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ation Without Doublet-Triplet SplittingWolfgang Kilian�Fa
hberei
h Physik, University of Siegen, 57068 Siegen, Germany andDeuts
hes Elektronen-Syn
hrotron DESY, 22603 Hamburg, GermanyJ�urgen ReuteryDeuts
hes Elektronen-Syn
hrotron DESY, 22603 Hamburg, GermanyMatter-Higgs uni�
ation in string-inspired supersymmetri
 Grand Uni�ed Theories predi
ts theexisten
e of 
olored states in the Higgs multiplets and 
alls for two extra generations of Higgs-like�elds ('unhiggses'). If these states are present near the TeV s
ale, gauge-
oupling uni�
ation pointsto the existen
e of two distin
t s
ales, 1015 GeV where right-handed neutrinos and a Pati-Salamsymmetry appear, and 1018 GeV where 
omplete uni�
ation is a
hieved. Baryon-number 
onser-vation, while not guaranteed, 
an naturally emerge from an underlying 
avor symmetry. Collidersignatures and dark-matter physi
s may be drasti
ally di�erent from the 
onventional MSSM.PACS numbers: 11.30.Hv, 12.10.Dm, 12.10.Kt, 12.60.JvGrand uni�ed theories (GUT) of all parti
le-physi
sintera
tions have drawn great attention sin
e the 
las-si
 path of SU (5) uni�
ation has been dis
overed [1℄.In the supersymmetri
 version (MSSM) [2, 3℄, the run-ning e�e
tive 
ouplings of the Standard-Model (SM)gauge group meet almost exa
tly at the GUT s
aleMGUT � 1016 GeV. The SO(10) extension [4℄ further-more in
orporates right-handed neutrinos, while trini�-
ation (SU (3)3 
 Z3) [5, 6, 7℄ and E6 GUTs [8℄ unifyHiggs and matter representations.All mentioned models share the famous doublet-tripletsplitting problem [9℄: embedding all states (in
ludingHiggs) in 
omplete representations implies the existen
eof a pair of 'exoti
' 
olor-triplet ele
troweak-singlet su-per�elds D and D
. Higgs-matter uni�
ation further-more introdu
es two extra Higgs/D/D
 generations. Ifthese have ele
troweak-s
ale masses, their e�e
t on therunning 
ouplings spoils uni�
ation. GUT-invariantD=D
 superpotential intera
tions 
ontain both diquarkand leptoquark 
ouplings and thus indu
e rapid protonde
ay [10℄. To avoid this problem, they are usually pla
ednear the GUT s
ale, although this 
annot be explainedwithout further stru
ture beyond the gauge symmetry.Relaxing GUT 
onstraints on the superpotential, e.g.,in 'string-inspired' E6 models [11℄, the proton-de
ayproblem 
an be removed by imposing dis
rete symme-tries that eliminate either diquark or leptoquark 
ou-plings [12℄. However, the la
k of 
oupling uni�
ationseems to disfavor D=D
 in the light spe
trum; re
entphenomenologal studies [13℄ rely on extra states from in-
omplete representations to make 
onventional uni�
a-tion work.Nevertheless, it is worthwhile to inspe
t therenormalization-group 
ow of a pure spe
trum of 
om-plete GUT representations. In parti
ular, we 
onsiderthe fundamental 27 of E6 that in
ludes, for ea
h mattergeneration, all quark and lepton �elds, Higgs, D=D
, anda 
olorless singlet S.

In su
h a model, the three running gauge 
ouplingsdo not interse
t at a single point. Still, the SU (2)L andU (1)Y 
ouplings do meet at 1015 GeV (Fig. 1). This is arealisti
 mass s
ale for right-handed neutrinos �
, in a
-
ordan
e with see-saw numeri
s if we take into a

