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Hidden color

Important implications for nuclear force and nuclear structure if 
meson cloud picture is shown  to fail



Ancient History
NN force

⇡

Longest range component

⇡

Pion cloud

Implications for sea

p ! n⇡

+
, p ! �

++
⇡

�
, · · ·

⇡

+ ⇠ u

¯

d, ⇡

� ⇠ dū
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Muon-hydrogen and -deuterium deep inelastic scattering measurements find an excess of d and fl sea quarks. We offer an 
explanation of  this excess in terms ofpion cloud effects and place limits on the pion-nucleon vertex function. 

At the PANIC XII Conference a report from the 
NMC experiment [ 1 ] by Windmolders announced 
that there is an excess of a over ~ quarks in the pro- 
ton. The integrated excess is 

l 

D- ~ [d(x)-a(x)]dx=O.136+_O.060. (1) 
0 

Here we show that pion cloud effects can yield results 
similar to eq. ( 1 ). The idea is that the proton has a 
component consisting of a bare proton and a n o or a 
bare neutron and a n +. The n o contains equal amounts 
offi and a quarks, but the x + is composed ofud. This 
offers a natural explanation for an excess offl quarks 
since the sea could contain ud together with valence 
udd quarks. 

Models in which a quark bag is amended by the 
inclusion of a pion cloud have been successful in re- 
producing many properties of the hadrons. Some re- 
views are listed in ref. [ 2 ]. Furthermore, pion cloud 
effects do give a contribution to lepton-nucleon deep 
inelastic scattering [3], see fig. 1. Current data re- 
garding the quantity ( a +  d ) / 2 -  ~ have been used to 
place limits on the pion-nucleon vertex function [ 4- 
6 ]. One finds that this vertex function is very similar 
to the axial vector form factor [4,7]. Here we con- 
sider another quantity ( d -  a), also considered in ref. 
[4]. 

We now discuss the calculation. The contribution 
of the sea quarks from the pion in the proton distri- 
bution function, tiN(X) can be written as a convolu- 
tion of the pion structure function and its momen- 
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Fig. 1. Pion cloud contribution to deep inelastic scattering. 

tum distribution, f~(y), in the proton [3] as 
1 

x 

where ti~ is the distribution function of the pion and 
f~(y) is given by 

3g2N i l f~ (y) -- ( 4 ~ z ) 2  (t+me)2F2N(t). (3) 
M2y/(l--y) 

In eq. (2), g~N is the pion-nucleon coupling con- 
stant, g 2 N / 4 7 ~ =  14.3 and M is the nucleon mass. We 
can separate the charged and neutral pion contribu- 
tions. In eq. (2) we have 2gEN for the charged pion 
and g~N for the neutral pion. The integral contribu- 
tion can be written as 

1 1 1 

0 0 0 

(4) 

The difference between ~ and a quarks can be deter- 
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mined  f rom the valence quark content  of  the n + and 
n o . The result is 

1 

D= ~ [d(x)-a(x)]dx 
0 

1 1 

=~n~aT~(x)dx- ln~(x )dx ,  (5 )  
0 0 

where 

n~=n(~ +) +n(~ °) =3n~  (°) = J" dy f~ (y )  . 

Since the integrals f d ~ ( x ) d x  and f a ~ ( x ) d x  are both 
equal to unity, we obta in  

n~=3D. (6 )  

This is our  pr incipal  result. Obta in ing  eq. (6 )  re- 
quires no assumpt ion  that  the valence quark distri-  
but ions  of  off-shell and  on-shell pions are the same. 

Next  we consider  other  possible sources of  a non- 
vanishing value of  D. One such source is the transi-  
t ion N ~ A n .  This contr ibut ion  has the opposi te  sign 
o f f , ( y ) ,  but  is expected to be small  [4] .  The only 
other  expected [ 8 ] cont r ibut ion  is due to the Paul i  
exclusion principle.  There are two valence u quarks 
but  only one d quark, so the Paul i  pr inciple inhibi ts  
the format ion  of  uQ pairs more  than the format ion  of  
dd  pairs. Thus there would be an excess of  d. Thus 
the sign o f  this cont r ibut ion  is well de termined,  but  
the magni tude  is not  known. 

Next  we turn to an analysis of  the data.  The use of  
the measured value of  D, eq. ( 1 ), and  eq. (6)  lead to 

n~<0.20_+ 0 .09 ,  (7)  

where the upper  l imit  occurs because the neglected 
exclusion principle effects are also to make D positive. 

We next use eq. (7 )  to investigate the integral n~ 
and the p ion -nuc leon  form factor. Several functional  
forms have been suggested [ 4 -6  ]. Here we use 

F~y( t) = e x p (  - t /A 2) (8)  

for simplicity.  The quant i ty  A is related to the radius  
R of  the cloudy bag [ 2 ] by A = x/r~/R; thus a value 
o f  A =  1.0 GeV, consistent  with the da ta  for ( a +  
d ) / 2 -  g gives R = 0.8 fm. This is in agreement  with 
computed  nucleon propert ies  [2 ] including the axial 
form factor. 

The quant i ty  n~ is d isplayed as a function o f  A in 
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Fig. 2. Pion number, n~, versus form factor parameter, A. The 
area allowed by the data of ref. [ 1 ] is shaded. 

fig. 2, together with the allowed exper imenta l  values. 
We see that  2 < 4 . 2  fm -~ and R > 0 . 8  fm. I f  one as- 
sumes that  the pionic  effect is dominan t ,  the lower 
l imit  of  the data yields a lower l imit  on n~ and R < 1.17 
fm. 

In conclusion, the recent measurement  o f  an excess 
o f  a over  ~ quarks l imit  the pion cont r ibut ion  in the 
structure function of  the nucleon and also the p i o n -  
nucleus vertex function. 

After  submit t ing this work, we learned of  s imilar  
calculat ions by S. Kumano  and by A.I. Signal and 
A.W. Thomas.  

This work was suppor ted  in part  by the US De- 
pa r tmen t  of  Energy. 
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Fig. 1. Pion cloud contribution to deep inelastic scattering. 

tum distribution, f~(y), in the proton [3] as 
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x 

where ti~ is the distribution function of the pion and 
f~(y) is given by 
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Fig. 2. Pion number, n~, versus form factor parameter, A. The 
area allowed by the data of ref. [ 1 ] is shaded. 
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sumes that  the pionic  effect is dominan t ,  the lower 
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Fig. 1. Pion cloud contribution to deep inelastic scattering. 
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Experimental Progress  
Drell-Yan

• NMC measured integral quantity for Gottfried sum

• E866 FermiLab  measured x-dependence

GeV2 @1#. Extrapolating to x50 through the unmeasured
small-x region, the Gottfried integral is projected to be
0.23560.026, significantly below 1/3.
Although the violation of the GSR observed by NMC can

be explained by assuming pathological behavior of the par-
ton distributions at x,0.004, a more natural explanation is
to abandon the assumption ū5 d̄ . Specifically, the NMC re-
sult implies

E
0

1
@ d̄~x !2 ū~x !#dx50.14860.039. ~3!

