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How It started - Naive constituent quark model:
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5 = Z quark spin
1
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« Add relativistic corrections

AY =~ 0.65

First measurement: EMC 1988
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Experiments studying spin
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Access to partons and their helicity
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Access to partons and their helicity

é
Longitudinally polarised e~ (k)

lepton beam
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Measurement of the quark spin contribution

longitudinally polarised proton » flip proton spin and count... CIEEIMEIM
longitudinally polarised e* or ,ui beam
count... CEIEIMIIN

Access to quarks with spin aligned to proton spin Access to quarks with spin anti-aligned to proton spin
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Measurement of the quark spin contribution
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The asymmetry
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Quark flavour dependent helicity:
single-hadron production in semi-inclusive DIS

fragmentation function FF(z, 0?)
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Quark flavour dependgnt hellc:lty.: | | fragmentation function:
single-hadron production in semi-inclusive DIS - eve- annihilation
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Quark flavour dependent helicity:
single-hadron production in semi-inclusive DIS

Asymmetry:

Semi-inclusive measurements
— access to flavour-dependent quark spin contribution
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Single-hadron asymmetry from semi-inclusive DIS

s A PAls S aoss<xcano |
0.2; bé i * ? = 0.100<x<0.600 1
°:'f§## ;55';35#?
osAﬁpAﬁd
: yé&ﬁﬁ#?ﬁé?ggg#

HERMES, Phys. Rev. D 99 (2019) 11, 112001

0.2 0.4 0.6 0.8

0.2 0.4 0.6 0.8
Z

12

0.2 0.4 0.6 08




Single-hadron asymmetry from semi-inclusive DIS

At leading order and leading twist
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Access to helicity distributions through pp collisions
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Polarised pp collisions
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Longitudinal single-spin asymmetry in pp collisions
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Longitudinal single-spin asymmetry in pp collisions
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Longitudinal single-spin asymmetry in pp collisions
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Global fits: quark helicity PDFs
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* inclusive DIS
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Global fits: quark helicity PDFs _

Data: Phys. Rev. Lett. 119 (2017) 132001

* inclusive DIS
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Global fits: quark helicity PDFs _

Data: Phys. Rev. Lett. 119 (2017) 132001

* inclusive DIS
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. eTe™ annihilation
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Global fits: quark helicity PDFs _

Data: Phys. Rev. Lett. 119 (2017) 132001
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quark helicity PDFs

Global fits

Data:

JAM Collaboration,

Phys. Rev. Lett. 119 (2017) 132001
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Global fits: quark helicity PDFs

Data:

* inclusive DIS
« SIDIS
. eTe™ annihilation
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Gluon helicity
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Gluon helicity
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Double-spin asymmetry in pp collisions

Inclusive DIS: gluons only enter at NLO pp collisions: gluons enter at LO
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* Inclusive jet production

* Inclusive dijet production

. 7V and 7t production

» Direct photon production
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Double-spin asymmetry in pp collisions

Inclusive DIS: gluons only enter at NLO pp collisions: gluons enter at LO

y
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* Inclusive jet production

* Inclusive dijet production

. 7V and 7t production

» Direct photon production

* Increased sensitivity to gluons:
* heavy-quark production

» high-p, hadrons
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Longitudinal double-spin asymmetry in pp collisions
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Longitudinal double-spin asymmetry in pp collisions

probed partons

:); (—_) - p+p —Jet+det+X
Ndijet Ndije’[ 0.7E-,  NLO pQCD CT18 08< 1, <0;08< 1, <18
C ., Anti-k, R=0.6
0.6 °
—> —> =
- <« 0.5
A = =———(xz 0% 5
— 0.4—
LL = il B -
Ndijet Ndijet 0.3
—_— —_— 0.2
— + —> -
- «— 0.1
L L :“I““IllllllllllIIIIIIIIIIIIIIIII
- — s =200 GeV
2 2 0.73‘ ---Ys=510 GeV 0< 1, <0808<mn <18
Af(xp, OQ)Af(x, Q7)o oef g0 ) _
a 2 2 -§ 05:_ \“ g \
Joo, O9)f(x, Q) & °%
) — o*
o 0.4— o
&) R
S o036
S F
« 0.2—
— + qq
of- 99+
:.".“.‘.I....I....I....I........I....
g P!> 8 GeVic, pj“b'ead > 6 GeV/c
0.7 A¢34>120° 08< n3,4<1.8
0_6:—“‘ g9 “',¢' qg \
0.5
0.4 |
0.3:_"
0.23—
0.1—
O:“I‘I 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1

