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VWhy investigate hadron structure [TMID & collinear] ?

Some open questions

1) do we understand the interplay and the matching

11 Nucleon tomogqgraphy:
| grEpTy between collinear and TMD factorization ?

to understand how hadrons are built in terms of the

elementary degrees of freedom of QCD | o
2] can we access collinear and TMD distributions

3) what's the impact of hadron structure on the

2] High-ener henomenology:
JHig NP & determination of Standard Model parameters

to explore the manifestation of hadron structure In

high-energy scattering experiments | |
4] what Is the behavior of gluon TMDs at small-x ?

O] can we quantify factorization breaking effect ?

B]) can we attempt a global fit of TMDs ?



Hadron structure in 3D momentum space

TMD correlators

guark content parametrized with

®;;(x,kr) ~ F.T. (P1;(0) Up,g ©i(&)|P) quark TMD PDFs

Bacchetta, Mulders
Phys.Rev. D62 (2000]) 114004

|g-|—:()

gluon content

gluon TMD PDFs

Boer, Cotogno, van Daal, Mulders, Signori, Zhou
JHEP 1610 (2016) 013

L% (x,kr) ~ F.T. (P|F7(0) Ujg,¢) F(&) Ul )| P)

|g-|-:o

loop correlator

Lo(x,kr) ~ d(x) F.T. (PIU L U o | P)

£,0] Wilson loop TMD PDFs

Boer, Cotogno, van Daal, Mulders, Signori, Zhou
JHEP 1610 (2016) 013
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Hadron structure in 3D momentum space

TMD correlators

t quark content |

SO C e o
A .- ~

| @i

gluon content

loop correlator

Lo(x,kr) ~ d(x) F.T. (PIU S, U

Jefferson Lab

v, kr) ~ F.T. (P[;(0) Up,g ¢

[~

parametrized with

link with
small-x physics

quark TMD PDFs

Bacchetta, Mulders
Phys.Rev. D62 (2000]) 114004

gluon TMD PDFs

Boer, Cotogno, van Daal, Mulders, Signori, Zhou
JHEP 1610 (2016) 013

Wilson loop TMD PDFs

Boer, Cotogno, van Daal, Mulders, Signori, Zhou
JHEP 1610 (2016) 013



Quark TMD PDFs in a proton

;i (x, k)

extraction of a quark
not collinear with the proton

quark pol. q 2 /
fl (ZIL‘, kT)
U L I iInvolve all 3 components:
= f1 hf‘ richer than 1D PDFs
o, PIRR———— ——
5 | L hi
QO
J_ J_ ° ) ° ° ) °
g T flT g1T hh th spin s!aln and §p|n orbit
Interactions

Twist-2 TMDs

Contain nonperturbative information,
need (possibly global) fits!
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o

only three collinear PDFs survive integration
of the correlator
over the quark transverse momentum

®ii(x) ~ fi(x), g1(x), hi(x)

the relation between
TMD and collinear distributions
Is delicate from the pQCD viewpoint:

OPE
fl(xa k’%nqu) /\)
?/dkT(\/ fr(w; p)



Collinear and TMD factorization

Emergence of TMD and collinear correlators/distributions
from factorization theorems

dO‘/qu

coll
facto

~ (I)A(aja) (I)B (CEb)

collinear PDFs

: qT
Aocp ©

2
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Collinear and TMD factorization

