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The “Trouble” with Transversity

3

Transverse-spin states written in terms of helicity states:
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Fig. 9. The three quark-nucleon helicity amplitudes.

Two of the amplitudes in (4.5.6), A++,++ and A+−,+−, are diagonal in
the helicity basis (the quark does not flip its helicity: λ = λ′), the third,
A+−,−+, is off-diagonal (helicity flip: λ = −λ′). Using the optical theorem we
can relate these quark-nucleon helicity amplitudes to the three leading-twist
quark distribution functions, according to the scheme

f(x) = f+(x) + f−(x)∼ Im(A++,++ + A+−,+−) , (4.5.7a)

∆f(x) = f+(x) − f−(x)∼ Im(A++,++ −A+−,+−) , (4.5.7b)

∆T f(x) = f↑(x) − f↓(x) ∼ ImA+−,−+ . (4.5.7c)

In a transversity basis (with ↑ directed along y)

| ↑〉 = 1√
2

[
|+〉 + i|−〉

]
,

| ↓〉 = 1√
2

[
|+〉 − i|−〉

]
,

(4.5.8)

the transverse polarisation distributions ∆T f is related to a diagonal ampli-
tude

∆T f(x) = f↑(x) − f↓(x) ∼ Im(A↑↑,↑↑ −A↑↓,↑↓) . (4.5.9)

Reasoning in terms of parton-nucleon forward helicity amplitudes, it is
easy to understand why there is no such thing as leading-twist transverse
polarisation of gluons. A hypothetical ∆T g would imply an helicity flip gluon-
nucleon amplitude, which cannot exist owing to helicity conservation. In fact,
gluons have helicity ±1 but the nucleon cannot undergo an helicity change
∆Λ = ±2. Targets with higher spin may have an helicity-flip gluon distribu-
tion.

If transverse momenta of quarks are not neglected, the situation be-
comes more complicated and the number of independent helicity amplitudes
increases. These amplitudes combine to form six k⊥-dependent distribution
functions (three of which reduce to f(x), ∆f(x) and ∆T f(x) when integrated
over k⊥).

4.6 The Soffer inequality

From the definitions of f , ∆f and ∆T f , that is, ∆f(x) = f+(x) − f−(x),
∆T f(x) = f↑(x)−f↓(x) and f(x) = f+(x)+f−(x) = f↑(x)+f↓(x), two bounds

41

➠Transverse-spin asymmetries                         involve helicity-flip〈↑|Ô|↑〉−〈↓|Ô|↓〉
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Gunar Schnell (DESY) PANIC 2008, Eilat - 11. Nov. 2008

The “Trouble” with Transversity

3

.

hermes Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

h
e
lic
ity
fli
p
!

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/50

Transverse-spin states written in terms of helicity states:

+ +

+ +

+ +

− −

+ −

− +

Fig. 9. The three quark-nucleon helicity amplitudes.

Two of the amplitudes in (4.5.6), A++,++ and A+−,+−, are diagonal in
the helicity basis (the quark does not flip its helicity: λ = λ′), the third,
A+−,−+, is off-diagonal (helicity flip: λ = −λ′). Using the optical theorem we
can relate these quark-nucleon helicity amplitudes to the three leading-twist
quark distribution functions, according to the scheme

f(x) = f+(x) + f−(x)∼ Im(A++,++ + A+−,+−) , (4.5.7a)

∆f(x) = f+(x) − f−(x)∼ Im(A++,++ −A+−,+−) , (4.5.7b)

∆T f(x) = f↑(x) − f↓(x) ∼ ImA+−,−+ . (4.5.7c)

In a transversity basis (with ↑ directed along y)

| ↑〉 = 1√
2

[
|+〉 + i|−〉

]
,

| ↓〉 = 1√
2

[
|+〉 − i|−〉

]
,

(4.5.8)

the transverse polarisation distributions ∆T f is related to a diagonal ampli-
tude

∆T f(x) = f↑(x) − f↓(x) ∼ Im(A↑↑,↑↑ −A↑↓,↑↓) . (4.5.9)

Reasoning in terms of parton-nucleon forward helicity amplitudes, it is
easy to understand why there is no such thing as leading-twist transverse
polarisation of gluons. A hypothetical ∆T g would imply an helicity flip gluon-
nucleon amplitude, which cannot exist owing to helicity conservation. In fact,
gluons have helicity ±1 but the nucleon cannot undergo an helicity change
∆Λ = ±2. Targets with higher spin may have an helicity-flip gluon distribu-
tion.

