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Vol. 33 (2002) ACTA PHYSICA POLONICA B No 3
COMPTON SCATTERING ON THE PROTON ANDLIGHT NUCLEI IN THE �-RESONANCE REGION�O. SholtenKernfysish Versneller Instituut, University of Groningen9747 AA Groningen, The NetherlandsS. KondratyukTRIUMF, 4004 Wesbrook Mall, Vanouver, British ColumbiaCanada V6T 2A3L. Van Daele, D. Van Nek, M. WaroquierDepartment of Subatomi and Radiation Physis, University of GentB-9000 Gent, Belgiumand A.Yu. KorhinNational Siene Center `Kharkov Institute of Physis and Tehnology'61108 Kharkov, Ukraine(Reeived January 22, 2002)Mirosopi alulations of Compton sattering on the free proton and lightnulei are presented. For the desription of Compton sattering on the protonthe onventional K-matrix approah and the �Dressed K-Matrix� model are in-trodued. The latter approah an be used to alulate polarizabilities as well asCompton sattering for photon energies upto 1 GeV sine it obeys the symmetryproperties whih are appropriate in the di�erent energy regions. In partiular,rossing symmetry, gauge invariane and unitarity are satis�ed. The extent ofviolation of analytiity (ausality) is used as an expansion parameter. CoherentCompton sattering on light nulei at 200�300 MeV is studied in the impulseapproximation and is shown to be a sensitive probe of the in-medium propertiesof the �-resonane. Modi�ations of the properties of the �-resonane due to thenulear medium are aounted for through the self-energy operator of the �. Thedominant medium e�ets suh as the Pauli bloking e�ets in the deay width,e�etive nuleon mass and partile�hole exitations in the pion propagator areonsistently inluded in nulear matter.PACS numbers: 11.55.Fv, 13.40.Gp, 13.60.Fz, 25.20.D� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(847)



848 O. Sholten et al.1. OutlineIn this ontribution a few topis are disussed whih, although seeminglyunrelated, are uni�ed by the fous on interation of photons with nulearsystems and by the use of similar alulational tehniques. First we disussthe K-matrix approah to Compton and pion sattering on the free proton.In suh a relatively simple relativisti oupled hannels approah most of theimportant symmetries, suh as unitarity, rossing and gauge invariane, areobeyed. In the present approah a large number of resonanes are inludedin the desription where the �-resonane is of partiular interest for thelater disussions of the in-medium properties.In Setion 4 an extension of this approah, the �DressedK-Matrix Model�,is disussed where, without violating the other symmetries, an additionalonstraint, that of analytiity (or ausality), is inorporated approximately.In this approah dressed self-energies and form fators are inluded in theK-matrix. These funtions are alulated self-onsistently in an iterationproedure where dispersion relations are used at eah reursion step to re-late real and imaginary parts.The properties of the �-resonane in the medium are alulated in Se-tion 5 using a ��hole model. Two proesses ompete in determining thein-medium width as funtion of density: the deay width narrows in themedium due to the Pauli priniple, and the spreading width strongly in-reases with density. We inorporated mean-�eld e�ets through a nuleone�etive mass. From the width, i.e. the imaginary part of the self energy,the real part is alulated via a dispersion relation, whih is similar to thedressing proedure in the vauum. However, presently self-onsisteny is nottaken into aount in this alulation, in whih respet it di�ers from the�Dressed K-Matrix� approah.To ompare our predition with experiment we have used the impulseand fatorization approximations in whih the oherent ross setion on a nu-leus is alulated through sattering o� a moving nuleon with momentumhosen suh that � without modifying the energy�momentum transferredto the nuleus � the energy�momentum onservation on the nuleon is ful-�lled. To desribe Compton sattering on the moving nuleon we employthe aforementioned K-matrix approah where, however, a medium-modi�ed� self-energy is used. This proedure ensures that bakground proesses areinluded in the desription and that furthermore gauge invariane is obeyedat the one-body level.



Compton Sattering on the Proton and Light Nulei : : : 8492. The K-matrix approahIn this setion only a short overview of the K-matrix model is presentedwith emphasis on the appliation to Compton sattering. A more ompleteoverview of the model and extensive omparisons with data is presented byBennhold in his ontribution to this workshop.In K-matrix models the T -matrix is written in the form,T = (1�KiÆ)�1K ; (1)where Æ indiates that the intermediate partiles have to be taken on themass shell and all physis is put in the kernel, the K-matrix. It is straight-forward to hek that S = 1 + 2iT is unitary provided that the kernel K isHermitian. Sine Eq. (1) involves integrals only over on-shell intermediatepartiles, it redues to a set of algebrai equations when one is working ina partial wave basis. When both the ��N and �N hannels are open, theoupled-hannel K-matrix beomes a 2�2 matrix in the hannel spae, i.e.K = � K K�K� K�� � : (2)It should be noted that due to the oupled hannels nature of this approahthe widths of resonanes are generated dynamially.
++

