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How do quarks & gluons, and their dynamics,

make up proton spin?

Physics questions

How is the proton spin correlated

with the motion of quarks/gluons?

TMDs

In transverse-
momentum space
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=AY + AG + Lg Spin puzzle

quarkspin  gluonspin  orbital angular momenta

of quarks and gluons

Nucleon tomography How does the proton spin influence
: the spatial distribution of partons?
Transverse Generalized P P
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position space
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(Generalized Parton Distributions
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Hard exclusive reactions

)
E exclusive measurement = detection of entire final state

% (or assumed to be known)

Standard channels to access

generalized parton
distributions are DVCS &
DVMP

g]? — g Py Deeply Virtual Compton
Scattering (DVCS)

g D N g pM Deeply Virtual

Meson Production (DVMP)

e X, &:longitudinal momentum fractions of probed quark
- skewness & = xp/ (2-xp) in Bjorken limit
(Q?large & xp, t fixed)
-average momentum x: mute variable,
not accessible in DVCS & DVMP. Is not x-Bjorken!

e L:squared 4-momentum transfer to target
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Experimental access to GPDs

o Different exclusive final-state particles allow to probe
different GPDs

e 4 chiral-even GPDs (conserve quark helicity)

o 4 chiral-odd GPDs (flip quark helicity)

@leading twist for a spin-¥2 target

fli l
GPDs ips nuc eon conserve.s |
helicity nucleon helicity
does not depend E H F 1 (X ) P-1-
on quark helicity vector mesons  JP—1-
forward limit hoton
~ ~ &>0,0>0| =0 | EC D
depends on E H pseudoscalar (DVCS)
k helicit . mesons
quark helicity 1(X)
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From HERMES & Jl.ab-6 & HERA to COMPASS & Jl.ab12 & RHIC to the EIC
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GPDs

Compton form factors (CFFs)

DVCS

ityisa

In DVCS, the experimentally accessed quant

hard scattering kernel X GPD

)

§,5t
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/

CFF
F(&:t)

(complex) Compton Form Factor (CFF)

do C’C;‘

1

41

i

H(xz,&,t)

HED) :77/

(Q?large & t small)

1zation

factori

assuming

q

imH (€, €, 1)

dx
1

related to shear

forces and radial distribution of pressure inside the nucleon

th D-term D(¢):

10N wi

Dispersion relat

+1
T
1 mH

Re(tpvcs)
integral over x

D

(z,t)

1

ReH (&, 1) = 73/
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CERN SPS polarized muon beams and COMPASS polarized target

SPS

protons M2 hadron

absorber

M2 beam line

400 GeV ~400m
conversion target (71', K —
D)+, muons 160 / 200 GeV
hadron decay section
(~ 600m) hadrons 190 GeV

neg. beam: 97% m, 2% K, 1% anti-p

up to 108 particles/s

- _ right-handed v/
Wl left-handed g Vyu

(negative helicity)

=

(positive helicity)

=

<€

J=0

J = total angular momentum =
L (orbital angular momentum) + S (spin)

€<—— direction of momentum

¢ direction of spin

>
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6 80 K Thermal radiation shields
7/ 4.2 K Thermal radiation shields

Dilution refrigerator
9) He-4 gas-liquid separator

Pulse tube cryocooler

@ He-3 precooler
@ Microwave cavity

3 Target cells
@ Target holder

@ Magnets

\ 8 ) 180 mrad 1

NHs.ammonia beads, ¢LiD: deuterated lithium
dilution factor ~ 0.22 (NH3), 0.5 (LiD)

Polarization achieved by Dynamic Nuclear Polarization (DNP)

- dilution refrigerator: ~60mK

- dipole magnet (transverse): 0.5T
-solenoid (longitudinal): 2.5T

- microwave system

~80% for protons
~ 50% for deuterons

Polarization determined with Nuclear Magnetic Resonance (NMR)
C. Riedl (UIUC) - March 2022



COMPASS GPD measurements 2012 & 2016/17

< clectromagnetic calorimeters

Azimuthal angle D+ between lepton-
scattering uw’ plane and plane defined by virtual y*

and real y photons

Separate kinematic measurements

in recoil-proton detector (p) and Recoil-proton detector CAMERA

forward spectrometer (M’ y) Time-of-flight detector (‘'ToF) between 2 rings of scintillators

