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disclaimer: after two and a half days of intense

discussion, refrain from introducing
basics of SIDIS and PDFs, TMDs, and FFs

= cf. Ralf's talk yesterday
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from 1d to 9d

Radioactive
substance

@ a century ago, things were "simple”:

\

Deflection screen

Lead Box
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from 1d to 9d

Radioactive
substance

@ a century ago, things were "simple”:

Deflection screen

Lead Box

® inclusive DIS already requires 2d or 3d analyses

@ semi-inclusive single-hadron DIS: up to 6d

@ semi-inclusive di-hadron DIS: up to 9d / i

= both theoretical & experimental challenges
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from 1d to 9d

@ unpolarised DIS: obviously bin and
unfold in 2d

Gunar Schnell 4
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L[A. Airapetian et al., JHEP 05 (2011) 126]
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from 1d to 9d

ar
<L | © HERMES (%<1 GeV?) T

@ unpolarised DIS: obviously bin and 1| HERMES (@%>1GeV)
unfold in 2d
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from 1d to 9d
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from 1d to 9d

| Q&F - O HERMES (<Q:><1 Gevz) T
@ unpolarised DIS: obviously bin and 'IT B Een)
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@ inclusive scattering spin-asymmetries: . y
saved” by weak Q2 dependence of Hos |
longitudinally double-polarised DIS 0s |
. 04
@ however, don't be misled! N
@ g2, Aur, ... - o F 4 T e g A A
> 10
= binning in only one variable might hide =1 .
10 . K
dependence on other variable(s) 7 T rs e
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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 amplitude

sinyy

-
-

@ clear left-right asymmetries for pionsand < o]
positive kaons ol 8%

@ increasing with xr (as in pp)

A

@ initially increasing with Pt with a fall-off at
larger P+ -

0.1

Gunar Schnell 5

[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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= look at 2D dependences
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inclusive hadr'ons AUT siny ampll‘rude

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

- ep! = n*+ X ep! = n-+X ep’ — K"+ X ep’ — K +X
a5 1.00 <p_<2.20

input model
(fit to data)

X

small detector effects in fully differential analysis
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inclusive hadrons: Ayt siny amplitude

Gunar Schnell
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inclusive hadrons: Ayt siny amplitude
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inclusive hadrons: Ayt siny amplitude

-§'5 - et pl =t + X - et pl - K'+ X - et pl >t + X - erpl - K+ X
0.1:
of
o1f
/ 1.5pT [va] 01 02 03 04 0.5 0.1 0.2¥ 0.3 0.4 O.SXF
strong kinematic dependence can
lead to large systematic effects not so small detector effects
if infegrated over in 1D analysis

= need a good MC model for realistic uncertainty estimate
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so why have we stayed with 1d?
® somewhat more objective reasoning: e.g.,

@ weak Q2 dependence of asymmetries
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so why have we stayed with 1d?
® somewhat more objective reasoning: e.g.,

@ weak Q2 dependence of asymmetries
@ some pragmatic reasoning: e.q.,

@ |ess precision

@ |ess phase space and thus less variation of cross sections, ...
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so why have we stayed with 1d?
® somewhat more objective reasoning: e.g.,

@ weak Q2 dependence of asymmetries
@ some pragmatic reasoning: e.q.,

@ |ess precision

@ |ess phase space and thus less variation of cross sections, ...
® some plainly wrong reasoning: e.q.,

@ stick to the approach that seemed to work before

@ multi-d dependences difficult to visualise

@ "we are doing collinear physics, no need for TMD d.o.f.
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.. example measurements

d°o
drdydzdepdPr |

>
X (1 | ;x> {Fvur +€Fuur

+/2e(1 — €)FC5 %" cos by, + €F05 20" cos 2¢p, )
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.. example measurements

hadron multiplicity:

hormalize to inclusive DIS
Ccross section

d°o
drdydzdepdPr |

>
X (1 | ;x> {Fvur +€Fuur

+/2e(1 — €)FC5 %" cos by, + €F05 20" cos 2¢p, )
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.. example measurements

hadron multiplicity:
normalize to inclusive DIS

cross section d*M"(z,y, 2z, P?|) (14 v*\ Four + eFuur
dQO_inCLDIS e — dxdydzdPﬁL 21 FT T GFL
T X FT + EFL
x y//
d°o V2
o | 14 tvur + efuu,L
drdydzdepdPr | 27 o, /