+ ++

+

Fig. 1. The sum of diagrams inluded in the K-matrix for Compton sattering.A nuleon propagator is denoted by a solid line, the wiggly lines are photons, thedashed lines denote pions, the dotted lines are � mesons, and the double linesdenote baryon resonanes where a full spetrum has been inluded.In traditional K-matrix models the kernel, the K-matrix, is built fromtree-level diagrams [1�4℄. In the present investigation the type of diagramsinluded in K are similar to that of Ref. [4℄ exept that the � is treatednow as a genuine spin-3/2 resonane [5℄ in order to be ompatible with thelater treatment of the in-medium �-resonane. This K-matrix is indiatedin Fig. 1. Most of the (non-strange) resonanes below 1.7 GeV have beeninluded. The di�erent oupling onstants were �tted to reprodue pionsattering, pion photoprodution and Compton sattering on the nuleon.A omparable �t to the data as in Ref. [4℄ ould be obtained. In Fig. 2 theresults for Compton sattering are ompared to data.
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Fig. 2. The alulated ross setion for Compton sattering o� the proton as afuntion of angle at �xed photon energy, and as a funtion of photon energy at�xed angle. Data are taken from Ref. [11℄.3. Basi symmetriesA realisti sattering amplitude for a partiular proess should obey er-tain symmetry relations, suh as Unitarity, Covariane, Gauge invariane,Crossing symmetry and Causality. In the following eah of these symme-tries will be shortly addressed, stating its physial signi�ane. It is alsoindiated whih of these is obeyed by the K-matrix approah disussed in



Compton Sattering on the Proton and Light Nulei : : : 851the previous setion. The omparative suess of the K-matrix formalisman be regarded as due to the large number of symmetries whih are beingobeyed. A violation of anyone of these symmetries will diretly imply someproblems in appliations. Improvements are thus important.3.1. UnitarityThe unitarity ondition for the sattering matrix S reads SyS = 1. Usu-ally one works with the T -matrix operator whih an be de�ned as S =1 + 2 i T , and the unitarity ondition is rewritten as 2i(TT y)fi = Tfi � T �if .If the T -matrix is symmetri (whih is related to time-reversal symmetry),the last formula beomes Im Tfi = Pn TfnT �in, where the sum runs overphysial intermediate states. The latter relation is the generalization ofthe well-known optial theorem for the sattering amplitude. Unitarity anonly be obeyed in a oupled hannel formulation; the imaginary part of theamplitude �knows� about the �ux that is lost in other hannels.In the K-matrix formalism the T -matrix is expressed as T = K1�iK whihimplies that S = 1+iK1�iK is learly unitary provided the kernel K is Hermitian.This kernel is a matrix, where the di�erent rows and olumns orrespondto di�erent physial outgoing (inoming) hannels. The oupled-hannelsnature is thus inherent in suh an approah. As explained earlier the kernelis usually written as the sum of all possible tree-level diagrams. In a partial-wave basis K is a matrix of relatively low dimensionality and the inverse,implied in the alulation of the T -matrix, an readily be alulated.Above the two-pion prodution threshold, sizable inelastiities are ob-served for pion sattering in ertain partial waves. Sine the 2-� produtionhannel is not expliitly taken into aount, purposely unitarity is brokenby adding an energy-dependent imaginary part to the self energies of reso-nanes (exept for the Delta resonane) orresponding to the deay outsidethe model spae [4℄. 3.2. CovarianeThe sattering amplitude is said to be ovariant if it transforms properlyunder Lorentz transformations. As a onsequene the desription of thereation observables is independent of the partiular referene frame hosenfor the alulations. It naturally implies that relativisti kinematis is used.Sine the appropriate four-vetor notation and -matrix algebra are usedthroughout our alulation, the ondition of Lorentz ovariane is ful�lled.