The Fermilab E866 measurement @3# of the ratio of Drell-
Yan @6# yields from hydrogen and deuterium directly deter-
mines the ratio d̄(x)/ ū(x) for 0.02,x,0.345. An excess of
d̄ over ū is found over this x range, supporting the observa-
tion by NMC that the GSR is violated.
The d̄/ ū ratios measured in E866, together with the

CTEQ4M @7# values for d̄1 ū , were used to obtain d̄2 ū
over the region 0.02,x,0.345 ~Fig. 1!. As a flavor non-
singlet quantity, d̄(x)2 ū(x) has the property that its integral
is Q2-independent @8#. Furthermore, it is a direct measure of
the contribution from non-perturbative processes, since per-
turbative processes cannot cause a significant d̄ , ū difference.
As shown in Fig. 1, the x dependence of d̄2 ū at Q
57.35 GeV can be approximately parametrized as
0.05x20.5(12x)14(11100x).
Integrating d̄(x)2 ū(x) from E866, one finds

E
0.02

0.345
@ d̄~x !2 ū~x !#dx50.06860.007~stat!60.008~syst!

~4!

at Q57.35 GeV @3#. To investigate the compatibility of this
result with the NMC measurement @Eq. ~3!#, the contribu-
tions to the integral from the regions x,0.02 and x.0.345
must be estimated. Table I lists the values for the integral of
d̄2 ū over the three regions of x for three different parton
distribution function ~PDF! parametrizations at Q
57.35 GeV. For x.0.345, the contribution to the integral is

small ~less than 2%!. The three parametrizations predict that
the bulk of the contribution to the integral comes from 0.02
,x,0.345. Since CTEQ4M provides a reasonable descrip-
tion of the E866 data in the low-x region @3#, and the con-
tribution from the high-x region is small, we have used
CTEQ4M to estimate the contributions to the integral from
the unmeasured x regions. This procedure results in a value
*0
1@ d̄(x)2 ū(x)#dx50.10060.00760.017, which is 2/3 the
value deduced by NMC. The systematic error includes the
uncertainty (60.015) due to the unmeasured x regions, es-
timated from the variation between CTEQ4M and Martin-
Roberts-Stirling set R2 @MRS~R2!# @10#. This result is con-
sistent with the integral of the parametrized fit shown in Fig.
1.
The difference between the NMC and E866 results for the

d̄2 ū integral raises the question of the compatibility of the
two measurements. Figure 2 shows the NMC data for F2

p

2F2
n at Q52 GeV, together with the fits of MRS~R2! and

CTEQ4M. Both PDF parametrizations give very similar re-
sults for F2

p2F2
n . However, their agreement with the NMC

data is poor, especially in the region 0.15,x,0.4. It is in-
structive to decompose F2

p(x)2F2
n(x) into contributions

from valence and sea quarks:

FIG. 2. F2
p2F2

n as measured by NMC at Q52 GeV compared
with predictions based on the CTEQ4M and MRS~R2! parametri-
zations. Also shown are the E866 results, evolved to Q52 GeV, for
the sea-quark contribution to F2

p2F2
n . For each prediction, the top

~bottom! curve is the valence ~sea! contribution and the middle
curve is the sum of the two.

TABLE I. Values for *@ d̄(x)2 ū(x)#dx over various x ranges,
evaluated at Q57.35 GeV, for various PDF parametrizations. Val-
ues deduced from E866 are also listed.

x range CTEQ4M MRS~R2! GRV94 @9# E866

0.345–1.0 0.00192 0.00137 0.00148
0.02–0.345 0.0765 0.1011 0.1027 0.06860.011
0.0–0.02 0.0296 0.0588 0.0584
0.0–1.0 0.1080 0.1612 0.1625 0.10060.018

FIG. 1. Comparison of the E866 d̄2 ū results at Q57.35 GeV
with the predictions of various models as described in the text.
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GeV2 @1#. Extrapolating to x50 through the unmeasured
small-x region, the Gottfried integral is projected to be
0.23560.026, significantly below 1/3.
Although the violation of the GSR observed by NMC can

be explained by assuming pathological behavior of the par-
ton distributions at x,0.004, a more natural explanation is
to abandon the assumption ū5 d̄ . Specifically, the NMC re-
sult implies

E
0

1
@ d̄~x !2 ū~x !#dx50.14860.039. ~3!
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d(x) > ū(x) what about

¯

d/ū?

Expect large ratio at large x
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TABLE I. Ratio of deuterium to hydrogen cross sections per
nucleon vs x2. The average of the kinematic variables for each
bin is also tabulated. Note that kx1l ≠ kx

F

l 1 kx2l. The errors
are statistical only. An additional 1% systematic uncertainty is
common to all points.

kp

T

l kMm1m2 l
kx2l kxF l sGeVycd sGeVyc

2d spdy2spp

0.036 0.537 0.92 5.5 1.039 6 0.017
0.057 0.441 1.03 6.5 1.079 6 0.013
0.082 0.369 1.13 7.4 1.113 6 0.015
0.106 0.294 1.18 7.9 1.133 6 0.020
0.132 0.244 1.21 8.5 1.196 6 0.029
0.156 0.220 1.21 9.3 1.124 6 0.035
0.182 0.192 1.20 9.9 1.091 6 0.043
0.207 0.166 1.19 10.6 1.098 6 0.055
0.231 0.134 1.18 11.1 1.055 6 0.067
0.264 0.095 1.18 11.8 0.967 6 0.067
0.312 0.044 1.12 12.8 0.881 6 0.141

contributions from the Jyc and Y resonance families.
The data clearly show that the Drell-Yan cross section
per nucleon for p 1 d exceeds p 1 p over an apprecia-
ble range in x2. Figure 1 also shows the predictions for
next-to-leading order calculations [14] of the cross section
ratio, weighted by the E866 spectrometer’s acceptance,
using the CTEQ4M [3] and MRS(R2) [4] parton distri-
butions. The lower curve shows the predicted ratio for
a modified CTEQ4M parton distribution which maintains
the parametrization for d̄

p

1 ū

p

but sets d̄

p

2 ū

p

≠ 0.
The data are in reasonable agreement with the unmodified
CTEQ4M and the MRS(R2) predictions for x2 , 0.15. It
is clear that d̄

p

fi ū

p

in this range. Above x2 ≠ 0.15 the
data lie well below both parametrizations.
The acceptance of the spectrometer was largest for

xF ≠ x1 2 x2 . 0. In this kinematic regime the Drell-
Yan cross section is dominated by the annihilation of a
beam quark with a target antiquark. This fact, coupled
with the assumption of charge symmetry between the
neutron and proton and the assumption that the deuteron
parton distributions can be expressed as the sum of
the proton and neutron distributions, yields a simple
approximate form of the Drell-Yan cross section ratio,

spd

2spp

É

x1¿x2

¯
1
2

s1 1
1
4

d1

u1
d

s1 1
1
4

d1

u1

d̄2

ū2
d

√
1 1

d̄2

ū2

!
. (4)

