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A B ST R A C T

W e describe the Fortran code CPsuperH2.0, which contains severalim provem ents and

extensionsofitspredecessorCPsuperH.Itim plem entsim proved calculationsoftheHiggs-

boson pole m asses,notably a fulltreatm ent ofthe 4 � 4 neutralHiggs propagator m a-

trix including theGoldstone boson and a m ore com plete treatm entofthreshold e�ectsin

self-energiesand Yukawa couplings,im proved treatm entsoftwo-body Higgsdecays,som e

im portantthree-body decays,and two-loop Higgs-m ediated contributionstoelectricdipole

m om ents. CPsuperH2.0 also im plem entsan integrated treatm entofseveralB -m eson ob-

servables,including thebranching ratiosofB s ! �+ �� ,B d ! �+ �� ,B u ! ��,B ! X s

and the latter’s CP-violating asym m etry A CP,and the supersym m etric contributions to

the B 0
s;d �

�B 0
s;d m ass di�erences. These additions m ake CPsuperH2.0 an attractive inte-

grated toolforanalyzing supersym m etric CP and avour physics as wellas searches for

new physicsathigh-energy colliderssuch astheTevatron,LHC and linearcolliders. �

�The program m ay be obtained from http://www.hep.man.ac.uk/u/jslee/CPsuperH.html.
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1 Introduction

W ith theim m inentadventoftheLHC,particlephysicsexperim entsarepoised to explore

the TeV energy range directly for the �rst tim e. There are severalreasons to expect

new physics in this energy range,such as the origin ofparticle m asses and electroweak

sym m etry breaking,thehierarchy problem and thenatureofdark m atter.In parallelwith

the directexploration ofthe TeV scale,precision experim entsatlow energiescontinue to

placeim portantconstraintson thepossibleavourand CP-violating structureofany TeV-

scalephysics.Prom inentexam plesincludeexperim entson B and K m esons,and probesof

electricdipolem om ents[1].Itisclearly desirableto develop com putationaltoolsthatcan

beused to calculateconsistently observablesforboth low-and high-energy experim entsin

a coherent num ericalfram ework. This is particularly desirable in view ofthe possibility

thatthedom inanceofm atteroverantim atterin theUniversem ay bedueto CP-violating

interactionsattheTeV scale[2].

Supersym m etry isoneofthem ostprom inentpossibilitiesfornew TeV-scalephysics,

and the m inim alsupersym m etric extension ofthe Standard M odel(M SSM ) provides a

naturalcold dark m attercandidate aswellasstabilizing the electroweak scale and facil-

itating the uni�cation ofthe fundam entalinteractions. There are m any com putational

toolsavailableforcalculationswithin theM SSM .The�rstto includeCP-violating phases

was CPsuperH [3]based on the renorm alization-group-(RG-)im proved e�ective potential

approach.TheHiggs-boson pole-m assshiftsarecalculated by em ploying theRG-im proved

diagram m aticapproach.TherecentversionsofFeynHiggs [4]arebased theFeynm an dia-

gram m aticapproach.Therearem eritsin both approachesand thedi�erencebetween two

program sm ay beattributed to som eunknown higher-ordercorrections.

Som eofushaverecently published an analysisofseveralB -physicsobservablestaking

intoaccountthem ostgeneralsetofCP-violatingparam etersallowed undertheassum ption

ofm inim alavourviolation in thesupersym m etricsector[5].Forthispurposeweused an

updated and extended com putationaltool,CPsuperH2.0,which weintroduceand describe

in thispaper.

Them ain new featuresofCPsuperH2.0 areitsinclusion ofanum berofB observables,

including the branching ratios ofB s ! �+ �� ,B d ! �+ �� ,B u ! ��,B ! X s and

the latter’s CP-violating asym m etry A CP,and the supersym m etric contributions to the

B 0
s;d�

�B 0
s;d m assdi�erences.In addition,CPsuperH2.0 includesam orecom pletetreatm ent

ofHiggs-boson polem asses,based on afulltreatm entofthe4� 4neutralHiggspropagator

m atrixincludingtheGoldstoneboson and am orecom pletetreatm entofthreshold e�ectsin

self-energiesand Yukawacouplings.Italsoincludesim proved treatm entsoftwo-bodyHiggs

decays,som eim portantthree-body decays,and two-loop Higgs-m ediated contributionsto

electric dipole m om ents. Therefore,CPsuperH2.0 provides an essentially com plete,self-

contained andconsistentcom putationaltoolforevaluatingavourandCP-violatingphysics
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atenergiesup to theTeV scale.

Thestructureofthispaperisasfollows.Severalupdated featuresofCPsuperH2.0 are

described in Section2.In particular,inSubsection 2.1weintroducetheim proved treatm ent

ofHiggs-boson polem asses,and Section 2.2 containsa description oftheim provem entsin

the treatm ent ofHiggs decay m odes. Then,in Section 3 we describe the CPsuperH2.0

treatm entoftwo-loop Higgse�ectson electric dipole m om ents. The m ostim portantnew

features are described in Section 4,where we discuss itstreatm ent ofB observables. In

each Section,weillustratein �guressom etypicalresultsobtained using CPsuperH2.0.

2 U pdated Features ofCPsuperH2.0

Itistobeunderstood that,throughoutthispaper,wefollow thenotationsand conventions

de�ned andadoptedinCPsuperHforthem ixingm atricesofneutralHiggsbosons,charginos,

neutralinosand third{generation sferm ions,aswellastheirm assesand couplings,etc.The

updates to the originalversion ofCPsuperH [3]that are presented here reect,in part,

feedback from users,aswellasextending itto B observables.

New com m on blocks/HC RAUX/ and /HC CAUX/ havebeen introduced forthegeneral

purposeofstoring new num ericaloutputswhich areavailablein CPsuperH2.0:

� COMMON /HC RAUX/ RAUX H

� COMMON /HC CAUX/ CAUX H

The two arraysRAUX H and CAUX H areNAUX=999 dim ensionaland only partsofthem are

being used presently as shown in Tables 1 and 2. The contents ofthese two new arrays

are explained in the corresponding following subsections. These com m on blockscan also

beused by usersfortheirspeci�c purposes.

2.1 Im proved Treatm ent of H iggs-B oson M asses and Propaga-

tors

In CPsuperH2.0 we m ake three m ain im provem entsin the calculation ofthe Higgs-boson

polem asses.

� The �nite threshold corrections induced by the exchanges ofgluinosand charginos

have been included in the top-and bottom -quark self-energies ofthe neutraland

charged Higgs bosons. For the explicit expressions ofthe self-energies,we refer to

Eqs.(B.14),(B.15),and (B.16)ofRef.[6]y.

yW e �nd thatoverallm inussignsarem issing in the expressionsof�
P;(c)

11;22
(s).
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Figure1:Them assesoftheneutralHiggsbosonsasfunctionsoftan�fortheCPX scenario

[8]taking �3 = �A t;b;�
= 90� in the convention �� = 0,M SU SY = 0:5 TeV,and the charged

Higgs-boson pole m ass M H � = 160 GeV.In each fram e,the dashed line is for the case

IFLAG H(12)= 1 and the solid line forothercase indicated.

� Also included arethethreshold correctionsto theYukawa couplingsjht;bjin theone-

loop running quartic couplings,�
(1)

i (Q = m
pole

t ) with i = 1 � 4. For the explicit

expressionsof�
(1)

i ,wereferto Eqs.(3.3)-(3.6)ofRef.[7].

� An im proved iterative m ethod has been em ployed for the calculation ofthe pole

m asses.