852 O. Sholten et al.3.3. Gauge invarianeGauge invariane means that there is ertain freedom in the hoie ofthe eletromagneti �eld, not a�eting the observables. Its impliation isurrent onservation, r ~J = ���t , or in four-vetor notation, ��J� = 0. Usingthe well known orrespondene between momenta and derivatives, urrentonservation an be re-expressed as k�J� = 0. If the eletromagneti urrentobeys this relation it an easily be shown that observables, suh as a photo-prodution ross setion, are independent of the partiular gauge used foronstruting the photon polarization vetors.One of the soures for violation of gauge invariane is the form fatorsused in the verties. A form fator implies that at a ertain (short range)sale a partile appears `fuzzy'. At distanes smaller than this sale devia-tions from a point-like struture are important; however in the formulationthe dynamis at this short sale is not su�iently aurate. For one thing,the �ow of harge at this sale is not properly aounted for, implying vi-olation of harge onservation. To orret for this, so-alled ontat termsare usually inluded in the K-matrix kernel. In the present model theseontat terms are onstruted using the minimal substitution rules. Theorresponding T -matrix, as well as the observables, are independent of thephoton gauge. 3.4. Crossing symmetryPhysial onsequenes of the rossing symmetry are more di�ult toexplain. It basially means that in a proper �eld-theoretial framework thesattering amplitudes of proesses in the so-alled rossed hannels an beobtained from eah other by appropriate replaements of kinematis. Thisassumes that the amplitude an be analytially ontinued from the physialregion of one hannel to the physial regions of other hannels. An exampleof the rossed hannels is N ! �N , �N ! N and N �N ! �.Crossing symmetry puts a diret onstraint on the amplitude for thease that diret and rossed hannels are idential, as for example for theproesses �N ! �N or N ! N . In these reations rossing symmetryleads to important symmetry properties of the amplitudes under interhangeof s and u variables. Due to the fat that in the K-matrix formalism theresattering diagrams whih are taken into aount have only on-shell inter-mediate partiles, it an be shown that the s�u rossing symmetry is obeyedprovided that the kernel itself is rossing symmetri. Sine the latter is thease, rossing symmetry is obeyed.



Compton Sattering on the Proton and Light Nulei : : : 8533.5. AnalytiityAnalytiity of the sattering matrix is not really a symmetry. Rather, itrequires that the amplitude be an analyti funtion of the energy variable andin partiular that it obeys dispersion relations. The physis of analytiity islosely related to ausality of the amplitude as is illustrated in the followingexample.Assume that a signal is emitted by an antenna at time t = 0. At all sub-sequent times the signal is given by a funtion F (t) while ausality requiresthat at earlier times there was no signal, F (t < 0) = 0. This signal an beFourier-transformed, f(!) = R +10 dt ei!t F (t) to expliitly show its energyor frequeny dependene. Note that the integration region from t = �1to t = 0 gives zero ontribution due to the ausality requirement. Thistransformation an also be onsidered for omplex values of !. Sine theintegration interval runs only over positive values for t the Fourier integralexists and is a well behaving funtion for all omplex values of energy ! forwhih Im (!) > 0 i.e. it is an analyti funtion in the upper half plane. Forsuh a funtion ontour integrals in the omplex ! plane an be performedand the funtion obeys the Cauhy theorem whih in this ontext is usuallyformulated as a dispersion relation,Re f(!) = P� +1Z�1 d!0 Imf(!0)!0 � !showing that for an analyti funtion the real and imaginary parts are loselyrelated. For example, if the imaginary part of an analyti funtion is givenby the urve on the left-hand side of Fig. 3 the real part of this funtion isgiven by the right-hand side.
Fig. 3. An example of the real and imaginary parts of an analyti funtion whihare related through a dispersion relation.In the traditionally used K-matrix approahes the analytiity onstraintis badly violated. The origin of this is explained in the following.



854 O. Sholten et al.In a �eld-theoretial alulation of a sattering amplitude one inludesresattering ontributions of intermediate partiles whih are expressed asloop integrals. In Fig. 4 a typial loop ontribution to the self energy isshown. Ignoring terms in the numerator whih are irrelevant for the analyt-iity properties, the orresponding integral an be expressed asJ(p2) = Z d4k 1[k2 � �2 + i"℄ [(p � k)2 �m2 + i"℄ = ReJ(p2) + iIm J(p2);(3)where the right-hand side in this equation and in Fig. 4 expresses the fatthat this integral has a real and an imaginary part, eah of whih orrespondsto some partiular physis. The imaginary part of the integral arises fromthe integration region where the denominators vanish, orresponding to four-momenta k where the intermediate partiles in the loop are on the massshell, or equivalently, are physial partiles with k2 = �2 and (p�k)2 = m2.Conventionally this is indiated by plaing a slash through the loop (seeFig. 4) to indiate that the loop an be ut at this plae sine it orrespondsto a physial state. The other parts of the integration region ontribute tothe real part of the integral. In the latter ase the partiles in the loop areo� the mass shell.
Re

p k
=

k
p p + ImFig. 4. Loop integral ontributing to the self energy.It an be shown that the K-matrix formulation for the T -matrix or-responds to inluding only the imaginary (or ut-loop) ontributions of aertain lass of loop diagrams. This guarantees (as was shown before) thatunitarity is obeyed. Analytiity of the sattering amplitude is however vi-olated due to ignoring the real ontributions of these loop integrals. As aonsequene ausality will be violated!To (partially) reover analytiity of the sattering amplitude the so-alled�Dressed K-matrix approah� [9℄ has been developed. It is desribed in thefollowing setion. 4. The dressed K-matrix modelAs disussed in the previous setion, the oupled hannels K-matrix ap-proah is quite suessful in reproduing Compton sattering. However itfails in prediting nuleon polarizabilities. The reason is that, in spite of



