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3D structures of hadrons

* Even more challenging is the 3d structure through GPDs and TMDs
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Unpolarized TMD PDF

Fon(@br) = [ S P T[N, (B)y Wb, 0y (0) | A)]

4
b = (b_, O+, bT)
* by is the Fourier conjugate to the intrinsic transverse momentum of

quarks in the hadron, ky

* We can learn about the coordinate space correlations of quark fields
in hadrons

* Modification needed for UV and rapidity divergences; acquire
regulators: fq/N(x br) — fq/N(:z: br; i, C)



Factorization for low-g Drell-Yan

* Like collinear observable, a hard part with two functions that describe
structure of beam and target

* So called “W”-term, valid only at low-q
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Small b+ operator product expansion

* At small by, the TMD PDF can be described in terms of its OPE:

d€ -~
fq/N £Z bTalua CF Z/ g Q/J x/é'?bT;,u’) CF>fq/N(£7u) +O((AQCDbT)a)

» where C are the Wilson coefficients, and fq v is the collinear PDF

* Breaks down when b gets large



b, prescription

* A common approach to regulating large b behavior

b Must choose an appropriate value;

\/1 b a transition from perturbative to
+ J & max non-perturbative physics

b.(br

e At small bTI b*(bT) — bT
At large by, b.(br) = by ax



Introduction of non-perturbative functions

* Because b, # by, have to non-perturbatively describe large by
behavior

Completely general — - ~

independent of quark, gK(bT; bma,x) = —K(bT, /L) -+ K(b*, ,u)

hadron, PDF or FF

Non—perturb.ative_ fL{nction o= 9a/N (4) (z,b1) _ fq/N(A) (CE, bT§ 22 C) 6gK(bT;bmaX) ]og(\/Z/QO)
dependent in principle on — = b
flavor, hadron, etc. fQ/N(A) (CE, 3 b C)




TMD PDF within the b, prescription

br
b.(br) = !
br) = AL

high-br: non-perturbative

fanay (@, b1, 180, @) =((C ® f)g/nca(@; by)) |

Q Relates the TMD at
X exp{qu/N(A)(a; bT) — 0K (bT) lna}{b’(b*, Qo, Q, ,U,Qj}\‘ small-br to the collinear
PDF

collinear PDFs

/ = TMD is sensitive to

9q/n(4): intrinsic non-perturbative structure of

the TMD Controls the perturbative
gk: universal non-perturbative Collins-Soper evolution of the TMD
kernel

Collins, Soper, Sterman, NPB 250, 199 (1985).
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MAP parametrization

* A recent work from the MAP collaboration (Phys. Rev. D 107, 014014
(2023).) used a complicated form for the non-perturbative function

gl (m) 6_91 (w)bTT + )\2 g%B (x) !1 — ng(x) %] e_ng(fB)bTT _|_ )\% glc(m) e_glc(m)bTT

[ ¢ ] gk (b%)/2

leP(xab’%F;CaQO) — Q2
0

Y

91(x) + A2 gig(z) + A3 gic ()
(38)

r%{1,2,3} (1 — x)a%1,2,3}

Y

=N
9{1,13,10}(33) {1,1B,1C} 7702 (1 — 53)0‘?1,2,3}
bt
2
e 11 free parameters for each hadron! (flavor dependence not
necessary) (12 if we include the nuclear TMD parameter)

Universal CS kernel

gk (b7) = —g3



Resulting TMD PDFs
of proton and pion

fq//\f(wa bT7 Q, Qz)

fq/N(bT|x; Q, Qz)

f d2beq/N(x7 bT; Qa Q2)

* Broadening appearing
as X increases

* Up quark in pionis
narrower than up
guark in proton
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Extracted pion PDFs
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* The small-g+ data do not constrain much the PDFs
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What about LHC energies?

Bertone, Scimemi, Vladimirov, JHEP 06 (2019).

