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& Motivations (1/3)

e The SUSY models such as the MSSM contain many possible sources of flavour
and CP violation in the soft SUSY-breaking sector:

— Gaugino mass terms: 3 & 3 =6 303346 = 109 111

1 o —~— e ~ ~
_Esoft D) §(M3 qgqg —+ M2 WWwW + M1 BB + hC)

— Trilinear a terms ag;; = hyij - Agiit 3 x (3B669) = 5H4
— Lot O (Up ay QVHQ — Eiv}k% ag Qle — €R A ZH1 + h.c.)
— Sfermion mass terms: 5 x (3@ 3@ 3) = 45
—Loon O QTMZ Q + LT M L + U M2 tig + dp M2 dg + 6 M2 €

— Higgs mass terms: 3@ 1 =4

~Loote D My HiHy + Mz H{Hy — (m?,HHs + h.c.)



& Motivations (2/3)

How to suppress FCNC and CP violation? = Minimal Flavour Violation (MFV)
in which

— Squarks and sleptons are aligned with quarks and leptons
— Al FCNC and CP violation vanish in the limit Vo — 1

Now we have large set of experimental results of FCNC B-meson observables which
put stringent constraints especially when tan /3 is large

For large tan 3, the one-loop threshold corrections to the flavour-changing Higgs
couplings to down-type quarks can be greatly enhanced

This tan B-enhanced Higgs-mediated FCNC can be calculated in flavour-covariant
way by adapting the effective Lagrangian approach



& Motivations (3/3)

e Our aim is to study the

Higgs-mediated FCNC B-meson observables

— in the "maximal” MFV Framework

— based on the " flavour-covariant” Effective Lagrangian Formalism

when tan (3 is large



& MCPMFV (1/5)

There can be several variants of MFV

e [he scale of MFV ... anywhere between Mgw and Mqyr?

e The "minimal” MFV
mo(Murev), my(Murv), A(Murv); tanB(ms), Mz upto sign(u)
with real and positive mg, m; /2, and A

e Next to the "minimal” MFV

mo(Mwmrv), mi(Murv), AMurv); tanB(m:), Mz

with complex m, /5 and A



& MCPMFV (2/5)

Then, what is the "maximal’ MFV 7

e Consider the unitary flavour rotations U x:

AN

Q/ — UQ@) Z/:ULza
Uc = uUsU¢, D°=U%D®, FE°=U3E°,

e Then, for example,

F.R.
=

U h,Q Hy U'°h,Q Hy=U°U! h,UyQ H,

The interaction Lagrangian remains invariant under the flavour rotations with the
redefinition of the up-quark Yukawa couplings: h,, — U;] h, Ug



& MCPMFV (3/5)

e Actually, in the MSSM, one can find that the flavour rotation is equivalent to the
redefinition of parameters with the same interaction Lagrangian:

hud

Y

— U}, p,h,4Uqg, h. — ULh U,

N2 f M2
MQ,L,U,D,E — UQ,L,U,D,E MQ,L,U,D,E Uo.rubp.E,

ayd — UJ{]’Dau’dUQ, a, — UTEanL.

e We define | MCPMFV

scales:

framework with the maximal set of flavour-singlet mass

2 N2 a2 _
M17273 ) MHu,d ) MQ,L,U,D,E T MQ,L,U,D,E 13 ) Auadae T Au,d,e 13

3D 3 2

5 3D 3

13 3@ 6 =19 Parameters |




& MCPMFV (4/5)

e The flavour non-singlet mass scales: For example,
M%(Mx) = M31s + m?(hihg) + m3 (hih,) + @2 (hlhghih,) + ...

at arbitrary scale Mx

2

— These additional flavour non-singlet mass parameters m,

. . A2
including Mg,

can be as many as 9

— The non-singlet mass parameter m° # (0 can either be introduced by hand
and/or induced by RG running

— With m? < ]\782 the MFV solution to the flavour problem is still valid, though
approximately



& MCPMFV (5/5)

e [ he flavour covariance of RGEs:

Td1\~/122 1 1 9 o 16 o 2 Lot =9
Yo Yo = 152 UQ[_ (EQHMH + 395 Ma|” + —- 93| Ms| )13 + 5 hhuMg

+-M3hih, + hiMZh, + M2 hin, + ala +lhTh M2 +l1\~/I2hTh
2Quu urUuttu Hytuttu utu 2ddQ 2@ d

_ 1
2 2 2 2
+hIMpbhy + ME hihg + ala, + 591 T (YM )13] Ug

U 2 9 9 5 5
Uy 77 JU T 1.2 UH ( g7 M |? + 2931 M3 )13 + h,h!M?% + MZ%hyh!

