Transverse-momentum-dependent distributions

Charlotte Van Hulse
University of Alcala

AdT

* * Kk International School of Nuclear Physics

KAk From quarks and gluons to hadrons and nuclel
Comunidad Erice, SlClIy
de Madrid September 18-24, 2023




The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )



The various dimensions of the nucleon structure

Wigner distributions W (z, ET, EJ_)

f @5
/ Vk.T ............ Tt

transverse-momentum
dependent (TMD) *‘f . _
parton distribution functions ™ v ’
(PDFs) ’



The various dimensions of the nucleon structure

Wigner distributions W (z, ET, EJ_)

f @5
/ Vk.T ............ Tt

transverse-momentum

dependent (TMD) "f .

parton distribution functions \ v ’

(PDFs) ’

Semi-inclusive production




The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

f @5
/ Vk‘T ............ Tt

transverse-momentum

dependent (TMD) A8 N _

parton distribution functions 6\ v ’

(PDFs) .

0.05

0.20
1.0

0.5

0.0 Ky (GeV)

-0.5

-1.0

-0.5
-1.0 K, (GeV) 5



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

f @5
/ Vk'T ............ Tt

transverse-momentum
dependent (TMD) 9 (AR \ - —
parton distribution functlons ~* .
(PDFs) ’




The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

/ o / V- \[ "

transverse-momentum b, p impact-parameter
dependent (TMD) g AVAVAS > — - = =" dependent PDFs
parton distribution functlons ~* ¢

(PDFs) ’




The various dimensions of the nucleon structure

ky (GeV)

1.0

0.5 1

0.0 1

—0.5 7

—-1.0

Wigner distributions W (z, k1, b | )

/dQ/

transverse-momentum
dependent (TMD)
parton distribution functlons
(PDFs)

P, impact-parameter
dependent PDFs

Int. J. Mod Phys. A 18 ('03) 173 transform

generalised parton
distributions (GPDs)

. PRD 92 ('00) 071503 l Fourier



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

/ " / V- \[ e

transverse-momentum / by} P, impact-parameter
dependent (TMD) S\ . - - dependent PDFs
parton distribution functlons ~* . ,
(PDFs) . PRD 92 ('00) 071503 Fourier
Int. J. Mod Phys. A 18 (03) 173 | transform

generalised parton
distributions (GPDs)

Exclusive production

1.0

0.5 1

0.0 1

ky (GeV)

—0.5

—1.0

~10 -05 0.0 0.5 1.0 ~10 05 0.0 0.5 1.0
ky (GeV) ky (GeV)



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

/ " / V- \Z e

transverse-momentum by} P, impact-parameter
dependent (TMD) 4'\’\ | - - — " dependent PDFs
parton distribution functions ~* . ,
(PDFs) § PRD92(00) 071503 Fourier
Int. J. Mod Phys. A 18 (03) 173 | transform

generalised parton
distributions (GPDs)

~10 -05 0.0 0.5 1.0 ~10 05 0.0 0.5 1.0
ky (GeV) ky (GeV)



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

/ " / V- \{ e

transverse-momentum ‘J by} P, impact-parameter
dependent (TMD) o AVAVAS S — — — ="» dependent PDFs
parton distribution functlons ~* . ,
(PDFs) . PRD 92 ('00) 071503 Fourier
Int. J. Mod Phys. A 18 (03) 173 | transform

generalised parton
distributions (GPDs)

1.0,
1.0 U
=0 1.0 - P
0.5 0.5 - D5
Z =
S 00 S 0.0- E
v Ns '-'; - 0.0-
=2
0.5 0.5 -
0.5
~1.0 _1.044
2 4 1 2 3
k,=0r4 k,=0F3
Lo
2 B . _— | —— - —t
I A S 10 05 00 05 10 10 05 00 05 1.0
10 -05 00 0.5 1.0 10  -05 00 0.5 1.0 b, (fm) b, (fm)
kx (GGV) kx (GGV)



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )

/d2 / Y wP,\[ o

transverse-momentum

P, Impact-parameter

dependent (TMD) S\ . - - dependent PDFs
parton distribution functlons ~* ¢ |

(PDFs) § PRD92(00) 071503 l Fourier

Int. J. Mod Phys. A 18 (03) 173 | transform
k forward limit gen_erah;ed parton
T PDFs ¢—— distributions (GPDs)

xf(x.Q%)

~———— 111 PDF 2000
B 7ZFEUS-SPDF
| CTEQG.1

rp f




Single-hadron production in semi-inclusive DIS

0 U




Single-hadron production in semi-inclusive DIS

0 U

parton distribution function PDF(xp)



Single-hadron production in semi-inclusive DIS

fragmentation function FF(z)

d T
0’ = — q2 p (P) L
Q* u
B = 2P - g b
lab Ejp, —d C ‘\d
20 By ¢ \ ;
Ly Y (Q)

parton distribution function PDF(xp)



Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)
fragmentation function FF(z,p )

b d -
Q2 - q2 p (P) \ A
Q* U
Xp =
2P - g ® Pr
lab Fy, —d C ‘\d, |
— E . o
Eys 7" (q)

Transverse-momentum-dependent (TMD)

parton distribution function PDF(xp, k)



Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)
fragmentation function FF(z,p,, 0?)

