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Squarks and Sleptons between Branes and Bulk {Gaugino Mediation and Gravitino Dark Matter in an SO(10) Orbifold GUT aJ. KERSTENDESY Theory Group, Notkestr. 85,22603 Hamburg, Germany

We study gaugino-mediated supersymmetry breaking in a six-dimensional SO(10) orbifoldGUT model where quarks and leptons are mixtures of brane and bulk �elds. The 
ouplings ofbulk matter �elds to the supersymmetry breaking brane �eld have to be suppressed in orderto avoid large FCNCs. We derive bounds on the soft supersymmetry breaking parametersand 
al
ulate the superparti
le mass spe
trum. If the gravitino is the LSP, the ~�1 or the ~��Lturns out to be the NLSP, with 
hara
teristi
 signatures at future 
olliders and in 
osmology.1 Introdu
tionSupersymmetri
 orbifold GUTs are attra
tive 
andidates for uni�ed theories explaining themasses and mixings of fermions, see for example 2;3;4. Features like doublet-triplet splittingand absen
e of dimension-�ve proton de
ay operators, whi
h are diÆ
ult to realise in four-dimensional grand uni�ed theories, are easily obtained. In order to add predi
tions for thesuperparti
le mass spe
trum, an orbifold model has to be supplemented by a s
enario for SUSYbreaking. Given the higher-dimensional setup with various branes, this s
enario involves ingeneral both bulk and brane �elds.A

ording to this reasoning, we 
ombine an SO(10) theory in six dimensions, proposedin 5, with gaugino-mediated SUSY breaking 6;7. The orbifold 
ompa
ti�
ation of the two extradimensions has four �xed points or \branes". On three of them, three quark-lepton generationsare lo
alised. The Standard Model leptons and down-type quarks are linear 
ombinations ofthese lo
alised fermions and a partial fourth generation living in the bulk. This leads to theobserved large neutrino mixings. On the fourth brane, a �eld S develops an F -term va
uumaTalk presented at the XLIst Ren
ontres de Moriond, Mar
h 11-18, 2006, La Thuile, Italy. Based on workdone in 
ollaboration with Wilfried Bu
hm�uller and Kai S
hmidt-Hoberg 1.



Table 1: Charge assignments for the symmetries U(1)R and U(1) ~XH1 H2 �
 H3 � H4  i �
 � H5 H6 SR 0 0 0 2 0 2 1 1 1 1 1 0~X -2a -2a -a 2a a -2a a -a a 2a -2a 0expe
tation value (vev) breaking SUSY. As the gauge and Higgs �elds propagate in the bulk,they feel the e�e
ts of SUSY breaking. Thus, gauginos and Higgs s
alars obtain soft masses.The soft masses and trilinear 
ouplings of the s
alar quarks and leptons approximately vanish atthe 
ompa
ti�
ation s
ale. Non-zero values are generated by the running to low energies, whi
hleads to a realisti
 superparti
le mass spe
trum. If the gravitino is the lightest superparti
le(LSP), it 
an form the dark matter. The next-to-lightest superparti
le (NLSP) is then a s
alartau or a s
alar neutrino, whi
h is 
onsistent with 
onstraints from big bang nu
leosynthesis.2 The Orbifold GUT ModelWe 
onsider an N = 1 supersymmetri
 SO(10) gauge theory in 6 dimensions 
ompa
ti�edon the orbifold T 2= (Z2 � Z02 � Z002) 5. The theory has 4 �xed points, Oi, Ops, Ogg and O
,lo
ated at the 
orners of a \pillow" 
orresponding to the two 
ompa
t dimensions. At Oithe full SO(10) survives, whereas at the other �xed points SO(10) is broken to its subgroupsGps = SU(4)� SU(2)� SU(2), Ggg = SU(5)�U(1)X and 
ipped SU(5),G
 = SU(5)0� U(1)0,respe
tively. The interse
tion of these GUT groups yields the Standard Model group with anadditional U(1) fa
tor, Gsm0 = SU(3)� SU(2)� U(1)Y � U(1)X, as unbroken gauge symmetrybelow the 
ompa
ti�
ation s
ale, whi
h we identify with the GUT s
ale.The �eld 
ontent of the theory is strongly 
onstrained by requiring the 
an
ellation of bulkand brane anomalies. The brane �elds are the 16-plets  1;  2;  3. The bulk 
ontains six 10-plets, H1; : : : ; H6, and four 16-plets, �;�
; �; �
, as hypermultiplets. Vevs of � and �
 break thesurviving U(1)B�L. The ele
troweak gauge group is broken by expe
tation values of the doublets
ontained in H1 and H2. The zero modes of �; �
 and H5; H6, a
t as a fourth generation of downquarks and leptons and mix with the three generations of brane �elds. We allo
ate these 16-pletsto the branes where SO(10) is broken, pla
ing  1 at Ogg,  2 at O
 and  3 at Ops. The three\families" are then separated by distan
es large 
ompared to the 
uto� s
ale �. Hen
e, they
an only have diagonal Yukawa 
ouplings with the bulk Higgs �elds. The brane �elds, however,
an mix with the bulk zero modes without suppression. As these mixings take pla
e onlyamong left-handed leptons and right-handed down-quarks, we obtain a 
hara
teristi
 patternof mass matri
es. The allowed terms in the superpotential are restri
ted by R-invarian
e andan additional U(1) ~X symmetry with the 
harge assignments given in Tab. 1. The most generalsuperpotential satisfying these 
onstraints is given in5. It determines the SUSY-
onserving massterms and Yukawa 
ouplings.Soft SUSY-breaking terms are generated by gaugino mediation 6;7. A gauge-singlet 
hiralsuper�eld S, whi
h is lo
alised at the �xed point Oi, a
quires a non-vanishing vev for its F -term
omponent. Supersymmetry is then fully broken and the breaking 
an be 
ommuni
ated to bulk�elds by dire
t intera
tions. In the 
ase of the gauginos, these are of the formLS � g24h4� Z d2� SW�W� + h.
. ; (1)where g4 is the four-dimensional gauge 
oupling and h is a dimensionless 
oupling. Furtherintera
tions that are relevant for SUSY breaking and respe
t all symmetries are obtained bymultiplying terms in the superpotential by S=�.



