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Supersymmetrizing the Standard Model

attractively
@ offers a natural candidate of dark matter
@ stabilizes hierarchy between distant scales
@ helps gauge coupling unification
— has an intimate relation with grand unification
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Supersymmetrizing the Standard Model

attractively
@ offers a natural candidate of dark matter
@ stabilizes hierarchy between distant scales
@ helps gauge coupling unification
= has an intimate relation with grand unification

however
@ may cause cosmological problems (gravitino, moduli)

@ introduces many potential sources of flavor and CP violations in
the soft SUSY breaking terms

— may serve as a probe of SUSY
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Flavor violation as a probe of SUSY

@ Down-type scalar quark mass term:
—ZLsoft D 322,- (Mg,AB)ij EBj
AB=LRandij=1,273
@ may lead to an interaction
dgj---%---dp; = _i(MS,AB)iJ

if M§ is non-diagonal in the basis where m, is diagonal and a
d—-d—g vertex preserves flavor
@ For almost diagonal M2, use a mass insertion parameter

(8)an = (A)an/m}

(Mﬁ,AB)ij = mtgz 8+ (Ag')AB
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Hadronic and leptonic flavor violations

@ K°-K0 mixing

IR V5 - N
E o< (8f,)pa x (8%)pc

N

g
dD dzl;X’ &:
o U—ey
Uy - T e
HR & o< (8fy)LL
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Introduction

SUSY GUT and flavor physics
@ Superpotential of SUSY SU(5) model

Wour = (1/8) T AyTH 4 T" ApFH + VEA FH 4 (1/2) viMgvg
T[10]={0.V,0,U.0,E}, F[5]={D,0]L}
@ Part of Wgyr in terms of MSSM fields, in a particular basis
Wssm = Q" [VYy|UH, + Q" [Yp]DHy +E' [Vp]LHy

+VE[Yy Vi ILH, + (1/2) VEMgVg

@ Soft scalar mass terms

~Lon > 0'mdy0+E O[miyOLE+ T OgVomiyVy®)U

1D m D+ LiemeiL

@ Ignore phase factor ®;, not relevant to B(l; — [;y); then,

(6)ee = (8))kps  (8)rr=(8});, &t Maur
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Grand unification of flavor violations

Ciuchini, Masiero, Silvestrini, Vempati, Vives, PRL(2004)

@ Off-diagonal entries of scalar mass matrix are not renormalized
very much if between Mgyt and Msysy is a desert

2
m=
(8rr=(8));, atMgur = (8))re~ —2(8))[. atMsusy
"
@ Large couplings and large mixing in ¥, may modify the relation at
Msysy; still, a footprint of the GUT relation remains
@ Naturally expected correlations among flavor transitions

Transitions of L Transitions of D
u—e — s—d
T—e > b—d
T— U — b—s
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- modwfo__________________________________
Caveat: Yp 75 Yg at Mgur

@ Fermion mass relations from Wgyr,
me =My, My =Ms, M¢=TM at Mgur,

are inconsistent with data
@ Solutions: add non-renormalizable terms or 45 Higgs
@ In the basis where Yp, is diagonal,

Yu=ViYuU), Yp=Yp, Yp=U[YpUy, Yy=U[V[Yy
@ GUT relations are modified to
8= ULdr U, Sk = UrSis Uy

@ Suppose U, = Ug =1 for numerical analysis
(a general case is discussed later)
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A natural question
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A natural question

@ Which constraint is stronger, hadronic or leptonic?
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A natural question

@ Which constraint is stronger, hadronic or leptonic?

@ Or, how do they interplay?

For recent analyses, see e.g.
Cheung, Kang, Kim, Lee, hep-ph/0702050

Ciuchini, Masiero, Paradisi, Silvestrini, Vempati, Vives, hep-ph/0702144
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A natural question

@ Which constraint is stronger, hadronic or leptonic?

@ Or, how do they interplay?