+/2e(1 — €)FC5 %" cos by, + €F05 20" cos 2¢p, )
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.. example measurements

hadron multiplicity:
normalize to inclusive DIS

cross section d*MM(z,y, 2, P?)) (14 v\ Fuur EFXJ,L
dZO.inCI.DIS P — d.ﬁl’]ddede%J_ | 20 FT 6%
drdy X Fr + €eFT,
> en flxpy) © DY (z, K7)
. >, €2 fi(x)
d° o ”y2
x | 1+ Fvur +ebfyu.L

drdydzdepdPr | 27 o, |

+/2e(1 — €)FC5 %" cos by, + €F05 20" cos 2¢p, )
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.. example measurements

hadron multiplicity:
normalize to inclusive DIS

cross section d*M"(z,y, 2, P2)) (14 v\ Four + eFfo L
dZO.inCl.DIS e — d.ﬁl?ddede%J_ | 27 FT 6%
drdy X Fr + €eFT,
%, e fiw,p3) @ DY Mz, K2)
. , Zq 63 ff(x)
d’o y
x | 14 Fyur + €fuu,L
drdydzdepdPr | 27 o, |
COS Qp, cos 2¢p,
+v/26e(1 — ) F555 %" cos ¢p, + eFyyy5~%" cos 26y, }
moments:

hormalize to azimuth-
independent cross-section
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.. example measurements

hadron multiplicity:
normalize to inclusive DIS

cross section d4Mh($ay72»P§¢) ~ [ 14 WQ Four EFXJ,L
2_inclDIS — 7 dadydzdP}, 22)  Fr+e
dxdy
‘ g filzpr) @ DY (2, K3)
~ >, €2 fi(x)
d° o v?
x | 14 Four +eltyu,L

drdydzdepdPr | 27 o, |

+/2e(1 — €)FC5 %" cos by, + €F05 20" cos 2¢p, )

[ dgncos2¢do  eF*
[ dondo Fouvr+eFvur

2(cos 2¢)yy = 2
moments:

hormalize to azimuth-
independent cross-section
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example measurements

hadron multiplicity:
normalize to inclusive DIS

cross section d4Mh(x,y,z,P§l) ~« <1 | WQ) Four EFXJ,L
PindDIS " daxdydzdP}, 2z)  Fr+efk
dxdy )
g6 filzrr) © DT (2 K7)
5 : - >, €2 fi(@)
d’o Y
I

dedydzdondP?, < \' T 2z ovr +efvue

N f do,cos 20 do eFy i 2¢
» 2{(cos 2 —
moments: sz = [dondo  Fuur +eEfu
. . 2 pL.q 2 L,q—=h 2
normalize to azimuth- _ Zq €q hi (%Z?T) ®BM 41 (z, KT)
independent cross-section ~ € S €2 fi(x, p) @ D(f_m(z K2)
q q ) )
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# M((Q7))
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Multiplicity

-02<2<03 s
- P eee ags 8" -

02<2<0.3 f, 4o
-0 <z<03_w;. Tt

3# Q? [GeV?]

. - N - I 2g.0 0 0
' R ey ¢ R
- 1 . off =L ol PR e TR
P , P GRS e
2 ) . S s < e
v v E g g a g i"~-7‘. h
L TR 7

= even though two data points might have similar average kinematics,

Gunar Schnell

multiplicities in the two projections can be different

11
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(M(Q%))q2 # M((Q7))

® the average along the valley will
be smaller than the average
along the gradient

Gunar Schnell 12 CFNS — May 15-17, 2024



(M(Q%))q2 # M((Q7))

® the average along the valley will
be smaller than the average
along the gradient

® still the average kinematics can
be the same
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(M(Q%))q2 # M((Q7))

® the average along the valley will
be smaller than the average
along the gradient

® still the average kinematics can
be the same

take-away message: (when told so) integrate your cross section over the
kinematic ranges dictated by the experiment
(e.g., do not simply evaluate it at the average kinematics)

to experiments: fully differential analyses'
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06 - [F. Giordano, Ph.D. U. Ferrara]
9 - 2000 Hydrogen baCk fr'om 5d "'0 ld

@ how to use fully differential
results, e.g., cosine moments of
unpolarised cross section?
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< | 2000 Hydrogen

Gunar Schnell

[F. Giordano, Ph.D. U. Ferrara]

13

back from 5d to 1d

@ how to use fully differential
results, e.g., cosine moments of
unpolarised cross section?