The subscripts 1 and 2 denote that the parton distribu-
tions in the proton as functions of x1 and x2, respectively.
In the case that d̄ ≠ ū, the ratio is 1. This equation illus-
trates the sensitivity of the Drell-Yan measurement to d̄yū

and is valid only for x1 ¿ x2. It does, however, imply an
excess of d̄ with respect to ū for the data. Estimates of
the nuclear effects in deuterium are significantly less than
statistical errors shown in Fig. 1 [15].
Some of the data, especially at higher x2, do not

satisfy the x1 ¿ x2 criterion of Eq. (4). Consequently,

d̄yū was extracted iteratively by calculating the leading
order Drell-Yan cross section ratio using a set of parton
distribution functions as input and adjusting d̄yū until the
calculated cross section ratio agreed with the measured
value. In this procedure, the values for the d̄ 1 ū,
valence, and heavy quark distributions given by the global
fits [e.g., CTEQ4M and MRS(R2)] were assumed to be
correct. In the beam proton, when x1 # 0.345, the d̄yū

distribution was assumed to be the same as in the target
proton. For x1 . 0.345, a constant value of 1 for d̄yū

was used. Varying the high-x1 value of d̄yū produced
almost no change in the low x2 bins, and less than a 3%
change in the highest x2 bin. This procedure was followed
using both the CTEQ4M and MRS(R2) parametrizations
and negligible differences were seen. The extracted d̄yū

ratio is shown in Fig. 2 along with the prediction made
by CTEQ4M. A qualitative feature of the data, not seen
in either parametrization, is the rapid decrease towards
unity of the d̄yū ratio beyond x ≠ 0.2. At x ≠ 0.18, the
extracted d̄yū ratio is somewhat smaller than the value
obtained by NA51. Although the average value of Q

2

(M2
m1m2) is different for the two data sets, the change

in d̄yū predicted by the parton distributions due to Q

2

evolution is small.
To address the GSR violation observed by NMC, the

extracted d̄yū ratio is used together with the CTEQ4M
value of d̄ 1 ū to obtain d̄ 2 ū. [Nearly identical results
are obtained if MRS(R2) is used instead of CTEQ4M.]
Since each bin in x has a different average Q

2, d̄ 2 ū was
scaled to a common Q value of 7.35 GeVyc, the average
for the entire data set. Based on this, the integral of
d̄ 2 ū between x

min and 0.345 is calculated. Both d̄ 2 ū

and
R 0.345

x

min sd̄ 2 ūd dx are shown in Fig. 3. The integral

FIG. 2. The ratio of d̄yū in the proton as a function of x

extracted from the Fermilab E866 cross section ratio. The
curve is from the CTEQ4M parton distributions. The error
bars indicate statistical errors only. An additional systematic
uncertainty of 60.032 is not shown. The result from NA51 is
also plotted as an open box.
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More data- E866 (1999) 

Alberg, Henley and Miller PLB 471, 396 (2000)

With pions get too large a ratio

d̄
ū

Drell-Yan Measured d̄� ū and d̄
ū

Is there an isoscalar non-perturbative sea (omega meson)?

With !

Without !

SeaQuest aims at  better measurement, so we try
to improve 

 

The omega represents any
 non-perturbative isoscalar sea

What’s going on at high x?

( )M. Alberg et al.rPhysics Letters B 471 2000 396–399398

Ž . Ž .The results of our calculations for d x yu x
are shown in Fig. 1, and those for the ratio
Ž . Ž .d x ru x are shown in Fig. 2. The p-nucleon
coupling constant is taken as g 2r4ps13.6, thep

v-proton coupling constant is taken to be g 2r4pv

s8.1. In Fig. 1 the solid line is for L s0.83 GeV,p
1Ž Ž . Ž ..for which H d x yu x dxs0.10. The dashed0

lines are for L s0.78 GeV and L s0.88 GeV,p p

the range of values constrained by the experimental
error of "0.018 in D. The v meson, like any other
isoscalar meson, has no effect here, so that this curve
is that from the pion alone. In Fig. 2 the solid curve
shown is for L s1.5 GeV. The dashed line showsv

the effect of leaving out the v cloud contribution.
We have examined the effect of varying both Lv

and g in the range 1.3 GeV FLF1.8 GeV andv

7-g 2r4p-20. The larger values of g are fa-v v

vored in fits to nucleon-nucleon scattering data using
w xone-boson exchange potentials 17 and the smaller

ones from dispersion relation descriptions of forward
nucleon-nucleon scattering. The larger values of gv
and L tend to give too small values of the ratio
dru, while decreasing g or L causes the maximumv

value of dru to be too large and to appear at too
high a value of x.
The effects of h mesons are not included in the

curves shown in Figs. 1 and 2. These provide only a
1–2% change in dru for phenomenologically viable
coupling constants. Although we also examined the

w xFig. 1. Comparison of our meson cloud model with data 5 for
1Ž . Ždyu . The solid line is for L s0.83 GeV, for which DsH dp 0

.yu dxs0.10. The dashed lines are for L s0.78 GeV andp

L s0.88 GeV, the range of values constrained by the experi-p

mental error of "0.018 in D.

w xFig. 2. Comparison of our meson cloud model with data 5 for
2Ž .dru. The solid line L s0.83 is for g r4ps8.1 and L sp v v

1.5 GeV. The dashed line shows our result if the v cloud
contribution is omitted.

change of distribution function for the bare quarks
w xsuggested by Ref. 7 , the effect is sufficiently small

when added to that of the v meson that we do not
show it.
Although the contribution of the v to the proton

Ž . Ž .sea is large, we have verified that our d x and u x
distributions lie below the bounds set by the parton

w xdistribution functions of MRST99 21 , determined
from world data, including the E866 experiment.
It is clear from Figs. 1 and 2 that a good descrip-

tion of the present data is provided by the inclusion
of the v meson with a reasonable coupling constant,
and that therefore the meson cloud picture can be
successful. As mentioned above there are a number
of effects discussed in the literature, not included
here, which contribute to the proton sea. In addition,
one could include the effects of the s meson, which
would also tend to suppress dru. Including these
effects is likely to improve the description of the
data or modify the parameters describing the v-
nucleon interaction.
The existence of better data would provide a

severe test of the present model, and the prospects of
w xsuch seem imminent 22 . But it is fair to conclude

that the use of the v along with the previously
suggested meson cloud effects does allow for a good
description of the present data.

( )M. Alberg et al.rPhysics Letters B 471 2000 396–399 397

stants universally used to describe the nucleon-
nucleon scattering data cause the potential to be
non-vanishing over a fairly large range. The v me-
son also may be very important in deep inelastic

w xscattering from nuclei 14 , so it is natural to con-
sider its effects for a proton target.

w xWe provide the usual formulae 2 for the effects
Ž .of the meson cloud generalized Sullivan process in

order to facilitate the reader’s understanding of what
follows. The wave function of the proton is written
in terms of Fock states with and without mesons

2 2': :Np s Z Np q dy d k f y ,kŽ .Ýbare H H BM H
MB

:=NB y ,k M 1yy ,yk . 1Ž . Ž . Ž .H H

Here Z is a wavefunction renormalization constant,
Ž 2 .f y,k is the probability amplitude for finding aBM H

physical nucleon in a state consisting of a baryon, B
with longitudinal momentum fraction y and meson

Ž .M of momentum fraction 1yy and squared trans-
verse relative momentum k 2 .H

Ž .The quark distribution function q x of a proton
is given by

q x sqbare x qdq x , 2Ž . Ž . Ž . Ž .
with

x dy1
dq x s f y qŽ . Ž .Ý H MB M ž /y yxMB

x dy1q f y q , 3Ž . Ž .H BM B ž /y yx

f y s f 1yy , 4Ž . Ž . Ž .MB BM

and

`
2 2 2f y s Nf y ,k N d k . 5Ž . Ž .Ž .HBM BM H H

0

Ž .The expressions for the splitting functions f yMB
w x w xare those given by Ref. 2 as derived in Ref. 16 .

