
Vol. 31 (2000) ACTA PHYSICA POLONICA B No 10�11
TWO HAGEDORN TEMPERATURES:A LARGER ONE FOR MESONSA LOWER ONE FOR BARYONS�W. BroniowskiH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, Poland(Reeived June 8, 2000)We show that the Hagedorn temperature is larger for mesons than forbaryons.PACS numbers: 14.20.�, 14.40.�n, 12.40.Yx, 12.40.NnThis researh is being done in ollaboration with Wojieh Florkowskiand Piotr �enzykowski. Our experimental work involved reading throughtPartile Data Tables [1℄. The famous Hagedorn hypothesis [2,3℄ states thatat asymptotially large masses, m, the density of hadroni resonane states,�(m), behaves as �(m) � exp� mTH� : (1)The Hagedorn temperature, TH, is a sale ontrolling the exponential growthof the spetrum1. Ever sine hypothesis (1) was made, it has been believedthat there is one universal TH for all hadrons. Presently available experi-mental data show that this is not the ase [4℄.In Fig. 1 we ompare the umulants of the spetrum, de�ned as the num-ber of states with mass lower than m. The experimental urve is Nexp(m) =Pi gi�(m�mi), where gi = (2Ji + 1)(2Ii + 1) is the spin�isospin degener-ay of the ith state, and mi is its mass. The theoretial urve orrespondsto Ntheor(m) = Rm0 �theor(m0)dm0, where �theor(m) = f(m) exp(m=T ), withf(m) denoting a slowly-varying funtion. A typial hoie [3℄, used in theplot, is f(m) = A=(m2+(500 MeV)2)5=4. Parameters TH and A are obtained� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.1 TH need not immediately be assoiated with thermodynamis, here we are just on-erned with the spetrum of partiles per se.(2155)
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Fig. 1. Cumulants of meson and baryon spetra, and the Hagedorn-like �twith the least-square �t to logNtheor. Other hoies of f(m) give �ts of sim-ilar quality. A striking feature of Fig. 1 is the linearity of logN starting atvery low m, and extending till m � 1:8 GeV. Clearly, this shows that (1) isvalid in the range of available data2. However, the slopes in Fig. 1 are di�er-ent for mesons and baryons. For the assumed f(m) we get Tmeson = 195MeVand Tbaryon = 141 MeV. This means that Tmeson > Tbaryon, and the inequal-ity is substantial. Although it has been known to researhers in the �eld ofhadron spetrosopy that the baryons multiply more rapidly than mesons,to our knowledge this fat has not been presented as vividly as in Fig. 1.To emphasize the strength of the e�et we note that in order to make themeson line parallel to the baryon line, we would have to aggregate � 500additional meson states up to m = 1:8 MeV as ompared to the presentnumber of � 400. If Ref. [4℄ we show that the �tted values of TH, distintfor mesons and baryons, do not depend on �avor.Why do mesons and baryons behave so di�erently? First, let us stressthat it is not easy to get an exponentially rising spetrum at all. Take thesimplisti harmoni-osillator model, whose density of states grows as md�1,with d denoting the number of dimensions. For mesons there is one rela-tive oordinate, hene � � m2, whereas the two relative oordinates in thebaryon give � � m5. Weaker-growing potentials lead to a faster growth, butfall short of the behavior (1). We know of two approahes yielding behav-ior (1), both involving ombinatoris of in�nitely-many degrees of freedom.Statistial bootstrap models [2, 5℄ form partiles form lusters of partiles,and employ the priniple of self-similarity. It an be shown, following e.g.the steps of Ref. [6℄, that the model leads to equal Hagedorn temperatures2 Above 1.8 GeV the data is sparse and we have to wait for this region to be �lled inby future experiments.
