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Cosmologial onstraints on spontaneous R-symmetry breakingmodelsYuta Hamada and Tatsuo KobayashiDepartment of Physis, Kyoto University, Kyoto 606-8502, JapanKohei KamadaDeutshes Elektronen-Synhrotron DESY,Notkestra�e 85, D-22607 Hamburg, GermanyYutaka OokouhiThe Hakubi Center for Advaned Researh & Department of Physis,Kyoto University, Kyoto 606-8302, Japan(Dated: May 1, 2013)AbstratWe study general onstraints on spontaneous R-symmetry breaking models oming from theosmologial e�ets of the pseudo Nambu-Goldstone bosons, R-axions. They are substantially pro-dued in the early Universe and may ause several osmologial problems. We fous on relativelylong-lived R-axions and �nd that in a wide range of parameter spae, models are severely on-strained. In partiular, R-axions with mass less than 1 MeV are generally ruled out for relativelyhigh reheating temperature, TR > 10 GeV.
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I. INTRODUCTIONSupersymmetry (SUSY) has been onsidered to be the strongest andidate of the physisbeyond the standard model (BSM). Although the reent data from the Large Hadron Collider(LHC) has not shown any evidene for SUSY but disovered a Standard Model Higgs-likepartile with a mass of around 125 GeV [1℄, it still remains a strong andidate of BSMbeause it suggests the gauge oupling uni�ation, it guarantees proton stability suÆiently,and it provides a reasonable dark matter andidate. Moreover, in string theories, whih arethe most powerful andidates of the quantum theory of gravity, it plays a ruial role foronsisteny and must be broken at a sale between the eletroweak sale and the Planksale. Therefore, it is important to investigate SUSY-breaking models in the light of LHCdata [2℄.R-symmetry, whih is a spei� symmetry of supersymmetri models, is a key ingredientfor SUSY breaking and its appliation to model building. Reent drasti progresses on SUSYbreaking by exploiting a metastable state (see [3{5℄ for reviews and referenes therein) givesus a better understanding of the role of the R-symmetry in realisti model building [6{20℄.Nelson-Seiberg's argument [21℄ beautifully demonstrates a onnetion between metastabilityand R-symmetry in the ontext of generalized Wess-Zumino models with a generi super-potential. If R-symmetry is preserved, there is no SUSY vauum in a �nite distane in�eld spae. On the other hand, if a gaugino mass has Majorana mass, R-symmetry hasto be broken to generate the gaugino mass. Thus, there is a tension between stability ofvauum and generating gaugino mass. A simple solution to this problem is to introdue anapproximate R-symmetry.One of the interesting ways to break R-symmetry is spontaneous breaking. In Ref. [22℄,D. Shih revealed a quite fasinating ondition for spontaneous R-symmetry breaking in theontext of generalized O'Raifeartaigh models: For R-symmetry breaking, there must be a�eld with R-harge di�erent from 0 or 2. Suh models were applied to gauge mediation[23℄ and some lasses of the models suessfully generated large gaugino masses. Aordingto the general argument by Komargodski and Shih [24℄, large gaugino mass is related to atahyoni diretion at a point in pseudo moduli spae toward the messenger diretion. Inthe R-symmetri model, suh tahyoni diretion exists at the origin of the pseudo modulispae. 2



When the spontaneous breaking of U(1)R symmetry ours, osmi R-strings are formedby the Kibble-Zurek mehanism [25, 26℄. Plugging the struture of the pseudo-moduli spaementioned above and R-string forming, we will meet a quite dangerous possibility. It isknown as a \roll-over" proess of vauum through inhomogeneous energy distribution by animpurity suh as a osmi string [27, 28℄. In the ore of the R-string, the system an easilyslide down to the lower vauum via the tahyoni diretion at the origin and form a sort of\R-tube" in whih the ore sits in the lower energy vauum. Thus, if the tube is unstable, byrapid expansion of the radius, the universe an be �lled by the unwanted SUSY vauum. Asdisussed in Ref. [29℄ this gives a onstrain for model building. However, as emphasized inRef. [30, 31℄, when a D-term ontribution is not negligible, it an lift the tahyoni diretionand stabilize the pseudo-moduli spae. In suh models, the roll-over proess does not our.Also, when the amplitude of (tahyoni) messenger mass at the origin is suÆiently smallerthan that of R-symmetry breaking �eld, the vauum seletion is suessfully realized. Aswe will see, R-strings are unstable due to the expliit R-symmetry breaking term in thesuperpotential and hene the roll-over proess an be irumvented if the life-time due tothe expliit R-symmetry breaking is shorter than that for the roll-over proess. In this paper,we assume suh an early stage senario and study general osmologial onstraints for themodels. In this sense, the results shown in the present paper is omplementary to the onesstudied in Ref. [29℄.In spontaneous R-symmetry breaking models, there exists a pseudo Nambu-Goldstoneboson, alled R-axion, as well as the modulus �eld alled R-saxion. They are opiouslyprodued in the early Universe from sattering of thermal plasma, oherent osillation, R-string deay and so on, and may ause other osmologial problems. Note that although weommented on the importane of R-strings, there are many other soures of R-axions andwe should take into aount all the ontributions at the same time. Model parameters onspontaneous R-symmetry breaking model an be onstrained from suh osmologial on-siderations. Note that, unlike the QCD-axion, R-axions reeive relatively heavy mass fromgravitational oupling with expliit R-symmetry breaking onstant term in the superpoten-tial and its lifetime an be muh shorter than the osmi age. Thus, we an impose notonly onstraints from the R-axion overlosure problem but also that from R-axion deay.In this paper, we investigate their osmologial onstraints fousing on relatively long-livedparameter range. We show that the model parameter spae is severely onstrained and many3



