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“Structure”

https://www.bnl.gov/eic/

Precision 3D imaging of protons and nuclei

The Electron-lon Collider will take three-dimensional precision snapshots of the internal
structure of protons and atomic nuclei. As they pierce through the larger particles, the
high-energy electrons will interact with the internal microcosm to reveal unprecedented
details—zooming in beyond the simplistic structure of three valence quarks bound by a
mysterious force. Recent experiments indicate that the gluons—which carry the strong
force—multiply and appear to linger within particles accelerated close to the speed of light,
and play a significant role in establishing key properties of-protons and nuclear matter. By
taking images at a range of energies, an EIC will reveal features of this “ocean” of gluons
and the “sea” of quark-antiquark pairs that form when gluons interact—allowing scientists
to map out the particles’ distribution and movement within protons and nuclei, similar to
the way medical imaging technologies construct 3D dynamic images of the brain. These
studies may help reveal how the energy of the massless gluons is transformed through
E=mc?2 to generate most of the mass of the visible universe. :

Inside the Proton, the "Most Complicated
Thing You Could Possibly Imagine’

Electron lon Collider: The Next QCD
Frontier : Understanding the glue that
binds us all

e 3D-imaging. The TMDs represent the_intrinsic motion of partons inside the nucleon

(confined motion!) and allow reconstruction of the nucleon structure in momentum
space. Such information, when combined with the analogous information on the par-
ton spatial distribution from GPDs, leads to a 3-dimensional imaging of the nucleon.


https://www.bnl.gov/eic/

What | mean by a “hadron structure oriented” approach?

TMD factorization is well understood at a formal level; theoretical properties of TMDs
are well catalogued

How does one construct phenomenological parametrizations that allow us to learn the
most from using TMD factorization?

do
d4gt dQ =H Z: d*kar d*kyr Fi/ha (Ta, kot 1@, QQ)fj/hb(CUb, kyr; g, Qz)é(z)(qT — ko1 — kpr)
TMD factorization + ...
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Function to be compared with / fitted to data

Abstract theory object



Nonperturbative structures in
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“... the two exponential functions in our parametrizations F; can be attributed to two
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wavefunctions, etc...

Lattice

These integrals are often UV
divergent!



Ingredients of TMD factorization

do
Factorization JigrdQ Hid2kaT Akt f/n, (Tas kai 10, Q) f1/m, (26, kor; 10, Q%)6P (gr — kot — kyr) = - - -

Evolution ol f;/p(x, br; 1, €) — (b dlnfj/p(x,bT;u,C) _ , 2 dK(bT;u)
81I1\/Z ( T’M) dlIl/J - ’y(Oés(M>,C/M ) m = —’)/K(OCS(IU/))
Small by, large k; (OPE) with collinear factorization
1 ~ ~
fip(@ brip, ¢) = / dféj/k(x/ga br; €,y s (1)) fryp(&; 1) + O (brAqep) K(br; ) = Kpert (brp, as(p)) + O (brAqep)

Or
1 Lae A
ff/p@v’fT;M):k%[/ fcj/k<x/akT;c,u,asw»fk/p(au)+o( g;mﬂ

In pheno applications, all are combined into a cross-section expression to be compared with
data, with the help of perturbative calculations, fits, & nonperturbative models



Where is the intrinsic/nonperturbative hadron structure in pheno?

do 47‘(’20(2 d bT pidr-br
dQ?2dydg2  9Q2 Z
Q* dy dgt Q%s

7.7A7.7B

CSS et L q . .
e X fAf]A/A<€A Hb. ) Cjc/iil, DY( = b*?/vtb 7:ub*7027a8(:ub ))

TA £ €A
1

dép B
X on E fJB/B(gB Hb. ) 033?1831 DY(&-B b*::ub 7“6*70276%(/“”) ))

