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Today’s discussion will be about (light) quarks, gluons, and their (color-)interactions.
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Color in QCD

b ey

Color at sub-nucleonic scales, ~10-15m

Just three?



Consider (electro-)production of muons and “hadrons”,
eT e —uT+u é/
_|_ - —
e’ +e —q+q
N
The same diagram!

Now, consider the cross-section ratio:

o(eTe” — hadrons)
R = O'(€+€_H/L+/L — Tlcolor Z Qf

flavor
as a function of energy.

For the three light flavors,

2\* (1), 1\*| 2 _,
3 3 3 — MNcolor 3—

Between the charm and beauty threshold,

. 9 2+ 1 2+ 1 2+ 2\ ? 10
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R = Ncolor




Data:

Figure reproduced from Davier et al. hep-ph/0208177
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Data:

Figure reproduced from Davier et al. hep-ph/0208177

: , .
B | | [ :I | Ii: | I I I L I L I L | E L | | : [ I | I I L |
B b b J/ j 7
I | . \ \I"1S W2S 7
5 [ b e’e” — hadrons : E -
N ! ': ' j i
i A QCD | 5 y
B I | | (] -
- I | \ "
4 - i — u+d+s —— | : &
S | : F
N R s ! g Hy i Mg
- It :I : i N - =1 =
r 3 ! | ' —
— i h . ‘ —
- i I @ | h -
B f :': '$'TT'¥TT:: T L4tk i
2 . :: :: R e F L - B
» o three colors i
I |
— L | -
B i: ¥ O BES m CrystaLBall. .
T TRERSY no color o
B 'Il'm ;'l 3 exclusive data * T2 A PLUTO .
L , \ i
O . | I | _l/' l]\-l l l\‘-l‘-—l_'l'_l' | I I | | I I | I I I | I I I | | | I I | | I I | | | I I ]
1

0.5 1.5 2 2.5 3

Vs (GeV)

What about the fractional quark charges?
What about quark spins?
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2. Insights from RHIC







| - (Deep-Inelastic) Scattering






~5 MeV Rutherford Scattering

Ernest Rutherford, \
Nobel Prize 1908
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Elastic Electron Scattering

Robert Hofstadter,
Nobel Prize 1961

Scattering off a spin-1/2 Dirac particle:

[ T in2(0/2) + cos(0/2)

i~ () &
Q) \4MEsin*(0/2)) E [2M

The proton has an anomalous magnetic
moment,

gp 2, gp, =56

and, hence, internal (spin) structure. .



Elastic Electron Scattering

I
\W\M dao<<|/\/l| > geL

q leptonK,ul/ nucleon
/ q
/ P

The lepton tensor is calculable:
Ly on =2 (K'EY + VK" + g" (m? — k- k'))

lepton

The nucleon tensor is not; it’'s general (spin-averaged, parity conserved) form is:

Ko K4 K
K’LW nucleon — _Klg'uy -+ Wpupu + WQ/JQV + W (puqu ‘|‘pI/Q,u)

Charge conservation at the proton vertex reduces the number of structure functions:

K/“/ — K4:f(K17K2)7 KSZQ(KQ)

nucleon

and one obtains the Rosenbluth form, with electric and magnetic form factors:

d_a _ ( a ) E [2K1 sin (9/2) + Ko cos (9/2)] K1,2(q2)

ds AMEsin?(0/2)) E 10



Inelastic Scattering

I]
\W\M Considerably more complex, indeed!
/ 7

/ P

Simplify - consider inclusive inelastic scattering,

g4
do <]/\/l\2> _ Je gy W

q4 lepton """ pv nucleon? pv nucleon (p7 q)

Again, two (parity-conserving, spin-averaged) structure functions:

W1,Wsy or, alternatively expressed, Fy, F5

which may depend on two invariants,

e
Q% = —¢°, x:—2—,0<x<1
q.p

So much for the structure, the physics is in the structure functions.

11



Inelastic Scattering

Not convinced of additional complexity?

IJ

q
/ P

Simplify - consider inclusive inelastic scattering,

Then forget this talk, and calculate this!
%%

9o
do X <‘M‘ > qe Llepton puv nucleon? W,Ll,l/ nucleon (p7 q)

Again, two (parity-conserving, spin-averaged) structure functions:

W1, Ws or, alternatively expressed, Fy,F5

which may depend on two invariants,

q2
Q? = —¢°, r = — D<zr<l1

2¢.p’

So much for the structure, the physics is in the structure functions.
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Inelastic Scattering

I]
\W\M Considerably more complex, indeed!
/ 7

/ P

Simplify - consider inclusive inelastic scattering,

9o
do X <’M‘ > qe L'ILg;)tonW,uZ/ nucleon? W,uz/ nucleon (p7 q)

Again, two (parity-conserving, spin-averaged) structure functions:

W1,Wsy or, alternatively expressed, Fy, F5

which may depend on two invariants,

q2
Q? = —¢°, xr = — D<ar<l1

2¢.p’

So much for the structure, the physics is in the structure functions.
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Elastic scattering off Dirac Protons | s* .

Compare:

LI on = 2 (KME™ + KVE™ + g" (m® — k- )

lepton

with:
"q"\ | K> 1 v 1,
K,uv nucleon — Ky <_glﬂ/ + q2 ) + M2 <p,u + §q,u) <p T §q )

which uses the relations between K12 and Ku 5

Then, e.g. by substitution of kK’=k-gin L:
Ky =—¢>, Ky=4M"

Note, furthermore, that inelastic cross section reduces to the elastic one for:

K1,2(¢°)
2M g2

WLQ(QQ,CU) = — 5(33 — 1)

13



Elastic scattering off Dirac Partons

Imagine incoherent scattering off Dirac Partons (quarks) q :

2 2

6 and r, = — d
q ( ) q Qqu

2

q_ 9
Wi =

2my

2mge

q_l)v WQq:

and, furthermor ppose that the quarks carry a fraction, z, of the proton momentum

X
Pq = 2q P; that Tg = — (also note my; = qu !)