parameter spae of R-axion is ruled out from the osmologial onsideration.This paper is organized as follows. In setion II, we explain the general feature of spon-taneous R-symmetry breaking models. In setion III, we evaluate the R-axion abundaneprodued in the early Universe. Here we assume that osmi R-string is produed in someearlier epoh. We list the osmologial e�ets indued by R-axions in setion IV. We alsoevaluate the onstraint on the parameter spae from these e�ets. Setion V is devoted toonlusion and disussion.II. SPONTANEOUS R-SYMMETRY BREAKING MODELIn spontaneous R-symmetry breaking models, the SUSY-breaking �eld with a �nite R-harge aquires nonvanishing vauum expetation value. The phase of the SUSY-breaking�eld is almost massless and identi�ed as the Nambu-Goldstone boson. It aquires a smallmass from expliit R-symmetry breaking term in the superpotential and alled R-axions.In order to see its osmologial onsequees, we should �rst investigate their properties andinterations. Here, we review a simple but general R-symmetry breaking model fousing onR-axions and read o� their interations with several modes.A. R-symmetry breaking modelLet us onsider a simple e�etive superpotential for the R-harged SUSY-breaking �eld,X, integrating out the messenger �elds,We� = �2e�X +W0: (1)Here �e� gives the nonvanishing F -term for the SUSY-breaking �eld and R-symmetry break-ing onstant W0 is introdued for the osmologial onstant to vanish. Note that from theat Universe ondition, they are related as �4e� = 3W 20 =M2pl with Mpl being the reduedPlank mass. Assuming a nonanonial K�ahler potential, X an be destabilized at theorigin [29℄. Here we onsider the e�etive potential for X,V (X) = �4 �jXj2 � f 2a�2 + m2a2 faX + h::= �16(�2 � 2f 2a )2 + m2a2p2fa� os(a=p2fa); (2)4



where we have de�ned X = (�=p2)eia=p2fa. The seond term that breaks U(1)R symmetryomes from the R-symmetry breaking onstant term in the superpotential that ouples toX �eld through the Plank suppressed interation in supergravity1. The R-axion mass isrelated to the parameters in the potential asm2a = 2W0�2e�faM2pl = 2p3m23=2Mplfa ; (3)where m3=2 =W0=M2pl is the gravitino mass.Let us investigate the model further. We here expand X around X = fa as follows,X = s+p2fap2 exp(ia=p2fa); (4)so that the �elds a and s have anonial kineti terms. Here the phase part a and the radiuspart s are identi�ed as R-axion and R-saxion, respetively. Note that the mass of R-saxionis related to the R-symmetry breaking sale asms = p�fa 'sMplfa ma: (5)In the last equality, we assumed that the K�ahler metri is given byg�1X �X ' 1� 2~�f 2a jXj2 + ~�f 4a jXj4; (6)with ~� being a numerial onstant of order of the unity, and � is related to the modelparameters as � ' m2aMpl=f 3a . The fermioni partner of X �eld, \R-axino," is the goldstinofor the SUSY-breaking and absorbed in the gravitino. Thus, we just have to onsiderosmology of gravitinos instead of R-axinos.B. Interations of R-axionsWe now investigate interations of the R-axion with several modes as well as its rosssetions and deay rates. As we will see, they are useful for the osmologial onstraints onR-axion abundane.1 If there are additional expliit R-symmetry breaking terms in the R-axion setor, the ross setion anddeay rate of R-axions are typially inreased. Then, the onstraint on the model parameters would berelaxed. However, introduing expliit R-symmetry breaking makes the model unotrolable and hene wedo not onsider suh extra terms here. With this assumption, the interations of R-axions are representedin terms of R-axion mass ma and deay onstant fa and hene the result does not depend on the detailof the messenger setor or the moduli setor up to numerial fators.5



First of all, the R-axion to R-saxion interation an be read o� from the kineti term ofX, j��Xj2 3 12 �1 + sp2fa�2 (��a)2: (7)From this interation, we an evaluate the deay rate of R-saxion to 2 R-axions as�sax(s! 2a) ' m3s64�f 2a : (8)We an assign R-harges to the supersymmetri Standard Model �elds suh that theR-symmetry is onsistent with all of the interations. After SUSY and R-symmetry arebroken, the R-axion appears in the gaugino mass terms as well as the so-alled B-term andA-terms. In addition, the R-axion ouplings with the gauge bosons appear through theanomaly oupling terms. That is, the oupling between the R-axion and the photon is givenby Cemg2em32�2fa aF�� ~F ��; (9)where F�� is the �eld strength tensor of U(1)em and Cem is the anomaly oeÆient, i.e.Tr U(1)RU(1)2em, whih is model-dependent. Then, the deay width of the R-axion into twophotons is given by�(a! 2) ' C2em16� �gem4� �4�mafa �2ma;' 6:7� 10�38GeV � C2em � ma1MeV�3�1010GeVfa �2 : (10)Similarly, the R-axion oupling with the gluon is given byCgg2s32�2faaG�� ~G��; (11)where G�� is the SU(3) �eld strength tensor and Cg is the anomaly oeÆient, i.e.Tr U(1)RSU(3)2. This interation is e�etive in thermal prodution of R-axions. Theanomaly oeÆients are typially numerial fators of the order of the unity. It slightlyhanges our result but basi features do not hange aording to the hoie of the oeÆ-ients. In the following, we assume Cem = Cg = 2 unless we expliitly note.The interations of the R-axion with the Higgs �elds appear through the B-term. Then,the R-axion and the Higgs �elds mix eah other in their mass terms (see for its detail6



