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Large x (x > 0.1) -> Large PDF Uncertainties

u(x) d(x)

d(x) g(x)



CTEQ6X Collaboration and Goals
A. Accardi, E. Christy, C. Keppel, W. Melnitchouk, P. Monaghan, J.

Morfín, J. Owens

CTEQ, Hampton, JLab

Accardi et al, CTEQ6X, Phys. Rev. D81:034016 (2010)
Initial Goals:

 Extend CTEQ PDF global fit to larger values of x and lower
values of Q

 Incorporate data from older SLAC and newer JLab, Drell-
Yan, jets, gamma+jet

 See if PDF errors can be reduced using new data
BUT:

 Cuts are in “safe” region for issues such as higher twist,
target mass - now need to take these into account

 Will also need deuteron nuclear corrections



Target Mass Corrections - Target Mass Corrections - There are options!There are options!
A Review of Target Mass Corrections, Ingo Schienbein et al., J.Phys.G 35:053101 (2008)

Nachtmann variable     ξ = 2x[1 + (1 + 4M2x2/Q2)1/2]
Standard Georgi-Politzer (OPE) 
[Georgi, Politzer 1976; see review by Schienbein et al. 2007]

leads to non-zero structure functions at xB>1 (!)

Collinear Factorization
[Accardi, Qiu, JHEP  2008; Accardi, Melnitchouk 2008]
Structure fns as convolutions of parton level structure fns and PDF

respects kinematic boundaries
Naïve CF, uses xmax= 1
[Aivazis et al '94; Kretzer,Reno '02]

leads to non-zero structure functions at xB>0 (!)
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Target mass corrections – F2 at NLO

MRST2002 MRST2002

Accardi, Qiu JHEP '08

Crucial at low Q2, large x

Crucial even at high Q2 at high x - not taken into account in
current pdf analyses



Higher-Twist Parameterization

Parameterize the higher-twist contributions by a multiplicative
factor:
F2(data) = F2(TMC) (1+C(x)/Q2)
C(x) = a xb (1 + cx)

SIMPLE parametrization is sufficiently flexible to give good fits
to data (except when no TMCs are included)

C(x) includes dynamical higher twist, TMC model uncertainty
(jet mass corrections), NNLO (power-like at small Q)F2(data) = F2(TM C)£

µ
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Deuteron Nuclear CorrectionsDeuteron Nuclear Corrections
Nucleon Smearing Model, Fermi motion and binding energy [Kahn et al.,

arXiv:0809.4308; Accardi et al., in preparation]

Important to go beyond Bjorken limit, allows finite-Q2 corrections, can
include off-shell corrections in SA

LEFT Deuteron to nucleon structure function ratio, using CTEQ6.1 nucleon PDFs and various
smearing functions

RIGHT The same, relative to that for the Paris wave functions. The effects are of the order of
5% at x ~ 0.8.
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Global FittingGlobal Fitting
We are using Jeff Owens' (CTEQ) NLO DGLAP

fitting package
• Fit DIS (including SLAC and JLab!) proton

and deuteron, E866 Drell-Yan, CDF, D0 W
lepton asymmetry, jets (and D0 γ+jet)

• First, compare “Reference Fit” to CTEQ6.1
parameterization of PDFs at Q2=1.69 GeV2

 u-quark suppression, d-quark enhancement -
mainly due to E866 DY and SLAC DIS data

• Next: Systematically reduce Q, W (x) cuts:
• Multiple TMC terms, Higher-twist contributions

by a multiplicative factor
• Nuclear corrections for deuteron targets

added - no such things as a safe cut above
x~0.5!

• PDF errors computed by the Hessian method,
with Δχ2=1



Results - higher twist
        Extracted higher-twist term depends on the type of TMC used

Q2 > 1.69 GeV2 and W2 > 3 GeV2   (referred to as “cut03”)
lower cuts ⇒ xB < 0.85 compared to xB < 0.65 in CTEQ/MRST
curves have small errors on HT coefficients a, b, and c



Results - Good News!
Extracted twist-2 PDF nearly insensitive to choice of TMC!

fitted HT function compensates the TMC
except when no TMC is included

Largest effect on d-quark

Q2 > 1.69 GeV2, W2 > 3 GeV2

(referred to as 'cut03')

plots relative to fit with
Q2 > 4 GeV2, W2 > 12.25 GeV2

(“cut00” ≡ CTEQ6.1 cuts)
no TMC, no HT, no nuclear

correction



General ResultsGeneral Results

 Lower d (and u) at large x

 Slightly higher d in “moderate” x region

 Reduced experimental uncertainties at large x



L/T separations may also be important….
 1)  F2 is sometimes referred to as the “transverse” SF.

