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SUPERSYMMETRIC FLAVOUR AND CP PROBLEMSFROM A COSMOLOGICAL PERSPECTIVE�Leszek RoszkowskiTheory Division, CERN, Geneva CH-1211, SwitzerlandandDepartment of Physi
s, University of Lan
asterLan
aster LA1 4YB, England(Re
eived Mar
h 29, 2001)A solution to the supersymmetri
 �avour and CP problems in whi
hthe �rst two generations of sfermions are heavier than a few TeV and ap-proximately degenerate in mass is re-
onsidered from a 
osmologi
al per-spe
tive. It is shown that if the lightest supersymmetri
 parti
le is essen-tially bino-like then requiring that all �avour 
hanging neutral 
urrent andCP -violating pro
esses are adequately suppressed, imposes severe limits onthe bino mass, typi
ally m eB & (200�300) GeV. This leads to di�
ultiesfor models implementing the s
enario of heavy sfermion masses.PACS numbers: 12.60.Jr, 11.30.Er1. Flavour and CP problemsStringent experimental 
onstraints on �avour-
hanging neutral 
urrent(FCNC) and CP-violating pro
esses provide a very narrow gate for newphysi
s beyond the Standard Model (SM). In the SM, the absen
e of large�avour and CP -violating pro
esses may be regarded as an a

idental prop-erty resulting from its parti
le 
ontent whi
h is typi
ally not shared by newphysi
s models seeking to repla
e the SM. Su
h models by de�nition 
ontainmore states and intera
tions whi
h invariably give new, and typi
ally large,
ontributions to �avour and CP -violating pro
esses. These new intera
tionsare proportional to 1=� where � is the s
ale of new physi
s. Unless � 
an bepushed to very high values, a problem will o

ur and may sometimes evenlead to fatal 
onsequen
es (like in the 
ase of te
hni
olour models).� Presented at the Cra
ow Epiphany Conferen
e on b Physi
s and CP Violation,Cra
ow, Poland, January 5�7, 2001. (1909)



1910 L. RoszkowskiThese problems are also a serious 
hallenge for supersymmetry (SUSY).There, the s
ale � is the SUSY breaking s
ale and is not expe
ted to ex
eedthe 1 TeV s
ale by too mu
h. As a result, the requirement of 
onsisten
y withexperimental data imposed strong 
onstraints on the stru
ture of �avour andCP se
tors in SUSY theories. This has far-rea
hing 
onsequen
es for SUSYmodel building. Although the �avour 
hanging elements in the sfermionmass matri
es as well as the CP violating phases are free parameters inSUSY, ultimately their values have to be obtained from a theory of softSUSY breaking and fermion mass generation. Therefore, experimental 
on-straints provide us with useful suggestions towards su
h a theory.There exist several 
lasses of solutions to the SUSY �avour and CPproblems. One is that for some reasons the pattern of the sfermion massmatri
es at the weak s
ale is very spe
ial: they are either very 
lose tothe unity matrix in �avour spa
e (�avour universality) [1℄ or they have astru
ture, but they are diagonal in the basis set by the quark mass matrix(alignment) [2℄. Under these spe
ial 
onditions, the FCNC e�e
ts are tinyand the CP violating phases at the weak s
ale are either highly suppressedor e�
iently s
reened. Furthermore, if high degenera
y of the �rst twosfermion generations o

urs, their masses are bounded from below only bythe present dire
t sear
hes.Another and perhaps the most straightforward possibility is to assumethat the masses of the �rst and se
ond generation of sfermions are largerthan a few TeV [4, 5℄ and mu
h larger than the masses of sfermions of thethird generation. This does not ne
essarily lead to problems with natural-ness [9℄. The 
ontribution to "K from the �rst two sfermion generations isgeneri
ally still too large for CP violating phases � O(1). However, thiss
enario be
omes tenable when further approximate degenera
y in the massspe
trum of the �rst two generations of squarks is present, su
h as in modelswith non-Abelian horizontal symmetries [5�7℄. In this way, the suppressionof FCNC e�e
ts in the MSSM is a
hieved and the SUSY 
ontributions toCP violating observables are small even for CP violating phases of orderunity. In other words, this �irrelevan
y� approa
h alleviates both the �avourand CP problems.On the other hand, the 
osmologi
al reli
 density of stable parti
les 
anoften provide stringent bounds on the parameter spa
e of a given model. Inthe MSSM with R-parity 
onservation, the lightest supersymmetri
 parti-
le (LSP), is absolutely stable and its 
ontribution to the reli
 abundan
e
LSPh2 in the Universe may be in
onsistent with the bound 
LSPh2 . 1.The reli
 abundan
