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*"Introduction of nucleon spin structure study

=Transverse spin structure study
v TMD physics (Transverse Momentum Dependent PDFs)

v Experiments: JLab Hall A (US), COMPASS (CERN)
=Electron-lon Collider in China (EicC)

=Summary




Celebration of Higgs boson discovery
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B e 4 | mANtIiS B ‘ 2013 Nobel prize in physics
for the theoretical
that contributes to our
understanding of the origin

of mass of subatomic
particles ...

However... do we really understand the building blocks of our visible world? @
.




We know very little...
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Mass structure

A Dynamics of gluons

Proton
Mass = 16Bx10% g
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Open Questions driving the spin physics

= How do quarks/gluons + their dynamics make up the proton spin?
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Helicity distributions + orbital contribution
= How is proton’s spin correlated with the motion of the quarks/gluons?
1(X, K1, Sy)

u quark d quark
Deformation of parton’s
confined motion
When hadron is polarized?

k (GeV) K, (GeV)

= How does proton’s spin influence the spatial distribution of partons?

ky(GeV)
ky(GeV

Deformation of parton’s

spatial distribution - |
When hadron is polarized? GPD S .
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p”: Lepton-Nucleon Scatterings
» QED tool to study QCD nature of the nucleon

Qz _ _qz — sy ® QED probe is clean

Qz ® 0., ~1/137 with broad Q coverage
£ =5 —
20
IT 9 ® One-photon exchange approximation:
= %('ll ~1% accuracy
o ——
s — AE.E ® Detection scale is determined by Q2
CURRENT S 1GeV? ~ nucleon size
[2] N W = (g + p)?

nserve scattered electron/muon [1] - inclusive
pserve current jet/hadron [1]+[2] -2 semi-inclusive
pserve remnant jet/hadron as well [1]+[2]+[3] -2 exclusive
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Structure functions and PDFs : Unpolarized case

UV , \
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Experimental observables PDFs
. ] Quark-Parton Model ]
Unpolarized cross section QPM Unpolarized pdfs
Q% << M’ f;(x)=q'(x) + g*(x)
E E Fy(x) = 2z Fy(x)
_ 1»72 _ Callan-Gross equation | Fy(z) ==z Eg(fq T —I—fq_(a? )
Unpolarized structure functions : (%) %: (i) + i)
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Structure functions and PDFs : Polarized case
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J A Only scattered leptons are detected
Experimental observables PDFs
A, A+ @ALA) Ak e e Polarized pdfs
Helicity distribution
Q? << M,? "
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measurement . . ‘

Neutron decay Hyperon decay Axial current, i.e. quark contribution to the spin

Trigger: EMC at CERN - J. Ashman et al., NPB 328, 1 (1989)

EMC: AX=Au+Ad+As=12+9(stat)+14(syst)% “proton spin crisis”

COM worked so well with the baryon magnetic moments and it predicts

AZ=AU+Ad=£—1=1
3 3

Followed by measurements: SMC at CERN; E142, E143, E154, E155 at SLAC; HERMES; COMPASS; Jlab...

+ Huge number of theoretical papers (QCD analysis) O
.
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“Spin puzzle” and ways out

EMC: AX=Au+Ad+As=12+9(stat)+
¥

The "puzzle”

AG positive
High impact of RHIC data

4(syst )%

: : : : _ _ 5
In inclusive DIS, one is not really measuring Aq, but rather: Aqg’= Aq - S(Q) Ag
0.4 AL B AL (Ao <Af>“°_3’”
i | NNPDFpol1.1 (N'—%( 12=10 GeV?) | Af | NNPDFpoli.1 | NNPDFpoli.1 DSSV08
: Aut | +0.7940.07 | +0.76 £0.04  +0.793T002% (+0.020)
Adt | 0474007 | —0.414+0.04 041610957 (—0.042)
A | +0.06£0.06 | +0.04+0.05 +0.028700% (+0.008)
Ad | —0.11£0.06 | —0.094+0.05 —0.08975-090 (—0.026)
Az As | —0.07£0.05 | —0.05£0.04 —0.0067902% (—0.051)
‘ ag | +0.1840.21 | +0.25+£0.10  +0.366770e3 (+0.124)
(Ag) [0,1] <Ag>[10—3,1] QAg)[O'UiO'Q]
NNPDFpolt.1 | +0.03£3.24  +0.49£0.75 | +0.17£0.06 AG
DSSV08 — 0.0170:50 (40.10)  0.0179718
DSSV++ - — 0.1075 00