0.05 0.1 0.15 0.2 0.25 0.3
Parton Level Dijet Invariant Mass/{s 20



Longitudinal double-spin asymmetry in pp collisions

probed partons probed Xx region
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Longitudinal double-spin asymmetry measurement
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Future: probing the valence region with CLAS12
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Future: the electron-ion collider (EIC)
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 Based on RHIC:
* use exiting hadron storage ring
energy: 41, 100-275 GeV
* add electron storage ring in RHIC tunnel
energy: 5-10 GeV
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The various data-collection stages
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The various data-collection stages

a

N Tomography (p/A) 4

& Transverse Momentum O

= Distribution and Spatial Imaging =

= S

o : 7

o 1033 il 10

je Sp| N ana rle ructure of the 8

g Nucleons anc Nuclei *§

S O)

O N o

o Internal Landscape QCD__ ” > Parton cE

5 1032 of Nuclei . Seearation — 1

I g% + EIC
é ; » SRF for 7nC/bunch

* no 394 MHz crab cavities
* No low energy cooling
* no 41 GeV bypass

0 50 100 150
e-p Center-of-Mass Energy [GeV]

J. Lajoie, DIS2026 25



The various data-collection stages

o

» 10% 100 S

) Tomography (p/A) =

% Transverse Momentum O

> Distribution and Spatial Imaging I=

= S

3 1033 i

= 10 10 -

£ S+ EC

har = + SRF for 7nC/bunch

o Dz * No 394 MHz crab cavities
C % .

% 1032 1 C:US no 41 GeV bypass

> 3

< 2%+ EIC
<3 » SRF for 7nC/bunch

0 50 100 150 * no 394 MHz crab cavities

* No low energy cooling
* no 41 GeV bypass

e-p Center-of-Mass Energy [GeV]

J. Lajoie, DIS2026 25



The various data-collection stages
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Luminosity and centre-of-mass energy: ep collisions
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The electron-proton/ion collider (ePIC) detector
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The electron-proton/ion collider (ePIC) detector

hermetic coverage:
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The electron-proton/ion collider (ePIC) detector

hermetic coverage:
0°o<p<360°
20<0<178° — -4<n<4

* PID

 Electromagnetic
calorimeter

e Hadronic
calorimeter

h I | L newly created

particles

w &g

Data acquisition:
no trigger

all collision data is digitised

with strong zero-suppression at front-end electronics
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Far backward/forward systems







Far backward/forward systems
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detect the lepton scattered
under very small angles



Far backward/forward systems
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e ——— i S

Low-Q2 taggers:
detect the lepton scattered
under very small angles

Luminosity monitor side view: 4,06 m

required absolute precision: 1%

required relative precision: 0.01%

exit window/
converter




Far backward/forward systems

BO detector

B0 system: trackers+electromagnetic
calorimeters inside magnetic field
to detect protons and photons

B TR
S — T

Low-Q2 taggers:
detect the lepton scattered
under very small angles

Luminosity monitor side view: 4,06 mt

required absolute precision: 1%

required relative precision: 0.01%

exit window/
converter




Far backward/forward systems

BO detector

B0 system: trackers+electromagnetic
calorimeters inside magnetic field
to detect protons and photons

T

| ‘I\I//:”:I‘U Roman pots and off-momentum detectors:
i reconstruct far-forward protons
i! (and other charged particles+light ions)
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Low-Q2 taggers:
detect the lepton scattered
under very small angles

Luminosity monitor side view: 5016 m
required absolute precision: 1% brems.y's)  \| —— o M
required relative precision: 0.01% exit window/ '
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Far backward/forward systems

BO detector

Zero-degree calorimeters:
detection of neutrons and
B0 system: trackers+electromagnetic photons
calorimeters inside magnetic field
to detect protons and photons

