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There was a time when nucleon sea was
nice and simple......

Flavor structure of the proton sea
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From Frank

Close(’1$9t7e;<;ﬁbook = ﬁ(x) — d (X) — §(x) — S(X)
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SU(3) symmetric sea

at the small-x region

Actually, the nucleon sea is full of surprises -



Flavor structure of the parton
distributions in the proton
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Questions
o Is u(x)=d(x)?
o [s s(x)=u(x)?
o [s s(x)=s5(x)?
o Is u, (x)= Jn(x)?
° Is ug,, (x)=u(x)?
o Is u,(x)=d, (x)?



Outline

- Concept of “intrinsic” sea versus
“extrinsic” sea in hadrons

o Extraction of “intrinsic” u, d, and s sea in
the nucleons

» Separation of “connected sea” from
“disconnected sea” for light-quark sea

o | atest result on the “intrinsic” u, d
distribution at large x

Based on work in collaboration with Wen-Chen Chang
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Search for the “intrinsic” quark sea

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)
suggested the existence of “intrinsic” charm

| p) = P, | uud) + P, |uudQQ> Loeenn,
The "intrinsic"-charm from |uudcc) 1s "valence'"-like

and peak at large x unlike the "extrinsic" sea (g — cc¢)
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Search for the “intrinsic” quark sea

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)
suggested the existence of “intrinsic” charm

| p) = P, | uud) + P, |uudQQ> Loeenn,
The "intrinsic"-charm from |uudcc) 1s "valence'"-like

and peak at large x unlike the "extrinsic" sea (g — cc¢)
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“Evidence” for the “intrinsic” charm (I1C)

DIS data /\; production
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Gunion and Vogt (hep-ph/9706252);
Barger, Halzen and Keung (PRD 25 (1982) 112)

Tantalizing evidence for intrinsic charm

(subjected to the uncertainties of charmed-
quark parametrization in the PDF, however) ’



A global fit by CTEQ to extract intrinsic-charm

PHYSICAL REVIEW D 75, 054029 (2007)

Charm parton content of the nucleon

J. Pumplin,"* H.L. Lai,"**~ and W. K. Tung'-*

107F Blue band corresponds to CTEQG6
E ' best fit, including uncertainty
g1 Red curves include intrinsic charm of

1% and 3% (x> changes only slightly)
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We find that the range of IC is constrained to be from zero (no IC) to a level 2 -3 times larger than previous
model estimates. The behaviors of typical charm distributions within this range are described, and their
implications for hadron collider phenomenology are briefly discussed.

No conclusive evidence for intrinsic-charm |




Search for the “intrinsic” light-quark sea

| p) :P3q |uud>+PSq |uudQQ>_|_ ......

Some tantalizing, but not conclusive,
experimental evidence for intrinsic-charm so far

Are there experimental evidences for the intrinsic

light-quark sea: [uuduit), | uuddd), | uudss) ?

2 2
P, ~1/m,

The “intrinsic” sea for lighter
qguarks have larger probabilities! )



x-distribution for “intrinsic” light-quark sea
| p)y =B, |uud)+ P, |uudQQ)+------

Brodsky et al. (BHPS) give the following probability
for quark i (mass m;) to carry momentum x;

5 5 2
2 m, .,
P(“xla“'a'xS) — N55(1_in)[mp _27]
i=1 i=1 i
< 00— - In the limit of large mass for
o d T uudce quark Q (charm):
0.03.: ,=, — uudss
: ‘A‘ S uuddd 1 -
B ~ — P(x)==N.x(1-x)1+10x. + x2
0.02}1 g{\/c P for 0 | PO =5 Nall=x)(1+10% +.x)
0.01 DA = 2065 (14 x,)n(1/ x;)
£t RRAN
0 B Ry One can calculate P(x) for

1 _ _
x antiquark Q (c,s,d ) numerically
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How to separate the “intrinsic sea” from the
“extrinsic sea’?

e Select experimental observables which have no
contributions from the “extrinsic sea”

d — u has no contribution from extrinsic sea (g — gq)

and 1s sensitive to "intrinsic sea" only

u d
ngv< — ng<
u d

How to measure d - i1 ?
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The Drell-Yan Process

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron~hadron inelastic collisions in the limiting region,
s—~=», @%/s finite, @° and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q%/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function vW, near threshold.

d’c 47ra
R +
dix, dx, DY 9Sx1x2 ; “ [qa (%41)4.(%,) +4.()4, (xZ)]
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Complimentality between DIS and Drell-Yan

l l q I

Drell-Yan
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Both DIS and Drell-Yan process are tools to probe the quark
and antiquark structure in hadrons (factorization, universality)



d /u flavor asymmetry from Drell-Yan
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Comparison between the d (x)—u(x) data

with the intrinsic-sea model

S e E866 .
B qH BHPS The data are in good
4 — BHPS (u=0.5 GeV) .
\-, __mHpse0scev) | agreement with the BHPS
model after evolution from the
0.5 initial scale p to Q?=54 GeV?
The difference in the
0 two 5-quark
I I I I
0 01 02 03 04 components can also
X be determined
(W. Chang and JCP , PRL 106, 252002 (2011))

})Sl/ll/ldd(j - Pjuudut_t _ 01 18
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How to separate the “intrinsic sea” from
the “extrinsic sea”?