For recent analyses, see e.g.
Cheung, Kang, Kim, Lee, hep-ph/0702050

Ciuchini, Masiero, Paradisi, Silvestrini, Vempati, Vives, hep-ph/0702144
@ This talk deals with cases with more than one mass insertions.
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Consider (6%;)rr  [= (813)}, at Mgur]

@ Well motivated from large neutrino mixing \
within SUSY GUT + v with O(1) neutrino VR 1

Yukawa coupings T N dn
<= GUT partner of (8%);, ! YY) |
Moroi, JHEP(2000) GUT 1}
Baek, Goto, Okada, Okumura, PRD(2001) e
@ Recently has attracted interests regarding 5 \
b — s transitions such as B — ¢K and By Rk !
mixing € [YTLY] 77777 &,
With Kane, Ko, Kolda, Wangx2 v Tv]ij

Hisano, Shimizu
With Ko, Masiero, PRD(2005)

Endo, Mishima, PLB(2006)
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Constraints on (8%)grg in SUSY GUT

@ Linkedto 7 — uy
Hisano, Shimizu, PLB(2003)
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Flavor violation in SUSY GUT

Constraints on (8%)grg in SUSY GUT

@ Linkedto 7t — uy
Hisano, Shimizu, PLB(2003)

o Radiatively generated (51’3)RR included, - .
G|
é?] ,,,,, \,:>4:f ,,,,,, Fal
[YJYU].,
GUT ¢
G |
I V.
YO YUlij
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Flavor violation in SUSY GUT

Constraints on (8%)grg in SUSY GUT

@ Linkedto 7t — uy
Hisano, Shimizu, PLB(2003)

o Radiatively generated (51’3)RR included, P .
also related to u — ey (i | |
( ) é?] ,,,,,, Sl B
(523)le 633 RLTR(5' 3)RR [YJYU]II
i e GUT ¢
<0
H ’ X ——€F J \
%777 G | |
q] ,,,,, \,\:>4!:i ,,,,, ql
) Yolis

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 10/23



Flavor violation in SUSY GUT

Constraints on (8%)grg in SUSY GUT

@ Linkedto 7t — uy
Hisano, Shimizu, PLB(2003)

o Radiatively generated (51’3)RR included,
also related to 1 — ey (i | |
( ) é?] ,,,,,, Sl é?l
Ch * T gl G0
i s GUT{
~O \\, //,*\\\
H ’ X ——€F J \
Lij Gig | |
q] ,,,,,, N :>4!:/, ,,,,, ql
YO YUlij

Enhanced by a factor m/my
Hisano, Moroi, Tobe, Yamaguchi, PRD(1996)
Baek, Goto, Okada, Okumura, PRD(2001)

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 10/23



Procedure of numerical analysis

@ RunvY,,Y, Y, from Mz to Mgur
@ Go to the basis where Y, and

Y, are diagonal T "

@ Set Yy, m; at Mgur by hand Mgur et
regarding (85)zz and (85) .. 1
as free parameters M D
A(Mgut) =0

© Run down to My
© Remove vi
@ Run down to M,

@ Calculate u from EWSB Mz = Msysy —Hrta eI tey
condition

© Compute flavor violations

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 11/23



Flavor violation in SUSY GUT

Mixings and constraints

@ Scan over (5513)RR = (6213)ZL and (51d3)LL = (6113)7?R

@ Leptonic constraints
Process Present upper bound Future upper bound

B(1 — ey) 1.2x 1071 1x 10713
B(1 — ey) 3.1x 1077 1x10°8
B(t — uy) 6.8 x 1078 1x1078
@ Hadronic constraints
Observable Range Note
AM; [12.5, 23] ps~!  CDF central value + 30%
B(B— X,y) [2.0,4.5]x10°* NLO uncertainty

B(B— Xgy) [1, 10] x 107°
Also, AMy, sin2f, cos2f, ¢s, S¢x, €k, €' /€k, du
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Constraints on [(6%).., (8%)rr] plane

@ Parameters

u>0, tanff=3 06 > T uoey
mo(Mgur) = 210 GeV S A R el
M>(Mz) =150 GeV
[ my(Mz) = M3(Mz) =500 GeV ] 3
[(855)14] (MGur) = 0.014 E
No vg below Mgur S

