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Un proyecto que permite sonar
con un microscopio subnuclear

Fisico italiano investiga movimiento de los quarks dentro de los
protones.
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JN M rOSCopio cuantico. 5e nacasitaria uno subatomico para poder ver dentrd dea los
quarks. = TQODOS LOS DERECHOS HESER VAL S

descubrié como los electrones se mueven dentro del atomo, "en un
futuro, quizas podria haber un microscopio subnuclear capaz de
detectar los movimientos de los quarks dentro de los protones”, dice a
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FAC TORIZATICON FORMIULA

l2b
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(1Q2(11/dq —

¢ Its range of applicability is provided by o = % < 1, fixed-g;, 6 ~ 0.25

¢ We have a non-perturbative evolution kernel, R[], (whose perturbative part is

known at N3LO!!). We can work with different schemes (CSS, {-prescription).
¢ We have a re-factorization of TMD at large transverse momentum in Wilson
coefficients (now at N3LO!!) and PDF (now used at NNLO!!, but N3LO on the way)
¢ PDF are just part of a model . Very useful but also problematic: PDF bias M.Bury,F
Hautmann, S. Leal-Gomez, I. S., A.Vladimirov, PZ, JHEP 10 (2022) | |8
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PUBLIC CODE ARTEMIDE,
HTTPS://GITHUB.COM/VLADIMIROVALEXEY/ARTEMIDE-PUBLIC

-

-

V. Moos, I. S., A. Vladimirov, P. Zurita, arXiv:2305.07473 [hep-ph]
TMD flavor dependence included

All the latest LHC datasets!

W-boson production! (only Tevatron, m; > 50 GeV)

Increased perturbative accuracy! (N*LL: highest QCD
perturbative precision in a non-perturbative extraction)
Includes collinear PDF uncertainties!

A full new fit to Drell-Yan data (627 points)


https://arxiv.org/abs/2305.07473

EVOLU TTON KERNEL

We understand that both perturbative and non-perturbative elements
should be combined.
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2 d1n¢,(b)

Inu?

Cu(D)

9(#0’ b) == Oa yF(//lO’ CO) = 0.

The {-prescription Fcusp(//t)ln< - ) — yy(p) = 2D(b, )

.fl,q<—h(xa b) = fl,q<—h(x9 ba U, 5/1) Scale independence

2

Cu(D)

—D(b,p)
T 0?) = ( > fils.D) Evolution decoupling



10%-

500+

100 |-

Q[GeV]

10~

1074 1073
[ [

LHCb

All the hottest data

: Total:

. 627 data points

H10°

-1500

1100

50

-10

| |
1074 1073 1072

627 data points

New in!

PHENIX: DY data at

\/s =200 GeV
STAR: Z/y-boson production

at\/E = 510 GeV

(preliminary).
CMS and LHCb: y-
differential Z-boson

production at \/E = 13 TeV.
ATLAS: high precision
differential Z-boson cross-
section.

CMS: high-Q neutral-boson
production.

Tevatron: W-boson
production.
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u, u, d, d, sea

.
|l

¢  Parameterization: f/ (x,b) = 1/cosh[(Z/(1 — x)+A x)b],

€ In total, 13 parameters

¢ Reference PDFs: MSHT20

¢  Fitting procedure: construct simultaneous replicas of the data AND
the PDFs. Then fit.
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ARl RESUIE 1S

¢ )(Z/Npt = ().93 (0.957 for the mean prediction), 68%Cl (0.950, 1.048)

¢ Higher data precision plays a key role here.
¢ Realistic uncertainty bands than in SV19. Main error from PDF.

€  Future: per mille precision with Power Corr. and different fit
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Results in detail

