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Overview

0 The Atomic Hypothesis and the Nucleon

How do fundamental building blocs of matter, quarks and
gluons, form complex composite matter: the nucleon?

0 Quark and Gluon Structure of the Proton

Momentum distributions
Spin (helicity) distributions

0 3-D Structure and Tomography

Coordinate space: Generalized Parton Distributions
Momentum space: Transverse Momentum Dependent
Parton Distributions
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Rlchard Feynman on the Atomic Hypothesis

Feynman Lectures, Volume [; Lecture 1, "Atoms in
Motion"; Section 1-2, "Matter is made of atoms"; p. 1-2

¢l If, in some cataclysm, all of scientific knowledge were
d to be destroyed, and only one sentence passed on to
¥ the next generation of creatures, what statement
& would contain the most information in the fewest

~ words?

| believe it Is the atomic hypothesis that all things are made of
atoms — little particles that move around in perpetual motion,
attracting each other when they are a little distance apart, but
repelling upon being squeezed into one another.

In that one sentence, you will see, there is an enormous amount of
Information about the world, if just a little imagination and thinking

are applied.
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From an Ancient Hypothesis to Modern Science
How do Atoms Form Complex Matter?

First ideas by Greek philosophers:
Leukip and Demokrit formulated the atomic hypothesis:

There are small particles, atoms, of which
all matter is made and which cannot be divided
In smaller parts.

After 80 generations, some 2400 years later:

Our experimental tools may have identified the atoms

of nature and lead us to quantitative answers how
these form the complex visible matter!
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At the Intersection of Particle and Nuclear Physics

The proton is the fundamental bound
state of QCD. Quarks and gluons are
the constituents:

Can we understand the wave
function of the proton from
first principles QCD ?

Present (modest) status:

Description of proton in hard
scattering processes with parton
distribution functions.
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Quark and Gluon Structure from Scattering
Experiments with High Energy Probes

Measure:
<Optical Theorem

Analyze:
Cross Section
eg. deep inelastic

Forward Elastic Scattering Amplitude

initial state

final state

o~ Z —t/2 tdnﬂV(Qi

Wllson coefficients

<|OIO’”||O>E

etp 2> e+ X - e
e photon PQCD, hardI
: scattering
) Q2 momentumtransfer eeccccccccccccfoccccccocccccogpocccsccccsccciee
e v :energy transfer Factorization : l
=02
X = Q4/2Mv q(X,QZ),EG(X,QZ)
current
quark jet
proton :
{ SSF;Z?;?;W Process independent
fnrgsznl\’/l : quark, q(x,Q?), and gluon,
\4 1

G (x,Q?), distributions.

Operator product expansion
in twist parameter t, t=d-n, ,

Operator matrix element
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Helicity Amplitudes for k; Integrated Cross Section
are Related to Quark Momentum Distributions

Forward Scattering Amplitude

Initial state final state

hard probe,
eg. photon

Quark, h Quark, h;

proton, H. proton, H;
h: quark helicity In initial and
H: proton helicity final state

H—

H| hl Hf hf

1 1 N 1 1 Helicity is
2 2 2 2 conserved
1 1 1 1
N N _) N -

2 2 2 2

= q(x,Q?%), F,(x,Q%) helicity average
Ag(x,Q%), 9; (x,Q%) nelicity difference

%
2 2 2

1 1 1 1

helicity flip
= &(x,Q%)

transverse spin distributions
for quarks: transversity
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Hard Scattering Data Sets Used to Constrain
Nucleon Quark and Gluon Distributions

flavour separation

low-X » high-x
p N - | LHC W+charm
_ - : p N | |
HERA inclusive ‘ HERA jets ot _New CMS data: strangeness
p e S 0
NC and CC data H1 jets NNLO analysis PP ] ‘ Collider W,Z,DY
H A A J
< _/  Low/medium-xgluon, a, ATLAS jets 8&13 TeV New W,Z LHC
Backbone of all PDF fits > CMS jets 8 TeV u,d,s flavour separation
) Low-x resummation i RHIC 0.5 TeV _ :
HERA c.b data '| LHC C+Z,C+Y High-x valence and gluon ‘ Fixed target DY )
L ’ ) € J SeaQuest 2017 run
New data for DIS2018 New ATLAS+CMS results LHC ttbar Ju(bar)-d(ban)

