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Influence of multiple scattering on particle decays in a medium
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Effect of scattering in the matter on particle decays at high energies is studied. The systematic method for
the calculation of the decay probability of the particles undergoing multiple elastic collisions in the equilibrium
medium is developed. The probability of the decay of such particles is obtained. The Dalitz decay of pion in
the matter is studied S0556-28139)02702-9

PACS numbg(s): 12.39.Fe, 12.38.Mh, 12.40.Vv

I. INTRODUCTION Il. DECAY PROBABILITY OF A PARTICLE

. L . IN A SCATTERING MEDIUM
The problem of the influence of scattering in a medium on

particle decays arises in the study of the states of the nuclear Let us consider in-matter particles with spinand the
matter generated in process of collisions of high energynassM. We suppose that the particles undergo multiple elas-
heavy iong1-10. Photons and leptons produced in the me-tic collisions in the thermodynamic equilibrium medium. We
dium are a very important source of the information aboutconsider the particle decay determined by the proceéses
the state of the nuclear matter because they are electroweakA1t -+ + Ay )

interacting particles only and therefore carry information [N the quasiclassical case, when the wave length of the
about the primordial state of the nuclear matter generated jRrticle is less than the mean distance between them, the
heavy-ion collisions. In this way one of the most importantdécoupling constany(x,p) is given by the well-known ex-

channels of the production of such particles is decays in thgression(see, for examplg22])
matter. _ re

The effect of a medium on damping rates is studied in 7(x,p)=—2 Im{Tr{X"}}, @
Refs.[2,5,9,11-18 On the basis of the resummation method
of the infinite sets of diagrams which has been developed b
Braaten and Pisarskil9,20, in-matter polarization effects

renormalization of quark and pion masgesQCD [5,20] is : ; .
( d P BEEQCD (5,20 Let us suppose that the influence of the particle scattering

studied. In Refs[11-14 the method of the hard thermal X )

loops[19,2Q has been used and developed for the calcula®” th_e decay vertex af‘d on t_he_ interaction of the dec_ay prod-

) ucts in the final state is negligible. Then, we can write

tion of the self-energy of an electron due to the electron-

photon interaction in QED. In Ref§2,21] the impact of the N

occupancy of the fina_l states in a photo_n bath on decoupling Sret iiE“ﬁvac(p)G;E(X,p)H (1+n)), @)

constants has been investigated. The influence of the indi- i=1

vidual pair collisions of particles on the width of the vector

mesons in the matter generated as a result of the collisions gfhereX i (p) is the self-energy of the decaying particle in

heavy ions is considered in Refd.7,18. Since the matter is vacuum;G;g(x,p) is the Green’s function of the particle in

the high temperature and high density the collective effectshe mattern; are the occupancy numbers of the decay prod-

play an important role here. In this way, if the energy fluc-ucts (plus and minus signs correspond to the Boson and

tuations of the decaying particles due to their multiple scatFermi statistics, respectivelyx andg are the spin variables.

tering in the matter is of the order of the medium tempera- To obtain the decay widtl', which would be observed,

ture, multiple scattering in the matter has a strong effect ove should average expressi@h over the four-coordinates

the particle decay. This means that in this case the inand the four-momenta. Using the relation between

medium effects of multiple scattering should be taken intoG;g(x,p) and particle densityn(t,r,p) at the thermody-

account in the calculations of decay widths of such particlesiamic equilibrium[22,24 and integrating formulgl) over

in the matter. d*x and d*p, we obtain the following expression for the
In this paper we study the decays of the particles underdecay width of the on-shell particle:

going multiple elastic collisions in an equilibrium medium. N

The model-independent method of the calculation of the de- 1 T (1=

cay of such particles is developed. The obtained decay prob-— g B (1xn))

ability of the particles strongly depends on both the matter

temperature, and the parameters characterizing the particle to d3§ d3r L

scattering in the medium. On the basis of the developed XIm f dtf TTY{Esac(p)Qaﬁ}f(ZT)s'n(Ulp) ,

method the Dalitz decay of pion in an equilibrium pion gas is 0

considered. 3

where3 "®is the retarded self-energy in the Keldysh diagram

%/echnique [23], x=(t,r) and =(p%p) are the four-
coordinate and the four-momentum of the particle.
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whereg .z is the polarization density matrix of the decaying pared with the matter temperature. Then, we can expand the
particle; ty is the time during which the decay is observed collision integral in the right-hand side of the last expression
(the observation time p®=s = Vp?+ M2 We also set the OVer the small parametét —&'|/e<1. As a result we have
normalization volume/=1. 5