If transverse momenta of quarks are not neglected, the situation be-
comes more complicated and the number of independent helicity amplitudes
increases. These amplitudes combine to form six k⊥-dependent distribution
functions (three of which reduce to f(x), ∆f(x) and ∆T f(x) when integrated
over k⊥).

4.6 The Soffer inequality

From the definitions of f , ∆f and ∆T f , that is, ∆f(x) = f+(x) − f−(x),
∆T f(x) = f↑(x)−f↓(x) and f(x) = f+(x)+f−(x) = f↑(x)+f↓(x), two bounds

41

➠Transverse-spin asymmetries                         involve helicity-flip〈↑|Ô|↑〉−〈↓|Ô|↓〉
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Gunar Schnell, Universiteit Gent QNP’06 – Madrid, June 6
th
, 2006 – p. 7/21
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2-Hadron Production (ep➙e h1h2X)

5

only relative momentum of hadron pair relevant  
⇒  integration over transverse momentum of hadron
      pair simplifies factorization and Q2 evolution
however, cross section becomes quite complex 
(differential in 9 variables).
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Model for 2-Hadron Fragmentation

6

.

hermes Interference Fragmentation – Models

⇒ AUT might depend strongly on Mππ

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 40/50
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first evidence for naive-T-odd 2-hadron fragmentation 
function  in semi-inclusive DIS!
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Final HERMES Results

first evidence for naive-T-odd 2-hadron fragmentation 
function  in semi-inclusive DIS!
invariant-mass dependence rules out Jaffe model 
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Semi-Inclusive One-Hadron Production
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1-Hadron Production (ep➙e h X)
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Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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Collins Effect:
sensitive to quark transverse spin

.

Collins Fragmentation Function
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!
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Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21
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Collins Amplitudes for Kaons

none of the kaon amplitudes 
significantly nonzero

K+ amplitudes not really 
different from π+ amplitudes

K- amplitudes positive, 
contrary to large negative π- 
amplitudes

K- is pure “sea object”
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none of the kaon amplitudes
significantly non-zero

however, K+ amplitudes not
different from π+ amplitudes

K− amplitudes slightly
positive, contrary to large
negative π− amplitudes

K− pure sea object

⇒ production dominated by
u-quark scattering
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published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

π+: positive; π−: consistent with zero

⇒ first evidence for non-zero Sivers fct.:

f⊥,u
1T < 0 (u-quark dominance)

⇒ non-zero orbital angular momentum

Isospin symmetry for Sivers amplitudes

fulfilled

† [A. Airapetian et al, Phys. Rev. Lett. 94 (2005)

012002]
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u-quark dominance 
suggests sizeable 
u-quark orbital 
motion
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Aπ+−π−

UT (φ,φS) ≡ 1
ST

(σπ+

U↑ − σπ−

U↑)− (σπ+

U↓ − σπ−

U↓)
(σπ+

U↑ − σπ−
U↑) + (σπ+

U↓ − σπ−
U↓)

Sivers Valence-Quark Distributions
look at charged-pions cross-section difference:

2 〈sin(φ − φS)〉π+−π−

UT = −
4f⊥,uv

1T − f⊥,dv

1T

4fuv
1 − fdv

1
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look at charged-pions cross-section difference:

2 〈sin(φ − φS)〉π+−π−

UT = −
4f⊥,uv

1T − f⊥,dv

1T

4fuv
1 − fdv

1

either Sivers distrib. 
for valence d-quarks 
much larger than for 
u-quarks

or (more likely) Sivers 
distribution negative 
for valence u-quarks
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Non-trivial role of sea quarks!
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prediction using fit to pion data
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The Intriguing Kaon Amplitudes
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(... let’s speculate ...)
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2-Dimensional Binning
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two kinematic variables 
simultaneously



