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Basics
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Probing the structure of the proton

From: M.A. Thomson, Michaelmas Term 2011
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A great example: studies of matter via its constituents

From Democritus to the present view of proton structure in terms of partons

=⇒ =⇒

Deep Inelastic

ep→ eX

Scattering, DIS

E. Rutherford, 1910-1911 SLAC-MIT, PRL 23 (1969) 935 CERNCourier May 2019
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Nucleon (spin) structure in DIS: ~µ+ ~N→ µ′ + X
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• Symmetric part of Wµν− unpolarised DIS,
antisymmetric – polarised DIS

• Nominally F1,2 , q(x,Q2) −→ g1,2 , ∆q(x,Q2)

where q = q+ + q−, ∆q = q+ − q−, but...

• ...anomalous gluon contribution to g1(x,Q2)

• ...g2(x,Q2) has no interpretation
in terms of partons.

Definitions of DIS variables... ...and of the γ∗-N asymmetry (e.g. for γ∗-p):

Q2 = −q2 γ∗ virtuality
x = Q2/(2Pq) Bjorken variable
y = Pq/(Pk) relative γ∗ energy
W = P + q γ∗-N cms energy

A1(x,Q2) =
σ1/2 − σ3/2

σ1/2 + σ3/2
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From elastic to (deep) inelastic electron - nucleon scattering

Radial, broken lines: x =const.
Parallel, continuous lines: W =const.

Low x – large parton (gluon) densities.
Low Q2 – nonperturbative effects.

DIS = Deep Inelastic Scattering
(large Q2, ν)
e + p→ e′ + X
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Machines: past, presence and future

VHEeP
very high energy,

√
s ∼9 TeV

low luminosity, 10–100 pb−1

electron–proton scattering

A.M. Cooper-Sarkar, Poetic7,2016; A. Stasto, Poetic7,2016; http://cerncourier.com/cws/article/cern/57304
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(Theorist, mathematician; IAS, Princeton)

Electron Ion Collider, EIC
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EIC at BNL or JLab
BNL (eRHIC) JLab (MEIC)

Add energy recovery LINAC Add hadron rings “8” to CEBAF
(inside RHIC tunnel) (external)

The White Paper, arXiv:1212.1701
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EIC: main features

Highly polarised (∼ 70%) e, N beams
(COMPASS: Pµ ∼ 80%, Pp ∼ 90%)

ions from deuteron to uranium (lead ?)

variable
√
s from ∼ 20 GeV to ∼ 150 GeV

high luminosity: ∼ 1033−34 cm−2 s−1 (cooling of hadronic beam !)

more than one interaction region

limits of current technology =⇒ R & D!

staged realisation.
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A dedicated EIC detector

Acceptance -5 < η < 5 (large, comparable to CMS forward)

PID: π, K, p, leptons

Low material density (minimal multiple scattering and bremsstrahlung)

Hadron beams: proton to lead
From “White paper”, arXiv:1212.1701
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Basics of QCD
=⇒ Parton Distribution Functions (PDFs)
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M. Anselmino, DIS2019
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Strong vs electomagnetic interactions in DIS
Quark-Parton Model (QPM) becomes complicated...

γ *

From book of Povh et al.

From M.A. Thomson, Michaelmas Term 2011
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M. Anselmino, Bad Honnef 2017
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Here proton is 1-D
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Partonic structure of the nucleon; distribution functions

Three twist-two quark distributions in QCD (momentum, helicity & transversity)
after integrating over the quark intrinsic kt

Quark momentum DF;
well known (unpolarised DIS→ F1,2(x,Q2)).

Difference in DF of quarks with spin
parallel or antiparallel to the nucleon’s spin
in a longitudinaly polarised nucleon;
less well known (polarised DIS→ g1(x,Q2)).

Difference in DF of quarks with spin
parallel or antiparallel to the nucleon’s spin
in a transversely polarised nucleon;
poorly known (polarised DIS→ h1(x,Q2)).