1 2
MWy = /0 2;45( ) Jo(7q) dzg = Ze fqlz ()

- Wy = x635(aj—zq)fq(zq dzq:xZegfq (x) = Fy(x)
q

Two important observable consequences,
Bjorken scaling: Fi5(z), not Fyo(z, Q%)
Callan-Gross relation: F5 = 2zF(x)

14



~10 Ge\y Deep-Inelastic Electron Scattering

bending magnets
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e.g. J.T.Friedman and H.W. Kendall,
Ann.Rev.Nucl.Sci. 22 (1972) 203



Deep-Inelastic Electron Scattering

Bjorken scaling:

s
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Point particles cannot be further resolved; their measurement
does not depend on wavelength, hence Q¥,

Spin-1/2 quarks cannot absorb longitudinally polarized vector
bosons and, conversely, spin-0 (scalar) quarks cannot absorb
transversely polarized photons.

R. Taylor H.W. Kendall
Nobel Prize 1990
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Deep-Inelastic Neutrino Scattering

Charged-current DIS!

Nucl.Phys. B73 (1974) 1
Nucl.Phys. B85 (1975) 269
Nucl.Phys. B118 (1977) 218
Phys.Lett. B74 (1978) 134

Some of you may recognize
this picture from CERN...

Gargamelle bubble chamber,
observation of weak neutral
current (1973).

CPS ring
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Deep-Inelastic Scattering - Fractional Electric Charges

C
~

Neutral-current (photon) DIS:

FQ—CCZ (¢g+q), p:uud, n:ddu

eu—|—ed

FY =x 5

(w+a+d+d)

Charged-current DIS: fes

F)P =2x(d+a), Fy" =2x(u+d)
FYN =z(u+a+d+d)

1.2}
Fg(x) .

0.8].

0.4 |

« F'(GARGAMELLE)
x (1815) F§M(MIT-8LAC)
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Deep-Inelastic Scattering - Fractional Electric Charges

e
Neutral-current (photon) DIS:
u.i Mean Square Charge of Interacling Conslituents (S=0)
[ Jr2™ o
Fy = CCZ (¢g+q), p:uud, n:ddu €Q2>- 3w ,ulv . 0'333,?&04
0.6 4GIM Ey Ey
02 4 o2 ~ | 8= CG (ref. 4)
FQJV — (s _|_ d (U—I—’L_L+d—|—d) ® = This experiment! .
2 S ‘_lnlneiqvol
C';\,or:;es"
0.4}
< Q2>
o v :{‘- ------ { ----------------- - g:o'k .
Charged-current DIS: = e
0.2}
FYP = 22(d + 1), FY" =2z(u+d)
FYN =2z(u+ua+d+d) o . :
0 50 100
E, (GeV)
Ratio:
o1, 5
= — e (& = — ~ 028
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Deep-Inelastic Scattering - Valence and Sea Quarks

Charged-current DIS:
Fy =2z (q+q)

rFYN =22 (q—q)

Gross Llewellyn-Smith: 3
Gargamelle: 3.2 +/-0.6
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Deep-Inelastic Scattering - Valence and Sea Quarks

Charged-current DIS:
Fy =2z (q+q)
BN =223 (¢—-7)

Gross Llewellyn-Smith: 3

Gargamelle: 3.2 +/-0.6

Fractional momenium content per unit of X, Q or O

| L 1 1
11
| l't G? = 3-100 Gev?
*l e Quarks
) l A Antiquorks
LR
.: \\ ~
; \
| \
| Y “
I ‘\\(!-113
i \\' .
3?‘(14:5 :\\\
Ls \}\\‘}§_~1 :\\\} , |
.._~...-_-......--:::::x.--_f--i:.-_‘t:.;f.__"_
0 ¥ oy 0.5 0.8 . 0
dQO.DN - B
Jody x [a+d+ (u+d)(1—y)?]
dZO.VN - B
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Deep-Inelastic Scattering - Momentum Conservation

€

Neutral-current (photon) DIS:

2 | 2 o )
FN = g €4 (w+a+d+d . F¥'(GARGAMELLE)
2 , * (1815) F§"(MIT-SLAC)
Charged-current DIS: )/ O { )
W' Fa (x) | "
P = alutatded B R
Momentum fraction: 0.4 x
s _ "
/FQNdx: = d/az(u+a+d+d) e
0 2 0 0 0.2 . 0% 0.6

Gargamelle: 0.49 +/- 0.07

Quarks carry half of the nucleon momentum!
SLAC: 0.14 +/- 0.05

21



3-jet events at PETRA

Recall the intro on
colour:

Observation of
its higher order
process,

marks the discovery
of the gluon.

Mom. Conservation: Gluons carry the other half of the nucleon momentum.
22




Nucleon Structure

F2(x)
Three quarks with 1/3 of total
proton momentum each.
1/3 X
F2(x)
Three quarks with some momentum
/\ smearing.
| _
1/3 X
F2(x)

The three quarks radiate partons

\/\ to lower momentum fractions x.
I

1/3 X 23
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Fo(x,Q2)
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HERA - Early Measurements
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HERA - Early Measurements
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Can these observations be related?
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QCD Radiation

DGLAP equations are easy to “understand” intuitively,
in terms of four “splitting functions”,

FEr G &t

P..(z) : the probability that parton a will

radiate a parton b with the fraction
z of the original momentum carried by a.

