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Mass shiftsAm of particles in nuclear matter relative to their vacuum values are considered. A
general formula relatindm(E) (E is the particle energy) to the real part of the forward particle-nucleon
scattering amplitude REE) is presented and its applicability domain is formulated. ph®meson mass
shift in nuclear matter is calculated at< E, < 7 GeV for transversally and longitudinally polarized
p mesons. [S0031-9007(97)02366-1]
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The problem of how the properties of mesons andnodel independent and general. In the case of vector
baryons change in nuclear matter in comparison to theimesons the only hypothesis used is the vector dominance
free values has attracted a lot of attention recentlymodel (VMD), which for the energies we consider is
Among these properties the first of interest are mass shiftsonfirmed by experiment with the accuracy quoted below.
of particles in nuclear matter. The values of particleTransverse and longitudinal vector mesons are treated
masses can be measured experimentally, and some dagparately. We believe that the possibility to compare
started to appear. In this aspect experiments on heavy iaata with the theory in a wide energy interval will
collisions, in which the dependence of particle masses oassentially extend the field of experimental investigations.
nuclear density can be found, are very promising. We start with general considerations applicable to any

In early theoretical investigations of this problem [1,2], particle imbedded in nuclear matter. Assume that the
one or another model of strong interaction of particlesinteraction of the particle with a nucleon in matter is not
in nuclear matter was used. In the pioneering work byaffected by other nucleons, i.e., the nuclear matter can be
Drukarev and Levin [3] the use of QCD sum rules for considered as an inhomogeneous macroscopic medium.
the calculation of nucleon mass shift in nuclear matterThis restricts the particle wavelengthx = k! < d,
was suggested. Later this method was applied also tahered is the mean internucleon distance. This means
the calculation of meson masses (for recent reviews sebat the particle momenturt must be larger than a
[4]). Among the latter the most interesting is the case ofew hundred MeV. Since we assume that the particle
light vector mesons. Theoretically clean measurements created inside the nucleus, we must require that its
of vector meson masses in nuclei would be possible ifiormation lengthlsy, ~ (E/m)/mena: is less than the
electroproduction experiments, where mesons are createdicleus radiusk, wheremgn,, ~ m, is the characteristic
uniformly inside the nucleous, and not predominantlystrong interaction scale. This implies an upper limit on
at its surface as in hadroproduction or photoproductionthe particle energyk/m < 15, for middle weight nuclei.
The masses, energies, and widths of vector mesons c#@m additional restriction on the upper value of the particle
be obtained by measuring momenta ©f and ¢~ in  momentumk arises from the requirement that for the
V — e"e” decay. mass shift to be observable the particle must decay mainly

The masses of vector mesons in nuclear matter wer@side the nucleous,/I'm < R. This givesk, < 6 GeV
calculated in [2,5-15]. (In Ref. [7] a universal ratio of for the vacuum value oF ,. Forw and¢ the restrictions
particle masses in nuclear matter to their vacuum valueare less certain, since their in-medium widths may be very
was suggested.) However, the results do not coinciddifferent from the vacuum ones.
and are rather model dependent as emphasized, e.g., inTo calculate particle mass shifts in nuclear matter we
Ref. [11]. Since the interaction @f meson with nucleons use the general method suggested long ago for treatment
in medium is energy dependent, one may also expedf propagation of fast neutrons in nuclei [16] (see also
that the mass shift is energy dependent. This problerfl7]). The main idea is that foh < d < R the effect
was considered only for a rather narrow energy intervabf medium on the particle propagation can be described by
in the Walecka model [12,13]. In model independentattenuation and refraction indices. Attenuation of particles
QCD sum rule calculations [8,14,15] only mass shiftsmoving in the direction of axis at a distanceis equal to
of vector mesons at rest were studied. Here we preseexp(—poz), wherep = A/V is the nuclear density is
a calculation of meson mass shifts in nuclear mattethe atomic numbery is the nucleus volume, and is the
for a wide range of meson energies not consideredotal cross section of the interaction of the particle with
before. In the case of pions the results are completelypucleons. [Strictly speakinggo = (Zo, + No,,)/V.]
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Using the optical theorem

ko =47 Im f(E), (1)

where f(E) is the forward scattering amplitude, we have

for the modulus of the particle wave function in matter

ol ~ ex;{—p e Imf(E)] @)

2
(2m)?

dispersion relation with one subtraction,
a-yN(E/)
E/2 _ E2 ’

P ] dE'
Ew
(7)

where P denotes principle valueg,y(E) is the total
photoproduction cross sectioly, = u + u?/2my, u
and my are the pion and nucleon masses, gig (0)

Reny(E) = ny(O) +

This formula is evidently generalized to the wave functioniS given by the Thompson formulg,,,(0) = —a/m,,

itself
o~ ex;{ip %f(E)] 3)

Equation (3) is correct ifRef| < d = (V/A)'/3: only in

fyn = 0.

yThe VDM relation Eq. (6) holds only for the amplitude
of a transverse vector mesoffN, since f,y is the
scattering amplitude of a real transverse photon.
Eq. (6) thep-meson energye, is related to the photon
energy by the requirement that the masses of hadronic

In

this case the scattering on each nucleon can be considers@ites produced inN andyN scattering should be equal,
as independent and interference effects can be neglectéy = E, — m}/2my.