Nonrelativistically: ∆T q(x,Q
2) ≡ ∆q(x,Q2). OBS.! ∆T q(x,Q

2) are C-odd and chiral-odd
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Processes available for parton (helicity) distributions

A. Bazilevsky, SPIN2016

Drell-Yan process, complementary to SIDIS

JLab STAR@RHIC
(HERMES@HERA) PHENIX@RHIC
COMPASS@CERN
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Parton distributions for the proton (universal!)
...from the measurements of d2σ/dxdQ2 in inclusive ep scattering
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Scaling violation

QCD can predict the Q2 dependence of F2(x,Q2)

From Particle Data Tables, 2012

Bjorken scaling:

Q2 →∞, ν →∞
observables depend on
dimensionless, finite
x = Q2/(2Mν)
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Scaling violation,...cont’d

From Particle Data Tables, 2012
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M. Anselmino, Bad Honnef2017

DGLAP
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M. Anselmino, DIS2019
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M. Anselmino, DIS2019
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J.Rojo, DIS2019B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 29 / 82



B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 30 / 82



B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 31 / 82



Towards including spin:
experimenting with polarised beams/targets
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In lepton-nucleon (i.e. fixed-target) spin experiments...
...needed are polarised targets and beams (i.e. nucleons with aligned spins)
of large density of those spins (dense beams and large targets)
measurements are differential to minimise systematic errors

N� −N⇔

N� +N⇔

(upper arrow denotes lepton spin, lower one – spin of the target proton):
Example of a two-cell COMPASS target:

μ

130 cm 

S
μ

3 cm

with a possibility of a quick reversal of spins in both cells
COMPASS µ beam naturally polarised in ∼80% at E =160 GeV.
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Helicities in the ~p~p collider
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Longitudinal asymmetries in the ~p~p collider
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Method of extraction of g1 in a ~µ~N fixed-target experiment

• Inclusive asymmetry, Ameas(x,Q2); γ∗-N asymmetry, A1(x,Q2); g1(x,Q2):

Ameas =
1

fPTPB

(
N� −N⇔

N� +N⇔

)
≈ DA1 = D

g1(x,Q2)

F1(x,Q2)

LO
= D

∑
q

e2
q∆q(x,Q

2)∑
q

e2
qq(x,Q

2)

f,D: dilution and depolarisation factors; PT , PB : target and beam polarisations;
N�,⇔: number of ~µ interactions in each target cell:
(upstream, downstream) or (outer, central)

• Then g1(x,Q2):

g1(x,Q2) = A1(x,Q2) · F1(x,Q2) = A1(x,Q2) · F2(x,Q2)

2x(1 +R(x,Q2))

• For the deuteron target:

(per nucleon) gd1 = gN1 (1− 3

2
ωD) =

gp1 + gn1
2

(1− 3

2
ωD); ωD = 0.05± 0.01

2006

2002−2004
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Method of extraction of g1 in a ~µ~N fixed-target experiment,... cont’d

• At LO, semi–inclusive (SIDIS) asymmetry, Ah1 :

Ah1 (x, z,Q2) ≈

∑
q

e2
q∆q(x,Q

2)Dh
q (z,Q2)∑

q

e2
qq(x,Q

2)Dh
q (z,Q2)

z =
Eh
ν

Dh
q 6= Dh

q̄

ASIDIS ∼ pdf ⊗ FF

Nonperturbative fragmentation functions Dh
q (z,Q2)

need to be determined from experiment!
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Now including spin:
helicity and transversity PDFs
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Measurements of gp
1(x,Q2) and F p

2 (x,Q2)

COMPASS NLO QCD at W 2 > 10 (GeV/c2)2

dashed line: extrapolation to W 2 < 10 (GeV/c2)2
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COMPASS NLO fit

g1 measurements little sensitive to ∆g

COMPASS, PL B753 (2016) 18 HERA, Eur.Phys.J. C75 (2015) 580
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JAM NLO fit to world inclusive data (A‖, A⊥)

JAM: Jefferson Lab. Angular Momentum Collaboration

Included JLab data W 2 > 4 GeV2 =⇒ reduced errors for valence & sea at x > 0.1

JAM, PRD 93 (2016) 074005
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Inclusive g1(x,Q
2) at EIC (pseudo-data)

Errors statistical (EIC: expected, modest parameters); bands: from gluon helicity uncertainty

arXiv:1509.06489 “White paper”, arXiv:1212.1701
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Polarisation of quark sea
∆s puzzle. Strange quark polarisation (COMPASS):

2∆S =

∫ 1

0
(∆s(x) + ∆s̄(x))dx = −0.09± 0.01± 0.02 from incl. asymmetries + SU3,

while from SIDIS it is compatible with zero
but depends upon chosen FFs.

Most critical: RSF =

∫
DK

+

s̄ (z)dz∫
DK+
u (z)dz

=⇒COMPASS extracts it from multiplicities.

Example of sensitivity to FFs at Q2=2.5 (GeV/c)2

LSS, PRD D84 (2011) 014002

The sea is probably unsymmetric (STAR):

(opposite to COMPASS...)

STAR, PR D99 (2019) 051102
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H.Gao, DIS2018
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The proton spin “puzzle” (> 30 yers old!)

