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Why use a nucleus a 

a target/beam?



Let’s think about NC DIS with protons. In the cross-section we 

have three partonic contributions:
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Let’s think about NC DIS with protons. In the cross-section we 

have three partonic contributions:

We have a minimum of seven PDFs to determine: (anti-)up, 

(anti-)down, (anti-)strange, and gluon.
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We can have l.i. combinations of PDFs if we use a neutron 

instead. Assuming isospin symmetry (i.e. ) is validuproton = dneutron
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f S
proton(x, Q2) = f S

neutron(x, Q2)

gproton(x, Q2) = gneutron(x, Q2)
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We can have l.i. combinations of PDFs if we use a neutron 

instead. Assuming isospin symmetry (i.e. ) is validuproton = dneutron

There is a catch with the neutron:  

๏ it can’t be used as a beam in a circular collider 

๏ it can’t be used as a fixed target

fNS
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neutron(x, Q2)
f S
proton(x, Q2) = f S

neutron(x, Q2)

gproton(x, Q2) = gneutron(x, Q2)
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We can have l.i. combinations of PDFs if we use a neutron 

instead. Assuming isospin symmetry (i.e. ) is validuproton = dneutron

There is a catch with the neutron:  

๏ it can’t be used as a beam in a circular collider 

๏ it can’t be used as a fixed target

fNS
proton(x, Q2) ≠ fNS

neutron(x, Q2)
f S
proton(x, Q2) = f S

neutron(x, Q2)

gproton(x, Q2) = gneutron(x, Q2)

But we could use deuterium. A (very light) nucleus.
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We can have l.i. combinations of PDFs if we use CC DIS 

(exchange of a W boson).

In that case we have one more structure function, , which 

enters the cross-section with different signs (depending on the 

sign of the W boson).  

xF3
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There is a catch with CC DIS:  

๏ if it is an outgoing neutrino, reconstructing the 

kinematics is non-trivial. 

๏ if it is an incoming neutrino, it won’t interact much 

with matter. 

We can have l.i. combinations of PDFs if we use CC DIS 

(exchange of a W boson).

In that case we have one more structure function, , which 

enters the cross-section with different signs (depending on the 

sign of the W boson).  
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There is a catch with CC DIS:  

๏ if it is an outgoing neutrino, reconstructing the 

kinematics is non-trivial. 

๏ if it is an incoming neutrino, it won’t interact much 

with matter. 

But we could use larger nuclei as targets.

We can have l.i. combinations of PDFs if we use CC DIS 

(exchange of a W boson).

In that case we have one more structure function, , which 

enters the cross-section with different signs (depending on the 

sign of the W boson).  

xF3
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be dde d  In nuc le i Th e y ma y d iffe r from the  fre e  nu- 
c le on  ca s e  n o t o n ly due  to  kin e ma tic a l s me a ring  ca us e d 
b y the  Fe rmi m o tio n  o f the  n u c le o n s  in  the  nuc le us  
b u t a ls o due  to  o the r e ffe c ts . 

In fo rm a tio n  a b o u t the  s ize  o f the s e  e ffe c ts  a nd  the ir 
in flu e n c e  o n  the  s truc tu re  fu n c tio n s  ha s  b e e n  o b ta in e d  
b y the  E u ro p e a n  Muon  C o lla b o ra tio n  from e xte ns ive  
m u o n  s ca tte ring  e xp e rim e n ts  us ing  ta rge ts  o f h q u id  
h yd ro g e n  [2 ],  d e u te riu m  [3] a nd  o f iron  [4]. Apa rt 
from the  d iffe re n t ta rge ts  the  s a me  a ppa ra tus  ha s  b e e n  
us e d for a ll me a s u re me n ts .  

The  m e a s u re m e n ts  with  h yd ro g e n  a nd  d e u te riu m  
ta rge ts  a llow the  d e te rm in a tio n  o f the  s truc tu re  func- 
tions  for fre e  nuc le ons .  The  p ro to n  s truc tu re  fu n c tio n  
F ~  ha s  b e e n  e xtra c te d  from the  h yd ro g e n  da ta  a lone . 
The  n e u tro n  s truc tu re  fu n c tio n  F ~  ha s  b e e n  o b ta in e d  
b y a  c o m b in e d  tre a tm e n t o f the  h yd ro g e n  a nd  the  
d e u te riu m  da ta . This  th e n  d e te rm in e s  the  ra tio  F~/F p 
which , for la rge  x,  re pre s e n ts  the  ra tio  o f the  d- a nd  u- 
q u a rk d is trib u tio n s .  In  th is  p roce dure ,  co rre c tions  
ha ve  b e e n  a pplie d  to  ta ke  in to  a c c o u n t e ffe c ts  due  to  
the  n u c le o n  m o tio n  in  the  d e u te ro n  which  is  a  loos e ly 
b o u n d  p - n  s ys te m. In  the  kin e m a tic a l ra nge  cove re d 
b y the  da ta  (0 .03  ~< x < 0 .65) the s e  co rre c tions  a re  
s ma lle r th a n  3% [3]. 

In  a  s imila r wa y the  n u c le o n  s truc tu re  fu n c tio n  a nd  
the  fre e  n u c le o n  q u a rk a nd  g luon  d is trib u tio n s  cou ld  
be  e xtra c te d  from the  h igh A ta rge t da ta ,  p rovide d  one  
kn e w how to  ca lcu la te  the  co rre c tions  due  to  nuc le a r 
e ffe c ts  which  a re  d iffe re n t in  this  ca s e  s ince  the  nu- 
c le ons  in  the  nuc le us  a re  pa cke d  m u c h  tigh te r toge the r 
th a n  in  the  d e u te ro n .  

If the s e  co rre c tions  cove re d a ll e ffe c ts  ca us e d b y the  
q u a rk s truc tu re  o f nuc le i a nd  we re  comple te ly unde r- 
s tood , th e y ce rta in ly s hou ld  be  a pplie d  to  the  de e p  m- 
e la s tic  s ca tte ring  da ta  be fore  the s e  a re  compa re d  with  
the  p re d ic tio n s  o f QCD. This  a ppe a rs  to  be  de s ira ble  
as  the  Alta re lll-P a rls l e q u a tio n s  [5] in  the ir orig ina l 
fo rm re quire  a n  in te g ra tio n  from x to  1 (If the y a re  n o t 
mod ifie d  to  a llow a n  x ra nge  up  to  x = A [6 ]) a nd  the  
c o m m o n ly us e d p a ra m e triz a tlo n s  o f the  q u a rk a nd  
g luon  d is trib u tio n s  a re  b o u n d e d  to  ze ro a t x = 1. 

Up to  n o w o n ly thos e  co rre c tions  due  to  the  m o tio n  
o f the  n u c le o n s  in  the  nuc le us  ha ve  b e e n  ca lcu la te d . 
Fo r the s e  ca lcu la tions  it is  c o m m o n  to  vie w the  nuc le us  
a s  a  co lle c tion  o f s lowly moving  n u c le o n s  we a kly b o u n d  
to  e a ch o the r with  the ir in te rn a l p rope rtie s  u n c h a n g e d  
compa re d  to  the  fre e  n u c le o n  ca s e . The  m e th o d s  us e d 
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Fig. 1. Theore tica l pre dlcnons  for the  Fe rmi motion correc- 
tion of the  nucle on s tructure  function F N for Iron. Dotted 
line  Few-nucleon-corre la tion-model of Fra nkfurt and S trlk- 
man [9]. Dashed line . Collective-tube-model of Berlad e t a l. 
[10] S olid line  Correction accordmg to Bode k and Rltchle  
[8]. Dot-da s he d line . S a me  authors , but no high mome ntum 
ta il included. Triple -dot-da s he d line  S a me  authors , momen- 
tum ba lance  a lways  by a A - 1 nucleus . The  las t two curves  
should not be  unders tood as predictions  but as a n indica tion 
of the  sens itivity of the  ca lcula tions  to severa l assumptions  
which are only poorly known. 

to  ca lcu la te  the  d e u te riu m  co rre c tions  [7] a re  s imply 
tra ns fe rre d  to  the  he a vy nuc le us  ca s e . De p e n d in g  o n  
the  wa y the  n u c le u s  wa ve  fu n c tio n  IS ca lcu la te d ,  a nd  
o n  the  a s s umptions  ma de  on  the  m o m e n tu m  ta ll a nd  
the  m o m e n tu m  ba la nce , the  re s ults  [8 - 1 0 ],  s hown  in  
fig. 1, d iffe r b y s e ve ra l pe rce n t,  b u t s how in  e a ch ca s e  
a  s imila r g loba l be ha vtour.  The  ra tio  o f the  s truc tu re  
fu n c tio n  F A for a  n u c le u s  with  ma s s  n u m b e r A a nd  o f 
the  s um o f the  fre e  n u c le o n  s truc tu re  fu n c tio n s  for 
p ro to n  a nd  n e u tro n  we ighte d  with  the  co rre s pond ing  
n u c le o n  n u m b e rs  [ZF~ + (A - Z ) F~] is  ris ing with  x 
fo rx >~ 0 .2 . The  va lue  o f this  ra tio  is  a b o u t 1 .2 -1 .3  
a t x = 0 .65 a nd  incre a s e s  ra p id ly to  highe r va lue s  o fx .  
In  te rms  o f qua rks  this  me a ns  [9 ,10 ] tha t in  a  nuc le us  
the  qua rk d is trib u tio n s  a re  e n h a n c e d  a t high x a nd  e x- 
te n d  fa r b e yo n d  x = 1, the  kin e m a tic  lu n it b e in g  x = A 
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predicted nuclear modifications 

(various models)
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๏ The expectation was 

that using a nucleus 

would be similar to 

using a proton. 

๏ At most one would 

need to account for the 

non-isoscalar nuclei 

and the internal motion 

of nucleons in the 

nucleus (Fermi motion).
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actual nuclear 

modification 

(only statistical 

uncertainty shown)
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The  va h d lty o f the s e  ca lcu la tions  ca n  be  te s te d  b y 
e xtra c tin g  the  ra tio  o f the  fre e  n u c le o n  s truc tu re  func- 
tio n s  F~/F~  from the  lio n  a nd  h yd ro g e n  da ta  o f the  
EMC. Ap p lyin g ,  for e xa mple ,  the  s me a ring  c o rre c tio n  
fa c tors  for the  p ro to n  a nd  the  n e u tro n  a s  give n b y 
Bode k a nd  Rltch le  (ta b le  13 o f re f. [8 ]),  o n e  ge ts  a  
ra tio  whmh is  ve ry d iffe re n t from the  one  o b ta in e d  
with  the  d e u te riu m  da ta  [3]. It fa lls  from a  va lue  o f 
~ 1 . 1 5  a tx  = 0 .05 to  a  va lue  o f ~ 0 .1  a tx  = 0.65 which  
is  e ve n  be low the  q u a rk-mo d e l lowe r b o u n d  o f 0 .25 . 

