SPIN IS EVERYWHERE...

Evidence for
dark matter in
the universe...

Why do cats
always land
on their feet?




SPIN IN QUANTUM MECHANICS......
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“This is a good idea.

Your idea may be wrong,
but since both of you are
so young without any
reputation, you would

not loose anything making
a stupid mistake.”

.... Spin as a fundamental property of elementary particles:

S=1/2




ON TO POLARIZED PDFs

Proton Polarization 2> Unpolarized Longitudinal Transverse
Quark Polarization |
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PROBES TO STUDY POLARIZED PROTON STRUCTURE

Inclusive polarized deep inelastic - o
scattering (DIS) v S

(E, p')

Proton




STRUCTURE

Semi-Inclusive polarized deep
inelastic scattering (DIS)

Fragmentation Process:
Outgoing quark forms hadrons
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TEST OF THE SIMPLE (NON RELATIVISITIC QUARK) MODEL
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EMC ’Spin Crisis”’, or ‘“Spin Ruzzle”!

EMC, Phys. Lett. B206,2,364 1988

Compare with Expectation from SU(6) wavefunction AX=|
(But relativistic expectation is 0.7 and later measurements found ~0.3)

Spin kills more theories that any other observable!




Polarized Ip
Polarized pp

POLARIZED EXPERIMENTS

SLAC

CERN

DESY

JLab

RHIC

E80  EI30 E142/3 E154/5
- __g
EMC  SMC COMPASS

]
HERMES

CLAS/HALL-A

PHENIX/STAR

EIC the next big machine to measure polarized PDFs



HERMES
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Beam: 27.5 GeV e*; <5057 polarization

Target: polarized gas targets H, D, <85%> He3 <507%> polarization
unpolarised gas targets H, o Xenon

Lumi: pol: 5x103! cm-2/s!; unpol: 3x1032-33 cm-2/s1

Data taking finished June 2007




COMPASS SPECTROMETER

h* beam: 190 GeV, p/n/K 75/24/1%
h- beam: 190 GeV, /KIp 97/ 2/1%
1" beam: 160/200 GeV, 2x107/s pol. Hodoscopes

E/HCAL2
SM2

E/HCALI

Muon Wall 2,

Muon Wall 1

60m long



\/S POLARIZED TARGET SYSTEM

1. solenoid 2.5T
3He — “He dilution T I dipole magnet 0.6T
refrigerator (T~50mK) 3' acceptance  * 180 mrad

d (°LiD) p (NH,)
polarization 50% 90% ==
dilution factor 40% 16%

i — L §: : —

Pz

|

Reconstructed interaction vertices




World Data on g,
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EXTRACTED HELICITY PDFS
(NNPDF/DSSV)
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EXTRACTED HELICITY PDFS

(NNPDF/DSSV)
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DIRECT ACCESS TO GLUON
POLARIZATION AT PP COLLIDERS

Game changers RHIC and LHC

No direct access to x,Q? but global fits can make use of results that access different g
Q?/x regions i 0 \ X

Jet pr sets hard scale ﬂ
Afafbech e"

Y A, ® N, ® A5 -4l ® Dy )

++ +—
G - O a b c % E <M< GeV. Sign(n) = Sign(n,)
ALL - = — : E 84<p, < 7 GeV.
++ +- A fufo—f X h I s N
o +o > [, ®f,®d&5" I @D B —
a b ¢ 2 -
a,b,c %: Ty
0.8 _ =
i 2 F ----- Dijetx, Sign(n) = Sign(n,)
4 = E = Di-jet x,
0.6 __ E ;: e INclusive x (/20) __ I-n_l,nzl < 0.8
8 Tg“ é Vs = 200 GeV
04 —— H >’Tﬂr§z i: IIIIIIIIIII
2 3 —...
os ; g gq q = e T
1072 107" 1
.v xGIuon
0 Dominates at RHIC

0 2 30 pT.(GIeV) STAR dijets @200GeV



INDICATION OF NON-ZERO GLUON POLARIZATION FROM STAR JETS
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PRESS INTEREST IN NONZERO GLUON SPIN
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WHAT ABOUT THE SEA?

Asymmetry in unpolarized sea
quark distributions, what about
polarized sea!?

Different models give different
predictions, e.g. pion cloud

Au = Ad = 0 (unpolarized
pions), instanton model Au >
Ad since sea quark polarizations
are transferred from valence
quarks when they scatter with
instantons
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W PRODUCTION IN POLARIZED PP
SCATTERING
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PHENIX/STAR RESULTS
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Transversity

Proton Polarization 2 Unpolarized Longitudinal Transverse
Quark Polarization |

Unpolarized
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TRANSVERSITY IS CHIRAL ODD

* Transversity base:

o) = [ datia@) = hafw) = o7

Appears in potential tensor coupling to new phy5|cs
Tensor charge g+ can come from lattice and experiment

Allows first order calculations connection to experiment
But:

*Helicity base: chiral odd
* Helicity flip needed

* Amplitude heavily suppressed in QCD




CHIRAL ODD FRAGMENTATION
FUNCTIONS

Collins effect

H 1L : Collins FF



Quark Polarimetry with
Collins FF in Quark Fragmentation

h
Sq T /T Dy
® - - —
q R
Collins Fragmentation
Function:
k: quark momentum Fragmentation of a

transversely polarized
quark g into a spin-less
hadron h carries an
azimuthal dependence:

o< (kxPp) -5

X sin @

Sq- quark spin
Dp.: transv. hadron momentum
z = 2E} /+/s : relative hadron pair momentum

Strength of correlation a priori unknown:
Needs independent measurement!




