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Transverse SPIN Observables SSA (TSSA) p↑ p → πX
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• Single Spin Asymmetry AN = σ↑(xF ,p⊥)−σ↑(xF ,−p⊥)
σ↑(xF ,p⊥)+σ↑(xF ,−p⊥)

≡ ∆σ

• Rotational invariance σ↓(xF , p⊥) = σ↑(xF ,−p⊥)
⇒ Left-Right Asymmetry

# Parity Conserving interactions: SSAs “Transverse” Scattering plane
=⇒ ∆σ ∼ iST · (P × P π

T )

• Correlation in Transverse Momentum PT & Transverse SPIN ST
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Parity Conserving interactions: SSAs Transverse Scattering plane
∆σ ∼ iST · (P× Pπ
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• Transverse structure spin Effects in TSSAs

• Gauge links-Color Gauge Inv.-“T-odd” TMDs

• T-odd PDFs via FSIs ... Summing gauge link
“QCD calc “  FSIs Gauge Links-Color Gauge Inv. “T-odd” TMDs 

• Generalizing the Generalized Parton Model 
(GPM)--effects of FSI and ISI on color structure

• Connection to twist three & Gluonic Poles

• Universality and gluonic poles in fragmentation
    

      

Outline 



Elastic scattering of 2 quarks of different flavor
6 independent helicity Amps

e.g. Goldstein & Owens NPB 76

Transverse Polarization in Inclusive Reactions P ↑P → π X

Interference of helicity flip and non-flip amps
1) requires breaking of chiral symmetry mq /E
2) phases require higher order corrections

quark-quark scattering

M++,++ ≡ Φ1 M−−,++ ≡ Φ2 M+−,+− ≡ Φ3

M−+,+− ≡ Φ4 M−+,++ ≡ Φ5 M++,+− ≡ Φ6

AN =
σ̂↑ − σ̂↓

σ̂↑ + σ̂↓
∼ Im [Φ6(Φ1 + Φ3)∗ − Φ5(Φ2 − Φ4)∗]

D

f

M∗

f

M

Transv. polarization cross section 
“interference” of helicity flip and 
non-flip  amps. 

Mλ′
q1

,λ′
q2

;λq1 ,λq2



Reaction Mechanisms: Co-linear QCD

! TSSA requires relative phase btwn different helicity amps

• | ↑ / ↓〉 = (|+〉 ± i|−〉) ⇒ ÂN = σ̂↑−σ̂↓

σ̂↑+σ̂↓ ∼ 2 Im f∗+f−

|f+|2+|f−|2

! Co-linear factorized QCD-parton dynamics

∆σpp↑→πX ∼ fa ⊗ fb ⊗ ∆σ̂ ⊗ Dq→π

requires helicity flip in hard part ∆σ̂ ≡ σ̂↑ − σ̂↓

• QCD interactions conserve helicity
mq → 0 and Born amplitudes real

+ x +m
−−+ +

+
! AN ∼ mqαs

PT
Kane, Repko, PRL:1978

4

âN =
σ̂↑ − σ̂↓

σ̂↑ + σ̂↓
∼

Im
(
M+∗M−)

|M+|2 + |M−|2

| ↑ / ↓〉 = (|+〉± i|−〉)
D

f

M∗

f

M

∆σpp↑→πX ∼ fa ⊗ fb ⊗∆σ̂ ⊗Dq→π

Collinear factorized QCD parton dynamics

∆σ̂ ≡ σ̂↑ − σ̂↓



Factorization Theorem & SSAs at Partonic level 

at the partonic level

•Born amps are real -- need “loops”----> phases
•QCD interactions conserve helicity up to corrections 

∆σ̂ ∼ Im[M∗
+M−]

+ −
X

mq
−+ + +

⊗

∗

Im

O
(

mq

Eq

)

Twist three and trivial in chiral limit

AN ∝ mq

E
αs

Kane & Repko, PRL: 1978
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Large Transverse Polarization in Inclusive Reactions

Fixed target Collider

pbeam=12 Gev/c pbeam=22 Gev/c pbeam=200 Gev/c



Modern Era Transverse SSAʼs at √s = 62.4 & 200 GeV at RHIC

PRL101, 042001 (2008)
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patterns of polarization signs. The unfilled 9 bunches are
sequential and correspond to the abort gap needed to eject
the stored beams. Pb was measured every 3 h during RHIC
stores by a polarimeter that detected recoil carbon ions
produced in elastic scattering of protons from carbon rib-
bon targets inserted into the beams. The effective AN of this
polarimeter was determined from p" þ p" elastic scattering
from a polarized gas jet target [24] thereby determining
Pb ¼ 55:0# 2:6% (56:0# 2:6%) for the Blue (Yellow)
beam in the 2006 run [25].