Yu.L. Dokshitzer, Sov.Phys. JETP 46 (1977) 641,
V.N. Gribov and L.N.Lipatov, Sov. Journ. Nucl. Phys. 15 (1972) 438; ibid 15 (1972) 675
G.Altarelli and G.Parisi, Nucl.Phys. B126 (1977) 298

25



QCD Radiation

DGLAP is highly successful, but not the only approach.

Gluons do not recombine,
xrm incoherence is preserved.
Kdﬁ Gluon-dense environments?

Similarly, process-independent quarks, survive.

How does DGLAP work?

26



QCD Radiation

Schematically, DGLAP equations:

convolution

d X, 2 / N\
dq{!g QQZ ): ds [qf ® qu +gé qu]

strong coupling constant

That is, the change of quark distribution g with Q2
IS given by the probabillity that g and g radiate q.

Similarly, for gluons:
dg(x.Q?)
d In Q2

Side-note: the spin-dependent splitting functions are different from the spin-averaged splitting functions;
for example, they generate orbital momentum.

= dg [zq.‘:@Pq9+9@P99]

27



QCD Radiation
A parton at x at (¢ is a source of partons at x’< x at Q2> Q~-.

Any parton at x > x’at Q2
IS a source.

unpknown
Q|
It is necessary and sufficient
to know the parton densities
intherange x’'=sx=<17ata
lower Q¢ to determine the

QZ @ @ - J J
, arton density at x’, Q%
x x 1 P y

measured _
If you measure partons in range x’< x < 1 at some Q2 then

you know them in that range, and only that range, for all Q<.

Asymptotic solutions exist to the DGLAP equations that may
overwhelm the intrinsic contributions. 28



Bjorken scaling vis-a-vis QCD Radiation
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Modern understanding of nucleon composition

HERA I+II inclusive, jets, charm PDF Fit

xf
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June 2011
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B exp. uncert.

model uncert.
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HERAPDF Structure Function Working Group

04 |-
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Brief recap: DIS ;Q s

e DIS is about nucleon or nuclear structure, nowadays
described in terms of quarks and gluons,

* Feynman’s parton model - point like partons, which
behave incoherently - combined with QCD radiation are
remarkably successful in describing DIS cross sections.

* Parton distributions f(x) are intrinsic properties of the nucleon
and (thus) process independent.

* QCD evolution allows one to relate quantitatively processes at
different scales Q7

This is great for RHIC, LHC, and many other areas.

e Gluons are a very significant part of the nucleon

Questions or comments, before we move on?

31
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Fa

EMC: J.J. Aubert et al, Nucl. Phys. B293 (1987) 740

04 Cée 08

~10 times higher beam energy than
earlier DIS experiments,

An iron target to boost luminosity...

Who ordered this?

Numerous models, often based on:

- single (bound) nucleons,
- pion enhancement,

- multiquark clusters,

- dynamic rescaling,

- shadowing

Textbook effect, remains in search of
a comprehensive explanation.

See e.g. M. Arneodo, Phys. Rep. 240 (1994) 301

32



DIS - Surprises with Nuclel
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- A=56, Z=26 Q%=20 GeV? LE
115 S et e o B e
110 R
; E
- . fitB g
= -~ KP =
3 FREE SLAC/NMC i3
3 -~ HKNO7 (NLO) IE
0-70_ 1 1 1 R W N i | 1 ] [ -
1072 107 1
X
1.20 . ' 1 T T ! T 1 l T

- A=56, Z=26 Q*=20 GeV? ;
110 ie
— 105 . -
% R 3
e 1.00F— ==~ :
a4 - :
0.95 =
0.90f- R i
: oo KP Vi i ]
0.85 [ - HEL - AHE
S R A S SLAC/NMC HKNO7 {NLO) -
0-80 A " | A PR | - I | 1 | i1
10 1

X
|. Schienbein et al, Phys. Rev. D80 (2009) 094004
K. Kovarik et al, Phys. Rev. Lett. 106 (2011) 122301

~10 times higher beam energy than
earlier DIS experiments,

An iron target to boost luminosity...

Who ordered this?

Nowadays,
~800 fixed target data points on FA/F2P,
~200 FA/FA,
~100 Drell-Yan.

And, neutrino-scattering data (~3000 pts).

Physics or NuTeV experiment effect?

See e.g. H. Paukkunnen at QCD Frontier 2013
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DIS - Surprises with Nuclel

CMS, ArXiv:1401.4433 . .
H. Paukkunnen, ArXiv:1401.2345 Textbook effect, remains in search

0.45 . .
o - of a comprehensive explanation.
0.4 V8 = 5.02TeV CT10
. — CTI10xXEPS09 |
0.35 CT10xDSSZ | Experimental opportunities:
3 » -'t-..‘ ------- CT10xHKNO7
B N ,—p. . » | Nearterm:
£ 0.25 | - (polarized) p+A scattering,
2 02} - continued DIS, DY,
0.15 i
0.1 EIC-term:
- - QCD-evolution, esp. gluon region,
= - NC, CC probes,
g 8 b e - HKN07 IIIT DSSZ | - 1-particle semi-inclusive data,
O 8 MFE e ' - n-particle correlations,
S g P SmmaT ’\/ | - diffraction,
’ ; “9 ------------- = _ . . . .
kE —— | exclusive reactions (imaging),
£ OR8 | : | J -
3 -2 1 0 1 2 !
Naijet = (M + M)/ 2

Simply this student’s list - input sought.
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DIS - Surprises with Spin

0.21F ¢ This experiment
e— ELLIS-JAFFE SUM RULE b SLAC [2-3]

a6 AN ek e o )

q

0.03} o(=, < o(=,=) ~ g1(x,Q*
EMC: J.Ashman et al, Nucl. Phys. B328 (1989) 1 #‘%, ( | ) ( ) 24 Q ')
0 1 I ] | I L¢‘G"C’--
0.01 0.02 0.05 0.1 0.2 0.0 1.0