—J

\l\'“//‘\‘llzljﬁ Roman pots and off-momentum detectors:
i reconstruct far-forward protons
,, (and other charged particles+light ions)

Low-Q2 taggers:
detect the lepton scattered
under very small angles

Luminosity monitor side VIeW:  gipote il
required absolute precision: 1% brems.y's)  \| —— o M
required relative precision: 0.01% exit window/ '
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Timeline

FY = Oct 1st through Sep 30th

FY24 | FY25 | FY26 | FY27 | FY28 | FY29 | FY30 | FY31 | FY32 | FY33 | FY34 | FY35 | FY36 | FY37/
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Kinematic coverage at the EIC
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10 3 Current polarized DIS data:
o CERN ADESY ¢JLab O0SLAC

— . Current polarized BNL-RHIC pp data:
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Gluon helicity distribution of the proton

* High e- purity needed:
suppression of & contamination via EMCAL

* Precise track reconstruction needed:
trackers and EMCAL
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Gluon helicity distribution of the proton

g, world data
Phys. Lett. B 753 (2016) 18
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Gluon helicity distribution of the proton

g, world data
Phys. Lett. B 753 (2016) 18
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Simulation campaign: 25.10.0
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Gluon helicity distribution of the proton

Statistical uncertainty
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Gluon helicity distribution of the proton

Expected impact on Ag

ATHENA, JINST 17 (2022) 10, P10019
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Gluon helicity distribution of the neutron

P-QPD-0

http://www.Ins.mit.edu/

~90% ~1.5% ~8% nig/programs.html
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Gluon helicity distribution of the neutron

Access to spin structure of the neutron inclusive DIS

k'(Ee, Pe)
k(Ee, Pe)

-

q(w,q)

P-QPD-0 =

http://www.Ins.mit.edu/

~90% ~1.5% ~8% nig/programs.html n(EN, pN)

‘He
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Gluon helicity distribution of the neutron

Access to spin structure of the neutron inclusive DIS

k'(Ee, pe)

k(Ee, De)
S S’ D q(w,q)
D-DPD-9 —
iyl T e n(Ey, Pn)

~90% ~1.5% ~8% nig/programs.html

tagged DIS

‘He

Ps1(Es1, Ps1)

double tagging of protons
in far forward system

Ds2 (Esy, ﬁsz)
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Gluon helicity distribution of the neutron

Access to spin structure of the neutron

k(Ee' ﬁe)

P-D9D-¢

~90%

~1.5%

~8%

http://www.Ins.mit.edu/

nig/programs.html

‘He

Tagging of protons
in far-forward system

inclusive DIS

k'(Ee, pe)

alw.a)

Focusing quadrupoles

BOpf combined function magnet

Crystal
EMCAL -

-

SiPM-on-tile HCAL

Off-Momentum

Detectors




Gluon helicity distribution of the neutron

g1 world data
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Gluon helicity distribution of the neutron

g1 world data
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Simulation campaign: 25.10.2
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Gluon helicity distribution of the neutron
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Simulation campaign: 25.10.2
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Quark helicity distributions of the proton
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Quark helicity distributions of the proton

Hadron particle identification:
pions, kaons and protons
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ePIC particle identification

Particle identification: Cherenkov detectors

. LI M TTTTHTTTRY, /

\

<+ ——— aerogel container
— ——— acrylicfilter
— — —— inner conical mirror

JAAARARRATALAARRARAARIAR CRRARRREN

———— sensor plane

S outer conical mirror
= s s s s outer vessel shell
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ePIC particle identification

Particle identification: Cherenkov detectors
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ePIC particle identification

Particle identification: Cherenkov detectors

Q)
e

Al
cC 1—2
o1&
O+x | E
O s |©¢
(D) ¥ =8
............................. € 1 E
w | E

=1 0K

=1

<

=t &N

_____
o O O O
0 O© < «
 rdE: sl s e

[0)

