
*H
EP
-P
H/
06
02
∣0
9*

 DESY 06-011
 KAIST-TH 2006/02

ar
X

iv
:h

ep
-p

h/
06

02
10

9 
v1

   
13

 F
eb

 2
00

6

DESY 06{011KAIST{TH 2006/02hep-ph/0602109February 13, 2006Heavy Higgs Resonan
es for the Neutralino Reli
 Densityin the Higgs De
oupling Limit of the CP{noninvariantMinimal Supersymmetri
 Standard ModelS.Y. Choi1� and Y.G. Kim2y1 Deut
hes Elektronen{Syn
hrotron DESY, D{22603 Hamburg, Germany andPhysi
s Department and RIPC, Chonbuk National University, Jeonju 561-756, Korea2 Department of Physi
s, KAIST, Daejon 305-701, KoreaAbstra
tThe lightest neutralino is a 
ompelling 
andidate to a

ount for 
old dark matter in theuniverse in supersymmetri
 theories with R{parity. In the CP{invariant theory, theneutralino reli
 density 
an be found in a

ord with re
ent WMAP data if neutralinoannihilation in the early universe o

urs via the s{
hannel A funnel. In 
ontrast, inthe CP{noninvariant theory two heavy neutral Higgs bosons 
an 
ontribute to theHiggs funnel me
hanism signi�
antly due to a CP{violating 
omplex mixing betweentwo heavy states, in parti
ular, when they are almost degenerate. With a simpleanalyti
 and numeri
al analysis, we demonstrate that the CP{violating Higgs mixing
an modify the pro�le of the neutralino reli
 density 
onsiderably in the heavy Higgsfunnel with the neutralino mass 
lose to half of the heavy Higgs masses.�E-mail: sy
hoi�
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The nature of the dark matter is one of the most important questions at the interfa
e ofparti
le physi
s and 
osmology. Re
ently there have been big improvements in the astro-physi
al and 
osmologi
al data, most notably due to the Wilkinson mi
rowave anisotropyprobe (WMAP)[1℄ and the Sloan digital sky survey (SDSS)[2℄. With the data we 
an inferthe following 2� range for the density of 
old dark matter normalized by the 
riti
al density0:094 < 
CDMh2 < 0:129; (1)where h � 0:7 is the (s
aled) Hubble 
onstant in units of 100 km/se
/Mp
. Su
h a pre
isedetermination of 
CDMh2 imposes severe 
onstraints on any model that tries to explain it.In supersymmetri
 theories with R{parity [3℄, the lightest supersymmetri
 parti
le(LSP), whi
h is typi
ally the lightest neutralino ~�01 � �, is stable and it serves as anex
ellent 
old dark matter (CDM) 
andidate [4, 5℄. However, typi
al mSUGRA models inthe parameter spa
e of minimal SUSY predi
t mu
h larger values for the neutralino reli
density than the values in the range (1). Some spe
i�
 me
hanisms leading to stronglyenhan
ed neutralino annihilation are required to produ
e the observed dark matter reli
density [6℄. Su
h an enhan
ement might be due to the presen
e of light sleptons, enhan
ingthe LSP annihilation into leptons, to an a

idental degenera
y of the LSP and the lighterstau (or stop), leading to enhan
ed LSP{stau (or stop) 
o{annihilation, to the LSP withsigni�
antly mixed gaugino{higgsino 
omponents, enhan
ing the annihilation into gaugebosons, or to an a

idental degenera
y MA � 2m� with large tan �, leading to enhan
edannihilation through an s{
hannel pseudos
alar A in the CP{invariant theory.In parti
ular, the enhan
ed LSP annihilation via a A funnel in the CP{invariant 
ase isdue to two reasons; (i) the S{wave amplitude for ��! A is not suppressed near thresholdwhile the P{wave amplitude for ��! H is suppressed near threshold and (ii) the total Ade
ay widthz be
omes large as the A! b�b de
ay mode is greatly enhan
ed for large tan �.The generi
 feature of theA funnel enhan
ement 
ould, however, be greatly modi�ed dueto the CP{violating mixing among neutral Higgs bosons as well as due to the CP{violatingHiggs 
ouplings to neutralino pairs in the CP{noninvariant theory [7, 8, 9, 10, 11℄. In thiswork we analyze, both analyti
ally and numeri
ally, the impa
t on the LSP reli
 densityby the CP{violating Higgs mixing, loop{indu
ed at the loop level in the CP{noninvariantMSSM [12℄. To be spe
i�
, we 
onsider the 
ase when two (almost) degenerate heavyzThe de
ays, A ! W+W� and A ! ZZ, are forbidden, leading to a small A width for small tan �(unless the de
ay A! t�t is open). 2



