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Motivation Why hadron structures

Tsubject with a glory history

proton is NOT fundamental 1950s

Deep Inelastic Scattering 1960s_197 s

Parton Model

Asymptote freedom

Discovery of QCD
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Crucial Inputs to the LHC physics

Majoruncertainty

e5 Higgs Wtt

Playground for studying Non Perturbative QCD

Proton Spin

Origin of mass

glaon Saturation

Major focus of

the future EIS Ei C
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What are TMDs

CollineaPPFS

Tip 2 M FI Pt p p

probability to find a parton i with

longitudinal momentum fraction Ʃ

see Ju Gao's lecture

thebest known PDFs

Can be polarized L L TIT op
The information is

I
ao.es are missing

eg momentum

Polarization structures

Observed SingleSpin Asymmetry

larger than the naive collinear

expectation a 11 o I

Efo 2 An consistently observed

f r 40Years
o xp I



TMD PDFs

5 It g of rapidity
scale

To transverse tx thx lest

Prbability to find a Parton i with

longitudinal momentum fraction

and transeverse momentum kt

8 TMD PDFs unpularized Polarized

Parton Polarization

cap l longitudinal transverse

hi
BrarMalders

L

ÉE

wirm gear

T.EE Q si
Wormgear

II
IF U T

U P Hi lollins

will explain later 5



Some remarks

Fowtoprobe I

Ext
o

a smash the proton

Duell Yan PP juju it

I.is
E.EE

Semi inclusive DIS Sidist e p e that tx

h 2 02 It tab
of the tagged hadronh

c f Qt for in linear PDFs

the beams can be polarized

es.eu hiEPltgstpin
oetet the p

gift
do tattoos I

Sisi an as
IgE Lepton protonplane

t



global fitting via the factorizationtheorem

Collinear PDF

talk I smaller x

a

État to
6 8 1 fipplxn.tn

9
PQCD

7 For 74
slobalfitting

For Est

similarly for TMDs with 2 D data IX It

TMD factorization
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whichproton do we probe

The proton that satifier the factorizationTheorem

i e theproton is infinitely'broated

fixed target
u

Collider

in me E

O ldatel is boost invariant

extraited PDF for the i f boosted Proton
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wing the cornea factorization

suppose we measure Q Y in Drell Yan Q2 Maid

d4 de.fi E.r fypE m fyplE m

iii t.ieiitiii.xe x é Anshe

1ft
hand process ppm my x

mail.ttenFsiI s allowed in this case

T.EEYiEfiIintocperatethescaeslongdistance Collinear Photic seescetletter
transversemomentum ju byDingy

Sc Xc the lonvolution straiture

11 0 side independent

II Etf

q



Now suppose additionally we measure Gt f the the pair

if 1971 a the collinear fact still holds

if 1971 as a the collinear fait breaks down due to

large logs of t.gs we need a TMD fact

hard process Pile 99
nothing

hardradiation w momentum d k

is powersuppressed

Ifi anasat a

Ted Ian low

essentiallyonly loops in the hardHij

longdistance both collinear soft radiations 19

a actin he act in ks asian
forward backward Central

with

Rtc ktic Rt's
to separate
theregions

a rapidity scale to define C S



affage Hi aim m

dkndk.ttdont8 Kattkit tax E

ftp.lhikct.MU plm.kct.mu 5cts.t.Miv

9
the 0 1 o

TMD factorization

5 spare

da g
ijtx.mn.x

die e ftp.fx5mu fpplan.t.mvl5ct.m.r

Hijian put sdbteiat.tt fipplx.tn ftp a t.ru

where

fyp Fy if U cutoff laniels here

can be generalized to Polarized cases

It



IIii.it
fCE.ktl fdbe spitachit 8 Wter War 4,101 P

b t.FI b k 5kt Bite

Y is the collinec quark field good tomponent of thequark

run means to.at i E p diet
Wit is the gauge link Processdependent

gauge invariance

Originated from the inf burst Picture

final initial state interaction

falterization breaking effect

The most general form

Ip P.k.SI Sdb é cps 4251WW4p.co is

Protoctspin Gackspin

will he balk to this later
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gauge Link