Asa help in assessing theim provem entsin thecalculation ofHiggssector,new ags

IFLAG H(12) and IFLAG H(60) havebeen introduced asfollows:

� IFLAG H(12):
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Figure 2: The m asses ofthe neutralHiggs bosons as functions ofthe com m on phase �A

for the trim ixing scenario [9]taking �3 = �90�. Speci�cally,in this scenario,tan� = 50

and M H � = 155 GeV.The linesare the sam e asin Fig.1.

{ IFLAG H(12)= 1:Givesthesam eresultasthatobtained by theolderversion of

CPsuperH.

{ IFLAG H(12)= 2: Includes only the threshold corrections to the neutraland

charged Higgs-boson quark self-energies.

{ IFLAG H(12)= 3:Includesonly thethreshold correctionsto �
(1)

i .

{ IFLAG H(12)= 4:Includesonly theiterativem ethod forthepolem asses.

{ IFLAG H(12)= 5 or0:Alltheim provem entsarefully included.

� IFLAG H(60)= 1:Thisisan errorm essage thatappearswhen the iterative m ethod

forthepolem assesfails.
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Theim provem entin thethreshold correctionsto thetop-and bottom -quark Yukawa cou-

plings is im portant when tan� is large and the charged Higgs boson is light. In Figs. 1

and 2,we show the pole m assesofthe neutralHiggsbosonsforthe CPX [8]and trim ix-

ing [9]scenarios,respectively,when IFLAG H(12)= 2-5asindicated.In each fram e,theold

calculation with IFLAG H(12)= 1 (dashed line)isalso shown forcom parison.

Finally,RAUX H(1-6),RAUX H(10-36),and CAUX H(1-2) are allocated fornum erical

inform ation on the Higgs-sector calculation based on a renorm alization-group-im proved

diagram m aticapproach including dom inanthigher-orderlogarithm icand threshold correc-

tions[6,7],seeTables1 and 2.
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Figure 3: The absolute value of each com ponent of the neutralHiggs-boson propagator

m atrixD H 0

(̂s)with (red solid lines)and without(blackdashed lines)includingo�-diagonal

absorptivepartsin the trim ixingscenario with �A = ��3 = 90� and IFLAG H(12)= 5.W e

note thatjD H 0

44 (̂s)j= 1. The three Higgs-boson pole m asses are indicated by thin vertical

lines.
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In situationswheretwo orm oreM SSM Higgsbosonscontributesim ultaneously to a

process,the transitions between the Higgs-boson m ass eigenstates need to be considered

beforetheirdecays.Forthisreason,weincludethecom plete4� 4-dim ensionalpropagator

m atrix D H 0

(̂s)spanned by thebasis(H 1;H 2;H 3;G
0)[10],includingo�-diagonalabsorptive

parts[9].Thedim ensionlessneutralHiggs-boson propagatorm atrix isgiven by

D
H 0

(̂s) =

ŝ

0

B
B
B
B
@

ŝ� M 2
H 1
+ i=m b� 11(̂s) i=m b� 12(̂s) i=m b� 13(̂s) i=m b� 14(̂s)

i=m b� 21(̂s) ŝ� M 2
H 2

+ i=m b� 22(̂s) i=m b� 23(̂s) i=m b� 24(̂s)

i=m b� 31(̂s) i=m b� 32(̂s) ŝ� M 2
H 3
+ i=m b� 33(̂s) i=m b� 34(̂s)

i=m b� 41(̂s) i=m b� 42(̂s) i=m b� 43(̂s) ŝ+ i=m b� 44(̂s)

1

C
C
C
C
A

�1

;

(1)

whereM H 1;2;3
aretheone-loop Higgs-boson polem asses,and higher-orderabsorptivee�ects

on M H 1;2;3
havebeen ignored [6].Thelabel‘4’referstothewould-beGoldstoneboson ofthe

Z boson.TheabsorptivepartoftheHiggs-boson propagatorm atrix receivescontributions

from loopsofferm ions,vectorbosons,associated pairsofHiggsand vectorbosons,Higgs-

boson pairs,and sferm ions:

=m b� ij(̂s)= =m b�
ff

ij (̂s)+ =m b� V V
ij (̂s)+ =m b� H V

ij (̂s)+ =m b� H H
ij (̂s)+ =m b�

~f ~f

ij (̂s); (2)

respectively. W e refer to Ref.[9]fortheir explicit expressions. Forthe Goldstone-Higgs

m ixings,=m b� i4;4iand=m
b� 44,wetaketheleadingcontributionsignoringallgauge-coupling

m ediated parts.W ealso include the2� 2-dim ensionalpropagatorm atrix forthecharged

Higgs bosons D H �

(̂s) spanned by the basis (H � ;G � ),including o�-diagonalabsorptive

parts:

D
H �

(̂s)= ŝ

 
ŝ� M 2

H � + i=m b� H � H � (̂s) i=m b� H � G � (̂s)

i=m b� G � H � (̂s) ŝ+ i=m b� G � G � (̂s)

! �1

: (3)

The relevantGoldstone-boson couplingsare given in Appendix B.Forthe 16 elem entsof

the neutralHiggs-boson propagatorm atrix D H 0

(̂s)and forthe 4 elem entsofthe charged

Higgs-boson propagatorm atrix D H �

(̂s),the slotsCAUX H(100-119) are used asshown in

Table 2. In Fig.3,as an exam ple,we show the absolute value ofallcom ponents ofthe

Higgs-boson propagatorm atrix D H 0

(̂s)asfunctionsof
p
ŝ forthetrim ixing scenario with

�A = ��3 = 90�.

Itisim portanttorem arkthatthe4� 4propagatorm atrix(1)issu�cienttoencodeall

H i� Z-andG
0� Z m ixinge�ectswithinthePinch Technique(PT)fram ework[10,11],which

hasbeen adopted hereto rem oveconsistently gauge-dependentand high-energy unitarity-

violating term s from =m b� ij(̂s) [9]. For exam ple, the self-energy transition H i ! Z�,
b�
�

Z H i
= p� b� Z H i

,isrelated to b� G 0H i
through

ŝ b� Z H i
(̂s) = � iM

2
Z
b� G 0H i

(̂s); (4)
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with ŝ= p2.W erecallthattheself-energy transitionsH i!  and G 0 !  arecom pletely

absentwithin thePT fram ework.M oredetailsm ay befound in [10].

Notethattheelem entsofthepropagatorm atrixdepend on thecenter-of-m assenergy,

denoted by
p
ŝ,which isstored in RAUX H(101),see Table 1. Along with D H 0 ;H �

(̂s),the

ŝ-dependent couplings ofthe neutralHiggs bosons to two gluons,S
g

i(
p
ŝ) and P

g

i(
p
ŝ),

and two photons,S


i(
p
ŝ) and P



i (
p
ŝ),are needed when we consider the production of

the neutralHiggs bosons and study its CP properties at the LHC [9,12,13]and a 

collider[14{16].Theyarecalculated and stored in CAUX H(130-135) and CAUX H(140-145)

as shown in Table 2. W e have included the dom inant contributions com ing from the

tan� enhanced loopsofsbottom sand gluinosand thesubdom inantonescom ing from the

stop-higgsino m ediated diagram s.Also included arethe resum m ed correctionsto Yukawa

couplings. Forthe electroweak corrections,see nextsubsection. Forthe next-to-leading-

orderQCD corrections,appropriately calculated K factorsshould be taken into account

separately in thecalculation ofproduction crosssections[17,18].

Two additionalagsare used to controlthe inclusion ofthe o�-diagonalabsorptive

parts and print out the the ŝ-dependent propagator m atrix and the ŝ-dependent Higgs

couplingsto two photonsand gluons:

� IFLAG H(13)= 1:Doesnotincludetheo�-diagonalabsorptivepartsinthepropagator

m atricesD H 0 ;H �

(̂s).