For the proton in ~ units:

1

2
=

1

2
∆Σ + ∆G + ∆L

∆Σ ∼ 0.3, ∆G ∼ sizable?, ∆L = ?

Do we approach a solution of the proton spin puzzle?

Yes, but an independent measurement of ∆L needed;
from the 3D (5D) analysis? Plans at: COMPASS, BNL, JLab.

Electron-Ion Collider, the “imaging machine”
will faciliate an accurate measurement of ∆G and an access to ∆L.
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Parton separation at EIC pseudo-data (inclusive and semi-inclusive)

DIS + SIDIS EW DIS

From “White paper”, arXiv:1212.1701 E. Aschenauer, SPIN2016
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Nucleon spin “puzzle” at EIC

From “White paper2017”, arXiv:1708.01527v3 From “White paper”, arXiv:1212.1701
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There are more dimensions
to explore, e.g. 3-D!

chiefly due to failures of the 1-D picture
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3-D nucleon structure

B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 48 / 82



B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 49 / 82



Partonic structure of the nucleon; distribution functions
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In LT and considering kT,
8 PDF describe the nucleon
=⇒ Transverse Momentum Dependent PDF

QCD-TMD approach valid kT �
√
Q2

After integrating over kT

only 3 survive: f1, g1, h1

TMD accessed in SIDIS and DY
by measuring azimuthal asymmetries
with different angular modulations

SIDIS: e.g. ASivers ∝ PDF ⊗FF

DY: e.g. ASivers ∝ PDFbeam⊗ PDFtarget

OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent

h⊥1 (SIDIS) = −h⊥1 (DY) f⊥1T(SIDIS) = −f⊥1T(DY)

OBS! transversity PDF is chiral-odd; may only be measured with another chiral-odd
partner, e.g. fragmentation function.

TMD parton distributions need TMD Fragmentation Functions!
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A. Bacchetta, DIS2017

What does Sivers effect do?
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COMPASS SIDIS-DY bridge (from R. Longo, Low-x 2018)
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A. Bacchetta, DIS2019
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Sivers function at EIC
x=0.1, proton ⊥ polarised along y, moving along z

quark “flow” in a nucleon

From “White paper”, arXiv:1212.1701

⇐= EIC acceptance for Sivers meas.

O. Eyser, SPIN2016
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...Proton even 5-D!
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Descriptions of pdf s in the nucleon

From “White paper”, arXiv:1212.1701
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Take-away menu: proton structure very rich!

1-D proton structure accurate and well controlled.

Experimental results suggest a necessity to go
beyond the collinear parton picture of the nucleon.

New promising concepts:
1. Transverse Momentum Dependent distributions, TMD
2. Generalised Parton Distributions, GPD (not discussed).

Data from: SIDIS, pp, Drell-Yan, e+e− (not discussed)
=⇒ formulation of the 3-D imaging of the nucleon well advanced.

Expected: new data from COMPASS, RHIC, JLab at 12 GeV
and the forthcoming Electron Ion Collider!

Topical issue of EPJA dedicated to the 3-D nucleon structure:
EPJ A52 (2016) no.6 (15 articles)!
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SPARES
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Drell-Yan process at COMPASS

π− + p→ µ+µ− + X, beam: 190 GeV/c, target: ⊥ polarised proton (NH3)
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Drell-Yan process at COMPASS,...cont’d

Sivers asymmetry in bins of xN , xπ, xF , qT ,Mµµ
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Drell-Yan process at COMPASS,...cont’d

...and other (integrated, transverse spin) asymmetries
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Drell-Yan and SIDIS at COMPASS; Sivers asymmetry

Sivers asymmetry results from SIDIS at the DY Q = Mµµ scale bins
(all other Transverse Spin Asymmetries measured as well)
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COMPASS, Phys. Lett. B770 (2017) 138
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HadronEelectronRing Accelerator (1990–2007) legacy 300 authors, 70 institutions

A collider of protons and electrons (positrons);
√
s ∼ 300 GeV; ∼0.5 fb −1/exp.

6.3-kilometre superconducting p ring; separate (normalcond.) for e+/e−;
2 intersection points, detectors: ZEUS and H1

Most precise picture of inner proton dynamics (without spin) =⇒ QCD (-> NNLO)

Unification of electromagnetic and weak forces at high energies

Joint ZEUS+H1 set of DIS data: HERAPDF2.0 (LO, NLO, NNLO)

Tension between the data and QCD at Q2 <∼ 15 GeV2

No deviations from SM > 2.5σ; compositeness: Rq < 0.43 · 10−18m

Eur.Phys.J. C75(2015) 580
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HERA’s non-legacy

Insufficient luminosity for high x precision or searches
Lack of Q2 lever-arm restricts precision on low x for gluons
Limited quark flavour info (no deuterons to separate u and d)
Protons not polarised except HERMES
(no spin, transverse structure...)
No nuclear targets

⇒⇒⇒⇒⇒⇒These limitations addressed by EIC (and LHeC)

after P. Newman, DIS2016
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3-D nucleon; one attempt

Transverse Momentum Dependent distributions:
parton intrinsic kT taken into account

TMD related to quark angular momentum, L!