Orbital angular motion??? ©




The handle: Transversity distribution h,(x)

helicity Transversity

« e e AQ(x h,(x
Non-relativistic: Q,_()L = | * 1_()/1\
o - <> P

* Relativistic: Lorentz boost and rotation do not commute
» Imply the relativistic nature of quark dynamics
» Exist of orbital angular momentum of quarks

* Interesting features:
» Chiral odd nature, valence-like behavior, simple QCD evolution
» Soffer’s inequality: |h;(x)| <2 (f(x) +Aq(x)) gr = ou — od
» First moment, tensor charge (VS axial charge in longitudinal case)

o1 1 v7.9 ! 7
Ziumrule: S = SV + Lo+ Ly sy - [ sttt - WG, @2
0

OPE: g, ~ (m/M)h,(x) + ... Impossible to measure in inclusive DIS > SIDIS @




From DIS to Semi-inclusive DIS (SIDIS)
€ O

- U
U

« Chiral odd transversity function coupled with chiral
odd Collins fragmentation function

 SIDIS: Involves a set of transverse momentum (k)
dependent PDFs (TMDs): from 1D to 3D




Unified

W, u(x,k,r) Wigner distributions (X. Ji)

P TMD PDEs GPDs/IPDs

d3/ NAZKT drz

view of nucleon structure

6D Dist.

“(x k), D 1imaain
9 Ks) i &3 aging
| der 'IE?;r:;?cr)rmation

Form Factors
PDFs G:(Q?),
f.u(x), .. u(x) Gum(Q?)




Leading-Twist TMDs

Quark polarization

Unpolarized Longitudinally Polarized

) (L)

U f,=( ht=1 - U

Boer-Mulders

L 1 - @‘ - hlLl — @ - @
Helicity Worm Gear

T flTl:@ _ @ ngzé - é

Sivers Worm Gear

Transversely Polarized (T)

Nucleon Polarization

Pretzelosity

Q» Nucleon Spin @ Quark Spin O Survive the k, integration, yield 1D pdfs @




Leading-Twist TMDs

Quark polarization

Unpolarized Longitudinally Polarized

Transversely Polarized (T)
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Pretzelosity

Q» Nucleon Spin @ Quark Spin Q Survive the k, integration, yield 1D pdfs @




Spin structure of a nucleon

An effort of more than 30 years

Fundamental question: _mm

o= SLAC
AG -> 2000

CERN
~) ongoing

DESY
->2007

JLab
ongoing

RHIC
ongoing

Moreover: - SIDIS/DIS
spin as a powerful tool to understand QCD - polarized ptp

Finally, EIC is approaching... @
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=Transverse spin structure study
v TMD physics (Transverse Momentum Dependent PDFs)

v Experiments: JLab Hall A (US), COMPASS (CERN)




TMDs 1n SIDIS Cross ESecztion T @

dxdvdged=dg,dB:. v 2(1-¢) |

= * F T +...
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Boer-Mulder h~= 7| = (| T & CDS(Z%) . FL?E'}{!%} +...
ht= "= = J | ; =) o
] 4 . . sin (it +h ;
Transversity b= (4 = (1 +S-[esin(g, + ¢, )- Fmenrds) Polarized
4 ' in(f, — Target
Sivers fir= | * - . +5m(¢h _SﬁS) ) (FLE;,IG* 2 + } -
* (3 inG4,~ds)
Pretzelosity }-,."J-= j’. ~ -t + Egm(‘1¢}: _¢5) ) F[?T;-l s + ]
o = ~ Polarized
1 : : - - Beam and
gtz (o) - (=) L+ S A [N1- &% cos(g, — g )- FLo@ ) & T} Target