� IFLAG H(14)= 1:Printsouteach com ponentoftheHiggs-boson propagatorm atrices

D H 0 ;H �

(̂s)and the ŝ-dependentcouplingsS
 ;g

i (
p
ŝ)and P

 ;g

i (
p
ŝ).

2.2 Im proved Treatm ent ofH iggs-B oson C ouplings and D ecays

Them ain updatesinclude:

� Theelectroweak correctionstotheneutralHiggscouplingstopairsoftau leptonsand

b-quarks [19]. The explicit form ulae used in the code forthe corrections,including

non-vanishing CP phase e�ects,could be found in Ref.[9]and Eqs.(A.1)-(A.2) of

Ref.[3].

� The three-body decay H+ ! t��b! W + b�b.Som e three-body decaysplay im portant

rolein Higgssearches[20].In addition to thethree-body decaysinvolving m orethan

one m assive gauge boson considered previously, we include the three-body decay

H + ! t��b! W + b�bin thenew version.Thedecay width isgiven by

�(H +
! W

+
b�b)=

N C

g2g2tbM H �

512�3

Z
1�� W

0

dx1

Z
1�

�W
1� x1

1�� W �x 1

dx2
F(x1;x2)

(1� x2 � �t+ �b)
2 + �tt

; (5)
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where �x � m 2
x=M

2
H � ,t � �2t=M

2
H � and xi � 2E i=M H � with E 1 and E 2 being the

energiesofthe band �bquarks,respectively. In the charged Higgs-boson restfram e,

thefunction F(x1;x2)isgiven by

F(x1;x2) =

(

jgLj
2

"

�t

 
(1� x1)(1� x2)

�W
+ 2x1 + 2x2 � 3+ 2�W

!

� 2�b�t

#

+jgRj
2

"
x32 + x1x

2
2 � 3x22 � 2x1x2 + 3x2 + x1 � 1

�W

+(x22 + 2x1x2 � 4x2 � 2x1 + 3� 2�W )

+�b

 

� 2x1 + 3+ 2�W +
�2x22 � x1x2 + 5x2 + x1 � 3

�W

!

� 2�2b

#

+2
p
�b�t<e(gLg

�
R)

"
(x2 � 1)2

�W
+ (�x2 + 1� 2�W )+ 2�b

#)

; (6)

wheregL � gS
H + �tb

� igP
H + �tb

and gR � gS
H + �tb

+ igP
H + �tb

.

� Thecontributionsfrom tau-lepton and charm -quark loopsto thecouplingsS


i(M H i
)

and P


i (M H i
).

� A new ag IFLAG H(57)= 1:Thisisan errorm essage thatappearswhen oneofthe

m agnitudesofthecom plex inputparam etersisnegative.

TheCPsuperHhom epagehasbeen continuouslybroughtuptodateafterits�rstappearance

toincludetheupdatesdiscussed in thissubsection and othersnotm entioned here.W erefer

to the�le0LIST V1 fora fulllistofupdatesto theoriginalversion which can befound in

theCPsuperH hom epage.

3 H iggs-M ediated T w o-Loop ElectricD ipoleM om ents

The CP phases in the M SSM are signi�cantly constrained by m easurem ents ofElectric

Dipole M om ents (EDM s). In particular,the EDM ofthe Thallium atom m ay provide

currently the m ost stringent constraint on M SSM scenarios with explicit CP violation.

Theatom icEDM of205Tlgetsitsm ain contributionsfrom two term s [21,22]:

dTl[ecm ] = �585� de[ecm ]� 8:5� 10�19 [ecm ]� (CS TeV
2)+ � � � ;

� (dTl)
e[ecm ]+ (dTl)

C S [ecm ]+ � � � ; (7)

where de denotes the electron EDM and CS is the coe�cient of the CP-odd electron-

nucleon interaction LC S
= CS �ei5e �N N . The dots denote sub-dom inant contributions

from 6-dim ensionaltensorand higher-dim ensionaloperators.
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Figure 4: The Thallium EDM d̂Tl � dHTl� 1024 [ecm ]in the CPX scenario with �A =

�3 = 90� and M SU SY = 0:5 TeV taking IFLAG H(12)= 5 [25].The di�erentshaded regions

correspond to di�erentrangesofĵdTljasshown.Specially,in thenarrow region denoted by

black squares,one has ĵdTlj< 1,consistentwith the currentThallium EDM constraint.

Thecontributionsofthe�rst-andsecond-generation phases,� A e;�
and�A d;s

,toEDM s

can bedrastically reduced eitherby assum ing thatthesephasessu�ciently sm all,orifthe

�rst-and second-generation squarks and sleptons are su�ciently heavy. However,even

when thecontributionsofthe�rstand second generation phasesto EDM saresuppressed,

therearestillsizeablecontributionstoEDM sfrom Higgs-m ediated two-loop diagram s [23].

The Higgs-m ediated two-loop Thallium (dHTl),electron (dHe ),and m uon (dH� )EDM s

are calculated and stored in RAUX H(111-120) as shown in Table 1. The Thallium and

electron EDM sconsistof:

d
H
Tl = (dHTl)

e + (dHTl)
C S ;

d
H
e = (dHe )

~t+ (dHe )
~b+ (dHe )

t+ (dHe )
b+ (dHe )

~��
: (8)

TheexplicitexpressionsfortheEDM sin theCPsuperH conventionsand notationsm ay be
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found in Ref.[24]. A ag IFLAG H(15)= 1 is used to print out the results ofthe EDM

calculations:

� IFLAG H(15)= 1:PrintoutEDM s.

In Fig.4,we show the rescaled Thallium EDM d̂Tl � dHTl� 1024 in units ofecm

in the tan�-M H 1
plane,in the CPX scenario with IFLAG H(12)= 5. W e observe,when

tan� <
� 5 and M H 1

<
� 10 GeV,one m ay have ĵdTlj< 1 only in thenarrow region denoted

by black squares which is consistent with the current 2-� upper bound on the Thallium

EDM [26]: jdTlj <
� 1:3 � 10�24 [ecm ]. W e note that the region 8 GeV <

� M H 1

<
� 10

GeV with tan� <
� 10 hasnotbeen excluded by the com bined constraints from the LEP

searches[27]and the�(1S)! H 1 decay [28].

TheThallium EDM constraintcan beevaded by assum ing cancellationsbetween the

two-loop contributionsconsidered here and possible one-loop contributionswhich depend

on di�erent CP-odd phases related to the �rst and second generations ofsquarks and

sleptons. For exam ple,assum ing cancellation ofless than 1 part in 10,the region with

1 � ĵdTlj< 10 in Fig.4 isallowed. In the future,this treatm entofthe m ostim portant

two-loop contributions to the Thallium EDM willbe supplem ented by a m ore com plete

im plem entation ofcalculations ofthe well-known 1-loop contributions to this and other

EDM s.

4 B -M eson O bservables

An im portantinnovation in CPsuperH2.0 istheinclusion ofthefollowingim portantHiggs-

m ediated B -m eson observables:

� Thebranching ratio ofBs m eson into a pairofm uons:B (B s ! ��),

� Thebranching ratio ofBd m eson into a pairoftau leptons:B (B d ! ��),

� TheSUSY contribution to theB0d-
�B 0
d m assdi�erence:�M

SU SY
B d

,

� TheSUSY contribution to theB0s-
�B 0
s m assdi�erence:�M

SU SY
B s

,

� Theratio ofthebranching ratio B (Bu ! ��)to theSM value:

R B � � =
B (B �

u ! ��)

B SM (B �
u ! ��)

,

� Thebranching ratio B (B ! Xs)and thedirectCP asym m etry A CP(B ! X s).
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W e adopt the m ost recent gauge-invariant and avour-covariant form alism to calculate

the avour-changing e�ective Lagrangian forthe interactions ofthe neutraland charged

Higgs�eldsto theup-and down-typequarksincluding anew classofdom inantsubleading

contributions[5].In thecurrentversion,thesingle-Higgsinsertion approxim ation isused.

