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DESY 07-001Anomaly-Indu
ed In
aton De
ay and Gravitino-Overprodu
tion ProblemMotoi Endo1, Fuminobu Takahashi1, and T. T. Yanagida2;31 Deuts
hes Elektronen Syn
hrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany2Department of Physi
s, University of Tokyo, Tokyo 113-0033, Japan3Resear
h Center for the Early Universe, University of Tokyo, Tokyo 113-0033, JapanWe point out that the in
aton spontaneously de
ays into any gauge bosons and gauginos via thesuper-Weyl, K�ahler and sigma-model anomalies in supergravity, on
e the in
aton a
quires a non-vanishing va
uum expe
tation value. In parti
ular, in the dynami
al supersymmetry breaking s
e-narios, the in
aton ne
essarily de
ays into the supersymmetry breaking se
tor, if the in
aton massis larger than the dynami
al s
ale. This generi
ally 
auses the overprodu
tion of the gravitinos,whi
h severely 
onstrains the in
ation models.PACS numbers: 98.80.Cq,11.30.Pb,04.65.+eIn
ation [1℄ not only solves basi
 problems in the bigbang 
osmology su
h as the horizon and 
atness prob-lems, but also provides a natural me
hanism to gener-ate density 
u
tuations ne
essary to form the presentstru
ture of the universe. In fa
t, the standard slow-roll in
ation predi
ts almost s
ale-invariant power spe
-trum, whi
h �ts the re
ent 
osmi
 mi
rowave ba
kgrounddata [2℄ quite well. During in
ation, the universe is dom-inated by the potential energy of an in
aton �eld, and itexpands exponentially [1, 3℄. After in
ation, the in
atontransfers its energy to a thermal plasma by the de
ay andreheats the universe. It is of great importan
e to unravelthe reheating pro
esses to have a su

essful thermal his-tory after in
ation. Indeed, the reheating is subje
t toseveral 
onstraints; the reheating temperature should behigh enough to generate the baryon asymmetry, while lowenough to avoid the overprodu
tion of unwanted reli
s.One usually introdu
es 
ouplings of the in
aton to thestandard-model parti
les to 
ause its de
ay and hen
ereheating. The stronger 
ouplings result in the higherreheating temperature, and so, the 
ouplings must be soweak to evade the overprodu
tion of the unwanted reli
s.In supergravity, for instan
e, gravitinos are overprodu
edby parti
le s
atterings in thermal plasma, if the reheat-ing temperature is too high [4℄. So far, it has been 
on-sidered that one 
an avoid the 
osmologi
al diÆ
ultiesasso
iated with the unwanted reli
s (e.g. gravitinos), bysetting the 
oupling of the in
aton to the visible se
torweak enougha.In this letter we show that, on
e the in
aton a
quires a�nite va
uum expe
tation value (VEV), it spontaneouslyde
ays into any gauge bosons and gauginos via the quan-tum e�e
ts, anomalies in supergravity. Among the super-Weyl, K�ahler, and sigma-model anomalies [8, 9℄, we willa It should be noted, however, that Refs. [5, 6, 7℄ re
ently pointedout that the in
aton 
an de
ay into the gravitinos, whi
h putssevere 
onstraints on both the in
ation models and the super-symmetry breaking s
enarios.


