SSAs in hadron-hadron collisions and TMDs

M. Anselmino
Torino University & INFN

based on work with M. Boglione, U. D'Alesio, E. Leader,
S. Melis, F. Murgia, A. Prokudin

Progress in High-p. Physics at RHIC

RIKEN BNL Research Center Workshop
March 17-19, 2010 at Brookhaven National Laboratory

Progress in High-ptPhysics at RHIC
RBRC Workshop, 17-19 March 2010



TMDs and SSAs in hadronic processes
Cross section for pp — 7% X in pQCD, only one scale, Pt

based on factorization theorem
(in collinear configuration)
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Polarization-averaged cross sections at /s=200 GeV

A PHENIX y(n*)=0
® BRAHMS y(1)=2.95
O STAR y(n")=3.8
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good pQCD description of data at 200 GeV, at all
rapidities, down to pt of 1-2 GeV/c



rather good agreement even at /s=62.4 GeV
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but, .... where it all started from
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RHIC: good description of unpolarized cross-section,
with collinear factorization. And An ... ?
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p+p —> T +X at vs=200 GeV
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A\ X=-pr dependence at /s = 62.4 GeV
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A\ Xe-dependence in pr slices, /s = 200 GeV
(C. Aidala talk at Transversity 2008)
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SSA in hadronic processes: TMDs, higher-twist correlations?
Two main different (?) approaches

1. Generalization of collinear scheme
(assuming factorization)

T ~ab—cd
do!' = Z \fa’/pT (xa, kiJ_a)J@\fb/p(iUb, ICJ_b)J@ do (kJ_aa kJ_b) & Pﬂ/c(zv pJ_T(')J

a’7b7C:q7Q7g Y Y Y

single spin effects in TMDs

M.A., M. Boglione, U. D'Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin, ...
(first proposed by Field-Feynman in unpolarized case)




General formalism with helicity amplitudes
(Cagliari-Torino group)

PDFs for polarized partons inside polarized hadrons
A

A

. “aJA,Sa } b/B,S Y
do(A>5a)+(B,Sp)—C+X p}\{“%A fa,/A,SA (g, k14)® '0>‘{>,>\{) B fb/B,SB (xp, k1p)

b > >k - Ac,AC
Y %AC,Ad;Aa,Ab M>\/C,>\d;>\:l,>\g (kJ_aa kJ_%)\C,NC (Z7 kJ_C)J
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polarized pQCD processes polarized FFs

Take into account all intrinsic motions: in parton
distributions, fragmentation and elementary interactions.
It brings dependence on plenty of phases...

M.A., M. Boglione, U. D'Alesio, E. Leader, S. Melis, F. Murgiq,
PR D71, 014002 (2005), PR D73, 014020 (2006)



cross-section
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x,y and z refer to parton helicity frame



Origin of phases and quark correlator

al/A,S
PA/ N “ fa/A Sa (xaakJ_a)

A

A

Frorx,ra(@ark1a) helicity amplitude for the “process™.

A—a+ X

from general properties of helicity amplitudes:
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The leading-twist correlator, with intrinsic k.,

contains eight independent functions with
partonic interpretation
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The nucleon at twist-2,
8 TMDs

#1 (x, ki) N -Twist 2 hfﬁ (x, ki)




and there are eight independent F,{\AiA

++  pt+ - o+ ptt+ e
Ply, P, oo by Py By

A\

real real for quarks  complex
fa/A = fa,/A,sL = (F/T +F')
forase = (FiF+FXD) +2ImFf ™ sin(¢s, — ¢a)

Py fajas, = 2ReF{]
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PY fajasy = —2ImFf7 + (F{Z —F[T) sin(¢s, — ¢a)
P funs, = (FiF—F)

P¢ fajase = 2ReF{* cos(¢s, — da)



relations between different notations

FIT+FIT = fo/a
—QIij:j

++ ++
Fiy — b2
2ReF T
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examples

AN foar = AWFE —dtm Y Fes 2 Fia

—

XA7>\XA

Sivers function: needs interference between two
amplitudes with nucleon helicity flip (chiral-even)

ANfaT/A — —QIij_: = —21Im i .7:+,>\XA;+ .7::>\XA;+
XASAX 4

Boer-Mulders function: needs interference between two
amplitudes with quark helicity flip (chiral-odd)



similar situation with fragmentation functions

DAy, helicity amplitude for the "process™:
c—C+ X
from general properties of helicity amplitudes:
75/\C,/\X;,\C(Z’, kic)=Dx . x (2 kL1c0) eiheC
DR (2, ko) = DACnC (2, kic) ePeA)9e
Collins function (unpolarized final particles)

—21 Df:/_q(z, kJ_C) — 2Im Df/_q(z, kJ_C’) — ANf)C/ (Z, kJ_C’)



models for Collins function
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and for Sivers function

q q
RN RN
k+gq k+q+1 k + g
kt k+ 114 v 1
p—k p—k—1 p—k
Ty----------- - YT)y---------- e
P, P,

Bacchetta, Gamberg, Goldstein, Mukherjee, Metz, Amrath, Schaefer,
Yang, Brodsky, Schmidt, Hwang, Scopetta, Courtoy, Frattini, Vento,
Pasquini, Xiao, Yuan ....



