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Ny are should you be interested in the pion?
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Because | can’t explain this graph
without them.

— Simple pQCD does not provide
the factor of 1.5 asymmetry

— Could a pion cloud solve the
problem? (See almost everyone’s
talk including Tim Londergan’s
talk earlier today)
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Why are should you be interested in the pion?

= There is a gluon splitting component

which is symmetric

dpqep (7) = Upqep (T) = goqep (7)

* d(x) — u(x) 0.8

Symmetric sea via pair production from 0.6

gluons subtracts away 7

I®]
No Gluon contribution at 1%t order in o ()4

Nonperturbative models are motivated
by the observed difference 0.2
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Presenter
Presentation Notes
Peng et al.:
	Virtual pion cloud coupling to nucleus as a whole.  Curve is dependent on dipole cut off factor Lambda, which can be different for pi N N and pi N Delta couplings.

Nikolaev et al.:
	Similar to Peng, i.e. virtual pion cloud coupling to the nucleus, but with significantly reduced Delta contributions

Szczurek et al.:
	Chiral perturbation theory—Goldstone bosons (pions) couple to valence quark structure u->d pi^+, d->u pi^-.  Ad Hoc 11/7 dbar/ubar value, constant as a function of x

Poblylitsa:
	Chiral quark soliton model, large N_c limit

Dorokhov and Kochelev:
	Instantons coupling to valence structure of proton.  Results are already parameterized to fit NMC data.
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Why are should you be interested in the pion?

1. Explains quark asymmetry in nucleon sea. d(z)/u(x)

Meson Cloud in the nucleon Chiral Quark
Sullivan process in DIS Interaction between Goldstone
|p) = |pg) + a [N+ B| AT+ . .. Bosons and valence quarks
(See Tim Londergan’s talk earlier today) u — CZT('—I_ d_ — umT
1.2

: E866/NuSea Peng et al. B E86O
1 E HERMES Meson Cloud A NASI
R Alberg, Henley -
i 1ﬁ and Miller |:| CTEQO6
Rk Meson Cloud — Peno et al
g :
= Meson Cloud

= Alberg, Henley

0.6  § and Miller
= F LAs et - dhmmbierme e W T Y L AN N e, Meson Cloud
o ‘. Pobylitsa et al. R
04 F Chiral Quark Soli.
N — % Dorokhov and pd
N Kochelev
02 F Instanton )
Perturbative sea
0 e apparently 05
E866 Systematic Error " dilutes meson
e ) e e i i i e s cloudeffectsat Lot o100, AR 21
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Why are should you be interested in the pion? 7= .
1. Explains quark asymmetry in nucleon sea. d(z)/u(x) j]L |

2.Key role in nuclear binding and structure (maybe?).
1.1 1.25
i @ NMC DIS
O E139 DIS 1.2
1.05 E AE665 RC DIS
L3 % 1.15
L
570.95 2
o % o
I T o
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Why are should you be interested in the pion?

1. Explains quark asymmetry in nucleon sea. d(z)/u(z) j -
2.Key role in nuclear binding and structure \

Pion parton distributions play a role in nucleon and nuclear
parton distributions

QCD tells us how the parton distributions evolve, once we know
them, but not what they are. o R

However, in both cases, these are not on-shell pions

3. Simple quark-antiquark system (valence).

a. Should have an easy theoretical interpretation.

b. What about mass—constituent quark mass =300 MeV each?
4. QCD’s Goldstone Boson

Many models make specific predictions about the large—x valence structure of
the pion

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Models of the Pion o5

= Nambu and Jona-Lasinio Model:

04k
— R. Davidson, E. Arriola, PLB (1995)
— J.T. Londergan et al. PLB (1994).
— T. Shigetani et al. PLB (1993). 03 b
= Dyson Schwinger Equation: =
— M. Hecht et al. PRD (2001). =
0.2 -

