
Motivation
Effective Field Theory

Numerical Results
Summary

Constraints on the s − s̄ asymmetry of the proton
in chiral effective theory

X.G. Wang
CSSM, The University of Adelaide

Collaborators: Chueng-Ryong Ji, W. Melnitchouk, Y. Salamu, A.W. Thomas,
P. Wang

Sep. 12, 2016

X. G. Wang Strange quark asymmetry



Motivation
Effective Field Theory

Numerical Results
Summary

Strange sea in nucleon

The nature of the quark-antiquark sea complements the
valence structure of the proton;

Strange contribution to the proton spin, electroweak form
factors
J. Ashman et al., Nucl. Phys. B 328 (1989) 1
R.D. Young et al., Phys. Rev. Lett. 97 (2006) 102002

Strange distribution from global fit to Deep Inelastic
Scattering (DIS) data, most of which assume s(x) = s̄(x)
MMHT14: L.A. Harland-Lang et al., EPJC 75 (2015) 204;
MRST, Eur. Phys. J. C 4 (1998) 463.
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Strange asymmetry

Perturbative contribution:

< x [s − s̄] >= −5× 10−4 (1)

S. Catani et al., Phys. Rev. Lett. 93 (2004) 152003

Non-perturbative contribution:

|p〉 = |p〉0 + |KΛ〉+ · · · (2)

Signal and Thomas, Phys. Lett. B 191 (1987) 205;
H. Holtmann, et al., Nucl. Phys. A 569 (1996) 631
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While the existence of s − s̄ is not surprising, the magnitude and
even the sign of the asymmetry has been far more difficult to
determine

Phenomenological analysis subjects to sizeable uncertainties,
because of various approximations made about nuclear
corrections and functional forms for the PDFs

〈x [s − s̄]〉 = (0± 2)× 10−3 , Q2 = 16 GeV2 (3)

W. Benz et al., Phys. Lett. B 693 (2010) 462

Model calculations also leads to fairly wide range predications

〈x [s − s̄]〉 = (−1to + 5)× 10−3 (4)

T.J. Hobbs et al., Phys. Rev. C 91 (2015) 035205
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More systematic approach is needed, which has direct
connection to the underlying QCD theory

Chiral effective theory is such an approach, which preserves
chiral symmetry, gauge invariance, and the model independent
leading nonanalytic (LNA) behavior
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Effective field theory

The (n − 1)th spin independent (SI) Mellin moments of the quark
distribution functions are defined as

〈xn−1〉Bq =

∫ 1

0
dxxn−1

(
qB(x) + (−1)nq̄B(x)

)
. (5)

The operator product expansion (OPE) allows these moments to
be related to the matrix elements of local twist-two operators Oq

by
〈N|Oq|N〉 = 2〈xn−1〉qp{µ1 . . . pµn} , (6)

where the operators are given by quark bilinears

Oµ1...µn
q = in−1q̄γ{µ1

←→
D µ2 . . .

←→
D µn}q , (7)

with
←→
D = 1

2

(−→
D −

←−
D
)

.
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In an effective field theory (EFT), these quark operators are
matched to hadronic operators with the same quantum numbers
Chen and Ji, Phys. Rev. Lett. 87 (2001) 152002.,

Oµ1...µn
q =

∞∑
j=1

c
(n)
q/jO

µ1...µn
j , (8)

where j labels different types of hadronic operators.

q(x) =
∑
j

(
fj ⊗ qvj

)
(x) ≡

∑
j

∫ 1

0
dy

∫ 1

0
dz δ(x − yz) fj(y) qvj (z)
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The PDFs qj(x) in the hadronic configuration j , is related to the

coefficients c
(n)
q/j through their moments∫ 1

−1
dx xn−1 qj(x) = c

(n)
q/j (9)

The hadronic N → j splitting functions fj(y) are related to the
nucleon matrix elements of the hadronic operators Oµ1···µn

j ,∫ 1

−1
yn−1fj(y) =

1

2(P+)n
〈N(p)|O+···+

j |N(p)〉 (10)

X. G. Wang Strange quark asymmetry



Motivation
Effective Field Theory

Numerical Results
Summary

Our work

In our work X.G. Wang et al., arXiv: 1602. 06646 [nucl-th]:

We construct hadronic operators in SU(3) case;

We calculate s and s̄ distributions within convolution model

We try to extract its correction to the NuTeV anomaly
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Building Block

Meson field:

U = u2 = exp(

√
2iφ

fP
) (11)

where

φ =


1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K 0

K− K̄ 0 − 2√
6
η
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Baryon field:

