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hadron

=2y Hiyr(Q% 1) /debTJO(bT|PM|) Fl(z, 2202 5 pu?) DY (2,07 5 1?)

Bacchetta, Diehl, et al., JHEP 02 (2007)

¢  The W term dominates in the region where qT «Q

¢ Y term has been excluded in the Pavia analyses
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TMD Factorization - SIDIS

hadron

proton

FUU,T(xa <, PI2”LT7 QZ)
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Bacchetta, Diehl, et al., JHEP 02 (2007)

¢  Fourier-transformed space to avoid convolutions

$¢ TMDs formally depend on two scales, but we set them equal



TMD Factorization - Drell — Yan
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Structure of a TMD

Fourier Transform in bp-space
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fl(xab%;Qz) — / ﬂ
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How to model a TMD distribution?

f';Q(X, b—%— 1) = ' (Cqi ! X, by ; Up, )eSpert (b sHpy W1, 1) oShe (b7 ;! )f'ﬁp (X, b—%—)
/

Matching coefbcients

(perturbatively v
calculable) Collinear PDF
LHAPDF

https:/ /lhapdf.hepforge.org
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Sudakov form factor
(Perturbatively calculable)

J. Collins, “Foundation of Perturbative QCD”
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Structure of a TMD

Fourier Transform in bp-space

- 2
fl(xab?r;Qz) — / ﬂ

G (e Q)

How to model a TMD distribution?

FPBE 1) = (Cqi ! )0 by JeSoen o it DigSne (9F:D R (x, b2)

Accuracy Hand C Kand!Fr Ik PDF and " s evol.
LL 0 1
NLL 0 1 2 LO
NLLO 1 1 2 NLO
NNLL 1 2 3 NLO
NNLLO 2 2 3 NNLO
NS3LL 2 3 4 NNLO
N3LLO 3 3 4 N3LO

Collinear fragmentation functions not fully available beyond NLO!!

J. Collins, “Foundation of Perturbative QCD”
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Fourier Transform in bp-space
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How to model a TMD distribution?

FPOGE2 1) = (Cqi! F1)(X, by s pp, JeSoen (Pribtor b DigSue (O£ R (b2 )

2 'E v .
Mo = —7 Model-dependent function

\

FIT to data

J. Collins, “Foundation of Perturbative QCD”



Available global fits of PROTON TMDs

Accuracy SIDIS DY oo dfction N of points X2/Ndata
arxf\)/?l/?o%(.)1107157 NLL | | ! 38059 1.55
arXivS:l/92127C?6532 NSLL | | ! 1039 1.06
MAPTMD22 NSLL " | | | 2031 | 1.06

MAP Collaboration, JHEP 10 (2022), 127
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Available global fits of PROTON TMDs

Accuracy SIDIS DY oo dfction N of points X2/Ndata
arXiF\)/?\lli7aO%(.)11(§157 NLL | ! ! 8059 1.55
arXivS:l/92127096532 NSLL | | ! 1039 1.06
MAPTMD22 NSLL " | ! | 2031 | 1.06

MAP Collaboration, JHEP 10 (2022), 127

® Best theoretical accuracy reached

® Number of included data of the SV19 bt doubled
® (Overcoming the normalization problem of SIDIS data

® \ery good global description obtained
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MAPTMD?22 — Normahlization of SIDIS

SIDIS multiplicities beyond NLL.  High-Energy Drell-Yan beyond NLL
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SIDIS multiplicities beyond NLL.  High-Energy Drell-Yan beyond NLL
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MAPTMD?22 — Normahlization of SIDIS

SIDIS multiplicities beyond NLL.  High-Energy Drell-Yan beyond NLL
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MAPTMD?22 — Normahlization of SIDIS

SIDIS multiplicities beyond NLL.  High-Energy Drell-Yan beyond NLL
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MAPTMD?22 — Normahlization of SIDIS

COMPASS multiplicities (one of many bins)
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MAPTMD?22 — Normahlization of SIDIS

COMPASS multiplicities (one of many bins)

4.0

I NLL
35 BN NNLL
c . EE N°LL
o .
=
QO 25
8 2.0 e © ° o ¢ ’ T ° ’ ° ° °
% 15 o o ° ° ° ¢ * ¢ ° ¢ ° °
e
® w0 o o © o ° e L4 ° e ° ° ®
o

0.5

PhZT |G eVZ]

The discrepancy amounts to an almost  constant factor
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MAPTMD?22 — NP models
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MAPTMD?22 — NP models
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MAPTMD?22 — Fit results
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Available fits of PION TMDs

Accuracy SIDIS DY N of points X2/Ndata
e B ! ! o6 | 161
axivaooraomss | NLL ! ! 80 1.4
PionMAPTMD22 NSLL | ! 138 1.55
o000 NeLL | | 93 1.37

arxXiv:2302.01192

MAP Collaboration, Phys. Rev. D 107, 014014
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Available fits of PION TMDs

Accuracy SIDIS DY N of points %2/Ndata
arXiv707.05207 NLL ! | 96 1.61
arX\i</F:)ilo9nO§91109356 NeLL | ! 30 1.44
PionMAPTMD22 N3LL - ! | 138 1.55
arXi\\J//:A\ZI\:ABOQZO.(Z)C’ilQZ NeLL | ! 93 1.37

MAP Collaboration, Phys. Rev. D 107, 014014

® Best theoretical accuracy reached
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Available fits of PION TMDs

Accuracy SIDIS DY N of points %2/Ndata
arXiv707.05207 NLL ! | 96 1.61
arX\i</F:)ilo9nO§91109356 NeLL | ! 30 1.44
PionMAPTMD22 N3LL - ! | 138 1.55
arXi\\J//:A\ZI\gOZZO.%C’ilQZ NeLL | ! 93 1.37

