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First extraction of
unpolarized quark TMD f/ in the proton
from global fit of SIDIS & Drell-Yan data

including flavor sensitivity of
intrinsic kr-dependence



Transverse-Momentum Distributions (TMDs)

3D map (x, kr)
of internal structure of the Nucleon

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

) (L)

e b see Gamber’s talk for twist-3
Pl S =00 - Lo = S -6 Pitonyak’s talk for polarized




Transverse-Momentum Distributions (TMDs)

3D map (x, kr)
of internal structure of the Nucleon

Quark polarization @N‘

Unpolarized Longitudinally Polarized Transversely Polarized

(L)

momentum

JHCA 'Ng

depend on two scales y, €

(can be chosen as (=u2=Q2)




TMD factorization

do 4 small gr large gr
dqr
TMD matchin collinear
factorization 5 factorization
Aocp S ar < Q0 Aocp < qr < Q AQCD <0 <qgr
+ 0(g7/0Q%)  W-term Y-term Y(gz, Q) Fixed-Order (F.O.)
such that

@ e e D (O)

> qr

+ O(M?*/q2)



TMD factorization

do 4 small gr large gr
dqr
TMD matchin collinear
factorization 5 factorization
> qr
Aocp S ar < Q0 Aocp < qr < Q AQCD <0 <qgr
Y-term Y(gz, Q%) Fixed-Order (FO.) + O(M?*/g2)

+ O0(qg#/Q*)  W-term

Lour analysis is in this regime |
{where W-term dominates.
Y-term is not included

such that

@ e e D (O)



TMD factorization

>

do
dqr

small gr large qr

collinear
factorization

TMD

factorization matChmg

> qr
Aocp S ar < Q0 Aocp < qr < Q AQCD <0 <qgr

+ O0(qg#/Q*)  W-term Y-term Y(gz, Q%) Fixed-Order (FO.) + O(M?*/g2)
such that

@ e e D (O)

!

at low Q (SIDIS), this limit does not}
work. ...

tour 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



TMD factorization: Drell-Yan

Collins & Soper, N.P. B193 (81)
Echevarria, Idilbi, Scimemi, JHEP 07 (12)

For review, Collins, “Foundations of Perturbative QCD” (CUP, 11)

- qr ok o +Kkip—qr)
M? <« Q? .
g ) proton quark convolution upon
s C O G transverse momenta
W-term dominant —> kia proton
Py
do DY ()2 g 2 .2 q i o)
adg " W~ YO [flonkli0) @ flnkis0) |

hard factor =~ TMD PDF anti-q TMD PDF q

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



TMD factorization: Drell-Yan

Collins & Soper, N.P. B193 (81)
Echevarria, Idilbi, Scimemi, JHEP 07 (12)

For review, Collins, “Foundations of Perturbative QCD” (CUP, 11)
Pp
M? <« Q2 .‘\\,
proton quark
g < QF ks

W-term dominant — K14 proton

qr ok o +k g—qp)

convolution upon

do

~ W(xy, xg, qr, Q) ~ %DY(Qz) [ff](an kiA§ Qz) 03¢ flq(xB, kiB; Qz) ]

e T AN form: hard factor ~ TMD PDF anti-q TMD PDF q

from convolution to X
simple product -

1 - %
= 7""(0%) EJ dby by Jo(br, ar) [ bF; Q%) f{(xg, b O°)
0

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



TMD factorization: SIDIS

Collins & Metz, PR.L. 93 (04) 252001 e
Ji, Yuan, Ma, P.R. D71 (05) 034005 S /
For review, Collins, “Foundations of Perturbative QCD” (CUP, 11) i l —Zqr ~ PhT L ZkJ_ + PJ_
2 2 St
M- < Q """""""""""
2 t 50k, +P,/z+qp)
PRRERE S 0?
R O\ O\ OO\ convolution upon

W-term dominant transverse momenta

nucleon

P
do
~ Wx,2,97,0) ~ ZPBQ?) [flq(x, ki; 09 ® qu_)h(za Pi; 0?) ]
dXdquTdQ \ K
hard factor TMD PDF TMD FF
Fourier Transform:
from convolution to
' [l i . i
simple product =S (0% 2—J dbr by Jo(br, q7) fi(x, bz; 0%) D?_)h(z, b%; 0%)
T Jo

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



Scale dependence of TMD: the CSS scheme

b g 7. Ny Z 7. ; OPE: matching collinear
i -x, b ) ° Tl A C c x, b ’ x,
| fl( :uf Cf) ‘ [ q—>l( :ub*) ®f1( :ub*)] PDF at small bT
X exp [S(ﬂ U )] Sudakov: evolution in u scale; contains !
el anomalous dimensions Yr, Yk perturbative
- K, )2
Cf evolution in ¢ scale; contains
S Collins-Soper kernel K
ﬂb* - I O
. n
perturbatlve: Ag | | | |
accuracy i # and C: Kand yr i yx :PDFand asevol.: FF
___________ S e e N I NS R
RN J e R 2L O e LO
NLL 1 s 1 Ee D NLO . NLO B
e B T S R o S e e S R Pt EELE R e S orsa et al.,
________ R . 2, i3 . - NLO - i NLO - PR.L.129 (22) 012002
e 2 3 NNLO __NNLO e
---------------------- u alc eta.,
I S Y N S W INNEO: 70 NLO Sy FEat NNLO - P as4 22) 137456
NELL 5 3 4 NNLO  NNLO only recently  arxiv:2204.10331