@ cither directly in fully
differential fits
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< | 2000 Hydrogen

[F. Giordano, Ph.D. U. Ferrara]

0 200 4OOBinS 0 200 4OOBinS
Ny 47T<COS no);
(cosn@)(x) >~ -
> .0

[Airapetian et al., PRD 87 (2013) 012010]
01t ! Faehoer
T T S I O e
8 ﬁﬁjé_ﬁ;éfﬂ £ [0 d it

~ - Pt e - : v
-0.2:— IIIIIIIIIIIIIIIIIIIIII !:_E,—'_ IIIIIIIIIIIIIIIIIII

Gunar Schnell

back from 5d to 1d

@ how to use fully differential
results, e.g., cosine moments of
unpolarised cross section?

@ cither directly in fully
differential fits

@ project back to 1d for
vizualization
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| o | h+[F.Gior'dano,Ph.D.U.Fermm] chk fr'om 5d 1_0 ld
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|

@ how to use fully differential
results, e.g., cosine moments of
unpolarised cross section?

—0.2

—0.4

Bins Bins @ cither directly in fully
i i i
< o S o4 (cosng), differential fits
COS N XT) =~ .
Z o @ project back to 1d for
vizualization
__[Airapetian et al., PRD 87 (2013) 012010]
0.00 o+ 1 i "uiﬁiiiﬁi ? .
:§e\? Offﬂjiifﬁﬁfiﬂii - requmgs QOOd knowledge of
8 o | A B unpolarized cross section
o2 T T 3 S :
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= when using 1d projections, ask yourself and your experiment’s
friends why 1d is sufficient and why not go multi-d?
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HERMES (1995-2007) @ HERA

gy

27.6 GeV polarized e*/e- beam scattered off ...

- unpolarized (H, D, He,..., Xe) as well as
- transversely (H) or
- longitudinally (H, D, He) polarized

pure gas targets
Gunar CFNS — May 15-17, 2024




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
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2d kinematic phase space

C\]I_I | | | | | | | | | | | | | | | | | | | | | | | | | | |
% current and future data for Sivers asymmetries (selection): ]
(5 10" . E
O . & COMPASS Drell-Yan i

~ O HERMES  n™* K% P <1GeV . ]
| ™ JlabHal-A %P < 0.45GeV Q2
10 = v STAR W bosons E
[ <S<x JLab 12 (upcoming) i
_ Q -
i STAR Drell-Yan (upcoming) //’\b‘ 5
102 - LHC-FT Drell-Yan (proposed)
10F E
- | Physncs .
- - *Beyond -
1 ~Colliders
1
X
Gunar Schnell 16

N; 1
0 YW a4
Sl %
L hermes
NO g v/e
7 L 1103
5 = 10
5 m
4 )
- 2
3 E 10
, =
10
- :
1071
X
Scattered lepton: Q> >1GeV?
W2  >10GeV?
0.023< = <0.6
0.1< Y <0.95
Detected hadrons: 2GeV < |Pp| <15GeV charged mesons
4GeV< |Py| <15GeV (anti)protons
P;| >2GeV neutral pions
P, <2GeV
0.2< z  <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

CFNS — May 15-17, 2024



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¢ }

F)%’SIFOd — F)%’}T()d(% Q27 < PhJ_)
Z~
Beam (A) / Target (A)
helicities
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semi-inclusive DIS

@ excluding transverse polarization:

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

e

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¢ }

F)}?SIFOd — F)%’}?Od(xa Q27 < PhJ_)
Z~
Beam (A) / Target (A)
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 @

+v2¢e [ AMWV1 — eFf}fOqu ++/1 +6F{}’§OS¢ COS @

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

@ double-spin asymmetry: A
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semi-inclusive DIS

@ excluding transverse polarization:

do " 2o’y (1 | v2>

dedydzdPZ, d¢  zyQ? 2(1 — )