[17]. Ref(E) isrelated to the refraction index of matter for

particle propagation [16]. We want to describe the prop

It is known that VDM works well starting fromy
aenergies about 2 GeV, where one may expect the VDM

gation of a particle through nuclear matter introducing araccuracy of about 30% and better at higher energies

effective massi.;f = m + Am. This means that (leaving

absorption asidey ~ e*i2, with kegr = /E2 — m2y =
k — (m/k)Am. Then from Eq. (3) we get

Am(E) = =27 % Ref(E). (4)

The expression in Eq. (4) fakm has the meaning of an
effective potential acting on the particle in medium [16,17

For the correction to the particle width we have in a similar

way

AT(E) = % ko (E) . (5)

(see, e.g., [18]). At these energies the nucleon Fermi
motion can be neglected. In calculation of R& (E),
according to Eq. (7), we used the PDG data [20] on
photoproduction on deutron. For the high-energy tail the
Donnachie-Landshoff fitting formula [21] for,, was
used, and it was assumed that, /o, = const starting
from E, = 20 GeV. The results foRe f,y andAm? at

]_normal nuclear densitp = (4wrg/3)"", ro = 1.25 fm,
are shown in Fig. 1 as functions &,. The mass shift
in the energy region, where our consideration is valid,
2 GeVs=s E, =7GeV, is positive p mass increases in
nuclear matter) and is of order of 50 MeV. However,
the condition|Ref| < d ~ 2 fm is not well fulfilled.

Probably the main effect of interference of different

All of the above statements are general and can be appliatlicleons is screening and the true valuesof, are a

to any particle in nuclear matter.
Let us now turn to the case of vector mesons.

bit smaller than our results.

Interac-

tions of p and w with isospin symmetric nuclear matter

are identical. Then, according to Eq. (4yn, = ém,,.

In order to findpN forward scattering amplitude we
use the VDM and the relation which follows from VDM
(see, e.g., [18])

1
_szN +
8

0]

1 1
ny=47Ta<g—2pr + gfwv)- (6)
P

The last term on the right hand side (rhs) of Eq. (6) can

be safely neglected: as follows frog-photoproduction
data, it is small.
fon = fpn. (This assumption is supported pyand o
photoproduction data, particularly on deuterium [18,19]
Since g;,/¢; =~ 8, the contribution ofw to the rhs of
Eq. (6) is also small. Therefore, according to Eq. (6
Ref,n(E) is expressed through Rey(E). The latter

Basing on the quark model, assume

16 150
~
\{ N
NS 2 40 g
P <
N S
v
°f Y] I
[Yas J20
2 3 g 5 é 7 £, (¢eV)

)FIG. 1. Energy dependence efRef)y and —Ref 5y (upper
and lower solid curves, left scale) andzbfng and Amf) (upper

can be found from the photoproduction data using theand lower dashed curves, right scale) at normal nuclear density.
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In the case of longitudinab mesons it is impossible We also assume that @? = 0.5 Ge\? the subtraction
to relate the forward scattering amplitude of theto  term in Eq. (10) is given by the one-nucleon intermediate
that of the real photon, but it is still possible to havestate, as it takes place in the Thompson formula. The one-
such a relation for the virtual photon. We assume thahucleon intermediate state contributes also to the integral
VDM holds for virtual photons with virtualities less or of in Eq. (10). Its total contribution to Eq. (10) is
order of m?. For the transverse scattering amplitude the

. p : . 1
generalization of Eq. (6) to the wrtral photon is Reng(u, 0%)oneomucl = _miN[F%:(QZ) n n 0*G%(0?)
nty 1 T
fINEy.q°) = 4ma —— 5 5 fw(Ev). 1
e v=%,¢ (q* — mp)? gy~ "N X ﬁ} (11)
(8) v2 — Q%4
For the longitudinal scattering amplitude the generalizawhereFr andGy are the nucleon electric Pauli and mag-
tion of VDM has the form netic Sachs form factors. The results of our calculation
b1 show that the shape of the curve for Rg (E,) obtained
fEN(E,.q%) = 47 a Z q—m‘é — fEy(Ey).  from the data aQ* = 0.5 GeV* is similar to the curve
V=pw¢ (@ — my)? gy Ref/ly(E,) in Fig. 1, but the absolute values are (30—