A d ire c t wa y to  che ck the  c o rre c tm n s  due  to  nu- 
c le a r e ffe c ts  is  to  compa re  the  d e u te ro n  a nd  iron  da ta  
for the y s hould  be  in flu e n c e d  s lmda rly b y the  n e u tro n  
c o n te n t o f the s e  nuc le i.  The  iron  da ta  a re  the  fina l 
c o m b in e d  da ta  s e ts  for the  four m u o n  b e a m  e ne rgie s  
o f 1 2 0 ,2 0 0 ,  250  a nd  280  Ge V; the  d e u te riu m  da ta  
ha ve  be e n  o b ta in e d  with  a  s ingle  b e a m  e ne rgy o f 280  
Ge V. The  ra tio  o f the  me a s u re d  n u c le o n  s tru c tu re  
fu n c tio n s  for iron  F2N(Fe ) = 1 wuFe  gg* 2 a nd  for d e u te rm m  
F N(D) = {F~  D, n e , th e r corre c te d  for Fe rmi m o tio n ,  
ha s  b e e n  ca lcu la te d  p o in t b y p o in t.  Fo r th is  compa ri- 
s on o n ly da ta  p o in ts  with  a  to ta l s ys te ma tm e rro r le s s  
th a n  15% ha ve  b e e n  us e d. The  iron  da ta  ha ve  be e n  cor- 
re c te d  for the  non-ls os ca la rlty o f 56Fe  a s s uming  tha t 
the  n e u tro n  s truc tu re  fu n c tio n  be ha ve s  hke  F ~  = (1 
- 0 . 7 5 x)F P .  This  give s  a  c o rre c tio n  o f ~ +2 .3 %  a t x 
= 0.65 a nd  o f le s s  th a n  1% fo rx  < 0.3. The  Q2 ra nge , 
which  ~s limite d  by the  e xte n t o f the  d e u te riu m  da ta , 
as d iffe re n t for e a ch x-va lue , va rying  from 9 ~< Q2 ~< 27 
Ge V 2 for x = 0 .05 ove r 11.5 ~< Q2 < 90  Ge V 2 for x 
= 0.25 up  to  36 ~ Q 2  ~< 170 Ge V 2 fo rx  = 0 .65 . 

W~thm the  h m lts  o f s ta tis tica l a nd  s ys te ma tm e rrors  
no  s lgmfica n t Q2 d e p e n d e n c e  o f the  ra tm F ~ ( F e ) /  
F N(D) is  obs e rve d. The  x-d e p e n d e n c e  o f the  Q2 a ve r- 
a ge d ra tio  is  s hown in  fig. 2 whe re  the  e rror ba rs  a re  
s ta tis tica l o n ly.  Fo r a  s tra ight line  fit o f the  form 

FN (Fe )/FN (D) = a + b x  , 

one  ge ts  for the  s lope  

b = - 0 . 5 2  + 0 .04  (s ta tis tic a l)+ 0.21 (s ys te m a ttc ).  

The  s ys te ma tm e rror ha s  b e e n  ca lcu la te d  b y d is to rt- 
mg the  me a s ure d  F N va lue s  b y the  ind ividua l s ys te m- 
a tm e rrors  o f the  da ta  s e ts , ca lcu la ting  the  co rre s pond- 
mg s lope  for e a ch e rror a nd  a dd ing  the  d iffe re nce s  
qua d ra tica lly.  The  pos s ible  e ffe c t o f the  s ys te ma tic  
u n c e rta in tie s  o n  the  s lope  is  lndma te d  b y the  s ha de d 
a re a  m fig. 2. Un c e rta ln tm s  m the  re la tive  no rma hs a - 
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2, Th e  ra tio  o f th e  n u c le o n  s tru c tu re  fu n c t io n s  F N Fig. me a - 
s u re d  on  tro n  a nd  d e u te r iu m  a s  a  fu n c tio n  o fx  = O 2 /2 M,-,v .  

- 5 6  The  iro n  d a ta  a re  c o rre c te d  fo r th e  n o n -ls o s c a la rlty o f 26Fe ,  
b o th  d a ta  s e ts  a re  n o t  c o rre c te d  fo r F e rm i m o tio n .  Th e  fu ll 

h n e a r fit F N ( F e ) / F N ( D )  = a + b x  wh ic h  re s u lts  c u r v e  is  a  in  
a s lo p e b = - 0 5 2 _ +  0 .04  (s ta t. ) -+ 0 . 2 1 ( s y s t )  Th e  s h a d e d  
a re a  in d ic a te s  th e  e ffe c t o f s ys te m a tm  e rro rs  on  th is  s lope . 

tlon  o f the  two  da ta  s e ts  will n o t cha nge  the  s lope  o f 
the  obs e rve d x-d e p e n d e n c e  o f the  ra tio  b u t ca n  o n ly 
move  it up  or d o wn  b y up  to  s e ve n pe rce n t.  The  dif- 
fe re nce  F N ( F e ) - F N ( D )  howe ve r ,s  ve ry s e ns itwe  to  
the  re la twe  n o rm a h s a tlo n .  

The  re s ult is  m comple te  d is a gre e me nt with  the  
ca lcu la tions  d lu s tra te d  a n fig .  1. At high x,  whe re  a n  
e n h a n c e m e n t o f the  qua rk d is trib u tio n s  compa re d  to  
the  fre e  n u c le o n  ca s e  is  p re d ic te d ,  the  me a s ure d  s truc- 
tu re  fu n c tio n  pe r n u c le o n  for ~ron ~s s ma lle r th a n  tha t 
for the  d e u te ro n .  The  ra tio  o f the  two  is  fa lhng from 
~ 1 . 1 5  a t x  = 0.05 to  a  va lue  o f ~ 0 . 8 9  a t x  = 0.65 
while  it is  e xpe c te d  to  ris e  up  to  1 . 2 -1 . 3  a t th is  x 
va lue . 

We a re  n o t a wa re  o f a n y pub lis he d  de ta ile d  pre dic- 
tio n  p re s e n tly a va ila ble  which  ca n e xp la in  the  be ha v- 
tou r o f the s e  da ta . Howe ve r the re  a re  s e ve ra l e ffe c ts  
kn o wn  a nd  dis cus s e d which  ca n  cha nge  the  qua rk dis - 
trib u tio n s  m a  high A n u c le u s  compa re d  to  the  fre e  
n u c le o n  ca s e  a nd  ca n  c o n trib u te  to  the  obs e rve d e f- 
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“The result is in complete disagreement with the 

calculations illustrated in Fig. 1.”
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“The result is in complete disagreement with the 

calculations illustrated in Fig. 1.”

“We are not aware of any published detailed 

prediction presently available which can explain 

the behaviour of these data. However, there are 

several effects known and discussed which can 

change the quarks distributions in a high A 

nucleus compared to the free nucleon case and can 

contribute to the observed effect.”  
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h a ve  b e e n  e va lua te d ,  a n d  the  re s u lts  a re  s hown  in  ta - 
b le  3. Th e  va lue  o fF 2  D (x) wa s  ta ke n  fro m  re f. [ 10] 
a n d  the  ra tio  F~ ( x ) / F  D (x ) wa s  ta ke n  fro m  ta b le  2. 
Th e  s ys te ma tic  e rro r g ive n  wa s  e s tim a te d  b y ca lcula t- 
ing the  c o n trib u tio n  to  the  in te gra l I A- D s e pa ra te ly 
fo r e a ch  s ource  o f s ys te ma tic  e rro r,  th e n  a d d in g  the  
re s u lta n t e rro rs  in  q u a d ra tu re .  Th is  in te gra l re p re - 
s e n ts  the  cha nge  in  the  m o m e n tu m  fra c tion  ca rrie d  
b y q u a rks  a n d  a n tiqua rks .  Th e  re s u lts  ind ica te  a  pos - 
s ib le  re d u c tio n  in  the  vis ib le  m o m e n tu m  fra c tion  p e r 
nuc le on  fo r h e a vy nuc le i c o m p a re d  to  th a t fo r 
d e u te riu m . 

5. Dis cus s ion 

Th e  m a in  fe a tu re s  o f the  ra tio s  o f the  nuc le on  
s truc tu re  func tions  A D F 2 / F : c a n  be  s u m m a ris e d  a s  
follows : Th e re  is  a  d e p le tio n  be low u n ity fo r va lue s  
o f x>~0.25. Th e  ra tio  is  cons is te n t with  un ity,  o r a  
s ma ll ris e  a b o ve  un ity in  the  x ra nge  rough ly b e twe e n  
0.08 a n d  0.20. F o r s ma ll x (~<0.05), the  m e a s u re d  
ra tios  lie  be low un ity,  a n d  the  m a g n itu d e  o f the  de - 
via tio n  fro m  un ity grows  with  inc re a s ing  a to m ic  
we ight. 

Ta kin g  in to  a c c o u n t the  q u o te d  s ta tis tica l, s ys te m- 
a tic  a n d  ove ra ll n o rm a lis a tio n  e rrors , the  m e a s u re d  
ra tio s  on  C u / D  a re  c o m p a tib le  with  the  orig ina l m e a - 
s u re m e n ts  on  F e /D  [ 1 ,10], e xce p t fo r a  d iffe re nce  in  
the  two  lowe s t x p o in ts  o f 1 -2  tr (fig. 3 ).  Th e  p re s e n t 
da ta ,  e xte nd ing  lowe r in  x, ind ica te  a  tu rn ing  o ve r o f 
the  ra tio  a t low x. Th is  e ffe c t b e c o m e s  incre a s ing ly 
a p p a re n t a t h ighe r a to m ic  we ight. 

A d is cus s ion  o f o th e r e xp e rim e n ta l d a ta  on  q u a rk 
d is tribu tions  in  nucle i, a n d  on  the  s ta tus  o f m o d e ls  
fo r the s e  e ffe cts , ca n  be  fo u n d  in re f. [ 5 ]. Two  m a in  
cla s s e s  o f m o d e ls  h a ve  e m e rg e d  fo r the  re g ion  x ~  0. l,  
n a m e ly the  c o n ve n tio n a l nuc le a r phys ics  mo d e ls  
which  invo lve  a  c o n vo lu tio n  o f the  c o n trib u tio n s  o f 
the  cons titue n ts  (n , N, A, m u ltiq u a rk ba gs , e tc .) o f 
the  nuc le us  a n d  the  Q 2  re s ca ling  mode l.  Th is  la tte r 
m o d e l doe s  no t inc lude  the  e ffe c ts  o f F e rm i m o tio n  
a n d  is  a pp lica b le  on ly fo r x <  0.7. Bo th  the s e  mo d e ls  
ca n  be  e xpre s s e d  a s  a  cha nge  in  the  s ca le  o f e ithe r x 
o r  Q 2  ( o r  b o th ) in  nuc le a r ma tte r.  Empirica lly a n y 
m o d e l with  s uch a  s ca le  cha nge  c a n  be  m a d e  to  fit the  
e xis ting  da ta .  F u rth e rm o re ,  the  d a ta  s ugge s t th a t the  
d is ta nce  o ve r which  q u a rks  m o ve  is  la rge r fo r b o u n d  
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Fig. 3. Ra tios  o f the  nucle on s truc ture  func tions  Fc2"/F~ (th is  
e xp e rime n t) full circles , Fe n - F2 /F2  [10] - full s qua re s  (in n e r 
e rro rs  a re  s ta tis tica l, o u te r a re  tota l i.e . c o m b in e d  s ta tis tica l a nd  
s ys te ma tic ),  re  o F2 /F2  [4 ] - ope n  circle s  a nd  F2Fe/F2D [2 ,3] - 
ope n  tria ngle s . The  e rro r ba rs  s h o wn  a re  the  to ta l e rrors , ob- 
ta ine d  by a dding  the  s ta tis tica l a n d  s ys te ma tic  e rro rs  in  
qua dra tu re . 

