Intrinsic Sea and Flavor Structure of Nucleon Sea

Jen-Chieh Peng

University of lllinois at Urbana-Champaign

INT Workshop on
“The Flavor Structure of Nucleon Sea”

Oct. 2-13, 2017



1.0

08

0.6

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

Flavor structure of the proton sea

From Frank
Close’s textbook
(1979)

xu(x)

0(x) =d(X) =5(X) = s(x)

SU (3) symmetric sea
at the small-x region

Actually, the nucleon sea is full of surprises



Outline

« Extraction of “intrinsic” u, d, and s sea In
the nucleons

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

» Bjorken-x dependence of d(x) — ii(x)
and s(x)

* Flavor structure of kaon valence quark



Search for the “intrinsic” quark sea

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

| p) = Py |uud) + Py, [uudQQ) +-----
The "intrinsic"-charm from |uudcC) Is "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) = Py |uud) + Py, [uudQQ) +-----
The "intrinsic"-charm from |uudcC) Is "valence"-like
and peak at large x unlike the "extrinsic" sea (g — cC)
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“Evidence” for the “intrinsic” charm (1C)

DIS data A\, 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'-*

1072 T Blue band corresponds to CTEQ6
EN: ] best fit, including uncertainty
P
& 1073 . N
ENIO Red curves include intrinsic charm of

1% and 3% (% changes only slightly)

_4 | -
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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 | ,




New limits on intrinsic charm in the nucleon from global analysis
of parton distributions

P. Jimenez-Delgado!', T. J. Hobbs??, J. T. Londergan®, W. Melnitchouk!
Phys.Rev.Lett. 114 (2015) 082002
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previous global analyses. The expanded data set places more stringent constraints on the momentum

carried by IC, with (x),. at most 0.5% (corresponding to an 1C normalization of ~ 1%) at the 4o
level for Ay® = 1. We also critically assess the impact of older EMC measurements of F3 at large




Search for the “intrinsic” light-quark sea
| p) =P, |uud) + P, luudQQ) +-----

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

Are there experimental evidences for the Intrinsic
light-quark sea: [uudul’), |uuddd ), |uudss) ?

P5z ~1/mé

The “Intrinsic” sea for lighter
guarks has larger probabilities! 0



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

Brodsky et al. (BHPS) give the following probability
for quark 1 (mass m;) to carry momentum Xx;
9)

P(Xl’“.’ )(5) — N55(1—Zilxl)[m§ —Zr)n(—i]_z

i=1 i

< 0.04———— - In the limit of large mass for
o HE " uudee quark Q (charm):
0.03.: ,-=, — uudss
' ‘/ S o uuddd 1.
3, C — P(X.) ==N.x.[(1— % )(1+10xX. + X’
0.02 = X‘JC P(X) forQ ( 5) 9 5 5[( 5)( 5 5)
0.01 [ ‘:‘\‘ —2X% (14 X5)In(L/ X;)
of 11 i One can calculate P(x) for

1 _ _
x antiquark Q (C,s,d) numerically
10



How to separate the “Iintrinsic sea” from the
“extrinsic sea”?

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

d — T has no contribution from extrinsic sea (g — {qQ)
and Is sensitive to "intrinsic sea" only

u d
u d

How to measure d - i ?

11




Fermilab Dimuon Experiments
(E605 / 772/ 789 / 866 / 906)

Ring—-Imaging
Cherenkov Counter

Muon
Detectors

Rotating Solid
Target Wheel

Calorimeter

Absorber

SM12 Analyzing SM3 Analyzing
Magnet Magnet

800 GeV

Electromagnetic
Protons

Calorimeter

SMO

1) Fermilab E772 (proposed in 1986 and completed in 1988)
"Nuclear Dependence of Drell-Yan and Quarkonium Production™

2) Fermilab E789 (proposed in 1989 and completed in 1991)
"Search for Two-Body Decays of Heavy Quark Mesons"

3) Fermilab E866 (proposed in 1993 and completed in 1996)

"Determination of d /U Ratio of the Proton via Drell-Yan"
4) Fermilab E906 (proposed in 1999, completed in 2017)

"Drell-Yan with the FNAL Main Injector"

