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Bottom-up approach

Assume New Physics (NP) at short distances

NP not directly accessible to experiment (yet): effects appear indirectly as modifications to 
interactions among SM particles

Supplement SM lagrangian with terms of dimension higher than four (“higher dimension 
operators”) as allowed by Lorentz Invariance and gauge symmetries. 

A term of dimension n>4 appears in the lagrangian with coefficient                
Hence low energy effects are suppressed by powers of 

Advantages of bottom-up approach:
fairly general, encompasses many (all?) realistic extensions of SM (model independent)
few parameters

Disadvantages:
no clear correlation between long (GeV–1) and very short (TeV–1) distances  

ΛNP

c/Λn−4
NP (with c ∼ 1)



Top-down approach

Assume specific model of New Physics (NP)

Lagrangian contains new d.o.f

If motivation is hierarchy problem, new particles of  mass  ~ TeV expected
(hence           order a TeV in bottom-up approach; 
if new particles of mass M only in loops or long distance processes then                         )

At long distances can replace by EFT by integrating out new d.o.f.
get lagrangian of bottom-up approach with specific coefficients for higher dimension terms

Advantages of top-down approach:
specific correlations between long and short distance effects
specific correlations between long distance effects

Disadvantages:
many new parameters 
limited by our imagination and prejudice
unwieldy (eg, number of variants of SUSY models and corresponding number of publications)

ΛNP
ΛNP ∼ 4πM



Flavor problem
The EFT (either approach) generically contains terms that mediate
or FCNC decays  at tree level and suppressed only by

with n – 4 = 2 this requires         in excess of 104 TeV from, e.g.,  K-mixing

∆F = 2
c/Λn−4

NP (with c ∼ 1)

ΛNP



Flavor problem
The EFT (either approach) generically contains terms that mediate
or FCNC decays  at tree level and suppressed only by

with n – 4 = 2 this requires         in excess of 104 TeV from, e.g.,  K-mixing

∆F = 2
c/Λn−4

NP (with c ∼ 1)

ΛNP

.
1

Λ2
NP

[
zK
1 (dLγµsL)(dLγµsL) + zD

1 (uLγµcL)(uLγµcL) + zD
4 (uLcR)(uRcL)

]
.

(Nir, Perez, Weiler, talks Planck2009)



bottom-up



Minimal Flavor Violation (MFV)
In SM only the Yukawa couplings break the flavor symmetry

Assume this is only source of flavor symmetry breaking. 
Extend SM (same fields) by tower of higher dim operators (keep only dim 5-6). 
Yukawas as spurions, eg, 

Classify operators of interest. Bound.

8.8  5.9

update
 –     +

9.0  5.0

3.2  3.7

2.0  2.0

Buras et al (several)
D’Ambrosio etal
Haisch & Weiler
Lunghi et al



•Many specific models covered by the MFV analysis, among them
‣two-Higgs-doublet model (2HDM) types I and II, for small tanβ 
‣the minimal-supersymmetric SM (MSSM) with MFV, for small tanβ 

-MSSM with gauge mediation SUSY breaking 
‣minimal universal extra dimension (mUED) model 
‣littlest Higgs model with T-parity (LHT)
‣littlest Higgs model with degenerate mirror fermions

•With two H doublets, at large tanβ, additional operators relevant. 
Single H case is “constrained” MFV (CMFV)

•Not enough CP for baryogenesis. Additional CP in lepton extension “MLFV,”  sufficient 
leptogenesis

•General analysis of CMFV: 
    11 parameters (= 4 CKM + 7 Ci’s)
    (tree level γ and Vub always unaffected,
    now also β and α).