th a n  fo r qua s i-fre e  nucle ons . 
No n e  o f the  m o d e ls  in  the s e  ca te gorie s  ca n  be  us e d  

to  de s c ribe  the  ra tio s  o b s e rve d  a t low va lue s  o fx.  Th e  
ve c to r d o m in a n c e  m o d e l (VDM) [13] p a rtly de - 
s c ribe s  nuc le a r s ha dowing  p h e n o m e n a  fo r re a l p h o - 
tons  a n d  fo r low-Q 2 a n d  low-x virtu a l pho tons .  
Ho we ve r,  a n y VDM e ffe c ts  a re  p re d ic te d  to  fa ll o ff 
a s  ~ 1 /Q2, a n d  s o will h a ve  la rge ly d ie d  o u t in  the  Q2 
ra nge  o f th is  e xpe rime n t.  A pos s ib le  e xp la n a tio n  fo r 
s ha dowing  a t la rge  Q2 is  the  m o d e l o f Nic o la e v a n d  
Za kh a ro v [ 14 ]. In  th is  m o d e l the  long itud ina l e xte n t 
A z ~  1 /Mx  o f the  p a rto n s  s e e n  b y the  virtu a l p h o to n  
is  cons ide re d . F o r x<x~A -~/3, whe re  x c ~ MJ MN  
~ 0.15, p a rto n s  fro m  d iffe re n t nuc le ons  a re  wh itin  a  
c o m m o n  vo lu m e  cove ring  the  whole  nuc le us  in  the  
long itud ina l d ire c tion . S ha dowing  be low xc is  a ttrib - 
u te d  to  the  fus ion  o f o ve rla p p in g  p a rto n s  a nd , fro m  
m o m e n tu m  cons e rva tion ,  a  ris e  in  F'I/F D a b o ve  un - 
ity (a n tis h a d o win g ) is  p re d ic te d  in  the  re g ion  o f 
x ~x c .  Th is  m o d e l doe s  no t e xp la in  the  la rge -x b e h a v- 
iou r o f the  da ta ,  the  phys ics  o f which  m a y we ll m o d - 
ify the  low-x p re d ic tions  o f the  mode l.  Howe ve r,  the  
m o d e l is  in  qua lita tive  a g re e m e n t with  the  d a ta  e x- 
ce p t tha t it p re d ic ts  a  s tronge r A de pe nde nce  th a n  s e e n 
in  the  da ta .  Th e  Q2 d e p e n d e n c e  o f nuc le a r s ha dow- 
ing ha s  b e e n  cons ide re d  b y Qiu  [ 15 ] us ing  m o d ifie d  
Alta re lli-P a ris i e q u a tio n s  which  ta ke  in to  a ccoun t 
p a rto n  re c o m b in a tio n  e ffe c ts  in  nucle i. Q iu  con- 
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Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  
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h a ve  b e e n  e va lua te d ,  a n d  the  re s u lts  a re  s hown  in  ta - 
b le  3. Th e  va lue  o fF 2  D (x) wa s  ta ke n  fro m  re f. [ 10] 
a n d  the  ra tio  F~ ( x ) / F  D (x ) wa s  ta ke n  fro m  ta b le  2. 
Th e  s ys te ma tic  e rro r g ive n  wa s  e s tim a te d  b y ca lcula t- 
ing the  c o n trib u tio n  to  the  in te gra l I A- D s e pa ra te ly 
fo r e a ch  s ource  o f s ys te ma tic  e rro r,  th e n  a d d in g  the  
re s u lta n t e rro rs  in  q u a d ra tu re .  Th is  in te gra l re p re - 
s e n ts  the  cha nge  in  the  m o m e n tu m  fra c tion  ca rrie d  
b y q u a rks  a n d  a n tiqua rks .  Th e  re s u lts  ind ica te  a  pos - 
s ib le  re d u c tio n  in  the  vis ib le  m o m e n tu m  fra c tion  p e r 
nuc le on  fo r h e a vy nuc le i c o m p a re d  to  th a t fo r 
d e u te riu m . 

5. Dis cus s ion 

Th e  m a in  fe a tu re s  o f the  ra tio s  o f the  nuc le on  
s truc tu re  func tions  A D F 2 / F : c a n  be  s u m m a ris e d  a s  
follows : Th e re  is  a  d e p le tio n  be low u n ity fo r va lue s  
o f x>~0.25. Th e  ra tio  is  cons is te n t with  un ity,  o r a  
s ma ll ris e  a b o ve  un ity in  the  x ra nge  rough ly b e twe e n  
0.08 a n d  0.20. F o r s ma ll x (~<0.05), the  m e a s u re d  
ra tios  lie  be low un ity,  a n d  the  m a g n itu d e  o f the  de - 
via tio n  fro m  un ity grows  with  inc re a s ing  a to m ic  
we ight. 

Ta kin g  in to  a c c o u n t the  q u o te d  s ta tis tica l, s ys te m- 
a tic  a n d  ove ra ll n o rm a lis a tio n  e rrors , the  m e a s u re d  
ra tio s  on  C u / D  a re  c o m p a tib le  with  the  orig ina l m e a - 
s u re m e n ts  on  F e /D  [ 1 ,10], e xce p t fo r a  d iffe re nce  in  
the  two  lowe s t x p o in ts  o f 1 -2  tr (fig. 3 ).  Th e  p re s e n t 
da ta ,  e xte nd ing  lowe r in  x, ind ica te  a  tu rn ing  o ve r o f 
the  ra tio  a t low x. Th is  e ffe c t b e c o m e s  incre a s ing ly 
a p p a re n t a t h ighe r a to m ic  we ight. 

A d is cus s ion  o f o th e r e xp e rim e n ta l d a ta  on  q u a rk 
d is tribu tions  in  nucle i, a n d  on  the  s ta tus  o f m o d e ls  
fo r the s e  e ffe cts , ca n  be  fo u n d  in re f. [ 5 ]. Two  m a in  
cla s s e s  o f m o d e ls  h a ve  e m e rg e d  fo r the  re g ion  x ~  0. l,  
n a m e ly the  c o n ve n tio n a l nuc le a r phys ics  mo d e ls  
which  invo lve  a  c o n vo lu tio n  o f the  c o n trib u tio n s  o f 
the  cons titue n ts  (n , N, A, m u ltiq u a rk ba gs , e tc .) o f 
the  nuc le us  a n d  the  Q 2  re s ca ling  mode l.  Th is  la tte r 
m o d e l doe s  no t inc lude  the  e ffe c ts  o f F e rm i m o tio n  
a n d  is  a pp lica b le  on ly fo r x <  0.7. Bo th  the s e  mo d e ls  
ca n  be  e xpre s s e d  a s  a  cha nge  in  the  s ca le  o f e ithe r x 
o r  Q 2  ( o r  b o th ) in  nuc le a r ma tte r.  Empirica lly a n y 
m o d e l with  s uch a  s ca le  cha nge  c a n  be  m a d e  to  fit the  
e xis ting  da ta .  F u rth e rm o re ,  the  d a ta  s ugge s t th a t the  
d is ta nce  o ve r which  q u a rks  m o ve  is  la rge r fo r b o u n d  
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Fig. 3. Ra tios  o f the  nucle on s truc ture  func tions  Fc2"/F~ (th is  
e xp e rime n t) full circles , Fe n - F2 /F2  [10] - full s qua re s  (in n e r 
e rro rs  a re  s ta tis tica l, o u te r a re  tota l i.e . c o m b in e d  s ta tis tica l a nd  
s ys te ma tic ),  re  o F2 /F2  [4 ] - ope n  circle s  a nd  F2Fe/F2D [2 ,3] - 
ope n  tria ngle s . The  e rro r ba rs  s h o wn  a re  the  to ta l e rrors , ob- 
ta ine d  by a dding  the  s ta tis tica l a n d  s ys te ma tic  e rro rs  in  
qua dra tu re . 

th a n  fo r qua s i-fre e  nucle ons . 
No n e  o f the  m o d e ls  in  the s e  ca te gorie s  ca n  be  us e d  

to  de s c ribe  the  ra tio s  o b s e rve d  a t low va lue s  o fx.  Th e  
ve c to r d o m in a n c e  m o d e l (VDM) [13] p a rtly de - 
s c ribe s  nuc le a r s ha dowing  p h e n o m e n a  fo r re a l p h o - 
tons  a n d  fo r low-Q 2 a n d  low-x virtu a l pho tons .  
Ho we ve r,  a n y VDM e ffe c ts  a re  p re d ic te d  to  fa ll o ff 
a s  ~ 1 /Q2, a n d  s o will h a ve  la rge ly d ie d  o u t in  the  Q2 
ra nge  o f th is  e xpe rime n t.  A pos s ib le  e xp la n a tio n  fo r 
s ha dowing  a t la rge  Q2 is  the  m o d e l o f Nic o la e v a n d  
Za kh a ro v [ 14 ]. In  th is  m o d e l the  long itud ina l e xte n t 
A z ~  1 /Mx  o f the  p a rto n s  s e e n  b y the  virtu a l p h o to n  
is  cons ide re d . F o r x<x~A -~/3, whe re  x c ~ MJ MN  
~ 0.15, p a rto n s  fro m  d iffe re n t nuc le ons  a re  wh itin  a  
c o m m o n  vo lu m e  cove ring  the  whole  nuc le us  in  the  
long itud ina l d ire c tion . S ha dowing  be low xc is  a ttrib - 
u te d  to  the  fus ion  o f o ve rla p p in g  p a rto n s  a nd , fro m  
m o m e n tu m  cons e rva tion ,  a  ris e  in  F'I/F D a b o ve  un - 
ity (a n tis h a d o win g ) is  p re d ic te d  in  the  re g ion  o f 
x ~x c .  Th is  m o d e l doe s  no t e xp la in  the  la rge -x b e h a v- 
iou r o f the  da ta ,  the  phys ics  o f which  m a y we ll m o d - 
ify the  low-x p re d ic tions  o f the  mode l.  Howe ve r,  the  
m o d e l is  in  qua lita tive  a g re e m e n t with  the  d a ta  e x- 
ce p t tha t it p re d ic ts  a  s tronge r A de pe nde nce  th a n  s e e n 
in  the  da ta .  Th e  Q2 d e p e n d e n c e  o f nuc le a r s ha dow- 
ing ha s  b e e n  cons ide re d  b y Qiu  [ 15 ] us ing  m o d ifie d  
Alta re lli-P a ris i e q u a tio n s  which  ta ke  in to  a ccoun t 
p a rto n  re c o m b in a tio n  e ffe c ts  in  nucle i. Q iu  con- 
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Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  

NPB 333, 1

shadowing

The effects follow a very particular pattern:
 10/56

PLB 202, 603



Volume  202, n u m b e r 4 P HYS ICS  LETTERS  B 17 Ma rch  1988 

h a ve  b e e n  e va lua te d ,  a n d  the  re s u lts  a re  s hown  in  ta - 
b le  3. Th e  va lue  o fF 2  D (x) wa s  ta ke n  fro m  re f. [ 10] 
a n d  the  ra tio  F~ ( x ) / F  D (x ) wa s  ta ke n  fro m  ta b le  2. 
Th e  s ys te ma tic  e rro r g ive n  wa s  e s tim a te d  b y ca lcula t- 
ing the  c o n trib u tio n  to  the  in te gra l I A- D s e pa ra te ly 
fo r e a ch  s ource  o f s ys te ma tic  e rro r,  th e n  a d d in g  the  
re s u lta n t e rro rs  in  q u a d ra tu re .  Th is  in te gra l re p re - 
s e n ts  the  cha nge  in  the  m o m e n tu m  fra c tion  ca rrie d  
b y q u a rks  a n d  a n tiqua rks .  Th e  re s u lts  ind ica te  a  pos - 
s ib le  re d u c tio n  in  the  vis ib le  m o m e n tu m  fra c tion  p e r 
nuc le on  fo r h e a vy nuc le i c o m p a re d  to  th a t fo r 
d e u te riu m . 

5. Dis cus s ion 

Th e  m a in  fe a tu re s  o f the  ra tio s  o f the  nuc le on  
s truc tu re  func tions  A D F 2 / F : c a n  be  s u m m a ris e d  a s  
follows : Th e re  is  a  d e p le tio n  be low u n ity fo r va lue s  
o f x>~0.25. Th e  ra tio  is  cons is te n t with  un ity,  o r a  
s ma ll ris e  a b o ve  un ity in  the  x ra nge  rough ly b e twe e n  
0.08 a n d  0.20. F o r s ma ll x (~<0.05), the  m e a s u re d  
ra tios  lie  be low un ity,  a n d  the  m a g n itu d e  o f the  de - 
via tio n  fro m  un ity grows  with  inc re a s ing  a to m ic  
we ight. 

