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Why we need an EIC
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Inclusive Deep Inelastic Scattering

The inclusive deep inelastic scattering double differential cross section £p —
?'X can be expressed using two structure functions F, and F;, or, better, F,
and F; (F;, = F, — 2xF;) which depend from x and mildly by Q.

4 2
- 2:34 [(1+ (1 = y)2)F,(x, Q%) — y2F,(x, Q)]

Keeping in mind the transformations:
d’c  2nMv d’c (s — M?) d*c d*c
dxdy E dQdE' % dxdQ? " dxdQ?

We are able to express the cross section in other variables.
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Physics content of the structure functions

In quark-parton model the structure functions can be written as:
Fy(x,Q%) = xz e2f!(x) and F,(x,Q%) =0
q

wheref," is the probability that to find a parton of type q = u, u -+
with momentum fraction p, = xP in the proton

- When including h|gher orders the structure functions become:

ZCIERED (2 =Y f Z e o0f (2)

i=q.9
With the Wilson coefficients C( )known up to N3LO

€, = e25(1 — 2) and Cz(’g) =0
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Impact of the HERA ep Collider

arXiv:1506.06042
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Polarized Cross Sections

- For longitudinally polarized beams (either parallel or antiparallel
we can express the difference of the parallel to anti-parallel cross
sections by mean of two structure functions g4 and g,

d*o5  d’c.  d*Agy  l6ma’y K y y2y? y?

y
dxdQ? dxdQ?  dxdQZ . Q* |\' 27 4 )91(%02) _ng(erz)]

- And when the proton beam is transversely polarized we have:

_ _ _ Y 2 2
xd02dp  dxdQ2dp  dxdQZdp . OSPgr 7 4 lzgl(x’Q )+ 9206, Q )]

dBO'T_) d30'l_) d3AO'J_ 86(2}1 \/1 y2y2

- Withy =./0%/v « 1
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Physics content of the structure functions

At LO in quark-parton model the structure functions can be written as:
1
91(x, Q%) = EZ[Aq(x) — Ag(x)] and g,(x,Q%) =0
q

Where the helicity distribution Ag(x) = g*(x) — g~ (x) represents
the difference between the number of quarks in the proton with the
spin parallel g and antiparallel ¢~ to the spin of the proton

When including higher orders the structure functions content become,
fi.:
1%L, e?
91(%,Q%) = 5= =15 [CF @ A% + 2nCy ® Ag + € ® Ag™]
f

2
The Wilson coefficients at LO are:
C; =C)°=6861—-x)andC; =0
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The spin content of the proton: where we stand

Gluons PDF are accessed using DGLAP Equations

1
d s(t) (d X
A2 t) = a2n Y (; as(t)> AX(y,t) + 2npPy, (;, as(t)> Ag(y, t)]

d s d
TAg(xt) = “ZS) y[gq< ocs(t))AZ(y,t)+ y (; as(t))Ag(y,t)]

as(t) dy
21 y
X

d
—Aqps(x,t) =

7 Py <y, s(t)> Aqns(x, t)

With t = In Q?/A?, AX(x,t) = Z:Zl Aq; and Aqpys(x,t) = Z:Zl(eiz/(ez) — 1)Aq;,
1
where (e?) = n_fzz'zl e?

A very powerful tool access Ag, but limited by the present experimentally available phase space
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QCD fits- World data on g'l’ and g¢

> g,(x, Q?) as input to global QCD fits dg, 5
for extraction of Aqs(x) and Ag(x) dTQZ o —Ag(x, Q)
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{i=10}) 5 emc ¥ suc
x=0.0045 FAN=PE & =155

x=0.0055 £ HERMES B COMPASE 0T (160 Gev)

