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2d kinematic phase space

current and future data for Sivers asymmetries (selection):

e COMPASS h*:P_.<1.6GeV
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Scattered lepton: Q> >1GeV?
W2  >10GeV?
0.023< = <0.6
0.1< ¢y <095
Detected hadrons: 2GeV < |Pp| <15GeV charged mesons
4GeV< |Py| <15GeV (anti)protons
P;| >2GeV neutral pions
P, <2GeV
0.2< 2z  <0.7 (1.2 for the “semi-exclusive” region)

the analysis of the z dependence.

Table 3. Restrictions on selected kinematics variables. The upper limit on z of 1.2 applies only to
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2d kinematic phase space
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current vs. target fragmentation
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current vs. target fragmentation

ks ' 0.2<2<0.28 x|} ' 0.2<2<0.34 D
N L ! 0.54<Py, [GeV]<2 : . 0.57<Pn_ [GeV]<2
S 0451 | 0.023<x<0.072 . | 0.023<x<0.073
s [ ' '
£ :
8 E
= :
® o1l
© :

005~

|

-
o
N

-
o

10

.
.
n
.l
| [
—h
T T T T T |
|
—t

N
N

XF ... Feynman x

selected hadrons at HERMES mainly
forward-going in photon-nucleon c.m.s.
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current vs. target fragmentation
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TMD factorization: a 2-scale problem

all events

@ TMD factorization requires a large scale (Q¢)
and small transverse momentum

@ overdll, Q mainly larger than Pn,
@ not fulfilled in all kinematic bins

@ more challenging, especially at low x (=low Q?),
for more stringent constraint of zQ > Ph,
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TMD factorization: a 2-scale problem

lowest x bin
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TMD factorization: a 2-scale problem

lowest x bin
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TMD factorization: a 2-scale problem

highest x bin
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TMD factorization: a 2-scale problem

highest x bin
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TMD factorization: a 2-scale problem

lowest x bin
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Mixing of target polarizations

@ theory done w.r.t. virtual-photon direction

@ experiments use targets polarized w.r.t. lepton-beam direction yk
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Mixing of target polarizations

@ theory done w.r.t. virtual-photon direction
@ experiments use targets polarized w.r.t. lepton-beam direction yk

= mixing of longitudinal and transverse polarization effects
[Diehl & Sapeta, EPJ C 41 (2005) 515], e.qg.,

< Sin ¢>[IJL cos O+  —sinf,« —sinf.- < Sin ¢>;L
< Sin(gb—gb5)>lle — % Sin 0y« cos 6. 0 < sin(¢—o¢g) >UT
< Sin(¢—|—¢s)>IIJT % Sin 0.« 0 COS 0.+ < sin(p+dg) >
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Mixing of target polarizations

@ theory done w.r.t. virtual-photon direction
@ experiments use targets polarized w.r.t. lepton-beam direction yk

= mixing of longitudinal and transverse polarization effects
[Diehl & Sapeta, EPJ C 41 (2005) 515], e.qg.,

< Sin ¢>(|]L cos Oy«  —sinf. . —sint. . < Sin ¢>;L
< Sin(gb—gb5)>lle — % Sin 0y« cos 6. 0 < sin( ¢ >UT
<Sin(¢—|—¢s)>IIJT Z8in 6., 0 COS 0. <sm (0+s) >

= need data on same target for both polarization orientations!
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Mixing of target polarizations

@ theory done w.r.t. virtual-photon direction
@ experiments use targets polarized w.r.t. lepton-beam direction yk

= mixing of longitudinal and transverse polarization effects
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detector effects — need for multi-d analyses

N7t (x) — N~ (x) N [ dwe(z,w) Ao (z,w)
N+ (x) + N~ (x) [ dwe(z,w) o(z,w)

@ measured cross sections / asymmetries often contain "remnants” of experimental
acceptance €
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detector effects — need for multi-d analyses

N7t (x) — N~ (x) N [ dw ez, w) Ag(m,w)7é [ dw Ao(x,w)
N+(x)+ N—(x) [ dwe(z,w) o(z,w) [ dw o(z,w)

@ measured cross sections / asymmetries often contain "remnants” of experimental
acceptance €
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detector effects — need for multi-d analyses

N7t (x) — N~ (x) N [ dwe(z,w) Ao (z,w)
N+ (x) + N~ (x) [ dwe(z,w) o(z,w)

7 Az, (W)

@ measured cross sections / asymmetries often contain "remnants” of experimental
acceptance €

@ difficult to evaluate precisely in absence of good physics model
@ general challenge to statistically precise data sets
@ avoid 1d binning/presentation of data