Ta kin g  in to  a c c o u n t the  q u o te d  s ta tis tica l, s ys te m- 
a tic  a n d  ove ra ll n o rm a lis a tio n  e rrors , the  m e a s u re d  
ra tio s  on  C u / D  a re  c o m p a tib le  with  the  orig ina l m e a - 
s u re m e n ts  on  F e /D  [ 1 ,10], e xce p t fo r a  d iffe re nce  in  
the  two  lowe s t x p o in ts  o f 1 -2  tr (fig. 3 ).  Th e  p re s e n t 
da ta ,  e xte nd ing  lowe r in  x, ind ica te  a  tu rn ing  o ve r o f 
the  ra tio  a t low x. Th is  e ffe c t b e c o m e s  incre a s ing ly 
a p p a re n t a t h ighe r a to m ic  we ight. 

A d is cus s ion  o f o th e r e xp e rim e n ta l d a ta  on  q u a rk 
d is tribu tions  in  nucle i, a n d  on  the  s ta tus  o f m o d e ls  
fo r the s e  e ffe cts , ca n  be  fo u n d  in re f. [ 5 ]. Two  m a in  
cla s s e s  o f m o d e ls  h a ve  e m e rg e d  fo r the  re g ion  x ~  0. l,  
n a m e ly the  c o n ve n tio n a l nuc le a r phys ics  mo d e ls  
which  invo lve  a  c o n vo lu tio n  o f the  c o n trib u tio n s  o f 
the  cons titue n ts  (n , N, A, m u ltiq u a rk ba gs , e tc .) o f 
the  nuc le us  a n d  the  Q 2  re s ca ling  mode l.  Th is  la tte r 
m o d e l doe s  no t inc lude  the  e ffe c ts  o f F e rm i m o tio n  
a n d  is  a pp lica b le  on ly fo r x <  0.7. Bo th  the s e  mo d e ls  
ca n  be  e xpre s s e d  a s  a  cha nge  in  the  s ca le  o f e ithe r x 
o r  Q 2  ( o r  b o th ) in  nuc le a r ma tte r.  Empirica lly a n y 
m o d e l with  s uch a  s ca le  cha nge  c a n  be  m a d e  to  fit the  
e xis ting  da ta .  F u rth e rm o re ,  the  d a ta  s ugge s t th a t the  
d is ta nce  o ve r which  q u a rks  m o ve  is  la rge r fo r b o u n d  
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Fig. 3. Ra tios  o f the  nucle on s truc ture  func tions  Fc2"/F~ (th is  
e xp e rime n t) full circles , Fe n - F2 /F2  [10] - full s qua re s  (in n e r 
e rro rs  a re  s ta tis tica l, o u te r a re  tota l i.e . c o m b in e d  s ta tis tica l a nd  
s ys te ma tic ),  re  o F2 /F2  [4 ] - ope n  circle s  a nd  F2Fe/F2D [2 ,3] - 
ope n  tria ngle s . The  e rro r ba rs  s h o wn  a re  the  to ta l e rrors , ob- 
ta ine d  by a dding  the  s ta tis tica l a n d  s ys te ma tic  e rro rs  in  
qua dra tu re . 

th a n  fo r qua s i-fre e  nucle ons . 
No n e  o f the  m o d e ls  in  the s e  ca te gorie s  ca n  be  us e d  

to  de s c ribe  the  ra tio s  o b s e rve d  a t low va lue s  o fx.  Th e  
ve c to r d o m in a n c e  m o d e l (VDM) [13] p a rtly de - 
s c ribe s  nuc le a r s ha dowing  p h e n o m e n a  fo r re a l p h o - 
tons  a n d  fo r low-Q 2 a n d  low-x virtu a l pho tons .  
Ho we ve r,  a n y VDM e ffe c ts  a re  p re d ic te d  to  fa ll o ff 
a s  ~ 1 /Q2, a n d  s o will h a ve  la rge ly d ie d  o u t in  the  Q2 
ra nge  o f th is  e xpe rime n t.  A pos s ib le  e xp la n a tio n  fo r 
s ha dowing  a t la rge  Q2 is  the  m o d e l o f Nic o la e v a n d  
Za kh a ro v [ 14 ]. In  th is  m o d e l the  long itud ina l e xte n t 
A z ~  1 /Mx  o f the  p a rto n s  s e e n  b y the  virtu a l p h o to n  
is  cons ide re d . F o r x<x~A -~/3, whe re  x c ~ MJ MN  
~ 0.15, p a rto n s  fro m  d iffe re n t nuc le ons  a re  wh itin  a  
c o m m o n  vo lu m e  cove ring  the  whole  nuc le us  in  the  
long itud ina l d ire c tion . S ha dowing  be low xc is  a ttrib - 
u te d  to  the  fus ion  o f o ve rla p p in g  p a rto n s  a nd , fro m  
m o m e n tu m  cons e rva tion ,  a  ris e  in  F'I/F D a b o ve  un - 
ity (a n tis h a d o win g ) is  p re d ic te d  in  the  re g ion  o f 
x ~x c .  Th is  m o d e l doe s  no t e xp la in  the  la rge -x b e h a v- 
iou r o f the  da ta ,  the  phys ics  o f which  m a y we ll m o d - 
ify the  low-x p re d ic tions  o f the  mode l.  Howe ve r,  the  
m o d e l is  in  qua lita tive  a g re e m e n t with  the  d a ta  e x- 
ce p t tha t it p re d ic ts  a  s tronge r A de pe nde nce  th a n  s e e n 
in  the  da ta .  Th e  Q2 d e p e n d e n c e  o f nuc le a r s ha dow- 
ing ha s  b e e n  cons ide re d  b y Qiu  [ 15 ] us ing  m o d ifie d  
Alta re lli-P a ris i e q u a tio n s  which  ta ke  in to  a ccoun t 
p a rto n  re c o m b in a tio n  e ffe c ts  in  nucle i. Q iu  con- 

609 

M. Arne odo e t al. / Nucle on s tructure  func tion  45 

F2(A)' 

F2(D) 

1 1 

I. 

0.9 

0.8 

0.7 

0.6 

0.5 

t+  + +j 
. Eoc??o 

10 2 10-1 1 
X 

Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  

NPB 333, 1

shadowing

anti-shadowing

The effects follow a very particular pattern:
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h a ve  b e e n  e va lua te d ,  a n d  the  re s u lts  a re  s hown  in  ta - 
b le  3. Th e  va lue  o fF 2  D (x) wa s  ta ke n  fro m  re f. [ 10] 
a n d  the  ra tio  F~ ( x ) / F  D (x ) wa s  ta ke n  fro m  ta b le  2. 
Th e  s ys te ma tic  e rro r g ive n  wa s  e s tim a te d  b y ca lcula t- 
ing the  c o n trib u tio n  to  the  in te gra l I A- D s e pa ra te ly 
fo r e a ch  s ource  o f s ys te ma tic  e rro r,  th e n  a d d in g  the  
re s u lta n t e rro rs  in  q u a d ra tu re .  Th is  in te gra l re p re - 
s e n ts  the  cha nge  in  the  m o m e n tu m  fra c tion  ca rrie d  
b y q u a rks  a n d  a n tiqua rks .  Th e  re s u lts  ind ica te  a  pos - 
s ib le  re d u c tio n  in  the  vis ib le  m o m e n tu m  fra c tion  p e r 
nuc le on  fo r h e a vy nuc le i c o m p a re d  to  th a t fo r 
d e u te riu m . 

5. Dis cus s ion 

Th e  m a in  fe a tu re s  o f the  ra tio s  o f the  nuc le on  
s truc tu re  func tions  A D F 2 / F : c a n  be  s u m m a ris e d  a s  
follows : Th e re  is  a  d e p le tio n  be low u n ity fo r va lue s  
o f x>~0.25. Th e  ra tio  is  cons is te n t with  un ity,  o r a  
s ma ll ris e  a b o ve  un ity in  the  x ra nge  rough ly b e twe e n  
0.08 a n d  0.20. F o r s ma ll x (~<0.05), the  m e a s u re d  
ra tios  lie  be low un ity,  a n d  the  m a g n itu d e  o f the  de - 
via tio n  fro m  un ity grows  with  inc re a s ing  a to m ic  
we ight. 

Ta kin g  in to  a c c o u n t the  q u o te d  s ta tis tica l, s ys te m- 
a tic  a n d  ove ra ll n o rm a lis a tio n  e rrors , the  m e a s u re d  
ra tio s  on  C u / D  a re  c o m p a tib le  with  the  orig ina l m e a - 
s u re m e n ts  on  F e /D  [ 1 ,10], e xce p t fo r a  d iffe re nce  in  
the  two  lowe s t x p o in ts  o f 1 -2  tr (fig. 3 ).  Th e  p re s e n t 
da ta ,  e xte nd ing  lowe r in  x, ind ica te  a  tu rn ing  o ve r o f 
the  ra tio  a t low x. Th is  e ffe c t b e c o m e s  incre a s ing ly 
a p p a re n t a t h ighe r a to m ic  we ight. 

A d is cus s ion  o f o th e r e xp e rim e n ta l d a ta  on  q u a rk 
d is tribu tions  in  nucle i, a n d  on  the  s ta tus  o f m o d e ls  
fo r the s e  e ffe cts , ca n  be  fo u n d  in re f. [ 5 ]. Two  m a in  
cla s s e s  o f m o d e ls  h a ve  e m e rg e d  fo r the  re g ion  x ~  0. l,  
n a m e ly the  c o n ve n tio n a l nuc le a r phys ics  mo d e ls  
which  invo lve  a  c o n vo lu tio n  o f the  c o n trib u tio n s  o f 
the  cons titue n ts  (n , N, A, m u ltiq u a rk ba gs , e tc .) o f 
the  nuc le us  a n d  the  Q 2  re s ca ling  mode l.  Th is  la tte r 
m o d e l doe s  no t inc lude  the  e ffe c ts  o f F e rm i m o tio n  
a n d  is  a pp lica b le  on ly fo r x <  0.7. Bo th  the s e  mo d e ls  
ca n  be  e xpre s s e d  a s  a  cha nge  in  the  s ca le  o f e ithe r x 
o r  Q 2  ( o r  b o th ) in  nuc le a r ma tte r.  Empirica lly a n y 
m o d e l with  s uch a  s ca le  cha nge  c a n  be  m a d e  to  fit the  
e xis ting  da ta .  F u rth e rm o re ,  the  d a ta  s ugge s t th a t the  
d is ta nce  o ve r which  q u a rks  m o ve  is  la rge r fo r b o u n d  
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Fig. 3. Ra tios  o f the  nucle on s truc ture  func tions  Fc2"/F~ (th is  
e xp e rime n t) full circles , Fe n - F2 /F2  [10] - full s qua re s  (in n e r 
e rro rs  a re  s ta tis tica l, o u te r a re  tota l i.e . c o m b in e d  s ta tis tica l a nd  
s ys te ma tic ),  re  o F2 /F2  [4 ] - ope n  circle s  a nd  F2Fe/F2D [2 ,3] - 
ope n  tria ngle s . The  e rro r ba rs  s h o wn  a re  the  to ta l e rrors , ob- 
ta ine d  by a dding  the  s ta tis tica l a n d  s ys te ma tic  e rro rs  in  
qua dra tu re . 