E

[] x=0.0045 {i=1}

_% %=0.0055
%=0.007
: % x=0.009

L
x=0.012

x=0.017

x=0.024
x=0.035

x=0.049

* x=0.077 {i=10)

x=0.12

_—l—!-i—)}—_ *=0.007 ) cLaswezSGev i COMPASS 11 (300 GV
x_ﬂ ﬂag —— COMPASE NLO 1t
—
K ]
x=0.012

i

‘éﬂ'.’_.—‘?i %=0.017 € =121-0.7.i
&g wa uiey — x-002

=#=0.035

I

6=121-07 i

it =041
RO AP b4 e e il W pm  m %=0.41
e g m g X=0.57 _ #=0.57

ey e — T x=0.74 _
— ﬁn:ﬁﬂ | 10° | L ey @8 e —pe e %2078

. Q” (GeVicy” " QLTGBWC)E
x and Q? coverage not yet sufficient for precise Ag

Can be improved by constraining from pp data (as DSSV, NNPDF...) PLB753 (2016) 18
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Another NLO pQCD fit to g, DIS world data

* Assumes functional forms for AX, AG and
Ag"S and SU3 symmetry

» Use DGLAP equations.
- Fit g7, g%, g7 DIS world data

- Quark spin contribution :
AY = 0.31 + 0.05 at Q% = 3 (GeV/c)?

X X X
0.82 < AU £ 0.85 —0.45 < AD < —-0.42 —0.11 < AS < —0.04

Uncertainties are dominated by the bad knowledge of the
functional forms.

—> Gluon spin contribution: AG not well constrained, even the sign,
using DIS only

Solution with AG>0 agrees with result from DSSV++ using RHIC pp data

PLB 753 (2016) 18
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Measurement of the AG at RHIC

Dominates at low pr Dominates at high pr
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— BB10
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= = DSssvo0s
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GRSV-std
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- p, Correlated Systematic Uncert.

—— NNPDF
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i)

o

D. de Florlan et al’ - Run5+6+9 Not Included:
PRL 113 (2014) 012001 0005 £, 6ok Global Scaling Uncert,

+6.5% scale uncertainty

from polarization not shown
L

~15 20 25 30
p, [Gevic] Parton Jet P, (GeV/c)

Phys. Rev. D 90 (2014) 012007 Phys. Rev. Le]. 115 (2015) 092002
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11 PR S R T S N SR
E. Nocera et al, 2 4 6
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Gluon helicity Ag/g from SIDIS

Extraction at LO:

AG/G (x = 0.1) = 0.11 + 0.04 + 0.04

COMPASS, all-p_, Q2%>1 (GeV/c)?, 2002-06
AG>0
AG<0
Ag/g total uncertainty

—_
(@]

EPJC 77 (2017) 209

£7p= — £ hhX

Photon Gluon Fusion
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Summary on nucleon SPIN

= = (Auy + Auy, + Aqs) + AG + Lg + Ly

Quarks %AZ~0.15 from g,measurements and global analysis at NLO. Largest uncertainty on AX due to

uncertainty on AG

Gluons AG~0.2 integrated between 0.05 < x < 0.2: precise result from RHIC. AG/G positive at x~0.1 (from
data of yg fusion process, at LO). Low-x contribution to integral still unknown. Not enough
constrain from g, global analysis at NLO.

Orbital momenta: L, + L, =? Ongoing studies of GPDs.

Promising results from lattice QCD calculations:

- The main question raised in ‘Nucleon spin crisis’ is resolved:
* Quark spin represents a non zero fraction (0.3) of nucleon spin
(measurements and lattice QCD calculations)
« The hypothesis of very large AG (2 to 3, associated to L~ — 2 + —3) rejected

- Puzzle still pending: share between AG and L
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Semi Inclusive Deep Inelastic Scattering

The semi inclusive deep inelastic scattering cross section for a hadron
of type h of a given energy fraction z; is written as:

d*c  2ma?[(1+(1-y)?) 2(1-y)
dxdydz, Q2 Xy

th(x, Zp, QZ) T FZI(X, Zp, QZ)]