Y >

+2h,MphY + 2 M7, hehl + 2a.a), — 26} Tr (YMY) 13] Uy
leI% 1 4 16 o ) _, _, T

UE i 0T Tem UH (ﬁgﬂ 1l + 393|M3| )13 + hthlMD + Mphgh),

_ 1
+2hgMghl, + 2 M7 hghl, + 2aga) + ggf Tr (YM?) 13} Up

where t = In(Q*/ M)



& Flavour-covariant Effective Lagrangian Formalism (1/5)

e The effective Lagrangian of the down-type quarks can be written in gauge-
symmetric and flavour-covariant form as follows (H, = ®5 and H; = imu®7):

— LI[@1, o] = dY, (ha®] + Ahy[Py, ®5]),5Q7 5 + hoc,
&) g

where the superscript ‘0’ indicates weak eigenstate fields and

— Ahy[®q, P5] is a Coleman-Weinberg-type field-dependent effective functional of
the background Higgs doublets @4

— It has the same flavour and gauge transformation properties as h, <I>J{

_ (¢ )\ _ b | B 0
b= ¢ ) %(Uz + ¢i + ia;) with (P1,2) = % V1,2

Convention:



& Flavour-covariant Effective Lagrangian Formalism (2/5)

e The analytic form of Ahd[q)l, (I)Q] may be calculated via (gauge couplings are suppressed)

(Ahg);; / L )53@

k2119 — M2

¥ = |Mi3]

1
-~ - Pr (h — ~t+~ (h
( 18—MCPL—MT )Hqu L (ha)il (k2112—M2>QZ{U;€( u)k;j
1

L (hd)w ( k214 — N2 )@;réj }

(}‘518_MCPL_MT PR)HdW ,H ;B

P}, P}, 3,
~ \ e e Yo PR N
Q]«’ D Uk ™ \Ql
\ e v ; HVE
L W iR




& Flavour-covariant Effective Lagrangian Formalism (3/5)

e The Higgs-field dependent 12 x 12 squark mass matrix M2[@1, 5| is given by:

=9 =9 <2
Mgt Mg MY)ai5

M°[®1, y] = (1\~/I2)m@ M)z (M543
=2 =2 =2
MO MIpig MIpp /),
M2 — (M2),;1 hih,),; & ®! hihy): (Blds1y — Dod)
( )@Té ( Q)zy 2 + ( d d)zg 139 + ( U u)zg( o*2 12 2 2)
i 9j
L 5 + + 5 1 9 1 b o1
— 59 §;j (L1 — Pod,) 1o + @j(Z}J — 139 :)(@1 1 — ®,P2) 12,
(Nﬁkﬁ@. = (ﬁﬂﬂﬁﬁ = —(ay)ij Poity + (hy)gjp’ @] irg,
1 °] j 7
a2 2\ T T * = T
M2 .. = (M = (ag);: ®1 — (hy);; p* ®F
( )D;[Qj ( >@}Lﬁz ( d)zg 1 ( d)zy,UJ
— ~ 1
(M2)(~]T(~]_ = (M%])ij + (huhL)zj q’g@z + 55@' g"” (‘PICIH — <I>;<1>2),
i Yj
- ~ 1
CNF)ETEj = (Mp); +-(hdhghj¢1@1 —-Ey%jgg(qqid — dldy),
(A
~9 st B t T.
M™) s+ - = M = (h,h');; ® o
( )UJDj ( )5T(~] (hy, d)zy 117292



& Flavour-covariant Effective Lagrangian Formalism (4/5)

e The Higgs-field dependent 8 x 8 chargino-neutralino mass matrix Mo |®q, O,

reads:
[ M 0 ~Lgol  Lgol(
1 /29 *2 /29 *1 (i72) \
M [@,, By] = 10 | 1M2;3 %gq)gn —%g(b{ (iT2) T4
CLgey LgTe; o, 1 (i)
— % (i12) g’ P4 %gTiT (iT2) P17 —p (i12) 0, )

in the Weyl basis, (B, W23, H,, Hy), with H, = (b, h%)T and Hy = (h9, h;)T



& Flavour-covariant Effective Lagrangian Formalism (5/5)

e The functional Ah, is flavour covariant !:

(angy = [E (e ML (L )
e (2mmi L2 |MZ] \ k2179 — M2 pla;
1 1
+ Pr ~ ~ Pr (hg)y — ) <1~ (hu)g;
(}élg—McPL—MTCPR>Hqu Z (k2112—M2>Q2U/¢ o
1 1
+P; ____ _P; (b)) ).
(k18_MCPL_MEPR)HdWZ,HdB 4 (k2112_M2>Q;Qj:|

For example,

hq ( k21121_ N2 )@Tﬁh“ - [UE hq UQ] [UM k21121_ N2 )@TﬁUU} [UJlrfh“ UQ]

Flavour covariance: Ah,; — UE Ahg Ug under flavour rotations




& Higgs-mediated Flavour-changing Effective Lagrangian (1/8)

e Introduce rotation matrices which rotate the (weak) chiral states into their mass
eigenstates:

UL = (Z/[IC?) UL d%a:(UgVCKM) dr;

Uha = UR) L uri 3 dpo = (UR), dr;

In terms of the mass eigenstates, the effective Lagrangian becomes

(67,68 8ag + (7' Ahyfor, @), ]

(@),

(blf? VCKM) dr, j

BJ

L1, %) = di (4 0)

X + h.c.



& Higgs-mediated Flavour-changing Effective Lagrangian (2/8)

e The functional h;'Ah,[®, ®5] might be expanded as:

_ AQ%‘ A%
h_lAhd[(I)l,q)Q] = O,Ad + A¢i ¢z—7 —d¢@+—daz 4 ...

where 7 coefficients are

- Sh7'Ah,[®,. ®
Ag = (h;'Ahy[®q, P3]) ; A? :< : Jiat 2]>

Jor
Agi B <5h;1Ahd[<I>1,q>2]> . A B <5h;1Ahd[<I>1,CI>2]>
5¢z 7 Z\/§ B 5&7;

V2

suppressing the vanishing iso-doublet components on the RHSs



& Higgs-mediated Flavour-changing Effective Lagrangian (3/8)

Mass terms:

]) Mass

(— L@, Py =dpg; [Z/{;lgT hy (—vl + Ad) blf? VCKM] . dr; =dgr My dy,

Y]

Therefore, we have

. 1
My = diag(mg, ms, mp) = Z/{]C:l,;r hy (ﬁ’vl + Ad) Z/l? Vekum

In other words, the Yukawa-coupling matrix is given by

Uiy b U = My Vi Byt owith Ry=ut (1432 4,) up

Note that the (loop-corrected) Yukawa coupling h is in the weak basis, hy = (hg),g



& Higgs-mediated Flavour-changing Effective Lagrangian (4/8)

e The interaction of the charged Higgs bosons:

HT —
(—£%)" = \/5?\4 dMygh - PLuH™ +hec.
%%

where
_ o o
gJLLI—du = VCTKM R, 17/[16,” —tg(L+ A, )+ A7 Z/{g

Here we have used: 0
$1=01;Hi;, a1 =c3G —sg03;H;, ¢ =cgG —sgH

P2 = O9; H;, CL2286G0—|—0503¢H@', ¢2_235G_+05H_-



& Higgs-mediated Flavour-changing Effective Lagrangian (5/8)

e The interaction of the neutral Higgs bosons:

(—cd)” 2chuwdgH o, PLdH; + h.c.

where
O1; N
géﬂd = 01 V(]JLKM RdlugT (1 + Afl) U[C? Vexw
B
Oa; B
+ éVgKM R, 1U§TA§2 Uf Vexwu

where Ry =UP T (14 ¥2A,) U



& Higgs-mediated Flavour-changing Effective Lagrangian (6/8)

The functional h ' Ah,[®;, 5] should have the form:
hy ' Ahg[@), ®o] = ) £i(D]D;) + ) £(D]D;)

In the Single Higgs Insertion (SHI) approximation, the 3 x 3-dimensional functionals
f; and f5 are only functions of vevs, f; = (f;) and f3 = (f3), and one can obtain

1
Ag = 7% ((f1) v1 + (f2) v2)

AT =AU =AY = (f) ; AT =A% = AP =(f)
In the limit v1 — 0 and neglecting f;, (f;) = 0, we have

