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SIDIS: probing TMD PDFs through fragmentation

certain
kinematic
conditions

incoming / scattered

virtual &

—

photon ud-": ,
N <

)!

TMD PDF @

scattering by partons

sufficient energy for hadronization

current vs. target fragmentation

low enough transverse momentum

UUd for TMD factorization
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2d kinematic phase space

- current and future data for Sivers asymmetries (selection):

e COMPASS h*: PhT< 1.6 GeV VVYVVYVYYVYYVY

% COMPASS Drell-Yan
O HERMES  #>* K*: P < 1GeV
w JLab Hall-A #*: P < 0.45 GeV

v STAR W bosons

<so<< JLab 12 (upcoming) D2
STAR Drell-Yan (upcoming)
2 LHC-FT Drell-Yan (proposed)

&

10

10

1 Physics
- *Beyond
~Colliders

1073 107 107 1
X

Gunar Schnell 4 Transversity 2022



2d kinematic phase space

C\]I_I | L L | | | | L L | | | | L L | | | | L | | | | L L N;I 4
% current and future data for Sivers asymmetries (selection): ] & I1°
© 10 - = o 18 -

(3 [ % COMPASS Drell-Yan : / =103

~ O HERMES  n™* K% P <1GeV . ] 5 .
| ™ JlabHal-A Py <045 GeV Q2 4 .

_ Z _ | 102
107E v STAR W bosons @ E 3 =10
[ << Jlab 12 (upcoming) . 5 -

. Q -
i STAR Drell-Yan (upcoming) N | 10
102 - LHC-FT Drell-Yan (proposed)
= 1
. — 1
- 1071
i X
Scattered lepton: Q2> >1GeV?
a3 W2 >10GeV?
i _ < . 0.023< =z <0.6
B o " ? =l <>
i 1 PhySics o B L 0.1< y <095
- . *Beyond ‘v:“"“’i Detected hadrons: 2GeV < |Py| <15GeV charged mesons
1 ~Colliders ST _Setese | 4GeV< |Py| <15GeV (anti)protons
- \ Z=adl P;| >2GeV neutral pions
X P, <2GeV
0.2< z  <0.7 (1.2 for the “semi-exclusive” region)

Table 3. Restrictions on selected kinematics variables. The upper limit on z of 1.2 applies only to
the analysis of the z dependence.
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2d kinematic phase space

current and future data for Sivers asymmetries (selection):

e COMPASS h™: P < 1.6GeV

* COMPASS Drell-Yan
O HERMES  #>* K*: P < 1GeV
w JLab Hall-A #*: P < 0.45 GeV

v STAR W bosons
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2d (x-Q?) kinematic space not
the only one relevant for
SIDIS interpretation
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current vs.
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lepton
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target fragmentation

virtual-photon—nucleon c.m.s

virtual photon ji\, 0
4% target nucleon

K
T['/
Yn<0 0 Yn >0
th%hﬂi—Z_

Phi .. light-cone momenta
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current vs. target fragmentation

[A. Airapetian et al., JTHEP12(2020)010]

' 0.2<2<0.28
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current vs. target fragmentation

[A. Airapetian et al., JTHEP12(2020)010]
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selected hadrons at HERMES mainly

forward-going in photon-nucleon c.m.s.
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current vs. target fragmentation

[A. Airapetian et al., THEP12(2020)010]
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TMD factorization: a 2-scale problem

all events

@ TMD factorization requires a large scale (Q?)
and small fransverse momentum

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

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

lowest x bin

0.2< z <0.28 0.28< z <0.37 0.37< z <0.49 049< z <0.7
N> 4 ,’, ,,/
Q e o
9 3 /, /,
(q] //, ,,/
(@] 2 ’ ’

1k, 0 ,+7 0.023<x<0.072

4 /,"

3 Re

2 ,// == Q2 - PZhJ_
1

aF i

3 f e

2 ,,"

1 ,f’/

0Z>'d>vS0 50> 'd>9€0 960> 'd>€20 €20> 'd>00
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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

0.2< z <0.28 0.28< z <0.37 0.37< z <0.49 049< z <0.7

Q? [GeV?]

