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The TMD “z00” at leading twist for spin-1/2 hadron

(similar for gluon)

Quark polarization Mulders & Tangerman, N.P. B461 (96)
Boer & Mulders, P.R. D57 (98)

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

(B — D 1 N e
\ U fi=1 X hi = (1) - (L1 Boer-Mulders
- L X g1 = (=~ (== | hip ==~ =  Kotzinian-Mulders
//4\\ //*\\ .
f L n 4| =11 - (1) transversity
(A tlfir=0C) - (| hTr= (- - =
& ¥ - - I} 4
hL — 7N .
ir =12 - (v pretzelosity
Sivers worm-gear

similar table for TMDFF (z, P1; Q?) at leading twist for hadron with spin < 1/2

Each entry: - has a probabilistic interpretation; ¥ = forbidden by parity invariance
- is connected to deformations induced by spin-momentum correlations
B
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- can be extracted from a specific measurable spin asymmetry
(see next talks)



The unpolarized quark TMD

Quark polarization Mulders & Tangerman, N.P. B461 (96)
Boer & Mulders, P.R. D57 (98)

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

Let’s focus on the simplest unpolarized TMD PDF:
fia = probability density to find an unpolarized quark q with light-cone momentum
fraction x and transverse momentum ki in an unpolarized hadron

It enters the denominator of every spin asymmetry needed to
extract the other polarized TMDs: I do(pol.) — do(—pol.)

\ sl & do(pol.) + do(—pol.) = do?




Phase space for processes with factorization

SIDIS

electron

hadron
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Fourier Transf. to bt space:
from convolution to simple product
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Evolution of TMDs

Collins - Soper - Sterman (CSS) evolution

i b2:09) = Evo(Qr < Q) X fi(x,bZ; 0P

OPE large bt ¢

Evolution operator, PDF

Wilson Coefficient C,
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Evolution of TMDs

fix, % 02) =

Evolution operator,
Wilson Coefficient C,
are all perturbatively
calculable

Collins - Soper - Sterman (CSS) evolution

EVO(Qf «— Q) X fl(x, bz; le) X fNP(X, bz; Qg)

OPE

[C® fi(x, 02)]
PDF

b

12F

SW \_/ lim fy,(x, b7; Of) = 1
br—0

large bt

4 k
smooth connection b*(bt) parametrized and

Q; x 1/b.(by) fitted to data

max

10F

08 perturbative

06 [

b. . oaf
min ;
02f

““““

non
perturbative

bT (GeV-)



Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points | X2/Npoints
arXivF:)1V 7%%717 o157 | NL- 5 % o v 8059 L5
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Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points | X2/Npoints
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Increasing accuracy & precision



Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points | X2/Npoints
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only four global fits increasing accuracy & precision



The TMDIib repository

(Some) Tables of TMD grids available also at the TMDIib repository

TMD plotter https://tmdlib.hepforge.org/

TMDIib is hosted by Hepforge, IPPP Durham

e Home

P « TMDplotter TM DI i b

e Source Code Download

« PDF sets (names) TMDIib2 and TMDplotter: a platform for 3D hadron structure studies

P> + PDF sets Download (New) NEW manual released 2103.09741
e Updates/News
« Source Code Download (Old) * TMDplotter
e TMD-Project » Download source from TMDlIib 2.X
e CCFM uPDF evolution code e Download source from TMDIib 1.X
e Contact ¢ Any questions or comments should be directed to tmdlib@projects.hepforge.org.

e TMDIib1 Doxygen Documentation

Example: search for - MAP22_grids_PDF_[NLL/NNLL/N3LL].tgz
- MAP22 _grids_FF_[Pip/Pim/Kp/Km]_[NLL/NNLL/N3LL].tgz



TMD precision era: impact at the LHC

G. Bozzi, I. Scimemi (eds.) et al.,
Resummed predictions of the transverse momentum distribution of Drell-Yan lepton pairs in p-p collisions at LHC
Yellow Report of CERN EW Working Group, in preparation

qr distribution of Z in ATLAS kin.
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also potential impact on W mass extraction

Bacchetta et al., P.L. B788 (19) 542, arXiv:1807.02101



Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points | X2/Npoints
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MAPTMD24 : introduce flavor sensitivity of kr-dependence




1.4
1.2
1.0
iO.S
;:0.6
0.4

0.2

0.0
0.00 0.25 0.50 0.75 1.00 1.25

th. error band =
68% of all replicas

“Normalized” MAPTMD24 TMD PDF
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e very different kT behavior

e it changes with x

e impact on the extraction of W mass parameter

from COI || de I data Bacchetta et al., P.L. B788 (19) 542, arXiv:1807.02101
Bozzi & Signori, Adv.HighEn.Phys. 2019 (19) 2526897,
arXiv:1901.01162



Collins-Soper evolution kernel

universal flavor-independent  K(by, u;, ) = Kb+, p,) + gx(by)

drives evolution in rapidity C perturbative  non-perturbative
(computed) (fitted)
I
3
1 N N°LL IFY?23 MAP24 § GI N3LL Vladimirov, arXiv:1610.05791
HSO024 ART23 0 ASWZ24| @ CG Li&Zhu, arXiv:1604.01404

Pheno

MAPTMD24 HSO24 Aslan et al., arXiv:2401.14266

IFY23 Isaacson et al., arXiv:2311.09916
ART23 Moos et al., arXiv:2305.07473

+— MAPTMD22 ~ ART23

—1
u =72 GeV Lattice
Gl, CQ Bollweg et al., arXiv:2403.00664
1 ] ] ] Avkhadiev et al.,
_2 O 2 O 4 O 6 0 8 ASWZ24 arXive:12ile()2.606a725

talks by Mukherjee
Cichy

S. Mukherjee, QCD Evolution 2024



The EIC impact
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The TMD “z00” at leading twist for spin-1/2 hadron

Quark polarization

Longitudinally Polarized Transversely Polarized

| non universal, but process §
dependence calculable |
— exp. testof QCD  §

Sivers effect

distortion of quark momentum distribution by nucleon spin

: . . T r r
—-1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0
L ——
Ky (GeV) ky (GeV)

Bacchetta et al., PL. B827 (22) 136961, arXiv:2004.14278



The Sivers TMD is not universal

SIDIS
e
h final in SIDIS, the color structure describes the
T state residual final-state interactions between the
\ struck parton and the
P

p L ; .
\<:> . in Drell-Yan, the color structure describes the
initial %@ /
WY

SR ~ - initial-state interactions between the
_4» annihilating parton and the

p
Drell-Yan

Prediction of QCD based on general principles:
Sivers TMD (SIDIS) = — Sivers TMD (Drell-Yan)



The Sivers TMD is connected to the spin Odderon

spin-dependent T-odd part of dipole amplitude spin Odderon
1 e P-S;xk
E[dyTe”‘T (P, S| e [UGy/2) U=y 1P Sy o 257 XKr o1 2y

%

Wilson line U(x,) = Pe812xdx A" X7) C-odd t-channel gluonic
+ compound exchange
at small x

x fix, k)| = Ne [ ge[ay. Y2 K or vl ey ko: &) hativ]
T T 84 Yr k2 7t a»yT Y7 K13 \?ir;?crur:&gy

Sivers spin Odderon

Dong et al., P.L. B788 (19) 401, arXiv:1805.09479
Kovchegov & Santiago, JHEP 11 (21) 200 [E 09 (22) 186], arXiv:2108.03667

similarly for gluons Boer et al., PR.L. 116 (16) 122001, arXiv:1511.03485

Prediction: C-odd spin Odderon = ¢ Sivers = —¢ Sivers
test existence of spin Odderon



Most recent Sivers extractions

all parametrizations are in fair
agreement for valence flavors

sea-quarks ~ O(10-3) smaller
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L. Adamczyk et al. (STAR), PRL 116 (2016) 132301

Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002
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Sign change puzzle

nm-pT Drell-Yan

spin asymmetry

AT ~ fl,ﬂ ®flJ_T,p

talk by Badelek

" STAR preliminary p+p 510 GeV (L = 340 pb™)
0.5 < PE <10 GeVie
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z
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0 25_ 2T
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—0.3" [ arxiv:2004.14278

—0.4; 1.4% beam pol. uncertainty not shown
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Aghasyan et al., PR.L. 119 (17) 112002
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[ Drell-Yan, NH, 201542018 data

sign change

0 L JHEP 02(2021)166
L — LFCQM
L - SPM
[ == JAM20
- Torino

ol no sign change

4x1072 107! 2x10™!

p-pT — W+X
AuT Nfl,p ®-flJ_T,[)

Adamczyk et al., PR.L. 116 (16) 132301

2020

talk by Seidl (poster by Xiaoxuan Chu)

still not enough to confirm sign change ¢

. BPV 2020
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Perspective at future electron-ion colliders

impact of EIC pseudodata («€T>)» =10 fb-! BPV 2020
- + EIC 5x41 GeV
~ it p[2GeV] a6 18 x 275
50053 .
h\ - I e
2.0 == 5.1072 2.0 ) l , 10-2
: 5 . T
il : : ; 0.1 up 1.0 _\ 5-10 dOWn
2 o505 075 1.00'5 0.5 \ o
= 7|Ge 0. 0.5
| e e hr[GV] R Abdul Khalek et al. (EIC Yellow Report),
see talk by Nadel-Turonski N.P. A1026 (22) 122447, arXiv:2103.05419

and by Santamaria for LHCspin perspectives

@ [ (®) f ©
f Ldt=200 fb' g ¢

e+pl - DY DO
simulation at ElcC

: test of
F All EieC Coverage <004 q Sivers = —q Sivers

_3|||||||||||||||||||'|||||||||||||||||||:
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p, J_/Z [GeV/c]