Bijk =
1√
6

(
εijk ′Bk ′

k + εikk ′Bk ′
j

)
, (12)

where

B =


1√
2

Σ0 + 1√
6

Λ Σ+ p

Σ− − 1√
2

Σ0 + 1√
6

Λ n

Ξ− Ξ0 − 2√
6

Λ

 . (13)
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Hadronic Operator

The local twist-two quark operators can be matched to hadronic
operators P.E. Shanahan et al., Phys. Rev. D 87 (2013) 114515

Oµ1···µn
q

= a(n)in
f 2
φ

4

{
Tr
[
U†λq+∂µ1 · · · ∂µnU

]
+ Tr

[
Uλq+∂µ1 · · · ∂µnU†

]}
+

[
α(n)(Bγµ1Bλq+) + β(n)(Bγµ1λq+B) + σ(n)(Bγµ1B)Tr[λq+]

]
pµ2 · ·pµn

+
[
ᾱ(n)(Bγµ1γ5Bλq−) + β̄(n)(Bγµ1γ5λ

q
−B)

+σ̄(n)(Bγµ1γ5B)Tr[λq−]
]
pµ2 · · · pµn

+ permutations− Tr
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Hadronic Operator

The local twist-two quark operators can be matched to hadronic
operators P.E. Shanahan et al., Phys. Rev. D 87 (2013) 114515

Oµ1···µn
q

= a(n)in
f 2
φ

4

{
Tr
[
U†λq+∂µ1 · · · ∂µnU

]
+ Tr

[
Uλq+∂µ1 · · · ∂µnU†

]}
+

[
α(n)(Bγµ1Bλq+) + β(n)(Bγµ1λq+B) + σ(n)(Bγµ1B)Tr[λq+]

]
pµ2 · ·pµn

+
[
ᾱ(n)(Bγµ1γ5Bλq−) + β̄(n)(Bγµ1γ5λ

q
−B)

+σ̄(n)(Bγµ1γ5B)Tr[λq−]
]
pµ2 · · · pµn

+ permutations− Tr
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(b)(a)

Figure: Loop contributions to the s̄ PDF from the (a) kaon rainbow and
(b) kaon bubble diagrams. The crosses ⊗ represent insertions of the
twist-2 operator.

s̄(x) =
(∑

KY

f
(rbw)
KY +

∑
K

f
(bub)
K

)
⊗ s̄K (14)
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(c)

(a) (b)

Figure: Loop contributions to the s PDF from the (a) hyperon rainbow,
(b) tadpole, and (c) Kroll-Ruderman diagrams.

s(x) =
∑
YK

(
f̄

(rbw)
YK ⊗ sY + f̄

(KR)
YK ⊗ s

(KR)
Y

)
+
∑
K

f̄
(tad)
K ⊗ s

(tad)
K
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Hyperon rainbow diagram

The relevant operator is:

Oµ1···µn
s ∼

(1

2
α(n) + σ(n)

)(
Λ̄γµ1Λ

)
pµ2 · · · pµn

sΛ(x) = 1
3

[
2u(x)− d(x)

]
Splitting function:

f
(rbw)
YK (y)

=
C 2
KY

f 2
P

∫
d4k

(2π)4
ū(p)/kγ5

i(/p − /k + MY )

DY
γ+ i(/p − /k + MY )

DY

×γ5/ku(p)
i

DK
δ(k+ − yp+)
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Using Dirac equation, we can get

f
(rb)
YK (y) = −i

C 2
KH

f 2
P

∫
d4k

(2π)4

[
A

DKD
2
Y

− B

DKDY
− 1

DK

]
δ

(
y − k+

p+

)
,

where

A = (M + MH)2
[
k2 − 2yp · k + 2yM(M −MY )− (M −MH)2

]
,

B = 2M(M + MY )y − 2(M2 −M2
Y ) .

f
(rb)
YK (y) =

C 2
KYM

2

(4πfP)2

[
f

(on)
Y (y) + f

(off)
Y (y)− f

(δ)
K (y)

]
, (15)
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By first integrating over k− using residue theorem,

f
(on)
Y (y) = y

∫
dk2
⊥
k2
⊥ + [MY − (1− y)M]2

(1− y)2D2
KY

F (on)(y , k2
⊥)

f
(off)
Y (y) =

2

M

∫
dk2
⊥

[MY − (1− y)M]

(1− y)DKY
F (off)(y , k2

⊥)

f
(δ)
K (y) =

1

M
2

∫
dk2
⊥ log ΩK δ(y)F (δ)(y , k2

⊥)

where

DKY ≡ −
1

1− y
[k2
⊥ + yM2

Y + (1− y)m2
K − y(1− y)M2] (16)

is the kaon virtuality for an on-shell hyperon intermediate state,
and ΩK = k2

⊥ + m2
K .
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Pauli-Villars Regularization

To regulate the on-shell and off-shell terms, we make the
following replacement,

1

DK
→ 1

DK
− 1

Dµ1

. (17)

where Dµ1 = k2 − µ2
1.