Appendix A.). The eigenstate orresponding to the low-energy R-axion ~a inludes the axialparts of the up and down-setor Higgs �elds, �u and �d [32℄,~a ' �a + �r os2 � sin � �u + �r sin2 � os � �d; (12)where r = v=(p2fa), v = 246 GeV, � = (1+r2 sin2 2�)�1=2. Note that a denotes the R-axionat high energy beyond the eletroweak symmetry breaking. Sine the oeÆients of �u;d arevery small, it is found that ~a � a. Hereafter, we denote the low-energy R-axion by a insteadof ~a. However, beause of this mixing, the R-axion an ouple with the quarks and leptonsthrough their Yukawa ouplings. That is, the ouplings of the R-axion with the up-typequarks, the down-type quarks and the harged leptons, �u, �d and �`, are given by�u = iyu�r os2 � sin � = imufa � os2 �;�d = iyd�r sin2 � os � = imdfa � sin2 �; (13)�` = iy`�r sin2 � os � = im`fa � sin2 �;respetively, where yf and mf with f = u; d; ` are their Yukawa ouplings and masses.Through these ouplings, the R-axion an deay to a pair of the SM fermions, if ma > 2mf .Its deay width is given by�(a! f �f) = �2f8�ma �1� 4m2f=m2a�1=2 : (14)For example, the deay rate into the eletron pair is given by�(a! e+e�) ' 1:0� 10�31GeV � sin4 � � ma1MeV��1010GeVfa �2 �1� 4m2e=m2a�1=2 : (15)The deay rate into the � pair is enhaned by its mass as �(a! �+��) = (m�=me)2��(a!e+e�), but suh a deay ours for ma > 2m�.Similarly, we an ompute the ouplings between the R-axion and the neutrinos. For theneutrinos, we onsider the Weinberg operator in the superpotential, y�(LHu)2=MR, insteadof the Yukawa ouplings terms. Then, similar to the above, the oupling of the R-axion withneutrinos is given by �� = im�fa � os2 �: (16)7



Thus, the deay rate of the R-axion into the neutrino pair is suppressed beause it is pro-portional to the neutrino mass squared, i.e.�(a! ��) = �m�me�2 ot4 � � �(a! ee): (17)Therefore, the branhing ratio of R-axions into pair of neutrinos are small enough even inthe ase where the deay hannel into eletron is losed, ma . MeV.Note that R-axion deay assoiated with QCD jet prodution ours when it is heavierthan at least the proton mass, ma & 1 GeV, whih is beyond our interest. Thus, we do notonsider it here.The lifetime of R-axions is given by �a � ��1: In Fig. 1, we show its ma dependene witheah hoie of fa = 106; 108; 1010 and 1012 GeV. We an see that the lifetime of R-axions
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FIG. 1: Theoretial preditions for the R-axion lifetime with various values of fa. Blak, blue,green and red lines orrespond to fa = 106GeV, 108GeV, 1010GeV, and 1012GeV, respetively.Here we use tan� = 30.beomes longer for smaller ma and larger fa. We an also see that the deay hannels toeletrons opens at ma ' 1 MeV and to muons at ma ' 200 MeV and the R-axion lifetimebeomes shorter.III. R-AXION PRODUCTION IN THE EARLY UNIVERSELet us onsider the osmology of the spontaneous R-symmetry breaking model fousingon the R-axion prodution and evaluate the R-axion abundane. We onsider the ase8



where U(1)R is restored due to some additional mass terms suh as the Hubble induedmass or thermal mass in the early Universe2. After some epoh, X �eld is destabilized asthe additional mass term dereases and aquires vauum expetation value � = fa. Sinethe approximate U(1)R symmetry breaks spontaneously at that time, (unstable) osmistrings are formed by the Kibble-Zurek mehanism. The long osmi strings in a Hubblevolume interset eah other and generates losed string loops3. These losed string loopsshrink with emitting R-axions. As a onsequene, the osmi string network enters thesaling regime. As the Hubble parameter dereases, the expliitly R-symmetry breakingterm in the potential beomes no longer irrelevant to the dynamis of the system and thestring network turns to the string-wall system where domain walls are attahed to osmistrings [33, 34℄. The string-wall networks are unstable and annihilate when the domain walltension beomes omparable to that of osmi strings. The energy stored in the string-wallsystem turns to R-axion partiles. The fate of R-axions produed from the osmi stringloops and the string-wall system as well as the sattering of thermal plasma and the vauummisalignment is determined by the lifetime of R-axions, whih, then, onstrain the modelparameters of spontaneous R-symmetry breaking models4. In the following, we estimate theR-axion abundane from eah soure. We will examine the osmologial onstraints in Se.IV.A. R-axion prodution from vauum misalignmentFirst we evaluate the energy density of the oherent osillation of the R-axion �eld [35℄.After the spontaneous R-symmetry breaking phase transition, the R-axion �eld aquiressome initial value, ai, and keeps its position after a while due to large Hubble frition.2 We assume that the SUSY-breaking vauum is seleted by some mehanism. Note that if the amplitude ofthe mass of X at the origin is larger than that of messenger �elds, the SUSY-breaking vauum is naturallyseleted. However, this issue is beyond the sope of this study and hene we do not impose any onstraintson the model parameters from the vauum seletion.3 Here we do not onsider the e�et of the existene of SUSY vauum on the osmi string struture. Thisissue will be studied elsewhere [29℄.4 R-axions are also produed from R-saxion deay. However, as shown in Appendix B, the abundane ofsuh R-axions are generally subdominant and hene we do not onsider it here.
9