0ad T

02 = — g2 p (P) o/
0 U
XB —
2P - g ® Pr
lab E}, —d C ‘\d, |
‘T F € “(q) o
™ S TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xp, k|, Q%)




Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)
fragmentation function FF(z,p,, 0?)

d

0°=-gq° p(P) /L
0 U
Xp =
2P - g » Pr
lab £y, ——, C \d , 1
T © @) d
™ AN TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xp, k|, Q%)




Single-hadron production in semi-inclusive DIS

Transverse-momentum-dependent (TMD)

A

fragmentation function FF(z,p,, Qz)

d

0°=-gq° p(P) /L
0 U
Xp =
2P - g » Pr
lab £y, ——, C \d , 1
T © @) d
™ AN TMD evolution

Transverse-momentum-dependent (TMD)
parton distribution function PDF(xp, k|, Q%)




Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Validity of TMD description
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Experiments investigating TMD PDFs and TMD FFs
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pin-independent TMD PDFs: global analysis
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Spin-independent TMD PDFs: global analysis
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Spin-independent TMD PDFs: global analysis
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Collins amplitudes
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Collins amplitudes _
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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: QCD evolution

COMPASS, Phys. Lett. B 744 (2015) 250
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Collins amplitudes: QCD evolution

COMPASS, Phys. Lett. B 744 (2015) 250

e

COMPASS positive pions x<0.032
COMPASS positive pions x>0.032
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Kang et al., PRD 93 (2016) 014009
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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

17



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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Predicted Sivers sign change for SIDIS and Drell-Yan

1
(2m)*

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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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

M. Anselmino et al., JHEP 04 (2017) 046
M. G. Echevarria et al. PRD 89 (2014)074013
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Investigation of the Sivers sign change in pTﬂ_ collisions
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Investigation of the Sivers signh change in pr collisions
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Investigation of the Sivers signh change in pr collisions
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Boer-Mulders asymmetries -3

Spin-dependence with unpolarised hadrons! G [}’1l 4 H1l ’q]



Boer-Mulders asymmetries

Spin-dependence with unpolarised hadrons!

Measurement in ep:  (cos(2¢1)) Born (7) (cos(201 )Y meas (1)
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Boer-Mulders asymmetries

Spin-dependence with unpolarised hadrons!

Measurement in ep: <COS(Q¢M)>mmS(i)

- QED radiate effects
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Boer-Mulders asymmetries

@_

.

Spin-dependence with unpolarised hadrons! G [hll’q X Hll’q]
Measurement in ep:  (cos(2¢1)) Born (7) (cos(201 )Y meas (1)
(SJ

\J

QED radiate effects

™

limited geometric and kinematic acceptance of detector



Boer-Mulders asymmetries
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-

Spin-dependence with unpolarised hadrons! G [hll’q X Hli’q]
Measurement in ep:  (cos(2¢1)) Born (7) (cos(201 )Y meas (1)
Yy

QED radiate effects %

limited geometric and kinematic acceptance of detector

limited detector resolution




Boer-Mulders asymmetries -3

Spin-dependence with unpolarised hadrons! G [hll’q X Hli’q]
Measurement in ep:  (cos(2¢1)) Born (7) (cos(201 )Y meas (1)
Yy

QED radiate effects %

limited geometric and kinematic acceptance of detector

limited detector resolution
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Boer-Mulders asymmetries

Spin-dependence with unpolarised hadrons!

Measurement in ep:

x 102
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Fully differential analysis
Unfolding in 400 x 12 bins
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Boer-Mulders asymmetries -3

hl TX H; . q
A Airapetian et al., Phys. Rev. D87 (2013) 012010

R R AR iy %
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H-D comparison: hl g~ hld

Negative for z™; positive for 7~ — Hll,fav ~ HlJ_,diSfav
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Boer-Mulders asymmetries -3

hquHl‘l

A. Airapetian et al., Phys. Rev. D87 (2013) 01201 0
+ I ] wep —enX
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\Y rement al
H-D comparison: hl“ ~ hld easurement also
possible in Drell Yan.