TRANSVERSITY: Ao, < Hf @ Hi Q _@

COMPASS 2010 proton data

Q‘Vq 0.1 COMPASS positive pions x<0.032 preliminary
o COMPASS positive pions x>(.032 prehmmar)
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Agreement, no TMD evolution of h,



TRANSVERSE PHYSICS THROUGH JETS

STAR: Jets reconstructed with Anti-k, algorithm

Asymmetry moments sensitive to various
contributions
(analogous moments sensitive to gluon scatterin

A, —Transverse single-spin asymmetry (also

Ay)
F. Yuan, PRL 100, 032003 (2008)
D 83, 034021 (2011)
o -
0.05 .

T STAR Preliminary

= . " [9115=200GeV.(p, ) =129 GeVic

% - B \S=500GeV,(p__)=31.0GeVic

< . L
. % 'l"b
of- =

TR A A

Closed points: x*; Open points: )
-0.05 : e L . a
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STILL NEED COLLINS FF TO EXTRACT
TRANSVERSITY




AMSTERDAM NOTATION FOR FFS WITH
QUARK/HADRON POLARIZATION

Observables:
z: fractional energy of the quark carried by the hadron
P, 1- transverse momentum of the hadron wrt the quark direction: TMD FFs

spin averaged D(z,pr)

[+~ 0] H e _(1-@)-(;~0 |

longitudinal Glh/q (z,pr)
Transverse (here A) D#\/q(z, pr) - [. . é] :[‘*_' Q]_[“* ] HE/A(Z, Pr) :[3 — é:l _[ - é]

Theoretically many more, in particular with polarized hadrons in the final state and
transverse momentum dependence —2similar to PDFs encoding spin/orbit correlations

Determining final state polarization needs self analyzing decay (A)

Gluon FFs similar but with circular/linear polarization (not as relevant for e+e-)



ACCESS OF FFS FOR LIGHT MESONS IN E*E-
(SPIN AVERAGED CASE)

hadronic jet
1 doete —hX 1 ' %
o = =5 (2F Q) + Fi(z,QY). oy

Otot dz > o€l | MR

/+ }4&

_ ‘ o, (Q?) : :
2F' (2, Q%) = Zeg (D?/q(i’-.@g) + T(Ci] ® Dy +C{ ® D’f/g)(f—’:Qz))
q

)
(¢

Cleanest process
Clean environment, hermetic dectors —>can reconstruct complex final states, differentiate from feed-down
Well understood, calculations available at NNLO
Limited access to flavor
Use different couplings to y* and Z°
Use polarization (SLD) and parity violating coupling
Use back-to-back correlations for different flavor combinations = see next talk
Limited access to gluon FF
From evolution

From three jet events (but theory treatment not clear)



CORRELATION MEASUREMENTS IN E+E-

J. Collins, Nucl. Phys. B396,
(1993) 161

(2, Pu) = D o, PR ) + Hi(z, PR

§qI ﬂ/\]

(f(XPhl)'Sq

ZMh

q

spin spin %

z, , relative pion pair
momenta

Cross-section ete™ — (hyh,)(hy hy ) + X
« Di Di- + Hi Hicos(¢; + ¢2)

P




COLLINS EFFECT

RF12 or Thrust RF

o All quantities in e*e- c.m.

« Thrust axis to estimate the qq direction
* @ , defined using thrust-beam plane

Normalized cross-section: ete™ — (hlhz)(h_l h_z) + X
« 1+ + Hi -+ Hicos(¢p; + ¢3)




EXPERIMENTS

THE BESII, BELLE AND BABAR

= __—*ﬁ

’ NIMA614,345(2010)

- Symmetric e*e” collider

. \s=[2-4.6] GeV

- 62 pb! @ 3.65 GeV used for
Collins studies

- Below open-charm threshold

P -1
P

T=),
i
thrust axis = n

0.5<T<1

~.axis

. *Asymmetric-energy e'e” collider
* Vs ~ 10.6 GeV (Y'(4S))

* By=0.425

L~ 1ab!

thrust

/ \\\

NIMA729,615(2013)

*Asymmetric-energy e‘e” collider
* Vs ~10.6 GeV (Y'(4S))

* By=0.65

* L~ 500 fb!




WORLD DATA ON E*E-

Dominated by B factories

Limited lever arm in +/s in
particular at high z

Precision data includes charged
single hadrons =, K, p, D,
A, charmed baryons...