12
12



EXPERIMENT E789- Moving Cable at Meson.
"The Snake".



d /T flavor asymmetry from Drell-Yan

d'o 4ra’
deldxz)DY OsX,X, Ze [0, (%), (%) + T, (%) G, (X,) ]

Jhy 2.25 FNAL E866/NuSea Drell- Yan
Na 51 CTEQ4M
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at X, > X, . Drell-Yan:| c™ /25" ~%(1+ d (X,)/T(X,))

14



Comparison between the d (x) —U(x) data
with the intrinsic-sea model

S o E866

B ql BHPS The data are in good
K' — wes fﬁ:gg 223; agreement with the BHPS

model after evolution from the

0.5 Initial scale y to Q%=54 GeV?

The difference In the
two 5-quark
0 01 02 03 04 components can also

X be determined
(Wen-Chen Chang and JCP , PRL 106, 252002

(2011)) — —
P5uuddd . P5uuduu _ 0118

15




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

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

— Intrinsic sea Is “valence-like” and 1S more
abundant at larger x

— Extrinsic sea IS more abundant at smaller x

An example is the s(x) + S(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:g, 0.3 - % H oe HERMES | HERMES Semi-inclusive DIS
% ? kaon data at (Q*) =2.5 GeV?
0.2 ¢
¢
; The data appear to consist
1 ; of two different components
. gt {* { (intrinsic and extrinsic?)
| | 1 11 ll , | | l* | |

HERMES collaboration, Phys. Lett.
B666, 446 (2008) 17



Comparison between the s(x)+S(x) data
with the intrinsic 5-q model

% % O® HERMES
- —— BHPS (1=0.5 GeV) s(x)+5S(x) from HERMES kaon

""" BHPS (1=0.3 GeV)

X(s+s)
o
W
——
===

b SIDIS data at (Q*) = 2.5 GeV?
0.2~ ¢+ Assume x > 0.1 data are dominated
; by intrinsic sea (and x < 0.1 are
01 from QCD sea)
Q

——
-——
- -
——

—t—+,__ || This allows the extraction of the
y —bdl intrinsic sea for strange quarks

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

P =0.024

18



How to separate the “Iintrinsic sea” from the
“extrinsic sea”?

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

d + T —s -5 has no contribution from extrinsic sea (g — Gq)
and i1s sensitive to " intrinsic sea" only

19




Comparison between the T (x) +d (x) - s(X) —5(x)
data with the intrinsic 5-g model

x(d+u-s-s)
o
W

o
N
I

o
-—
I

o

¢ HERMES+CTEQ

d (x)+T(x) from CTEQ6.6
S(x) +5(x) from HERMES

U+d —s—35has
no contribution
from extrinsic sea

A valence-like x-distribution 1s observed

20



Comparison between the T(x) +d (x) - s(x) =S (X)
data with the intrinsic 5-g model

m ® HERMES+CTEQ _
2 ~ BHPS (4=0.5GeV) d (x) +u(x) from CTEQ6.6
¥ 03— BHPS (p=0.3 GeV)
'g S(X)+5S(x) from HERMES
02| i _
1 0+d—-s—§
| l \ __ puudut uuddd uudss
o1 | P +B —2PR,
A (not sensitive to extrinsic sea)
0 | | L1 111 I|
10 10" 1

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

P5uuduU n P5uudda _ 2P5uud3§ - 0314

21




Extraction of the various five-quark
components for light quarks

o EB866 v % + O® HERMES m ® HERMES+CTEQ
1K BHPS o 03 —— BHPS (u=0.5 GeV) ¢ — BHPS (=0.5 GeV)
d —— BHPS (p=0.5 GeV) | X { % + ----- BHPS (4=0.3 GeV) '? 03 BHPS (u=0.3 GeV)
\ — BHPS (=0.3 GeV) 4 )
' ]
\ 0.2 é
0.2
05 ?
?
01 0.1
o == | ? : A
| | | | 0 = 1 11 11 ll i 1 1 1 11 o

-1
10

Psuudda B P5uuduU ~0.118 P5uuds§ —0.024

P5uuduU n P5uuddcT . 2P5uuds§ —~0.314

PsuuddCT _ 0240, P5uuduU _ 0122, P5uud5§ —0.024

22



What are the implications on the
Intrinsic charm content in the proton?