on
entrate on the e�e
t of the super-Weyl anomaly, forsimpli
ity. The other K�ahler and sigma-model anomalies
an a�e
t the in
aton de
ay at the same order of mag-nitudeb. However, the following dis
ussion is essentiallyun
hanged even if these are in
luded
.In the dynami
al supersymmetry (SUSY) breaking(DSB) s
enarios, SUSY is broken as a result of strongdynami
s in a gauge theory. The 
ouplings indu
ed bythe super-Weyl anomaly makes it unavoidable for the in-
aton to de
ay into the hidden gauge bosons and gaug-inos, whi
h subsequently produ
e gravitinos. The grav-itino produ
tion turns out to be prevalent in generi
 DSBmodels, whi
h tightly 
onstrains both the in
ation mod-els and SUSY breaking s
enarios. In parti
ular, as we willsee, the gravity-mediation s
enario is almost ex
luded,and high-s
ale in
ation models su
h as hybrid [11℄ andsmooth hybrid [12℄ in
ation models are severely 
on-strained. We stress that the gravitino produ
tion fromthe in
aton de
ay is almost unavoidable, and that it 
an-not be solved by taking the reheating temperature lowenough. On the 
ontrary, the lower reheating tempera-ture makes the problem even worse.We re
ently pointed out that the in
aton de
ays intomatter �elds in the visible and the hidden SUSY-breakingse
tors through supergravity e�e
ts, even without dire
t
ouplings between them in the Einstein frame of the su-pergravityd. We 
all it as a spontaneous de
ay [7℄. (Seealso Ref. [13℄ for the non-SUSY 
ase.) Here, we showthat the in
aton de
ays into any gauge bosons and gaug-inos via the super-Weyl anomaly in the supergravity inb Counter terms [10℄ may also 
ontribute to the in
aton de
ay.
 The total e�e
t depends on the form of the K�ahler potential. Forinstan
e, in the 
ase of the minimal K�ahler potential, the de
ayrate is proportional to (TG�TR)2 instead of b20. In the 
ase of theK�ahler potential of the sequestered type, the 
ontributions fromthe K�ahler and sigma model anomalies 
an
el, and the de
ay isdominantly indu
ed by the super-Weyl anomaly.d A part of the de
ays is thought of as arising from dire
t 
ouplingsin the 
onformal frame.
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2addition to the spontaneous de
ay.Let us assume that the in
aton does not have any di-re
t 
ouplings to the gauge se
tor. Then, the Lagrangianof the gauge multiplets is invariant under the super-Weyltransformation at the 
lassi
al level, and hen
e the in-
aton de
ay into the gauge se
tor is prohibited at thetree level [14℄. However the symmetry is anomalous atthe quantum level. The anomaly not only mediates theSUSY-breaking e�e
ts to the visible se
tor [15℄ but alsoenables the in
aton to 
ouple to the gauge supermulti-plets. By using the super�eld des
ription of the super-gravity, the 1PI e�e
tive Lagrangian of the super-Weylanomaly is [8, 9℄�L = g2b064�2 Z d2�2EW�W� 1�2 ( �D2 � 8R) �R+ h:
: (1)in the 
onformal frame and in the Plan
k units: MP = 1.Here g is a gauge 
oupling 
onstant, b0 = 3TG � TR isthe beta fun
tion 
oeÆ
ient, and W� is a �eld strengthof 
orresponding gauge supermultiplet. A sum over allmatter representations is understood. The 
hiral densityE , the � variable and the 
ovariant derivative D are thosede�ned in the supergravity [16℄. Note that the in
atonlinearly 
ontributes to the R-
urrent as ba � i2 (K��a��K���a��), and the superspa
e 
urvature �R 
ontains �R =� 16 (M� + �2(� 12R + iema Dmba) + � � �), where M is aauxiliary �eld of the supergravity multiplet, and R is theEinstein 
urvature s
alar. Also, the 
ombination (K��+K����) appears in the s
alar 
omponent of the graviton.The in
aton �eld then 
ouples to the gauge bosons in theEinstein frame as�L = g2b0192�2K� �MP �FmnFmn � iFmn ~Fmn�+ h:
: (2)where Fmn is a �eld strength of the gauge �eld and~Fmn = �mnklFkl=2. In addition, noting that theF-term satis�es the equation of the motion, F i =�eK=2Kij�(Wj + KjW )�, the in
aton 
ouples to thegaugino � as�L = g2b096�2K� m�MP ����+ h:
: (3)in the Einstein frame. Here we assume that the in
atonmassm� is dominated by the supersymmetri
 mass term,and used F�;�� ' �m�. Therefore the in
aton �eld 
ou-ples to the gauge se
tor through the super-Weyl anomalyas long as the K�ahler potential 
ontains a linear term ofthe in
aton, whi
h is roughly given by the in
aton VEVh�ie. The de
ay rate be
omes�(�! gauge) ' N�2b204608�3 jK�j2 m3�M2P ; (4)e The anomaly-indu
ed de
ay is suppressed if hK�i = 0, while theanomaly itself does not vanish in this 
ase.