Pairs of &, K, p (back-to-back
and same hemisphere)

With B factory data theory and
data uncertainties similar, good
description by NNLO, some
more work tbd at high and low z

World Data (Sel.) for e*e” — n*+X Production

: fGev ; A
s s s oo o 4 (X1) s

0 01 02 03 04 05 06 07 08 09 1

z

Phys.Rev.Lett. 111 (2013) 062002 (Belle)
Phys.Rev. D88 (2013) 032011 (BaBar)




Collins Effect vs (z1,z2): comparisons

Unlike/Likesign
Unlike/Charged
Ratios to cancel
acceptance effects
Unlike:
fav*fav+dis*dis
Like:

fav*dis

EPJA, 52, 1-15 (2016)

Sa =
< 0.4 * BaBar + =
0.3 | = Belle —
0.2F ; * .
0.1} * o
* .
OF—- ™. .1 ‘*." ‘*1-‘ i ; fl. . : o
(] o~ [T T rr T T T T T T T T ]
S =0.15— —
< 015} +

0.1 —
- ¥ .
0.05 * . o & - -
= * * o™ - *W *m - N
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0 1 2 3 4 5 6 7 8 9 10.,1],
1’"2”bin

- Symmetric (z1,22) bins are used for

the comparisons: results falling in
the same large (z1,22) interval are
averaged taking into account
statistical and systematic
uncertainties

« A12: some tensions between BaBar

and Belle,
- 7z<0.9 for BaBar, z<1 for Belle

*First non-zero independent measurement of the Collins effect for pion pairs in e*e” annihilation by Belle Collaboration @ s ~ 10.6 GeV (PRL
111,062002(2008), PRD 88,032011(2013)) leads to first extraction of transversity (Phys.Rev. D75 (2007) 054032 ) from SIDIS and e+e-

 Confirmed by BaBar @ \s ~ 10.6 GeV (PRD 90,052003 (2014); PRD 92,111101(R)(2015) for KK and Krt)

« Measured at BESIII @ Vs = 3.65 GeV (PRL 116,42001(2016))



MEASUREMENT AT BELLE LEADS TO EXTRACTION
OF TRANSVERSITY FROM GLOBAL FIT

3 0.3
S F [«~BaBar
<°'25;_ = Belle
02F | ® BesllI +
015/
0.1
A
0.05F »
0.__ * ................... *+ .................. J ................................... Jorsnmmnnnnnn
1 2 3 4 5 (Z.?Zz)b
UL - -
Ay x H ® H{
- COMPASS 2010 proton data
S 0.1k o .
% COMPASS positive pions x<0.032 prelimin:
= " COMPASS hositive pions 10032 breliminary i
0.05- o HERMES 1= PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)
0_ ..........................................................................................................
W%ﬁﬁ’ I R Tk b 4 %{
~0.05 LRS! 5 } - ¢ }
}—0'1_ Ll Ll | . L B | ! 1

Phys. Rev. D 93, 014009 (2016)

.
N

@) 0.3
s sl
=

< 01—

2H extraction:
Phys.Rev.Lett. 120 (2018) no.19, 192001)



TENSOR CHARGE COMPARISON WITH LATTICE
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_04}
1 e
0.2} -08}
s 4. 5 6 7 8 9 1 2 3 4 0
R on a2 015 2001 Marco Radici at CIPANP 2018 (based on Phys.Rev.Lett. 120 (2018) no.19, 192001)
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7 [ " y'z ( 72 )] -
7 , = : 1+ — (Four +eFuyu.r)-
! y 7 ) 2, 1 Al I' |II ’ )' 2 ? »
drdydzdPypdondy zyQ* 2(1 —¢) virtual photon polarization

(1 +cosn /2e(1+¢) AL + cos 20y, < Ag?;,“h
+A singy /2e(1 —e) AT

/\ beam polarization

+Sr, [blll on V2e(1+¢) AT %" +sin 20y € A3 Q‘f’"] Target polarization
+SLA [\/ 1 —e2 App +cosop \/2e(1 —¢) AT “*’"] SL longitudinal
+S7 sin(¢p — og) AH'"((’”‘ ¢s) ST transverse
+S7 sin(¢p + ¢g) € A;}nfr((’ﬁ”"'_qﬁ‘s")
+S1 sin(3¢, — ¢g) € Ai‘?(‘w"_‘p'g) Longitudinal to transverse photon flux ratio
+S7 singg \/2e(1 +¢) A35PS _ 1 — y — 1’721;2
+S7 sin(2¢, — dg) \V/2e(1 + ¢€) Ao’m(?‘b'* ¢s) 1 -y + 2 4+ ,_11 v2y?
+STA (O"‘l(cbh - (f)‘s \V 1 - ) ACOS (on—¢s) 2A[

1r
+S7A cospg \/2e(1 —e) AR "bb v =

Q

+S7A cos(20n — ¢ds) /26(1 —¢) Amb(w" éS))

-3 PennState ) .
Berks 10 Alexei Prokudin



TRANSVERSE MOMENTUM DEPENDENT

DISTRIBUTIONS (TMDYS)

U L T

In addition to the
spin-spin
correlations can
have spin
momentum
correlations!

Spin-orbit correlations




SIDIS CROSS-SECTION IN THE PARTON MODEL L

fl :o
Boer-Mulders hl1 =° - o
— — @_.