neutral Higgs bosons H and A are essentially de
oupled from the lightest neutral Higgsbosonx and their masses are very 
lose to twi
e the LSP mass.With the lightest neutral Higgs boson de
oupled, the CP{violating mixing of the twonearly{degenerate heavy Higgs bosons is des
ribed by a 2 � 2 
omplex mass matrix, 
om-posed of a real dissipative part and an imaginary absorptive part [10℄. This mixing 
an bevery large, generating frequent mutual transitions indu
ing large CP{odd mixing e�e
ts,whi
h are quantitatively des
ribed by the 
omplex mixing parameter X:X = 12 tan 2� = �2HAM2H �M2A � i [MH�H �MA�A℄; (2)where the 
omplex o�{diagonal term �2HA of the Higgs mass matrix 
ouples two Higgsstates.The Higgs masses and widths are then shifted in a 
hara
teristi
 pattern by the CP{violating mixing [14℄, of whi
h the individual shifts 
an be obtained by separating real andimaginary parts in the relations:hM2H2�iMH2�H2i�hM2H�iMH�Hi = �nhM2H3�iMH3�H3i�hM2A�iMA�Aio= �nhM2A�iMA�Ai�hM2H�iMH�Hio� 12 [p1 + 4X2 � 1℄ (3)In su
h a non{Hermitian mixing the ket and bra mass eigenstates have to be de�ned sepa-rately: jHii = Ci�jH�i and hfHij = Ci�hH�j (i = 2; 3 and H� = H;A); C2H = 
os �;C2A =sin �;C3H = � sin � and C3A = 
os � in terms of the 
omplex mixing angle �.As two mass eigenstates have no de�nite CP parity and an enlarged mass splitting, thepro�le of the LSP reli
 density 
an 
onsiderably be modi�ed in the heavy Higgs funnel.For a simple analyti
 and numeri
al illustration, we 
onsider a spe
i�
 s
enario within theCP{violating MSSM [MSSM{CP℄, while a more 
omprehensive analysis is separately givenin a future publi
ation. We assume the sour
e of CP violation to be lo
alized entirely inthe 
omplex stop trilinear 
oupling At but all the other intera
tions to be CP 
onserving.{In this situation, CP violation is transmitted through stop{loop 
orre
tions to the e�e
-tive Higgs potential, generating three CP{odd 
omplex quarti
 parameters. The e�e
tiveparameters have been 
al
ulated in Ref. [8℄ to two{loop a

ura
y and, with t=~t 
ontribu-tions, the parameters are determined by the parameters; the SUSY s
aleMS whi
h is takenxThis situation is naturally realized in the MSSM in the de
oupling limit with MA > 2mZ [10, 13℄.{This assignment is 
ompatible with the bounds from the ele
tri
 dipole moment measurements [15℄.3



to be essentially the average of two stop masses{squared, the higgsino parameter �, thestop trilinear parameter At and the top Yukawa 
oupling ht = p2 �mt=v sin� de�ned withthe running MS mass �mt and the Higgs va
uum expe
tation value v � 246 GeV. The one{loop improved Born Higgs mass matrix is derived from this e�e
tive Higgs potential andthen the matrix elements are shifted to the pole{mass parameters by in
luding dispersive
ontributions from Higgs self{energies.Before evaluating the impa
t of the 
omplex H=A mixing on the LSP reli
 density inthe heavy{Higgs funnel, we des
ribe an approximate pro
edure for estimating the reli
density [16℄. The LSP number density is evolved in time a

