
FLAVOR SEPARATION 
USING W PRODUCTION
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Since W production is 
maximally parity violating 
à W’s couple only to one 
parton helicity
large Δu and Δd result in
large asymmetries.
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RECENT RESULTS 
FROM RHIC

Physics of Nucleon Parton Structures 

• How hadrons formed and interact at fundamental level
• Space and momentum distributions of quarks and gluons
• Scale Q2 QCD evolution etc.
• Parton correlations, spin degree of freedom etc.

• Tools
• Lepton probes – DIS

• HERMIES, COMPASS, HERA, EIC…
• Hadron probes – proton, pion/Kaon beams

• RHIC, Fermilab, CERN, NIKA …
• Lattice QCD, pQCD …  
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DIS

Study Nucleon Structures in Hadronic Collisions 
Very complex p-p collisions could be simplified for hard-scattering processes, pQCD applicable

� ⇠ f(x1)⌦ f(x2)�̂
x1+x2!h1+h2+X
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Selected Recent Highlights

•Proton spin puzzle 
• RHIC –PHENIX, STAR
“Longitudinal spin phenomena”

• Transvers spin challenge
• RHIC/PHENIX, STAR
• CERN/COMPASS
• Fermilab/SeaQuest

“Transverse spin phenomena”
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19𝑊-Boson Production in 𝑝 + 𝑝
𝑝 + 𝑝 → 𝑊± → 𝑒± + 𝜈

• Requires full reconstruction of 𝑊± kinematics
• Missing transverse momentum from recoil

𝑃𝑇𝑊 = 𝑃𝑇𝑒 + 𝑃𝑇𝜈 = 𝑃𝑇𝑟𝑒𝑐𝑜𝑖𝑙

Phys. Rev. Lett. 116, 132301 (2016)
Comparison with Phys. Rev. Lett. 103, 172001

Sea�est Spectrometer
Targets: LH2, LD2, C, Fe, W

Hadron Absorbers (stop beam,
muon identification)

Magnets (focussing, momentum
determination)
4 tracking stations, consist of

� Hodoscopes
� Dri� Chambers (St. 1-3) or
Prop. Tubes (St. 4)

Mass distribution fi�ed with estimated
components

Well fi�ed:
Detectors & tracking tool work as expected

Drell–Yan can be selected with
mass > 4.2 GeV/c2
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SeaQuest

Marcia Quaresma, Wed.

Itaru Nakagawa, Fri. Ken Barish, Fri.

Kei Nagai & 
Yoshiyuki Miyachi, Wed.

Alexey Guskov, Fri.

First Hints of Non-zero Gluon Polarization from RHIC
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PRL 113, 012001 (2014), DSSV

p+p@200GeV

STAR: PRL 115, 092002 (2015)

PHENIX: PRD 90, 012007 (2014)

I. Nakagawa;
K. Barish’s talks

Jet

pi0
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Near Future: Projected Gluon Polarization Measurements 
• Favors positive gluon polarization

• PHENIX/STAR data:
• 62-510GeV !0 ALL

• 200/510GeV (di)jets ALL

• and more … 

• EIC future, 2027+ 
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“RHIC Cold QCD Plan for 2017-2023”, arXiv:1602.03922

NNPDF: PRL 115, 092002 (2015)

First Measurements of Flavor Identified Sea-Quark Polarization
RHIC has unique access to flavor identified sea-quarks via real W+/-
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STAR: PRL 113, 072301 (2014)

arXiv:1406.7122
Sea quarks Valence quarks



RECENT RESULTS 
FROM COMPASS
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proton deuteron
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1 Qxg
QLogd
gd

D-v

QCD fits- World data on g1
p and g1

d DIS

PLB753 (2016) 18

Æ g1 (x,Q2) as input to global QCD fits
for extraction of Dqf(x) and Dg(x)

Polarized Deep Inelastic Scattering 
Î Nucleon spin structure functions g1

However x and Q2 coverage not yet sufficient for precise Dg
Would need to use constraint from pp data (as DSSV, NNPDF…)



RECENT RESULTS 
FROM COMPASS
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NLO pQCD fit to g1 DIS world data