Low-x gluon, flavour schemes, Fits with “intrinsic” charm

e A

¢, b quark masses ATLAS, CMS, LHCb at \ Fixed target D|S )
various Vs Quark flavours at high-x
High-x gluon JLAB prospects

| Nuclear PDFs |
[ PA and AA data

- ZW in pAAA
Jets, charm in pA, AA

from Stefan Schmitt, DIS 2018 in Kobe, Japan
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Extraction of Quark and Gluon Momentum
Distributions from Hard Scattering Data

108

o choose parton distributions, PDFs,

at input scale, Q¢ : 107
u(x),u(x),dx),dx),s(x),G (), .. 108
~10°

o evolve pdfsto Q* of experimental >

data sets using pQCD at LO, NLO ©
or NNLO

0 compute cross section, compare ol
to data, compute y*

o vary PDFs to minimize y?

Recent global fits by 6 groups
MNHT, NNPDF, CTEQ, HERA PDF, ABMP, JR
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NNPDF Results for Parton Distributions

Deep Inelastic Scattering

‘ Experiment ‘ Obs. ‘ Ref. ‘ Ndat
1_ T TTIT] T T TTT] T T 11110 Fi/FT 28] 260 (121/121)
0 95 NNPDF3.1 {NNLO) E RME NP [29] 202 (204/204)
~r xf(x,u2=10 GBVQ) . SLAC FP [32] 211 (33/33)
C N Fy [32] 211 (34/34)
0.8 . Fr [30] 351 (333/333)
] BCDMS
. F§ [31] 254 (248 /248)
0.71 . aCOw [39] 607 (416/416)
] CHORUS i
. gtew [39] 607 (416/416)
0.6 — _— oce [40,41] 45 (39/39)
] o5e [40, 41] 45 (37/37)
0.5 - ohoce (%) |19 | 1306 (1145/1145)
. HERA oo (38] 52 (47/37)
0.4F . Fi (*) | [67.68] 29 (29/29)
- . EMC [F5] (%) [69] 21 (16/16)
031 . Tevatron + FNAL fixed target
- . | Bxp. | Obs. | Ref. | Nuw
02 E s oy /oy 8] | 15 (15/15)
0.1 i by [46,47] | 184 (89/89)
' e E605 oty [45] | 119 (85/85)
0 2\ CDF doz /dyz [42] 20 (29/29)
3 5 » k: incl jets [87] 76 (76/76)
10 10 y 10 1 doz dyz 3] | 28 (28/28)
DO | W electron asy (*) 14] 13 (13/8)

[
NNPDF3.1: EPJ C77 (2017) 663 W muon asy (*) [13] 10 (10/9)
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NNPDF Results for Parton Distributions

Precise Collider Data = good sensitivity for PDFs
LHC experiments

| Exp. | Obs. | Ref. | Nat
T— T T T T T 11T W.Z 2010 149] 30 (30/30)
- NNPDF3.1 (NNLO) . W, Z 2011 (*) [72] 34 (34/34)
09+ — high-mass DY 2011 [50] 11 (5/5)
- xf(x,u*=10 Gevz) ] low-mass DY 2011 (*) [77] 6 (4/6)
0.8L _ [Z pr 7 TeV (pF.uz)] (*) | [78] 64 (39/39)
L ] ATLAS Z pr 8 TeV (p4, My) (*) [71] 64 (44/44)
07 _Z Z pp 8 TeV (ph,yz) (%) [71] 120 (48/48)
-8 i 7 TeV jets 2010 [57] 90 (90/90)
N 2.76 TeV jets [58] 59 (59/59)
06 - 7 TeV jets 2011 (*) [76] 140 (31/31)
. Trot(tF) [74,75] 3 (3/3)
05 _ (1/a¢)da(tt)/ye (*) (73] 10 (10/10)
- W electron asy [52] 11 (11/11)
] W muon asy [53] 11 (11/11)
0.4 - B W + c total [60] 5 (5/0)
C ] W + ¢ ratio [60] 5 (5/0)
0.3 . 2D DY 2011 7 TeV [54] | 124 (88/110)
B ] CMS [2D DY 2012 8 TeV] [84] 124 (108/108)
02! ] W= rap 8 TeV (*) [79] 22 (22/22)
§ Z pr 8 TeV (%) [83] 50 (28/28)
0.1 - 7 TeV jets 2011 [59] | 133 (133/133)
: e 2.76 TeV jets (¥) 180] 81 (81/81)
. Trot (L) 82, 88] 3 (3/3)
0 (1/o)do(tt) fye (*) | [1] | 10 (10/10)
1 []_3 1 []_2 1 [:]_1 1 Z rapidity 940 pb [55] 9 (9/9)
X LECb Z — ee rapidity 2 fb [56] 17 (17/17)
W,Z — pu7TeV (*) [85] 33 (33/20)
]

