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§ 1 Introduction

® So far most phenomenological studies on S USY particle searches
have been performed in the Minimal Supersymmetric Standard

Model (MSSM) with real SUSY paramefers.

e However it has recently been realized that the effects of the possible

W (or w of the SUSY parameters could be

quite significant.

 The CP phases can signi‘:cantlz aﬂect not only CP-violating

observables (such as lepton EDMs) but also CP-—conserving

observables (such as decay branching ratios of the sparticles).

‘© Here we study the eﬂ' ect of the Eossible CcP Ehases on the branching
ratios of 7 _and 3 decays.



®Purpose of this talk:

()Study 7. and b decays in the MSSM with complex SUSY
parameters '

(ii)Show that the eﬁect 0‘ the CP ghases of the complex parameters
on the branching ratios of % and b decags can be ﬂuite stronﬁ

in a significant portion of the MSSM parameter space.

(iii) Point out that this could have an important img act on the
search for T1: and b.: , and the determination of the MSSM
parameters at future colliders such as LC and LHC.



§2 Basic parameters of MSSM with CP phases

* Basic parameters of MSSM:
{tanf, M2, M1, pu, Ach, my ,mg ,my , mut} (at Q = mz)

- * We take (Atlb L M ) as complex parameters

| trilinear coupling: &= |Az,b| eibil‘(—n <Py 7 )

|

| higgsino mass parameter: 4 =ul e (r< @, <7)

| -
| U(1) gaugino mass: M; = IMi| e™' (-x< ¢, <r)

(note) The basic parameters determine all of the physics hiere,

(note) We do not assume the GUT relations among the soft-
SUSY-breaking parameters such as Mg , M and Mb,
since the relations are highly model-dependent.

(mite) In order to improve convergence of perturbative

expansion, we use effective running ﬂuark masses

miv=3 GeV & m=150GeV

for invariant amplitudes.



§ 3 CP phase dependence of masses, mixings,
& couplings

(1) { masses & mixin&; o
to tR

0 { mass matrix; '}hr% (7"%'.. O\tm
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® Diagonalizing the mass matrix we get mass eigenstates

fi and T: ;

~ ‘ff” | - ~
(t.) (6" tcooo,-; ain G (t:.)

~ = . .,A"?N

{2 -MB:{ e cooe',. te

Masses and mixing angle are given by

Mg, =2 (ng M, Tl - w3 )" + 4w [Ae - 47ootPl )

l

'L'M»ZG{E - thlAt‘/u’*a’tP'

2 2
ol o ’mi"k

® ‘nP Ehase degendence"

- my and 0y are sensitive to the phases (. 57%’ )

if lfii:l ~ || cotp.
e '_‘t‘_ i / 50% o ‘7\2‘

i {(g,,t g )} {Mtl ~ 10 wep}
|

5




~

(ii) b masses &

. b. br
. trixs a2 _ (Mm% odmy ~
mass matrix; ;. = qbv; ma ) (4 bu-Tr-gase)
bMmb M

-~ 2 - : “
My = Mz +(Dteww), +My
'ngR :M%*’ (D Aeamw) g +'mzk'v

apmp=(Ap~ L tomfIM b =| 4 ymy)| %
- \

® Diagonalizing the mass matrix we get mass eigenstates
b1 and b: .

( ;') ( eﬁg';w & Ainb ) (gh)
~ = . H 3\: g

- AL o b T
bz M&g € Cada'g br

| Masses and mixing angle are given by

| ~ R o
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*
2mp|Ap=M temfl

tem 26~ = 2 2
b 'mgh - 'm";R

oeCP Ehase deeendencef

-~ mg, and 9~ are sens:tlvg {0 the phases (%, , %)
[ if 48] ~ | tan 3. —

WWXAM? H-amffg Ao pevaskine
l”"’""l“"‘w{ Sap, ,gg} {mn Uul'bmp}.
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(iii) %°& %% masses & mixings;

® %° mass matrix;
g 'H fig
M o “MAQE mave, A

’}h’\i - (] Mg ‘m;c%cp "mi%”
Z°  |"Mb&,CB mxqep O M
mzs8, OF -mzco.pp ~A¥ o

+ .
®X “mass matrix;

}hgt: M2 Jamwop
Zm.cg U

® CP Ehase degendence;
- mg.and %*-mixing matrix are sensitive to ( S'H, <)
4 -
- for small tang.