Scale dependence of TMD: the CSS scheme

7. i OPE: matching collinear
l

X exp [S(ﬂf] Sudakov: evolution in u scale; contains verturbative

Qe Ve anomalous dimensions Yr, Yk
Ll b«(br) % T ] KO )2 Sk .
i Cf evolution in C scale; contains
prescription to smoothly X | =% Collins-Soper kernel K
connect to large br,
avoiding Landau pole.
Introduces
nonperturbative part
perturbative ag
accuracy i # and C: Kand yr i yx :PDFand asevol.: FF
___________ T R O I LU e
BSNELES 9 R 2R RO s LOR A el Lo
--------- NLL,112NLONLO Borsa et al.,
________ R 2 i U NLO L NLO P.R.L. 129 (22) 012002
R 2 o3 NNLO  NNLO if;“féf'loi‘)6ol
S e A R SR u alek et al.,
RRLBEE() e Cr 5] e e R NNLO i NLO FF at NNLO o s (22) 137456
NGLL 2 3 4 NNLO - NNLO  onlyrecently arxiv2204.10331



Scale dependence of TMD: the CSS scheme

- OPE: matching collinear
C . (x,b> (x,
Z | Comai: b 1) @ e 1) PDF at small by
l
X exp [S(qu, /’tb*)] Sudakov: evo.lutlon. in W scale; contains verturbative
DeVE anomalous dimensions Yr , Yk
Hy 2 Fp. = b:(br) = W e S .
i Cr evolution in ¢ scale; contains
prescription to smoothly X ﬂ_z Collins-Soper kernel K
connect to large br, EEn '
o Bty 2 . : TR
avoiding Landau pole. Cf 8xlbr)/ nonperturbative Collins-Soper kernel
Introducesb . X @ (arbitrary Qo=1 GeV) non
nonperturbative part | 20 | I perturbative
_ nonperturbative at initia
X fap(%; br; Qp) (arbitrary) scale Qo
perturbative ag
accuracy i £ and C: Kand yr Yk PDF and as evol. FF
___________ U @ e T I N e
RINEES 9 e s R A e LOR Tl LO .
NLL 1 s 1 S Dl NLO . NLO B
T S Rt LRttt R orsa et al.,
________ SRR 2 8 o No o NLO P.RL: 129 (22)00E U
> 0 o 3 NNLO __NNLO e
---------------------- u alc eta.,
I S Y N S W INNEO: 70 NLO Sy FEat NNLO - P es4 22) 137456
NELL 5 3 4 NNLO  NNLO only recently  arxiv:2204.10331



TMD factorization — universality

SIDIS

nucleon

do | e X ¢
o %SIDIS 2 _[ db, b J\(br, q ’ b2; 2 Dq—>h : bz; 2

same TMD PDF

w N

1 nd 2
~ %DY(QZ) 271_ J de bT Jo(bT, QT) f?(xA, b]%, Q2) f?(xB’ b%, Q2)
0

do
dgpdydQ

Pp

proton

Drell-Yan

proton

Py



Most recent extractions of unpolarized TMD f;

>

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points| x2/Npoints
arXivF:)Y 7%%1. 17 o157 | NLL 5 v v v 8059 195
arXivS:Y 7%%15 1473 | N NLL' x X 4 4 309 1.23
arXi?:S1\Sg0220.2)2474 NNLL & 5 v v 457 1)
arXivS:Y 9?%1.(?6532 NSLL(G) e % v v 1039 1.06
arXivF:)Y 92121.(?7550 NSLL X X v v 353 il 07
s e 3 X v v 309 <1.08>
arXivzoos.o7see | ML) | ¢ v v v 2031 1.06
arXivéggg%M?S NALL X & v v 627 0.96

only three global fits



http://arxiv.org/abs/arXiv:1703.10157

The MAPTMD?22 data sets

Ndata after cuts

Drell {233 fixed target
el 251 collider
1547 SIDIS

2031 data points

kinematic cuts

(Q) > 1.4 GeV
02<z<0.7

10° ¢ _
4 - p—— =777 // =__
10 LTI YT T
‘g 103
¢ — E605
g {: — E772
a1 102 :_: E288
C f —— %%%%IX
. —— CDF
- —— DO
i ATLAS
{17 Compass
0 Ll TR | N c el
1010—5 104 10—3
Drell-Yan gr <020
SIDIS P, < min [min [0.2 0, 0.5 Qz] + 0.3 GeV, ZQ]



Scale dependence of TMD: the CSS scheme

Eo b2. e ) j OPE: matching collinear
| fl (e, ) é/f) | Z [Cq—>l(x’b My, @ S, ’ub*)] PDF at small bt
! X eXp [S(qu, ﬂb*)] Sudakov: evo.lutlon. in W scale; contains verturbative
Yo~ Ve anomalous dimensions Yr , Yk
B e = 1 - 1 KBuop)2
o Cf evolution in C scale; contains
prescription to smoothly X ,M_2 Collins-Soper kernel K
connect to large br, =0 T
avoiding Landau pole. i G 7 8x(br)/2 nonperturbative Collins-Soper kernel
Introduces = (arbitrary Qo=1 GeV) non
nonperturbative part _Q() ] perturbative
_ nonperturbative TMD at initial
X Inp(, brs Q) (arbitrary) scale Qq i '

- n
perturbative g

accuracy % and C K and yr Yk PDF and as evol. FF

parameters

___________ R el = e el e e

AN . O ¢ e N A I e EOR Ot en LO

......... NLL,L1L1L2JNLOJNLO Borsa et al.’