5., 5;: Target Polarization; A_: Beam Polarization

Target SSA, beam-target DSA measurements ©




Separation of Collins, Stvers and Pretzelosity
through azimuthal angular dependence

1 NT-N* | .
Ar (O 08) =57

— Achums Sin(¢h T ¢s) + 'A\igers Sin(¢h _¢s)
+AJ Pretzelosity Sln(3¢h ¢s)

UT: Unpolarized beam + Transversely polarized target

Ajgllins = <Sin(¢h T ¢5)>UT oc h & HlL > TMD: Transversity
Ajrers * <Sin(¢h _¢s)>UT fl_TL ® D, - TMD: Sivers
PTretzeIOS'ty <sm(3¢h o ) >UT th X H >TMD: Pretzelosity




Physics pictures of TMDs: internal dynamics

Top view . Top view
® Nucleon spin

. quarks

SIDIS
Sivers
effects

» QCD:the final state interaction has to be attractive, since quark and remnants

form a color antisymmetric state
* The presence of spin can distort the distribution of quarks in transverse

space, orbital angular momentum of quarks is required

Ji,Yuan PLB 543 (02); Belitsky, Ji, Yuan NPB656 (03); Burkardt PRD66 (02); Diehl EPJC 25 (02); Diehl, Hagler EPJC44 (05) @
R .




Physics pictures of TMDs: internal dynamics

f, /o (x=0.1)
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_ 02
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>

_o6! \ ‘
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Boost to Infinite momentum frame (relativistic quark models):

Pretzelosity | ~-- =- | =| 1 - 1 | = Pretz.
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® EXPLORING THE NATURE OF MATTER

6 GeV experiment:
» E06-010 Transversity experiment
» First TMD experiment on a neutron target at Jlab
» My Ph.D experiment

12 GeV: SoLID

o




Setup of E06-010 experiment at [Lab

Downstream Beam Pip

Lumi. Monitor

Detectors
i

[y

\ BigBite

Open dipole:
Enlarge phi coverage

Left-HRS

Field Coils
(1 of 3 pairs)

CEBAF Beam

—




Pion SIDIS SSA --- Collins and Sivers asymmetries

X. Qian et al. (Hall A Collaboration) PRL
107 072003 (2011)

Transversity Collins Frag Func®
* E I Neutron ot I -
\ . = i - AT
(3\‘-(3\‘@)(3\‘—6\‘ S _.},#
__ Y - - —
+ _e_ﬂ'.'l | + mam Quark-diguark
. . . +: L wemes Phenomenological Fit
Sizable Collins 1" asymmetries at x=0.347? = + [ - ews Light Cone Quark
* Hints of violation of Soffer’s inequality? £ 0.5+ ] Fit - msen Axind Diquark
 Data are limited by stat. Needs more precise data! i 7 Exp. | rl _fj |
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Ivers runc g 02__ :
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* Independent demonstration of negative d quark Sivers function Model (fitting) unceb#tainties shown in blue band
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Kaon SIDIS SSA --- Collins and Sivers asymmetries

Y. X. Zhao*, et al (Hall A Collaboration)

Collins effect Phys. Rev. C 90, 055201
vHermes: m >t and kaon > pion - T
v'Unfavored Collins fragmentation function 0.2F + K L K
plays a more important role???