We include specifically p , v, and h mesons, but the
latter is negligible. We found that the integrands in

Ž . 0Eq. 5 for the p and v have very different
functional dependence on y and k 2 , so that interfer-H
ence effects between the p 0 and v are minimal, and

Ž .the incoherent sum over states in Eq. 3 is justified.

The cut-offs required in the model are taken from
w xRef. 2

tym2 uym2
M BG t ,u sexp exp , 6Ž . Ž .M 2 2ž / ž /2L 2LM M

where L is a cut-off parameter for each meson andM
t and u are the usual kinematical variables, ex-
pressed in terms of k and y. Such a form isH

Ž Ž .. w xrequired to respect the identity Eq. 4 2,15 .
In the present paper, we omit the effects of the r

meson as well as those of the intermediate D. The
Ž .former increases dyu , whereas the latter de-

creases it, so these effects tend to cancel. These
effects have been included by previous authors, and
do not provide a satisfactory description of the ratio
dru. The number of each type of meson, n , isM

Ž .obtained by integrating the square of f y over y.MB
Then for us Zs1y3n 0yn .p v

Ž .We need to discuss the functions q x andM
Ž .q x of our calculation. Those for the nucleon andp

pion are measured, but the quark distribution func-
tions of the v meson are unknown. The bag model
suggests that the structure functions of the v, r and
p mesons are the same. The near equality is more
believable for the v and r, than for that between the
vector and pseudoscalar mesons. However, it has

w xbeen traditional 19 to assume that the structure
function of the r and p are the same. Thus we use
w x20

1.020.61xq x s0.99 x 1yx , 7Ž . Ž . Ž .Õ

5.0xq x s0.2 1yx 8Ž . Ž . Ž .sea

for the valence and sea quark distributions of both
the pion and omega mesons. The bare nucleon sea is

w xparametrized 16 as
15 .8xQ x s0.11 1yx , 9Ž . Ž . Ž .bare

Q su su sd sd . 10Ž .bare sea sea sea sea

Ž .The value of L s 0.83"0.05 GeV is chosenp

to reproduce the range of allowed values of the
1w x Ž Ž . Ž ..integral 5 D'H dx d x yu x s0.100"0.0180

w xusing the sum rule of Henley and Miller 18 : D
2

0s n s2n . The parameter L is expected to bep p v3
w xlarger than L 17 , and we used the range 1.3 GeVp

-L -1.8 GeV.v

Form factor 

( )M. Alberg et al.rPhysics Letters B 471 2000 396–399 399
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Theory problems

• Results depend on form factor parameter 

• form factors enter as three dimensional functions even though expressed in 
terms of t and u

• how to derive ????

• Why do we need form factors?   Form factors oppose chiral perturbation theory 
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Why do we need form factors? 
Using form factors opposes chiral perturbation theory 

15

where the three terms here correspond to the three terms of Fig. 1c. The role of cancellations
in the reduction of the term proportional to �

if

is already apparent. To understand the
threshold physics take k0+ = k+ = M and q0+ = q+ = m

⇡

. Then one finds

M = �
if

2m2
⇡

f 2
+ 2i✏

fin

⌧
n

m
⇡

M

f 2
(70)

to leading order in m
⇡

/M . The weak nature of the �
if

term and the presence of the second
Weinberg-Tomazowa term is the hallmark of chiral symmetry[81].

The same results could be obtained using the linear sigma model, with � exchange playing
the role of the ⇡2 term of Eq.(65).

V. ⇡-NUCLEON TERMS

In the relativistic treatment of chiral e↵ective field theory for ⇡�nucleon systems [23]

the leading-order chiral Lagrangian is given by L(1)
�

= L(1)
N

+ L(1)
⇡

, where L(1)
⇡

is the chiral

Lagrangian of the free pion field, and L(1)
N

describes the dynamics of the nucleon field and its
coupling to the pion. We use the form expanded in powers of the pion field:

L(1)
N

=  ̄(i� · @ �M) � g
A

2f
⇡

 ̄�
µ

�5⌧
a @

µ

⇡a � 1

f 2
⇡

 ̄�
µ

⌧a ✏abc⇡b@
µ

⇡c. (71)

where  is the Dirac field of the nucleon, and ⇡a(a = 1, 2, 3) the chiral pion field. In Eq. (71)
g
A

denotes the nucleon axial vector coupling and f
⇡

the pion decay constant. At leading
order these parameters are taken at their physical values g

A

= 1.26 and f
⇡

= 93MeV. The
third term in Eq. (71) is the Weinberg-Tomazowa term which describes low-energy ⇡�nucleon
scattering.

The axial vector coupling used here is equivalent to the conventional pseudoscalar ⇡NN
coupling for on–shell nucleons with the pseudoscalar coupling constant g

⇡NN

= g
A

M

f

⇡

. This
is the Goldberger–Treiman relation.

The Lagrangian given above is not complete as it is non-renormalizable. The method of
regulating divergences must be specified. We use a physically motivated set of regulators as
discussed in the next section.

A. Form Factors

As noted above, one needs to include the term (⇡N) in which the virtual photon hits the
pion [27] (Fig. 1b), but one also needs to include the e↵ects of the virtual photon hitting the
nucleon (N⇡) while the pion is in the air (Fig. 1c).

Evaluating the Feynman diagram involves making an assumption regarding the ⇡�nucleon
vertex function, which necessarily leads to ambiguities. The aim here is to reduce the ambi-
guities.

We first discuss some of the previous problems. If a light-front formalism is used conser-
vation of momentum and charge would seem to impose a strong relationship [28] between

pion-nucleon
Form factor takes composite
nature of pion and nucleon 

into account

Non-renormalizable L, expand in powers of momentum
add counter terms order-by order -LECs.
results INDEPENDENT OF CUTOFF Not su�cient for DIS, IMHO be-
cause momenta O ⇠ mN

Form factor relates the LECs in a very specific way
di↵erent philosophy
Comment talk last week titled “· · · with chiral perturbation theory”
is NOT – no LEC’s, but yes to cuto↵ dependence
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This simple relationship is destroyed if GT 6= 0 because it transforms with the opposite sign.
Such a transformation defines a second-class current and we shall ignore second-class terms
from now on. Nevertheless, we emphasize the importance of those experiments which place
accurate experimental limits on GT [Wil 00].

The first of the structure-dependent form factors in Eq. (3.6), GA(Q2
), is known as the

axial form factor and it has been studied in considerable detail. While the second (non-zero)
form factor,GP (Q2

), which is known as the induced pseudoscalar form factor, is much harder
to study – being negligible at the momentum transfer of �-decay – it is nevertheless very
important.

The concept of chiral symmetry, which will play an important role in the later theoretical
chapters (e.g., guiding the construction of many models of nucleon structure) began with the
success of the PCAC (Partially Conserved Axial Current) hypothesis of Gell-Mann and Lévy
and Nambu [GL 60, Na 60]. In practical terms this means that the matrix elements of @µAµ

i
with i = 1, 2, 3 should be proportional to the squared pion mass, m2

⇡ , and so vanish in the
chiral limit (m2

⇡ ! 0 as the quark massesmq ! 0 ). This is clearly not true for the first term
in Eq. (3.6), but if the induced pseudoscalar term has a pion pole (with Q2

= �q2 and f⇡ =
92.4 MeV the pion decay constant)

GP (Q2
) ! 4 Mf⇡g⇡NN (Q2

)

Q2
+ m2

⇡

, (3.8)

as illustrated in Fig. 3.1, we find1

qµhp(P 0
)|Aµ

+(0)|n(P )i = 2ūp(P
0
)


MGA(Q2

)� Q2f⇡g⇡NN (Q2
)

Q2
+ m2

⇡

�
�5un(P ). (3.9)

Thus the matrix element of the divergence of the axial current vanishes asm2
⇡ ! 0 ifGA(Q2

)

and the pion-nucleon form factor g⇡NN (Q2
) are related by

MGA(Q2
) = f⇡g⇡NN (Q2

). (3.10)

At Q2
= 0 this is known as the Goldberger-Treiman relation and it is satisfied at the level

of 3 % (with gA = GA(0) = 1.267 ± 0.004, g⇡NN = g⇡NN (0) = 13.2 ± 0.1 and M =

0.939 GeV).

Figure 3.1: Pion pole model for the induced pseudoscalar form factor.

1We neglect a small non-pole correction given by Adler and Dothan [AD 66]. See also [BHM 01]
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0
)


MGA(Q2

)� Q2f⇡g⇡NN (Q2
)

Q2
+ m2

⇡

�
�5un(P ). (3.9)

Thus the matrix element of the divergence of the axial current vanishes asm2
⇡ ! 0 ifGA(Q2

)

and the pion-nucleon form factor g⇡NN (Q2
) are related by

MGA(Q2
) = f⇡g⇡NN (Q2

). (3.10)

At Q2
= 0 this is known as the Goldberger-Treiman relation and it is satisfied at the level

of 3 % (with gA = GA(0) = 1.267 ± 0.004, g⇡NN = g⇡NN (0) = 13.2 ± 0.1 and M =

0.939 GeV).

Figure 3.1: Pion pole model for the induced pseudoscalar form factor.

1We neglect a small non-pole correction given by Adler and Dothan [AD 66]. See also [BHM 01]

58 3 Weak Probes of Nucleon Structure

Figure 3.3: Differential cross section for quasi-elastic neutrino scattering on a neutron in the
deuteron, showing the sensitivity toMA [Bak 81].

determine the detailed shape of GA(Q2
). It is usually parametrized as a dipole form

GA(Q2
) =

GA(0)

⇣
1 +

Q2

M2
A

⌘2 , (3.20)

by analogy with the vector form factors. Attempts by Miller et al. [Mil 82] to fit with either a
monopole or tripole form led to fits that were worse by 1.5 standard deviations. With GA(0)

fixed at 1.26 from neutron �-decay (as explained below) the data is then analyzed for MA

with remarkable consistency. Table 3.1 summarizes the values of MA obtained by the three
groups. They are very near to each other, considering the complexity of these experiments,
and the combined average determinesMA to within about 3 %. Figure 3.3 shows a typical fit
to the quasi-elastic differential cross section data which led to the determination ofMA.

It is possible to relax the CVC constraint on the vector form factors and search simul-
taneously for the best-fit dipole masses MA and MV . The most accurate values (all given
in GeV) from Baker et al. (MV = 0.86 ± 0.07,MA = 1.04 ± 0.14) and Miller et al.
(MV = 0.96 ± 0.04, MA = 0.80 ± 0.10) are consistent with CVC in that MV measured
in electron scattering is 0.84 GeV. There is no evidence for a dependence of MA on the neu-
trino energy between 0.5 and 200 GeV. Nor is there any evidence for a second-class current
[Ahr 88].

3.2 Axial Matrix Elements in Charged Current Neutrino Reactions 57

B = 8 ⌧ GA GV
M , (3.18)

and

C =

1

4

G2
A + (FV

1 )

2
+ ⌧ (FV

2 )

2. (3.19)

Note that the vector form factors are, of course, the isovector combinations defined in
Eqs. (2.20) and (2.23). In addition, the last two terms in Eq. (3.17) are usually discarded
in the experimental analyses as they are suppressed by powers ofm2/M2 ⇡ 1 %.

Figure 3.2: Energy dependence of the total cross section for quasi-elastic, charged-current neu-
trino scattering [Kit 83].

Table 3.1: Dipole mass parameter MA (in GeV) in the axial form factor extracted from ⌫µ

quasi-elastic scattering.

Exp. MA [GeV]

BNL 1.07± 0.06

ZGS 1.00± 0.05

Fermilab 1.05

+0.12
�0.16

Average: 1.03± 0.04

Figure 3.2 summarizes the total cross section data from the three major groups working
on the problem in the 80’s at Argonne, Brookhaven and Fermilab [Kit 83]. All of the analyses
of the data take the vector form factors from electron scattering data and employ the approxi-
mation (3.11) to replaceGP byGA. As the former contributes only a few percent of the cross
section this is a very good approximation. Finally, the data are not sufficiently accurate to

Pion-Nucleon form factor determined for on-mass-shell nucleons, off shell pion
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Nucleon self energy -intermediate nucleon and Delta

an approximately linear dependence on the pion mass, in
agreement with the ‘‘surprisingly linear’’ results of lattice
QCD simulations [8,35], found for values of ! greater
than about 290 MeV. The LHP lattice data [35] are
shown, and these are consistent with other lattice calcu-
lations as reviewed. Varying the value of MA within the
stated range changes the value of !" only for !>
0:5 GeV and by 5% or less. The low-order chiral approxi-
mation of Eqs. (10) and (14) fails badly, showing that the
chiral logarithms do not dominate for the relatively large
values of ! used in many previous lattice QCD calcula-
tions. One could carry out the expansions of Eqs. (10) and
(14) to higher order in !, but convergence requires many
terms. One achieves a satisfactory description of !ðNÞ
up to ! ¼ 0:65 GeV by keeping terms up to order !24

and of !ð"Þ up to ! ¼ M" $M by keeping terms up to
order !20.

It is worthwhile to compare our procedure with that of
some others. For example, if one uses the heavy baryon
limit to simplify Eq. (3), evaluates the integral by taking
the pion to be on its mass shell, and regularizes the diver-
gent integral over momentum by using a cutoff at a maxi-
mummomentum, one obtains results that correspond to the
terms used in Ref. [5]. The relativistic procedure of
Ref. [36] avoids the use of the heavy baryon limit by
treating the nucleon recoil terms using an expansion pro-
cedure and uses dimensional regularization. We include all
of the recoil terms and employ a cutoff procedure that is
constrained by experimental data. In chiral perturbation
theory, our procedure corresponds to keeping a specific set
of higher-order terms with a fixed relation between them, a
relation fixed by experimental data.

