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Transverse Momentum Dependent
Parton Distribution Functions

“Well begun is half done.”
Old Proverb
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Nucleon spin structure
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ransverse momentum

TMD PDFs can be accessed
through measurement of target

spin dependent azimuthal
asymmetries both in SIDIS and
Drell-Yan processes.
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Single polarised
Drell-Yan process

“Polarisation data has often been the

graveyard of fashionable theories.

If theorists had their way, they might

well ban such measurements

altogether out of self-protection.”
James Bjorken



Single polarised Drell-Yan process

Ho (P, S) Cross-section, LO TMD approach for transversely polarised target:
T
é/% k) (1 + cos? @)F} + sin? 6 cos Z(pFCOS 4
7'(9) dot0 (1 + cos? 9)51n(<ps)F5m(‘p)
=C in(2p+s)
k) dx,dx,d2qrdpd(cos®)des |+ |Sq| sin(2¢ + @s)Fy. s
77 sin? 6 +
P, S) \\\k sin(2¢ — g )Fsm(w ?s)
Var|ab|e def|n|f|on JYes §‘<~s
2 /
My = (P +9u-) r e
q-v* Iongitudinal momentum in T — p rest frame 0/7/ z\"’ﬁ
Xp =2 J ,;»c,,lJ < xF+4ﬂ+x ) » / 7 Px//‘( ics
,’/ r //
Collin-Soper frame Target frame
Boer-Mulders Sivers Pretzelosity Transversity
i in(2p+ 1 L sin(2p—-¢s) qL q
Fl}cos(ztp) - h‘lll,rlr ® hxlz'JI;] FTsm((ps) - fl‘,zn Q fl‘!l‘LN F;m( P+os) o hf,n ® hlllT,N ok s) o it @ k!,

10 IV 24, M.Niemiec Transverse spin-dependent asymmetries at COMPASS experiment 5/32



Single polarised Drell-Yan process

The convolution of TMD PDFs runs aver the

intrinsic transverse momenta kr.

Momenta in Target Frame X P P

TMD PDFs are accessed through measurement of target spin dependent azimuthal asymmetries TSAs.
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SIDIS vs. DY
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sIDIS SIDIS vs. DY Drell-Yan
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COMPASS Experiment

“Knowledge is of no value unless you
put it into practice.”
Anton Chekhov



COMPASS Collaboration
C M P A

n
n

24 institutions from 13 countries
(approximately 220 physicists)
CERN SPS North Area

Fixed target experiment
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COMPASS experimental setup: DY programme
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Drell-Yan measurement at COMPASS

The dimuon mass range 4.3 < M,,/(GeV/c?) < 85
is 96% pure Drell-Yan.

o Low background
o Valence region

counts / (0.04 GeV/c?)
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Drell-Yan measurement at COMPASS
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Drell-Yan measurement at COMPASS

High mass region

(%) 05

(xn) 0.17

{qr) 1.17 GeV/c?
(M) 5.3 GeV/c?

Statistics

2015 ~40 000 events
2018 ~43 000 events
Total ~83 000 events
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AR o 1 @ fL TSA Results: Sivers (SIDIS and DY)
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APCEOHO) o pIt @ i TSA Results: Pretzelosity (SIDIS and DY)
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TSA Results: Pretzelosity (SIDIS and DY)

1TN
L ooomzf o |[ owoafo—__ Y ] [ 0.002 D | - - s
Pretzelosity ~ O4f of=aiiT: ) — of - f p— T —
0002 F B 0,002 —0L002 —0.002 —0.002
DY TSA 2 oal o1 0z 03 [ 07 06 08| o o I | T 5 6 7
s 0.
$ oo | SR A A l I
IR un
-02f ! - -
-~ LEC-LP15 — LECQM .
SPMLLPIS sPM COMPASS | Drell-Yan data wel4: 9] GeV/e?
0.1 0.2 0.3 0. 4 0 6 08 0 0.5 1 2 4 5 6 7
[COMPASS, hep-ex/2312.17379] Xy Xy Xp q, (GeV/c) (GeV;‘cZ}
i‘f [ Mot oy Gevier Pretzelosity SIDIS TSA  ASRG#n—9s) o thN QHL!
fg ol I N 0.1F 16<Q(GeV/e)*<81 z>0.1
F o= | ~
B 5 skl .
LFCQM T O Hﬁ L i i 4 %
I . SPM < oht
_0.1|- - LFC-LPIS
. SPM-LPIS —0.1Fa h™ — — —————
" -~ R -2 = 02 04 06 08 0.5 1 1.5
4107 10" 2x107! \ [COMPASS, PLB 770 (20017)138] 10 X z p.(GeV/e)

