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Mass/Spin Decomposition of Proton

(Lattice QCD)

PRL 116, 252001 (2016)

PRL 119, 142002 (2017)

PRL 119, 142002 (2017)
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Can the origin of nucleon mass and spin be understood by its partonic structure?

Trace Anomaly

y Quark orbital angular momentum
extracted indirectly (Lq= Jq- Zq)
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Multi-dimensional Partonic Structures

ngner Dlstrlbutlons

Form Factors

I:1,2 (t)

http://www.int.washington.edu/PROGRAMS/17-3/ 3

Parton Distribution Functions

f(x)



http://www.int.washington.edu/PROGRAMS/17-3/

Experimental Approach

DIS Hadron-hadron

PDFT x
N
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E, B

PDF~. "2  Jets, heavy quarks, y

Semi-inclusive DIS \ Drell-Yan
J ) quark flavor sensitive
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Unpolarized PDF Analysis

Eur. Phys. J. C (2009) 63:189

Process Subprocess Partons X range
*{p,n)— (X v*q —q q.q4.8 x = 0.01
*n/p — (X vid/u—dju d/u x = 0.01

pp— X wii,dd — y* g 0.015 < x <0.35
pn/pp — utp—X (ud)/(uit) — y* d/ii 0.015 < x £0.35
V()N = = (uh)X W*q — ¢’ q.q 0.0l <x =05
vN = ™ X W¥s — ¢ 5 0.01 <x<0.2
VN — utu—X W*s — ¢ 5 0.01 <x <02
etp — et X vY*q—q 2.4.9 0.0001 <x <0.1
etp—vX Wtld, s} — {u,c) d,s x = 0.01

et p — e*ccX vie - c,y*g — cc C, g 0.0001 < x < 0.01
etp—jet+ X Ve —qq g 0.01 <x <0.1
pp—jet+ X £2g.q98.9q9 — 2j g.q 0.01<x =05
pp— (W* = fF)X ud — W, iad — W u,d,ii,d x > 0.05
pp—(Z = {TE)X uu,dd — Z d x = 0.05

DIS, Drell-Yan, Jets



Hadronic Process Partonic Process Probed Partons U P N
Fixed Target DIS

tH{p,n} -+ + X Y*qg —q qt,q,q,8 v Y
(X{n A} /p =+ + X vdfu — dfu d/u v v
v(w)A = p~ (pt) + X W*g — ¢’ q,q v v
vA—=p pt + X W*s = ¢ = v v
vA—= putp— + X W+*s = ¢ 8 v v
Collider DIS

efp et + X v'q —q 2,4,d v

etp—a o4+ X WH{d, s} = {u,c} d,s v
Eip—}eicE+X e — ec,v*g = cC c, g v

e*p = (di-)jet(s) + X g — qd g v

Fixed Target SIDIS

Ei{p?d}—rfi+h+x v'q —q u,i,d,d, g v oo
(£{p,d} = et > (XD + X v*g — cE g v
Fixed Target DY

pp— putpu— + X wii, dd — ~* q v

p{n, A}/pp = ptp= + X (ud)/ (ui) — 7* d/a v y
Collider DY

pp— (WE = tu) + X ud — W+, ad — W~ u,d,a,d v

p{p, A} = (W* o i£p) + X ud — W, dia — W~ u,d,a,d v v
pp(p{p, A}) = (Z = Y)Y+ X uu,dd(uii,dd) — Z u,d, g v v Y
pp—= (W+c)+ X gs —+ W™e, gs > Wte s,5.¢ v

pp — (v* = 77X ui, dd = v* uvy,dvy = v* Q8.7 v

Jet and hadron production

pp(p{p; A}) = (di—)jet(s) + X gg,q99,9q9 — jet(s) 9.9 v Y
pp(pp) =+ h+ X 99,99.99 — 7, K, D 9.9 v
Top Production https://arxiv.org/abs/2001.07722
pp — tt+ X qg — tt q v

pp—+t+ X W4qg —q 9.9 v



https://arxiv.org/abs/2001.07722

Unpolarized and Polarized PDFs
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Polarized Sea
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Gluons

NNPDF 4.0: https://arxiv.org/abs/2109.02653
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Light Sea Asymmetry
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JAM (NLO) https://arxiv.org/abs/2109.00677

baseline
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#" NNPDF3.1 (68 c.l.+1g)
" NNPDF4.0 (68 c.l.+10)
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LHC gauge boson data provide constrains of d /ii(x).
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Strange Sea

Is SU(3) symmetry valid for light sea quarks?