TMD may be studied in 2 ways e.g. at COMPASS:

semi-inclusive DIS (polarised muons on unpolarised/transversely polarised target)
Drell-Yan process (π beam on unpolarised/transversely polarised target)

µ µ

p X

γ* γ
µ

µ

+

−

q

q

*

SIDIS DY
Obs.: final state interactions! Obs.: initial state interactions!
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COMPASS spin-dependent asymmetries in DY–SIDIS

← sign change hypothesis

← NO sign change

PRL 119 (2017) 112002

In 2018

statistics ≈ 1.5 × 2015!
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M. Anselmino, Bad Honnef 2017
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High energy polarised muon beam at CERN
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COMPASS polarised targets: NH3 and 6LiD

superconductive

 Solenoid (2.5 T)

3He – 4He Dilution
 refrigerator (T~50mK)

Dipole (0.5 T)

* Two (three) target cells, oppositely polarised
* Polarisation reversed every 8 h (less frequent after 2005) by field rotation
* Material: solid 6LiD (NH

3
)

* Polarisation: ~ 50% (~90%), by the Dynamical Nuclear Polarisation 
* Dilution: f~0.4 (~0.15)
* Polar acceptance: ~70 mrad (~180 mrad after 2005)

cells

2006

2002−2004

NH3, primary vertex resolution at Q2
<1 (GeV/c)2
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NLO QCD fit: results for gp
1 , g

d
1 , g

3He
1 inclusive data, W 2 > 10 (GeV/c2)2
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• Statistical uncertainties (dark bands)� systematic ( light bands)
• Gluon polarisation poorly constraint =⇒ “direct” methods
• Quark spin contribution to the nucleon spin: 0.26 < ∆Σ <0.36 (due to poor ∆g)

PLB 753 (2016) 18
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Semi-inclusive asymmetries and parton distributions

COMPASS: measured on both proton and deuteron targets
for identified, positive and negative pions and (for the first time) kaons

CLAS12, Update to E12-09-007

COMPASS, Phys. Lett. B 693 (2010) 227

DSSV, Phys. Rev. D 80 (2009) 034030

COMPASS: LO DSS fragm. functions and LO unpolarised MRST assumed here.

NLO parameterisation of DSSV describes the data well.
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A. Kraishan DIS2019
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Direct measurements of ∆g(x)

Direct measurements – via the cross section asymmetry for the
photon–gluon fusion (PGF) with subsequent fragmentation into

cc̄ (LO, NLO) or qq̄ (high pT hadron pair (LO)): APGF
γN ≈ 〈aPGF

LL 〉
∆g

g
N

µ

q

qγ *

µ

g

COMPASS from SIDIS on d for any (pT)h and at LO:

∆g/g = 0.113± 0.038(stat.)± 0.036(syst.) at 〈Q2〉 ≈ 3 (GeV/c)2, 〈xg〉 ≈ 0.10

clearly positive gluon polarisation! COMPASS, EPJC 77(2017) 209
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Results for the Collins asymmetry for protons (SIDIS)

COMPASS, Phys.Lett. B744 (2015) 250 M. Anselmino et al., Phys.Rev. D92 (2015) 114023

Collins asymmetries for proton measured for +/– unidentified and identified hadrons...
...are large at x >∼ 0.03 and consistent with HERMES (in spite of different Q2!)
but negligible for the deuteron
COMPASS data on p,d + HERMES data on p + BELLE on e+e−: =⇒ ∆Tu, ∆T d
Transversity also obtained from 2-hadron asymmetries
(and “Interference Fragmentation Function”)

B. Badelek (Warsaw ) Nucleon structure Frontiers..., 2019 81 / 82



Results for the Sivers asymmetry for protons (SIDIS)

COMPASS, Phys.Lett. B744 (2015) 250 M.Anselmino et al.,JHEP 1704(2017)046

Sivers asymmetries for proton measured for +/– identified hadrons are large for π+, K+...
...and even larger at smaller Q2 (HERMES)
COMPASS deuteron data show very small asymmetry
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