dataset Nyt || XD/Npt | X3/Npt | Xx*/Npt

CDF (runl) 33 0.51 0.16 | 0.6770:53
CDF (run2) 45 1.58 0.11 | 1.5979-2¢
CDF (W-boson) 6 0.33 0.00 | 0.33700
DO (runl) 16 0.69 0.00 | 0.6915-08
DO (run2) 13 2.16 0.16 | 2.3219:3)
DO (W-boson) 7 2.39 0.00 | 2.397929
ATLAS (8TeV, Q ~Mz) | 30 | 160 | 049 |2.09%;%2
ATLAS (8TeV) 14 1.11 0.11 | 1.2270%7
ATLAS (13 TeV) 5 | 194 | 175 |3.707163
CMS (7TeV) 8 1.30 0.00 | 1.30%9:03
CMS (8TeV) 8 0.79 | 0.00 |0.781007
CMS (13TeV, Q ~ Mz) | 64 || 0.63 0.24 |0.8670%%
CMS (13TeV, Q > Mz) | 33 0.73 0.12 | 0.927212
LHCb (7 TeV) 10 1.21 0.56 | 1.7770:33
LHCb (8 TeV) 9 0.77 0.78 | 1.557023
LHCb (13 TeV) 49 | 1.07 | 010 |1.18%5%
PHENIX 3 0.29 0.12 | 0.42%01
STAR 11 1.91 0.28 | 2.1979:31
E288 (200) 43 0.31 0.07 | 0.387042
E288 (300) 53 || 0.36 0.07 | 0.4373:9%
E288 (400) 79 0.37 0.05 | 0.4870:32
E772 35 0.87 0.21 | 1.08%9:08
E605 53 0.18 0.21 | 0.39%0:93
Total 627 || 0.79 0.17 | 0.961507
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We did a fit in SVI9. No clear problem encountered in the fit.
We are providing a new version (work in progress).

Up to now the fitting confirms SV 9.

However our understanding of the result is getting different.

Both MAPS and SV 19 and current fit show that there are unsolved
theoretical problems which can be hidden by the fits:

Power corrections should be put under control in SIDIS data.



WHAT IS THE RELATIONSHIP?

2\ Qsear d_e/r_Rio, A/e__xe_/_' _P_r_okudin,__{._S., /_L}I_eixey V/cjz_d('m[rov e-Print: 2402.01836 (2024)

IN PRINCIPLE TMDs ARE RELATED TO PDFS UPON INTEGRATION OUT THE TRANSVERSE
MOMENTUM, BUT WHAT ABOUT RENORMALIZATION SCALE?




Evolution

DGLAP EQUATIONS

Integro-differential equations

Non diagonal in flavor space

d L d
w2 ten =Y [ Lrp )ty (fu)

f/ 15 y y

u= UV renormalization scale

COLLINS-SOPER EQUATIONS

Double scale differential equations

Diagonal in flavor space
dIn F(z,bp, 1, ¢)

dlnp = vr ()
Gl Gl S s
Jdln+/C = SO )
dk(bT7u) o
G Vi (1)

C= Collins-Soper parameter

Collins-Soper kernel Kis specific for TMDs

|7
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> TMNMs are weighted integrals with an upper cut-off

H Sy —
MoLoo [r.p) E/ d*kr krv, . kry, F (x, kr)

O. del Rio, A. Prokudin, 1.S., A. Vladimirov e-Print: 2402.01836

for TMDs in the {-prescription which has no scale dependence

H i =1
M*[VI;]Vn(xmu) E/ dsz kTVl"‘kTVnF[F] (xakT;Mauz)

for TMDs in the general prescription For O-moment: M. Ebert, J. Michel, I. Stewart, Z. Sun, JHEP 07 (2022) 129

The upper cut-off becomes the scale at which the collinear functions are

evaluated
TMMs obey DGLAP equations
We provide a definition for all moments



TMDS IN b-SPACE AND &

OPERATICON

TMDs in b space are parametrized as

FI7)(x, b) = f,(x, b) + ie®*b,s7, Mfi;(x, b),
FU'r)(x, b) = 3g,(x, b) + i(b - sp)Mgi(x, b),
Flo™rN(x, b) = sh,(x, b) — iAb*Mh, (x, b)

ieﬁ”bﬂM%ll(x, b)

2

4 (g3b* -

- 2b°bH) s (%, b)



TMDS IN b-SPACE AND &
OPERATION

Fourier transformation: angular integrations are trivial

D. Boer, L. Gamberg, B. Musch, and A. Prokudin, JHEP 10, 021 (2011)

D e kr\"
£k / dkr k1 ( T) Jn(bkr) F (2, kbr; 1, C)
0

b fsiag | A

E® (2, br; 1, ) =l ( Mzbab) Flo.biml) = frma T
fi(z,b) = f9(z,b), T = )
i@, b) = 5z, b), Gip(z,b) = GV (2, b),
ﬁl(x, b) = Ef(o) (x,b), EiLL(a;, b) = }L/fél)(x, b),
hi-(z, b) (€,b) = hizg (2, )