Xm

The sum of Quark Spins contribute little to the proton spin, and
strange quarks are negatively polarized.
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DIS - Surprises with Spin & )

For the proton,

1 1
1l 1 (4 | 1
[ = /0 g1(z)dx = /0 (5 Zquq(x)> dx = 5 <§A1u + §A1d—|— §A13>

p—
MP—\

1 1
— (Alu — Ald) —+ % (Alu -+ Ald — 2A18) -+ § (Alu -+ Ald -+ Als)
A 0 T
Unique to DIS, AY

Known from weak neutron to proton decay,
combined with weak > to neutron decay

Known from weak neutron to proton decay

which becomes a prediction if A1s = 0
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DIS - Surprises with Spin &

For the proton,

1 1
1l 1 (4 | 1
[ = /0 g1(z)dx = /0 (5 Zquq(x)> dx = 5 <§A1u + §A1d—|— §A13>

1

T 4s — 3F—D — 0.5940.03 T
A

Unique to DIS, AY
A

Known from weak neutron to proton decay,
combined with weak > to neutron decay

Since,

oI’y 5
95 |piis—jare 30 one can recover the E-J expectation with a
T4 sizable shift of ags = 3F — D, ag ~ 0.2 +0.1

8&8

experiment
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DIS - Surprises with Spin & = y

Numerous follow-up questions and experiment programs,

Among the early attempts at a resolution,

with the gluons polarized.

G. Altarelli and G.G. Ross Phys. Lett. B212 (1998) 391

Note: this attempt requires very significant polarization,
factors larger than the nucleon spin itself, and

by inference, huge compensating orbital momenta.

Other attempts include e.g extrapolation over unmeasured low-x. .,



Il - Insights from RHIC
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DIS
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RHIC - Polarized Proton-Proton Collider

Unique opportunities to study nucleon spin properties and spin in QCD,

‘/

—p—_ -0

Versus

> ¥ &l «— Siberian Snakes

Vs = 62, 200, and 500 GeV Absolute Polarimeter (H e RHIC pC Polarimeters

Siberian Snakes

\‘
= o <% < PHENIX (5) ©
Py STAR (5
Spin Rotators Spin flioper
- = & (longitudinal polarization) , P Hpp
Versus Solenoid 21 Siberian Snak Spin Rotators
. 2 <@ » Pol.H Source olenoid Partial Siberian Snake\ 1oty dinal polarization)
’ \‘ : LINAC BOOSTER
<« Helical Partial Siberian Snake
- 2 & : A
o 200 MeV Polarimeter = | 4—AGS Internal Polarimeter
- 3 ol
' ‘ 3 Rf Dipole ¥~ AGS pC Polarimeters
Strong AGS Snake

at hard (perturbative) scales with good systematic controls, e.g. from the ~100ns
succession of beam bunches with alternating beam spin configurations.
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RHIC - Polarized Proton-Proton Collider

Unique opportunities to study nucleon spin properties and spin in QCD,

Longitudinal data STAR

Vs =200 GeV
2005
2006
2009
(2015)

Vs =500 GeV
2009
2011
2012
2013

35 pb-t

(50 pb-1)

400 pb-

Transverse data

Vs = 200 GeV
2006
2008
2012
(2015)

Vs = 500 GeV
2011
(2017)

38 pb-t

(50 pb)

25 pb-1
(400 pb-1)

50-60% polarization

Integrated polarized proton luminosity L [pb'|

500

450

400

0

Polarized proton runs

250/255 GeV

[ === 100 GeV

2013 P=52%

) ( ) = LUV
S . 2009 P=34%

2012 P=59%
2011 P=48%

2009 P=56%
22008 P=44% ,2006 P=55%

e 2005 P=47%

22— —— 2003 P=34%
1

o
S
N

8 10 12 14 16 I8

Time |weeks in physics|

20
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Il - Insights from RHIC: Gluon Polarization

VVVVVV
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Gluon Polarization at RHIC

Measure double longitudinal spin asymmetries and establish the factorized framework,

;. R A A
> € Arp = ‘ oL Z i ® ﬁ ® arr ® (fragmentation functions)
> < ol +oll = fi f2

1.0

Start with abundantly produced jets or pions at mid-rapidity, where the partonic
asymmetries are sizable,

Gluon-gluon scattering contribution dominates up to jet pt ~ 8 GeV, where

0571
quark-gluon scattering takes over,

Path: precision, coverage, sensitivity to initial kinematics, and selective probes.

ﬁ+ﬁ—>jet(s)+X ﬁ—l—ﬁ—>fy—|—Jet ﬁ—i—ﬁ—>c@b[3—|—X

partonic Ao/o
o

2 G Ag " AG 2

Y

-05 1

A q //,/' A G r: A G ‘ A G .