Compton Sattering on the Proton and Light Nulei : : : 855the many symmetry properties that are satis�ed, analytiity or ausality ofthe amplitude is badly violated. In the �Dressed K-matrix� approah theonstraint of analytiity is inorporated in an approximate manner withoutspoiling the other symmetries. In fat analytiity is used as a kind of expan-sion parameter where presently only the leading ontributions are inluded.The ingredients of the DressedK-Matrix Model were desribed in Refs. [6�8℄and the main results were presented in Ref. [9℄. The essene of this approahlies in the use of dressed verties and propagators in the kernel K.The objetive of dressing the verties and propagators is solely to improveon the analyti properties of the amplitude. The imaginary parts of theamplitude are generated through the K-matrix formalism (as imposed byunitarity) and orrespond to ut loop orretions where the intermediatepartiles are taken on their mass shell. The real parts have to follow fromapplying dispersion relations to the imaginary parts. We inorporate thesereal parts as real vertex and self-energy funtions. Investigating this in detail(for a more extensive disussion we refer to [6℄) shows that the dressing anbe formulated in terms of oupled equations, shematially shown in Fig. 5,whih generate multiple overlapping loop orretions. The oupled nature ofthe equations is neessary to obey simultaneously unitarity and analytiityat the level of verties and propagators.
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+
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Off−shell On−shell
Bare πNN vertex

Free N propagator

+ +

+ ++

= +

=

+ + +

Fig. 5. Graphial representation of the equation for the dressed irreduible �NNvertex, denoted by an open irle, and the dressed nuleon propagator, denoted bya solid line. The dashed lines denote pions, the double lines denote �s and thezigzag and dotted lines are � and � mesons, respetively. The resonane propaga-tors are dressed. The last term in the seond equation denotes the ounter-termontribution to the nuleon propagator, neessary for the renormalization.



856 O. Sholten et al.The equations presented in Fig. 5 are solved by iteration where every it-eration step proeeds as follows. The imaginary � or pole � ontributionsof the loop integrals for both the propagators and the verties are obtainedby applying utting rules. Sine the outgoing nuleon and the pion are on-shell, the only kinematially allowed uts are those shown in Fig. 5. Theprinipal-value part of the vertex (i.e. the real parts of the form fators)and self-energy funtions are alulated at every iteration step by applyingdispersion relations to the imaginary parts just alulated, where only thephysial one-pion�one-nuleon ut on the real axis in the omplex p2-planeis onsidered. These real funtions are used to alulate the pole ontri-bution for the next iteration step. This proedure is repeated to obtain aonverged solution i.e. the square deviation between the di�erent vertex andself-energy funtions for two suessive iterations is less than a ertain limit.We onsider irreduible verties, whih means that the external propagatorsare not inluded in the dressing of the verties.Bare �NN form fators have been introdued in the dressing proedureto regularize the dispersion integrals. The bare form fator re�ets physisat energy sales beyond those of the inluded mesons and whih has beenleft out of the dressing proedure. One thus expets a large width for thisfator, as is indeed the ase.The dressed nuleon propagator is renormalized (through a wave funtionrenormalization fator Z and a bare mass m0) to have a pole with a unitresidue at the physial mass. The nuleon self-energy is expressed in termsof self-energy funtions A(p2) and B(p2) as �N (p) = AN (p2) =p+BN (p2) m.The proedure of obtaining the NN vertex [7℄ is in priniple the sameas for the �NN vertex. Contat �NN and NN verties, neessary forgauge invariane of the model, are onstruted by minimal substitution inthe dressed �NN vertex and nuleon propagator, as was explained in [7℄.The present proedure restores analytiity at the level of one-partilereduible diagrams in the T -matrix. In general, violation due to two- andmore-partile reduible diagrams an be regarded as higher order orretions.An important exeption to this general rule is formed by, for example, dia-grams where both photons ouple to the same intermediate pion in a loop(so-alled �handbag� diagrams). This term is exeptional sine at the pionthreshold the S-wave ontribution is large, due to the non-zero value of theE1=20+ multipole (notation: Eletri radiation, where the pion�nuleon statehas l = 0 and thus parity � = (�1)(l+1) = �, J = l + 1=2 = 1=2 andT = 1=2) in pion-photoprodution, leading to a sharp near-threshold energydependene of the related f1�EE Compton amplitude [13℄ (notation: Eletriin and out-going photon with orbital angular momentum l = 1 and thusparity � = (�1)l = �, and total angular momentum J = l� 1=2 = 1=2). Inthe K-matrix formalism, the imaginary (pole) ontribution of this type of