LHC: W, Z, V+jet  htips://arxiv.ora/abs/2112.11266
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Polarized Gluons and Quarks

Double longitudinal spin asymmetries A, Much larger uncertainties, in comparison with
the unpolarized PDFs!

P P /LJ JAM: https://arxiv.ora/abs/2201.02075
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Not sensitive to the sign of Ag!
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Uncertainties of EIC for DIS
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Unpolarized PDFs

Q° =10 GeV?
A S - 4 ______
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“Note that the ratios are not bound to be less than one since the inclusion of new data can
change the relative strength of the flavor channels on the differential cross sections.”

Improved valence quarks and gluon at small x. 14

EIC Yellow report: https://arxiv.org/abs/2103.05419
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SIDIS: Unpolarized Sea
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Improved sea quarks with SIDIS. 15
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Polarized Gluon and Quark
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SIDIS: Polarized Sea
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Room for Orbital Angular Momentum (OAM)
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Significantly improved constraints of OAM contribution
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Multi-dimensional Partonic Structures

ngner Dlstrlbutlons

Parton Distribution Functions Form Factors

t(x) F,(t)

http://www.int.washington.edu/PROGRAMS/17-3/ 19
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174

State-of-Art pQCD Calculations

PRL, 128, 252001 (2022)

NNLOJET+RadISH
 [NNPDF4.0 (NNLO)

13 TeV, pp — Z/~v"(—

symmetric cuts

uncertainties with ugr, dp, @, matching variations

I I |
NNLO+NNLL

B N?LO4+N3LL
d ATLAS data

Why TMDs?

« Atlarge pT, fixed-order
pPQCD describes the data
very well.

 Atsmall pT, pQCD
calculation fails due to non-
perturbative QCD effect.

¢te—) + X

7
é

<5% deviation for pT>5 GeV!

NN
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Unpolarized Quark Transverse
Momentum distributions f7 (x, k)

P =2k +P,

hadron

SIDIS

FL-"U,T (i z, PhQT. QQ) - Z HE'U.T(QQ)
a FF

X / Pk Py (k7 Q7) DV (2. PR QY 3P sk i — Pur + Py

+Your(Q° Pr) + O(M?/Q?).

photon

meleon k1 intrinsice parton transverse momentum
q . . -
P, : transverse momentum gained during fragmentation
Difficult to separate k, and P, in SIDIS only.
Drell-Yan y ” ] -
oton qT - 1A + 1B L — F}’fz },11r _ _1[,12r _
zh dQ2 dg i) o vv T 50
Py qr
mucleon - quark Fly(ea.ep. gh. Q%) = HiH(Q)
kia nucleon X TATB / dsz-A ‘{2le| T (‘TA-kﬁ_A: QQ)"ff_l (IB- kiBi (22)|6(2) (k«LA —qr + k‘rLB)

R + Vi (Q% q7) + O(M?/Q?).
A

21



Parameterizations of TMDs

2
1 (1 T /\kL) 1—;"’—% _ a: parton flavor

FF P3 2 P?
D%ﬁ*ﬁl(gtpf) — l 1 — (t QBaJ—_}I —}—)\FP— e 94:—_;4 ) ,

(1 =)™ 2° (P40 — z)7
I — e — _L-\: -
91(‘1) -\1 1—j)& ,[J QS 4( ) 3,4 ;:,3 ( (1_/-{)'}*
2\ {.}2(2:) +2)\Fg3 Z
(1)) = WO IR Lopry (o) = BT DA
1—|—/\J1( ) g3(z) + FQ4(/-*)

