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✴ Brief recap on parton distributions. 

✴ Why nPDFs? Why do we do this to ourselves? 

WHY?!?!?! 

✴ Latest sets and comparison. 

✴ Which one is the best? 

✴ Summary.
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Outline



PDFs
✴ In pQCD we can write “any” observable as

𝒪 =
∞

∑
i=0

αi
s(μr)Oi( ⃗μ , ⃗X )

Oi( ⃗μ , ⃗X ) = ∑
j

Ci,j( ⃗μ , ⃗X ) ⊗ Fj( ⃗μ , ⃗X )
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Oi( ⃗μ , ⃗X ) = ∑
j

Ci,j( ⃗μ , ⃗X ) ⊗ Fj( ⃗μ , ⃗X )

✴  are universal, non-perturbative and scale 

dependent parton distribution functions. 

Fj( ⃗μ , ⃗X )
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The simplest process we can do is DIS: .l + p → l′ + X

d2σNC

dxdQ2
∝ F2 −

y2

1 + (1 − y)2
FL

x =
Q2

2p ⋅ q
Q2 = − q2

y =
p ⋅ q
p ⋅ l
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W2 = (p + q)2



d2σNC

dxdQ2
∝ F2 −

y2

1 + (1 − y)2
FL

fNS
proton(x, Q2) =

Nf

∑
i=1

e2
i fi(x, Q2)

f S
proton(x, Q2) =

Nf

∑
i=1

fi(x, Q2)
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x =
Q2

2p ⋅ q
Q2 = − q2

y =
p ⋅ q
p ⋅ lW2 = (p + q)2

gproton(x, Q2)

The simplest process we can do is DIS: .l + p → l′ + X



✴ We take data from NC-DIS, perform a fit and 

determine  within uncertainties. fj
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✴ NC-DIS is not enough to fully separate flavours. We 

complement it with CC-DIS, Drell-Yan, EW-boson 

production, jets, etc.
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✴ We take data from NC-DIS, perform a fit and 

determine  within uncertainties. fj



✴ NC-DIS is not enough to fully separate flavours. We 

complement it with CC-DIS, Drell-Yan, EW-boson 

production, jets, etc.
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✴ We take data from NC-DIS, perform a fit and 

determine  within uncertainties. fj

✴ These are free proton collinear PDFs (a.k.a. PDFs). 

But we can do the same for other hadrons, the final 

state (FFs), TMDPDFs, TMDFFs, GPDs, etc.
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If we do DIS with nuclei we will have l.i. combinations of PDFs
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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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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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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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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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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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The more they measured, the more differences they 

found. The effects follow a very particular pattern:

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- 
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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 .  
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The more they measured, the more differences they 

found. 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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The more they measured, the more differences they 

found. 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- 

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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The more they measured, the more differences they 

found. The effects follow a very particular pattern:
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✴ We can describe the data with models. Of course.
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✴ But we can see if, just like PDFs, we can describe the 

data with just some parameters and “without 

assumptions”. 

✴ We can describe the data with models. Of course.
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✴ We introduce de concept of nuclear PDF: like a PDF, 

but for a nucleus.

✴ But we can see if, just like PDFs, we can describe the 

data with just some parameters and “without 

assumptions”. 

✴ We can describe the data with models. Of course.
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✴ We introduce de concept of nuclear PDF: like a PDF, 

but for a nucleus.

✴ And we test this idea by doing fits to data. The 

procedure is the same as for proton PDFs.

✴ But we can see if, just like PDFs, we can describe the 

data with just some parameters and “without 

assumptions”. 

✴ We can describe the data with models. Of course.
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Why do we do this?
✴ From the proton PDF perspective, nuclei provide 

different linear combinations of PDFs and can be 

used for flavour separation.
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Why do we do this?
✴ From the proton PDF perspective, nuclei provide 

different linear combinations of PDFs and can be 

used for flavour separation.

✴ From the HI perspective, CNM effects are the 

baseline for QGP studies.



  9/27

Why do we do this?

✴ Because we are curious. We want to understand.

✴ From the proton PDF perspective, nuclei provide 

different linear combinations of PDFs and can be 

used for flavour separation.

✴ From the HI perspective, CNM effects are the 

baseline for QGP studies.
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Why do we do this?

✴ Because we are curious. We want to understand.

✴ From the proton PDF perspective, nuclei provide 

different linear combinations of PDFs and can be 

used for flavour separation.

