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outline

@ introduction
® some recent HERMES highlights

@ the devil is in the details

® achievements and opportunities
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deep-inelastic scattering

(B, p’) =\ inclusive
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deep-inelastic scattering

(E°, p’) )

‘ semi-
inclusive

N N

parton  fragmentation
distributions  functions

(E, p)

A =

factorization:
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deep-inelastic scattering

(E°, p’) )
(E, p)

semi-
inclusive

2oam =

® polarized lepton beams
@ polarized targets
® |arge-acceptance spectrometer

@ good particle identification (PID)
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- unpolarized (H, D, He,..., Xe) as well as
- transversely (H) or
- longitudinally (H, D, He) polarized

pure gas targets
Gunar HERA-4-EIC — June 8-10, 2022




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 ]

,| ™ JlabHall-A 7 P, < 0.45 GeV ‘
10 = v STAR W bosons E
[ << JLab 12 (upcoming) i
: STAR Drell-Yan (upcoming) :
102 - LHC-FT Drell-Yan (proposed) _
10F E
1 - 1 1 L1 111 I 1 1 1 L1 111 I 1 1 1 L1 111 I 1 1 1 L1 11 I:

1073 107 107 1
X
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10

2d kinematic phase space

current and future data for Sivers asymmetries (selection):

e COMPASS h*: P,;<1.6GeV YYYYVYYYY :
* COMPASS Drell-Yan i
O HERMES  #>* K*: P < 1GeV ]

= JLab Hall-A =™ P_; < 0.45 GeV
v STAR W bosons

<Se<< Jlab 12 (upcoming)
STAR Drell-Yan (upcoming) A
LHC-FT Drell-Yan (proposed)

]
X

Gunar Schnell 7

Q? [GeV?]

W A 01 ONOOOAo

b7

- héabs

| | Illlll|

10

= 1
X
Scattered lepton: Q2> >1GeV?
W2  >10GeV?
0.023< =z <0.6
0.1< vy <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

HERA-4-EIC — June 8-10, 2022



10

10

2d kinematic phase space

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

e COMPASS hi:PhT<1.BGeV YYVVYVYVYYVYY

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

v STAR W bosons
<= JLab 12 (upcoming)

v

<“=< STAR Drell-Yan (upcoming)

\o
LHC-FT Drell-Yan (proposed)

(</\O

. *Beyond
~“Colliders

107 107 107

Gunar Schnell

]
X

Q? [GeV?]

W A 01 ONOOOAo

2d (x-Q?) kinematic space not
the only relevant one for
SIDIS interpretation

| 1 IIIIII|

104

103

10
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current vs.

incoming / scattered

lepton
virtual : ud
photon ud: == 2
U : =g K*
UNG - Q 4 o
: d ;¢
/ :'Tdano
uud f W s
: \a
target i hadron U m°® final-state
nucleon ‘formation: hadrons

Gunar Schnell

target fragmentation

virtual-photon—nucleon c.m.s

virtual photon

—4 e
% target nucleon

K+
N
-
Ynh<0 0 Yh >0
1. P
yp = = In—-

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

] ' 0.2<2<0.28 o |l ' 0.2<2<0.34 ' - —
§ [ [ozoom - zaw virtual-photon—nucleon c.m.s
g 0.15 ' 0.023<x<0.072 - + 0.023<x<0.073
5 _
(7))
IS
2 o1
o

0.05 :

- virtual photon

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

° ' 0.2<2<0.28 at |t ' 0.2<z<0.34 D
N . ' 0.54<Py, [GeV]<2 . ' 0.57<P, . [GeV]<2
S 015 | 0.023<x<0.072 . | 0.023<x<0.073
s [ ' '
S :
8 i
= :
S 01 -
T :

005 -

|

xF
T

-
o

| [T
= =
o
N

o

\|\\
I [
—h

o
($)]
T

-
o

N
N |

XF ... Feynman x

selected hadrons at HERMES mainly
forward-going in photon-nucleon c.m.s.

Gunar Schnell

-
o
N

virtual-photon—nucleon c.m.s

virtual photon

Phi .. light-cone momenta
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transverse-momentum distributions (TMDs)

\Fr‘ansverse momentum

kT

Longitudinal momentum
kt =xP7t

[courtesy of A. Bacchetta, Pavia]

& [A. Bacchetta et al. (2021)]
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spin-momentum structure of the nucleon

fi + St

1 - -
o AT (YT + M) @
1 o :
§Tr (VT — sTio T y5) @
U
2 | Ul fi
gL
>
= | T | fir

1

flJ_T T )‘Agl T ASikiE g1t

1

1

fi + SR — fip +s'€V k) —hy +5'S'hy
m

11

+ s'(2k'KT — k26987

™m

1 o1
— hir + A s'k Ehﬁ

each TMD describes a particular spin-
momentum correlation

functions in black survive integration over
Transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd
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spin-momentum structure of the nucleon

LT ' L i ijg.g L i L

§Tr_(v++kv+v5)<1>_ D) fi+5 ijja f1LT+)\A91‘|‘)\S k Eng
1Tr _(VJF — sio T 5) o| = ! J1+ kS”'ef';jkji fim + Sieijl/cji hi + s'S'h,
2 L : 2 m m

he“CiTY quark pol.

pretzelosity

U
2 |U| A
EB L,
Q
=T

Sivers
transversity

worm-gear

Gunar Schnell

+ s'(2k'KT — k26987

1

2m m

® cach TMD describes a particular spin-
Boer-Mulders momentum correlation

@ functions in black survive integration over

tTransverse momentum

@ functions in red are naive T-odd
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z‘z‘l
~ hip + As'k'— hyy,