-== Q2=P2,
--- Q2
Q2

disclaimer: coloured lines drawn by hand

ZPZhJ_
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0z> 'd>150 PS0> 'd>960 90> d>€20 £20> 'd>00
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TMD factorization: a 2-scale problem

highest x bin

0.2< z <0.28 0.28 < z <0.37 0.37< z <0.49 049< z <0.7

q

q

Q? [GeV?]

sz/zz

--n Q2
-=-=- Q2%=2P2,,/72
- Q2

disclaimer: coloured lines drawn by hand

£ PZhL/ZZ

02> 'd>150 50> 'd>980 90> 'd>€20 €20> d>00

Pz /22 [GeV?]
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TMD factorization: a 2-scale problem

lowest x bin

0.2< z <0.28 0.28< z <0.37 0.37< z <0.49 049< z <0.7

4 / V4 /
/ / / /
/ / / /
/ V4 / /
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/ / / /
/ / /
/ / /
+ / / /
/ / /
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1 ' | Y AN . I Y A T . | Y A T
7 F 7 i 7 ’

Q? [GeV?]

=== Q2=P2,, /z2

- N W b

- N W b

all other x-bins included in the

Supplemental Material of
THEP12(2020)010

0z> 'd>150 50> 'd>980 9€0> 'd>€20 €20> d>00
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P? /22 [GeV?]
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semi-inclusive DIS

® excluding transverse polarization:

do" B 2o’ Y2 - v?
drdydzdP?, d¢  zyQ?2(1 —¢)

{FgU,T + GF(}}U,L + AV - e2F];

12 [ \V1 — eFfﬁinqb + AV1 +6F£fin¢ sin @

14/2¢ | MAV1 — eFf}fOqu + 1 +6F3’§OS¢ COS ¢

+Ae Fgf’in % $in 26 + € F{}’&OS *? cos 2¢ }

h,mod  r~h,mod 2
Fyy =Fyy (2,Q% 2, Pry)
<\
Beam (A) / Target (/)
helicities
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semi-inclusive DIS

® excluding transverse polarization:

do" B 2o’ Y2 - v?
drdydzdP?, d¢  zyQ?2(1 —¢)

{FgU,T + GF(}}U,L + AV - e2F];

12 [ \V1 — eFfﬁinqb + AV1 —I—GFgfimb sin @

14/2¢ | MAV1 — eFf}fOqu + 1 +6F{]L’§OS¢ COS ¢

+Ae Fgf’in % $in 26 + € F(I}’[;OS *? cos 2¢ }

@ double-spin asymmetry: Ar =

Gunar Schnell 14 Transversity 2022



semi-inclusive DIS

® excluding transverse polarization:

do" B 2ot y? i v?
drdydzdP?, d¢  zyQ?2(1 —¢)

{FgU,T T EFI}}U,L + AV — e2F)

12 A1 — ngﬁiMb + AV1 —|—eF{}fin¢ sin ¢

+v2¢e [ AAV1 — eF;f’LCOSC’5 + /1 —I—GFgﬁow COS ¢

+Ae Fgfin % $in 26 + ¢ FS’&OS *? cos 2¢ }

h h h h
Oy _ T044 —0_4 —0__

h h h h
Of_ TO44 TO_4 TO__

@ single-spin asymmetry: Al =

@ explicit angular dependence to be fitted
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semi-inclusive DIS

® with transverse target polarization:

do" 2T -

2 2 2
| - .
dedydzdP?, dpdes  zyQ? 2(1 —¢) ( 21;)

{F (?U’T + el [?U’ ; + terms not involving transv. polarization

i EF{]L%ZS}H (Pp+ds) sin (¢ e ¢s) i EF[}};in (3¢—¢s) sin (3¢ _ ¢s)

+/2e(1 4 €) Fin® sing, + /2e(1+€) Fo™ 072 gin (26 — ¢,)

+SrA V1 — @ Fleos(0799) oog (¢ — )

+/2€e(1 —€) F5% cos gy +1/2€(1 —¢) FS’TCOS (20=92) 065 (20 — o) }
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semi-inclusive DIS

® with transverse target polarization:

doh B 2T y2 - 72
dz dydzdP2, d¢do, 'Sivers (1—€e)\ 2z

{F "+ eFlt; . 4 .erms not involving transv. polarization

i (o o pretzelosity
+ ST (FS;I”T(QS Qbs) + EF{}%F,L(gb ¢s)> 3N (¢ - ¢S)

i EF{]L’;in (Pp+ds) sin (¢ 1 ¢s) i EF{]L’;in (3p—¢s) sin (3¢ _ ¢3)

