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The p ro ton- neu t ron  mass d i f f e r e n c e  i s  c a l c u l a t e d  i n  a  Born 

-1 i ke  approx imat ion  b u t  t a k i n g  i n t o  account  o f f  -mass-shel l v a r i a t i o n s  

o f  t h e  form f a c t o r s .  I n  t h i s  way, a  mass d i f f e r e n c e  w i t h  t h e  r i g h t  

s i g n  i s  ob ta ined .  

A d i f e r e n ç a  de massa e n t r e  o p r o t o n  e  o  n e u t r o n  é c a l c u l a d a  

na aproximação de Born, tomando em con ta  porém as var iações  dos f a t o -  

r e s  de forma f o r a  da camada de massa. E o b t i d a  ass im uma d i f e r e n ç a  de 

massa com o  s i n a l  c o r r e t o .  

"The p ro ton- neu t ron  mass d  i f f e r e n c e ,  probabl  y  t h e  o l d e s t  

p u z z l e  i n  hadron phys ics ,  has cha l  l enged and f r u s t r a t e d  genera t ions  o f  

t h e o r i s t s .  The s o l u t i o n  i s  nowhere i n  s i g h t" .  These a r e  t h e  opening 

sentences oF t h e  rev iew by ~ . ~ e e '  on t h e  p ro ton- neu t ron  mass d i f f e r e n -  

ce (A-llp%n) problem. I have borrowed Zee's  words t o  s e t  t h e  s tage 

f o r  t h e  p resen t  work where a  new a t t e m p t  i s  made a t  s o l v i n g  the puzz le .  

l ous  magnetic c o n t r i b u t i o n  i n t o  acco 

i f  t h e  i n t e g r a l s  a r e  c u t  o f f  a t  a  su 

r i  and Gat to  ( C F G ) ~  showed t h a t  t h e  

t i f i c i a l  c u t - o f f s  o f  FS unnecessary, 

A w i t h  t h e  wrong s ign .  

u n t ,  

i t a b  

nuc 

b u t  

S ince t h e  t ime people s t a r t e d  w o r r y i n g  about A (which is, ex- 

p e r i m e n t a l l y ,  - 1.29 M ~ V )  i t  was c l e a r  t h a t  the  Coulomb i n t e r a c t i o n  

would make i t  p o s i t i v e .  A p o s s i b l e  way o u t  was suggested b y  Feynman 

and Speisman (FS)'  who p o i n t e d  o u t  t h a t  by t a k i n g  t h e  n e g a t i v e  anoma- 

t h e  r i g h t  s i g n  m igh t  e m e r g e  

\ e  energy. Then, C i n i ,  F e r r a-  

leon  form f a c t o r s  made t h e  a r -  

, a t  t h e  same t ime,  l ead t o  a  



A l l  t h e  above was done i n  a p u r e l y  e lec t romagnet i c  Born ap- 

p rox imat ion .  Wi th  t h e  f a i l u r e s ,  however, o t h e r  types o f  ideas s t a r t e d  

t o  come i n :  feedback mechanisrns, tadpoles,  Regge po les ,  f i xed  po les ,  

r e l a t i o n  w i t h  e l e c t r o p r o d u c t i o n  ( v i a  cot t ingham4 fo rmu la )  and o t h e r  

approaches descr ibed  i n  Zee's rev iew.  More recen t  a t tempts  invoke t h e  

u n i f  i e d  e lec t roweak    alam-weinb'erg-Glashow) theory .  I n  most o f  these 

approaches t h e  tendency i s  t o  s h i f t  the r e s p o n s a b i l i t y  f o r  p roduc ing  a 

n e g a t i v e  A from t h e  low t o  t h e  h i g h  energy reg ion .  

I n  the  p resen t  work I  go back t o  FS and CFG w i t h  two d i f f e -  

rences ;I: r e l a t i o n  t o  t h e  l a t t e r  paper. F i r s t ,  I use f o r  t h e  nuc leon 

e l e c t r o r n ~ g n e t i c  c u r r e n t  a p a r a m e t r i z 3 t i o n  n a t u r a l l y  s u i t e d  f o r  t h e  

Sachs form f a c t o r s  which a r e  taken t o  be o f  t h e  usual  d i p o l e  t y p e  when 

b o t h  nuc leon legs  a r e  on-mass-shel l .  Second, and more impor tan t ,  t h e  

forrn f a c t o r s  a r e  a l lowed t o  v a r y  when o n e o f  t h e  nucleons i s  o f f -mass-  

- s h e l l .  Wi th  a p l a u s i b l e  ansa tz  as t o  what t h e  off-mass-shel l  behaviour  

o f  the  forrn f a c t o r s  i ç ,  and a f t e r  some ted ious  c a l c u l a t i o n ,  a A w i t h  

t h e  r i g h t  s i g n  and, p o s s i b l y ,  w i t h  t h e  r i g h t  magnitude i s  ob ta ined .  

