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Spin, orbital motion, quarks, and protons
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Boer-Mulders

u

Boer-Mulders⊗Collins
 => cos(2φh)

h⊥1 (x, kT )f(x)D(z)Cahn

Kinematic effect
Known since EMC
Sensitive to <kT>
Cahn => cos(φh)

Unpolarized target
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The LO, subleading twist (3) 
unpolarized SIDIS cross section

3

FUU,T = C[f1D1]

F cos(2φh)
UU = C

[
−2(P̂h⊥ · kT )(P̂h⊥ · pT )− kT · pT

MMh
h⊥1 H⊥

1

]

F cos φh
UU =

2M

Q
C

[
− P̂h⊥ · kT

Mh

p2
T

M2
h⊥1 H⊥

1 −
P̂h⊥ · pT

M
f1D1 + ...

]

2π
α2

xyQ2

y2

2(1− ε)

(
1 +

γ2

2x

) [
FUU,T +

√
2ε(1 + ε) cosφhF cos φh

UU + ε cos(2φh)F cos(2φh)
UU

]

dσ

dx dy dz dP 2
h⊥ dφh

=



CIPANP San Diego, CA May 29, 2009Rebecca Lamb

Boer-Mulders

Boer-Mulders
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Cahn+Boer-Mulders

Boer-Mulders
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Cahn+Boer-Mulders
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The unpolarized SIDIS cross section
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The HERA Accelerator at DESY 
Hamburg Germany
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The HERMES Spectrometer
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The HERMES Spectrometer
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The HERMES Spectrometer
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The HERMES Spectrometer
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The HERMES Spectrometer
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Procedure

7
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Analysis Challenge!
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Measured inside 
acceptance

Generated in 4π

Our acceptance and 
QED radiation 

generate cos(nφh) 
moments 

which depend on 
x, y, z, Ph⊥,

and so does PHYSICS!

Monte Carlo:
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Azimuthal Moments due to 
QED Initial and Final State Radiation
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q      = k  - k’
w     = k’ - k’meas

qmeas = k  - k’meas  = k - k’ + w = q + w
k k’

q

k’meas

w
qmeas

q      = k  - k’
w     = kmeas - k
qmeas = kmeas -  k’ = k + w- k’ = q + w

k
k’

q

kmeas

w qmeas

ISR

FSR
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Azimuthal Moments due to 
QED Initial and Final State Radiation
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Unfolding for detector and QED radiative effects

10

What we’d 
like to know!What we actually 

measure

True bin

M
ea

su
re

d 
bi

n

Probability that an event at 
true born kinematics jborn 
is measured at kinematics imeas

Fully tracked Pythia MC

4π Pythia MC

σmeas(imeas) =
N∑

j=1

S(imeas, jborn)σtrue(jborn) + σbkg(i)

S(imeas, jborn) =
σMC

meas(imeas, jborn)
σMC

born(jborn)

Events smeared 
in from outside 
DIS cuts (MC)
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A model independent correction can be made with
bins in all 5 independent variables (max # for SIDIS!)
infinitely small bins sizes
no smearing in from outside DIS region (background)

Given limited statistics, we have bin edges:

400 kinematic bins * 12 φh bins = 4800 bins
Highest z bin not included in projections vs other variables

With the additional DIS cuts
Q2  > 1 GeV
W2 > 10 GeV

x = 0.023 0.042 0.078 0.145 0.27 1
y = 0.3 0.45 0.6 0.7 0.85
z = 0.2 0.3 0.45 0.6 0.75 1

Ph⊥ = 0.05 0.2 0.35 0.5 0.75
φ = 12 bins

Five Dimensional Binning

11
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Analysis Summary

12

Z

φ
φ
φ
φ
φ

x bin=2
x bin=3

x bin=1

x bin=5
x bin=4

* 4 y bins

3. 1-dimensional projections are calculated 
as the integral over the other 3 variables

2. 400 moments are calculated

1. 4800 measurements are 
unfolded and fit in 400 bins
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2〈cos(2φh)〉 =
C

A
2〈cos(φh)〉 =

B

A

dσ

dx dy dz dP 2
h⊥ dφh

= A + B cos(φh) + C cos(2φh)

〈cos(φh)〉(x) =
∑

y,z,Ph⊥
σ4π(x, y, z, Ph⊥) 〈cosφh〉(x, y, z, Ph⊥)
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Monte Carlo test 

13

Cahn Model in 4πUnfolded in 5D

One MC production as “data” <cos(φh)>=Cahn Model
A different MC production used to unfold <cos(φh)>=0

Unfolded in 1D -> Inacurate!!
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<cos(φh)> Results and Interpretation
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<cos(φh)> Results and Interpretation
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Data:
H and D results very similar
h+ and h- results differ 

Questions:
What can we learn about intrinsic <kT> of quarks?