 2)  F2 can’t be obtained precisely independent of R and L/T 
separations

 3) CTEQ6X moving to use cross sections and consistent L/T 
analysis

  In fact F2 ∼  σ L + σ T

  Except at ε = 1 or Q2 large,  F2 extracted from cross
sections requires knowledge of R.
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Just an example, R = 0.2 or 0.0…?...
At WAt W22 = 4 = 4
GeVGeV22 and Q2 and Q2
< 1 GeV< 1 GeV22, F, F22
will vary bywill vary by
15%15%
depending ondepending on
the choice ofthe choice of
R = 0 or R =R = 0 or R =
0.2. At0.2. At
higher Qhigher Q22

(x), this can this can
be as muchbe as much
as as 20%.20%.



“Further progress in the determination of the
behavior of the large-x PDFs and the d/u ratio
requires either a better understanding of the
nuclear corrections or the use of data obtained
using free nucleons in the initial state.”

SO…..now including BONUS data…..

“CTEQ6X” Study to Optimize Large x Region - In Sum

• Relax W, Q cuts to allow
for expanded data set
(SLAC, JLab, Drell-Yan,
W asymmetry,….)

• W2 > 12.25 GeV2, Q2 > 4
GeV2 down to W2 > 3
GeV2, Q2 > 1.69 GeV2

• Consider target mass
corrections, higher twist,
and nuclear corrections
(more to come)

• Dotted lines indicate
regions unconstrained by
data.



d/u at large x - Textbook Physics
Quark-Parton Model
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(sea quark
dominance,

approaches 1)

BUT…….



Same “textbook” data as previous page!
0.2 < F2

n/F2
p < 0.8   ?!

….the data are from proton and deuteron scattering

Neutron structure
typically derived from
deuterium target by
subtracting proton

Large uncertainty in
unfolding nuclear
effects (Fermi motion,
off-shell effects,
deuteron wave function,
coherent scattering,
final state interactions,
nucleon structure
modification
(“EMC”effect)……………..
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01/4Valence Quark

1/22/3SU(6)
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pNucleon Model

Proton Wavefunction (Spin and Flavor Symmetric)
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p is fundamental to understanding the
proton structure



Predictions for d/u at large xBj

1/53/7pQCD
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u, d same shape u = 2d

SU(6) spin-flavor
symmetry:

The mass difference
between N and Δ implies

symmetry breaking



Predictions for d/u at large xBj

1/53/7pQCD
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SU(6) symmetry broken - scalar valence
diquark, u dominance

 S=0 diquark dominance
−d/u=(0)/(1/2)=0
−Hyperfine-perturbed quark model
(Isgur at al.) with one-gluon-
exchange; MIT bag model with gluon
exchange (Close & Thomas );
Phenomenological quark-diquark
(Close) and Regge (Carlitz)
arguments



Predictions for d/u at large xBj

1/53/7pQCD
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Sz = 0, di-quark dominance, spin
projection is zero

− d/u=(1/9)/(1/2+1/18)=1/5
− pQCD  with helicity
conservation (Farrar and
Jackson); quark counting rules
(Brodsky et al.)

[There are even more predictions…]



- Conflicting fundamental theory pictures
- Data hindered by lack of free neutron target

Review Articles :
Isgur, Phys. Rev. D59, 34013 (1999)
Brodsky et al., Nucl. Phys. B441, 197 (1995)
Melnitchouk and Thomas, Phys. Lett. B377, 11 (1996)

No help available from (or for) global fits,
either….

F2
n/F2

p (and, hence, d/u) is essentially unknown at
large x:



The Spectator Tagging Approach: An Effective
Free Neutron Target from Deuterium….

e-

?

n
p

e-

“spectator” proton
before collision

after e-n collision
p

d

standard DIS
event - from a
neutron target!