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

h h h h
‘ oc,, —0,_ —+0__ —0_

@ double-spin asymmeftry: Al = Z+ Z . h+

Oy +o0y_+o__+o0_,
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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 @

+v2¢e [ AMWV1 — eFf}fOqu ++/1 +6F{}’§OS¢ COS @

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

@ double-spin asymmetry: A
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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 + ngfimb sin @
1 1 VI+eF5? cos o

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

@ double-spin asymmetry:
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semi-inclusive DIS

@ excluding transverse polarization:

ST
Kk
do" 2o’y v? >
— 1+ < s
dedydzdP7, d¢  zyQ?2(1 — ¢) 20 b M -\

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

V2 | M1

h,sin ¢

—

— = m—— =D e

@ double-spin asymmetry:
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semi-inclusive DIS

@ excluding transverse polarization:

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

{Fl}}U,T + GF(?U,L + A1 — 2Fh,

IRVOY A1 — eFfﬁinqb + AV1 —I—GFgfin(b sin @

+v2€e [ AMWV1 — EFS}JCOSQS + /1 —|—€F3’§OS¢ COS ¢

+Ae Fgfin % $in 26 + € Fg,(;os *? cos 2¢ }

h h h h
Oy _ T044 —0_4 —0__

h h h h
Of_ TO44 TO_4 TO__

@ single-spin asymmetry: A},{U =
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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) }

Gunar Schnell 21 CFNS — May 15-17, 2024




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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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

AT =
D(1 + 1)

Aj

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 o 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

AT =
D(1 + 1)

Aj

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 o acceptance

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

@ extract twist-3 cosine modulations .. consistent with zero
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3-dimensional binning

@ first-ever 3d binning provides
transverse-momentum dependence
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3-dimensional binning

® first-ever 3d binning provides

transverse-momentum dependence A” | . — %
@ but also extra flavor sensitivity, e.q., oé_u.;f_;{gﬁ'%_é_ %wﬁ{%r e ﬂ-#—'-

@ - asymmetries mainly coming from low-z

region where disfavored fragmentation
large and thus sensitivity to the large
positive up-quark polarization

05 Aj B [PRD 99 (2019) 112001] —
0.3} - \\\L\ - "
' k § _
0.2} { '. . %hﬁ#% %_r
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Sivers amplitudes

multi-dimensional analysis

® 3d analysis: 4x4x4 bins in (x,z, Pn.)

® reduced systematics

@ disentangle correlations

@ isolate phase-space region with large signal
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Sivers amplitudes
multi-dimensional analysis

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

disentangle correlations

iIsolate 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, Pn.)
reduced systematics
disentangle correlations
iIsolate phase-space region with large signal
strength
allows more detailed comparison with
calculations
accompanied by kinematic distribution to
guide phenomenology
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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)
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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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P new HERMES results on Collins amplitudes
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[A. Airapetian et al., JHEP12(2020)010]
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® first-ever results for (anti-)protons consistent
with zero
= vanishing Collins effect for (spin-1/2) baryons?
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® high-z region with larger quark-flavour sensitivity, with increasing amplitudes
for positive pions and kaons
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surprises: subleading twist, e.g., <sin(¢s)>ut

[A. Airapetian et al , JHEP12(2020)010]
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® clearly non-zero asymmetries
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@ opposite sign for charged pions (Collins-like behavior)

® striking z dependence and in particular magnitude
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Physics Letters B 797 (2019) 134886
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www.elsevier.com/locate/physletb

Beam-helicity asymmetries for single-hadron production )
in semi-inclusive deep-inelastic scattering from unpolarized e
hydrogen and deuterium targets
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subleading twist I - <sin(¢)>Lu

@ naive-T-odd Boer-Mulders (BM) function coupled to a twist-3 FF
@ signs of BM from unpolarized SIDIS
@ |little known about interaction-dependent FF
@ |ittle known about naive-T-odd g+; singled out in ALy in jet production
@ large unpolarized f1, coupled to interaction-dependent FF
@ twist-3 e survives integration over Pn.; here coupled to Collins FF

@ e linked to the pion-nucleon o-term

@ interpreted as color force (from remnant) on transversely polarized quarks at the moment
of being struck by virtual photon

