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©Spin asymmetries: naive pQCD prediction vs experiment
¢ Partonic transverse momenta

o Helicity Formalism: helicity density matrix

| Outline .
¢ Polarized hadronic cross section for pp — ™+ X

oTransverse SSA
©Double longitudinal spin asymmetry Ay,

< Conclusions
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‘ Naive Collinear pQCD prediction I

& Collinear pQCD predicts no sizable spin asymmetries

Let’s rewrite a transverse spin state in a helicity state

1/ 1) = L[4 =[]

So schematically:

b D=L | 2in(H-)

Y Y

I +ATH )+ =)

o (-+|—) No spin flip for massless collinear QCD=> A oc 7*
e [m: Relative phase only at higher order= A o< a4
m
A —1L 1
N X Qs (1)
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‘ ...experiment I
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| Partonic intrinsic transverse momenta .

> A possible description for SSA in pQCD can be obtain by introducing:

1= 1) the partonic intrinsic transverse momentum k | .
2) a k| -factorization for cross section (ansatz).
3) the helicity formalism and a new class of spin and k& dependent
parton distribution and fragmentation functions.
i We have to generalize the usual partonic functions into k| dependent

functions. For instance, the parton distribution function is generalized as:
farn(@q) = fon(®q, kLq)

with fq/h xq fd kJ_qfq/h(xka_q)

x4 light-cone momentum fraction of parton q inside hadron h
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| Partonic intrinsic transverse momenta I

> A possible description for SSA in pQCD can be obtain by introducing:
1) the partonic intrinsic transverse momentum k | .
1=2)a k| -factorization for cross section (ansatz).
3) the helicity formalism and a new class of spin and k& dependent
parton distribution and fragmentation functions.
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‘ From collinear to transverse configuration (I) I

< In the usual collinear pQCD factorization formula reads for
the inclusive process AB — C'X as:

do 870 =50 b ea fara(a, Q) @ fo/p(21, Q%)@
dGb=ed (3,4, 24, 7p) ® Dejelz, Q%)

¢ Introducing transverse momenta we have:

AAB=CX L5 ki @) ® iyl ot Q1)
d6*=cd(5,8, 1, 20, 1) © De ez, k1o Q%)

For complete kinematics: U.D’Alesio, F.-Murgia: Phys.Rev.D70:074009,2004
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| Partonic intrinsic transverse momenta '

> A possible description for SSA in pQCD can be obtain by introducing:
1) the partonic intrinsic transverse momentum k | .
2) a k| -factorization for cross section (ansatz).
1=3) the helicity formalism and a new class of spin and k£ ;| dependent

parton distribution and fragmentation functions.
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‘ From unpolarized to polarized cross section (I) I

1= Now we introduce inside the factorization scheme the helicity density matrices,
which describe the parton spin states, in order to obtain a polarized cross section:

(A,Sa)+(B,Sp)—C+X _ a/A,Sa }
dU - Za,b,c,d,{k} IO}‘CL’)\ZL fa/A,SA (xa,y k_La>®
b/B,Sp ¢ y o1 * AACH Ao
Pxy oy JorBise (@ kin) ® My s, g My, x ox, 2 ®D5 73 (2 kLe)

e \’s denote the helicity indexes

¢S54 and Sp denote the polarization state of A(B)

o a/A,S
P, A,

polarization S 4 (similarly for parton b inside hadron B)

4 is the helicity density matrix of parton a inside hadron A with
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‘ From unpolarized to polarized cross section (II) I

a/A,SA 7
p— Za,b,c’d,{k} pAa,)\/aA fa,/A,SA (:L.ajk_LCL)
b/B’SB r

y N ArCAC
@0y, x,  Jo/Bisp (T BLb )M X jixgx, M3y 5 o 2 @D, 75" (2, k1L0)

dO_(A,SA)—l—(B,SB)—>C'—|—X

oM XA i), 0, s are the helicity amplitudes for process ab — cd and are related to

dé_ab—md

o\l Ao A iAo, ’s are defined in the hadron c.m. frame and they are related to the

usual helicity amplitudes defined in the partonic c.m. frame, M QC, A iAo in a non
trivial way by proper phases from rotations and boost.