th a n  fo r qua s i-fre e  nucle ons . 
No n e  o f the  m o d e ls  in  the s e  ca te gorie s  ca n  be  us e d  

to  de s c ribe  the  ra tio s  o b s e rve d  a t low va lue s  o fx.  Th e  
ve c to r d o m in a n c e  m o d e l (VDM) [13] p a rtly de - 
s c ribe s  nuc le a r s ha dowing  p h e n o m e n a  fo r re a l p h o - 
tons  a n d  fo r low-Q 2 a n d  low-x virtu a l pho tons .  
Ho we ve r,  a n y VDM e ffe c ts  a re  p re d ic te d  to  fa ll o ff 
a s  ~ 1 /Q2, a n d  s o will h a ve  la rge ly d ie d  o u t in  the  Q2 
ra nge  o f th is  e xpe rime n t.  A pos s ib le  e xp la n a tio n  fo r 
s ha dowing  a t la rge  Q2 is  the  m o d e l o f Nic o la e v a n d  
Za kh a ro v [ 14 ]. In  th is  m o d e l the  long itud ina l e xte n t 
A z ~  1 /Mx  o f the  p a rto n s  s e e n  b y the  virtu a l p h o to n  
is  cons ide re d . F o r x<x~A -~/3, whe re  x c ~ MJ MN  
~ 0.15, p a rto n s  fro m  d iffe re n t nuc le ons  a re  wh itin  a  
c o m m o n  vo lu m e  cove ring  the  whole  nuc le us  in  the  
long itud ina l d ire c tion . S ha dowing  be low xc is  a ttrib - 
u te d  to  the  fus ion  o f o ve rla p p in g  p a rto n s  a nd , fro m  
m o m e n tu m  cons e rva tion ,  a  ris e  in  F'I/F D a b o ve  un - 
ity (a n tis h a d o win g ) is  p re d ic te d  in  the  re g ion  o f 
x ~x c .  Th is  m o d e l doe s  no t e xp la in  the  la rge -x b e h a v- 
iou r o f the  da ta ,  the  phys ics  o f which  m a y we ll m o d - 
ify the  low-x p re d ic tions  o f the  mode l.  Howe ve r,  the  
m o d e l is  in  qua lita tive  a g re e m e n t with  the  d a ta  e x- 
ce p t tha t it p re d ic ts  a  s tronge r A de pe nde nce  th a n  s e e n 
in  the  da ta .  Th e  Q2 d e p e n d e n c e  o f nuc le a r s ha dow- 
ing ha s  b e e n  cons ide re d  b y Qiu  [ 15 ] us ing  m o d ifie d  
Alta re lli-P a ris i e q u a tio n s  which  ta ke  in to  a ccoun t 
p a rto n  re c o m b in a tio n  e ffe c ts  in  nucle i. Q iu  con- 
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Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  
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h a ve  b e e n  e va lua te d ,  a n d  the  re s u lts  a re  s hown  in  ta - 
b le  3. Th e  va lue  o fF 2  D (x) wa s  ta ke n  fro m  re f. [ 10] 
a n d  the  ra tio  F~ ( x ) / F  D (x ) wa s  ta ke n  fro m  ta b le  2. 
Th e  s ys te ma tic  e rro r g ive n  wa s  e s tim a te d  b y ca lcula t- 
ing the  c o n trib u tio n  to  the  in te gra l I A- D s e pa ra te ly 
fo r e a ch  s ource  o f s ys te ma tic  e rro r,  th e n  a d d in g  the  
re s u lta n t e rro rs  in  q u a d ra tu re .  Th is  in te gra l re p re - 
s e n ts  the  cha nge  in  the  m o m e n tu m  fra c tion  ca rrie d  
b y q u a rks  a n d  a n tiqua rks .  Th e  re s u lts  ind ica te  a  pos - 
s ib le  re d u c tio n  in  the  vis ib le  m o m e n tu m  fra c tion  p e r 
nuc le on  fo r h e a vy nuc le i c o m p a re d  to  th a t fo r 
d e u te riu m . 

5. Dis cus s ion 

Th e  m a in  fe a tu re s  o f the  ra tio s  o f the  nuc le on  
s truc tu re  func tions  A D F 2 / F : c a n  be  s u m m a ris e d  a s  
follows : Th e re  is  a  d e p le tio n  be low u n ity fo r va lue s  
o f x>~0.25. Th e  ra tio  is  cons is te n t with  un ity,  o r a  
s ma ll ris e  a b o ve  un ity in  the  x ra nge  rough ly b e twe e n  
0.08 a n d  0.20. F o r s ma ll x (~<0.05), the  m e a s u re d  
ra tios  lie  be low un ity,  a n d  the  m a g n itu d e  o f the  de - 
via tio n  fro m  un ity grows  with  inc re a s ing  a to m ic  
we ight. 

Ta kin g  in to  a c c o u n t the  q u o te d  s ta tis tica l, s ys te m- 
a tic  a n d  ove ra ll n o rm a lis a tio n  e rrors , the  m e a s u re d  
ra tio s  on  C u / D  a re  c o m p a tib le  with  the  orig ina l m e a - 
s u re m e n ts  on  F e /D  [ 1 ,10], e xce p t fo r a  d iffe re nce  in  
the  two  lowe s t x p o in ts  o f 1 -2  tr (fig. 3 ).  Th e  p re s e n t 
da ta ,  e xte nd ing  lowe r in  x, ind ica te  a  tu rn ing  o ve r o f 
the  ra tio  a t low x. Th is  e ffe c t b e c o m e s  incre a s ing ly 
a p p a re n t a t h ighe r a to m ic  we ight. 

A d is cus s ion  o f o th e r e xp e rim e n ta l d a ta  on  q u a rk 
d is tribu tions  in  nucle i, a n d  on  the  s ta tus  o f m o d e ls  
fo r the s e  e ffe cts , ca n  be  fo u n d  in re f. [ 5 ]. Two  m a in  
cla s s e s  o f m o d e ls  h a ve  e m e rg e d  fo r the  re g ion  x ~  0. l,  
n a m e ly the  c o n ve n tio n a l nuc le a r phys ics  mo d e ls  
which  invo lve  a  c o n vo lu tio n  o f the  c o n trib u tio n s  o f 
the  cons titue n ts  (n , N, A, m u ltiq u a rk ba gs , e tc .) o f 
the  nuc le us  a n d  the  Q 2  re s ca ling  mode l.  Th is  la tte r 
m o d e l doe s  no t inc lude  the  e ffe c ts  o f F e rm i m o tio n  
a n d  is  a pp lica b le  on ly fo r x <  0.7. Bo th  the s e  mo d e ls  
ca n  be  e xpre s s e d  a s  a  cha nge  in  the  s ca le  o f e ithe r x 
o r  Q 2  ( o r  b o th ) in  nuc le a r ma tte r.  Empirica lly a n y 
m o d e l with  s uch a  s ca le  cha nge  c a n  be  m a d e  to  fit the  
e xis ting  da ta .  F u rth e rm o re ,  the  d a ta  s ugge s t th a t the  
d is ta nce  o ve r which  q u a rks  m o ve  is  la rge r fo r b o u n d  

, i i 
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Fig. 3. Ra tios  o f the  nucle on s truc ture  func tions  Fc2"/F~ (th is  
e xp e rime n t) full circles , Fe n - F2 /F2  [10] - full s qua re s  (in n e r 
e rro rs  a re  s ta tis tica l, o u te r a re  tota l i.e . c o m b in e d  s ta tis tica l a nd  
s ys te ma tic ),  re  o F2 /F2  [4 ] - ope n  circle s  a nd  F2Fe/F2D [2 ,3] - 
ope n  tria ngle s . The  e rro r ba rs  s h o wn  a re  the  to ta l e rrors , ob- 
ta ine d  by a dding  the  s ta tis tica l a n d  s ys te ma tic  e rro rs  in  
qua dra tu re . 

th a n  fo r qua s i-fre e  nucle ons . 
No n e  o f the  m o d e ls  in  the s e  ca te gorie s  ca n  be  us e d  

to  de s c ribe  the  ra tio s  o b s e rve d  a t low va lue s  o fx.  Th e  
ve c to r d o m in a n c e  m o d e l (VDM) [13] p a rtly de - 
s c ribe s  nuc le a r s ha dowing  p h e n o m e n a  fo r re a l p h o - 
tons  a n d  fo r low-Q 2 a n d  low-x virtu a l pho tons .  
Ho we ve r,  a n y VDM e ffe c ts  a re  p re d ic te d  to  fa ll o ff 
a s  ~ 1 /Q2, a n d  s o will h a ve  la rge ly d ie d  o u t in  the  Q2 
ra nge  o f th is  e xpe rime n t.  A pos s ib le  e xp la n a tio n  fo r 
s ha dowing  a t la rge  Q2 is  the  m o d e l o f Nic o la e v a n d  
Za kh a ro v [ 14 ]. In  th is  m o d e l the  long itud ina l e xte n t 
A z ~  1 /Mx  o f the  p a rto n s  s e e n  b y the  virtu a l p h o to n  
is  cons ide re d . F o r x<x~A -~/3, whe re  x c ~ MJ MN  
~ 0.15, p a rto n s  fro m  d iffe re n t nuc le ons  a re  wh itin  a  
c o m m o n  vo lu m e  cove ring  the  whole  nuc le us  in  the  
long itud ina l d ire c tion . S ha dowing  be low xc is  a ttrib - 
u te d  to  the  fus ion  o f o ve rla p p in g  p a rto n s  a nd , fro m  
m o m e n tu m  cons e rva tion ,  a  ris e  in  F'I/F D a b o ve  un - 
ity (a n tis h a d o win g ) is  p re d ic te d  in  the  re g ion  o f 
x ~x c .  Th is  m o d e l doe s  no t e xp la in  the  la rge -x b e h a v- 
iou r o f the  da ta ,  the  phys ics  o f which  m a y we ll m o d - 
ify the  low-x p re d ic tions  o f the  mode l.  Howe ve r,  the  
m o d e l is  in  qua lita tive  a g re e m e n t with  the  d a ta  e x- 
ce p t tha t it p re d ic ts  a  s tronge r A de pe nde nce  th a n  s e e n 
in  the  da ta .  Th e  Q2 d e p e n d e n c e  o f nuc le a r s ha dow- 
ing ha s  b e e n  cons ide re d  b y Qiu  [ 15 ] us ing  m o d ifie d  
Alta re lli-P a ris i e q u a tio n s  which  ta ke  in to  a ccoun t 
p a rto n  re c o m b in a tio n  e ffe c ts  in  nucle i. Q iu  con- 

609 

M. Arne odo e t al. / Nucle on s tructure  func tion  45 

F2(A)' 

F2(D) 

1 1 

I. 

0.9 

0.8 

0.7 

0.6 

0.5 

t+  + +j 
. Eoc??o 

10 2 10-1 1 
X 

Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  
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shadowing

anti-shadowing

EMC effect

Fermi-motion

The effects follow a very particular pattern:
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Moreover, we want to study nuclei also because:

ACE 
AMANDA 
ANTARES 
ArgoNeuT 
ATLAS 
Bevatron 
Borexino 
Bubble Chamber 
CDHS  
CLAS detector 
CMS 
COMPASS (NA58) 
Cowan–Reines experiment 
CUORE 
DAPHNE 
DONUT 

Enriched Xenon 
Observatory 
EMC 
FASER 
Fermilab E-906/SeaQuest 
Gargamelle 
Germanium Detector Array 
HARP 
HERA-B 
HERMES 
IceCube 
Irvine–Michigan–
Brookhaven 
Kamioka Liquid Scintillator 
Antineutrino Detector 
Kamioka Observatory 
KM3NeT 

Large Volume Detector 
LAND 
LHCb 
MINOS 
Modular Neutron Array 
Monopole, Astrophysics 
and Cosmic Ray 
Observatory 
Mu to E Gamma 
Mu2e 
Mu3e 
NA32 
NA35 
NA49 
NA60 
NA61 
NA63 

NESTOR Project 
NEVOD 
Kolar Gold Fields 
PHENIX 
PUMA 
Rutherford gold foil 
experiment 
SAGE 
SciBooNE 
SNO+ 
Soudan 1 
Soudan 2 
STAR 
Sudbury Neutrino 
Observatory 
Super-Kamiokande 
…
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๏ It is interesting and we want to know how and why this 

occurs. 