M—l—e
160 GeV /,

—_——
GPDs at COMPASS - CPHI 2022 M 10 C. Riedl (UIUC) - March 2022

- 24 inner and 24 outer scintillators

-'ToF resolution 300 ps
- pmm:26() MGV
0.06 GeV2<-1<0.8 GeV?2
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COMPASS GPD measurements 2012 & 2016/17
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Selection of exclusive event sample

DVMP without recoil-proton detection:
missing energy technique assuming proton mass

E 30000 - 24 < Q<10 (GeV/cy:
Exclusive ¢¥ production i
CD |
uptH—=upe® Z 20000 -
with simulated exclusive 5§ I
> I
signal & SIDIS background @ I
10000 B
0 } i i
-10 -5 O 5 10 15 20

E_ .. (GeV)

In case of transverse target
polarization: additional azimuthal
angle ¢sdefined by direction of
transverse target-polarization vector

GPDs at COMPASS - CPHI 2022 12

DVCS with recoil-proton detector (RPD):
comparison of proton kinematics measured in
RPD vs. expected in spectrometer (from py)

cam. spec.
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+ kinematically complete event reconstruction via
kinematic event fitting
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O, «

DVCS vy N

d
DVCS

Access to CFFs at COMPASS

i

i

Bethe-Heitler (BH)

— \EH\Q =+

(TovesTenr + Toves TH)

The DVCS / Bethe-Heitler interference
term allows to disentangle
Re(tpves) and Im(tpyes)

magnitude and phase
of DVCS amplitude tpvcs
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+ |Toves|? /

+ —_
SCS,U =do™ + do™

+ —_—
Desy =do™ —do™

d-modulation in cross section
(azimuthal asymmetry analysis)

Analysis of azimuthal modulations
(HERMES- and JLab-type) on DVCS on
the unpolarized proton in progress

dominant at small xp
(remainder ~ 5% from KM / GK model)

dcr‘JL — do

—

AC’S,U =

- Desu

do*= + do—  Scsu

Spin-independent DVCS cross section «
~ ~ t
AHH +HH) + — EE*
M=
13

¢ [deg]

~ t =
Im (F1H+f(F1+F2)H Fyl || ¢ £
\ 4 M2 5 =
=
< =
/ ~ ¢ S 2
Re (\FyH A4 £(Fy + F2)H FE )| 2
4 M &
[ Acsu(9) Sign & magnitude of cos¢
o amplitude for beam-charge
—— This work .
0.05 - —KM10a asymmetry? (changes sign
) ‘ \ EMI% | between HERMES and HERA)
e
N TS Kroll, Moutarde, Sabatié, Eur. Phys. J. C
0.05 T (2013) 73:2278
Test of GPD universality: use DVMP data
0.5 3'0 610 glo 150 1éo 180 to constrain GPD parameters
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DVCS cross section /
transverse imaging

Transverse imaging of the nucleon

Impact-parameter representation of parton distribution function:

d°A ,. _ ..
¢/ (x,by) = / (27‘_; e ALOLHT (2.0, — A7)

| Burkardt, Int. J. Mod. Phys. A18 (2003) 173 ]

“spatial parton density = Fourier transform of GPD”

10-3
b is the impact parameter,
A is the difterence of initial and final transverse momenta,
A ?is related to the Mandelstam-¢

The differential DVCS cross section allows to probe

the transverse extension of partons in the nucleon: D . )
3-dim “tomographic images” of the

nucleon in longitudinal momentum

dJDVCS
dt

o blt| and transverse position

X

b = “t-slope” = average impact parameter

GPDs at COMPASS - CPHI 2022 14 C. Riedl (UIUC) - March 2022
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Extraction of pure DVCS yield at COMPASS

BH reference yield:

DVCS cross section /
transverse Imaging
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Extraction of pure DVCS yield at COMPASS  ~>ossecion/

-
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DVCS / BH: up—upy
n0 production: pup—up tO0—upy(y) (X) exclusive or SIDIS

vy: “visible 07, v: invisible ® background

|

Determine BH reference yield at low-xz < high-v: tune MC to data

N Estimate n0 invisible background from MC:

|

Subtract BH yield in high-xz < low-v bin

!