<cos(φh)> Results and Interpretation
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<cos(φh)> Results and Interpretation
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Cahn-only 
doesn’t 
describe 

data.
 Too large?

17
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<cos(2φh)> Results and Interpretation
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Data:
H and D results very similar
h+  ~ 0, slightly negative
h- clearly positive

Questions:
Is <cos(2φ)> a clean probe of h1⊥?
What is the relative sign of h1⊥u and h1⊥d?

20

u d

<cos(2φh)> Results and Interpretation
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twist-4 Cahn
F cos(2φh)

UU = C
[
−2(P̂h⊥ · kT )(P̂h⊥ · pT )− kT · pT

MMh
h⊥1 H⊥

1

]
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L. P. Gamberg et al., Phys Rev D67:071504, 2003

L. P. Gamberg and G. R. Goldstein, arXiv:0708.0324, 2007
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paper for h?1 to estimate the azimuthal asymmetry Acos2!
UU

[cf. Eq. (41)], where

Acos2!
UU !

R
d! cos2!d"R

d!d"
(45)

and d! is shorthand notation for the phase space integra-

tion. In Fig. 6 we display the Acos2!
UU ðPTÞ in the range of

future JLab kinematics [73] (0:08< x< 0:7, 0:2< y<
0:9, 0:3< z < 0:8, Q2 > 1 GeV=c, and 1<E# <
9 GeV) and HERMES kinematics [1] (0:23< x< 0:4,
0:1< y < 0:85, 0:2< z < 0:7, with Q2 > 1 GeV=c and
4:5<E# < 13:5 GeV). In Fig. 7 we display the x and z
dependence in the range 0:5<PT < 1:5 GeV=c. It should
be noted that this asymmetry was measured at HERA by
ZEUS, but at very low x and very highQ2 [35], where other
QCD effects dominate. It was also measured at CERN by
EMC [74], but with low precision. Those data were ap-
proximated by Barone, Lu, and Ma [75] in a u-quark
dominating model for h?1 , with a Gaussian, algebraic
form and a Gaussian ansatz for the Collins function. Our
dynamical approach leads to different predictions for the
forthcoming JLab data.

B. Single-spin asymmetry Asinð2!Þ
UL in SIDIS

Since we have calculated the chiral-odd but T-even
parton distribution h?1L [cf. Eqs (12) and (13)], we use
this result together with the result of Ref. [71] for the
Collins function to give a prediction for the sinð2!Þ mo-
ment of the single-spin asymmetry AUL for a longitudinally
polarized target. In particular, we are able to take into
account the flavor dependence of the asymmetry. We adopt
a similar procedure for the azimuthal cosð2!Þ asymmetry

for treating the leading twist observable Asinð2!Þ
UL .

A decomposition into structure functions of the cross
section of semi-inclusive DIS for a longitudinally polar-
ized target reads (see e.g. [31])

d"UL

dxdydzd!hdP
2
h?

$ 2#$2

xyQ2 Sk½ð1& yÞ sinð2!hÞFsinð2!Þ
UL

þ ð2& yÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
1& y

p
sinð!hÞFsin!

UL (;
(46)

where Sk is the projection of the spin vector on the direc-
tion of the virtual photon. In a partonic picture the structure

function Fsinð2!Þ
UL is a leading twist object (while Fsin!