Bacchetta et al., https://arxiv.org/abs/1703.10157 22
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SIDIS

Multiplicity
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Fixed-Target Drell-Yan

800 GeV

(pbGeV*/nucleon)
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E615, Phys. Rev. D43, 2815 (1991)
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E288, Phys. Rev. D23, 604 (1981)



Collider Z Production

CDF DO CDF DO
Vs=18TeV | s=18TeV | +/s=196TeV] +/s=1.96TeV

3

N
o

1/o do/dg[GeV ™
o o

57790 35 20 b i0 3520 5 i0 i5 20 5 70 i5TD0
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Bacchetta et al., https://arxiv.org/abs/1703.10157 25
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Global Analysis of f1(x, k%)

FFs for SIDIS: NLO DSEHS for r; LO DSS for K.

0.12}

(P?) and (k%) are correlated in the extraction.

1
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=
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¢
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v

Signals of intrinsic (k%) in

01

0.2

(k) (x=0.1)[GeV?]
Bacchetta et al., https://arxiv.orq/abs/1703.10157

average values
arXiv:1309.3507

arXiv:1003.2190
arXiv:1312.6261
arXiv:1312.6261
arXiv:1312.6261
arXiv:1312.6261

arxiv:1401.5078

| 03 - 04 - 05 B 06 B b_? DY and SIDIS processes.
No flavor dependence.
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Global Analysis of f1(x, k%)

Drell-Yan ONLY

v b v b v by b v e b v b b w

0.00

0.25 050 0.75 1.00 1.25 1.50 1.75 2.00 0 1 2 3
ki [GeV] k, [GeV]

https://arxiv.orq/abs/1912.07550
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Leading-Twist Transverse-momentum
Dependent Parton Density Function (TM

I spin of the nucleon
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Transverse Single Spin Asymmetry
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Accessing TMDs

SIDIS: ep — ehX i,
hokse @
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Collins Azimuthal Asymmetry
off Polarized Protons

0.1 - -
o J Pt 4 + ______ RET
-o_1ﬂ‘.|_..‘. I S T P TR

ity Pt

-0.2 -

111 | L111
0.3 04 05 0.6
X Z
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Belle: Two-pion Azimuthal Correlation
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Extraction of Transversity and Collins FFs from
SIDIS, Belle and Barbar data

Transversity Collins FFs
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Anselmino et al., PRD 92, 114023 (2015) [arXiv:1510.05389]
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Nucleon Tensor Charge from
Extracted Transversity
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TMD Sivers Function
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qguark orbital angular momentum.




Nonzero Sivers
Asymmetries from SIDIS
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Sivers Asymmetry in Drell-Yan:
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Unpolarized TMDs at EIC (SIDIS)

Unpolarized TMD of u
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Significantly Improved uncertainties of unpolarized TMDs at small x
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https://arxiv.org/abs/2103.05419

Polarized TMDs at EIC (SIDIS)

Significantly Improved uncertainties of transversity
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Quark Sivers at EIC (SIDIS)
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What EIC could
help PDFs & TMDs MOST?

* Unpolarized Nuclear PDFs (DIS)
— Sea quark and gluon at small x

* Polarized Nucleon PDFs (SIDIS)
— Quark, sea gquark and gluon at small x

« TMDs (SIDIS)
— Transversity and Sivers

tagged-DIS

threshold Jpsi and Upsilon
photoproduction
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Review Articles

Unpolarized PDFs:

https://arxiv.orq/abs/1709.04922

https://arxiv.org/abs/1905.06957

https://arxiv.orq/abs/2001.07722

Polarized PDFs:

https://arxiv.org/abs/1209.2803

https://arxiv.org/abs/1807.05250

TMDs:

https://arxiv.org/abs/1507.05267

https://arxiv.org/abs/1510.06783

https://arxiv.orq/abs/1607.02521

https://arxiv.org/abs/2001.05415

GPDs:

https://arxiv.org/abs/hep-ph/0106012

https://arxiv.org/abs/hep-ph/0307382

https://arxiv.org/abs/1303.6600

https://arxiv.org/abs/1602.02763
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