101V 24, M.Niemiec

Transverse spin-dependent asymmetries at COMPASS experiment



Afrin(zw—ws) - hqi
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Afrin(zw—ws) - hqi

v TSA Results: Transversity (SIDIS and DY)
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. COMPASS Drell-Yan
TSA Results: SIDIS and DY comparison 4< MGV <9
A_Srin(‘ﬂs) ——
03f COMPASS | Drell-Yandata [ M,,e[4; 9] GeV/c? Sivers
sin(2p+¢@gs) ———
A 5 DY
sin(2¢-¢s) - -
H‘{' AT .
""""""" i Asin(o+es) —
T
—O0.1F S gamzo — LFCOM
Torino ---SPM ) A ) X ) ) ) ) X ASin(([J*(ps) ———
04k 0o T | L I L
- . 02 0.1 102
_ o002 Pretzelosity 02 00 0<A y
s 02F 7 3
*y 16<Q/(GeV/cy <81
E | (x)=0238
;v:l— I { . ASi“(¢h—¢S) kg
S02F s ASin(Pr+ds+ffl e A
~ — SPM-LPI5
sin(3¢p—¢ps) Ay SIDIS
. E
Transversity uT *
ASin@én—ts)
sin(pp—s)
ALT s
s LEC-TAM20 ACO5(®s)
= SPM-JAM20 LT
. ‘ . T i . . . T
01 02 03 04 06 080 05 1 2 4 5 6 7 ASSSEP=9s)
N Xy Xg q, (GeVie) My, (GeVic?) —0.05 0 0.05
[COMPASS, hep-ex/2312.17379] [COMPASS, PLB 770 (2017) 138] (A)
101V 24, M.Niemiec Transverse spin-dependent asymmetries at COMPASS experiment 2232



Weighted TSAs

“With four parameters | can fit an elephant,
and with five | can make him wiggle his

o
SININI  frunk”

John von Neumann



Weighted TSAs in Drell-Yan

The convolution cannot be resolved without assumptions about the dependence of the TMD PDF on
the intrinsic transverse momentum.

Weighting with powers of the transverse momentum allows to avoid assumptions on k.

Asymmetries in terms of strch:ture funs(;tllgns: The n-th moment of a TMD PDF
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WTSA Results: Sivers (SIDIS and DY) L
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WTSA Results: Sivers (SIDIS and DY)
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WTSA Results: Pretzelosity (DY)

Comparison of WTSA and TSA for Pretzelosity asymmetry P
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WTSA Results: Transversity (DY)

Comparison of WTSA and TSA for Transversity asymmetry _ ar
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Conclusions

o COMPASS probes 3-dimensional structure of nucleon
o COMPASS SIDIS and Drell-Yan TSAs measurements represent a unique experimental input to study the universality
of TMD PDFs

Drell-Yan TSAs

o 1o positive Sivers TSA

Pretzelosity TSA found to be small and compatiblewith zero

20 negative Transversity TSA

Results agree with theoretical predictions and consistent with analogous measurements for SIDIS

O O O

Transverse momentum weighted Drell-Yan TSA
o Away to overcome the convolution over intrinsic k

o Adirect access to the k2-moments of TMD PDFs

o ~ lo positive Sivers WTSA compatible with DY TSA and SIDIS Pr-weighted TSA
o ~ 20 negative Pretzelosity WTSA effect

o ~ 20 negative Transversity WTSA consistent with TSAs

Prospects

o Analysis of a WTSA ongoing, paper in preparation
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Thank you for attention!

“All of physics is either impossible or
trivial. It is impossible until you
understand it, and then it becomes
trivial.”

Ernest Rutherford



Backup slides



Backup: Single Polarised Drell-Yan Process

Each structure function can be written as a TMD PDF convolution over the instrinsic transverse momenta.
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TMD PDFs can be accessed through measurement of target spin (in)Jdependent azimuthal asymmetries
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