e of the LSP is determined by its annihilation 
ross se
-tion, whi
h depends sensitively upon the masses of the various parti
lesmediating the annihilation pro
esses. For instan
e, in the 
ase when theLSP is a bino-like neutralino, whi
h we denote by �, large sfermion masses
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ally in
onsistent with the 
osmologi
al bound 
�h2 . 1, unless theannihilation rate of the LSP into s
alar and gauge bosons is e�
ient enoughand/or near resonan
es. It is therefore reasonable to expe
t that 
ombiningthe experimental bounds on FCNC and CP violating phenomena with thebounds 
oming from 
osmologi
al 
onsiderations will help us in signi�
antly
onstraining the parameter spa
e of the MSSM.In this talk [9℄ I will aim to demonstrate how the 
osmologi
al bound
LSPh2 . 1 often signi�
antly 
onstrains the irrelevan
y s
enario. I willshow that when parameters are 
hosen so that the LSP is predominantly abino, the requirement 
�h2 . 1 often pla
es a severe lower bound on theLSP mass. This result may have ri
h impli
ations for the 
lass of SUSYmodels whi
h explain the suppression of the FCNC and CP violating e�e
tsby de
oupling the �rst two generations of sfermions.2. Limits from FCNC and CP on the 3rd generation sfermionsLet us �rst brie�y dis
uss the limits one 
an infer from the FCNC andCP violating e�e
ts on the masses of the third sfermion generation in thiss
enario. We will generi
ally assume that the third generation sfermions arelighter than a TeV. While bounds on the stops are fairly weak, larger e�e
tsarise for the sbottom and stau. The stringiest bound that one 
an obtain onthe sbottom mass follows from the "K parameter of K0� �K0 mixing. In thelimit that m eb � m ebL ' m ebR the bound resulting from the "K parameteris [10, 11℄�1 TeVm eb �2 ���V Q13V Q23V D13V D23 ��� sin'1 f  m2egm2eb! . 3:24 � 10�5 ; (1)where V Q;D are �avour mixing matri
es (that de�ne the rotations whi
hdiagonalise the quark mass matrix in the basis where m2eQ; eD are diagonal),'1 = Arg(V Q13V Q�23 V D13V D�23 ) is a CP -violating phase and f(x) is given inRef. [9℄. Noti
e that the bound (1) depends on the parti
ular details ofthe �avour mixing. Sin
e we are 
onsidering models that do not have anyspe
ial me
hanisms for the �avour and CP -stru
ture, we will generi
allyassume the CP -phase to be maximal with sin'1 � 1. In order to understandhow the magnitude of the o�-diagonal matrix elements a�e
ts the bound wewill 
ompare our results with a CKM-like parameterisation of the mixingmatri
es of the form V Q;D =0� 1 � �3� 1 �2�3 �2 1 1A ; (2)



1912 L. Roszkowskiwhere � � 0:2 is a Cabibbo-like angle. The bound (1) is very sensitive tothe amount of mixing between the �rst two and third generations. For arbi-trary parameterisations of the mixing matrix we will present our results byde�ning an average o�-diagonal element V 1 � ���V Q13V Q23V D13V D23 ���1=4 =(0:2)5=2,where V 1 = 1 
orresponds to the CKM parameterisation (2). For thespe
ial limit m eb ' m eg the sbottom mass bound arising from Eq. (1) ism eb & 800 V 21 GeV. Clearly, the bound be
omes weak when the amount of�avour mixing V 1 ! 0. This is the 
ase when there are spe
ial me
hanismsoperating su
h as universality or alignment. The general behaviour for ar-bitrary m eb and m eg 
an be seen in Fig. 1(a), where 
ontours of the lowerbound on the sbottom mass are shown for various values of V 1. In the �gure,m eb is plotted as a fun
tion of the bino mass m eB where at the ele
troweaks
ale m eg ' 7m eB , whi
h follows from our assumption of gaugino mass uni-�
ation. One 
an see that, for values of V 1 >� 1, the lower bounds on either
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Fig. 1. (a) � Lower bounds on the sbottom mass for various 
ontours of V 1 fromthe "K parameter of K0 � �K0 mixing (solid line) and V 2 from the down quarkele
tri
 dipole moment (dashed line). (b) � Lower bounds on the stau mass forvarious 
ontours of V 3 from �! e
 (dashed line) and V 4 from the ele
tri
 dipolemoment of the ele
tron (solid line) where A0� = 1 TeV and sin'4 � 1.the mass of the sbottom or the gluino is quite signi�
ant, in the range ofhundreds of GeV or more. Noti
e, however, that the lower mass bound fromK0� �K0 mixing disappears as the mass of the gluino or sbottom ex
hangedin the loop be
omes very large. However, for large gluino mass a strongerlower bound 
an be obtained by 
onsidering the 
ontribution of the sbottomleft�right mixing to the down quark ele
tri
 dipole moment (EDM) [10,11℄.