@ functions in green box are chirally odd



TMDs - probabilistic interpretation

proton goes out of the screen / photon goes into the screen

—Q> nucleon with transverse or longitudinal spin flJ_ T @ — @
=% (@ parton with transverse or longitudinal spin
hy = -
1 =

parton transverse momentum

©
e
e

A1
[courtesy of A. Bacchetta, Paviaj th ‘@* — @
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quark polarimetry

@ unpolarized quarks: easy - "just” hit them (and count)

@ |ongitudinally polarized quarks: use polarized beam
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quark polarimetry

@ unpolarized quarks: easy - "just” hit them (and count)

@ |ongitudinally polarized quarks: use polarized beam
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TMDs in hadronization

quark pol.
U L T
'é D1 Hi
o 1
= L Gy | Hip
£ | T |Diy|Gir |Hi Hip
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TMDs in hadronization

quark pol.
U L T
‘é m ¥ relevant for unpolarized final state
o T
_g L G| Hip
£ | T |Diy|Gip|Hi Hiz
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TMDs in hadronization

quark pol.

hadron pol.

A1 h
Hl yd—>

Collms FF:
ordmary FF: DI7"
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TMDs in hadronization

quark pol.
U L T

U ¥ relevant for unpolarized final state

1 1J_L polarized final-state hadrons
T |D:- |Gy |Hi1 Hi| ) (e.g., hyperons)

hadron pol.
-
2
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Collins function - chiral-odd fragmentation

@ spin-dependence in fragmentation

® left-right asymmetry in hadron
direction transverse to both quark
spin and momentum
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Collins function - chiral-odd fragmentation

@ spin-dependence in fragmentation

® left-right asymmetry in hadron
direction transverse to both quark
spin and momentum

@ extracted from SIDIS and e*e-
anhihilation data

Gunar Schnell 15 HERA-4-EIC — June 8-10, 2022



Collins function - chiral-odd fragmentation

‘ ° _ ° ° k\:\\
SP'” dependence n fr.agmenTGTlon [Anlmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]

® left-right asymmetry in hadron
direction transverse to both quark
spin and momentum

e o o
P o o
| | |

o
> N
|

-l
|

unf

o
o)
|

@ extracted from SIDIS and ete-
anhihilation data

o
o
|

AND, _(2)/2D (z) AN D,.(2)2D_ (2)
.

o
N
|

o
o

0.2 0.4 0.6 0.8 0 0.2 04 06 038 1

Z p L(GeV)
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Collins function - chiral-odd fragmentation

@ spin-dependence in fragmentation

-l
|

® left-right asymmetry in hadron
direction transverse to both quark
spin and momentum

o
(o)
I

o
o
|

o
>
|

unf
- b} P
|

o
o)
|

@ extracted from SIDIS and ete-
anhihilation data

o
o
|

o
>
|

AND, _(2)/2D (z) AN D,.(2)2D_ (2)
=

o
N
|

o
o

@ spin average gives “ordinary” D1 e o1 o5 o5 o7 07 o5 on
Z pL(GeV)

Gunar Schnell 15 HERA-4-EIC — June 8-10, 2022



probing TMDs in semi-inclusive DIS

quark pol.

POF  FF

“ordinary FF: D37"

nucleon pol.

= give rise to characteristic azimuthal dependences

*)semi-inclusive DIS with unpolarized final state
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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 o =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 —¢)

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¢ }

h,mod  r~h,mod 2
Fyy o =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 @

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

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

h h h h
i oy, —0,_TO0__—0_
® double-spin asymmetry: A%L B s + 4

h h h
oy, +oy_ +o__+o0
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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 analyzed
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semi-inclusive DIS

® with transverse target polarization:

do " oo’ y? (1 | y2>

dedydzdP2, dgdo, ay@22(1—e¢)\" ' 22

{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 (F[?:I”T(qs Qbs) + EF{}’}"’L(gb ¢s)> 3N (¢ - ¢S)

i EF{]L;ZS}H (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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some highlights: inclusive DIS



inclusive DIS (one-photon exchange)

Spin Plane

2mar? y 5
d:z: dQ2 Qs sJWH /
/ \ K.
Lepton Tensor
Hadron Tensor \
parametrized in terms of

Structure Functions

Scattering Plane

d’ 1 — 1y — ~2%y? 4§ Y
o X y k. Qz) I y /y y ‘g 4-
dxdydo 2 221y
) 5 o _
— 55N cos o (1 g Wf > il QQ) 1 Qz)

+5;.5 N sin « cos ¢fy\/l — Y W24y2 (%w+w>
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polarized structure function gi(x)

[A. Airapetian et al., PRD 75 (2007) 012007]

?;1'0.065_ © HERMES (Q% <1 GeV?)
"I © HERMES (Q°> 1 GeV?)
0.05f %« SMC (low x - low Q?) . Jﬁ
@ unfolded for radiative and detector 0.04} :'\ffg,
smearing o l
0.02}
@ unknown systematic correlations 001
. . . o e e |
transformed into known statistical ] g Soalalo
: o |
correlations x0.03t ' compass
@ uncertainties plotted only reflect "
diagonal elements of covariance -> 0.01f |
"underestimates” statistical precision of 4 4T "
0.01} S
10~ 107 10~ 107 1
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I'1 ... integral of gi(x)

016 [A. Airapetian et al., PRD 75 (2007)]

o - 2 2
O _0.14f I II Q°=5 GeV
0 O) [
S ><0.12—i IIT A NS
— : i i i i * n
0.1} t g t = d
I $ II ® p
0.08} !
0.06 | 'I!I
0.043‘ P EEE £ o o, 7Y
0.02} L.
I = e,
0 —;ii***;? ------
: T ol x =
-0.02 - T % x XL+
L a1 -1
10 1
X
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I'1 ... integral of gi(x)

Saturation

w close to full integral?