UL is
subleading), and it is given by a convolution of the TMD
h?1L and the Collins function (cf. [31])

Fsinð2!Þ
UL ¼ C

"
& 2ĥ * kTĥ * pT & kT * pT

MMh
h?1LH

?
1

#
; (47)

where the explicit form of the convolution is given in
Eq. (42).
We insert our result for h?1L [Eqs. (12) and (13)] and the

result of Ref. [71] into Eq. (47) to compute the single-spin
asymmetry. This is the first calculation of this observable in

the spectator framework, whereas the part of Fsinð!Þ
UL de-

scribed by higher twist T-odd PDFs has been analyzed in
the diquark model in Refs. [25,26,28]. Similar phenome-

nology for Fsinð2!Þ
UL and Fsinð!Þ

UL has been performed in
Refs. [76,77] using the framework of the chiral quark
soliton model.
We display the results for the single-spin asymmetry

Asinð2!Þ
UL in Fig. 8 using the kinematics of the upcoming
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FIG. 6 (color online). Left panel: The cos2! asymmetry for #þ and #& as a function of PT at JLab 12 GeV kinematics. Right
panel: The cos2! asymmetry for #þ and #& as a function of PT for HERMES kinematics.
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GAMBERG, GOLDSTEIN, AND SCHLEGEL PHYSICAL REVIEW D 77, 094016 (2008)

094016-10

Same sign u and d Boer-Mulders function
from a diquark spectator model

Gamberg et al. L. P. Gamberg et al., Phys Rev D67:071504, 2003
L. P. Gamberg and G. R. Goldstein, arXiv:0708.0324, 2007

Collins calculated in the spectator framework
A. Bacchetta, et al.,  Phys. Lett. B 659, 234 (2008). 

<cos(2φh)>: Model 1
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<cos(2φh)>: Model 1

Diquark spectator model does well... without Cahn term 
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<cos(2φh)>: Model 1

Update in the works!

Diquark spectator model does well... without Cahn term 
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V. Barone et al. Phys.Rev.D78:045022,2008 
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V. Barone et al. Phys.Rev.D78:045022,2008 

anomalous tensor 
magnetic moment

anomalous 
magnetic moment

Collins parameterization to SIDIS and e+e- from
M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).

Sivers fit to SSA data taken from 
M. Anselmino et al., 
Phys. Rev. D 72, 094007 (2005).

Same sign u and d Boer-Mulders function
taken as a scaled Sivers function

Barone et al.
<cos(2φh)>: Model 2
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V. Barone et al. Phys.Rev.D78:045022,2008 

anomalous tensor 
magnetic moment

anomalous 
magnetic moment

Collins parameterization to SIDIS and e+e- from
M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).

Sivers fit to SSA data taken from 
M. Anselmino et al., 
Phys. Rev. D 72, 094007 (2005).

Same sign u and d Boer-Mulders function
taken as a scaled Sivers function

PLUS Cahn twist-4 contribution

Barone et al.
<cos(2φh)>: Model 2
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Boer-Mulders

All contributions

Cahn (twist 4)
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<cos(2φh)>: Model 2
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Boer-Mulders

All contributions

Cahn (twist 4)

Cahn (twist 4)
too large?
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<cos(2φh)>: Model 2
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BM

All

NEW work to update the twist-4 Cahn contribution

V. Barone, S. Melis and A. Prokudin preliminary results

27

SIDIS Intrinsic k⊥ Cahn Effect and < PT > Cahn Effect and < PT >

Boer-Mulders functions and cos 2φh asymmetry

V. Barone, AP, S. Melis in preparation
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Barone et al.
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SIDIS Intrinsic k⊥ Cahn Effect and < PT > Cahn Effect and < PT >

Boer-Mulders functions and cos 2φh asymmetry
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“HERMES set” is used:
〈k2
⊥〉 = 0.18 GeV2 〈p2
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The same Boer-Mulders functions as in previous page. The result is very
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NEW work to update the twist-4 Cahn contribution

V. Barone, S. Melis and A. Prokudin preliminary resultsBarone et al.

More work needs to be done to understand 
<kT2> before BM can be cleanly extracted

!"
!

#
!$
%
&
!'

(

)

* *+, *+' *+- *+.

!*+*/

!*+*.

!*+*'

*

*+*'

*+*.

012314!56789(2:41;

!<
=
"!>#>7

!?!@+'A-@.!BCDEF!&!

*+-!#!G!#!*+HA

*+*'-!#!)!#!,

*+'!#!I!#!,

F!
'

!#!,D='*!BCDE
'

,!#!J

F!
'

!#!,D='*!BCDE
'

,*!#!K
!#!,D='*!BCDEF!
L

*!#!1

!#!,
M

*+'!#!)