O +—--+----+- ---------- -

Sivers effect _
v'Difference between n* and K*: d-bar, s-bar 0.4

i [ _ — m
B B =

v'Sea quark effect, fragmentation effect SR rrrrrrrrrs PORTOR T PP I DU

Collins
o
[

——

w O 2:_ Phenomenological Fit
| -
q) O_ """ ZLEI LT £3--0-0 [ I E """""""""""
kaon data: 2 0% *
1. Validation of TMD factorization ) 0.4k Bp. L -
2. Higher twist effects [ SO~ SLLTEOUE A~ S
0.1 0.2 0.3 04 01 02 03 04

3. Current/target fragmentation effects
4. Favored/unfavored Fragmentation function




Inclusive electron SSA

I(K) (k')

Two photon-exchange contributions

I(k)\

X Np/%x

Assuming T-reversal invariance

SSA=0 at Born level ITMDS effects

I(K)

N(p)

Target-Normal SSA @




InCluSive eleCtrﬂn J. Katich*, X. Qian*, Y. X. Zhao* et al.

Phys. Rev. Lett. 113,022502 (2014)
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Inclusive hadron SSA/DSA -
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The SoLID Spectrometer proposed at JLab

R gy | From exploration to precision study

~High Luminosity

1037 without baffles
10°° with baffles

| ! : ‘ .
OV (nght)CaIorimeterLarge acceptance.
4D-mapping (X, z, pt, Q2)

,,,,,

||||||||||||||||||||
N | T T :.-_-:_-_' g
-~ Preshower, 2X dead + scintillator " ° ° °
L e e e e Shower >O 1
WLS fibers - l l 1 O n
434.5mm (194 layers} = =—100mm-— nl que ln X [ re g

E12-10-006: 90 days Single Spin Asymmetry on Transverse 3He
E12-11-007: 30 days Single and Double Spin Asymmetry on 3He
E12-11-108: 120 days Single and Double Spin Asymmetries on Transverse Proton

——




Phase space coverage

& (GoVIeT One example on Collins asymmetry
8- 12 GeV SoLID forward
[ .1:; i = E06010, PRL 107 072003 (2011)
r pa—y Vogelsang and Yuan (Collins)
6__ 6 GeV Transversity E B <P, >=11 (GeV) P Anielmlni etal.(Collins)
i 3 E 0.2— Pasquini (Collins)
4 B ﬂ — " Pasquini {Pretzelosity)
L —  <P>=09(GeV) s = ® 8 3 'y ® 90 days SoLID
i - f
2_— 0.0 _"‘—‘—-;:}Tmr? (e V) P & I
0.6x | | <Pp0sGey) | P B .
" 0.2
PT (GeVic) B R * e e 0 s @
- o 2<0’<3
| <P>=0.1(GeV) . . . . '
1.5 -0.4 B R 0.40 <7< 0.45
1 i | 1 1 | | | | 1 | | | | 1 | | | | 1 | | | | 1 | | |
0.1 0.2 0.3 0.4 0.5

P;vs. x for one (Q?, z) bin
Total > 1400 data points




0.4

5}1?01,11')/5}1[1(133\’15
N

Transversity and Te

nsor charge from SoLID

truncated +0.01 full +0.021
gr ' = +0.55 —gglg ’ g (T = +0'64—8.821 Z.Ye et al., PLB 767, 91 (2017)
' , , . , : T T T
SoLID || SoLID 1| SoLID ————  Pitschmann et al (2015)
proton target > neutron target ‘|) _ protcui a—_l;;:;:tron +  Gockeler et al (2005)
-~ Bhattacharya et al (2013)
~ DSE ——  Aokiet al (2010)
= KPSYI5(u) | T — <+ Greenet al (2012)
Q=24 GeV| | e o AferSolD + Phaao ¥ B
, . W Pheis ——  Guptaet al (2014)
z, K —e—  Bhattacharya et al (2016)
- :' "-" o u . Gamberg, Goldstein (2001)
I,'" - N ST d Anselmino et al (2013)
o ol Radici et al (2015)
2 . ;: Kang et al (2015)
— """ .*": trlmcat-(.s(.l full
- "----"'.‘ !’.."-..--". | | |
02 04 06 03 02 04 06 08 02 04 06 03 0.5