Negative for T . positive for z= — HlJ—afaV ~ — HlJ_,diSfav
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Twist-3: (sin(6))"

- =1
(sin(¢))"; o< C [hf x E.ex H,g- x Dy, fi x G ]
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Twist-3: (sin(6))",

sn(@)hy x € [ x Bre x g x D, fi x G*]

7N\

Chiral-odd T-even
twist-3 FF

Boer-Mulders PDF

Boer-Mulders PDF
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Twist-3: (sin(6))",

Sn(@)hy x C [t x B e x HE,g* x D, fi x G

/N

Chiral-odd T-even
twist-3 PDF

Collins FF
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Twist-3: (sin(6))",

Sn(@)hy x C [t x B e x HE,g* x D, fi x G

/N

Chiral-odd T-even
twist-3 PDF

Collins FF
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Twist-3: (sin(6))",

(sin(¢))"; o< C [hlL x E,e x Hi-, gt x Dy, fi X C?‘L]

/N

Chiral-odd T-even
twist-3 PDF

Collins FF

1
625/ dr x*é(x)
0

force on struck quark at t=0
M. Burkardt, arXiv:0810.3589

Boer-Mulders PDF

FSI: t=0—> =
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Twist-3: (sin(6))",

Sn(@)hy x C [t x Be x H,g- x Dy, fi x G

/

\

Chiral-even T-odd
twist-3 PDF

spin-independent
FF
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Twist-3: (sin(6))",

<sin(¢)>%U x C [hlL X E,e X Hf,gL X Dy, f1 X CVJL]

/

Chiral-even T-odd| |spin-independent
twist-3 PDF FF

Only term to survive in TMD single-jet inclusive DIS

et+p—e +jet +X
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Twist-3: (sin(6))",

(sin(¢))"; o< C [hlL x E,ex Hi-, gt x Dy, fi X C?‘L]

N\

spin-independent | |chiral-even, T-odd
PDF twist-3 FF
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Twist-3: (sin(6))",

Phys. Lett. B 797 (2019) 134886
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Gluons

GLUONS

unpolarized | circular linear
L o | n
' fie g | W h

e In contrast to quark TMDs,

gluon TMDs are almost unknown

* Accessible through production of dijets,
high-P1 hadron pairs, quarkonia

28



Drell-Yan with lepton pair in J/y mass region:
G I UOnS gq annihilation or gluon-gluon fusion
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Gluons
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e In contrast to quark TMDs,
gluon TMDs are almost unknown

* Accessible through production of dijets,

high-P1 hadron pairs, quarkonia

Drell-Yan with lepton pair in J/y mass region:
gq annihilation or gluon-gluon fusion
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Experimental Research

Meson structure
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Upcoming

SpinQuest —> Sivers function

0.2\— Drell-Yan Target Single-Spin Asymmetry
B pp'(d") - pux 4 < M. 9 GeV
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Spin-independent TMD PDFs at EIC
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Spin-independent TMD PDFs at EIC

Large lever-arm in Q2 over large x range

— Q2 evolution of TMD PDF
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Fit:

A. Bacchetta et al.,

JHEP 06 (2017) 081,

JHEP 06 (2019) 051 (erratum)

EIC uncertainties dominated

by assumed

3% point-to-point uncorrelated uncertainty
3% scale uncertainty

Theory uncertainties dominated by
TMD evolution.



Spln independent TMD PDF: |mpact of EIC

0.02

0.02°

0.04 &

0.8F

0.6 0D1(z = 0.05, kr) 6D1(2 = 0.25, kr) 5Dy (2 = 0.45,kr)

0. 0.2 0.4 0.6 0.8 0. 0.2 0.4 0.6 0.8 0. 0.2 0.4 0.6 0.8 1

. . kr[GeV] Fit: 1. Scimemi, A. Viadimirov
DIS variables via scattered lepton JHEP. 06:137. 2020
Q* > 1 GeV? 5w 41 GeV2 systematic uncertainty= |generated - reconstructed|
0.01 <y <0.95 g >>2 %88 8’2¥2 L =10 fb~" for each collision energy
W2 > 10 GeV? 18 x 275 GeV? 30



Sivers TMD PDF: TMD evolution
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Decrease of asymmetry with increasing Q2 — need high precision (<1%) to measure asymmetry at high Q2
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Uncertainties Sivers asymmetry at EIC
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e Low x and Q2: small statistical uncertainty. High precision is needed since asymmetry at low x and Q2 well below 1%.
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.
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Q2 dependence of the Sivers asymmetry at EIC
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Intermediate and high x: good coverage in Qz2,
with complementarity in coverage at different COM energies.
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Sivers TMD PDF: impact of EIC

Parametrisation from
M. Bury et al., JHEP, 05:151, 2021

Q=2 GeV

ECCE

DIS variables via scattered lepton
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Summary

* Transverse momentum dependent hadron structure and hadron formation: rich field of physics,
with sensitivity to correlations between quark and hadron spin and transverse momentum.

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

» Entering era of precision measurements:
 JLab 12 GeV: unigue precision in the valence region
 EIC: extending down to x=10-4
 LHC measurements can provide additional, invaluable high energy input
* need to extend measurements with sensitivity to gluons
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