@ Effective constraints

6 3 LI 'B >Xdy : I : i :
( 3)RR . AMS? 13 GUT

d d .
(513)LL X (523)RR U —ey




RR] plane

Constraints on g{%
(6%) 1 from etween
) Parameters
u>0, tanf=3
mO(MGUT) =210 GeV

M>(Mz) = 150 GeV _

[ my(Mz) = M3(Mz) =500 GeV] 3
[(8%) 1] (Mgur) = 0.014 F

No vk below Mgyt S

@ Effective constraints

(8%)1: B— Xay
(853 )rr : AM;, T — py

(553)LL X (553)RR ‘U —ey

« and Mgyr —

0.6

j\ \: : 3 u-ey

e e et st et e i s AR s s i ! e e
) ]

01  -005 o 005 01
[(6%)i 1(Maut)
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Flavor violation in SUSY GUT

Constraints on [(6%).., (8%)rg] plane
g;l)u from RG be Ween M. and Mgyt —

arameters
“l’>07 tanﬁ:3 06— T T L s B B B u-ey
mo(Maur) = 210 GeV . e ] o
M>(Myz) = 150 GeV AMs_
5 02l )
[n’La(Mz) =M3(Mz)—500 GGV] EO
[(855) 1] (Mgur) = 0.014 FE
No vg below Mgyt X 02
@ Effective constraints 045
-06 T e | |
(553)LL :B— Xqy 00l -0005| O 0005 001

o3 M
(6513)RR CAM,, T — Ly [(033)L 1 (Mgut)

d d .
(513)LL X (523)RR U —ey




Flavor violation in SUSY GUT

Constraints on [Re(85%;)rr, Im(85;)gr] plane

@ Parameters

p>0, tanff=3 06 :
mo(Mgur) = 210 GeV b
Mz(Mz) =150 GeV -
[(8(5) 2] (MGur) = 0.0028 § 02
[(8%)1] (Mgur) = 0.014 é 0
No vy below Mgyt E 02
@ Constraints -04 L. 7
Present sk N N
u — eycomparableto t — uy "% 4 R;%?SSs)Rg](MZfT) 04 06

Future
u — ey stronger than t — uy
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Constraints on [Re(85%;)rr, Im(85;)gr] plane

@ Parameters

u>0, tanf=3 06
mo (MGUT) =400 GeV 04
My(Myz) = 150 GeV -
3 02
[(8%) 1) (Mgut) = 0.0028 z e
['q 0
[(855) 1] (MGur) = 0.014 = .
No vg below Mgur R
@ Constraints o4
LFV -0.6 L L L L ) = L = \}:
-06 -04 -0.2 0 02 04 06
gOt TR Re[(6%3)rr 1 (Maur)

AM
got stronger
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Flavor violation in SUSY GUT

Same exercise on [Re(8%)rr, Im(8{;)rr] plane
@ Parameters

u>0, tanff=3

0.6 f FAFRRES A u-oey
mo(Mgur) =210 GeV y ; 5 ——
M>(Mz) = 150 GeV RN s Sy | am,
T M PIhbhht
d 3 N o et sin2p
[(513 )LL] (MGUT) 00028 Eo ° /‘?le”f o -C(_)S-Q/ ------
2 . :
d - 34./;,,1” ] meeeemeem
[(653)1L](Mgur) = 0.014 J: & b dy
6‘11) .é\ ..............
No VR below MguTt E _o02 [ &f%' b
@ Constraints 04l 1
Present 05 \ ]
[t — ey stronger than any  -o6 —04 —02 o0 02 04 06
other constraint Rel(6%3)rr 1(Maur)
Future

u — ey even stronger
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Same exercise on [Re(8%)rr, Im(8{;)rr] plane

@ Parameters

w>0, tanf =3
mo (MGUT) =400 GeV

M, (Mz) = 150 GeV -
[(88) 1] (Mgut) = 0.0028 =
[(52613)LL] (Mgur) =0.014 Eég

No v below Mgyt g

@ Constraints

"3 o
A S
\

LFV VIR

0 02 04 06
got weaker Rel[(6%)rs 1 (Maur)
hadronic

got stronger
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Flavor violation in SUSY GUT