3

oS

s 9

S ©

O m©

o

19—

X W

A
a w _ —
- = =
.m - - =
+ r— Q C —
e =5 = SE]
0 | T (48] ‘o= v
—_ 4= O o O o
e (@) O | - O v
o s 5 3 O O
588 & 55
(&

s oS 3 o O
[ . _ | |
[ _ | |
|1 | _ | |
€N I _ | |
/A TNRNRRRANRA RRRRRRARRR Y QNNRAN R |
WW .

e \ \

36



ePIC particle identification AC-LGAD based TOF, for p < 0.5 — 3 GeV/c

L
Yy =
tstop ~ Lstart
\ - . // Ax

detectors based on L L -

Cherenkov radiation N .7 T magnet

for 1 GeV/c<p<50 GeV/c I ( __

CEEE L
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ePIC particle identification

Barrel Region
- e/piup to 0.5 GeV/c

_ pi/Kupto1.9 GeV/c =

- K/pupto 3.1 GeV/c

Particle identification: time of flight
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ePIC particle identification

Particle identification: coverage
107 SRR B L LR LI B IR B B

Range of 30 n-K separation Range of 30 K-p separation

| HJU‘H‘H‘Il [ | IIIIII|

102 & Pythia, e+p 18 x 275 GeV 106 10°
= : s :
S 10 — - 10 S 10 =
£ - S =
3 : 3 —
GC) . _ 1 03 qc) 1 | - —
E o g i —
S 107 s .

y
1 0—1 Wi T T T L 1 1 0—1 | p! N R AN B BN AN RN B SN B A L
5 -4 3 2 -1 0 1 2 3 4 5 5 4 3 2 -4 0 1 2 3 4
n n

36



Quark helicity distributions of the proton
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—— DSSV 14
0.03 DSSV + EICDIS /s = 45 GeV
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Quark helicity distributions of the proton
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1D image /7~ N 3D tomographies of the nucleon



The various dimensions of the nucleon
Wigner distributions W (, k. l;l)
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The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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transverse-momentum
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Semi-inclusive production
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The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, ET, Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, ET, Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, ET, Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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Exclusive production




The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, k. Z;L)
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The various dimensions of the nucleon
Wigner distributions W (, ET, Z;L)
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Transverse-momentum-dependent PDFs (TMD PDFs)

survive integration of parton
transverse momentum

nucleon polarisation

quark polarisation
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Transverse-momentum-dependent PDFs (TMD PDFs)

quark polarisation
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Transverse-momentum-dependent PDFs (TMD PDFs)

quark polarisation
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Transverse-momentum-dependent PDFs (TMD PDFs)

quark polarisation
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Transverse-momentum-dependent PDFs (TMD PDFs)

nucleon polarisation

quark polarisation

U

L

1
/1 hi
1
gir hit
1 1
17T giT hir th

40

Chiral odd



Transverse-momentum-dependent PDFs (TMD PDFs)

quark polarisation
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TMD PDFs: correlations
Unpolarized

Spin-spin
correlations

Spin-momentum
correlations
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TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process
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TMD semi-inclusive DIS

Highly virtual photon:

0’ > 1 GeV?

provides hard
scale of process

p(P)

@_—V C

7" (q)

parton distribution function PDF(xp)
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TMD semi-inclusive DIS

fragmentation function FF(z)

0> =-q’ p(P) -
0?
B = 2P - g
lab L & —d C
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Highly virtual photon: parton distribution function PDF(xp)

0’ > 1 GeV?

provides hard
scale of process
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TMD semi-inclusive DIS

fragmentation function FF(z,p,)

g -
0*=-¢q’ p(P) .
2peq % /N P1 PhT
E.. 7" (q)

Transverse-momentum-dependent (TMD)

Highly virtual photon: parton distribution function PDF(xp, k)

0’ > 1 GeV?

provides hard
scale of process
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TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process

fragmentation function FF(z,p,, Q%)

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xp, k, Qz)

42

TMD evolution




TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process

fragmentation function FF(z,p,, Q%)

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)

42

TMD evolution




TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)

42

fragmentation function FF(z,p,, Q%)

TMD evolution




TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)

42

fragmentation function FF(z,p,, Q%)

TMD evolution




TMD semi-inclusive DIS

Highly virtual photon:

0? > 1 GeV?

provides hard
scale of process

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xg, k,, Q)

42

fragmentation function FF(z,p,, Q%)

TMD evolution




Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
2(sin(¢ + ¢s)) i = € Fpp 0%
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
2(sin(¢ + ¢s)) i = € Fyp 7%

Fxy o« C|TMD PDF(x,k;) x TMD FF (z,p.)]