✴ From the HI perspective, CNM effects are the 

baseline for QGP studies.

fi/A(x, Q2) =
Z
A

fi/p/A(x, Q2) +
(A − Z)

A
fi/n/A(x, Q2)
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# data points 4353 2410 2077 2188 1484
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Fig. 8 The EPPS21 nuclear modifications of average nucleons in carbon (two leftmost columns) in lead (two rightmost
columns) at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and
the nuclear error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to
the full uncertainty (nuclear and baseline errors added in quadrature).
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Fig. 9 Comparison between the EPPS21 (blue), nCTEQ15WZ (purple) [94], and nNNPDF2.0 (green) [10] average-nucleon
nuclear modifications at Q2 = 10GeV2. The EPPS21 and nNNPDF uncertainties include the free-proton uncertainties but the
nCTEQ15WZ error bands only include the nuclear uncertainty.
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Fig. 10 Comparison between the EPPS21 (blue) and the EPPS16 (gray) [1] average-nucleon nuclear modifications at Q2 =
10GeV2. The EPPS21 uncertainties include the free-proton uncertainties but the EPPS16 error bands only include the nuclear
uncertainty.
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Fig. 8 The EPPS21 nuclear modifications of average nucleons in carbon (two leftmost columns) in lead (two rightmost
columns) at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and
the nuclear error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to
the full uncertainty (nuclear and baseline errors added in quadrature).
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Fig. 9 Comparison between the EPPS21 (blue), nCTEQ15WZ (purple) [94], and nNNPDF2.0 (green) [10] average-nucleon
nuclear modifications at Q2 = 10GeV2. The EPPS21 and nNNPDF uncertainties include the free-proton uncertainties but the
nCTEQ15WZ error bands only include the nuclear uncertainty.
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Fig. 10 Comparison between the EPPS21 (blue) and the EPPS16 (gray) [1] average-nucleon nuclear modifications at Q2 =
10GeV2. The EPPS21 uncertainties include the free-proton uncertainties but the EPPS16 error bands only include the nuclear
uncertainty.
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FIG. 5: Same as for Fig. 4, but at NNLO.
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ū̄u

0.6

0.8

1.0

1.2

1.4
s+s+

10�6 10�5 10�4 10�3 10�2 10�1 1
x

0.6

0.8

1.0

1.2

1.4

R
(
A

)

f

dd Q = 10.0 GeV

median

68% CL

10�6 10�5 10�4 10�3 10�2 10�1 1
x

0.6

0.8

1.0

1.2

1.4
d̄̄d

10�6 10�5 10�4 10�3 10�2 10�1 1
x

0.6

0.8

1.0

1.2

1.4
gg

Figure 4.6. Same as Fig. 4.5 now presented in terms of the terms of the nuclear modification ratios R(A)
f (x, Q).

Figure 4.7. Same as Fig. 4.6 now presented in terms of the pulls defined in Eq. (4.2). The dotted horizontal lines
indicate the threshold for which nuclear modifications di↵er from zero at the 3� (5�) level.

both the significance and the extension of shadowing in the small-x region. Once the LHCb constraints are
accounted for, one finds that nNNPDF3.0 favours a marked and statistically significant shadowing of the
small-x gluon nPDF of lead in the region x  10�2. To the best of our knowledge, this is the first time that
such a strong significance for gluon shadowing in heavy nuclei has been reported.

4.3 Fit quality and comparison with data

We now turn to discuss the fit quality in the nNNPDF3.0 analysis, for both the variants with and without
the LHCb D-meson data, and present representative comparisons between NLO QCD predictions and the
corresponding experimental data. Table 4.1 reports the values of the �2 per data point for the DIS datasets
that enter nNNPDF3.0. For each dataset we indicate its name, reference, the nuclear species involved,
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Figure C.2. Same as Fig. C.1 for LHC datasets on gauge boson production in pPb collisions, specifically for the
ATLAS and CMS Z production measurements at 5.02 TeV, and the charged lepton rapidity distributions for W+ and
W� collisions from CMS at 5.02 TeV and 8.16 TeV.

We have verified that in a fit where these forward bins are removed, the fit quality to the CMS dijets is
improved down to �2/ndat without any appreciable change at the level of the nPDFs themselves.

D Reweighting validation

In this appendix we assess the performance of the Bayesian reweighting method, by comparing it with the
direct inclusion of the same dataset in the prior nPDF set. As discussed in Sect. 3.4, in general the results
of including a new dataset on the prior nPDF fit will not be identical in both methods. One reason is that
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FIG. 9: Distribution of Pb momentum fraction (xPb) values probed by the EW-boson production data in p+Pb
collisions in Run I for Z bosons and Run II for W bosons, obtained for our NNLO calculation.

served within the given uncertainties, but notable di↵er-
ences persist even now that data from the LHC have
been included. For example, a tendency for opposite
valence quark modifications for u and d are found for
nCTEQ15wz and TUJU21, whereas the wide uncertainty

bands in nNNPDF2.0 and EPPS16 cover all possibilities,
reflecting the fact that individual valence flavors are not
well constrained by the available data as only certain
combinations of them can be accessed in nuclear colli-
sions. By contrast, the total valence nuclear modifica-