N S " 99— qq
/ \ & \ 9999

| 999y
q9—q7q’

L~3-8-10pb™', P=04-0.7, /s=200—500GeV Ry K calll

> -1.0 -0.5 O 055 1.I0
time cos6 43




Gluon Polarization at STAR - Inclusive Jets

108: ' | 1 71 T é
- (a) -
10 X STAR =
= s p+p = jet + X ]
©10° \J5=200 GeV i
g » midpoint-cone
210°E leone=0.4 =
g. i 0.2<1<0.8 A
5 10°E =
= E .
T10°E 3
& E -
10°] . . ' N
~ —— Combined MB
:_ ' b\ ‘
10%7 —&— Combined HT \\. =
1 %5* NLO QCD (Vogelsang) ?1
E i | ] el
> 1.8 Systematic Uncertainty (b):
§ 14 B o Theory Scale Uncertainty 3
< 1.0 (B —=
g o6 | BOLIE
0.25 . ‘
0 10 20 30 40 50
p; [GeV/c]
TPC: - charged track measurement
over 2+ units in pseudo-rapidity Phys. Rev. Lett. 97, 252001 (2006)

EMCs: - neutral energy measurement
over an even wider range,
- triggering
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Q10
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©
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1
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N

W
\\‘ 1 1 L

Gluon Polarization at STAR -

fastNLO

http://projects.hepforge.org/fastnlo

Inclusive jet production

. |in hadron-induced processes
(x 4000) Vs =200 GeV pp
e STAR cone 0.2<Inl<0.8
Vs = 300 Ge DIS

i AW SME LI (< 800) emav H1 k. Q% from 150 to 5000 GeV?
- _ ; ! onace ZEUS k; Q% from 125 to 5000 GeV?
| \/S - 31 8 G - "‘_‘{’, .-.,-:“"ﬁ‘ 5 .= An:;+ (X 350)

emavo H1 k. Q2 from 150 to 5000 GeV?

i Vs = 546 Ge imjosz)ZEUS k: Q% from 125tog)oo GeV?
| © CDF cone 0.1<Ini<0.7 Wﬁ i Z{ % -par
Vs =630 GeV + pp

| Vs=1.8TeV
o CDF cone 0.1<Inl<0.7
e DI cone 0.0<Inl<0.5
| Vs =1.96 TeV

4 CDF k; 0.1<lyl<0.7
o CDF cone 0.1<lyl<0.7
e D@ cone 00<Iy|<04

| Vs=276TeV

O ATLAS anti-k; R=0 IyI
4 ATLAS anti- k R=0

e D@ cone 0.0 < <o.swg_£ (x 50)
e
Ol ALt "'I..-\f? E Y

? Vs =7 TeV ++{? +§+ #>+ ot § nLnnl'.unum.

© ATLAS anti-k; R=0.6 |yI<03
v ATLAS anti- k R=0.4 lyl <0.3
o CMS antlk R=0.7 lyl <0.5
e CMS antlk R=0.5 lyl <0.5

all pQCD calculatlons using NLOJET++ with fastNLO:

ay(M;)=0.118 | MSTW2008 PDFs | ug=ug=prjq
NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
| | I I ‘ | | | I I ‘ | | | L] ‘ |
2 3
10 10 10
pr (GeVic)

€10z Joquierdes

ojuisey/B10°eb10yday s1osloid//:dny wouy paurelqo aq ued ainbiy SIY} JO UOISIOA 1Sale| 8y

21 div/(dndpr) [pb/GeV]

1/

data/t

& a) -
1005 X . =
g \_ STAR :
- N p+p - jet + X -
10°5 - =200 GeV B
: - midpoint-cone
10° | ’_\».‘_‘ leone=0.4
: \\ 0.2<n<0.8
N
10° 5 =
| e
10°) “}“T\
; ) \‘\ .
z
102 —&— Combined MB N
, AN
10; ®— Combined HT N =
i —®
1E NLO QCD (Vogelsang) =
[ n '
1.86 Systematic Uncertainty (b)‘“
JaE B e Theory Scale Uncertainty =
;-2: ..... M. L gLt g ALrertiggpens ‘nnn’mm- .m .......... :
0.2 : -
0 10 20 30 40 50
p, [GeV/c]

Inclusive Jets

Phys. Rev. Lett. 97, 252001 (2006)

STAR is uniquely suited, at RHIC, for central-rapidity jet measurements,

Measured cross section is well-described by perturbative QCD evaluation at NLO.
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Gluon Polarization from RHIC

Phys.Rev.Lett 115 (2015) 092002

0.07 ;_ STAR 2009
0.06/-  p+p — Jet+X
005  Vs=200 GeV -
0.04f - |
50.03F 1
< -
0.02/—
0.01}
0 i;-—-"-—f_ """"""""""""""""""""""""""""""""""

0.01

- | I | | | |

= e STAR
0.07 | — BB10
0.06f |~~~ Dbssv

= — - LSS10p /
0.05( |--- LSS10

- ® —
0.04] NNPDF -

- = 7
<908 05<h<1 o

-
-
-
-
-
-
N
-
-
- -
- o L -
-
- - o
o L -
- - - -
- .
o' -
- -

0.1 ~ —— NEWFIT -
" incl. 0% C L. vanations |
----- DSSV*
. - == DSS
_O‘) ' i lllllll 1 1 nnnnnl ' AL 1 Ll

0.02F
= —
0.01 s
- A/T PSS ]
0 E%T;‘_i ___,_ '''' T
- +6.5% scale uncertainty
-0.01 - from polarization not shown
- 1 | 1 1 | - 1 1 1 | - 1 1 1 | 1 1 1 1 | [ 1 1
5 10 15 20 25 30

Parton Jet P, (GeV/c)

08— [ ] NNPDFpol1.0 3

- [ZZZ] NNPDFpol1.1 :

-1~ ——— positivity bound -]

10° 10% 10" 1
X

Gluon polarization is positive in the region of the data; -0.2 h

0.20 + 0.07

DSSV, ArXiv:1404.4293

0.21£0.10

NNPDF, DIS 2014
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Gluon Polarization - DSSV

Sowme properties of the PSSV polarized gluon:

DSSV, ArXiv:1404.4293

15
sz :
10
. [GeV]
i 100
- 50
5
- 10 i
-3 Y
1/ oot T T T
O llllllllllllllllllllllllllllllllllllllllllll

-0.1-005 0O 005 0.1 0.15 0.2 0.25 0.3 0.35
fdxAg(xQ)