Transversty @) - @
“o o
PP
- ©
&

Worm Gear hlL

Sivers

Pretzelosity h

Worm Gear -

Ao’ sx
Q4
{1+~ y)z]z e, ;1 (x)D{(z,B;,)

d’c =

A= 008(2%)26 V() H, (2, B))

n2

=185 (=7 —— M 7 Slr1(2¢h)zezh“nq(X)HlL “(z,F,.)

N

+[ S [ (=) A’; sin(g, +¢§)Z€§hf’(X)Hﬁ"(Z,Bi)

+[ S [(1= y+2y) M, ~—sin(g, - %)Ze S ()D{(z,B)

#]S;1 A=) b Ui o SGH )T W, 6 )

N

+4, 18, |y(l—zy)Zejglq(x)qu(Z,Bi)

q.9

+,|S; |y(1——y) ZM L cos(¢; — dy) Zezg(”q(x)Df(z,Bi)}

Unpolarized

Polarized
target

S, and S:Target Polarizations; Ae: Beam Polarization
x: momentum fraction carried by struck quark, z: fractional energy of hadron




CHIRAL ODD TMDS
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Q4
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P2
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n2

npolarized

1S |(1=y)—L  sin(24!
D 15, 1( V) g sin2g)

N h 9.9

P
S 1A=~

/ / 27149 HJ_q ,P2
+4s) 7eqh1 GO, (ZD Polarized

+| Sy [A=y+ 2y) M, ~—sin(g, - ¢S)Z€ S ()Df (z,B)

P’ . ﬁ 2
+| 87 |(1—J/)msm(3¢;i — Q&P (x)H, " (z, P

4,18, 1y (A= 02 e8! (OD! (2, BY)

q.9

target

+4, | Sr Iy(l——y)ZM cos(¢}, — ¢s) Zezg(”q(X)Df(Z,Bi)}

S, and S:Target Polarizations; Ae: Beam Polarization




SIVERS, THE “ORIGINAL TMD”

Observed Sivers function T
particle
— Hadron spin influences A .3 .
parton’s transverse motion
\ I TETeeo (¢

attractive

First proposed by Sivers as a mechanism for observed left/right asymmetries : Phys.Rev. D41 (1990) 83,
Phys.Rev. D43 (1991) 261-263

Refuted by Collins (T-odd) Nucl.Phys. B396 (1993) 161-182

Explicit model calculation by Brodsky, Hwang, Schmidt Phys.Lett. B530 (2002) 99-107->Interference
of amplitudes with different |, and phase shift 2 intrinsically linked to orbital angular momentum

Accepted that there are T-odd functions, modified universality, Collins (Phys.Lett. B536 (2002) 43-40



Sivers Asymmetries Ac., sin(¢,-0s) @ Q

The ‘original TMD’, Sivers 1990

Correlation between quark k; and nucleon spin

Naive T-odd: Needs final state interaction

Model dependent connection to OAM



SIVERS ASYMMETRIES, A SIN(®H-®5)] FL ® D, 6 _Q

HERMES sees significant signal on proton 0.1F + - {

o.osf— 'y ++f— }

2 <Sin(¢'¢s)>u'r

o




SIVERS MODIFIED UNIVERSALITY CRITICAL TEST OF QCD!

Consequence of gauge invariance of QCD

DIS: yg-scattering Pp:
QC D: attractive FSI qqbar-anhilation
repulsive ISI

Drell-Yan or W productions

[Sievert, Kovchegov (2014)]



COMPASS AND STAR RESULTS

o COMPASS 2015 data

é

PRL 119, 112002 (2017)

- STAR p-p 500 GeV (L = 25 pb’)
0.5 <P) <10GeVic

Ik - P s

-0.2-

04 FW Ty

-0 6_— KQ (assuming “sign change”)
T Global x?/d.o.f.=7.4 /6

-0.8 :_3 4% beam pol. uncertainty not shown
_1 [ | 1 1 1 1 l 1 1 1 1 l

-0.5 0 0.5

yW

- STAR p-p 500 GeV (L = 25 pb’)
C0.5<P) <10GeVlc

. :_3 4% beam pol. uncertainty not shown

KQ (no “sign change”)
Global x2/d.o.f. =19.6 /6

-0.5 0 0.5
yW

PRL. 116 (2016) no.13, 132301



Parton distribution zoo

(7))
8 Phase-space (Wigner) distribution
wd
E \\\\\
.2 N
Jq.,.l §=0 v kt = 2Pt
S g i
()
=
2+3D
£¢=0 b kT =Pt
_— ~
[GPs] f
2+1D

(7))
whd
3}
8
Na]
° [FFs] —
A Eif
©
2
(L 2+0D
z > A=0
o
v —— [dx

[C.L., Pasquini, Vanderhaeghen (2011)]



SHORT GPD EXCURSE

Deeply Virtual Compton Scattering

Deeply Virtual Meson Production

Connected to OAM via ]l sum rule

Apyes(§,t,Q?%) o eqf dx 52 Hi(x,&,t,0%) + -

q o
—/ dex [H(z,&t=0,p°) + Bz, &t = 0,p1%)] = JI(u?)
0

qg(x,b) = [ LdeiBagacy ¢ = 0,t = —32, p?) ~
4m g X.Ji, 1997



EXPERIMENTAL ASPECTS

Observation of DVCS in BSAs at CLAS6
Difficult measurement

Exclusive

041

Differential in 4 variables :
03

Measure convolution over kinematical quantities 02f
Model dependent extraction <°(‘) 4
Additionally the ‘usual’ complications (hight twist, radiative effects) 01
Major part of the physics program at JLabl2 zz
High precision measurements + theoretical progress = exciting times to .0.4(5 T 300 =

come ¢ (deg)

Phys.Rev.Lett. 87 (2001) | 820%



JLAB AT 12 GEV

Large acceptance spect.
electron/photon beams
Lumi up to 103 cm2s”!

