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t. A primordial 7Li abundan
e inferred from observations of metal-poor halo stars isa fa
tor of about three smaller than predi
tions of standard big bang nu
leosynthesis (BBN)model. Some parti
le models beyond the standard model in
lude heavy long-lived 
oloredparti
les with mass mu
h larger than 1 GeV. They would be 
on�ned inside exoti
 heavyhadrons, i.e., strongly intera
ting massive parti
les. We have found possible rea
tions whi
hdestroy 7Be and 7Li in the s
enario of BBN in
luding a long-lived sub-strongly intera
tingmassive parti
le (sub-SIMP, X). The destru
tion is asso
iated with non radiative X 
aptures ofthe nu
lei, and it 
an be realized only if the intera
tion strength between an X and a nu
leon isproperly weaker than that between two nu
leons. Binding energies of nu
lei to an X and nu
learrea
tion rates asso
iated with the X are estimated. We perform a network BBN 
al
ulationusing the estimated rates, and suggest that the 7Li problem 
an be solved if long-lived sub-SIMPs have existed.1. Introdu
tionThe standard big bang nu
leosynthesis (BBN) model is 
hara
terized by one parameter,the baryon-to-photon number ratio �. The ratio is pre
isely determined for a spe
i�ed
osmologi
al model from the observation of the 
osmi
 mi
rowave ba
kground (CMB) radiationwith Wilkinson Mi
rowave Anisotropy Probe (WMAP) [1℄. Theoreti
al values of primordialabundan
es of light element is rather 
onsistent with observations. However, the 7Li abundan
esof the standard BBN (SBBN) model are di�erent from those inferred from observations of metal-poor halo stars (MPHSs) [2, 3℄. Observed abundan
e levels are roughly 
onstant as a fun
tionof metalli
ity [4, 5, 2, 3, 6, 7, 8℄ at 7Li/H= (1� 2)� 10�10. The SBBN predi
tion is a fa
tor of2{4 higher, e.g., 7Li/H=(5:24+0:71�0:67)�10�10 [9℄, when the baryon-to-photon ratio � from WMAPdetermination [1℄ is adopted. In SBBN, 7Li nu
lei are produ
ed almost as 7Be in BBN epo
h,and they are 
onverted to 7Li via ele
tron 
apture at a later epo
h of 
osmologi
al re
ombination.The 7Li problem may be 
aused by an astrophysi
al pro
ess redu
ing 7Li abundan
es in surfa
elayers of observed stars or by a 
osmologi
al pro
ess redu
ing a 7Be abundan
e in the earlyuniverse.A possible primordial abundan
e of 6Li also has been suggested from spe
tros
opi
observations of MPHSs [3, 10, 11℄. The observed level is about thousand times as high as
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theoreti
al predi
tions of SBBN. Primordial abundan
es of nu
lides heavier than Li isotopes,i.e., Be [12, 13, 14, 15℄, B [16, 17℄, and C [18℄ are not yet dete
ted by observations of MPHSs.Long-lived heavy (m � 1 GeV) 
olored parti
les appear in some parti
le models beyondthe standard model, e.g. split supersymmetry [19, 20℄. The long-lived 
olored parti
les wouldbe 
on�ned at temperatures TC � 180 MeV inside exoti
 heavy hadrons [21℄, i.e., stronglyintera
ting massive parti
les (SIMPs) [22, 23, 24℄ whi
h we 
all X parti
les.If the SIMPs annihilate with their 
ross se
tions given by a typi
al value for strong intera
tion,i.e., � � O(GeV�1)2, the reli
 abundan
e of X parti
les in the early universe is naively estimated[21℄ to be NX=nb � 0:5� 10�8, where NX is the number density of the X parti
le and nb is thenumber density of baryons. A real reli
 abundan
e should, however, re
e
ts mi
ros
opi
 detailson a hadroni
 annihilation of X [25℄. Thermal reli
 abundan
es depend on the annihilation
ross se
tion whi
h is not known pre
isely. We then take the freezeout X abundan
e as a freeparameter in this study.E�e
ts of exoti
 neutral stable hadrons on BBN were studied in Refs. [26, 27℄. In the twostudies, binding energies of an exoti
 hadron X to nu
lei are taken to be those of a � hyperon.The strong for
e between an N and an X was, therefore, assumed to be similar to that betweenan nu
leon (N) and a �. It has also been assumed that the mass of X is about that of �, i.e.,mX � 1:116 GeV [28℄ impli
itly.Re
ently e�e
ts on BBN of long-lived SIMPs of m � 1 GeV, su
h as a weak-s
ale mass[m = O(0:1{1 TeV)℄ have been studied [29℄. The intera
tion strength between an X and an Nis assumed to be similar to that between two nu
leons. Rates of many rea