ording to the Boltzmannequation. When the temperature of the Universe is higher than the LSP mass, the numberdensity is simply given by its thermal{equilibrium density. However, on
e the temperaturedrops below the LSP mass, the number density drops exponentially. As a result, the LSPannihilation rate be
omes smaller than the Hubble expansion rate at a 
ertain point whenthe LSP neutralinos fall out of equilibrium and the LSP number density in a 
o{movingvolume remains 
onstant. The present LSP reli
 abundan
e is then approximately given by
h2 ' 1:07 � 109 GeV�1Jg1=2� MPL ; (4)where g� = 81 is the number of relativisti
 degrees of freedom and MPL = 1:22 � 1019GeVis the Plan
k mass. And the integral J is given byJ(xf) = Z 1xf h�vix2 dx; (5)where h�vi is the thermally averaged LSP annihilation 
ross se
tion times the relativevelo
ity v of two annihilating LSPs, and xf = m�=Tf with the freeze{out temperatureTf ' m�=25 for typi
al weak{s
ale numbers. We take xf = 25 in the following numeri
aldemonstration.When the heavy Higgs boson masses are large and 
lose to twi
e the LSP mass, the LSPannihilation is dominated by heavy Higgs{boson ex
hanges. The LSP annihilation rate 
anthen be estimated with reasonable approximation by in
luding only the s{
hannel heavyHiggs boson ex
hanges. In the de
oupling limit the H�� and A�� 
ouplings readh�LjHj�Ri = h�RjHj�Li� ' �g2 (N12 �N11 tan �W )(sin�N13 + 
os �N14);h�LjAj�Ri = h�RjAj�Li� = �g2 i(N12 �N11 tan �W )(sin�N13 � 
os�N14); (6)4



in terms of tan � and the neutralino mixing matrix Ni� (i; � = 1-4) diagonalizing the neu-tralino mass matrixMN as N�MNNy =Mdiag [17℄. The LSP annihilation rate multipliedby the relative velo
ity v of two LSPs 
an be expressed as�v = 12 Xa;b=H;APaP�b �ab(ps)ps ; (7)where the relative velo
ity v is taken to be 2� = 2q1� 4m2�=s, and the produ
tion ampli-tudes Pa;b and the transition de
ay widths �ab are de�ned asPa = Xi=2;3 Xb=H;ACia�iCib P (��! a);�ab = 12psXF I d�F D(a! F )D�(b! F ); (8)with the Higgs propagators �i = 1=(s �M2Hi + iMi�Hi). Here, P (�� ! H;A) are the�� ! H;A produ
tion amplitudes, determined by the 
ouplings (6), and D(H;A ! F )the H;A ! F de
ay amplitudes, for any kinemati
ally and dynami
ally allowed de
aymode F . Evaluating J(xf) in Eq. (5) with the event rate (7) and inserting its value intoEq. (4) yields the present neutralino reli
 density.Although it is possible to 
al
ulate the masses and (transition) de
ay widths of the heavyHiggs bosons fully, we estimate them in the present work with a few approximations, whi
hare reliable in the Higgs de
oupling limit. In general, the light Higgs boson, the fermionsand ele
troweak gauge bosons, and in supersymmetri
 theories, gauginos, higgsinos ands
alar states may 
ontribute to the loops in the 
omplex mass matrix. In the de
ouplinglimit, the 
ouplings of the heavy Higgs bosons to gauge bosons and their superpartners aresuppressed. Assuming all the other supersymmetri
 parti
les to be suppressed either by
ouplings or by phase spa
e, we 
onsider only loops by the LSP neutralino, the light Higgsboson and the top/bottom quark for the absorptive parts as 
hara
teristi
 examples; loopsfrom other (s)parti
les 
ould be treated in the same way of 
ourse.In order to demonstrate the e�e
t of the CP{violating H=A mixing on the neutralinoreli
 density in the MSSM{CP numeri
ally, we adopt a typi
al set of parametersk,MS = 0:5 TeV; jAtj = 1:0 TeV; � = 2:0 TeV; tan � = 5; (9)while varying the pseudos
alar mass MA, the SU(2) gaugino mass M2, and the phase �Aof the trilinear term At, and taking M1 ' 0:5M2. [By reparameterization of the �elds, M2kAnalyses of ele
tri
 dipole moments show that the phase of � is quite small, unless sfermions are veryheavy [15℄; therefore its phase is set zero in our numeri
al demonstration.5