Our results do not include contributions of order higher
than 1=f2". These may be considered as keeping the lowest
order pion cloud corrections using an expansion in powers
of " % 1=ð4"f"RÞ2, where R is a confinement radius
[1,37,38]. Here R&

ffiffiffiffiffiffi
12

p
=MA, so " ' 1=12. Thus we ex-

pect our results for the terms computed here to be accurate
within about 10%. This argument was mainly applied to
terms involving combinations of couplings of the nucleon
to a single pion but also holds for the n-pion-nucleon

vertex, e.g., as appearing in Fig. 1(d). These terms enter
at higher orders in! in chiral perturbation theory [39]. The
coupling constant g"N and the confinement sizes of the
pion and the nucleon, although not explicit in chiral per-
turbation theory, enter into the calculation of the diagram in
terms of quarks and gluons and via the implicit dependence
of f" and g"N on the underlying strong coupling constant
#S. Therefore, we expect that the terms of the chiral
Lagrangian will be consistent with the expansion in ".
To test our treatment of the nucleon self-energy, we

consider the contribution to lepton-nucleon deep inelastic
scattering arising from virtual pions. This is related to the
termM", obtained from Feynman rules for the diagram of
Fig. 1(b), as

M " ¼ 2M
@!"

@!2 : (18)

This expression does not involve a ‘‘probability,’’ because
the square of a nucleon light-front wave function does not
appear. Note that charge and momentum are explicitly
conserved: Production of a pion of momentum k is accom-
panied by an intermediate nucleon of momentum p-k. The
integrations over k$ and k? are carried out explicitly, and
with the definition y ¼ kþ=pþ one finds

M" ¼
Z 1

0
dyf"ðyÞ; f"ðyÞ % fN"ðyÞ þ f""ðyÞ;

fN"ðyÞ % 3g2"N
"

2ð2"Þ3
Z 1

y2M2=ð1$yÞ
dt

tF2ð$tÞ
ðtþ!2Þ2 ;

f""ðyÞ % 2
"
g"N"

2M

#
2 "

ð2"Þ3
2

3

Z 1

½y2M2þyðM2
"
$M2Þ*=ð1$yÞ

+ dt
F2ð$tÞ
ðtþ!2Þ2

"
tþ 1

4M2
"

ðM2 $M2
" þ tÞ2

#

+ 1

2
½ðMþM"Þ2 þ t*: (19)

The functions fN"ðyÞ and f""ðyÞ are shown in Fig. 3, where
one observes that these functions are of roughly equal
importance.
The change in the quark distribution functions of the

nucleon, $qiðxÞ, from this effect is given by the convolu-
tion formula as $qiðxÞ ¼

R
1
x dyf"ðyÞq"i ðx=yÞ, with q"i the

distribution functions for quarks of flavor i in the pion. The

0.0 0.2 0.4 0.6 0.8 4 f
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2.0
M GeV

FIG. 2 (color online). Nucleon mass as a function of !. Square
blocks: LHP lattice data [35]. Solid line: !" of Eqs. (17), (9),

and (13). Dashed line: Chiral approximation e!" ¼ e!"ðNÞ þ
e!"ð"Þ, Eqs. (10) and (14).
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FIG. 3 (color online). yf"ðyÞ for the intermediate "N and ""
states for MA ¼ 0:99; 1:03; 1:07 GeV.
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related contribution to the nucleon structure function
!F2ðxÞ is

!F2ðxÞ ¼
Z 1

x
yf"ðyÞF"

2 ðx=yÞdy; (20)

where F"
2 is the pion structure function [9,40].

An integral involving the difference between the proton
and neutron structure functions is particularly interesting:

Z 1

0

dx

x
½Fp

2 ðxÞ % Fn
2ðxÞ& ¼ 1=3% 2

3

Z 1

0
dx½ !dðxÞ % !uðxÞ&;

(21)

where the first term, obtained if the bare nucleon has a
symmetric sea, i.e., !d ¼ !u, represents the Gottfried sum
rule [41]. Experiment has clearly established violation of
the Gottfried sum rule, and the most precise determination
of the sea asymmetry [42] is

D '
Z 1

0
½ !dðxÞ % !uðxÞ&dx ¼ 0:118( 0:012: (22)

Henley and Miller [10] showed that the pion cloud pro-
vides a natural explanation of the measured asymmetry.
For Fig. 1(b), the pion cloud of a proton will include
"þðu !dÞ and the "0, which has equal numbers of !d and !u.
Only valence quarks of the pions are considered; the pion
sea distributions are assumed to be symmetric. The proba-
bility for a "þn intermediate state is 2=3, and that for a
"0p state is 1=3. Including also the effects of an inter-
mediate " leads to

D" ¼
Z 1

0
dyy

!
2

3
fN"ðyÞ %

1

3
f""ðyÞ

"
; (23)

with the probability of "%"þþ ¼ 1=2 and that for
"þ"0 ¼ 1=6. Since a bare baryon is assumed to have a
symmetric sea, possible contributions from Fig. 1(c) do not
enter. By using MA ¼ 1:03 GeV, the nucleonic contribu-
tion is 0.173, and the " contribution is %0:064, so that the
total is 0.109, within the experimental range of Eq. (22).

In summary, our light-front treatment of the relevant
Feynman diagrams reveals that the pion-baryon vertex
function appears only between on-mass-shell baryons.
This allows the vertex function to be expressed in terms
of one variable, the invariant momentum transfer t, and to
be constrained by experimental data. All ambiguities re-
garding the theoretical input needed to evaluate effects of
the pion cloud to second order in the coupling constants for
the effects of intermediate N and " are resolved. The
uncertainty due to the neglect of higher-order terms is
estimated to be about 10%. Our procedure reproduces the
observed linear dependence of the nucleon mass on the
pion mass found in lattice QCD calculations and the flavor
asymmetry of the nucleon sea. This work has implications
for nucleon-nucleon scattering, because one is instructed to
use the coupling implied by Eq. (1), and also for computing
pion cloud effects on the elastic electromagnetic form
factors of nucleons [43].
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Understanding the pion and its interaction with and
among nucleons is a necessary step in learning how QCD
describes the interaction and existence of atomic nuclei. As
a nearly massless excitation of the QCD vacuum with
pseudoscalar quantum numbers, the pion plays a central
role in particle and nuclear physics as a harbinger of
spontaneous symmetry breaking. The pion is associated
with large distance structure of the nucleon [1,2] and the
longest-ranged component of the nucleon-nucleon force
[3]. In lattice QCD calculations, the nucleon mass depends
on an input value of the quark mass, which generates a pion
mass ", and extrapolation formulas depending on " are
typically used [4–7] (see the review [8]). In addition, the
pion cloud plays an important role in deep inelastic scat-
tering on the nucleon, especially in understanding the
violation of the Gottfried sum rule [9,10]

Phenomenological calculations of pion-nucleon interac-
tions are beset with uncertainties related to the dependence
of the vertex function on momentum transfer and on the
possible dependence upon the virtuality (difference be-
tween the square of the four-momentum and mass squared)
of any intermediate nucleon or baryon. Moreover, modern
treatments of spin 3=2 baryons such as the # (baryon
excitation of lowest mass) within the Rarita-Schwinger
[11] formalism have been problematic as discussed in
Ref. [12]. The pathologies of the !N# coupling have
long been known [13–17]. The aim of the present Letter
is to develop and apply a method that is free of those
ambiguities.

