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Outline

TMDs: Physical motivation, definitions

TMD factorization, evolution, resummation: SIDIS, DY and e+e- annihilation
Theoretical information: bounds, sum rules

Phenomenology: Sivers and Boer-Mulders functions, Collins and polarizing FFs
Phenomenology: worm-gears, pretzelosity [gluon Sivers TMD]

Related topics not covered: gluon TMDs, GTMDs and quarkonium (talks by D. Boer
and S. Bhattacharya), subleading twist contributions (talk by S. Rodini), HSO
approach (talk by T. Rogers), SCET (talk by I. Scimemi), Lattice QCD (talk by C.
Alexandrou)

Future (EIC, LHC, LHCSpin, AMBER, SolLID,JLab20+,...)

TMD Handbook Arxiv: 230403302 [hep-ph]
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TMDs and friends

Wigner functions (z, k I b 1) (Belitsky, Ji, Yuan, 2003)

2-D Fourier Transform

(AL)

(Meissner, Metz, Schlegel, 2009) GTMDs (z, ki, A)

A - U fdzEl
TMDs (z,k ) GPDs (z,A)
. A=0 dx
/ d*k |
PDFs (z) FFs (A)
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Historical recollections

Studies of TMD effects in parton model date back to its formulation — low transverse momentum spectrain
unpolarized DY processes

TSSAs (and hyperon transverse polarization) in pp, pA collisions, Sivers effect, generalized parton model,
problems with T-odd TMDs, factorization

Initial and final state interactions in SIDIS, DY and e+e- collisions, gauge links, factorization, modified
universality [sigh change of T-odd Sivers and BM functions between SIDIS and DY]

Proper formulation of TMD factorization theorems at leading power, rapidity divergences, TMD evolution
(CSS, SCET)

Resummation (low q;) vs fixed-order (large q; ~ Q), matching, connection with collinear twist-3 approach
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TMD Factorization and evolution (CSS formalism) basic ideas and ingredients
(for more details see talk by L. Rossi on Thursday)
(SCET approach see talk by |. Scimemi on Thursday)

Fourier transform to by space

Renormalize ultraviolet and rapidity divergences

RG evolution equations with proper anomalous dimensions (Kollins-Soper kernel for rapidity)
Avoid large b regime and Landau pole in perturbative expansion (b, prescription)

Perform OPE to evolve from the initial to the final (b, implemented) scales

Require nonperturbative input for CS kernel [ g (b%) ] and for the OPE part

The nonperturbative factor at the initial @, scale effectively incorporates also the soft factor S

ff(x7 b’%a Hfs Cf)

= [C ® f1](@, by o, , 1, ) €XP { /W %v(u, Cr) } (%

by b«

K (b0, ) /2
> leP(xab%;CfaQ())a
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TMD Factorization and evolution (CSS formalism) basic ideas and ingredients

Phenomenological approaches differ in the choice of required ingredients:

* Order of perturbative expansion in the strong coupling costant (LO, NLO, NNLO, N3LO)

* Orderinthe resummation of large logarithms (LL, NLL, NNLL, N3LL, N4LL)

 Parametrization of nonperturbative input: g, (b?), functional form of distributions at the initial scale
(e.g. combinations of Gaussians and weighted Gaussians, flavor dependence, ...)

* Choice of data sets to be fitted for SIDIS, DY, e+e- annihilation, pp collisions...

* Data selection criteria for the validity of the factorization approach (safe kinematical regions)

* Choice of collinear PDFs and FFs

* Evaluation of statistical uncertainty bands
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Leading Gluon TMDPDFs O—» Nucleon Spin @ Gluon Operator Leading Gluon TMDFFs O-' Hadron Spin @ Giuon Operator
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Subleading Quark- Gluon- Quark

TMDEFFs
Subleading Quark- Gluon-Quark

TMDPDFs

Quark Chirality

Chiral Even Chiral Odd

Quark Chirality

Chiral Even Chiral Odd
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TMD PDFs for spin-1 hadrons (up to twist 4,