NNPDF3.1: EPJ C77 (2017) 663 W.Z - 8TV (%) g6 34 (34/30)
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CMS, EPJ C77 (2017) 459
Double Differential tt Production Constrains G(x)

d2o(tt) Additional cross section in CMS QCD analysis:
Example: == = [pr (0, YO, [y(©), M), [y(e), M(tD)]
CMS
1 e T T T T TTTT T T T T TTTT T T T =TT
— _CMS ——— I |19.'Tr b (8 TIeV) 5 - xg(x) u?= 30000 GeV? NLO || T
% 102 _340<M(ﬁ]<4000ev__ 400 <M(tT) <500 GeV i 500 <M(tf) <650 GeV __650<M(ti)<1500Gev_ N:.L"‘ 14+ f '
O, 3 ® Data ; - [ ] HERA + CMS W* 8 TeV
C 1 — MADGRAPH+PYTHIAG >

— g’ e i g . - - - POWHEG+PYTHIAG § : |:| + [pT(t)! y(t)] 8 TeV |
. U S fomeeel =< 1ol 222+ Db, ME18 Tev N

3z ] P | N - - ]+ [y(tt), M(tt)] 8 TeV
€ 10° ¥ £ [haas - -

1 e et -

S

% 0.8+

= I

8

5 0.6L

© 1 1 . I

o i 2 1 2 1 2 1 2 L

|y(ﬁ)| 1 1 |||||||
10° 10

tt data constrain G (x, u7) for x>0.05
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FNAL Drell-Yan, SeaQuest: 2% > 1 at large x!

u(x)

o Fixed-target proton induced Drell-Yan with hydrogen and deuterium targets
0 extending sea-quark measurements to larger x by using 120 GeV protons
from Fermilab Main Injector.

SeaQuest E906 Status

30 Caveats:
: : = Rate dependence correction

BS15 NLO 5 | : .
CT14 NLO 5 : has a kinematic dependence
251 MMHT2014 NLO 5 | = Suboptimal background
T & nNas1 : ‘ subtraction.
W E-866 NLO : . | m Leading order
7 2 0|l ® SeaQuestio .|| -extractionCorrect
d(iL‘) i ‘ T+ |= Large Xy, dbar/ubar
- ' : B e
u(x) 5 z
15} . ]
1.0 4" | _
05} E-866 syzs. : ......... e et
SeaQuest sys. -
B . ; e
0. i i i ; i ;
%.0 0.1 0.2 0.3 0.4 0.5 0.6
Plot based on first 3.5 x 10 protons £

Acceptance improvements so later protons
are “worth” more

25% of total expected beam current
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Jefferson Laboratory: d(x)/u(x) at high x in DIS