Ms 1
- ACK
!

theory

9r¢ 1
- as ACNS
QUJD 4 T

1
0.05+0.05 theory
hyperon-decay data

[A. Airapetian et al., PRD 75 (2007)]

0.16
X | 2 2
'51_ 0_14:_ I I I Q°=5 GeV
0 O) _
S ><0.12—i IIT A NS
R F . h
0.1} : $ I " d
| : !I ¢ p
5
5
. 7Y
0.04:— P 155 0, .
0.02} ‘i
! e,
O _;Z—***;% ......
: T * * X =
-0.02 ‘ z z z a -
. - |
10 1

24
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I'1 ... integral of gi(x)

Saturation
m close to full inTegml?

[A. Airapetian et al., PRD 75 (2007)]

0.16
X .
-51_ 0.14
2O 0.12]
o 12}
X .

Ms 1 [ 9r¢ 1 '
= agsAC 06}
ACS _1 ng 4 : NS_
T T I T 0.04

theory  0.05+0.05

hyperon-decay data

theory

.IT

Q%=5 GeV?

P i858 g 4
|

O H * »

QS Z

-

A 2 0.330 -

- 0.01L¢heory =

most precise single-experiment result: only 1/3 of nucleon spin from quarks
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Can HERMES do more than "just” inclusive g1?



Can HERMES do more th

[ unpolarized DIS: F2 & 0d/ 0P

an "just”

inclusive g1?

# NMC
+ BCDMS
A SLAC

© HERMES
* JLAB

O EMC (x)

0.008

0.011

0.015

0.019

0.025

0.033

0.04

0.049

0.06

0.073

0.089

0.108

 A+B(X)IN@) "

0.134

. 0.166

0.211

.. 0.273

C

1.6%
1.6*
1.6%
1.6%
1.6°
1.6%°
1.6%°
1.6%
1.6%
1.6%°
1.6%°
1.6%
1.6%°
1.6%
1.6%
1.6%°

1.6"°

1.6'8
1 617

Unity
GD11

10° 10°
Q°[ GeV? ]

-1
10 1 10



Can HERMES do more than "just” inclusive g1?

or

Q  o15L

[ unpolarized DIS: F> & 094/ av ?g" '

[ tensor structure function by 0_ _____________________________________ + _______ + _________________




Can HERMES do more than "just” inclusive g1?

gc;l 0.15 | o HERMES ((Q%<1 GeV?)
: = HERMES ((Q%>1 GeV?)
o E155
i A E143
' 0.1} xgy'W
A unpolarized DIS: F, & 09/ op | Z
[ tensor structure function by 0.05 s
[ transverse: gz , I
-0.05
. -2 | | 1
10 10



[ unpolarized DIS: F2 & 0d/ 0P

M tensor structure function b

[ transverse: g

[ 2-photon exchange in incl. DIS

a -t - O @®<1GeV?
; ep —eX ® Q> 1GeV?
L2
=
[ '©
- © | o
[ | |l0 o
: | 2% | |
3. Q.4 R Y
DR e | """" DR 2K PR 4
! ax Lo of 19, ' 1
I ) O .Q | [ )
o2 | 1] | |
- M O
-9 |
IIIII| | | | IIIII| | | | | ]| | |
- e*pl—=e*X
>
- o
- 8 ®
-9 I
L O O | o | l
| S ® l|lg | |
R A o N [rT @ @[ ~®-1--
| s MU JE
e 7 Lo | K O
o o e |
32 |
[ ©
[ ©
II| II|
A . A Elastic fraction
A A A " (Q%
A A
[ ] A
.I
A .-ﬁ":
o O 4
I:Il:I AA
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—kh
<

-
o
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Can HERMES do more than "just” inclusive g1?

[ unpolarized DIS: F2 & 04/ 0P

[ tensor structure function b;
[._7[ Transverse: go

[4 2-photon exchange in incl. DIS

4 .



some highlights: semi-inclusive DIS



AN Sivers amplitudes for pions

9giL hlLL

T | fiz | 911 | h1, hiy

1,
>, eafit(x, pr) @w Di(z, k7)
> g eafi(x,pr) @ Di(z, k)

2<Sin (¢ o ¢S)>UT —

7.3% scale uncertainty [PRL 103 (2009) 152002]

5 018§ i i

> o ] +:

Zoosk, tt 41 +++} bedo
= ++ . TN _++

€ P }

X O—-------------1 S :—+ """"""""

/5 017 - th %g&g
: 0++++++++ +__+__f__+_-+---_+_ﬂ_+__+___+.---+-

_-0.1 I i
= 0.05-7 - -
5 : |
ot t o hatb b
Or-l-----Top--ms-- - RS TR ! BE
) -0.05__ I __'_'_|I_'_I_|'____—— | T
107 0.4 0.6 0.5 1
X z P, [GeV]
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AN Sivers amplitudes for pions

giL hlLL

T | fiz | 17 | h1, hiy

1,
Zq 63 1Tq($vp2T) Qw Di(z, k7)
> g eafi(x,pr) @ Di(z, k)

2<Sin (¢ - ¢S)>UT —

7.3% scale uncertainty [PRL 103 (2009) 152002]

5 01 | i i
= LT i +
£ o.05| 3 ST . . .
S0y T ARUER | a m* production dominated by u-quark scattering:
R S G s S @) e DI ()
L (e, 03) @ DF~ (2, 3)
g ++++++ ++++ +++Teﬁmes+ |
@ °;"*"+‘ """"" S S T+ """"""" 1 W u-quark Sivers DF <O
NP 01 Fommn L e
= 0.05-7 : s +
I A |
c 0__1'____+_i'_*___1r___+_!r -4 Jt +_+_H.+__+.-+ ______
~ 005 B S S
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Sivers amplitudes for pions

maPQT) Xw Di](z7 k%)