tions involving the Xparti
le were estimated, and a network 
al
ulation of the nu
leosynthesis in
luding e�e
ts of theX was performed. The 
onstraint on the de
ay lifetime of su
h parti
les, i.e., �X <� 200 s wasderived from a 
omparison of 
al
ulated light element abundan
es with observational abundan
e
onstraints.This model predi
ts two interesting observable signatures of the X. One is that 9Be and B
an be produ
ed in amounts more than predi
ted in the SBBN. Another is the possibility ofhigh isotopi
 ratio, i.e., 10B/11B. The high ratio is never reprodu
ed by boron produ
tions fromthe 
osmi
 ray nu
leosynthesis [30, 31, 32℄ and the supernova neutrino pro
ess [33, 34℄.The strength of intera
tion between an X and an N is unknown. We then investigate e�e
tsof a long-lived X in multiple 
ases of intera
tion strengths, and report a new possibility thatrea
tions asso
iated with the X parti
le 
an redu
e 7Be abundan
e. The redu
tion of 7Be (and7Li) 
an be a solution to the 7Li problem.In this paper the destru
tion me
hanism of 7Be is reported. We perform a network 
al
ulationof BBN assuming the existen
e and an intera
tion of a long-lived SIMP. In Se
. 2 assumptionson the X0 parti
le and estimations for binding energies between nu
lei and an X0 are des
ribed.In Se
. 3 the destru
tion pro
esses of 7Be and 7Li are des
ribed. Based on results of the network
al
ulations of BBN, we delineate the parameter region in whi
h the 7Be and 7Li destru
tionspossibly operate. In Se
 4 we summarize this work. See Ref. [35℄ for details of this work.We use the notation, i.e., 1(2;3)4, for a rea
tion 1 + 2! 3 + 4.2. ModelA strongly intera
ting massive parti
le (SIMP), i.e., X, is assumed to exist during the BBNepo
h. The spin is zero, and 
harge is also zero. The mass is one parameter. Two types ofnu
lear potentials between an X0 and a nu
leon (N) are 
onsidered in Ref. [35℄. In this paper,however, the result for only the Gaussian potential between anX0 and anN (XN) is shown. Thepotential is given by v(r) = v0Æ exp ��(r=r0)2�, where v0 = �72:15 MeV and r0 = 1:484 fm [36℄.The intera
tion strength is varied by 
hanging Æ, the se
ond parameter. When the Æ equalsunity then the binding energy of deuteron, i.e., 2.224 MeV, is derived.The potential between an X0 and a nu
lide A (XA) is given by V (r) = R v(x)�(r0) dr0, where
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r is the radius from an X to the 
enter of mass of A, r0 is the distan
e between the 
enter ofmass of A and a nu
leon inside the nu
lide A, x = r+ r0 is the distan
e between the X and thenu
leon, and �(r0) is the nu
leon density of the nu
leus whi
h is generally distorted by potentialof an X0 from the density of normal nu
leus.The nu
leon density �(r) is approximately given by the undistorted one for normal nu
leus.The nu
leon density of nu
lei with mass number Am � 2 is assumed to be spheri
ally symmetri
and of Gaussian shape, i.e, �(r) = �(0) exp h�(r=b)2i ; (1)where �(0) = Am��3=2b�3 is the nu
leon density at r = 0 and satis�es the normalizationR �(r)dr = Am, with Am the mass number. The parameter for the width of density, i.e., b,is related to the root mean square nu
lear matter radius determined from experiments, i.e.,b =p2=3rRMSm .2.1. Nu
lear Binding EnergiesBinding energies of nu
lides to an X are estimated. We solve the two-body S
hr�odinger equationby a variational 
al
ulation with the Gaussian expansion method [37℄. Binding energies andeigenstate wave fun
tions of the bound states of nu
lei A and an X, i.e., X-nu
lei or AX , areobtained.If the mass of the X0 parti
le, i.e., mX , is mu
h heavier than light nu
lides, the redu
ed mass� approa
hes asymptoti
ally to the mass of the nu
lide. The binding energies, therefore, alsoapproa
h to asymptoti
 values in the limit of large mX .The intera
tion strength Æ and the mass mX of the X parti
le are taken as parameters.Binding energies of ground state X-nu
lei are 
al
ulated. Using the obtained binding energies,Q-values of various rea
tions are 
al
ulated. We also 
al
ulate binding energies of nu
lear ex
itedstates of 4He�X and 8Be�X with relative angular momentum of L = 1.2.2. Rea
tion ratesIt is hard to 
al
ulate rates for nonradiative nu
lear rea
tions pre
isely. We then approximatelytake rates of di�erent rea