1 - Q Q1
A?:A?:Aﬁl:@ ; AjQZAZQZAﬁgzﬁAdZUL (Rg—1)U7
(%) tg




& Higgs-mediated Flavour-changing Effective Lagrangian (7/8)

e |n the Z/{R—L{ — 15 basis,
— hg= %Md VCTKM Rgl
— Ry=1+¥A;= 1+tanﬁ(f—§Ad>

L (! R,
= (85-d) s = Voru tg (1 3 )

B (glLJ@Jd) SHI O;ZVTKM Ry "Verw + 022(1 - V CKM Rgl Vekwm)
- O3z, 1 T —

This is the same as those obtained in A. Dedes and A. Pilaftsis, PRD67 (2003) 015012 [arXiv:hep-ph/0209306]

All we need to know is A, |

N.B. In the SHI approximation, (V(;KM R, VCKM)CZd/ o« (Vo) ig(Vorm) g tan B8



& Higgs-mediated Flavour-changing Effective Lagrangian (8/8)

[ FinaIIy, __AJ H

\/§ a 2&3 " " o

U—Q(Ag)” = 3—7T ! 3 (hd 1)z'k (hd)kj I(M%k7 Mc%j’ ‘M3|2) ’
V2, 5 1,

U—Q(Ag)ij = 1672 K <auT>7;k (hu>kj I(M(%k, M%ia |M|2) ;

where the flavour off-diagonal elements of M2 5 5 are neglected

Y Y

If, furthermore, the squark mass matrices are universal,

\/5 1 20(3 2 2 2
Ye Ag) - = *M*&-I<M~,M~, M )
U2( d ij 3 M 3 Yy D Q | 3|

V27 | I ¥ 2 .2 2
Y2(a ) — ( h) I(M~,M~, )
Vo ( d ) 1672 1 \Pw )y o M |1l

For universal A terms, ay = Ay hy



& Numerical Results (1/9)

e For numerical analysis,

— A dedicated RG program for the MCPMFV framework has been developed
— The GUT scale has been taken as the MFV scale

— The code CPsuperH is used for the Higgs mass spectrum and mixing matrix
— The SHI approximation is used in the limit of v; — 0

— Ay is neglected during RG running

— Only the leading contributions are kept in the calculation of A, at the SUSY
scale: (i) the flavour off-diagonal elements of the squark mass matrices are
neglected (i7) only the diagonal elements of A, are considered (iii) EW
corrections are neglected

— Calculated are: (i) B(Bs — ptp~) (it) AMp, (i) AMp,
— Still in progress: (i) B(b — s7v) (i1) EDMs (iii) - - -



& Numerical Results (2/9)

Input parameters

— At My: Three gauge couplings a1 (Myz), as(Myz), and as(Myz)
— At mP”": Quark and Lepton masses m, ;(m?P°°) and Vegn(m?Pe')

— At Mgusy: tan 3(Msusy)
— At Mypyv = Maut: 19 MCPMFV Parameters

1 P23 () A72 2
[Mygsle ™22, |Aygele “wie, Moupre, Mg,

Specifically, we have taken the parameter set:
‘M17273‘ = 250 GeV
M} =M} =M3=M}=M}=M}=M} = (100 GeV)
Ayl = |Ag| = |Ae] = 100 GeV

This parameter set is equivalent to SPS1la when ® 4 = 180° and @ 93 = 0° if Mgygy = m?de and

tan 3 = 10



& Numerical Results (3/9)

e For CP phases, we vary three types of CP phases:

GUT
(I)12 ’ (I)3 ) (I)A

— We adopt the convention @, = (°
Note that the phase of ;v does not change during RG running: ®,(Mgysy) = . (MguT)

— For simplicity, we take a common phase ®5 = & = P,
Again the three phases of the gaugino mass parameters ®1 5 3 remain same: ®1 5 3(Mgysy) = ®123(MguT)

— Again, for simplicity, we take a common phase for A terms:

PGV =Dy, =Da, =Dy

e



& Numerical Results (4/9)

o Af(MSUsy) = (af)gg/(hf)gg at MSUSY with f = t,b,T tan B(Mgysy) = 10 with

We have found A ¢(Mgygsy) can be written as:

A M ;
Af(Mgusy) = Cp 1 AFUT — o MUt

: - T. Goto, Y. Y. Keum, T. Nihei, Y. Okada and
) o‘ - ‘100‘ - ‘200‘ - ‘300‘ ‘ e 0‘ - ‘100‘ - ‘200‘ - ‘300‘ ‘ Y ShimiZU, PLB460 (1999) 333, [arX|Vhep—ph/9812369]