2<Siﬂ (¢ - ¢S)>UT — €X p%) X D%(Z, k%)

n* production dominated by u-quark scattering:

fii(x,p%) @y DY (2, k2)
f1( va) fol_)ﬁ(zvk%)

¥ u-quark Sivers DF <O

¥ d-quark Sivers DF > 0O
(cancelation for m-)
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AN Sivers amplitudes for pions
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0.5

28

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)
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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
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

® dallows more detailed comparison with calculations

30 HERA-4-EIC — June 8-10, 2022



A - worm-gear LI

L 9giL hlLL
1 1
/ gir | hi, h o - ~
1T » 11T ¢ A COMPASS preliminary T /A COMPASS preliminary
S . 0.2 Proton 2010 data S 0.2~ Proton 201() data
. . ) 844 i — i, . 8<5 i
@ quark-helicity asymmetry in
i - =N i
° . e v e e ~'\
transversely polarized nucleon : 53
0.1 0.1
| | = == PRD73:114017(2006) | = == PRD73:114017(2006
‘ ZVIdenCZS fl"Om —— PRD73:114017(2006) updated — PRD73:114017E2006; updated
0.2 ===+ =+ arXiv:0806.3804 [hep-ph] 0.2 = ' arXiv:0806.3804 [hep-ph]
| =+ = PRD79:094012(2009) = : = PRD79:094012(2009)

o 3He Tar'geT at JLGb BT 10" < ! 10” o Xl

o H TC(F'QZT at COMPASS & HERMES [HERMES, THEP12(2020)010]

4 : : [ = R - E n
cg\ 0.3 - TC+ = - % }% gl/\ 0.6 ; K+ ; ; %%
[PRL 108 (2012) 052001] et - o, e g ] Ji " s
""""""""" L Z T E - -, T T - i) - Ty -
I 3 ot T ATT ~ -0 1.#'!_-1' ---------- - i'#+*++++ S BREEELEE, EESLVSRER ~ 0 }'*——1"———-4 ------- d-- ﬁq'lllTJf ———+—|———i—-.- ----------
0.05F He T | | | — g’ 0.1 — | - - + ;D -0.2 + Ik — T
R i I A A | A > 02 - + - > 04 - -
&7 | | | | T | S -03 - - - S -06 - = =
= e [ ~ —— _— = ~ —_—— = T4
2 0 | | | ™ « = =
< T l 03 - = = 06 . | IE -
- ] - o2 " = s Koy X
-0.05- T - o1 4T, S N ST 02 | | + | =
= I 1) T - [ ] l [ | B |
0.02 — — 0 _i ________ + _______ +_" 1+LT+%% _______ “+_+_+ ______ +_""+ _____ 0 }+|_+_l ______________ #++1Ilﬂ[] _______ +++T+ _____
| — A, Correction | - 0.1 & 3 % 3 0.2 ¢ | - -
0 -0.2 - = = -0.4 - - -
-0.02} { _ 0.3 - - 0.6 N | —
g R __E - —— e et
0.2 0.3 0.2 0.3 0.1 0.2 0.5 10 0.5 1 0.1 0.2 0.5 10 0.5 1
X X X r P, [GeV] X z P, [GeV]

Gunar Schnell 31 HERA-4-EIC — June 8-10, 2022


https://doi.org/10.1007/JHEP12(2020)010

U L. T
Ul f Bt —
L giL hf_L
T | fix | o1r | by hir
[HERMES, THEP12(2020)010]
_| [
2 012 & - -
Lo T o =
“o 0.08 — . + =
% 006 2 + + g +
S o2 o tF -~ W
B 02 4y bt SALAAA
N C
0.02 - =
-0.04 — = =
—_——e s e
004 - = =
0.02 T - 3
it FF A T
-0.04 f+ ; *+++ ] S
-0.06 oI | = T
-0.08 ' |- = '
0.1 - - -
-0.12 = — — -; ~
01 0.2 0.5 10 0.5 1
X Z P, [GeV]

2005: first evidence from HERMES
semi-inclusive DIS on proton

confirmed in later analyses by HERMES

and others
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Transversity

(Collins fragmentation)

@ significant in size and opposite in sign for

charged pions
@ non-zero transversity!

@ non-zero Collins function!
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2005: first evidence from HERMES

semi-inclusive DIS on proton

confirmed in later analyses by HERMES
and others
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Transversity

(Collins fragmentation)

@ significant in size and opposite in sign for

charged pions
@ non-zero transversity!

@ non-zero Collins function!

@ disfavored Collins FF large and opposite in sign

to favored one
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Collins asymmetry amplitudes
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@ even larger effect for kaons

@ high-z region probes region of increased flavor sensitivity of struck quark
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@ even larger effect for kaons
@ high-z region probes region of increased flavor sensitivity of struck quark

@ first-ever results for (anti-)protons consistent with zero
= vanishing Collins effect for (spin-1/2) baryons?
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surprises: subleading twist, e.qg., <sin(¢s)>uT
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® clearly non-zero asymmetries

@ opposite sign for charged pions (Collins-like behavior) £

@ striking z dependence and in particular magnitude

@ similar observation at COMPASS
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devil in the details &
lessons learnt on the way



Gunar Schnell

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.

38 HERA-4-EIC — June 8-10, 2022



choice of fitting function
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choice of fitting function

h,sin @
ho LU
ALU — h
UU
h M.L. fit h, 1n .
AR TR /2e(1 — €) AV sin ¢ Al

@ asymmetry amplitudes extracted by minimizing, e.g.,

_ ln I, = — Z Ww; ln _1 — PB,?J \/262(1 — 62') Az,ls]in(qb) Sin(@)_

where wi is event weight from hadron-ID, charge-symmetric BG efc.