tions whi
h has been measured experimentally. For example, the rateof X(7Be,3He)4HeX is taken from the nonresonant 
omponent in the rate of 6Li(n; �)3H, andwe 
orre
ted the rate for a redu
ed mass dependen
e of 
ross se
tions.Cal
ulations of rates for radiative rea
tions are relatively easy. Rates of rea
tions, i.e.,X(�; 
)4HeX , 4HeX(d; 
)6LiX and 4HeX(�; 
)8BeX are 
al
ulated with the 
ode RADCAP [38℄.Our estimation for rates of nonradiative and radiative nu
lear rea
tions and �-de
ay as wellas a nu
lear rea
tion network are explained in Ref. [35℄. There are large un
ertainties in theestimation so that realisti
 
al
ulations with quantum many-body models are needed in future.3. ResultsFigure 1 shows 
al
ulated results of the abundan
es of normal and X-nu
lei as a fun
tion oftemperature for Æ = 0:1 (left panel) and Æ = 0:2 (right), respe
tively. The initial abundan
e ofthe X is NX=nb = 1:7 � 10�4 (YX � NX=s = 1:5 � 10�14), where NX and nb are the numberdensities of theX0 parti
les and baryons, respe
tively (s is the entropy density). TheX0 parti
leis assumed to be long-lived 
ompared to the BBN time s
ale, and have been long extin
t bynow, i.e., 200 s � �X � 10 Gyr.� Case 1 (Æ = 0:1)At high temperatures T9 >� 1, the X0 parti
les are in the free state sin
e eÆ
ientphotodisintegrations of X-nu
lei destroy bound states AX . At T9 � 1 the 4He is produ
edas in SBBN, and about one third of X0 parti
les are 
aptured by 4He. 4HeX nu
lei
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Figure 1. Cal
ulated abundan
es of normal and X-nu
lei (solid lines) as a fun
tion ofT9 � T=(109 K). The mass of X0 parti
le was assumed to be mX = 100 GeV, and theintera
tion strength of XN for
e is 0.1 and 0.2 times that of NN for
e, i.e., Æ = 0:1 (leftpanel) and Æ = 0:2 (right), respe
tively. The X0 abundan
e is taken to be NX=nb = 1:7� 10�4(YX � NX=s = 1:5 � 10�14), and its lifetime is assumed to be mu
h longer than BBN times
ale, i.e., �X � 200 s. The X0 rea
tion rates are given in Ref. [35℄ for 
ases of the two Æ values.The dashed lines 
orrespond to the abundan
es of normal nu
lei in SBBN model. This �gure isreprinted from Ref. [35℄rea
t with normal nu
lei, and a�e
t abundan
es of 7Li [by 4HeX(t;7Li)X℄, 6LiX [by4HeX(d; 
)6LiX ℄, and 8BeX [by 4HeX(�; 
)8BeX ℄. Note that 6LiX nu
lei produ
ed atT9 � 1 experien
e a strong destru
tion pro
ess, i.e., 6LiX(p;3He�)X. 9BeX is produ
edby 8BeX (d; p)9BeX . Finally, free X0 parti
les whi
h survived the 
apture by 4He rea
t with7Be [by X(7Be;3He)4HeX ℄ and 7Li [by X(7Li; t)4HeX ℄. Abundan
es of 7Be and 7Li thusde
rease.� Case 2 (Æ = 0:2)The abundan
e evolution is similar to that in Case 1 at high temperatures T9 >� 1. However,almost all of X0 parti
les are 
aptured by 4He following the 4He synthesis at T9 � 1. Theabundan
e of free X0 parti
le then signi�
antly redu
es at this time. The destru
tion of7Be and 7Li, therefore, does not o

ur as seen in Fig 1.The reason for the di�eren
e between Cases 1 and 2 is as follows: When the intera
tionstrength (Æ) is large and the ex
ited state 4He�X (L = 1) exists, the rea
tion rate ofX(4He,
)4HeXin
reases. The 7Be and 7Li destru
tion rea
tions are then hindered by the depletion of free X0parti
les [35℄. In Case 1, there is no ex
ited state of 4He�X . The rea
tion X(4He,
)4HeX thenpro
eeds mainly from the initial s
attering p-wave to the �nal bound S-state. In Case 2, onthe other hand, an ex
ited state of 4He�X exists. The rea
tion X(4He,
)4HeX 
an then pro
eedmainly from the initial s
attering s-wave to the �nal bound P -state.Figure 2 shows abundan
es (solid 
urves) of 4He (mass fra
tion), D, 3He, 7Li and 6Li (bynumber relative to H) as a fun
tion of the baryon-to-photon ratio � or the baryon energy density
Bh2 of the universe. The solid 
urves are the 
al
ulated result in this BBN a�e
ted by X for(mX , Æ, YX , �X)=(100 GeV, 0.1, 1:5�10�14,1). The dashed 
urves are those in the SBBN. Theboxes 
orrespond to the adopted 
onstraints on primordial abundan
es [35℄. The verti
al stripeis the 2� limits on 
Bh2 = 0:02258+0:00057�0:00056 provided by WMAP [1℄ for the �CDM+SZ+lensmodel.A de
rease in 7Li abundan
e is found, while other nu
lear abundan
es are not 
hanged. Asolution to the 7Li problem is thus found in this model.