!#!,+.,!BCDEF!
N

*+*A!#!7

!"
!

#
!$
%
&
!'

(
)

* *+, *+' *+- *+.

!*+*/

!*+*.

!*+*'

*

*+*'

*+*.

012314!56789(2:41;

!<
!

"!=#=7
!>!?+'@-?.!ABCDE!&!

*+-!#!F!#!*+G@

*+*'-!#!)!#!,

*+'!#!H!#!,

E!'!#!,CI'*!ABCD',!#!J

E!'!#!,CI'*!ABCD',*!#!K
!#!,CI'*!ABCDE!
L

*!#!1

!#!,
M

*+'!#!)

!#!,+.,!ABCDE!
N

*+*@!#!7

π+ π-

BM

All

BM

Cahn
Cahn

<cos(2φh)>: Model 2



CIPANP San Diego, CA May 29, 2009Rebecca Lamb

Model 3

29

B. Zhang et al., Phys.Rev.D78:034035,2008
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B. Zhang et al., Phys.Rev.D78:034035,2008

Boer-Mulders extracted from unpolarized p+D Drell-Yan data

Set II:

Boer-Mulders extracted assuming 
h1⊥,u and  h1⊥,d of opposite signs

-> results in large h1⊥ for antiquarks

Zhang et al.

Collins parameterization to SIDIS and e+e- from
M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).

f1 MRST2001 LO
D1 Kretzer

<cos(2φh)>: Model 3
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B. Zhang et al., Phys.Rev.D78:034035,2008
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Same sign
u and  d
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<cos(2φh)>: Hydrogen vs Deuterium
in the (roughly implemented) Zhang model

R
H⊥

1,disfavR
H⊥

1,fav
=−1

〈cos(2φ)〉π+

H ∼ 4δuv−δdv

4u+ηd +4ηū+ d̄

〈cos(2φ)〉π−
H ∼ −4δuv +δdv

4ηu+d +4ū+ηd̄

η≡
R

D1,disfavR
D1,fav

" 0.35

〈cos(2φ)〉π+

D ∼ 3δuv +3δdv

(4+η)(u+d)+(4η+1)(ū+ d̄)

〈cos(2φ)〉π−
D ∼ −3δuv−3δdv

(4η+1)(u+d)+(4+η)(ū+ d̄)

Using:

Caveats of this rough version of the model
PDFs

kT dependence not included
Different unpolarized PDFs used

FFs
Full Collins functions not included
Just a constant ratio of             
favored/disfavored used

Overall normalization missing
Extra(??) -1 needed to get sign
ν <-> <cos(2φ)> ?? 
sign of Collins??
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So given that we are doing something reasonable for H, 
let’s calculate D...

Set 1
Like the data 

H~D

Set 2
Not like the data 

H~large D~0

We MUST use H AND D data to determine the u/d sign!!!
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<cos(2φh)>: Hydrogen vs Deuterium
in the (roughly implemented) Zhang model
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What’s next?

36

Our dual-radiator RICH has improved software for 
beautifully identified pions, kaons, and protons

This analysis: ~1.5M SIDIS on both H and D
Additional ~5M SIDIS on both H and D available

Novel 1D projections that 
Reach to higher Ph⊥
Strive to disentangle our x - Q2 dependence
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NEW HERMES results!
<cos(φh)> and <cos(2φh)> on Hydrogen and Deuterium

<cos(φh)>
h+ ≠ h- 

<kT>u ≠ <kT>d ??
(h1⊥⊗H1⊥)π+ ≠ (h1⊥⊗H1⊥)π- significant??

<cos(2φh)>
Sensitive to Boer-Mulders DF
Twist-4 Cahn term must be taken into account!!
Models for D essential in determining u / d relative sign

Cahn and BM both contribute to both <cos(φh)> and <cos(2φh)>
Comprehensive models needed (BM+Cahn, H&D, <cos(φh)>&<cos(2φh)>

Challenge: reconcile HERMES and COMPASS results
Different kinematic range?

Conclusions
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Backup Slides
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Existing Measurements
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Existing Measurements 
cos(2ϕh)
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Existing Measurements
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Semi-Inclusive 
Deep Inelastic Scattering
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