ounta possible hierar
hy in right-handed neutrino masses.Adding the �
 �elds at that s
ale, the SM gauge groupmay be extended to a left-right symmetri
 model. The
ombined left-right weak 
oupling runs di�erently fromthe QCD 
oupling and uni�es with it at 1021 GeV. Thisis, however, above the Plan
k s
ale and thus does notlead to a viable GUT model.Instead, we 
an a
hieve uni�
ation below the Plan
ks
ale by slightly extending this model. At 1015 GeV, wepostulate the appearan
e of the Pati-Salam (PS) gaugesymmetry SU (4)C � SU (2)L � SU (2)R � Z2 [14℄. The
orresponding renormalization-group 
ow is shown inFig. 1 (full lines). The ultimate uni�
ation s
ale where asymmetry su
h as SO(10) or E6 
ould emerge is about1018 GeV, perfe
tly 
onsistent with string theory [15℄.(For alternative multi-step uni�
ation s
enarios with andwithout exoti
 matter 
f. [16℄.)Breaking the PS gauge group down to the MSSM gaugegroup at 1015 GeV is a
hieved by just integrating out theright-handed neutrinos, so there is no need for a break-ing me
hanism beyond the one that generates �
 Majo-rana masses. Furthermore, PS gauge bosons do not medi-ate proton de
ay. Considering gauge-super�eld ex
hangeonly, the proton-de
ay s
ale is thus lifted to 1018 GeV.Regarding proton de
ay via superpotential intera
-tions, the PS symmetry does not put Higgs �elds andD=D
 in a 
ommon multiplet; they �ll independent 12;2and 61;1 representations, respe
tively. However, 
ouplinguni�
ation in this model requires their 
oexisten
e in thelight spe
trum. Coupling the latter to matter �elds in aPS-invariant way simultaneously indu
es leptoquark anddiquark 
ouplings and thus rapid proton de
ay. Su
h aterm is unfortunately required to make the D parti
les
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log (µ [GeV])FIG. 1: One-loop running 
ouplings for the MSSM spe
trumwith one (top) or three (bottom) 
omplete matter/Higgs fam-ilies and left-right symmetry above the neutrino mass s
ale.Dashed: SU(3)C�SU(2)L�SU(2)R (SM with left-right sym-metry). Full: SU(4)C �SU(2)L�SU(2)R (Pati-Salam). TheSU(2)L is the same in both 
ases.de
ay.To eliminate the dangerous terms we 
an make use ofthe fa
t that there are three generations of matter. Inthe absen
e of a superpotential, a model with three mat-ter/Higgs families has a SU (3)F 
avor symmetry. (Thenon-anomalous SO(3)F subgroup suÆ
es.) Imposing 
a-vor symmetry on the diquark 
ouplings on top of SU (2)Land SU (2)R symmetry uniquely sele
ts the stru
tureDqLqL = �ab
���
�jkDa�(qL)b�j(qL)

k(D
 analogous), where (a; b; 
), (�; �; 
), and (i; j; k) areindi
es in 
avor, 
olor, and SU (2)L spa
e, respe
tively.Due to the total antisymmetry of three � symbols, thisterm exa
tly vanishes. This property 
ontinues to hold ifwe impose larger gauge symmetries (PS, SO(10), E6) onthe superpotential, as long as SU (2)L�SU (2)R is a sub-group. Flavor symmetry in 
onjun
tion with 
olor andleft-right symmetry thus eliminates diquark 
ouplings,and baryon number automati
ally emerges as a symme-try of the superpotential.While SU (2)L is exa
t down to the TeV s
ale, breakingSU (2)R and SO(3)F at high energies might re-introdu
eD=D
 diquark 
ouplings and thus proton-de
ay opera-tors. To ex
lude them, we have to impose baryon num-

ber on all SU (2)R- and SO(3)F -breaking spurions that
onne
t D or D
 with other �elds: they have to involvequark �elds in 
olor-singlet pairs (or respe
t 
avor sym-metry). This is easy to realize sin
e any spontaneoussymmetry-breaking 
an be asso
iated to 
ondensates atmost bilinear in �elds of the fundamental representation.After integrating out gauge super�elds, baryon numberemerges as an exa
t symmetry of the low-energy theory.The 
avor symmetry needs not leave obvious tra
es.We illustrate this in form of a toy model that does notrefer to spe
i�
 features of supergravity or string theory.Let us assume that all matter and asso
iated �elds derivefrom fundamental 248 representations of E8 [17℄, whi
hhas E6� SU (3) as a maximal subgroup. We identify E6with the GUT symmetry and SU (3), departing from thestandard 
onstru
tion for string 
ompa
ti�
ation [11℄,with 
avor. The multiplet de
omposes into a 
avor-triplet of matter 273, a mirror image triplet 27�3, an E6adjoint 781, and the SU (3)F adjoint 18 (
f. e.g. [18℄).We may assume an in�nite (Kaluza-Klein) tower ofsu
h multiplets and introdu
e quarti
 
ouplings whi
h inthe E6 de
omposition 
ontain (273)i(27�3)i(273)j(27�3)j .An asymmetri
 spurion (
ondensate) h(273)ai (27�3)bji =ÆabÆj;i+1 breaks E8 and removes all mirror matter fromthe massless spe
trum, leaving one zero mode (273)0.To redu
e the symmetry further down to the Pati-Salamgroup, we introdu
e a spurion h12;212;2i, i.e., the �-term-type 
oupling of mirror-Higgs super�elds whi
h o