3 S ad o > TS -
)

COmmon
Muon and
Proton
Apparatus for
Structure and

— Spectroscopy

— — - - T -
VPR L SR - -~ ] : -
—-——— _b'. = p— - o -

fixed target experiment at the CERN SPS

= -

3 P S

e el T T
- e ot R PR
AR P A

» GOMPASS ===
o~ S E N o e S
- R

- o ST o
- v S




Q’éMyﬁl‘% two stages spectrometer

Large Angle Spectrometer (SM 1)

S | Small Angle Spectrometer (SIVI2) E/HCAL 2z

Radiator: C4F10
Threshold: pion ~2GeV
lKaon ~ }OGeV

INFN Trieste . ° 2 0

p (GeVic)
e

IMuon beam
~ 160 GeV

<




COMPASS data taking

-—
PA T

Muon beam deuteron (°LiD) ," 2002\‘ 80% L/20% T target polarization
I 2003 !
Trans. deuteron ‘\\ 200 4/,'
2006 L target polarisation
proton (NH,) /’2057\ 50% L /50% T target polarization
Hadron LH target :'I 2008 \
12009 ;
\ y . .
Muon beam proton (NH,) Trans.proton\ioj;g’l T target polarization
2011 L target polarization
Hadron Ni target 2012 Primakoff
Muon beam LH, target 2012 Pilot DVCS & unpol. SIDIS
Hadron Proton (NHy) 2014 Pilot DY run
2015 DY run (T target polarization)
Muon beam LH, target 2016 DVCS & unpol. SIDIS
2017
Hadron Proton (NHy) 2018 DY run (T target polarization)




Kinematic coverage
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PRL 94, 202002 (2005)
NPB 765 (2007) 31-70

Collins asymmetries from COMPASS © mies
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COMPASS 2021: TMDs study using Deuteron target

d-Quark Transversity

INFN, Sezione di Trieste, e Universita di Trieste, Trieste, Italy
J. Agarwala, F. Bradamante, A. Bressan, C. Chatterjee, A. Cicuttin, M. Crespo, S. Dalla Torre,
S. Dasgupta, A. Kerbizi, S. Levorato, N. Makke, A. Martin, A. Moretti, G. Sbrizzai, A. Szabelski,
S. Tessaro, F. Tessarotto, Y. Zhao

xh, P e e e s e b b s 4i4 8444 f 1 projected ‘Tensor charge X range 0. 008 - O 210
02 S - % Ou. = fQ”_ d.ﬁl? hm d wi dl th " T 5;: d\|
| A % present 0.218 0.036 -0.206 = 0.110 0.424 = 0.093 )
00 oL e % ------------------ projected | 0.218 + 0.025 | -0.206 + 0.043 $0.424 + 0.054
% % «—— present N -
1 COMPASS
xh“v h..d" —
_0'4_""'1'1;1 B x:; ' m'l R _EIC &
¥ X . cevenl el el il
To complete the SIDIS program at COMPASS, 0" 10 10’ 0" |
full set of data on P and N will be available before SoLID and EIC X
To pave the road for a future EIC in physics and PID beyond 8 GeV (ToF limit) @




Outline

=Electron-lon Collider in China (EicC)




Where we are talking abeut...Huizhou in Guangdong province

Coast city

Nice weather

Strong support from local
government
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High intensity ion beams for

Rccelerator complex OVEIVIEW  amicprysics mcisar prysic,

Snliasny applied research in biology and

s N material science etc.
/
/ AN
[EiCC-I 1l SN http://english.imp.cas.cn/Work2017/HI2017/
o 510GeV ¥
/ C: 1.5-2.0km 4 Under construction

-5 & 55 B 55 B -5

§ 60-100GeV g
% C:1520km 4
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EicC-I beam

eRing P
3.5-5.0 GeV

EIC IP

SRF Linac-ring

“8” shape p ring
PRINg
20 GeV

lon Injector

Into boost ring

Electron Injector

Linac

17-22 MeV/u(U)
40-50 MeV(p)




EicC beam energy and luminosity
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EicC:

Beam energy: 3.5 GeV e + 20 GeV P
Polarization: e 80%, P 70%

Inst. Lumi.: (2-4)x1033cm2s1

Also D, He-3, heavy nuclear beam




EicC detector conceptual design

R Barrel
¥ R /,// °
- Y W < General requirements
| ._%T_ifér;ﬂkrg“' S ,;- _._.—o:—F ~forforward_ \ S
4 "\ eEndeap N 2
2 2

Barrel

—

[EMCaI] [ ToF ] [ CoIL ] [ RICH

n 0

For electron: For hadrons:
central detector: -3<n<3.5
For Q> 1GeV?, -3<n<2is +-3<n<l: T/K/p separation <5 GeV/c
sufficient. + 1<n<3~4: m/K/p separation < 10~15
GeVic

For lower Q?, a dedicated

e detector nN>4 . detectors in the far-forward region e

Very first design, >
Still in the very...very... early stage " & 3 ol

Detector options are open @
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Projections on helicity distributions (EicC)
[ i Y W0 LO analysis

{2 Aw EicC SIDIS 50 fb~?!

‘ » EicC SIDIS data:
= * Pion(+/-),Kaon(+/-)

4.102

0.2

1 || zAd NNPDF poll.1

gl:lz&cfEicCSIDISSbe_l - L ep: 3_5 Gev X 20 GeV

0.1

* eHe-3:3.5 GeV X 40 GeV

1 xAd NNPDF poll.1
0.1°|/mmm 2 Ad EicC SIDIS 50 b~

| : _ « Pol.: e(80%), p(70%), He3(70%)

: . é s As EieC SIDIS 50fb 1
N ; . Tunis
N E = ep 50 fb-1

= eHe3 50 fb-1

Fragmenation functions used: DSS @




EicC projections on Sivers TMDs

U quark sivers EicC VS world data d quark

EicC SIDIS data:

v exp 3.5GeV x20 GeV

v e x he3 3.5GeV x 40 GeV(He3)
Lumi:

v Ep 50 fb!

v eHe3 50 fb"! (per nucleus)
Pion, Kaon SIDIS measurements

LO study

Only u,ubar,d,dbar included

o fe
= 0 x=0.04
N
0.5 /
0 - — x=0.02
S / — x=0.01
/ x=0.005

0 0.5 1 15

Up quark Sivers function -fir(x,kr)

T T T
= —/9 w ES W

Down quark Sivers function fir(x,kr)

0 0.5 1 1.5

Quark transverse momentum kr (GeV)

x=0.08

Current & target fragmentation
un-distinguished clearly yet:

W > 2.3 GeV
W'> 1.6 GeV
0.3<z<0.7
Q2> 1 GeV?2

Quark transverse momentum kr (GeV)

Preliminary
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Electron-lon Gollider
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® COMPASS h"P ;<1.6GeV, z>0.1
O HERMES  «°% K*P, <1GeV,02<2<07
- m JlabHal-A %P <045GeV, 0.4<z<06
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Perturbative QCD
Planned:

888 JLab 12
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Electron lon Collider: L
The Next QCD Frontier L

Understanding the glue
that binds us all

II]

1212.1701.v3
A.Accardi et al Eur. Phy.]. A, 52 9(2016)

SECOND EDITION




Summary

* Spin physics is an interesting field (another frontier, EIC is coming to be real)
« TMDs:3D imaging
» Transverse imaging, access quark orbital angular momentum,
confined motion of quarks, QCD dynamics
« We are now experiencing the transition from exploratory study to
high precision study in multi-dimensions
» large acceptance and high luminosity
 Within 3 years: COMPASS will probably finish the data collection for
TMDs study, 0.008<x<0.2 with proton and deuteron target
 Around 2025: SoLID data will probably be available, the most powerful
measurement in valence region (x>0.1)
 EicC: flavor separations in sea quark regions, high precision
measurements for 1D helicity, TMDs and GPDs!




Timeline for the EicC

!

cv[18]19120/21]22128|24]25 |26 2728 /29|30 31|32/33/34]35 |

S-year-
plan

.