0.05

Strong scale dependence in the measured region

0.05

lllllllllllllllllllll]lllll

NEW FIT
90% C.L. region

=  DSSV*
90% C.L. region

s+ DSSV

[ dx Ag(x)

S 0.001

|| I ' Ll I ) I | 1 Ll | I I | I I l Ll T
1 l L 1 1 1 l 1 1 1 1 l 1 1 L 1 l 1 1

2 2
Q =10GeV
lllllllllllllllllllllllllll

0.2 -0.1 -0 01 , 02 0.3
J dx Ag(x)

0.05
Easy to “hide” 1 hin the unmeasured region
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Gluon Polarization - Status and Prospects

DIS + SIDIS mmm RHIC projection
with 90% C.L. band including 500 GeV data
DIS + SIDIS + RHIC EIC projection
with 90% C L. band Vs =78 GeV

1.5 1 llll"l LI} lllllll UL lllllll rrrrrmm

2015 LRP, sidebar 2.6 _

Sum of Gluon Spins Above Momentum Fraction

_05 Lol Lol Lol L1 1

0" 107 107* 10 1

X

min



Insights from RHIC: Quark Polarization

ssssss
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Quark Polarization at RHIC

B/,
: Vs = 500 GeV above W production threshold,
<& <= Experiment Signature:
U 7 large pr lepton, missing Et
Experiment Challenges:
‘ charge-ID at large Irapidityl

electron/hadron discrimination
luminosity hungry

Ao (pp — W = etu.) o —Au(xg)d(zp)(14cos 0)2+Ad(xq)u(xy)(1—cos )?

Spin Measurements:

Ao )ilon) + Adlayatzy) | e T
A +y o —Au(@e)d(zp) + Ad(wa)u(zy Hita
LW™) u(xq)d(xy) + d(xq)u(s) | Ad(z) rp — 1
\ d(zg) ’
( _Add(xa)7 xa_>1
Ap(W7) =+ Af(j(j;))
\ fa(xaC)L e
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<L

‘BR(W - 1v) (pb)

2

tot
w

O

-
o

— —
‘% <

.- BR(Z/y* = 1) (pb)

Ziy
—
o

G tot

W and Z Production Cross Sections

— Theory: FEWZ and MSTWO08 NLO PDFs e
- pp—oW Pt

P / - ® STAR * UA1
= > W /‘ e A Phenix * UA2
= PP o Y ATLAS ¢ CDF
i -0 = CMS + DO
- ppo>W |
E L

Vs (GeV)

PHENIX: first W+ and W- production
cross sections in proton-proton
collisions, Phys.Rev.Lett. 106 (2011)
062001,

STAR: Initial NC cross section at
RHIC, confirmation of PHENIX CC
cross section measurements, Phys.
Rev. D85 (2012).

Data are well-described by NLO
pQCD theory (FEWZ + MSTWO08),

Necessary condition to interpret
asymmetry measurements,

Future ratio measurements may
provide insights in unpolarized light
quark distributions
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Quark Polarization at Vs = 500 GeV

LY A A B I L vlt!lllll;lv

| <v> Cof Lt p+p oW —Set+v
At [ - (s=510GeV  25<ES<50GeV ...

10 1 i —
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- '\ .
() - N 4

11111llllllljlllillllllllll
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008 006 004 -002 0 0.02 3.4% beam pol scale uncertainty not shown
fA(-i(x_Qz)dx 1 1 1 ] | ] 1 1 1 I 1 1 ] 1 | 1 1 1 1

-2 -1 0 1 2
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\
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" w/ STAR W datdh,
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Quark Polarization at Vs = 500 GeV
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Insights from RHIC: Transverse Spin Phenomena

P €
P @
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Beyond Helicity Distributions...

o R Simple concepts become involved...
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Beyond Helicity Distributions...

S

GTMD(z, ky, A)

Lorce, Pasquini, Vanderhaeghen
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Transverse Spin Phenomena - An

Previously observed large An persist at Vs = 200 GeV,

* Collins effect: asymmetry comes from the transversity
—_ PRL 92, 171801 (2004) and the spin dependence of jet fragmentation.
£ e 7" mesons S
= O Total energy 1 °
ﬁ 0.4 _
g _ — g_olllns ® ) p No asymmetry for the jet axis
---  Sivers __ \
g - —— Initial state twist-3 . / [ :.-'
c - — Final state twist-3 / K
£ oo /§ Tn
a .
0 * Sivers effect: asymmetry comes from spin-correlated
< ' ' K, in the initial parton distribution
= i
< .
0.0 Sp
& Di-jet, photon-jet not exactly back to back
: Vs=200 GeV, <> = 3.8 p
(pp= 1.0 1.1 13 1.5 1.8 21 24 GeVic \ >
-0.2 . s ) | ) : ) | ) : \ | \ . : 9
0 0.2 0.4 0.6 0.8 Photons have asymmetry
X Jet vs. Photon sign flip predicN
* Other (?)

Renewed interest in transverse spin phenomena in hadroproduction. s



Transverse Spin Phenomena - An

Surprisingly, the n asymmetry is quite possibly even larger than r® An:

0.8

0.6

_ 0.4

0.2

STAR p' +p — 1,1+ X at \/s = 200 GeV

n center cut, <n>=3.68

n center cut, <n>=3.68

n° no center cut, <n>=3.7 PRL 101 (2008)

jai

] u

|

| 1

o) = A b
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |
0.3 0.4 0.5 0.6 0.7
Xr

E d®o/dp® (ubc¥ GeV?)

n/ =’ ratio

— — _— -b
o o o ey o
A ) - -b o N

A
<
.

An intricate role for (anti-)strange quarks, also here?