Gunar Schnell (DESY) PANIC 2008, Eilat - 11. Nov. 2008

2-Dimensional Binning

16

0

0.2 !+

!-

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.023 < x < 0.05
" Q2

 $ = 1.3 GeV
2

0.05 < x < 0.09
" Q2

 $ = 1.9 GeV
2

0.09 < x < 0.15
" Q2

 $ = 2.8 GeV
2

HERMES

0.15 < x < 0.22
" Q2

 $ = 4.2 GeV
2

PRELIMINARY

0.22 < x < 0.40
" Q2

 $ = 6.2 GeV
2

2002-2005
Lepton Beam Asymmetries  %  8.1 ! scale uncertainty

0

0.2

0.2 0.4 0.6

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

z

0

0.1

0.2

!+

!-

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.20 < z < 0.30 0.30 < z < 0.40 0.40 < z < 0.50 0.50 < z < 0.60 0.60 < z < 0.70

0

0.2

0 0.2

2
 "

s
in

(#
-#

S
)$

 ! U
T

0 0.2 0 0.2 0 0.2 0 0.2
x

high statistics of pion 
data allows binning in 
two kinematic variables 
simultaneously

amplitudes still non-
zero at higher Q2



Gunar Schnell (DESY) PANIC 2008, Eilat - 11. Nov. 2008

2-Dimensional Binning

16

0

0.2 !+

!-

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.023 < x < 0.05
" Q2

 $ = 1.3 GeV
2

0.05 < x < 0.09
" Q2

 $ = 1.9 GeV
2

0.09 < x < 0.15
" Q2

 $ = 2.8 GeV
2

HERMES

0.15 < x < 0.22
" Q2

 $ = 4.2 GeV
2

PRELIMINARY

0.22 < x < 0.40
" Q2

 $ = 6.2 GeV
2

2002-2005
Lepton Beam Asymmetries  %  8.1 ! scale uncertainty

0

0.2

0.2 0.4 0.6

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

z

0

0.1

0.2

!+

!-

2
 "

s
in

(#
-#

S
)$

 ! U
T

0.20 < z < 0.30 0.30 < z < 0.40 0.40 < z < 0.50 0.50 < z < 0.60 0.60 < z < 0.70

0

0.2

0 0.2

2
 "

s
in

(#
-#

S
)$

 ! U
T

0 0.2 0 0.2 0 0.2 0 0.2
x

high statistics of pion 
data allows binning in 
two kinematic variables 
simultaneously

amplitudes still non-
zero at higher Q2

additional combination of 
kinematic variables available, 
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Transverse SSA in Inclusive DIS
transverse SSA require interference of amplitudes with 
different phases

achievable via loop diagrams, e.g.

Sivers DF includes gauge link (soft gluon exchange)

2-photon exchange could 
provide such mechanism in 
inclusive DIS

2-photon exchange: also
candidate for explanation of 
discrepancy in form-factor measurements 

18

P

p

k l

k′

Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3#k′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

A. Metz et al., Phys.Lett.B 643, 319-324, 2006
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Inclusive Left-Right Asymmetry at 
HERMES

22 x bins separated into low- 
and high-Q2 region 

to minimize systematic effects 
extract asymmetry as
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Any Sign of 2-Photon Exchange?
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Conclusions

Clear evidence that transversity is non-zero and 
measurable through

2-hadron fragmentation (“interference fragmentation”)

Collins effect

Observation of Sivers effect suggests sizeable orbital 
angular momentum of quarks

vanishing left-right asymmetry in inclusive DIS does not 
support significant contribution  from 2-photon exchange

21
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2D Binning Sivers
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“Chromodynamic Lensing”

.

hermes

Chromodynamic Lensing
Understanding the Sivers Moments

[hep-ph/0309269]approach by M. Burkardt:
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String Model Interpretation (Artru)
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overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

† [A. Airapetian et al, Phys. Rev. Lett. 94 (2005)

012002]
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Inclusive AN - No x-Binning
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e+ AN=( 1.28 ± 1.47stat ± 1.35syst ) x10-3

e- AN=( 1.35 ± 1.29stat ± 0.73syst ) x10-3

e
+

AN=( 0.21 ± 0.90stat ± 0.74syst ) x10-3

e- AN=( 0.87 ± 0.76stat ± 0.41syst ) x10-3

<x>=0.02, <Q2>=0.6GeV2

<x>=0.14, <Q2>=2.4GeV2

Acceptance factor:

 0.37

Acceptance factor:

 0.42

58%
of full 2π 
acceptance

66%
of full 2π 
acceptance

Expectation:


