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Introduction

B Spin occurs in all particle processes

m By ignoring this fundamental qguantum number, we will
miss a relevant part of the story
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Introduction

B Spin occurs in all particle processes

m By ignoring this fundamental qguantum number, we will
miss a relevant part of the story

m Spin observables allow a deeper understanding of the
underlying dynamics

B This sometimes leads to uncover new important tools

B Remember also that spin sector of pQCD must be
carefully checked

m High-p, region is most appropriate
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Acollision p+p— A+ X
In QCD partonic picture

Ed3
dp3

/ dza / dzy 21 (2a, Q%) FP2 (21, Q2) DA (2, Q2)

1 do
7z dt

(ab — cd) ,
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Double helicity asymmetry A, for

D1+ P —A+X

The corresponding double helicity asymmetry Ay, ;, defined as

A o 0(Spy s Spy) — (Spy, —Sps) o Ao
LL — —
U(Spl ) 5p2) + U(Spl ) _SPQ) o

where Ao reads

. EAdSO' 1 1 p1 2 P2 2 A 2
| No=— 5= d | dwa | dmpAFE (e, Q7)AFY (2, Q%) DE (2, Q%)
abed” Ta Lp
1 Ado
il (ab — cd) ,
Tz dt
with
a_ja — xTey , 'fb — xaxTe_y , 2 = x_Te_y + LT ey ,
2—xTe Y 20 — xTEY 2xy 224

where x1 = 2pr/+/s, /s is the center of mass energy of the pp collision, and

A

t = —xzopr/se”Y/z is the Mandelstam variable at the parton level.
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Decomposition of the partonic cross

sections
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Double helicity asymmetries A

Lowest-order diagrams with initial gluons

How to check in pp collisions that Ag is small as a first

Indication”™ from DIS?
(a) (b) (c)

m High-p, photon production (a)
m Jets production (b)

m Heavy-flavor production (c)
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Prompt photon production at RHIC
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To avoid convolution should consider pp — ~v + jet + X
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It is also on the shopping list
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PHENIX data on ~ production at RHIC
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STAR data on jet production at RHIC

-

o
©
M

ﬂ] IIIIIIII| IIIIIIﬂ] IIIIIIﬂ] IIIIIIFTT IIIIIIﬂ] IIIIIIﬂ] IIIIIIﬂ] [TTI

STAR

p+p 2 jet+X
\s=200 GeV
midpoint-cone
I'cone:O-4'
0.2<1n<0.8

-
o
(=2}

f—ry
o
3]

-
(=]
w

1/2x do/(dndpT) [pb/GeV]

-
o
N

—B&— Combined MB

-
o

—e— Combined HT

—— NLO QCD (Vogelsang)

—h

_IIIIIIll| IIIIIIII| IIIIIIlIJ IIIIIIll| IIIIIIll| IIIIIIlIJ IIIIIIll| IIIIIIll| [ L LI

> 1.8 2: Systematic Uncertainty (b):ﬁ
Q14E e Theory Scale Uncertainty =
£ 1 0E — DEpguumm o =
E 0.6 ;: ""'F%.E\...ﬁfli """ ﬁ'ﬂf&'w.wéw. Joconoooooco THTTETE :;
g 0.6 =
0.2 . . . | - 3
0 10 20 30 40 50
p; [GeV/c]

Some relevant cases for studvinda hiah-p7 phvsicsat the RHIC pp collider — p. 11/39



STAR data on jet production at RHIC

Sensitivity to Ag only in the medium p7 region, dominated by gg — gq. Low p7 region
dominated by gg collisions. High pr region dominated by gq collisions.

Extreme cases Ag(x) = £g(z) are already excluded.