๏ Tightly linked to neutrino physics. 

๏ HI and the QGP benchmarking. 

๏ Saturation studies (e.g. CGC). 

๏ …



How to deal with 

nuclei



 13/56

๏ Do nothing.



๏ Build theoretical models:

๏ shadowing ~ 400 

๏ anti-shadowing ~ 40 

๏ EMC effect ~ 370 

๏ Fermi motion ~ 90
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๏ Build theoretical models:

๏ A purely phenomenological approach, assuming all we 

do for the proton will remain valid: nuclear PDFs.
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๏ A purely phenomenological approach, assuming all we 

do for the proton will remain valid: nuclear PDFs.

 13/56

๏ Do nothing.

๏ We must test this idea.

๏ shadowing ~ 400 

๏ anti-shadowing ~ 40 

๏ EMC effect ~ 370 

๏ Fermi motion ~ 90



Just like proton PDFs, these nPDFs should: 

๏ be universal. 

๏ evolve with the scale with DGLAP. 

๏ be non-perturbative (we need data to 

determine them).  

๏ contain all the information about the 

behaviour of partons in a nucleus.
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Remember that we’re talking about the collinear framework.

We can always study more involved observables in the 

nuclear environment. 



fi/A(x, Q2) =
Z
A

fi/p(x, Q2) +
(A − Z)

A
fi/n(x, Q2)

 15/56

Can we describe the behaviour with the average of protons 

and neutrons?
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Can we describe the behaviour with the average of protons 

and neutrons?

The answer is NO 

๏ For an isoscalar nucleus we would get . 

๏ The data were taken with isoscalar nuclei or corrected for 
the non-isoscalarity.

FA
2 /Fd

2 = 1



fi/A(x, Q2) =
Z
A

fi/p(x, Q2) +
(A − Z)

A
fi/n(x, Q2)

We see is a genuine modification of the initial state 

due to the medium.The naive attempt fails. Miserably.
😓
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and neutrons?

The answer is NO 

๏ For an isoscalar nucleus we would get . 

๏ The data were taken with isoscalar nuclei or corrected for 
the non-isoscalarity.
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We really have to do something else.  

We would like to have an expression that is valid for all A.

 16/56



Options used so far:

๏ fi/p/A(x, Q2
0 , A) = fi/p(x, Q2
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We really have to do something else.  

We would like to have an expression that is valid for all A.



๏  but extendedfi/p/A(x, Q2
0 , A) = fi/p(x, Q2

0)

xfi/p(x, Q2
0) = c0xc1(1 − x)c2ec3x(1 + ec4x)c5

ck → ck,0+ck,1(1 − A−ck,2)

๏ fi/p/A(x, Q2
0 , A) = fi/p(x, Q2

0)Ri(x, A)
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๏ fi/p/A(x, Q2
0 , A) ∝ xα(1 − x)βNN
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๏ fi/p/A(x, Q2
0 , A) = fi/p(x, Q2

0) ⊗ Ri(x, A)

very flexible, no need to 

assume the A dependence
to control the edges of the kin. space
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(A − Z)

A
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Now, do a global fit.
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We really have to do something else.  

We would like to have an expression that is valid for all A.

Options used so far:



Data used in nPDF fits

๏ NC DIS: since ever. 

๏ Drell-Yan with fixed target: since ever. 

๏ Single inclusive hadron production: since 2009. 

๏ CC DIS: since 2012. 

๏ W and Z production at the LHC: since 2016. 

๏ di-jets at the LHC: since 2016. 

๏ D meson production at the LHC: since 2021. 

๏ Prompt photon production at the LHC: since 2021.
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Sets (until 2015) 

and comparison



 choices≠
 19/56

When doing a fit one has to make choices, and these impact the 

outcome: 

- initial scale for the evolution 

- order of the perturbation theory  

- heavy-flavour scheme 

- data fitted 

- parametrisation 

- proton baseline 

- …



 choices≠

It is customary to show the nPDFs as ratios. We distinguish 

valence ( ), sea and gluon modifications.fi,valence = fi − fī
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When doing a fit one has to make choices, and these impact the 

outcome: 

- initial scale for the evolution 

- order of the perturbation theory  

- heavy-flavour scheme 

- data fitted 

- parametrisation 

- proton baseline 

- …
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Figure 12: Comparison of the average valence and sea quark, and gluon modifications at
Q2 = 1.69GeV2 for Pb nucleus from LO global DGLAP analyses EKS98 [1, 2], EKPS [3],
nDS [6], HKN07 [5], and this work EPS09LO.

4 Application

In this section we apply the obtained EPS09NLO parametrization — the central set
and 30 error sets — to a cross-section that was not included in the fit. Through this
example we also want to demonstrate how our parametrization should be applied in
practice.

We consider here inclusive negative hadron h− production at forward (pseudo) ra-
pidities η = 2.2 and η = 3.2, in p+p and d+Au collisions, measured by the BRAHMS
collaboration [37] at RHIC. In our previous article [4] we discussed how the suppres-
sion observed in the nuclear modification RdAu obtained from these data would strongly
favour very deep gluon shadowing, and we searched for the strongest possible one that
would still not contradict the available DIS and DY data. The analysis [4] was per-
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- almost no data 

below x=0.01 

- DSSZ: no  cut  

- EPS09:  cut 

- overall overlap 

within uncertainties 

where we have data
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Rū = Rd̄ = Rs̄ = Rs
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- nDS didn’t use 

d+Au data 

- EPS09 and 

DSSZ used 

d+Au data
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- This is a very involved 

observable (in terms of 

parton distributions). 

- RHIC data are not very 

precise. 

- EPS09 and DSSZ used a 

totally different 

treatment.



In general, up to 2012:

๏ Idem for the non-strange sea densities, but with 

ad-hoc constraints. They don’t look that bad.

๏ The gluon density is a bloody mess.

๏ The strange quark lives up to its name.
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๏ The valence distributions are well constrained in 

the region where we have data. 



2015-present: 

improving
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To improve (n)PDFs we can: 

  

๏ use the same observables with higher precision and/or 

broader kinematic coverage: NC DIS, Drell-Yan, 

single inclusive hadron production. 

๏ use other observables: CC DIS, W/Z production, di-

jets, D meson production. 

๏ improve the theoretical computation. 



๏ CC DIS
 28/56

๏  requieres data that can better distinguish up from 

down.

Ruv
≠ Rdv

๏ Clearly the green band looks very different. They didn’t use CC 

DIS data.
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๏ Basically 4 experiments: CCFR, 

NuTeV, CDHSW, and Chorus.

8

FIG. 4. The weighted average of the cross-section ratios for Q
2
> 4 GeV2 and W

2
> 12.25 GeV2 from CDHSW, CCFR,

NuTeV, and Chorus data. The denominator (�free) is computed using nCTEQ15 proton baseline (left) and CT18 (no nu A)
NLO proton PDFs without neutrino data of Ref. [61] (right).

assumption is reasonably valid for a wide range of Q2 and
y within the kinematic range allowed by our cuts. Some
deviations from this assumption can be observed below
x = 0.015 and above x = 0.75, where R can be spread
around unity quite widely. Therefore, any inference
based on this averaging procedure in these regions should
be done with caution.

In Fig. 4, we show the nuclear correction factors R⌫(x)
and R⌫̄(x) obtained from the inclusive neutrino and
anti-neutrino cross-section data from CDHSW, CCFR,
NuTeV and Chorus. To better compare the shape of the
nuclear corrections from different data sets, we also show
an interpolation (solid lines), obtained from fits with the
parametrization of the ratio [23]

R(x) = a1 + a2x+ a3e
a4x + a5x

a6 . (12)

For comparison, we also include the SLAC/NMC nuclear
correction factor [25] which approximately describes the
nuclear effects in the charged lepton data.

In the left panels of Fig. 4, we show the shape of cross-
section ratios where �free is computed using our proton
baseline PDFs. We observe that the CCFR and NuTeV
ratios generally agree at low x, but the NuTeV ratio is
consistently above the CCFR one for x > 0.4. This is
consistent with the observation in Ref. [23] where issues
with the CCFR experiment were cited which account for
this discrepancy. In the following we will also apply a
cut x < 0.4 to the CCFR data. Overall, for the iron
neutrino data (CDHSW, CCFR and NuTeV), there is no
obvious shadowing, i.e. the appearance of R < 1, at low

x (x  0.1) as one expects from the SLAC/NMC model.
This is even more so for CDHSW data. However, the
bin center correction was not applied for the CDHSW
data, which affects largely low- and high-x data [23]. In
contrast to the data on iron, the nuclear ratio obtained
from the Chorus data shows a shape more similar to the
traditional SLAC/NMC ratio.

The nuclear ratio defined above obviously depends on
the underlying proton PDFs used for the free proton
cross-section in the denominator of Eq. (6). This
dependence can be seen when we compare the left and
the right panels in Fig. 4. The right panels show the
same nuclear ratios as the ones on the left, but the
ratios are constructed using the more recent CT18 NLO
PDFs. Here we have used a dedicated fit which does
not include any neutrino data in the CT18 analysis
to avoid inconsistencies [61]. Comparing the nuclear
ratios coming from different underlying proton PDFs,
we can clearly see differences in the x-shape of these
ratios. The largest difference is apparent at low x. The
ratios constructed from CT18 NLO PDFs show signs
of shadowing at x  0.1 in contrast to the ones where
the nCTEQ15 proton baseline PDFs were used. This
should serve as a warning to draw conclusions about the
existence of shadowing in neutrino data from observables,
which are not purely data driven and depend on some
assumptions such as the proton parton distributions.

PRD 106, 074004

๏ No problem to accommodate 

the structure functions in a 

global fit, nor with Chorus cross-

sections.

๏ There are tensions among the 

different neutrino experiments if 

we try to fit the cross-sections.

Could NOMAD solve this?

๏ CC DIS
 29/56



PRD 103, 114015

๏ Very precise data at high-x, but low 

. 

๏ Relaxing the cut on  could be 

useful. This should also be explored 

for the baseline proton PDFs. 

๏ Large impact on the valence nPDFs.