________ R 2 i 8 b O NLO - i NLO PR.L. 129 (22) 012002

N > > 3 NNLO NNLO jf;“féf'loi‘)6ol
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" u alek et al.,

LGNCLLG) G 2 SRR o T NNLO i NLO R at NNLO. i e (22) 137456

NELL 5 3 4 NNLO NNLO only recently  arxiv:2204.10331



Data-driven nonperturbative TMD
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Data-driven nonperturbative TMD
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Q [GeV]

Data-driven nonperturbative TMD

at given (x,Q?2),

__—different slopes for different z

at given z,
different slopes for different x

we model nonperturbative TMDs

with Gaussians, we need

x- and z-dependent widths!
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Parametrization of non-perturbative TMD

nonperturbative TMD PDF  fio(x, by Q)

Fourier Transform of sum —k2/g ) ) —k2/g ) —kz/g )
. : =F.T.< LS A ke T R R R )

of 3 Gaussians with e sl ce

x-dependent widths (1 — x)™ x%

with  gx(x) = Nx — £=0.1 11 param.
(1 — X)% xox

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  fio(x, by Q)

Fourier Transform of sum _F T (e—kf/gm(x) o kze—ki/gm(x) i e—ki/glc(x)>

of 3 Gaussians with ' iy %

y . 1 = 05% xGX

x-dependent widths I e 21 _)’;a)% — -0 11 param.

nonperturbative TMD FF Dnp(z, br; Qp)

Fourier Transform of sum p2 >
= e ea() DF =l 8es ()

of 2 Gaussians with = AL (e / tapPie / )

z-dependent widths (1 = 2y (P + 62) 9 param.
with  g3v(2) = N3y £=05

(1 = 2% (2Px + 63)



Parametrization of non-perturbative TMD

nonperturbative TMD PDF  fio(x, by Q)

Fourier Transform of sum —k2/g ) —k2/ ) —kz/ (x)
: : =F.T.<e LLSWH L Ap kre e e )
of 3 Gaussians with iy %
y . 1 e Oy 1Oy
x-dependent widths I e 21 _ga)% ;GX e 11 param.
nonperturbative TMD FF Dnp(z, br; Qp)
Fourier Transform of sum p2 >
= —P7 [ £34(2) 2 —P1 [ 835(2)
of 2 Gaussians with = AL (e / tapPie o )
z-dependent widths (1 = 2 (P + 62) 9 param.
(1 — £)7 (8Px + 62)
. B C 1 8x(br)/2 b2
nonperturbatlve part of 20 o) = 1 param.
Collins-Soper kernel Q3 4

Total 21 param.



Normalization issue in SIDIS

increasing perturbative accuracy
increases agreement with Drell-Yan

Q ~ 100 GeV




Normalization issue in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan
Mh()_c, Z, Q, QT) NLL I\M N;LL Q ~ 100 GeV
by : }\ ,,,,,,, /
3

discrepancy is Phr-independent: My /Mair ~2 My /My ~ 1.5

tensions observed also at larger gqr  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 Scimenmil &V IaiTeT
and also in e+e- annihilations Moffat et al., PR. D100 (19) 094014 arXiv:1912.06532

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



Normalization issue in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan
Mh()_c, Z, Q, QT) NLL I\M N;LL Q ~ 100 GeV
by : }\ ,,,,,,, /
3

SepL o d SIDIS d DIS
SIDIS data as multiplicities M 1 M(x, z, g7, Q) = o / o

dxdzdgrdQ [/ dxdQ
At quT B0 T [quw‘ 4o the integrated W-term reproduces
O NLL - dxdzdQ L0 the SIDIS collinear do at LO, which

reasonably describes data
M(x, z, qr, Q) De Florian etal., PR. D75 (07) 114010



Normalization issue in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan
MG, 7,0, q.) NLL NNLL NLL Q ~ 100 GeV
5 comp, — o} ATLAS S TeV, 16 <yl <2 = EII:II;,L
1 }’ s 5 — —— » NNLL/
! \\ \\\\\\\ / g oo — o i
{ I = i { Data |
L } _g -§004_- —— ]
| Lo ~ie p—
_—__ ¢ . 0.03 |- ]
< 7 — ] —-—} —t—t————— 7
——= =, 1.0 i
% — T R e L I a2
Przl qr [GeV]

. do>PIS doPIS
SIDIS data as multiplicities M 1 M(x, z, g7, Q) = 2 / ¢

dxdzdqrdQ [ dxdQ
At NNLL quTW + 4o integrated W-term does not reproduce
NNLL -~ dxdzdQ 'NLO the SIDIS collinear do at NLO