ForthecalculationsofB -m eson observables,the array SMPARA H forthe SM param -

etershasbeen extended to include inform ation on theCKM m atrix,param eterized via �,

A,��,and ��,asseen in Table 3.TheCKM m atrix isconstructed as[29]

V =

0

B
B
@

c12c13 s12c13 s13e
�i�

�s12c23 � c12s23s13e
i� c12c23 � s12s23s13e

i� s23c13

s12s23 � c12c23s13e
i� �c12s23 � s12c23s13e

i� c23c13

1

C
C
A ; (9)

wheresij = sin�ij,cij = cos�ij,and � istheKM phasewith sij;cij � 0.In term sof�,A,

��,and ��,they aregiven by

s12 = �; s23 = A�
2
; s13e

i� =
A�3(��+ i��)

p
1� A 2�4

p
1� �2[1� A 2�4(��+ i��)]

; (10)

and cij =
q

1� jsijj
2.TheSUSY param eterarray SSPARA H isalso extended to includethe

hierarchy factors�~Q ;~U ;~D ;~L;~E between the �rsttwo and third generations[30],see Table 4.

In thesuper-CKM basis,the3� 3 squark m assm atricessquared aretaken to bediagonal:

fM
2

Q = m
2
~Q 3

� diag(�2~Q ;�
2
~Q
;1);

fM
2
U = m

2
~U3

� diag(�2~U ;�
2
~U
;1);

fM
2
D = m

2
~D 3

� diag(�2~D ;�
2
~D
;1);

fM
2
L = m

2
~L3

� diag(�2~L;�
2
~L
;1);

fM
2
E = m

2
~E 3

� diag(�2~E ;�
2
~E
;1): (11)

Finally,the results for the B -m eson observables are stored in RAUX H(130-136) as

shown in Table 1. The SUSY contributions to the �B = 2 transition am plitudes are

stored in CAUX H(150) and CAUX H(151),see Table 1. Note the relationsRAUX H(132)=

2 � jCAUX H(150)jand RAUX H(133) = 2 � jCAUX H(151)j. Two ags IFLAG H(16) and

IFLAG H(17) areused to printouttheresultsofthecalculation ofB -m eson observables:

� IFLAG H(16)= 1:PrintoutB -m eson observables.

� IFLAG H(17)= 1:PrintoutdetailsoftheB ! Xs calculation.

Fornum ericalexam plesofB -m eson observables,we take the CPX scenario [8]with

M SU SY = 0:5TeV and thecom m on A-term phase�A � �A t
= �A t

= �A �
in theconvention
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�� = 0�.W etake accountofthe dependence on the hierarchy factors�~Q ;~U ;~D
between the

�rsttwo and thethird generations,taking a com m on value�forthethreeofthem .

Figure 5 showsthe dependence ofthe branching ratio B (B s ! �+ �� )on the phase

ofthe gluino m assparam eter�3 forfourvaluesoftan�. The charged Higgs-boson pole

m assis�xed atM H � = 200 GeV.In each fram e,two setsofthree linesare shown. The

upperlinesareforhigher�= 10and theloweronesfor�= 1.For�xed �,threelinesshow

the casesof�A = 0� (solid),90� (dashed),and 180� (dash-dotted). The � dependence is

shown in Fig.6.W eclearly see theGIM operative pointm echanism discussed in Ref.[30]

around � � 1:2 when (� 3;�A) = (0�;180�) (solid lines). Figure 7 shows the rescaled

branching ratio bB � � B (B s ! �+ �� )� 107 in the M H 1
-tan� plane when the phasesare

�xed at � A = �3 = 90�. The unshaded region is not theoretically allowed. Only the

region with bB � < 0:58 is consistent with the current experim entalupper lim it at 95 %

C.L.,corresponding to tan� <
� 20(8)for�= 1(10).

The rescaled branching ratio bB s � B (B ! X s)� 104 is shown in Fig.8. In

contrast to the B s ! �+ �� case,we observe that higher tan� region is experim entally

allowed: tan� >
� 35(20)for � = 1(10). This is because the charged-Higgs contribution

is suppressed due to the threshold corrections when tan� is large. The charged-Higgs

contribution to B ! X sisproportionalto 1=(1+ j�j2tan2�)[33],where�representsthe

threshold correctionswith j�j’ 0:05 fortheparam eterschosen [34].

Figure 9 showsthe ratio ofthe branching ratio B (B u ! ��)to itsSM value,R B � �.

In the left fram e with � = 1,we see two connected bands ofthe experim entally allowed

1-� region,0:62 < R B � � < 1:38. Ifwe consider the 2-� lim it,only the upper-leftregion

with M H 1

<
� 95 GeV and tan� >

� 35 isnotallowed.Forlarger�= 10,theallowed region

becom esnarrower.

In Fig.10,we show theregion satisfying theexperim entalconstraintsfrom B (B s !

�+ �� ) (95 % ),B (B ! X s) (2 �),and R B � � (1 �). First we observe that there is no

region that satis�es the B s ! �+ �� and B ! X s constraints sim ultaneously for both

� = 1 and 10. Ifone neglects the constraint from B (B s ! �+ �� ),only the high-tan�

region would rem ain. Taking accountofB u ! �� constraint,the region with tan� >
� 36

and M H 1

>
� 80 GeV isallowed when �= 1. On the otherhand,neglecting the constraint

from B (B ! X s),theallowed regionisconstrained intheparam eterspacewithtan� <
� 20

and M H 1

>
� 10 GeV for�= 1. For�= 10,the B ! X s constraintisrelaxed butthose

from B (B s ! �+ �� )and R B � � becom em orestringent.

Finally,in Fig.11,we show the region allowed experim entally by the m easurem ent

B (B d ! �+ �� )< 4:1� 10�3 (90 % )[36](upperfram es)and theregionswhere theSUSY

contribution is sm aller than the m easured values ofB 0
s-
�B 0
s m ass di�erence [37](m iddle

fram es)and B 0
d-
�B 0
d m assdi�erence [29](lower fram es). W e see thatthe B (B d ! �+ �� )

constraint has the least im pact on these param eter planes,whereas the im pacts ofthe

B 0
s-
�B 0
s and B

0
d-
�B 0
d m assdi�erencesaresim ilar.
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These exam plesillustrate the possible interplaysbetween the di�erentB -m eson ob-

servables,and how they m ay vary signi�cantly with thevaluesoftheCP-violating phases.

CPsuperH2.0 provides a unique toolfor com bining these constraints and pursuing their

im plicationsforotherobservables.In thefuture,theCPsuperH2.0 treatm entoftheseim -

portantB -m eson observableswillbe supplem ented by the im plem entation ofcalculations

ofotheravourobservables,including theK sector.

5 Sum m ary and O utlook

W e have presented in this paper a description ofthe new features ofthe Fortran code

CPsuperH2.0. In addition to im proved calculationsofthe Higgs-boson polesm asseswith

m ore com plete treatm ent ofthreshold e�ects in self-energies and Yukawa couplings,the

com plete4�4(2�2)neutral(charged)Higgs-bosonpropagatorm atriceswiththeGoldstone-

Higgsm ixing e�ectshave been consistently im plem ented. Speci�cally,the neutralHiggs-

boson propagator m atrix constitutes a necessary ingredient for the studies ofa system

ofstrongly-m ixed Higgs bosons at colliders together with the center-of-m ass dependent

Higgs-boson couplingsto gluonsand photons. Italso providesthe im proved Higgs-boson

couplings to tau leptons,b quarks,and two photons. The im portant three-body decay

H + ! t��b! W + b�bisincluded.