STAR p+p—n%n+Xat \s =200 GeV

= O
E & PRL 97 (2006)
2 Q > & n° STAR 2003 <n>=4.0
- o & 0 =° STAR2002 <>=3.8
- - 0 & % n° STAR 2002 <n>=3.3
- %
=
= r
- o n° <n>=3.68
.
E = 1 <p=3.68 [
F_
E n’ NLOpQCD <rp=3.68
E | |
- STAR l
. I 4 ¢ T
. L J
i l
L J
A i l L A A A 1 ' L | ' 1 A ' A i l L i ' L ' L | i
0.3 0.4 0.5 0.6 0.7
X

Phys. Rev. D86 (2012) 051101(R)
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Transverse Spin Phenomena - An

I =suojoyd ‘ou

EM-Jet 'Energy: = 40-69 GeV 60-80 GeV 80-100 GeV
<20.05‘ 1 + STAR Prellmmary 1
IEHTEN. +?{,’”$ SR AR |
0 B B i €3 Al S %——__—- ---------------------- -
; {: ¢ 1] AKX
0.05} -+ +
i T o T itee !
i ®e T %0¢0® ¢ 1
OE"b' 8';‘“'6"1.7"':' """ z"::';'ag'o'o'"o'""'b """" i”j_"#g'o"é """ g’ """""" é"‘
0.05} + T
i 1 ge,0 1 ¢
Of-8-8-¢8-5--5---8---81 QO’“; — """*“:#3'3'"; """ o
0.05} -+ 1
| H o
0‘7#1'33""8‘"""""—__—"gggc‘"ﬁ """ Q- i—;'vi';'t'v""ﬁ """""" *-
005 .x;=>0' _"_I t | 1 I |
[ oXp <0 }
S R L L . &
2 3 4 5 62 4 6 8 4

p$""“et ?GeV/c?

1-photon events, which
include a large mt°®
contribution in this
analysis, are similar to 2-
photon events

Three-photon jet-like
events have a clear non-
zero asymmetry, but
substantially smaller than
that for isolated s

A, decreases as the event
complexity increases (i.e.,
the "jettiness”

A, for #photons >5 is
similar to that for
#photons =5

Jettier events 57



Transverse Spin Phenomena - Sivers Sign-Change

DIS, attractive FSI DY, repulsive ISI
Siverspis = - Siverspy

HP13 (2015): Test unique QCD predictions for relations between single-transverse spin phenomena in p-p
scattering and those observed in deep-inelastic lepton scattering

In colloquial english: Quarks with unlike color charge attract one another in QCD.
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Transverse Spin Phenomena - Sivers Sign-Change

z 1
<
0.8

-0.6}

-0.8

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

KQ (assuming “sign change”)

- T Global y2/d.o.f. = 7.4 /6
- 3.4% beam pol. uncertainty not shown
| 1 1 1 1 | 1 1 1 1 |
-0.5 0 0.5
yw

0.8

-0.6
-0.8

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

KQ (no “sign change”)

-~ Global y¥/d.o.f. = 19.6 /6
:-3 4% beam pol. uncertainty not shown
l 1 1 1 1 l 1 1 1 1 l
-0.5 0 0.5

yW

First hint of the anticipated sign-change between DIS and RHIC data,

In colloquial english: Quarks with unlike color charge attract one another in QCD.




Transverse Spin Phenomena - Sivers Sign-Change

z 0.2
0.15
0.1

0.05

-0.05
0.1
-0.15

-0.2

Main goal for RHIC beam-operations this year (2017),

ll]lll Illllllllll

STAR projections
L(del.) = 400 pb™

—— W' Sy

lllllllllllllllllllt

']

arXiv:0903.3629
no TMD evolution

Uncertainty
due to TMD evolution

Uncertainty on sea quarks

—
—
—

| | l | | |

0.5 0 0

9
yW

0,3:_5 TAR prl{i(’('til)II.V

0.2

0.1

-0.1

-0.2

-0.3

" L(del.) = 400 pb™

S
l
<

llllllll

- arXiv:1401.5078

_ TMD evolved

N Uncertainty on sea quarks

S IR BT
0.5 0 0.5

yW

Commissioning is progressing well - expect to see new collisions this upcoming weekend.
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Brief recap:
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Questions or comments, before we move on?

PP

Next Steps

Analyze Run-13

Increase precision in Run-15

Measure Diffractive A,
with Roman Pots in Run-15

Measure in Run-187




Il - DIS, RHIC - A few words on EIC
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Past

Vs [GeV]
proton Xmin
ion

polarization
L [cm-2s-1]
Interaction Points
Year

Electron lon Collider Initiatives

HERA @ DESY
320
1x10%

D

2x 10%
2
1992 - 2007

Possible Future

LHeC @ CERN HIAF @ CAS
800 - 1300 12-65
5x107 7x10°-3x 10+
pto Pb ptoU
- p, d, 3He
1034 1032-33 - 1035
1(?) 1
post ALICE 2019 - 2030

High-Energy Physics

ENC @ GSI MEIC/ELIC @ JLab
14
5x 103 1x104
p to ~Ca pio Pb
p,d p, d, 3He (&Li)
1032 103334
1 2+

upgrade to FAIR post 12 GeV

eRHIC @ BNL
78 - 145
5x 105
ptoU

p, SHe
1033
1-2

2025

Nuclear Physics

World Wide Interest
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HERA's legacy

The proton in terms of gluons and quarks

HERA I+II inclusive, jets, charm PDF Fit

1
i ~ 2
Q*=10 GeV
0.8 —— HERAPDF1.7 (prel.)
B exp. uncert.
|:J model uncert.
) I parametrization uncert. Xu,
06 [ y %
! e HERAPDF1.6 (prel.) A
)
>
‘*«.,“
047 ‘g (x005)
02
xS (x 0.05)
10"

June 2011

HERAPDF Structure Function Working Group

data / theory

pQCD at work...

inclusive jet production

in hadron-induced processes
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HERA's legacy

The proton in terms of gluons and quarks ... and quite remarkable voids:

HERA I+II inclusive, jets, charm PDF Fit o _ o _
1 Precision FL - insufficient time,

Q*=10 GeV*

Test isospin, u-d, - no deuterons,

June 2011

—— HERAPDF1.7 (prel.) . .
08 B exp. uncert. d/u at large x - luminosity,

[:] model uncert.