M(x,z,97,0) underestimates data Y-term contributions missing



Normalization issue in SIDIS

increasing perturbative accuracy
worsens agreement with SIDIS ! increases agreement with Drell-Yan

s NP predictions NLL
OMP s NP predictions NNLL
= NP predictions N3LL
+ + 9 data
&

”
\\\\\\

P b ~ 100 GeV
M"x,z,0,q7) NLL  NNLL N3LL Q

N do>PIS doPIS
SIDIS data as multiplicities M 1 M(x, z, g7, Q) = & / @

dxdzdqrdQ [ dxdQ
At NNLL quTW + 4o integrated W-term does not reproduce
NNLL ~ dxdzdQ 'NLO the SIDIS collinear do at NLO

M(x,z,97,0) underestimates data Y-term contributions missing

Normalization factor w(x,z, Q) =

Bacchetta et al. (MAP), JHEP 10 (22) 127, dxdzdQ
arXiv:2206.07598 el MLt |

do “ Does not depend
/ dgrW

on fit parameters,
precomputed




Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY |Z production | N of points| x2/Npoints
arXivF:)Y 7%%7 17 o157 | NLL % o v v 8059 15
arXivS:Y 7%%?07 1473 | NNLL 2 X v v 309 1.23
arXi\E/g:S1\£g0220.2)g474 NNLL x X v v 457 {17
arXivS:Y 9%21.(?6532 NSLL() v v v v 1039 1.06
arXivF:)Y 9?%1.(?7550 NSLL X X v v 353 .07
o L % X v v 309 <1.08>
arxivzaneovses | NLLE) [ v v v 2031 1.06
arXivéggg%M?S NALL X X v v 627 0.96
axwadosagas | WL | ¥ v v | v 2031 | 108

MAPTMD24: ~same as MAPTMD?22 + flavor sensitivity of kr-dependence


http://arxiv.org/abs/arXiv:1703.10157

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 nonperturbative parametrisation
F.T.(combination of Gaussians)} =1 same for each flavor =




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

N3LL(-)  {—] NS3LL
PDF: MMHT2014nnlo NNPDF3.TNNLO
FF:  DSS14 (), DSS17 (K) at NLO MAPFF1.0NNLO

Abdul Khalek et al., arXiv:2204.10331

e

e nonperturbative parametrisation
F.T.(combination of Gaussians)} =1 same for each flavor =




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) [=] NSLL e
PDF: MMHT2014nnlo NNPDF3.1TNNLO New: using full
FF:  DSS14 (1), DSS17 (K) at NILO MAPFF1.0NNLO Montecarlo sets

Abdul Khalek et al., arXiv:2204.10331

independence of results from choice of PDF
cross-checked

* 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 =




MAPTMD?24 flavor channels

Y TMD PDF
fie b Og) = ET.(combination of Gaussians) @ @

i“ .7

5channels: g=u,ii,d,d, sea("s") o



MAPTMD?24 flavor channels

N4 TMD PDF
fie b Og) = ET.(combination of Gaussians) @ Q@
5 channels: ¢g= u,ii,d,d, sea(“s") o
Y TMD FF

DI (2, br: Oy) = ET.(combination of Gaussians)

5 channels: favored pion u — z™,...
unfavored pion d — #™,... o

favored Kaon u — KT, ...

favored strange Kaon § - K™, ...

unfavored Kaon d,s - KT, ... J



MAPTMD?24 flavor channels

Y TMD PDF
fie b Og) = ET.(combination of Gaussians) @ @

sensitivity

5channels: g=u,u,d, d, sea("s”) @ i
héts Hermes
v ™™D £ e

DI (2, br: Oy) = ET.(combination of Gaussians)

5 channels: favored pion u — z™,... {“{\j Compass
unfavored pion d — #™,... o ]E?rzgfthf
favored Kaon u — KT, ...
favored strange Kaon § - K™, ... Drell-Yan

unfavored Kaon d,s - KT, ... J

total of 96 parameters but with ~diagonal correlation matrix



Correlation matrix
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Fit results for SIDIS
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Fit results for SIDIS

s i § Dl =
data set ' Ndata : )(12) Lo )(2 Xp2 = uncorrelated error
: ' == X»2 = correlated error

HERMES 344 081 = 024 |
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' a flavor-independent fit |
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Fit results for Drell-Yan
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Fit results for Drell-Yan
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Visualizing MAPTMD24 TMD PDF

th. error band =
68% of all replicas
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Visualizing MAPTMD24 TMD PDF

Q=2 GeV
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“Normalized” MAPTMD24 TMD PDF

U Q=2GeV mn u
d d
d d
Uu U
S s
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e very different kt behavior

* it changes with x

th. error band =
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“Normalized” MAPTMD24 TMD FF
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“Normalized” MAPTMD24 TMD FF
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“Normalized” MAPTMD24 TMD FF
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Collins-Soper kernel

universal flavor-independent

drives evolution in rapidity ¢

K(by, ) = K(bar ) + gxlby)

|

1_

u =72 GeV

—N3LL IFY23 MAP24 | & Gl
HSO24 ART23 @ ASWZ24 & CG

MAPTMD24

/

—2 0.2 0.4 0.6

b, [tm]