Where the structure functions are:

th(x, Zp, QZ) _ . CZS(QZ)

2T

(QCD improved)]

(QCD improved)]
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Collinear Multiplicities

hep-ex/1604.02695
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0.50<y<0.70
0.30<y<0.50
0.20<y<0.30
0.15<y<0.20
0.10<y<0.15

curves: COMPASS
LO fit



http://arxiv.org/abs/arXiv:1604.02695

Quark helicities from semi-inclusive DIS

6/26/2020

Leading order extraction of quark helicities from spin asymmetries:

ool ] : - COMPASS

ok I -| PLB693(2010)227, using DSS FFs

-o.2; "E"”:l IIIIIIII|T Lol O HERMES

PRD71(2005)012003
| DSSVatNLO

T I°p~ - Lh*X

Q2=3 (GeV/c)?

- * Full flavour separation > x~0.004
e - Sea quark distributions ~ zero
107 107 - Good agreement with global fits

What about As? Integral is found negative from inclusive data, when imposing SU3
while here from semi-inclusive data, x > ~0.005 As is compatible with zero.

NB: - The extraction assumes quark Fragmentation Functions known (DSS here)
- No measurement at lower x
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Transverse structure of the Nucleon

Confinement Scale

Transverse

FoW Longitudinal
- momentum
(W

Trams verseg
positiGh)=S

Hard Scale
High Energy Probe
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Confined parton motion in a hadron

- Scattering with a large momentum transfer
Momentum scale of the hard probe Q » 1/ ~1 fm™'~Aycp
Combined motion ~ 1/ is too week to be sensitive to the hard probe
Collinear factorization — integrated into PDFs

- Scattering with multiple momentum scales observed
Two-scale observables (such as low Py SIDIS, low p Drell-Yan) Q >
qr~/r ~Agcp~1 fm
“Hard"” scale Q localizes the probe to see the quark or gluon d.o.f.
“Soft” scale g could be sensitive to the confined motion e
TMD factorization: the confined motion is encoded into TMD&| 7 \
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Unpolarised Transverse Momentum dependent PDFs

6/26/2020

When we consider the transverse momentum of the quark in the calculation of the cross section
Transverse Momentum Dependent parton distribution (TMDs)

S o
pq = xP
f(X) f(x’ kJ_)

The unpolarised number density of the quarks gains a dependence from the intrinsic transverse
momentum k|
flq(xi k_L)

New parton densities arise: the Boer-Mulders functions hll’q (x, k), describing the correlation

between the intrinsic quark transverse momentum and the spin of the quark in an unpolarised
nucleon

. 1 S (.o
far Gk, ) = 7Gx le) = 2ohy ek ) - (< )
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Accessing TMD PDFs and FFs

TMD factorization works in the domain where there are two observed momenta in the
process, such as SIDIS, DY, eTe™. Q > qr: Q is large to ensure the use of pQCD, qr is
much smaller such that it is sensitive to parton’s transverse momentum

SIDIS off polarized p, d, n targets

£ HERMES

o COMPASS gt~ q(x) ® 67971 @ D} (2)
JLab
future: EIC

polarised Drell-Yan

N X

COMPASS ~

RHIC o~ Gy (x1) @ qp(xy) @ GIT7HE(S)
FNAL

future: FAIR, JPark, NICA

BaBar

Belle g€teToMhe L GH-T4(3) @ DI (21) ® D) (2,)
Bes Il
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Azimuthal asymmetries in SIDIS

We look at our events in the Gamma Nucleon System (GNS), i.e. we need a
perfectly reconstructed lepton kinematic.
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Semi Inclusive DIS full Cross Section

d°c 14 independent azimuthal modulations
dxdydzdPE-d oy,

az yZ y )
T xyQ22(1—¢) <1 + >{FUUT + eFyy, +2e(L+ &) cos dy By P + e cos 26 Fyy t "