In order to provide a m ore com plete, consistent toolfor calculating CP-violating

observablesin theM SSM ,and speci�cally toincorporatetheim portantconstraintscom ing

from precision experim ents at low energies,CPsuperH2.0 has been extended to include

a num ber ofB -m eson observables,as wellas the Higgs-m ediated two-loop contributions

to EDM s ofthe Thallium atom ,electron and m uon. The currently available B -m eson

observablesarethebranching ratiosofB s ! �+ �� ,B d ! �+ �� ,B u ! ��,B ! X s and

the latter’s CP-violating asym m etry A CP,and the supersym m etric contributions to the

B 0
s;d �

�B 0
s;d m assdi�erences. Furtherlow-energy observablesare to be included in future

updates.

Theim proved Fortran codeCPsuperH2.0 providesacoherentand com pletenum erical

fram ework in which onecan calculateconsistently observablesin both low-and high-energy

experim entsprobing physicsbeyond theSM .

A cknow ledgem ents

TheworkofJ.S.L.wassupported inpartbytheKoreaResearch FoundationandtheKorean

Federation ofScience and Technology Societies Grant funded by the Korea Governm ent

(M OEHRD,BasicResearch Prom otion Fund)and in partby theNationalScienceCouncil

ofTaiwan,R.O.C.underGrantNo.NSC 96-2811-M -008-068.TheworkofA.P.wassupport

in partby the STFC research grant: PP/D000157/1. W ork atANL issupported in part

14



by the US DOE,Div. ofHEP,Contract DE-AC02-06CH11357 . Ferm ilab is operated

by Universities Research Association Inc. undercontractno. DE-AC02-76CH02000 with

the DOE.W e thank S.Y.Choiand M .Dreesforpastcollaboration on CPsuperH,and for

discussionson thisupdated version.

15



A List ofchanges

Here we sum m arize the im proved features introduced in CPsuperH2.0 com pared to the

priorversion ofCPsuperH.

� New com m on blocks:

{ COMMON /HC RAUX/ RAUX H(NAUX=999),seeTable1

{ COMMON /HC CAUX/ CAUX H(NAUX=999),seeTable2

� Extended arraysforinputparam eters:

{ SMPARA H(NSMIN=19),seeTable3

{ SMPARA H(NSSIN=26),seeTable4

� New nam esforim proved FORTRAN �les:

{ cpsuperh.f �! cpsuperh2.f

{ fillpara.f �! fillpara2.f

{ fillhiggs.f �! fillhiggs2.f

{ fillcoupl.f �! fillcoupl2.f

{ fillgambr.f �! fillgambr2.f

� New FORTRAN �les:

{ filldhpg.f isto calculate the fullpropagatorm atricesD H 0 ;H �

(̂s)and the ŝ-

dependentcouplingsS
g;

i (
p
ŝ)and P

g;

i (
p
ŝ).

{ higgsedm.f is to calculate Higgs-m ediated two-loop EDM s ofThallium ,elec-

tron,and m uon.

{ fillbobs.fistocalculatetheB -m esonobservables:B (B s ! ��),B (B d ! ��),

�M SU SY
B d

,�M SU SY
B s

,R B � �,B (B ! X s),and A CP(B ! X s).

� New ags:

{ IFLAG H(12)= 0� 5: For the levelofim provem ent in the calculation ofthe

Higgs-boson polem asses.

{ IFLAG H(13)= 1:Notto includetheo�-diagonalabsorptivepartsin thepropa-

gatorm atricesD H 0 ;H �

(̂s).

{ IFLAG H(14)= 1: Print out the the elem ents ofthe fullpropagator m atrices

D H 0 ;H �

(̂s)and the ŝ-dependentcouplingsS
g;

i (
p
ŝ)and P

g;

i (
p
ŝ).
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{ IFLAG H(15)= 1:PrintoutEDM s.

{ IFLAG H(16)= 1:PrintoutB -m eson observables.

{ IFLAG H(17)= 1:PrintoutB ! X s details.

{ IFLAG H(57)= 1:Thisisan errorm essage thatappearswhen one ofthe m ag-

nitudesofthecom plex SUSY inputparam etersisnegative.

{ IFLAG H(60)= 1: This is an error m essage that appears when the iterative

m ethod fortheneutralHiggs-boson polem assesfails.

B G oldstone-boson couplingsto third-generation ferm ions

and sferm ions

HerewepresenttheGoldstone-(s)ferm ion-(s)ferm ion couplingsin theCPsuperHconvention.

� G0-�f-f

LG 0 �ff = �
X

f= t;b;�

gm f

2M W

G
0 �f

�

ig
P

G 0 �ff 5

�

f; (B.1)

where

g
P
G 0�tt= �1; g

P

G 0�bb
= g

P
G 0�� � = +1: (B.2)

� G� -�f-f0

LG � �ff0 =
g

p
2M W

X

(f";f#)= (t;b);(�;� )

G
+ �f"

�

m f" PL � m f# PR

�

f# + h:c: (B.3)

= �gtbG
+ �t(gSG + �tb+ ig

P
G + �tb5)b� g��� G

+ ��� (g
S
G + ����

+ ig
P
G + ����

5)� + h:c:;

where

gtb = �
gm t

p
2M W

; g
S
G + �tb =

1� m b=m t

2
; g

P
G + �tb = i

1+ m b=m t

2
;

g��� = �
gm �
p
2M W

; g
S
G + ����

= �
1

2
; g

P
G + ����

= i
1

2
: (B.4)

� G0-~f�-~f

L
G 0 ~f ~f

= v
X

f= t;b;�

g
G 0 ~f�

i
~fj
(G 0 ~f�i

~fj); (B.5)

where

vg
G 0 ~f�

i
~fj
=

�

�G
0 ~f� ~f

�

��
U

~f�

�iU
~f

�j: (B.6)
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Thecouplingsin theweak-interaction basisaregiven by

�G
0~t�~t =

1
p
2

 
0 ih�t(s�A

�
t � c��)

�iht(s�A t� c��
�) 0

!

;

�G
0~b�~b =

1
p
2

 
0 �ih�b(c�A

�
b � s��)

ihb(c�A b� s��
�) 0

!

;

�G
0~��~� =

1
p
2

 
0 �ih��(c�A

�
� � s��)

ih�(c�A � � s��
�) 0

!

: (B.7)

� G� -~f�-~f0

L
G � ~f ~f0

= vg
G + ~t�

i
~bj
(G + ~t�i

~bj)+ vgG + ~��� ~�i
(G + ~��� ~�i)+ h:c:; (B.8)

where

vg
G + ~t�

i
~bj
=

�

�G
+ ~t�~b

�

��
U
~t�
�iU

~b
�j and vgG + ~��� ~�i

= �G
+ ~��� ~�� U

~�
�i: (B.9)

Thecouplingsin theweak-interaction basisaregiven by

�G
+ ~t�~b =

 
1p
2
(jhuj

2s2� � jhdj
2c2�)v +

1

2
p
2
g2c2� v �h�d (c�A

�
d � s��)

hu (s�A u � c��
�) 0

!

;

�G
+ ~��� ~�L = �

1
p
2
jh�j

2
c
2
� v +

1

2
p
2
g
2
c2� v;

�G
+ ~��� ~�R = �h

�
� (c�A

�
� � s��): (B.10)

C Sam ple new outputs

Here we show the new outputs ofCPsuperH2.0 for the CPX scenario with tan� = 5,

M H � = 300 GeV,M SU SY = 500 GeV,and �A = �3 = 90�.