TABLE II. List of twist-2 quark TMDs for a spin-1 hadron in
terms of the quark and hadron polarizations. The square brackets
[ ] indicate chiral-odd distributions and the others are chiral-even

ones. TABLE IV. List of twist-3 quark TMDs for a spin-1 hadron in terms of the hadron polarizations and the operator
forms in the correlation functions. The square brackets [] indicate chiral-odd distributions and the others are chiral-
k even ones. The LL, LT, and TT TMDs are new distributions found in this work.
Quar
. ; Quark
U(r™) L(r*rs) T(ic""ys/o0™") . .
Hadron 7y 1, iys rtys oV, 07"
Hadron T-even T-odd T-even T-odd T-even T-odd Teven Todd Toven Todd Toven Todd
L
§) fi [hy] U FHel gt [A]
L giL [hﬁ] L fé[eL] . gil [he] )
T L [h ] [hJ_ ] T fr frler er] ar» 9t [hr], [h7]
17 qgir 1 U"™r LL fJ_ [e ] gJ‘ [hLL]
LL f [hi ] e oL gt s
ILL 1LL LT frrs firlecrs err] 9t 9rr (hrr)s [hi7
LT flLT aqiLr [hlLT] N [hlLLT] TT fTTaf%T[eTT’ E%T] grrs Q%T (hrrl, [h%r]
TT firr airr (hi7r)s [Pigr]

Bacchetta, Mulders - PRD 62, 114004 (2000)
Kumano, Song - PRD 103, 014025 (2021)
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Formal constraints on TMDs

Notice: These constraints are formally valid for bare TMDs with partonic interpretation, not clear if they are
preserved for renormalized TMDs. Useful for test models and for phenomenology.

Positivity constraints [ Bacchetta, Boglione, Henneman, Mulders, PRL 85, 712 (2000) ]
fla(-x/kT) 2 0/ |gf(x/kT)| gfla(xlkT)/ |h£12(x/kT)| Sfla(xlkT)

1
|h](x, kT)| < E(ff(x, kr) + g7 (x, kr)

\
)
W2 k)] < 2 (f{’(x, kr) - ¢7(x, kT)]

2
L(1)a 2, Ll » K > )
81T (x, k) +f1T (x, kr)* < > (fl (x, kT) _gl(x/kT))
N
1 1 : )
B G ke 4+ Y, ke < =L ( £, k) — g0 (x, kr)? |
N
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Formal constraints on TMDs

Burkardt sum rule for the Sivers function [ Burkardt, PRD 69 091501 (2004) ]
2 L(1)a _
E /dxfd kr fir " (x, kr) =0
a

Schafer-Teryaev sum rule for the Collins FF [ Schafer, Teryaev, PRD 61 077903 (2000) ]

> @Sy+1) f dz 2 f d2Kr H'"" (2, Kr) = 0
h
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Semi-Inclusive DIS Drell-Yan Dihadron in et+e-
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SIDIS cross section

do B
dv dy dip dz dop, dP? |
2 2

2
o COS
) <1+l> {FUU,T+€FUU,L+ V2e(l +¢) COS‘f’hFUU%

2yQ? 2(1—¢) 20

Boer-Mulders,Cahn,... + & cos(2¢y,) Fyy COb%h +Aev/2e(1 —¢) singy inilfth

+ SH

V2e(1 + ¢) sin oy, Fin ™ + esin(20y,) bm%h] Worm-gear hi;

V1—e2 Frp++/2¢(1 —¢) cos ¢y, FEOLS%

+ S)Ae

sm(gbh—gbs)< [t}l;lﬂ;ih ¢s)+ szl;(fh %))

Sivers + S|

~6s) | Pretzelosity hiy

Collins + & sin(on + og) Fom 99 4 o sin(3¢y, — gg) Fim®h

+v2e(l 4¢) singg Ffﬁqﬁs +/2e(1 +¢) sin(20, — an (201 —¢s)