+ Aen/26(1 + &) singy, F) oo ¢" + 5 |v2e(1 + €)singy F o ¢h + esin2¢y F, FSin zd’h
Il

+ A5 [\/ 1—&2F,;, ++/2e(1+¢)cospp F;,” d)h]

415, [sinn — ds) (FEs? ) e 0)
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SIDIS Experiments

SIDIS Experiment must:

6/26/2020

Have large acceptances on all the relevant variables x, 0%, z, Pyr, @

Use different targets (p, d, n) and identify hadrons to allow flavor
separation

Be ad different energies for to cover PDFs from the valence region
down to small-x

Large luminosity to allow multidimensional results needed by the
complexity of TMDs

The polarized lepton-nucleon collider is a mandatory tool to reach the
level of ordinary PDF
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SIDIS access to TMDs

Factorization (Collins & Soper, Ji, Ma,

Yuan, o(@p = £'"hX)~TMDs®46Y171QTMD- FFs

Qiu & Vogelsang, Collins & Metz...) / \
chiral odd

T odd Nucleon polarization Hadron polarization
U T L U T L

Cc
Cc

fir D, Dy

hlr hi-T

-]
-

Hy , Hip

gir GiT

-
i
-+

©
N

| -
©

@)

o

(e

O
=

(©
al

Parton polarization

= NOT directly accessible
= Their extractions require measurements of x-sections and asymmetries in a large
kinematic domain of x, Q%,z, P,r
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TMD evolution:

- QCD evolution of TMDs in Fourier space (solution of equation)

Q
F(x,b; Q) = C®F(x,c/b") %Xp {_ j/; : (Al % - B)} {( exp[_Snon—pert(b: Q)’

/ l Non-perturbative part

has to be fitted to
experimental data
The key ingredient is
spin-independent

Evolution of
transverse
part (Sudakov
form factor)

Evolution of
longitudinal/
collinear part

Polarized scattering data comes as ratio: e.g. Asm(¢h Ps) = F;iTn(¢h_¢S)/FUU

Unpolarised data is very important to constrain/extract the key ingredient for the
non-perturbative part
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Transversity PDF

hf (x) = q""(x) — g™ (x) with ¢ = uy, d,, and quarks/antiquarks of the sea

®-&

Describes quark with spin parallel to the nucleon spin in a transversely polarized
nucleon

6/26/2020

is chiral-odd: decouples from inclusive DIS

probes the relativistic nature of quark dynamics: in NR limit, boost and
rotations commute and we should have h;’ (x) = gf (x)

no contribution from the gluons = simple Q? evolution

Positivity constrain, i.e.: Soffer bound [Soffer, PRL 74 (1995)] 2|hf (x)|
< 1 (x) + Aq(x)

first moments: tensor charge g.(Q?%) = f01 dx [hi(x,Q?) — hf(x, Q%]
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Transversity

is chiral-odd:

observable effects are given only by the
product of h‘ll (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarized target

via “quark polarimetry”
2 . “Collins” asymmetry
(N > 0"h X “Collins” Fragmentation Function

/N' > /"hhX “two-hadron” asymmetry

“Interference” Fragmentation
Function

A polarization
Fragmentation Function of q1—=>A

IN' S 7" A X
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Global Analysis: Transversity

Q2=2.4 GeV?

Q?=2.4 GeV?
—_ Q*=10GeV?
— —. Q%=1000 GeV?

02 04 06 08
X

Z.-B. Kang et al., M. Anselmino et al., M. Radici and A.
Phys. Rev. D 93, Phys. Rev. D 92, Bacchetta, arXiv:
014009 (2016). 114023 (2015). 1802.05212[hep-ph)
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The Collins Fragmentation Function Hy

- Fragmentation (or hadronization) is the nonperturbative process
that brings quarks and gluons to dress into observable hadrons.
Fragmentation functions (FFs) describe the probability that a
hadron h is produced in the fragmentation process of a quark g,
taking away a fraction of the quark momentum.