\\ I parametrization uncert. Xu, Strange quark distributions - IuminOSity,

0.6

y W HERAPDF1.6 (prel.) Spin puzzle - no hadron beam polarization,

Quark-gluon dynamics in nuclei - no nuclei,

M Saturation - insufficient Vs / no nuclei,

02

HERAPDF Structure Function Working Group
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HERA - RHIC

Saturation: H1 and ZEUS HERA I+11 PDF Fit
1
- geometric scaling of the cross section, ” Q% = 2 GeV?
- diffractive cross-section independent of W and Q2,
08 - ——— HERAPDFLS5 NNLO (prel.)
- hints of a negative gluon number distribution (at NLO), . B oxp.uncert.
xu‘/\_
- forward multiplicities and correlations at RHIC, [ model uncert.
- parametrization uncert.
06
04
02
L¢S_()< 0.05)
5 A
10* 10" 10 10" 1

March 2011

HERAPDF Structure Function Working Group



HERA - RHIC

Saturation:

- geometric scaling of the cross section,
- diffractive cross-section independent of W and Q2,
- hints of a negative gluon number distribution (at NLO),

- forward multiplicities and correlations at RHIC,

Spin puzzle:

- defining constraint on AG(x) for x > 0.05,
smaller x is terra-icognita,

- fragmentation-free insight in Au, Ad, Au, Ad
strange (anti-)quarks?

- large forward transverse-spin phenomena
origin?

Mid-term:  forward upgrade(s) at RHIC
Longer-term: EIC

Rodolfo Sassot at 2013 Spin Summer Program
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HERA - RHIC, JLab

Saturation:
- geometric scaling of the cross section,
- diffractive cross-section independent of W and Q2,
- hints of a negative gluon number distribution (at NLO),

- forward multiplicities and correlations at RHIC,

Spin puzzle:

GTMD(z. k. A)

- defining constraint on AG(x) for x > 0.05,
smaller x is terra-icognita,

- fragmentation-free insight in Au, Ad, Au, Ad

strange (anti-)quarks? ;
v\}\ TMD (e, k) GPD(x, &)
- large forward transverse-spin phenomena
origin? %—-)
\'\}‘ TMSD(k, ) FF(A)
Imaging / tomography:

- valence quark region,
gluon region?

Lorge, Pasquini. Vanderhasghen



U.S. EIC Science Case

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

Eur. Phys. J. A52 (2016) no.9, 268 - 284 citations

® How are the sea quarks and gluons,
and their spins, distributed in space
and momentum inside the nucleus?

® Where does the saturation of gluon
densities set in?

® How does the nuclear environment
affect the distribution of quarks and
gluons and their interactions in nuclei?
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U.S. EIC Science Case and Measurements

In Q?

B 0sSSv+ |
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o

. ecky| £05
EIC 20250 -perturbative regio
I 1 uncertanties for 0y'<9 ‘ |
TP ST P VETRPRRP WP W 05 0 .0,5 In x
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U.S. EIC Capabilities

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

Eur. Phys. J. A52 (2016) no.9, 268 - 284 citations

® A collider to provide kinematic reach
well into the gluon dominated regime,

® Electron beams provide the unmatched

precision of the electromagnetic inter-
action as a probe,

® Polarized nucleon beams to determine
the correlations of sea quark and gluon
distributions with the nucleon spin,

® Heavy lon beams to access the gluon-
saturated regime and as a precise dial to
study propagation of color charges in
nuclear matter.

® Facility concepts (upgrades) at RHIC
and at Jefferson Laboratory.
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U.S. - Electron lon Collider

LONG RANGE PLAN
for NUCLEAR SCIENCE

Recommendation lli

Gluons, the carriers of the strong force, bind the quarks
together inside nucleons and nuclei and generate nearly
all of the visible mass in the universe. Despite their
importance, fundamental questions remain about the role
of gluons in nucleons and nuclei. These questions can
only be answered with a powerful new electron ion collider
(EIC), providing unprecedented precision and versatility.
The realization of this instrument is enabled by recent
advances in accelerator technology.

We recommend a high-energy high-luminosity
polarized EIC as the highest priority for new
facility construction following the completion of
FRIB.

The EIC will, for the first time, precisely image gluons in
nucleons and nuclei. It will definitively reveal the origin of
the nucleon spin and will explore a new quantum
chromodynamics (QCD) frontier of ultra-dense gluon
fields, with the potential to discover a new form of gluon
matter predicted to be common to all nuclei.

This science will be made possible by the EIC’s unique
capabilities for collisions of polarized electrons with
polarized protons, polarized light ions, and heavy nuclei at
high luminosity.
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April 2013

DIS at Possible QCD Developments
Marseille
AdS/CFT Breaking of Factorisation
Instantons Free Quarks
Odderons Unconfined Color
Non pQCD New kind of coloured matter
QGP Quark substructure
k
NLO New symmetry embedding QCD
Resummation

Non-conventional PDFs ...

QCD is the richest part of the Standard Model Gauge Field Theory and
will (have to) be developed much further, on its own and as background

Max Klein LHeC Workshop, January 2014



The future for experimental QCP can be broad and bright,

Let’s make it happen.