R&D

EicC-l
Vs ~17GeV, 2x10%/s/cm? .....

R&D and construction

S-year-plan S5-year-plan S-year-plan

.. INn operation

EicC white paper will be ready by the end of 2019 - put project in line in the next 5-year-plan @
E
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Message to be taken away with you

. SIDIS: one of the most effective way to investigate the structure of the

nucleon

. SIDIS on transversely polarized target gives access to TMD PDFs
. A relatively NEW field, first experimental data only in 2005 by

HERMES and COMPASS

. Most of the data have been collected on proton targets
. Only few data exist on a Deuteron target (COMPASS, 2002-2004

runs) and a He-3 target at Jlab Hall A (my Ph.D experiment)

. E1cC 1n China 1s moving forward step by step, an opportunity to take
leadership in high/medium energy nuclear physics all over the
world ... ... welcome to join us!

o




SIDIS on transversely polarized target

o0

» JLab6(n only, over)
» HERMES(p only, over)
» COMPASS(d 2002,2003, 2004 25%  p 2007 50%, 2010 100%)

&

1)

L)

o0

4

®

« COMPANSS 2021,d, probably last SIDIS experiment at COMPASS,
full year of running
 JLabl2(p,d,He-3 > 2019, SoLID data ~ 2025)

*» EicC (p, d, He-3 White paper to be submitted to the government
by the end of this year)
* USEIC (p,d,He-3 > 2025)
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Structure functions and (unpol./pol.)PDFs

Experimental observables

Quark-Parton Model

Unpolarized cross section QPM

Q? << M,? |
Fy(x) = 2z F(x)

Fl ] F2 Callan-Gross equation

Unpolarized structure functions

AL AT BLAY)
QZ << MZZ

Polarized structure functions no g, interpretation
in OPM

QPM

J1.,9;

PDFs
Unpolarized pdfs

f,(x)=q"(x) + q+(x)
Fyz)==z Z fg(f?(f) + fi(z))

q

Polarized pdfs

Helicity distribution
Ag=q'(x) - gH(x)

1
0(2) = 5 3 e2Aq(x)
q =

\J




Structure functions and PDFs : Unpolarized case

UV , \
L, . N o - 4 2
& —— v (Z° W) \\ do — 62 2.<X.|:1+i. 1_X_y_.72 -F, ¢
q \ dxdy 4mwQ° |2 2XY 2 4 J
oy ~ N .: REMNANT \ .
\% 4 Only scattered leptons are detected
A
Experimental observables PDFs
. ] Quark-Parton Model ]
Unpolarized cross section QPM Unpolarized pdfs
Q% << M’ f;(x)=q'(x) + g*(x)
E E Fy(x) = 2z Fy(x)
_ 1»72 _ Callan-Gross equation | Fy(z) ==z Eg(fq T —I—fq_(a? )
Unpolarized structure functions : (%) %: (i) + i)
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Current status of helicity studies

* Light sea, still large uncertainties
» Strange quark helicity?
» SU(3) flavor symmetry?
» Usage of SIDIS data, fragmentation functions are involved
" AG
. still a very hot topic

New and clean inputs: Parity Violation in DIS

I &% = %(amaa+Ad+&J+As+A§+Ac+M)

),y 1 1
A GPQ2 } v Y. 81 | : g’S’JZ = 5(&11V+Ac—&5)+ E(&dv+As—&§)
L= Ay 7 . _
242 m F! + F : 3V = Au+ Ad+ Ac+ A5 Flke et al, PRD88,114025 (2013)

. _ ) Y.X.Zhao, et al LOI-12-16-007 (JLab)

| 95 =-DButAd-Act+As Y.X.Zhao ArXiv: 1701.02780 (2017) ’

Y.X.Zhao, et al EPJA 53 (2017) 55 @




Highlights of E06-010 experiment

« Beam energy: 5.89 GeV (30Hz)

e 3He target: (World record!!!)
v' Transversely and vertically polarized
v" In beam polarization: ~60%
v Spin flips: 20 minutes 2

