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The Idea of scale dependence

Quantum effects in TMD



Why hadron structures

Ffruitfulfieldwa longhistory
proton is not fundamental 1950s

Dis 196 s 197s

PartonModel
discovery of asymptote freedom

50fears
discovery of QCD today



Crucial input for the LHC Physics

Major uncertainties

e g Higgs W mass

A lot yet to answer

Spin puzzle

Mass decomposing

majorfocus
ofEIC EicC

gluon saturation seeLiang's talk x2
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w longitudinal momentum fraction

The information is incomplete
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observed large Polarization in contest
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TMD Transverse Momentum dependent PPF
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Somecomment

How to probe
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Smash the proton
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tohighprecision fixedorder
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G datachoice

Precision I 66GeVcaliber
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suppressiondueto e ft
Sadakou suppression

fit toextract
TMDs

hit bad precision if assumedfitting firm



for TMP

Prell Yan usually low Q2 Quite
limited

SIDIS datasets
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azimuthal asymmetries
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BoerMuller
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Sivers

alldangledefined
Wirt lep g protonplane

8structures at leadingPower

US limited data sets

challenging

Possible soft contamination



what Proton the PDF describe

Factorization Theorem

0 8 of

assume the proton is inf boosted

O is boost invariant

Nt o us Fi t
fixedtarget lab frame

E
fix kit for an inf bureted proton



Definition of the PDFs

fix Et

fEdy d et ER I

PIESTA ÉWEIWEI HIP

processdependentpath

Collinear quark field boosted

see DingYu's lecture

gauge Link

gauge inv

find initialState i tercets

fast breaking effects Siver

Originated from the inf boost picture
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Possibledominant radiations

h collinear radiation there
E

Tip Ets agitocot Eff

5 w linear radiation for Sip's

soft radiation SeeShao's lecture

we are particularly interested in the radiation

emitted from Palin but propagatealong h

See Belitsky Ji Yuan 0208038o o O
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emittedfront Rothstein Stewart 1601.04695
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Consider one emission
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Glauberpotential

Ex c g Ci Iif dikonalApprox
gives rise to Wilson line
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Now letus take the fourier transformation

togoto the position space by noting that

on theboundary
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To write
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note that I a YES Face.E
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TMD in SIDIS
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Baredefinition FIFA E fix
hold for the bare PDF
but breaks down for
renormalitd Rat Ppf
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concervati n law of the protonsystem
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Ambiguity running of the PDFs
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interference breaks nai e factorization

In somesense artificial a parameterofthe
cross section



phard
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Protons stem

both ang rod as long as a cutoff
is specified to define the PDFe
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Pot Ita Dot

evolution kernal determinedby piles

DELAP for Coll PPF

SudaKou for TMD

Theoretical fundament for
the factorization scale choice



More than Classic Prob
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evolution 0 Quantumeffect

OtherQuantum effects

Interference
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fall description of Proton structure

by density matrix
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Unpolarized PDFs

f a Erp KC tf
averaged over all helicities

off diagonal elements encode
the quantum interference information

Boer Mulder function
in the context of TN Ds



e go linearly Polarizedgluon
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When sum over the Polarization reduced

to the unpolarized TMD
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hasbeen observed for linearlyPol Photon

by STAR

limited progress for quark a gluon