Effects of non-renormalizable terms on an RR mixing
@ Key equation
(8i3)ee = [Urlas (853)ze [Usl33 + O(cos’B Sgg),  a,b=1,2
@ A tau decay is dominated by chargino loop
B(t — (e+p)y) o< |(8{3)re* +[(853) e
~ [(815)rr|> +1(855)rr[* + Olcos’B (8x)?)
= Constraint on §¢, roughly independent of U,

@ u — eyis dominated by neutralino loop
B(u — ey) o<|(8{3)rr(85) > +|(813) (8% e |
~|(813)rr > X |[Ur)21 (85)kr + [UL)22(883) ke
+[(833)re > X |[UL)11(85) ke + [UL)12(885) ke
+0[cos’ B (gr)* (53r)’]
= Constraint on §¢, generically remains strong
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Summary
[0’s at Mgyr; tan B = 3, mg = 210 GeV, M, = 150 GeV by default]
Constraints on (85, )gg, with fixed (8%),, = 0.0028

@ Atpresent, u — ey~ t — uy stronger than AM;

@ In future, u — ey stronger than © — uy stronger than AM;, unless
hadronic uncertainty is reduced

Constraints on (8, )gr, with fixed (85)., = 0.014
@ At present, u — ey very strong
@ In future, u — ey will be stronger

In either case
@ For higher tan 8, LFV constraints become stronger

@ For my =400 GeV, LFV constraints become weaker, hadronic
constraints become stronger

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 17/23



Summary
[0’s at Mgyr; tan B = 3, mg = 210 GeV, M, = 150 GeV by default]
Constraints on (85, )gg, with fixed (8%),, = 0.0028

@ Atpresent, u — ey~ t — uy stronger than AM;

@ In future, u — ey stronger than © — uy stronger than AM;, unless
hadronic uncertainty is reduced

Constraints on (8, )gr, with fixed (85)., = 0.014
@ At present, u — ey very strong
@ In future, u — ey will be stronger

In either case
@ For higher tan 8, LFV constraints become stronger

@ For my =400 GeV, LFV constraints become weaker, hadronic
constraints become stronger

@ Wait for MEG result!



Summary
[0’s at Mgyr; tan B = 3, mg = 210 GeV, M, = 150 GeV by default]
Constraints on (85, )gg, with fixed (8%),, = 0.0028

@ Atpresent, u — ey~ t — uy stronger than AM;

@ In future, u — ey stronger than © — uy stronger than AM;, unless
hadronic uncertainty is reduced

Constraints on (8, )gr, with fixed (85)., = 0.014
@ At present, u — ey very strong
@ In future, u — ey will be stronger

In either case
@ For higher tan 8, LFV constraints become stronger

@ For my =400 GeV, LFV constraints become weaker, hadronic
constraints become stronger

@ Wait for MEG result! (and SuperB)



Constraints on [Re(8%).r,Im(8%)..] plane

@ Parameters
u>0, tanf =3
m()(MGUT) =210 GeV
Mg(Mz) =150 GeV

[(8%) 1) (Mgut) = 0.014
No v below Mgyt

IM[(6%3)i 1(Mgut)

P R W L L \\ Lo &
-06 -04 -02 0 0. 0.4 0.6
Re[(6%)LL 1(Meur)
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Constraints on [Re(8%).r,Im(8%)..] plane

@ Parameters
u>0, tanf =3
mo (MGUT) =400 GeV
Mg(Mz) =150 GeV

[(8%)22)(Mgur) = 0.014 04
No vg below Mgyr

-0.2

IM[(6%3)i 1(Mgut)

TV A R ST R R PR

-04 -0.2 0 0.2 0.4 0.6
Re[(6%)LL 1(Meur)

-06 E”
-06

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 18/23



Constraints on [Re(8%;).r,Im(8%)..] plane

0.6 F T T T T T T

s [ ey

04l b

@ Parameters T L an _Z:Ey_

p>0, wnf=3 = | }/ | e
mo(Mgur) =210 GeV 2 °7 | b
M>(Mz) =150 GeV % 2]/ \\\ :
[(51613)LL] (Mgut) = 0.0028 _04 :7”’*”ww,,,,,.ﬁ.,,,,\\1
No vg below Mgyt RN

