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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?
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Nonperturbative structures in
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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) = - - -
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Small by, large k; (OPE) with collinear factorization
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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?
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The b* method to sequester collinear factorization
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The b* method to sequester collinear factorization
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The b* method to sequester collinear factorization
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Our approach

d! :
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Our approach
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Our approach
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More details
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Conventional organization

" Highly sensitive to arbitrary choices near the perturbative/nonperturbative boundary
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Why worry about “large” k; at, e.g., Jlab?

Hoekn) '\ \
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>
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I TMD pdf exists for all ky. Large/small ky, consistency constrains small k;

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



Individual TMD pdfs?

Typical unconstrained parametrization shape
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Individual TMD pdfs?

Typical unconstrained parametrization shape
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Conventional organization & its complications
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Conventional organization & its complications
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Compare standard/unconstrained with HSO (, -. ./)
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Compare standard/unconstrained with HSO (, -. ./)

> #o

*

4,:8,,9,;5,,<

n H#H*

468 (%) +,*-5) &

|

n #(;

n #$

|
"+!1,-./,0,1
"+!1,-./,0,1

210!"+ 1_-/1 1
3450,"4),-/, i

1
Op (X, br) = ZMEbZr ;]{33(;@
1
Onj (z,br) = EMébzr =
" #&;_
g 6. 767(,-./
v wod 87"+l 57"+) i
97"+
] ] ] ] ] ]
||+|| I+ !+ *+|| *+| )+|| )+| (+||
<_,>-./?

J012/#,%-&-)718)9,'6

10-2 T T T T T T T 3
:I"\ E
K TMDyso(Spectator) ]
_ 103 3 \\.\ Q=Qp=4GeV - /-- ASYuso 3
T\ == IHI* FOst '
v \
S 104F \ 0.1 GEV < Mg=mg < 0.4 GeV
s— AN
“‘5 \._ 0.1 GV < Mp/z=mp/z < 0.3 GeV ]
N~ 105% O« /Mor=Mp/z=0.2 GeV  HsO asyinptotic/
2 \ ¥~ fixed order
e i B T R i
X -6 4 4 .
- 107°F \ e 3
; i Iu’ \~\.\‘\/ :
S i " x=0.1 z=0.3 e,
107 ¢ ' 3
: '.' y=0.5 ]
10-8 I 1 1 1 | | ] l
00 05 10 15 20 25 3.0 35 4.0



Examples

7)) 1HT$*%SH 1 &H##'S,91-) B

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

I"#$%&$'()$)*$"$+*, &-")&$.$/-VOSI&NBS "% &' (&#)#*#) + %), Yot ()-1#( &t B4 CNH6*-873),(5)89%: &-; $0"-<&B & &Y & (&H)#*#) + %%
), %#()-#(&#.%6£01