316 Eur. Phys. J. C (2008) 57: 309–492

Fig. 4 Fit of the CKM unitarity
triangle within the SM (left) and
in generic extensions of the SM
satisfying the MFV hypothesis
(right) [7]

Table 1 95% C.L. bounds on the scale of representative dimension-
six operators in the MFV scenario. The constraints are obtained on the

single operator, with coefficient ±1/Λ2 (+ or − denote constructive
or destructive interference with the SM amplitude)

MFV dim-6 operator Main observables Λ [TeV]

1
2 (Q̄LYUY

†
UγµQL)2 εK, $mBd , $mBs 5.9 [+] 8.8 [−]

eH †(D̄RY
†
DYUY

†
UσµνQL)Fµν B → Xsγ 5.0 [+] 9.0 [−]

(Q̄LYUY
†
UγµQL)(L̄LγµLL) B → (X)''̄, K → πνν̄, (π)''̄ 3.7 [+] 3.2 [−]

(Q̄LYUY
†
UγµQL)(H †iDµH) B → (X)''̄, K → πνν̄, (π)''̄ 2.0 [+] 2.0 [−]

to up- and down-type quarks:

LY0 = Q̄LYDDRHD + Q̄LYUURHU + L̄LYEERHD + h.c.

(9)

This Lagrangian is invariant under a U(1) symmetry, de-
noted U(1)PQ, whose only charged fields are DR and ER

(charge +1) and HD (charge −1). The UPQ symmetry pre-
vents tree-level FCNCs and implies that YU,D are the only
sources of Gq breaking appearing in the Yukawa interaction
(similar to the one-Higgs-doublet scenario). Coherently with
the MFV hypothesis, in order to protect the good agreement
between data and SM in FCNCs and $F = 2 amplitudes,
we assume that YU,D are the only relevant sources of Gq

breaking appearing in all the low-energy effective operators.
This is sufficient to ensure that flavor-mixing is still gov-
erned by the CKM matrix and naturally guarantees a good
agreement with present data in the $F = 2 sector. However,
the extra symmetry of the Yukawa interaction allows us to
change the overall normalization of YU,D with interesting
phenomenological consequences in specific rare modes.

The normalization of the Yukawa couplings is controlled
by tanβ = 〈HU 〉/〈HD〉. For tanβ % 1, the smallness of the
b quark and τ lepton masses can be attributed to the small-
ness of 1/ tanβ rather than to the corresponding Yukawa
couplings. As a result, for tanβ % 1, we cannot anymore ne-
glect the down-type Yukawa coupling. In this scenario, the

determination of the effective low-energy Hamiltonian rele-
vant to FCNC processes involves the following three steps:

– Construction of the gauge-invariant basis of dimension-
six operators (suppressed by Λ−2) in terms of SM fields
and two Higgs doublets.

– Breaking of SU(2) × U(1)Y and integration of the
O(M2

H ) heavy Higgs fields.
– Integration of the O(M2

W) SM degrees of freedom (top
quark and electroweak gauge bosons).

These steps are well separated if we assume the scale hi-
erarchy Λ % MH % MW . On the other hand, if Λ ∼ MH ,
the first two steps can be joined, resembling the one-Higgs-
doublet scenario discussed before. The only difference is
that now, at large tanβ , YD is not negligible, and this re-
quires to enlarge the basis of effective dimension-six oper-
ators. From the phenomenological point of view, this im-
plies the breaking of the strong MFV link between K- and
B-physics FCNC amplitudes occurring in the one-Higgs-
doublet case [10].

A more substantial modification of the one-Higgs-doublet
case occurs if we allow sizable sources of U(1)PQ breaking.
It should be pointed out that the U(1)PQ symmetry cannot be
exact: it has to be broken at least in the scalar potential in or-
der to avoid the presence of a massless pseudoscalar Higgs.
Even if the breaking of U(1)PQ and Gq are decoupled, the
presence of U(1)PQ breaking sources can have important

comments
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TABLE II: World averages of B(B̄ → Xsγ) for Eγ > 1.6GeV
and B(B̄ → Xsl

+l−) for 1GeV2 < q2 < 6GeV2.