= Chiral Quark Model: (e
— K. Suzuki, W. Weise, NPA (1998). O\Q ,b\fb
— D. Arndt, M. Savage, nucl-th (2001). 0.1 L4S ( O E615 nNéll—Yan 4GeV §§§

Schwinger-Dyson
/ —-— Nambu Jona-Lasinio

= Light-front constituent quark models:
Light-front constituent quark 4 GeV

— Gerry Miller, et al. (too many to list). [ Instanton N
0.0 : ! : : : : : : : ’

= |nstanton Model: 0.0 0.2 0.4 ) 0.6 0.8 1.C

— A. Dorokhov, L. Tomio, PRD (2000). At b
= QCD Sum Rule Calculations Selinld s g

— A. Bakulev et al. PLB (2001). NJL: xq(x)/ (1-x)P B =1
= Lattice Gauge pQCD: xq(x)/ (1-x)P B = 2

— C. Best et al. PRD (1997). DSE. xq(x)/ (1')()'3 B ~ 1 9

and more Evolution to experimental Q
increases f3.

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Models of the Pion

= Nambu and Jona-Lasinio Model:

— R. Davidson, E. Arriola, PLB (1995)
— J.T. Londergan et al. PLB (1994).
— T. Shigetani et al. PLB (1993).

= Dyson Schwinger Equation:
— M. Hecht et al. PRD (2001).

= Chiral Quark Model:

— K. Suzuki, W. Weise, NPA (1998).
— D. Arndt, M. Savage, nucl-th (2001).

= Light-front constituent quark models:

— Gerry Miller, et al. (too many to list).

= Instanton Model:
— A. Dorokhov, L. Tomio, PRD (2000).

= QCD Sum Rule Calculations
— A. Bakulev et al. PLB (2001).

= [Lattice Gauge
— C.Best et al. PRD (1997).

05 r

0.4 +

L / ,-"' ° e &%
N ( O E615 7N éll—Yan 4GeV §§§

Schwinger-Dyson
/ —-— Nambu Jona-Lasinio

Light-front constituent quark 4 GeV
Instanton

00 02 04 06 08
At some base q,
NJL: xq(x)/ (1-x)P B =1
pQCD: xq(x)/ (1-x)P B =2
DSE: xq(x)/ (1-x)P B = 1.9
Evolution to experimental Q increases .

As an experimentalist, | can say, “data agrees with the model”
and “data rules out the model”

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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e Direct photosin 1ip interactions.
e Drell-Yan 7A interaction S
~e */m ratios -

~ . * Absolute mA cross sections

il
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N
Experimental Tools for m structure

= Direct photos in ip interactions

— Sensitive to gluon distributions.

[CERN WA 70, Z. Phys. C37 535 (1988)] q g g q
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N
Experimental Tools for m structure

= Direct photos in ip interactions

— Sensitive to gluon distributions.
[CERN WA 70, Z. Phys. €37 535 (1988)] q g g q

. . E 12r ;‘ﬁ\? 5 <Pr <6 Ge\
Assume parameterization £ 2
SMRS, PRD45 2349 (1992) = 2o
(@) =AL(1-2) %] £
LGdm L) = A w O -
XF
n =~ 2.1 N
1 *::100- ; \\
. L > ; ' 4 <Pr<5Gev/e
Gr= | 2gx(2)dz =047 5 _| —
0 2 g
Zeo § 60
Half of pion’s momentumis |
carried by glue L &
[EI 20 uiﬁ 20r
04 -02 0. 02 04 Xe
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Drell-Yan Cross Section

= Measured cross section is a ]
convolution of beam and target 10
parton distributions

d*o 4o B 10
depdr,  xp18 Z 63 7 () qp (p)
b b qge{u.d,s,... }

= 1t beam
d?o Ara? [4 (2 ) ()
_— = — Uy (T)uN (T
drdrN| -  TxTNS |9 NN
1 _
+ §d7r (ajﬂ')dN ($N)
4

+ gUr (xx)un (zN)

%&W (2.)dx (2x)