NQd
X exp —/ 'u
I N

b x

X exp{ ng/SAS1<xA7 br; brnaX> gf/sgl(xl% br; bmaX) CSSl<bT7 maX) IH(Q /QO)}

+ suppres%ed corrections. T T

2

[
Acssi(as(p'); Cr)In (MQ

> + Bessi, py (as(i'); 01702)]}

Parton-model-like descriptions in early pheno

f(x kr; Q) = f(z; Q)




The b* method to sequester collinear factorization
Collins & Soper, Nucl. Phys. B197, 446 (1982)

Start with exact b;-space TMD pdf: f (2, br; gy, Qo)



The b* method to sequester collinear factorization
Collins & Soper, Nucl. Phys. B197, 446 (1982)

Start with exact b;-space TMD pdf: f (2, br; gy, Qo)

bt

) Classic example: b, =
V1401 /Bax

m) b =bi(br) =

Define a regulator

bT bT < bmax
bmax bT > bmax

- f (@, b1; pgq, Qo) = f (2, " (br); o, Qo) ( T, br: fign, Qo) )

Multiply by one ]?(37, b* (bT)3 HQq s QO)




The b* method to sequester collinear factorization
Collins & Soper, Nucl. Phys. B197, 446 (1982)

Start with exact b;-space TMD pdf: f (2, br; gy, Qo)

m) b =bi(br) =

Define a regulator

{bT br < bmax ) Classic example: b, = br
bmax bT > bmax \/1 + b%‘/b?nax

‘ f(xa bT;MQoa QO) == f(ﬂj, b*(bT);:qup QO) (ff(xa bT;/'LQm QO) )

Multiply by one . . , (113, b*(bT); HQo s QQ)
Expand in OPE, implement J
evolution Y
A

~ “nonperturbative function”
5 | Fw,b*(br); 1y, Qo)e )] =0

No dependence on b+
d

dbmax

—g(z,br) = —ab . ..
[f(:c, b*(br); Qo s Qo)e_g(x’bT)] =0 Ansatz.... Something else?

9



Our approach

do

¢ m =H id2kaT d2ka fj/ha (xa, kot g, Q2)fj/hb ($b7 kyr; pg, Q2)5(2)(QT — ko1 — ka) ‘ Keep this form



Our approach

do

¢ JigrdQ H id2kaT kyr £/, (Tas kati 10, Q) f/my (T, kyr; 10, Q%)6P (g — kot — Kyr) « Keep this form

e Start by optimizing the input scale treatment with fixed scale:

Equivalent to

) ) i =\ imposing
— Smoothly/continuously interpolate between nonperturbative small-k; model | smai b, ore

a nd a |a rge_kT pertu rbative tall See also (Grewal, Kang, Qiu Phys.Rev.D 101 (2020))

T
— Impose 7T/ dk%fj/p(x7 kT;MQoaQ%) = fj/p(ﬂf;,u@o) + Aj/p + power suppressed
'f See also: J

VT T A del Rio, Prokudin, Scimemi, Vladimirov (2024)
MS >_City @ firgo



Our approach

do
¢ m =H id2kaT d2ka fj/ha ($a, kar; pq, Q2)fj/hb ($b7 kvr; pq, Q2)5(2)(QT — ko1 — ka) ‘ Keep this form

e Start by optimizing the input scale treatment with fixed scale:

Equivalent to
imposing
small by OPE

.

. . . \
— Smoothly/continuously interpolate between nonperturbative small-k; model
and a large-k; perturbative tail ¢ (Grewal Kang, Qiu Phys.Rev.D 101 (2020))

2
HQq
— Impose 7T/ dk%fj/p(xa kT?MQmQ%) = fj/p(ﬂf;,u@o) + Aj/p + power suppressed
'f 1‘ See also: S
MS Z C.A/ L ® f y del Rio, Prokudin, Scimemi, Vladimirov (2024)
J/3’ J'/p
j/

* Very small by < QL description is not yet optimal
0

- 1 1 :
— RG transform to Qy ~ P~ for by < o Q, otherwise
T 0

* Evolve to Q > Q, & refine fits



More details

Recipe to transform a NP TMD parametrization into an evolved
parametrization at other scales:

— Sec. VI of Phys.Rev.D 106 (2022) 3, 034002
* Nob,,,, or b« necessary

* No g-functions necessary

e Approach is equivalent to standard TMD factorization, CSS, etc, just with
additional effective pheno constraints on the g-functions

* |tis straightforward to translate between g-functions, b« etc, and HSO

— Sec. IX of Phys.Rev.D 106 (2022) 3, 034002,
— App. B of 2401.14266 [hep-ph]



Conventional organization

* Highly sensitive to arbitrary choices near the perturbative/nonperturbative boundary

. d [z .« _
* Examples 6| f(z 0 (br); pqu, Qu)e )| £0 5 (@b (br); pga, Qo)) | £ 0

Mg 1
ﬂ_/ dk%f]/p(xa kT;/vLQmQ(Z)) - fj/p(x;:qu> + A]/p + 0 <Q0bmax) — bmax ~ 1/@0

S o
. . . = 2

What is proportion of perturbative vs. % i (Q%) = 1.25 (GeV/c)
nonpertubative? = | (x) = 0.006

=1 (z)=0.25

NP transverse momentum parameters needed S 1E
= COMPASS
o

Calculated with perturbation theory
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Why worry about “large” k; at, e.g., Jlab?

N

f(xakT) \ \

Measurement sensitivity

>

kT

e TMD pdf exists for all k;. Large/small k;, consistency constrains small k;

* How to compare low/moderate Q TMD pdf to large Q pdf?



Individual TMD pdfs?
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Individual TMD pdfs?
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Conventional organization & its complications
(An example typical of conventional approach)

Red = TMD factorization
Blue = Large g approximation

a2 do / dx dy dz dgt2 [GeV 4] x 104

PDFs: CTEQ6.6, FFs: MAPFF1.0
I

R SIDIS
\
\ Xl\SAYDST
\\ [ —
\ Q=Qp=4 GeV ST
0.8 \ oI FOst :
W\
\\ bmax = 1.0 GeV1
N\ _
061 NN Mg = 0.1 GeV i
'O Mp/z=0.1GeV
0.4 \\:\‘\‘\. N
0.2F x=0.1 z=03 “-~_ -
y=0.5 T
OO | | | |
0.0 0.2 0.4 0.6 0.8 1.0
ar [GeV]

|do / dx dy dz dg72| [GeV™4]
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1
9i/p(x,br) = 7 ME by
1
gn);(z,br) = QM% b
[ [ [ [ [ [ [
SIDIS TMDer
—One - - -~ ASYgr i
Q=Qo=4 GeV o Fous 5

bmax = 1.0 GeVv-1
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Mp/z = 0.1 GeV




Conventional organization & its complications

(An example typical of conventional approach)

Red = TMD factorization
Blue = Large g approximation

102 ET T T

TMDsT
- - - - ASYgr
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1.0 GeV'!
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Mp/z < 0.3 GeV
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|do / dx dy dz dgt?| [GeV4]
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o ™
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9i/p(x,br) = 7 ME by
1 2 12
gn);(z,br) = QMD b
I I I I I I I
i SIDIS TMDst
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Compare standard/unconstrained with HSO (0 (a,))

Typical/conventional

|do / dx dy dz dat?| [GeV 4]

10-2 E [
- 0.1 GeV < Mg < 0/4 GeV
10-3 0.1 GeV < Mp/z £ 0.3 GeV
— - 1
. 9ip(@,br) = 7 My by TMDg
() - 1, ASY
O 104 3 gnyj(z,b1) = DMD b
< E
|_
<]
~ 10-5 L
©
>
©
S 10%L
o
E L
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Compare standard/unconstrained with HSO (0 (a,))

Typical/conventional

10-2 E [
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HSO (Spectator model)
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Examples

Proof of principle applied to Drell-Yan

F. Aslan, M. Boglione, J.0. Gonzalez, T. Rainaldi, TCR, A. Simonelli, 2401.14266 [hep-ph]

Can we fit to a moderate Q Drell-Yan set (high sensitivity to intrinsic TM), and predict (or “postdict”) very large Q (less sensitivity
to intrinsic TM)?