As a specific example, consider the role of the pion
cloud in deep inelastic scattering. This is related to the
pion contribution to the nucleon self-energy of Fig. 1(a).
One needs to include the term in which the virtual photon
interacts with the pion [18] [Fig. 1(b)], but one also needs
to include the effects of the virtual photon hitting the
nucleon [Fig. 1(c)]. Conservation of momentum and
charge would seem to require that the argument of the
vertex function depends on the square of the invariant

mass of the intermediate pion-baryon system (s) [19].
Taking the form factor to have the standard form of
depending on the square of the four-momentum transfer,
between the initial nucleon and intermediate baryon (t),
while natural, popular, and effective [2,20], seemingly
disagrees with charge and momentum conservation ac-
cording to Ref. [19].
But chiral symmetry (limit of vanishing pion mass)

provides strong guidance. It is known that the !N vertex
function G!NðtÞ and the nucleon axial form factor are re-
lated by the generalized Goldberger-Treiman relation [21]:

MGAðtÞ ¼ f!G!NðtÞ; (1)

where t is the square of the four-momentum transferred to
the nucleons,GAðtÞ is the axial vector form factor, and f! is
the pion decay constant. The resulting Eq. (1), obtained from
a matrix element of the axial vector current between two on-
mass-shell nucleons, follows from the partially conserved
axial current hypothesis and the pion pole dominance of the
pseudoscalar current. Using Eq. (1) has obvious practical
value, because it relates an essentially unmeasurable quan-
tity G!N with one GA that is constrained by experiments.
However, the t dependence inherent in Eq. (1) would seem to
violate the purported consequence of momentum conserva-
tion. Similarly, the pionic coupling between nucleons and#

FIG. 1 (color online). (a) Pionic (dashed line) contribution to
the nucleon (solid line) self-energy. (b) External interaction x
with the pion. (c) External interaction x with the intermediate
nucleon. (d) Effect of 2!-nucleon interaction.
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FIG. 1: (a)Mesonic (dashed line) contribution to the nucleon (solid line) self-energy. (b) External
interaction, x, with the pion (c) External interaction, x, with the intermediate nucleon, (d) e↵ect of
Weinberg-Tomazowa term.

include the e↵ects of the virtual photon hitting the nucleon (BM) while the meson is in the
air (Fig. 1c).

In a light-front description, the proton-wave function can be expressed as a sum of Fock-
states components,. If one assumes that the meson cloud is an e↵ective description of the
nucleon’s non-perturbative sea, the di↵erent components are the bare nucleon and meson-
baryon states. This is the hypothesis that we are testing. Given such a wave function, and
assuming the lack of interference e↵ects one can represent the quark distribution function in
terms of distributions f

MB

(y) that represent the probability that a nucleon will fluctuate into
a meson, M , of light front momentum fraction y and a baryon, B, of light front momentum
fraction 1 � y. The meson cloud contribution to the quark distribution of flavor f in the
nucleon is given by:

qf
N

(x) = Z2q
f

N0(x) +
P

B,M

R 1

x

dy

y

f
MB

(y)qf
M

(x
y

) +
P

B,M

R 1

x

dy

y

f
BM

(y)qf
B

(x
y

) (1)

Z�1
2 � 1 =

P
B,M

R
dyf

BM

(y), (2)

B,M represent baryon B (nucleon N or �) and meson M (⇡ or !). The first symbol in the
subscript represents the struck hadron. The quark distributions of the hadrons in the cloud
are given by qf

M

(x) and qf
B

(x), and the bare nucleon distributions are given by qf
N0(x).The

renormalization factor Z2 is chosen to maintain probability conservation. For each term

Z�1
MB

� 1 =

Z 1

0

dyf
MB

(y) =< n >
MB

, (3)

with < n >
MB

the probability that the meson-baryon pair MB is created. Although Eq. (2)
is written in a general way, the least uncertain and most important terms involve the pion.
In the following we assume that the parton distributions of the � and nucleon are the same,
qf
N

= qf� = qf
B

.

If a meson carries a momentum fraction y the associated baryon carries a fraction 1 � y,
so that the distributions must obey the relation:

f
MB

(y) = f
BM

(1� y). (4)

Brodsky-Lepage Fock space representation:

|⇡Ni /
R 1
0

dyp
yd

2k?⇡

R 1
0

dyNp
yN

d2k?N�(1�y�yN )�(~k?⇡+
~k?N ) ⇡N (y,~k?⇡; yN ,~k?N )| · · · i

f⇡N (y) =
R
d2k?⇡

��� ⇡N (y,~k?⇡; 1� y,�~k?⇡)

���
2
= fN⇡(1� y)
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Understanding the pion and its interaction with and
among nucleons is a necessary step in learning how QCD
describes the interaction and existence of atomic nuclei. As
a nearly massless excitation of the QCD vacuum with
pseudoscalar quantum numbers, the pion plays a central
role in particle and nuclear physics as a harbinger of
spontaneous symmetry breaking. The pion is associated
with large distance structure of the nucleon [1,2] and the
longest-ranged component of the nucleon-nucleon force
[3]. In lattice QCD calculations, the nucleon mass depends
on an input value of the quark mass, which generates a pion
mass ", and extrapolation formulas depending on " are
typically used [4–7] (see the review [8]). In addition, the
pion cloud plays an important role in deep inelastic scat-
tering on the nucleon, especially in understanding the
violation of the Gottfried sum rule [9,10]

Phenomenological calculations of pion-nucleon interac-
tions are beset with uncertainties related to the dependence
of the vertex function on momentum transfer and on the
possible dependence upon the virtuality (difference be-
tween the square of the four-momentum and mass squared)
of any intermediate nucleon or baryon. Moreover, modern
treatments of spin 3=2 baryons such as the # (baryon
excitation of lowest mass) within the Rarita-Schwinger
[11] formalism have been problematic as discussed in
Ref. [12]. The pathologies of the !N# coupling have
long been known [13–17]. The aim of the present Letter
is to develop and apply a method that is free of those
ambiguities.

As a specific example, consider the role of the pion
cloud in deep inelastic scattering. This is related to the
pion contribution to the nucleon self-energy of Fig. 1(a).
One needs to include the term in which the virtual photon
interacts with the pion [18] [Fig. 1(b)], but one also needs
to include the effects of the virtual photon hitting the
nucleon [Fig. 1(c)]. Conservation of momentum and
charge would seem to require that the argument of the
vertex function depends on the square of the invariant

mass of the intermediate pion-baryon system (s) [19].
Taking the form factor to have the standard form of
depending on the square of the four-momentum transfer,
between the initial nucleon and intermediate baryon (t),
while natural, popular, and effective [2,20], seemingly
disagrees with charge and momentum conservation ac-
cording to Ref. [19].
But chiral symmetry (limit of vanishing pion mass)

provides strong guidance. It is known that the !N vertex
function G!NðtÞ and the nucleon axial form factor are re-
lated by the generalized Goldberger-Treiman relation [21]:

MGAðtÞ ¼ f!G!NðtÞ; (1)

where t is the square of the four-momentum transferred to
the nucleons,GAðtÞ is the axial vector form factor, and f! is
the pion decay constant. The resulting Eq. (1), obtained from
a matrix element of the axial vector current between two on-
mass-shell nucleons, follows from the partially conserved
axial current hypothesis and the pion pole dominance of the
pseudoscalar current. Using Eq. (1) has obvious practical
value, because it relates an essentially unmeasurable quan-
tity G!N with one GA that is constrained by experiments.
However, the t dependence inherent in Eq. (1) would seem to
violate the purported consequence of momentum conserva-
tion. Similarly, the pionic coupling between nucleons and#

FIG. 1 (color online). (a) Pionic (dashed line) contribution to
the nucleon (solid line) self-energy. (b) External interaction x
with the pion. (c) External interaction x with the intermediate
nucleon. (d) Effect of 2!-nucleon interaction.
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FIG. 1: (a)Mesonic (dashed line) contribution to the nucleon (solid line) self-energy. (b) External
interaction, x, with the pion (c) External interaction, x, with the intermediate nucleon, (d) e↵ect of
Weinberg-Tomazowa term.

include the e↵ects of the virtual photon hitting the nucleon (BM) while the meson is in the
air (Fig. 1c).