Ay, is expected to be small < 10% even at high-pr.
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PHENIX data on 7 and »n production at RHIC

.. 40.05[ —
- PHENIX Preliminary
0.04}
- «Run5 (9.4% scaling error)
0.03[" »Runé (40% scaling error)
C pRYENIX i
Q2L 1 |GRSV-btd
0.01- ,.,.--"rﬂ-"“"#'
of

-0.01

Scaling errors not included

-0.02

Online Polarization values
used in Runt

| S o I | | | | I | | | | Rl | | | i N A | | | | I | B | | | A |
00353 4 5 6 7 8 9
P, (GeVic)

III1|IIIlIIIII

Some relevant cases for studvind hiah-p7 phvsicsat the RHIC pp collider — p. 13/39



PHENIX data on 7 and »n production at RHIC
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Predictions for larger p
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Quark Transversity Distribution  d¢(x, Q%)

It was first mentioned by Ralston and Soper in 1979, in pp — p™ ™ X with transversely
polarized protons, but forgotten until 1990, where it was realized that it completes the
description of the quark distribution in a nucleon as a density matrix

Oz, Q%) = q(z, QI ® I + Aq(z,Q%)os ® 03 + dq(z, Q%) (04 ®o— +0_ @ay)
This new distribution function dq(x, Q?) is chiral odd, leading twist and decouples from

DIS. Only recently, it has been extracted indirectly, for the first time.
There is a positivity bound (J.S., PRL 74,1292,1995) survives up to NLO corrections

q(z, Q%) + Aq(z, Q%) > 2|5q(z, Q)|

+1

Aqg/q
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First determination of the quark Transversity
Distribution dq(z, Q?)

Current status on transversity
Anselminoetal, arXiv:0812.4366

3
St
=
=
=]
>
Bl ke e ik e B - e
——
0 - :_' DA
e D = = 0045 -
L X
T ' =
- e =
& 0 [N 4 0.05%

% DA%
st 015
1.2

R R

0 04 DE OB 1 0O 0 04 DE 0B 1

x k| (GeV)

Figure 7. Comparison of the extracted transver-
gity (solid line) with the helicity distribution
(dashed line) at Q@ = 2.4 GeV2 The Soffer
bound [46] (blue solid line) is also shown.
« Global analysis combining Collins effect measurements in SIDIS
from HERMES and COMPASS with measurements of the Collins

fragmentation functionby BELLE
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First determination of the quark Transversity

Distribution dq(x, Q?)

Helicity > Transversity for v and d -

X A+ u{x)

X A+ d{x)
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X
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to verify the theoretical expectation
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J. S., M. Stratmann, W. Vogelsang, PRD 65, 114024, (2002)
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NLO predictions for
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Cross section increases, so Arr decreases
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Spin transfer observables

* Consider a parity conserving inclusive reaction of the type,
a(spinl/2) 4+ b(unpol.) — c(spinl/2) + X.
* One can define eight observables, which must satisfy

(1+DyN)? > (Poy + Agn)? + (D + Dgs)? + (Drs F Dsr)?

NOTE: The eight TMD quark distributions obey the same constraints since they are

related to nucleon(p, S) — quark(k, S/) + X
If we concentrate for the moment on the case where the particle spins are normal to the

scattering, for example for pTp — ATX,onehas 14+ Dyy > [Py £+ ApN|
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Spin transfer for +p— A+ X

DPP = O-(Sp,SA) — U(SP’_SA) ) (P — L,S, N) )

o(sp,sn) + o(sp, —sa)

An analogous positivity bound for the fragmentation functions of a quark ¢ into a hadron
h holds, namely
2|Ar D} (z)| < D} (z) + AL D} (z) .

It allows to put a bound on the transverse spin transfer DQN

Consider 3 scenarios for the fragmentation:

1- only strange quarks contribute

2- a sizeable contribution from v and d quarks
3- all quarks contribute equally
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Upper bounds for the transverse spin

transfer of A
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D. de Florian, J.S., M. Stratmann, W. Vogelsang, Phys. Lett. B439, 176 (1998)
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Longitudinal spin transfer Dy for

N
D4+p— A+ X
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Dashed curves: SU(6) quark-diquark spectator model
Solid curves: pQCD counting rules

Fragmentation functions via Gribov-Lipatov relation
Larger effect for highery

B.Q. Ma, I. Schmidt, J.S. and J.J. Yang, Nucl. Phys. A703, 346 (2002)
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Single spin asymmetry Ay

What is a single spin asymmetry (SSA)?