F$'()$>?@ @$6*#0;93$A$S ()$>BCDS$6*#0:90ESFGEH$E*0:&$HA%"- E

45, *(#<$3*$5"#$%&$, (3) (H<H(3CSK&) % &EHSH #A&-)H-K") (:8$,&35-(4) (*#3=$

&0,17<x<0.23 'L\O.21<x<0126 530.24<x<0,30 { : 0.28<x<0.34 | O.38‘<x<0.45 Ml D.42‘<x<0‘49 [ O.45<x<0.‘53 .
Eigzaia 3 \e \ S e 4 _ : Gaussian bts
lf:ggl 7 @/ \,_\ \\ \ \ 1l b4 E288 (130 pts.) E605 (52 pts.)
FDC&o X \ \ \ \4\ ) nN . 1.04 1.68
b ~ N~
\ \%\ \\ \\ g \‘(\ Ealii | Mo (GeV) 0.0576 0.404
o= \ : P
L : b3 N e =ss %y T M; (GeV) 0.403 0.290
& |+ 013<x<0.26 { 017<x<031 | 020<x<036 L, 023<x<0.42 [ 027<x<0.47| 037<x<0620.3 1.3 2.30.3 1.3 2.3 bx 212 0.744
% A\ . ¢ k*l\ "*1;\,;‘ L 5 qr [GeV] qr [GeV] N (nuisance) 1.29 1.28
300 [=| X \1 . N N
& O - X N N4 4 i
L \ g X X
~ \\ : \\ \\ \\( d ST,
< \ i X, < k! - : ‘ ‘ : ‘ ‘ ‘ ‘
2 - - T = 2 N Jice
oc_ A\ 0.14<x<0.38 |4 0.17<x<0.46 A 0.20<x<0.54 || _ 0.24<x<0.62 J 027<x<0.69/0.3 1.3 2.3 E) s 0.10<x<0.33 \¢\ 0.13<x<0.35 _\t\& 0.18<x<0.41 ‘l\f 0.21<x<0.46 0.26<x<0.57
N — A .l . e . T
\‘ \ ‘\\ \ N qricev] ° g\{ : E6O5 [ \5\1 R i \“"\ *‘X*
200 | \ kY ; g N “T\?\ Sl N\ bestfit _ \ A X .
\\ \\ .Y‘\\ ) '?'\\ m': \, (Gauss.) \\ X\ \*\ \i
\ I N T T 1 i
\ \ \\ §\§ PN = 1 Hessian X ;\ e 5 ‘1\‘\
I 4 g 3 ; o \ v N
b \J \ f g R
0.2 06 1.0 0.2 0.7 1.2 0.2 0.7 1.2 0.2 0.7 1.2 0.3 09 15 T \\I' B x S ! “\b"*‘
qr [GeV] qr [GeV] qr [GeV] qr [GeV] qr [GeV] 0.0 1.2 2.4 0.0 1.2 24 0.0 1.2 2.4 0.0 1.2 2.4 0.0 1.2 2.4
‘ ‘ ‘ ‘ [Gev] [GeV] [GeV] [Gev] [GeV]
(Q) [Gev] 4.5 55 6.5 75 8.5 115 ar ar ar s’ ar
7.5 8.5 11.0 125 15.75

(Q) [GeV]




Examples

Ro
»

o
H

= R &ll
Z
% &!
™~
& %
L0
O
w $
<
s
™_ #
AN

I
m.
o &/K!

S &8y ——

% &M

\ CDEFF)G33H)4 +3 1=

#+,3"*1,&/%I15%FDCC%B+,05E%
| | T F

\ \ \ \
<+=>7?)

@A)B -

;:%4""“ ;A

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

K#J$L
2, 7%+,:

% 0 &!

(Systematic correlated uncertainties not displayed)

&$

o 5 B R E

2,384)5 652,)7896*+,
I+

>’:-

o &/K!
S &/&J
= &/!

% <+=>7)

@A)B

% CDEFF)Q33H)4 +3 =1

— A ;:%4IIIIII;A

| ﬁ \ \ \ \ \ “

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

&" K#J $ L %O &

217*+,:

#+,3"*1,&/%I5%FAGH%B+,05E
T Fy

23



Examples
#+,3"*1,&/%I5%FDCC%B+,05E%

& . 7 & 7 §
| <+=>?) i - &l ) <+=>?) i <&l
&# I\ @A"%%)B)*CD--/E - i : &# L\ @A"%%)B)-8+C;/D I i ]
. | . ; et Ke3 o |f i Eh
g | A FGHINI' )33K)+-+3 o \/ = ;7 gr | A\EFGHH)N333)+K+3 o \ :
+ : - N < &3+ L \Y < &l 3
L & Gaussian model ! ] L & L Spectator model ! ]
0 L ! < &l 3" 0 L ! - &l 3"
= ! E R >~ ! 3 &
v % IH$%&&Y'( ! ] g % IH$%&Y0'( - : ]
o~ ! N !
) $6&&% - $$(&8S+, | 1&g $oa&9%1 - (&8P, | R
w 5= - -.&/0$)1+, i 'g i gl 3% 10 $ L © o -.&J0%)1+, i 'ﬁ i o1 3
< ! % 3 % & 1 5 3 &
g : . g : t
o:\‘l" B E : L E &! 3N <\‘l_| B E : = E &! M
i o " i A
B = i i &1 3% - = i i &13%
i e o : i
! g ] % &! 30 ! g - &I 3N
v
- N SR&JI& | = :
© 4]
%— T nmE e g - - - - - - ’_6_&/!! W %?%M@@ﬁh? e——— R
Qo - I 5 Qo an i .
0 | | | | | | | | | ool vl bl ol ‘ ‘ ‘ ‘ ‘ l l l l Lol bl
&" M# N$ O %o0& &' && &’ &" L#M$ N%no& &' &s& &l
217+, 21 7*+,: 217"+, 217"+,