@ need to include all possible modulations in fit
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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
< sin(gb+gb5)>:jT % Sin 0.« 0 COS 0= < sin(+og) >
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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 gb>§L
< Sin(gb—gbs)>;T = % Sin 0y« cos 6. 0 < sin(¢ >
< sin(gb+gb5)>lle % Sin 0.« 0 COS 0= < sin(+og) >

= need data on same target for both polarization orientations!
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detector effects — need for multi-d analyses

N (x) —
N*(x) +

() : [ dwe(z,w) Ao (x,w)
(x) [ dwe(z,w) o(z,w)

N_
N_

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

N (x) —
N*(x) +

() : [ dwe(z,w) AU(:}[;,w)7£ [ dw Ao(x,w)
(x) [ dwe(z,w) o(z,w) [ dw o(z,w)

N_
N_

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

N (x) —
N*(x) +

() : [ dwe(z,w) Ao (x,w)
(x) [ dwe(z,w) o(z,w)

7 Az, (W)

N_
N_

@ 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
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q2 dependence)
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q2 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 Q2 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
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detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q2 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 projections can't fully disentangle underlying physics dependences

@ e.g., binning in x involves [incomplete] integration(s) over Ph.

Gunar Schnell 42 HERA-4-EIC — June 8-10, 2022



detector effects — need for multi-d analyses

@ inclusive DIS: relatively simple as only 2d (and generally weak Q2 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 projections can't fully disentangle underlying physics dependences
@ e.g., binning in x involves [incomplete] integration(s) over Ph.

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

® NO experiment has flat acceptance in full multi-d kinematic space
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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pions and positive kaons queses® * e °¢ $9

T \ 0.1} 1 -
€p h X | 8.8% scale uncertainty | |
‘ [ I ]

© ©
0000 00
0 02 04 02 04
Xg
z-l— Cﬂ:* """"""""""" oK @ e
‘€ 01 O™ 1 OK -

| —:

 88%scaleuncertainty

.Iep‘rongomg 28 eeeee]  oeee
intfo the plane 0.1} o ot

0 05 1 15 2 05 1 15 2

P; [GeV]

Gunar Schnell 43 HERA-4-EIC — June 8-10, 2022



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

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

"closure test”

) ep! =t + X ep! =7 +X ep! - K"+ X ep' =K +X
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small detector effects in fully differential analysis
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inclusive hadrons: Ayt siny amplitude

"closure test”

ep! — nt+ X ep! > n-+ X ep! - K" +X ep! - K +X
='- - : : : 1.00 <p_<2.20
< 0.2 ;_ ® inclusive (MC) - - -
0.1F
0 |

0.1Ff

0.2 f
0.1Ff
o
01f

0.2 f
0.4f
o
01f

0.2 F
0.1F
0Ff-
0.1 F

~ input model
(fit to data)

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

"closure test”

Gunar Schnell
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0.2

- et pl >t + X
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strong kinematic dependence can lead to
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large systematic effects if integrated over

not so small detector effects in 1D analy

II|IIII|IIII|IIII|IIII|III
01 02 03 04 05

Xp

SIS

HERA-4-EIC — June 8-10, 2022



detector effects — need for multi-d analyses

[HERMES, PRD 99 (2019) 112001]

® Why have 1d projections survived for so long?

@ faster to catch features of functional dependence

@ most prominent asymmetry was AL (or A1)

@ 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]

® Why have 1d projections survived for so long?

@ faster to catch features of functional dependence

@ most prominent asymmetry was AL (or A1)

@ 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]

® Why have 1d projections survived for so long?

@ faster to catch features of functional dependence

@ most prominent asymmetry was AL (or A1)

@ 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

Gunar Schnell 48 HERA-4-EIC — June 8-10, 2022



correcting for geometric acceptance

extract acceptance from Monte Carlo simulation?

(6.Q) = (¢ Q)ovu (o, ) 0=z 2

[ ouu Y

simulated acceptance simulated cross section
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correcting for geometric acceptance

extract acceptance from Monte Carlo simulation?

€(¢7 Q) _ €(¢7 Q)OUU(¢7 Q) O — Y, 2,

O_UU(¢7 Q)
fdQ O-UU(¢7 Q) €(¢7 Q)

fdQO-UU(¢7 Q)

+
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correcting for geometric acceptance

extract acceptance from Monte Carlo simulation?

e(0, Voyu (9, )
ouu (9, 2)
JdQoyu(6,) e(¢, Q)
JdQoyu (¢, Q)

£ [a0ds.9) = o)

€(¢, 1)

O=xv,2,...

cross-section model does NOT CANCEL in general when integrating
numerator and denominator over (large) ranges in kinematic variables!
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0.2
0.15
0.1
0.05

—0.05
-0.1
-0.15

"classique” example: (cosg),,

[F. Giordano, Transversity 2008, Ferrara]

Fake modulations
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further complication: event migration

55
-
-
-
b
-
-
-

-
s
-

Migration on x-bin/ ,/ X‘\ G

<021
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further complication: event migration

e —— x 5, (" =bin)

S
~~

-
-
= —
—
5.

Migration on x-bin/ ,/ \ — G

o
R

- migration correlates yields in different bins
- can't be corrected properly in bin-by-bin approach
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further complication: event migration -> unfolding

VoXP(0),) o Z S;; / dQ do(Q) + B(Q,)

j=1 J

@ experimental yield in ith bin depends on all Born bins j ...