P L A
-06 -04 -02 0 0.2 0.4 0.6
Re[(6%)LL 1(Meur)
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Constraints on [Re(8%;).r,Im(8%)..] plane

0.6

04
@ Parameters
0.2

>0, tanff =3
mo(Mgur) = 400 GeV

M, (Mz) = 150 GeV
[(51613)LL] (Mgur) = 0.0028 04l
No vk below Mgyr

-0.2

IM[(6%3)i 1(Mgut)

06 FA

A L A N e ‘
-06 -04 -02 0 0.2 0.4 0.6
Re[(6%)LL 1(Meur)

Flavor violation in a SUSY GUT SUSY07 / 2007-07-28 19/23



‘Mass insertion’ parameter at Mgyt

@ An off-diagonal entry of a soft scalar mass matrix divided by a
diagonal entry

1 0 (8%
mé = m(2) 0 1 (52[13)LL )
(6¢
d

3L
. ( 1 0 (8%)re )
mg = mg 0 1 (52513)RR
(513);}R (8513);?R 1
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List of hadronic constraints

Observable Measured value Imposed constraint
AMg, 0.507 £0.004 ps~! [0.355,0.659] ps~!
sin23 0.678 +0.025 20
cos2f >—04

B(B — Xu7) [1076,1079)
AMp, 17.7740.12 ps~! [12.5,23] ps~!

Ps, —0.70793] [—1.48,0.24]

B(B—X,y) (355+2479,£3)x107° [2.0,4.5] x 1074

Sox 0.3940.18 20

|ex| (2.2324£0.007) x 1073 eRUSY| < |eg?)|
€ /ex (1.664+0.26) x 1073 |(€'/ex)SUSY| < |(€' /e )**P|
|da| <6.3%x 10726 ¢cm
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B— Xy ?

06 T
@ Parameters 0.4 pocsssasie
uw>0 B02p L
=
tan 3 =25 = Qe
g
my=400GeV & r-mmm-
M, =150 GeV -
L
No vg below Mgyt '
g RYYcituion otk il wiwies
[(853)1L](Mgut) = 0.014 e dd e
[(6%)L 1(Maur)
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Large neutrino Yukawa couplings

0.6 & q

04 -

| L S .

-02 -

[(6%)rr 1(Mgur)

-04

[ 7T T T T Y TS TN N TP 17, Y S T, P 7

-06 . .
-0.01 —0.005 0 0.005 0.01
[(6%)iL 1(Maur)

No vg below Mgyt
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Large neutrino Yukawa couplings

06 F T T T pul

Ml et i s s i micd! { e ot e i ! e

04| ]

v =
3 3
= =
E o F
W 02l U ] ’ié? -02F 3
ULl SUNSEUEEU I SO R y S
-06 ;\ L | | | -0.6 L 1 | T
-001 -0.005 0 0005 001 -001 -0.005 0 0005 001
[(693)eL 1(Maur) [(6%3)L 1(Mgut)
Yy =Y, at Mgur (CKM-like mixing) No vi below Mgyt
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Large neutrino Yukawa couplings

06 F T T T A
el e b e s s e’ o Sl sl o i e ]
04 L ]
—
=
2
[9)
=
—
—
TN P
< _02F[ il
= L
_04 [ ]
B, 77, 177, 17 7 1772 177 7 X R, 7 s s s s e 7
-06 O L L L 1l

-0.01

—-0.005 0 0.005
[(8%3)LL 1(Maur)

[(63)rr 1 (Mout)

06 T T pa|
[l et e i * s s e i ' e sl s i b

04 L ]
-02 + g
—04| ]
o, e o s s e 100 79 o 2 o 3 7
-0.6 [l L L |

-0.01 -0.005 0 0.005 0.01
[(635)L 1(Maur)

e " 9 |-

Yy =Y, at Mgur (CKM-like mixing) Y, = Upyns Y32 at Mgyt (large mixing
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