Zhu et al., arXiv:2409.00653



The TMD “z00” at leading twist for spin-1/2 hadron

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

P s L )
N o fi=1 hi = (1 - (L]  Boer-Mulders
- L g1 = (v=- (=~ | hipy =7=- “=  Kotzinian-Mulders
P T ;

t L .| M= - @) transversity
(D 1| fir=0 - | 91T = (=) - ()
! ¥ L A E :

hir =(2) - («)| pretzelosity

- flip quark helicity — chiral-odd structures

(need a partner in cross section)
- suppressed in pQCD as mq/ Q
- connected to tensor operators not in SM Lagrangian



Integrating k, : collinear kinematics

Quark polarization

Longitudinally Polarized Transversely Polarized

(L) (m)

-
v °

Q” L g1 = (= = (==
6 m= - 1| transversity

- the only chiral-odd structure that survives in collinear kinematics

1
- only way to determine the tensor “charge” §%(Q?) = J dx h~(x, 0%)

'\ 0
-1 Inaspin-1/2 hadron, scales!
| no transversity of gluons contrary to axial charge ga

A=-1 k X
2 only non-singlet evolution
» i’ 5 hy # &




Potential for BSM discovery ?

. . N \
Tensor (and chiral-odd) structures do not appear in the SRkl I
Standard Model Lagrangian at tree level. >< S
Is it a possible low-energy footprint __2 e
: . ) )
of BSM physics at higher scale ? >
neutron B-decay Lsm ~ GpV, ey (1 = ys)v, pr,(1 = ys)n /  m
Srér =

- -
n p € Ve MBSM

+Let ~ GV, 97 ere6"v, po,n ?
naet o precision => BSM scale

gr=ou—aod

PRI Ay

s

SMEFT with strong CP violation L. - 2 deyyo,rswp F*Y 2
f=ud,s,c

neutron EDM d, = dud +odd+osd, + ..

permanent Electric Dipole Mom.

exp. data + tensor charge => constrain amount
of CP violation

24



of transversity at leading twist

| SR Collins effect « hy(x, k) ® Hi-(z, P)) SIDIS
— @40 St -kxPht Tm—
o Collins, N.P. B396 (93) 161 TMD framework
di-hadron mechanism « 7,(x) H<“(z,R2 x M,%h )
St -PoxP1 =St -PhxRy > SIDIS
Collins et al., N.P. B420 (94) collinear framework pp!

hadron-in-jet Collins effect o h;(x) [C(z,u) @ HlL(zh, 7 P%etr)]

jr < Q= (P} T

Yuan, PR.L. 100 (08) hybrid framework SIDIS pp!
A spin transfer « hy(x) H(z) SIDIS
Jaffe, P.R. D54 (96) collinear framework pp!
lN< } I single-polarised Drell-Yan o Ait(x;, k| ) ® (%, k) ) ﬂpT
;r Qxf Boer, P.R. D60 (99) TMD framework




of transversity at leading twist

/iy~  Collins effect « hy(x, k) ® Hi-(z, P)) SIDIS
— @40 St -kxPh ——
o 5D Gollins, NP, B396 (93) 161 TMD framework
di-hadron mechanism « 7,(x) H<“(z,R2 x M,%h )
St -P2xPy = S1 -PhxRy © SIDIS
Collins et al., N.P. B420 (94) collinear framework pp!

mechanisms used so far
to extract transversity from data

26



Most recent extractions

Framework e+e- SIDIS Drell-Yan An Lattice
P RA.rggelzm(i;1 3)21211%23 SEERMgeEl v v X X
P.eragg;(t%.) %211%09 TMD / CSS v v X X
P.R.LL.iqzeéa(ﬂi 82)011582502 Raiemoad oS v X v g

L e R R R
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PR. Dk1JAole\;/|C())2D2_)‘2 S pRilonimose A v v v g
BF?I?.”OBn:Sit (6;4)2?227(52) SEIION (100 v v rewe.ghing X

Dihadron mechanism Unpege;joo e+e- asymmetry SIDIS p-p collisions Lattice

Radici & Bacchetta 2018

P.R.L. 120 (18) 192001 PYTHIA (separately) | ' (separately) v v X
Benel et al. 2020
E.P.J. C80 (20) 5 PYTHIA (separately) | ¢ (separately) v X X
JAMDIFF 2024

PR.L. 132 (24) 091901 A v v v v u, 6d
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ETMC19
PNDME18
RQCD23
QCDSF+23
xQCD22
Mainz22
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Pheno - lattice : tensor charge
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adapted from C. Alexandrou, QCD Evolution 24
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open symbols = no continuum extrapolation
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tension between pheno and lattice ¢
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Pheno - lattice : tensor charge

gT:6u—6_d
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PNDME 64 [25] 1 004 Radlc?, Bacchetta (2018) o -
Total 124 Vow) 101 (1475) 098 (1471) 0.4 0.6 08 du

adapted from D. Pitonyak, QCD Evolution 24



Perspectives

- New data on Collins effect and dihadron mechanism f@? +
in SIDIS with transversely polarized deuteron target @
- New dataon 7z~ — p' Drell-Yan talk by Badelek

- New data on p' + p — jet + z= + X hadron-in-jet

Collins effect ﬁ&n

- New data on p'+p - AT+ X A spin transfer

: : talk by Seidl
- New data on p'+p = (#*27) + X dihadron mechanism )
EIC Future - SoLID at JLab12 ¢ e o
— j:xigwm(ep) Y 0.1 poLaar
050 == JAM20 + EIC(ep+e’He) S 0 ‘
— ™ (((E )))) O @
& NN talk by Chen 2 - -
< 0.00 4& M . 0.
s "WTSS==1 talk by Nadel-Turonski B e M )
—0.25 1 . : . d _0.5/+ ETMC (2020) i q»
000 025 050 075 1.0 Halich Bopthetn (2018) '

" . 0.4 0.6 7().8 n(%’ll,
talk by Santamaria for LHCspin

Abdul Khalek et al. (EIC Yellow Report),

N.P. A1026 (22) 122447, arXiv:2103.05419



gluon TMDs

&%gluon e O 4

- First classification given in o
o

Mulders & Rodrigues, 9
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015

Buffing et al., PR. D88 (13) 054027, arXiv:1306.5897
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354

e ? »

T-odd TMDs



gluon TMDs

N
. AT : : WO gluon e @} 4
- First classification given in & 5

Mulders & Rodrigues, 9
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015

Buffing et al., PR. D88 (13) 054027, arXiv:1306.5897
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354

e ? »

T-odd TMDs

gluons carry “two color charges” — intricate non-universality

— ” «——— = ., T-even: f[+’+] = fl["—]
L L A=
B — ey . T-odd: il = _ =)
TMD PDF e TMD PDF -
two-jets SIDIS color structure [+,+]  gluon fusion to Higgs  [-,-] WW-type TMDs
ér &
- © —r———— Teven: fiH71=yot
g " . « - L[+-] — _ fll-+]
TMD PDF & - T-odd: f, =i

o o [+-] -] dipole-type TMDs



gluon TMDs

many papers exploring useful channels at
colliders to extract WW and dipole gluon TMDs.
Handy pocket list:

Boer, talk at IWHSS 2020

(see also recent review on quarkonium physics)
Boer et al., arXiv:2409.03691

FE N pp sy X LHC
pp—> 7T X LHC
91 pp > yjet X LHC & RHIC
ho ep 5 e QQ X EIC
ep — € jetjet X EIC
pp = Nep X LHC & NICA
pp — HX LHC
R pp o % et X LHC & RHIC
f}g 4.4 epl e QQX EIC
epl — € jetjet X EIC
1LT9 (=] plp = vy X RHIC
LI gt A o 4 et X RHIC
p'A— hX (zp <0) | RHIC & NICA




gluon TMDs

many papers exploring useful channels at
colliders to extract WW and dipole gluon TMDs.
Handy pocket list:

Boer, talk at IWHSS 2020

(see also recent review on quarkonium physics)
Boer et al., arXiv:2409.03691

- TMD factorization &”X» UGD k; factorization

FE N pp sy X LHC
pp—> 7T X LHC
91 pp > yjet X LHC & RHIC
ho ep 5 e QQ X EIC
ep — € jetjet X EIC
PP —> Nep X LHC & NICA
pp — HX LHC
R pp o % et X LHC & RHIC
f}g 4.4 epl e QQX EIC
epl — € jetjet X EIC
1LT9 =] p'p = vy X RHIC
LI gt A o 4 et X RHIC
p'A— hX (zr <0) | RHIC & NICA

Ww- f¥ 4l 5 4 density of gluons in CGC

dipole f} =l Fourier Transform of color-dipole cross section in CGC

Dominguez et al., PR.L. 106 (11) 022301, arXiv:1009.2141
Dominguez et al., PR. D83 (11) 105005, arXiv:1101.0715

- small-x limit of T-odd gluon TMDs:
WWw fIJ_T’ hl’hllT —0 3
dipole

Ao

k+N
b= ) = xhy. — — il des Oi:(x, k%) spin Odderon

. Boeretal., PR.L. 116 (16) 122001, arXiv:1511.03485




gluon TMDs : only models

- Available experimental information on gluon TMDs is scarce.