(9)  40)% smaller. Since the factdiQ? + m2)*/m} ~ 3.4

Equations (8) and (9) can be proved in models incorporatconnecting the values of)y(E,. Q%) and f,y(E,) is

ing directyN interaction. These equations correspond toather large, this fact can be considered as an indication

the assumption that @2 = —¢> < m} the dominantin- that the accuracy of VDM for the problem considered is

termediate states in the channel are vector mesons and Of order (30—40)%.

the contributions of higher states can be neglected. The The calculation of R¢yy(E, Q?) is similar. The only

factor ¢2 in the numerator of Eq. (9) is a kinematical fac- difference appears in the subtraction term in Eq. (10). In

tor that evidently follows from the requirement of vanish- [25] it was proved thatfyy(0, Q%) at smallQ? is given

ing fiy atg®> = 0. The absolute valuks?| arises, since by the one-nucleon intermediate state, and it was argued

Im fLy is positive atg? < 0 as well as ay? > 0. This that its contribution dominates up t9? = 0.5 Ge\~.

corresponds to the fact that while for a transverse photof "€ CO”,}”PU“OH of one-nucleon intermediate state to

the polarization vector squareddd = —1, for a longitu-  Jy~ (¥, Q%) is

dinal virtual photon we pué*> = 1 in order to get a posi- RefLy(v, 0?)

tive cross section (see [1?]). Thze relation betwé&grand YN 0“‘“"““11 |

Ey is nopr = Ey — (mp + Q0 )/ZmN. — —am 2|:_F2 2y 4 G2 2 }
Ref,x (E,Q?) can be found from the data on deep ve 4miy @ v2 — Q44 £ ]

inelastic scattering in the same way as was done for the (12)

real photon. The dispersion relation takes the form . .
where Fy, and Gg are the nucleon magnetic Pauli and

T.L 2y _ ,T.L 2 d electric Sachs form factors.
Re E, = 0, - —P ,
fov (B Q°) = f5v (0.0 my The results of calculation of R&y(E,) andAmL(E,)
P p\Ep
A 4m3x'"?/Q? are plotted in Fig. 1. _It is seen that in the energy range
) o dx Tz =2 E, =2-7GeV Am,ﬁ is essentially smaller tharAm,{.
Although the uncertainty in the determination &fn% is
X Fa(x/, Q%M, (10) rather large, we believe that this qualitative conclusion
1 +R will be intact in a true theory. Since at redtm! =

wherex = 0%/2v, v = myE, F2(x,0?) is the nucleon Amf,, one should expect a strong energy dependence of
structure function, an® = o /o7 is the ratio of longi- Am/ and/or Am’ in the domainm, < E, <2 GeV.
tudinal to transverse photon cross sections. This is not surprising in the framework of our approach,
Consider first the case of transverse photons and chegince there are resonances in this domain and strong
whether starting from the deep inelastic scattering datyariations of Ref,y(E,) and Am,(E,) are very likely.
we can get the values of RéN(E) close to those we The main sources of uncertainty in our approach are
have already found from photoproduction. We choosdhe assumption of independent scattering on nucleons in
0% = 0.5 Ge\? and takeFf(x,O.S Ge\?) from the data the nucleus (Fermi gas approximation) and the use of
compilation done by Ji and Unrau [22]. The raﬁ'é/Fg VDM, especially for the virtual photon. We estimate
was taken from [23] fox < 0.2. Forx > 0.2, where the the uncertainty as-30%-50% for Am/ and as a factor
data at smallp? are absent, we assuni8 /F) = 0.75. of ~2 for Am,ﬁ. AT, calculated according to Eq. (5)
The information abour at smallQ* is scarce. Based on is large: AT = 300 MeV, AT, = 100 MeV at E, =
the data from Refs. [23,24] we assuRg = R, = 0.3. 3 GeV and normal nuclear density. However, thad&s
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so not characterize the broadening of thpeak observed ones. At lower energies the mass shift is strongly energy
experimentally. For example, they get contributions fromdependent due to competition of variop®’ resonances
elastic and diffraction scattering which do not result inin Eq. (4).
broadening of the peak. One may expect experimentally This work was supported in part by INTAS Grant
observable broadening to be about 2 times smaller thaNo. 93-0283, CRDF Grant No. RP2-132, and Schweitz-
these numbers. erischer National Fonds. V.L.E. acknowledges support
We would like to note that a similar treatment of in- of BMBF, Bonn, Germany.
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