where N is the number of the generators of the gaugegroup, � is de�ned as g2=4�, and we assume the 
anoni
alnormalization of the in
aton and gauge �elds. Here wenoti
e that the half of the de
ay rate 
omes from thede
ay into the two gauge bosons and the other half fromthat into the gaugino pair.It is interesting to 
ompare the anomaly-indu
ed de
ayto the re
ently observed spontaneous de
ay whi
h o

ursat the tree level [7℄. It was shown that the in
aton de-
ays into the matter �elds in the visible and/or hiddense
tors, if the in
aton a
quires a �nite VEV. The de
aypro
eeds via both the Yukawa intera
tions (with 3-body�nal states) and the mass terms in the superpotential,even when there are no dire
t intera
tion terms in theEinstein frame. Thus, for a generi
 K�ahler potential (in-
luding the minimal one), the in
aton de
ay may be dom-inated by the spontaneous de
ay via the top Yukawa 
ou-pling. However, the anomaly-indu
ed de
ay rate 
an be
omparable to that of the spontaneous de
ay, although itarises at the 1-loop level. This is be
ause the latter ratesare suppressed either by the phase spa
e of the 3-body�nal states, or by the mass ratio squared (M=m�)2 as inthe 
ase of the de
ay into the right-handed (s)neutrinoswith a Majorana mass M satisfying 2M < m�.In the DSB s
enarios, SUSY is spontaneously brokenas a result of non-perturbative dynami
s in a gauge the-ory, in whi
h 
ase the beta fun
tion 
oeÆ
ient is posi-tive, b0 > 0. The dynami
al s
ale of the hidden gaugeintera
tions is related to the SUSY breaking s
ale as� = xpm3=2MP , where m3=2 denotes the gravitinomass, and x >� 1 represents a model-dependent numeri
alfa
tor. The gauge bosons and gauginos have masses ofO(�) due to the strong 
ouplings below the DSB s
ale.Therefore, when the in
aton mass, m�, is larger thanthe DSB s
ale, the in
aton de
ays into the SUSY break-ing se
tor via the super-Weyl anomalyf, sin
e the de-
ay is kinemati
ally allowed and the mass of the hidden(s)quarks are mu
h smaller than m� at the de
ay vertex.Let us 
onsider how the de
ay pro
eeds. First, the in-
aton de
ays into a pair of the hidden gauge bosons orgauginos, 
ying away to the opposite dire
tions. Thenea
h of them intera
ts with the hidden (s)quarks andhadronizes due to the strong 
oupling, followed by 
as-
ade de
ays of the heavy hidden hadrons into lighter ones.The number of the hidden hadrons produ
ed from ea
hjet, whi
h we 
all here as the multipli
ity NH , dependson the detailed stru
ture of the hidden se
tor su
h as thegauge groups, the number of the matter multiplets, andthe mass spe
trum of the hidden hadrons. We expe
t,however, that NH is in the range of O(1�102). The hid-f In addition, there may exists a de
ay into a messenger se
tor,due to additional gauge groups introdu
ed to mediate the SUSYbreaking e�e
ts.