Emergence of TMD and collinear correlators/distributions
from factorization theorems

dO‘/qu

MD collinear ~ (DA(Qfa) (I)B(ij)

ization . . factorization

D s (0, kra) Pp(xp, krp) ~

TMD PDFs collinear PDFs

AqQcp

Aqep < gr <

Jefferson Lab



Collinear and TMD factorization

Emergence of TMD and collinear correlators/distributions
from factorization theorems

dO‘/qu
(I)A(wa’ kTa) (I)B(xb’ ka) ™~ factngtion faf::lI:g:zZn ~ (I)A(xa) (I)B(xb)
TMD PDFs : m;tg‘i';‘:g : collinear PDFs
.
qT
Aqco @
Aqep < gr € Q qr > Q
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Collinear and TMD factorization

do/dqr = W ([TMDPDFs]) + Y (collinear PDFs + prescriptions)
dO‘/qu
PA(Ta, kra) PB(TH, KTH) ~ - - ~ D A(z,) Pp(T0)
TMD PDFs matching collinear PDFs
region ;
. qaT
AqQcp Q
\’ prescription for matching
¢ Phys.Rev. D94 (2016] no.3, 034014
The formalism for Semi-Inclusive DIS (SIDIS]
at low energy needs special care:
/7 \ current fragmentation region ?

Jefferson Lab Phys.Lett. B766 [2017) 245-253
—



Collinear and TMD factorization

do/dqr = W [TMDPDFs) + Y [collinear PDFs + prescriptions]

dO‘/qu

D 1 : coll
zation . . facto
matching
region

D s (0, kra) Pp(xp, krp) ~
TMD PDFs

~ Dy (zq) Pp(s)

collinear PDFs

éQ qrT

we need to iImprove the description
of both W and Y terms

Agcep

‘ A detailed investigation of the nonperturbative part {'
| of TMD PDFs is affected by the description

'3 f the whole gr range "
Jefferson Lab

12

what about polarized cross sections ..?



guark TMDs at work : W= at LHC AS - PhD thesis (inspre]

U gij comes from 2 TMD PDFs
u o, 0
Z /W and controls the position of the peak
do ,
dgr o Z exp{ < 0ij b gij ~ (k)i + (kT); + soft gluons
Z 1,
u 175
150
d 125 AR\ \ U
‘8% 100
SIE 7
W+ (e

&

25 pp>Z X (ECM = 1.8 TeV)

y=0

4 : 10 L =
qt. GeV DOI 10.1063/1.1896698
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guark TMDs at work : W= at LHC AS - PhD thesis (inspre]

U gij comes from 2 TMD PDFs
and controls the position of the peak

dgZ/W* , |
VA ¥,]
Parton model analysis of HERMES
" Semi-Inclusive DIS data
sea width L , R
> (mostly) g el A replica T30
g Y ¥lZ 0 g bt —— x%/dof = 1.77
- uy widt 0s .-::,- i ?
04702 04 06 08 1.0 12 14 16 x?/dof = 1.38
e ()
point of (k.u,)
u no flavor dep.
JEffel‘json Lab dv width < (mostly) uy width PO1101063/1:1896698
— B—
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guark TMDs at work : W= at LHC AS - PhD thesis (inspre]

U gij comes from 2 TMD PDFs
and controls the position of the peak

do?/W™ 5
dgr o Z exp | 0ij b1} gij ~ (k)i + (kT); + soft gluons
y v,J
shifts of peak position in GeV
U
W+ W— VA
_ HR = fc/2, 2/ +0.30 —-0.09 +0.29 —-0.06 +0.23 —0.05
d - pdf (90% cl) 4003 —0.05 +0.06 —0.02 +0.05 —0.02 )
ag = 0.121,0.115 +0.14 -0.12 +0.14 -0.14 +0.15 -0.15
Anp=0.7,0.5 ((k? ) = 1.0,1.96) +0.16 —-0.16 +0.16 -0.14 +0.16 —0.15
' non-universal ki (maximal W effect) +0.09 —0.06 =0 |
W ' non-universal k?L (maximal W~ effect) —0.03 +0.05 +0
MESSAGE:
U the uncertainty on the peak position is not negligible;
JeffersSon Lab
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Conclusions