Nt . . . . 0
~ iz and % -mixing matrices are sensitive to &

Sfor small tang.
w»



(iv) H I?i masses & mixing;

O H; mass matrix;

H; mass matrix of the Higgs sector with explicit CP
violation is given by
CPeven CPadd (Carena et al.,, N.P.B586(2000)92)

'l ;3’::

: 2 N
i ‘h m, My M
°o- 2 2
?h" +1 ma. ng m“
2
A \'My, ’m:z".:

(CP even)-(CP odd) mixing terms m),:
o e

[Py 3

m’,,.-czlmgAti B~ sin( o, +%)-
A' b I"‘l‘;"’ M ( & /“)
eCP Ehase degendence;

e

| - Mass eigenvalues my2 (i=1,2,3) are sensm ve to Ehase sum
(Sas it Su) for small tang. (my< mys<mys )

- Hi-mixing matrix (O;;) is sensitive to (% e ) for

" any ( ()<( o)(_:')')_- e,




(v) Couelings among interaction-eigenstates;

Squark-chirality flip couplings to Higgs bosons

depend on the phases @ . )

C(BLix HY) ~sinp hi (@} cotf+@)
C( 7' br H*) ~ cosf hy @btanf+@)
C(blbr ¢,) ~ v @

C(bLbr g,) ~ @)

C(bLbra) ~ cosf hy (@stan B+ )
C(#'fa) ~ sinp hi (@cotP+@)

(vi) Decay widths (and hence branching ratios) and

cross sections are functions of the masses, mixings and
couplings of the involved particles.

(ex) The production cross sections of
e+ e- >, Z & b 17;_,
are functions of the masses and mixing angles of
T.and b .

(vii) CP phase dependence of the production cross sections
and the decay branching ratios of fio & bi2;

From these observations (i)~(vi), we expect that

the Eroduction cross sections and the decaz branching
ratios ot i;:z and Bziz can be sensitive to the CP phases
“?Atﬁ 3’& : N 2 g



§4 Impact of CP phases on .. & b.. decays

(i) &.: & b decays;

Possible important decays are
Totd, t%, by bwt, b’
T.otq,t% ,bX), T, 20, Bwh, T HE, Bik®
b3, b%s , t X, EWL BN

[
’I;,.* b3, b'yz: . tfﬁ;, t,\ 2 tw, b TH

|
|
!
|
|
l

(ii) Constraints on MSSM;

In the plots we impose the following conditions in order to
respect experimental and theoretical constraints:
— mgr>103GeV, mge>50 GeV , mys >105GeV,

my, 5, > 100GeV, my ;. >mg, (LEP limits)
~ A< 3 (M3 + MG +mb)

s < 3 (M3 + Mz +myj, )

(vacuum stability condition)

— Ap(T-b) <0.0012

(limit from the precision data on the f - b loop contribution
to p parameter)

~ 20x10°% Bb—sy) < 4.5x 10* (BELLE, CLEO)
(assuming the CKM mixing also for the § sector)

/0 /0



(Note 1) electron & neutron EDM constraints on MSSM;

-- In general the experimental limits on e & n EDMs
strongly constrain the SUSY CP phases.

-- One interesting possibility for evading these
constraints is to invoke large masses (much above the
TeV scale) for the 1st two generations of the sfermions ,

keeping the 3rd geiieration sfermions relatively light
(s1Tev). |

- In such a scenario the CP ghases ‘.‘!. & gAm i‘?ﬁii?"’z are
ractically unconstrai A 1

. See Cohen-Kaplan-Nelson, Phys. Lett. B388 (1996) 588;
- Carena-Ellis-Pilafitsis-Wagner, Nucl. Phys.B586(2000)92;
Akeroyd-Keum-Recksiegel, Phys. Lett. B 507 (2001) 252.