Observable Result

B(B̄ → Xsγ)× 104 3.55± 0.26 [76]

B(B̄ → Xsl
+l−)× 106 1.60± 0.51 [69]

The used numerical input parameters can be found in
App.B. Unlike [12], we do not include B̄ → Xsl+l−

data on the regions 0.04 GeV2 < q2 < 1 GeV2 and
14.4 GeV2 < q2 < 25 GeV2 in our analysis. The rea-
son for this omission is twofold. First, in these regions
the differential B̄ → Xsl+l− rate is less sensitive to ∆C
than in the low-q2 region. Second, for high q2 the the-
oretical uncertainties are larger with respect to the ones
that affect the low-q2 region. An inclusion of the lat-
ter two constraints would therefore make the fit more
complicated, but it would not improve the quality of the
obtained results.

Before we present our final results, additional com-
ments on the used methodology concerning ∆Bνν̄ ,
∆Bl+l− , ∆C, ∆D, and ∆Ceff

7 are in order. We begin with
∆Ceff

7 which enters both B̄ → Xsγ and B̄ → Xsl+l−. A
well-known way to avoid the B̄ → Xsγ constraint con-
sists in having a large positive NP contribution ∆Ceff

7
that approximately reverses the sign of the amplitude
A(b→ sγ) ∝ Ceff

7 (mb) with respect to the SM and leaves
B(B̄ → Xsγ) ∝ |Ceff

7 (mb)|2 unaltered within experimen-
tal and theoretical uncertainties. In our analysis, we add
∆Ceff

7 to the top quark contribution of the SM, keeping
mb that multiplies this combination renormalized at mt.
This rescaling is motivated by the observation [78], that
in this way most of the logarithmic enhanced QCD cor-
rections are properly taken into account. We recall that
Ceff

7 SM(mb) # −0.38 in this approach.
Both the value and the sign of Ceff

7 (mb) play an impor-
tant role in the B̄ → Xsl+l− decay rate [79]. By contrast
the dependence of B(B̄ → Xsl+l−) on D is relatively
weak. Nevertheless, for suitable chosen values of ∆D
the B̄ → Xsl+l− constraint can be always satisfied even
in the case of the non-SM solution of ∆Ceff

7 . In conse-
quence, ∆D is not well constrained by the data used, and
we decided to scan ∆D in the range ±1 for the best fit
value. This choice is rather generous since in the CMFV
scenarios that we consider one has |∆D| < |DSM| with
DSM # −0.49 throughout the allowed parameter space
[52, 60, 65, 80]. We verified that even larger variations
have basically no effect on the extraction of the allowed
range for ∆C, since the Z → bb̄ POs do not depend on
∆D. The impact of ∆D on the bounds of ∆Ceff

7 will be
discussed below.

Precision data on R0
b , Ab, and A0,b

FB lead to a tight,
highly model-independent constraint on Re CNP(q2 =
M2

Z). The allowed range of ∆C can then be calculated
from the identity ∆C = (1 + δCNP)Re CNP(q2 = M2

Z) in
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FIG. 4: The upper (lower) panel displays the constraints on

∆Ceff
7 and ∆C within CMFV scanning ∆Bl+l− in the range

±0.1 (set to zero) that follow from a combination of the Z → bb̄
POs with flavor observables. The colors encode the frequentist
1 − CL level and the corresponding 68% and 95% probability
regions as indicated by the bars on the right side of the panels.
See text for details.

any given model of NP where δCNP is known. To carry
out the analysis in a generic way, one, however, needs
to make an assumption about the size of δCNP. Guided
by the results of Secs. II and III we allow δCNP to float
in the range ±0.1. We note that larger variations with,
say, an absolute value of |δCSM| # 0.3, still lead to the
conclusion that large negative values of ∆C that would
reverse the sign of CSM # 0.78 are highly disfavored.