Soft masses for the Higgses and for all bulk matter �elds, as well as a �- and a B�-term arisefrom the K�ahler potential. In order to obtain a �-term, we assume the global U(1) ~X symmetryto be only approximate and allow for expli
it breaking here. Although the �-term itself is not asoft term, it is thus generated only after SUSY breaking via the Giudi
e-Masiero me
hanism 8.The MSSM squarks and sleptons live on di�erent branes than S. Therefore, they obtainsoft masses only via loop 
ontributions through the bulk, whi
h are negligible here, and viarenormalisation group running.3 The S
alar Mass Matri
es and FCNCsFrom the superpotential one obtains 4� 4 matri
es of the formm = 0BB� �1 0 0 e�10 �2 0 e�20 0 �3 e�3fM1 fM2 fM3 fM4 1CCA (2)for the down-type quark, 
harged lepton and Dira
 neutrino masses. Here �i; e�i � v andfMi � MGUT. While �i and e�i have to be hierar
hi
al, we assume no hierar
hy between thefMi. The up-type quark and Majorana neutrino mass matri
es are diagonal 3� 3 matri
es, sin
ethe 
orresponding �elds do not have partners in the bulk. At the 
ompa
ti�
ation s
ale, weintegrate out the heavy degrees of freedom to obtain an e�e
tive theory with three generations.This requires blo
k-diagonalising the mass matri
es m by transformations involving unitarymatri
es U4 and V4. In the 
ase of the leptons, V4 
ontributes to the observed large mixingbetween the left-handed �elds. On the other hand, U4 is 
lose to the unit matrix, so that thereis only small mixing among the right-handed �elds. The situation is reversed in the down-quarkse
tor, where the right-handed �elds are strongly mixed while the left-handed ones are not.Only the s
alars of the fourth generation, whi
h are very heavy, obtain soft masses, sin
ethey are bulk �elds. However, the transformations diagonalising the fermion mass matri
estransmit SUSY-breaking e�e
ts from the fourth to the light generations. As some of them 
auselarge mixing, there are soft mass matri
es whose o�-diagonal elements are generi
ally of similarsize as the diagonal elements in a basis where quark and lepton mass matri
es are diagonal.This leads to una