PsuuddcT _ 0240, P5uuduU _ 0122, Psuud3§ — 0024

Expect P ~0.0025

—— BHPS
""" BHPS (u=3.0 GeV)
BHPS (1=0.5 GeV)

e Calculation assumes P"*“" =0.01

- e QZ- evolution could shift the
B/8 N x-distribution to smaller x

0 02 04 06 08 1




xS(x)

Latest HERMES result on xS(x)

04 -

0.2 -

2 = 72
(Q%=2.5 GeV

s HERMES with [DK(z,Q%)dz=1.27 |
— Fit

-_._ CTEQ6L

— .. X(ux)+d(x)) A

‘~. woum CTEQB.58-0

~. e NNPDF2.3

New 2014 result obtained
with HERMES kaon
fragmentation function

PHYSICAL REVIEW D 89, 097101 (2014)

P NP |
- (Q7)=2.5 GeV

-
..
- -
-

T
»= HERMES with FFs from DSS
—— Fit -
---- CTEQ6L
— = x(u(x)+d(x))
----------- CTEQS6.55-0

0.1 0.6

0.6

New 2014 result obtained
with the DSS kaon
fragmentation function

24




Dependence of s+ S extraction on
the kaon fragmentation functions

) @) oe HERMES (b) oe HERMES
+ 04 BHPS (u=0.5 GeV) BHPS (u=0.5 GeV)
% osEqify el T B o3
2008 03 = {%‘H’{, . CTEQ83S0 e eoeeee CTEQ6.58-0 2014
“2E Lo HERMES
HERMES 01E - ":"cg,-é::.,,“
= - o w“*.- uudss_
P%’LudSSZO.OZZ 0 E Ia._._,_:‘h_*-.i_ =0.00
0.4 E—{C} ° EEIRJEE:;D.E GeV) E_[d} °° Eﬁﬁnsﬂﬁiu.s GeV)
- --- BHPS (u=0.3 GeV) [ --- BHPS (u=0.3 GeV)
3 --- CTEQ6L C ---- CTEQ6L
2014 0.3 = d ~e CTEQB.58-0 Héﬁ < CTEQ6.5S-0 2014
02F ER%, - HERMES
HERMES Eomn e B Intermediate
01 ”
DSS FF E e FE
0 B
uudss_
=0.086 10" 107" X uudss_o 046

Wen-Chen Chang and JCP, PRD 92, 054020 (2015)
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Future Possibilities

« Search for intrinsic charm and beauty at
LHC.

e Spin-dependent observables of intrinsic
sea?

e Intrinsic sea for hyperons and mesons?

e Connection between Intrinsic sea and
meson cloud?

e 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”

- o 5 o Two sources of sea:
onnecited sea ISCoNnhecited sea
o Connected sea (CS) and

Jl 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: T and d have both CS and DS;
S+5S Is entirely DS 21



ed)

( disconnec

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

Disconnected sea

T T T
LT
FATRE { . t
0.8 " .
ey
0.6 - J
<x>_/ <x> [chiral limit}= 0.857(40) R — <X>s+§ — O 857(40)
- e ) .
5 <X>u+U
v 0 L Chiral Extrapolation for <x>_/ <x>, | .
- for disconnected sea
! Il',I T I{].Iﬂ:"-l - I{II.II - I{I.Il:": - II]I.EI - Il].IE:": - I{].i (DOI et al’ POS Iattlce
i 2008, 163.)

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

28



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

o us
x)

=0.857(40) for disconnected sea

u-+u

B) [U(X) T a(x)]disconnected sea [S(X) + §(X)] / R
(since s,S Is entirely from the disconnected sea)

C) [U(X) + C_(X)]connected Sea —

[U(X) + C_(X)]PDF - [U(X) T CT(X)]disconnected Sea »g




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(a +d)*°
e N X (0 +d)°°
cs JL, q q J; | Tea, _ ]
S S ; _ 04 x(0 +d) CT10
¢ 3 :
(-} .
< 0.2 : -
; h+ H“ 4
_— — >
(valence-like) (sea-like) 10° 10°

e Connected sea component for T(x) +d (X) is valence-like
e For U +d, momenta carried by CS and DS are roughly equal,
at Q°=2.5 GeV*

30




Does d /T 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:‘W‘“‘“““““\\\\\\\\\\\\\\\\\\\\

0 005 01 0.15 02 025 03 0.35
X

No existing models can explain sign-change
for d (x) —U(x) at any value of x a



Sign change of d (x) —T(x) at x ~ 0.25?
(or d (x)/T(x)<1latx~0.257?)
Why is It interesting? (no models can explain it yet!)