@ theorist: watch out for precise definition (if given!) of experimental results
reported ... and try not to treat data points of different projections as independent
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q° dependence)
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q° dependence)

@ SIDIS: at least 2 more variables (z, Pn.) — dependences not necessarily trivial
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q° dependence)

@ SIDIS: at least 2 more variables (z, Pn.) — dependences not necessarily trivial

@ most TMD cross sections differential in at least b variables

@ some easily parametrized (e.g., azimuthal dependences), others mostly unknown
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q° dependence)
@ SIDIS: at least 2 more variables (z, Pn.) — dependences not necessarily trivial
@ most TMD cross sections differential in at least 5 variables
@ some easily parametrized (e.g., azimuthal dependences), others mostly unknown
@ 1-dimensional binning provide only (sometimes misleading) glimpse of true physics
@ even different kinematic bins can't disentangle underlying physics dependences

@ e.g., binning in x involves [incomplete] integration(s) over Py,
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q° dependence)

@ SIDIS: at least 2 more variables (z, Pn.) — dependences not necessarily trivial

@ most TMD cross sections differential in at least 5 variables
@ some easily parametrized (e.g., azimuthal dependences), others mostly unknown

@ 1-dimensional binning provide only (sometimes misleading) glimpse of true physics
@ even different kinematic bins can't disentangle underlying physics dependences
@ e g., binning in x involves [incomplete] integration(s) over Py,

@ further complication: physics (cross sections) folded with acceptance

@ NO experiment has flat acceptance in full multi-d kinematic space
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detector effects — need for multi-d analyses

[HERMES, PRD 99 (2019) 112001]

‘02_ A!ITL - - - linearin x
|9- ’ — 2nd order in x and Py, |

@ Why have 1d projections survived for so long?

@ faster to catch features of functional dependence

@ most prominent asymmetry was A, (or Ai)

@ viewed with “collinear monocles" - thus blind for 3d effects

@ no strong dependence on hadron kinematics observed
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detector effects — need for multi-d analyses

[HERMES, PRD 99 (2019) 112001]

‘02_ A!ITL - - - linearin x
|- ’ —— 2 orderinx and Py

|

@ Why have 1d projections survived for so long? o

@ faster to catch features of functional dependence

@ most prominent asymmetry was A, (or Ai)

@ viewed with “collinear monocles" - thus blind for 3d effects

@ no strong dependence on hadron kinematics observed

@ however, a priori this is a wrong starting point

@ TMD physics with strong dependence on hadron kinematics

@ even data for azimuthally flat A1 can be influenced by azimuthal acceptance
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detector effects — need for multi-d analyses

[HERMES, PRD 99 (2019) 112001]

\ | A"+ - - - linearin x
0.2} 1d
| — 2nd orderinxand Py, |

|

@ Why have 1d projections survived for so long? o

@ faster to catch features of functional dependence

@ most prominent asymmetry was A, (or Ai)

@ viewed with “collinear monocles" - thus blind for 3d effects

@ no strong dependence on hadron kinematics observed

@ however, a priori this is a wrong starting point

@ TMD physics with strong dependence on hadron kinematics
@ even data for azimuthally flat A1 can be influenced by azimuthal acceptance

® need to evaluate systematics due to integration over phase space => Monte Carlo
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Monte Carlo simulation for TMD analyses

@ cearly Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmctrans based on _ _
: -0.05 - - + | B B B
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. O gen. events|| --- gen. events
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1
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@ fully analytic, but no full-blown "event generator”

2(sin(p+dg))yr
o
[
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@ cearly Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmcTrans based on
Gaussian Ansatz

@ fully analytic, but no full-blown "event generator”

2(sin(9-0s))
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1
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Monte Carlo sumulcmon for TMD cmal

extracted:
e rec. events

- implemented:
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gen. events
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o

@ adopted "polarizing” procedure for PYTHIA,
intfroducing spin states according to model for spin-
dependent cross section:
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Monte Carlo snmula‘rlon for TMD cmalyses

@ cearly Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmcTrans based on
Gaussian Ansatz
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@ fully analytic, but no full-blown "event generator”

2(sin(p+dg))yr
o
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@ adopted "polarizing” procedure for PYTHIA,
intfroducing spin states according to model for spin-
dependent cross section:
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some highlights
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Sivers amplitudes
pions vs. (anti)protons

similar-magnhitude asymmetries for (anti)protons and
pions
= consequence of u-quark dominance in both cases?
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Sivers amplitudes
pions vs. (anti)protons

similar-magnhitude asymmetries for (anti)protons and
pions
= consequence of u-quark dominance in both cases?

