC
=

∑

a,b,c,d
∫

dxa,bd
2~k⊥a,b dz d3~kC δ(~kC · ~̂pc)f̂a/A(xa,

~k⊥a)

f̂b/B(xb,
~k⊥b)

ŝ
xaxbs

dσ̂ab→cd

dt̂
(xa, xb, ŝ, t̂)

ŝ
π δ(ŝ+ t̂+ û) 1

z2
J(z, | ~kC |) D̂C/c(z,

~kC)

f̂ and D̂ are the transverse momentum dependent PDF s and frag-

mentation functions respectively.

fi/p(x, k⊥;Q) = fi/p(x,Q) 1
π〈k2⊥〉

e−k
2
⊥/〈k

2
⊥〉

The numerator in computation of TSSA is written as convolution of

the Quark Sivers Function(QSF) with subprocesses involving quarks

and convolution of the Gluon Sivers Function with subprocesses in-

volving gluons.
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TSSA in heavy flavour production as a probe... Phenomenological approach

Sivers function:
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TSSA in heavy flavour production as a probe... Phenomenological approach

QSF’s determined by fits to the data on SSA in SIDIS and DY, using

just DGLAP evolution M. Anselmino et al, Phys. Rev. D79,054010,(2009) and

Phys. Rev. D 72, 094007..... and using TMD evolution 1107.4446, Phys. Rev. D

86, 014028 (2012)....

The idea has been extract the QSF from SIDIS and apply first to see

how well one an explain the TSSA in hadroporduction of π.
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TSSA in heavy flavour production as a probe... GPM seems to work!

Even though no formal proof exists the data seemed to be under-
standable in terms of QSF extracted from SIDIS.
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TSSA in heavy flavour production as a probe... Gluon Sivers Function

Gluons are the all important probe for studying QCD. SO what do

we know about the Gluon Sivers Function?

In the absence of any information early works we used two models for

GSF, following Boer and Vogelsang.

I.e. use the same k⊥ dependency as QSF and use

A : Ng(x) = (Nu(x) +Nd(x))/2, B : Ng(x) = Nd(x)

When I will show you plots it will be called BV(A), BV(B).
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TSSA in heavy flavour production as a probe... Gluon Sivers Function

One fit uses kaon-pion segregated data and hence sea densities are
needed to be included in the fits and other one uses all charged

particles.
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TSSA in heavy flavour production as a probe... But the GSF quite difft.

Can one have ’direct’ probes of gluon Sivers Function?
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TSSA in heavy flavour production as a probe... Heavy quarks and gluons

Choose final states where the gluon will contribute dominantly.

History : Final states which dominated gluon determination contain

heavy quarks, Either charmonium or open charm production in DIS

or in pp or pA collsions.

For γp or γ∗p initial states (photo production and DIS) the subprocess

is

γ + gp → Q+ Q̄, γ∗ + gp → Q+ Q̄

At LO, once you choose your kinematic region well, heavy quark

production receives contribution ONLY from gluons in the proton.

In pp collisions, mainly due to color factors

gg → Q+ Q̄ dominates over the qq̄ → Q+ Q̄, certainly for charm which

is the heavy flavour we consider.
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TSSA in heavy flavour production as a probe... What do we compute then

I] Inclusive production of J/ψ and D in ep↑

e + p↑ → e + J/ψ + X and e + p↑ → e + D + X where the the γ is

quasi-real.

II] Inclusive production of J/ψ and D in pp↑

p + p↑ → e + J/ψ + X and p + p↑ → e + D + X where the the γ is

quasi-real.
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TSSA in heavy flavour production as a probe... Earlier work

Open heavy charm production, i.e D meson production in pp↑ was

proposed by M. Anselmino et al Phys. Rev. D70, 074025 (2004) [hep-ph/0407100].

Their study considered two options : The maximum GSF allowed by

positivity limit and zero. Showed that at RHIC this can be sensitive

to GSF.

More recently work done on Color Gauge Invariant version of GPM.

Phys. Rev. D96, 036011 (2017).
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TSSA in heavy flavour production as a probe... J/ψ and D production in ep↑

J/ψ production better over open charm because open charm does

receive some contribution from quarks. One needs to be alive to this.

Also need to choose kinematic region that contribution from intrinsic

charm is small!

However, correct model for charmonium production is not yet fixed by

the unpolarised data from fixed target and collider experiments still.

D meson production on the other hand needs fragmentation of the c

quark which is available from fits to earlier data.

The statistics higher for open charm compared to closed charm J/ψ

measurement very clean.

The probes are complementary.
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TSSA in heavy flavour production as a probe... e↑ → J/ψ

dσ↑ − dσ↓ =
∫

dxγdxgd2~k⊥γd
2~k⊥g∆

Nfg/p(xg,
~k⊥g)fγ/e(xγ,

~k⊥γ)

We use a trick which was used by M. Anselmino et al in their DY

paper and one can rewrite the same quantity as an integral over qT , y

of the J/Ψ. The qT distribution carries an imprint of k⊥g dependency

of the Sivers function directly.

We calculate A
sin(φqT−φS)
N which involves ntegrals of dσ↑ − dσ↓ and

dσ↑ + dσ↓.
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TSSA in heavy flavour production as a probe... Expressions

So it depends on 1) GSF 2)WW function fγ/e(xγ,
~k⊥γ) and 3)the

gluon density in unpolarised proton. First study: Use BV models.

k⊥g dependence as used in extraction of QSF from SIDIS. Use Nu,Nd

from the early DGLAP fits. Calculated for JLAB,Hermes, COMPASS

and eRHIC energy.
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TSSA in heavy flavour production as a probe... Some results
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TSSA in heavy flavour production as a probe... Energy dependence
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TSSA in heavy flavour production as a probe... TMD evolution a la Aybat et al

The predictions stable under our varying ways of doing TMD evolu-

tion. One was using the analytical result obtained by M. Anselmino

et al, in another, due to Echevarria et al, where in the evolution per-

turbative part is summed upto NLL accuracy. Still with BV A and

BV B models. Calculations with DMP fits presented in a Poster.
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TSSA in heavy flavour production as a probe... pp↑ → D

Modified the formulation of Mellis et al for solving the kinematics

to include finite mass of the fragmenting quark, obtaining a semi

analytical method to solve for z. Do the calculation for RHIC 200

GeV, AFTER@LHC -115 GeV and also RHIC - 500 GeV
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TSSA in heavy flavour production as a probe... Results X-section

Quark contribution negligible. Asymmetries small but significant.

Rates such that can be measured with a Luminosity of 1 fb−1, ap-

plying price in the rate into a µ. See later.
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TSSA in heavy flavour production as a probe... Asymmetries
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TSSA in heavy flavour production as a probe... Effect of TMD evolution
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TSSA in heavy flavour production as a probe... Integrated asymmetries
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TSSA in heavy flavour production as a probe... J/ψ SSA’s

Formulation very similar to low virtuality lepto production except we have to now

fold with partons in the proton rather than with the photon in electron. Results for

y dependence

115 GeV, -2.8 < y < 0.2
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TSSA in heavy flavour production as a probe... Comparison with expt.

Comparison with Phenix results: Data with large errors unable to draw any conclu-

sions. No statement can be made about GSF and/or TMD/DGLAP (not shown

here)
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TSSA in heavy flavour production as a probe... Tabular results
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TSSA in heavy flavour production as a probe... Expectation for PHENIX upgrade
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TSSA in heavy flavour production as a probe... Expectation for PHENIX upgrade

To be done:

1)A better treatment of the kT dependence of the WW for ep↑.

2)Study the effect of CGI GPM
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