1="The partonic scattering process is not on the same plane of the hadronic one.
’ _ a0 g > _ 0w > _ 0 i
M_{_+;++ — Ml e 1 M_+;__|_ — M26 2 M__|_;_|__ — 3€ 3 (2)

see M.Anselmino, M.Boglione, U.D’Alesio, E.Leader, F.Murgia: Phys.Rev.D71:014002,2005
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‘ From unpolarized to polarized cross section (III) I

do(AS)+(BSp)—=C+X _ pU A fia s, (Ta kia)®

a,b,c,d, {\} X A
b/B,Sp

A A A « A)\C’AC

a’>’p N

of)ii AA,C (z, k) is the product of fragmentation

amplitudes for the c — C' + X process: C, )\C/ \O, A

Ca C

AAGLAE 2 A .::.
DACJ\’C - ix \ DAX’AC;)‘C DAXJ\’C;/\Q 3) A c, Al
AX

where i stands for a spin sum and phase integration over all undetected
X, Ax

particles X. The usual fragmentation function is related to this product by:

A A
DC/c(Z) — %Z/\C’/\C fkoJ_C DACC,ACC (Z,kJ_C)
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Master formula '

(A,S4)+(B,Sp)—C+X _ a/A,Sa 7
do™o4 N = Dabed{r) Px, .\, faja,s,(Ta,kia)
b/B,Sp

®p>‘b’>‘§) Jo/B.55 (xb’kJ‘b>®M>‘c’>‘d9>‘a’>‘b M>\'c,>\d;>\&,>\§,®D>\c,>\’c (2,k1c)

This expression contains all possible combinations of different spin and
k | -dependent distribution/fragmentation functions
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‘ Quark helicity density matrices I

A,S r
PN Farasa(@a i)

1+ P} P! —iP; R
) fa/A,SA (xaykJ_a)
Py 4Py 1 - P¢

N

(Pia fa/A,Sy> — Afsaz-/ks*y — fgi/T - fgsi/T = Afi./T(xa, kLa)
(P fajas,) =AfE s, = e v — s+ =ASS 1 (Ta, k1a)
(fa/A,Sy) — fa/A(xCH kLa) + % Afa/Sy (xaa kLa)

hep-ph/0509035
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Sivers Function '

Afa/,S'y (xaakJ_a) = fa/Sy (xang_a) — fa/—Sy (xang_a)
= AYfo a1 (Ta kia) (Py X ki) - P2 4)
kia
= —2— fir(ta, kL) (5)

| Boer-Mulders Function '
AfS sy = @ + AT fL sy (6)

with
- kia,1
Afsy/A(xCL?kJ—a) - M hl (xCHkJ—a) (7)
and !
A™fo, /sy = 5 {Affym - Af.say/l} (8)
14
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‘ Transverse SSA; Channel: q,q, — q.qq I

do(A'B - C+X) —do(A'B — C + X)

% Afusat (@ask o) fors (o, ki) [le)l2 + | Mz |* + |M:§)|2} Deyelz kic)
+ 2 [A_ffym(wa, kia)cos(ps — pa) — Afs 1 (2a, kia)sin(ps — 902)}

X Afl p(xy, ki) My Mg Deye(z,kic) 9)
+ [A_ffym(l‘a, kia)cos(pr — w2+ ¢a) — AfE 1 (za,k1a)sin(pr — @2 + </5g)}

X fb/B(xb, kip) My My ANﬁC/CT (z,k1c)

1 . R NP )
+ 5 Afaar(za, kia)ASS  p(xn, ki) cos(or — s+ ¢c) MY M3 AV Dy v (2, ko)

e Sivers Effect e Boer-Mulders Effect e Collins Effect ePhases
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‘ Gluon helicity density matrices I

A,S »
Pié,xf faja,s,(Ta, kia)

1+ P  T7 —4iT)
77 +iT7 11— P?