eptably large 
avour-
hanging neutral 
urrents. We expe
t this problem tobe generi
 in higher-dimensional theories with mixing between bulk and brane matter �elds aslong as the bulk �elds 
an 
ouple to the hidden se
tor. In the following, we shall assume thatsoft masses for bulk matter �elds, 
ontrary to the bulk Higgs �elds, are strongly suppressed.4 The Low-Energy Sparti
le Spe
trumImposing vanishing soft masses for the bulk matter �elds, the boundary 
onditions at the 
om-pa
ti�
ation s
ale are those of the usual gaugino mediation s
enario with bulk Higgs �elds 7,g1 = g2 = g3 = g ' 1p2 ; (3)M1 =M2 =M3 = m1=2 ; (4)m2~�L = m2~�R = 0 for all squarks and sleptons ~� ; (5)A~� = 0 for all squarks and sleptons ~� ; (6)�;B�;m2~hi 6= 0 (i = 1; 2) : (7)



As a ben
hmark point for our dis
ussion, we 
hoose m1=2 = 500GeV, tan� = 10 andsign(�) = +1. The LSP 
an be the gravitino, with a mass between 50 and 100GeV 9. Thevalues of � and B� are determined by the 
onditions for ele
troweak symmetry breaking. Inorder to �nd the spe
trum at low energy, we have to take into a

ount the running of theparameters. We employ SOFTSUSY10 for this purpose.The 1-loop running of the gaugino masses does not depend on the s
alar masses, so thattheir low-energy values remain virtually the same in all 
ases as long as we do not 
hange m1=2.Numeri
ally, we �nd M1(MZ) ' 200GeV, M2(MZ) ' 380GeV, and M3(MZ) ' 1200GeV. Togood approximation, the lightest neutralino is the bino and the se
ond-lightest one is the wino,unless the soft Higgs mass m2~h2 is sizable. In the latter 
ase, the ele
troweak symmetry breaking
onditions lead to a rather small �, so that there is signi�
ant mixing between the neutralinos.One 
onstraint on the model parameters is that the running down to the weak s
ale mustnot produ
e ta
hyons. This yields an upper bound on m2~h1 . The bound on m2~h2 is due to theexperimental limits on the superparti
le masses 11. If the initial value of m2~h2 is too large, thismass squared 
rosses zero at a rather low energy, so that its absolute value at the ele
troweaks
ale is small. Consequently, the � parameter is also small, leading to a Higgsino-like 
harginowith a mass below the 
urrent limit of 94GeV. This limit on m2~h2 is the relevant one for almostall values of m2~h1 . Only for very small m2~h1 , the experimental requirement that the ~�1 be heavierthan 86GeV be
omes more restri
tive. The resulting allowed region in parameter spa
e is thegray-shaded area in Fig. 1.In Fig. 2, we show the superparti
le spe
tra we obtain at the 4 points in parameter spa
emarked by dots in Fig. 1. Due to the large e�e
ts of the strong intera
tion, the squark massesexperien
e the fastest running and end up around a TeV. If all s
alar soft masses vanish at theGUT s
ale (point 1), the left-handed slepton masses 
hange signi�
antly in the beginning, butafterwards the evolution 
attens. They rea
h values between 300 and 400GeV at low energies.The 
attening of the evolution is even more pronoun
ed for the right-handed slepton masses.As a 
onsequen
e, these s
alars remain lighter than the lightest neutralino 6. This is also the
ase for m2~h2 > m2~h1 (point 3), sin
e then the evolution of the right-handed slepton masses isslowed down further, while that of the left-handed masses is enhan
ed.For m2~h1 > m2~h2 , important 
hanges 
an o