3den hadrons should eventually de
ay and release their en-ergy into the visible se
tor. The gravitinos are likely to beprodu
ed in the de
ays of the hidden hadrons [17, 18, 19℄as well as in the 
as
ade de
ay pro
esses in jetsg. Wedenote the averaged number of the gravitinos produ
edper ea
h jet as Ng . Here we assume ea
h hidden hadronprodu
es one gravitino in the end, and use the relationNg � NHh. The gravitino abundan
e is thereforeiY3=2 = 2Ng �H�� 3Trh4m� ;' 3� 10�7� � m�1012GeV�2�106GeVTrh � ; (5)where �H is the partial de
ay rate into the hidden gaugese
tor given by Eq. (4), and �� denotes the total de
ayrate of the in
aton, related to the reheating tempera-ture as Trh � (�2g�=10)�14p��MP . Here g� 
ounts therelativisti
 degrees of freedom, and we have substitutedg� = 228:75 in the se
ond equality of Eq. (5). We also de-�ned � � N�2b20Ng , whereN and b0 depend on the SUSYbreaking s
enarios. For instan
e, in the IYIT model [21℄with a SU(2) gauge group and four doublet 
hiral super-�elds, we have N = 3, and b0 = 4.It should be noted that the gravitino abundan
e (5) isinversely proportional to the reheating temperature [5℄.That is, for the lower reheating temperature, more grav-itinos are produ
ed. This should be 
ontrasted to thethermally produ
ed gravitinos, whose abundan
e is pro-portional to the reheating temperature. For the rest ofthe paper, we regard the reheating temperature as a freeparameter by introdu
ing appropriate dire
t 
ouplings ofthe in
aton to the visible se
tor. We will take the maxi-mal value allowed by 
osmologi
al 
onstraints to give themost 
onservative estimates on the gravitino abundan
e.The in
aton does not de
ay into the SUSY breakingse
tor if m� <� �. However, the gravitino pair produ
tionthen be
omes important [5℄. The gravitino pair produ
-tion rate is [22℄�pair3=2 ' �96� jr�Gz j2 m3�M2P (6)with � = (mz=m�)4 for m� > mz and � = 1 for m� <mz, where G � K + ln jW j2, and mz is the mass ofthe SUSY breaking �eld z with non-vanishing F-term.Also r�Gz is de�ned by r�Gz � G�z � �k�zGk with theg In parti
ular, this is the 
ase if the SUSY breaking �eld is abound state of the hidden (s)quarks.h In a 
lass of the gauge-mediation models of SUSY breaking,the parti
les in the hidden se
tor may dominantly de
ay into thestandard-model parti
les [20℄.i If the in
aton spontaneously de
ay into the hidden se
tor at thetree level [7℄, more gravitinos will be produ
ed.


onne
tion �kij � Gk`�Gij`� . The gravitino abundan
e isthen given byY3=2 = 2�pair3=2�� 3Trh4m� ' 7� 10�11�� h�i1015GeV�2� � m�1012GeV�2�106GeVTrh � ; (7)where we have assumed the minimal K�ahler potential inthe last equality. Although we have negle
ted the VEVof z in (6), in
luding the �nite VEV that arises belowthe dynami
al s
ale 
an make the rate even higher [19℄.Indeed, taking a

ount of the mixings and 
ouplings be-tween the � and z whi
h are radiatively indu
ed form� < �, the above gravitino abundan
e in
reases. Toput it 
on
retely, su
h an operator as j�j2zz in the K�ahlerpotential is radiatively indu
ed, and it additionally 
on-tributes to the gravitino produ
tion for m� > mz. Themixings in the K�ahler potential be
omes important espe-
ially for m� < mz.Using (5) and (7), we 
an 
onstrain the in
ation mod-els. The results are summarized in Fig. 1, in whi
h wetake the maximal value of Trh allowed by the 
osmologi-
al 
onstraints. For lower Trh, the bounds on h�i be
omeseverer as / T 1=2rh for a �xed m�. We also set x = 1,Ng = 10, N = 3, � = 0:1, b0 = 4, hK�i = h��i, mz = �as referen
e values. We 