Compton Sattering on the Proton and Light Nulei : : : 857diagrams is taken into aount. Not inluding the real part of suh a largeontribution would entail a signi�ant violation of analytiity. To orretfor this, the NN vertex also ontains the (purely transverse) �usp� on-tat term whose onstrution is desribed in Setion 4 of Ref. [7℄. Sine,due to hiral symmetry, the S-wave pion sattering amplitude vanishes atthreshold, the mehanism that gives rise to the important �usp� term inCompton sattering does not ontribute to ��NN or �NN ontat terms.The analogons to the �usp� NN term will thus be negligible and havetherefore not been onsidered. 4.1. ResultsResults for pion�nuleon sattering and pion-photoprodution obtainedin the dressed K-matrix model and in the traditional K-matrix approahare of omparable quality. One should, however, expet the two approahesto have signi�ant di�erenes for Compton sattering sine for this aseonstraints imposed by analytiity will be most important [12, 13℄.The e�et of the dressing on the f1�EE amplitude an be seen in Fig. 6,where also the results of dispersion analyses are quoted for omparison. Notethat the imaginary parts of f1�EE from alulations B (Bare, orrespondingto the usual K-matrix approah) and D (Dressed, the full Dressed K-matrixresults) are rather similar in the viinity of threshold.
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Fig. 6. The f1�EE partial amplitude of Compton sattering on the proton in units10�4=m�. Solid line: dressed K-matrix, D; dotted line: bare K-matrix, B. Alsoshown are the results of the dispersion analyses of Ref. [12℄ (dash-dots) and Ref. [13℄(dashed).



858 O. Sholten et al.The polarizabilities haraterize the response of the nuleon to an exter-nally applied eletromagneti �eld [14, 15℄. They an be de�ned as oe�-ients in a low-energy expansion of the ross setion or partial amplitudesof Compton sattering. Sine gauge invariane, unitarity, rossing and CPTsymmetries are ful�lled in both models the Thompson limit at vanishingphoton energy is reprodued. Our results for the eletri, magneti and spinpolarizabilities of the proton are given in Table I, where they are omparedwith the results given in Refs. [14, 16℄ and with the values extrated fromreent experiments. The ontribution from the t-hannel �0-exhange dia-gram has been subtrated. The e�et of the dressing on the polarizabilitiesan be seen by omparing the values given in olumns D (dressed) and B(bare). In partiular, the dressing tends to derease � while inreasing �.Among the spin polarizabilities, E1 is a�eted muh more than the other's. The e�et of the additional �usp� NN ontat term [7℄, stronglyin�uenes the eletri polarizabilities rather than the magneti ones. This isbeause the �usp� ontat term a�ets primarily the eletri partial ampli-tude f1�EE (orresponding to the total angular momentum and parity of theintermediate state J� = 1=2�) rather than the magneti amplitude f1�MM(J� = 1=2+). TABLE IPolarizabilities of the proton. The units are 10�4fm3 for � and � and 10�4fm4for the 's (the anomalous �0 ontribution is subtrated). The �rst two olumnsontain the polarizabilities obtained from the present alulation; D (full, dressed)and B (bare K-matrix). The two olumns named �PT ontain the polarizabilitiesalulated in the hiral perturbation theory [14, 16℄. Results of reent dispersionanalyses are given in the last olumn (Ref. [17℄ for � and � and Ref. [18℄ for the 's).�PT DAD B Gel00 Hem98� 12.1 15.5 10.5 16.4 11.9� 2.4 1.7 3.5 9.1 1.9E1 �5:0 �1:7 �1:9 �5:4 �4:3M1 3.4 3.8 0.4 1.4 2.9E2 1.1 1.0 1.9 1.0 2.2M2 �1:8 �2:3 0.7 1.0 0.00 2.4 �0:9 �1:1 2.0 �0:8� 11.4 8.9 3.5 6.8 9.4Of speial interest is to hek whether polarizabilities as extrated formthe low energy behavior of the amplitude are in agreement with the valuesas extrated from energy weighted sum-rules. The derivation of sum-rules



