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   Changes  in the  masses  of  charinc)niuni  states  in iiuclear  matter  as  a  result  of  the modi-

fication of  QCD  vacuum  in nuclear  mediurn  are  studied  iii the  perturbative  QCD  approac:h.

For the leading-order effect  due to challge  of  gluon condensat･e,  we  use  the  leading-order QCD
fb' rinula.  The  higher-twist efect･  that  is related  to  the partial rcstoration  ot' chiral  syrnmet,ry,

we  tise  illstead a  hadronic  tuedel  that  includes the effect  due to c'htmge  of  quark condensate

in nuclear  inedium.  It is found t･hat although  the mass  of  ,Jf't,C, decrea,ses slightly  in nuclear
mattcr,  those  of  

'
¢
'(3686)

 and  V(3770) st,ates are  reduced  appreciably.  Experimental st,udy  of

the rnass  shift  of  c:ha,rmoniurll  st･ates  in nuclear  matter  can  thus  previde  valuablc  information
on  how QCD  vacuuin  changes  in nuclear  medium.

Sl. Introduction

    Understanding  hadron mass  shifts  in nuclear  medium  aiid/er  at  finite tempera,-
ture can  provide  valuable  inforrnation about  the QCD  vacuum.i)  

jS)
 It is also  relevant

phenomenologically to t･he interpretat･ion of  experimental  results  froin relativistic

heavy ien collisions,4)  in which  a hot dense matter  is formed during the  collisions,

Previous studies  have been largely concerned  with  hadrons  that･ consist  of  only  light

quarks.3) Only rccently  were  there  studies  oi- the in-medium  inasses  of  hadrons inade
also  of  heavy charm  quarks. Using either  the  QCD  sum  rules5):6)  or  the quark-meson
coupling  model,7)  it has been found that mass  of  D  meson,  which  is made  of a  charm

quark  and  a  light quark,  is reduced  significantly  in nuclear  medium  as a  result  of

decrease of  the  light quark  coll(lensate.  For J/", which  consists  of  a  charm  and

antichaun  quark  pair, both the  QCD  sum  rules  analysis8)  and  the  LO  perturbative

                
iO)

 shQw  that its mass  is reduced  slightly  in nuclear  matter  ma,inlyQCD  calculatien9),

due to the reduction  of  the gluon condensate  in nuclear  medium.

   The change  of  hadron  masses  at  finite temperature  is best studied  using  the
lattice gauge theory, as it treats the  non-perturbative  aspect  of  QCD  most  reli-

ably.  Recent lattice gauge  calculatioiis  at finite temperature  with  dynamical quarks
have shown  that even  below critical temperature  the  interquark potential at large
separation  approaches  an  as.v, mptotic  value  V..(T) tha,t deci'eases with  increasing
teinperature.ii) This transition fl'orrL a  linearly rising  interquark potential in firee
space  to a  saturated  one  at  finite temperature is due to decrease in the strength  of

string  tensioii and  formatien of  Qq and  q-Q pairs, where  q denotes a  light quark,

')
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when  the separation  of  two  heavy  quarks (C2) becomes  large. Decrease in L'?,.(T)
can  thus  be interpreted as  a  reduction  of  the  mass  m.u  of  open  heavy quark  meson

((i?q or  q-(?), such  as  the  D  meson  mass,  at  finite temperature.i2}'i3)  Furthermore,

the  decrease of  mH  seems  tc) be a  consequence  of  the  reduction  in the constituent

mass  c)f light quark  as  the temperatiire  dependence of  V..,(T) is similar  to that of

the  chiral  condensate  <q-q>.i4) [I]his rclation  between  the mass  mH  and  the chiral

ordcr  parameter a]so  follows naturally  from Lhe heavy quark symmetry,i5)  From  the

solution  of  Schr6dinger equatioii  with  the  finite temperature  interquark potential
obtained  froni the  lattice QCD  ca}culation,  it has also  been  found that  inasses  of

charTnoiiiurri  states  are  reduced  at  finite teinperature.i6):i7)

   At finite density, lattice gauge  calculations  are  at  prcsellt iiot  feasiblc for studyillg

the heavy quark  potential or  thc mass  mH  of  open  heavy quark  meson.  IN'Iasses of

these heavy quark  systems  are,  however, expccted  to change  appreciably  in nuclear

medium.  Model independent estimates  have showiii8):i9)  that condensates  of the

lowest dimensional operators  <?'sC2> and  <q-q> decrease, respectively.  by 6%  and