The FPD comprises four modules, each containing a
matrix of lead glass (PbGl) cells of dimension 3:8 cm$
3:8 cm$ 18 radiation lengths. Pairs of modules were
positioned symmetrically left (L) and right (R) of the
beam line in both directions, at a distance of %750 cm
from the interaction point [21]. The modules facing the
Yellow (Blue) beam are square matrices of 7$ 7 (6$ 6)
PbGl cells. Data from all FPD cells were encoded for each
bunch crossing, but only recorded when the summed en-
ergy from any module crossed a preset threshold.

Neutral pions are reconstructed via the decay !0 ! "".
The offline event analysis included conversion of the data
to energy for each cell, formation of clusters and recon-
struction of photons using a fit with the function that
parametrizes the average transverse profile of electromag-
netic showers. Collision events were identified by requiring
a coincidence between the east and west STAR beam-beam
counters, as used for cross section measurements [26].
Events were selected when two reconstructed photons
were contained in a fiducial volume, whose boundary
excludes a region of width 1=2 cell at the module edges.
Detector calibration was determined from the !0 peak
position in diphoton invariant mass (M"") distributions.

The estimated calibration accuracy is 2%. The analysis was
validated by checking against full PYTHIA/GEANT simula-
tions [27]. The reconstructed !0 energy resolution is given
by #E!=E! & 0:16=

ffiffiffiffiffiffiffi
E!

p
.

Because of the limited acceptance there is a strong
correlation between xF and pT for reconstructed !0

(Fig. 1). Spin effects in the xF-pT plane are studied by
positioning the calorimeters at different transverse dis-
tances from the beam, maintaining L=R symmetry for pairs
of modules. Figure 1 shows loci from h$i ¼ 3:3, 3.7, and
4.0. There is overlap between the loci, providing cross-
checks between the measurements. Because the measure-
ments were made at a colliding beam facility, both xF > 0
and xF < 0 results are obtained concurrently.
Events with 0:08<M"" < 0:19 GeV=c2 were counted

separately by spin state from one or the other beam, with
no condition on the spin state of the second beam, in the xF
bins shown in Fig. 1. For each run i, AN;i for each bin was
then determined by forming a cross ratio

AN;i ¼
1

Pb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL";iNR#;i

p ' ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL#;iNR";i

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL";iNR#;i

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL#;iNR";i

p ; (1)

whereNLðRÞ"ð#Þ;i is the number of events in the L (R) module
when the beam polarization was up (down). Equation (1)
cancels spin dependent luminosity differences through
second order. Statistical errors were approximated by
!AN;i ¼ ½Pb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL";i þ NL#;i þ NR";i þ NR#;i

p +'1, valid for
small asymmetries. All measurements of Pb for a store
were averaged and applied to get AN;i for each bin. The
run-averaged AN #!AN values are shown in Fig. 2.

FIG. 1 (color online). Correlation between pion longitudinal
momentum scaled by

ffiffiffi
s

p
=2 (xF) and transverse momentum (pT)

for all events. Bins in xF used in Figs. 2 and 4 are indicated by
the vertical lines. There is a strong correlation between xF and
pT at a single pseudorapidity (h$i).

FIG. 2 (color online). Analyzing powers in xF bins (see Fig. 1)
at two different h$i. Statistical errors are indicated for each
point. Systematic errors are given by the shaded band, excluding
normalization uncertainty. The calculations are described in the
text. The inset shows examples of the spin-sorted invariant mass
distributions. The vertical lines mark the !0 mass.
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flight walls.
With no spin rotator magnets outside the BRAHMS interaction region,

all proton-proton collisions at BRAHMS are transversely polarized in the
vertical direction.

4. Results

A number of results are now available from transversely polarized data
taken by the BRAHMS and PHENIX experiments at center-of-mass ener-
gies of 200 and 62.4 GeV. The transverse single-spin asymmetries discussed
below are all left-right asymmetries, which can be calculated by

ALeft
N =

1

P

N↑ − RN↓

N↑ + RN↓

where ALeft
N

indicates the asymmetry calculated to the left of the polar-
ized beam, P is the beam polarization, N↑ (N↓) is the particle yield from
bunches polarized up (down), and R = L

↑

L↓ is the relative luminosity be-
tween up- and down-polarized bunches. Both beams at RHIC are polarized;
in the calculation of single-spin asymmetries, the polarization of one beam
is considered while averaging over the polarization states of the other.
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Fig. 2. Charged pion asymmetries measured at 200 and 62.4 GeV by the BRAHMS
experiment and at 19.4 GeV by the E704 experiment, shown for overlapping kinematic
ranges (see text).

In the early 1990’s large transverse single-spin asymmetries in forward
pion production were observed by the E704 experiment at Fermilab at a



PRD 89

QCD test-Λ Production pp → Λ↑ X

• Need strange quark to polarize a Λ

PΛ =
σpp→Λ↑X − σpp→Λ↓X

σpp→Λ↑X + σpp→Λ↓X
(1)

Dharmartna & Goldstein PRD 1990
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FIG. 1: Schematic diagram of inclusive Λ production and
decay. The angle θp of the decay proton with respect to the
normal n̂ to the production plane is defined in the Λ rest
frame.