Tzf‘(l)((,b), 7L1LT i / x,b).
M2m

The superscript (1) determines the large k- asymptotic | f(x, kr) o 2y
I

20



TMDS IN b-SPACE AND &

OrERATICIN

» Operation & is defined as

kp

Gnml ) = [ @ (L) fa )

» Without cut-off it corresponds to the conventional nt moment of
TMD, m is the corresponding superscript of the TMD f

» |ts properties: n = m logarithmic divergence, n = m + [ power

divergence in y
Grm,m

gm—l—l,m

g
i

(z,p) o< log(p) ,
(z,p) x pform+1>0

» The logarithmic divergence for n = m is the UV divergence that
corresponds to the divergence of the collinear functions

21



19 TMM,
AND 2" TMM
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> The 0" TMM is

L
_/\/l[fr](g,;7 e / aﬂkippv['ﬁ](x7 kr)

7
M[’Y+’Y5](x”u) e / koTF['Y+75](a:, kr)

. _a+ 5

K . o 5
MU (g ) = / Pl Flic™™ Wz, kr)

\ X ,u_z so we drop it

23
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In practice we obtain PDF in a certain (TMD) scheme

M[7+](3},M) — go[fl( :LL) (JZ,/L) _ q(TMD)($,M)+O(M_2),
MO ) = spGolar) (. ) —} go (@) = B¢ () + O).
MU @ 1) = s3Go[ha)(, hil(z,p) = 6P (2, 1) + O(u™2).

Using Wilson coefficients of small-b and large-u asymptotic expansion of Hankel
transform one obtains

G5 2 R. Wong, Computers & Mathematics with Applications 3, 271 (1977).
Go|F] (@, p) = {1 + asC1 + 005 R. F. MacKinnon, Mathematics of Computation 26, 515 (1972).

+as[ ;§3 (PL® P ®P —360P1® P+ 250P1) <l 03] + O(« )} R f(z, 1) + O™ ?),

24



LERCIH T

® All scales in the TMD are set to u and we have a DGLAP equation

d
p? 2 — fIMP) (g ) = PP @ fTMP) (2, ).

$ Therefore it is the same as PDFs but computed in a different scheme.

$The difference in splitting functions is of order asz and it is calculable

P — P =—-a2B3yC1 — a2 (28,02 — BoC1 ® C1 + B1C1) + O(a).

23



LERCH e

©We call this scheme TMD-scheme and the coefficient to transform to MS
scheme reads

MS dy MS/TMD (T™MD) [ T
( ) Z/ f<—f/ 7M)f / (QMIJL)

ZM_S/TMD 1— ozSCl S Crs (CQ o 01 0% Cl)

—a |C3+C1 ®C1 ®Ch — C1®C2—C2®C1+%P1®(P1 50'1>®(P1_250‘1)]+0(04§]

26
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6.8
: u-quark x = 0.1 d-quark x = 0.1
ool - - - 1O ~ -~ 1O
i — NLO — NLO
= 64 — N°LO N*LO
= —— MSHT20 | [+, ——— MSHT20
g 62‘ .:-: ............................ <~ \\. ............
N >:: ---------------------------------------------- T
60y T T == ___ S~ T,
5.8 o
10 20 30 40 50 10 20 30 40
p p

€Above i > 5 GeV the correspondence is quite precise

27
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Z@Golf1]/ " -1

0.04

u-quark p =10 GeV

- - - 1O

d-quark p =10 GeV
-~ LO

0.00

Wi

0.04

0.02¢

u-quark p = 20 GeV
-~ LO

- - - 1O

-0.02¢

—-0.04;

10°*

0.001 0.010 0.100

1

» TMDs are from ART 23 extraction

0.001 0.010 0.100
X

V. Moos, I. Scimemi, A. Vladimirov, and P. Zurita, (2023),

arXiv:2305.07473

28



LERCI VL LIV
ERLM PO ) L

0.10 T v T " rrrr T T T
: u-quark p = 20 GeV i d-quark p = 20 GeV
_ - MSHT20
| 0.05¢ e A RT'23 ]
S~ . - -
— 0.00 <
>~ | |
) . .
R —0.05_~ :
N
_0.10 1 N | 2 1. .- 1 X 1 N 1 W
5.x107* 0.01 0.50 5.x107* 0.01 0.50
€T

We can reproduce the errors: a very nice consistency check.
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The 1 TMM is related the small-b power expansion of a TMD