Meson cloud model Statistical model
4.5 o I A _
(| —p =088 (only x ) |
40p _ A =10 tn?:-“:} _ }
3.5 —A_=1.0, A_=1.0 (upper) | H{
3.0 | —*. =154, =10 (bottom) s Lﬁ
E 2.5 - R I{Y{
|__=- 2_0 - Wg L
p— 2 = 1F
x 1.5 2= o :
e 10 T
0.5F | = EB66/NuSea i 05|
00 - PR PR B DR RN BRI BT S -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 [
x DUIII IUfIIIIIUfEIIIIUfBIIIIU‘i




Revisit the NMC measurement of the
Gottfried Sum rule

=== GSR

The Gottfried Sum Rule NMC Q7 =4 GeV*

Ss = [ [(FF (%)~ ' () / X]dx

I (FP, — F'y)dx/x
-o-
+

=+ (1,00 -8, (0) o

1 .. = . *
=% ([f 7, =d)) c

New Muon Collaboration (NMC) obtains
S =0.235 £ 0.026

( Significantly lower than 1/31) | = d =T ?

Why not look at F,”(x) — F,'(x) directly?

33




Extracting d (x) — U (x) from the NMC data

d (%) = 0(x) =[u, (X) =dy (]erso /2= 3/ 2 [F (x)/ X = F}' (X) / Xy

1.75

1.5

1.25

d(x)=u(x)

0.25 |-

t

v

'E866

E866 Q=7/.35 GeV

NMC

NMC/CT10 Q=2 GeV

1 [The NMC data, together

with the recent PDF,
also suggested that

d(x)—U(x) <0 at large x !

-0.25 |-

-0.5 L

X

0 0.1 62 03 04 05 06 07 08 0.9 1

(JCP, W.C. Chen, H.Y. Cheng,
T.J. Hou, K.F. Liu, J.W. Qiu,
Phys Lett B736 (2044) 411




What mechanism could lead to @ > d at x > 0.25?

Connected sea Disconnected sea

qu q—ds JH

Ju
0 (JCP, W.C. Chen,
H.Y. Cheng, T.J. Hou,

0 " K.F. Liu, J.W. Qiu,
@- Phys Lett B736 (2014) 411)
(valence-like) (sea-like)

u(x) = d (x) can only come from connected sea (CS)

(U—>UT+u+u, d —>d+d+d) (q has the same flavor as g for CS)

— Connected sea could lead to U > d at certain x region??

(since there are two u valence quarks and one d valence quak)
Result from SeaQuest is forthcoming 35




Is s(X)+S(X)=T(x)+d(x)?

Expectation:
s and S are suppressed relative to U and d due to larger s-quark mass

(s+8)/(T+d) distribution at Q% = 5 GeV?

p— | | T | T 1
T 12 .

+ ' ]

=3 i

= ]

v 1 N

+ N

o N

K si

0.8 N

N

N

0.6 — L3H

L/ N

0.4 = '\\\‘

| y “"‘“

0.2 — 7

[ R -

0 | | [ | | | | | | |
10 10 1072 101

X 36



da/dn| [pb]