Here, k̂p is the proton momentum unit vector in the

Λ rest frame, !PΛ is the polarization of the Λ, and
α = 0.642 ± 0.013 is the analyzing power of the parity-
violating weak decay [20]. Assuming CP -invariance of
the decay, the analyzing power for the Λ̄ is of opposite
sign (αΛ̄ = −0.642) [20]. The quantity dN0/dΩp denotes
the decay distribution of unpolarized Λ particles. As de-
scribed above, only the normal component PΛ

n of the Λ
polarization may be non-zero in the present analysis, and
so Eq. 2 may be rewritten as

dN

dΩp
=

dN0

dΩp
(1 + αPΛ

n cos θp). (3)

For unpolarized Λ particles the distribution of the de-
cay particles is isotropic and dN0/dΩp is simply a nor-
malization factor, independent of angle. In the case of
limited spectrometer acceptance, however, it acquires a
dependence on cos θp.

To extract the polarization of a sample of Λ hyper-
ons from the angular distribution of their decay prod-
ucts in the acceptance, one may determine the following
moments:

〈cosm θp〉 ≡

∫
cosm θp

dN
dΩp

dΩp
∫

dN
dΩp

dΩp

≡

∫
cosm θp

dN
dΩp

dΩp

NΛ
acc

,

(4)
and

〈cosm θp〉0 ≡

∫
cosm θp

dN0

dΩp
dΩp

∫
dN0

dΩp
dΩp

≡

∫
cosm θp

dN0

dΩp
dΩp

NΛ
0,acc

,

(5)
where m = 1, 2, .. . The symbol 〈...〉 represents an aver-
age over an actual data sample, while 〈...〉0 denotes an
average over a hypothetical purely-unpolarized sample of
Λ particles with an isotropic decay distribution. NΛ

acc and
NΛ

0,acc are equal to the total number of Λ events for the
same luminosity accepted by the spectrometer. They are
related by

NΛ
acc = NΛ

0,acc(1 + αPΛ
n 〈cos θp〉0). (6)

Combining Eqs. 3 - 6 one obtains

〈cosm θp〉 =
〈cosm θp〉0 + αPΛ

n 〈cosm+1 θp〉0
1 + αPΛ

n 〈cos θp〉0
. (7)

The extraction of the Λ polarization PΛ
n from the ex-

perimental data is based on Eq. 7. The ‘polarized’ mo-
ments 〈cosm θp〉 can be determined by taking an average
over the experimental data set:

〈cosm θp〉 =
1

NΛ
acc

NΛ
acc∑

i=1

cosm θp,i. (8)

The ‘unpolarized’ moments 〈cosm θp〉0 cannot be ex-
tracted directly from the data as no sample of unpo-
larized Λ hyperons is available. Fortuitously, however,
the extraction of the transverse Λ polarization from the
HERMES data is greatly simplified by the up/down mir-
ror symmetry of the HERMES spectrometer, even in the
case of limited acceptance. It can be readily shown that
this geometric symmetry leads to the relation

〈cosm θp〉
top
0 = (−1)m〈cosm θp〉

bot
0 , (9)

where top and bot specify events in which the hyperon’s
momentum was directed above or below the midplane of
the spectrometer. Consequently all ‘unpolarized’ uneven
moments of the full acceptance function (top plus bot)
are zero, and all even ‘polarized’ moments are equal to
the ‘unpolarized’ ones:

〈cosm θp〉 = 〈cosm θp〉0 m = 2, 4, ... . (10)

The first moment of cos θp may be calculated sepa-
rately for the top and bot data samples to account for a
possible difference in the overall efficiency of each detec-
tor half. Using the symmetry relations (Eqs. 9 and 10),
one obtains from Eq. 7 a system of two coupled equations
for αPΛ

n and 〈cos θp〉
top
0 :

αPΛ
n =

c+/〈cos2 θp〉

1 − 〈cos θp〉
top
0 c−/〈cos2 θp〉

, (11)

〈cos θp〉
top
0 =

c−
1 − c+αPΛ

n

, (12)

where 2c+ (2c−) is the sum (difference) of 〈cos θp〉top

and 〈cos θp〉bot. This system of coupled equations can be
solved iteratively. The iteration converges quickly. If one
takes αPΛ

n = c+/〈cos2 θp〉 and 〈cos θp〉
top
0 = c− for the

first iteration, then the solution of the second iteration
for PΛ

n and 〈cos θp〉
top
0 reads:

αPΛ
n =

c+/〈cos2 θp〉

1 − c2
−/〈cos2 θp〉

, (13)

〈cos θp〉
top
0 =

c−
1 − c2

+/〈cos2 θp〉
. (14)



Comment 

• Largest TSSA least understood