Worm-gear gir + 81| Ae [\/1 — &2 cos(¢p, — ¢s) F} CO:’(% ¢s) 4 2¢(1 — €) cos os Fg}sqﬁs

+ \/m cos(2¢y — ¢g) Fz?lf(%h—cbs)

}’ Bacchetta et al, JHEP 02 (2007) 093
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do

Drell-Yan cross section for dilepton production

2

d*qdQ)

Sivers

04/06/2024

aeqm {((1 + COSZ@)FUU +(1 - 00820)F + 5in26 COS¢FZ°Z¢ n Sln2000s2¢FC°g2¢)

Boer-Mulders

+ 8, (sin20 sing F P + sin2@ sin2pF 52 ?) + 8,7 (sin26 sing Fynn® + sin?6 sin2p F>?)

Worm- gearh & BM

+ 1S, 7[sing (1 + cos?@)FL, + (1 — cos?@)F2,, + sin26 cosqﬁF;(Eqb + sin20 cos2q§FC0$2d’)

+ coseh,(sin20 sing Fin? + sin2@sin2p Fir-?)] + |Sy7l[sing, (1 + cos2@)FL, + (1 — cos20)F2,,

+ sin26 COS¢F%O;¢ + sin%6 coquﬁFCOSM) + cosg,(sin26 sm¢F§}’}¢ + sinZ6 sm2q§F““2‘f’)]
+ 8.8, (1 + cos20)FL, + (1 — cos20)F2, + sin260 cosp F->? + sin26 cos2p FIO>?)

+ Sangbrl[COS¢b((l + coszg)Fl + (1 _ COSZG)FL + sin26 COS¢F2(;§¢ + Sln20COSZ¢FCOS2¢)
+ sing, (sin20 sin Fy0? + sin20 sin2p Fy )] + [Su71Sprlcosdp, (1 + cos20)FL, + (1 — cos20)F2,

+ sin26 COS?{’FCTOLW + sin?6 COSZQbFCOgM) + sing ,(sin26 31n¢FST12¢ + sin?6 sm2¢F§m2¢)]

+ 18,7 11Sprllcos(d, + (1 + cos?@)FL, + (1 — cos20)F2., + sin26 cosp For? + sin26 cos2¢p Foo>?)

+ cos(d, — Pp)((1 + cos?@) Fly + (1 — cos20) F2, + sin26 cosp F5n? + sin?6 cos2p 5y
+ sin(¢p, + ¢,,)(sin26 s1nd)F“n¢ + sin?6 51n2¢F“n2¢)

?)

+ sin(¢p, — ¢,,)(sin20 smqu;;d’ + sin?6 sm2d)F§m2¢)]}. Arnold, Metz, Schlegel
PRD 79, 034005 (2009)
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PoPYdo,, _ 20\ 1 20\ 3 . os ¢ 2 Feos
m: p (1 + cos?0)Fiypy + (1 — cos?0)Fyp, + (sin20cos @) Fiy)” + (sin?@cos 2¢0) Fip ™"
+ A,[(sin20sin 2¢) F32** 4+ (sin20'sin ) F357]
+ 18,1 |[sin o (1 4 c0s20) Ly, + (1 — cos?0) F3,, + (sin 260 cos ) Foos?+(sin20 cos 2¢) Fo; %) Back-to-back hadron pPa ir prOd uction
+ cos b, ((sin20sin 2¢p) Fn? + (sin 20 sin ) Fym?)] + A, [(sin?0sin 2¢) F3*? + (sin 260 sin ) Fy?] in et+e- annihilation
+ |S,.1 |[sin b, (1 4 c0s20) L + (1 — cos?0) F3, + (sin 20 cos ¢)F‘Z});¢+(sm20 cos 2¢0) Fin )
+ cos ¢, ((sin2@sin 2¢) F3n? + (sin 20 sin ) Fn?)]
+ A A [(1 + cos?0)FL, + (1 —cos?0)F3, + (sin26 cos ¢) F5 ¥+ (sin20 cos 2¢) F5 27
+ A,|S, 1 |[cos dy((1 + cos20)Fl ;. + (1 — cos?0) F3 . + (sin 26 cos ) F%?
+(sin?60 cos 2¢) FS%*") 4 sin ¢, ((sin26 sin 2¢) F3'7>? + (sin 20sin ) F377)]
+ 18,1 |Ap[cos g (1 + cos?0)F}, + (1 — cos?0)F3, + (sin26 cos ) For
+(sin20 cos 2¢0) F5 > )+ sin ¢p,, ((sin26 sin 2¢0) F52 *? + (sin 20 sin ) Fir ?)]