@ .. and on BG entering kinematic range from outside region
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further complication: event migration -> unfolding

VoXP(0),) o Z S;; / dQ do(Q) + B(Q,)

j=1 J

@ experimental yield in ith bin depends on all Born bins j ...
@ .. and on BG entering kinematic range from outside region
@ smearing matrix Sij embeds information on migration

@ determined from Monte Carlo — independent of physics model in limit of
infinitesimally small bins and/or flat acceptance/cross-section in every bin

@ in real life: dependence on BG and physics model due to finite bin sizes

@ inversion of relation gives Born cross section from measured yields
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[S.J. Joosten, PhD thesis UTUC (2013)]
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53

multi-D vs. 1D unfolding

Neglecting to unfold in z changes x
dependence dramatically

= 1D unfolding clearly insufficient
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[S.J. Joosten, PhD thesis UTUC (2013)]
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107

>
w
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53

multi-D vs. 1D unfolding

Neglecting to unfold in z changes x
dependence dramatically

= 1D unfolding clearly insufficient

even though only interested in
collinear observable, need to
carefully consider all, e.g., also
transverse, d.o.f.
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multi-D vs. 1D unfolding

2
x10%L MC
1500 /,P'\*_. ‘-_./j"\\

1000 (=7 : : : :
—_ fully simulated yield with clear cosine

 OO7B X =0T modulations from migration and acceptance
0 2 4 6

®;
=—s—= Inside acceptance
——— Generated in 47

500 -
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X 102_ MC
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1000
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=—s—= Inside acceptance

= Generated in 47
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multi-D vs. 1D unfolding

modulations from migration and acceptance
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Monte Carlo snmula‘rlon for TMD cmalyses

@ early Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmctrans based on | |
009 ! ) + + ) ) extracted: -_implemen’red:
| e rec. events || —rec. events

Gaussian Ansatz | | |
i i i | o gen. events|| - gen. events

2<Sin<¢'¢s)>u
o

1
o
—

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

2(sin(p+dg) yr
o

005

0.1 L
0.1 0.2 0.3 0.25050.75 1 0.5 1 02040608 25 5 7.5 10
X z P, (GeV) y Q2 (GeV?)
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@ early Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmctrans based on
Gaussian Ansatz

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

@ adopted "polarizing” procedure for PYTHIA,
infroducing spin states according to model for spin-
dependent cross section:

Ly sin : ‘ |

p< 5 |1+ A (@0=05) (1) sin(¢i —oh)| = P=+1
Ly sin N ' N |

>3 1+Ay (@ ch)(QZ)Sln(W—éfg) = P=-1

throwing a random variable O<p<1

@ model: fully differential Taylor series fit to
HERMES data
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Monte Carlo snmula‘rlon for TMD cmalyses

@ early Collins and Sivers analyses used dedicated
TMD single-hadron MC: gmctrans based on

2<Sin<¢'¢s)>u
o

. -0.05 - - + i - -
GGUSSK]” A nsaTz - - I - extracted: |f implemented:
I e rec. events || —rec. events
. O gen. events|| --- gen. events
_0" ||||||||||||||||||||||||||||||||||| l l l l NS NN N N

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

2(sin(¢+hg))yy
o
'
|
|

@ adopted "polarizing” procedure for PYTHIA,
infroducing spin states according to model for spin-
dependent cross section:

005

-0_]_ i R el by b |
05 l 0.2 04 0.6 08 2.5 5 7.5 10

! _ P, (GeV) y Q? (GeV?)
IO< 5 1+ASIH(¢ ¢S)(QZ)Sin(¢’L—¢’g) :> 7): _|_1 /\3 o -
_ io 6.1 ; 0.2<z<0.7 model
1 1n . . . S g . ;— 0.2<z<1.2 model
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% 0:02 m : gu" il— -----------
throwing a random variable O<p<1 O S
-0.04 — = =
® model: fully differential Taylor series fit to 002
0 - S SOSRCREEEE R
HERMES data Proi i
008
Pr 01 8 -
@ systematics: extracted asymmetry vs. asymmetry 1 e et B e
model evaluated at average kinematics T X z P, [GeV]
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Monte Carlo snmula‘rlon for TMD ap” 6 \S'\

e By '_'..'..'.."...' a WO | ///'
N "It implemented:
~&vents || —rec. events

gen. events|| --- gen. events

@ early 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”

@ adopted "polarizing” procedure for PYTHIA, Py
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achievements & future opportunities



HERMES publication statistics (March 2022)

HERMES Publications
@ Total number of published HERMES papers: 83 B Published [ Submitted [ Submit (est)

@ Total number of citations: 10,010

8

6

@ Average citations per paper: 121 4
@ 2 top-cite 500+ & 9 topcite 250+
[inspirehep.net as of March. 29, 2022] g | I 7 ' i | r . B ”

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021++
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HERMES publication statistics (March 2022)

HERMES Publications
@ Total number of published HERMES papers: 83 B Published [ Submitted [ Submit (est)

@ Total number of citations: 10,010

8

6

@ Average citations per paper: 121
@ 2 top-cite 500+ & 9 topcite 250+ 4
[inspirehep.net as of March. 29, 2022] g | I 7 ' i i l r . B ”

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021++

Publication schedule for 2012 priority analysis (March 2022)

multiplicities . . .
DC66 reevaluation sublished M towards Ist circulation I dZSpITe Tr'emendOLlS dr'OP 14 GHC('YSIS manpower',
— AT — et towards 2nd circulation . . . L L.
4 UT el hadrane towards submission almost all priority analyses identified finished
T e S @ two analyses dropped
assoc. DVCS
0~ @ one still ongoing in advanced state
A_LU SIDIS
fransverse Lanbde @ at same time new ideas: partially already
ongitudinal Lambda | — ) ..
omega SOME published, others waiting for manpower ...