* “Intrinsic sea” and “extrinsic sea” are expected
to have different x-distributions

— Intrinsic sea 1s ‘““valence-like” and 1s more
abundant at larger x

— Extrinsic sea 1s more abundant at smaller x

An example 1s the s(x) + 5 (x) distribution

16



Extraction of the intrinsic strange-quark sea
from the HERMES s(x)+5(x) data

s(x)+s(x) extracted from

»
I;L 0.3 - %ﬁ H oe HERMES | HERMES Semi-inclusive DIS
% ? kaon data at (Q°) =2.5 GeV~
0.2 }
¢
A The data appear to consist
o1 ; of two different components
. bt + ++ { (intrinsic and extrinsic?)
| | 1 11 ll ’ | | l* | |
10"

HERMES collaboration, Phys. Lett.

B666, 446 (2008)
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Comparison between the s(x) +s(x) data

with the intrinsic 5-¢ model

_% + O® HERMES

—— BHPS (14=0.5 GeV) s(x)+5(x) from HERMES kaon
_____ PHPS (=03 6ot SIDIS data at (Q*) =2.5 GeV”

X(s+s)
o
w
——
===

0.2- T Assume x > 0.1 data are dominated

" by intrinsic sea (and x < 0.1 are

01 from QCD sea)

——
-——
- -
——

—Tt=+.__|| This allows the extraction of the
y —bdl intrinsic sea for strange quarks

X
(W. Chang and JCP, PL B704, 197(2011))

})Suuds§ _ 0024

18



How to separate the “intrinsic sea” from the
“extrinsic sea’?

e Select experimental observables which have no
contributions from the “extrinsic sea”

d +1i1 — s — 5 has no contribution from extrinsic sea (g > qq)

and 1s sensitive to "1intrinsic sea" only

19




Comparison between the 7 (x)+d (x) - s(x)— 5 (x)

data with the intrinsic 5-¢g model

'_,2_ 03 ® HERMES+CTEQ d (x)+u(x) from CTEQ6.6
< 5(x)+5(x) from HERMES
02} I | _
“* * u+d —s—5 has
0.1 mm H no contribution
0 S T — H{ from extrinsic sea

10 T 1

A valence-like x-distribution 1s observed
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Comparison between the 7 (x)+d (x) - s(x) —5(x)

data with the intrinsic 5-¢ model

® HERMES+CTEQ

)

9 ~ BHPS (4=0.5 GeV) d (x)+1(x) from CTEQ6.6
¥ 03— BHPS (p=0.3 GeV)
% s(x)+5(x) from HERMES

u+d-—-s—ys
uuduu uuddd uudss
~ Py poidd o p

(not sensitive to extrinsic sea)

(W. Chang and JCP, PL B704, 197(2011))
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Extraction of the various five-quark
components for light quarks
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xS(x)

Latest HERMES result on x5(x)

2 = -2
(Q%=2.5 GeV

s HERMES with [DK(z,Q%)dz=1.27 |
— Fit .
_ CTEQ6L
.. X(uxHd(x) A
. CTEQ6.55-0 -

e NNPDF2.3 -

New 2014 result obtained
with HERMES kaon
fragmentation function

0.6

PHYSICAL REVIEW D 89, 097101 (2014)

P NP |
- {Q7)y=2.5 GeV

-
.
= -
- -

= HERMES with FFs from DSS

Fit n
CTEQSL
x(u(x)+d(x)) 7
CTEQ6.5S-0

0.6

New 2014 result obtained
with the DSS kaon
fragmentation function
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Dependence of s +5 extraction on

the kaon fragmentation functions

X
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Wen-Chen Chang and JCP, PRD 92, 054020 (2015)
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What are the implications on the
intrinsic charm content in the proton?