« JLAB 12 GeV program includes dedicated Projected precisipn on u/d from future 12
experiments to improve structure functions GeV JLAB experiments
and d/u ratio at high x - :
o g . 064 N * En CJ15 PDF + uncert.
- Hall C: precision F, for ep and ed scattering ! t T} ;
- MARATHON: °H and *He, nuclear corrections cancel 8 4 R
in ratio = 0.4 G i
=~ ] = +i R
- BONuS_12: eﬁective free neutron target in ed & }  Marsthon H/5He N : i
scattering with proton tag 021 + soLD PVDIS . b, :
- SoLID PVDIS: u/d from parity-violating ep scattering ] ¥ DBoNusi2 -’
« Fitting group CJ at JLAB, focussing on the { § Bolula-high Q"
. . U,D T T L . L T 4 T 3 T : ] T T i
use of high-x data in PDFs 0.2 0.4 0.6 0.8 1.0
CJ15 PDFs: Phys.Rev. D93 (2016) 114017 [arXiv:1602.03154] €T

BONuS 5 GeV: Phys.Rev. C89 (2014) 045206, add: Phys.Rev. C90 (2014) 059901[arXiv:1402.2477]
MARATHON: https://iwww.jlab.org/exp_prog/proposals/10/PR12-10-103.pdf Parallel session talks:
SoLID PVDIS: https://mwww.jlab.org/exp_prog/proposals/10/PR12-10-007.pdf '

Hall C precision F2: hitps://www.jlab.org/exp_prog/proposals/10/PR12-10-002.pdf ?Eﬁ;?;gev_(ﬁgggsg'15140:33_54

from Stefan Schmitt, DIS 2018 in Kobe, Japan
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Modification of Nucleon Structure in Nuclel

10 Tt LHC pPb and PbPb data
"“IJ E Observable
O 0 E E
S b | do(Z =T dyz (1]
: fixed target DIS and DY i 4 .t
o F LHC dijets = | do(WT — £7v)/dy,+ [2]
- LHC W & 7 : <
- CHORUS neutrino data 1 do(W™ — " v)/dy,- 2]
1 E PHENIX 7' = -
2 ] = do(Z — €107 /dyz|3]
- . . Ul
N Kinematics for nuclear 1 Z | do(W* 5 £+0) Jdyps 4]
= hard scattering data E - _
- do (W~ =~ v)/dy,- [4]
|_ AT R T B 5
10 0 o’ .10 1 = o(Z — £767) [5]
Ej o(Wt — £7v) [6]
Recent nuclear PDF fits: = (W= = =) [6]
NCTEQ: Phys.Rev. D93 (2016) 085037 —
EPPS16: EPJ C77 (2017) 163 [arXiv:1612.05741] Z 1 /ototdo /dyz][7]
A = Ag [8]
o 2 | /otordo [dyz Y]
f".
e Ay [10]
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Impact of LHC pPb and PbPb data on uy,(X)
and Ggp,(X): nCETQ vs EPPS16

Q=80 GeV ( =80 GeV
SR N — nCTEQ15 68CL Pb | _ — nCTEQ15 68CL Pb
R\ nCTEQI5 Pb rew. rep. 2R nCTEQL5 Pb rew. rep. |1
".. -.-. EPPS16 Pb l\‘\ "-\“ ---. EPPS16 Ph
\."‘ 201 A \\\
- \-é\‘ \
u N 1 — S, —_
= - 8 \ s
'y 2 N %
== —
0 10° 0 0 10"
o _‘L-____‘i R Ty o - —— —‘ﬁ_—h:—? ______ —_ - :/-‘ o o “.. w
— T~ 7 — - . &
— I | — —_‘_—:;-{ \' |
10°

NnCTEQ: Phys.Rev. D93 (2016) 085037 LHC data in agreement with
EPPS16: EPJ C77 (2017) 163 [arXiv:1612.05741]  fixed target and RHIC data. More
HI data taking to come ...
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Impact of LHC pPb and PbPb data on uy,(X)
and Ggp,(X): nCETQ vs EPPS16