urs inthe de
omposition of 27�327�3. This also breaks 
avorsymmetry. To distinguish the third generation, we 
analso allow for h27�3i � h11;1i. (By itself, the latter wouldbreak E6 to SO(10), the standard GUT path.)Similar to the diquark 
oupling dis
ussed before, thetrilinear E6 superpotential 273 273 273 vanishes identi-
ally if 
avor symmetry is imposed, so all matter self-intera
tions are e�e
tively generated by symmetry break-ing. Looking at other trilinear terms, we 
an have(273 781 27�3), (781 781 781), (273 18 27�3), and 18 18 18.The e�e
tive superpotential results from inserting 
on-densates for 27�3 and integrating out the remaining �eldsin 781 and 18. For these, E6�SU (3)F invarian
e allowsfor mass terms.This 
onstru
tion generates all MSSM superpotentialterms, subje
t to Pati-Salam symmetry, and 
ouplingsSD
D and SHuHd. Con
erning baryon number, theonly dangerous term is 781 781 781 whi
h after insert-ing the (
olorless) 
ondensates into 273 781 27�3 and in-tegrating out the 781 results in additional trilinear mat-ter 
ouplings. However, the 
olor-triplet leptoquarks X
ontained in the 781 do not have a self-
oupling: XXXagain vanishes by total antisymmetry with respe
t to all
olor, left, and right indi
es.A �eld with right-handed neutrino quantum numbersis present among the 
olor- and 
avorless �elds 
ontainedin the 781. If this 
ondenses, a quarti
 term (277827)2in the e�e
tive superpotential generates a right-handed



3neutrino mass in a

ordan
e with the seesaw me
ha-nism [19℄ and breaks the PS symmetry down to the SMgauge group. Near the ele
troweak s
ale, an S 
onden-sate generates a � term, and standard radiative breakingof the ele
troweak symmetry 
an o

ur.We do not attempt to extend this model to a full the-ory of gauge and 
avor stru
ture. Further studies shouldanswer the question whether some 
onstru
tion that im-plements the main ideas 
an a

ount for realisti
 mixingpatterns in both quark and lepton se
tors.Departing from parti
ular toy-model features, the low-energy parti
le spe
trum of the Pati-Salam GUT modelsdis
ussed here is a subset of the well-known spe
trum ofE6-type models, without the need for Higgs states outsidethe E6 matter multiplets [20℄. It depends on the numberof non-MSSM (Higgs, leptoquark) generations that sur-vive at low energies. The minimal version 
ontains justthe MSSM spe
trum, augmented by one 
olor-triplet ofD leptoquark super�elds. The maximal version displaysthree full families of E6 matter in
luding three D lep-toquarks, three families of super�elds with the quantumnumbers of the MSSM Higgs doublets, and three SM sin-glet super�elds S.A natural me
hanism to keep the 
omplete spe
trumlight is to have a U (1) subgroup of the E6 gauge sym-metry unbroken. Soft supersymmetry (SUSY) breakingwould trigger radiative breaking of this extra U (1) atthe TeV s
ale. All Higgs and leptoquark �elds haveU (1) 
harges su
h that GUT-s
ale mass terms are ex-
luded, implying the existen
e of a Z0 boson in the TeVrange [21℄. Alternatively, this lo
al symmetry may bebroken at the high s
ale. In that 
ase, va
uum expe
-tation values (VEVs) for S �elds 
ould provide GUT-s
ale mass terms for some Higgs/leptoquark families.To avoid axions, GUT-s
ale U (1) breaking should, viahigher-dimensional terms, indu
e expli
it U (1)-breakingin the low-energy Lagrangian. These terms 
ould be inthe superpotential (S3) or in the soft SUSY-breakingpart.At the s
ale of soft SUSY breaking, VEVs are allowedfor the neutral 
omponents of Hu;Hd, and for S. In allnon-minimal versions of the model, these 
ondensates,hHui; hHdi; hSi, are ve
tors in family spa
e. The Higgsand S super�eld ve
tors 
an be rotated su
h that onlyone 
omponent, the third one, gets a VEV and providesMSSM-like Hu and Hd s
alars and higgsinos.Yukawa 
ouplings to matter are possible also for thetwo unhiggs generations hu; hd; � that do not get aVEV [22℄. To avoid FCNCs via double ex
hange of
harged unhiggses, the Yukawa matrix entries for themshould either be small [13℄ or vanish exa
tly [12℄. The lat-ter 
ase is equivalent to an extra Z2 symmetry,H-parity,whi
h is odd just for the unhiggs super�elds. Conser-vation of H-parity would make the lightest unhiggs (orunhiggsino) a dark-matter 
andidate [23℄, adding to thelightest superparti
le (LSP) as the dark-matter 
andidate