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Fig. 2. Meson and baryon string on�gurationsfor mesons and for baryons3. Thus the bootstrap idea is not apable ofexplaining the di�erent behavior of mesons and baryons in Fig. 1.On the other hand, the Dual String models [7℄ do give the demandede�et of Tmeson > Tbaryon, at least at asymptoti masses. Let us analyzemesons �rst. The partile spetrum is generated by the harmoni-osillatoroperator desribing vibrations of the string, N = P1k=1PD�=1 kayk;�ak;�,where k labels the modes and � labels additional degeneray, related tothe number of dimensions [7℄. Eigenvalues of N are omposed in order toget the square of mass of the meson, aording to the formula �0m2��0 = n;where �0 � 1 GeV�2 is the Regge slope, and �0 � 0 is the interept. Ex-ample: take n = 5. This an be made by taking the k = 5 eigenvalue of N(this is the leading Regge trajetory, with maximum angular momentum),but we an also take obtain the same m2 by exiting one k = 4 and onek = 1 mode, alternatively k = 3 and k = 2 modes, et. The number ofpossibilities orresponds to partitioning the number 5 into natural ompo-nents: 5, 4+1, 3+2, 3+1+1, 2+2+1, 2+1+1+1, 1+1+1+1+1. Partitionswith more than one omponent desribe the sub-leading Regge trajetories.With D degrees of freedom eah omponent an ome in D di�erent speies.Let us denote the number of partitions in our problem as PD(n). For largen the asymptoti formula for partitio numerorum leads to the exponentialspetrum aording to the formula [7, 8℄.�(m) = 2�0mPD(n); PD(n) 'r 12n � D24n�D+14 exp 2�rDn6 ! ; (2)where n = �0m2. We an now read-o� the mesoni Hagedorn tempera-ture: Tmeson = (1=2�)p6=D�0. Now the baryons: the on�guration for thebaryon is shown in Fig. 2. The three strings vibrate independently, and theorresponding vibration operators, N , add up. Consequently, their eigenval-ues n1, n2, and n3 add up. Thus we simply have a partition problem with 3times more degrees of freedom than in the meson. The replaement D ! 3D3 Sine baryons are formed by attahing mesons to the �input� baryon, the baryonspetrum grows at exatly the same rate as the meson spetrum.



2158 W. Broniowskiin (2) leads immediately to Tbaryon = (1=2�)p2=D�0, Tmeson=Tbaryon = p3.We stress the piture is fully onsistent with the Regge phenomenology. Theleading Regge trajetory for baryons is generated by the exitation of a singlestring, i.e. two out of three numbers ni vanish. This is the quark-diquarkon�guration. The subleading trajetories for baryons ome in a muh largerdegeneray than for mesons, due to more ombinatorial possibilities. Theslopes of the meson and baryon trajetories are universal, and given by �0.We stress that the �number-of-strings� mehanism desribed above is asymp-toti. When applied to the data in the observed region one an, however,obtain very good agreement for mesons with a wide range of the dimension-ality parameter D [9℄. Baryon slopes an also be desibed properly, howeverwith simplest string models there are too many baryon states. This hintsfor improvements, e.g. the inlusion of the spin-�avor symmetry fators forbaryon states. More work needs to be done here.We summarize the basis of the string mehanism: asm2 inreases, moreand more degrees of freedom �wake up�. Via partitio numerorum they leadto the exponential growth of the spetrum. The three strings in the baryonbring more degrees of freedom and result in �faster� ombinatoris. Wehave heard many talks in this onferene on hadron exotis. If an exoti is amulti-string on�guration (generalizations of Fig. 2), then the orrespondingspetrum will grow exponentially with the Hagedorn temperature inverselyproportional to the square root of the number of strings. For instane,Tqqqq = 1=p5Tmeson. This is reminisent of the e�et desribed in Ref. [10℄.The author thanks Keith R. Dienes for many pro�table e-mail disussionson the issues of hadron spetra and string models, and to Andrzej Biaªasand Kaper Zalewski for numerous useful omments.REFERENCES[1℄ Partile Data Group, Eur. Phys. J. C3, 1 (1998).)[2℄ R. Hagedorn, Suppl. Nuovo Cim. 3, 147 (1965).[3℄ R. Hagedorn, Tehnial Report CERN-TH.7190/94, and referenes therein.[4℄ W. Broniowski and W. Florkowski, Tehnial Report 1843/PH, INP Craow,hep-ph//0004104.[5℄ S. Frautshi, Phys. Rev. D3, 2821 (1971).[6℄ W. Nahm, Nul. Phys. B45, 525 (1972).[7℄ Dual Theory, Vol. 1 of Physis Reports reprint book series, ed. M. Jaob, NorthHolland, Amsterdam 1974.[8℄ G.H. Hardy, S.S. Ramanujan, Pro. London Math. So. 17, 76 (1918).[9℄ K.R. Dienes, J.-R. Cudell, Phys. Rev. Lett. 72, 187 (1994).[10℄ J.-R. Cudell, K. R. Dienes, Phys. Rev. Lett. 69, 1324 (1992).


