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The various dimensions of the nucleon structure
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Collins amplitudes

HERMES, JHEP 12(2020)010

» Oppositely signed amplitudes for i+ and 11

o
o
=N

0.08 -
0.06 -
0.04 =
0.02 -

++ +.: ; H]{_,’U/—HT_F ~ _Hf_,u—MT_

g LTI T T
L
._
-
—n—
IR A RN RR
-
—-
_._
._
_._
_._
_D_
|
-
—-
-
-
L

2 (sin(¢p+0g) / &)y,

-0.02 -
-0.04 -

e e e » Amplitudes for K+ larger than for i+

0.04 -

002 Tt =
o e K
0.04 ++ + : '+++++ ++Jﬁ . +T++ g Hl u > Hl U—70

0.25
0.2
0.15
0.1
0.05

T T
-
—-i—

_._

—-

-
UL
- L
_._

._

——

_._
—1—

-0.05
-0.1
-0.15

2 (sin(0+9g) / &),

|

0.2
0.15
0.1
0.05

|
—.—
1
1
1
T
1
[T

-0.05
-0.1
-0.15
-0.2

H‘HH‘HH‘HH‘HH TTTTTTTITTITITITTTTTT T TTT
——

o
H‘HH‘\H\‘\H\‘HHMMH‘HH‘HH‘HH
| ——
1’\\‘HH‘\H\‘\!Llwll\\‘\\\\‘\\\\‘HH‘HH : ‘




Artru model

X. Artru et al., Z. Phys. C73 (1997) 527
polarisation component in lepton scattering plane reversed by photoabsorption:
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Sivers amplitudes

L.q
1] [fn X D]
» Sivers function:

* requires non-zero orbital angular momentum

- final-state interactions — azimuthal asymmetries




Sivers amplitudes
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Sivers amplitudes
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Sivers amplitudes
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Predicted Sivers sign change for SIDIS and Drell-Yan
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J. C. Collins, Phys. Lett. B 536 (2002) 43
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Experimental access to Sivers in Drell-Yan
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Experimental access to Sivers in Drell-Yan
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Investigation of the Sivers sign change in pTﬂ_ collisions
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Investigation
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Gluons

GLUONS unpolarized | circular linear
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L £
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* In contrast to quark TMDs,
gluon TMDs are almost unknown

» Accessible through production of dijets,

high-Pt hadron pairs, quarkonia




Gluons

GLUONS unpolarized | circular linear
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* In contrast to quark TMDs,
gluon TMDs are almost unknown

» Accessible through production of dijets,
high-Pt hadron pairs, quarkonia

Drell-Yan with lepton pair in J/y mass region:

gq annihilation or gluon-gluon fusion
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Upcoming experiments probing TMDs
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Upcoming experiments probing TMDs
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Upcoming experiments probing TMD
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The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )
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Exclusive vector-meson production

Target polarization state
* unpolarized target:

nucleon-helicity-non-flip GPDs H, H and
ETZZHT+ET.

» transversely polarised target:
nucleon-helicity-flip GPDs E, E and Hr.
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Exclusive vector-meson production

Target polarization state
* unpolarized target:
4 nucleon-helicity-non-flip GPDs H, H and
PP Er=2Hr+Er.
» transversely polarised target:
nucleon-helicity-flip GPDs E, E and Hr.
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Exclusive vector-meson production

© © Target polarization state
* unpolarized target:
YT nucleon-helicity-non-flip GPDs H, H and
@ PP Er=2Hr+Er.
. natural parity exchange - fransversely polarised target:

- JP=0%, 1., ...m GPDH, E,Er  nucleon-helicity-flip GPDs E, E and Hr.
. unnatural parity exchange

- JP=0-. 1+, ... = GPDH, E
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Helicity amplitude ratios and spin-density matrix elements (SDMEs)

Y (Ay) F N(AN) = V(Av) + N(Xy)

» Helicity amplitude £\, a7 x an

’oo, P, P, ...
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» Helicity amplitude £\, a7 x an

* Exyxiaan = Davagaan T Uxpoa an

’oo, P, P, ...
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Helicity amplitude ratios and spin-density matrix elements (SDMEs)

7 (M) + N(An) = V(Av) + N(Ay)

» Helicity amplitude £\, a7 x an

) Exvxoaan =g an T U oA AN

’oo, P, P, ...

|| natural parity exchange

JP=0+, 1-, ... =» GPD H, E, Et
| unnatural parity exc gnge
JP=0-, 1+, ...=» GPD H, E
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Helicity amplitude ratios and spin-density matrix elements (SDMEs)

7 (M) + N(An) = V(Av) + N(Ay)

» Helicity amplitude £\, a7 x an

) Exvxoaan =g an T U oA AN

’oo, P, P, ...

 Helicity amplitude ratios
| natural parity exchange A Ti”v’ﬁ/\ /Ty101

’ _ AvIAy,
JP=0+, 1", ... m GPD H, E, Et v

[unnatural parity exchange ) _ g
JP=O_, 1+, ... = GPD H, E uAV)W )\V)w/ 0505
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Helicity amplitude ratios and spin-density matrix elements (SDMEs)

7 (M) + N(An) = V(Av) + N(Ay)

» Helicity amplitude £\, a7 x an

) Exvxoaan =g an T U oA AN

’oo, P, P, ...

 Helicity amplitude ratios
| natural parity exchange tf\v) v =T /Ty

JP=0*, 1, ... m» GPD H, E, ET
[unnatural parity exchange ) _ g
| JP=0-, 1+, ... = GPD A, E Unpa, = Uspa, /Totos

* *
» *
* *
. .

3 .

. .

3 .