309)6 at  normal  nuclear  matter,  which  are  significant  changes  expected  only,  near  the

phase transition at finite temperature.20> As in the  case  of finite tempcrature, the

reduction  of  gluon condensate  leads to a  softening  of  the  confining  part  of  interquark

potential,2i) while･  the decrease of  quark  condensates  implies a  drop of  the open  heavy

quark meson  mass  or  the  asymptotic  value  l2E,. of  heavy quark  potential. Both are

expecLed  to lead to nontrivial  chaiiges  in the bindiiig energies  of  charmoniuin  states

zt,(3686) and  
'4,(3770),

 as  their wave  functions are  sensitivc  to both the  confining  part

and  the  asymptotic  value  of  interquark potential.

    In this paper, we  present results  on  the rriass  shifts  of ny)(3686) and  
'ip(3770)

 due

to changes  in the glucm and  quark  condensates  in nuclear  medium,22)  The effect

of  gluon condensate  is determined using  the leading-order QCD  fbrmula, which  was

developed in Rcfs. 9) and  23) and  has been used  to study  the ,J/?P  mass  in inediuin.iO)

Thc  effect  due to change  in quark condensates  is difficult to ca,lculate  using  the  quark

and  gluon degrees of  freedom as they, appear  as  higher twist effects  in the  operat･or

product  expansion,2'i)i25)  However, its dominaiit effect  on  a  heavy quark system  is

to reduce  Voo as  a  result  of decrcase of  the  D  meson  in-medium  mass,  about  50 MeV

in norinal  nuclear  iiiatter  due t･o the 309}6 reduction  in the  quark  condensate.5)'7)･26)

Therefore, we  can  study, the  effect  of  changing  quark  condensate  on  charmoriium

states  at  finite density using  a hadronic model  to calculate  their mass  shifts  due  to

the change  of  D  ineson  in-medium  mass,  Combining effcct･s  from changes  in the

gluon condensate  and  in rnD,  we  fuid that both V(3686) and  k'i(3770) masses  are

reduced  appreciably  at  normal  nuclear  matter  density.

S2. QCD  vacuum  in nuclear  matter

   The lowest dimensional QCD  operators  that･ characterize  the non-perturbative

nature  of  QCD  vacuum  are  the  quark and  gluon con(lensates,  Their expectation

values  in the  vacuum  are  known  to be large,27) i.e.,

                       < 
CTVS

 FIIi.> 
-w
 1.5 GeV  

･
 fm-3,
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                            <q-q> -J2fnirr3.  (2･1)

   The  gluon condensate  can  be written  as  the  difference between  the magnetic

B2  =  3F3 aiid  the electric  II]2 =  FISI condensate,  which  contribute  equally  to the

gluon colldensate  in vacuum,  i,e.,

                    <azs B2>  ..  -<arrS  E2>=5<a.3  F):.>. (2･2)

[[b understand  the above  relation,  we  note  that in the Euclidean formulation of  QCD
at  zero  temperature, such  as  in the lattice QCD, the  electric  condensate  has the  same

expectation  value  as  the  magnetic  one  due  to  the  space  and  time  symmetry  in the

Euclidean space.20)'28)  The above  relation  thus fbllows naturally  as  the electric  con-

densate in the  Euclidean space  is defined with  a  minus  sign  relative  to its counterpart

ill the Minkowski space,  while  the  magnetic  condensate  is dcfined with  the  same  sign

in both spaces.27)

   In nuclear  matter,  both non-perturbative  quark  and  gluon field configurations
are  expect･ed  to change  appreciably.  Model-independent studies  have shown  that  the

average  gluon arid  quark condensatc  values  decrease by  6%  and  30%, respectively.
These studies  are  based on  linear density approximation  and  nucleon  expectation

values  of  the quark  and  gluon condensates,  which  are  known,  rcspectively,  from the
experimentally  rneasured  T-Ar  sigma  term  and  the nucleon  expectation  value  of  the

trace anomaly  relation.29)