L.L. Frankfurt and M.I. Strikman, Phys. Rep. 76, 217 (1981)

C. Ciofi degli Atti and S. Simula, Phys. Lett. B319, 23 (1993); Few-Body Systems
18, 55 (1995)

S. Simula, Phys. Lett. B387, 245 (1996); Few-Body Systems Suppl. 9, 466 (1995)

W. Melnitchouk, M. Sargsian and M.I. Strikman, Z. Phys. A359, 99 (1997)



Need “VIPs” (Very Important Protons)

Deuteron ~ free proton + free
neutron only at small nucleon
momenta

plot from W. Melnitchouk

Rn = ratio free/bound neutron



n

e
p

Detect very
important low
momentum
protons. If the
proton is also
going
backwards in
the lab frame it
is far more
likely to be
only a
spectator.

n

e

p<− ambiguous −>

Need Low Momentum AND Large Angle

Backward angle
Spectator proton = 
Neutron target

e-

e-

e

p

n

from C. Ciofi degli Atti



BONUS (at 6 GeV) Analysis

The spectator proton’s four momentum: pn
µ = -(Es – MD, pps)

Light-cone momentum fraction: αs = (Es – ps
z)/M
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Preliminary
Results

BONUS actually measures
(n/d)*(d/p)

(RTPC tagged / untagged)
* (precision data on d/p
ratios at same kinematics
(Hall C))

Pspectator< 100 MeV/c,

θspectator < 90

Normalized to CTEQ6X at
x = 0.2

Bosted model curve



12 GeV JLab running approved

Projected BONUSProjected BONUS
uncertaintiesuncertainties
statistical +statistical +
systematicsystematic



Other Approaches

Constraints on large-x d-quarks from
HERMES tagged structure functions (currently in analysis)
 (m)EIC

 Tagged structure functions in e-d collider
   DIS from DIS from mirror nuclei 3H/3He
 p+pbar : 

 DY at large xF

 p+p :
 W-asymmetries at large rapidity

 ν+p and ν-bar+p :

 WA21 already has data
(but need to reconstruct cross-sections from
published “quark distributions”... very hard)

 MINERνA with a hydrogen target



d/u with hydrogen target at FNAL

~2 m3

     H2

ν

High Energy beamHigh Energy beam

Medium Energy Flux

High Energy Flux

Fill with Liquid Hydrogen

Assuming 4x1020 POT/year,
Statistics only, but including:
  1) MINERvA acceptance
  2) Background subtraction from
      empty target running



Sensitivity to charge symmetry violationsSensitivity to charge symmetry violations

If dn = up then (u/d)p from F2n/F2p  BoNuS 11 GeV will be incorrect.  

CSV(F2n/F2p) =

From BoNuS From MINERnA

Looked at another way, this 
provides sensitivity to CSVs. 

Data sensitivity likely to be better 
by including in PDF fit. 



ELIC Figure-8 Ion Ring – Arc Optics 60 GeV

Arc outwardArc inward Straight

660.80
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 10.6 Tm: 30 GeV/nucleon beam bends 106.0 mr

- corresponds to a primary beam bend of 21.2 cm
at 1 m after the dipole exit

-1.0% (300 MeV/c) bends 107.07 mr, or 21.4 cm,
(too) close to 21.2 cm!

 Try after 4 dipoles, 2 m long with 1 m between,
now a separation of (11 + 8 + 5 + 2) * 0.2 cm =
5.2 cm (or 1.7 cm for 0.33%, 100 MeV/c, and 3.4
cm for 0.67%, 200 MeV/c)

 Could go further (halfway) into the arc

 Roman pots (photos at CDF (top), LHC
(bottom),……) ~1mm from beam achieve proton
detection with < 100µ resolution

 Proton tagging concept needs work, but looks
doable!

 Neutrons more difficult - needs some thought

Proton Tagging



proton
deuteron - much less
information available

Projected Results I - F2 Structure Function Phase Space
(plots from A. Accardi)

MEIC will probe lower x in the shadowing
region, and higher Q2 at large x.



• Ee = 4 GeV, Ep = 60 GeV
(s = 1000)
- larger s (~4000 MeRHIC,
or ~2500 MEIC) would cost
luminosity

• Somewhat smaller
Q2 reach and large
luminosity is better choice at
large x, σ ~ (1-x)3

• Luminosity ~ 3 x 1034 for
MEIC (possible 1033 for
MeRHIC)

• 0.004 < y < 0.8

• One year of running (26
weeks) at 50% efficiency, or
230 fb-1

Projected Results IIa - F2
p Structure Function (from CTEQ6X pdfs)

statistical errors only on projected results



statistical errors only on projected results

Projected Results IIb - F2
d Structure Function

• Ee = 8 GeV, EN = 30 GeV
(s = 1000) luminosity ~ 3.5
x 1033 for MEIC (scales with
synchrotron limit)

• Smaller neutron structure
function, reduced
luminosity, lose about a
factor of 10 in rate.