Let us suppose that the relaxation times in the matter IF(e;t) :aa Feit) 9)
<min{ty,, [ "1}. This means that the static approximation at ge?
[25] for the description of the decaying particle movement in . _ o
the medium can be used. In this case the dems('rtyF, 5) is  Wherea is the energy imparted to the particle in a unit time.

the solution of the standard transport equafi@8l. Note that In the derivation of the last equation we use the fact that the
. S o o . cross section is the even function of the transferred energy.
the functionn(t,r,p) in Eq. (3) is integrated over the particle

_ - _ ) ] The parametet is defined by the following expression:
coordinates. The integrating of the transport equatic®6]

over d° gives the following equation for the integral 32 g [Emax, do(e’;e;p1) o
f(e,p,t) of the densityn(t,r,p) over the particle coordi- a_j d pldﬂpf de de’d() - vfedPr)e™
nates: ’ (10

at(p;t) 32 . For Eq.(9) to be solved the initial condition for the func-
ot :f d°pada(p—p’;p;ipy)vfed P1) tion F(&;t) should be specified. We suppose that some equi-
librium particle distribution is given at time=0:
x{f(p";t)—f(p;t)}, (4)

wheredo(p—p’;p;p1) is the cross section of the individual _ _ _
pair collision of two particles in the mediunfi,{(p;) is the ~ where 7(e) is the standard unit functiofz(e)=1, when
equilibrium distribution function of the particles in the =0, but 5(e)=0 ate<0]; e = YM2+p2.

F(e;t=0)=f{e)n(e—M), (11

matter; v=+/s(s—4m?)/2ee.;p=(e,p);p1=(1,P1);p’ The parameter determined by Eq(10) depends on the
=(s’,5’);s=(p+p1)2. particle energye. Besides in the case of the equilibrium

In the case of the homogeneous and isotropic matter th@atter the average value of the particle energy is approxi-
expression TS %4(p)e,s! in Eq. (3) depends only on the mately constant, but the energy transferred as a result of an
energy but doeéanot dggend on the momentum of the deca. 1dividual collision of particles is small as compared with the

ing particle, and we can rewrite the formuf) as follows: atter temperature. Therefore, we can sete, in the for-
mula (10) and also consides as a constant. Then, solving

1 (to oo Eq. (9) with the initial condition(11), we get
== dtJ p2dpl .de)F(g,t). (5)
070 0 F(eit) n(s—M)fﬂcd ,{ p[ (s—s’—M)Z}
et)= —— g'iexp — —————
Here Vamat Jo 4at
1 N (8+8'—M)2 ]f , 12
Padp) = [T @=n)imTsfpe.sh  © rom T T gar [Jfed®): 12
) Substituting the functiofr(&;t) (12) into Eq.(5), we find
F(s,t)=f (22;3 f(e,p), 7) probability W of the particle decay in the scattering matter
tg  dt + o 5 +o
and dQ; is a solid angle in the direction of the vectpr W=T"to= 0 \/mfo p dpl“\,a(,(s(p))fo de
FunctionF(e,t) satisfies Eq(8) obtained after the integra-
tion of the expressiofd) over all directions of the vectq&: ><|exp{ _ (e—e'— M)Z]
4at
&F(S,t) 3> &+ Emax ,
p =fd plf . de jdﬂﬁ (e+e'—M)? }f ,
max +ex _T eq(s ). (13
do(e—¢';e;pq) . _ _ -
vafeq(pl){F(s ) —F(e;t)}, The last formula determines the decay probability of the
de’dQg particle undergoing multiple elastic collisions in the equilib-