23

R
p
P
b

lepton rapidity (c.m. frame)

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

isospin only

CMS W+
, pPb,

p
s = 8.16 TeV

R
p
P
b

lepton rapidity (c.m. frame)

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

isospin only

CMS W�
, pPb,

p
s = 8.16 TeV

Fig. 16 The CMS 8.16TeV W± data [9] for nuclear modification RpPb compared with the EPPS21 and EPPS16 fits. The
solid blue lines show our central results, inner blue bands the nuclear uncertainties, and the purple bands the total uncertainty.
The grey bands correspond to the EPPS16 results. The red dashed curve corresponds to the isospin e↵ects only (only isospin
e↵ects in PDFs). The experimental data have been scaled with the normalization factors indicated in Table 2.

Finally, the new CMS 8.16TeV data on W± pro-
duction [9] are shown in Fig. 16. In the plot, we also
show the EPPS16 uncertainties to visualize the di↵er-
ence between EPPS21 and EPPS16. Particularly to-
wards forward (positive) lepton rapidities the EPPS21
errorbands are clearly smaller than the EPPS16 bands.
However, this is mainly due to the D-meson and di-
jet data which now set more stringent constraints for
the gluons. While the W± production at forward di-
rection is directly sensitive to the small-x quark con-
tent of the nucleus, the interaction scale, set by the
mass of the W± boson, is very high and a significant
part of the behaviour of the sea quarks is dictated by
the gluons. Just by looking at the plots, the rapid-
ity dependencies of RpPb appear not so perfect but
EPPS21 tends to overshoot the data at negative rapidi-
ties. At negative rapidities the form of RpPb is largely
set by the valence-quark nuclear modifications which
are well constrained by the available DIS data – the
backward part of RpPb cannot thus be easily changed
without ruining the agreement with the DIS data. If
the data were multiplied by a larger normalization fac-
tor that matches the negative-rapidity data with the
central EPPS21 prediction, the forward part of RpPb

would be underestimated by EPPS21. As a result, to
better reproduce the overall rapidity dependence, the
forward part of EPPS21 should be higher which could
be attained by having less gluon shadowing. However,
both the dijet and D-meson data prefer a stronger shad-
owing such that one could be tempted see some indi-
cations of a tension between these observables, perhaps

due to a coherent energy loss [98] or equivalent. How-
ever, �2

/Ndata ⇡ 0.94 for the W± data so statistics-
wise these data are well reproduced. We note that the
CMS collaboration provides the covariance matrix to
be used in calculating the �

2 values, which implicitly
involves solving for the optimal shifts associated with
the systematic uncertainties of the data. As only the
covariance matrix is given, we cannot solve for these op-
timal shifts without further input and the data points
are plotted at their central values (the data are still
multiplied with the optimal normalization factor) – it
is conceivable that the apparent non-prefect reproduc-
tion of the rapidity dependence disappears once these
shifts are implemented.

6.2 Comparison with the CMS 8 TeV Z data

Also the new CMS 8.16TeV data for Z production in
pPb collisions are available [99]. By using the 8TeV
pp reference data [100] we have constructed the mixed-
energy nuclear modification factor as in Eq. (20). A
comparison of the experimental results with the EPPS21
predictions is shown in Fig. 17. Due to the di↵erent
muon acceptances in pp and pPb collisions, the shape
of RpPb di↵ers significantly from unity. While the broad
systematics of the data are reproduced by the EPPS21
PDFs, the 90% EPPS21 uncertainty bands hardly over-
lap with the data errors. The value of �2 is also rather
large, �

2
/Ndata ⇡ 2.1 (accounting for the correlated

normalization uncertainty but adding the other errors
in quadrature). Similar di�culties are also visible in the
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Finally, the new CMS 8.16TeV data on W± pro-
duction [9] are shown in Fig. 16. In the plot, we also
show the EPPS16 uncertainties to visualize the di↵er-
ence between EPPS21 and EPPS16. Particularly to-
wards forward (positive) lepton rapidities the EPPS21
errorbands are clearly smaller than the EPPS16 bands.
However, this is mainly due to the D-meson and di-
jet data which now set more stringent constraints for
the gluons. While the W± production at forward di-
rection is directly sensitive to the small-x quark con-
tent of the nucleus, the interaction scale, set by the
mass of the W± boson, is very high and a significant
part of the behaviour of the sea quarks is dictated by
the gluons. Just by looking at the plots, the rapid-
ity dependencies of RpPb appear not so perfect but
EPPS21 tends to overshoot the data at negative rapidi-
ties. At negative rapidities the form of RpPb is largely
set by the valence-quark nuclear modifications which
are well constrained by the available DIS data – the
backward part of RpPb cannot thus be easily changed
without ruining the agreement with the DIS data. If
the data were multiplied by a larger normalization fac-
tor that matches the negative-rapidity data with the
central EPPS21 prediction, the forward part of RpPb