� IFLAG H(1) = 1: In the new version, we are using mb(m
pole

t ) = 3:155 GeV and

m c(m
pole

t ) = 0:735 GeV as defaults. Note also that the list ofthe SM and SUSY

inputparam etersisextended to includetheCKM m atrix and thediagonalsferm ion

m assm atrices.

---------------------------------------------------------

Standard Model Parameters in /HC SMPARA/

---------------------------------------------------------

AEM H = 0.7812E-02 : alpha em(MZ)

ASMZ H = 0.1185E+00 : alpha s(MZ)

MZ H = 0.9119E+02 : Z boson mass in GeV

SW H = 0.4808E+00 : sinTheta W

ME H = 0.5000E-03 : electron mass in GeV
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MMU H = 0.1065E+00 : muon mass in GeV

MTAU H = 0.1777E+01 : tau mass in GeV

MDMT H = 0.4000E-02 : d-quark mass at M t^pole in GeV

MSMT H = 0.9000E-01 : s-quark mass at M t^pole in GeV

MBMT H = 0.3155E+01 : b-quark mass at M t^pole in GeV

MUMT H = 0.2000E-02 : u-quark mass at M t^pole in GeV

MCMT H = 0.7350E+00 : c-quark mass at M t^pole in GeV

MTPOLE H = 0.1743E+03 : t-quark pole mass in GeV

GAMW H = 0.2118E+01 : Gam W in GeV

GAMZ H = 0.2495E+01 : Gam Z in GeV

EEM H = 0.3133E+00 : e = (4*pi*alpha em)^1/2

ASMT H = 0.1084E+00 : alpha s(M t^pole)

CW H = 0.8768E+00 : cosTheta W

TW H = 0.5483E+00 : tanTheta W

MW H = 0.7996E+02 : W boson mass MW = MZ*CW

GW H = 0.6517E+00 : SU(2) gauge coupling gw=e/s W

GP H = 0.3573E+00 : U(1) Y gauge coupling gp=e/c W

V H = 0.2454E+03 : V = 2 MW / gw

GF H = 0.1174E-04 : GF=sqrt(2)*gw^2/8 MW^2 in GeV^-2

MTMT H = 0.1666E+03 : t-quark mass at M t^pole in GeV

---------------------------------------------------------

CKM Matrix :

|V ud| = |(0.9738E+00 0.0000E+00)| = 0.9738E+00

|V us| = |(0.2272E+00 0.0000E+00)| = 0.2272E+00

|V ub| = |(0.2174E-02 -.3349E-02)| = 0.3993E-02

|V cd| = |(-.2271E+00 -.1377E-03)| = 0.2271E+00

|V cs| = |(0.9730E+00 -.3213E-04)| = 0.9730E+00

|V cb| = |(0.4222E-01 0.0000E+00)| = 0.4222E-01

|V td| = |(0.7478E-02 -.3259E-02)| = 0.8157E-02

|V ts| = |(-.4161E-01 -.7602E-03)| = 0.4162E-01

|V tb| = |(0.9991E+00 0.0000E+00)| = 0.9991E+00

---------------------------------------------------------

Real SUSY Parameters in /HC RSUSYPARA/

---------------------------------------------------------

TB H = 0.5000E+01 : tan(beta)

CB H = 0.1961E+00 : cos(beta)

SB H = 0.9806E+00 : sin(beta)

MQ3 H = 0.5000E+03 : M tildeQ 3 in GeV

MU3 H = 0.5000E+03 : M tildeU 3 in GeV

MD3 H = 0.5000E+03 : M tildeD 3 in GeV
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ML3 H = 0.5000E+03 : M tildeL 3 in GeV

ME3 H = 0.5000E+03 : M tildeE 3 in GeV

---------------------------------------------------------

Complex SUSY Parameters in /HC CSUSYPARA/

---------------------------------------------------------

|MU H| = 0.2000E+04:Mag. of MU parameter in GeV

|M1 H| = 0.5000E+02:Mag. of M1 parameter in GeV

|M2 H| = 0.1000E+03:Mag. of M2 parameter in GeV

|M3 H| = 0.1000E+04:Mag. of M3 parameter in GeV

|AT H| = 0.1000E+04:Mag. of AT parameter in GeV

|AB H| = 0.1000E+04:Mag. of AB parameter in GeV

|ATAU H| = 0.1000E+04:Mag. of ATAU parameter in GeV

ARG(MU H) = 0.0000E+00:Arg. of MU parameter in Degree

ARG(M1 H) = 0.0000E+00:Arg. of M1 parameter in Degree

ARG(M2 H) = 0.0000E+00:Arg. of M2 parameter in Degree

ARG(M3 H) = 0.9000E+02:Arg. of M3 parameter in Degree

ARG(AT H) = 0.9000E+02:Arg. of AT parameter in Degree

ARG(AB H) = 0.9000E+02:Arg. of AB parameter in Degree

ARG(ATAU H)= 0.9000E+02:Arg. of ATAU parameter in Degree

---------------------------------------------------------

Diagonal Sfermion Mass Matrices [GeV] (Not squared) :

M Q = 0.5000E+03 x Diag(0.1000E+01 0.1000E+01 0.1000E+01)

M U = 0.5000E+03 x Diag(0.1000E+01 0.1000E+01 0.1000E+01)

M D = 0.5000E+03 x Diag(0.1000E+01 0.1000E+01 0.1000E+01)

M L = 0.5000E+03 x Diag(0.1000E+01 0.1000E+01 0.1000E+01)

M E = 0.5000E+03 x Diag(0.1000E+01 0.1000E+01 0.1000E+01)

---------------------------------------------------------

Charged Higgs boson pole mass : 0.3000E+03 GeV

---------------------------------------------------------

� IFLAG H(2)= 1: The m assesand m ixing m atrix ofthe neutralHiggsboson change

duetotheim provem entin theircalculationsand thenew inputfortheb-quark m ass.

---------------------------------------------------------

Masses and Mixing Matrix of Higgs bosons :

HMASS H(I) and OMIX H(A,I)

---------------------------------------------------------

H1 Pole Mass = 0.1193E+03 GeV

H2 Pole Mass = 0.2718E+03 GeV

H3 Pole Mass = 0.2983E+03 GeV
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Charged Higgs Pole Mass = 0.3000E+03 GeV [SSPARA H(2)]

[H1] [H2] [H3]

[phi 1] / 0.2457E+00 0.3360E+00 0.9093E+00 n

O(IA,IH)= [phi 2] | 0.9693E+00 -.7551E-01 -.2340E+00 |

[ a ] n -.9973E-02 0.9388E+00 -.3442E+00 /

---------------------------------------------------------

� IFLAG H(14) = 1: The elem ents ofthe propagator m atrices DH
0 ;H �

(̂s) and the ŝ-

dependentcouplingsoftheneutralHiggsbosonstotwophotons,S


i(
p
ŝ)and P



i (
p
ŝ),

and twogluons,S
g

i(
p
ŝ)and P

g

i(
p
ŝ),taking

p
ŝ= M H 2

.Thecouplingsarecom pared

to their values at the Higgs-boson pole m asses: S


i(
p
ŝ = M IH) = NHC H(88;IH),

P


i (
p
ŝ = M IH)= NHC H(89;IH),S

g

i(
p
ŝ = M IH)= NHC H(84;IH),P

g

i(
p
ŝ = M IH)=

NHC H(85;IH).

