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Abstra
tWe study the possibility of 
onstru
ting the NMSSM from the heteroti
 string.String derived NMSSMs are mu
h more rare than MSSMs due to the extra require-ment that there exist a light singlet whi
h 
ouples to the Higgs pairs. They share the
ommon feature that the singlet self{intera
tions are typi
ally suppressed, leadingto either the \de
oupling" or the Pe

ei-Quinn limit of the NMSSM. In the latter
ase, the spe
trum 
ontains a light pseudos
alar whi
h may be relevant to the MSSM�ne-tuning problem. We provide a Z6 heteroti
 orbifold example of the NMSSM withapproximate Pe

ei-Quinn symmetry, whose origin lies in the string sele
tion rules
ombined with our 
hoi
e of the va
uum 
on�guration.

http://arxiv.org/abs/0912.0477v2


1 Introdu
tionThe next{to{minimal supersymmetri
 Standard Model (NMSSM) is a minimal extensionof the MSSM whi
h in
ludes a Standard Model (SM) singlet S (for re
ent reviews,see [1,2℄). It has 
ertain advantages over the MSSM in that (i) it 
an provide a solutionto the �{problem, (ii) it requires milder �ne-tuning to a

ommodate the LEP Higgsbound. In the NMSSM, the SM{like Higgs boson h 
an have unusual de
ay 
hannels.If there is a light pseudos
alar a, h 
an predominantly de
ay into pairs of a's, whi
hsubsequently de
ay into taus or light quarks [3℄. For su
h �nal states, the LEP boundon the Higgs mass relaxes and 
an in some 
ases be as low as 90 GeV. As a result, thesuperpartners are not required to be very heavy for the Higgs mass to 
omply with thebound, and the �ne-tuning problem of the MSSM 
an be avoided.Motivated by these 
onsiderations, we undertake a sear
h for string{derivedNMSSMs. Re
ently, a number of di�erent approa
hes have yielded examples of mod-els with the exa
t MSSM spe
trum. These in
lude heteroti
 Z6 [4,5℄, Z12 [6℄, Z2�Z2 [7℄orbifolds as well as smooth Calabi{Yau 
ompa
ti�
ations [8{10℄ of the heteroti
 string.1In fa
t, it has been shown in Refs. [5, 18℄ that there is a \fertile pat
h" in the heteroti
lands
ape, where more than 0.1% of all inequivalent models have the MSSM spe
trum.This result is based on the 
on
ept of \lo
al GUTs" [4℄, whi
h has been prompted by theorbifold GUT interpretation of the heteroti
 string models [19{21℄. The main idea is thattwisted matter 
omes from points in the 
ompa
t spa
e with SO(10) or E6 GUT sym-metry and thus forms 
omplete representations of the 
orresponding gauge group, whilethe (untwisted) gauge �elds only respe
t the Standard Model symmetry in 4 dimensions.Many of the resulting models have a number of phenomenologi
ally attra
tive featuresin
luding R{parity [22℄, the neutrino seesaw [23℄ and preferen
e for the TeV s
ale softSUSY breaking masses [24℄.In what follows, we explore the \fertile pat
h" (and beyond) of the heteroti
 mini-lands
ape to identify the NMSSM 
andidates2. Common features of these models aredis
ussed in Se
tion 2, while a spe
i�
 example is presented in Se
tion 3.2 GeneralitiesThe relevant superpotential is given byW = �SHuHd + 13�S3 ; (1)1This lists extends further if one allows for ve
tor{like exoti
s [11{17℄.2Some studies of the singlet extensions of the Pati-Salam model have been performed in [25℄.
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whi
h 
orresponds to the \Z3{symmetri
" NMSSM3. Here we are 
onsidering S to be a\massless" at the string level singlet in the sense that its supersymmetri
 mass term iswell below the ele
troweak s
ale. Furthermore, we are assuming that supersymmetry isnot broken by the F{term of S (in the limit hSi ! 0) and thus the \tadpole" term linearin S is also negligible. The 
orresponding soft supersymmetry breaking terms are�Lsoft = m2S jSj2 + ��A� SHuHd + 13�A� S3 + h:
:� ; (2)where we have omitted S-independent terms. In what follows, we will assume all softterms to be of the same order of magnitude (EW size). We will also omit the CP{ phaseswhi
h are strongly 
onstrained by ele
tri
 dipole moments (see, e.g. [26℄).In general, � and � are the e�e
tive 
ouplings,� = 
onst + hsa1 :::sani ; � = hsb1 :::sbni ; (3)where si are Standard Model singlets whi
h get non-negligible VEVs in Plan
k units andthe \
onst" indi
ates a dire
t trilinear 
oupling. The Standard Model singlet S 
omesoriginally from the E8�E8 se
tor of the theory and therefore 
arries 
harges under someof the gauge groups. The S3 intera
tion violates these symmetries and only after gaugesymmetries get broken spontaneously, is this e�e
tive intera
tion allowed. As a result, � issuppressed by the SM singlet VEVs hsb1 :::sbni:4 (If S 
omes from the gravitational se
tor,it is neutral under gauge symmetries but its intera
tions are suppressed). In 
ontrast, a
oupling among three di�erent �elds is allowed already at the trilinear level, hen
e the\
onst" term in Eq.(3).The size of hsii is model-dependent. Some SM singlets are required to attain VEVsby supersymmetry. In parti
ular, the presen
e of an anomalous U(1) symmetry indu
esthe Fayet-Iliopoulos (FI) term [27℄DFI = gM2Pl192�2 Tr U(1)anom +Xi qijsij2 ; (4)whi
h must vanish in a supersymmetri
 