Gilfiz)(z, 1) = =T ™P)(—g 0,z; ) + O(u~2),

2
e z [tdy . (rvD) : :
Gilgir)(z, 1) = 5/ ?Aq (y,,u)—l—x/ dyldygdy35(y1+y2+y3)/ d&5($—04y3)[
x —1 0
ATIMD) (1025 p)  TIMDP) (1525 4) — ATTMD) (411945 1) _9
5 B ]+0(u I
Y3 2Y2y3
22 tdy
Gilhiz)(z, p) = e / ?5q(TMD)(y,u)

1 1 o
—33/ dy1dy2dy3o(y1 + Y2 + y3) / daad(z — ays) HTMP) (y103; 1) y?’yQyjz +O(pn?),
2 0 2

T 5
Gilhy)(@, p) = F5 BT (—2,0,2; ) + O(u™),

I. S., A. Vladimirov, Eur. Phys. J. C 78, 802 (2018), F. Rein, S. Rodini, A. Schéfer, and A. Vladimirov, JHEP 01, 116 (2023)

The evolution is of the correct
DGLAP-type... p'—=G1[Fl(z, 1) = Ry @ Pl @ t + O(a2)

..With a difference at NLO P/ — P, = O(a?) 30




QIU-STERMAN FUNCTIONS

Oscar del Rio, Alexei Prokudin, Ignazio Scimemi, Alexey Vladimirov e-Print: 2402.01836 (2024)

CEven though it is not possible to relate the 1 TMM of the Sivers functions
to the full twist-3 functions with 3 variables 7(x, x,, x5), it is related to Qiu-

Sterman functions 7(—x,0,x; 1)

(kY1) = —0.01177 055 GeV, (k$1) = 0.1770 71 GeV, (k551) = —0.261035 GeV

(kF.1) =~ 0.14757; GeV potentially sizable gluon Sivers function

1.5 u-quark sea-quarks
1.0
o.5§—

= —05
~1.0.
-1.5

=10 GeV :
02 04 06 08 02 04 06 08 02 04 06 08

X X X

Using M. Bury, A. Prokudin, A. Vladimirov, Phys.Rev.Lett. 126 (2021)
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The 2nd moment is power divergent

M/[;Jy:c]iiv(xa :u) R _gT,,LWM2g1,O [fl];
M,E]ch}if] (T, 1) = _)‘gT,,uI/M2gl,O[gl]a
jo ot A0 M2
MLy,d?Vﬂy ](CU, ,LL) e ST,agT,,LWM2g1,O[h1] a7 (gT,,uost,y = 9T, vaST,n — gT,,uI/ST,a) 792 [hf_T]
The asymptotic power divergence part is computed analytically ...
2
7 e

+] —

... the width of TMDs <k%> :—gffy/\/l,[]y = 2M?G1 o[ f1]




SECOINEY | P

3l 1 =10 GeV
— U
- —d
o~ 2 B
&~
s
1 n
10~ 1073 1072 1071 1 10~ 1073 102 1071
€T h

(xk2), =0.52+0.12 GeV?,  (xk2), = 1.10 +0.28 GeV?,

(xk2). = 0.42+0.06 GeV?,  (xk3); = 0.024 +0.004 GeV>.

33



CONCLUSIONS: SPIN

M ART23 reaches N4LL (caveat PDF), flavor dependence of TMD included,
latest DY data, complete evaluation of errors (PDF errors!!)

™M TMM: a robust relations of the 3D and 1D nucleon structures are established,
very precious definitions, especially for polarized measurements.

M TMMs are weighted integrals of TMDs with an upper cut-off, they obey
DGLAP (type) equations. As result of integrations we obtain collinear
functions in a particular TMD-scheme that is related to MS-scheme by a

calculable factor

M The usage of TMMs will be useful in the future theoretical and
phenomenological studies, as well as in lattice QCD studies

™ SIDIS at low energy needs understanding Power Corrections
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® EIC@BNL, EICc@HIAF (2030's), LHeC?
™ All LHC labs+LHC initiatives (SMOG at LHCb, LHCSpin, etc.)
™M Belle and Belle Il
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PDr Bias

M. Bury, F. Hautmann, S. Leal-Gomez, I. S., A. Vladimirov, P.Zurita, JHEP 10 (2022) 118

¢  We simplify models but with flavor separation to mitigate PDF bias

M1 -x +}t£xb2) ; :

f]J:/P(x’ b) = exp < >, =u, il d, d sea
\/ 1+ Jgx2h?