We use the IS Dis process to highlight

how the Wits_aline emerges

Dis Q the photon virtuality

XB 27 Bjorker X

Breit frame

10 0 0 Q

p 1.0.0 1

piex.pt ecno.oni

Inf boost along the proton

Q N with XBfixed

I O O We t 1.0.0 1

e compressed into a line w̅
a cot course of glarne propagating along h

Wilsonline
13



lets lourider one emission in SIDIS

Is
LF

g lip gtsss.TL
We assume pT Pi It true 0 11

diag ig tax Eff.io X Aacg VIP

8 1 2 Ent Pn9,1 Pigi GE D

diag igson I j x aAcg 4117

ig ten 8 I 1511 ex Adg 4 P

14



91 9

Iggy a a Pi
FL 15

igsun ÉÉ gai ex iArgil 4 P

95ᵗʰ g.ttIIzj E AigiYIP79tp P

an 9s gt extratine Eiji
outgoing eikonal line

how we take the fourier transformation to theposition space

etby noting that

ffi5soifIIgti.eÉʰ

c oct 7

is IrAcbiEjobi gyb
0

i.gs dbYAnCli 5 41bibI standard wilson line
see SET Lecture 15



ig u c1É axiaag.ly P
transverse

Vanishes as PT a unless gt o o faster
this typically happens when thegluon is exchanged
between partiiles at a inthis glaalgeon
case gt o

n
z

igsw̅nFif ANY P

1955487 I g Aig 4 P

again we use fourier transformation

SEE If é if EE.mg é's.tt

E InTel If

iq fdEAtCo bitt8n1hebt 4L5,5El

16



at yt oos.FM An so up to geeseframeformof

An CANU _is 00mV
is a pure gauge if u e

9 then

Am 0m

Therefore we can write as

iqfdTt I1o 5it TEnlbiesE 41biE

iggfdb.ee co.F JEe 5t 41bi5t
RTI615 54

igg 10 F 415 E

tigs Atco.pt dgE49 j
nt

igs 1b Anco bi 415.5 1
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put everything together we find

E igsfgdbitak.tt tigs btAnCbi.bts 41b5 lP7

flitsky Ji
Yuen hepph0208038

E 1Eur Wer 415 billP

Wer PexpEi.gs IdbiEAnlabit
Pexp db An bi

15 70.5 1
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cplfcs.si WEr WCr 4101 P

to.at

2 cancel out

WIGWA
i.gg IiIiiio.d

Staple Shaped Wilson line in SIDIS

the orientation is determined by io pole

in the propagator final state Wilson line

Staple shaped Wilson in SIDIC outgoingPartont

its direntiondetermined by the co pole We

It o reduce to collinear PPF Wilson line
with finite length 1 9 1

Similar stapleshaped Wilson line exists inDrellYan
but now it is the in coming Parton

filipped io pole time reversal

flippedorientation of theWilson line WE
different TMD PDFs in SIDIS Drell Yan
givers effett fitridis fit DrellYan g