   Both  the  electric  and  magnetic  parts of  the  gluon condensate  in nuclear  matter

can  be estimated  using  the twist-2 gluon operator,

             <N(p) S7Ilff ]FU.  IV(p)> -  (p,,p. 
-
 im2A/ g..)2A2(g),  (2･3)

where  A2(g) is the  second  moment  of  the  gluon distribution in a  nucleon  and  has a

value  of  about  O,45 at  the renormalization  scale  of  1 to 2 GcV. In the  linear density

approximation,  we  then  have

               <C;' E2>..  :=  (grnvm?v + gm?,T 
EIi'LA2)

 27#iN 
･

               <:}' B2>..=  
-(g7n

 Ni Tn  ?g -grn?xr  :' A2)  2,k  (2 4)

In the above,  p and  rn,rv are  the nuclcar  density and  nucleon  mass,  respectively.  Tlie
mass  7nX/F rv  O.75 GeV  is the nucleon  mass  in the  chiral  limitfSO) and  is obtained  by
taking the nucleon  expectation  value  of  the trace anomaly  relation  7)S` =  

-X-
 
C}ny..

Because  of  the  small  factor of +' in the second  terms  in Eq. (2･4), change  of the

gluon condensate  in nuclear  medium  is dominated  by contributions,  from the  first
terrns,

S3･ LO  QCD  calculation

   The mass  shift  of  charmonium  states  in nuclear  medium  can  be evaluatcd  in the

perturbative QCD  when  the  charm  quark mass  is large, i.e., Tn.  -> oo.  In this limit,
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and  those  in the  nuclear  matter,  [[b go beyond  the  leading order  in OPE,  we  need

to calculate  the contributions  firoiii higher dimensional operators  in Eq. (3･1), which

include light quark  operators,  Explicit calculatioiis  from QCD  sum  rules  for J/v) up
to dimension 6 eperators25)  show  that the  effect  due to change  in the cendensates
of  light quark operators  at  dimension 6, which  includc <q-I-qq-Fq) and  <q-DGq>,24))25)
is unimportant  for the mass  shift  of  JfV. However, such  calculation  cannot  be
easily  generalized to the excited  charmonium  states  ip(3686) and  th(3770), where  the

sum  rules  do not  exist  even  in the vacuum,  On  the other  hand, the  higher twist
effect  due to light quark  operators  can  be estimated  by  considering  coupling  of  the
charmonium  to the  DD  states  as  in the poteiitial medel  for charmonium  states.32)

Therefore, instead of  sumrning  up  the non-convergent  contributions  from  the  change

in the light quark  condensates  in the OPE  ef  Eq. (3-1), we  estimate  its contribution

by  evaluating  the  charmed  meson  one-loop  effect  on  the mass  of  charmonium  using

the in-medium  D  meson  mass  predicted from the  QCD  surn  rules5)i6)  or  the  quark-
meson  coupling  model.7)

g4. Estimate  of  higher  twist effect  using  an  effective  Lagrangian

   Following the studies  in Ref. 36) on  p-n  interactions and  in Ref. 37) on  ¢-K

interactions, we  use  the following Lagrangian fbr interacting charmonium  ip and  D
meson:

L =  i ( D,D12  -  m2D  ID12) -  iF),.F"" +  5rnlip,, if, (4･1)

where  4., =

 apaV. -  O.thp is the  ¢ harmonium  field strength,  Dp, =  0t,, 
-
 i2g¢ DDVpt

and  D  =  (DO,D+).
   The  coupling  constant  g,,,,DD can  be determined using  the 3PO  model,38)  In
this model,  the  coupling  constant  is given by the overlap  integral between  the rela-

tive quark  wave  function of  the  charmonium  and  that  of  the two  outgoing  charmed

mesons,  multiplied  by a  coupling  parameter  or which  characterizes  the probability of

producing  a  light quark-antiquark pair in the 
3Ib

 $tate.  The  result  can  be read  off

from Refs. 39) and  40) and  is given by

g,2ov(q) =  72r312 l}i" f4. (q2, r)e-i,fiXliZrMff (i+zr2) . (4･2)

where  q is the three-momentum  of  D  mesons  in the  th rest  frame and  r  =  fi/6D
with  5o (P) being the oscillator  collstant  for D  meson  (VJ) wa;ve  function. [Vhe samc
valucs  of  ,B are  used  for charmonium  states  as  in thc  LO  QCD  calculation.  The
values  for or and  SD are  taken  to be O.35 and  O,31 GeV, respectively,  te  reproduce

both the  decay width  of  th(3770) to DD  and  the  partial decay width  of  th(4040) to
DD,  DD'  and  D*D*.39),4i) The  function fb(q2,r) denotes

fJfv,(q2,r) =26r3(1

 +  r2)2

(1+2r2)5 
'
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  fib(36,6) (q2,T) =  
25(3

 
+3
 (2irl) 

2

i,i, l, 
3r2)2

 (i -  (i + 2.2iil (+t g.:i3.2 - i) fi1;)
2-

  f¢ (377o) (q2, r) =  3( i2152r.