free/fixeds

Strange sea from inclusive W/Z

0L e e B E5DU_---n|-- T T T T
- W Ty, ATLAS 1 & L Wy, ATLAS |
. _ = L
650:_#% D 45054t b
C = B
600 H—+- - -
550 E_ J Ldt=3336ph" ! B 400:_ JLdt:aaes pb’ -+- E
F 4 Data2010 ({5=7 TeV) . [ —4— Data 2010 ({3 = 7 TeV)
500k {uncorr. sys. @ stat. uncertainty) _- 350: {uncor. sys. ® stat. uncertainty)
F - epWZ fixeds T - — epWZ fixeds
[ —— epWZ frees 7 B — epWZ frees
o 1.02 [ 1 w102f E
1 e e e - e 1r e -
0.98 - - % 0.98 - 7
0 0.5 1 1.5 2 2.5 g 0 0.5 1 1.5 2 2.
| iy
T I T T T I |"'|"_'|"'|I
Q? = 1.9 GeV?, x=0.023 epWZireeS . ATLAS
A ABKMO09 s
B NNPDF2.1 —a—
e MSTWO08 -
v CT10 (NLO)
[ total uncertainty
experlmental uncertalnty
L 1 PR R L1 L |l
-0 2 0 0 2 0 4 0.6 0.8 1 1.2 1.4
rS
Aad et al., PRL 109 (2012) 012001

oroductio

N

—
=
o

dordly, | [pb]
B
(=]

Z-TT

-
=]
=

—

J Ldt=33-36pb

[as]
(=]

I —4— Data 2010 (Y= =7 TaV)
B {uncorm. sys. & stat. uncartainty)

60F —— opWZ fixed s

:—apWZl'lees
Emzﬂ :
o - ]
= 1_ I_|—.—-
€ 0.98f =
2 0 05 1 15 2 25 3 35
ly|

=(s+%)/2d =1.000%
at x:0.013, Q’=M:
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Strange sea content Is strongly x dependent

 Perturbative sea at small x is roughly SU(3) symmetric
* Non-perturbative sea at larger x is SU(3) asymmetric

Can be well understood from Lattice QCD
(PRL 109 (2012)252002)

Connected sea

Generate "valence-like"
u(x) and d (x) (no 5(x))
at larger x

Disconnected sea

ds ~ds
Jy a q J,u,

—_—

Generate roughly symmetric

s(x),5(x),u(x) and d (x)
at small x

38




Kaon PDF from (K™ + D)/ (z~ + D) Drell-Yan ratios

N /dx, | K™

From NA3; 150 GeV, Pt target

L

700events K~
21220 v

0.2r4.1 £« M <85

] 1 1 ] i
©O 02 04 06 08 10 X,

R _ o (K™ +D)
ooy (77 + D)

N XV (%) + AV (%) Sy (X,) #V(X)S, (%) +5S, (X )V (%) V(X))

B A (X )Vy (X,) +9S (X )V (X)) +5V_(X)S, (X,) B V_(X)

R=(1- x)*"*°° = softer u-valence in kaon than in pion |,




(K™ +Pt)/(z~ + Pt) ratios for J/'¥ production

From NA3; 150 GeV, Pt target

Ratios for D-Y

Ratios for J/V

Lo

N /dx, | K™

700events K~
21220 v -

02r4.l £ Ms85

] 1 1 1
0 02 04 06 08

10 X,

Ratio

Similar behavior at large x. for D-Y and J/'¥ production?
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J/W Production in the Color-evaporation model

T T T T | | IR B

"E o 4p —> J/¥+Xat 150 GeV/C ]
210
3 ¢
< [
o
~ -
b L
=

-2

102—

10_3I|||||{||||||||||||||

—-0.8 -0.6 —0.4 —-0.2

| el Ly
0 0.2 0.4 0.6 0.8
X¢

d — g annihilation dominates at forward x.
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Comparison between data and CEM calculations

(K™ +Pt)/ (7 + Pt) ratios for J/¥ production

same pdf for K~ and 7~

modified pdf for K~

Ratio

Ratio

TReees,y,*, ¢4 4 ’
0‘8\‘\'\L'\‘\
+

N

| K—/Pi— Ratio at 150 GeV For J/Psi |

:

04 05 06 0.7 08 09
Xe

Modified kaon PDF
has the ubar valence
quark distribution
multiplied by (1-x)%-18
and the strange quark
distribution divided
by (1-x)018

The K / 7 ratios of JJ'¥ production at large x. might indicate
a softer U In K™ than in the pion, similar to the D-Y data?
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Conclusions

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

seas (U,d,S) in 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 Flavor structure of the meson PDFs remains to be
studied and should provide useful new information.
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