1S, 1Sp L |[cos(¢p + hy) (1 + c0s20) Fhy + (1 — cos*0) F3,

+(sin20 cos ) F2? + (sin?60 cos 2¢) i) + cos(pa — by ) (1 + cos20) L + (1 — cos?0) F3.,
+(sin20 cos ) Fon? + (sin20 cos 2) F55*?) + sin(¢p, + ¢y ) ((sin?0sin 2¢0) F522% + (sin 20sin ) F5n?)
+sin(¢, — ¢p,)((sin?0sin 2¢) F522% 4 (sin 20 sin ) F52?)]} — 24, {[(sin Osin ¢)G;;“U¢]
+ A,[(cos0)G7 ; + (sinfcos ¢)G°°S¢]
+ |§aJ_ |[cos ¢, ((cos 8)G2,, + (sin @ cos ¢)GC°S¢) + sin g, ((sin@sin ¢)Gsm¢)] Pito nya k’ Sch lege l’ Metz
+ Ay[(cos0)G2; + (sin@cos p) Gy’ PRD 89, 054032 (2014)
+ [y [[cos ¢y ((cos 0) G2y + (sin 6 cos p)GEn?) + sin by ((sin O sin ) Gn?)]
+ A A [(sinBsin )G %] + A,|S, 1 [[cos ¢, ((sin B sin ) G52 + sin ¢y ((cos 0) G2, + (sin O cos ) G5
115, I s[cos g ((sin B5in $)G53) +sin b, ((cos0)G, + (sincos )G
13,0115, 1 l[cos(ha + ) ((sin O5in $)G52%) + cos(h, — ) ((sinOsin ) Gia?)
+sin(¢h, + ) ((cos 0) Gy + (sinBcos §)GT7”) + sin(¢h, — By) ((cos 0) Gy + (sinOcos $)Gi7 )]} }.
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Phenomenology: Sivers and (transversity +) Collins functions from global fits

fi7(x, kr)sipis) = — f7(x, kT)[Dy]
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fi(x, kr)ismis) = = fi7(x, kT)py]
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fir(x, kT)ismois) = — fi7(%, kT)[Dy]
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Bury Prokudin Vladimirov JHEP 05 (2021) 151 - N3LO e NNLO
Comparison of global SIDIS + DY fits with and without the sign
change for Sivers function

firipy) = —f i isiprs) | J i py] = T i (SIDIS)]
X N TR
p-value (CF) 0.74 0.44
p-value 68%CI 0.60, 0.34 0.28, 0.08]
p-value 68%CI (SIDIS) 0.67, 0.42 0.53, 0.11]
p-value 68%CI (DY) 0.56, 0.17 0.68, 0.02]

Table 5. Comparison of x? and p-values between the fit with and without sign-change for Sivers

function.
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Extraction of Sivers function from global fits
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SIDIS, DY, ete™ e pp — m + X, twist-3 chiral-odd FF H;

JAM3D22: PRD 106, 034014 (2022)

impact of Soffer bound and Lattice QCD tensor charge

T

e me

==:= Anselmino et al ‘17

u Bacchetta et al ‘21
] ]

1 1
0.2 0.4 0.6 0.8
xr

— JAM22
Bury et al ‘21

04/06/2024

(z, kr)