Subtract measured visible

mOvyield in high-xp < low-v bin
v

SIDIS 40% (LEPTO) + exclusive 60% (HEPGEN with GK model)

with 10% uncertainty each

v

Remove invisible n0 yield

(invisible normalized to visible yield)

}

Pure DVCSyield

16

25

Entries / 0.015 (GeV/c?) / 10" n

transverse Imaging

Visible n° candidates

20

COMPASS

data

Gaussian fit of the signal

mean = 136 MeV/c?
sigma = 15 MeV/c?

0.3 0.4 0.5 0.6
M,, [GeV/c?]

portion of the 2016 data = 2x 2012 data

C. Riedl (UIUC) - March 2022



o Relation between parton average squared transverse extension

and slope

e Seca-quark domain between gluons and valence-quarks

(r

I_I\)

(wpj)) = 2(B(xpj)) 7"

COMPASS ¢-integrated DVCS cross section PV->cosssedtion/

5

— 107

Al

(d"(y*g”f Y P (b (GeVio)

. Pilot run: <(Q?>=1.8 GeV2 & <xp;>=0.056
2016/17 run: <Q?>=1.8 GeV2 & <xpi>=0.065 (ECalO extension)

o Sofar, = 30% of COMPASS cross-section data analyzed.

2016/17 (=23%) @

2012

H4) o0

COMPASS: <Q*>=1.8
COMPASS: <Q*>=1.8
<Q*>=3.2
<Q%> =4.0
<Q%> =8.0
<Q°> =10.

ZEUS:
H1:

H1:
H1:
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X

dt

Differential DVCS cross
section with b (or B) = “t-slope”

= average impact parameter
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: : DVMP
Exclusive meson production

C‘gr[j‘[‘;eve“ chiral-odd GPDs at o  Deeply virtual meson production allows also access to higher-twist chiral-odd GPDs.
leads Sat higher twist
cading twist
-1 e Some GPDs are related to transverse-momentum dependent PDEs (TMDs):
( . S S . = ;o 3
H, Lk Tesons Hr, Et - GPD E <> Sivers TMD: involve switch of nucleon helicity ~ S (P x k)
~ P-0- ET:2ﬁT Fop => sensitive to spin-orbit correlations... orbital angular momentum
doscal . :
H P esons - GPD Hr <= transversity TMD: both are chiral-odd
longitudinally polarized virtual photon & vector meson) -GPD ET <> Boer-Mulders TMD: 'T-odd (as 1s Sivers TMD)
o Different mesons filter different o Helicity conservation in interactions of light quarks with gluons or photons
quark flavors and have different = initial parton helicity flip needs compensation by higher-twist meson wave
sensitivity to gluon GPDs. functions
0 1 2 1 g 3 Goloskokov, Kroll, Eur. Phys. J. C 74,2725 (2014)
EP = — (—E” + —E® + —Eg)
V2 4
1 (2 1 3
E® = —(—E”——Ed+—Eg) |
V2 \3 3 4 We will now look at transverse-spin asymmetries, spin-density matrix
¢ — _ 1 ES 4 1 o elements (SDMESs), and the cross section for exclusive m® production.

Dichl, Vinnikov, Phys. Lett. B609 (2005) 286
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Transverse-target spin asymmetries in DVMP

up?t — upo®

GPDE

() -

“(E,H) + (Ev,Hr)”

“ (E_T,E) 9

i o

“(Hv,H) - (Er,E)”

Cancellation effects for ...

GPD flavor separation by measuring
both meson channels...