/e /i 12 11



(iii) Results on 1i_decays;

~ ($p» $u) dependence;
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Figure 2: Contours of the {, decay branching ratios B{f; — {7 (a) and B{#; — bx{)
(b) in the @4, plane for tan 4 = 8, {m; .my my )= (400.700,200) GeV, [A| = 800 GeV,
el = 300 GeV, ga, =59, =0. and my+ =600 GeV in the case m;, > m; .

|Ad =48] = |A], M2=2300GeV

The #: decay branching ratios can depend on the phases

‘ PAe : S%g auite stronglz !
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(iv) Results on b decays;

- @ dependence;
B(E»X)
| i ] I

10F

08t

B(b, -> X)

5 W 10

150 100 -0 I‘(:-j ?
: %blPAb,eg

Figure 5: s, dependence of the by (a) bg {b)| decay branching ratios for tan 3=30,
(15, g, g, )= (200,700,400) GeV' [(175.500.330) GeV], (| AL, [u])={800,700) Ge 'V [(600,500)

GeV], ga,=p,=m, =0, and my+ = 180 GeV in the case m; > my, .

|A_f=lA_bl=4], M_2=300GeV
~ .
The b, decay branchmg ratios can be very sensitive to

the Ehase SPAb!



(v) Results on 1 decays;

-~ @, dependence;

B(1, ->X) ‘

Figure 4: 4, dependence of the {, decay branching ratios for @, = 0 (a) and 72
(b) with tan 3=8. {my my mg )=(400.700.200) GeV. [A] = 800 GeV, [ = 500 GeV.
@a, =g =0. and my+ = 600 GeV in the case m;, > m; . Note that the f H, and b H*t

U

The 1: decaz branching ratios can be very sensitive
to the ehase Fat!

maodes are kinematically forbidden here. -

|44 = |48| = 4|, M2=300GeV

i



(V) Results on b2 decays;
RO

- 9» dependence;

0.4 = I I
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Figure 5: ¢,, dependence of the b; (a) [b; (b)] decay branching ratios for tan =30,
(mg, ymg,,mg, )= (200,700,400) GeV [(175,500,350) GeV], (|A|, |1|)=(800,700) GeV [(600,500)
GeV], pa,=¢,=m, ©1=0, and my+ = 180 GeV in the case mg, 2 mj,. Only interest-
ing modes are shown in Fig.b where we have m; ~ 570GeV and (mpe,mpg,mpo) ~

(114,156,158) GeV.

|Ad = |48] = |A|, M2=300GeV
The ba decay branching ratios can be very se»::'h‘n)

to the phase FAv !
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(vi) Impact of CP phases;
e
-- The CP phases can significantly affect not only - - |

CP-violating observables (such as the lepton EDM) but also

CP-conserving quantities (such as the branching ratios of
the .. and b.: decays). '

-- Hence the possible sizable ghases could have imeortant
consequences EOI’ the determination 0[ the basic MSSM-

parameters from measurements of the observables,
- since almost none of the basic MSSM-parameters are

directly measured.

2]



5 Impact of CP phases on_the MSSM parameter
determination

-- Observables (such as masses, cross sections & branching

ratios) are functions of the basic MSSM-Parameters.

0:1=0:1Pi1,..., Pn)

: N>n
On=0n~P1,..., Pn)

{01, ..., On} = { masses, cross sections, branching ratios}

{Pry..,Pn}={tanf, M> ,M:, u, Atp, ...}

-- These observables { O1, ..., Ov } over-constrain

. the basic MSSM-parameters { P1, ..., Pn } !

22



-- So, we can determine these parameters {P;} and their

errors {AP;} by a y2-fit to the experimental data of
these observables {O: + AO: }.

O =0i(P 0:} over-constrain {P;

{0i + A0} —> {Pi+ AP;}  (by a y*-fit)

0=0(P)

=

\-

b
L4

- Ic these parameters iPE' f are actuallg comelexi
then real parameter tzt would result in a totallz wrong
MSSM parameter determination !

23



e Example of Impact - a case study;

(i) Assumptions;

We assume the following situation:

(1) At LHC; _
‘ mg can be measured with 3% error.

(pri. com. with A. De Roeck)

(2) At TESLA (GLC) (Is <1TeV);

o myt, mx;, mye can be measured with high accuracy.
(e.g. Am3+=0.2 GeV , Amz: = 0.3 GeV , Ame = 0.05 GeV )

o My , my , my (S500GeV) can with error of 1.5GeV.

o my, ., My, , (S500GeV) can with 1% error.

TESLA (TDR), hep-ph/0106315;
E. Accomando et al., Phys.Rep.229(1998)1;
H.Martyn, G.Blair, hep-ph/9910416

24



(3) At CLIC (s =2 TeV e+e- Collider);

o Mys , My , My (>500GeV) can be measured
with 1% error.

o my, , mg, , (>500GeV) can ... with 3 % error.