. .

- A
., R
“y Py

n =2 )\N#)\%]

(874 %
X F/\vx\g\,/\»y/\zv AW\;F,\'V/\Q\,/\;,\N
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Angular distributions

l+p—>l+p+p° (>t +17)

lepton
scattering plane

Fit angular distribution of decay pions W(®, ¢, ©) and extract either
Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios
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pY SDMEs
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pY SDMEs
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pY SDMEs
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Natural and unnatural parity exchange in pO production

* helicity amplitude ratio - HERMES
uj) = Uﬁ)/ Lo1os Eur. Phys. J. C 77 (2017) 378

’
Re ug1)

unnatural parity nucleon-
- helicity non-flip # 0 by 40
-0.2 0 0.2 0.4 0.6 0.8 1

Amplitude ratios ~ cf. quark exchange

COMPASS: u; =0.047 £0.010 = 0.029
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Natural and unnatural parity exchange in pO production

* helicity amplitude ratio - HERMES

1 1
Ug1) — U1(1)/T0%0%

Eur. Phys. J. C 77 (2017) 378
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Natural and unnatural parity exchange in pO production

MES

* helicity amplitude ratio — HEF

1 1
Ug1) = U1(1)/T0%0%

Eur. Phys. J. C 77 (2017) 378
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Longitudinal-to-transverse cross section ratio

1 s do(v; = Vi) + £do(v; — Vi)SCHC do(y™))
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1 10 0* [(GeVicy’
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Longitudinal-to-transverse cross section ratio
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Deeply virtual Compton scattering

e

e /*/
S

GPD

P P

DVCS

hard scale = large QZ
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Deeply virtual Compton scattering

e

e /*/
EN

GPD

DVCS Bethe-Heitler
hard scale = large QZ

do |7'BH‘2 -+ ‘TDvcs‘Q—l— TDVCSTEH =+ TEVCSTBH
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Deeply virtual Compton scattering

DVCS Bethe-Heitler
hard scale = large QZ

do ‘TBH‘Q -+ ‘TDVCS‘2+ TDVCSTEH =+ TEVCSTBH

Interference term for unpol. nucleon, Iongitudinally pol. lepton beam

1 = c. cos(ng) + A s sin(n coefficients: linear in GPDs
s 1S ot XY shsintr |

beam beam
charge polarization

23



Deeply virtual Compton scattering on proton target

Pioneering measurements

DVCS asymmetries bl epoapy-ai- gy
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Deeply virtual Compton scattering on proton target
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Pioneering measurements
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Pioneering measurements
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Deeply virtual Compton scattering on proton target
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Timelike Compton scattering
R

/ N\
p p

e

DVCS

hard scale = large QZ
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Timelike Compton scattering .

DVCS TCS

hard scale = large Q2 hard scale = large Q'2
L In practice a few GeV?2
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Timelike Compton scattering .

DVCS TCS

hard scale = large Q2 hard scale = large Q'2
L In practice a few GeV?2

Compare DVCS and TCS: understand QCD
corrections and check universality.
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Timelike Compton scattering

Photon polarisation asymmetry Forward-backward asymmetry
> 06 ¢ ® i
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Upcoming experiments probing GPDs

* On-going R&D studies for positron beam at JLab (>2030)
PePPO: proof-of-principle for a polarised positrons beam (PRL 116 (2016) 214801)
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Upcoming experiments probing GPDs

* On-going R&D studies for positron beam at JLab (>2030)
PePPO: proof-of-principle for a polarised positrons beam (PRL 116 (2016) 214801)
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« Double DVCS: access to GPDs at x # £ ¢

proposal: at SOLID with muon detector added

27



Upcoming experiments probing GPDs

* On-going R&D studies for positron beam at JLab (>2030)
PePPO: proof-of-principle for a polarised positrons beam (PRL 116 (2016) 214801)
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A, @E =10.6 GeV

beam-charge asymmetries: access to Re#

Never measured
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« Double DVCS: access to GPDs at x # £ ¢

proposal: at SOLID with muon detector added

e JLab at 20+ GeV?
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Fixed-target at LHCD

JINST 3 (2008) ¢
|lJMPA 30 (2015,

protons protons
H— ——m—®
Vs =13 TeV
HC beam
_ — 2<ycm<4.5
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Fixed-target at LHCD

JINST 3 (2008) ¢
|lJMPA 30 (2015,

protons
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Fixed-target at LHCD

Access to barely explored high-x region
for PDFs, GPDs, TMDs.

’ - 8.16 TeV pPhb Other Collision Systems
| LHCD 5 LHCD 110 GeV
10° o ATLAS/CMS I HERA
[ ALICE

10°} ALICE Muon

1075 107 10f 107 107 10t 1o



Fixed-target at LHCD

} 10° Primary Vertex reconstruction
. . '™ | HCb-FIGURE-2023-001 "ecionresen 67
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Fixed-target at LHCD

Access to barely explored high-x region

for PDFs GPDs, TMDs.
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Interest of fixed target: LHC run 4
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Interest of fixed target: LHC run 4

SMOG2 /\4 LHCSPIN: transversely polarised gas target
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Summary

« TMD and GPDs: rich field of physics,
where TMDs have sensitivity to the parton and hadron spin and transverse momentum
and GPDs probe the (spin-dependent) transverse position and mechanical properties of the nucleon

* Pioneering fixed-target experiments at HERMES, COMPASS, JLab 6 GeV: quark distributions

* Entering era of precision measurements:
 JLab 12 GeV: unique precision in the valence region
| HCDb fixed-target programme provides complementary channel, allowing to check our understanding
* EIC will also provide high-precision data in high-x region
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