- Very few attempts of pheno studies:

Lansberg et al., PL. B784 (18) 217 [E: PL. B791 (19) 420], arXiv:1710.01684
D’Alesio et al., PR. D96 (17) 036011, arXiv:1705.04169
D’Alesio et al., PR. D99 (19) 036013, arXiv:1811.02970
D’Alesio et al., PR. D102 (20) 094011, arXiv:2007.03353

- Many models on the market (list of references too long).
Let me advertise our one, the first providing systematically all T-even and T-odd
gluon TMDs at leading twist:

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288 T-even

Bacchetta et al., E.PJ.C 84 (24) 576, arXiv:2402.17556  1-odd



spectator model of gluon TMDs

- Nucleon = gluon + spectator on-shell
spin-1/2 particle

P P—p

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange
- Spectator mass takes continuous range of values through a parametric spectral function
- Parameters fixed by reproducing collinear gluon PDFs f; and g1 from NNPDF3.0

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288
Bacchetta et al., E.PJ.C 84 (24) 576, arXiv:2402.17556

xff + (p,/M) xf:8
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Recap

e Precision era for unpolarized TMD, comparable to PDFs: extractions from large
data sets with high perturbative accuracy

» Explore impact at LHC, particularly on flavor-sensitive observables like W mass

e Polarized TMDs are a little “behind”: smaller data sets and lower pert. accuracy;
but newer spin asymmetry data are available for analysis

Important crosschecks (Drell-Yan - SIDIS sign change; spin Odderon)
and BSM explorations (chiral-odd structures)

e Big open problems in Phenomenology:

= oluon TMD:s : still rely basically only on models

matching

factorization factorization

) ? . el small gr large qr
= matching with fixed-order i .
: collinear
calculations at gqr ~ Q

>QT

Aocp Sar <0 Aocp < qr <0 Aoep <0 S qr

e Very encouraging perspectives with future electron-ion colliders like the EIC
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Backup



TMDs need Semi-Inclusive processes

Example: inclusive DIS

electron

2' """""" FF-} - hard scale Q% = — ¢% > M~ to “see” partons
Q X through Parton Distribution Functions (PDFs)
hadron == ’ - no further scale to probe hadron interior

- PDFs and FFs depend on factorization scale u* = Q?

Explore 1 momentum of quarks? Need semi-inclusive processes

h Semi-inclusive DIS (SIDIS)
electron Pht
Sy 4 | - hard scale Q% = — g% > M~ to “see” partons
- hadronic system h with soft scale ¢2 = P2, /7> < Q?
X - sensitive to internal motion of partons

qr~ —P,;/z=—k, —P,/z+ OK>/0?%
— factorization of cross section into
TMD PDFs and

hadron

TMDPDFY (x, k?; u,¢) depend on two scales: pu = factorization scale
TMDFFY (z, Pi;//l, $) ¢ = rapidity scale
(can be chosen as ¢ = u? = Q?)



TMD factorization

do 4 small qr large gr
dqr
TMD matchin collinear
factorization 5 factorization
> qr
Aocp S qr < Q Aocp < qr < 0 Aocp <0 S qr
+ 0(q2/Q%»  W-term Y-term Y(g7, Q%) Fixed-Order (F.O.) + OM?/g3)

such that

Qe Y — @k

fat low Q (SIDIS), this limit does i(_)-tj

'work....

our analysis is in this regime
where W-term dominates.
Y-term is not included

Sun et al., Int.J.Mod.Phys. A33 (18) 1841006, arXiv:1406.3073



Factorization Theorems only for some processes

TMD PDF
h
Sleaiiehaif s AP"T SIDIS g = P}%T/Z2 < 0?
>Q2 T~ h = light-/heavy- quark hadron, jet, di-jet, di-hadron,
AVAVAVAV,
b ) jet substructure (hadron-in-jet),..
hadron
1 hadronic collisions g% < 02
2
./?_il qu quarks Q2 carried by y*, W, Z; gluons by Ho, ncp,
I I both Q2 carried by jet with substructure
(hybrid factorization: collinear PDF - TMD FF)
h . o] o .
PN ’ ’} electron-positron annihilation 42 = P2./22 < @2
""" ‘E — === | (hy, h2) = (hadron / di-hadron , hadron / di-hadron),
electron/é‘/positron (hadron /'y, jet), hadron-in-jet

Collins & Metz, PR.L. 93 (04) 252001

TMD PDFs , universal Ji, Yuan, Ma, P.R. D71 (05) 034005
Collins & Soper, N.P. B193 (81)

(with calculable exceptions) Echevarria, Idilbi, Scimemi, JHEP 07 (12)
For review, see Collins, “Foundations of Perturbative QCD” (CUP, 11)



TMD factorization: e+e-

hadron hadron

_ N P, 2

data available only as
azimuthal (spin) asymmetries

I

used for polarized TMD FF



TMD factorization: e+e-

hadron e+€_ — h+X

thrust axis

@ .
S data available o

BELLE

arXiv:1902.01552

Complicated (and sometimes different) factorization theorems,
depending on “distance” of hadron from thrust axis

Kang et al., arXiv:2007.14425
Makris et al., arXiv:2009.11871

73 Boglione & Simonelli, arXiv:2007.13674

For the moment, only Drell-Yan + SIDIS sl
arXiv:2109.11497

arXiv:2306.02937



Scale dependence of TMD: the CSS scheme

1 flq(x’ bz;//lf, Eh= 2 [Cq_)i(x’ b2 ) ®f{(x, /“tb*)] OPE: matching collinear

PDF at small bt

X exp [S(ﬂf, :“b*)] Sudakov: evolution in [ scale; contains

. : perturbative
anomalous dimensions Yr, Yk
Cf evolution in ( scale; contains
2 W2 Collins-Soper kernel K
b+ =P

perturbative Qg | | | |
accuracy % and C K and yr Yk PDF and as evol. FF
L T =

s o A Tl i o

_________ IR 2 NO . NO

________ [V > 3 . N N

 RIMERE o 2N 3 e NNIEO A NNLO

______ e 3 a4 . NNo - No - FEathNNLG)
AL 3 4 NNLO - NNLo  only recently

Borsa et al.,
PR.L. 129 (22) 012002
arXiv:2202.05060

Abdul Khalek et al.,
P.L. B834 (22) 137456
arXiv:2204.10331



Scale dependence of TMD: the CSS scheme

q 7 e l Z 2. : OPE: matching collinear
xab ) 9 o C 'x’b ’ xa
{fl( qu Cf) . [ q—n( :ub*) ®f1( ] PDF at small bT
" g l
kov: evolution in W scale; contains ;
ol @) 5 ,
Ve~ Ve 4 anomalous dimensions Yr , Yk perturbative
o Cf evolution in ( scale; contains
prescription to smoothly X~ Collins-Soper kernel K
connect to large br,
avoiding Landau pole.
Introduces
nonperturbative part
perturbative ag
accuracy % and C K and yr Yk PDF and as evol. FF
___________ L @ R N S S R
RRRNEE G O o e 2N e L LO e LO
--------- NLL,112NLONLO Borsa et al.,
________ SRR 2 i3 b o NLO o i NLO PR.L.129 (22) 012002
RN 2 2 3 NNLO _ NNLO i:f;vféfloi(’6ol
T R T T S e ul Khalek et al.,
______ B 3 4 :  NNO . NO _ FF at NNLO 8 (22) 137456
NG 5 s 3 e NNLO ~ NNLO only recently  arxiv:2204.10331



Scale dependence of TMD: the CSS scheme

q 2 i l Z 2. : OPE: matching collinear
x, b ) ’ iy C ; X, b ’ x,
{fl( Hy Cf) . [ Al Hp)  f( /vlb*)] PDF at small br
! g l
X exp [S(qu, ,“b*)] Sudakov: evo.lution' in WU scale; contains perturbative
Qe e anomalous dimensions Yr , Yk
Dol Cr evolution in { scale; contains
prescription to smoothly X ;4_2 Collins-Soper kernel K
connect to large br, 7 i
avoiding Landau pole. gf 8x(br) nonperturbative Collins-Soper kernel
Introduces X E (arbitrary Qo=1 GeV) non
nonperturbative part 0 R perturbative
_ nonperturbative at initia
X np(x, br3 Qo) (arbitrary) scale Qo
perturbative ag
accuracy % and C K and yr Yk PDF and as evol. FF
___________ B R SR SRR e S
RSRINEES - O o e e LOSScrleile Lo
--------- NLL,112NLONLO Borsa et al.,
________ SEEEN . - 2 03 b o NO o i NLO PRI L
R 2 2 3 NNLO  NNLO i:f;“féffi%ol
T P T e A A SR TR I tal,
______ REERE S > 3 4 ..oNno 1 oo FRatNNRO
NG 5 s 3 e NNLO ~ NNLO only recently  arxiv:2204.10331



The TMD formula

- TMDs depend on two scales: renormalization p and rapidity C (rapidity divergences
/ l do not cancel)
DGLAP evolution evolution through Collins-Soper (CS)
Sudakov form factor kernel K

- for small br, TMDs at initial scale can be OPE-expanded onto PDFs through
perturbative Wilson coefficients

2877 (cancel many large logs in
bT resummation)