})Suuddcj _ 02409 })Suudm_t _ 0122, })SLtudSE _ 0024

Expect P*““ ~0.0025

o 01 — BHPS
==~ BHPS (u=3.0 GeV)

0.08- e BHPS (1=0.5 GeV)
0.08 - e Calculation assumes P"““ =0.01

- ) . .
0.04-, e ()°- evolution could shift the
0.021// "N\ x-distribution to smaller x
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Future Possibilities

* Search for intrinsic strange and charm at
EIC and LHC.

* Spin-dependent observables of intrinsic
sea?

* Global fits including intrinsic u, d, s sea?
* Intrinsic sea for hyperons and mesons?

 Connection between intrinsic sea and lattice
QCD formalism?

26



week ending

PRL 109, 252002 (2012) PHYSICAL REVIEW LETTERS 21 DECEMBER 2012

Connected-Sea Partons

Keh-Fei Liu," Wen-Chen Chang,” Hai- Yang Cheng,” and Jen-Chich Peng”

- " 5 " Two sources of sea:
onnected sea ISCconnecied sea
o Connected sea (CS) and

JJ Disconnected sea (DS)
R CS and DS have

different Bjorken-x and
flavor dependencies

(valence-like) (sea-like)

e x —dependence: at small x, CS ~x"*; DS~ x™"
e Flavor dependence: & and d have both CS and DS;
s+ 1s entirely DS 27



<X, / < disconnected)

Can one separate the “connected sea” from
the “disconnected sea” for u + d ?

Disconnected sea

’wWek———————
w/ subt (#sre=32,64) s—a—a g at
chiral point 2@ Y !
T i
R $ 0 t
0.8 " .
06 - 1
<x>_[ <x> [chiral limit]= 0.857(40) <x>s+§
) s R = = 0.857(40)
<x>u+1/7
2 Chiral Extrapolation for <x>_/ <x>,
0: r .
for disconnected sea

! 0 005 ol os 02 0 0 (DOi et aI., Pos lattice
(mma)* 2008, 163.)

Lattice QCD shows that disconnected sea 1s roughly
SU(3)-flavor independent
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Can one separate the “connected sea” from
the “disconnected sea” for u + d ?

A) |Lattice QCD shows that disconnected sea is roughly
SU(3)-flavor independent

R = zxim =0.857(40) for disconnected sea
X/ uri
B) [1/7(.7(:) T 67(’X’.)]discomrlected sea [S(X) T E(X)] / R

(since s,s 1s entirely from the disconnected sea)

C) [(x)+d(x) =

connected sea

:17(.X') T 67(.76): PDF [Z/_l(X) T J(x)]disconnected sea 79




PRL 109, 252002 (2012) PHYSICAL REVIEW LETTERS 21 DR 012

Connected-Sea Partons

Keh-Fei Liu,! Wen-Chen Chdnuf Hai- Yang Chenﬂ and Jen-Chieh P'En‘-‘"

0.6 — —
Connected sea Disconnected sea X(U +d)">
~cs ds gds x(a +d)°s
cs J JL, q q J; _ ]
T A ! ; 0.4 x(d +d) CT10

(valence-like) (sea-like) 107

e Connected sea component for u(x)+d (x) is valence-like

e For 7 + d , momenta carried by CS and DS are roughly equal,
at 0°=2.5 GeV"’
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Does d /u drop below 1 at large x?

295 FNAL E866/NuSea Drell- Yan
5 NA 51 CTEQ4M
175 -
15 j*% +
: >l
E 1.25 L "V/
o - *&"
13 +
0.75
0.5
- -
0.25 ;* Systematic Error
0:‘:“‘“““““\\\\\\\\\\\\\\\\\\\\

0 005 01 0.5 02 025 03 0.35
X

No existing models can explain sign-change

for d (x)—u(x) at any value of x 31



1.6

Pap = 120GeV E906 Preliminary (red)
Pap = 800GeV E866 (blue)
1.4 = Statistical Model BS15

06 1 I | 1 1 1 1 | 1 1 1 1 | B3N] 1 I 1 |
0.1 0.2 0.3 0.4

Xtargct

The E906 result shows that d (x) > 7 (x) continues to be true at

the highest x, suggesting the importance of intrinsic sea at high x
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Possible measurements at EIC

e Semi-inclusive DIS with kaons
e+p—o>e+K+x

e Semi-inclusive DIS with charmed mesons

e+p—o>e+D+x
e TDIS with forward-going hyperons
e+p—o>e+A+x

33




Conclusions

e Evidences for the existence of "intrinsic" light-quark

seas (#,d,s) 1n the nucleons.

e Clear evidence for intrinsic charm remains to be found.

e The concept of connected and disconnected seas in
Lattice QCD offers useful insights on the flavor- and
x-dependencies of the sea.

e Future target fragmentaion measurements at JLab and EIC

could provide useful new information on intrinsic strange.
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