When the Hubble parameter dereases to the R-axion mass,H(tos) = ma; (18)the R-axion �eld starts to osillate. Here the subsription \os" indiates that the parameteror variable is evaluated at the onset of the R-axion osillation. The energy density of theosillating R-axion �a;o is given by �a;o(tos) = 12m2aa2i : (19)If the R-symmetry is broken after ination, the initial value of R-axion distributes randomlyfrom �p2�fa to p2�fa sine the orrelation length of R-axion beomes muh shorter thanthe Hubble length at the onset of the R-axion osillation. Therefore, we estimate the meanvalue of ai as ha2i i = 12p2�fa Z p2�fa�p2�fa a2i dai = 2�2f 2a3 : (20)Sine the energy density of R-axion osillation dereases as a�3, the quantity �a=s is on-served as long as there are no entropy prodution, where s is the entropy density. Therefore,we haraterize the axion abundane by this quantity as�a;os ' 8>><>>: 152g�s(Tos)m2af 2aT 3os ; for Hos < HR�212 g�(TR)g�s(TR) � faMpl�2 TR; for Hos > HR (21)where g� and g�s are (e�etive) relativisti degrees of freedom for energy density and entropy,respetively, and the subsript \R" represents that the parameter or variable is evaluatedat reheating. Note that Tos is given byTos = � 90�2g�(Tos)�1=4m1=2a M1=2pl ' 2:2� 107GeV � ma1MeV�1=2 : (22)Here we assume that the sale fator inreases like matter dominated era during inatonosillation dominated era and take into aount the dilution until the inaton deay orreheating when Hos > HR.B. R-axion prodution from global osmi stringsNext we evaluate the energy density of R-axions radiated from the osmi string loops[36, 37℄ following the disussion in Appendix B of Ref. [38℄. When the R-string network10



enters the saling regime, the energy density of the long R-strings are estimated as�1(t) = 2��t2 f 2a ln� t=p�dstring� : (23)Here the saling parameter � ' 0:9 [38, 39℄ represents the mean number of strings in aHubble volume and dstring ' ��1=2f�1a represents the ore width of R-string. Note that theline energy density or the tension of R-string is given by [40℄�string ' 2�f 2a ln� t=p�dstring� : (24)Assuming all the energy loss of long R-strings is onverted into R-axion partiles throughthe string loops, we obtain the evolution equationsd�1(t)dt = �2H�1(t)� �em(t); (25)d�a;str(t)dt = �4H�a;str(t) + �em(t); (26)where the energy emission rate from the string loops,�em(t) = 2��f 2at3 �8>><>>:�ln� t=p�dstring�� 1� ; for RD�23 ln� t=p�dstring�� 1� : for MD (27)Here we assume that R-axion partiles released from osmi string loops are relativisti.Sine the mean omoving momentum of radiated R-axion an be evaluated aska;str(t)R(t) = 2��t ; (28)with the onstant � ' 0:25 [37, 38℄, we an estimate the number density of radiated R-axionsas na;str(t) = 1R(t)3 Z tt� dt0 R4(t0)ka;str(t0)�em(t0)' 2�f 2a�t �8>><>>: �ln� t=p�dstring�� 3� ; for t > tR13 �ln� t=p�dstring�� 52� : for t < tR (29)Here t� is the time when the R-string network enters the saling regime.When the Hubble parameter beomes omparable to the R-axion mass and R-symmetrybreaking mass term beomes no longer irrelevant, t = tos, string-wall system forms and11



R-axion emission from R-string loops stops. We an evaluate the resultant number densityof R-axions from the R-string loops asna;str(tos) = �maf 2a� �8>><>>: 4�ln� 12map�dstring�� 3� ; for Hos < HR�ln� 23map�dstring�� 52� : for Hos > HR (30)The radiated R-axions beome nonrelativisti after some epoh. Therefore, we an approxi-mate the R-axion energy density as �a;str = mana;str and the R-axion energy-to-entropy ratioas �a;strs = 8>><>>: 90�2 �g�s(Tos)� m2af 2aT 3os �ln� 12map�dstring�� 3� ; for Hos < HRg�(TR)�4g�s(TR)� � faMpl�2 TR�ln� 23map�dstring�� 52� : for Hos > HR (31)C. R-axion prodution from string-wall systemLet us evaluate the energy density of R-axions from the string-wall system annihilation[33, 34℄. At t ' tos, the expliitly R-symmetry breaking term in the potential (2) beomesno longer irrelevant, and string-wall system forms. The surfae mass density of domain wallsare estimated as [40℄ �wall = 16maf 2a : (32)When the tension of domain walls dominates that of strings,�wall = �stringt , t ln�dstringt=p� � = �8m�1a ; (33)the string-wall system annihilates. As following the disussion in Ref. [34℄, we assume thatthe energy stored in the string-wall system released to R-axion partiles. Thus, we evaluatethe number density of R-axions asna;sw(t) = �wall(tos) + �1(tos)!a �R(tos)R(t) �3= 1�wma �A�walltos + ��string(tos)t2os ��R(tos)R(t) �3 ; (34)where !a = �wma is the average energy of radiated axions and A � �wallt=�wall ' 0:5 [34℄ isthe area parameter of domain walls. The radiated R-axions beome eventually nonrelativisti12