Polarized TMDC

pCP.k.SI Sdbé PS 45lb 4101 PS

p proton momentum pre Pt 1 I

S Proton Spinpolarizationvector

intheproton rest frame 5 Co.cocolosy.sicosindocol

g 19 5 10.0.0 11

lb 5 o 0.0 1

the spinor can be written by
es

FEE with me

In the proton boost frame

5 I SE Se longitudinal spin

5 5 si si 1
St transverse spin

4 Collinear field goodcomponent

for a given spinor k with k 5km old

4 I is the good tamponent it Etf EI
easyto cherk that 4 0

In t o 5814 0 4854 0 74 0

while I 4 x ̅ 85440 Fratty I8Eñ4 20



one can decompose Iap in terms of the complete basis

Ti 1 85 8 8 85 6 o 6408

Note that Tr Ti T 4Sij

Eap EE Aicp.k S Ti with Ai To Ti
nF perturbative

Q which T is allowed at leading Power

what is the general form for Ailp.k.cl

goodcomponent 4 8t 4 82

Ti I 871 8 83 Is.VE

IICP.k.sJA8 B88s GatE58s iDarE8

at most a power.es at Emqq.rs
Ps'pi i

Hermiticity p.k.SI 8 Icp.ks78

Parity p.k.se 8 F K 578 5 p F

Time reversal I p.rs i85c Icp.k 5 i8 c

C 82godue to the Wilsonline time reversaldoesnot put
constraint on the form of the coefficients
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6 Proof of Hermitility

tap Ip Sdbe cps 424 4pct1ps

Sdbe cpsltacos 4psb less titalatea

fdbeibikcps.lao1 4pcbllps5a b b

fdbeibikcps 451018,27 tpabl IPs 4 48

Sdbéibik ps 4,1018 ypin 1ps 8 real presentation

fdbé cps 4,45 xp ps sit b

fabé cpsl 4 418 rip Yplotpsvia row 1

VpeJdbé Cpsl Feb yplotlpsyypyasygm.net
it

8ps I ftp.k.s Via
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Proof of Parity

note that under parity Iii Iii 8yes

Iap Ip k s db e
b
PstYplbl 4,101 ps

Sdbéibk Ps P P 1b P P4,10 p P Ps

sdbe.it F 5141518p ripypto e 5 If
8p db é Cp 5146151 4,10 5 5 tip able It

82 Ipo 5 k 518 p b 5
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Constraint from Hermiticity It 8.58

ICP.k.SI A 8 B 88 Carers id res

Ar term

LHS A87 A 20 83 ᵗ At 80 83 Art
8 1 51 4 5 8

RHS 8 8 8 4801818380 A 84831 Art

LHS RHS A At Athan
BOY term

LHS 3885 B 858T B 8 85

RHS 8 1388580 B 8088085 138 85

LHS RHS Eat

Cart885 term
LHS Carers 858 1SE Cat rifts
RHS 8GadÉ88580 Ca8É8.8 808 G8É8 85
LHS RHS Cairrell

Irene
24



Constraint from Parity ftp.k.cl 8 Itp.tt 5180

Ar term

LHS ACP.k.SI8

sin t.tt IpIiiE5irLHSRHSIACP kiSl ACp.K57 is parityeven

In i
mine

FIXI
acrast ilfifii.int

unprefroton
E aÉ Tj

Brsr term

LHS BCP.k.SI858

RHS BCEK 5 808588 BCP.K 5 858

LHS RHS BCP.k.si is parity odd

odd ofmomentum 15 scalar

BIP.k.SI 9 Stg't

0 i fan Iiii is
L PLquark



Carer 85 term

LHS Ca P.k.SI 87885

RHS GCP.E 51 8878 8 8 Gulf.E 5 8É825

Ca is parityeven

even of momentum 1 S Vector coupledto rÉ

Can 11h Stm Schie Eshi km
9
e on

iDa8E8 term

LHS ipmcp.k.SI YEY

RHS i PalF E 5 88É8 8 iDCF.li 5 8É8

Da is parityodd

odd ofmomentum 15 Vectorcoupled to 8

D ht 11
Q
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Hence

I f 8 fire his star

15 9 LISTST 858

hi 8 85 Schie kit hit it

int d 8 TMDS

Some of them are naively T odd fit hi
note under time reversal p p kt 0 It S 5
vanishes under waive factorization fit fit fit o

but also switches Wilsonline µ ME

fit sins fit puenyan observable effects

on
gnflilhi site hi prenyan

RDY

SIDIS 1704.00488
signflip

Similar decomposition for Quarh TMD FF gluonTMDS
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Parton Polarization

cap l longitudinal transverse

ÉÉÉ

0

his
t.fi iief III

Tf5iv sit him
Wormgear