Compton Sattering on the Proton and Light Nulei : : : 859is based on the fat that the amplitudes obey ertain symmetries whereanalytiity is of partiular importane. This omparison is still in progressand results will be published in a forthoming paper [10℄. Preliminary resultsindiate that the di�erent sum rules are obeyed, with the exeption of thesum rule for the spin polarizability 0. This may be due to an inompletedressing of the �-resonane in the present alulational sheme.5. Medium modi�ations of the � resonaneThe properties of the � in the nulear medium are alulated [19℄ ina relativisti framework for symmetrial (i.e. T = 0) homogenous nulearmatter, along the lines of Refs. [20�22℄. The medium modi�ations are ex-pressed through the dressing of the � propagator. The e�ets of the mediumare investigated using di�erent levels of approximation. The imaginary partof the � self-energy (or the � deay width) is alulated in di�erent modelsfor the nulear medium. Dispersion relations are used to determine the realpart (mass modi�ation) of the � self-energy in a manner similar to thedressed K-matrix approah, however without requiring self onsisteny.In dressing the in-medium �-resonane we onentrate on the dominantspin-3/2 omponent of the propagator. The spin-3/2 omponent of the self-energy has the struture� 3=2� = C�(p�) +D�(p�) /p� ; (4)where p� = (p0�; ~p�). Note that in vauum C�(p�) and D�(p�) are fun-tions of the invariant W� = (p2�)1=2 only, while in the medium these fun-tions aquire additional dependenes on the 3-momentum j~p�j and the nu-lear density �.The width of the resonane is de�ned by the imaginary part of the self-energy at the pole position (W� = M�). The ontribution to the self-energyfor a � deaying into a nuleon and a pion is�i (��)�� = �f�N�m� �2 Xa=1;2;3 Z d4k(2�)4 q�T yaGN (k)(�q�)TaD�(q); (5)where q = p� � k, and GN (k) and D�(q) are the nuleon and pion prop-agators, the struture of whih depends on the model used for the nulearmedium.In the following two setions the density dependene of two ontribu-tions to the width of the �-resonane, the deay and spreading width, aredisussed in a Fermi gas model. In a subsequent setion the e�et of themean �eld is inluded within the �!-model of Waleka [23℄.



860 O. Sholten et al.5.1. Deay width of the �-resonaneIn a simple Fermi gas model � deay, orreted for the Pauli priniple,an be written as�D� (p�) = f2�N� (Ek� +MN ) k2�24�m2�j~p�j [E+ �max(E�; EF)℄ �(E+ �EF) ; (6)where E� = (p0�Ek� � j~p�jk�)=W� and k� is the pion (nuleon) on-shell3-momentum in the loop. The width beomes j~p�j- and density-dependent.In the limit j~p�j ! 0 the width redues to its vauum value if Ek� > EF,and to zero if Ek� � EF;
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Compton Sattering on the Proton and Light Nulei : : : 8615.2. Spreading widthIn the nulear medium the pion will strongly interat with the surround-ing baryons reating nuleon�hole and��hole exitations. This an be takeninto aount by dressing the pion propagator with the proper pion self-energyD�(q) = 1q2 �m2� ���(q) + i" ; (7)where ��(q) = �ph(q) + ��h(q) is the polarization self-energy of the pion.In our alulations we limit ourselves to forward and bakward satteredpartile�hole exitations, and omit anti-nuleon exitations and ��hole sta-tes. In priniple, a omplete alulation of the ��hole states would requireself-onsisteny between the pion and � self-energies, whih falls outside thesope of this work. We use the pion�nuleon pseudo-vetor oupling withthe �NN -oupling onstant f�NN = 1:01 [21℄.When summing the series of partile�hole bubbles in the pion-self en-ergy, the e�ets of short-range orrelations are important. These short-range orrelations are aounted for in the standard way by introduing theLandau�Migdal parameter g0NN = 0:6 [24℄.

0.5
1

1.5
2

0
200

400
600

800
1000

50

100

150

200

250

300

350

 Γ∆
S (ρ, p

→
∆ )

    ρ/ρ
0

 p
→

∆
  [MeV]

Γ ∆S
 [

M
eV

]

ρ= 1.2 ρ0
ρ= 0.8 ρ0
ρ= 0.4 ρ0
ρ= 0.05 ρ0

 p
→

∆  [MeV]

Γ ∆S
 [

M
eV

]