Zl@bﬁ e -
— EW*
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and TMD fragmentation functions

Azimuthal amplitudes related to structure functions fxvy :
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TMD FFs
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Fragmentation
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TMDs: factorisation and universality
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TMDs: factorisation and universality
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semi-inclusive DIS: |
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TMDs: factorisation and universality
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TMDs: factorisation and universality
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Validity of TMD description

An
TMD
2 characteristic scales: rgss)cz[l)eré ,
small Pt and large Q2 * , ©.9., Pht
Aqep << Q.orP; << Q QrorPr

Consistent results for TMD
and CT3 in overlap region
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Experiments investigating TMD PDFs and TMD FFs
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Access to transversity in semi-inclusive DIS:
Collins amplitude

_ N (¢, s) = N* (¢, ¢bs)
o ( |ST| )y N1(, ds) + N, ds)

A
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Access to transversity in semi-inclusive DIS:
Collins amplitude

1 NY @, p5) — N' (¢, )

Ayr = T |
(|ST|) N (), ds) + N (¢, ds)

~ SIn(¢ + ¢s) Z‘C (x k) X Hl q(Z,pl)]

(x k) :transversity <§> <%>

Hll (z, p,): Collins fragmentation function
h




Collins amplitudes

HERMES, JHEP 12(2020)010

» Oppositely signed amplitudes for i+ and 1t
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Artru model

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

HERMES, JHEP 12(2020)010

» Oppositely signed amplitudes for i+ and 1t
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Collins amplitudes
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Access to Sivers in semi-inclusive DIS
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Access to Sivers in semi-inclusive DIS

_ N (¢, s) = N* (¢, ¢bs)
o ( |ST| )y N1(, ds) + N, ds)
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Access to Sivers in semi-inclusive DIS

_ N (¢, g) = NH . )
- ( |ST| )y NU(, ps) + NH, ds)

~ sin(¢) — ¢bs) 2 [fllT’q(x, k)X DI (x,k l)]

q
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» Sivers function:
* requires non-zero orbital angular momentum
- final-state interactions — azimuthal asymmetries

@
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Sivers amplitudes

HERMES, JHEP 12(2020)010

(=)
© .
- N

0.08 |
0.06 |
0.04 |
0.02 |

2 <Sin(¢-¢S)>U_L

AP LA LR RARN RARY
-
M4
E
-

3 JE 7o
-0.02 | - :
0.04 - 3 3
]]]]]]]] e e

0.06 |
0.04 |

0.02 i+ _ .

-
-
-
—=

P T
-
' .-
-
—m—
[T
Mol
L
-
-
.-
E+

0.02 |
-0.04 |
-0.06 |
-0.08 |
0.1

[TTTTTTTrrreT]
—
—
—_—
RN RRRN LR R

0.35
03 K
0.25 [
02 -
0.15 |
0.1
0.05 21.*“* o

2 (sin(¢-0g))y,

TT IllllIIHIIIIllllll[llllllllllllll TTTTTT T TTT T T I T T T i T I LT[ TTT [ TTT[TTT
1

- 1
1

-

-0.05 &

025 - 3
02 - K 3
0.15 | =
0.1 - =

IR TR A

-0.05 —
0.1 £

-0.15 —
e e | (e

57



Sivers amplitudes

HERMES, JHEP 12(2020)010
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Sivers amplitudes
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Sivers function

M. Anselmino et al., JHEP 04 (2017) 046
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Sivers: predicted sign change

1 . _
0.0, P.S) = o7 [ d' €7 E(P.S| 3,00 Viog 04(9)|P.S)
W [0, SIDIS]
G| P(E)
¥(0) 3
lepton ’\/\/\/L f

proton — SRt 5 S W

semi-inclusive
DIS I TETTET (g

attractive

59

J. C. Collins, Phys. Lett. B 536 (2002) 43



Sivers: predicted sign change
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Sivers: predicted sign change
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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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Investi

gation of the Sivers sign change in pr collisions
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Investi

gation of the Sivers sign change in pr collisions
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3.4% beam pol. uncertainty not shown