Do fit E288 (only) & fit E605 (only). Then evolve upward.

In doing so, can we distinguish between nonperturbative descriptions?

A —0.17<x=<0.23 ~L\0.21<)(<:0‘.26 5\0.2;<x<0430 { : 0.28<x<0.34 [ 0.38‘<x<0,45 -‘: D.42‘<x<04‘49 [ 0.45‘<x<0.‘53 .
Ebeam E ¢ o Y ¢ e : Gaussian fits
[GeV] \ \ \ \ W \“\ b4 F288 (130 pts.) E605 (52 pts.)
- " \ - - 1
400 - F288 X \ \ \ ;\ g ™ Cor 1.04 1.68
\ A \ 9 e ¥ ﬂi U Mo (GeV) 0.0576 0.404
s 4 & % &
9 ) % | = B | iRy e M, (GeV) 0.403 0.290
8 I 013<x<0.26 1 0.17<x<031|] 0.20<x<0.36 , 0.23<x<042|| 027<x<0.47| 037<x<0.620.3 1.3 2303 13 23 b 2.12 0.744
* 1 > : N 1 i ar(Gevl  aqrlGev] N (nuisance) 1.29 1.28
2 |y \\‘ . . ! T
300 (= | & I : y! TN 8
5 \i X \\ \g N ™
\ N N\ T N
~ , O X \\ \i Y *T T8,
fg \‘f 4 ‘-‘ 3 \* | 'Av?:.‘ 2 e T T T T T T
% | & 0.14<x<038|l 0.17<x<0.46 ?\ 0.20<x<0.54|| _ 0.26<x<0.62|| 0.27<x<0.69 03 13 23 E J 0.10=x<0.33 0.13<x<0.35 :i\ 0.18<x<0.41 \i\g 0.21<x<0.46 0.26<x<0.57
T g \ » -
\ 1\ ~“§\5 i\i qr [GeV] * ﬁ\\][ E605 Ha- + \5\3 n i\ % N *\;‘
A N 3 & L P
200 | N, \ N ETN bestri _ 1\ \ N N
X % ™ o \  (Gauss.) \ N % N
\ b LY LN . = 1 Hessian X b A\ e
R H ¥ i ‘ z ,f_g \ g Y\\ ‘\( L
1 \ % =, b
0.2 0.6 1.0 0.2 0.7 1.2 0.2 0.7 1.2 0.2 0.7 1.2 0.3 0.9 1.5 % \ B ; > ‘ B g el
qr [GeV] qr [GeV] qr [GeV] qr [GeV] qr [GeV] 0.0 1.2 2.4 0.0 1.2 2.4 0.0 1.2 2.4 0.0 12 2.4 0.0 1.2 2.4
‘ ‘ ‘ ‘ [Gev] [GeV] [GeV] [GeV] [GeV]
(Q) [Gev] 4.5 55 6.5 75 8.5 115 = arit ar s’ ar
7.5 8.5 11.0 12.5 15.75

(Q) [GeV]




Examples

16 —

Constrained by E288 (only)
| T T T

14
12

10 -

ar’! x do/dqt [pb/GeV?]
(00]
\

theory
N\ CDFII Z0 --> ete 1o

no fitting

| T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘M\

data / thg

|
123450678910

arlGeV]

(Systematic correlated uncertainties not displayed)

ar! x do/dgt [pb/GeV?]

data / thg

e

14

12

10

theory
G)

no fitting

l T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘®

| ﬁ \ \ \ \ \ “

1 234567 8 910
qrlGeV]

Constrained by E605 (only)
\ \ \ \ \ \ Fz
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ar! x do/dqgr [pb/GeV?]

16

14 B

12

10

Examples

I I I I I
the

ory ___
(E288 fit, Gauss.)

\ CDFIl Z0 --> ete™ 1o |

Gaussian model

No Fitting

66<Q<116 GeV
- Vs=1.96 TeV !