Stolarski Reply

delta-q millennium
0 3 6 9 12 15
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DVCS e
e

B Y
" ug---»xP,

| i ----- > P,

\\ / b, hu
/ d

> Z
* beam polarization Pg Fourier expansion for ¢:

* beam charge Cg

* here: unpolarized target
(many more modulations N calculable in QED
for polarlzed Targe’rs) (using form-factor measurements)
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* beam polarization Pg

* beam charge Cg

* here: unpolarized target
(many more modulations
for polarized targets)

Gunar Schnell

‘7TBH‘2_

Fourier expansion for ¢:
KBH

Toves|® = Kpves

58

= s cos(ng)
PL(®)P2(#) 2 KR

2 1 -
Z cPVe> cos(ng) + Ps Z 5PV sin(ng)
_n=0 n=1 i
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» beam polarization Pg Fourier expansion for ¢:
2
° beam Char'ge CB ‘7T3H‘2 — KBH (¢) nz_% CE’H COS(H¢)

: -~ Pi(e)P-
* here: unpolarized target (PP

2 1 _
(many more modulations  |7ovesl” = Koves ; ¢, /> cos(ng) + Ps Z:ls,?vcs sin(ng)

for polarized targets) . CeKz

- , i
_ Zz p T .
P1(®)P2(0) _;O Cp cos(n) + Fs ;5/7 5'”(”@_
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» beam polarization Pg Fourier expansion for ¢:
* beam charge CB > _ KBH - RH
9 ‘EH‘ — P1(¢)P2(§b) nz_% Ch COS(”¢)

* here: unpolarized target

2
(many more modulations ~ 7ovesl” = Koves | 2 6" cos(ng) + Ps sy sin(ng)

=0

for polarized targets) CoKz

7
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~ Pu@)Pa(e) |

bilinear ("DVCS") or linear in GPDs
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® Hydrogen
A Deuterium

HERMES DVCS

cos(0¢)
AC
COS ¢
AC
cos(2¢)
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cos(3¢)
AC

sin ¢
ALU,I
sin ¢
ALU,DVCS
sin(2¢)
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sin(¢- ¢,)
UT,DVCS
sin(¢- ¢_)cos ¢
UT,I
cos(¢- ¢.)sin¢
UT,I

cos(¢- ¢,)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢_)sin ¢

A

LT,
cos(¢- ¢.)cos ¢
LT,

sin ¢

AUL

sin(2¢)
AUL

cos(0¢)
ALL

cos ¢

ALL

cos(2¢)
ALL
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-0.1 0 0.1 0.2 03

Amplitude Value

-0.2

Beam-charge asymmeftry:
GPD H

Beam-helicity asymmeftry:
GPD H

PRD 75 (2007) 011103

NPB 829 (2010) 1
THEP 11 (2009) 083

PRC 81 (2010) 035202

PRL 87 (2001) 182001
THEP 07 (2012) 032

Transverse target spin asymmetries:

GPD E from proton target

THEP 06 (2008) 066
PLB 704 (2011) 15

Longitudinal tfarget spin asymmetry:

~y

GPD H
Double-spin asymmetry:

~yY

GPD H

59

THEP 06 (2010) 019
NPB 842 (2011) 265
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HERMES DVCS

® Hydrogen
A Deuterium

cos(0¢)
AC
COoSs ¢
AC
cos(2¢)
AC

cos(39)
AC

sin ¢
ALU,I
sin ¢
ALU,DVCS
sin(2¢)
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-0.2 -0.1 0

0.1

0.2

Amplitude Value

0.3

Beam-charge asymmetry:
GPD H

PRD 75 (2007) 011103

NPB 829 (2010) 1
THEP 11 (2009) 083

Beam-helicity asymmetry: ... zoi0 035202

GPD H

Transverse target spin asymmetries:

PRL 87 (2001) 182001
JHEP 07 (2012) 032

GPD E from proton target

JHEP 06 (2008) 066
PLB 704 (2011) 15

Longitudinal tfarget spin asymmetry:

~y

GPD H
Double-spin asymmetry:

~yY

GPD H
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THEP 06 (2010) 019
NPB 842 (2011) 265

however, no cross-

section measurement
so far at HERMES
kinematics!

HERA-4-EIC — June 8-10, 2022



exclusive meson production

® GPDs convoluted with meson amplitude

@ access to various quark-flavor combinations

@ factorization proven for longitudinal photons w0 | 2hurhd
1 u-

@ generalized to transverse photons in GK model po | 2u+d, 9g/4
w 2u-d, 39/4
P S, 9
ot u-d
JIy g

GK ... S. Goloskokov & P. Kroll, e.g., EPJ €50 (2007) 829; €53 (2008) 367
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exclusive meson production

® GPDs convoluted with meson amplitude

@ access to various quark-flavor combinations

@ factorization proven for longitudinal photons w0 | 2hurhd
1 -
@ generalized to transverse photons in GK model po | 2u+d, 9g/4
w 2u-d, 39/4
. ¢ S,
® vector-meson cross section: . —
JIy g

do B do
drpdQ?dtdos dodcosfdy - dxg dQ? dt

W($B7 Q27 ta ¢Sa ¢7 COS (97 90)

W =Wy + PeWry + St Wur, + PeSt Wi, + StWyr + PeSTWir

look at various angular (decay) distributions to study helicity transitions
["spin-density matrix elements” (SDMEs), "amplitude ratios”]
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SDMEs from angular decay distribution

unpolarized long. polarized (angle definitions in backup)
beam beam

# &

WVl (o, d,cos@) = WY (@, @,cos®) + Wk (@, ¢,cos@),

3 |1 1
WY (@, ¢, cos @) = = 2(1 — rgg) + 2(3r(())6L — 1) cos” @ — \/_Re{rlo}st@ COS ¢ — rl 1s1n2@c052qb
T