-0.5

0
yW
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PRL 116 (2016) 132301

STAR p-p 500 GeV (L = 25 pb ™)
0815 < P} <10 GeV/e

KQ (no ““sign change™)
Global ¥2/DOF = 19.6/6

-0.8 3.4% beam pol. uncertainty not shown
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-0.5 0 0.5
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Boer-Mulders TMD PDF

@ ® Distribution of transversely polarised quarks in an unpolarised nucleon

hququ
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Boer-Mulders TMD PDF

@. ® Dlstrlbutlon of transversely polarised quarks in an unpolarised nucleon

hJ—aq X HJ—aq

spln physics with unpolarised hadrons!
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Boer-Mulders TMD PDF

@. ® Dlstrlbutlon of transversely polarised quarks in an unpolarised nucleon

hJ—aq X Hlaq

spln physics with unpolarised hadrons!

k' access at unpolarised facilities, such as the LHC!

" S
P \M Zo/y* [+
p Nl‘
ep collisions: semi-inclusive DIS hh collsisions: Drell-Yan
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Boer-Mulders TMD PDF

@. ® Dlstrlbutlon of transversely polarised quarks in an unpolarised nucleon

hJ—aq X HJ—aq

spln physics with unpolarised hadrons!

k' access at unpolarised facilities, such as the LHC!

ep collisions: semi-inclusive DIS FSI vs. ISI — sign change hh collsisions: Drell-Yan

64



Boer-Mulders TMD PDF in semi-inclusive DIS

o ~ cos(2¢,) Z 65 C [ hi(x, k) X Hll’q(z, p
q

hi(x,k,) : Boer Mulders @;@T

Hll’q(z, p1): Collins fragmentation function
h
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Boer-Mulders modulation: experimental access

Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)

\/
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Boer-Mulders modulation: experimental access

Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)

\—/

- QED radiate effects
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Boer-Mulders modulation: experimental access -

© [hll’q X Hll"f]

Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)
(‘S‘J

\J

- QED radiate effects

o

+limited geometric and kinematic acceptance of detector
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Boer-Mulders modulation: experimental access -
& [ x H|

Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)

V\—/

Yy
- QED radiate effects %

+ limited geometric and kinematic acceptance of detector

- [imited detector resolution
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Boer-Mulders modulation: experimental access

Measurement in ep:

(cos(2¢n)) Born(J)

(cos(20n) ) meas (%)

\/

QED radiate effects §

5

& [ x H|

limited geometric and kinematic acceptance of detector

limited detector resolution

x 104] MC a—a— generated in 4w
1500 3‘ T, ™ gl ..

1 !,.-' i T Sy ke -l |NSide acceptance
1000 =7 - g 'y

_-. "'.i
500 [

| D.ﬂ?ﬂ-{lx {GJ‘I—E;
0 2 4 G

@,
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Boer-Mulders modulation: experimental access

Measurement in ep:

x 102
1500

1000

500

Fully differential analysis
Unfolding in 400 x 12 bins

400 kinematic bins x 12 ¢-bins

BINNING

Variable

Bin limits

X

0.042

0.0/8
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[ a; "
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0.6
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0.3
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0.2
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Boer-Mulders modulations @-®

© [hll’q X Hll’q]

I mep —enX
[ Ded -enX

A
: ﬁ*w ______ % Hg%%* _____________ %ﬁ%%é
I I R

H-D comparison: hll’“‘ ~ hll’d

2

' " _ + _
Negative for 7™; positive for 7= — Hll’”_)” ~ HlJ-,u—>7z



Study of quark TMD PDFs at the LHC

Overall view of the LHC experiments.