',),

 (i- s:  l T2
2

,
 
),)
 EIJ)

2,

 (4 3)

for the  three charmonium  states.

   Because  of  its momentum  dependence, g,ut,pD(q) takes into account  the form
factor at  the ?bDD  vertex  and  allows  also  the  coupling  of  the charmonium  to off-shell

D  mesons.  For th(3770), it can  decay to DD  in free space,  and  its on-shell  coupling

COnstant  is g･e(377o)Do(q =  (mZ/4 -  rnZ)i!2)  =  15.4. The coupling  constants  at

q =  O are  15,3, 18.7 and  16.8 fbr J/th, th(3686) and  V(3770), respectively.  The value

for J/V  coupling  t･o D  mesons  is slightly  larger than  that estimated  by the vector

meson  dominance mode142),43)  and  by. the QCD sum  rules.44)  As the D  meson

momentum  increases, its coupling  constant  to ,J!'ip  has a simple  exponential  fall off

due t() the  IS  quark  wave  function of  J/". In contrast,  coupling  constants  of  excited

charmonium  states  th(3686) and  th(3770) to D  mesons  fall off  exponentially  with  D

meson  momentum  but vanish  at certain  q2 as  a  result  of  the llodes  in the  2S  or  ID

wave  fiinction of  the excited  charmonium  statcs.39),4i)

   Similar to the method  introduced in R,ef. 37), we  have used  the  above  Lagrangian

to evaluate  the  selfenergy  Ll),.(k) of  charmonium  due to the D  meson  loop. After

performing the energy  integral in the rest  frame  of  V, i,e., k =  (met,, O), the invariant

part of  I]ri,.(k) =  (kptk. -  k2g;,.)"(k) thcn  has the  fo11owing fbrm:

      ff(k) =  6;2Pfdq2gZDD(q2)[  
,,,}

q

s,
 
+q,

 (ml - 44mtl,2 -4q2  +3)

            1
-
 
(m})

 
=

 
mD)1

 
i (4･4)

where  mb  is the  in-medium  D  meson  mass  and  P  denotes that only  the principle

value  of  the iiitegral is evaluated,  The  subtracted  term  in the  above  equation  is a

renormalizatioii  constant  which  is deterTnined by rcquiring  ll(k2 =  m"2)) =  O when

ni  l) =  rT}D.  This ellsures  that the D  meson  loop does not  contribute  to the real  part

of  charmonium  self energy  in fr'ee space.  The mass  shift of  charmonium  at  finite

density. is then givcn  by A7nzb =  ll(k2 =  rni).

   In Fig, 1, we  show  the mass  shifts  of charmonium  states  as  functions of mb.  It

is seen  that the mass  shift  of  V(3770) is negative  for small  negative  shift  of  D  meson

mass  but becomes positive when  the D  meson  mass  drop is large, Ill contrast,

the  mass  shift of  th(3686) is negative  for all  negative  mass  shifts  of  D  meson.  This

differencc can  be understood  from Eq. (4･4), where  the  integral is a  convolution  of  the

form factor g,Z,,DD(q2) with  the terms in the square  bracket, which  are  singular  
when

q2 =  7rb3,V4-m})2  and  q2 =  TrLg, !4-7n2D. The integrand thus  changes  its sign  whenever

                                                          finally                                                                becomesthe D  ineson momentum  q passes  through  these  singularities  and

negative  when  q2 is larger thaii an>r of the singularities,  which  correspond  to the

energies  of  the  virtual  intermediate D  mcson  states.  As in second-order  perturbation
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Fig. 1. Mass  shifts  of  charmonium  states  JIV, (solid curve),  ip(3686) (long dashed curve)  and