B=")5%0(";A.%A)"%8C+(%8=%$)%3'44'+C7"%&();%8=%)%3#"#%#3$)%';+7C3)3%Y



Consistency checks
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CES#8P+<&'(&*&.()"&8* 73 p#">)" {)$"+"7&*%%)(*#8&YB"+(& $'8&123&

H()BAS(+&35.9%0) (5" &H(+, 5, "+ 85+&'8"&6*)<"&')*+,5"),"&:"8*5$()&(-& 123&
#())" 6% $(+&->+#'$(+,

L )8 ()&SHT), *HTS+<&'B "G, & &+ (+96") >) F $5 & 7$,)$:>'$(+,A&
YN G H<RYE")S) FEE R+ T & (+U7)>) F$5 " 8Y6Y) A& HK

| (&*&+"E&~().*6$,. A&D>,'&*&E*:&(-&()<*+$4$+<8Y6*)*.")$4*$(+, L&
"HS6$8 ()*+),+$-"" | &

L ["'J'&,"%,9

— Order!! ﬁ"

— Spin dependent TMDs See video:

https://youtu.be/7Waqx9yhBXul



https://youtu.be/7Wqx9yhBXuI

Practical difficulties
" $=17 GeV, Q=10 GeV?

10 4 E. Moffat, T. Rogers, N. Sato, A. Signori Phys.Rev.D 104 (2021) 5, 059904 10_30 e
| 2, = 25=0.3==nsy NLO ——
_ ASY ----
S W NLL+Y - - - - -
L 196 _ 0% h W NLL - _
8 F+'1# ‘\% TN ) Boglione et al, JHEP 1502 (2015) 095
~ ©)
= ~
o -32 |
S 108 5, 10
g =
© )
< = 108 |
N 10 =3
N 10
‘B
10734 ¢
10 12 1 1 L. . .
01 02 03 04 g/qMex 0

gt [GeV]
" TMD factorization at very large Q effectively resums powers of Ollf—in the
region 2qcp ) 37) %.Whattodoat% 4 % 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

lllustrate in a Yukawa theory where
everything can be calculated exactly

br

Use the OPE bi(br)= &WW

f+q/p (ij Jbrip) = alp

!
%

violated by !

Mo

2

dkZ fip (X, K15 HQe. QF) ! fip (X5 Hq,)

"#%$ in model

P (xbj, b ) exp{! gapp (xpj, br)} + O m?ba,

mquark = 03 GeV
Mspectator = 1.5 GeV

%107

mhadron = 1 .O Gev

7 T T T
=7 im ——f5,(',br)=0
| e brax ! 0 d alp 1+
- Brmax
&
sl
< . —— Unfactorized
- - = bpar = 0.25 GeV~!
_3: | bz = 1.5 GeV~!
_g* 3—: bmazr = 2 GeV!
5 |
B2
Q|
S|
|
N 1
o
oI ‘
4 5 6 7 8
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An , (. ;) example

]

1 1

finpt Jilp (X, K15 Hqo, Q%) = EW
T ip

A{/p (X; Hoo) + Bif/p (X; MQ,) In k%

f A2
+ Ci/p fcore,i/p (X, kr; QO)
1 ] Q5
. — . . 0
Dinpt i (2.2K7 1Moy, Q) = 5 T mg AR (ZiHao) + BE (ZiHg,)In @+,
) ’

D . A2
+ Ch/j I:)core,h/j (z,zkt; Qo)

" 57& 5P constrained by:

B 2e)
fi?p (X;U'QO) L2

0! HQ
diy (ZiHqo) ! 20 2° .

2
Q2 L1

f.g .
— A" (X
n mfzip 2% k% T mfzg,p ilp (X; Qo)

1 1
2822 k§ + mg

AE/Jg (Z; UQO)

0
dkr ktfip (X, KT Moo, QF) = i (XiMao)+ Hii " fip +p.s.

0
dkr kr Dy (Z,ZKT;Hq,, QF) = dny (ZiHg,) + Hjyy " dpj « +p.s.
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An , (. ,) example with 67 pdfs and ffs

I >3%S+0#%*,*-.1#/01<0%'1 2+$441#%$-2<0%20!+(+0-#1+!