Sivers function from light-front wave function

Brodsky, Pasquini, Xiao, Yuan, arXiv:1001.1163
Pasquini, Yuan, arXiv:1001.5398
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(a) (D)
in all models one has:
1 1
[ 1qT]SIDIS — _[ fT]DY

see also Hwang, arXiv:1003.0867 - incorporation of final state
intferactions into the light-cone wave function



phases in (non-planar) helicity amplitudes

P P
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Dirac-Pauli helicity spinors, p; = (93, P;)
u(pi, A\i) = \/]?g (i) Xy, (D;) D, = (sin @; cos ¢;, sin b; sin ¢;, cos ;)
cos(é’i/2) e~ Pi/2 _ sin(@i/Q) o tPi/2

X+(P;) = | X—(P;) = |
sin(6;/2) ei®i/2 cos(6;/2) pibi/2

if scattering is not planar all phases are different and remain in the
amplitudes; they suppress the results when integrating over k..



TMD factorization

non planar

non planar
pQCD pPQCD
dynamics dynamics

factorization assumed



particular case: SIDIS

factorization holds at large Q?, and Pr= k1 = Aqcp
Two scales: Pr < @Q?

doP=X = N7 fo(2, k15 Q%) © A6 (y, k15 Q%) ® DIz, py 5 Q)

q
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TMD-PDF hard scattering TMD-FF

keeping into account all phases one obtains

dO.EpT—>€/hX . daepl_w’hx
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which exactly corresponds to the usual expression
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Kotzinian, NP B441 (1995) 234
Mulders, Tangermann, NP B461 (1996) 197

Boer, Mulders, PR D57 (1998) 5780
Bacchetta et al., PL B595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093



2. Higher-twist partonic correlations

(Efremov, Teryaev; Qiu, Sterman; Kouvaris, Vogelsang, Yuan;
Bacchetta, Bomhof, Mulders, Pijiman; Koike ... )

contribution to SSA (A'B — h X)

dAo Z Ta(kla ko, SL} ® fo/B(Tp) @ I\{ab_“(kl, kgj) ® Dp,ye(2)
a,b,c A4

Vv
twist-3 functions hard i hteractions

factorization established



TMD vs. higher-twist collinear factorization
processes with two scales: SIDIS and Drell-Yan

Yuan, Zhou, Liang; Ji, Qiu, Vogelsang, ...

TMD factorization holds at Aqep ~ k1 < Q

higher-twist factorization at Aqep € k1 € Q
well established relationships between TMDs
and quark-gluon correlators

the two approaches are consistent in the
overlapping intermediate k, region

TMD factorization not proven for
processes with one (large) scale only



SSA inpp — jet + jet + X, Hi H2—= h1 h2 X

Bacchetta, Bomhof, Mulders, Pijlman; Boer,Vogelsang, Yuan; Ratcliffe, Teryaev

Sy ket
k. . = Jet pair
transverse
momentum
| L 1(1) °
Sivers contribution to SSA (T, x T )

dAo Z fir (1) ® JoyH,(T2) @ dO(a)p—ca @ Dh, je(21) Dhyya(22)

a,b,c
gluonic pole cross sections take into account gauge links
A D] 1~D D] p
dér . = Z C[ dé& () Diagram dependent
la]b—cd G Yab—cd G Gauge link Colour
D factors

(breaking of factorization?)



but, recent paper casts doubts on
factorization for di-jet production ...

Rogers, Mulders, arXiv: 1001.2977

.
SHIRE
e

example of graph expected to violate TMD-factorization

see also Collins, Qiu, arXiv: 0705.2141



Phenomenology - TMD factorization

A do! — do! main contribution from Sivers
v =

do' + do! and Collins effects
Eﬂ- d p—m X E7r d p—m X
do! — dot = d‘gpw — d‘;pw — [do" — doVsivers + [do! — do]conins
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ivers 16 7_‘_2 Ty Tt 228 a 1 1 C
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1 r - . .
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A 16 w2z, xp 225

Collins + scatterin
X ATQa(xaa kJ_a) COS(¢G + Y1 — Y2 + Qbf) —> 9

o | m phases
X fosp(To, kip) {M? MS} "/ANDW/qc(ZaPL)

Qab_“ICd

negligible contributions from other TMDs
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contributions to A_N of SIDIS extracted Sivers, Collins
and transversity distributions
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(great uncertainty in actual knowledge of Sivers functions at large x)



Sivers effect in D-Y processes

By looking at the d* o /d*q cross section one can
single out the Sivers effect in D-Y processes




Sivers functions as extracted from SIDIS data, with opposite sign
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M.A., M. Boglione, U. D'Alesio, S. Melis, F. Murgia, A. Prokudin, e-Print: arXiv:0901.3078



Conclusions

SSAs in inclusive hadronic interactions keep
being large and measured

TMDs, Sivers and Collins mechanisms, might
explain data on An. Difficult phenomenology

TMD vs. higher-twist collinear factorization:
much improvement for two-scale processes...

Factorization in one-scale processes.
Universality of Collins function.
(Non) universality of Sivers function.
QCD evolution ...