The only EW box that enters the determination of
∆Ceff

7 and ∆C in our case is ∆Bl+l− . To explore the
impact of the size of EW boxes on the fit results we
consider two scenarios. In the first we allow ∆Bl+l− to

(Z
-p

en
gu

in
)

D’Ambrosio etal

Haisch & Weiler
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here used PQ breaking in Yukawa terms, with small parameters:

D’Ambrosio etal



B,D and K Decays, Buchalla et al, Eur. Phys. J. C (2008) 57: 309–492
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4.1. Minimal field content

Let us now consider the scenario with minimal field content. By making in Eqs. (28) and (29)

the replacement

(30)
v4

Λ4
LFV

|∆ij |2 → Λ4
LN

Λ4
LFV

|aij |2

one can see that all LFV rates have the following structure

(31)B#i→#j (γ ) = 10−50
(

ΛLN

ΛLFV

)4
R#i→#j (γ )

(
s13, δ; c(i)

)
.

The overall numerical factor 10−50 is chosen such that the R#i→#j (γ ) have a natural size ofO(1).

Its value can easily be understood by noting that |aij |2 ! (&m2
atm/v2)2 ≈ 10−52.

A glance at the explicit structure of the aij in Eq. (21) shows that their size is maximized for

s13 = smax13 (in both normal and inverted hierarchy), due to &m2
atm $ &m2

sol. In order to derive

order-of-magnitude conditions on the ratio ΛLN/ΛLFV, we consider the reference case defined

by s13 = smax13 , δ = 0, and the reference values quoted in Table 1. Then setting all the Wilson

coefficients to zero but for c
(2)
RL = c

(3)
LL = 1, and using the overlap integrals and capture rates

reported in Ref. [7] (Table 1 of [7]), we find

Bµ→e =
(

ΛLN

ΛLFV

)4 {
6.6× 10−50 for Al,

19.6× 10−50 for Au,

(32)Bµ→eγ = 8.3× 10−50
(

ΛLN

ΛLFV

)4
.

Despite the strong dependence of the numerical coefficients in Eq. (32) on s13, illustrated in

Fig. 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor viola-

tion, there is no hope to observe LFV signals in charged-lepton processes. On the other hand,

if ΛLFV is not far from the TeV scale (as expected in many realistic scenarios), it is natural

to expect visible LFV processes for a wide range of ΛLN: from 1013 GeV up to the GUT

scale. For instance a Bµ→e = O(10−13), within reach of the MECO experiment, is natu-
rally obtained for ΛLN ∼ 109ΛLFV, which for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV.

Such a ratio of scales would also imply Bµ→eγ = O(10−13), within the reach of the MEG
experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , together with

upper limits on the light neutrino masses, implies upper limits on the scaleΛLN ' v2gν/mν .

By loosely requiring |gν | < 1 one obtains ΛLN ! 3× 1013(1 eV/mν) GeV. This means that

we cannot make the ratio ΛLN/ΛLFV arbitrarily large.

Table 1

Reference values of neutrino mixing parameters used in the phe-

nomenological analysis (for a detailed discussion see e.g. [8])

&m2
sol

&m2atm θsol smax
13

8.0× 10−5 eV2 2.5× 10−3 eV2 33◦ 0.25
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Fig. 3. Bτ→µγ and Bµ→eγ as a function of s13, for ΛLN/ΛLFV = 1010 and c
(2)
RL − c

(1)
RL = 1. The shading corresponds

to different values of the phase δ and the normal/inverted spectrum. The uncertainty due to the first 3 entries in Table 1

is not shown.

case, for δ = π and s13 → sc&m2
sol/&m2

atm, one has Bµ→eγ → 0. Therefore, close to this

region of parameter space one can have a sizable Bτ→µγ while Bµ→eγ can be kept below

the present experimental limits. In particular, for ΛLN ∼ 1010ΛLFV we find Bτ→µγ ∼ 10−8,
which implies a branching ratio for τ → µγ above 10−9 possibly observable at (super)
B factories. Note that a change in the ratio ΛLN/ΛLFV would only result into a shift of

the vertical scale in Fig. 3, without affecting the relative distance between the Bµ→eγ and

Bτ→µγ bands.