(8) rium matter. The obtained expression for the decay probabil-
ity does not depend at all on the interaction model of the
whereE . is the maximum energy transferred in the procesgarticle in the scattering medium. The influence of the matter
of the individual elastic collision of two particles of the mat- on the probabilityWW is expressed only in terms of the ob-
ter. The energ¥, .« depends on the energiesande; of the  servable parameters such as the matter temperétiaréhe
colliding particles. equilibrium distribution functiorf,), the mean square of the
When the matter is in equilibrium and only the elastic energy transferred by the particle in the individual collision
collisions take place the transferred energy is small as coma and the observation timig .
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We should note that the density of the states of the par- 27mg2e?M3
ticle in the equilibrium matter has a sharp maximum at the o gy= ————, (15
energye ~T whereT is the matter temperature. On the other Mq

hand, it follows from the formuld13) that the width of this ] ] ]
maximum is determined by the relation between the value ofvherel zo_.,,=8 eV is the width of the decay of the pion
the energy fluctuations of the particle due to the multipleP€ing at rest29], M andmare the masses of the pion and the
scattering and the matter temperature. In this way the energ?ecltron,.respectlvelyg is the pion energyM=|p. +p_[is
fluctuation during the observation timg is defined by the e invariant mass of the_dllepton pair. The Ia§t expression is
magnitude of the parametet,. If the at,=T the influence obtained in the assumption that the occupation numbers of

of the multiple scattering on the particle decay is strong. Infhe decay products are equal to zero. Note that in the case of
the opposite caset,<T the effect is negligible. nonrelativistic pions the last formula coincides with the ex-

Let us next consider the application of the developed?'ession for the Dalitz decay rafs].

method for the calculation of the decay probability of par- L€t us consider the Dalitz pion decay in an equilibrium
ticles in the real scattering medium. pion gas. In the experimental situation the temperaiucé

the pion gas generated in the process of collisions of high
energy heavy ions can be of the order a@f~200
[ll. DALITZ DECAY OF A PION —300 MeV[3,27]. This means that we can approximately
IN A SCATTERING MEDIUM take that pions are ultrarelativistic. In this case the energy
. 0 4 - . transferred in an individual elastic collision of two particles
The pion decayr°—e"e” y (Dalitz decay presents the o1 c compared with the particle energy which is of the

interest in the study of dilepton pair production in the nuclearOrder of the matter temperature. Estimating the maximum

matter generated in the process of collisions of high energ - :
heavy iong7,8,27. The contribution of this decay into the fg:siieig%? tir;e(r)?g&aéféomﬁre('\c/lc;r_ggz?non laws we find
max .

rate of_dilepton pair produ'ctiorj in the absepce Of. mu_ItipIe Then, substituting the obtained expressiondbt,,./d M,
scattering of decaying particle in the matter is studied in thefnto the general formulgs) for the decay probabiliag/ in the

paper[28]. Since this electromagnetic decay is also \.”rtua"ymatter and assuming that the distribution functigi(«) has
strong we use the quark model for the calculation of its prob- .
the Boltzmann form, we obtain

ability. In this way the calculation result depends on the con-
stants of strong and electromagnetic interactions. We note dw 462
that presently the same combination of these constants ap- —

pears in the formula for the width ,o_,,.,, of the decaym® dM; 37321 M*M®
— 2. Therefore we change this combination of the constant
by the expression for the widthio_,,, in the final equation

(M2=M?)3(M?+2m?)

X(M2=4m?)Y T o 5,

for the Dalitz decay probability of the pion in matter. oY% 32 T2 at o
Neglecting the differences between massexuaind d [—0 — exp(—zo)f dx
quarks in the pion quark model we write the following rela- 3T T Jato/T
tivistic invariant expression for the matrix element of the Jr  atg
decaym’—e*e” y: Xexq—xz)—7+ T 0 ] (16)
4mrge’? whereT is the matter temperaturg, is the observation time

M= e (KU p.) Y ).

: which can be estimated as the life time of the equilibrium

state of the matter which is of the order ef10 fm[10].
Let us study the obtained expression for the Dalitz decay
q=p++p-, (149 of the pion in the equilibrium pion gas.
When the energy fluctuation due to the elastic scattering
is small as compared with the matter temperature, the param-

wherep_=(E_ ,5,),p =(E f) ),kz(w,IZ) are the four- ) . )
momenta of electron,+ posiJ'Eron+ and photon, respectively®€’ (Vato/T)<1. Then, calculating the integral in E(L6)

u(p) and y" are the Dirac spinors and the Dirac matrixes; 3t small low limit, we find
v!(K) is the photon polarization vectog;js, is the antisym-

metric tensorg is the electron chargen, is the quark mass; dw _ 2€’t, (M2=M 2)3(M, 2+ 2m?)
g is the constant of strong interaction which corresponds to dM;  37TM*M°® ' !
the vertex of the pion quark loop.
Calculating the decay rate according to the conventional ><(|V||2—4m2)1/21ﬂw0ﬁ27
rules, we find the following expression fot,,{p) appears ¢
in Eq. (5) for the decay probability in the matter: x 11+ %+ O((aty/T2)%?)!. (17)
drvac_ 4€? It follows from the last formula that the small energy