on�guration. Here qi are the anomalous U(1)
harges of si and g is the gauge 
oupling. Sin
e Tr U(1)anom 6= 0, some singlets developVEVs somewhat below the Plan
k s
ale. This sets the s
ale for other singlet VEVs aswell and one generally expe
ts hsii to be in the range O(10�1)�O(10�2) in Plan
k units,although O(1) VEVs are also possible.3This symmetry is only approximate. For example, it 
an be broken by a (small) supersymmetri
mass term for S.4There is a 
aveat here: the massless singlet 
an be a linear 
ombination of the type N = (aS1 +bS2)=pa2 + b2, where a; b are proportional to some VEVs. In this 
ase, unsuppressed N3{intera
tionmay be allowed, although it is singular in the limit of vanishing VEVs. We �nd that in pra
ti
e it doesnot happen sin
e the string sele
tion rules are very 
onstraining.3



Therefore, typi
ally�� 1 ; (5)while � 
an be order one. If the \
onst" term in Eq.(3) vanishes due to string sele
tionrules, then � is also suppressed. We thus are led to two distin
t versions of the NMSSM:the \de
oupling" (�; � � 1) and the Pe

ei-Quinn s
enarios (� � 1). Let us 
onsiderthese limits in more detail, following Ref. [1℄.1) De
oupling limit. For �; �� 1, the singlet essentially de
ouples and the NMSSMdegenerates into a version of the MSSM, albeit with modi�
ations in the neutralinose
tor. The potential for (the real part of) the s
alar 
omponent of S, denoted by s, isgiven byV (s) � m2Ss2 + 23�A�s3 + �2s4 : (6)For A2� � 8m2S , there is a lo
al minimum ats ' 14���A� +qA2� � 8m2S � : (7)Sin
e the 
hargino mass bound requires �s � EW, we haves � EW� � EW� (8)for the soft terms of the ele
troweak size. This de�nes the de
oupling limit. The di�eren
efrom the MSSM resides in the neutralino se
tor: the fermioni
 
omponent of S has mass2�s and 
an be the LSP. The NLSP de
ays are then suppressed by the small 
oupling �leading to its long lifetime with 
hara
teristi
 signatures su
h as displa
ed verti
es [28℄.2) Pe

ei{Quinn limit. For �� 1 [29℄, the model possesses an approximate Pe

ei{Quinn symmetry Hu;d ! ei�Hu;d, S ! e�2i�S. Spontaneous breaking of this symmetrygenerates a pseudo{Goldstone boson (axion). The 
omposition of this state is given byAPQ = 1pv2 sin2 2� + 4s2 (v sin 2� A� 2s SI) ;A = 
os � HuI + sin� HdI ; (9)where SI ;HuI ;HdI are de�ned by fI � p2 Im(f � hfi). As usual, tan� = vu=vd andv =qv2u + v2d = 174 GeV.The presen
e of a light axion{like state 
an be relevant to the MSSM �ne-tuningproblem [3℄. Typi
ally, s � v sin 2�, so that the axion is predominantly an EW singlet.Its 
ouplings to quarks and gauge bosons are suppressed, but the 
oupling to the Higgsbosons is signi�
ant. Thus the SM-like Higgs h 
an de
ay into pairs of APQ whi
h wouldsubsequently de
ay into 4 fermions. If mAPQ < 2mb, the dominant de
ay 
hannel would4



be h ! 2APQ ! 4� (4q), with q being light quarks5. Under these 
onditions, the LEPbound on the Higgs mass relaxes to about 105 GeV for the �nal state taus and 90 GeV forthe �nal state light quarks [32℄. This ameliorates the MSSM �ne-tuning problem sin
ethe superpartners are not required to be very heavy to a