0

50

100

150

200

250

0 200 400 600 800 1000(a) (b)Fig. 8. (a) In the left panel the spreading width is depited as a funtion of thedensity � (in units of the equilibrium density �0 [k0F = 1:333 fm�1℄) and the �3-momentum j~p�j at W� = 1232 MeV alulated in the Fermi-gas model. (b) Theright panel shows the results for this alulation as a funtion of the� 3-momentumj~p�j for the 4 di�erent densities.Using the pion propagator from Eq. (7) with the pion self-energy �phin Eq. (5) the spreading width of the �-resonane in the medium an bealulated. The results are shown in Fig. 8. The spreading width is roughly



862 O. Sholten et al.proportional to the density, whih an be understood on the basis of thephase spae available for the hole states. As an be seen from Fig. 8(b) it isonly weakly dependent on the 3-momentum j ~p� j. Also the dependene onW� turns out to be weak. The total width of the � in this non-interatingFermi-sea of nuleons is given by the sum of this spreading width and thePauli-orreted deay width from the previous setion.5.3. Mean-�eld e�ets in the nuleon and � self-energyA re�nement to the free Fermi-gas model an be made using the Waleka�!-model [23℄ in the mean-�eld approximation. Here the �- and !-mesonouple to the nuleon resulting in the (lassial) mean salar and vetor �eldsh�si and hV �i.In order to assess the sensitivity of the results to the mean-�eld pa-rameters we have performed alulations taking 2 parameter sets from [25℄,heneforth alled set I and II. Set I, alled QHD-I in [25℄, results from apure mean-�eld approximation to the binding energy. The ratios of ou-pling onstants and meson masses have values C2s = (gNs MN=ms)2 = 267:1,C2v = (gNv MN=mv)2 = 195:9. The nulear matter equilibrium density isat k0F = 1:42 fm�1, with binding energy 15.75 MeV and an e�etive nu-leon mass M�N=MN = 0:56 at �0. Set II, alled the relativisti Hartreeapproximation in [25℄, takes into aount vauum �utuation orretions tothe binding energy. The parameters are C2s = 228:2, C2v = 147:8. Theequilibrium density is taken at k0F = 1:30 fm�1, with a binding energy of15.75 MeV leading to an e�etive nuleon mass M�N=MN = 0:73 at equilib-rium density. The full density dependene of the e�etive nuleon masses inboth ases are shown in Fig. 9. In both ases we see a strong redution ofthe e�etive nuleon mass with inreasing density. In the extended mean-�eld model of Ref. [20℄ the � is assumed to move in the mean � and !�elds. The mean-�eld ontributions to the � self-energy an be treated inan analogous way as for the nuleon, i.e. they are absorbed in the e�etive� mass M?� and 4-momentum p?�. Here we employ the so-alled universalouplings [20℄, and as a result the � e�etive mass M?�(�) may be expressedas M?�(�) = M� � (MN �M?N ).The e�et of these mean-�eld modi�ations for the deay width �D� andthe spreading width �S� at the on-shell point W ?� = M?�(�) for both pa-rameter sets are depited in Fig. 10. It is seen that the struture of thedeay width hardly hanges when e�etive masses are introdued; only thelimiting value at large j ~p� j now beomes density-dependent. Beause ofthe stronger redution of the e�etive masses the Pauli-bloking is morepronouned using parameter set I. The mean-�eld e�ets result in an overallredution of the spreading width as ompared to the Fermi-gas alulation
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864 O. Sholten et al.(see Fig. 8). For the relevant nulear densities �=�0 � 1:2, this redution isstronger at larger densities. For larger densities the spreading width satu-rates and eventually dereases in both mean-�eld models. The mean-�eldmodel I yields a maximal spreading width at around the equilibrium den-sity. In the mean-�eld model II, the spreading width saturates at muhlarger densities. 5.4. Real part of the � self-energyThe full width, i.e. the sum of the deay and spreading widths, or-responds to the imaginary part of the � self-energy. This imaginary partgenerates a ontribution to the real part of the � self-energy, whih anin general be obtained via a dispersion relation. We make the assumptionthat an unsubtrated dispersion relation holds at �xed values of j~p�j. Thepropagator is renormalized in suh a way that in vauum it has a pole atthe physial mass M� = 1:232 GeV with unit residue.6. Coherent Compton satteringCoherent Compton sattering on nulei in the region of the � resonaneis of onsiderable interest. The reation allows one to study the propagationand deay of the � in the nulear medium. In partiular the shift of thepole position and a hange of the width of the � peak, re�et sensitively inthe ross setion and polarization observables. For a omprehensive reviewon Compton sattering we refer to the reent referene [26℄.The amplitude for the proess of Compton sattering on a �nite nuleusis alulated in the impulse approximation. We apply the so-alled fator-ization approximation (see [27℄, h.11, set.2) whih was shown to work wellin pion photoprodution [28�30℄ and pion sattering [31, 32℄ on nulei, inpartiular for light nulei where the nulear wave funtion is well desribedby an harmoni osillator model. A large part of the e�ets of the Fermi-motion are aounted for by evaluating the amplitude on a nuleon movingwith the e�etive momentum p (p0 = p+ q) in the initial (�nal) state, whereq = k � k0 is the momentum transfer. The momentum p is taken in suh away that the energy�momentum onservation for the  N sattering holds.The amplitude in this approximation is written asKA = A hTN (~p) i F�(q) ; (8)where F�(q) is the Fourier-transform of the density distribution (form fa-tor). In Eq. (8), the form fator of the 1s- 1p-shell nulei with Z = N = A=2is onstruted on the basis of the experimental harge densities in [33℄ (seeTable V therein), orreting for proton �nite size e�ets and assuming equalproton and neutron densities. hTN i is the spin averaged single-nuleon am-plitude.