\ S
25 nCTEQL5 Pb rew. rep. |7
-.-. EPPS16 Pb
Gluon: Nuclear Modification Factor Rg®(x) |
"\? 1.6 T T T TTTT] T T T T T TTT] T ||||||- g“ :Zj
> 14 T
~ 12 i
= AH
— 1.0 i il
08 A 0 | .
~1 . H 10° 10° 10" 10°
o 06 —— EPPS16\I o el
=04 e EPS09 4l L\
fo V2L DSSZ I Be===-— | '
m U(} | | IIIIII|q | | IIIIII| | | IIIIII| | L L1111l osl _
10* 10 107 10" 1
NnCTEQ: Phys.Rev. D93 (2016) 085037 LHC data in agreement with

HI data taking to come ...
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Nucleon Spin Structure:
40 Years of Experiment

Quark Spin — Gluon Spin — Transverse Spin — GPDs

SLAC | E80-E155

—>2000

CERN " EMC,SMC COMPASS

ongoing

FNAL - SeaQuest
ongoing

DESY HERMES

2007

JLAB Halls A, B, C

ongoing

RHIC ~ BRAHMS,PHENIX,STAR

ongoing

WBOIaizEdppY  polarized Ip
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Proton Structure: Spin (Helicity) Distributions

Constituents:
guarks = u, d, s and gluons

— Total Quark Spin :

AY=>" XJTAq(x)

9.0 x=0

— Total Gluon Spin:
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Proton Structure: Helicity Sumrule

De-composition of the Proton Spin

:1A2+AG+ L,

Orbital Angular
momentum

Quark Spin

1
Gluon Spin
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Quark and Gluon Helicity Distributions from

‘N N PDF J.J. Ethier et al. (JAM Collaboration), PRL 119, 132001 (2017)

0.4} aAu™ 0
0.3 —0.05
0 jaMiT 0.10| Up and down quark helicity

0.17

distributions are known.

“““ JAMI1A —0N.15

i) . . . . . . . .

0 02 04 06 D08 1 0 02 04 06 08 1 L nties f ‘
00 2 (Aa + Ad) 0.04F L arge uncertainties for sea-quarks.
0.02+ 0.02 5

I - Quark Spin
0.02/ ~0.02 AY = 0.36 +0.09
0.04F weeeees DSSVO9 —0.047 o AT _

o DSV [ s(Q8—Ad) As = -0.03 F0.1

1078 1072 1077 04 08 107% 107% 107 04 0R
0.04] A ot 01f Aqm Q% =1GeV?
(.02 0.05

O ’ ~— | DISand SIDIS at Jlab 12 GeV!
0. p2EEEE ~ —0.05¢
0.04+ —0.1

== JAMIL7 +SU(3) . . .
= 10 107t 04 c].s:ﬂ -4 107 107t 04 08

&
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Knowledge of Truncated Moments of AG and
AX(Q?)in Valence- and Sea-Regions

Phys.Rev.Lett. 113 (2014) 012001

5 immwm DSSV' 1 within errors large

00% (‘l]':,‘r:gioll; gluon Spin contributions
. DSSV* -
possible at low x!

20% Cﬂ[..r:gioni

A  DSSV

(X)

<]
, O
—_—

0.05
001

S 0
N

otetate ey
SR

5
%,
%
5es,
e

1
f AG(x) = 0.2 + 0.05°C
0.05

0.05
f AG(x) ~0.13+1.1—0.3
0.001

05 QP =10 GeV*

Truncated moment of AG(x)
for sea between 0.001 <x <0.05

-0.2 -0.1 -0 0.1 , 02 0.3

Truncated moment of o.jo::d}‘i Ag(x)

AG(x) for valence region 0.05<x <1

=3
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Constraining AG(x): First A

— -k
=1 (=]
L] —

-
[=]
[~

=
=

d’ofdMdn dn, [ubl(GeV/c?)]