F on = 1−
D2
KY

D2
µ1

, F off = 1− DKY

Dµ1

(18)
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To regulate the δ-function term, we need to introduce two
subtraction terms to the kaon propagator,

1

DK
→ 1

DK
− a1

Dµ1

− a2

Dµ2

, (19)

where

a1 =
µ2

2 −m2
K

µ2
2 − µ2

1

, a2 = −
µ2

1 −m2
K

µ2
2 − µ2

1

. (20)

F δ = 1− a1Ωµ1 + a2Ωµ2

log ΩK
(21)

with Ωµi = k2
⊥ + µ2

i .

The only free parameters are the cutoffs µ1 and µ2.
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Net Strangeness

The rainbow and KR contributions satisfy

f
(rbw)
YK + f

(KR)
YK = f

(rbw)
KY . (22)

Finally, the tadpole contribution is related to the bubble term,

f
(tad)
K = f

(bub)
K . (23)

These two conditions guarantee that the net strangeness in the
nucleon is zero,

〈s − s̄〉 =

∫ 1

0
dx [s(x)− s̄(x)] = 0 . (24)
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Determination on µ1

The differential cross section for pp → ΛX with kaon-exchange is
given by H. Holtmann, et al., Nucl. Phys. A 569 (1996) 631,

E
d3σ(pp → ΛX )

d3p

=
g2

ΛNK

16π3

ȳ(1− ȳ)[k2
⊥ + (mΛ − ȳmN)2]F(on)(1− ȳ , k2

⊥)

[k2
⊥ − ȳ(1− ȳ)m2

N + (1− ȳ)m2
Λ + ȳm2

K ]2
σKptot(s(1− ȳ))

where ȳ = 1− y is the momentum fraction carried by hyperon.
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0.0
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E 
d3 σ

/d
3 p 

[m
b/

G
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2 ]

1-y

 best fit
         µ1=545 MeV

 2σ variation
         µ1=526 MeV

Figure: Differential cross section for the best fit to the pp → ΛX data in
the region y < 0.35 (solid curve), as a function of 1− y for
k⊥ = 75 MeV, and for a fit 2σ from the central values (dashed curve).
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Determination on µ2

For a fixed µ1, the allowed range for µ2 with the PV
regularization is

mK ≤ µ2 ≤ µmax
2 (25)

µmax
2 is fixed by requiring the calculated s + s̄ does not exceed

the errors on the total phenomenological PDFs

(s + s̄)loops ≤ (s + s̄)tot (26)

for any value of x .

(s + s̄)tot is taken from recent global fit
MMHT14: L.A. Harland-Lang et al., EPJC 75 (2015) 204;
NNPDF3.0: R.D. Ball et al., JHEP 04 (2015) 040.
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0.00
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x

 x(s+s)/2 MMHT14
 x(s+s)/2 NNPDF3.0
 xs
 xs

0.0

Figure: Comparison between the strange xs (solid red curve) and
antistrange xs̄ (dashed blue curve) PDFs from kaon loops, for the cutoff
parameters (µ1 = 545 MeV and µmax

2 = 600 MeV), with the global fits.

X. G. Wang Strange quark asymmetry



Motivation
Effective Field Theory

Numerical Results
Summary

The Second Moment

At Q2 = 1 GeV2,

µ1 = 545 MeV, mK ≤ µ2 ≤ 600 MeV:

µ1 = 526 MeV, mK ≤ µ2 ≤ 894 MeV:

Within these limits, the second moment

S− =

∫ 1

0
x [s(s)− s̄] dx (27)

lies in the range

−0.07× 10−3 ≤ S− ≤ 1.12× 10−3 (28)
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Asymmetric distribution function

0.2 0.4 0.6 0.8 1.0
-0.001

0.000

0.001

0.002

0.003

0.004

 

 

x(
s 

- s
)

x

 Q2 = 1 GeV2

 Q2 = 10 GeV2

Figure: Strange quark asymmetry x(s − s̄) at Q2 = 1 GeV2 (solid blue
curves) and evolved to Q2 = 10 GeV2 (dashed red curves).
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New features

The contributions from off-shell and δ-function

δ-function contribution to s̄ at x = 0:

s̄(x) ∼ δ(y)⊗ s̄K (x/y) ∼ δ(x) (29)

Valence like component of s quark PDF:

s(x) ∼ δ(1− y)⊗ sΛ(x/y) ∼ sΛ(x) (30)

For s − s̄, there may be no zero crossing at x > 0;
conservation of strangeness is ensured by the presence of the
nonzero contribution from the δ-function term
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NuTeV anomaly