and hene we an evaluate the energy-to-entropy ratio as�a;sws = mana;sws = 8>><>>: 180�2g�s(Tos)�w m2af 2aT 3os �4A+ �� ln� 12map�dstring�� ; for Hos < HRg�(TR)4g�s(TR)�w � faMpl�2 TR�24A+ 9�2 � ln� 23map�dstring�� : for Hos > HR(35)Noting that the logarithmi fator is evaluated as ln(1=map�dstring) 'ln(p�=�(fa=ma)) = 30 for fa ' 1010 GeV and ma ' 1 MeV, hereafter we approxi-mate the R-axion abundane from R-axion dynamis, i.e., the oherent osillation, thedeay of osmi string loops, and the deay of the string-wall system,�a;dyns � �a;o + �a;str + �a;sws = 8>><>>:K1m2af 2aT 3os ; for Hos < HRK2� faMpl�2 TR; for Hos > HR' 8>><>>: 9:4� 10�9GeVK1 � ma1MeV�1=2 � fa1010GeV�2 ; for Hos < HR1:7� 10�11GeVK2� fa1010GeV�2� TR106GeV� ; for Hos > HR (36)where K1 ' O(1) and K2 ' O(10) are numerial parameters.D. R-axion prodution from thermal bathWe have estimated the abundane of R-axions generated from their dynamis. We shouldalso take into aount that generated from other soures. Here we evaluate the R-axionabundane from thermal bath. The R-axion abundane from R-saxion deay is disussed inAppendix B and is generally negligible.R-axions are produed in the thermal plasma from (mainly) gluon sattering, gg ! ag.Sine the gluon-axion interation omes from the anomaly term,L = Cgg2s32�2faaGb�� ~Gb�� ; (37)with Cg being the model dependent anomalous oeÆient and gs being the strong gaugeoupling, the R-axion abundane is alulated as [41{43℄,�a;ths ' 2:0� 10�6GeVg6sC2g � ma1MeV��1010GeVfa �2� TR106GeV� : (38)13



Note that R-axions are thermalized one if the reheating temperature is high enough,TR > TD ' 106GeVg�6s C�2g � fa1010GeV�2 ; (39)where TD is R-axion deoupling temperature. In this ase, the R-axion abundane is evalu-ated as �a;ths ' 2:6� 10�6GeV � ma1MeV� : (40)Note that R-axion is produed thermally only if TR & ma is satis�ed.As a result, the total R-axion abundane in the early Universe is evaluated by the sumof these ontributions and given by �as = �a;dyns + �a;ths : (41)In Fig. 2, we show the theoretial preditions for the R-axion to entropy ratio with fa =106GeV, 108GeV, 1010GeV, and 1012GeV. Here the solid lines represent ontribution fromthe thermal prodution (Eqs. (38) and (40)) and dashed ones represent the R-axion dynamis(Eq. (36)) with K1 = 1, K2 = 20, respetively. Blak, blue, green and red lines orrespondto TR = 10�2GeV, 1GeV, 103GeV, and 106GeV, respetively. In the ase of TR > TD,R-axion abundane from thermal prodution is independent of TR. We an see that theontribution from the R-string dynamis and other R-axion dynamis generally dominatesfor fa & 1012GeV and smaller ma. Vie versa, thermal R-axion prodution dominatesfor fa . 1012GeV. Anyway, we will ompare the total R-axion abundane expressed inEq. (41), inluding those from R-string dynamis and thermally produed ones, to theosmologial onstraints disussed in the next setion and will give the onstraints on themodel parameters.IV. COSMOLOGICAL CONSTRAINTS FROM R-AXIONNow we onsider the generi onstraints of the R-symmetry breaking model from osmol-ogy. One may think that the model with long-lived R-axions is safe if they never dominatethe energy density of the Universe or R-axions are responsible for the dark matter in thepresent Universe. However, even if they are subdominant omponent of the Universe, their(partial) deay is onstrained by several osmi/astrophysial observations depending ontheir abundane [44℄. Sine we have evaluated the R-axion abundane and its lifetime, we14
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FIG. 2: Theoretial preditions for the R-axion to entropy ratio with fa = 106GeV, 108GeV,1010GeV, and 1012GeV. The solid lines represent ontribution from the thermal prodution(Eqs. (38) and (40)) and the dashed ones represent the R-axion dynamis (Eq. (36)) with K1 = 1,K2 = 20. Blak, blue, green and red lines orrespond to TR = 10�2GeV, 1GeV, 103GeV, and106GeV, respetively.an onstrain the model from various observations. As we will see, strong onstraints forthe model parameters are imposed.A. Cosmologial onstraints on axion abundaneLet us see the various onstraints of R-axion abundane from osmology and astrophys-ial observations. We will ompare all these onstraints on the R-axion abundane to thatevaluated in the previous setion, espeially in Eq. (41) and translate them in the onstraintson the R-axion model parameters in the next subsetion. Note that our osmologial on-straints are basially irrelevant to what is the dominant soure of R-axions, but relevant tothe total R-axion abundane in Eq.(41).
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1. Big Bang NuleosynthesisThe R-axion deay into photon or eletron (radiative deay) after the Big Bang Nu-leosynthesis (BBN) epoh may break the light elements and the R-axion abundane isonstrained [45℄. The radiative deay of R-axion auses photo-dissoiation proess of lightelements and hanges the light elements abundane. We an read o� the onstraint on theR-axion abundane at its deay from Ref. [45℄ asBr�as . 8<: 10�8GeV � �a104s��2 ; for 104s < �a < 107s10�14GeV; for 107s < �a < 1012s (42)where Br is the radiative branhing ratio5. Note that this e�et is negligible if the energy ofthe injeted photons is so small that they annot destroy the light elements. Thus, we hereimpose a ondition for this onstraint to be e�etive,ma & 4:5MeV; (43)whih orresponds to the threshold energy for the deuteron destrution proess, D +  !n+ p.2. Cosmi mirowave bakground distortionThe radiative deay of R-axion before the reombination may distort the blakbodyspetrum of CMB. After the double-Compton sattering freezes out at t ' 106 s, energyinjetions generate nonzero hemial potential � of the CMB spetrum, whih imposes theonstraint from the blakbody spetrum distortion of CMB. Energy injetions after t ' 109s, when the Compton sattering is no longer in thermal equilibrium, thermalize eletron,whih auses the Sunyaev-Zel'dovih (SZ) e�et. Sine the SZ e�et is onstrained by theCompton y-parameter, we an impose a onstraint on the R-axion abundane.The COBE FIRAS measurement [46℄ onstrains the CMB distortion asj�j . 9� 10�5; y . 1:2� 10�5: (44)5 If the R-axion mass is heavy enough, ma > 2 GeV, the hadroni deay hannel opens. In this ase, morestringent onstraints are imposed [45℄. 16