-
=
&

=

(Data-Theory)/Theory
(=]

o o

et
11 (Miep

50
Di-jet Invariant Mass [GeV/c?]

a0 80 70

% STAR 2009 Di-jet Cross Section 0.08 [N Di-JetA,,
= - ——— DSSV 2014
E - — — NNPDF Pol 1.1
- . - Data 0.06~ — scale Uncertainty
I g [ 4 - 257 PDF Uncertainty
= ’ % NLO pQCD CT10 + UEH < 004 @ Rel. Lumi. Uncertainty
= e o C
- b 4 UEH Systematic Uncertainty o 0.02—
| et ] n " -
| —— ;
= D =
- 1o - . -
- | 002k Sign(n) = Sign(n,)
- ——— . L A T E R B B
F PP@ = 200GeV 0.08 STAR 2009 Sign(n) = Sign(
- Antik;, R=086, n,n,|<0.8 Freverere nusz— p+p— Jet + Jet + X n) Tlz]'
§_de1=18.5|:|5113.3% r s =200 GeV
- | - i~ =
- | | | | | | A < 004 Anti-k., R =0.6
C "i r

a 0.02:—

0F |
r + 6.5% scale uncertainty
-0.02— from polarization not shown
P T BT T e . e
20 30 40 50 60 70

Di-jet Invariant Mass [GeV/c?]

Consistent with analyses that find folos AG(x) = 0.2 for x>0.05
L. Adamczyk et al., STAR, Phys. Rev. D 95, 071103 (2b1 7).

H—
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EIC — Impact on low x Extrapolation for AG(x)

Future Electron-lon Collider

AG(x) reduction of uncertainties

0.25

0. D DSSV 08

- ePHENIX 10x250

-0.1F
T Uncertainties for A"=9 Q?=10 GeV?

L 1 1 L 111 ll 1 L 11 1 lLll L il | - |
102 10"
X arXiv: |
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Impact of EIC on Gluon- and
Quark-Spin Contributions.

1 I 1 1 1 1 I 1 I I I I I I I I I I I

L Q?=10 GeV?

current

05 - data 4 Will constrain orbital contribution:

1L

BN DSsv+ ]

AX —AG

B FiCchs
EIC 20x250 |
L all uncertainties for af:s -
_1 I 1 1 1 1 I 1 [] [] [] I [] [] [] [] I []
0.3 0.35 0.4 0.45
1
JAZ(x,Q%) dx
0.001
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Ati(x) — Ad(x) from ALW%“” in polarized p-p at RHIC

Aschenauer et al. arXiv:1602.0392

O r
A = = s 1 Wt e P> IGG;:\" Py > 30 GeV 1
Lr p+p — W —e +v < feun 15 ,'Ep::l\\_'\ll:!.c‘; (37 A7 (2013) [8] Af (2011-2012) ]
{s=510GeV ~ 25<El<50GeV 0 o |..|:I NEETEN.
S P -

s STAR 1/ Vo = -

— DNS Kretzer

:W-_Uﬁ_’j%ri%:f%q 1 n.o__-_= m %

| : -0.5
g D — PHENIX
Rel lum
r ayst B I .ﬂ ;
-4 Wz e PH ENIX
preliminary
0.5F
— I i _ﬂ#’-
i+ 1 STAR Data GL=68% 0.0= u . - .
r =68% . ==
| —— --—DSSV0E RHICBOS ——
——— —.— DSSV0E8 CHE NLO
---— —— LSS10 GHE NLD -0.5 —
DSSVOE L0 4y iy = 2% ermor
3.4% beam pol =cale uncertainty not ehown Sampled Luminosity: 277 ph™ per arm (2013 ]
TN R TR T N R TN TN NN SN TR T M NN S SN | ] r|1||[ T T TTTTI T T TTTTT
-2 -1 0 1 2 1075 1 0 I 2 E
lepton M ﬂl- symmetry E
0.08 x(Au(x) — Aa(x)) -
|
0.D& TR T

Global Analysis of SIDS o0s
+ A, ¢V from STAR

|||r|||||1||||'|||r

5%
2

x(u(x) — d(x)}

-0.02

E Q=10 GeV?