S. Mukherjee, QCD Evolution 2024

0.8

perturbative  non-perturbative
(computed) (fitted)

N3LL Vladimirov, arXiv:1610.05791
Li&Zhu, arXi1v:1604.01404

Pheno
HSO24 Aslan et al., arXiv:2401.14266

IFY23 Isaacson et al., arXiv:2311.09916

ART23 Moos et al., arXiv:2305.07473

+«— MAPTMD22 ~ ART23

Lattice
Gl, CQG Bollweg et al., arXiv:2403.00664

Avkhadiev et al.,
ASWZ24 arXiv:2402.06725



Summary and Outlook

e MAPTMD24: the first extraction of unpolarized quark TMD from a
global fit of SIDIS and Drell-Yan data (fixed target+collider) including
flavor sensitivity of intrinsic kr-dependence

e Full N3LL perturbative th. accuracy, systematic th. error including
PDF&FF uncertainties, 2031 data pts., X2/Ndata = 1.08

e Different flavors — different kr dependence; non trivial x dependence

e For a given fragmenting flavor, different final hadron — different Put
dependence

¢ include more data...

e repeat study of sensitivity of Mw to flavor-dep. kr distributions (see backup)
Bacchetta ef al., P.L. B788 (19) 542, arXiv:1807.02101

e repeat impact studies at JLab22 and EIC (see backup)
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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 ‘



TMD factorization: e+e-

hadron hadron

kS Ph Ph =i

data available only as
azimuthal (spin) asymmetries

photon

used for polarized TMD FF



TMD factorization: e+e-

hadron €+€_ — h+X

thrust axis
- D
photon data available S
arxXi1v:1902.01552
e e

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

Boglione & Simonelli, arXiv:2007.13674
arXiv:2011.07366
arXiv:2109.11497
arXiv:2306.02937

For the moment, only Drell-Yan + SIDIS



Drell-Yan observables

Exp: normalized cross section differential in gr in each bin

i collider |

dr y )
Th: for each bin [i f] : 1 J quT[fdyJ fdQ i
Ofiducial (Aqr)if ), l. ,.

DYNNLO
with MMHT14 PDFs

E288: cross section differential in average gqrand'y

Th: for each bin [i f] : JQfdQ L
2nqr 0) dqrdydQ Y=Y, 4r=dr

E772: cross section differential in average qrand xr = xa - xg bins
JQf 2F do

dQ ;
0, ,,\/g dqrdxpdQ

Th: for each bin [i f]

Xpf
[ dxp
(AxF )’f XFi q9r=qr

E605: cross section differential in average qrand Xr

0
Th: for each bin [i,f] J fdQ <t iy
0) JZ'\/; dqzdxpdQ

XF=Xp, qr=41



SIDIS observable

Exp: differential SIDIS cross section divided by DIS one

d GSIDIS d GDIS
M 2 9 P 2 e
Sl T L il

i

Th: for each bin [i f]

1 1 1 Pyry doSIDIS

O 1 Xy %
SR —[ do J dx J dz [ dpP,
(AQ)ir Jp (AX)ir (A2, (APup)iylp dxdzdPy;dQ

i

Qf 1 xf d DIS
@DIS=—J d0 J e
(AQ)zf 0 (AX)lf X, dXdQ

i

@SIDIS

h
Mt (xi aZifﬂPhTif’ Qlf) 3 @DIS



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

e (cancel many large logs in
b, resummation)

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

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

T small by large bt 2e7E
- prescription b.(b;) such that b«(b;) —— @ K 2 Yy, = b > 1

Qe Ve g
1 — 6_|bT’4/b;1nax 1/4 bmin = eT b 1.4§— bmax =2e &
b*(‘le) — bmaX (1 & €_|bT|4/bfnin ) i 1.2;- — bmax
. : osf nerturbative N
- b«(by) introduces a non-perturbative component o.egper o 'Vewzz GeV  perturbative
£, by, 1, 0) + e
fi(xa bTa //l, é’) = ﬂ(x, b*(bT)’ ﬂ, C) : o bmin 02; Mf=20 GeV
ﬁ(x? b*LbT),//la C) 00 05 s it e e ic e bT (GeV-)

= f1(x, b«(b7), u, C@ br, @ arbitrary
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MAPTMD?22: Error treatment

bootstrap method: fitting 250 replicas of fluctuated exp. data
quality indicator: y; of central replica (fitting not ~ “ N
MAPTMD22 at N3LLO : Ngaw=2031, 21 parameters, y;5/Ny,, = 1.06

2 2
Ao~ <)( >replicas

(exp. / th.) errors can be uncorrelated or correlated
ot penalty for
A / o] @A correlated errors

exp — th\2 2L NSO
Z( c ) t_h=th+z,10(a) o 2“
bins G % nuisance
a

PR AT, 0
01T o Gstat r Guncorr params.