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ontribution and relevant de�nitions 
an be foundin Ref. [9℄ and is presented in Fig. 1(a), where V 2 � ���V Q13V D13 ���1=2 =(0:2)3 isplotted for A0b = 10 TeV.Similar bounds 
an also be obtained for the stau and these follow from the�avour-violating pro
ess � ! e
 and the ele
tron EDM [10, 11℄. Again wewill assume that m e� � m e�L ' m e�R . They are dis
ussed in detail in Ref. [9℄and are presented in Fig. 1(b) for several values of V 3 � (V L13V E23)1=2=(0:2)5=2(dashed line) and V 4 = ��V L13V E13 ��1=2 =(0:2)3 (solid line). Noti
e that the
onstraints on the stau mass obtained from the ele
tron EDM are mu
hstronger than those from �! e
.3. Bounds from 
osmologyLet us now turn to the 
osmologi
al impli
ations on the bino mass fromthe stringent lower bounds on the mass of the third generation sfermionsresulting from the FCNC and CP -violating pro
esses. We will be parti
u-larly interested in the 
osmologi
al reli
 abundan
e of the LSP when it is apredominantly bino-like neutralino, with only a small admixture of the winoand the higgsino in its 
omposition. In the MSSM one usually assumes thatthe neutralino is the LSP for astrophysi
al reasons: it is a weakly-intera
tingstable massive parti
le for whi
h astrophysi
al bounds are very weak and it
an serve as an ex
ellent dark matter 
andidate when it is mostly a bino [12℄.A predominantly bino-like LSP 
orresponds to the 
ase j�j >�M1 where� is the Higgs/higgsino mass parameter and M1 is the soft-mass of the bino.We note that a bino-like neutralino naturally arises as the only neutral LSPas a result of requiring radiative ele
troweak symmetry breaking (EWSB).While this has been shown to be true mainly in the 
ase of universal softmasses at the uni�
ation s
ale [13℄, there are good reasons to believe thatthis will also remain valid in the 
ase studied here [9℄.In order for a bino-like neutralino to give 
�h2 � 1, at least somesfermion masses should normally not ex
eed a few hundred GeV [12℄. Inour numeri
al analysis we have in
luded all relevant �nal states of the neu-tralino annihilation and all ex
hange 
hannels for the general 
ase of anyneutralino 
omposition. However, in the nearly pure bino limit the domi-nant annihilation 
hannel is into �nal state (ordinary) 
harged fermions viathe (lightest) sfermion ex
hange and the reli
 abundan
e is approximatelygiven by 
�h2 / m4~f=m2� where m ~f is the sfermion mass. Thus it is 
learthat for su�
iently large sfermion masses imposing the bound 
�h2 < 1 willimply a lower bound on m�, unless other �nal-state 
hannels 
an redu
e theLSP reli
 abundan
e below one [9℄.