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Drell-Yan Cross Section

= Measured cross section is a y
convolution of beam and target 10
parton distributions i
2 2 - XuV
ST S Ra @) F
qe{u.,d,s,... } 3 xd
= u-quarkdominance  +g, (z1,)q (=)' "0 T 04 0.6 0.8
(2/3)2 vs. (1/3)2 Y Tx Ty
= 1T beam target beam

— Valence beam anti-u quark and u target quark

Ara® [4
p— S lguﬂ- (.rﬂ-)UN (xN)

d?o

dr.drn

Valence x Valence

N

N
Valence-sea x V4

Sea-sea x /4

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure FURctions
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Pion Drell-Yan Data: CERN NA3 (n*) NA1O (7")

- NA3 200 GeV 7 data (also have 150 - an ,/"—\ o
: 5
and 180 GeV 7 and 200 GeV g* data) "L 2
015:
. 026 dr 030 >
0.901 . 8 E
- = : o
> 2 10 =
d. g 0.30 f'r 0.36 ﬁ
“ o osor g ¥ o
Z o 2
5§ 0k a
30 g u.zu: 036 (uot.z 8
030 —+
0,12 Q)
. . b4 L |
207 - / 054 h— 072
0 ] | ! I |
0 02 0.4 0.6 0.8 umz i
X, 0006 b
a -uz 1.0
1
sea __ sea d 1 Very small quark sea
Q T — h qﬂ. ( ) xr — O O
in the pion
0
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Pion Drell-Yan Data: Fermilab E615

PHYSICAL REVIEW D VOLUME 39, NUMBER 1 1 JANUARY 1989

Experimental study of muon pairs produced by 252-GeV pions on tungsten

J. S. Conway,* C. E. af':Ldnzal[:rhslen,‘r J. P. Alcxandﬁr,l K. J. Anderson, J. G. Heinrich,
J. E. Pilcher, and A. Possoz
Enrico Fermi Institute and Department of Physics, The University of Chicago, Chicago, Illinois 60637

E. I. Rosenberg
Ames Laboratory and Department of Physics, Jowa State University, Ames, fowa 50011

C. Biim},S‘ J. F. Greenhalgh,** W_C. Ll:mis,W K. T. McDonald, S. Palestini,?

4.5 = F. C. Shoemaker, and A. J. 8. Smith
* 5 Joseph Henry Laboratories, Department of Physics, Princeton University, Princeton, New Jersey 08544
4 —; (Received 8 July 1988)

3.5~
3

£2.5 3 .
© 53 Fermilab E615

1-? E = 252 GeV W Drell-Yan

0.5 = = Projected each data point onto
= X axis (diagonal)

0.2 = valence quark distributions
extracted assuming

xq(x) = A x%(1-x)8

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Pion DreII Yan Data: Fermilab E615

PHYSICAL REVIEW D VOLUME 39, NUMBER 1 1 JANUARY 1989

Experimental study of muon pairs produced by 252-GeV pions on tungsten

4.5 5
44 J. 8. Conway,* C. E. af':L{h::l[:-hS,t‘:n,‘r J. P. Alexander,! K. J. Anderson, J. G. Heinrich,
32: J. E. Pilcher, and A. Possoz
72.5 Enrico Fermi Institute and Department of Physies, The University of Chicago, Chicago, Hlinois 60637
25 .

E. I. Rosenberg
Ames Laboratory and Department of Physics, Jowa State University, Ames, fowa 50011

0.5 3
0- . C. Biino,? J. F. Greenhalgh,** W_C. LDuiS,H K. T. McDonald, S. Palestini,?
Q.2 F. C. Shoemaker, and A. J. §. Smith
} Joseph Henry Laboratories, Department of Physics, Princeton University, Princeton, New Jersey 08544
++ (Received B July 1988)
+++ﬂ_ Fermilab E615
0.2 #+ = 252 GeV W Drell-Yan
0.15 o = Projected each data point onto
' Projection of . :
. # X axis (diagonal)
01 data onto x_ axis " S
= Valence quark distributions
0.05 “'. extracted assuming
0 Lo v 1w 1 b1 2. xq(x) = A Xa(l'X)B
0 0.2 04 0.6 0.8 1
X