Main collisions at the LHC:

~ +ppat+/s=7,8,13,and 14 TeV
(+smaller samples at 2.76 and 5.02 TeV)

‘pPb at vsnn =15.02, 8.20, 8.80 TeV
*PbPb atv/snn =2.76, 5.02, 5.44 TeV
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Study of quark TMD PDFs at the LHC

@T =/ qQuark polarisation

ion

i

1Sa

nucleon polar

@ ® experiments.
T\ %

U

L

T

f1

hy

Main collisions at the LHC:

~ eppat+/s=7,8,13,and 14 TeV

(+smaller samples at 2.76 and 5.02 TeV)
‘pPb at v/snyn =5.02, 8.20, 8.80 TeV
*PbPb atv/snnv =2.76, 5.02, 5.44 TeV




Study of spin-independent quark TMD PDFs at the LHC

ART34 extraction: at N4LL
V.Moos et al., arXiv.:2305.07473

104 1073 1072 1071 1
\ \ \ \ \
Coverage Drell-Yan 10 10°
500 - 500
100 \ -100
> i
%; 50 50
10 - 10
5 Total: 0\ -5
~ 627 data points PHENIX
\ \ \ \ \
107* 107 1072 107! 1 A. Vladimirov
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Study of spin-independent quark TMD PDFs at the LHC

ART34 extraction: at N4LL
V.M02c>s et al., arXivl.:2305.07473
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3 | | | ! | 3
Coverage Drell-Yan 10 110
500 - 500
100 s =l 100
> )
O 50 50
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Study of spin-independent quark TMD PDFs at the LHC

ART34 extraction: at N4LL

V.Moos et al., arXiv.:2305.07473
1074 1073 1072 107! 1

Coverage Drell-Yan 1o 10°
500
L
a
o O
Cn
>
100 100 —
N g “'5
> S
5 : J C
E 50 ~50 q>) 9
= 5
') O
>
% )
miS
T
10 - 110
5 -5
107 107 1072 107! 1 A. Viadimirov



Quark Boer-Mulders TMD PDFs at the LHC

A, ~ hi-hi- and f, f;

Comparison data — fit: S. Pilofieta, A. Vladimirov, JHEP 12 (2024) 059
0.06¢ 0< |yl <1 Ao 0.06; 1< |y <2 0.30 2 <|yl <35 —e—ATLAS
0.05" # © 005 025 —v— CM5

: : : : —=— LHCb
0.04" + T 0.04 0200 @
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0.02" 0.02- 0.10. ® ° ¢

i I i ® ®
0.01 0.01" 0.05¢ ’ |
0.00 0.00 0.00° e

0 5 10 15
qT(GGV)

------ No Boer-Mulders

e ATLAS JHEP 08 (2016) 159.
e CMS, Phys. Lett. B 750 (2015) 154.
e LHCb, Phys. Rev. Lett. 129 (2022) 091801.
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Quark Boer-Mulders TMD PDFs at the LHC
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Quark Boer-Mulders TMD PDFs at the LHC

A, ~ hi-hi- and f, f;

Comparison data - fit: S. Pilofieta, A. Vladimirov, JHEP 12 (2024) 059
0.06 0< |yl <1 A, 0.06 - 1< |yl <2 0.30 2 < |yl <35 —e— ATLAS
0.05- + 005 | 025 —v— CMS

i 1 i ? —m— [LLHCb
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hi*hi- dominant f1f; dominant

------ No Boer-Mulders

o ATLAS JHEP 08 (2016) 159. . , , | |
e CMS, Phys. Lett.(B 75)0 (2015) 154. Problematic: inconsistent with ATLAS; consistent with LHCb.

e LHCb, Phys. Rev. Lett. 129 (2022) 091801.
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Gluon TMD PDFs

gluon polarisation
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Gluon TMD PDFs

gluon polarisation
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* In contrast to quark TMDs,
gluon TMDs are almost unknown



Gluon TMD PDFs

gluon polarisation

-

O . .
' U circular | linear
3

e 1
s |\U |/ h
.

- I g hJ—g
S &1 1L
O

-

-

T E1T 1>

/1

* In contrast to quark TMDs,
gluon TMDs are almost unknown

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



Access to gluon TMD PDFs

Unpolarised experiments

gluon polarisation

U | circular | linear
U | ff h*

nucleon polarisation

J. @DyR

No problem with factorisation
if J/y in colour-singlet state

/2



Access to gluon TMD PDFs

gluon polarisation

Polarised ep experiments

e

e /

-

o . .