4.2. Extended field content

The discussion of the extended model proceeds in a very similar way, by replacing the di-

mensionless couplings aij with the bij , and (ΛLN/ΛLFV)4 with (vMν/Λ
2
LFV)2. The analog of

Eq. (31) reads

(35)B(i→(j (γ ) = 10−25
(

vMν

Λ2
LFV

)2
R̂(i→(j (γ )

(
s13,m

lightest
ν ; c(i)

)
.

As illustrated in Fig. 4, the dimensionless functions R̂(i→(j (γ ) depend on both s13 and mνlightest ,

and the maximal values are obtained for s13 = smax13 and mνlightest → 0. In order to explore the

sensitivity to the scale ratio vMν/Λ
2
LFV, we again pick a favorable reference point (s13 = smax13

and mνlightest = 0) and set all the Wilson coefficients to zero except for c
(2)
RL = c

(3)
LL = 1. In the

normal hierarchy case we then find

(36)Bµ→e =
(

vMν

Λ2
LFV

)2 {
1.3× 10−24 for Al,

3.7× 10−24 for Au,
Bµ→eγ = 1.6× 10−24

(
vMν

Λ2
LFV

)2
,

while for the inverted case:

(37)Bµ→e =
(

vMν

Λ2
LFV

)2 {
6.7× 10−25 for Al,

2.0× 10−24 for Au,
Bµ→eγ = 8× 10−25

(
vMν

Λ2
LFV

)2
.

The general conclusions we can infer from this scenario are the following:

(quark mass/mixing  induced terms neglected) Cirigliano et al
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R-parity breaking
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the customary R-parity (which is invoked to suppress pro-
ton decay) is replaced by other discrete symmetries which
allow either baryon or lepton violating terms in the super-
potential. But, even sticking to the more orthodox view of
imposing R-parity, we are still left with a large variety of
extensions of the MSSM at low energy. The point is that
low-energy SUSY “feels” the new physics at the superlarge
scale at which supergravity (i.e. local supersymmetry) broke
down. In the past years, we have witnessed an increasing in-
terest in supergravity realizations without the so-called fla-
vor universality of the terms which break SUSY explicitly.
Another class of low-energy SUSY realizations, which dif-
fer from the MSSM in the FCNC sector, is obtained from
SUSY-GUT’s. The interactions involving superheavy parti-
cles in the energy range between the GUT and the Planck
scale bear important implications for the amount and kind
of FCNC that we expect at low energy [69–71].

1.3.2 FCNC in SUSY without R-parity

It is well known that in the SM case, the imposition of gauge
symmetry and the usual gauge assignment of the 15 elemen-
tary fermions of each family lead to the automatic conserva-
tion of baryon and lepton numbers (this is true at any order
in perturbation theory).

On the contrary, imposing in addition to the usual
SU(3) ⊗ SU(2) ⊗ U(1) gauge symmetry an N = 1 global
SUSY does not prevent the appearance of terms which ex-
plicitly break B or L [72, 73]. Indeed, the superpotential
reads:

W = hUQHUuc + hDQHDdc + hLLHDec + µHUHD

+ µ′HUL + λ′′
ijku

c
i d

c
j d

c
k + λ′

ijkQiLjd
c
k

+ λijkLiLj e
c
k, (18)

where the chiral matter superfields Q, uc , dc, L, ec, HU and
HD transform under the above gauge symmetry as:

Q ≡ (3,2,1/6); uc ≡ (3̄,1,−2/3);
dc ≡ (3̄,1,1/3);
L ≡ (1,2,−1/2); ec ≡ (1,1,1);
HU ≡ (1,2,1/2); HD ≡ (1,2,−1/2).