Sine the injeted energy is related to these parameters as [47, 48℄Æ�� � 0:714�; for 106s < �a < 109s (45)Æ�� � 4y; for 109s < �a < 1013s (46)the onstraints on the R-axion abundane is given byBr�as . 10�12GeV�109s�a �1=2 for 106s < �a < 1013s (47)depending on its life time. Note that � and y-parameters impose almost the same onstrainton the R-axion abundane at its deay.3. Di�use X-ray and -ray bakgroundThe R-axion deay to photons after reombination, t > 1013 s, may be onstrainedfrom the di�use X-ray and -ray bakground observation. Photons with energy 1keV <E < 1TeV rarely satter with the CMB photons and intergalati medium. Therefore, thephotons produed from the R-axion deay in the \transpareny window" [49℄,
�a & 8>>>>>><>>>>>>:

1019 s� ma1 keV��2 ; for 1 keV . ma . 100 keV4� 1014 s; for 100 keV . ma . 2:5 MeV1013 s� ma100 MeV��1 ; for 2:5 MeV . ma . 100 MeV1013s; for 100 MeV . ma . 10 GeV (48)
propagate through the Universe and an be deteted as di�use bakground.The ux of the extragalati di�use photons is roughly given by
F obs (E)=m�2s�1str�1 '

8>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>:
2� � EkeV��0:4 ; 0:25keV < E < 10keV3(E=30keV)0:3 + (E=30keV)1:9 ; 10keV < E < 800keV5:0� 10�3� EMeV��1:4 ; 800keV < E < 30MeV1:7� 10�5� E100MeV��1:1 ; 30MeV < E < 100MeV1:45� 10�5� E100MeV��1:4 : 100MeV < E < 100GeV

(49)
17



Here we applied the observational results of ASCA [50℄ for 0.25-10 keV, HEAO [51℄ for 25keV- 800 keV, COMPTEL [52℄ for 800 keV-30 MeV, EGRET [53℄ for 30 - 100 MeV, andFermi [54℄ for 100 MeV-100 GeV. Note that we have taken into aount the resolved soureof di�use X-ray bakground [55, 56℄ and used the �tting formula derived in Ref. [57℄.The ux of photons produed from the R-axion deay an be approximated asF(E) ' B �8><>: na;02��aH0 ; for �a > t03na;de4� s0sde ; for �a < t0 (50)where the subsriptions \0" and \de" indiate that the parameter or variable is evaluatedat the present and the R-axion deay time, respetively, and B is the branhing ratio tophotons. Note that the energy of photons should be evaluated at E = ma=2 for �a > t0 andE = (3H0�ap
m=2)2=3(ma=2) for �a < t0, taking into aount of the redshift of the photons.Then, the abundane of the R-axions are onstrained from the onstraint F(E) < F obs as6B �as . 8>>>><>>>>: 2:4h� 10�18GeV � ma1MeV� � �a1018s� F obs (ma=2)10�2m�2s�2! ; for �a > t04:8� 10�19GeV � ma1MeV� F obs (E)10�2m�2s�2! ; for �a < t0 (51)where h � H0=(100 km se�1Mp�1) and H0 is the present Hubble parameter.4. ReionizationThe radiative deay of R-axion after reombination is also onstrained from reionization.If the energy of injeted photons is relatively small, they are redshifted and interat withintergalati medium. Then, the intergalati medium is partially ionized and the R-axiondeay is regarded as an additional soure of reionization. To be onsistent with the obser-vation of the optial depth to the last sattering surfae, the R-axion abundane should besmall enough. Assuming that the one-third of the energy of photons produed from R-axiondeay that leaves the transpareny window is onverted to the ionization of the intergalati6 Most of di�use extragalati X-ray and -ray bakground an be explained by astrophysial soures suh asblazers. However, here we use the onservative onstraint, though the ux of the unresolved extragalatidefuse bakground photon would be muh more smaller when we assume some osmologial models of theevolution of galaxies. 18