ur 7;12;13, in parti
ular in the slepton spe
trum.For the largest possible di�eren
e of the soft Higgs masses, the left-handed sleptons remainrelatively light, with a low-energy mass below 200GeV. Contrary to that, the right-handedslepton masses run unusually fast near the GUT s
ale and rea
h values 
lose to 400GeV at lowenergy. Thus, the NLSP is a sneutrino in this 
ase12, with a slightly heavier stau ~�1 (
f. point 2).If m2~h1 is neither 
lose to zero nor to its upper bound (point 4), the running of the right-handedslepton masses is suÆ
iently enhan
ed to lift them above the lightest neutralino mass. At thesame time, the running of the left-handed slepton masses is damped weakly enough, so thatthey are heavier than the lightest neutralino, too 7;12. A neutralino NLSP together with agravitino LSP heavier than a GeV is ex
luded by 
osmology, see e.g. 14 for the most re
entanalysis. Therefore, this 
ase is only viable if the neutralino is the LSP while the gravitino isheavier. This is possible, be
ause we only have a lower bound on the gravitino mass in gauginomediation. The 
orresponding region in parameter spa
e is the dark-gray area in Fig. 1.Varying the high-energy gaugino mass simply leads to a res
aling of the s
alar spe
trumto a �rst approximation. If m1=2 is in
reased while keeping the other soft masses �xed, thespe
trum 
omes 
loser to the one obtained in the minimal 
ase of vanishing s
alar masses. TheLEP bound on the lightest Higgs mass leads to a lower bound onm1=2. If m2~h1 takes its maximalvalue, a uni�ed gaugino mass of slightly less than 400GeV is 
ompatible with the LEP bound(for mt = 172:7GeV).
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Figure 1: Allowed region for the soft Higgs masses. In the dark-gray area, a neutralino is lighter than all sleptons.For the points marked by the dots, the resulting superparti
le mass spe
trum is shown in Fig. 2.
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tra of superparti
le pole masses. The numbers at the bottom 
orrespond to the points in parameterspa
e marked by the 
oloured dots in Fig. 1. The high-energy boundary 
onditions for the soft Higgs masses werem2~h1 = m2~h2 = 0 (point 1), m2~h1 = 2:7TeV2, m2~h2 = 0 (point 2), m2~h1 = 0, m2~h2 = 0:5TeV2 (point 3), andm2~h1 = 2:7TeV2, m2~h2 = 0:5TeV2 (point 4), respe
tively. In all 
ases, we used m1=2 = 500GeV, tan� = 10 andsign(�) = +1. As the �rst and se
ond generation s
alars are degenerate, only the �rst generation is listed in the�gure. Parti
les with a mass di�eren
e of less than about 3GeV are represented by a single line. The heavierneutralinos and the 
harginos have been omitted for better readability.



A 
hange of tan � leads to a 
hange of the mass splitting between the third generation andthe �rst two. If tan� is signi�
antly smaller than 10, the value used in our ben
hmark s
enario,the Higgs mass bound leads to severer restri
tions. If tan� < 6, this bound is violated even formaximal mt and m2~h1 , i.e. a gaugino mass larger than 500GeV is required. For larger values oftan�, the lighter stau mass de
reases a lot faster at lower energies. Hen
e, the parameter spa
eregion shrinks where the lightest neutralino is lighter than the ~�1. For tan� = 25, this regionalmost vanishes. On the other hand, the soft Higgs masses have to satisfy severer upper boundsin order to avoid ta
hyons and a too light stau. For tan� = 35, the model is only viable if allsoft s
alar masses vanish at the GUT s
ale, and for tan� > 35 the lighter stau mass always liesbelow its experimental limit unless the gauginos are heavier than 500GeV. We 
on
lude thatthe model favours 10 . tan� . 25.5 Con
lusionsWe have dis
ussed gaugino-mediated SUSY breaking in a six-dimensional SO(10) orbifold GUTwhere quarks and leptons are mixtures of brane and bulk �elds. The 
ouplings of bulk matter�elds to the SUSY breaking brane �eld have to be suppressed in order to avoid 
avour-
hangingneutral 
urrents. The 
ompatibility of the SUSY breaking me
hanism and orbifold GUTs withbrane and bulk matter �elds is a generi
 problem whi
h requires further studies.The parameters relevant for the superparti
le mass spe
trum are the universal gaugino mass,the soft Higgs masses, tan� and the sign of �. We have analysed their impa
t on the spe
trumand determined the region in parameter spa
e that results in a viable phenomenology. The modelfavours moderate values of tan� between about 10 and 25. The gaugino mass at the GUT s
aleshould not be far below 500GeV in order to satisfy the LEP bound on the Higgs mass. Typi
ally,the lightest neutralino is bino-like with a mass of 200GeV, and the gluino mass is about 1:2TeV.Either the right-handed or the left-handed sleptons 
an be lighter than the neutralinos. The
orresponding region in parameter spa
e grows with tan�. In this region, the gravitino is theLSP with a mass around 50GeV. The ~�1 or the ~��L is the NLSP. A sneutrino NLSP has theadvantage that 
onstraints from big bang nu
leosynthesis and the 
osmi
 mi
rowave ba
kgroundare less stringent 15. For a stau NLSP, on the other hand, there exists the ex
iting possibilitythat its de
ays may lead to the dis
overy of the gravitino in future 
ollider experiments 16.Referen
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