What about the quark spin? The fragmentation of a transversely
polarized quark in an unpolarised hadron is descrlbed by:

(k x

Dh/qT(Z» pL) = Dh/q(Z; p.) +

Where k is the direction of the fragmenting quark and §qT is it’s
spin projection in the transverse plane.
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3Po; a model for the Collins FF Hy

A model by X. Artru for the Collins effect is based on the 3P0 mechanism applied to the string

fragmentation [Single spin asymmetry in inclusive pion production, Collins effect and the string model,
X. Artru, J. Czyzewski, H. Yabuki, Z.Phys. C 73 (1997) 527].

In this model, the qq pairs at each string breaking are produced in a state that has total orbital

angular momentum L = 1 and total spin § = 1 opposite to the orbital angular momentum such that
J=L+S5=0.

For a struck quark g4 with spin anng y, the first g, g, at the string breaking will be polarlzed along

— ¥, while the angular momentum Lz is along ¥. If the initial quark g4 is u then the PO mechanism
produces opposite effects for positive and for negative pions
—kt
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Aléou on proton and *P, model for FF

Albi Kerbizi @ DSPIN17 http://theor.jinr.ru/~spin/2017/
Phys. Rev. D 97, 074010 (2018)/arXiv:1802.00962

O w COMPASS
A 1T COMPASS
L @ ©wMC
A T MC

%&éé}

‘Mﬂéﬁ.é £ ‘%‘

i

“oise%T

:L N
T

| \ \ |
02 04 06 0.8
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The full points are Monte Carlo
data, scaled by
A~(hY/f)~0.055

Agreement with the measured
Collins asymmetry is quite
satisfactory
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http://theor.jinr.ru/%7Espin/2017/
https://arxiv.org/abs/1802.00962

Sivers Asymmetry

Sivers: correlates nucleon spin & quark transverse momentum k; /T-ODD
at LO: 2 ot h
} ququ]@Dq

2 h

Zq e,q & Dq

y up' > uXh*

Siv —

The Sivers PDF

J. Collins proofs fi% = 0 for T invariance

J. Collins shows that(fi%)py = —(fit)sipis
COMPASS ond: A%, = 0and A%, = 0
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Sivers asymmetry on p

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary
HERMES n* PRL 103 (2009) %

% c;i‘?# i

Ll P . 1
COMPASS negative pions x<0.032 preliminary
COMPASS negative pionsx>0.032 preliminary
HERMES = PRL 103 (2009)

| & * i; %E’ %{’ %
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Transverse Spin Asymmetry in Drell-Yan

190 GeV/c n~beam, transversely polarized NH3 target

[ STAR p-p 500 GeV (L = 25 pb™) [ STAR p-p 500 GeV (L = 25 pb™) f_L = —_fl
aF W s - 17,DY 17, SIDIS
r0.5<P,. <10 GeV/c r0.5 <P, <10GeVrc

t

KQ (assuming “sign change”) _ KQ (no “sign change”)
"~ Global y2/d.o.f.=19.6 /6

°l T Global y2/d.of.=7.4 /6

-O1"3.4% beam pol. uncertainty not shown -O1"3.4% beam pol. uncertainty not shown

|
o
[

0.5 0 0.5 0.5 0 0.5
yW yW

PRL119, 112002 (2017).
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To conclude

Many important results both for the spin structure and the
internal 3D structure of the nucleon have been provided by
experiments at HERA, CERN, RHIC and JLAB; very partial coverage
here.