771 NNPDFpol1.1 x{AT - AD)
- NNPDF2.3 x@-10)
L 1 L_L 1 IIII L 1 L1

-0.04

-0.06

||||1||r|'|| r|1||;
:I|III|III|IIIIIII

-0.08

-

=
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A non-perturbative renormalization prescription

for quasi-PDFs from the Lattice

C. Alexandroua et al.
Nucl.Phys. B923 (2017) 394-415

4 matched PDF from fullly renorm. ME —

matched PDF from Z, renorm. ME  mmmm
JAM15 u-d

DSSV08 u-d Il

u(x) — d(x)

Au-d)(x)
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Parton distributions and lattice QCD calculations:

: - Huey-Wen Lin, et al. Prog.Part.
a community white paper Nucl.Phys. 100 (2018) 107-160

Abstract In the framework of quantum chromodynamics (QCD), parton distri-
bution functions (PDFs) quantify how the momentum and spin of a hadron are
divided among its quark and gluon constituents. Two main approaches exist to
determine PDFs. The first approach, based on QCD factorization theorems,
realizes a QCD analysis of a suitable set of hard-scattering measurements,
often using a variety of hadronic observables. The second approach, based
on first-principle operator definitions of PDFs, uses lattice QCD to compute
directly some PDF-related quantities, such as their moments.

Motivated by recent progress in both approaches, in this document we
present an overview of lattice-QCD and global-analysis technigues used to
determine unpolarized and polarized proton PDFs and their moments. We
provide benchmark numbers to validate present and future lattice-QCD cal-
culations and we illustrate how they could be used to reduce the PDF uncer-
tainties in current unpolarized and polarized global analyses. This document
represents a first step towards establishing a common language between the
two communities, to foster dialogue and to further improve our knowledge of

DFs.
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Consider Orbital Motion in the Nucleon: 1D = 3D

from Alessandro Bacchetta

Transverse momentum

(G W

k, (GaV

Transverse
position

ongitudinal momentum e e o e e oo e e |
Long i nent R T | 05 10 14 03 og s 10

IL:+ — ;,{.'P+ k, 1GeV) k, (GeV
with spin
'I_D._-
L N n.s':
/ ] £ ool -k
ik & ¢ -r

05|

-0 -85 0.0 0.5 10 ] -0.5 0.0 0.5 1.0
by (fm b, ()
with spin

Generalized parton distribution (GPD)
Transverse momentum dependent parton distribution (TMD)
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Unified View of Nucleon Structure

Wigner Functions (x,k,b+)

Transverse Momentum Dependent Distributions, TMDs (X,Kk+)
Generalized Parton Distributions, GPDs (X,&,t)

Parton Distribution Functions, PDFs(X)

Wigﬁf‘ffuntﬂﬂn high-level connection

4+1-D (X,k1,by)
important in other branches of Physics .,
Jde:/ a2y
2+1-D &
t related by — 1 E—0
)( kT Fourier transf. X bT) H(X 0 t) H(X’“‘:” )
%+ transv. mom. dep. PDF impact par. dep PDF generalized PDF
P A _ld kT d bT E_. :
N Al (%) F(t) AR N
‘Q\ parmn densities formfactor ;. ZHal 1\ "
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Precision Measurements of GPDs:
Jlab 12 GeV and later Upgrades, eg. SoLID

Gloal analysis of HERA,
COMPASS and Jlab data
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SoLID provides unique capability:

9

v’ high luminosity (1037-39)
v’ large acceptance with full ¢ coverage

multi-purpose program to maximize
the 12-GeV science potential

JI's sum rule: access to LA

1 N 1
J1 = Ef dx x[HI(x £ D+E9(x £0)] = 5AZ+L‘3
-1



Distributions to Parameterize TMD Hard
Scattering Cross Section at Leading Twist

Nucleon polarization

Quark polarization

Unpolarized Longitudinally polarized Transversely polarized
(L)

L
HORENO
j0 |
Boer—Mulder
-G - O | G- O
Helicity
w® - O
fir= - @ L é é) Transversity
a1 = -
Sivers
1
@ - ©

cleon @ Quark Transverse Momentum Dependent (TMD)
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Experimental Faclilities used to measure TMDs

= Yeflerson Sl (= )})} # ‘”‘R'V'
9 o e e

lepton hadron P lepton

/
T~ — — N Ch

s pion proton RN antilepton
SIDIS & Drell-Yan
BESIII LD %?