* Many studies have extracted TMDs from these data: secchete etalmep 102022)
* Fixed-target energies: sensitive to non-perturbative TMD structures
* Large portion of W spectrum in large-b7 region

* LHC energies: sensitive to perturbative calculations
* Have opportunity to study collinear distributions

brW (br)
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High energy PDF uncertainties

daexperiment / datheory

* From Bury, et al. JHEP 118 (2022).

| @umrdays o |
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Moos, Scimemi, Vladimirov, Zurita, arXiv:2305.07473

e Studies about the uncertainties of the PDFs relative to data
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Trust perturbative region

« Method to keep the W term unaltered by b, mechanism up to a
certain by, .«

* Non-perturbative effects kick in at by, .«

* Smooth function as 1st and 2nd derivatives are continuous at by,

W(bTa LayLhy Q) . Wpert(bTa Lagy L, Q) fOI‘ bT < bmax

N

— Wpert(bmaxa LayLb, Q)fNP (bT7 bmaX7 La, xb) for by > bmax

Qiu, Zhang, PRD 63, 114011 (2001).



Nonperturbative form

* Instead of 11 free parameters for the MAP parametrization, we have a
few

2b2

fNP(bT7 bmaxa L, xb) — €Xp {_ 1Og (chznax> [gl ((bgf)a o (bgnax)a) it 92(b?l’ o b?nax)] T gQ(b?l” o bIQnax)}
1 -

* Structure such that the g, term is reminiscent of a logarithm, which is
predicted from perturbative calculations

* g, term is the “intrinsic” transverse momentum component (in
principle, some flexibility can be had here)



Solve for g4 and « by ditferentiating

 Take first and second derivatives and solve analytically on the RHS
and numerically on the LHS

o FOPE is like W OF° Pg(lo&) LD@DECLMB i @“‘D
« RNP is like fyp ) b /L, - 0l /
oy e
Fo?e@ QE:PC!’T)
) 2o |,
o

NS

L3 izoi“"w»f Sy U5 Y 2 b 290, ]
#9355 |




Solve for g4 and « by ditferentiating

F(OC\OMJ &
g’; L Tl +3j (\owﬂ _ Z?{?/\vax

o
oy )
L 2’0( \O M—‘N;CLK"

* Result from taking first derivative (F(1)



Solve for g4 and « by ditferentiating

o e (FAR)of o) - (F7)

(
2 F

€1

)1' 83 t ’Zgzlom QO(U

* Result from taking second derivative (F(Z))
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Examples of g, and «

* Solving for them in the codes for various Q values as a function of y

g1
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Examples of continuity

* Different rapidity values for different curves
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Observables

* The factorization goes as follows

do A2 d’br .
_ em iqr-br
dydQ2dgz ~  9Q2s PZC‘-’ H,(Qha) / (2m)2"

X fQ/p(zCH bT7 Q7 Q2)f§/ﬁ(xb7 bT7 Qa Q2)7

* P is a fiducial factor, which limits the phase space of the detected
leptons



Data observable - techniques

Fourier transform
from previous slide

* Highly integrated observable

;]% - A;T/de/dQ/dyP(Q,y,pT)[/debTJO(prT)/W/(Q,y,bT)}

e 2 steps of parallelization:

1. Compute W as a function of predetermined Q, y, by, where by is
interpolated

2. Perform the Fourier transform for predetermined Q, y




Data observable - techniques

* Highly integrated observable

do

clp7 — ALPT/de/dQ/dyP(Q,y,pT)/debTJo(prT)W(QayabT)

* Have precomputed fiducial factors that are functions of Q, y, pr
* Interpolate over a 2d grid in (Q, y) for each p;

e Perform (very quickly) Gaussian quadrature over the interpolated
sheet

* Pick a few p points for bin averaging integrand



Preliminary fit to ATLAS and LHCb
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Uncertainties from JAM PDFs only
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Individual quarks
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Contributions from each experiments
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Small g7

e Quite successful at

small-g 7!
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Outlook

* Apply this matching on the TMDs themselves

* Finalize fits and perform simultaneous extractions of collinear and
TMD PDFs

* Examine the impact the low-gt data have on the collinear PDFs

e Perform simultaneous analysis including W-boson production and
analyze its mass