I Polarized
v L(n)=~10%cm=st ' sHe Target
* BigBite:
v’ 3 Drift chambers, pre-shower, scin. ,shower
v" Momentum: 0.6 --- 2.5 GeV
* LHRS: Aerogel
v' VDC, S1, S2m(CTOF), 1(n=1.015)
A1, CO, gas Cer., RICH, lead glass ggezr ;?(SOV v X X X
v" Momentum: 2.35 GeV
v’ PID: electron, pion, kaon, proton separation RICH Largering  Largering  Middlering  Small ring
Lead Glass Large signal Small signal Very small Very small

* Trigger: Singles triggers on HRS/BigBite

Coincidence trigger — * SIDIS or Inclusive
e SSA or DSA @

* Polarized target and Beam
R




Before EIC

= Transversity and Tensor Charge:
= SoLID: excellent job in x>0.1 region, negligible uncertainty for g; integration over x>0.1

= COMPASS proton + deuteron data: x>0.008 region, combined with SoLID, g; uncertainty
for x>0.008 will be at ~1% level

= Keep in mind: quark nature of Transversity, EIC -> valence and sea quark region (x>0.01)

= Quark Sivers function:  compass
Cmmm——)

A & Center of mass = 45 GeV, lumi=4fb-!

yw 0.02
—

(3 0.08 T
—

Arxiv:1108.1713

0.01
0.06

(1}

e
_0_01._ x 0.04
-0.02— 0.02
=0.03[—

-0.04—

1
xf#’”

-0.05" ] : S — -0.024

1072




Unique for EIC on TMDs study

= High precision quantitative measurements of all quark TMDs
—>full azimuthal angular coverage, high luminosity

= First measurements of the TMDs for anti-quarks and gluons (gluon TMDs)

= Multi-dimensional mapping in broad kinematics region
-2 “model free” study, format of PDFs, dynamics

= Systematic studies of perturbative QCD techniques and QCD evolution
- TMD evolution VS DGLAP evolution

= P coverage: TMD factorization VS Collinear twist-3 (quark-gluon-quark
correlation)

= Higher Twist study, limitations in existing fixed target experiments




Message to be taken away with you
-— Time]me SIDIS on transversely polarized target

*» JLab6(n only, over)

+ HERMES(p only, over)

< COMPASS(d 2002,2003, 2004 25% p 2007 50%, 2010 100%)

< COMPASS 2021,d, probably last SIDIS experiment at COIVIPASS,
full year of running

 JLabl2(p,d,He-3 > 2019, SoLID data ~ 2025)

* EIC (p,d,He-3 > 2025), also Chinese EIC at HIAF is proceeding...

@




Sivers asymmetries from COMPASS

Deuteron target

-0.2

Note: A different convention (notation, sign) was used by Anselmino
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Proton target

PRL 94, 202002 (2005)
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PLB 713 (2012)10-16
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Where EicC stands

SoLID and Jlabl2 measurements will do excellent job for x>0.1

Sivers
o.0a]i ondvs3eHb For x<0.1, COMPASS will finish the SIDIS program after 2021
SoLID
0.02 . . . .
3, /\ EicC: flavor separations in sea quark region
% 000 high luminosity,
oo % large acceptance,
| much better azimuthal angle coverage (VS fixed target),

~0.04 4D kinematics mapping,

£ P and N data, PID for pion and kaon,
= 30:.- b ; go beyond Collins, Sivers and leading twist
b ok - Pretzelosity, Worm-Gear, higher twist modulations
5%'¢  Preliminary Transverse momentum distribution
E 4&_ | 0.4/ World data, still large uncertainty
z s - Unpolarized Xs
o N . o o
3P § R S and multiplicity < 037
R —— am) ;|

=t ' & 02

0% 02 04 0.6 0.8 L0 With PID and broad, <

X multidimensional kinematics !4 Bacchettaetal,

B. ]. High Energy Phys. 06 (2017) 081.
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