1d
1T

=== FEchevarria et al ‘20

1
1 TN
r=0.1
104 4 I I |
00 05 10 15 20
kr (GeV)

F. Murgia - Transversity 2024 - Trieste

2 2
Q=4 GeV
0.00
—0.02F u
3—0.04 B
EH_006 02 04 06 08
12 001
8
0.00 —
u=d
—0.01 02 04 06 0.8

0.06
0.04
0.02

0.00 [

23




Bury, Prokudin Vladimirov JHEP 05 (2021) 151
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to JAM20 [30] (gray dashed line with the error corridor hatched), PV20 [29] (magenta hatched
Figure 13. The (b, z)-landscape of the optimal Sivers function fis(z, b) for d-quark (the left panel) region), EKT20 [31] (violet hatched region, dashed line).
and u-quark (the right panel). The grid shows the CF value, whereas the shaded (blue and green)

d-quark

regions on the boundaries demonstrate the 68%CI. s
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Figure 16. Sivers function in the momentum space for v quark at z = 0.1 as a function of kr
(GeV). The bands are the 68%CI. The calculations are performed at four different values of Q.
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Bury, Prokudin Vladimirov JHEP 05 (2021) 151

u-quark d-quark u-quark s-quark
1.6 \
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Figure 17. The function pos(x, kr, ) defined in eq. (4.6) at = 2 (GeV) for u quark, d quark, u
quark, s quark. The positivity constraint (4.5) is violated in the yellow-to-blue shaded region.
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Echevarria, Kang, Terry, JHEP 01 (2021) 126 — NLO NNLL

Left: Only HERMES and COMPASS data for SIDIS and DY
Right: Including STAR Sivers asymmetry for W/Z (old data)
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Simultaneous reweighting of TMD distributions in the (CGI)-GPM approach
M. Boglione et al. PLB 854, 138712 (2024) — 2402.12322 [hep-ph]

Updated fit of Sivers function, transversity and Collins FF from SIDIS and e+e- collisions
Reweighting using RHIC data on A, for pions: BRHAMS charged pions, STAR neutral (full and isolated) pions
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See talk by C. Flore :
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PRD 99, 036013 (2019)

Useful starting indications for phenomenology
See talk by D. Boer for more details on gluon TMDs, GTMDs
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Bacchetta, Celiberto, Radici, T-odd gluon distributions in a spectator model, 2402.17556 [hep-ph]

2 L 2 pr L 2
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Initial scale Q, = 1.64 GeV
Due to model assumptions f-type and d-type differ by a calculable color factor : f-type = 5/9 d-type
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Collins FF (and transversity) from SIDIS and e+e- annihilations
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Kang Prokudin Sun Yuan PRD 91 (2015) & PRD93 (2016) - Figure from From TMD handbook
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JAM3D22: PRD 106, 034014 (2022)

SIDIS, DY, ete” e pp — m + X, twist-3 chiral-odd FF H; impact of Soffer bound and Lattice QCD
tensor charge,
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Simultaneous reweighting of TMD distributions in the (CGI)-GPM approach
M. Boglione et al. PLB 854, 138712 (2024) — 2402.12322 [hep-ph]

Updated fit of Sivers function, transversity and Collins FF from SIDIS and e+e- collisions
Reweighting using RHIC data on A, for pions: BRHAMS charged pions, STAR neutral (full and isolated) pions
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Physics Letters B 854 (2024) 138712

Fig. 9. Comparison of unweighted and reweighted favored (upper panels) and
unfavored (lower panels) first moments of the Collins functions in the GPM
(left panels) and in the CGI-GPM (right panels) at Q% =4 GeV>. The relative
reduction of uncertainties is shown in the bottom plots.