electron pion Fragmentation amplitude

T /O" @ Distribution amplitude

positron o pion

e-e* to pions
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Global Analysis of Unpolarized TMD Multiplicities in
SIDIS, DY and Z-Boson Production

Bacchetta, Delcarro, Pisano, Radici, Signori oo e o Tean o
JHEP 1706 (2017) 081
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Global Analysis of Unpolarized TMD Multiplicities In
SIDIS, DY and Z-Boson Production

Bacchetta, Delcarro, Pisano, Radici, Signori Average parton k?;

JHEP 1706 (2017) 081

HERMES & COMPASS SIDIS
Multiplicities vs p;

£288 and E605 i T |

DY cross sections vs g
Average P?, picked up in fragmentation

DO and CDF 0305

Z-Boson cross sections vs g; 029
c% 0_205
S 015
EO_IO
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Transversity Quark Distributions and the Tensor
Charge Extracted Using TMD Evolution

Z.-B. Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1, 014009

Favored and unfavored

Results given at Collins FF
Q%=2.4, 10 and 1000 Gev2 Q*=2.4 GeV?

0.04— Q=10 GeV?

fav

0.02

up and down 0

transversity distributions ¥
=
N -0.02

Q%

-
W]
= -0.04
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Transversity and the Tensor Charge Extracted Using
TMD Evolution and Recent Data Sets

Z.-B. Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1, 014009

up and down contributions to
tensor charae

NH II'. |'| N"": l'l / . .
wb | wol | / Integrals in data region
tof——— i - 10.0065.0.35 0.04
l".\ l,"l '.\ ()_u[... J65.0).. .J] — +030t[)07
130 F i 130 F (5([[(']'[')063'(']'35] _ 7020—{_—8(1)27
0T 07 05 0a 55 05 07 01 3T oI 5T v 0T 0z Integrals in [0,1]
611[0_0065.0.35] S d[0_0055_0_35] _ -
sul®Y = 40397007
_ o 5"t = —0 224014
Evolution has significant effect

Need higher precision SIDIS data: Jlab 12 GeV
Need to extend data range to high and low x
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Sign Change of Sivers- and Boer-Mulders
Functions Between SIDIS and DY

SIDIS ®st ¢ DY e s
| | cumPmiamxoane ) Direction of the gauge-link integrals of k;
SIDIS DY )
dep. pdfs is process-dependent and
. changes its sign between SIDIS and DY
\ . ]
Sivers fir(x, kr) o —feila kT)‘D}’ Need to confirm sign
N reversal in polarized
Boer-Mulders h; (z, kr — —hy (z, k7 ‘ Drell-yan:
(@ k)| 1 (z k)|

NSAC performance
Milestone HP13 for

TEST “modified” universality of TMD pdfs! 2015
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1

Sivers Asymmetries for m* vs K*

COMPASS Phys.Lett. B744:250(2015)

~ G Kaon asymmetries slightly larger
0.1 : :
o 1t ) Compared to pion? Evidence for
} sea contribution?
e K
®

0.05—
i ‘i (% T
| — Ef____; S S

—0.05

1072 107!

X

Combined 2007 and 2010 proton data samples analyzed.
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First COMPASS Result show 2 Sigma
Preference for Sign Change

Final sample: 35 000 dimuons in HM
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New! 03 April 2017
COMPASS
CERN-EP-2017-059
arXiv:1704.00488[hep-ex]

sign change

== DGLAP
- s TMD-1
& TMD-2
- no sign change

0.5
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Nucleon Structure Summary

® Good Knowledge of Parton Momentum Distributions further
Improving with incoming precise LHC data

® New data from HI collisions at LHC to constrain nuclear PDFs.
Significantly more statistics will be needed. Will require eA at
EIC.

® Helicity Distributions: quark helicity distributions well known.
Nonzero gluon spin contribution observed. Large uncertainties
from low extrapolation. Orbital angular momentum can be
constraint if low x extrapolation uncertainty will be reduced
= EIC!

® Lattice QCD on track to compute x-dependent PDFs?!

® TMD and GPD have been solidly established. Require precision
of Jlab 12 GeV and kinematic reach + precision of EIC
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