Consider the pp collision with one proton of momentum 7, carrying a transverse spin 57 and

—
producing an outgoing hadron with transverse momentum k7. The SSA defined as

do(57) — do(—57)

Ay =
N7 4o(57) + do(—57)

is zero, unless the cross section contains a term s? - (f e E)

It can be shown that this requires the existence of an helicity flip and final state interactions, which
generate a phase difference between the flip and the non-flip amplitudes, to avoid violation of time
reversal invariance.

In the NAIVE parton model one expects very small SSA, because of the double suppression a,m,/Q.
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Single spin asymmetry Ay in QCD

Two QCD mechanisms

! Introduce Transverse Momentum Dependence (TMD)
- TMD parton distributions = Sivers effect 1990
- TMD fragmentation distributions =- Collins effect 1993

"% Consider higher twist operators
- In collinear approach introduce quark-gluon correlators (Efremov-Teryaev 1982,
Qiu-Sterman 1991, Vogelsang, Yuan, etc.. )

The gauge-invariance properties of the TMD PDF have been first clarified (S. Brodsky, D.S. Hwang, 1.
: Schmidt, Phys. Lett.B 530,99 (2002)) for DIS and Drell-Yan processes.

: In general both Sivers and Collins effects contribute to a specific reaction, although there are some
cases in which only one of them contributes. For example in SIDIS, the Collins effect is the only
mechanism that can lead to asymmetries A;r7 and Agrp. On the other hand, it does not appear in
some electroweak interaction processes, where there is only the Sivers effect. For direct photon
production in pp collisions, which is dominated by gg — g7, the SSA is sensitive to both the quark

and the gluon Sivers functions, according to x g of the photon. ( I. Schmidt, I. S, and I. I. Yang, Phys.
Lett.B 612, 258 (2005)).
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What positivity can bring into this game?

New general positivity bounds were derived
(J.S.,PRL 91,092005,2003), among the spin observables in a single particle inclusive
reaction, where the two initial particles carry a spin-1/2. In particular for y = 0 one has

1 —Arr(y = 0,pr) > 2[AN(y = 0, p7)|
for any value of v/s and p. From the previous results Arr ~ 0 for pp — vX and

. pp— jetX, we getastrong bound e.g. [Anx| < 1/2.
| (See also a recent review on positivity: X. Artru, M. Elchikh, J.M. Richard, J.S., O.

Teryaev, Phys. Reports, 470, 1 (2009))
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Single spin asymmetry Ay in W= production

Consider the collision pTp with a proton p of momentum 7', carrying a transverse spin
s’ producing a W= of transverse momentum p-.
The SSA in first approximation factorizes and then it reads

+
A]V\[f/ (\/57 Y, pT) — H(pT)Ai(\/ga y)Sp ’ f) X PT, (1)

where pr is the transverse momentum of the W= produced at the c.m. energy /s and
H (pr) is a function of p7, the magnitude of pr. For W we have

t( /7 _ AN u(zg)d(xp) + ANd(zg)u(xp)
ATV Y) = T ) dles) + d@a)utas)

: (2)

where y denotes the W rapidity, which is related to x, and z;. Actually we have
xq = +/TeY and z, = \/Te~ Y, with 7 = M3, /s, and we note that a similar expression for

Aﬁ_, the SSA corresponding to W~ production, is obtained by permuting v and d.
This allows to perform a flavor separation of the Sivers functions.
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Single spin asymmetry Ay in W production

For the y-dependent part of the SSA, one gets for y = 0

1 AN ANd 1 ANd ANg
= —( u+ —) and A~ = —( + 4

3
2 U d 2 d ﬂ) ()

A—|—

Get positivity bounds on Sivers functions for y = 0, since one has AZ,VYT = 0, following
- +

from the weak couplings and therefore |AR;|< 1/2

So one has

ANu(z)  ANd(x) ANd(z)  ANa(x)

_ <1 and <1
ww) | dw) | ‘ i@ al) |-
Different from the trivial ones
N
|A q(x) <1
2q(x)

and certainly much more restrictive if AN g(z) = 0.
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Sivers functions from a fit:

Anselmino et al. PRD 79, 054010 (2009)
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Single spin asymmetry Ay in direct photon

production

1
do = dro | d®kr,d?k Tab (2 k)Gl K
’ Z/m oo | Ehredtens 0 e o kna) Gl ke
o dé
X%(Q’LG — QzV) + G(xa,kTa) qu‘(xb,ka) df (Gq,L — Qz’}’) ,

where q;(x, k1) [ G(x, k) ] is the quark [gluon] distribution function with given k, and

za(pr/V's) €Y | (pr/V's) €

= o (pT/\/E) oy LTmin — 1 _ (pT/\/E) ey y LF — 2S’thy(pT/\/§)

1
dA — dzo | d?kp,d?k Ta®b (20, k7a) AnG(zp, K
do do
X 7 (¢:G — q;v) + G(za, ko) ANgi(zp, kTp) = (Gai — aiy)

dA o
ya— ,
N do
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Single spin asymmetry Ay in direct photon

production

Both Sivers functions for quarks and gluons are involved, but the gluon Sivers function
dominates in the large x ¢ region

1 1T
08 [ (a) 08 | (b)
£0.6 [ 0.6 [
E - o -
X X
0.4 | 0.4 |
0.2 |- 0.2
O L | | | | ‘ | | | | O L | | | | ‘ | | | |
—1 0 1 0.5 1
X¢ Xq

For pr = 20GeV and /s = 200GeV . x,,:n = x inthe region zx > 0.3. On the other
hand, z; versus x, is shown above and we see that when z, is integrated over the
range [zin, 1], the main contribution comes from the low x; values. Therefore, when
we look at large x i region, where z is large but x; is small, the asymmetry can be
approximately expressed as

AV(s,zp) =
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Search for New Physics at RHIC

m \Why ? : polarized protons at RHIC may discover a new
pure hadronic interaction of weak strength. New
Interactions involving leptons would have been
discovered at other facilities (LEP, HERA,
Tevatron-(Drell-Yan)).

®m pp RHIC facility :
highest Energy (1/s = 500 GeV)
+ highest Luminosity (L = 800 pb™1!)
+ highest Polarisation (P = 70 % ).
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The relevant observable

B one-spin Parity Violating asymmetry for jet production

do(-) — do()

Ar =
L dO‘(_) + d0'(+)

m basic QCD property : A, (QCD) =0 (AL(SM) # 0)

m If new physics is PV (in general it is) we may have
strong PV effects
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SM effects at lowest order

(70% ) and W.g(30% )
AL = a0 (CF ) — Co p)u- Au+ Au -y

(There are also real Z and W productions)

B denominator is QCD jet production => A, is small (few
% level) but measurable at RHIC

m Uncertainties for pol. pdf’s have to be strongly reduced
from other processes for the new physics program to
be done

m SM have large NLO corrections

(see S.Moretti, M. Nolten, D. Ross, PLB643,86 (2006), NPB759, 50 (2006))
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New physics models

m g Contact Interactions:

T

Log=¢€ N2 \IJ”YM(l - 77’75)\IJ~\I]VM(1 —nys) VY (4)

U =quark doublet, e = +1, n = £1, 0 (chiral structure),
A =compositeness scale.

m [eptophobic Z”:

g 1T
Lo = kLo 20, [CL1 =) + CR(L+ 5]

k= gz /97 =~ 1. Numerous models, SUSY or not, may
be constructed.
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A (SM + NP) at RHIC
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gq Contact Interactions Constraints

RHIC with /s = 500 GeV and L = 800 pb~! :

Al =32 TeV.

Similar to expectations from TEVATRON with /s =2 TeV
and L =1 fb L.

However, RHIC limits increase fast with /s or L but
systematics should be controlled (i.e. 10% assumed here).
E.g. with L = 10 fo=! we get A" = 5.4 TeV at RHIC
whereas it is A" = 3.7 TeV at TEVATRON.

RHIC is competitive with Tevatron and give unique
iInformations on the chiral structure.
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Keep doing this good work
We will stay tuned
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