— €c0s2® (r{;sin” @ +ryycos” @ — v/2Re{r|,} sin20 cos¢ — |, sin* O cos 2¢)

— €8N 2P («/ilm{rlzo} sIn2® sin¢ + Im{rlz_l} sin? ® sin 2qb)

+ \/26(1 + €)cos P (rls1 sin” @ + ’”30 cos> @ — \fZRe{rISO} SIN 2 cos ¢ — r15_1 sin” © cos 2q§)

4 \/26(1 + €) sin qﬁ(ﬁlm{rﬁ)} sIn2® sin¢ + Im{rf_l} sin® ® sin 2q§) :

wk (D, P, cosB)) = %Pbeam \/1 — ez(ﬁlm{rfo} SIN2® sin @ + Im{rf_l} sin” @ sin 2qb)
T

+ \/26(1 —€)cos P (\fZIm{rYO} SIN2® sin ¢ + Im{r17_1} sin” © sin 2¢)

+ \/26(1 —¢€)smP (rf1 sin’ @ + ’”30 cos® © — x/ERe{rfO} SIN2® cos ¢ — rf_l sin” © cos 2q§) :
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w & o SDMEs (here, mainly for illustration)

[A. Airapetian et al., EPJ C74 (2014) 3110]
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http://dx.doi.org/10.1140/epjc/s10052-014-3110-1
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@ helicity-conserving SDMEs dominate
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w & o SDMEs (here, mainly for illustration)

[A. Airapetian et al., EPJ C74 (2014) 3110]
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w & o SDMEs (here, mainly for illustration)
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exclusive meson production

@ analyses only use subset of data

@ high-statistics data set from 2006/07 with dedicated recoil-proton detector not
used so far

@ corresponding analysis for ¢ started but not finished / published

@ analysis can be expanded to, e.g., pion-pairs
@ only HERA-I data published: PLB 599 (2004) 212
@ exclusive pion/kaon cross sections
@ only pions (w/o 2006/07 data) published: PLB 659 (2008) 486
@ exclusive kaon spin-asymmetries
@ only pions published with partially surprisingly large asym's: PLB 682 (2010) 345
@ kaons in SIDIS exhibit large asymmetries!
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(semi)-inclusive hadron production

@ beam-helicity transfer to Lambda being analyzed in DIS regime
(spin-dependent fragmentation function)

@ preliminary results for high-statistics quasi-photoproduction, but not published

@ |ongitudinal and transverse target-spin transfer in quasi-photoproduction

@ preliminary results, but not published

@ charged pion and kaon multiplicities: subset of data published: PRD 87 (2013) 074029
@ high-statistics 2006/07 data set not included; fully differential analysis missing

@ pi0 and eta also interesting, preliminary studies exist

@ hadron production in nuclear environment; K- enhancement at large x&z ongoing
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(semi)-inclusive hadron production

@ A_rininclusive pion and kaon production
@ Ayt published; sneak-preview of ALt exists coming out from summer-student project
® beam-spin asymmetry in target-current-region hadron correlations
@ novel distributions (fracture functions etc.)
@ beam-spin asymmetry in di-hadron production
@ fransverse target-spin asymmetry published for pion pairs: JHEP 06 (2008) 017
@ in general, hadron production data in RIVET for Monte Carlo tuning

@ important kinematic region between high-energy and photo-production domains
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summary
@ HERMES was a latecomer to HERA

@ brought a new, exciting, and very successful spin to the physics program

@ focus on spin asymmetries in inclusive, semi-inclusive, and exclusive processes,
but also on hadronization studies (including hadronization in nuclear environment)

® kinematic regime complementary to that of the EIC and the other HERA exp's
@ analyses still ongoing with still a quite range of topics ... limited mainly by manpower

@ while not 1:1 transferable to the EIC (e.g., fixed-target vs. collider), many analysis

concepts can serve as a blue print for several studies o come at the EIC, but also
at JLab

@ worthwhile to put some effort in keeping the knowledge alive until first related
EIC data becomes available
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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

Gunar Schnell

sin(@y*)

+ -
0455 U o L

- O ; °
0.1 o

: .o. - go0000° ¢ ® oo,

- ® ® o
0.05_—‘0 — ®
0.15F T o

- °®
0.1_— o o © ®

= ® ..... O

C @ ®) ®

- [ ® o
0.05_—.0 O

+

- K
0.15:— ®

C () ®

- .. ...... ...‘ o
0.05:—‘0 O
0.15;— K PY

. °®
0.1 o

- o® o0 00000 LI ‘Oo.. .
0.05_—.0 ®

11111111111111111111111111111111111111

01 0.2 03 0.5 1 0.5 1
X Ph [GeV]

~ 02}

0.0< Phl[GeV] <0.23 0.23< PhL[GeV] <036 036< PhL[GeV] <054 054< PM[GeV] <20

e e S IS S S S u S S S RSt S Srairair i S B i Srarar i S

e e S IS S S S u S S S RSt S Srairair i S B i Srarar i S

e e S IS S S S u S S S RSt S Srairair i S B i Srarar i S

'''''''''''''''''''''''''''''''''''''

6’0 > z >.€°0 LE0 > Z >820 820 >z >20

>6v°0

L'0>2z

HERA-4-EIC — June 8-10, 2022



Q? [GeV?]

- N W H

N W A

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

lowest x bin

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

Q? [GeV?]
o N w =

=== Q2=P2,, /z2

- N W b

- N W b

all other x-bins included in the

Supplemental Material of
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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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P Sivers amplitudes
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P s bions vs. (anti)protons

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