[COMPASS NPB 865 (2012) 1 (not shown, includes o on deuteron) |
GPDs at COMPASS - CPHI 2022
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ET,E) 9

AUT / chiral-
odd GPDs

sin(¢-0,)
uT

sin(9+,)

cC
—

sin(20-¢_)
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‘> 1> » > >
c
®

upt — ppw

solid ® COMPASS
dashed © HERMES

------------
-----------
_____
_____
--------
-~
L.
-

sin(¢-¢.)

| COMPASS NPB 915 (2017) 454 |

Contribution of pion pole
expected to be sizeable for
o and small for ©

GK 2014

positive mw form factor
no pion pole
negative mw form factor
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Spin density matrix elements in up—upVM

do
drp dQ? dt

WA...) parametrized
by SDMEs

self-analyzing
characteristic
through U

decay angles

Q—>TT+TT-

o 'Testsof hierarchy of helicity
amplitudes

e Cross-sectionratio R of
longitudinal to transverse vector

mesons, .
04
R 1 o
— o

GPDs at COMPASS - CPHI 2022

spin components of the virtual photon are
transferred to the created vector meson

Test of s-channel helicity conservation (SCHC),

A=Avm, : only SDMEs of classes A&B are not
restricted to =0 if SCHC. Observed:
considerable SGHG in y*t—wm, (class C)

SDMEs measurements provide further
constraints on GPD parameterizations beyond
cross-section and spin-asymmetry
measurements.

Sensitivity to chiral-odd GPDs Hy and Er.

20

GPDs

SDMEs / chiral-odd

. 1P — Ppw

foo | A:yL—> ®,

1 *
1] Y 0q :
Im I’12_1 il

Rer;, B: Interference : i
s
Im Mo . - y
- Y 0 &YT—> Oy

7
Im rio
Re I'?o = .

1 ——
Re ryo

--------------------------------------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------------------------------

Spin density matrix elements describe how the Rero | c.y o,

---------

T T I I I e

8 - —— : -
M1 :

r04 . 1
-1 Ey. -0

1
1 ]
3 : - }

Im r1-1 s A I " s 4 L l 1 ' ' 'S l ' A 4 ' l s 4 L ' l 'S A A A l

.
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-0.2 -0.1 0 0.1 0.2 0.3

0.4

SDME value

(un)shaded: spin-(in)dependent

| COMPASS EPJC (2021) 81126

SDMEs up— upO to be published
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n9 cross section /

Exclusive m? cross section at COMPASS irahodd GPDe

I, T indices indicate
polarization of virtual
photon. Double index =
interference

Dip at small |¢| indicative of large
effect by chiral-odd GPD Er
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S 250/ e v GK2016 = B i _ 0 e v GK2016
SafE o+ + - 20} 4 = \ £
- -Q _— .
€..E 1 s Sal g "f \ / \
~ [ 1 A T 1 ~~3F /. /L
—_ — 3 ‘ — = - -
OQ' 10 _ __‘ A 10} oQ' 2 -
[ - V- ~ i 2 s . F . X
T E 5 ~ AT T I ®) 1 _./ “q" .
*Q'-o N } *Q'E cialf v A D
= - ® O 0k
b 0 | | [ I v+ «+ ¢+ ¢« 1« 1« 1| b —l L1 L1 I | L1 1 I | L1 1 l | L1 1 I L1 1 1 l L1 1 1 I
'Ci/ 0 01 02 03 04 05 06 [008064 “o -3 —2 —1 0 1 2 3
1t (GeV/c) ~ ¢ (rad)

COMPASS, PLB 805 (2020) 135454
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Summary and outlook: GPDs at ¢

o 2012 GPD pilot run & 2016/17 GPD runs with recoil-proton detector

Transverse runs without recoil-proton detector

o DVCS: transverse extension of partons in the proton

- t-slope of DVCS cross section in the kinematic domain between the
other fixed-target experiments and HERA ep collider

- Azimuthal asymmetry analysis ongoing

o  DVMP: input for GPD constraints, in particular chiral-odd GPDs
-"Transverse target spin asymmetries for o0and w vector mesons

- SDME:s for g9 and w vector mesons
- 7tV Cross section

e Moredataare being analyzed.