See talk by C. Flore
for more details

Fig. 8. Comparison of unweighted and reweighted «, and d,, transversity func-
tions in the GPM (left panels) and in the CGI-GPM (right panels). The corre-
sponding Soffer bounds and the relative reduction of uncertainty (same color
coding in the bottom panels) are also shown.
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Collins asymmetry for hadrons inside jets in polarized pp collisions
Testing the universality of the Collins function
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D’Alesio, FM, Zaccheddu, PRD 102 054001 (2020)
First extraction of the A/A polarizing FF from Belle data in a TMD scheme
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FIG. 2. Best-fit estimates, based on the full-data set, of the transverse polarization for A and A production in e*e™ — A(/_\)h + X, for
Az* (a), Azt (b), AK* (c), AK™ (d), as a function of z,, (of the associated hadron) for different z, bins. Data are from Belle [8]. The
statistical uncertainty bands, at 2¢ level, are also shown. Data for z, ¢ > 0.5 are not included in the fit.

See also:

Kallos, Kang, Terry, PRD 102 096007 (2020)
Li, Wang, Yang, Lu, EPJC 81, 289 (2021)
Boer, 1007.3145 forpp — Ajet+XatLHC

See talk by M. Zaccheddu for more details and update

See also D’Alesio, Gamberg, FM, Zaccheddu:

JHEP 12 (2022) 074 - PRD 108, 094004 (2023) (TMD factorization)
PLB 851, 138552 (2024) (Ain jetin pp collisions — STAR)
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FIG. 6: The first p2-moments of Boer-Mulders functions for u, d, Christova, Kotlorz,Leader, PRD 102, 014035 (2020) -SIDIS data

and d quarks for Q* = 1 GeV? by solid lines, the shadows depict the
variation ranges of x /i-"?(x) allowed by the positivity bound. The

dashed lines show &Ly £7(x). .
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Worm-gear TMDs & pretzelosity
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FIG. 10. Main global fit results for xg(]]T) (x) at Q*> = 4 GeV? for up quarks (left) and down quarks (right) obtained in the weighted y?

" Worm-gear sidis fit B.Q. Ma et al: 2403.12795
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FIG. 8. The zeroth transverse moment of the worm-gear functions, g#o) (z) as defined in Eq. (62), for u and d quarks at the

scale Q@ = 2 GeV. The uncertainty bands correspond to 68% CL estimated from the fits to 1000 replicas. The green bands are
extracted distributions by fitting the world SIDIS data, the red bands are EicC projections with only statistical uncertainties,
and the blue bands are EicC projections with both statistical and systematic uncertainties.
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FIG.7. The optimal wgt-function at b = 0.25 GeV~' for u and
d-quarks. The plot is shown for DSSV helicity PDF. The NNPDF
plots are very similar.

Horstmann Schafer Vladimirov PRD 107 034016 (2023)
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Worm-gear TMDs & pretzelosity
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H. Li, Z. Lu, EPJC 82, 668 (2022)
Uses WW approximation and transversity parametrization from Kang et al (2015)

— hi1.(x, kr)
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Pretzelosity

Lefky Prokudin PRD 91, 034010 (2015)
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Figure 5.22: First moment of the pretzelosity distribution for up (a) and down (b) quarks at Q% = 2.4
GeV2. The solid line corresponds to the best fit and the shadowed region corresponds to the error
corridor.

See also recent work:
Liu, Ma EPJC 81, 635 (2021) (also for Boer-Mulders)
Xue, Wang, Li, Lu, PLB 820 136598 (2021) Predictions for EIC using Lefky-Prokudin extraction
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Worm-gears and pretzelosity

Gabriel Santiago PRD 109 034004 (2024):

Small-x behaviour of worm-gears and pretzelosity from models:

asymptotics of the flavor non-singlet TMDs in the large-N, limit, within linearized double logarithmic
approximation (DLA)

1 0
gir(z < 1,k3) ~ (;)

1 —1
5 < L) ~ (1)
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Future prospects for TMD phenomenology:

« COMPASS, AMBER

 RHIC (STAR, PHENIX)
 JLab12,SolID, JLab20+ upgrade
« LHC, LHC fixed target (LHCSpin)
 EIC

* Future hadron and lepton colliders?

Thanks for your attention!
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