W2

W2

๏ NC DIS at JLAB
  30/56
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Fig. 2 The CLAS data compared with the nuclear-PDF predictions. Left panels: EPPS16 with (solid line) and without (dashed
line) TMCs. Center panels: nCTEQ15. Right panels: TuJU19 with (solid line) and without (dashed line) nuclear e↵ects in
deuteron.
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where Di corresponds to central data value and �i is the
the uncorrelated point-to-point uncertainty. The rela-
tive normalization uncertainties �norm.

i,k are treated as

fully correlated. Note that the systematic shifts sk�k
i

are taken to be proportional to the theory values in or-
der to avoid the D’Agostini bias [45]. By minimizing
the �2 with respect to parameters sk one finds the “op-
timum shifts” smin

k �k
i that correspond to a given set of

theory predictions Ti.
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Figure 4: The ratio of differential Drell-Yan cross sections in pA and pD from Eq. (8) as a function
of x = x2 for 12

6C, 40
20Ca, 56

26Fe and 184
74W. The open squares show the E772-data [24], and the filled

symbols stand for the calculated ratios RA
DY (x,Q2) at (x,Q2) corresponding to the experimental

values [33]. The circles show RA
DY as computed with the nuclear ratios obtained separately for the

GRV-LO set (big circles) and for the CTEQ4L set (small circles). The results obtained by using our

numerical parametrization (EKS) of RA
i together with the sets GRV-LO and CTEQ4L are shown

by triangles and diamonds, correspondingly. As seen from the panel for tungsten, the differencies
between the two parton distribution sets used for the free proton are larger than the error from

using the set-independent parametrization for the nuclear effects RA
i .
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Figure 4: The ratio of differential Drell-Yan cross sections in pA and pD from Eq. (8) as a function
of x = x2 for 12

6C, 40
20Ca, 56

26Fe and 184
74W. The open squares show the E772-data [24], and the filled

symbols stand for the calculated ratios RA
DY (x,Q2) at (x,Q2) corresponding to the experimental

values [33]. The circles show RA
DY as computed with the nuclear ratios obtained separately for the

GRV-LO set (big circles) and for the CTEQ4L set (small circles). The results obtained by using our

numerical parametrization (EKS) of RA
i together with the sets GRV-LO and CTEQ4L are shown

by triangles and diamonds, correspondingly. As seen from the panel for tungsten, the differencies
between the two parton distribution sets used for the free proton are larger than the error from

using the set-independent parametrization for the nuclear effects RA
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LO: EKS98/99

๏ Drell-Yan

Scarce amount of data in older fits: only 92 points, given as ratios 

to  and .p + d p + Be
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26Fe and 184
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DY (x,Q2) at (x,Q2) corresponding to the experimental

values [33]. The circles show RA
DY as computed with the nuclear ratios obtained separately for the

GRV-LO set (big circles) and for the CTEQ4L set (small circles). The results obtained by using our

numerical parametrization (EKS) of RA
i together with the sets GRV-LO and CTEQ4L are shown

by triangles and diamonds, correspondingly. As seen from the panel for tungsten, the differencies
between the two parton distribution sets used for the free proton are larger than the error from

using the set-independent parametrization for the nuclear effects RA
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LO: EKS98/99

EPJC 77, 163

Scarce amount of data in older fits: only 92 points, given as ratios 

to  and .p + d p + Be

Since 2016, “new” Drell-Yan data (1981, 1987, 1989) has been to 

be considered.
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6C, 40
20Ca, 56
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74W. The open squares show the E772-data [24], and the filled

symbols stand for the calculated ratios RA
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values [33]. The circles show RA
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GRV-LO set (big circles) and for the CTEQ4L set (small circles). The results obtained by using our

numerical parametrization (EKS) of RA
i together with the sets GRV-LO and CTEQ4L are shown

by triangles and diamonds, correspondingly. As seen from the panel for tungsten, the differencies
between the two parton distribution sets used for the free proton are larger than the error from

using the set-independent parametrization for the nuclear effects RA
i .
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EPJC 77, 163

Scarce amount of data in older fits: only 92 points, given as ratios 

to  and .p + d p + Be

Since 2016, “new” Drell-Yan data (1981, 1987, 1989) has been to 

be considered. 28 points from . Requires  PDFs.π±+W,  and π−+Pt π
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Remember this? How can this be?
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d + Au → h + X

๏ SIH depends on the fragmentation functions (FFs). 

๏ EPS09 enhanced the weight of the SIH data. 

๏ DSSZ included final state effects in the FFs.
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I. INTRODUCTION

Parton distribution functions (PDFs) are fundamental
quantities required to calculate predictions for any
process involving hadrons in the initial state. The
QCD parton model has been used successfully to make
predictions for a variety of experiments at SLAC, HERA,
TeVatron, RHIC and LHC. This theoretical framework
will also be essential for both the physics program
of the EIC, and proposed future experiments such as
the FCC. While precise constraints have been imposed
on the proton PDFs, for the case of nuclear PDFs
(nPDFs), there is still much room for improvement
of the uncertainties [1–22]. The gluon PDFs are
particularly problematic because the cross sections for
the deep inelastic scattering (DIS) and the Drell-Yan
(DY) processes, which represent the bulk of the precision
data in nPDF fits like nCTEQ15 [3], are not directly
sensitive to the gluon PDF at leading order.

While many di↵erent microscopic models for nuclear
e↵ects on PDFs exist, no unambiguous picture has
yet emerged for either the shadowing region [23–26],
antishadowing region [26–28], or the EMC e↵ect [26,
29–33]. A particularly promising unified approach is
provided by the Color Glass Condensate [34, 35]. On
the other hand, unbiased fits to the experimental data
provide important global constraints on these theoretical
ideas and are an indispensable ingredient for many
current and future experimental (i.e. at LHC, but
also RHIC and EIC) and theoretical analyses (e.g.,
for the very successful Statistical Hadronization Model
describing the freeze-out of the QGP [36]). This is the
approach we take in the following. Note that there are
currently ongoing studies at the LHC of medium, i.e.
final state e↵ects also in small systems created in pA and
even pp collisions [37, 38]. In our analysis below, we will
demonstrate that our results are largely independent of
the final state hadron fragmentation and thus that our
interpretation of the nuclear e↵ects as modifications of a
cold initial state is currently totally consistent with the
available experimental data.

A. The gluon PDF

Single Inclusive Hadron (SIH) production data has the
potential to yield new constraints on the gluon PDF
because the gluon contributes a significant part to the
overall cross section of this process. The importance of
the gluon contribution can be seen in Fig. 1, which shows
the fractional contribution to the process p+Pb ! ⇡0+X
as a function of the transverse momentum pT for the
various subprocesses initiated by gluons, up, down, and
strange partons inside a lead nucleus. In particular, the
red shaded area shows the fraction where a parton from
the proton interacts with a gluon from the lead nucleus
to produce a neutral pion. The gluon contribution
dominates in the low to mid pT region at a center of

FIG. 1. Fractional contributions of the total p+Pb ! ⇡0+X
cross section initiated by each PDF flavor fPb

i (x,Q) of the
lead nucleus at

p
sNN = 200GeV (upper panel) and 5TeV

(lower panel) for i 2 {g, u, d, ū, d̄, s+ s̄}.

mass energy per nucleon of
p
sNN = 200GeV. At 5TeV,

the gluon is the dominant contribution even in the mid-
to high-pT region. The remaining contribution is shared
roughly evenly between the up and down quarks, while
the antiquarks (including up and down) contribute a
minor fraction. Charm, bottom and top are omitted in
this figure due to their negligible contributions, but they
are fully incorporated in the calculation. The partonic
fractions for kaons and eta mesons are similar to those of
pions, so we do not present a separate figure.

Figure 2 shows the relative contributions to the cross
section of p+Pb ! ⇡0+X of each parton’s fragmentation
function (FF). For instance, the red area shows the
contribution from processes where the initial scattering
event produces a gluon which then fragments into a
neutral pion. These contributions are very similar to
those of the PDF flavors (Fig. 1), but with slightly
larger contributions from the antiquarks. Both figures
are computed with nCTEQ15WZ PDFs [39] and DSS

contribution of each 

initial state parton in 

p+Pb collisions at  the 

LHC
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FIG. 7 The full lead (Pb) PDFs for Q = 2 GeV. The uncertainty band for nCTEQ15 is shown in gray, and for
Norm3 in blue. The increase of the Norm0 set is evident for the strange and gluon PDFs in the region of x ⇠ 0.03.

prefer a larger value for both the gluon and strange PDFs
at intermediate x values, which is the region relevant for
the LHC heavy ion W±/Z production. We discuss these
fits in turn.

Norm0: Examining the Norm0 fit for Q = 2 GeV
(Fig. 7), we see a distinct excess in the strange and gluon
PDFs in the region x ⇠ 0.03; this is also evident in Fig. 10
where we have plotted the ratio relative to the nCTEQ15
values. At Q = 2 GeV, the peak of the gluon and strange

distributions are located at approximately x ⇠ 0.03; via
the DGLAP evolution these peaks shift down7 to the
region x ⇠ 0.017 for Q = 90 GeV, consistent with the
expectation for the central x value of ⇠ MW,Z/

p
s.

7
For comparison, in the ATLAS proton analysis, the central x
value at

p
s = 8 TeV corresponds to MW/Z/

p
s ⇠ 0.023 at

Q0 =
p
2 GeV, and evolves to x ⇠ 0.011 at Q ⇠ MZ/

p
s.

7

FIG. 3 Comparison of data with theory for ATLAS and CMS W± production. The normalization shifts are applied
to the theory so we can compare all the results on a single plot; the data is unaltered. For reference, ATLAS Run I
{W�,W+} = {6211, 6213}, CMS Run I {W�,W+} = {6231, 6233} and CMS Run I {W�,W+} = {6232, 6234}.
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Is there a problem with the 

normalisation?

Norm 0: no normalisation parameter. 

Norm 2: normalisation parameters for 
CMS and ATLAS Run I. 

Norm 3: normalisation parameters for 
CMS and ATLAS Run I, and CMS Run II.

๏ W and Z boson production
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๏ Constrains the gluon 

density without FFs.  

๏ Excludes gluons with 

no anti-shadowing.
EPJC 82, 413

๏ Di-jets at the LHC
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Figure 4.12. The nNNPDF3.0 predictions for the nuclear modification ratios in lead at Q = 10 GeV, compared
to the corresponding results from the EPPS16 and nCTEQWZ+SIH global analyses. The PDF uncertainty bands
correspond in all cases to 68% CL intervals.

Figure 4.13. Same as Fig. 4.12, now comparing the relative nPDF uncertainties associated to R(A)
f (x, Q).

compared to the other two groups. Except for the region around x ' 0.2, where the nNNPDF3.0 nuclear
ratio is somewhat higher, the nNNPDF3.0 predictions agree within uncertainties in the full x range with
EPPS16, while for x

⇠
< 10�3 the nCTEQ prediction for Rg is instead higher and consistent with no gluon

shadowing. In terms of the nPDF uncertainties on Rg, these turn out to be similar between the three groups
in the region where the bulk of the data lies, x

⇠
> 10�2, while at smaller x those of EPPS16 become the

largest and those of nNNPDF3.0 the smallest, the latter result being explained by the strong constraints
provided by the LHCb D-meson measurements in this kinematic region.

In the case of the nuclear modifications associated to the up and down quarks, good agreement is found
both in terms of the central values and of the PDF uncertainties among the three groups for the whole range
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๏ Some bins are not 

well reproduced, 

even in .p + p
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๏ better theoretical computation
 37/56

๏ From NLO to NNLO (for some observables). 

๏ Consistent treatment of heavy quarks, with correct mass 

schemes. 

๏ Inclusion of nuclear effects in deuterium and other light nuclei.  

๏ Deep learning to reduce the parametrisation bias.



Available sets*
๏ 🇺🇸 and 🇺🇸-🇩🇪: nCTEQ15: PRD 93, 085037. nCTEQ15WZ: EPJC 80, 968. 

nCTEQ15HiX: PRD 103, 114015. nCTEQ15WZ+SIH: PRD 104, 094005. 

๏ 🇦🇷 and 🇦🇷-🇩🇪: nDS: PRD 69, 074028. DSSZ: PRD 85, 074028.

๏ 🇫🇮-🇩🇪: nTuJu19: PRD 100, 096015. nTuJu21: PRD 105, 094031.

๏ 🇫🇮-🇪🇸: EKS: EPJC 9, 61. EPS09: JHEP 0904, 065. EPPS16: EPJC 77, 163. 

EPPS21: EPJC 82, 413.

๏ 🇯🇵: HKM: PRD 64, 034003. HKN07: PRC 76, 065207.

๏ 🇮🇷 and 🇮🇷-🇩🇪: KA15: PRD 93, 014026. KSASG20: PRD 104, 034010.