---------------------------------------------------------

DNH4 at sqrts = 0.2718E+03 GeV

---------------------------------------------------------

DNH4[H1,H1]: |(0.1238E+01 0.2290E-01)| = 0.1238E+01

DNH4[H2,H2]: |(0.5542E-01 -.1611E+04)| = 0.1611E+04

DNH4[H3,H3]: |(-.4876E+01 -.2128E-01)| = 0.4876E+01

DNH4[H1,H2]: |(-.1607E+00 -.2973E-02)| = 0.1608E+00

DNH4[H1,H3]: |(-.5956E-05 0.2606E-03)| = 0.2606E-03

DNH4[H2,H3]: |(-.4893E-01 -.2377E-03)| = 0.4893E-01

DNH4[G0,H1]: |(0.3403E-06 -.1825E-04)| = 0.1825E-04

DNH4[G0,H2]: |(0.1872E+00 0.2446E-05)| = 0.1872E+00

DNH4[G0,H3]: |(-.2222E-06 0.5181E-04)| = 0.5182E-04

DNH4[G0,G0]: |(0.1000E+01 -.2365E-05)| = 0.1000E+01

---------------------------------------------------------

DCH2 at sqrts = 0.2718E+03 GeV

---------------------------------------------------------

DCH2[H+,H+]: |(-.4576E+01 -.2790E-01)| = 0.4576E+01

DCH2[H+,G+]: |(-.1256E-03 0.2294E-01)| = 0.2294E-01

DCH2[G+,H+]: |(-.1256E-03 0.2294E-01)| = 0.2294E-01

DCH2[G+,G+]: |(0.1000E+01 -.6202E-03)| = 0.1000E+01

---------------------------------------------------------

Comparisons of the H-photon-photon couplings at MH^pole

and those at sqrtfsg = 0.2718E+03 GeV

---------------------------------------------------------

S couplings P couplings

H1PP(M): (-.6615E+01 0.6386E-01) (0.1303E-01 0.7314E-03)
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H1PP(S): (-.3180E+01 -.6078E+01) (0.1779E-01 0.2017E-02)

H2PP(M): (-.9852E+00 0.3333E-01) (-.6867E+00 -.2221E+00)

H2PP(S): (-.9852E+00 0.3333E-01) (-.6867E+00 -.2221E+00)

H3PP(M): (-.4272E+00 0.2509E+00) (0.5178E+00 0.7028E-01)

H3PP(S): (-.3695E+00 0.2852E+00) (0.4567E+00 0.7475E-01)

---------------------------------------------------------

Comparisons of the H-glue-glue couplings at MH^pole

and those at sqrtfsg = 0.2718E+03 GeV

---------------------------------------------------------

S couplings P couplings

H1GG(M): (0.5792E+00 0.4164E-01) (0.5316E-02 -.6809E-03)

H1GG(S): (0.7358E+00 0.8932E-02) (0.6510E-02 -.1457E-03)

H2GG(M): (-.3557E+00 0.2591E-02) (-.1970E+00 -.3456E-01)

H2GG(S): (-.3557E+00 0.2591E-02) (-.1970E+00 -.3456E-01)

H3GG(M): (-.2240E+00 0.2860E-01) (0.1855E+00 0.2231E-02)

H3GG(S): (-.2150E+00 0.3413E-01) (0.1585E+00 0.2662E-02)

---------------------------------------------------------

� IFLAG H(15)= 1:TheHiggs-m ediated two-loopThallium ,electron,andm uon EDM s.

Forthe Thallium case,the two m ain contributionsfrom the electron EDM and the

CP-odd electron-nucleon interaction areshown separately.

---------------------------------------------------------

Higgs-mediated two-loop EDMs

Phi 3 = 0.9000E+02^o and Phi At = 0.9000E+02^o

---------------------------------------------------------

Thallium[10^-24 ecm]: -.2612E+01

[-.2568E+01 from electron EDM]

[-.4467E-01 from C S EDM]

Electron[10^-26 ecm]: 0.4389E+00

Muon[10^-24 ecm] : 0.8997E+00

---------------------------------------------------------

� IFLAG H(16)= 1:TheB -m eson observables.

---------------------------------------------------------

B Observables

---------------------------------------------------------

B(B s -> mu mu ) x 10^7 = 0.3710E-01

B(B -> X s gamma) x 10^4 = 0.4396E+01

B(B u -> tau nu)/B(SM) = 0.9854E+00
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B(B d -> tau tau) x 10^7 = 0.2294E+00

ACP(B -> X s gamma) x 10^2 = -.7954E-01 [%]

Delta M [B d] (SUSY) = 0.6659E-04 [1/ps]

Delta M [B s] (SUSY) = 0.1982E-01 [1/ps]

---------------------------------------------------------

� IFLAG H(17) = 1: The details ofthe B ! Xs calculation. As a default,we use

m c(�c = m pole
c )to capturea partofNNLO corrections[38].Thecasewhen only the

charged-Higgscontribution isadded to theSM prediction isalso shown.

---------------------------------------------------------

B -> X s gamma

delta and E gamma^cut [GeV]: 0.3333E+00 0.1601E+01

---------------------------------------------------------

b-q masses [GeV] (pole, @mb^pole, @mt^pole):

0.4802E+01 0.4415E+01 0.3155E+01

c-q masses [GeV] (pole, @mc^pole, @mb^pole):

0.1415E+01 0.1250E+01 0.1029E+01

mu b and mu c [GeV] : 0.4802E+01 0.1415+01

---------------------------------------------------------

BR x 10^4: 0.4396E+01 (SM+Charged Higgs+Chargino)

[0.4471E+01 (SM+Charged Higgs)]

[0.3351E+01 (SM)]

ACP x 10^2: -.7954E-01 %

---------------------------------------------------------
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Table 1:The contents ofthe array RAUX H.In RAUX H(22) and RAUX H(23),the notation

h0f isfor the Yukawa couplingswithoutincluding the threshold corrections. The notations

which are notexplained in the textfollow the conventionsofCPsuperH [3]and Refs.[5{7].

RAUX H(1) m
pole

b RAUX H(26) jht(Q tb)j RAUX H(120) dH� � 1024ecm

RAUX H(2) m b(m
pole

b ) RAUX H(27) jhb(m
pole

t )j ... ...

RAUX H(3) �s(m
pole

b ) RAUX H(28) jhb(Q b)j ... ...

RAUX H(4) m pole
c RAUX H(29) jhb(Q tb)j ... ...

RAUX H(5) m c(m
pole
c ) RAUX H(30) M 2

A ... ...

RAUX H(6) �s(m
pole
c ) RAUX H(31) <eb� H + H � (M

pole2

H � ) ... ...

... ... RAUX H(32) ��4v
2(m

pole

t )=2 ... ...

... ... RAUX H(33) ��4(m
pole

t ) RAUX H(130) B (B s! ��)�10 7

... ... RAUX H(34) ��1(m
pole

t ) RAUX H(131) B (B d! ��)�107

RAUX H(10) M
pole

H � orM e�:
H � RAUX H(35) ��2(m

pole

t ) RAUX H(132) �M SU SY
B d

ps�1

RAUX H(11) Q 2
t RAUX H(36) ��34(m

pole

t ) RAUX H(133) �M SU SY
B s

ps�1

RAUX H(12) Q 2
b ... ... RAUX H(134) R B � �

RAUX H(13) Q 2
tb ... ... RAUX H(135) B (B ! X s)�10

4

RAUX H(14) v1(m
pole

t ) RAUX H(101)
p
ŝ RAUX H(136) A CP(B ! X s)%

RAUX H(15) v1(Q t) ... ... ... ...

RAUX H(16) v1(Q b) ... ... ... ...

RAUX H(17) v1(Q tb) RAUX H(111) dHTl� 1024ecm ... ...