- convenient choice for initial scale is y; =/, = uy, =

- so far, approach is perturbative; but what happens at large br? Avoid Landau pole...

oA small by large br e te
- prescription b«(b;) such that b«(b;) —— He 2 Wy, = b > 1
*
Re e 4 —YE
flgm= e_|bT|4/b;lna,x 1/4 bmin i L b 1_45 bmax =Pl
b*(‘le) o bmax (1 5 e_le|4/b;1nin > / 1.2;— it bmax

perturbative -~ non

- b«(by) introduces a non-perturbative component =2 GeVperturbative
fix, by, 1, €) s
fl(x9 bT’ H, C) =f1(x, b*(bT)a Hs C) bmm ~ | Hf =206€V |

fl(xa b«(b ),,Lt, C) 20 0s w s 20 by (GeV-)
= f10x, be(bp), i, CXnp(x: b1, £, Q)  arbitrary



Data-driven nonperturbative TMD

i
, i deuteron target
i @ ; CA at given (x,Q?),
» % . .
COMPASS h~ g N N - different slopes for different z
2 kY L
02<z2<03 ¥V 04<z<0.6 ﬁ: 4 ﬂ'I'T:;
0.3<z<04 0.6 < z<0.8 = K Ta
01} T%ii N
N o
™,
o s N \-. L
E ! Tm. KT{-‘P \‘:. "°... \ T
4% iﬁfﬁﬁ % \-} TTT
— = cH A %, ! -
> ER T NN hﬁ\gj\N at given z
fob) 0.1p “-_u___ "“ﬁ.,“ \H‘Jun\ g ’
SR . ( IO VNI A A different slopes for different x
Q) ""::g_'”:' ""n".' .“‘-.a. \'i_a‘ "\.h-- Pl/Q?
> L L L
ol S N ™
g Y+++TTT %ﬁ t %iiﬁ-g- ﬁiiix-!-.; “*"l'-]-
2 ™, N, N, e
w_ ".... L9 un !‘
0.1 T4 3 - | ""—__ T - . o
oo = == if we model nonperturbative TMDs
.,-r,T_' v._‘.‘ i) s :== .P,,ZT-/ e ) )
N - with Gaussians, we need
R | Tr, | g, | e [Ty .
R e e T x- and z-dependent widths!
3 5
= "v-..‘h_““ M "“ﬁ.._._\__ '*'-q._-__ )-""‘-..
iRe O o5 01 ojs- 0.05 0.1 0A‘1: 0.05 0.1 0f1: 0.05 0.1 o.i: 0.05 0.1 0-::
o P/Q* /@ /@ P/ Q?
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4

xr



Parametrization of non-perturbative TMD

nonperturbative TMD PDF  fp(x, by; Q)

Fourier Transform of sum _F.T. (e—ki/gm(x) e kze—ki/gw(x) il e—ki/glc(x)>
of 3 Gaussians with i ¢
x-dependent widths il mnle = AT, St T 11 param.

(1 — %)% Rox
suggested by models

Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)

Bacchetta, Conti, Radici, PRD 78 (2008)

Pasquini, Cazzaniga, Boffi, PRD 78 (2008)

Matevosyan, Bentz, Cloet, Thomas, PRD 85 (2012)

Burkardt, Pasquini, EPJA (2016)

Grewal, Kang, Qiu, Signori, PRD 101 (2020)



Parametrization of non-perturbative TMD

nonperturbative TMD PDF  fp(x, by; Q)

Fourier Transform of sum _ET (e—ki/gm(x) e kze—ki/gw(x) il e—ki/glc(x)>
of 3 Gaussians with i ¢
x-dependent widths il mnle = AT, St T 11 param.

(1 — %)% fox

nonperturbative TMD FF Dnp(z, br; Qp)

Fourier Transform of sum P/ >
i —P1 [ 834(2) P / 835(2)
of 2 Gaussians with =1 (e +ApPle )

z-dependent widths (1 = 2% (2P + 6) 9 param.

with z) =N, =l
83x(2) = N3y (1= 2% PP+ )
| : 2 (bp)2 2
nonperturbatlve part of sk gx(by) = — g2~ 1 param.
Collins-Soper kernel 0 :

Total 21 param.



Normalization issue in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan

M%7, 0, q,) NLL NNLL N3LL @ ~ 100 GeV |
9 K9 ) qT
TR S T A T S T ]
’ ¢/"’“ —— P s 0.06 - ATLAS 8 TeV, 1.6 < |y| < 2 | NLL' ]
+0MP \ = _ [ NNLL ]
\ / % 0.05 | — NNLL'
1. &2 o U —t  EEE NOLL
E I R = [ { Data |
= J ==
—_— 'I L -|b _.__
____ (] 3 0.03 |- 8
T | T 3 e IR PR PP L PP ]
—_— ry ° RN LA N SN SLIN B i S e e e e
—_— -= L ;g 1.0 r 3 . 3 : ] ¥ + ]
T = = m 0.9 PRSIV N S N ST SR SR (N SRS TR NI SR S N S SR S S ]
7 0 2 4 6 8 10 12
0. 0.6 0.8 qT [GeV]

2
PhT

discrepancy is Prr-independent: My /Mynin ~ 2 Mypn/ Mo ~ 1.5

tensions observed also at larger qr  Gonzalez et al., PR. D98 (18) 114005 but not in SV 2019 fit

and also in Drell-Yan at low QQ Bacchetta et al., PR. D100 (19) 014018 Seimermi & loe e
arXiv:1912.06532

and also in e+e- annihilations Moffat et al., PR. D100 (19) 094014

No normalization problems for MAPFF1.0 (Map Collaboration)
collinear SIDIS do/dxdzdQ Abdul Khalek et al., arXiv:2105.08725



Normalization probl

em in SIDIS

Gonzalez-Hernandez,

PoS DIS2019 (2019)

o

4 » o B
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II[IIIIHI o
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I T
I

Q% = 20.00 GeV7
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A
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T

Q% = 9.80 GeV?
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Nl[

Q% = 11.00 GeV3
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Normalization issue in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan

hi= = N NLL NNLL N3LL g
M*(x,z, O, q7) — - Y 100 GeV
5 e - TR A L T BT T A TR
¢6Mp ] NP peetons WL 0.06 L ATLAS 8 TeV, 1.6 < |y| < 2 | NLL' ]
+ + T :;;red ||||||| N3LL . : ] NNLL :
\ // % 0.05 _ i—'i — NNLL’ _
++ s g : A e N3LL
3 _}__E_ = r { Data
| 43
— +3
N— 4
' - — —

6 8
qr [GeV]

0.5 0.8

2
PhT

discrepancy is Prr-independent: My /Myain ~ 2 My /My ~ 1.5

JoSIDIS doDIS
IDI iplicities M1 M(x,2,q7, Q) =
SIDIS data as multiplicities M (X, 2, g7, Q) dxdzdqrdQ | dxdQ



Normalization issue in SIDIS

ot small gr large qr
dqr
TMD tchi collinear
factorization e ching factorization
e qr
W-term Y-term
do do
{qu[ = W ~ % [TMDPDF ® TMDFF]] \ ~ PDF x FF
dxdzdqrdQ dxdzdQ L0

at lowest order oSIDIS -, 1 the integrated W-term reproduces
(NLL), the SIDIS collinear do at LO,

which reasonably describes data
De Florian et al., P.R. D75 (07) 114010

d GSIDIS d GDIS
M & 9 9 = '
e 0 ok




Normalization issue in SIDIS

do 4 small qr large qr
dqr
TMD tchi collinear
factorization e ching factorization
e qr
W-term Y-term
qu [ i w| % [TMDPDF @ TMDFF]] g
4 dxdzdgrdQ  INNLL dxdzdQ 'NLO

at higher order oSIDIS _ | integrated W-term does not reproduce
(ex.: NNLL) the SIDIS collinear do at NLO
Y-term contributions missing

do_SIDIS dGDIS
M 9 9 9 = I
(x, 2,97, Q) 0| D underestimates data

We define the do Does not depend
/{quW

s @(x,z,0) =
normalization factor dxdzdQ

on fit parameters,
precomputed

=1 atNLL



Backup: SV19 SIDIS normalization

“& &
=t =t
= N
3 =i
(o] r &,
5 S
S| S
—~ Q’
ot <[
'@‘ ~

- b,

[ =t

Drell-Yan SIDIS

where are data w.r.t. NLL result?