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Fig. 2. Bounds on the sbottom mass as a fun
tion of the bino mass. The V 1
ontours arise from the "K parameter of K0 � �K0 mixing (regions below them areex
luded). The 
osmologi
al 
ontours 
�h2 = 1 are labelled by various values ofthe � parameter. (Regions to the left and above them are ex
luded.) In the �gurewe have assumed m et = m eb, tan� = 2 and mA = m e� = 1 TeV.Let us now 
ombine the stringent limits on the masses of the thirdsfermion generation arising from the suppression of the FCNC andCP -violating pro
esses with the 
osmologi
al 
onstraint 
�h2 . 1 for apredominantly bino-like LSP. We will 
onsider three representative 
ases:m eb = m et with m e� heavy in Fig. 2, m e� = m et with m eb heavy in Fig. 3and m eb = m e� = m et in Fig. 4. In ea
h 
ase we have used the best possible
onstraint arising from FCNC and CP -violating pro
esses. For the sbottommass this 
orresponds to the "K parameter, parameterised by 
ontours ofV 1, while for the stau mass the ele
tron EDM parameterised by V 4 pro-vides the most stringent 
onstraint. The 
osmologi
al 
ontour 
�h2 = 1 isshown for several 
hoi
es of �. Thus regions above and to the left of the
osmologi
al 
ontour are ex
luded.In ea
h �gure we see that as j�j de
reases, the higgsino 
omponent ofthe neutralino in
reases, thus relaxing the 
osmologi
al bound. The 
ombi-nation of the ex
lusion 
urves from �avour and CP violating pro
esses andfrom 
�h2 < 1 gives therefore strong lower limits on m�. The limits areparti
ularly strong for large values of j�j and mA. For example, in Fig. 2we see that for j�j & 1000 GeV the bino has to be heavier than roughlymt even for V 1 = 1. This should be 
ompared with the indi
ative upperboundsm� <� 65 GeV, obtained by requiring no signi�
ant �ne-tuning in the
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Fig. 3. Bounds on the stau mass as a fun
tion of the bino mass. The V 4 
ontoursarise from the ele
tron EDM (regions below them are ex
luded). The 
osmologi
al
ontours 
�h2 = 1 are labelled by various values of the � parameter. (Regionsto the left and above them are ex
luded.) In the �gure we have assumed m et =m e� ; tan� = 2 and mA = m eb = A0� = 1 TeV.parameters of the MSSM [8℄. A
tually, sin
e the motivation for this s
enariois to allow for basi
ally un
onstrained entries in the mixing matri
es, onewould expe
t V 1 signi�
antly larger than one, in whi
h 
ase the lower limiton m� would be further signi�
antly in
reased.A similar pi
ture emerges when one 
onsiders the bounds on the staumass arising from the ele
tron EDM. Sin
e the bounds on m e� from V 4are more stringent than V 1 we obtain a stronger lower limit on the binomass. For the 
ase plotted in Fig. 3 we �nd m� & 300 GeV for V 4 = 1and j�j & 1000 GeV. Finally in Fig. 4 the sbottom and stau are now bothassumed to be light and we need to simultaneously satisfy the 
onstraintson the sbottom and stau from the suppression of FCNC and CP -violatingpro
esses. In this 
ase sin
e V 4 sets the best limit we again �nd thatm� & 300 GeV for j�j & 1000 GeV and mA = 1000 GeV as shown inFig. 4.The bounds onm� 
an be relaxed in several ways: by de
reasing j�j (thusin
reasing the higgsino 
omponent of the LSP), by lowering mA, in
reasingtan �, or by making the stop mu
h lighter than the other sfermions [9℄. Inthe last 
ase this gives m� > mt whi
h is already a very strong lower bound.On the other hand, we have found that for � < 0 the bounds are even morestringent.
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Fig. 4. Bounds on the stau and sbottom mass as a fun
tion of the bino mass. The
ontours V 1 are for the sbottom mass, while V 4 
onstrains the stau mass. The
osmologi
al 
ontours 
�h2 = 1 are labelled by various values of the � parameter.In the �gure we have assumed m et = m e� = m eb; tan� = 2 and mA = A0� = 1 TeV.4. Summary and impli
ations for model buildingWe have shown that by 
ombining the 
onstraints arising from the sup-pression of FCNC and CP -violating pro
esses with bounds on the 
osmolog-i
al reli
 abundan
e, the bino mass 
an be severely restri
ted. This pla
essevere limitations on models in whi
h the LSP is mostly a bino (whi
h isboth a natural and 
osmologi
ally desired 
hoi
e) and in whi
h the �rsttwo sfermion generations are heavy and almost degenerate in mass and theSUSY 
ontributions to the FCNC's and CP violating observables mainly
ome from the third squark generation.Su
h a mass spe
trum has been argued to be the best from the phe-nomenologi
al point of view [14℄ and may be obtained if the three familiesbelong to a 2+1 representation of a horizontal symmetry group GH . It hasalso been re
ently pointed out that D-term 
ontributions from the anoma-lous U(1) gauge group in string theory may naturally lead to su
h a massspe
trum for the sfermions. On the other hand, a generi
 problem of this
lass of models is the generation of sizeable gaugino masses. In this paper wehave pointed out that having the �rst two generations of sfermions heavy andapproximately degenerate requires driving the mass of the bino-like LSP toquite large values when 
onsiderations about the present 
osmologi
al abun-
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e of the LSP are taken into a

ount. This leads to serious di�
ultiesfor models implementing the s
enario of heavy sfermion masses although one
an think about several ways of relaxing our bounds.It is my pleasure to thank Marek Je»abek and other organizers of theEpiphany Conferen
e for setting up an inspiring meeting in a beautiful lo-
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