Before the EIC, JLAB will map the valence region with high
precision; COMPASS and RHIC will complete their programs

THE EIC will allow us TO MOVE FROM EXPLORATION TO
PRECISION in the KNOWLEDGE of the internal structure of the
NUCLEON
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Kinematic coverage

Q* (GeV/cy
Q? (GeV/iey
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The spin content of the proton: where we stand

- Global analysis of the spin dependent distribution functions

Normalized yield

Normalized yield

W z(A — Ad)
102 10! 04 08 -3 1002 100! 04 08

xAst ‘ | xAs™

I

—= JAM17 + SU(3)
102 1072 107! 04 0.83: 1072 102 10! 04 08

+0.36 + 0.09
J.J. Ethier et al. (JAM Collaboration), Phys. Rev. Lett. 119, 132001 (2017). — —0034+010
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Gluon Spin From Lattice QCD

pp — (0,0,0) Ipp — (IO)O) p3)
3:2|D '—v;' 321D ——
06+ %2 =10(GeV/c)? 48| —m— 6F u? =10(GeV/c)? 48l
' 32| —e— ' 32|
04 32If —e— 32If

0.7 |

¥ 0.3

Tt T4 T
fF TiF

0.2

017 m,; = 139 MeV/c?
0 ‘ 1

0.02 0.06 0.1 0.14 0.18 0 0.5 1
GeV
mn2 (GeV?) P3 ( )

AG(u? = 10(GeV/c)?) ~ S; (u? = 10(GeV/c)?, |p| —» o) = 0.251 + 0.047 + 0.016

MS scheme
Y.-B. Yang et al. (xQCD Collaboration), Phys. Rev. Lett. 118, 102001 (2017).
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02 04 06 08
p"T (GeV/c)

|
02 04 06 08
p’;r (GeV/e)

ko) (h-ky) -k By .
)(M ) hl(x, k3; Q) H; 7" (2,p%; 02)
mp
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P;,r dependent Multiplicities
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Collins asymmetry on proton. Multidimensional
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TSA of inclusive jets and r* within jets from STAR

_ pl+p—jet+m+ X Vs =500GeV
| 0< Mgt < 1 (pTliet) =31.0 GeV/c

® STAR2011w*
[O]sTAR 20117

Model Curves Positive: n*
| Model Curves Negative: m

==== DMP+2013 =<: KPRY === KPRY-NLL

0.1 0.2 0.3 0.4
z

COLLINS asymmetries: general agreement between data and predictions from
SIDIS consistent with TMD factorization and universality of the Collins function

6/26/2020 Beam Polarization and Polarimetry at the Electron lon Collider



2h asymmetries on p and >P, model for FF
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Interference fragmentation functions in pp
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4.5% scale uncertainty
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O Significant di-hadron asymmetries both at

Vs=200GeV and V/s=500GeV (arXiv:1710.10215)
O Increasing with p;
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A transverse spin transfer from COMPASS
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A transverse spin transfer from STAR

TyoAl Ty A
(@) 0<n<1.2 doP? PAX _ JgP PoAX

D =
T dO.pr—>ATX + dO-pr—>AlX

l l )
1 \/N os 9* «NZ cos 6* \/Ncose N_ cos 6*
aPB(c059 )\/

Dy =

l )
cosGN cos 6* +\/N059N cos 6*

dN
b) -1.2<n<0
®) " d cos 6*

o< A(l + aP 5z cos 9*)

About 60% of A or A are not primary
particles, but are from heavier hyperons
decay.
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TSA of inclusive jets and r* within jets from STAR
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COLLINS LIKE asymmetries: sensitive to linearly polarized gluons in a polarized

proton, are found to be small and provide the first constraints on model
calculations.
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TSSA Ay studies at PHENIX
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Described by twist 3 collinear approach (2 scale, high pr)
Suppresion in p' A expected by gluon saturation (o< A%/3)
Hybrid approach: twist-3 and CGC
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Sivers Asymmetry for Gluon from SIDIS

deuteron

proton

deuteron

Xg

j ' ; 107 X

107" i

AV — 014 4£0.15(stat) £ 0.10(syst.)  Apey’ = —0.26 % 0.09(stat.) = 0.06(syst.)

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 772, 854 (2017).
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