Backup: SV19 power corrections

. —— Power Corrections: No
4.0 A
Power Corrections: Yes
3.5
a i
[
o < 3.0 {
: initialize TMDX-SIDIS module n
&
: ———— Main definitions -—- %’ 2.5 4
: Order of coefficient function 8
= Q =
3 4 GeV
A A A A 2.0 1
: Use transverse momentum corrections in kinematics v%
F r=0.1
*p3 : Use target mass corrections in kinematics 1.5 4 0 4
T =y F <z =U.
*xp4 : Use product mass corrections in kinematics 1.0 4
F
E : Use transverse momentum corrections in x1 and z1
T —> F & 0.2 A
el
3
0.0 4
0.0 0.1 0.2 0.4 0.5 0.6

0.3
pr [GeV]

arTeMiDe includes M/Q , g1/Q power corrections
effects in the gr tail => not a normalization effect



Drell-Yan observables

Exp: normalized cross section differential in gr in each bin

- collider |

q y Q
Th: for each bin [i,f] it [”qu[fdyJ o
Ofiqucial (Aqr)irJ, y  Jdo  dqrdydQ

DYNNLO ~—

with MMHT14 PDFs

E288: cross section differential in average qrandy

Th: for each bin [i,fi ~ _! [QfdQ do
2nqr Qi dgqrdydQ Y=Y, qr=qr

E772: cross section differential in average qrand xr = xa - xg bins

L L | “fod J'QfdQ 2E do
T . 1O eacC In [I/] (AXF)lf o e 0, 7[\/; dq%dXFdQ

qar=4r

E605: cross section differential in average qrand Xr

0
Th: for each bin [i,f] J fdQ e 47
o m/s dqgzdxpdQ

Xp=Xp, q7=qr



SIDIS observable

Multiplicity

Exp: differential SIDIS cross section divided by DIS one

dO'SIDIS dO'DIS
M(.X', e PhTa Q) i

dxdzdP,;dQ [ dxdQ

Th: for each bin [i,f]

1 O 1 Xr 1 € 1 Py dcSIPIS
OSPS = J dQ ‘ dx ‘ dz ‘ dP,
(AQ); (Ax) ),  (A2)yl),  (APyp) dxdzdPyrdQ
if JQ if Jx; if Iz if

Py

i

oois _ | {Qf ol [xfdx doP'S
G ), & a0

i

@SIDIS

h
M"(x; » Zips Py Qif) = (©ODIS



The Nanga Parbat fitting framework

All material available at the Nanga Parbat GitHub site

Nanga Parbat: a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.

Download

You can obtain NangaParbat directly from the github repository:

https://github.com/MapCollaboration/NangaParbat ‘
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The MAPTMD22 data sets

LTI YT T
Ndata after cuts o '
N> 103 3 3
233 fixed target ¢ {E —
— | —— 2
Yan : P
251 collider Do
10" g
F ATLAS
5547 SIDIS { | = Compass
: Yo 10+ 108
2031 data points
kinematic cuts
Drell-Yan gr <020
(Q) > 1.4 GeV
02<z<07 SIDIS P, < min lmin [0.2 0, 0.5 Qz] + 0.3GeV, ZQ]



The (x,Q?2) phase space of available data

Fixed target DIS
Collider DIS

Fixed target Drell-Yan

Collider Inclusive Je
jer Drell-Yan

sverse momentum

Mium,muk pair tion §<<< §§§< <<<< <<<< <<< .
éc %Q RIS A
5 T PR DR I D AP DR
10 farkengET ew mNRNPDFSTT——1 PRI N R i P DA P L R
F 4 4. 4 4 dq 4 4 4
F q Yo' 4 14 44 4a 9
A4 ol Y A a4 4«
.o, L.J‘ ofio U‘J\f.JLU oo ¢ L<L {9 49 {
I 0’ og 94@.5 9;0@4494940 £
7_2._.
104 E l> D»DDDDDDD DD% J >DDDDDODDDD :wbb
E >b bbbbébbbbm DN» l»b
OIIﬂ a O L. V4
— i 0.0 0, .0 .M 0 0. 0
> 103 - 0 0 o° CL BO .0 0.0 .
3 . ] % ]
Q
A U l-— E605 v ,
fixed target =~ {— v LR =
o 2 — E288 Ciigdiln o
o 107 F— smar TS d E
—— PHENIX !
5 —— CDF r Eowdry € v Y A
collider — Do :
1L LHCb UAARAA
10 f — CMS v v
r ATLAS v
SIDIS § = Conipas
I COMPASS
0 R | il .
10 -5 —4 -3
10 10 10
T

smaller than for PDFs, but starts to be comparable...



MAPTMD?22: Error treatment

bootstrap method: fitting 250 replicas of fluctuated exp. data
quality indicator: y; of central replica (fitting not  “ )
MAPTMD22 at N3LLO: Nga=2031, 21 parameters, y3/Ng,, = 1.06

2 2
A0 (x >replicas

(exp. / th.) errors can be uncorrelated or correlated
ot penalty for
i / b @A correlated errors
th \ 2

exp — th 255 NS D
Z( o ) t_h=th+2/10(“) i ga

bins gzt N nuisance

) 2
O Gstat + Guncorr params.

Examples of (partly) correlated errors :
- exp.: some normalization systematic errors
- th. : uncertainties of PDFs ~ MMHT2014
FFs DSS14 for 7+
DSS17 for K*



MAPTMD22 N3LL® global fit 42/N,,,, = 1.06

[pbGeV ]
5

do
d|gr|

10

=
[=}
T

CDF Run I

E 3
I

1.1F

1.0

0.9k

t3

() [) ;

0

68% of all replicas

2 4 6 8
lgr|[GeV]

th. error band =

10 12

T P A S IC BT
oo | T I I
\Cws, ! 4 Tl b
P 0.040f } §§: ]
I‘ | oo 3
S S kN ol | By 1 B {HHHH}HH
i IqillGeif] T : Iqu[Ge({f] il i L 4It;m?‘I[GZV]10 s
data set Ndata )(12) )(/12 ){3
Tevatrontotal | 71 | 0i87 ' | 'Dio6" " NCiocH.
PHENIX200 | 2 | A Clog i i 308
STAR510 | 1.05 0.10 1.15
LHCb total | 21 1.15 0.3 1.45
ATLAS total | 72 4.56 0.48 5.05
CMStotal @ 78 0.53 0.02 0.55
collider total | 251 1.86 0.2 2.06
fixed targettot: 233 @ 0.85 0.4 1.24




MAPTMD22 N3LL® global fit 42/N,,,, = 1.06

0.06F ™ T I r—+—+ T -~+~+~r -~ -~ -~r -~~~ ~r1rj]fr-~-~-~rr--~-~r-~°-°-~r -~~~ [~ "~ T " T ] [FTrT """~ T "~ T " T T T T T ]
Vs=T7TeV | | Vs=T7TeV | | Vs =T7TeV |
T0_05; - 0<ly<1 ][ . 1<ly<2 ][ 2 < |yl < 2.4]
= j 11 11 [] j
Q L 1L 1L i
O, .. worst case = 11 = 1 ;
=R S 1t 11 * ]
it Xo!Ngaa = 135 < 11 « 11 -
0.03 - 1t 3 -
S — [[ = 1| = :
8 t— :i: 1
ETRAL 00! L) F 3 0 N ) ;
~ 1.00} ———g | =i o 1% e ;
% 0'95; | I SO AN SR TR T N ST SR (S TR S SR N S S T | .f. Il é ; | T S AN TR T S NN S ST S N SR S S | .#. | IR | é ;7 Il .i. | T SR AN TR T S NN S ST T N S S S | .I. Il é
=) 0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
lg7|[GeV] lgr|[GeV] lgr|[GeV]
extremely small exp. errors d R ){2 ){2 ){2
BE : ata set i Ndata i i
— very sensitive to small th. corrections R D
ATLAS7TeVi 18 | 643 | 092 | "'7ss
Examples: ATLAS8TeV | 48 37 008 S
- numerical implementation of lepton cuts
; ATLAS13TevVi 6 { 509 | 05 6.4
- power corrections Chen et al., f f f f
: arXiv:2203.01565 g | | g
s effects Of matchlng Y term SR ATLAS total i 72 | 4.56 i 0.48 5.05
a2 LIS | collidertotal | 251 | 1.86 | 0.2 TG

arXiv:2111.13661



Visualizing MAPTMD22 TMD PDF

TMD PDF for unpolarized up quark

fap(x, br) 3
~ Gaussian + Ag weighted Gaussian + Ac Gaussian ~ non-pert. evolution e™%2

Ap=1.82%£029GeV™!  A.=0.0215£0.0058 GeV~! 8 = 0.248 £0.008 GeV

l /

x = 0.1
x = 0.01
x = 0.001

Q =2 GeV

b3/4

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.0 0.5 1.0 1. 2.0 2.5 3.0

k| [GeV] k| [GeV]