(19)

The couplings hU , hD , hL are 3 × 3 matrices in the gen-
eration space; i, j and k are generation indices. Using the
product of λ′ and λ′′ couplings, it is immediate to construct
four-fermion operators leading to proton decay through the
exchange of a squark. Even if one allows for the existence of
λ′ and λ′′ couplings only involving the heaviest generation,
one can show that the bound on the product λ′ × λ′′ of these
couplings is very severe (of O(10−7)) [74].

A solution is that there exists a discrete symmetry, B-
parity [75–79], which forbids the B-violating terms propor-
tional to λ′′ in (18). In that case, it is still possible to pro-
duce sizable effects in FC processes. Two general features
of these R-parity violating contributions are:

1. Complete loss of any correlation to the CKM elements.
For instance, in the above example, the couplings λ′ and
λ have nothing to do with the usual angles Vtb and Vts

which appear in b → sl+l− in the SM.
2. Loss of correlation among different FCNC processes,

which are tightly correlated in the SM. For instance, in
our example, b → dl+l− would depend on λ′ and λ

parameters which are different from those appearing in
Bd–B̄d mixing.

In this context, it is difficult to make predictions given
the arbitrariness of the large number of λ and λ′ parameters.
There exist bounds on each individual coupling (i.e. assum-
ing that all the other L violating couplings are zero) [80,
81].

Obviously, the most practical way of avoiding any threat
of B- and L-violating operators is to forbid all such terms
in (18). This is achieved by imposing the usual R matter
parity. This quantum number is +1 for every ordinary parti-
cle and −1 for SUSY partners. We now turn to FCNC in the
framework of low-energy SUSY with R parity.

1.3.3 FCNC in SUSY with R parity—CMSSM framework

Even when R parity is imposed the FCNC challenge is not
over. It is true that in this case, analogously to what happens
in the SM, no tree level FCNC contributions arise. How-
ever, it is well known that this is a necessary but not suf-
ficient condition to consider the FCNC problem overcome.
The loop contributions to FCNC in the SM exhibit the pres-
ence of the GIM mechanism, and we have to make sure that
in the SUSY case with R parity, some analog of the GIM
mechanism is active.

To give a qualitative idea of what we mean by an effective
super-GIM mechanism, let us consider the following simpli-
fied situation where the main features emerge clearly. Con-
sider the SM box diagram responsible for K0–K̄0 mixing
and take only two generations, i.e. only the up and charm
quarks run in the loop. In this case, the GIM mechanism
yields a suppression factor of O((m2

c − m2
u)/M

2
W). If we re-

place the W boson and the up quarks in the loop with their
SUSY partners and we take, for simplicity, all SUSY masses
of the same order, we obtain a super-GIM factor which looks
like the GIM one with the masses of the superparticles in-
stead of those of the corresponding particles. The problem
is that the up and charm squarks have masses which are
much larger than those of the corresponding quarks. Hence
the super-GIM factor tends to be of O(1) instead of being

B-violation... Proton decay

Even if λ taken arbitrarily to vanish for first generation λ’ × λ” < 10-7

Can set  λ” = 0  by B-parity. 
Produce significant FC effects.
Loss of correlations (both to CKM and among FCNC processes)
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Fig. 2. Same as in Fig. 1 when δd,RL,23 is the only non-zero off-diagonal squark mass entry.

lead only to dimension six dipole operators, which inherently are not very large. For our

choices of µ, Msusy and tanβ , this was confirmed numerically. Therefore, no stringent

bounds are obtained for the soft parameters in the up-squark mass matrix. 1 The remaining

parameters of the down-squark mass matrix, i.e., δd,LL,23 and δd,RR,23, play an interesting

role. They not only generate contributions to the six-dimensional operators in (6), but,

together with the chirality changing term (Fd,LR)33, they also induce contributions to the

five-dimensional gluino operators in (7). For the values of µ and tanβ used in our analysis,

the coefficients of the five-dimensional operators turn out to be rather small. Thus, no

stringent bounds on δd,LL,23 and δd,RR,23 are obtained.