' U circular | linear
3

— g 1g
= U / | hl

2

- I g hJ—g

O 81 1L
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D

= 1g g g 1lg
= | 1 T E1T hi, hi7

Y*(q)

e
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N(p)

high-pT hadron pair

Y*(q)

Jly
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Linearly polarised gluon TMD PDF at LHCDb

- J/wJ/y production largely dominated by gluon-induced processes

ocx Fi6Lf f]

F,@[woh h8"] + (F;g[% filES) + Fi6[w; ffhfﬂ) cos (2¢ )

/3

(F 4%[w4hflhfl]) cos (4¢cs)



Linearly polarised gluon TMD PDF at LHCDb

- J/wJ/y production largely dominated by gluon-induced processes
o x F\GfEfE)+ F, G [wyhf hs™] + <F3<g[w3 filES) + Fi6[w; ffhfﬂ) cos (2¢¢s) + (F4<g[w4hflhfl]) cos (4¢cs)

After subtraction of JHEP 03 §20|24)| 088

the double-parton A (1) LHCb, 42 157, p¥ < 41 GeVie e Moy
scattering contribution LPF T S-SPSdam — atbxeos@yrexcosd) 3 Pro T ST 5
) - i
< 2F _
15F -
T
1 —
0.5 -
% i 2 3

¢CS

(cos2¢cs) = —0.029 + 0.050 (stat) 4+ 0.009 (syst)

(cosdpcg) = —0.087 + 0.052 (stat) + 0.013 (syst)
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Upcoming

SpinQuest

0.21— Drell-Yan Target Single-Spin Asymmetry
B pp'(d") - prux 4 < M, < 9 GeV

Apparatus for Meson and Baryon
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i = DGLAP
I =98 TMD-1
Meson structure ~0.11- =B TMD-2
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Study of 1 and d Sivers function
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Future: LHCSpin
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Future: LHCSpin

LHCDb
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- 8.16 TeV pPb Other Collision Systems
ol T LHCh LHCb 110 GeV
107 ATLAS/CMS B HERA

I ALICE
105; ALICE Muon

102} |
10" / /

1070 107 107t 107% 102 10t 1o

Study of quark and gluonxTI\/IDs iIn polarised proton,
via Drell-Yan or quarkonium production at high x
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Future: LHCSpin
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EIC: Sivers asymmetry

T

ECCE € [fliT’q X DY

T

systematic uncertainty=
|generated - reconstructed|

5 0 25_ 0.0002 < x < 0.0005 N 0.0215 < x < 0.0464 0.1000 < x < 0.2154
< Y.ep 1.0 < Q*/ GeV®< 3.2 = 10 < @*/ GeV? < 32 100 < Q*/ GeV* < 316
0.15F S
0.15 < :
0.05 E—.E = == = u il
OZ_I- = S . — e b [ + +
-0 05:—‘ - = o= > * e
ok —@— RecoASW T 0.0<z<02 -
-0.1 S
- —+— RecoASivn'02<z<08 -
—0.15F =3 ep 18 GeV x 275 GeV /0% beam pol.
_025_ —— RecoASiva‘'06<z<1.0 f_ 3% SCale unc.
:llllllllIllllIllllllllllllllllll:llllllllllllllllllllllllllllllll llllllllllllllllllIlllllllllllll
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
P, [GeV] P; [GeV] P. [GeV]

o Asymmetries at low x and low Q2 well below 1% — need small uncertainties.

e Low x and QZ2: small statistical uncertainty.
e For not too large z and Pr, statistical uncertainty well below 1%.

e Systematic uncertainties increase with z and Pr: likely because of higher smearing effects.



Sivers TMD: impact of the EIC

1T

€ [fl’q X D
A. Vladimirov, R. Seidl et al., NIM A 1049 (2023) 168017
Parametrisation from M. Bury et al., JHEP 05 (2021)151

DIS variables via scattered lepton
Q? > 1 GeV?

5 x4l GeV22
0.01 <y <0.95 g i %88 gg¥2 £ =10 fb~* for each collision energy
W2 > 10 GeV?2 18 x 275 GeV?
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