Visualizing MAPTMD22 TMD FF

0.00 0.25 0.50 0.75 1.00 1.25 \ 1.50 1.75 2.00 0.0 0, 1.0 2.0 2.5 3.0 3.5 4.0

1.5
|P.| [GeV] |PL| [GeV

Dyp(z, P1; Qp) ~ Gauss + Ar P7 Gauss

Ap=0.078 £0.011 GeV~2



MAPTMD22: x2 breakout

N°LL~
Data set Naat ‘ Xb ‘ X3 ‘ Xb
CDF Run I 25 | 0.45 | 0.09 | 0.54
CDF Run II 26 | 0.995 | 0.004 | 1.0
DO Run I 12 | 0.67 | 0.01 | 0.68
DO Run IT B 0.89 | 0.21 | 1.10
DO Run IT (p) 3 3.96 | 0.28 | 4.2
Tevatron total 71 0.87 | 0.06 | 0.93
LHCb 7 TeV 7 1.24 | 0.49 | 1.73
LHCb 8 TeV 7 0.78 | 0.36 | 1.14
LHCb 13 TeV 7 1.42 | 0.06 | 1.48
LHCb total 21 | 115 | 03 | 1.45
ATLAS 7TeV 18 | 6.43 | 0.92 | 7.35
ATLAS 8 TeV 48 a7 || 08 || 40
ATLAS 13 TeV 6 59 | 05 | 64
ATLAS total 72 | 4.56 | 0.48 | 5.05
CMS 7TeV 4 2.21 | 0.10 | 2.31
CMS 8 TeV 4 | 1.938 | 0.001 | 1.94
CMS 13 TeV 70 | 0.36 | 0.02 | 0.37
CMS total 78 | 0.53 | 0.02 | 0.55
PHENIX 200 2 2.21 | 0.88 | 3.08
STAR 510 7 1.05 | 0.10 | 1.15
DY collider total | 251 | 1.86 | 0.2 [ 2.06 |
E288 200 GeV 30 | 0.35 | 0.19 | 0.54
E288 300 GeV 39 | 0.33 | 0.09 | 0.42
E288 400 GeV 61 0.5 | 0.11 | 0.61
E772 53 | 1.52 | 1.03 | 2.56
E605 50 | 1.26 | 0.44 | 1.7
DY fixed-target total ‘ 233 ‘ 0.85 ‘ 0.4 ‘ 1.24 ‘
HERMES (p — 7) 45 | 0.86 | 0.42 | 1.28
HERMES (p — 77) 45 | 0.61 | 0.31 | 0.92
HERMES (p — KT) | 45 | 0.49 | 0.04 | 0.53
HERMES (p —» K~) | 37 | 0.18 | 0.13 | 0.31
HERMES (d — 71) 41 | 0.68 | 045 | 1.13
HERMES (d — ) 45 | 0.63 | 0.35 | 0.97
HERMES (d — K*) | 45 0.2 | 0.02 | 0.22
HERMES (d — K~) | 41 | 0.14 | 0.08 | 0.22
HERMES total 344 | 048 | 0.23 | 0.71
COMPASS (d — k') | 602 | 0.55 | 0.31 | 0.86
COMPASS (d —h™) | 601 | 0.68 | 0.3 | 0.98
COMPASS total 1203 | 0.62 | 0.3 | 0.92

SIDIS total
‘ Total

1547 [ 0.59 | 0.28 [ 0.87
2031 | 0.77 | 0.29 [ 1.06




MAPTMD?22:

NNLL and NLL fits

INSIE NNLL NLL
Data set Natn | o) E 00N Naar | O 00y DNaas | e =10t
ATLAS R e / / /
PHENIX 200 P B T O e /
STAR 510 7 e oA e s s /
Other sets NGRS SO S SE==n 018 SR OREE 2 SR RIS] / /
DY collider 251 | 2.06 £ 0.07 | 179 2Rl / /
E772 03 2.48 + 0.12 53 2.05 £ 0.22 i i/
Other sets 180 | 0.87 £0.04 | 180 | 0.71 +0.04 | 180 | 0.81 £ 0.04
DY fixed-target | 233 | 1.24 £ 0.04 | 233 | 1.01 £ 0.05 | 180 | 0.81 4+ 0.04
HERMES 344 | 0.71 &£ 0.04 | 344 =006 344 | 0.51 4+ 0.02
COMPASS 1203 | 0.95 £ 0.02 | 1203 | 0.6 &= 0.06 | 1203 | 0.41 £ 0.01
SIDIS 1547 | 0.89 £ 0.02 | 1547 | 0.71 4 0.05 | 1547 | 0.43 £ 0.01
Total 2031 | 1.08 & 0.01 | 1959 | 0.89 £+ 0.01 | 1727 | 0.47 £ 0.01

data sets requiring higher pert. accuracy need to be excluded.

Still, these fits useful for polarized situations with less available accuracy




MAPTMD22: Kinematic cuts

L e R e A S :
e Nominal cut ]
1.5 F QT Z Q .
S f)?ga—:
Z i & Vs ]
o 13 f 2 » & ]
e < > better x2 with less
fav] L C
g % o ] conservative cuts
Sl ann > }— allowing for qr > Q
; baseline fit /
1.0 5 2 .
L L C, ] Where is the limit for

(a)

oY

(c)

i

(e)

TMD factorization??

configurations
P, < min [min [cl Q? ¢y Qz] + c; GeV, zQ]
BRaEe -4 a;=0 qr<0.4Q |
gE =015 ¢=0.4 , c3=0.2
e 6)=0.5 , c3=0.3
d) c1=0.2, c2=0.6, c3=0.4 can be gr> Q

more conservative

baseline fit

)
)
)
)

e} ¢1=0.2, c,=0.7 , c3=0.5 canbe gr>Q g less conservative



MAPTMD22: validity of TMD region?

cut of
baseline fit

Gomps
+\/*:§;l 10° -

P,y < min [min 0.20, 0.50z] +0.3GeV, ZQ]

/

2 .y

T T [0  excluded bins
e . ® included bins
fitted T
m
predicted T
I =
i
1.3 < Q < 1.73 GeV i 5
0.02 < x < 0.032 i | E | E ‘ ‘ ‘
(os<z<oa) i }
< 0.86 < gp/0Q < 3.43 .
4§
0 {-— et - LB B - B - e B - e % : % : % } i } }
| | | | | 4
0.2 0.4 0.6 0.8 1.0 1.2

e

e

i

o AN -

i

RS

i

e

SN SITRCMN i il o ik

| 'v“alivdity of TMD factorization seems to extend well beded Phi/z << Q I

e



SV19 cut on COMPASS

1.3<Q < 1.73 GeV

[
T

0.3 < z < 0.4 (offset = 0)
" 0.4 < z < 0.6 (offset = 0)
A 0.6 <z < 0.8 (offset = 0)

Multiplicity

0.1k

0.05 0.1 0.15  0.05 0.1 0.15  0.05 0.1 0.15  0.05 0.1 0.15  0.05 0.1 0.15
2 2 2 2 2 2 2 2 2 2
PhT/Q PhT/Q PhT/Q PhT/Q PhT/Q

more stringent cut => 1/3 of MAPTMD?22 SIDIS data points



Visualizing the Collins-Soper evolution kernel

Collins-Soper kernel  K(by, ) = K(b«, up,,) + gx(by)

drives evolution in rapidity C perturbative ~ non-perturbative
(fitted)
08;~1/2 K(b, 2 GeV) st -1/2 K(b, 2 GeV)
0.6 _ 2 _— L

0.4}

0.2}

_0.2k b(GeV ) L CASCADE . MAP22
— CASCADE o SVZES —— SV19 —— ART23
- 8\29 + ETMC/PKU
_-_--_ yavii%% i E¥%20 lattice Moss et al., arXiv:2305.07473
- Pavial7 =  LPC22

Bermudez Martinez & Vladimirov, arXiv:2206.01105
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Transverse Momentum Distributions from a global fit
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Results with contributions from...
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MAPTMD22 — MAPTMD24

e global fit of Drell-Yan and SIDIS data
2031 data pts. |—| same dataset

e prescription to fix SIDIS normalization problem
pre-computed w(x,z,Q){—] same

e theoretical perturbative accuracy

NSLL-)  [S] NsLL 4=
PDF: MMHT2014nnlo NNPDF3.1TNNLO New: using full
FF:  DSS14 (), DSS17 (K) at NLO MAPFF1.0NNLO Montecarlo sets

Abdul Khalek et al., arXiv:2204.10331

independence of results from choice of PDF
cross-checked

e account of correlated (exp. & th.) errors including APDF & AFF

bootstrap method — replicas of PDFs & FFs
e nonperturbative parametrisation ‘
F.T.(combination of Gaussians)! =1 same for each flavor ~




MAPTMD22 — MAPTMD24

2031 data pts. {—| same dataset

SIDIS normalization w(x,z, Q)} > same

N3LL(-) —{ N3LL
PDF: MMHT2014nnlo NNPDF3.TNNLO
FF:  DSS14 (), DSS17 (K) at NLO MAPFFT1.ONNLO

correlated (exp. & th.) errors { =| same

nonperturbative parametrisation { =1 same flavor-independent case
21 parameters 21 parameters

X2/Ndata = 1 .06 ? XZ/Ndata = 1 .40
[



MAPTMD22 — MAPTMD24

Data set x§/Ndat
Collinear sets DY total|SIDIS total | Total
MMHT + DSS (MAP22) 1.66 0.87 | 1.06
NNPDF + MAPFF (MAP24 FI) | 1.58 134 | 1.40
0.5 BEN MAP24 FI | 0.035 B MAP24 FI
_ MAP22 | MAP22
NQ‘ 0-4 Q=2 GeV -1 o
Q“. 0.3 x=0.1 0-025 ?( = 0?0001G :
Cle 0.020
o2 0.015
ot 0.010
8 0.005
0.0 0.000
2 — e
0 0.8
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0 1 2 3 4 5
|k1| [GeV] |k1| [GeV]

TMD PDFs from MAPTMD24
are compatible with MAPTMD22



MAPTMD22 — MAPTMD24

Data set x5/Ndat

Collinear sets DY total| SIDIS total| Total

MMHT + DSS (MAP22) 1.66 0.87 1.06

NNPDF + MAPFF (MAP24 FI) | 1.58 1.34 1.40

MAP24 FI
™ s TMD FFs from MAPTMD24
0.3 2= 0.0 are different from MAPTMD22
MAPFF1.0nnlo
e NNLO