Summarizing the first part of our analysis, we conclude that δd,LR,23 and δd,RL,23 are

the only parameters that get significantly constrained by the measurement of the branching

ratio of B → Xsγ .

4.3. Second part of analysis

We now explore the problem of whether the separate bounds on δd,LR,23 and δd,RL,23,

obtained in the first part, remain stable if the various soft parameters are varied

simultaneously. The analysis is based on the assumption that the soft terms in the squark

mass matrices have the hierarchical structure that the diagonal entries in m2
d,LL, m

2
d,RR ,

and m2
u,RR are larger than the off-diagonal matrix elements (includingm2

d,LR and m2
u,LR).

1 In [19] the authors derived a rather stringent bound on a quantity proportional to δu,LR,33 in the case of a

small chargino mass of 100 GeV. However, they include the small CKM factor K∗
tsKtb ≈ 1/30 in the definition

of their quantity.

Besmer et al, NPB609:359,2001



CMSSM (at large tan β, possibly)
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charged Higgs and chargino 
exchanges dominant

tan β ∼ 1

tan β ! 1 Higgs exchange dominant

MH = 150 GeV

Degrassi et al, hep-ph/0009337

five new (beyond SM) parameters

The charged Higgs contribution of eq.(3) consists of two terms. In the large tanβ
limit, the first one (in which the chiral flip occurs on the external bottom quark line)
is suppressed by 1/ tan2 β, while the second one (in which the chiral flip occurs in
the charged Higgs vertex) is independent of tan β. The absence of a term enhanced
by tan β is a consequence of the fact that, in the large tan β limit, H± decouples
from the right-handed top quark. This property is not maintained at the next order
in perturbation theory in a supersymmetric model, and thus we expect two-loop
charged-Higgs contributions to C7 and C8 enhanced by tanβ.

Let us now extract the tan β-enhanced terms. At one-loop, the relation between
the bottom quark mass mb and Yukawa coupling yb receives a finite correction pro-
portional to tanβ [16]:

mb =
√

2MW
yb

g
cos β (1 + εb tanβ) . (9)

The coefficient εb, generated by gluino-sbottom and chargino-stop diagrams, is given
by [16]

εb = −
2 αs

3 π

µ

mg̃
H2(xb̃1 g̃, xb̃2 g̃) −

y2
t

16 π2
Ũa2

At

mχ+
a

H2(xt̃1 χ+
a
, xt̃2 χ+

a
) Ṽa2 . (10)

For simplicity, we have not explicitly written down the other weak contributions to
εb, which can be found in ref. [17]. Here At is the trilinear coefficient, Ũ and Ṽ are
the two matrices (assumed to be real) that diagonalize the chargino mass matrix
according to

Ũ
(

M2 MW

√
2 sin β

MW

√
2 cos β µ

)

Ṽ −1 (11)

and

H2(x, y) =
x ln x

(1 − x)(x − y)
+

y ln y

(1 − y)(y − x)
. (12)

Here and in the following we define, for generic indices α and β,

xα β ≡
m2

α

m2
β

. (13)

The analogous contribution to the top quark mass (εt) is irrelevant for us, since it
gives rise to terms suppressed by tanβ.

The effective Yukawa couplings of the charged Higgs current-eigenstates H+
D and

H+
U (belonging to the doublets coupled to down- and up-type quarks, respectively)

are given by

L =
∑

d

Vtd ytt̄RdL

[

H+
U + ε′t(d) H+

D

]

−
∑

u

Vub ybūLbR

[

H+
D + ε′b(u) H+

U

]

+ h.c. (14)

3

Figure 21: The ratio BR(B0
s → µ+µ−)/BR(B0

s → µ+µ−)SM in the MSSM for the lighter

chargino mass 750 GeV, |r| ≡ M2/|µ| = 1, mg̃ = 3M2 and Mb̃R
= 800 GeV as a function

of MH+ for tanβ = 50 (panel a) and as a function of tanβ for MH+ = 200 GeV (panel b).