: 1+ /2€(1 4 €) B39 gin s + V/2€(l+¢€ plysin (20=6s) SIn (20 — @,
transversity V21T fur b5 + V2e(l+€) Fyp (26— 1)

+ STA [ V1= e Fi™ 7% cos (¢ — 6,) worm-gear

+/2€e(1 —€) F5%% cos gy +1/2€(1 —e) FS’TCOS (20=92) 065 (20 — o) }
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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 coslOy«  —sint,.  —sinl. . < sin ¢>;L
< Sin(¢—¢s)>l|]T = % Sin 0y« cos 6. 0 < sin(¢ >UT

| 1

<sin(gb+gbs)>UT 5 SIn 0.+ 0 COS 0= <s1n (p+dg) >

Gunar Schnell 17 Transversity 2022



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 coslOy«  —sint,.  —sinl. . sin ¢ q

| UL
< Sin(¢—¢s)>UT — % S1n (97* COS (97* 0 < SlIl >
< sin(gb+gb5)>lle % Sin 0.« 0 COS 0= < sin(+og) >

= need data on same target for both polarization orientations!

Gunar Schnell 17 Transversity 2022



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

Gunar Schnell
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re-analysis of longitudinal double-spin asymmetries

@ revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to

@ exploit slightly larger data set (less restrictive momentum range)
@ provide A in addition to A;

1
D(1 + ny)

Al = Aﬁ

R (ratio of longitudinal-to-transverse cross-sec'n) still to be measured!
[only available for inclusive DIS data, e.g., used in g1 SF measurements]

@ correct for D-state admixture (deuteron case) on asymmetry level
@ correct better for azimuthal asymmetries coupling to acceptance

@ look at multi-dimensional (x, z, Pn.) dependences

@ extract twist-3 cosine modulations
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re-analysis of longitudinal double-spin asymmetries

@ revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to

@ exploit slightly larger data set (less restrictive momentum range)
@ provide A in addition to A;

1
D(1 + ny)

Al = Aﬁ

R (ratio of longitudinal-to-transverse cross-sec'n) still to be measured!
[only available for inclusive DIS data, e.g., used in g1 SF measurements]

@ correct for D-state admixture (deuteron case) on asymmetry level
@ correct better for azimuthal asymmetries coupling to acceptance

@ look at multi-dimensional (x, z, Pn.) dependences

@ extract twist-3 cosine modulations .. consistent with zero
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@ first-ever 3d binning provides transverse-momentum

3-dimensional binning

dependence
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3-dimensional binning
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@ first-ever 3d binning provides transverse-momentum Can [T D o %
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Sivers amplitudes for pions

@ high-z data probes region of increased flavor

sensitivity to struck quark
(but also where contributions from exclusive
vector-meson production becomes significant)

@ only last z bin shows indication of sizable p©
contribution (decaying into charged pions)

[A. Airapetian et al., THEP12(2020)010]
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Sivers amplitudes
pions vs. (anti)protons

similar-magnitude 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-magnitude 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.)
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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@ results for (anti-)protons consistent with zero
= vanishing Collins effect for (spin-1/2) baryons?
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@ 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
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@ 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 with larger quark-flavour sensitivity, with increasing amplitudes for positive pions and kaons
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@ clearly non-zero asymmetries
@ opposite sign for charged pions (Collins-like behavior)

® striking z dependence and magnitude
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most comprehensive presentation, for discussion use 1d binning
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HERMES 3d analysis
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@ opposite behavior at HERMES/CLAS of negative pions in z prOJechon due to different x-range probed
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@ opposite behavior at HERMES/CLAS of negative pions in z projection due to different x-range probed

@ CLAS more sensitive to e(x)Collins term due to higher x probed?
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consistent behavior for charged pions / hadrons at HERMES / COMPASS for isoscalar targets
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Conclusions

® HERMES continues producing results long after its shut-down,
@ |atest pub’s providing 3d presentations of longitudinal & transverse SSA & DSA
@ completes the TMD analyses of single-hadron production

@ several significant leading-twist spin-momentum correlations (Sivers, Collins, worm-
gear) but no sign for pretzelosity => clear dipole but no quadrupole deformations

@ surprisingly large twist-3 effects

@ by now, basically all asymmetries (except one: AuL) extracted simultaneously in three
or even four dimensions — a rich data set on transverse-momentum distributions

® complementary to data from other facilities
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