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



MAPTMD22 N3LLO global fit /N, = 1.06
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ol $ET O FT O EETTRE € et dataset {Naaa! Xp @ X3 | Ko
0 2 4 6 8 10 12 ' ' ' '
lgr|[GeV]

Tevatron total 71 0.87 0.06 0.93
PHENIX200 | 2 | 221 | 088 | 308
STAR510 ' 7 i 105 G for" =ENIc
LHGB total =21 i 115 NG S s
ATLAStotal | 72 @ 456 | 048 = 505
CMStotal | 78 | 053 | 002 | 055
colidertotal | 251 | 186 | 02 i 206

fixed target tot 233 0.85 0.4 1.24

th. error band =
68% of all replicas




fap(x,bT)

~ Gaussian + Ag weighted Gaussian + Ac Gaussian

Jg=182£029GeV™'  1-=0.0215%0.0058 GeV~'

Visualizing MAPTMD22 TMD PDF

TMD PDF for unpolarized up quark
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Visualizing MAPTMD22 TMD FF

/
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Dyp(z, P13 Q) ~ Gauss + Ar P? Gauss

A =0.078 £0.011 GeV >



MAPTMD22: ¥2 breakout

N3LL™
Data set Naat | XD | XA | Xo
CDF Run I 25 | 0.45 | 0.09 | 0.54
CDF Run II 26 |0.995 | 0.004 | 1.0
DO Run I 12 | 067 | 0.01 | 0.68
DO Run II 5 | 0.89 | 0.21 | 1.10
DO Run IT () 3 | 396 | 028 | 4.2
Tevatron total 71 0.87 0.06 | 0.93
LHCb 7 TeV | I e
LHCb 8 TeV 7 | 078 | 036 | 1.14
LHCb 13 TeV 7 | 142 | 0.06 | 1.48
LHCb total D IR PR
ATLAS 7 TeV 18 | 643 | 092 | 7.35
ATLAS 8 TeV e et R S oD
ATLAS 13 TeV 6 59 | 05 | 64
ATLAS total 72 | 456 | 0.48 | 5.05
CMS 7 TeV AT e ) e
CMS 8 TeV 4 [1.938]0.001 | 1.94
CMS 13 TeV 70 | 0.36 | 0.02 | 0.37
CMS total 78 | 053 | 0.02 | 055
PHENIX 200 2 | 221 | 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 | 035 | 0.19 | 0.54
E288 300 GeV 39 | 033 | 0.09 | 0.42
E288 400 GeV 61 | 05 | 011 | 0.61
E772 53 | 152 | 1.03 | 2.56
E605 50 | 1.26 | 044 | 1.7
DY fixed-target total | 233 | 0.85 | 04 | 1.24 |
HERMES (p — 7™) 45 | 0.86 | 0.42 | 1.28
HERMES (p > n~) | 45 | 0.61 | 0.31 | 0.92
HERMES (p — K™) 45 | 0.49 | 0.04 | 0.53
HERMES (p > K~) | 37 | 018 | 0.13 | 0.31
HERMES (d —»«) | 41 | 068 | 0.45 | 1.13
HERMES (d —»«~) | 45 | 0.63 | 0.35 | 0.97
HERMES (d —» K*) | 45 | 02 [ 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 | 055 | 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 | 1547 | 0.59 | 0.28 | 0.87 |

| Total | 2031 | 0.77 [ 0.29 | 1.06




MAPTMD?22:

NNLL and NLL fits

NS NNLL NLL
Data set Nelaet oG A Naae | Oy 002 Naa e =2 e ey
ATLAS 72 | 5.01 £0.26 i 7 / j
PHENIX 200 2 3.26 = 0.31 2 0.81 & 0.11 / /
STAR 510 7 1.16 4+ 0.04 7 0.99 & 0.03 / /
Other sets 170 | 0.83 + 0.01 | 170 | 2.37 £+ 0.11 / /
DY collider 251 | 2.06 £ 0.07 | 179 Py meal UL / /
E772 53 | 2.48 £ 0.12 | 53 | 2.05 £ 0.22 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 1.1 = 0.06 344 | 0.51 £ 0.02
COMPASS 1203 | 0.95 £ 0.02 | 1203 | 0.6 £ 0.06 | 1203 | 0.41 £ 0.01
SIDIS 1547 | 0.89 4+ 0.02 | 1547 | 0.71 & 0.05 | 1547 | 0.43 + 0.01
Total 2031 | 1.08 & 0.01 | 1959 | 0.89 £ 0.01 | 1727 | 0.47 4+ 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

16T 71 T T T 1 .
[ e Nominal cut
1.5 dr
3 :
1.4 -
Z [ v
g . Q
NX 1.3 F o)’“// b,bib :
5 L 2 better X2 with less
® & > ;
2 12f < o : conservative cuts
R o +— allowing for gr > Q
: baseline fit ;
S - , R
S S R S R Where is the limit for

(a) (b) (c) (d) (e) TMD factorization??

configurations

P, < min [min [cl 0, ¢ Qz] + 3 GeV, zQ]

a) c1=2=0.4,c3=0 gr<0.4Q "
I more conservative
o @=0.15, c;=0.4 , c3=0.2
)
)

c1=0.2, co=0.5, c3=0.3  baseline fit
d) ¢1=0.2, c2=0.6, c3=0.4 canbe gr> Q

C

e) c1=0.2, ©2=0.7 , c3=0.5 canbe gr>Q & less conservative



MAPTMD22: validity of TMD region?