Beam: =12 GeV e; 85% polarization
Target: polarized targets 3He, 6LiD, NH3

several unpolarised targets
Hall-D: for spectroscopy 9GeV tagged polarised photons & a 47
detector

Near Future: SoLID at
JLABI2
Lumi up to 1037-10% cm2s!

Super high momentum spectrometer, ‘ ¥ M °
high luminosity and forward angles "







SUMMARY

Spin structure tests our understanding of nucleon structure
Transverse spin phenomena test QCD on the amplitude level
Future projects aim at completing 3D picture by accessing TMDs and GPDs

JLab12, RHIC are taking data, SoLID and EIC will come online over the next
decade

SoLID: precision valence structure

EIC: gluonic degrees of freedom and the sea
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Collins Effect vs (z1,22)

PRD 88,032011(2013) PRD 90,052003 (2014)
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0.1 Auc Prediction *
0.05

- Significant non-zero asymmetries A12, Ao in all bins

- Strong dependence on (z1,z2) observed in all the
experiments

- Auc<AuL as expected; complementary informations
about favored and disfavored fragmentation processes
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FUTURE JLAB

EIC see next lecture







KNOW
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NEW FIT TO RHIC DATA INCLUDING RUNS9

1 2 R ! ' | T T T T ]
LS R B A o ; J
0.02 [ FPHENR 4 [ - ig‘}\x’ill.rms)ow-c.meas 7
L} Vs=624GeV ’l/ - o _ DsSV ]
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Ano oL . ] - ]
L[ 1 | | 4 -4 i
_ f _ :
0.02 = | | 1 1 | 1 1 1 | : : . : : : : :
C T T ] ' R -
i - _ 0.06 :— == NEW FIT _: - ST.:\RAIOCan(pmhmmar_s) -
r v ) 5 E with Ay’=1 and 90% C.L. bands ] [ 4 mI=05 i
02 oo D, Q =10 GeV~ ] 0.04 :_ ——— DSSV _: o l:] 05=mn=1.0 ]
L o F W ] L i
0.1 | A]Tf]_ 0 - . .4_—+-—_Jr_ - . . ]
L -0.02 = 1 1 1 | n—- C 1 1 | 1 1 1 1 1
OF 5 10 10 20 30
_ pr [GeV] pr [GeV]
0.1 R
s - DSSV:Phys.Rev.Lett. 113 (2014) 012001
X

Nonzero gluon spin in measured x Pions at slightly smaller x

range and smaller Pt > Ag smaller due to

Similar conclusion from NNPDFpoll.| evolution

arXiv:1406.5539



Quark Polarimetry with
Interference FF in Quark Fragmentation

h
Sq T R ¢RS

Interference Fragmentation
Function:

quark spin Fragmentation of a
transversely polarized
quark g into two spin-less
Trigefi © = Epair/ Eq hadron h1, h2 carries an
azimuthal dependence:

quark momentum

(V)
5o <Y oy

transv. hadron momentum difference

= 2E pair/V/$ : relative hadron pair momentum

m: hadron pair invariant mass
« Sin CDRS
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Lets see some more modern data in more detail



scattered lepton

incoming lepton
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FIRST STEP: HELICITIES

Structure function g (x)

o @y S ]
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Born Bins (j)
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COMPASS

u Filter

Beam 160 GeV w: 80% polarization
/Drlft -ha Target: LiD: 507% polarization (2002-2006)
_ P NH;: 80% polarisation (2007)
Silicon Lumi: 5x1032 cm—2s!




ONE OF THE ENDURING MYSTERIES IN P+P COLLISIONS:
LARGE TRANSVERSE SINGLE SPIN ASYMMETRIES

Left

(\

N\
I'd
~——
e
\
I

_|_

ﬁ*u Right
v This Observable is (naive) T-odd
Spin flip needed:

Beam
Diregtion

bl
D

Preliminary

0.05

...................................