GPDs at COMPASS - CPHI 2022
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COMPASS DVCS 2016 data - 1D exclusivity cuts
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Entries /1 GeV/c

Entries / 0.11 mrad

COMPASS DVCS 2016 data - BH data vs. M(C, 80 < nu < 144 GeV
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COMPASS DVCS 2016 data - invariant mass of visible m®
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COMPASS DVCS 2016 data - ¢v¥* distributions
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Experimental access to CFFs at HERMES & JLab

DVCS O, %N + +
Yy P P P

DVCS Bethe—Heitler (BH)

= |753H|2 + (Toves Ty + Tf)kvcsﬁH) + |’TDVCS|2

The DVCS-Bethe_Heitler _

interference term helps to disentangle N S| StiTpoltarget Lepton k with charge Cp &
P k! vector (if given) o
Re(tpvcs) and Im(tpycs) 7k / polarization Pp off nucleon
magnitude and phase Azimuthal angle ¢ between
of DVCS amplitude TPVCS lepton scattering plane and plane
4 ) spanned by virtual & real photons
Aru(9)
Example: azimuthal 3 \
beam-spin asymmetry Beam  Target,

polarization

0(¢; P, Cr) = ouu(9) - [1+ PpALY " (¢) + PrCpALy(6) + CpAc(9)

Different experimental configurations (beam polarization, beam charge, target
polarization, and their combinations) provide access to different parts or aspects of CFFs.
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Different experimental configurations to map out CFF's

.A A => target spin
LU

— beam spin

\Beam Target/ +beam charge
polarization do— — do— Beam-helicity
. | | Best access Aru(¢) = —o asymmetry
UnpOlarlzed target' (10' o (10' | More Fourier coefficients accessible
with 2 beam charges
| I B ~ t
F{H H (Fy + FY)H S FLE Im(H)
l / A (O) aog’ — ao Beam-charge
C'!
. . do+ + do— | asymmelry | pa(4)
dominant for dominant for
the proton the neutron

= longitudinally polarized target:

Aur(o.er) = Longitudinal target-spin asymmetry

I B I B
Fi+ B) (H+ =€) - o
2—xB( L) (R 2 0" (d,e0) + 077 (¢ ]—[a —(p,ep) + 07 (@, er)]
S TB TB t = o7 (9, e) + 07T (9, e)] + [0 (0, er) + 07 (9, )]
F — F1 4 5 &
Ly < 2 "t T AM? 2)

analog: Double-spin (LL) asymmetry

s~ fransversely polarized target:

t T | —xp Avr (8, ¢5) Ayp(9, ds)
4M2 (2—$B)F18—42 . FQH
_ — 4B

Transverse target-
spin asymmetry

AL (¢, bs) ﬂ%{m\fcs((p’ bs) Double-spin (LT)
asymmetry
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H1l & HERMES: DVCS beam-charge asymmetry

Re(tpves) >0
for HERA (small x)

Re(tpvcs) <O
for HERMES (larger x)

Where is the zero crossing? COMPASS
measurement at intermediate energy

. 0 =Re(tpvcs) / Im(tpycs)
« 0=0.20 £ 0.05(stat) £ 0.08(sys)
. Ingood agreement with theoretical
calculation (dispersion relation)

H1@HERA/DESY: first and only
measurement at collider

. low xg=104...102

. 6.5<(0Q2<80GeV2
« 30 <W <140 GeV
. |tI<1GeV?
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GPD E linked to orbital angular momentum

Measurements sensitive to GPD E allow (in principle)
to access the total angular momentum of partons, J,.

Ji sum rule for the nucleon: [Ji, PRL 78 (1997) 610]
1 1
_ : q q
—1
o 1
= | |
0.8 _ caveat: constraint
06 dJLab Hall A model dependent
n-DVCS
0.4
0.2
0f------ s e

e AHLT GPDs [3 362
-l Lattice QCDSF (quenched) |:40]
-0.2~ JLattice QCDSF (unquenched) [41]

. [JLHPC Lattice (connected terms) [42]

'0.4 [ :
| GPDs from : !

Goeke et al., Prog. Part. Nucl. Phys. 47 5(2001 ), 401.
-0.6— Code VGG (Vanderhaeghen, Guichon and Guidal)

0.8 HERMES

. p-DVCS
1 I 1 I 1 I 1 l 1 l 1 I 1 I 1 V 1

'1-1 -08 -06 -04 -02 -0 02 04 06

[Hall A PRL 99, 242501 (2007)]
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HERMES and Hall-A DVCS asymmetries
(A) HERMES: ep! — epy :
H-E (transversely polarized proton target) AUT

(B) Hall A: ?nee'ny: ALU

E dominant for the neutron

s 3¢
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Vector meson production and decay

lepton ‘ i’
: Z
scattering—plane

® ¢

p°—decay—plane
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