cut of
baseline fit

P, < min [min [0.2 0, 0.5 Qzl + 0.3GeV, ZQ]
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Visualizing the Collins-Soper evolution kernel

Collins-Soper kernel  K(by, p,) = K(bs, ) + 8gx(br)

drives evolution in rapidity C perturbative  non-perturbative
(fitted)
081/2 Kb, 2 GeV) | o s; -1/2 K(b, 2 GeV)
- ;) ) :
0.6 '
04| "
0.2}

_0.2! b(GeVTH) L CASCADE MAP22
— CASCADE o SVZES — SVI19 — ART23
— 1%4\/A1}9) + ETMC/PKU
- Pavia21%) : ISJ\I%QO lattice Moss ctal., arXiv:2305.07473

- Pavial7 - LPC22

Bermudez Martinez & Vladimirov, arXiv:2206.01105
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MAPTMD24: ¥2 breakout

N°LL

Data set Naat | X | X5 | X6

Tevatron total 71 [1.10]0.07|1.17
LHCbH total 21 [3.560.96|4.52
ATLAS total 72 13.5410.821]4.36
CMS total 78 10.3810.051(0.43
PHENIX 200 2 12.7611.04|3.80
STAR 510 7 1.1210.26 | 1.38
DY collider total 251 | 1.3710.28 | 1.65
E288 200 GeV 30 [0.1310.401|0.53
E288 300 GeV 39 [0.160.26|0.42
E288 400 GeV 61 [0.1110.08]0.19
E772 53 [0.8810.20| 1.08
E605 50 [0.7010.221]0.92
DY fixed-target total| 233 | 0.63|0.31 | 0.94
HERMES total 344 10.81(10.24|1.05
COMPASS total 1203 [ 0.67 | 0.27 | 0.94
SIDIS total 1547 1 0.70 | 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
Nig [GeV?] 0.21 &+ 0.017 Nog [GeV?] [0.015£0.0013 | N3g [GeV?] | (40£2.2) x 10~*
Q14 0.86 £ 0.11 Q24 5.5 = 0L Q34 2.38 £ 0.032
o1d —0.21 £0.013 024 = O34 9.91 & 0.061
Aia [GeV ] 0.32 + 0.038 Aag [GeV '] | 0.052 & 0.0022
Nz [GeV?] 0.68 £ 0.038 N,z [GeV?] [0.0037 £ 0.0037| N,z [GeV?] [(5.9+£5.8) x 10~°
Qg 0.64 £+ 0.18 Qog 5.69 & 0.64 Qs 1.57 £0.53
o 0.075 & 0.012 = en 10.19 £ 0.09
A1z [GeV™] 0.7 £0.67 Aog [GeV~'] | 0.051 £ 0.0071
N1, [GeV?] 0.35 4 0.0063 Nz, [GeV?] [0.019 +0.00015| N3, [GeVZ] [(355 £4.5) x 10~°
Q1a 0.18 £0.1 Q24 5.42 & 0.0037 a3y 2.14 £ 0.0068
O1u —0.26 = 0.0079 O2u = O3y 10.17 £0.011
A1y [GeV 7] 0.49 4+ 0.0037 | A2y [GeV~'] | 0.081 £ 0.0009
N1z [GeV?] 0.48 £ 0.0074 Naz [GeV?] [0.022 £0.00037| N3z [GeV?] | (21 £1.5) x 10~°
Qi 0.95 4+ 0.077 Q2 5.38 & 0.0099 a3z 7 e 00
o1a —0.026 + 0.01 02z = O3a 10.21 £0.02
A1z [GeV 7] 0.53 4+ 0.0067 | X2z [GeV~—'] | 0.11 4 0.0055
Nisea [GeV?] 0.16 & 0.035 Nasea [GeV?] [ 0.029 £ 0.0027 | Nzseq [GeVZ] 0.0039 £ 0.002
Qlsea 0.65 & 0.48 Q2sea 5.24 + 0.032 Q3sea 1.48 £0.74
Gilote —0.018 £0.022 | 02sea = 03sea | 10.72 £0.037
Asea [GeV'] 2.43 £0.97 A2sea [GeV ][ 0.015 & 0.0083
Nyur [GeV?] [ (82 £1.8) x 107° | Nsur [GeV?] | 0.095 £ 0.0008 Bum 5.19 & 0.066
Bounr 2.3 4+ 0.041 S1un 0.017 & 0.0084 S2un 0.19 & 0.0049
Yiun 1.46 £0.015 Youn 0.8 4+0.0095 | Apyur [GeV 7] 0.089 £ 0.003
Nysear [GeV?] | (83 £2.4) X 107° | Nssear [GeV?]| 0.094 4 0.0012 Bisean 5.38 +0.21
B2searn 2.31 £0.072 e 0.022 + 0.0064 s 0.19 & 0.0044
Yisear 1.44 £+ 0.026 Y2searn 0.8£0.012 |Arsear [GeV?]| 0.086 % 0.004
Nauwr [GeV?] | (87 £5.7) x 10° | Nsux [GeV?] | 0.14 £ 0.0026 Bruk 8.52 £ 0.081
Bauk 3.86 £ 0.19 O1uK 0.0061 £ 0.0035 O2uK 0.19 £ 0.0059
Yiuk 1+ 0.041 Youk 0.194+0.054 | Apur [GeV~?] | 0.14 £ 0.0048
Nask [GeV?] [(4.5£3.7) x 107%| Nssx [GeV?] | 0.16 £0.016 Bisk ==
Bask 5.1E1.04 015K LBl S= 1L 5 S2s K 0.16 £ 0.033
V15K 0.71 & 0.42 YosK 0.36£0.19 | Arsx [GeV 7] 0.34 4+ 0.2
Nisearx [GeV?]| (78 £2.8) X 107° | Nssearr [GeV?]| 0.15 & 0.0059 Biseak 8.63 £ 0.24
B2seak 419 £0.14 d1seak 0.0075 £ 0.0051 d2sea K 0.2 +0.0029
ViseaK 0.96 & 0.036 Y2seaK 0.17£0.092 |[Apseax [GeV—?]| 0.15 £ 0.0055