Solid and dashed (dotted and dot-dashed) lines correspond to Mt̃1 = 500 GeV, Mt̃2 = 850

GeV (600 and 750 GeV). Solid and dotted lines, correspond to µ < 0 whereas the dashed

and dot-dashed lines to µ > 0. The stop mixing angle θt = +(−)10o for µ < 0 (µ > 0).

the approach of sec. 2.

The values of the ratio BR(B0
s → µ+µ−)/BR(B0

s → µ+µ−)SM shown in figures 20

and 21 are also representative for the ratio BR(B0
d → µ+µ−)/BR(B0

d → µ+µ−)SM if one

neglects the small variation of |(V eff
td )MSSM/(V eff

td )SM|2 with the supersymmetric parameters

which we have discussed in sec. 6.4.

Finally, in figure 22 we show the scatter plot of the ratio of the B0
s → µ+µ− rates

computed by using the formulae (6.35) and (6.36) of sec. 6.2 and computed using our

complete approach of sec. 2 for the charged Higgs boson mass equal 300 and 400 GeV.

Large, up to 50%, deviations of the approximate method with respect to the full calcu-

lation are typical for most of the points. We observe that the B̄ → Xsγ constraint allow

the approximate predictions of the branching ratio to be both, smaller and bigger than

the one based on the complete calculation. Approximate predictions overestimating the

exact ones correspond to very big negative contributions to ∆Ms (1 + fs < 0) but, as

found in [29], are not excluded by the lower experimental limit ∆Ms > 15/ps provided

1 + fs
<
∼ −0.5. However, for MH+ = 200 GeV such points give BR(B0

s → µ+µ−) above

the CDF bound (6.2).
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correlations ...
h0,H0,A0 bRsL
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Figure 17: Additional diagram contributing to b → sγ or b → sg transition. The dot and

the cross denote the flavour changing coupling [XLR]sb and the helicity flip, respectively.

where
[

XS
]33

and
[

XS
LR

]23
are given in eqs. (3.22) and (3.27), respectively.

The last comment concerns the dependence of the B̄ → Xsγ amplitude on the CKM

matrix elements. In our scans presented in sec. 7 for a given set of the MSSM parameters

we use the value of |V eff∗
ts V eff

tb | determined consistently from the UT analysis as described

in the preceding subsection. We do not need therefore to implement the recipe of ref. [33]

for correcting the B̄ → Xsγ amplitude for new physics effects in V eff
ts .

7 Numerical Analysis

In this section we present numerical analysis of the dependence of ∆Md,s and B0
s,d → µ+µ−

on the parameters of the MSSM. We will also present the global analysis of these quantities

taking into account available experimental constraints, in particular the one from the

measured rate of the B → Xsγ decay. We present the results based on our complete

approach of section 2 which includes automatically the SU(2)×U(1) breaking corrections

as well as the dependence of the flavour changing couplings on the electroweak gauge

couplings. On some plots we compare these results with the one obtained by using the

approximation of sec. 3 based on SU(2) × U(1) limit and dominance of αs and the top

and bottom Yukawa couplings. The latter describe qualitatively the main features of the

MSSM effects but are not very accurate.

7.1 The Size of fs and fd

The parameters fs and fd introduced in eq. (6.3) and directly related to the ratio

∆Ms,d/(∆Ms,d)SM:

∆Ms,d/(∆Ms,d)
SM ≡ |1 + fs,d|

receive contributions from double penguins, charged Higgs boson box diagrams and chargino

box diagrams. As we have already said in sec. 6.1.4, for sparticles heavier than 500 GeV
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The End

Flavor Physics imposes strong restrictions on New Physics

Evaded by MFV and any NP that reduces to that at long distances

Evaded also by extensions of MFV or even some other NP (so cannot conclude MFV is necessary)

Correlations are predicted, how much depends on assumptions

SUSY mush (how predictive depends on assumptions), but often just like 2HDM


