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Outline

Tagged neutron DIS — implications for pion models
and pion PDF extraction

Outlook

Strange quarks and hyperon production

d̄� ūMotivation:            asymmetry

PDF constraints from chiral symmetry in QCD / chiral EFT



Light quark sea
From text-books:  perturbative QCD expected to generate
symmetric      sea via gluon radiation into      pairsqq̄ qq̄

(Almost) from text-books:  Thomas suggested that chiral symmetry
of QCD (“low energy”) should have consequences for antiquark PDFs
in the nucleon (“high energy”)
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Light quark sea
First clear experimental support for           came from measurement
of Gottfried sum observed by NMC
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violation of  “Gottfried sum rule”!

Sullivan process —
DIS from pion cloud
of the nucleon



Light quark sea
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x dependence of           asymmetry established in Fermilab 
E866 pp/pd  Drell-Yan experiment
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strong enhancement of     at x ~ 0.1 – 0.2d̄

intriguing behavior at large x hinting at possible
sign change of d̄� ū



Light quark sea
General agreement with pion loop models 
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shape qualitatively reproduced by
most models (except at high x),
— but is there a direct connection
     with QCD?
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Chiral effective field theory
Rigorous connection with QCD established via chiral EFT

L�N =
gA
2f�

⌅̄N�µ�5 ⌃⇤ · ⇧µ⌃⇥ ⌅N � 1

(2f�)2
⌅̄N�µ ⌃⇤ · (⌃⇥ ⇥ ⇧µ⌃⇥)⌅NLe↵

Weinberg (1967)

lowest order       interaction includes
pion rainbow and tadpole contributions
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Splitting functions for various diagrams computed in chiral theory
e.g. pion rainbow diagram
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coefficients of leading nonanalytic (LNA) terms,
reflecting infrared behavior,  are model-independent!

Thomas, WM, Steffens (2000)

Detmold et al. (2001)

Expand moments of PDFs (splitting functions) in powers of m⇡

QCD therefore predicts a nonzero asymmetry from     loops⇡

m2
⇡(GeV2)

Extraction of parton distributions from lattice QCD 5
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Fig. 1. Moments of the unpolarized u − d distribution in the proton, for n = 1, 2 and 3. Lattice
data10 include both quenched (solid symbols) and unquenched (open symbols) results. The solid
line represents the full chiral extrapolation, while the inner (darkly shaded) error band shows
variation of µ by ± 20%, with the outer band (lightly shaded) showing the additional effects of
shifting the lattice data within the extent of their error bars. Linear extrapolations are indicated
by dashed lines, and the phenomenological values20 are shown as large stars at the physical pion
mass.

bn is simply bnm2
π) and bn is a third fitting parameter,7 are indistinguishable from

those in Fig. 1.
Note that the majority of the data points (filled symbols) are obtained from

simulations employing the quenched approximation (in which background quark
loops are neglected) whereas Eq. (4) is based on full QCD with quark loop effects
included. On the other hand, recent calculations with dynamical quarks suggest that
at the relatively large pion masses (mπ > 0.5–0.6 GeV) where the full simulations
are currently performed, the effects of quark loops are largely suppressed, as the data
in Fig. 1 (small open symbols) indicate. Further details of the lattice data,2,3,4,5

and a more extensive discussion of the fit parameters, can be found elsewhere.10

A similar analysis leads to analogous lowest order LNA parameterizations of the
mass dependence of the spin-dependent moments17
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Fig. 1. Moments of the unpolarized u − d distribution in the proton, for n = 1, 2 and 3. Lattice
data10 include both quenched (solid symbols) and unquenched (open symbols) results. The solid
line represents the full chiral extrapolation, while the inner (darkly shaded) error band shows
variation of µ by ± 20%, with the outer band (lightly shaded) showing the additional effects of
shifting the lattice data within the extent of their error bars. Linear extrapolations are indicated
by dashed lines, and the phenomenological values20 are shown as large stars at the physical pion
mass.

bn is simply bnm2
π) and bn is a third fitting parameter,7 are indistinguishable from

those in Fig. 1.
Note that the majority of the data points (filled symbols) are obtained from

simulations employing the quenched approximation (in which background quark
loops are neglected) whereas Eq. (4) is based on full QCD with quark loop effects
included. On the other hand, recent calculations with dynamical quarks suggest that
at the relatively large pion masses (mπ > 0.5–0.6 GeV) where the full simulations
are currently performed, the effects of quark loops are largely suppressed, as the data
in Fig. 1 (small open symbols) indicate. Further details of the lattice data,2,3,4,5

and a more extensive discussion of the fit parameters, can be found elsewhere.10

A similar analysis leads to analogous lowest order LNA parameterizations of the
mass dependence of the spin-dependent moments17
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Expand moments of PDFs in powers of m⇡

QCD therefore predicts a nonzero asymmetry from     loops⇡

Bali et al. (2014)
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For point-like nucleons and pions, integrals divergent

finite size of nucleon provides natural regularization scale
(but does not prescribe form of regularization)
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Leading neutron production at HERA

ZEUS
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Leading neutron production at HERA



At large y, non-pionic mechanisms contribute
(e.g. heavier mesons, absorption)
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Fit requires higher momentum pions with increasing ycut

values from fit to E866 data only
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Combined fit to HERA LN and E866 Drell-Yan data
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Extracted pion structure function

stable values of      at                           from combined fitF⇡
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Predictions at TDIS kinematics
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but significant uncertainty from nuclear corrections,
semileptonic branching ratio uncertainty

tension with HERMES semi-inclusive K-production data?
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Strange quarks
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Y K + f (KR)

Y K = f (rbw)
KY

f (tad)
K + f (bub)

K = 0

Chiral SU(3) effective theory analysis suggests natural mechanism
for generating strange asymmetry
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Strange quarks
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Y K ⌦ sY + f̄ (KR) ⌦ s(KR)

Y

⌘
+ f̄ (tad)

K ⌦ s(tad)K

s̄ =
⇣
f (rbw)
KY + f (bub)

K

⌘
⌦ s̄K

Convolution representation

X. Wang et al.
PRD94, 094035 (2016)

⇠ �u,�d ⇠ u, df̄(y) ⌘ f(1� y)

KY splitting functions regularized using Pauli-Villars regularization

  -function term requires 2 subtractions (parameters          )� µ1, µ2

since                        , tadpole term generates valence-like
strange-quark PDF

f (tad)
K (y) ⇠ �(y)

⇠ s

(tad)
K (x)



Strange quarks
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Strange quarks
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Gives rise to small but (mostly) positive            distributions� s̄

x-weighted difference S� = (0.4� 1.1)⇥ 10�3



Outlook

Eagerly await final SeaQuest data!

settle question of sign change in           at high xd̄� ū

Combine  “leading neutron” analysis with        Drell-Yan data
to constrain pion PDFs at low and high x

⇡N

Compare chiral SU(3) predictions for          asymmetry
with future lattice and experimental (SIDIS?) data

s� s̄

talk by Nobuo Sato