RAUX H(18) v2(m
pole

t ) RAUX H(112) (dHTl)
e � 1024ecm

RAUX H(19) v2(Q t) RAUX H(113) (dHTl)
C S � 1024ecm

RAUX H(20) v2(Q b) RAUX H(114) dHe � 1026ecm

RAUX H(21) v2(Q tb) RAUX H(115) (dHe )
~t� 1026ecm

RAUX H(22) jh0t(m
pole

t )j RAUX H(116) (dHe )
~b� 1026ecm

RAUX H(23) jh0b(m
pole

t )j RAUX H(117) (dHe )
t� 1026ecm

RAUX H(24) jht(m
pole

t )j RAUX H(118) (dHe )
b� 1026ecm

RAUX H(25) jht(Q t)j RAUX H(119) (dHe )
~�� � 1026ecm
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Table 2: The contents ofthe array CAUX H.The notations which are notexplained in the

textfollow the CPsuperH [3]convention.

CAUX H(1) ht=jhtj CAUX H(112) D H 0

4;1 (̂s) CAUX H(140) S
g

1(
p
ŝ)

CAUX H(2) hb=jhbj CAUX H(113) D H 0

4;2 (̂s) CAUX H(141) P
g

1(
p
ŝ)

... ... CAUX H(114) D H 0

4;3 (̂s) CAUX H(142) S
g

2(
p
ŝ)

... ... CAUX H(115) D H 0

4;4 (̂s) CAUX H(143) P
g

2(
p
ŝ)

... ... CAUX H(116) D H �

H � ;H � (̂s) CAUX H(144) S
g

3(
p
ŝ)

... ... CAUX H(117) D H �

H � ;G � (̂s) CAUX H(145) P
g

3(
p
ŝ)

CAUX H(100) D H 0

1;1 (̂s) CAUX H(118) D H �

G � ;H � (̂s) ... ...

CAUX H(101) D H 0

1;2 (̂s) CAUX H(119) D H �

G � ;G � (̂s) ... ...

CAUX H(102) D H 0

1;3 (̂s) ... ... CAUX H(150) h�B 0
djH

�B = 2
e� jB 0

diSU SY

CAUX H(103) D H 0

1;4 (̂s) ... ... CAUX H(151) h�B 0
sjH

�B = 2
e� jB 0

siSU SY

CAUX H(104) D H 0

2;1 (̂s) ... ... ... ...

CAUX H(105) D H 0

2;2 (̂s) CAUX H(130) S


1(
p
ŝ) ... ...

CAUX H(106) D H 0

2;3 (̂s) CAUX H(131) P


1(
p
ŝ) ... ...

CAUX H(107) D H 0

2;4 (̂s) CAUX H(132) S


2(
p
ŝ) ... ...

CAUX H(108) D H 0

3;1 (̂s) CAUX H(133) P


2(
p
ŝ) ... ...

CAUX H(109) D H 0

3;2 (̂s) CAUX H(134) S


3(
p
ŝ) ... ...

CAUX H(110) D H 0

3;3 (̂s) CAUX H(135) P


3(
p
ŝ) ... ...

CAUX H(111) D H 0

3;4 (̂s) ... ... ... ...

Table3:The contentsofthe extended SMPARA H(IP).

IP Param eter IP Param eter IP Param eter IP Param eter

1 ��1em (M Z) 6 m � 11 m u(m
pole

t ) 16 �

2 �s(M Z) 7 m � 12 m c(m
pole

t ) 17 A

3 M Z 8 m d(m
pole

t ) 13 m
pole

t 18 ��

4 sin2�W 9 m s(m
pole

t ) 14 �W 19 ��

5 m e 10 m b(m
pole

t ) 15 �Z 20 ...
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Figure 5: The branching ratio B (B s ! �+ �� )� 107 as a function of�3 for four values

oftan�: tan� = 10 (upper left),20 (upper right),30 (lower left),and 40 (lower right).

TheCPX scenario istaken with M SU SY = 0:5 TeV and M H � = 200 GeV in theconvention

�� = 0. In each fram e,the lower three linesare for the case �� � ~Q = �~U = �~D = 1 and

the upper linesfor�= 10 where the solid,dashed,and dash-dotted linesare for� A = 0�,

90�,and 180�,respectively. The current95 % experim entalupper bound,5:8� 10�8 [31],

isalso shown asa horizontalline in each fram e.
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Figure6:Thebranchingratio B (B s ! �+ �� )� 107 asa function ofthecom m on hierarchy

factor � � � ~Q
= �~U = �~D

for four values oftan�: tan� = 10 (upper left),20 (upper

right),30,(lowerleft),and 40 (lowerright).TheCPX scenario istaken with M SU SY = 0:5

TeV and M H � = 200 GeV in the convention �� = 0. In each fram e,the solid line is for

(�3;�A)= (0�;180�)and the dashed one for (90�;90�). The current95 % experim ental

upperbound,5:8� 10�8 [31],isalso shown asa horizontalline in each fram e.
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Figure 7: The branching ratio bB � � B (B s ! �+ �� )� 107 in the (tan�;M H 1
) plane.

The CPX scenario is taken with �A = �3 = 90� and M SU SY = 0:5 TeV for two values

ofthe com m on hierarchy factor: � = 1 (left) and 10 (right). The unshaded region is not

theoretically allowed.The di�erentshaded regionscorrespond to di�erentrangesof bB �,as

shown: speci�cally, bB � < 0:58 in the lowest(blue) low-tan� region,consistentwith the

currentupperlim itat95 % C.L.
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Figure 8:The branching ratio bB s � B (B ! X s)� 104 in the (tan�;M H 1
)plane. The

sam e CPX scenario with �A = �3 = 90� is taken as in Fig.7. The di�erent shaded

regionscorrespond to di�erentrangesof bB s,asshown:speci�cally,3:03 <
bB s � 4:07 in

the upm ost(blue)high-tan� region,consistentwith the currentexperim entally allowed 2-�

region,3:03< bB s � 4:07 [32].
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RBτν >  1.76

1.38  <  RBτν  ≤  1.76
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Figure 9:The ratio R B � � in the (tan�;M H 1
)plane. The sam e CPX scenario with �A =

�3 = 90� istaken asin Fig.7 fortwo valuesof�:�= 1 (left)and 10 (right).Thedi�erent

shaded regions correspond to the regions allowed atthe 1-� and 2-� levels by the recent

BELLE and BABAR results:R EX P
B � � = 1:0� 0:38 [5,35].In therightfram e,speci�cally,the

2-� excluded regionsare shown asR B � � > 1:76 (in the high-tan� region)and R B � � � 0:24

(in the m iddle-tan� region).
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Figure10:Theexperim entalconstraintsfrom B (B s ! �+ �� )(95 % ),B (B ! X s)(2 �),

and R B � � (1 �) in the (tan�;M H 1
) plane for two values of�. The sam e CPX scenario

with �A = �3 = 90� istaken asin Fig.7.
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Figure11:The region allowed experim entally by the m easurem entB (B d ! �+ �� )< 4:1�

10�3 (90 % ) [36](upper fram es) and the regions where the SUSY contribution is sm aller

than the m easured valuesofB 0
s-
�B 0
s m assdi�erence [37](m iddle fram es)and B

0
d-
�B 0
d m ass

di�erence [29](lower fram es),in the (tan�;M H 1
) plane. The leftthree fram es are for

�= 1 and therightonesfor�= 10.Thesam eCPX scenario with � A = �3 = 90� istaken

asin Fig.7.
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Table4:The contentsofthe extended SSPARA H(IP).

IP Param eter IP Param eter IP Param eter IP Param eter

1 tan� 8 � 2 15 m ~E 3
22 �~Q

2 M
pole

H � 9 jM 3j 16 jA tj 23 �~U

3 j�j 10 � 3 17 �A t
24 �~D

4 �� 11 m ~Q 3
18 jA bj 25 �~L

5 jM 1j 12 m ~U3
19 �A b

26 �~E

6 �1 13 m ~D 3
20 jA �j 27 ...

7 jM 2j 14 m ~L3
21 �A �

28 ...
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