ommodate the LEP Higgsbound.Let us 
on
lude this se
tion by noting that the above symmetries may appear puz-zling from the low energy perspe
tive. They are 
onsequen
es of the stringy UV 
omple-tion of these e�e
tive theories. For example, the absen
e or suppression of the S3 termhas to do with the fa
t that S is 
harged under additional gauge symmetries. Similarly,the absen
e of the dire
t �-term is a result of the string sele
tion rules and our 
hoi
e ofthe va
uum state. It is interesting that these string 
onstru
tions favor 
ertain versionsof the NMSSM.3 Sear
h for the NMSSMThe Z6-II heteroti
 orbifold is known to yield many examples of models with the MSSMspe
trum. Parti
ularly favorable are the gauge embeddings whi
h produ
e lo
al GUTslike SO(10) or E6 at some �xed points. Properties of these models are summarized inRefs. [5,18℄. Clearly, to obtain an example of the NMSSM, one needs to impose the extrarequirement that there exist at least one massless singlet whi
h 
ouples to the Higgspair. This 
ondition turns out to be very restri
tive. In parti
ular, we have analyzed the\fertile pat
h" of the mini{lands
ape with SO(10) lo
al GUTs of Ref. [5℄ and found noNMSSM examples. These models 
ontain 2 Wilson lines and appear to be quite rigid inthe sense that the de
oupling of exoti
s implies that all the SM singlets are also heavy6.In setups with 3 Wilson lines of Ref. [18℄, this is not the 
ase and we have identi�ed anumber of the NMSSM 
andidates.3.1 Example: NMSSM with approximate Pe

ei{Quinn symmetryHere we present an example of a string model whi
h mat
hes 
losely properties of theNMSSM in the Pe

ei{Quinn limit. It is based on a heteroti
 orbifold Z6-II. In thenotation of Ref. [18℄, the model is de�ned by the following gauge shift and Wilson lines(in the E8�E8 root basis):V = �16 ; �13 ; �12 ; 0; 0; 0; 0; 0� (0; 0; 0; 0; 0; 0; 0; 0) ; (10a)W2 = �1; 12 ; 0; 12 ; 12 ; �12 ; �1; 0� ��14 ; 34 ; 14 ; 14 ; 34 ; �34 ; �34 ; 34� ; (10b)W 02 = �34 ; 34 ; �14 ;�14 ; �14 ; 34 ; 14 ; 14� ��14 ; �14 ; �14 ; �14 ; �14 ; 14 ; 14 ; 34� ; (10
)5There are further 
onstraints on this s
enario from meson de
ays [30, 31℄.6This does not always apply to models with E6 lo
al GUTS and we have identi�ed one exampleleading to the NMSSM in the \de
oupling" limit [33℄.5



W3 = ��56 ; �76 ; 12 ; 12 ; 12 ; �12 ; �12 ; �12� �0; 0; 13 ; 13 ; 13 ; 0; 1; 23� : (10d)The gauge group after 
ompa
ti�
ation isGSM � [SU(6)℄ �U(1)7 ; (11)where GSM = SU(3)C � SU(2)L � U(1)Y in
ludes the standard SU(5) hyper
harge gen-eratortY = �0; 0; 0; 13 ; 13 ; 13 ;�12 ;�12� (0; 0; 0; 0; 0; 0; 0; 0) : (12)(Here we do not require the existen
e of non-anomalous B�L symmetry.) The resultingmassless spe
trum is displayed in Table 1. At this step, it 
ontains 3 SM families plusve
tor{like matter. One of the SM generations 
omes from the 27{plet of E6 lo
atedat the �xed point at the origin in the 
ompa
t spa
e, while the other two 
ome fromvarious twisted and untwisted se
tors. All three generations are intrinsi
ally di�erent inthis model. Further details 
an be found in [33℄.# Irrep Label # Anti-irrep Label # Irrep Label4 (3;2;1)1=6 qi 1 (3;2;1)�1=6 �qi 63 (1;1;1)0 s0i9 (1;2;1)�1=2 `i 6 (1;2;1)1=2 �̀i 4 (1;1;6)0 �hi4 (3;1;1)�2=3 �ui 1 (3;1;1)2=3 ui 4 (1;1;6)0 hi4 (1;1;1)1 �ei 1 (1;1;1)�1 ei8 (3;1;1)1=3 �di 5 (3;1;1)�1=3 di1 (3;1;1)1=6 vi 1 (3;1;1)�1=6 �vi1 (1;1;6)1=2 w+i 1 (1;1;6)�1=2 w�i9 (1;1;1)1=2 s+i 9 (1;1;1)�1=2 s�i6 (1;2;1)0 miTable 1: Massless spe
trum. Representations with respe
t to [SU(3)C � SU(2)L℄�[SU(6)℄ are given in bold fa
e, the hyper
harge is indi
ated by the subs
ript.At the next step, many of the SM singlets develop VEVs and break the gauge groupto GSM � [SU(6)�U(1)℄ ; (13)where [SU(6) � U(1)℄ is hidden in the sense that no SM parti
le is 
harged under thisgroup. At the same time, the unwanted ve
tor{like exoti
s attain large masses and de-
ouple. The resulting massless spe
trum is that of the MSSM plus, possibly, SM singlets.We 
hoose a spe
i�
 