® all terms vanish in WW-type approximation
Gunar Schnell 40 CFNS — May 15-17, 2024



subleading twist I - <sin(¢)>Lu
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subleading twist I - <sin(¢)>Lu HERMES & CLAS
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@ opposite behavior at HERMES/CLAS of nega’rlve pions in z projection due to different x-range probed
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subleading twist I - <sin(¢)>Lu

@ opposite behavior at HERMES/CLAS of negative pions in
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@ CLAS more sensitive to e(x)Collins term due to higher x probed?
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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: AyL) extracted simultaneously in three
or even four dimensions — a rich data set on transverse-momentum distributions

® complementary to data from other facilities
@ equally important are studies of generalized parton distributions (see DVCS summary in

backup) and many other results not related to 3d structure (e.g., nuclear effects)

Gunar Schnell 46 CFNS — May 15-17, 2024



subleading twist IT - <sin(¢)>uL

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

@ experiments use targets polarized w.r.t. lepton-beam direction yk
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subleading twist IT - <sin(¢)>uL

@ 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(¢ >
< sin(gb+gb5)>:jT % Sin 0.« 0 COS 0= < sin(+og) >
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subleading twist IT - <sin(¢)>uL

@ 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!
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subleading twist IT - <sin(¢)>uL

< sin gb>;L — < Sin ¢>(|]L + sin 6~ ((Siﬂ(¢—|—¢s)>i}T —- < Sin(¢—¢5)>

[Airapetian et al., PLB 622 (2005) 14]
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experimental Ay. dominated by twist-3 contribution

correction for Ayt contribution increases the
longitudinal asymmetry for positive pions

consistent with zero for =«-
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subleading twist IT - <sin(¢)>uL

< sin gb>;L — < sin gb)lle + sin 0 (( Sin(¢—|—¢s)>lle + < Sin(gb—gb5)>(|]T>

[Airapetian et al., PLB 622 (2005) 14]
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subleading twist IT - <sin(¢)>uL

2(sing)
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0.05

< sin gb>;L — < Sin ¢>(|]L + sin 6~ ((Sin(¢—|—¢g)>;T —- < Sin(¢—¢5)>

[Airapetian et al., PLB 622 (2005) 14]

= -2$in6Y*((Sin(¢+¢s)>IUT t

(sin(9-9¢))yt )

Ur

)

@ experimental AuL dominated by twist-3 contribution

{ ® in contrast to WW-type approximation [1807.10606]
(for both COMPASS and HERMES data)

[CLAS, PLB 782 (2018) 662-667]
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subleading twist ITI - <sin(¢s)>uT

@ vanishes in inclusive limit, e.g. after integration over Pn, and z, and summation over all hadrons

@ tested to permille level at HERMES: [Phys. Lett. B682 (2010) 351]
g | |
@ 20.03 - etpl = e*X
< |
0.02 - —*E
i S O
oot H Tl
[ S o ||| | @
Y . LI AT I
i I L5 ll | ?l o
-0.01¢ o | |
i - ©
-0.02 g :—‘°
-0.03 _ __ — lg
T T I | L g | L1 1 111
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> A - A A " @) - g
@ A A am " &
(5 - A‘.I... _:10-1-:
/I_I\ 1 1 > La : 2
O nfd
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| ) ) .A.. 10_2
10 10~ 10" Xg

Gunar Schnell 51 CFNS — May 15-17, 2024



subleading Twist LIT - <sin(<|>s)>m-

@ vanishes in inclusive limit, e.g. after integration over Pn, and z, and summation over all hadrons

@ tested to permille level at HERMES:
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subleading twist ITI - <sin(¢s)>uT

@ vanishes in inclusive limit, e.g. after integration over Pn, and z, and summation over all hadrons

@ various contributing terms related to transversity, worm-gear, Sivers etc.:

~

M H
X (Xfrf_ﬂ_Dl Mh hl)
Z

~

' M, G-+
T W(pTakTaphJ_) (XhTHi_ | hng)

M Z

~

My ., Dt
- (st - Y

Z

@ non-vanishing collinear limit:

Fin@s) (5 02, 2) = / PP P29 (3022 P,)) th 262 hq )
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subleading twist IIT - <sin(¢s)>uT

@ vanishes in inclusive limit, e.g. after integration over Pn, and z, and summation over all hadrons

@ various contributing terms related to transversity, worm-gear, Sivers etc.:

M,,K H
X (Xfrf_ﬂ_Dl Mh hl)
Z

M Z

i M GL
T W(pTakTaphJ_) (XhTHi_ | hng)
M DL\

— (thfﬂf Mh flJ_T)

@ non-vanishing collinear limit:

Féi%(qﬁs) (%QQ’Z) _ /dQPhL Féi%(qbs) (LE,QQ,Z,P}LJ_) _ .
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subleading twist ITI - <sin(¢s)>uT

., 0.08
> - 2 2
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S 2 2
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0 —. ______________________
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: "ol @ hint of Q2 dependence seen
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devil in the details &
lessons learnt on the way



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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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
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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
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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
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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
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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
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hadron production at HERMES
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events / 0.016 GeV

0.5

2000

0.75 1
Z

protons

10

10

® forward-acceptance favors
‘ current fragmentation

® backward rapidity populates
large-Pn. region [as expected]
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events (normalized)
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0.3}
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hadron production at HERMES
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® forward-acceptance favors
current fragmentation

® backward rapidity populates
large-Ph. region [as expected]

® rapidity distributions available
for all kinematic bins
(e.g., highest-x bin protons)
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"Qual der Wahl"

@ SIDIS structure functions come with various kinematic prefactors

@ include in definition of asymmetries ("cross-section asym.”)
M.L. pdf o [1+ ASR@T0) (4 2 Py )+ ...

@ factor out from asymmetries ("structure-fct. asym.")

M.L. pdf o [1+ D(y)ASm@Ts) (g 4y 2, Py ) +...]
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"Qual der Wahl"

@ SIDIS structure functions come with various kinematic prefactors

@ include in definition of asymmetries ("cross-section asym.”)
M.L. pdf o [1+ ASR@T0) (4 2 Py )+ ...

@ factor out from asymmetries ("structure-fct. asym.")
M.L. pdf o [1+ D(y)ASm@Ts) (g 4y 2, Py ) +...]
@ |atter facilitates comparisons between experiments and simplifies
kinematic dependences by removing known dependences
@ but what about twist suppression, also factor out?

@ and what about other kinematically suppressed contributions?
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detector effects in SIDIS ) )

@ one example of "collinear case”: A||(x,z,Q?) e (E)p)$
@ involves integration over typical TMD variables —
Aﬁ(x, QQ,Z) ~ fdPhJ_ do aﬁl (x, Q?. 2z, P, gb) (D, Pr ) &
[ APy dé oty (2, Q% 2, Phi, @) §(¢, Ph) .
@® both cross sections depend on TMD variables, and this [Nucl. Phys. B 886 (2014) 1046-1077]
correlated with kinematics « [T I e

= couples to acceptance dependence on those variables | -
= can easily reduce/increase observed asymmetry
[same is true for hadron multiplicities] 0.2f 0.64 Gevie < ply < 0.77 Gevie

@ ideally, fully differential analysis COMPASS azimuthal acc.
- m. prac‘r!ce, resort to more approximate methods e B T —
with reliable systematics 0, (rad)
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double-spin asymmetry A
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double-spin asymmetry A

azimuthal
correction °
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double-spin asymmetry A

azimuthal

correction \

L N" — L.N"
Lp=NXY% +Lp=N"

nucleon-in-nucleus

depolarization factor
(0.926 for deuteron due
to D-state admixture)
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double-spin asymmetry A

azimuthal luminosities

correction \ / \

L NI — LN

nucleon-in-nucleus

depolarization factor
(0.926 for deuteron due
to D-state admixture)
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Gunar Schnell

azimuthal

correction \

nucleon-in-nucleus
depolarization factor

(0.926 for deuteron due
to D-state admixture)

double-spin asymmetry A

luminosities

/N

L NI — LN

Lp,:;Ni -+ LP’:N}L

%

)

polarization-weighted
luminosities

64
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Gunar Schnell

azimuthal
correction

nucleon-in-nucleus
depolarization factor

(0.926 for deuteron due
to D-state admixture)

double-spin asymmetry A

luminosities

/N

L NI — LN

%

-LP,:KJ\]’ﬁ> T LP,<—

polarization-weighted
luminosities

64

unfolded for
QED radiation
to Born level

CFNS — May 15-17, 2024



double-spin asymmetry A

A Cy | L=NL —L=N.
'~ fp |Lp=NE + Lp=N"