300¢ - ! 2 100} : 2 ) 2
g | MSHT20 X°/Npt 1500 | HERA20 Xx~/Np i NNPDF31 x°/Npt 120} i CR AT A7 it
i == PDF case == PDFcase 80 LB == PDFcase 100[ : == PDF case
200F :7 s EXP case m=m EXP case 1l (1 mmm EXP case : m== EXP case
! 100} 60| b 80F :
150¢ ! M !
| ik 60 |
100+ : 50+ 40+ :
50 : : 20 | WH—HWVW 20 : |
O 0 T 0 Bio B 0
Te5 550 2 QN ET P 5L B0 L0858, 155 200 <0257 =30 PO 05 28 a ' 2io8el 3.0

¢ ALL PDF DISTRIBUTIONS HAVE SIMILAR )(2
® THE SPREAD OF )(2 OF PDF REPLICA IS HIGHLY REDUCED
¢ FINAL )(2: MSHT20 (1.12), HERA2O (0.91), NNPDF31(1.21), CT18 (1.08) 37



PREVIOUS WORKS

» Numerical study

A. Bacchetta, A. Prokudin, Nucl.Phys.B 875 (2013) 536-551

e /0 W ey

f (x)

» Proposed for polarized TMDs

L. Gamberg, A. Metz, D. Pitonyak, A. Prokudin Phys.Lett.B 781 (2018) 443-454

k2 : :

2 7 fiC g ; e re (L) . N2 v X

fd kt S fnj(X, kt; Q% mq; Cs) = fir ‘(% Q ,q;Cs) bmin instead of a cut
p

» Studied in great deal of details in

M. A. Ebert, J. K. L. Michel, I. W. Stewart and Z. Sun, JHEP
Q75202 229

J. O. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers
Phys.Rev.D 107 (2023) 9, 094029

f d%kr fiyp (x, ko, = K T = K§) = fix, = k¢
ke <kget

in kp

Q=100 (GeV)

kcut

/ Ry fale, Br)/ falz) — 1

100%

75%

50%

25%

N =
ot

38
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<If TMDs are defined in a general scheme (TMD2-scheme), the same

conclusions are valid, all scales should be defined by the cut-off
M. A. Ebert, J. K. L. Michel, I. W. Stewart and Z. Sun, JHEP 07 (2022) 129

MU = UWOPE = UTMD = \/E

d _
/fd_u?f M2 (2, 1) = P @ fUMP2) (2, )

— _ _ _ _ —_ 2
P—P=-0a23C1 —al [280Ca — BoC1 ® C1 + B1C1 — 2(3T0 50 (Pl + (721 — 50) 1)] + O(ay)

39
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©The 19 TMM is

" - k v
ME/—F](’Q?)/JL) :/ dszk"Tthﬂ_](x)kT) ~— _/ koTkT/JJE%V T]p\;T flJ’__T(x7kT)7

0 ) K k+ -
MY o) = [ Phrkr, P, kr) = - [ Phrkr, L0 g n, b, @
akap

Ml )= / MkoTkTMF[i"a+75](x,kT) - / Md%TkTu%hfL(x,kT)— / ; koTkaTM hi-(z, k).
€And using & symbo
MY Nz w) = —eruwst MG [fiz)(z, 1),
M@, p) = —s7,MGilgiz](, ),
M N, 1) = —AgruaMGML)(2, 1) — eruaMGi[AT (2, ).

LIt is related to collinear twist-3 PDFs projected onto Qiu-Sterman type functions
X{, X, X3 — x with the projection operator R, = 76(x,)0(x; + x, + x3)0(x; — x)

40



SECONEY [P

Oscar del Rio, Alexei Prokudin, Ignazio Scimemi, Alexey Vladimirov e-Print: 2402.01836 (2024)

0

W
M@, 1) = / Elrkrkr, FO V2, k) = | dPkokoukr, fi(z, kr),
MDD s] R i e e k
L (z, 1) TRTLRTY (z, k1) TRTL Tv91(Z, k),
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QIU-STERMAN FUNCTIONS

&Burkardt sum rule: Z / da M) (=, 1) = Z (et

(1) = ~0.01°008 GeV, (k) = 017707 GeV.,  (k§tf) = ~0.26753 Gev

(kf.,) = 0.14757; GeV potentially sizable gluon Sivers function

42