)+ 4+ [=){=]
=i [+) (=] + 7 |=)(+]

This Observable is (naive) T-odd

Needs Phase shift and is intrinsically linked to transverse momentum (change in L)

Asymmetries allow access to subleading effects

OI‘ 01 02 03 04 05 06 07 08

X

Xp = Ppr/maxp;~poX1 — X2~ forwardX1

First observation: PRL36, 1113 (1976); PRL41, 607 (1978)

—— Oy



MAIN SIDIS PLAYERS

HERMES at DESY S T ST ]

27,5 GeV electron beam C\';110 “L current polarized DIS data: -

' 8 OCERN ADESY ¢JLab-6 O SLAC vvvvvvye

EMC, NMC, SMC, COMPASS at CERN N; I current polarized BNL-RHIC pp data: i
° 0 4 -jet v sons

Muon experiments at CERN SPS proposed 1972 103 E PHENIX 4 STAR Ljet ¥ W boso -

- % JLab-12 ]

EMC 1974 to 1986 (polarized target 1983) : ;

NMC 1986 to 1990 o2l |

SMC 1990 to mid-1990s : ]

COMPASS mid 90s - present I 1

10 =

160 - GeV muon beam I ]

JLAB at 6 GeV VE D - o

0™ 107 107 107 X 1



FRAGMENTATION FUNCTIONS APPEAR ALMOST ALWAYS WHEN ACCESSING
PARTONIC STRUCTURE OF THE NUCLEON

Proton Structure extracted using /'
. . \
QCD factorization theorem 9

FFs contribute to virtually all
processes

Particular important for transverse
spin structure

—need detailed understanding of
FFs to use as ‘quark polarimeter’

\ 4

f] t
Proton structffe . pacb ra%?ni?ﬁnn
d*o(ep - 1X) :daz(e qg—e'q )
— X XFF
dx dz q(x, kr)X; dx (Z pT)

FFs can be extracted from semi-inclusive data if other non-perturbative functions appearing in the x-section are known



KEKB - SUPERKEKB: DELIVER INSTANTANEOUS LUMI X 40

Belle |l

New superconducting final
focusing quads (QCS) near the IP

e* 4GeV 3.6 A e
e7GeV26A _LRIZT e N

/
SuperKEKB
= 8x10%/cm?/s &=

(~2x KEKB)

N ~7 Target:

Replace short dipoles
with longer ones

(L H Ih]“ e Sl 5 P Reinforce RF systems
|’ /,;{ T ¥ % for higher beam current
V4 4 \ N 3 P&'

1
|

tH'Hl | |l |” || | |=1H: A et = New positron target /

-~ capture section

Redesign the lattices of HER & Damping ring (new) <

LER to squeeze the emittance -

TiN- coated beam pipe with antechambers @1.1 Gev

To inject low emittance
for the rest
PR RS positrons
[NEG Pump] y ® o

Low emittance gun

To inject low emittance
rohs
2er, » R,

i p

> Positron source

:\,
o N




CUT VIEW OF BELLE Il DETECTOR \

K, and muon detector:
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MFPC (end-caps, inner 2 barrel layers)

#-

EM Calorimeter: z , .
e

Csl(Tl), waveform sampli

Pure Csl for end-caps \\\ =
\\\\T‘\\‘\\-‘._‘ — = -
‘4;\‘ \

e - % Particle Identification:
%@ Time-of-Propagation counter (barrel)
. Prox. focusing Aerogel RICH (fwd)

4

—

electron (7GeV
Beryllium beam
pipe

- —=al . =a AT

Vertex Detector:
2 layers DEPFET + A

S— T
—

- SN
Central Drift Cha
He(50%):C2Hs(50%), Small cells, Io ;\§

lever arm, fast electronics ~J

eadout (TRG, DAQ): )

vgr‘30GB/sec to record
Offline computing: ‘
Distributed over the world via GRID /




FUTURE: EXAMPLE COLLINS ASYMMETRIES WITH
SOLID AT JLAB

o 1.2 1 %
S ¢ 1 >
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 Capable of handling up to full 103° cm?/s-! luminosity of CEBAFI2 (compare to 103> of CLASI2)



DI-HADRON FRAGMENTATION FUNCTIONS

Additional Observable:
R=P —P, :
The relative momentum of the hadron pair is an additional degree of freedom:

Small R : non-perturbative object.

Git: T-odd FF

- chiral-even function

- log. polarized q — two unp. Hadrons

- —>connection to jet-handedness and
(possibly) QCD vacuum structure

‘
|

—e— S

(
(

Hi*: T-odd FF

+ Chiral-odd function

« Transv. polarized ¢ — two unp. Hadrons
- —>Collinear! (unlike Collins)
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THE PRESSURE DISTRIBUTION INSIDE THE
PROTON

REPULSIVE
PRESSURE

Repulsive pressure at
r<0.6 fm <p> 103 Pa

CONFINING
PRESSURE

-«

Confining pressure at \I
r>0.6 fm _0,005 ,

1 1 Y e e s v v |
0 02 04 06 038 1 1.2 1.4 1.6 1.8 2

r(fm)

Atmospheric pressure: 10° Pa
Pressure in the center of neutron stars < 1034 Pa
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The pressure distribution inside the proton

V. D. Burkert'*, L. Elouadrhiri! & F. X. Girod!

The proton, one of the components of atomic nuclei, is composed
of fundamental particles called quarks and gluons. Gluons are the
carriers of the force that binds quarks together, and free quarks
are never found in isolation—that is, they are confined within
the composite particles in which they reside. The origin of quark
confinement is one of the most important questions in modern
particle and nuclear physics because confinement is at the core of
what makes the proton a stable particle and thus provides stability to
the Universe. The internal quark structure of the proton is revealed
by deeply virtual Compton scattering'-%, a process in which electrons
that are scattered off quarks inside the proton subsequently emit
high-energy photons, which are detected in coincidence with
the scattered electrons and recoil protons. Here we report a
measurement of the pressure distribution experienced by the quarks
in the proton. We find a strong repulsive pressure near the centre of
the proton (up to 0.6 femtometers) and a binding pressure at greater
distances. The average peak pressure near the centre is about 10°°
pascals, which exceeds the pressure estimated for the most densely
packed known objects in the Universe, neutron stars®. This work
opens up a new area of research on the fundamental gravitational
properties of protons, neutrons and nuclei, which can provide access
to their physical radii, the internal shear forces acting on the quarks
and their pressure distributions.