. . . T .
Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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N
Could it be a problem with the treatment of the

raw data?

zup () = Agz® (1 —z)P
= More flexible parameterization (Hecht et al.) zuy (2) = Agzr® (1 — z)°
= Modern Proton PDF w/nuclear corrections X (1 — ez + fy:z:)
" Inclusion of NLO terms rather than K-Factor 0.7¢

Conway-dashed
MRST and EKS-solid
xu(x) x dix) xu(x), d(x)

— Look at 800 GeV proton-proton Drell-Yan: 0.6

0.5

<
S} 0.4
X0 _ I
/rb(l .\%S \;/" !
\E \'\0 = 0.3
0(\ e - 1+ i -
,Q( %{b +<¢ iR B SR 0.2
\‘o(\ (JO(\ ’\Q;S ae 1.6 - RIS I S _ |
QS N 0.1 N
RS

Levaold I S ol --‘h""'- .“‘.‘L. )
00 0.1 02 03 04 05 06 0.7 08 09 1
X

= Higher twist terms?

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Fit of Drell-Yan Data in NLO

Number of valence quarks [defines
normalization on q,"(x)]:

1
| ¥ @yds =1
0

Total momentum conservation:

1 1
2/0 xqq\i(a:)dx—l—6/0 rq>" (x)dx
+Gr =1
Gluon content determined from

other data (NA3/10 and WAS8O direct
photon)

1

G, = rgy (x)dr = 0.47
0

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions

Sea quark parameterization from fits
to it/ Drell-Yan data

gy (z) = A (1 - )’

0 =284

22
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What did we learn?

0.4
0.35 -
Even with new freedom from i
parameterization, curve does not 0.3 :
change.
0.25 ¢
Weak higher twist effects. = 09 -
> 0.
Data do NOT prefer convex-up 0.15+
shape at high-x_as required by B
DSE analysis! 0.1
But this is not the end of the 0.05
story! 0

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions

/Conway fit

~

New fit to

oY data
(not to these points)

I | |IIIl.J |II.]IIII|III|

0 010203 0405 0.6 0.7 0.8 09

An

16 January 2014
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Soft Gluon Resummation

Tk [ ] ue

X Wab (3317 3717 L2, 35'2, Q/H)}
w,, is hard scattering function

Resum large logarithmic “soft” gluon contributions which arise as
Q@ _ 7
S L1L9
Accomplished with combined Mellin and Fourier transform of the cross section
Aicher, Schafer and Vogelsang, Phys. Rev. Lett. 105, 252003 (2010)

Refit of pion Drell-Yan data

> 1

. =

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Fit of Drell-Yan Data by ASV

= Number of valence quarks [defines
normalization on q_"(x)]:

1
| ¥ @yds =1
0

=  Total momentum conservation:
ASV replaced constraint with assumed

> /1 2q"(z)dz + 6 /1 2522 () da values of 2<xq_>. Effectively ignores
o o Gluon and Sea Quark data
+Gr =1

TABLE I. Results for cur NLL threshold-resummed fits to the Fermilab E615 Drell-Yan
data [1].

Fit  2(xv™) a B o K x? (no. of points)
1 0.55 0.15 £0.04 1.75 £ 0.04 89.4 0.999 = 0.011 82.8 (70)
2 0.60 0.44 £ 0.07 1.93 + 0.03 25.5 0.968 = 0.011 80.9 (70)
3 0.65 0.70 £ 0.07 2.03 £ 0.06 13.8 0.919 = 0.009 80.1 (70)
4 0.7 1.06 = 0.05 2.12 £ 0.06 6.7 0.868 = 0.009 81.0 (70)