(pri. com. with A. De Roeck & M. Battaglia)

o We can get e- & e+ beam helicity-polarizations of
P(e-) =80% & P(et) =40%.

(Note) We do not take into account additional information
from LHC on T and b systems because the
amount of information available strongly depends
on the scenario realized in nature.

(pri. com. with G. Polesello)

25



(ii) Strategy;
Our strategy is as follows:
(Step 1) Take a specific set of values of the basic MSSM-

Earameters:

{tanfB, Mo, MU, Mb , |A4, |Ab), Ppy s PAps P M-,
\ul P » Mg mut

(Step 2) Calculate the observables:
e masses of 1, 5;,‘,%;, s a1

e production cross sections of e;e;, = 1.1, & bi b,

o branching ratios of T: & b: decays

(Step 3) Regard these calculated values of the observables
as real "experimental data' with definite errors.

(Note) For the cross sections & branchmg ratios, we
take only statistical errors for L=1ab' at |5 =2TeV
(at CLIC). We have doubled these statistical errors

for safety. |
(Step 4) Determine the basic MSSM-parameters and their
errors by a y*-fit to the "experimental data".

26



(iii) Scenarios; (STEP 1)

We consider 2 typical scenarios:
o Small tanp (=6) scenario;

The basic MSSM-parameters:

tanf=6, :
(Mo, Mv,Mb) = (623, 409, 107) GeV,
|47 = |Asb| = 800 GeV,

Opy = Pap ~ 7 /4, s 0,

M:=300 GeV, u=-350 GeV,

mg = 1000 GeV, m»= 900 GeV’

. |£ arge tanp (=30) scenarid;

The basic MSSM-parameters:

tanff=30,

- (Mg ,Mi,Mb) = (692, 198, 360) GeV’,
|44 = 600 GeV, |Ab| = 1000 GeV,

P = /4, @p, =37/2, @, =0,

M: =200 GeV, u=-350 GeV,

mg = 1000 GeV, my= 350 GeV

(— For the calculated branching ratios, see Table.l.)



(STEP2)& (sTEPS)

Calculated Masses with assumed errors :

o Small tanp (=6) scenario;

mt =(350+3.5) GeV, mt.= (700 + 21) GeV,
m%, =(170 + 1.7) GeV, m#5. = (626 + 19) GeV,

o Large tanp (=30) scenario;

mu =210+ 2.1) GeV, mt.= (729 + 22) GeV,
m8 = (350 £3.5) GeV, m% = (700 + 2I) GeV,

22



Calculated cross sections of &t =il &b -5-5-:

|tan(betaz= 6 scenario

cross sections (ab): (at JS=2 TeV(CLIC))

(P(e-),P(et)) (0.8,-0.4) | (-0.8,0.4)
| (stop_1 stop_1) 6003 11861
(stop_1 stop 2) 987 738
(stop 2 stop 1) 987 738
(stop 2 stop 2) 11263 |1390
(sbot_1 sbot_1) 1290 4378
(shot_1 sbot_2) 5 4
(sbot_2 shot_1) 5 4
(sbot 2 sbot_2) 11009 1063

tan(beta)= 30 scenario
cross sections (ab): (at{s =2TeV(CLIC))

| (P(e-),P(et)) (0.8,-0.4)| (-0.8,0.4)
(stop_1 stop 1) 1151 16177
(stop_1 stop_2) 334 249
(stop 2 stop 1) 334 249
(stop 2 stop 2) 10570 950
(sbot 1 shot 1) 1152 3678
(sbot_1 sbot 2) o 50
(sbot 2 sbot 1) 67 50
(sbot_2 sbot 2) 8352 793

(MWWM everd for Li=1ab’

ot S=2Tev (at CLIC)

)
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(Table.1) Calculated branching ratios:

Table 1: ; hir in %
considered scenarios. Corresponding values oé'the undm‘lwng \ff‘"iq\'f parametrrf- are given
in the text.

scenario with tan 3 = 6
channel | &, | 4, by by
gx® | 664 | 1.6 [100| 06
s 0 0 | 87
axs 0 |[B1foo3]o |11l o] 46
axs 0 |66f o0 240 |87] 0| 46
aXF 1332|097 Jo0 225 0 14.1