2__ 2,3 2 2
(M"=M 5% (M+2m*) fluctuations lead to the insignificant increase of the decay
probability as compared with the situation of the particle

X(M2=4m?)Y o 5., decay in the absence of scattering in the matter.

dM; ~ 37eM,*M5
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In the opposite limiting case\{aty/T)=1), when the en- in the most realistic casé=150 MeV the multiple elastic
ergy fluctuations are large, we obtain from E#6) collisions of particles in the matter leads to the broadening of
the pion state more than 70 percent.

In conclusion we should note that the dielectron yield due
to the Dalitz decay of pions are not suppressed by any other
processes of the dielectron production at low invariant mass

dw 4e’t,

— 2__ 2\3 2 2
dM|_3w3’2TM|4M5(M MM T 2m?)

X(M2=4m?)V T o 5, M,<100 MeV of the dielectron paif®7]. This allows us to
discuss the possibility to observe the increasing of the pion
2\/“_to +O(T/ \/E) (18) decay probability due to the multiple elastic scattering of the
3T o7y pions in the hadronic matter.

From Eq.(18) it follows that the strong energy fluctuation
leads to the considerable increase of the decay probability by IV. CONCLUSION

the factor (aty/T)>1. . . . . .
Let us Eiisc&ss) the possibility of the observation of the . The_ decay O].c _pgr'ucles undc_argomg !‘““'“P'e e"”?s“c. CO"'.'
obtained increase of the Dalitz pion decay in the equilibriumSlons in an equilibrium sc.a.tterlng medlum IS stpd|ed in this
matter due to multiple elastic scattering. According to Eq.paper. The decay probability of such partlcles IS calculate_d.
(10) the parameterr being the mean square fluctuation of _Thed developzd me'gwod 0:] thg calcqlatlondml‘ dfecay _p:obabll-
; : oes not depend on the dynamic model of particle scat-

the particle energy, can be approximately presented as t gring in the medium. In this way the effect of the medium

product of the collision frequency and the square of the o .
: 2 : Co . on the decay probability is determined by the energy fluctua-
maximum energyEmay_transferred in the individual coli tion of the decaying particle due to their multiple elastic

sion of two particles. SiNC&q~ T(M/T)?, the parameter . .

i [ - 2 o i scattering and the matter temperature. It is shown that when
( atng) f Vt‘%.('\l/l/T) "T(.M/T? t\r/lﬁ whtiarel(\jl>; Istr:hel'f the energy fluctuation is of the order of the medium tempera-
number of paricie coflisions In the matleér during the Ieture, the multiple scattering results in the significant changes

time of the eq“"'b”“”_‘ state O.f _the ”_‘ed'“m- In other word_s,of the decay probability as compared with the case of scat-
if the number of particle collisions is larger than the rat'otering lack

2> . . . .
(T/IM)“>1 the considerable increase of the pion decay prob We study the Dalitz decay of pions undergoing multiple

ability takes place. WhenT~200-300 MeV;y~1.33 elastic collisions in an equilibrium pion gas. We have shown

_ -1 — i
4 fm ,Zand to~10 fm [3,10,27. This corresponds 10yt the multiple scattering always leads to the increase of
Vrtg(M/T)"~1.38-1.79. Thus, the multiple elastic scatter- yhe gecay probability. In this way when the energy fluctua-

ing has to influence strongly on the pion Dalitz decay in thejjong are of the order of the magnitude of the matter tempera-

matter. _ _ _ ture, the multiple scattering leads to the strong broadening of
The numerical calculations according to the exact formuye in-matter pion in the Dalitz decay channel. The probabil-
las (13) and (15) give ity of the pion Dalitz decay in the situations corresponding to
_ the real temperatures of the matter has been numerically cal-
W( @) 1.74  whenT=150 MeV culated. It is found that the multiple elastic scattering leads to
Wa=0)~ 1.36 whenT=200 MeV the increase of the decay probability no less than 32 percent.
1.32 whenT=300 MeV, We discuss the possibility to observe the increase of the Dal-

itz decay probability due to the multiple elastic scattering of
whereW(a=0) is the decay probability in the absence of pions in the matter generated in the process of collisions of
the multiple scattering. It follows from the last equations thatheavy ions of high energy.
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