?.

arlGeV]

34567 8910

100 10!
qrlGeV]

10!
100
101
102
103
104
10
10
10”7

ar’! x do/dgr [pb/GeV?]

o

Constrained by E288 (only)

16

14 [

12

10

£1.10
s 1.00
£0.90

theory
(E288 fit, spect.)

Spectator model

No Fitting

66<Q<116 GeV
~ Vs=1.96TeV !

N -

345678910

arlGeV]

100 10t
qrlGeV]

Note: Things get much more difficult when more data are included
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Consistency checks
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- - BLNY b= 0.5 GeV~!

HSO (E288) b= 0.5 GeV-!
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% diff (BLNY)
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Summary

Goals: Maximum use of input from theory and theory constraints

Switching to a more hadron-structure-oriented approach to pheno with TMD
factorization improves consistency in the large transverse behavior of TMD
correlation functions

Necessary for understanding the shapes of nonperturbative distributions,
separating perturbative and nonperturbative parts, etc.

Not a new formalism, just a way of organizing parametrizations;
HSO = “standard CSS”!

Next steps:
— Order a?

— Spin dependent TMDs See video:

https://youtu.be/7Waqx9yhBXul



https://youtu.be/7Wqx9yhBXuI

Practical difficulties
\V s=17 GeV, Q°=10 GeV?

E. Moffat, T. Rogers, N. Sato, A. Signori Phys.Rev.D 104 (2021) 5, 059904

10_4‘ 10_30:""|""|""|"'O'|""
zA:zB:(),g—- ASY ; NLO ——
— [ ASY ----
T W NLL+Y - - - -
% 107° _ 1031 | \ WNLL ==~ _
g Ng) TN ) Boglione et al, JHEP 1502 (2015) 095 ]
= =
& & a2 |
= 1078 £ 10
N e
S o
N 2 -33
< 100 l s 107y
~
S l
=
1o I 10734 3
10~ ' ' N
0.1 0.2 03 04 qT/q,l%/IaX 0

ar [GeV]
 TMD factorization at very large Q effectively resums powers of In If—in the
T
region Aqcp K kr<K Q . Whattodoat Q = Qo where no such region exists?
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Separating large and small transverse

coordinates

F. Aslan et al, Phys.Rev.D 107 (2023) 7, 074031
* |llustrate in a Yukawa theory where

everything can be calculated exactly

br

* Usethe OPE b.0m) = —re

2b2 )

fq/p(xbja br;p) = f(?/l;)E(xbja b.; 1) eXP{_gq/p(xbja br)} + (’)(m

[ ) 'UIZQO 2 2
7'(‘/ dkaj/p(x,kT3MQoaQo) ~ fj/p(J?;:“Qo)

violated by = 40% in model

Mquark = 0.3 GeV
Mgspectator — 1.5 GeV

%107

Mhadron = 1.0 GeV

lim
bmax—

0 dbpax

d fq/p(gabT) =0

—— Unfactorized

- = bz = 0.25 GeV™!
bar = 1.5 GeV 1

bnae = 2 GeV~!

28




An 0(a;) example

11 Q3 11 /
| A, (g B In L |+ Al (1
fmpt z/p(x kr; MQmQO) 27‘(‘ k%+mf @/p(xano) + Z/p(l' :u’QO) k,gf_i_m?%?p] o k2 _|_mf z/p( MQO)
z/p fcore z/p(x kr; Qo)
1 1 Q3 1 1 D
AP, (2 BP, (z In ——0— 9 (5
Dlnpt h/j(Z zkT; NQoaQO) 2 2 kz +mDh h/j(zmqu) + h/g(z ILLQO) ]{32 _|_mDh ] 27 22 k%‘ + szh.G Ah/J (Z,MQO)

+ ChD/j Dcore,h/j (Za ZkT; Qg)

« /& CP constrained by:

HQq
Fip(@5 pg,) = 27T/ dkr b figp (2, ks 11y, QF) = fisp(@3 11Q0) + Hijir @ firjp + pos.
0

HQg
dz/j(z; 1Q,) = 27rz2/ dkr kr Dy, ;(2, zkT; pg,, Qg) =dn;j(2z;1Q,) +Hjr/j @dyyj + pos.
0

29



An O(a,) example with MS pdfs and ffs

e Parametrizing the very small transverse momentum

A. Gaussian model (very commonly used)

— k2 /M2 — 22 k3 /M
Gauss A2y € TTTE Gauss .2y _ € P
Core’i/p(l',kT,Qo) — 7TMP21 , Dcore,h/j(Z’ZkT7Q0) - WM]?)
B. Spectator model
6 MS, MZ + k7 2M M3 + k%22

DSpect (Z,ZkT;Qg) _ -

fobeet (@, kr; QF) = 52 2 | 2)4] h/j 5+ M§ i+ k12%)?
core.i/p 7w (2M2 + M2 (M2 1 k2) 1 eore/s (MR + Mgp) (M, + k3.22)



Backup

3CF

#Q . .
A iay) = S o) (P fup)ainan)] = 25 fonlainas) |

s(p
B/, (3 1) Zéu Q)Cr (i)

Qs (N )
Al (@i nqy) = =220 (P © fypp) (@3 10,)]
v Nf/ i vr Qo mg; , i/p 1o me » mQe™Mf; ., 7

aS 1/
—A{/i(x;,qu)ln (n/’jfo ) NQO {Zémc/ ® fir "/p (w NQ0)+[C g®fg/p](x§MQo)}] .

g9,pP

Piy(z) =Tr [2° + (1 —2)%] ,

7T2

cili(x) = Cr(l—2) - Cp58(1 - ),

Ci/p(x) =2Tpx(l — ),

N@J; = 277/0 dkachore,i/p<$akT;Q(2))
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Backup

3C

s(p F .
h/] 23 /‘LQO Zéjj QO { ( 33’ ®dh/j')(‘z;u@0)] - Tdh/j’(zhqu)} 5

s (1Qy)Cr
Bl?/j(Z;MQo) = Z(Sj/j%dh/j’(zﬂ/@o) )
Ji

Qs (N‘Qo)
™

Az pq,) = [(Poj ® dpyg) (23 1)

1 HQo HQo Q2
ch, = {dhmz b~ AD, (i) (9 ) B8 (ot (L2 Y (D)
/

mp,, ; mp,, ; HQo™MD,, ;

HQo as(1Q,) /i : /i ,
*Af/j-’(z;u@n)ln< . )+ o {Zéjfj[cg“@dm(z,mﬂw®dh/g]<z,mo>”.
Vi

mDh,g

1+ 22 3
i-2), 2
1+ (1—2)?

Pyq(2) = CF# ;

Pu2) = Pa(5) = Ci | s1-2)] .

2
CY(z) = 2P, (z)Inz + Cp(l — 2) — Cp%é(l —2),

CQ/q( ) =2Py;(2)Inz+ Cpz,

N,?/j = 27rz2/ dkrkr Deore,n/;(2, zkr; Q3) .
0
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Backup

HQo
ficnpt,z'/p(m; MQO) =27 / dkr kainpt,i/p(xv kr; HQo» Q(%) =
0

Cf ¢ (aj IU’Q()) Afg

i/p Jcorei/p
- Az/p(x MQo)ln (1 +

= i) + O (w

'qu
fz »

0);

Iy
i79(T5 Qo) In (1 + )

m
fa.p

) + 4Bz/p(x MQO) [l (

2
%)

HQq
dinpt.n/j (23 Q) =272 /0 dkr ket Dinpt,ny (2, 2kr; gy, Q5) =

2
¢ pu
C'hD/j dcore,h/j(z;MQo) + Ah/] (,Z IU/QO) In (1 + m QO >

%
+ Ah/J(Z 1Q,) In <1+ on )

fzp
Qs

)

2 2

Q3

)
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