Today :
\ w
1) Collinear and TMD factorization theorems define the %‘ W Jeff,e’-gon Lab & /
Qmes = W,

tools to investigate hadron structure in momentum space

%BABAR BGS]]I

2) Collinear and TMD parton distribution functions are
closely related and provide complementary information

to the study of high-energy scattering experiments # Fermilab LHC
" YY)
[ ¥.
3) Detailed knowledge of TMDs can improve our elocvitie heavy o colicer UM o FPIRE

understanding of important SM parameters

4) We are setting the tools to explore a precision phase ... and tomorrow ?

for hadron structure . lﬂ
EIC  LH.C A FTE

infernafional linear collider

Jeff/r?on Lab

o
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gluon TMDs at work : n at AFTER@LHC A -PrD thesis nspre

(heavy) quarkonium production

collision of (un)polarized protons
" H doyy [ ot lgyLgy @
{CIf{ ] = Clhy 7hy ]} —*

— N\

"y = 00 dqr

unpolarized gluons | lin. polarized gluons
& Y @ 4

q _
: 2 dour  gef Clhi9hd.,] + Clhidh:s
+ crossed term ~ { fl _|_ [ ] _|_ [ 1 1T]}
dqr
PA—FPB%??[)(QT)—I—X \
— 9.39 (GeV gluon Sivers function: link to orbital angular momentum

of gluons - important for the proton spin puzzle

Echevarria, Kasemets, Lansberg,
Pisano, Signori - arXiv 1 7 Xx.xxxxx

Jefferson Lab
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gluon TMDs at work : n at AFTER@LHC A -PrD thesis nspre

hea rkonium production
(heavy) qua ST PTotH collision of (un)polarized protons

o ) \ FTE

=17 1g, ~ ACLAH] = Clha*hi “]} =

Pa Ty

unpolarized gluons | lin. polarized gluons

& Y € 4
Pb i—k
2 12 e B — T T T Tt Tt T T 12 L T
| NNLL 7, _ : NNLL 7,
+ crossed term ! PRELIMINARY I I S
| - | FEER
P A + P B — U (q T) —+ X : : : ':,{}f;i:;::,;.t.t.z.g,:&?i:izi&\\
= i = 8 [ 55 X -
- ’ b i 3 \
My, = 9.39 GeV < - <
Q . <
A 6 - S 6+ .
g I : S 1
S 4t - 8 4 PRELIMINARY y
[ A=A, =05 GeV? : [ Ap=Ap=0.5 GeV? ]
2 | A\g = 0.5 GeV? ] 2 [/ A\g = 0.1 GeV? ]
Echevarria, Kasemets, Lansberg, : /5 = 115 GeV -/ /s — 115 GeV -
Pisano, Signori - arXiv 1 7XX.XXXXx oV 0,...
0 1 2 3 1 9} 0 1 2 3 4 5

’7 gr [GeV] qr [GeV]
Jefferson Lab
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gluon TMDs at work : n at AFTER@LHC

(heavy) quarkonium production

q
Pa >

+ crossed term

Ps+ Pg — mp(qr) + X
m,, = 9.39 GeV

constrain NP information
from data and use it to improve

other observables

collision of (un)polarized protons

AS - PhD thesis (inspire]

doyuy | 1ot Lgy Lg1y
g rg g g i
~ {CLFF7) - el ohie
d 1J1 1 1
aT . _ .
unpolarized gluons | lin. polarized gluons
< A y
| L L 12 T T T T
NNLL 7, ; NNLL 7,
PRELIMINARY : ]
] ] 10 1 55 ‘:3%:’\\ ]
i ] = 8 L ” “”~“ 3 _
> O
@)
~
o)
B - = 6 L |
-
&
= i
~~ i
- - <L 4 PRELIMINARY -
)\f = A, =0.5 GeV? [ /\f = A, =0.5 GeV? |
- Ag = 0.5 GeV? - 2 [ Ag = 0.1 GeV? -
Vs =115 GeV ; Vs =115 GeV
1 ] PR [ TR T T T NN T SR T S 0 . ] ] 1
0 1 2 3 4 5 0 2 3 4 D
gr [GeV] gr [GeV]
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