25 e smaller uncertainties

0.0 0.2 0

I o o e Neural Network approach



MAPTMD22 — MAPTMD24

Data set Ndat X(%/Ndat Data set Ndat Xg/Ndat
DY collider total 251 2.14 DY collider total 251 2.01
Dy fixed target total | 233 0.68 Dy fixed target total | 233 1.11
HERMES total 344 2.72 e HERMES total 344 2.51 |
COMPASS total 1203 0.99 COMPASS total 1203 0.99
SIDIS total 1547 1.38 SIDIS total 1547 1.33
Total 2031 1.40 Total 2031 | 1.39
NNPDF+MAPFF MMHT+MAPFE
&  Similar &9
. worsening  §
Data set Ndat | X5/Ndat Data set Naat | X2/Naat
DY collider total 251 | 2.43 DY collider total 251 | 2.06
Dy fixed target total 233 0.75 Dy fixed target total | 233 1.24
HERMES total 344 0.95 |gem HERMES total 344 0.71 P —
COMPASS total 1203 0.88 COMPASS total 1203 0.92
SIDIS total 1547 0.90 oo SIDIS total 1547 0.87
Total 2031 | 1.07 o Total 2031 | 1.06

Agreement
NNPDF+DSS , , MMHT+DSS (MAPTMD?22)
R i




Fit results for SIDIS

i i i IR AR
lafasat s N ot | )(12) ey )(2 Xp2 = uncorrelated error

i i i AR S

HERMES | 344 i 081 024 i 105 X)2 = correlated error
""""""""""""""""" L—-—-—-—-. , ot e 3
COMPASS | 1203 | 067 . 027 | 094 YN X TX07+ XA

SIDIStotal | 1547 ¢ 070 | 026 | 0.96
DY fixed target! 233 | 063 | 031 | 094

proton target t g\fﬁ

00000000

DYcolider | 251 . 1.87 | 028 | 165 a flavor lnde endent fit
Total 2031 081 | 027 | 1.08 | d |O 279
would give :
9 Z
- > \ \ \?6% . = x 8N = (] . s A i [ E E
COMPASS h 3 ‘\\g' N \\ / o0 o R
<<<<<<<<<<<<<<<<<<< 5 W}% ol }
<<<<<<<<<<<<<<<<<< """ ™ | deuteron target % e O : - { I }
4 z
NN
NN N K
:% \::1( h\i‘% :\'::% " ’*&J,Lm | = 0.0 = s = N
% = hm‘”ﬂ»‘”t ‘Tw""\: "“:zw(n’ﬂ muﬂ’ﬂ 1 _ 175 p = ot I
<) I T
S 2.65 % “" M, Mm, d t L I
N N N N very good agreemen
g M N A m‘m . * 7y
= &Wr Ty &’*w s Ty S
= ‘.};“mrhw V'u‘,,wmﬂ i ﬂan i P L . O:zz . s = = . s = ' = - - [} L ]
1.73 5 - - najl P i
EW% ;nu. Hra ] FPH /@ > 0.8 Y I } } }
z B "mt H”Yﬂ&@r} o
E Ew&% o N U’r[:i%rf ii umfi‘lrt ¥ }rr,mik :: : - .
= ﬂhu Wi, " by " ; s = L] x I = x ] i
1.3 h B 7 7 7 7 th . error band o= 0.1 » o.lz - OVT 04 00 01 » 0.|2 - 2]:]{ 04 0.0 :0.1 N 0.|2 - I{,f]{

0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4 6 8 0/0 Of a | | rep I i Cas

2 < 0.475 (offset = 0.2) 0.475 < z < 0.6 (offset = 0.1) W 0.6 < z < 0.8 (offset = 0)



Fit results for Drell-Yan

i i ) 2 9
dataset | Ndaa @ X X X
_______ feRvEs s os1 o2 105 | very good agreement
COMPASS | 1203 | 0.67 0.27 0.94
SIDIS total | 1547 | 0.70 0.26 0.96
DY fixed target: 233 | 0.63 0.31 0.94 OOd asreeme nt
— — I &
DY collider : 251 : 1.37 0.28 1.65
Total | 2031 @ 0.81 0.27 1.08
* I I I CDF Run 1 8 I I E CMS 0080 * = ATLAS
o fEH I i Ay i
> I I I 0< |yl <0.4 7 0.050 - y
G 1 ) (X) it T 6 L 2 0.045
3 B3 3 * S y
Wgw 3 3 g 3 ¢g0.040
o IEEI ¢ is) : I; :IEO.O35 ? )
5 o/ & 3
3 () Sl 4 0.030 -
2 $33 3 5.3 3.8 | E
.00 Eig‘g sstgistigtygety d 3 % 2003
% 0.75 ~ 1.00 . = - -
A 0 2 4 6 8 10 12 2| = 2 0.05 s *
lqr|[GeV] - I 3 2 4 6 8 10 12
I TTITT 1T
1.00 T
LTI T e th. error band =
‘ 0 2 4 6 8 10 12 14

68% of all replicas



Fit results for Drell-Yan

_______ HERMES | 344 | 081 . 024 . 105 _ very good agreement
COMPASS 1203 : 067 :{ 027 | 0.94
SIDIStotal | 1547 | 070 : 026 | 0.96
DY fixed target: 233 | 063 | 031 | 094 OOd aosreement
DYcolider | 251 | 187 | o028 . 165 | — 2 2
Total 2031 081 | 027 | 1.08 ‘ very precise data!

{ data set | Ngat:
{ Tevatron !

25 III : - = ATLAS
D55 \/§:7TeV
o iy e
G 15 t IIII s
2 [}
5510 3 rif hao *
=l t3t3 5 \m'ﬁ“ 3 ~160.035 ? -
5 SE ()
- [} |54 0.030 -
= 1.25 | o
E(l)(;g E§§$§III§§§I!§}-IEE$}:1IEE E 3 % 5010(2)% - - .
- 0 2 4 6 8 10 12 2| = E (1).32 = " *
lar|[GeV] Lo I 8 0 2 4 6 8 10 12
I T I ot
1.00 T
MR RASRSRRRES th. error band =

" Nadieen 68% of all replicas



MAPTMD24 flavor channels

v TMD PDF
Jip(, by Q) = F.T.(combination of Gaussians) @ @ sensitivity
5channels: g= u,i,d, d, sea(“s”) @

1442 Hermes

v TMD FF el
DI (z,bs; Oy) = ET.(combination of Gaussians)

5 channels: favored pion u — z¥,... f“/\j Compass
unfavored pion d > z%,... g | . }?;ifthg
favored Kaon u — KV, ...
favored strange Kaon § — K™, ... Drell-Yan

unfavored Kaon d,s — K+,... @

total of 96 parameters but with ~diagonal correlation matrix



Visualizing MAPTMD24 TMD PDF

Q =2 GeV

Q=2 GeV 3 )

0.5 {8\

[SHE ST

n

0.4

zfi(z, k15 Q, Q%) i
0.3

1
0.2

0.1

0.0

0.15]

0.00 0.25 0.50 0.75 1.00 1.25 1.5 N
|k1| [GeV] 0.10]

0.05

0.00
) 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|ky| [GeV]
0F Q=2GeV | u
x = 0.001 d
0.4 d
u
S
).3

the least constrained

is the most constrained

th. error band =
680/0 Of a” replicaS 0.00 0.25 0.50 0'7|Z:J_|1'[(£e\}]25 1.50 1.75 2.00



Visualizing MAPTMD24 TMD PDFs

@ fi(e, k1; Q. Q% zfi(z, k1; Q. QF)

Q=2 GeV

0.6

zfi(z, k35 Q, Q%) zfi(z, k3 Q, Q%)




Visualizing MAPTMD24 TMD PDFs

u Sea Q=1 GeV

zfi (@, k1 Q, Q%) zf}(x, k15 Q, Q%)

Q=2 GeV

$.fii(w, ki? Q, QZ)

0.6

down

zfi(x, k25 Q, Q%) zfl(z, k3 Q,Q

w0 x=0.01
,,,,,,, x=0.001




“Normalized” MAPTMD24 TMD FF

D1(z,P1;Q)

D1(Z,O;Q)

'|'[+

Q=2GeV [ u
z=0.4 e od | e
® signs of
— —

0.75 1.00 1.25 1.50 1.75 2.00
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11.00
:0.75
0.50
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0.75 1.00 1.25 1.50 1.75 2.00
|PL]|[GeV]
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better constrained than

£

e structure from nonperturbative parametrization

e evidence of final-hadron dependence

u— 7wt
u— KT

Q = 2 GeV
z = 0.6

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|PL|[GeV]



MAPTMD24: x2 breakout

N3LL

Data set Naat | XD | 25 | X6

Tevatron total 71 (1.10]0.07(1.17
LHCH total 21 [3.56]0.96 |4.52
ATLAS total 72 13.5410.824.36
CMS total 78 10.3810.05(0.43
PHENIX 200 2 12.76]1.04|3.80
STAR 510 7 1.1210.26 | 1.38
DY collider total 251 [1.3710.28 | 1.65
E288 200 GeV 30 10.1310.4010.53
E288 300 GeV 39 10.1610.26 | 0.42
E288 400 GeV 61 |0.11/0.08]0.19
E772 53 [0.8810.20 | 1.08
E605 50 [0.7010.2210.92
DY fixed-target total| 233 |0.63|0.31 |0.94
HERMES total 344 10.8110.24|1.05
COMPASS total 1203 [ 0.6710.27 1 0.94
SIDIS total 1547 [ 0.70 1 0.26 | 0.96
Total 2031|0.81({0.27|1.08