onsider the following four 
ases.In the 
asesA and B, we set m3=2 = 1TeV, assumingthe gravitino is unstable. The hadroni
 bran
hing ratiois given by Bh = 1(10�3) for the 
aseA (B). The grav-itino abundan
e in these 
ases are severely 
onstrainedby BBN [26℄. In the 
aseC, m3=2 = 1GeV, and the grav-itino is stable. In the 
aseD, we take m3=2 = 100TeVwith the wino LSP of a mass given by 2:7�10�3m3=2 [15℄.The 
onstraints on Trh and Y3=2 
ome from the require-ment that the abundan
e of the gravitino (or the winosprodu
ed by the gravitino de
ay) should not ex
eed thepresent dark matter abundan
e [27℄. From the �gure,one 
an see that the high-s
ale in
ation models su
h asthe hybrid in
ation model are severely 
onstrained, whilethe new in
ation models may es
ape the bounds if Bh issuppressed even for m3=2 = 1TeV.In this letter we have shown that the in
aton de
aysinto any gauge bosons and gauginos via the super-Weylanomaly in supergravity, on
e the in
aton a
quires anonzero VEV. In parti
ular, the in
aton ne
essarily de-
ays into the SUSY breaking se
tor when the in
atonmass is larger than the DSB s
ale. This subsequentlyprodu
es the gravitinos, and therefore the gravitino over-produ
tion problem prevails among the DSB s
enariosand most in
ation models.Let us mention that the anomaly-indu
ed de
ay pro-
ess and the asso
iated gravitino problem shown above
an be avoided in the following 
ases. In the 
haoti
 in-
ation model with an approximate Z2 symmetry [25, 28℄,the VEV of the in
aton is so suppressed that both the
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FIG. 1: Constraints from the gravitino produ
tion by thein
aton de
ay, for m3=2 = 1TeV with Bh = 1 (
ase A),m3=2 = 1TeV with Bh = 10�3 (
aseB), m3=2 = 100TeV(
ase C), and m3=2 = 1GeV (
aseD). The region above thesolid (red) line is ex
luded for ea
h 
ase. For m� >� �,we used the anomaly-indu
ed in
aton de
ay into the hid-den gauge/gauginos to estimate the gravitino abundan
e (5),while the gravitino pair produ
tion (7) was used for m� <� �.The typi
al values of h�i and m� for the single-�eld new [23℄,multi-�eld new [24℄, hybrid [11℄ and smooth hybrid [12℄, and
haoti
 [25℄ in
ation models are also shown. Note that weadopt the 
haoti
 in
ation model without dis
rete symme-tries, in whi
h 
ase hK�i is expe
ted to be around the Plan
ks
ale.anomaly-indu
ed de
ay and the spontaneous de
ay aresuppressed. Similar arguments also apply to in
ationmodels in the no-s
ale supergravity [29℄.An interesting appli
ation of the anomaly-indu
ed in-
aton de
ay 
an be found in the 
ase with the K�ahlerpotential of the sequestered type: K = �3 ln[1� (j�j2 +jQj2)=3℄, where Q 
olle
tively denotes the matter multi-plets [14℄. Sin
e there are no dire
t 
ouplings of the in
a-ton to the matter �elds in the 
onformal frame, the possi-ble de
ay pro
esses are those mediated by the supergrav-ity multiplet. Then, only su
h an operator that violatesthe 
onformal symmetry indu
es the in
aton de
ay, andso, the de
ay via the Yukawa 
ouplings does not o

ur atthe tree level. On the 
ontrary, the anomaly-indu
ed de-
ay is not suppressed even in this 
ase. Also, the in
atonde
ays into the right-handed (s)neutrinos, sin
e the right-handed Majorana mass violates the 
onformal invarian
e.This may naturally generates the baryon asymmetry vialeptogenesis s
enario [30℄.[1℄ A. H. Guth, Phys. Rev. D 23, 347 (1981); A. D. Linde,Phys. Lett. B 108, 389 (1982); A. Albre
ht andP. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).
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