(T2 Fyymsy) = Ay (0rk1y) = N

N

fa/A,SA (CCa, k;J-a)

hep-ph/0509035

(75 fg/A,Sy) = Af%”(:cg, kig)
(7 fg/A>SZ) = Afig'l/+($g7 kig)
(7 fg/A>SZ) = Afig'g/+($g7 kig)

Linearly polarized gluon inside an unpolarized hadron

—> H* Mulders& Rodriguez
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‘ Transverse SSA; Channel: g,gv — 994 I

da(ATlB — C+ X)—do(A'B - C+ X) x
§ Afg/AT (xaa kJ_a) fg/B(xln kJ_b) |:|Mi)|2 + IMS|2 + |M3(,)|2i| DC/Q(Z, k'J_C)

+ 2 [A‘fé}m(xa, kia)cos(ps — @2) + AfL (@, k1a)sin(ps — 902)}
X Af%/B(ZCb, kiv) MQO M:? ﬁC’/g(za kic)
+ [A_f%m(%, kia)cos(pr — w2 +200) + AfS 1 (Ta kLa) sin(pr — 92 + 2(/55)}

X fg/B(ZCb,kJ_b) M{J MS ANﬁC/Tlg (Z, k?J_C)

1 . ) NP X
+ 5 Afgrat(Taskia) Afy p(ws, kis) cos(pr — o3 + 20¢) My M3 A" D yro (2, k1)

e Sivers Effect e “Boer-Mulders”-like Effect e “Collins”-like Effect ePhases
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e Gaussian k£ | dependence for all distribution

1 e functions with (k| ) = 0.8 GeV/c for PDF
+
_ (E704) pp ->m" X e All unknown polarized distribution func-
08 1 Vs = 19.4 GeV : tions have been replaced with the corre-
- pr=15GeV/c sponding unpolarized distributions. In some
06 i | cases this is certainly an overestimate: for
_ - the transversity distribution it violates the
< - Soffer bound
04 r § . : :
_ e The Sivers and Collins functions have been
_ | chosen saturating their positivity bounds:
0.2t — | N )
I I A fa/AT (SUCM]{:J_(I) :2fa/A(a7a7kJ_a>
i S 1 N 7 A
O NPT P SRS ST LA EFERE R R i ST B A DC/qT(Z7kJ_C)ZQDC’/q(Z7kJ_C)
-1 -0.8-06-04-02 0 0.2 04 06 08 1 )
Xe e Same sign for all flavours
Different contributions to A 7, plotted as a function of =z, for pTp — 7+ X processes and
E704 kinematics. solid line = quark Sivers mechanism alone; dashed line = gluon Sivers
mechanism alone; dotted line = transversity @ Collins. All other contributions are much
smaller.
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‘ Arr; Channel: g.qp — geqa I

do(ATBT - C+ X) —do(ATB™ - C+ X)

Afgz/+($a,k¢a) Afsz/Jr(a?b,kLb) [|]\A4{)|2 — | M3)? - |M:§)|2} Doye(z,k1c)
+ 20 i (T, kia) Afe, s (w, K 1b) cos(ps — ©2) My M3 Deye(z,kic)
+ 2Af8 a(wa kia) Afe, 4 (b, kis)sin(ps — 2) My M3 Deye(z,kic)
— faya(@askia) AfS /4 (26, kiy) MY Mg sin(p1 — s + ¢a) A De oy (2. kic)

e Helicity PDF e Boer-Mulders Effect e Collins Effect ePhases
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‘ Conclusions and working in progress .

©We have developed a complete formalism for single and
double spin asymmetries in pp — 7 + X with a non collinear kinematics
©We have given a partonic interpretation on our k£ dependent functions
©Gluon’s PDF and FF
©We have developed a numerical analysis on the role of phases for SSA showing the

suppression of some effects

In progress:
©Numerical analysis on double SA in particular Arr,

¢ Formalism and Numerical analysis on Lambda production
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