" B8 (Yo)Hr+ - #I0-12H3+4+) . 2H#&, - At

w2 2 n 52,2 2
. e KM . . e KM
Feoreip (X, k73 Qp) = >~ Dcorenyj (2,2K1:Qp) = 7
VP #M £ i #M S
5" 67-38%38+1#*+,-.
6M & M2+ k2 2M & M2 + k2 z2

f oo (% KT QF) = Dobethy (2,2kT:Q}) =

core,ilp

I 2M2Z+ M2) (M2 + k2)4 ' ~coreh I (MZ+ MZ) (M2, + k222)3



Backup

& #(ug,) (

Aif/p (X;UQO) " Siti (Pi!i # fi!/p )(X;UQO)

& g c
Bij (X:Hoo) " “”M

Sy
11

#s(Mg,) (
AD’S’(X:qu)é' (HQ)

)
(Pig # fgip )(X; Qo)
+ b
HQ,

n l
Cif,IO _Nf firp (X; Ho,) ! Aif,p (X; Mo, ) In .
ilp ip

+ b
HQo + #S(qu)

mfg'p 2 i !

L AL (x; Hg,) In

Pig(x)= T x?+(1! x)z),
Q' (x)= CE(1! X)! CFE!(l! X) ,

Gw(x)=2JﬁXUJ X) ,

I\Ii];p "2 . dkr kt fcore,i/p (X, kT3 ch))

)

| B, (XiHg,)In

3C
! TFfi!/p (X; Mg,)

+ 1
HQo
mg

i,p

In

+

Q

Qo My,

.%

LG # Frp 106 Hoo) + [ G0 # F g 10X Hoo)
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Backup

)

& ! ( 3C "
Api (Zilg,) % 9§ M (Pjj + & dnjj 1)(Z; Hg,) ! ?Fdh/j (Z; Ho,)

i

& ! C
BY (ZiHg,) % Mdm (Z,1Q,) »

i

! o) ( )
AR (z; UQo)I%w (Pgj & Ohig )(Z;1qo)”

1 + u ] + “ ’ + Q2 ]
Cl %—— d (z: I AP (z; In Q_ | BD (z In = |p <0
hj ONrE;J hj ( “Qo) hij ( IJQU-) Do hij ( UQU) mthj qumDaj
D * Hoo . 's(Mo,) " & i i 1¥
b AR (ZiHg,) In e T [Q7 & dnj 1(ZiHgo) + [ G & dhyg 1z Keo),,
" i !
P (Z)—P (Z)—C .1+722+§|(1|Z)
RS T eSS T MR A7), 2 ’
1+(1! 2)?
Pgq(2) = CF#’
n2
G (z) = 2Pgq(2)Inz+ Ce (1! 2)! Ck PHCLEL

C_g/q (2) = ZP%(Z)”‘I z+ Crz,

N}?/j "2 72 dkr kt Dcore,h/j (Z! ZkT;Qg)-
0



Backup

© HQo

1:i(r:1pt Jilp (X; MQO) =2 o

1
f
Ci/p core Jilp (X; UQo)"' —A,/p (x; qu)ln 1+ oy I

N Ho,
+ 2A|/p (Xsqu)ln 1+ mfzip

&
= fip (X;HQo) + O " s(Ho),

: “Qo

divpt hij (23 HQ,) =2! 72 .

1
D .

Crj déorenj (ZiHqo) + EA

1 U2
+ AN (ZiHg)In 1+ 20
m3,.

&

. 11] m

= dnj (ZiHg,) + O " s(Mo),

2

Qo

dkr K Dinpt wj (2, 2KT; Koo, QF) =

H
E/}g (Z;HQo)ln 1+ m2
n #

o]

dkr kainpt Jilp (X, Kt; MQo Qg) =

#
qu
f
gr$ n 2 # n 2 2 #%
1 ¢ , Mg, 2 Mg, * Mf,
+ =B, (X;Ho,) In L2 "In® —*
4 ilp Qo Q(Z) Q%
#
2
Qo
Dh'$ n ) # n ) , #%
1 ms U ms
ZB,E’,J- (z;Ug,) In? D;'J " n2 TR0 Dn 5 Db
0 0
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