medium, the R-axion abundane an be onstrained from the inequality in Ref. [49, 58℄,log10 � . 8<: 6:77 + 3:96275x+ 0:25858x2 + 0:00445x3; �17 < x < �13�24:75� x; x < �17 (52)where � � Br�a=�baryonjde = 0:43� 1010GeV�1� 
bh20:022��1 Br�as ; (53)and x � log10(�=s�1) = � log10(�a=s). Here 
b denotes the present density parameter of thebaryoni matter. This onstraint is omplementary to that from the di�use X-ray and -raybakground.5. Dark matter abundaneIf the lifetime of R-axions is longer than the present time t0, most of R-axions remain thepresent Universe and ontribute to the dark matter of the Universe. Thus, we an onstrainthe R-axion abundane in order not to exeed that of the dark matter. In terms of theenergy-to-entropy ratio, the R-axion abundane is onstrained as [59℄�as < 4:7� 10�10GeV�
mh20:13 � : (54)B. Constraints on model parametersNow we are ready to show osmologial onstraints for spontaneous R-symmetry breakingmodels. In Fig.3, we show the onstraints on the model parameters, ma and fa oming fromvarious onditions argued in the previous subsetion. Eah olored region is exluded andwhite region is allowed. As a referene, we also show lines of gravitino mass. Upper dottedlines and lower ones represent m3=2 = 1keV, m3=2 = 1eV, respetively. Here we fous on theregion fa > 106 GeV sine smaller fa is forbidden from laboratory experiments suh as raredeays of K+ or B0 [60℄.For the higher reheating temperature, TR & 102 GeV, all the parameter spae whereR-axions deay at t > 106 se is ruled out regardless of reheating temperature, whih omesfrom the CMB onstraint. For ma < 1 MeV, it orresponds to fa . 107GeV(fa=1MeV)3=2,and 1MeV < ma < 4:5 MeV, it orresponds to fa < 109:5GeV(fa=1MeV)1=2. For ma > 4:5MeV, the BBN onstraint opens and all the parameter spae where the R-axion lifetime19
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eter spae where R-axions deay later is allowed. This an be understood from Eqs. (36)and (38). For larger fa, nonthermal prodution is dominant and the R-axion abundane isexpressed as �a=s / f 2a , whereas thermal prodution, whih depends on fa as �a / f�2a ,dominates for smaller fa. Thus, the R-axion abundane takes its lower value at fa � 1011�12GeV. As a result, allowed parameter region appears at ma � 10 keV and 1-100 MeV forfa � 1012 GeV and TR � 10�2 � 1 GeV.One may regard that there is a parameter region where R-axions an be dark matter forsmaller reheating temperature, fa � 1014 GeV. However, in this parameter region, R-saxionmass is onsiderably small, ms . 1 MeV for a naive model disussed in Se. II. For thepoint of view of vauum seletion and R-string stability [29℄, this requires unaeptably smallmessenger mass. Therefore, we onlude that an ingenious model building is neessary forR-axions to be dark matter of the present Universe.Thus far, we did not take into aount onstraints from R-axinos or gravitinos. Gravitinosare produed from gluino sattering in thermal plasma and their abundane is evaluated as[45, 61℄, �3=2s ' 9:5� 10�8GeV � � m~g1:5TeV�2 � m3=215GeV��1� TR1010GeV� ; (55)where m~g is the gaugino mass. Sine gravitinos are stable in this ase, gravitino abundane isonstrained from dark matter abundane (Eq. (54)). As a result, depending on the gauginomass, another stringent onstraint is imposed for model parameters in higher reheatingtemperature ase TR & 10 GeV: Smaller fa and ma would be forbidden.In summary, we have shown that spontaneous R-symmetry breaking models are severelyonstrained from osmologial onsiderations and generally long-lived R-axions are forbid-den. In order to avoid that, areful model building and smaller reheating temperature arerequired.V. DISCUSSIONWe have studied general osmologial onstraints on spontaneous R-symmetry breakingmodels. We estimated the abundane of R-axion produed �rstly via their dynamis suhas oherent osillation and deay of osmi string/wall system, and seondly via thermalsattering proess from gluon-axion interation. It is interesting that R-axion produtionfrom R-string and wall systems are large enough and an be dominant in some parameter21



region. Basially the models were motivated by gauge mediation, gravitino as well as R-axion are relatively light. Therefore, R-axion tends to be long-lived. The onditions for theR-axion density oming from BBN, X-ray/-ray bakground, reionization and overlosureseverely onstrain the sale of R-symmetry breaking. As a result, smaller R-symmetrybreaking sale and SUSY-breaking sale are disfavored from osmologial onstraints. Inthe point of view of gauge mediation, this result weakens its motivation, but is onsistentwith the reent LHC results with 125 GeV Higgs-like boson and without SUSY partiles [2℄.It would be interesting to study further onstraints for R-axion with relatively large mass.When the R-axion mass is larger than 1 GeV, various deay hannels to hadroni partileopen. We expet that weaker but non-negligible onstraints for large deay onstant will beimposed, thought analysis would beome involved.A phenomenologially viable model with long-lived R-axions an be onstruted by in-troduing a mehanism diluting the R-axion density in the early universe. Although ourprimary interest was gauge mediation models, it would be easy to apply our analysis thelosely related situations suh as spontaneous R-symmetry breaking in thermal inationmodels [62℄.In this paper, we have not expliitly shown a mehanism of vauum seletion of falsevauum. Existene of the R-string and walls are highly depend on the senario of the earlystage of universe. Also, as mentioned in the Introdution, imhomogenious vauum deay byimpurities suh as a osmi string depends on the details of the senario [29℄. So it may beuseful to show an expliit example of full senario and study R-axion osmology in detail.This is beyond the sope of our study, so we will leave it as a future work.AknowledgmentThe authors would like to thank M. Eto for the early stage of ollaboration, and T. Hi-ramatsu, Y. Inoue, K. Nakayama, A. Ogasahara, A. Ringwald, and T. Takahashi for usefulomments and disussions. KK would like to thank Kyoto University for their hospitalitywhere this work was at the early stage. TK is supported in part by the Grant-in-Aid forthe Global COE Program "The Next Generation of Physis, Spun from Universality andEmergene" and the JSPS Grant-in-Aid for Sienti� Researh (A) No. 22244030 from theMinistry of Eduation, Culture,Sports, Siene and Tehnology of Japan. YO's researh is22