is set real and positive.℄ For su
h a large � 
ompared to M2, the LSP is almost bino{likeand its mass is 
lose to M1.The �A dependen
e of theH=Amixing parameterX and the heavy Higgs masses and aredisplayed in Figs. 1(a) and (b), respe
tively, forM2;A = 0:5 TeV.�� The two{state system inthe MSSM{CP shows a very sharp resonan
e CP{violating mixing, purely imaginary near�A = 0:09� and �A = 0:67�. We note that the mass shift is indeed enhan
ed by morethan an order of magnitude if the CP{violating phase rises to non{zero values, rea
hinga maximal value of the mass di�eren
e � 24 GeV. As a result, the two mass eigenstatesbe
ome 
learly distinguishable, in
orporating signi�
ant admixtures of CP{even and CP{odd 
omponents mutually in the wave fun
tions.
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Figure 1: The �A dependen
e of (a) the real (bla
k) and imaginary (red) parts of themixing parameter X and (b) the heavy Higgs boson masses, MH2 (bla
k) and MH3 (red).M2 and MA are set to 500 GeV. Note that <e==mX(2� � �A) = +<e=� =mX(�A) andthe masses and widths are symmetri
 about �A = �.The left panel of Fig. 2 shows the allowed spa
e of the phase �A and the normalizedmass di�eren
e (MA � 2m�)=2m� for the range (1). Here we have set M2 to 0.5 TeV and��With one 
ommon phase �A, the 
omplex mixing parameterX obeys the relationX(2���A) = X(�A)so that all CP{even quantities are symmetri
 when swit
hing from �A to 2���A. Therefore we 
an restri
tthe dis
ussion to the range 0 � �A � �. 6



have s
anned the parameter spa
e where 450GeV � MA � 550GeV and 0 � �A � �.The allowed region for � � �A � 2� is simply obtained by re
e
ting the allowed region for0 � �A � � with respe
t to �A = �. The green strip is for the range (1) and the blue regionfor 
h2 < 0:095. In the other remaining region, we have 
h2 > 0:129. One 
an 
learly seethat (i) the neutralino reli
 density is indeed greatly suppressed for MA � 2m� due to theHiggs resonan
es and the detailed predi
tion for the reli
 density depends strongly on thevalue of the phase �A as well as the mass di�eren
e between MA and 2m�.
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Figure 2: Left panel: The allowed phase spa
e of the CP phase �A and the normalizedmass di�eren
e (MA � 2m�)=2m� for the range (1). The green area is for the range (1),but the blue area is for the enlarged range with the lower bound ignored. Right panel: Theallowed region of the (M2;MA) plane for the bound 
h2 < 0:129 in the CP{invariant 
asewith �A = 0 (a blue strip) and CP{noninvariant 
ase with �A = 0:55� (two green strips).The values of the other relevant parameters are given in the text.The right panel of Fig. 2 shows the allowed regions of the (M2;MA) plane for 
h2 < 0:129in the CP{invariant 
ase (one blue strip) with �A = 0 and in the CP{noninvariant 
asewith �A ' 0:55� (two green strips). Clearly, in order to satisfy the reli
 density 
onstraint,the LSP mass, whi
h is approximately 0:5M2, should be 
lose to half of the Higgs masses.In the CP{invariant 
ase only the CP{odd Higgs boson A is a
tive for the Higgs funnelme
hanism and so only one allowed strip with its width of about 20 GeV is developed. In
ontrast, in the CP{noninvariant 
ase with �A = 0:55�, both of the heavy Higgs bosons7



be
ome a
tive for the funnel me
hanism, leading to two strips; one strip is almost identi
alto the strip in the CP{invariant 
ase, but the other is newly developed as the H3 state,whi
h is purely CP{even in the CP{invariant 
ase, has a signi�
ant CP{odd 
omponentdue to the CP{violating Higgs mixing. The 
ombined width of two strips is widened dueto the enlarged mass splitting between two mass eigenstates in the CP{noninvariant 
ase.yyTo summarize. We have examined the e�e
t of the CP{violating H/A mixing on theLSP annihilation 
ross se
tion in the Higgs de
oupling limit. By a simple analysis with aspe
i�
 parameter set (9) we have demonstrated that the CP{violating mixing 
an modifythe pro�le of the LSP reli
 density 
onsiderably in the heavy Higgs funnel with the LSPmass 
lose to half of the Higgs masses. Therefore, in order to elu
idate the Higgs funnelme
hanism through high{energy experiments on the supersymmetri
 parti
les, it is ne
es-sary to determine with good a

ura
y the 
omplex mixing angle between two Higgs statesin addition to the LSP and heavy Higgs boson masses and 
ouplings [18℄.A
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