[A. Airapetian et al., THEP12(2020)010]
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possibly, onset of target fragmentation only at lower z
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Sivers amplitudes
multi-dimensional analysis

@ 3d analysis: 4x4x4 bins in (x,z, Ph.)
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Sivers amplitudes
multi-dimensional analysis

3d analysis: 4x4x4 bins in (x,z, Ph.)
reduced systematics

disentangle correlations

isolate phase-space region with large signal
strength

allows more detailed comparison with calculations
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Sivers amplitudes
multi-dimensional analysis

3d analysis: 4x4x4 bins in (x,z, Ph.)
reduced systematics

disentangle correlations

isolate phase-space region with large signal
strength

allows more detailed comparison with calculations

accompanied by kinematic distribution to guide
phenomenology
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P new HERMES results on Collins amplitudes

[A. Airapetian et al., THEP12(2020)010]

3 012 + = = f = 3 025 = = f =
< 01 T - = o = 02 K : : %@é
2 0% s 2ot 4
3 0.06 g g ¥ 01 I + : |
AL SR R I T ST - X R LI LA
002 .. FYTR + SR, % 0§-++ ---------------- TR T T
N 0 ;L+'+'I """""""" SR LR ELEEE CTTTTTTTT T N -0.05 ? ? ;
002 - - - 01 - - s
-0.04 — — — -0.15 - -
of | oo
A T - L
-0.02 © L = 05 - =2 -
e iyt | ALY ol +-+--+.------+-__+_+_+_+_+_____n _______ H++++++ _____
-0.06 » * | * i + 0.05 |+ *+ 8
Hl O
-0.12 — — — -0.2 — — =
01 02 0.5 10 0.5 : 01 02 0.5 I o 0.5 :
X r P, [GeV] X r P, [GeV]

@ results for (anti-)protons consistent with zero
= vanishing Collins effect for (spin-1/2) baryons?

@ analysis now performed in 3d, both including or not
including kinematic "depolarization” prefactor

@ high-z region probes ftransition region to exclusive domain (with increasing amplitudes for positive pions and kaons)
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subleading twist — <sin(¢s)>ut

[A Airapetian et al., JHEP12(2020)010]

JERACES - - ' = g 3 g o
< o012 g : =R ’ O K ] ] |
5 & M S K 0 Wl
g oo ¢ S on 4
o o.04 3 & i_.'|||_|||__!| __________ E M e —
= 0_0(2)* g ...Hﬁ . »\?D-o.ogﬂ e LR DAL
£ 002 T M ] 3
O 004 9 T e———- e
N 0.04 - = AN - =
onE : o8 : :
ooz W a4 L LU LA 005 - 3
e # | =f¥ (R N IR | . B I SN N RO
oo f7 N LA AT
-0.06 - - I{J - 0.1 — - +[] 3
-?ﬁ 0.15 - 3
-0.12 _6022 - 3 -
e SIS s | = i [ | SR
0.1 0.2 0.5 10 0.5 1 0.1 0.2 0.5 1 0 0.5 1
X Z h [GeV] X Z P, [GeV]
J Clearly non-zero asymme-l-rnles ::’ COMPASS prcliminar}; E’r::?rln 2010 data
002} | -
. ¢ Q
@ opposite sign for charged pions (Collins-like behavior) ¥z | —
pp g ged pions ( ) ¢ fagagtt Laanit i,
oy . . . $ Y ‘ A B
@ striking z dependence and in particular magnitude 00} - $ e
@ similar observation at COMPASS T G oa oe o e

Gunar Schnell

26

1.5

(GeV/ie)

TMDs: from JLab to EIC - May 6-7, 2021



out of time ... no specific conclusions

@ check carefully acceptance effects (no experiment has perfect acceptance)
@ requires very good model of physics one is after
@ do not exclude data just because some MC tells you the data are bad

@ rather include as much information in addition to your main results, in
particular data-driven kinematic distributions

@ bin in as many dimensions as possible (best fully differential)
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subleading twist IT - <sin(¢)>Lu
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A Pretzelosity
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2| M | @ chiral-odd = needs Collins FF (or similar)
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@ 'H, °H & 3He data consistently small

@ cancelations? pretzelosity=zero? or just the additional suppression by
two powers of Py,

[A. Airapetian et al., THEP12(2020)010]
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@ chiral even, couples to Dy

@ cvidences from

® 3He target at JLab

® H target at COMPASS & HERMES

[PRL 108 (2012) 052001]
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Subtracting mesons from decay of excl. VM production

PHYSICAL REVIEW D 87, 074029 (2013)
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

Gunar Schnell

@ clear left-right asymmetries for
pions and positive kaons

@ increasing with xr (as in pp)

[Airapetian et al., Phys.

Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplifude

[Alr'apehan et al. Phys Lett. B 728, 183-190 (2014)]
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