supported by The Hakubi Center for Advaned Researh, Kyoto University.Appendix A: Higgs setorIn this appendix, we show the Higgs setor and its mixing with the R-axion followingRef. [32℄. Here, we onentrate on the neutral omponents, H0u and H0d , of the Higgs setorin the minimal supersymmetri standard model. The R-axion appears through the so-alledB-term. Then, the relevant terms in their salar potential are given byV = (j�j2 +m2Hu)jH0uj2 + (j�j2 +m2Hd)jH0d j2 + 18(g2 + g02)(jH0uj2 � jH0d j2)2�(eia=(p2fa)B�H0uH0d + ::); (A1)where � is the supersymmetri mass, originated from the � term, m2Hu and m2Hd are softSUSY breaking masses squared for Hu and Hd, and B� is the SUSY breaking B-term. TheB-term has an R-harge, and the axion appears there.At the potential minimum, the Higgs �elds develop their vauum expetation values andthe eletroweak symmetry is broken. Around the vauum, we deompose the neutral Higgs�elds as H0u = 1p2(vu + �u)ei�u=vu; H0d = 1p2(vd + �d)ei�d=vd ; (A2)where vu and vd are VEVs of H0u and H0d . We denote v2 = v2u + v2d, whih is related to theZ-boson mass mZ as v2 = 4m2Z=(g2 + g02) = (246)2 (GeV)2. Also we denote their ratio astan� = vuvd : (A3)Furthermore, the stationary onditions,�V�H0u = �V�H0d = 0; (A4)at H0u = vu and H0d = vd, lead to the following relations:j�j2 +m2Hu = B� ot� + 12m2Z os 2�;j�j2 +m2Hd = B� tan� � 12m2Z os 2�: (A5)
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Using them, the mixing mass matrix of the axial parts, �u;d and the R-axion is given byB�2 (�u; �d; a)0BBB� ot � 1 �r os �1 tan� �r sin ��r os � �r sin� r2 sin � os � 1CCCA0BBB� �u�da 1CCCA : (A6)Then, the mass eigenstates are given by0BBB� G0A0~a 1CCCA = 0BBB� sin � � ot � 0� os � � sin� ��r sin� os ��r os2 � sin� �r sin2 � os � � 1CCCA0BBB� �u�da 1CCCA ; (A7)where G0 and ~a denote the would-be Nambu-Goldstone boson and low-energy R-axion,respetively.Appendix B: R-axion prodution from R-saxion deayHere we estimate the R-axion abundane from the R-saxion deay and show that it issmaller than those from R-axion dynamis.Sine we have assumed that the R-symmetry is restored in the early Universe, thereshould be homogeneous R-saxion osillation assoiated with the spontaneous breaking ofR-symmetry. It an take plae when the Hubble parameter beomes smaller than the saxionmass. Here we assume that the R-symmetry is broken at H = ms. If R-saxions reeivethermal mass, the Hubble parameter at the time of phase transition beomes lower, but itrequires large reheating temperature and we do not onsider it here. The energy density ofR-saxion is given by �s;os(tso) ' m2sf 2a ; (B1)where the subsript \so" indiates that the parameter or variable is evaluated at the onsetof R-saxion osillation. The energy density of R-saxion osillation dereases as �s;os / a�3due to the Hubble expansion, and gradually R-saxion deays into R-axions at Hsd = �sax.Here the subsript \sd" represents the parameter or variable is evaluated at R-saxion deay.
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The number density of R-axions from saxion deay, then, is evaluated asna;sax(tsd) = 2�s;os(tsd)ms = 8>>>>><>>>>>: 2�2saxms f 2a for; Hsd > HR2ssdsR H2Rf 2ams ; for Hso > HR > Hsd2ssdssomsf 2a ; for HR > Hso (B2)where s(T ) = (2�g�s(T )=45)T 3 is the entropy density. Suh R-axions are relativisti atR-saxion deay and loose their energy due to the osmi expansion. After some time,they beome nonrelativisti. The energy-to-entropy ratio, �a;sax=s, is �xed at that time(if reheating is ompleted.) Therefore, we an estimate the abundane of R-axions fromR-saxion deay as�a;saxs = mana;saxs = 8>><>>: maf 2a2msM2plTR; for Hso > HR45�2g�s(Tso)mamsf 2aT 3so ; for Hso < HR (B3)with Tso = (�2g�(Tso)=90)1=4(msMpl)1=2. Here we negleted the interation of R-axion andassumed that the number of R-axions in a omoving volume is onserved. We an easilyshow that the abundane of R-axions from R-saxion deay is always smaller than that fromR-string and R-string-wall system. Note that if the phase transition is driven by thermalpotential, R-axion abundane from R-saxion deay is larger than that is estimated above.However, as noted, it requires high reheating temperature, in whih the model has alreadybeen onstrained by the thermal ontribution stritly. As a result, the onlusion does nothange.
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