   V:(3770) (short dashed c:urve)  as  funct･ions of  D  meson  in-medium  mass  Tnb.  The  circle  in-

   dic'ates the expected  mas$  $hift,s  at  norrrial  nuclear  iitatter density.

theory, the  contribution  is attractive  when  the energy  of  the  intermediate statc  is
larger than the charmonium  mass,  Sincethe form factor decreases exponeiitially  with

q2 and  can  even  be zero,  the  large negative  coiitribution  expected  for a  constant

form factor is suppressed,  leading thus  to an  increase of  the  
'ip(3770)

 mass  when

mD  
-mS

 ) 10 MeV.  On  the other  hand, the singularity  of  the integrand in Eq. (4･4)
for the case  uf  ik(3683)  occurs  only  when  2mb  falls below its mass  and  therefore has
only  a  small  positive contribution  when  q2 is very  small,  leading to a  reduction  of

its mass  for any  D  meson  mass  shift. For ,J/'ut,  we  find that its mass  only  increases
slightly  with  dropping D  meson  mass  and  deperids weakly  on  mS.  For "tD-mb  =  50
MeV,  which  is the expected  mass  shift  of  D  meson  at  normal  nuc}ear  matter  density,
the mass  shift of  J/" is about  3 MeV.  This result  is consistent  with  that  from  the

QCD  sum  rules25)  and  is also  expected  from the poteiitial model,32)  where  the J/th
wave  function has only  a  small  DD  component,  We  note  that the  density dependence
of  the mass  shifts  of  charmonium  states,  particularly the  excited  ones,  is nonlinear  if
we  use  a linearly density-depeiident D  in-medium  meson  mb  =  rnD  -  50 p/po MeV
in the denominator  of  Eq. (4･4). On  the  other  hand, the  inass  shift  obtained  frorn
the  LO  QCD  formula in Eq. (3･2) depends linearly on  the nuclear  density,

   Adding the mass  shift from the D  meson  }oop effect  to the result  from the  LO

QCD calculation,  we  find that inasses  of charmonium  states  are  clianged  by the
following amount  at  normal  nuclear  matter  deiisity:

                         ArrtJ/v =

                       Arnv/･(36s6) =

                       Am,,b(377o) =

where  the first number  represents  the

number  is from  the D  meson  loop. The
excited  charmonium  st･ates are  reduced

-8  +  3 MeV.
-loo

 
-

 3o Mev,

-140  +  15 MeV, (4･5)
shift  froin the  LO  QCD  while  the  second

above  results  thus  show  that  masses  uf  the
significantly,  in nuclear  matter,  largely due
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to the  non-trivial  decrease of  thegluon  condensate  in nuclear  niediuin.

g5. Summary

   In summar}r,  we  have studied  the mass  shifts  of  charmonium  states  in nuclear

matter  in the  perturbative QCD  approach.  The leading-order QCD  tbrmula is used

to evaluate  thc effect  due to the change  of  gluon condensate  in nuclear  matt･er,  while

a  hadronic model  that  takes into accoullt  the  interaction of  charmonium  states  with

D  mesoiis  is used  to calculate  the higher-twist effect due to the  partial restoration

of  chiral  symmetry,  , We  find that  while  thc  mass  of  ,Jfif  in normal  nuclear  matter

decreases by less than  10 MeV,  those of  
･th(3686)

 and  V<3770) stat･es  arc  reduced  by

more  than 100 ]v'IeV. Our results  thus  demonstrate  that the masses  of  V)(3686) and

V;(3770) are  sensitive  to both the confining  part of  the  interquark potential and  the

DD  threshold, which,  according  to recent  lattice gauge calculations,  are  related  to

the chiral  symrnetry  breaking of  the  QCD  vacuum,  The  mass  shifts  we  find fbr both

V(3686) and  Lb(3770) in nuciear  medium  are  large enough  to be observed  in exper-

iments involving P-A annihilation  as proposed in the  future accelerator  facility at

the  German  Heavy Ion Accelerator Center (GSI).45) In these experiments,  ip(3770)
and  V(3686) produced  inside a heavy nucleus  will  be studied  via  the  dilepton spec-

trum  emitted  from their decays. The  observation  of shifts in their masses  in these

experiments  would  give us  valuable  information on  non-trivial  changes  of  the  QCD
vacuum  in nuclear  medium  and  on  the origin  of  masses  in QCD.
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