L e t  me s t a r t  w i t h  t h e  nuc leon e lec t romagnet i c  c u r r e n t  which 

I choose t o  w r  i t e  as  

1 where P = - + p ' )  , ku=pp -pIp and G and GM a r e  t h e  e l e c t r i c  and 
2 (p!J )1 E 

magnetic Sachs form f a c t o r s .  For t h e  m e t r i c  e t c . ,  1 use t h e  n o t a t i o n  

o f  B jo rken  and Dre l  l 

The p a r a m e t r i z a t i o n  ( I )  f o r  t h e  c u r r e n t ,  which I w i l l  use i n  

t h e  f o l l o w i n g ,  i s ,  o f  course,  n o t  new a l though  i t  had n o t  been much 

employed. One o f  i t s  advantages i s  t h a t  i t  i s  s p e c i a l l y  s u i t e d  f o r  t h e  

Sachs fo rm f a c t o r s .  Another, i s  t h a t  i t  p r o v i d e s  conven ien t  c o n v e r -  

gente f a c t o r s  f o r  i n t e g r a l s  t h a t  w i l l  appear l a t e r .  



I n  lowest order,  the electromagnetic self-mass o f  a fermion 

can be w r i t t e n  i n  terms o f  the forward Compton s c a t t e r  i n g  ampl i t u d e  

wi t h  an off-mass-shel l photon Duv(P,k)] as 

w i t h  

I n a  standard fashion,  w e c a n a r r i v e a t  a Lowequat ion  f o r  

T which, i n  the Born approximation, i s  o f  the form 
uv 

where p'  i s  the momentum and s '  the spin o f  the intermediate nucleon. 

Using parametr izat ion (1) f o r  the rnatr ix  elements o f  the  

cur rents  appearing i n  Eq; (4) and p u t t i n g  the P thus obtained i n  Eq. 
,v 

(2) leads us, a f t e r  some y matr ices gymnastics, t o  the  formula 

where N can be e i  ther  p (proton) o r  n (neutron) . We would, o f  course, 

have a r r i v e d  a t  t h i s  same expression, had we w r i t t e n  the formula f o r  

the lowest order Feynman diagram f o r  the electromagnetic mass o f  an 



elementary fermion and then changed the electromagnetic ver tex  accor- 

d ing t o  ùy u -+ u , w i  t h  r as i n  Eq. ( I ) .  
IJ I J  IJ  

One d i s t u r b i n g  fea tu re  o f  Eq. (5) i s  the double po le  a t  k 2  = 

= 4M2. At the p a i r  product ion threshold t ha t  po le  i s  k i l l e d  by the  

fac to rs  [ ~ % ~ - ( p k ) ~ ]  and (2!d2-@) which vanish a t ' t h a t  po in t .  I n  order 

t o  proper ly  assess what happens a t  k 2  = 4M2 i n  general, one should go 

beyond the Born approximation and take a l so  i n t o  account intermediate 

s ta tes  w i t h  one nucleon plus one p a i r .  I n  t h i s  paper I w i l l  assume 

that  

t ha t  

resu 

terrn 

w i  t h  

the nucleon form fac to rs  prov ide  s u f f i c i e n t  damping t o  guarantee 

whatever happens a t  k 2  % 4M2 has a negl i g i b l e  e f f e c t  on the  f i n a l  

t .  

The i n teg ra l s  i n  Eq. (5) can be performed once a s u i t a b l e  i~ 

i s  added t o  the (k2 -4M2) f ac to r .  This p r e s c r i p t i o n  i s  i n  accord 

the proper l oca t i on  o f  the poles as d i c ta ted  by the c a u s a l i t y  

p r i n c i p l e .  From now on i t  w i l l  be anderstood t h a t  i n  in tegra lsover  the 

Minkowski region a11 denominators conta in  an i~ term even when i t  i s  

not  expl i c i t l y  w r i t t e n .  With a l l  the  poles proper ly  located onecan per- 

form a Cottingham r o t a t i o n 4  on Eq.  (5) and ob ta in  

where @ = - k2 and w = - i v  w i t h  v = - p k .  

GE and GM appeering i n  Eq. (5) w i l l  be taken t o  be o f  the  stan- 

dard d i p o l e  form 

where I J  and vn are  the  proton and neutron magnetic moments and the 
P 

mass v 2 = 8 ~  has t o  be taken f rom exper iment. 

I ca lcu la ted the proton and neutron mass s h i f t s  f rom Eq. (5) 

w i  t h  the form fac to rs  (7) and obtained, as everybody else,  the  wrong 



answer: p r o t o n  heav ie r  than neu t ron .  So, t h e  q u e s t i o n  i s :  t h e  s imp le  

Born approx imat ion  i s  n o t  s u f f i c i e n t ;  how can we g e t  something b e t t e r ?  