Xy 0 [16f 0 |210f0 0 |68 0 | 242

WEg |05 | 03§ 0 [568 ] 0 | 31 § 04 | 271 |
H*g 0| 0 0|0 0 |77 0 | 64

TR~

-
i

Zi LoOSSE Flge N ISR - | 1
N1 130) - 1] 1an 1
e SR T B e T e T
P R R S g T G T

4or L=10b" ot JS=2 TeV (at CLIC)



(iv) Results of y*-fit ; (S'T EP4)

We determine the basic MSSM-parameters and their

errors by a y3-fit to the "experlmental data" of the
observables:

(Results of y>-fit

Table 2: Extracted parameters from the “experimental data” of the masses, production
cross sections and decay branching ratios of ; and b, The original parameters for each
scenario are given in the text.

scenario | tan -i*’i' = § scenano | tan 3 = 30 scenario

MY | (288 £006) x 10* | (1.30 £ 0.02) x 10°

M? [ (1L67T £004) x 10° | (3.93 4 0.12) x 104

Mé (3.88 £ 0.04) = 10° | (4.79 4 0.04) x 107
Rel A,) 563.0 + 13.0 A24.0 + 140
Tmi 4;) £566.0 + 140 +4256 + 15.0
Re(4y) | 6200 + 190.0 6.3 + 1200
Im(4,) | £230.0 & 5800 £999.0 4 52.0
Re{M, ) 149.2 £ 0.3 99.6 + 0.6
Im({ M) 10 + 1.5 05428

M, J00.0 + 04 2000 + 05
Rest ) -350.0 + 0.3 -350.0 + 0.8
Im{p) | 002409 1.5+ 3.0

tan 3 60+ 0.2 30.0 + 0.8

m; 1000.0 + 30 10000 + 30

Mgt 9000 + 5.0 350.0 + 08

(Note) The sign ambiguity for Im parts of the parameters is
due to the fact that we consider CP-even observables.
This ambiguity can be resolved by considering
appropriate CP-odd observables in the analysis.

See Aoki-Oshimo, Mod.Phys.Lett. A13(1998)3225;
Yang-Du, P.R.D65(2002)115005;
Bartl et al., hep-ph/0202198 & hep-ph/0306304
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l

(All parameters except As can be determined rather
Ereciselz:

tanf with 3% error

Mg, Mo, Mb with 1% to 2% errors

At with 2% to 3% error

Ab with 50% error /|

“

(Note) The reason why the error of Asis so large:

Shottom masses and mixing angle are rather
insensitive to A» due to small ms (=5GeV).

So, the observables are rather insensitive to Abs.
This leads to the large error of Ab.

|(Note) Real parameter fit;

The 12 -L‘tt bz using onlx_ real Earameters results in a much
larger ;’ value ! :

Ay*= y?(real para. fit) - y?(complex para. fit)
[_z__,A 2=287, DOF=61 (for lanf=6 scenario)

Ay*=23,  DOF=¢1 (for tanf =30 scenario)
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(ww)

scenario | Jfand= (.SCCualQ
M: (2:879 % 0.059) x 10 (1.311 + 0.021) x 10°
M2 (1.501 + 0.028) x 10° || (3.938.+ 0.12) x 10*
Mg (4.022 + 0.041) x 10° || (4.802 % 0.038) x 10°
Re(A,) 606.3 + 8.6 600.4 + 9.0
Im(A,) RUA i1A
Re(A;) 644.4 £ 210 1016 + 58
Im(4,) | ° 9 e
Re(M,) 149.6 + 0.31 99.55 + 0.62
Im(M,) 0 B
M, 301.1 £ 0.38 1 199.9 £ 047
Re(p) -349.5 £ 0.25 -350.0 £ 0.64
Im(p) 0 0
tan 3 6.399 + 0.14 29.20 £ 0.63
m 1000.0 £ 30 1000.0 + 30
M+ 900.0 + 5.2 351.0 £ 0.85
% 286.6 22.5

U

Real meiw%\t A.umlko n o Totally
WW? MSSM FAWMM.'



6 Conclusion |

-- We have shown that the e‘Zect oL‘ the CP Ehases 0[ the

complex parameters Awb, u_and Mi on the branching

ratios of the f.:and b.. decays can be quite strong in a

significant portion of the MSSM parameter space.

-- This could have an important impact on

(i) the search for 7.: and b..,

and

(ii) the determination of the basic MSSM-parameters

at future colliders such as LC & LHC.
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