MAP Collaboration, Phys. Rev. D 107, 014014

® Best theoretical accuracy reached
® QOther data sets included in the bt

® Good global description obtained
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PionMAPTMD?22 — Included data sets
LW T+ X
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PionMAPTMD?22 — Included data sets

| nooon n
bW L+ + X
Experiment | s [GeV] Q [GeV] N bins XE
E615 (Q-di! ) 21.8 4.05< Q< 13.05|10(8)| O<xg <1
E537 (Q-di!) 15.3 40< Q< 90 10 | 01<xg < 1

E. Anassontzis et al. 1988

W. J. Stirling et al. 1993

19



PionMAPTMD?22 — Included data sets

| noon n
AW T+ + X
Experiment | s [GeV] Q [GeV] N bins XE
E615 (Q-di!) 21.8 4.05< Q< 13.05| 10 (8) O<xgp <1 E. Anassontzis et al. 1988
E537 (Q-di! ) 15.3 40< Q< 9.0 10 -0.1<xg <1 W. J. Stirling et al. 1993

103 |

Q? [GeV ?]

—— EB37
— E615 ]

10!

10'

100

Small phase-space
region covered by
present data sets
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PionMAPTMD?22 — Included data sets

! nooon n
W T+ + X

Experiment | s [GeV] Q [GeV] N bins XE
E615 (Q-di!) 21.8 4.05< Q< 13.05| 10 (8) O<xgp <1 E. Anassontzis et al. 1988
E537 (Q-di! ) 15.3 40< Q< 9.0 10 -0.1<xg <1 W. J. Stirling et al. 1993

Experiment Number of points Statistical errors Systematic errors Theoretical errors

E615 (Q-diff) 74/155 5% 16% 5-8%

E537 (Q-diff) 64/150 15-20% 8% 5-8%

Large Large Extra
Total 138/305 J Normalization

Uncertainties

Errors

uncertainties
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PionMAPTMD?22 — NP Models

Proton TMD

Pion TMD
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Proton TMD > MAPTMD22
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PionMAPTMD22 — NP Models

Proton TMD > MAPTMD?22
b2
Pion TMD . fii (X, by)= € 9 ()=
" | #e

g ()= Ny 2 (1! X)

R (11 ®)#f
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PionMAPTMD?22 — NP Models

Proton TMD > MAPTMD22
o 00
Pion TMD = fi0 (X, br)=¢€ 91 (%) -
X"t (1! x)#

| = N1,
gl. (X) 1! K.)u! (1| K))#'2

Parameters for proton TMD and NP evolution a
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PionMAPTMD?22 — Fit results
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PionMAPTMD?22 — Fit results
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PionMAPTMD?22 — Fit results
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PionMAPTMD?22 — Extracted TMDs
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PionMAPTMD?22 — Extracted TMDs
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Region of applicability of TMD formalism
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Net effect of power corrections in SIDIS
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Structure of a TMD - TMD evolution
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Structure of a TMD - TMD evolution

F— 2¢e 'E
o= lo=MHp=

Spert (ub’ Q) =1+ Rk
k=0
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Structure of a TMD - TMD evolution

! S
U = | . — _ 2e Stewart, Tackmann, Walsh and Zuberi, Phys. Rev. D89 (2014)
0 *0 Ho br Ebert and Tackmann, JHEP 02 (2017)

Spert (Ub’ Q) =1+ Rk
k=0

! ! I ™n 12n ] 2
Spert (o, Q) = 1+ S kg L= Y
k=0 n=1+[ k/ 2] k=1 Hb

Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020)
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Structure of a TMD - TMD evolution

I Lo
— 1 = — 2e 'F Stewart, Tackmann, Walsh and Zuberi, Phys. Rev. D89 (2014)
Ho 0= Hb br Ebert and Tackmann, JHEP 02 (2017)

k=0
! ! ™ n 12n ) 2
_ - S 2n" kp(n,2n" k —
Spert (M, Q) =1+ — L R ) L =1In 12
k=0 n=1+[ k/ 2] k=1 b
Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020)
Accuracy Hand C Kand!Fr Ik PDF and " s evol.
LL 0 : 1 :
NLL 0 1 2 LO
NLLO 1 1 2 NLO
NNLL 1 2 3 NLO
NNLLO 2 2 3 NNLO
NSLL 2 3 4 NNLO
N3LLO 3 3 4 N3LO
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MAPTMD?22 - Included data sets

Drell-Yan

Fixed-target low-energy DY

RHIC data

LHC and Tevatron data

9! Q! 11 GeV excluded { resonance

Or Imax = 0.2Q

484 experimental points

SIDIS

HERMES data

COMPASS data

Q> 1.3 GeV

02<z< 0.7

Pht lmax = min[min[0 .2Q, 0.5z2Q] + 0.3 GeV, zQ]

1547 experimental points
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Comparison with SV19

Drell-Yan

e DY pp — Z/~
@:::\\ \\\ \/gz 25G€V
C'F__ \\:: N Q — 8GeV
o NN = 0.
4 NN y = 0.2
~L \\\\\\\ - LO
%: \\\\\\ --—-- NLL
I NN —— NLO
- AN - --- NNLL
=3 —— NNLO
SN\ ---- NLL
5 N°LO
| T R R T TP P
e ———

_do [dQ*dxdzdgy
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MAPTMD?22 — Norma

Torino’s group also
confirmed that large
normalisation factors
have to be introduced
to describe COMPASS
data

J.O. Gonzalez-Hernandez, PoS DIS2019 (2019) 176
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MAPTMD?22 results

Collins-Soper kernel

Kernel of the rapidity evolution equation
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