Still large uncertainty coming from the bad knowledge of functional forms.
Result in fair agreement with other NLO global fits

DG not well constrained using DIS only
Obtain solutions with DG>0 and DG<0
Solution with DG>0 agrees with result 
from DSSV++ which uses RHIC pp data 

−𝟎. 𝟒𝟓 ≤ 𝜟𝑫 ≤ −𝟎. 𝟒𝟐 −𝟎. 𝟏𝟏 ≤ 𝜟𝑺 ≤ −𝟎. 𝟎𝟖

• Assume functional forms for DS, DG and DqNS

• Use DGLAP equations, relating DS, DG evolutions . 
• Fit g1

p, g1
d, g1

n DIS world data. (SU3)

• Extract 

Du Dd Ds

DS
DG

COMPASS, PLB 753 (2016) 18

DS DG
Quarks Gluons

10-3      10-2 10-1         x 10-3      10-2 10-1            x

𝟎. 𝟖𝟐 ≤ 𝜟𝑼 ≤ 𝟎. 𝟖𝟓

DS= 0.31 (5)  at Q2=3 (GeV/c)2

Example: NLO fit to g1 world data

DS well constrained in valence region
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Quark helicities from semi-inclusive DIS

o HERMES
PRD71(2005)012003

• COMPASS
PLB693(2010)227, using DSS-07  FFs

__ DSSV at NLO   

𝒍→𝒑→ → 𝒍 𝒉+/− X Outgoing hadron tags quark flavor
(via quark fragmentation functions)

Q2=3 (GeV/c)2

Flavour separation of quark helicities:

NB: The SIDIS extraction uses input of quark Fragmentation Functions,
not that well determined yet.

• Full flavour separation Æ x~0.004
• Sea quark distributions ~ zero
• Good agreement with global fits

du

u

s



WHAT’S MISSING?
Ø Du/u and Dd/d at high x still poorly constrained
Ø What is happening with the strange sea polarization? 

>0? =0? <0? Zero crossing? (Tension DIS – SIDIS)
Ø Is the sea polarization isospin-symmetric? (note: we 

already know          )
Ø Gluon helicity distribution at large x and a small x? What 

is the integral DG?
Ø What happens at really small x << 0.01?
Ø … and where is the rest of the nucleon spin? (only 30-40% 

explained by quark helicities)

⇒ Orbital angular momentum of quarks, total angular 
momentum carried by gluons…

u ≠ d



BEYOND THE 1-D 
PICTURE
What would we LIKE to observe?

Traditional “1-D” Parton 
Distributions (PDFs) 
(inclusive, integrated over 
many variables) 

q(x,h ⋅H;Q2 )

h = ±1

s


k⊥

k

3-D Picture of parton flavor, 
spin and momentum (TMDs)

q(H,

S⊥, x,


k⊥,,h,

s⊥;Q
2 )

q(

S, x, r⊥,,

s;Q2 )

3-D parton orbits (GPDs)



BEYOND INCLUSIVE:
What CAN we observe?

Example: TMDs
Ø Have 2 pseudoscalars (h, H), 2 vectors          and 2 axial vectors
Ø Observables depend on x (and Q2) and must be scalars!
Ø 3 possibilities without     :

• 1 (ordinary PDFs ⇒ unpolarized structure function F1)
• H.h (helicity PDFs ⇒ spin structure function g1)
• (transversity PDFs/structure function h1)

Ø 4 possibilities linear in    :
• ,                (“Worm gear” PDFs g1T, h1L

⊥)
• ,                (Sivers, Boer-Mulders PDFs f1T

⊥, h1
⊥)

Ø Further possibilities quadratic in     :
• “Pretzelosity” h1T

⊥

• (k⊥)2 moments of the first three!

(ẑ,
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Preferably all sorted by quark flavor and for gluons, as well!



TOWARDS A 
COMPLETE PICTURE:
HOW can we access it?

Electroweak Probe to “see” partons…

DIS ⇒
F1, g1

DVCS 
⇒ GPDs

g*, Z q g* gq

…+ extra hadrons to access all observables:

PhT

SIDISDrell-Yan

π

Hadron Production

W

(1D only, no flavor tagging)

W production