The basic mechanical properties of the proton are encoded in the
gravitational form factors (GFFs) of the energy-momentum tensor*°.
Graviton-proton scattering is the only known process that can be used
to directly measure these form factors*®, whereas generalized parton
distributions>”® enable indirect access to the basic mechanical prop-
erties of the proton®.

A direct determination of the quark pressure distribution in the pro-
ton (Fig. 1) requires measurements of the proton matrix element of the
energy-momentum tensor’. This matrix element contains three scalar
GFFs that depend on the four-momentum transfer ¢ to the proton.
One of these GFFs, d,(t), encodes the shear forces and pressure distri-
bution on the quarks in the proton, and the other two, M;(t) and J(t),
encode the mass and angular momentum distributions. Experimental
information on these form factors is essential to gain insight into the
dynamics of the fundamental constituents of the proton. The frame-
work of generalized parton distributions (GPDs)>”* has provided a way
to obtain information on d;(t) from experiments. The most effective
way to access GPDs experimentally is deeply virtual Compton scat-
tering (DVCS)"2, where high-energy electrons (e) are scattered from
the protons (p) in liquid hydrogen as e p — ¢ p’ 7, and the scattered
electron ('), proton (p) and photon () are detected in coincidence.
In this process, the quark structure is probed with high-energy virtual
photons that are exchanged between the scattered electron and the
proton, and the emitted (real) photon controls the momentum transfer
tto the proton, while leaving the proton intact. Recently, methods have
been developed to extract information about the GPDs and the related
Compton form factors (CFFs) from DVCS data!®-13,

To determine the pressure distribution in the proton from the experi-
mental data, we follow the steps that we briefly describe here. We note
that the GPDs, CFFs and GFFs apply only to quarks, not to gluons.
(1) We begin with the sum rules that relate the Mellin moments of the
GPDs to the GFFs'.

(2) We then define the complex CFE #, which is directly related to the
experimental observables describing the DVCS process, that is, the
differential cross-section and the beam-spin asymmetry.
(3) The real and imaginary parts of 1 can be related through a disper-
sion relation'*~'% at fixed , where the term D(t), or D-term, appears as
a subtraction term'”.
(4) We derive d,(t) from the expansion of D(t) in the Gegenbauer
polynomials of &, the momentum transfer to the struck quark.
(5) We apply fits to the data and extract D(t) and d,(t).
(6) Then, we determine the pressure distribution from the relation
between d () and the pressure p(r), where r is the radial distance from
the proton’s centre, through the Bessel integral.

The sum rules that relate the second Mellin moments of the
chiral-even GPDs to the GFFs are:

fx [H(x, & 1)+ E(o & )] dx=2J (1)

Sttt e.0t=00+ 26%0)

Repulsive
pressure

2p(r) (<102 GeV fm™)

Confining
pressure

<«

LU L P L
0 02 04 06 08 10 12 14 16 18 20
r(fm)

Fig. 1 | Radial pressure distribution in the proton. The graph shows

the pressure distribution r2p(r) that results from the interactions of the
quarks in the proton versus the radial distance r from the centre of the
proton. The thick black line corresponds to the pressure extracted from
the D-term p fitted to published data dat 6GeV. The
corresponding estimated uncertainties are displayed as the light-green
shaded area shown. The blue area represents the uncertainties from all the
data that were available before the 6-GeV experiment, and the red shaded
area shows projected results from future experiments at 12 GeV that will
be performed with the upgraded app Uncertainties one
standard deviation.
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TRANSVERSE MOMENTUM DEPENDENT
DISTRIBUTIONS (TMDYS)

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

U fi=@© =>0 - Q@

Pl =0 - G fer= e - s = - 0
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TMDS LINK TO TRANSVERSE SINGLE
SPIN ASYMMETRIES

On amplitude level need interference and phase shift

Linked to different L

This Observable is (naive) T-odd
Spin flip needed:

<

(S

N

(S

r

= [+ [

= —il){-| + i) o,

This Observable is (naive) T-odd

Needs Phase shift and is intrinsically linked to transverse momentum (change in L) °

Asymmetries allow access to subleading effects

T (g

attractive



W PRODUCTION IN P+P: C! EANI BDABE
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FUTURE WITH

EIC
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Transverse-momentum distributions (TMDs) /32

Multipole structure

Nucleon polarization

Quark polarization
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‘ CHIRAL ODD FFS

Interference Fragaentation Function

P Lz\/? \\Lz-l (7 7")
P'V:v“wave
P
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Transverse-momentum distributions (TMDs) 7/32

Multipole structure

Nucleon polarization

Quark polarization

U T, T, L
U ® | | ok
T.| % fir '+%h%T Red hiy ke g1r
T, —%fﬁr’ %@Ehf:r ‘—%—A_/[I;?Lhﬁ* %ng
L i bz & hiz 91z
L I L
Monopole Dipole Quadrupole




COLLINS EFFECT

RF12 or Thrust RF

o All quantities in e*e- c.m.