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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0.7

|' T T T T '| T T T T | T T T T |' T T T T '| T

XV

- L 04— ————] -
Soft Gluon Resummation - E615 T
| | | | 96 v _ o335 N e L
0.4 fit-3 —— | E r —
SMRS S 05F |

GRS e o * L =

0.35 Hecht et al. - 3 C E
------- = - 1.0 -
0.3 C 041 Pﬁ%::' ]
025 L L7 e ?;f" D.B:_ =
0.2 L,; ; -
"G- 0.2 -]
0.15 oy r ]
0.1 0.1 :._ NLL resummed ) _:
':_’ : -=== NLO \'-. :
0.05 | —_ f——————— —— ' k=
; g 1.0f! | | | ]
ol 3 - j{ E615 ]
0 0.2 0.4 0.6 0.8 1 E 08 | === =
" 2 o6F :
D) = ATt (1— o) (142%) 5 oo |
Ly \ L) = Ay T £z Y& _5 0.4 - E
¢ E NLL resummed E
B=2.03+0.06 SR .
Nb C - E-C

- D[} I. T TR - ] T T —1 | R T I. L ]‘-4.

0.0 0.2

o
LAl
o
o
o
o

|

QCD and Dyson-Schwinger survive!
pQCD: xq(x)/ (1-x)P B =2
DSE: xq(x)/ (1-x)P B= 1.9
Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions
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Conclusions S OO v -oom >

E 3o

= Large Xy structure of the pion is interesting 5 E P
— Pion cloud & antiquark flavor asymmetry % ,% 5:3:

T £ = 0

— Nuclear Binding N & o

— Simple QCD state & Goldstone Boson © E p

(@)

= Even with NLO fit and modern parton distributions, % S%
pion did not agree with pQCD and Dyson-Schwinger £ 83

G e

= Soft Gluon Resummation saves the day! g o \ v
, g 02 T N

— What does this mean for other large-xg; Drell- % ool und
Yan data? 0.0 0.2 O.:_- 0.6 0.8

Future

= Additional high statistical data to come from CERN-COMPASS
= Include Direct Photon and CERN nt*in fit

This work is supported in part by the U.S. Department of Energy,
Office of Nuclear Physics, under Contract No. DE-AC02-06CH11357.
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Backup
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Good Fit? Residuals
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Caveat: The K factor

K factor relates Leading Look at 800 GeV Drell-Yan:
Order to Next-to-Leading
order cross section
calculations:

0P = gNLO = K 5O where K=2
Taken to be a constant
independent of kinematics—
Is it?

Possibly NLO analysis will
show DSE behavior.

NLO fit can be done—
remember this is “work in
progress” —but at the cost of Proton-proton K-factor is not constant
computer time. at high x (high x)!
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Caveat: x_Resolution
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paper or thesis
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N
Drell-Yan Polarization & Higher Twist

= Drell-Yan is transversly polarized: Y oot +f - \i:ﬂ:/?
] i ] 40
do / 1+A cos?(0) ] : m?} -
e High x_show higher twist—Berger and oot b ol
=100 0.00 100 =100 Q000 100
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K/m Drell-Yan Ratios ;,

More recent developments:

= Predictions of the K/p
Drell-Yan ratio based on
Bethe-Salpeter Equations
(BSE)

= Can we get a Kaon beam
to test this high-x;;
structure of the Kaon?
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X

A. Bashir, T. Nguyen, C.D. Roberts and
P.C. Tandy Phys.Rev. C83 (2011) 062201
Data: Badier et al. Phys. Lett. B93 354 (1980)
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Experimental Tools for m structure

= Deeply Inelastic Scattering:
“pion targets are not abundant” Hecht

— DIS on virtual pions:
ep—~>eNx HERA data [zEus, NPB637 3 (2002)]
Possible JLab and EIC.

Paul E. Reimer, Exploring Hadron Structure with Tagged Structure Functions

= Q%= 7.0 GeV?
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Q*= 1000 GeV?

o ZEUS 95-97
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