In a light-front description, the proton-wave function can be expressed as a sum of Fock-
states components,. If one assumes that the meson cloud is an e↵ective description of the
nucleon’s non-perturbative sea, the di↵erent components are the bare nucleon and meson-
baryon states. This is the hypothesis that we are testing. Given such a wave function, and
assuming the lack of interference e↵ects one can represent the quark distribution function in
terms of distributions f

MB

(y) that represent the probability that a nucleon will fluctuate into
a meson, M , of light front momentum fraction y and a baryon, B, of light front momentum
fraction 1 � y. The meson cloud contribution to the quark distribution of flavor f in the
nucleon is given by:
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B,M represent baryon B (nucleon N or �) and meson M (⇡ or !). The first symbol in the
subscript represents the struck hadron. The quark distributions of the hadrons in the cloud
are given by qf
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(x) and qf
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(x), and the bare nucleon distributions are given by qf
N0(x).The

renormalization factor Z2 is chosen to maintain probability conservation. For each term
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with < n >
MB

the probability that the meson-baryon pair MB is created. Although Eq. (2)
is written in a general way, the least uncertain and most important terms involve the pion.
In the following we assume that the parton distributions of the � and nucleon are the same,
qf
N

= qf� = qf
B

.

If a meson carries a momentum fraction y the associated baryon carries a fraction 1 � y,
so that the distributions must obey the relation:
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Brodsky-Lepage Fock space representation:

|⇡Ni /
R 1
0

dyp
yd

2k?⇡

R 1
0

dyNp
yN

d2k?N�(1�y�yN )�(~k?⇡+
~k?N ) ⇡N (y,~k?⇡; yN ,~k?N )| · · · i

f⇡N (y) =
R
d2k?⇡

��� ⇡N (y,~k?⇡; 1� y,�~k?⇡)

���
2
= fN⇡(1� y)

Taming II- recent

If fMB has �(y)
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but NO delta functions here!
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P̂� is Hamiltonian operator, construct from energy-momentum tensor T+�=

free particle kinetic energy M2
0 plus interactions V

|⇡Ni component
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where the three terms here correspond to the three terms of Fig. 1c. The role of cancellations
in the reduction of the term proportional to �

if

is already apparent. To understand the
threshold physics take k0+ = k+ = M and q0+ = q+ = m

⇡

. Then one finds

M = �
if

2m2
⇡

f 2
+ 2i✏

fin

⌧
n

m
⇡

M

f 2
(70)

to leading order in m
⇡

/M . The weak nature of the �
if

term and the presence of the second
Weinberg-Tomazowa term is the hallmark of chiral symmetry[81].

The same results could be obtained using the linear sigma model, with � exchange playing
the role of the ⇡2 term of Eq.(65).

V. ⇡-NUCLEON TERMS

In the relativistic treatment of chiral e↵ective field theory for ⇡�nucleon systems [23]

the leading-order chiral Lagrangian is given by L(1)
�

= L(1)
N

+ L(1)
⇡

, where L(1)
⇡

is the chiral

Lagrangian of the free pion field, and L(1)
N

describes the dynamics of the nucleon field and its
coupling to the pion. We use the form expanded in powers of the pion field:

L(1)
N

=  ̄(i� · @ �M) � g
A

2f
⇡

 ̄�
µ

�5⌧
a @

µ

⇡a � 1

f 2
⇡

 ̄�
µ

⌧a ✏abc⇡b@
µ

⇡c. (71)

where  is the Dirac field of the nucleon, and ⇡a(a = 1, 2, 3) the chiral pion field. In Eq. (71)
g
A

denotes the nucleon axial vector coupling and f
⇡

the pion decay constant. At leading
order these parameters are taken at their physical values g

A

= 1.26 and f
⇡

= 93MeV. The
third term in Eq. (71) is the Weinberg-Tomazowa term which describes low-energy ⇡�nucleon
scattering.

The axial vector coupling used here is equivalent to the conventional pseudoscalar ⇡NN
coupling for on–shell nucleons with the pseudoscalar coupling constant g

⇡NN

= g
A

M

f

⇡

. This
is the Goldberger–Treiman relation.

The Lagrangian given above is not complete as it is non-renormalizable. The method of
regulating divergences must be specified. We use a physically motivated set of regulators as
discussed in the next section.

A. Form Factors

As noted above, one needs to include the term (⇡N) in which the virtual photon hits the
pion [27] (Fig. 1b), but one also needs to include the e↵ects of the virtual photon hitting the
nucleon (N⇡) while the pion is in the air (Fig. 1c).

Evaluating the Feynman diagram involves making an assumption regarding the ⇡�nucleon
vertex function, which necessarily leads to ambiguities. The aim here is to reduce the ambi-
guities.

We first discuss some of the previous problems. If a light-front formalism is used conser-
vation of momentum and charge would seem to impose a strong relationship [28] between

Form factors absent

1997

2



Form factors
• product of pion and nucleon form factors:

F (k, p, y) = 1

[1� (k2�m2
⇡)

⇤2 ]n
1

[1� y
1�y

(p�k)2�m2
N

⇤2 ]n

p-kp

k

�(k, p)

 LF /
R
dk��(p, k) 1

k2�m2
⇡+i✏

1
(p�k)2�m2

N+i✏

� contains form factor.

Integrate over UH k� plane = integrate over LH k� plane w. stated form factor

• Including form factors goes beyond usual LF treatment

• Need form factors in frame independent manner ( 4-space)

• Maintain momentum conservation, unique LF wave function

• For use in light front wave function-virtual N, ⇡

• Product of pion and nucleon form factors:

 LF /
R1
�1 dk� Bethe�Salpeter(k, p)

 Bethe�Salpeter(k, p) =

n = 1 gives form factor very close to dipole, maintain experimental input!

n = integer

~Pauli-Villars reg. 

Keep experimental input



Summary
• Have formalism to get light front wave functions and meson distribution 

functions needed for light flavor nucleon sea

• Meson-nucleon coupling constants are known

• Form factors included in frame independent manner that incorporates 
experimental input

• Given the meson cloud model can make calculations with reasonably-well 
understood uncertainties

• True test of meson cloud model!

• See Alberg’s talk