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Figure 2. Abundan
es of 4He (mass fra
tion), D, 3He,7Li and 6Li (by number relative to H) as a fun
tionof the baryon-to-photon ratio � or the baryon energydensity 
Bh2 of the universe. The solid 
urves arethe 
al
ulated results in the BBN model in
luding Xfor the parameter set of (mX , Æ, YX , �X)=(100 GeV,0.1, 1:5 � 10�14, 1), while the dashed 
urves are thosein SBBN. The boxes represent the adopted abundan
e
onstraints from Refs. [39, 40℄ for 4He, [41℄ for D, [42℄ for3He, [5℄ for 7Li, and [3℄ for 6Li, respe
tively. The verti
alstripe 
orresponds to the 2 � 
Bh2 limits provided byWMAP [1℄. This �gure is reprinted from Ref. [35℄If the strength of XN intera
tion is relatively weak, most strong rea
tions for the X0 parti
leto get bound to nu
lei are non-radiative X0-
apture rea
tions whi
h are found important in thepresent model. X(6Li; d)4HeX , X(7Li; t)4HeX , and X(7Be;3He)4HeX are important rea
tions inthis BBN s
enario in
luding X e�e
ts.Figure 3 shows 
ontours in the parameter spa
e (mX , Æ) for 
riti
al binding energies of X-nu
lei (thin and thi
k smooth 
urves). Above the respe
tive 
ontours, Q-values for respe
tiverea
tions [35℄ are positive. Zigzag 
urves show boundaries above whi
h an ex
ited state of 4He�Xwith L = 1 (upper line) and 8Be�X with L = 1 (lower) exist, respe
tively.Figure 3. Contours of binding energies betweennu
lei and an X0 parti
le 
orresponding toQ = 0 of rea
tions [35℄ (thin and thi
k smooth
urves). Numbers atta
hed to the 
ontoursindi
ate mass numbers of nu
lei. Above the
ontours, rea
tion Q-values are positive. Zigzag
urves 
orrespond to boundaries above whi
h anex
ited state of 4He�X (upper line) and 8Be�X(lower) exist, respe
tively. In the shaded region,the 7Li problem 
an be resolved. This �gure isreprinted from Ref. [35℄
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In Fig. 3, it is found that the 
ontour of the boundary for existen
e of 4He�X are abovethe 
ontours of the rea
tion X(7Be;3He)4HeX (the se
ond lowest thin dashed lines). In theparameter region in right upper side from the 
urve of 4He�X , free X0 parti
les are 
apturedonto 4He before they 
an rea
t with 7Be to redu
e its abundan
e.In the shaded region below that 
urve and above the 
urve of X(7Be;3He)4HeX , free X0swould possibly remain, and they 
an redu
e the 7Be abundan
e. This shaded region is, therefore,a possible parameter region solving the 7Li problem.4. SummaryWe study e�e
ts of a long-lived strongly intera
ting massive parti
le (SIMP) X0 on BBN. Theproperty of the SIMP is roughly des
ribed by the mass mX and the strength of XN intera
tion,i.e., Æ. Binding energies of X-nu
lei (bound states of nu
lei and an X0 parti
le) are 
al
ulatedfor two types of XN potentials, i.e., Gaussian and well types [35℄.We estimate Q-values and rates for possibly important rea
tions whi
h exist in the presen
eof X0 parti
le. Evolutions of elemental abundan
es are then 
al
ulated under the assumptionof existen
e of a SIMP whi
h intera
ts with a nu
leon by a strength about 0.1 times as large asthat of a nu
leon. Su
h a SIMP with relatively weak strong intera
tion is 
alled sub-SIMP. It isfound that if there is no ex
ited bound state of 4HeX with a relative angular momentum L = 1, asigni�
ant fra
tion of the X 
an es
ape the 
apture by 4He. In su
h a situation, 7Be and 7Li 
anbe destroyed by the nu
lear 
apture rea
tions by free X0 parti
les, i.e., X(7Be;3He)4HeX andX(7Li; t)4HeX . We suggest that the 7Li problem 
ould be solved based on a network 
al
ulationof BBN, and 
onstrain the parameter region in the (mX , Æ) plane where the 7Li problem 
an besolved.A
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