of R-parity 
onservation.In
identally, baryon-number 
onservation via 
avorsymmetry eliminates the need for R-parity 
onservation.If we keep lepton number as an a

idental symmetry be-low PS-breaking, R-parity 
onservation emerges as a de-rived result. Alternatively, we 
ould drop lepton numberand thus introdu
e the full phenomenology of R-parityviolation, while dark matter is provided by unhiggses.Even if the unhigges hu; hd have negligible 
ouplingsto ordinary matter, they 
an still be pair-produ
ed at
olliders. Their de
ays involve ordinary Higgses (in
lud-ing singlets), gauge bosons, or 
harginos and neutralinos.Some of these signals are dete
table at the LHC, all areeasily identi�able at the ILC. Unhiggses 
ould also o
-
ur in de
ay 
as
ades of higher-level Higgses, 
harginos,and neutralinos if kinemati
ally allowed. Alternatively,ifH-parity does not play a role, unhigges may 
ouple sig-ni�
antly to some light quarks and leptons. In this 
ase,there is resonant produ
tion in q�q annihilation.The parti
les asso
iated with singlet super�elds S 
on-sist of one s
alar, one pseudos
alar, and one neutralinoea
h. They are all neutral and mix with other Higgs andhiggsino states. Produ
tion and de
ay o

urs via mix-ing only, signals are thus similar to MSSM Higgses andneutralinos.The leptoquark super�elds D and D
 a
quire Dira
masses proportional to hSi. The masses are 
onsiderablyenhan
ed by renormalization-group running, but someof them 
ould be suppressed by small Yukawa 
ouplingsto S. Thus, at the LHC we expe
t up to three down-types
alar leptoquarks with arbitrary masses. Depending onthe stru
ture of leptoquark 
ouplings, various de
ay pat-terns are possible. The most likely variant is dominant
oupling to the third generation, so leptoquarks are pair-produ
ed in gg fusion and de
ay into t� or b�� �nal states.They would also show up in 
as
ades of gluino or squarkde
ay, if kinemati
ally allowed. The superpartners (`lep-toquarkinos') should be somewhat lighter, de
aying into~t� , t~� , ~b�� , or b~�� .The role of 
avor symmetry in prohibiting diquark 
ou-plings of D �elds suggests another s
enario: if the domi-nant terms that indu
e leptoquark 
ouplings exhibit 
a-vor symmetry, leptoquark de
ays involve all generationssimultaneously. This would lead to distin
tive signaturessu
h as t�, te, or light jet plus � or � . Additional pro-du
tion 
hannels gq ! D` would appear. Analogousstatements hold for the 
orresponding fermion superpart-ners ~D.In 
on
lusion, we have explored a SUSY-GUT s
e-nario without doublet-triplet splitting, su
h that the low-energy spe
trum 
ontains 
olor-triplet leptoquarksD andtheir superpartners. The 
onstraint of gauge-
ouplinguni�
ation then points to the existen
e of two distin
thigh-energy s
ales. The �rst threshold is at 1015 GeVwhere the MSSM gauge group is extended to the Pati-Salam group SU (4)C � SU (2)L � SU (2)R and right-



4handed neutrino masses are generated. At the higher en-ergy 1018 GeV, slightly below the Plan
k s
ale, 
ompleteuni�
ation (e.g., E6) is lo
ated, possibly in the 
ontextof a superstring theory.While gauge intera
tions in a Pati-Salam GUT do nottrigger proton de
ay, proton de
ay via superpotentialterms 
an be eliminated by an underlying 
avor sym-metry. R-parity 
onservation is no longer a requirement.Combining this with another symmetry that forbids FC-NCs, sour
es for dark matter di�erent from the MSSMappear. Sin
e the model has a 
onsiderable quantityof new parameters in the superpotential, there are nounique predi
tions for their masses or non-gauge intera
-tions. The LHC will 
ertainly allow for dis
overy or ex-
lusion of leptoquark/-inos up into the TeV range. The(optional) presen
e of a Z 0 
ould easily be established.On the other hand, some weakly intera
ting states areeasy to miss at the LHC, and a thorough analysis at theILC will likely be needed for 
ompletely un
overing thisse
tor. A
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