• One year of running (26
weeks) at 50% efficiency, or
35 fb-1

• Can tag spectator proton,
measure neutron,
concurrently



Projected Results IIIa - F2
p Structure Function Relative Uncertainty

proton

Solid lines are
statistical errors, dotted
lines are stat+syst in
quadrature

For MeRHIC the
luminosity is probably
down by a factor of ~10,
so these error bars will go
up ~50%

Huge improvement in Q2

coverage and uncertainty

Will, for instance,
greatly aid global pdf
fitting efforts



Projected Results IIIb - F2
d Structure Function Relative Uncertainty

Even with a factor 10 less
statistics for the deuteron
the improvement
compared to NMC is
impressive

EIC will have excellent
kinematics to measure
n/p at large x!

And, there’s more
physics to do as well……



F2
p – F2

n yields non-singlet
distribution

••    Nucleon structure composed of singlet
(gluons, sea) and non-singlet (valence)
distributions
•  At moderate x (~0.3), singlet comparable
to non-singlet
•  Large uncertainties on singlet distribution
- - in structure function measurements,
comes from (small) scaling violations in F2

• Q2 evolution is simpler for the non-singlet
(reduced number of splitting functions)
• Assuming a charge-symmetric sea, p-n
isolates the non-singlet
• Such measurements provide a direct
handle on the quark structure of the
nucleon
• Also, need to pin down non-singlet (p-n) to
extract singlet (complementary to FL )



Longitudinal Structure Function FL: Highly sensitive to gluon distributions!
• Experimentally can be determined directly IF VARIABLE ENERGIES!

+ 12-GeV data
+ HERA data 

      EIC alone

FL at EIC: Measuring the Glue Directly

 EIC offers complementary
measurements of the Gluon
distribution G(x,Q2):
• inelastic vector meson
production (e.g. J/ψ)
• diffractive vector meson
production ~ [G(x,Q2)]2

 Revolutionary access to
transverse imaging of gluons

known

FL slides courtesy of R. Ent



Gluons in Nuclei

             NOTHING!!!
• Large uncertainty in gluon distributions
• need range of Q2 in shadowing region,

 x ~ 10-2-10-3    sEIC = 1000+

+ Transverse distribution of gluons on nuclei
from coherent Deep-Virtual Compton
Scattering and coherent J/Ψ production

• What do we know about
     gluons in a nucleus?

[Measurements at DESY of diffractive channels  (J/ψ, φ, ρ,
γ) confirmed the applicability of QCD factorization:
t-slopes universal at high Q2 & flavor relations φ:ρ hold]

Gluon radius 
of a nucleus?

Ratio of gluons in lead to deuterium
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Systematic in FL Measurements
Estimated (1% absolute normalization from luminosity

measurements – will be difficult) Systematic
errors are for the self-generated
set of measurements at EIC

Ldt = 5/A fb-1  (10+100) GeV
= 5/A fb-1  (10+50) GeV
= 2/A fb-1  (5+50) GeV

Errors blow up where NMC +
JLAB upgrade data will kick in

Also: possibility to run EIC at
lower energies to easily
overcome large sys. errors



F2
p – F2

n may help determine αS
• The strong coupling constant is the least well measured of the fundamental

constants of nature

• Extracting αS from DIS (HERA, BCDMS, NMC,….):
• αS very small for BCDMS, but NMC requires higher twist correction to

minimize dependence of αS on minimum Q2 used
• Want high x region at moderate Q2, wide range of x, Q2 to test lnQ2

evolution
• Evolution of F2

p - F2
n is independent of the gluon distribution, provides

determination of αS free of xg shape (a problem in F2
p analyses)

1.7 x 10-20.1176(20)Strong coupling constant αS

1.5 x 10-36.67428(67) x 10-11m3kg-1s-2Gravitational constant GN

4.8 x 10-480.398(25) GeVW boson mass

2.3 x 10-591.1876(21) GeVZ boson mass

Fermi constant GF

Fine structure constant α

Coupling Constant or Mass

1.16639(1) GeV-2

1/137.035999679(94)

Value

8.6 x 10-6

3.7 x 10-9

Relative Experimental
Error (ppb x 10-9)

Particle Data Group, 2007



Other physics to do….

Diffraction

And that’s not all! Pion
structure function, nuclear
shadowing in deuterium,
charged-current cross
sections, higher Z
targets……..!!!!!!………