Possible strange quark asymmetry is of great importance in
connection with its contribution to the NuTeV anomaly:

sin2 θW = 0.2277± 0.0013(stat)± 0.0009(syst) (31)

which is approximately 3σ deviation from the average
electroweak measurements:

sin2 θW = 0.2227± 0.0004 (32)

G.P. Zeller et al., Phys. Rev. Lett. 88 (2002) 091802
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The corrections ∆s2
W to s2

W arising from strange quark asymmetry
is given by G. P. Zeller et al., Phys. Rev. D 65 (2002) 111103(R),

∆s2
W |strange =

∫ 1

0
F [s2

W , s(x)− s̄(x); x ]s−(x)dx (33)

at Q2 = 10 GeV2, where

s−(x) = x
[
s(x)− s̄(x)

]
(34)
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Varying the µ1 and µ2 parameters over their maximally allowed
range, we find a correction, ∆(sin2 θW ), to the weak angle from
the strange asymmetry of

−7.7× 10−4 ≤ ∆(sin2 θW ) ≤ −6.7× 10−7 (35)
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Summary

We calculate the full set contributions to s − s̄ asymmetry
within effective field theory,

Our analysis reveals new contribution to s̄ PDF (proportional
to δ(x)), as well as small but nonzero valence-like component
of s PDF

Its effect on the NuTeV anomaly is extracted, which only
reduces the NuTeV anomaly by less than 0.5 σ.
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Thanks for your patience
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For each quark flavor q, we introduce

λ̄u =

 1
 , λ̄d =

 1

 , λ̄s =


1

 .

(36)
λq± is defined as

λq± =
1

2

(
uλ̄qu† ± u†λ̄qu

)
, (37)
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Expand the operators, we find

Oµ1···µn
u ∼

(5

6
α(n) +

1

3
β(n) + σ(n)

)(
p̄γµ1p

)
pµ2 · · · pµn

Oµ1···µn
d ∼

(1

6
α(n) +

2

3
β(n) + σ(n)

)(
p̄γµ1p

)
pµ2 · · · pµn

Oµ1···µn
s ∼ σ(n)

(
p̄γµ1p

)
pµ2 · · · pµn

Within convolution model, the coefficients are related to the PDFs
in bare proton,

5

6
α(n) +

1

3
β(n) + σ(n) =

∫ 1

−1
dx xn−1 u(x),

1

6
α(n) +

2

3
β(n) + σ(n) =

∫ 1

−1
dx xn−1 d(x),

σ(n) =

∫ 1

−1
dx xn−1 s(x)
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Solving the above equations, these coefficients can be obtained in
terms of the proton PDFs,

α(n) =

∫ 1

−1
dx xn−1

(4

3
u(x)− 2

3
d(x)

)
,

β(n) =

∫ 1

−1
dx xn−1

(
− 1

3
u(x) +

5

3
d(x)

)
σ(n) = 0
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Interaction Lagrangian

The lowest order effective chiral Lagrangian of pseudoscalar and
octet baryons, consistent with chiral symmetry, can be written as

L = i〈B̄γµ[Dµ,B]〉 − 1

2
D〈B̄γµγ5{uµ,B}〉 −

1

2
F 〈B̄γµγ5[uµ,B]〉 ,

where
uµ = i

(
u†∂µu − u∂µu

†
)
. (38)
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kaon rainbow diagram

Splitting function:

f
(rbw)
KY (y) =

C 2
KYM

2

(4πfP)2

[
f

(on)
Y (y) + f

(δ)
K (y)

]
, (39)

Valence PDFs of kaon:

s̄K+ = s̄K0 = d̄π+ . (40)

d̄π+ is taken from the recent fit by Aicher et al., Phys. Rev.
Lett. 105 (2010) 252003.
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hyperon tadpole diagram

Splitting function:

f
(tad)
K+ = 2f

(tad)
K0 = − M

2

(4πfP)2
f

(δ)
K (41)

For the strange PDF at the ppKK vertex of the tadpole
diagram, one has

s
(tad)
K+ = u/2 , s

(tad)
K0 = d . (42)

MRST, Eur. Phys. J. C 4 (1998) 463.
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Kroll-Ruderman diagram

Splitting function:

f
(KR)
YK (y) =

C 2
KYM

2

(4πfP)2

[
−f (off)

Y (y) + 2f
(δ)
K (y)

]
, (43)

For the KR diagrams, the strange PDFs at the KNY vertex
can be related to the spin-dependent PDFs in the proton,

s
(KR)
Λ = (2∆u −∆d)/(3F + D) ,

s
(KR)
Σ+ = s

(KR)
Σ0 = ∆d/(F − D) , (44)

E. Leader et al., Phys. Rev. D 82 (2010) 114018.
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