Some comments:

A M
t,b 1,2 Mg
v Ct,b < Ct’b <K Ct’b

Ay Ap
vcolt<c

M
v cATr <o b

v M3 <o

For large tan 3, |C- 2| becomes significant and

A
Cb b becomes smaller

-1 ;\ L \‘T-T‘\"\ 1 ‘ I ‘ L -1 ;\ L1 ‘ I ‘ I ‘ L

0 100 200 300 0 10 200 300
(0] (0]
D501 P,CUT [7]



& Numerical Results (5/9)

e Masses as functions of ®,; = &1 = &5 = O3 tanB(Mgygy) = 10

B
.

;‘ £
. E 2 GuUT
° - |Ap(Mgusy)|“ = ap — Bpcos(Pi- " — Pyy)
& ]
g 3 ap,Bf >0
= 400 F
< 370 -
30 = 365 Some comments:
200 £ 360
= B S GUT _ o, ) GUT _ o
100 ;/ | ‘ | . 355 ? | | | v Solid : @A = 180 ; Dashed : (I)A =0
0 10 20 30 o w0 w0 w0 v Strong correlation between |A¢(Msysy)| and
P, [°] @, [°] the particle masses mainly due to the CP-phase
T : .
Toas £ 3 sl dependent term Tr(a,,a, ) in RGEs:
[©) | L 370
9 =0 F b, A: X o Xs ; 5
s 5% & =< g PR . \Y Tr(auau)ﬁ - |MHU|TT - MHiTT

a5 - by U R v Tr(aLau)ﬂ — MIQJQU
450 E ’
F £ F 2
@ Y v Tr(ala.)ft — Mg, |1 — |ult
400 [Tl i< 0
B 310 |- X3
375 c
C 1 | | | ‘ | | | | ‘ | | | | ‘ | | 300 C L1 | ‘ L1 L1 ‘ | | | | ‘ | |
0 100 200 300 0 100 200 300

@, [°] @, [°]



B(Bg — Hp) x 10’

| Cp |

& Numerical Results (6/9)

B(B% — utp™) as functions of tan 3(Msysy) for three values of &3, = @,

(I)Q = (I)3 ML,E = 200 GeV and CIDCA}UT =0°
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G202 4m?2
F—em * 2 _ 7!
6.3 MBsTBs Vi Vesl™ |1 — 5
Bs
4m2 9
< (1= TR 15 + 15p + 2mptg
Bs
Fop = —2 M2 F ™ ¢
s.p = Ty M B, P Cs.p
SM
Fp = _EFBS C10
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& Numerical Results (7/9)

AMSUSY as functions of tan B(Mgysy) for three values of @), = &1 = Oy = P
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& Numerical Results (9/9)

e (BACKUP) Masses as functions of tan 3(Msuysy) for three values of &, = &, =

Dy = Pg

o, =0°
— 200 —
3 - SH3
O 150 - H2 S,
T 3 H1
50 Il Il Il Il ‘ Il Il Il Il
40 45 50
tanp
—. 420
> F qJGUTz °
8 40 - A
Traw = G =
= 300 [ ®, = 180° .
380 i Il ‘ Il Il ‘ Il
20 40
tanp
570

Mt, [ GeV ]
(o))
8

o
3
IR ERRREREY 4

My, g = 200 GeV and GV = 0°

200

150

M, [ GeV]

100

50

420

410

400

Mt, [ GeV ]

/

390

380

Mt, [ GeV ]
g

40 45 50

IR

200

150

M, [ GeV]

100

50

420

410

400

Mt, [ GeV ]

|

390

380

Mt, [ GeV ]
[n]
3

40 45 50
tanf3

a
(=)
o

&
o

Mb, [ GeV ]

8
S

100

Mb, [ GeV ]

a
Q
o

IN
a
=)

N
Q
o

100

o1
5]

&
=]

Mb, [ GeV ]

IN
3

N
3

M, [ GeV ]

&
o

100




& Conclusions (1/1)

e We have introduced the so-called Maximally CP-violating and Minimally Flavour-
Violating MSSM framework, MCPMFV

e We have presented the flavour-covariant effective Lagrangian formalism and, based
on it, we have derived the Higgs-mediated flavour-changing effective Lagrangian

e For high tan 3, FCNC B-meson observables put stringent constraints on parameters