Visualizing MAPTMD24 TMD PDFs

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

2.00 0.001

Q=2 GeV

zfi(z, k35 Q, Q%) zf;(z, k%5 Q, Q%)




MAPTMD22 - MAPTMD24

2031 data pts. |—{ same dataset

SIDIS normalization w(x,z, Q)i =1 same

NSLL(-) {—1 NS3LL

PDF: MMHT2014nnlo NNPDF3.1NNLO
FF:  DSS14 (), DSS17 (K) at NLO MAPFF1.0NNLO
correlated (exp. & th.) errors | —| same

nonperturbative parametrisation {—| same flavor-independent case
21 parameters 21 parameters

Xz/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 mEE MAP24 FI | 0.035 EEE MAP24 FI
MAP22 MAP22
&80.4 0.030
0: Q=2 GeV 0.025 | Q = 100 GeV
Q: 0.3 x = 0.1 oo x = 0.001
%;02 0:015-
i: 0.010 |
5 O 0.005 |
0.0 1 | | | | | ' ' 0.000 |
2 —
0 - - - - - - - O:SJ - .
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] |kL| [GeV]

TMD PDFs from MAPTMD24
are compatible with MAPTMD22



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
MAP24 FI
" . TMD FFs from MAPTMD24
03] 2= 0.6 are different from MAPTMD22

MAPFF1.0nnlo
| e NNLO
- | | | | e smaller uncertainties

00 02 R o8 o e Neural Network approach



MAPTMD22 - MAPTMD24

NNPDF+DSS

Data set Ngat | X5/Ndat
DY collider total 251 2.14
Dy fixed target total | 233 0.68
HERMES total 344 | 2.72 | g
COMPASS total 1203 0.99
SIDIS total 1547 1.38
Total 2031 | 140
NNPDF+MAPFF
Similar
. worsening
Data set Naat | X3/Ndat
DY collider total 251 2.43
Dy fixed target total | 233 0.75
HERMES total 344 0.95
COMPASS total 1203 0.88
SIDIS total 1547 0.90
Total 2031 |10 ] ©ood
— Agreement

Data set Naat | X3/Ngat
DY collider total 251 2.01
Dy fixed target total | 233 1.11
HERMES total 344 2.51
COMPASS total 1203 0.99
SIDIS total 1547 1.33
Total 2031 | 1.39
MMHT+MAPFF
Data set Nyat | X3/Ndat
DY collider total 251 2.06
Dy fixed target total | 233 1.24
HERMES total 344 0.71
COMPASS total 1203 0.92
SIDIS total 1547
Total 2031

MMHT+DSS (MAPTMD22)




Impact studies




MAPTMD22 impact on the EIC
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MAPTMD22 impact on JLab20+
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qr distribution of Z in ATLAS kin.
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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
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surprising CDF result

= lepton
— qd —, Wi / P
DO | 80478 + 83 ® ,/ T neutrino
CDF | 80432 + 79 e s q
DELPHI 80336 + 67 —_— . o o .
o oreme e intrinsic k1 + resummation = g — pyy
OPAL 80415 + 52 —_——
ALEPH 80440 + 51 ———— —_—
o soere + 03 L wii , dd — Z° main channels
ATLAS 80370 + 19 —i— fhes
~ 701 —> |ooFn wmezo | e ud — WT main channel

1 L 1 1 L 1 1 1 L 1 1 1 1 1 1 L L 1 L 1 1 1
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
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flavor dependent

- take the DYRES code and modity the fnp (x,bT)/\.

. : range of variation from

% Q S Q0 2
exp[ P bT log Q2] g exp[ = (82 log E + gq> bT] Signori et al., JHEP 11 (13) 194,
0 / 0 arXiv:1309.3507

flavor independent, ~[0.2-0.4] GeV? 4.
MAPTMD22 ~0.25, see also A‘ﬂ: ;;i

PV 2017 Bacchetta et al., JHEP 06 (17) 081, arXiv:1703.10157
Guzzi et al., P.R. D90 (14) 014030

(kea,)
(k)

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

generate sets of prZ spectra with g4 = {g", g%, g's, g%, g5} and keep those with
global x2/d.o.f. < 1.3

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

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

- perform template fits for each pseudodata
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e repeat impact study on extraction of W mass using MAPTMD24
flavor-dependent kr distributions