๏ NN: nNNPDF1.0: EPJC 79, 471. nNNPDF2.0: JHEP 09, 183. 
nNNPDF3.0: EPJC 82, 507.

* not all
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Issues in nPDF 

extractions



๏ The kinematic coverage of the data.

proton PDFs

 40/56

Figure 2.1. The kinematic coverage of the NNPDF4.0 dataset in the (x, Q
2) plane.
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๏ The kinematic coverage of the data.

proton PDFs

nuclear PDFs
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Figure 2.1. The kinematic coverage of the NNPDF4.0 dataset in the (x, Q
2) plane.
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๏ The quantity of data.

NC DIS data Fixed target (FT) FT deuterium Collider

proton PDF fit  
e.g. EPJC 81, 341 433 513 1264

one can use these to do a 
proton PDF fit: HERAPDF
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๏ The quantity of data.

NC DIS data Fixed target (FT) FT deuterium Collider

proton PDF fit  
e.g. EPJC 81, 341 433 513 1264

nuclear case 2309 812 0

๏ How the data were/are published

 41/56

๏ ~ 15% of the non-deuterium NC 

DIS data are ratios to other nuclei.

๏ ~ 63% of the non-deuterium NC 

DIS data are ratios to deuterium.

This cancels 

out effects and 

makes fitting 

waaaaaaaaaay 

longer. 
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computable/what 
the measurement 
can be turned into

d2σNC

dxdQ2
∝ F2 −

y2

Y+
FL ≡ σNC

r

๏ ~ 60% of the NC DIS data are :F2, FL, R = FL /F2
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computable/must be extracted 
from the measurement

d2σNC

dxdQ2
∝ F2 −

y2

Y+
FL ≡ σNC

r

๏ ~ 60% of the NC DIS data are :F2, FL, R = FL /F2
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d2σNC

dxdQ2
∝ F2 −

y2

Y+
FL ≡ σNC

r

y2/Y+

PRD 96, 114005

๏ ~ 60% of the NC DIS data are :F2, FL, R = FL /F2

๏ To extract the structure functions one plots  as a function of 

, the slope is . To vary , we measure for different .  

σr

y2/Y+ −FL y2 s



๏ ~ 60% of the NC DIS data are :F2, FL, R = FL /F2

๏ To extract the structure functions one plots  as a function of 

, the slope is . To vary , we measure for different .  

σr

y2/Y+ −FL y2 s

๏ I f you go through the 

literature, you will find that 

 has been determined from 

either a parametrisation of 

R, R=0 or R=0.2. Take your 

pick.

F2
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d2σNC

dxdQ2
∝ F2 −

y2

Y+
FL ≡ σNC

r

y2/Y+

PRD 96, 114005



RpPb =
d2NpPb /dydpT

⟨TpPb⟩d2σINEL
pp /dydpT

published

 43/56

๏ Some of the new data available has been published in a way 

that can’t be computed in pQCD for proper comparisons. We 

must rely on theoretical models or nag the experimentalists. 

E.g. 

1
Nev

d2N
dydpT

=
1

σINEL

d2σ
dydpT

can be 

calculatedmissing part
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๏ Some of the new data available has been published in a way 

that can’t be computed in pQCD for proper comparisons. We 

must rely on theoretical models or nag the experimentalists. 

E.g. 

1
Nev

d2N
dydpT

=
1

σINEL

d2σ
dydpT

can be 

calculatedmissing part

๏ Some of the data that we’re using might suffer from a 

medium modification of the final state: SIH, D0 

production, di-jets in p+Pb collisions. 



proton PDFs

vacuum FFs nuclear FFs

nuclear PDFs

๏ From the phenomenological side we have “contamination”:

but CC DIS with nuclei and 
NC DIS/DY with deuterium 

SIH
 data in

cluded

in-medium final state 
effects?
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๏ From the phenomenological side we have “contamination”:
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We should be extremely careful not to double, 

triple, quadruple count effects.



๏ From the phenomenological side we have “contamination”:

 44/56

We should be extremely careful not to double, 

triple, quadruple count effects.

plenty of ro
om for 

improvement



What can the EIC do 

for nPDFs?



๏ Improve the kinematic coverage of NC DIS: nuclear HERA.

NPA 1026, 122447

very precise 
mapping at 
JLAB12

EIC

“This broad kinematic coverage … will revolutionize our 
current understanding of partonic distributions in nuclei.” 
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๏ Reduce the data uncertainty (at least according to simulations)158 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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 [%
]

18x110 e-A N.C. Uncertainties

Sys.σ

2 < 10 GeV2 for QStat.σ

2 < 100 GeV2 for 10 < QStat.σ

2 < 1000 GeV2 for 100 < QStat.σ

2 > 1000 GeV2 for QStat.σ

-1 L dt = 10 fb∫

18x110 e-A N.C. Uncertainties

Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F2 and
FL

s µ F2(x, Q2) � y2

1 + (1 � y)2 FL(x, Q2) . (7.37)

The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q2

lever arm of the EIC will allow us to precisely extract FL and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 10�2) and Q2 will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26, 784, 785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q2 region is
covered by fixed target experiments and will be further explored at CLAS.

๏ We will be able to use the EIC data as basis for nPDF fits.

๏ Provide data for more nuclei: from deuterium to 238U.

NPA 1026, 122447
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FIG. 10. Inclusive FL (left) and F cc̄
L (right) as a function of x for several values of Q2. The vertical bars represent statistical

and systematic uncertainties added in quadrature. The grey bands represent the theoretical predictions based on EPPS16.

proton PDF. The adopted x dependence was

REPPS16(x) =

8
<

:

a0 + a1(x� xa)2 x  xa

b0 + b1x↵ + b2x2↵ + b3x3↵ xa  x  xe

c0 + (c1 � c2x) (1� x)�� xe  x  1.
(7)

In the equations above, xa and xe are the values of x cor-
responding to the assumed antishadowing maximum and
EMC minimum, respectively (see Figure 11). The rest of
the parameters were adjustable but constrained such that
the piecewisely defined parametrization is smooth over all
x. The A dependence of the fit functions was encoded
with a power-law-like parametrization at x = xa, x = xe,
and in the case of sea quarks also in the limit x ! 0, see
Ref [22] for further details. Figure 11 (left) shows some
examples of how the function in Eq. (7) behaves at small
x when freezing the parameters that control the region
x > xa. The sti↵ness of REPPS16(x) is obvious: only a
monotonic decrease or increase towards x ! 0 is possible.
Exactly the same limitation would apply also if we were
to perform a PDF-reweighting study. Here, our goal is to
partly release this assumption to obtain a less-biased es-
timate of the projected data constraints. In practice, we
have replaced the EPPS16 small-x fit function in Eq. (7)
by a more flexible form.

Rnew(x  xa) = a0+(x�xa)
2

"
a1 +

2X

k=1

ak+2x
k/4

#
. (8)

Some examples of how this function can behave are
shown in Figure 11 (right). Ideally, the same functional
form should be applied to all partonic species, but in
the present work we only use it for the gluons. They
arguably play a special role being particularly prone to
non-linear e↵ects at low Q2 and also in controling the
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FIG. 11. Illustration of the rigidity/flexibility of the small-
x fit functions used in EPPS16 analysis (upper) and in the
present work (lower).

PRD 96, 114005

๏ We will also be able to properly separate the longitudinal structure 

function that is sensitive to the gluon density.
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 159

Figure 7.68: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x ⌧ 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ⇠ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production

NPA 1026, 122447
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๏ Using the PID needed for SIDIS, we can identify e.g. kaons coming 

from c quarks.

Rept.Prog.Phys. 82 (2019) 2, 024301
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FIG. 5. Same as Fig. 4 for the nCTEQ15 fit including also inclusive pion data from D-Au collisions
at BNL RHIC, and for the central EPPS16 fit (dotted green lines) to – in particular – dijet data
from the LHC as well as the corresponding (green-shaded) error bands.

at very forward rapidities are to be expected (top right). The reduced uncertainty there
translates into a similarly reduced uncertainty at low Bjorken-x (bottom right), while in
the Q2 distribution the nCTEQ15 and EPPS16 predictions are again very similar, except
at very high scales (bottom left). Under the assumption that jets are not (or at least less
than pions) modified in pA collisions, the EPPS16 predictions are already quite precise, but
would still be improved at an EIC by a factor of up to five.

V. CONCLUSION AND OUTLOOK

Let us therefore now come to our conclusions. In this paper, we have made predictions
for inclusive jet production in electron-ion collisions at a possible future EIC. Our goal was
in particular to establish the benefit that such a collider might have on a more precise de-
termination of nuclear PDFs, which is not only required to enhance our knowledge of quark
and gluon dynamics in the nucleus, but also to allow for a reliable extraction of hot nuclear
matter properties after a proper subtraction of cold nuclear e↵ects. Theoretically, our cal-
culations were based on a full NLO and an approximate NNLO calculation, implemented
in the program JetViP. While the NLO corrections were large, in particular at low pertur-

11

FIG. 4. Same as Fig. 3 for the nCTEQ15 fit including also inclusive pion data from D-Au collisions
at BNL RHIC, and for the central EPPS16 fit (dotted green lines) to – in particular – dijet data
from the CERN LHC as well as the corresponding (green-shaded) error bands.

scales up to 103 GeV2, but only x-values of 10�2 and p̄2T of 400 GeV2. The jets would be
well contained in a hadronic calorimeter with ⌘ 2 [�1; 3]

Despite the more limited kinematic reach, we found that one cannot only probe the EMC
and antishadowing regions, but that one can also reach somewhat into the physically inter-
esting and important shadowing region. Similarly to our findings in DIS, EIC measurements
have the potential to reduce the current theoretical uncertainty on nuclear PDFs by a factor
of 10 to 5, depending on how much information beyond DIS and DY has been included from
existing hadron colliders.

The implementation of jet mass corrections [34] to our aNNLO formalism is left for
future work. Although they will in particular introduce a dependence on the jet radius R,
the impact of these additional corrections is expected to be even smaller than the one of the
aNNLO contributions as a whole, in particular when R = 1 as in this study, where terms lnR
obviously disppear. Improvements similar to those at the EIC may also be expected from an
LHeC [42]. Due to its potentially higher center-of-mass energy, the kinematic reach could
even be larger there. Finally, even transverse-momentum dependent distribution functions
(TMDs) of gluons in protons and nuclei might become accessible in measurements of dijet
asymmetries in polarized or unpolarized ep and eA collisions at the EIC [43].

10

PRD 97, 114013PRD 95, 094013

Jets as precision probes in e+A at the EIC: 
Phys.Rev.C 101 (2020) 6, 065204

๏ For the first time we will have jets and di-jets in e+A!

~ 50% of the cross-
section for x < 0.01

more than 50% of the cross-
section for 0.1 < x < 0.3 (the 
anti-shadowing region)
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Summary



๏ The presence of a nuclear medium affects (non-trivially) 

the measured observables in high energy physics.

๏ The differences proton/nuclei can be explained by 

interacting mechanisms between the partons in bound 

nucleons, resulting in the need for medium-modified or 

nuclear PDFs.

๏ While one can propose theoretical models for the nPDFs, 

using the factorised framework of pQCD we can find 

model independent distributions, just as in the proton 

case. 
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๏ There are available several sets of nPDFs, and they all 

provide very good description of the data considered.

๏ Despite all the effort, nPDFs are very much behind 

proton PDFs. Mostly due to the amount and limited 

kinematic coverage of the data.

๏ While waiting for clean data, fitting groups have 

turned to more involved observables.

๏ These are sensitive to kinematic regions unreachable 

otherwise (for now) and/or to poorly constrained 

densities. 
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nPDF fitters waiting for the 

EIC (LHeC? FCC-eh?) data