B

® dominated by statistical uncertainties
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double-spin asymmetry A

Cy | L=NL —L=N.
fo |Lp=NX + Lp—=N",

Aﬁ:
B

® dominated by statistical uncertainties
® main systematics arise from
@ polarization measurements [6.67% for hydrogen, 5.7% for deuterium)

@ azimuthal correction [O(few %)]
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azimuthal-asymmetry corrections

measured “polarized Cahn" effect etc. \

| dé oy (z,Q% 2, Phr,¢) &(9)
[ do oy (2,Q2, 2, Pri, @) £(0) _ \

Boer-Mulders and Cahn effects etc. /

Aﬁ(x, Q < PhJ_)

azimuthal
acceptance

@ both numerator and in particular denominator ¢ dependent

@ in theory integrated out

@ in praxis, detector acceptance also ¢ dependent

@ convolution of physics & acceptance leads to bias in normalization of asymmetries
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azimuthal-asymmetry corrections

measured “polarized Cahn" effect etc. \

fd¢0’ﬁl(,Q2ZPh ) (
[ do oy (2,Q%, 2, Phi,¢) &

Boer-Mulders and Cahn effects etc. /

Aﬁ(ﬂ?, Q < PhJ_)

azimuthal
acceptance

@ both numerator and in particular denominator ¢ dependent

@ in theory integrated out

@ in praxis, detector acceptance also ¢ dependent

@ convolution of physics & acceptance leads to bias in normalization of asymmetries

® implemented data-driven model for azimuthal modulations [PRD 87 (2013) 012010] into MC
v extract correction factor & apply to data
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hadron-charge difference asymmetries

YRR G0 ) Il e T )
( (%2 = 742

ht  _h— ht _ _h—
912 01/2> T (T3/0 = 03/5
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hadron-charge difference asymmetries
_ (U{L/Z U{L/_z) - (0:?72 0:?/_2)
(0?72 ~ U?/E) T (U§L/+2 ~ Ug/_Q)

® at leading-order and leading-twist, assuming charge conjugation symmetry
for fragmentation functions:

Ah+ h~ LOLT 91”" —|—91
‘|‘f1
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hadron-charge difference asymmetries
_ (U{L/Z U{L/_z) - (0:?72 0:?/_2)
(0?72 ~ U?/E) T (U§L/+2 ~ Ug/_Q)

® at leading-order and leading-twist, assuming charge conjugation symmetry
for fragmentation functions:

Ah+ h~ LOLT 91”" —|—91

+ fi
@ assuming also isospin symmetry in fragmen’ra’non

Ah+ h~ LO LT 49 gf'“
oy
A = fi
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hadron-charge difference asymmetries
_ (U{L/Z U{L/_z) - (0:?72 Ug/_z)
(0?72 ~ U?/E) T (0% ~ Ug/_Q)

® at leading-order and leading-twist, assuming charge conjugation symmetry
for fragmentation functions:

Ah+ h~ LOLT gl”" —|—91

v+ fi
@ assuming also isospin symmetry in fragmen’ra’rlon

Ah+ h~ LO LT 49 gf'“
oy
A = fi

@ can be used to extract valence helicity distributions
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hadron-charge difference asymmetries
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[HERMES, PRD 99 (2019) 112001]
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| bap Y
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@ no significant hadron-type dependence for

deuterons

@ deuteron results (unidentified hadrons) consistent

68

with COMPASS

[HERMES, PRD 99 (2019) 112001]

CFNS — May 15-17, 2024


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.112001

hadron-charge difference asymmetries

[HERMES, PRD 99 (2019) 112001]
| | | 1T T T T | | [

0a | Mo * I AT _

Zj " .- +' " HERMES +.I. _

o-i | ! * t #*#ﬁ*ﬁ_ _

0.8 | ’1‘,:;’:" A’1,+d PR

0.6 |

0.4 | .. |

" *m | }}H{} _
oot or ea estor aa

X

Gunar Schnell

@ no significant hadron-type dependence for

deuterons

@ deuteron results (unidentified hadrons) consistent
with COMPASS

@ valence distributions consistent with JETSET-
based extraction:

0.8 [HERMES, PRD 99 (2019) 112001]
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