In d i s p e r s i o n  r e l a t i o n  language, t h e  h i g h e r  i n t e r m e d i a t e  s t a -  

t e s  c o n t r i b u t e  t o  a  s idew ise  d i s p e r s i o n  r e l a t i o n  o f  t h e  form f a c t o r s 7  

( d i s p e r s i o n  i n  t h e  mass o f  one o f  t h e  nuc leon l e g s ) .  I n  Feynman diagram 

language, t h e  i n t e r m e d i a t e  nuc leon i s  o f f - mass- she l l  w i t h  an e f f e c t i v e  

mas5 

I n  e i t h e r  way o f  l o o k i n g  a t  t h e  problem t h e  concdusion i s  t h e  same: t h e  

form f a c t o r s  should be taken w i t h  one nucleon l e g  o f f- mass- she l l ,  i .e . ,  

cD(k2;w2). 

I t  would be i n t e r e s t i n g  t o  s tudy  t h e  of f-mass- shel l  form f a c -  

t o r s  i n  a  s idew ise  d i s p e r s i o n  i n  o r d e r  t o  see t h e i r  connec t ion  w i t h  che 

e l e c t r o p r o d u c t i o n  amp l i tudes .  I n  t h e  meantime I propose t h e  f o l l o w i n g  

ansatz:  

N o t i c e  t h a t  i n  t h e  B jo rken  1  i m i t  (-k2) -+ m, (-pk) = v -+ m, w i t h  = 

= (k2/2pk), GD sca les  as 

S u b s t i t u t i n g  i n  Eq. (5) t h e  on-mass-shel l fo rm f a c t o r s  by form 

f a c t o r s  v a r y i n g  1  i k e  (9) t h e  r e s u l  t i n g  mass s h i f t  can be s p l i t  accord ing  

t o  

where 64 i s  t h e  mass s h i f t  one would g e t  from Eq. (5) i f  t h e  fo rm f a c -  

t o r s  were cons tan t ,  namel y  



where qg i r  the nucleon charge i n  u n i t s  o f  e. 6# r e r u l t s  from the va- v 
r i a t i o n  o f  the form fac to rs  and i s  g iven by 

6 2  can be obtained wi thout  much d i f f  i c u l t y ;  i t  i s  
C 

This p a r t  alone cont r ibu tes  t o  the p-n mass d i f f e rence  w i t h  

Unfortunatel  y, 64 ?s not  t ha t  simple. It has the form 

where 

and 

650 



A f t e r  tak ing  the de r i va t i ves ,  I ca lcu la ted every th ing  analy-  

t i c a l l y  except f o r  i n teg ra l s  l i k e  the  one i n  Eq.(18) which w e r e  done 

numer i c a l  l y i n  a  desk ca l cu la to r .  The resu l  t depends on B = ( ~ ~ / M ~ )  i n  Eq. 

(7) .  Data up t o  about (- k2)  -5 G ~ V ~  used t o  g  i ve  m2=0.71 ( G ~ V ~ ) '  co r-  

responding t o  a  8 ~ 0 . 8  w i t h  y i e l d s  

A = 2.01 MeV + A = A + A = -0.98 MeV , v C v (19) 

t o  be compared t o  the experimental va lue  of 1 .29 MeV. 

I h e  c a l c u l a t i o n  reported here was done intheMinkowski  reg ion 

us ing Eq. (5) w i  t h  form fac to rs  (3s i n  Eq. (7). The reason for doing th ings  

tha t  way, instead o f  working w i t h  the  Cottingham ro ta ted  Eq. (6), i s  

t h a t  I  could do most o f  the in t l -g ra ls  a n a l y t i c a l l y .  

I n  the  Cottingham region,  on the o ther  hand, d e l i c a t e  po in t s  

l i k e  having t o  deal w i t h  t i m e- l i k e  form f a c t o r s  and the  b e h a v i o u r  a t  

the p a i r  product ion threshold o f  the integrand i n  Eq.(5),  a r e  avoided. 

Present ly ,  I am doing the c a l c u l a t i o n  o f  the  mass d i f f e r e n c e  i n  the  

Cottingham reg ion s t a r t i n g  w i t h  Eq. (6) and p rope r l y  ro ta ted form fac- 

to rs ,  and expect t o  be ab le  t o  repo r t  on t h a t  work s h o r t l y .  

Meanwhile, I hope t o  have shown i n  t h i s  paper t ha t  by tak ing  

t h e i r  of f-mass-shel l  v a r i a t i o n s  i n t o  account, the forni f a c t o r s  c u t  o f f  

the i n teg ra l  s  less  abrupt l  y  a l  lowing f o r  the negat ive magnetic energy 

t o  overtake the  p o s i t i v e  Couloml~ energy. The ne t  r e s u l t  i s  a  negat ive 

proton-neutron mass'd i f ference.  I f  tha t  i s  co r rec t ,  the  o ldes t  puzzle 

i n  hadron physics would have ceased t o  be such. 
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