would be underestimated by EPPS21. As a result, to
better reproduce the overall rapidity dependence, the
forward part of EPPS21 should be higher which could
be attained by having less gluon shadowing. However,
both the dijet and D-meson data prefer a stronger shad-
owing such that one could be tempted see some indi-
cations of a tension between these observables, perhaps

due to a coherent energy loss [98] or equivalent. How-
ever, �2

/Ndata ⇡ 0.94 for the W± data so statistics-
wise these data are well reproduced. We note that the
CMS collaboration provides the covariance matrix to
be used in calculating the �

2 values, which implicitly
involves solving for the optimal shifts associated with
the systematic uncertainties of the data. As only the
covariance matrix is given, we cannot solve for these op-
timal shifts without further input and the data points
are plotted at their central values (the data are still
multiplied with the optimal normalization factor) – it
is conceivable that the apparent non-prefect reproduc-
tion of the rapidity dependence disappears once these
shifts are implemented.

6.2 Comparison with the CMS 8 TeV Z data

Also the new CMS 8.16TeV data for Z production in
pPb collisions are available [99]. By using the 8TeV
pp reference data [100] we have constructed the mixed-
energy nuclear modification factor as in Eq. (20). A
comparison of the experimental results with the EPPS21
predictions is shown in Fig. 17. Due to the di↵erent
muon acceptances in pp and pPb collisions, the shape
of RpPb di↵ers significantly from unity. While the broad
systematics of the data are reproduced by the EPPS21
PDFs, the 90% EPPS21 uncertainty bands hardly over-
lap with the data errors. The value of �2 is also rather
large, �
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in quadrature). Similar di�culties are also visible in the
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Fig. 2 The data included in the EPPS21 laid schematically on the (x,Q2) plane.

E772 [56] and E866 [57] data sets in the form of nu-
clear ratios,
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where M is the invariant mass of the produced lepton
pair and x1,2 = (M/

p
s)e±y, where y is the rapidity

of the lepton pair. The di↵erential cross sections are
calculated “on fly” with no precomputed grids.

3.3 Dijet production

In the EPPS16 analysis, we used the first CMS 5TeV
single-di↵erential dijet pPb data [58] in the form of a
forward-to-backward ratio. Now, a double-di↵erential
analysis [3] of the same data sample has become avail-
able and this is what we use in the present analysis. We
have already scrutinized these data in Ref. [5] where
they were found to put dramatically strong constraints
on the nuclear modification of the gluon PDFs in the
shadowing and antishadowing regions. The observable
we fit is a double ratio,
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and average transverse momentum of the two jets that
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By self-normalizing the spectra separately in pp and
pPb collisions, a major part of the experimental system-
atic uncertainties cancel and the measurement is there-
fore very precise. Without the self-normalization, the
systematic uncertainties in typical jet measurement can
reach tens of percents. In Ref. [5] the ratio of Eq. (16)
was also found to be very insensitive to the choice of
the baseline proton PDFs as well as to the factoriza-
tion/renormalization scale variations around the cen-
tral choice µ = p

ave

T
. The NLO look-up tables (see

Sect. 4.4) are constructed by using the public NLO-
jet++ [59] code. For more details on the implementa-
tion of the dijet cross sections, see Ref. [5].

3.4 W± and Z production

In the EPPS16 fit, we already included the 5TeV W±

and Z production data from CMS and ATLAS [60,
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s)e±y, where y is the rapidity

of the lepton pair. The di↵erential cross sections are
calculated “on fly” with no precomputed grids.
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By self-normalizing the spectra separately in pp and
pPb collisions, a major part of the experimental system-
atic uncertainties cancel and the measurement is there-
fore very precise. Without the self-normalization, the
systematic uncertainties in typical jet measurement can
reach tens of percents. In Ref. [5] the ratio of Eq. (16)
was also found to be very insensitive to the choice of
the baseline proton PDFs as well as to the factoriza-
tion/renormalization scale variations around the cen-
tral choice µ = p
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. The NLO look-up tables (see

Sect. 4.4) are constructed by using the public NLO-
jet++ [59] code. For more details on the implementa-
tion of the dijet cross sections, see Ref. [5].

3.4 W± and Z production
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Not a hat.

A non-terrifying hat.

My drawing didn’t represent a hat. It 
represented a boa digesting an elephant.

Thus I draw the interior of the boa, so that 
grown-ups could understand. They always 

need explanations.

Soon we will have more very precise data from the EIC 

(LHeC? FCC-eh?) and we will be able to explore the complex 

observables better.