« Thrust axis to estimate the qq direction
* @, defined using thrust-beam plane

Normalized cross-section: e*e™ — (h;hy)(hy hy ) + X
x 1+ + Hi - Hitcos(¢q + ¢3)

RFO or Second hadron momentum RF

All quantities in e*e- c.m.

BaBar
Belle
BESIII

» Use one track in a pair
* Very clean experimentally (no thrust axis)

Normalized cross-section:e*e™ — (h hy)(hy hy ) + X

o 14 + Hi * Hicos(2¢,)



Transverse-momentum distributions (TMDs) s/32

Multipole structure

Nucleon polarization

Quark polarization

Quadrupole
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Transverse-momentum distributions (TMDs) /32

Multipole structure

Quark polarization
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Transverse-momentum distributions (TMDs) 10/32

Multipole structure

Quark polarization
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DI-HADRON ASYMMETRIES

*  Conceptually similar measurement as Collins with Py, |, < R_l)

Normalized cross section: - _
e*e” > (hihy)(hy hy ) + X o 1+ Hf Hfcos(dps + Pr2) + Gi G cos(2(Pr1 — Pr2))

* See talks by Aram and Marco




DI-HADRON ASYMMETRIES: ASIN(®R+®5)[) H. o H <

Collinear framework

COMPASS 2010 proton data
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STAR DI-HADRON ASYMMETRIES

T + -
ptp—n +n + X ® v;=5006ev
STAR preliminary

= {s=200 Gev
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¢®rs = Pr — Ps 0.05

Ph= ?h,l + ?h,z - 0.04
3h, == ?h,l - ?h,z 0.03

0.02
0.01
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Extraction of cos(¢g, + ¢g,)
First measurement of Interference Fragmentation Function
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AMSTERDAM NOTATION FOR FFS WITH
QUARK/HADRON POLARIZATION

Observables:
z: fractional energy of the quark carried by the hadron
P, 1: transverse momentum of the hadron wrt the quark direction: TMD FFs

spin averaged Df/q(z, pr) _ [. N O] Hllh/q (z,pr) _ [1 -® ]_[3_.. O ]
longitudinal Glh/q (z,pr) :[.J,_. QJ_ [a—- J
Transverse (here A) DllTA/q(z, pr) — [. . é] HE/A(Z» Pr) ':[3 — é] _[ — é]

Theoretically many more, in particular with polarized hadrons in the final state and
transverse momentum dependence —2similar to PDFs encoding spin/orbit correlations

Determining final state polarization needs self analyzing decay (A)

Gluon FFs similar but with circular/linear polarization (not as relevant for e+e-)



ACCESS OF FFS FOR LIGHT MESONS IN E*E-
(SPIN AVERAGED CASE)

hadronic jet
1 doete —hX 1 ' %
o = =5 (2F Q) + Fi(z,QY). oy

Otot dz > o€l | MR

/+ }4&

_ ‘ o, (Q?) : :
2F' (2, Q%) = Zeg (D?/q(i’-.@g) + T(Ci] ® Dy +C{ ® D’f/g)(f—’:Qz))
q

)
(¢

Cleanest process
Clean environment, hermetic dectors —>can reconstruct complex final states, differentiate from feed-down
Well understood, calculations available at NNLO
Limited access to flavor
Use different couplings to y* and Z°
Use polarization (SLD) and parity violating coupling
Use back-to-back correlations for different flavor combinations = see next talk
Limited access to gluon FF
From evolution

From three jet events (but theory treatment not clear)



0.08— EESEE Di-Jet A,
[ = DSSV 2014
- === === NNPDF Pol 1.1
0.06— [ Scale Uncertainty
_ - X34 PDF Uncertainty
< 0.04— EIE Rel. Lumi. Uncertainty
k4 -
S 0.02;
c7<
_0.02F Sign(n,) = Sign(n,)
I T [ U E S B |
0.08— . -
C STAR 2009 Sign(n) = Slgn(nz)
0.06— p+p— Jet + Jet + X
Lk /s = 200 GeV
<~ 0.04-
- -
Q N
= 0.02—
c;‘ ’
E + 6.5% scale uncertainty
-0.02— from polarization not shown
7I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

70
Di-jet Invariant Mass [GeV/c?]

Future results
Increased statistics
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Large acceptance spect.
electron/photon beams

‘-Beam: <12 GeV e7;85% polarization
. larget: polarized targets 3He, 6LiD, NH3

¢ several unpolarised targets
Hall-D: for spectroscopy 9GeV tagged polarised photons & a 47
detector

Super high momentum spectrometer,
high luminosity and forward angles
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(Phys.Lett. B185 (1987) 209)