Compton Sattering on the Proton and Light Nulei : : : 865The single-nuleon amplitude is deomposed into one part whih orre-sponds to the amplitude on the free nuleon, plus a term whih aounts forthe modi�ation of the �-resonane in the medium, i.e.TN = T freeN + �K�dN �K�fN � : (9)The �rst term is the T -matrix for Compton sattering on the free nuleon;the term between brakets aounts for the nulear-medium modi�ationof the �-resonane. To avoid double ounting the vauum ontribution issubtrated.The T -matrix for Compton sattering o� a free proton, T freeN , is alu-lated in a K-matrix model as desribed in Setion 2. The main di�ereneof the present alulation from that of Ref. [4℄ is that the � is treated asa genuine spin-3/2 resonane [5℄ in order to be ompatible with the presenttreatment of the in-medium �-resonane. The hange in the struture of theN� and �N�-verties neessitated modi�ation of parameters of the � and� exhanges in the t-hannel. A omparable �t to the data as in Ref. [4℄ ouldbe obtained. In the dressed �-ontribution K�dN only the s-type tree-levelontribution is taken into aount, using the medium-modi�ed � propagatoras de�ned previously.Cross setions have been alulated for 4He and 12C at several densi-ties to investigate medium e�ets. To ompare with data an average overdensity (�A), based on the Loal Density Approximation (LDA), has beenperformed. The density pro�le (�A) was taken onsistently with the formfator.In Fig. 11 we have plotted, for various nulear densities, the ross setionand photon asymmetry for Compton sattering on 4He in mean-�eld model I,both at �xed �lab = 37Æ and Elab = 206 MeV. The results show a strongdensity dependene. In order to obtain more insight we have plotted in theupper panels of Fig. 12 the values of the 3-momentum j~p�j and (kinematial)invariant massW� of the � as enter in the alulations presented in Fig. 11.In the lower panels we show the real and imaginary part of the � self-energy.One may want to ompare the results we have obtained for the in-medium orretion to the self-energy of the �-resonane to results obtainedin Ref. [30℄ from �tting to oherent pion photoprodution. In making thisomparison one has to be areful sine we inlude expliitly in alulationsthe density and momentum dependenies of the � self-energy, while bothe�ets are negleted in [30℄. Keeping this in mind, the results of [30℄ agreereasonably well with ours.In Fig. 12 at E = 350 MeV the real part of the self-energy is of theorder of 45 MeV (taking the � = 0:8�0 result at 40Æ), while Ref. [30℄ �nds a



866 O. Sholten et al.value of 30 MeV. Both �gures show that this value dereases towards lowerenergies to vanish in our ase at about 200 MeV photons, while in Ref. [30℄there is an additional bump at the lower energies.The imaginary part shows a similar agreement. Plotted in Ref. [30℄ is themodi�ation of the free width whih is about �60 MeV and is taken energyindependent. At a photon energy of 350 MeV the additional in-mediumontribution is about �55 MeV giving �115 MeV for the imaginary part ofthe self-energy, to derease (in absolute magnitude) for lower energies. Thevalues we obtain are similar (see Fig. 12), however with a slower dereasetowards lower energies. Besides, at these lower energies we �nd that thedensity dependene beomes quite signi�ant and should not be ignored.Muh of the density dependene of the ross setions in Fig. 11 an beunderstood from the density dependene of the imaginary part of the � self-energy. At a photon energy of 206 MeV one is relatively far from the peak of
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868 O. Sholten et al.At bakward angles the ross setion is not reprodued, whih is probablydue to the double-sattering ontribution whih is missing from the presentalulations. The photon asymmetry at 206 MeV shows only a minor densitydependene as ompared to the error bars on the data.
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