on�guration of the SM singlet VEVs, in whi
h only the �eldsfesig = fs01; s02; s07; s012; s014; s021; s022; s027; s030; s031; s035; s037; s040; s041; s044; s045; s061; s063g (14)6



develop non-zero VEVs, while the expe
tation values of all other �elds vanish. We have
he
ked that, in this 
ase, the mass matri
es for the exoti
s have maximal rank. The 
an-
ellation of the Fayet{Iliopoulos term and D{
atness are guaranteed by the holomorphi
monomial = (s01)7(s02)5(s07)2(s012)2(s014)4s021s022s027(s030)2(s031)2s035s037s040s041s044s045(s061)6s063 : (15)The massless (to order 6 in singlet VEVs) pair of Higgses is given s
hemati
ally byHu � �̀1 + es �̀2 + �̀3 + �̀4 + �̀5 ;Hd � `9 ; (16)where `i; �̀i are the SU(2) doublets of Table 1 and we have omitted order 1 
oeÆ
ients.There exists one massless SM singletS = s066 (17)and it 
ouples to the Higgs pair at the trilinear order:� SHuHd = � s066 �̀3`9 + higher order terms : (18)This is a twisted 
oupling of the type T5T5T2, where Ti denotes a twisted se
tor. On theother hand, the self-intera
tion S3 is not allowed at least to order ~s5. Thus, in terms ofEq.(1), we have� � 1 ;� < O(~s5) : (19)For es < 1, the system has an approximate Pe

ei{Quinn symmetry, whose spontaneousbreaking results in a light pseudos
alar state APQ. Its mass depends on the order of theallowed 
oupling as well as the exa
t value of ~s and 
an be light enough to be relevantto the MSSM �ne-tuning problem.Let us also note that the dis
rete symmetry of this Z3{NMSSM is expe
ted to be bro-ken by a small supersymmetri
 mass term for the singlet, whi
h helps avoid 
osmologi
alproblems asso
iated with spontaneous breaking of dis
rete symmetries.The existen
e of approximate symmetries in the low-energy theory is a result ofthe string sele
tion rules 
ombined with a spe
i�
 
hoi
e of the va
uum 
on�guration(14). From the bottom-up perspe
tive, it is not transparent why the term S3 for an SMsinglet is not allowed. This be
omes 
lear in the UV 
ompletion of the model: S stemsfrom the E8�E8 se
tor and thus 
arries additional gauge 
harges. Similarly, the bare �{term is not allowed (to order ~s6) due to our 
hoi
e of the va
uum 
on�guration and thestring sele
tion rules for the 
ouplings. Thus, the approximate Pe

ei-Quinn symmetryis enfor
ed by (14). Similarly, an example of approximate R{symmetry was 
onstru
tedin Ref. [34℄. 7



4 Con
lusionWe have undertaken a sear
h for the NMSSM in the framework of the heteroti
 string
ompa
ti�ed on a Z6-II orbifold. Although there are many models with the MSSM spe
-trum, the NMSSM{like models are rare. This is due to the additional requirement thatthere exist at least one light SM singlet that 
ouples to the Higgs pair. Our sear
h withinthe \fertile pat
h" of the heteroti
 lands
ape with SO(10) lo
al GUTs [5℄ has given nullresults, yet we have found a number of the NMSSM 
andidates in setups with 3 Wilsonlines [18℄.The stringy NMSSMs share the 
ommon feature that the singlet self-intera
tionsare typi
ally suppressed, whi
h leads to spe
i�
 versions of the NMSSM. In one variant,the singlet se
tor essentially de
ouples from the MSSM, while in the other there is anapproximate Pe

ei{Quinn symmetry whose breaking leads to a light pseudos
alar. Thelatter 
an be relevant to the MSSM �ne-tuning problem sin
e in this 
ase the bound onthe Higgs mass relaxes.The apparent (approximate) symmetries of the low energy theory result from prop-erties of its stringy UV 
ompletion. For instan
e, the suppression of the dire
t �-termand the singlet self{intera
tions is due to the string sele
tion rules 
ombined with our
hoi
e of the va
uum state. The ensuing Pe

ei{Quinn symmetry is broken by higherorder terms in the superpotential.Referen
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