MAPTMD24: fit parameters

Parameter Value Parameter | Value | Parameter | Value
g2 [GeV] 0.12 £ 0.0033
Niaq [GeV?] 0.21 £0.017 Nag [GeV?] [0.015+£0.0013 | Nzq [GeV?] | (40£2.2) x 107*
aid 0.86 +0.11 azq 5.5+ 0.041 asd 2.38 £+ 0.032
O1d —0.21£0.013 024 = 034 9.91 4 0.061
Aia [GeV '] 0.32 £ 0.038 A24 [GeV~T] | 0.052 & 0.0022
N,q [GeV?] 0.68 £ 0.038 N, [GeV?] [0.0037 £0.0037| Nz [GeV?] [(5.9+5.8) x 107°
aig 0.64 £0.18 Qg 5.69 £ 0.64 Qg TE=E 055
i 0.075 £+ 0.012 =y 10.19 +0.09
A1 [GeV 1] 0.7+ 0.67 Aog [GeV~T] [ 0.051 &+ 0.0071
N1y, [GeV?] 0.35 + 0.0063 N, [GeV?] [0.019 4 0.00015| N3, [GeV?] [(35544.5) x 10°°
a1y 0.18 +0.1 Q24 5.42 & 0.0037 Q34 2.14 £ 0.0068
O1u —0.26 + 0.0079 024 = O3y 10.17 £ 0.011
Au [GeVT'] | 0.49£0.0037 | A2y [GeV~'] | 0.081 =+ 0.0009
Nigz [GeV?] 0.48 £ 0.0074 Nagz [GeV?] [0.022 +£0.00037| N3z [GeV?] | (214£1.5) x 107°
a1z 0.95 £ 0.077 Q2g 5.38 £ 0.0099 a3z 1.77 £ 0.052
o1z —0.026 + 0.01 02 = 033 10.21 + 0.02
Az [GeV™'] | 0.53+£0.0067 | A2a [GeV™'] | 0.11 £ 0.0055
Nisea [GeV?] 0.16 £ 0.035 Noseo [GeV?] | 0.029 £ 0.0027 | Nsseq [GeV?] 0.0039 £ 0.002
Qlsea 0.65 + 0.48 Q2sea 5.24 £+ 0.032 Q3sea 1.48+0.74
O1sea —0.018 £0.022 | 02scq = 03sea | 10.72 £0.037
Asea [GeV '] 243+£0.97 | Azsea [GeV~'] | 0.015 + 0.0083
Niyr [GeV?] [ (82 £ 1.8) x 107° [ Nsur [GeVZ] | 0.095 & 0.0008 Brur 5.19 + 0.066
Boun 2.3 £0.041 Stur 0.017 + 0.0084 S2urn 0.19 £ 0.0049
Viwr 1.46 £0.015 Your 0.84+0.0095 | Apur [GeV~?] | 0.089 £ 0.003
Nusear [GeV?]| (83 £2.4) X 107° | Nssear [GeVZ]| 0.094 + 0.0012 e 5.38 £ 0.21
B2sear 2.31 £0.072 N 0.022 + 0.0064 s 0.19 £ 0.0044
Yisearn 1.44 £0.026 V2scan 0.8+0.012 [Apsear [GeV~?]| 0.086 + 0.004
Nuiux [GeV?] [ (87 £5.7) x 107° | Nsux [GeV?] | 0.14 £0.0026 Bruk 8.52 4 0.081
Boux 3.86 £0.19 d1uK 0.0061 & 0.0035 d2uK 0.19 £ 0.0059
Yiuk ST Youk 0.19£0.054 | Apux [GeV~?] | 0.14 £+ 0.0048
Nuisx [GeVZ] [(4.5£3.7) x 10~ %] Nssx [GeVZ] | 0.16 £0.016 Bisk e
Bask 5.1 2 L S15K s S5k 0.16 +0.033
Y15k 0.71 4 0.42 Yosk 0.36 £0.19 | Arsk [GeV 7] 0.34 +0.2
Niscar [GeVZ]| (78 £2.8) X 1072 [ Nssearr [GeV?]| 0.15 £ 0.0059 D 8.63 +0.24
B2seak 4.1940.14 O1seak 0.0075 £ 0.0051 02scak 0.2 +0.0029
Viseak 0.96 & 0.036 Y2seakK 0.17+£0.092 [Arsear [GeV~—?]| 0.15 + 0.0055
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Impact studies

_ MAPTMD22 impact studies




MAPTMD22 impact on the EIC
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MAPTMD?22 impact on JLab20+

0.100 MAPTMD?22 10° . . . .
JLab20 Impact
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Potential impact on W mass

surprising CDF result

b lepton
- e
DO | 80478 + 83 e ’ = T neutrino
CDFI 80432 + 79 L q
DELPHI 80336 + 67 ——

e intrinsic k. + resummation = gy = pry

OPAL 80415 + 52 |
ALEPH 80440 £ 51 —— @ = 0 )
Do Il 80376 + 23 —e— uu , dd — Z° main Channels
ATLAS 80370 + 19 e 5

0 R . ud — W7 main channel

v by by by b by by
79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

but all analyses assume flavor-independent

SM expectation: My = 80357 + 6 MeV Gaussian kJ_ distribution

Physics Letters B 788 (2019) 542-545

Contents lists available at ScienceDirect
Physics Letters B

O u r WO r k = = = www.elsevier.com/locate/physletb

Effect of flavor-dependent partonic transverse momentum on the

eXp I ore sens |th I ty Of MW tO determination of the W boson mass in hadronic collisions
Alessandro Bacchetta®P*, Giuseppe Bozzi®-", Marco Radici®, Mathias Ritzmann ¢,

non-perturbative flavor-dependent Anre Sigor

2 Dipartimento di Fisica, Universita di Pavia, via Bassi 6, 1-27100 Pavia, Italy

Y INFN, Sezione di Pavia, via Bassi 6, I-27100 Pavia, Italy

s ' . © Nikhef, Science Park 105, NL-1098 XG Amsterdam, the Netherlands
| l S r l U I O n 4 Theory Center, Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, Newport News, VA 23606, USA
P.L. B788 (19) 542, arXiv:1807.02101




Potential impact on W mass

flavor dependent

- take the DYRES code and modify the fnp (x,bT)/—N

0> 03 range of variation from

exp| — g, b210 > exp| — log — + g% ) b?

P| — & brlog 02 o 82 108 07 SN Signori et al., JHEP 11 (13) 194,

ArA1V: 3
0 / 0 Xiv:1309.3507
flavor independent, ~[0.2-0.4] GeV? o
MAPTMD?22 ~0.25, see also e ,;X
PV 2017 Bacchetta et al., JHEP 06 (17) 081, arXiv:1703.10157
Guzzi et al., PR. D90 (14) 014030

(K2q,)
(K.)

- generate ptZ spectrum with g> and assigned CDF/ATLAS errors in each bin;

generate sets of prZ spectra with g4 = { g%, g%, gl g%, g%} and keep those with
global x?/d.o.f. < 1.3

- with these “Z-equivalent” sets, generate pseudodata for lepton pr distribution at
MwO = 80.370 GeV

- with g», generate 30 template lepton pr distributions with Mw in Mw? + 0.015 GeV

- perform template fits for each pseudodata



Potential impact on W mass

shifts in M. ‘ shifts in M.
from pr|ep,,,d1'§iributions i [ from pr|ep,,,d1'§iributions ]

AMy,+ [MeV]
AMy,+ [MeV]

-10- LHC 7}6\1_ ] -10f LHC 1:’ﬁ"ev\ ]
LN ATLAS kinematié“c~u1§ ] —4 < AM w- S 3 e LHCb kinematic\éutg ]

_157/"'7/\“\““\““““\““\“‘m: _157""]”‘“\““\A“‘““A““\““\
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

ERvIMaV] e S B A A SO S AP (5 AMwy- [MeV]
significant shifts AMy,. # AMy,_ |
of nonperturbative origin |

e repeat impact study on extraction of W mass using MAPTMD24
flavor-dependent kt distributions



Phase space for polarized TMDs

Abdul Khalek et al. (EIC Yellow Report), N.P. A1026 (22) 122447, arXiv:2103.05419

T T TTT | T T I | N I - - : I I I | N I - - : T T T T TTT | T T T T T TTT
" Current data fovl Collins and Sivers asymmetry: |
4
107 F =
E [ ) COMPASS h:t: PhT < 16 GeV/C YVVYVYVYVYVYYVYY E
r O HERMES ;%% k%P, <1 GeVic 1
- JLab Hall-A n*: P,; <0.45 GeV/c ° 7
[ XX JLab 12 ' 1
10° ' o STAR 500 GeV -1 <1 <1 Gollins R T E
r O STAR 200 GeV -1 <n < 1 Collins ° oO ]
0 [ ® STAR 500 GeV 1 < < 4 Collins 2 )
8 - O STAR 200 GeV 1 <1 < 4 Collins 7
~ 102k Y STAR W bosons 3
o F 3 ]
@) L o 1
- é -
I A )
L S ]
1= =
1 = ]
C 1 11 111 I 1 1 1 11 1 11 I 1 1 1 11 111 I 1 1 1 11 1 11 I 1 1 1 L1117
1074 o 1072 o 1
X

For polarized TMDs, available phase space is less than unpol. TMD,
particularly at high Q2 — more difficult to study evolution properties.
Where collider data can be most useful



Most recent extractions
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